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Photosensitization Enables Pauson-Khand-type Reactions with

Nitrenes

Science 2024, 383, 498-503

Even 50 years after the landmark discovery of cobalt-catal-
yzed (2+2+1) cycloaddition reactions, the Pauson-Khand
reaction remains one of the most synthetically intriguing
among this type of processes. It features the reaction of an
alkyne and an olefin with carbon monoxide to furnish cyclo-
pentenones (Scheme 1A), and significant developments with
regards to both unsaturated reaction partners and the catal-
yst were made. Nowadays, the Pauson-Khand reaction finds
widespread applications, ranging from total synthesis towards
applications in drug synthesis and bulk chemical synthesis.
The most significant limitation of Pauson-Khand reactions,
however, lies within the necessity to use carbon monoxide as
a C, building block.

For the last few years, Professor Rene Koenigs’ group at
RWTH Aachen University (Germany) has been particular-

ly interested in the development of metal-free carbene and
nitrene chemistry, where photochemical or photocatalytic
applications and spin-state-dependent reactivity are in the
spotlight. Professor Koenigs said: “The spin state of carbene
or nitrene reagents plays a key role in the reaction outcome
of cycloaddition reactions; for example, singlet reagents react
in a concerted, stereospecific cycloaddition, whereas triplet
reagents react in a stepwise mechanism, which for example
allows the development of stereoconvergent cyclopropana-
tion reactions as recently described by our group.”

Professor Koenigs went on to explain that when consider-
ing nitrene intermediates, the triplet spin state is often the
preferred spin state and as such, nitrenes - in the absence of
a stabilizing metal complex - commonly react on the triplet
spin surface via initial formation of an initial triplet addi-
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Scheme 1 Pauson-Khand reaction and Pauson-Khand-type reactions with nitrenes
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tion product. To achieve cycloaddition reactivity, intersystem
crossing from triplet to singlet spin surface is mandatory and
must occur before the final bond/ring forming event. Professor
Koenigs hypothesized that: “The triplet reactivity of the initial
addition product can be used to forge a new C-C bond instead
of intersystem crossing.” Such a strategy thus relays the trip-
let reactivity, as he continued to explain: “A late intersystem
crossing then sets the stage to forge a third bond-forming
event and results in the product of a (2+2+1) cycloaddition
reaction — or a Pauson-Khand-type reaction with a nitrene
(Scheme 1B, 1C).”

When examining the reaction of a non-conjugated diene
and an iminoiodinane, the Koenigs group indeed observed a
high selectivity leading to a (2+2+1) cycloaddition product
(Scheme 2A). Further simplification was achieved by the ob-
servation that iminoiodinane can be intermittently accessed
under purple light irradiation (Scheme 2B). Professor Koenigs
stated: “The reaction products are bicyclic bioisosteres of
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common saturated heterocycles such as piperidine, morpho-
line, and piperazine. The starting materials are really simple
reagents: a non-conjugated diene, a sulfonamide and diacet-
oxy-iodobenzene.” Following a collaborative research strategy,
a research team with scientists from Enamine Ltd. (Ukraine),
Kyiv Taras Shevchenko University (Ukraine), and Goethe Uni-
versity in Frankfurt/M. (Germany) was formed to translate this
groundbreaking discovery to industrial scale and medicinal
chemistry applications. “This is a really exciting discovery
and it shortens synthesis routes from more than 5 steps to a
single step,” said co-author Dr. Sci. Pavel Mykhailiuk (Enamine
Ltd.). Together with a team of researchers at Enamine Ltd., a
flow synthesis was then achieved, which allows the synthesis
of more than 1 kg of such bicycles per day. Ewgenji Proschak,
from Goethe University, commented: “These are ideal bioisos-
teres for many applications in medicinal chemistry.” Together
with a team of researchers, a set of novel and highly potent
inhibitors of soluble epoxide hydrolase were synthesized
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Scheme 2 (2+2+1)-Cycloaddition reactions with nitrenes towards application in medicinal chemistry
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and tested in a typical medicinal chemistry screening setting
(Scheme 2C).

A combination of experimental and computational
mechanistic analysis revealed that the initial hypothesis of an

crossing is simply unfavored and instead a 5-exo-cyclization
reaction occurs and leads to the (2+2+1) reactivity. This con-
cept opens up a plethora of new applications of advanced
cycloaddition reactions and we are really excited about new

early intersystem crossing vs. late intersystem crossing is key
to driving either conventional (2+1) or (2+2+1) cycloaddition
chemistry. “Specifically, the barrier for an early intersystem
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developments in this area,” concluded Professor Koenigs.
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