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Abstract

The copper-catalysed azide alkyne cycloaddition (CuAAC) is a widely used bio-orthogonal
reaction. However, drawbacks include oxidative damage of biomolecules leading to
cytotoxicity which limits the in vivo applications of the CuAAC reaction. Strategies to temper
oxidative damage include the use of ligands and chelating azides, yet there has been little
development on the alkyne design. Aromatic ynamines are alkyne analogues displaying an
enhanced reactivity relative to conventional terminal alkynes. This enhanced reactivity
provides rapid kinetics for the CuAAC reaction, enabling low copper loadings without using
ligand or additives. However, the aromatic ynamine core — the benzimidazole heterocycle —
has yet to be systematically investigated. This work aims to investigate how the structure of
the ynamine influences the CuAAC reaction and solvent on reactivity. These findings will then
be applied to construct a probe for calcium imaging, in an attempt to utilise the unique

reactivity of the ynamine for addition of a fluorophore or an organelle targeting moiety.

A palette of benzimidazole and imidazole ynamine substrates containing various electron-
donating and electron-withdrawing groups were synthesised. First, hydrogen deuterium
exchange (HDE) was utilised to probe how substituents affect the alkyne proton lability. It
was found that the substituent changes on benzimidazole influenced the HDE, with EDGs
increasing the rate of HDE and EWGs reducing the rate. Imidazole substituents were slower
to exchange than the benzimidazole equivalents, and a larger difference was observed between
substituents. Then HPLC analysis was used to investigate the influence of the modification on
the CuAAC reaction. The experiments showed how reaction kinetics are strongly affected by
varying the heterocycle and the substituents in the aromatic moiety, with a 5,6-dimethoxy
benzimidazole displaying fast reaction kinetics in MeCN with 5,6-difluoro benzimidazole
significantly slower. When these groups were substituted on imidazole ynamine scaffolds, the
fluorine substituent gave faster reaction rates. Additionally, reaction rates and side product
formation are highly dependent on solvents and copper-catalyst loading, with the catalyst
percentage able to be lowered to 0.15 mol% for a benzimidazole ynamine containing two
methoxy groups on the scaffold. The changes in reaction rates in solvents are substrate
dependent, however, it was consistently observed that using HFIP/water resulted in no side

product formation, but solubility issues were common.
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In addition, these results uncovered fundamental differences between imidazole and
benzimidazole ynamines. This points to potential changes in rate determining step of the

imidazole ynamine CuAAC.

The use of the ynamine in bioconjugation applications was explored through the use of calcium
probes. Synthesis of calcium probes containing varying functional groups was attempted, with
the aim of conjugation an ynamine, to allow for modular click modification with fluorophores.
Research initially began with the conjugation of fluorophore to ynamine to determine
precedent, and research on the BAPTA focused on the synthesis of probes with a range of

linkers.

A

N
N tN3 .T
o

N\ Selected solvent

P4

z=Z

x% Cu(OAc),

‘Z\“r

Scheme. Reaction of an aromatic ynamine with an azide to form a triazole.

The findings in this thesis underpin the potential of aromatic ynamines for bioconjugation.
Specifically, future ynamine probes should utilise benzimidazole substituents to avoid
solubility issues and use a 5,6 methoxy group in MeCN to maximise reactivity, however, all
factors need to be taken into consideration before deciding on a system. Additionally, the lack
of dependence on the copper concentration of imidazoles highlights their potential for

bioconjugation/imaging which has not been explored yet.
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Lay Summary

The copper-catalysed azide alkyne cycloaddition (CuAAC) is a chemical reaction that joins
two different parts of a reaction (an azide and an alkyne) together. These parts of the reaction
join easily together, like two jigsaw pieces fitting into each other. The CuAAC is a widely
used reaction as it can be performed inside cells without causing any damage, and does not
react with any other parts of the cell. However, the reaction requires copper, a metal that can
react with components of a cell and cause damage. The aromatic ynamine, an alkyne puzzle
piece, is extremely reactive in the CuAAC reaction and requires less copper than other
alkynes to make the reaction work. This work investigates how changes to the structure of
the aromatic ynamine can affect the much copper is required for the reaction to proceed, and

also, how fast the reaction can go.

The first part of this work involved the chemical synthesis of the different aromatic
ynamines. Then, to assess the impact of the changes to the structure, the CuAAC was
performed with each of the new ynamines with the same azide, and the reaction was
monitored by High-Performance Liquid-Chromatography (HPLC). HPLC is an analytical
technique that is used to separate out mixtures, and to measure how much of a component is
in the mixture. Analysis found that the changes made to the aromatic ynamines affected the
reaction rate. The liquid that the reaction was performed in was also investigated, with this
also having an impact on the speed of the reaction. During these investigations, the level of
copper required in the reactions was tested, and it was found that some ynamines required

very low levels of the metal, which is important for development in a cellular environment.

A potential use of the aromatic ynamines in calcium probes was investigated. Calcium
probes measure the levels of calcium inside cells. Calcium is important in cells as it is
involved, in signalling and cell communication, and any issues with the amount of calcium
in a cell can cause diseases including heart conditions and cancer. Calcium probes with
different structures were synthesised, and these were attempted to be connected to the

aromatic ynamines, to allow for future CuAAC reactions.

The results of this thesis show that aromatic ynamines have potential for further use in
biological applications, and that several factors must be taken into consideration, including

structure and reaction liquid prior to design of a system.
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Abbreviations

AM Acetomethoxy Ester

BAPTA 1,2-Bis(o-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid

BCN Bicyclononyne
2-(4-((Bis((1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-

BTTAA triazol-1-yl)acetic acid

BTTES 3-(4-((Bis((1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1 H-1,2,3-
triazol-1-yl)propane-1-sulfonic acid

BINAP  2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl)

COMU (1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-
carbenium hexafluorophosphate

CDCl; Deuterated chloroform

COSY Correlation Spectroscopy

Cu(OAc), Copper acetate

CuAAC Copper Catalysed Azide-Alkyne Cycloaddition

DBCO  Dibenzocyclootyne

DCM Dichloromethane

DFT Density Functional Theory

DIC N,N-Diisopropylcarbodiimide

DIPEA N, N-Diisopropylethylamine

DMSO  Dimethylsulfoxide

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

EDG Electron Donating Group

EDTA Ethylenediaminetetraacetic acid

EGTA Ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid

ER Endoplasmic Reticulum
EPR Electron Paramagnetic Resonance
equiv Equivalent

EtOAc  Ethyl acetate
EtOH Ethanol
EWG Electron Withdrawing Group

FE Fluorescence Enhancement
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GECI
GSH
H>O
HATU
HDE
HFIP
HMBC
HOAt
HOBt
HOMO
HPLC
HRMS
HSQC
IEDDA
IPA

IR
LC-MS
LUMO
MeCN
MeOH
NaAsc
NaOH
NBS
NIR
NMR
NOSEY
PEG
PeT
RDS
ROS
RT

SPAAC

Emma Alexander

Genetically Encoded Calcium Indicators
Glutathione

Water

Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium
Hydrogen-Deuterium Exchange
Hexafluoroisopropyl alcohol
Heteronuclear Multiple-Bond Correlation Spectroscopy
1-Hydroxy-7-azabenzotriazole
1-Hydroxybenzotriazole

Highest Occupied Molecular Orbital

High Performance Liquid Chromatography
High Resolution Mass Spectrometry
Heteronuclear Single Quantum Coherence
Inverse Electron Demand Diels-Alder
Isopropanol

Infrared

Liquid Chromatography Mass Spectrometry
Lowest Occupied Molecular Orbital
Acetonitrile

Methanol

Sodium ascorbate

Sodium hydroxide

N-Bromo-succimide

Near-infra Red

Nuclear Magnetic Resonance

Nuclear Overhauser Effect Spectroscopy
Polyethylene Glycol

Photoinduced Electron Transfer

Rate Determining Step

Reactive Oxygen Species

Retention Time

Room temperature

Strain-Promoted Azide-Alkyne Cycloaddition
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TBAF
TBTA
tBuOH
TCO
TFE
THF
THPTA
TIPS
TLC

Tetra-n-butylammonium fluoride

Tris((1-benzyl-4-triazolyl)methyl)amine

tert-Butanol

Trans cyclooctyne
Trifluoroethanol

Tetrahydrofuran
Tris(benzyltriazolylmethyl)amine
Triisopropylsilane

Thin-Layer Chromatography
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Chapter 1

Introduction

13
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1.1 Bioorthogonal Reactions

Understanding cellular processes is vital to deepen our understanding of biology and accelerate
pharmaceutical drug development. Key to this understanding is the ability to label, track and
visualise biomolecules inside their native environment.!> The advent of bioorthogonal
reactions accelerated this process immensely. These reactions are characterised by their high
reactivity, metabolic stability, and specificity.” They include, but are not limited to, the
Staudinger ligation, the copper catalysed azide-alkyne cycloaddition (CuAAC), the strain
promoted azide-alkyne cycloaddition (SPAAC) and the inverse electron demand Diels-alder
reaction (IEDDA).>® The Staudinger ligation was the first developed, however, its slow
kinetics allowed it to be leapfrogged in popularity by the others. The development of these
reactions in bioorthogonal chemistry led to the development of the field and an explosion in

research (Figure 1.1).

Mentions of biocrthogonal chemistry in

350; papers published by year

300 4

o ]

$ 250 -
Q.
&

o« 200 4
o]
3

£ 150
>
=

100

50 4

0 .

2000 12005 2010 2015 2020
SPAAC Year
CUuAAC |EDDA

Bertozzi published on
Staudinger ligation

Figure 1.1. Papers published by year containing the term “bioorthogonal chemistry”. Data obtained from Web of

Science.

Alongside the extensive application of these reactions to different fields, such as biomedical
imaging, medicinal chemistry, polymer science and materials and surface science, a large
amount of research focused on the optimisation of these reactions.”® Many factors, including
the solvent, reaction partners, and in the case of the CuAAC, the ligands used, have been
investigated.” During the optimisation of bioorthogonal reactions, the stability in physiological

conditions, selectivity and reaction kinetics are important, and to achieve the ideal

14
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bioorthogonal reaction, each attribute must be carefully balanced and appropriate to the
application. This has allowed for reactions to take place at a high reaction rate and in varying
reaction conditions, allowing increased utility in various biological settings, including drug

discovery and imaging.'°

1.1.1 The Staudinger Ligation

1.1.1.1 First Demonstration In Vivo

Herman Staudinger first described the reaction of an azide with a phosphine to produce an
iminophosphorane in 1919.'!2 The phosphine and the azide react to form an azaylide, which,
in the presence of water, hydrolyses to form the desired primary amide and the phosphine
oxide as a side product.'> Neither azides or phosphines are present in biological organisms
and, therefore, the Staudinger ligation was poised for potential bioorthogonal use. In 2000,
Saxon et al. exploited the unique reactivity to use the Staudinger reaction for bio-orthogonal

tagging (Scheme 1.1)."3

0 o)
N -CHy0° 0
O/ 2 O/
+ @ ®0 e N
Pk’ Ph' PN @ e
X .
Ph Ph P Ph

N
./Q\* N ®

P=0

PH \ph

1.5

Scheme 1.1. First use of the Staudinger ligation.'?

The key modification was the addition of a proximal methyl ester to the phosphine reagent
1.1, which, after iminophosphorane (1.3) formation, acts as an electrophilic trap to form the
nucleophilic aza-ylide (1.4) by an intramolecular cyclisation. After hydrolysis, the desired
amide bond (1.5) is formed creating a stable linkage between the starting materials. To
demonstrate the potential biological use of this reaction, azidoglycans on the surface of Jurkat
cells were tagged with a biotin modified phosphine.'* This was the first report of its kind,

paving the way for the development of bio-orthogonal chemistry. Despite the success of the

15
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reaction, disadvantages included the extremely slow reaction kinetics (with a rate typically

between 1.9 x 10 M!sand 2.5 x 102 M's™!) and that the phosphine is prone to oxidation.'*

1.1.1.2 Effect of Substrate

Further research attempted to optimise the Staudinger ligation by increasing the substrate
scope.'* It was found that the reaction tolerated a wide scope, however, the substituents
influence the rate.!> Modifications that were tested are given Figure 1.2A. The ester leaving
group was found to not play an important role in the reaction rate, however, if bulky groups
were added to 1.6 (e.g. +-Bu), there was significant amounts of aza-ylide hydrolysis, giving the
phosphine oxide and amine, instead of the desired ligated product. Various para-substituted
phenol esters (1.7) were tested, and no large changes in the rate constant was observed.
However, adding substituents to the phenyl group attached to the phosphine (1.8) led to
changes in the reaction rate.!® The results showed that electron donating substituents led to an

increase in reaction rate.

0% OohY O%

1.6 1.7

R=CH X=0CH, Y = N(CH
GH.GH. | Substitions have CHs | substitions have O(CH 3k Reaction
27738 no effect H no effect 3 rate
CH(CHy), on reaction E on reaction OH decreases
C(CHs)3 rate cl rate CHj3 with
NO, Br EWGs
NO,

Ns/\ :: N3 : N3 Na\::
o~ C NO,
1.9

1.10 1.11 1.12

-«
FASTEST SLOWEST

Figure 1.2. Changes made to the substrates in the Staudinger ligation to investigate substrate effect on reaction

rate. A) Changes to the phosphine reactant; B) Changes to the azide reactant.'’
The use of aryl azides was also investigated, and phosphine 1.6 bearing a methyl group was

used (Figure 1.2B). Phenyl azide (1.11) gave a stable intermediate quickly, however, the

conversion of the intermediate to the ligation product was slow (>24 h for complete

16
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conversion) compared to benzyl azide (1.9) (35 min for complete conversion). 1-Azido-4-
methoxybenzene (1.10) gave complete conversion within 8 h, however, p-nitrophenyl azide
(1.12) took more than 48 h. All three phenyl substituted azides produced an aza-ylide
intermediate rapidly before conversion to the desired product that is not formed with benzyl
azide, suggesting that there is a change in the rate determining step (RDS) due to enhanced

aza-ylide stability due to resonance stabilisation.!’

1.1.1.3 Effect of Solvent on Bioorthogonal Reactivity

The effect of the solvent on the reaction rate has also been investigated, with more polar
solvents and aqueous systems having superior reactivity.!>!¢ These results indicated that the
rate-limiting step of the reaction involves a polar transition state which is stabilised by polar
solvents. Further differences observed between solvents with similar dielectric constants, such
as CD3;0OD and CD;CN, suggest that the transition state may be stabilised through hydrogen
bonding or other similar interactions. The reaction’s ability to proceed at a fast rate in an

aqueous environment is advantageous for biological systems.!”

1.1.1.4 “Traceless” Staudinger Ligation

A modification to the Staudinger ligation, the “traceless” Staudinger ligation was
simultaneously reported by the groups of Bertozzi and Raines (Scheme 1.2A).>!® In the
“traceless” reaction, the desired product (1.15) does not contain phosphine oxide, it is released
during hydrolysis. The proposed mechanism (Scheme 1.2B) was determined by monitoring
the reaction using isotopically labelled water. '*O was incorporated into phosphine oxide 1.20
which indicated that the reaction occurs through the formation of the amidophosphonium salt

(1.19) and then hydrolysis."
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Scheme 1.2. A) Formation of an amide bond through a “traceless Staudinger”’; B) The proposed mechanism of

the traceless Staudinger reaction.!?

When developed, the traceless Staudinger led the way for cellular applications and to date
there have been many examples, including the ligation of biomolecules, imaging and
radiolabelling.'***? The main advantage of the Staudinger ligation was the use of the azide
which is not present in biomolecules, leading to selectivity and few side reactions in biological
uses. However, the Staudinger ligation does have disadvantages. The reaction rate is slow, and
the phosphine is liable to oxidation, both in air and by metabolic enzymes, limiting use in
vivo.” In addition, due to the slow kinetics, higher concentrations of reagent are required to
achieve suitable reaction rates, which increases the likelihood of toxicity. Other bioorthogonal

reactions are therefore more used, including the SPAAC and the CuAAC.”

1.1.2  The Copper Catalysed Azide-Alkyne Cycloaddition

1.1.2.1 Discovery

Huisgen in 1963 first describes the 1,3-dipolar cycloaddition of an alkyne (1.22) and an azide
(1.23).% This reaction was slow at room temperature; however, heating increased the yield and

gave both the 1,4 (1.24) and 1,5 (1.25) substituted triazoles (Scheme 1.3).
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Scheme 1.3. The thermal Huisgen-Cycloaddition forming two regioisomers.?

In 2002, the groups of Sharpless and Meldal independently discovered that the reaction could
be catalysed by copper salts.*** The addition of copper as a catalyst significantly increased the

reaction rate and formed exclusively the 1,4-substituted triazole (1.17) (Scheme 1.4).

=N
= cu(l N="
.// + l _Nj3 u(l) ‘)Q/NA.
1.22 1.23 1.24

Scheme 1.4. The CuAAC reaction between an azide and an alkyne forming one desired product.

1.1.2.2 The Mechanism of the CuAAC

Sharpless first proposed a basic mechanism for the CuAAC in 2002,* however, research that

followed has given the currently accepted mechanism of the CuAAC (Figure 1.3).2°%

cu(lly
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1.29 1.26
[cu) s
R 1.23
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Figure 1.3. Mechanism of the CuAAC.
The initiation step is the co-ordination of Cu(I) to the alkyne triple bond to form a copper-

acetylide species (1.25). The pK. of the acetylide is then lowered which facilitates the

formation of 1.26.3%3! The azide (1.23) then coordinates to the dinuclear complex 1.27 to form
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intermediate 1.28.2>2%28 This intermediate then forms the mononuclear copper triazole 1.29.%
The final step is proto-demetallation to give the triazole product 1.24. Cu(l) then re-enters the

catalytic cycle. The RDS is the formation of 1.26, the bis-acetylide complex.?

Key advantages of the CuAAC include fast reaction rates; regioselectivity with the 1,4-triazole
exclusively produced; the reaction can be carried out in mild conditions (e.g., room
temperature and in water). As a result of these advantages, the CUAAC has been used in a
variety of fields, such as organic synthesis, polymer chemistry and bioorthogonal applications,
for an extensive range of uses.’’ The CuAAC also meets the criteria for a click reaction
(modular, high yielding, stereospecific, large substrate scope and generating minimal side
products).*® The development of the CuAAC had a large impact on the field of bio-orthogonal
chemistry, with its multiple advantages lending itself well to cellular applications. However,
the reaction requires copper, which is cytotoxic.>” This limits the use of this reaction in vivo

and research has been ongoing to mitigate this effect.

1.1.2.3 Development of Cu-Stabilising Ligands for the CuAAC reaction

One of the main developments in the CuAAC has been in the ligands used for the

transformation (Figure 1.4).%%

1.30 1.31
O:‘s"O 0
p Ho\/g
S N—N
N—N N~
N~
N\/Y\N

1.32 1.33

Figure 1.4. Common ligands used in the CuAAC reaction.
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TBTA (1.30) was the first ligand shown to increase the reaction rate of the CuAAC.* It was
believed to stabilise the Cu(I) by the chelation of the tetradentate centre to the Cu, forming a
complex and to break any poly-copper complexes that were formed. However, TBTA was
limited by its aqueous solubility, therefore THPTA (1.31) was developed.” Further
developments led to the use of BTTAA (1.32) and BTTES (1.33) ligands, which enabled low
copper loading leading to reduced Cu toxicity.*® BTTAA and BTTES have also emerged as
superior ligands for the CuAAC due to being tolerated in cellular conditions and increased
water solublity.*! In a demonstrative reaction, the reaction between azido sialic acid and biotin-
alkyne was carried out in Jurkat cells. BTTAA- and BTTES-Cu(l) catalysts did not hinder cell
proliferation and BTTAA-Cu(l) gave a significant rate improvement over THPTA. This lower

toxicity is believed to originate from increased ability to stabilise the Cu(I).

1.1.2.4 Influence of Azide and Alkyne Substrates on the CuAAC Reaction

Another important development for the CuAAC reaction was chelating azides which were first
used by Zhu in 2009 (Scheme 1.5).*? It was found that the use of picolyl azide (1.34) resulted

in an increase in the reaction rate of the CuAAC, without the use of a reductant.

‘ o= OH Cu(OAc)2 (5 mol%) N=
N * (jyr\ll
Il tBuOH r,60-120's
1.34 1.35 1.36

Scheme 1.5. Formation of 1.36 without the use of a reductant.

Three copper salts were tested during the development of the reaction: CuCl,, CuSO4 and
Cu(OAc),. Using 5 mol% CuCl,, the reaction only proceeded in i-PrOH, EtOH and MeOH;
there was no product observed in -BuOH. This led to the theory that the Cu(l) species was
generated by reduction of CuCl,. The difference in counterion was then tested, and Cu(OAc),
gave product in -BuOH, unlike others. The reaction was then carried out with CuCl; in
t-BuOH with a reducing agent, NaAsc, producing the triazole in 88% conversion. This led to
the speculation that Cu(I) could be formed from a Cu(Il) catalysed Glaser reaction to form a

diyne (Scheme 1.6A), or alcohol oxidation (Scheme 1.6B).
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Scheme 1.6. Two potential methods for Cu(I) formation. A) B) Formation of glaser from alkyne; B) Formation of

Cu(I) from alcohol oxidation.

Further work by Zhu to investigate the mechanism using the copper-chelating azides found
that the increased reactivity of chelating azides contributed to the copper-azido interaction pre
Cu(I) acetylide formation.* The copper complex is then reduced to give the Glaser product,

giving increased precedence to the Cu(l) originating from Glaser formation.

A study by Kislukhin ef al. investigated the reactivity of alkynes (Figure 1.5).** A variety of
alkynes were tested and propargyl alkynes (such as propargyl ethers and N-propargylamide)
gave a good combination of reactivity, ease of reaction and cost of substrate. Propiolamide
1.40, was the most reactive, however, did have an increased tendency for Michael addition.
Propargyl ethers 1.41 and 1.42 were the next fastest, however, aromatic and aliphatic alkynes
1.44 and 1.45 were the slowest. Tertiary propargyl esters and carbamates were found to not be
suitable for the CuAAC. The leaving groups are lost upon formation of the Cu-acetylide to
give Cu-stabilised propargyl cations which can trap nucleophiles. If this occurs in alcoholic

solvents, propargylic alcohols are formed.*’

s H _
\\”/N\/COZMe = ;= 0
) OOO °

1.40 1.41 1.42
N
A OH H
N AN
X N
\©/ \/NHZ \/ Y\Br
(0]
1.43 1.44 1.45

Figure 1.5. A selection of the alkynes tested by Kislukhin et al. +

1.1.2.5 Effect of Solvent

A main advantage of the CuAAC is its’ versatility in different solvents, with the reaction able

to proceed in organic solvents, water or ionic liquids.*® During the ligand accelerated CuAAC,
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the solvent chosen can play a large role.’**’*® There is competition for the accessible
coordination sites of the Cu between the azide, the ligand and the solvent molecules. The azide
tends to have a weak donor strength, but the tuning of the ligand and the solvent can impact
their ability to concentrate. When weak donor ligands are in combination with water the rate
of the reaction is accelerated but when in a strong donor solvent environment, e.g. DMSO, this
is perturbed. This demonstrates that the solvent chosen can have change the mechanism of the

reaction.

1.1.2.6 Limitations of CuAAC

The major limitation of the CuAAC reaction for use in live cells and in vivo is the use of copper
in the reaction due to its cytotoxicity. Whilst copper is found in cells, the actual concentration
depends on the cell type and there is almost no measurable level of unbound copper present in
cells that would be capable of catalysing the CuAAC.* This is because free copper is cytotoxic
due the formation of reactive oxygen species. The Cu(I) will react with dissolved molecular
oxygen to form superoxide which can be converted to hydroxy radicals.® These hydroxy
radicals can damage the cells in a number of ways, including damaging the DNA backbone
through the cleavage of nucleic acids.’"*? In addition to DNA, amino acids such as histidine
and cysteine can be oxidsied.”® Furthermore, ROS are involved in many critical roles of the
cell and any dysregulation can cause problems.>*

Whilst the addition of a ligand can reduce the copper loading necessary for the CuAAC
reaction, copper free click reactions have largely superseded the CuAAC reaction in in vivo

applications.
1.1.3 Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC)

1.1.3.1 Development

In 2004, Agard et al. reported the first 1,3-dipolar cycloaddition between an azide and a
cyclooctyne for bioconjugation.® This was named the strain-promoted alkyne-azide
cycloaddition (SPAAC). SPAAC allowed the labelling of biomolecules without the need for
cytotoxic copper and relies on the decreased activation energy of the strained cyclooctanes.
The first in vivo use involved the labelling of the surface of azide-modified Jurkat (1.46) cells

using a cyclooctyne (1.45) (Figure 1.6).
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Figure 1.6. The SPAAC reaction between cyclooctyne 1.45 and azide 1.46.

A limitation of the SPAAC was the slow reaction rate. In initial studies, the Staudinger ligation
was the better performing bio-orthogonal method. However, subsequent modifications to the

cyclooctyne aimed to increase the reaction kinetics.

1.1.3.2 Effect of Substrate

Initial modifications included the removal of the phenyl group (1.49) from 1.48 and
incorporation of fluorine atoms (1.50 and 1.51, Figure 1.7).%3 The removal of the phenyl ring
reduced the potential of a steric clash while the addition of a fluorine in 1.50 increased the rate
constant by lowering the LUMO of the alkyne, thus reducing the gap between the HOMO of
the azide. The addition of two fluorine groups to give 1.51 resulted in a large increase in the

reaction rate.
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0 OH
k=1.2x10°M"s™" k=1.3x10°M"s™" k=43x10°M"s" k=76x10%M"s"
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s@ele®e
HO R O
k=017 Ms" k=0.96 M's"
1.52 1.53

I :N I
HO OH
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DBCO BCN

Figure 1.7. Cyclooctyne derivatives and their rate constants.
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The addition of aryl rings to the cyclooctyne to increase ring strain was also investigated
(1.52). Ning et al. had hypothesised that the increased ring strain coupled with ortho hydrogens
potentially preventing nucleophilic attack through a steric clash would substantially increase
reaction rate.’®>’ The reaction rate increased compared to 1.48 and 1.51, however, in the
biological systems tested, the solubility was low (100 uM). Debts ef al. then attempted to
increase the reaction rate, and the solubility, through the addition of a nitrogen into the ring
(1.53).%® Jewett et al. then further developed the system to give 1.54.°° The addition of an
additional sp” carbon centre to the ring further increased the ring strain and largely increased
the reaction rate. However, the stability of the substrate was decreased, with a 24 h half-life in
the presence of an excess of GSH. Dommerholt ez al. attempted to solve solubility and stability
issues by developing bicyclo[6.1.0]nonyne (BCN) (1.55), which could be synthesised in only
three steps to form two diastereomers. Both isomers have fast reaction rates and are stable in

GSH for 48 h.%°

1.1.3.3 Effect of Solvent

Further ways to improve the SPAAC reaction have also been investigated, including the
solvent used. In a study by the Heemstra group, the effect of solvents and buffers was
investigated on the reaction between a hydrophilic DBCO reagent and a hydrophilic azide.®!
It was found that the type of buffer and the pH did not affect the reaction rate significantly.
However, when testing co-solvents it was observed that the rate decreased when a larger
amount of co-solvent was present. For example, with MeCN as the co-solvent, a 50% decrease
in the rate constant was observed for a change from 10 to 70% MeCN, resulting in a decrease
in the water content of the reaction. The reasoning behind this was given as being a result of

the loss of stabilising hydrogen bonding from water during the transition state.

1.1.34 Limitations of SPAAC

Despite the research into the rates and stability of reagents used in SPAAC, there remain
limitations. The rate constants are still slow compared to other bioorthogonal reactions, and
an increase in the reactivity often comes paired with a decrease in the stability.®* The large size
and hydrophobicity of the cyclooctynes also lead to decreased cell permeability and limited
intracellular distribution. The synthesis to reach the desired cyclooctyne is also typically
lengthy and the SPAAC reaction itself forms 2 regioisomers, which can be perceived as a
limitation in some applications.®*** BCN and DBCO are the most commonly used SPAAC
agents in current literature, owing to their favourable characteristics and commercial

availability.5*63
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1.1.4 Inverse Electron Demand Diels Alder

The currently fastest bioorthogonal reaction developed is the inverse-electron demand Diels-
Alder (IEDDA) reaction (Scheme 1.7) which utilises a trans-cyclooctene (TCO, 1.56) and a
tetrazine (i.e. 1.57). Since the first use in a biological application in 2008 by Blackman et al.,
there has been significant developments in the field.® The initial reaction tested in a biological
context gave a rate constant of 1140 M s, and an improvement to 2000 M s! when used in
a MeOH/H,0 (9:1) solvent system (Scheme 1.7). Alongside organic solvents, the reaction was
successful in water, cell media and cell lysate while being Cu-free and only producing N; as a

by-product. These reaction rates established a new standard for bioconjugation chemistry.

r S
N~ N~
+ N \’\\l in protic solvents NH
N__N solvent _N
N ‘ N7 ‘
X
1.56 1.57 1.158 1.59

100% conversion after 40 min
MeOH 1140 M™"s™
THF 400 M's™
MeOH/H,0 (9:1) 2000 M's!

Scheme 1.7. The first use of the [IEDDA in a biological context.b

In 2008, in parallel to the initial publication by Blackman et al., Deveraj et al. had been
working on the IEDDA using norborene (Scheme 1.8).% In this study, the reaction of tetrazine
1.61 with norbornene 1.60 gave a second order rate constant of 1.9 M s™! in aqueous buffer
and in FBS a value of 1.6 M s™!, This was applied to a biological use with the reaction being
used to tag SKBR3 cells with a tetrazine and subsequent reaction with a fluorophore modified
with a norbornene group. Whilst this research indicated the feasibility for biological

applications, the reaction rates are slow and need improvement.

NH, NH,
Ao - — o
o
NN HN™S 0
NN N
1.60 1.61 1.62

Scheme 1.8. First use of norbornene in a biological context.®
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1.1.4.1 Mechanism

The reaction proceeds via a (4+2) cycloaddition between the diene (typically a tetrazine) and
the dienophile (alkene or alkyne) to form a six-membered ring in a w4s + n2s fashion (Scheme
1.9). The diene and dienophile form a highly strained bicyclic adduct (1.65) which, through
the release of nitrogen, is converted into a 4,5-dihydropyridazine (1.67). This then isomerises
to the 1,4-dihydroisomers (1.68 and 1.69) and undergoes oxidation to the pyridazine product
(1.70).

N" JN Nf :N\ N7
i Lot ] — 1l v — |

NN N; /;N_— N
1.63 1.64 1.65 1.66 1.67

N7 I ® - NT . HNTX

|

N HN__ N
1.70 1.69

Scheme 1.9. Mechanism of the IEDDA reaction.

The reactivity of the IEDDA can be explained by molecular orbital theory, with the reaction
rate determined by the gap between the HOMOuicnoiphite and the LUMOyicne.®” Pairs of reactants
with a smaller energy difference will have a quicker reaction rate. By adapting the tetrazine

and the dienophile the rate can be increased.

1.1.4.2 Substrate Effects - Dienophiles

Early work by Sauer found that dienophiles with electron-rich substituents tend to react
faster.®® The strain effect on the dienophile is also important. The addition of ring strain raises
the HOMOdicnophilc as the conformation is distorted towards the transition state. Cyclopropene
is therefore more reactive than cyclooctene. However, when TCO (1.56) was tested, it gave
the fastest reaction rates, due to the crown conformation that it typically sits in (Figure 1.8). A
stereochemistry effect is also present, with the axial isomer of a functionalised TCO (1.73)

more reactive than the equatorial isomer (1.72) by around a factor of 4.

27



Developing a Click Chemistry Imaging Platform Using Aromatic Ynamines
Emma Alexander

(6]
1.71
)
1.72 1.73
equatorial axial

Figure 1.8. Stereochemical considerations of TCO analogues.

1.14.3 Substrate Effects - Diene

The reactivity of the tetrazine used is influenced by the substitutions on the ring.® It was found
that tetrazines attached to carboxylate groups (EWG) had faster kinetics than methoxy groups
(EDG) due to lowering the LUMO energy. Mono-substituted groups tend to be more reactive
than the di-substituted equivalents due to a reduction in steric clash. However, with increased

reactivity of the tetrazine comes a loss of stability (Figure 1.9).7

NH, NH,
NH NH
2 2 NH,
LEAST REACTIVE MOST REACTIVE
~N ~N
MOST STABLE NN NN LEAST STABLE
NTSN NTSN NN L NN
NN NN NN I
~ ~
T h A NN NN
X ! v
1.74 1.75 1.76 1.61 1.78

Oy _OH
70% stability in FBS after 24 h
Rate constant of 30000 M™! s - the fastest tested
NN
NN
1.79

Figure 1.9. Tetrazine stability vs. reactivity. One outlier 1.79 was observed with relative stability and the best

reaction rates.

One of the most commonly used tetrazines classes, due to fast reaction kinetics and the ability
to be used at low concentrations, are tetrazines containing electron-deficient heteroaryl
substituents such as pyridyl or pyrimidyl substrates (Figure 1.10).”! It was previously assumed
that the enhanced reactivity of these were due to the electron withdrawing effect of the
heteroaryl group.”” However, computational investigation has since shown that this is due to

the tetrazine being distorted by repulsive N-N intramolecular forces.”

28



Developing a Click Chemistry Imaging Platform Using Aromatic Ynamines

Emma Alexander

H (6] (0]
O+ _N.
R A HN)LR

HN™ R
® & ®

=N _N _N

NZON NZN N

Ny N N\ "\“ ‘\ "‘\l
Repulsion ) IC ‘)IC C
NZON NZN Z N

W g g

1.80 1.81 1.82

Figure 1.10. Tetrazines containing electron-deficient heteroaryl groups.

When designing a system for IEDDA, a balance of the properties of the tetrazines and the

dienes needs to be taken into account in order to provide the best reaction rates and stability.

1.1.4.4 Click-to-Release Strategies

Whilst the IEDDA has been used in many biological and non-biological applications, one of
the largest areas of research has been the click to release reaction. In 2013, Versteegen et al.
reported a click-to-release as a new use for the IEDDA. This involves the selective release
of a functional group as a result of the IEDDA reaction. The first reported application involved
the release of an Doxorubicon-amine (1.87) from a modified TCO (1.83).”* The proof-of-
principle study resulted in the formation of 1.87 in a 79% conversion using tetrazine 1.84. It
was found in the study that the bulkier tetrazines such as 1.57 gave poorer cleavage yields.
This led to further investigations into click-to-release by Chen and Weissleder.”> A follow
up study by Chen then investigated a range of tetrazines to study what affected the release.”
Various symmetrical and unsymmetrical tetrazines were tested (Figure 1.11B) with a
fluorogenic TCO-conjugated coumarin reporter. The differences in reaction rate between
tetrazines 1.84 and 1.90 confirmed that sterics played a part, with the less sterically hindered
tetrazine giving the faster release. Electron rich and electron deficient tetrazines (1.91 and
1.92) were then tested, with the results showing poor efficiency in the reaction. The phenyl
tetrazine showed higher reactivity than its EWG and EDG group counterparts. It was
hypothesised that, since the decaging takes place in two steps, a cycloaddition followed by an
elimination, that unsymmetrical molecules may be needed to have a functional group to
facilitate both steps. All unsymmetric tetrazines tested were faster than their symmetric

matched pairs.
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Figure 1.11. A) Click-to-release of Doxorubicin (Dox), B) Other tetrazines tested.

Carlson et al. then investigated the click-to-release reaction under biologically relevant
conditions in 2018.7 It was found that the release rate and the percentage of release obtained
are environmentally specific. At a high pH, the release rate was found to be slow, however, at
a mildly acidic pH (pH 5 or 6), the release rate is fast. During this study, the formation of a
cyclised product (1.94) at high pH was observed, causing the low release yields (Figure 1.12).
At a low pH, 1.95 tautomerized to 1.96 and 1.97 with only isomer 1.96 leading to successful

release while 1.97 formed a dead end after oxidation.
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Figure 1.12. Routes to non-formation of desired product.”

1.1.4.5 Limitations of the IEDDA

The reaction rates of the IEDDA are unparalleled for bioorthogonal chemistry which results
in reactions being able to be carried out at low concentrations. However, a balance needs to be
obtained between reaction speed and stability. TCO is prone to trans-cis isomerisation by
intracellular thiols, deactivating the strained system reducing the reactivity, and is also

sensitive to acids and copper ions.”’

1.1.5 Ynamine Structure and Reactivity

The conventional ynamine is an alkyne derivative where the nitrogen is in conjugation with
the alkyne (1.98). The triple bond becomes polarised due to the nitrogen donating an electron
pair into the triple bond, resulting in activation for protonation and the subsequent attack of

water. However, this results in ynamines being unstable via hydrolysis (Scheme 1.10).7

¥
R\N,R R\N,R H,0 R. _R R‘N’R
‘C‘: N = /g
Il ) Py N o
OH
H™ "H

H
R = alkyl

1.98 1.99 1.100 1.101

Scheme 1.10. Hydrolysis of an ynamine.

In contrast, Burley et al. have demonstrated that aromatic ynamines (1.103) are not prone to

hydrolysis and also have a high reactivity in the CuAAC reaction.” The ability of the nitrogen
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to donate electron density into the triple bond is reduced by the delocalisation of the lone pair

in the aromatic ring (Scheme 1.11).%¢

N N Ne
Cry — O — O
d \ \

1.102 1.103 1.104

Scheme 1.11. Resonance forms of the aromatic ynamine.

1.1.5.1 Ynamine Reactivity in the CuAAC

The role of the ynamine in the CuAAC was investigated by Hatit ef a/.3! This research showed
that the ynamine exhibits reactivity with a wide variety of azides without a reducing agent.
The alkyne used as a control in this study, N-phenylhept-6-ynamide (1.105) did not react in

MeCN and in MeOH reached a lower conversion than with the ynamine (Scheme 1.12).
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@[ » *  R-Ns N MeOH 100%
N MeOH or MeCN N
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1.103 1.104
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Scheme 1.12. A) Click reaction of the aromatic ynamine. R indicates a large azide scope; B) Click reaction of a

1.105

conventional alkyne.

The addition of a reducing agent (NaAsc) and a ligand (TBTA) gave an increase in the
conversion for the conventional alkyne 1.105, something that is not required for the ynamine
1.103. Competition experiments between the ynamine and conventional alkyne showed that
the ynamine triazole (1.104) is the only product in a reaction with cyclohexyl azide in MeCN
and MeOH and benzyl azide in MeCN. With benzyl azide 1.9 in MeOH, 90% of the triazole

product was formed and only 10% of the conventional alkyne triazole.

This difference in reactivity was further probed by using a bifunctional system (1.105) with

an ynamine and an aliphatic alkyne present (Scheme 1.13). The aromatic ynamine moiety
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reacts first, followed by the aliphatic alkyne moiety reacting with a second azide in the

presence of NaAsc and a ligand, to form either 1.107 or 1.106 — depending on the order of

azide addition.

1. Cu(OAc), (5 mol%)

R2-Ng 1105 1. Cu( 1OAc)2 (5 mol%)
2. AMTC (10 mol%) R™Ns
. mol7 .
NaAsc (10 mol%) 2. QZA,ISS: 11(()) rrnnzlP//no
R'™-Nj

R2-Ng
o N,
. > o
‘s N N
N N
\ I H N N , H
/’1\‘ 4 1 N J hl
R N-N R2 -N
1.107 n2 1.106 N

Scheme 1.13. Reaction of alkyne 1.95 with azide in MeOH/H20.8!

The selectivity of azides for the ynamine over conventional alkynes was explored in a 2017
paper.®? It was found that azide selectivity could be controlled by the use of a chelating azide
such as picolyl azide 1.54, with which alkynes are favoured over benzyl azide 1.9. This
allowed the selective reaction of the ynamine (1.107) and the alkyne (1.108) with the two

azides (1.9 and 1.54) in a four-component reaction to form either 1.109 and 1.111 or 1.110 and
1.112 (Scheme 1.14).
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Scheme 1.14. Selective reaction of alkyne/azides. Conditions A: Cu(OAc)2 (5§ mol%), NaAsc (10 mol%), AMTC
(10 mol%), DMSO/H20 (1:1), r.t. Conditions B: Cu(OAc)2, TBAF (1.1 equiv), MeCN, r.t.

A further study by Peschke et al., investigated the influence of glutathione (GSH) on the
ynamine-azide CuUAAC (Scheme 1.15A).%* GSH is present in millimolar concentrations in the
cellular environment, and it can act as a chelating agent for Cu(Il) as well as a reducing agent
to form GSH-Cu(I) complexes. This results in GSH inhibiting the CuAAC reaction by
sequestering copper. The stability of the ynamine to GSH was first tested, and in the presence
of 5 mM of GSH, 10% of the ynamine was converted to GSH adducts.

The ynamine (1.113) and other alkynes (1.114 — 1.116) were then tested with benzyl azide
(1.9) as the reactant partner, in the presence of GSH (Scheme 1.15B). The dimethyl ynamine
(1.13) was found to react faster in the presence of GSH than other alkynes - which also required
additional NaAsc to react, and this was true of the reaction with other azides (Scheme 1.15C),

such as azido-ethanol (1.117) and picolyl azide (1.54).
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Scheme 1.15. A) CuAAC reaction of ynamine and benzyl azide in the presence of GSH; B) Alkynes also tested;
C) Other azides tested.

Design of experiments was used then used to explore the influence of the Cu: GSH ratio on the
reaction. It was discovered that ratios <2:1 accelerated the reaction while higher ratios (>3:1)
inhibited reactivity. The optimum conditions were obtained as a GSH:Cu(Il) ratio of 1:1 at
100 uM Cu. Additionally, the co-solvent of the reaction also influenced reaction kinetics with
fluorinated solvents such as HFIP or TFE (both 10%) accelerating the reaction compared to
MeCN as the solvent.

The use of GSH as an ynamine reactivity modulator was then explored with these optimised
conditions (Scheme 1.16). Previous work has shown that Cu(I) can act as a protecting group
for the internal alkyne of DBCO.*® When a Cu chelator is then added, there is
decomplexation and the alkyne is reactive again. By using the GSH, the Cu(II) can be reduced
to Cu(l), allowing transient protection of the DBCO. This hypothesis was tested in the selective
labelling of dual azide-tagged cell-penetrating peptide 1.118.
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Scheme 1.16. Synthesis of a peptide containing an ynamine triazole and a SPAAC adduct.

In the presence of Cu(OAc),, the ynamine reacts preferentially with the picolyl azide to form
1.119, while the DBCO is protected by the reduced Cu(I). When EDTA is added to chelate the
copper, the SPAAC reaction occurs to form 1.120. This opens the possibility of using

conditional reactivity for selective labelling of biomolecules.

1.1.5.2 Mechanistic Investigations of the Ynamine in the CuAAC

As has been shown, the ynamine exhibits a unique chemoselectivity and reactivity over
conventional alkynes. To investigate the origin of this, NMR was used.*® Competition
experiments were carried out between the ynamine (1.113) and a series of representative

alkynes (1.121-1.125) (Figure 1.13).
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Figure 1.13. Alkyne substrate scope.

In the competition experiments, the ynamine (1.113) was the fastest alkyne tested, and almost
always the exclusive product. When the reactions were conducted on individual alkynes, only
1.121 outperformed the ynamine 1.113.

NMR experiments showed that in the CuAAC reaction, the reaction rate of the ynamine was
independent of the concentration of alkyne (zero order), however, was second order dependent
on concentration of azide. This contrasts from the conditions for conventional alkynes where
there is a small negative dependency on the azide concentration. This suggests that there is a
change in the azide RDS of the CuAAC when ynamines are the alkyne substrate. Further data
also suggested that the rate of formation of copper acetylide was fast when compared to other
alkynes and it was postulated that this was a result of the co-ordination of copper to the N3 in
the benzimidazole ring. Further experiments confirmed this with the use of indole-ynamine,
which performed worse than the ynamine 1.113 in competition experiments with 1.121, with
almost no chemoselectivity observed. Additionally, no changes in NMR shift upon addition
of copper were observed with the TIPS protected indole 1.127 whereas complex formation
was observed with the TIPS protected ynamine 1.126 (Figure 1.14A). Whilst it was not
possible to monitor copper co-ordination with deprotected ynamine 1.113 due to rapid C-H
insertion, other Lewis acids, such as scandium triflate could be used (Figure 1.14B). These
experiments showed an increase in the alkyne C-H acidity — the pK. of the alkyne proton is
lowered (demonstrated by a shift in the "H NMR signal of the alkyne proton). The pK, of the
ynamine alkyne proton in the absence of binding to N3 is 27.9, compared to a typical alkyne

pK, of 25.86
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Figure 1.14. A) Chelating of Cu(II) to the benzimidazole N3; B) Chelating of a Lewis acid to the benzimidazole
N3.

From this information the RDS for the ynamine CuAAC was postulated as shown in Figure
1.15. The Cu(II) coordination to the benzimidazole (1.130) results in an increase in the alkyne
C-H acidity which gives a faster Cu acetylide insertion (1.131). The azide ligation/insertion
(1.132) is then slower, and so the RDS for the ynamine is now this step. Further work is
necessary to investigate the azide ligation/insertion step of this reaction to fully understand the

parts of all the reactants in the mechanism.
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Figure 1.15. The RDS of the aromatic ynamine-CuAAC reaction.
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1.2 Bioorthogonal Reactions in Imaging

The biggest use of bioorthogonal chemistry between 2010 and 2020 was for imaging, and it
has been utilised for many biological targets due to its versatility.” Typically, in an imaging
reaction involving click chemistry, a non-fluorescent molecule reacts with a coupling partner
to give a fluorescent molecule. Dependent on the type of reaction required, a certain

biorthogonal reagent may be more suited to a type of reaction than others.

1.2.1 Staudinger Ligation

Following on from the discovery of the Staudinger ligation, it became a powerful tool for
imaging. The Staudinger ligation can be used in fluorophore labelling by forming a fluorescent
turn-on probe (Scheme 1.17).%” The coupling of a 7-amino coumarin-phosphine dye (1.133) to
an azido target molecule (1.134) allows the formation of the phosphine oxide (1.135) which
produces fluorescence.®® This led to uses in the site-specific labelling of DNA and the tagging

and subsequent imaging of cell-surface glycans.®!

o
| H
Qo o} o N\)LN/\/
B + H Osp H
~r P N/ﬁTN\/\ - A
3
5 CH3CN : HoO (3 :1)
N o~ Yo N [OXe]

1.133 1.134 1.135

non-fluorescent fluorescent

Scheme 1.17. Use of a fluorescence turn on probe.

However, as previously mentioned, the Staudinger ligation is no longer as commonplace due
to its slow reaction rates, and much of the imaging that takes place using bioorthogonal tools

uses reactions with faster reaction rates and more accessible coupling partners.

1.2.2 CuAAC

Since 2003 when Wang et al. reported the first biological application of the CuAAC, the
reaction has been used in many forms of biological applications.”? In 2012, fluorogenic
azidofluoresceins were reported for no-wash imaging of cells upon the CuAAC.” This study
established that rational design combined with DFT calculations could produce tailored probes
for biological imaging. Following this rational, Shieh et al. developed a probe (1.136) which
had a higher signal-to-noise ratio than probes previously reported (Scheme 1.18A).** This

probe was used to label alkyne-tagged proteins in vitro to produce a fluorescent molecule 1.137
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and to then visualise the localisation of the alkyne-tagged glycoconjugates in cells at low
concentrations.

A screening platform utilising CuAAC was instrumental in the reporting of the first examples
of identification of a Fe'/aKC-dependent pathway in the conversion of radical hydroxylases
to halogenases (Scheme 1.18B).”> The alkyne modified amino acid 1.138 was incorporated
into the protein and a fluorogenic azide 1.139 was used, and upon the formation of the triazole
1.140, fluorescence could be monitored. This fluorescence would only occur if the target had

an alkyne, indicating hits.

1.136 1.137

almost non-fluorsecent highly fluroescent

R = alkyne labelled BSA

Ho 0 ° HO (0] (0]
e 900

o (o) ?\l) Sg —>CU(|) @ ©
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= NH, O o | o O\/\O/\/’T‘\/\/SOS
1.138 7 N ® o
(e} N S0;3 )
\/\O/\/ | ~ N Hsl\j N=N O\/\O/\/T\/\/SOS

1.139 1.140

Scheme 1.18. Use of the CuUAAC in fluorescence imaging. A) The labelling of alkyne tagged proteins; B) A
screening platform using Cal-Fluor 488 (1.139)

1.2.3 SPAAC

The advantages of the SPAAC reaction for imaging include fast reaction rates and the use of
azides and alkynes without the use of copper. It has been used in bioorthogonal glycan
imaging.”® The Kasper group used a TAMRA labelled DBCO 1.142 to fluorescently label
commensal bacteria tagged with an azidoacetyl galactosamine derivative (1.141) (Figure
1.16A). In this study, both SPAAC and CuAAC were tested, and despite the copper promoted
reaction giving higher fluorescence increase, the SPAAC technique was chosen due to its lack
of the toxic copper.

