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Diverse, visible-light-induced transformations of methylenecyclopropanes (MCPs) have been reported in
recent years, attracting significant attention from synthetic chemists. As readily accessible strained
molecules, MCPs have sufficient reactivity to selectively generate different target products, through
reactions with various radical species upon visible-light irradiation under regulated reaction conditions.
These transformations can be classified into three subcategories of reaction pathway, forming ring-
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DOI: 10.1039/d2cc06957a opened products, cyclopropane derivatives, and alkynes. These products include pharmaceutical
intermediates and polycyclic/heterocyclic compounds that are challenging to obtain using traditional

rsc.li/chemcomm methods. This review summarizes the recent advancements in this field.
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Introduction

Cyclopropane is strained because the “bent” carbon-carbon
bonds overlap poorly (Scheme 1). The total ring strain in
cyclopropane is 27.5 kcal mol ', in which about three-
quarters of the strain is the bond angle strain. Introducing a
nominally trigonal carbon center into a three-membered ring
system increases its ring strain. The SE (strain energy) for
methylenecyclopropane is 41.0 kcal mol !, while that for
1-methylcyclopropene is 53.1 kcal mol '." Wiberg suggested
that each additional sp* center in a three-membered ring
increases the SE by 12-14 kcal mol " and recognized that part
of the reason is due to the enlarged strain connected with the
sp® carbon center. Afterwards, Borden concluded that the loss
of a firm tert-C-H bond upon introducing the sp® carbon in
methylenecyclopropane is the primary source of the additional
strain energy.”® As a class of highly strained but readily
accessible and sufficiently reactive molecules, methylenecyclo-
propanes (MCPs) can undergo a range of ring-opening reac-
tions in which the released strain provides a thermodynamic
driving force.’

MCPs exhibit preeminent physical and chemical properties,
which offer opportunities to participate in various attractive
chemical transformations. These reactions can access
cyclopropane-containing frameworks and other ring-opened
compounds that are challenging to obtain conventionally.*
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These transformations usually occur smoothly under mild reaction
conditions such as with heating,” Lewis/Bronsted acids,’ transition
metal catalysis,” radical-promoted processes,® and nucleophilic
species-promoted ring-opening reactions,” giving tremendous
potential in organic synthesis (Scheme 2).

In most radical reactions of MCPs and vinylcyclopropanes
(VCPs), the dominant contributor to reactivity is the formation
of 1, the cyclopropylcarbinyl radical species (Scheme 3). The
structure of 1, deduced from its electronic spin resonance
spectrum’® and in agreement with calculations (STO-3G basis
set),"" is in the bisected conformation shown, and is predicted
to be 1.4 kcal mol ' more stable than its perpendicularly
oriented counterpart. The opening of the cyclopropylcarbinyl
radical to the butenyl radical 2 is among the fastest radical
processes known, and has been widely designed as a radical
clock to conduct mechanistic studies for probing radical
processes.?

Precursors to cyclopropylcarbinyl radicals mainly cover VCPs
and MCPs. Over the past three decades, many radical reactions
of MCPs have been established, providing effective routes to
access polycyclic and heterocyclic compounds, including bio-
active drugs.** ™8 In the early 1990s, synthetic applications
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Scheme 1 Three-membered rings with high strain (the SE is given in
kcal mol™).
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Scheme 2 Transformations of MCPs.

