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Abstract

A chemoselective peptide functionalisation strategy via photocatalytic
tryptophan (Trp) modification has been developed . The versatility of the
reaction is demonstrated by tethering a variety of difluoroalkyl groups to
Trp using an organic photocatalyst and short irradiation times with visible

light ( Scheme 1A). Due to the mild and biocompatible reaction conditions

a range of complex peptides have been successfully functionalised to give a
diverse library of small molecule -peptide conjugates. R esults have
confirmed site -selectivity for Trp in the presence of other amino acids
illustrating that this transformation can expand the field of chemoselective

photo -bioconjugation.  Application s of the methodology = have been explored

including  protein modification and peptide stapling . For the latter,
incorporation of the bromodifluorocarbonyl moiety int 0 the peptide
sequence during solid phase peptide synthesis (SPPS) , enabled the
synthesis of macrocyclic peptides (Scheme 1B).

A. Intermolecular Addition
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Scheme 1 . Photocatalytic difluoro alkylation of Trp : A. Intermolecular addition to give small molecule
peptide conjugates . B. Intramolecular cyclisation to give peptide macrocycles
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1 Introduction
Over the past two decades, peptides have gained increasing attention from
the pharmaceutical industry by bridging the gap between small molecule

and protein therapeutics. 2 Commercial drugs can be split into two

categories: traditional O0small mol ecul ed dr uc
O6bi ol ogicsé6 (>5000 Da) including therapeuti
Peptides fall in between these two categories, combining the advantages of

each: membrane permeability and oral bioavailability plus selective binding

to cell surface receptors with high affinity. 3 Peptides also avoid some
drawbacks such as the high cost associated with larger biologic production,

and side -effects resulting from reduced target selectivity associated with

small molecules. *

Unfortunately, peptides have limitations including poor metabolic stability

and short half -lives, resulting in rapid clearance through the body. 3
However, non -proteinogenic modifications of peptides i.e. covalent addition

of functional groups after peptide synthesis, 5> have been successful at
overcoming these downfalls. Polyethylene glycol (PEG) conjugation is the

most common strategy employed for half -life extension, © and glycosylation
(attachment of a sugar group) can improve membrane permeability,

therefore in both cases pharmacokinetic (PK) activity is enhanced compared

to the natural peptide anal  ogue. 78

Alternatively, peptide conjugation can be utilised as a drug delivery strat egy
for small molecules which lack specificity. Peptide -drug conjugates (PDCs)
transport the cytotoxic small molecule to a specific peptide receptor, which

avoids side effects resulting from the drug interacting with healthy tissues.



Certain peptide receptors are overexpressed in tumour cells and absent in

healthy cells, which allows the selective delivery to diseased cells and
subsequent receptor -mediated endocytosis ( Figure 1A).7 Additionally, the
peptides can be easily synthesised due to their small chain length using well
established solid phase peptide synthesis (SPPS): many are only 2 -20

amino acids long. %10

A. Selective Drug Deleivery

Peptide-drug conjugate

B.Imaging of Lesions
1
1
1
|
cell surface receptor .
1
1
1
1
1

WL FL
Lesions not visible Lesions visible

| | : G
5 —1
—
Figure 1. Applications of functionalised peptides: A. Receptor selective drug delivery of a drug

conjugated to a peptide. B. White light (WL) and fluorescent light (FL) images of lesions highlighting
how the use of a peptide -fluorophore conjugate enhanced the visibility of these lesions. 1
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cell membrane

Drugs are not the only type of small molecule that can benefit from selective
delivery: certain clinical imaging techniques rely on fluorophores covalently
bonded to peptides. 2 Similarly to PDCs, the peptide targets a receptor that

is overexpressed on diseased cells, but instead of triggering cell death, the
fluorophore presents a signal at the desired site. Following visualisation

using fluorescence microscopy, this non -invasiv e technique can be used to
detect diseases, hence identify the most appropriate treatment, aiding

therapy success. 2 For example, a peptide  -fluorophore conjugate is used to

detect colon cancer lesions by targeting the overexpressed receptor c - Met,
whereas alternative imaging techniques such as white -light endoscopic
procedures can often miss these early signs because th e receptor is not

easily visible ( Figure 1B).%



Therefore peptide modification can contribute to different fields within the

pharmaceutical industry acting as therapeutics, carriers for selective

delivery of a Opayl oado6 B dollowiags thisboveoview, g i ¢ a | t C
reported below are specific examples of modified peptides highlighting their

importance and impact on society.

1.1 Applications oModified Peptides

Peptide functionalisation relies on the selective targeting of the canonical
amino acids which can be challenging due to the vast array of amino acid
functionality . However successful strategies are available allowing the
synthesis of : therapeutic peptides with enhanced pharmacokinetic and
dynamic properties, peptide -drug conjugates (PDCs) for targeted delivery

and peptide -fluorophore conjugates for visualisation and diagnostic
imaging. '* Cyclised peptides and fluorinated biomolecules will also be
discussed because these examples  highlight the potential applications of

products generated using the methodology developed in this PhD.

Therapeutic Peptides

Therapeutic peptides  generally have molecular weights between 500 -5000
Da and have been used in a diverse range of medicinal areas including
respiratory, pain and cardiovascular. 4.15.16 Natural or modified peptides can

be used as therapeutics, but the latter is generally more successful, and

their synthesis can be achieved chemically (SPPS), Dbiologically
(recombinant expression) or semi -synthe tically .’ From a 2022 review
outlining current applications of therapeutic peptides there are more than

170 peptides in active clinical development and many more in preclinical

studies. *



Insulin was t he first therapeutic peptide isolated and subsequently became
the first commercial peptide drug which manages blood glucose levels in
diabetic patients .* Since then other peptide hormones have been used as
therapeutics including glucagon -like peptide Exenatide 1, brand name
Byetta , which was approved in 2005  as a treatment for patients with type

2 diabetes . This peptide acts as a GLP -1RA receptor agonist , administered

as either a short - or long -term formulation (daily or weekly) to provide
remarkable improvements in blood glucose and weight control. 18 The
peptide sequence consists of 39 amino acids and was derived from  Gila

Monster venom .4
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Figure 2. Structures of therapeutic peptides: Exenatide 1 and glycosylated peptide 2.

More recently, peptide drugs have been extended  beyond hormone  mimics,
but this usually require s modification to improve their  PK properties . For
example , small peptide drugs often have inadequate @ membrane
permeability preventing them from reaching the desired target. This is
especially challenging for  neurological targets due to the blood -brain barrier
(BBB). ” Hruby and co -workers combatted t hi s by at-b-glucdse to g
peptide sequences because the sugar is actively transported into the

brain. 1° Analogues of enkephalin (a pentapeptide involved in regulating the

pain sensation) were successfully glycosylated through the incorporation of

a serine residue bonded to glucose (Ser(GlIc)). Peptide 2 showed increased

3



PK activity in vivo , resulting from the attachment of  the glycoside but also
its specific placement. It was revealed that the most active glycosylated

peptides showed comparable antinociceptive effects to morphine .°

Therapeutic peptides are n ot expect ed to replace small molecule drug S,
instead they will help expand the toolbox of therapies available to
successfully treat diseases. Additionally, peptides and cytotoxic small
molecules can work together via conjugation to combine the best properties

of each: peptide -drug conjugates (PDCs).
PeptideDrug Conjugates

Small molecules are undeniably important in therapeutic and diagnostic
applications as their small nature generally allows passage across cell

membranes via diffusion from an area of high concentration (outside the

cell) to an area of low concentration (inside the cell) .20 On the other hand
often short half -lives and widespread distribution is observed, 13 which is
where biologics possess the more favourable properties. 2L Another
contributing factor to drug development is cost and small molecules are
considerably easier and cheaper to manufacture owing to their less complex
structure s, a greater number of competitors in the market and readily
accessible drug availability in pharmacies. Whereas biologics tend to have

very sensitive, specific manufacturing processes and administration is
generally as an injection in a hospital .2 An investigation into ten
pharmaceutical companies  was carried out by Boston Consulting Group who
disclosed that the average production costperpack differed by $55 between

small molecules and biologics ($5 and $60 respectively). 22



One strategy to combine the favourable properties of both small molecules

and biologics is through peptide conjugation synthesising p eptide -drug
conjugates . Due to the affinity and specificity of the peptide for a particular
target, therapeutic agents can be delivered more selectively, reduc ing off -
target side reactions and overall providing a highly potent medicine with

fewer side -effects. 22 Furthermore peptide conjugation can enable delivery

to sites which are inaccessible to bulky proteins 13

Somatostatin is a peptide growth hormone inhibiting hormone (GHIH),
produced by paracrine cells , which can suppress the growth of many
different cancer cells. However, somatostatin analogues are more
commonly used as clinical treatments for pancreatic and vasoactive
intestinal peptide -secreting tumours, 2* due to their enhanced selectivity.
Octreotide is an analogue of interest because it has been successfully
conjugated to the radioactive isotope 177Lu: a chemotherapeutic agent

which induces tumour death by peptide receptor radionuclide therapy
(PRRT). 2° The name of this conjugated productis 177Lu -Dotatate 3 (Figure
3) which achieved high potency with greater than a hundredfold selectivity

through targeted radioisotope therapy, % hence has been approved for the
treatment of gastroenteropancreatic neuroendocrine tumors. 27 This
peptide -drug conjugate combined the inherent anticancer property of
somatostatin but lowered the radioactive toxicity, enhancing the therapeutic

efficacy and safety of somatostatin or radiotherapy individually. 2
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Figure 3. Peptide drug conjugates 177Lu -Dotatate 3 and Zoptarellin -doxorubicin 4.
Another example involves a hypothalamic peptide hormone conjugated to

the small molecule drug  doxorubicin via an ester bond and glutaric acid
spacer : Zoptarelin -doxorubicin 4 (Figure 3).%3 This peptide hormone is a

gonadotropin -releasing hormone (GnRH) and a variety of endocrine cancers
such as ovarian, breast and prostate express the GnRH receptor , therefore

these cancer cells presentatarget for oncolytic drugs .28 Studie s carried out

on mouse tumour models revealed that the peptide -drug conjugate
inhibited cell proliferation more effectively than doxorubicin alone, and was
more potent than either individual component of the conjugate 23.29

Natural product peptides are continuously being discovered providing a
library of bioactive peptides with known receptor targets , aiding the
development of peptide -drug conjugates .3° Due to variety of available
conjugation methods ,’ the combination of peptide and drug is not limited to

only one therap eutic product, in fact combining octreotide from peptide -

drug conjugate (PDG) 3 with doxorubicin from PDG 4 provided a new PDG

5 which can be used as a potent and selective antitumor agent (Figure 4).°
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Figure 4. Cyclic peptide drug conjugate octreotide -doxorubicin 5.

Peptide Cyclisation

A novel feature of the octreotide -doxorubicinconjugate 5, reported by Lelle
and co -workers, is the linker reagent which forms two cleavable disulfide
bonds, via the terminal cysteines on octreotide .% As mentioned previously
tumour cells overexpress somatostatin receptors and octreotide has a high
affinity for these receptors. ” However, using peptides as drug delivery
agents can be challenging because their small size can allow facile
degradation by proteases in the blood .” Notably, the octreotide  -doxorubicin
conjugate contains a macrocyclic peptide and generally cyclic structures
have a greater resistance to proteolytic cleavage compared to their acyclic
counterparts. 3! Preventing premature cleavage allows doxorubicin to be
delivered selectively  to the target cancer cells and successful reduction of
the disulfide bonds  (under intracellular conditions ) allow s efficient release
of the drug molecule. Therefore when cytotoxicity assays were carried out

on pancreatic and breast cancer cell lines , as expected, the hybrid was more

selective and potent than the octreotide or drug alone.® This peptide



macrocycle was synthesised chemically, whereas there is an abundance of

naturally occurring macrocyclic peptides with biological activities.

Bioactive peptides can be extracted from numerous sources including
marine sponges or meat and milk products . Focusing on marine sources

such as sponges and mollusks , a wide variety of bioactive peptides have

been discovered , with anticancer and anti  -inflammatory properties .*° For
the former , cell death is stimulated by , but not limited to, apoptosis,
cytotoxic effects and antiproliferative effects .32 Three examples of cyclic,

anticancer peptides are shown in Figure 5.

o jaspamide 7 H

OMe N

N N \
(e} O .

aplidine 6

tamandarin B 8

Figure 5. Structures of three cyclic anticancer peptides :aplidine 6, jaspamide 7 and tamandarinB 8.

Aplidine (also known as plitidepsin) 6 has been shown to inhibit cell growth

and induce apoptosis in human leukemia cell line MOLT -4.3 More recently,
aplidine has been studied as a potential treatment of COVID -19,
demonstrating potent efficacy against SARS -CoV-2.3% This highlights that
one cyclic peptide may have the potential to provide multiple therapeutic

treatments. Secondly, jaspamide 7 can also induce apoptosis in human



leukemia cells HL -60.3% Despite the therapeutic potential of bioactive

peptides , it is challenging to extract sufficient quantities required for testing
and their purification is often difficult 36
Considering they are small peptides usually ranging between 2 and 20

amino acids, *’ chemical synthesis can provide an alternative route to these
bioactive peptides.  However, such routes can be long and complex limiting
the development of analogues which is the case for aplidine particularly

because of the moiety h ighlighted by the blue box in figure 5.3

Alternatively, tamandarin B 8, exhibiting a very similar structure , hence
antitumour activity comparable to aplidine ,*° is more easily synthesised.
Joullié and co -workers carried out the total synthesis of four analogues of

the marine cyclic peptide tamandarin B 8 and investigated their anticancer
properties. “° With this strategy, structure -activity relationship can be
evaluated potentially providing more potent or selective analogues , along
with the opportunity for scale up chemistry to be carried out when

commercialising a successful drug.

PeptideFluorophore Conjugates

Like peptide -drug conjugates, linear or cyclized peptides can be used to
transport fluorophores to a specific receptor for disease detection either for
early diagnosis or for monitoring biological processe s.'? A variety of
techniques can be used to visualize the fluorophore including near -infrared
fluorescence imagin g, and for the example discussed later, single molecule

array (SiMoA) technology.  #2

10



Fluorophores can be split into four categories: organic dyes, metal

complexes, biological fluorophores and quantum dots; the organic dye

BODIPY has been used for the imaging of bacteria and fungi ( Figure 6 ). 12
H,N
NH,
HN ? o
N H
H,N

® H OTNH
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Figure 6. Linear 9 and cyclised 10 analogues of Trp -BODIPY peptide.

The pathogen responsible for the fungal infection invasive pulmonary
aspergillosis can be detected using an antimicrobial heptapeptide
conjugated tothe dye ( Figure 6) combined with m  ulti - photon fluorescence
microscopy. ** Vendrell and co -workers carried out numerous assays
comparing the linear  peptide -BODIPY conjugate 9 and the cyclised example
10 . It was reported that macrocyclic peptide 10, showed a high selectivity
for bacterial cells over human cells and a greater affinity for fungal cells
compared to the linear  analogue 9.% A peptide & conformational flexibility

is often restricted by cyclisation , which can enhance affinity and activity. a4
Additionally the full potential of peptide -fluorophore conjugate 10 was
explored by investigating the staining of different fungal strains. Most
receptors were stained successfully , although a variation in fluorescence
was observed demonstrating that macrocycle 10 has the potential to detect

numerous fungal infections. 43

11



Instead of fluorescence microscopy , Walt and co -workers used a modified
version of their SIMOA assay as a hon-invasive technique to detect
thrombosis, a disease with few available biomarkers .4?:%> Current diagnosis
relies on blood or urine samples containing byproducts from the clotting

cascade but often clinically useful results are not obtained. 46.47 This research
was driven by the aim to achieve detection at microdose levels for early

detection (Figure 7).

A. Peptide-Fluorophore conjugate

HO (e} O
O P ‘ Fluorescein moiety
—— Biomarker 11 ——
Peptide  Reporter

. B. Detection process

L g

Reporter
Capture

microbead ﬂ

Reporter-sandwhich complex

HN)\\NH

2 H
Peptide N
H n O

o}
PEG 5 kDa Biotin
1" ) .
Fluorogenic detection
Figure 7. A. Structure of the synthetic biomarker 11 . B. A simplified overview of the steps in which
the reporter undergoes to enable detection. Figure adopted from Walt and co -wor ke so.

This was achieved by combining their existing technology (SiMoA) with
synthetic biomarkers: a mouse was injected with the synthetic biomarker

11, which in the presence of disease -associated proteases would release
reporters allowing their removal by urine excretion .42 Key feature s of the
reporter include a non-degradable PEG spacer to provide favourable

pharmacokinetics and the fluorescein is used to immobilize the reporter for

capture through the attachment on antibody -coated beads( Figure 7). Also,
biotin is crucial for femtomolar -scale detection following conjugation with
t he enzyme str-gptl acit dism d as e (SaG) creat

12
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sandwich complex. The antibody beads and enzyme are added to the urine
sample which is then loaded into arrays of ~50 ,000 wells for fluorogenic

detection ( Figure 7).

Owing to the ultrasensitive nature of the SiIMoOA assay (sensitive enough to
detect a single sandwich complex), a simple, low cost and safe diagnosis of
thrombosis was achieved . The possibility of targeting other disease -specific
proteases is possible providing femtomolar detection of cancers, fibrosis,

and inflammatory disorders.  #?

Fluoination of biomolecules

Instead of detecting fluorescence, a n alternative  imaging technique is
positron emission tomography ( PET) which uses radioactive molecules to
visualise abnormalities resulting from diseases. Mentioned previously was
the radioactive isotope  lutetium -177 ( 177Lu ),?® but fluorine -18 can also be
used: ['8F]fluoro -2-deoxyglucose (FDG) 12. One standard practice for
staging cancers of the esophagus is FDG -PET imaging , either for detection
alone or for measuring the tumour volume which can aid radiotherapy
treatment. “® Specifically when combined with CT imaging (FDG -PET/CT) the
detection of proximal gastric cancer was achieved ( Figure 8) and more
importantly occult liver metastasis was observed which is not often seen
using conventional CT imaging. 48 A PET scan shows molecular activity and

is more sensitive than a CT scan, therefore can generally identify lesions at

earlier stages.

13
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Figure 8. FDG-PET/CT image of a patient with proximal gastric cancer and occult liver metastasis

and t he structure of FDG

The radioisotope fluorine  -18 has to be synthesised using a cyclotron with
proton irradiation of the naturally occurring oxygen isotope: 80,4 whereas
naturally occurring fluorine -19 also has its merits when using fluorine NMR

spectroscopy. *°

Fluorine is an important probe for evaluating biological systems : protein
conformational changes, enzyme mechanisms, and various  protein
interactions can be analysed using NMR  spectroscopy. °° Owing to the high
sensitivity of the !°F nucleus and the much greater chemical shift span
compared to the *Hnucleus (~400 ppm and ~15 ppm respectively) ,°! peaks
have a greater dispersion in chemical shift resulting from changes affecting
the local environment  of a peptide or protein. The incredibly low abundance
of F in biological systems  reduces the chances of signals overlapping in

the spectrum , which is a problem for NMR spectroscopy experiments using
1H, 3C and *°N nuclei. A dis advantage of this  technique, however, is line
broadening which weakens the signals; however , this is not exclusive to BE
and is also an issue for other nuclei. In order to study thes e interactions,
the incorporation of at least one fluorine atom is required , usually at a
specific position  within the biomolecule . One of the most common ways to

instal I a fluorine is by utilising commercially available fluorinated amino

14



acids ( Figure 9). However, addition of fluorine as a late -stage

functionalisation strategy would provide a beneficial alternative
F
F OH
~ NH
F
H,N~ “CO,Et H,N" CO,Et H,N~ “CO,Et
4-fPhe 13 3-fTyr 14 5-fTrp 15
Figure 9. Aselection of commercially available fluorinated amino acids. 50

Vogel and co -workers took advantage of para-fluoro -Phe (pfF) 13 and 3 -
fluoro -Tyr (3fY) 14 ,intheir researchto synthesise analogues of tritrpticin ,
an antimicrobial peptide (AMP), and study their effects on peptide -

membrane interactions .52 Because bacterial membrane surfaces have been

identified as targets for this AMP, 53 these interactions could relate to the
activity of tritrpticin ~ ; however , a simplified alternative to bacterial
membranes was used for their experiments: SDS micelles .

Fluorine NMR spectroscopy first revealed conformation differences between

AMPs in aqueous solution or when bound to SDS micelles ( Figure 10).
Tritrpticin (bearing no fluorine atoms) would not be visible in the 19F
spectrum therefore an analogue was synthesised replacing its phenylalanine

residues with pfF: GTVRR( pfF )PWWWP( pfF )LRR 16 . Interestingly in an
aqueous solution four intense peaks were observed for 16 (Figure 10 A),
instead of the expected two. This can be attributed to peptide conformers:

when Pro r esidues are present cis/trans insomerisation can occur. 5 This
was eliminated when the peptide was bound to SDS micelles ( Figure 10 B)
highlighting how peptide conformation can be influenced by interactions and

how NMR spectroscopic analysis had the ability to show this. 52

15



A. 90% H»0:10% D,0O B. 90% H20:10% DO + SDS
micelles

WT
WT

15 116 A17 118 A15 16 A17 18
ppm ppm

Figure 10.FNMRspectra, zoomed in to the region bet foatewildiylel5 and T 11¢
(WT) AMP 16 in A. aqueous solution and  B. when bound to SDS micelles. %2

Furthermore, evaluating the changes in chemical shift values between 10%
D.O comparedto 90% D>O can be used to identify the location of residues
with respect to the SDS micelle s.5° For this study t ritrpticin analogues

GTVRRYPWWWP(pfF )LRR 17 withone pfFand GTVRRFPWWWP(3fY )LRR 18

incorporating 3fY  were assessed (Figure 11).

Peptide substrates in the presence of SDS micelles

17 18
l
90% D,O /'k
) 90% D,O o e
T s s
1
1
1
1
|
10% D,0 10% D,0 :
Lo TP O W
1115 T116 71117 71187136 1137 7138 1139
ppm ppm
Figure 11 . 'F NMR spectra , zoomed in to specific ppm ranges, for pfF peptide 17 and 3fY peptide 18
in the presence of SDS micelles . The black dashed line  highlight s how the chemical shift value is
affected when altering the percentage of D 20. An additional peptide was shown in the original paper
but this was not discussed in this text therefore has been greyed out to avoid confusion. 52

Due to a negligible chemical shift change observedfor 17 (U peak ppm =
0.01 ppm ) it was suggested that pfF residues are embedded within the

hydrophobic region . On the other hand , 18 had a greater shift ( gu peak

ppm = 0.19 ppm ) implying solvent exposure for the 3fY residues , which

implied these were at the surface of the micelles. This agreed with their
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activity data, which showed that antimicrobial potency was greater for Phe

analogues compared to Tyr, demonstrating that the antimicrobial

mechanism of action relies on membrane interactions. 56
Other than using fluorine as a biological tool for imaging or assessing
biological interactions , its selective incorporation can  alter the binding

affinity and specificity of peptides or proteins via indirect fluorine electronic
effects and direct intermolecular fluorine T hydrogen bondi ng: TCIFLLLH

=N, O) .°" The existence of such interactions has been proven using NMR

spectroscopy experiments which identif y the through space coupling
between the fluorine and hydrogen nuclei, % and the influence of physical
parameters such as dilution and temperature on hydrogen bonding can be
monitored .

