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and Gary A. Molander *

An operationally simple, open-air, and efficient light-mediated Minisci C–H alkylation method is described,

based on the formation of an electron donor–acceptor (EDA) complex between nitrogen-containing

heterocycles and redox-active esters. In contrast to previously reported protocols, this method does not

require a photocatalyst, an external single electron transfer agent, or an oxidant additive. Achieved under

mildly acidic and open-air conditions, the reaction incorporates primary-, secondary-, and tertiary

radicals, including bicyclo[1.1.1]pentyl (BCP) radicals, along with various heterocycles to generate Minisci

alkylation products in moderate to good yields. Additionally, the method is exploited to generate

a stereo-enriched, hetereoaryl-substituted carbohydrate.
Introduction

The extensive occurrence of nitrogen-containing heterocycles in
biologically active natural products and pharmaceutical drugs
makes them an attractive target in the development of new
synthetic methods. In particular, reactions that can directly
functionalize such heterocyclic substructures to generate
medicinally valuable structural analogues are highly
desirable.1–4

One way to access these heterocyclic building blocks is to
perform a C(sp2)–C(sp3) bond construction via an alkyl radical
addition to heteroarenes.5–9 In this context, the venerable Min-
isci alkylation reaction developed by F. Minisci in 1971 has
proven to be a powerful synthetic strategy for the C–H func-
tionalization of a diverse range of heteroarenes.10,11 Since its
discovery, extensive follow-up protocols have been identied by
synthetic chemists to improve the applicability and scope of the
reaction; however, the synthetic utility of this reaction has oen
been limited because of the use of stoichiometric, strong
oxidants, highly acidic conditions, and/or high
temperatures.12–21

In recent years, the emergence of photoredox catalysis has
transformed the Minisci reaction by offering milder conditions,
epartment of Chemistry, University of
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concomitantly circumventing the obligatory requirement of
a strong oxidant to generate radicals under harsh conditions,
thus making this process amenable to a wide range of hetero-
cycles and radical precursors (Fig. 1a).22–25 However, despite
contemporary advances in this eld, some of the existing
Fig. 1 Strategies for photoinduced Minisci alkylations. (A) Via photo-
redox catalysis (B) via EDA-activation using an external donor. (C)
Developed two-component Minisci-alkylation via an EDA method.
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Table 1 Optimization of reaction conditionsa

Entry Deviation from standard condition %Yieldb

1 None 62(58)
2 Pyridinium salt 2a0 instead of RAE 2a 0
3 MeCN instead of DMF 15
4 DMA instead of DMF 46
5 THF instead of DMF 20
6 CH2Cl2 instead of DMF 0
7 0.5 equiv. NaHSO4 49
8 No NaHSO4 24
9 Blue Kessil instead of purple 55
10 Argon condition 65
11 Dark 0

a Reaction conditions: isoquinoline 1a (0.1 mmol, 1 equiv.), RAE 2a (0.15 mmol, 1.5 equiv.), NaHSO4 (0.1 mmol, 1 equiv.) in DMF (1.0 mL, 0.1 M),
24 h irradiation with purple LEDs (390 nm). b Yields were determined by 1H NMR analysis using trimethoxybenzene as internal standard.
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methods still require strong acids for the activation of hetero-
cycles. In addition, a stoichiometric strong oxidant is oen
needed in conjunction with the photocatalyst, particularly when
the reaction is not net-redox neutral. External electron transfer
agents (e.g., Hantzsch ester) have also been required in some
instances, diminishing the convenience and sustainability of
the methods developed. Thus, further improvements are
desirable to make Minisci C–H alkylation reactions more
tolerant of sensitive functional groups, more convenient, and
more efficient.

