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Abstract

The synthesis of monocyclic and bicyclic compounds plays a fundamental role in organic
chemistry, and the need for novel synthetic methodologies is still under investigation.
In particular, o, 3-unsaturated (bis)enones have emerged as valuable precursors for the
formation of cyclic (both mono and bicyclic) structures through single-electron transfer
(SET) processes. Single-electron transfer (SET) is a redox process where one electron moves
from a donor species to an acceptor, generating radical ions or neutral radicals that drive
unique reaction pathways. Thanks to the advent of radical chemistry, it was possible to
discover an entirely new reactivity of «,3-unsaturated (bis)enones, which, after a SET event,
undergo the formation of cyclic molecules, both in intra and inter-molecular reactions,
under several possible pathways, including formal [2+2] cycloaddition reaction (22CA)
and 5-exo-trig cyclization, for ring closure. Today, the generation of radical species can be
broadly classified into three main approaches: photochemical and photocatalytic, metal-driven
and electrochemical processes. In this review, we summarize the progress achieved to date
in the synthesis of cyclic molecules from «,3-unsaturated (bis)enones via single-electron
transfer events under these three main classes of processes. Whenever possible, the reaction
pathway and fate of the radical species generated through SET is discussed.

Keywords: o, -unsaturated (bis)enones; cyclic molecules; radicals; single-electron transfer
(SET); cyclization reactions; photochemical reactions; photocatalytic reactions; metal-driven
reactions; electrochemical reactions

1. Introduction
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In organic chemistry, the synthesis of monocyclic and bicyclic compounds is funda-

Academic Editor: Artur M. 8. Silva mental, both for proving the reactivity of compounds and for the design of complex
Received: 22 December 2025 functional molecules. From a molecular synthesis perspective, monocyclic rings often
Revised: 16 January 2026 serve as convenient building blocks and synthetic intermediates. At the same time, bicyclic

Accepted: 20 January 2026

systems offer access to three-dimensional molecular shapes, enhanced rigidity and defined
Published: 26 January 2026

stereochemistry [1]. In particular, bicyclic compounds can be used as key intermediates
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for the synthesis of different bioactive molecules or natural products. An example of these
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distributed under the terms and rearrangement and functionalization processes [2]. One example is reported in Figure 1:

conditions of the Creative Commons  Sativene, a compound belonging to an important family of fungal sesquiterpenoids, can
Attribution (CC BY) license.

Molecules 2026, 31, 430 https:/ /doi.org/10.3390/molecules31030430


https://crossmark.crossref.org/dialog?doi=10.3390/molecules31030430&domain=pdf&date_stamp=2026-01-27
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0009-0006-3063-7768
https://orcid.org/0009-0007-6652-4543
https://orcid.org/0000-0003-1356-7244
https://orcid.org/0000-0002-2694-9535
https://orcid.org/0000-0002-8581-8009
https://doi.org/10.3390/molecules31030430

Molecules 2026, 31, 430

2 0f29

be obtained by a ring-opening reaction and consequent manipulation of the correspond-
ing bicyclo[3.2.0]heptane. Moreover, the prevalence of mono- and bicyclic frameworks
in biologically active compounds and many natural products such as Pentalenene [3],
Perhydrohistrionicotoxin [4] and Hibiscone C [5] underscores their practical importance

(Figure 1).
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Figure 1. Examples of ring-opening reactions from bicyclo[3.2.0]heptanes to generate natural products
and cyclic natural products.

For these reasons, the discovery of novel synthetic methodologies for the cyclization
of molecules in organic chemistry remains a challenge. In this context, the employment
of o, B-unsaturated (bis)enones has been particularly studied over the past two decades.
Thanks to the advent of radical chemistry, it was possible to discover an entirely new
reactivity of these compounds, which, after a single-electron transfer (SET), undergo the
formation of cyclic molecules, both in intra and inter-molecular reactions. Single-electron
transfer (SET) is a redox process where one electron moves from a donor species to an
acceptor, generating radical ions or neutral radicals that drive unique reaction pathways
This mechanism plays a fundamental role not only in organic chemistry synthesis [6] but
also in biosynthesis [7], chemical biology [8] and material science [9].

This strategy, compared to a direct excitation of the double bond, led to achieving four,
five or six-membered rings, or even different types of bicyclic molecules, easily and under
mild conditions (Scheme 1).

° 6
Cycloaddition ¢
via SET
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Scheme 1. Direct access to different types of cyclo-membered rings from o, 3-unsaturated ketones via
single electron transfer (SET).
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Since the discovery of the triphenylmethyl radical (considered the first organic free
radical) in 1987 by Gomberg [10] to today, the understanding of reactivity, behavior and sta-
bility of molecules containing an open-shell atom in organic chemistry has led to enormous
interest by synthetic chemists. Several processes have been discovered and designed, but
the formation of radical species today can be classified into three main classes: photochem-
istry and photocatalytic processes, metal-driven processes and electrochemical processes [11].
In this review, the state of the art in the preparation of cyclic molecules by single electron
transfer using o, 3-unsaturated (bis)enones as starting compounds under photocatalytic,
electrochemical and metal-driven conditions will be presented. The methodologies for the
cyclization driven by the direct excitation or energy transfer mechanisms of these molecules
will not be discussed. For these topics, these reviews [12,13] are recommended. As pre-
viously mentioned, radical chemistry offers several possible pathways for ring closure in
o, 3-unsaturated ketone systems. These various cyclization processes will be described and
discussed in the following sections. However, for a clearer understanding, all the possible
mechanisms leading to the formation of the different ring systems reviewed in this work
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are summarized in Figure 2.
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Figure 2. Possible cyclization pathways of «,3-unsaturated ketones after SET reduction.

Radical generation occurs through an initial reduction step via SET to the
o, 3-unsaturated ketone substrate (I), leading to the formation of the radical anion
intermediate (II). This intermediate can undergo two distinct cyclization pathways, de-
pending on which carbon of the double bond participates in the radical attack. Specifi-
cally, if the radical attacks carbon 8 of the molecule, a six-membered ring is then formed
(compound IV). On the other hand, if the attack occurs on carbon 7, a five-membered ring
distonic radical is formed (intermediate V). From the five-membered distonic radical V,
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9,10-dicyanoanthracene
DCA

different pathways are possible, based on the radical delocalization. When the unpaired
electron is localized on the carbon atom, the following three pathways can be accomplished:

(1) Oxidation of V, followed by protonation, affords the corresponding 5-exo-trig,
five-membered ring product (VI).

(ii) The radical attack on carbon atom 2 leads to the formation of intermediate VII.
Oxidation of VII through SET allows to obtain product VIII, a formal [2+2] cycloaddition
reaction (22CA) product.

(iii) The radical attack on carbon atom 1 allows for the formation of intermediate IX,
which then evolves to product X.

On the other hand, when the unpaired electron is localized on the oxygen atom of
intermediate V, the radical attack on carbon atom 2 leads to intermediate XI, followed by
oxidation to product XII.

In the following sections, we discuss the different methodologies (photochemistry
and photocatalytic, metal-driven and electrochemical) reported in the literature in the last
three decades in this field.

2. Photocatalytic Methodologies

Photocatalysis emerged as a powerful tool in organic chemistry, offering new pathways
for the activation and transformation of organic molecules under mild and generally more
sustainable conditions. Using photons as traceless reactants, it is possible to have access to
high reactive species such as radicals or excited states. Photocatalytic systems can promote a
wide range of reactions, including oxidations, reductions and C—C or C-N bond formations,
that are often difficult to achieve through traditional thermal methods [14]. This light-driven
approach has significantly expanded the synthetic toolbox of organic chemists, enabling
more efficient and selective synthesis of complex molecules while reducing environmental
impact. In this context, photocatalysis played a key role in developing novel methodologies
for the reduction of «,3-unsaturated carbonyl compounds [13,15,16].

To help the reader, we have reported the structures of the photocatalysts mentioned in

the paper (Scheme 2).

Eosin Y General structure for [Ru(bpy)s]**
supported Eosin Y

Scheme 2. Photocatalyst structures.

The first example of the photocatalyzed cycloaddition of bis o, 3-unsaturated carbonyl
compound 1 (Scheme 3) was reported by Pandey et al. in 1997 [17]. This study aimed
to develop a novel methodology to exploit visible light to perform electron transfer pro-
cesses and, in this way, to harvest photons into electrons and utilize them for triggering
one-electron reductive B-activation of o, 3-unsaturated ketones for radical reactions, chang-
ing their reactivity from their usual tendency to accept radical attacks to a more nucleophilic
character. The pioneering work in this context demonstrated that, by carefully selecting pho-
tocatalysts based on their redox potentials, it was possible to activate the «,3-unsaturated
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enones by single-electron transfer (SET). To prove this concept, the authors described a
photosystem using 9,10-dicyanoanthracene (DCA) as the so-called visible-light-harvesting
electron acceptor and triphenyl phosphine as the sacrificial electron donor (ED). After 18 h
of irradiation, a complete conversion of the starting o, 3-unsaturated ketone 1 (Scheme 3)
was obtained, a 79% yield of the trans-5-exo-trig product 2 was obtained and a 14% yield of
a 1.6:1 mixture of the 3-cis:3-trans bicyclic byproducts was obtained (cis:trans, 1.6:1).

