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Photocatalytic Functionalization of Dehydroalanine-Derived Peptides

in Batch and Flow

Nikolaos Kaplaneris, Merve Akdeniz, Méritxell Fillols, Francesca Arrighi,
Fabian Raymenants, Gana Sanil, Daniel T. Gryko, and Timothy Noél*

/

conjugation and ligation in both batch and flow conditions.

-

Abstract: Unnatural amino acids, and their synthesis by the late-stage functionalization (LSF) of peptides, play a crucial
role in areas such as drug design and discovery. Historically, the LSF of biomolecules has predominantly utilized
traditional synthetic methodologies that exploit nucleophilic residues, such as cysteine, lysine or tyrosine. Herein, we
present a photocatalytic hydroarylation process targeting the electrophilic residue dehydroalanine (Dha). This residue
possesses an a,f-unsaturated moiety and can be combined with various arylthianthrenium salts, both in batch and flow
reactors. Notably, the flow setup proved instrumental for efficient scale-up, paving the way for the synthesis of unnatural
amino acids and peptides in substantial quantities. Our photocatalytic approach, being inherently mild, permits the
diversification of peptides even when they contain sensitive functional groups. The readily available arylthianthrenium
salts facilitate the seamless integration of Dha-containing peptides with a wide range of arenes, drug blueprints, and
natural products, culminating in the creation of unconventional phenylalanine derivatives. The synergistic effect of the
high functional group tolerance and the modular characteristic of the aryl electrophile enables efficient peptide

~

J

P eptide and protein therapeutics are currently experiencing
a significant breakthrough, setting them on par with small
molecules as potential drug candidates.! Late-stage func-
tionalization (LSF) of biomolecules and drug scaffolds has
proven to be a powerful strategy for efficiently exploring the
chemical landscape, eliminating the need for expensive and
resource-intensive de novo methodologies.”! Consequently,
the site- and chemoselective LSF of peptides has garnered
substantial interest from both academic researchers and the
pharmaceutical industry.

Within this context, the incorporation of unnatural
amino acids into peptides can significantly modify their
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bioactivity and enhance proteolytic stability.’! For the LSF
of peptides to be effective, it necessitates highly selective
and mild reaction conditions capable of forging bonds with
high precision amidst the complex array of functional groups
inherent to peptides. To overcome this challenge, a diverse
array of synthetic strategies has been utilized, encompassing
classical condensations and (cyclo)additions, transition-
metal catalysis,” click chemistry,” photochemistry,” and
more recently electrochemistry.”! Notably, among the
proteinogenic amino acids, those with nucleophilic side
chains have been most extensively investigated for photo-
chemical LSF.”! Key examples include cysteine,'”!
tryptophan,['!! methionine,"” and tyrosine.™

In contrast, dehydroalanine (Dha) represents an electro-
philic residue that, although not proteinogenic, occurs
naturally and is prevalent in a host of antimicrobial
peptides. It presents an alternative avenue for functional-
ization, as depicted in Figure 1a."”! The recent advancement
in photochemical LSF of Dha-enriched peptides'” has
facilitated targeted and chemoselective processes such as
alkylation,"” fluoroalkylation,' acylation,!'” and to a more
limited degree, arylation.”” Prior arylation approaches
typically demanded aryl bromides as coupling agents,
necessitating complex and laborious de novo synthesis to
produce a variety of functionalized partners. However,
recent studies by the groups of Ritter,”!! Procter,” and
Alcarazo™! has highlighted the utility of arylsulfonium salts.
These salts enable straightforward preparation routes lead-
ing to intricate aryl electrophiles,” which are instrumental
for both transition metal-catalyzed cross-coupling
chemistry®™! and photochemical applications.” Building on
this, vinyl-sulfonium salts have recently been employed for
various polar transformations.””

© 2024 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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Figure 1. a) Dha diversification. b) Photocatalytic LSF of Dha-containing
peptides with arylthianthrenium salts.

