
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
:3

7:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
On-DNA hydroal
aRoy and Diana Vagelos Laboratories, D

Pennsylvania, 231 South 34th Street, Phila

E-mail: gmolandr@sas.upenn.edu
bEncoded Library Technologies/NCE Molecul

Technology, GSK, 200 Cambridge Park Driv

† Electronic supplementary information
mechanistic studies details, as w
https://doi.org/10.1039/d3sc03731b

‡ These authors contributed equally.

Cite this: Chem. Sci., 2023, 14, 14193

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 20th July 2023
Accepted 22nd August 2023

DOI: 10.1039/d3sc03731b

rsc.li/chemical-science

© 2023 The Author(s). Published by
kylation of N-vinyl heterocycles
via photoinduced EDA-complex activation†
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The emergence of DNA-encoded library (DEL) technology has provided a considerable advantage to the

pharmaceutical industry in the pursuit of discovering novel therapeutic candidates for their drug

development initiatives. This combinatorial technique not only offers a more economical, spatially

efficient, and time-saving alternative to the existing ligand discovery methods, but also enables the

exploration of additional chemical space by utilizing novel DNA-compatible synthetic transformations to

leverage multifunctional building blocks from readily available substructures. In this report,

a decarboxylative-based hydroalkylation of DNA-conjugated N-vinyl heterocycles enabled by single-

electron transfer (SET) and subsequent hydrogen atom transfer through electron-donor/electron-

acceptor (EDA) complex activation is detailed. The simplicity and robustness of this method permits

inclusion of a broad array of alkyl radical precursors and DNA-tethered nitrogenous heterocyles to

generate medicinally relevant substituted heterocycles with pendant functional groups. Moreover,

a successful telescoped route provides the opportunity to access a broad range of intricate structural

scaffolds by employing basic carboxylic acid feedstocks.
Introduction

The journey of drug discovery to marketing a potential drug in
the pharmaceutical industry is a multifaceted process that
necessitates substantial investment and includes various
stages. A pivotal step in this process is known as hit identi-
cation, which involves identifying small molecules from a large
pool of compounds that can bind to a specic target and elicit
a desired biological effect, such as inhibiting the activity of
a disease-causing protein.1–4 There are several conventional
methods for hit identication,5–8 but DNA-encoded library
(DEL) screening technology has gained signicant attention in
recent years, both in academic and pharmaceutical industry
settings.9–14 This technique involves encoding numerous small
molecules with unique DNA tags and exposing them to the
target protein, allowing the identication of molecules that
selectively bind to the protein by sequencing their DNA tags
(Fig. 1).
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Conceptualized by Brenner and Lerner in 1992,15 DEL tech-
nology offers several advantages over other hit identication
methods because of its ability to screen large libraries of
compounds (>106 to 1012 discrete members) in a relatively short
period of time, because the library of compounds can be
screened against a biological target in a single step, rather than
requiring the screening of individual compounds.16 This leads
to signicant time and cost savings, particularly in the early
stages of drug discovery. Another advantage of DEL synthesis is
its ability to identify hits with high binding affinity to a target
protein. Thus, compounds in the library are covalently linked to
a DNA barcode, which enables the screening of billions of
compounds simultaneously. This allows the identication of
compounds that bind specically and tightly to the target
Fig. 1 Schematic representation of DEL workflow.
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Scheme 1 Photo-mediated on-DNA hydroalkylation. (A) Previous
reports of DNA hydroalkylation (B) hydroalkylation of N-vinyl hetero-
cycles via EDA complex activation (C) medicinal drugs containing N-
alkylated heterocyclic core structure. (D) Proposed mechanism.
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protein, which can be important for the development of effec-
tive drugs.17

To generate structurally valuable DEL libraries, it is essential
to explore and translate innovative synthetic transformations to
this platform.

