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The stereoselective synthesis of densely substituted cyclobutanes has emerged as an important
frontier in contemporary molecular synthesis, owing to their value as three-dimensional
building blocks and bioisosteric motifs. Here we report a cooperative N-heterocyclic carbene
(NHC)/Lewis acid catalytic strategy for strain-release difunctionalization of
bicyclo[1.1.0]butanes (BCBs) with o,f-unsaturated aldehydes, affording 1,1,3,3-
tetrasubstituted cyclobutanes in up to 94% yield with excellent syn-diastereoselectivity across
a broad substrate scope. Most reactions reach completion within 15 min at room temperature.
Mechanistic studies, including isolation of a 2-oxabicyclo[2.1.1]hexane intermediate and its
subsequent conversion to the cyclobutane product under the catalytic conditions, establish its
involvement in the reaction pathway. The data support Lewis acid-assisted C—O o-bond
cleavage followed by NHC-mediated ring opening and rearrangement. This transformation
reveals an unconventional mode of NHC reactivity in strain-release chemistry and
demonstrates how cooperative NHC/Lewis acid catalysis can redirect the reactivity of strained

oxygenated bicyclic intermediates.
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The increasing demand for structurally complex, sp>-rich molecular architectures has
reshaped modern medicinal chemistry, as saturated three-dimensional (3D) frameworks can
offer favorable physicochemical and pharmacokinetic properties compared with their planar
counterparts.!* In the pursuit of ‘escaping from flatland’,>®! cyclobutanes have emerged as
valuable structural motifs owing to their rigid, conformationally constrained frameworks,
which enable precise spatial orientation of substituents and impart distinct three-dimensional
character to molecular architectures. Consequently, cyclobutane-containing scaffolds have
found widespread applications in medicinal chemistry,!!®!5! and several pharmaceuticals
incorporating 1,3-disubstituted cyclobutane motifs have advanced to clinical evaluation. These
applications have stimulated the development of efficient and versatile strategies for the

synthesis of increasingly complex and densely functionalized cyclobutanes (Fig. 1A).
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Fig. 1 The difunctionalization of BCBs to access 1,1,3-trisubstituted and 1,1,3,3-tetrasubstituted cyclobutanes. A)
Representative drug molecules containing polyfunctionalized cyclobutane skeleton. B) Strategies for the synthesis
of highly functionalized cyclobutanes via strain release. C) Our protocol for the synthesis of 1,1,3,3-
tetrasubstituted cyclobutanes via NHC/Lewis acid cooperative catalysis

BCBs have recently emerged as versatile strain-release synthons for the rapid
construction of functionalized cyclobutanes.!'*!®! Their exceptionally weak and highly strained
central C—C o-bond exhibits pronounced m-bond-like character, rendering it susceptible to
activation by nucleophilic, electrophilic, and radical species.!'>?8] Cleavage of this ‘spring-

loaded’ bond releases substantial strain energy, enabling the efficient conversion of readily



accessible BCBs into structurally diverse cyclobutane frameworks. This distinctive reactivity
has led to the development of diverse catalytic strain-release functionalization and
polyfunctionalization reactions with high levels of regio- and stereocontrol across a range of
catalytic manifolds.**~3?] Despite these advances, the catalytic synthesis of highly substituted
cyclobutanes from BCBs remains challenging, particularly when precise control over the
relative stereochemistry generated during strain-release ring opening is required.2!-?227-28]

