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DNA-encoded library (DEL) technology features a time- and cost-effective interrogation format for the
discovery of therapeutic candidates in the pharmaceutical industry. To develop DEL platforms, the
implementation of water-compatible transformations that facilitate the incorporation of multifunctional
building blocks (BBs) with high C(sp®) carbon counts is integral for success. In this report,
a decarboxylative-based hydroalkylation of DNA-conjugated trifluoromethyl-substituted alkenes enabled
by single-electron transfer (SET) and subsequent hydrogen atom termination through electron donor—
acceptor (EDA) complex activation is detailed. In a further photoredox-catalyzed hydroarylation protocol,
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blue light irradiation through the intermediacy of reactive (hetero)aryl radical species with full retention
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Introduction

The identification of specific binding molecules remains
a central theme in drug discovery efforts in academic and
industrial laboratories." The global pharmaceutical industry
invests over $186 billion annually on research and development
to meet the ever-increasing demands for safe and improved
therapeutics.> In recent years, DNA-encoded library (DEL)
technology (Fig. 1) has emerged as a novel interrogation plat-
form to accelerate the advancement of small-molecule modu-
lators of biomolecular targets.* Conceptualized by Brenner and
Lerner in 1992,* DEL platforms confer unprecedented capabil-
ities to overlap the versatility of chemical synthesis with the
powerful features of genetic coding, allowing simultaneous
testing of combinatorial libraries of exceptional magnitude
(>10° to 10" discrete members).* Through “split and pool”
synthetic cycles, diverse BBs are encoded by a unique DNA tag
functioning as a molecular identifier.® Following synthesis, DEL
libraries are incubated with immobilized target proteins, after
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complex structural scaffolds with a high density of pendant functional groups.

which non-binders are washed away. The chemical structures of
the potent ligands are decoded using polymerase chain reaction
(PCR) amplification and posterior next-generation DNA
sequencing.® In this vein, DELs feature a more effective and
inexpensive discovery format ($0.0002 per library member)
compared with conventional high-throughput screening (HTS)
methods ($1000 per library member).* To be successful, on-DNA
chemistries are required to incorporate BBs from readily avail-
able chemicals bearing multifunctional handles for further
diversification under mild, dilute, and aqueous conditions.® In
light of these considerations, the development of reliable
transformations that operate through novel reactivity modes
and employ an abundant, diverse set of starting materials
would expedite progress in this field.

As part of a program centered on the development of cata-
Iytic tools to yield novel structural scaffolds, we recently
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reported the synthesis of gem-difluoroalkenes,”® carbonyl
mimics that display in vivo resistance toward metabolic
processes,” through photoinduced radical/polar crossover
defluorinative alkylation.”®'® As a complementary approach to
build chemical diversity, we became interested in pushing the
limits of photochemical paradigms to access benzylically tri-
fluoromethylated compounds, bioactive structural motifs in
medicinal settings (Scheme 1A).** Specifically, fluorine incor-
poration is a powerful strategy invoked by the pharmaceutical
and agrochemical industries to alter a molecule's chemical,
physical, and biological properties, such as its pK,, dipole
moment, and molecular conformation."** As a consequence of
these factors, fluorinated scaffolds are prevalent in more than
25% of marketed drugs.'™* As an important representative, the
trifluoromethyl (-CF;) group renders increased metabolic
stability, lipophilicity, and binding selectivity when embedded
in therapeutic candidates.'** Typically, the trifluoromethyl
group can be installed through nucleophilic, electrophilic, or
radical routes.*® Although these strategies undoubtedly expand
chemical space, these protocols remain elusive in the context of
late-stage functionalization and the incorporation of sensitive
functional groups in complex environments under DEL-like
conditions. An underexplored opportunity to achieve C(sp)®
trifluoromethylation is the direct hydroalkylation of
trifluoromethyl-substituted olefins. Specifically, the carbo-
functionalization of these electrophilic unsaturated systems
occurs readily at room temperature with exquisite functional
group compatibility,® thus rendering the incorporation of
pharmaceutically relevant cores and complex alkyl fragments
feasible in a library setting. However, given the established
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propensity of trifluoromethyl-substituted alkenes to undergo
intramolecular E1cB-type fluoride elimination in metal-
catalyzed cross-couplings that proceed through the interme-
diacy of a-CF;-metal species'” via the nucleophilic addition of
organometallic reagents'®" or in the presence of traditional
photoredox catalysts irrespective of the nature of the radical
precursor (Scheme 1B),'***** hydrofunctionalization® efforts
remain challenging. In particular, the hydroalkylation of
trifluoromethyl-substituted alkenes using unactivated alkyl
counterparts presents a formidable, yet potentially powerful
scenario to rapidly access unprecedented benzylically tri-
fluoromethylated building blocks from commodity radical
progenitors with a high content of C(sp®) carbons.

