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1,5-Disubstituted bicyclo[2.1.1]hexanes are bridged scaffolds with well-defined exit vectors that are becoming
increasingly popular building blocks in medicinal chemistry since they are saturated bioisosteres of ortho-
substituted phenyl rings. Here we have developed the first enantioselective catalytic strategy based on a Lewis
acid-catalyzed [2+2] photocycloaddition to obtain these motifs as enantioenriched scaffolds, providing an efficient
approach for their incorporation in a variety of drug analogues. The bioisostere-containing drugs have been
evaluated in cancer cell viability studies, observing that in some cases the biological activity of the two
enantiomers is highly different. This showcases that the control of the absolute configuration and
tridimensionality of the drug analogue has a large impact on its bioactivity, highlighting the need for
stereoselective methods towards the construction of the bicyclo[2.1.1]hexane core.

Introduction

The benzene ring is a prevalent motif found in many marketed drugs, being one of the building blocks for the assembly
of molecules in drug discovery programs.! This is essentially due to the availability of efficient and complementary methods
for the construction of carbon-carbon bonds involving C(sp?) atoms, in comparison with the incorporation of saturated
analogues.? Although in some cases the benzene ring contained in the drug skeleton is essential for the establishment of
crucial hydrophobic interactions within the enzyme pockets of biological systems,3* in other cases, this aromatic scaffold
is only acting as a linker that connects different functional group-containing fragments.® In this context, the benzene
substitution pattern and the corresponding exit vectors play a decisive role in the construction of the overall molecular
architecture, determining the specific spatial orientation of the drug, which can lead to an efficient interaction with the
corresponding receptors in biological systems. Nevertheless, in the last decades, an increasing interest in the use of small
F(sp®)-rich scaffolds in drug discovery programs has fostered chemists towards the development of sp3-hybridized
bioisosteres of two-dimensional aromatic cores.®’ Indeed, the replacement of the flat scaffolds that are routinely employed
in the pharmaceutical industry with rigid three-dimensional motifs that have well-defined exit vectors can lead to a
modulation of the biological and physicochemical properties of the drug candidate, such as its potency and metabolic
stability, besides circumventing patent restrictions.2

The replacement of a phenyl ring for a saturated scaffold which mimics its substitution pattern was disclosed for the
first time by Pellicciari and coworkers in 1996 through the introduction of a bicyclo[1.1.1]pentane moiety as an appropriate
bioisostere of para-substituted arenes (Figure 1a).° Since then, different strategies have been developed for the
incorporation of similar structures into drug-like molecules, establishing a variety of possible bioisosteres of para-
substituted phenyl rings.'>2° On the other hand, suitable bridged bicyclic scaffolds that mimic the exit vectors of ortho- and
meta-substituted phenyl rings have been identified only recently. In this context, the pioneering report of Mykhailiuk and
coworkers demonstrated that 1,5-disubstituted bicyclo[2.1.1]lhexanes are suitable bioisosteres of ortho-substituted
aromatic rings.?! The sp-hybridized scaffolds were obtained through a racemic approach and validated as bioisosteres
through the determination of their physicochemical properties, X-ray crystallographic analysis, and by the evaluation of two
agrochemical derivatives as antifungal compounds. Moreover, motivated by the existing gap in the literature, several
groups have explored novel activation modes and strategies to prepare non-linear bridged skeletons as possible analogues
of ortho- and meta-substituted aromatic rings.?2*°> While scaffolds that mimic para- and meta-substituted benzenes shown
in Figure 1 represent non-chiral building blocks, bioisosteres of ortho-substituted derivatives are chiral structures, including
1,2- and 1,5-disubstituted bicyclo[2.1.1]hexanes (1,2-BCH and 1,5-BCH, Figure 1b) and 1,2-difunctionalized
bicyclo[1.1.1]pentanes (1,2-BCP, Figure 1b). Therefore, their synthesis involves an additional level of complexity since
both the diastero- and the enantioselectivity need to be controlled. In the context of drug discovery, the development of
enantioselective strategies that enable access to both enantiomers is an essential task, as they often display different
behaviors in biological systems.*6 Nevertheless, despite the increasing interest of the scientific community in this field,
there is currently a lack of enantioselective catalytic methodologies for the construction of these bicyclic skeletons. Herein,
we disclose the first enantioselective catalytic strategy to obtain enantioenriched 1,5-disubstituted bicyclo[2.1.1]hexanes
through a Lewis acid-catalyzed intramolecular crossed [2+2] photocycloaddition. The developed methodology has enabled
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the incorporation of enantioenriched spS-hybridized bioisosteres into the structure of marketed drugs to prepare different
drug analogues. Remarkably, in some cases, the biological activity of the enantiopure bioisosteres was significantly higher
compared to the original sp?-based structure, which was further modulated by the absolute configuration of the
corresponding bioisosteres.
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Figure 1 | Bridged bicyclic structures as bioisosteres of disubstituted phenyl rings. (a) Seminal report by Pellicciari on the
incorporation of a bicyclo[1.1.1]pentane into a bioactive molecule. (b) Established bioisosteres of para-disubstituted benzenes and
validated or suggested bioisosteres for meta- and ortho-disubstituted benzenes. (c) State-of-the-art strategies for the construction of
bridged skeletons as ortho-phenyl bioisosteres and representation of the exit vectors of the 1,5-disubstituted bicyclo[2.1.1]hexane core.