Several recent studies have highlighted the potential of BCBs for stereoselective access
to highly substituted cyclobutanes.!!'’l Aggarwal and co-workers established an electrophilic
radical-induced ring opening of boronate-substituted BCBs (Fig. 1B, path 1), in which radical
addition generates an a-boryl radical that undergoes stereospecific 1,2-boron migration to
furnish highly functionalized cyclobutanes with excellent diastereoselectivity.[?43%34]
Subsequently, Glorius and co-workers disclosed a photoredox-enabled  thio-
carbofunctionalization of BCBs using sulfur-containing bifunctional reagents (Fig. 1B, path 2).
In this process, strain-release ring opening followed by C—S bond cleavage of a cyclic radical
cation intermediate provides syn-functionalized cyclobutanes with high stereocontrol.l*”]
Although these approaches demonstrate the versatility of BCB strain-release chemistry, they
are largely centered on monosubstituted BCBs, limiting their direct application to more
substituted cyclobutane architectures. Ackermann and co-workers reported an interesting
Ru(II)-catalyzed C—C/C—H functionalization of BCBs, integrating strain-release ring opening,
halogen-atom transfer, and site-selective C—H functionalization to access functionalized tri-
and tetrasubstituted cyclobutanes (Fig. 1B, path 3).**) More recently, Zhao and co-workers
reported an N-heterocyclic carbene (NHC)-catalyzed acylfluoroalkylation of BCBs through an
NHC-derived ketyl radical, providing access to 1,1,3,3-tetrasubstituted cyclobutanes with high
diastereoselectivity (Fig. 1B, path 4).°71 This transformation utilize fluoroalkyl radical
precursor, such as a Togni’s reagent, to achieve tetrasubstitution, with most of the substrates
providing excellent diastereoselectivity. Thus, a general catalytic strategy that directly converts
readily accessible BCBs into stereodefined 1,1,3,3-tetrasubstituted cyclobutanes through a
simple two-component coupling remains highly desirable. In particular, achieving geminal
difunctionalization of BCBs while simultaneously controlling the stereochemical outcome of
strain release remains a significant synthetic challenge.

In recent years, cooperative catalysis with NHC has emerged as a powerful strategy for
the development of diverse synthetic transformations.*®! Here, we report a cooperative
NHC/Lewis acid catalytic strategy for the stereoselective strain-release geminal

difunctionalization of BCBs, enabling rapid access to 1,1,3,3-tetrasubstituted cyclobutanes



(Fig. 1C). The two-component protocol directly couples readily accessible BCBs with a,f3-
unsaturated aldehydes to furnish densely functionalized cyclobutanes in very good yield and
with excellent diastereoselectivities. This cooperative catalytic strategy provides a direct and
stereoselective approach to highly substituted cyclobutanes while expanding the reactivity

landscape of NHC-mediated strain-release chemistry.

Results and Discussion

We began our investigation using 4-chlorocinnamaldehyde (1d) and methyl 3-
phenylbicyclo[1.1.0]butane-1-carboxylate (2a) as reaction partners for the optimization of the
reaction conditions (Table 1, selected entries, see SI).

Table 1 Optimization of the reaction conditions®
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Entry  Variation from Standard Condition®

1. None n.d. 85%
2. 20 mol% Sc(OTf)s instead of 30 mol% 20% 57%
3. NHC B instead of NHC A 7% 71%
4, NHC C instead of NHC A 45% 33%
5. 1.5 equiv. of 2a instead of 2 equiv. 15% 40%
6. Cs2COs instead of KoCOs n.d. 24%
7. DBU instead of K,CO3 n.d. 18%
8. Toluene instead of THF n.d. 49%
9. CHCls instead of THF 10% 48%
10. CH3CN instead of THF 89% n.d.
11. Without NHC 78% 5%
12. Without Sc(OTf)3 n.d. n.d.

®Reaction conditions: 1d (0.16 mmol), 2a (2.0 equiv.), NHC A (10 mol%), Sc(OTf)3
(30 mol%), K»CO;3 (40 mol%), THF (0.2 mL), Temp.= 0 °C to rt, t=15 min. *Yield of
isolated products, n.d. = Not detected.

Gratifyingly, the reaction proceeded smoothly under the optimized cooperative catalytic
conditions, employing 10 mol% of NHC A, 30 mol% Sc(OTf)3, and 40 mol% K>COs in THF.

