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Nitryl Radical-Triggered Semipinacol-Type Rearrangement,
Lactonization, and Cycloetherification of Olefins
Rahul Giri+,[a] Subrata Patra+,[a] and Dmitry Katayev*[a, b]

We report the development of a practical photocatalytic
strategy to access various nitro-containing cyclic compounds
from olefins via semipinacol-type rearrangement, cycloetherifi-
cation, and lactonization reactions, employing N-nitrosuccini-
mide as a bench-stable, non-metal-based nitrating reagent.
Mechanistic insights suggest that this light-driven process
occurs via NO2 radical pathway mediated by a photoredox

catalyst, which triggers an N� N bond fragmentation. Subse-
quent Giese-type addition of nitryl radicals to activated olefins
takes place, leading to the formation of nitro-containing β-
functionalized ketones, lactones and cycloethers. The reaction
proceeds under mild reaction conditions and tolerates a wide
range of functional groups and structural variations.

Introduction

Nitro-containing compounds are privileged building blocks and
intermediates in the preparation of various pharmaceuticals,[1]

drugs,[2] and materials.[3,4] On the other hand, nitro group is a
valuable functionality in organic synthesis and serves as a
precursor to amines, aldehydes, carboxylic acids, and many
other vital functionalities.[5,6] Hence, the development of
methodologies to access different classes of nitro-derived
molecules is an alluring research target.[7,8] To this day, the
plurality of nitration methods are still restricted and the
majority of them utilize a so called ‘mixed acid' approach that
requires the use of hazardous nitric and sulfuric acids to
generate reactive nitronium (NO2

+) species.[9–11] It is generally
observed that these harsh nitration protocols lead to limited
regioselectivity and low functional group tolerance as well as
the formation of various by-products resulting from undesired
oxidation and hydrolysis processes.[12] In this context, there is a

high demand for mild and practical protocols to expand the
chemical space of molecules containing nitro groups. Therefore,
extensive research has been carried out to make nitration safer
and sustainable,[13,14] and the use of reagents like alkyl nitrites,[15]

nitroalkanes,[16] metal nitrites,[17] etc.[18] has played a decisive
role. Our research group has recently introduced a series of
bench-stable, organic NO2-transfer reagents based on pyrrolidi-
none (I),[19] succinimide (II), phthalimide (III),[20] and saccharin
(IV) scaffolds.

These reagents are easily accessible from the corresponding
inexpensive amides in a single chemical step and can be
activated using various manifolds, delivering in reaction media
nitryl radicals or nitronium species under mild and non-acidic
reaction conditions. Using these reagents, we have achieved
the synthesis of a broad array of nitro-derived molecules via
direct nitration of aromatic and heteroaromatic systems, ipso-
nitration reactions, and diverse functionalization of olefins and
alkynes, while delicately balancing the level of chemo-, regio-
and diastereoselectivity (Scheme 1B).[21,22] For example, our
previous works established that reagent II provides a nitryl
radical formation via a mesolytic N� N bond fragmentation
under visible-light photoredox-catalyzed conditions.[23] Taking
advantage of this process, we considered whether radical
nitration mediated by visible-light photoredox catalysis[24] could
open a new route to valuable nitro-containing compounds via
nitro-induced cyclization reactions.

Rearrangement and intramolecular cyclization reactions
have received wide attention in synthetic chemistry and are
powerful tools to construct all-carbon quaternary centers.[25]

Recent developments in semipinacol-type rearrangements of
allylic alcohols allow the formation of β-functionalized ketones,
along with the construction of new Csp

3� FG bond in a single
chemical operation.[26,27] For example, cyclic and acyclic alkenyl
alcohols can be transformed into functionalized ketones simply
by reacting with electrophilic or radical species, including but
not limited to trifluoromethyl,[28,29] alkyl,[30,31] aryl,[32,33] acyl,[34]

azido,[35] selenium,[36] nitrosonium,[37] halide,[38] N-centered
radicals,[39] etc.,[40] expanding the repertoire of this chemistry
and its application in natural product synthesis.[41] Herein, we
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report a nitryl radical-triggered semipinacol-type rearrangement
to forge a novel route to densely-functionalized NO2-containing
compounds under mild and visible light-mediated photoredox
reaction conditions, using N-nitrosuccinimide as a redox active
nitrating reagent. Furthermore, the process has been success-
fully applied to nitrative lactonization and cycloetherification of
olefins, delivering the corresponding nitro-adducts with excel-
lent level of chemo- and diastereoselectivity.

