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The chemical modification of proteins has provided a toolbox enabling many ex-

periments in chemical biology. However, new strategies are required to be able to

specifically target (hetero)aromatic residues. Fluorine atoms installed in proteins can

serve as useful tags, but methods for efficient and selective chemical fluorination are

limited. This thesis has explored the modification of native residues in proteins with

fluoroalkyl radicals to address the shortage in current methodologies. The study be-

gan with the investigation of trifluoromethylation, using biocompatible oxidative gen-

eration of CF3 radicals from a sulfinate precursor, and resulted in a robust protocol for

selective modification of tryptophan residues. Proteins modified with this minimally

perturbing tag could be readily studied by protein observed 19F NMR. To evaluate

possibility of 18F-trifluoromethylation, the automated radiosynthesis of the radical

precursor was achieved, but unfortunately, the protein radiolabelling proceeded with

a limited efficiency. On the other hand, the study of protein difluoroethylation, us-

ing the same radical generation system, revealed an unexpected N-modification of

proteins, for which the mechanism was proposed (oxidative hydrolysis of fluoroalkyl

sulfinates). To reduce this side reactivity, an improved fluoroalkylation protocol was

developed, based on the photoredox activation of heteroaryl sulfones as radical pre-

cursors. The platform was used to study reactivity and selectivity trends of various

fluoroalkyl radicals, which resulted in the detailed investigation of difluoromethyla-

tion. The preference for the formation of unstable difluoromethyl tryptophan prod-

ucts was used for the development of selective C-formylation of proteins, relying

on a key step of the denaturative hydrolysis of the CF2H group. As such, a new

method was established for the installation of a masked aldehyde, also serving as a

minimal size fluorescent probe. Overall, the studies of radical fluoroalkylation of pro-

teins yielded useful methods for modification of typically solvent inaccessible residues

(specifically tryptophan), under-targeted in protein chemistry, with applications in

protein observed NMR and bioconjugation.
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Chapter 1

Introduction

Abstract

The chemical modification of proteins has provided a toolbox enabling many exper-

iments aimed at elucidating biological phenomena. In the currently available reper-

toire, methods targeting native residues are extensively used due to their low op-

erational requirements. However, few strategies are able to specifically target the

native (hetero)aromatic residues and rarely directly for the purpose of protein fluori-

nation. Proteins containing fluorine are gaining popularity due to their advantageous

applications: such as in protein observed 19F NMR, non-invasive PET imaging or

physicochemical properties engineering. Currently, the use of this tag is limited by

the scarcity of the methods for its installation and reliance on biosynthetic protocols.

The development of new methods in organic synthesis, suggested the possibility for

fluoroalkyl radical utilisation for the direct modification of proteins. This chapter

investigates the above topics and lays the foundation for discussion on how and why

fluoroalkyl radical chemistry could be applied in protein chemistry.
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1.1 Chemical modification of proteins

Proteins are at the core of the structural and regulatory machinery of every living

system, being indispensable for biochemical processes. Although limited to a rather

small set of canonical amino acid building blocks, these biomolecules can perform

various functions depending on combinatorial linear arrangements that allow them

to adopt diverse spatial conformations1. Furthermore, Nature has found additional

benefits in introducing chemically diverse post-translational modifications (PTMs)

to their residues. This expanded chemical diversity allows more precise control of

protein roles in biological processes and circumvents the limitation of the restricted

genome2.

Therefore, it does not come as a surprise that, taking this general inspiration from

Nature, chemists have been investigating methods for the chemical modification of

proteins for decades, whether driven by the desire to better understand the structure-

activity relationship3,4, or to alter their chemical and physical properties and hence

the native function5,6. To this end, various strategies have been explored - Fig. 1.1.

• Recreating native PTMs purely chemically has been shown to be a considerably

difficult task7, typically achieved by segments assembly. It is aided by methods

such as Native Chemical Ligation (NCL) or Expressed Protein Ligation (EPL),

which allow for the construction of physiologically relevant modified proteins

e.g. phosphorylated8. Although requiring considerable effort, such an approach

enables, in principle, the creation of the biomolecules from scratch e.g. total

synthesis of homogeneous glycopeptides9.
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Natural PTMs

PTM mimics

Tags, handles, 
payloads, probes

e.g. Lys methylation states

S
H3

+N

S
+NH

S
+N

linker

e.g. glycosylation patterns e.g. fluorescent tags

Protein of interest

S
H2

+N

Fig. 1.1: Examples of protein chemical modifications that can be useful for studying bio-

logical systems.

• The introduction of PTM mimics, often with unnatural linkers/replacements,

is nonetheless useful due to the chemical ease with which they are installed.

Importantly, this has allowed incorporation of functional structural mimics e.g.

lysine (Lys) methylation states10 (using formal C → S replacement) or gly-

cosylation patterns11, becoming an important field greatly contributing to the

expansion of our knowledge about the role of specific PTMs in living organisms.

• Finally, various methods have been designed to allow protein ‘labelling’ i.e.

incorporation of often unnatural probes12 (of activity, localisation etc.), tags13

(for identification, affinity etc.), reactivity handles14 (for immobilisation etc.),

payloads (for therapeutic/diagnostic applications)15 and other functionalities16,

3



useful in protein studies.

Many solutions to the challenge of creating recombinant proteins have been pro-

vided, opening avenues for chemical biology for studying fundamental biological prob-

lems. This introduction will briefly discuss examples of available tools for the in vitro

post-translational chemical protein modification with a particular focus on the modifi-

cation of native residues, methodologies using radical-based chemistry and the general

topic of installation of fluorinated residues into proteins.

1.1.1 Modification strategies for engineered proteins

A substantial part of current biological/biomedical research uses recombinant pro-

teins, which are produced via in vitro expression systems (e.g. bacterial) and pu-

rified even up to mg-like quantities17. Such an approach allows a certain degree of

pre-engineering of the target protein that may be used to expand choices of possible

modification strategies. The biomolecule can be redesigned with a unique (un)natural

insert of a specific reactivity profile that can be placed at a desired site. Dubbed ‘Tag-

and-Modify’, this strategy can produce excellent results at the expense of the tag

introduction18. This can be achieved with a multitude of biosynthetic methodologies

with varying degrees of labour including:

• site-directed mutagenesis19,

• global replacement of a residue analogue in an auxotrophic expression host e.g.

methionine20 (Met) or phenylalanine21 (Phe),

• genetic code expansion (e.g. amber codon suppression/reassignment)22,

4



• enzymatic incorporation13 and many other strategies.

The last decade saw an explosion in the number of new methodologies that rely on

this strategy. Most of them stem from the adaptation of established organic chem-

istry reactions and their translation to biocompatible conditions (buffered aqueous

solutions at ambient temperature, neutral pH), provided that they offer bioorthogo-

nal reactivity i.e. there is no cross-reactivity with functional groups natively present

in proteins (amines, carboxylic acids, alcohols etc.) and favourable kinetics (as the

typical biomolecule concentration in a reaction mixture lies in the low ∼ µm range)23.

It is also essential that the employed conditions do not compromise protein integrity,

allowing the preservation of the native structure and biological function. Along with

the development of biosynthetic methodologies, the chemical space of possible tags

structures is ever growing, allowing customised chemistry that can be utilised for a

given specific experiment. General trends were excellently summarised in recent re-

views by Bernardes et al.24,25. A brief outline of the commonly employed tags and

the subsequent chemistry used for their modification is given below and in Fig. 1.2.

This list is by no means exhaustive and serves to provide a general outlook of the

chemical toolbox available for chemical protein modification. It is worth noting that

these strategies are usually designed to complement the reactivity offered by native

residues and to enable bioorthogonal chemistry even in complex protein mixtures or

in vivo applications.

1. It is often convenient to mutate a specific amino acid in a protein of interest to

one that is otherwise absent or not solvent accessible and use its native reactivity

5



Tag

1) Rare canonical AA 

• Cys • Met • His • Tyr • Trp
for chemical strategies see next section 

2) Aryl halides/boronates  

3) Aldehydes, ketones 

B(OH)2

I

Payload
with

tag reactive handle

Modified protein
of interest 

Suzuki-Miyaura

(HO)2B

I

Sonogashira

Mizoroki-Heck

5) Alkynes, cyclooctynes and azides 

Staudinger

O

O

PPh2

N3

NH

O

'Click' Cycloadditions

N
N

N

e.g. cycloadditions

e.g. metal mediated cross-couplings

N
N

N

4) Miscellaneous non-canonical AA (Lys, Phe analogues) 

Oxime formation

O
H2N

e.g. carbonyl chemistry 

Hydrazino-Pictet-Spengler

N

N

HN

O

H

N

N
N

N
O

6) Alkenes

Olefin Cross-Metathesis

7) Dehydroalanine

R

Radical addition

H2N

Aza&Thia-Michael addition

S

S S

Thiol-Ene

HS

HS

S

HN
N N

NH2

Carbene insertion

NH2

e.g. cross-linkers

e.g. nucleophile/radical 
acceptor

Inverse Demand Diels-Alder

N

N
N

N

NH

N

S

Fig. 1.2: Selected examples of handles used in the ‘Tag and Modify’ strategy for engineered

protein modifications24,25.
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for introducing a modification. This can be performed for a range of residues,

but is most straightforward and often employed for cysteine (Cys) labelling

e.g. for probing enzymatic activities upon 19F tagging26,27. Typically in folded

proteins these residues are not only rare but also can be engaged in disulphide

bonds (especially for non-cytosolic proteins)28 and hence are unreactive in free

thiol specific chemistry. Another advantage is the versatile Cys reactivity that

will be discussed in a greater detail in the next section.

2. Among tags that can be introduced via biosynthetic methods, aryl halides

and boronates were found to be suitable substrates for metal mediated cross-

couplings29, which allowed e.g. the in-depth study of the glycogen formation

process30. Key to the success of this chemistry was a new class of Pd ligands

that made it possible to achieve good reactivity in aqueous media31.

3. Valued for their versatile bioorthogonal reactivity, small size and relative large

number of installation methods, aldehydes and ketones are well explored tags

for protein modification32. Notwithstanding, their extreme utility in protein la-

belling still provokes research and discovery of new protein compatible chemistries,

e.g. to get around the limitation of reversibility of formed constructs (Pictet-

Spengler reaction)33. Through the reactivity towards α-nucleophiles and other

carbonyl group specific chemistry, affinity/fluorescence labelling was realised

which enabled e.g. powerful single molecule studies34,35.

4. The technology of genetic code expansion allows for incorporation of a variety of

structural analogues of certain amino acids, best realised for (pyrro)lysine and

7



tyrosine residues36. Although this method requires a substantial amount of the

synthetic small molecule to be incorporated and is often limited in efficiency,

it achieves remarkable selectivity and, importantly, it can be applied to in vivo

systems. Prominent applications include the introduction of photo reactive

groups such as diazirine rings that upon light irradiation promote proximity

dependent cross-linking with interacting protein partners in native settings37.

5. Because of their fast kinetics, orthogonality and high yields, azide–alkyne cy-

cloadditions have been the centrepiece of the field named ‘click chemistry’. Pos-

sessing such characteristics, there are numerous examples of their applications

in chemical biology38, enabling e.g. labelling of proteins with short-lived 18F

isotope for imaging purposes39. This methodology has been refined to eliminate

the need of toxic Cu(I) as a catalyst, achieved by changing the coupling partner

to a strained alkyne13. This greatly facilitated in vivo applications, not only

for protein labelling40, but also glycans modification41 or selective tagging of

cancer cells42. Azides can also be utilised in the Staudinger ligation43, notably

in its traceless version44 further highlighting the value of this 1,3 dipole tag in

the field of bioorthogonal chemistry. The protocol can also be easily reversed

by the incorporation of an alkyne tag into the protein.

6. Another important class of tags are alkenes. Various (strained) alkenes (dienophiles)

turned out to be applicable in [4+2] cycloadditions typically with tetrazines

(dienes) in a class of inverse-demand Diels–Alder reactions45. Notably, this

reactivity is characterised by fast kinetics and often leads to activation of fluo-
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rogenic probes and therefore has found many applications throughout chemical

biology e.g. a chemical-caging/rescue of active residues46. On the other hand,

alkenes in a side chain were successfully demonstrated e.g. to undergo olefin

cross metathesis for protein PTM mimic writing/erasing47 or thiyl radical ad-

dition for ubiquitination48.

7. Easily accessible from Cys, as well as other residues, dehydroalanine (Dha) has

been shown to be a versatile tag offering the possibility for linker size reduc-

tion49. Its specific stereoelectronic properties makes it an excellent acceptor of

both N and S nucleophiles (among others). The Aza-Michael reactivity has been

optimised to a level where a stoichiometric level of substrate can be used, which

is still rare in protein chemistry50. The mechanism of the 1,4-additions was

studied in-depth and was exploited to realise protein deuteration51. Another

prominent mode of Dha reactivity is its SOMO-phile character and subsequent

captodative stabilisation of the formed α radical permitting ready modification

with C-centred radicals52. This was showcased by the development of a broad

substrate scope post-translation chemical mutagenesis methodology53.

Although many methodologies are already available, it is key that they should

be operationally accessible/viable to the wider community of researchers. Only then

they can truly make a contribution for discovery of fundamental biology, imaging and

therapeutic applications.
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1.1.2 Strategies for native residue modification

From this picture it is evident that the extra layer of complexity, provided by the

installation of a chemical handle through genetic manipulation, can ensure both su-

perior selectivity and reactivity. However, this strategy is not viable in all cases as

sometimes the operational complexity, costs or protein sourcing preclude its use. On

the other hand, the reactivity provided by the native residues may be sufficient for

the purposes of the experiment, rendering more complex approaches uneconomical.

For this reason, the reactivity offered by native residues has been the object of

particular attention. Methods based on it are by definition more straightforward and

easily applicable, but often limited in versatility and product homogeneity. Neverthe-

less, these advantages have allowed for the biomolecular constructs generated in this

way to be advanced for clinical applications54. Such approaches are also attractive

since they can usually be easily translated between different protein systems.

Discussed previously, the simple adaptation of established organic chemistry meth-

ods has not been possible to achieve modification of folded proteins and, if only, is

applicable to simpler peptide sequences where the number of cross-reactive function-

alities is lower and use of protecting groups possible. Even in that case, the repertoire

of residues that can be efficiently targeted in a chemo- and site-selective manner is

somehow limited55. A general overview of the available strategies (both established

and emerging, however not comprehensive) is presented in Fig. 1.3 and discussed

below.

• There are scarce reports of methods targeting peptidic aliphatic (alanine (Ala),
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glycine (Gly), proline (Pro), valine (Val), leucine (Leu), isoleucine (Ile)) with an

example of Pd-mediated C-H activation of Ala side chain56, while on proteins,

residual modification is observed during radical footprinting57.

• Glutamine (Gln) and asparagine (Asn) are also among other residues that are

not typically targeted and their modification requires special proximity driven

reactivity strategies e.g. exploiting a rhodium metallopeptide catalyst58.

• Similarly, methods for serine (Ser) and threonine (Thr) suffer from the chemos-

electivity issues (as in simple esterifications59). However, selective modification

of Ser was realised with similar carbenoid based strategy60, or only very recently

using oxathiophospholane reagents, regrettably suffering from the requirement

of the organic solvent use61.

• Although aspartic acid (Asp) and glutamic acid (Glu) possess a well defined re-

active handle (e.g. for amide bond formation62) their relatively high abundance

(with the additional presence of the C-terminal carboxylate) and cross-reactivity

make them difficult targets for specific labelling63. Selective modification can

be partially enabled by the distinct structure of the target protein64.
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Fig. 1.3: General overview of strategies for the modification of native residues65.
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• Due to the relatively low nucleophilicity of arginine’s (Arg) side chain guani-

dinium group (pKa > 12), competition with native amines and rather high

abundance, these residues have not been extensively used for protein modifica-

tion, with an exception of glyoxal-based strategies66.

• Lastly, because it possesses the lowest reactivity among the aromatic residues,

chemoselective phenylalanine (Phe) modification strategies for proteins are nearly

absent.

Similarly rare is the modification of the backbone chain that was only possible

using the directing ability of a neighbouring histidine (His) residue67. Modification

strategies for commonly targeted residues are reviewed in a greater detail below, with

a particular focus on emerging strategies.

Histidine

One of the AAs that has been traditionally difficult to target in a selective manner

but has seen a lot progress in recent years is histidine. The non-covalent complexation

via extended His-tag motifs, extensively utilised in the purification of proteins68, has

also been used for selective protein modification with fluorophores69 - Fig. 1.4a.

The reactivity of the imidazole ring as a nucleophile was initially exploited for an

epoxide opening - Fig. 1.4b - in an interesting site-specific proximity guided manner70,

and also with an imine replaceable spacer71. It is worth noting that these strategies

(like most for modification of native residues) are limited by the solvent accessibility

of His residues to be labelled, which sometimes can be advantageous in achieving

surface site-specificity70.
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Fig. 1.4: Overview of the strategies for chemoselective His modification: a| Ni2+ tris-

nitrilotriacetic acids for non-covalent complexation69, b| epoxide as a His-specific elec-

trophile in linchpin reagents (with a protein specific ligand70/aldehyde tag72), c| thio-

phosphorodichloridates for His-specific phosphorylation73, d| 2-cyclohexenone as a Michael

acceptor74, e| light activated C4-alkyl-1,4-dihydropyridines as radical precursors for Minisci

chemistry75.

In the absence of a ligand for the protein of interest, the linchpin strategy can be used,

where His-epoxide reactivity is proximity enhanced by attachment of an aldehydic
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handle to the reagent allowing reversible Lys binding72.

In recent years a more diverse set of His selective electrophiles has been discov-

ered. Thiophosphorodichloridate reagents allow ready phosphorylations73 - Fig. 1.4c

and 2-cyclohexenone effective Michael additions74 - Fig. 1.4d. Alternatively, site-

selectivity is achieved via bis-alkylation of a short His-tag sequence76. On the other

hand, an example of imidazole selective metal complexations (with platinum) was

also reported77. These examples demonstrate considerable progress, but offer only

limited conversions, likely because of the fine balance between reactivity/selectivity,

struck to avoid competing reactions with other nucleophilic residues (Cys, Lys).

Another notable strategy, leading to the formation of a C-C bond rather than C-N

bond, is the radical alkylation of His residues using Minisci chemistry75 - Fig. 1.4e.

This method has started being adapted for biomolecules, however, so far has only

been successfully applied to peptides and certain proteins due to the need for acidic

conditions and problems with the mild radical generation in aqueous solution78.

Tyrosine

Tyrosine is another AA that, classically, has not been successfully modified in a

chemoselective manner. However, rapid progress in the last two decades has made it

an established target for protein modification79.

Several strategies based on derivatisation of the phenoxide anion have been devel-

oped e.g. acylation, however, the residue selectivity of this chemistry is typically low,

with best results claimed to be achieved with reagents like N -acetylimidazole80. The

technology was further developed with better acyl transfer reagents, and also modified
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with a ligand to achieve the site specificity81 (4-dimethylaminopyridine catalysed acyl

transfer from thiophenyl esters) - Fig. 1.5a. O-modification (specifically alkylation)

could also be realised via the use of π-allylpalladium complexes82.

Similar ligand-tethered strategies can also be based on different chemistry. To

benefit from the specific electronic properties of Tyr, a single electron transfer cata-

lyst [Ru(bpy)3]
2+ (ruthenium tris(2,2’-bipyridyl) complex) was attached to a ligand,

which upon light irradiation promoted the formation of the radical on proximal Tyr

residues that can be subsequently modified with specific trapping agents83 - Fig. 1.5b.

However, it was found that this reactivity is not limited to Tyr residues as it also

results in Cys labelling84. This type of reactivity resembles that of oxidative cou-

plings where in the presence of a strong metal oxidant, non-specific O- and ortho C-

coupling to electron rich anilines was possible85.

Another notable reactivity of Tyr that has been adapted into protein chemistry

was the ene-type reaction with diazodicarboxylates86. These reagents, although

suffering from reactivity/stability issues under aqueous conditions, were optimised

for protein labelling in a form of 4-phenyl-3H-1,2,4-triazole-3,5(4H)-dione scaffold -

Fig. 1.5c. Improvement to this technology was brought by the use of electrochemical

activation of the precursor reagent, which significantly increased observed conver-

sions87.

Aryl diazonium salts belong to another class of compounds with a known affinity

towards Tyr - Fig. 1.5d. These modifications have varied, but predominant, selec-

tivity towards Tyr that depends on the substitution pattern in the aromatic system.

Particularly good results were achieved with a carbonyl group, either as a ketone64 or
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an aldehyde88 with an additional advantage being their possible use for a subsequent

conjugation.

Successful modification of Tyr was achieved through three-component reactions

using Mannich type chemistry - Fig. 1.5e. An imine, formed in situ from an aldehyde

and an electron rich aniline, could be trapped by native Tyr residues in proteins89,

although participation of Trp side chains was also observed90.

In another three-component reaction, a Rh3+ salt was used to conjugate a protein

with a range of aromatic groups from aryl boronic acids precursors - Fig. 1.5f. High

conversions were only possible with the privileged ortho carboxamide scaffold and the

modification was reversible in the presence of 1,4-dithiothreitol (DTT)91.

In a recent interesting report, Tyr was used as an acceptor for an electrogener-

ated phenothiazine N-radical leading to an ortho substituted arylamino product92 -

Fig. 1.5g.

Taking advantage of the natural biochemical reactivity of Tyr, an enzymatic

method was developed in which the tandem use of two enzymes allowed methoxy-

lation of accessible Tyr residues, however further advances are needed in order to

introduce more diverse tags on a broader substrate scope93.

It is worth mentioning that a popular strategy is a multi-step chemical modifica-

tion, in which a reactive handle is introduced in the first step, which gives access to

the different bioorthogonal chemistries. Examples of these strategies include the for-

mation of an aza-coupling product with diazonium salt and subsequent reduction to

an ortho aminophenol derivative followed by specific for these compounds chemistry

like oxidative couplings94 or iodination for purposes of Pd-catalysed cross couplings95.
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Fig. 1.5: Overview of strategies for chemoselective Tyr modification: a| thioesters as

acyl donors for O-acylation directed through a ligand/nucleophilic catalyst system81, b|
ligand/photocatalyst system for a proximity driven formation of tyrosyl radicals readily

trapped with electron rich anilines83, c| diazodicarboxylates as Tyr specific ene-partners86,

d| carbonyl benzodiazonium salts as potent electrophilies for Tyr modification64,88, e|Man-

nich reaction between an aldehyde, electron rich aniline and Tyr89,90, f| rhodium salt pro-

moted aryl boronic acid conjugation strategy91, g| phenothiazine derived radical addition92.
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This overview of the available strategies highlights the high versatility of Tyr as

the target residue for protein modification. Some restrictions stem from its partial

amphiphilic character that results in a diverse distribution between the solvent ac-

cessible surface and the blocked interior of the protein, as well as from the selectivity

issues due to the competition from other aromatic residues, particularly Trp.

Methionine

Met has been an obvious target for protein modification since it is the only residue

with substantial nucleophilic character at acidic pH96. As such, various alkylating

agents could be employed but one of the best stability/reactivity patterns was found

for reagents giving benzylic sulfonium products, that could also be easily dealky-

lated with 2-mercaptopyridine97 - Fig. 1.6a. However, extremely low pH (< 3) was

needed to achieve Met selectivity, which makes this method less relevant for protein

modification.

Similarly, useful protein–sulfonium conjugates could be formed with hypervalent

iodine(III) reagents with improved kinetics - Fig. 1.6b. Particularly effective con-

structs were achieved with an optimised reagent bearing ethyl diazoacetate motif

that not only allows the introduction of a functional payload but also provides an

electrophilic diazo probe98. Again, the need for acidic conditions limits the general

applicability.

Significant improvement was achieved with the introduction of redox based reagents

allowing chemoselective strain-driven Met sulfur imidation at neutral pH - Fig. 1.6c.

Oxaziridines with a weakly electron withdrawing urea turned out to be key to sup-
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press the undesired O-transfer product and allowed N-conjugation with an alkyne

handle99.
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b| hypervalent iodine electrophiles

Fig. 1.6: Overview of selected strategies for chemoselective Met modification: a| benzylic

alkylating agents97, b| electrophilic hypervalent iodine(III) reagents with ethyl diazoacetate

motif98, c| oxaziridines with a functionalised electron withdrawing urea99.

Although Met oxidation (e.g. to sulfoxide) has been an established practice, cur-

rently there are no more protein bioconjugation methods that are based on such

chemistry100.
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C-terminus

Although being a relatively obvious target, the protein C-terminus is extremely hard

to modify chemoselectively over other carboxylates present in a protein. A significant

breakthrough was reported recently in which the oxidation potential was used as

the discriminating factor101. The increased stability of the C-terminal C(α) radical

allowed modification with Michael acceptors - Fig. 1.7.

EWG
   O

O

N
H

R

N
H

R

EWG

C-terminus

N

N

NH

N O

O

decarboxylative alkylation

_

Fig. 1.7: Chemoselective strategy for chemical C-terminal modification: photoredox catal-

ysed decarboxylative alkylation with a Michael acceptor (EWG = electron withdrawing

group)101.

The lack of chemical methods contrasts the number of biosynthetic methods based

on enzymatic approaches102, often requiring the presence of specific sequences.

N-terminus

The N-terminus of proteins is unique as it possesses a generally solvent accessible

amine group with distinct pKa ∼ 8, sufficiently different from that of Lys residues

(pKa ∼ 10)103. Therefore, some amine specific chemistries (e.g. reactivity with hard

electrophiles) can be applied in a chemoselective manner, often just by controlling

the pH of the reaction mixture. In this way, the reductive alkylation with various

aldehyde partners could be realised - Fig. 1.8a, being universal for all AA side chains

21



apart from Cys (which reacts to form a thiazolidine - which is a valid modification

strategy in itself)104. It is a common trend that methods for N-terminal modification

are generally tolerant of most AA side chains apart from few. Similarly, it was possible

to achieve acylation105, with an additional layer of specificity added by using a ketene

reagent - Fig. 1.8b.

Certain aldehydes are known for their transamination reactivity leading to for-

mation of the N-terminal ketone as a useful chemical handle. Initially, it was found

that pyridoxal-5-phosphate was efficient in this transformation106, but the technol-

ogy was further improved with the use of the easier to handle Rapoport’s salt (N -

methylpyridinium-4-carboxaldehyde benzenesulfonate salt)107 - Fig. 1.8c. On the

other hand, some other aldehydes were found to give condensation products in high

yields via cyclic imidazolidinone formation - Fig. 1.8d.

Imines formed with 2-pyridinecarboxaldehydes were particularly suitable for the

nucleophilic attack of the neighboring amide nitrogen necessary for the formation

of the product108. Easier access to the functionalised reagents was provided by the

discovery of the equally reactive 1-(4-nitrophenyl)-1H-1,2,3-triazole-4-carbaldehyde

scaffold109.

In opposition to these general strategies, methods targeting only specific N-terminal

AAs have been explored. This has been thoroughly exploited for terminal Thr and

Ser110 residues, as periodate oxidation leads to formation of a carbonyl handle. One

of the most important methods for the protein (semi)synthesis - native chemical lig-

ation - relies on the reaction of an N-terminal Cys with a thioester partner111. In

another example, a method for the specific labelling of a terminal Gly residue via
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aminoalcohol formation was developed112.
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a| pH-controlled reductive alkylation

d| oxidative coupling

c| oxidation via transamination

b| pH-controlled acylation

Fig. 1.8: Overview of strategies for chemoselective N-terminal modification: a| pH controlled

reductive alkylation104, b| ketene donor acylation105, c| transamination with Rapoport’s

salt for aldehyde handle formation107, d| 2-pyridinecarboxaldehydes for formation of a stable

condensation product108.

Even though the N-terminus would seem to be a universal target, it is important

to remember that sometimes it is the site of endogenous modification, and therefore

often inaccessible for chemists113.

Tryptophan

Trp is one of the most useful residues to target because it has the lowest relative

abundance (∼ 1%) in proteins114. However, many classical methods lack chemose-
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lectivity, and some do not lead to constructs useful for labelling (e.g. oxidation)115.

Others employ harsh conditions in order to achieve high selectivity (e.g. malondialde-

hyde modification116). Among them, the use of rhodium carbenoid intermediates117

was possible under mild enough conditions to be successfully applied to proteins -

Fig. 1.9a.

The methodology was further developed to avoid the need for low pH by changing

the additive to a different hydroxylamine118. In another example, site selectivity

was achieved by preparing a rhodium catalyst metallopeptide allowing for proximity

driven reactivity119. In every case, the solvent accessibility of the Trp residue to be

modified was the main factor affecting the observed conversions.

Another metal mediated strategy was based on the gold catalysed addition of

hypervalent iodine reagents - Fig. 1.9b. Using the Waser reagent, introduction of an

ethynyl handle was possible, however, the reaction required an addition of organic

co-solvent to proceed120.

On a side note, a photocatalytic approach was used to generate a radical on the

β carbon on Trp side chain (skatolyl radical) that could be trapped with a Michael

acceptor121. However, this method resulted in side reactions at the C-terminus, as

described above, and was only demonstrated for peptides.

A more general strategy based on a radical mediated transformation was use of

the 9-azabicyclo[3.3.1]nonane-3-one-N -oxyl persistent radical reagents as oxidasible

precursors allowing C3 modification of the Trp residue122 - Fig. 1.9c. Although metal-

free and rapid, this method requires low pH in order to generate NOx from the nitrites,

which limited it general applicability.
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Fig. 1.9: Overview of strategies for chemoselective Trp modification: a| rhodium carbenoid

intermediates for accessible Trp residues labelling117,118, b| gold catalysed addition of io-

danes120, c| organoradical additions to C3 position122, d| hypervalent iodine precursors for

radical fluoroalkylations123.

Finally, the potential of radical chemistry for Trp selective modification was re-

alised with certain fluoroalkyl radicals derived from hypervalent iodine precursors123

- Fig. 1.9d. Such methodologies will be discussed in a greater detail in next Chapters.

In a recent brief report, heterogeneous biohybrid palladium nanoparticles were

used for C2 arylation of a protein Trp with diazonium salt partner, however the
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scope in terms of both substrates was not tested124.

Cysteine

Due to its potent reactivity and relatively low abundance, Cys is one of the most

frequently targeted residues for protein modification. Classic methods rely on the

ready nucleophilic reactivity of deprotonated Cys residues, with a prominent example

of modification with maleimides. However, the conjugates formed in this reaction are

known to suffer from poor stability, as it is readily reversible. This has been improved

with a new design of maleimide scaffolds125. Moreover, the reversibility was used as

an advantage in a system where retro-Michael reaction with a 5-methylene pyrrolone

substrate could be reversed in a controlled manner through use of a basic buffer (pH

> 9) or via thiol exchange at neutral pH126 - Fig. 1.10a. On the other hand, thiol

alkylation could be realised in near stoichiometric ratios and in an irreversible manner

using carbonylacrylic reagents127 - Fig. 1.10b. Other widely used electrophiles include

α-halocarbonyls and vinyl sulfones128.

Site-specificity in a case where multiple Cys residues are present was achieved in

a system where the immediate environment (4 AA sequence) around the selected Cys

residue was fine-tuned to maximise the interaction with the reagent (by formation

of a π-clamp)129 - Fig. 1.10c. Many strategies have been developed based on this

elevated reactivity of the residue within a specific sequence130,131.

A different type of reactivity was exploited in the so-called thiol-ene and thiol-

yne couplings, where the propensity of a sulfhydryl group to form a thiyl radical is

capitalised on - Fig. 1.10d.
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Such species (often generated with a photoinitiator) can add to an alkene as well

as alkyne (usually leading to double modification), which has been used for protein

glycosylation132 or ubiquitination134.

Recently, metal catalysis was applied to Cys arylation in a more efficient man-

ner135. Taking advantage of the soft nucleophilicity of sulfur in the interaction with

a preformed Pd(II) complex, S-aryl conjugates could be obtained under mild condi-

tions133 - Fig. 1.10e. This technology was applied to achieve intermolecular Cys-Lys

biomolecule cross-linking136. Similarly, the thiophilic nature of gold allowed ready

Cys arylation with a range of Au(III) complexes with faster kinetics as compared

to the Pd based strategy137. On the other hand, Pd catalysis has enabled Tsuji-

Trost allylation of Cys residues, thus allowing the formation of the prenylation PTM

mimics138.

It is worth mentioning that Cys is one of the best precursors to the versatile re-

active handle - dehydroalanine49. For example, a bis-alkylation/elimination sequence

with 2,5-dibromohexanediamide leads to the formation of Dha residues from accessi-

ble Cys residues under mild conditions - Fig. 1.10f.

Other strategies rely on disulfide rebridging in which a disulfide bond engaging

two Cys residues gets broken and reformed with a cyclic handle for bioconjugation.

This method is particularly popular for the modification of antibodies139.

Lysine

Another residue widely employed in protein chemistry due to its ready nucleophilic re-

activity is Lys. Considering its relatively high abundance, site-selectivity has been the
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biggest issue. Nevertheless, labelling with amine-reactive reagents (activated esters,

iso(thio)cyanates, aldehydes, anhydrides, etc - Fig. 1.11a)140 has been an established

and widespread practice for the attachment of fluorescent tags as well as antibody

drug conjugate production141. Similarly, most of the previously described chemistry

for the N-terminal modification (reductive alkylation, activated esters etc.) can be

applied to the ε-NH2 group of Lys residues. Strategies to achieve site selectivity em-

ploy either kinetic control to target the ‘most reactive’ Lys (due to the modulation

of the amino group’s pKa dependent on the local environment)142 with a notable

performance of the sulfonyl acrylate reagents143 - Fig. 1.11b.
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On the other hand, exquisite site-selectivity can be achieved using engineered sub-

strates, with a prominent example of the SpyTag/SpyCatcher technology144,145 in

which a specific peptide/protein interaction leads to a spontaneous formation of an

amide bond between given Asp and Lys residues without the need of carboxylic acid

activation. However, proximity based reactivity approaches relying on the molecular

recognition of Lys reactive partner (small molecule146 or peptidic147) by the substrate

protein are inherently not generally applicable. At times though, the high abundance

of Lys residues and non-selective targeting can be an advantage, particularly for high-

density cross-linking assays to investigate novel protein-protein interactions148.

Conclusions

This short overview has highlighted the main strategies for the modification of native

residues in proteins, relying on a wide range of chemistries from the repertoire avail-

able to an organic chemist. Please note that chemoenzymatic approaches were largely

omitted from this discussion (see review by DeForest et al. for a good summary of

current methods102), nevertheless, their impact in specific cases e.g. in vivo settings,

should not be neglected. Each selected method comes with its own advantages and

disadvantages when it comes to the specific requirements of protein chemistry, which

render them useful under different circumstances and for different protein substrates.

It has become more and more apparent that methods based on ‘traditional’ nu-

cleophilic/electrophilic 2e− chemistry are already stretched to the their limits, for

example, the problem of Cys modification is essentially solved. Targeting residues

such as Lys, His, Tyr very often inevitably fail to satisfy some criteria, notably the
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key chemo- and/or site-selectivity (or even regio-) and create a heterogeneous mix-

ture of products that are often not practical to purify. Strategies based on spatial

organisation of reagents to enhance reactivity, while creating powerful solutions to

the selectivity issues, are still far from operational simplicity.

Therefore, investigating new types of chemistry, especially targeting less abundant

residues in an operationally accessible manner, has been a recent trend in the field.

New strategies based on different types of reactivity (metal catalysis, radical chemistry

etc.) have brought the possibility of targeting new residues and the extension of

structural features that can be manipulated/added. It has to mentioned that many

of these key developments are very recent, and have been reported during the course

of this research project (2016 - 2020).

In the next part of the this chapter, the applicability of radical chemistry for

protein modification as well as the current developments will be discussed in greater

detail, with the focus laid on fluoroalkylations.

1.2 Radical chemistry for the editing of biomolecules

Radicals are species with an odd number of electrons, where the non paired elec-

tron occupies a single orbital therefore called the SOMO (singly occupied molecular

orbital). As such, radicals are reactive intermediates that are essential in modern

organic chemistry, having led to profound development in many fields like drug dis-

covery, manufacturing of (agro)chemicals and materials science149. Although tradi-

tionally regarded as non-selective and uncontrollable, numerous synthetic examples

proved that notion wrong150. For example, the utility of organotin hydrides in various
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transformations such as reductions, deoxygenations and intramolecular cyclisations is

well established; so are the useful small molecule synthetic methodologies like Barton

decarboxylation, Minisci heterocycle C-H alkylation, Meerwein arylations and many

others151.

The potential of radicals for driving useful chemical transformations is also cap-

tured by Nature, as they can be found as common intermediates in biosynthetic

pathways such as oxidations with P450 cytochromes152 or glycyl radical enzyme trans-

formations153 to name a few. At the same time, some reactive radical oxygen species

(hydroxyl), as well as photoinitiated free radicals, are detrimental to the stability

of biomolecules in vivo, which has led to the evolution of complex defense systems.

However, their role in regulating the stress response, via introduction of PTMs such

as Met sulfoxide or side chains carbonyls, is being increasingly recognised, proving

the feasibility of this chemistry for biomolecule editing154.

General features of radical driven transformations seem to be perfectly matched

with requirements posed by protein chemistry151:

• operationally simple, often under ambient conditions,

• insensitivity towards the solvent, tolerance of aqueous conditions,

• excellent compatibility with many functional groups,

• fast kinetics,

• little influence of sterics.
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Considering these properties it is only natural that this type of chemistry could

be useful for protein modification, however it is surprisingly rarely exploited for bio-

conjugation.

1.2.1 Radicals in protein chemistry

The ambiphilic character of radicals allows these species to be simultaneously reactive

in an electrophilic and nucleophilic manner, however usually with a different affinity.

For example, more electrophilic radicals (e.g. alkoxyl) dominantly react with electron

rich sites, while more nucleophilic ones (e.g. C-centred with alkyl substituents) will

prefer electron poor sites155. Therefore one of the key challenges in protein chemistry

- achieving chemoselectivity - strikes as an immediate potential hurdle. Nevertheless,

radical chemistry has found many applications and can be encountered in different

aspects related with protein editing, which will be briefly discussed below - Fig. 1.12.
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Radicals with engineered proteins - One way to solve the chemoselectivity

problem in the specific case, would be to introduce a suitable reactive tag via bioengi-

neering. Indeed, the most prominent example where radical intermediates were used

to modify biomolecules was demonstrated for proteins equipped with the Dha tag as

a potent SOMOphile52,53,156. This strategy provided full chemo- and site-selectivity

with the only disadvantage being the lack of the stereocontrol, and hence most proba-

bly formation of the diastereomeric mixture of products. Nevertheless, this technology

allowed the introduction of a variety of functional side chains - Fig. 1.13 - showing

similar reactivity of C-centred radicals with little dependence on the substituents.
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Fig. 1.13: Radical chemistry allowed formal chemical post-translational mutagenesis to a

range of residues (only selected examples shown) by reaction of C-centred alkyl radicals

with Dha containing proteins53.

Importantly, an understanding of the reaction mechanism greatly contributed to the

improved design of the conditions with use of sodium borohydride instead of Zn

metal, leading to reduction in the observed side products of undesired quenching of

the long lived capto-dative stabilised C(α) radical (oxygen, multiple addition). Nev-
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ertheless, the reaction still requires oxygen free conditions that hinders its operational

applicability. Other examples of radical modification of unnatural tags also exploit

acceptor reactivity of unsaturated bonds towards S-centred radicals in thiol-ene157

and thiol–yne158 reactions. Alkene and alkyne handles can be incorporated using

genetic methods and subsequently reacted with the desired thiol in the presence of

a radical initiator and UV light. The situation in the absence of a designed radical

acceptor is more complicated.

Reactive radical profiling - A substantial focus has been devoted towards mod-

ification with extremely reactive species such as hydroxyl radicals (•OH). This inter-

est was spurred by the possibility of fast reaction with many side chains (e.g. Cys,

Met, Trp, Phe, Tyr) that has found profound applications in structural studies us-

ing techniques like Radical Probe Mass Spectrometry57. Such methods can be used

to capture information about protein structures and their interactions on a relevant

timescale by virtue of oxidation of accessible surface and mass spectrometry readout

of digested peptides. An essential feature of these chemistries is the fast generation of

radical flux and limited exposure time, to ensure protein integrity. For this purpose,

other reactive radicals have also been used, one specific example being laser-induced

trifluoromethylation159. The instances where oxidation can be applied in a more site-

specific manner are limited to, for example, amino acid residues at metal-binding sites

where the metal directly catalyses the reactive radical generation160.

Radical polymerisation - The characteristic feature of radical chemistry, namely

the propagation of radicals in a chain reaction, has also been successfully utilised

to conduct on-protein polymerisation161. This is of particular interest for creating
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therapeutic and diagnostic agents for a number of reasons. Coated proteins typi-

cally exhibit longer circulation lifetime, lower immunogenicity, allow formulation of

higher concentration doses and they can also be engineered to be responsive to a

chosen stimuli162. The polymerisation reaction requires the presence of an appropri-

ate initiator (e.g. alkyl halide) that is usually attached in a high copy-number (e.g.

via Lys residues) and reacted with an olefin monomer. In this manner, protein-

initiated grafted-from atom transfer radical polymerisation was used to create a

protein-polymer conjugate with superior solubility163.

Radical mediated cross-linking - A big area of research in protein radical

chemistry is the investigation of on-protein radicals in the context of their catalytic

properties, inflicted damage, propagation and, less often, synthetic bioconjugation.

In the case of amino acids, classical hydrogen transfer reactivity is mainly observed

on C(α) (or to a lesser extent next to a stabilising functional group) as a result of

the relative stability of these radicals, but has limited synthetic utility164. Usually, a

C-centred on-protein radicals will dimerise (possibly reaching a sterically accessible

position through a series of abstractions, especially to form a thiyl radical) or when

in the presence of dissolved oxygen, they are more likely to form a peroxyl species,

opening many reactive pathways leading to the protein cleavage, oxidation and for-

mation of carbonyl groups165. However, this type of chemistry has found applications

in biomolecule cross-linking and subsequent interaction analysis166. One chemical

moiety heavily utilised is the benzophenone, which upon photoexcitation with near

UV light, affords a triplet ketyl biradical with a great affinity towards hydrogen ab-

straction from C-H bonds, followed by a recombination event, particularly facile with
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Gly residues. Therefore, tethering this aryl ketone to a protein provides a platform

to form a covalent bond with partners in the vicinity167.

On-protein radicals - Dimerisation of C-centred radicals is particularly facile

for the more long lived tyrosyl radical, which was taken advantage of to perform cross-

linking assays168. This property offered additional pathways, where the radical could

also be trapped with an external radical acceptor to perform bioconjugation reactions

(see Fig. 1.5b) in a site-specific manner driven by proximity of the photocatalyst to the

protein169. The tyrosyl radical could be generated using photoexcited [Ru(bpy)3]
2+,

or alternatively enzymatically, with horseradish peroxidase and hydrogen peroxide170.

Using a similar principle - the trapping of an on-protein radical - was utilised in

the previously described photoredox C-terminal selective modification101 of proteins

(see Fig. 1.7) and its Trp selective variant where the relatively stable Trp-skatolyl

radical could be trapped with Michael acceptors leading to effective C–H activation

of the Trp β-position121. Both of the methods were demonstrated only for peptidic

substrates, presumably due to the requirement of specific conditions; the first achieved

the selectivity through low pH of the reaction mixture, the latter inherently gave many

side products (e.g. with Lys).

In contrast, Nature has been freely using various radical intermediates to achieve a

multitude of transformations. Metal mediated biosynthesis of tyrosyl, tryptophanyl,

glycyl and thiyl radicals is used to perform further redox (electron transfer), C-C bond

cleavage or O2 evolution chemistry etc., essential in many metabolic pathways171.

Radical additions - More discriminatory synthetic transformations can be achieved

by utilising the commonly faster addition chemistry (no bond breaking event) and less
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reactive radicals (where transition states are late with a substantial radical character

on the acceptor site)172.

Following this idea, several methodologies have been investigated in recent years.

Minisci heterocycle modification with alkyl radicals established for small molecules

has been applied to peptides75 and was found to offer good selectivity for protonated

His residues - Fig. 1.4e. On the other hand, orthogonal reactivity could be found

for the N-centred phenothiazine radicals92 that primarily targeted Tyr residues -

Fig. 1.5g. Finally, certain fluoroalkyl radicals reacted with proteins123 displayed Trp

reactivity - Fig. 1.9d. However, the topic will be critically discussed in the next

Chapters of this thesis.

The reactivity of less reactive radicals has not been explored in depth for pro-

tein chemistry, with most reports being recent, probably partially due to the lack of

analytical tools for unequivocal determination of selectivity and notions of indiscrim-

inatory reactivity. The class of fluoroalkyl radicals investigated for protein chemistry

in this thesis will be further introduced.

1.2.2 General features of fluoroalkyl radicals

Properties

Historically, fluorinated radicals were quickly recognised to have different properties

from hydrocarbon based radicals, which prompted detailed studies of their structure

and chemistry. When treated as substituents fluorine atoms seem to exert mostly

electronic effects (as might be expected from the most electronegative element), with

steric effects being less pronounced due to the small size. This has a profound effect
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on the geometry of fluoroalkyl radicals, as they are primarily pyramidal - Fig. 1.14a,

leading to σ-character of the highly substituted species such as CF3 or CF2H
173. In

turn, this affects the reactivity of these radicals, as with increasing s-character of

the radical species SOMO (lower energy), interactions with the substrates HOMO

become more favourable, and hence electrophilicity becomes increasingly pronounced

(especially when compared with their hydrocarbon counterparts) - Fig. 1.14b.
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Fig. 1.14: a| Comparison of of methyl- and trifluoromethyl- radical geometries, b| Simplified

analysis of molecular orbital energies for radicals with different SOMO orbitals (methyl 9.8

eV, trifluoromethyl 9.3 eV)174 and the substrate, showing that the energy gap for (HOMO-

SOMO) and (LUMO-SOMO) can be used to explain the electrophilic and nucleophilic

character of each of the radical respectively151.

Therefore, highly fluorinated species are expected to react faster with electron-rich

species e.g. alkenes, which was indeed confirmed experimentally in many studies175.