Scheme 3 Cyclopropylcarbinyl radical species.
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Scheme 4 Thiyl-radical-catalyzed chain cyclization.

of radical reactions involving MCPs appeared. For example, in
1991, Priestley’s group reported that readily available methyle-
necyclopropanes 3 efficiently undergo annulation with inactivated
and electron-rich alkenes 4 to provide methylenecyclopentanes 5
via thiyl-radical-catalyzed chain cyclization (Scheme 4).**
Afterwards, a brilliant and efficient method was established
to access methylenecyclohexyl radicals from cyclopropylcarbi-
nyl radicals. In this method, the (methylenecyclopropyl)propyl
radical 6, which is generated from the precursor, undergoes
initial 5-exo cyclization, leading to the cyclopropylcarbinyl
radical 7, and then 7 undergoes ring-opening to afford the
more stable methylenecyclohexyl radical 8."*'® For instance, in
1998, the Kilburn group reported the SmI,-mediated cascade

This journal is © The Royal Society of Chemistry 2023
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Scheme 5 Synthesis of paeonilactone B from MCPs.

reaction of methylenecyclopropyl ketone 9, providing a short
route to the natural product paeonilactone B (Scheme 5).'%¢
In 2004, Huang and co-workers reported the tandem radical
cyclization reactions of MCPs for the first time (Scheme 6).*"
In this protocol, MCP 10 reacted with Mn(OAc);-2H,0 and
malonic acid diethyl ester 11 in HOAc/Ac,O (9:1) via two SET
processes, providing 2-(3,4-dihydronaphthalen-2-yl)malonic
acid diethyl ester 12 in 68% yield. In 2005, our group also
reported a radical-promoted cyclization reaction using
Mn(OAc);-2H,O (Scheme 6, bottom). In this protocol, MCPs
were used as the substrates to react with 2,4-pentanedione or
1,3-cyclohexanedione, which was applied for a-carbonyl radical
generation, producing 4,5-dihydrofuran derivatives in moder-
ate to good yields."** After that, tandem radical cyclization
reactions of MCPs involving various radicals were abundantly
developed, involving a variety of radicals, such as perfluoroalkyl
radicals,"*? phosphite radicals,"*”""**" g-carbonyl radicals,"*"*3*

thiyl radicals,"** selenium radicals,"* trifluoromethyl radicals,®*'®
and N-centered radicals.'®
7\
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Scheme 6 Radical-promoted tandem cyclization reactions.
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Although radicals are highly reactive species, manipulating
radical reactions to undergo selective processes is highly signi-
ficant. One of the most rapidly increasing areas of radical
chemistry in organic synthesis is photoredox catalysis, and it
has been a helpful tool for chemists to achieve unique chemical
reactivity, especially with the breakthrough merger of organo-
catalysis and photocatalysis."”” Based on the catalytic system
employed, this field, in principle, can be classified into three
subcategories: proceeding through a single electron transfer
(SET) process, an energy transfer (EnT) process, or an atom
transfer (AT) process.

In recent years, visible-light-induced organic reactions of
MCPs have become well established, consisting of ring-opening
reactions, cyclopropane-producing reactions, and ring-opening
reactions via a non-classical radical clock. This feature article
aims to introduce the recent developments in these reactions,
from our group and other researchers.

Ring-opening reactions via
cyclopropylcarbinyl
radical intermediates

In 2006, the Huang’s group reported the ring-opening process
for MCPs under irradiation with a tungsten lamp (300 W)
(Scheme 7)."* In this reaction, when MCP 13 and diphenyl
diselenide were used as the substrates, with toluene as the
solvent, the ring-opened product 14 was obtained under a
nitrogen atmosphere. If N, protection was not applied and
EtOH was used as the solvent, the cyclobutanol derivative 15
was generated in 37% yield, along with 14 in 25% yield.
Subsequently, they found that adding dibenzoyl peroxide
avoided the formation of 14, and the yield of 15 was improved
to 66%. This report demonstrated the following reaction

Ph
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—(  +PhSeSePh tvl—:lm» Ph
oluene,
13 Ph 2 14, 87% SePh
OH
Ph hv > 300 ir:
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Scheme 7 Difunctionalization of MCPs with diphenyl diselenide.
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process: diphenyl diselenide is first oxidized by oxygen or
dibenzoyl peroxide to benzeneselenenic anhydride 16. Then,
cyclopropyl cationic intermediates 17-A and 17-B are generated
upon the introduction of 13. After rearrangement, Syx1 subs-
titution, and alcoholysis, the final product 15 is generated.
However, catalytic reactions of MCPs induced by visible-light
irradiation were not established during the subsequent decade.