Compared to traditional synthetic reactions, DEL reactions
are oen viewed as unconventional because they involve
simultaneously manipulating the small molecule building
blocks while preserving the valuable DNA tags. As a result, these
reactions present unique challenges and oen require optimal
tuning of reaction parameters. Additionally, the reaction must
exhibit high chemo-selectivity, scalability, and versatility toward
different functional groups.18 In this context, photoredox
chemistry is an appealing and powerful synthetic tool for con-
ducting DEL reactions. This is primarily because of its ability to
operate under extremely mild conditions, faster reaction times,
and compatibility with dilute aqueous media.19,20

Among various transformations developed in the realm of
DEL-chemistry, C(sp3)–C(sp3) bond formation has garnered
signicant attention.19–22 In particular, photo-induced (hydro)
alkylation reactions have proven to be valuable tools for incor-
porating pharmaceutically relevant alkyl scaffolds. These reac-
tions utilize alkyl radicals derived from readily available radical
precursors (RP) through photoinduced SET, which are subse-
quently reacted with DNA-tethered electrophilic Giese-type
acceptors, making them an efficient way to introduce these
scaffolds (Scheme 1A).23 Relying on this strategy, Flanagan and
co-workers developed a decarboxylative alkylation approach to
introduce stabilized a-amino- or a-oxy radicals onto DNA-tagged
styrenes, acrylamides, and vinyl benzamides.24 Subsequently,
the Liu (2021)25 and Lu (2021)26 research groups independently
reported similar methods for adding a-amino radicals to on-
DNA acylamides via the hydrogen atom transfer pathway in
the presence of an iridium-based photocatalyst, yielding amino-
alkylated products. However, these approaches are largely
limited to stabilized alkyl radicals, with the exception of a 2020
report by Mendoza et al., where they employed a redox-active
ester (RAE) to incorporate unstabilized alkyl radicals into on-
DNA acrylates/acylamides through an EDA-complex route
using NADH as an electron donor species.27

As part of a research program focused on creating innovative
synthetic methods to broaden the chemical space in DEL, our
laboratory has been particularly involved in developing (hydro)
alkylation reactions on various functionalized DNA headpieces
(HPs) using photoredox approaches. In 2019, we reported
a deuorinative alkylation method that utilizes photoredox
radical-polar crossover pathway to synthesize on-DNA gem-
diuoroalkenes from triuoromethylated alkenes.28 We also
developed a metal-free hydroalkylation approach that was used
to introduce alkyl groups on DNA triuoromethylated styrene
conjugates, enabling access to complex triuoromethylated
benzylic scaffolds via a decarboxylative EDA complex activation
mechanism.29 Very recently, in 2022, our laboratory reported an
organo-photocatalyzed method for incorporating medicinally
relevant bicyclo[1.1.1]pentanes (BCPs), which are arene bio-
isosteres, into functionalized on-DNA styrenes via a photo-
catalyzed halogen transfer pathway.30
14194 | Chem. Sci., 2023, 14, 14193–14199
Although signicant progress has been made in the eld of
on-DNA hydroalkylation, the existing methods are limited to
a few types of Giese acceptors such as styrenes and acrylates/
acrylamides, indicating the need to explore new chemical
methods to broaden the hydroalkylation space. To complement
these efforts, we became interested in pushing the boundaries
of photochemical paradigms to access on-DNA N-alkylated
heterocyclic scaffolds via hydroalkylation of N-vinyl heterocy-
clic precursors (Scheme 1B). Heterocycles play a vital role in
medicinal chemistry research and are a fundamental compo-
nent of numerous pharmaceutical drugs.31–33 In particular, N-
alkylated heterocycles are found in essential medicinal drugs
such as atorvastatin/Lipitor® (for treating hypercholesterol-
emia) as well as fezolamine34,35 and trazodone (both antide-
pressants) (Scheme 1C). This underscores the signicance of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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developing new chemical reactions focused on N-containing
heterocycles. Off-DNA examples have successfully adopted the
strategy of photoactivation of EDA complexes of RAEs and
Hantzsch ester (HE) in a metal-free setting to promote the Giese
addition of alkyl radicals to activated olens, as demonstrated
initially by Shang36 and later by Allred and Overman.37

