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Borylated strain rings synthesis via
photorearrangements enabled by energy
transfer catalysis

Shu-Sheng Chen1,2, Yu Zheng1,2, Zhi-Xi Xing1 & Huan-Ming Huang 1

Borylated carbocycles occupy a pivotal position as essential components in
synthetic chemistry, drug discovery, andmaterials science. Herein, we present
a photorearrangement that uniquely involves a boron atom enabled by energy
transfer catalysis under visible light conditions. The boron functional group
could be translocated through energy transfer mechanism and valuable
borylated cyclopropane scaffolds could be generated smoothly. Furthermore,
we showcase a 1,5-HAT (hydrogen atom transfer)/cyclization reaction, which is
also enhanced by energy transfer catalysis excited by visible light. Thismethod
enables the synthesis of borylated cyclobutane frameworks. These boron-
involved photorearrangement and cyclization reactions represent two tech-
niques for synthesizing highly desirable borylated strained ring structures,
which offering avenues for the synthesis of complex organic molecules with
medicinal and material science applications.

In the investigation of pharmaceutically interesting compounds, strain
ring systems, such as cyclopropanes or cyclobutanes, have often been
integrated into their structures to modify and enhance their biological
activity as well as confer conformational rigidity. These properties can
impact the performance and efficacy of novel drugs.1–3 Therefore,
borylated strain rings are highly versatile and desirable building blocks
in the fields of synthetic chemistry, drugdiscovery, andmaterial science.
Their unique properties offer numerous opportunities for further che-
mical manipulation and transformation.4–11 Synthetic transformations
involving boron atoms are extensively researched, encompassing
renowned reactions like the Nobel prize-wining Suzuki-Miyaura
coupling,12 conjunctive cross-coupling,13 Matteson-type reaction,14 radi-
cal based transformations15–19 and many others.20 Molecular rearrange-
ment reactions are among the fundamental transformations in
chemistry, enabling the reconstruction of molecules and precise editing
of their architectures with high atom and step efficiency.21 This level of
precision and efficiency is often difficult to achieve through other syn-
thetic methods.22 In particularly, radical rearrangement has been a
popular and mild approach to reconstruct molecule architectures
through single electron transfer (SET) mechanism.23–29 Pioneering by
Batey,30 Aggarwal,31–33 and Studer,34,35 radical migration involving 1,2-

boron shift has been achieved successfully through the SET mechanism
(Fig. 1A).36–39 Remarkably, Studer40 and Song41 have also demonstrated
radical translocation involving 1,4-boron shift, which occurs via the SET
mechism (Fig. 1B). However, boron-enabled radical rearrangement
through energy transfer mechanism is rare but high in demand due to
further explosion in new reactivity and potential synthetic
application.42,43 The diradical species, resulting from energy transfer
catalysis, unveils novel reaction models that incorporate sequential
boron migration and radical cyclization, creating useful borylated strain
rings, which were difficult to be formed through traditional boron
migration approaches via electron transfer mechanisms.

Recently, energy transfer catalysis has emerged as a valuable
synthetic strategy, enabling a range of transformations including σ-
bond cleavage, [2 + 2] reaction, isomerization and others.44–48 For
example, Bach,49 Yoon,50 Knowles,51 Brown52–54 and Molloy55 have pio-
neered groundbreaking research involving boronic ester enabled
[2 + 2]-cycloadditions49–53,55 and photo-ene reactions,54 which have
allowed them to construct a diverse array of borylated architectures
(Fig. 1C, upper). Masarwa and his colleagues have showcased the uti-
lization of polyborylated alkenes as coupling partners in an elegant set
of examples. Through energy transfer catalysis, they have successfully
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accessed multi-borylated cyclobutanes via the [2 + 2] reaction (Fig. 1C,
down).56 Although the reaction types facilitated by energy transfer
catalysis are relatively limited, the di-π-methane rearrangement, first
discovered by Zimmerman and his team in 1967, presents an alter-
native synthetic approach.57,58 However, the progress indeveloping the
di-π-methane rearrangement has been somewhat sluggish.59–61 Our
recent research has shown that the di-π-ethane rearrangement con-
cept can achieve radical translocation of nitrile62 and aromatic ring63,64

functional groups. This advancement indicates that the further
development of energy transfer-enabled rearrangements holds the
potential to broaden the scope and applicability of this synthetic
methodology.