Kleiner utilised SPAAC for the metabolic labelling of cellular RNA.?7 2'-azidocytidine was

used, in addition to a strained cyclooctyne imaging partner, and no degradation of the RNA
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was observed, and the localisation of RNA was able to be imaged. SPAAC was also used in
imaging by Teng et al. CAR-T cells were modified on the surface with tetraacetylated N-
azidoacetyl-mannosamine (1.144) and following reaction with DBCO-Naph (1.143) formed a
fluorescent molecule (1.145) (Figure 1.16B). This fluorescent molecule allowed the real-time

fluorescent imaging of the cell to enable in vivo studies into cancer diagnosis.”®

1.141 1.422

bacterial membrane where sugars are inorporated
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= /\cell surface
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1.143 1.144 1.145
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Figure 1.16. Imaging uses of IEDDA. A) Fluorescent labelling of commensal bacteria tagged with an azidoacetyl

galactosamine derivative; B) The metabolic labelling of cellular RNA.

1.2.4 IEDDA

Since the publications in 2008, into the use of the IEDDA as bioorthogonal markers to modify
proteins, the reaction has been exploited for a wide range of targets and purposes.®®® The
tetrazine has been shown to be one of the most common moieties to attach a fluorophore to
due to its ability to quench fluorescence prior to the IEDDA.*

The IEDDA has been used largely on unnatural amino acids which were then installed into a
protein.”"'% These unnatural amino acids typically contain strained alkenes such as
norbornene, cyclopropane or TCO and react with tetrazine-fluorophore conjugates. These
reactions are fast, can easily be performed in cells and, due to the fluorophore linker, can be

easily imaged.
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It has been shown that DNA and RNA can be modified with strained alkenes by introducing
them during in-cell synthesis. This allows labelling to be carried out using tetrazine-
fluorophore conjugates. The Luedtke group incorporated 5-vinyl-2’-deoxyuridine into the
DNA of HeLa cells imaged it by reaction with a tetrazine-fluorophore.'®!

This chemistry can also be applied to biomedical imaging markers. Due to the short half-lives
of radioisotopes fast reaction rates are important for the connection of the probe to the target,
and despite CuAAC chemistry and SPAAC leading initial research in the field, they had their
limitations.'® Rossin ef al. led the field with the reporting of IEDDA in radiolabelling with a
paper describing the use of an "'"In-DOTA tetrazine derivative (1.147) to label in vivo an

antibody (1.146) (Scheme 1.17).!% This has then led to the development of many '8F and ''C

based probes.
N=
Q—<\ >—<\:/>7Radlolabel I
N—
Cell surf:
1.146 1.147 el suriace 1.148

Y = anti-TAG72 mAb CC49

Figure 1.17. Use of the IEDDA in the radiolabelling of cell surfaces

1.2.5 Potential Future Uses

Despite the many applications of bioorthogonal chemistry in imaging, it has not yet been
extensively applied to measuring cation concentration such as Ca’>" or K*, although the
CuAAC has been used to measure copper and zinc concentrations.!*!% Measuring cation
concentration can be challenging due to the fluxes in concentration, compartmentalisation, and
low concentrations. The Ca®" ion is an example of a cation that has had a large amount of

research and development into probe synthesis and use.

1.3 Calcium Imaging

Calcium, a cellular second messenger, is a key component of cellular function. Ca*" ions play
a large role in communication and any dysregulation can plays a large role in key functions

within the cell including muscle contraction, exocytosis, apoptosis, and cellular excitability.'%
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Due to its importance, the disruption of intracellular calcium is associated with

neurodegenerative disorders, cardiovascular diseases, and cancer.!”’

The intracellular and extracellular concentration of Ca*" is typically not in equilibrium and is
fluid.!% Intracellular concentration is typically around 100 nM, whereas extracellular is
typically in the mM range (Figure 1.18).!% Ca?" transporting ATPases, Na*/Ca*" exchangers
and Ca’" binding proteins facilitate this gradient. This is different to the other divalent metal
cation found in the cellular environment, Mg?*, whose concentration does not vary as
dramatically across the membrane (mM range).!” The concentration of Ca®" also varies in a
particular cell depending on location, e.g. the cytosol, the endoplasmic reticulum, or the
mitochondria (Figure 1.18). Under resting conditions within the cytosol, the concentration of
Ca’" is typically 100 nM, and can increase to <1 uM when activated.'” However, this is lower
than in the extracellular matrix, where the concentration of Ca®" is as high as 1 mM. The
mitochondria are involved in the release and take up of Ca®* from the cytosol, regulating the
concentration. Due to this active regulation, the concentration of Ca*" can vary, typically from
100 nM to 10 pM. ! Calcium stores, such as the endoplasmic reticulum (ER), typically have
a Ca®" concentration that can vary between 100 uM and 100 nM.!?” The levels of calcium
within the cytoplasm are carefully controlled as an unregulated change will result in damage

or death to the cell.'!!
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Figure 1.18. Illustrative calcium concentrations within the cell.!08-110

The discovery of methods to measure Ca?* concentration across the cell started a revolution in
biology allowing to correlate Ca*" flux oscillations with function and signalling processes.
Nowadays, even physiological changes in the membrane potential and consequently changes
in physiological Ca*" currents can be measure by fluorescence-based optical techniques, in
living cells, in their native environment. The main challenge that the field faces is how to
assess to what extent the indicators attenuate the Ca®" signal. At low concentration of the
indicators, it is more likely that an unattenuated Ca?* signal is being measured, whereas at high

concentration of the indicators, it is more likely that Ca?" flux is being measured.

1.3.1 Development of Calcium Probes

Calcium probes can be separated into two categories: chemical probes and genetically encoded
Ca*" indicators (GECISs).!'? GECISs can be used for imaging in both cellular models and living
organisms. They were developed following the discovery of green fluorescent protein (GFP),
the synthesis of different colour GFPs and the research into Ca?* binding with calmodulin and
M13. GECIs are useful in certain situations, such as neuroscience, and offer advantages that
chemical Ca®" indicators do not, including the precision of their targeted imaging and the

ability to monitor Ca* over a long period of time.!'> However, chemical Ca** probes are more
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accessible and commonly used. They have the advantages in that there is a large variety of
probes already commercially available and the ease of use due to not needing to transfect cells.
A disadvantage of the probes, however, is the lack of specificity, but ongoing research is

attempting to tackle this.!"* This section will focus on chemical calcium probes.

1.3.1.1 History of Chemical Calcium Probes

The chemical Ca?" indicators started with the development of quin-2 (1.149, Figure 1.19) by
Tsien et al. in the late 1970s, which triggered a large amount of research. !> Upon Ca** binding,
the molecule rotates to cage the Ca*" ion in a sphere. The Ca®" ion can accommodate 4-12
oxygen atoms, with 6-8 being the most common. The K4 of quin-2 was ~ 100 nM, and was
used extensively in biological studies, however, there were drawbacks associated with the
probe.!”” The excitation wavelength is 339 nm, which posed issues with autofluorescence from
cells and caused unwanted biological effects. The extinction coefficient (<5000) and
fluorescence quantum yield (0.03 to 0.14) were low. This resulted in a large loading of dye
being required, biasing the concentration measurement. The excitation and emission
wavelength also did not increase upon the binding of the Ca®’, only a fluorescence increase.
This resulted in issues as the fluorescent intensity can differ on many other factors, such as

dye concentration and cell thickness in the beam.

X 8

Ao~ Ny ~(Ca’,

)(L N Ca?* o :’:O}NZ

N O o B

0 N -

" L T)HAN OH / %_/O OQ
HO™ o =
o

1.149

Quin 2 Quin 2 Ca Complex
uin

Figure 1.19. Structure of quin-2 (1.149) and a depiction of the confirmational change upon Ca?* binding.

Following on from the quin-2 work, the discovery of the calcium chelating agent BAPTA
(1.150) (Figure 1.20) led to its utilisation in many probes.!'> BAPTA improved binding for
Ca®" due to the 4 oxygen and 2 nitrogen groups present to facilitate the coordination. The
unique motif preferentially binds Ca*" over the smaller Mg?* ion as the larger radius allows
for an ideal size of chelate to form. It is still today the most prominent feature in calcium
probes. BAPTA chelators were found to have advantages over the previously reported EDTA
(1.151) and EGTA (1.152) in that it was less sensitive to intracellular pH changes, released the

Ca* more quickly after binding and allowed for modification.!'®
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Figure 1.20. Structure of BAPTA 1.150, EDTA (1.151) and EGTA (1.152)

1.3.2 Design of BAPTA Calcium Probes

Current probes tend to combine the BAPTA moiety with a fluorophore and/or a targeting
moiety. This allows the probe to be suitable to optical imaging of the Ca*" within a cellular
environment, and also allows targeting of a probe to a specific area. When designing a Ca>"
probe, it is not as simple as combining BAPTA with a fluorescent moiety. There are three
main features that need to be considered: The dissociation constant, Kg; the spectral properties

of the probe; and the behaviour of the probe in cells.'!*

1.32.1  Affinity

The dissociation constant, Ky, is the concentration of Ca®* at which half the probe molecules
are bound to Ca®" at equilibrium. This is used to describe how tightly the Ca®"ion is bound to
the probe. Generally, probes should be chosen to measure a calcium concentration that is
between 0.1 and 10 times their Kq as this is the region where fluorescence changes that are a
result of Ca®" ions are largest. It is therefore important that the K4 of a Ca®* probe is in the
range of the [Ca®"] in the target location. There are currently a wide range of calcium probes
available that have K4’s ranging from 50 nM to greater than 50 pM. The Kq of a probe is
dependent on many factors, including, but not limited to, the pH, temperature, and the presence
of other competitive ions, such as Mg?'. As a result of this, the probe may have a different Kq
in vivo and in vitro within each cellular compartment.

The K, of the probe needs to be suitable for the type of free Ca*" ions being monitored. For
example, the ideal K4 of a probe for measuring the Ca** concentration in the ER is between 22

UM and 250 puM as the ER concentration in cells is 100 uM to 1000 pM.

It is possible however to attempt to control the K4 of the probe. The nitrogen atoms in BAPTA
act as Lewis bases for the Ca?" and the basicity of these can be controlled by the groups on the
BAPTA ring. By introducing EWGs, such as halogens or nitro groups, the K4 can be increased,
and upon the introduction of EDGs, e.g. methyl, the basicity of the Lewis acid can be increased

(Figure 1.21).17
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Figure 1.21. Structure of BAPTA with the opportunities for adding groups highlighted by X, Y and Z. A is for
the linker to the fluorophore part of the probe.

1.3.2.2 Selectivity

Due to the similarities between calcium and other physiological ions, especially magnesium,
some calcium probes are not specific for Ca*". Some of these probes, including Mag-Fura-2
(1.153, Figure 1.22) are indicators that can be used to image both Ca?* and Mg**, albeit they
are more selective for one over the other.!'®!"” Generally, probes that bind Mg?" bind Ca*" at a
4-fold higher affinity. It is important to determine with probes whether Mg?* binding has an
impact on the fluorescence properties that could be interpreted as Ca?* binding, or whether the

magnesium, or other ions, have a discrete effect on the probe.
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Figure 1.22. Structure of Mag-Fura-2 (1.153).

1.3.23 Spectral Properties

Probes can be classified as single wavelength or ratiometric. Single wavelength probes (Figure
1.23A) have a Ca** dependent change in their fluorescent intensity without exhibiting a change
in the emission or absorption wavelength upon Ca*" binding. Ratiometric indicators (Figure
1.23B) give a change in the absorption or emission wavelength upon Ca** binding. Because of
this, the ratiometric probes are unaffected by any variances in concentration of the dye,

changes in cell loading and photobleaching, allowing for a greater accuracy.'?’
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Figure 1.23. Example of a fluorescence emission spectra for: A) A single wavelength probe; B) A ratiometric

probe. 121122

1.3.2.4 Entry Into Cells

The chemical form of calcium chelators is important as this determines the cell-permeating
ability of the probe. Typically, calcium probes are found in three main forms: salts (1.154),
dextran conjugates (1.154-dextran) and more typically for cellular activities, acetomethoxy

esters (1.154-AM) (Figure 1.24).
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Figure 1.24. Different forms of probe for entering cells. A) The salt from and dextran conjugate of 1.152; B)
Depicts the AM ester of 1.152 entering the cell through the cell membrane and the cleavage of the esters
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The simplest form that a probe can be found in is a salt (1.154). However, because of the
hydrophilic nature of the salts, they do not pass through the cell membrane and prove difficult
to be introduced to the cell. When probes are in the salt form, they equilibrate quickly and can
only be used for short term calcium imaging. Calcium dyes in their salt form tend to
compartmentalise into the membrane bound vacuoles which can diminish the Ca?* cytosol
measurements.''* To attempt to resolve this issue, dextran conjugates (1.154-dextran) were
synthesised which have many advantageous properties in addition to their lack of
compartmentalisation, such as low levels of toxicity and high aqueous solubility. This results
in the imaging of calcium being possible for an extended time. Like the salt forms, dextran
conjugated probes can only be introduced to cells in an invasive manner due to their inability
to permeate the membrane. Acetoxymethyl (AM) esters (1.154-AM) were added to the probe
to increase cell permeability and were first developed by Tsien.!?* Most current probes can be
found in the AM form. The AM ester increases the hydrophobicity of the probe, allowing it to
pass through the cell membrane. When inside the cell, intracellular esterase’s cleave the AM
group and a hydrolysis occurs, leaving the probe charged and unable to leave the cell (Figure
1.24B). Due to their ability to get into cells, AM derived probes do not require invasive
loading, instead, they can be added to the extracellular medium and will then pass into cells

and are by far the most common form for cellular imaging.

1.3.2.5 The Design of the BAPTA Scaffold

An investigation into whether the BAPTA structure, with the aromatic rings and 2-carbon
chain length between oxygen atoms, is as necessary as previous research suggests has been
carried out. Cosmos et al. synthesised three known and four novel scaffolds containing a
fluorophore and a Ca*" sensing unit (Figure 1.25).!2* These changes included removing the
second aromatic ring (1.156), adding an additional CH; linker (1.157), removing the second
oxygen (1.158 and 1.159) and changing the chain length (1.160 and 1.161). The fluorescence
intensity (FI) was determined for each of the compounds synthesised. As expected, the
BAPTA analogue (1.155) performed the best (432 FI), however, 1.156 and 1.161 had high
values (273 and 281 FI respectively). Ca?" titrations were also performed, and compounds
1.156 and 1.161 gave favourable results. Computational studies carried out in this research
showed that BAPTA has an optimal chain length between the aromatic rings, and exact cavity

volume for Ca** binding.
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Figure 1.25. BAPTA scaffolds synthesised in the research and their corresponding fluorescence intensity (FI). 124

This work has clarified that the BAPTA moiety is the best option for Ca*" indicators, and that
small changes, such as altering linker chain length, can affect the binding due to the need for

optimal binding to the cation.

When designing a probe, the relative location of the fluorophore moiety to the BAPTA chelator
is important. For example, in a rhodamine dye, incorporating the BAPTA into the pendant
phenyl results in the largest of fluorescence increases. However, this is synthetically
challenging and these indicators can lack in the quantum yield and calcium affinity.!'”-'? For
probes that rely on photoinduced electron transfer (PeT), the relative positions are key and the
efficiency of quenching can depend on the distance between the electron donor and acceptor. !2°
The closer the BAPTA is to the fluorophore, the more the fluorescence in the unbound state is

quenched and therefore the fluorescence intensity upon Ca®* binding will be higher. This is
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illustrated for Oregon-Green (1.162, Figure 1.26A)."2” When the BAPTA chelates Ca**, the
PeT is no longer quenched, and the molecule is fluorescent. The BAPTA group is not limited
to attachments from the pendent phenyl rings, as shown by the probe (1.163) developed by
Deo et al. (Figure 1.26B).'?” Here, the probe is attached to the xanthene core, and the PeT

process is still in action.

A
AcO OAc AcO o) OAc
O L SO
o F
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)
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e = 0.75

AF/Fy=15.0 AU

Kq (M) = 0.31

Figure 1.26. A) Demonstration of the PeT required in some BAPTA probes; B) BAPTA attached to the xanthene

core.

1.3.3 Commonly Used Calcium Probes

Calcium probes currently in literature are a mixture of probes that were developed and
commercialised in previous decades, and, ongoing research into new developments. Research
in the chemistry field focuses on the development of new probes, and of also updating existing
probes to address current challenges. However, probes that are typically used in biology
research, are probes that have been well used over the years and are as standard for the purpose

required. The structures and properties of some of these probes are given in Figure 1.27.!'
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Figure 1.27 Commonly used calcium probes and their spectral properties.

The spectral properties can dictate the use of the probe. Fluo-3 (1.164) and Fluo-4 (1.165),
derivatives of each other, have very similar spectral properties. Both are visible light-excitable

single wavelength probes.!?® However, the small difference in excitation between the two
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brings Fluo-4 closer to the wavelength of an argon 488 laser resulting in a probe that is brighter
with increased photostability.'?

Calcium Green (1.166) has a high quantum yield and favourable excitation and emission
wavelengths that are suitable for almost all fluorescent microscopes. It is bright, with the
fluorescence emission increasing 100-fold upon Ca?" addition, allowing for it to be used at low
concentrations.!*°

The Oregon-Green 488 BAPTA (1.162) is a member of a bright calcium probes that have
similar characteristics to Calcium Green. However, the shorter wavelength (10 nm shorter)
improves the excitation efficiency at the 488 nm argon laser line. The probe experiences a 14-
fold increase in brightness upon Ca?* binding and has a high quantum yield. This, and its small
dissociation constant allow the use of the probe at lower dye concentrations.'*!

X-Rhod-1 (1.167) is based on a tetramethylrhodamine, with a shift towards the red zone for
the wavelength properties. However, the K4 value is low, and this is suitable to measure Ca*"
concentration in mitochondria, which, due to the net positive charge of the AM ester, the
X-rhod dyes tend to sequester.'*

Indo-1 (1.168) and Fura-2 (1.169) are ratiometric dyes and have been used in a large number
of applications, having been developed by Tsien.!3%!** Fura-2 has dual excitation at 340/380
nm and the fluorescence occurs at 500 nm. The ratiometric ability of Fura-2 is an advantage
because it can give measurements of the Ca®" ion concentration and the effects of
photobleaching and dye leakage are largely mitigated. Indo-1 has advantages over Fura-2 in
that the emission shifts from about 485 nm to about 400 nm when bound to Ca*" and has a

single emission, suiting it well to use in flow cytometry.

1.3.4 Recent Research into Calcium Probes

Recent research into calcium probes as focused on the issues that are common with probes,
including the difficulties in organelle targeting and developing long wavelength probes. The
NIR zone is particularly appealing for biological applications due to higher tissue penetration
and lower phototoxicity. However, combining the visible light excitation with a high spectral
shift to emitting in the NIR is difficult, without the added complications of the requirements
of a high quantum yield and a resistance to photobleaching, and this has resulted in a lack of
probes in this area.!'” However, several of these probes have been developed through recent

research.
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1.3.4.1 Development of Red Emitting (Long wavelength) Probes

Collot et al. reported Ca-NIR (1.170), the first ratiometric probe to emit in the NIR region
(Figure 1.28).* It incorporates the BAPTA moiety fused to a fluorophore that emits in the
NIR region. When the Ca*" is bound, the electronic properties of the whole molecule shift,
changing the spectral properties. Ca-NIR has two distinct emission bands, at 684 and 733 nm,
that are dependent on the Ca?" concentration, allowing ideal conditions for ratiometric imaging
and it typically tends to localise in the nuclear envelope. However, the alkyne side chain is not

exploited, and no further work has developed on this functionality.

Figure 1.28. Structure of Ca-NIR (1.168).

Collet et al. have also developed a probe that is in the NIR region and deviates from the
standard BAPTA based chelating model (1.171).!*° The pro-sensor is an alkyne (1.172) that
can undergo a click reaction to form a 1,4-triazole (1.173) before base cleaves the ester to give

1.174 (Scheme 1.19).

CuS0,4.H,0

NaAsc KOH

Dioxane/water H,0

1171 1.173 1.174

Scheme 1.19. Scheme depicting the formation of the 1,4-triazole from the alkyne pro-sensor.
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It was found that probe 1.174 can chelate Ca** (49-fold increase in FE), in addition to Cd** (52
fold) and Zn?*. The dissociation constant for the probe was then measured with both Ca?* and
Zn?" ions. A similar affinity was obtained for both (K4 Ca*" = 5.84 £ 0.21, K4 Zn*" = 5.68 £
0.14). However, the concentration of Zn*"in cells is in the nanomolar region, which is below
the dissociation constant obtained, and so the probe can still be categorised as a calcium sensor.
This probe has a quantum yield of 0.78, a fluorescence enhancement of 65-fold and an
emission wavelength of 604 nm. Dextran conjugates of this probe were also synthesised to aid
in the hydrophilicity of the probe. Probe 1.174 is an efficient, low affinity Ca®" sensor in the

red region that is Mg*" insensitive.

1.3.4.2 Probes with Handles for Functionalisation

The calcium rubies were developed to be red-emitting calcium probes that could be
functionalised.’*®!3” Ca-Ruby-Cl (1.175) (Figure 1.29) was the first to be synthesised and
reported. It features a BAPTA moiety added to a rhodamine fluorophore with an azide side
chain attached to the ethylene glycol bridge. The azide was added for potential uses in click
chemistry or reduction to the amine group for amide couplings. The side chain was placed in
this position to avoid interference with the BAPTA moiety.!*® Substitution on the BAPTA (Cl,
F and CH3) allows for the optimisation of the K4 and the synthesis of 1.176 and 1.177 followed
(Figure 1.29).
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Figure 1.29. Structures of calcium rubies (1.175 — 1.176).

The three probes synthesised had similar absorbance and fluorescence peaks (~ 586 and 604

nm respectively) and fluorescence quantum yields in the area of 0.55 upon Ca?" binding. The
affinity for calcium varies for each probe, giving three probes whose K4 cover the range that

is typically observed in probes, giving a toolbox of probes.'!” Due to their long wavelengths,
the calcium rubies are good for use in challenging imaging experiments that rely on several

excitation or emission bands.

1.3.5 Limitations of Existing Calcium Probe Designs

As well as the attempts to improve spectral properties and Ca?* affinity mentioned, research
has been ongoing into improving selectivity for organelles through creating hybrid chemical

probes in combination with HaloTags.!?":!%

Despite extensive research, many of the probes have not had follow up research published
from their original findings. This has led to many of the potential uses, e.g. the alkynes for
further functionalisation of 1.161 and the azides of the calcium rubies, not being fully utilised.
However, uptake on probes that have had a complete literature published on further projects

is also limited due to a lack of commercial availability. There is scope for the development of
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calcium probes with functionalisation for fluorophores or organelle targeting moieties to be

developed and published in complete.

Due to the introduction of azides and alkynes into the molecules, an option for utilising these
would be click chemistry. Click chemistry was previously used in research published in 2013
by Takei et al. to produce a probe that prolonged cytosolic retention (Scheme 1.20).4° This
utilised SPAAC chemistry (DBCO 1.178) and a calcium probe 1.179 based on fura-2 to give
1.180. DBCO modified with BSA was used to increase cytosolic targeting.

AMOOC COOAM

N AMOOC
COOAM @ COOAM {_/  COOAM
AMOOC/\N)

N3

_ o} AMOOC” N
- o o P
O O Click Reaction ¥<’\(
° ° °
N=
S/o

o}
1.179 N

COOAM COOAM O
. = BSA protein ‘

1.180

1.178

Scheme 1.20. SPAAC reaction between a BSA-labelled DBCO 1.178 and calcium chelator 1.179 to give probe
1.180.

In this example, SPAAC was chosen as it did not utilise copper, however, if alkynes were used
then the overall synthesis could be simplified. The alkyne moiety is smaller, typically has an
simpler synthesis, the regioisomer formed can be controlled and will potentially have a higher
cellular uptake. A potential issue for the use of copper in the reactions is that BAPTA may
chelate the ion, despite its high affinity for Ca** over the copper ion.'""! Click reactions that

utilised lower copper loadings could therefore have potential in calcium imaging.
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1.4 Hypothesis

Despite large advances in the CuAAC reaction, little research has been made on the
development of alkynes as a way to modulate the reaction rate and solvent use. Limitations of
the CuAAC also remain, including the key drawback of copper toxicity. The aromatic ynamine
is an alkyne surrogate which has demonstrated increased reactivity compared to more
traditional alkynes. The main hypothesis to be tested in this thesis is that substituent changes
on the aromatic ynamine will alter the reaction kinetics of the CuAAC reaction (Figure 1.30).
It is also hypothesised that the rate of CuAAC of these new ynamines will also be affected by

the reaction conditions, e.g. change of solvent and lowering of copper catalyst loading.

N
.7} Y R=EWG or EDG or bulky
N

subsitutents
W

Figure 1.30. Substituent changes on the aromatic ynamine have potential to alter the reaction kinetics.

Additionally, ynamines with a biological application have not been investigated extensively.
It is hypothesised that the development of ynamines would substantially improve the ease of
synthesis or in vivo functionality of biological probes via an efficient click reaction. This

theory will be explored on the example of calcium chelator probes.

1.5 Thesis Aims

The specific aims of this thesis are to:

i) Expand the scope of ynamines synthesised.

i) Explore how the change of substituents can influence the mechanism of the
CuAAC.

1ii) Investigate the use of the ynamine for an imaging purpose, specifically

calcium imaging.
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Chapter 2
Expanding the Repertoire of Ynamine

Substrates: Synthesis and

Characterisation
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2.1 Introduction

2.1.1 Cross Coupling Bond Forming Reactions

Cross coupling reactions are used to form C-C and C-N bonds and are typically metal
catalysed. They are an important class of reaction in chemistry and are utilised in many
different fields since their discovery.'**!* The use of metal catalysts in these reactions allows
for bond formations and transformations that would not be possible otherwise and the impact

of these reactions is widespread.

2.1.1.1 Buchwald-Hartwig Amination

One of the most popular methods for the synthesis of C-N bonds is the Buchwald-Hartwig
amination. In the 1980s, Stephen Buchwald and John Hartwig simultaneously established the
Buchwald-Hartwig amination.'*!* Their method proceeds via a coupling of an aryl halide as
the electrophile and an amine in the presence of a Pd catalyst (Scheme 2.1). A Pd" pre-catalyst
is initially used which is reduced to Pd° in situ. This is followed by the oxidative addition of
the aryl halide (IT) to give intermediate III. This returns the Pd to a Pd" state where the aromatic
group is on the complex and a ligand then transferred out. The halide of III is then exchanged
for the base (IV) which is then swapped for an amine (V). Reductive elimination then occurs

to form the desired product (VI).

X '
R . Pd Catalyst N NHR
= +  HNR Basa R
_ Base >
X = hal

VI
I
ELIVINATION " oxoamve
ADDITION

Ar A
CthP\Pa” CthF’\P(‘j:}
PPh; 'NHR PPhy X

111

HOtBu X / NaOtBu

Al
NH,R CPhQP\P(‘,ﬂ Nax
PPhy/ OtBu
v

Scheme 2.1. General scheme and catalytic cycle for the Buchwald-Hartwig amination.
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The main areas of development of the Buchwald reaction are the Pd catalyst and the ligand
development (Figure 2.1). The synthesis of Pd" pre-catalysts that undergo conversion to the
Pd° species in situ have been reported (2.1).* These have the dual effect of increasing the
synthetic ease and giving a better atom economy due to removing the requirement for a
phosphine ligand. Two of the main areas of focus for ligand design are bidentate phosphine

ligands (2.2 — 2.4) and sterically hindered ligands (2.5 — 2.8).

Pd
cr oL
2.1

OO PPh,  PPh PPh,  PPh,
PPh, o o
X LK

2.

2
E PCy, ‘ P(tBu), O O
iPr WPro P iPr PCys PCy2
O O MeO l OMe  MeN l
i-Pr i-Pr
25 26 2.7 2.8

Figure 2.1. Pre-catalyst (2.1) and various phosphine ligands (2.2 — 2.8).

23 24

The use of BINAP (2.2) led to an increase in the scope of the reaction, existing yields, and
reaction times. Phosphine ligands have been found to be efficient and robust in the reaction.
Sterically hindered ligands (2.5 — 2.8) have been found to increase the rate the key steps of the

147-1499 Many other factors

catalytic cycle: the oxidative addition and the reductive elimination.
such as the base, the solvent and the substrate scope can have effects on the Buchwald-Hartwig

amination.

Although research is continuing, the high cost of Pd, associated ligands and troublesome
catalyst removal remains a concern for large-scale applications.'* This has resulted in more

research being diverted to the Ullmann reaction.

2.1.1.2 Ullmann Reaction

The formation of a C-C bond mediated by copper was first reported by Ullmann and Goldberg
in 1903 and is referred to as the Ullmann reaction.”! This involved the copper-mediated

reaction between two aryl halides (2.9, Scheme 2.2A). The initial reaction developed required

62



Developing a Click Chemistry Imaging Platform Using Aromatic Ynamines

Emma Alexander

harsh conditions, high temperatures (>150 °C), strong bases and the use of stoichiometric
copper. The later adapted Ullmann condensation involves the copper-mediated reaction

between an aryl halide (2.9) and an amine, phenol or thiophenol (2.11) (Scheme 2.2B).!

ORI ORLR

X = hal
2.9 29 2.10

S s RN g s

X = hal Y = NH,, OH, SH
2.9 2.11 2.12

X [Cu)/L(0.01 - 0.2 equiv) Nu
O/ + NuH _—

base, solvent

2.13 2.14

Scheme 2.2. A) The first discovery of the Ullmann reaction; B) the Ullmann condensation reaction; C) the

modified Ullmann typical seen in modern research.

Following the traditional Ullmann couplings, a new method, termed the ‘modified Ullmann
coupling’ was developed (Scheme 2.2C). The main difference of the modified Ullmann was
the addition of a ligand which initially was introduced to improve the solubility of the Cu
catalyst precursor.!> The introduction of ligands made the use of much milder conditions
possible, resulting in lower reaction temperatures (80-100 °C), reduced amount of copper (5-
20%), shorter reaction times and in increased scope.

The use of ligands and additives was first suggested by Buchwald in the late 1990s, however,
the role the addition of these played in the Ullmann was not obvious.!'>* Since the early 2000s
a significant effort has been made in investigating the function of the ligands in these
couplings, with particular emphasis on discerning whether the increased solubility of copper
species was the only factor. It soon become apparent that the choice of ligands can significantly
impact the efficiency, selectivity, and scope of the coupling reaction. Bidentate ligands were
discovered to be better than monodentate, and it was hypothesised that this was because they

were blocking two adjacent sites, bringing the aryl ring and the nucleophile closer together.'>

160
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A desirable motif for ligands is the presence of a N or N-O copper coordinating motif.'®! This
stabilises the Cu catalyst preventing unwanted side reactions and improving the catalytic
efficiency. Ligands 2.15 and 2.16 were introduced by Ma et al. (Figure 2.2) who demonstrated
that amino acids could be used as ligands, an advantage due to their low cost and the ready
availability.'> Cyclic B-ketone 2.17 has also allowed the reaction to proceed at room
temperature in 2 — 4 h.!%3 In the same study, it was found that 2.17 offered selectivity of the C-
N bond formation over C-O formation. Ligand 2.18 gave the reverse results, favouring C-O
formation. This shows that the choice of ligand is crucial in the selectivity of the reaction and
can enable the coupling of a broader range of aryl halides and other substrates.

Aromatic imine groups bound to a pyridine group, such as ligand 2.19 have been found to
enhance the yield.'® It was hypothesised that the electron-rich pyridine could transfer
electrons to the Cu, increasing its propensity for oxidative addition, and that the imine makes
the Cu more electrophilic, increasing its likelihood of undergoing reductive eliminations.

Ligand 2.20 is specific for C-C bond formations.'®

Me. O 0
e O
OH H OH

215 2.16
o o Me, Me
217 2.18

| XN
SN ‘ A OH
i N
219 2.20

Figure 2.2. Various bidentate ligands used in the modified Ullmann.

The mechanism of the Ullmann reaction is still elusive, and there are two possible routes as
depicted in Figure 2.3, however, the generally accepted mechanism involves the oxidative
addition-reductive elimination cycle after the nucleophile has coordinated (Route 2).!
However, the exact mechanism depends on many reaction factors, including the substrate, the

ligands and whether the reaction is done under an inert atmosphere.'®’
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Route 1 Route 2
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I NuH + base
)/ \k base-HX
Ar— Cu'” Cu Nu
NuH + base\\\ /\
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||
base-HX Ar- Cu X

|

ArNu
\Y

Figure 2.3. Two possible routes for the oxidative addition/reductive elimination pathways to form ArNu (V).

Research is still ongoing in the development of the Ullmann and the mechanistic aspects.'®®
There are also ongoing attempts to bring the Ullmann in line with more green chemistry
techniques, including solvent free reactions, microwave irradiation and easy to recover

catalysts.'®

Two methods of the formatting of C-N bonds have been discussed (Buchwald-Hartwig
amination and the Ullmann coupling). The work described in this chapter involves the

synthesis of aromatic ynamines, including a C-N bond formation by an Ullmann-like reaction.

2.2 Aims of Chapter 2

The aims of this chapter are to:
(1) Synthesise a palette of aromatic benzimidazole and imidazole ynamines (Scheme 2.3)

using an Ullmann-like reaction followed by protecting group deprotection.

Cs,CO; SN NN
SN TIPS Cul R N> R N>
R*@’\? + / PEG 400 Fluoride source
N Br - \\ _— \\
1-4,dioxane TIPS H
110 °C
2.21 2.22 2.23 2.24

Scheme 2.3. General scheme for the synthesis of aromatic ynamines.

(i) Develop a modular synthetic strategy to allow easy functionalisation of ynamines.
(iii) Investigate the broader application of ynamine substrates on representative CuAAC

reactions.
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2.3 Results & Discussion

2.3.1 Synthesis of Aromatic Ynamines

The preparation of ynamines involves an Ullmann-type coupling between a benzimidazole and
a bromo-alkyne (BrTIPS, 2.22). The bromo-alkyne (2.22) was synthesised via a silver-
catalysed bromination of the TIPS-alkyne (2.25) using NBS (2.26). This reaction was high
yielding (96%).

TIPS Br. [ ANOs(10%) TIPS
/ + N - /
H acetone Br
o rt, o/n
96%
1 equiv 1.1 equiv
225 226 2.22

Scheme 2.4. Synthesis of 2.22.

Previous work within the group has focused on the optimisation of Ullmann-type synthesis,
with the optimised conditions using microwave irradiation given in Scheme 2.5.%¢ To obtain
the conditions in Scheme 2.5, various bases, solvents and heating conditions had been tested,
however, microwave irradiation with caesium carbonate, copper(I) iodide and PEG 400 in 1,4-

dioxane gave the best results.

BrTIPS (2.22) (1.1 equiv)

Cs,C03 (1.2 equiv) N
N Cul (5 mol %) D[ Y
ﬁ[ Y PEG 400 (0.10 equiv) N
N T aeee \
1-4,dioxane
MW, 160 °C TIPS

1 equiv .
227 60 min 2.28
79%

Scheme 2.5. Optimised synthesis of 2.28.

However, a disadvantage of microwave synthesis is the small reaction scales (up to 15 mL
volume of reaction) that can be used. Due to the large amount of material required for the
future testing, and therefore large reaction volume, conventional heating was used for the
majority of the ynamine reactions in this study. A disadvantage of this procedure is the poor
to moderate yields (44 vs. 79%) despite heating for 2 to 3 days. This gives the desired TIPS-
protected dimethyl ynamine (2.12) in a 44% yield (Scheme 2.6).
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BrTIPS (2.22) (1.1 equiv)
Cs,CO3 (1.2 equiv)

Cul (5 mol %) N\>
ﬁ% PEG 400 (0.10 equiv) N

- =

H 1-4,dioxane \\
110 °C, argon TIPS
) 48-62h
1 equiv 44% 2.28

2.27

Scheme 2.6. Synthesis of 2.28.

Following on from the synthesis of the dimethyl ynamine 2.28, a small selection of other
ynamines have been synthesised within the group for other uses, including isomers 2.29 and

2.30 and 2.31 and 2.32 (Figure 2.4).

H
2.29 2.30 2.31 2.32

Figure 2.4. Aromatic ynamines previously synthesised within the group.

2.3.2 Synthesis of a Scope Benzimidazole Ynamines

The initial expansion of the ynamine palette focused on benzimidazoles, with a mixture of
ynamines with different EWGs and EDGs added, and the expansion of the ring system (Figure
2.5).

EWG N EDG N N
ooy o >
EWG N EDG N N
x x \
H
Figure 2.5. Areas of modification to the benzimidazoles.

The majority of the starting benzimidazoles were available commercially, however, the

expanded ring systems had to be synthesised.

The napthobenzimidazole 2.35 was formed by the condensation of naphthalene-2,3-diamine
2.33 in formic acid at reflux to form the benzimidazole 2.35 in a 63% yield (Scheme 2.7).17°
The reaction was heated overnight; however, an increased reaction time may have led to an

increased yield compared to the moderate 63% yield achieved.

67



Developing a Click Chemistry Imaging Platform Using Aromatic Ynamines

Emma Alexander

NH, o N
* )k >
o]
NH, H” SoH 100°C H

o/n
63%
1 equiv excess
233 234 235

Scheme 2.7. Synthesis of 2.35.

6,7-Dihydro-1H-[1,4]dioxino[2',3":4,5]benzo[ 1,2-d]imidazole (2.42) was synthesised using a

17! The synthesis began with

longer multi-step route before the final condensation (Figure 2.4).
the acetate protection of the aniline 6-amino-3,4-benzodioxane 2.36 followed by nitration at
the ortho position to give 2.39. The acetate group was then removed using sulphuric acid (2.40)
and the nitro group reduced under a hydrogen atmosphere using Pd/C to produce 2.41. The
final benzimidazole 2.42 was obtained via condensation of 6,7-diamino-2,3-dihydro-1,4-

benzodioxane 2.41 in formic acid at 100 °C in 66% yield.

[ :©/ M — [ ]@/ CH3COOH:HNO; (1:1) [ D[

73% o
1 equiv excess 1 equiv 9/° 1 equiv
2.36 2.37 2.38 2.39

H,S0O4 (excess)
100°C,6h
78%

[ ]@L i [O]@NHZ Pd/C (5 mol% [ ]@
+
100 °c H” "OH 0 NH,

MeOH
1sho 1 e r, 18 h
o .5 equiv equiv o excess
242 66% 2.34 2.41 90% 2.40

Scheme 2.8. Multi-step synthesis of 2.42.

With all the benzimidazoles in hand the next step was performing the Ullmann reaction
between the bromo alkyne 2.22 and the benzimidazole to obtain the benzimidazole ynamines
2.43 —2.50. The previously optimised reaction conditions (Section 2.3.1) used for the ynamine

2.28 were applied (Scheme 2.9).
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BrTIPS (2.22) (1.1 equiv)

Cs,CO3 (1.2 equiv) ~—N
N Cul (5 mol %) RAL S
X . =
R{/\[ Y PEG 400 (0.10 equiv) N
Z N _— \\
H 1-4,dioxane
1 equiv 110 °C, argon 2.23 TIPS

221 48-62h

0y oy oo
\ \ \
TIPS TIPS TIPS

243 244 245
35% 59% 59%

SO INGSERG b

TR T

2.46 TIPS 247 TIPS 248 TIPS
52% 26% 14%
HoN N
5 T
H,N N N
249 Tps 250 Tps
1% 10%

Scheme 2.9. Synthesis of benzimidazole ynamines.

The Ullmann proceeded with a wide range of yields dependent on the substrate. No issues
during purification were observed for the ynamine synthesis: during the work-up the ynamine
favoured the organic layer and no instability or column dragging was observed on purification.
The electron donating -OMe groups (2.43, 2.47 and 2.48) tended to give lower yields than the
EWG of the fluorine (2.44). However, as previously discussed, the ynamine 2.28 containing
electron donating methyl groups gives high yields of above 50%, and higher when microwave
conditions are used. The aniline ynamines 2.49 and 2.50 also contain the electron-donating
amine group, and the yields for these are low.

The unsymmetrical benzimidazoles produced two regioisomers. As a general trend,
substitution on 7- position (regioisomer A) gives consistently slightly higher yields for the
methoxy (2.47) and for the aniline (2.49) ynamine, although this effect is more pronounced
for the -OMe group than the -NH, where the difference between the yields for the isomer is
lower. This could be due to multiple reasons including sterics and electronics.

Due to the large amounts of material required, multiple batches of TIPS-ynamine were often
synthesised and this revealed variation in the yields obtained for the same ynamine. It was
initially thought that this may be linked to the scale of the reaction or the concentration,

however, analysis of the yields ruled this out (Table 2.1).
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Table 2.1. Yields obtained for the synthesis of various ynamines.

Ynamine Yield (%) Scale (mmol) Conc (mM)
59 0.672 306
/OD[N\>
\o N
29 4.61 115
2.43 N
TIPS
35 279 269
59 5.84 269
oY
F N
45 0.672 306
\
244 TIPS
18 0.714 297
OO N 59 7.73 269
“ >
N
59 0.595 270
\
245 TIPS
13 1.62 311
269

o N 7.6 7.6
O

TIPS 52 4.45 226

As is shown in Table 2.1, the variability in the yields did not follow a particular pattern, with
ynamine 2.43 having a large variation. A further consideration that could be causing the
disparity in the yields is the solubility of the reagents in the reaction mixture. After the initial
mixing, most of the reactants are in solution, however, a suspension forms as the reaction
proceeds, and the PEG 400 has previously been indicated as a phase transfer agent in the
reaction. It is hypothesised that the precipitation and occasional build-up of a brown residue
on the inside of the reaction flask could be caused by poor mixing and solubility of the
heterocyclic substrate. This could also sequester the catalyst resulting in it not being available
for the reaction. The ynamine synthesis required degassing and the use of anhydrous solvents,

however, the extent of these may affect the reaction.
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2.3.2.1 Optimisation of the Removal of the TIPS Protecting Group

Two different methods of removing the TIPS protecting group to give the free alkyne (2.24)
were trialled: fluoride on polymer in MeCN (Scheme 2.10A) and TBAF in THF (Scheme
2.10B). Fluoride on polymer was chosen due to the relatively mild reaction conditions required
and the simplicity of the purification. Fluoride on polymer contains an aminiun ion and
Amberlyst® polymer. Deprotection using fluoride on polymer was initially used due to
previous success within the group at achieving high yields.®* However, when expanding the
ynamine scope the yields started to become inconsistent. Although the reaction profile on TLC
was clean, with starting material having been consumed and only a product spot formed, the
yields were lower than expected. It was hypothesised that adsorption onto the polymer was
occurring. Despite washing the polymer with solvents including MeOH and EtOAc, no

product was able to be removed from the polymer.

N XN
R A \> Fluoride on polymer (1.1 equiv) gL \>
N Z N

N MertCN N

18 h

TIPS H
1 equiv
293 2.24
B
XN TBAF (0.2 - 1 equiv) XN
R S ) 9 R N
Z N Z N
THF
N 0 DC &
TIPS 15 - 60 min H
1 equiv 2.24

2.23

Scheme 2.10. The two methods tested for TIPS protecting group removal. A) deprotection using fluoride on

polymer; B) deprotection using TBAF.

TBAF in THF was then trialled as an alternative deprotection method. When tested, the TBAF
method tended to give higher yields, as well as achieving full conversion to the product within
15 mins to one hour. The disadvantage of TBAF, however, was the formation of another spot
that could be seen via potassium permanganate stain on TLC analysis. This spot was isolated,
and attempts were made to identify the structure, however, the NMR was inconclusive. The
TBAF deprotection had to be optimised as it was observed that addition of stoichiometric
equivalents of TBAF to the TIPS-ynamine in solution would lead to the reaction turning black

and the yield decreasing due to potential decomposition. This procedure was unexpected due
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to the small amounts of equivalents sometimes necessary for a full deprotection observed via
TLC.

After further optimisation, a procedure for deprotection was therefore established in which the
TBAF was added at 0 °C and in small equivalents at a time (0.1 — 0.2 equiv) with consistent
TLC monitoring. This procedure was used going forward with the deprotection of the

benzimidazole scope (Scheme 2.11).

THF

R@N\> TBAF (0.2 - 1 equiv) Rl XN N\>
Z N = Z N
W 0°c N
H

1 equiv TIPS 10/ min

2.23

Xry oo oo
2.51 \4 2.52 \ 2.53 \*

2.24

76% 91% 74%
O
\ DY
Cory QIR Lk
\ \ \
H H .
2.54 2.55 2.56
88% 89% 99%

2.57 2.29
91% 55%

Scheme 2.11. Deprotection of benzimidazole ynamines using the TBAF method.

The successful deprotection gave a scope of benzimidazole ynamines (2.52 — 2.57 and 2.29 -

2.30) to be used in further studies.

2.3.3 Synthesis of a Scope of Imidazole Ynamines

Following the successful synthesis of benzimidazole ynamines, accessing a palette of
imidazole ynamines with aromatic substituents was a promising avenue for exploring the
unique ynamine reactivities and expanding the ynamine toolkit. Most of the imidazoles were
available, apart from imidazole 2.60. Imidazole 2.60 was prepared by a Suzuki-Miyaura
coupling between 5-iodo-1H-imidazole (2.58) and (4-methoxyphenyl)boronic acid (2.59), as
has previously been reported in literature.!”” The product was obtained in a yield of 69%,

slightly lower than the literature yield of 81% (Scheme 2.12).
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Pd(PPh3)4 (10 mol %)
N CsF (2 equiv)

OH N . . N
Tol ‘Water (1:1 S
o B/ . \ NH [e] ueneo ater (1:1) o W
/ oH 100 °C, argon / \_NH
| 24h

. ) 69%
2 equiv 1 equiv

2.58 2.59

Scheme 2.12. Synthesis of imidazole 2.60.

Using the same Ullmann conditions as given for the benzimidazole ynamines, imidazole

ynamines were synthesised (Scheme 2.13), giving two regioisomers.

BrTIPS (2.22) (1.1 equiv)
Cs,CO3 (1.2 equiv) TIPS

Cul (5 mol %) N\T
NS PEG 400 (0.10 equiv) RWN A\
R N.NH — > \ * N
1-4,dioxane TIPS R@—@\‘

110 °C, argon
1;2‘;” 48-62h 2.62a 2.62b
Yield (%)
R Group
Regioisomer A | Regiosisomer B
H (2.63) 65 5
Me (2.64) 57 6
OMe (2.65) 23 trace
F (2.66) 71 6
Br (2.67) 60 trace
NO: (2.68) 42 trace
CF;(2.69) 58 4
NH: (2.70) 10 -

Scheme 2.13. Synthesis of imidazole ynamines.

Due to the unsymmetrical nature of the imidazoles used as starting materials, the Ullmann
reaction formed two regioisomers (2.62a and 2.62b). However, one symmetric imidazole was

synthesised, the biphenyl imidazole 2.72.
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BrTIPS (2.22) (1.1 equiv)
Cs,CO3 (1.2 equiv)

N\j Cul (5 mol %) N\j
\_NH PEG 400 (0.10 equiv) N\_N

- . \
O 1-4,dioxane O TIPS
110 °C, argon
48 -62 h
; 47%
1 equiv
271 2.72

Scheme 2.14. Synthesis of 2.72.

The relative yields of these regioisomers depended on the nature of the substituents on the
aromatic ring. However, regioisomer A typically formed in greater yield, therefore, it was used
for all following experiments. Isomer characterisation and designation will be discussed in
Section 2.3.5. Due to the low yields in the synthesis of imidazole 2.70, alongside
benzimidazoles 2.49 and 2.50, it was hypothesised that the -NH, group could be chelating the
Cu in the Ullmann reaction. The aniline imidazole ynamine 2.70 gave a low yield and was not

continued with.
Similar to the benzimidazole ynamines, the imidazole ynamines also exhibit variation in their

yields over multiple synthesis attempts (Table 2.2). These low yields could be a result of the

same factors given in Section 2.4.2.1.
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Table 2.2. Yields obtained alongside the mmol scale of the starting imidazole and the concentration of the reaction.