Therefore, we envisioned a metal-free protocol that leverages
the electron-donor/electron-acceptor (EDA)38–41 activation
pathway to generate alkyl radicals from redox active esters,
which are subsequently added into the N-vinyl heterocyclic HPs
in a Giese-additionmanner followed by hydrogen atom transfer,
allowing the synthesis of on-DNA N-alkylated heterocyclic
products (Scheme 1D).

Although the proposed transformation seems promising,
there were challenges to overcome. For instance, N-vinyl
heterocycles are electron-rich systems, which can result in
a polarity mismatch of reactivity with the alkyl radicals that are
also electron-rich species. To the best of our knowledge, no
report on this specic hydroalkylation of N-vinyl heterocycles
has been disclosed either on- or off-DNA, which made this
transformation particularly appealing to investigate.
Discussion

To validate the feasibility of the proposed hydroalkylation of
electron-rich vinyl heterocyclic assemblies in light of the
aforementioned challenges, we began the optimization study
using N-vinyl imidazole DNA headpiece HP-1a and an unac-
tivated redox-active ester (RAE) 2a as model substrates (Table 1).
The reaction was performed under blue Kessil irradiation (lmax

= 456 nm), and efficient conversion (95%) to the desired
Table 1 Optimization of reaction conditionsa

Entry Deviation from std conditions % conversionb

1 None 95
2 RAE (25 equiv.), HE (25 equiv.) 42
3 RAE (12 equiv.), HE (12 equiv.) 18
4 RAE (6 equiv.), HE (6 equiv.) Trace
5 No HE 0
6 No light 0

a Reaction conditions: N-vinyl imidazole HP-1a (1.0 equiv., 25 nmol),
RAE 2a (50 equiv., 1.25 mmol), Hantzsch ester (50 equiv., 1.25 mmol),
8 : 1 DMSO/H2O (0.55 mM), 20 min irradiation with Kessil lamps (lmax
= 456 nm, 40 W). b Conversion to 3ab was determined by LC/MS (see
ESI).

© 2023 The Author(s). Published by the Royal Society of Chemistry
hydroalkylation product 3ab was observed using 50 equiv. of the
radical precursor and 50 equiv. of Hantzsch ester (HE) under
ambient reaction conditions within minutes of illumination
(entry 1). Unlike radical-mediated alkylation processes that use
metal reductants or external photoredox catalysts,42 this EDA
paradigm operates in an open-to-air environment, making it
highly practical for implementation in high-throughput
settings, concomitantly circumventing the side reactions
caused by singlet oxygen generation through triplet-energy
transfer.43 Further, the effect of stoichiometric variation of
EDA coupling partners on the reaction yield was investigated.
Reducing the amount of RAE 2a and HE from 50 equiv. to 25
equiv. and 12 equiv., respectively, resulted in decreased reac-
tivity, with the desired reaction conversion of 42% and 18%,
respectively (entries 2 and 3). When only 6 equivalents of both
RAE 2a and HE were used, only trace amounts of the desired
product were observed (entry 4). Furthermore, when the reac-
tion was carried out in the absence of either the HE or the light
source, no product was detected, conrming the dependence of
this hydroalkylation on photo-mediated charge-transfer
complex formation (entries 5 and 6).

Aer establishing suitable conditions, the generality of the
on-DNA hydroalkylation reaction was assessed (Table 2).
Initially, the scope of redox-active esters was investigated by
utilizing primary-, secondary-, and tertiary radical precursors
and reacting them with DNA-tagged pyrazole HP-1b. Notably,
the method is effective with primary radicals that are relatively
unstable and feature complex functional groups. The methyl
radical 3a exhibited favorable conversion (49%). Redox-active
esters with phenyl- and phenacyl on the side chain generated
the desired products in good conversions (3b–3c). The reaction
showed good tolerance toward some other primary radicals as
well, including Boc-protected amine 3d, the bulkier methyl
adamantyl group 3e, and the thiyl radical 3f, all of which
provided modest to good conversions.

