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ABSTRACT: The high percentage of sp3-hybridized carbons and
the presence of chiral carbon centers could contribute to increased
molecular complexity, enhancing the likelihood of clinical success
of drug candidates. Three-dimensional (3D) bridged motifs have
recently garnered significant interest in medicinal chemistry.
Bicyclo[2.1.1]hexanes (BCHs) are emerging 3D benzene bio-
isosteres, but the synthesis of chiral, highly substituted BCHs has
been underexplored. Herein, we disclose the Lewis acid-catalyzed
asymmetric intermolecular [2π + 2σ] cycloaddition of
bicyclo[1.1.0]butanes with coumarins, 2-pyrone, or chromenes to
access diverse enantioenriched 1,2,3,4-tetrasubstituted BCHs
bearing vicinal tertiary-quaternary stereocenters. The key to success is the introduction of chiral bisoxazoline ligands to effectively
suppress the side reactions, inhibit significant racemic background reactions, and fine-tune the reactivity and regio-, enantio-, and
diastereoselectivities of the reactions. The resulting BCHs hold significant potential as benzene bioisosteres in the synthesis of chiral
BCHex-Sonidegib and BCHex-BMS-202, mimicking the anticancer drug Sonidegib and the PD-1/PD-L1 inhibitor BMS-202,
respectively. The outcome highlights the positive impact of bioisosteric replacement on physicochemical properties, while
maintaining comparable antitumor activity to their aryl-containing counterparts.

■ INTRODUCTION
The concept of “escaping flatland” has recently been widely
acknowledged by medicinal chemists, emphasizing molecular
complexity as a critical parameter in drug design.1 The fraction
of sp3-hybridized carbons (Fsp3)2 and the presence of chiral
carbon centers are two key descriptors to quantify the
molecular complexity,3 and higher molecular complexity
could increase the probability of clinical success of drug
candidates.1a As an increase in Fsp3 could result in higher
molecular complexity, replacing planar arenes with three-
dimensional (3D) motifs has recently garnered significant
interest. Among these captivating 3D motifs,4 particularly the
bicyclo[1.1.1]pentanes,5 bicyclo[2.1.1]-hexanes (BCHs),6

bicyclo[3.1.1]heptanes (BCHeps),7 and cubanes8 emerge as
benzene bioisosteres.9 They present diverse distinguishing
physicochemical properties,1−3 including improved metabolic
stability, fewer off-target effects, and enhanced selectivity via
better interaction with the biological targets. Of particular
interest is the BCHs motif (Scheme 1A), which could act as
bioisosteres of diverse substituted benzenes in active
pharmaceutical ingredients10 (Figure S1 in the SI). In addition
to Fsp3, a higher number of stereogenic centers could also

enhance molecular complexity.1a Clear evidence indicates that
chiral motifs, especially those with quaternary carbon stereo-
centers,11 could significantly enhance molecular recognition to
exhibit better selectivity. Consequently, drug candidates with
chiral centers have a lower rate of attrition in clinical trials.1b

However, the use of chiral all-carbon BCHs as benzene
bioisosteres in drug design has been underexplored. Thus,
developing a practical and versatile approach to access these
motifs with multiple stereogenic centers is increasingly valuable
in medicinal chemistry.
Currently, several state-of-the-art approaches exist to access

all-carbon BCHs12 (Figure S2 in the SI): (1) Ring
contraction.13 (2) Thermo-driven cycloadditions of
bicyclo[1.1.0]butanes (BCBs).14 (3) The intermolecular
cycloadditions of BCBs with phenols,15 bicyclic aza-arenes,16
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1,3-dienes,17 or alkenes18 have been explored via radical
pathways.19 Notably, Glorius’ group has disclosed an elegant
[2π + 2σ] photocycloaddition of BCBs with coumarins,
enabling access to 1,2,3-trisubstituted BCHs (Scheme 1B).6b

Other advances include pyridine-boryl radical-catalyzed cyclo-
additions reported by Li20 and Wang,21 as well as SmI2-
catalyzed reactions developed by Procter.6c (4) Lewis acid

(LA)-catalyzed cycloadditions of BCBs with ketenes or indoles
initiated by Studer,22 Deng,23 and Feng.24 (5) The intra-
molecular crossed photocycloaddition of 1,5-dienes developed
by Mykhailiuk,6a,25 Walker,26 and Brown.13,27 Unfortunately,
the highly reactive BCBs are prone to generating several side
reactions. Thus, most of these reactions require 1.5−3.0 equiv
of BCBs or 2.0−5.0 equiv of olefins to achieve satisfactory

