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Development of new synthetic strategies to prepare C(sp®)-rich arene bioisosteres, especially their
heteroatom incorporating analogs, is less explored, but highly in demand. Here we report
a photocatalytic [27 + 20] cycloaddition reaction between bicyclo[1.1.0]butanes and aldehydes enabled
by cobalt under visible light irradiation. The key step is that bicyclo[1.1.0]butanes could be oxidized to
generate radical cation intermediates which could be promoted by cobalt, facilitating a nucleophilic
addition to the aldehydes. This unprecedented strategy exhibits broad functional group tolerance and
efficiently constructs complex molecular architectures and derivatives of natural products with good to
excellent yields. Detailed mechanistic studies and product manipulation have demonstrated the viability
of this open-shell approach. The desired 2-oxa-BCH motif demonstrated excellent acidity tolerance and
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Introduction

The phenyl ring is a prevalent functional group in pharma-
ceuticals and materials science." In recent years, the concept
of “escaping from flatland” has gained traction among
medicinal and synthetic chemists,> prompting the explora-
tion of novel synthetic methods to create conformationally
rigid structures characterized by a higher content of sp*-
hybridized carbon atoms compared to traditional arenes.’
Notable examples of such structures include bicyclo[1.1.1]
pentanes (BCPs),* bicyclo[2.1.1]hexanes (BCHs),” and bicyclo
[3.1.1]heptanes (BCHeps).® In recent developments, Mykhai-
liuk and colleagues demonstrated that C(sp®)-rich arene bio-
isosteres incorporating heteroatoms could potentially replace
medicinally relevant heteroaromatic rings while offering
enhanced properties such as better aqueous solubility,
improved metabolic stability, and reduced lipophilicity”
However, synthetic approaches for such bioisosteres have
been less thoroughly explored. Traditionally, 2-oxabicyclo
[2.1.1]hexanes (2-oxa-BCHSs) are synthesized using classical
photochemical [2 + 2] reactions (Fig. 1A), yet these methods

“School of Physical Science and Technology, ShanghaiTech University, Shanghai
201210, China. E-mail: huanghm@shanghaitech.edu.cn

*Department of Medicinal Chemistry, School of Pharmacy, Fudan University, No. 826
Zhangheng Road, Shanghai 201203, China

T Electronic supplementary information (ESI) available. CCDC 2389698. For ESI
and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d55c02836a

i These authors contributed equally to this work.

1908 | Chem. Sci, 2025, 16, 11908-11917

bioactivities compared to its parent phenyl-type bioisostere.

often come with limitations in terms of substrate scope and
functional group compatibility.®

Recently, strain-release cycloaddition between bicyclo
[1.1.0]butanes (BCBs) and aldehydes has advanced as a prom-
ising approach to construct 2-oxabicyclo[2.1.1]hexanes (2-oxa-
BCHs) (Fig. 1B).° Notably, Glorius and co-workers developed
two elegant synthetic approaches for 2-oxa-BCHs using energy
transfer catalysis (Fig. 1B, I)'** or Lewis acid catalysis (Fig. 1B,
1), respectively. Moreover, recent advancements by
researchers such as Zi,"** Zheng,"*” and Yang''* have demon-
strated the use of palladium catalysis to synthesize 2-oxa-
BCHs from vinylbicyclo[1.1.0]butanes (VBCBs) and carbonyl
compounds (Fig. 1B, III). Glorius and co-workers developed
dearomative cycloaddition reactions*>* and [27 + 20] cyclo-
addition*® to afford various BCHs through oxidative activa-
tion of ester-substituted BCBs. During the investigation for
our research, we found that Walker and his team demon-
strated an elegant example of formal [27 + 25] cycloaddition
between BCBs and alkenes or aldehydes using a simple pho-
toredox catalyst under visible light, although they faced
challenges related to relatively low yields and limited
substrate scope for oxa-BCHs (Fig. 1B, IV)."* Additionally,
Leitch,* Glorius,**** Mykhailiuk,” Feng,"¥* Li,'"¥ Wang &
Li,*** Zheng,'"" Deng,'*™ Aggarwal,’*" Zhou,'** Studer,'* and
many others® introduced several synthetic strategies towards
the synthesis of C(sp®)-rich arene bioisosteres incorporating
heteroatoms successfully.