Inspired by these examples and our keen interest in energy
transfer-enabled photorearrangement involving boron atoms, we are
intrigued to investigate whether a π-bond could potentially be sub-
stituted with a σ-bond. This question arises from our desire to explore
novel reaction pathways that involve boron-containing compounds.
With this concept in mind, we have designed a substrate that incorpo-
rates a carbon-boron σ-bond and a carbon-carbon π-bond, separated by
a single sp3 carbon (analogous to methane). A photorearrangement
involving this type of substrate could aptly be termed “π, σ-methane
rearrangement”. This approach holds promise for exploring photo-
rearrangement mediated by energy transfer processes involving boron
atoms. As depicted in Fig. 1D, we envision that the borylated substrate
could potentially be activated under visible light conditions with the aid
of suitable energy transfer catalysis to form a diradical intermediate.
This activation would enable the terminal primary radical I to interact
with the boronic ester, leading to the cleavage of the carbon-boron σ-
bond and subsequently achieving 1,4-boron migration.40,41 Alternatively,
when the borylated substrate possesses a relatively weak C—Hbond, the
diradical intermediate III could still be generated through an energy
transfer mechanism. In this case, the primary radical species of inter-
mediate III may undergo 1,5-hydrogen atom transfer rather than
attacking the boronic ester. This alternative pathway efficiently forms
the 1,4-diradical intermediate IV. The successful implementation of this
energy transfer driven, π, σ-methane reaction and HAT/cyclization
represents two complementary approaches in the evolving fields of

energy transfer catalysis and the synthesis of polyborylated strained
rings.4,10,65

Results and discussion
Reaction design and optimization
Bearing the idea in mind, we synthesized the substrate 1a through a
simple SN2 reaction and then subjected it to a basic set of conditions
(Fig. 2, entry 1: 2mol% Ir(ppy)3, acetonitrile as solvent, and illumination
with 450nm LEDs). However, the outcome was disappointing, as only
the starting material 1awas recovered. Even when we attempted using
a carbazole-based photocatalyst (4CzIPN) in a second experiment
(entry 2), it failed to yield the desired results. Fortunately, when we
employed Ir-F as the photocatalyst (entry 3), we were able to achieve
the formation of the desired product 3 with an isolated yield of 87%
and 1.8:1 dr. Although therewasminimaldiastereoselectivity observed,
the diastereomeric mixtures of 3 could be readily separated via col-
umn chromatography. Furthermore, both Ir-Me and thioxanthone
were suitable photocatalysts for the current π, σ-methane rearrange-
ment process (entries 4 & 5). Control experiments conducted further
emphasized that both light and a photocatalyst are necessary for the
success of the current catalytic system (entries 6–7). Notably, we also
conducted a screening of various organic solvents, and the results
indicated that this boron-involved π, σ-methane rearrangement
exhibited good tolerance to a wide range of organic solvents. Conse-
quently, the desired product 3 was obtained in yields ranging from
good to excellent (entries 8–15). Interestingly, the diastereoisomeric
ratio of product 3 underwent a slight improvement, reaching
approximately a 3:1 ratio, when trifluoromethylbenzenewas utilized as
the organic solvent (entry 11). Entries 1 through 5 demonstrate that the
yield of 3 is contingent on the triplet energy of the photocatalyst,
rather than its reduction potentials. This suggests that the ongoing π,
σ-methane rearrangement is probably facilitated by a triplet-triplet
energy transfer (TTEnT) mechanism.

Substrate scope
Utilizing the optimized conditions, we started to explore the versatility
of this energy transfer enabled π, σ-methane rearrangement (Fig. 3).