Scheme 1. LA-Catalyzed Asymmetric Intermolecular [2π + 2σ] Cycloaddition of BCBs to Access Chiral Highly Substituted
BCHs
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results (Figure S2 in the SI). Recently, Bach’s group28 has
pioneered the enantioselective [2π + 2σ] photocycloaddition
of BCBs with 2(1H)-quinolones using 2.0 equiv of the chiral
catalyst. While preparing this manuscript, Jiang’s group29 has
developed enantioselective [2π + 2σ] photocycloadditions of
BCBs with specifically configured vinylazaarenes to yield chiral
substituted BCHs. Very recently, enantioselective cyclo-
additions of BCBs with vinyl oxiranes,30 pyridinium 1,4-
zwitterionic thiolates,31 azomethine ylides,32 nitrones,33 and
aromatic azomethine imines34 have been developed to access
chiral 2-thia-5-azabicyclo[5.1.1]nonenes, as well as oxo- or aza-
BCHeps. Despite these achievements, the enantioselective [2π
+ 2σ] cycloaddition of BCBs with high atom economy to
access chiral, highly substituted all-carbon BCHs still remains
largely underexplored (Scheme 1A), limiting the exploration of

previously uncharted 3D chemical space in drug discovery.
Thus, the pursuit of alternative, mechanistically distinct
catalytic asymmetric strategies for the cycloadditions of
BCBs with easily accessible α,β-unsaturated carbonyl com-
pounds6b to produce chiral, highly substituted BCHs in an
atom-economical fashion remains highly desirable.
Given the significant advances in LA-catalyzed cycloaddition

of BCBs,12a there is a pressing need to develop corresponding
asymmetric transformations to produce enantioenriched,
highly substituted BCHs. To the best of our knowledge,
these transformations have not yet been achieved. We envision
that an LA/chiral ligand catalytic system might address this
challenge (Scheme 1D). Such a system is expected to diminish
the acidity of the LA to suppress competitive side reactions,
inhibit strong racemic background reactions, and fine-tune the

Table 1. Reaction Development and Optimization Studiesa

aReaction development and optimization studies. Reaction conditions: B1 (0.0525 mmol, 1.05 equiv), C1 (0.050 mmol), LA (10 mol %), ligand
(10 mol %) in DCM (0.50 mL) at −20 °C for 40−60 h under argon; Yield of 1 is based on 1H NMR analysis of the crude product using CH2Br2 as
an internal standard; E.e. values were based on chiral HPLC analysis.
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reactivity and regio-, enantio-, and diastereoselectivities of the
reactions. Considering the inherent instability and high
reactivity of BCBs due to their high-strain energy,12 several
formidable challenges need to be addressed (Scheme 1C),
including: (1) umpolung Alder-ene reaction,35 (2) ring-
opening reaction,36 (3) BCB-to-cyclobutene isomerization,24,37

(4) strong racemic background reaction,23,24 and (5)
regioselectivity issues.30,37 More importantly, the construction
of BCHs bearing congested vicinal tertiary-quaternary carbon
centers with excellent enantio- and diastereoselectivities also

constitutes a formidable challenge.38 Consistent with our
continuous efforts in copper-catalyzed asymmetric reactions,39

we herein disclose the LA-catalyzed asymmetric intermolecular
[2π + 2σ] cycloadditions of BCBs with coumarins, 2-pyrone,
or chromenes to access the sought-after enantioenriched
1,2,3,4-tetrasubstituted BCHs. This transformation simulta-
neously creates vicinal tertiary-quaternary stereocenters with
excellent atom economy, as well as high regio-, enantio-, and
diastereoselectivities. Further transformations of the resulting
BCHs lead to 1,2-di- or 1,2,3-trisubstituted BCHs. Moreover,

Table 2. Substrate Scope for BCBs and Coumarinsa

aReaction conditions: BCB (0.21 mmol, 1.05 equiv), coumarin (1.0 equiv), Cu(OTf)2 (10 mol %), and L*12 (10 mol %) in DCM (2.0 mL) at
−20 °C for 40−72 h under argon. Isolated yields for products after chromatographic separation are shown; E.e. is based on chiral HPLC analysis.
b0 °C; cWith L*12 (7.5 mol %), Cu(OTf)2 (7.5 mol %), at a 1.8 mmol scale; d25 °C.
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chiral BCHex-Sonidegib, an analogue of the anticancer drug
Sonidegib,40 and chiral BCHex-BMS-202, an analogue of the
PD-1/PD-L1 inhibitor BMS-202,41 were synthesized. Both
compounds exhibited improved physicochemical properties,
while maintaining antitumor activity comparable to their aryl-
containing counterparts (Scheme 1D).