Ynamine Yield (%) Scale (mmol) Conc (mM)

60 11.2 160

N
Br ﬁ
W 42 0.672 306

62 6.72 311
24 9.08 160

&
O N 9.4 6.63 260

N
\TIPS

47 0.684 311

2.72
17 0.427 297

N< 29 4.62 230
QC@—Q\/\’L

269 TIPS 58 4.62 230

N 71 0.684 311
FMI\

X
2.66 TIPS 43 5.25 309
N 11 5.17 230
°2N©_&7N

X

2.68 TIPS 42 12.7 269

Deprotection of the TIPS protected ynamines, using the previous method of TBAF, gave the
terminal ynamine in moderate to excellent yields (Scheme 2.15). Following the successful

deprotection to give 2.74 to 2.81, a scope of ynamines was available for the next steps.
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N TBAF (0.2 - 1 equiv) N
") L e
N THF N
\ 0°c \

. TIPS H
1 equiv 15 - 60 min 2.73

N N N
5 5 % |
N\ _N N\_N N\_N
A\ A\ A\
2.74 \H 2.75 \H 2.76 \H
79% 91% 83%

FO_@ Br@—@\ om@—@\

2.77 H 2.78 H 2.79 H
77% 44% 49%

2.80 2.81
79% 67%

Scheme 2.15. Deprotection of the imidazole TIPS protected ynamine.

2.3.4 Unsuccessful Substrates for Ynamine Synthesis

Whilst ynamine synthesis for the majority of the benzimidazole and imidazole substrates tested
was successful, some substrates were not reactive in the Ullmann (Figure 2.6). These included
the triazoles 5,6-dimethyl-2H-benzo[d][1,2,3]triazole (2.82) and 6,7-dihydro-1H-
[1,4]dioxino[2’,3":4,5]benzo[1,2-d][1,2,3]triazole (2.83) alongside adenine (2.84) and 6-
chloro-7H-purine (2.85) and a pyrimidine (2.86).

NH
N ° N, ‘
:C[ NH [ N N7 N>
=N N | /
N 0 N LN/ N

2.84

2.82 2.83

cl
H HNT N NH,
UL O
N\L):[ P o)\N o N
N N H H
2.85 2.86 2.87

Figure 2.6. Unsuccessful substrates.

Compound 2.82 gave starting material and another unidentified peak. The two purines 2.84
and 2.85 did not show any product formed upon LC-MS analysis, only starting materials.
Substrate 2.87 showed product formation via LC-MS analysis and the suspected product was
isolated using column chromatography. However, upon characterisation of the isolated

product it appeared that degradation had taken place.
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There were also attempts to synthesise a symmetric ynamine with a functional handle to
circumvent the issue of regioisomer formation during the ynamine synthesis. The first attempt
at this involved the addition of an alcohol chain. This began with the oxidation of the methyl
groups of the dimethyl benzimidazole 2.27 using potassium permanganate. This gave the

dicarboxylic acid benzimidazole 2.88 in an 18% yield (Scheme 2.16).

BrTIPS (2.22) (1.1 equiv)
Cs,CO3 (1.2 equiv)

. o Cul (5 mol %)
:@EN\> KMnOy (10 equiv) HO N\ PEG 400 (0.10 equiv) HO N\>
- .
N ] _ HO ) HO N
H  tBuOH:water (1:1) N 1-4.dioxane
90°C, 1h o 110 °C, argon °© \
18% 48-62h

1 equiv f
227 1 eauv 2.89

Scheme 2.16. Synthesis of 2.88 and the failed synthesis of the ynamine 2.89.

The ynamine synthesis was attempted on the benzimidazole (2.88). However, this was
unsuccessful with TLC showing starting material remaining. It was assumed that the acid
groups caused low yields due to catalyst chelation, as was observed previously.

Following this, an alternative approach was taken (Scheme 2.17). Ring closure via amide
coupling prior to ynamine synthesis was envisioned to improve the yield by removing the free
acid group. A condensation reaction was carried out to add 3-aminopropan-1-ol (2.75) into

1H-benzo[d]imidazole-5,6-dicarboxylic acid (2.88).

BrTIPS (2.22) (1.1 equiv)
Cs,CO;3 (1.2 equiv)

Q
o I[E)I:KACA;IC(I]f equw Cul (5 mol %) N
o N (0.4 equiv) PEG 400 (0 10 equiv) N >
\> . HO/\/\NH2 _— /—F N
HO DCM
N HO o] &

H 18 h, rt 1-4,dioxane
I} 25% 110 °C, argon TIPS
1 equiv 1.5 equiv 1 equiv 48-62h 292
2.88 2.90 2.91 .

BrTIPS (2.22) (1.1 equiv)

Cs,CO; (1.2 equiv) O "
? EDC.HCI (2 equiv) Cul (5 mol %) N S
HO N, nh,  DMAPC 04equw I \> PEG 400 (0.10 equiv) BocHN—" N
- >
D+ o> N2 BocHN d \
N \

HO

12%“'[1 1-4,dioxane
(0] 20% 110 °C, argon TIPS
48 -62 h
1 equiv 1.5 equiv 1 equiv 2.95
2.88 293 294 }

Scheme 2.17. Attempted synthesis of ynamines 2.99 and 2.102 with a functional handle through the formation of
intermediates 2.98 and 2.101.

Initially, the unprotected amino alcohol 2.90 was used to form the benzimidazole 2.91 that

was then taken through to the ynamine formation. However, synthesis of 2.92 was not
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successful with starting material remaining. The amide formation of 2.94 was then performed
with the protected diamine (2.93). However, the Ullmann to form 2.95 was also unsuccessful
and starting material remained via TLC. This route was abandoned, and no further optimisation

was carried out.

2.3.5 Triazole Formation

Following on from the synthesis of the ynamine, the azide-alkyne (3+2) cycloaddition was
performed with benzyl azide to obtain triazoles. Initial reactions were carried out in MeOH,
however, other work ongoing concurrently in the group showed that a HFIP/water solvent
system had a cleaner reaction profile. This will be discussed in detail in Chapter 3. Further
triazole formations were then performed using HFIP/water, resulting in two different

conditions used for the synthesis (Scheme 2.18).
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\\ N\
R N
N Z >N
R \> Cu(OAc); (5 mol%)
T N
N NG _— 4 0
A\ MeOH or HFIP/water N~
rt, o/n
H
1 equiv 1 equiv 2,97
2.24 2.96
N N
oS 1y
N H,N N
e e
n-N n-N
2.98 2.99
41%? 50%2
0 N F N N
oy 0 v
\o N F N N
/N /N 7N
N-N N-N N-N
2.101 2.102 2.103
68%* 96%P 59%"P

oy O U
oy Oy oy

N-N N~

o 0 v

2.104 2.105 2.106
87%° 64%° 88%"

Scheme 2.18. Synthesis of triazoles. * denotes synthesis using MeOH, ® denotes synthesis using HFIP/H20
(40:60%).

As shown in Scheme 2.18, the yields for the synthesis of the triazoles of the benzimidazole
ynamines varied. The reaction was shown to proceed cleanly via analysis on TLC and LC-MS
and it is therefore assumed that there were issues in the purification of the substrates, which
involved a separation into ethyl acetate following a wash with EDTA - to chelate the copper

used in the reaction - and silica column chromatography.

Then, triazoles of the imidazole ynamines were formed (Scheme 2.19). As can be seen, some
of the yields are similar to what was achieved for the benzimidazole ynamines. This can also
be a result of purification issues as TLC always showed that the reaction had gone to

completion.
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N\
)~
Ne Cu(OAc); (5 mol%) N,
) TN Ly

\ MeOH or HFIP/water
H rt, o/n

1 equiv 1 equiv
2.73 2.96 2407

Tow Tow Tow

2.108 2.109 2.110
74% 50% 67%
\ N\j Nﬁ N\j
o Br OoN
< > /\\,N N < > /\\,N N, < > /\\,N N,
TN Tow TN
N N N
2111 2.112 2.113
85% 44% 50%

d 2.115 ©)
2.114 53%

93%
Scheme 2.19. Synthesis of imidazole triazoles. * denotes synthesis using MeCN, ® denotes synthesis using

HFIP/H20 (40:60%).

2.3.6 Isomer Characterisation by NMR and Crystal Structure

As previously discussed, the imidazole forms two isomers during the Ullmann reaction and
the orientation of each had to be determined. Literature suggests that the preferential addition
is to the N1 due to sterics, with the complex formed during the Ullmann-like coupling clashing

with the aromatic substitution on the 4-position.'”
Proton NMR showed that the imidazole protons gave different chemical shifts depending on

the isomer (addition to the N1 is shown in red, addition to the N3 is shown in teal), and that

the aromatic protons were also affected (Figure 2.7).
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Figure 2.7. Stacked NMR spectra showing the aromatic region of the spectra for the two isomers of 2.66: isomer

A in the maroon and isomer B in the teal.

It was not possible to assign the isomers from these spectra. Analysis by 2D NMR was initially
attempted, however, no diagnostic correlation between the N3/N1 proton and the aromatic
protons on isomer A were observed via NOESY for any compound.

However, crystal structures for certain TIPS-ynamines could be obtained. The crystal
structures in Figure 2.8 were crystalised from EtOAc/hexane. As can be seen, the TIPS-
protected alkyne is on N1. This led to the allocation of Isomer A for compounds 2.64, 2.65
and 2.66. For the TIPS-protected ynamines where crystal structures could not be obtained, it
was assumed that the formation of A as the major isomer was standard for all imidazole

ynamine synthesised. No crystal structures of the minor isomer B were obtained.
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Figure 2.8. Crystal Structures for TIPS-protected ynamines 2.64, 2.68 and 2.69.

Emma Alexander

Further crystal structure of several imidazole ynamines were obtained, including ynamines for

which the crystallisation of the TIPS-protected ynamine had failed. The crystal structures of

the imidazole ynamines are given below, and these were obtained from EtOAc/hexane (Figure

2.9).

W\ F \ N\H

2.77

Figure 2.9. Crystal structures and the corresponding ynamine structure.

As can be seen in Figure 2.9, the obtained crystal structures further confirmed the main product

in the reaction as isomer A. Some of the imidazole ynamine crystal structures obtained also
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showed more than one unique molecule per unit cell. This polymorphism is observed for

crystal structures of TIPS protected ynamines and the free alkyne ynamines (Figure 2.10).

2.77
Figure 2.10. The crystal structures obtained for ynamines exhibiting more than one unique molecule per unit cell.

As shown, three of the ynamines have two unique molecules per unit cell. However, 2.64,
methyl imidazole, has five unique molecules per unit cell. This polymorphism was only

observed for a selection of the imidazole ynamines and not for the benzimidazole ynamines.

2.3.7 Investigation of a Copper-Free Azide-Alkyne Cycloaddition

Previous exploratory work within the group showed that the CuAAC reaction between an

ynamine and an azide can be catalysed using salts, such as calcium carbonate and sodium
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chloride instead of copper. Initially it was planned to carry out a high-throughput fluorescent
plate-based assay using ynamine 2.51 and coumarin azide 2.116 (Scheme 2.20A), but these
plans were abandoned due the extremely poor solubility of triazole 2.117. Instead, an initial
investigation using the dimethyl ynamine 2.13 and benzyl azide 2.103 was carried out (Scheme

2.20B).

N HO 0._0
j@\> HO 0._0 = /=N
N Salt l\ll/\>__N
\ - N
\ N3
H
2.51 2.116 2.117
N
B
O oS
\
Salt
ool
& N’N
2.51 2.103 2.105

Scheme 2.20. A) Azide-alkyne cycloaddition between 2.51 and 2.116 to form fluorescent triazole 2.117 using a

salt. B) Azide-alkyne cycloaddition between 2.51 and 2.103 to form 2.105 using a salt.

The initial screening used a range of calcium, sodium and potassium salts, selected due to their
previous positive results within the group and vital roles in biological systems.!” One of the
main disadvantages about the use of the CuUAAC compared to other methods of bioorthogonal
chemistry is the use of copper, which is cytotoxic at around 50 — 75 uM copper concentration.*!
The advancement of the azide-alkyne cycloaddition to be performed without copper would
lead to large developments in bioorthogonal chemistry. Despite the development of other
bioorthogonal reactions that are copper-free (such as SPAAC and IEDDA), these typically
utilise large, hydrophobic groups and give regioisomers as products, all attributes that are not
desired.>!”® Additionally, it was hoped that on successful development of a Cu-free azide-
alkyne cycloaddition that the process could be used in biological systems for ion imaging.

HPLC analysis was initially used to follow the formation of the triazole formed. When
preparing the experiments, new spatulas, stirrer bars and vials were used, alongside salts that
were extra pure wherever possible to avoid any potential copper contamination. The testing
used equimolar amounts of alkyne and azide in a methanol : water (1 : 1) solvent system. The
reactions were carried out in triplicate and the results for the HPLC analysis are given in Figure

2.11. No internal standard (IS) was used, the conversions given are based on the peak areas of
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the ynamine starting material 2.51 and the triazole product 2.105. If an IS was used, this would

give a more accurate representation of the percentage conversion.

N
D[N\> Salt (1 equiv) :@[ >
BRI N
N, gNS MeOH/H,0 (1:1) )ﬁ
& rt, o/n N, N
62 mM N~

1 equiv 1 equiv
2.51 2.103 2105

Conversion to Triazole Product via HPLC and NMR
Analysis for Various Salts

Magnesium Sulphate

Magnesium Acetate

Zinc Trifluoromethane Sulphonate
Potassium Nitrate

Potassium Carbonate

Potassium Acetate

Salt

Sodium Sulphate

Saodium Hydrogen Carbonate

Sodium Acetate

Calcium Carbonate

Calcium Sulphate
I HPLC
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Figure 2.11. Graph showing the conversion to triazole for the salts tested for HPLC and NMR. The HPLC error
bars are representative of N=3, with the exception of zinc trifluoromethane sulphonate which had an N=2. Only

one reaction for each salt was tested by NMR analysis. No IS used.

As can be seen in Figure 2.11, triazole formation was observed via HPLC analysis, however
the results were extremely inconsistent. One potential source of error was the sampling
protocol and analysis by HPLC, as these reactions generally presented as a suspension,
therefore, further tests were then carried out by NMR analysis. The reactions were set up as
before, and after the overnight stirring, DCM was added to the reaction vial to attempt a mini

work-up for each of the reactions. The DCM layer was extracted using a pipette and the solvent
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removed in vacuo. The crude obtained was dissolved in the NMR solvent (C.DsOS) and
analysed using proton NMR which allowed a percentage of product formed to be obtained
(Figure 2.11). No IS was used. To obtain the percentage conversions, the integration of the
two benzylic protons (highlighted in red in 2.105 (Figure 2.11)) was compared to the
integration of the benzimidazole proton (highlighted in blue in 2.105 (Figure 2.11)) As can be
seen in the graph above, NMR analysis confirms that product is being formed during the

reaction, however, the conversion varies compared to the HPLC data.

Attempts to confirm the accuracy of the product formation were tested by comparing results
of HPLC analysis to NMR results. This experiment was attempted using three salts, calcium
carbonate, sodium chloride and sodium sulphate. This analysis showed that NMR gave a
higher estimate of the triazole formed than the HPLC. For example, samples of reactions using
sodium chloride and calcium carbonate gave respectively a product : starting material ratio of
59:41 and 51:49, however, both HPLC samples gave conversions of approx. 30%. This could
be due to sampling issues with the HPLC, as many of the samples were not homogenous and
accurate sampling may not have been obtained. NMR analysis could lead to more accurate
results as a work-up is taking place prior to sampling, ensuring all material is in the sample

submitted for analysis.

One possible explanation for the observed product formation could be that the metal ions play
arole as Lewis acids. To investigate this theory, reactions were repeated with the addition of
a crown ether to the reaction mix. It was hoped that these crown ethers would chelate their
respective salt and no triazole product would be obtained. However, conversions were still
obtained for the majority of salts tested, although conversions were lower than previously

obtained.
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Table 2.3. Conversion to triazole 2.105 from 2.51 and 2.103 using various salts and a respective crown ether.

Reaction performed in MeOH/H20 (1:1), rt, on, 62 mM. N=1. Conversions obtained by HPLC.

Salt Conversion (%)
Ca(OAc): 11
CaSO0;, 10
CaCOs3 11
NaOAc 19
NaHCO:; 12
Na;SOq 23
KOAc¢ 11
K>COs 8
K:NO;3 11
Zn(OTY), 3
Mg(OAc); 12
MgSOq 12

While it is possible that the crown ethers had failed to chelate the metal ion of the salt and that
pre-stirring between the salt and chelating agent would be necessary, these results indicate that
the metal ions are not solely responsible for the observed reaction. A variable that had not been
tested yet was carrying out the reaction without a salt. Unexpectedly, a small conversion (up
to 6%), was achieved when the reaction was carried out without a salt present. This could be
a result of Cu contaminated equipment or reagents, however, attempts to mitigate this were

taken as mentioned above.

Another hypothesis is the “on-water” effect, which has been observed for cycloadditions in
the literature.!”®!”7 This is where the aggregation of hydrophobic molecules in aqueous
environments increases the effective local concentration, and this results in an increase in the
rate of reaction. Sharpless et al. investigated this effect and found that the cycloaddition
between quadrucyclane and dimethyl azodicarboxylate gave the desired product quicker than
in organic solvents, with a MeOH:H,O (1:1) being the optimum conditions.!”® This is “on
water” effect holds for other substrates tested. The possibility of conducting a reaction “on
water” is of great interest due to the mildness of the conditions and the environmental
implications of less solvent used.'” To test whether the on water is responsible for the
conversion to triazole 2.105, the reaction could be repeated with a water-soluble azide such as

azido-ethanol instead of benzyl azide.
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In conclusion, the preliminary observations that the ynamine click reaction could proceed in
the absence of copper catalyst were confirmed. However, the results were highly variable, and
no clear trends could be established. The fact that the reaction proceeded in the presence of
metal chelating crown ethers as well as in pure water points to the “on water” effect for a
possible explanation of this phenomenon.!”® Factors that have not been investigated include
water soluble azides, pH, concentration, and ionic strength and could potentially also play a
role. However, the obtained results did not provide enough confidence that this type of reaction
could be translated into an in vivo system or any other useful application. Therefore, further
development on this part of the project was therefore abandoned and efforts were concentrated

on elucidating the effects of substituents on the ynamine CuAAC reaction.

2.4 Summary and Future Work

In this chapter, the scope of the ynamine synthesis was explored. A range of substituted
benzimidazole and imidazole ynamines bearing electron donating and electron withdrawing
substituents were synthesised. The obtained yields were inconsistent for each substrate as well
as varying between substrates, with no influence from reaction scale or concentration, as
demonstrated in Table 2.1 and Table 2.2. This suggests that there are other factors impacting
the reaction, such as the stirring or the degassing of the reaction.

These substrates have demonstrated the scope of the ynamine synthesis and also the
unsuitability of some substrates, such as purine (2.92) and triazoles (2.90 and 2.91). The
consistent low yields for the synthesis of substrates containing an amine motif (2.49, 2.50 and
2.70) suggest that the amine is interfering with the reaction, potentially chelating the copper
catalyst.

The optimum method for the TIPS deprotection of the substrates has also been explored, with
the fluoride on polymer method giving lower yields then TLC analysis suggests. The TBAF
method was optimised after initial low yields and apparent degradation observed.

In future, the scope of the ynamines could be expanded further (Figure 2.12). The addition of
further electronic groups into the benzimidazole substrates could be tested, including other
halogens (2.118, 2.119 and 2.125). The conjugation of a pyrimidine to the imidazole to form
azabenzmidazoles could be explored to investigate further the effects that additional nitrogen’s
have on the synthesis (2.120). In the current work, only substitutions at the 6- and 7- positions
have been explored and so 5,8 substituted ynamines could be synthesised (2.121, 2.122 and
2.123). An interesting imidazole that was not further explored was the diphenyl imidazole

(2.89), and the substitution on the ring could be investigated (2.124).
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Figure 2.12. Potential substrates that could be used to expand the ynamine palette.

The proposed Cu-free azide-alkyne cycloaddition was investigated using various salts with
ynamine 2.51 and azide 2.103. However, inconsistent results were obtained despite attempts
to develop the reaction. After an initial screen showed that the reaction appeared to be possible,
the sampling method was tested, with NMR and HPLC giving inconsistent results,
hypothesised to be a result of sampling issues for the HPLC analysis. An IS could be used to
confirm if sampling is an issue and standardise the results. If this were to be performed again,
the product would be isolated to confirm yields. One possible reason for the triazole formation
could be the “on-water” effect causing the azide and alkyne to react due to high concentration
and proximity. Contamination of the equipment remains a possibility, despite various
precautions taken. If the reaction was to be investigated in future, there are several avenues to
explore including the trying different ynamine substrates, such as the ones that have been
synthesised in this chapter, and different azides. An alkyne could also be tested, such as
phenylacetylene (2.124), to investigate whether this is a phenomenon unique to ynamine
reactivity. Water-soluble azides, such as 2.126, and chelating azides (2.125) alongside
fluorescent azides and biotin-tagged azides could be used (Figure 2.13).4*13° Other reaction
variables could also be tested, such as the pH; differing the concentrations of the reactants or

adding a surfactant to help with solubility issues.
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2.5 Experimental
2.5.1 General Experimental Techniques and Procedures

2.5.1.1 Reagents and Solvents

All reagents and solvents were used as supplied from commercial sources and used without

further purification unless otherwise stated.

2.5.1.2 Column Chromatography

Thin layer chromatography (TLC) was carried out using Merck silica plates coated with
fluorescent indicator UV254. TLC plates were analysed under 254 nm UV light or developed
using potassium permanganate solution. Normal-phase flash chromatography was carried out
using ZEOprep 60 HYD 40-63 um silica gel. Automatic purification was carried out on an
Interchim PuriFLASH XS52Plus system, using Silicycle 230-400 mesh 40-63 pm silica

columns of various sizes.

2.5.13 NMR Spectroscopy

NMR spectroscopy was carried out using either a Bruker 400 UltraShield™ B-ACS 60
spectrometer, Bruker AV500 spectrometer at 500 MHz ('H) and 126 Hz (*C) or Bruker
AV600 spectrometer at 156 Hz ('*C). All chemical shifts (8) in CDCl; were referenced at 7.26
(*H) and 77.06 ppm ('3C), in C2DOS at 2.50 (‘H) and 39.52 (**C), in D,O at 4.79 ppm ('H)
and in CD;CN at 1.94 ("H) and 118.26 ppm (**C) and reported in parts per million (ppm).
Coupling constants are quoted in hertz (Hz). Abbreviations for splitting patterns are s (singlet),
br. s (broad singlet), d (doublet), dd (doublet of doublets), ddd (doublet of doublets of
doublets), t (triplet), td (triplet of doublets), app. t (apparent triplet), q (quartet) and m
(multiplet). All NMR data was processed using Mestrenova 11.0 software. Proton and carbon
chemical shifts were assigned using proton (*H), carbon (*C), Heteronuclear Single Quantum
Coherence (HSQC), Heteronuclear Multiple-Bond Correlation Spectroscopy (HMBC) and
Correlation Spectroscopy (COSY) and Nuclear Overhauser Effect Spectroscopy (NOESY)

whenever possible.

2.5.1.4 High Resolution Mass Spectrometry

High-resolution mass spectra were recorded on a ThermoScientific Exactive™ Plus Orbitrap
Mass Spectrometer at the University of Strathclyde or a Bruker Micro TOF II at The University
of Edinburgh.
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2.5.1.5 IR Spectroscopy

IR data was collected on either an Agilent or Shimadzu FTIR spectrometer and the data

processed using the proprietary software. Only major absorbances were reported.

2.5.2 Liquid Chromatography-Mass Spectrometry (LC-MS) and Ultra-
Performance-Mass-Spectrometry (UPLC-MS)

LC-MS was carried out on an Agilent HPLC instrument in conjunction with an Agilent
Quadrupole mass detector on an Agilent Poroshell 120 C18 column (75 mm x 4.6 mm, 2.7
pm). UPLC-MS was carried out on an AVANT UPLC with an Advion Expression CMS L
attached for mass detection on a Phenomenex Kinetex C18 column (30 mm x 2.1 mm, 2.7

um). Electrospray ionization (ESI) was used in all cases.

2.5.3 General Procedures

General Procedure A: Synthesis of aromatic ynamines

To a solution of the corresponding benzimidazole or imidazole (1 equiv), caesium carbonate
(1.1 equiv), copper iodide (0.05 equiv), PEG 400 in anhydrous 1,4-dioxane (269 mM) was
added (bromoethynyl)triisopropylsilane (1.1 equiv) under argon atmosphere. The mixture was
heated to 110 °C and stirred for 48 h. After cooling the reaction mixture to rt it was then diluted
with EtOAc. Then, the mixture was washed with saturated EDTA solution and brine. The
organic layer was then dried over anhydrous Na,SOs, filtered and the solvent removed in
vacuo. The crude residue was purified by flash column chromatography (silica gel) to afford

the desired product.

General Procedure B: Deprotection of TIPS-protected aromatic ynamines

To a solution of the corresponding benzimidazole or imidazole protected ynamine (1 equiv)
in THF (0.05 M) was added TBAF (0.1 to 1 equiv) dropwise at 0 °C under argon atmosphere.
The reaction was monitored by TLC and upon full consumption of starting material the THF
was evaporated under an air stream. The crude product was purified by flash column

chromatography to afford the desired product.

General Procedure C: Conditions for the CuAAC reaction of aromatic ynamines in
MeOH or MeCN
To a solution of ynamine (1 equiv) in MeOH (62 mM) was added benzyl azide (1 equiv) and

copper(Il) acetate monohydrate (0.05 equiv). The reaction was left to stir and monitored by
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TLC. Upon completion, the reaction was quenched with EDTA, and the solution washed with
ethyl acetate. The organic extracts were washed with brine, dried over anhydrous sodium
acetate and filtered. The organic solvent was removed in vacuo. The crude residue was purified

by column chromatography (silica gel) to give the desired product.

General Procedure D: Conditions for the CuAAC reaction of aromatic ynamines in
HFIP/Water

To a solution of ynamine (1 equiv) in HFIP/water (40:60, 62 mM) was added benzyl azide (1
equiv) and copper(ll) acetate monohydrate (0.05 equiv). The reaction was left to stir and
monitored by TLC. Upon completion, the HFIP was removed in vacuo and the residue
remaining was diluted with ethyl acetate and washed with EDTA. The organic extracts were
combined andwashed with brine, dried over anhydrous sodium acetate and filtered. The
organic solvent was removed in vacuo. The crude residue was purified by column

chromatography (silica gel) to give the desired product.

2.5.4 Synthetic Procedures

(Bromoethynyl)triisopropylsilane (2.22)"%!

TIPS

=
A solution of TIPS-acetylene (7.00 g, 38.0 mmol), N-bromosuccinimde (7.51 g, 43.0 mmol)
and silver nitrate (653 mg, 3.80 mmol) in acetone (37 mL) was covered in foil and stirred for
16 h at rt. The mixture was filtered through a celite pad and concentrated in vacuo. The crude
mixture was passed through a silica plug using petroleum ether to elute. The solvent was
removed in vacuo and the desired product obtained as a colourless liquid (10.7 g, 40.8 mmol,
97%).

'"H NMR (500 MHz, CDCl3) 6 0.97 — 0.93 (m, 21H).

3C NMR (125 MHz, CDCl;) & 83.6, 61.8, 18.6, 11.6.

NMR spectra in accordance with literature values.'®?

5,6-Dimethyl-1-((triisopropylsilyl)ethynyl)- 1 H-benzo[d]imidazole (2.28)'%
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Prepared according to the General Procedure A using 5,6-dimethyl-1H-benzo[d]imidazole
(3.54 g, 24.4 mmol), caesium carbonate (9.37 g, 28.8 mmol), copper iodide (220 mg, 1.55
mmol), PEG 400 (960 mg, 2.40 mmol) and (bromoethynyl)triisopropylsilane (7.46 mL, 28.5
mmol) in 1,4-dioxane (90 mL) The residue was purified by column chromatography (0 —20%
ethyl acetate in petroleum ether) to give the desired product as a colourless oil (3.48 g, 10.6
mmol, 44%).

'"H NMR (500 MHz, CDCls) & 7.97 (s, 1H), 7.55 (s, 1H), 7.28 (s, 1H), 2.40 (s, 3H), 2.37 (s,
3H), 1.19 — 1.15 (m, 21H).

BC NMR (126 MHz, CDCls) & 143.1, 140.4, 134.2, 133.1, 133.0, 120.9, 111.2, 90.7, 72.4,
20.7,20.3,18.7,18.7,17.9,12.5, 11.4.

IR Vinax (cm™ ) 2943 (C-H), 2807 (C-H), 2182 (C=C), 1560 (C=C), 1467 (C=C).

NMR spectra in accordance with literature values.'s?

1-Ethynyl-1H-benzo[d]imidazol-6-amine (2.29)

WA
\

N
Prepared according to the general procedure B using 1-((triisopropylsilyl)ethynyl)-1H-
benzo[d]imidazol-5-amine (463 mg, 1.48 mmol) and TBAF (280 uL, 1.02 mmol) in THF (5
mL). The crude was purified by column chromatography (50% ethyl acetate in hexane) to give
the desired product as a light brown (128 mg, 81.5 mmol, 55%).

'"H NMR (400 MHz, DMSO) & 8.22 (s, 1H), 7.38 (d, J = 8.6 Hz, 1H), 6.73 — 6.68 (m, 1H),
6.63 (dd, J=8.6, 2.1 Hz, 1H), 5.34 (bs, 2H), 4.59 (s, 1H).

IR Vinax (cm™') 3321 (N-H), 2962 (C-H), 2878 (C-H), 2174 (C=C).

NMR spectra in accordance with literature values.

1-Ethynyl-1H-benzo[d]imidazol-5-amine (2.30)

e
\

b
A mixture of 1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-5-amine (870 mg, 2.78
mmol) and fluoride on polymer (925 mg, 2.78 mmol) in acetonitrile (9 mL) was stirred for 16
h at rt. The mixture was filtered, and the filtrate concentrated in vacuo. The residue was
purified by column chromatography (20 — 80% ethyl acetate in hexane) to give the desired
product as a light brown solid (200 mg, 1.27 mmol, 46%).
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'"H NMR (400 MHz, DMSO) & 8.38 (s, 1H), 7.26 (d, J= 8.6 Hz, 1H), 6.87 (d, J= 2.0 Hz, 1H),
6.74 (dd, /= 8.6, 2.1 Hz, 1H), 5.05 (bs, 2H), 4.58 (s, 1H).

3C NMR (126 MHz, CDCl3) 6 144.1, 143.9, 143.2, 128.0, 114.6, 111.4, 105.8, 61.7 (1 carbon
not observed).

HR-MS (ESI) CoH7N3" calc 158.0713 found 158.0712.

IR Vimax (cm™!) 3325 (N-H), 3210 (N-H), 2947 (C-H), 2869 (C-H), 2184 (C=C), 1485 (C=C).

1H-Naphtho[2,3-d]imidazole (2.35)'"°
N
SON
N

2,3-dihydrobenzo[b][1,4]dioxine-6,7-diamine (500 mg, 3.16 mmol) was dissolved in formic
acid and the solution heated to reflux for 36 h. The reaction mixture was allowed to cool to rt.
The reaction was basified with NaOH and then the aqueous layer was extracted with CHCl; to
give the desired product as a red solid (0.424 g, 2.52 mmol, 75%).

'"H NMR (500 MHz, DMSO) & 12.49 (s, 1H), 8.46 (s, 1H), 8.21 (s, 1H), 8.00 (d, /= 9.0 Hz,
3H), 7.37 (d, J= 7.2 Hz, 2H).

BC NMR (101 MHz, DMSO) & 146.98, 130.17, 128.26, 123.80, 115.98, 107.24.

IR Vinax (cm™') 2542 (C-H), 2408 (C-H), 1491 (C-H).

Proton count in accordance with literature values.'”

N-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)acetamide (2.38)""!

H

Y

0

1,4-benzodioxan-6-amine (3.00 g, 19.8 mmol) was suspended in acetic anhydride (50 mL) and
stirred at rt for 3 h. The solution was poured onto ice cold water and extracted with DCM.
The combined organic layers were washed with brine, dried over anhydrous sodium sulphate,
filtered and concentrated under reduced pressure to give the desired product as a brown solid
(2.80 g, 14.5 mmol, 73%).
'"H NMR (500 MHz, DMSO) 8 9.72 (s, 1H), 7.21 (d, J = 2.4 Hz, 1H), 6.93 (dd, J = 8.7, 2.4
Hz, 1H), 6.75 (d, J= 8.6 Hz, 1H), 4.23 —4.16 (m, 4H), 1.98 (s, 3H).
3C NMR (126 MHz, DMSO) & 167.7, 142.8, 139.1, 133.0, 116.6, 112.2, 108.1, 64.2, 63.9,
23.8.
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N-(7-nitro-2,3-dihydrobenzo[b] [1,4]dioxin-6-yl)acetamide (2.39)""!

[O]@NOZ

N-(2,3-dihydrobenzo[b][ 1,4]dioxin-6-yl)acetamide (3.00 g, 15.5 mmol) was dissolved in
acetic acid (24 mL) and cooled to 0 “C. Nitric acid (24 mL) was added dropwise and the
resulting mixture stirred for 1 h. The solution was added to ice water and the pH adjusted to
pH 8 - 9 using NaOH solution. The aqueous solution was extracted into DCM (3 x 20 mL)
and the organics combined, washed with brine, dried over anhydrous sodium sulphate and
filtered. The solvent was removed in vacuo to give the desired product as an orange solid
(3.70 g, 15.4 mmol, 99%).

'"H NMR (400 MHz, DMSO) & 10.03 (s, 1H), 7.55 (s, 1H), 7.30 (s, 1H), 4.40 — 4.34 (m, 2H),
4.33 —4.28 (m, 2H), 2.06 (s, 3H).

7-Nitro-2,3-dihydrobenzo[b][1,4]dioxin-6-amine (2.40)'"
o NH,

o,
N-(7-nitro-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)acetamide (3.55 g, 14.9 mmol) was dissolved
in 2 M sulphuric acid (140 mL) and heated to 110 °C for 6 h. The reaction mixture was allowed
to cool to rt and then cooled to 0 “C. The precipitate formed was filtered and washed with water
to give the desired product as a dark orange solid (2.27 g, 11.6 mmol, 78%).

'"H NMR (400 MHz, DMSO) & 7.40 (s, 1H), 7.12 (s, 2H), 6.43 (s, 1H), 4.37 — 4.30 (m, 2H),
4.24 —4.17 (m, 2H).
3C NMR (101 MHz, DMSO) & 151.6, 143.3, 134.6, 124.2, 111.3, 103.4, 65.2, 63.7.

2,3-Dihydrobenzo[b][1,4]dioxine-6,7-diamine (2.41)""!
o NH,

AL,
7-nitro-2,3-dihydrobenzo[b][1,4]dioxin-6-amine (2.25 g, 11.5 mmol) and Palladium on
Carbon (10% wt.%) (122 mg, 1.15 mmol) was dissolved in MeOH (80 mL) and placed under
an argon atmosphere. The reaction was placed under a hydrogen atmosphere and left to stir
overnight. The reaction was filtered over celite and washed with MeOH. The filtrate was
removed in vacuo to give the desired product (1.91 g, 11.5 mmol, 90%) as a dark orange solid.
'"H NMR (400 MHz, DMSO) 6 6.08 (s, 2H), 4.05 (s, 4H), 4.03 (s, 4H).
3C NMR (101 MHz, DMSO) & 134.7, 129.5, 103.7, 64.2.

IR Vinax (cm™) 3124 (N-H), 1595 (N-H), 1510 (N-H), 1342 (C-N), 728 (N-H).
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6,7-Dihydro-1H-[1,4]dioxino[2',3":4,5]benzo[1,2-d]imidazole (2.42)
o N

O
To 2,3-dihydrobenzo[b][1,4]dioxine-6,7-diamine (2.00 g, 12.0 mmol) was added formic acid
(2.00 mL, 53.0 mmol). The solution was heated to 100 °C for 6 h. After cooling to rt, the
solution was basified using NaOH and extracted into chloroform. The solvent was removed in
vacuo to give the product as a brown solid (1.39 g, 7.90 mmol, 66%).
'"H NMR (400 MHz, DMSO) § 12.04 (s, 1H), 8.31 (s, 1H), 8.00 (s, 1H), 7.00 (s, 1H), 4.22 (s,
4H).
BC NMR (101 MHz, DMSO) 6 141.5, 140.2, 79.2 , 63.9 (2 quaternary carbons not observed).
HRMS (EST) CoHsN,O," calculated 177.0659, found 177.0655.

3,6-Dimethoxy-1-((triisopropylsilyl)ethynyl)- 1 H-benzo[d]imidazole (2.43)

I
\

TIPS
Prepared according to the general procedure A using 5,6-dimethoxy-1H-benzo[d]imidazole
(4.98 g, 27.9 mmol), caesium carbonate (10.0 g, 30.7 mmol), copper iodide (266 mg, 1.40
mmol), PEG 400 (1.12 g, 2.79 mmol) and (bromoethynyl)triisopropylsilane (8.03 g, 30.7
mmol) in anhydrous 1,4-dioxane (104 mL). The crude residue was dry loaded and purified by
automated flash column chromatography (0 — 20% ethyl acetate in hexane) to give the desired
product as an off-white solid (3.53 g, 9.85 mmol, 35%).

"H NMR (400 MHz, CDCls) § 7.94 (s, 1H), 7.25 (s, 1H), 7.00 (s, 1H), 3.94 (s, 3H), 3.93
(s, 3H) 1.19-1.12 (m, 21H).

BCNMR (101 MHz, CDCls) 6 148.8, 147.9, 142.1, 135.2, 128.6, 102.6, 93.6, 90.6, 72.8, 56.5,
56.3, 18.7, 11.3.

HRMS (EST) Cy0H30N,0,Si* calculated 359.2149, found 359.2148.

IR Vinax (cm ™) 3111 (C-H), 2945 (C-H), 2867 (C-H), 2174 (C=C), 1474 (ar. C=C), 1223 (C-
0), 1139 (C-0).
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5,6-Difluoro-1-((triisopropylsilyl)ethynyl)- 1 H-benzo[d]imidazole (2.44)

)
\

TIPS
Prepared according to General Procedure A using 5,6-difluoro-1H-benzo[d]imidazole (900
mg, 5.84 mmol), (bromoethynyl)triisopropylsilane (1.68 g, 6.42 mmol), caesium carbonate
(2.09 g, 6.42 mmol), copper iodide (55.6 mg, 292 umol) and PEG 400 (25.8 mg, 584 umol)
in anhydrous 1,4-dioxane (22 mL). The crude residue was purified by column chromatography
(0 — 30% ethyl acetate in hexane) to give the desired product as a white solid (1.15 g, 3.42
mmol, 59%).
'"H NMR (500 MHz, CDCl;) & 8.08 (s, 1H), 7.59 (dd, J = 10.0, 7.1 Hz, 1H), 7.32 (dd, J = 9.0,
6.7 Hz, 1H), 1.18 — 1.15 (m, 21H).
3C NMR (126 MHz, CDCl;) 6 150.5 (dd, J = 245 Hz, 15 Hz), 148.9 (dd, J = 243.8, 15 Hz),
145.2 (d,J=3.8 Hz), 137.2 (d, /= 11.25 Hz), 130.2 (d, J = 11.25 Hz), 108.7 (d, J = 20 Hz),
99.5 (d,J=23.7 Hz), 89.3, 74.1, 18.8, 17.6, 12.5, 11.3.
F NMR (471 MHz, CDCls) & -138.16 — -138.26 (m), -140.92 — -141.02 (m).
HR-MS (ESI) Ci3sH24F2N>Si* calculated 335.1749, found 335.1749.
IR Vinax (cm™') 2945 (C-H), 2869 (C-H), 2189 (C=C), 1467 (C=C).

1-((Triisopropylsilyl)ethynyl)-1 H-naphtho[2,3-d]imidazole (2.45)

CCL)

!

TIPS
Prepared according to General Procedure A using 1 H-naphtho[2,3-d]imidazole (1.30 g, 7.73
mmol), caesium carbonate (2.77 g, 8.50 mmol), copper iodide (73.6 mg, 387 pmol), PEG 400
(309 mg, 773 pmol) and (bromoethynyl)triisopropylsilane (2.02 g, 8.50 mmol) in anhydrous
1,4-dioxane (29 mL). The crude residue was cry-loaded onto silica gel and purified by flash
column chromatography (0 — 5% ethyl acetate in hexane) to give the desired product as an off
white solid (1.60 g, 4.59 mmol, 59%).
'"H NMR (500 MHz, DMSO) 6 8.86 (s, 1H), 8.38 (s, 1H), 8.12 (dd, J = 8.2, 4.0 Hz, 2H), 7.97
(s, IH), 7.57 — 7.48 (m, 2H), 1.22 — 1.14 (m, 21H).
3C NMR (126 MHz, DMSO) & 148.6, 141.7, 134.4,131.3, 131.1, 129.0, 128.2, 126.0, 125.0,
118.6,107.1,91.1, 72.8, 19.0, 11.2.
HR-MS (ESI) C22H2sN,Si" calculated 349.2095, found 349.2092.
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IR Vinax (cm™!) 2949 (C-H), 2867 (C-H), 2199 (C=C), 1513 (ar. C=C).

1-((Triisopropylsilyl)ethynyl)-6, 7-dihydro- 1 H-[1,4]dioxino[2",3":4,5 ] benzo[ 1, 2-d]imidazole
(2.46)
0 N
LY
(o) N
W\
TIPS
Prepared according to the General Procedure A using 6,7-dihydro-1H-
[1,4]dioxino[2',3":4,5]benzo[1,2-d]imidazole (800 mg, 4.45 mmol),
(bromoethynyl)triisopropylsilane (1.30 g, 4.99 mmol), caesium carbonate (1.63 mg, 5.00
mmol), copper(l) iodide (43.2 mg, 227 pmol) and PEG 400 (18.2 mg, 45.0 umol) in
1,4-dioxane (20 mL). The crude obtained was purified by column chromatography (0 — 10%
ethyl acetate in hexane) to give the desired product (0.845 g, 2.37 mmol, 52%).
'"H NMR (400 MHz, CDCl5) 6 7.93 (s, 1H), 7.28 (s, 1H), 7.00 (s, 1H), 4.33 — 4.27 (m, 4H),
1.16-1.14 (m, 21H).
BC NMR (101 MHz, CDCls) & 143.5, 143.4, 142.8, 141.9, 136.3, 129.5, 108.1, 108.0, 98.7,
90.5, 72.7,64.6, 64.3, 18.8, 11.4.
HR-MS (ESI) C2H230,N,Si" calculated 357.1993, found 357.1990.
IR Vinax (cm™') 2943 (C-H), 2867 (C-H), 2180 (C=C), 1465 (C=C), 1310 (C-0).

6-Methoxy- 1-((triisopropylsilyl)ethynyl)- 1 H-benzo[d]imidazole (2.47)

LA
!

TIPS
Prepared according to General Procedure A using (2.61 g, 17.6 mmol), caesium carbonate
(6.31 g, 19.4 mmol), copper(l) iodide (168 mg, 881 pmol), PEG 400 (705 mg, 1.76 mmol) and
(bromoethynyl)triisopropylsilane (5.06 g, 19.4 mmol) in anhydrous 1,4-dioxane (77 mL). The
crude residue was dry loaded onto silica gel and purified by flash column chromatography (0
— 10% ethyl acetate in hexane) to give the desired product as a colourless oil (1.53 g, 4.65
mmol, 26%).

'"H NMR (400 MHz, CDCl3) § 7.92 (s, 1H), 7.58 (d, J = 8.8 Hz, 1H), 6.91 (d, /= 2.3 Hz, 1H),
6.86 (dd, J=8.8,2.4 Hz, 1H), 3.76 (s, 3H), 1.12-1.05 (m, 21H).

BC NMR (101 MHz, CDCl5) 8 157.9, 142.2,135.9, 135.4,121.0, 112.9,94.2,90.2,72.7, 55 4,
18.4, 11.1.

HR-MS (ESI) C9H2sN,OSi" calculated 329.2044, found 329.2044.
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5-Methoxy-1-((triisopropylsilyl)ethynyl)-1 H-benzo[d]imidazole (2.48)

“Cr

\

TIPS
Prepared according to General Procedure A using (2.61 g, 17.6 mmol), caesium carbonate
(6.31 g, 19.4 mmol), copper(l) iodide (168 mg, 881 umol), PEG 400 (705 mg, 1.76 mmol)
and (bromoethynyl)triisopropylsilane (5.06 g, 19.4 mmol) in anhydrous 1,4-dioxane (77 mL).
The crude residue was purified by flash column chromatography (0 — 10% ethyl acetate in
hexane) to give the desired product as a colourless solid (838 mg, 2.55 mmol, 14%)).
'"H NMR (500 MHz, CDCl5) 6 8.03 (s, 1H), 7.41 (d, J= 8.8 Hz, 1H), 7.28 (d, /= 2.3 Hz, 1H),
7.04 (dd, J=8.7, 2.4 Hz, 1H), 3.87 (s, 3H), 1.19-1.13 (m, 21H).
3C NMR (126 MHz, CDCls) & 157.8, 144.5, 143.1, 129.3, 150.0, 111.7, 103.5, 90.7, 72.9,
56.3,19.0, 11.6.
HR-MS (ESI) Ci9H2sN>OSi" calculated 329.2043, found 329.2038.
IR Vimax (cm™') 2945 (C-H), 2867 (C-H), 2191 (C=C), 1484 (C=C), 1446 (C-O).

1-((Triisopropylsilyl)ethynyl)-1 H-benzo[d]imidazol-6-amine (2.49)

N
JO%
H,N N

\

TIPS
Prepared according to the General Procedure A using 5-aminobenzimidazole (2.00 g, 15.0
mmol), caesium carbonate (5.87 g, 18.0 mmol), copper(l) iodide (143 mg, 751.0 umol), PEG
400 (600 mg, 150 pumol) and (bromoethynyl)triisopropylsilane (4.71 g, 18.0 mmol) in
anhydrous 1,4-dioxane (90 mL). The crude residue was purified by flash column
chromatography (50 — 70% ethyl acetate in hexane) to give the desired product as a dark
orange solid (512 mg, 1.63 mmol, 11%).

'"H NMR (400 MHz, DMSO) 6 8.22 (s, 1H), 7.38 (d,J=9.1 Hz, 1H), 6.63 (dt, J=4.7,2.2 Hz,
2H), 5.42 (s, 2H), 1.15—1.12 (m, 21H).

3C NMR (101 MHz, DMSO) § 147.3, 141.2, 135.5, 132.7, 120.5, 112.7, 93.3, 91.2, 70.9,
18.5,10.7.

IR Vimax (cm™): 3366 (N-H), 3215 (N-H), 2945 (C-H), 2867 (C-H), 2189 (C=C), 1500 (C=C).

NMR spectra in accordance with literature values.
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1-((Triisopropylsilyl)ethynyl)-1 H-benzo[d]imidazol-5-amine (2.50)

g
\

TIPS
Prepared according to the General Procedure A using 5-aminobenzimidazole (2.00 g, 15.0
mmol), caesium carbonate (5.87 g, 18.0 mmol), copper iodide (143 mg, 751 umol), PEG 400
(600 mg, 1.50 mmol) and (bromoethynyl)triisopropylsilane (4.71 g, 18.0 mmol) in anhydrous
1,4-dioxane (90 mL). The crude residue was purified by flash column chromatography (50 —
70% ethyl acetate in hexane) to give the desired product as a dark orange solid (450 mg, 1.43
mmol, 10%).
'"H NMR (400 MHz, DMSO) 6 8.39 (s, 1H), 7.16 (d, J= 8.6 Hz, 1H), 6.88 (d, /= 2.0 Hz, 1H),
6.76 (dd, J=8.5, 2.1 Hz, 1H), 5.07 (s, 2H), 1.12 — 1.08 (m, 21H).
3C NMR (101 MHz, DMSO) § 146.0, 143.9, 142.6, 125.4, 113.4, 109.9, 103.1, 91.0, 70.6,
18.2,10.4.
IR Viax (em™!): 3327 (N-H), 3211 (N-H), 2947 (C-H), 2869 (C-H), 2184 (C=C), 1485 (C=C),
1454 (C=C).

