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n enabled by photoinduced N–O
bond fragmentation†

Edward J. McClain, Alan K. Wortman and Corey R. J. Stephenson *

Recent advances in synthetic chemistry have seen a resurgence in the development of methods for visible

light-mediated radical generation. Herein, we report the development of a photoactive ester based on

a quinoline N-oxide core structure, that provides a strong oxidant in its excited state. The

heteroaromatic N-oxide provides access to primary, secondary, and tertiary radical intermediates, and its

application toward the development of a photochemical Minisci alkylation is reported.
Photoinduced radical generation has become a focal point of
contemporary chemical research. Historically, the photochem-
ical formation of radicals has been achieved via the direct
irradiation of organic chromophores with high energy UV light,
with notable examples including Norrish – type 1 reactions and
the photochemical decomposition of azo compounds, perox-
ides, N-(acyloxy)-pyridones, and xanthates.1 While a powerful
tool, the propensity of organic functional groups to absorb UV
light leads to undesired excitation events that ultimately result
in uncontrolled, deleterious reactivity.2 The use of visible light
irradiation to drive reactivity offers a solution to the problems
presented by UV light photochemistry, as typical organic func-
tionalities do not absorb in the visible region of the electro-
magnetic spectrum. In this regard, photoredox catalysis has
emerged as a powerful tool for the generation of radical inter-
mediates, as the visible light absorbing catalysts can access high
energy excited states that engage organic substrates in redox
events.3 While incredibly versatile, the manipulation of
substrate oxidation states can limit the scope of reactivity, as
functionalities that are predisposed to oxidation (or reduction)
may undergo undesired side reactions. To circumvent this
limitation, redox auxiliaries are employed to alter the redox
properties of the substrate and facilitate reactivity under mild
reducing (or oxidizing) conditions.4

Radical formation via photoinduced dissociation of an
auxiliary, or complex, represents a complementary strategy that,
in principle, should be tolerant of redox sensitive functional-
ities. However, despite the ubiquity of this strategy in UV light
mediated reaction manifolds, the development of reagents that
undergo efficient photodissociation upon visible light irradia-
tion is limited. In 2017, Melchiorre and coworkers reported the
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dissociation of 4-alkyl-1,4-dihydropyridines (alkyl-DHPs) upon
irradiation with 405 nm light (Fig. 1A).5 Study of the photoactive
Fig. 1 Overview of photochemical radical generation in synthetic
chemistry.
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Fig. 2 (A) Comparison of pyridinium esters. (B) Overview of photo-
active ester design principles. (C) Photophysical characterization of
Ac-TPPNO, Ac-PQCNO, and Ac-ACNO.
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alkyl-DHPs revealed that they are reductants in their excited
state (D+c/D* ¼ �2.0 V vs. SCE) and, as such, both the disso-
ciative and redox properties of the excited state could be
exploited for ipso-substitution of aryl nitriles and nickel cata-
lyzed C(sp2)–C(sp3) cross-coupling reactions.

In 2020, Ohmiya and colleagues reported that boracene,
when reacted with organolithium or Grignard reagents, forms
a photoactive alkyl borate salt that liberates an equivalent of an
alkyl radical upon irradiation with 440 nm light (Fig. 1B).6

Characterization of the boracene-based alkyl borate revealed
a strongly reducing excited state (B+c/B* ¼ �2.2 V vs. SCE), and
this auxiliary was demonstrated to be effective for nickel cata-
lyzed C(sp2)–C(sp3) cross-coupling reactions with tertiary alkyl
radicals.