Inspired by these elegant examples and our recent
achievements® in the area of radical-polar chemistry,'® we
disclose a rare example of the photocatalytic synthesis of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Background and rational design. (A) Representative examples to access 2-oxabicyclo[2.1.1]hexanes through photochemical [2 + 2]
reactions. (B) Recent synthetic approaches regarding 2-oxabicyclo[2.1.1]hexanes synthesis. (C) This work: photocatalytic [27 + 26] cycloaddition

of bicyclo[1.1.0]butanes with aldehydes enabled by cobalt.

2-oxa-BCHs by coupling bicyclo[2.1.1]hexenes (BCBs) with
aldehydes, promoted by cobalt under visible light conditions
(Fig. 1C). Our approach involves the oxidation of BCBs by
strongly oxidative photoredox catalysis to generate radical
cation intermediates under visible light conditions. These
intermediates could be promoted by cobalt, which facilitates
nucleophilic addition to both aromatic and aliphatic
aldehydes.

Results and discussion
Reaction design and optimization

With this in mind, we investigated the coupling reaction
between BCBs 1a and aliphatic aldehyde 2a, and we successfully
formed the desired 2-oxa-BCHs 3 with a 90% isolated yield
using 1 mol% of photocatalyst PC1 and 7.5 mol% CoCl, in
dichloroethane (DCE), under the irradiation of 450 nm LEDs for
12 hours (Table 1, entry 1). We screened several photocatalysts
and found that a highly oxidative photocatalyst is crucial for
achieving high yields (entries 2-5). Increasing the amounts of
either the photocatalyst or the cobalt catalyst resulted in lower
yields (entries 6-10). We also explored the impact of the DCE
concentration (entries 11 and 12), the addition of various
additives (entries 13 and 14), changing solvents (entries 15-17),
and varying reaction times (entries 18 and 19), all of which led
to decreased yields. Control experiments demonstrated the
necessity of visible light, the photocatalyst, and the cobalt

© 2025 The Author(s). Published by the Royal Society of Chemistry

catalyst to achieve excellent yields (entries 20-24). Notably, the
absence of the cobalt catalyst resulted in only a 56% isolated
yield, highlighting its importance for optimal yield (entry 23).

Substrate scope

With the optimized conditions established, we began to explore
the substrate scope using various aliphatic aldehydes (Fig. 2).
The reaction conditions were found to be compatible with
a range of functional groups on the aromatic ring, including
fluoro (4), chloro (5), methyl (6), tert-butyl (7), and methoxy (8).
The absence of a cobalt catalyst resulted in significantly reduced
or trace yields of the desired products (4-5). We further inves-
tigated a variety of aliphatic aldehydes, such as ethyl (9), benzyl
(10 and 16), cyclopropyl (11), cyclobutyl (12), cyclopentyl (13),
cyclohexyl (14-15), isopropyl (16 and 20), protected alcohols (18
and 21), and esters (19 and 24-25), as well as chloro (22). Our
method was then successfully applied to the synthesis of drug-
related 2-oxa-BCHs, derived from various aliphatic aldehydes,
such as those in fenbufen (26), flurbiprofen (27), aspirin (28),
ketoprofen (29), ibuprofen (30), isoxepac (31), and valproate
(32).

We then proceeded to explore various aromatic aldehydes
and BCHs (Fig. 3). The newly developed catalytic system
successfully tolerated simple phenyl aldehyde, yielding the
desired 2-oxa-BCH 33 with an 85% isolated yield, as confirmed
by X-ray analysis (CCDC 2389698). A range of functional groups

Chem. Sci., 2025, 16, 11908-11917 | 11909
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0 Mes,Acr-tBu,BF 4 (PC1, 1 mol%), CoCl, (7.5 mol%)