Conducting the reaction from 0 °C to room temperature enabled rapid conversion within just



15 min, furnishing the desired 1,1,3,3-tetrasubstituted cyclobutane 4d in 85% isolated yield
(Tablel, entry 1). A reduction in the Sc(OTf); loading to 20 mol% resulted in a significant
decrease in the product yield to 57%, along with formation of 3d in 20% yield (Table 1, entry
2). Several NHC catalysts featuring triazolium-, imidazolium-, and thiazolium-derived carbene
frameworks were initially screened for this transformation (see SI). Among them, NHC
catalysts based on the triazolium scaffold proved to be the most effective, affording the desired
product in good yields. Notably, decreasing the steric bulk of the NHC catalyst resulted in a
noticeable reduction in reaction efficiency and, consequently, lower expected product yields
(Table 1, entries 3 and 4). Screening of various Lewis acids identified Sc(OTf)3 as uniquely
effective for this transformation (see the Supporting Information). When the amount of BCB
was reduced from 2.0 to 1.5 equivalents, the yield of 4d decreased to 40%, with 3d formed in
15% yield (Table 1, entry 5). The nature of the base was found to have a pronounced impact
on the reaction efficiency (see the Supporting Information). Substitution of KoCO3 with either
Cs2COs or DBU led to a dramatic erosion in the yield of the desired product (Table 1, entries
6 and 7). Evaluation of various solvents identified THF as the optimal medium for this
transformation (Table 1, entries 8 and 9). The use of ACN as the solvent interestingly resulted
in the formation of 3d exclusively in 89% yield, with no detectable formation of the desired
product 4d (Table 1, entry 10). When the reaction was performed in the absence of the NHC
catalyst, 3d was formed in 78% yield, whereas the desired product 4d was obtained in only 5%
yield (Table 1, entry 11). In contrast, in the absence of Sc(OTf)s, neither 3d nor 4d was detected
(Table 1, entry 12).

With the optimized reaction conditions in hand, we next investigated the generality of this
bifunctionalization protocol using a diverse range of a,B-unsaturated aldehydes and BCBs (Fig.
2). We initially examined the substrate scope with respect to the a,B-unsaturated aldehyde
component. The cooperative NHC-Lewis acid catalytic system exhibited broad applicability,
efficiently converting a variety of a,p-unsaturated aldehydes into the corresponding 1,1,3,3-
tetrasubstituted cyclobutane derivatives in good to excellent yields and with consistently high
diastereoselectivities (4a-4j, 4m-40). Cinnamaldehyde worked well to provide the desired
product 4a in excellent yield and stereoselectivity. Substrates bearing halo substituents at the
para, meta and ortho positions, as well as dihalo substituted derivative underwent smooth
transformation to furnish the corresponding products 4b-4g in moderate to very good yields
(20-85%). The molecular structure of intermediate 3g, corresponding to the proposed
intermediate 3, was unambiguously confirmed by single-crystal X-ray diffraction analysis (see

SI). The relative stereochemistry of compound 4g was established by single-crystal X-ray



diffraction analysis, confirming the cis arrangement of the styryl and aldehyde groups on the

cyclobutane framework (see SI).

NHC A (10 mol%)

Sc(0Tf); (30 mol%)
__KqCO; (40 mol%)
o/\)j\ THF(0.2 mL), 0 °C-rt
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1 2 3g, CCDC: 2588893

Scope of a,B-unsaturated aldehydes

4a, 88%, >19:1d.r. 4b, 85%, >19:1 d.r. 4c, 79%, >19:1 d.r. 4d, 85%, >19:1 d.r. 4e, 69%, >19:1d.r.

4n, 49%, >19:1 d.r. 40, 48%, >19:1 dr 4q, 74%, >19:1 d.r.

4r, 79%, >19:1 d.r.

4ac, 94%, >19:1d.r. 4ad, 90%, >19:1 d.r. 4ae, 45%, >19:1 d.r.
from Cholesterol from L-menthol from Gemfibrozil

Fig. 2 Substrate scope of a,f-unsaturated aldehyde and BCBs. Reaction condition: 1 (0.16 mmol), 2 (2 equiv.),
NHC A (10 mol%), Sc(OTf)3 (30 mol%), K»CO; (40 mol%), THF (0.2 mL), T= 0 °C-rt, t=15 min. Isolated
product yields. Diastereomeric ratio (d.r.) values were determined by '"H NMR. *Reaction mixture heated to 50 °C
for 10 h.