Fluorinated compounds are essential in functional mate-
rials,"® pharmaceuticals,’® and agrochemicals.”® Trifluoro-
methylation®" and difluoroalkylation®* are considered to be
significant features in the preparation of fluorinated compounds
because integrating these groups brings enhanced biological
and pharmaceutical properties to the molecules, such as better
metabolic stability, higher bioavailability, and greater lipophilicity.

Imidoyl radicals are vital synthetic intermediates that
undergo intermolecular and intramolecular radical addition
to olefins, alkynes, aromatics, etc.”> They are often utilized to
synthesize nitrogen-containing heterocycles such as indoles,
pyrrolidines, and quinolines. One of the known methods to
engender imidoyl radicals is the addition of radicals to isoni-
triles and isothiocyanates. In 2016, inspired by the previous
work of Studer and co-workers,>* our group disclosed the first
protocol that applied photoredox catalysis for MCP transforma-
tion reactions (Scheme 8).>° In this protocol, [Ir(ppy).(dtbbpy)]PFs
is employed as the photocatalyst to enable the photocatalytic
trifluoromethylation of isonitrile-tethered MCPs 18 with the
Togni reagent. Two six-membered rings and three new C-C
bonds were formed in a one-pot reaction, showing the high
efficiency of the protocol. Moreover, these products can be easily
transformed into 6-(trifluoromethyl)-benzo[k]phenanthridine
derivatives. In the proposed mechanism, initially, the excited
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Scheme 8 Trifluoromethylation of isonitrile-tethered MCPs.
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state (E1, = —0.96 V vs. SCE) of the Ir catalyst reduces the Togni
reagent (E;;, = —1.34 V vs. SCE)*® to the trifluoromethyl radical
through an SET process. It should be noted that the values of the
redox potentials do not support a valid spontaneous SET process,
although this is not impossible. Sharma et al. proposed an
alternative mechanism in which the trifluoromethyl radical
is generated via photo-induced fission without the intervention
of the catalyst,”®” which is conceivable because hypervalent
iodine(m) reagents readily undergo photodecomposition upon
exposure to weak UV light or visible-light to provide radicals.””
Subsequently, in the reaction process, addition of the CF; radical
to the isonitrile group in substrate 20 generates the imidoyl
radical. Subsequent attack at the MCP and its ring-opening
provide intermediate 21, and 21 undergoes direct radical cycliza-
tion with its arene moiety to give the cyclohexadienyl radical.
After SET oxidation and deprotonation, the final product 22 is
afforded. To illustrate the synthetic utility of the products, in the
presence of NBS and dibenzoyl peroxide, 22 can then be trans-
formed to 23, which contains a larger delocalized framework.
In the same year, Li and co-workers reported the catalytic
difluoroalkylation/C-H cascade annulation reactions of cyclo-
propyl olefins, including VCPs 24 and MCP 26, induced by
visible-light irradiation for the synthesis of partially hydroge-
nated naphthalene and quinoline derivatives (25, 27) with
various difluorinated side chains (Scheme 9).>® In this protocol,
ethyl bromodifluoroacetate (or other brominated compounds
as shown in Scheme 9) was used as the radical precursor to
react with MCPs or VCPs, providing similar radical intermedi-
ates 29 and 30 after radical addition, as was described before.
This protocol will provide access to other functionalized bi-
cyclic compounds if further derivatization can be developed.
To realize the CF,H functionalization of MCPs, Wu’s group
recently applied easily prepared [Ph;PCF,H]'Br~ (32)*° for
CF,H radical generation, synthesizing CF,H functionalized
partially hydrogenated naphthalenes 33 from 31 (Scheme 10).*
[Ph;PCF,H]'Br~ provides simple and practical access to CF,H
radicals for hydrodifluoromethylation,® compared with other
CF,H radical sources®* such as HCF,SO,Cl, its derivatives and
difuoromethylsulfinate salts which are prepared from gaseous
HCF,CI through multiple steps.**® Interestingly, if MCP com-
pounds are tethered with two phenyl rings (13) in this protocol,
the difunctionalized product 34 will be obtained without ring-
closing of the radical to the aryl moiety. In this report, Wu and
co-workers also tested other halides 35 such as a-bromoketones
and aryl sulfonyl chlorides 39 for MCPs (31, 37), and found that
various functionalized products (36, 38, 40) were obtained
in moderate to excellent yields. Synthetic transformations,
including epoxidation and cyclization, highlight the potential
applications of this methodology in organic synthesis and the
synthesis of pharmaceutical compounds (Scheme 10, bottom).
In recent years, N-functionalized pyridinium salts have been
employed as versatile reagents for the redox-triggered release of
various radical species for organic synthesis.** In 2017, Xu and
co-workers used N-protected 1-aminopyridinium 42 to produce
sulfamide radicals via reduction of the photoexcited catalyst
*Tr(ppy)s (Scheme 11).** In this reaction, after addition of the