Additionally i nserting a single fluorine atom into a peptide sequence can
increase the hydrophobicity of the biomolecule, which can hinder proteolytic

cleavage and enhance activity. % This was studied by Wang and co  -workers
using the honeybee peptide jelleine -1 19 which is an antimicrobial
peptide. © Numerous assays were carried out to investigate the effects of
halogenation on activity, cytotoxicity —and proteolytic stability. When Phe
was replaced with pfF the resulting peptide 19a had improved protease
stability without increasing toxic effects to mammalian cells. 61 This led to a
small improvement in activity against Gram -(t)andGram -( 1) bacteria wa
observed for 19a compared to the unmodified peptide 19 . Interestingly
other halogenated derivatives showed a greater increase in the in vitro
activity, especially the iodinated analogue 19d which gave a four - to

eightfold increase  depending on the bacteria strain ( Table 1).°°
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Entry Peptide MBIC (uM)S.aureus
1 X =H Jelleiré 19 512
2 X =FH9a 256
3 X = CL9b 64
4 X =Bl9c 64
) =119d 64

Table 1. MBIC values of Jelleine -1 19 and its halogenated derivates against S.aureus?

The start of this chapter has highlighted the application of modified peptides
in the pharmaceutical industry . Selective peptide functionalisation is usually
crucial for improved PK -PD properties such as activity and stability
enhancing their therapeutic and diagnostic ability .12 This next section will
discuss a variety of reactions which have been developed to produce such

functionalised peptides  through bioconjugation. 2

1.2 Bioconjugation

Bioconjugation involves the coupling of a molecule to a biomolecule
(Scheme 2), in the case of peptide functionalisation this is achieved via
amino acid modification. Important features of a successful bioconjugation
strategy include robust and mild conditions which achieve site -selectiv ity
and ultimately , conserv ation of the biomolecule & structure and function. 62
Most of the currently available chemoselective methods target cysteine

(Cys) 54 and lysine (Lys) © due to their intrinsic nucleophilicity and the wide

variety of known electrophiles that can react with these residues . Maleimide
reagents ( 21) are frequently used due to their facile synthesis , ability to
incorporate various Otagsd6 including drug
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biotin and commercial availability. % However the conjugation products can
often have poor stability, hydrolysing in aqueous media, limiting the

biological application. ¢’

Potential side-, products

SH <§ ‘ gé
H,N Lys amine
] /EH/QH ﬁ/} side chain
eg. drug

Cys fluorophore or biotin
20 N- termmal
amine

Scheme 2 . A simple representation of a bioconjugation reaction showing maleimide conjugated
products.

Selective amino acid modification within a peptide or protein depends on
both the inherent chemical reactivity of the residue (chemoselectivity) and
its relative proteinogenic abundance or accessibility. Achieving high

chemoselectivity for a reaction can be difficult due to the vast array of

functionality present on the amino acid s ide chains within peptides. These
can interfere with the desired transformation resulting in side - products,
over modification or reaction inhibition. As mentioned previously both the

thiol and amine side chains on Cys and Lys respectively have similar
nucleophilic reactivities resulting in a mixture of products in a proteinaceous
environment ( Scheme 2 ).%:%8 However, chemoselective bioconjugation
strategies within peptides and proteins are continuously being developed
and a selection of successful  Cys modification techniques are outlined in
figure 12.%¢ Activated Michael acceptors are the most common reagents

used and 3-bromo -5-methylene pyrrolone (3Br  -5MP) 25 (Figure 12A),%°
comparable to maleimide 21, was shown to enhance product 26

stability .®°-7© Alternatively, the acrylamide -based Michael acceptor 27
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(Figure 12 B)," also demonstrated similar reactivity to maleimide reagents

but generate d linear conjugation product s (28 ) with greater stability toward
hydrolysis and thio I-exchange in plasma leading to successful in vivo
applications .”* More recently , hypervalent iodine reagents such as
tetrafluoroalkyl benziodoxole (TFBX) 29 have displayed compatibility in
aqueous media , allowing the synthesis of tetrafluorinated  Cys-conjugation
products 30 (Figure 12 C).”? The final selected example (Figure 12 D)
utilises the strain -releasing reagent 31, which is highly reactive
demonstrated by the rapid reaction time of 15 minutes , due to the
combination of a strained cyclopropenyl moiety and an activated Michael

acceptor ( U, -ainsaturated ketone) .73

o) H o)
Et 0 N% ;} N
0 ON-N %N OH
Et j;):
s HN{\/} Br s
/{/\ i

3M O A 25

PBS, pH 7.4, rt, 15 min HEPES buffer, pH 7.5,
32 NaCl, 37 °C, 60 min 26
Strain-releasing reagent

HS

Hypervalent iodine reagent [ /{/\ { Activated Michael acceptors
R

F. Cys
E H (0]
FooHsC IN RJ\/\”/N Z//\ O)\>\/(
F s
S H3C O E 5 S HN%&
29 F c B 27
PBS, pH 7.4, rt, 30 min TrisHCI, pH 8.0, DMF,

30 rt- 37 °C 60 min 28

Figure 12 . A selection of fast Cys  -selective bioconjugation strategies . A. Bioconjugation via Michael
addition to 5 -Methylene Pyrrolones. % B. Bioconjugation using carbonylacrylic reagents. nc.
Fluoroalkylation. 2 D. Conjugate addition of cyclopropenyl ketones. I

While the methods described above use mild conditions: near neutral pH,
low temperature (  rt h37 °C ) and aqueous media , due to the presence of
other thiol containing species in cells such as glutathione , proteins and free
Cys, selectivity for  peptide/protein bioconjugation can be challenging. " This
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is not a unique disadvantage of Cys functionalisation , in fact specific
targeting of any natural amino acid intracellula rly is impossible , highlighting
the difficulty of amino acid modification. Often this is overcome when
carrying out in vitro bioconjugation to avoid the complexity of natural

systems.

For Lys modification, competition for selectivity can arise on the
peptide/protein itself because there are often multiple Lys residues, and
another primary amine functional group is present: the N-terminal amine
Nonetheless there are procedures which achieve selectivity for Lys by
ensuring that the reaction solvent falls within a specific pH range . At near
physiological pH the Lys side chain is more likely to be protonated, hence a

slightly basic pH is optimal for Lys modification (8.5 i 9.5) ® presenting the
free amine which is more nucleophilic. Lys is marginally more basic than the
N-terminal amine (pKa 10 and 8 respectively), 14 which to some degree
enhances the reactivity of Lys side chains, but overall these chemical
handles are likely equivalent. Selective Lys modification reagents include
glycoside 33 which was used to successfully prepare glycoproteins for the

study of targeted drug delivery ( Figure 13A ), ’® and unsaturated aldehyde
derivatives such as reagent 35 (Figure 13B ).’ Rapid functionalisation was

achieved after 30 minutes for the latter, compared to other reaction times

> 12 h, synthesising products with a cyclic amine moiety 36 . Large -scale
synthesis was carried out for the aldehyde reagents 35 to provide a lysine
l abel Il i ng kit nuilseddorniodularlimaging.o 08
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NH
A~ 0] \Ioﬂ
! Meo)'l\/s\m HN S
J \/}ﬁ x* N~ HN
7 ) \’—{ Cl Sodium tetraborate (pH 8.5), )
— — o— rt, 24 h 4

HN N 37 % Glycoside
34
), Phosphate buffer (pH 8), rt, 12 h
Zoliniums HoN )
38 /&\
B Lys
CO,Et
NS o y EtO,C y
I =~ SN
07 "H N \ )
H o N N ©
35 H
)
Phosphate buffer (pH 7.4), rt, 30 min /6\
Ester aldehyde 36
Figure 13 . A selection of Lys -selective bioconjugation strategies. A. Glycosylation with sugar  -IME

reagents. 7 B. Lys labelling via 6“-azaelectrocyclization. 77 C. Quinolylation using zoliniums. @

In 2022, Zhu and co -workers reported the use of zoliniums 37 for

quinolylation  of Lys ( Figure 13 C) within peptides and proteins. ® The

products detailed in figure 13 were obtained as mixture s containing

numerous functionalised Lys residues (1-20), depending on the number

present and accessibility onthe biomolecule . Thi s i snét unexpected
Lys is one of the most prevalent amino acids in the human proteome, s

however over - modification is not desirable because it can disrupt the
peptidebés function preventing future applica
of the desired product from the di - and tri - modified analogues is

challenging, especially as the peptide increases in size , highlight ing why

site - selective modification is beneficial.

Ideally bioconjugation reactions would employ reagents in stoichiometric
guantities however this is rarely the case . Cys functionalisation required 50
eq. of cyclopropenyl reagent 31,7 andforLys bioconjugation, 7-500 eq. of

unsaturated aldehyde 35 was used. ” Aslong and complex synthetic routes
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may be required to prepare such reagents , further improvements are
required to deliver cost- and time -efficient bioconjugation strategies. 66
While reactions have been developed over the past few decades to target
alternative canonical amino acids, generally these have substrate limitations
and are less effective or inapplicable for complex peptide conjugation. 62,81
Therefore, novel chemoselective bioconjugation strategies which target

other residues are in high demand.

The electron -rich indole side chain of Trp has a different reactivity profile

compared to Cys and Lys, which opens up the possibility of developing
mechanistically distinct bioconjugation methods . Additionally, Trphasa low
occurrence (~ 1.4%) within native peptides and proteins, the lowest of the

20 proteinogenic amino acids. 82 This suggests that any given biomolecule
target is likely to have only one Trp reside, inherently avoid ing over
modification , and validating Trp as an ideal chemical handle. Despite th e
low abundance , Trp is present in 90% of native proteins, 8 or alternatively
can be installed via mutagenesis . One potential drawback of targeting Trp
is that the indole moiety is considered non-polar , preferring to be buried in
biomolecule hydrophobic cores. These regions are not surface exposed

which could hinder functionalisation due to poor accessibility.
¢NL) /bl TFdzyOlGAazyltAaldAazy

An alternative approach to utilising functional group chemistry for peptide
modification is C  H functionalisation ~ which has been carried out using a

variety of transition metal (TM) cataly sed procedures as well as
photocatalys ed approaches (the latter of which will b e discussed in 1.5

Photochemical Modification of Trp) . Each TM strategy successfully modif ied
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Trp at t he CT1 @& thp oisdblé iringn including manganese C2 -
allylation % palladium C2 -arylation, and palladiu m-catalyzed

macrocyclization. 8¢

Ackermann and co -workers developed an unprecedented manganese(l) -
catalyzed C 1 H allylation strategy for the functionalisation of modified Trp

within peptides ( Scheme 3).% Regarding the conditions a relatively high
catalyst loading (10 mol%) was used with NaOAc (30% mol%), followed by

heating the biomolecule to 80 °C for 16 h which is unlikely to be
biocompatible for larger peptide systems. For this reaction, it was crucial

that the indole nitrogen was functionalised with ~ pyridine (2 -py) in order to
form substrate -manganese complex 42, which reduces the applicability of

this methodology to be used on native peptide sequences.

2 2- t
F-)y OBoc ?y Q = co
N H N \__N
/ 40 ) OMe N, | O
CO,Me (2.0 eq.) N Mn\CO
> I
MnBr(CO)s (10 mol%), . @j—”‘\OBoc
AA, W JAA, NaOAc (30 mol%), AA, W [AA, "CO,Me
39a-b 1,4-dioxane, 80 °C, 16 h 41ab 42
Substrate Scope
2-py o) 2-py 0 /\,'\1

N N Ijo
/ OMe ) OMe 0= N=-
OBn H 7
\r co,Me
N

BocHN— W | Y —OMe BocHN— W | § | T | G —OEt

z /_ ‘ 2-py
41a BnO” 41p ™ 43
89% OH 83% from brevianamide F

92%

Scheme 3. Trp CiH allylation using conditionswokes &l oped by Ack
Mostly high product yields were obtained for the ir 19 peptide examples
ranging from53 -98% , a couple ofwhich have been shownins cheme 3. The

peptide sequences varied in length (di- to pentapeptide s) and amino acid
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sequence to investigate the reaction robustness . The presence of serine
(Ser), tyrosine ( Tyr) and methionine (Met) presenting hydroxyl and thio -
ether functional groups we re tolerated giving high product yields between
81-89% (Scheme 3). However, most peptide sequences contained
hydrophobic residues  and/or featured protecting groupson  amino acid side

chains (41b ) which suggested poor  functional group toleranc  e. Finally , the

successful conjugation of steroids and natural products (43 ) was reported
highlighting  the effective ness of this manganese(l) catalysed
transformation  for fusing various complex scaffolds 87

Fairlamb and co -workers developed three complimentary conditions each
using Pd catalysis and low temperatures ( O4 0 Ao@rylate Trp -containing
peptides .8 The importance of this modification is to enhance the
photophysical propert ies of the indole through extendingthe “-system by
arylation .88 This direct C 7 H functionalisation  does not require any Trp pre -
functionalisation i.e. protecting or directing groups which is a major
advantage allowing application to natural products . However, the use of
organic solvents are not ideal from a biocompatibility perspective because
the native structure of a protein can be disrupted , specifically the
hydrophobic interactions between non -polar amino acid residues .% The
following brief overview will focus on the comparison of most recent
conditions B ® and C % (Scheme 4). The use of Cu(ll) astheco  -catalyst for
conditions B led to successful arylation of Ac -Trp-OMe 44 in good
conversions up to 93% (analytical HPLC), however the aryl scope was

limited consisting of only five examples: all para substituted benzene

derivatives.
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‘Conditions B’ ‘Conditions C'

H oH H N H
N _H REN_¢ N Ar Ph N _H
4 =/ OH | “oTf /
45 (5.0 eq.) | 46 (2.0 eq.)
AcHN »  AcHN X AcHN
CO,Me  Pd(OAc); (5 mol%), CO,Me | Pd(OAc); (5 mol%), CO,Me
44 Cu(OAc), (10 mol%), 47 EtOAc, 25°C, 16 h 44
AcOH, 40 °C, 16 h

Scheme 4. Overview of conditions B and C developed Fairlamb and co -workers for Trp -arylation. *°

The peptide substrate scope was also small
required a very high catalyst loading

greater than the amount used for the amino acid substrate

(< 10) , and some examples

of Pd(OAc) 2 (30 mol% ): six times

(Scheme 5).%

Additionally using these conditions caused the formation of dihydroxylated

side products 49b** and 49c**
peptide substrates contained a C
Therefore the poor product selectivity

conditions C, where the Cu(ll) co

- catalyst was replaced by

(hydroxylation of the aryl group) when
-terminal alanine neighbouring Trp.
gave rise to the development of

two equivalents

of [MesPhI]OTf. 8
N N
A
/ H Conditions B* ) r
or
Conditions C
AA, W |AA,. AA, W (AA,
48a-c 49a-c
Peptide Scope
H
N O 9y I f
O / N AcHN— A (w | A —OH
! 8=
HO
AcHN— W (K (L (v (6 | A —OH \'
y NH
E z AcHN— S | G W A —OH
N .
49a 49b  42% 56% 49c  54% 48%
0,
NH, 86% 49b** 57% 0% 49¢** 35% 0%
**dihydroxylated by-product
Scheme 5 . Analytical HPLC conversions for Trp-arylation products. Conditions B*: Pd(OAc) 2 (30
mol%), Cu(OAc) 2 (60 mol%), PhB(OH) 2 (5.0 eq.), AcOH, 40 °C, 16h (blue conversion) . Conditions C:

[MesPhI]OTf (2.0 eq.), Pd(OAc)

2 (10 mol%),

'PrOH, 25 °C, 16 h (purple conversion). 90
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Pleasingly , using this diaryliodonium salt completely prevented the
formation of oxidised aromatic side products ( Scheme 5). Other
advantages of conditions C compared to B include the lower reaction
temperature (25 °C) and catalyst loading (10 mol% ) and a smaller excess
of aryl reagent reducing material waste . However , the arylation reagent
scope was not explored and the peptide substrate scope was very limited
(mostly hydrophobic amino acids) because the focus was  on examples
previously oxidised using conditions B. Varied success was reported using
alternative conditions  C for product formation  : arylated product  49c gave a
poorer product yield  whereas peptide 49b showed a small improvement
Therefore , it was suggested that these conditions were only used when
milder conditions were preferable (EtOAc and lower temperatures) and/or
purification of the desired arylation product from the oxidised side product

was challenging

From a green chemistry perspective, the use of transition metal catalysts,
especially in highloadings , isnotideal therefore metal -free procedures have
been explored. However, despite ongoing work in this area, there are still

few transformations available for Trp functionalisation : sulfenylation ,%

trifluoromethylation ~ °2 and bio conjugation using persistent radical traps .93

Trp bioconjugation using persistent radical traps is rare , but Kanai and co -
workers demonstrated great applicability of their TM-free method for the
synthesis of protei n conjugation products. % The radical reagentketo -ABNO
50 was favourable in terms of reactivity and versatility allowing the

incorporation of various functional molecules such as fluorescent probes 51

and anticancer drugs 52 .
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ABNO derivatives

50 o N
keto-ABNO

Figure 14 . Structure of keto -ABNO reagent 50 and its derivates 51 and 52 .

Numerous small peptide substrates (5 -10aminoacids) were exposed tothe
optimised conditions with f avourable parameters such as s toichiometric
amounts of organo -radical reagent 50 , ambient temperature, andrapid 30-
minute reaction times (Table 2). Peptides 53a -d containing oxidation
sensitive amino acids : Ser (alcohol) , Lys (amine) , Tyr (phenol) and Met
(sulfide) were unaffected and the yields obtained for Trp-conjugation were
high (Table 2,entry 1-4). However , the se yields are HPLC yields based on
starting peptide, which is not a quantitative  technique, and it is a
combination of (atleast) two products: 54 and the dehydrated analogue 55

showcasing that the reaction did not exclusively deliver one product
O dehydrated side product

| N = @
O
0’ 50 (1.0 eq.) @JQ’\N
NaNO, (0.6 eq.),

~AA, W AA,-OH AA, W AA,-OH
Fmoc—AA, n CHyCN:H,0:AcOH  Fmoc™ Ac-AA. W /AA,-NH,
(5:5:0.01, 1mM), rt,

HN

53a-g 54a-g

air, 30 min 55
Entry Peptide Yield® (%)
1 FmocGly-SerAsnTrp-Gly-OH 643 95
2 FmocGly-LysAsnTrp-Gly-OH 64b) 85
3 FmocGly-TyrAsnTrp-Gly-OH 640 95
4 FmocGly-Met-AsnTrp-Gly-OH 64d) 96
50 AlaAsnLeuTrp-AlaThrGlyHisPheMet-NH (54¢€) 84
6P PyrHisTrp-SerTyr-Gly-LeuArh-Pro-Gly-NH: (541) 91
7° TyrAsnTrpAsnSerPheGly-LeuArgPheNH (549 83

Table 2. A selection of peptide  substrates used for Trp  -oxidation. #HPLC combined yield of 54 and
dehydrated 55 based on the starting peptide. ®H,O/AcOH (1 :0.00 1). %
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An alternative solvent system, without CH 3CN, was used for biologically
relevant peptides, neuromedin B 53e , luteinizing hormone -releasing
hormone 53f , and kisspeptin -10 53g which provided equally high yields
and is desirable for protein bioconjugation. Hence these conditions were

applied to a native protein lysozyme, but greater equivalents of keto -ABNO
50 and NaNO ; were employed (5.0 and 3.0 respectively). Successful mono -
conjugation was observed despite the presence of six Trp residues within

the 129 amino acid sequence . Analysis using X -ray diffraction revealed
Trp62 as being the major modification site for functionalised lysozyme

product 56 demonstrating high Trp  -selectivity ( Figure 15).

Figure 15 . The crystal structure of functionalised lysozyme 56 showing selective  modification of
Trp62 using the conditions reported by Kanai and co -workers . %

Despite the development of TM -catalysed and catalyst free Trp modification
procedures, literature precedent is sparse. Limitations include the use of
protecting groups on amino acid residues, even Trp itself, and a low number

of complex peptide substrates limiting the application of such methods for
native peptide functionalisation. Furthermore, most examples utilised
organic solvents  which commonly denature proteins at high concentrations
through the disruption of hydrophobic interactions resulting in molecular
unfolding. 8 This effect is often concentration dependent and protein

specific, for example Schwartz and co -workers found that alcohols, in low
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concentration s, stabilised sickle haemoglobin and other solvents such as

pentane and formamide had no overall effect .89

1.3 Peptide Cyclisation

In addition to the  peptide functionalisation strategies discussed previously
which  were used to generate linear peptide conjugation  products ,
methodologies which can produce cyclic and stapled peptide s are also in
demand . Cyclised peptides often have improved properties (from a
pharmaceutical perspective) compared to the linear analogue such as a

greater resistance to proteolytic cleavage and a higher receptor binding

capacity (due to a larger surface area). 31.94 A selection of biologically active
cyclic peptides, out of the large number of commercialized peptides, % were
discussed previously in 1.1 Applications of Modified Peptides, highlighting

the importance of  these products . Additionally,s hort peptides areideal drug
candidates because they can disrupt protein -protein interactions (PPIs) in
diseased cells providing they have an | -helical segment .°¢ However,
sometimes a predicted | -helical structure may exist as a random coll
instead which would not possess the same properties, therefore peptide
stapling strategies have been developed over

helical shape in place. “

General Peptide Staplifigchniques

A brief overview of common peptide stapling techniques is shown in scheme

6, highlighting a variety of different macrocyclisation chemistries. 9%
Naturally within peptides/proteins, Cys side chains cross -link to form
disulfide bridges which can stabilise the secondary structure providing

greater resistance toward proteases and enhancing activity, % however
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disulfide stapled peptides are unstable in reducing environments which can

inhibit their use for intracellular targeting. % To overcome this more stable
thioether products 58 are synthesised which continue to utilise the Cys thiol
functionality in a reaction with external electrophiles such as | ,| 6dibromo -

m-xylene 57 (Scheme 6A).%

non-native amino acids native amino acids
Br Br
CUSO4'5H20, S
sodium ascorbate, D A 57
t-BuOH/H,0 (1:2), DIPEA, DMF,
rt, 30-90 min rt,3h
S
58

1,2,3-triazole

thioether

o o (1) B 59, NaH
B—E : =
g o (2) (i) [(PCy3)>Cl,Ru=CHPh]
OMe (20 mol%), CHClj, O
I OMe 61 (1.1 equiv) c B i, 3-4 h o

KOACc (10 eq.), (i) Pd/C (10 mol%) H,
Pd(dppf),Cl, (5 mol%), EtOH, rt, 2 h
62 DMSO, Ar, 80°C, 12 h 60
biaryl ether

Scheme 6. A selection of peptide stapling techniques utilising different macrocyclisation
chemistries. 999,100,101

Serine (Ser) residues can be functionalised to incorporate olefin moieties

and an intermediate peptide diene can undergo ring closing metathesis

(RCM) to yield macrocycles (  Scheme 6B).%° Alternatively, non -native
amino acids can be installed into the peptide sequence such as aryl iodides
(Scheme 6C) taking advantage of Pd -catalysed biaryl coupling via
borylated phenylalanine intermediates, 100 or azide and alkyne moieties for

cyclisation using click chemistry ( Scheme 6D).