Pioneering work by Barton and coworkers in the 1980's
demonstrated that the thermal or photochemical decomposi-
tion of N-(acyloxy)-2-thiopyridones (commonly referred to as
Barton esters) could efficiently generate carbon centered radi-
cals, ultimately delivering the corresponding alkane or thio-
ether products.7 However, state-of-the-art methods employing
pyridine N-oxide or its derivatives as radical precursors have
demonstrated limited intermolecular reactivity, as the gener-
ated radical intermediates are competitively trapped by the
pyridine-based auxiliary.8,9 To overcome these limitations, we
sought to design a pyridine N-oxide based auxiliary that does
not undergo undesired alkylation reactions. Inspired by Bar-
ton's work and informed by our previous studies,8,9 we envi-
sioned that the fast fragmentation of N–O bonds in pyridine N-
oxide derivatives could be leveraged in the design of a photo-
cleavable activator that would deliver carbon centered radicals
from readily available carboxylic acids as precursors. Impor-
tantly, the development of a photoactive ester derived from
simple pyridine N-oxide core structure delivers a species that is
a strong oxidant in its excited state, complementing the
reductive excited states of the previously developed photoactive
auxiliaries. Moreover, by using a core structure that is derived
from an abundant heteroaromatic building block, the designed
photoactive esters will contain highly tunable core structures,
allowing for control over the photoexcitation and fragmentation
events. Herein, we report the development of a photoactive ester
derived from a quinoline N-oxide core structure and its appli-
cation to achieve an efficient intermolecular Minisci alkylation
(Fig. 1C).

At the outset of our study, we established several require-
ments to be satised by potential photoactive esters (Fig. 2B): (1)
the pyridine N-oxide core structure needed to be preserved, (2)
the heteroaromatic core would need to have blocking substit-
uents at the sites of alkylation to slow deleterious functionali-
zation of the ester (i.e. 2-, 4-, and 6-substituted pyridine N-oxide
derivatives), (3) the heteroaromatic N-oxide would need to
maintain sufficient nucleophilicity to form the activated N-
acyloxy pyridinium, (4) the heteroaromatic backbone would
need to deliver a sterically accessible N-oxide functionality.
Additionally, it was recognized that pyridine N-oxide derivatives
bearing alkyl substituents with benzylic C–H bonds were not
suitable photoactive esters, as a deleterious Boekelheide reac-
tion occurred upon acylation of the N-oxide functionality.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Ultimately, 2,4,6-triphenyl pyridine N-oxide (TPPNO), methyl 2-
phenylquinoline-4-carboxylate N-oxide (PQCNO), and methyl
acridine-9-carboxylate N-oxide (ACNO) were identied as
potential photoactive ester precursors that met all aforemen-
tioned requirements.

Initial investigations focused on the photophysical charac-
terization of the three heteroaromatic N-oxides (Fig. 2C). Uv-vis
spectroscopy in acetonitrile revealed TPPNO to have two
maximum absorbances at 319 nm and 365 nm, with the latter
absorbance tailing off beyond 400 nm. PQCNO and ACNO also
displayed a strong absorbance feature at 365 nm, however, for
ACNO two additional lower energy absorbance features at
418 nm and 444 nm were observed. Addition of acetyl chloride
Chem. Sci., 2022, 13, 12158–12163 | 12159
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to TPPNO and PQCNO resulted in an increase of intensity for
the absorbance features, with no apparent shi in the absor-
bance maxima. Acylation of the ACNO auxiliary with acetyl
chloride caused the maximum at 274 nm to diverge into two
distinct sharp absorbance features with maxima at 264 nm and
275 nm. Additionally, the absorbance feature at 364 nm both
increased in intensity and became more structured upon acyl-
ation, revealing an apparent shoulder at 352 nm. Measurement
of the uorescence spectra for the heteroaromatic N-oxides
(irradiated at 361 nm) revealed that Ac-TPPNO, Ac-PQCNO, and
Ac-ACNO have emission maxima at 435 nm, 468 nm and
519 nm, respectively (Fig. 3A). In the absence of an acyl equiv-
alent, no emission was observed for the heteroaromatic N-
oxides. This nding is consistent with previous reports that
pyridine N-oxides and quinoline N-oxides possess non-emissive
excited states under basic conditions due to a propensity to
undergo a fast rearrangement on the singlet surface.10