DCA (20 mol%)

» Q 2 OFEt
OEt PhsP (60 mol%) S
DMF:IPA:H,0 OEt
405 nm
18 h
2 3
79% 14%

(cis:trans = 1.6:1)

Scheme 3. Reductive cyclization of compound 1 promoted by 9,10-dicyanoanthracene (DCA)
as photocatalyst.

The proposed mechanism (shown in Scheme 4) reports that under light irradiation
(405 nm), the DCA is promoted to its excited state DCA* and can undergo a single electron
transfer with the Ph3P, forming the DCA radical anion (DCA™ ™). This species is then able to
reduce the o, 3-unsaturated ketone 1 through a single electron transfer (SET), regenerating
the neutral form of DCA and achieving the desired radical centered at the 3-position of the
starting ketone moiety. The so-obtained radical intermediate A undergoes an intramolecular
radical attack to give the radical intermediate B. At this point, the radical intermediate
can yield the monocyclic product 2 by H-abstraction or undergo a second intramolecular
radical attack, losing a hydrogen atom and yielding the bicyclic product 3.

o) 0
OEt
Q O OFEt
N ¢
U2 Wa

N 2 3
DCA* DCA 1

HAT
SET, +H" HAT

OH O
HO, O HO . O 8
DCA™ — J — OEt
: OEt > OEt >
A B (o3
Scheme 4. Proposed mechanism for the reductive cyclization of compound 1.

The authors also studied the factors governing the regio and stereoselectivity of the
products of this reaction. The major product obtained is the 5 exo-trig compound 2, as trans
isomer only. The ratio of the monocyclic product to bicyclic product has to be ascribed
to the higher stability of intermediate B compared to C, favoring the HAT process over
further cyclization.

In 2008, Yoon and his group published a paper in which the use of ruthenium com-
plexes to promote photo-driven transformation to achieve the [2+2] cycloaddition of differ-
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ent types of (bis)enones substrates (Scheme 5) was studied [18]. The reaction was performed
with 5 mol% of Ru(bipy)sCl, as a photocatalyst, 2 equivalents of i-Pr,NEt and 2 equivalents
of LiBF, as an additive in acetonitrile. They achieved a good to excellent yield (from 54% to
98%) of the bicyclic adduct by irradiating the solution with a 275 W floodlight.

Ru(bpy)sCl, (5 mol%)
IProNEt (2 equiv.) 0O 0O
O LiBF, (2 equiv.) .

R, ACN
Visible light H H
from 10 minto 2 h

Compound Yield % d.r. (cis:trans)
R;=R,=Ph 89 >10:1

R1 =R, =4-MeOPh 98 10:1

R4 =R, =4-CIPh 96 >10:1

R4 = Ry = 2-furyl 89 >10:1

R4 =R, =Me 0 -

R1 = R2 = OEt 0 -

R1 = Ph, R2 = Me 85 >10:1

R4 = Ph, R, = OEt 88 >10:1

R1 = Ph, R2 = NEtz 74 >10:1

Scheme 5. The [2+2] photocycloaddition of «,3-unsaturated ketones promoted by Ru-based photocatalyst.

Interestingly, the reaction worked under sunlight irradiation through a laboratory
window as the sole source of irradiation. Exploring the scope of this reaction, it was found
that symmetrical aryl (bis)enones bearing electron-donating and electron-withdrawing
substituents are both excellent substrates for cycloaddition, as are heteroaryl enones
(entries 14, Scheme 5). On the other hand, aliphatic (bis)enones and enoates do not
cyclize (entries 5 and 6): a result that the authors attribute to the more negative reduction
potential of the aliphatic symmetric bisenones. This hypothesis was further supported by
the cycloadditions of unsymmetrical bisenones, in which the presence of one aryl moiety
appears to be a strict requirement. The mechanism of the reaction was also studied with
different control experiments, proving the need of i-Pr,NEt for the reductive quenching
of the photoexcited state (Ru(bipy)32+*) to form a Ru(bipy)s* complex that can transfer an
electron to the lithium-activated bisenone.

Starting from the work of Pandey [17] and the unexpected formation of both the
5-exo-trig cyclization product 2 (Scheme 3) and the bicyclic compound 3 (Scheme 3) as
products, Yoon’s group studied how the effects of the presence or the absence of a negative
charge in an unpaired spin in the enone radical anion can drive the regioselectivity of
the photocatalyzed cyclization reaction [19]. The group found that the presence of both a
charge and an unpaired spin in the enone radical anion is mandatory for the formation of
the cyclobutane adduct, whereas the 5-exo-trig cyclization reactivity would be achieved
with the neutral form of the radical intermediate. After figuring out this mechanistic aspect,
the group developed different protocols to selectively achieve the two products (Scheme 6,
Path A and B).
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Scheme 6. Effect of Lewis and Brensted acids in the photocatalytic reductive cyclization of enones,
using ruthenium complex.

In particular, activation of bisenone with a Brensted acid, HCO,H, instead of a Lewis
acid, LiBF4, would afford a cationic oxocarbenium species, which, after reduction, evolved
into the neutral radical intermediate (Scheme 6, Path B). After fine-tuning the conditions
for the synthesis of the monocyclic products, starting from compound 4 (Scheme 7) as the
model substrate, it was found that using 2.5 mol% Ru(bpy)3;Cl,, 5 equivalents HCO,H and
10 equivalents i-Pr,NEt allowed to achieve the 5-exo-trig product 5 in 95% yield after 3 h
of irradiation.

0 Ru(bpy)sCl, (2.5 mol%) 0 0
iProNEt (10 equiv.) s
| PMP HCOOH (5 equw.)> PMP Y PMP
ACN
Visible light
3h 5

95% >10:1 (trans:cis)
Scheme 7. Reductive coupling cyclization of compound 4.

Interestingly, as in Pandey’s work, the cyclization only resulted in the formation
of the trans stereoisomer. Moreover, the authors studied the differences between the
two activation protocols. First, the scope of each reaction is quite distinct; while nei-
ther aliphatic enones nor styrenes participate in the radical anion [2+2] cycloaddition,
they are excellent reaction partners in the radical-mediated reductive cyclization process.
Second, the two cyclization events favor divergent stereochemical outcomes; while the
[2+2] cycloaddition requires a cis ring junction, the reductive cyclization of enones is
generally trans-selective.

In order to overcome the limits of the applicability of the [2+2] cycloaddition protocols,
Yoon’s group installed a cleavable auxiliary group, called redox auxiliary [20], onto the
(bis)enone substrate to facilitate the one-electron reduction and subsequent cycloaddition
of the substrate. Notably, the redox auxiliary could be transformed into a carboxylic acid,
ester, amide or similar carbonyl-containing functional group by late-stage functionalization,
as highlighted in Scheme 8.
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Scheme 8. The [2+2] photocycloaddition of bisenones bearing the redox auxiliary.

Using heteroaryl groups facilitates the reduction of the (bis)enone substrate to the
key radical anion intermediate required for cycloaddition, which is then susceptible to
cleavage with a variety of nucleophiles under mild conditions. This protocol works well
for both intramolecular and intermolecular cyclobutanation reactions, achieving good to
excellent results in terms of yields and diastereoselectivity (up to >10:1 cis:trans). The
reaction tolerates a variety of functional groups, such as esters, aliphatic ketones and
amides (Scheme 9).

Visible light ST
/

o f ®  Ru(bpy)sClz (2.5 mol%) R
N R - L
<\,:\1 | | LIBF, iPrEt H H
ACN

Enones bearing a redox auxiliary

Entry Compound Yield % d.r. (cis:trans)
1 R =0Bn 87 >10:1
2 R =Me 65 >10:1
3 R = OEt 90 >10:1
4 R = morpholine 70 >10:1

Scheme 9. Scope for the intramolecular [2+2] photocycloaddition of bisenones bearing the
redox auxiliary.