1-Ethynyl-5,6-dimethyl-1H-benzo[d]imidazole (2.51)'%

5
\

N
A mixture of 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole (3.48 g, 10.7
mmol) and fluoride on polymer (3.56 g, 10.7 mmol) in acetonitrile (40 mL) was stirred for 16
h at rt. The mixture was filtered, and the filtrate concentrated in vacuo. The residue was
purified by column chromatography (0 — 20% ethyl acetate in petroleum ether) to give the
desired product as an off-white solid (1.27 g, 7.46 mmol, 70%).

'"H NMR (500 MHz, CDCl5) 6 7.89 (s, 1H), 7.48 (s, 1H), 7.17 (s, 1H), 3.17 (s, 1H), 2.32 (s,
3H), 2.29 (s, 3H).

13C NMR (125 MHz, CDCls) & 142.8, 140.2, 134.2, 133.0, 132.7, 120.7, 110.9, 70.6, 61.5,
20.3,20.1.

IR Vinax (cm™") 3202 (C-H), 3103 (C-H), 2152 (C=C), 1454 (C=C), 1199 (C=C).

NMR spectra in accordance with literature values.!'s?
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1-Ethynyl-5,6-dimethoxy-1H-benzo[d]imidazole (2.52)

SO
\

H
Prepared according to the general procedure B using 5,6-dimethoxy-1-
((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole (2.00 g, 5.58 mmol) in THF (112 mL) and
TBAF (900 uL, 3.28 mmol). The crude product was purified by column chromatography (0 —
20% ethyl acetate in hexane) to afford the desired product as an off-white solid (1.03 g, 5.09
mmol, 91%).

'"H NMR (400 MHz, CDCls) 8 7.93 (s, 1H), 7.25 (s, 1H), 7.00 (s, 1H), 3.95 (s, 3H), 3.92
(s,3H), 3.27 (s, 1H).

3C NMR (101 MHz, CDCl5) 8 148.9, 148.0, 142.2, 135.2, 128.2, 102.7,93.5, 70.7, 62.0, 56.5,
56.4.

HR-MS (ESI) Ci1HoN2O," calculated 203.0815, found 203.0824.

IR Vimax (cm ™) 3167 (C-H), 2148 (C=C), 1485 (C-C), 1215 (C-0), 1143 (C-O).

1-Ethynyl-5,6-difluoro- 1 H-benzo[d]imidazole (2.53)

Prepared according to General Procedure B using 5,6-difluoro-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole (507 mg, 1.52 mmol), TBAF (191 mg, 728 mmol) in THF (30 mL).
The crude residue was purified by column chromatography to give the desired product as a
pink solid (200 mg, 1.12 mmol, 74%).

'"H NMR (400 MHz, DMSO) 6 8.73 (s, 1H), 7.91 (dd, J=10.7, 7.3 Hz, 1H), 7.79 (dd, J= 9.7,
7.1 Hz, 1H), 4.79 (s, 1H).

YF NMR (376 MHz, DMSO) § -139.61 (ddd, J = 21.4, 9.7, 7.3 Hz), -142.13 (ddd, J = 21.5,
10.7, 7.1 Hz).

3C NMR (101 MHz, DMSO) & 148.2 (dd, J = 244, 16 Hz), 147.9 (dd, J = 263, 15 Hz), 146.8
(d, /=4 Hz) 136.8 (d, /J=11.0 Hz), 129.7 (d, /= 11.4 Hz), 108.3 (d, J=20.3 Hz), 99.7 (d, J
=23.7 Hz), 69.4, 65.5.

HR-MS (ESI): CoH4F2N;" calculated 179.0425, found 179.0412.

IR Vinax (cm™'): 3193 (C-H), 2161 (C=C), 1471 (C-C), 1480 (ar. C-C), 1225 (C-F).
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1-Ethynyl-1H-naphtho[2,3-d]imidazole (2.54)

Prepared according to the General Procedure B using 1-((triisopropylsilyl)ethynyl)-1H-
naphtho[2,3-d]imidazole (444 mg, 1.26 mmol), TBAF (572 mg, 2.18 mmol) in THF (25 mL).
The crude residue was purified by column chromatography (0 — 20% ethyl acetate in hexane)
to give the desired product as a pale brown solid (243 mg, 1.10 mmol, 87%)

'"H NMR (400 MHz, DMSO) 6 8.84 (s, 1H), 8.37 (s, 1H), 8.17 — 8.08 (m, 3H), 7.56 — 7.46 (m,
2H), 4.81 (s, 1H).

3C NMR (101 MHz, DMSO) § 148.2, 141.2, 133.8, 130.9, 130.5, 128.4, 127.7, 125.4, 124.5,
117.8, 107.0, 70.5, 65.3.

HR-MS (ESI) Ci3HgN," calculated 193.0760, found 193.0759.

IR Vimax (cm ™) 3191 (C-H), 2148 (C=C), 1508 (C-C), 1202 (C-C).

1-Ethynyl-6,7-dihydro-1H-[1,4]dioxino[2',3":4,5]benzo[1,2-d]imidazole (2.55)
0 N
O
(o) N
|
H
Prepared according to the General Procedure B using 1-((triisopropylsilyl)ethynyl)-6,7-
dihydro-1H-[1,4]dioxino[2',3":4,5]benzo[1,2-d]imidazole (760 mg, 2.13 mmol) and TBAF
(585 upL, 2.13 mmol) in THF (43 mL). The crude residue was purified by column
chromatography (0 —20% ethyl acetate in hexane) to give the desired product as a light brown
solid (380 mg, 1.90 mmol, 89%).
'"H NMR (400 MHz, DMSO) & 8.46 (s, 1H), 7.23 (s, 1H), 7.02 (s, 1H), 4.65 (s, 1H), 4.28 (m,
4H).
3C NMR (101 MHz, DMSO) & 144.3, 142.4, 141.5, 135.5, 128.5, 107.2, 97.8, 70.3, 64.5,
64.1, 63.7.
HR-MS (ESI) C;1HsO,:N," calc 201.0659, found 201.0656.
IR Vimax (cm™!) 3271 (C-H), 3083 (C-H), 2150 (C=C), 1461 (C-C).
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1-Ethynyl-6-methoxy-1H-benzo[d]imidazole (2.56)

Prepared according to the general procedure B using 6-methoxy-1-((triisopropylsilyl)ethynyl)-
1 H-benzo[d]imidazole (1.00 g, 3.04 mmol) and TBAF (572 mg, 2.19 mmol) in THF (61 mL).
The crude was purified by column chromatography (0 — 20% ethyl acetate in hexane) to give
the desired product as an off-white solid (516 mg, 3.00 mmol, 99%).

'"H NMR (400 MHz, CDCl3) 6 7.97 (s, 1H), 7.67 (dd, J = 8.8, 0.5 Hz, 1H), 7.03 (d, /= 2.4 Hz,
1H), 6.97 (dd, J = 8.8, 2.4 Hz, 1H), 3.89 (s, 3H), 3.29 (s, 1H).

3C NMR (101 MHz, CDCls) 6 158.4 142.6, 136.2, 135.4, 121.5, 113.7,94.4, 70.5, 62.3, 56.0.
HR-MS (ESI) C0HsN>O" calc 173.0705 found 173.0705.

IR Vimax (cm™) 3118 (C-H), 2145 (C=C), 1491 (C-H), 1219 (C-0), 811 (C-O).

1-Ethynyl-5-methoxy-1H-benzo[d]imidazole (2.57)

g
\

H
Prepared according to the general procedure B using 5-methoxy-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole (713 mg, 2.17 mmol) and TBAF (400 pL, 1.46 mmol) in THF (43 mL).
The crude was purified by column chromatography (0 — 20% ethyl acetate in hexane) to give
the desired product as a white solid (374 mg, 2.0 mmol, 91%).

'"H NMR (400 MHz, CDCl5) 5 8.04 (s, 1H), 7.44 (dd, J = 8.8, 0.5 Hz, 1H), 7.28 (d, /= 2.4 Hz,
1H), 7.03 (dd, J= 8.8, 2.4 Hz, 1H), 3.86 (s, 3H), 3.26 (s, 1H).

13C NMR (101 MHz, CDCls) 8 157.6, 144.2, 142.8, 128.8, 114.9, 111.4, 103.3, 70.6, 61.9,
56.0.

HR-MS (ESI) C10HgON>" calculated 173.0709, found 173.0708.

IR Vinax (cm™') 3183 (C-H), 2150 (C=C), 1487 (C-C), 1242 (C-C), 1145 (C-0).

104



Developing a Click Chemistry Imaging Platform Using Aromatic Ynamines

Emma Alexander

4-(4-Methoxyphenyl)-1H-imidazole (2.60) '
4-iodiimidazole (500 g, 2.58 mmol) was dissolved in toluene (10 mL) and water (3 mL). The
mixture was placed under an argon atmosphere and 4-methoxyphenylboronic acid (784 mg,
516 pmol), tetrakis(triphenylphosphine)palladium(0) (300 mg, 28.0 umol) and caesium
fluoride (780 mg, 516 pumol) was added. The reaction was heated to 100 °C and stirred
overnight. The aqueous layer was separated and extracted with ethyl acetate (3 x 20 mL). The
organics were combined, washed with brine and dried over anhydrous sodium sulphate and
solvent removed in vacuo. The crude product was purified by column chromatography (3%
MeOH in DCM) to obtain the desired compound 4-(4-methoxyphenyl)-1H-imidazole
(305 mg, 17 pmol, 69%) as an orange solid.

'"H NMR (400 MHz, DMSO) & 7.76 — 7.65 (m, 3H), 7.45 (s, 1H), 6.93 (d, J = 8.8 Hz, 2H),
3.75 (s, 3H).

3C NMR (101 MHz, DMSO0) § 157.9, 137.7, 135.9, 135.6, 126.6, 125.6, 114.2, 114.0, 113.0,
55.0.

NMR spectra in accordance with literature values'’

4-Phenyl-1-((triisopropylsilyl)ethynyl)- 1 H-imidazole (2.63a)

\TIPS
Prepared according to the General Procedure A using 5-phenyl-1H-imidazole (2.00 g, 13.8
mmol), caesium carbonate (5.39 g, 16.6 mmol), copper iodide (130 mg, 6.90 mmol), PEG 400
(640 mg, 1.60 mmol) and (bromoethynyl)triisopropylsilane (3.96 g, 15.2 mmol) in anhydrous
1,4-dioxane (85 mL). The crude residue was purified by flash column chromatography (0 —
10% ethyl acetate in hexane) to give the desired product as a dark orange/pink viscous oil (2.93
g, 9.03 mmol, 65%).
'"H NMR (500 MHz, CDCl;) 6 7.78 (d, J = 8.1 Hz, 3H), 7.41 — 7.37 (m, 3H), 7.29 (t, J = 7.4
Hz, 1H), 1.16 — 1.12 (m, 21H).
13C NMR (126 MHz, CDCls) & 141.6, 140.3, 132.6, 128.6, 127.5, 125.2, 116.8, 91.6, 70.1,
18.5, 11.1.
HR-MS (ESI) C20H2sN»Si* calculated 325.2095, found 325.2092.

IR Vinax (cm ') 2945 (C-H), 2867 (C-H), 2197 (C=C), 1495 (C=C).
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5-Phenyl-1-((triisopropylsilyl)ethynyl)-1H-imidazole (2.63b)

TIPS

Prepared according to the General Procedure A using 5-phenyl-1H-imidazole (2.00 g, 13.8
mmol), caesium carbonate (5.39 g, 16.6 mmol), copper iodide (130 mg, 6.90 mmol), PEG 400
(640 mg, 1.60 mmol) and (bromoethynyl)triisopropylsilane (3.96 g, 15.2 mmol) in anhydrous
1,4-dioxane (85 mL). The crude residue was purified by flash column chromatography
(0 — 10% ethyl acetate in hexane) to give the desired product as a dark orange/pink viscous oil
(240 mg, 0.730 pmol, 5%).

'"H NMR (500 MHz, CDCl;) & 7.82 (s, 1H), 7.72 — 7.66 (m, 2H), 7.39 (m, 3H), 7.13 (s, 1H),
1.10 — 1.05 (m, 21H).

3C NMR (126 MHz, CDCls) & 141.7, 134.7, 128.7, 128.6, 128.1, 127.7, 126.3, 91.3, 73.2,
18.7,17.9,12.4, 11.4.

HR-MS (ESI) C20HasN»Si" calculated 325.2094, actual 325.2096.

IR Vinax (cm™") 2943 (C-H), 2867 (C-H), 2199 (C=C), 1472 (C=C).

4-(P-tolyl)-1-((triisopropylsilyl)ethynyl)- 1 H-imidazole (2.64a)

-0

\TIPS

Prepared according to the General Procedure A using 4-(p-tolyl)-1H-imidazole (999 mg, 6.31
mmol), caesium carbonate (2.26 g, 6.95 mmol), copper iodide (60.1 mg, 316 umol), PEG 400
(255 mg, 638 umol) and (bromoethynyl)triisopropylsilane (1.81 g, 6.95 mmol) in anhydrous
1,4-dioxane (28 mL). The crude residue was purified by flash column chromatography (0 —
20% ethyl acetate in hexane) to give the desired product as a dark red viscous oil (1.22 g, 3.60
mmol, 57%)
'"H NMR (400 MHz, CDCls) 8 7.77 (d, J = 1.3 Hz, 1H), 7.69 — 7.65 (m, 2H), 7.34 (d, J=1.3
Hz, 1H), 7.20 (d, /= 7.9 Hz, 2H), 2.37 (s, 3H), 1.15 - 1.12 (m, 21H).
3C NMR (101 MHz, CDCls) 8 142.0, 140.5, 137.5, 130.1, 129.5, 125.3, 116.6, 92.0, 77.5,
21.4,18.7,11.4.
HR-MS (ESI) C»H3oN:Si" calculated 339.2251, found 339.2250.
IR Vimax (cm™") 3105 (C-H), 2945 (C-H), 2867 (C-H), 2197 (C=C), 1465 (C=C), 1495 (C=C).
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5-(P-tolyl)-1-((triisopropylsilyl)ethynyl)-1 H-imidazole (2.64b)
TIPS

\

RUAS
Prepared according to the General Procedure A using 4-(p-tolyl)-1H-imidazole (999 mg, 6.31
mmol), caesium carbonate (2.26 g, 6.95 mmol), copper iodide (60.1 mg, 316 pmol), PEG 400
(255 mg, 638 pmol) and (bromoethynyl)triisopropylsilane (1.81 g, 6.95 mmol) in anhydrous
1,4-dioxane (28 mL). The crude residue was purified by flash column chromatography (0 —
20% ethyl acetate in hexane) to give the desired product as a dark red viscous oil (120 mg, 354
umol, 6%).
'"H NMR (400 MHz, CDCls) 8 7.78 (s, 1H), 7.62 — 7.55 (m, 2H), 7.20 (d, J = 7.9 Hz, 2H),
7.09 (s, 1H), 2.38 (s, 3H), 1.11 — 1.04 (m, 21H).
13C NMR (101 MHz, CDCls) & 141.5, 138.5, 134.6, 129.3, 127.5, 126.1, 125.4, 91.5, 73.0,
21.5,18.7,11.4.
HR-MS (ESI) C»:H30N»Si" calculated 339.2251, found 339.2251.

4-(4-Methoxyphenyl)- I-((triisopropylsilyl)ethynyl)- 1 H-imidazole (2.65)

\TIPS
Prepared according to the General Procedure A using 4-(4-methoxyphenyl)-1H-imidazole
(850 mg, 4.88 mmol), (bromoethynyl)triisopropylsilane (1.40 g, 5.37 mmol), caesium
carbonate (1.75 g, 5.37 mmol), copper(l) iodide (46.5 mg, 244 umol) and PEG 400 (195 mg,
488 umol) in anhydrous 1,4-dioxane (18mL). The crude residue was purified by flash column
chromatography (0 — 20% ethyl acetate in hexane) to give the desired product as a dark pink
viscous oil (503 mg, 1.50 mmol, 31%).
'"H NMR (400 MHz, DMSO) 6 8.18 (d, J= 1.3 Hz, 1H), 7.97 (d, J = 1.3 Hz, 1H), 7.78 — 7.73
(m, 2H), 6.97 — 6.94 (m, 2H), 3.77 (s, 3H), 1.12 — 1.09 (m, 21H).
3C NMR (101 MHz, DMSO) & 158.7, 141.0, 140.7, 126. 2, 125.3, 116.5, 114.0, 92.4, 68.6,
55.1,18.4,17.8,12.1, 10.7.
HR-MS (ESI) C2H30N2OSi" calculated 355.2200, found 355.2200.
IR Vinax (cm™") 2945 (C-H), 2867 (C-H), 2197 (C=C), 1508 (C=C), 1506 (C=C), 1251 (C-O).
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4-(4-Fluorophenyl)-1-((triisopropylsilyl)ethynyl)- 1 H-imidazole (2.66)

<03

TIPS

Prepared according to the General Procedure A using 4-(4-fluorophenyl)-1H-imidazole
(110 mg, 678 pumol), (bromoethynyl)triisopropylsilane (211 mg, 814 pmol),
caesium carbonate (267 mg, 814 umol), copper(l) iodide (7.00 mg, 34.0 pmol) and PEG 400
(27.0 mg, 68.0 pmol) in anhydrous 1,4-dioxane (2 mL). The crude residue was purified by
flash column chromatography (0 — 5% ethyl acetate in hexane) to give the desired as a red
viscous oil (167 mg, 487 umol, 71%).
'"H NMR (400 MHz, CDsCN) & 7.85 (d, J = 1.2 Hz, 1H), 7.83 — 7.78 (m, 2H), 7.59 (d, J= 1.2
Hz, 1H), 7.16 — 7.10 (m, 2H), 1.16 — 1.12 (m, 21H).
3C NMR (101 MHz, CDsCN) & 163.2 (d, J = 244 Hz), 142.0, 141.4, 130.5, 128.0, 127.9,
118.3,116.4 (d, /=22 Hz), 92.9, 70.4, 18.9, 12.0.
YF NMR (376 MHz, CDsCN) § -116.46 (s).
HR-MS (ESI) C20H27FN,Si* calculated 343.2000, found 343.1996.
IR Vimax (cm™!) 2945 (C-H), 2859 (C-H), 2197 (C=C), 1504 (C=C), 1236 (C-F).

5-(4-Fluorophenyl)- 1-((triisopropylsilyl)ethynyl)- 1 H-imidazole (2.66b)

TIPS

Prepared according to the General Procedure A using 4-(4-fluorophenyl)-1H-imidazole
(110 mg, 678 pumol), (bromoethynyl)triisopropylsilane (211 mg, 814 pumol),
caesium carbonate (267 mg, 814 umol), copper(l) iodide (7.00 mg, 34.0 umol) and PEG 400
(27.0 mg, 68.0 umol) in anhydrous 1,4-dioxane (2 mL). The crude residue was purified by
flash column chromatography (0 — 5% ethyl acetate in hexane) to give the desired product as
ared viscous oil (14.4 mg, 42.0 umol, 6%).

'"H NMR (500 MHz, DMSO) 6 8.25 (s, 1H), 7.72 (dd, J = 8.6, 5.5 Hz, 2H), 7.30 (t, J = 8.8 Hz,
2H), 7.25 (s, 1H), 1.06 — 0.98 (m, 21H).

F NMR (471 MHz, DMSO) & -112.76 (s).

HR-MS (ESI) C20H27FN,Si* calculated 343.20006, found 343.2000.

IR Vimax (cm™") 2945 (C-H), 2867 (C-H), 2195 (C=C), 1696 (C=C), 1508 (C=C), 1238 (C-F).
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4-(4-Bromophenyl)- 1-((triisopropylsilyl)ethynyl)- 1 H-imidazole (2.67)
xTIPS

Prepared according to the General Procedure A using 4-(4-bromophenyl)-1H-imidazole
(2.50 g, 11.2 mmol), (bromoethynyl)triisopropylsilane (3.51 g, 13.4 mmol), caesium
carbonate (4.02 g, 12.3 mmol), copper(I) iodide (107 mg, 0.560 mmol) and PEG 400 (448 mg,
1.12 mmol) in 1,4-dioxane (70 mL). The crude residue was purified using flash column
chromatography to give the desired product as a red oil (2.73 g, 6.78 mmol, 60%).
'"H NMR (500 MHz, DMSO) § 8.23 (s, 1H), 8.16 (s, 1H), 7.79 (d, J = 8.5 Hz, 2H), 7.56 (d,
J=8.3 Hz, 2H), 1.10 — 1.05 (m, 21H).
3C NMR (101 MHz, DMSO) 6 141.3, 139.6, 131.9, 131.5, 126.8, 120.2, 118.4, 92.0, 68.91,
18.3, 10.6.
HRMS (ESI) C»0H27BrN»Si* calculated 403.1120, found 403.1195.

4-(4-Nitrophenyl)-1-((triisopropylsilyl)ethynyl)-1 H-imidazole (2.68)

xTIPS
Prepared according to the General Procedure A using 4-(4-nitrophenyl)-1H-imidazole (2.41 g,
12.7 mmol), (bromoethynyl)triisopropylsilane (3.66 g, 14.0 mmol), caesium carbonate
(4.57 g, 14.0 mmol), copper iodide (121 mg, 637 umol) and PEG 400 (31.4 mg, 1.27 mmol)
in 1,4-dioxane (47 mL). The crude residue was purified by column chromatography (0 — 20%
ethyl acetate in hexane) to give the desired product as an orange solid (1.98 g, 5.38 mmol,
42%).
'"H NMR (400 MHz, CDCls) & 8.27 — 8.22 (m, 2H), 7.95 — 7.90 (m, 2H), 7.82 (d, J= 1.1 Hz,
1H), 7.56 (d,J= 1.3 Hz, 1H), 1.16 — 1.10 (m, 21H).
3C NMR (101 MHz, CDCls) 8 147.0, 141.2, 139.7, 139.2, 125.7, 124.4, 119.5, 91.1, 71.5,
18.7, 11.3.
HR-MS (ESI) C2H27N30,Si" calculated 370.1945, found 370.1940.

IR Vinax (cm™!) 2945 (C-H), 2867 (C-H), 2200 (C=C), 1606 (C=C), 1521 (N-0), 1336 (N-O).
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4-(4-(Trifluoromethyl)phenyl)- 1-((triisopropylsilyl)ethynyl)- 1 H-imidazole (2.69)
XTIPS

Prepared according to the General Procedure A using 4-(4-(trifluoromethyl)phenyl)-1H-
imidazole (980 mg, 4.62 mmol), bromoethynyl)triisopropylsilane (1.33 g, 5.08 mmol,)
caesium carbonate (1.66 g, 5.08 mmol), copper iodide (44.0 mg, 231 pmol) and PEG 400 (185
mg, 462 umol) in 1,4-dioxane (20 mL). The crude residue was purified by column
chromatography (0 - 100% ethyl acetate in hexane) to give the desired product as a light pink
solid (1.05 g, 2.68 mmol, 58%).
'"H NMR (400 MHz, CDCls) 6 7.88 (d, J = 8.1 Hz, 2H), 7.80 (d, J= 1.2 Hz, 1H), 7.64 (d, J =
8.2 Hz, 2H), 7.50 — 7.45 (m, 1H), 1.14 (m, 21H).
F NMR (376 MHz, CDCls) 8 -62.50 (s).
13C NMR (101 MHz, CDCls) & 140.6, 140.2, 136.0, 129.2 (q, J = 32.4 Hz), 125.5, 125.12,
124.0 (q, J=274.7 Hz), 118.0,91.1, 70.7, 18.4, 11.0.
HR-MS (ESI): C21H27N>F3Si* calculated 393.1968, found 393.1962.
IR Vinax (cm ™) 3105 (C-H), 2947 (C-H), 2869 (C-H), 2202 (C=C), 1498 (C-H), 1300 (C-CF3),
1121 (C-F).

5-(4-(Trifluoromethyl)phenyl)-1-((triisopropylsilyl)ethynyl)-1 H-imidazole (2.69b)

TIPS

Prepared according to the General Procedure A using 4-(4-(trifluoromethyl)phenyl)-1H-
imidazole (980 mg, 4.62 mmol), bromoethynyl)triisopropylsilane (1.33 g, 5.08 mmol,)
caesium carbonate (1.66 g, 5.08 mmol), copper iodide (44.0 mg, 231 pmol) and PEG 400 (185
mg, 462 pmol) in 1,4-dioxane (20 mL). The crude residue was purified by column
chromatography (0 - 100% ethyl acetate in hexane) to give the desired product as a light pink
solid (9.00 mg, 22.9 pmol, 4%).

'"H NMR (400 MHz, DMSO) 6 8.35 (d, /= 0.9 Hz, 1H), 7.93 (d, J= 7.8 Hz, 2H), 7.80 (d, J =
8.1 Hz, 2H), 7.44 (d, /= 0.9 Hz, 1H), 1.08 — 0.99 (m, 21H).

F NMR (376 MHz, DMSO) & -61.24 (s).

13C NMR (101 MHz, DMSO) & 143.0, 141.6, 132.2, 131.6, 128.6 (q, J = 32.3 Hz), 128.0,
127.8,125.5 (q,J=4.0 Hz), 125.3, 123.1 (q, J=313.1 Hz), 91.1, 72.4, 18.3, 10.6.

LC-MS (ESI) C1H27NyF3Si* calculated 393.2, found 393.3, RT = 11.702 min.
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4-(1-((Triisopropylsilyl)ethynyl)- 1 H-imidazol-4-yl)aniline (2.70)

TIPS
Prepared according to the General Procedure A using 4-(1H-imidazol-4-yl)aniline (100 mg,
628 umol), (bromoethynyl)triisopropylsilane (0.181 mg, 691 pmol), caesium carbonate
(225 mg, 391 umol), copper iodide (5.98 mg, 31.4 pmol) and PEG 400 (25.1 mg, 62.8 pmol)
in 1,4-dioxane (3 mL). The crude residue was purified using flash column chromatography
(20 — 50% ethyl acetate in hexane) to give the desired product as a red oil (26.0 mg,
0.0763 mmol, 12%).
'"H NMR (500 MHz, CDCl5) & 7.73 (s, 1H), 7.57 (d, J = 8.5 Hz, 2H), 7.22 (s, 1H), 6.71 (d, J
= 8.6 Hz, 2H), 3.72 (s, 2H), 1.16 — 1.10 (m, 21H).
3C NMR (126 MHz, CDCl;) § 146.4, 142.4, 140.5, 129.2, 126.9, 123.9, 115.6, 115.5, 115.2,
92.4,70.2,19.0, 11.6.
HR-MS (ESI) C20H29N3Si" calculated 340.2196, found 340.2196.

4,5-Diphenyl-1-((triisopropylsilyl)ethynyl)- 1 H-imidazole (2.72)

Q,

=

TIPS

Prepared according to the General Procedure A using 4,5-diphenyl-1H-imidazole (2.00 g,
9.08 mmol), (bromoethynyl)triisopropylsilane (2.85 g, 10.1 mmol), caesium carbonate
(3.25 g,9.99 mmol), copper iodide (86.5 mg, 454 umol) and PEG 400 (363 mg, 908 umol) in
1,4-dioxane (57 mL). The crude residue was purified by column chromatography (0 — 5% ethyl
acetate in hexane) to give the desired product as a yellow solid (0.88 g, 2.20 mmol, 24%).
"H NMR (400 MHz, CDCls) 8 7.93 (s, 1H), 7.66 — 7.56 (m, 2H), 7.55 — 7.49 (m, 2H), 7.48 —
7.41 (m, 3H), 7.35 - 7.26 (m, 3H), 1.07 — 1.02 (m, 21H).
3C NMR (126 MHz, DMSO0) § 140.5, 136.3, 133.3, 130.4, 129.7, 129.4, 128.9, 128.5, 128.5,
127.3,126.6,91.1, 72.0, 18.4, 10.7.
HR-MS (ESI) C26H3:N»Si* calculated 401.2408, found 401.2402.

IR Vinax (cm ') 2947 (C-H), 2855 (C-H), 2182 (C=C), 1471 (C=C).
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1-Ethynyl-4-phenyl-1H-imidazole (2.74)

Prepared according to the General Procedure B using 4-phenyl-1-((triisopropylsilyl)ethynyl)-
1H-imidazole (790 mg, 2.43 mmol) and TBAF (636 mg, 2.34 mmol) in THF (24 mL). The
crude obtained was purified by flash column chromatography (0 — 20% ethyl acetate in
hexane) to give the desired product as a light brown solid (323 mg, 2.43 mmol, 79%).

'"H NMR (400 MHz, CDCls) & 7.83 — 7.74 (m, 3H), 7.43 — 7.35 (m, 3H), 7.32 — 7.27 (m, 1H),
3.06 (s, 1H).

3C NMR (101 MHz, CDCl5)  142.1, 140.5, 132.6, 128.8, 127.8, 125.4, 116.7, 71.7, 59.6.
HR-MS (ESI) Ci1HsN;" calculated 169.0760, found 169.0753.

IR Vinax (cm™") 3148 (C-H), 2154 (C=C), 1491 (C=C), 1195 (C=C).

1-Ethynyl-4-(p-tolyl)-1 H-imidazole (2.75)

Prepared according to the General Procedure B  using 4-(p-tolyl)-1-
((triisopropylsilyl)ethynyl)-1 H-imidazole (770 mg, 2.27 mmol) and TBAF (400 pL, 1.46
mmol) in THF (46 mL). The crude obtained was purified by flash column chromatography
0 — 10% ethyl acetate in hexane) to give the desired product as a light brown solid (376 mg,
2.07 mmol, 91%).

'"H NMR (400 MHz, CDCl3) 8 7.79 (d, J = 1.3 Hz, 1H), 7.69 — 7.62 (m, 2H), 7.33 (d, J= 1.3
Hz, 1H), 7.20 (d, J= 7.9 Hz, 2H), 3.05 (s, 1H), 2.37 (s, 3H).

3C NMR (101 MHz, CDCls) & 142.1, 140.4, 137.6, 129.8, 129.5, 125.3, 116.2, 71.8, 59.5,
21.3.

HR-MS (ESI) Ci2H;oN," calculated 183.0917, found 183.0920.

IR Vimax (cm™") 3206 (C-H), 2156 (C=C), 1493 (C=C), 1221 (C=C), 1185 (C=C).
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1-Ethynyl-4-(4-methoxyphenyl)-1H-imidazole (2.76)
% C \:N \jN
xH

Prepared according to the General Procedure B using 4-(4-methoxyphenyl)-1-
((triisopropylsilyl)ethynyl)-1 H-imidazole (560 mg, 1.58 mmol), TBAF (334 mg, 1.28 mmol)
in THF (32 mL). The crude was purified by flash column chromatography (0 — 20% ethyl
acetate in hexane) to give the desired product (260 mg, 1.31 mmol, 83%).
"H NMR (400 MHz, CDCls) 8 7.78 (s, 1H), 7.71 — 7.67 (m, 2H), 7.28 (s, 1H), 6.95 — 6.90 (m,
2H), 3.83 (s, 3H), 3.05 (s, 1H).
13C NMR (101 MHz, CDCls) & 158.8, 141.4, 139.8, 126.1, 124.9, 115.0, 113.7, 71.2, 58.8,
54.8.
HR-MS (ESI) Ci2HoN2O" calculated 199.0866, found 199.0862.
IR Vinax (cm ™) 3258 (C-H), 2158 (C=C), 1504 (C=C).

1-Ethynyl-4-(4-fluorophenyl)-1H-imidazole (2.77)

02

\H
Prepared according to the General Procedure B using 4-(4-fluorophenyl)-1-
((triisopropylsilyl)ethynyl)-1 H-imidazole (525 mg, 1.55 mmol) and TBAF (525 mg, 2.01
mmol) in THF (31 mL). The crude was purified by flash column chromatography (0 — 10%
ethyl acetate in hexane) to give the desired product as an off white solid (220 mg, 1.18 mmol,
77%).
'"H NMR (400 MHz, CDCls) 8 7.80 (d, J = 1.3 Hz, 1H), 7.76 — 7.70 (m, 2H), 7.33 (d, J= 1.2
Hz, 1H), 7.12 — 7.05 (m, 2H), 3.06 (s, 1H).
3C NMR (101 MHz, CDCl5) § 162.3 (d, J = 247 Hz), 141.0, 140.3, 128.6 (d, J= 3 Hz), 126.8
(d, /=8 Hz), 116.1, 115.5 (d, /=21 Hz), 71.3, 59.4.
F NMR (471 MHz, CDCl;) & -114.26.
HR-MS (ESI) C,1H7FN," calculated 187.0666, found 209.0480.
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4-(4-Bromophenyl)- 1-ethynyl-1 H-imidazole (2.78)

\H
Prepared according to the General Procedure B using 4-(4-bromophenyl)-1-
((triisopropylsilyl)ethynyl)-1 H-imidazole (1.00 g, 2.48 mmol) and TBAF (200 pL, 729 umol)
in THF (50 mL). The crude residue was purified by column chromatography (2 — 10% ethyl
acetate in hexane) to give the desired product as a light pink solid (0.268 g, 1.09 mmol, 44%).
'"H NMR (400 MHz, CDCls) 8 7.82 (d, J= 1.3 Hz, 1H), 7.69 — 7.62 (m, 2H), 7.57 — 7.50 (m,
2H), 7.40 (d, J= 1.3 Hz, 1H), 3.09 (s, 1H).
3C NMR (101 MHz, CDCl;) & 140.5, 140.0, 131.3, 131.0, 126.3, 121.1, 116.4, 70.9, 59.2.
HR-MS (ESI) Ci1H/N;Br" calculated 246.9865, found 246.9864.
IR Vinax (cm™") 3295 (C-H), 2161 (C=C), 1465 (C=C), 1387 (C-H), 1197 (C=C).

1-Ethynyl-4-(4-nitrophenyl)- 1 H-imidazole (2.79)

Prepared according to the General Procedure B using 4-(4-nitrophenyl)-1-
((triisopropylsilyl)ethynyl)-1 H-imidazole (260 mg, 704 pmol) and TBAF (150 pl, 547 pmol)
in THF (14 mL). The crude residue was purified by column chromatography (0 — 20% ethyl
acetate in hexane) to give the product as a dark yellow solid (74.1 mg, 347 pmol, 49%).

'"H NMR (400 MHz, DMSO) & 8.39 (s, 1H), 8.33 (s, 1H), 8.26 (d, J = 8.9 Hz, 2H), 8.05 (d, J
=9.0 Hz, 2H), 4.58 (s, 1H).

3C NMR (101 MHz, DMSO) & 146.2, 142.0, 138.6, 125.5, 124.1, 120.8, 71.4, 62.6.

HR-MS (ESI) C1H7N30;" calculated 214.0611, found 214.0609.

IR Vinax (cm™) 3262 (C-H), 2161 (C=C), 1605 (N-0), 1508 (C=C), 1329 (C=C).

1-Ethynyl-4-(4-(trifluoromethyl)phenyl)- 1 H-imidazole (2.80)

N\
\

H
Prepared according to the General Procedure B using 4-(4-(trifluoromethyl)phenyl)-1-
((triisopropylsilyl)ethynyl)-1H-imidazole (460 mg, 1.17 mmol) and TBAF (250 pul. 912 umol)
in THF (23 mL). The crude material was purified by column chromatography (0 — 20% ethyl
acetate in hexane) to give the product as a pink solid (220 mg, 931 umol, 79%).
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'H NMR (400 MHz, CDCl;) & 7.86 (d, J = 8.2 Hz, 2H), 7.82 (s, 1H), 7.64 (d, J = 8.4 Hz, 2H),
7.46 (d,J = 3.9 Hz, 1H), 3.08 (s, 1H).

1YF NMR (376 MHz, CDCls) § -62.52 (s).

13C NMR (101 MHz, CDCl3) § 140.9, 140.8, 136.1, 129.6 (q, J = 32.3 Hz), 127.1 (g, J= 3.0
Hz), 124.3 (q, J = 270.0 Hz) 125.5, 118.0, 71.3, 60.0.

HR-MS (ESI) C1,H7F3Ny", calculated 237.0644, found 237.0635.

IR Vi (cm ') 3317 (C-H), 2169 (C=C), 1623 (C-H), 1327 (C=C), 1106 (C-F).

1-Ethynyl-4,5-diphenyl-1H-imidazole (2.81)
N\
O3

Prepared according to the General Procedure B  wusing 4,5-diphenyl-1-
((triisopropylsilyl)ethynyl)-1H-imidazole (250 mg, 624 umol), TBAF (163 mg, 624 umol) in

\H

THF (13 mL). The crude material was purified by flash column chromatography (0 — 20% in
ethyl acetate) to give the desired product 1-ethynyl-4,5-diphenyl-1H-imidazole as a white solid
(102 mg, 417 umol, 67%).

"H NMR (400 MHz, DMSO) & 8.36 (s, 1H), 7.52 — 7.42 (m, 7H), 7.26 (m, 3H), 4.38 (s, 1H).
BC NMR (101 MHz, DMSO) § 140.7, 136.3, 133.1, 130.2, 129.3, 129.2, 128.9, 128.3, 128.2,
127.2, 126.5, 70.8, 64.6.

HR-MS (ESI) Ci7H2N;" calculated 245.1073, found 245.1070.

IR Vinax (cm™") 3275 (C-H), 2150 (C=C), 1495 (C=C), 1229 (C=C).

1H-Benzo[d]imidazole-5,6-dicarboxylic acid (2.88) '**

0

OB

I H

To a solution of benzimidazole (1.08 g, 9.00 mmol) in tert-butanol (35 mL) was added a
solution of potassium permanganate (10.9 g, 69 mmol) in water (35 mL). The solution was
heated to reflux for 1 h. Anhydrous sodium sulphite (3.00 g, 24.0 mmol) was added and the
resulting cake filtered and washed with water. The filtrate was concentrated in vacuo until a
small amount of solution remained. The remaining solution was acidified with aqueous acetic
acid (2:1) and the resulting precipitate filtered and dried to give a white solid (330 mg, 1.60
mmol, 18%).
"H NMR (500 MHz, DMSO) & 12.86 (s, 2H), 8.45 (s, 1H), 7.88 (s, 2H).
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3C NMR (126 MHz, DMSO) § 172.1, 169.2, 145.5, 138.8, 127.5, 116.2.

6-(3-Hydroxypropyl)imidazo[4,5-f]isoindole-5,7(1H,6H)-dione (2.91)

o)
N

N D
~ N
HO 0 H

1 H-benzo[d]imidazole-5,6-dicarboxylic acid (100 mg, 485 umol), EDC.HCI (186 mg, 974
umol) and DMAP (23.0 mg, 188 umol) were dissolved in DCM (5 mL) and stirred for 15
mins. The 3-amino-1-propanol was then added (55.0 mg, 733 umol) and the reaction left to
stir for 18 h. The reaction mixture was washed with ethyl acetate and the aqueous layer
concentrated in vacuo. The crude residue was purified by column chromatography
(10% MeOH in DCM) to give a colourless solid (31.0 mg, 123 umol, 25%).

'"H NMR (500 MHz, DMSO-ds) 8 9.20 (s, 1H), 8.16 (s, 2H), 3.69 (t, 2H, J = 6.7 Hz), 3.46 (t,
2H, J=6.2 Hz), 1.75 (quint, 2H, J = 6.7 Hz).

13C NMR (126 MHz, DMSO) 8 168.1, 146.1, 125.7, 111.1, 58.6, 35.1, 31.4 (5 carbons not

observed/coincident).

1-(1-Benzyl-1H-1,2,3-triazol-4-yl)-5,6-dimethyl- 1 H-benzo[d]imidazole (2.98)

pos
%

N~

o

Prepared according to the General Procedure D wusing 1-ethynyl-5-6-dimethyl-1H-

A

benzo[d]imidazole (200 mg, 1.75 mmol), benzyl azide (150 mg, 1.52 mmol) and copper(Il)
acetate monohydrate (42.0 mg, 210 umol) in MeOH (40 mL). The crude product was purified
by column chromatography (80% ethyl acetate in petroleum ether) to give the desired product
as a white solid (220 mg, 724 umol, 41%).

'"H NMR (500 MHz, CDCls) & 8.83 (s, 1H), 7.99 (s, 1H), 7.65 (d, J = 6.9 Hz, 2H), 7.48 — 7.32
(m, 5H), 5.65 (s, 2H), 2.40 (d, J= 6.5 Hz, 6H).

3C NMR (126 MHz, CDCls) & 142.44, 135.40, 134.46, 133.80, 129.57, 129.46, 128.46,
118.80, 114.87, 112.59, 55.44, 20.76, 20.44.

IR Vinax (cm ™) 3109 (C-H), 2993 (C-H), 1593 (C=C), 1504 (C=C), 1464 (C=C).

Values correspond to literature values. '3
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1-(1-Benzyl-1H-1,2,3-triazol-4-yl)- 1H-benzo[d]imidazol-6-amine (2.99)

Prepared according to General Procedure C using 1-ethynyl-1H-benzo[d]imidazol-6-amine
(50.0 mg, 318 umol), benzyl azide (42.4 uL, 318 umol) and copper(Il) acetate monohydrate
(3.18 mg, 15.9 pumol) in MeCN (6 mL). The crude product was purified by column
chromatography (50 — 100% ethyl acetate in hexane) to give the desired product as a dark
brown solid (50.0 mg, 172 umol, 50%).

"H NMR (400 MHz, CDCl5) & 8.22 (s, 1H), 7.68 (s, 1H), 7.58 (dd, J=10.0, 7.1 Hz, 2H), 7.48
— 7.32 (m, 5H), 5.63 (s, 2H) (Exchangeable NH, protons not observed due to exchange in

deuterated solvent).

1-(1-Benzyl-1H-1,2,3-triazol-4-yl)-5,6-dimethoxy- 1 H-benzo[d]imidazole (2.101)
0 N
O
\O N
A
N

N

O

Prepared according to General Procedure C wusing 1-ethynyl-5,6-dimethoxy-1H-
benzo[d]imidazole (80.0 mg, 396 umol), benzyl azide (49.4 uL, 396 umol) and copper(Il)
acetate monohydrate (3.59 mg, 19.8 umol) in MeOH (6.4 mL). The crude product was purified
by column chromatography (50 — 100% ethyl acetate in hexane) to give the desired product as
a white solid (90.0 mg, 268 umol, 68%).

'"H NMR (400 MHz, CDCl;) 6 8.10 (s, 1H), 7.68 (s, 1H), 7.49 — 7.35 (m, 6H), 7.32 (s, 1H),
5.64 (s, 2H), 3.96 (d, J= 2.1 Hz, 6H).

BC NMR (101 MHz, CDCls) & 148.7, 147.8, 134.2, 129.8, 129.7, 128.7, 114.0, 102.5, 95.1,
56.9, 56.7, 55.6.

HRMS (ESI) Ci3sHi7NsO," calculated 336.1455, found 336.1451.

IR Vimax (cm™") 3103 (C-H), 1692 (C=C), 1590 (C=C), 1482 (C=C), 1223 (C-O).
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1-(1-Benzyl-1H-1,2,3-triazol-4-yl)-5, 6-difluoro-1H-benzo[d]imidazole) (2.102)

L
&

N-

o

Prepared according to the General Procedure C using 1-ethynyl-5,6-difluoro-1H-
benzo[d]imidazole (50.1 mg, 281 umol), benzyl azide (35.1 pL, 281 umol) and copper(Il)
acetate monohydrate (2.55 mg, 14.1 pumol) in HFIP/water (2 mL/3 mL). The crude was

AN

purified by column chromatography (80 — 20% ethyl acetate in hexane) to give the desired
product as a white solid (84.0 mg, 269 pmol, 96%).

'"H NMR (400 MHz, CDCI;) 6 8.23 (s, 1H), 7.66 (s, 1H), 7.60 (m, 2H), 7.47 — 7.35 (m, 5H),
5.64 (s, 2H).

BCNMR (101 MHz, CDCl3) & 149.4 (dd, J= 66, 16 Hz), 147.0 (d, /= 147.0, 6, 16 Hz), 141.9,
141.8, 138.5, 138.4, 133.0, 128.9, 127.4 (d, J=119.8 Hz), 113.1, 107.5 (d, J=20.2 Hz), 99.4
(d, J=24.2 Hz), 54.8.

F NMR (471 MHz, CDCls) § -139.15, -139.18 (d, J = 7.7 Hz), -139.20 — -139.24 (m), -
141.78 (ddd, J=20.1, 10.0, 6.9 Hz).

HR-MS (ESI) Ci6H11F2Ns" cale 312.10553, found 312.1052.

IR Vinax (cm™') 3124 (C-H), 3064 (C-H), 1588 (C=C), 1461 (C=C), 1134 (C-F).

1-(1-Benzyl-1H-1,2,3-triazol-4-yl)- 1 H-naphtho[2, 3-d]imidazole (2.103)

-
0

Prepared according to the General Procedure D using 1-ethynyl-1H-naphtho[2,3-d]imidazole

/yzv

N
N

z

(110 mg, 0.572 mmol), benzyl azide (76.1 mg, 0.572 mmol), copper(ll) acetate monohydrate
(5.30 mg, 28.6 pmol) in HFIP/water (4 mL /5 mL). The crude was purified using column
chromatography (20% ethyl acetate in hexane) to give the desired product as a white solid
(111 mg, 341 pmol, 60%).

'"H NMR (500 MHz, CDCl;) 6 8.54 (s, 1H), 8.34 (s, 1H), 8.09 (s, 1H), 8.05 — 8.01 (m, 1H),
7.95(d,J=17.0 Hz, 1H), 7.79 (s, 1H), 7.50 — 7.38 (m, 6H), 5.69 (s, 2H).

BC NMR (126 MHz, CDCls) & 144.6, 143.5, 133.8, 131.2, 129.5, 129.3, 128.7, 128.3, 127.7,
125.2,124.2,118.1, 113.2, 107.3, 55.3.
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HR-MS (ESI) C20H;sNs* calc 326.1400, found 326.1395.
IR Ve (em™") 3115 (C-H), 1597 (C=C), 1510 (C=C), 1210 (C-N).

1-(1-Benzyl-1H-1,2,3-triazol-4-yl)-6,7-dihydro-1H-[1,4]dioxino[2" 3":4,5 ] benzo[1,2-

dJimidazole (2.104)
o N
T
A

N-N

0

Prepared according to the General Procedure D using 1-ethynyl-6,7-dihydro-1H-
[1,4]dioxino[2',3":4,5]benzo[ 1,2-d]imidazole (81.0 mg, 405 pmol), benzyl azide (53.9 mg, 405

o

pumol) and copper(Il) acetate monohydrate (3.67 mg, 20.2 pmol) in HFIP/water (3 mL/4 mL).
The reaction as purified using column chromatography (50 — 100% ethyl acetate in hexane) to
give the desired product as an off-white solid (117 mg, 351 pmol, 87%).

'"H NMR (400 MHz, CDCl5) & 8.15 (s, 1H), 7.68 (s, 1H), 7.38 — 7.26 (m, 5H), 7.23 (s, 1H),
7.08 (s, 1H), 5.55 (s, 2H), 4.20 (s, 4H).

BC NMR (101 MHz, CDCl;) § 143.1, 142.5, 141.5, 141.0, 138.4, 134.2, 129.6, 129.4, 128.5,
113.5, 113.5, 107.7, 98.9, 64.7, 64.4, 55.4.

HR-MS (ESI) Calc CisHisNsO" calc 334.1298, found 334.1294.

IR Vinax (cm ™) 3109 (C-H), 3124 (C-H), 1588 (C=C), 1202 (C-O).

1-(1-Benzyl-1H-1,2,3-triazol-4-yl)-6-methoxy- 1 H-benzo[d]imidazole (2.105)

Prepared according to the General Procedure D wusing 1-ethynyl-6-methoxy-1H-
benzo[d]imidazole (150 mg, 871 umol), benzyl azide (116 mg, 0.871 mmol) and copper(Il)
acetate monohydrate (8.70 mg, 43.6 umol) in HFIP/water (6 mL/ mL). The crude was purified
using flash column chromatography (50 — 100% ethyl acetate/hexane to give the desired
product as a pale yellow solid (170 mg, 556 pmol, 64%).

"H NMR (400 MHz, CDCls) 6 8.18 (s, 1H), 7.76 — 7.59 (m, 2H), 7.47 — 7.30 (m, 5H), 7.23 (s,
1H), 6.95 (d, J= 5.9 Hz, 1H), 5.61 (s, 2H), 3.84 (s, 3H).

119



Developing a Click Chemistry Imaging Platform Using Aromatic Ynamines

Emma Alexander

13C NMR (101 MHz, CDCls) & 157.8, 143.1, 133.9, 129.5, 129.4, 128.3, 121.1, 113.8, 112.5,
95.3,56.1, 55.3.

HR-MS (ESI) C17H;5N50" cale 306.1349 found 306.1345.

IR Vinax (cm ™) 3126 (C-H), 1592 (C=C), 1500 (C=C), 1223 (C-O).