Generally, the peptide stapling strategies reviewed above are expensive,

utilising palladium chemistry, and long stepwise syntheses are involved. %
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A variety of linkers are available which is advantageous as this can affect

the properties of the stapled peptide ; f or example lactam stapled peptides
have been particularly successful for extracellular and membrane -bound
targeting .% Expanding the scope of peptide substrates tolerated in stapling
reactions along with the development of new linkers will broaden the field

of peptide -based therapeutics for a variety of targets.

Peptide Stapling via the Trp Residue

With regard to Trp, there are very few available stapling techniques despite
the fact that it is an ideal chemical handle as the residue has the lowest
relative abundance in eukaryotic proteomes: approximately 1% out of the
canonical amino acids. %2 This inherently minimises the production of
undesired isoforms therefore development of strategies that target Trp

would be of high impact.

Currently, mul tiple peptide stapling technig
wor k i n 2008: Ci1 2 indol e arylation using a
catalysis in acidic media ( Scheme 7). Moderate to excellent product

yields were obtained using Pd(OAc) 2 (5 mol%), Ag .0 (0.75 eq.) and 2 -

nitrobenzoic acid (1.5 eq.) in DMF at room temperature for 15 h ( 66a -c),

but longer reaction times and a greater excess of iodoarene was required

for ortho -substituted aryl substrates 66d and 66e . Most examples were

carried out using  N-methyl indole, though the protecting group was not

crucial as a moderate product yield of 61% was obtained for 67 albeit with

more forcing conditions (38 h, 50 °C).
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R
N H | DA Pd(OAc), (5 mol%), Ag,0 (0.75 eq.)
@j | 2:NO,BzOH (1.5 eq.)
=
65a.f DMF, rt, 15 h
(2.0 eq.)

Aryl lodide Scope

\ 4

66a: 76% R=Br 66b:99% R=Me 66d:62% 67: 61%°
R=0OH 66c:82% R =OMe 66e: 58%"

Scheme 7. | sol ated yields obtained for a selection of C12 aryl:
Larrosa and co -workers. 1 324 h, 5.0 eq. of iodoarene  65e , 38 h. °50°C for 38 h.

Following this, in 2012, James and co -workers applied the palladium -
catalysed CiH arylation methodology to pepti
15- to 25 - membered biaryl macrocycles. 8 The conditions for peptidic
stapling were similar to Larros®dstwithmadol e ar
different silver salt (AgBF 4), a solvent swap to DMA from DMF and

microwave heating (130 °C) which provided rapid reaction times of 30

minutes instead of 15 -38 h at room temperature ( Scheme 8). Drawbacks

of this strategy included the relatively high loading of a rare transition metal

catalyst (5 mol% Pd) , a high reaction temperature (130 °C) and the use of

an acid additive. Additionally, the substrates, hence products, were not

O0trued peptides i .e. some amino acpedtide wer e |

backbone.
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Pd(OAc), (5 mol%),
AgBF, (1.0 eq.)

2-NO,BzOH (1.5 eq.
AcHN 2 (15ea)

»
y

DMA, MW 130 °C, 30 min

68a-d

p-biaryl bridge m-biaryl bridge

AcHN
AcHN O H
N

o |
NH o OH
k/U\N CO,Me

AcN H
69a: 75% OY@O 69c: 45%
SN ;
N _
H | NH Meo,C”
O °

0 CO,Me
69b: 50% 69d: 58%

Scheme 8. Isolated yields obtained a selection of macrocycles synthesised by James and co -workers
showing both  para - and meta -bridged aryl groups. %

A variety of macrocycles were synthesised (69a -d) bearing a new 2 -aryl -
indole linkage in moderate to good yields between 40 -75%. Most examples
utiised iodo -phenylalanine (I -Phe) showing both  para- and meta -iodo
derivatives as successful reagents and there was one example where the

indole -aryl bridged macrocycle 69d was formed using iodo -Tyr ( Scheme
8). Importantly, the indole nitrogen was unprotected in all cases, avoiding

additional synthetic steps for protection and deprotection, however very few

functio nal groups were present in the substrate scope which may suggest

potential complications for application to peptide substrates.

More recently in 2015, Lavilla and co -workers in 2014 also utilised the
palladium -cat al ysed Ci H aryl ation strategy wi tF
formation of stapled peptides. % As mentioned previously a ¢

bond is formed via intramolecular cyclisation between Trp and a
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prefunctionalised iodinated Phe/Tyr residue ( Scheme 9). Numerous unique
studies were carried out in this research including investigation into the
distance between Trp and meta -1-Phe/Tyr, application to bioactive peptides
along with potency and peptide stability studies, highlighting the full

potential of this technique and the value of macrocyclic peptides.

I-F: R =H
I-Y: R = OAcC R
| Conditions A: H
R H Pd(OAc), (5 mol%), AgBF, (1.0 eq.), N
NH 2-NO,BzOH (1.5 eq.), DMF:PBS (1:1), \
[ MW 80 °C, 15 min

Conditions B:
Pd(OAc), (5 mol%), AgBF,4 (2.0 eq.), 4 I-F X
TFA (1.0 eq.), DMF, Ac—AA, |y AA, W AA,-OH

70a-d MW 90 °C, 20 min 71a-d

Conditions A Conditions B

Ac-AA, IF (AA, W AA,-OH

H
z;
j/NH oH OH
w NA
ACHN\/U\
)~ O
N
H

71a: 100%

71b: 100% 71d: 71%

Scheme 9. Conversion estimated yields (HPLC -MS) for a selection of peptide macrocycles synthesised
by Lavilla and co -workers using either  conditions AorB. %

A series of 11 linear peptides were initially investigated, where the number

of amino acids between Trp and aryl iodide varied between one (i, i+2) and

three (i, i+4) forming different sized macrocycles ( Scheme 9). Reaction

conditions (conditions A) used for simple peptide substrates Ac-A'FAAWA-

OH 70a and Ac -A'YAAAWA-OH 70b wer e similar to Jameso6 di s

(Pd(OAC) 2, AgBF 4 and 2 -nitrobenzoic acid with microwave heating), 8 and
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provided excellent conversions of 100% (HPLC -MS estimated yields) for
cyclised products 7l1a and 71b . However, these peptide sequences mostly
contained Ala residues with little functionality and when sterically bulky or
electronically charged amino acids were present in the peptide chain such

as Ac-A'FVWA-OH 70c and Ac -'FRGDW-NH, 70d , alternative conditions
were required. Even with modified conditions B using a different acid (TFA)

and solvent (DMF), lower (more variable) conversions were obtained
between 39 -77%, presumably due to the increased substrate complexity.
Furthermore, isolated yields were considerably lower than the HPLC -MS
estimated yields ranging between 1 and 32%, highlighting the fact that

HPLC is not a quantitative techniqu e and that losses resulting from

purification can become significant at a small scale

Peptides containing tumour  -targeting signaling sequences: Arg-Gly-Asp ( -
RGD-) and Asn -Gly-Arg ( -NGR-) were included in their peptide scope to give
macrocyclic peptides  71d and 71e . Preliminary studies were carried out on

both 71d and the analogous linear peptide Ac-'FRGDW-NH, 70d which
showed that the stapling technigue i mproved t
|Ta3 in fllarkt iwft egr i n*® Additorally proteolytic stability
was measured and stapled peptides 71d and 71e were unchanged after5 -
6 h under enzyme degradation conditions, whereas the comparable linear

peptides Ac-'FRGDW-NH, 70d and Ac-'FNGRW-NH; 70e , underwent rapid
cleavage completely degrading in the same time frame ( Figure 16 ). These
results (improved potency and stability) highlight the impact cyclisation can

have for medicinal chemistry peptide development.
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Time (min)
Figure 16 . Macrocyclic peptide products containing tumour -homing signaling sequences -RGD- and
-NGR- along with the proteolytic degradation assay. %
Known linear bioactive peptides have been successfully stapled using this
methodology such as a potent dipeptidyl peptidase Il inhibitor: valorphin
analogue 70f and baratin, a neurostimulating peptide, 709 generating

peptide macrocycles 71f and 71g (Figure 17).104.105

71f NH, 71g

Figure 17 . Macrocycles 71f and 71g synthesised from known bioactive linear peptides: valorphin and
baratin analogues.

In conclusion, Pd -catalysed arylation was used to synthesise stapled
peptides using Trp -containing peptide  sequences with the incorporation of

a non -native iodo -phenylalanine (or Tyr) residue. A wide variety of
canonical (unprotected) amino acids were tolerated and different ring sizes

were displayed by a thorough peptide scope including application to

bioactiv e peptide substrates.  The next example, developed by Ackermann

and co -workers in 2019, involved a previously unprecedented cobalt -

catalysed CiTH activation strategy, however
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multi -catalytic and complex ( Scheme 10 ). One of the unique drivers of
this research was the use of Co as a cost -effective, 1°7 earth abundant metal
in comparison to expensive and toxic Pd which currently dominates the field,

however their final step used 10 -20% Pd/C.

2- py 2- py 2-py
N
J
PG-AA, W AA, PG-AA, W AA PG-AA, W AA,
Scheme 10 . Overall scheme for the stapling technique developed by Ackermann and co -workers

involving CiH activation, alkene netathesis and hydr
This <cyclisation technique involved 3 steps

alkene metathesis and hydrogenation , and 2 purifications which is not ideal

based on the number of processes required. Additionally, it was essential
that the indole nitrogen on Trp was protected and to obtain the free indole
product, deprotection involved two steps, two days and the use of palladium

highlighting numerous drawbacks of this cyclisation strategy.

Optimisation of conditions was carried out for the Co -catal ysed Ci H
allylation of Trp, investigating catalyst and solvent and the final conditions

are reported in  scheme 11. The catalyst [Cp*Co(MeCN)  3](SbF ). is air and

moisture stable however, drawbacks of this transformation include the use

of TFE which has serious hazards associated with it along with the use of a

protecting group on the indole nitrogen which is unavoidable because this

coordinates with the catalyst 75 .
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2Py _~_OAc 2py N~ Cpt
N H = N _ \
) 73 (2.0 eq.) / N l .0
' Co »\t
[Cp*Co(MeCN)3](SbFg), N HO Bu
(5.0 mol%), /
PG-AA, W AA,-OR PivOH (10 mol%), PG-AA, W AA, -OR
TFE, 80°C, 14 h A, 715
72a-d 74a-d
Trp Allylation
2- py 2- py 2. py 2- py
Boc- W L —OMe Boc- W —OMe Boc— W/ S ~OMe Boc W D —OMe
: Me w z : OMe
742:60% T Me H 74b: 58% 74c: 52% “OTBOMS  74d:52% [
Me Me 0
Scheme 11 . Isolated yields obtained by Ackermann and co -workers for a selection of allylated Trp
peptide products along with the co -ordination structure  between 2-py Trp and the Co catalyst. %

Interms of reaction  versatility, arangeof Trp -containingdi - and tripeptides
were explored, but mostly aliphatic amino acids were present such as 74 a.
For amino acids bearing functionality such as Tyr (74b ) and Met good
product yields were obtained , however protecting group s were required for
Ser 74 ¢ and Asp 74 d. Following purification of the allylated peptides , ring
closing olefin metathesis followed by hydrogenation on the crude product
was carriedout( Scheme 12).Arangeofll - to18 -membered macrocycles
were tolerated but the amino acid complexity was poor, only containing Phe
73b or Ala 73d residues , instead the focus  appeared to be on extending

the alkyl chain.
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N > N
J N\ (1) Grubbs 11 (10 mol%), J
toluene, 80 °C, 16 h
>
PG-AA, W (AA, (2) Pd/C (10 mol%), PG-AA, W (AA,
H, (1 atm), MeOH, rt, 16 h
72a-d 73a-d

Ph

\
\
2-py
| |
. 2-py . . 2-py :
73a: 70% 73b: 68% 73c: 75% 73d: 47%
11-membered 14-membered 17-membered

Scheme 12. Isolated yields for a selection of cyclic peptides synthesised using multimetallic
metathesis/hydrogenation. ~ 10¢

As a native peptide cyclisation strategy there are several limitations which

require addressing, five days minimum would be required to isolate an
unprotected cyclised  peptide product along with three purifications, three

metal catalysts (with loadings between 5 -20%) and the amino acid
tolerance was not fully explored. Despite the novelty of the initial Co -
catalysed Trp allylation, further development to streamline the p rocess is

necessary if this was to be used as a peptide stapling strategy.

The final example to be discussed is catalyst free, avoiding the possibility of

trace toxic metals being present in final peptide products. An acid -mediated
condensation reaction using an aryl aldehyde was developed by Johannes

and co -workers to fuse two i  ndole (Trp) residues together forming various
stapled peptide products (  Scheme 13).% Optimisation studies, using 3 -
methyl indole 74 and 4 -bromobenzaldehyde 75 (Scheme 13 A), explored
a variety of acids, temperatures and times. Both sulfuric acid and (1S) -(+) -

camphor -10-sulphonic acid (CSA) provided 76 in good yields (85% and
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72% respectively) but due to the harsh nature of sulfuric acid, which could

cause complications for peptide substrates, CSA was chosen going forward.

A. Proof of Concept B. Peptide Application

HN— " HNH
@jﬁ (IQ
Ac—AA, W |AA, W |AA -NH,

77

Scheme 13 . A. Intramolecular indole -condensation B. A representative linear peptide substrate to
enable peptide stapling.  **

For peptide cyclisation, reactions were carried out on resin which can be
advantageous as it avoids isolating the peptide starting material hence a
purification step  i.e. peptide synthesis  was telescoped throughto the indole
condensation  reaction . However, regarding reaction conditions, 1,2 -
dichloroethane (DCE) was used as the solvent, which is toxic, and the
reagents are employed in large excess: 6 eq. of CSA and 10 eq. of aldehyde

75 (Table 3 ). The size of peptide macrocycle was investigated by
methodically varying the distance between Trp residues (i, i+thwheren=1

T 4) and good to excellent conversions were reported: 81 -100%
(determined by analytical HPLC). Entries 1 -4 in table 3 suggest that the
distance between Trp amino acids had little influence on the reaction with a

maximum difference of 7% conversion as the macrocycle increased in size.
Additionally, the scope of peptide substrates displayed a good range of
functional group complexi ty (Table 3, entry 5 -9) including amide (N),
iminium (R), carboxylic acids (D,E), phenol (Y) and thiol (S) moieties along

with the incorporation of fragments commonly observed in biologically

active peptides -NGR- 77h and -RGD- 77i .108.109
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Br Br

H

H H O 75(10.0 eq.)

HN NH > §
& 'IQ CSA (6.0 eq.), DCE, 60 °C, 3 h Q ) O
Ve "7 soum
Ac-AA, W /AA, W |AA,-NH, 5
Ac-AA, W /AA,| W AA,-NH,

T7a-i CSA 78a-i
Entry i, i+n Linear peptide Cyclic peptide % Conv
1 i, i+1 AGWWALENH: (778) 78a 100
2 i, i+2 AGWAWLENH: (77b) 78b 98
3 i, i+3 AGWALWLENH: (770 78c 93
4 i, i+4 AGWALLWNH: (77d) 78d 93
5 i, i+4 AGEYWALLWH: (77€) 78e 95
6 i, i+4 AGYWALLWSIH (771) 78f 95
7 i, i+4 AGALWALLWH: (779 789 100
8 i, i+4 AGCWNGRWNH: (77h) 78h 81
9 i, i+4 ACWRGDWNH: (77i) 78i 94
Table 3. Scope of stapled peptides using CSA and 4 -bromobenzaldehyde.  2Determined by estimating
the consumption of the linear peptide 77 using HPLC. %

Similarly to Lavillaand co  -workers, ° the proteolytic stability of tryptophan -
linked stapled peptide ~ 78d and its linear counterpart 77d was investigated.
Following treatment with chymotrypsin (a digestive enzyme), analytical

HPLC identified rapid degradation for linear peptide 77d whereas stapled
peptide 78d showed resistance ( Figure 18). Therefore, this new
intramolecular Trp stapling strateg y tolerated a wide variety of amino acid
functional groups showcasing the robustness of the methodology but also

the enhanced stability of cyclised products against proteolytic cleavage can

aid the development of peptide -conjugates for targeted delivery of a drug

or imaging agent.

42



AcHN

-# 77d ty2=69min
& 78d ti2=n.d.
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Time (min)

Figure 18 . Chymotrypsin proteolysis highlighting the stability difference toward degradation between
linear 77d and cyclised peptide  78d analogues. *

Conclusion

In conclusion, there are few available methods for peptide stapling utilising

the Trp residue and drawbacks are often associated with each technique.

Most examples require the use of expensive, rare metal catalysts with high

loadings along with additives o r reagents in high excess. In some cases,
protecting groups are required either on other amino acid side chains or Trp

itself and exploration into functional group compatibility was limited, which

lowers the chance of successful application to peptide modi fication. Once
again organic solvents dominate th is field, potentially limiting the
applicability to certain biomolecules . Ideally multiple synthetic steps and
toxic solvents would be avoided therefore, peptide stapling via Trp
modification would benefit considerably from development, with the aim of

a more sustainable approach, encouraging application to industry to aid the

advancement of peptide therapeutics.
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Over the last decade , photochemical C H functionalisation has emerged as
an important  synthetic strategy that can overcom e some of the drawbacks
associated with  the previously discussed methods . The use of single -
electron processes, under mild conditions, can unlock transformations
previously unattainable via 2-electron mechanisms , opening up new

methods for biomolecule bioconjugation

1.4 Photocatalysis

Photocatalysis, especially utilising light in the visible region, has gained
increasing attention over the last decade as a n operationally simple  method
for carrying out novel transformations under mild conditions .1° A

photocatalyst (PC) harvests the light to access a photoexcited state which
can engage in single electron transfer (SET) processes with organic

substrates . As aresult , reactive radical intermediates are formed which can

participate in a range of reactions (Scheme 14).11

Acceptor pC* Donor

Acceptor *~ Donor **
Oxidative quenching o . Reductive quenching
reaction pathway PC . PC reaction pathway
Donor Acceptor
PC
o+
Donor Acceptor *~
Scheme 14.An overview of two possible quenching pathways for an excited photocatalyst .1!

PCs employed are typically transition metal complexes  containing
ruthenium, iridium and sometimes palladium ,° all of which have limited

availability or are at a rising threat due to increased use. Alternatively
organic PCs have been employed such as 4CzIPN and 3DPAFIPN,'! which

can be readily synthesised and avoid the use of precious metals
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The use of visible light as the energy source to drive a reaction  instead of
heat is favourable from a practical perspective by the instant control of
reaction kinetics , whereas with temperature -controlled reactions , time and
energy is wasted through heating and cooling . Lightcan also be supplieda t
a single wavelength (or at least a narrow range) which correspondsto a
specific energy for each photon . Tuningthe wavelength to match the energy
gap between the PC and its photoexcited state favours successful photon

absorption hence reaction efficiency

Photobioconjugation, the photochemical modification of biomolecules, is an
underdeveloped area of chemical biology , which has gained increased
attention over the past decade. 8! With ongoing development into this field

the number of amino acids acting as chemical handles is expanding; in 2018

only six amino acids were plausible targets for photocatalytic modification,

whereas just four years on, 15 residues have shown at least one successful
photocatalytic transformation. 112 The type of biomolecule substrate varies

in complexity from amino acid to protein with the latter being much less

common. 19112 Cys is the most explored residue presumably due to its low
abundance and ability to form  radical cations ,° followed by His and Tyr .
Chemoselective methodologies developed for these amino acids have been

successfully applied to protein substrates (> 50 amino acid residues). 112

1.5 Photochemical Modification of Trp

Because this research  revolves around Trp modification, an overview of the
most relevant  photo -induced transformations applied to Trp  will be
discussed , all of which have been used to synthesise at least 10 small

molecule -peptide conjugation  products. Chemoselectivity for Trp was
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generally observed, however , a wide range of yields (20 T 80%) were

reported due to  cross -reactivity with  certain amino acids.

Fluooalkylation

Protein modification via fluoroalkylation is useful for understanding the

proteinds funct i ®withimaels wsipgn £MMNMR spectroscopy
(discussed previously) .°111® Chiang and co -workers reported v isible light
induced trifluoromethylation of tryptophan -containing peptides using
sodium trifluoromethanesulfinate (NaSO;CFs;, 2 eg. ),
Ir[dF(CF 3)ppy] 2(dtbbpy)PF & (2 mol%) and blue LED irradiatio n (Scheme
15).1% This is a significant improvement with regards to  efficiency
compared to previous literature conditions reported by Krska in 2018 :

Ir[dFCF 3ppy] (15 mol%), NaSO.CF; (20eq.) and20h .11

CF3SO,Na (2.0 eq.)

H H
N_ 4 N._CF;
©_< Ir[dF (CF 3)ppyl,(dtbbpy)PFg ©_<
(2 mol%),

CH3CN, rt, air, 4 h,
AA, W AA, blue LEDs AA, W AA,

79a-c 80a-c

CF3
OH HN \

(

FmocHN— § | W —OMe BocHN— G | G | G | W —OMe
= AcHN— W | Y —OMe

\\;\ g ) :
80a N 80b \©\ 80c \
F3C H

OH

N
44%, (22%)? 54%, (21%)? 60%, (24%)? F5C H

nn

Scheme 15. Trifluoromethylation of Trp -containing peptides.  '** @CH3CN/H-0 (1:1), 14 h .

To determine the functional group compatibility of the reaction twelve
peptides were exposed to the photocatalytic conditions in both CH 3CN and
CH3CN:H.O (1:1). Moderate vyields (44 - 60%) were obtained in the

presence of readily oxidisable ( 80a ), aromatic ( 80b ), and relatively inert
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(80c ) amino acids when CH 3sCN was used as the solvent. However, when
replaced with the more biocompatible solvent system (CH 3CN:H ;0) a longer
reaction time of 14 h was required and a significant drop in yield was

observed in all cases ( Scheme 15%2).

In general, c hemoselectivity for Trp was achieved despite other amino acids
being susceptible to trifluoromethylation including Tyr, Phe and Cys
(observed using °F NMR spectroscopy). Competition assays revealed that
Trp was preferentially functionalised however when equimolar  mixtures of
amino acids were used as substrates for the reaction. Interestingly His did
not form trifluoromethylated products yet inhibited the desired reaction on

Trp, therefore Cys and His were deliberately excluded from the peptide

scope.