A. Radical migration involving 1,2-boron shift via SET
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Fig. 1 | Background and rational design. A Radical migration involving 1,2-boron shift via SET. B Radical migration involving 1,4-boron shift via SET. C Boronic Ester
Enabled [2 + 2]-Cycloadditions. D Our design-Borylated Carbocycles Synthesis Enabled by Energy Transfer Catalysis.
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Our findings suggest that the scope of this photorearrangement is
indeed general when considering mono-boron-containing substrates.
Our initial findings are encouraging, as various substituted aromatic
rings proved to be tolerable, resulting in good to excellent yields. The
two isomers of desired boron products could not be separated inmost
examples (except 2w and 2ae). Thus, we decided to oxidize the mix-
ture, and the corresponding alcohols could be obtained efficiently.
Specifically, fluoro (4–6), chloro (7), methyl (8), phenyl (9), tri-
fluoromethoxy (10), trifluoromethyl (11), ketone (12), ester (13 & 17),
naphthyl (14), difluoro (15 & 16), trifluoro (18) substituents all per-
formed well. Notably, this π, σ-methane rearrangement is also com-
patible with complexmotifs, such asmenthol (19), ibuprofen (20), and
β-rhodinal (21). In addition, we screeneddifferent substitutions next to
the boronic ester under the optimized conditions. Again, a range of
aromatic substituents, including fluoro (22–24), chloro (25), methyl
(26), isopropyl (27), tertbutyl (28), phenyl (29), trifluoromethoxy (30),
naphthyl (31), di-substituted aromatic ring (32) were all tolerated in
this newly developed catalytic system.X-ray analysis further confirmed
the structure of product 29 (CCDC 2367147). Expanding our investi-
gation, we also looked at di-substituted substrates. The desired
cyclopropane products containing two all-carbon quaternary centers
(33–35) could be obtained with moderate yields efficiently. The
desired product 2ah could not be produced efficiently when only one
aliphatic group was present in the substrate. However, when the sub-
strate contained two aliphatic groups, the desired product 2ai was
formed efficiently, suggesting that a tertiary radical intermediate is
important for promoting this photorearrangement. Additionally, the

alkene motif must be a styrene to lower the triplet energy of the sub-
strate. Consequently, the desired product2aj could not be formed.We
also synthesized the substrate 1ak in an attempt to produce a five-
membered ring product, but unfortunately, the desired product 2ak
was not formed efficiently under standard conditions. Therefore, we
discovered that the equilibration of radical species via a 1,4-boron shift
results in the formation of thermodynamically favored benzylic radi-
cals (3–32) and tertiary radicals (33–35, 2ai). However, this process
does not favor the formation of secondary radicals (2ah).

Continuing our investigation, we examined the substrate scope of
various diboron-containing substrates (Fig. 4, upper). The desired
borylated cyclopropane products were efficiently obtained using
4mol% Ir-F and acetonitrile as the solvent. We first tested a series of
substituted aromatics, including fluoro (41–43), chloro (44), methyl
(45), naphthyl (46), trifluoromethoxy (47), trifluoromethyl (48), ester
(49), multi-fluoro-containing substrates (50-53). All of these substrates
resulted in the synthesis of the desired borylated cyclopropane scaf-
folds in good to high yields. X-ray analysis further confirmed the
structure of product 47 (CCDC 2367148). Interestingly, when the
substrate containing relatively weak C—H bond, such benzylic, allylic,
or propylic C—H positions, were examined, a sequential 1,5-hydrogen
atom transfer (HAT)/cyclization process was observed instead of the
rearrangement reaction. This alternative pathway led to the formation
of a variety of borylated cyclobutane scaffolds (Fig. 4, down). Different
aromatics substituents, including hydrogen (54), trifluoromethoxy
(55), trifluoromethyl (56), flouro (57), chloro (58), nitrile (59), ester
(60), and alkyne (61), alkene (62) functional groups, were all tolerated
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Fig. 2 | Reaction design and optimization. Reaction condition: 1a (0.2mmol),
photocatalyst (2mol%), and MeCN (2mL) at room temperature under 4 × 30W
450nm LEDs for 12 h under N2; then the solvent was removed and the mixture was
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chromatography. a 3mol% 4CzIPN is used. b 10mol% thioxanthone and 405 nm
LEDs are used. c isolated yield.
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Fig. 3 | Scope of Substrates Containing Only One Boron Functional Group.
Reaction condition: 1a-1ak (0.2mmol), Ir–F (2mol %), and PhCF3 (2mL, 0.1 M) at
room temperature under 4 × 30W 450 nm LEDs with a cooling fan for 12 h under
N2; then the solvent was removed, and the mixture was treated with aq. NaOH
(2M, 1mL, 10 equiv.), aq. H2O2 (30%, 1mL), THF (2mL), RT, 2 h. The product of

two isomers could be separated through column chromatography inmost cases.
a 4mol% Ir-F photocatalyst was used. b 4mol% Ir-F photocatalyst and MeCN
(2mL, 0.1 M) were used. c alternative oxidation condition: NaBO3·4H2O (2.0
equiv.), THF:H2O (2:1, 3mL), RT, 2 h.
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in this catalytic system, resulting in good yields. X-ray crystallographic
analysis provided further confirmation of the structure of product 61'
(CCDC 2367149). Despite observing moderate to little diastereoselec-
tivity, diastereomericmixtures were readily separated through the use
of column chromatography, with the exception of products 61 and 62.

