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Skeletal ring enlargement is gaining renewed interest in synthetic chemistry and has recently

focused on insertion of one or two atoms. Strategies for heterocyclic expansion through small-ring
insertion remain elusive, although they would lead to the efficient formation of bicyclic products. Here,

we report a photoinduced dearomative ring enlargement of thiophenes by insertion of bicyclo[1.1.0]butanes
to produce eight-membered bicyclic rings under mild conditions. The synthetic value, broad functional-group
compatibility, and excellent chemo- and regioselectivity were demonstrated by scope evaluation and
product derivatization. Experimental and computational studies point toward a photoredox-induced

radical pathway.

yelic organic compounds, especially het-
erocycles, play a key role in pharmaceu-

tical and natural products chemistry, as

well as materials science (I-3). Ring ar-
chitecture not only influences properties

such as lipophilicity, three dimensionality,
and scaffold rigidity but also determines
molecular function and reactivity (I-3). Hence,
the development of methods to precisely form
and manipulate ring systems is of utmost im-
portance in synthetic chemistry. Skeletal ring
enlargement can convert common feedstocks
into molecularly complex scaffolds and has
the potential to induce important changes in
the chemical or biological properties of the
original compounds (4-6). Recently, the in-
sertion of one or two atoms into cyclic mol-
ecules for skeletal editing, an approach first
developed in 1881 (7), has received renewed
attention (8-16). Notable contributions from
several groups have been reported in the con-
text of skeletal editing by means of boron (10),
nitrogen (11, 12), or carbon (13-15) atom in-
sertion (Fig. 1A). Two-step approaches for
dearomative ring enlargement of polycyclic
arenes through insertion of oxygen (17) and
carbon (I8) have also been demonstrated.
Moreover, catalytic strategies for two-atom
insertions into highly strained cyclic carbon-
yls have emerged as a useful tool for the syn-
thesis of bridged and fused rings (19) (Fig.
1A). Extending this concept to the insertion of
small rings into a heterocyclic parent ring
(“ring-in-a-heterocycle”) would allow the facile
construction of bicyclic frameworks (Fig. 1B).
The hetero(bi)cyclic moiety is the basic scaf-
fold of numerous important biologically ac-
tive natural products (3, 20, 2I). Insertion of

!0rganisch-Chemisches Institut, Westfalische Wilhelms-
Universitat Manster (WWU), 48149 Munster, Germany.
2Department of Chemistry and Biochemistry, University of
California, Los Angeles, CA 90095, USA.

*Corresponding author. Email: glorius@uni-muenster.de (F.G.);
houk@chem.ucla.edu (K.N.H.)

tThese authors contributed equally to this work.

Wang et al., Science 381, 75-81 (2023) 7 July 2023

C(sp®)-rich rings into heterocycles to form
bicyclic compounds is appealing because sp®
richness, three dimensionality, and increased
conformational rigidity often facilitate the suc-
cessful design of new drugs (7). From a synthetic
perspective, bicyclo[1.1.0]butanes (BCBs) are ideal
sources of C(sp®)-rich rings because of their
rigid and defined three-dimensional nature
(22-27). The peripheral cyclization of unsaturated
n-bonds with BCBs provides an approach to
introduce bicyclic scaffolds in synthetic chem-
istry (28, 29). Very recently, the cycloaddition
of BCBs to strained cyclopropanes, leading to
the formation of bicyclo[3.1.1]Theptanes, was
reported (30, 31). The insertion of BCBs into
heterocycles, which exist widely in nature, to
forge heterobicyclic compounds has been se-
verely curbed owing to the synthetic challenges
such as activation sequence and chemo- and
regioselectivity. Considering the applications of
thiophenes in medicinal chemistry (32, 33), we
envisioned that skeletal ring enlargement of
such compounds, by means of radical insertion
of BCBs, would provide a privileged platform for
the construction of sulfur-based bicyclic scaf-
folds and be a blueprint for additional efficient
ring-in-a-heterocycle enlargement reactions
(Fig. 1B).