Carbamatdnsertion

In 2020, Taylor and co  -workers reported the addition of carbamates to Trp
residues using UV light in the absence of a PC ( Scheme 16). 1% The higher
energy associatedwithUV  -B | i ght (i 1315=nmp @&mpared to visible,
enables the functionalisation mechanism to proceed via indole excitation.
This facilitates chemoselectivity for Trp within peptides because Trp is the

most photochemically active of the aromatic residues, 17 with a greater

capacity for absorbing photons in the UV -Brange. 118
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N BFy  MeO N R

/ =( R 7N

Me \ ®/N—N\ Me

H,N—oF | € [ F e H,N—oF | C [ F
82a-e (1- 7mM) 1

T hv (302 nm),
HO— T | C 1 mM GSH Ho— T | C

pH 6.9 NH,OAc
81(100 },lM) 30-60 min 83a-e

o _<OtBU ‘<—\
HN HN
HNJ<NH > A

Me M —0 O
IMe e S |\e/|e § Hi..
R = %—O §_O 'f/H
s $—0 o
83a 83b 83c 83d 83e

92% conversion >95% conversion 94% conversion >95% conversion 95% conversion

Scheme 16. Estimated LCMS TIC conversions for a range of products synthesised by photochemical
carbamate insertion using pyridinium salts. 16

An additive glutathione (GSH) was crucial for achieving complete
conversions (>95%), by acting as a reactive oxygen species (ROS)
scavenger, and a large excess (10 -70 eq.) of the pyridinium salt reagent
82 a-e was used which is inefficient and wasteful. Despite these drawbacks,
this procedure is the only example with the following appealing features:
buffered solution (pH 6.9 NH 4OACc), short irradiation times (15 and 60 min)

and successful application to a protein substrate.

The versatility of the N-carbamoyl pyridinium salt was displayed through
simple and convenient derivatization of the carbomyl moiety, even for the
incorporation of  biologically relevant small molecules including biotin 83 ¢
and alkyne 83 e. When applied to their model octreotide 81 reaction profiles
showed clean conversion (HPLC analysis), with little or no side-product
formation , however 83 a was isolated with a 68% yield (> 20% less than

the estimated conversion).
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A further four peptides of increasing weight (1.2 T 3.4 kDa) were selectively
functionalised on the Trp residue , three of which are shown in figure 19
Very high conversions (85 - >95%) were reported with  the lowest being
85% for the peptide Mellittin product 85 . It should be noted that oxidation,
degradation, or di-labelled side products were observed for certain
substrates, however this was very minor with the poorest selectivity being

9:1 mono - to di-labelling for the antibiotic daptomycin 84 . Excellent
selectivity for Trp was observed when lysozyme (14.3 kDa) was exposed to

the conditions for as little as 15 min. Despite the presences of six Trp
residues in the sequence, a 6: 1 mono:di labelled conjugate 86 was obtained

via Trp-62 functionalisation

o o H,oN
H o)x\ vx)\@ H
" N
Me/g_\ ol W )OJ\ 7 )
& / P
0 . ) MeO l\ll SS
\ Me
H H,N-{ GIGAVLKVLTTGLPALISWIKRKRNN -NH,
O
)J\ Mellittin 85
— l}l OMe 85% conversion
Me Me Me”
. OMe
Daptomycin 84 Lysozyme 86
95% conversion >90% conversion
Figure 19 . Photochemically modified biomolecules and their % conversion estimated by LCMS TIC. 116
Alkylation

The final photoinduced transformation  reported for Trp modification is
alkylation, specifically | -carboxyalkylation . This has been achieved using | -
bromo -carbonyl reagents  with the aid of Ir(dF(CF  3)ppy) 2(bpy)]PF 6,*° or

alternatively in the absence of a photocatalyst using Katritzky salts. 1%
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(&) Alkylation withh -Bromo-CarbonylCompounds

In 2021 Paixao and co -workers reported a  photoredox mediated alkylation
of Trp-containing peptides  (Scheme 17).%2* Alow loading ofthe Ir PC was
used and a wide substrate scope for both the alkylating agent and the

peptide was reported , showcasing excellent  functional group tolerance.

o}
H H
N._H Br\)J\R N R
I 88a-h (0.5eq.) | o
Ir[(dF(CF3)ppy)2(bpy)IPFe (1 mol%), o
AA, W [AA, 2,6-lutidine (1.5 eq.), MeOH, rt, AA, W (AA,
24 h, visible-light
87a-e 89a-e, a-h

Radical Precursors

2+ LT

89aa 89ab 89ac A 89ad 89ae ' aer .
Boc-W-OMe Boc-W-OMe Boc-W-OMe Boc-W-OMe Boc-W-OMe : < .
45% 48% 68%:2 21%32 76% 0 Trrrmmmmsmmsssseees ‘
Peptldes
R
o
/ NH BocHN— V = G W —OH
OH :
\r /\
BocHN— T  V = W —OMe 89de
0,
H 89ce 70%
SN 67%
T cosn Pharmaco-peptide conjugates .

0
o )J\ /'/’/
o N

R'= N
: H COoMe !
. 89eg 89eh '
65% 51% :
i from Memantine from Pregabalin E

.................................................................................

Scheme 17. Photocatalytic alkylation of Ac-W-OMe 87a and peptide substrates  88b -e using arange
of | -bromo -carbonyl compounds . #2 mol% Ir[ (dF(CF3)ppy )2(bpy )] PFs.'?

Several drawbacks to this procedure included the use of an additive (2,6 -

lutidine) along with long irradiation times of 24 h with two visible -lightlamps
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(90 W each). Additionally, 2 equivalents of the peptide were required with

respect to the | -bromo -carbonyl reagents meaning half of the usually
precious peptide is wasted. Despite these minor limitations , U sing the amino
acid substrate Boc -Trp-OMe 87a, a variety of | -bromo acetophenones,
esters, thioesters, amides and amino acids proved to be successful

alkylating reagents (Scheme 17). The desired products were synthesised

in generally good yields (40 - 76%) with a couple of exceptions including
89a d (21% ). Anincrease in PC loading (2 mol%) was required w hen amide
alkylating reagents were used and tertiary radical precursor 88 f was
unsuccessful .

The regio - and chemoselective potential of the photocatalytic alkylation was
investigated using Trp -containing di -, tri - and tetrapeptides providing
moderate to good vyields of the alkylated peptides (26 - 70%). Most
proteinogenic amino acid side chains were tolerated . aromatic 89b e, polar
89c e and aliphatic 89d e. The free C-terminal on the latter also
demonstrated  negligeable interference . However, a  robustness study
revealed that L-Glu, L-Lys and L-Met all decreased product yield and L-His

inhibited the reaction.

Pharmaco -peptide conjugates 89d g and 89d h were synthesised using

standard conditions  and radical precursors derived from drugs ( Scheme

17). The drug memantine is used to treat Al zhei mer 6s di sease

pregabaline is used to treat epilepsy, highlighting not only the versatility of

the reaction but the pharmaceutical value as potential PDGs.
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(b)  Alkylation with Katritzky Salts

An alternative  photo -induced method for Trp alkylation  in the absence of a

photocatalyst was reported by Melchiorre and co -workers, exploiting the
formation of an electron donor i acceptor (EDA) complex  (Scheme 18 ).12°
BFs R
Ph._N._Ph § H

N
N
IS “) R i
H = radical — R
N hv coupling
) Ph —>» ——
SET AA, W [AA, AA, W JAA,,

AA, W AA,
Scheme 18. Photochemical EDA complex strategy to generate radicals in close proximity of
tryptophan. 12
Formation of this complex is achieved via diffusion in solution between t he
electronrich indole ring of Trp (the donor )andthe Katritzky salt which bears

a pyridinium moiety (the acceptor ).*?° Like with the carbamate insertion
procedure, ¢ higher energy i rradi at £ 0390 nm) exploits the
photoactivity of  the EDA complex allowing excit ation . Subsequent SET
generates a radical ion pair within  close proximity for facile radical

recombination ( Scheme 18).

A methodical investigation regarding the selectivity for Trp was carried out

using 14 dipeptides with the sequence Boc -W-AA-OMe, and generally
moderate to good yields were obtained (45 - 84%) ( Scheme 19 ). In
particular, the protocol tolerated oxidizable amino acids 92a a, a thioether

92b a and the imidazole ring on His 92d a, albeit for the latter a much lower
isolated yield was obtained (20%). This is advantageous over the alkylation

wi t hbrobho -carbonyl reagents discussed above, 119 where His completely
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inhibited product formation and the presence of a thioether moiety caused

a significant 30% drop in product yield.
Ph o T

N _H S N
BF,
ﬁ NaOAc (2.0 eq.), | COzBn
+ o >
R N~ Ph f

Ph DMA/H,O (4:1), rt, 4 h,

o

PGHN- W | AA -OMe )\ Kessil lamp (390 nm) PGHN- W | AA ~-OMe
R CO,Bn
90a-e 91a-d (3.0 eq.) 92a-e, a-d
Peptide Scope
N
NHCbz N\
R'=H 92aa 92ba 92ca 92da
Boc-WS-OMe Boc-WM-OMe Boc-WK-OMe Boc-WH-OMe
65% 72% 60% 20%

2° Radical Precursors

I

I !

AcHN- W | A -OMe AcHN- W | A -OMe AcHN- W | A -OMe

CO,Bn CO,Bn CO,Bn
92eb K// 92ec f// 92ed
HO 47% (1:1 dr) _S 30% (1:1 dr) MeO,C 45% (1:1 dr)

Scheme 19. Photocatalytic alkylation of dipeptides using Katritzky salts as both primary and
secondary radical precursors. 120

Tri- and tetra peptide s were also successfully alkylated (41% and 51%

yields) , however they both  contained relatively inert aliphatic residues (Gly
and Leu ). Unprotected amino acid residues (H -Trp-OH and Boc -Trp-Asp-
OH) and the free thiol on Cys however, were not tolerated and their

reactions were not discussed further.

Alternative Katritzky salts were readily prepared from amino acid s creating
secondary radical precursors for Trp alkylation , however these generally
result ed in lower yields compared to the primary salts (Scheme 19). A
variety of functional groups were chemoselectively conjugatedto Boc-Trp-
Ala-OMe including a phenol 92e b, thioether 92e ¢ and ester 92e d in

moderate yields (27 - 50%). Inall cases , the newly generated stereocente r
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could not be controlled resulting in inseparable mixtures of

diastereoisomer s.

Conclusion

Evidently , there are a small number of available photochemical strategies
for Trp C  H functionalisation  specifically within peptides , highlighting th is
under -explored class of bioconjugation chemistr y. Discussed above wast he
formation of a new C Xbond (X=CorN) attheC 2 positiononTrp and
high chemoselectivity was achieved for a variety of peptide substrates
Operationally simple photochemical set -ups were used with generally mild
conditions , h owever long reaction times , organic solvents, rare metal PCs
and excess reagents  were also commonly used . Most methodologies were
impacted negatively  or completely inhibited by the free thiol of Cys , the
imidazole ring of His  or other functionalities incorporated in amino acid side
chains hence protecting groups were frequently employed. 87 Alternatively
peptide substrates featuring mostly hydrophobic residues, such as
dipeptides containing only Trp and Ala, 120 or a tetrapeptide containing three

Gly residues were often employed to avoid side reactions and lower  product

yields. 1** Consequently, these f unctionality concerns or hindrances could

prevent broad application to natural peptide substrates. Therefore, the
development of strategies which can chemoselectively modify complex Trp-
containing peptides in the presence of all native amino acids are required .
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1.6 Project Aims

The aim of the project is to develop a more sustainable photocatalytic
alkylation strategy  targeting Trp . The transformation  would provide a novel
method for accessing modified peptides , supporting the discovery of new
therapeutic peptides and photo -bioconjugation (Scheme 20). The

objectives of the project are to:

1 Develop a photocatalytic alkylation strategy ( Scheme 20 A) which
overcome s limitations present in the current literature by aiming for
more sustainable conditions: an organic photocatalyst, stoichiometric
reagents and the absence of additives

1 Ensure conditions are progressed which allow application of the
methodology to peptides and investigate chemoselectivity for Trp.

1 Investigate t he versatility of the reaction through the synthesis of a
range of small molecules to conjugate to the peptides . Different moieties
should be explore d for different product applications

1 Explore potential applications of the methodology  includ ing protein
modification (Scheme 20B ) and/ or peptide stapling to form macrocyclic

peptide products .

A. Functionalisation B. Application

FF Q
H H
R OR
N Br><”/O N/
F
] 0 3 J
_— _—

Peptide

Scheme 20 . Photocatalytic alkylation of Trp and a potential application of the methodology .1%2
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2 Reaction Optimisation

Research began with the development and optimisation of photocatalytic
alkylation conditions using Ac  -Trp-OEt 93 as the biomolecule and ethyl
bromodifluoroacetate = 94a as the radical precursor. Difluoroalkylation was
the modification of choice because this chemical handle (CF 2FG) has been
shown to form the desired radical intermediate using a range of
photocatalytic conditions. 123124 Variations of reagent  94a such as | -bromo
carbonyl compounds ( without fluorine atoms), often require additives to

form a reactive radical species. 121 This was an unfavourable stipulation
because a side from aiming for a high product yield, a key objective was to
overcome some of the sustainability limitations associated with current
literature methods: using additives or excess reagents and rare metal
catalysts. Furthermore, because the methodology will be applied to
biomolecules it was important to aim for biocompatible conditions:
temperatures below 37 °C, pH 6 -8, and an aqueous/ aqueous:organic

solvent system. 12°

2.1 Photocatalytic Difluoroalkylation

Cho and co -workers reported the photocatalytic difluoroalkylation of
aromatic and  heteroaromatic compounds: two of which were indole
substrates. 12® A high product yield was obtained for the difluoroalkylation of
3-methylindole 74 using an Ir photocatalyst and ethyl bromodifluoroacetate

94a (Scheme 21 ).
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N 94a (2.0 eq.) '\; OFt
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AcHN / > F

¢ fac-{Ir(ppy)s] (1 mol%), F

CO,Et TEA (2.0 eq.),

93 74 DMF (0.25 M), Ar, 95

Ac-Trp-OEt blue LEDs, 16 - 18 h 88%

123

Scheme 21.  Photocatalytic alkylation of 3 -methylindole reported by Cho.

It was hypothesised that this method could be used as a peptide
modification strategy using Trp as the chemical handle. Both substrate 74
and Ac-Trp-OEt 93 contain the crucial indole moiety; h owever, the

conditions would require adjustment aiming for bi  ocompatibility.

The reaction is photon -mediated; it begins when the PC (in this case fac-

[Ir(ppy) 3]) absorbs a photon to reach the photoexcited state ( Scheme 22 ).

H
N
@CFZCOZEt blue LEDs
100 *\

&
BH .
j B = Br or base [Ir(ppy)s] [Ir(ppy)al

B BrCF,CO,Et 94a

H
N H
CF,CO,Et _
+ Br

99 " [Ir(ppy)al ™
° CFQCOQEt 96

H H
N N
CF,CO,Et @
98 97 &
Scheme 22.  Proposed catalytic cycle based on literature precedent. 123
The excited PC ( [Ir(ppy) 3]*) reduces bromodifluoroacetate 94a forming the

alkyl radical 96 which reacts favourably with the electron rich indole ring to

give the radical intermediate 98 . This newly formed indole radical 98 is
oxidised by [Ir(ppy) 3]*, generating the carbocation 99  while
simultaneously regenerating ground state [Ir(ppy) 3], closing the

57



photocatalytic cycle. Finally, cation 99 undergoes rearomatisation to give

the product 100 .

Choos r e {&hkeme B3 ) revealed that the reaction was most
successful with electron -rich aromatic substrates including substituted
benzene derivatives 10l1a and 101b and heteroaromatics 103a and 103b .

However, over half of their aromatic substrate scope gave a mixture of

alkylated products e.g. 102b , which showed that even though the
regioselectivity followed the expected trend for radical mediated aromatic
substitution, it could not be controlled to give a single product selectively. 123
_~_H RF _~_CF,CO,EL
S — By O — R |
NS S X
101a-c 94 (2.0 eq.) 102a-c
X=N,0,S fac-[Ir(ppy)s] (1-3 mol %),
~ X TEA or K3PO, (2.0 eq.), DMF (0.25 M), o X
= Ar, blue LEDs, 16-18 h -~
RL Pr== L~ R k\\\v/]l/\/fCcmozEt
103a-b 104a-b

Substrate Scope

Me0:©iCFZCOQEt Me\©:CFZCOZEt ©/\CF2002Et
MeO Me OMe

102a 102b? 102¢
73% 91% 3:1 30%
H
Me S N
UCFZCOZEt )—CF,CO,Et
104a 104b Me
81% 88%
Scheme 23.  Photocatalytic alkylation of aromatics and heteroaromatics showing isolated yields. The
mi nor regioisomeric position is labelled WFNMR i*o,
spectroscopy, gas chromatography, and nOe experiments. 123
Furthermore, less electron rich substrates gave much lower product yields
(102c ) because the reaction utilises an electron -deficient carbon -centred

radical (-CF2R). Afavourable polarity match is observed between this radical

96 and the electron rich substrates which can enhance the stabilisation of
radical/cationic intermediates, through electron delocalisation and
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induction, therefore promoting product formation. 126 In contrast, t hese
advantageous mechanistic features are not achieved for electron poor
compounds, hence lower or negligible product yields were obtained. The

innate reactivity of an electron deficient radical presents the opportunity for

selective Trp modification with in a peptide because Trp is the most electron

rich aromatic amino acid.

2.2 Photocatalytic Difluoroalkylation Analysis

For the optimisation studies Ac -Trp-OEt 93 was chosen as the model
substrate. Both N1 and Ci termini were initially protected to avoid any
potential side reactions or solubility
applied to aminoacid 93 (Scheme 24 ) which gave a 55% isolated  product
yield when a blue LED light strip (iNextStation, 24 W) wrapped inside a

Pyrex dish was used as the irradiation source.

R F

Q o)
H H ,
{ y 7 F ﬂgp\ 7/ F
94a (1.5 eq.) F EtO E
» + O
AcHN fac-{Ir(ppy)s] (1 mol %), AcHN AcHN
COEt TEA (2.0 eq.), CO,Et CO,Et
DMF (0.25 M), Ar,
3 blue LEDs, 20 h 105a: 55%* 106

Scheme 24.  Photocatalytic alkylation of Ac -Trp - OEt using slightly modified conditions reported by Cho
and co -workers. 1% 3solated yield.

For this initial reaction, 1.5 equivalents of bromodifluoroacetate 94a were
used instead of 2.0 which was reported in the literature. 123 Preliminary
studies by Dr James Cuthbertson showed that a significant amount of
dialkylated product 106 was observed when a greater excess of alkylating
agent 94a was used. This side product was briefly mentioned in the
literature; however , it was stated that the desired product had a lower

reactivity toward alkylation compared to the starting material, therefore it
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was not a concerning problem as monoalkylation was favoured. Having
shown that Trp could be alkylated the reaction was then optimised,
throughout which the reaction mixtures were analysed by both quantitative

fluorine NMR spectroscopy and analytical HPLC. Both techniques were
utilized to gain a better understanding of the reaction mixture: the fluorine

NMR spectrum allowed quantitative 19F spectroscopic yields to be obtained

for the desired product and the analytical HPLC trace identified any starting

mater ial (SM) remaining. Regarding fluorine NMR spectroscopy , the
longitudinal relaxation time constants (T1) were measured by Dr Kevin

Butler using inversion recovery experiments on the model system (Ac  -Trp-
OEt 93 and BrCF ;CO;Et 94a ). It was identified that both compounds had
completely relaxed after 2.5 seconds (T1 = 2.5 secs) and to allow
guantitative analysis of NMR spectra, the repetition time (delay) between
consecutive excitation pulses (scans) mu st
relaxation. 2 Therefore the parameters for the fluorine NMR spectroscopy
experiments were set: 15 sec delay with 32 scans, where the latter aided

signal intensity. With the addition of an internal standard, | -
trifluorotoluene (TFT), the integral of the product 105a signal(s) could be
used to determine quantitative 9F NMR (gNMR) spectroscopic yields. In
figure 20 this is 79%: 85% integral for product doublet a with the deduction

of a 6% impurity signal b which was present between the doublet peaks.

Theseconddou bl et has been | abelled as ad for comg
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Figure 20 . A representative fluorine NMR spectrum of a reaction mixture during optimization.

Both analytical techniques showed evidence of side product formation by
the appearance of additional signals. Unfortunately, due to the minor
guantities formed, it was challenging to interpret these signals

quantitatively using 9F NMR spectroscopy. Whereas utilizing analytical

HPLC allowed the number of side products (3 - 4) to be identified (  Figure

21). Another advantage of HPLC analysis was starting material (SM)
observation. An analytical HPLC chromatogram shows UV absorbance

(mAU) against time, and the distinct retention times (Rt) of the compounds

93
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with minor signal overlap , allowed clear identification of each signal ( Figure

21).
Productl05aReaction Mixture

?? 1500 SM P SPs

E 1200

[

£ 900

o

S 600

[%]
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<< 300

o —
0 1 2 3 4 5 6 7 8 9 10
Time (min)
Figure 21 . Analytical HPLC chromatogram for an example reaction mixture showing starting material
(SM), product (P) and side products (SPs) on analytical gradient 20  -80% B over 5 min, 280 nm.

Integrating each compound signal gave a value for its relative intensity

which was used for basic comparative purposes: minor or major signal /

more or less of a specific compound. It should be noted that this was not a
guantitative approach due to differences in extinction coefficient betwee n
the different species, h  owever, instead was used as a complementary
technique to support and potentially explain the yields determined by ¥F

NMR spectroscopy and isolated yields obtained for specific examples.

HPLC-MS was carried out on the reaction mixture and three side product

signals had the same mass associated with them, the mass which
corresponded to dialkylated Trp 106 . This can be explained by the formation

of regioisomers: same mass but presumably slightly different polarities,

hence distinct retention times on the reverse phase column. However,

similar retention times were apparent on a normal phase column, therefore

isolation of pure products was not achieved. Co -elution was observed for
the side products along with some desired product contamination therefore

the H NMR spectrum consisted of many overlapped signals (especially in

the aromatic region). Despite this, ad ditional signals were observed in the

aliphatic region and in the 9F spectrum (within close range of the
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monoal kyl ated pr oddulgitl Osdi gpnpanh)s.: BHv9e/n t hough t
site of a subsequent alkylation  was not identified, with the available NMR
and MS data, it can be speculated that the side products are regioisomers

of dialkylated Ac -Trp-OEt 106 .

Similarly, Gillaizea and co -workers observed a mixture of products when
indole 107 was exposed to iron -catalysed trifluoromethylation, showing
that electrophilic radicals (-CF  3) can insert onto the benzene ring of indole

(Scheme 25 ).1%®

CF3 _ N

/ . 6z N
I 40%, 21%, 19% FC-—- [ )2

4
H 108 O 7 110

H

N N
@E/) (12eq) FaCﬁ—ijE/)z C4 C7 C6
FeCl, (10 mol%), 5N AG{ (kcal/mol) -19.0 -17.3  -15.4

107 DCM, 35°C, 12 h 109 AGe¥ (kcallmol) 5.6 5.7 6.3
Scheme 25.  Iron -catalysed trifluoromethylation of indole (left) 128 Energetics of calculated structures
at B3LPY/6 -311G ** (right). 2
Furthermore, separate DFT studies revealed that the difference in energy
barrier for trifluoromethyl r adi c al addition to positions

on the benzene ring of indole 107 i s very sihiabl6lkcalmg, &.7
kcal/mol and 6.3 kcal/mol, respectively). 129 Therefore, in theory radical
addition could be observed for such positions and it was important,
throughout optimisation, to minimise the formation of these regioisomeric

side - products.