This journal is © The Royal Society of Chemistry 2023
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Scheme 9 Difluoroalkylation of MCPs and VCPs.

N-centered radical to MCP 13, SET oxidation by Ir(iv) and aza-
pinacol rearrangement, the strained cyclobutanimine deriva-
tive 44 was ultimately afforded. After reduction or oxidation, the
formed motifs can easily be transformed into valuable groups
(45, 46) in natural products and bioactive molecules. In organic
synthetic methodologies, pinacol and semi-pinacol rearrange-
ment reactions are essential to construct all-carbon quaternary
centers, although the aza-pinacol rearrangement has been less
reported (Scheme 12).*> Therefore, this novel visible-light-
induced aza-pinacol rearrangement reaction provides a supple-
ment to the ring-expansion reactions of MCPs with nitrogen
compounds.*®

The sulfone moiety is also an essential motif in pharma-
ceuticals,”” agrochemicals,®® natural products,® and organic
materials.*® Among the synthetic routes to install the sulfonyl
group, sulfonylation starting from stable and environmentally
friendly sulfonyl sources is promising and attractive.*" In 2019,
Tang’s group developed the visible-light-catalyzed sulfonylation
of MCPs 47 with sulfonyl chlorides to synthesize 3-sulfonylated
1,2-dihydronaphthalene derivatives 48 (Scheme 13).** Com-
pared with the work of Wu and co-workers as discussed
above,* after sulfonyl radical-promoted ring-opening of the
MCP, the carbon radical finally preferentially undergoes a ring-
closing reaction instead of combining with a nucleophilic
species after SET oxidation. It should be noted that the reac-
tions were carried out at a higher temperature (100 °C); thus,

Chem. Commun., 2023, 59, 2726-2738 | 2729
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Scheme 10 CF,H functionalization, bromination and chlorination of
MCPs.

the ring-closing reaction can take place by overcoming the high
energy barrier at high temperature.

Following this work, in 2020, Tang’s group developed a new
sulfonylation method for MCPs 41 using a cycloketone oxime
51 as the radical precursor (Scheme 14).°? The cycloketone
oxime and its derivatives are both stable and easily prepared
from cycloketones with hydroxylamine derivatives, and they are
endowed with redox-active properties as they can not only
accept an electron but also donate an electron in the SET
mode.** Formation of the sulfonyl-radical-bearing alkylnitrile
occurs via the SET reduction of 53, B-scission of the iminyl
radical intermediate 54, and trapping of sulfur dioxide.

2730 | Chem. Commun., 2023, 59, 2726-2738
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Scheme 11 Visible-light-induced aza-pinacol rearrangement reaction.
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Scheme 12 Semi-pinacol rearrangement and aza-pinacol rearrangement.