This abovementioned heterocycle enlarge-
ment hypothesis would potentially operate
by a cleavage-rebound sequence. A serious
synthetic challenge, namely cleaving hetero-
cycles while avoiding the ring opening of
the four-membered carbocycles, requires this
transformation to be carried out selectively
and under mild conditions (Fig. 1B). To ad-
dress this problem, a radical strategy trig-
gered by photocatalysis can be considered,
owing to its mildness and controllable char-
acter (34-39). Because of the electron-rich
character and high triplet energy of thio-
phenes, any activation strategy making use
of photoinduced energy transfer was deemed
less feasible (40-43). Given that the excited-
state acridinium salt {[Acr-Mes,]"[BF,] }* has

L)

a high oxidation potential (44-46), it iz Checkfor |

be used as a photoredox catalyst for the ..
cise activation of the thiophene rather than
the BCB to form highly reactive radical cation
intermediate I, which would attack the BCB
and form another intermediate IT or III.
Then, eight-membered ring IV would be gen-
erated through a ring opening-insertion
process, followed by the electron-transfer re-
duction to obtain the target molecule (Fig. 1C).
Herein, a photochemical skeletal ring enlarge-
ment of thiophenes toward an array of sulfur-
based bicyclic rings using BCB as an insertion
unit is presented. The synthetic value, broad
functional-group compatibility, and outstand-
ing chemo- and regioselectivity of this protocol
were demonstrated by scope evaluation, facile
millimolar-scale synthesis and synthetic de-
rivatization (Fig. 1D).

Reaction optimization

We began our investigation with the use of
3-phenylthiophene (1a) and bicyclo[1.1.0]butan-
1-yl(morpholino)methanone (2a) as reaction
partners (see supplementary materials for de-
tails; fig. S2). After optimization, product 3a
was obtained in 80% yield after reaction under
argon atmosphere for 12 hours with acridinium
salt as a photocatalyst and acetonitrile (MeCN) as
the solvent, and good regioselectivity [3a:3a' =
94:6 regioselectivity ratio (r.r.)] was observed
(entry 1, fig. S2). We also evaluated the effect of
other reaction parameters on this skeletal ring
enlargement. Varying the concentration of 1a
resulted in fluctuations in the yields but little
effect on regioselectivity (entries 2 to 4, fig. S2).
Moreover, changing the concentration of reac-
tion had no effect on the yield (entries 5 and 6,
fig. S2). Additionally, other solvents, such as 1,2-
dichloroethane (DCE), acetone, tetrahydrofuran
(THF), N,N-dimethylformamide (DMF), and
benzotrifluoride (PhCF3) led to a substantial
decrease in the reaction yield (entries 9 to 13,
fig. S2). We then investigated several photo-
catalysts and found that only acridinium salt
could drive this chemical conversion (entries
14 to 18, fig. S2). Irradiation with visible light
and the presence of photocatalyst were essen-
tial in this reaction (entries 20 and 21, fig. S2).
Under the abovementioned conditions, 3a was
obtained as the predominant regioisomer over
3a’ (fig. S2). By applying a condition-based sensi-
tivity screening approach (4¢7) (Fig. 2), we found
that the reaction toward compound 3a is sen-
sitive to high oxygen concentration and water,
while being generally tolerant toward higher
temperature and varying light intensities (see
fig. S6 for details).

Substrate scope investigation

With the optimal conditions in hand, substrate
scope with respect to the BCBs was first eval-
uated. As shown in Fig. 2, a series of cyclic
amide-substituted BCBs proved compatible
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Fig. 1. Background and concept. (A) Skeletal ring enlargement via one- or two-atom insertion. (B) Conceptual outline for the synthesis of heterocycle-based bicyclic
compounds. (C) Mechanistic hypothesis for the electron transfer—induced insertion of BCBs into thiophenes. (D) Photochemical skeletal ring enlargement of
thiophenes through insertion of BCBs (this work). cat., catalytic.