■ RESULTS AND DISCUSSION
Reaction Development. Inspired by the pioneering

photochemical [2π + 2σ] cycloadditions of BCBs with
coumarins by the Glorius group6b and the observation by
the Leitch group37 that the addition of 2,6-lutidine could
inhibit the decomposition of BCBs in the presence of an LA
catalyst, we initially investigated the ligand effects on the [2π +
2σ] cycloaddition of BCB B1 with coumarin C1. Various types
of chiral chelating N,N,P-, N,N,N-, or N,N-ligands (L*1−
L*5)39c,e,42 were screened in the presence of Cu(OTf)2 in
CH2Cl2 (DCM) at −20 °C for 40 h under argon (Tables 1A
and S1 in the SI). The tridentate N,N,P- and N,N,N-ligands
(L*1−L*3) failed to initiate the reaction, leaving B1 intact. To
our delight, the use of bidentate N,N-ligands (L*4 and L*5)
could afford the desired BCH in low to moderate yield with
excellent regio- and diastereoselectivities, albeit with moderate
enantioselectivity (48% e.e. for L*5). These results indicated
that chiral ligands were crucial for the reactivity and
stereoinduction. The tridentate ligands might bind too tightly
to the LA, hindering its ability to activate the BCB substrate. In

contrast, bidentate ligands appear to effectively tune the
reactivity as well as the regio-, enantio-, and diastereoselectiv-
ities of the reaction. Encouraged by the results, we then
switched to evaluate the commonly used chiral oxazoline-based
bidentate ligands (L*6−L*12, Table 1A). L*6 and L*7 could
also initiate this reaction to deliver the desired BCH in low to
moderate yield with low enantioselectivity, along with the
byproduct cyclobutene D1 via bicyclobutane-to-cyclobutene
isomerization. Remarkably, the Indane-derived bisoxazoline
(Box) ligands (L*9−L*12) stood out in terms of both yield
and e.e., and L*10 containing a 4-tBu-Ph group afforded the
desired product with excellent yield and moderate enantiose-
lectivity (60% e.e., Table 1A). Subsequent investigation
focused on optimizing the spacer on the backbone of the
Box ligands. L*11 and L*12 bearing sterically bulky
substituents43 were synthesized to create a more defined chiral
environment. Fortunately, L*12 bearing two 4-tBu-Ph groups
proved to be the most effective in promoting reactivity and
enantioinduction (84% e.e., Table 1A). Subsequent evaluation
of various LAs and solvents revealed that the choice of the LA
catalyst and solvent strongly influenced both the yield and
enantioselectivity of the reaction (Tables 1B and S2 and S3 in
the SI). Moreover, the cyclobutenyl oxochromane 1AA was
observed as a byproduct via an addition/elimination process
when Zn(OTf)2 or Ni(OTf)2 was used with L*12, consistent
with previous reports.37,44 Inspired by the enhanced reactivity
of acyl pyrazole groups44 and their bidentate coordination
mode with LAs,45 we noted that B3−B5 significantly improved

Table 3. Substrate Scope for BCBs with 2-Pyronea or Chromenesb

aReaction conditions: BCB (0.21 mmol, 1.05 equiv), 2-pyrone (1.0 equiv), Cu(OTf)2 (10 mol %), and L*12 (10 mol %) in DCM at −20 °C for
40 h under argon. Isolated yields for products after chromatographic separation are shown; E.e. is based on chiral HPLC analysis. bReaction
conditions: BCB (0.21 mmol, 1.05 equiv), chromenes (1.0 equiv), Cu(OTf)2 (10 mol %), and L*11 (10 mol %) in DCM at −60 °C for 40−48 h
under argon. Isolated yields for products after chromatographic separation are shown; E.e. is based on chiral HPLC analysis. cDiastereomeric ratio
determined from the 1H NMR spectra of the crude product. dL*12. eNaBArF4 (20 mol %) as an additive.
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reactivity compared to the corresponding ester B1 and amide
B2. In particular, the use of acyl pyrazole substrate B4 resulted
in a remarkable improvement in both yield and enantiose-
lectivity (Tables 1B and S4 in the SI). Notably, premixing the
LA and chiral Box ligand in DCM was essential to prevent the
rapid decomposition of BCBs in some instances.