Both the cyanoalkyl radical and the cyanoalkylsulfonyl radical
were trapped using radical inhibitors. This protocol provides
a facile and convenient route to access diverse 2-cyanoalkyl-
sulfonated 3,4-dihydronaphthalenes 52.

The radical-promoted ring-opening of MCPs can be extended
to synthesize phosphine-containing compounds. Huang and
co-workers proved that MCP is a suitable acceptor of P-centered
radicals.™ In 2020, the group of Hirano and Miura developed
the ring-opening diphosphination of MCPs 56 and VCPs 68
with tetraaryldiphosphines 57 to efficiently synthesize the
corresponding 1,3-diphenylphosphinopropane- and 1,5-diphenyl-
phosphinopentane-type bidentate ligands 58 and 59, respectively
(Scheme 15)."**" The ligands 58 and 59 can be transformed to 58-S
and 59-S, respectively, by reacting with Sg. The addition of BrPPh,
can improve the product yield, and BrPPh, can be luminescence
quenched by Ir(ppy)s;, indicating that the excited species Ir(ur)*
undergoes an SET process to reduce BrPPh,. Since 58-S can be
obtained under additive-free conditions, the pathway in which 61
can be directly generated from 60 via an energy transfer (EnT)
process might be competitive. After attack of the radical to afford

This journal is © The Royal Society of Chemistry 2023
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Scheme 14 Sulfonylation of MCPs with cycloketone oxime as the radical
precursor.

63 and SET oxidation by Ir(wv), the formed cationic species 64 can
be trapped by 60 to afford 65, and the diarylphosphine radical 61
is regenerated after SET reduction of the phosphonium species
65, providing 67. This method can readily prepare electronically
diverse substituted bidentate ligands.

The generation of o-carbonyl radicals from the direct oxidi-
zation of an enolate usually needs stoichiometric oxidants,**
which the most frequently used reagent is Mn(OAc);. However,
the debromination of a-carbonyl alkyl bromides*® or radical
conjugate addition to electron-deficient olefins'’“*® can pro-
vide more atom-economic and environmentally friendly syn-
thetic routes.

In 2019, our group developed a visible-light-induced photo-
catalytic cascade cyclization reaction of MCPs 69 and 71 to
rapidly construct seven- and eight-membered ring-containing
polyeyclic lactams and lactones 70 and 72 (Scheme 16).* In this

This journal is © The Royal Society of Chemistry 2023
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Scheme 15 Diarylphosphine-promoted difunctionalization of MCPs and
VCPs.

reaction, substrate 69 or 71 produces an o-carbonyl radical
through SET reduction, and subsequent cascade cyclization
and SET oxidation enable the formation of polycyclic products.
In addition, an intermolecular version of the reaction using
MCP 31 and BrCH,COOEt as the reactants was also realized but
with a lower productivity compared with BrCF,COOEt,*® of
which the products 73 can be used as precursors of many
valuable compounds. For example, naproxen (a non-steroidal
anti-inflammatory drug) was synthesized from 74 through
dehydrogenation, methylation and hydrolysis.

Halogen atom transfer (XAT)" is also an alternative means
of realizing the debromination of a-carbonyl alkyl bromides.
However, traditional reagents that enable XAT, which mainly
contain organotin species, are usually toxic and hazardous.
Therefore, “Flight from the Tyranny of Tin” has driven a quest
for alternative reagents for the homolytic activation of
C-halogen bonds.*® For achieving XAT, silicon reagents have
become competitive players.*® Moreover, more efficient XAT
processes under mild conditions have attracted the attention of
researchers.”® Inspired by the report of Leonori and co-workers,
our group recently developed a metal-free version of the
cascade cyclization that employs the a-aminoalkyl radical as
the XAT species (Scheme 17).”" In this reaction, initially, excited
4CzIPN undergoes SET oxidation with Et;N to afford the
a-aminoalkyl radical 78, and subsequent XAT enables the
generation of the a-carbonyl radical 80. Then, similar cascade
cyclization occurs, but the final oxidation can involve SET and
XAT upon visible-light irradiation. This novel transformation of
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Scheme 16 «a-Carbonyl-radical-promoted tandem cyclization of MCPs
under visible-light irradiation.