Generation

Traditional methods for the generation of fluoroalkyl radicals are based on thermal

and photochemically activated homolysis of reactive precursors like fluorinated io-

dides, sulfonyl halides, diacyl peroxides or azoalkanes that have low compatibility

with the requirements posed by biomolecules173. With conditions restricted to tem-

peratures up to 37 ◦C, aqueous environment as well as the reluctance to use (protein
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damaging) UV light and transition metals, new precursor scaffolds and/or modes of

catalysis are necessary to investigate the potential of using these radicals in protein

chemistry.

A number of solutions operating under milder, aqueous or aqueous compatible

conditions were proposed in recent years involving single electron transfer either in

an oxidative or reductive manner, often photocatalytically, and sometimes electro-

chemically176. Notable examples, also from small molecule methodology, operating

under such conditions are presented below:

Rf

*[Ru(bpy)3]
2+

[Ru(bpy)3]
2+

450 nm

[Ru(bpy)3]
+

SET

CO3
2_ PySO2-Rf

CO3

_
PySO2

_
SO2

_

Rf-SO2

_

tBuOOHtBuO

tBuO

SET

I O

O

Rf
SET

ascorbate 

ascorbate 

_

_

Rf

O

S
O-Rf

N

S

O

O

OOCPhI

  (OCO)PhI -Rf=

==

b|a|

c|

Fig. 1.15: Overview of selected mechanisms for fluoroalkyl radical generation under mild

conditions. a| [Ru(bpy)3]
2+ photocatalytic reduction from pyridyl sulfone177, b| tert-butyl

hydroperoxide catalysed oxidative pathway from sulfinate salts178, c| ascorbate promoted

reductive pathway from hypervalent iodine compounds123.

(a) Visible light photoredox catalysis allowed room temperature fluoroalkylations of

numerous substrates with reductively activated radical precursors179, e.g. het-

40



erocycles using sulphonyl chloride and [Ru(bpy)3]
2+/blue light180, fluorinated

iodides and zinc phtalocyanine/red light181 or alkene fluoroalkylation with triph-

enylphosphonium bromide182. The same mode of catalysis was used to acti-

vate a more aqueous-compatible radical precursor class of heteroaryl sulfones

to achieve isocyanide fluoroalkylations177 - Fig. 1.15a.

(b) Chemical oxidative catalysis was applied to generate a CF3 radical from tri-

fluoromethanesulfinate salt in the presence of metals in semi-aqueous condi-

tions183. Further development using oxidative activation of that salt was re-

ported to achieve efficient heterocycle modification without metal catalysis178,

while the generality of the methodology and explicit compatibility with buffers

was demonstrated also for other fluoroalkyl sulfinates184 - Fig. 1.15b.

(c) Chemical reductive activation provided fluoroalkyl radicals185 from hypervalent

iodine compounds in a transition metal catalysed manner186 but was also refined

to metal free conditions187 - Fig. 1.15c. Eventually, the technology was applied

under truly biocompatible conditions with sodium ascorbate as a reductant123

(see Fig. 1.9d).

Reactivity

The principal reactivity of fluoroalkyl radicals is the addition to unsaturated systems

(usually several times faster than H-abstraction), with another useful pathway of sub-

stitution reaction based on the SRN1 mechanism (Unimolecular Radical Nucleophilic

Substitution) for perfluorinated halides173.

This has been thoroughly exploited in small molecule synthesis methodologies150,179.
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Interestingly, from the perspective of protein chemistry reactions on compounds re-

sembling side chains of Trp, His, Phe, Tyr and Cys have been reported.

Indoles - Being a medicinally relevant heterocycle, a number of methodologies

have been developed for indole fluoroalkylations. The regioselectivity of the radical

addition depends on the substitution pattern, especially in the nitrogen containing

ring. With the C3 position blocked, as for Trp, the dominant modification occurs

on C2188. The agreed upon mechanism for this transformation is shown in Fig. 1.16

and it starts with addition of the free radical to C2, generating a stabilised radical

on C3. In a typical course of the reaction, the resultant species is oxidised by a single

electron transfer to the carbocation that then aromatises upon proton abstraction -

Fig. 1.16a.
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Fig. 1.16: Mechanism of free radical addition to C3-substituted indoles - an example of

oxidative trifluoromethylation189.

However, in the presence of a suitable internal nucleophile, the intermediate carbo-

cation can be trapped to form a spiropyrrolidinoindoline189 - Fig. 1.16b.

Imidazoles - Similar attention was devoted to the modification of imidazoles with
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many available strategies190. Fluoroalkylations of unsubstituted imidazoles tend to

give a mixture of products with some formed in an excess191. Similarly, initial results

for trifluoromethylation of His residues suggested that the radical addition leads to the

formation of a mixture of isomers modified at both available positions192. More recent

results on a wider range of radicals suggest higher selectivity for C2 modification75,78.

Phenols/phenyls - Simple aromatic systems with various substituents can also

be efficiently modified by the fluoroalkyl radicals176,179. It does not come as a sur-

prise that groups with the electron donating character (e.g. hydroxyl group) provide

higher reactivity of the ring. In the case of a single alkyl substituent (Phe analogue),

almost an equal mixture of all possible isomers were formed with trifluoromethyla-

tion193, while para-substituted phenols were modified primarily at positions ortho

to the hydroxyl group, with a significant amount of multiple addition products also

formed183,194.

Thiols/disulfides - Trifluoromethyl radicals have been used for disulfide split-

ting in various substrates, including amino acids195, leading to the formation of the

pharmaceutically relevant SCF3 group. A similar transformation was proposed for

free thiols and thiolates using a range of conditions and radical precursors196. Not

surprisingly, the methodology could also be extended to perfluoroalkylations197.

In summary, the reactive side chains of native residues and probable positions for

fluoroalkyl radicals attack are shown in Fig. 1.17.
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Conclusions

Radical chemistry has proven to be compatible with proteins, creating useful con-

structs, and delivering unique tools for relevant studies in chemical biology. However,

the review of the available literature clearly shows it is underutilised for synthetic

transformations on native proteins. At the beginning of this research project, there

were no comprehensive studies on the radical fluoroalkylations of complex peptides,

yet alone proteins. As such, the outcome of such transformations with respect to both

reactivity and selectivity was unknown at the start of the project. The idea to per-

form trifluoromethylation on proteins was proposed in one report198 dealing with Cys

electrophilic trifluoromethylation in peptidic substrates. In this report, a competitive

reactivity of Trp residues was observed, but in-depth studies were not performed. As

the authors themselves admitted, the study should be treated preliminary, awaiting

optimisation, scaling up and demonstration of applications.

The last part of the introduction will look at current methods for the generation
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of fluorinated proteins as well as their general utility and applications in the field of

chemical biology.

1.3 Fluorination of proteins

An additional motivation for the development of a chemical strategy for protein mod-

ification based on fluoroalkyl radicals can come from the fact of fluorine introduction.

Interestingly, considering its relatively high abundance as an element, it is rarely en-

countered in biological settings199. However, fluorine’s unique properties can have a

profound impact on the physicochemical properties of the compounds, example being

regulation of neighbouring groups pKa and impact on hydrophobicity - effects that

have been readily exploited in medicinal chemistry200 as well as other fields201. These

benefits have also been utilised in the field of chemical biology for the development

of small molecule reagents such as uniquely reactive probes for activity-based protein

profiling, affinity labelling, protein foot-printing and cross-linking202.

Similarly, when introduced into biomolecules, fluorine can provide a range of appli-

cations both as an analytical probe203 and a structural component204. This method-

ology has been gaining momentum with the ‘re-discovery’ of protein observed 19F

NMR (PrOF) e.g. for studying enzymatic mechanisms26,27 and has been finding new

applications in engineering and influencing protein activity/stability205,206. The next

section will deal with methods for the generation of fluorinated proteins.
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1.3.1 Generation strategies

There are two main approaches for constructing proteins containing fluorinated residues:

biosynthetic, where fluorinated residues are incorporated at the time of expression,

and chemical, in which the protein is decorated with fluorine groups after the expres-

sion takes place.

Biosynthetic methods

There are several ways to bio-incorporate fluorinated amino acids into proteins, the

choice of which often depends on the aim of the study207. If a precisely positioned la-

bel is needed, then genetic code expansion provides the best results. A stop codon can

be inserted into a desired position and its natural function suppressed by a designed

tRNA carrying the desired fluorinated amino acid analogue, resulting in its site spe-

cific incorporation during translation208. Though powerful, its use requires substan-

tial effort towards developing efficient orthogonal tRNA/aminoacyl-tRNA synthetase

pairs. Notably, this technology was used to install a single Phe-CF3 residue which

was subsequently used as a protein structure and reactivity probe in vivo209. Exam-

ples of other incorporated structures are shown in Fig. 1.18a. On the other hand, if

a higher amounts of fluorinated protein residues are needed, this technique becomes

impractical and the global substitution of a residue is preferred. Such methods can

successfully yield highly fluorinated proteins and have been commonly practised, also

due to their relative operational simplicity204.
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Fig. 1.18: Selected examples of biosynthetically accessible residues for protein fluorina-

tion207. a| Selected amino acid structures that can be incorporated using stop codon re-

assignment technology, b| Amino acids that can be substituted with fluorinated analogues

for residue specific incorporation.

Since hydrogen to fluorine substitution is generally non-perturbing, endogenous

cell machinery can be used for ribosomal synthesis of a modified protein in an aux-

otrophic host cell supplemented with the fluorinated amino acid analogue. The main

constraint of this method is the repertoire of fluorinated AA analogues that is lim-

ited by the similarity to their native counterpart. Nevertheless, fluorinated proteins

accessed using this methodology have been used to study, among other examples,

enzyme dynamics210. Typically targeted residues are shown in Fig. 1.18b.

Chemical methods

Although biosynthetic methods can be applied universally, it is only via chemical

methods that 18F-labelling can be realised due to the short half-life (≈ 110 min) of

this radioisotope. In this case, the fluorine introduction can also be achieved either in

a site- or residue-selective manner. For the first, it is possible to chemically position a
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label in a site-specific manner using engineered proteins via ‘Tag and Modify’ strategy.

In practice, this is most often achieved via site-directed mutagenesis to introduce a

Cys residue in the position of interest and careful alkylation with a fluorine containing

prosthetic group (alkyl halide)211. An additional reason for the success of this type

of strategy is the commercial availability of the reagents - Fig. 1.19a. Robustness was

demonstrated when this method could be used to characterise the conformational

landscape of a cell surface receptor212.
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Fig. 1.19: a| Analysis of a typical (commercially available) reagent for introduction of 19F

tag into proteins211, b| Analysis of a typical reagent for introduction of the 18F tag into

proteins213.

In principle, any other method (e.g. discussed in section 1.1.2) that achieves site-

specificity, can be used, provided that the prosthetic group is equipped with fluorine.

In practice, such strategies are rarely employed for analytical purposes (NMR) as

the necessity of a lengthy linker can significantly perturb the protein structure and

render the studies less relevant. On the other hand, this seems to be of lesser im-

portance when it comes to 18F-labelling, as it is often achieved via residue specific
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chemistry (Lys, Cys). This strategy is particularly popular for the antibody radiola-

belling, where high reactivity and fast kinetics are the prevailing factors213. Typical

construction of the reagents is presented in Fig. 1.19b. Sometimes 18F-labelling can

be achieved with readily available derivatives of radiolabelled glucose, for example by

reaction with Cys/Dha tagged protein214. On the other hand, apart from introduc-

ing a prosthetic with the [18F]C-F bond, radiofluorination can be achieved via direct

boron-fluorine and silicon-fluorine bond formation or via chelation with aluminum

complexes, requiring corresponding functionalities to be attached to the protein215.

Highly fluorinated proteins are most efficiently obtained through chemical synthe-

sis, which although laborious and limited in protein size, allows a complete freedom

in the design216. It is worth noting the technical progress that has been achieved

in this area, for example by the application of automated flow chemistry217, holds

promise for a more widespread utilisation of protein synthesis in coming years.

1.3.2 Applications

Broadly speaking, the applications of fluorinated proteins can be grouped into two

categories, analytical and structural. General overview of the most typical use is

presented in Fig. 1.20 and briefly discussed below.
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Fig. 1.20: Overview of fluorinated protein applications highlighting the role of fluorinated

residues as analytical probes203,213 or structural elements218,219.

Fluorine as a probe

One of the most long standing220 and recognised applications for proteins with fluori-

nated labels is their use in protein observed 19F NMR. The particular characteristics

of the fluorine nuclei provide great advantages in these types of experiments203:

• background free signals (fluorine is absent from biology),

• high sensitivity of the chemical shift to the local environment (structure per-

turbation analysis),

• good experimental sensitivity, standard instrumentation, 100% natural abun-

dance of the NMR active isotope (similar nuclear properties to proton: gyro-

magnetic ratio, spin of 1/2),
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• large chemical shift dispersion (prevents signals overlap),

• large dipolar coupling (activity in nOe (nuclear Overhauser effect) based exper-

iments),

• relatively small van der Waals radius (minimal impact labels)221.

Therefore, it does not come as a surprise that fluorinated proteins have been

used in a wide range of NMR experiments. Although, 19F NMR analysis of small

molecule ligands is already an established technique for fragments/hits screening, it

is obviously constrained to fluorinated molecules222. However, the same technique

can be applied for any potential ligand if analysed from the perspective of the pro-

tein. Thanks to perturbations in the protein folding, reflected in the chemical shift

change, the thermodynamics of the interaction can be quantified223. As mentioned

before, most prominent examples are based on investigating peak shape/position and

their relationships with a conformational change of the protein, occurring in a vari-

ety of biological processes like (mis)folding, aggregation, protein-partner interactions,

etc.203,210,212. The resolution of data could be further enhanced by employing addi-

tional 13C-labelling and novel NMR experiments, demonstrating an ongoing need for

labelling techniques224.

Although suffering from broadened signals, the experiment is also amenable to

in cell studies, with the potential to provide information about the proteins in their

natural environments225.

The other important application of fluorinated proteins is their use in clinical

diagnostics upon labelling with the radioactive isotope - 18F, followed by the PET

51



(positron emission tomography) imaging226. This isotope is typically produced in a

cyclotron, upon proton bombardment of [18O]H2O, as a fluoride ion and then incor-

porated into a protein using a prosthetic group as discussed previously. The nuclei

are unstable and upon the decay they release a positron which recombining with a

nearby electron produces two γ rays that can be detected via the PET camera. Since

both photons are released along a parallel axis in an opposite direction, coincidence

detection and 3D reconstruction allows creation of an image227. This mode of imag-

ing is especially valued in in vivo studies, as it is non-invasive and requires trace

amounts of material, avoiding potential toxicity issues. Therefore, radiofluorination

of antibodies and their fragments, with affinity for molecular targets implicated with

a given disease, has been increasingly popular213.

One can also note that fluorinated groups can serve as a mass spectrometry la-

bel159, as discussed briefly earlier, although the advantage of fluorine here would lie

from reactivity perspective rather than a unique detection mode.

Fluorine as a structural element

The other major application is the use of fluorine to manipulate structural features

of proteins. Perfluorocarbons, in addition to being chemically nonreactive, are also

particularly hydrophobic, which allow for the rational substitution of amino acids

of this character to their fluorinated analogues. Crystallographic studies have found

that such a change tends to preserve the side-chain’s shape with a minimal increase in

volume, which usually conserves the fold and strengthens the hydrophobic effect218.

Therefore, the overall impact results in stabilisation of the protein structure, how-
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ever, the exact effect seems to be poorly predictable at the moment. Particularly

good results were achieved when targeting a defined α-helical secondary structure,

while replacing other amino acids in the hydrophobic core of proteins was shown to

cause slight destabilisation204. The potential to increase resistance of enzymes (to de-

naturation, proteolysis, oxidative damage etc.) by fluorination could be of particular

interest in industrial or clinical settings.

On the other hand, fluorinated residues can also influence the catalytic perfor-

mance of proteins when positioned in the active site. As such, they can be used to

identify of functional residues (e.g. upon changes in their properties like nucleophilic-

ity)219. In one example, a fluorinated analogue could restore activity of a mutant

protease inhibitor, effectively serving as a mimic of a polar residue205.

Conclusions

Fluorinated proteins proved to be increasingly impactful in various chemical biol-

ogy experiments. However, their widespread use seems to be hampered by the

scarcity/availability of strategies for fluorine introduction. Biosynthetic methods can

deliver proteins suitable for most current applications, with a notable exception of ra-

diolabelling, and therefore it is beneficial to develop possible complementary chemical

strategies that can be used for 18F introduction.

Interestingly, from the point of view of protein observed 19F NMR studies, ob-

servation of fluorinated aromatic residues is especially noteworthy. Their relatively

low abundance and widespread distribution in the hydrophobic regions of proteins is

often beneficial to observe and analyse ligand interactions228. However, there are no
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chemical methods for specific direct fluorination of these residues with minimal size

tags.

1.4 Aims of this thesis

As introduced above, the chemical modification of proteins provides enabling tools

for studying biology. Exquisite solutions have been proposed for the labelling of

engineered proteins using ‘Tag and Modify’ strategy. Methods for ‘classical’ biocon-

jugation chemistry of native proteins have been greatly optimised in recent years. An

ever growing number of strategies makes it possible to target novel residues, however,

the need for robust, generally applicable and operationally simple methods still re-

mains. Focusing our attention on radical chemistry, which may fulfill these criteria,

we sought to investigate the possibility to advance the field through novel applications

to native proteins. Specifically, we chose fluoroalkyl radicals, which apart from yield-

ing a new bioconjugation strategy could provide a new way to introduce fluorine into

proteins. A review of the literature, revealed their favourable reactivity patterns and

a promising progression in biocompatible radical generation. Strikingly, there have

been few studies about their selectivity in peptide/protein chemistry. Therefore, the

specific aims that are to be addressed in this thesis include:

1. assessment of the reactivity and selectivity for chosen fluoroalkyl radicals for

protein modification,

2. investigation of developed methodologies for adaptation to 18F radiochemistry,

3. evaluation of the methodology as a potentially generally applicable bioconjuga-

54



tion strategy for native aromatic residues modification,

4. characterisation and exploration of possible applications of prepared fluorinated

constructs, especially in relevant fields like protein observed 19F NMR.

The aims of this thesis fit the current challenges in protein chemistry, where

exploration of new methodologies (here radical) is envisioned to push the frontiers

and open up unprecedented applications229.
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Chapter 2

Selective trifluoromethylation of
native residues in proteins



Abstract

Chapter 2 initiates the research on radical protein fluoroalkylation by the study of

trifluoromethylation - a transformation opening applications in protein observed 19F

NMR. Trifluoromethyl sulfinate was demonstrated to be a protein compatible radical

precursor following oxidative initiation. Detailed studies of this system were con-

ducted to understand the reaction characteristics using substrates of several levels of

complexity. These model systems revealed the possibility of chemoselective targeting

of one amino acid side chain over others - namely the indole motif of tryptophan.

Selectivity conclusions coming from these studies were evaluated using a range of

techniques and tested in many case-studies revealing a more complex picture, in

which the specific protein (hetero)aromatic content may dictate the fine ratios of the

products. Nevertheless, the prepared constructs, containing a uniquely positioned

chemically introduced trifluoromethyl groups, were amenable to protein observed 19F

NMR studies, allowing access to sensitive assays for the elucidation of ligand binding

and structural changes.
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2.1 Introduction

To investigate the radical fluoroalkylation of native residues in proteins, trifluo-

romethylation was chosen as the first project. From the reactivity perspective, many

precedents in the literature suggested high reactivity with (hetero)aromatic residues,

as discussed in the previous chapter183. Additionally, one may speculate that the

fairly small trifluoromethyl radical may not be influenced by the steric hindrance,

and hence will provide a comprehensive reactivity profile independent of the con-

gested environment of protein residues. Furthermore, a CF3 tag is preferred for

protein NMR applications, providing a superior sensitivity multifluorine system. It

also displays favourable chemical shift anisotropy properties, which leads to a more

narrow fluorine NMR signal, particularly helpful in the study of larger biomolecu-

lar complexes230. Finally, there are variety of established generation methods, which

should provide ample screening opportunities231. Therefore, trifluoromethylation was

chosen as both a methodology that can be used to establish and evaluate the workflow,

as well as one that can provide attractive applications.

At the beginning of this project, there were few reports on the trifluoromethylation

of complex biomolecules, including preliminary studies for peptides198 or non-selective

radical profiling159 (see Chapter 1). However, after the publication of the results

of this project232, several new contributions appeared (predominantly dealing with

peptide modifications)123,194,233,234, which are discussed at the end of this chapter.

The problem of fluoroalkylation in aqueous media has been considered in Chapter

1.2.2. Overwhelming number of studies on radical trifluoromethylation have been
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performed using trifluoromethyl sulfinate (as a sodium salt - NaTFMS), initiated

with an organic oxidant176 - and the general mechanism was discussed in detail in

Fig. 1.15b. Moreover, trifluoromethylation of small molecules with this reagent was

reported to be successful under protein biocompatible conditions, and importantly,

did not impede the function of a protein that was present in the buffered aqueous

reaction mixture184. From a broader perspective, a system based on sulfinates can

also be used to perform other fluoroalkylations, as the radical generation event was re-

ported to be universal for various fluoroalkyl groups. Additional desirable features of

this system are the commercial availability, excellent solubility in aqueous conditions,

and many adaptable redox initiation modes (photocatalytic etc.)235. Accordingly,

trifluoromethyl sulfinate/oxidant system was chosen as the platform for generating

CF3 radicals.

The results are presented starting from the small molecule reactivity confirmation,

along with an assessment of selectivity. Next, the reaction was translated towards

peptide modification, and then studied extensively using a model protein. Finally,

the methodology was applied to further protein substrates for which proof-of-concept

protein observed fluorine NMR experiments were conducted232.

2.2 Small molecule and peptide model

2.2.1 Reactivity

The investigation started with an assessment of the reactivity using model small

molecules - unprotected amino acids, reacted with an excess of reagents in a fully

aqueous buffered solution - typical conditions used for protein chemistry. For the
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screening, 19F NMR was utilised, taking advantage of the characteristic chemical shift

of the trifluoromethyl group attached to the aromatic system (ranging from −52 to

−87 ppm)236. To identify the side products, first, a ‘blank’ reaction was investigated,

which revealed formation of several new species - Fig. 2.1a.
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Fig. 2.1: 19F NMR analysis of amino acids trifluoromethylation. a| Spectrum of the reaction

mixture without the AA substrate with peaks assignment. b| Spectrum of reaction mixture

with Cys as the substrate. 2,2,2-Trifluoroethanol (TFE, −77.7 ppm) was used as an internal

standard.

Starting downfield; two, relatively weak but distinct triplets were identified as the

most likely products of a background reaction with acetate from the buffer. One (at

−64.6 ppm), could be identified as 3,3,3-trifluoropropanoic acid by comparison of its
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1H and 19F chemical shifts and coupling constants with those reported in the litera-

ture237. These signals were absent when the experiment was repeated in a reaction

mixture without the ammonium acetate (see Fig. 2.2 blank−). Continuing upfield,

the peak at −79.8 ppm was attributed to the oxidised derivative of the NaTFMS -

triflate, while the next one at −88.4 ppm was the reagent itself236. Shielded peaks

at −122 pm and −132.2 ppm (with visible 29Si satellites) may indicate the presence

of inorganic fluorides (in the different pH dependent forms) and other side products

from a reaction with the glass238. Such an assignment allowed ready identification

of the peaks coming from the reaction with the amino acids, as shown in the case of

Cys - Fig. 2.1b.

Using this 19F screening method, the reaction was repeated for all the native AAs,

all residues yielding prominent products were identified - Fig. 2.2 (corresponding to

>1% conversion as integrated versus the internal standard). As expected, only amino

acids with (hetero)aromatic side chains (as well as free Cys) yielded a distinct set

of singlet signals. Immediately evident was the superior reactivity of the Trp, His

and Cys residues, reaching >20% relative conversion. The other amino acids yielded

only the common side products present in the blank reaction (−61.6 ppm and −64.6

ppm). In the cases of His, Phe and Tyr, the observed signal pattern resulted from the

formation of multiple regioisomers as well as double addition products as confirmed

by LC-MS analysis. Only Trp and Cys gave close to a homogeneously modified

fluorinated product, prompting a more detailed investigation of these species.
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Fig. 2.2: Fragments of 19F NMR spectra recorded after 48 h of reaction for the unprotected

AAs and controls (blank−: no AA, non-buffered conditions, blank+: no AA, 1 m ammonium

acetate pH 8). [a] Tyr was not fully soluble under the reaction conditions (with a solubility

of 1.3 mg/mL (∼13%) by the quantitative 1H NMR analysis). [b]Main peak for the reaction

with Cys was shown in Fig. 2.1b.

Reaction with Cys turned out to yield the S-trifluoromethylated compound -

CysCF3, but also predominantly formed an abundant white precipitate, subsequently

identified as an insoluble oxidation product - cystine - Sch. 2.1.
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Sch. 2.1: Radical trifluoromethylation of cysteine (30 µmol, 50 mm).

On the other hand, trifluoromethylation of Trp led to the isolation of C2 derivative -
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TrpCF3, in a much better yield - Sch. 2.2. The fluorine chemical shift of this com-

pound (−58.7 ppm) matched the most prominent from the crude reaction mixture.
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Sch. 2.2: Radical trifluoromethylation of tryptophan (90 µmol, 50 mm, n = 3).

This preliminary data suggested that the proposed trifluoromethylation protocol may

be suitable for a chemoselective Trp reaction, therefore further investigation of the

various reaction parameters was performed for this AA. The reaction was repeated

under a variety of conditions and the conversions after 48 h were determined via

quantitative 19F NMR analysis - Tab. 2.1.

Tab. 2.1: Screening of different conditions for the Trp trifluoromethylation. In all cases 2.5

eq of tBuOOH was used on a 30 µmol AA scale at concentration of 50 mm.

Entry Buffer/pH NaTFMS Additional Conversion

[eq] conditions [%]

1 D2O 10 - 35

final pD ∼2

2 100 mm NH4OAc pH 8 10 - 49

final pH ∼5

3 1 m NH4OAc pH 4 7.5 - 27

4 1 m NH4OAc pH 6 10 - 56

5 1 m NH4OAc pH 6 10 500 rpm stirring 54

6 1 m NH4OAc pH 6 10 5 eq ZnCl2 50

7 1 m NH4OAc pH 8 7.5 - 36

8 1 m NH4OAc pH 12 10 - 0

The main conclusions from these experiments are summarised below:
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• If the reaction was performed under the non- or weakly-buffered conditions

(entries 1 and 2), a rapid acidification was observed, which is in agreement with

the proposed mechanism178 - as discussed in Fig. 1.15b.

• The highest conversions, reaching around 50% after 48 h, were achieved in

neutral pH, buffered reaction mixtures (entries 2, 4, 5 and 6).

• Stirring seemed to have little or no effect on the observed conversion (entry

5). As a standard procedure, the reaction mixtures were not stirred as it was

previously found to give detrimental results178.

• Established protocols highlight role of zinc salt in achieving an efficient trans-

formation184. However, here the presence of ZnCl2 (entry 6) did not affect the

observed conversion.

In the next step, 19F NMR was employed to monitor the conversion to the TrpCF3

product under different conditions - Fig. 2.3.
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Fig. 2.3: 19F NMR time-course of Trp trifluoromethylation, with quantification of the con-

version to the main product at −58.6 ppm, under different conditions (see entries in Tab. 2.1

for details), dotted lines show apparent fit.
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Most of the reactions under buffered conditions had a similar profile, confirming

the small influence of stirring or the presence of Zn2+ (green and blue). Interestingly,

all of the reactions were characterised by an induction period (no product after the

first 4 h and an even longer time for the reaction under non-buffered conditions)

with the maximum conversion limited by further reaction of the trifluoromethylated

product. This was indicated by a decrease in the amount of product post 48 h,

most likely due to double/multiple CF3 additions as supported by an increase in the

number of signals in the (−50 to −65) ppm region.

In order to further investigate side products formation an extended NMR analysis

was carried out - Fig. 2.4.
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Fig. 2.4: Comparison of the 19F and 1H NMR monitoring of Trp trifluoromethylation. An

analysis of the absolute intensities revealed the further reactivity of the TrpCF3 product.
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This was aided by the additional quantitative 1H NMR monitoring of the absolute

TrpCF3 signal (C5 proton), with the conversion determined as a ratio of the product

intensity versus combined substrate and product intensities. The experiment con-

firmed the clean formation of the desired product in the first phase of the reaction

(<48 h), as 19F and 1H NMR conversions were in agreement and the sum of the 1H

NMR intensities for the product and the starting material remained constant. In

the second phase of the reaction, both parameters started to vary, confirming the

emergence of side products.

2.2.2 Selectivity

The next question was to determine if Trp residue chemoselectivity could be conserved

in the presence of other reactive amino acid residues. To evaluate this, a simple limited

conversion competition model was applied under various conditions. An equimolar

mixture of the previously identified reactive amino acids (Trp, Tyr, Phe, His, Cys and

Met as a potentially oxidisable additive) was prepared in a buffer of a desired pH.

Each mixture was analysed at both pH 6 and pH 8 and with or without Cys. After

48 h, the crude reaction mixture was filtered and analysed by quantitative 19F NMR

to determine relative conversions - Fig. 2.5. This experiment revealed preferential

formation of the desired product in all cases. The presence of free Cys, especially at

high pH, reduced the conversion to the TrpCF3 product but had little influence on

the relative selectivity. In its absence, at the higher pH, TrpCF3 was formed only

marginally faster, with a krel ∼ 5 versus His. On the other hand, at lower pH, the

desired product formation was substantially favoured, with a krel ∼ 28.
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Trp −58.7 28.8 36.8 19.5 33.8

His −60.6, −64.4 4.1, 1.5 0.9, 0.4 2.6, 1.1 0.5, 0.3

Phe −63.3 0.6 0.3 0.3 0.3

Tyr −62.5 1.6 1.3 0.8 1.0

Cys −42.2 - - 1.5 0.9

Fig. 2.5: Trifluoromethylation of Trp in direct competition with other reactive AAs. a-b|
Fragments of the 19F NMR spectra of the reaction mixtures in the competition experiment

(with and without Cys) at different pH a| pH 8, b| pH 6. In the table: conversions to

fluorinated products and the position of their signals.
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The most likely explanation of this result is that the electrophilic trifluoromethyl

radical has a lower affinity for the protonated His residues, present more abundantly

at pH 6 (pKa ∼ 6.6)239. Even lower pH values were not considered as they are unlikely

to be broadly applicable in protein chemistry.

Finally, the experiment was repeated in 10x lower concentrations (closer to con-

centration regimes for biomolecule modifications and ensuring the full solubility of

Tyr), which yielded a similar result, with krel ∼ 15 caused by a slightly higher Tyr

reactivity. However, the overall TrpCF3 conversion was as low as 3%, indicating

a very slow reaction in such conditions, which may not have reflection for protein

modification.

2.2.3 Peptidic substrates

Having established chemoselectivity on Trp in the presence of other AAs, the reaction

was assessed on peptidic substrates. Initially, the trifluoromethylation reaction was

tested on the doubly protected Trp substrate NATA, which proceeded with the same

regioselectivity, albeit in lower yield - Sch. 2.3. This was most likely due to the

addition of DMSO as a co-solvent, needed for substrate solubilisation.

tBuOOH

NaO
S

O

CF3

DMSO/1 M NH4OAc pH 6

2:1
 0 oC to rt, 48 h

10 eq

2.5 eq

O

H
N

H
N

NH2

O

O

H
N

H
N

NH2

O
CF3

(12 ± 4)%
NATA NATA-CF3

Sch. 2.3: Radical trifluoromethylation of N -acetyl-tryptophanamide (90 µmol, 45 mm, n =

2)

Next, melittin, a 26-residue peptide with a single Trp was chosen to further in-
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vestigate the reaction. Importantly, this biomolecule does not have any other poten-

tially reactive residues and the progress of the reaction can be monitored in a semi-

quantitative way via LC-MS. It quickly became apparent that in order to achieve

appreciable conversion using a low concentration of the peptide (∼hundreds µm),

a much higher excess of the other reagents was needed - Fig. 2.6a. However, this

also resulted in a rapid over-modification, the extent of which depended on the spe-

cific conditions used - Fig. 2.6b. Careful balance between the reaction time and the

reagent excess had to be struck in order to observe only the singly trifluoromethylated

product.

An optimal condition window was identified: short (∼mins) reaction time, ∼

(1 − 20) mm ≡ hundreds of equivalents of the radical precursor and a magnitude

lower excess of oxidant at temperature of 0 ◦C. LC-MS/MS analysis of the reacted

peptide digested with trypsin revealed Trp19 as the only site of CF3 modification -

Fig. 2.6c. Analogously, oxidative damage side products, typically encountered for Trp

residues240, were also found, but in a lower relative intensity. It was also observed

that the presence of Met was beneficial to reduce the undesired oxidation of the

substrates. This was to be expected, as previous work has shown that Met serves as

a sacrificial redox buffer241. Further optimisation of conditions was not performed as

it was envisioned for the protein substrates of higher complexity.
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Fig. 2.6: Trifluoromethylation of the model peptide - melittin. a| Deconvoluted mass spec-

tra for the starting material (black dot) and the reaction mixture after 10 mins, revealed

conversion to dominant singly trifluoromethylated product (blue dot), among a low level

of side products (green dots), b| LC-MS timecourse experiment under shown conditions,

demonstrating the need for parameter screening for optimal conditions. c| LC-MS/MS

analysis after tryptic digest identified Trp as the main site for both the desired (CF3) and

undesired modifications (with speculated identity based on the detected mass difference).
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Together, the results from both the small molecule and peptide models suggested

that upon optimisation of the reaction conditions, Trp selective trifluoromethylation

may be possible for a more complex protein substrate.

2.3 Protein trifluoromethylation

2.3.1 Myoglobin as a model protein

Equine heart myoglobin (eqMb) was employed as a model protein, as it is an excel-

lent representative example of globular proteins. This small, natural, and abundant

protein possesses 153 amino acids (and a molecular weight of 16,951 Da), with 2 Trp

(Trp7, Trp14), and 20 other aromatic residues (11 - His, 7 - Phe and 2 - Tyr) and im-

portantly, no Cys. Interestingly, it was the first protein to have its structure precisely

determined via X-ray crystallography242. This study revealed that the polypeptide

chain is made up of 8 alpha helices, which in total make up 75% of the structure. The

Trp residues are buried inside the compact globular structure, as are most of the other

(hetero)aromatic residues. A theoretical investigation of residues solvent accessibility

revealed that only His48, His81 and Tyr147 are relatively exposed - Tab. 2.2.

It is worth to keep in mind that the biochemical function of myoglobin is the

storage of oxygen, enabled by a tightly but non-covalently bound prosthetic group: a

ferrous heme that also causes this protein to be coloured and to absorb visible light

additionally tying the protein structure with function243.
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Tab. 2.2: A solvent accessibility map of potentially reactive residues in myoglobin (PDB:

1YMB). Solvent accessible surface (SAS) was calculated with Chimera software (v. 1.11.2)

using default probe radii244. The relative exposure (rel. exp.) was assessed by a comparison

of the solvent excluded area by a Xaa residue in this protein versus one excluded in the

tripeptide Gly-Xaa-Gly245.

Residue SAS [Å2] Rel. Exp. [%] Residue SAS [Å2] Rel. Exp.[%]

W7 15.4 29 H93 52.2 46

W14 6.6 35 H97 74.5 61

H24 7.8 22 Y103 36.7 42

F33 5.8 13 F106 28.2 37

H36 56.8 44 H113 81.5 67

F43 52.0 49 H116 68.1 57

F46 0.8 11 H119 33.2 39

H48 108.5 75 F123 8.8 30

H64 41.3 45 F138 20.5 49

H81 141.6 82 Y147 173.4 82

H82 5.0 23 F151 36.2 45

2.3.2 Reaction optimisation

The translation of the conditions developed for the peptide straightforwardly led to

the clean trifluoromethylation of eqMb as evident by LC-MS analysis. To maximise

the Trp trifluoromethylation (i.e. double trifluoromethylation, with no side prod-

ucts or starting material present), the reaction time and the reagent stoichiometry

were investigated to find the optimal values. To ensure a general applicability (for

more sensitive proteins), it was decided that Met as an additive as well as a lower

temperature would constitute default conditions.

Similarly as for the model peptide, no products were observed using a low excess

of reagents (NaTFMS, tBuOOH < 50 eq). However, using higher amount of the

reagents, a single trifluoromethylation modification occurred within minutes, with the
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double addition product following shortly after - Fig. 2.7b-c. Therefore, 10 minutes

was chosen as the standard reaction time. From there, it was found that an increase

in the amount of the oxidant did not significantly increase the conversion - Fig. 2.7d,

which was much more easily manipulated with an excess of the radical precursor -

Fig. 2.7e. Again, using a much larger excess of NaTFMS (> 400 eq), the side products

became the prominent species, highlighting the need of the timely termination of the

reaction, here with the persistent radical - 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-

oxyl (TEMPOL), added just before LC-MS analysis.

The main side reaction observed was over CF3-ylation with minimal appearance

of oxidised species. This can be understood in light of the fact that sensitive residues

are buried inside the hydrophobic core of the protein, and hence not readily accessible

to the solvent (SAS for Met55: 1.56 Å2, Met131: 0.64 Å2). Conducting the reaction

at lower pH 4, in which eqMb is partially unfolded246, led to the appearance of an

oxidation pattern, as evidenced by the characteristic ∆m = +16 Da adducts in the

mass spectrum. Interestingly, the protein was also slowly oxidised in neutral pH,

but only in the absence of the radical precursor. However, since this reactivity was

essentially absent if an excess of NaTFMS was added to the reaction mixture, and as

such, full engagement of the oxidant in the radical generation process can be deduced.
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Fig. 2.7: Investigation of myoglobin trifluoromethylation. a| Reaction under optimised
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formation of trifluoromethylated products (∆m = +68). b-e| Investigation of time and

reagent excess influence on the formation of products.
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2.3.3 Selectivity assessment

To confirm the modification site, a sample of modified eqMbCF3 (under the optimised

conditions) was digested with trypsin and the resultant peptides were analysed by

LC-MS/MS - Fig. 2.8a.
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Fig. 2.8: Results of LC-MS/MS analysis (n = 3) of eqMbCF3 reacted under standard condi-

tions and digested with trypsin. a| The double CF3-ylated peptide (at Trp residues) could

be identified via its fragmentation pattern, b| Quantification of different tryptic peptides

with single CF3 group. The relative modification was calculated by an intensity comparison

of the singly modified peptide (on one of the residues marked with red) to that of all forms of

the peptide (unmodified etc.). Results were averaged for three samples, with the error bars

indicating the standard deviation. The data was not normalised for the difference in the

absolute intensity displayed by the peptides and therefore cannot be treated quantitatively.

75



Unsurprisingly, this revealed Trp7 and Trp14 as the main trifluoromethylated residues,

among a low background of modified His - Fig. 2.8b. Due to the tryptic digest

specificity a few shorter peptides were not detected. However, the overall coverage

amounted to 86% and covered the key Trp residues as well as majority of the His

residues (10/11).

In the next step, residual modification of AAs other than Trp was correlated with

their calculated solvent accessible surface to verify if this could be a factor enhancing

reactivity - Fig. 2.9a.
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The Spearman’s correlation coefficient equaled −0.01, suggesting that there is no

correlation between the two variables. The same result was obtained when the analysis

was based on the relative exposure (not shown). Similarly, no correlation between the

reactivity of the His residues and their predicted pKa was found - Fig. 2.9b, with a

Spearman’s coefficient of −0.13. These results suggested that the modification might

be statistically distributed across the residues or that the MS measurements did not

yield accurate quantitative data preventing this type of analysis.

In the next step, NMR was employed to confirm the selectivity of the trifluo-

romethylation procedure. To prepare a sample, the reaction was upscaled 200 times,

which allowed recovery of >70% protein was post modification as quantified via UV-

VIS spectroscopy. The spectrum of natively folded eqMbCF3 displayed two main

peaks in the region of interest, most probably arising from two different Trp residues

in non-equivalent positions within the folded protein - (Fig. 2.10a - blue). To prove

this, the protein was either denatured with 10 m urea - (Fig. 2.10a - grey) or digested

with trypsin - (Fig. 2.10a - black) - both of the operations should led to normalisa-

tion of the local environment and an effective collapse of the chemical shift to this

displayed by the small molecule TrpCF3 - (Fig. 2.10a - shaded, −58.7 ppm). This

was indeed observed in the experiment.

Moreover, the superior Trp selectivity was confirmed as, although visible in the

spectrum, peaks corresponding to modified His accounted for only ∼20% of the total

signal intensity. From this result, considering 5.5 fold excess of the His residues and

assuming no protein environment effect, the reaction with Trp was approximately

>20 times faster (krel ∼ 24) than that with His, and is in rough agreement with the
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conclusions from the model studies.
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Fig. 2.10: a| Fragments of 19F NMR spectra (processed with a 15 Hz line broadening) of

eqMbCF3 samples under different conditions: a| native (blue - 700 µm), denatured by 10 m

urea (grey - 300 µm) and after tryptic digest (black - 2 mm). In all cases 0.1 mm NH4OAc,

pH 8 was used as the buffer. The chemical shift for ‘freed’ Trp residues closely matched that

of the small molecule model (shaded area). Note the appearance of peaks (with asterisk) at

−60.4 ppm and −64.2 ppm which may correspond to the chemical shifts of modified His.

b| Urea titration experiment revealed a gradual denaturation of eqMbCF3, suggesting co-

existence of both denatured and folded forms at intermediate concentrations, c| Tentative

visualisation of eqMbCF3 (PDB structure: 1YMB, rendered with Chem3D 15.1 software,

PerkinElmer Informatics) with the putative location of fluorine atoms in the CF3 group

marked in yellow. The heme and atoms within 6 Å from Trp residues are shown.
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In order to make a tentative assignment of the two TrpCF3 peaks, a following

rationale was based on their distance to the ‘original’ chemical shift:

(a) Trp14 is considered to be more buried, as supported by calculations in Tab. 2.2,

and therefore makes more hydrophobic contacts. As such, it has a significantly

different micro-environment when compared with a small molecule Trp that

freely interacts with the solvent.

(b) Trp14 was reported to be transiently locked by a hydrogen bond to Glu18, which

is likely to cause a significant chemical shift perturbation of the nearby fluorine

atoms248.

(c) a parallel comparison with a universally labelled with [4F]Trp Mb (in which

all Trp residues contains fluorine instead a hydrogen at C4 position) reveals a

similar peak dispersion; the assignment was achieved by a selective mutagenesis

experiment249.

Based on these assumptions, the peak at −58.0 ppm was identified as Trp7, while

the one at −68.7 ppm as Trp14. The modified residues are tentatively visualised in

Fig. 2.10c.

Interestingly, the full 19F NMR spectra for the denatured or digested protein re-

vealed the presence of new, low intensity peaks, in an unexpected region (∼ −76 ppm)

- Fig. 2.11. To test the hypothesis of the heme trifluoromethylation and side prod-

ucts formation due to the peroxidase activity of myoglobin250, the modification was

performed for apomyoglobin (ApoEqMb), in which this prosthetic was first extracted
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with an organic solvent. Essentially the same results were obtained with additional

peaks appearing upon the digestion, indicating no participation of the heme in the

trifluoromethylation reaction. This was further confirmed via observation of the un-

modified mass (616 Da)251 during usual LC-MS analysis. This leave a hypothesis of

side products small molecules possibly bound to myoglobin. Not interfering with the

main conclusions, the issue was not further investigated, as additionally, the formation

of these peaks were not observed during trifluoromethylation of different proteins.
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Fig. 2.11: The full 19F NMR spectra (processed with a line broadening of 1 Hz) of tri-

fluoromethylated proteins samples in denaturing assays. eqMbCF3 was denatured with 10

m urea (grey - 300 µm) or digested with trypsin (black - 2 mm) while ApoEqMbCF3 was

digested with trypsin (teal - 2 mm). These conditions revealed unknown peaks highlighted

in the shaded region, absent from the spectrum of a folded protein.

80



2.3.4 Characterisation of eqMbCF3

Having determined the selectivity of the CF3-ylation reaction, the focus was next

turned to the biophysical characterisation of the model eqMbCF3. In particular,

an assessment of the protein structural integrity was critical, considering the fact

that Trp modification occurred for the buried residues in the native state of the

protein. To determine the effect of trifluoromethylation on the secondary structure,

circular dichroism (CD) spectra were measured for samples with varying degree of

the modification - Fig. 2.12a.

Pleasingly, the overlaying curves indicated that trifluoromethylation did not in-

duce significant changes to the basic protein fold, confirming the lack of structural

perturbations due to the minimal size of the CF3 label. To further evaluate the

impact of the modification on the stability of the model protein, CD spectroscopy

was used to record melting curves and hence to investigate the thermal unfolding of

the proteins - Fig. 2.12b. The midpoint of this transition, which corresponds to the

melting point (Tm), was similar for all of the samples indicating comparable thermal

stability Fig. 2.12c. The melting point for the unmodified protein was in agreement

with values reported in the literature: (77 - 84) ◦C, obtained using the same method.

Importantly, these results also suggested that the CF3 modification did not affect

the binding of the protein to the heme co-factor, as ApoEqMb was demonstrated to

display a significantly lower stability252,253.
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Fig. 2.12: a| Comparative CD spectra for an unmodified eqMb and two samples of eqMbCF3

modified to a different degree (by the variation of the reaction time, ∼0.2 mg/mL protein

in 10 mm PBS pH 8.0). LC-MS characterisation revealed the average CF3 copy-number for

different samples. b| Molar ellipticity at 222 nm, corresponding to the α-helical content of

the protein was measured as a function of the temperature to evaluate thermal stability of

the samples c| The first derivative of the molar ellipticity at 222 nm was used to determine

melting temperatures (Tm).

Considering the fact that eqMb displays unique optical properties, UV-VIS spec-

troscopy was used to confirm the presence of heme and an assessment of its ligation

state - Fig. 2.13a. The maxima positions for the Soret band and longer wavelength

shoulders remained unchanged, further indicating that the trifluoromethylated sample
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retained the heme with its native ligand (water molecule)254.