Para and meta methyl substituted enals were also readily accommodated, affording
products 4h and 4i in 68% and 73% yields, respectively. Furthermore, the electron-withdrawing
methyl ester substituted cinnamaldehyde was well tolerated, delivering the corresponding
product 4j in a good yield of 70%. However, the protocol didn’t work well with cyano and nitro
substituted cinnamaldehydes probably due to lesser nucleophilicity of the NHC-enolate. Only
the corresponding intermediates 3k and 31 were observed in good yields. The influence of
ortho-methoxy substitution was also examined, which furnished the corresponding product 4m
in 66% yield. In addition, 2-naphthyl-substituted and B-heteroaryl enals were compatible with
the reaction conditions, providing the corresponding products 4n and 40 in moderate yields
and with good diastereoselectivities. Aliphatic enal afforded only the corresponding
intermediate 3p, while the expected product 4p was not observed.

Having established the scope of the a,B-unsaturated aldehyde component, we next
investigated the effect of structural variation in the BCB substrates 2q-2ab. We first explored
variations in the ester functionality of the BCB substrate. Both tert-butyl and benzyl ester-
substituted BCBs were readily accommodated, furnishing products 4q and 4r in good yields
of 74% and 79%, respectively. The Weinreb amide-substituted BCB also participated in the
reaction, affording the desired product 4s in 49% yield, however it requires higher temperature
and longer reaction time. In contrast, the keto-substituted BCB did not furnish the desired
product 4t and proceeded only to the corresponding intermediate 3t. We subsequently
examined the influence of substituents present on the aryl group of the BCB substrates. Para
halo-substituted phenyl BCB derivatives underwent efficient transformation under the
cooperative NHC-Lewis acid catalytic conditions, affording the corresponding cyclobutane
products 4u-4w in moderate to good yields (56-81%). Notably, the para tert-butyl-substituted
phenyl BCB delivered the corresponding product 4x in an excellent yield under the optimized
reaction conditions. In contrast, the presence of a strongly electron-withdrawing CF3 group at
the para position resulted in the reduced yield of the corresponding product 4y. The meta
methoxy-substituted phenyl BCB was also well tolerated, providing the desired product 4z in
82% yield. Furthermore, the biphenyl BCB exhibited excellent reactivity, furnishing the
corresponding product 4aa in 93% yield. The 1-naphthyl-substituted BCB 4ab also afforded
the desired product in a good yield of 74%. Encouraged by the excellent tolerance of diverse
functional groups, we evaluated the applicability of this protocol to the substrates featuring
structurally complex and biologically relevant molecules. Accordingly, BCB substrates derived
from cholesterol, L-menthol, and the drug gemfibrozil were subjected to the optimized reaction

conditions. The corresponding cyclobutane products 4ac-4ae were obtain in 45-94% yield.



Among these substrates, the cholesterol-derived BCB displayed particularly high reactivity,
delivering the corresponding 1,1,3,3-tetrasubstituted cyclobutane derivative 4ac in an excellent
yield of 94%. These results highlight the excellent functional group tolerance and potential
utility of this methodology for the late-stage diversification of structurally complex and
biologically relevant molecules.

To gain insight into the mechanism of this transformation, a series of control

experiments were performed (Fig. 3A).
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Fig. 3 A) Control Experiments: i) Reaction using saturated aldehyde ii) Reactivity of intermediate under standard
reaction condition iv) Reactivity of intermediate under standard reaction conditions in the absence of NHC or
Sc(OTf); B) Plausible Mechanism