4CzIPN (5 mol%)

75 (1.0 equiv)
R' = H, halogen, alkyl, OMe, CF3, R? = H, halogen, OMe, CF3
R3 = alkyl, allyl, Ts, R* = H, alkyl

Scheme 17 «a-Carbonyl-radical-promoted
metal-free conditions.

tandem cyclization under

MCPs features a broad substrate scope and good functional
group tolerance under mild conditions.

Radical addition to o,B-unsaturated compounds provides a
convenient method to access a-carbonyl radicals, which have
been used widely in visible-light-catalyzed reactions. In 2021,
our group reported multiple-step catalysis to realize the tandem
cyclization of MCPs tethered with acrylamide 81 (or vinyl
sulfonamide) under visible-light irradiation (Scheme 19).>?
Multicatalysis has conspicuously contributed to the field of
catalysis in synthetic chemistry, but the complicated details
remain underinvestigated.> Clearly, governing several perfectly
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Scheme 18 The concept of multicatalysis.

cooperative active catalysts in one pot without considerable
entropic penalties is challenging when attempting to achieve
mechanistic insight (Scheme 18). In our recent work, four
catalysts — consisting of 4CzIPN, Co(dmgH),PyCl, silane 82
(TTMSS), and quinuclidine - are used to bring about cascade
catalysis upon visible-light irradiation for the synthesis of
polycyclic compounds 83. We proposed a plausible mechanism
through a series of mechanistic studies, including DFT calcula-
tions, radical trapping, and dark-light experiments. Under
irradiation with blue light, the excited photosensitizer 4CzIPN*
reduces Co™(dmgH),PyCl to afford Co" species. Subsequently,
the oxidized photosensitizer oxidizes quinuclidine to generate
the quinuclidium cation. This is a reactive HAT species that
abstracts the hydrogen atom of TTMSS to generate the corres-
ponding silyl radical 90. Addition of the silyl radical to a C-C
double bond results in the o-carbonyl radical 85, which then
undergoes cyclization to give the silylated intermediate 86, and
intermediate 86 can be captured by Co™ to form intermediate
87. The alkyl radical 88, resulting from the photolysis of 87,
attacks the carbon atom connecting with the silyl unit, deliver-
ing the final product 89, upon releasing the silyl radical. The
silyl radical is then trapped by Co" to afford the silyl-cobalt
complex, the protonation of which regenerates Co™ and TTMSS
(82) to complete the catalytic cycle. This protocol effectively
synthesizes lactam- and sultam-containing polycyclic deriva-
tives in moderate to good yields with a broad substrate scope
and good functional group tolerance. In addition, this reaction
can be achieved on a gram scale, and the corresponding
products can be functionalized further to afford interesting
compounds through hydrogenation or epoxidation.

The generation of cyclopropylcarbinyl radicals usually needs
exogenous radicals to attack the MCP group, but research on
other reaction pathways, e.g., direct SET oxidation, has rarely
been reported. In 2001, Beck proved the possibility of an MCP
oxidation pathway via SET because MCP 13 is oxidized by ozone
to afford cyclobutanone, peroxide, and ketone derivatives.’*
To extend the reactivity of MCPs, in 2021, our group reported
the cascade cyclization of MCPs through the direct SET oxida-
tion the MCPs 91 by merging photocatalysis and cobalt cata-
lysis for the synthesis of 4-aryl-1,2-dihydronaphthalene
derivatives 92 and 93 (Scheme 20).%® In this report, two different
oxidation pathways were proposed. In the formation of 96, MCP
13 was initially oxidized by the excited photocatalyst to radical
cation 94, which was attacked by a nucleophilic fluorine anion