Ph

Optimized Conditions

DCE (0.2 M), 450 nm LEDs, RT, 12 h

[o]
;
o,

1a, 2 equiv. 2a, 1 equiv. 3
Entry Variation from the “optimized conditions” Isolated yield [%]
1 None 90
2 PC2 instead of PC1 ND
3 PC3 instead of PC1 50
4 PC4 instead of PC1 ND
5 PC5 instead of PC1 ND
6 2 mol% PC1 84
7 10 mol% CoCl, 84
8 1 eq. of CoCl, 75
9 Col, instead of CoCl, ND
10 CoCl,-6H,0 instead of CoCl, 75
11 Concentration: 0.4 M 75
12 Concentration: 0.1 M 73
13 1 eq. of K,CO, as an additive ND
14 1 eq. of collidine as an additive ND
15 DCM instead of DCE 87
16 MecCN instead of DCE ND
17 THF instead of DCE ND
18 18 h instead of 12 h 87
19 6 h instead of 12 h 78
20 No PC1, CoCl, (7.5 mol%) ND
21 No PC1, CoCl, (1 eq.) 6
22 No light at 40 °C ND
23 No CoCl, 56
24 No PC1 and CoCl, ND
o BRI,
Me —|C5JF4 Me—|804 Me—|<§>F4 S o OQ
N, i NC. CN
Me Me Me” Y e e Me = 'qu % 'NJ¢EN'
N AN N
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Mes Me Ph CF3
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¢ Reaction conditions: CoCl, (7.5 mol%), Mes,Acr-tBu,BF, (PC1, 1 mol%), freshly prepared BCB 1a (0.2 mmol, 2 equiv.) and aldehyde 2a (0.1 mmol,
1 equiv.) were dissolved in DCE (0.5 mL, 0.2 M). The mixture was irradiated with 30 W 450 nm blue LEDs with a cooling fan for 12 h under N,.

on the aromatic ring were also examined, including methyl (34),
phenyl (35), fluoro (36, 46-47), chloro (37), bromo (38), tri-
fluoromethyl (39), phenoxy (40), tert-butyl (41), methoxy (42-45),
benzofuran (48), and bicyclic aromatic rings (49), all of which
were tolerated, resulting in isolated yields of 58-79%. Various
BCBs were screened as well, including those with substituted
aromatic rings, such as methyl (50-52), fluoro (53), chloro (54),
and naphthyl (55). The desired 2-oxa-BCHs were obtained in
moderate to excellent yields. Additionally, different ester groups
were investigated, including complex motifs such as r-menthol

1910 | Chem. Sci, 2025, 16, 1908-11917

(58) and pregnenolone (59). The desired 2-oxa-BCHs (56-59)
were obtained in good yields. Notably, the reactions involving
BCBs with ester groups resulted in very low yields (30% NMR
yield) when catalysed by Lewis acid,'®” highlighting the unique
efficacy of cobalt.

Mechanistic studies and the proposed mechanism

With a relatively broad substrate scope established, we began to
explore the reaction mechanism through radical cation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Substrate scope regarding various aliphatic aldehydes. Reaction conditions: CoCl, (7.5 mol%), Mes,Acr-tBu,BF,4 (PC1, 1 mol%), freshly
prepared BCB 1a (0.2 mmol, 2 equiv.) and aldehyde 2 (0.1 mmol, 1 equiv.) were dissolved in DCE (0.5 mL, 0.2 M). The mixture was irradiated with
30 W 450 nm blue LEDs with a cooling fan for 12 h under N,. °No CoCl, under optimized conditions; °3 equiv. of 1a was used.

