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Abstract: The direct transformation of simple and abun-
dant feedstocks into structurally complex molecules
remains a central challenge in modern organic synthesis.
Herein, we report a method for the oxidative cascade
cyclization of N-aryl and N-benzoyl acrylamide deriva-
tives, promoted by methane and other gaseous alkanes.
This transformation is enabled by a readily available iron
catalyst in combination with N-fluorobenzenesulfonimide
(NFSI) as the oxidant, proceeding under mild conditions
to afford a diverse array of N-heterocyclic frameworks in
high yields. Late-stage functionalization studies highlight
the utility of methane in the synthesis of biologically
relevant scaffolds. Moreover, the Fe/NFSI system facili-
tates a radical sampling regime that enables the selective
functionalization of less reactive primary C—H bonds.
Opverall, this work establishes a sustainable and versatile
platform for constructing molecular complexity directly

advantages in terms of sustainability, atom economy and
step efficiency. Methane, the simplest alkane and a potent
greenhouse gas, is one of the most abundant carbon feed-
stocks on the planet.[*’] Thus, its efficient conversion into
complex organic molecules would represent one of the most
transformative avenues in organic synthesis.!’] However, the
inertness of C—H bonds (BDE~105 kcal/mol, pKa~50) in
methane makes its functionalization highly challenging. Con-
sequently, strategies for efficient methane functionalization
remain scarce.¥1?] Key advances in C—C bond formations
with methane include carbene insertions,'>!3] addition to
Michael acceptors,!'*'7] acylations,['®??] and arylations[?*?7]
(Scheme 1b). Nevertheless, methods to directly achieve
molecular complexity (as defined above) from methane and
other gaseous (C2-C4) alkanes remain elusive.

from gaseous alkanes.

J

The efficient generation of molecular complexity is a cen-
tral goal in synthetic chemistry.['?] As noted by Sarpong,
molecular complexity is assessed based on parameters such
as the number of rings, quaternary centers, stereocenters, and
oxidized carbon atoms (Scheme 1a).[?! In this context, the
direct generation of molecular complexity from simple and
abundant feedstocks is highly desirable, offering significant
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Scheme 1. Overview of the work. a) Molecular complexity metrics. b)
Previous C—C bond forming reactions employing methane. c) This
work: radical cascade cyclization promoted by methane and other
gaseous alkanes.
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NFSI (2 equiv)
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CHJCN (0.025M),
(3030) 370 nm Kessil, 16h
Entry Variations Conversion (%) Yield (%), 1/AA
1 None Full 71/20
2 FeCl, (5 mol%) 69 48/16
3 FeCl, (15 mol%) Full 72/23
4 CD;3CN as solvent Full 85/traces
5 No FeCl, <5 traces/traces
6 Reaction in dark <5 traces/traces

Scheme 2. Optimization studies: a) screening of photocatalyst (Pc)/oxidant combinations and b) screening of iron salts. c) Proposed mechanism. d)
Optimization of the FeCl, /NFSI system. [a] Reaction conditions: A1 (0.2 mmol), ethane (30 bar), Pc (10 mol%), NFSI (0.4 mmol), MeCN (0.025 M) at
rt and 1200 rpm and irradiation by a 370 nm 44 W Kessil LED lamp. Yields refer to isolated products. AA = Acetonitrile addition.

Radical cascade cyclizations are powerful synthetic strate-
gies that enable rapid access to complex molecular frame-
works from simple precursors.[?*341 By allowing the formation
of multiple bonds in a single step, they provide facile access to
polycyclic or highly functionalized cores.*>#! Traditionally,
these cyclizations have relied on pre-functionalized sub-
strates and often require harsh conditions, typically involving
peroxide-based initiators. These radical precursors are often
costly and require prior preparation, thereby compromising
both the atom economy and the sustainability of the process.
In this context, the development of cascade cyclizations
directly using methane, and other gaseous alkanes, could
unlock new avenues in sustainable synthesis and next-
generation molecular design. Such a method would represent
a strategic platform for accessing complex molecular frame-
works from simple, abundant feedstocks.

We hereby report an Fe-catalyzed oxidative cascade
cyclization of a range of N-aryl acrylamide derivatives pro-
moted by gaseous alkanes (Scheme 1c). The reaction exhibits
broad substrate scope and high yields, enabling access to a
variety of complex N-heterocyclic frameworks. Subsequent
derivatizations highlight the potential of this methodology
to convert methane and ethane into biologically relevant
molecules. Furthermore, we describe how the combination
of Fe and N-fluorobenzenesulfonimide (NFSI) unlocks a
unique radical sampling regime that allows selective C—H
functionalization of primary positions in propane, n-butane,
and isobutane.