2.3 Photocatalytic Difluoroalkylation Conditions

The most coherent way to discuss the results obtained throughout
optimisation is to introduce the final optimised conditions first, followed by

reaction deviations. The reason for this is because a lot of the earlier
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experiments were carried out using only HPLC analysis, hence quantitative

data was not obtained. This resulted in inconsistent data being recorded as
optimisation studies progressed and became difficult to compare certain
reactions to subsequently draw conclusions with confidence. Therefore,
significant experiments were repeated using 19F NMR spectroscopy  which
allowed accurate spectroscopic yields to be obtained for the products

providing a more concise and comprehensible discussion

Numerous optimisation studies were carried out exploring reaction
parameters such as solvent, base, photocatalyst, time and equivalents of

reagents, along with the photoreactor set -up, presence of air and scalability

of the process. The final conditions fo r the photocatalytic alkylation of Ac -

Trp-OEt 93 are reported in table 4 entry 1.

____________________________

R F

H OEt e NC CN
N Br N OEt :
Y/ o Y E O N N Q
94a (2.0 eq.) o £ F :
AcHN 4CzIPN (1 mol%), AcHN 5 O N O
DMSO (0.01 M), Ny, :
CO,Et blue LEDs, 10 min CO,Et 5
93 105a E 4CzIPN
Entry Deviation from standard conditions % Yield
1 none 71
2 fac-[Ir(ppy)] (1 mol%), TEA (2 eq.), DMF (0.25 M), blue LED$?17 t 30°
3 Stirred 67
4 Standard setup blue LED strip: 10 min, 60 min 25, 53
5 No PC/ no light 0

Table 4. Reactions carried out on a 60.0 pmol scale in position A of the PhotoRedOx box using
EvoluChem E LED spotlights (455 nm). aYields determined by  '°F NMR spectroscopy using TFT as the
internal standard. 120 pmol scale.

Unlike the initial, proof of concept experiment ( Scheme 24 )inwhich a blue
LED light strip wrapped inside a Pyrex dish was used as the irradiation

source, a different photoredox setup was used for most of the optimisation
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reactions: Hepat ochemods Phot oRedOx B onx18We q34i pped

mW Am-2 LED 455 nm bulb ( Table 4).

Throughout the optimisation studies, Yyields were determined by
guantitative fluorine NMR spectroscopy instead of isolated yields for speed
and accuracy. Due to the reactions being carried out on a 60 pumol scale,
small scale errors when weighing the product and inherent loses through
work -up and purification techniques could result in less reliable isolated
yields for comparison purposes. Subsequently this could lead to the

inaccurate identification of the optimal conditions.

Notably in table 4 entry 2, when applying Cho and co -workersé6 |literat
conditions again to Ac -Trp-OEt 93, there is a significant drop in product

yield to 30% compared to the 55% vyield obtained for the proof -of-concept

experiment in scheme 24. This is because a different photoredox set -up and

2.0 eq. of TEA was used to obtain an initial product yield as a pre -

optimisation yield, using literature conditions. Stirring was found to have no

impact on the reaction. Therefore, to avoid potential complications

(insufficient mixing and small losses on the stir bar), when low reaction

volumes are used for peptide substrates, all further reactions were carried

out without stirring.

Standard SetUp vs PhotoRedOx Box

As mentioned previously, two photoredox set -ups were available: a
cheaper, more readily available set -up using an iNextStation blue LED light
strip wrapped inside a Pyrex dish (standard set -up), or a commercial

PhotoRedOx box produced by HepatoChem ( Figure 22 ).
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Figure 22 . Photos of the different photoredox setups showing the standard set -up (left) and the
PhotoRedOx box with 8 mL and 20 mL vial holders (right).

For the standard set -up a longer reaction time (60 min) was required, and

a lower yield was obtained compared to the reaction carried out in the
PhotoRedOx box (53% and 71% respectively). This longer reaction time
presumably resulted from the light intensi ty:a greater light intensity causes
an increase in the concentration of excited state PC due to the proportional

increase in photon -capture events. 3° Therefore a greater concentration of
excited PC will lead to more radical formation at a given time, hence
enhanced product formation. The EvoluChem E LED spotlights used in the
PhotoRedOx box, provided a visibly greater intensity of light compared to

the LED strip, however the specific light intensity (lumens per square foot)

was not measured.

Similar trends were observed by Konig and co -workers when they
investigated the effects of four commercial photoreactors on numerous
photochemical reactions. 3! They found that the initial reaction rate for the
trifluoromethylation of arenes reported by MacMillan and co -workers
(Scheme 26 ),* was dependent on light intensity. The highest rate was
obtained for TAK120 reactors with an average power output of 28 W,
followed by the PennOC photoreactor and the HepatoChem box each with

average power outputs of 21 W and 18 W respectively. 131
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Scheme 26 . Photocatalytic trifluoromethylation of arenes and heteroarenes. 182
With that in mind, leaving the reaction for longer in the standard set -up was

believed to eventually give the same product yield as the PhotoRedoxBox,
just at a lower rate. However, this was not the case, the highest yield
obtained using the less intense b lue LED strip was approximately 20% lower
than the EvoluChem E LED spotlight and there are multiple factors that

could account for this. First, a longer reaction time allows further generation
ofradical 96 (-CF.CO:Et) for the desired product formation, but also for side

product formation (  Scheme 27B ).

A. Desired reaction pathwayA

H
N - CF,CO,Et N §
@ 26 @cacoza @CcmozEt
97 »” <" 98 " 100

B. Proposed side reaction pathway

H *CF,CO,Et H H
N 96 7Y, N = N
) —CF2CO,Et BtO2CFC » i~ CF2COsEt EtOchzc'\ | ) —CF,CO,Et
o o o

100 113 114

Scheme 27 . Reaction pathways for desired product and side product formation.

Instead of stopping the reaction efficiently after product 100 had formed,
it remained in the solution for up to 60 minutes increasing the probability
of reaction with radical 96 and subsequent alkylation. Secondly, the

standard set -up is not equipped with a fan so higher temperatures (up to
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45 °C) were observed which could encourage thermally induced side

reactions, decreasing selectivity for the desired product.

Along with light intensity, Kénig and co -workers also assessed the effects

of temperature on the photocatalysed trifluoromethylation of arenes and
heteroarenes ( Scheme 26 ). 132 Initially, hotter temperatures led to a higher
product conversion giving yields of 97% and 64% with the corresponding

reaction temperatures of 35 °C and 25 °C. However, this was only beneficial

to a point and above this temperature a lower yield was obtained. This was
discovered when the temperature w as set to 55 °C, providing a reduced
product yield of 58%,  *! which could be due to heat increasing the number

of and/or rate of undesired side reactions.

Similarly, to the comparison between the PhotoRedOx box and the standard
set-up, there was also a discrepancy between product yields depending on

which position the reaction vial was placed in; position A or C ( Figure 23 ).
Despite the PhotoRedOx box being designed to ensure even light
distribution and efficient cooling for each sample, 133 when simultaneous
reactions were carried out in position A and C a 20% lower product yield

was obtained for the latter. This drop in yield was accompanied by greater

probe (radical precursor) consumption (and side product formation);
therefore, it can be assumed that position C had a higher rate of reaction

The two reaction vials could have been exposed to differences with respect

to light intensity and/or heat, the effects of which were discussed
previously. Position C is located more centrally in the Ph otoRedOx box
(Figure 23 ), allowing maximum surface area exposure to the light,
however position A is at the edge, potentially reducing the available amount

of light intensity received. Also, the location of the fan (employed to offset
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the heat released by the LEDS) is adjacent to position A. During the 10 -
minute reaction time, vial A remained at room temperature however
reaction vial C increased by 10 °C, potentially due to vial A blocking the air

flow.

Figure 23 . PhotoRedOx box with 8 mL vials in position A and C.

Therefore the photocatalytic alkylation reaction appeared to be sensitive to

light intensity, temperature and time, which is not uncommon for these

types of reactions, 3! but does highlight the importance of reaction set -up
and a potential challenge for replicating exact results. T he PhotoRedOx box
is advantageous over the standard set -up because it enabled

standardization and acceleration of the photocatalytic reaction as a result
of the built -in fan, mirrors and a higher intensity bulb, 3% hence going

forward all reactions were carried out in position A of the PhotoRedOx box.

Aerobic Conditions

A reaction run in the presence of air gave a similar yield to the reaction run

under anaerobic conditions (61% and 71% respectively, Table 5 ).
However, aerobic conditions could potentially be detrimental to the yield for

peptide substrates especially when oxidizable amino acids are present e.g.

Cys, ¥* therefore, to be consistent for all substrates (amino acid and
peptide), anaerobic conditions were chosen. The experimental procedure is

operationally simple because the requirement for a glove box or Schlenk
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line is not necessary, instead the reaction solution was sparged with

nitrogen for 5 minutes, after all the reagents were added.

R F

OEt 0
H H
H Br><ﬂ/ N OEt
p ) p
F
94a (2.0 eq.) > F
AcHN 4CzIPN (1 mol%), AcHN

DMSO (0.01 M), Ny,

COzEt blue LEDs, 10 min COEt
93 105a
Entry Deviation from standard conditions % Yield
1 none 71
2 Aerobic 61
3 0.2mmolwa O £ S dzLJQ 65 [64]

Table 5. Reactions carried out on a 60.0 pmol scale in position A of the PhotoRedOx box using
EvoluChem E LED spotlights (455 nm). aYields determined by  '°F NMR spectroscopy using TFT as the
internal standard.  °lsolated yields.

w{OFrfS ! LI

Repeating the optimised conditions on a 200 umol scale allowed an isolated

yield to be obtained which was consistent with the gNMR vyield (64% and

65% respectively). This confirmed that the yields obtained by F NMR
spectroscopy in the analytical scale reactions (20.0/60.0 umol) were
accurate. This also suggested that the reaction was not sensitive to vial size

even though light penetration of the larger 20 mL vial could have been

limited compared to the usual 8 mL vial. Photonic flux decreases
exponentiall y with depth in a given reaction medium, 130 therefore a greater
volume for the scale up reaction would in theory have been impenetrable,
resulting in a smaller concentration of excited PC, however fortunately this

was not the case here.

Solvent Screen

The initial reaction solvent was DMF (used in the literature), 123 however one

of the goals of this research was to make a conscious effort toward more
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sustainable conditions . This would not be achieved using DMF because it is

in the red region of GSKoO6s s'8§landdastseriausi st ai nab
hazards associated with it, in contrast to DMSO which lies in the green
region. Another requirem  ent for the solvent choice was solubility : it must
solubilise the biomolecule to allow the reaction to occur which limited the
number of solvents available to investigate. Despite DMSO often achieving
biomolecule dissolution, in doing so this commonly disrupts hydrophobic
interactions resulting in molecular unfolding, & which may have limitations
when substrates are biologically relevant targets. Protein refolding can be

carried out using dialysis and it is possible to fold into their native
structures, when specific organic solvents or buffers are used, 136 however

folding rates are variable, depending on the solvent, and difficult to predict.

When solubilising  biomolecules, t he concentration of the reaction is
important. Generally, the more dilute the better: 0.01 M ( Table 6 ,entry 1)
is acceptable for peptide substrates whereas further dilution is desirable for

protein substrates. Peptides and proteins are often precious materials where

for example only 1 mg can be used for a reaction, and when accounting for

the high molecu lar weight of these biomolecules, this would result in a very

small solvent volume for reaction concentrations>1 - 10 mM . For example,
a common reaction concentration for organic chemistry is 0.25 M and this
could result in a solvent vol uumikelyadissdlve tt | e a:
all components of the reaction. Furthermore, increasing the concentration

can cause the protein to aggregate, 137 which would likely hinder the desired

reaction by potentially reducing the accessibility of amino acid residues.
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FF

OEt o)
H H
N Br& N OEt
/ ° /
94a (2.0 eq.) _ FF
AcHN 4CzIPN (1 mol%), AcHN
solvent (0.01 M), Ny,
CO,Et blue LEDs, 10 min COEt
93 105a
Entry Solvent % Yield
1 DMSO 71
2 DMSO (0.25 M) 45°

Table 6. Reactions carried out on a 60.0 pmol scale in position A of the PhotoRedOx box using
EvoluChem E LED spotlights (455 nm). aYields determined by  °F NMR spectroscopy using TFT as the
internal standard. 120 pmol scale, 60 min.

Interestingly, a more concentrated reaction solution (0.25 M) gave a lower
product vyield (Table 6 , entry 2). At 10 minutes only an 8% product yield

was obtained by F NMR, and whilst extending the reaction time to 60
minutes gave an improved product yield of 45%, there was still a significant

amount of unreacted starting material left ( Figure 24 ). This is considerably

lower than the reaction carried out in 0.01 M DMSO which gave a 71%

spectroscopic yield after only 10 minutes of blue light irradiation ( Tab le 6 ,
entry 1).
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Figure 24 . Analytical HPLC chromatograms for crude reaction mixtures: 0.01 M and 0.25 M DMSO
with reaction times of 10 and 60 minutes respectively on analytical gradient 40  -80% B over 5 min,
280 nm.

This contradicts the expected trend between concentration and reaction rate
for an intermolecular addition mechanism where a higher concentration
generally increases the rate of reaction due to a greater number of collisions

in a given volume. Comparing cr ude HPLC chromatograms for the reactions
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carried out in DMSO at different concentrations ( Figure 24), it was
suggested that no additional impurity signals were observed which was also
supported by the °F NMR spectra. One hypothesis for the lower yield
obtained when the reaction was performed as a 0.25 M concentration is that
4CzIPN dimerization may occur due to the more concentrated solution
positioning molecules closer together. Two neighbouring 4CzIPN molecules

can experience intermolecular interactions via full overlap (FO) or
partial ov erlap (PO) of the aromatic groups of the carbazole units ( Figure

25), 138

Figure 25 . A. Crystal structure of 4CzIPN obtained by sublimation showing two neighbouring
molecules interacting through the carbazole units and the distance between those molecules. B. Fully
overlapped (FO) and partially overlapped (PO) carbazole units. 138

When the reaction concentration is 0.25 M (in contrast to 0.01 M) some
molecules presumably underwent this “ “ stacking, likely altering the
photochemical properties of 4CzIPN and/or its availability to undergo
excitation. % However, because the catalyst is employed in a low
concentration (1 mol%), it can be assumed that other molecules were
dispersed far enough apart to remain as the monomer. Therefore, less than

1 mol% of 4CzIPN was available to reduce BrCF 2CO2Et 94a for the desired
reaction, hence product 105a formation was considerably lower but not

completely inhibited.
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Alternatively, increasing the photocatalyst concentration can reduce the

photon penetration depth into the solution shown by the rearranged Beer -
Lambertlaw ( Equation 1). This inversely proportional relationship between
4Cz|1 PN6s concentrati on an dowprgproductyiekds g tue
to a lower concentration of [4CzIPN]* being generated but also the
distribution of these molecules relative to the quenching species BrCF 2COzEt

94a 140

Equation1 . Rearrangement of the BeerilLambert | aw i

After discovering that 0.01 M was the better concentration, a range of other
solvents were investigated ( Table 7 ). DMF provided a similar product yield

to DMSO, however MeCN gave a significantly lower 22% yield.

RSP of MeCN (0.01 M), 10 min
H Br><[( t H Q =) SM P
N 5 N OEt < 400
/ 94a (2.0 eq.) / E £
a . .
(2.0 eq > £ 2 300
4CzIPN (1 mol%), & 200
AcHN solvent (0.01 M), N,  cHN £
COzEt  plue LEDs, 10 min CO,Et g 100
93 105a < 0 A
0 2 4 6 8 10
Time (min)
Entry Solvent % Yield
1 DMSO 71
2 DMF 61
3 MeCN 22
4 9:1 DMSO:D 71
5 1:1 DMSO:D 2

Table 7. Reactions carried out on a 60.0 pmol scale in position A of the PhotoRedOx box using
EvoluChem E LED spotlights (455 nm). aYields determined by  '°F NMR spectroscopy using TFT as the
internal standard.
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Likewise with other underperforming reactions, additional side products

were not observed (by 1F NMR spectroscopy or HPLC), instead a large
amount of unreacted starting material was visible in the HPLC
chromatogram. The relative intensity of starting material 93 (SM) and
product 105a (P) signals after irradiation in MeCN was 64:30 ( by HPLC)
whereas for DMSO and DMF  the amount of Ac-Trp-OEt 93 remaining was
significantly lower . Similar to the concentration effects on 4CzIPN
dimerization, different solvents can promote or break the carbazole
interactions, affecting the success of Trp difluoroalkylation. %% However the
formation of dimers is speculative, especially at low concentrations of

4CzIPN. Interestingly, the reaction mixture in MeCN was distinctively paler

in colour compared to the other solvents. Visibly the reaction mixture was
homogeneous therefor e perhaps the accuracy of 4CzIPN (0.5 mg) addition

was poor, hence < 1 mol% of catalyst may have been added to the mixture ,

resulting in a lower product yield.

The ideal biocompatible solvent would be water, however using an
agueous:organic solvent system (water/DMSO 1:1) hindered the reaction

with near neglig ible product formation (2% vyield determined by NMR

spectroscopy).  Additional signals were not observed by analytical HPLC

(only unreacted starting material 93 ), however a previously unseen signal

at 156.3 ppm was p°F bMRespdctrum.Pregurably the new

signal was probe related because compounds containing Trp are visible in

the HPLC spectrumandu sually have signals arotthd 1100

NMR spectrum. Identification was unsuccessful, however a reasonable

prediction would be hydrolysis of the ester bond to give the carboxylic acid
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115 because this is similar to the shift reported by Hu and co-workers for

BrCF,CO;Na: 1 57.98 ppm. 4

A.DMSO
|
L5
B.1:1DMSO:H.0 G
FF ’ T R F
Et
Br)QWOH © Br)ﬁwo
TFT

115 jL L J 94a

52 -53 -54 -55 -56 -57 -58 -59 -60 -61 -62 -
f1 (ppm)

Figure 26 . *F NMR spectra for probe  94a and TFT in 100% DMSO and 1:1 DMSO:H 20.

Running the °F NMR experiment of bromodifluoroacetate 94a alonein 1:1

DMSO:H,O with TFT, generated the samé&igureew si gn
26 ) confirming that this compound was formed by a reaction between probe

and water. Neutral ester hydrolysis can occur through water autoionization:

ionization of the water molecule followed by attack of the ester. This can be

either acid or base initiated but in the case of ester 94a with an electron

withdrawing BrCF .1 group, it would more likely proceed via abaseini tiation

pathway (W aB) reported by Pliego and co  -workers ( Scheme 28 ). 142

Proposed water autoionization pathway 52H20 H;O + OH
R =EWG
e.g.
o) 0 _ “0 OH O
M M OH BN o' I
FsC OMe R OR' R OR' R OH + R'OH + HyO
116
Scheme 28.  Proposed water autoionization pathway. 142
However, this gave rise to a new question resulting from the signal

integrations because in 1:1 DMSO:H 20 there was approximately 1.7 eq. of
bromodifluoroacetate  94a left. In theory this excess reagent should be able
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to undergo the desired reaction giving the product in a moderate yield,

based on the successful preliminary studies in which 1.5 eq. of 94a was
used. Therefore, the reaction inhibition was unlikely due to the lack of

available alkyl reagent 94a initially. Instead, it is proposed that the
hydrogen bromide by -product formed during photocatalytic
difluoroalkylation can act as an acid catalyst, mediating further ester
hydrolysis of the probe 94a . This was supported by the increased amount

of BrCF ,CO;H 115 obser ved at the end of the reaction (determined by ¥F
NMR spectroscopy).  Therefore, desired product formation was inhibited
because presumably little or no alkyl radical was able to form due to this

competing side reaction.

Interestingly in 9:1 DMSO:H 20, the desired reaction was unaffected giving
a product yield of 71%, suggesting that water is tolerated in the reaction

up to somewhere between 10 and 50% v/v. Notably, BrCF 2CO2H 115
remained in the reaction mixture i.e. was not reduced by the excited state

of the photocatalyst hence could not undergo the desired indole alkylation

reaction. This was supported by reduction potentials reported by Luxen and
co-workers which suggest it is much harder to reduce the carboxylic acid
analogue of bromodifluoroacetate 94a : 1T1.27 V and 1 0.

respectively. 12* This higher value is outside the reduction potential of

4CzIPN Eiz (PCM/PC*) = 1 1 .2 and Wtherefore cannot be reduced.
Base Screen

In C h o éeported literature procedure, 2.0 eq. of triethylamine (TEA) were

used for the photocatalytic difluoroalkylation of 3 -methyl indole, however
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they also showed that the base employed could have a big influence on

reaction success ( Table 8 ). 123

MeO MeO CF,CO,Et
e e
117a Br>S(OEt 118a

(o)
!\ - U\
. 94a (2.0-3.0eq.) N~ CF,COEt
l\llle fac-[Ir(ppy)s] (1 - 3 mol %), I\I/Ie
17b base (1.5 - 2.0 eq.), 118b

solvent (0.25 M), Ar,

\/@ blue LEDs, 20 h \/@\
- CF,CO,Et

(0] (0]
17c 118¢c
Entry Aromatic substrate Base Solvent % Yield

1 117a KsPO DMSO 52

2 117a KOBuU DMSO 81

3 117b KOBu DMSO trace

4 117b TEA DMF 95

5 117c TEA DMF 30

6 117c KsPQO DMF 83
Table 8 . Reactions carried out by Cho and co -workers on a 0.1 mmol scale of aromatic substrate. 128
2The yields were determined by gas chromatography and 19F NMR spectroscopy with internal standards

of dodecane and 4 -fluorotoluene, respectively. 1%

This was dependent on the aromatic or heteroaromatic substrate, for

example difluoroalkylation of 1,4 -dimethoxybenzene 117a with KO'Bu
provided the product  118a ina 30% higher yield compared to K 3P0 (Table
8, entry 1 and 2). Unfortunately , when those conditions were applied to N-
methylpyrrole  117b only trace amounts of product 118b were reported ,
whereas switching to TEA, along with a solvent swap to DMF, the product

was obtained in a 95% yield. Once again when applying these newly
optimised conditions to furan analogue 117c , only a 30% product yield was
obtained for 118c , but this was improved greatly by substituting the base

for K 3sPO4 (Table 8 , entry 5 and 6). Therefore, this highlighted the variability
in yields reported by Cho and co -workers depending on the base used,
hence a selection of bases would likely be required for screening against

every substrate  undergoing difluoroalkylation, which is not ideal.
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Mechanistically the base is not involved in the photocatalytic step, shown

by phosphorescence decay investigations carried out by Cho and co

workers: the presence of base did not affect the reductive quenching of
photoexcited  fac-[Ir(ppy) s]*. !2® This result suggested that base is not
required to initiate the desired reaction, therefore the importance of base

was questioned.

The equivalents of TEA were investigated ( Table 9 ) and showed that
product formation was almost completely inhibited when 2.0 eq. were used

giving a 6% spectroscopic yield of 105a . This was marginally improved to
12% when only 1.0 eq. of TEA was added ( Table 9 , entry 3), however a
better vyield (68%) was observed when TEA was completely omitted.
Analysis of the reaction mixtures containing TEA revealed that significant

amounts of Ac -Trp-OEt 93 and bromodifluoroacetate = 94a remained in the
solution unreacted, specifically 1.8 eq. of the latter. These results were
unexpected, usually after 10 minutes of irradiation 0.6 T 0.8eq.of 94a is
left unreacted; therefore, the presence of TEA negatively affect product

formation by inhibiting radical formation.