Substrate Scope for BCBs and Coumarins. With the
optimal reaction conditions established, we next investigated
the substrate scope of the LA-catalyzed asymmetric [2π + 2σ]
cycloaddition of BCBs with coumarins (Table 2). Initially,
several BCB substrates with acyl pyrazole or ester groups were
investigated, delivering the corresponding BCHs 1−7 in 57−

Scheme 2. Synthetic Utility
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98% yields with 83−99% e.e. Next, a series of BCB substrates
with various substituents on the aromatic ring were
investigated. The results indicated that both the position and
electronic nature of the substituents on the aromatic ring (R)
had a negligible effect on the reaction efficiency and
stereoselectivity. A range of diversely functionalized BCBs,
including those having phenyl groups with electron-donating
(OMe, Me, and tBu) or electron-withdrawing (F, Cl, Br, and
OCF3) substituents at different positions (ortho, meta, or
para), proved to be suitable substrates to furnish the expected
BCHs 8−16 in 43−96% yields with 89−97% e.e. Notably, the
halo-substituted BCHs offer opportunities for further useful
transformations. The absolute configuration of (S,S)-12 was
determined by X-ray crystallographic analysis (Figure S3 in the
SI). It is particularly noteworthy that 3-thiophene- and
phenylacetylene-substituted BCBs, which were previously
very challenging to obtain46 and are reported here for the
first time, delivered the corresponding BCHs 17 and 18, with
the additional triple bond intact, in 70−91% yields with 79−
93% e.e. However, the alkynyl group in the phenylacetylene-
substituted BCBs could have easily reacted with highly reactive
radical intermediates in related radical processes. The novel
BCHs 17 and 18 open new opportunities to explore diverse
3D chemical space in drug design. Additionally, the reduction
of 18 could give a styrene-containing BCH, serving as a
bioisostere for stilbene.17 Next, attention was then turned to
coumarins, a privileged scaffold widely present in natural
products and various drugs.47 Under almost identical reaction
conditions, coumarin substrates bearing diverse esters or amide
groups were also well tolerated, affording BCHs 19−28 in 42−
95% yields with excellent enantioselectivity. Notably, coumar-
ins bearing alkenyl or alkynyl groups tended to undergo
intramolecular [2 + 2] cycloadditions in related radical
reactions.48 Additionally, an array of coumarins bearing either
electron-donating (OMe and Me) or electron-withdrawing (F,
Cl, Br, CO2Me, and NO2) groups at the ortho, meta, and para
positions of the phenyl rings (R2), as well as a polyaromatic
naphthalene ring, smoothly participated in the reaction,
furnishing the expected BCHs 29−41 in 48−94% yields with
91−97% e.e.
Substrate Scope for BCBs with 2-Pyrone or Chro-

menes. Encouraged by the above success and the potential of
BCHs to expand 3D chemical space for drug discovery, we
were naturally eager to extend the methodology to other olefin
components to access diverse potentially useful chiral BCHs.
Initially, we expected the asymmetric intermolecular [4π + 2σ]
cycloadditions of BCBs with 2-pyrone to furnish chiral
bicyclo[4.1.1]octanes under similar reaction conditions to
those used in the well-established catalytic asymmetric Diels−
Alder reactions of 2-pyrone with olefins in the presence of an
LA and chiral ligand.49 Surprisingly, the transformation
proceeded well to give the corresponding BCHs 42−46 in
59−85% yields with 90−95% e.e. via the asymmetric [2π + 2σ]
cycloadditions of BCBs with 2-pyrone (Table 3A). These
results greatly expanded the known reaction paradigms of 2-
pyrone and opened new avenues for accessing diverse bioactive
molecules. Furthermore, it was even more encouraging to note
that the asymmetric [2π + 2σ] cycloadditions of BCBs with
chromenes50 also proceeded smoothly, delivering the corre-
sponding BCHs 47−52 in 72−95% yields with 83−95% e.e.
under similar reaction conditions (Table 3B). The resulting
chiral BCHs contain the core motif of chromanones, which are
recognized as privileged structures in flavonoids with a wide

spectrum of bioactivities.51 The absolute configuration of
(S,S)-51 was determined by X-ray crystallographic analysis
(Figure S4 in the SI).
Synthetic Utility. To further demonstrate the practicality