Taking inspiration from the work of Yoon on how different Bronsted or Lewis acids
lead to different cyclization products after SET reduction of (bis)enones, Zeitler’s group
also contributed to this field by exploring the possibility of replacing metal photoredox
complexes with organic dyes (Scheme 10) [21]. Her research group used Eosin Y sodium
salt as an alternative for [Ru(bpy)s]Cl,. The group first demonstrated that Eosin Y sodium
salt can act as a photocatalyst to promote the [2+2] cycloaddition of aryl enones for both
intra- and intermolecular reactions, achieving excellent yields by irradiating the reaction
mixture for 15-24 h with a 530 nm LED. Interestingly, contrary to Yoon's research, they
obtained the complete opposite diastereoselectivity of the cyclobutanation reaction and the
trans stereoisomer was selectively obtained, with a d.e. of up to 96%.
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Ph
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Intramolecular

NayEosin Y (0.5 mol%) 0 )
'e) 0 LiBr (2 equiv.)
- Ph ~ ~Ph
Ph Ph iProNEt, ACN
530 nm, 15 h —
N
6 7-trans
96%
Intermolecular Na,Eosin Y (0.5 mol%) o O
@) O LiBr (2 equiv.)
+ ; »  Ph X\\
Ph iProNEt, ACN
530 nm, 15 h
8 9 10-trans
84%
98:2d.r.

Scheme 10. Intra- and intermolecular cyclization of aryl (bis)enones promoted by NayEosin Y

as photocatalyst.

Moreover, the group also focused on combining photoredox catalysis with H-bond
donor catalysis in order to mimic the Bronsted acid activation of «,3-unsaturated enones.
Using this type of activation, they were able to achieve excellent results in terms of yield (up
to 95%) by using Schreiner’s thiourea and replacing the sacrificial reducing agent i-Pr,NEt
with a Hantzsch ester, as illustrated in Scheme 11. Also in this case they achieved the trans
5-exo-trig cyclization product 11 selectively.

Organocatalyst
Eosin Y (2.5 mol%) o
Organocatalyst (20 mol%) Q . ¢Fs CFs
Hantzsch ester (2 equiv. s S
2 L Ph Ph F3C NJLN CF3
ACN, 530 nm H H
2h
11-trans Schreiner's thiourea

up to 93% yield

Scheme 11. Reductive coupling of 6, using Eosin Y as photocatalyst and Schreiner’s thiourea as
H-bond donor.

To improve both efficiency and catalyst recovery, Bergbreiter’s group reported the
first example of cycloaddition of aryl bis(enones) using a supported photocatalyst [22]. In
particular, they investigated the possibility to use a polymer-immobilized photocatalyst as
a recyclable heterogeneous system for a range of photochemical transformations, including
the [2+2] cycloaddition of bisenones (Scheme 12). The authors reported that by employ-
ing a polyisobutylene (PIB)-ligated version of the Ru(Il) bipyridine dichloride complex
(Ru(PIB-bpy)sCly), it is possible to achieve the cycloaddition of the symmetric aryl
bisenone 6, achieving, a mixture of the two cyclized products after 10 h of irradiation:
7 and 11. The catalyst can be reused up to 5 times without loss of reactivity, achieving
compound 7 in a 42% average yield and compound 11 in a 39% yield.
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Ph

Ph

Path A

Ph

Path B

LiBF4 (2.5 equiv.) 0 o
Ru(PIB-bpy);Cl, (6.6 mol%) o) o)
>  Ph Ph _{
Ph DCM/ACN (1:1) + PH Ph
30 W household fluorescent bulb ot
10 h *\/
7 1"
42% 39%
(average (average
isolated yield) isolated yield)

Scheme 12. The [2+2] photocycloaddition of 6, promoted by a polymer-supported Ru(Il) photocatalyst.

To achieve the advantages of heterogeneous catalysis, like the high efficiency stem-
ming from phase separation and catalyst reusability, Scaiano’s group demonstrated that
the [2+2] photocycloaddition of (bis)enones could be conducted by using a heterogeneous
photocatalyst and platinum nanoparticles supported on titania (PtNP/TiO;) as a photo-
catalyst (Scheme 13, Path A) [23]. Later on, the same authors developed one of the first
examples of heterogeneous dual photoredox-Lewis acid catalysis, using a versatile and
efficient nanocomposite: Sm;O3 nanoparticle-decorated titanium dioxide [24]. With this
new heterogeneous catalyst, they were able to obtain the desired bicyclic product 7 in a
higher selectivity, with respect to the monocyclic product 11, compared to their previous
work, due to the dual role of samarium oxide as a photoredox catalyst and Lewis acid
(Scheme 13, Path B).

PtNP(0.2%)/TiO5 (1 equiv.) e A .o o Fh
»  Ph Ph _/< 7 QP
iProNEt (7 equiv.) PH 5 Ph+
ACN = Ph
375nm, 15 h \/
7 1 12
51% 18% 25%
>10:1 d.r. >10:1 d.r.

Sm,0,/TiO, e A .o
>  Ph Ph
DABCO (5 equiv.) /SI)L o
ACN j -
N
7

400 nm, 1 h
1" 12
78% 10% 10%
1.2.1d.r. >10:1 d.r. >10:1

Scheme 13. (Path A) [2+2] cycloaddition of 6, using a Pt-Ti based heterogeneous photocatalyst
(PtNP/TiO;y). (Path B) [2+2] cycloaddition of 6, using a Sm-Ti based dual photoredox Lewis acid
catalyst (SmxOy /TiO,).

However, if the use of a heterogeneous dual catalyst favored the formation of the bi-
cyclic product 7 (Scheme 13, Path B), a lower diastereoselective ratio cis:trans was achieved,
probably due to a different coordination of the ketone moiety. The authors proposed that
the heterogeneous catalytic mechanism for the major product closely follows that of the
homogeneous catalytic system. The ketone moiety is initially coordinated to the Lewis
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acid samarium oxide, then a SET from the photoexcited nano composite catalyst to the
activated substrate forms the key radical anion intermediate, stabilized by the SmyOy
NPs. Subsequent intramolecular Michael addition leads to five-membered ring formation,
followed by cyclobutanation to afford the samarium-coordinated ketyl radical. The authors
suggest that the ketyl radical is then oxidized via SET to quench H" in the photocatalyst.

In the field of heterogeneous catalysis, Lin and co-workers introduced a metal-organic
layer (MOL)-based photocatalytic platform that overcomes diffusion and pore-size limita-
tions that are common in 3D metal-organic frameworks (MOFs) [25]. The authors report
the synthesis of a Zr-RuBPY MOL that incorporates [Ru(bpy)s;]** photosensitizers into a
two-dimensional, crystalline structure with a monolayer thickness of ~1-2 nm. This hybrid
catalyst efficiently promotes both intramolecular and intermolecular [2+2] cycloadditions of
bisenones (Scheme 14) under visible-light irradiation, giving the corresponding cyclobutene
adduct in 73-92% yields with high diastereoselectivity (up to >10:1 cis:trans). Furthermore,
the Zr-RuBPY MOL retained its structure and catalytic activity across multiple runs, with
minimal Ru leaching (<3%), confirming its robustness.

Zr-RuBPY MOL (1 mol%
iProNEt (2 equw
LiBF4 (2 equiv.), ACN

Entry  Compound  Yield % d.r. (cis:trans)

1 R=H 82 >10:1
2 R=Cl 86 >10:1
410 nm, 3- 12 h 3 R=Br 92 >10:1
\/ 4 R=1Bu 79 10:1
5 R = OMe 73 8:1
| 0,
Z-RuBPY MOL (2.5 mol%) — Q 0O Entry  Compound Yield % d.r. (trans:cis)
/ProNEt (10 equiv.) 4 1 R=H 80 >10:1
HCOOH (5 equiv.), ACN 2 R=Cl 85 >10:1
410nm, 3-12h 3 R=Br 88 >10:1
4 R=1Bu 93 >10:1
5 R = OMe 75 >10:1

Scheme 14. The [2+2] photocycloaddition and reductive coupling of aryl bisenones, promoted by a
metal-organic layer (MOL), Ru(Il)-based photocatalyst.

In 2021, Benaglia et al. [26] hypothesized that it could be possible to direct the radical
attack employing a chiral oxazolidinone as a chiral auxiliary, to develop a novel stereoselec-
tive cyclization of (bis)enones for the synthesis of the trans 5-exo-trig product. Inspired by
the work of Zeitler, the authors optimized the reaction conditions for the new substrates,
using Eosin Y as a photocatalyst, Schreiner’s thiourea as an H-bond donor to activate the
aryl enone and the Hantzsch ester as a sacrificial reducing agent in dichloromethane as a
solvent. The reaction was also tested with different chiral oxazolidinones, with the purpose
of maximizing the stereocontrol. The reaction mixture was irradiated for 4 h with green
LED (530 nm) at room temperature. The reaction achieved good to excellent yields (up
to 83%); in the meantime, the presence of a fixed stereocenter favored one diastereoiso-
mer over the other, obtaining an 83:17 d.r. when the tert-butyl oxazolidinone was used
(Scheme 15, 14e). Separation of the two diastereoisomers by column chromatography and
subsequent removal of the chiral auxiliary allowed to recover the cyclopentane adduct 15e
in 83:17 e.r.
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14c 51
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70:30
83:17
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15d
15e

75:25
60:40
65:35
70:30
83:17

Scheme 15. Diastereoselective reductive coupling of aryl bisenones.