As an alternative, the photoinduced electron donor–acceptor
(EDA) complex strategy is gaining considerable attention
because of its ability to manifest photocatalyst-free, oxidant-free
reaction conditions.26–30 The radicals are generated via a syner-
gistic non-covalent interaction between an electron-rich donor
and an electron-decient acceptor. Although there are already
many transformations reported based on this paradigm to
construct new C–C, C–N, C–S, and C–B bonds efficiently, only
a handful of reports are available in the realm of Minisci reac-
tions (Fig. 1b). In all of these reported to date, an external single
electron transfer agent is required. Thus, in 2019, Fu and
coworkers disclosed an enantioselective variant of the Minisci
alkylation by identifying a unique combination of catalytic
sodium iodide and triphenylphosphine (NaI/PPh3) as an effec-
tive electron donor to participate in an EDA-complex formation
with redox-active esters (RAEs).31 Another report by Melchiorre
et al. (2021) demonstrated that a catalytic dithiocarbamate
anion possesses a similar capability as an electron donor toward
the same acceptor, a redox-active ester.32 During the course of
this investigation, Chan et al. reported that the commercially
available Hantzsch ester, an established organo-reductant in
EDA chemistry, could be used in the presence of triuoroacetic
5702 | Chem. Sci., 2022, 13, 5701–5706
acid to perform Minisci alkylations on heterocycles by gener-
ating alkyl radicals under photocatalyst-free conditions.33
Discussion

In an effort to make the Minisci alkylation reactions opera-
tionally simpler and applicable in the presence of acid-sensitive
groups, we envisioned exploring a two-component Minisci
reaction (with no photocatalyst and no exogenous electron
transfer agents) by investigating the feasibility of having
nitrogen-containing heterocycles such as isoquinoline 1a
themselves serve as electron donors in a charge-transfer
complex with suitable electron-accepting partners, using
a very mild acid, NaHSO4, as an activating agent (Fig. 1c). Both
redox-active ester 2a and pyridinium salt 2a0 were probed in
optimization studies, owing to their pervasive utilization as
effective electron-acceptor partners in EDA chemistry (Table
1).31–38 Gratifyingly, treatment of isoquinoline 1a (1 equiv.) with
redox-active ester 2a (1.5 equiv.) generated the desired alkyl-
ation product 3a in good yield (62% NMR, 58% isolated) aer
24 h of purple light irradiation in DMF solvent (0.1 M) in the
presence of NaHSO4 (1 equiv.) under open-to-air conditions
(entry 1). On the other hand, the reaction with pyridinium salt
2a0 under the same conditions failed to produce any desired
product (entry 2). Notably, in entry 1, the yield of the Minisci
alkylation product 3a is somewhat compromised because of the
formation of the decarboxylative hydrogenation side product
3a0 (33% NMR yield). A quick examination of other reaction
solvents such as MeCN, DMA, and THF resulted in lower yields
of the alkylation product 3a and a higher amount of the side
product 3a0 (entries 3–5), while dichloromethane did not
support the desired reaction (entry 6). Typically, there is a strict
© 2022 The Author(s). Published by the Royal Society of Chemistry
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requirement for a stoichiometric strong acid in Minisci alkyl-
ations, mainly because of the sluggishness in the addition of
alkyl radicals possessing nucleophilic character to electrophilic
heterocycles in their non-protonated form. However, under the
conditions developed, the reaction occurs under relatively
benign acidic conditions, permitting incorporation of some
highly acid-sensitive functional groups. Thus, making a direct
comparison with the most-utilized Brønsted acids in Minisci
alkylation, p-toluenesulfonic acid (pKa ¼ �2.8) or triuoracetic
acid (pKa ¼ 0.23), the current method presents much milder
acidic conditions with the use of NaHSO4 (pKa ¼ 1.99).39