of the current methodology for bioisosteric replacement, we
carried out a gram-scale synthesis of chiral BCH 13 (Scheme
2A). The asymmetric [2π + 2σ] cycloaddition of B11 with C1
was performed on a 3.36 mmol scale under standard reaction
conditions, and 1.58 g of chiral BCH 13 was prepared with
high reaction efficiency and excellent enantioselectivity. Next,
several synthetic transformations were carried out to highlight
the potential applications of BCH 1 (Scheme 2B). Initially,
hydrolysis of the acyl pyrazole group of 1 afforded the free
carboxylic acid 53, which was activated by the reaction with
NHPI (N-hydroxyphthalimide) to furnish the NHPI ester 54.
Subsequently, a photoinduced decarboxylative transformation
of 54 delivered the iodide-containing BCH 55,52 providing
opportunities for further transformations with diverse
nucleophiles. Additionally, the nickel-catalyzed decarboxylative
fragmentation of the redox-active ester 54 afforded the 1,2,3-
trisubstituted BCH 56 in excellent yield.53 Moreover, a
photoinduced decarboxylative borylation of 54 in the presence
of the bis(catecholato)diboron (B2cat2) and pinacol delivered
the Bpin-containing compound 57,54 a synthetically useful
building block for downstream functionalizations.55 Subse-
quent oxidation of boronic ester 57 led to the formation of
alcohol 58 in high yield. Importantly, there was no noticeable
loss of enantiopurity in any of the transformations mentioned
above, thereby confirming the practicality of this method in
synthetic chemistry. The removal of the exocyclic ester group
of 56 in the presence of LiCl afforded 59. Subsequently, 59
underwent ester hydrolysis, followed by reesterification with
MeI to yield 60, which was recrystallized to enhance
enantiopurity. 60 was then successfully oxidized to convert
the electron-rich anisole group to a carboxylic acid to deliver
the corresponding 61. The carboxylic acid of 61 was activated
by the reaction with NHPI to furnish the NHPI ester 62.
Finally, nickel-catalyzed decarboxylative fragmentation of
redox-active 62 afforded the desired 1,2-disubstituted BCH
63 (Scheme 2C).
In the context of drug discovery, different stereoisomers of a

drug or biologically active molecule tend to display distinct
therapeutic properties or adverse effects.56 Consequently, the
development of enantioselective strategies that enable highly
efficient access to both enantiomers of chiral molecules is
highly desirable. The stereodivergent synthesis of molecules
containing multistereogenic centers has evolved as a powerful
tool for assembling diverse chemical entities in highly
enantioenriched forms using both enantiomers of a chiral
catalyst. Thus, we set out to establish the stereodivergent
access to BCH 12 using ent-L*12. As a result, the enantiomer
of BCH 12 was readily obtained in excellent yield with
excellent enantio- and diastereoselectivity (Scheme 2D). The
absolute configuration of (R,R)-12 was determined by X-ray
crystallographic analysis (Figure S5 in the SI).
Bioisosteric Replacement. To demonstrate the potential

of BCHs as benzene isosteres in medicinal chemistry, we
envisioned that the newly developed methodology could be
applied to the synthesis of more complex BCHs of medicinal
value. In this context, the incorporation of 1,2- and 1,5-
disubstituted BCHs into the antifungal agents such as Boskalid
and Fluxapyroxad, as well as the antimicrobial phthalylsulfa-
thiazole, as saturated bioisosteres of ortho-substituted ben-
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zenes, was successively developed by Mykhailiuk6a,25 and
Procter.6c However, these approaches were restricted to ortho-
substituted benzenes. The bioisosteric replacement of other
benzene substitution patterns, particularly 1,2,3-trisubstituted
benzenes, one of the common scaffolds in active pharmaceut-
ical ingredients10 with 1,2,3-trisubstituted BCHs bearing two
stereogenic centers has not yet been explored.10 To showcase
the value of such 1,2,3-trisubstituted BCHs as a mimic for
1,2,3-trisubstituted benzene, and in alignment with our
ongoing commitment to developing antitumor drugs,57 chiral
BCHex-Sonidegib, an analogue of an anticancer drug
Sonidegib,40 and chiral BCHex-BMS-202, an analogue of the
nonpeptidic PD-1/PD-L1 inhibitor BMS-202,41 were carefully
designed and synthesized, and their antitumor activities were
evaluated through biological studies. Starting with computa-
tional prediction of their physicochemical properties in
medicinal chemistry, the 1,2,3-trisubstituted phenyl group in
Sonidegib was replaced with a chiral 1,2,3-trisubstituted BCH,
resulting in BCHex-Sonidegib (Scheme 3A). By simulating the
3D conformations of both molecules using Schrodinger
software and performing a conformational overlay, we found
that the C1−C4 distances were 2.41 and 2.38 Å, respectively,
and the C2−C3 distances were 5.01 and 4.97 Å, respectively.
Thus, the 3D conformations of both molecules overlapped
well, indicating that their spatial geometric features were
essentially identical (Scheme 3B). Moreover, the trisubstituted
phenyl group in BMS-202 was also replaced with a chiral 1,2,3-
trisubstituted BCH to obtain BCHex-BMS-202 (Scheme 3C).
We predicted the binding mode of BCHex-BMS-202 with PD-
L1 using the induced fit docking (flexible docking) simulation
in Schrodinger 2021−2 software (Scheme 3D), and the results
indicated that the 3D conformations of both molecules did not