HPLC analysis on the chiral stationary phase confirmed that the enantiomeric ratio of
the products after auxiliary removal (Scheme 15, 15a—e) was identical to the diastereoiso-
meric ratio evaluated by NMR on purified products 14a—e. The authors also were able to
transpose the reaction under flow conditions, improving both the yield and productivity,
achieving 87% yield in 40 min of residence time without affecting either the diastereoselec-
tivity or the enantioselectivity.

In 2023, Goddard et al. studied the possibility of using the supported Eosin Y pho-
tocatalyst for promoting the [2+2] photoredox cyclization of aryl bisenones under visible
light [27]. The study focuses on how different mesoporous silica architectures affect the
course and outcome of the photochemical reaction.

When carried out with the immobilized Eosin Y, the reaction showed that the na-
ture of the silica support has a decisive impact on the selectivity between the two prod-
uct types (mono- or bicyclic). The authors compared the results achieved using the
free photocatalyst Eosin Y (Scheme 16, Path A) and the SBA-15-APTES-EY (Scheme 16,
Path B) catalyst (characterized by its cage-like mesoporous framework). It was observed
that the mesoporous catalyst was able to improve the formation of the 5-exo-trig adduct 11,
which was the minor product in the aforementioned methodologies (Scheme 16). The study
demonstrates that in heterogeneous photoredox catalysis, the support material plays a key
role in the radical process.

o o 0O Q 0 ?L
Eosin Y (5 mol%) /S:I
o —< Ph Ph Ph S Ph
LiBr (3 equiv.) o Pr?_b i +
+ ) )
)y A% NNZ

iProNEt (2 equiv.)
Green LED

IPA, 24 h 7-trans

42%

7-cis
19%

overall yield

19% 80%

o)
,.~\L Ph

3

LiBr (3 equiv.)
iProNEt (2 equiv.)
Green LED
IPA, 24 h

o o o 0o 0
SBA_15-APTES-EY — Ph Ph  Ph
» PH . Ph
+ iz + g
N
1

7-trans
21%

7-cis
24%

overall yield

46% 92%

Scheme 16. Influence of selectivity for the reductive coupling of compound 6, using SBA-15-APTES-EY
as the heterogeneous catalyst.
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The use of supported Eosin Y was further studied one year later by Rossi and co-
workers for the synthesis of enantiomerically enriched cyclopentane rings through the
use of chiral auxiliaries [28]. The authors report the possibility of supporting Eosin Y on
Merrifield resin (MR-EY) to enhance the recycling of the catalyst (Scheme 17). The authors
achieved the desired cyclization for both the symmetric and non-symmetric aryl enones
after 18 h of irradiation, using 3 mol% of MR-EY in good yields. The supported catalyst
can be used up to three times, before being regenerated by irradiation by green light for
1 h, blowing in air at 1 atm.

o o o MR-EY (3 mol%), iPr,NEt Q O
Ph NJ( Schreiner's thiourea (20 mol%) K < o
| \\/o » Ph N\(
DCM &/ 5
Bu Bu’

f LED 530 nm

13e 18h 14e

SE

up to 52% yield
and 80:20 of d.r.

Scheme 17. Diastereoselective reductive coupling of aryl bisenones with supported Eosin Y photocat-
alyst (MR-EY).

Taking inspiration from the works of Yoon and Zeitler [18,21] in 2024, Rossi and co-
workers focused their attention on the synthesis of bicyclo[3.2.0]heptanes by using Eosin Y
as a photocatalyst, exploring both batch and continuous-flow conditions [29]. The authors
first optimized the reaction under batch conditions, using green LEDs and a compact
fluorescent lamp (CFL) as light sources. Temperature and reaction time play a crucial role
in determining product selectivity; at 40 °C for 12 h, the trans isomer predominates, while
at a lower temperature (26 °C) and for a shorter reaction time (2 h), the cis isomer becomes
the major product (Scheme 18).

BATCH REACTION o 0 X = Ph:
Eosin Y or NasEosin Y Ph X for the cis product (40 °C, 2 h)
> . 77% yield, > 5:1 d.r. (cis:trans)
LiBr, iPr,NEt, ACN H H for the trans product (26 °C, 18 h)
visible light 80% vield, > 1:5 d.r. (cis:trans)
X = OMe: cis product
cis product trans product up to 56%, 6:1 d.r. (cis:trans)
(0]
| -
(0] (o]
Eosin Y or NayEosin Y Ph X NaOMe
LiBr, iPr,NEt, ACN o H H MeOH, —10 °C
FLOW REACTION 20 min of residence time 12h
visible light
X = Ph: cis product trans product
>99% vield, 9:1 d.r. (cis:trans) >99%

X = OMe: cis product
>99%, >99:1 d.r. (cis:trans)

Scheme 18. The [2+2] photocycloaddition of aryl enones under batch and flow conditions.
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To simplify the catalyst recovery, Eosin Y was also immobilized on a Merrifield
resin, providing a heterogeneous catalytic system that maintained good reactivity, though
with slightly reduced yields due to light penetration limits. Moreover, the researchers
successfully transferred the methodology with the free photocatalyst to continuous-flow
conditions, combining photoredox catalysis with flow technology to enhance efficiency and
scalability. Under flow conditions, quantitative conversion and excellent cis selectivity (up
to >99:1 cis:trans) were observed. The continuous-flow approach significantly increased the
space—time yield, which was up to 50 times higher than in batch reaction, and enabled easy
scale-up to gram-scale while maintaining high yields (up to 97%) and stereocontrol.

To rationalize the observed selectivity, DFT calculations were performed, confirming
that the SET pathway is favored over energy transfer, and that LiBr plays a key role in low-
ering the reduction potential of the enone. The calculations also revealed that the formation
of the cis product is the more favorable pathway (highlighted in blue, Scheme 19) for the
[2+2] cycloaddition; on the other hand, the trans isomer is thermodynamically more stable
(Scheme 19). From the DFT calculations, the authors suggest that the [2+2] cycloaddition
proceeds preferentially through the formation of the cis isomer, which explains why it is
obtained as the major product at shorter reaction times. The authors also investigated the
possible mechanism leading to the formation of the trans product at longer reaction times.
This was attributed to an isomerization of the cis isomer into the trans one, which was
promoted by a side product generated during the reaction.

\
\

506 . .

\ \— CIS ISOMeEr
‘\

\

\
-57.3 i
\ trans isomer

Scheme 19. Gibbs free energy profiles (in kcal mol~1) for the anion radical [2+2] photocyclizations
starting from radical anion A, computed at the M062X/6-31G(d,p)/PCM (ACN) level. The cis
pathway is highlighted in light blue.

One year later, Rossi and coworkers published a paper on the enantioselective version
for the organophotoredox-catalyzed synthesis of bicyclo[3.2.0]heptanes through the anion
radical [2+2] photocycloaddition of aryl bisenones [30]. As previously reported for the
monocycle product, the use of chiral oxazolidinone auxiliaries attached to the enone
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13a R=Ph
13e R=1Bu

substrates enables enantioenriched products, achieving both high chemical yields and
stereocontrol. In the study, bisenones 13a and 13e (Scheme 20), each bearing different
oxazolidinone units, were synthesized via a sequence involving Wittig reactions, acylation
and condensation steps. Under green LED irradiation (530 nm) and in the presence of
Eosin Y (0.5-1 mol%) and LiBr, compounds 13a and 13e underwent efficient cyclization
to form bicyclo[3.2.0]heptanes 15 and 16. The authors report that the [2+2] cyclization
reaction of non-symmetric bisenones could undergo four different closure-type radical
reactions—two for the formation of the first cycle: syn and anti attack, and two for the
formation of the cyclobutene ring: cis and anti attack—leading to the formation of four
classes of products: cis-anti, trans-anti, cis-syn and trans-syn derivatives, respectively. Due to
the presence of a defined stereocenter on the chiral auxiliary, 16 different sterecisomers can
be formed during the reaction.

LiBr (2 equiv.)

0 DIPEA (2 equiv.) J? ‘i\\ o  Q
Eosin Y Ph~*. Ph
(S (R) + (R (s)
ACN., 4 h, (RE—( =R
LED 530 nm \/
15a R=Ph 16a R =Ph
15e R =1{Bu 16e R =1Bu

Scheme 20. Diastereoselective [2+2] photocycloaddition of aryl enones.