Therefore, we were intrigued by the prospect of devel-
oping a photocatalytic LSF approach for Dha-containing
peptides using the highly versatile and modular arylthian-
threnium salts, as illustrated in Figure 1b. This transforma-
tion was accomplished by the single electron transfer (SET)
reduction of these salts, which generates an exceptionally
reactive aryl radical. This radical readily adds to the a.p-
unsaturated moiety within the Dha backbone. To guarantee
gentle reaction conditions and minimize reaction times—key
factors for ensuring broad functional group compatibility
and scalability—we also devised a continuous-flow
protocol.”! Notably, our method facilitates the efficient
ligation of peptides and their conjugation with various drug
scaffolds.
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Our initial efforts in achieving regioselective arylation of
Dha derivative 2 focused on the use of arylthianthrenium
salt 1 (For detailed optimization, see Supporting Informa-
tion). We employed DIPEA as the stoichiometric reductant
and eosin Y as a photocatalyst, with the reaction driven by
visible light irradiation at a wavelength of 456 nm (Table 1).
The reaction proceeded efficiently (72 % isolated yield) in a
solvent mixture of MeCN:HFIP (7:1) at room temperature
over 4 hours (Table 1, Entry 1). Other protic or aprotic polar
solvents failed to provide satisfactory conversions (Table 1,
Entries 2 and 3). It became evident that the choice of solvent
was critical; variations in the solvent system composition,
containing different ratios between MeCN and HFIP,
resulted in decreased yields (Table 1, Entry 4). A control
experiment demonstrated the essential role of DIPEA
(entry 5). Other potential reductants, including various
amines and dihydropyridines, were also tested but failed to
effectively produce the target product 3 (Table 1, Entries 6
and 7). Furthermore, we explored a range of photo-organo-
catalysts and metal-based photocatalysts, which unfortu-
nately led to less efficient processes (Table 1, Entries 8 and
9). Gratifyingly, the synthesis of the unnatural amino acid 3
could be smoothly performed in a continuous-flow photo-
reactor in a significantly reduced reaction time (tg =20 min)
with comparable efficiency (Table 1, Entry 10).

Building upon the established optimal conditions for the
photocatalytic arylation of Dha 2, both in batch and flow
(Table 1, Entries1 and 10), we sought to evaluate the
versatility and scope of our method. Hereto, we applied
various arylthianthrenium salts 4 to the established protocol,
as delineated in Scheme 1. Scaling up our model reaction
using arylthianthrenium salt 1 and Dha derivative 2 by flow
technology was successful, achieving a 71 % isolated yield at
a 1.0 mmol scale under our standard conditions.

Table 1: Optimization of the photocatalytic arylation of the Dha derivative 2 with arylthianthrenium salt 1.9

r

e

D

O O
@BF“ + N _CO,Et

t-Bu

O

Eosin Y (5.0 mol %)
DIPEA (5.0 equiv) N._CO,Et

—_—
MeCN:HFIP (7:1) o
i, 4h
t-Bu

1 2 3
5.0 equiv
Entry Deviation from the standard conditions Yield [%6]"!
1 None 72
2 MeOH/i-PrOH/HFIP/DMF/DMSO as solvent 40/38/nd/nd/nd
3 MeCN as solvent 45
4 MeCN:HFIP (1:1)/(3:1)/(19:1) as solvent 36/63/49
5 without DIPEA nd
6 TEA/TBA/DABCO/TEOA instead of DIPEA 37/29/nd/55
7 hantzsch ester (2.0 equiv) instead of DIPEA 23
8 eosin Y-Na,/fluorescein/rhodamine B/Ru(bpy);Cl, as photocatalyst 68/47/52/45
9 Ir(ppy)s/10-phenylphenothiazine as photocatalyst nd/101
10 under flow conditions tg=20 min 69

[a] Reaction conditions: 1 (0.20 mmol), 2 (1.0 mmol), eosin Y (5.0 mol %), DIPEA (1.0 mmol), MeCN:HFIP (7:1, 4.0 mL), at room temperature,
456 nm for 4 h. [b] Yield of isolated product. [c] Yield determined by "H NMR spectroscopy using trichloroethylene as an external standard. HFIP:
1,1,1,3,3,3-hexafluoro-2-propanol, DMF: N,N-dimethylformamide, DMSO: dimethyl sulfoxide, DIPEA: N,N-diisopropylethylamine, TEA: triethyl-
amine, TBA: tributylamine, DABCO: 1,4-diazabicyclo[2.2.2]octane, TEOA: 2-(bis(2-hydroxyethyl)amino)ethanol, bpy: 2,2"-bipyridine, ppy: 2-

phenylpyridine.
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Scheme 1. Synthesis of unnatural amino acids through radical addition to Dha derivative 5 using various arylthianthrenium salts. For further

experimental details see the Supporting Information.

We then extended our approach to include alkyl-
substituted arylthianthrenium salts 4, which served as
competent reaction partners into our protocol, yielding the
anticipated products 7-12 in good to excellent isolated
yields. Notably, the synthesis of biaryl unnatural amino acids
13-15 was achieved in excellent yields. These amino acids
bear functional groups amenable to subsequent synthetic
manipulations, such as condensations and transition-metal
catalyzed cross-couplings. Impressively, the aryl iodide
bond, typically sensitive to reduction under photocatalytic
conditions, proved to be compatible with our process. The
method‘s adaptability was further underscored by its

Angew. Chem. 2024, 136, 202403271 (3 of 7)

application to heteroatom-containing arylthianthrenium
salts 4, leading to an array of phenylalanine derivatives (16—
24). The yields were moderate to excellent, maintaining
both high chemo- and regioselectivity. Additionally, our
methodology demonstrated its robust functional group
tolerance by facilitating access to a diverse set of hetero-
cycle-containing amino acids. This collection of compounds
included structures with dihydrobenzofuran, benzodioxole,
chromanone, xanthone, pyridine, carbazole, indoline, and
quinazoline-dione, showcasing the broad applicability and
robustness of the synthetic strategy. In addition, our
methodology enabled the synthesis of diverse amino acid