Synthetic application and mechanistic studies
After surveying the substrate scope of the photorearrangement enabled
by energy transfer catalysis, we then explored the stability and synthetic
application of these two newly developed rearrangement and cycliza-
tionmethods. Firstly, large-scale level experimentswere performed, and
the desired borylated cyclopropane motif 2a could be obtained in 1.1
gram with an 82% isolated yield (Fig. 5A, left). Meanwhile, the borylated
cyclobutane framework 54 could also be obtained in 0.8 grams with a
40% isolated yield (Fig. 5A, right). The continuous-flow experiment was
also performed, and the desired borylated cyclopropane product 40

could also be obtained in 1.8 grams with a 60% isolated yield (Fig. 5B).
The borylated strain ring product could also be manipulated easily
(Fig. 5C). Di-boronic ester product 40' could be converted to vinyl
containing product 63 and furan containing product 64 respectively
using the correspondingorganometallic reagents. Theproduct40 could
also be transferred to the similar products 66 and 67. Additionally, the
primary boronic ester could be oxidized to hydroxyl functional group
65. Furthermore, the tertiary boronic ester could react with different
organometallic reagents to convert to phenyl or furan fictional groups
(68 & 69) and also could undergo homologation to form the primary
boronic ester 70. Interestingly, the four-membered cyclobutane motif
54 could be converted to ketone 71 and lactone 72 under different
oxidation conditions. The cyclobutane motif 54' could also be trans-
ferred to lactone 72, mono-borated product 73, which could be further
converted to alkene 74 and alcohol 75 smoothly. We then initiated
mechanistic investigations to gain some insight into these two types of

Fig. 4 | Scope of Substrates ContainingTwoBoronFunctional Groups.Reaction
condition: 1al-1bh (0.2mmol), Ir–F (4mol %), and MeCN (2mL, 0.1M) at room
temperature under 4 × 30W 450nm blue LEDs with a cooling fan for 24 or 36 h
under N2. In most cases, the product of two isomers could be separated through

column chromatography in most cases. a 36 h. b 2mol% Ir-F photocatalyst and
PhCF3 (2mL, 0.1M) were used, 12 h. c 2mol% Ir-F photocatalyst and PhCF3 (2mL,
0.1M) were used, 9 h.

Article https://doi.org/10.1038/s41467-025-58353-w

Nature Communications |         (2025) 16:3724 5

www.nature.com/naturecommunications


Fig. 5 | Synthetic application andmechanistic studies. A Large-scale experiment.
B The continuous-flow experiment. C Synthetic application. D Radical inhibitor &
initiation experiments. E Light on-off experiments. F Deuteriuim labeling experi-
ment. G UV-Vis experiment. H Stern-Volmer quenching experiment. I EPR
experiement. aVinylmagnesiumbromide (4.0 equiv.), THF (0.1M), RT, 0.5 h, then I2
(4.0 equiv.), − 78 oC, 1 h, then NaOMe (8.0 equiv.), − 78 oC, 1 h; b Furan-2-yllithium
(6.0 equiv.), THF (0.05M), − 78 °C, 1 h, then NBS (6.0 equiv.), − 78 °C, 2 h; c

NaBO3•4H2O (5.5 equiv.), THF (0.1M), H2O (0.1M), RT, 2 h; d Furan-2-yllithium (3.3
equiv.), THF (0.1M), -78 °C, then NBS (3.0 equiv.), -78 °C, 2 h; e (3-methoxyphenyl)

lithium (4.0 equiv.), THF (0.1M), − 78 °C, 1 h, then NBS (4.0 equiv.), − 78 °C, 1 h; f