Notably, the reactions gave moderate-to-high yields (up to 76%) and good di-
astereoselectivity (up to 78:22 d.r.), with only the two cis-anti isomers (Scheme 20,
products 15 and 16) as the sole products. The removal of the chiral auxiliary resulted
in the formation of the two corresponding enantiomers. Structural analysis by single-
crystal X-ray diffraction confirmed the absolute stereochemistry of the major product 16a
as (1S, 5R, 6R, 7S). NMR analysis further supported that the reaction selectively yields
cis-anti bicycloadducts, distinguishing it from previously known systems that also form
trans-anti isomers.

To elucidate the mechanism and stereochemical outcome, the authors performed
DFT calculations of all the possible products, which showed excellent agreement with the
experimental data.

More recently, Benaglia et al. reported the possibility to expand the use of chiral
oxazolidinones as auxiliary in the radical-promoted cyclization of bisenones also for the
stereoselective synthesis of heterocyclic targets: in particular, for the intramolecular reduc-
tive cyclization of nitrogen and oxygen-containing analogs aryl-enones [31]. The reaction
was carried out using Eosin Y as the photocatalyst, Schreiner’s thiourea as a hydrogen
bond donor and irradiation at 530 nm; moreover, a mixture of Hantzsch ester and iPr,Net
sacrificial reducing agents was necessary. The reaction was tested with different chiral oxa-
zolidinones. The best stereoselectivity was achieved with the tBu-substituted one, yielding
enantiomeric ratios (after removal of the chiral auxiliary) of 67:33 e.r. for compound 21c
and 58:42 e.r. for compound 22. All results are reported in Scheme 21.

In general, photocatalytic cyclization reactions of (bis)enones represent the most
extensively studied processes. These systems exploit the enhanced redox reactivity of
photocatalysts in their excited states, thereby enabling transformations that would oth-
erwise be inaccessible. Both metal-based photocatalysts and organic dyes have been
successfully employed, often affording excellent results. As discussed in the reported exam-
ples, intramolecular cyclization of (bis)enones can lead to two distinct products. Notably,
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the reaction outcome can be controlled through modulation of the reaction conditions:
five-membered ring products are typically formed when a neutral radical is involved in the
mechanism, whereas bicyclic products arise when a radical anion serves as the key inter-
mediate [19,25]. Despite these advantages, complete regioselectivity during ring closure is
not always achieved, and considerable effort is still required to address this limitation.

Schreiner’s thiourea (20 mol%)
tBu-Hantzsch ester (1.1 equiv.)
iProNEt (1 equiv.)

0 9 o Eosin Y (2.5 mol%) /( Q /(
NJ( - O MeONa (1.2 equiv.) a
|l I Lpr om Bh TOPh T\ N > Ph OMe
.5h, e Q/o MeOH

R green light, -20°C, 18 h X
2
17 530 nm, 424 mW/cm 19 21
18 20 22
Compound Intermediate Product Yield % e.r.
17a X =N-Boc R =Ph 19a 21a 53 51:49
17b X = N-Boc R =iPr 19b 21b 80 55:45
17¢c X = N-Boc R =1{Bu 19¢ 21c 42 67:33
18 X=0 R =tBu 20 22 43 58:42

Scheme 21. Diastereoselective reductive cyclization of nitrogen- and oxygen-containing aryl enones.

The use of light to promote chemical reactions suffers from an inherent limitation
associated with light penetration, which complicates the scale-up of photochemical pro-
cesses [32]. To address this challenge, particularly in the cyclization of (bis)enones, the
integration of photocatalysis with flow chemistry has emerged as a promising strategy,
opening new avenues for reaction development [33]. This combination has been investi-
gated using multiple approaches, including both supported and homogeneous photocat-
alytic systems [26,29]. More recently, an enantioselective variant of the reaction has been
explored through the use of chiral auxiliaries to provide stereochemical control [26,28,30,31].
However, only modest levels of enantioselectivity have been achieved to date, leaving
significant room for further improvement in this area.

Overall, these studies highlight how photoredox catalysis has evolved into a versatile
and finely tunable platform for controlling the reactivity, regioselectivity and stereochemical
outcome of (bis)enones cyclization. The combination of mechanistic insight, catalyst
design and computational studies has enabled the development of increasingly selective,
sustainable and scalable methodologies for the construction of complex cyclic architectures.

3. Metal-Catalyzed Methodologies

While photochemical strategies enable redox activation under mild conditions through
light-induced excited states, alternative approaches rely on the intrinsic reactivity of metal
centers. In this context, metal-driven processes offer complementary pathways for substrate
activation, exploiting metal-substrate interactions and redox cycles to achieve transfor-
mations under a distinct, yet complementary, mechanistic framework. Since the dawn of
modern chemistry, metals have played a crucial role in the development of synthetic or-
ganic chemistry. Among the most significant examples are metal-catalyzed cross-coupling
reactions [34]. More recently, metals also played a crucial role in the development of radi-
cal chemistry, both for generating radicals and for improving the selectivity of reactions
involving radical intermediates. To a limited extent, they also played a role in advancing
the application of bisenone reactivity via single-electron transfer (SET) processes.

To the best of our knowledge, the first example was reported by Enholm and co-
workers in 1995, in which nBuzSnH induced the intramolecular cyclization of enones,
leading to the formation of a mixture of cyclized products (Scheme 22) [35].
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o) nBuzSnH (3 equiv.),
EWG AIBN (10 mol%) f—EWG Hiv—mH
=
I I benzene 0.1 M, o * Y |
85°C,2h HO EWG

5-exo-trig product bicyclo product

Entry Compound overall yield %  5-exo-trig product / bicyclo product

ratio
1 EWG = CO,Me 85 3:1
2 EWG =CN 94 3.5:1
3 EWG = COMe 93 2.1:1

Scheme 22. Cyclization of enones, promoted by nBuzSnH.

The organometallic species was used in large excess (three equivalents), which was
relative to the starting bisenones; moreover, the presence of a radical initiator, such as
azobisisobutyronitrile (AIBN), was required. A modest scope was achieved, with overall
yields of up to 80%. It was noticed that decreasing the reagent concentration favors the
monocyclic product. For example, in the reaction depicted in Scheme 22, simply diluting
the solution from a 1 M solution to 0.01 M increases the ratio from 9:1 to over 50:1. As for
the mechanism, the authors postulate the presence of a tin enolate as a key intermediate,
which was formed after SET to the reagent and consequent radical formation (Scheme 23).

| | EWG nBusSn > N EWG

Key Intermediate

Scheme 23. Representation of the key intermediate.

In a concentrated solution, the higher availability of tin hydride allows the monocyclic
tin enolate to undergo a second intramolecular cyclization by the attack from the carbon
in o position to the ketone on the electron-withdrawing group. A year later, Fu et al.
demonstrated that the intramolecular cyclization of bisenones could be achieved by using
the metal species in a catalytic amount [36]. This was possible due to the use of an additive,
PhSiH3, that could regenerate the organotin catalyst (Scheme 24).

0 0 (nBu3SN),0 (5 mol%), PhSiH; (50 mol%) \OH o
AIBN (10 mol%) N \/ \/{
_ +
w EtOH, benzene, 80 °C, 6.5 h o) Heeo—{H
23 24 25
overall yield 91%,

isomers ratio 3.6:1

Scheme 24. Metal-catalyzed cyclization of bisenones.

Organotin oxide was used as a convenient and cost-effective source of tin hydride,
generated through its reaction with EtOH. Mechanistically, the process follows the pathway
described by Enholm and co-workers [35], with the additional step of regenerating the tin
catalyst by hydride transfer from the silane, forming the corresponding silylenolether. In a
similar application, Parsons’s group reported the synthesis of substituted tetrahydrofurans
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o Co(dpm), (10 mol%) o Q 0 ?L
PhMeSiH, (4 equiv.), R’% ?\Rz R Neg, o
R> L H H + H ’ +
i F 3 R
N7 7

from the corresponding (bis)enones ether, using a stoichiometric amount of tributyltin
hydride [37].

In 2001, Krische and co-workers demonstrated that Co(II) complexes could also serve
as the key catalyst for the cyclization of aryl bisenones [38]. This strategy, presented in
Scheme 25, was highly efficient in terms of yield and diastereoselectivity, leading to the
formation of the [2+2] cycloaddition product in good yields and outstanding diastereose-
lectivity (d.r. > 99:1).