1-(1-Benzyl-1H-1,2,3-triazol-4-yl)-5-methoxy-1H-benzo[d]imidazole (2.106)

/O\C[N\>

0

Prepared according to the General Procedure D using 1-ethynyl-5-methoxy-1H-

X Z

N
N

=z

benzo[d]imidazole (63.8 mg, 371 umol), benzyl azide (49.3 mg, 371 umol) and copper(Il)
acetate monohydrate (3.70 mg, 185 umol) in HFIP/water (2 mL/3 mL). The crude was
purified by flash column chromatography to give the desired product as a pale-yellow solid
(100 mg, 371 pmol, 88%).

"H NMR (400 MHz, DMSO) 5 8.80 (s, 1H), 8.63 (s, 1H), 7.79 (d, J= 8.9 Hz, 1H), 7.47 - 7.35
(m, 5H), 7.32 (d, J= 2.4 Hz, 1H), 7.02 (dd, J= 8.9, 2.3 Hz, 1H), 5.73 (s, 2H), 3.83 (s, 3H).
3C NMR (101 MHz, DMSO) § 156.1, 142.1, 135.5, 128.9, 128.4, 128.1, 115.7, 113.4, 112.2,
102.4, 55.5, 53.8.

HR-MS (ESI) Ci7H;50Ns" calculated 306.1349, found 306.1346.

IR Vi (cm™') 3118 (C-H), 2940 (C-H), 2837 (C-H), 1584 (C=C), 1487 (C=C, 1448 (C=C),
1147 (C-O).

1-Benzyl-4-(4-phenyl-1H-imidazol-1-yl)-1H-1,2,3-triazole (2.108)

O,
T

N

i

Prepared according to the General Procedure C using 1-ethynyl-4-phenyl-1H-imidazole (100
mg, 0.594 mmol), benzyl azide (79.1 mg, 594 umol) and copper(Il) acetate monohydrate (5.93
mg, 29.7 pmol) in MeOH (9.7 mL). The crude material was purified by flash column
chromatography (20 — 50% ethyl acetate in hexane) to give the desired product as an off white
solid (132 mg, 438 umol, 74%).
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'H NMR (500 MHz, CDCls) & 7.99 (d, J = 1.3 Hz, 1H), 7.83 — 7.78 (m, 2H), 7.64 (d, J= 1.3
Hz, 1H), 7.52 (s, 1H), 7.47 — 7.33 (m, 7H), 7.28 (d, J = 7.4 Hz, 1H), 5.58 (s, 2H).

13C NMR (126 MHz, CDCls) & 144.8, 143.6, 134.0, 131.4, 129.6, 129.5, 128.8, 128.4, 127.9,
125.3,124.4, 118.3, 113.3, 107.5, 55.4.

HR-MS (ESI) CisH;sNs* calculated 302.1400, found 302.1398.

IR Vinax (em ™) 3103 (C-H), 3122 (C-H), 1597 (C=C).

1-Benzyl-4-(4-(p-tolyl)-1H-imidazol-1-yl)-1H-1,2,3-triazole (2.109)

T

N

!

Prepared according to the General Procedure D using 1-ethynyl-4-(p-tolyl)-1H-imidazole
(70.0 mg, 384 umol), benzyl azide (51.1 mg, 384 umol), copper(Il) acetate monohydrate (3.49
mg, 19.2 pmol) in HFIP/water (2.5 mL/4 mL). The crude as purified using column
chromatography (50-100% ethyl acetate in hexane to give the desired product as a white solid
(60.0 mg, 190 umol, 50%).

"H NMR (400 MHz, CDCl3)  7.97 (d, J = 1.3 Hz, 1H), 7.77 — 7.63 (m, 2H), 7.59 (d, /= 1.3
Hz, 1H), 7.51 (s, 1H), 7.45 - 7.28 (m, 5H), 7.19 (d, J= 7.8 Hz, 2H), 5.55 (s, 2H), 2.36 (s, 3H).
3BC NMR (101 MHz, CDCl;) § 143.8, 143.3, 137.2, 135.4, 133.8, 130.7, 129.5, 129.4, 128.4,
125.1, 112.7, 112.6, 55.2, 21 4.

HR-MS (ESI) CioH7Ns" calc 316.1557, found 316.1554.

IR Vinax (cm™") 3105 (C-H), 3120 (C-H), 1595 (C=C), 1497 (C=C).

1-Benzyl-4-(4-(4-fluorophenyl)- 1 H-imidazol-1-yl)-1H-1,2,3-triazole (2.110)

N
F— )]
N\[NN

N

i

Prepared according to the General Procedure D using 1-ethynyl-4-(4-fluorophenyl)-1H-
imidazole (40.0 mg, 215 umol) benzyl azide (28.6 mg, 215 umol), copper(Il) acetate
monohydrate (2.14 mg, 21.4 umol) in HFIP/water (2 mL/1 mL). The crude was purified using
flash column chromatography (50 - 100% ethyl acetate in hexane) to give the desired product
as a white solid (60.0 mg, 187 umol, 87%).
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'H NMR (400 MHz, DMSO) 5 8.58 (s, 1H), 8.22 (dd, J=31.9, 1.3 Hz, 2H), 7.93 — 7.82 (m,
2H), 7.49 — 7.32 (m, SH), 7.30 — 7.16 (m, 2H), 5.70 (s, 2H).

1YF NMR (376 MHz, DMSO) & -115.54 (s).

13C NMR (101 MHz, DMSO) § 161.3 (d, J = 244 Hz), 142.73, 140.68, 136.0, 135.4, 130.2 (d,
J=4Hz), 128.9, 128.4, 128.1, 126.4 (d, J= 8 Hz, 2 x CH), 115.4 (d, J = 16 Hz, 2 x CH),
115.1, 113.7, 53.8.

HR-MS (ESI) C1sH,4FNs* calculated 320.1306, found 320.1300.

IR Vi (cm 1) 3111 (C-H), 1595 (C=C), 1500 (C=C), 1219 (C-F).

1-Benzyl-4-(4-(4-methoxyphenyl)-1H-imidazol-1-yl)-1H-1,2,3-triazole (2.111)

\O <:> \:N \7\]
L

N

J

Prepared according to the General Procedure D using 1-ethynyl-4-(4-methoxyphenyl)-1H-
imidazole (70.0 mg, 353 pmol) benzyl azide (47.0 mg, 353 umol), copper(Il) acetate
monohydrate (3.53 mg, 17.7 pmol) in HFIP/water (1.5 mL/2 mL). The crude was purified
using flash column chromatography (50 - 100% ethyl acetate in hexane) to give the desired
product as a white solid (100 mg, 301 umol, 85%).

'"H NMR (400 MHz, CDCl3) 8 7.97 (d, J= 1.4 Hz, 1H), 7.76 — 7.68 (m, 2H), 7.53 (d, J= 1.4
Hz, 1H), 7.51 (s, 1H), 7.38 — 7.30 (m, 2H), 6.96 — 6.90 (m, 2H), 5.56 (s, 2H), 3.82 (s, 3H).
3C NMR (101 MHz, CDCl3) 6 159.2, 143.8, 143.1, 135.4, 133.9, 129.5, 129.4, 128.4, 126.5,
114.2,112.7, 112.0, 55.4, 55.2.

HR-MS (ESI) Ci9H7NsO" calc 332.1493, found 332.1501.

IR Vinax (cm™') 3124 (C-H), 1588 (C=C), 1502 (C=C), 1251 (C-0).

1-Benzyl-4-(4-(4-bromophenyl)-1 H-imidazol-1-yl)-1H-1,2,3-triazole (2.112)

N
Br4< >—<\ \T
N\[NN

N

!

Prepared according to General Procedure C  using 4-(4-bromophenyl)-1-
((triisopropylsilyl)ethynyl)-1H-imidazole (65.0 mg, 260 umol), benzyl azide (45.0 mg,
260 umol), copper(Il) acetate monohydrate (2.70 mg, 13.3 umol) in MeOH (0.60 mL). The
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crude was purified using column chromatography (50% ethyl acetate in petroleum ether) to
give the desired product as an off white solid (57.2 mg, 0.15 mmol, 58%).

'"H NMR (500 MHz, CDCl;) & 7.98 (s, 1H), 7.71 — 7.64 (m, 3H), 7.65 (d, J = 1.2 Hz, 2H),
7.54 —7.48 (m, 3H), 7.47 — 7.32 (m, 5H), 5.59 (s, 2H).

3C NMR (126 MHz, CDCl;) § 143.5, 142.1, 135.6, 133.6, 132.3, 131.8, 129.4, 129.3, 128.3,
126.6,121.1, 113.2, 112.6, 55.2.

HR-MS (ESI) CisH14BrNs" calculated 380.0505, found 380.0508.

IR Vimax (cm ™) 3107 (C-H), 1597 (C=C), 711 (C-Br).

1-Benzyl-4-(4-(4-nitrophenyl)-1H-imidazol- 1-yl)- 1H-1,2, 3-triazole (2.113)

N\
Ly

N

o

Prepared according to the general procedure D wusing 4-(4-nitrophenyl)-1-
((triisopropylsilyl)ethynyl)-1 H-imidazole (100 mg, 0.469 mmol), benzyl azide (62.5 mg, 469
umol) and copper(Il) acetate monohydrate (4.69 mg, 23.5 pmol) in a mixture of HFIP/water
(1.5 mL/2 mL). The crude residue was purified using column chromatography (80 - 100%
ethyl acetate in hexane) to give the desired product 1-benzyl-4-(4-(4-nitrophenyl)-1H-
imidazol-1-yl)-1H-1,2,3-triazole as a light orange solid (82.0 mg, 236 umol, 50%).

"H NMR (400 MHz, DMSO) & 8.62 (s, 1H), 8.52 (d,J= 1.2 Hz, 1H), 8.37 (d,J= 1.2 Hz, 1H),
8.29 — 8.24 (m, 2H), 8.13 — 8.08 (m, 2H), 7.46 — 7.34 (m, 5H), 5.72 (s, 2H).

3BC NMR (101 MHz, DMSO) & 145.8, 142.4, 140.2, 139.5, 137.0, 135.3, 128.9, 128.4, 128.1,
125.2,124.2,117.1, 115.5,53.8.

HR-MS (ESI) Ci3H14N6O," calculated 347.1251, found 347.1248.

IR Vinax (cm™') 3124 (C-H), 1595 (N-0O), 1510 (N-O), 1342 (C-N).

1-Benzyl-4-(4-(4-(trifluoromethyl)phenyl)-  H-imidazol-1-yl)-1H- 1,2, 3-triazole (2.114)

N\
F3;C 4< >—<\ 7\‘ N
Tow

N

!

Prepared according to the General Procedure D using 1-cthynyl-4-(4-
(trifluoromethyl)phenyl)-1H-imidazole (110 mg, 0.466 mmol, 1 equiv), benzyl azide (62.0
mg, 0.466 mmol, copper(Il) acetate monohydrate (4.65 mg, 0.0233 mmol, 0.05 equiv) in
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HFIP/water (4 mL/3 mL). The crude was purified by flash column chromatography
(50 — 100% ethyl acetate in hexane) to give the desired product as a white solid (160 mg, 0.420
mmol, 93%).

'"H NMR (400 MHz, DMSO) 6 8.60 (s, 1H), 8.39 (d, J= 1.3 Hz, 1H), 8.32 (d, /= 1.3 Hz, 1H),
8.09 — 8.03 (m, 2H), 7.75 (d, J= 8.3 Hz, 2H), 7.47 — 7.34 (m, 5H), 5.71 (s, 2H).

F NMR (376 MHz, DMSO) & -60.77.

3C NMR (101 MHz, DMSO) & 142.6, 140.1, 137.6, 136.6, 135.3, 128.9, 128.4, 128.1, 127.0
(q, /J=32.3 Hz),124 (q, J=272.7 Hz) 125.6 (q, /= 4.0 Hz), 125.0, 115.7, 115.4, 53.8.
HR-MS (ESI) CoH14F3Ns" calculated 370.1274, found 347.1267.

IR Viax (cm™) 3175 (C-H), 1611 (C=C), 1114 (C-F).

1-Benzyl-4-(4,5-diphenyl-1H-imidazol-1-yl)-1H-1,2,3-triazole (2.115)

&

N
Prepared according to the General Procedure C using 1-ethynyl-4,5-diphenyl-1H-imidazole
(80.0 mg, 396 umol), benzyl azide (52.7 mg, 198 umol) copper(ll) acetate monohydrate
(3.59mg, 19.8 pumol) in MeOH (4 mL). The crude was purified by flash column
chromatography (50 — 100% ethyl acetate in hexane) to give the desired product as an off-
white solid (90.0 mg, 268 umol, 68%).

'"H NMR (500 MHz, DMSO) 6 8.14 (s, 1H), 8.09 (s, 1H), 7.49 — 7.31 (m, 8H), 7.28 — 7.15 (m,
5H), 7.09 (d, J= 5.1 Hz, 2H), 5.58 (s, 2H).

BC NMR (101 MHz, CDCls) & 141.9, 133.5, 130.8, 129.7, 129.0, 128.9, 128.9, 128.7, 128.7,
128.6, 128.6, 128.1, 128.0, 128.0, 128.0, 127.7, 127.6, 126.6, 115.7, 54.5.

HR-MS (ESI) C24H9Ns" calculated 378.1713, found 378.1708.

IR Vimax (em™) 3120 (C-H), 3057 (C-H), 1580 (C=C).

2.5.5 Single Crystal X-ray Diffraction

All crystallographic measurements were made with monochromatic Cu radiation (A =1.54184
A) using a Rigaku Synergy-i diffractometer. Raw data processing utilised the program
CrysalisPro. All structures were solved using direct methods and were refined against F” to
convergence using all unique reflections and the program Shelxl, as implemented within

WinGX. All non-H atoms were refined anisotropically. H atoms bound to N or to O were
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placed as found and refined isotropically. H atoms bound to C were placed in geometrically
expected positions and refined in riding modes. Selected crystallographic and refinement

parameters are given for each structure obtained below.

2.5.5.1 Compound 2.64

X

Table 2.4. Crystal data and structure refinement for 2.64

Empirical formula C21 H30 N2 Si
Formula weight 338.56

Temperature 100(2) K
Wavelength 1.54184 A

Crystal system Triclinic

Space group P-1

a(A) 16.2916(5)
b (&) 18.6274(7)
¢ (A) 19.3406(4)

a(®) 78.150(3)

B 72.397(2)

Y () 66.057(3)
Volume (A3) 5090.0(3)

z 10
Density (calculated) 1.104 Mg/m?3
Absorption coefficient 1.026 mm'!
F(000) 1840
Crystal size 0.25x0.10 x 0.05 mm?
Theta range for data
collection 3.061 to 69.999°.
Index ranges -19<=h<=19, -22<=k<=22, -
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23<=|<=18

Reflections collected

59735

Independent reflections

19247 [R(int) = 0.0528]

Completeness to theta =

69.999°

99.7%

Absorption correction

Semi-empirical from

equivalents

Max. and min. transmission

1.00000 and 0.63354

Refinement method

Full-matrix least-squares on F?

Data / restraints /

parameters

19247/0/1116

Goodness-of-fit on F?

1.065

Final R indices [I>2sigma(I)]

R1=0.0662, wR2 =0.1989

R indices (all data)

R1=0.1116, wR2 = 0.2365

Extinction coefficient

n/a

Largest diff. peak and hole

0.526 and -0.541 e. A3

2552 Compound 2.68

ﬁ;&:

Table 2.5. Crystal data and structure refinement for 2.68

Empirical formula C20 H27 N3 02 Si
Formula weight 369.53
Temperature 100(2) K
Wavelength 1.54184 A
Crystal system Triclinic
Space group P-1
a (A) 7.6708(2)
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b (A) 14.1055(4)

c(A) 19.4704(5)

o (®) 83.068(2)

BC© 79.665(2)

7 () 80.831(2)
Volume (A3) 2036.82(10)

v/ 4
Density (calculated) 1.205 Mg/m3
Absorption coefficient 1.161 mm-!
F(000) 792

Crystal size

0.22x0.11 x 0.02 mm3

Theta range for data collection

2.317 to 71.532°.

Index ranges

-7<=h<=9, -17<=k<=17,
-23<=]<=23

Reflections collected

21512

Independent reflections

7853 [R(int) = 0.0407]

Completeness to theta = 70.000°

99.7%

Absorption correction

Semi-empirical from

equivalents

Max. and min. transmission

1.00000 and 0.74667

Refinement method

Full-matrix least-squares

on F2
Data / restraints / parameters 7853/0/481
Goodness-of-fit on F2 1.026

Final R indices [I>2sigma(I)]

R1=10.0496, wR2 =

0.1351
R1 =0.0596, wR2 =
R indices (all data)
0.1436
Extinction coefficient n/a

Largest diff. peak and hole

0.525 and -0.351 e.A-3
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2553 Compound 2.69

Table 2.6. Crystal data and structure refinement for 2.69

Empirical formula

C21 H27 F3 N2 Si

F(000)

Formula weight 392.53
Temperature 100(2) K
Wavelength 1.54184 A
Crystal system Triclinic
Space group P-1
a(A) 9.9832(3)
b (A) 11.4277(3)
c(A) 19.5556(5)
a(°) 103.081(2)
B () 99.475(2)
Y () 96.052(2)
Volume (A3) 2119.69(10)
Z 4
Density (calculated) 1.230 Mg/m3
Absorption coefficient 1.267 mm-!
832

Crystal size

0.20 x 0.08 x 0.02 mm3

Theta range for data collection

2.365 to 71.625°.

Index ranges

-12<=h<=12, -
14<=k<=11, -23<=I<=24

Reflections collected

21072
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Independent reflections

8173 [R(int) = 0.0454]

Completeness to theta = 70.000°

99.8%

Absorption correction

Semi-empirical from

equivalents

Max. and min. transmission

1.00000 and 0.74400

Refinement method

Full-matrix least-squares
on F2

Data / restraints / parameters

8173 /18 /511

Goodness-of-fit on F2 1.073
R1=0.0576, wR2 =
Final R indices [I>2sigma(I)]
0.1520
R1=0.0823, wR2 =
R indices (all data)
0.1626
Extinction coefficient n/a

Largest diff. peak and hole

0.554 and -0.369 e.A-3

2554 Compound 2.74

-

Table 2.7. Crystal data and structure refinement for 2.74

Empirical formula C11 H8 N2
Formula weight 168.19
Temperature 100(2) K
Wavelength 1.54184 A
Crystal system Orthorhombic
Space group Pna2,
a (A) 8.4429(2)
b (A) 18.7436(5)
c(d) 5.6123(2)
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a(®) 90
B 90
7 () 90
Volume 888.15(4) A3
V4 4
Density (calculated) 1.258 Mg/m3
Absorption coefficient 0.604 mm-!
F(000) 352
Crystal size 0.20 x 0.04 x 0.02 mm3

Theta range for data collection

4.718 to 71.321°.

Index ranges

-10<=h<=7, -20<=k<=22,
-6<=1<=6

Reflections collected

4252

Independent reflections

1530 [R(int) = 0.0254]

Completeness to theta = 70.000°

100.0%

Absorption correction

Semi-empirical from

equivalents

Max. and min. transmission

1.00000 and 0.69707

Refinement method

Full-matrix least-squares
on F2

Data / restraints / parameters

1530/1/122

Goodness-of-fit on F2

1.074

Final R indices [I>2sigma(I)]

R1=10.0303, wR2 =

0.0746
R1=0.0317, wR2 =
R indices (all data)
0.0753
Absolute structure parameter -0.3(3)
Extinction coefficient n/a

Largest diff. peak and hole

0.106 and -0.172 e.A-3
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Compound 2.76

2.5.55

Table 2.8. Crystal data and structure refinement for 2.76

F(000)

Empirical formula C12HION2 O
Formula weight 198.22
Temperature 100(2) K
Wavelength 1.54184 A
Crystal system Monoclinic
Space group P2i/c
a (A) 8.1268(2)
b (&) 5.67200(10)
c(d) 21.1801(4
a(°) 90
B 96.641
7 () 90
Volume 969.75(3) A3
Z 4
Density (calculated) 1.358 Mg/m3
Absorption coefficient 0.716 mm-!
416

Crystal size

0.15 x 0.04 x 0.02 mm3

Theta range for data collection

4.203 to 71.562°.

Index ranges

-9<=h<=9, -6<=k<=6, -
26<=1<=26

Reflections collected

3139

Independent reflections

3139 [R(int) = 0.0377]

Completeness to theta = 70.000°

100.0%
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Semi-empirical from
Absorption correction _
equivalents
Max. and min. transmission 1.00000 and 0.96351
Full-matrix least-squares
Refinement method
on F2
Data / restraints / parameters 3139/0/150
Goodness-of-fit on F2 1.066
R1=0.0373, wR2 =
Final R indices [I>2sigma(I)]
0.0982
R1=0.0436, wR2 =
R indices (all data)
0.1022
Extinction coefficient n/a
Largest diff. peak and hole 0.169 and -0.279 e.A-3

2.5.5.6 Compound 2.77

Table 2.9. Crystal data and structure refinement for 2.77

Empirical formula C11 H7 F N2
Formula weight 186.19
Temperature 100(2) K
Wavelength 1.54184 A
Crystal system Triclinic
Space group P-1
a (&) 5.7116(2)
b (A) 11.1479(6)
c(A) 13.8116(5)
a(®) 81.770(4)°.
BC) 89.081(3)°.
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Y () 89.954(4)
Volume 870.25(6) A3
Z 4
Density (calculated) 1.421 Mg/m3
Absorption coefficient 0.845 mm-1
F(000) 384

Crystal size

0.18 x 0.10 x 0.04 mm3

Theta range for data

collection

3.233 to 71.436°.

Index ranges

-6<=h<=6, -13<=k<=13, -
16<=I<=16

Reflections collected

7508

Independent reflections

3310 [R(int) = 0.0269]

Completeness to theta =
70.000°

99.5%

Absorption correction

Semi-empirical from

equivalents

Max. and min.

transmission

1.00000 and 0.94986

Refinement method

Full-matrix least-squares on

F2
Data / restraints /
3310/0/261
parameters
Goodness-of-fit on F2 1.023

Final R indices
[I>2sigma(I)]

R1=0.0416, wR2 =0.1090

R indices (all data)

R1=0.0524, wR2=0.1174

Extinction coefficient

n/a

Largest diff. peak and
hole

0.175 and -0.224 ¢.A-3
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2.5.6 HPLC Assay for Metal Free Reactions

2.5.6.1 Procedure for analysis of metal free HPLC reactions
1-ethynyl-5,6-dimethyl-1H-benzo[d]imidazole (2.5) (10.0 mg, 6.0 umol, 1.00 equiv), benzyl
azide (7.00 mg, 60.0 umol, 1.00 equiv) and metal salt (60.0 umol, 1.00 equiv) were stirred in

solvent (1 mL) for 16 — 24 h. 40.0 uL of the reaction mixture was placed into 96 uL of MeOH
and analysed by HPLC.

For reactions containing a chelating agent, reaction was carried out as above but with the

addition of the metal chelating agent (60.0 umol, 1.00 equiv).

2.5.6.2 Instrument, Method and Quantification

HPLC was carried out on a Dionex UltiMate 3000 HPLC.

Column Specifications: Luma Omega 3 um polar C19 100 x 4.6 mm
Column Temperature: 24 °C

Mobile Phase A: 0.1% v/v TFA in water

Mobile Phase B: 0.1% TFA in MeCN

Flow rate: 1.2 mL/min

Example Gradient Profile:

Time (min) B%
0-17 25-45
1718 45-95
18-21 95-95
21-22 95-25
22-26 25

To determine the conversion, the peak area of the product was divided by the peak area of the

starting material.

2.5.7 NMR Analysis of Metal Free Reactions

1-ethynyl-5,6-dimethyl-1H-benzo|[d]imidazole (2.5) (10.0 mg, 60.0 umol, 1.00 equiv), benzyl
azide (7.00 mg, 60.0 umol, 1.00 equiv) and metal salt (60.0 umol, 1.00 equiv) were stirred in
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solvent (1 mL) for 16 — 24 h. DCM (4 mL) and water (4 mL) were added to the reaction vial
and shaken vigorously. The organic layer was extracted and solvent removed by an air stream.
The residue was dissolved in CDCl; (500 uL) for 'H NMR analysis.

NMR traces were analysed by MestReNova.
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Chapter 3
Exploration of the Molecular

Determinants of Ynamine Reactivity in

(3+2) Cycloaddition Reactions
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3.1 Introduction

3.1.1 Terminal Alkyne Reactivity in CuAAC

Despite the efforts made to unravel the mechanistic insights of the CuAAC, there has not been
many studies focusing on the reactivity of terminal alkynes in this type of reactions. Kislukhin
et al. investigated the differences the performance of common non-Micheal reactive alkyne
building blocks, such as propiolamides, propargyl derivatives and longer chain alkynes and
aromatic alkynes.** The results showed that moderate changes in the electronic nature of the
alkyne do not have a dramatic effect on the CuAAC rate when good accelerating ligands are
used. Exemplar substrates which showed good reactivity are given in Figure 3.1A. The most
comprehensive study was carried out by Zhang et al. where it was hypothesised that the acidity
of the C-H terminal alkyne could be related to the reactivity of the alkyne in CuAAC
reactions.'®® Considering the mechanistic insights indicating that the deprotonation of alkyne
to form copper(l) acetylide is the turnover-limiting step in CuAAC reactions, an electron-
withdrawing group that lowers the pK, value of the Csp-H bond should augment the reactivity
of the alkyne 25243186 The tested alkynes were divided in three groups: electron-withdrawing
group-bearing alkynes (3.4 — 3.8), alkynes with potentially copper-binding moieties (3.11 —
3.12) and control alkynes that contain none of those features (3.9 and 3.10) (Figure 3.1B).
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Figure 3.1. A selection of the alkynes tested in literature. A) Alkynes tested in work by Kislukhin et al.*; B)
Alkynes tested in work by Zhang et al. %
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This study confirmed that C-H acidic terminal alkynes exhibit relatively high reactivity in
CuAAC reactions.'®® Additionally, it was observed that alkynes that are precursors of CUAAC-
accelerating poly(triazolylmethyl) ligands (3.11 and 3.12) demonstrated enhanced reactivity
despite their low acidity. Alkyne deprotonation and azide binding to copper were identified as
the slow steps in the CUAAC pathway, significantly influencing the overall reaction rate. !’
Consequently, it is understandable that acidic alkynes and chelating azides such as 2-picolyl

azide have high reactivity in CuAAC reactions.'®’

3.1.2 Mechanistic Studies on Dimethylbenzimidazole Ynamine Reactivity

In the case of the benzimidazole ynamine (3.13), which has been found to have enhanced
reactivity in the CuAAC, the interaction between copper and the benzimidazole through N3
lowers the acetylinic pKa, resulting in rapid Cu-acetylide formation.'®* The final key factor to
consider is the reactivity of the ynamine in the homocoupling Glaser-Hay, crucial to generate
Cu(l) for the CuAAC to proceed. Both Cu-catalysed reactions work in concert to produce the
final 1,4-triazole products.

Previous work in the group analysed the mechanistic origin of rate-independent
chemoselectivity in CuAAC reactions of the dimethylbenzimidazole ynamine (3.13).!%}
Kinetic investigations revealed a shift in the RDS of the reaction from Cu-acetylide formation
to azide ligation, attributed to a rapid Lewis acid-assisted acetylide formation step. The unusual
reactivity of ynamines was the origin of its chemo-selectivity in the CuAAC reaction over a
range of alkynes, even in the presence of alkyne substrates that individually exhibited faster
overall rates. However, these studies did not clarify the role of the Cu(OAc),, or the potential
in situ generation of Cu(l) via a Glaser-Hay coupling forming a diyne as a side product.
Concurrent mechanistic studies were conducted within the group simultaneously with the
progress of this thesis and were the basis of the reactivity studies described in this chapter.'8?
The key finding highlighted how the interplay of two reactions, the Glaser-Hay alkyne
coupling and CuAAC, is mediated by the choice of Cu catalyst and the alkyne substrate (Figure
3.2). The initiation of the reaction occurs through the Glaser-Hay alkyne reaction to form the
Cu(]I) species (Figure 3.2A). This happens through the coordination of the Cu(OAc), to the N3
of the benzimidazole, forming complex 3.14. This homocoupling produces diyne 3.15 and a
Cu(I) complex (assumed to be 3.17). Complex 3.18 is formed as a result of the coordination
of Cu(OAc); and this forms a binuclear Cu-acetylide species. The azide ligation of 3.19 is
followed by protodemetallation of the Cu-triazole. A final protonation occurs, which may

occur via the dissociated acetic acid or by a build-up of 3.19 as triazole 3.20 forms.
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During the reaction, the benzimidazole is believed to play several key roles: assisting in C-H
activation, Cu-coordination, and the formation of a post-reaction resting state Cu complex. It

is therefore important that the benzimidazole is optimised for the reaction.
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Resting state: Allows both CUAAC and Glaser formation
Figure 3.2. The revised mechanism for the aromatic ynamine CuAAC. A) The reaction initiation showing

Glaser-Hay formation (3.15), the generation of Cu(I) and a possible Cu(I) catalyst structure; B) The CuAAC

mechanism showing catalysis and the Cu oxidation resting state (3.21)
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Hydrogen Deuterium Exchange (HDE) NMR experiments with different Cu sources in
acetonitrile showed how the exchange was promoted predominantly by the acetate ligand.
Additionally, the presence of the N3 in the benzimidazole was crucial for the HDE and the
initiation of the CuAAC. Further NMR experiments and crystallographic work established that
the N3 coordinates Cu(Il) at the apical position of the paddlewheel (Figure 3.3). The ability of
the N3 to act as Cu(I) and Cu(II) ligand opened the possibility of exploring how the variation
in substitution on the benzene ring of the benzimidazole would affect the coordination event

and therefore the kinetics of the reaction.

TIPS

3.22

Figure 3.3. Asymmetric unit cell of Cu(II) complexation via N3 of the TIPS-protected ynamines using
Cu(OAc)a.

Taken collectively all these mechanistic findings, changes in the alkyne substrates could
influence multiple factors in the reaction kinetics and mechanistic pathway. Different electron
donating or electron withdrawing groups would affect the following factors:

- Ability of the ynamine to initially coordinate to Cu(Il) via N3.

- pK. of the ynamine alkyne.

- Changes in HOMO and LUMO alkyne orbitals.

- Glaser-Hay product rate formation.

- Ability of the ynamine to coordinate to Cu(Il)/Cu(I) species during reaction.

- Shift of the RDS depending on the substrate and/or solvent.

- Change in the kinetics of the protodemetallation step.

- Coordination of the triazole to Cu(I) and/or Cu(Il).

3.1.3 Choice of Ynamines for the Reactivity Studies

In the previous chapter, a wide range of aromatic alkynes were synthesised. Following the
results obtained for the ynamine 3.13 given above, a broader scope of ynamines will be
investigated. The ynamines that will be probed in more detail in this chapter are given in Figure
3.4. For the benzimidazole series, ynamines 3.24 and 3.25 were chosen due to their differing

electronic properties (EDG vs. EWG). Ynamines 3.26 and 3.27 were chosen to explore the
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differences in the substitution properties on the ynamine, with the methoxy group chosen as
the substituent to explore this with. The effect of conjugation of the ynamine properties was
explored using ynamines 3.30 and 3.31.

For the palette of imidazole ynamines, a wider range of functional groups were chosen.
Imidazoles 3.34, 3.35 and 3.37 were selected due to similar groups with the benzimidazole
ynamines tested. Imidazole 3.33 allowed the exploration of the reaction without the electronic
effects of any substituents. To broaden the range of groups tested, imidazoles 3.39, 3.38 and
3.36 were used. Imidazole 3.40 was used to begin an initial study into the effect of sterics on
the reaction, by the introduction of the second phenyl group.

The large skewing of the substituents chosen towards EWGs for both benzimidazoles and
imidazoles follows on from the results by Zhang et al. previously discussed.'® It was assumed

that the EWGs would help to increase the acidity of the alkyne.
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Figure 3.4. Selected ynamines for reactivity analysis. A) Benzimidazole ynamines; B) Imidazole ynamines.
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3.2 Aims of Chapter 3

The aims of this chapter are to:
(i) probe the reactivity of the ynamine alkyne using HDE exchange.
(i1) investigate any differences between benzimidazoles and imidazole ynamines in the
reactivity of CuAAC reactions

(iii) investigate how the differences between solvents can affect the CuAAC reaction
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3.3 Results & Discussion

3.3.1 Ynamine Hydrogen-Deuterium Exchange (HDE) experiments

In the parallel mechanistic study carried out in the group it was postulated that an interaction
between copper and the benzimidazole through the N3 lowers the acetylenic pK,, resulting in
a rapid acetylide formation.'®® The hypothesis is that the base catalysed HDE rate constant
Kup increases in the presence of Cu(OAc); (Scheme 3.1A).

A
XN _n A N _n N N\ R—! \
R = N\> Khp, R N> R N> o N>
\ \ \ \
323 H 341 Mo 342 M0 3.43 H-o
B D b D
KCu-CaI “
Cu Cu cu su
= N N N
NN T RIS 2D
R7 = N> (—) KHD,Cu-cat Z N Z N N
+ D — —_— —_—
\\ \\ \\\; \x H\O\
Hig™ H\O D
H \ \
3.44 3.45 b 3.46 D 3.47

Scheme 3.1. A) Proposed base catalysed mechanism for the HDE of the benzimidazole ynamines. B) Proposed

mechanism for the HDE of the benzimidazole ynamines in the presence of Cu.

As is shown, the mechanism is the same using Cu (Scheme 3.1B), however, owing to the
presence of the Cu, the energy barrier (Kup) will be different. The Cu chelates to the N3 of the
benzimidazole core, altering the electron density of the alkyne, allowing the O'D to bond to
the alkyne proton to form a HDO molecule, and this results on the negative charge being on
the alkyne. This is based on the base-catalysed HDE process given by Bi et al.'®

It is also mentioned in this paper that hydrogen bond formation may slow down the HDE. This
could be affecting the HDE of the ynamines as the crystal structures obtained show H-bonding

within the structure and at the alkyne proton.

The introduction of substituents on the benzimidazole or imidazole could also influence the
acetylenic proton acidity, having an impact on the general ynamine reactivity. Therefore, HDE
of the terminal alkyne proton of the selected ynamines was investigated in a mixture of

CD;CN : D20 (9 : 1) as function of a 5 mol% Cu(OAc)..

143



Developing a Click Chemistry Imaging Platform Using Aromatic Ynamines
Emma Alexander

3.3.1.1 Benzimidazole Ynamines HDE

The HDE of the benzimidazole ynamines was investigated first. Ynamines 3.24 — 3.28, 3.30
and 3.31 were dissolved in CD3CN and a solution of Cu(OAc); in D>O was added to reach a
final copper concentration of 5 mol% and a solvent ration of CD3;CN : D>O (9 : 1). The sample
was immediately placed in the NMR for spectrum acquisition and the formation of the
deuterated products monitored by "H-NMR (Figure 3.5). Ynamine 3.29 was insoluble in the

solvent system and no HDE was attempted.
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Figure 3.5. Time course of HDE of benzimidazole ynamines with varying substituents in 9 : 1 CD3CN : D20
with 5 mol% Cu(OAc).

As can be seen in Figure 3.5, the majority of ynamines plateaued at 75 min, apart from ynamine
3.25. The fastest HDE observed was with 3.24, forming 90% 3.24-D after 30 min.
Interestingly, the slowest HDE was 3.25 which was complete after 90 min. Differences
between different substrates are not very pronounced, but are present, and electron

withdrawing groups (EWG) (3.25) generally slowed down the HDE while electron donating
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groups (EDG’s), such as 3.24, accelerated the process. Also observed were the differences
between the two isomers of the OMe ynamine, 3.26 and 3.27. Faster HDE was observed for
3.26, with the methoxy group at position 7, than for 3.27 with substitution in position 6. As
shown in Scheme 3.1, it is hypothesised that the Cu binding to the N3 of the benzimidazole
will alter the electron density, but also the functional groups present will affect the alkyne,

changing the Kup cu-cat Observed.

Control HDE experiments were carried out on the ynamines without the presence of the Cu
catalyst (Figure 3.6).
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Figure 3.6. Time course of HDE of benzimidazole ynamines with varying substituents in 9 : 1 CD3CN : D20
without 5 mol% Cu(OAc)a.

The majority of ynamines tested have slow HDE when there is no copper catalyst present.
However, the main exception to this is ynamine 3.25, which reaches an exchange plateau after
approx. 45 min. Surprisingly, this is quicker than the reaction with 5 mol% Cu(OAc). This
experiment was repeated to investigate whether it was an experimental error or an issue with

the batch of ynamine synthesised, however, the results remained consistent. These results
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suggest that the EWG is increasing the alkyne acidity. There are no changes in the other proton
signals (such as line broadening/peak shifts). This may be due to the electron withdrawing
nature of the fluorine atoms, as no other ynamines with strong electron withdrawing natures
were tested. Additionally, potential bonding was observed between the molecules in the
structure on the crystal structure (Figure 3.7B). The unusual contacts between different parts
of the molecule suggests that the presence of the two fluorine atoms in 3.25 could be changing

the electron density, affecting the acidity of the alkyne.

3.25

Figure 3.7. A) Single crystal structure of 3.25; B) Shortest contacts in the crystal structure.

Other ynamines, such as 3.27 and 3.28 show a slight increase in the HDE as the reaction
progresses, however, this is not as pronounced. 3.27 is the second slowest in the HDE with
Cu. In the absence of Cu there is a reverse trend, suggestive of copper binding activating the
alkyne more than the intrinsic electronics of the molecule. Again, there is a difference observed
with the two isomers 3.26 and 3.27. This time the opposite effect, with 3.27 giving higher rates
of exchange.

A hypothesis for the unexpected trends in reactivity of the benzimidazoles in the HDE and the
controls could be due to differential copper binding of the functionalised ynamines, with
electron-rich ynamines (such as OMe) rendering the N3 more electron-rich, resulting in better
binding to Cu, which in turn could result in a stronger activation of the acetylene proton upon
binding. It has been shown that EWG increase the alkyne acidity, as shown with ynamine 3.25,
and that EDG can increase the Cu binding.
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It was also postulated that the pK, of the molecule might play into the differences observed in
the HDE. The pK, values for the benzimidazoles were calculated using Marvin Sketch
software (Table 3.1). In previous work, the pK, of the ynamine 3.13 proton in MeCN has been
determined as 27.9, higher than the estimated values given in this table.'®® If the pK, values
were to be determined experimentally, the alkyne proton pK, could be obtained by NMR
titration, and the N3 by a separate method in which the ynamine is dissolved in several aqueous
buffer solutions at varying pHs, allowing the determination of a UV spectra as a result of pH.'?
As can be seen, there is a small difference in the pK, values of the alkyne H, however, this

does not correlate to the trends observed in the HDE. There is a larger difference in the pK,

values of the N3, however, this also does not correlate with the reactivity.

Table 3.1. pKa values calculated by Marvin Sketch. N3 and alkyne H are highlighted in purple.

Ynamine Functional Group | N3 pK. A“;,)il(l: H
3.13 DiMe 5.10 23.89
3.24 DiOMe 5.27 23.90
3.25 DiF 4.69 23.88
3.26 H, OMe 4.75 23.89
3.27 OMe, H 4.92 23.87
3.28 H, NH, 5.22 23.93
3.29 NH», H 5.97 23.88
3.30 ArAr 4.35 23.87
3.31 ArOCH; 5.24 23.90

When performing the HDE experiments, there was evolution of the NMR signals for all the
ynamine substrates after the addition of Cu(OAc),. The benzimidazole peaks exhibit a
broadening and a shift in ppm when Cu(Il) was added that gradually reversed as the HDE
progressed. As exemplified in the spectra of the HDE of ynamine 3.24 shown in Figure 3.8,
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there is a difference in the appearance of the peaks in the NMR spectra if Cu(Il) is present.
The red spectra, showing the control sample with no Cu(OAc),, has sharp peaks. Upon
addition of Cu(OAc), (green spectra), these peaks are broadened and shift downfield, with
aromatic protons being more affected than the methoxy protons. The benzimidazole proton is
particularly affected (8.00 ppm in the control sample). However, after exchange is complete,
the peaks shifted back to their original positions and remain sharp.
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Figure 3.8. Stacked NMR spectra of the ynamine 3.24 undergoing HDE. The red line is the control sample of 3.24
without Cu(OAc)2, the green line is the first spectra obtained immediately after addition of the Cu(OAc)2 and the
blue line is the last spectra obtained (3.5 hr).

Cu(Il) is paramagnetic which can affect both the chemical shift and the relaxation time of the
protons, causing line broadening and shifting of the signals. This effect correlates with the
observation of the benzimidazole signals broadening immediately after the addition of
Cu(OAc),. The fact that over time the NMR signals shift back to their initial positions and the
sharp signals are restored could indicate that Cu(Il) is being reduced to Cu(I) during the HDE
(possible by diyne formation). This is supported by the published research into ynamine 3.13

which behaves in a similar manner, and further experimental analysis showed that diyne

148



Developing a Click Chemistry Imaging Platform Using Aromatic Ynamines
Emma Alexander

formation is involved.'®® This hypothesis is also supported by the colour change of the solution,
from light blue to light yellow indicating a change in the oxidation state of copper ions (Figure
3.9).

Post reaction
solution

Immediately after
addition of Cu(OAc),

Figure 3.9. Picture showing colour change from immediately after the addition of 5 mol% Cu(OAc)z in D20 to a

solution of ynamine 3.24 in MeCN (blue) to the colour of the reaction after completion (yellow).

3.3.1.2 Imidazole Ynamines HDE

The HDE NMR was performed in the same conditions with the imidazole ynamines 3.34-3.40
(Figure 3.10). Most of the imidazole ynamine substrates plateaued by 3.5 h, except for the
3.39, containing the nitro substituent, which did not exchange fully in the time monitored. The

fastest imidazole to exchange is 3.33, which has no substituents present on the para position.
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Figure 3.10. Time course of HDE of imidazole ynamines with varying substituents in 9 : 1 CD3CN : D20 with 5
mol% Cu(OAc)a.

When compared to the benzimidazole ynamines there are two main differences: the exchange
time and the shape of the curve.

The length of time that it takes to reach the exchange plateau differs for the benzimidazoles
and the imidazoles. Most benzimidazoles fully exchange within the first 90 min, however,
most imidazoles require twice that amount of time.

The second difference is in the shape of the exchange curve. The observed HDE of imidazole
mainly results in a sigmoidal curve with an initial induction period. This change could be
indicative of a change in the mechanism of the HDE, potentially due to low initial formation
of an imidazole Cu(Il) complex or the slower rate of the Glaser formation and therefore,
production of Cu(I). The exchange could be then accelerated by the presence of Cu(l), which

might be a better binder of imidazole.

Control experiments without copper were also carried out for the imidazoles (Figure 3.11).
Unlike the benzimidazole ynamines, there is not a substrate that has a high exchange without
Cu present. Only the imidazole 3.37 with the methoxy group, exhibited a small amount of

HDE, as was observed for the benzimidazoles.
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Figure 3.11. Time course of HDE of imidazole ynamines with varying substituents in 9 : 1 CD3CN : D20 without
5 mol% Cu(OAc)>.

As with the benzimidazoles, a hypothesis was that the pK. of the alkyne proton was affecting
the exchange. The values for the imidazoles were determined using MarvinSketch. As shown
in Table 3.2, the calculated pK, values for the imidazole are not influenced significantly by
the ring substituent. This contrasts with the benzimidazoles. This difference can be rationalised
due to the conjugation within the systems: for the imidazoles, the phenyl ring is not in
conjugation with the imidazole ring, causing the substituents to affect the electronics of the

molecule less.
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Table 3.2. pKa values as determined by MarvinSketch software. N3 and alkyne H are highlighted in purple.

Ynamine Functional Group | N3 | \jevne H
No sub — hydrogen Hydrogen 4.57 23.98
Methyl CHs 4.57 23.98
Methoxy OMe 4.57 23.98
Fluoro F 4.57 23.98
Bromo Br 4.57 23.98
Nitro NO» 4.56 23.98
Trifluoro methyl CF; 4.57 23.98
Biphenyl Ar 4.39 23.92

The effects of the Cu(OAc), on the NMR peak shape is different for the imidazoles in
comparison to the benzimidazoles. As is shown in Figure 3.12 for imidazole 3.37, the initial
peaks pre Cu(OAc), addition are well resolved. Upon addition of the catalyst (TO), a
broadening is observed without the change in ppm as observed in the benzimidazoles. After
reaction completion, the peaks are more resolved, however, they have not reverted to their
original sharpness. As shown in the spectra, the peaks remain at their broadest from 15 min,
with a small increase in resolution becoming visible at 1 h 15 min, slowly increasing until the
final spectra recorded at 3.5 h. The broad peak shapes at 15 - 38 min indicate that there is
complex formation between the imidazole and the Cu, which corresponds to the start of the
HDE exchange. This is significantly slower compared to benzimidazoles, which experiences
peak broadening immediately after copper addition. These differences are indicative of the
Cu(OAc); having a different effect on the benzimidazole ynamine than the imidazole ynamine,
possibly that there is slow initial copper complexation. The chelation effect of the copper to
N3 may differ depending on the heterocycle, especially if there are changes in pK. between
them.'! The difference in the peak resolution after the reaction has finished could indicate the
Cu remains bound in greater proportions imidazole substrates causing the protons to remain

slightly broader than their benzimidazole counterparts.
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Figure 3.12. Stacked 'H NMR spectra of the methoxy imidazole ynamine undergoing HDE. The red line is the
control sample without Cu(OAc)2, with other lines showing how the broadening changes at selected times during

the reaction, from the initial addition of Cu(OAc)2 to the final spectra obtained.

When the broadening in Figure 3.12 is compared to the progress of the HDE for 3.37, there
are similarities. As observed in Figure 3.10, the ynamine undergoes a slower induction/lag
phase between 0 and 50 min, when the lines are at their broadest, before the sigmoidal slope
increases in gradient, overlapping with the period in which the peak resolution starts to slowly
reappear. This suggest that the slow complex formation is hindering the HDE, and potentially,

once a critical point is reached the HDE speed increases.

To investigate the effect of the Cu oxidation state, a control experiment was undertaken using
methyl imidazole 3.34 and CuOAc as the Cu(I) catalyst under identical conditions as used for
Cu(OAc),. For comparison, experiments with and without Cu(OAc), were added to Figure
3.13. Despite the initially higher rate of exchange, the reaction with CuOAc does not reach

full conversion — unlike when Cu(OAc); is used as a catalyst. This could be because there is
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faster initial binding of the Cu(I) to the N3, however, this is less activating than the Cu(Il)

resulting in less of the deuterated product formed.

N Cu(OAC)y (5 mol%) Ns,
% H\jN D % H\ N
\ CD4CN:D,0 (9:1) \

H D
3.34 3.34-D

Different Copper Sources for Conversion of Ynamine 3.34
100 4 to Deuterated Ynamine 3.34-D

804 No Copper

——— Copper (Il) Acetate’
Copper (I) Acetate

Conversion to Deuterated Product (%)

Time (h)

Figure 3.13. HDE of Imidazole 3.34 with 5 mol% Cu(OAc)z, 5 mol% CuOAc and without copper catalyst.

33.1.3 Diyne Formation During HDE

Alongside the broadening of the peaks, the formation of additional, smaller peaks were also
observed on the NMR spectra. These were identified as the formation of the Glaser-Hay
coupling product. Typically, diyne (3.51) is formed using a Cu(I) source from alkyne (3.50),
however, there is literature precedent for the formation of the diyne product using Cu(OAc)
(Scheme 3.2A).'%? In the HDE experiments, Cu(1l) is initially present (Scheme 3.2B), and in

the parallel work ongoing within the group, it was confirmed that this was forming the diyne. '
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Scheme 3.2. The formation of diyne in the HDE. A) Formation of diyne 3.51 using Glaser-Eglinton conditions. B)
Conditions that diyne 3.52 is formed in in the HDE experiments.