Results and Discussion

Our initial investigations focused on the development of
reaction conditions for the semipinacol-type rearrangement by
utilizing cycloalkanol-substituted styrene derivative A as a
model substrate[42] and N-nitrosuccinimide II as nitrating
reagent. We assumed that after addition of a nitryl radical to
olefin and subsequent single-electron reduction (SET), the
benzylic cation intermediate would undergo 1,2 alkyl migration
of the cycloalkanol moiety. Indeed, carrying out the reaction
under photoredox conditions in acetonitrile and in the presence
of fac-Ir(ppy)3 (2 mol%) as photocatalyst under blue LED’s
irradiation resulted in the formation of 2-aryl-2-nitrocyclopenta-

none derivative 1 in 57% yield (Table 1, entry 1). The initial
reaction conditions, including photocatalysts, solvents, concen-
trations and stoichiometries were carefully evaluated and the
main observations are summarized in Table 1 (see supplemen-
tary information, page S4–S7). The screening of Ir- and Ru-based
photocatalysts resulted in reduced product yields (entries 2–4),
while using lower catalyst loading of fac-Ir(ppy)3 furnished the
desired product in 63% (entry 5). Further modulation of
substrate concentration increased the amount of 1 up to 72%
(entry 9), whereas poor yields were obtained using III or IV as
nitrating reagents (entry 10–11). The highest yield of 78% was
achieved using 1.5 equivalents of reagent II (entry 12).

With the optimized reaction conditions in hand, the
generality of this protocol was explored with respect to allylic
alcohol derivatives (Scheme 2). Several electron-withdrawing
and electron-donating substituents on the benzene ring of 1-(1-
arylvinyl)cyclobutanol at ortho-, meta-, and para-positions were
well tolerated (1–7). Likewise, polycyclic aromatic adducts
containing naphthalene (4), and biphenyl (8) substituents
produced the corresponding migration products in good to
excellent yields.

Interestingly, 1-(3,4-dihydronaphthalen-1-yl)cyclobutan-1-ol
also smoothly underwent nitrative rearragement reaction,
yielding the β-nitrospiroketone 9 in 60%, however as a mixture
of diastereoisomers (d.r. 3 : 1). Unfortunately, the transformation
was limited to aryl substituted allylic alcohols, most likely due
to the inefficiency of fac-Ir(ppy)3 to oxidize a non-benzylic
position. For example, carrying out the reaction with 1-(1-
tertbutylvinyl)-cyclobutanol resulted in complex mixture forma-
tion.Scheme 1. A. Previously reported semipinacol rearrangements. B. Our

previous works on nitration. C. This work on nitration-induced semipinacol
rearrangement, lactonization, and cycloetherification of olefins.

Table 1. [a] General conditions: A (0.5 mmol, 1 equiv), photocatalyst
(1.0 mol%), N-nitrosuccinimide II (2.0 equiv), and solvent (x M), 350 W blue
LEDs, rt, 10 h. [b] Catalyst (2.0 mol%) was added. [c] Reagent III (1.5 equiv)
was added. [d] Reagent IV (1.5 equiv) was added. [e] Reagent II was used in
an amount of 1.5 equivalent.