To address this challenge and unlock access to benzylically
trifluoromethylated motifs from commodity chemicals in DEL
synthesis, we report a decarboxylative-based, radical-mediated
hydroalkylation of DNA-tagged trifluoromethyl-substituted
alkenes enabled by the merger of electron donor-acceptor
(EDA) complex photoactivation®>?¥2?** and hydrogen atom
transfer (HAT) chemistry (Scheme 2).* Under blue light irradi-
ation, a commercially available electron donor, Hantzsch ester
(HE, diethyl 1,4-dihydro-2,6-dimethyl-3,5-
pyridinedicarboxylate), functions as a strong photoreductant
to induce C(sp®) radical generation from commercially available
carboxylic acid derivatives.”* As part of its dual role, HE subse-
quently serves as a suitable hydrogen atom donor, impeding the
formation of anionic intermediates upon radical addition as
well as circumventing the necessity for alkylmetal complexes,
species intrinsically primed to undergo B-F elimination in
reactions with trifluoromethyl-substituted alkenes.'”*?*** In this
vein, the utility of this EDA paradigm is partially driven by its
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ability to deliver complex trifluoromethyl-substituted hydro-
functionalized products with high C(sp®) carbon counts selec-
tively under mild and open-air conditions.

As a complement to the hydroalkylation protocol, a radical-
mediated intermolecular hydroarylation of electronically unbi-
ased olefins was developed (Scheme 2).2° Because alkenes are
plentiful, structurally diverse, and versatile commodity feed-
stocks, readily available from petrochemical and renewable
resources, they are ideal precursors for C-C bond formation in
DELs, and the strategy developed is based on photoinduced
reductive activation of DNA-conjugated (het)aryl halides to
deliver reactive (het)aryl radical species that can be harnessed in
useful synthetic operations followed by hydrogen atom
termination.”

Discussion

Recently, synthetic processes driven by EDA complex photo-
chemistry have gained considerable traction, including proto-
cols resulting in  borylation, sulfonylation, and
thioetherification.”®*” To harness the synthetic potential of EDA
complex photoactivation toward DEL platforms, we examined
the feasibility of the proposed decarboxylative hydroalkylation
using on-DNA trifluoromethyl-substituted alkene 1A and unac-
tivated primary redox-active ester (RAE) 2a as model substrates
(Table 1). Under blue Kessil irradiation (Anax = 456 nm), effi-
cient conversion to the desired benzylic trifluoromethyl-
substituted product 3a was observed using 50 equivalents of
the radical precursor under ambient reaction conditions within
minutes of illumination. In contrast to radical-mediated alkyl-
ation promoted by metal reductants'’*® or external photoredox
catalysts,? this open-to-air EDA paradigm provides an exceed-
ingly low barrier to practical implementation in high-
throughput settings and circumvents side reactivity stemming
from singlet through triplet-energy
transfer.”

To examine the influence of the dihydropyridine (DHP)
backbone on the efficacy of this photochemical manifold, the
reaction was conducted with four different DHP derivatives to
gain a deeper understanding of their dual reactivity profile in
EDA complex photoactivation and HAT catalysis. The C4-
substituted DHP (HE A, entry 7) thus exhibited no reactivity
under the reaction conditions, whereas cyano substitution at C3
and C5 of the DHP (HE B, entry 8) led to diminished product
formation. As expected, 4,4’-dimethyl HE C (entry 9) failed to
promote the reaction, presumably because of competitive back
electron transfer (BET)**“ that restores the ground-state EDA
complex from its radical ion pair in the absence of a probable
photooxidative aromatization event. Notably, commercially
available and bench-stable HE*® displayed optimal performance
(84% yield, entry 1), accommodating water as a co-solvent and
high dilution conditions (0.3-0.6 mM), with only trace amounts
of the corresponding gem-difluoroalkene detected. Using UV/vis
absorption studies, a bathochromic shift of the reaction
mixture in 8:1 DMSO/H,0 (0.6 mM) was observed, with
a wavelength band tailing to 500 nm (see ESIT). This is indica-
tive of the formation of a new molecular aggregate between the

oxygen generation
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Table 1 On-DNA photoinduced decarboxylative alkylation: optimi-
zation of reaction conditions®