F F
OEt o)
¥ Bf)Qﬂ/ N OEt
/ v /
94a (2.0 eq.) _ £ F
AcHN 4CzIPN (1 mol%), AcHN
base (x eq.),
CO.Et DMSO (0.01 M), Ny, COzEt
93 blue LEDs, 10 min 105a
Entry Base (x eq.) % Yield
1 - 68
2 TEA (2.0) 6
3 TEA (1.0) 12

Table 9. Reactions carried out on a 60.0 umol scale in position A of the PhotoRedOx box using
EvoluChem E LED spotlights (455 nm). aYields determined by  '°F NMR spectroscopy using TFT as the
internal standard.
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One way in which the desired radical formation could be prevented is
through the reaction of TEA and 4CzIPN, hence competing with
bromodifluoroacetate = 94a and limiting the amount of catalyst available for
Trp alkylation. Based on oxidation potentials TEA can be oxidised by excited

4CzIPN ([4CzIPNJ*): +0.78 V and +143 V vs SCE in MeCN

respectively. 43111 Once oxidised the TEA radical 119 can undergo
numerous reaction pathways, a few of which are shown in scheme 29. 143
-H* /\N/\
120
+-e +
ASNN ACZIPN S H'abstraction = Nl/\
K SET K K
TEA 119 121
p-scission /\ﬁ/\
Il *CH,4
122
Scheme 29 . Formation of TEAradical 119 and a selection of subsequent reaction pathways. 143
Similar amine bases ( N,N-diisopropylethylamine and N, N-
diisopropylmethylamine) have been shown to react with cyanoarene  -based
photocatalysts under blue LED irradiation (455 nm). 144 The resulting

photodegradation product 4Cz -Me-BN (Scheme 30 ) will likely exhibit
different photocatalytic properties to 4CzIPN (if any), because structural

changes are known to alter a compounds absorption spectra. 139 After
irradiation in the presence of TEA, a previously unseen colour change was
observed for the reaction mixture, from yellow to orange which could

support 4CzIPN degradation and the lower product yields obtained.
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NEt,

» S emie (D >
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4CzIPN 4Cz-Me-BN

Scheme 30 . Photodegradation of 4CzIPN to 4Cz  -Me-BN in the presence of TEA. ¢
For completeness a variety of inorganic bases were investigated as additives
for the photocatalytic difluoroalkylation reaction, to ensure that the reaction
performed favourably without a base. Overall similar yields for product
105a were obtained with the addition of K 2CO3, K3POs or NaOH compared

to the absence of base ( Table 10 ,entry1l -4).

R F

OEt 0
i Br><[( N OEt
Y. o %
94a (2.0 eq.) -~ E
AcHN 4CzIPN (1 mol%), AcHN
base (x eq.),
CO.Et DMSO (0.01 M), Ny, CO.Et
93 blue LEDs, 10 min 105a
Entry Base (x eq.) % Yield
1 - 68
2 K:CQ (1.0) 62
3 KsPQ (1.0) 66
4 NaOH (1.0) 65

Table 10. Reactions carried out on a 60.0 umol scale in position A of the PhotoRedOx box using
EvoluChem E LED spotlights (455 nm). aYields determined by  °F NMR spectroscopy using TFT as the
internal standard.

Presumably K 3POs had minimal effect on the desired reaction because the
phosphate salt was insoluble in DMSO and visibly settled on the bottom of

the vial. Similarly, K >COs did not fully dissolve, and solid particles were
dispersed throughout the solution. Whereas NaOH was soluble, yet equally
had minimal effect on the desired reaction, suggesting that a base additive

is not crucial in this reaction mechanism. Therefore, omitting the base was

81



more beneficial not only in terms of the highest yield obtained but also
increased atom economy and reduced waste, affording more sustainable

conditions.

Photocatalyst Screen

Alternative photocatalysts to 4CzIPN were investigated including fac-
[Ir(ppy) 3] (employed by Cho and co -workers), 2  3CzCIIPN,

Ru(bpy) 3Cl.:6H>O and Eosin Y. The function of the photocatalyst, as

mentioned previously, is to form the alkyl radical -CF,CO;Et 96 via reduction
of BrCF ;CO;Et 94a which has a reduction potential of 1.0.886 V. '** The
following excited state reduction potentials Ewx (PC¥/PC") have been

reported for each photocatalyst in table 11, and generally any photocatalyst

with a more negative reduction potenti al t ha
ability to form the desired radical, hence form product 105a (Table 11

entry 1 -3). This expectation was mostly followed hence product formation

was not observed for R u(bpy) 3Cl»-:6H,0 as a result of its reduction potential

being approximately 0.07 V more positive ( Table 11, entry 4). Surprisingly

the organic dye Eosin Y did not form any desired product despite having a

more negative reduction potential than bromodifluoroacetate 94a (11.13 V

and 1T0.886 V respectively). This can be ex|
spectrum of the dye which has a peak maximum at 520 nm in DMSO and

very little absorbance at 455 nm, 145 hence the LED bulb used for the

difluoroalkylation reaction would not provide the correct amount of energy

to form the excited photocatalyst state.
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FF

OEt 0
N Br><fg N OEt
% 94a (2.0 eq.) _ % F F
AcHN Photocatalyst (x mol%), AcHN
DMSO (0.01 M), Ny,
CO,Et blue LEDS, 10 min CO,Et
93 105a
Entry Photocatalyst (x mol%)  E,(PCPC*) vs SCE (V) % Yield

1 4CzIPN (1.0) b1.1811 70
2 fac-{Ir(ppy)] (1.0) 11,7346 56
3 3CzCIIPN (1.0) £0.9311 44
4 Ru(bpy)Chk-6HO (1.0) 1£0.81146 0
5 Eosiny (1.0) b1.13%7 0

Table 11. Reactions carried out on a 60.0 umol scale in position A of the PhotoRedOx box using
EvoluChem E LED spotlights (455 nm). aYields determined by ~ '°F NMR spectroscopy using TFT as the

internal standard. The reduction potentials reported are literature values. 111146147

Both fac-[Ir(ppy) z] and 3CzCIIPN gave lower product yields compared to
4CzIPN. For 3CzCIIPN this is potentially because it is a weaker reducing

agent. However, with the addition of a stir bar, the yield can be improved

by 20% to give a 65% product yield, comparable with 4CzIPN . Nonetheless,
this ar gument d o e s n ofdc-[Idppyp Is]y as this was the strongest
photocatalyst tested. Originally it was predicted that the lower yield was

due to more side reactions e.g., further alkylation on Trp, however analysis

of the reaction mixture disproved this showing unreacted starting material.

Instead, this lower product conversion was potentially due to solubility: a
stock solution was made f or each photocatalyst in DMSO and for fac-
[Ir(ppy) =] this was the least soluble giving an opague solution. Therefore, if

the catalyst was not fully dissolved, when a sample was taken for the
reaction, it could have been less than 1 mol% resulting in a reduced product
conversion . Overall, a range of photocatalysts can be utilised for the
photocatalytic alkylation transformation of Trp ( Figure 27 ), affording

acceptable yields but  4CzIPN was carried forward due to its organic nature
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and ease of synthesis; nucleophilic aromatic substitution using commercially

available reagents (tetrafluoroisophthalonitrile and carbazole).

g/ /
fac-[Ir(ppy);] 4CzIPN 3CzCIIPN

E,, (PC**/PC*)

-1.732 -1.182 ~0.932
vs SCE (V)

Figure 27.  Photocatalysts which successfully initiated photocatalytic alkylation with their
corresponding reduction potential values. 111146

To ensure 1 mol% was the optimum catalyst loading, investigations were
carried out using 0.5, 2 .0 and 5.0 mol%. As expected, increasing the
photocatalyst concentration led to slightly higher product yields ( Table 12

entry 1 -3), but the difference between 2 and 5 mol% was negligible.

FF
OEt 0
N Br& N OEt
/ ° /
94a (2.0 eq.) - E
AcHN Photocatalyst (x mol%), AcHN
DMSO (0.01 M), N,
COzEt blue LEDs, 10 min CO.Et
93 105a
Entry Photocatalyst (x mol%) % Yield
1 4CzIPN (1.0) 70
2 4CzIPN (2.0) 79
3 4CzIPN (5.0) 78
4 4CzIPN (0.5) 62
5 - 0

Table 12. Reactions carried out on a 60.0 umol scale in position A of the PhotoRedOx box using
EvoluChem E LED spotlights (455 nm). aYields determined by  °F NMR spectroscopy using TFT as the
internal standard.

Pleasingly a loading as low as 0.5 mol% performed well giving a 62%
product yield in 10 minutes ( Table 12 , entry 4). The difference between 1

and 2 mol% of 4CzIPN is minor, therefore, to keep the loading as low as
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possible without the expense of product yield, it was hypothesised that

extending the reaction time could give the same enhanced yield as 2 mol%.

Reaction Time and Ethyl Bromodifluoroacetate Equivalents

One of the most important discoveries during optimisation was the
sensitivity of photocatalytic  difluoroalkylation to reaction time.
Unfortunately, to obtain the highest product yield it was not as simple as
extending the irradiation time to ensure full co nsumption of Ac -Trp-OEt 93
had occurred. Reaction mixture a nalysis was carried out at multiple time
points between 10 - and 45 min utes shown in figure 28.

Yield vs Time for ProdutO5a

100
80
H @ -
R_/ | N OEt 5 60
Y/, >
N F % 40
AcHN 20
CO,Et 0
105a:R=H 10 15 30 45

106: R = CF,CO,Et Time (min)
m9%a(l.leq) m94a (2.0 eq.) m94a (5.0 eq.)

Figure 28. Bar chartto show how the yield of product 105a s affected by time when using 1.1, 2.0
and 5.0 equivalents of bromodifluroacetate 94a . 2Yields determined by fluorine NMR spectroscopy
using TFT as the internal standard.

Increasing the reaction time actually decreased product yield because it led
to the consumption of desired product 105a to form the over alkylated

product 106 . As discussed previously dialkylation of Ac -Trp-OEt 93 can be
formed by the reaction between desired product 105a and -CF.CO:Et 96,

which is enhanced by prolonged reaction times. When the reaction was left
for 60 minutes using 2.0 eq. of bromodifluoroacetate 94a a large 30%
reduction in product yield was observed compared to 15 minutes: 45% and

77% re spectively.
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Most optimisation studies were carried out using 2.0 eq. of 94a because
preliminary studies showed that using almost stoichiometric equivalents

(1.1) gave a 10% lower yield after 10 minutes ( Figure 28, orange bar).
Because of the enhanced yield using 2.0 eq., a greater excess of 5.0 eq.

was also explored ( Figure 28, purple bar). Once again increasing the
equivalents of 94a increased the product yield after 10 minutes giving a

79% vyield for 105a . With one of the aims of this research being to
consciously des ign a more sustainable reaction, using 5.0 equivalents of a
reagent was not preferable. Pleasingly a comparably high yield of 77% was

obtained using 2.0 eqg. by leaving the reaction for an extra 5 minutes: 15

minutes total. Understanding the balance between probe equivalents and
reaction time was crucial to obtain a high vyield: excess probe combined with
longer reaction times was detrimental to product yield causing a 10 to 30%

reduction, however a slight excess can be favourable under short irradiation

time s by allowing greater consumption of Ac -Trp-OEt 93 . This is why 2.0
eq. of bromodifluoroacetate = 94a became beneficial; in contrast to the start

of the chapter. Previously, significant dialkylation was observed due to the
irradiation time being 16 h, whereas in this study the reaction was stopped

after 15 minutes, limiting this side reaction and providin g the desired

product in an excellent yield.

It was unlikely that increasing probe equivalents greater than 5.0 could

enhance the product yield further because a negligible difference was
observed between  product yields when using 3.0 eq. and 5.0 eq. of 94a
(Table 13 , entry 3 -4). This suggested that, even though it had previously

been shown that increased probe equivalents resulted in a higher product

yield, above 3.0 eq. the alkyl reagent was no longer influencing product
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conversion . Instead, perhaps it would be the concentration of photocatalyst:
1 mol% can only initiate a certain amount of radical formation at any given

time.

R F

OEt o)
N Br& N OFEt
o)
% 94a (x eq.) _ % £
AcHN 4CzIPN (1 mol%), AcHN
DMSO (0.01 M), Ny,
CO,Et blue LEDS, 10 min CO,Et
93 105a
Entry BrCECQEt94a (xeq.) % Yield
1 1.0 69
2 2.0 68
3 3.0 75
4 5.0 76°

Table 13. Reactions carried out on a 60.0 umol scale in position A of the PhotoRedOx box using
EvoluChem E LED spotlights (455 nm). aYields determined by  '°F NMR spectroscopy using TFT as the
internal standard.  °Average yield after two experiments.

Interestingly repeating the experiment using 1.0 eq. of 94a , in the same
study as 2.0, 3.0 and 5.0 eq., gave a comparable yield to 2.0 eq. after 10

minutes: 69% ( Table 13 , entry 1). This contradicted the yield obtained
during preliminary investigations (58%, Figure 28 ) likely due to the use of
a different starting material batch and changes to the purification method,

potentially altering the purity of Ac -Trp-OEt 93 .

It has already been shown how the product yield is affected significantly by
BrCF,CO.Et 94a equivalents between 1.0 and 5.0 (Figure 28 ). It can be
challenging to measure the probe equivalents exactly, particularly on small

scales associated with peptide chemistry, where a difference of 1 mg could
correspond to 1.0 eq.. Therefore, the risk of using stoichiometric amounts

of 94a is that inherent small  -scale errors could lead to the addition of less
than the desired amount which would result in a significant a mount of

unreacted starting material. Therefore, before each reaction was irradiated
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with light an aliquot of only the bromodifluoroacetate 94a and internal
standard (TFT) was analysed by quantitative NMR spectroscopy. This
allowed the identification of exact probe equivalents added to the reaction

which would provide an insight into how long to leave the reaction for.
Nonetheless to avoid unnecessary amounts of unreacted SM or small -scale
complications, 2.0 eq. of alkyl bromide 94a with an irradiation time of 15

minutes was chosen for the optimised conditions.

Conclusion

This concludes the optimisation studies carried out, where the final

conditions used bromodifluoroacetate = 94a (2.0 eq.) and 4CzIPN (1 mol%)

in DMSO (0.01 M) with 15 minutes of blue LED irradiation ( Scheme 31 ).
Starting conditions Optimised conditions
(e}
H
N ' OEt ' OEt N OFt
N Br>%( Br>%( VAN
Y 0 o F
94a (2.0 eq.) 94a (2.0 eq.) AcHN
AcHN >
(@]
o) fac-[Ir(ppy)s] (1 mol%), 4CzIPN (1 mol%), EtO
EtO TEA (2.0 eq.), DMSO (0.01 M), Ny,
93 DMF (0.25 M), Ar, blue LEDs, 15 min 105a
o/ a o/.a
Ac-Trp-OEt blue LEDs, 17 h 30%2, 77%

Scheme 31 . Comparison of phototcatalytic alkylation conditions. Starting conditions in red were
reported by Cho and co  -workers. % Optimised conditions are shown in green. 2Yields determined by
19F NMR spectroscopy using TFT as the internal standard.

Compared to the initial literature conditions ,12% the reaction is rapid (1 5
min), additive free and the rare transition metal catalyst was replaced by

an organic alternative: 4CzIPN. Therefore, more sustainable conditions
were developed using safer chemicals (DMSO instead of DMF) 135 and

providing a greater atom economical and energy efficient process.
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Importantly, regioselectivity was achieved hence Trp was alkylated at the

C 2 position with a good yield. A s ignificant increase in product 105a vyield
was obtained using the optimised conditions compared to the starting
conditions (77% and 30% respectively) and this was predominantly due to

the reduction of side  -products (SPs) 106 eluting between 4 and 6 min utes

in the HPLC chromatogram ( Figure 29 ).

Productl05aReaction Mixture Proposed side products
g 1200 SM P SPs —— Startingconditions
E — . . ap.
= 900 Optimised conditions
Q
c
8 600
5]
3
< 300
0 \ J\ KU\\L\ N
0 1 2 3 4 5 6 7 8 9 10
Time (min)
Figure 29 . Overlap of crude reaction mixture HPLC chromatograms for product 105a using starting

and optimised conditions on analytical gradient ~ 40-80% B over 5 min, 280 nm.
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3 Reaction Development and Application
With optimised conditions in hand, the full potential of the reaction was
investigated. There were two areas to explore: the alkyl bromide scope and

the peptide substrate compatibility.

3.1 Probe Scope

To begin this chapter, a variety of alkylating reagents (probes) were
synthesised to subsequently react with Ac -Trp-OEt 93, investigating the
versatility of the photocatalytic strategy. The probes of choice contained

ester or amide linkers (bromodifluoro -acetates and acetamides
respectively, Figure 30 ) covalently bonded to moieties which differed in
steric and electronic properties. Additionally probes important to chemical
biology were included in the scope, for example a PEG chain and a sugar

moiety ( Figu re 30 ), to enable potential therapeutic applications of the

products.
_/OH
R F o F F E o 2 OH
Br)ﬁﬂ/ R Br)%( R 51g/o oCHa £ ]
0 e n N OH
NHAc
bromodifluoroacetate bromodifluoroacetamide
PEG chain sugar moiety
Figure 30 . Structures of bromodifluoroacetates, bromodifluoroacetamide s and biologically relevant
molecules.
Bromodifluoroacetates
A variety of bromodifluoroacetate compounds 94b -g (ester probes) were

readily synthesised via an esterification reaction starting from the
commercial acid chloride 123 using a modification of the procedure reported

by Jin and co -workers ( Scheme 32 ). 148

90



R F 0. R F

H R 124b-g (1.0 eq.)
Cl O.
Br><ﬂ/ Br R
TEA (2.0 eq.),

© anhydrous DCM, rt, ©
123 (2.0 eq) 16-18 h 94b-g
R ,
FF \/©/ RF FF FF R
o) CH o/, B
o e {AOJ S N
N H
¢] o] 8 o] o]
94b R'=H 57% 94d 94e 94f R'=CO,Me 35%
94c R'=Br 49% 44% 62% 94g R'=H 80%

Scheme 32.  Synthesis of bromodifluroacetates.

A range of aromatic 94b , 94c and aliphatic moieties were tolerated
including ether 94d , ester 94f and amide 94 g functional groups. Two of
these examples incorporated functionalities important to chemical biology
suchasaPEGchain 94d andanalkyne 94e . A PEG group, once conjugated

to a peptide, has been shown to enhance pharmaceutically relevant
properties: decreased accessibility for degradation enzymes as a result of
increased steric hindrance. %° Whereas the alkyne can act as a bio -
orthogonal linker: a subsequent reaction with an azide substrate could

exploit click chemistry. %0

Mostly moderate to good yields were obtained for the ester probes with the

lowest being 35% for carbamate 94f , whereas the analogous probe without

the ester functional group ( 94g ) provided a much greater yield of 80%.
Before the serine (Ser) derived probe 94f could be exposed to the
photocatalytic alkylation reaction, stability problems arose. Mass
spectrometry data revealed that within a week the product signal had
vanished and instead the major signal corresponded to methyl L -serinate
125a (Scheme 33 ). This suggested that probe 94f was susceptible to
degradation at room temperature, highlighting the lability of the ester bond.

A new, broad signal at T154.0 “rpMRspetumobser ve
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al ong with a minor signal at T 60. 8% fppm

(Scheme 33 ) . Comparabl e val ues 30D)repoBesl inGhe pp m

literature, ¥ and T1T51.5 ppnds) ObEaMe @fter the synthesis of

BrCF,COONa 126 supported the occurrence of probe hydrolysis.

F F R neat R F R Synthesised
o_J, Boc — " » OH + Ho FF
Br ‘N Br NH2 ONa
H rt o) Br
o)
115 (0]
19F (CDCls) 9F (DMSO-dg) 126
94f R=CO,Me =-60.8 ppm =-54.0 ppm 125a °F (DMSO-dg) = —51.5 ppm
94g R=H =-60.7 ppm =-55.7 ppm 125b
Scheme 33. A potential decomposition pathway for unstable probes along with the corresponding BF
NMR spectroscopy signals.

Due to these instability issues associated with probe 94f , a similar probe

94g was synthesised without the ester. However, the same trend was
observed: instability in DMSO and when stored at room temperature over
time. Consequently, these Ser derived probes could not be investigated in

the photocatalytic reaction.

Bromodifluoroacetamides

Bromodifluoroacetamides were also synthesised which provide d alternative
linkers for photochemical bioconjugation. The linker connects the
biomolecule to the payload (small molecule/drug/fluorophore etc) in peptide
conjugates and they can be cleavable or non -cleavable. The former is more
common in peptide drug conj ugates (PDCs): stable at neutral pH in the
blood but more susceptible to hydrolysis inside diseased cells delivering the

payload selectively. %! Therefore including both ester and amide linkers
within the small molecule scope could allow numerous applications

depending on the required bond cleavage susceptibility.
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Using solvent free literature conditions reported by Ohshima and co -

workers, %2 cheap, readily available starting materials were used to
synthesise a range of 6éamide probesd in good
(Scheme 34 ). A lower 34% yield was obtained for the pyridine amide probe

94j , potentially due to the challenging purification as the product slowly

eluted over many fractions, nonetheless sufficient material was obtained for

photocatalytic difluoroalkylation studies.

H FF R

Vi Ot RN R' 127h-1 (1.0 eq.) N
Br Br R
fe) La(OTf)3 (5 mol%), 0

solvent free, rt,
94a (1.2 eq.) 17-20h 94h-|

N
% : % H\/© N H\/U X N N (\O
N N N._CHg; N
o At e
o} 0 o) O CH 0

3
3

94h 94i 94j 94k 94|
81% 84% 34% 54% 59%
Scheme 34.  Synthesis of bromodifluroacetamides using conditions reported by Ohshima. 152
The scope predominantly consisted of secondary amides bearing cyclic 94h

aryl 94i , 94j and alkyl 94k moieties, however a heterocyclic tertiary amide

94| was also synthesised successfully ( Scheme 34 ). The moieties attached

to the amide differ in steric and electronic properties, chosen deliberately

to determine whether this influenced the outcome of the photocatalytic
alkylation. Additionally, the nature of the carbonyl group could affect the

reactio n performance, therefore the benzyl amide probe 94i was

synthesized for a direct comparison with benzyl ester probe 94b .