The importance of the a,B-unsaturated aldehyde functionality for the protocol was
investigated by replacing enal 1a with 3-phenylpropanal 1a’. When 1a’ and BCB 2a were
subjected to the standard reaction conditions, 1a’ remained unreacted, and neither the
corresponding intermediate 3a’ nor the desired cyclobutane product 4a’ was detected (Fig. 3A-
1). In contrast, BCB 2a was completely consumed, with formation of the corresponding
cyclobutene derivative. These observations suggest that the o,B-unsaturated aldehyde
functionality plays a crucial role in the reaction with the Sc(OTf)s-activated BCB substrate.
The corresponding 2-oxa-bicyclo[2.1.1]hexane 3a’ has previously been synthesized by the
Huang group through a cobalt-promoted photocatalytic [2n + 26] cycloaddition of BCBs with
aldehydes under visible-light irradiation.® To examine whether the intermediate 3d could
serve as a precursor to the final product. It was subjected to the standard reaction conditions.
Complete consumption of 3d was observed within 15 mins, affording the corresponding
1,1,3,3-tetrasubstituted cyclobutane 4d in 93% isolated yield (Fig. 3A-ii). This outcome clearly
supports 3d as a competent intermediate in the formation of the final product. Furthermore, the
observed conversion is consistent with the possibility that Sc(OTf); coordinates with oxygen
and facilitates C—O bond cleavage during the conversion of 3d to the corresponding
cyclobutane product.

Finally, two additional control experiments were performed to investigate the individual
roles of Sc(OTf)s and the NHC catalyst in the conversion of intermediate 3d into the product
4d. When 3d was subjected to the optimized reaction conditions in the absence of Sc(OTf)s,
no conversion to 4d was observed (Fig. 3A-iii). Likewise, omission of the NHC catalyst also
failed to promote the formation of 4d (Fig. 3A-iii). Taken together, these results indicate that
both Sc(OTf); and the NHC catalyst are required for the conversion of intermediate 3d into
product 4d. Overall, these observations are consistent with the involvement of cooperative
NHC/Lewis acid catalysis in facilitating the transformation.

On the basis of the control experiments and relevant literature reports!**#*, a plausible
reaction pathway for this transformation is proposed (Fig. 3B). Initially, the BCB is activated
through coordination with the Lewis acid Sc(OTf)s, which facilitates cleavage of its highly
strained central C—C bond!*?. The resulting activated BCB intermediate then reacts with the
enal, followed by intramolecular cyclization to furnish the bioisosteric!*! 2-
oxabicyclo[2.1.1]hexane intermediate 3d. Meanwhile, the NHC catalyst is generated in situ
through deprotonation of the triazolium salt in the presence of a base. The resulting NHC
attacks the double bond of intermediate 3d, generating intermediate II, which subsequently

undergoes proton transfer to afford intermediate III, followed by the formation of intermediate



IV. Subsequently, coordination of the oxygen atom with Sc(OTf); and the presence of the NHC
in intermediate I'V facilitates the simultaneous cleavage of the C—C and C—O bonds, giving rise
to intermediate V. The intermediate V upon proton transfer, affords intermediate VI. Finally,
release of the NHC catalyst from intermediate VI furnishes the 1,1,3,3-tetrasubstituted
cyclobutane product 4d.

To demonstrate the scalability and practical applicability of the developed
methodology, two independent scale-up experiments were conducted under the optimized
reaction conditions using cinnamaldehyde 1d as the a,B-unsaturated aldehyde component. The
reaction of 1d (3 mmol, 500 mg) with BCB 2x furnished the corresponding bifunctionalized
cyclobutane product 4x in an excellent yield of 90%. The reaction was subsequently performed
on a larger 6 mmol scale using BCB 2a, affording the corresponding product 4d in 71% yield
(Fig. 4A). The stereoselectivity was not hampered even on bigger scale demonstrating the

robustness of the protocol.
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THF, 0°C, 1h

NS H
o

4d, (R = H)

6, 96% cl
’ 4x, (R = t-Butyl)

cl 5, 85%

Fig. 4 A) Gram Scale synthesis. B) Product functionalization.

The synthetic versatility of product 4x was further demonstrated through complementary
downstream transformations (Fig. 4B). Catalytic hydrogenation of the styryl moiety in 4x using
H: and Pd/C smoothly afforded the corresponding saturated cyclobutane derivative 5 in 85%
yield. Chemoselective reduction of the aldehyde functionality in 4d with NaBH4 furnished the
corresponding primary alcohol 6 in an excellent yield of 96%. Collectively, these
transformations demonstrate the synthetic versatility of the polyfunctionalized cyclobutane
products and further highlight the utility of the present methodology as a versatile platform for

accessing structurally diverse and synthetically valuable molecular scaffolds.