Finally, the integrity of the protein was assessed by SDS-PAGE analysis, which

displayed a single protein band for eqMbCF3, regardless of the degree of the modifi-

cation - Fig. 2.13b.
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Fig. 2.13: a| A comparison of normalised UV-VIS spectra of eqMb and eqMbCF3 (∼50 µm

in NH4OAc pH 6.0, CF3 copy number ∼ 1.4). b| An SDS-PAGE analysis of the eqMbCF3

with different levels of CF3 copy number (∼ 10 µg of a protein per lane, ‘2 x 0.7’ label

indicate a double loading of the 0.7 eqMbCF3 sample).

2.3.5 Expansion of the substrate scope

To assess if the trifluoromethylation protocol can be used universally, the reaction

was carried out on several additional proteins with different Trp contents and ratios

of other competitive residues, presented in Tab. 2.3.

83



Tab. 2.3: A list of proteins used in the assessment of the developed trifluoromethylation

protocol. The data for the commercially available proteins was compiled using UNIPROT

database (eqMb = MYG HORSE, Tr = TRYP PIG, Ly = LYSC CHICK), and for others,

the sequence was known from the plasmid construction.

Abbrev. Name Size [kDa] #Trp #His #Tyr #Phe

A5 annexin V 35.8 1 3 12 13

PanC pantothenate 34.1 1 12 7 9

synthetase

SRP19 signal recognition 18.2 1 7 5 3

particle 19 kDa

eqMb myoglobin 16.9 2 11 2 7

Tr trypsin 23.4 4 4 8 4

Ly lysozyme 14.3 6 1 3 3

The proteins were reacted under standard conditions (see Fig. 2.7), and, pleasingly, in

all cases trifluoromethylation products were observed via LC-MS. Specifically using

that protocol, proteins containing only 1 Trp residue (A5, PanC and SRP19) still

contained > 50% of unreacted started material, therefore in order to improve the

conversion the reaction was further optimised for these substrates. It was found that

a small adjustment of the amount of radical precursor (+100 eq NaTFMS), additive

(+25 eq Met) and the reaction time (5 mins) generally produced a greater amount

of the desired product i.e. dominant species with one CF3 group added - Fig. 2.14.

Regrettably, it was impossible to prevent the generation of a small amount of the

doubly modified protein, which presumably arised due to functionalisation of one of

the other reactive residues (e.g. His or Tyr).
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Fig. 2.14: Trifluoromethylation of proteins (∼ (50 − 300) µm) with a single Trp residue.

LC-MS analyses revealed conversions of > 60% of the material to the fluorinated products,

with predominant formation of a single CF3 addition species.

Protein substrates chosen for the further investigation of the reaction were char-

acterised by a different ratio of reactive residues to Trp residues. To gain further

insights into the relative selectivity, comprehensive 19F NMR analyses were carried

out - Fig. 2.15. Importantly, from the synthetic point of view, all proteins were

recovered in (65− 80)% after the sequence of modification and buffer exchange.
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Fig. 2.15: Fragments of 19F NMR spectra of trifluoromethylated proteins with a single Trp

residue (∼ (50− 250) µm). Solid lines show spectra for samples in the native state (folding

buffer 100 mm NH4OAc pH 6), while dotted lines show spectra for the denatured samples

(with 6 m urea). The peaks in the highlighted regions corresponding to trifluoromethylation

of specific residues were integrated in order to evaluate the relative distribution of the CF3

modification for Trp.

First, spectra under native folded conditions revealed the presence of a single peak

in cases of PanC and A5, while SRP19 displayed four distinct signals. To elucidate

their origin, all proteins were denatured by addition of urea, which sharpened the

peaks (raising the prospects of quantitative precision of the analysis) and ensured

their migration to the characteristic chemical shift regions. Integration of the peaks

revealed that good Trp selectivity was observed only for PanC (83%) and partially for

SRP19 (45%), while the main peak in the A5 spectrum corresponded to modified Tyr
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residues (84%). This somewhat surprising result can be understood by appreciating

the extreme 12-fold excess of Tyr residues over Trp. Importantly, this result suggested

that for practical purposes, trifluoromethylation of proteins with high Tyr versus Trp

content might not be Trp selective. One should note that for proteins with a similar

His to Trp ratio (12 to 1 as in PanC) the reaction remained predominantly Trp

selective suggesting an overall higher Tyr cross-reactivity. The high selectivity in

the case of PanC was additionally verified via an LC-MS/MS analysis of the trypsin

hydrolysate - Appendix (Fig. 2.29).

Next, in order to further understand the chemoselectivity and regioselectivity of

the transformation, proteins with more than one Trp residue were evaluated. As

expected, trypsin gave trifluoromethylated products under standard conditions with

an average CF3 copy number of 0.9 - Fig. 2.16a. As in the previous experiments, NMR

analysis was performed to elucidate the modification site. In the case of Tr, a relatively

complex 19F NMR spectrum for the folded protein most likely indicated a non-trivial

trifluoromethylation pattern in addition to conformational effects - Fig. 2.16b. Simple

denaturation with a chaotropic agent (urea, guanidine) was not sufficient to fully

unfold this protein, as no changes in the spectrum was observed. Only after an

exhaustive denaturation with 8 m urea, 250 mm DTT and 10 min incubation at 85

◦C, a simpler spectrum could be obtained with the main peak corresponding to Trp

modification (59%). A prominent peak in the region of Tyr modification suggested

that additional factors modulating the reactivity of specific residues may be important

when considering the trifluoromethylation selectivity.
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Fig. 2.16: a| Mass spectra for trifluoromethylation of Tr under standard conditions revealed

an average addition of 0.9 CF3 groups. b| Fragments of the 19F NMR spectra of Tr CF3

(∼ 200 µm) in the native state (solid line, folding buffer 100 mm NH4OAc pH 8 + 10 mm

CaCl2) and denatured (dotted line, previous buffer and 8 m urea, 250 mm DTT after a 15

min incubation at 85 ◦C).

The next tested protein with multiple Trp was lysozyme (6 Trp residues), which

under standard trifluoromethylation conditions yielded on average modification with

2.2 trifluoromethyl groups - Fig. 2.17a. In the native 19F spectrum, broad and over-

lapping peaks were observed - Fig. 2.17b. Interestingly, the spectrum did not undergo

full simplification when the protein was subjected to the same denaturing conditions

(8 m urea, 250 mm DTT and 15 min incubation at 85 ◦C).
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Fig. 2.17: a| Mass spectra for Ly trifluoromethylated under standard conditions revealed

an average addition of 2.2 CF3 groups. b| Fragments of 19F NMR spectra of Ly CF3

(∼ 400 µm) in the native state (solid line, folding buffer 100 mm NH4OAc pH 6), chemically

denatured (blue dotted line, previous buffer and 8 m urea, 10 mm DTT after a 10 min

incubation at 85 ◦C) and thermally denatured (red dotted line, previous buffer, sample at

70 ◦C while measured).

Instead, thermal denaturation turned out to yield observable effects in the ex-

pected peak migration, while still not shifting to the peak locations associated with

random conformation before the sample precipitated at its thermal limit255 - Fig. 2.18a.

These analyses helped to establish that trifluoromethylation indeed occurred pre-

dominantly for Trp residues. The increasing intensity of the peak corresponding to

TrpCF3 (peak a), while decreasing of the others - Fig. 2.18b, indicated that the peak

at −63 ppm (peak b) might also originate from Trp modification. Overall, the result

for thermally denatured Ly CF3 showed high Trp selectivity, although the broadness

of the other background peaks made it hard to give a reliable estimate.
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Fig. 2.18: Analyses of peaks position and intensity during the thermal denaturation of

Ly CF3. a| Migration of Trp peak (peak a) as a function of temperature. The sample

precipitated at the expected temperature255 of 75 ◦C, before the peak reached the chemical

shift of small molecule TrpCF3. b| Estimation of a shift to the expected signal by a

calculation of height ratios between peak a and b as a function of temperature. Gradual

denaturation of the protein progressively caused an increase of the Trp signal at the expense

of peak b.

In order to better understand the distribution of the trifluoromethylation, samples of

Ly CF3 with a different level of modification were digested with trypsin and the resul-

tant peptides analysed with LC-MS/MS. To compare the results semi-quantitatively,

a relative conversion to single trifluoromethylated peptides was calculated - Fig. 2.19.

The results did not indicate a single major target, with the bulk of the modifications

found on Trp residues. The highest conversion was obtained for the tryptic peptide

WWCNDGR with a double Trp motif containing the most solvent accessible Trp

residue - Trp62. On the other hand, the residue with the lowest accessibility, Trp28,

displayed the lowest conversion, as expected. However, the lack of significant differ-

ences between extensively and minimally modified samples (indicating a possible bias

of the methodology), as well as between the other Trp residues, suggested a more
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statistical distribution of the trifluoromethylation with a very low steric factor. This

analysis revealed that five out of six Trp residues were found to be trifluoromethylated.
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Fig. 2.19: Results of LC-MS/MS analysis (n = 3) for Ly CF3 samples modified to a different

degree (with a 0.4 or 2.2 CF3 copy number) showing a relative single CF3 modification of

different tryptic peptides with annotation of calculated SAS for each reactive residue.

To evaluate the impact of trifluoromethylation on a protein bearing numerous Trp

residues, the structure and activity of Ly was evaluated. CD spectroscopy revealed

no changes to the secondary structure of Ly modified under standard conditions -

Fig. 2.20a. Careful quantification of the protein concentration after trifluoromethy-
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lation and buffer exchange revealed that ∼ 80% of the sample could be recovered -

Fig. 2.20b.

180 190 200 210 220 230 240 250 260 270
-30

-20

-10

0

10

20

30

40

50

60

M
o

la
r 

el
lip

ti
ci

ty
 1

0
-3

(m
d

eg
 c

m
2 / d

m
o

l)

Wavelength (nm)

Ly
Ly_CF3

a| b|

0

2

4

6

8

10

9.6 9.8

7.4 7.7

          77%     79%

C
o

n
ce

n
tr

at
io

n
 (
μ

g
/m

L
)

expected concentration
        (from dilution) 

Ly
1

Ly
2

Ly
1_

CF 3

Ly
2_

CF 3

c|

0.5 1.0 1.5 2.0 2.5
-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

�
 A

b
so

rb
an

ce
 (

O
D

)

Ly1

Ly2

Ly1_CF3

Ly2_CF3

Time (min)

Activity Specific activity Relative activity

[U] [U/mg] [%]

Ly 35.7± 3.7 181600± 18700 100± 9.7

Ly CF3 26.4± 2.5 178400± 17200 98.2± 9.4

Fig. 2.20: a| Comparison of CD spectra for native and modified under standard conditions

b| Micro Bradford assay quantification of protein concentration before and after the tri-

fluoromethylation reaction. The same samples were used in c| a Micrococcus lysodeikticus

hydrolysis assay to determine the enzymatic activity. The results of the assay confirmed no

change in the specific activity of Ly.

A standard hydrolytic activity assay, in which the rate of Micrococcus lysodeikticus cell
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wall lysis (due to the structural peptidoglycan hydrolysis) was quantified, confirmed

the retained enzymatic function of Ly CF3 - Fig. 2.20c. These results combined,

showed that even on a protein with many Trp residues, the CF3 modification has a

minimal effect on the structure and function.

2.4 Proof-of-principle PrOF experiments

Having successfully developed a methodology for the CF3-ylation of proteins, contain-

ing various numbers of Trp residues, and carried out an extensive characterisation,

the next aspect of the project was to highlight the utility of the modified protein

products. This was deemed important in order to highlight that in certain types

of experiments it is possible to use a heterogeneously fluorinated product mixture,

without the complete knowledge of which specific residues are modified. Although

the peak assignment increases the amount and the resolution of information that can

be obtained in a protein observed 19F NMR experiment (PrOF), there are some ap-

plications, such as a ligand screening assay or general structural assessment, where it

is not a necessary requirement.

2.4.1 Annexin V - ligand state

19F NMR experiments aimed at establishing the selectivity of the A5 trifluoromethy-

lation concluded that the reaction conditions resulted predominantly in modification

of the plethora of Tyr residues present in the protein. However, it also revealed par-

tial fluorination of the single Trp residue, likely in a homogeneous population, since

the LC-MS analysis indicated that the majority of the protein bore a single CF3.
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Interestingly, in the native spectrum of the A5 CF3 no distinct peak corresponding

to the lower intensity Trp modification was observed.

The proteins from the annexin family characteristically bind to phospholipid mem-

branes in a Ca2+ dependent manner, with an important contribution from the region

containing the single Trp residue256. A comparison of the crystal structures for the

proteins in two different calcium induced conformational states suggested a high con-

servation of the overall fold257, with an important exception of the region surrounding

Trp187 - Fig. 2.21a. Therefore, it was speculated that the addition of this cation would

induce a conformational change in the A5 protein that should be reported by the flu-

orinated Trp residue (with the Tyr signals essentially unchanged) and manifested as

a small change in the 19F NMR spectrum. Indeed, the addition of 10 mm CaCl2

induced the appearance of a new distinct peak that disappeared upon denaturation

of the protein - Fig. 2.21b. The low signal intensity suggested that it was due to the

Trp residue, however, it is unclear why it could not be seen in the native spectrum.

Possibly, due to the unfavourable relaxation properties (broadness) or an overlap

with the Tyr peak. This result suggested that even under conditions of incomplete

Trp selectivity, the established trifluoromethylation protocol can be used for PrOF

experiments.
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Fig. 2.21: a| Visualisation of rat A5 in the presence of high Ca2+ concentration (blue),

overlaid with the crystal structure of human A5 obtained under low Ca2+ conditions (red)

showing conformational change, and position of the Trp residue, PDB (2RAN and 1AVR)257

b| Comparison of fragments of the 19F NMR spectra of native A5 CF3 (solid red), in the

presence of 10 mm CaCl2 (solid blue) with a new peak marked with an asterisk, and calcium

sample denatured with 6 m urea (dotted blue) (∼ 100 µm protein in 100 mm NH4OAc pH

6.0), with region of expected TrpCF3 peak highlighted.

2.4.2 Myoglobin - ligand screening

A ligand screening experiment was carried out for eqMbCF3 after verification that the

trifluoromethylation reaction did not cause the displacement of the water molecule

bound by the heme (Fig. 2.13). The protein sample was exposed to different ligands

and 19F NMR spectra were measured to evaluate the impact of the (potential) binding

event. First, established ligands (cyanide - CN− and imidazole - Im)258 produced a
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significant change - Fig. 2.22a, with a stronger effect on the more upfield peak assigned

to Trp14, presumably due to its tighter packing as discussed in Fig. 2.10. Interestingly,

another known ligand - fluoride - F−, did not cause signal perturbation, suggesting

a minuscule impact on the protein fold, possibly due to its relatively small size.

Sarcosine (Sar, N-methylglycine) and trehalose (Tre) that serve as an osmoprotectant

and/or a cryoprotectant259 agents promoted a global change with both signals being

shifted to a similar extent. Such behaviour corresponded to their non-specific mode

of interaction, affecting the total character of the solvent.

0.0 -0.1 -0.2 -0.3 -0.4

Δ Chemical shift (ppm) 

L
ig

an
d

/a
d

d
it

iv
e

30% Tre

6 M Sar 

50 mM Im 

50 mM CN
_

30 mM PhOH

50 mM F
_

a|

-74-73-72-71-70-69-68-67-66-65-64-63-62-61-60-59-58-57-56-55

0.3 mM

3 mM

30 mM

100 mM

native

P
h

O
H

 c
o

n
c

en
tr

at
io

n
 

19F (ppm)

b|

0.0 -0.1 -0.2 -0.3 -0.4 -0.5-0.5

Trp14Trp7

Fig. 2.22: a| The chemical shift change of eqMbCF3 (∼ (100−300) µm in 100 mm NH4OAc

pH 8.0) Trp peaks induced by the presence of various ligands and additives (after 4 h

incubation at ambient conditions). b| Fragments of the 19F NMR spectra of eqMbCF3

titrated with phenol (PhOH) showing low response to this compound.
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Finally, a putative substrate - phenol (PhOH) was tested260. However, in a range

of concentrations, only a very small change was observed, without a clear concentra-

tion dependent response ruling out specific heme binding - Fig. 2.22b.

2.4.3 Lysozyme - ligand binding quantification

In the next experiment, a ligand binding quantification assay was carried out for

lysozyme (6 Trp residues). For a proof-of-concept experiment a ligand with an average

binding affinity (low ∼µm) was chosen - alkaloid berberine261, a good representative

of a pharmaceutical fragment hit. PrOF titration assay was carried out223, which

resulted in obtaining a series of differential 19F NMR spectra - Fig. 2.23a. For the

analysis, the most intense peak was chosen (−57.8 ppm), the center of which was

determined using a generalised Lorentzian fitting function (MestReNova v11). In

order to estimate the strength of the binding, first the differences in the chemical shift

needed to be corrected for the DMSO induced shift by applying a linear correction

function. This allowed fitting of a binding isotherm that yielded a value of Kd = (20

± 18) µm, which was in a good agreement with the known binding constant of this

compound (16.8 ± 0.7) µm determined by isothermal titration calorimetry (ITC)261

- Fig. 2.23b. Above proof-of-concept experiments demonstrated the potential of the

developed trifluoromethylation technique to prepare fluorinated proteins applicable

for various straightforward NMR experiments.
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Fig. 2.23: a| Fragments of 19F NMR spectra for Ly CF3 (420 µm in 100 mm NH4OAc

pH 6.0) during titration with berberine (50 mm stock in DMSO). c| Corrected chemical

shifts differences and ligand concentrations were plotted and the dependence fitted with a

binding isotherm (T = 25 ◦C) using a non-linear curve (Origin 2017), with a fixed protein

concentration and the rest of the parameters free.

2.5 Perspectives for radiofluorination

Considering the short reaction time and operational simplicity of the 19F trifluo-

romethylation protocol developed herein, a question was posed as to whether an
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adaptation for 18F trifluoromethylation would be possible. The main challenge in

developing radiofluorination methodologies is the low concentration of the unstable

isotope available. As such, the limiting reactant is always the labelling reagent - in

this case the radical precursor. This posed an immediate problem, since, relative to

the protein sample, the optimised protocol uses a large excess of the radical precur-

sor. In order to test if the translation might be feasible, a range of conditions were

screened, with an increased biomolecule amount and a progressively lower excess of

NaTFMS. At a low protein concentration, the trifluoromethylation was not observed

in the desired timescale (∼mins), requiring at least >5 mm of the labelling reagent

(Fig. 2.24 entries 1-3). When the protein concentration was increased 20 fold (to the

solubility limit), after 5 mins, the reaction yielded trifluoromethylated product with

∼20% conversion with respect to the radical precursor, under almost stoichiometric

ratios (Fig. 2.24 entry 6). Even though the kinetics of the reaction is likely to be

complex178, for the studied protein trifluoromethylation one may estimate a pseudo-

second-order rate constant as ∼ 10−1 m−1 s−1 , which falls within a range typically

encountered for the successful radiofluorination procedures262. It was deemed likely

that the protocol would need additional optimisation under radiochemistry condi-

tions. However, taken together, it was concluded that the protocol may be adaptable

for protein radiofluorination.
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1 200 25 rt 1.6

2 100 25 rt 0.4

3 50 25 rt none

eqMb at 1.1 mm (20x higher)

4 10 2.5 40 >4

5 5 1.25 40 1.3

6 5 1.25 rt 1

7 1 2 rt traces

8 1 2 40 traces

Fig. 2.24: Trifluoromethylation of eqMb with variable amounts of reagents and tempera-

ture with LC-MS quantification of the modification copy-number. Lowering the amount of

radical precursor, as expected, required an increase in the protein concentration in order to

observe appreciable conversions.

2.6 Discussion and conclusions

This chapter has described a novel protein trifluoromethylation protocol, which was

first investigated on a small molecule and peptide model. These experiments were im-

portant to establish that this radical transformation shows preference for Trp residues.

During the course of, and since, this work was published, several studies on the

biomolecules trifluoromethylation utilising NaTFMS as a radical source, have ap-

peared in the literature263 - Fig. 2.25. In one of them, the authors acknowledged the
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superior Trp reactivity, but instead capitalised on modification of the second most re-

active residue - Tyr194. Optimisation of the reaction conditions (higher temperature,

lower pH) and exploration of a different initiation mode (photoredox), resulted in a

successful Tyr trifluoromethylation protocol, efficient in absence of Trp residues.
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Fig. 2.25: Overview of the recent biomolecule trifluoromethylation methodologies and com-

parison with this work. [a] - alternative radical precursor123, [b] - alternative conditions for

sulfinate activation194.

The photoredox and metal catalysed reactions using NaTFMS have also been opti-

mised for the Trp trifluoromethylation in peptidic substrates, again confirming the

selectivity conclusions which were observed in this study. However, useful conver-

sions were only obtained using organic solvents233,234. In a broader study, focused on

the fluoroalkylation of peptides with sulfinates, the same reactivity/selectivity pat-

terns emerged for the trifluoromethyl radicals78. Radical trifluoromethylation of pep-

tides and proteins was also accomplished using a different radical source (fluoroalkyl-

substituted cyclic λ3-iodanes). Pleasingly, the obtained conclusions were aligned with
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this thesis results, highlighting the versatility of this type of chemistry123. The au-

thors of the study highlighted the multiple additions of the CF3 group to Trp as an

important side reaction in the presence of a high excess of reagents, most likely due

to a higher efficiency of the radical generation.

Another interesting recent fluoroalkylation is the explicit electrophilic Cys trifluo-

romethylation in peptides, also applicable in radiochemistry settings264. Such studies

are important in the view that developed here radical trifluoromethylation was found

to be incompatible with free Cys. Since then, the idea of the biocompatibility of

fluoroalkyl radicals has spread and essentially identical methodology has also been

applied to different biomolecules (nucleotides)265. Summing up, the developed proto-

col, taking advantage of unique features of radical chemistry, unequivocally allowed

activation of the C2 position of Trp residues, which prior to this was only robust for

peptidic substrates where the N-H influence is limited by use of a protecting group266.

A range of converging approaches, with a variety of conditions and reagents, provides

a further advantage for a protein chemist trying to achieve protein trifluoromethyla-

tion.

With the reactivity and selectivity data in hand, the conditions were optimised

for protein trifluoromethylation. An in-depth study of model protein trifluoromethy-

lation helped to elucidate the most important features of the reaction such as lack

of requirement for the residue solvent exposure and therefore good access to buried

sites. This mode of reactivity is especially attractive, as ∼90% of the Trp residues

are found in the interior of proteins, with low solvent accessibility267.

In this project, a very small set of experiments was dedicated to characterise the
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detailed structure and function of proteins with trifluoromethylated native aromatic

residues. This limited study did not reveal significant impact of such a modification.

However, this may be somewhat surprising, as it is well known that even a single

substitution of C-H bonds with C-F counterparts can have a dramatic effect on the

amino acid polarity and secondary structure propensity, in turn leading to differential

protease stability, folding and map of local interactions for the protein incorporat-

ing it268. For example, it has been shown that the introduction of fluorinated Phe

analogues into amyloidogenic peptides significantly affects kinetics of the aggregation

process269,270. However, because the developed here trifluoromethylation procedure is

applied to natively folded proteins, it is unclear how the accommodation of the CF3

group may influence protein stability and fold, with the outcome most likely to be

protein dependent. Little is known about the general impact of the non-analogous

amino acids with the trifluoromethyl group positioned away from C(α) (as in TrpCF3)

and this area requires a more systematic study to elucidate it.

As the introduction of trifluoromethyl group not only affects the hydrophobicity

but also the electron distribution, it may lead to the formation of new non-covalent

interactions and may exert profound effect on protein-protein interactions involving

modified residues, as it was demonstrated in the literature205. Since Trp residues are

often found on interfaces of such interactions271, it would be interesting to see how

trifluoromethylation may be used to modulate them.

The key part of the investigation was the extension of substrate scope. The

protocol turned out to be generally applicable to proteins with various sizes, folds

and numbers of Trp residues. However, not unexpectedly, the detailed selectivity of
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the reaction turned out to be highly protein dependent, an important consideration

when deciding on the fluorination method. The selectivity evaluation is a simple

experiment, useful as well for the further PrOF studies. Fully Trp selective reactions

were possible for certain proteins, with others displaying partial modification of His

and Tyr residues. However, by performing proof-of-concept NMR experiments it was

shown that also in these cases the constructs could still be useful for various 19F

NMR experiments. Considering the general abundance of the amino acid residues in

proteins, the average Tyr to Trp ratio is 2.2 (in the human proteome)272. Such a value,

based on the examples in this study, should provide an optimal Trp selectivity for

an ‘average’ protein and be conducive to widespread adoption of this PrOF enabling

protein fluorination methodology.
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2.7 Experimental

2.7.1 General information

Reagents and solvents were purchased from commercial suppliers (Sigma-Aldrich UK,

Acros Organics UK, Alfa Aesar UK and Fisher Scientific UK) and used without

further purification. Proteins used in this study were sourced as followed:

Tab. 2.4: Identification of proteins used in the study and their source.

Abb. Name Species UNIPROT Source

A5 annexin V Pan ANXA5 PANTR In house

troglodytes expression

PanC pantothenate Mycobacterium PANC MYCTU[a] In house

synthetase tuberculosis expression[b]

SRP19 signal recognition Homo SRP19 HUMAN[c] In house

particle sapiens expression

eqMb heart Equus MYG HORSE Sigma-Aldrich

myoglobin caballus (M1882)

Tr pancreas Sus TRYP PIG Sigma-Aldrich

trypsin scrofa (93615)

Ly egg white Gallus LYSC CHICK Sigma-Aldrich

lysozyme gallus (62971)

[a] - with C-terminal His tag (KLAAALEHHHHHH), [b] - performed by Dr Jitka Dadova

[c] - with N-terminal His tag (MGSSHHHHHHSSGLVPRGSH)

Wild type PanC was sourced from Dr Jitka Dadova (Ben Davis group), the ex-

pression and purification procedure for this protein has been previously described273.

All protein reactions were carried out in 2 mL microcentrifuge tubes open to air,

without stirring. For all experiments, ultrapure water prepared with a Direct-QTM

3UV system (Merck - resistivity >18.2 MΩ· cm), additionally passed through a 0.22

µm Millipore filter, was used. Room temperature (rt) refers to ambient temperature,
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while PBS refers to Dulbecco ‘A’ phosphate buffered saline i.e. 8 mm Na2HPO4,

1.5 mm KH2PO4, 137 mm NaCl, 3 mm KCl, pH 7.3 prepared according to the man-

ufacturer’s instructions with OxoidTM Phosphate Buffered Saline Tablets (Thermo

Scientific). For the small scale buffer exchanges PD SpinTrapTM (up to 140 µL), PD

MiniTrapTM (0.5 mL) and PD MidiTrapTM (1 mL) desalting columns with Sephadex

G-25 resin (GE Healthcare Life Sciences) were used unless stated otherwise. Thin

layer chromatography (TLC) was performed using Merck Milipore aluminum TLC

plates, silica gel coated with the fluorescent indicator F254. The plates were visu-

alised with a UV lamp and by reaction with ninhidrin dip (1.5 g ninhydrin in 100

mL of n-butanol and 3 mL acetic acid) with a subsequent heat gun development.

For flash column chromatography, GeduranTM Si 60 (0.040-0.063 mm) silica gel was

used. HPLC purification of small molecules was performed using Shimadzu 20 Series

HPLC equipped with the Phenomenex SynergiTM 4 µm Hydro-RP (80 Å 100 x 21.20

mm) reversed phase C18 polar capped column. Elution was performed with an opti-

mised gradient program (0 min→ 5% B’, (0-2) min→ 5% B’, (2-20) min→ 40% B’)

using as A’: 0.1% formic acid (FA) in H2O and as B’ (0.1% FA in MeCN) and total

flow of 12 mL/min. The stock solution of porcine trypsin was prepared with 10 mm

calcium chloride and kept on ice to reduce autoproteolysis. Most of the experiments

were carried out as single experiments (n = 1) under given conditions. Therefore, all

reported yields and conversions have to be treated semi-quantitatively. This has been

conducted bearing in mind that numerous comparable reactions/experiments were

performed all supporting general trends. In the case of protein LC-MS/MS exper-

iments, where higher experimental uncertainty was observed, the experiments were
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performed at least in duplicate.

Protein characterisation

Protein concentration was determined either by a measurement of a UV-VIS ab-

sorbance using NanoDropTM ND-1000 (Thermo Fisher Scientific) (myoglobin ε409 =

157 000274, PanC ε280 = 15 930273 and for other proteins approximate values calcu-

lated with the Expasy ProtParam tool275 for a given amino acid sequence from the

UNIPROT database: LYSC CHICK, ANXA5 PANTR, TRYP PIG, verified with LC-

MS) or by performing the Bradford assay with the 96-well plate reader SpectroStarTM

Omega (BMG LabTech) according to the manufacturer’s instructions (on a 15/185

v/v protein sample to Bradford reagent ratio).

Before loading onto the gel for SDS-PAGE, protein samples were denatured with

5X Laemmli buffer (CSH Protocols) and incubated at 95 ◦C for 15 min. The analyses

were done using precast NuPAGETM 4-12% Bis-Tris Protein Gels (Invitrogen) in MES

running buffer prepared from 20X BoltTM stock solution (Invitrogen). SeeBlueTM

Plus2 Pre-stained Protein Standard (Invitrogen) was used as a mass marker. Elec-

trophoresis was carried out at 200 V for 40 mins in MiniCellTM tanks (Novex) and

a PowerPacTM controller (Bio-Rad). After that the gels were visualised with the

InstantBlueTM stain (Expedeon Ltd.) for ∼60 minutes. Gels were destained by 3x

washing with water (15 min, 1 h and overnight) prior to digital scanning.

Protein expression

Culture media and glassware used in the preparation of bacterial cultures were ster-

ilised prior to use by autoclaving for 20 minutes at 121 ◦C in a Touchclave-RTM
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autoclave (LTE Scientific). Handling of the cultures was performed in an A-range

laminar flow workstation (BASSAIRE). Growth of bacterial cultures was realised in

an incubated shaker (Innova 42R). Centrifugation of bacterial cultures was carried

out in an AvantiTM-JXN-30 centrifuge (Beckmann Coulter) with a JLA9-1000 ro-

tor (Beckmann Coulter, 1 L bottles), while cell lysates were spinned down in the

HeraeusTM MegafugeTM 40R benchtop centrifuge with a FiberliteTM F15-6 x 100y

fixed-angle rotor (Thermo Scientific) using volumes up to 50 ml in the centrifuge

tubes (Greiner Bio-One). Small volume variable temperature incubations were per-

formed in a benchtop PHMT-PSC18 thermo-shaker (Grant Bio) while centrifugations

in a benchtop 5427R centrifuge (Eppendorf). Sonication was performed with a Model

505 Sonic Dismembrator (Fisher Scientific). Proteins were purified with an ÄktaTM

FPLC System UPC-900 (GE Healthcare). Plasmid sequencing was confirmed by se-

quencing services of Oxford University using the DNA Sanger Sequencing technology

(Source Bioscience).

NMR Spectroscopy

Deuterated water (small molecules) or NH4OAc (100 mm pH 6.0 or 8.0) prepared in

D2O were used for NMR spectroscopy. Chemical shifts are reported in parts per mil-

lion (ppm) relative to the centre of the reference signal: for 1H: D2O (4.79 ppm) and

for 13C: added CH3COOH (21.03 ppm). Fluorine spectra were referenced against the

residual sodium triflinate signal (−88.45 ppm), the chemical shift of which was deter-

mined relative to that of trifluoroacetic acid (−76.5 ppm versus CFCl3). Spectra were

analysed using the Mestrelab software (MestReNova v11.0.2). Relevant 2D experi-
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ments were performed to facilitate the signal assignment. All NMR experiments for

small molecules were performed on a Bruker AVIIIHD 400 nanobays (400.1 MHz for

proton) running TOPSPIN 3 equipped with a 5 mm z-gradient multinuclear BBFO

probe. Protein 19F NMR spectra were typically acquired on a 11.7 T (500 MHz)

spectrometer, at 298 K with acquisition times of (0.4 – 1) s and recovery delays of

(0.4 - 1) s. Multiplicity is denoted by the bracketed symbol. Coupling constants (J)

are reported to the nearest 0.1 Hz. Quantitative fluorine experiments were performed

using NMR grade 2,2,2-trifluoroethanol (−77.7 ppm, t, 3F) as the internal standard

with following experimental parameters: number of scans: 128 - 256, acquisition time:

3 s, delay time 7 s and with resolution not smaller than 0.33 Hz/pt. Thermal denat-

uration and titration experiments were performed in collaboration with Dr Gogulan

Karunanithy and Prof. Andrew Baldwin (PTCL, University of Oxford). Registration

of each spectrum was followed by a 10 mins equilibration period.

Mass Spectrometry

Small molecule high-resolution mass spectra were acquired on a Bruker Micro TOF-

ESI mass spectrometer. LC-MS analyses for proteins used Waters LCT Classic MS

coupled with Shimadzu 20 Series HPLC. For desalting, Merck ChromolithTM C18

(50 x 2 mm) or Thermo ProswiftTM (250 x 4.6 mm x 5 µm) columns were used.

H2O:MeCN (95:5, solvent A) and MeCN:H2O (95:5, solvent B), both with 0.1% formic

acid, were the mobile phases with a flow rate of 0.4 mL/min. The standard LC

gradient program was: 0 min→ 100% A, (0-2) min→ 100% A, (2-8) min→ 100% B,

(8-10) min→ 100% A. The following MS instrument parameters were used: capillary
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voltage 3 kV, sample cone voltage 100 V, desolvation temperature 300 ◦C, source

temperature 120 ◦C, cone gas flow 50 L/h, desolvation gas flow 300 L/h (both N2).

The ion series was calibrated to at least 19 matched peaks of the multiply charged

ion series of eqMb analysed in the same way.

Tandem Mass Spectrometry

Tryptic peptides were analysed on an NanoAcquityTM-UPLC system (Waters) cou-

pled to an OrbitrapTM Elite MS possessing an EASY-SprayTM nano-electrospray ion

source (Thermo Fischer Scientific). The peptides were trapped on a packed guard

column (75 µm i.d. x 20 mm, Acclaim PepMap100 C18, 3 µm, 120 Å) using solvent

A’. Peptides from the injection (2 µl) were separated on an EASY-spray Acclaim

PepMapTM analytical column (75 µm i.d. x 15mm, RSLC C18, 3 µm, 100 Å) using

a linear gradient (length: 68 mins, 3% → 97% solvent B’, flow rate: 300 nL/min).

Full-scan mass spectra were collected (scan range from 350 to 1500 m/z, resolution

120 000, automatic gain control (AGC) target 1E6, maximum injection time 100 ms).

After each MS scan, the 10 most intense peaks were selected for CID fragmentation

at 35% of normalised collision energy. CID spectra were acquired in the IontrapTM

(AGC target 1e3, maximum injection time 50 ms).

MS/MS Data Analysis

Raw data files were processed using the ThermoBioPharma software (Version 2.0)

with a Default Peptide Mapping Method. FASTA sequences of used proteins were

downloaded from UniProt database (March 2017) or supplied manually. A maximum

number of 3 missed cleavages for digestion enzymes was chosen. Oxidation (MW) and
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trifluoromethylation (for WYCHFM ∆m = +68) were used as variable modifications.

In case of Cys containing protein carbamidomethylation (∆m = +57) was chosen as

a fixed modification. All assigned spectra were manually validated. The relative

modification was reported here is the ‘%Abundance’ parameter calculated by the

software.

Analysis of LC-MS data for proteins

In a typical LC-MS analysis for monitoring of a protein reaction an aliquot of reac-

tion mixture was diluted with H2O to 0.05 mg/mL protein concentration. Such a

solution was injected (5 µL) for the analysis during which the total ion count (TIC)

was monitored producing a chromatogram, with an example shown in Fig. 2.26a.

The mass spectra from the discernible protein peak (∼ 7.4 min) were combined

to produce an unprocessed ion series - Fig. 2.26b. The spectra were cut to in-

clude only the visible envelope of the protein ion series and the total mass was

reconstructed using the MassLynx Max(imum) Ent(ropy) deconvolution algorithm

(Waters) - Fig. 2.26c. Protein molecular weights were calculated with the ExPasy

ProtParam tool (http://web.expasy.org/protparam/). The following deconvolution

parameters were used: Output mass range: M ± 8000 Da with 1 Da/channel reso-

lution, where M is the expected molecular mass of the protein. The damage model

assumed the uniform Gaussian model with the width at half weight determined ac-

cording to that of the most intensive protein peak.
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Fig. 2.26: a| Total ion count chromatogram of a typical eqMb trifluoromethylation sample

analysis with the protein peak highlighted in dark blue. b| Combined mass spectra from the

protein peak, the m/z range for deconvolution is highlighted in light blue. c| Reconstructed

protein mass spectra with Max Ent 1 algorithm, shown different mass ranges.

33% was used as the minimum intensity ratio and the algorithm was iterated to

convergence. Conversions to the modified products were determined by calculation

of intensity ratios between a peak of interest and intensity sum for all of the peaks.

Such a method has been previously applied for the quantification of protein reactions

mixtures. It was concluded that ionisation of proteins (and therefore observed peak

intensity) does not change because of addition of relatively small modifications, as

the process is dependent on the total surface composition47,53,276.
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Spectroscopy

CD spectroscopy was carried out using a ChirascanTM CD spectrometer (Applied

Photophysics) in a Peltier temperature-controlled cell holder. Experiments were per-

formed in duplicate at 25 ◦C in a 0.1 cm path length cuvette using ∼ 0.2 mg/mL

protein in 10 mm PBS (pH 8.0) unless stated otherwise. Spectra were recorded from

185 to 260 nm with 0.5 nm intervals. The data for each point was averaged for 2 s.

Obtained spectra were baseline corrected and normalised at the point of maximum

elipticity for the comparison. UV-VIS spectra were acquired on SpectroStar Omega

spectrometer (BMG LabTech). Infrared spectra (IR) were acquired with Bruker Ten-

sor 27 equipped with a diamond attenuated total reflection (ATR) system.

2.7.2 Experimental procedures

Natural AAs reactivity and selectivity screening

An amino acid (31 µmol, (2.3 - 6.3) mg) was weighed into a microcentrifuge tube and

dissolved in NH4OAc buffer (457 µL, 1 m, pH 8.0 prepared in D2O, uncorrected for

deuterium). The mixture was mildly heated (40 ◦C) and sonicated for 5 mins to allow

for the complete dissolution (Tyr was only partially soluble under these conditions as

confirmed in a separate experiment) and then put on ice. Next, NaTFMS was added

(sodium triflinate, 80 µL, 3.9 m prepared in the deuterated buffer). The reaction

was initiated by the addition of tBuOOH (10.8 µL, 7.2 m in H2O). After 2 hours,

the reaction mixture was removed from ice and incubated at ambient conditions for

a further 46 hours. After that, 2,2,2-trifluoroethanol (2.2 µL, 30 µmol, 95% NMR

Grade) was added. The microcentrifuge tube was briefly vortexed and the solution
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transferred into the NMR tube. The reaction mixture was analysed by 1H NMR and

19F NMR. The same procedure was followed for the competition assay.

Standard conditions for trifluoromethylation: amino acids

An amino acid (0.03 mmol, 1 eq) was weighed into a microcentrifuge tube and dis-

solved by mild heating (40 ◦C) and sonication (∼5 mins) with a minimum amount of

NH4OAc buffer (< 2 mL, 1 m, pH 6.0). The resulting solution was cooled on ice and

NaTFMS (46.8 mg, 0.3 mmol, 10 eq) was added. The reaction was initiated by an

addition of cooled tBuOOH (10.4 µL, 7.2 m aq. solution, 0.075 mmol, 2.5 eq). The

mixture was kept on ice for 2 hours and then further incubated at rt for 46 hours.

Next, it was frozen with liquid nitrogen and lyophilised. The crude solid was dissolved

in a suitable solvent and subjected to purification.

Synthesis of TrpCF3

O

H
N

O-

CF3

NH3
+

Synthetic procedure according to the general protocol

(0.09 mmol). The crude mixture was dissolved in

DCM/MeOH/AcOH/H2O (80:15:4:1) and purified via flash

column chromatography using a linear elution gradient of

MeOH in DCM/MeOH/AcOH/H2O up to 65:20:10:5. TrpCF3 was isolated a white

solid - acetate salt, ((40 ± 5)%, n = 3, ∼12 mg).

Rf : 0.74 (in DCM/MeOH/AcOH/H2O - 65:20:10:5),

1H NMR (400 MHz, D2O) δ 7.77 (d, J = 8.1 Hz, 1H, H4), 7.53 (d, J = 8.3 Hz, 1H,

H7), 7.38 (t, J = 7.6 Hz, 1H, H6), 7.24 (t, J = 7.6 Hz, 1H, H5), 4.02 (dd, J = 8.9,

5.9 Hz, 1H, Hα), 3.59 (dd, J = 15.3, 5.9 Hz, 1H, Hβ), 3.46 (dd, J = 15.3, 8.9 Hz,
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1H, H’β),

19F NMR (376 MHz, D2O) δ −58.66,

13C NMR (126 MHz, D2O) δ 172.5 (COOH), 134.6 (C7a), 125.4 (C3a), 123.9 (C6),

122.5 (q, 2JC,F = 36.7 Hz, C2), 120.8 (q, 3JC,F = 267 Hz, CF3), 119.7 (C5), 118.7

(C4), 111.5 (C7), 108.9 (q, 1JC,F = 2.7 Hz, C3), 54.3 (Cα), 24.4 (Cβ),

MS-ESI(+): [M-H+2Na]+ found 317.0, calcd 317.0,

HRMS-ESI(+): [M+H]+: calcd: 273.0845 found: 273.0845,

IR (ATR, ν̃max, cm−1): 3185, 1619, 1507, 1393, 1321, 1253, 1163, 1114, 747,

[α]20D −32.9 (c = 0.2 in D2O).

Synthesis of NATA-CF3

O

H
N

H
N

NH2

O
CF3

Synthesis according to the general protocol but using as a sol-

vent a 2:1 mixture of 1 m NH4OAc pH 6 and DMSO (0.09

mmol). Crude mixture directly purified by RP-HPLC with-

out freeze-drying. NATA-CF3 (N -Acetyl-2-trifluoromethyl-

l-tryptophanamide) was isolated as a white solid ((12±4)%, n = 2, ∼3 mg).

Rf : 0.84 (DCM/MeOH 80:20),

1H NMR (400 MHz, D2O) δ 7.62 (dt, J = 8.2, 0.9 Hz, 1H, H4), 7.40 (dt, J = 8.3,

0.9 Hz, 1H, H7), 7.25 (ddd, J = 8.3, 7.1, 0.9 Hz, 1H, H6), 7.12 (ddd, J = 8.3, 7.1,

0.9 Hz, 1H, H5), 4.50 (dd, J = 7.8, 7.1 Hz, 1H, Hα), 3.32 (ddd, J = 14.2, 7.1, 1.1

Hz, 1H, Hβ), 3.16 (ddq, J = 14.2, 7.8, 1.1 Hz, 1H, H’β), 1.73 (s, 3H, CH3),

19F NMR (376 MHz, D2O) δ −58.80 (s),

13C NMR (126 MHz, D2O) δ 175.7 (CONH2), 173.9 (COCH3), 135.6 (C7a), 126.9
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(C3a), 124.9 (C6), 123.1 (q, 2JC,F = 36.8 Hz, C2), 122.1 (q, 3JC,F = 268.7 Hz, CF3),

120.6 (C5), 119.9 (C4), 112.5 (C7), 111.6 (q, 1JC,F = 2.8 Hz, C3), 54.2 (Cα), 26.1

(Cβ), 21.8 (COCH3),

HRMS-ESI(−): [M-H]−: calcd: 312.0965 found: 312.0965,

IR (ATR, ν̃max, cm−1): 3232, 1637, 1417, 1317, 1230, 1164, 1112, 747,

[α]20D +42.4 (c = 0.17 in D2O).

Synthesis of Cys-CF3

S O-
F3C

NH3
+

O

Synthetic procedure according to the general protocol (0.03

mmol). After resuspension in water, the crude mixture was

filtered to remove cystine and purified by ion exchange chro-

matography (DOWEX 50WX) eluting with 0.02% NH3. After lyophilisation Cys-

CF3 was isolated as a white solid - ammonium salt (13%, 0.8 mg).

1H NMR (400 MHz, D2O) 4.53 (dd, J = 8.2, 4.1 Hz, 1H, Hα), 3.64 (dd, J = 15.1,

4.1 Hz, 1H, Hβ)), 3.45 (dd, J = 15.1, 8.2 Hz, 1H, H’β),

19F NMR (376 MHz, D2O) δ −42.19 (s),

HRMS-ESI(−): calcd: 187.9999 found: 187.9998.

NMR spectra conforms to the literature data277.
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Expression and purification of Annexin V

The protein expression and purification protocol was adapted from literature53. A

pET12a PAPI plasmid encoding the gene for annexin V was kindly given by Addgene

company (originally deposited by Dr Jonathan F. Tait) and was used in the protein

expression.

AA sequence (corresponding to wild type protein from Pan troglodytes):

AQVLRGTVTDFPGFDERADAETLRKAMKGLGTDEESILTLLTSRSNAQR

QEISAAFKTLFGRDLLDDLKSELTGKFEKLIVALMKPSRLYDAYELKHAL

KGAGTNEKVLTEIIASRTPEELRAIKQVYEEEYGSSLEDDVVGDTSGYYQ

RMLVVLLQANRDPDAGIDEAQVEQDAQALFQAGELKWGTDEEKFITIFG

TRSVSHLRKVFDKYMTISGFQIEETIDRETSGNLEQLLLAVVKSIRSIPAY

LAETLYYAMKGAGTDDHTLIRVMVSRSEIDLFNIRKEFRKNFATSLYSMI

KGDTSGDYKKALLLLCGEDD

MWcalc = 35805.6

A5 gene encoded in the plasmid was transformed into Novagen E.coli/BL21 (DE3)

Single Competent cells. A single colony of bacterial cells was picked up and grown

in LB medium at 37 ◦C overnight (8 mL with 100 mg/L ampicillin), then it was

transferred into final culture in LB medium (2 mL per 1 L of LB with ampicillin) and

grown at 37 ◦C until optical density (OD) at 600 nm of ∼0.6-0.7 was observed. Then,

the protein expression was induced by an addition of IPTG (to final concentration

of 1 mm) and cell cultures were incubated at 37 ◦C for an additional 4 h. Cells were

harvested by centrifugation (7,000 rpm, 10 mins, 4 ◦C), the supernatant discarded

and the pellet resuspended in the wash buffer (60 mL, 50 mm TRIS, 150 mm NaCl, pH
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8.0). These suspensions were pelleted (15,000 rcf, 15 mins, 4 ◦C) and the supernatant

discarded. Cell pellets were resuspended in CaCl2 buffer (60 mL, 50 mm Tris , 10 mm

CaCl2, pH 7.2, 1 tablet of COmplete EDTA-free protease inhibitor cocktail/100 mL)

and flash-frozen in liquid nitrogen for storage at −80 ◦C until the purification.