with this transformation, affording the cor-
responding products in good yields and regio-
selectivities (3a to 3e). The reaction of 1a with
2a was successfully performed at millimolar
scale, which produced product 3a in 84%
yield. Moreover, other amide groups proved
to be compatible, as shown by products 3f to
3K. An ester-substituted BCB reacted smooth-
ly with 1a to afford product 31. Additionally,
BCBs containing ketone and ether groups gave
products in a synthetically useful yield (3m
and 3n). Encouraged by the above results,
we sought to examine the substrate scope
with regard to thiophene derivatives (Fig. 2).
High regioselectivities and good yields were
observed with monosubstituted thiophenes
as reaction partners (30 to 3s). A series of
functional groups on the aromatic ring, such
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as deuterium (30), ketone (3p), CF; (3q), fluoride
(3r), and chloride (3s), proved compatible with
this protocol, providing many opportunities
for further diversifications. These examples
show preferential insertion proximal to the
aromatic substituent. Further functional-group
compatibility of this method was demon-
strated with 3,4-disubstituted thiophenes as
substrates (3t to 3w). Reactants with alde-
hyde and silicon-containing ancillary groups
were converted to the products 3v and 3w. 2,4-
Disubstituted thiophenes were subsequently eval-
uated (3x to 3ac), and higher regioselectivities
were obtained than with the 3,4-disubstituted
thiophenes, perhaps owing to steric hindrance.
Compounds with pyridine substituents were
also compatible with the reaction system (3x
and 3y). Thiophenes bearing an alcohol or long-

chain alkyl group substitution at C2 could be
transformed smoothly to the corresponding
products through skeletal expansion (3ab and
3ac). This conversion was successfully extended
to trisubstituted thiophene, generating com-
pound 3ad in good yield and superb regiose-
lectivity. Notably, methyl-substituted thiophene
was compatible as well (3ae). Unsubstituted
thiophene reacted in moderate yields to fur-
nish the corresponding products 3af and 3ag.
Unfortunately, no desired product was detected
with the use of 2-methyl-3,5-diphenylthiophene
as substrate, which might be due to the steric
hindrance caused by the double substitution
at the 2,5-position.

Subsequently, the substrate scope of benzo-
thiophene derivatives was explored, and in-
verted regioselectivities were observed relative
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Fig. 2. Substrate scope for direct insertion of BCBs into thiophene derivatives. Yields are given for the isolated major products. Regioselectivity ratio is determined by
proton nuclear magnetic resonance (*H NMR) analysis of the crude product mixtures. Reaction conditions: thiophene (1, 0.36 mmol, 3.0 equiv), BCB (2, 0.12 mmol,

1.0 equiv), [Acr-Mes,]*[BF4]™ (8 mol %), argon, blue light-emitting diodes (LEDs; 450 nm) in MeCN (2 ml) for 12 hours at room temperature; *1 (4.0 equiv); 124 hours;
t[Acr-Mes,] [BF4]™ (16 mol %), 1 (4.0 equiv) for 24 hours. ¢, concentration; T, temperature; /, intensity; Ph, phenyl; Me, methyl; NBoc, N-tert-butyloxycarbonyl.

to thiophenes (Fig. 3). The target product 3ah
was obtained as a single regioisomer in 59%
yield through ring-opening insertion. The ro-
bustness of this protocol was demonstrated
by its compatibility with various functional

Wang et al., Science 381, 75-81 (2023) 7 July 2023

groups (e.g., hydroxyl, silicon, phenyl, halogen
groups) (3ai to 3ao0). A larger-scale reaction
successfully afforded product 3ai in 93% yield.
Moreover, the scope was smoothly extended to
a thiophene bearing an alkyne (3ap). An alkene

group, which could have been reactive toward
the photosensitizer, also proved compatible
under standard conditions, giving product
3av. Additionally, the cyclohexyl group was
well tolerated, as shown by compound 3aq.
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Fig. 3. Substrate scope for direct insertion of BCBs into benzothiophene derivatives. Yields are given for the isolated major products. Regioselectivity ratio is
determined by 'H NMR analysis of the crude product mixtures. Reaction conditions: thiophene (1, 0.36 mmol, 3.0 equiv), BCB (2a, 0.12 mmol, 1.0 equiv), [Acr-Mes]*[BF4]”
(8 mol %), argon, blue LEDs (450 nm), in MeCN (2 ml) for 12 hours at room temperature; *[Acr-Mes,] [BF4]™ (16 mol %), 1 (4.0 equiv) for 24 hours. TBS, tert-butyldimethylsilyl.