trapping experiments (Fig. 4A). Under an oxygen atmosphere
using the dual catalytic system, the epoxide derivative 60 was
obtained in a 21% isolated yield, suggesting the presence of
a radical cation intermediate."” Additionally, this intermediate
was trapped by methanol, yielding the corresponding product
61 in a 30% isolated yield. Further evidence supporting the
involvement of radical intermediates came from the detection
and isolation of a PBN adduct 62 and a TEMPO adduct 63
(Fig. 4B). We also utilized the aliphatic aldehyde 2x, which
contains a three-membered ring, and the desired 2-oxa-BCH 64
was formed smoothly. This outcome suggests that a ketyl
radical is not formed in our catalytic system (Fig. 4C). After
screening alternative transition metal additives, we determined
that CoCl, remains the most effective for achieving a high yield
of 3 (Fig. 4D). Stern-Volmer and UV-vis experiments were con-
ducted, clearly indicating that only the photocatalyst (PC1,
Mes,AcrtBu,BF,) absorbs the visible light (Fig. 4F) and that only
BCBs 2a quenched the photoexcited PC1 (Fig. 4E). The quantum
yield of this dual catalytic system was measured, and the result
(¢ = 0.16) suggests that a radical chain mechanism is unlikely.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Based on these mechanistic studies (Fig. 4G), we propose that
BCB 2a (+1.79 V vs. Ag/AgCl)*?* could be oxidized by PC1, (E
[PC*/PC "] = 2.0 V vs. SCE)* to generate the radical cation
intermediate II. This intermediate can be reduced to interme-
diate Il and its tautomer IV by the reduced form of PC1," which
is then trapped by aldehyde 2a to form intermediate V. The final
2-oxa-BCHs 3 is produced after ring closure, completing the
photocatalytic cycle. Alternatively, radical cation intermediate II
could be promoted by cobalt(i), generating intermediate VI and
its tautomer VII. A Reformatsky-type addition to aliphatic
aldehyde 2a efficiently forms intermediate V, leading to the final
2-o0xa-BCHs 3. The Co(u) could be reduced back to Co(1) by the
reduced PC1, allowing both catalytic cycles to turn over
efficiently.”**

Synthetic application and pharmacological activity of 2-oxa-
BCHs

To explore the application of our reaction and the 2-oxa-BCH
motif we synthesized, we first tested the model reaction on
a gram scale with an excellent 92% yield of 2-oxa-BCHs 3 and

Chem. Sci., 2025, 16, 11908-11917 | 11911
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Fig. 3 Substrate scope regarding various BCBs and aldehydes. Reaction conditions: CoCl, (7.5 mol%), Mes,Acr-tBu,BF,4 (PC1, 1 mol%), freshly
prepared BCB 1 (0.2 mmol, 2 equiv.) and aldehyde 2 (0.1 mmol, 1 equiv.) were dissolved in DCE (0.5 mL, 0.2 M). The mixture was irradiated with

30 W 450 nm blue LEDs with a cooling fan for 12 h under N.

diverse manipulation could be achieved (Fig. 5A). The ester
group in 3 can be transferred to the corresponding amide 65.
Alternatively, 2-oxa-BCHs 3 can be reduced to alcohol 66, which
could then be converted to azide 67. Additionally, the ester
group in 3 could be easily hydrolyzed under basic conditions to
yield the corresponding carboxylic acid 68 with excellent yield.
Different tertiary alcohols such as 69 and 70 could be obtained
from 3 through MeLi nucleophilic addition or the Kulinkovich
reaction. Finally, two different drug derivatives 71 and 72 could
be synthesized from atomoxetine and leelamine via amide
coupling and the ammonolysis reaction to further evaluate the
physicochemical properties of our 2-oxa-BCH motif on mature
drug scaffolds, therefore assessing the preliminary parameters
in drug development such as lipophilicity, acidity and stability.

As shown in Fig. 5B, after introducing the 2-oxa-BCH motif,
the lipophilicity of the modified substrates 71 and 72 signifi-
cantly increased with higher C log P and tPSA values. The
predicted pK, values for the parent compound atomoxetine and
leelamine, as well as their derivatives 71 and 72 also illustrated
significant changes.”® These variations in physicochemical
properties are likely to significantly influence the ADME

M912 | Chem. Sci,, 2025, 16, 1908-11917

properties and this hypothesis agreed with the later result when
we predicted the stability of four substrates in human plasma by
using a published attention-based graph neural network
program PredPS.”* The lower values of 71 and 72 compared to
the parent atomoxetine and leelamine suggested improved
stability in human plasma. In addition, we practically measure
the stability of both 71 and 72 under acidic conditions at 37 °C
that simulate the in vivo gastric conditions. Under even more
acidic conditions than those found in the stomach,** both 71
and 72 remained stable after 24 hours in 0.2 M and 2 M HCI,
demonstrating the remarkable acidity tolerance of the 2-oxa-
BCH motif. Interestingly, the two substrates exhibited different
behaviors in concentrated HCl as most of the 71 was hydro-
lyzed, whereas a significant portion of 72 was still recoverable.
This difference was potentially due to that the tertiary amide in
71 was easier to be protonated therefore leading to an acid-
promoted hydrolysis. All in all, our 2-oxa-BCH motif could
provide different physicochemical properties and illustrate
excellent acid tolerance; therefore, we further synthesized 73
and 74 to compare the pharmacological behaviour between our
2-oxa-BCH motif and its parent phenyl bioisostere.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions at 37 °C for 24 hours by calculating the recovery rate. More details could be found in the ESI.{