Investigation of the photoinduced N–O bond cleavage of Ac-
PQCNO revealed that upon successive uorescence scans
(excitation at 335 nm), Ac-PQCNO is observed to decompose
steadily with the concomitant appearance of the uorescence
signal corresponding to the generation of deoxygenated quin-
oline (Fig. 3B). Interrogation of the decomposition by Uv-vis
spectroscopy revealed that aer 60 s of irradiation of Ac-
PQCNO with a 427 nm Kessil lamp, a decrease in the absor-
bance feature at 365 nm was observed. Upon extending irradi-
ation time out to 30 min, signicant degradation of the Ac-
PQCNO was observed.

Together, the photophysical characterization shows the
photoactive esters possess conserved absorption features at
365 nm. Consistent with previous studies on quinoline N-oxide
photochemistry, the absorption feature at 365 nm is thought to
be p,p* in character and responsible for the observed
Fig. 3 (A) Absorbance and emission spectra for Ac-TPPNO, Ac-PQCN
Fluorescence spectra of Ac-PQCNOmonitored over 25 successive scans
by a 427 nm Kessil lamp, monitored by Uv-vis. (D) Proposed mechanism

12160 | Chem. Sci., 2022, 13, 12158–12163
deoxygenation reactivity.11 The deoxygenation of the aromatic
N-oxides is hypothesized to arise from crossing over of the p,p*
excited state to a dissociative p,s* state. Computational
evidence in support of the hypothesized mechanism can be
found in Fukuda and Ehara's study on the deoxygenation of
structurally related N-hydroxypyridine-2(1H)-thione.12 Experi-
mental support for this proposed mechanism can be found in
Hata and Tanaka's study of the gas phase photolysis of pyridine
N-oxide13 as well as Hata's subsequent translation of this work
to the solution phase photodeoxygenation of heteroaromatic N-
oxides in the presence of a strong Lewis acid, BF3$Et2O.14

Interrogation of the thermal reactivity of Ac-PQCNO revealed
there was no deoxygenation of the heteroaromatic N-oxide aer
heating to 90 �C for 3 hours. This demonstrates that the
remarkable reactivity of Ac-PQCNO is due to dissociation of the
N–O bond from a low energy photoexcited state.

Electrochemical analysis of the heteroaromatic N-oxide
photoactive esters using cyclic voltammetry in acetonitrile
revealed the Ac-TPPNO, Ac-PQCNO, and Ac-ACNO to have low
energy reduction waves, with measured E1/2 of �0.79 V vs. SCE,
� 0.45 V vs. SCE, and �0.47 V vs. SCE. Applying information
gathered from absorbance and emission spectroscopy, as well
as the electrochemical data, the standard potential for oxidation
of Ac-TPPNO, Ac-PQCNO and Ac-ACNO in the excited state was
estimated to be +2.30 V [E0(T+*/Tc)], +2.57 V [E0(P+*/Pc)], and
+2.32 V [E0(A+*/Ac)] vs. SCE according to the Rehm–Weller
approximation (Fig. 2C).15