This journal is © The Royal Society of Chemistry 2023
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Scheme 19 Tandem cyclization of MCPs catalyzed by four species.

to generate the cyclopropylcarbinyl radical intermediate 95.
As for forming the hydrogen-atom-substituted product 98, we
suggested an MHAT process (or HAT from a metal hydride).
The Co' species was initially generated by the catalytic cycle,
and it was then transformed into the Co™-H species through
combining a proton. Subsequently, an MHAT process occurred
between Co™-H and 13 to form the cyclopropylcarbinyl radical
intermediate 97, regenerating the Co" species. This protocol
demonstrates a robust synthetic strategy beyond photoredox
catalysis to integrate single-electron oxidation and an MHAT
process into MCP chemistry.

Visible-light-induced synthesis of
cyclopropane derivatives from MCPs

As described above, although MCPs 47 can react with TsCl
under visible-light irradiation to provide cascade-cyclized** or
difunctionalized®® products, Wang’s group found that if H,O is
present in the reaction system, the cyclopropane ring-preserved
products 100 will be obtained from MCPs 99 (Scheme 21).>°
The X-ray diffraction analysis of 100 reveals that this different
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reaction tendency is due to intramolecular hydrogen bonding
between the hydroxyl and sulfonyl groups in 100, which
increases the stability. When MCPs 101, derived from aceto-
phenones, were used without additional water, an elimination
process occurred, providing the cyclopropyl styrene products
102 in moderate to good yields. The driving force might cause
results that are different from the previously reported sulfony-
lation reactions of MCPs,*****? probably because the cyclo-
propylcarbinyl radical intermediate 103 is consumed rapidly
through other pathways, such as Sx1 nucleophilic attack by
H,O or elimination via deprotonation, after SET oxidation
(Scheme 21).

In 2021, our group developed a visible-light photoredox-
catalyzed intramolecular difunctionalization of MCPs to access
spiro[cyclopropane-1,2-indanjones 105 from easily prepared
MCPs 104 tethered with a carboxylic acid (Scheme 22).%¢
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cyclopropane ring-preserved

If 104, DMDC (dimethyl dicarbonate), and Ir(ppy); are employed
under the irradiation of 5 W blue LEDs, with 1,4-dioxane as the
solvent, the cyclopropyl-containing cyclized products 105 were
obtained in high yields. It should be noted that a base is
unnecessary for the cyclization reaction, which differs from the
previously reported protocol that generates acyl radicals from
carboxylic acid and DMDC.”” In our reported reaction, 106 reacts
with DMDC to generate 107, which can be reduced by an excited
Ir catalyst to 108. Intermediate 108 is then transformed into two
fragments, 109 and 110. The cyclopropyl group can be preserved
in this case, which is mainly attributed to the high stabilization of
the cationic intermediate 112. The cationic intermediate 112 is
formed from the cyclization of 110 and the subsequent SET
oxidation of 111. The two aryl groups and the cyclopropyl moiety
make the cation very stable, and next Sy1 attack by 109 provides
113 in excellent yield. If the cyclopropyl group adjacent to the
cation is absent, control experiments indicated that the cycliza-
tion cannot proceed via the same pathway (Scheme 22, bottom).
Besides DMDC, triphenylphosphine is an effective reagent
for deoxygenation under visible-light irradiation,®® by which a
similar cyclization reaction can proceed smoothly. In addition,
product 113 can undergo nucleophilic substitution with indole or
pyrrole, affording the corresponding indolyl and pyrrolyl deriva-
tives. Moreover, product 113 can be transformed into a ring-
opened product, which features a 1-indanone structural motif in
the presence of TsOH.

Visible-light-induced cycloaddition is also an important
topic in organic synthesis. In 2021, our group reported a
visible-light-induced intramolecular [2+2] cycloaddition of
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Scheme 22 Visible-light-induced intramolecular difunctionalization of
MCPs.