Substrates bearing pyridine and pyrimidine
derivatives were amenable to this photochem-
ical protocol, delivering corresponding products
in excellent reaction yields (3ar to 3at). Fur-
thermore, benzothiophene bearing an electron-
withdrawing group proved to be a suitable

Wang et al., Science 381, 75-81 (2023) 7 July 2023

partner (3au). A substrate containing a men-
thol fragment was also compatible (3aw). To
further demonstrate the chemoselectivity and
regioselectivity of this heterocycle enlarge-
ment, complex molecules with two identical
benzothiophene structures were treated with

BCB (2a). Both reactions led to single-isomer
products, respectively, demonstrating excep-
tional chemo- and regioselectivity (3ax and 3ay).
In a substrate with both a benzothiophene and a
thiophene moiety, the BCB reacted exclusively at
the benzothiophene site (3az). Stereochemical and
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Fig. 4. Mechanistic studies. (A) Stern-Volmer luminescence quenching analysis. R?, coefficient of determination. (B) Cyclic voltammetry analysis. (C) Radical
inhibitor experiment. (D) Quantum yield determination. (E) Computed reaction coordinate surface with 3-phenylthiophene. (F) Computed reaction coordinate surface
with benzothiophene. DFT calculations were conducted at the UM062X/def2TZVP/SMD(solvent = MeCN)//UMO6-2X/def2SVP level of theory (48-52).

regiochemical assignments across the series of
products were based on crystal structure analysis
of 3a, 3ag, and 3ar (CCDC 2250075-2250077).

Mechanistic investigation

We then turned our attention to the mecha-
nism of this photoinduced ring enlargement.
Stern-Volmer luminescence quenching analysis
revealed that the excited-state photocatalyst

Wang et al., Science 381, 75-81 (2023) 7 July 2023

(PC*) is more easily quenched by thiophene
1a than by BCB 2a, consistent with our orig-
inal mechanistic hypothesis (Fig. 4A). Cyclic
voltammetry was then performed to study
the redox potentials of 1a and 2a (Fig. 4B).
An oxidation peak of 1a in MeCN was ob-
served at 1.68 V [versus saturated calomel
electrode (SCE)], and no oxidation peak of
2a was detected. These results are again con-

sistent with oxidation of 1a but not 2a by the
PC* (oxidation potential E,, = 2.00 V versus
SCE) (46). Moreover, no desired product was
generated in the presence of the radical
scavenger 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO), thereby suggesting a radical pathway
(Fig. 4C). The quantum yield ® of the reaction
between 1a with 2a was determined to be 0.87
(Fig. 4D). Further intermolecular competition
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experiments indicated that electron-rich het-
erocycles are more reactive than electron-poor
heterocycles, selectively providing corre-
sponding products (see supplementary mate-
rials for details).

Additionally, we performed density func-
tional theory (DFT) calculations to gain deeper
insight into the ring enlargement mechanism
(Fig. 4, E and F, and figs. S9 and S10). The
experimental studies suggest that the PC*
oxidizes 1a to form the radical cation inter-
mediate [1a]"*. Our DFT calculation revealed
the highest spin density on C2 and the high-
est Hirshfeld charge on the benzylic carbon,
which rationalize the observed BCB insertion
at C2 (Fig. 4E). The BCB insertion [TS1]** is
the rate-limiting transition state with a free-
energy barrier of 12.6 kcal/mol and offers the
thermodynamically more stable [IM1]*. Sub-
sequent C-S bond formation to produce the
heterocycle ([TS2]°*) is both kinetically facile
and thermodynamically favored. Reduction
of [IM2]™* by the photocatalyst is thermo-
dynamically favored by 11.5 kcal/mol. The
final C-S bond cleavage (TS3) is kinetically
facile, and the generation of product 3a is
irreversible.

Alternatively, because benzothiophene ex-
pansion takes place with inverted regioselec-
tivity to forge 3ah, we hypothesized that the

3bh, 92% yield

7\
N

spin density distribution of the radical cation
intermediate [1ah] " is different from that of
[1a]’*. Indeed, our calculation showed that
the spin density and Hirshfeld charges are
evenly distributed over the S-heterocycle. More-
over, the reaction mechanism with benzo-
thiophene (Fig. 4F) is different than that with
3-phenylthiophene (1a). The BCB insertion
(TS4) into the S-radical has a similar free-
energy barrier of 12.9 kcal/mol, as compared
with TS1. The formation of INT-5 is en-
dergonic by 7.2 kcal/mol. Furthermore, the
subsequent C-C bond formation is the rate-
limiting transition state with a free-energy
barrier of 16.1 kcal/mol. Generation of the fused
heterocycle INT-6 radical cation is exergonic
by 10.1 kcal/mol. Although we could not locate
the reduced [IM4], we expect the C-S bond
cleavage to obtain the product 3ah to be ki-
netically facile.