HN RAE 2a (50 equiv) HN
Hantzsch ester (50 equiv)

Q R

8:1 DMSO/H,0 (0.6 mM)

1A blue Kessil, rt, 5 min 3a

FsC FaC
Entry Deviation from std conditions 3a’ (% conv.)
1 None 84%
2 RAE (25 equiv.), HE (25 equiv.) 65%
3 RAE (10 equiv.), HE (10 equiv.) 55%
4 0.5 mM 84%
5 0.4 mM 80%
6 0.3 mM 77%
7 HE A 0%
8 HE B 20%
9 HE C 0%
10 No HE Trace
11 No light Trace

o] o]
L o Et0,C CO,Et
S N
N
\ ! T % H
(o} Me N Me
0o H

2a, unactivated primary alkyl feedstock Hantzsch ester (HE)

Me Me_ Me
EtO,C CO,Et NC CN NC CN
Me N Me Me N Me Me N Me
H H H
HEA HEB HEC

¢ Reaction conditions: RAE 2a (50 equiv., 1.25 pmol), HE (50 equiv., 1.25
umol), on-DNA trifluoromethyl-substituted alkene 1A (1.0 equiv., 25
nmol), 8 : 1 DMSO/H,0 (0.6 mM), 5 min irradiation with blue Kessil
lamps (Amax = 456 nm, 40 W). ¥ Conversion to 3a as determined by
LC/MS analysis.

electron-deficient aliphatic RAEs and the electron-rich HE.
Using Job's method?®" of continuous variation, we determined
a molar donor-acceptor ratio of 1:1 for the colored EDA
complex (see ESIf). Further spectrophotometric analysis at
450 nm revealed an association constant (Kgp,) of 1.2 M~ ' of HE
with 1-methylcyclohexane-N-hydroxyphthalimide ester using
the Benesi-Hildebrand method,* highlighting a plausible
association event of charge-transfer complexes prior to SET
events under the conditions of the reaction. Finally, control
experiments validated the necessity of all reaction parameters
for effective C(sp*)-C(sp?) bond formation.

Next, we examined the scope of redox-active carboxylate
derivatives using on-DNA trifluoromethylated alkene 1A
(Scheme 3). In general, a broad palette of primary aliphatic
systems that lack any radical stabilizing factors exhibited
excellent reactivity. The method further benefits from broad
functional group tolerance, facilitating the introduction of
bifunctional handles including ketones (3a, 3f, 3q), aryl halides
(3¢, 3e, 3n), a terminal alkyne (3d), esters (3j, 30), substituted
alkenes (3k, 31, 3m, 30), free alcohols (30, 3p), as well as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 On-DNA photoinduced decarboxylative alkylation: Evaluation of aliphatic carboxylic acid derivatives.

medicinally-relevant heteroaromatic scaffolds (3a, 3n). In
addition, Boc- and Fmoc-protected amines served as competent
substrates. This is crucial in DEL settings, where library
members should ideally bear multifunctional BBs that allow
subsequent derivatization. The scope was further extended to
the modification of biologically active molecules displaying
a high density of pendant functional groups, including the
herbicide 2,4-dichlorophenylacetic acid (3e), long-chain fatty
acids (3k-3m), the anti-inflammatory agent indomethacin (3n),
mycophenolic acid (30), as well as various steroids (3p, 3q). In
particular, this method provides a clear advantage in terms of
scope over previously reported on-DNA photoinduced decar-
boxylative alkylation protocols, which are largely limited to -
heteroatom-stabilized radicals,”** or exclusively restricted to
secondary and tertiary radicals.>*** More specifically, comple-
mentary decarboxylative methods employing zinc nanopowder
as a reductant under strictly deoxygenated conditions fail to
incorporate primary systems on DNA,*® presumably because of
the higher reduction potentials associated with the radical
precursor. Most importantly, these methods largely proceed
through anionic intermediates, where in the case of the
trifluoromethyl-substituted olefins, there is a predominant