Due to the mild photolytic conditions for decarboxylative
radical generation from N-oxides and characteristics as excited
state oxidants, we sought to assess the reactivity of the photo-
cleavable esters towards the development of an intermolecular
Minisci alkylation (Fig. 4). Initial studies focused on the addi-
tion of the tert-butyl radical to 4-chloroquinoline in acetonitrile.
O, and Ac-ACNO. Emission recorded upon irradiation at 361 nm. (B)
(excitation 335 nm). (C) Decomposition of Ac-PQCNOupon irradiation
for photochemical decomposition of Ac-PQCNO.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Scope of intermolecular Minisci alkylation. Isolated yields unless otherwise noted. Standard conditions: substrate (0.2 mmol, 1 equiv.),
PQCNO (2 equiv.), acyl chloride (2.2 equiv.), CaCl2 (1 equiv.), MeCN (0.5 mL), N2 atmosphere, 427 nm Kessil lamp, 30 min. aReaction run for 1
hour. bReaction run for 2 hours. cReaction run for 1 hour with a 1 : 1 mixture of MeCN to DCM as solvent. NMR yield with methyl tert-butyl ether
as internal standard, in brackets.
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Assessment of reactivity revealed TPPNO and PQCNO to
perform identically under unoptimized conditions delivering
27% of the desired 2-tert-butyl-4-chloroquinoline product, while
ACNO produced less than 5% of the desired product. Due to the
low cost of the parent quinoline and its high yielding N-
oxidation,16 we elected to focus our investigations on the
application of PQCNO as a photoactive ester. Degassing the
reaction resulted in a substantial increase in yield, providing
90% isolated yield of the desired product. Further investigation
of solvents and additives did not result in increased reactivity.

Assessment of the scope for the intermolecular Minisci
alkylation revealed the tert-butyl radical addition was the most
efficient of the simple alkyl fragments (90%, 4a), followed by
isopropyl addition (50%, 4b), ethyl addition (48%, 4c), and
nally methyl addition (43%, 4d) (Fig. 4). Simple carbocyclic
radical fragments such as cyclohexyl (4e), cyclobutyl (4f), and
cyclopropyl (4g) provided the corresponding alkylation products
in 88%, 57%, and 34% yield, respectively. Interestingly, Minisci
alkylation products from more complex carbocyclic radical
fragments were also accessible under-developed reaction
conditions as 1-phenylcyclopropyl (4h), adamantyl (4i), 4-
(methoxycarbonyl)-[2.2.2]-bicycloctyl (4j), and 3-
(methoxycarbonyl)-[1.1.1]-bicyclopentyl (4k) fragments gave the
corresponding radical addition products in 37–80% yield.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Application of tetrahydropyran-4-carbonyl chloride (4l), N-Boc
azetidine 3-carbonyl chloride (4m), N-Boc piperidine 4-carbonyl
chloride (4n), and N-Boc piperidine 3-carbonyl chloride (4o)
provided the desired coupling products in 41–61% yield,
respectively.

Assessment of the heterocyclic coupling partners revealed
that substituted pyridine and quinoline derivatives performed
well in the Minisci alkylation, however, over-alkylation of the
heteroarene was oen observed (4p–4t). Notably, 4-cyanopyr-
idine (4p) and lepidine (4s) performed well under the developed
intermolecular reaction conditions; these substrates were either
low yielding or inaccessible under our previously reported
fragment coupling conditions.8 Modestly complex hetero-
aromatic scaffolds such as quinoxaline (4u), and 3-chloro-6-
phenylpyridazine (4v) also performed well under the tert-butyl-
ation reaciton conditions. Biologically active scaffolds such as
the 4-chloroquinazoline core of erlotinib (4w) and the imida-
zopyrazine core structure of gandotinib (4x) each provided
a single regioisomer of the tert-butyl addition product in high
yield. Finally, nicotine (4y) was observed to undergo tert-butyl
addition in 37% yield with retention of the conguration at the
benzylic stereocenter.

During the exploration of the Minisci alkylation reaction, it
was realized that the deoxygenated quinoline could be
Chem. Sci., 2022, 13, 12158–12163 | 12161
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recovered in high yields (87% recovery). Resubjecting the
recovered quinoline to oxidation conditions, PQCNO could be
re-generated in 71% yield. Regenerated PQCNO was observed to
show no decrease in reactivity when recycled through three
consecutive reactions (see ESI†).