Co(dpm),
tBu tBu
OO0
Cee )
OO0
tBu tBu

R
X DCE, 50 °C
X X
[2+2] Michael
Cycloaddition Cycloreduction
d.r>99:1
Entry Compound Yield % Yield %
1 R=R,=Ph; X=CH, 72 11
2 R=R,=Ph; X=0 69 9
3 R=R,=Ph; X=NTs 73 -
4 R=R,=Ph; X=C(CO,Et), 50 23
5 R=R,=Ph; X=0OTBs 65 -
6 R=Ph; R,=CHg;; X=CH, 63 5
7 R=Ph; Ry=2-furyl; X=CH, 48 18
8 R=R,=2-furyl; X=CH, 65 2
9 R=R,=N-Acetyl-3-Indole; X=NTs 51 -

Scheme 25. Cobalt(II) catalyzed [2+2] cycloaddition.

By expanding the reaction scope, the authors discovered that the reaction tolerated
different aromatic and heteroaromatic ketones, as well as the presence of ramification on the
linear chain, in yields between 50% and 73%. Notably, in all the reported examples, only the
cis isomer was obtained. In addition, other than the [2+2]-cyclized product, in some cases,
the formation of the Michael addition by-product was observed. The authors integrate
their results with different control experiments, revealing, in particular, that even when
starting from a mixture of E and Z bisenone, only the cis isomer was obtained, suggesting
the formation of a radical as an intermediate in both cases. Nevertheless, treatment of the
cis product with a Brensted or Lewis acid (such as TFA or BF3) led to its conversion into
the trans isomer. According to the proposed mechanism, the excess of silane is necessary to
pre-activate the catalyst, as it coordinates with the double bonds, thereby restricting the
configurational flexibility of the transition-state geometry, which directs the cycloaddition
to produce a single isomer. To demonstrate the role of the metal in stereoselectivity, the
same reaction was repeated under electrochemical conditions in the absence of the Co(II)
complex (Scheme 26), confirming the radical nature of the reaction and yielding a mixture
of isomers.
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32% 17%

Scheme 26. Electrochemical [2+2] cycloaddition.

In the following year, Kirsche’s group published a paper focused on the mechanistic
investigation of the diastereoselective cycloreduction and cycloaddition of mono- and
bisenones promoted by the Co(dpm), complex in the presence of differently substituted
silanes (Scheme 27) [39].

Entry Yield %
11

(0] 2 46
. M 3 50
Co(dpm)2 (5 mol%) 0 s R, Michael 4 5
— B
PhSiH; DCE R Cycloreduction : 2
' 75
7 87
" 8 36
Co(dpm),
o 0]
w tBu tBu
IR SN E— 3P
Ce )
n folie)
Entry Compound tBu tBu Entry Yield %
0
1 R{=R,=Ph; n=1
2 R4=Ph; R,=p-MeOPh; n= 1 1 72
3 R4=Ry=p-MeOPh; n= 1 o O 2 40
4 R4=Ph;R,=CHg; n= 1 3 -
5  Ry=Ro= 2furyl; n=1 Co(dpm), (10 mol%) R Re sy 4 65
6 R4=R2=N-Me-2-pyrrole; n=1 PhMeSiH, DCE H H Cycloaddition 5 65
7  Ry=Ph; Ry=H;n=1 ' 6 -
8 R4=Ph; Ry=H; n= 2 7
8

Scheme 27. Possible reaction pathways.

By combining data from deuterium labeling experiments, electrochemical tests, crystal-
lographic characterization of some intermediates and blank tests, the authors proposed the
following steps for the two mechanisms, demonstrating that the choice of silane is a critical
factor. When phenyl silane was used, the oxidative addition favored the hydrometallative
pathway, promoting cycloreduction. In contrast, using a bulkier silane, such as PhMeSiHj,
the oxidative addition was disfavored, thereby stabilizing the Co(I) center and leading to
[2+2] cycloaddition via radical formation (Scheme 28).

. R33|
R3S|\ LN

O(_/C\ 0 f \QJ\ LnCo(I) A o )OLR

o 7 =
RMR PR ooy Q2
LnCo(ll)(SiR3)(H) R

RsSiH ﬂ RsSiH

HQSl Ln
LnCo(l)

0 C'l‘: O ncony f£ S
R R

LN e
Rw R%(R ;%;

Scheme 28. Proposed mechanism pathways.
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In 2004, Kirsche’s group used the aryl bisenones as a mechanistic probe in the cy-
clization reactions catalyzed by the Gilman reagent, Me,CuLi*Lil [40]. In the early years
of the 21st century, Gilman'’s reagent was at the center of debate over its mechanism of
action: in particular, whether it proceeded through an intermediate containing a dystonic
radical, thereby involving a possible electron transfer. Following the results reported in the
aforementioned paper, Kirsche and co-workers observed that reduced bisenones, which
are prone to [2+2] cyclization via chemical or cathodic electron transfer, are ideal probes for
detecting an anionic radical. The reaction was conducted in THF at 0 °C with one equiva-
lent of the Gilman reagent. Two products were obtained, one from the [2+2] cycloaddition
and the other from methylation, as depicted in Scheme 29.

[(CH3),CuLi*Lil] (1 equiv.) o) Ar Ar Ar
MY = I
THF, 0 °C, 25 min Ar

H;C
Ar=4-biphenyl 64% 13%

Scheme 29. Model reaction for the Gilman reagent investigation.

The test, as expected, confirmed the presence of the electron-transfer product; however,
the major product was the methylated derivative. Interestingly, changing the amount of
organocuprate led to a significant shift in the product ratio. Indeed, when a large excess
(200 mol%) was used, only the methylated derivative was obtained in the 85% yield; on the
contrary, when a catalytic amount (25 mol%) was used, the ratio was inverted, with only the
[2+2] cyclization product obtained in 91% yield. Moreover, when a stoichiometric amount
was used at a lower concentration, the electron-transfer product was the major product.
Based on these results and additional data from further experiments, they concluded that
the form in which the Gilman reagent is present in solution dictates the reaction outcome:
at low concentration or mol% loading, the monomeric form predominates, favoring the
electron transfer to form the distonic radical on the bisenones and consequent formation of
the bicyclic product; at higher concentration or higher mol% loading, the dimeric dilithium
aggregate is formed, favoring the formation of the methylated derivatives.

In 2005, Omune and co-workers published a study investigating the intramolecular
hydrodimerization and pinacol coupling of cyclic bisenones promoted by metals com-
plexes [41]. Two different cyclized products were obtained depending on the metal used:
with Smly, the hydrodimerisation derivative is formed, while Mg(0) favored pinacol cou-
pling (Scheme 30). This selectivity arises from the formation of the different metal-chelated
intermediate: two molecules of samarium diiodide were necessary to reduce both car-
bonyl groups, so the chelation played a marginal role in the mechanism, whereas a single
magnesium atom could reduce both the carbonyl groups, resulting in a chelation process.
Based on these results, Omune and co-workers subsequently published a study that further
examined the methodology and expanded its scope [42].

More recently, Gansauer’s group used titanocene to promote the [2+2] cyclization of
bisenones (Scheme 31) [43].

The Ti(IV) precatalyst was reduced in situ by zinc to form the active species Ti(III),
which, upon coordination with the bisenone, performed the electron transfer needed
to generate the radical. After cyclization, back-transfer from the ketyl radical to the ti-
tanocene dissociation took place, regenerating the Ti(Ill) catalyst. A comprehensive study
on bisenones with various substituents, including aliphatic, aromatic and mixed residues,
was performed, leading to the corresponding products with the syn configuration.
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0] 0]
26
Sml; (4 equiv.) | Mg(0)
THF, MeOH, 3 h
HMPA (1 equiv.),
EtOH (5 mol%), 5 min

OHO
28
52% 78%
Hydrodimerization Pinacol Coupling
Scheme 30. Mechanistic rationale.
[0} o
0] e} .
Cp,Ti(OTf), (15 mol%) R R,
X Zn (30 mol%), X
dioxane, 80 °C, 12 h \X/'
Entry Compound Yield % dr.
1 R=R,= p-MeOPh; X= CH, 80 96:4
2 R=Ry= p-CIPh; X= CH, 86 >99:1
3 R=R,= 2-naphtalenyl; X= CH, 90 >99:1
4 R= 4-CNPh; Ry= Ph; X= CH;, 86 >99:1
5 R=R,= p-NO,Ph; X= CH, 0 -
6 R=Ph; Ry= CH3; X=CHj, 82 >99:1
7 R=Ph; R,= NMe,; X= CH, 85 >99:1
8 R=Ph; R;= OCHg3; X= CH, 74 91:9
9 R=R,= Me; X= CH, 80 96:4
10 R=R,= t-Bu; X= CH, 0 -
" R=R,= adamantyl; X= CH, 0 -
12 R=tBu; Ry;= Me; X= CH, 78 >99:1
13  R=adamantyl; Ry= Me; X= CH, 80 >99:1
14 R=R,=Me; X=0 70 >99:1
15 R=R,= Me; X= C(Me), 88 >99:1

Scheme 31. Titanocene catalyzed [2+2] cyclization.