Furan-2-yllithium (4.0 equiv.), THF (0.05M), − 78 °C, 1 h, then NBS (4.0 equiv.),
− 78 °C, 2 h; g ICH2Cl (5.0 equiv.), n-BuLi (4.0 equiv.), THF (0.1M), − 78 °C, then RT,
1 h; h NaBO3•4H2O (2.0 equiv.), THF (0.1M), H2O (0.1M), RT, 4 h; i 0.1mmol scale:
30%H2O2 0.5mL, 2MNaOH0.56mL, RT, THF (0.1M), 4 h; j tBuOH (1.0 equiv.), THF
(0.5M), rt, 5min, then tBuONa (3.0 equiv.), 0 °C to rt, 2 h; k Vinylmagnesium bro-
mide (4.0 equiv.), THF (0.1M), 0 °C, then RT, 30min, then I2 (4.0 equiv.), − 78 °C,
20min, then NaOMe (8.0 equiv.), 0 °C, 30min, then RT, 3 h; l NaBO3•4H2O (2.0
equiv.), THF (0.05M), H2O (0.1M), 0 °C to rt, 3 h.
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synthetic transformations. Firstly, radical inhibitor (TEMPO) and triplet
energy quenching reagent were added to the standard condition
respectively, we could not obtain the desired product, indicating that
the π, σ-methane rearrangement may go through an energy transfer
mechanism (Fig. 5D, upper). Traditional radical initiation experiments
were also investigated in the current catalytic system, the desired pro-
duct could not be formed, showing that an electron transfermechanism
is unlikely (Fig. 5D, down). Light on-off experiments clearly show that
visible light is necessary for this photochemical rearrangement to occur
(Fig. 5E). We then synthesized the deuterated substrate 1az-D2 and
subjected it to our standard conditions. We observed the deuterium
migration step, and the four-membered product 76 was obtained
smoothly, clearly demonstrating that the hydrogen atom transfer (HAT)
step occurred (Fig. 5F).66,67 The three-membered ring product 77 could
also be formed as a by-product, suggesting that when the deuterium
migration step was slower, the boron migration step took place. UV-vis
experiment (Fig. 5G) and stern-volmer quenching experiments (Fig. 5H)
showed that only thephotocatalyst could absorb the visible light and the
photo-excited Ir-F could only be quenched by the starting material 1a.
The quantum yield of the π, σ-methane rearrangement was measured
(ϕ=0.0061), indicating that the current reaction is more likely a pho-
tocatalytic reaction. We also employed electron paramagnetic reso-
nance (EPR) to investigate theπ,σ-methane rearrangement of the boron
functional group. Upon addition of the spin trap N-tert-butyl-α-phe-
nylnitrone (PBN) to the reaction, a radical signal was observed (Fig. 5I).
Analysis of the EPR data revealed that PBN captured a carbon-centered
radical, indicating that the reaction proceeds via a radical mechanism.

Computational studies
Density functional theory (DFT) computations with the DFT method
wereperformed tounderstand further theπ,σ-methane rearrangement
(Fig. 6A) and 1,5-HAT (hydrogen atom transfer)/cyclization reaction
(Fig. 6B). As shown in Fig. 6A, the adiabatic triplet π, π* reactant 1al* is
52.5 kcal/mol radiative to the ground state of 1al. The transition state
TS_HAT (17.6 kcal/mol) was obtained, leading to intermediate INT_HAT
(-1.3 kcal/mol), which is a 1,4-radical. TS_HAT is 2.8 kcal/mol higher in
energy than TS1, indicating that the HAT step is disfavored. This inter-
mediate INT-1al subsequently undergoes intersystem-crossing and
collapses of the singlet biradical to the product 40. Furthermore, we
performed the DFT calculation of sequential 1,5-HAT/cyclization reac-
tion (Fig. 6B). The transition state TS_HAT (7.4 kcal/mol) was obtained,
leading to intermediate INT_HAT (− 12.8 kcal/mol), which is a 1,4-radi-
cal.TS_HAT is 4.7 kcal/mol lower in energy thanTS-1, indicating that the
HAT step is much favored in the substrate of 1az. After intersystem-
crossing, the singlet biradicalS1az is formed smoothly and converted to
the final product 54 after radical coupling.

In summary, we have demonstrated the π, σ-methane rearrange-
ment, and boron-involved HAT/cyclization reaction, facilitated by
energy transfer catalysis. These two approaches enable efficient access
to a diverse library of borylated cyclopropane and cyclobutane archi-
tectures. The key to the success of these synthetic transformations lies
in the combination of suitable energy transfer catalysis and substrate
design. Themild catalytic platformpermits a broad substrate scope and
good functional group toleration, providing practical and versatile
access to various borylated strain rings. We believe that the newly
developed energy transfer-enabled photorearrangement represents a
significant addition to the field of energy transfer catalysis-enabled
synthetic chemistry. Furthermore, both the synthetic approaches to
borylated strained rings and their potential applications are expected to
inspire synthetic andmedicinal chemists in academia and industry alike.