Diyne formation in this reaction suggests that the Cu(Il) is being reduced to Cu(I). The diyne
peaks are small peaks (observed in the red spectra) next to the parent ynamine peak. An

example of the diyne formation for ynamine 3.27 is given (Figure 3.14).
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Figure 3.14. "H NMR spectra of formation of the diyne 3.53 during the HDE. Diyne peaks are observed in red.
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As can be seen in Figure 3.14, the small peaks observed at 8.53, 8.33 and 8.17 ppm indicate
formation of the Glaser-Hay product under HDE conditions. The integration gives a ratio of
0.05:1 consistent with the 5mol% catalytic loading of Cu(Il) added to the reaction and is
observed for all benzimidazoles. However, the diyne product formed in the case of the
imidazoles varies: several substrates demonstrate a small amount of the diyne forming (such
as 3.37), however, for the remaining substrates no diyne side product is observed (Figure 3.15

and Table 3.3).
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Figure 3.15. A) '"H NMR spectra showing formation of diyne for 3.37; B) 'H NMR spectra showing no diyne

formation for 3.38.
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Table 3.3. Diyne Integration on final NMR spectra of HDE

Ynamine Fug(r:(t)i;);lal Diyne integration

3.37 Methoxy 0.04

3.36 Bromo 0.03

3.38 -CF; None observed
3.34 Me 0.03

3.35 F 0.04%*

3.33 H 0.02

3.39 -NO; None observed
3.40 Biphenyl None observed

*relative to the aromatic protons

**overlaps with the main peak

This could lead to several hypotheses including that the Cu(Il) is not being reduced to Cu(I),
or, alternatively, the amount of Cu(l) is small. Despite no diyne being observed, line
broadening then sharpening still occurs, suggesting that the formation is happening, just at
lower levels that cannot be detected. Additionally, no diyne formation was observed on the
spectra when CuOAc was used. A hypothesis of this is that the imidazole is interfering with
the formation of the Cu paddlewheel (3.14) which is needed for the formation of the diyne.
The imidazole substrate could be more intrinsically activated for the CuAAC, and therefore
lower amounts of Cu(I) are required to initiate the reaction, resulting in less detectable diyne
formation. This may be substrate dependent, as shown by the varying levels for each ynamine.
The change in curve shape for the imidazoles is also suggestive of a difference in the oxidation

state of the Cu(]).

3314 HDE Conclusions

In conclusion, monitoring the alkyne HDE of the benzimidazoles and imidazoles gave an
insight into a potential difference in reactivity between the two heterocyclic series and between
the substrates in both.

Substituents on the benzimidazole ring influenced the HDE, with EDGs increasing the rate of
HDE and EWG reducing the rate. Difluoro ynamine 3.25 exemplified that copper binding

overrules intrinsic electronic properties and leads to a stronger activation of the alkyne proton.
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For imidazoles, the HDE displayed a sigmoidal curve, with an observable induction period.
The HDE for methylimidazole 3.34 with CuAOc was slower than with Cu(OAc)s..

This points to a difference in how benzimidazoles and imidazoles interact with Cu(OAc),. For
the benzimidazole series, the rapid line broadening followed by line sharpening suggests rapid
binding to Cu(OAc); followed by reduction of Cu(Il) to Cu(l) by Glaser-Hay coupling. For
imidazoles, the lack of line broadening, the observed induction period and the lack of Glaser

formation suggest a slower interaction with Cu(Il).

3.3.2 Influence of Ynamine Substituents on CuAAC Reactivity with Benzyl Azide

To further explore the impact of substituents on ynamine reactivity and potentially establish a
correlation between the alkyne reactivity and HDE, HPLC analysis was employed to monitor
the CuAAC reaction of both benzimidazoles and imidazoles. HPLC was chosen over NMR
due to its enhanced sensitivity and low limit of detection, facilitating the detection of side
products generated during the reaction (e.g. Glaser-Hay side product). Additionally, HPLC
enabled the collection of timepoints to be at shorter time intervals expediting the monitoring
of the reaction initiation. These quick measurements would not have been possible via NMR,

as exemplified by a test reaction using ynamine 3.24 (Experimental Figure 3.33).

During previous work within the group, a HPLC procedure for monitoring the CuAAC
reaction has been established. The procedure for this involved carrying out the reaction in
small vials using 500 puL of 62 mM reactant solution and taking 10 pL aliquots at consistent
timed intervals. These aliquots were then quenched with an EDTA solution that had been
optimised for Cu quenching ability. 610 ul of quench solution were used to dilute the aliquot

to an appropriate concentration for the HPLC detection.

An internal standard (IS) was used in the reaction to minimise any errors. 1,3,5-Trimethoxy
benzene had previously been chosen as in tests it had not interfered in the CuAAC reaction
and tended to have a retention time that did not overlap with any of the starting materials or
products. Calibration curves were also made to allow the ynamine and triazole in the reaction
to be converted to concentration. Calibration curves can be found in the Experimental Figure

3.35.
Parallel mechanistic work carried out within the group focused on the reactivity of the

dimethyl ynamine 3.13.'®® That study showed different ynamine reactivity as function of

solvent, copper loading and water content. An interesting finding was the solvent effect on the
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ynamine reactivity (Figure 3.16). The CuAAC reaction was performed using 5 mol%
Cu(OAc), in MeCN, (polar aprotic solvent), IPA, methanol (polar protic solvents) and HFIP,
a polar strong hydrogen bond donating solvent. IPA showed a dramatic increase of the reaction
rate for the dimethyl ynamine click relative to performing the reaction in methanol or
acetonitrile. No triazole product 3.56 was observed when HFIP was used as the corresponding
solvent (Figure 3.16A). Surprisingly, when the reaction was performed in a mixture of HFIP
with 40% water the ynamine CuAAC reaction reached full conversion to 3.56 within 2 h. The
reaction was in this case quicker than when using IPA with 40% water (Figure 3.16B). Another
interesting fact found with the dimethyl ynamine when using HFIP was that no side products

were observed.
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Figure 3.16. A) Formation of 3.56 in the presence MeCN, MeOH, IPA and HFIP; B) Formation of 3.56 in the
presence of IPA/H20 (60/40) and HFIP/H20 (60/40). Work in this figure performed by Roderick Bunschoten.

HFIP has recently gained attention in organic synthesis due its potential to transfer protons,
stabilise ionic species or other intermolecular interactions.!®> HFIP is often superior to other
alternative solvents however the underlying reasons for that are still unclear. Its slight acidity
(with a pK, of 9.3) primarily enhances its role as a hydrogen bond donor within the solvent,

particularly when bolstered by larger molecular assemblies that effectively boost the solvent's
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capacity for forming hydrogen bonds. However, the addition of water decreases those
hydrogen bonding networks with itself and competes with it. The HFIP/water mixtures play a
key role in solvolytic studies and are known to change mechanism pathways depending on the

percentage mixture.'*

Based on these findings, time courses of all the new ynamine substrates in the three solvent
systems (MeCN, IPA, HFIP:H,O (60:40, by volume) were carried out using 5 mol%
Cu(OAc)s.

3.3.2.1 Influence of Solvent and Substituent on CuAAC reactivity of
Benzimidazole Ynamines

The reactivity of the benzimidazole ynamines (3.24-3.31) was tested using MeCN, IPA and

HFIP/water (40/60) with 5 mol% Cu(OAc),. Good solubility was observed for both the

ynamines and the triazole products. The results are given in Figure 3.17 for monitoring triazole

formation (Graphs for ynamine depletion are given in Experimental Figure 3.39).
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Figure 3.17. Triazole formation and ynamine depletion of the CuAAC reaction of benzimidazole ynamines using
5 mol% Cu(OAc): in varying solvents. A) Triazole formation in MeCN; B) Triazole formation in IPA; C) Triazole

formation in HFIP/water; D) Ynamine depletion in HFIP/water

As is shown in Figure 3.17A, the CuAAC reaction kinetics in MeCN for each ynamine is very

different, with all of them reaching significant conversions after 2 h. In accordance with the
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HDE data, the dimethoxy ynamine 3.24 is the fastest, reaching completion between 15 and 20
min. Contrary to what was observed by Zhu et al.'®> with a different range of alkynes there are
not significant induction periods. The dioxino ynamine (3.24) reached full conversion within
1 h followed by one of the methoxy isomers (3.27). The difluoro ynamine (3.25) is one of the
slowest only reaching full conversion after 1 h and 45 min, and the slowest napthoimidazole
(3.30) does not reach completion within the monitoring time of 5 h. One interesting
observation is the difference in the reactivity of both methoxy regioisomers (3.26 and 3.27) in
the varying solvents. Isomer 3.27 was fastest in MeCN, however, was the slowest isomer in
IPA. This suggests that the electronic effects of the OMe in positions 6 and 7 are having
different effects on the reactivity in the CuAAC. The rate of the reaction in MeCN was tested
for the two isomers containing amino functional groups (3.28 and 3.29) and the rates were
very similar (Experimental Figure 3.36), suggesting that the unique reactivity of the OMe

group is the cause of this disparity.

Unexpectedly, the kinetics of CuAAC for benzimidazole ynamines underwent a shift when
transitioning to a protic solvent such as IPA (pK, 17.1) (Figure 3.17B). Notably, the dimethoxy
ynamine 3.24 exhibited a slight deceleration, now completing in approximately 45 min.
Furthermore, the two OMe isomers exchanged positions, with isomer 1 3.26 displaying the
fastest reaction rate. In general, all the ynamines with electron donating substituents (3.24,
3.26, 3.27, 3.31) reached full conversion in 1 h. The difference in reactivity of this substrates
is much pronounced in acetonitrile than in IPA, potentially indicating a switch in the RDS of
the CuAAC. However, the most significant difference was observed with the difluoro ynamine

3.25, which proved to be the slowest, reaching full conversion only after 3 hours.

Switching the reaction solvent to HFIP/water (40%/60%) resulted in a change in the reactivity
profile. When carrying out the reactions it was observed that the reactants, or products, were
not as soluble in the HFIP/water mixture as in other solvents. For some of the reactions, there
was insoluble material, believed to be triazole, present after the reaction had started running
that may have resulted in errors in pipetting, and therefore larger errors in HPLC analysis of
the triazole product formation. In this case, both, triazole formation and ynamine depletion
graphs are shown (Figure 3.17C and D). Unexpectedly, in this case the dimethoxy ynamine
3.24 is as slow as the difluoro 3.25 (not reaching completion in 2 h) and 3.30 became the
quickest reaching full conversion in 1 h and 30 min. This surprising change of trend could

come from the different interactions of the ynamine substrates with the solvent. If the
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interaction via hydrogen bonding with HFIP and water forms stable clusters with the ynamine,
the reaction would be slower. 3.30 is also the most lipophilic ynamine, potentially suggesting
that “on-water” effect could be impacting the reaction. This showcases that the reaction
kinetics not only depends on the electronic properties of the ynamine substituents but on other

factors like interaction with the solvent, steric properties, or copper complexation ability.

The nature of the substituents influences on the ynamine reactivity, however, contrary to what
has been reported previously, it does not correlate with the alkyne acidity, with the exceptions
of the fastest and slowest extremes 3.24 and 3.30 in MeCN. This observation could be related
though with the ability of the alkyne to form the homocoupling product and therefore reduce
Cu(I) to Cu(l) for the reaction to proceed. Another potential reasoning for the changes
between the substrates could be that the electronic effects of the substituents are causing
alterations in the HUMO and LUMO. However, it was previously found that although the
ynamine causes a higher lower LUMO than an aliphatic alkyne, the change in substituents
does not have a major effect and so subsequently this can be ruled out as a cause of the
difference in reactivity. Looking individually each ynamine, it becomes clearer the impact of

the solvent as function of the substituent (Figure 3.18).
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Figure 3.18. Differences in the formation of the triazole product for each benzimidazole ynamine in the CuUAAC

in differing solvents using 5 mol% Cu(OAc)2.A) Ynamine 3.24; B) Ynamine 3.25; C) Ynamine 3.26; D) Ynamine

Emma Alexander

3.27; E) Ynamine 3.30; E) Ynamine 3.31; G) Ynamine 3.29.
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The influence of the solvent is dramatic for the dimethoxy ynamine 3.24 (Figure 3.18A) and
3.30 (Figure 3.21E), whereas compounds 3.25, 3.26, 3.27 and 3.31 are only weakly affected.
Ynamines 3.24 and 3.30 exhibited opposite reactivities. Dimethoxy 3.24 has the quickest
reaction rates in both MeCN and IPA, however, HFIP/H,O slows down the reaction becoming
one of the slowest overall. Naphto 3.30, exhibits the slowest rate in MeCN not reaching
completion in 2 h, the reaction is accelerated in IPA, and shows the quickest rate in HFIP/

H-O.

Ynamine 3.29, a benzimidazole containing an amine functional group, is given in Figure
3.18G. Due to solubility issues when obtaining a calibration curve, data from this ynamine
was unable to be plotted in Figure 3.17, instead, the area of the analyte of interest in relation
to the internal standard is plotted. The reactivity in HFIP is extremely fast compared to MeCN.
Potentially, this can be explained by the acidity of HFIP which might lead to the protonation
of the aniline nitrogen and prevention of futile copper catalyst binding.

The comparison between the dioxino 3.31 and the dimethoxy 3.24 is even more unexpected.
3.31 is not slowed down by the solvent change to HFIP/water. The obvious difference between
both is the restricted conformation that 3.31 confers to the ynamine (Figure 3.19A). HFIP,
could be interacting via hydrogen bonding between both OMe in the dimethoxy and not
allowing the interaction with Cu(Il) as illustrated in Figure 3.19B.
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Figure 3.19. A) Single crystal structure of 3.24 and 3.30; B) Potential ynamine/HFIP hydrogen bond network

Conversely, 3.30 reacted more rapidly in IPA compared to MeCN. The crystal structure of
3.30 indicated the potential for n-stacking (Figure 3.20B). IPA could be disruptive to the bond
system, whereas MeCN is not. However, it is important to note that the crystal structures are
obtained in a solid crystalline form, and addition of solvent can dramatically alter the

characteristics of the molecule.
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Figure 3.20. A) Crystal structure of 3.30; B) Packing view of 3.30.

A further potential possibility that was explored for the difference between the substrates was
the length of the alkyne C=C bond and the terminal C-H bond. The crystal structures that were
obtained were used for this, however, there was no significant changes in length of these bond

(Data given in Experimental 3.5.5.7).

3322 Benzimidazole Side Product Formation during CuAAC

During the monitoring by HPLC, the formation of other peaks was observed. During previous
work within the group on the dimethyl ynamine (3.13), side products 3.15 and 3.64 were
isolated and the mass ion of 3.65 was observed on LC-MS. The structures are shown in Figure

3.21.

N

ﬁf\ N{? Qe .
Vo @
boc T

3.15 3.64 3.65

Z/L/Z\?Z
z=z

©

Figure 3.21. Side products formed during the CuAAC. The Glaser-Hay product 3.15, the triazole complex 3.64

and the ynamine-triazole complex 3.65.

The Glaser-Hay coupling is expected from the reduction of Cu(Il) to Cu(l) as part of the

mechanism. However, the other side products were unexpected by-products and are likely to
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have formed before the protodematallation step (Figure 3.2), when Cu is chelating to the
triazole (3.21) as Cu is also a ligand.'*>!°® For 2 benzimidazole ynamines (3.24 and 3.25),
sufficient quantities of the ynamine were synthesised to allow for a Glaser-Hay coupling
reaction (Scheme 3.3) to give 3.67 and 3.68 respectively. Following the reaction, a basic work
up was attempted, and the product obtained dried, however, a detailed analysis of the product
was not carried out due to limited solubility and mass. The existence of the diyne 3.67 or 3.68
was confirmed by either '"H NMR, HRMS or LCMS. The data is given in the Experimental
Section 3.6.4.

_0 N\> CuClz (0.6 equiv) W\

~ TMEDA (0.6 equiv)

O N - = \\
\ DCM

48 hr, rt, air

! :NWN
o}
/

3.24 3.67

F N CuCl, (0.6 equiv) \
N> TMEDA (0.6 equiv)
F

- -
N DCM \\
48 hr, rt, air N\‘
H : |
N
F
F
3.25 3.68

Scheme 3.3. Formation of diyne for ynamines 3.24 and 3.25. Reaction conditions: CuClz (0.6 equiv), TMEDA
(0.6 equiv), DCM, rt, 48 h.

The retention times of the diyne products 3.67 and 3.68 were obtained by analysing a sample
in the quench mixture used for the HPLC reaction on the HPLC using the same methods. This
allowed the comparison of diyne formation in MeCN and IPA for ynamines 3.24 and 3.25
(Figure 3.22A and B). As no calibration curve has been obtained, the peak areas were divided
by the area of the IS, therefore, the numbers are not quantitative and cannot be compared
between the different ynamines, as they may give different UV readouts. HPLC traces can
clearly show the formation of the diyne, in addition to other side products. The HPLC trace
for 3.24 in IPA (Figure 3.22C) shows the diyne product as the latter smaller peak of the two
side products, and the other side product formed overlaps with the benzyl azide peak. The
HPLC trace for 3.25 in MeCN (Figure 3.22D) shows two side products with very similar RT.
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Figure 3.22. Side product formation and HPLC traces for ynamines 3.24 and 3.25. A) Diyne formation during the
CuAAC for 3.24 in IPA and MeCN; B) Diyne formation during the CuAAC for 3.25 in IPA and MeCN; C) HPLC
trace for the CuAAC for 3.24 in IPA at T = 0 min (red) and T = 60 min (green); D) HPLC trace for the CuAAC for
3.25 in MeCN at T = 0 min (red) and T = 60 min (green).

Ynamine 3.24 produces more diyne in MeCN than in IPA, however, in MeCN, the diyne is
slower, despite MeCN being the fastest reaction. This suggests that the rate of the reaction
may align more closely with diyne formation in MeCN than in IPA. For ynamine 3.25, the
formation of diyne in MeCN also levels off after an hour and then experiences a slight fall.
The difference between these two benzimidazole ynamines and the formation of diyne

suggests that this could be playing a role in the reactivity differences.

However, when a HFIP/water (40/60) system is used, there is no side product formation

(Experimental Figure 3.40). The presence of the diyne for the other solvents suggests that the
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Cu(I) species is present in the reaction, however, for the HFIP/water system the lack of diyne
formation suggests that there may be no Cu(I) present in the reaction: the solvent could mediate
a different mechanism for the ynamine-alkyne reaction. This hypothesis has not been further

explored in this work.

3323 Benzimidazole Summary

A summary of the results for the benzimidazoles is given in Figure 3.23.

HN s N,
s, i
\ Time until 400

\-( Completion (min)
329 M 331

[ MeCN

I 1PA
HFIP/water

(40/60)

325 M

326 H

Figure 3.23. Summary of the benzimidazole ynamine results for the CuAAC in IPA, MeCN and HFIP/water
(40/60), by time until completion.

From this, the differences between the solvents are clear. IPA, although not the fastest for each
individual ynamine (e.g. 3.24), can generally be found to have fast reaction rates. MeCN is
more variable, and a HFIP/water solvent system is best avoided due to erratic reaction rates
and insolubility, unless a clean reaction profile without small percentages of side products is

required.

3324 Influence of Solvent and Substituent on CuAAC reactivity of Imidazole
Ynamines

Following on from the successful testing of the benzimidazole ynamines, the imidazole

ynamines were tested in the same way. Graphs showing the formation of the corresponding

imidazole triazole are given in Figure 3.24, and the fastest to slowest imidazoles for each

solvent are illustrated.
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Figure 3.24. CuAAC of the imidazole ynamines in 5 mol% Cu(OAc)z. A) Triazole formation in MeCN; B)
Triazole formation in IPA; C) Triazole formation in 40% HFIP/Water; D) Ynamine depletion in HFIP/water
(40/60); E) Ranking of the substituents in each solvent.
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The first observation when comparing the imidazole ynamine kinetic plots with the
benzimidazole ones is the larger error bars in MeCN and IPA (Figure 3.24A and B). During
these set of time courses, a precipitate appearance was noticed as the reaction proceeded,
forming triazole products insoluble in the reaction solvent. This phenomenon suggested that
the imidazole triazole is more insoluble than the ynamine substrate and Cu complexes. The
graphs showing ynamine depletion for these show a gradual depletion of the ynamine without
the large error bars (Experimental Figure 3.38). The precipitation could affect the kinetic

process therefore the data for the imidazole ynamines can be taken as semi-quantitative.

All the imidazole ynamines except the nitro and bromo (3.39 and 3.36) reached full conversion
in less than 1 h using MeCN. The fastest in MeCN is the imidazole 3.35 with a fluorine group,
followed closely by the bulky biphenyl imidazole 3.40. The methoxy imidazole 3.37 is slower
compared to the dimethoxy benzimidazole 3.24, however, it is similar to OMe isomer 2, 3.27,
which has a similar electronic effect due to the placing of the para OMe to the ynamine.
The slowest imidazole tested in MeCN is the imidazole containing the EW nitro group 3.39.
This imidazole was monitored for 7 hours and did not reach completion. The second slowest
was imidazole 3.38, containing the strongly electron withdrawing trifluoromethyl group. The
bromo imidazole 3.36 does not go to completion based on the triazole formation, however, the
ynamine is fully depleted — this one was quite insoluble. The alkyne acidity, as determined by
HDE, does not correlate with fast reaction kinetics in the CuAAC. The fastest in HDE is 3.33,
which is the third fastest in MeCN. This, in addition to the strong EWGs being slow, suggests
that there is the potential for the functional groups to be affecting the electronics from their

extended system, and influencing parts of the reaction.

In IPA, the reaction rate for most substrates decreases. Interestingly, the trifluoromethyl
imidazole 3.38 is the fastest, reaching completion within 90 min, faster than the reaction in

MeCN.

In HFIP/water, the system was affected by solubility, with some of the ynamines and triazoles
tested having low solubility, hence the ynamine depletion is also shown. The bromo imidazole
3.36 depletes in a controlled fashion suggesting a quick reaction. The biphenyl imidazole 3.40
appears to be the most soluble, given the smaller error bars and the reaction reaching

completion through the monitoring of the triazole formation. This suggests that the increased
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lipophilicity of the ynamine may increase speed in HFIP/H,O as was observed with

benzimidazole 3.30.

Looking individually each ynamine, it becomes clearer the impact of the solvent as function

of the substituent (Figure 3.25).
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Figure 3.25. Differences in the formation of the triazole product for each ynamine in the CuAAC in differing

solvents using 5 mol% Cu(OAc)
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With the exception of ynamine 3.39 with the nitro group and 3.36 with the CFs; modality
(Figure 3.25F and G), MeCN is the superior solvent for fast reaction kinetics of the imidazole
ynamine. Other solvents could be potentially influenced by solubility issues. The differences
indicate that the RDS is influenced by the solvent, similar to the observation with the

benzimidazoles.

For the bromo imidazole 3.36 (Figure 3.25D), the product never reaches completion, however,
the ynamine depletion (Experimental Figure 3.38), shows that any potential benefit the
imidazole has in reaction rate, is lost in the insolubility of the product. This is unfortunate, and
other solvent systems could be investigated for the bromine group, as the halogen is a useful

handle for further chemistry.

The fluoro imidazole 3.35 (Figure 3.25C) appears to be largely affected by the solvent, with
MeCN being very fast (15 min), other systems slower. This speed in MeCN differs from the
comparable benzimidazole. The methoxy imidazole 3.37 (Figure 3.25E) is also affected by the
solvent to a large extent, suggesting that the electron donating vs. electron withdrawing

abilities of the substrate may not be the main contributor in each solvent.

Another interesting imidazole is the biphenyl imidazole 3.40 (Figure 3.25H), which is
extremely fast in MeCN (completion within 30 mins) and the time of completion significantly
slows in IPA (2 h) and HFIP/water (3 h). Additionally, a lag phase in HFIP/water is observed
which is not present in the other solvents. Imidazole 3.34 containing the methyl group (Figure
3.25B) also appears to display a lag phase for HFIP/water. The observation of a lag phase only
for a select few conditions could suggest that the mechanism of the reaction is substrate (and

solvent) dependent.

3325 Imidazole Side Product Formation during CuAAC

Similar to the benzimidazole counterparts, the imidazole ynamines also form side products in
MeCN and IPA. The diyne product (3.77) of 3.35 was synthesised (Scheme 3.4) to be used to
attempt to determine which side product was diyne and which was the other unidentified side
products. The product only underwent a work-up prior to running on the HPLC to determine
RT, and hence LC-MS was used to determine formation of desired product 3.77 (Experimental

Figure 3.46).
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3.35 3.77

Scheme 3.4. Synthesis of 3.77 for determination of diyne formation in HPLC analysis of the CuAAC.

The CuAAC reaction of 3.35 in MeCN showed diyne formation, however, IPA did not show
any diyne formation (Figure 3.26A). The reaction of 3.35 in MeCN resulted in two side
product peaks appearing at retention times of 12.23 and 12.33 min (Figure 3.26B). The diyne
product 3.77 gave a retention time of 12.36, so it is assumed that the peak at 12.33 min is the
diyne, the relative formation of which is shown in Figure 3.26A. For the reaction carried out
in IPA, only one side product was formed, at 12.2 min. however, this did not appear to be

diyne (HPLC trace in Experimental Figure 3.42).
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Figure 3.26. Side product formation and HPLC trace for ynamines 3.35 A) Diyne formation during the CuAAC
for 3.35 MeCN; B) HPLC trace for the CuAAC for 3.35 in MeCN at T = 0 min (red) and T = 60 min (green).

Diyne is only forming in MeCN, suggesting that the Glaser reaction is not the source of Cu(I)
in IPA. Potentially, Cu(I) could be formed by alcohol oxidation as suggested by Kuang et al.**
The second side product peak could not be identified by LC-MS as no mass was observed due
to insufficient sensitivity.

A reaction using methyl imidazole 3.34 in MeCN allowed the observation of an additional side
products formed (through LC-MS analysis), in addition to the diyne (Experimental Figure

3.47). The assumed structure for the side product is the same as formed for the benzimidazole
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ynamine, confirming that the overall mechanism is the same, but that solvent and substituents
can have an effect on the RDS and the rate of each of the steps. A reaction using imidazole
3.38 in IPA was analysed by LC-MS, and consistent with the results obtained for 3.35, no
diyne was observed, however, m/z relating to the other two side products was observed (Figure

3.48). The ynamine-triazole side product was also observed in MeCN.

3.3.2.6 Imidazole Summary

A summary of the results for the imidazoles in each of the three solvents is given in Figure

3.27.
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Figure 3.27. Summary of the imidazole ynamine results for the CUAAC in IPA, MeCN and HFIP/water (40/60),

by time until completion.

There is large variability between the solvent and the substituent on the imidazole ynamine.
MeCN appears to be consistently fast, bar the two ynamines with strong EWGs (3.38 and
3.39). The other solvents all vary, and this can be partly attributed to the solubility, mainly of

the triazole product.

3.3.3 Influence on Copper Loading on Ynamine CuAAC Reactivity

The toxicity of copper catalyst and the major drawback of the CuAAC for bioconjugation is
well documented, and as such the copper-free SPAAC is an attractive alternative method of

forming a triazole. A reduction in the levels of catalyst required in the CuAAC may open it up
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to more applications and reduce the likelihood of adverse side effects caused by copper. In
previous experiments, 5 mol% Cu(OAc), has been used as the catalyst. However, with the
high speed of some of these reactions it was postulated that the lowering of the catalyst loading

may not adversely impact reaction speed to a large degree.

The CuAAC with selected ynamines (3.24-3.26, 3.30, 3.31) in MeCN with 2.5 mol%
Cu(OAc), was therefore undertaken. As shown in the graphs below, ynamine 3.24 rate
decreases from completion in twenty minutes to completion within forty-five. Ynamine 3.31
reaches completion within 2 h, however, the other substrates failed to reach completion within

the investigated timeframe.
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Figure 3.28. A) 5% mol Cu(OAc)z; B) 2.5 mol% Cu(OAc)2

When the lowered Cu(OAc), conditions were applied to the imidazoles, the results varied. The
imidazole with the fluorine substituent speed slowed by almost double, however, others, such
as the imidazoles containing the methoxy group and with no substitution, did not show any

changes in the rate (Figure 3.29).
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Figure 3.29. A) 5 mol% Cu(OAc)2; B) 2.5 mol% Cu(OAc)a.

This disparity between the benzimidazole and the imidazole substituent could add further
evidence for differences in how the substituents react with Cu, either in its Cu(I) or Cu(Il)

state.

As it was observed that, for selected ynamines, lowering the copper loading did not
significantly change the reaction rate, a representative benzimidazole (3.24) and imidazole
(3.37) ynamine were chosen to be a part of further investigations. Copper loading was to be
sequentially reduced to investigate where the limit for Cu mol% was relative to the rate. The
benzimidazole 3.24 was chosen due to it being the fastest benzimidazole. The copper mol%
was reduced up to 0.156 mol% Cu(OAc), (Figure 3.30A) to investigate the limit of reactivity.
The reduction in Cu(OAc); lowering was repeated for the methoxy imidazole ynamine, but for
fewer Cu(OAc), concentrations (Figure 3.30B) due to insufficient material. The methoxy
imidazole was chosen due to it being one of the imidazole that did not show a change in the

reaction time on the initial halving of Cu(OAc)..
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Figure 3.30. Graphs showing the conversion to triazole at varying concentrations of Cu(OAc): in MeCN. A)
Formation of triazole 3.58 from ynamine 3.24 and 3.55; B) Formation of triazole 3.73 from 3.37 and 3.55

As has been shown previously, the reaction is fastest in 5 mol% Cu(OAc), for ynamine 3.24.
However, interestingly, the values for 2.5 mol% Cu(OAc), and 1.25 mol% Cu(OAc); are both
similar, reaching completion at approximately 45 min. The reaction slows down slightly with
0.625 mol% Cu(OAc),, completing within 60 min, and for 0.312 mol% completed within 2 to
3 h. The reaction slows considerably when the copper concentration is reduced further to 0.165

mol% Cu(OAc),, with the reaction not reaching completion in 6 hours.
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In contrast, lowering the copper concentration from 5 mol% to 1.25 mol% Cu(OAc), does not
have a significant effect of the rate of the reaction for the methoxy imidazole 3.35 (Figure

3.30B).

Lowering the Cu(OAc), concentration was also explored for IPA for the dimethoxy
benzimidazole 3.24 and for the fluoro imidazole 3.35 (Experimental Figure 3.39). Lowering
the Cu loading from 5 mol% Cu(OAc), to 2.5 mol% Cu(OAc), does decrease the reaction rate
slightly, from completion in approx. 20 mins to 30 mins. However, the reaction is still faster
than for 2.5 mol% Cu(OAc), in MeCN. This further suggests that in IPA, the rate of Cu(l) is
not reliant on Glaser formation but potentially through alcohol oxidation. Data for the fluoro
imidazole 3.35 was also obtained and the reduction to 2.5 mol% Cu(OAc); resulted in a
decrease in the rate by approx. 50%. These results indicate that the solvent choice has an
impact on the reaction and shows that the copper loading can be tuned dependent on the solvent

used.

3.3.4 Competition Experiments

Competition experiments were carried out with selected ynamines, specifically chosen for
their contrasting electronics (i.e. 3.24 vs. 3.25). One equiv of each ynamine, together with
benzyl azide (1 equiv) and Cu(OAc), (5 mol%) was monitored for both starting material
depletion and product formation by HPLC.

3.3.4.1 Competition Experiments between Benzimidazole Ynamines

Initially, the dimethoxy ynamine and the difluoro ynamine were tested in a competition
experiment in MeCN, then in IPA (Figure 3.31). These two ynamines were chosen due to their
contrasting speeds in MeCN and IPA, with 3.24 showing higher reactivity than 3.25 in both

solvents when tested individually.
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Figure 3.31. Formation of triazoles 3.58 and 3.59 from ynamines 3.24 and 3.25 and 3.55 in MeCN or IPA using 5
mol% Cu(OAc)2.H20.

As is shown in Figure 3.31A, after benzyl azide 3.55 has been consumed at approx. 60 mins
there is over 60% conversion to the difluoro triazole 3.59, compared to just under 40%
conversion to dimethoxy triazole 3.58. These results vary largely from when the ynamines are
reacted individually and the dimethoxy ynamine 3.24 is complete within 20 min and difluoro
ynamine 3.25 within 60 min.

The competition experiment was repeated using NMR monitoring in d-MeCN and the results
were consistent, with approx. 33% of the triazole of 3.24 formed and 66% of the triazole of
3.25 formed (Experimental Figure 3.34).

These results are suggestive that the mechanism governing the kinetics for the triazole
formation are complex. Both the rate of Cu(I) formation (either through Glaser coupling or
alcohol oxidation) and the inherent CuAAC reactivity of the substrates determine reactivity.
In isolation, the methoxy ynamine 3.24 is superior to 3.25 in diyne formation and the CuAAC
rate is not limited by access to Cu(I). In combination, difluoro ynamine 3.25 can benefit from
the accelerated Cu(I) formation based on its inherent higher reactivity. Additionally, the fact

that the triazole products could also act as CuAAC accelerating ligands further complicates
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the competition experiments and could result in difluoro ynamine 3.25 outcompeting

dimethoxy 3.24.

3.34.2 Competition Experiments between Fastest Benzimidazole and Fastest

Imidazole

The competition experiment was carried out with dimethoxy benzimidazole 3.24 and fluoro
imidazole 3.35. These were chosen as they are the fastest in each of their heterocycle categories

(3.24 completing in 20 min in MeCN and 3.35 completing in 15 min in MeCN).
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Figure 3.32. Formation of triazoles 3.58 and 3.71 from ynamines 3.24 and 3.71 and azide 3.55 in MeCN using 5
mol% Cu(OAc)2.H20.

Figure 3.32 shows that the dimethoxy ynamine 3.24 is outcompeted again, forming just over
40% of the respective triazole 3.58. However, the fluoro forms approx. 60% of 3.71. The
reaction is also over within 20 mins. This again suggests that 3.24 might be a good sacrificial
reductant to form Cu(I) and could act as a good ligand for the CuAAC reaction. LC-MS

analysis of the reaction mixture was inconclusive.
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In the future, several experiments could be performed:

(1) the reactions could be repeated with a Cu(l) source to eliminate the diyne coupling as a
variable;

(2) a small amount of triazole product of the dimethoxy ynamine (3.58) could be added to a

reaction of difluoro 3.25 to test the triazole product ability as a ligand.

3.4 Summary and Future Work

In conclusion, the CuAAC reactivity of several novel ynamines was investigated. Variations
included the type of heterocycle (imidazole vs. benzimidazole), substituent pattern,

substitution electronics, the solvent used and the catalyst loading.

The initial investigation focused on the acidity of the alkyne using HDE monitoring by
'"HNMR spectroscopy. Electron-donating ynamines displayed faster HDE compared to
electron-withdrawing substrates. Ynamine 3.24, containing methoxy groups, outperformed
3.25, with two fluorine’s. However, upon conducting the reaction with no copper catalyst, the
HDE progressed faster than with Cu(OAc). present, suggesting that the interaction of the
ynamine with Cu(OAc), dominates over any inherent reactivity. Additionally, the rate of HDE
differed between benzimidazoles and imidazoles with imidazoles displaying a sigmoidal HDE
trend. There was a difference in curve shape, ppm shifts of the signal when Cu(Il) is present,
and diyne formation. During the HDE, upon addition of Cu(OAc),, the benzimidazole
ynamines displayed a broadening of the peaks and a shift in ppm; for the imidazoles, this shift
in ppm was not observed, although peak broadening was. The presence of diyne after
completion of the HDE was pronounced, with more typically being detected with the

benzimidazole ynamines.

Following the HDE experiments, the CuAAC was investigated using HPLC. Different
solvents were tested for each ynamine with benzyl azide. It was found that the solvent used
played a large part in the reaction, and that triazole solubility varied for each substituent in
each ynamine. For imidazole ynamines, typically, MeCN was the faster solvent and had less
solubility issues. The substrates on the ynamine scaffold can have an effect, however, it was
not possible to determine if this effect comes from copper binding to the functional group, or
the electronics altering N3 binding of copper. Further work is necessary to determine this. The

side products formed in each solvent system indicates that the solvent is impacting on the
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mechanism of the reaction. The lack of any side products in HFIP/water shows that, despite

solubility issues, this solvent system is useful if a mostly clean reaction profile is required.

Lowering Cu(OAc), loading generally decreased reaction rate, but reasonable reaction rate
could still be achieved with a catalyst loading as low as 0.3 mol% using dimethoxy ynamine
3.24. The outlier was imidazole 3.37 which did not decrease in reactivity upon reducing
Cu(OAc); from 5 to 1.25 mol%. These results are encouraging for potential application in a

biological setting.

The competition experiments showed that the reactivity of an ynamine in a (3+2) cycloaddition
reaction is influenced by the presence of other ynamine substrates. For the dimethoxy ynamine
3.24, the introduction of the difluoro ynamine 3.25 slowed down its reaction, and the reverse
was true for 3.25 which saw it reacting faster. This is an interesting phenomenon, which could
be caused by several factors, such as rate of diyne formation, inherent ynamine reactivity and

the ability of triazoles to act as CuAAC ligands.

Further work could explore these differences in reactivity. A full solvent screen on selected
representative ynamines, such as 3.24 and 3.35 due to their high rates in MeCN, may provide
clarity about what types of solvents accelerate these reactions. Exploring more of the reaction
using a part aqueous system, such as MeCN/H»O could explore the potential “on-water” effect
further for ynamine 3.30. A Hammett plot for the imidazole ynamines may provide more
insight into the impacts of electronics on the rate of reaction. Further substrates could also be
synthesised, with groups added at the 8 and 5 position of the benzimidazole, and ortho and
meta on the imidazole substrate. This study would investigate the electronic effects of the
substituents. The methoxy group would be a useful functional group to initially investigate,
due to differences observed between the 6,7-substitutued and the 6- and 7- singular substituted

benzimidazole.

Until now, the literature published on ynamine reactivity in the CuAAC has focused on the
benzimidazole scaffold. However, this chapter has shown that the reactivity of the ynamine
can differ when different heterocycles are used and that there could be interesting mechanistic

investigations to be made when studying the imidazole ynamines on a deeper level.
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Following investigation into the reactivity of the ynamine described in this chapter, the
potential biological applications of the ynamine scaffold can be considered. For use in a
biological application, the ynamine will ideally contain an imaging part, so it can be easily

monitored.

3.5 Experimental

3.5.1 NMR Experimentation and Reaction Monitoring

3.5.1.1 Hydrogen-Deuterium Exchange (HDE)

The HDE capacity for the ynamines tested was investigated in a 9:1 CD3CN / D,O solution at
a concentration of 62.0 mM. A 69.0 mM alkyne stock solution was prepared in CD3;CN, and a
Cu catalyst solution of 31.0 mM was prepared in D>O. NMR samples were prepared by
transferring 450 pL alkyne stock to a clean NMR tube, and then adding 50 pL of the Cu
catalyst stock. This gave the alkyne a concentration of 62.0 mM with 5.00 mol% catalyst.
"H-spectra were acquired immediately on a AVIIIHD Nanobay400 NMR spectrometer
(parameters: TE =300 K, NS =16, D1 =5 sec, RG =203). Samples were measured using the
multi zgvd2 command that included a topshim Idfast shim after each acquisition.
Experiments had a fixed delay of 300 s, n =20 to 30 to monitor every 5 min for up to 3 h. Due
to acquisition times, spectra were obtained approximately every 7 min. For selected ynamines
that a slow HDE was anticipated, the number of experiments was increased. Deuteration was
calculated by monitoring and integrating the alkyne proton, normalised against non-
exchangeable protons.

For experiments where no copper catalyst was present, the procedure was identical with the
exception that the Cu catalyst stock was not prepared and 50 pL of D,O was instead added to
the NMR tube in place of the catalyst solution.

3.5.1.2 Data processing protocol

Stacking 1D Spectra: spectra were individually referenced to the respective solvent. Phase
correction was performed automatically and adjusted manually where appropriate. The
baseline was automatically adjusted using the Whittaker Smoother. Spectra of interest were

then selected, stacked and analysed.
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Integrating Stacked 1D Spectra: graphs were generated with MNova using the Advanced >
Data Analysis > Create > Integrals Graph tool. The integrated area was adjusted for drifting.

The generated report table was then copied to Microsoft Excel for further processing.

3.5.1.3 [3+2] Cycloaddition Reaction Monitoring Example

A time course experiment used to monitor the [3+2] cycloaddition reaction for ynamine 3.24

using NMR. Stock solutions were prepared in d-MeCN following the amounts in Table 3.4

Table 3.4. Stock Solution Preparation for NMR Reaction Monitoring

Analyte Catalyst
Ynamine 3.24 Azide Cu(OAc),.H,O
Stock Volume (mL) 1 0.62
Mass (mg) 14.02 - 4.15
Volume (uL) - 8.6 -

A reference sample was first prepared:

To 400 pL of analyte stock in a clean and dry NMR tube was added 100 uL of d-MeCN to
give a concentration of analyte of 62.0 mM. The sample was shaken, placed in the magnet,
tuned, shimmed, locked and a proton spectrum was acquired to study the quality of the shims.

This sample was used as a control for the reaction prior to catalyst addition.

A separate reaction sample was prepared:

To 400 pL of analyte stock in a clean and dry NMR tube was added 100 uL of catalyst stock,
giving a concentration of analyte of 62.0 mM. The sample was shaken and placed into the
probe. Time course experiments were recorded using experiments that were automated
utilising the multi zgvd2 command with a fixed delay of 300 s, n = 20.

The data obtained is given in Figure 3.33.
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Figure 3.33. NMR spectra for the time course of the CuAAC of 3.24 with benzyl azide.

3.5.14

[3+2] Cycloaddition Competition Reaction Monitoring Example

The protocol from 3.6.1.3 was repeated, with the exception that two ynamines were in the

analyte stock solution with benzyl azide (Table 3.5)

Table 3.5. Stock Solution Preparation for NMR Competition Reaction Monitoring

Analyte Catalyst
Ynamine 3.24 | Ynamine 3.25 Azide Cu(OAc)..H,O
Stock Volume
(mL) 1 0.62
Mass (mg) 14.02 12.35 - 4.15
Volume (uL) - 8.6 -

The final spectra obtained is given in Figure 3.34.

o
SN
\

H
3.24
1 equiv

L
H

3.25 3.55

1 equiv

Cu(OAc), (5 mol%)
e

MeCN
rt
62 mM

189



Developing a Click Chemistry Imaging Platform Using Aromatic Ynamines

Emma Alexander

EA_546_click_DiFandDiOMe_reaction.25.fid
EA_546_click_DiFandDiOMe_reaction
(sample: EAS45 Cu click )

5% Copper(II)acetate

62mM Deuterated MeCN

1H, T300K

_~3.78
N3.72

5500

©
P
“

L5

a 5000
4500
4000

3500

3000

2500

F2000
o
x
H500
+1000
le
|
°
L F500
°
A J & ,
oG
ouwm
88
— 0N

T T T T T T T T T T T T T T T T T T T T T
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5
1H (ppm)

Figure 3.34. Final spectra obtained for the competition experiment between 3.24 and 3.25.

3.5.2 HPLC Analysis

3.5.2.1 Instruments and Methods

HPLC was carried out on a Shimadzu Prominence LC System.

Typical HPLC conditions are described below:

Column Specification: Kinetix C18 100 A, 50 x 4.6 mm, 2.6 pm

Mobile Phase A: 0.1% v/v TFA in water

Mobile Phase B: 0.1% v/v TFA in MeCN

Flow rate: 1.5 mL/min

Injection volume: 10 pL

UV detection signal was recorded at 254 nm.

The gradient was optimised for each ynamine. An example gradient profile for the 5-60%

Kinetix 10 min method is given below:
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Time (min) B%
0-5.8 5-60
5.8-6.0 60 - 95
6-8.1 95-95
8.1-8.2 95-5

8.2-10.0 5-5

The HPLC methods used for each ynamine are given in Table 3.6.

Table 3.6. HPLC Methods for the Ynamine Substrates

Ynamine Method Used
3.24 5 —40% B Kinetix 10 min
3.25 5 —50% B Kinetix 10 min
3.26 5 —60% B Kinetix 10 min
3.27 5 -60% B Kinetix 10 min
3.28 5 -60% B Kinetix 10 min
3.29 5 - 60% B Kinetix 10 min
3.30 20 — 40% B Kinetix 10 min
3.31 5 - 60% B Kinetix 10 min
3.33 10 — 50% B Kinetix 10 min
3.34 40 - 80% Phenylhexyl 15min
3.35 20 — 30% B Kinetix 15 min
3.36 20 - 60% B Kinetix 10 min
3.37 5 —50% B Kinetix 10 min
3.38 5 —-95% B Kinetix 10 min
3.39 20 — 50% B Kinetix 10 min
3.40 20 — 50% B Kinetix 10 min
3522 Calibration Curve Preparation

Stock solutions for each ynamine and triazole were prepared. A representative example for the
mass of analyte and internal standard required and volume of solvent is given in Table 3.7 for

ynamine 3.24 and triazole 3.58.
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Table 3.7. Stock solutions for HPLC Calibration in MeCN

Analyte Stock IS Stock
. Triazole
Ynamine 3.24 1,3,5-TMB
3.58
MW (g/mol) 202.21 335.37 168.19
Volume (mL) 25 25 25
Concentration
(1.50 mM) 1.5 1.5 5
Mass (mg) 7.58 12.58 21.02

The premade stock solutions were then used to prepare calibration curves in MeCN according

to the volumes given in Table 3.8.

Table 3.8. Volumes of each stock used in calibration curve formation

Vial no. Total Volume A:;llyut:lg t?)t;k Volume of IS Volume of
(nL) (uL) Stock (uL) MeCN (uL)

1 500 400 100 0.00

2 500 360 100 40.0

3 500 280 100 120

4 500 200 100 200

5 500 120 100 280

6 500 40.0 100 360

7 500 0.00 100 400

The samples were injected undiluted. The results were plotted in ratios where:
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Ca = concentration of the analyte
Cis = concentration of the internal standard
Ra = response of the analyte

Ris = response of the internal standard
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The calibration graphs for each ynamine and triazole are given below in Figure 3.35.
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Figure 3.35. HPLC calibration graphs for each ynamine and triazole.

3.5.23

[3+2] Cycloaddition Reaction Monitoring Procedure MeCN

The following protocol describes an example of a time course experiment that was used to

monitor [3+2] cycloaddition reactions in MeCN. Stock solutions were prepared in MeCN.

Ynamine 3.25 is used as an exemplar in Table 3.9.

Table 3.9. Example of a time course stock solution preparation for a reaction in MeCN with 5 mol% Cu(OAc)2

Stock Analyte Catalyst
Ynamine 3.25 Azide 3.55 1,3,5-TMB Cu(OAc),.H,O
MW (g/mol) 202.21 133.15 168.19 199.65
Congzﬁi‘ﬁon 77.5 77.5 775 15.5
Stocl(<n\1/£))lume 18 1
Mass (mg) 28.23 18.57 23.46 3.09
Density (g/mL) - 1.0655 - -
Volume (uL) - 17.43 - -

To a stirring solution of analyte stock (400 pL) in a small vial was added catalyst stock (100

uL) to give a reaction concentration of 62.0 mM ynamine, 62.0 mM azide, 62.0 mM 1,3,5-

TMB and 5mol% catalyst. After the addition of the catalyst, 10.0 puL aliquots were taken at
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timed intervals, and diluted to 1.00 mM with a quench solution (610 pL, 49/33/18 v/v%
MeCN, water, EDTA solution (10% in water pH = 10, NaOH). To a second smaller vial was
added analyte stock (400 puL) and MeCN (100 pL). A 10.0 uL aliquot was taken and diluted
to 1 mM with a quench solution (610 pL, 49/33/18 v/v% MeCN, water, EDTA solution (10%
in water pH =~ 10, NaOH). This was used at the t = 0 s measurement. The quenched samples

were then injected into the HPLC and results analysed.