In summary, these examples describe a range of intramolecular cyclization reactions
employing different metals, including Sn, Co, Sm, Mg and Ti. In contrast to photocatalytic
methods, the diversity of the accessible products is markedly broader and strongly depen-
dent on the specific metal employed. Notably, the formation of six-membered ring products
following the pathway depicted in Figure 2 is observed exclusively in metal-mediated reac-
tions. Moreover, as in photocatalytic processes, selective formation of a given cyclization
product can be achieved through careful modulation of the reaction conditions (Scheme 27).
With respect to diastereoselectivity, metal-catalyzed methodologies in [2+2] cycloadditions
exhibit exceptional control (d.r. up to >99:1), reaching diastereomeric ratios that are gener-
ally unattainable under photochemical conditions. The development of enantioselective
variants of these metal-catalyzed processes, potentially through the use of chiral metal
complexes, represents a promising and largely unexplored area.
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4. Electrochemical Methodologies

While metal-driven processes rely on the redox activity of metal centers to mediate
substrate activation, electrochemical methods achieve analogous transformations by di-
rectly controlling electron transfer at the electrode surface. This shift from molecular to
electrode-based redox control offers new opportunities for tuning reactivity and selectivity.
Over the past decade, electrochemistry has experienced a renewed interest as a valuable
tool in synthetic chemistry. Electrochemistry offers a very mild and atom-efficient method
to achieve selective oxidative or reductive transformations, using electrons as traceless
reactants, and thus removing the needs for harsh conditions, and the use of typically toxic
reducing and oxidizing agents [44]. The ability to carry out redox processes without ag-
gressive reagents has led to a significant research activity in this area, which resulted in an
increased number of publications in the field of electrochemistry, kicking off the renaissance
of this topic [45]. Notably, electrochemical methods enable the formation of C-C, C-O, C-N,
C-heteroatom and heteroatom-heteroatom bonds in an efficient and sustainable way [46].

In this context, the possibility of generating the anion radical of several bisenones
under electrochemical conditions was investigated. The first example is dated in 2002,
when Krische and Bauld, in parallel with their study on an intramolecular cobalt-catalyzed
[2+2] cycloaddition of tethered enones (see Section 2), reported the cathodic reduction
of different bisenones [47], with the primary goal of demonstrating the formation of the
anion radical. Cyclic voltammetry performed on the model bisenone 6 revealed that the
peak reduction potential of 1a was —1.20 V vs. SCE and irreversible. A 0.02 M solution
of 6 in electrolyte solution (0.1 M LiClO4 in ACN) at room temperature was subjected to
electrochemical reduction. The overall yield of the isolated products was 76%, with the
remaining mass accounted for by polymeric by-products. Analysis of the isolated products
mixture revealed that the main products were the bicyclic isomers 7-cis and 7-trans, as
well as the Diels—Alder cycloaddition derivative 12 with a 2:2.4: 7-cis:7-trans:12 ratio. In
addition, monocyclic product 11 and the corresponding aldol product 29 were formed in
21% and 10% yields, respectively. The results of this initial study are reported in Scheme 32.

RVC(+)[|(-RVC 2 0 o N g Q HO_Ph
divided cell Ph Ph /
—_— > + + + PH
-0.9V, | Ph Ph —/ R,

LiClO4, ACN E 3 : =
4 % N

7 1" 12 29

37% 21% 8% 10%

(cis:trans) 1:1.2 (cis:trans) 2:1

Scheme 32. Cathodic reduction of compound 6.

The attempts to expand the scope of cathodic reduction to other bisenones failed,
except for the asymmetric substrate bearing Ph and Me as substituents, which afforded the
desired cycloaddition products in 35% yield as cis and trans mixture. This study provided
new examples of a relatively uncommon reaction type, anion radical chain cyclobutanation,
and a starting point for broadening the scope of these new reaction types. Some years
later, the same authors reported the intramolecular cyclobutanation of bisenones via ho-
mogeneous electron transfer [48]. The reaction was chemically induced by the addition
of an anion radical (chrysene) to bisenones, but for selected substrates, electrochemical
promotion of the cycloaddition was examined. Both cis- and trans-cyclobutane isomers
were formed, in good total yields of pericyclic products. However, the electrochemical
reaction also led to the formation of pericyclic product 12 in 10 to 30% yield (Scheme 33).
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RVC(+)||(-)RVC o o R
o] (o} divided cell o) 0
R
R R -1.5t020V + 4
X Bu4N285F;,CACN o Rz
Ne” Sy
Entry Compound cis trans 12 Overall yield
yield % yield % yield % %
1 X =CHy, R=Ph 17 59 13 88
2 X=0, R=Ph 39 21 28 88
4 X = CH,, R = 2-naphthyl 14 29 8 51
5 X = CH,, R = 4-CI-Ph 11 52 12 75

Scheme 33. Electrocatalytic cyclobutanation reactions of various bis(enones).

In the same year, Bauld and co-workers published a study entirely focused on the
electrochemical study of intramolecular anion-radical cyclobutanation reactions [49]. In
this paper, the authors reported the development of more efficient conditions than those
previously presented [48]. The use of tetraalkylammonium tetrafluoroborate electrolytes in
acetonitrile proved to be essential for delivering product 7 in a high yield, with a cis:trans
ratio of up to 3.5:1. Nevertheless, a fine-tuning of the reaction conditions was necessary
for each substrate bearing an electron-donating or electron-withdrawing substituent to
maximize the outcome. Furthermore, it was demonstrated that at least one aryl group as
a substituent on the bisenone is required for the reaction, with optimal results obtained
when both positions are substituted with aryl groups (Scheme 34). The authors attributed
this observation to the greater delocalization and stabilization of the radical anion formed
upon reduction of the «,[3-unsaturated ketone bearing an aryl substituent. This enhanced
stabilization likely resulted in a lower reduction potential for these substrates, relative to
analogs bearing two methyl or two ester substituents.

RVC(#)II(-)RVC O o R
(0] (0] divided cell
1 R2 74 Q P
Ri Ry -1.5t020V +
| | Electrolyte, ACN A p 4 R,
X 25°C LG L
\X/ X
Entry Compound Electrolyte cis trans 12 Overall yield

yield % yield %  yield % %
1 X =CHp, Ry =Ry =Ph nBusNBF, 59 17 13 88
2 X=0, Ry{=R,=Ph nBusNBF, 39 11 3 53
3 X=0, Ry{=R,=Ph LiCIO, 21 20 2 43
4 X=0, Ri{=Rz=Ph Mg(Cl04)2 21 39 28 88
5 X = CHy, Ry = Ry =4-Cl-Ph nBuyNBF, 52 11 12 75
6 X = CHy, Ry = Ry = 3,4-Cl-Ph LICIO, + Mg(CIO,), 7 33 16 56
7 X = CHz, Ry = Ry =3,4-Cly-Ph EtsNBF4 3 0 0 3
8 X = CHy, Ry = Ry = 2-Naphthyl nBuyNBF, 29 14 8 51
9 X =CHy Ry = Ry =4-Ph-Ph Mg(ClO,), 7 21 25 53
10 X = CHp, Ry = Ry =4-Ph-Ph nBugNBF,4 12 0 0 12
1 X =CHy Ry =Ph, Ry = CH3 Mg(ClO4), 0 9 0 9
12 X =CH, Ry = Ph, Ry= CHj E4,NBF, 19 0 0 19
13 X = CHz. Ry = Ph, Ry = OEt LiCIO4 32 0 0 32
14 X = CH, R = OEt, R, = OEt Et,NBF, 0 0 0 0

Scheme 34. Screening of conditions for the electrochemically induced cyclization of bisenones.

Evidence for the formation of a distonic anion radical intermediate was provided by
trapping it through protonation, which was achieved by adding a slight excess of acetic
acid at the beginning of the electrolysis. On these bases, a reaction mechanism for this
transformation was proposed, which is illustrated in Scheme 35.

https://doi.org/10.3390 /molecules31030430


https://doi.org/10.3390/molecules31030430

Molecules 2026, 31, 430

24 of 29

o) 0 _ o2 0 .
N X L A/ =N X | AN
Ph Ph Ph ) Ph Ph 5/ \*& Ph Ph & % Ph
%
6 D

N (7
o ¥ o@o Ph Ph 0O O

(0] (o] €]
M - Ph—X Ph . Q A O pn Ph
— S pr’ T ph | —> o N 7 +
Ph F Y Ph sl ] SET Ph Ph Y

TS2 G H 7

Scheme 35. Proposed mechanism for the anion radical chain cyclobutanation of compound 6.