Entry PC [1 mol%] Solvent Concentration [M] 1 [%][a]

1 [Ir-1][b] MeCN 0.68 57
2 [Ir-2] [b] MeCN 0.68 15
3 [Ru-1] [b] MeCN 0.68 49
4 [Ru-2] [b] MeCN 0.68 53
5 [Ir-1] MeCN 0.68 63
6 [Ir-1] CH2Cl2 0.68 50
7 [Ir-1] HFIP 0.68 0
8 [Ir-1] Dioxane 0.68 32
9 [Ir-1] MeCN 0.11 72
10 [Ir-1][c] MeCN 0.11 48
11 [Ir-1][d] MeCN 0.11 17
12 [Ir-1][e] MeCN 0.11 78
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The development of synthetic methods to introduce NO2-
containing lactones has attracted our attention owing to the
limited literature reports available to date. As of now, only nitro
lactonization by ferric nitrate is known at high reaction
temperatures,[43] thus a milder protocol can serve as a beneficial
entry to synthesize nitro-containing lactones. Using our simple
and room temperature protocol, we speculated that readily
available olefinic acids can undergo the nitro lactonization
reaction to access cyclic systems with oxa-carbon quaternary
center motif. Indeed, applying our optimized conditions for
semipinacol rearrangement to benzoic acid derivatives, the
corresponding nitro-derived adducts can be obtained
(Scheme 3). For example, 2-vinylbenzoic acid derivative yielded

nitro-substituted lactone 10 in a moderate 46% yield, while an
increased yield of up to 72% was observed for lactones 11 and
12 bearing benzylic oxa-carbon quaternary centers.[44] Alkenoic
acids carrying various substituents at arene moiety were
examined next. Notably, regardeless of the electronic diversity
of the substituents, the reactions proceeded efficiently with the
formation of the desired lactones in up to 83% isolated yield
(13–16).

Encouraged by the great reactivity of carboxylic and
alkenoic acids, we decided to apply our strategy to the
synthesis of tetrahydrofuran derivatives via previously unex-
plored nitrocycloetherification reaction of olefinic alcohols,
since the tetrahydrofuran (THF) motif is one of the privilege
structural components of many synthetic and natural products.
Without any further adjustment of the initial reaction con-
ditions, and despite the fact that olefinic alcohols are less
reactive than the corresponding acid derivatives, our photo-
redox catalyzed protocol similarly demonstrated a high level of
chemoselectivity (Scheme 4). Olefinic alcohols with different
aryl substituents smoothly underwent the cyclization reaction
besides the presence in their structures of either the electron-
donating methyl (17, 24), cyclohexyl (18), tert-butyl (19), meth-
oxy (20), and phenyl (21) or the electron-poor (22, 23)
substituents. In addition, disubstituted styrene derivative also
provided cycloetherification adduct 24 in good yield.

Following the successful exploration of the scope over a
wide variety of nitro-containing scaffolds, we next aimed to
elucidate the mechanism of this transformation using exper-
imental and spectroscopic methods.[45] Preliminary examination
revealed that the desired product 1 could not be generated if
radical scavenger butylated hydroxytoluene (BHT) was present
in the reaction media (Scheme 5B, see supplementary informa-
tion, page S10). No product formation or only trace amounts
were detected when the reaction was carried out at elevated
temperatures (70 °C) or in the absence of a photocatalyst or
visible light. In addition, an on/off light experiment was

Scheme 2. [a] General conditions: allylic alcohol (0.5 mmol, 1 equiv), fac-
Ir(ppy)3 (1.0 mol%), N-nitrosuccinimide (1.5 equiv), and solvent (0.11 M),
350 W blue LEDs, rt, 10 h.

Scheme 3. [a] General conditions: olefinic carboxylic acids or alkenoic acids
(0.5 mmol, 1 equiv), fac-Ir(ppy)3 (1.0 mol%), N-nitrosuccinimide (1.5 equiv),
and MeCN (0.11 M), 350 W blue LEDs, rt, 10 h. [b] Vinylbenzoic acids were
used as starting materials. [c] Alkenoic acids were used. [d] Hydrogen atoms
have been removed for clarity in the X-ray image.