We began our study by exploring the cascade cyclization
of acrylamide A1 promoted by ethane (30 bar) in acetonitrile
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using a 370 nm Kessil lamp. Initially, it was crucial to
identify a suitable combination of photocatalyst and oxidant.
The optimal oxidant must be capable of oxidizing both
the aryl radical intermediate, formed following the radical
addition and cyclization steps, and the reduced photocatalyst,
thereby ensuring efficient regeneration of the catalytic cycle.
Thorough evaluation of a variety of HAT photocatalysts with
a range of oxidants was carried out (Scheme 2a). Tetrabuty-
lammonium decatungstate (TBADT) failed to deliver product
1 with any of the oxidants under study. Common indirect HAT
photocatalysts failed to deliver compound 1 with all oxidants
tested, except NFSI. When NFSI was used in combination
with CeCl; or BiCls, the yields of 1 remained below 20%.
Remarkably, the use of FeCl; led to a significant improve-
ment, affording 1 in 63% yield. Further screening of several
Fe salts revealed the superior catalytic activity of FeCl,, which
led to 1in 71% yield along with 20% of acetonitrile activation
product AA (Scheme 2b). Interestingly, other Fe salts such
as FeBr;, Fe(OAc), and Fe(acac), proved also effective,
although they led to diminished yield and selectivity. This
was surprising as these catalytic systems would not generate
chlorine radicals capable of carrying out HAT on ethane. This
suggested that sulfonimidyl radical (BDE = 107 kcal/mol)
may also act as a potential HAT agent in these cases.***!
EPR and UV-vis spectroscopic analysis of a mixture of
FeCl, and NFSI revealed the formation of LMCT active Fe’*
species (See Supporting Information). These Fe3* species,
upon photoexcitation, would undergo LMCT to generate
either chlorine or sulfonimidyl radicals (Scheme 2c).[*]
These radicals then undergo HAT with ethane to generate

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 3. Radical cyclizations promoted by a) ethane and b) methane. Reactions were run at 0.2 mmol scale using conditions in Scheme 1c, entry 4,
unless otherwise noted. Yields refer to isolated products. Regiosiomeric ratio shown in brackets; structure of the major isomer is depicted. [a] 15

mol% FeCl,, CD3CN (0.0125 M).

the key ethyl radical, which would add onto the acrylamide
Al, forming the stabilized «-carbonyl radical species I. The
ensuing dearomative cyclization would form II, which upon
oxidation and subsequent deprotonation delivers product 1.
The oxidation of the low valent Fe’* regenerates the active
Fe**catalyst.

Next, we further optimized the reaction by using FeCl, as a
photocatalyst (Scheme 2d). Decreasing the catalyst loading to
5 mol% was found to be deleterious, whereas no significant
change in product yield was observed upon increasing the
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loading of FeCl,. The use of CD;CN instead of CH;CN
as solvent circumvented the solvent activation, selectively
leading to 1 in a remarkable 85% yield. Finally, control
experiments showed that the reaction does not proceed either
in the absence of FeCl, or light.

Having established optimized conditions, we next
explored the scope of the ethane-promoted cascade
cyclization (Scheme 3a). N-aryl acrylamides bearing
electronically diverse para-substituents underwent facile
cyclization to deliver the corresponding products 2-7 in high
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a) Accessing further molecular complexity with ethane
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Scheme 4. Radical a) cyclization and b) bis-cyclization of different acrylamid
products into bioactive compounds. Conditions: [a] A2-A6 (0.2 mmol), etha
and 1200 rpm and irradiation by a 370 nm 44 W Kessil LED lamp.

yields. Substitutions were also tolerated at the ortho- and
meta-positions as illustrated by the formation of products
9 and 10. Furthermore, the reaction accommodated a
range of alkene substituents, including benzyl, phenyl, and
ester groups, affording products 11-13 in excellent yields.
Variation of the N-protecting group was likewise feasible,
with ethyl (14), benzyl (15), and phenyl (16) derivatives
obtained efficiently. Notably, no by-products arising from
functionalization of activated C—H bonds in compounds such
as 11, 13, 15, and 16 were detected.