change significantly. Consistent with BMS-202, BCHex-BMS-
202 also retained the key π−π stacking between the pyridine
ring and the phenyl ring of tyrosine Tyr-56. More importantly,
compared to BMS-202, the new formation of multiple
hydrogen bonds between the polar chain and the surrounding
amino acid residues, including Thr-20, Asp-122, and Lys-124,
contributed to enhancing the interaction between BCHex-
BMS-202 and the target protein. Additionally, since the 1,2,3-
trisubstituted benzene ring in BMS-202 mainly acted as a
linker, replacing it with a chiral 1,2,3-trisubstituted BCH also
effectively occupied the hydrophobic binding pocket. Alto-
gether, the bioisosteric replacement of the diphenyl groups
possessing 2,3-substitutions with the chiral 1,2,3-trisubstituted
BCHs in bioactive compounds exhibited similar spatial
geometric features. This highlights the potential use of chiral
BCHs as benzene bioisosteres, introducing novel perspectives
and approaches for drug design.
Synthesis of Chiral BCHex-Sonidegib and BCHex-

BMS-202. The synthetic route from 16 to 68 followed a
similar pathway to 60 (Scheme 2). Subsequently, 68 was
reduced with lithium aluminum hydride (LAH) to yield 69,
which was then protected with MsCl, and the subsequent
reduction with LAH led to the formation of 71. Next, 71 was
successfully oxidized to convert the electron-rich anisole group
to a carboxylic acid to yield 72. The amidation between 72 and
747a furnished the target chiral BCHex-Sonidegib, an analogue
of Sonidegib with 96% e.e. (Scheme 4A). Furthermore,
BCHex-BMS-202 was prepared from 60, and the key
intermediate 80 was synthesized with 96% e.e. over six steps
following a similar synthetic protocol used for 72. Then, 80
underwent a palladium-catalyzed cross-coupling with commer-
cially available 6-chloro-2-methoxynicotinaldehyde to deliver

Scheme 3. Bioisosteric Replacement and Computational Prediction
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81. Finally, NaBH(OAc)3-mediated reductive amination of 81
expediently afforded the chiral BCHex-BMS-202, an analogue
of BMS-202 with 97% e.e.41 (Scheme 4B).
Biological Activity of Chiral BCHex-Sonidegib and

BCHex-BMS-202. First, the physicochemical and pharmaco-
logical properties of chiral BCHex-Sonidegib and BCHex-
BMS-202 were assessed in comparison to Sonidegib and BMS-
202, respectively (Scheme 4C). Both analogues demonstrated
significantly improved solubility at pH 7.4 (simulating
conditions in the blood or small intestine) and pH 2
(mimicking the acidic environment of the stomach), indicating
that the bioisosteric replacement had the potential to enhance
the drugs’ bioavailability. Meanwhile, they demonstrated
similar lipophilicity (log P) to their aryl-containing counter-
parts. Additionally, chiral BCHex-Sonidegib and BCHex-BMS-
202 exhibited lower intrinsic clearance (CLint) in human liver

microsomes (in vitro human Clint, mL/(min·kg)), and had
longer half-life (T1/2) than Sonidegib and BMS-202,
respectively (see the SI for details). These findings indicate
that chiral BCHex-Sonidegib and BCHex-BMS-202 are more
metabolically stable than their parent compounds, demonstrat-
ing the potential of 1,2,3-trisubstituted BCHs for improving
the physicochemical and pharmacological properties of drug
candidates. Second, the antitumor activities of chiral BCHex-
Sonidegib and BCHex-BMS-202 were evaluated against
various human cancer cell lines. Sonidegib acts as a
Smoothened antagonist to inhibit the Hedgehog signaling
pathway in lung58 and pancreatic cancers.40,58a,59 Meanwhile,
these cancer cells60 often express PD-L1, a protein targeted by
BMS-202 to block the PD-1/PD-L1 interaction.61 To evaluate
their potential therapeutic benefits and safety profiles, we
assessed the antitumor activity and hepatotoxicity of BCHex-