The cell pellet (from 2 L of the cell culture) was thawed on ice and DNase was

added (2.5 mg), following an incubation on ice for 10 mins. The cell suspension

was sonicated on ice (5 cycles, 50% amplitude, 30/60 s on/off) and the cell debris

was collected by centrifugation (15,000 rcf, 15 mins, 4 ◦C). The supernatant was

discarded, and the cell pellet resuspended in EDTA buffer (10 mL, 50 mm TRIS, 20

mm EDTA, pH 7.2). The cell suspension was centrifuged (15,000 rcf, 15 mins, 4 ◦C)

and the supernatant collected. The cell pellet was washed with buffer W (20 mm

TRIS, pH 7.8) and centrifuged (15,000 rcf, 15 mins, 4 ◦C). The pellet was discarded

and the supernatant joined with the previous fraction and filtered with a 0.2 µm

cellulose acetate membrane filter. The solution containing A5 was diluted with buffer

W (up to 40 mL) and concentrated 8x using a centrifugal concentrator VivaSpin 20

(10,000 MWCO, 5,000 rcf, 4 ◦C). The procedure was repeated and the sample diluted

with buffer W (up to 40 mL). The final solution (containing <0.5 mm of EDTA)

was purified using anion exchange column chromatography (2 x 5 mL HiTrap Q, GE

healthcare) with buffer W and a linear gradient of buffer E (20 mm TRIS, 500 mm

NaCl, pH 7.8) - Fig. 2.27a, to afford the purified protein which was kept at 4 ◦C for

short term use or frozen at −80 ◦C for long term storage. The protein was buffer

exchanged before use and concentrated if needed (VivaSpin centrifugal concentrator

MWCO 10,000). Yield from pure fractions: 20 mg/L
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Fig. 2.27: a| UV chromatogram (blue trace) of an ion-exchange purification procedure,

with a region of A5 pure fractions that were combined highlighted in blue. b| SDS-PAGE

analysis of the collected fractions (corresponding with the UV trace above). Densitometry

analysis for the combined fractions showed >90% purity. c| Reconstructed mass spectra

and ion series of A5. The identity and purity of the protein was further confirmed by this

analysis, which revealed a single species of the correct mass (±1).

Expression and purification of SRP19

A pET-15b plasmid encoding the gene for Homo sapiens signal recognition particle 19

(SRP19), transcript variant 1 was purchased from Genscript company (GenEZ ORF

Clone: SRP19 OHu26556C pET-15b) and used for the protein production. Protein

expression and purification protocol was adapted from the literature278.

AA sequence (corresponding to a His tagged human protein):

MGSSHHHHHHSSGLVPRGSHMACAAARSPADQDRFICIYPAYLNNKKTIA

EGRRIPISKAVENPTATEIQDVCSAVGLNVFLEKNKMYSREWNRDVQYRG

RVRVQLKQEDGSLCLVQFPSRKSVMLYAAEMIPKLKTRTQKTGGADQSLQ

QGEGSKKGKGKKKK

MWcalc = 18188
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BL21 (DE3) E. coli cells were transformed with the plasmid and grown on an LB agar

(ampicillin) plate overnight at 37 ◦C. A single colony was picked up and propagated

in LB media (1 mL with 100 µg/mL ampicillin). After 8 h incubation at 37 ◦C, an

aliquot of this culture was added to 1LB to form the starting cultures (0.5 mL per 10

mL). Following an overnight growth, these were used to inoculate expression cultures

that were grown at 37 ◦C until OD600 at 600 nm reached ∼0.6. Then, IPTG (up to 1

mm) was added and protein expression was carried out at 20 ◦C overnight. The cells

were harvested by centrifugation (8,000 rpm, 10 min, 4 ◦C). The pellets were resus-

pended in lysis buffer (50 mL, 25 mm HEPES, pH 7.5, 1 m NaCl, 0.2 mm TCEP, 25

mm imidazole, 1 tablet of Complete EDTA-free protease inhibitor cocktail (Roche), 1

mg/mL lysozyme) and lysed by sonication (5 cycles, 50% amplitude, 30/60 s on/off).

Cell debris was pelleted (15,000 rcf, 30 min at 4 ◦C) and the supernatant was filtered

through a 0.45 µm filter and applied to 5 mL HiTrap Ni-NTA column (GE Health-

care) equilibrated in the purification buffer (25 mm HEPES, pH 7.5, 1 m NaCl, 0.2

mm TCEP, 25 mm imidazole). Following a wash (200 mL), the SRP19 protein was

eluted with a linear gradient of elution buffer (25 mm HEPES, pH 7.5, 500 mm NaCl,

1 mm TCEP, 250 mm imidazole). Fractions were analysed by SDS-PAGE and those

containing pure protein of interest were pooled together, concentrated with VivaSpin

6 (MWCO = 5,000 Da) and dialysed or buffer exchanged into the desired buffer. The

samples were stored at 4 ◦C for short term use or freezed at −80 ◦C until needed.

Yield from pure fractions: 5 mg/L
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Fig. 2.28: a| UV chromatogram (blue trace) of a Ni-NTA affinity purification procedure,

with a region of SRP19 pure fractions that were combined highlighted in blue. b| SDS-PAGE

analysis of the collected fractions (corresponding with the UV trace above). A densitometry

analysis for the combined fractions showed >95% purity. c| Reconstructed and ion series

of mass spectra of SRP19. The identity and purity of the protein was further confirmed by

this analysis, which revealed a peak of the desired mass (±1) alongside the less intense one

(<10%) being an adduct corresponding most likely to gluconoylation due to the presence

of sensitive N-terminal sequence MGSSHHHHHH279 (∆m = +178, here +177).

Other protein handling and storage

Other commercially available proteins were stored at −20 ◦C as lyophilised solids,

which were reconstituted in a desired buffer shortly before the experiment. PanC

was stored at −80 ◦C as stock solutions in the storage buffer (1 mL, 6.7 mg/mL, 50

mm TRIS, 0.2% v/v βME, pH 6). Microcentrifuge tubes containing the protein were

thawed in a beaker with water, transferred on ice and buffer exchanged into 100 mm

NH4OAc pH 6 for trifluoromethylation reactions.
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Standard conditions for trifluoromethylation - low ∼µg scale

On an example of eqMb: NaTFMS (0.88 µL, 100 mg/mL, 200 eq), Met (0.53 µL,

20 mg/mL, 25 eq) and tBuOOH (7.1 µL, 10 mm, 25 eq) were added sequentially to

eqMb (50 µL, 1 mg/mL = 57 µM, all solutions prepared in 100 mm NH4OAc pH 6.0)

in a microcentrifuge tube kept on ice. After the desired time, the reaction mixture

was quenched with TEMPOL (30 µL, 0.4 mg/mL, ∼25 eq) and an aliquot (1.5 µL)

was withdrawn for LC-MS analysis.

Standard conditions for trifluoromethylation - multi ∼mg scale

On an example of eqMb: A solution of eqMb (500 µL, 20 mg/mL in 1 m NH4OAc

buffer pH 6, 0.57 µmol) was cooled on ice, before a sequential addition of NaTFMS

(17.8 mg, 200 eq), Met (2.1 mg, 25 eq) and tBuOOH (19.8 µL, 25 eq, 720 mm in the

buffer). After the desired time, the reaction was quenched with TEMPOL (500 µL,

20 eq, 4 mg/mL in H2O). The reaction mixture was desalted with a PD MidiTrap

G-25 according to the manufacturer’s instructions, diluted with D2O (up to 10%)

and directly used in 19F NMR studies. For other proteins usually 2x - 3x lower

scale (concentration) was used, with amounts of reagents scaled proportionally. If

needed, before the 19F NMR analysis the solution of protein was first concentrated

with a VivaSpin (variable MWCO) centrifugal concentrators. Note different amount

of reagents for proteins with a single Trp residue.

Average yield for: eqMb - (74 ± 8)% (Bradford assay), PanC - 64% (UV ab-

sorbance), Ly - (66 ± 12)%, A5 - (58 ± 8)% (UV absorbance), SRP19 - 50% (Bradford

assay), Tr - not determined (due to partial autoproteolysis affecting the result).
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Protein denaturation - on the example of trypsin

To solution of Tr CF3 (400 µL, 400 µm in 100 mm NH4OAc pH 8.0), solid DTT and

urea were added (so that their final concentrations were 250 mm, 8 m respectively, note

the dilution caused decrease in the protein concentration). After that, the mixture

was incubated for 15 mins at 85 ◦C. Such a solution was diluted with D2O (up to

10%) and used in 19F NMR experiment. For proteins without disulfide bonds, DTT

and thermal treatments were omitted.

Tryptic digest

For LC-MS/MS analysis: Standard reaction mixture was diluted with water (to a

total volume of 140 µL) and buffer exchanged with a SpinTrap G25 according to the

manufacturer’s instructions (into 8 m urea and 50 mm NH4HCO3). DTT (2 µL, 200

mm in 50 mm NH4HCO3) was added to the solution of the modified protein (70 µL,

25 µg, ∼half of the desalted reaction mixture) and the mixture was incubated at 37

◦C for 20 mins. After cooling to rt, a freshly prepared iodoacetamide solution (4

µL, 200 mm in 50 mm NH4HCO3) was added and the mixture was kept in the dark

at rt for 20 mins. The excess iodoacetamide was quenched with the DTT solution

(2 µL, 200 mm in 50 mm NH4HCO3). After dilution with the buffer (325 µL, 50

mm NH4HCO3), the protein was digested with porcine trypsin (4 µL, 0.25 µg/µL,

1:25 w/w to protein) in overnight incubation at 37 ◦C with 500 rpm shaking. The

digestion was stopped by addition of aq. formic acid (430 µL, 0.2%) to reach a final

protein concentration of ∼0.4 pmol/µL. A sample (10 µL) was desalted using ZipTip

C18 according to the manufacturer’s protocol and analysed by LC-MS/MS. In the
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case of melittin, eqMb and PanC, the reduction and alkylation steps were omitted

since those biomolecules do not contain Cys residues.

For eqMbCF3 NMR analysis: To pooled samples of eqMbCF3 after PD MidiTrap

G-25 clean-up (∼16.5 mg, 50 mm NH4HCO3), porcine trypsin was added (0.66 mg,

1:25 w/w) and the reaction mixture was incubated overnight at 37 ◦C with 500 rpm

shaking. The reaction mixture was analysed directly upon addition of D2O (up to

10%). For melitting directly the crude reaction mixture was used for the digest.

Preparation of apomyoglobin

Apomyoglobin was prepared using an established methyl ethyl ketone extraction250.

Briefly, solution of myoglobin (1%, ∼10 mg/mL) was acidified to pH ∼1.5 at 0 ◦C

and extracted with an equal volume of cold methyl ethyl ketone. The aqueous layer

was separated by pipetting out and extracted once more with half the volume of the

organic solvent. The completion of heme removal was confirmed by measurement

of UV-VIS spectra revealing the disappearance of the absorbance at 409 nm. The

resulting, slightly straw-coloured, solution was buffer exchanged using a MidiTrap

G25.

Structural and ligand binding PrOF experiments

The protein samples were diluted to final concentration of∼ (100 – 300) µm in 100 mm

NH4OAc pH 8, containing 10% of D2O unless stated otherwise. A concentrated stock

of the ligand ((0.5 – 2) m) was prepared in the same buffer. In cases of sarcosine and

trehalose, solid compounds were added to the protein solution. For determination of

the berberine binding to lysozyme the general protocol for the affinity quantification
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assay was adapted223. Such an approach was deemed valid as the assumptions of

the assay were fulfilled (protein and the ligand being in a fast exchange), as per

observation of a single, responsive resonance signal upon an addition of the compound.

Activity assay for lysozyme

A turbidimetric activity assay was conducted according to the modified general pro-

tocol adjusted for the 96-well plate reader280. The activity was determined upon a

measurement of the decrease in an absorbance rate at 450 nm for cell suspension

of Micrococcus lysodeikticus (0.02%, 240 µL) incubated with a lysozyme sample (20

µL). The following definition of unit was used: – one unit gives a ∆A450 of 0.001 per

minute at pH 6.2 at 25 ◦C using a 0.02% suspension of Micrococcus lysodeikticus as

the substrate in a 260 µL reaction mixture. The rate of lysis (activity) was determined

by fitting of the linear region (first 2.5 minutes of the measurement) of a blank cor-

rected absorbance decay. The experiment was performed twice and in duplicate and

results averaged. Concentration of the samples was analysed with a micro-Bradford

assay calibrated for the quantification of (1 – 10) µg/mL solutions of the protein.

Ly CF3 was prepared according to the general protocol, and purified additionally by

a SpinTrap G25 before the assay, according to manufacturer’s instructions.
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2.8 Appendix
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Fig. 2.29: The selectivity of trifluoromethylation for PanC was additionally confirmed with

a tryptic digest of the modified protein and subsequent LC-MS/MS analysis (n = 2). a|
The relative single CF3 modification of different tryptic peptides. Results were averaged

for two samples. b-c| Fragmentation spectra of he peptide with a CF3-ylated Trp residue

with annotated ions.
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Fig. 2.30: LC-MS/MS analysis of digested Ly CF3 allowed identification of CF3-ylated

peptides. a-d| Peptide maps and representative tandem mass spectra for tryptic peptides

modified at Trp. The fragmentation spectra corresponding to specific modification of Trp111

was not found, giving an overall coverage of 5/6 Trp residues.
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Chapter 3

Towards the radiosynthesis of
18F-trifluoromethanesulfinate and
protein radiolabelling

CF2
18F

18F



Abstract

Protein radiofluorination is typically based on non-selective conjugation chem-

istry with nucleophilic side chains and relies on the introduction of bulky linkers

commonly resulting in a significant alteration to the protein structure. The appli-

cation of fluoroalkyl radical chemistry offers an alternative approach to the problem

and Chapter 3 discusses the radiosynthetic preparation of a suitable radical precur-

sor - 18F-trifluoromethanesulfinate and subsequent protein radiolabelling attempts.

Several synthetic routes based on the benzothiazole sulfone scaffold were evaluated

using compounds with both 19F and 18F isotopes, allowing for a deeper understand-

ing of the transformations. Ultimately, a novel method for the construction of the

[18F]-SCF3 group was selected for optimisation. Although extensively investigated,

only moderate improvements in yields were attained, leading to the necessity of au-

tomation of the radiosynthesis. Using a common commercial platform, the whole

sequence could be translated for a synthesiser, and the desired radical precursor was

obtained in satisfying quantities, allowing further studies. However, protein 18F-

radiotrifluoromethylation according to the proposed protocol was unsuccessful.
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3.1 Introduction

An important aim of this thesis is to investigate the possibility of adaptation of the

developed fluoroalkylation methodology for the other relevant isotope of fluorine -

18F. Such a radiofluorination would provide an interesting alternative, enabling direct

and potentially universal radiolabelling of proteins, without the need to introduce

reactive prosthetic groups, therefore avoiding possible perturbations to the structure

and function. At the start of this project, there were no reports of similar studies for

either peptide or protein substrates.

To perform this investigation, the trifluoromethyl group in the radical precursor

should have one of the fluorine atoms replaced with its radioactive isotope. A review

of the literature (2017), revealed that the radiosynthesis of trifluoromethanesulfinate

(TFMS) had not yet been accomplished. Therefore, the first task towards protein

18F-trifluoromethylation would be to synthesise the labelled radical precursor using

established radiosynthetic methodologies for the construction of the [18F]CF3 group.

An additional motivation to pursue this project stemmed from the versatility of

the reagent. Trifluoromethanesulfinate, known since the 1950s as Langlois’ reagent

(sodium counterion), or more recently, Baran’s reagent (zinc counterion), has been

popularised as an excellent source of the electrophilic trifluoromethyl radical281. Since

then, it has found use in numerous trifluoromethylation procedures for small molecules,

under ever milder conditions282. This should not come as a surprise as the trifluo-

romethyl motif has been recognised to have desirable physicochemical properties by

pharmaceutical and agrochemical industries and is now highly abundant among newly
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developed synthetic drug molecules and derivatives283. Moreover, NaTFMS is char-

acterised by a facile commercial availability and high operational simplicity, which

altogether resulted in an research interest, as illustrated in Fig. 3.1 as a recent rapid

growth in the number of publications and patents making use of it. At the time, it was

surprising that there were no reports proposing its use in 18F-trifluoromethylation,

perhaps due to the challenging nature of radiosynthesis, which seemingly could be

off-set by potential applications.
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Fig. 3.1: Number of publications (including patents) using TFMS, traced from 1955 to 2019

(SciFinder - May 2020), reached a total of 497 (before 1990: 12 records).

3.1.1 [18F]CF3 versus CF3SO−2 synthesis

As introduced in Chapter 1, 18F is usually produced in nuclear reactions as an aqueous

solution of 18F-fluoride ([18F]F−) or much less commonly as gaseous [18F]F2. The

latter is most commonly employed in electrophilic and/or radical fluorination either

by direct use or by derivatisation into other, less reactive species284. However, use of

[18F]F2 is connected with some serious drawbacks, such as the radioactivity content
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limit, which result in the low specific activity (the measured activity per gram of

material) of target compounds in addition to operational difficulties285. Therefore,

a synthetic route based on an easier to handle, nucleophilic [18F]F− could not only

be more efficient but also may extend its applicability due to the straightforward

production.

In general, there are several methods typically employed for construction of the

18F trifluoromethyl group286:

a) X → 18F substitution in the CF2X motif (X = leaving group),

b) 19F → 18F isotopic exchange in the CF3 motif,

c) 18F → trapping of difluorocarbene (:CF2) generated in situ, forming a nucle-

ophilic [18F]CF−
3 species.

The most straightforward methods, (a), rely on nucleophilic substitution chemistry

(SN2), which often is moderately suited for the synthesis of the radiolabelled trifluo-

romethyl group most likely due to its stereoelectronic demands287. Nevertheless, due

to the scarcity of other efficient methods, it often remains the default approach with

a substrate dependent efficiency. The isotopic exchange method, (b), is explicitly

limited in the specific activity, due to the presence of the competing 19F. Finally, an

interesting approach is to use a reactive difluorocarbene that can react with [18F]F−,

(c), to form the trifluoromethylating reagent - [18F]CF−
3 .

Defined as the measured activity per mole of compound, molar activity describes

the ratio of radiolabelled (18F-containing) material to its non-radioactive 19F equiv-

alent, and is an important characteristics of tracers, responsible for the quality of
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PET image288,289. Radiotracers with high specific activity offer better signal-to-noise

ratio (i.e. better image contrast) at saturating quantities, and as such are highly de-

sirable. Unfortunately, all of the above methods for [18F]CF3 construction, result in

radiolabelled products with relatively low specific activities (low ∼GBq/µmol), with

particularly poor efficiency of the isotopic exchange method290. In some cases, the

reasons for this are well understood i.e. from carrier addition or instability of the

difluorocarbene intermediate. However, even for substitution chemistry, the obtained

specific activity values are much lower than expected286,291, highlighting challenging

nature of such a radiosynthesis. For this reason the isotopic exchange pathway was

not considered.

An extensive review of methods to prepare sulfinic acids and their salts (rich for

aryl/aromatic but more limited for aliphatic ones), revealed two key pathways: direct

sulfinylation with sulfur dioxide or elimination from a suitable sulfone precursor292

- Fig. 3.2a. The former has been deemed difficult to realise in radiochemistry set-

tings due to the gaseous state of the reagents - although a relevant precursor (e.g.

[18F]bromotrifluoromethane) was predicted to be easily accessed, its further reaction

with SO2 (or its equivalent in the form of sodium dithionite) would require high pres-

sure and specialised equipment293, not accessible in a typical 18F-laboratory. On the

other hand, the latter strategy exploits the fact that sulfinates are good leaving groups

with a variety of alkyl and (hetero)aryl R substituents294. The cleavage of C-S bond

is particularly fast and efficient for the benzothiazole scaffold treated with sodium

borohydride295. Hence, it was envisaged that benzothiazole sulfone - BzSOOCF3,

would be a suitable precursor to the 18F-labelled Langlois’ reagent. A range of, above
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discussed, standard radiolabelling methods were investigated in order to access this

key intermediate - Fig. 3.2b.
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Fig. 3.2: a| Common synthetic strategies for the synthesis of trifluoromethanesulfinate. b|
Analysis of synthetic routes to the key sulfone precursor and [18F]-TFMS.

An ideal synthetic route has as few synthetic steps, involving the short-lived 18F-

isotope, as possible. Said that, the direct application of labelling methods (such as a

or b) to the trifluoromethanesulfinate was not considered due to its charged nature

and difficulties in accessing suitable precursors. Nevertheless, the radionuclide should

be introduced as late as possible i.e. in this case the precursor would be a suitably

substituted difluoroalkyl sulfone - Bz(SOO)CF2X. Such compounds are easily acces-

sible177 and seemingly a sulfone group should exert a favourable electron withdrawing

effect facilitating nucleophilic substitution reaction, as is the case with carbonyl and

cyano groups296. Unfortunately, α-halosulfonyl systems are notoriously unreactive
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towards nucleophilic substitution, presumably due to the stereoelectronic hindrance

at tetrahedral carbon297. For related reasons, difluorohalide sulfinate was also not

considered as a viable precursor. However, the same problem is not encountered for

aromatic sulfides298, which then can be converted to the corresponding sulfones by a

quick and facile oxidation step299.

This chapter presents radiosynthesis of [18F]-TFMS and its application to protein

radiolabelling starting with 19F feasibility studies. First, the reactivity of a suitable

benzothiazole sulfide precursor in the nucleophilic substitution reaction is discussed,

followed by a detailed investigation of the difluorocarbene benzothiazole disulfide

trifluoromethylation and verification of the oxidation and elimination steps. Next

section describes how these conditions were then adapted to 18F-labelling, including

optimisation of the [18F]Cu-CF3 mediated reaction. Following, the details of the

automation of the full radiosynthesis sequence and molar activity determination are

given. Finally, protein radiolabelling using [18F]-TFMS will be discussed.

3.2 19F feasibility studies

3.2.1 BzSCF2Br as a substrate for nucleophilic displacement

First, a suitable precursor was synthesised using nucleophilic displacement of CF2Br2

to give BzSCF2Br in a good yield - Sch. 3.1.

S

N

S

CF2BrS

N

SH

BzSH BzSCF2Br

2) 1.2 eq CF2Br2

18 h, 70%
THF, 0 oC    rt

1) 1.5 eq NaH

Sch. 3.1: Synthesis of the BzSCF2Br precursor (10 mmol).
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In the first step, nucleophilic fluorination of this precursor in a polar solvent was

studied (KF, MeCN up to 90 ◦C - data not shown). However, 19F NMR analysis

of the reaction mixture revealed no formation of the expected product177, with only

the unreacted starting material present. Next, the addition of silver(I) salts was

tested, which is known to mediate the halex (halide exchange) reaction for this type

of substrates298. While addition of AgNO3 resulted in no product formation, in the

presence of AgOTf, BzSCF2Br was converted to a new unexpected compound, as

indicated by the observation of precipitate and 19F NMR analysis - Fig. 3.3.
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Fig. 3.3: 19F NMR analysis of the crude reaction mixtures indicated that in the presence

of AgOTf a new species is formed with a characteristic signal pattern (−39.2 (q, J = 5.3

Hz, 2F), −72.9 (t, J = 5.3 Hz, 3F)) elucidated to originate from the triflate derivative -

BzSCF2OTf with a structure proposed in the scheme.

Control experiments showed that this transformation still proceeded in the absence of
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KF. Although unstable, it was characterised in a mixture with AgOTf in chloroform

as a triflate derivative, which was further confirmed via GC-HRMS. While not com-

mon, such metathesis reactions have been observed in literature300. Considering that

BzSCF2OTf may be even better poised for the fluorination, further efforts were di-

rected towards investigating its reactivity. A screen of solvents revealed an instability

in polar solvents (DMSO, MeCN, MeOH, acetone, DMF) leading to a swift precipita-

tion and complex mixtures, even in the absence of a F− source. Limited to a less polar

environment, the low solubility of the fluoride was suspected to inhibit the reaction.

In order to aid it, a phase transfer catalyst (18-crown-6) was added and the reaction

repeated. 19F NMR, indeed reported a new transformation happening, however, with

scarce amounts of the desired product formation - Fig. 3.4. Instead, the new species

was hypothesised to originate from an attack of the F− on the triflate sulfur, giving

CF3SO2F that could be identified based on its characteristic 19F signal pattern301,302.

This type of reactivity is commonly observed for a related compound trifluoromethyl

triflate303 (CF3OSO2CF3), for which the treatment with an anhydrous fluoride leads

to release of OCF−
3 equivalent and CF3SO2F. It is postulated that the same type

of reactivity is being observed here. Investigating other reaction parameters, such

as temperature or solvents, did not favour the formation of BzSCF3, and no other

major fluorinated species were observed by 19F NMR, indicating the decomposition

of the benzothiazole fluoroalkyl leaving group.
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Fig. 3.4: 19F NMR analysis of BzSCF2OTf crude reaction mixtures indicated that in the

presence of KF and a phase transfer catalyst (18-crown-6) a new species is formed with a

characteristic signal pattern (38.85 (q, J = 18.3 Hz, 1F), −71.90 (d, J = 18.3 Hz, 3F))

hypothesised to originate from the CF3SO2F.

Reversing the reactivity i.e. achieving the desired transformation (cleavage of

the C-O bond), has been reported to be difficult and the required conditions remain

poorly understood, likely involving the need for HF, not readily available in the

radiochemistry setup304. This led to the conclusion that Ag(I) mediation was not a

suitable synthetic strategy for radiolabelling.

Finally, nucleophilic fluorination of BzSCF2Br was carried out under conditions

similar to those used in radiochemistry settings (short reaction times <20 mins, use of

PTC and potassium carbonate)305. 19F NMR revealed a minimal conversion (<1%),

suggesting that although possible, such a reaction might not be an optimal way for

labelling. Further optimisation was not performed, bearing in mind that general
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screening would be more advantageous during the radiolabelling step.

3.2.2 :CF2 mediated S-S trifluoromethylation

Unsuccessful attempts at the classical nucleophilic substitution strategy prompted

pursuing an alternative strategy based on the difluorocarboene precursor. Disulfides

have been reported to be a suitable precursor to obtain the [18F]SCF3 motif in a

reaction with [18F]-fluoroform and a base306. This has confirmed that CF−
3 can easily

react with a disulfide substrate as a partner electrophile307, even in radiochemistry

settings. Considering technical and regulatory difficulties in distilling [18F]HCF3,

it was wondered whether a similar transformation could be achieved using an opera-

tionally simpler difluorocarbene derived trifluoromethylating equivalent. The capture

of [18F]F− by :CF2 has been well established, especially in the stabilising presence of

Cu(I)308. However, no conditions for -S-S- trifluoromethylation using this compound

have been reported in literature, with only scarce reports on a similar transforma-

tion - an oxidative addition of fluoroalkylated Cu(I) species, derived from organozinc

reagents, into the S-S bond309,310.

Starting from the previously established conditions311, 19F NMR analysis of a test

reaction mixture confirmed the formation of the BzSCF3 product albeit in a very

low yield. A series of control experiments were performed to determine the role of

reaction components - Tab. 3.1. No product was observed in absence of CuI or when

mercaptobenzothiazole (BzSH) was used as the substrate. Interestingly, traces of the

product were observed also in the absence of KF, suggesting a participation of fluo-

ride derived from :CF2 degradation286. Next, the reaction was upscaled and products
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isolated and characterised. This allowed the recovery of another prominent fluori-

nated species elucidated to be the N -difluoromethylated derivative (BzSNCF2H),

typically obtained for thiazoles during a reaction with difluorocarbene312.

2 eq KFS

N

S 2 eq CuI

DMF, 120 oC

N

S

CF3S

BzSSBz

S

N

S

2 eq ClF2CCO2Me

20 mins
BzSCF3

Tab. 3.1: Control experiments of BzSSBz (2,2’-dithiobisbenzothiazole) trifluoromethyla-

tion confirmed the crucial role of difluorocarbene derived CuCF3 in the product formation.

Conversions were determined using quantitative 19F NMR analysis.

Entry Substrate :CF2 F− Cu(I) BzSCF3

1 BzSSBz ClF2CCO2Me KF CuI 2%

2 BzSH ClF2CCO2Me KF CuI −
3 BzSSBz BrF2CP(O)(OEt)2 KF CuI −
4 BzSSBz ClF2CCO2Me - CuI <1%

5 BzSSBz ClF2CCO2Me KF - −
6 BzSSBz ClF2CCO2Me KF AgNO3 −

Conditions were then screened to improve conversion and selectivity towards BzSCF3

- Tab. 3.2. It was found that employing a known Cu(I) ligand - TMEDA (N ,N ,N ’,N ’-

tetramethylethylenediamine)308, led to an increase in both reactivity and selectivity.

Varying the catalyst loading allowed for a further significant improvement, although

changing of Cu(I) source (with or without TMEDA) led to similar or inferior results

(Tab. 3.2 entries 4-8). Different solvents were not screened as DMF is known to play

a crucial role in the reaction mechanism, stabilising the transient trifluoromethyl

anion313.
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2 eq KFS

N

S x eq Cu(I)

DMF, 130 oC

N

S

CF3S

a%

+
N

S

S

CF2H

b%

BzSCF3 BzSNCF2HBzSSBz

S

N

S

2 eq ClF2CCO2Me

20 mins

Ratio = 
_
b
a

Tab. 3.2: Screening of different Cu(I) sources revealed the beneficial effect of the ligand

TMEDA under substoichiometric loading. Column ‘Ratio’ refers to ratio between formed

BzSCF3 and BzSNCF2H products.

Entry Cu(I)/ligand BzSCF3 Ratio

1 2 eq CuI/TMEDA 4% 0.5

2 1 eq CuI/TMEDA 5% 2

3 0.2 eq CuI/TMEDA 24% 3

4 0.2 eq Cu2(TMEDA)2Cl2(OH)2 11% 2

5 0.2 eq CuBr 11% 1.5

6 0.2 eq CuBr/TMEDA 14% 2

7 0.2 eq CuCl 9% 2

8 0.2 eq Cu(ACN)4OTf 20% 2

A further improvement was brought about by the change to a more soluble fluoride

source - CsF and an increase in its excess, clearly indicating the availability of F−

as the crucial factor. Although high temperature is typically employed to facilitate

difluorocarbene formation, an excessive heating had a detrimental effect (Tab. 3.3 en-

try 3). Finally, similar :CF2 sources did not perform well (presumably due to the low

solubility of ClF2CCO2Na and an incomplete decomposition of ClF2CCO2Et as indi-

cated by an intense starting material fluorine peak in 19F NMR). Further optimisation

was not pursued at this point postponing it to the relevant 18F-trifluoromethylation.

Low conversions for BzSSBz as well as diselenide (PhSeSePh314 - 4% under condi-

tions from Tab. 3.2 - entry 3), indicate that this methodology most likely did not
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constitute a competitive 19F-trifluoromethylation protocol196.

x eq fluoride sourceS

N

S 0.2 eq CuI/TMEDA

DMF, temp.

N

S

CF3S

a%

+
N

S

S

CF2H

b%

BzSCF3 BzSNCF2HBzSSBz

S

N

S

2 eq :CF2 precursor

20 mins

Ratio = 
_
b
a

Tab. 3.3: BzSSBz trifluoromethylation with variable temperature and CsF amounts. The

best, semi-optimised conditions are highlighted in green.

Entry :CF2 Temp. [◦C] F− BzSCF3 Ratio

1 ClF2CCO2Me 130 2 eq CsF 35% 5

2 ClF2CCO2Me 130 5 eq CsF 57% 22

3 ClF2CCO2Me 150 5 eq CsF 38% 5

4 ClF2CCO2Et 130 5 eq CsF 2% 2

5 ClF2CCO2Na 130 5 eq CsF 4% 0.5

As such, further tests were conducted in order to determine the performance under

the conditions where fluoride is the limiting reagent and in the presence of common

additives in 18F-radiochemistry: potassium carbonate and a phase transfer catalyst -

Tab. 3.4. Neither of these species, nor the change of the solvent to MeCN, negatively

affected the reaction and overall yielded similar conversions. Although the efficiency

dropped following the 10 fold decrease in scale, the product was still formed, raising

hopes of success in 18F-settings. To complicate the prediction it is unknown what

fraction of fluoride was soluble under these conditions. However, employing a large

excess of the difluorocarbene source, although unfavourable for the specific activity,

should ensure that all of the fluoride would be consumed in the construction of the

trifluoromethyl group.
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x eq BzSSBz

0.1 eq CuI/TMEDA N

S

CF3S

BzSCF3

1 eq ClF2CCO2Me

20 mins

KF

additive
DMF, 130 oC

Tab. 3.4: BzSSBz trifluoromethylation treating KF as the limiting reagent as well as in

the presence of typical additives in radiochemistry. All calculations with respect to fluoride.

Entry BzSSBz Scale Additive F− conversion

1 0.5 eq 300 µmol − 12%

2 0.5 eq 300 µmol MeCNa 13%

3 0.5 eq 300 µmol K2CO3
b 15%

4 1 eq 300 µmol − (10±3)d%

5 1 eq 300 µmol MeCNa, K2CO3
b, PTCc 13%

6 0.5 eq 30 µmol − (3.3±0.7)d%

7 1 eq 30 µmol − 4%

[a] - 6 eq, [b] - 0.75 eq, [c] - phase transfer catalyst dicyclohexano-18-crown-6, 1 eq

[d] - average from n = 3 reactions.

3.2.3 Verification of the oxidation-elimination sequence

Having investigated the synthetic route to BzSCF3, the attention was turned to

study the actual sequence of reactions leading to the desired trifluoromethanesulfinate.

First, oxidation to the corresponding sulfone was performed using an established

procedure177, with ruthenium(III) chloride as a catalyst and sodium periodate as

the oxidant. Although some of the reported procedures315,316 have made use of the

addition of chlorinated co-solvents (CCl4, DCM), it was found out that a mixture of

MeCN and H2O worked equally well for this substrate. Under the high excess of the

periodate, the reaction was completed in under 1 h as indicated by 19F NMR analysis.

A practical consideration when working with 18F would be the ability to perform

a one-pot oxidation on the crude reaction mixture containing the BzSCF3 substrate
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to reduce the total time of radiosynthesis. Initial oxidations on a small scale without

DMF removal revealed no product formation by 19F NMR analysis - Tab. 3.5.

N

S

CF3S

BzSCF3

BzSSBz
2 eq KF

2 eq ClF2COOMe

0.2 eq CuI/TMEDA

0.7 mL DMF, 130 oC
20 mins

150 �mol

z mol% RuCl3  H2O

BzSOOCF3

+y �L NaIO4 in H2O
N

S

CF3S

O

O

rt, 20 mins

+ a �L solvent

Tab. 3.5: BzSCF3 oxidation sequence using crude reaction mixtures under different con-

ditions and solvent composition. Amounts of oxidising agents are calculated with respect

to BzSCF3 in the crude reaction mixture (∼25% from BzSSBz). BzSOOCF3 conversion

was determined using quantitative 19F NMR analysis versus BzSCF3.

Entry Crude mix. Solvents [µL] Ox. agents [eq] Conversion

DMF [µL] H2O Organic RuCl3 NaIO4 BzSOOCF3

1 350 350 − 0.5 7.5 −
2 350 350 350 CDCl3 0.5 7.5 −
3 700 700 350 MeCN 0.5 7.5 −
4 350 700 3000 MeCN 0.5 15 −
5 350 3000 − 0.5 10 −
6 300 350 50 MeCN 0.6 8 −
7 200 350 100 MeCN 0.9 13 2%

8 100 350 200 MeCN 1.7 25 96%

9 50 350 300 MeCN 3.4 51 100%

10 50 350 300 DMF 3.4 51 100%

11 25 350 325 MeCN 7 102 100%

While the addition of different co-solvents did not improve the conversion, employing

a large excess of both the catalyst and oxidant resulted in full conversion to the desired

product BzSOOCF3 in 20 mins. This suggested that direct and fast oxidation of

BzSCF3 in the crude reaction mixture might be achievable in radiochemistry settings.

The final set of experiments was aimed to verify the elimination of the desired

sulfinate. Expectedly, the reaction on the crude mixture was highly exothermic and
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gave minimal conversions therefore this way was not deemed feasible. In order to iso-

late BzSOOCF3, the crude solution obtained under optimised conditions (Fig. 3.5a)

was diluted with H2O to form a suspension and passed through a C18 cartridge (pre-

activated with MeCN). It was found that the water addition was a necessary step for

the complete adsorption of the compound. In this way, no BzSOOCF3 was found

in the flowthrough as verified by 19F NMR analysis. The elution from the cartridge

was straightforward with low amounts of EtOH (2 mL) after washing the cartridge

with 2 mL aqueous 10% EtOH solution.

N

S

CF3S

crude BzSCF3

BzSSBz
2 eq KF

2 eq ClF2CCO2Me

0.2 eq CuI/TMEDA

0.7 mL DMF, 130 oC
20 mins

150 �mol

2 eq RuCl3  H2O

crude BzSOOCF3

30 eq  NaIO4 in 1.3 mL H2O N

S

CF3S

O

O

rt, 20 mins

C18 trapping

8 mL H2O

10% EtOH
wash

EtOH elution

isolated BzSOOCF3

N

S

CF3S

O

O
10 eq NaBH4

5 mins
S

ONa

O

F3C

NaTFMS

b|

a|

-90-85-80-75-70-65-60-55-50-45-40-35-30-25-20

19F (ppm)

Fig. 3.5: a| 19F feasibility study for the formation of NaTFMS via the :CF2 mediated

synthetic route. The trial did not include isolation of the product. b| 19F NMR traces of

reaction mixtures following each transformation with highlighted species of interest.
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Addition of an excess of sodium borohydride resulted in a rapid (< 5 mins) elimination

of the desired sulfinate, as confirmed by 19F NMR. Gratifyingly, the final solution

predominantly contained the desired sulfinate - Fig. 3.5b. Semi preparative HPLC

would be used to isolate the pure 18F-product. Together these results suggested that

this methodology may be feasible for radiosynthesis of NaTFMS, which was the object

of further investigation.

3.3 18F radiochemistry

3.3.1 Radiolabelling of the radical precursor

Two principal methods of screening were employed:

1. Fully automated radiosynthesis in a FastLabTM module synthesiser (GE Health-

care), including the preparation of [18F]F− , the addition of reagents and radio-

labelling reaction. All analyses were performed manually. The operations were

controlled remotely via dedicated software.

2. Manual radiosynthesis using [18F]F− aliquots, prepared beforehand in the syn-

thesiser as a solution in relevant solvents.

Such an approach ensured that a higher number of conditions could be screened with

a different level of starting radioactivity. For all experiments, [18F]F− was prepared

following standard methods, by trapping from the target water on an anion exchange

cartridge and subsequent elution with a solution of a base (here, potassium carbon-

ate) and a metal-chelating cryptand - KryptofixTM 222. The reactive [18F]F− was

obtained after the final azeotropical drying and dissolution in a desired solvent317.
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This preparation is typically employed in radiosyntheses of most popular 18F-tracers

and, in addition to the high reproducibility, it also ensures its applicability throughout

different laboratories.

To comprehensively evaluate the outcome of reactions, several analysis methods

were used. The crude reaction mixtures were assayed with radio-TLC (MeOH) that

was used to determine the conversion to radiolabelled compounds, allowing convenient

separation from unreacted inorganic [18F]F−. The purity was then further evaluated

with a radio-UPLC analysis (in which unreacted [18F]HF was retained on the col-

umn due to the use of acidified mobile phases)318, which also reported on the side

products distribution and confirmed the identity of the product (retention time com-

parison with the reference). The mathematical product of numbers: conversion from

radio-TLC (MeOH) and purity from radio-UPLC is reported as the radiochemical

conversion (RCC). An additional test was the radio-TLC analysis using CHCl3 that

was used to validate the results based on a known position of BzSCF3 (Rf ∼0.7).
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Initial trials were aimed at verification of low reactivity of BzSCF2Br in nucle-

ophilic radiofluorination - Tab. 3.6.

S

N

S

CF2Br

15 mins, temp.
 1 mL solvent

additive N

S

CF2
18FSK222/K2CO3

(100 - 500) MBq 18F
_

12 mg, 40 �mol

Tab. 3.6: BzSCF2Br radiolabelling under different conditions. DMA = dimethylacetamide,

NMP = N -Methyl-2-Pyrrolidone.

Entry Additive Temp [◦C] Solvent TLC UPLC RCC

1a − 120 MeCN <2% 0% −
2 − 145 DMF <2% 0% −
3 Pyridineb 145 DMF <2% 0% −
4 AgNO3

c 60 DCE 3% 0% −
5 AgOTfc 125 DMF 4% 0% −
6 AgOTfc 80 MeCN <2% 0% −
7 AgOTfc 125 NMP <2% 0% −
8 AgOTfc 125 DMA <2% 0% −

9a,d AgOTfc 60 DCE (3± 1)% 0% −
[a] - automated radiosynthesis, [b] - 150 µmol, [c] - 80 µmol, [d] - (n = 2)

Indeed, in all of those labelling experiments only a minimal amount of radiolabelled

organic compounds was obtained, among which the desired product was not found.

These results were in agreement with the feasibility studies, and no further trials were

conducted apart from the shown screening of solvents and silver additives.

Instead, the more promising :CF2 mediated strategy was pursued. However, the

first BzSSBz radiolabelling experiments using the optimised conditions from the

feasibility study failed - Tab. 3.7.
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15 mins, temp.
 1 mL DMF

x CuI/TMEDA
N

S

CF2
18FSK222/K2CO3

(10 - 200) MBq 18F
_

13 mg, 40 �mol

80 �mol ClF2COOMe

S

N

S S

N

S

Tab. 3.7: BzSSBz radiolabelling trials under different conditions.

Entry TMEDA&CuI Temp. TLC UPLC RCC

[µmol] [◦C]

1a 8 120 <1% − −
2b 8 150 7% − −
3 8c 150 8% − −
4 8 150 11% − −
5 80 145 13% − −
6 0.8 145 13% − −
7d 80e 145 (13± 2)% (8± 5)% (1± 1)%

[a] - automated radiosynthesis with 2.5 mg of BzSSBz,

[b] - different reagents order, [c] - freshly distilled TMEDA

[d] - n = 2, [e] - CuI from a different supplier

BzSSBz has a limited solubility in DMF (∼2.5 mg/mL) which limited the amount

of precursor that could be used with the synthesiser. Therefore, further screen-

ings were performed manually. Repeating the reaction with different amounts of

the CuI/TMEDA catalyst did not change the outcome, nor changes in the reagent

order addition and purification of the amine ligand. To exclude the possibility for

the excessive formation of radiolabelled volatiles (e.g. 18F-fluoroform)319, the activity

was measured at each stage of experimental procedures - Tab. 3.8. Such an analysis,

upon decay-correction, should yield the total starting activity if there are no gaseous

losses. It was found that the radioactivity escape was < 10%, indicating that such

off-side reactivity was not a likely cause of the poor reaction performance.
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Tab. 3.8: Analysis of the radioactivity distribution during BzSSBz trifluoromethylation

under conditions from Tab. 3.7- entry 7. DCA = decay corrected activity. w/rxn mix =

with reaction mixture. QMA = [18F]F− trapping cartridge.

Item Activity Elapsed DCA

[MBq] [mins] [MBq] [%]

Starting [18F]F− 390 0 390

Residual 0.6 0 0.6

Used for the synthesis 389.4 100

QMA 2.9 42 4 1.0

Target vial 1.9 42 3 0.8

Reactor w/rxn mix 265.4 43 348 89.4

Other elements 2 48 3 0.8

Loss 31 8.0

Traces of the radioactive [18F]-BzSCF3 product were observed when CuI from a

different supplier was used, which suggested that the quality of the metal salt was

an important factor - Fig. 3.6a. The product peak could also be observed in the UV

chromatogram - Fig. 3.6b. To further confirm its identity, the reaction mixture was

spiked with the 19F reference, which caused an increase of absorbance at the same

retention time - Fig. 3.6c.
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Fig. 3.6: a| Radio-chromatogram and b| UV-chromatogram of the reaction mixture in which

traces of the expected product (highlighted in red) were identified (Tab. 3.7 - entry 7) c|
UV-chromatogram of the reaction mixture spiked with BzSCF3 reference.

Following this observation and considering the fact most of the Cu(I) sources

were almost equally efficient in the feasibility study, different salts were investigated -

Tab. 3.9. The screening revealed a potential superior reactivity of CuCN and CuBr,

with the former producing less reproducible results as well as higher number of side

products, leaving CuBr as the preferred source of Cu(I).
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15 mins, 125 oC
 0.7 mL DMF

80 �mol Cu(I)/TMEDA
N

S

CF2
18FSK222/K2CO3

(30 - 80) MBq 18F
_

7 mg, 21 �mol

57 �mol ClF2CCO2Me

S

N

S S

N

S

Tab. 3.9: BzSSBz radiolabelling with different Cu(I) salts.