Results and discussion
Design

Due to our interest in the development of enantioselective strategies for the synthesis of strained, conformationally rigid
hydrocarbons as medicinal chemistry-relevant structures,*”-5! we wondered if it would be possible to establish a convenient
preparation of enantioenriched 1,5-disubstituted bicyclo[2.1.1]hexanes. From the outset, we aimed to prepare bifunctional
building blocks with two versatile and highly modulable handles that would allow easy incorporation into drug analogues.
We turned our attention towards the use of visible light photocatalysis as a powerful activation mode that can enable bond
formation that would not be possible to achieve by conventional thermal catalysis.>>5% Inspired by the work of Mykhailiuk,
we decided to rely on an intramolecular crossed [2+2] photocycloaddition®* for the construction of the bioisostere skeleton,
and we looked at the possibility of using Lewis acid catalysis for the activation of the substrate,5>5¢ enabling a
stereocontrolled reaction (Scheme 1). Specifically, we focused our efforts on the use of a chiral-at-rhodium catalyst
developed by Meggers and coworkers,5”58 which is a highly efficient Lewis acid catalyst that has been employed in a
variety of asymmetric photocatalytic transformations. This catalyst seemed ideal for the establishment of a bidentate
coordination with highly versatile and easily removable acyl pyrazole moieties, enabling further post-functionalization of
the bicyclic products.>%-% The Lewis acidic chiral-at-rhodium catalyst is expected to bind to the acyl pyrazole moiety to form
a Lewis acid-substrate complex that will be capable of absorbing visible light to reach a triplet excited state from which the
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Scheme 1 | Envisioned strategy and requirements for the construction of versatile bridged structures as suitable bioisosteres
of disubstituted phenyl rings. Synthesis of 1,5-disubstituted bicyclo[2.1.1]hexanes through an enantioselective intramolecular crossed
[2+2] photocycloaddition catalyzed by a rhodium-based Lewis acid.
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stereocontrolled [2+2] photocycloaddition can take place (vide infra). A convenient synthesis of the appropriate bicyclic
precursors has been identified (see Supporting Information for details), enabling their preparation from readily available
starting materials without any chromatographic purification and isolation of the corresponding reaction intermediates. In
addition, we aimed at the development of a stereoconvergent process to circumvent any issues associated with the
geometry of the starting a,B-unsaturated acyl pyrazole, and the unavoidable E/Z-isomerization that would be observed
under irradiation.

Method optimization

We began our investigations with the model substrates (E)-1a and (Z)-1a as geometrical isomers of the same q,B-
unsaturated acyl pyrazole. The use of a 4 mol% of A-RhS as the Lewis acid catalyst and dichloromethane as the solvent
under blue LED (A = 440 nm) irradiation afforded product 2a in 91% yield and 95:5 er (Table 1, entries 1-2). Both (E)- and
(2)-isomers proved to be suitable starting materials, which afforded the same result and indicated that a stereoconvergent
process was taking place. After a preliminary optimization screening in which the catalyst loading and the solvent were
varied (see Supporting Information for details), the best result was obtained with a 2 mol% of Lewis acid and acetone as
solvent, delivering product 2a as a single diastereoisomer in 94% yield and 95:5 er (Table 1, entries 3-4). To further
increase the enantioselectivity of the [2+2] photocycloaddition, we decided to prepare and test a series of a,3-unsaturated
acyl pyrazoles that present different substitutions on the pyrazole ring. While no substitution or mono-substitution proved
to be detrimental to the enantioselectivity (Table 1, entries 5-8), the introduction of two phenyl rings (pyrazole 1g) afforded
product 2g in 97% yield and 98:2 er (Table 1, entry 10). Increasing the reaction scale to 0.1 mmol provided similar results,
and we observed that the presence of oxygen did not have an impact on yield and stereoinduction, obtaining product 2g
as a single diastereoisomer in 96% yield and 98:2 er (Table 1, entry 12). Finally, the reaction did not proceed in the absence
of catalyst or without light irradiation (Table 1, entries 13-14), indicating that both components are necessary to enable the
photochemical reaction.