We then proceeded to investigate the feasibility of using
secondary- and tertiary alkyl-substituted redox-active esters in
the reaction. We examined a range of secondary radical
precursors that contained protected nitrogen groups. Piperi-
dine 3g, pyrrolidine 3h, and azetidine 3i, all of which were Boc-
protected, showedmostly excellent conversions. Similarly, other
substructures, such as pyrimidine-containing 3j and benzyl
ester 3k, also displayed good reactivity. In addition, cyclohexyl
3l, diuorocyclohexyl 3m, and diuorocyclobutyl (3n) radicals
all exhibited good conversion. Moreover, compounds contain-
ing both internal and external alkene functional groups (3o–3p)
also displayed excellent tolerance to the reaction, expanding the
potential to attach further building blocks, an important aspect
in DEL synthesis. In addition, the developed conditions were
found to be effective for a-amino 3q, a-oxy 3r, and sugar-
containing radicals (3s–3t). However, the bis-benzylic radical
3u exhibited low conversion under the same conditions.

To expand the scope of the process, structurally diverse
tertiary radicals were examined in the reaction. N-Boc-protected
cyclobutyl- and cyclohexylamines (3v–3w) exhibited excellent
conversion. 4-Methylpentene 3x and cyclopropylbenzene 3y
were also accommodated. Additionally, gembrozil 3z, which is
Chem. Sci., 2023, 14, 14193–14199 | 14195
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Table 2 Redox-active ester scopea

a Conversion was determined by LC/MS analysis (see ESI). Reaction conditions: DNA-N-vinyl pyrazoleHP-1b (1.0 equiv., 25 nmol), RAE 2 (50 equiv.,
1.25 mmol), Hantzsch ester (50 equiv., 1.25 mmol), 8 : 1 DMSO/H2O (0.55 mM), 20 min irradiation with Kessil lamp (lmax = 456 nm, 40 W).
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a lipid-regulating medication, demonstrated good compatibility
and conversion in the reaction, furnishing the desired
compound with 72% conversion.

Next, we sought to evaluate the scope of this transformation
with various heterocyclic HPs using a set of primary-, secondary-
, and tertiary redox-active esters (Table 3). HP-1a, which
contains an imidazole moiety, exhibited moderate reactivity
with primary radical 3aa, but excellent reactivity with secondary-
and tertiary radicals (3ab–3ad). Surprisingly, 2-bromo-
imidazole HP-1c, which contains a carbon–halogen bond that
is prone to photochemical cleavage, also exhibited good toler-
ance in the reaction and provided good to excellent conversions
with all three types of RAEs (3ae–3aj). The scope of the inves-
tigation was broadened to encompass additional important
heterocycles, such as pyrazoles and pyrroles. These heterocycles
have been extensively studied and utilized in the design and
development of various therapeutic agents because of their
wide range of biological activities, structural diversity, synthetic
accessibility, and favourable drug-like properties.44 In this
regard, 5-methyl pyrazole HP-1d and 5-methyl pyrrole HP-1e
demonstrated a notable ability to undergo reaction under the
experimental conditions. Specically, 5-methyl pyrazole HP-1d
demonstrated moderate conversions with un-activated radicals
14196 | Chem. Sci., 2023, 14, 14193–14199
(3ak–3am), but excellent results with more stabilized radicals
(3an–3ap). On the other hand, 5-methyl pyrroleHP-1e displayed
only moderate conversions (below 60%) when reacted with
various alkyl radicals (3aq–3av). Furthermore, two nitrogen-rich
heterocycles, triazole HP-1f and benzotriazole HP-1g were
incorporated, which are easily obtained through Click reactions
and hold signicance in drug discovery.45,46 These heterocycles
also showed excellent compatibility in the reaction and
exhibited good to excellent reactivity (3aw–3bh), showcasing the
robustness and versatility of the developed method, which can
accommodate numerous heterocyclic functional groups crucial
for medicinal chemistry research.