3524 [3+2] Cycloaddition Reaction Monitoring Procedure IPA

The following protocol describes an example of a time course experiment that was used to
monitor [3+2] cycloaddition reactions in IPA. Stock solutions were prepared in IPA. Ynamine

C is used as an exemplar in Table 3.10

Table 3.10. Example of a time course stock solution preparation in IPA with Cu(OAc)2

Stock Analyte Catalyst
Ynamine 3.24 Azide 3.55 1,3,5-TMB Cu(OAc),.H,O
MW (g/mol) 202.21 133.15 168.19 199.65
Concentration 1033 1033 1033 7.75
(mM)
Stoclzn\l/]j))lume 13 5
Mass (mg) 27.14 18.57 23.46 6.19
Density (g/mL) - 1.065 - -
Volume (uL) - 17.43 - -

To a stirring solution of analyte stock (300 uL) in a small vial was added catalyst stock (200
uL) to give a reaction concentration of 62.0 mM ynamine, 62.0 mM azide, 62.0 mM 1,3,5-
TMB and 5mol% catalyst. After the addition of the catalyst, 10.0 uL aliquots were taken at
timed intervals, and diluted to 1.00 mM with a quench solution (610 pL, 49/33/18 v/v%
MeCN, water, EDTA solution (10% in water pH =~ 10, NaOH). To a second smaller vial was
added analyte stock (400 puL) and MeCN (100 pL). A 10.0 uL aliquot was taken and diluted
to 1 mM with a quench solution (610 pL, 49/33/18 v/v% MeCN, water, EDTA solution (10%
in water pH = 10, NaOH). This was used at the t = 0 s measurement. The quenched samples

were then injected into the HPLC and results analysed.
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3.52.5 [3+2] Cycloaddition Reaction Monitoring Procedure HFIP/Water

The following protocol describes an example of a time course experiment that was used to
monitor [3+2] cycloaddition reactions in HFIP/water. Stock solutions were prepared in HFIP

and H>O. Ynamine C is used as an exemplar in Table 3.11

Table 3.11. Example of a time course stock solution preparation in HFIP/water

Stock Analyte Catalyst
Ynamine 3.24 Azide 3.55 1,3,5-TMB Cu(OAc),.H,O
MW (g/mol) 202.1 133.15 168.19 199.65
Conzﬁﬁ;‘tion 310 310 310 15.5
lumet
Mass (mg) 31.34 20.64 26.07 1.55
Density (g/mL) - 1.0655 - -
Volume (uL) - 19.37 - -

To a stirring solution of analyte stock (100 pnL), HFIP (100 pL), water (200 uL) in a small vial
was added catalyst stock (100 pL) to give a reaction concentration of 62.0 mM ynamine, 62.0
mM azide, 62.0 mM 1,3,5-TMB and 5mol% catalyst. After the addition of the catalyst, 10.0
pL aliquots were taken at timed intervals, and diluted to 1.00 mM with a quench solution (610
uL, (49/33/18 v/v% MeCN, water, EDTA solution (10% in water pH = 10, NaOH)) and 500
uL water). To a second smaller vial was added analyte stock (400 uL) HFIP (200 pL), water
(200 uL). A 10.0 pL aliquot was taken and diluted to 1 mM with a quench solution (610 pL,
49/33/18 v/v% MeCN, water, EDTA solution (10% in water pH ~ 10, NaOH). This was used
at the t = 0 s measurement. The quenched samples were then injected into the HPLC and results

analysed.

3.5.2.6 [3+2] Cycloaddition Reaction Monitoring Procedure for Ynamine

Competition Analysis

The protocol for monitoring the competition experiments was identical to the protocol for
monitoring the reaction for a singular ynamine. Both ynamines were dissolved in the same

analyte stock.
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3.5.2.7 Additional HPLC Data
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Figure 3.36. Comparison of the formation of the triazole product of amino benzimidazole isomers 3.28 and 3.29

in MeCN.

R
R N Cu(OAG), (5 mol%) J@
o R g
_—
R! N +

MeCN or IPA

z/ﬁ/zvz
\
z=z

W\ r
\ 3.54 3.55
323 4 62 mM
Ynamine Depletion in MeCN using & mol% Cu(OAc), ) Ynamine Depletion in IPA using 5 mol% Cu(OAc),
100% 100% - \
3.24

= ——3.25
& 80% — 1326 o 80% A
2 ——327 £
= ——3.30 g
T 60% o T 60% -
E 331 %
© £
£ 0% £ 0%
g B
=

20% 20%

0% : r ; ‘ : r 0% ; ‘ } + s
0 80 120 180 240 300 360 0 30 60 90 120 150 180
Time (min) Time (min)
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Figure 3.42. HPLC traces for the CuAAC for 3.35 in IPA and HFIP/water.
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3.5.3 Synthesis of Diyne for HPLC Reference

General Procedure:

To a solution of ynamine (1 equiv) dissolved in DCM was added a solution of copper(Il)
chloride (0.06 equiv) and TMEDA (0.6 equiv) in DCM. Air was bubbled through the reaction
for 30 min and the reaction stirred at rt overnight. The reaction was diluted with DCM and the
washed with sat. EDTA solution. The organic layers were combined, washed with brine and
dried over anhydrous sodium sulphate. The solution was filtered and the solvent removed in
vacuo to give a crude diyne product. For each diyne formation, characterisation methods were

used to confirm product formation.
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Figure 3.45. HR-MS and NMR for the formation of diyne 3.68.
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Figure 3.46. LCMS trace for the formation of diyne 3.77, confirming the formation of the desired product.

3.5.4 Side Product Analysis

LC-MS analysis of the reaction of imidazole 3.34 in MeCN with 5 mol% Cu(OAc), showed
the formation of the diyne and of another side product (Figure 3.47)
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Figure 3.47. LC-MS traces of the reaction of methyl imidazole 3.34 with benzyl azide 3.55 in MeCN with 5 mol%
Cu(OAc)2.H20 showing the mass peak of the diyne 3.78 and another side product, assumed to be 3.79.
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Figure 3.48. LC-MS traces of the reaction of imidazole 3.38 with benzyl azide 3.55 in IPA with 5 mol%
Cu(OAc)2.H20 showing the mass peak of two side products, as shown.

3.5.5 Single Crystal X-Ray Diffraction

All crystallographic measurements were made with monochromatic Cu radiation (A = 1.54184
A) using a Rigaku Synergy-i diffractometer. Raw data processing utilised the program
CrysalisPro. All structures were solved using direct methods and were refined against F2 to
convergence using all unique reflections and the program Shelxl, as implemented within
WinGX. All non-H atoms were refined anisotropically. H atoms bound to N or to O were
placed as found and refined isotropically. H atoms bound to C were placed in geometrically
expected positions and refined in riding modes. Selected crystallographic and refinement

parameters are given for each structure obtained below.

3.5.5.1 Compound 3.22

Compound 13
CCDC 2274320
Formula CasH72CusN4OsSiz
Form. Wt. 1016.35
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Space Group P-1
Crystal system Triclinic
Temp. (K) 100(2)
a (A) 8.5416(1)
b (A) 11.7320(1)
c () 13.2393(1)
a(°) 96.411(1)
B 98.152(1)
v(©) 99.188(1)
Volume (A%) 1284.153(2)
Z 1
VA 0.5
Measured Reflections 45754
Unique Reflections 4961
20max (°) 142.666
Rint 0.0493
Observ[eId> ;{:Itllectlons 4730
No. Parameters 299
S 1.089
R [on F, obs refs only] 0.0403
oR [on F2, all data] 0.1190
Lar/ieoslte‘zfg_geak 0.911/-0.850

3.5.5.2 Compound 3.24
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Table 3.12. Crystal data and structure refinement for 3.24.

Empirical formula C11 HIO N2 O2
Formula weight 202.21
Temperature 100(2) K
Wavelength 1.54184 A
Crystal system Orthorhombic
Space group Pna2,
a(A) 13.41220(10)
b (A) 17.0940(2)
c(d) 4.21320(10)
a(°) 90
B 90
Y () 90
Volume (A3) 965.95(3)
Z 4
Density (calculated) 1.390 Mg/m3
Absorption coefficient 0.807 mm-1
F(000) 424
Crystal size 0.13 x 0.08 x 0.06 mm3
Theta range for data collection 4.190 to 71.434°.
Index ranges 16<h<=16, 1921, -
S5<=I<=5
Reflections collected 17661
Independent reflections 1698 [R(int) = 0.0249]
Completeness to theta =70.000° 100.0%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 1.00000 and 0.93133
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1698 /1/ 147
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Goodness-of-fit on F2

1.069

Final R indices [I>2sigma(I)]

R1=0.0285, wR2 = 0.0790

R indices (all data) R1=0.0291, wR2 = 0.0796
Absolute structure parameter -0.01(12)
Extinction coefficient 0.0029(6)

Largest diff. peak and hole

0.146 and -0.141 e.A-3

3.5.53 Compound 3.25

Table 3.13. Crystal data and structure refinement for 3.25

Empirical formula C9 H4 F2 N2
Formula weight 178.14
Temperature 100(2) K
Wavelength 1.54184 A
Crystal system Orthorhombic
Space group Pna2,
a (A) 8.4036(2)
b (A) 14.2825(3)
c(A) 6.32560(10)
a(®) 90
() 90
Y () 90
Volume 759.23(3) A3
Z 4
Density (calculated) 1.558 Mg/m3
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Absorption coefficient 1.135 mm-!
F(000) 360
Crystal size 0.2 x 0.2 x 0.05 mm3

Theta range for data collection

6.110 to 70.920°.

-10<=h<=10, -
Index ranges
17<=k<=16, -7<=I<=7
Reflections collected 3235

Independent reflections

1130 [R(int) = 0.0215]

Completeness to theta = 70.000°

100.0%

Absorption correction

Semi-empirical from

equivalents

Max. and min. transmission

1.00000 and 0.25446

Refinement method

Full-matrix least-squares
on F2

Data / restraints / parameters

1130/1/135

Goodness-of-fit on F2

1.071

Final R indices [I>2sigma(I)]

R1=10.0278, wR2 =

0.0754
R1=0.0280, wR2 =
R indices (all data)
0.0756
Absolute structure parameter 0.08(18)
Extinction coefficient n/a

Largest diff. peak and hole

0.140 and -0.223 e.A-3

3.5.54 Compound 3.26

/

Table 3.14. Crystal data and structure refinement for 3.26

Empirical formula

CIOH8N2O
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Formula weight 172.18
Temperature 100(2) K
Wavelength 1.54184 A
Crystal system Monoclinic
Space group C2/c
a (A) 9.0956(5)
b (A) 15.2670(12)
c(A) 13.0260(8)
(%) 90
B 103.858(6)
T 90
Volume 1756.2(2) A3
V/ 8
Density (calculated) 1.302 Mg/m3
Absorption coefficient 0.708 mm-!
F(000) 720

Crystal size 0.14 x 0.07 x 0.04 mm3

Theta range for data collection 5.788 to 71.580°.

-11<=h<=9, -18<=k<=18, -

Index ranges
16<=I<=15

Reflections collected 4707

Independent reflections 1645 [R(int) = 0.0344]

Completeness to theta = 70.000° 97.1%

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.00000 and 0.86558

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 1645/0/ 127

Goodness-of-fit on F2 1.037
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Final R indices [I>2sigma(I)]

R1=0.0471, wR2 =0.1270

R indices (all data)

R1=0.0569, wR2 = 0.1352

Extinction coefficient

n/a

Largest diff. peak and hole

0.279 and -0.264 ¢.A-3

3.5.5.5

\

Compound 3.30

Table 3.15. Crystal data and structure refinement for 3.30

Empirical formula C13 H8 N2
Formula weight 192.21
Temperature 100(2) K
Wavelength 1.54184 A
Crystal system Triclinic
Space group P-1
a (A) 7.3567(3)
b (A) 7.7447(4)
c(A) 9.1200(4)
a(°) 99.474(4)
BC© 98.631(4)
Y (°) 105.938(4)
Volume (A3) 482.27(4)
Z 2
Density (calculated) 1.324 Mg/m3
Absorption coefficient 0.630 mm-1
F(000) 200
Crystal size 0.12 x 0.10 x 0.06 mm3
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Theta range for data collection

5.024 to 71.350°.

Index ranges

-8<=h<=7, -9<=k<=9, -
11<=l<=11

Reflections collected

4048

Independent reflections

1849 [R(int) = 0.0154]

Completeness to theta = 70.000°

99.9%

Absorption correction

Semi-empirical from

equivalents

Max. and min. transmission

1.00000 and 0.97483

Refinement method

Full-matrix least-squares
on F2

Data / restraints / parameters

1849/0/ 144

Goodness-of-fit on F2

1.076

Final R indices [I>2sigma(l)]

R1=10.0347, wR2 =

0.0897
R1=0.0387, wR2 =
R indices (all data)
0.0932
Extinction coefficient n/a

Largest diff. peak and hole

0.137 and -0.214 e.A-3

3.5.5.6 Compound 3.31

Empirical formula C11 HION2 O3
Formula weight 218.21
Temperature 100(2) K
Wavelength 1.54184 A
Crystal system Monoclinic
Space group 12/a
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a (A) 18.3370(8)
b (&) 3.9506(2)
c(A) 27.4613(8)
o (®) 90
B 92.930(3)
7 () 90
Volume 1986.75(14) A3
Z 8
Density (calculated) 1.459 Mg/m3
Absorption coefficient 0.907 mm-!
F(000) 912

Crystal size

34x.10 x .02 mm3

Theta range for data collection

4.830 to 71.431°.

Index ranges

-22<=h<=22, -4<=k<=3,
-33<=1<=33

Reflections collected

18120

Independent reflections

1920 [R(int) = 0.0869]

Completeness to theta = 70.000°

99.9%

Absorption correction

Semi-empirical from

equivalents

Max. and min. transmission

1.00000 and 0.64677

Refinement method

Full-matrix least-squares
on F2

Data / restraints / parameters

1920/2/161

Goodness-of-fit on F2 1.049
R1=0.0514, wR2 =
Final R indices [I>2sigma(I)]
0.1502
R1=0.0526, wR2 =
R indices (all data)
0.1520
Extinction coefficient n/a
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Largest diff. peak and hole 0.335 and -0.350 e.A-3

3.5.5.7 Comparison of Bond Length

From the structures, the bond lengths of some of the key bonds were obtained. The main bonds
chosen to analyse were related to the alkyne: the N-C bond, the C-C bond and the C-H bond.

The results are given in the table below:

Table 3.16. Bond lengths

Ynamine

Bond
3.24 3.25 3.30 3.31 3.33 3.37

N(1)-C2) | 1.3633) | 1.362(3) | 1.3544(13) | 1.356(2) | 1.366(2) | 1.366(2)

C(1)-C(2) 1.186(3) 1.187 1.1863(15) | 1.186(3) | 1.185(3) | 1.183(2)

C)-H) | 0973) | 0913) | 0.941(14) | 0.912) | 0.99(3) | 0.97(2)

Weighted standard deviation (WSD) was used to estimate if there was a significant difference
between bond lengths. Using ynamine 3.24 and 3.25 as an exemplar:

WSD = ((0.03)>+ (0.03)?)'2

WSD =0.042

3 times WSD =0.126

0.06 (sum of the two bond lengths added together) < 0.126 therefore not significant.

Upon calculating this for other bonds and for the other ynamines, no significant differences

were found.
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Chapter 4

Developments Towards the Synthesis of

a New Ynamine BAPTA Calcium Probe
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4.1 Introduction

In previous chapters, the synthesis of new ynamine scaffolds and their subsequent reactivity
in the CuAAC reaction has been investigated. It was found that the synthesis of these ynamines
tends to be facile, however, the reactivity between substrates differs significantly. The
reactivity of these ynamines also varies in the solvent used, resulting in a system that can have
the reactivity of the ynamine in the CuAAC tuned. It was hypothesised that the ynamine could
be utilised in a biological system. Calcium probes are typically composed of two moieties, a
BAPTA chelating core and a fluorophore, and the introduction of a handle for easy
functionalisation can be difficult. The addition of an ynamine, with a bioorthogonal alkyne
handle, would allow for the efficient (in yield and in reaction time) addition of a fluorophore
or functional handle. By using a model system of ynamines 4.1 and 4.2 (Figure 4.1), the

incorporation of this useful moiety into the system was attempted.

4.1 4.2

Figure 4.1. Ynamine scaffolds used in this chapter.

4.1.1 Routes Towards BAPTA Ca?" Probes

Despite the number of commercially available calcium probes, and additionally, those
published in research, they tend to have structural similarities.!'* This is due to the design
considerations mentioned in Chapter 1.3.2, as the BAPTA scaffold does not tolerate many

modifications without the alteration of the properties of the probe.

Typically, the BAPTA scaffold requires a functional handle to allow conjugation to the
fluorophore, and designing this can be difficult due to the limitations.!'* However, there are a
few scaffolds, including the hydroxyl (4.3), amine (4.4) and aldehyde (4.5) that have been used

more extensively. A selection of scaffolds is shown in Figure 4.2.
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N(CH,COOAM),

(o)
~ o
Ho N(CH,COOAM),

4.3

Hydroxy!
N(CH,COOAM), N(CH,CO0AM), N(CH,COOAM),

o . (0]
~ o Amine B 0\/\0 Halogen ~"o
= —
N(CH,COOAM), \/ _ N(CH,COOAM), —_ N(CH,COOAM),

NH, 44 R 4.5 Br 46

Aldehyde

N(CH,COOAM),
o\/\o
N(CH,COOAM),

o 4.7

Figure 4.2. Different strategies that can be employed to functionalise the BAPTA scaffold for the synthesis of

calcium probes.

The BAPTA moiety 4.5 can bear several reactive handles allowing further conjugation with
the fluorophore. The presence of an alcohol (4.3), obtained through various synthesis can then
lead to the formation of a chelator with an expanded ring system (Section 4.1.1.2). The
introduction of an amine group (4.4) facilitates the use of amide couplings with acidic
fluorophores. A halogen group can also be incorporated (4.4) which can then be involved in
cross-couplings for C-C bond formation. One of the more versatile functional groups is an
aldehyde (4.7), which, upon incorporation, can be utilised to introduce groups such as acids

and alkynes. The synthesis of these, amongst others, is described in the following sections.

The synthesis of probes tends to be linear and does not allow for a large extent of conjugation.
This poses limitations for the fluorescence emission properties, as the more conjugation in a
compound, the longer the fluorescence wavelength.'”” The synthesis of most typical,
successful, calcium probes can fall into two strategies:
1. A convergent synthesis, where the BAPTA handle, and the fluorophore, are
synthesised in parallel with reactive handles and then conjugated together.

2. A linear synthesis, where the fluorophore is synthesised using the BAPTA scaffold.
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4.1.1.1 Functionalisation Using Aldehyde

As shown in Figure 4.3, the installation of an aldehyde group enables the incorporation of

several different functional groups to the BAPTA core.

N(CH,COOAM), N(CH,COOAM),

N(CH,COOAM
O\/\O (CHy )2 (ONGFN
Oxidation O\/\O Bestmann-Ohira o

N(CH,COOAM), N(CH,CO0AM), N(CH,COOAM),
2 2

HO™ ~O X 4.5 ‘ ‘

Wittig

N(CH,COOAM),

O\/\O
N(CH,COOAM),
A
]
N\ 4.10
R

Figure 4.3. Different reactions that an aldehyde handle (4.5) can undergo.

The synthesis for the aldehyde linker was first reported in 1985 by Grynkiewicz et al. on scale
(Scheme 4.1).132 The synthesis begins with the formation of the aromatic scaffold before the
Ca?*" chelators’ core is added (can be esters or AM esters depending on the substrate and further

use), which is followed by functionalisation.

NO,
oK
NO2 NO, NO,  Pd (5 mol%) NH,
KO, BrH,CH,CO. 4.14 o0 Hz (9) o ~O
BrCH,CH,Br (4.12) (3.1 equiv) (1.1 equiv) —
i IR NO, EtOH, 13h  NH,
DMF, 120 °C DMF, 130 °C CHs nt CH
CHs 44% CHs 80 min 89% ’
411 4.13 85% 4.15 4.16
BrCH,COMe (5.3 equiv)
N(CH,COOM
1,8-bis(dimethylamino)napthalen (5.3 equiv) N(CH2COOMe), POCl5 (CH: el
Nal (0.5 equiv) SN - O ~o
Pyridine/DMF (1:9)
MeCN, 80 °C N(CH,COOMe), 6 °C 1h, rt o/n N(CH,COOMe),
18 h 65% _
87% 4.17 o 4.18

Scheme 4.1. Reported multi-step synthesis of aldehyde 4.18.

The alkylation of the nitrophenol derivative (4.11) by dibromoethane (4.12), and the further
alkylation using 4.14 forms the biaryl core (4.15). The nitro groups are then reduced via
hydrogenation to amines (4.16) followed by an N-alkylation using a bromoacetyl derivative
before a Vilsmeier-Haack to form the aldehyde (4.18).

The aldehyde has then been used for a variety of functionalisations to give calcium probes

(Scheme 4.2).132198200 Iy the synthesis of indo-1 (4.23), a Wittig reaction occurs to give 4.21
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before cyclisation to form an indole (4.22).!%? The ester groups are then removed using KOH
to give indo-1 in the desired form (4.32).

The synthesis of TP-BAPTA probe 4.26 follows a similar synthesis to 4.23, with the aldehyde
being formed (4.19), followed by a Wittig reaction to give 4.25 and then the ester cleavage to
give the final probe 4.26.'%

The aldehyde formed can also be oxidised to a carboxylic acid through a Pinnick reaction.
Barandov et al. used the acid 4.27 in an amide coupling with a PEG linker.?"!

An aldehyde (4.8) can also be used to form an alkyne (4.29) using the Bestman-Ohira reagent.

This was attempted by Schwarze et al. to form a triazole coumarin 28.2%
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Scheme 4.2 Various routes of functionalisation of the aldehyde to give probes.
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The series of probes termed calcium rubies developed by Collet ef al. add the fluorophore
moiety through a reaction with an aldehyde.'*” However, the BAPTA chelating core is
synthesised through an adapted route (Scheme 4.3) to allow for the inclusion of the azide arm

(4.40) that is used for further functionalisation of these probes.

NO, o) “

OH . MsCI (1.5 equiv)
. KOtBu (0.09 equiv) DMAP (0.01 equiv) @/ \@\
NO: - " NO
DMF o 2 Pyridine 2 KOH 1 equiv)
48 h, 100 °C o] 0] -
61% OH rt,6h O
\ 95% DCM
DMF

90 °C, o/n
4.31 4.32 4.33 4.34 65%

N(CH,COOMe),  N(CH,COOMe),
SnCl, (6 equiv) Methyl 2-bromoacetate (4 equiv)

o o
conc. HCI ©/ DIPEA (4|equ1v) @/
Y
EtOH eCN I
78°C,1.5h reflux, 48 h

70% 95% N

4.37

N(CH,COOMe),  N(CH,COOMe),

N(CH,COOMe),  N(CH,COOMe
POCI, (2 equiv) o o . ( é ())z (CHy )2 N(CHéCOOMe(})z N(CH,COOMe)
- AcOH
NaN3
Y — y —
DMF « X DCM, rt DME Y
rt-45°C, 20 h o So X 2h So X
51% § 100 °C
4.38 239 Br 51% over 2 steps w40 N3

R=H,R"=Cl, 4.41
R=F R'=H,4.42
R =Me,R"=H, 4.43

Scheme 4.3. Synthesis of 4.40 the aldehyde moiety of the Calcium Rubies (4.41 — 4.43).

As shown above, the BAPTA core is built up first with the inclusion of an alkene arm (4.33),
followed by the methylation of the alcohol (4.34) and addition of the second aromatic group
(4.35). The nitro groups are then reduced using Sn(Il) chloride and HCI to give the amine
groups (4.36) which are subsequently transformed into esters (4.37). The aldehyde is than
added as before (4.38). Following the addition of the aldehyde, the terminal alkene on the
chain is transformed to a bromine and then the desired azide. Following the installation of the

azide (4.40), acetalization occurs to add the fluorophore to give the probes 4.41 — 4.43.
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4.1.1.2 Linear Synthetic Strategies Using Aldehydes

The fluorophore can also be incorporated into the BAPTA by using a linear synthetic strategy.
In this case, the fluorophore is built into the BAPTA core instead of being added in a one-step
reaction. This increases the number of steps in the synthesis and can result in lower overall
yields. These probes use an aldehyde that is installed in the ring in conjunction with a phenol
group to undergo a condensation reaction forming a ring system conjugated to the BAPTA
core.!¥ This is a longer synthesis, 10 steps to obtain the final probes, and 8 steps to the common
core (Scheme 4.4). The synthesis begins from the p-hydroquinone (4.44) where the alcohols
are benzyl protected (4.45) using benzyl chloride. Nitration can be achieved at the 2-position
(4.46) before selective debenzylation of the phenol group ortho to the nitro (4.47). An
alkylation joins the cores together (4.49) and hydrogenation with platinum reduces the nitro
groups to amines (4.50). The aldehyde is then formed using a Vilsmeier-Haack reaction before

deprotection of the phenol (4.452).

NO,
BrH,CH,CO
i§ CH,CI (. ) QeH:Ph OCH,Ph NO, 4.48
PhCH,CI (2.2 equiv TFA (1.3 equiv
(; KOH (1.6 equiv) CHZCOOH/HNO;  OoN (43 ) OH
_— _—
EtOH i
H EtOH, 1h rt- 50 °C 28h PhHCO KOH (0.5 equiv)
° 73% OCHPh g OCHPh -
4.44 4.45 4.47 DMF
4.46 140 °C

BrCH,CO,Et (5 equiv)
NO, Pt/Charcol (5 mol%) NH, Proton Sponge (1'.3 equiv) N(CH,CO,Et),
NN Hz (9) CNGEN Nal (5 equiv) O™
o e <d o - -
N EtOH NH N(CH,CO,EY),
PhH,CO 0: n PhH,CO 2 MeCN PhH,CO

80°C.48h

4.50 90%

4.51

; N(CH,CO,Et)
POCI; (0.9 equiv, 2C02EL),
P3 (ridineq : O~ Pt/Charcol (5 mol%) N(CH,CO,Et),
— © H, () O~g
N(CH,CO,Et), —————————>
DMF, 0°c  PhH,CO 2C02EL CH,COOH o | ——
30 min o rt, on «
73% (¢]
4.52 4.53

Scheme 4.4. First reported synthesis of a core (4.53) for the beginning of fluorophore building.

In the synthesis of the fura-analogues, a Knoevenagel condensation forms the benzofuran ring

(4.54) before the ester cleavage to give the probes 4.56 — 4.58 (Scheme 4.5).!32
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N(CH,CO,Et), N(CH,CO0),
XCH, (o) 0.
Ar ~"o KOH ~"o -
— N(CH,CO,Et), ———> N(CH,COO),
o o
AY Ar?
4.54 4.55
X =Cl, Br
Where Ar? =
NJ\O
Coo™ coo CN
Fura-1 Fura-2 Fura-3
4.56 4.57 4.58
Step 1 yield = 71% 68% 51%

Scheme 4.5. Synthesis of the Fura series (4.56 — 4.58) from the common core 4.53.

Following the success of the fura series of probes, other probes have also been synthesised

using built-up ring systems. Komatsu ef al. uccessfully synthesised KCM-1 (Scheme 4.6).2%

The same core building

block was used to obtain 4.59, with the only difference being the

fluorine group in place of the methyl. The synthesis of the aromatic extended core involves

the condensation reaction between 4.59 and the malonic acid dibenzyl to give coumarin-like

4.60. The acid is deprotected using H, and Pd/C (4.61). Esterification occurs before the

formation of the AM esters (4.63).

Malonic acid dibenzy!
Piperidine

N(CH,CO,Me
N(CH,CO,Me), (CH,COMe),

N(CH,CO,Me),

Pd/C, H,
O,
@)

e —
N(CH,CO,Me), Cyclohexane/EtOH
50°C, 24 h
56%
COOH

N(CH,CO,Me),

4.61

N(CH,COOAM),
0.
~ "o
N(CH,COOAM),

0.
(ONGFN J— > ~ "o
o Benzene/MeCN
HO N(CH,CO,Me), reflux
24h =
o 47%
COO0Bn
4.59 4.60
N(CH,COOH),
Lil Acetoymethyl bromide
0. Y Y
~ "o
MeCN N(CH,COOH), —— =
reflux, 5 days O (CH )2 CH,Cl, o
46% = 94% =

COOH
4.62

COOAM

Scheme 4.6. Multi-step synthesis of KCM-1 (4.63).

Another core synthesised probe is NitroAzidoFuraRed (4.69), also a ura derivative (Scheme

4.7).2% The route was adapted from the original synthesis by Grynkiewicz et al. but producing

an intermediate that does not contain a methyl group on the aromatic core of the BAPTA.!3?
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NO,
N(CH,CO,Et
N(CH,CO4Et), (CHZC0E0, N(CH,CO4Et),
o~g CHf}ggHzBr O o Fuming HNO, o~
- o
N(CH,CO,Et), ==, N(CHCOED, Ac0 N(CH,CO,Et),
HO DMF - AcOH o ,COZEY),
o 83% | o 57% S
4.64 4.65 \ © 4.66
NO, Ny NO,
o~ o
i) 0s0,, NMO o ;\/NH N(CH,CO,Et),
NalOy4 o N(CH,CO,Et), g s M Q-
— Piperidine YN .
ii) AcOH, 100 °C N
\o EtOH  Na~o ™
67% o}
19% (2 steps) 4.67 4.68
86%\
NO.

2
N(CH,CO,H),
0.

~"0
N(CH,CO,H).
; o 2 22

="
N
N3~~~
o

4.69
86%

Scheme 4.7. Final steps of the synthesis of NitroAzidoFuranRed 4.69.

As shown in Scheme 4.7, an allyl group was introduced to phenol 4.64. The nitration was then
achieved to give 4.66. Oxidation and cyclisation of 4.66 using osmium tetroxide and sodium
periodate followed by acid gave 4.67. The thiohydantoin was added using a Knoevangel
condensation (4.68) and following saponification of the esters, NitroAzidoFuraRed (4.69) was

synthesised. From 4.64 to 4.69, the overall yield is 5%.

4.1.1.3 Amine Formation

A further method of attaching a fluorophore to the BAPTA core is by incorporating an amine
on the core to subsequently form an amide. The route towards the amine involves the nitration
of synthesised BAPTA core (4.70) followed by hydrogenation of the nitro to give the amine
(4.72, Scheme 4.8).116:204

N(CH,CO,Me), N(CH,CO,Me), e paC N(CH,CO,Me),
O~y HNO,, AcOH o~g > . 00
N(CH,CO,Me), 4’0 o N(CH,CO,Me), MeOH/EtOAc N(CH,CO,Me),
2% rt, o/n NH
o NO 2
4.70 2 47 36% 472

Scheme 4.8. Synthesis of an amine on the BAPTA core (4.72).
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This synthesis was used in the examples given in Figure 4.4 which all contain an amide linker.

204-206

N(CH,COOH), N(CH,COOH),
O o O o N(CH,COOH),
N(CH,COOH), N(CH,COOH), SN

O<_NH Ow NH N(CH,COOH),

. . O
. O \
O O !
HO ASiS °© HO Ssil o

Cl Cl
4.73 4.74 4.75
34% 20% 53%

Figure 4.4. Probes containing an amide linker. CaTM (4.73), CaSIR (4.74), Ace-1 (4.75).

4.1.1.4 Use of Halogen-based reactive handles

Fluorophores have also been added to a BAPTA core by using a halogen as a reactive handle.

The core 4.76 was formed via bromination of 4.77 with elemental bromine (Scheme 4.9).'%

N(CH,CO,tBu), Brz (1.2 equiv) N(CH,COtBu),
o Pyridine (1.5 equiv) o
\/\O —_— \/\O
N(CH,CO,tBu),  DCM, -78 °C - rt N(CH,CO,tBu),
83%
Br
4.76 a.77

Scheme 4.9. Bromination of core 4.76 to produce 4.77.

From the brominated core, the fluorophore is incorporated through a lithiation on the aryl

bromide to form a nucleophile that then attacks the ketone and eliminates (Scheme 4.10).2%

This method gives 4.79, a BAPTA-fluorophore conjugate.

N(CHZCOOtBu)
N(CH,CO,tBu), o
1M sec-BuLi (4 equiv) N(CH,COOtBu)
O\/\o
N(CH,CO,tBu), 2 mﬁg"'EHF
Br \®
20% SIS
4.77 4.78 4.79

Scheme 4.10. Addition of a fluorophore (4.78) to a brominated core (4.77) to give the BAPTA fluorophore

conjugate 4.79.
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A brominated BAPTA analogue is also used in the synthesis of a HaloTag calcium indicator
(Scheme 4.11).'3° From the brominated core 4.80, a Buchwald-Hartwig reaction was used to
form 4.82. This probe varies from the norm in that it does not contain a fluorophore owing to
the HaloTag that is added on further into the synthesis, however, it displays further potential

uses for the bromine moiety.

o

4.81

1.5 equiv N(CH,CO,Et),
N(CH,CO,Et), Pd(OAC), (10 mol%) 0~
o0~g XPhos (40 mol%) o
Cs,CO5 (2 equiv) N(CH,CO,Et),
N(CH,CO.Et), ——0 % !
Br Toluene, 100 °C
o/n
83%
4.80 4.82

Scheme 4.11. Synthesis of HaloTag probe intermediate 4.82 from 4.80.

4.1.2 Summary of Existing Strategies to Prepare Calcium Imaging Probes

As has been shown, synthesis of the BAPTA scaffold takes several steps, and the synthesis
has not undergone much optimisation since the initial publication by Grynkiewicz et al.'3? To
synthesise an aldehyde handle is 5 steps, with an overall yield of 19%. Linear synthesis then
takes between 2-4 additional steps to give a final probe, including esterification, and some of
these steps can be low yielding, dependent on the substrate. Convergent synthesis tends to take
10 steps to the final compound (including initial aldehyde synthesis), resulting in a lengthy
and time-consuming synthesis. Total yields for the syntheses are also low, showing that there
is still room for improvements in the synthetic procedures.

Click chemistry, in particular the CuAAC, is a high yielding reaction with maximum atom
efficiency that forms a single regioisomer. Due to the many alkynes and azides that are
commercially available, it can form part of a modular system, allowing facile changes in the
R groups.

The aldehyde has been shown to be the most versatile handle and is the most used. It opens up
various synthetic possibilities such as a Wittig reaction and oxidation to the acid. The amine
handle however, despite the apparent simplicity in the approach, is less well used as a linking
group. This could be attributed to the lack of diversity that can be obtained from the amine
groups, as well as the lack of conjugation to the system though the bond. Cross-couplings,
whilst not currently well used, are not ideal due to the bulky scaffold of the BAPTA, and

potential interference in the catalytic cycle.
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4.2 Hypothesis of Chapter 4

It is hypothesised that the developments of ynamine-based click chemistry can be applied to
the BAPTA scaffold to form a probe. The ynamine can have two functional handles: the alkyne
(for a CuAAC reaction), and the substituent group on the ynamine scaffold. It was therefore
hypothesised that the ynamine can be attached to the BAPTA scaffold and have different ways

in which a fluorophore, for imaging, or a targeting moiety, could be attached (Figure 4.5).

YNAMINE
BAPTA
R2
R N N(CH,COOH
\@E \> (CHy )2
N O\/\O
\\ N(CH,COOH),
R1
R = COOH, NHy, B R'=NH,, CHO, Br, N3, =
= , NH,, Br etc. R? = CHj, fluorophore

Click Method to Form a Fluorescent Ynamine

N3

R\C[N\> + Kﬂuorophore click R\C[:
N - -

\ &
N

o

z=zZ

Click Method to Form a BAPTA-Ynamine
R!

R1
R N N(CH,COOH), ook (OH2o00m
L e

N
N(CH,COOH), N(CH,COOH),

N
N3 N
o
N
RQB}
7

2
Alternate Method to Form a BAPTA-Ynamine R
, N(CH,COOH),
R
(0]
R N ~"0
N(CH,COOH), . \C[ \> . N(CH,COOH),
o~ N
o \ R'R N
N(CH,COOH), W \C[ S
R N\

Figure 4.5. Potential uses of the ynamine in a BAPTA scaffold.

234



Developing a Click Chemistry Imaging Platform Using Aromatic Ynamines

Emma Alexander

4.3 Aims of Chapter 4

The aims of this chapter are:
1) To synthesise a calcium chelator core that will allow for facile modulation.

i) To functionalise a calcium chelator framework with an aromatic ynamine.
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4.4 Results & Discussion

It was initially postulated, after a literature search, that there were different routes to the
synthesis of a calcium chelator (Chapter 4.1) and modification of these could allow for the
insertion of an ynamine (Figure 4.6). The synthesis of an amine scaffold 4.84 would allow for
amine couplings, potentially through a linker or through an ynamine with a carboxylic acid
functionality (4.85) (Figure 4.6A). A halogen handle, 4.89, could allow for benzimidazoles to
attach through a cross coupling (Figure 4.6B). This would allow the alkyne to be free for
fluorophore addition or an organelle targeting moiety. The aldehyde 4.92 would open the most
options, with further formation of an acid (4.91) allowing addition of the ynamine 4.2 (Figure
4.6C). The amide route, on paper, appears to be the simplest. However, this would result in a
break in the conjugation system of the fluorophore, and to develop fluorophores towards the

NIR zone, increased conjugation is a key factor.?%
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A
N(CH,COOH),
N(CH,COOH), O~g
o
~"o N(CH,COOH),
N(CHCOOH), NH, N(CH,COOH),
4.84
HN,& 0 . O~
N(CH,COOH),
2 NO, 4.86
N N
N—7 HO)ﬁ>
4 N\\
4.83 4.85
N(CH,COOH),
o\/\o
N(CH,COOH),
4.87
B
N(CH,COOH), N(CH,COOH), N(CHzOCOOH)z
N N ~"o
N(CH,COOH), N(CH,COOH), N(CH,COOH),
HN\@[N\> Br 4.89 4.87
N\ .
oW
A\
4.88 ", N\
4.2
c
N(CH,COOH),
N(CH,COOH
O\/\O (CHy )2
O\/\O
N(CH,COOH),
N(CH,COOH), N(CH,COOH),
O o HO o 491 o
N N(CH,COOH), ——s . 4.92
g%
07 FN N
T Loy |
H,N N
4.90 \\
42 N(CH,COOH),
O\/\O
N(CH,COOH),
4.87

Figure 4.6. Potential scaffolds to utilise the ynamine scaffold in a BAPTA probe. A) Use of an amide to form an

amide bond; B) Use of a halogen handle for a cross-coupling reaction; C) Use of an acid for an amide bond

formation.

One method commonly employed in literature that was not considered was the building up of

an extended aromatic core as seen in the fura series'>? (Scheme 4.5) as this would not have

allowed for facile inclusion of an ynamine moiety.
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4.4.1 Synthesis of an Amine Functional Handle

As a starting point, due to the simple nature of the route, the nitration of a commercially
available BAPTA scaffold (4.93) was attempted. It was hypothesised that the nitration of the
core, followed by reduction to the amine, would allow for the easy addition of ynamines and
various linking groups. Taking literature conditions for nitration of the commercially available
scaffold 4.93, glacial acetic acid and nitric acid were used.!'® However, the reaction was

unsuccessful (Scheme 4.12).

Glacial acetic acid N(CH,COOH),

N(CH,COOH), HNO3 O\/\O
0] — X
~"o N
0°C (CH,COOH),
N(CH,COOH),
NO,
4.93 4.84

Scheme 4.12. Failed synthesis of a nitrated BAPTA core 4.84.

Upon attempting the reaction, degradation appeared. Multiple spots were observed on TLC
and LC-MS analysis did not show product mass. The route was taken no further and other
methods to develop a linking moiety were investigated through the synthesis of a halogen
handle and an aldehyde group. On reflection, protection of the acid groups with an ester moiety
observed in other synthesis should have been attempted. This would have been able to
troubleshoot whether the nitration conditions were posing an issue or, if it was the free acid
groups. Commercially available 4.93, without a directing methyl group, was used as an initial
starting point to test the reaction, due to the number of steps required to synthesise BAPTA
core 4.18 for a test reaction that may yield poor quantities and where the regioselectivity may

struggle to be controlled.

4.4.2 Synthesis of a Halogen Functional Handle

An attempt to use a halogen for the addition of functional groups, in this case a bromine, was
investigated. Following the successful build-up of the Br-BAPTA core (4.88), it was envisaged
that the addition of a bromine would allow cross-coupling additions of an ynamine to take

place (Scheme 4.13).
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N
H A\
N(CH,COOEt), >
N(CH,COOEY), % HoN N

O\/\O +

H
/@o/\/o N N —— <>/ N(CH,COOEY), &
% H
N N Br

(EtOOCH,C),
4.95 4.2

4.94

Scheme 4.13. The anticipated retrosynthesis of 4.94.

Two initial routes to the Br-BAPTA were tested, the first, the alkylation of the brominated
nitrophenol (4.96) with 4.12 to give 4.97 (Scheme 4.14).

NO, K2COj3 (1 equiv) NO,
OH _— (o)
~
g B DMF Br
90 °C
Br 18 h Br
1 i 1 i 9
equiv equiv 27% 4.97
4.96 412

Scheme 4.14. Synthesis of a brominated nitrophenol derivative 4.97.

On a small-scale reaction (2.3 mmol), the substitution as shown in Scheme 4.14 gave a yield
of 27%. However, when the reaction was scaled up to 14 mmol, the yield dropped significantly
to 12%. The reaction may have needed longer to run, or an increase in the equivalents of the
reactants.

After the successful synthesis of 4.97, the second step of the reaction involved the addition of
either the methyl-nitrophenol 4.98 or the nitrophenol 4.100. The nitrophenol 4.100 was used
to assess whether there was any difference in the synthesis when using a des-methylated
analogue.

NO, NO, K,CO3 (1.1 equiv)

o OH — Mo
90 °C NO,
Br 18 h I
36% r
4.97 4.98 499
NO, NO K,CO3 (1.1 equiv) NO,
o 2 _— o
~"Br OH OMF ~"0
90 °C NO,
Br 18 h
4.101

35%
4.97 4.100

Scheme 4.15. Synthesis of a methylated (4.99) and des-methyl (4.101) BAPTA core.
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As the synthesis of the brominated core (4.99) gave low yields, a second method was
attempted, where 4.98 was alkylated to give 4.13 before the formation of 4.99. This synthesis
gave a good yield of 93% for the alkylation of the brominated 4.93 (Scheme 4.16).

Br/\/Br
10 equiv NO, NO, K»COj3 (1.1 equiv)
NH, K,CO3 (1 equiv) O _~ OH - > NO,
OH - Br + DME O\/\o

DMF 90 °C NO,
90 °C Br 18 h

20 h 98% Br

4.98 75% 4.99

4.13 4.96

Scheme 4.16. Formation of a brominated core 4.95

The nitro groups were then reduced to amine groups using iron powder and ammonium
chloride (Scheme 4.17). The previous method of reduction using hydrogen and Pd/C could not
be used due to the halogen present. This gave a yield of 23% (Scheme 4.17). The reaction was
stopped after 30 min due to the iron forming a coating on the stirrer bar. The addition of more
iron powder, or more vigorous stirring, may have facilitated pushing the reaction closer to
completion. Examination of the characterisation data showed that an amide salt may have

formed, and that iron may be remaining in the product.

Fe powder (4 equiv)
NH4CI (2 equiv) NH,
(o}
Ethanol/Water ~"o

50 °C NH,

r 30 min Br

23%
4.99 ° 4.102

Scheme 4.17. Reduction of nitro groups to amines using iron to form 4.102.

The next step in the synthesis was the addition of ester groups to the methyl to form 4.104
(Scheme 4.18).

NH, 80 °C N(CH,COOEt),

Proton Sponge (8 equiv)
NH, o Nal (8 equiv) N(CH,COOE),
(0] + X (0]
<>/ ~"0 /\O)K/Br MeCN <>/ ~"0

Br 20h Br

4.102 4.103 4.104

Scheme 4.18. Attempted synthesis of 4.86.

However, using these conditions, the reaction does not go to completion. Instead, the LC-MS

trace is showing multiple peaks with between 2-4 equivalents of ester groups added on. To
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attempt to push the reaction towards completion more equivalents of the proton sponge, ethyl
2-bromoacetate and sodium iodide were added. The reaction was also heated for longer. This
resulted in more of the fully esterified product being formed, however, it still was not the main
product. Further equivalents could be added to push the reaction further and obtain the desired
product as the major product. In future, the reaction will be done on a larger scale to allow for
isolation of the intended product for further reactions, and, also to determine which amine
group the ester adds on to first. Unfortunately, no more attempts were taken at this stage and

the synthesis was not optimised.

4.4.3 Synthesis of the Aldehyde BAPTA Scaffold

Following the attempts at the other handles, it was decided to follow literature in the synthesis
of a core that is used in many BAPTA probes, the aldehyde handle.?®! As shown in4.1.1.1, the
route towards an aldehyde handle is lengthy, however, it allows the formation of a versatile,
reactive handle. This a multi-step synthesis that involves building up the core and then adding

functional groups (Scheme 4.19).

B
B r
10 equiv
NH I NH K,COj3 (1 equiv Pd/C (10 mol%)
2 oH K,CO5 (1 equiv) 2 o NO, 2 5 (1 equiv) o Hy NH,
— ~"Br, HO OMF NO2 — o0L~g
DMF SN MeOH/EtOAc
90 °C 90°C o it NH,
20h NO, 24 h
Y 81% 90% 4.16
4.98 75% 413 4.105 4.15
0
/\okBr
4.103
Proton Sponge N(CH,COOEt), POCI; (10 equiv) N(CH,COOEt),
Nal idi i
O\/\O Pyridine (1.5 equiv) O\/\O
MeEN N(CH,COOEY), DMF N(CH,COOEY),
80°C
o o
20h 4.106 0 010060 c o
64% 4.107

50%
Scheme 4.19. 5 step synthesis to form a BAPTA core with an aldehyde functional group (4.107) with an overall
yield of 17%.

Following literature conditions, the first step, alkylation of 4.98 tended to typically yield
around 50%, with a large amount of the starting 5-methyl-2-nitrophenol 4.98 remaining. The
equivalents of KOH and the 1,2-dibromoethane were increased resulting in a yield increase to
75%. Yields were required to be as high as possible due to the multi-step synthesis involved.
The second step gave high yields, greater than 80%, with no column chromatography needed
as the product formed a precipitate upon the addition of water. The third step, the
hydrogenation, gave yields consistently at 90% after overnight stirring. Step 4, to give 4.106
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also displayed low yields when following literature precedent. Upon increasing the number of
equivalents of the proton sponge and 4.103, the reaction proceeds well. The Vilsmeier-Haack
reaction to form the aldehyde gave low-moderate yields ranging from 20 - 64%. This was a
key step in the synthesis as the aldehyde is required for the linker and so low yields posed a

problem for the scale up of the synthesis.

For delivery into the cell, an AM ester is the ideal version. The ester allows the probe to easily
enter the cell, and on entry, esterases cleave the ester, trapping the charged molecule in the
cell. To install the AM ester, the ester group of 4.18 has to be saponified and the AM ester
added (Scheme 4.20). However, whilst the cleavage of the ester 4.107 was successful to give

4.192 as an intermediate, the subsequent addition of the carboxylic acid to give 4.108 was not.

N(CH,COOEt), con N(CH,COOH), Acetomethyl bromide  N(CH2COOAM),
o o o
\/\O \/\O DIPEA \/\O
N(CH,COOEt), MeOH N(CH,COOH), CH,Cl, N(CH,COOAM),
07 0% 07
4.107 4.92 4.108

Quant.

Scheme 4.20. Ester cleavage of 4.107 and attempted addition of an AM ester to 4.92.

Due to this failure, the Et ester 4.107 will be used for test reactions, and once a suitable
workflow has been established, then the cleavage and esterification will be attempted in the

last steps in a probe synthesis, provided that there is not a base labile group present.

Following the successful synthesis of the BAPTA core with the aldehyde group (4.107), the
first attempted functionalisation was to form an acid (4.109) (Scheme 4.21).

NaClO; (1.3 M),
N(CH,COOEt), NaH,PO,4 (1.3 M) N(CH,COOEt),
2-methyl-2-butene (0}
O\/\O Yy ~ o
N(CH,COOEt), 1,4-dioxane, H,0 N(CH,COOEt),
_ rt, 30 mins
O 13% O~ "OH
4.107 4.109

Scheme 4.21. Formation of BAPTA-acid 4.109.
The acid (4.109) was formed in 13% yield. In an initial test, 3 additions of aqueous solutions

of NaH,POj4 (1.3 M) and NaClO, (1.3 M) were carried out 30 min apart and the reaction

monitored by TLC. After 5 h, the reaction was still progressing and so was left overnight. It is
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not known if the extended reaction time caused the degradation or unknown side product peaks
that were seen on the crude NMR. However, on the second attempt, the reaction was not left
for as long and quenched when the acid (4.109) was visible on TLC. This resulted in 4.109
being successfully isolated in a 13% yield. The acid 4.109 can then be used for amide

couplings to conjugate to the ynamine.

Another modification reported in literature was the conversion of the aldehyde to an alkyne
using the Bestmann-Ohira regent. In literature, this was used to couple coumarin azide to a
BAPTA chelator, as well as various other metal chelators.’® It was hypothesised that other
fluorescent azides could be added to the indicators or linkers used to add the ynamine in

another way. The synthesis is given in Scheme 4.22

N(CH,COOEt), Dimethyl (1-Diazo-ZI-(O)gJOpro(;;yl)ph.o?phonate (1.2 equiv) N(CH,COOEt),
equiv
O\/\o Vs O\/\o
N(CH,COOEt), MeOH N(CH,COOEt),
rt, inert
NS
o I
4.107 4.110

Scheme 4.22. Attempted synthesis of an alkyne from an aldehyde using the Bestmann-Ohira reagent. Traces of the
product were detected by LC-MS, however, no 4.110 was isolated.