© 2021 The Author(s). Published by the Royal Society of Chemistry

propensity for intramolecular ElcB-type fluoride elimi-
nation**“'***° to afford the corresponding gem-difluoroalkenes
(rather than trifluoromethyl-substituted alkanes) via radical/
polar crossover pathways.*®

In a similar manner, secondary and tertiary radical archi-
tectures are harnessed effectively to afford functionalized
synthetic frameworks, including scaffolds derived from protei-
nogenic and non-proteinogenic amino acids (3u-3y), a glyco-
side (3z), and lipid-lowering agent gemfibrozil (3za) (Scheme 3).
The reaction conditions proved general for both acyclic and
cyclic carboxylate derivatives, including bridged bicyclics (3zf-
3zh), as well as strained ring systems, such as cyclobutanes (3s,
3t) and a cyclopropane (3zc). Notably, trifluoromethyl-
substituted bicyclo[1.1.1]pentane (BCP) product 3zg was ob-
tained in good yield. These BCP derivatives serve as bioisosteres
for arenes, internal alkynes, and tert-butyl groups in medicinal
chemistry settings.*

With respect to the scope of trifluoromethyl-substituted
alkenes, a diverse array of DNA headpieces (DNA-HPs) led to
the desired benzylic trifluoromethyl-substituted products
without compromising yields (Scheme 4). In general, both
electron-withdrawing and electron-donating groups are well

Chem. Sci., 2021, 12, 12036-12045 | 12039
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Scheme 4 On-DNA photoinduced decarboxylative alkylation: evaluation of trifluoromethyl-substituted alkenes.

tolerated under the developed conditions. Substitution at the
para-, meta-, and ortho-positions of the HPs' aryl moieties was
explored, whereby efficient decarboxylative photocoupling took
place. Furthermore, comparable reactivity was observed for
unactivated primary, secondary, tertiary, as well as stabilized
benzylic-, a-oxy-, and o-amino radical species, further under-
scoring the versatility of this photochemical EDA paradigm.
The commercial availability and structural diversity of
carboxylic acids render them particularly attractive for use as
multifunctional BBs in DEL libraries. To validate the modularity
of this approach further, we developed a telescoped, one-pot
photoinduced decarboxylative alkylation protocol through in
situ formation of aliphatic RAEs with N-hydroxyphthalimide
tetramethyluronium hexafluorophosphate (HITU),>® a bench-
stable solid that can be readily prepared on kilogram scale
(Scheme 5). This reagent features great versatility in reaction
scope, accommodating a wide array of functional groups
including ketone (3f), carbamate (3zi), aryl chloride (3zl), and
Boc-protected amines (3zn, 3zo). Using 24-well plates, micro-
dosing of the carboxylic acid, DIPEA, and HITU in DMSO is
accomplished under air, followed by 3 h of activation time. The
in situ formed RAEs can then be treated directly with a solution
of HE and the corresponding DNA headpiece, reaching
synthetically useful yields after 10 min of illumination (Scheme

12040 | Chem. Sci, 2021, 12, 12036-12045
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5, workflow). Notably, this HITU-mediated alkylation performs
equally well using unactivated- and o-heteroatom-stabilized
radical progenitors, presenting a direct route toward C-C
bond formation through oxidative quenching modes, an
underexplored challenge in DEL-based environments.*®

As an extension of the hydroalkylation chemistry, an on-DNA
multicomponent reaction (MCR) was developed. In recent
years, MCRs®® have emerged as a powerful tool to furnish novel
structural scaffolds with inherent molecular complexity from
abundant feedstocks. Through sequential bond formation,
MCRs enable the sampling of uncharted chemical space to
accelerate drug discovery efforts.** An underexplored realm in
DEL synthesis is the development of olefin dicarbofunctionali-
zation reactions.** Specifically, alkenes serve as versatile BBs
that possess functional group-rich handles for derivatization.
However, in addition to chemo- and regio-selectivity concerns
associated with DEL reactions that rely on high loadings of
reagents, these processes are further complicated by the
generation of undesired two-component coupling products.
Keeping these considerations in mind and taking advantage of
the electronically distinct nature of trifluoromethyl-substituted
alkenes, a polarity-reversing radical cascade/
trifluoromethylation of olefins has been developed through
EDA complex photoactivation between HE and Umemoto's
reagent,”* a commercially available trifluoromethylating agent
(Scheme 6).