Importantly, our photocatalytic cascade cyclization was
also amenable for methane, the major component of natural
gas and the most unreactive alkane (BDE = 105 kcal/mol). A
higher reaction pressure of 70 bar, more diluted conditions
and a slightly higher loading of FeCl, was required to
efficiently promote the reaction (see Supporting Information
for optimization details). Under these conditions, a range of
N-aryl acrylamides underwent cascade cyclization providing
the corresponding products 17-29 in remarkably good yields
(Scheme 3b).

The present protocol offers an excellent platform to
expand the use of the two main components of natural gas
in the synthesis of a more diverse range of complex polycyclic
structures. To illustrate this, we extended this cascade cycliza-
tion strategy to different types of substrates (Scheme 4).
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e derivatives promoted by ethane. c) Transformation of methane-derived
ne (30 bar), FeCl, (10 mol%), NFSI (0.4 mmol), MeCN (0.025 M) at rt

Cyclization of acrylamide derivative A2 with ethane fur-
nished isoquinoline-1,3-dione 30. Substrate A3 underwent
selective cyclization at the benzoyl moiety over the phenyl
group, delivering compound 31 in good yield. Benzimidazole-
tethered acrylamide A4 smoothly afforded imidazo[2,1-
alisoquinolin-6(5H)-one 32. Cinnamyl amide A5 also proved
to be an efficient substrate, yielding dihydroquinolin-2(1H)-
one 33 with excellent diastereoselectivity. Notably, a bis-
cyclization was also achieved under standard conditions.
Dialkenyl derivative A6 underwent double cyclization to
form indeno[2,1-c]quinolinone 34, which, upon reduction with
LiAlH,, furnished the complex alkaloid-like tricyclic furo[2,3-
blindeno[2,1-c]quinoline 35. Furthermore, methane-derived
indolinones 20 and 27 were transformed into biologically rel-
evant progesterone receptor agonist 361°"] and Physovenine
analog 37,°!1 respectively. Collectively, all these examples
exemplify the streamlined access to molecular complexity
from inert gaseous alkanes and underscore the potential of
the methodology for the effective use of natural gas main
components.

Having achieved efficient oxidative cyclization with
methane and ethane, we attempted the logical extension
of this method to the use of C3 and C4 gaseous alkanes.
Surprisingly, the cascade cyclization of propane (BDE =
99 kcal/mol) was found to be more challenging than that
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of ethane (BDE = 102 kcal/mol) or methane (BDE =
105 kcal/mol). The reaction of propane (6 bar) with acry-
lamide A1l in CH;3CN led to product 38 in only 25% yield,
while 47% of unreacted Al was recovered (Table 1, entry
1). We hypothesized that the low conversion could be due
to an inefficient regeneration of the photocatalytically active
[Fe(IIT)]-Cl species. To address this, we screened a variety of
halide sources as additives to improve the reaction profile
(Table 1, entries 2-7). Among the different additives tested,
NaCl (1 equiv) proved to be the most effective, leading to full
conversion and affording product 38 in 62% yield, along with
31% of the acetonitrile activation product AA (Table 1, entry
7). Notably, when CD3;CN was used as the solvent, the yield
of 38 increased significantly up to 89%, while the formation of
AA was suppressed (Table 1, entry 8). Interestingly, selective
functionalization at the primary position over the secondary
one was observed, resulting in the preferred installation
of an n-propyl group rather than an isopropyl group. This
selectivity is reflected in the formation of product 38 as a 3:1
linear:branched (I:b) mixture. Notably, this linear selectivity
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Table 1: Reaction optimization of the cascade cyclization with propane.

FeCl, (10 mol%)
NFSI (2 equiv)
+ Propane S o
T o CH;CN (0.025 M) N\
(6 bar) 7 Kessil, 16 h
A1 370 nm Kessil, 16 38 (3:1 Ib)

Entry Additive (1 equiv) Conversion (%) Yield (%), (38/AA)