Conclusion

In summary, we have developed a cooperative NHC/Lewis acid catalytic strategy for the
stereoselective strain-release difunctionalization of bicyclo[1.1.0]butanes with enals, providing
rapid access to 1,1,3,3-tetrasubstituted cyclobutanes under mild conditions. The transformation
accommodates electronically and structurally diverse enals and BCBs, delivering high
efficiency, high regioselectivity and excellent syn-diastereoselectivity. The resulting
cyclobutanes contain synthetically versatile geminal aldehyde and ester or amide
functionalities at highly substituted stereogenic centres, providing opportunities for further
molecular diversification. Beyond its synthetic utility, this transformation reveals an
unconventional mode of NHC reactivity enabled by Lewis acid cooperation. The isolation and
independent conversion of the 2-oxabicyclo[2.1.1]hexane intermediate under the catalytic
conditions provide compelling evidence for its role as a mechanistic gateway to the substituted
cyclobutane products. This reactivity highlights how Lewis acid cooperation can unlock C-O
bond cleavage and redirect the fate of strained oxygenated intermediates through NHC-
mediated rearrangement. More broadly, this work expands the reactivity landscape of NHC
catalysis and establishes cooperative activation as a platform for accessing new NHC-mediated

transformations.

Methods

General optimized procedure for the synthesis of polyfunctionalised cyclobutane
derivatives 4: An oven-dried schlenk tube equipped with a magnetic stirring bar was charged
with the NHC precatalyst-A (10 mol%) and K>COs (40 mol%). The reaction vessel was
evacuated and backfilled with argon three times. Under an argon atmosphere, o,B-unsaturated
aldehyde 1 (1 equiv.) and bicyclobutane derivative 2 (2 equiv.) were added followed by addition
of THF. The reaction vessel was evacuated and backfilled with argon three times. The schlenk
tube was placed in an ice bath and the reaction mixture was stirred for 5 minutes. After this,
Sc(OTf)s (30 mol%) was added and the tube was tightly closed with a glass stopper. The
resulting mixture was kept for stirring at rt for completion of the reaction. Upon completion of
the reaction as observed by TLC, the reaction mixture was directly subjected to column
chromatography using ethyl acetate:pet ether over 230-400 flash silica gel to afford the desired

products 4 in good to excellent yields.



References

1.

10.

11.

12.

13.

Shearer, J. et al. Rings in clinical trials and drugs: present and future. J. Med. Chem. 65,
86998712 (2022).

Taylor, R. D., MacCoss, M. & Lawson, A. D. G. Rings in drugs. J. Med. Chem. 57,
5845-5859 (2014).

Campos, K. R. et al. The importance of synthetic chemistry in the pharmaceutical

industry. Science 363, eaat0805 (2019).

Gomez-Angel, A. R. et al. Modular synthetic platform for the elaboration of fragments
in three dimensions for fragment-based drug discovery. J. Am. Chem. Soc. 147,29292—
29303 (2025).

. Lovering, F., Bikker, J. & Humblet, C. Escape from flatland: increasing saturation as

an approach to improving clinical success. J. Med. Chem. 52, 6752—6756 (2009).

Mykhailiuk, P. K. Saturated bioisosteres of benzene: where to go next? Org. Biomol.
Chem. 17, 2839-2849 (2019).

Golfmann, M. & Walker, J. C. L. Bicyclobutanes as unusual building blocks for

complexity generation in organic synthesis. Commun. Chem. 6,9 (2023).

. Kelly, C. B. et al. Bicyclobutanes: from curiosities to versatile reagents and covalent

warheads. Chem. Sci. 13, 11721-11737 (2022).

Tsien, J. et al. Three-dimensional saturated C(sp®)-rich bioisosteres for benzene. Nat.

Rev. Chem. 8, 605-627 (2024).