© 2024 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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D
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Me
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|

o Me” 07 N O O

(N
v
42:69% dr 1:1 @ N /)

41:67%dr 1:11 @

from gemfibrozil 73% dr 1:1 (1.00 mmol) from pyriproxyphen 69% dr 1:1
from flubiprofen from bifonazole
PhthN___CO,Et PhthN___CO,Et PhthN___CO,Et PhthN__COEt PhthN___CO-Et
Cl
® o} O CO,Me
N | = N Me NHAc
P Br CO,Me CO,Me ClI
O CI” N
(¢}
Bi OMe
a

43:63% @ 44:62% @ 45:47% @ 46:64% @ 47:67% dr 1:1 @)
from boscalid from benzbromarone 51% 62% from phenylalanine

from fenbufen

from meclofenamate

Scheme 2. Synthesis of conjugated and ligated unnatural amino acids by radical addition to Dha derivative 2 using arylthianthrenium salts 37
derived from biologically active molecules 36. For further experimental details see the Supporting Information.

derivatives for peptide synthesis, incorporating orthogonal
protecting groups, requiring only minor adjustments to
reaction conditions. We evaluated acid-, base- and hydro-
genation-labile protecting groups, including tert -butyloxy-
carbonyl (Boc), fluorenylmethyloxycarbonyl (Fmoc), and
benzyloxycarbonyl (Cbz) resulting in the successful prepara-
tion of the desired building blocks 33-35.

The streamlined and selective synthesis of arylthianthre-
nium salts prompted us to investigate their application with
drug scaffolds and natural product derivatives, numbered as
36, within our photocatalytic protocol, aiming to create
distinctive conjugates as depicted in Scheme 2. The process
proved to be of high value, allowing for the seamless
integration of a variety of drugs onto the Dha backbone,
yielding an array of novel amino acid/drug conjugates 38.
The mild conditions of our photocatalytic hydroarylation
were evidenced by the complete preservation of vulnerable
heterocyclic structures, such as those found in pyriproxy-
phen, bifonazole, boscalid, and benzbromarone. The suc-
cessful incorporation of drug scaffolds onto amino acid
backbones led us to extend our strategy to the chemical
ligation of peptides. We utilized an arylthianthrenium salt
derivative of phenylalanine under our standard conditions,
which afforded the targeted unnatural dipeptide 47 with
excellent chemo- and regioselectivity. Furthermore, we
synthesized a series of conjugates employing continuous-
flow conditions, achieving similar success even when scaling
up the reactions, which underscores the practicality and
scalability of our synthetic approach.

Angew. Chem. 2024, 136, 202403271 (4 of 7)

We then advanced to the late-stage functionalization of
more complex peptide structures 48, applying our photo-
catalytic conditions detailed in Scheme 3. We were able to
precisely and selectively functionalize a variety of di-,tri-,
penta- and hexapeptides, decorating them with a multitude
of functional groups derived from the aromatic core.
Notably, peptides containing residues with sensitive func-
tionalities like thioether, phenol, and indole groups were
tolerated without any interference from photocatalytic single
electron transfer (SET) processes or hydrogen atom transfer
reactions, which typically present significant deleterious side
pathways. In addition, our protocol was not hindered by the
position of the Dha residue in the peptide, as the function-
alization at N-, C-terminus as well as inside the peptide
sequence was accomplished. Furthermore, our methodology
facilitated the rapid synthesis of a tripeptide 66, which
showcased an atypical linkage, demonstrating the applic-
ability of our ligation techniques. This process also proved
to be highly capable at integrating drug scaffolds with
peptides, further emphasizing the remarkable functional
group compatibility of our system, even within the intricate
context of peptide conjugation.

In conclusion, we have successfully developed a photo-
catalytic hydroarylation protocol that efficiently targets the
Dha backbone utilizing versatile arylthianthrenium salts.
This novel strategy has demonstrated its versatility in the
synthesis of a diverse array of unnatural amino acids, with
the potential for straightforward scale-up under a continu-
ous-flow regime. The remarkable functional group tolerance
of our methodology enables the preservation of delicate

© 2024 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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Scheme 3. LSF of Dha-containing peptides 48 leading to conjugation and ligation. For further experimental details see the Supporting Information.

chemical structures during synthesis, broadening the scope
of compatible coupling partners. Furthermore, the precise
site- and chemoselectivity of this technique showcase its
utility in the modification of peptides bearing a variety of
sensitive residues. Looking forward, this mild photocatalytic
approach is poised to impact the late-stage functionalization
of complex peptides and proteins, offering new avenues for
biochemical research and therapeutic development.
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