According to this mechanism, the reduction of the bisenone at the cathode leads to an-
ion radical, D, which then cyclizes to the distonic anion radical intermediate E (Scheme 35).
This intermediate cyclizes to the anion radical of the cyclobutane product, F. The anion
radical moiety presumably is localized upon one of the benzoyl groups. Finally, exergonic
single-electron transfer (SET) from F to bisenone 6 sets up the chain process affording the
neutral cyclobutane product 7. The distonic anion radical intermediate E, can also cyclize
to a Diels—Alder adduct anion radical, where the anion radical moiety again resides upon
a benzoyl moiety.

The same authors demonstrated that the nature of the supporting electrolyte cation
plays a crucial role in controlling the diastereoselectivity of electro-reductive intramolecular
cycloaddition reactions of bisenones [49]. Systematic variation in perchlorate electrolytes
containing mono- and divalent cations (Li*, Na*, K, Mg2+ and Ba?*) revealed a strong
correlation between cation chelation ability and product distribution. Divalent cations
strongly favor the formation of cis-cyclobutane products by stabilizing the distonic an-
ion radical intermediate through bidentate coordination to the carbonyl oxygen atoms
while suppressing the thermodynamically favored trans isomer. Remarkably, Ba?* com-
pletely inhibits trans-cyclobutane formation and simultaneously enhances the competing
Diels—-Alder cycloaddition pathway: an effect attributed to optimal size-matching between
the cation and the chelation cavity of the intermediate. These findings highlight the effects
of electrolyte cations as a powerful parameter for steering selectivity in electrochemical
pericyclic reactions.

In 2007, Omune and Handy reported the possibility to exploit the reductive coupling
cyclization of «,f3-unsaturated enones for the synthesis of tricycle 31 (Scheme 36) [42].
The reaction was carried out under electrochemical conditions, using a tin cathode and
a platinum anode, with tetraethylammonium chloride as a supporting electrolyte in a
mixture of water and acetonitrile as a solvent system (Scheme 36).

Sn(+)||(—)Pt H
0 180 mA . . H (o)
Et4NCI, ACN:H,0
H
(o) (e} (0]
30 31a 31b 31c
trans-anti-trans trans-anti-cis cis-syn-cis
(TAT) (TAC) (CsC)
Overall yield 62%
31a:31b:31c

4:1:1

Scheme 36. Electrochemical reductive cyclization of compound 30.
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The authors report the formation of a mixture of three isomers of product 31, with
the major one being trans-anti-trans (TAT, 31a). The reaction scope was also expanded
to other substrates, achieving high yields of up to 73%. The reaction was also investi-
gated under different conditions: metal-mediated and photochemical, as discussed in the
previous chapters.

The primary objective of electrochemically-driven cyclization reactions was to demon-
strate the formation of radical anion intermediates that were analogous to those generated
under photocatalytic or metal-mediated conditions. At the moment, this approach has
been largely limited to (bis)enone substrates bearing at least one aryl substituent, which is
likely due to the lower reduction potential required for their activation. Reaction outcomes
are generally more difficult to control, and, in all the reported cases, mixtures of products
are obtained.

In conclusion, electrochemical methodologies currently represent the least developed
approach among those discussed; however, they offer significant potential for future
investigation and methodological advancement.

5. Current Challenges and Limitations

Despite significant advances in methods for radical generation, several challenges
persist across the photochemical, metal-mediated and electrochemical approaches. Limitations
in substrate scope remain a primary hurdle, as the presence of at least one aryl substituent
on the (bis)enone appears to be necessary to stabilize the generated radical and enable
further reaction. In addition, sensitive functional groups are often prone to over-reduction
or decomposition under photochemical or redox-active conditions, further restricting the
applicability of these cyclization reactions.

Cost considerations further limit the widespread adoption of photochemical and
electrochemical methodologies when compared with more traditional metal-mediated
approaches. Photoredox catalysis often relies on expensive ruthenium- or iridium-based
complexes, which increases costs and raises concerns regarding scalability. Similarly, elec-
trochemical methods typically require specialized instrumentation and carefully controlled
setups, adding operational complexity. In contrast, many metal-mediated processes em-
ploy relatively inexpensive and readily available metals and can often be implemented by
using simpler experimental setups, making them more practical and accessible. However,
enantioselective variants of these metal-catalyzed processes are still underdeveloped.

The attempts at developing supported catalysts for addressing catalyst recyclabil-
ity revealed that the nature of the support plays a key role in determining the reaction
outcome. Moreover, photocatalytic systems often suffer from photobleaching, leading to
catalyst deactivation.

Scalability remains a significant challenge across photochemical, electrochemical and
metal-mediated methodologies. In photochemical reactions, poor light penetration in larger
volumes limits reaction efficiency, whereas in electrochemical systems, electrode fouling
and mass-transfer limitations can compromise reproducibility and long-term operation.
Metal-mediated processes, while generally being more robust, are not immune to scale-
up issues, considering catalyst cost and reaction exothermicity. The integration of flow
chemistry could provide a versatile solution, enabling uniform light exposure, improved
mass and heat transfer and continuous operation. Flow-based approaches not only enhance
scalability and reaction control for photochemical and electrochemical systems but can
also improve safety, efficiency and reproducibility in metal-mediated reactions, offering a
general strategy toward viable implementations of the discussed transformations.
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6. Summary and Outlook

o, B-Unsaturated (bis)enones have emerged as highly versatile building blocks for
the construction of cyclic frameworks via intramolecular single-electron transfer (SET)
processes. Their distinctive electronic structure—combining a conjugated 7-system with
an electron-deficient carbonyl moiety—facilitates efficient radical generation under pho-
tochemical, electrochemical and metal-promoted activation. Over the past decade, these
substrates have enabled a diverse array of cyclization reactions, broadening the access to
carbo- and heterocycles of different ring sizes with excellent functional-group tolerance
and high atom economy. Mechanistic investigations have clarified the crucial role of enone
(and bisenone) geometry, substituent effects and redox properties in steering the selectivity
and efficiency of SET-induced cyclizations. As a result, «,3-unsaturated (bis)enones now
occupy a central position in modern radical-based synthetic strategies aimed at rapid
molecular complexity generation.

Moreover, great interest has been devoted to controlling the selectivity and stereochem-
ical outcome of the radical-promoted cyclization of o, 3-unsaturated ketones. In particular,
the use of specific solvents and additives has proven to be fundamental for controlling the
cyclization pathway. Protic solvents and Brensted acid activation favor the formation of the
5-exo-trig adduct (compound VI, Figure 2), which is obtained exclusively in the trans config-
uration. Conversely, aprotic solvents and Lewis acid activation lead to the formation of the
[2+2] bicyclic product (compound X, Figure 2) as a mixture of diastereoisomers (cis/trans).
Researchers have demonstrated that it is possible to control the diastereoselectivity of the
[2+2] cyclization pathway by adjusting the temperature and reaction time.

Additionally, alternative cyclization pathways can be promoted by coordinating the
carbonyl moiety present in the substrate with bivalent metals (compound IV, Figure 2). For
example, the formation of the Diels—Alder bicyclic product (compound XII, Figure 2) is
preferentially achieved under electrochemical conditions using Mg(ClOy); as the electrolyte
(see Scheme 34). The possibility of controlling stereoselectivity has also been investigated
through the use of chiral auxiliaries and DFT calculations, leading to interesting results
and important information about the radical intermediate stability, spin densities and
cyclization pathways.

However, despite significant progress, the full potential of &, 3-unsaturated (bis)enones
in intramolecular SET-mediated cyclization remains far from exhausted. Expanding the
methodology toward more robust enantioselective variants still represents a particularly
attractive challenge. The integration of SET-driven cyclizations into multistep cascade
processes could substantially enhance synthetic efficiency. Furthermore, the intramolecular
SET-medjiated cyclization of (bis)enones would greatly benefit from the use of continuous-
flow methodologies in terms of safety, scalability and control of reaction parameters.
Advances in computational tools and ultrafast spectroscopy will also deepen mechanistic
understanding, enabling the rational tuning of redox potentials and conformational prefer-
ences in (bis)enone substrates. Overall, «,3-unsaturated (bis)enones are poised to continue
shaping innovative radical methodologies, providing increasingly powerful tools for the
streamlined synthesis of complex cyclic molecules.
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List of Abbreviations

The following abbreviations for solvents are used in this manuscript:

DMF  N,N-dimethyl-formamide
IPA 2-Propanol

ACN  Acetonitrile

DCM  Dichloromethane

EtOH Ethanol

DCE 1,2-Dichloroethane

THF  Tetrahydrofuran
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