Although the process works best when NaHSO4 is used in
a stoichiometric (1.0 equiv.) quantity, it also produces a signi-
cant amount of product with catalytic NaHSO4 (entry 7).40
Table 2 Substrate scopeaa

a Reaction conditions: isoquinoline 1 (0.3 mmol, 1 equiv.), RAE 2 (0.45 mm
irradiation with purple Kessil (390 nm). b Triuroacetic acid (TFA) was use
trimethoxybenzene as internal standard.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Surprisingly, we still observed the desired product formation,
albeit in low yield, when the acid (NaHSO4) was completely
removed from the reaction conditions (entry 8). This might be
attributed to the formation of an isoquinoline radical cation
species aer an electron transfer event between isoquinoline 1a
and redox-active ester 2a during the EDA complex formation,
which is sufficiently electrophilic to react with the nucleophilic
radical species. We also investigated the effect of light sources
on the reaction. Replacing the purple Kessil lamp (l ¼ 390 nm)
by a blue Kessil lamp (l ¼ 427 nm) delivered the Minisci
alkylation product in a slightly lower yield (entry 9), although
longer reaction times with a blue Kessil lamp compensated for
the low yields. Next, changing the reaction environment from
an open-air to an inert (argon) atmosphere provided only
ol, 1.5 equiv.), NaHSO4 (0.3 mmol, 1 equiv.) in DMF (3.0 mL, 0.1 M), 24 h
d instead of NaHSO4.

c Yield was determined by 1H NMR analysis using

Chem. Sci., 2022, 13, 5701–5706 | 5703
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Fig. 2 (A) Chromatogram of UV-vis absorption study (B) TEMPO-
radical trapping experiment (C) our proposed mechanisms.
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a slight improvement in the yield, suggesting the method to be
tolerant of oxygen and moisture (entry 10). Finally, as expected,
the exclusion of a light source from the reaction conditions
resulted in no conversion of the starting materials to the
products (entry 11).

With suitable conditions in hand, the generality of the two-
component Minisci alkylation method was evaluated (Table
2). First, the scope of redox-active esters was examined by
employing various primary-, secondary-, and tertiary radical
precursors. The method works well with relatively unstable
primary radicals embellished with various functional groups.
Redox-active esters with phenyl-, thienyl-, and biphenyl ketones
on the side chain generated the desired products in good yields
(3b–3d). Notably, because of the mildly acidic conditions, the
reaction efficiently tolerated a substrate containing an acid-
sensitive amine protecting group (3e). Further, the primary
radical scope was extended to the modication of some bio-
logically active and medicinally relevant compounds such as
substrates derived from L-glutamate (3f), long-chain fatty acid
elaidic acid (3g), an immunosuppressive drug mycophenolic
acid (3h), and a steroid, dehydrocholic acid (3i).

Next, we explored the viability of secondary- and tertiary
redox-active esters under the reaction conditions. Secondary
radical precursors such as N-Boc piperidine (3a), cyclobutanone
(3j), and 1,1-diuorocyclobutane (3k) facilitated the alkylation
reaction, with products being formed in moderate to good
yields. Some heteroatom-containing secondary radicals were
also examined, such as an a-amino alkyl radical from N-Boc
pyrrolidine RAE (3l), which provided the desired product in
modest yield. More importantly, the Minisci alkylation product
(3m) from a-D-galactopyranose sugar was isolated with excellent
diastereoselectivity (dr > 20 : 1, NMR analysis). This particular
result points to another feature of the developed method, in
that in some cases high diastereoselectivity can be achieved at
radical reaction centers in carbohydrate substrates. Because of
the importance of bicyclo[1.1.1]pentanes (BCPs) in drug devel-
opment programs, there was an interest in exploring the feasi-
bility of incorporating these substructures in the current
protocol. Being identied as sp3-rich aryl bioisosteres, the
incorporation of BCPs into drug candidates has increased
considerably in recent years as they exhibit enhanced pharma-
cokinetic properties, including improved aqueous solubility
and membrane permeability over that of their aryl congeners.41

Stimulated by this, BCP-redox active esters containing –COOMe,
–Ph, and –CF3 groups were examined, all of which provided the
desired alkylated products (3n–3p) in reasonable yields. Lastly,
the addition of the benzylic radical derived from a urbiprofen
precursor to the isoquinoline core under the standard condi-
tions provided the expected product in a slightly diminished
yield (3q).