Scheme 4. Synthesis and Assessment of the Physicochemical Properties of Chiral BCHex-Sonidegib and BCHex-BMS-202
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Sonidegib and BCHex-BMS-202 across several cell lines,
including A549, NCI-H1975, PANC-1, MIA PaCa-2, and
MIHA (Table 4, MTT assay method, see the SI for details),
using Sonidegib and BMS-202 as positive control drugs,
respectively. The results revealed that BCHex-Sonidegib
demonstrated lower antitumor activity in lung cancer cell
lines compared to Sonidegib. However, it exhibited enhanced
activity in pancreatic cancer cell lines and reduced

hepatocellular toxicity, suggesting its potential selectivity for
different tumor cell types and lower toxicity. Meanwhile,
BCHex-BMS-202 exhibited antitumor activity and hepatocel-
lular toxicity comparable to that of BMS-202. Furthermore, we
also assessed the antiproliferative effects of these four
compounds on A549 using colony formation assays (Figure
1, see the SI for details). All compounds displayed significant
dose-dependent antiproliferative activity. Sonidegib and

Table 4. Antitumor Activities of Compounds against Human Cancer Cell Lines and Normal Hepatocytesa

IC50 (μM)a

compound A549 NCI-H1975 PANC-1 MIA PaCa-2 MIHA

Sonidegib 4.2 ± 0.4 5.2 ± 1.2 39.9 ± 3.8 19.9 ± 3.5 14.2 ± 1.0
BCHex-sonidegib 11.8 ± 0.7 18.9 ± 2.3 26.2 ± 2.6 18.7 ± 2.2 21.5 ± 2.3
BMS-202 3.7 ± 0.2 4.4 ± 0.3 6.2 ± 1.6 3.9 ± 0.1 3.6 ± 1.0
BCHex-BMS-202 4.5 ± 0.1 5.3 ± 0.6 8.5 ± 2.0 4.1 ± 0.3 3.9 ± 0.9

aData are expressed as the mean ± SD (standard deviation) from the dose−response curves of three independent experiments for 72 h.

Figure 1. Colony formation assay of A549 cells treated with Sonidegib, BCHex-Sonidegib, BMS-202, and BCHex-BMS-202 for 5 days, respectively.
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BCHex-Sonidegib almost completely inhibited colony for-
mation at 12.5 μM, whereas BMS-202 and BCHex-BMS-202
achieved similar effects at a lower concentration of 6.25 μM.
Finally, flow cytometry analysis revealed that these four
compounds could induce apoptosis in A549 cells (Figure
S10 in the SI). Altogether, these results further supported the
promising application of chiral BCHs as bioisosteres for phenyl
rings, offering fresh insights and strategies for drug design in
medicinal chemistry.
Mechanistic Studies. To obtain insight into the reaction

mechanism, a series of control experiments were conducted.
Initially, the current cycloaddition was not completely
inhibited by the addition of 2.0 equiv of TEMPO (2,2,6,6-
tetramethyl-1-piperidinyloxy) or 2.0 equiv of BHT (butylated
hydroxytoluene) as radical trapping reagents. Additionally,
none of the corresponding radical trapping products were
detected by 1H NMR or HRMS (high-resolution mass
spectroscopy), suggesting that a radical process might not be
involved in the reaction (Scheme 5A). Furthermore, no desired
BCH 1 was observed in the absence of the LA or chiral ligand.