In particular, this open-to-air charge-transfer manifold
harnesses electrophilic trifluoromethyl radicals for subsequent
addition to electron-neutral or electron-rich alkenes, abundant
yet currently underexplored partners in photoinduced DEL
synthesis.***” The resulting nucleophilic, open-shell radical
intermediates may then engage in chemoselective coupling
with on-DNA trifluoromethyl-substituted alkenes. As part of its
dual role, the HE also functions as a hydrogen atom donor to
furnish bis-trifluoromethylated products of significance in
medicinal settings."* Remarkably, the scope of the olefin
partner proved general, tolerating diverse functional groups
including a free alcohol (11a) and unprotected glycoside 11d. In
this vein, we anticipate this mode of catalysis will help inform
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Scheme 6 On-DNA multicomponent trifluoromethylation promoted
by photoactive EDA complex activation. Note: several diastereomers
are expected to form under these conditions.
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the design and implementation of unique synthetic discon-
nections toward complex, bioactive targets in DELs.

Having developed suitable conditions for the hydroalkylation
of unsaturated DEL platforms, attention was turned toward
hydroarylation transformations. Recently, research efforts have
validated Ni/photoredox dual manifolds in DEL platforms using
carboxylic acids,”?**** 1 4-dihydropyridines (DHPs),” a-silyl-
amines,® and alkyl bromides®*® as radical precursors. Given our
long-standing interest in the design of complex (hetero)aryl
scaffolds with high C(sp?) carbon counts,* we sought to expand
reactivity in DEL synthesis through intermolecular radical-
mediated hydroarylation of functionalized olefins to generate
alkylarenes (Scheme 7). To develop a complementary approach
toward C(sp®)-C(sp®) bond formation, we reasoned that single-
electron reduction of DNA-bound, halogenated aryl subunits*®
would grant access to reactive (het)aryl radical species in
a regioselective fashion. Subsequent addition to alkenes fol-
lowed by hydrogen atom termination would deliver unprece-
dented structures from readily available substrates. Inspired by
pioneering work by Beckwith?® and related, precedented mile-
stones,”® we hypothesized that photoinduced electron transfer
from highly reducing transition-metal-based complexes would
enable this strategy under mild reaction conditions. However,
because of the high redox potentials associated with organo-
halides and the propensity of aryl radicals to undergo reduction
through rapid HAT,*** the adaptation of this mechanistic
proposal in DEL environments posed challenges. Importantly,
aryl radicals have been shown to induce DNA strand damage,*
underscoring the requirement for a regulated generation of
these high-energy intermediates and the necessity for well-
orchestrated addition reactions. To achieve chemo- and regio-
selectivity, the following criteria was considered: (i) the rate of
(het)aryl radical addition to unsaturated systems must be
competitive with C-X bond reduction stemming from unde-
sired HAT pathways. (ii) The rate of hydrogen atom abstraction
by the resulting alkyl radical must be competitive with its
addition to another equivalent of the alkene. (iii) The rate of
single-electron reduction of the aryl halide should take place
preferentially over that of the alkyl radical intermediate.
Specifically, the choice of both photocatalyst and hydrogen
atom donor influences product distributions. We determined
that 300 equiv. of the olefinic substrate and a 1:200
photocatalyst-to-HAT reagent ratio was optimal for reactivity.
Toward this end, the combination of fac-Ir(ppy); and HE
enabled the construction of alkylated arenes under air within
minutes of blue light irradiation. Control experiments demon-
strated that all reaction components are necessary for aryl
radical generation.

With optimized conditions established, we surveyed DNA-
tagged (het)aryl halides with norbornene as the alkyl source
(Scheme 7). Aryl iodide 13A bearing a chloride substituent
afforded the desired product with the electrophilic cross-
coupling handle intact, delivering linchpins for further func-
tionalization. Electron-neutral iodobenzene 13B as well as
derivatives bearing electron-donating groups (13C) or electron-
withdrawing groups (13G) served as excellent substrates.
Further extension to less activated aryl bromides was also
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Scheme 7 Employing alkene BBs for C(sp®)—C(sp?) bond formation in DEL synthesis: evaluation of olefins and aryl halides.