Dembitsky, V. M. Bioactive cyclobutane-containing alkaloids. J. Nat. Med. 62, 1-33
(2008).

Marson, C. M. New and unusual scaffolds in medicinal chemistry. Chem. Soc. Rev. 40,

5514-5533 (2011).

Liu, Q. et al. Cyclobutane derivatives as novel nonpeptidic small-molecule agonists of

glucagon-like peptide-1 receptor. J. Med. Chem. 55, 250-267 (2012).

Bauer, M. R. et al. Put a ring on it: application of small aliphatic rings in medicinal

chemistry. RSC Med. Chem. 12, 448-471 (2021).



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Van Der Kolk, M. R. et al. Cyclobutanes in small-molecule drug candidates.

ChemMedChem 17, €202200020 (2022).

Ertl, P, Altmann, E. & Wilcken, R. Ring systems in medicinal chemistry: a
cheminformatics analysis of ring popularity in drug discovery over time. Eur. J. Med.

Chem. 300, 118178 (2025).

Zhan, X., He, H.-X., Peng, Q. & Feng, J.-J. Synthesis of cyclobutanes and cyclobutenes
by strain-release-driven ring-opening of bicyclo[1.1.0]butanes. Synthesis 56, 3829—
3848 (2024).

Mukherjee, A. & Maity, S. Bicyclo[1.1.0]butane: a flexible template for strain-release

functionalization in cyclobutane synthesis. Synthesis (2026).

Deswal, S., Das, R. C., & Biju, A. T. Recent advances in the strain-release driven
reactions of bicyclobutanes: an emerging landscape in organic synthesis. Chem. Soc.

Rev. 55, 5572-5589 (2026).

Panish, R., Chintala, S. R., Boruta, D. T., Fang, Y., Taylor, M. T. & Fox, J. M.
Enantioselective  synthesis of cyclobutanes via sequential Rh-catalyzed
bicyclobutanation/Cu-catalyzed homoconjugate addition. J. Am. Chem. Soc. 1385,
9283-9286 (2013).

Gianatassio, R. et al. Strain-release amination. Science 351, 241-246 (2016).

Ernouf, G. et al. Photochemical strain-release-driven cyclobutylation of C(sp?)-

centered radicals. Angew. Chem. Int. Ed. 59, 2618-2622 (2020).

Ociepa, M., Wierzba, A. J., Turkowska, J. & Gryko, D. Polarity-reversal strategy for
the functionalization of electrophilic strained molecules via light-driven cobalt

catalysis. J. Am. Chem. Soc. 142, 5355-5361 (2020).

Guo, L., Noble, A. & Aggarwal, V. K. a-Selective ring-opening reactions of
bicyclo[1.1.0]butyl boronic ester with nucleophiles. Angew. Chem. Int. Ed. 60, 212—
216 (2021).

Bennett, S. H. et al. Difunctionalization of C—C c-bonds enabled by the reaction of
bicyclo[1.1.0]butyl boronate complexes with electrophiles: reaction development,

scope, and stereochemical origins. J. Am. Chem. Soc. 142, 16766—16775 (2020).



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lewis-Borrell, L. et al. Direct observation of reactive intermediates by time-resolved
spectroscopy unravels the mechanism of a radical-induced 1,2-metalate rearrangement.

J. Am. Chem. Soc. 143, 17191-17199 (2021).

Xiao, Y. et al. Photochemical a-selective radical ring-opening reactions of 1,3-
disubstituted acyl bicyclobutanes with alkyl halides: modular access to functionalized

cyclobutenes. Chem. Sci. 14, 13060—-13066 (2023).

Pratt, C. J., Aycock, R. A., King, M. D. & Jui, N. T. Radical a-C—H cyclobutylation of
aniline derivatives. Synlett 31, 51-54 (2020).

Yu, X., Lilbbesmeyer, M. & Studer, A. Oligosilanes as silyl radical precursors through
oxidative Si—Si bond cleavage using redox catalysis. Angew. Chem. 133, 685-689
(2021).