Entry Cu(I) TLC UPLC RCC

1a CuBr·S(CH3)2 14% − −
2 CuBr·S(CH3)2 10% 9% 1%

3 CuCl 15% 7% 1%

4b CuCN (26± 3)% (13± 7)% (5± 3)%

5b CuBr (24± 2)% (16± 3)% (4± 1)%

[a] - no TMEDA addition, [b] - n = 3

Further optimisation of the reaction stoichiometry and temperature led only to small

changes (< 3%, of a low relevance as the reactions were not done in replicates). As

such, an additional screen of additives (ligands) and solvents was performed under the

standard conditions - Appendix (Tab. 3.11). Unfortunately, this did not improve the

efficiency of the reaction and optimisation was stopped at this point, bearing in mind

that using high level of the starting activity might allow for the generation of sufficient

amounts of 18F-labelled reagent to test protein radiolabelling. Therefore, the project

was continued with investigation of the oxidation and elimination sequence as well as

the possibility of automation of the radiosynthesis.

3.3.2 Automation and optimisation of the oxidation-elimination
sequence

The manual radiosynthesis of [18F]-BzSCF3 was adapted to automation with the

synthesiser. Due to the low solubility of the BzSSBz and the technical inability to
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transfer suspensions, the exact stoichiometry could not be replicated and amounts of

reagents were reduced. This allowed isolation of [18F]-BzSCF3 after C18 trapping

with (0.5 ± 0.2)% RCC (n = 2). To verify the oxidation-elimination procedure, the

sequence was first performed manually following the automated synthesis of [18F]-

BzSCF3. The compound was readily oxidised after 5 mins with an aqueous solution

of the oxidising reagents (RuCl3 & NaIO4), forming quantitatively [18F]-BzSOOCF3

- Fig. 3.7a-b. The identity of the product was confirmed by spiking the reaction

mixture with the reference material - Fig. 3.7c-d.

Next, the elimination of the corresponding sulfinate was investigated. The initial

investigation focused on reactions of the trapped sulfone directly on the C18 cartridge

to reduce the radiosynthesis time. However, passing a NaBH4 solution either in EtOH

or in a aqueous mixture did not allow the elimination process to proceed smoothly as

a large amount of activity was trapped inside (both as [18F]-BzSOOCF3 and [18F]-

NaTFMS), even using excessive volumes of the reagent. Therefore, it was concluded

that the elimination step must occur in solution. Indeed, it was found that the elution

of the sulfone from the cartridge with MeCN followed by a treatment with an excess

of NaBH4 led to the complete conversion to the desired product - Fig. 3.8.
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10 mins, 125 oC
 1.6 mL DMF

26 �mol CuBr/TMEDA

N

S

CF2
18FSK222/K2CO3

700 MBq 18F
_

26 �mol ClF2CCO2Me
 7 �mol

BzSSBz

C18 trapping

8 mL H2O 1 mL MeCN

Elution
90 �mol  NaIO4 

rt, 5 mins

3 �mol RuCl3  H2O

0.35 mL H2O
N

S

S

O

O

CF2
18F

[18F]-BzSOOCF3
 [18F]-BzSCF3

(2 ± 1) MBq
Automated radiosynthesis

3.
98

1

3.
98

9

Fig. 3.7: Radio-chromatograms of: a| the [18F]-BzSCF3 solution eluted from C18 cartridge

after automated synthesis, b| the [18F]-BzSOOCF3 crude reaction mixture after a manual

oxidation, with the peaks highlighted in red and blue, respectively. UV-chromatograms of

c| the oxidation reaction mixture and d| the mixture after the spiking experiment, where

the identity of the desired product was confirmed by the addition of 19F-reference. Reported

activities are non-decay corrected.
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Fig. 3.8: Radio-chromatograms of a| the solution eluted from C18 cartridge and b| the

reaction mixture after the elimination, with [18F]-BzSOOCF3 and [18F]-NaTFMS peaks

highlighted in blue and green, respectively.

In order to develop a reliable analytical method (based on RP-UPLC) for the

detection of [18F]-TFMS, it was necessary to use an additive of an ion pairing reagent

(NBu4Br) to better retain the compound on the column (retention time change from

0.6 min to 2.1 min). Following this strategy, a semi-preparative HPLC procedure was

also developed using an isocratic elution with 20% aqueous MeCN and 5 mm NBu4Br

as the eluents.

Moving forward, the oxidation procedure was implemented into the automated se-

quence. Unfortunately, when aqueous the solution of oxidants was added straight to

the crude reaction mixture, the resulting suspension could not be transferred through

the casette onto a C18 cartridge without over-pressurising the system and causing
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the tubing to burst. Inclusion of an additional filter and fortified transfer tubes only

partially alleviated the problem, with only low volumes being passed before the over-

pressure. However, this was not the case if just the crude radiolabelling reaction

mixture was applied to the cartridge. Therefore, the oxidation on the C18 cartridge

was carried out. Through optimisation of this procedure (not shown) it was found out

that slow (1 mL/min) flowing of the aqueous (with 5% MeCN) solution of oxidants

through the cartridge with the adsorbed [18F]-BzSCF3 resulted in complete con-

version to the sulfone. Subsequent elution with MeCN gave [18F]-BzSOOCF3 in an

overall RCC of (0.9±0.2)% (n = 2) for the two-step transformation - Sch. 3.2. A slight

improvement in the conversion (compared with just [18F]-BzSCF3 radiosynthesis)

was attributed to the higher amounts of the precursor and reagents used.

10 mins, 125 oC
 1.6 mL DMF

40 �mol CuBr/TMEDA

K222/K2CO3

700 MBq 18F
_
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4 mL 5% aq. MeCN N
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O

CF2
18F

 [18F]-BzSOOCF3

Automated radiosynthesis

NDC: (4 ± 1) MBq

Sch. 3.2: Automated radiosynthesis of [18F]-BzSOOCF3.

Finally, the full sequence was automated, allowing the production of [18F]-NaTFMS

in (1.0±0.2)% non decay corrected RCC (n = 5) with a decent radiochemical purity

of (77±16)% - Fig. 3.10. The final reaction mixture was further purified by RP-

HPLC to isolate the reagent. Afterwards, the HPLC eluent could be removed during

the reagent concentration via trapping on the C18 cartridge and elution with a low

volume of MeCN.
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Fig. 3.9: Radio-chromatograms of a| the crude reaction mixture and b| the reaction mixture

after purification with the [18F]-TFMS peaks highlighted (dark and light green, respec-

tively). The molar activity was determined based on c| UV-absorbance of the isolated

product matched against d| the calibration curve prepared using [19F]-NaTFMS.
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The solution of 18F-TFMS was then either directly diluted or evaporated under a

stream of nitrogen to make up an aqueous stock solution that would be compatible

for the subsequent protein radiolabelling. The total synthesis and purification time

was ∼100 min, just below one 18F half-life. In order to perform screening of protein

radiolabelling, synthesis of the reagent starting with a very high activity was carried

out (∼111 GBq). The automated procedure delivered the crude reagent as expected

- Fig. 3.8a. Subsequent isolation yielded 300 MBq (∼0.3% NDC RCY) of the purified

reagent - Fig. 3.8b. Gratifyingly, the molar activity improved from 0.5 GBq/µmol,

when synthesised using 100x lower starting activity, to 1 GBq/µmol - Fig. 3.8c-d.

3.3.3 Protein radiolabelling

With the 18F-reagent in hand, radiotrifluoromethylation of a model protein was in-

vestigated. Recreating the conditions from the 19F -feasibility study - Fig. 2.24, using

a relatively high concentration of myoglobin (> 500 µm) and elevated temperatures,

did not allow efficient formation of the radiolabelled protein even after prolonged reac-

tion times - Tab. 3.10. Using a higher amount of the radical precursor, under forcing

condition with respect to stability of biological systems, resulted in only a trace of

plausible radiolabelled product being detected - Fig. 3.10a-b. Due to the operational

constraints, further radiosyntheses of the reagent were not possible, hence different

conditions were not screened. The Gouverneur group has developed a more efficient

radiosynthesis of [18F]-TFMS320. That strategy also utilised a :CF2 mediated path-

way but in a single step using N -methylmorpholine · SO2 as a sulfur source, which

led to the desired product with RCY of ∼6%.
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 x MBq 18F-NaTFMS 

20 mins, temp.

y eq tBuOOH

0.1 M NH4OAc pH 6

 

W
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W
W

~100 nmoleqMb

HN
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O

NH

CF2
18F

Tab. 3.10: Trifluoromethylation of eqMb (∼500 µm, 0.1 m NH4OAc, 20 mins) with varying

amounts of reagents and temperature. All calculations with respect to protein. Experiment

from entry 7 was performed in collaboration with Prof V. Gouverneur group.

Entry 18F-NaTFMS tBuOOH Temp. RCC

[MBq] [eq] [eq] [◦C]

1 3.5 0.1 2.5 rt −
2 3.5 0.1 5.0 rt −
3 7 0.2 2.5 rt −
4 7 0.4 2.5 rt −
5 7 0.2 25 40 −
6 19 0.5 2.5 40 5%

7a 5 5 10b rt −
[a] - experiment performed by the Gouverneur group

[b] - additional 2.5 eq Fe2(SO4)3 as an additive

In a kind collaboration with Dr Choon Wee Kee and Dr Osman Tack radiolabelling of

myoglobin, with [18F]-TFMS obtained via the new method, was revisited. Unfortu-

nately, also in this case no 18F-products were observed. Interestingly, the subsequent

LC-MS analysis of the decayed reaction mixture revealed a significant formation of

eqMbCF3 - Fig. 3.10d, which can be only explained by a relatively low molar ac-

tivity of the radical precursor (0.01 GBq/µmol)320. As a consequence, the majority
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of trifluoromethylation occurred via the [19F]-NaTFMS (18F-isotope bearing reagent

constituted only ∼1.6·10−5 % - based on the maximum theoretical molar activity262).

An experiment under identical conditions but using [19F]-NaTFMS gave similar re-

sults (upper spectrum - Fig. 3.10d) further reinforcing the hypothesis.
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Fig. 3.10: Radiolabelling of model protein myoglobin. Radio TLCs traces of a| the crude

[18F]-TFMS reagent b| the protein reaction mixture (entry 6). c| Radio-chromatogram

of the reaction mixture with putative traces of a radiolabelled protein marked with the

asterisk. d| Mass spectra of the protein starting material (left) and comparison of spectra

of reaction mixtures with protein labelled under similar conditions (entry 7) with 5 eq of

[19F]-NaTFMS (upper) or [18F]-TFMS (bottom, analysis of the decayed reaction mixture).

Both showed ∼30% conversion to the trifluoromethylated protein. The peak marked in

green (∆mobs = +95) most likely stemmed from a sulphate adduct to the starting material

protein (∆mcalc = +96).

160



Considering the difficulties in accessing high quantities [18F]-TFMS, it was deemed

unlikely that the protein radiolabelling protocol can be efficiently optimised in such

a form and the project was concluded.

3.4 Conclusions and discussion

This chapter investigated the idea of protein radiotrifluoromethylation using the de-

veloped radical chemistry based on the trifluoromethanesulfinate reagent. Since the

radiosynthesis of the 18F-labelled reagent had not been reported, various synthetic

routes to the radical precursors were designed and tested.

Finding a compromise between a suitable method for both alkyl sulfinate and

[18F]CF3 group synthesis, a multi-step pathway was considered. Choice of the sulfi-

nate precursor in the form of benzothiazole sulfone was dictated by highly efficient

transformations leading to the sulfinate from theoretically easy to label SCF2Br motif.

This strategy was reinforced by, then, preliminary successful results achieved for 18F-

difluoromethylation of this type of substrates321. Moreover, the more sluggish elimina-

tion step for different (hetero)aromatic scaffolds made their choice disadvantaged299.

For example, preliminary studies into the reactivity of the pyridyl sulfones scaffold

(not shown) confirmed these notions and cemented the chosen strategy. In order to ac-

cess the 18F-labelled reagent ([18F]-NaTFMS) for protein trifluoromethylation, the

following established radiolabelling conditions were tested - i) silver-mediated halogen

exchanges298 as well as ii) a more speculative difluorocarbene mediated disulfide split-

ting308. Initiated with feasibility studies, nucleophilic fluorination of the BzSCF2Br

in the presence of silver triflate turned out to yield a product that was different
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from expected (but not entirely surprising), which led to the dead end. This was

most likely a consequence of the choice of specific aryl scaffold. In light of this, the

focus was shifted to the alternative strategy based on a :CF2 mediated approach.

Although the desired BzSCF3 product was formed, the reaction performed poorly

under conditions resembling those used in radiochemistry. Nevertheless, subsequent

steps leading to the sulfinate showed promising results, raising hopes of translation

into a semi-efficient radiosynthesis. Perhaps, these experiments should be regarded

as a general successful proof-of-concept and should have directed further work into

the investigations of a more productive source of the [18F]CF−
3 equivalent. However,

considering the scope of this thesis and due to the operational and time constraints,

the radiosynthesis following this strategy was pursued. Both pathways performed in a

surprisingly good agreement with the feasibility studies, indicating a good prediction

value of such experiments. While the silver-mediated strategy was expectedly not

successful, the :CF2 approach allowed construction of the [18F]-BzSCF3 precursor

in a limited RCY. Although further optimisations of the labelling reaction were per-

formed, some aspects of the radiochemistry procedures were not accounted for, such

as the limited [18F]F− solvent transfer, leaving room for a further technical improve-

ment - Fig. 3.13. Importantly, the total radiosynthesis was amenable for automation,

highlighting a high potential of the whole sequence. Final experiments aimed at pro-

tein radiolabelling revealed a seemingly insufficient reactivity of this reagent. Use

of the same reagent, but synthesised via a more elegant, single-step procedure (with

∼(10-20)x higher RCY)320 for protein radiolabelling was also unsuccessful. Results

from this study suggested that while radical [18F]-trifluoromethylation of proteins is
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feasible, a more reactive radical precursor than the proposed here would be essential

to achieve that. It should be noted that alternative NaTFMS radical initiation meth-

ods failed (photoredox, metal catalysts - data not shown). Perhaps, a more important

issue to be addressed first, is the construction of [18F]CF3 group. Current methods are

limited in terms of RCY and molar activities, which preclude their widespread appli-

cations. Recent progress in the field322 provides future hope that the trifluoromethyl

radical could be exploited for protein radiolabelling.

3.5 Experimental

3.5.1 Feasibility studies

General information

Reagents and solvents were purchased from commercial suppliers and used without

further purification. Room temperature (rt) refers to ambient temperature. For

flash column chromatography GeduranTM Si 60 (0.040-0.063 mm) silica gel was used.

Chemical shifts are reported in parts per million (ppm) relative to the centre of the

residual solvent signal. Fluorine spectra were referenced against NMR grade 2,2,2-

trifluoroethanol (TFE, −77.7 ppm, t, 3F). Spectra were analysed using the Mestrelab

software (MestReNova v11.0.2). Relevant 2D experiments were performed to facilitate

the signal assignment. All NMR experiments for small molecules were performed

on a Bruker AVIIIHD 400 nanobays (400.1 MHz for proton) running TOPSPIN 3

equipped with a 5 mm z-gradient multinuclear BBFO probe. Coupling constants (J)

are reported to the nearest 0.1 Hz. Quantitative fluorine experiments were performed

with TFE as the internal standard with following experimental parameters: number
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of scans: 128 - 256, acquisition time: 3 s, delay time 7 s with resolution not smaller

than 0.33 Hz/pt. High resolution mass spectrometry was performed with Agilent

8890 GC-TOF-MS System with the electron impact ionisation.

Synthesis of BzSCF2Br

S

N

S

CF2Br

A suspension of NaH (60% dispersion in mineral oil, 0.6 g,

15 mmol) in THF (15 mL) was cooled down to 0 ◦C, and 2-

mercaptobenzothiazole (BzSH, 1.67 g, 10 mmol) was added in

one portion. After being stirred at 0 ◦C for 10 mins, the reaction mixture was warmed

up to rt and stirred for another 30 mins. Then, it was cooled to −78 ◦C and CF2Br2

(1.1 mL, 12 mmol) was added in one portion. The reaction mixture was stirred for

18 h at rt, quenched with water (40 mL) and extracted with DCM (2 x 30 mL) and

hexane (30 mL). The organic layers were combined, dried over MgSO4 and evaporated

in vacuo. The crude residue was dissolved in small volumen of hexane and purified

via flash chromatography on silica gel (hexane/EtOAc 5%) to give BzSCF2Br as a

yellow solid (2.07 g, 70%).

1H NMR (400 MHz, CDCl3) δ 8.16 (ddd, J = 8.2, 1.4, 0.7 Hz, 1H, H4), 7.91

(ddd, J = 7.9, 1.4, 0.7 Hz, 1H, H7), 7.56 (ddd, J = 8.2, 7.3, 1.4 Hz, 1H, H5), 7.50

(ddd, J = 7.9, 7.3, 1.4 Hz, 1H, H6),

13C NMR (126 MHz, CDCl3) δ 154.0 (t, J = 1.8 Hz, C2), 153.2 (C3a), 138.2 (C7a),

130.9 (t, J = 322.0 Hz, CF2Br), 127.1 (C5), 126.9 (C6), 124.5 (C4), 121.5 (C7),

19F NMR (376 MHz, CDCl3) δ −21.22 (s, 2F),
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HRMS-(EI) [M]+: Calcd: 294.8931 (100%), 296.8909 (97%), found: 294.8934

(100%) and 296.8913 (97%).

Synthesis of BzSCF2OTf

S

N

S

CF2

O

S
O

O
CF3

AgOTf (102.8 mg, 0.4 mmol) was weighed into a glass vial

to which a solution of BzSCF2Br (59 mg, 0.2 mmol) in 1,2-

dichloroethane (DCE, 0.7 mL) was added and the whole mix-

ture was heated at 60 ◦C for 1 h. After that, the solvent was

removed in vacuo and the remaining solid was extracted with CDCl3. The instability

of the compound prevented its separation from excess AgOTf. 19F NMR analysis in-

dicated over >95% consumption of the starting material. The 5JF,F coupling pattern

has been observed for similar compounds323.

1H NMR (400 MHz, CDCl3) δ 8.30 (ddd, J = 8.2, 1.3, 0.7 Hz, 1H, H4), 7.96 (ddd,

J = 7.9, 1.3, 0.7 Hz, 1H, H7), 7.64 (ddd, J = 8.2, 7.3, 1.3 Hz, 1H, H5), 7.59 (ddd, J

= 7.9, 7.3, 1.3 Hz, 1H, H6),

13C NMR (126 MHz, CDCl3) δ 154.1 (t, J = 2.9 Hz, C2), 150.6 (C3a), 137.3 (C7a),

128.5 (C5), 128.2 (C6), 126.8 (t, J = 318.0 Hz, CF2OTf), 123.7 (C4), 121.8 (C7),

117.8 (q, J = 322.3 Hz, CF3),

19F NMR (376 MHz, CDCl3) δ −39.17 (q, J = 5.3 Hz, 2F), −72.92 (t, J = 5.3 Hz,

3F),

HRMS-(EI) [M]+: Calcd: 364.9268, found: 364.9370.
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Fig. 3.11: GC-HRMS analysis of BzSCF2OTf dissolved in CHCl3. TIC chromatogram

(top) and mass spectrum (bottom, combined spectra of the region highlighted in blue)

supported the proposed structure upon analysis of the fragmentation pattern.

Nucleophilic fluorination of BzSCF2OTf

To the crude reaction mixture containing BzSCF2OTf (see above), KF (12.8 mg,

0.22 mmol) and a phase transfer catalyst (dicyclohexano-18-crown-6, 82 mg, 0.22

mmol) were added and the mixture was heated for 30 mins at 60 ◦C. After that, an

aliquot (100 µL) was diluted in CDCl3 for 19F NMR analysis.

Nucleophilic fluorination of BzSCF2Br

To an oven dried round bottom flask, KF (12.8 mg, 0.22 mmol) and a phase transfer

catalyst (dicyclohexano-18-crown-6, 82 mg, 0.22 mmol) were added and the solids

were dissolved in anhydrous MeCN (1 mL). The mixture was heated up to 60 ◦C

and the solvent was evaporated under a stream of N2. After that, the precursor

BzSCF2Br (64 mg, 0.22 mmol) and the solvent (1 mL of anhydrous MeCN, DMF
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or DCE) were added. The mixture was heated for 30 mins at a desired temperature

(70 ◦C for MeCN and DCE or 120 ◦C for DMF). After cooling, an aliquot (100 µL)

was diluted in CDCl3 for the 19F NMR analysis.

Synthesis of BzSCF3 and BzSNCF2H

KF (250 mg, 4.3 mmol), BzSSBz (711 mg, 2.15 mmol) and CuI (513 mg, 2.7 mmol)

were suspended in DMF (20 mL). Then, methyl chlorodifluoroacetate was added

(F2ClCCO2Me, 0.45 mL, 4.3 mmol) under nitrogen atmosphere. The reaction mix-

ture was heated to 135 ◦C for 30 mins and then, was allowed to cool to rt. The crude

mixture was partitioned between DCM and brine. The aqueous phase was extracted

with DCM, the organic phases combined, dried over MgSO4, concentrated and pu-

rified by flash chromatography on silica gel (hexane:DCM 1:1 to 1:3). This allowed

isolation of BzSCF3 (40 mg, 8%) as a colourless oil as well as BzSNCF2H (140

mg, 30%) as a yellow oil.

N

S

CF3S

BzSCF3

1H NMR (400 MHz, CDCl3) δ 8.11 (ddd, J = 8.2, 1.4, 0.7

Hz, 1H, H4), 7.88 (ddd, J = 8.0, 1.4, 0.7 Hz, 1H, H7), 7.54

(ddd, J = 8.2, 7.2, 1.4 Hz, 1H, H5), 7.47 (ddd, J = 8.0, 7.2,

1.4 Hz, 1H, H6),

19F NMR (376 MHz, CDCl3) δ −40.55 (s, 3F),

13C NMR (126 MHz, CDCl3) δ 153.1 (C3a), 151.7 (q, J = 3.0 Hz, C2), 137.9 (C7a),

128.2 (q, J = 311 Hz, CF3), 127.0 (C5), 126.7 (C6), 124.1 (C4), 121.3 (C7),

HRMS (EI) [M]+: Calcd: 234.9732, found: 234.9901.

The characterisation conforms to data from literature177.
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N

S

S

CF2H

BzSNCF2H

1H NMR (400 MHz, CDCl3) δ 8.16 (t, J = 57.9 Hz, 1H,

CF2H) 7.71 – 7.64 (bd, J = 8.5 Hz, 1H, H4), 7.47 (dd, J =

8.0, 1.4, Hz, 1H, H7), 7.42 (ddd, J = 8.5, 7.6, 1.4 Hz, 1H, H5),

7.36 (td, J = 8.0, 7.6, 1.4 Hz, 1H, H6),

19F NMR (376 MHz, CDCl3) δ −106.23 (dd, J = 57.6, 1.9 Hz, 2F)

13C NMR (126 MHz, CDCl3) δ 191.5 (t, J = 3.0 Hz, C2), 137.3 (t, J = 1.8 Hz,

C3a), 127.5 (C5), 126.1 (C7a), 125.9 (C6), 121.4 (C4), 113.8 (t, J = 4.5 Hz, C7),

110.0 (t, J = 253.6 Hz, CF2H),

HRMS (EI) [M]+: Calcd: 216.9826 , found: 216.9828.

The characterisation conforms to data from literature312.

General protocol for BzSSBz trifluoromethylation optimisation

A glass vial was charged with BzSSBz (50 mg, 0.15 mmol), alkali fluoride salt (0.3

mmol), Cu(I) catalyst (0.03 mmol), any other additive (0.03 mmol) and a stirring

bar. After sealing with a septum, the vial was flushed with nitrogen and anhydrous

DMF (0.7 mL) was added. The difluorocarbene precursor (0.3 mmol) was added

to this suspension, and the reaction mixture was heated to a desired temperature.

After 20 min, the vial was cooled to rt and the suspension was transferred to a

microcentrifuge tube, together with the vial rinse (0.7 mL of CDCl3). The organic

phases were combined and centrifuged (15,000 rpm, 2 mins). The supernatant (549

µL) was analysed by quantitative 19F NMR after addition of the internal standard

(1.1 µL of TFE). Concentration of species at −40.55 ppm (BzSCF3) and −106.23

ppm (BzNCF2H) was determined by intensity comparison with the standard.
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Synthesis of BzSOOCF3

N

S

CF3S

O

O

BzSCF3 (112 mg, 0.48 mmol) was dissolved in MeCN (10

mL) and the solution was placed on ice. Then, an aqueous

NaIO4 solution (1020 mg, 4.8 mmol, 10 eq, 10 mL H2O) and

RuCl3 (15 mg, <15 mol%) were added. The cooling bath was removed after 20 mins,

and the reaction mixture was stirred at rt for additional 3 hours. The crude reaction

mixture was partitioned between DCM and water. The aqueous layer was extracted

3x with DCM, the organic layers were combined, dried over MgSO4, concentrated

and purified via flash chromatography on silica gel (hexane:DCM up to 40%) to yield

a white solid (92 mg, 72%).

1H NMR (400 MHz, CDCl3) δ 8.38 - 8.36 (m, 1H, H4), 8.12 - 8.09 (m, 1H, H7), 7.76

– 7.69 (m, 2H, H5&H6),

19F NMR (376 MHz, CDCl3) δ −76.04 (s, 3F),

13C NMR (126 MHz, CDCl3) δ 157.1 (q, J = 2.6 Hz, C2), 153.2 (C3a), 138.5 (C7a),

129.7 (C5), 128.7 (C6), 126.8 (C4), 122.5 (C7), 119.7 (q, J = 327.1 Hz, CF3),

HRMS (EI) [M]+: Calcd: 266.9636, found: 266.9656.

The characterisation conforms to data from literature177.

Screening conditions for crude BzSCF3 oxidation

A glass vial was charged with BzSSBz (50 mg, 0.15 mmol), KF (17.5 mg, 0.3 mmol),

CuI (5.7 mg, 0.03 mmol), TMEDA (4.5 µL, 0.03 mmol) and a stirring bar. After

sealing with septum, the vial was flushed with nitrogen and anhydrous DMF (0.7

mL) was added. The difluorocarbene precursor (methyl chlorodifluoroacetate - 31.6
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µL, 0.3 mmol) was added to this suspension, and the reaction mixture was heated to

130 ◦C. After 20 mins, the vial was cooled to rt and part of the crude mixture was

withdrawn with a syringe (350 µL) to a microcentrifuge tube open to air. To this

solution aqueous NaIO4 was added (e.g. 80 mg/mL, 350 µL for ∼7 eq ), solid RuCl3

(e.g. 5 mg for ∼0.8 eq) and an additional solvent (e.g. 300 µL MeCN). The mixture

was incubated for 20 mins after which half of the reaction mixture was withdrawn.

To that solution MeCN-d3 (100 µL) as well as the internal standard (1.1 µL of TFE)

was added and the mixture was analysed by quantitative 19F NMR.

C18 cartridge trapping - feasibility studies

Trifluoromethylation and oxidation were performed as described above, on a 0.15

mmol scale with respect to BzSSBz and with sufficient excess RuCl3 and NaIO4

i.e. above 2 eq and 30 eq respectively. The crude reaction mixture (∼2 mL of aq.

DMF solution) was centrifuged (15,000 xg, 2 mins) and the supernatant was diluted

with water (8 mL). The C18 cartridge (Sep-Pak C18 Plus Short Cartridge, 360 mg

Sorbent) was pre-conditioned with EtOH (2 mL) and H2O (4 mL). The suspension

of BzSOOCF3 was slowly passed through the cartridge during 5 mins. The car-

tridge was then washed with 10% aq. EtOH (2 mL) before eluting BzSOOCF3 with

EtOH (2 mL). 19F NMR analysis after a further elution with an additional portion

of EtOH (2 mL) confirmed that the desired compound was completely removed from

the cartridge.

170



Trifluoromethanesulfinate elimination from BzSOOCF3

To an EtOH solution of BzSOOCF3 after the C18 cartridge purification, solid NaBH4

(14.4 mg, 0.38 mmol, > 10 eq) was added. The mixture was incubated for 5 mins

at rt after which an aliquot (supplemented with 50 µL of D2O) was analysed by 19F

NMR. This indicated the complete consumption of the starting material and a clean

conversion to trifluoromethanesulfinate as confirmed by spiking with the authentic

reference.

19F NMR (376 MHz, D2O) δ −88.5 (s, 3F).

3.5.2 Radiochemistry

General information

Work involving radiochemistry was conducted at the Centre for Cyclotron Research,

University of Liege, Belgium. All manual radiochemical reactions were carried out in

sealed glass vials. All automated syntheses were performed in a dedicated reaction

vessels (FASTLab).

Analytical LC-Radio-UV was performed with Waters Acquity UPLC H-Class sys-

tem equipped with Waters PDA detector, connected in series to a NaI(Tl) scintillation

detector (Eberline) for the radioactivity measurement. The whole analytical suite was

controlled by Empower 2 software. LC separation was achieved with Waters BEH

C18 column (1.7 µm, 50 x 2.1 mm) with a flow rate of 0.5 mL/min starting with an

isocratic elution at 20% aq MeCN for (0 → 0.5) min, followed by a gradient up to

100% MeCN (0.5 → 6) min, a wash step with 100% MeCN for (6 → 6.95) mins and

finally, the system was reconditioned with 20% MeCN (6.95 → 8) min. Both aque-
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ous and MeCN mobile phases contained 0.1% formic acid. For [18F]-TFMS reagent

analysis, an additive in the form of an ion pairing reagent was added to the mobile

phases (replacing formic acid): 5 mm tetrabutylammonium bromide (NBu4Br).

The reaction mixtures were additionally analysed with radioTLC (Polygram SIL

G/UV254, AR200 Berthold TLC scanner) eluted either with CHCl3 or MeOH. The

radiochemical purity was confirmed by an UPLC analysis, while the purity of the final

compounds was verified by the measurement of UV absorbance spectrum (220 nm).

Radiochemical conversions are reported non-decay corrected, unless stated otherwise.

Radioactivity of the samples for the molar activity determination was measured in a

dose calibrator (Veenstrat).

Semi-preparative RP-HPLC was realised with Waters 600 pump system (with He

degassing) coupled to a Waters 996 PDA detector, using a XTerra C18 column (7

µm, 300 x 7.8 mm) and a 8-mL injection loop (Rheodyne injector). Purification of

the reagent was realised at a flow rate of 5 mL/min and an isocratic elution with

20% MeCN (5 mm NBu4Br in water). The elution profile was also monitored with a

custom-made Geiger-Müller radioactivity counter.

All of the utilised cartridges - Sep-Pak Light C18 (360 mg, 55-105 µm) and Accell

Plus QMA Carbonate Plus Light (46 mg, 37-55 µm) were obtained from Waters. The

C18 solid phase extraction cartridge was activated beforehand with MeCN (2 mL)

and then reconditioned with water (6 mL) before use for trapping.
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[18F]F− preparation

Non carrier added 18F-fluoride was produced by 18 MeV proton beam irradiation

(varied time IBA cyclone 18/18 cyclotron) of >95% enriched 18O water (Rotem or

ABX) leading to 18O(p,n)18F nuclear reaction in a niobium target. At the end of the

bombardment, the target contents were delivered through ∼75 m small-bore Teflon

tubing (1.6 mm x 0.8 mm) directly to the FASTlab synthesizer in the hot cell, where

the 18F-fluoride was trapped an ion exchange cartridge (QMA Carbonate Cartridge)

and the enriched water was recovered in a separate vial.

The elution of radioactivity from the cartridge into the reaction vessel was achieved

with a mixture of Kryptofix 2.2.2 (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]

hexacosane - 7.5 mg in 0.6 mL MeCN) and K2CO3 (1.4 mg in 0.15 mL of water). The

mixture was azeotropically removed by heating up to 120 ◦C under a flow of nitrogen

and then dried under vacuum. The dried 18F[KF]-cryptand complex was then either

used in a labelling reaction upon the addition of reagents, or re-dissolved in (0.5 - 2)

mL of a desired solvent and transferred via an output line into a glass vial outside

the hot cell for a further manipulation during manual screenings.

Manual radiosynthesis - screening

For manual screening the solid reagents (and additives) were weighed into a glass

vial: BzSSBz (7 mg, 21 µmol) and CuBr (11 mg, 80 µmol), after which they were

dissolved in DMF solution (0.7 mL) of ClF2CCO2Me (6 µL, 57 µmol) and TMEDA

(12 µL, 80 µmol). The vial was then sealed and an aliquot of 18F-fluoride in DMF

(∼(50 - 100) µL) was added using a syringe, followed by the measurement of the
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starting radioactivity. The mixture was then heated on a metal heating block for

required time. Temperature was controlled by a thermocouple home made system.

After that, the vial was cooled to rt, unsealed and the contents were analysed by

radioTLC and UPLC. To investigate the oxidation step, the reaction mixture was

diluted with water (8 mL) and the suspension was slowly passed through a pre-

activated C18 cartridge. The adsorbed compounds were then eluted with MeCN (1

mL) and solution of oxidants (RuCl3, 0.6 mg, 3 µmol and NaIO4, 19 mg, 90 µmol in

0.35 mL of water) was added. The reaction mixture was analysed after 5 mins using

the previously mentioned methods. To test the elimination step, the sulfone product

was again trapped and eluted from a C18 cartridge in an analogous way. NaBH4 (5

mg, 132 µmol in 0.5 mL EtOH) was added to the eluate and the reaction mixture

was analysed in a standard way after 5 mins.

Automated radiosynthesis

The automated radiosynthesis was performed on a FASTlab synthesizer using stan-

dard cassette (fluorodeoxyglucose phosphate cassette template). The solutions of

reagents and solvents were prepared in small sealed glass vials which were positioned

on the FASTlab manifold. Typical casette scheme is shown in Fig. 3.12 and the full,

optimised synthesis sequence can be found in the Appendix (Fig. 3.14).

The sequence began with preparation of 18F-fluoride and its delivery to the re-

action vessel as described before. Then, without cooling the vessel, the labelling

reagents: BzSSBz (3.5 mg, 10 µmol), CuBr (3 mg, 21 µmol), TMEDA (3 µL, 20

µmol) and ClF2CCO2Me (4.2 µL, 40 µmol) in DMF (1.6 mL) were added through
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the central tubing and the radiolabelling reaction was then performed for 10 mins.

After that, the reaction mixture was diluted three times in the syringe with H2O (∼8

mL in total) and the product was trapped on a C18 cartridge. The reaction vessel

was additionally washed with a portiof of H2O (∼4 mL) that was also passed through

the cartridge. The oxidation step was performed by slow application of the reagents

solution (2.4 mg, 12 µmol RuCl3 and 80 mg, 375 µmol NaIO4 in 4 mL of 5% aqueous

MeCN) to the cartridge, with a 60 s pause after every 1 mL flowed, leading to the

total reaction time of ∼5 mins. The crude sulfone product was eluted from the C18

cartridge with MeCN (1 mL) into an outlet vial, to which the NaBH4 solution was

added (5 mg, 132.5 µmol in 0.5 mL of EtOH). The crude reaction mixture with the

desired product was then diluted with water (8 mL) and purified via semi-preparative

HPLC. The fraction with the 18F-trifluoromethanesulfinate was then collected into a

glass vial (RT = (7 - 8) mins) and directly applied to an pre-activated C18 cartridge.

The final pure compound was recovered by elution with MeCN (0.5 mL). This solu-

tion was concentrated by evaporation under a flow of nitrogen ((5 - 15) mins) and

diluted with a desired quantity of the buffer (0.1 m NH4OAc pH 6) for further use in

protein reactions.
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Fig. 3.12: Cassete schematic with positions of cartridges and reagents. Solutions of relevant

reagents are highlighted: radiolabelling reagents - green, oxidation reagents - orange and the

elimination reagent - grey. Additional vials contained MeCN and K222/K2CO3 solutions.

Protein radiolabelling

To a solution of eqMb (200 µL, 10 mg/mL in aq. 0.1 m NH4OAc buffer pH 6) in a

glass vial, an aliquot of aqueous [18F]-TFMS (<50 µL, (3.5 - 20) MBq, prepared as

above) was added and the reaction was initiated by addition of tBuOOH (720 mm in

0.1 m NH4OAc buffer pH 6). The reaction mixture was heated if needed and after a

desired time assayed with radio-TLC and UPLC.
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3.6 Appendix

Solvent and additives screening - :CF2 radiotrifluoromethylation

15 mins, 125 oC
 0.7 mL DMF

70 �mol CuBr
N

S

CF2
18FSK222/K2CO3

(30 - 80) MBq 18F
_

57 �mol ClF2CCO2Me

S

N

S S

N

S

13 mg, 40 �mol 57��mol TMEDA

Tab. 3.11: BzSSBz radiolabelling in different solvents and in the presence of various addi-

tives. DMA = dimethylacetamide, NMP = N -methyl-2-pyrrolidone, PC = propylene car-

bonate, NMM = N -Methylmorpholine, TED = triethylenediamine, TMPDA = N,N,N’,N’ -

tetramethyl-1,3-propanediamine

Entry Solvent Additive TLC UPLC RCC

1 DMF − 17% 37% 6%

2a MeCN − 7% 21% 1%

3 DMA − 7% − −
4 NMP − 3% − −
5 PC − 5% − −
6 NMM − 12% − −
7 DMF TEDb 55% − −
8 DMF TMPDAb 10% − −
9 DMF AcOK 6% − −
10 DMF AgOTf 7% − −
11 DMF PPh3 28% − −
12 DMF tBuOK 4% − −
13 DMF NBu4Br 25% 20% 5%

14 DMF K2CO3 32% 19% 6%

[a] - temperature = 90 ◦C, [b] - additive in place of TMEDA
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Radioactivity to solvent transfer

Fig. 3.13: Decay corrected radioactivity recovery in the chosen solvent - DMF. [18F]F−

was prepared in the synthesiser according to the standard procedure. After evaporation

to dryness, it was redissolved in 1.5 mL of DMF. The quantified activity refers to that

of [18F]F− DMF solution as compared with the starting activity recovered from the QMA

cartridge. It was found that only ∼50% of the expected value was obtained. The residual

activity was found within the reaction vessel.
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Automation program details
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Fig. 3.14: Excerpts from the automation program highlighting critical parameters of the

radiosynthesis. The columns (from left) indicate: step number, description, duration of

each step [seconds], position of syringes (1-3) [mm], applied pressure of nitrogen stream

[mbar], applied vacuum [mbar] and reaction vessel temperature [◦C]. Note that the valves

positions are not shown.
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Chapter 4

Protein modifications with
difluoroethyl radical precursors
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Abstract

Bioconjugation methods that allow for the formation of specific protein constructs

are invaluable for chemical biology experiments. Chapter 4 tests a strategy based

on fluoroalkyl radical chemistry, with difluoroethylation as the model transforma-

tion. The initial approach using the sulfinate/oxidant system turned out to yield

unexpected products, which were thoroughly characterised and formation of which

was linked to the hydrolytic instability of the difluoroethylsulfinate precursor under

oxidative conditions. It was proposed that the formation of acetyl fluoride was the

most plausible explanation for the observed non-specific protein acetylation. The

discovery was briefly explored as a mild protein acylation protocol. However, to over-

come this side reactivity problem, an alternative platform for radical generation was

established. A photoredox catalysed difluoroethylation, based on the pyridyl sulfone

radical precursor, was extensively studied for biomolecular substrates. This allowed

the establishment of the lower reactivity of the CF2CH3 radical, as well as the hy-

drolytic instability of the difluoroethylated tryptophan, yielding spontaneously the

corresponding ketone.
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4.1 Introduction

The next part of the project was concerned with the investigation of different flu-

oroalkyl radicals reactivity, seeking possible applications in a simultaneous biocon-

jugation and fluorine tagging. Having observed facile modifications with the triflu-

oromethyl radical, coupled with an appealing selectivity pattern, it was wondered

whether a similar transformation can take place using a radical where a fluorine atom

has been substituted with an R group, preferably an alkyl payload. Such a strategy

would add to the increasing number of chemistries aimed at heteroaromatics modi-

fication - Chapter 1.1.2, potentially allowing access to mimics of natural PTMs and

dual structure/function probes. In the view of previous results (Chapter 2), the key

questions that emerged involved (i) AA residue reactivity, (ii) chemoselectivity and

(iii) the influence of steric bulk versus aromatic residues solvent accessibility.

At the start of the project, there were no comprehensive reports on the reactivity

of fluoroalkyl radicals towards peptides and/or proteins. Therefore, to establish a

suitable platform, the same system of sulfinates as radical precursors was chosen. As

such, the studies began with an investigation of the commercially available model com-

pound - sodium 1,1-difluoroethanesulfinate (NaDFES). This chapter first presents the

studies of the observed N-reactivity of NaDFES with peptide and protein substrates,

together with the mechanistic proposal. Then, it examines C-difluoroethylation on

a small molecule model, where hydrolytic instability of the products is investigated.

Moving on, a new system for •CF2Me generation is introduced as well as its applica-

tion to a model protein. Finally, protein difluoroethylation is critically discussed.
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4.2 NaDFES as an N-acetylating agent

4.2.1 Initial observations

In the initial experiment, NaDFES was reacted with a model protein myoglobin

(eqMb) under conditions developed for sulfinate mediated trifluoromethylation232.

Surprisingly, instead of the expected mass shift of ∆m = +64 (observed only in a

very low level < 5%), LC-MS analysis revealed a pattern of sequential ∆m = +42

additions - Fig. 4.1a. Interestingly, the modification was radical in its nature, as it

was completely inhibited by the presence of a persistent radical, TEMPOL (data not

shown).

In order to elucidate the sites of modification, the protein sample was digested

with trypsin, and the resultant peptides were analysed via LC-MS/MS - Fig. 4.1b.

The spectra of the fragmented peptides were analysed for a ∆m = +42 modification

on every amino acid, which revealed a preferential modification of several residues: N-

terminus, Lys, Trp and His. Two possible reactive pathways were then hypothesised,

involving residues from different classes: one with nucleophilic free amines, and the

other with heteroaromatic rings.
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b|

a|

 300 eq NaDFES 

10 min, 0 oC

Modification 

 none

1 x CF2Me
2x +42

MWcalc 

16,951

17,015
17,036

+42 16,993

25 eq tBuOOH

PBS pH 7.3 

 

�����M eqMb

H

W

K

Fig. 4.1: a|Modification of eqMb with NaDFES under conditions similar to those optimised

for trifluoromethylation, with LC-MS monitoring of the reaction mixture. b| Tryptic peptide

map (PEAKS software) with annotated confident sites of modification (red - Lys or N-

terminus acetylation, yellow - His or Trp, violet - residual Met oxidation).

An obvious candidate for the identity of the ∆m = +42 modification could be de-

duced from the molecular mass matching that of an acetyl group (-C(O)Me), bearing

the structural similarity to the -CF2Me group.
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4.2.2 Elucidating the mechanism

In order to confirm such residue selectivity, a model peptide, h2n-KFWAWH-cooh,

containing relevant residues (Lys, His, Trp) was synthesised and the experiment re-

peated. Replicating conditions used for the protein modification resulted in the for-

mation of products characterised by sequential ∆m = +16 mass additions, indicating

oxidative damage. However, lowering the amount of the oxidant allowed observation

of essentially the same acetylation pattern, in addition to low amounts of difluoroethy-

lation - Fig. 4.2a. The modification sites were determined via MS/MS fragmentation

and de novo spectra reconstruction that confirmed Lys as the most abundant acety-

lation site, alongside Trp. Additionally, bis-acetylation was found within N-terminal

Lys, while difluoroethyl group was localised on Trp residues - Appendix (Fig. 4.15).

The modified peptides were not resolved via LC, and thus some low abundance mod-

ification might not be visible in this statistically probed system.

Control reactions were performed to understand the origin of observed modifica-

tions. Surprisingly, N-acetylation was also observed in the absence of the oxidative

initiator t-BuOOH, where a low amount of acetylated products was exclusively lo-

cated on the Lys residue as indicated by the MS/MS analysis - Fig. 4.2b. To assess

whether the modification originated from a reactive intermediate or NaDFES itself,

the non-initiated reaction with peptide was repeated with the reagent pre-incubated

for 24 hours and the degree of acetylation compared - Fig. 4.2c. This revealed ∼6-fold

faster conversion in the same time, indicating a build-up of an acetylating intermedi-

ate during the reagent pre-incubation time.
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Fig. 4.2: LC-MS analyses of the model peptide modification with NaDFES. Combined (with

all peptide products) mass spectrum of the reaction mixture: a| in the presence of t-BuOOH

(conditions I ), b| in the absence t-BuOOH, using freshly dissolved NaDFES (conditions II ).

c| Comparison of LC-MS product distribution after 15 mins of the reaction. Conditions III

used a 24 h pre-incubated NaDFES solution. d| Comparison of LC-MS product distribution

after 24 h of incubation (no t-BuOOH catalysis) with NaDFES solutions pre-incubated

under different conditions, (i) open to air PBS, (ii) in an oxygen free environment PBS, (iii)

open to air PBS but in the presence of 10 mm persistent radical.
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Further exploring the observation for that no modifications were observed for a TEM-

POL inhibited protein reaction, the pre-incubation experiment was repeated for a

NaDFES solution in the presence of this persistent radical as well as for a stock so-

lution kept in an oxygen free condition (N2 atmosphere in a glovebox). These were

used for peptide modification and the reaction mixtures were analysed with LC-MS

after 24 hours -Fig. 4.2d. The analysis revealed that acetylation was substantially

inhibited in both of the cases, suggesting that an acetylating intermediate arose from

what was potentially a radical mediated oxidative decomposition pathway.

To verify this hypothesis, NaDFES was dissolved in aqueous DMSO and incubated

under different conditions. 1H and 19F NMR analyses revealed the formation of new

species upon incubation in the presence of air but not in the presence of TEMPOL -

Fig. 4.3a. The proton NMR analysis reported on the formation of at least four new

species - two of them exhibited similar JH−F coupling patterns, which were postulated

to be oxidised sulfinate (−OSOOCF2Me = oxNaDFES) and an unknown intermediate

(Int - possible peroxy derivative)324. The other two displayed markedly different

appearance, one being a doublet with a characteristic 3J fluorine splitting (AcF), and

the other being a singlet corresponding to (AcO−). Additional NMR experiments and

extensive literature search allowed unequivocal identification of the species responsible

for these peaks as acetyl fluoride and its hydrolysis product (acetate), respectively325.