Next, attention was focused on the scope of nitrogen-
containing heterocycles. Some functionally elaborated quino-
lines were assessed in the presence of the N-Boc piperidine
radical precursor (2a). Lepidine (3r) and 4-chloroquinolines (3s)
led to good yields of the mono-alkylated Minisci products by
substituting the most electrophilic 2-position of the quinoline.
However, when both the 2- and 4-positions were unoccupied,
5704 | Chem. Sci., 2022, 13, 5701–5706
such as in the case of 6-uoroquinoline (3t), the reaction
afforded disubstituted alkyl product. With 6-chloro-2-
methylquinoline (3u), the alkylation occurred at the 4-posi-
tion. Similarly, isoquinoline-based heterocycles with methyl-,
ester-, and halide substitutions at the 3- and 4- positions also
furnished the desired products in good yields (3v–3y). Some
other medicinally important heterocycles, such as substituted
quinazolines and quinoxalines, also proved to be equally
effective under the established reaction conditions (3z–3ac).

To investigate the reaction mechanism of the two-
component Minisci alkylation, ultraviolet/visible (UV/vis) and
radical trapping experiments were performed (Fig. 2a). The UV/
vis absorption spectrum of each individual reaction component
was measured, along with that of the combined reaction
mixture to provide evidence for the formation of an electron
donor–acceptor (EDA) complex. When isoquinoline 1a and
redox-active ester 2a were mixed along with NaHSO4 in DMF
© 2022 The Author(s). Published by the Royal Society of Chemistry
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(0.1 M), the obtained absorption spectrum clearly depicted a red
(bathochromic) shi, with a visible-light absorption tailing to
the 410–420 nm region, indicating the formation of a charge-
transfer molecular aggregate. To probe the generation of an
alkyl radical species, a radical trapping agent, TEMPO (2,2,6,6-
tetramethyl-1-piperidinyloxy), was added under standard
conditions (Fig. 2b). This additive inhibited the alkylation
reaction, with none of the Minisci alkylated product observed.
Instead, TEMPO adduct 4 formed as conrmed via LC-MS
analysis (see ESI†).

Based on these ndings, twomechanisms appear reasonable
(Fig. 2). Thus, considering pathway A, the heterocycle 1 and
redox-active ester 2 form an EDA complex in the ground state.
Upon photoirradiation of this molecular aggregate at 390 nm,
a single-electron transfer (SET) event from 1 to 2 occurs, which
leads to the formation of radical ion pair 5/6 in a solvent cage.
Fragmentation of reduced RAE 6 generates phthalimidate ion,
CO2, and alkyl radical. This newly generated radical 7 subse-
quently undergoes a radical recombination with the aromatic
radical cation 5,42 followed by deprotonation to afford the
desired product 3. Alternatively, a chain mechanism pathway B
could also be operative, where the alkyl radical 7 escapes from
the solvent cage and reacts with protonated N-heterocyclic
intermediate 8 to yield an alkyl-substituted, nitrogen-centered
radical cation 9. The adduct formed subsequently undergoes
deprotonation followed by oxidation via another molecule of
redox-active ester 2 (ref. 24 and 33) to furnish the desired
product 3 along with another alkyl radical species 7 to partici-
pate in the radical chain propagation step. Given that the
experimentally determined quantum yield is high, but <1, (F ¼
0.62, see ESI†), it seems likely that the two pathways coexist,
with the radical ion pair recombination mechanism prevailing.
Conclusions

In summary, an operationally simple yet highly practical two-
component Minisci alkylation method has been developed.
This protocol avoids the requirement for expensive metal-based
photocatalysts, strong oxidants, an external single electron
transfer agent, and harsh acidic conditions, enabling the
formation of medicinally relevant alkylated heterocycles from
commercially available and/or readily synthesizable starting
materials. Consistent with the spectroscopic studies and radical
trapping experiment, a photoactivated EDA complexation
between heterocycles and redox-active esters forms the basis of
the reaction mechanism for the generation of alkyl radicals
under open-air-conditions.
Data availability

Source/synthesis of N-(acyloxy)phthalimides and heterocycles
used. General procedure for the two-component Minisci reac-
tions. Description of mechanistic investigations. Quantum yield
measurements. NMR spectra of all materials synthesized.
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