Panish, R. A., Chintala, S. R. & Fox, J. M. A mixed-ligand chiral rhodium(II) catalyst
enables the enantioselective total synthesis of piperarborenine B. Angew. Chem. Int. Ed.

55, 49834987 (2016).

Kerner, M. J. & Wipf, P. Semipinacol-type rearrangements of [3-
(arylsulfonyl)bicyclo[1.1.0]butan-1-yl]alkanols. Org. Lett. 23, 3615-3619 (2021).

Milligan, J. A., Busacca, C. A., Senanayake, C. H. & Wipf, P. Hydrophosphination of
bicyclo[1.1.0]butane-1-carbonitriles. Org. Lett. 18, 4300-4303 (2016).

Zhang, Z. & Gevorgyan, V. Palladium hydride-enabled hydroalkenylation of strained
molecules. J. Am. Chem. Soc. 144, 20875-20883 (2022).

Fawcett, A., Biberger, T. & Aggarwal, V. K. Carbopalladation of C—C c-bonds enabled
by strained boronate complexes. Nat. Chem. 11, 117-122 (2018).

Silvi, M. & Aggarwal, V. K. Radical addition to strained c-bonds enables the
stereocontrolled synthesis of cyclobutyl boronic esters. J. Am. Chem. Soc. 141, 9511—
9515 (2019).

Wang, H. et al. syn-Selective difunctionalization of bicyclobutanes enabled by
photoredox-mediated C—S o-bond scission. J. Am. Chem. Soc. 145, 23771-23780
(2023).



36. Chen, S. et al. Difunctionalization of bicyclo[1.1.0]butanes enabled by merging C—C
cleavage and ruthenium-catalysed remote C—H activation. Nat. Synth. 4, 655—663
(2025).

37. Xiao, C. et al. Stereoselective radical acylfluoroalkylation of bicyclobutanes via N-

heterocyclic carbene catalysis. Angew. Chem. Int. Ed. 64, €202416781 (2024).

38. Wang, M. H., & Scheidt, K. A. Cooperative Catalysis and Activation with N-
Heterocyclic Carbenes. Angew. Chem. Int. Ed. 55, 14912—-14922 (2016).

39. Tang, S., et al. Photocatalytic synthesis of 2-oxabicyclo[2.1.1]hexanes: cobalt-
enhanced efficiency. Chem. Sci. 16, 11908—-11917 (2025).

40. Zhang, M. et al. Lewis acid-catalyzed ring-opening reaction of bicyclobutanes for the
highly selective synthesis of 1,1,3-trisubstituted cyclobutanes. Org. Lett. 27, 9471—
9476 (2025).

41. Wang, J. et al. Sc(OTf)3-catalyzed diastereoselective hydroxyheteroarylation of C—C o-
bonds of bicyclo[1.1.0]butanes with azaheterocyclic N-oxides. Org. Lett. 27, 3402—
3408 (2025).

42. Roy, P., Deswal, S. & Biju, A. T. Lewis acid-assisted formal C=S insertion of
thioindolinones to bicyclobutanes: diastereoselective access to trisubstituted

cyclobutanethiols. Org. Lett. 27, 10916-10922 (2025).

43. Denisenko, A. et al. 2-Oxabicyclo[2.1.1]hexanes as saturated bioisosteres of the ortho-

substituted phenyl ring. Nat. Chem. 15, 1155-1163 (2023).

Acknowledgment

S.B.M. acknowledges financial support from CSIR, India. S.G.J. thanks DST-Inspire, India and
G.J.B. thanks CSIR, New Delhi.

Author contribution
S.B.M. conceived the project. S.G.J. and G.J.B. performed the synthetic experiments. R.G.G.
carried out single crystal X-Ray diffraction analysis of compounds 3g and 4g. S.B.M.

supervised the project.



Competing interest
Provisional patent (Application number 202611102297, dated 24-08-2026) has been filed
based on this chemistry.

Additional information
Supplementary information The online version contains supplementary material available

at...



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e Supportinglnformation.pdf


https://assets-eu.researchsquare.com/files/rs-11093434/v1/a8d516784f5f94a97f315e40.pdf