Such an assignment was feasible based on comparison of JH−F and JC−F couplings as

well as chemical shifts236 - Fig. 4.3b-c.
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Fig. 4.3: a| Fragment of 1H NMR spectrum of 20 mm NaDFES incubated in ‘wet’ DMSO-

d6 (+3 µL D2O) after 37 hours compared with a spectrum of a sample supplemented with

5 mm persistent radical TEMPOL at the time of dissolution. The peaks were putatively

assigned to decomposition products of NaDFES. b| Fragment of 1H - 13C HMBC NMR

spectrum revealing cross-peak to a characteristic carbonyl carbon with 1J and 3J fluorine

coupling constants annotated. c| Fragment of the 19F NMR spectrum correlating quartet

fluorine signal coupled to the proton signal of interest matching that of AcF236.

Another major peak present in the 19F NMR was that of HF (1JH,F = 406 Hz,

not shown) - in agreement with the loss of basic fluoride needed to generate acetyl

fluoride and its hydrolysis product. In the next step, progressive generation of the

acetyl fluoride (AcF) was observed in a time-course 1H NMR analysis - Fig. 4.4a.
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Fig. 4.4: a-b| NMR analyses of NaDFES solution under different conditions. (a) Time-

distribution of the observed species as quantified by 1H NMR against an internal reference

(residual solvent peak). (b) Comparison of product distribution after 1 h incubation of

24 mm NaDFES sample with and without 12 mm of oxidative initiator in DMSO-d6. c|
Fragment of 1H - 15N HMBC NMR spectrum for a Lys incubated with 300 mm NaDFES

revealing 3 bond coupling cross peaks of the starting material (1-2 in red) as well as main

N(α) acetylated product (3 in blue). The low intensity signal (4 in blue) most likely stemmed

from a lower abundance N(ε)-acetylation product326–328.

Main species were quantified against an internal reference, which revealed grad-
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ual conversion of NaDFES into the its decomposition species (as the total sum of

intensities remained constant). Their distribution was compared with that of gener-

ated in a NaDFES solution with the oxidative initiator - Fig. 4.4b. As expected, the

same species appeared but in much shorter time. A missing mass balance was ten-

tatively assigned to volatile products of radical recombination/hydrogen abstraction.

Importantly, under such conditions, around 15% of the NaDFES was converted into

acetyl fluoride. AcF is a known acetylating reagent, although usually not used under

aqueous conditions329.

To verify that this decomposition pathway can lead to N-acetylation in the aqueous

buffered conditions, NaDFES was incubated with a solution of Lys and the reaction

mixture was analysed by NMR spectroscopy. Although such conditions failed to

produce significant amounts of product, leaving the majority of the starting material

unreacted, N-acetylated products could be detected via 1H - 15N HMBC NMR analysis

- Fig. 4.4c. This ruled out the participation of heteroaromatic residues in the reaction

mechanism. The low conversion obtained in the reaction could be rationalised by a

competing hydrolysis of the acetyl fluoride which, although typically slower when

compared with other acyl halides330, would effectively limit the amount of accessible

reagent unless constantly produced in a high excess as in the case of peptide and

protein reactions. Altogether, the observed N-acetylation was most likely caused by

reactivity of acetyl fluoride generated by decomposition of the NaDFES reagent.
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4.2.3 Potential applications in mild protein acylation

Following on from this observation, it was wondered whether the interesting kinetic

profile of this N-acetylation would allow a facile discrimination of the N-terminus

due to its ∼ 2 unit difference in pKa as compared to other amine groups present in

proteins327. At neutral pH and an equimolar ratio this should translate to ∼100 fold

difference in the effective nucleophilic amine concentration, potentially inducing some

level of selectivity. First, the results from the small molecule (Lys) experiment were

evaluated, for which the pKa difference is smaller (∼1.5)331. 1H NMR quantification

of the acetylated products, indicated only 1.3 fold preference for the reaction of the

more nucleophilic N(α)-amine.

To further evaluate this hypothesis, the reaction was performed on melittin - a

peptide that contains three Lys residues. This substrate was incubated for 24 hours

with NaDFES in a buffered solution and the reaction mixture was analysed with LC-

MS/MS - Fig. 4.5. Analysis of the combined mass spectra revealed ∼55% conversion

to the singly modified peptide with a very low amount of double addition - Fig. 4.5a.

In the carried out analysis, the different N-acetylated peptides could be separated

from the starting material, but not from each other - Fig. 4.5b. Fragmentation anal-

ysis confirmed formation of N-acetylated products on both the N-terminus and Lys

residues. To determine the relative ratio of different populations, the intensity of

fragment ions characteristic to specific products was compared. To account for possi-

ble differences in fragmentation efficiency, a fragment common with the non-modified

starting material was selected, which allowed normalisation of the signal.
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Fig. 4.5: LC-MS/MS analysis of melittin incubated with NaDFES in the presence of air.

a| Mass spectrum (z = +4) of the reaction mixture after 24 h of incubation revealed

the formation of expected acetylation products. b| Selected ion chromatogram (MS) with

starting material, acetylated and double acetylated product peaks extracted. c| Selected ion

chromatogram (MS/MS) with ions corresponding to fragmentation of any form of melittin

(y2 - black), N-terminus acetylated (y24 - red) and any Lys-acetylated (b3 - blue) extracted.

d| Melittin N-terminal acetylated product fragmentation spectrum, showing the annotated

ions sequence.
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In this way, it was estimated that the modification of N-terminus was preferential as

compared to any of the possible Lys amino groups, but only in 1.5 fold - Fig. 4.5c-

d. This confirmed the weak trend of the N(α) amino group reactivity. Considering

typically high Lys content as well as local variation in their pKa (hyper-reactivity)142

it was deemed unlikely that useful levels of selectivity could be achieved for a protein

reaction.

Study of the reaction on a protein substrate - lysozyme revealed that a NaDFES

concentration of 20 mm was optimal, resulting in 0.7 acetylation copy number after

24 h of incubation - Fig. 4.6a. The reaction rate did not increase substantially upon

further increase of the reagent excess, which may have resulted from the complete use

of the dissolved oxygen and further limited by its diffusion rate from air. Other pro-

teins - myoglobin and biologically relevant acetylation target332 – histone H2A, could

be modified in a similar manner Fig. 4.6b. Finally, it was verified that N-acylation

reactivity was not limited to NaDFES, but could also be performed with other diflu-

oroalkyl sulfinates, as use of difluoroheptylazidosulfinate enabled the attachment of

an azide, useful for bionconjugation purposes - Fig. 4.6c. Presence of the correspond-

ing acyl fluoride from this compound was also verified via NMR analyses (data not

shown).
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Fig. 4.6: LC-MS analyses of protein acylation with fluoroalkylsulfinates. a| Quantification

of lysozyme acetylation versus NaDFES concentration after 24 h of the reaction. Mass

spectrum of the reaction mixture incubated with 20 mm NaDFES. b| Mass spectra of

acetylation of different proteins: myoglobin (eqMb) as well histone H2A (H2A) together

with the calculated modification copy number. c| LC-MS of eqMb incubated with 20 mm

difluoroheptylazidosulfinate after 24 h of the reaction confirmed the formation of expected

N-acylated products (∆m = +153).
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4.3 NaDFES as a C-acetylating agent

Having proposed a plausible mechanism for N-acetylation, next experiments were

aimed at the investigation of the apparent C-acetylation of heteroaromatic residues.

Gem-difluoro motifs attached to electron-rich rings (here indole333 and imida-

zole334 moieties - present in Trp and His respectively) are known to be prone to

hydrolytical loss of fluorine under aqueous conditions yielding acyl derivatives335.

Such reactivity would readily explain the observed modification of both Trp and His,

separating it from the N-modification pathway.

In order to verify this hypothesis, a small molecule model was employed. Trp was

reacted in an aqueous buffer under an excess of reagents and the reaction mixture

analysed by NMR. 1H NMR indicated only a minimal consumption (< 5%) of the

starting material after 24 h of the reaction. Additionally, 19F NMR did not confirm

formation of new fluorinated products (data not shown). Further increase of reagent

excess and/or temperature resulted in the formation of complex mixtures that could

not be resolved chromatographically. Next, the reaction was carried out using DMSO

as a solvent which, instead of the fluorinated product, allowed the isolation of an N-

acetylated derivative TrpNAc in a low yield, together with unreacted Trp - Sch. 4.1.

 DMSO

rt, 24 h

2.5 eq NaDFES

tBuOOH1.25 eq

O

NH3
+

H
N

O-

16%

 PBS pH 7.3

rt, 24 h

5 eq NaDFES

tBuOOH1 eq

O

H
N

H
N

O-

O

60 mM

Trp TrpNAc

minimal 

product

 formation

Sch. 4.1: Difluoroethylation of Trp in different solvents (0.12 mmol).
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To simplify the analysis, the reaction was repeated with the N-protected substrate

- NATA (N-acetyltryptophanamide). This indeed allowed isolation of a single diflu-

oroethylated derivative as the main product, though in minimal yield. To test the

hydrolysis hypothesis, the purified TrpCF2Me product was incubated in an aqueous

buffer solution. This led to a rapid elimination of fluoride, resulting in a quantitative

conversion to the ketone product TrpC=OMe. Incubation of TrpCF2Me in the

presence of Gly, with a free amine group, did not lead to a different result, confirming

separation of the N- and C- acylating reaction pathways - Sch. 4.2.

tBuOOH

 DMSO

rt, 24 h

2.5 eq NaDFES

1.25 eq

10%

60 mM

O

AcHN

H
N

H2N
O

AcHN

H
N

H2N

F

F

O

AcHN

H
N

H2N

O

 PBS 7.3,

D2O, rt, 24 h

quant.

(+/-) 3 eq Gly

TrpCF2Me TrpC=OMeNATA

Sch. 4.2: Difluoroethylation of NATA and subsequent hydrolysis in deuterated buffer.

A similar difluoroethylation experiment for HisNAc did not yield conclusive results,

as, in addition to low conversions, formation of many products was observed, which

led to complex and unresolvable mixtures. This suggested that difluoroethylation

might have led to formation of both possible regioisomers, as acidic conditions were

not used78. In the view of low reactivity as well as the formation of side products,

further investigation of difluoroethylation using fluoroalkylsulfinates was not pursued.
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4.4 Alternative •CF2CH3 generation system

To continue the studies, it was deemed necessary to avoid the identified off-pathway

reactivity. Under the proposed protocol, N-acylation was intrinsically connected with

the desired difluoroethylation due to the instability of the precursor compound. In

addition, overall low conversions to the fluorinated products suggested poor efficiency

of the radical initiation. Therefore, alternative systems capable of biocompatible

generation of the •CF2CH3 from a stable, yet reactive precursor were explored.

4.4.1 Photoredox activation of difluoroethyl pyridyl sulfone

First, structurally similar scaffolds were taken into consideration. Being formal pre-

cursors to sulfinates, (hetero)aryl sulfones are also known to be suitable radical pre-

cursors. They can be initiated under various reductive manifolds enabling a plethora

of useful small molecule transformations336,337. One method that stood out in terms

of potential applicability to biomolecule modification, was photoredox catalysis em-

ploying the commonly used water soluble Ru(bpy)2+3 catalyst177,338. Of the possible

heteroaromatic platforms, 2-pyridyl sulfone (Fig. 1.15a) was hypothesised to possess

both suitable solubility and stability. To test the suitability for protein difluoroethy-

lation, the desired radical precursor PySO2CF2Me was synthesised in one step from

a commercially available compound PySO2CF2H - Sch. 4.3.

N S
O

O
CF2H

N S
O

O
CF2CH3

PySO2CF2H PySO2CF2Me

DMF:DMI

1.2 eq LiHMDS

29%

10:1
-70 oC, 30 mins

1.5 eq MeI

Sch. 4.3: Synthesis of the PySO2CF2Me radical precursor
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Using PySO2CF2Me, the reaction was tested for the model peptide under a range

of conditions. In order to produce the radical, Ru(I) had to be accessed using a

sacrificial reductant177. Ascorbic acid is a known biological reductant, capable of

reducing excited states of photocatalysts181. Moreover, Ru(bpy)2+3 /ascorbate system

in the presence of proteins was found to be highly functional and biocompatible339.

Other compounds did not allow the desired difluoroethylation reaction to be observed

(data not shown). The control experiments verified the necessity of all elements of

the system (catalyst, light, ascorbate). In the absence of ascorbate, extensive oxida-

tive damage was observed (evidenced by a characteristic mass spectrum) - Fig. 4.7a.

Therefore, the presence of ascorbic acid also significantly reduced the oxidative dam-

age, as evidenced by the reduced intensity of ∆m = +32 ladder products - Fig. 4.7b-d.

K AW WF HH3N
+

COO
 10 eq PySO2CF2Me 

_
K AF H COO

_
W W

0.46 mM

Modification 
 none 1x CF2Me1x Ac

15 min 50 W blue LED

b|

a|

x eq Asc

2x [O] 4 x [O]

c|

d|

Asc
x = 

0

2.5 eq

25 eq

250 eq

+42 = 1x Ac
+64 = 1x CF2Me or 4x[O]

+32 = 2x [O]
+0 = none

5 mol% Ru(bpy)3
2+

PBS, pH 7.3

Fig. 4.7: LC-MS/MS screening of the difluoroethylation of the model peptide under photore-

dox conditions. a-d| Combined mass spectrum of the reaction mixture (a) in the absence

of ascorbate (Asc) as a reductant and (b-d) with different amounts of ascorbate.
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Screening reaction mixtures via LC-MS/MS showed that for an optimal conver-

sion to the expected products, the excess of radical precursor and reductant should be

similar Fig. 4.7c-d. The low amount of the difluoroethylated species suggested rapid

hydrolysis of this motif in aqueous buffers, which was not investigated in detail at this

stage. LC-MS/MS analysis of the acetylated species revealed that the most abun-

dant modification site was Trp. Additionally, a minor (lower intensity) population

of modification was localised on the N-terminus (Lys) - Fig. 4.8. The two products

could be separated chromatographically, and their identity established based on their

fragmentation pattern. This suggested that changing the radical generation system

only partially eliminated the undesired N-reactivity.

In order to confirm this observation, a chemical assay differentiating between the

N- and C-acetylation was developed. It was based on the divergent, intrinsic reactivity

of the new acyl moieties. The two products could be unequivocally distinguished

upon the reaction with an excess of sodium borodeuteride, which would exhaustively

reduce the C-acetylated product - ketone, to the corresponding alcohol, while leaving

the N-modified product - amide, intact340. The assay revealed that Trp hydrolysis

products disappeared upon the reduction, while the Lys localised remained intact -

Fig. 4.8. Furthermore, the presence of the reduced species could be detected, further

confirming the envisioned reaction course.
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Fig. 4.8: LC-MS analysis of difluoroethylated model peptide subjected to the reduction

assay. The graph shows fragment of the extracted ions chromatogram (acetylated - peach,

and reduced products - green) of the reaction mixture before the addition of the reducing

agent (dashed lines) as well as after 24 h incubation (shaded shape).

To investigate the possible origin of such reactivity, the reaction mixture contain-

ing the PySO2CF2Me was investigated by NMR spectroscopy before and after the

irradiation with blue light - Fig. 4.9.

-111-110-109-108-107-106-105-104-103-102-101-100-99-98-97-96

Reaction mixture before irradiation 
Reaction mixture after irradiation 
NaDFES reference

b|

a|

c|

*

 O
S

O

CF2CH3

_

19F (ppm)

PySO2CF2Me

N S
O

O
CF2CH3

NaDFES

Fig. 4.9: 19F NMR spectra of a| 10 mm NaDFES sample, b| mixture of PySO2CF2Me

radical precursor irradiated with blue light as in the difluoroethylation reaction in aqueous

buffer, c| and the same solution before the irradiation.

Although the compound was stable in the reaction mixture when kept in the dark for
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as long as 7 days, multiple new species were formed when irradiated. Interestingly,

one of them could be identified as NaDFES, which had been previously shown to be

responsible for the acetylation reactivity. In situ generation of this compound and

possible catalysis (via photooxidation) of its further decomposition into the acetyl

fluoride could most likely account for the observed residual N-modified side products.

4.4.2 Investigating protein difluoroethylation

Considering a rather scarce generation of NaDFES (and therefore AcF) within the

reaction time, it was hypothesised that the undesired reactivity could be overcomed by

the addition of a sacrificial amine into the reaction mixture. A natural candidate was

Lys, as a direct and equivalent competitor to protein residues. This was deemed to

be suitable since Lys in high concentrations is typically used as a buffering agent (up

to hundreds mm). The borodeuteride assay was again employed for the evaluation of

this hypothesis - Fig. 4.10. In this way, it was possible to determine that in a solution

containing 100 mm Lys, the N-acetylation of the peptide was effectively reduced

by >90% based on comparison of single acetylated products (assuming complete

reduction of the heteroaromatic ketone). Unfortunately, this assay did not yield semi-

quantitative information about the Trp vs His selectivity of the reaction since different

products were not resolved chromatographically. MS/MS fragmentation indicated

single instances of the C-modification localised within His residues, suggesting low

chemoselectivity (as Trp residues were of an effectively double concentration).
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Fig. 4.10: LC-MS analysis of the borodeuteride reduction assay for the difluoroethylated

model peptide. a-b| Combined mass spectra of the reaction mixture: (a) incubated in the

presence of 100 mm Lys, (b) without the amine.

Interestingly, an increase of the reagent excess and/or irradiation time, did not

result in a significant increase observed conversion (<50%), suggesting low efficiency

of the reaction and possible degradation of the peptidic substrate.

Having established conditions in which almost exclusive difluoroethylation was

possible, it was wondered whether the photoredox protocol could be applied to protein

substrates. To this end, various conditions were tested on a model protein myoglobin

and reaction mixtures were analysed by LC-MS - Tab. 4.1. In order to observe

significant conversions, it was necessary to employ high reagent excess (>250 eq).
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However, it was found that such a high concentration of reagents affected protein

stability as protein precipitation was readily observed.

x

y

z��M eqMb

H

WW

H

50

100 mM Lys

Modification 

 none

1 x CF2Me
2 x CF2Me

MWcalc 

16,951

17,015
17,079

1 x Ac 16,993

z = 50, x = 250, y = 250  

Tab. 4.1: LC-MS screening of photoredox difluoroethylation of a model protein - myoglobin.

In the figure spectrum for entry 4. In some samples, extensive precipitation (prec.) could

be observed. The calculated copy number (copy nr.) refers to the average number of the

CF2Me modification.

Entry (protein conc.) (Asc) (PySO2CF2Me) Conversion Prec.

z [µM] x [eq] y [eq] copy nr.

1 50 10 10 < 0.05 no

2 50 50 50 0.28 no

3a 50 50 50 -b yes

4 50 250 250 0.43 yes

5a 50 250 250 -b yes

6a 50 250 100 0.16 no

7 100 250 250 0.63 yes

8 200 250 250 0.65 yes

9c 100 250 250 0.57d no

[a] - irradiation time = 45 min, [b] - ion series did not deconvolute, [c] - with 6 m urea,

[d] - together with much higher acetylated product copy number = 0.3.

Similarly, prolonging irradiation time also led to the protein degradation as evi-

denced by complex mass spectra. Unfortunately, using lower amount of reagents or

altering the stoichiometry produced only minimal conversion to products. Other pro-
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tein substrates (annexin V and SRP19 - not shown) gave similar results, suggesting

low reactivity of the radical and/or unsuitability of the photoredox conditions. The

problems with the stability of the protein could be circumvented by the use of dena-

turing conditions (high urea concentration - Tab. 4.1 - entry 9). In this case, moderate

conversions to the difluoroethylated protein could be observed, accompanied with a

higher proportion of the hydrolysed product. Interestingly, various difluoroethylation

conditions of folded myoglobin resulted in only negligible amounts of ketone product

being detected (<10%).

This observation suggested that hydrolysis of the fluoroalkylated motif to the

corresponding ketone might be inhibited for folded proteins, in which the modification

is localised within solvent inaccessible aromatic residues - Tab. 2.2. To probe this

hypothesis, samples under native and denaturing conditions (Tab. 4.1 - entries 7

and 9) were re-analysed after 24 h to assess the extent of hydrolysis - Fig. 4.11.

This indeed revealed that for the folded sample, the distribution of products did not

change significantly, while for the sample incubated in the presence of denaturant,

the amount of fluorinated products decreased in favour of the hydrolysed ones.

Considering difficulties in achieving good conversion for protein substrates, ap-

parent low chemoselectivity and further complications by impaired hydrolysis of the

fluorine tag (perhaps localised within aromatic systems of Phe and Tyr which did

not promote the transformation), the studies on protein difluoroethylation were con-

cluded at this point. Investigations for different radicals and further studies on the

photoredox system will be described in the next chapter.
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Fig. 4.11: LC-MS analysis of the product distribution immediately after the difluoroethy-

lation reaction (I ) and after 24 h incubation in the reaction mixture (II ), under native or

denaturing conditions.

4.5 Conclusions and discussion

In this chapter, following on from the trifluoromethylation work, further fluoroalky-

lation methodologies for the modification of native residues in proteins were inves-

tigated, using difluoroethylation as an initial model system. Utilisation of a system

analogous to that used for trifluoromethylation, based on sulfinates as radical pre-

cursors, did not proceed as expected. Screening of reaction conditions using protein

and peptide substrates revealed a series of both N- and C-acetylated products be-

ing formed, once again reinforcing the challenge of achieving selectivity in the sea of

functional groups present in proteins341.
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Careful studies of reagents and reactions with small molecule and peptide sub-

strates allowed elucidation of the mechanism of the observed N-acetylation. It was

proposed that difluoroalkyl sulfinates oxidatively degrade to acylating agents - acyl

fluorides. Although the sulfinic acids are well known for their instability due to dis-

proportionation342 and the autooxidation of sulfinic acids in aqueous solution has

been studied in detail324, to the best knowledge of the author there are no reports re-

garding the decomposition of difluoroalkyl sulfinates in aqueous buffers of neutral pH.

However, a similar pathway of decomposition was observed for other fluoroalkyl rad-

ical precursors when investigated in aqueous conditions343. Here, this serendipitous

observation was demonstrated to be useful in a novel, extremely mild N-acylation of

proteins.

Since acetylation (N-termini and/or ε-amine group of lysine) is one of the most

important post-translational modifications of many proteins (being implicated in es-

sential biological processes e.g. cell signalling and metabolism)344 one can predict that

this chemical acetylation protocol would be of interest to the community, offering an

alternative to the widely used acetic anhydride acetylation method345. There have

been a number of studies which involve the in vitro chemical acetylation of proteins

in order to understand the role of organisms’ acetylome and its impact on enzymes’

activity346. In some cases acylation is used for derivatisation prior to MS proteomics

experiments347. For such applications this method could be advantageous, as gradual

generation of acetylating agent removes the need for a protein dependent optimisation

of reaction conditions using hazardous acetic anhydride348.

Furthermore, the hydrolysis of the acetyl fluoride is slow in neutral aqueous
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buffer349, which also facilitates control of the reaction mixture pH, crucial to avoid

side reactions. For applications requiring faster kinetics, the rate of acetyl fluoride

formation could be accelerated in the presence of an oxidative activator. On the other

hand, direct use of acetyl fluoride for this type of reaction may be inconvenient and

potentially hazardous due to its low boiling point (∼21 ◦C)331. Other acyl halides are

either unstable (iodide)350 or are characterised by a much higher rate of hydrolysis

(chloride, bromide)351 as compared with acetyl fluoride. Finally, different specialised

but commercially available acylating reagents (such as N-acylazoles) that can be

used in aqueous solutions, often have preferential reactivity with O-nucleophiles352,353.

Apart from the established use of acyl fluorides in peptide synthesis329, it is worth

noting that their desirable reactivity profile for the modification of biomolecules has

been successfully exploited for preparing drug-antibody conjugates354. Therefore, this

method may find use in general applications for chemical biomolecule acetylations.

Interestingly, a similar kind of reactivity was not observed for non-fluorinated sulfi-

nates (n-propyl, benzyl), as no mass shift was detected for the protein incubated with

such reagents, highlighting the enabling role of the fluorine atoms (data not shown).

Due to the fact that the sulfinate system turned out to be poorly suited for

the desired fluoroalkylation, alternative radical generation systems were investigated.

This led to the adaptation of structurally similar pyridyl sulfones as radical precursors,

efficiently activated using photoredox catalysis. Although this methodology did not

allow full decoupling from the other reaction pathways, it was improved enough that

undesired N-reactivity could be drastically reduced by the addition of a sacrificial

amine to the reaction mixture. This allowed further studies on fluoroalkylation,
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which suggested that •CF2Me may possess much lower chemoselectivity than the CF3

counterpart. More importantly, it did not allow for an efficient product formation on

the folded model protein, also due to biomolecule stability issues under the reaction

conditions.

With the above in mind, as well as the fact that the studies on the CF2Me radi-

cal were to establish suitability of fluoroalkylation for bioconjugation (with a general

group R), it was deemed unlikely that such a strategy may provide enough advan-

tages over existing methods. Supporting this hypothesis were recent reports in the

literature, where reactivity of various radicals have been investigated on peptide and

protein models. It was clearly demonstrated that protonated His residues are good

acceptors of alkyl radicals that are nucleophilic in their nature75. Similar selectivity

was also observed for certain fluoroalkyl radicals, enhancing the notion of the critical

protonation step for achieving exclusive His modification78. Such behaviour, where

the nucleophilicity of the radical is significantly more pronounced for a protonated

substrate in acidic mixtures was observed for the radical modification of pyridines355.

Despite indicating a clear trend, such an approach cannot be readily applied to pro-

teins, as low pH is often incompatible with their native structure and function. On

the other hand, working under near neutral conditions, the influence of the alkyl

group hinders the ability for chemoselective radical additions to any of the native

(hetero)aromatic residues. As such, it seems likely that the relative electrophilicity

exerted by the presence of fluorine atoms closely competes with the nucleophilicity

inherent to alkyl substituents155. This hypothesis was supported by the work, in

which full Trp selectivity for •CF2CF2R was demonstrated123. The extension of the
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fluorinated chain ensured sufficient electrophilic character, and allowed for the devel-

opment of a bionconjugation strategy based on this chemistry, also using photoredox

catalysis for the radical generation356.

One key discovery was that the difluoroethylation of (hetero)aromatics natively

present in proteins turned out to yield, not entirely unexpectedly, hydrolysed acyl

products. This observation opens a new avenue of investigation as ketones/aldehydes

are sought after bioorthogonal handles, often appended to biomolecules due to the va-

riety of bioconjugation chemistries they enable357. The observation was fully validated

on a small molecule synthetic model for Trp, with other analytical results pointing

towards the same behaviour for His residues, also supported by recent reports78. An

interesting result suggested the hydrolysis kinetics for the difluoroethylated protein

may be controlled by solvent accessibility of the modified residues, providing further

evidence that •CF2Me can access residues buried in the hydrophobic core. However,

in view of the discussed selectivity issues, it was clear that only radicals with more

clearly defined electronics could provide sufficient Trp selectivity and further research

on difluoroalkylation was not pursued. A straightforward candidate with such char-

acteristics was the difluoromethyl radical, often resulting in similar reactivity to the

trifluoromethyl counterpart184. The hydrolysis of this group would result in perhaps

the most useful acyl handle - an aldehyde32. The development of this idea is described

in the next chapter.
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4.6 Experimental

4.6.1 General information

For general experimental information please refer to the relevant sections in Chap-

ter 2. Details that are different and specific to experiments described in this and

next chapters are given below. The reaction mixtures during 450 nm LED light ir-

radiation were not stirred, while overnight incubations were shaken at 300 rpm. For

flash column chromatography CombiFlash NextGen 100 automated chromatography

system was used (Teledyne ISCO) with RediSep Rf Gold Silica Flash Chromatogra-

phy Columns (4 – 20 g of silica, Teledyne ISCO). A sample of histone H2A (Homo

sapiens, H2A2A HUMAN) was a kind gift from Dr Ritu Raj (Ben Davis group), the

protein was expressed according a known procedure358. [Ru(bpy)3]
2+ refers to the

[Ru(bpy)3]Cl2 · 6H2O (tris(bipyridine)ruthenium(II) chloride) photocatalyst.

Mass Spectrometry

For all mass spectrometry analyses Waters Xevo G2-S QToF MS coupled to a AC-

QUITY UPLC H-Class LC system (Waters Corporation) was used. Instrument

was auto-calibrated throughout analysis by an internal lock-spray mass calibrant

(LeuEnk). For protein analyses, desalting was achieved with the ProSwiftTM RP-

1S HPLC column (250 x 4.6 mm x 5 µm, Thermo ScientificTM) using water (solvent

A) and acetonitrile (solvent B), both with 0.1% formic acid, as the mobile phases.

The LC program for an intact protein analysis was realised as followed: 95% A → (0

– 2) min, gradient to 95% B → (2 – 8) min and 95% A → (8.1 – 10 min) at a 0.3

mL/min flowrate. Following ESI ionisation source parameters were used: capillary
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voltage 3 kV, cone voltage 20 V, source temperature 100 ◦C, desolvation temperature

400 ◦C and desolvation gas (nitrogen) flow 700 L/h, cone gas flow 30 L/h. MS was

working at 30,000 (FWHM) resolution. For peptide analyses the same LC conditions

were used but with a different column (C18 BEH Agilent, 130Å, 1.7 µm, 2.1 mm x

50 mm).

Model peptide tandem mass spectrometry

For peptide reactions, the mass spectrometer operated in data dependent acquisition

(DDA) mode with 0.1 s MS survey scan followed by (0.1 – 0.5) s MS/MS scans on the

three most intense ions. To induce fragmentation of a broad spectrum of products

MS/MS collision energy ramp (15 – 60) V was used. For peptide mapping, the mass

spectrometer operated in DDA mode with 0.1 s MS survey scan followed by 0.2 s

MS/MS scans on the six most intense ions with mass dependent collision energy.

MS/MS data analysis was performed using PEAKS software v8.5 (Bioinformatics

Solutions Inc.) using de novo reconstruction. Search parameters were set as following:

precursor mass tolerance of 10 ppm and a fragment ion tolerance of ∆m = ±0.02 Da.

No information about peptide sequence was fed into the software and all assigned

spectra were manually validated.

Photoreactor design

The photoreactor was assembled in-house (University of Oxford, Electrical Work-

shops), from commercially available components (Luxeon). Briefly, seven LEDs

(LUXEON Rebel ES Royal-Blue 447.5 nm, Luxeon Star Inc, SP-02-V4, 7210 mW

@ 700 mA maximum power) were connected in series, and arranged on a round 7-Up
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Base mounted on a 60 mm round x 45 mm high heat sink (Luxeon Star, CN60-45B).

Power was supplied through a 700 mA dimmable FlexBlock DC driver (Luxeon A011-

D-V-700). These were wired with an on/off switch and placed inside of a 305 mm

cubic metal box (RS Company). All reactions were performed at maximum available

power (50 W).

a|

Fig. 4.12: a| Picture of the photobox setup with a glass vial in a usual reaction mixture

position on a transparent holder. b| An electrical diagram illustrating design of the used

photoreactor.

4.6.2 Experimental procedures

eqMb reaction with NaDFES and tryptic digest

To a solution of myoglobin (100 µL, 1.8 mg/mL in PBS buffer) kept on ice, sodium 1,1-

difluoroethanesulfinate (NaDFES, 4.7 µL, 100 mg/mL in PBS, 300 eq) and tBuOOH

(3.6 µL, 72 mm in H2O, 25 eq) were added. The reaction mixture was incubated for

10 mins on ice and after that, an aliquot (1 µL) was withdrawn and diluted with

water (60 µL) for LC-MS analysis.

To the remaining reaction mixture, water (31 µL) was added and it was buffer
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exchanged with a MiniTrap G25 into 50 mm NH4HCO3. To this solution, trypsin

was added (3.5 µL, 1:25 w/w, 2 mg/mL) and the mixture was incubated overnight

at 37 ◦C. After that, the tryptic peptides were bound on a ZipTip, washed, eluted

(according to the manufacturer’s instructions) and analysed via LC-MS/MS.

Model peptide synthesis

Model peptide h2n-KFWAWH-cooh was synthesised using SPPS following a stan-

dard Fmoc-strategy with a pre-attached Fmoc-l-His(Trt)-Wang resin (0.5 mmol/g),

using an Activotec peptide synthesiser. The synthesis started with deprotection of

the resin (1 g, 0.5 mmol) before the first coupling (25% piperidine in DMF). All pro-

cesses were monitored with UV. All coupling steps used an excess of reagent solutions:

Fmoc-Xaa-OH (5 eq), HBTU (5 eq, 0.48 m), DIEA (6 eq, 1 m) in DMF that were

reacted with the resin-bound free amine peptide for 15 mins in a microwave reactor.

After the procedure successfully finished, the resin was washed with DCM and dried.

The peptide was cleaved off the resin and deprotected in TFA/water mixture/1,2-

ethanedithiol (EDT) (92.5/5/2.5, v/v/v, 16 mL) in an ice bath. After 30 mins, the

ice bath was removed and the reaction was stirred at rt for an additional 2.5 hours

when an LC-UV analysis indicated completion of the reaction. The reaction mixture

was added to chilled diethyl ether in a dropwise manner. The white suspension was

divided into 50 mL falcon tubes and centrifuged (5 mins, 6000 xg). The procedure

was repeated to wash the solid with a fresh portion of diethyl ether. The precipitate

was dissolved in H2O and lyophilised (repeated 3x). This gave KFWAWH as a white

powder (372 mg, 0.32 mmol, 64%). LC-UV-MS analysis confirmed > 95% purity of
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the peptide. The sequence was confirmed by MS/MS analysis (see elsewhere) and

peptide was used without further purification as TFA salt.

H2N-Lys(Boc)-D-Phe-Trp(Boc)-Ala-D-Trp(Boc)-His(Trt)-
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Fig. 4.13: a| Scheme of the KFWAWH model peptide synthesis. b| LC-UV chromatogram of

the product (C18 Gemini NX (Phenomenex)), linear 10 mins gradient of MeCN in aqueous

0.1% formic acid.
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Model peptide reactions with NaDFES

NaDFES (15.2 mg/mL, 100 mm) was prepared as a solution in 10x PBS buffer (100

mm phosphate, pH 7.3) freshly before the reaction or 24 hours before. If included, the

persistent radical TEMPOL was added (to a 10 mm concentration). The incubated

solution was either kept open to air or in a O2-free glovebox (<6 ppm).

To this reagent (140 µL), KFWAWH peptide stock solution (5 µl, 10 mg/mL, 9.35

mm in PBS) was added and the reaction mixture was incubated on ice for 10 mins.

The reaction was then initiated by addition of tBuOOH (1.6 µL, 72 mm in water) or

was further incubated. After the desired time, an aliquot was withdrawn which was

diluted with water for an LC-MS/MS analysis.

NMR investigation of NaDFES decomposition

NaDFES (3 mg/mL, 20 mm) was dissolved in d6-DMSO (550 µL) spiked with D2O

(3 µL). Another solution was prepared that additionally contained TEMPOL (0.86

mg/mL, 5 mm). Both mixtures were incubated in the NMR tubes at rt for 37 hours,

during which time they were analysed periodically by NMR (relevant 1D and 2D

experiments).

NMR investigation of NaDFES initiation products

Two solutions of NaDFES (3.6 mg/mL, 24 mm) were prepared in d6-DMSO (500

µL). To each of them either D2O or (1.67 µL) or tBuOOH solution was added (1.67

µL, 7.2 m) and the mixtures were incubated for 1 h before the NMR analysis.
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NaDFES incubation with Lys

Lys·HCl (6 mg, 60 mm) and NaDFES (25.1 mg, 300 mm) were dissolved in 10x

PBS buffer (0.55 mL, 100 mm, pH 7.3, prepared in D2O). The reaction mixture was

incubated for 24 hours before it was analysed comprehensively with NMR.

NaDFES incubation with melittin and proteins

NaDFES solution was prepared freshly before the reaction (up to 100 mm in 10 mm

phosphate, pH 7.3). To this solution an appropriate volume of the biomolecule stock

((0.1 - 1.5) mm) was added so that the desired concentrations were achieved and the

mixture was incubated for 24 h at rt. After this time, an aliquot was withdrawn

which was diluted with water for an LC-MS/MS analysis.

Synthesis of TrpNAc

O

H
N

H
N

ONH4

O

A glass vial was charged with Trp (25 mg, 0.12 mmol) and

NaDFES (48 mg, 0.31 mmol). The solids were dissolved

in DMSO (2 mL) and the reaction initiated by addition of

tBuOOH (21 µL, 7.2 m in H2O, 0.15 mmol). The mixture

was incubated at rt for 24 h after which it was purified via automated CombiFlash

chromatography on silica gel (RediSep Rf Gold 4 g Silica using gradient of aq. NH3

(32%) in n-PrOH up to 15%). This allowed retrieval of white solids - the starting

material (17 mg, 66%) as well as N-acetylated derivative TrpNAc (5 mg, 16%) as

ammonium salts. Similar reaction in aqueous PBS buffer as a solvent failed to yield

isolable products.
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1H NMR (400 MHz, DMSO-d6) δ 10.82 (d, J = 2.4 Hz, 1H, N1H), 8.13 (d, J = 7.8

Hz, 1H, HNCα), 7.52 (ddd, J = 7.9, 1.2, 0.8 Hz, 1H, H4), 7.33 (ddd, J = 8.0, 1.1,

0.8 Hz, 1H, H7), 7.13 (d, J = 2.4 Hz, 1H, H2), 7.06 (ddd, J = 8.0, 7.0, 1.2 Hz, 1H,

H6), 6.98 (ddd, J = 7.9, 7.0, 1.1 Hz, 1H, H5), 4.45 (ddd, J = 8.7, 7.8, 5.1 Hz, 1H,

HCα), 3.15 (dd, J = 14.5, 5.1 Hz, 1H, HCβ), 2.98 (dd, J = 14.5, 8.7 Hz, 1H, H’Cβ),

1.79 (s, 3H, COCH3),

13C NMR (126 MHz, DMSO-d6) δ 173.6 (COCα), 169.2 (NCOCH3), 136.1 (C7a),

127.2 (C3a), 123.5 (C2), 120.9 (C6), 118.4 (C5), 118.2 (C4), 111.4 (C7), 110.0 (C3),

53.0 (Cα), 27.2 (Cβ), 22.4 (COCH3),

HRMS-ESI(+): [M+H]+: calcd: 247.1077, found: 247.1041.

The characterisation conforms to data from literature (WinChembase).

Synthesis of TrpCF2Me

O

AcHN

H
N

H2N

F

F

A glass vial was charged with NATA (30 mg, 0.12 mmol)

and NaDFES (48 mg, 0.31 mmol). The solids were dissolved

in DMSO (2 mL) and the reaction initiated by addition of

tBuOOH (21 µL, 7.2 m in H2O, 0.15 mmol). The mixture was

incubated at rt for 24 h after which it was purified via auto-

mated CombiFlash chromatography on silica gel (12 g silica using gradient of MeOH

in CHCl3 up to 10%). This yielded TrpCF2Me as a white solid (3.6 mg, 10%).

1H NMR (400 MHz, DMSO-d6) δ 11.29 (s, 1H, N1H), 7.88 (d, J = 8.8 Hz, 1H,

HNCα), 7.74 (d, J = 8.1 Hz, 1H, H4), 7.34 (d, J = 8.0 Hz, 1H, H7), 7.21 (bs, 1H,

NH2), 7.15 (dd, J = 8.0, 6.9 Hz, 1H, H6), 7.02 (dd, J = 8.1, 6.9 Hz, 1H, H5), 6.99 (s,
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1H, NH2), 4.46 (ddd, J = 8.8, 8.0, 6.2 Hz, 1H, HCα), 3.26 (dd, J = 14.2, 6.2 Hz, 1H,

HCβ), 2.97 (dd, J = 14.2, 8.0 Hz, 1H, H’Cβ), 2.10 (t, J = 19.1 Hz, 3H, CF2CH3),

1.71 (s, 3H, COCH3),

19F NMR (376 MHz, DMSO-d6) δ −78.88 (dq, JF,F = 255.6 Hz, JF,H = 19.1 Hz,

1F), −80.03 (dq, JF,F = 255.6 Hz, JF,H = 19.1 Hz, 1F),

13C NMR (126 MHz, DMSO-d6) δ 173.2 (COCα), 168.7 (NCOCH3), 135.1 (C7a),

129.7 (t, J = 32.7 Hz, C2), 127.7 (C3a), 122.2 (C6), 120.7 (t, J = 235.1 Hz, CF2),

119.5 (C4), 118.7 (C5), 111.2 (C7), 109.4 (C3), 53.5 (Cα), 26.9 (Cβ), 25.1 (t, J =

28.7 Hz, CF2CH3), 22.3 (COCH3),

HRMS-ESI(+): [M+Na]+: calcd: 332.1187, found: 332.1142.

Synthesis of TrpC=OMe

O

AcHN

H
N

H2N

O

A sample of TrpCF2Me (3 mg, 0.01 mmol) was dissolved

in PBS (0.5 mL, 10 mm prepared in D2O pH 7.2) and the

solution was incubated at rt for 24 h after which, it was anal-

ysed with NMR. 1H NMR indicate a complete conversion to

TrpC=OMe, while 19F NMR showed the appearance of F−

signal as the only fluorinated by-product (s, −121.4 ppm - Fig. 4.14)238. The com-

pound was not isolated from this mixture. The experiment was repeated in PBS

buffer that additionally contained Gly (2.3 mg, 0.03 mmol), with the same result.
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Fig. 4.14: 19F NMR spectrum of the hydrolysed sample of TrpCF2Me.

1H NMR (500 MHz, D2O) δ 7.78 (d, J = 8.4 Hz, 1H, H4), 7.55 (d, J = 8.3 Hz, 1H,

H7), 7.46 (dd, J = 8.3, 6.9 Hz, 1H, H6), 7.25 (dd, J = 8.4, 6.9 Hz, 1H, H5), 4.60

(dd, J = 8.1, 6.4 Hz, 1H, HCα), 3.61 (dd, J = 13.9, 6.4 Hz, 1H, HCβ), 3.45 (dd, J

= 13.9, 8.1 Hz, 1H, H’Cβ), 2.68 (s, 3H, CCOCH3), 1.87 (s, 3H, NCOCH3),

13C NMR (126 MHz, D2O) δ 196.0 (CCOCH3), 176.4 (COCα), 174.4 (NCOCH3),

137.0 (C7a), 132.5 (C2), 128.1 (C3a), 127.2 (C6), 121.4 (C5), 121.3 (C4), 119.2 (C3),

113.2 (C7), 54.9 (Cα), 28.3 (COCH3), 27.5 (Cβ), 22.3 (COCH3),

HRMS-ESI(+): [M+Na]+: calcd: 310.1162, found: 310.1168,

MS/MS-ESI(+): m/z = 310.1 [M+Na]+ → [M−CONH2]
+: calcd: 243.1134, found

243.1139.

Synthesis of PySO2CF2Me

N S
O

O
CF2CH3

A two-necked round bottom flask was charged with

PySO2CF2H (difluoromethyl 2-pyridyl sulfone, 241 mg, 1.25

mmol) and a magnetic stirring bar. The solid was dissolved in

anhydrous THF (10 mL) and to this solution DMI (1,3-dimethyl-2-imidazolidinone,
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1 mL) was added. The flask was cooled to −78 ◦C, after which MeI (120 µL, 1.88

mmol) was added. Then, LiHMDS (1.5 mL, 1.5 mmol, 1 m in THF) was added drop-

wise and the reaction mixture was stirred for 30 mins at −70 ◦C. The reaction was

quenched with sat. NH4Cl solution (20 mL) and mixture extracted with EtOAc (3

x 20 mL). The combined organic phases were washed with sat. LiCl (2 x 40 mL),

dried over MgSO4 and concentrated in vacuo. The residue was purified via automated

CombiFlash chromatography on silica gel (RediSep Rf Gold 4 g Silica, using gradient

of EtOAc in 1:1 mixture of CHCl3/heptane up to 15%). This yielded PySO2CF2Me

as a white solid (75 mg, 29%).

1H NMR (400 MHz, CDCl3) δ 8.82 (ddd, J = 4.7, 1.7, 1.0 Hz, 1H, H3), 8.14

(dt, J = 7.8, 1.1, 1.0 Hz, 1H, H6), 8.02 (td, J = 7.8, 1.7 Hz, 1H, H5), 7.65 (ddd, J

= 7.8, 4.7, 1.1 Hz, 1H, H4), 2.07 (t, J = 18.5 Hz, 3H, CH3),

19F NMR (376 MHz, CDCl3) δ −96.16 (q, J = 18.5 Hz, 2F),

13C NMR (126 MHz, CDCl3) δ 152.1 (C2), 150.9 (C3), 138.4 (C5), 128.8 (C4), 126.4

(C6), 124.6 (t, J = 283.7 Hz, C7), 17.6 (t, J = 21.5 Hz, C8),

HRMS-ESI(+): [M+H]+: found: 208.0283, calcd: 208.0238,

MS/MS-EI(+): fragmentation spectrum in the agreement with predicted species.

The characterisation conforms to data from literature359.

Model peptide photoredox difluoroethylation

To KFWAWH solution in PBS buffer (4.6 µL, 10 mm), PySO2CF2Me (y µL, 1 m in

DMSO), sodium ascorbate (x µL, 1.65 m in PBS buffer) and [Ru(bpy)3]
2+ (0.7 µL,

5 mol%, 3.3 mm in PBS buffer) were added and the reaction mixture was topped up
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with PBS buffer (to the total volume of 100 µL). The reaction mixture was irradiated

for 15 mins after which an aliquot (2.5 µL) was diluted 10x with H2O and analysed

via LC-MS/MS. Then NaBD4 (0.4 mg) was added to this solution and the reaction

mixture was incubated for a further 24 h, when a final aliquot was analysed by LC-

MS. In the case where 100 mm of Lys was used as the sacrificial amine, it was prepared

in the PBS buffer. This PBS/Lys buffer was then subsequently used to prepare every

aqueous stock solution of the other reactants.