On a small-scale test reaction, a new spot forming was observed via TLC and the product mass
was identified via LC-MS. However, when the reaction was scaled up the synthesis was

unsuccessful. Instead, three peaks were formed, none bearing the product mass (Figure 4.7).
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Figure 4.7. LCMS trace showing the formation of the three peaks and the corresponding masses of the peaks.

As can be seen in Figure 4.7, no peak bearing either starting material (mass = 630.69) or the
desired product (mass = 626.70) is found. The mass consistent with the largest peak is
consistent with the loss of two ester groups, potentially due to the presence of base and MeOH.
However, alternative conditions could not be found in literature. No further attempts were
made to synthesise the alkyne. The use of EtOH as the solvent instead of MeOH would be
tested in any follow up reactions, to avoid the cleavage of the ethyl ester and the formation of

a methyl ester.

4.4.4 Ynamine-Fluorophore-BAPTA Conjugates

The acid (4.109) was then used for amide couplings. The aniline ynamine (4.111) was chosen
as the amine in the coupling. This was because it was hoped that the ynamine could be used
as the alkyne handle in a click reaction for the addition of a fluorophore. An initial amide
coupling using literature conditions for 4.109, PyBOP (1 equiv) and DIPEA (1.3 equiv) in

DMF, only gave trace amounts of product formation (Scheme 4.23).%!
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N(CH,COOEt),

N
N(CH,COOEt), /@[ > O o
o~ HoN N PyBOP (1 equiv) N N(CH,COOEt),
o + DIPEA (1.3 equiv) S
N(CH,COOEY), | O ——
DMF 07N N
TIPS t H
07 oH oh W
TIPS
4.109 4111 4.112

Scheme 4.23. Attempted amide coupling between acid 4.109 and amine 4.111 to form 4.112.

Following the unsuccessful reaction, several other conditions (Table 4.1) were tested without
the amine present and the formation of the activated ester monitored. After 30 minutes, the

amine was added and the product formation tested by LC-MS.

Table 4.1. Amide coupling conditions tested and observation by LCMS. All reactions were attempted in DMF

(10 mM). Entries 2 and 4(*) did not progress to amine addition due to the activated ester not being formed.

Amide Coupling Reagents Product g(:)?;i}eign (4.110)
COMU (1.1 equiv), DIPEA (2 equiv) No
DIC (1.1 equiv), HOAt (1.1 equiv) No activated ester*
EDC (1.1 equiv), HOBt (1.1 equiv) A small peak
DIC (1.5 equiv), HOBt (1.1 equiv) No activated ester*
HATU (1.2 equiv), DIPEA (2 equiv) A small peak

As observed in the table above, two of the amide conditions tested resulted in product
formation, however, these peaks were small. Additional unidentified peaks were also formed
in all cases. If further tests were being carried out, the deprotected ynamine would be used to
avoid having to carry out the deprotection on the BAPTA scaffold. Conditions tested would
also vary the number of equivalents used and reaction concentration in an attempt to find
optimum conditions.

However, despite successful conditions being tested, the reaction was not done on a larger

scale due to a lack of the BAPTA acid 4.109.

The synthesis of ynamine-fluorophore conjugates was attempted. The aim of this section was
therefore to synthesise a modular system with a fluorescent moiety which can be either in the

ynamine or the azide.
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Initially, the TIPS-protected ynamine 4.113 was used as it had a functional handle to easily
carry out amide couplings (Scheme 4.24). The synthesis of 4.115 -4.117 was successful.

2

/C[N\> EDC.HCI (2 equiv) o N>
DMAP (2.5 equiv) /@[ 3

R
W N R-COOH ——— =22, R)ku N

DCM
A\ t
i /
Tequv TIPS  T1.5equiv on 4114 TIPS
4113
TIPS
o N ] /l ,\/,,O\N TIPS
J @S IS NP G A J
F
X N N > H
H V. N N
\ : Y
HO o Yo H J P,
F TIPS N
4115 NH 4117
0
46% 0=8-0 40%
/N\

4.116
43%

Scheme 4.24. Synthesis of ynamine-fluorophore conjugates 4.115, 4.116 and 4.117.

Alongside the addition of a fluorophore to the ynamine, the synthesis of a fluorescent moiety
that could be added via an azide with a click reaction was attempted. Coumarin azide (4.117)
is a turn-on fluorescent azide; it is non-fluorescent when an azide and when in the triazole

form, it is fluorescent (Scheme 4.25).2%

Scheme 4.25. The hypothesised fluorescent turn-on activity of coumarin azide.

The synthesis of coumarin azide is a multistep two-pot synthesis that is reported in literature.?*
The first step involves the condensation of 2,4-dihydroxybenzaldehde (2.129) and N-acetyl
glycine (2.130) in acetic anhydride. Using literature conditions of reflux for 4 h, only trace
product was formed. To increase the yield, the reaction was left at reflux for 16 h, giving a
yield of 3%. Therefore, different literature conditions were attempted (Scheme 4.26) which
involved heating the reaction at 140 °C for 4 h. This was successful in increasing the yield to

29%. Further optimisation could have been carried out by increasing the reaction time,
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lowering the reaction temperature to avoid degradation or using microwave conditions,

however, sufficient material had been obtained.

Ac,0 (excess)

HO ‘ %
. )k oH NaOAc ( 4equnv) Y \CEI
\@) Y A

140 °C
OH 16 h
1 equiv 1 equiv 29%
4.119 4.120 4123

Scheme 4.26. First step in the synthesis of coumarin azide.

To form the desired azide 4.117, 4.123 was hydrolysed to form the amine 4.124, which then
underwent diazotization and subsequent displacement to the azide 4.117. LC-MS was used to
confirm that the first step was successful before moving onto the next steps. Over the three

steps the product was obtained in a 50% yield (Scheme 4.27).

\WO\@[OIO o HCIEOH @1) |HO o. o | NaNoy2equiv) [ o 0. .0
N ———
NP LT |
N 110°C, 1h NH, H20 N,
15 min, 0°C
4123 4124 4125

NaNj3; (3 equiv)
1h

0°c

50%

& N

4.117

3

Scheme 4.27. Synthesis of 4.118.

Triazole 4.126 was formed using standard conditions for the Cu-catalysed ynamine (3+2)
azide-alkyne cycloaddition (Scheme 4.28). A poor yield (12%) was achieved for this reaction,
most likely due to issues in the purification as the triazole had poor solubility in most solvents.
Alternative purification methods such as precipitation or preparative HPLC might improve the

purification.

HO 0._0

Cu(OAc)Z (5 mol%) \CEI

MeOH —
\ : =

N
H N
4.118 41 12% 4.126 N

Scheme 4.28. Formation of the fluorescent triazole (4.126) using standard click conditions.

Two further fluorescent azides (4.129 and 4.130) were synthesised based on the dansyl
fluorophore (4.127). The dansyl azide fluorophore 4.129 was synthesised from 3-azidopropan-
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1-amine (4.128) and dansyl chloride 4.127 and obtained in good yield (95%) (4.129) (Scheme
4.29). Another dansyl azide with a sulfunyl azide moiety (4.130) was also synthesised for

comparison in further tests.

cl N TTONH
0=5=0 Et3N (2 equiv) Oié:O
_
+ NyTONH, DCM
t,2h
95 %
/N\ /N\
1 equiv 1 equiv 4.129
4.127 4.128 :
o= S o
NaN3(1 5equiv) O= S o
acetone
rt, 4 h
95 %
1 equiv 4.130

4.127

Scheme 4.29. Synthesis of dansyl azides 4.129 (A) and 4.130 (B).

4.5 Summary and Future Work

In conclusion, there was no success in the attempted synthesis of a BAPTA-ynamine probe.
The synthesis of an amine (4.84) was the first initial route attempted through the nitration of
4.93 and did not work as per literature conditions.!!® This led to the formation of an aldehyde
(4.107) for further functionalisation being the main route under consideration. Attempts at
forming the aldehyde (4.107) and the optimisation of early parts of the synthesis to achieve
high yields were successful and so a handle was achieved for further attempts to form the
BAPTA-ynamine conjugate.

The aldehyde handle led to the successful synthesis of an acid (4.109) and attempts at amide
couplings were carried out. Several amide coupling conditions were attempted, and EDC and
HOBt or HATU and DIPEA were identified as potential coupling partners to be used in further
amide couplings relating to the BAPTA scaffold. Unfortunately, the synthesis of the alkyne
(4.110) was unsuccessful, potentially due to cleavage of the ester groups. To identify if this
was the source of the failed attempts, the reaction could be carried out with the acid groups
already in place instead of the ester.

Further work then led to the attempted synthesis of a Br-BAPTA core (4.95), to use the halogen

as a coupling partner. Following optimisation of this synthesis, work stalled at the addition of

248



Developing a Click Chemistry Imaging Platform Using Aromatic Ynamines

Emma Alexander

the ester groups to the amines (4.104). Further optimisation and large-scale synthesis of this
stage would have led to the successful optimisation of the product.

There is still a large amount of unexplored work within the development of a calcium probe
using bioorthogonal chemistry. There were unexplored modifications to the aldehyde that were
not investigated. These included a reductive amination which would have given the

opportunity to add the amino-ynamine directly to the core (Scheme 4.30).

+ 2 Condition

H
O N
N(CH,COOE), N _ o ]ij \C[N/
< TIPS (EtOOCH,C),N N

4.107 4.113 4.131

N TIPS
N(CH,COOE!), /@[ D N(CH,COOEt
O o HoN N> Reductive Amination /@[ (CHz L //

Scheme 4.30. Proposed reductive amination of 4.107.

Other potential substrates for the reductive amination are given in Figure 4.8. These include a
bromo substrate (4.132) for alkylation reactions or cross-couplings, and acid (4.133) for
attempts at an amide coupling with a linker bridging the BAPTA core and the ynamine
substrate (4.113). The addition of an azide partner (4.134) would allow an ynamine to be added
through a CuAAC reaction. Each of these (4.132 — 4.134) could have a different carbon chain
length between the amine group for reductive amination and the other functional handle,
allowing a small investigation into the importance of the linker between the BAPTA core and
other group (whether an ynamine or a fluorescent moiety). An analogue of each containing the

alkene could also be tested to investigate the effects of conjugation.

(0]

Br
HNT >
)l HZN/\)LOH HZN/\/\N3

4.132 4.133 4.134

Figure 4.8. Potential substrates for a reductive amination.

One of the hypothesised compounds for synthesis was an azide incorporated into the BAPTA
scaffold (Figure 4.5). This was not attempted, however, if the formation of an amine on the
BAPTA core was successful, the Sharpless method of azide formation (Scheme 4.31A) could
be utilised to form a BAPTA azide (Scheme 4.31B).>!° The subsequent CuAAC with an
ynamine would be anticipated to form 4.136 in high yields.
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A
KHCO,
RoNH, + O R-N
2 £ Ny MTBE/DMF/H,0 3
rt, air, 5 min
B
N(CH,COOH),
N(CH,COOH), 0~
—_— (o]
O\/\O \
(CH,COOH),
N(CH,COOH),
N
NH, 3 4.135
4.84
Cu(OAC), (5 mol%) /@EN\>
MeCN HoN N
4.2 \\
N(CH,COOH),
O\/\O
N(CH,COOH),

N
HzN/Q) 4.136

Scheme 4.31. A) Formation of an azide using a diazotising agent; 2! B) Formation of BAPTA azide 4.135 and

click reaction to form 4.136

The azide (4.135) could also be used to click with functionalised ynamines or with an azido-
fluorophore. This method, however, relies on the successful synthesis of the BAPTA-amine

4.77.

Following an anticipated successful synthesis of a BAPTA-ynamine probe, by one of the
methods described, the compounds spectral properties and ability to chelate calcium to be an
effective imaging would be tested. This would involve obtaining absorption and emission
spectra using a UV-vis spectrometer and fluorescence measurements on a fluorescence
spectrometer. To measure the dissociation constant of the probe with Ca?*, absorption and
emission spectra of the probe can be measured in the presence of various concentrations of

free Ca?".

250



Developing a Click Chemistry Imaging Platform Using Aromatic Ynamines

Emma Alexander

4.6 Experimental

4.6.1 General Experimental Techniques and Procedures

4.6.1.1 Reagents and Solvents

All reagents and solvents were used as supplied from commercial sources and used without

further purification unless otherwise stated.

4.6.1.2 Column Chromatography

Thin layer chromatography (TLC) was carried out using Merck silica plates coated with
fluorescent indicator UV254. TLC plates were analysed under 254 nm UV light or developed
using potassium permanganate solution. Normal-phase flash chromatography was carried out
using ZEOprep 60 HYD 40-63 um silica gel. Automatic purification was carried out on an
Interchim PuriFLASH XS52Plus system, using Silicycle 230-400 mesh 40-63 pm silica

columns of various sizes.

4.6.1.3 NMR Spectroscopy

NMR spectroscopy was carried out using either a Bruker 400 UltraShield™ B-ACS 60
spectrometer, Bruker AV500 spectrometer at 500 MHz ('H) and 126 Hz (*C) or Bruker
AV600 spectrometer at 156 Hz ('*C). All chemical shifts (8) in CDCl; were referenced at 7.26
(*H) and 77.06 ppm (**C), in (CD3),SO at 2.50 (*H) and 39.52 (**C), in D,O at 4.79 ppm ('H)
and in CD;CN at 1.94 ("H) and 118.26 ppm (**C) and reported in parts per million (ppm).
Coupling constants are quoted in hertz (Hz). Abbreviations for splitting patterns are s (singlet),
br. s (broad singlet), d (doublet), dd (doublet of doublets), ddd (doublet of doublets of
doublets), t (triplet), td (triplet of doublets), app. t (apparent triplet), q (quartet) and m
(multiplet). All NMR data was processed using Mestrenova 11.0 software. Proton and carbon
chemical shifts were assigned using proton (*H), carbon (*C), Heteronuclear Single Quantum
Coherence (HSQC), Heteronuclear Multiple-Bond Correlation Spectroscopy (HMBC) and
Correlation Spectroscopy (COSY) and Nuclear Overhauser Effect Spectroscopy (NOESY)

whenever possible.

4.6.1.4 High Resolution Mass Spectrometry

High-resolution mass spectra were recorded on a ThermoScientific Exactive™ Plus Orbitrap
Mass Spectrometer at the University of Strathclyde or a Bruker Micro TOF II at The University
of Edinburgh.
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4.6.1.5 IR Spectroscopy

IR data was collected on either an Agilent or Shimadzu FTIR spectrometer and the data

processed using the proprietary software. Only major absorbances were reported.

4.6.2 Liquid Chromatography-Mass Spectrometry (LC-MS) and Ultra-
Performance-Mass-Spectrometry (UPLC-MS)

LC-MS was carried out on an Agilent HPLC instrument in conjunction with an Agilent
Quadrupole mass detector on an Agilent Poroshell 120 C18 column (75 mm x 4.6 mm, 2.7
pm). UPLC-MS was carried out on an AVANT UPLC with an Advion Expression CMS L
attached for mass detection on a Phenomenex Kinetex C18 column (30 mm x 2.1 mm, 2.7

um). Electrospray ionization (ESI) was used in all cases.

4.6.3 Synthetic Procedures

2-(2-Bromoethoxy)-4-methyl- 1-nitrobenzene (4.13)

NO,
O\/\Br

5-Methyl-2-nitrophenol (5.02 g, 32.7 mmol) and potassium carbonate (4.51 g, 32.7 mmol)
were dissolved in anhydrous DMF and stirred at 90 °C for 20 min. 1,2-dibromoethane (60.8 g,
324 mmol) was added and the mixture was stirred at 90 “C for 18 h. The solution was allowed
to cool to rt and the solvent was removed in vacuo. The crude product was purified with
column chromatography (5% ethyl acetate in petroleum ether) to give the product as a yellow
solid (6.41 g, 24.7 mmol, 75%).

'"H NMR (400 MHz, CDCl5) & 7.78 (d, J = 8.6 Hz, 1H), 6.91 — 6.84 (m, 2H), 4.39 (t, J =
6.5 Hz, 2H), 3.67 (t, J = 6.5 Hz, 2H), 2.41 (s, 3H).

3C NMR (101 MHz, CDCl3)  151.4, 145.7, 137.8, 125.7, 121.9, 115.8, 69.4, 27.9, 21.7.

Values correspond to literature values®’!

4-Methyl-I-nitro-2-(2-nitrophenoxy)ethoxy)benzene (4.15)

NO,
©/O\/\O

NO,
2-(2-Bromoethoxy)-4-methyl-1-nitrobenzene (3 g, 11.5 mmol), 2-nitrophenol (1.67 g, 12
mmol) and potassium carbonate (0.98 g, 7 mmol) were stirred in anhydrous DMF (10 mL) at

90°C for 5 h. The reaction was allowed to cool to room temperature and distilled water (100
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mL) was added dropwise. The resulting solid was filtered and washed with water then diethyl
ether. The product was fired to give a white solid (3.02 g, 9.50 mmol, 82%).

'"H NMR (500 MHz, DMSO) & 7.87 — 7.83 (m, 1H), 7.77 (d, J = 8.3 Hz, 1H), 7.69 — 7.62 (m,
1H), 7.44 (d, J=8.5 Hz, 1H), 7.26 (s, 1H), 7.17 —7.11 (m, 1H), 6.94 (d, /= 8.3 Hz, 1H), 4.56-
4.52 (m, 4H), 2.39 (s, 3H).

3C NMR (126 MHz, DMSO) § 151.3, 150.9, 145.7, 139.8, 137.3, 134.3, 125.0, 124.8, 121.5,
120.97, 116.0, 115.6, 68.1, 68.0, 21.3.

Values correspond to literature values®’!

2-(2-(2-Aminophenoxy)ethoxy)-4-methylaniline (4.16)

4-Methyl-1-nitro-2-(2-nitrophenoxy)ethoxy)benzene (1.50 g, 5.20 mmol) and Pd/C (55.0 mg,
52.0 umol) were suspended in a mixture of EtOAc/MeOH (45 mL/80mL). The reaction was
stirred under hydrogen atmosphere at rt for 18 h. The catalyst was filtered off over celite and
washed with MeOH. The solvent was removed under vacuum to give the product as a pale-
yellow solid (1.12 g, 5.81 mmol, 90%)

"H NMR (500 MHz, DMSO) § 6.86 (d, J = 7.3 Hz, 1H), 6.72 — 6.67 (m, 2H), 6.64 (dd, J =
7.8, 1.8 Hz, 1H), 6.55 — 6.49 (m, 3H), 4.67 (s, 2H), 4.45 (s, 2H), 4.26 (app.s, 4H), 2.16 (s, 3H).
3C NMR (126 MHz, CDCls) & 146.35, 136.98, 134.27, 128.09, 122.20, 122.01, 118.45,
115.48, 115.44, 113.68, 112.66, 67.62, 67.57, 21.00.

Values correspond to literature values®’!

4-Bromo-2-(2-bromoethoxy)- 1-nitrobenzene (4.97)

NO,
O\/\Br

Br
5-Bromo-2-nitrophenol (1 g, 4.59 mmol) and potassium carbonate (630 g, 4.56 mmol) were
dissolved in anhydrous DMF (10 mL) and stirred at 90 “C for 20 min. 1,2-dibromoethane (860
mg, 4.59 mmol) was added and the mixture was stirred at 90 “C for 3 h. The solution was
allowed to cool to rt and stirred for a further 13 h. The solvent was removed in vacuo and the
crude product was purified with column chromatography (5% ethyl acetate in petroleum ether)

to give the product as a yellow solid (401 mg, 1.24 mmol, 27%).
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'H NMR (500 MHz, CDCL3) § 7.78 — 7.72 (m, 1H), 7.25 — 7.22 (m, 2H), 4.41 (t, J = 6.4 Hz,
2H), 3.68 (t, J = 6.4 Hz, 2H).
IR Vimax (em™) 3107 (ar. C-H), 1605 (C=C ar.), 1515 (C-O stretch), 1258 (C-0), 750 (C-Br).

4-Bromo-2-(2-(5-methyl-2-nitrophenoxy)ethoxy)-1-nitrobenzene (4.99)

Br

O~
NO,

To a solution of 2-(2-bromoethoxy)-4-methyl-1-nitrobenzene (2.00 g, 7.69 mmol) in DMF (10
mL) was added K»COs (1.17 g, 8.46 mmol) and 5-bromo-2-nitrophenol (1.68 g, 7.69 mmol).
The reaction was heated to 90 ‘C and left to stir for 7 h. The reaction was allowed to cool to
rt, and water (30 mL) was added. The yellow precipitate formed was recovered through
vacuum filtration and dried under vacuum to give the desired product as a yellow solid (2.83
g, 7.12 mmol, 93%).
'"H NMR (500 MHz, DMSO) 6 7.83 (d, J= 8.6 Hz, 1H), 7.77 (d, J= 8.2 Hz, 1H), 7.70 (d, J =
1.8 Hz, 1H), 7.36 (dd, J= 8.6, 1.8 Hz, 1H), 7.26 (s, 1H), 6.95 (d, /= 8.3 Hz, 1H), 4.64 — 4.48
(m, 4H), 2.39 (s, 3H).
IR Vimax (cm™") 3107 (ar. C-H), 1603 (ar. C=C), 1513 (C-O stretch), 1355 (NO»), 1260 (NO»),
752 (C-Br).

2-(2-(2-Amino-5-bromophenoxy)ethoxy)-4-methylaniline (4.102)

O\/\O
NH,

Br
To a solution of 4-bromo-2-(2-(5-methyl-2-nitrophenoxy)ethoxy)-1-nitrobenzene (500 mg,
1.26 mmol) in EtOH (25 mL) was added iron powder (281 mg, 5.04 mmol). The reaction
was heated to 40 °C and a solution of water (25 mL) and ammonium chloride (135 mg, 2.52
mmol) added. The reaction was heated to 80 °C for 30 mins. After cooling to rt, the solution
was filtered over celite, and solvent removed in vacuo to give the desired product as a brown
solid (97.6 mg, 290 mmol, 23%).

"H NMR (500 MHz, DMSO) & 7.04 (s, 1H), 6.87 (s, 1H), 6.73 (s, 1H), 6.59 (dd, J=29.5, 13.0
Hz, 3H), 4.80 (s, 4H), 4.42 — 4.20 (m, 4H), 2.19 (s, 3H).

LC-MS (ESI) RT = 7.44 min, m/z = 339.1.
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IR Viax (cm™) 3427 (N-H), 3118 (N-H stretch of amine salt), 3029 (ar. C-H), 2947 (ar. C-H),
1504 (ar. C=C), 1396 (C-0), 1223 (C-O).

Diethyl 2,2°-((2-(2-(2-(bis(2-ethoxy-2-oxoethyl)amino-5-
methylphenoxy)ethoxy)phenyl)azanediyl)diacetate (4.106)

N(CH,COOEt),

O~

N(CH,COOEt),

2-(2-(2-Aminophenoxy)ethoxy)-4-methylaniline (1.11 g, 4.30 mmol), proton sponge (4.6 g,
215 mmol) and ethyl bromoacetate (3.59 g, 21.5 mmol) were dissolved in anhydrous MeCN
(43 mL) and Nal (3.41 g, 2.28 mmol) was added. The mixture was heated to reflux and stirred
for 21 h. The reaction was allowed to cool down to room temperature and diluted with DCM
(150 mL). The mixture was washed with saturated aqueous solutions of NaH,PO4 (100 mL),
NaHCOs3 (100 mL) and brine (100 mL). The organic phase was dried over anhydrous sodium
sulphate and reduced in vacuo. The residue was purified by column chromatography (10 —
20% ethyl acetate in petroleum ether) to give the product (1.29 g, 2.14 mmol, 50%).
"H NMR (500 MHz, CDCl;3) 8 6.92 — 6.81 (m, 4H), 6.76 — 6.72 (m, 1H), 6.69 — 6.65 (m, 2H),
4.28 (hept, J=2.7 Hz, 4H), 4.14 (d, J = 17.4 Hz, 8H), 4.05 (dq, /=9.8, 7.1 Hz, 8H), 2.26 (s,
3H), 1.15(td, J="7.2, 3.3 Hz, 12H).
IR Vinax (cm™") 2980 (ar. C-H), 2915 (ar. C-H), 1731 (C=0), 1510 (ar. C=C), 1242 (C-N), 1175
(C-0), 1027 (C-0O).

Values correspond to literature values?’!

Diethyl 2,2'-((2-(2-(2-(bis(2-ethoxy-2-oxoethyl)amino)-5-formylphenoxy)ethoxy)-4-
methylphenyl)azanediyl)diacetate (4.107)

N(CH,COOE),
O\/\o
N(CH,COOE),

Diethyl 2,2°-((2-(2-(2-(bis(2-ethoxy-2-oxoethyl)amino-5-
methylphenoxy)ethoxy)phenyl)azanediyl)diacetate (1.5 g, 2.50 mmol) and pyridine (0.29 g,
3.71 mmol) were dissolved in anhydrous DMF (15 mL). The reaction was placed under argon
and cooled to 0°C. POCI; (3.78 g, 24.0 mmol) was added dropwise. The reaction was stirred

at 0°C or 15 mins and then heated to 60 °C for 4 h. The reaction was allowed to cool to room
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temperature and was diluted with DCM (20 mL). The diluted solution was slowly added to a
solution of NaOH with crushed ice. The DCM layer was extracted, further diluted with
additional DCM (20 mL) and washed with saturated NaHCO; (50 mL) and brine (50 mL). The
organic layer was dried over anhydrous sodium sulphate and solvent was removed in vacuo.
The crude residue was purified using column chromatography (ethyl acetate (20-50%:hexane)
to give the product as an orange solid (1.03 g, 1.65 mmol, 64%).

'"H NMR (400 MHz, CDCls) 8 9.79 (s, 1H), 7.41 — 7.36 (m, 2H), 6.79 — 6.73 (m, 2H), 6.71 —
6.64 (m, 2H), 4.34 — 4.26 (m, 4H), 4.23 (s, 4H), 4.11 (s, 4H), 4.10 — 4.00 (m, 8H), 2.26 (s, 3H),
1.15(td,J=17.1, 2.5 Hz, 12H).

BC NMR (101 MHz, CDCl3) § 190.7, 171.7, 171.0, 150.3, 149.9, 145.4, 137.2, 132.2, 130.1,
126.7,122.9,119.6, 116.8, 114.7, 111.3, 67.6, 67.0, 61.3, 60.8, 53.9, 53.7, 21.1, 14.2, 14.2.

Values correspond to literature values®’!

4-(Bis(2-ethoxy-2-oxoethyl)amino)-3-(2-(2-(bis(2-ethoxy-2-oxoethyl)amino)-5-
methylphenoxy)ethoxy)benzoic acid (4.109)

N(CH,COOEt),

O\/\O

N(CH,COOE!),
HO™ o

To a solution of diethyl 2,2'-((2-(2-(2-(bis(2-ethoxy-2-oxoethyl)amino)-5-
formylphenoxy)ethoxy)-4-methylphenyl)azanediyl)diacetate (200 mg, 317 umol) was
dissolved in 1,4-dioxane (2.5 mL) was added a solution of Na,H>PO4 (90 mg, 634 umol) in
water (0.5 mL) followed by a solution of NaClO, (55 mg, 610 umol) in water (0.5 mL). The
reaction was stirred at rt for 30 min and analysed by TLC. Na;H>PO4 (90 mg, 634 umol) in
water (0.5 mL) and NaClO; (55 mg, 610 umol) in water (0.5 mL) were added sequentially.
The reaction was stirred at rt for a further 1 h. The reaction was quenched with water (10
mL) and the aqueous layer extracted with ethyl acetate (3 x 10 mL). The organic extracts
were combined, washed with brine (10 mL), dried over anhydrous sodium sulphate and the
solvent removed in vacuo. The crude obtained was purified by flash column chromatography
(40 — 80% ethyl acetate in hexane) to give the desired product as a dark orange viscous oil
(26.7 mg, 42.2 pmol, 13%).
'"H NMR (400 MHz, CDCl) 8 7.66 (dd, J = 8.4, 1.8 Hz, 1H), 7.56 (d, J = 1.9 Hz, 1H), 7.28
(d, J="7.8 Hz, 1H), 6.79 — 6.69 (m, 3H), 4.45 — 3.94 (m, 20H), 2.33 (s, 3H), 1.29 — 1.08 (m,
12H) (exchangeable COOH proton not observed).
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3C NMR (101 MHz, CDCl3) 6 170.7, 170.4, 167.8, 161.7, 161.4, 153.2, 148.9, 143.7, 140.3,
129.8,125.7,124.4,121.4, 121.2, 116.6, 114.3, 113.1, 66.6, 66.3, 61.0, 60.7, 60.5, 59.9, 53.3,
48.1,21.1,13.7,13.6, 13.6, 13.1.

6,8-Difluoro-7-hydroxy-2-oxo-N-(1-((triisopropylsilyl)ethynyl)- 1 H-benzo[d]imidazol-6-yl)-
2H-chromene-3-carboxamide (4.115)

T
F TIPS
A solution of 1-((triisopropylsilyl)ethynyl)-1H-benzo[d/imidazol-6-amine (50.0 mg, 159
pumol), pacific blue (38.7 mg, 159 umol), EDC.HCI (61.0 mg, 320 umol) and DMAP (5.00
mg, 400 umol) in DCM (5 mL) was stirred for 18 h. The reaction was diluted with ethyl acetate
and washed with NaHCO;, NaOH and brine. The organic phase was dried over sodium
sulphate and then concentrated in vacuo. The residue was then purified by column
chromatography (2% MeOH in DCM (1% triethylamine)) to give the product as a green solid
(40.0 mg, 73.4 pmol, 46%).
'"H NMR (500 MHz, DMSO) 8 10.92 (s, 1H), 8.71 (s, 1H), 8.61 (s, 1H), 8.43 (d, J = 2.0 Hz,
1H), 8.25-8.18 (m, 1H), 7.74 (d, J= 8.5 Hz, 1H), 7.57 (d, /= 10.8 Hz, 1H), 7.35 (dd, /=8.7,
2.0 Hz, 1H), 7.02 — 6.94 (m, 1H), 1.18 — 1.15 (m, 21H).
F NMR (471 MHz, DMSO) § -135.24.

0-((5-(Dimethylamino)naphthalene)- 1-sulfonamido)-N-(1-((triisopropylsilyl)ethynyl)- 1 H-
benzo[d]imidazol-6-yl)hexanamide (4.116)

TIPS

o
O N N
ECEN)
NH

0=8=0

N

A solution of 1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-amine (43.0 mg, 140
umol), 6-((5-(dimethylamino)naphthalene)-1-sulfonamide)hexanoic acid (53.0 mg, 150
umol), DMAP (3.00 mg, 2.50 umol) and EDC.HCI (48.0 mg, 250 umol) in DCM (5 mL) was
covered in foil and stirred for 48 h at rt. The reaction was extracted into ethyl acetate, washed

with NaHCOs3; NaOH and brine. The organic layer dried with anhydrous sodium sulphate and
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concentrated in vacuo. The residue was then purified by column chromatography (40 — 60%
ethyl acetate in petroleum ether) to give the desired product as a green solid (40.8 mg, 61.0
mmol, 43%).

'"H NMR (500 MHz, DMSO) & 10.04 (s, 1H), 8.54 (s, 1H), 8.44 (d, J = 8.5 Hz, 1H), 8.30 (d,
J=28.7Hz, 1H), 8.20 (s, 1H), 8.09 (dd, J= 7.3, 1.2 Hz, 1H), 7.87 (t, J= 5.8 Hz, 1H), 7.67 (s,
1H), 7.59 (dt, /= 13.3, 8.3 Hz, 2H), 7.34 (dd, /= 8.7, 2.0 Hz, 1H), 7.23 (d, /= 7.5 Hz, 1H),
2.81 (s, 7H), 2.80 — 2.74 (m, 3H), 2.18 (t, /= 7.5 Hz, 2H), 1.44 — 1.24 (m, 6H), 1.14 (d, J =
4.7 Hz, 22H).

3-Azido-7-hydroxy-2H-chromen-2-one (4.117)*"
HO O (0]
L,

To a solution of 3-acetamido-2-ox0-2H-chromen-7-yl acetate (1.03 g, 3.94 mmol) in ethanol

3

(12.5 mL) was added dropwise hydrochloric acid (25 mL) at rt. The reaction was then heated
to 105 °C for 1 h. The reaction was cooled to rt before being placed in an ice bath and then
diluted with ice cold deionised water (25 mL). Sodium nitrite (520 mg, 7.53 mmol) was added
and left to stir for 15 mins. Sodium azide (750 mg, 11.5 mmol) was added portion wise, and
the reaction left to stir for 1 h. The reaction was filtered, and the brown precipitate washed
with cold deionised water (3 x 25 mL). The desired product was obtained as a brown solid
(389 mg, 1.91 mmol, 50%).

'"H NMR (500 MHz, DMSO) & 10.52 (s, 1H), 7.60 (s, 1H), 7.48 (d, J = 8.5 Hz, 1H), 6.81 (dd,
J=28.5,2.3 Hz, 1H), 6.76 (d, /= 2.3 Hz, 1H).

Values correspond to literature values®®

3-(4-(5,6-Dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)-7-hydroxy-2H-
chromen-2-one (4.118)

PZ /=N
It
=N

W

A mixture of 3-azido-7-hydroxy-2H-chromen-2-one (59.5 mg, 0.292 mmol), 1-ethynyl-5-6-
dimethyl- 1H-benzo[d]imidazole (51.2 mg, 0.2937 mmol) and copper(Il) acetate (2.20 mg,
0.01 mmol) in methanol (50 mL) was left to stir for 48 h. EDTA (10 mL) and ethyl acetate (10
mL) were added and the resulting precipitate filtered and washed with ethyl acetate (3 x 10
mL) to give the desired product as a brown solid (12.9 mg, 0.035 mmol, 12%).
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'"H NMR (500 MHz, DMSO) &: 11.00 (s, 1H), 9.16 (s, 1H), 8.74 (s, 1H), 7.82 (d, 1H, J = 8.6
Hz), 7.73 (broad s, 1H), 7.58 (broad s, 1H), 6.96 (dd, 2H, J = 8.5, 2.5 Hz,), 6.91 (d, 1H, 2.1
Hz), 2.39 (s, 3H), 2.36 (s, 3H).

3C NMR (125 MHz, DMSO) § 142.3, 135.3, 134.3, 133.6, 129.4, 128.3, 118.7, 114.7, 112.4,
55.3, 20.5, 20.3 (5 carbons not observed).

Values correspond to literature values?!!

3-Acetamido-2-oxo-2H-chromen-7-yl acetate (4.123)
TOA

H
To a solution of 2,4-dihydroxybenzaldehyde (2.01 g, 14.6 mmol) and N-acetyl glycine (1.68
g. 14.3 mmol) in acetic anhydride (12 mL) was added anhydrous sodium acetate (5.00 g, 60.9
mmol) and the reaction mixture was heated to 115 C for 4 h. Upon cooling to rt, the resulting
solid was triturated with cold deionised water (30 mL), filtered and washed with cold deionised
water (3 x 30 ml). The solid was sonicated in ethyl acetate (12 ml) and filtered to give the
desired product as an orange solid (1.09 g, 29%).
'"H NMR (500 MHz, DMSO) 8 9.76 (s, 1H), 8.63 (s, 1H), 7.75 (d, J = 8.5 Hz, 1H), 7.27 (d,
2.2 Hz, 1H), 7.13 (dd, J= 8.5 Hz, 2.2 Hz, 1H), 2.31 (s, 3H), 2.18 (s, 3H).
BC NMR (125 MHz, DMSO) 6 175.4, 174.1, 162.5 156.2, 155.1, 133.8, 129.3, 124.2, 122.7,
114.9,29.1, 26.1.

Values correspond to literature values®”

N-(3-azidopropyl)-5-(dimethylamino)naphthalene- 1-sulfonamide (4.129)*

Na/\/\NH
0=8=0

N
3-Azido-propan-1-amine (119 mg, 1.19 mmol) was added dropwise to a solution of 5-
(dimethylamino)mapthalene- 1-sulfonyl chloride (322 mg, 1.19 mmol) and triethylamine (241
mg, 2.39 mmol) in DCM (5 mL) under argon and stirred at room temperature for 1.5 h. The
reaction mixture was concentrated in vacuo and absorbed onto celite for purification by silica
gel flash-column chromatography (70% hexane in ethyl acetate). The product was obtained as

a green solid (376 mg, 1.13 mmol, 95%).
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'H NMR (500 MHz, CDCL:) & 8.56 (d, J= 8.6 Hz, 1H), 8.30 (d, J = 8.6 Hz, 2H), 7.58 — 7.54
(m, 2H), 7.197 (d, J = 7.5 Hz, 1H), 5.15 (broad s, 1H), 3.24 (s, J = 6.4 Hz, 2H), 2.98 (q, J =
6.4 Hz, 2H), 2.89 (s, 6H), 1.55 (quint, J = 12.9 Hz, 2H).

13C NMR (125 MHz, CDCL3) § 151.9, 136.3, 130.0, 129.6 128.9, 128.3, 124.1, 119.5, 115.6,
48.3,45.3,29.0.

Values correspond to literature values '

5-(Dimethylamino)naphthalene- 1-sulfonyl azide (4.130)*"

N3
0=S=0

/N\

A solution of dansyl chloride (272 mg, 1.01 mmol) in acetone (6 mL) was added to a solution
of sodium azide (97.5 mg, 1.50 mmol,) in water (2 mL). The reaction was stirred for 4 h at rt
and then diluted with ammonium chloride. The solution was extracted into ethyl acetate (3 X
10 mL) and the organic phase was dried with anhydrous sodium sulphate. The solvent was
removed in vacuo to give a green/yellow gel (280 g, 1 mmol, 95%).

'"H NMR (500 MHz, DMSO) 6 8.66 (d, J = 8.4 Hz, 1H), 8.37 (dd, J = 7.4, 1.2 Hz, 1H), 8.04
(d,J=8.6 Hz, 1H), 7.78 — 7.71 (m, 2H), 7.35 (d, J= 7.3 Hz, 1H), 2.86 (s, 6H).

3C NMR (126 MHz, DMSO) § 151.9, 132.7, 130.3, 129.6, 129.1, 128.7, 123.7, 117.6, 115.9,
45.0 (2 carbons not observed).

IR Vimax (cm™): 3943 (N-H), 2152 (N3),1361 (C-N), 1146 (S=0).

Values correspond to literature values '

6-((5-(Dimethylamino)naphthalene)- 1-sulfonamide) hexanoic acid (4.136)*"*

° NH

)
OH 0=8=0

PLN
6-Aminohexanoic acid (0.21 g, 1.60 mmol) was dissolved in sodium hydroxide (2 mL) and
added to a solution of dansyl chloride (403 mg, 1.5 mmol) in THF (13 mL) and stirred for
1.5 h at rt. The solution was acidified using 10% HCI. The solution was extracted into ethyl
acetate and the organic layer dried with anhydrous sodium sulphate and the solvent removed
in vacuo. The crude residue was purified using silica gel column chromatography (6%

MeOH in DCM) to give the product as a green solid (202 mg, 0.56 mmol, 37%).
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'"H NMR (500 MHz, CDCl;) & 8.55 (d, J = 8.5 Hz, 1H), 8.29 (d, J = 8.6 Hz, 1H), 8.25 (dd, J
=7.4,1.3 Hz, 1H), 7.54 (ddd, J=17.1, 8.6, 7.4 Hz, 2H), 7.20 (d, J= 7.5 Hz, 1H), 2.90 (d, J =
3.3 Hz, 7H), 2.18 (t, J = 7.3 Hz, 2H), 1.41 (m, 5H), 1.26 (s, 1H), 1.24 — 1.14 (m, 3H)
(Exchangeable COOH and NH protons not observed).

Values correspond to literature values 24
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Chapter 5

Conclusions and Future Directions
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5.1 Conclusions and Future Directions

The aim of this thesis was to expand on the scope of ynamines for the CuAAC reaction and
investigate the influence of substituents and solvents on reactivity. To showcase the potential

of aromatic ynamines in bioconjugation, a calcium sensor approach was explored.

First, various ynamines based on both benzimidazoles and imidazole scaffolds containing
EWD and EDGs were synthesised. The synthetic yields of the TIPS-protected ynamines
varied, dependent on substrate and reaction conditions. Ynamine synthesis attempts on a
substrate containing an amine were consistently low, for both the imidazole and benzimidazole
scaffold.

Next, following on from preliminary findings within the group, it was attempted to perform
the azide-alkyne cycloaddition using metal salts that did not contain copper. The results
obtained in this were highly variable, and no clear trends could be established. The source of
the reactivity was not identified in these experiments, and despite efforts to reduce the
likelihood of copper contamination, it is a potential that there may be a trace contamination,

potentially from the salts used.

Next, the HDE rate of each ynamine alkyne was investigated. Substituents on the
benzimidazole ring influenced the reactivity, however, the differences in reactivity were more
pronounced for the imidazoles, with the electron withdrawing nitro substituent (3.39) not
showing full exchange in the time observed (3.5 h), and the bare aromatic imidazole
completing in 1.5 h. A unique reactant was the difluoro benzimidazole 3.25, which exhibited
faster exchange without the presence of copper. Further differences between the
benzimidazoles and the imidazoles observed included faster formation of diyne for
benzimidazoles, and for some of the imidazoles, no diyne formation was observed. There was
also a difference in the exchange curve shape (imidazoles display a sigmoidal shape and
benzimidazoles do not) and the peak broadening upon copper addition for the two
heterocycles, with benzimidazole peaks broadening and shifting temporarily downfield, and
imidazole peaks not shifting, only broadening. These observations point to a fundamental
difference between benzimidazoles and imidazoles in how they interact with the copper
catalyst.

The effect of the substituents on the ynamines reactivity in CuAAC in 3 different solvents:
MeCN, IPA and HFIP/water (40/60), was probed by HPLC analysis. For benzimidazole

ynamines, dimethoxy benzimidazole ynamine 3.24 was the fastest in MeCN, reaching
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completion in 20 min in MeCN and 45 min in IPA. However, the reaction was slowed down
in the HFIP/water system, reaching completion in over 3 h. The difluoro ynamine 3.25 was
amongst the slowest benzimidazoles for all solvents, completing in 90 min in MeCN, 3 h in
IPA and over 3 h in HFIP/water. This suggest that EDGs are faster than EWGs, and this is
further shown with the other methoxy variants (3.26 and 3.27) also being fast. To confirm this
hypothesis, further EWGs would need to be tested. For imidazoles, the fluoro imidazole 3.35
was the fastest substrate in MeCN, completing in 15 min. However, changing the solvent to
IPA reduced the speed to completion to 2 h. When HFIP/water is used, the low solubility of
the triazole products interfere with the HPLC analysis and caused low reproducibility due to
precipitation, this was particularly prevalent for the imidazole series tested.

In MeCN and IPA two side products typically formed, in addition to diyne, which were
putatively identified as 3.64 and 3.65 (as illustrated for the dimethyl ynamine 3.13). For
benzimidazoles, diyne was formed in both solvents, but for imidazoles, it was only found in
quantifiable levels in MeCN. The other side products formed were unidentified but presumed
to be either an ynamine-triazole complex or a bis-triazole molecule based on previous work
within the group. For the HFIP/water system, no side product formation was observed.

Next, influence of copper catalyst concentration on reactivity was tested. Preliminary results
using 2.5 mol% Cu(OAc); for benzimidazole ynamines tested showed that reducing the copper
levels tended to double the reaction rate (e.g. 3.24 and 3.31). For the imidazole ynamines, it
did not significantly affect the reaction rates, with reaction rates for most (e.g. 3.37 and 3.40)
tested only dropping by a small margin. One benzimidazole (3.24) and one imidazole (3.37)
were then tested with further lower concentrations of Cu(OAc),. Benzimidazole 3.24
decreased in the reaction rate as the Cu(OAc), concentration was sequentially decreased to
0.156% Cu(OAc),. The lowest concentration did not reach completion in the time monitored
(2 h) however, 0.625% Cu(OAc); still allowed the reaction to go to completion in 1 hour. This
loss in rate could be perceived as a small trade-off for the reduction of copper in the reaction.
In contrast, imidazole 3.37 did not show a significant decrease in rate on the lowering of
Cu(OAc),, from 5 mol% to 1.25 mol% suggesting that if low levels of copper are required, the

use of imidazole ynamines may be best.

Finally, attempts were made to form a BAPTA core that an ynamine could be conjugated.
Despite attempting literature conditions, conversion to a suitable linker was not synthesised.
The formation of an aldehyde handle was successful, but attempts to form an alkyne failed.

Initial test reactions were performed using successfully synthesised acid-BAPTA 4.109, but
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these were not scaled up to isolate product. A halogen handle was introduced, but synthesis

stalled when there were issues with the addition of the ester groups to the brominated core.

A number of further investigations can be proposed to expand on the findings presented in this

thesis:

iii)

Investigation of potential mechanistic differences between the imidazole and the
benzimidazole - The HDE experiments suggested that there was a potential
difference between the benzimidazole ynamines and the imidazole ynamines. The
role of the N3 in the benzimidazole ynamines has been extensively studied in a
separate set of work, however the imidazole has not.'®® The synthesis of a *N-
labelled imidazole ynamine would allow for probing by NMR of the binding of
copper to the N3. This could be compared to work ongoing in parallel within the
group and recently published, which uses isotopically labelled benzimidazole
ynamine for NMR investigations. '

Further investigations of the substrate effect — Despite the studies performed in
Chapter 3, there are still unknowns into the exact impact on the mechanism that
the substrate effects have. To investigate the copper binding, the use of crystal
structures could be exploited. By attempting to crystalise the alkynes, and the
triazole products with Cu(OAc),, the binding of Cu will hopefully be observed.
Initial attempts were made to form crystals of the ynamine substrates in the
presence of Cu(OAc),, however, these were unsuccessful and only limited
solvents were tested (MeCN and EtOAc). Investigating more solvents, and
different concentrations of Cu(OAc), may give successful crystals. For the
imidazole ynamines, a Hammett plot could be established, if rate constants for the
reactions can be obtained, that would give a further insight into the effect of the
electronic properties of the substituents.?!>216

Investigation into the solvent effect — The reasoning for the differences between
the effects of the solvents has not been fully explored. Whilst it can be placed to
differences in the polarity of the solvent, HFIP is the outlier. One potential could
be to carry out increased mechanistic studies in deuterated HFIP to investigate the
effects of this solvent. The investigation of the CuAAC using a Cu(l) catalyst in
the HFIP/water system should also be investigated.
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Identification of the CudAC side products — To interrogate the proposed
mechanism further, isolation of the side products formed would provide
information. To do this, selected ynamines, such as benzimidaole 3.24 and
imidazole 3.35 which have been shown to form the assumed side products, could
be scaled up to a large enough scale (= 1 g) to isolate the side products. Full
characterisation of these side products and the rate that they form would inform
the mechanistic studies.

Investigating the effect of diyne formation on the CuAAC — The CuAAC could be
performed with Cu(l) salts. This would allow the effect of Glaser formation on
the reaction to be investigated. The reaction could also be performed with the
addition of a small amount of isolated diyne during the reaction. This would allow
the influence of the diyne to be observed, and would work best on a slower
reaction (such as the difluoro ynamine 3.24 in MeCN). Various diynes could be
added, such as its own, or the diyne of the fastest benzimidazole 3.24. Repeating
this with the imidazole ynamines would also prove an interesting way to
investigate the differences between the heterocycles.

Incorporation of the ynamine into BAPTA scaffolds — Despite the unsuccessful
attempts to utilise an ynamine in a BAPTA probe, other routes could be attempted.
One potential focus could be the incorporation of the ynamine scaffold into the
BAPTA (Figure 5.1A). However, this synthesis may prove difficult due to the
likely large numbers of steps required, and anticipated low yields, including, the
Ullmann of the ynamine synthesis, which was shown in Chapter 2 to give variable
yields and be less efficient on increasingly functionalised ynamines. Another
option would be to incorporate an ynamine into a fluorogenic scaffold, without
disrupting the fluorescence capabilities (Figure 5.1B). A first choice for this would
be a coumarin (5.3), due to its similar aromatic profile and large amounts of
derivates that have been researched previously.?!'” " This would hypothetically

form a fluorescent molecule which could undergo an ynamine CuAAC reaction.
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Figure 5.1. A) Potential new BAPTA chelators incorporating the ynamine scaffold; B) An ynamine incorporated

into a coumarin scaffold.
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