To further explore moieties important to chemical biology, amide probes
incorporating a biotin reporter tag 94m and a sugar 94n were also

synthesised ( Scheme 35 ). Biomolecules conjugated to biotin can be used
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for many applications including targeted delivery, 153 selective purification
and chemical labelling. % Additionally, mentioned in the introduction
chapter, incorporating a sugar onto a peptide can improve their absorption

across biological membranes improving PK properties. 8

The previous synthetic route to amide probes took advantage of the fact

that many amine reagents are liquids at room temperature, allowing for

solvent free conditions. However, the amine reagents required to synthesise
biologically relevant probes are soli ds: biotin -ethylenediamine (biotin  -EDA)
127m and 2-acetamido -2-deoxy -beta -D-glucopyranosylamine 127n ,
hence a solvent was required. Additionally, due to the steric bulk of these

reagents, carrying out the acylation reaction with acid chloride 123
(Scheme 35 ) was likely to be more favourable than ethyl
bromodifluoroacetate 94a because the carbonyl is more electrophilic.
Therefore, for these amide probes the method used to prepare the ester

probes was followed.

_OH
FF R RS H Q o o ~pOH
127m-n (1.0 eq. .
)%rm mn(10eq) Br%{N\/\N)K/\/"’ S Br% K/‘j/
Br TEA (1.0 - 2.0 eq.), S H HL‘Z N OH
(6] anhydrous DCM, rt, N NHH F F HNYO
16-18h 94 94
123 (2.0 eq.) 3622 )& 6°/?
O
Scheme 35 . Proposed pathway to synthesise the desired biotin 94m and sugar probe  94n .
Prior to this, ester and amide probe synthesis had been relatively simple:
following literature conditions and isolating ample material, however these
two substrates provided a few challenges. For biotin conjugation, an amide
l i nker wasnat t ihseeadfthie systhesiscohestér prebe 940 was

initially attempted. Following the synthesis of known compound biotin 2 -
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hydroxyethyl  ester 130, and subsequent esterification  with
bromodifluoroacetyl chloride 123 , the desired biotin ester probe 940 would

be synthesised in two steps ( Scheme 36 ).

FF

Cl
H Br&
O\/\OH
0] 129 (2.5¢q.) (o] 123(2(? ) Vi T
.5eq. .0 eq. R
R HO_~ LR Br%( O\/\O)K/
HO o
DMAP (0.2 eq.), TEA (2.0 eq.), o}
128 DCC (1.1 eq.), 1300 anhydrous DCM, 940
DCM, rt, 72 h 24% rt, 16 - 18 h
+ side-products

0] y
EJL)X\/R MR R="1L/\/H" s
N~ N HN H
O O s
131 132 0

Scheme 36 . Reaction pathway attempted to synthesise biotin ester probe 940 along with proposed
side product structures.

Unfortunately, the carboxylic acid activating agents 4 -
dimethylaminopyridine (DMAP) and N,N Zdicyclohexylcarbodiimide (DCC)
created side products 131 and 132 which were preferentially formed over

the desired product, causing the disappointing 24% yield. Despite the low

yield, it was consistent with literature precedence: a 29% yield was obtained

by Marchetti and co -workers using similar conditions with a diffe rent
carbodiimide reagent. *° Importantly, enough material was obtained to

carry out the subsequent step, however, isolation of material was poor.

Analysis of the reaction mixture and purified compounds was challenging as

mass spectrometry data did not show desired product ions, instead the
presence of BrCF ,CO.H was clearly observed, but this could result from
sample preparation and analysis conditions. Additionally, the corresponding

fluorine NMR spectra were not informative; either multiple baseline signals

were observed, or signals were not visible . T his suggested that the desired

transformation was not occurring, or that the new ester bond was unstable
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under the reaction or analysis conditions, immediately hydrolysing.

Consequently, this synthetic route was abandoned, and an alternative

three - step route was proposed to synthesise the amide analogue ( Scheme
37).
(o]
HoN
o ACI o 2 \/\NH2 o
HO)K/R 133 (5.0 eq.) \O)K/R 135 (25.0 eq.) HzN\/\N)K/R
MeOH, rt, 1 h 60 °C, 16 h H
128 134 136
crude, 56% crude, 97%
v, S
R=" FF
H
HN H F F o) B")S(CI
NH H
W BF&N\/\N)K/\/"'/ S o
H

0 71@ 123 (2.0 eq.)
fo) H
HN H TEA (2.0 eq.),

94m NH anhydrous DCM,
36% rt, 18 h
(6]
Scheme 37 . Reaction pathway used to synthesise biotin amide probe 94m .
The literature conditions used to synthesise biotin methyl ester (biotin -OMe)

134 and biotin -EDA 136 were more promising as a previous member of the
group had successfully carried out these transformations. 156 pleasingly
moderate to good yields were obtained for these intermediate compounds

and even though two steps are required, the set -up is simple and
purification is not necessary. The final amidation step allowed the desired
probe 94m to be synthesised in a moderate yield (36% ) which, on a 2.18

mmol scale, provided sufficient material for peptide conjugation.

Conversely, t he synthesis of sugar probe 94n was only one step, much like
the other probes andthe s electivity for amide bond formation , over an ester
bond, was promising based on literature procedures . For example t he
reaction between sugarsubstrate 137 witheitheranester 138 or carboxylic

acid 140 reagent provid ed amide products with yields of 52% and 99%
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respectively ( Scheme 38 ).1%"1% This is presumably because primary

amines are generally more nucleophilic than the corresponding alcohol.

F F _~OH
E F S F Guo, 2017157 B
OH
(0] (0] F O o
F o - "
F OJ\MZU\O F \”/\/\)LN\ ‘oH
Foss (5.0 eq.) F 0 "N _o
> F F 139 77
_OH DIPEA (2.0 eq.), DMF, 5 h F 52%

§ 5 — HO
HN® Q/,OH :©\/\?\ Paulson, 2008™%
~
HN\fO o,N OH HO © on
140 (1.1 eq.) O (@)
137 > . .
HBTU (2.0 eq. ), HOBt (2.0 eq.), O,N N "“OH

TEA (2.0 eq.), DMF, 1 h H LN

Scheme 38 . A selection of literature procedures which showed successful amide bond formation using
sugar 137 as the amine source. 17:1%8

For this research the  acid chloride 123 was used as the electrophile mostly
for consistency because it was previously used for probe syntheses, but as

a precaution, the number of TEA equivalents was reduced to 1.0

(beforehand 2.0 eq.) to limit any competing nucleophilic attack ( Scheme

39).

OH R F OH

- -
B Cl B
~_OH Br ~_OH
o} 0 o o
HoN® 'OH 123 (2.0 eq.) . r%”\ 'OH

HN.__O TEA (1.0 eq.), FF HN.__O
\f anhydrous DCM, rt, \f
137 16h 94n
6%
Scheme 39 . Modified literature conditions used to synthesise sugar probe 94n 148

Analysis of the reaction mixture was challenging due to the poor absorbance
of 137 , hence limited visibility in HPLC chromatograms. Despite this,
products resulting from the reaction were visible by HPLC analysis, however

the reaction mixture chromatograms were very impure: at least 5 side
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product (SP) signals were observed, suggesting poor selectivity of the

acylation ( Figure 31 ).

B.
A 210 nm, UV1 . 254 nm, UV2
~1200 p 2 p
- <
?5 RM1 é — RM2
E 850 3 190 —— RM3
Eé g ——94n
§ 500 5 90 SPs
2 3
%)
2 150 <
-10 - ———
200 0 4 6 0 2 4 6 8 10
Time (min) Time (min)

Figure 31 . Analytical HPLC chromatograms overlaying multiple traces. A. RM1, RM2 and pure sugar
probe 94n . B. RM2, RM3 and pure sugar probe 94n . 2-95% B over 5 mins, 210 nm or 254 nm.

The reaction was analysed at three time points: after 3 h (RM1), after 16 h

(RM2) and 3 h after additional reagents (BrCF 2COCI 1.0 eq. and TEA 0.5
eg.) were added (RM3). Following the isolation of desired product 94n , the
chromatograms were compared: figure 31B contains RM2 (blue line), RM3
(orange line) and pure sugar probe 94n (greenline) at 254 nm. The product
signal at 3.34 minutes was observed for the latter two but not for RM2
highlighting the fact that absorbance signals were inconsistent, complicat ing

interpretations. Hence reaction monitoring by analytical HPLC, combined

with the low absorption intensity observed at 254 nm ( Figure 31B ), was
not the most reliable technique for the synthesis of probe 94n .
Unsurprisingly, the crude reaction mixture 1I9F NMR spectrum also revealed
the presence of multiple fluorine containing products ( Figure 32 ). a

mixture of singlet and doublet signals were observed along with a range in
coupling constants: small 6.5 - 7.6 Hz and large 163 Hz. As observed by
analytical HPLC, the intensity of signals in the 9F NMR spectrum were

similar , supporting the lack of reaction selectivity.
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A. Purified product 94n

7’ “__OH
o o
B. Crude reaction mixture Br Qj
' %u oH
. . JNJUMM\ J\ |

0.5  -61.0  -61.5  -62.0  -62.5  -63.0  -63.5
f1 (ppm)

Figure 32 : Stacked F NMR spectra for purified product 94n the crude reaction mixture.

Purification was also challenging, and despite efforts to promote its success
(dissolving the crude material in a higher volume of polar diluent and
beginning the purification with a 95 -98% H >0 concentration) often material
eluted with the solvent front, requiring additional purification. Because the
synthesis of sugar probe 94n was carried out toward the end of the PhD,

time was limited and the priority was to obtain material, therefore reaction/
purification optimisation was not investigated. After initial studies were

carried out on 0.5 mmol of sugar 137 , this was scaled up to 1 mmol which
subsequently required six purification runs, mostly because there is a
maximum loading on the preparative HPLC column of 100 m g, to obtain

only a 6% vyield for probe 94n .

In hindsight, after further research into the literature, use of an acid chloride

as the electrophile was likely too reactive causing poor selectivity and the

reaction may have been more successful with the carboxylic acid analogue

and coupling agents. Add itionally normal phase silica gel column
chromatography could have been further explored using DCM:MeOH 4:1 as

the eluent, as this was used for similar literature products. 157,158

Nonetheless, a 6% yield corresponded to approximately 24 mg, which
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provided material for peptide studies, but unfortunately had to be absent

from the amino acid small molecule scope.

This concludes the synthesis of variety of ester and amide probes varying
in steric and electronic properties along with the incorporation of diverse
functionalities. A library of 12 small molecules were available for use in the
photocatalytic conjugation, firstly with Trp amino acid followed by more

complex peptide substrates as a late - stage functionalisation strategy.

3.2 Photocatalytic Diflluoroalkylation of A¢p-OEt

Proof of concept experiments were first carried out using Ac -Trp-OEt 93 and
bromodifluoro - acetates/acetamides assessing their ability as alkylating
agents under photocatalytic conditions. Because the principle focus of this

research was peptide modification, yields were mostly obtained by 9 F NMR
spectroscopy for Trp amino acid conjugation products, however three
examples were scaled up to enable isolation and full characterization of the

products.

Conjugation with ProbedAnalytical Scale

Bioconjugation reactions were carried out using Ac -Trp-OEt 93 ona 20 umol

scale for two reasons: to enable consistent starting material masses with

peptide substrates (~ 5 mg), hence similar weighing errors associated with

all samples and to avoid using unnecessarily large amounts of probe.

Additional l yytitchalsd odsacnaalle pr o%iNMRdyields,ccur at e
whereas isolated yields could be less reliable. It was observed during the

optimisation studies that the desired product can co -elute with the side -

products; therefore, some isolated fractions were contaminated resulting in

material loss and reduced yields. Mentioned previously, weighing errors
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associated with small scale chemistry can be significant especially when
combined with inherent losses through workup and purification. Therefore,

it was desirable to determine yields by F NMR spectroscopy for these
reactions to accurately assess how substrate complexity affected the
reaction success. Usually, these minor product losses would not be
consequential for the more common organic chemistry reaction scales (0.2

mmol), which is wh y a selection of scale up reactions were carried out to

obtain isol ated yields which will be discussed later.

For the photocatalytic difluoroalkylation of Ac -Trp-OEt 93 using 4CzIPN (1
mol%) and radical precursor (2.0 eq.) in DMSO (0.01 M), all
bromodifluoroacetates 94a -e and bromodifluoroacetamides 94h -n were
tolerated providing generally moderate to good product yields after short
irradiationtimes ( Scheme 40 ). Cyclic 105h and heterocyclic 1051 moieties
were compatible along with aromatic 105b -c, 105i -j and biologically
relevant functional groups 105m . The conjugation of bromobenzyl ester
105¢ gave a pleasing 62% product yield, and the presence of this halogen

allows the potential for subsequent reactions. 159 Additionally, a good yield
was obtained for the difluoroalkylated product bearing an octa -PEG moiety
105d after 15 minutes, which was consistent with the other ester
conjugated products despite the potential steric hindrance associated with

this long chain.

101



NH 0 NH R
Y 94a-e; h-n (2.0 eq.), Y/
4CzIPN (1 mol%), F F
AcHN DMSO (0.01 M), Ny, rt AcHN
CO,Et blue LEDs, 10 - 150 min CO,Et
93 105a-e; h-n

m Amides: 15 - 150 min
R N H
H o’
" H\/© H\/@ S
R= O a/ov@ R=T AN D,

105a 105b: R'= H 66%?, 65%P 105h 105i 105j 105k
79%:2 105¢: R' = Br 62%° 65%3 53%3, 53%P 48%3 50%3

O
(\O /H JJ\/\/”l. S
ol N )
H
N

105d 105e 1051 105m H 7fNH

60%° 21%? 39%*? 40%* 4

Scheme 40.  Photochemical alkylation of Ac ~ -Trp-OEt 93 ; Reactions performed on a 20.0 pmol scale.
aYields determined by  °F NMR spectroscopy using TFT as the internal standard. blsolated yield on a
200 pmol scale.

For amide conjugation reactions, however, significant amounts of starting

material had not reacted after 10 T 15 minutes of irradiation (shown by HPLC
analysis). Hence for the amide probes, prolonged reaction times were
required which enhanced starting material consumption and product yield,

in contrast to the ester conjugation reactions. For example, the product

yield for cyclopropyl -Trp conjugate 105h improved by 12% after a reaction
time of 60 minutes instead of 30 minutes. Potential explanations and further
discussion into ester and amide reaction rates will be discussed in more

detail in 3.3 Reaction Rates.

Despite the overall broad range in product yields (21 -79%), within each
class of carbonyl these were more consistent. Ester conjugation reactions

were rapid affording product yields between 60% and 79% with reaction

times as little as 10  -15 minutes. Wherea s the amide conjugation reactions

required longer and more varied reaction times between 15 and 150
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minutes to produce slightly lower product yields of 40 -65%. The longest
reaction time was required for biotin conjugation which provided the product

105m in a modest yield (40%), despite the chemical complexity associated

with the probe  94m . However, despite the prolonged irradiation time a
significant amount of unmodified Ac -Trp-OEt 93 (SM) was observed at the

end of the reaction (  Figure 33 ).

105mReaction Mixture, 150 min

p—
(0] H 0
§ N
/SM F HJK/\/,I
/) F “—S
H
0 ~ AcHN HN H
0 2 4 6 8

10 CO,Et 105m >ﬁNH
0]

N W
o O
o O

Absorbance (mAU)
[y
o
o

Time (min)
Figure 33 . Reaction mixture HPLC chromatogram for 105m , 40 -80% B over 5 min, 280 nm.

Exceptions to the General Reaction Trends

The most significant outlier to the general trends was hexyne ester probe

94e which performed poorly compared to other examples affording product

105e in the lowest yield 21%. Typically, the reaction mixtures (RMs) had

one major signal and a few minor signals in both the 19F NMR spectrum and
HPLC chromatogram highlighting reaction selectivity. As mentioned
previously HPLC analysis is not quantitative; however, it can provide a
complementary insight into the reaction mixture when combined with

results from °F NMR spectroscopy i.e., a low product yield could be
rationalised by the presence of a large SM signal which was the case for

small -molecule Trpcon jugate 105e bearingthe alkyne moiety ( Figure34 ).
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Figure 34.  Reaction mixture data collected for 105e . A. F NMR spectrum. B. HPLC chromatogram,

20-80% B over 5 min, 280 nm

As for an explanation into the unusually high intensity of the starting
material signal, it was identified using 19F NMR spectroscopy that a greater
consumption of probe had occurred (QNMR) along with the formation of a

new broad signal Bigure B5L Q 8d gpectmum (), which was
unseen for other examples. This suggested that the probe was potentially

undergoing a side reaction, preventing the desired radical addition to Trp.

Probe 94e + 4CzIPN + blue LEDs RF o
TFT 9de Br>kﬂ/ \/\/\\\
o)

||| ! —

Probe 94e + blue LEDs //
TFT 94e
| J ]
r‘L L NH (0]

Product 105e reaction mixture 7 F

TFT F

é AcHN

' — CO,Et  105e

-59.5 -60.0 -60.5 -61.0 -61.5 -62.0 -62.5 -63.0 -99.5 -100.5 -101.5 -102.5 -103.5 -104.5
f1 (ppm) f1 (ppm)

Figure 35. Stacked °F NMR spectra highlighting the impurity signal formed when hexyne probe 94e

is exposed to 4CzIPN and blue LEDs.

Therefore, two new reactions were carried out: one being the reaction
mixture with the absence of Ac -Trp-OEt 93 and the other consisting of only
probe 94e i.e., removing 93 and 4CzIPN ( Figure 35 , blue and green
spectra respectively ). It was concluded that the formation of this new
impurity signal highlighted by the red boxes in figure 35, was 4CzIPN
mediated and formed in the absence of Ac -Trp-OEt 93 . Despite efforts
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including scale up and carrying out the reaction in DMSO -ds, isolation or
identification was unsuccessful. However, there is literature precedence for

a similar | -ester radical having the ability to add into a double bond. 123

Cho and co -workers reported that for the difluoroalkylation of 1 -methoxy -

4-vinylbenzene 142 using BrCF ,CO.Et 94a , the alkene was susceptible to

radical addition forming a mixture of products ( Scheme 41 ).12
~N ~N
o o
\O BFCcmOZEt \O
94a (3 eq.) - CF,CO,Et
fac-[Ir(ppy)s] (2-3 mol%), + +
KO'But (1.5 eq.)
X DMSO (0.25 M), Br N
Blue LEDs (7W)rt., CF2CO,Et CF2COEt
142 18-24 h 143 144 145

Scheme 41.  Photocatalytic alkylation of 1 -methoxy -4-vinylbenzene 142 with BrCF 2CO:Et 94a
revealing a mixture of products. 123

It can be assumed that electrophilic radical addition to an alkyne is possible,

because this is more electron rich than an alkene. Therefore, it is likely that

the impurity resulted from probe 94e reacting with itself: difluoroalkylation

of the alkyne and/or bromodifluoroalkylation, 160 which would account for
the enhanced probe consumption and significant amount of unreacted Ac -

Trp-OEt 93 observed.

Unfortunately, a disappointing result was also obtained using morpholine

probe 94l . Although a modest yield was obtained for product 1051 (39%),
it was 10 -15% lower than other amide conjugation products despite the
reaction mixture chromatogram suggesting relatively pure conversion to

product 1051 (Figure 36 ). An unusually rapid reaction time was also
observed for this amide conjugation reaction: after 5 minutes the relative

intensity of starting material 93 to product 105 was almost 1:1 (  Figure
36).
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Figure 36 . Reaction mixture HPLC chromatograms for 1051 , 40 -80% B over 5 min, 280 nm.
Attention was turned to the fluorine NMR spectrum to identify any anomalies
which could account for the below average yield obtained for 105! . Overall,
there were more signals observed in the reaction mixture spectrum
compared to other amide conjugation products, which implied that fluorine
containing side products had formed. Within the spectrum there were two
areas of interest: the product re gionaround 188 IHhi 91 ppm and
which is usually associated with probe side reactions such as hydrogen atom
abstraction (HAA) modtg 1u2p5f ipepigure@a t ). Rirdt thed
desired product doublets were assigned by identifying the largest roofing
doublets with matching J values and these are highlighted in green on figure
36. The formation of numerous impurity signals were apparent after only 5
minutes of irradiation, therefore likely unavoidable. Despite the impurity
signals being enhanced by a longer irradiation time of 60 minutes, a similar
product yield was obtained as th at for 5 minutes (33% and 30%
respectively). This highlighted the significance of unreacted starting
material and the balance between starting material consumption and
impurity formation. Based on the chemical shift values of these impurity
signals it was predicted that they corresponded to Ac -Trp-OEt alkylation

side products.
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Figure 37 . Stacked reaction mixture 1F NMR spectra for morpholine conjugation after different
irradiation times: 5 min (blue), 15 min (green) and 60 min (red). Product doublets are highlighted in
green and proposed side product structures are shown.

A potential explanation for the increased side product formation arises from

the electron withdrawing effect of the oxygen atom in the morpholine ring.

This would lower the electron density on the nitrogen atom, subsequently

causing poor donation into the C=0 “*system compared tothe other amide
examples. Therefore, a more similar comparison is made with the ester
probes i.e. rapid starting material consumption and a tendency of the
product to undergo dialkylation, the mass ion of which was observed in the

mass spectrum.

The second region of interest in the reaction mixture 19F NMR spectrum at
1109 ThT1 125 p fprigure(37 ) suggested probe side reactions had also
ocurred . A doubl et signal at iT124.6 ppm was
constant of 52.6 Hz which is similar to literature data for compound 146

(17 120. 9 Jp=p3r6 Hz). ! This product corresponds to a side reaction
where radical intermediate -CF,COR abstracts a hydrogen atom instead of

alkylating Ac -Trp-OEt 93 to give HCF ,COR.

The yield for morpholine conjugation may be improved by reducing the

equivalents of probe 94l from two to one, potentially hindering
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overalkylation, or adding a base. Liu and co -workers obtai ned moderate to
excellent yields for their photocatalytic difluoroacetamidation of unactivated

arenes and heteroarenes using morpholine probe 94l , fac-[Ir(ppy) s3] asthe
photocatalyst and KOAc (3.0 eq.) ( Scheme 42 ). 12 Similarly Cho and co -
workers also added bases to their photocatalytic difluoroalkylation reactions

(TEA or K 3P0Os), obtaining good product yields despite long irradiation times

(> 16 h). 123 Additionally, in scheme 42 the heterocycle has been added in a

large excess (10 eq.) which would inherently disfavour overalkylation.

H iV K\O fac-[Ir(ppy)a] (3 mol%) " K\O
R Br)SO(N\) aCKroipr(g,OeZ; ‘ RN\)

DCM (0.1 M), t, 36 h,

147a-c 94| LEDs (450 nm, 3 W) 148a-c
(10.0 eq.) (1.0 eq.)

OHFE F ¢}

S0 SO0 (
| I O
\ (0] = o N
148a: 74% 148b: 81% 148c: 86%
Scheme 42 . A selection of difluoroacetamidated heteroarenes reported by Liu and co -workers. 162

This concludes the discussion regarding analytical scale Trp
difluoroalkylation reactions, but to validate the accuracy of the yields
determined by 'F NMR spectroscopy and to ensure that the desired

transformation had occurred, three scale up reactions were carried out.