MCPs 114 for the construction of polysubstituted cyclic frame-
works 115 (Scheme 23).>° In this reaction, the triplet excited
state 117 is produced through energy transfer (EnT) between

This journal is © The Royal Society of Chemistry 2023
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Scheme 23 Visible-light-induced intramolecular [2+2] cycloaddition of
MCPs.

the excited state of *Ir(m) and 116, in addition to subsequent
intersystem crossing (ISC). Intermediate 117 undergoes intra-
molecular C-C bond formation with a closed-shell carbon-
carbon double bond, yielding the 1,4-triplet biradical species
118. The subsequent ISC then takes place to give a 1,4-singlet
biradical species, through which subsequent C-C bond for-
mation yields the desired [2+2] cycloaddition product 119.

Ring-opening reaction via
homopropargyl radical intermediates

Most MCP reactions involving radicals depend on the classical
cyclopropylcarbinyl radical clock, and other potential reaction
pathways deserve to be explored, e.g., rearrangements such as
B-scission of the ketiminyl radical.®® In 2021, our group
reported a non-classical ring-opening radical clock reaction of
MCPs 120 tethered with NHPI ester, providing a direct method
to prepare a variety of alkenyl derivatives 122 (Scheme 24).%
NHPI esters have been used widely as alkyl radical precursors
for photoredox or transition-metal-catalyzed coupling reactions.®>
In this protocol, readily available NHPI esters 120 and radical
acceptors 121 are employed as substrates for the coupling
reactions. We proposed a plausible catalytic cycle based on DFT
calculations, Stern-Volmer quenching, and control experiments.
The initial excitation of Ru(bpy)s;(PFe), produces excited-state
*Ru(bpy);(PF),, which undergoes SET oxidation with ‘Pr,NEt or
a Hantzsch ester to generate Ru(1) and a amine radical cation or
Hantzsch ester radical cation. The N-(acyloxy) phthalimide 123
receives an electron from Ru(i), to transiently form the radical
anion intermediate 124. Next, entropically favored decarboxyla-
tion can proceed via two plausible pathways to generate the
desired radical intermediate 127, as shown in Scheme 24. In
fact, the putative radical intermediate 125 or 126 will undergo a
non-classical ring-opening radical clock rearrangement to afford
the key intermediate 127. The addition of this nucleophilic
radical to the conjugate acceptor 128 generates the stabilized
radical 129, which then undergoes an SET or HAT process
to form the functionalized alkyne 130 successfully. In addition,
we used the products to synthesize the various synthetic
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Scheme 24 Synthesizing alkenyl derivatives from MCPs under visible-
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intermediates 131-135 on a gram scale, which could be further
transformed into functional molecules that are useful in bio-
chemistry and medicinal chemistry. Among these molecules, the
drug fingolimod can be used for the treatment of multiple
sclerosis (MS), the novel tetrahydrocannabinol/anandamide
(THC/AEA) hybrid ligand can significantly improve its binding
affinity to the CB1 receptor in biological research, and tramadol
can be used as a painkiller by serving as a weak p-opioid receptor
agonist. Besides, products 134 and 135 can be further trans-
formed into bioactive compounds that are exceptionally active
against the reverse transcriptase of HIV.

Summary

In recent years, various visible-light-induced transformations of
MCPs have been developed, the majority of which enable the
rapid construction of polycyclic or heterocyclic frameworks in a
simple operation. The target products can be obtained selec-
tively via different terminal pathways by regulating the reaction
conditions. These transformations are being exploited towards
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green chemistry, such as in applying more efficient catalytic
systems and metal-free conditions, and it is expected that
further developments will be continuously reported in due
course. Moreover, the products provided by these reactions
can be further transformed into bioactive molecules used for
the treatment of Multiple Sclerosis, relieving pain, inhibiting
the reverse transcriptase of HIV, and so on; therefore, their
synthetic applications deserve further exploration.
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