1 None 53 25/12
2 Licl 76 53/15
3 LiBr 62 36/14
4 LiF 67 40/20
5 Nacl full 62/31
6 TBACI 72 42/22
7 TMSCI 57 29/14
8 NaCl, CD3CN as full 89/traces
solvent

contrasts with the branched selectivity observed in previous
reports on propane functionalization.['+17:20-2¢]
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Scheme 5. Radical cyclizations promoted by a) propane, b) isobutane and c) n-butane. Reactions run at 0.2 mmol scale using conditions shown in
Table 1, entry 9, unless otherwise noted. Yields refer to isolated products. Regiosiomeric linear:branched (I:b) ratio shown in brackets; structure of the

major isomer is depicted. [a] 3 equiv of NFSI.
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a) Radical quenching studies
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(5equiv) 370 nm Kessil, 16 h \ v
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C) Origin of linear selectivity: preliminary hypoth
Propane

HAT
2° radical undergoes rapid
oxidative halogenation

1° radical undergoes cascade
cyclization

Radical sampling

Scheme 6. Preliminary insights into the origin of linear selectivity: a)
radical quenching experiments, b) reaction outcome using cyclohexane,
and c) proposed origin of linear selectivity.

Under these modified reaction conditions, a range of
N-aryl acrylamides were reacted with propane to deliver
products 38-49 in good to excellent yields with linear
selectivity (up to I:b = 3:1) in almost all cases (Scheme 5a).
The reaction was found to be scalable, as demonstrated with
the 2 mmol scale synthesis of 38. It is also important to note
that CD3;CN could be easily recovered and reused without
erosion in yields.

We next tried the cascade cyclization with isobutane
(Scheme 5b). This reaction was found to be even more
challenging and required a higher loading of NFSI to achieve
productive yields (see Supporting Information for optimiza-
tion details). Under these conditions, product 50 was obtained
in 68% yield with a remarkable linear selectivity (1:b = 16:1).
A range of N-aryl acrylamides underwent cyclization with
isobutane to afford products 51-55 in good yields with linear
selectivity in all cases (I:b = 10:1-16:1). Finally, cyclization
of acrylamide A1 could be also performed with n-butane,
which was also found be selective toward the linear isomer
furnishing product 56 as a 2:1 1:b mixture.

The observed linear selectivity in the reactions involving
propane, isobutane, and n-butane deserved further attention.
Therefore, we carried out some preliminary mechanistic
studies to get some insights into the factors behind this
selectivity (Scheme 6). The reaction using propane was
quenched by TEMPO, and the propyl-TEMPO adduct was
observed in GC-MS as a 1:1 (I:b) mixture (Scheme 6a).
This suggests that both n-propyl and isopropyl radicals are
initially generated in equal amounts, and the linear selectivity
likely originates during subsequent steps. Next, we studied
the cascade cyclization using an alkane having all secondary
carbons (cyclohexane). The cascade cyclization with cyclo-
hexane failed to proceed in the absence of NaCl, and only
11% of product 57 was obtained in the presence of 1 equiv
of NaCl (Scheme 6b). Importantly, GC-MS analysis of these
reactions showed significant formation of chlorocyclohexane
and fluorocyclohexane.

Angew. Chem. Int. Ed. 2026, 65, 25713 (6 of 8)
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Based on these observations, we hypothesized that the
linear selectivity observed could be due to a radical sampling
process (Scheme 6¢).°>%31 The propensity of secondary and
tertiary alkyl radicals to undergo rapid oxidative fluorination
selectively over their primary counterparts has been well
documented.[>**°1 Accordingly, in the presence of NFSI,
the secondary isopropyl radicals would be more prone to
fluorination, whereas the primary n-propyl radicals would
preferentially engage in the cascade cyclization pathway. In
analogy, a selective radical ligand transfer (RLT)["*] from
Fe-Cl species to the secondary radicals could explain the
formation of the chlorination side product. This competing
pathway would deplete the chloride ligands on Fe, and this
could be the reason behind the necessity of NaCl as a chloride
reservoir when alkanes bearing secondary or tertiary C—H
bonds are used.

In summary, we report an efficient protocol for cascade
cyclizations of methane and other gaseous alkanes with
N-aryl and N-benzoyl acrylamides. The reaction proceeds
under mild conditions, delivers consistently high yields, and
exhibits broad functional group tolerance. The operational
simplicity and scalability of the method highlight its potential
as a practical platform for constructing molecular complexity
directly from gaseous alkanes. An oxidative radical sampling
regime was observed in the case of propane, n-butane, and
isobutane, which led to the selective functionalization of
aliphatic primary positions. Detailed mechanistic studies on
this radical sampling regime are underway. We anticipate that
this study will inspire others to explore cascade cyclizations
of gaseous alkanes to access higher orders of complexity by
using various coupling partners.
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