Conjugation with ProbesP{ OF £ § ! LJQ

Scale up is used as a loose term for these studies because even though the
reaction scale was increased tenfold to 200 pmol, corresponding to
approximately 55 mg, this is generally classed as a small scale reaction (1
i 25 mmol) in terms of synthetic organic chemistry. 183 The reaction scale
was limited by the vial sizes compatible with the PhotoRedOx box, and the

concentration of the reaction: 0.01 M is reasonably dilute and corresponded

108



to a solvent volume of 20 mL. Nevertheless, successful purification of three
small molecule -Trp products was achieved which allowed characterisation

to be carried out (  Scheme 43 ).

o]
H Br H ] R
" SR "
Y F F / i F
94a,b,i (2.0 eq.)
AcHN >  AcHN
4CzIPN (1 mol%),
COE DMSO (0.01 M), COEL
93 Blue LEDs, 10 - 30 min 105a,b,i
L a0
R = HE/O\/CHs E/O LQ{N
105a 105b 105i
64%, 65%° 65%, 70%° 53%, 51%°
Scheme 43.  Isolated yields for small molecule -Trp products.  2Yields determined by  '°F NMR

spectroscopy using TFT as the internal standard.

Pleasingly, the optimised conditions were compatible with the larger

reaction scale and provided 19F NMR vyields consistent with the analogous

small -scale reactions: 105a = 64%, 105b = 67% and 105i = 50%.

Following isolation, the product yields were within 5% of the vyields

determined by °F NMR spectroscopy, confirming the accuracy of these

guantitative values ( Scheme 43 ). 'H NMR spectroscopy was used to
identify the site of alkylation through the
proton signal, which was the desired indol e

regioselective difluoroalkylation on the indole ring.

Comparing the reaction mixtures for benzyl ester 105b and benzyl amide
105i products highlighted the effects of the carbonyl used in the reaction.

Not only was a shorter reaction time required for the ester conjugation
reaction (10 vs 30 minutes), but it also provided a higher product yield

(12% increase by °F NMR spectroscopy). It was unclear whether this
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enhanced yield was due to greater Ac -Trp-OEt 93 consumption, fewer/less
favoured impurities or a combination of the two as the HPLC chromatograms

were very similar. Potential explanations for these differences observed will

be discussed below and a more thorough comparison between benzyl ester

and benz yl amide reaction mixtures will be carried out in the following

section: 3.4 Photocatalytic Difluoroalkylation of Ac -WHISKEY -NH..

It should be noted that the above scale up reactions were carried out early
on in the PhD and since then a significant number of analytical scale

reactions were repeated assessing reproducibility along with further

investigation into reaction rates. Therefore, the scale up reaction using ethyl
ester probe 94a provided a lower 65% NMR yield compared to the
previously mentioned 79% vyield, because 10 and 15 -minute reaction times

were used respectively, as well as different starting material batches. To
maintain validity, yields can only be compared when reaction parameters

are c onsistent such as reagent batches, reaction times, temperature etc
When this was the case the °F NMR vyields obtained for the analytical scale
and scale up reactions were between 1 -3% of each other, = demonstrating

reaction consistency.

Conversely, increasing the reaction time to 60 minutes using benzyl amide
probe 94i (20 pmol scale) only marginally improved the product yield to
53% from 50%. This was because even though starting material

consumption was enhanced, so were the side product signals.

3.3 Reaction Rate

Optimum product yields were obtained for ester -based probes in 10 -15

minutes whereas amide probes required 15 -150 minutes. Surprisingly
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morpholine amide probe 94| , provided an outlier reaction time of 15
minutes which was more comparable with ester conjugation reactions:

other amides required at least 30 minutes. Therefore, the following

guestions arose and will be discussed below: why were longer reaction times
required for | -amide radical precursors compared to | -ester radical
precursors? and why does morpholine amide probe 941 have a more

comparable reaction time with ester conjugation?

Reaction Rates for Amide and Ester Radical Precursors

As observed the reaction rate was generally influenced by the type of
carbonyl involved and, for the amide probes, the moiety present further

along the molecule. Therefore, benzyl ester 94b and benzyl amide  94i
probes provided a reliable comparison to purely assess the carbonyl affect.

The ester analogue gave product 105b in a 67% yield after 10 minutes,
whereas the amide conjugation product 105i was synthesised in  a slightly

lower 53% yield  after 60 minutes of irradiation

10 minutes 60 minutes
HoQ @ ° @
N O N NH
Y F Y F
F F
AcHN 105b AcHN 105i
COEt  g7%? COEt  53%2

Figure 38 . Benzyl ester and amide conjugated Trp products synthesised using optimised
photocatalytic difluoroalkylation conditions on a 20.0 pmol scale. aYields determined by  *F NMR
spectroscopy using TFT as the internal standard.

Numerous factors can affect the rate of radical addition including sterics,

bond strength, stabilization and polar effects of the probe ,164 along with the
rate of radical formation itself. One contributing factor for the difference
observed between these | -ester and | -amide radicals is their polarity
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difference: the partial positive character of the carbonyl carbon is smaller

in amides than in esters due to the delocalisation of the nitrogen lone pair

intothe “ -system ( Figure 39 ). Thiswould resultin | -amide radicals being

less electrophilic, therefore presumably weaker electrostatic forces were

present for radical addition to the electron rich indole 97 .
H largest &* 5* decreased by resonance smallest §*
F F o
L)\?("o\/Ej > )\?(N\/Q - )\//N > N0
F
& F F ®
97 5 o 150 Og 150' o
149 151
Figure 39.  The proposed influence of radical polarity on the rate of radical addition.
Michigan and co -workers discussed the absolute rate constants resulting
from a variety of radical precursors reacting with tributyl tin hydride
(Bu 3SnH). 1% Greater rate constants were observed for | -ester 152a and | -

amide radicals 152b compared to radicals substituted with electron
donating groups: alkyl 152c and methoxy 152d (Figure 40A ). This
demonstrated a favourable polarity match between electron deficient

radicals in particular the | -ester radical 152a and the electron rich tin

substrate, as expected.

A. B. H,C=CHX addition
X =20COMe, PCH,CN
H H H
¥ T 1 T o o
~ > ~ > p > p u > .
R)\f( R)\rf R >cH; ~ R oMe H)\f( e o
(6] (0] (6]
152a 152b 152¢c 152d 153a 153b
3.2x10°M" s 3.0x10°M7'sT  12x108M st 36x10°M st | 2554104 M s a7.5x10°M" s
b4.4 x10* M s 2.3 x10* M s
Figure 40 . A. Rate constants for the reaction between radical intermediates and Bu 3SnH. % B, Rate

constants for radical addition to alkenes. 165,166
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Despite this being a hydrogen atom transfer (HAT) mechanism, similar rate

trends have been observed for intermolecular radical addition reactions

(Figure 40B ). Radical addition to simple alkenes was more rapid for | -
ester radical 153a than 1,1-dimethyl -1-hydroxyl radical 153b  which
presented electron -donating groups alpha to the radical, 165,166 highlighting
how a polarity match can enhance the reaction rate for numerous radical

reactions.

Electronic Effectsn Radical Reactivity

Other than | -amide radicals having  longer reaction times  compared to the
corresponding | -esterradicals, this was also much more variable depending
on the moiety attached to the nitrogen ( Figure 41 ). Ester conjugation

reaction times differed by only 5 minutes whereas amide difluoroalkylation
spanned a 135 -minute time window. Potentially t his trend reflects the
electronics associated with the substituents and whether they donate or

withdraw electron density from the amide nitrogen. This subsequently

affects the polarity of the | -amide radical hence the rate of radical addition.
Reaction time (min): 10 15 30/60 60 75 150
] \/© \/© H o
H _ 3
NH o N YR
R e
) k1 kg CH§H3
g F 105b: 66%2 105i: 53%?2, 53%P 105k: 50% o
H H
AcHN
%%/O%/\O}CHB ‘?{N "{N\/\N)K/\/l'" S
CO,Et 8 \/ H H 7&&
105d: 60%° 105h: 65%° 105m: 40%32 HN\]I/NHH
o]

Figure 41 . Reaction times for the products synthesised using optimised photocatalytic
difluoroalkylation conditions on a 20.0 umol scale. aYijelds determined by  '°F NMR spectroscopy using
TFT as the internal standard.
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HydrogerBonding Effecten Radical Reactivity

Another effect which may influence the rate of radical addition is hydrogen -
bonding. Bietti and co -workers predicted that the formation of a hydrogen
bonded complex between benzyloxy radical 154 and DMSO ( Figure 42 )
promoted hydrogen atom abstraction. This was based on measured rate
constants for this transformation which showed that a considerably greater

value was obtained for radical 154 compared to cumyloxyl radical 155
which cannot undergo HT bonding (2.88 x10 & and 1.8 x10 *# M?! st

respectively). 167

A. Bietti 2012'%7 B.This research
DMSO prereaction complex i) DMSO complex i) probe dimer complex F
y )\”/OR
_CH F
H S 3 no hydrogen SVals (e}
Il . ch\ /CH3 N R
bonding S Br ~ 158

(

TInnQ

no hydrogen bonding

SV 0. CHC3H3
F F H F R
. . |
F)\ﬂ/ N._R F)\H/N\/R
0] @) 0
154 155

156 157 159

Z-TnnQ
—TumQ

<JU

Figure 42 . A. Proposed hydrogen bonded pre -reaction complex between BnO - and DMSO. *7 B.
Suggested hydrogen bond interactions in reaction mixtures involving amide radicals.

Because of the delocalisation of the nitrogen lone pair, secondary amides

have an acidic proton which can readily undergo hydrogen bonding.

Therefore, a similar DMSO coordination complex could be suggested for

amide radicals 156 which could encourage hydrogen atom abstraction to

form side -products and lower the rate of radical addition. Alternatively, the

same effect on reaction rate i.e. poorer radical addition may be observed if

the amide probes hydrogen  -bonded with each other (157 ) forming dimer

complexe s.'%® For exampl e, biotinds affinity to

hydrogen -bonding interactions within the binding pocket, 169 therefore is

114



potentially susceptible to complexes and dimers such as 160 and 161 . Due
to the large number of amide bonds present on the molecule, hence
availability to H T bond, this could contribute to the longer reaction times
observed for photocatalytic difluoroalkylation along with the significant

formation of a HAA side product.

i) DMSO Complex ii) Probe Dimer Complex
H;C.__CH
3~g 3
6 RF H O
- N )J\/\//,, S
FoH 0 Br>§|( \/\,}, :
N~ AN~ s e O wH H !
o H H NN~ n_s_
: HNC N - N o
O ?]/ \H/ (o) H 3
«'5', o) o CHs HN H
HaC™~ “CHy S YN
Hs;C 1)
160 161
Figure 43 . Suggested hydrogen bond interactions for biotin probe 94m .

Therefore, two factors have been discussed that could influence the rate of

radical addition: electronic effects of the electron deficient radicals resulting

from the type of carbonyl and substituents present and potential hydrogen -
bond complex formations. However, these are all suggestions and
hypotheses based on the data collected and theory available. Conversely,

the rate of radical formation i.e. how easy it is to reduce the probe would

also influence the overall reaction rate.

Cyclic Voltammetrp Gain Insight into Probe Reduction Potentials

Reduction potentials can be acquired providing values indicative of how
easily radical formation will occur. These can be measured using cyclic
voltammetry and a more negative value corresponds to more energy being
required to reduce the analyte. Cyclic vo [tammetry experiments were
carried out using a selection of probes. Four examples were chosen that
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presented different reaction trends ( Figure 44 ), including the initial ethyl

ester probe 94a and three amides. Amide conjugation reactions showed

more variety in terms of reaction endpoints and how the product yield
changed over time: increased product yield (cyclopropyl 94h ), decreased
product vyield (picolyl 94j ) and unusually low product conversion

(morpholine 94l ), hence the examples selected represented each trend.

o] Product Yield vs Time

BFQ\R 80 H
r F 11/ N h
(0]
N

94a,h,j| _CH; a

S >
o g 40
NH R >~ N \/@ j
20 _N NN
7T I ke
F
0
5 10 15 30 45 60

CO,Et 105a,h,j,I

AcHN

Time (min)

Figure 44 . Bar chart to show how product yields varied over time depending on the probe used.
Yields determined by  °F NMR spectroscopy using TFT as the internal standard.

CV experiments use an external power source (potentiostat) to provide
electrons for single electron transfer (SET) reactions. As a brief introduction,

the set -up includes three electrodes: a working electrode (WE) which

undergoes the electrochemical event under investigation, a reference
electrode (RE) which provides a well -defined equilibrium potential and a
counter electrode (CE) which completes the electrical circuit ( Figure
45A ). 170
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A. B. i) Homogeneous electron transfer

| — e
J?\ 1 _
i LUMO LUMO
Electrode connections 4CzIPN* SET 4CzIPN*
Holes for degassing HOMO HOMO
™~ Teflon cap
Glass vial ) ii) Heterogeneous electron transfer
/_ Electrolyte solution -
Working electrode voltage LM s _1_ LUmo
Reference electrode % HOMO % HOMO
Counter electrode Electrode
Figure 45 . A. Diagram of an electrochemical cell for CV experiments. 170 B. A representation of
homogeneous and heterogeneous electron transfer for compound reduction.
The substrate undergoing the electrochemical transformation (analyte)
must be dissolved in an electrolyte solution which contains a salt to help
decrease solution resistance as ions move in the solution. 170 1n terms of the
electrochemical reaction the power source provides a voltage to the WE
which modulates the energy of electrons. For this research the probes 94a -

n undergo a reduction, therefore when the energy of the electrons becomes
greater than the LUMO energy of these compounds, SET can occur from the
electrode to the analyte (  Figure 45B ).Y° This is comparable to
homogeneous SET from 4CzIPN*: how the radical is generated in the

desired reaction.

For this study electrochemistry was carried out on a 5.0 mM solution of

probe (analyte) in anhydrous MeCN using TBAPF & as the electrolyte. The

electrodes used were glassy carbon, Ag/AgNO 3 and platinum (Pt) as the

working, reference and counter electrodes respectively and a potential

width of 2.5 V to 17T3.5 V was scanned to obta

(CV) for ethyl ester probe 94a (Figure 46 ).
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0.02 Epa Epa SET pathway

0.00

-
(0] (0]
< -0.02 Br A~ F N
E 0~ “CH, Y~ 07 “CH,
‘qc: -0.04 4 F F F
5 Br~
-0.06 -
3 94a 96
-0.08 -
-0.104 voltage LUMO LUMO
SET
-0.12 I e
Epc HOMO HOMO
-014 T T T T T T 1
-4 -3 -2 -1 0 1 2 3 Electrode

Potential vs Ag/AgNO; (V)

Figure 46.  Cyclic voltammogram of ethyl ester probe 94a showing two anodic peak potentials and
one cathodic peak potential.

The IUPAC convention was followed for the CV data recorded where the

forward scan  represents oxidation (right), hence the reverse scan
corresponds to reduction process (left). 170 The x - axis represents the applied
potential whilstthey  -axis measured the response as current. The arrow on

the CV indicates the initial sweep direction: the potential was swept
positively from the starting potential (E = 0 V) showing an anodic trace the n
at 2.5V the scan direction is reversed, and the potential is swept negatively

providing a cathodic trace.

Similar voltammograms were observed for each probe with the following

key features: an electrochemically irreversible reduction, and two anodic

peaks. The cathodic peak (E ) ( Figure 46 ) was believed to correspond to
the reduction of ethyl ester probe 94a giving the desired radical
intermediate 96 , and the two anodic peaks (E pa) are characteristic of Br '
oxidation. 1" The initial forward sweep did not show these distinctive peaks
highlighting that bromide ions were formed by the reduction of 94a ,
agreeing with  the proposed mechanism. Because single waves are

observed, instead of the more common 6duck s
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Current (mA)

irreversible electron transfer had occurred, which was also expected

because elimination of Br ' is an irreversible chemical reaction.

To identify any differences in reduction potentials between the four radical
precursors investigated, their corresponding cyclic voltammograms were
overlapped in figure  47. Pleasingly the cathodic peak observed for each
probe, highlighted by the zoomed in region, mostly complemented their

reaction rates: ethyl ester probe 94a hadthe least negative value followed
by morpholine 94l then cyclopropyl 94h and picolyl 94 . A more negative
Epc value demonstrated that more energy was required to undergo SET due

to a higher energy LUMO orbital. However, the reaction rate associated with

picolyl probe 94j was not the lowest therefore affording the lowest E pc Was
unexpected. Another value which can be obtained from CV data is the
reduction onset potential (E onset ), Which is the potential that can reduce the
analyte at the surface of the working electrode, 172 and in this case, this
value is more positive than cyclopropyl probe 94h , agreeing more so with

the rate trend.

0.5 1

0.4 EDHSEL Eonsel H 94h
1 P 57?‘/
0.3 4 ;
3O 9sa
0.2
—> /N
H 94j
0.1 )
" N A
0.0+
94|
-0.1+
-0.2 T T T T T T 1 oy
-4 -3 -2 -1 0 1 2 3 o

Potential vs Ag/AgGNO; (V) o
Epc Epc Epc Epe

Figure 47 . Overlapped cyclic voltammograms of probes showing their cathodic peak potentials

bet ween 7T2.0 and 12.5 V and the mM™hdand 94 on onset

Unfortunately, the potential values were

be incorrect because the reduction potential of 4CzIPN is Eiz (PCH/PC*) =
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T 1.18 Vvs SCE, ' which means that the excited state of the photocatalyst

can only reduce compounds with a reduction potential more positive than

this value. Additionally, these values deviate significantly from literature

values reported for  ethyl esterprobe 94a (1 0. 886 V vs SCE) and a

amide probe 162 (1T 0. 900 V \igureSig€ E))1" (

Literature Reduction Potentials

i i i
Br B
N Br%oa %N r%ONa
FF FF

FF
NC CN 94a 162 126
() (O) Esc=089VVSSCE By =-0.90VWsSCE By = ~1.27Vvs SCE
N N

O N O This Research
¥
OEt
Br><”/

4CzIPN o)
94a

Eqp (PC*/PC’)=-1.18 V vs SCE
Epc = =2.0 V vs Ag/AgNO;

Eqp (PC™/PC’) = -1.52 V vs Ag/AgNO,

Figure 48 . Reported reduction potentials for a range of compounds. 111,173,174

ltds i mportant to note that the reference el
Ag/AgNO 3) used for carrying out CV experiments can influence potential
values significantly therefore Addison and co -workers have provided

conversion constants to enable a more accurate comparison of redox
potentials. 1" Accordingly the reduction potential for 4CzIPN vs Ag/AgNO 3

becomes Ei» (PCA/PC*) T 1. widich ¥ closer to the experimental

probe reduction values but still insufficient . Furthermore, the reduction

potentials reported by Xu and co -workers infigure 48 also used a saturated

cal omel el ectrode, t herefore the val ues WO u |
mV), 1’ however the resulting reduction potentials are still far from the

measured T 2.0V.
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Previously, during optimisation studies, the | -carboxylate radical precursor

126 (BrCF.CO:Na) was synthesised and did not form a radical under

photocatalytic conditions shown by the absence of product and presence of

unreacted Ac -Trp-OEt 93 . The reduction potential (E ) for this compound

is reported as 12 @whi &h vwoWwWSICE,conver:'t to 11
Ag/AgNO 3,1* hence cannot be reduced by 4CzIPN, supporting the fact that

the values must be | ess than or equal to T 1.
have been beneficial to run the CV for carboxylate radical precursor 126 to

determine whether the cathodic peak was comparable with the current

literature value or equally more negative than expected (like the other

probes).

Potentially the very negative reduction potentials observed resulted from a

shift caused by experimental parameters, but this was disproved by the

anodic peaks observed which were associated with Br T formation, because
the oxidation potentials were similar to the literature values: 694 mV and
1033 mV. "t Additionally, ferrocene was added to the last experiment as an

internal standard which also showed the expected ferrocene couple (Fc  */Fc)

atov. 72

Interestingly, when the CV is zoomed in to the potential range where probe
reduction is expected around 1 0.9V, I low intensity cathodic peaks are

observed ( Figure 49 ). The peak potentials (E ,c vs Ag/AgNO 3) were

collected and once again correlated with the observed reaction rates: 94a
(ethyl ) = 7190.(6nM8c5r ph,o!l i ne) =941 Opi7TE&®!l WI,) = T11.1
V, 94h (cyclopropyl) =1 1. 383 V. These values were with

ability of 4CzIPN (T 1.52 V), albeit low intensity.
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Figure 49 . Overlapped cyclic voltammograms of probes showing their cathodic peak potentials
bet ween 7T0.5 and 17T1.5 V.

Attempts were made to increase the intensity/current of the cathodic peak

using ethyl ester probe 94a , such as reducing the  potential width, changing

the number of scans and increasing the probe concentration ( Figure 50 ).
The potenti al wi dth was cut of f at 11.
more intense cathodic peak which was masking the desired peak when

looking at the complete CV. Additionally, this would identify whether the

reduction at (Fidgure 48 5) cofresponded to | -ester radical
formation by the subsequent observation of Br ' anodic peaks.
1 1 100 mV s scan rate,
100 mV s scan rate 50 mV s™ scan rate 2 x [94a]
0.008 - 0.008 5
0.0044 0.002 _+ . a
&E\ 0.002 g ;E o
g 0.000 § o E—ﬂ 004
[+] (3 <
7 7 F’ﬂu;m:a'vs AszgNéa ) ) ™ _mPct;:Vt?alvsuAl;'AgNuga vy v ” _mF'ot;:iawsi\lngNz V) o
SET pathway
o
O O
v Fons S o
F F _ F
94a Br 96
Figure 50 . Cyclic voltammograms of ethyl ester probe 94a varying the scan rate and concentration.
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The scan rate can also affect the size of current measured where higher
rates tend to exhibit higher currents therefore 50 -, 100 - and 1000 mV s 1!
were explored. Finally, the concentration of ethyl ester probe was doubled,
due to the hypothesis that more compound would enable more radical
formation and a higher current would be the outcome, but in all cases the

CVs were not vastly improved.

These O6optimisationdé studies were carried out
CVs obtained using the four probe examples, which highlighted the

sensitivity of this technique: a significantly lower E pc Value was obtained for

the ethyl ester probe 94a di ffering by 266 mV: 1T0.951
reproducibility is consistent with the limited and inconsistent cyclic

voltammograms  available for BrCF >CO:Et 94a (Figure 51 ).

0.00035 -

0.00030 -| 1562V 0.0

0.00025 -|

0.00020 -

Ewz i 9

Current (A)

0.00015 -
-0.886 V'

0.00010 -

0.00005 -

0.00000 -

20 45 40 05 00 05 10

-18 -14 12 -1.0 08 06 04 Potential CpoFi “'m”'.
Potential (V) otential vs. CpyFe

Figure 51 . Reported cyclic voltammograms for BrCF 2COzEt 94a . A. Saturated calomel electrode,
[Bu 4N][BF 4] in MeCN, 100 mV's 1.1 B, Ag/AgCl electrode, [Bu  4N][PF ] in MeCN, 100 mVs 117 C,
Ag/AgNO 3 electrode, [Bu 4N][PF ¢] in MeCN, 50 mvV's 1177

Similarly, to the CV obtained in this research, two cathodic peaks are

observed in the CVs displayed in figure 51A and B, 175,176 however, a more
di stinct peak i s observed for t he reductio
Interestingly Yangandco -wor kers quoted 1T1.52 V as the ¢

potential for 94a ,'"® even though there is a high chance this is incorrect

based on the previous discussions. The CV in figure 51C used conditions
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