To probe the mechanism of the photoinduced Minisci
alkylation reaction, we monitored the reaction by employing an
in situ LED NMR device equipped with a 430 nm LED source.
Investigation of the N–O bond fragmentation revealed that the
rate of deoxygenation was not dependent on the rate of decar-
boxylation for the acyloxy group. Benzoyloxy and pivaloyloxy
substituted N-oxides provided similar rates of deoxygenation
(kobs ¼ �5.8 � 10�5 M s�1 (BzO–) vs. kobs ¼ �6.3 � 10�5 M s�1

(PivO–); see ESI†), a result that is interesting given the difference
in rates of decarboxylation form the respective carboxylic
acids.17,18 Alteration of the aryl substituent in the 2-position of
the PQCNO auxiliary was observed to impact the rate of deoxy-
genation, as ortho substituted 2,6-dimethylphenyl substituent
provided an increased rate of deoxygenation (kobs ¼ �7.9 �
10�5 M s�1), whereas electron rich para-methoxyphenyl
substituent led to a substantial decrease in the observed rate for
deoxygenation (kobs ¼ �2.2 � 10�5 M s�1).

Monitoring the deoxygenation of Piv-PQCNO under reaction
conditions revealed an increase in the observed rate of deoxy-
genation in the presence of 4-chloroquinoline (Fig. 5A). We
hypothesize that the change in rate for deoxygenation is indic-
ative of a propagative reaction mechanism in which electron
transfer from the radical addition product (III) to acylated
PQCNO (I) leads to formation of the nal C–H alkylated product
as well as generating a second equivalent of Rc through
a reductive decarboxylation of acylated PQCNO (I). Determina-
tion of the quantum yield (F) for the decomposition of Piv-
PQCNO supported the proposed propagative chain mecha-
nism, in the presence of 4-chloroquinoling F ¼ 0.983 whereas
in the absence of a substrate F ¼ 0.218 for Piv-PQCNO
decomposition. The increase in observed quantum yield is
indicative of chain mechanism promoting Piv-PQCNO decom-
position in the presence of a substrate. Further support was
Fig. 5 (A) Reaction profile in the presence (blue) and absence (yellow) of
mechanism for photomediated Minisci reaction.19

12162 | Chem. Sci., 2022, 13, 12158–12163
found when subjecting 2-phenylpropionyl chloride to the reac-
tion conditions in the absence of a heteroaromatic substrate, 1-
chloro-1-phenylethane was observed (see ESI†), demonstrating
the ability of acyl PQCNO to oxidize stabilized radical
intermediates.

On the basis of these ndings, we propose the following
mechanism (Fig. 5B). Initiation of the Minisci alkylation occurs
by the photoinduced decomposition of acyl-PQCNO (I) to
generate an equivalent of a reactive radical intermediate (Rc).
Addition of Rc to an equivalent of the protonated hetero-
aromatic substrate provides intermediate (II). Deprotonation of
(II) generates radical intermediate (III) that is in turn oxidized
by a second equivalent of acyl-PQCNO (I), providing the desired
C–H alkylated product while generating a second equivalent of
Rc through the decomposition of reduced acyl-PQCNO (IV),
thereby propagating the reaction.

Finally, we sought to explore alternate radical trans-
formations that can be promoted by PQCNO-based esters
(Scheme 1). Lactonization of 2-phenylbenzoyl chloride was
carried out, providing moderate yield for the 3,4-benzocou-
marin product.20 By employing triuoroacetic anhydride (TFAA)
as an acyl equivalent in the presence of tert-butyl anisole, radical
triuoromethylation of the electron-rich arene was achieved in
substrate, monitored using 430 nm LED NMR apparatus. (B) Proposed

Scheme 1 Alternate radical transformations.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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moderate yields.8 Further assessments of reactivity are currently
ongoing within our laboratory.

In conclusion, we have developed a photoactive ester based
upon the quinoline N-oxide core which delivers a strong oxidant
in its excited state. The designed photocleavable ester enabled
the development of a photochemical Minisci alkylation,
providing a reaction platform that leveraged both the photo-
chemical dissociation and the oxidizing characteristics of the
photoactive esters. The photochemical reactivity of the PQCNO
ester was also demonstrated to effect radical lactonization and
triuoromethylation reactions.
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