Model protein photoredox difluoroethylation

To eqMb solution in PBS/Lys buffer (50 µL, z µm), PySO2CF2Me (y µL, 1 m in

DMSO), sodium ascorbate (x µL, 1.65 m in PBS buffer) and [Ru(bpy)3]
2+ (0.76 µL, 50

mol%, 3.3 mm in PBS buffer) were added and the reaction mixture was topped up with

PBS/Lys buffer (to the total volume of 100 µL). For lower reagent excess, 10x diluted

stock solutions of reagents were used. The reaction mixture was irradiated for 15

mins after which an aliquot was diluted with H2O (to the final protein concentration

of 0.03 mg/mL) and analysed via LC-MS. Reaction under denaturing conditions was

performed in the buffer supplemented with urea (6 m) and after the reaction, the

samples were incubated at rt for 24 h before being re-analysed.
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4.7 Appendix

b|

a|

c|

d|

Fig. 4.15: Tandem mass spectra of different precursor ions found in the KFWAWH peptide

reaction mixture with NaDFES. a|m/z = 874 ion (starting material) demonstrating original

fragmentation pattern, b| m/z = 916 ion revealing Lys acetylation c| m/z = 916 ion (+42)

revealing Trp acylation d| m/z = 958 ion revealing double Lys acetylation.
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Chapter 5

C-Formylation of Proteins via
Sequential Difluoromethylation
Hydrolysis
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Abstract

The results discussed in the previous chapter inspired the design of a difluoromethy-

lation hydrolysis sequence as a novel method for introduction of an aldehyde tag into

proteins. The idea is developed in Chapter 5 starting again, with the detailed selec-

tivity and reactivity studies with small molecules and peptides. The design of the

proposed transformation was verified and it was concluded that difluoromethylation

occurred with a preference for tryptophan as a substrate. Investigation of peptide

model allowed in-depth characterisation of possible side reactions. This allowed de-

velopment of the standard conditions for photoredox difluoromethylation of a broad

range of protein substrates. The hydrolytic loss of fluorine was found to be inhibited

for proteins in their native fold, with the efficient transformation requiring denatur-

ing conditions. As such, one-pot denaturative hydrolysis/labelling step was designed,

and showcased in reactions with α-nucleophiles and amines, complemented with the

reduction of the formed imines. In addition, characterisation of the acyl products

revealed an interesting physicochemical feature of visible light fluorescence of the

aldehyde tagged proteins. Together, this protocol resulted in novel bioconjugation

method and a minimal size fluorescent tag introduction strategy.
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5.1 Introduction

The carbonyl functional group has many distinct advantages as a chemical tag in-

corporated into proteins32. Following the discovery of the facile hydrolysis of di-

fluoroethyl motifs attached to the native protein heteroaromatic side chains, it was

hypothesised that this pathway could be used for protein C-formylation. There are

a number of methods that allow the introduction of this functionality into proteins,

with a prominent example of amber codon suppression enabling the installation of,

for example, para-acetyl-phenylalanine as a handle for bioconjugation chemistry with

α-nucleophiles360,361. However, due to their superior reactivity profile, aldehydes are

typically preferred over ketones. Consequently, the genetic code expansion methods

were developed for the introduction of meta-formyl-phenylalanine362. Apart from the

biosynthetic methods, a carbonyl group tagging can also be achieved by chemical or

enzymatic transformations. The first, can be realised by an oxidative degradation363

of N-terminal Ser/Thr or using a commonly adopted approach of the glycan oxidation,

in which certain susceptible hydroxyl groups are easily converted to aldehydes364. The

enzymatic approach is exemplified by the action of formylglycine-generating enzymes

on Cys or Gly residues in proteins with specific sequences365,366.

While these methods have proven to be effective, they require a certain amount of

the structure engineering or can be only applied in some specific cases. On the other

hand, the strategy proposed here utilising difluoromethylation as a transient modifi-

cation, offers a direct approach, readily applicable to a general native protein scaffold.

Intuitively, a direct carbonylation using heterolytic (2e−) bond-forming methods is
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not feasible due to the necessity of aqueous conditions as well as presence of N- and O-

nucleophiles native to proteins59, quenching HC(O)± formyl equivalents, respectively

- Fig. 5.1.
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Fig. 5.1: Potential strategies for protein C-formylation with a scheme of the proposed two-

step difluoromethylation/hydrolysis as a biocompatible, alternative synthetic strategy.

Similarly, a direct homolytic method cannot be applied as HC(O)• cannot be gener-

ated in a simple manner under biocompatible conditions367. Therefore, a two-step

approach seemed to be the only feasible option and was investigated in greater detail.

This chapter has a similar structure to Chapter 2, where reactivity and selectivity

patterns are first investigated on a small molecule model. Then, the difluoromethy-

lation of peptide substrates is presented, with a focus on the side reactions of the

developed photoredox conditions. This leads to studies in protein chemistry, the

verification of the difluoromethylation/hydrolysis sequence and its in-depth charac-

terisation. Finally, potential applications of the protein products in bioconjugation

and fluorescence spectroscopy are explored.
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5.2 Small molecule model system

5.2.1 Establishing LC-MS assay for the AA investigation

The studies were initiated using the previously established and discussed photoredox

system using pyridyl sulfone as the radical precursor, ascorbate as the reductant and

[Ru(bpy)3]
2+ as the photocatalyst (see Fig. 1.15a and Fig. 4.7). First, the reactiv-

ity of (hetero)aromatic residues was evaluated under conditions typically used for

biomolecule modification: low µmol and µm range, the biomolecule substrate as the

limiting species under an excess of other reactants. A quantitative, direct compe-

tition based LC-MS assay using 15N labelled standards was developed to assess the

engagement of different amino acids.

First, suitable UPLC conditions (using reversed phase column chemistry) were

developed so that a full separation between amino acids of interest and other elements

of the reaction mixture could be obtained - Fig. 5.2a-b. The retention time (RT) of

the individual amino acids was established by a co-injection of 14N and 15N standard

samples. No other signals for the m/z of interest (Fig. 5.2 Table, within ∼100 ppm)

were observed in the combined chromatographic regions, as verified by the blank

injections and examination of the extracted ion chromatograms (XIC) for each of the

species. The relative quantification was achieved by the comparison of natural and

labelled AAs signals (the latter added just before the analysis in a known quantity)

- Fig. 5.2c.
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m/z: 156.0768 (100.0%)
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m/z: 159.0679 (100.0%)
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F

Y

WH

FY

W

H

b|

c|

Isotope m/z m/z AA RT region

Calc. Observed [min]
14N 205.0972 205.0915 Trp 3.90 - 4.50
15N 207.0912 207.0848
14N 166.0863 166.0801 Phe 2.00 - 3.50
15N 168.0866 168.0810
14N 182.0812 182.0754 Tyr 0.90 - 1.50
15N 184.0816 184.0758
14N 156.0768 156.0722 His 0.25 - 0.85
15N 159.0679 159.0633

Fig. 5.2: a| TIC chromatogram of the AA reaction mixture (before light irradiation) with

marked RTs, b| XIC of relevant AA masses as per table below, c| Combined mass spectrum

of RT corresponding to the peak of His. Table: description of different AAs signals chosen

for the analysis.
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Having established the assay, an equimolar mixture of the putative reactive amino

acids (Trp, His, Tyr and Phe) was tested under the proposed photoredox conditions.

The results suggested that only Trp was substantially consumed (30%) in such con-

ditions, while much lower reactivity was observed for His - Tab. 5.1.

0.6 μmol,   1.75 mM

equimolar mixture

F

Y

W

H

F

Y

W

H
10 eq PySO2CF2H

10 eq ascorbate 

5 mol% Ru(bpy)32+

PBS, pH 7.3, rt

15 min, 50W blue LED
starting material 

recovery in LC-MS assay

Tab. 5.1: LC-MS quantification of competitive AA reactivity under photoredox difluo-

romethylation conditions. The conversion was based on a relative signal intensity of the

starting material with a 15N reference correction.

Average area

Isotope AA hv− hv+ Ratio Remain Conversion

Experiment 1
14N Trp 92259 79876 0.866 70% 30%
15N 235424 289272 1.229
14N Phe 322942 359890 1.114 99% 1%
15N 82491 93285 1.131
14N Tyr 128793 167624 1.301 101% -1%
15N 8330 10759 1.292
14N His 71111 81471 1.146 98% 2%
15N 41348 48401 1.171

Experiment 2
14N Trp 92629 61253 0.661 69% 31%
15N 405819 386804 0.953
14N Phe 378596 328496 0.868 100% 0%
15N 132013 114972 0.871
14N Tyr 182500 171377 0.939 98% 2%
15N 13435 12857 0.957
14N His 57877 50130 0.866 96% 4%
15N 55411 49866 0.900
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On the other hand, both Phe and Tyr were essentially unaffected. To further verify

this result, the experiment was repeated using a higher reagent excess and a different

analytical method, in which the UV absorption was used for the quantification of the

amount of starting material consumed. The conclusions were confirmed, as ∼29%

of Trp reacted under these conditions, suggesting a full engagement of the catalyst

during the irradiation or a maximum use of the photon flux - Fig. 5.3. Taken together,

it was predicted that protein difluoromethylation may be possible with a high degree

of Trp chemoselectivity.
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Fig. 5.3: LC-UV quantification of competitive Trp reactivity under photoredox difluo-

romethylation conditions. Position of Trp peak at RT = 5.1 min was established by in-

jection of the reference. The conversion was based on the recovery of the starting material

by integration of the area under the peak (fitted by a Gaussian function in Origin v9.0).

5.2.2 Verifying reactivity

A similar LC-MS assay under competitive conditions was used for an evaluation of

products formed in the reaction. A differential mass spectrum analysis (obtained

via subtraction of spectra for non-irradiated and no AA reaction mixtures from the

combined mass spectrum) revealed the appearance of several new species, most of
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which could be identified through the comparison with expected monoisotopic masses.

Interestingly, products of the radical addition were not the most abundant and the

hydrolysed acyl derivatives (for Trp and His) were not observed at all - Fig. 5.4a.
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Fig. 5.4: Difluoromethylation of AA mixture. a| A differential mass spectrum with peaks

annotated with potential products based on their expected masses. b| Proposed scheme for

the cyclic aldimine formation alongside its MS fragmentation product (labelled as (W/)).

c| Tandem mass fragmentation spectrum (under collision induced dissociation (CID) con-

ditions with collision energy of 10 V) with a proposed fragments.
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Instead, intensive peaks with masses corresponding to the presumably cyclised

imine products were observed. For Trp, the most likely origin of such species was via

modification at the C2 position, where the resulting aldehyde would be well poised for

internal imine formation - Fig. 5.4b. This hypothesis was confirmed by the analysis of

the fragmentation spectra - Fig. 5.4c (similarly for His, not shown) and the comparison

with similar transformations reported in the literature368.

Next, the formal confirmation of the difluoromethylation/hydrolysis regioselectiv-

ity and reactivity for Trp was achieved by the investigation of a small molecule model.

In order to avoid the complication of the internal imine formation, the N-protected

amino acid derivative - NATA (N -acetyltryptophanamide) was used as the substrate,

which would allow the direct isolation of the aldehyde derivative. Unfortunately, in

fully aqueous conditions the substrate was only partially soluble and irradiation re-

sulted in the formation of a complex mixture, for which the products could not be

isolated (data not shown).

On the other hand, using semi-aqueous conditions with DMSO as a co-solvent

inhibited the hydrolysis, and allowed isolation of the C2-difluoromethylated species as

the main product (according to the LC-UV analysis of the reaction mixture at 280 nm

characteristic for indole derivatives, not shown). The reaction under these conditions

also led to the generation of low amounts of several products (different regioisomers

and oxidised derivatives as characterised by LC-MS) that were not separated (<20%),

alongside a substantial amount of the unreacted starting material. Pleasingly, isolated

TrpCF2H product was cleanly hydrolysed to the formyl product TrpC(O)H upon

a prolonged incubation in a D2O buffer, without deuteration, conclusively confirming
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the predicted reactivity - Sch. 5.1.
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Sch. 5.1: Difluoromethylation of NATA and subsequent hydrolysis in a deuterated buffer.

5.3 Peptide model

5.3.1 Mechanistic investigations on a model peptide

Next, the reaction was studied on the peptide model to further understand the char-

acteristics and to confirm the observed selectivity. h2n-KFWAWH-cooh, used pre-

viously for the difluoroethylation studies, was chosen as the substrate as it contained

the putative reactive residues of interest. Initially, it was verified that all reaction

components were necessary for the observed difluoromethylation reactivity. Under

such conditions, the expected peaks for the difluoromethylated and hydrolysed prod-

ucts were detected by LC-MS - Fig. 5.5a. Expectedly, no products were observed in

the absence of light or photocatalyst (data not shown). The presence of ascorbate

was instrumental not only in the radical generation but also as a potent antioxidant,

as evidenced by the appearance of the oxidation pattern in the mass spectrum in its

absence - Fig. 5.5b. Used chromatographic conditions allowed for the separation of

different difluoromethylated products, revealing that the majority of the modification

was localised on the either of the two Trp residues, with 8x excess over the residual
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His products signals - Fig. 5.5c. The modification sites were determined by analysis

of the tandem mass fragmentation spectra - Appendix (Fig. 5.33 - Fig. 5.35).

 (10 eq ascorbate)

K AW WF H+H3N
COO-

10 eq PySO2CF2H

5 mol% Ru(bpy)3
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Starting material - m/z of 874.4 
+1 x CF2H           - m/z of 924.4
+2 x CF2H           - m/z of 974.4

c|

Fig. 5.5: Photoredox difluoromethylation of the model peptide. Combined mass spectra of

the reaction mixture a| in the presence and b| in the absence of ascorbate as a reductant. A

putative assignment of products was based on the molecular formulae change as presented

in the table. c| XIC of starting material as well as single and double difluoromethylated

products. This spectrum was obtained for a reaction in which a higher excess of reagents

was used ( 25 eq of PySO2CF2H and 25 eq of ascorbate).

To confirm the radical mechanism, a persistent radical TEMPOL was added to the

reaction mixture - under such conditions, only minor amounts of products were ob-
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served - Fig. 5.6a. Instead, a prominent TEMPOL–CF2H adduct could be detected,

as verified by the HR-MS and analysis of the fragmentation pattern - Fig. 5.6b.
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Fig. 5.6: Inhibition of the model peptide difluoromethylation by TEMPOL. a| XIC showing

ions corresponding to the peptide starting material, difluoromethylated product as well

as the TEMPOL–CF2H adduct. Note different than usual chromatographic conditions

(reversed phase phenylated stationary phase). b| A tandem mass spectrum of the adduct

(m/z = 224.1) confirmed the compound’s identity based on the proposed interpretation of

the fragmentation pattern.

To test if ascorbate was an optimal reactant for this transformation, other antioxidants

and reductants were screened, which revealed the superior role of ascorbate - Fig. 5.7.

237



No additive

N
O•

HO

-O

O

S O-

O

S

OH

O

HO

HO

OH

HS

OH

O

HN

O N
H

N
H

O

H
N

O

O

OH

OH
O

a|

b|

c|

d|

e|

f|

g|

expected

CF2H product

expected

C(O)H product

starting material 

K AW WF H+H3N
COO-

10 eq PySO2CF2H
+/- 10 eq additive

1 mM

5 mol% Ru(bpy)3
2+

PBS, pH 7.3, rt 

15 min, 50 W blue LED

K AW WF H+H3N
COO-

Additive

Fig. 5.7: LC-MS screening of additives for photoredox difluoromethylation of the model pep-

tide. a-g| Combined mass spectra of the reaction mixtures with various additives (structures

shown) a) trolox, b) uric acid c) 4-mercaptobenzoic acid, d) gallic acid, e) sodium dithionite,

f) TEMPOL, g) no additives.

None of the tested redox active agents were capable of efficiently inducing the radical
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formation, but most of them suppressed the observed oxidation.

Having verified the basic difluoromethylation reactivity, further experiments were

aimed at studying the hydrolysis reaction. To evaluate the kinetics of this process

and a possible influence of acid/base catalysis, a sample of difluoromethylated peptide

was incubated in reaction mixtures at different pH values and periodically analysed

by LC-MS - Fig. 5.8.
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Fig. 5.8: Investigation of the difluoromethyl modification hydrolysis for a model peptide

incubated in the reaction mixture. a| Time-course quantification of formylated and diflu-

oromethylated products change revealed an approximate first order rate, from which the

half-life at different pH values was estimated. [M+2H]2+ integrated peaks were used to

calculate the relative modification ratios (due to the higher peak intensity), here shown for

pH 8. b| Combined mass spectra of the reaction mixture (pH 8) periodically analysed with

LC-MS - analysed modification peaks colour coded.
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It was found that the hydrolysis was not significantly different in the range of tested

conditions and that it could be approximated by a first order kinetics, giving a fitted

half-life of <6 h.

5.3.2 Peptide model for probing selectivity and N-reactivity

Having confirmed the facile hydrolysis of the CF2H tag in the peptide model, the

residue distribution of the acyl products was investigated - Fig. 5.9. Shortly after the

difluoromethylation reaction, two main populations of acylated products could be

observed and MS/MS analysis established that they corresponded to the two main

products with modification on Trp or Lys - Appendix (Fig. 5.36 and Fig. 5.37).

K AW WF H+H3N
COO-

1 mM peptide 

25 eq PySO2CF2H

25 eq ascorbate 

15 min, 50 W blue LED

5 mol% Ru(bpy)3
2+

PBS, pH 7.3, rt 

+1 x C(O)H
extracted m/z = 902.43W K

K AW WF H+H3N
COO-

Fig. 5.9: Analysis of the acylated products for the model peptide difluoromethylation. XIC

of ions corresponding to the single formyl modification revealed two main populations of

different products that could be assigned by MS/MS analysis (the observed doubling of the

Trp peak was due to the modification of either one of these residues present).

This result was not unexpected, as a certain level of non-specific N-reactivity was pre-

dicted based on the previous of studies on difluoroethylation using a similar precursor.

Those studies revealed the formation of an unstable sulfinate under the reaction condi-
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tions, which ultimately formed a reactive agent - acyl fluoride (Chapter 4). However,

in this case, the corresponding compound would be formyl fluoride which is known to

be hydrolytically unstable and volatile369 - accordingly, only low levels of formylation

were detected (the intensity of Lys formylated product constituted <1% of the total

peptide species ion count).

To confirm this result, the borodeuteride reduction assay (developed in Chapter

4.4.1) was applied. First, the reactivity was tested on a small molecule model, where

treatment of the TrpC(O)H with 10 eq of the reagent resulted in 90% conversion to

the expected product - Sch. 5.2.
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Sch. 5.2: Reduction of TrpC(O)H with sodium borodeuteride.

Next, attention was turned to the model peptide. To achieve full hydrolysis of the

difluoromethyl groups, the reaction mixture was incubated for 24 h before exhaustive

reduction with NaBD4. LC-MS monitoring of the reaction at each stage, revealed the

expected patterns of reactivity, while MS/MS analyses confirmed the Trp selectivity

of the whole sequence - Fig. 5.10. This experiment suggested that the same reaction

sequence targeting Trp residues may be possible in proteins. To gain further insights

into reactivity when Trp residues are absent (or heavily outnumbered by other reactive

residues), an analogous study was performed for the Trp-free version of the model
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peptide. Consequently, a h2n-KFMAYH-cooh peptide was synthesised, where both

Trp residues were replaced with other potentially reactive residues: Tyr which could

be intrinsic radical acceptor, as well as Met which are known to be sensitive to

oxidative stress, possibly arising from the photoredox catalysis in the presence of

oxygen.
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Fig. 5.10: LC-MS analysis of the difluoromethylation/hydrolysis/borodeuteride reduction

sequence for the model peptide. a-c| Combined mass spectra of the reaction mixture after

each respective stage: (a) difluoromethylation, (b) hydrolysis (c) reduction. The main,

colour coded products peaks were traced according to the predicted reactivity. Note that

higher mass peaks (> 925 Da) originate from the double modification but follow the same

pattern of reactivity (due to the presence of 2 Trp residues).
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The reaction sequence was repeated for the KFMAYH peptide and LC-MS analysis

revealed that difluoromethylated products were formed in minimal quantities, identi-

fied on both His and Phe residues - Fig. 5.11a and Appendix (Fig. 5.38 - Fig. 5.40).

Interestingly, their intensity throughout the sequence did not change, suggesting that

hydrolysis of the tag was specific to Trp residues - Fig. 5.11b.
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Fig. 5.11: LC-MS analysis of the difluoromethylation/hydrolysis/borodeuteride reduction

sequence for the Trp-free model peptide a-c| Combined mass spectra of the peptide are

shown after each respective stage: (a) difluoromethylation, (b) hydrolysis (c) reduction.

Note that the peak at m/z = 840.3 was elucidated to originate from Met3 oxidation & Lys1

formylation.

Similarly, only a low intensity formylation product could be observed, with MS/MS
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analysis confirming its localisation on the N-terminal Lys. As expected, the treatment

with borodeuteride did not introduce any changes to the composition of the reaction

mixture, with the persistent formylation product peak still present and no additional

∆m = +3 Da peaks emerging - Fig. 5.11c. However, a prominent peak with a mass

corresponding to the oxidation product could be observed - the intensity of which

was increased over time. MS/MS analysis confirmed its predicted site within the

Met residue, suggesting that solvent exposed Met residues in proteins are likely to be

susceptible to oxidation under the proposed protocol.

Before moving onto proteins, difluoromethylation specificity was confirmed for

another Trp/Trp-free peptide pair - h2n-YPWF-conh2 and h2n-YPWF-conh2 -

Fig. 5.12.
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and YPWF peptides.
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LC-MS analyses of the reaction mixtures confirmed previous observations. The Trp

containing YPWF substrate yielded both the prevalent CF2H and C(O)H modifi-

cations of this residue, while the Trp-free YPFF showed very low background di-

fluoromethylation of Phe, as well as formylation of the N-terminus (Tyr). Overall,

the studies carried out on the model peptides and small molecule substrates, high-

lighted the specificity of the difluoromethylation/hydrolysis sequence for Trp residues

and confirmed much lower reactivity of other aromatic residues. The results of ex-

tensive LC-MS analyses and the reductive assay supported these findings but also

revealed the possible of N-formylation as a background side reaction; however, it

was hypothesised that the use of a sacrificial amine in the buffer, as found for the

difluoroethylation, would suffice to curtail it (see Fig. 4.10). The evaluation of this

hypothesis was performed for proteins.

5.4 Protein chemistry

5.4.1 Difluoromethylation

To verify the suitability of the difluoromethylation/hydrolysis sequence for proteins,

initial investigations were performed using myoglobin, the previously studied model

protein. First, a simple difluoromethylation experiment was performed, and LC-MS

analysis of the reaction mixture revealed the formation of expected peaks, corre-

sponding to formylated and difluoromethylated protein - Fig. 5.13a. Tryptic digest

and peptide mapping established that the majority of the formylation was localised

within the N-terminus and Lys residues, as opposed to the Trp residues, suggesting a

significant undesired N-reactivity - Appendix (Fig. 5.41). To restrain this reactivity,
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the addition of different competitive agents was studied. As concluded previously,

the inclusion of 100 mm Lys as a sacrificial amine, was enough to significantly reduce

this reaction - Fig. 5.13a.

100 mM
 �-lysine

no amine 50 eq  PySO2CF2H
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50 mol% Ru(bpy)3
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difluoromethylation (+50)

formylation (+28)
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Fig. 5.13: Comparison of competitive amines influence on difluoromethylation of the model

protein myoglobin. a| LC-MS analysis revealed that the addition of Lys inhibited the

formation of the formylated protein products. b| The presence of a nucleophilic aniline

resulted in the absence of formylated protein peaks in the mass spectra.

Similarly, difluoromethylation as a near exclusive modification was also observed in

the presence of aromatic amine, while the non-nucleophilic, dimethyl aniline did not

have this protective effect - Fig. 5.13b. Due to the solubility reasons, (aniline stock

needed to be prepared using DMSO) and possible interference in the difluoromethyla-
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tion reaction (aromatic ring participation in radical trapping), Lys was chosen as the

sacrificial amine of choice. A short optimisation of the reagent excess led to the devel-

opment of standard conditions, under which conversions of >60% were achieved for

several proteins with different numbers of Trp residues and structure characteristics

- Fig. 5.14a.
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Fig. 5.14: LC-MS analyses of difluoromethylation of different proteins. a| Under standard

conditions, a range of proteins yielded expected products as by the appearance of peaks

of expected mass. In the case of lactalbumin, an additional set of peaks corresponding to

oxidation products (marked with yellow) was observed, b| For a protein with a single Trp

residue, fortified conditions were required to achieve higher conversion to products.
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As such, predominantly α-folded myoglobin; two mixed α/β domains proteins:

lysozyme370 (Ly) and lactalbumin371, as well as predominantly β-structured trypsin372,

were all efficiently difluoromethylated, with Ly displaying a high copy number of

CF2H modification, in accordance with the highest abundance of Trp residues (6).

Not unexpectedly for lactalbumin, which has one solvent accessible Met371, oxidation

products were also observed. For a protein with a single Trp (annexin V - A5), a

rather low conversion was obtained under such conditions and a higher excess of the

reagents was needed to increase it, at the cost of the appearance of a small popu-

lation of double (hence most likely non-Trp localised) difluoromethylated products -

Fig. 5.14b.

The standard set of conditions developed here operated at neutral pH, which

are typically preferred for protein modification. However, this was hypothesised to

contribute to the Trp-selectivity. Indeed, it has been reported that similar fluoroalky-

lations of peptides performed at lower pH exhibited strong His-selectivity, presumably

driven by the Minisci-type reactivity of the protonated side chains78. Supporting this

hypothesis, enhanced conversions were observed when myoglobin was difluoromethy-

lated in buffers at lower pH values - Fig. 5.15. Under the standard conditions proposed

here, species with an exceeding copy-number (>2) of difluoromethyl tags emerged in

a more acidic reaction mixtures, implying that pH was indeed partially responsible for

the observed selectivity and the suppression of the nucleophilic nature of the CF2H

radical.
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Fig. 5.15: Difluoromethylation of myoglobin in buffers of different pH. Relative popula-

tions of species with expected (1-2) and excess (≥3) content of difluoromethyl groups were

quantified by LC-MS analysis.

Investigation of reactions with variable amounts of [Ru(bpy)3]
2+ revealed that

truly catalytic quantities were sufficient to obtain efficient reaction - Fig. 5.16, which

is not a typical situation in protein chemistry373. However, across a range of protein

substrates, better conversions were obtained using 50% mol of the photocatalyst. This

substoichiometric amount was sufficient to counteract the presence of different chro-

mophores competing for light (as myoglobin absorbs in a similar spectral region248)

and was chosen to ensure the robustness of the protocol.

249



W

H

n = 6 

n = 1 

 50 eq  PySO2CF2H

50 eq ascorbate 
(5 mol% Ru(bpy)3

2+ )

PBS, pH 7.3

100 mM lysine

 
open to air, rt

15 min, 50 W blue LED

W

H

n = 6 

n = 1 
MWcalc = 14305

no Ru(bpy)3
2+ 

+ 5 mol% Ru(bpy)3
2+ 

0.1 mM

Ly

Fig. 5.16: LC-MS analysis of lysozyme difluoromethylation with and without substoichio-

metric amounts of photocatalyst. In its absence only the starting material was observed,

while addition of as low as 5 mol% resulted in the expected difluoromethylation ladder.

To investigate the influence of sterics and secondary structure on the outcome of the

reaction, the procedure was carried out under denaturing conditions. In high con-

centration of urea, lower CF2H copy number was observed for difluoromethylation of

myoglobin - Fig. 5.17a. Less perturbing conditions could be achieved for annexin 5,

for which the presence of Ca2+ (see Fig. 2.21), specifically affects the solvent expo-

sure of Trp. The reaction in this conditions yielded essentially the same products -

Fig. 5.17.
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Fig. 5.17: Comparison of protein difluoromethylation under native and denaturing condi-

tion. a| LC-MS analysis of urea denatured myoglobin difluoromethylation indicated lower

efficiency of the reaction, indicating possible interference of the chaotropic agent. b| LC-MS

analysis of annexin V difluoromethylated in the presence of calcium revealed no changes to

the modification pattern.

These results highlighted that •CF2H had little steric requirements and a possible

preference for the hydrophobic environment - an expected conclusion, based on the

previous work on trifluoromethylation.
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Finally, this hypothesis was further supported by the examination of LC-MS/MS

data for the trypsinised difluoromethylated lysozyme sample - Appendix (Fig. 5.42).

The C(O)H (originating from hydrolysis) modification was found to be statistically

distributed across 5 Trp residues (out of 6). Importantly, the N-terminus and other

aromatic residues were found to be only residually modified (as indicated by negligible

relative intensities).

5.4.2 Hydrolysis

Having established a robust method for difluoromethylation on a number of proteins,

the hydrolysis of the difluoromethyl tag was investigated - initially for myoglobin.

Monitoring of the difluoromethylated protein in the reaction mixture quickly revealed

that the transformation did not proceed according to the kinetics profile observed for

the model peptide - Fig. 5.18. Instead, a very slow reaction was observed, accom-

panied with partial protein precipitation. The stability of the biomolecule could be

improved by the removal of reactants (via buffer exchange), but this did not impact

the formation of hydrolytic products, as samples analysed after incubation for 4 days

showed minimal changes (data not shown). This suggested that solvent accessibil-

ity plays a role in stability of the CF2H tag - both Trp residues in myoglobin are

greatly shielded from the aqueous environment (see Tab. 2.2), explicitly required for

the hydrolysis to occur.
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Fig. 5.18: LC-MS monitoring of hydrolysis for difluoromethylated myoglobin sample un-

der native conditions. a| Deconvoluted mass spectra of the reaction mixtures at different

timepoints. b| Quantification of different modification copy-numbers in time.

To test this hypothesis, a modified protein sample was incubated under denaturing

conditions inducing the full unfolding of the protein. Use of high urea concentra-

tion (6 m) and elevated temperature (37 ◦C) allowed for the significant formation of

hydrolytic products after incubation for 4 h - Fig. 5.19a; however, such conditions

also promoted the carbamylation reaction, driven by the decomposition of urea374.

This was evidenced by the formation of characteristic products by LC-MS. Although,

the undesired carbamylation could be suppressed by use of a competitive amine -

Fig. 5.19b, instead, a more stable chaotropic agent - guanidinium was investigated.
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Fig. 5.19: Incubation of difluoromethylated myoglobin sample in a buffer with urea at

elevated temperature. a| Mass spectrum of the reaction mixture after 4 h of incubation

showing formation of new products (brown) in addition to expected hydrolysis (peach). b|
The formation of carbamylation the product was not observed during the incubation in the

presence of a sacrificial amine.

Using guanidine based denaturing strategy was also proved to be successful, with no

additional side products being formed - Fig. 5.20. The formation of the formylated

species was tracked over time, and complete conversion was observed after overnight

incubation at 37 ◦C. These results further confirmed the need for protein denaturation

to achieve the full hydrolysis of the difluoromethyl tag. The established conditions

(14 h incubation in guanidinium buffer at 37 ◦C) will be referred to as standard

conditions for hydrolysis.
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Fig. 5.20: Incubation of difluoromethylated myoglobin sample in a buffer with guanidinium

at elevated temperature. The copy number of different modifications was tracked over time

and revealed the gradual disappearance of the CF2H modification, in favour of hydrolytic

products. Mass spectrum (right) of the final timepoint showed the singly and doubly formy-

lated products of expected mass.

To further prove that the observed formylation product constituted C-formylation,

the borodeuteride reduction assay was carried out (see Fig. 5.10). Optimisation of the

conditions (time, reagent excess) was required to reach a compromise between protein

stability and suitable reactivity (not shown). Careful examination of the mass spectra

was performed to determine accurate masses of the formylated and reduced protein

sample. The analysis yielded the mass of the reduced peak (Fig. 5.21 - green shade)

as MWfound = 16982.2 ± 0.1, compared with MWcalc = 16982.5, and MWfound =

16979.4 ± 0.1 for the formylated sample (Fig. 5.21 - peach shade) with MWcalc =
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16979.5. This data allowed to determine that (92 ± 3)%, of the protein could be

reduced, and hence had the modification was localised within Trp (and possibly His)

as the C-aldehyde products.

92% ± 3% conversion  
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6 h, rt

20 mM NaBD4
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Fig. 5.21: The borodeuteride reduction assay for a myoglobin sample obtained via the

standard difluoromethylation/hydrolysis sequence. To achieve a precise analysis, the raw

ion series prior to deconvolution was analysed. Here, a close view on peaks for the +19

charged state of formylated myoglobin before (peach line) and after the reduction with

NaBD4 (green line). The peaks were fitted with a Gaussian function375 (dashed lines,

Origin v9.0) and their position was correlated with the protein molecular mass using the

starting material peak as the reference (black shade).
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This calculation was based on the fact that the discrepancy in the mass was attributed

to incomplete conversion to the reduced product (due to the background residual N-

formylation). Importantly, this proposed procedure constituted a new method for the

introduction of a non-exchangeable deuterium atom into proteins.

Next, a sample of myoglobin, which was difluoromethylated under fortified condi-

tions (300 eq of the radical precursor), was subjected the the hydrolysis conditions -

Fig. 5.22. Predictably, this revealed that the stoichiometry of the reagents played a

crucial role in maintaining Trp selectivity.
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Fig. 5.22: Difluoromethylation of myoglobin under fortified conditions and denaturing hy-

drolysis. a| Mass spectrum of the crude reaction mixture b| LC-MS quantification of a

single difluoromethylation and formylation modifications over time as well as the starting

material (serving as an internal control of presumed constant intensity).
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LC-MS analysis of the crude reaction mixture revealed multiple difluoromethylated

products, over the expected Trp single addition products (> 2), clearly indicating mul-

tiple modification of a single Trp residue and/or Phe and His reactivity - Fig. 5.22a.

In line with this hypothesis, when subjected to the standard hydrolysis conditions

and analysed after the incubation, the CF2H groups disappeared only partially -

Fig. 5.22b. Therefore, such a denaturating hydrolytic assay could be used for estab-

lishing the optimal difluoromethylation conditions for each protein substrate, where

the complete hydrolysis would indicate a full Trp selectivity, in agreement with the

proposed modification of C2 positions of Trp residues.

5.4.3 Conjugation of aldehyde tagged proteins

After the successful translation of the difluoromethylation/hydrolysis sequence to

protein substrates, attention was turned to evaluation of possible applications of the

aldehyde tagged proteins with a unique Trp positioning. Initially, the potential of this

aldehyde tag to perform the standard bioconjugation chemistry was assessed. One of

the most common modifications of carbonyl groups is achieved with α-nucleophiles,

due to their biocompatibility and unprecedented operational simplicity376. Consider-

ing that both hydrolysis and such a labelling step proceed favourably under similar

conditions (prolonged denaturing incubation at elevated temperatures), and to sim-

plify the procedure, a one-pot reaction was carried out. Only in one case was it

observed that the presence of a nucleophilic catalyst was instrumental for the forma-

tion of the product (tosylhydrazone - Fig. 5.23), while other α-nucleophiles substrates

did not require any additives - Fig. 5.24.
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Fig. 5.23: One-pot hydrolysis/labelling sequence of difluoromethylated myoglobin using

p-toluenesulfonyl hydrazide (TsNHNH2), which required the nucleophilic catalyst for the

product formation. Only in the presence of anthranilic acid a good mass spectrum with

clear peaks was obtained.

Such coupled hydrolysis/labelling transformations resulted in efficient bioconjugation

to a range of substrates (hydroxylamines, hydrazines) in over 85% conversion, as

quantified relative to the remaining aldehyde - Fig. 5.24. Reactions with this Trp

aldehyde were characterised by good kinetics, as overnight incubations with a 100x

excess of the reagents were sufficient to obtain near complete conversions. Only the

nitrone product, derived from N-tert-butyl hydroxylamine, was obtained in lower

efficiency under studied conditions, presumably due to the steric hindrance of this

nucleophile.
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Fig. 5.24: One-pot hydrolysis/labelling of difluoromethylated myoglobin with alpha-

nucleophiles. a) Mass spectrum of protein sample subjected to hydrolysis in the presence

of labelling reagent. i)- vi) Mass spectra of reaction mixtures after an overnight incubation

giving products of a shown structure as well as corresponding conversion.
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Following this general procedure, it was possible to append payloads of function,

such as: a preferred CF3 tagged 19F NMR probe - Fig. 5.25a, or an affinity tag -

Fig. 5.25b. Successful conjugations were confirmed by the measurement of a relevant

NMR spectrum and a positive response to an anti-biotin Western blot, respectively.

Fig. 5.25: One-pot hydrolysis/labelling with alpha-nucleophiles conveying function. a|Mass

and 19F NMR spectra of labelled myoglobin with the formed product structure. b| Anti-

biotin Western blot with the band visible only for labelled myoglobin (no signal for the

control formylated or unmodified protein). The less intense upper band was present in the

commercial starting material (as revealed by SDS-PAGE, possibly the protein dimer).
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Under the proposed conditions, labelling of myoglobin mostly yielded species with

a single copy number of the conjugate product. In order to determine its specific

location, a hydrazone tagged protein sample was digested with trypsin and peptides

analysed in LC-MS/MS experiment. Peptide mapping revealed that the modification

could be found on both Trp as well as several His residues - Appendix (Fig. 5.43).

However, a careful semi-quantitative analysis of peptide relative conversions (taking

into account signal intensity for the modified versus unmodified peptides) clearly

pointed to Trp14 as the main site of the modification - Fig. 5.26.
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Fig. 5.26: LC-MS/MS label free quantification (n = 4) of the hydrazone modification within

tryptic peptides from myoglobin modified under the standard sequence. The tryptic peptide

coverage and cleavage patterns were reproducible in all experiments, reporting on 2/2 Trp

and 10/11 His residues.
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To verify that the proposed modification protocol could be easily extended to different

protein substrates, biotinylation was performed for a range of different biomolecules

including enzymes (thrombin, chymotrypsin and horseradish peroxidase) and proteins

with specific functions (lactalbumin, annexin A5 and signal recognition nucleopro-

tein). In all of the a cases successful conjugation was confirmed via anti-biotin dot

blot - Fig. 5.27.

Fig. 5.27: Anti-biotin dot blot for a range of modified proteins labelled with biotin hy-

drazide under standard conditions (Th = bovine thrombin, ChT = bovine chymotrypsin,

HP = horseradish peroxidase, SRP = His-tagged human signal recognition particle 19 kDa,

LA = bovine lactalbumin, A5 = wild type chimpanzee annexin V) along with controls:

+BiotNHNH2 in which the labelling reagent: biotin hydrazide was spotted. In all cases, 1

µL of a protein solution was applied to the membrane. The proteins were prepared in a

range of concentration (20 – 100) µm in PBS buffer, while the hydrazide was used as 5 mm

DMSO solution.

It is well known that hydrazone/oxime products are reversible in aqueous solu-

tion376, so in order to create a stable linkage, an alternative strategy using reductive
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amination, which generates a stable amine linked conjugate, was explored. In an

analogous manner, a one-step hydrolysis/labelling sequence was investigated with a

range of aromatic amines (displaying better nucleophilicity in the preferred neutral

aqueous buffers377) and NaBH3CN for the reduction of intermediate imines. This pro-

cedure resulted in the formation of the expected products from different anilines in

> 80% conversion - Fig. 5.28. Interestingly, the efficiency of the reaction was found

to be somewhat reduced with alkyl amines, requiring a much higher excess of the

reagent, which was possibly correlated with their pKa and the reduced population of

deprotonated amine in the neutral buffer. However, it was found that for a range of

tested substrates, a standard procedure utilising 20 mm amine and 50 mm NaCNBH3

provided the product in good conversion; however for aliphatic amines, and other

systems, optimisation of pH and stoichiometry may be required. In summary, the

hydrolysed CF2H tag was demonstrated to be a versatile, reactive handle, allowing

ready access to variety of Trp mimics upon reactions with nucleophiles.
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products. a) Mass spectrum of the non NaBH3CN treated sample, which was subjected to

hydrolysis in the presence of labelling reagents. i)- vi) Mass spectra of reaction mixtures

after an overnight incubation with reagents, the structure of the product and conversion.
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5.4.4 Fluorescent properties of aldehyde tagged proteins

Tryptophan is a primary natural fluorophore that has been used extensively in bio-

physical studies of proteins378. The use of its intrinsic fluorescence is particularly

valuable, as no perturbations accompanying the introduction of fluorescent tags are

required, preserving the native interactions and function of proteins. The chemistry

described herein targets the core aromatic structure of this residue; extension of the

conjugated system at the C2 position of indole-like structures is a known synthetic

strategy for the construction of potent fluorescent dyes and indicators379.

Modification of Trp, in order to shift the fluorescence towards the visible region,

has been proposed in order to facilitate protein spectroscopy. Importantly, a C2-

aldehyde on Trp was was shown to be a suitable, minimally sized structural motif

which indeed shifts the fluorescence in a small molecule model380. Initial synthetic

efforts to realise this idea on proteins were based on a photochemical reaction be-

tween chloroform (or other trihalocompounds) and the indole ring excited by UV

light381,382. While this approach achieves the desired outcome of products with a

red-shifted emission spectrum, a large heterogeneity of the resulting species and the

damaging conditions of the reaction meant that this procedure found applications

in the analysis of proteins separated with SDS-PAGE - in so called ‘stain-free’ visu-

alisation383. Considering that the protocol developed here enables access to highly

selective C-formylation, it was proposed that the modified proteins would display the

improved intrinsic fluorescent properties.

Proteins separated with SDS-PAGE were transilluminated with broad-range ultra-
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violet light and their emission was detected at wavelengths above that of native

Trp (>480 nm)384, using an appropriate cut-off filter - Fig. 5.29a. Pleasingly, the

bands were only visible for samples subjected to the difluoromethylation/hydrolysis

sequence.
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Fig. 5.29: Analysis of fluorescence properties of the proteins after the difluoromethyla-

tion/hydrolysis sequence. a| Comparison of SDS-PAGE results with the gel visualised by

UV light transillumination or staining with InstantBlue Coomassie Protein stain (Mb =

myoglobin - 3 µg per lane, A5 = annexin 5 - 6 µg per lane, Ly = lysozyme - 20 µg per lane,

both lanes were loaded with the same amount of protein). b| Quantification of concen-

tration weighted to the relative intensity of the bands (densitometry analysis with ImageJ

(1.52a) software - red bars), related with the number of Trp residues (blue bars).

The quantification of the concentration normalised fluorescence, revealed the expected
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correlation with the number of modified Trp residues - Fig. 5.29b, confirming lysozyme

(6 reactive Trp sites) as the most intense fluorescent species. This protein also dis-

played the smallest contributions from individual residues, which was in agreement

with results from intact LC-MS analyses, showing much lower conversions to high

copy number difluoromethylated species (average 1.75 copy number, 29% of the max-

imal Trp content based conversion), as compared with modified myoglobin (0.84 copy

number, 42% Trp conversion) or annexin V (0.40 copy number, 40% Trp conversion).

To further characterise the modified proteins, the actual emission spectra were

recorded and compared with that of native proteins - Fig. 5.30. As expected, the

highest relative increase of long wavelength fluorescence (with local maximum of

approximately (456 ± 5) nm) was observed for lysozyme, in which the high relative

content of the modified residues was hypothesised to be responsible for this feature.

For single Trp proteins: annexin or signal recognition particle proteins, this was less

noticeable, possibly suggesting a lower quantum yield for fluorescence380 of modified

residues or some additional quenching mechanisms or interactions.
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Fig. 5.30: A comparison of the normalised emission spectra (λex = 280 nm) for different

proteins after the difluoromethylation/hydrolysis sequence. The proteins were refolded into

PBS pH 7.3 before the measurement - a| 10 µm signal recognition particle (SRP), b| 15 µm

annexin V, c| 20 µm lysozyme. Note the fluorescence profile for annexin V, dominated by

the Tyr residues emission (12 Tyr vs 1 Trp).

5.5 Discussion and conclusions

In conclusion, the study of photoredox catalysed difluoromethylation of native residues

led to the development of a new protocol for the introduction of uniquely positioned

aromatic aldehydes into proteins. Firstly, a reactivity hypothesis regarding hydrolytic

instability of the difluoromethyl modification within heteroaromatic amino acids was
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confirmed on a small molecule model, which also helped to confirm the dominant Trp

selectivity under the proposed conditions. The radical generation system was based

on a fluoroalkylated pyridyl sulfone as opposed to a sulfinate, used previously for

trifluoromethylation. Interestingly, difluoromethyl sulfinate was also demonstrated

to be a light activated radical precursors suitable for the heteroaromatic substrates

modification (including 3-substituted indoles), however not within proteins385. The

reason why this strategy was not pursued for the protein modification here, is that

such a protocol is predicted to suffer from the same problem of the sulfinate oxidative

decomposition in aqueous buffers (leading to formation of N-reactive species), what

was observed in the case of difluoroethylation (Chapter 4). In further support of this,

various alkyl sulfinates, which do not follow this reactive pathway, have been used

for photoredox modification of dehydroalanine in protein substrates156. Here, using

the pyridyl sulfone - PySO2CF2H, the difluoroalkyl radical could be accessed with

limited side reactivity that was easy to counter by with competitive amines.

The recently disclosed difluoromethylation of indoles in a similar photoredox

driven radical process has also supported the C2 selectivity386. Interestingly, the

work where this type of catalysis was used for difluoromethyl sulfinate activation for

modification of Trp derivatives, has highlighted the role of oxygen as a possible termi-

nal oxidant385. Although oxygen often is detrimental to radical chemistries, especially

in the presence of fragile proteins, in this thesis little oxidative damage was observed,

presumably due to its role in the mechanism (terminal oxidant) as well as the scav-

enging role of ascorbate. In fact, when protein difluoromethylation was performed in

an O2-free glovebox the reaction resulted in lower yields (data not shown).
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Studies on peptides provided further insights into the mechanism of the reaction,

allowed optimisation of the conditions, confirmed the observed trends and identified

possible side reactions. These results facilitated the development of an efficient protein

difluoromethylation protocol, in which the use of a sacrificial amine in the buffer was

found to efficiently protect the proteins against the undesired N-formylation. Other

side reactions came from the fact of performing a redox intensive transformation in

aerated (oxygenated) solution (such as exposed Met and Cys oxidation). However,

the operational ease and the access to broad range of protein substrates offset that

drawbacks.