These observations, together with the above-mentioned
significant effects of different chiral ligands in the reaction
condition optimization study (Table 1), indicated that both
the LA and chiral ligand are essential for this transformation.
To gain deeper insight into the essential roles of the chiral
ligand, we treated B11 with the LA alone or both the LA and
chiral ligand. The reaction with the LA alone furnished several
unidentified byproducts, indicating that BCB was easily
decomposed in the presence of the LA,37 as detected by 1H
NMR. However, the addition of a chiral ligand greatly
inhibited this process, revealing that the chiral ligand could
effectively diminish the acidity of the LA to suppress the
decomposition of BCBs, consistent with the previous reports37

(Scheme 5B). To further understand the key role of the
exocyclic ester group of coumarin C1 for the transformation,
other coumarin substrates bearing acetyl, carboxyl, and cyano
groups were tested under identical conditions. These
substrates hardly led to the desired products at −20 °C.
Only the coumarin bearing an acetyl group gave an
unsatisfactory result, indicating that the exocyclic ester group

Scheme 5. Mechanistic Experiments and Proposed Mechanism
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of coumarin was essential for this reaction. This ester group
potentially functioned as a coordinating group to bind with LA,
thereby facilitating both reactivity and stereoinduction
(Scheme 5C). Finally, to exclude the possibility of BCH
formation via the intermediacy of cyclobutenyl oxochromane,
1AA was subjected to standard conditions. Nevertheless, the
desired BCH 7 was not observed, revealing that the
cycloadditions of BCBs did not proceed via the cyclobutenyl
oxochromane intermediate (Scheme 5D).
Based on the above observations and previous report-

s,33a,37,45,62 a possible reaction mechanism for the LA-catalyzed
asymmetric intermolecular [2π + 2σ] cycloaddition of BCBs
was proposed (Scheme 5E). Initially, the Cu(II)/Box complex
coordinates with the acyl pyrazole group of BCBs to activate
them, followed by ring-opening to generate the enolate species
Int. 1 via tautomerization. Subsequently, the resulting complex
reacts with coumarin C1 to furnish the key Int. 2, where
Cu(II) coordinates with both the exocyclic carbonyl group50 of
coumarin C1 and the acyl pyrazole group45 of the BCBs for
reactivity and stereoinduction. The enolate then undergoes a
Michael addition to the α,β-unsaturated C�C of coumarin C1
to generate Int. 3, of which the following intramolecular
cyclization affords the final BCH product.

■ CONCLUSIONS
In summary, we have demonstrated the LA-catalyzed
asymmetric intermolecular [2π + 2σ] cycloadditions of BCBs
with coumarins, 2-pyrone, or chromenes, facilitating the
efficient generation of a variety of sought-after enantioenriched
1,2,3,4-tetrasubstituted BCHs bearing vicinal tertiary-quater-
nary stereocenters. Key to the success is the use of chiral Box
ligands to effectively diminish the acidity of the LA to suppress
the competitive side reactions, inhibit significant racemic
background reactions, and fine-tune the reactivity and regio-,
enantio-, and diastereoselectivities of the transformation. This
robust and straightforward approach offers several advantages,
including mild reaction conditions, good functional group
tolerance, and the stereodivergent synthesis of chiral BCHs. It
could be scaled up to a gram scale for the synthesis of
enantioenriched, highly substituted BCHs. The novel
enantioenriched 1,2,3,4-tetrasubstituted 3D frameworks offer
a powerful and distinctive tool for exploring novel diverse 3D
chemical space in drug discovery. Additionally, subsequent
transformations of the resulting BCHs lead to enantioenriched
1,2-di- or 1,2,3-trisubstituted BCHs, which are valuable for
bioisosteric replacement. Furthermore, chiral BCHex-Sonide-
gib and BCHex-BMS-202 were designed and prepared via
multistep processes as analogues of the anticancer drug
Sonidegib and the nonpeptidic small-molecule PD-1/PD-L1
inhibitor BMS-202, respectively. It was noteworthy that the
chiral 1-phenyl-2,3-disubstituted BCH moiety effectively
emulated the biphenyl motif of Sonidegib and BMS-202.
The bioisosteric replacement improved the physicochemical
properties of these drug candidates. Meanwhile, chiral BCHex-
Sonidegib and BCHex-BMS-202 demonstrated comparable
antitumor activity to their aryl-containing counterparts,
exhibiting antiproliferative effects and inducing apoptosis in
cancer cells. These findings highlight the potential application
of chiral, highly substituted BCHs as benzene bioisosteres in
medicinal chemistry. The use of chiral highly substituted BCH
motifs could also extend beyond medicinal chemistry and be
applied to material sciences in the future.63 Further studies are
ongoing to design and synthesize more bioactive molecules

bearing the chiral BCH motif for medicinal chemistry research
in our lab.
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