possible (13D). Notably, electrophilic pyridyl radicals were
employed as coupling partners, giving rise to functionalized
heteroaromatics (19a, 19j-19n). Finally, in addition to the
strained bicyclic norbornene, a broad array of functionalized
alkenes was examined. In general, unactivated alkenes bearing
unprotected alcohols (15b, 15¢, 19j), an ester (19k), ketones (15i,
191), and an epoxide (19n) were all accommodated. In addition,
this photochemical paradigm was extended to the modification
of activated styrene derivatives (15e, 15g) in synthetically useful
yields. Even benzylically trifluoromethylated product 15g could
be used as a substrate to afford product with complete retention
of the bromide handle, presumably because of the high loading
of alkene precursor compared to the photoredox catalyst,
precluding an overreduction event of the halide. From the
standpoint of DEL synthesis, which benefits from minimal
reagent input (e.g., 10-25 nmol of HP per transformation), such
equivalencies can be leveraged to achieve selectivity and unique
reactivity trends that are otherwise untenable in traditional
small molecule synthesis. In particular, these halogenated
alkenes can further grow DEL libraries through transition
metal-catalyzed cross-coupling efforts.

DNA compatibility with EDA complex photoactivation

Because the integrity of the DNA barcode is essential to
a successful protein target selection, mock ligations and qPCR
amplifications were performed to evaluate the ability of the RAE
hydroalkylation conditions to be used in an actual library
production. A model DNA conjugate composed of a representa-
tive headpiece ligated to a 4-cycle tag and equipped with a 2-
base 5’ overhang was subjected to the standard hydroalkylation
conditions. This model DNA conjugate was also subjected to
control reactions where either Hantzsch ester or light was

12042 | Chem. Sci, 2021, 12, 12036-12045

omitted. Post reactions, these DNA conjugates were further
elongated by ligation to install the necessary PCR primers and
quantified by qPCR. There was no significant difference in
qPCR amplification across the various experiments, suggesting
full DNA integrity (see ESIT). These findings further underscore
the utility of EDA paradigms as a general blueprint toward
selective on-DNA alkylation under open-to-air conditions.

DNA compatibility with aryl radical intermediates

Mindful of well-established precedent of DNA strand damage in
the presence of reactive aryl radical species,*! the hydroarylation
conditions were studied to evaluate the resulting DNA integrity.
Again, a model DNA conjugate composed of a representative
headpiece ligated to a 4-cycle tag and equipped with a 2-base 5’
overhang was reacted using the standard conditions. This
model DNA conjugate was also subjected to control reactions
where either Hantzsch ester, photocatalyst, or light was
omitted. Post reactions, these DNA conjugates were further
elongated by ligation to install the necessary PCR primers and
quantified by qPCR. There was no significant difference in
qPCR amplification across the various experiments, suggesting
full DNA integrity (see ESIT). These results emphasize the mild
nature of the developed photoredox paradigm, whereby the
formation of reactive aryl radical intermediates in a regulated
fashion facilitates productive on-DNA alkylation.

Conclusions

In summary, this report demonstrates a mechanistically-driven
proof-of-concept for the implementation of charge-transfer
complex activation as an enabling technology to introduce
diverse C(sp®)-hybridized architectures from commodity

© 2021 The Author(s). Published by the Royal Society of Chemistry
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chemicals in DEL platforms (including unactivated primary,
secondary, tertiary, as well as stabilized benzylic, a-alkoxy, and
a-amino systems). Specifically, this EDA paradigm was utilized
to achieve the selective decarboxylative-based hydroalkylation
of trifluoromethyl-substituted alkenes through radical/HAT
crossover to access complex benzylic trifluoromethylated scaf-
folds, unlocking a complementary reactivity outcome to estab-
lished carbodefluorinative protocols mediated by an external
photoredox catalyst. Furthermore, a general intermolecular
hydroarylation protocol of electronically unbiased olefins
through selective C-X bond activation in DNA-tagged organo-
halides is reported. Remarkably, this photochemical paradigm
delivers reactive (hetero)aryl radical species in a regulated
fashion without compromising the DNA integrity. Notably,
these open-to-air processes are chemoselective, operate under
mild and dilute reaction conditions, and are completed within
minutes, rendering them suitable for late-stage functionaliza-
tion and high-throughput settings in the pharmaceutical
industry. We anticipate these findings will expedite drug
discovery research and provoke further development in radical-
mediated DEL synthesis.
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