Methods
General method A for the synthesis of products 3–34
An oven-dried 8-mL vial charged with a Teflon® septum was used. The
vial was then charged with corresponding 1a-1af (0.2mmol) and Ir-F

(2mol%). After degassed by vacuum-nitrogen purging, the vial was
transferred to the glovebox, and the solvent (PhCF3, 2mL, 0.1M) was
added. The vial was finally sealed with a poly-tetrafluoroethylene-lined
cap tightly and stirred under irradiation with 4 × 30W blue LEDs
(λ = 450 nm, at approximately 3 cm away from the light source) at
room temperature. Upon complete conversion, the mixture was pas-
sed through a short silica gel column. After the solvent was removed
under reducedpressure, the residuewasuseddirectly for the next step
without further purification. The residue prepared as shown abovewas
added to a 20mL vial equippedwith a Teflon-coatedmagnetic stir bar.
After adding 2mL THF, the solution was cooled to 0 °C. 2M NaOH
(1.0mL) was injected, followed by the addition of 30% H2O2 (1.0mL)
dropwise. The reaction mixture was stirred at rt for 2 h, diluted with
brine, and extracted with EtOAc (15 × 3mL). The combined organic
layersweredried over anhydrousNa2SO4 andfiltered. After the solvent
was removedunder reducedpressure, the residuewaspurifiedby flash
column chromatography on silica gel to afford analytically pure pro-
ducts 3–34.

General method B for the synthesis of product 35
An oven-dried 8mL vial charged with a Teflon® septumwas used. The
vial was then charged with corresponding 1ag (0.2mmol) and Ir-F
(2mol%). After degassed by vacuum-nitrogen purging, the vial was
transferred to the glovebox, and the solvent (PhCF3, 2mL, 0.1M) was
added. The vial was finally sealed with a poly-tetrafluoroethylene-
lined cap tightly and stirred under irradiation with 4 × 30Wblue LEDs
(λ = 450 nm, at approximately 3 cm away from the light source) at
room temperature. Upon complete conversion, the mixture was
passed through a short silica gel column. After the solvent was
removed under reduced pressure, the residue was used directly for
the next step without further purification. After adding THF/H2O
(3mL, 2:1), the solutionwas cooled to 0 °C followedby the addition of
sodium perborate tetrahydrate (40.7mg, 0.4mmol). The reaction
mixture was stirred at rt for 2 h, diluted with brine, and extracted
with EtOAc (15 × 3mL). The combined organic layers were dried
over anhydrous Na2SO4 and filtered. After the solvent was
removed under reduced pressure, the residue was purified by flash
column chromatography on silica gel to afford analytically pure
products 35.

General method C for the synthesis of products 2w, 2ae and 2ai
An oven-dried 8-mL vial charged with a Teflon® septum was used. The
vial was then charged with corresponding 1w or 1ae, or 1ai (0.2mmol)
and Ir-F (2mol%). After degassed by vacuum-nitrogen purging, the vial
was transferred to the glovebox, and the solvent (PhCF3, 2mL, 0.1M)
was added. The vial was finally sealed with a poly-tetrafluoroethylene-
lined cap tightly and stirred under irradiation with 4 × 30W blue LEDs
(λ = 450 nm, at approximately 3 cm away from the light source) at
room temperature. Upon complete conversion, the mixture was pas-
sed through a short silica gel column and concentrated. The residue
waspurifiedbyflashcolumnchromatographyon silicagel to afford the
products (2w, 2ae, or 2ai).

General method D for the synthesis of products 40–62
An oven-dried 8mL vial charged with a Teflon® septum was used. The
vial was then charged with corresponding 1al-1bh (0.2mmol) and Ir-F
(4mol%). After degassed by vacuum-nitrogen purging, the vial was
transferred to the glovebox, and the solvent (MeCN, 2mL, 0.1M) was
added. The vial was finally sealed with a poly-tetrafluoroethylene-lined
cap tightly and stirred under irradiation with 4 × 30W blue LEDs
(λ = 450 nm, at approximately 3 cm away from the light source) at
room temperature. Upon complete conversion, the mixture was
transferred to a 20mL vial and concentrated under reduced pressure.
The crude residue was purified through column chromatography on
silica gel to provide the products 40–62.
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Data availability
Materials and methods, detailed optimization studies, experimental
procedures, mechanistic studies, NMR spectra and computational data
are available in the Supplementary Information and from the corre-
sponding authors upon request. CCDC 2367147-2367149 contains the

supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Center, 12 Union Road, Cambridge CB2
1EZ, U.K.; fax: + 44 1223 336033. Source data are provided in this paper.

Fig. 6 | Computataional studies. A DFT calculation of π, σ-methane rearrangement; B DFT calculation of 1,5-HAT (hydrogen atom transfer)/cyclization reaction.
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