Scheme 4. [a] General conditions: olefinic alcohols (0.5 mmol, 1 equiv), fac-
Ir(ppy)3 (1.0 mol%), N-nitrosuccinimide II (1.5 equiv), and MeCN (0.11 M),
350 W blue LEDs, rt, 10 h.
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conducted, confirming that the reaction proceeds only under
irradiation (Scheme 5B, see supplementary information, page
S10). Based on the above information and literature reports,[23]

the mechanistic details of our proposed transformation are
further outlined in Scheme 5. N-nitrosuccinimide (II) (� 1.39 V vs
SCE) triggers an intermolecular deactivation process of photo-
excited state of IrIII* (E1/2

IV/III*= � 1.73 V vs SCE in MeCN) (K=2×
108 M� 1s� 1, see supplementary information, page S8), generat-
ing species I. Sequentially, a mesolytic N� N bond fragmentation
takes place to liberate nitryl radical VI. This species undergoes a
selective Giese-type addition[46] to the β-position of olefin A to
form the preferred and stabilized benzyl radical intermediate
VII. The catalytic cycle is completed with a single electron
transfer step from VII to IrIV, thereby regenerating the ground-
state of the photocatalyst and delivering α-hydroxy carbocation
VIII. The latter species undergoes an intramolecular ring
expansion via 1,2-alkyl shift to afford five-membered oxonium
intermediate IX, which in the presence of the base leads to the
formation of 1. Interestingly, the core scaffold of the succini-
mide reagent can also be completely recovered.

Owing to the fundamental importance of nitro compounds,
we next explored the synthetic utility of nitro-derived cyclic
building blocks prepared with our protocols. While treatment of
the nitrolactone 14 under basic reaction conditions afforded
valuable nitropentenoic acid 25 in 51% isolated yield, which is
an exceptionally challenging scaffold to prepare using existing
synthetic methodologies. On the other hand, the nitro group
can easily be reduced to the amino derivative without opening
the cycle, as shown in the example of the synthesis of amino
cycloether 26 from 18 (Scheme 5C).

Conclusion

In conclusion, we have successfully developed a visible-light-
induced photoredox-catalyzed semipinacol-type rearrange-
ment, which is triggered by the nitryl radicals and occurs via 1,2
alkyl migration. Using N-nitrosuccinimide as a bench stable and
non- metal-based nitrating reagent, this strategy enables the
direct generation of the Csp

3� NO2 bond as well as the
construction of all-carbon quaternary center motif, expanding
the chemical space of nitro-containing compounds. The proto-
col is mild, operationally simple, and tolerates a wide array of
functionalities. In addition, the same reaction conditions have
been successfully applied to nitrative cycloetherification and
lactonization reactions of olefins, which also operate with a
high level of chemoselectivity. Subsequent studies are aimed at
extending synthetic utility of this organic nitrating reagents in a
complimentary electrochemical fashion.

Experimental Section

General Procedures for the Preparation of Substrates 1–24.

A flame dried 20 mL crimp cap vial, equipped with a magnetic stir
bar, was charged with fac-Ir(ppy)3 (3.3 mg, 5 μmol, 1.0 mol%) and
N-nitrosuccinimide (reagent II) (108 mg, 0.75 mmol, 1.5 equiv). The
contents of the vial were then subjected to three vacuum/argon
cycles. The corresponding alkene (0.5 mmol, 1.0 equiv) and anhy-
drous MeCN (5 mL) were added under an argon atmosphere, and
the solution was sparged with argon for 5 min. The reaction
mixture was stirred at room temperature under blue LEDs
irradiation for 10 h. The solvent was evaporated under reduced
pressure, and the crude product was purified by flash column
chromatography (automated system) or manually on a silica

Scheme 5. A. Proposed mechanism. B. Mechanistic studies. C. Post-functionalization of 14 and 18. [a] 14 (0.5 mmol), NaOH (1.5 mmol), EtOH (3 mL), rt, 12 h.
[b] 18 (0.5 mmol), H2 1 atm, Pd on Carbon (10 mol%), (1.5 mmol), MeOH (6 mL), rt, 50 °C, 5 h.
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column using an eluent of EtOAc:Hexane (v/v) to afford the desired
nitro compound.
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