Product elaboration

Next, synthetic derivatization of the eight-
membered sulfur-based bicyclic motifs was
investigated (Fig. 5; see supplementary ma-
terials for details). Starting from compound
3a, aldehyde 3ba was successfully produced
in good yield through selective amide reduc-
tion with THF as solvent. Since sulfone and
sulfoxide groups are widely used in organic

Ph

o DMAP

EDC-HCI

‘wnecid

3ba\
82% yield

Rh(PPhs),Cl

H, (10 bar
o 2 ( /

3bf, 87% yield

3bb, 85% yield

" _Cp,Zr(H)Cl ]Hzoz

synthesis, chemoselective oxidation of 3a was
carried out and successfully gave sulfoxide
3bb and sulfone 3be. Tertiary amine 3bd could
be produced in 64% yield through the reduc-
tion of the amide carbonyl group with the
preservation of the carbon-carbon double bond.
Notably, selective hydrogenation of alkene and
diene within 3a offered desired products 3be
and 3bf in 76% and 87% yields, respectively,
which provides more sulfur-based bicyclic com-
pounds with different properties. Subsequently,
with the use of compound 3ai as a starting
material, substitution with 3-bromoprop-1-ene
provided allyl ether 3bg by introducing an
important allyl group. Compound 3ai was also
converted to aldehyde 3bh and complex ester
3bi by means of selective oxidation and ester-
ification, respectively. These successful trans-
formations of various functional groups further
illustrate the potential applicability of these
sulfur-based bicyclic motifs.

Given their wide applications in synthetic
and medicinal chemistry, we used thiophene
derivatives as the reaction substrates to start
this ring-opening insertion protocol. Addition-
ally, because medium-sized bicyclic scaffolds
with a nitrogen and oxygen are also prevalent
in both naturally occurring and synthetic bio-
active molecules, we believe that this ring-in-a-
heterocycle protocol will facilitate and inspire

, 81% yield

AA

(e

m/s

Rh(PPhs)sCl
H2 (1 atm)

Ph
3bd, 64% yield

3be, 76% yield

Fig. 5. Synthetic derivatization. Reaction conditions for 3ba: Cp,Zr(H)CI

(0.2 mmol), 3a (0.1 mmol), THF (2.5 ml); for 3bb: H,0, (0.125 mmol), 3a

(0.1 mmol), dichloromethane (DCM, 0.2 ml), trifluoroacetic acid (TFA, 0.2 ml); for
3hbc: 3-chloroperoxybenzoic acid (m-CPBA, 0.4 mmol), 3a (0.1 mmol), DCM

(2 ml); for 3bd: LiAIH4 (0.744 mmol), 3a (0.1 mmol), THF (2 ml); for 3be: Rh(PPh3)sCl
(0.015 mmol), 3a (0.1 mmol), H, (1 atm), PhMe (0.5 ml), 9 hours; for 3bf:

Wang et al., Science 381, 75-81 (2023) 7 July 2023

Rh(PPhs)3CI (0.015 mmol), 3a (0.1 mmol), H, (10 bar), PhMe (0.5 ml), 5 hours; for
3bg: NaH (0.096 mmol), allyl bromide (0.12 mmol), 3ai (0.08 mmol), DMF (1.3 ml);
for 3bh: pyridinium chlorochromate (PCC, 0.15 mmol), 3ai (0.1 mmol), DCM

(0.5 ml); and for 3bi: 3ai (0.1 mmol), probenecid (0.12 mmol), 4-dimethylaminopyridine
(DMAP, 0.12 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC-HCI, 0.15 mmol), DCM (0.5 ml).
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the development of skeletal ring enlargements
of such heterocyclic compounds through in-
sertion of small rings.
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