As shown in Fig. 6A, our 2-oxa-BCH motif (in cream stick
representation) possessed a similar shape compared to its
bioisostere (in cyan stick representation) with a comparable
bond length and angle. More importantly, the 2-oxa-BCH
motif contained oxygen as a hydrogen bond acceptor and
possessed a more lipophilic and stereo scaffold, therefore
potentially contributing to van der Waals force during
binding to the target enzymes and therefore enhancing the
pharmacological activities. By measuring the binding affinity
of 73 and 74 towards the KOR (Kappa Opioid Receptor), we
found that our 2-oxa-BCH motif supplied almost 10 times
higher potency compared to the parent bioisostere. To reveal
the plausible reasons behind this binding affinity enhance-
ment, we further did the docking analysis of 73 and 74
(Fig. 6B). Both 73 (in cream stick representation, Fig. 6B) and
74 (in cyan stick representation, Fig. 6B) were located at the
typical binding pocket of the KOR with similar binding
orientations (gray ribbon, Fig. 6B) and conserved interactions
between the morphinan of 73 and 74 and the KOR agreed with

M914 | Chem. Sci., 2025, 16, 11908-11917

the previous report.*® To be specific, 73 (in cream stick
representation, Fig. 6B) and 74 (in cyan stick representation,
Fig. 6B) could form a salt bridge towards the KOR between the
basic tertiary amine and D138%3? (in gray stick representa-
tion, Fig. 6B) whereas a hydrogen bond (in the red line,
Fig. 6B) was observed through the methoxy group of the
substrates to Y139%? (in gray stick representation, Fig. 6B).
Lipophilic interactions such as van der Waals forces mainly
existed between the phenanthrene and M142°-*®, v230°** and
1290%°! (in green stick representation, Fig. 6B), as well as
between the cyclopropylmethyl group and W287°*% and
Y3207*? (in purple stick representation, Fig. 6B). In addition,
some unique interactions belonging to 73 were observed that
could potentially explain its higher potency compared to the
parent 74. Predicted hydrogen bonds between the amide
linkage and residues $211%* and Y3127-** could be observed
(in red lines, Fig. 6B), as well as potential m-m stacking
interactions between the phenyl group and Y3127** could
further enhance the binding affinity. Moreover, the terminal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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benzene bioisostere were referenced from CCDC 127167. (B) A putative binding mode of compound 73 (in cream stick representation) and 74 (in
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phenyl group was located in the lipophilic “sandwich”-shaped
pocket (constructed by N122°'¢, §123%'7, 1208""%, E209"'2
and C210""%) and such plausible van der Waals forces could
also contribute to the KOR binding affinity.

Conclusions

In summary, we have developed a photocatalytic [27t + 20]
cycloaddition reaction between bicyclo[1.1.0]butanes and alde-
hydes, promoted by cobalt under visible light irradiation. This
method enables the formation of a diverse library of 2-oxa-BCHs
in good to excellent yields, offering broad substrate scope and
functional group tolerance under mild conditions. Key steps in
this process include the formation of a radical cation interme-
diate and enhancement of efficiency using cobalt. The 2-oxa-
BCH motif we developed in this work displays not only excellent
acidity tolerance but also enhanced substrate-drug target
interactions compared to its phenyl-type bioisostere due to its
unique chemical features. We anticipate that this new synthetic
approach will find further applications in the synthesis of
C(sp®)-rich arene bioisosteres incorporating different hetero-
atoms and the 2-oxa-BCH motif holds great potential as a bio-
isostere for the phenyl motif in future drug design.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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