The structural diversity and commercial availability of
carboxylic acids make them a desirable choice for multifunc-
tional building blocks in DEL. To demonstrate the modularity
of this approach, a one-pot photoinduced decarboxylative
alkylation protocol was devised by forming aliphatic RAEs in
situ using N-hydroxyphthalimide tetramethyluronium hexa-
uorophosphate (HITU), which is a stable solid that can be
easily synthesized in large quantities.40 The carboxylic acid 4,
DIPEA, and HITU were microdosed in DMSO under air, fol-
lowed by 3 hours of activation time. The RAE 2a formed in situ
was then directly subjected to the developed conditions with
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 N-Vinyl heterocycles HP scopea

a Conversion was determined by LC/MS analysis (see ESI). Reaction conditions: DNA-N-vinyl Het (1.0 equiv., 25 nmol), RAE 2 (50 equiv., 1.25 mmol),
Hantzsch ester (50 equiv., 1.25 mmol), 8 : 1 DMSO/H2O (0.55 mM), 20 min irradiation with Kessil lamp (lmax = 456 nm, 40 W).
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a solution of HE and the DNA headpieceHP-1b. Gratifyingly, the
reaction attains 80% yield to provide product 3g, which is
similar to the yield obtained when preformed RAE was used
(81%) (Scheme 2).
Scheme 2 On-DNA photoinduced decarboxylative alkylation: in situ
activation of RAEs with N-hydroxyphthalimide tetramethyluronium
hexafluorophosphate (HITU).

© 2023 The Author(s). Published by the Royal Society of Chemistry
DNA damage assessment

The practical application of the developed protocol for DEL
preparation is intrinsically correlated with the capability of
preserving the DNA tag upon chemical transformation, because
the candidate building blocks of higher affinity to a biological
target would be identied via qPCR, PCR, and sequencing
analysis of the DNA barcode associated with them. Conrming
the mildness of the photoinduced on-DNA hydroalkylation
reaction reported herein, a 4-cycle tag mimic sequence was
submitted to the standard reaction conditions under blue light
irradiation. The samples were then elongated by ligation to
introduce the essential PCR primers and then quantied by
qPCR. The results showed that the reaction conditions do not
Chem. Sci., 2023, 14, 14193–14199 | 14197
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impact the amount of ampliable DNA present in a signicant
way, which demonstrates the valuable application of the on-
DNA hydroalkylation reaction in preparing diversied and
more elaboratedN-vinyl heterocycles for rapid screening of drug
candidates in medical chemistry research.

Conclusions

In summary, a straightforward yet highly reliable method for
the hydroalkylation of N-vinyl heterocycles on-DNA has been
developed using an EDA complex activation pathway. This
method eliminates the need for costly metal-based photo-
catalysts and can be carried out under mild, open-air reaction
conditions, allowing the synthesis of biologically relevant N-
alkylated heterocycles from readily available or easily synthe-
sized redox-active esters and N-vinyl heterocycles. The
simplicity and robustness of this method allow the incorpora-
tion of a wide range of alkyl-radical precursors and DNA-
tethered nitrogenous heterocycles, which results in
substituted heterocycles with pendant functional groups that
are medicinally signicant. Additionally, a successful tele-
scoped route allows the creation of complex structural scaffolds
using a simple carboxylic acid feedstock. Finally, the practical
applicability of this method for DELT was successfully
conrmed with a DNA integrity assessment, highlighting the
mildness of the visible-light-mediated protocols as an extraor-
dinary tool for diversifying on-DNA libraries.
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