The protein difluoromethylation was characterised in-depth, elucidating its unique

features such as its ability to access the buried Trp residues and stoichiometry driven

selectivity. The investigation of hydrolysis conclusively confirmed preservation of

the modified protein fold, through observation of the sterically inhibited hydrolysis

of the CF2H tag. This revealed an exciting possibility of the difluoromethyl group

as a shielded aldehyde tag, which could be revealed only under specific conditions

(engagement in an interaction, degradation etc.). Such an approach was envisioned

before, as a countermeasure to the potential toxicity of this functional group387. Trp

residues often participate in protein–protein (ligand) interactions or appear at/near

protein membrane interfaces271, which notably renders Trp with an electrophilic tag

an exciting handle for the cross-linking experiments and trapping of typically elusive

protein-protein interactions.

Different denaturing protocols were evaluated to expose the C-formylated Trp

residues and to demonstrate synthetic utility of the introduced aldehyde - the group
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behaved excellently in common bioconjugation procedures with α-nucleophiles as well

as also readily formed easily reduced imines with a variety of partners, allowing for

the formation of a stable linkage and showing its strength as a reactive motif for he

‘Tag and Modify’ strategy - Fig. 5.31.
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Fig. 5.31: Overview of the proposed standard conditions for photoredox difluoromethylation

and coupled hydrolysis/labelling sequence for the Trp selective modification of proteins

developed in this thesis. Proposed applications are based on the unique site of conjugation

(Trp residues) and minimal size fluorescent tag.

This could be used not only for general probe attachment, but also could po-

tentially to study the function of native, post-translationally C-modified-Trp (one of

the most common being C2-mannosylation)388 using close mimics. The developed

protocol valuably provided previously non-existent tools to study this modification,

as even though it was found almost three decades ago, only scarce findings have pro-
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vided insights into its role in biology389. Required homogeneously modified products

can be obtained by subjecting the aldehyde tagged proteins in a catch and release

purification390. It is worth noting that the carbonyl tag, despite its already achieved

tremendous versatility in protein chemistry, still attracts a special interest in the com-

munity as more and more novel procedures are being developed for its applications

in the bioorthogonal labelling of peptides and proteins391.

Furthermore, the extension of the fluorophore system through C-formylation was

found to alter the fluorescent properties of the proteins, possibly enabling applications

in imaging and different experiments in photobiology. With such a broad applications,

the developed difluoromethylation/hydrolysis protocol is expected to be an enabling

tool for further chemical biology experiments.

5.6 Experimental

For general information regarding the used experimental methods please refer to the

relevant sections in Chapter 2 and 4. Additional proteins, not described in previous

chapters, used in this study were sourced as followed:

Tab. 5.2: Identification of proteins used in the study and their source.

Abb. Name Species UNIPROT Source

Th plasma Bos THRB BOVIN Sigma-Aldrich

thrombin taurus (T4648)

ChT pancreas Bos CTRA BOVIN Sigma-Aldrich

α-chymotrypsin taurus (C4129)

HP horseradish Armoracia PER1A ARMRU Sigma-Aldrich

peroxidase rusticana (77332)

LA milk Bos LALBA BOVIN Sigma-Aldrich

lactalbumin taurus (L5385)
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5.6.1 Experimental procedures

LC-MS assay for quantification of amino acid reactivity

Stock solutions of amino acids (Trp, His, Phe or Tyr) were prepared in PBS buffer

(7.5 mm). For the competitive reaction (with all four amino acids) different amino

acids stocks were combined (81 µL each), and to such a mixture PySO2CF2H (di-

fluoromethyl 2-pyridyl sulfone, 6.2 µL, 1 m in DMSO) was added, as well as sodium

ascorbate (3.7 µL, 1.65 m in PBS buffer) and [Ru(bpy)3]
2+ (9.3 µL, 3.3 mm in PBS).

15N-labelled amino acid standard mix was prepared by 5x dilution with ddH2O of

Cell Free Amino Acid Mixture-15N (Sigma-Aldrich #767972). This mixture was cen-

trifuged before use to pellet insoluble residues (presumably cystine) present in the

commercially delivered sample. An aliquot (25 µL) of the 4 AAs reaction mixture

was mixed with 15N-AA mix (25 µL) and analysed via LC-MS (sample before irra-

diation). The remaining reaction mixture (100 µL) was irradiated with blue LEDs

(450 nm, 50 W) for 15 mins, after which an aliquot (25 µL) was mixed with 15N-AA

mix (25 µL) and analysed via LC-MS (sample after irradiation). Small molecule LC-

MS quantification assay used the following elution profile: 100% A → (0 – 2.5) min,

gradient to 50% B → (2.5 – 7) min, 95% B → (7.1– 8) min, 100% A → (8.1 – 10)

min with C18 BEH Agilent column.

LC-UV assay for confirmation of Trp reactivity in the reaction mixture

The reaction mixture was prepared as described above; however, higher amounts of

PySO2CF2H and ascorbate were used (40 eq of each). Analysis was performed under

different LC conditions (using C18 Gemini N column (Phenomenex) and linear 20
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min gradient of MeCN in aqueous 0.1% formic acid) without addition of 15N-AA mix

and dilution of the samples.

NATA difluoromethylation

O

HN

H
N

H2N

O

CF2H

NATA (N -acetyltryptophanamide, 29.4 mg, 0.12 mmol),

PySO2CF2H (46.4 mg, 0.24 mmol), sodium ascorbate (47.5

mg, 0.24 mmol) and [Ru(bpy)3]
2+ (0.9 mg, 1 mol%) were

weighed into a glass vial and water (1 mL) was added. Af-

ter mixing, DMSO (1 mL) was added to the resulting suspension which allowed

full solubilisation of the reactants. The reaction mixture was irradiated with blue

LEDs (450 nm, 50 W) for 6 h and lyophilised afterwards. The residual DMSO so-

lution was applied to a packed silica column (12 g) and chromatographed using a

CombiFlash system and CHCl3 with MeOH gradient up to 10%. All fractions with

absorbance at 280 nm were collected and solvent was removed in vacuo. Among

those, C2-difluoromethylated product TrpCF2H (11.0 mg, 30%) was isolated as a

white powder. Other fractions contained other NATA regioisomers (isolated as mix-

ture <10%) and oxidised NATA (<10%) as well as NATA starting material (∼30%).

The identities of these products were assigned based on LC-MS analysis as no pure

compounds were isolated.

1H NMR (600 MHz, DMSO-d6) δ 11.5 (s, 1H, H1), 7.98 (d, J = 8.8 Hz, 1H, NH),

7.75 (d, J = 8.0 Hz, 1H, H4), 7.44 (s, 1H, NH2), 7.36 (d,J = 8.2 Hz, 1H, H7), 7.26

(t, J = 53.5 Hz, 1H, H9), 7.19 (dd, J = 8.2, 6.9 Hz, 1H, H6), 7.08 (s, 1H, NH2), 7.05

(ddd, J = 8.0, 6.9, 1.0 Hz, 1H, H5), 4.44 (ddd, J = 8.8, 8.4, 5.3 Hz, 1H, Hα), 3.22
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(dd, J = 14.4, 5.3 Hz, 1H, Hβ), 2.95 (dd, J = 14.4, 8.4 Hz, 1H, Hβ), 1.75 (s, 3H,

COCH3),

13C NMR (151 MHz, DMSO-d6) δ 174.1 (CONH2), 170.7 (HNOCCH3), 136.4 (C7a),

127.7 (t, J = 22.2 Hz, C2), 127.2 (C3a), 124.2 (C6), 120.3 (C4), 120.0 (C5), 112.7 (t,

J = 7.1 Hz, C3), 111.6 (C7), 110.7 (t, J = 231.2 Hz, C8), 53.9 (Cα), 26.7 (Cβ), 22.9

(NOCCH3),

19F NMR (565 MHz, DMSO-d6) δ −107.89 (dd, J = 308.0, 53.5 Hz, 1F), −108.53

(dd, J = 53.5 Hz, 1F), due to the overlapping peaks, the elucidation of the coupling

constants was achieved by measurement of the compound dissolved in CDCl3,

(376 MHz, CDCl3) δ −108.51 (dd, J = 308.0, 53.5 Hz, 1F), −110.82 (dd,

J = 308.0, 53.5 Hz, 1F),

15N NMR (51 MHz, DMSO-d6) δ 126.7 (N1), 123.0 (HNOCCH3), 106.9 (CONH2),

HRMS-ESI(+): [M+Na]+: calcd: 318.1025, found: 318.0991,

[M+H]+: calcd 296.1205, found: 296.1114.

TrpCF2H hydrolysis to TrpC(O)H

 

O

HN

H
N

H2N

O

O

H

TrpCF2H (7.4 mg, 0.025 mmol) was dissolved in PBS buffer

prepared in D2O (0.5 mL). After an overnight incubation at

rt without stirring, the sample was analysed by NMR and no

starting material was observed, indicating a full conversion to

the TrpC(O)H aldehyde product. The other detected product was fluoride anion

(singlet c. (−122 ppm)).

1H NMR (500 MHz, PBS D2O) δ 9.87 (s, 1H, H9), 7.86 (dt, J = 8.2, 1.0 Hz, 1H,
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H4), 7.54 (dt, J = 8.4, 0.9 Hz, 1H, H7), 7.50 (ddd, J = 8.3, 6.9, 1.1 Hz, 1H, H6), 7.27

(ddd, J = 8.1, 6.8, 1.0 Hz, 1H, H5), 4.71 (dd, J = 7.0, 7.5 Hz, 1H, Hα), 3.66 (dd,

J = 14.4, 7.0 Hz, 1H, Hβ), 3.53 (dd, J = 14.4, 7.5 Hz, 1H, Hβ), 1.89 (s, 3H, CH3),

13C NMR (126 MHz, PBS D2O) δ 183.6 (C8), 175.2 (CONH2), 173.7 (NOCCH3),

137.9 (C7a), 127.9 (C6), 127.1 (C3a), 123.6 (C2), 121.2 (C4), 120.9 (C5), 112.9 (C7),

69.6, 54.2 (Cβ) 25.8 (Cα), 21.6 (CH3),

HRMS-ESI(+): [M+Na]+: found: 296.1103, calcd: 296.1006,

[M+H]+: found: 274.1259 calcd 274.1186.

NATA-C(O)H reduction

O

HN

H
N

H2N

O

H

OH
D

To TrpC(O)H (6.8 mg, 0.025 mmol) dissolved in PBS buffer

prepared in D2O (0.5 mL), NaBD4 (10.5 mg, 0.25 mmol) was

added. The sample was incubated for 24 h and lyophilised

afterwards. The crude residue was dissolved in DMSO-d6,

filtered and analysed by NMR, which showed 90% conversion to the reduced alcohol

TrpCD(OH)H that was not isolated (with the starting material as the only other

species detectable by NMR).

1H NMR (500 MHz, DMSO-d6) δ 10.89 (s, 1H, H1), 7.94 (d, J = 8.1 Hz, 1H, NH),

7.58 (d, J = 7.9 Hz, 1H, H4), 7.40 (s, 1H, NH2), 7.27 (d, J = 8.0 Hz, 1H, H7), 7.01

(dd, J = 8.0, 6.9 Hz, 1H, H6), 6.97 (s, 1H, NH2), 6.93 (dd, J = 7.9, 7.0 Hz, 1H, H5),

5.32 (broad d, J = 5.0 Hz, 1H, OH), 4.57 (broad d, J = 5.0 Hz, 1H, H9), 4.35 (td,

J = 8.1, 5.7 Hz, 1H, Hα), 3.08 (dd, J = 14.3, 5.7 Hz, 1H, Hβ), 2.92 (dd, J = 14.3,

8.1 Hz, 1H, Hβ), 1.74 (s, 3H, COCH3),
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13C NMR (126 MHz, DMSO-d6) δ 173.8 (CONH2), 169.0 (HNOCCH3), 136.7 (C3),

135.3 (C7a), 128.0 (C3a), 120.7 (C6), 118.6 (C4), 118.2 (C5), 111.0 (C7), 106.8 (C3),

54.2 (t, J = 19, C8), 53.7 (Cα), 27.0 (Cβ), 22.6 (NOCCH3),

HRMS-ESI(+): [M+Na]+: found: 299.1337, calcd: 299.1225,

[M+H]+: found: 277.1509 calcd 277.1405.

Model peptide synthesis

KFMAYH was synthesised using SPPS following a standard Fmoc-strategy with pre-

attached Fmoc-l-His(Trt)-Wang resin (0.5 mmol/g) on an Activotec peptide synthe-

sizer. An analogous procedure to that of KFWAWH peptide synthesis was followed

(Chapter 4). The peptide was isolated as a white powder TFA salt (0.23 mmol, 47%),

which was analysed by LC-UV to confirm >95% purity of the peptide - Fig. 5.32.
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Fig. 5.32: a| Scheme of the KFMAYH model peptide synthesis. b| LC-UV chromatogram of

the product (C18 Gemini NX (Phenomenex)), linear 10 mins gradient of MeCN in aqueous

0.1% formic acid.

The sequence was confirmed by MS/MS analysis (see elsewhere) and the peptide was

used without further purification.
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Model peptide reaction in the presence of redox active reagents

To peptide solution (9.2 µL, 10 mm in PBS), PySO2CF2H (0.9 µL, 1 m in DMSO),

additive (80 µL, 12 mm in PBS, in the case of urate the solid reagent was added

to form a suspension) and [Ru(bpy)3]
2+ (1.4 µL, 3.3 mm in PBS) were added. The

reaction mixture was irradiated for 15 mins after which, an aliquot was diluted 10x

with H2O and analysed via LC-MS.

Model peptide reaction sequence - general procedure

To peptide solution (10 µL, 10 mm in PBS), PySO2CF2H (2.5 µL, 25 eq, 1 m in

DMSO), sodium ascorbate (1.5 µL, 25 eq, 1.65 m in PBS buffer), [Ru(bpy)3]
2+ (1.5

µL, 5 mol%, 3.3 mm in PBS buffer) and PBS buffer (84.5 µL) were added. The

reaction mixture was irradiated for 15 mins after which, an aliquot (2.5 µL) was

diluted 10x with H2O and analysed via LC-MS/MS. The rest of the reaction mixture

was incubated at rt, after which it was analysed again by LC-MS/MS. Then, NaBD4

(0.4 mg) was added to this solution and the reaction mixture was incubated for a

further 24 h, when a final aliquot was analysed by LC-MS. An analogous procedure

was used for the reaction with different peptides.

Difluoromethylation and tryptic digest of myoglobin

To a solution of myoglobin (100 µL, 1.8 mg/mL in PBS buffer), PySO2CF2H (0.51 µL,

1 m in DMSO), sodium ascorbate (0.31 µL, 1.65 m in PBS) and [Ru(bpy)3]
2+ (1.55

µL, 3.3 mm in PBS) were added. The reaction mixture was irradiated for 15 mins

and after that, an aliquot (1 µL) was withdrawn and diluted with water (60 µL) for

the LC-MS analysis. Note that initial conditions did not use the sacrificial amine. To
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the remaining reaction mixture, water (41 µL) was added before the buffer exchange

with a MiniTrap G25 (into 50 mm NH4HCO3). To perform the digest, trypsin was

added (3.5 µL, 1:25 w/w, 2 mg/mL in 50 mm acetic acid) and the reaction mixture

was incubated overnight at 37 ◦C. After that, the tryptic peptides were bound on a

C18 ZipTip, washed, eluted according to manufacturer’s instructions and analysed

via LC-MS/MS. LC separation with a C18 BEH Agilent column was achieved using

the following gradient: 95% A at (0 - 2) min, gradient to 60% B at (2.1 - 30) min,

95% B at (30.1– 33) min, 95% A at (33.1– 35) min with a flow rate of 0.3 mL/min.

Difluoromethylation and tryptic digest of lysozyme

To a solution of lysozyme (100 µL, 1.5 mg/mL in PBS/Lys buffer - with 100 mm

lysine), PySO2CF2H (1 µL, 1 m in DMSO), sodium ascorbate (0.6 µL, 1.65 m in

PBS/Lys) and [Ru(bpy)3]
2+ (1.55 µL, 3.3 mm in PBS/Lys) were added. The reaction

mixture was irradiated for 15 mins and after that an aliquot (1 µL) was withdrawn

and diluted with water (50 µL) for the LC-MS analysis. To the remaining reaction

mixture, water (41 µL) was added before the buffer exchange with a MiniTrap G25

(into 50 mm NH4HCO3). To this solution, DTT (1.4 µL, 1 m in 50 mm NH4HCO3)

was added and the reaction mixture was incubated for 40 mins at 56 ◦C. Next,

iodoacetamide (30 µL, 110 mm in 50 mm NH4HCO3) was added and the protein

was alkylated for 30 mins in the dark at rt. Then, DTT was added (1.7 µL, 1 m

in 50 mm NH4HCO3) to quench the unreacted iodoacetamide. Finally, trypsin was

added (3 µL, 1:25 w/w, 2 mg/mL in 50 mm acetic acid) and the reaction mixture

was incubated overnight at 37 ◦C. After that, the tryptic peptides were bound on a
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C18 ZipTip, washed, eluted and analysed via LC-MS/MS as per above conditions.

Protein difluoromethylation/hydrolysis/labelling sequence general proce-
dure

1. To a solution of a protein (484 µL, 105 µm, in PBS buffer containing 100 mm

Lys), PySO2CF2H (5.1 µL, 1 m in DMSO), sodium ascorbate (3.1 µL, 1.65 m

in PBS/Lys) and [Ru(bpy)3]
2+ (7.7 µL, 3.3 mm in PBS/Lys) were added. The

reaction mixture was irradiated for 15 mins and after that an aliquot (1 µL) was

withdrawn and diluted with water (60 µL) for LC-MS analysis. In the case of

lactalbumin, instead of water the aliquot for MS analysis was diluted with DTT

solution (5 mm) to improve the protein ionisation. Note that this procedure can

be scaled down in volumes proportionally.

2. The remaining reaction mixture was passed through a MiniTrap G25 (equili-

brated in 8 m guanidine hydrochloride PBS pH 7.3) and eluted with the same

buffer (1 mL).

(a) For α-nucleophile labelling: an α-nucleophile (1 m in DMSO) was added

to the protein solution so that its final concentration was 10 mm and the

reaction mixture was incubated at 37 ◦C overnight (c. 14 h).

(b) For reductive amination: an amine (1 m in DMSO or PBS buffer) was

added to the protein solution so that final concentration was 20 mm. The

reaction mixture was incubated at 37 ◦C for 3 h before NaBH3CN (5 m

in PBS) was added (50 mm final concentration). The mixture was then

further incubated overnight at 37 ◦C.
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Protein difluoromethylation/hydrolysis/borodeuteride reduction sequence

1. Difluoromethylation following the above general procedure.

2. The remaining reaction mixture was passed through a MiniTrap G25 (equili-

brated in 100 mm NH4OAc, 8 m guanidine hydrochloride, pH 6.0) and eluted

with the same buffer (1 mL). After an overnight incubation at 37 ◦C, an aliquot

(75 µL) of the reaction mixture was treated with freshly prepared NaBD4 so-

lution (25 µL, 3.4 mg/mL in ice cold water) and the reaction mixture was

incubated at rt for 6 h before LC-MS analysis.

Anti-biotin Western Blot/Dot blot

The gel after SDS-PAGE analysis of the modified proteins (10 µg) was electrophoret-

ically blotted onto a membrane (iBlot Gel Transfer Device, Thermo Fisher) or for dot

blots, the protein biotinylation crude reaction mixtures were spotted onto a mem-

brane (1 µL, 50 µm the crude reaction mixture). The membrane was blocked with

5% bovine serum albumin (BSA) in TBST (20 mm TRIS, pH 7.5, 150 mm NaCl, 0.1%

Tween 20) for 1 h and then washed with TBST (3 x 20 mL) with 5 mins incubation

periods at rt. After that, a solution the anti-biotin antibody (A7064 Sigma, 2 µL in 20

mL of 1% BSA in TBST) was poured over the membrane, which was then incubated

at 4 ◦C overnight. Finally, the membrane was washed with TBST (20 mL, 5 mins)

and TBS (30 mL, as TBST but without Tween 20). Visualisation was achieved with

the BCIP/NBT liquid substrate system (3 mL, 72091 Sigma-Aldrich) and images of

developing bands were taken periodically in 15 min periods.
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5.7 Appendix

a|

b|

Fig. 5.33: Tandem mass spectra of different m/z precursor ions found in the difluoromethy-

lation reaction mixture of KFWAWH peptide. a| m/z = 874 ion (starting material) demon-

strating original fragmentation pattern with ions assignment, b| m/z = 924 ion (+50)

revealing Trp5 difluoromethylation at RT = 5.5 min.
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a|

b|

Fig. 5.34: Tandem mass spectra of different m/z precursor ions found in the difluoromethy-

lation reaction mixture of KFWAWH peptide. a| m/z = 924 ion (+50) revealing Trp3 diflu-

oromethylation at RT = 5.5 min, b|m/z = 924 ion (+50) revealing His6 difluoromethylation

at RT = 5.75 min.
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Fig. 5.35: Tandem mass spectra of m/z = 974 precursor ion found (+100) in the di-

fluoromethylation reaction mixture of KFWAWH corresponding to Trp5 and His6 double

difluoromethylated product at RT = 5.9 min.

Fig. 5.36: Tandem mass spectra of m/z = 902 precursor ion (+28) found in the difluo-

romethylation reaction mixture of KFWAWH peptide corresponding to formylated Trp3

product at RT = 5.2 min.
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a|

b|

Fig. 5.37: Tandem mass spectra of different m/z precursor ions found in the difluoromethy-

lation reaction mixture of KFWAWH peptide. a| m/z = 902 ion (+28) revealing Trp5

formylation at RT = 5.3 min, b| m/z = 902 ion (+28) revealing Lys1 formylation at RT =

5.6 min.
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a|

b|

Fig. 5.38: Tandem mass spectra of different m/z precursor ions found in the difluoromethy-

lation reaction mixture of KFMAYH peptide. a| m/z = 796 ion (starting material) demon-

strating original fragmentation pattern with ions assignment, b| m/z = 846 ion (+50)

revealing His6 difluoromethylation at RT = 3.2 min.
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a|

b|

Fig. 5.39: Tandem mass spectra of different m/z precursor ions found in the difluoromethy-

lation reaction mixture of KFMAYH peptide. a| m/z = 846 ion (+50) revealing Phe2

difluoromethylation at RT = 2.9 min, b| m/z = 824 ion (+28) revealing Lys1 formylation

at RT = 3.25 min.
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Fig. 5.40: Tandem mass spectra of m/z = 812 precursor ion found (+16) in the difluo-

romethylation reaction mixture of KFMAYH peptide corresponding to the Met2 oxidised

product at RT = 2.3 min.
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50 mol% Ru(bpy)3

2+
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open to air, rt

15 min 50W blue LED
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n = 11 
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Fig. 5.41: LC-MS/MS analysis of the tryptic peptides for myoglobin difluoromethylated

under initial conditions (no competitive amine). Good peptide map coverage (FDR<0.5%,

PEAKS software) was obtained, expected modifications were colour coded as per legend,

revealing prominent N-formylation (N-terminus, Lys; 79 instances within 9 confident sites)

among the expected C-formylation and residual difluoromethylation.
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Fig. 5.42: LC-MS/MS analysis of the tryptic peptides for difluoromethylated lysozyme. Be-

fore the digest, the protein disulfide bonds were reduced and free Cys alkylated with iodoac-

etamide (bright green modification). Good peptide map coverage (FDR<0.5%, PEAKS

software) was obtained, expected modifications were colour coded as per legend, reveal-

ing the expected Trp C-formylation as the dominant modification (41 instances within 5

confident residues). Note that no CF2H modifications were encountered for Cys residues.
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Fig. 5.43: LC-MS/MS analysis of the tryptic peptides for myoglobin labelled with 19F NMR

hydrazone tag. Good peptide map coverage (FDR<0.5%, PEAKS software) was obtained,

expected modifications were colour coded as per legend, revealing expected hydrazone ex-

tension (red squares) as the dominant modification across expected residues. Label free

quantification (PEAKS) was used to evaluate the relative extent of each residue modifica-

tion.
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Chapter 6

Outlook and perspectives for
radical fluoroalkylations of proteins
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Abstract

Chapter 6 outlines the perspectives for radical fluoroalkylations of proteins and eval-

uates chemistry developed throughout this thesis. The unsolved problem of protein

radiotrifluoromethylation is considered, and preliminary results showing the promise

of photoredox chemistry are disclosed. Furthermore, the light driven radical gener-

ation platform is shown to be amenable for the screening of a variety of fluoroalkyl

radicals, using different classes of radical precursors: benzathiazole or pyridyl sulfones

or alkyl difluorobromides. As such a clear direction is shown, opening the doors for

installation and study of different fluoroalkyl chains.
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6.1 Perspectives for protein fluoroalkylation

The work presented in this thesis has aimed at pushing the boundaries of protein

chemistry by investigating non-traditional modes of single electron reactivity to mod-

ify biomolecules. Acknowledging the great progress that has been made in the last

decades in terms of bioconjugation and precise techniques for editing biomolecules,

this work focused on the investigation of unexplored reactivity of fluoroalkyl radi-

cals with native protein residues. This has resulted in several new strategies being

validated with a number of Trp selective fluoroalkylation protocols proposed. This

chapter intents to discuss future perspectives and offer insights into the possible de-

velopments to the field that could be based off this work.

Chapter 2 discussed reactivity and selectivity of the trifluoromethyl radical, gen-

erated oxidatively from a sulfinate precursor, in reactions with amino acids, peptides

and proteins. Initial experiments revealed an interesting feature of this chemistry

- preferential targeting of one structural motif, in this case Trp, over others. This

allowed for the use of the CF3 group as a selective and minimally sized 19F NMR tag,

as the specific application of this methodology. With several examples and proof-of-

concept NMR experiments the project was successfully concluded. Although having

stirred interest in the scientific community (34 citations and 8111 articles views ac-

cording to ACS website, August 2020)232, the method is yet to be applied to facilitate

specific chemical biology experiments, e.g. ligand discovery or structural investigation

of a Trp residue role. However, with the widespread awareness of the potential and

a recent resurgence of interest in protein observed 19F NMR392, it is predicted that
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this will occur in the coming years.

6.1.1 Benzothiazole sulfones for radiofluorination

Building on this universal methodology, attempts were made to extend the protocol

to 18F-trifluoromethylation of proteins - the topic of Chapter 3. However, difficulties

in the radiosynthesis of the radical precursor, as well as a seemingly inefficient radical

initiation mode prevented the fruitful realisation of the idea. Although a variant of

the method has been efficiently applied to the modification of peptides320, suitable

conditions that could be used for protein substrates were not found nor were reported.

However, taking inspiration from the developments described in Chapters 4 and 5,

regarding the alternative radical generation system, it was proposed that protein

radiotrifluoromethylation using radical chemistry might be realised using heteroaryl

sulfones as more efficient radical precursors.

The hypothesis was deemed worthy of exploration, as a suitably 18F-labelled pre-

cursor was prepared as a part of the developed radiosynthesis - namely BzSOOCF3

(see Fig. 3.7). This fluoroalkyl compound belongs to the same class as pyridyl sul-

fones - PySO2CF2R, extensively used in Chapters 4 and 5. Moreover, its suitability

for protein chemistry might be even higher, as it has a lower reduction potential,

therefore, easily accessible by mild photocatalysts177. Unfortunately, due to the op-

erational reasons, it was not possible to test this compound in a radiochemistry

settings. However, the reaction was tested in the 19F feasibility studies. A straight-

forward application of conditions developed for CF2H-ylation (see Fig. 5.14) with the

BzSOOCF3 as the radical precursor and myoglobin as the substrate, resulted in
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the formation of trifluoromethylated proteins products as observed by LC-MS (data

not shown). Next, the reaction was repeated under conditions resembling those used

during radiofluorination, with the radical precursor as the limiting reagent and an

excess of other substrates - Fig. 6.1.

W
W

HN

O

NH

H

CF3

0.5 mM

 
  
10 eq ascorbate 

5 mol% Ru(bpy)3
2+

0.1 M NH4OAc, pH 6.0

 
open to air, rt

10 mins,  50 W blue LED

N

S

CF3S

O

O

BzSOOCF3x eq 

starting material trifluoromethylation

x = 0.2 eq: 

0

20

40

B
zS

O
O

C
F

3 
C

o
n

ve
rs

io
n

 (
%

)

BzSOOCF3 amount (eq)

3 1 0.5 0.2

21% 

25%

33%

37%

a|

b|

Fig. 6.1: Photoredox mediated trifluoromethylation of myoglobin with the benzothiazole

sulfone radical precursor. Stoichiometry of reagents in the scheme given in relation to the

protein. a| LC-MS quantification of the CF3 protein product was used to calculate relative

conversions of the radical precursor substrate. b| Example of mass spectrum of the reaction

mixture where substoichiometric amounts of BzSOOCF3 were used.

The experiment revealed superior reactivity of this precursor under photoredox activa-

tion, as compared to the sulfinate/oxidant system, which required superstoichiometric
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amounts to observe modified protein (Fig. 2.24). Here, use of as little as 0.2 eq was

enough to generate a detectable conversion - Fig. 6.1b. Interestingly, reducing the

amount of the precursor, resulted in higher efficiency of the reaction with respect

to the radical precursor, suggesting that this protocol might be indeed suitable for

18F-labelling - Fig. 6.1a.

It is important to note that this class of substrates had been already used for

radio-difluoromethylation of small molecule heterocycles under a photoredox activa-

tion manifold321. On the other hand, the challenge of the efficient [18F]-CF3 group

radiosynthesis still persists. However, considering the fact that the loss of fluorine

might be inhibited for folded difluoromethylated proteins, using the same [18F]-CF2H

heteroaryl sulfone radical precursors may also lead to applications in protein 18F-

radiolabelling - Fig. 6.2a. Advantageously, the radiosynthesis of such radical precur-

sors i.e. [18F]-BzSOOCF2H has been achieved with high molar activity, making such

a transformation a more desirable to pursue393. Should the loss of fluorine from the

modified protein be significant enough to cause an increase in the background activity,

further studies on CF2R radicals possessing R groups stabilising the fluoroalkylated

heteroaromatic products might be necessary. Finally, positioning of a specific radical

acceptor, which modification would lead to a stable product (e.g. dehydroalanine)53,

can be considered - Fig. 6.2b. Recently developed efficient photoredox difluoromethy-

lation protocol could be envisioned for radiodifluoromethylation of Dha-containing

proteins394. Such approaches are likely to be conducive to achieving protein radioflu-

orination using the radical chemistry explored in this thesis.

299



W

 
[18F]BzSOOCF2R

100 eq ascorbate 
50 mol% Ru(bpy)3

2+

PBS, pH 7.3

open to air, rt

15 min 50W blue LED
HN

O

NH

W

HN

O

NH

C18FFR

specific radical acceptor

Dha Dha

native residues

O

HN

O

HN C18FFH

(i) R = H - stable for folded protein,

(ii) Screening for R giving stable product

(iii) Dha as a radical acceptor

giving stable product

 
[18F]BzSOOCF2H

250 eq FeSO4  7H2O 
250 mol% Ru(bpy)3

2+

0.5 M NH4OAc, pH 6

3M Gdn  HCl

15 min 50W blue LED

a|

b|

Fig. 6.2: Potential approaches for alternative photoredox radiofluorination of proteins.

a| [18F]-BzSOOCF2R/ascorbate system for native residues radiolabelling. b| [18F]-
BzSOOCF2H/Fe2+ system for the engineered Dha residue radiolabelling394.

6.1.2 Pyridyl sulfones as fluoroalkyl radical precursors

Part of the work in this thesis was focused on investigating the general reactivity

of fluoroalkyl radicals with native protein residues. Side reactivity of the sulfinate

radical generation system was attributed to the instability of the difluoroalkyl sulfi-

nates in aqueous oxidative conditions - Chapter 4. Although curiously, while these

compounds were found to be suitable reagents for N-acylation of proteins, this is not

predicted to have a significant impact in the wider community, as such a modification

is an essentially solved problem in protein chemistry. To continue the investigation, a

different platform for the biocompatible generation of fluoroalkyl radicals was estab-

lished, based on the stable radical precursors - namely pyridyl sulfones. Study of the

model radical bearing an alkyl substituent, •CF2CH3, revealed its poor reactivity and
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selectivity patterns and the project was not further elaborated. By the same token,

mounting evidence from the literature supported these results as discussed in Chap-

ter 4. Therefore, further investigations were performed on the CF2H radical, which

although different in nature from its trifluoromethyl counterpart, was found to follow

similar reactivity patterns (preferential reaction with Trp) under the proposed con-

ditions. However, of most importance, the difluoromethylated protein product was

found to be hydrolytically unstable - leading to the formation of the corresponding

acyl derivative. This was exploited to create a new method for the introduction of an

aldehyde tag into proteins, and the manuscript describing this work was submitted

for publication.

It remains an interesting and open question, as to what is the influence of the

R group in CF2R radicals, with respect to their reactivity, selectivity and product

stability in the context of protein chemistry. From another perspective, the feasible

products also have to find applications in chemical biology experiments. Certain ev-

idence can be gathered from recent reports, for example, an immediate extension of

the chain with the additional fluorine atoms (R = CF2R1) resulted in an efficient pro-

tein reaction, leading to stable products with a seemingly enhanced Trp selectivity123,

establishing a new bioconjugation strategy.

Although outside the immediate scope of this thesis, some experiments were per-

formed to demonstrate that the developed photoredox radical generation platform

might be used for a general fluoroalkyl radicals screening study. One of the main

benefits of the pyridyl sulfone system is that it is well-poised for the generation of a

range of different fluoroalkyl derivatives (radical precursors), as demonstrated exten-
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sively in the literature177,395,396. Here, a new reagent was synthesised to test whether

the CF2Ph radical could be used for the protein modification, yielding upon the hy-

drolysis a potentially photoactivable aryl ketone system that could be explored for

cross-linking applications166 - Fig. 6.3.
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? ?

Fig. 6.3: A potential aryl ketone product, derived from hydrolysed fluoroalkylated product,

might be useful in light induced protein cross-linking.

The required compound, PySO2CF2Ph, was easily synthesised following a mul-

tistep route - Sch. 6.1.
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F

2.2 eq NaHMDS

3.5 eq NFSI
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1.2 eq PhCH2Br

PySO2CF2Ph

10 eq KIO4

1 mol%RuCl3  xH2O

H2O:MeCN:DCM
5:4:7

overnight, rt

THF

2.5 h, rt

Sch. 6.1: Synthesis of the PySO2CF2Ph radical precursor via sequence of alkylation,

oxidation and fluorination.

When reacted with the model protein myoglobin under standard or fortified difluo-

romethylation conditions (see Fig. 5.14), no products could be observed by LC-MS

(data not shown). Similarly, essentially no products (<1%) could be detected for

the model peptide KFWAWH, suggesting that difluorobenzylation cannot be readily

performed for native protein residues, seemingly due to the insufficient reactivity of

this species in the proposed system - Fig. 6.4. Unfortunately, this reaction could not
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be forced any further by increasing reagent concentration due to its poor solubility

or by an increase of irradiation time (up to 1 h).
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Fig. 6.4: Difluorobenzylation of the model peptide KFWAWH with the pyridyl sulfone

precursor under photoredox activation. Combined mass spectrum of the reaction mixture

revealed that traces of the hydrolysed product were formed.

Since aryl ketones of different structures (e.g. acetophenone397) have also been shown

to be reactive in photo cross-linking assay, the idea might be realised upon screening

different fluoroalkyl radicals and characterisation of the hydrolysed protein products

in the view of cross linking reactivity.

6.1.3 Alkyl difluorobromides as fluoroalkyl radical precur-
sors

In order to facilitate rapid screening of radicals, it was wondered whether a different

class of precursors (with better commercial availability), could be activated using

similar photoredox conditions in the reductive manifold. Perfluoroalkyl halides have

been shown to be reactive following this chemistry, efficiently generating a range
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of radical species181. To evaluate their potential, a simple precursor BrCF2CO2Na,

potentially giving access to the α-ketoacid motif useful in ligation methodologies398,

was tested in a reaction with the model peptide - Fig. 6.5 and Fig. 6.6.
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Fig. 6.5: A potential α-ketoacid product, derived from the hydrolysed fluoroalkylated prod-

uct, might be useful in KAHA ligation methodologies.

Under the developed photoredox conditions (see Chapters 4 and 5), the formation

of the expected radical addition and hydrolysis product was observed by LC-MS.

To prove that the observed hydrolysis products constituted C-acyl derivatives, the

previously developed borodeuteride assay was carried out (see Chapter 4.4.1). Grat-

ifyingly, it revealed full conversion to the reduced products. Interestingly, the peaks

corresponding to difluoroalkylated products remained present in the spectrum after

24 h of incubation, indicating incomplete hydrolysis and suggesting their increased

stability in aqueous conditions. This experiment aimed to be a proof-of-concept, and

full characteristics (e.g. such as a detailed selectivity pattern) of the CF2CO−
2 radical

were not elucidated.
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Fig. 6.6: Difluoroalkylation of the KFWAWH model peptide with BrCF2CO2Na under

photoredox activation and subsequent borodeuteride reduction assay. The combined mass

spectra of the reaction mixture after irradiation (blue peaks), and following 24 h incubation

upon the addition of NaBD4 (green peaks), revealed expected reactivity patterns with the

product peaks matching the given HR-MS calculated masses.

In order to verify the applicability of the perfluoalkyl bromides as precursors suit-

able for protein modifications, a more complex bromofluoroalkyl compound bearing a

sugar moiety via amide linkage was tested in the reaction with myoglobin. Such type

of compounds might be mimics of natural PTM of Trp residue - C2 mannosylation388

- Fig. 6.7.
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Fig. 6.7: Fluoroalkylation with a radical bearing sugar moiety and the structure of natural

PTM - C2 mannosylated Trp.

Interestingly, this precursor allowed the formation of fluorinated products as well

as small quantities of the acyl derivatives, as observed by LC-MS - Fig. 6.8. This

result importantly demonstrated that the amide linkage is a suitable extension linker

possibly allowing for the payload introduction, using a CF2C(O)NHR reactive radical.
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Fig. 6.8: Non-optimised difluoroglycosylation of myoglobin with the difluoroalkyl halide

precursor under photoredox activation. Deconvoluted mass spectrum revealed the formation

of the expected difluoroalkylation addition product and its hydrolysed derivative, in a single

and double copy-number.
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It is likely that the conditions could possibly be further optimised to achieve

greater conversions, but as a general approach, the photoredox activation was val-

idated as a potential platform for the further development of difluoroalkyl radical

protein chemistry.

6.2 Conclusions

One of the main aims of this thesis was to assess the reactivity and selectivity of

the chosen fluoroalkyl radicals in protein chemistry. This was described in detail

for trifluoromethyl, difluoroethyl and difluoromethyl radicals in Chapters 2, 4 and

5, respectively. A brief perspective on a further panel of fluoroalkyl radicals was

presented in Chapter 6 and recent literature reports have been discussed throughout

the thesis, together forming a comprehensive view of the research topic. The main

conclusion that could be drawn, was that the fluoroalkyl radicals are unique in their

reactivity with native protein residues. Under comparable conditions alkyl radicals

do not have a suitable acceptor across natural amino acid side chains (unpublished

data Davis group). The presence of the fluorine atoms, promotes reactivity with a

high selectivity for Trp in the cases of CF3 and CF2H radicals, and for other species

and specific conditions, also with His and Tyr residues. An important feature of

these radicals chemistry is the ability to modify residues within folded proteins. This

was demonstrated by the effective modification of buried (hetero)aromatic side chains

and their biophysical characterisation. This feature was utilised to chemically prepare

proteins observable by 19F NMR at aromatic residues and established a new approach

in protein chemistry.
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Although the main impact would be on the suggested chemical biology applica-

tions, one can imagine that the patterns of disclosed reactivity may also be conducive

to research in material sciences and general bio-organic chemistry. Methods developed

here may be applied for the introduction of fluorine for the purposes of physicochem-

ical properties alteration, for example, in biomolecule stability engineering upon high

level of fluorination.

Another open topic is radiofluorination of proteins; some approaches were sug-

gested, and this work can be treated as a solid foundation for the further development

of the idea.

A direct bioconjugation method using fluoroalkyl radicals was not established (one

of the aims of this thesis), however, a even more powerful protocol, according to the

‘Tag and Modify’ strategy, with the reactive carbonyl tag derived from the difluo-

romethyl product was accomplished instead. In this way, this strategy tapped into a

vast repertoire of aldehyde conjugation methods and simplify possible applications.

Finally, an under-explored aspect of this research is the photophysical investigation

of the modified proteins. Targeting of Trp with minimal size and low perturbance

tags resulted in altered emission characteristics. Further research (on determining

the quantum yield, two-photon absorption cross section, fluorescence lifetime etc.) is

needed to fully evaluate the potential of, now easily accessed, modified Trp residues

in photobiology.
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6.3 Experimental

The difluorobromo sugar radical precursor (N -(2-Acetamido-1,2-deoxy-d-glucosaminyl)

bromodifluoroacetamide) was a kind gift of Dr Ben Bower, and the synthesis of which

can be found elsewhere399. For further information regarding the experimental meth-

ods and general protocols (including photoredox modification of myoglobin) please

refer to the relevant sections in Chapters 2, 4 and 5.

Myoglobin photoredox trifluoromethylation - feasibility studies

Standard photoredox fluoroalkylation conditions were adapted (Chapter 5), briefly:

to a solution of a protein (97.5 µL, 513 µm in 100 mm of NH4OAc), BzSOOCF3

((0.1 - 1.5) µL, 0.1 m in DMSO), sodium ascorbate (0.3 µL, 1.65 m in the buffer)

and [Ru(bpy)3]Cl2 · 6H2O (0.76 µL, 3.3 mm in the buffer) were added. The reaction

mixture was irradiated for 10 mins with blue LEDs (450 nm, 50 W) and after this, an

aliquot (1 µL) was withdrawn and diluted with water (300 µL) for LC-MS analysis.

Synthesis of the PySO2CF2Ph radical precursor

N S
O

O

F
F

Alkylation: PySH (2 g, 18 mmol) was dissolved in anhydrous

MeCN (25 mL) under argon. Et3N (3.8 mL, 27 mmol) was

added to this solution. After 5 mins, benzyl bromide (2.65

mL, 21.7 mmol) was added dropwise over 5 mins. After start-

ing material was consumed as indicated by TLC (∼2 h), the reaction was quenched

with HCl (20 mL, 1 m). The mixture was partitioned between EtOAc (60 mL) and

water (15 mL), the aqueous phase was extracted with EtOAc (3 x 20 mL), the com-
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bined organic phases were dried over MgSO4 and concentrated in vacuo. Part of the

residue was used in the next step without the purification.

Oxidation: Crude PySCH2Ph (0.5 g, ∼2.5 mmol) was dissolved in MeCN (15 mL) and

DCM (12 mL). To this mixture aqueous KIO4 (5.75 g, 20 mL, 25 mmol) suspension

as well as RuCl3·xH2O (6 mg, ∼0.025 mmol) were added, and the reaction mixture

was stirred overnight at rt. After this, the mixture was partitioned between DCM (40

mL) and water (10 mL), the layers separated and the aqueous phase was extracted

with DCM (3 x 15 mL). Combined organic fractions were filtered, dried over MgSO4,

filtered through a silica plug and evaporated to dryness to yield a brownish solid that

was used in the next step without the purification.

Fluorination: The crude PySO2CH2Ph (227 mg, ∼1 mmol) was dissolved in anhy-

drous THF (39 mL) and cooled down to −70 ◦C. NaHMDS (2.2 mL of 1 m in THF,

2.2 mmol) was added dropwise over 15 mins. After this, NFSI (1.1 g, 3.5 mmol) was

added in one portion. The reaction mixture was stirred for 120 mins at −70 ◦C and

then warmed up to rt over 120 mins. The reaction was quenched with a saturated

solution of NH4Cl (20 mL) and partitioned between EtOAc (60 mL) and water (20

mL). The aqueous phase was extracted with EtOAc (3 x 25 mL), the organic phases

were combined, washed with NaHCO3 and brine, before drying over MgSO4. The

concentrated residue was purified using flash column chromatography using 4 g silica

and the CombiFlash system with a gradient EtOAc in hexane (0% → 100%) to give

PySO2CF2Ph as a white solid (81 mg, 0.3 mmol, ∼30%).

1H NMR (500 MHz, CDCl3) δ 8.89 (dt, J = 4.6, 1.4 Hz, 1H, H6), 8.18 (d, J = 7.7

Hz, 1H, H3), 8.02 (td, J = 7.7, 1.4 Hz, 1H, H4), 7.72 (d, J = 8.0 Hz, 2H, H14&H10),
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7.67 (ddd, J = 7.7, 4.6, 1.4 Hz, 1H, H5), 7.60 (d, J = 8.0 Hz, 1H, H12), 7.52 (t, J =

8.0 Hz, 2H, H11&H13),

13C NMR (101 MHz, CDCl3) δ 152.5 (C2), 151.0 (C6), 138.3 (C4), 132.7 (t, J =

1.8 Hz, C12), 128.7 (C13&C11), 128.7 (C5), 127.9 (t, J = 6.1 Hz, C10&C14), 126.7

(C3), 126.3 (t, J = 22.0 Hz, C9), 122.6 (t, J = 288.2 Hz, C8),

19F NMR (470 MHz, CDCl3) δ −100.7 (s, 2F),

HRMS-ESI(+): [M+H]+: Calcd: 270.0395 found 270.0411.

Model peptide fluoroalkylations

To peptide solution (10 µL, 10 mm in PBS/Lys buffer), PySO2CF2Ph (2.5 µL, 25

eq, 1 m in DMSO), sodium ascorbate (1.5 µL, 25 eq, 1.65 m in PBS/Lys buffer),

[Ru(bpy)3]
2+ (1.5 µL, 5 mol%, 3.3 mm in PBS/Lys buffer) and PBS buffer (84.5

µL) were added. The reaction mixture was irradiated for 15 mins after which, an

aliquot (2.5 µL) was diluted 10x with H2O and analysed via LC-MS/MS. An identical

procedure was applied when difluorobromoacetate was used as the radical precursor.

After fluoroalkylation, NaBD4 (0.4 mg) was added, and the reaction mixture was

incubated for 24 h at rt when a final aliquot was analysed by LC-MS.
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