Table 1 | Optimization studies. Screening of reaction conditions and evaluation of the most effective pyrazole coordinating group.

Ph O A-RhS (2 mol%) N=
acetone (0.1 M) N_/
M_,.JLN,N\ r2 0\\:/
)Q’ hv, A = 440 nm, 15 h i R
R Ph\@

1a-g
2a-g
entry  isomer R' R2 conversion %  product yield % er
12 (E) Me Me 100 2a 91 95:5
2° ¥4) Me Me 100 2a 91 95:5
3 (E) Me Me 100 2a 94 95:5
4 (2) Me Me 100 2a 94 95:5
5 2 H H 100 2b 97 84:16
6 2 H Me 84 2¢ n.d. 83:17
7 (2 H iPr 91 2d n.d. 83:17
8 2 H Ph 100 2e 92 89:11
9 2 Bu Bu 67 2f n.d. 88:12
| 10 @ Ph Ph 100 2g 97 98:2 |
112 (2) Ph Ph 100 2g 96 98:2
| 12 @ Ph Ph 100 29 %6 98:2 |
139 (2) Ph Ph 0 -
14° 2) Ph Ph 0 -

The reactions were performed on a 0.05 mmol scale. Conversions were determined by 'H
NMR analysis. The yields refer to isolated material after purification by flash chromatography.
24 mol% catalyst loading and dichloromethane as the solvent. b The reactions were performed
on a 0.10 mmol scale. ¢ The reaction was performed in the presence of air. 9The reaction was
performed without catalyst. © The reaction was performed in the dark. n.d. = not determined.

Scope of the method

With the optimized conditions in hand (entry 12, Table 1) the scope of the reaction was evaluated (Scheme 2). Different
substitutions of the arene moiety such as p-Me (2h), m-Me (2i) and even the more sterically demanding o-Me (2j) or p-tBu
(2k) were tolerated, affording the products in high yields and enantioselectivities. Halogen atoms such as fluorine (p-F)
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and chlorine (p-Cl) led to the corresponding products 2 and 2m. The presence of electron-donating (p-OMe) and electron-
withdrawing substituents (p-CFs and p-NOz2) could be tolerated, obtaining products 2n, 2o and 2p in high yields and
enantioselectivities. Furthermore, extended aromatic systems, electron-poor, and electron-rich heteroaromatic moieties
could be incorporated in the enantioenriched 1,5-disubstituted bicyclo[2.1.1]hexanes to deliver products 2q, 2r and 2s. In
addition, it is also important to mention that the reaction could be easily scaled to 1.0 mmol obtaining product 2g in quant.
yield and 98:2 er. Despite the generality of the process regarding the substitution on the arene, we encountered some
limitations. As expected, the reaction of B-alkyl disubstituted acyl pyrazole 1t did not provide any bicyclo[2.1.1]hexane and
the starting material was recovered unaltered even upon irradiation at shorter wavelengths (A = 390 nm). This is presumably

Ar O A-RhS (2 mol%) N=
\WI\ N acetone (0.1 M) ,5 Y
Ny ph ————— > o\\_/
- hv (A = 440 nm) i Ph
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Me
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Scheme 2 | Evaluation of the reaction scope. Preparation of differently substituted enantioenriched 1,5-disubstituted
bicyclo[2.1.1]hexanes by a Lewis acid-catalyzed crossed [2+2] photocycloaddition. The reactions were performed on a 0.10 mmol scale.
* 5 mol% of catalyst loading was employed. ' LIOHH,0, THF-H,O; then 3,5-dinitrobenzylalcohol, DCC, DCM. See S.I. for details.
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due to deactivation pathways of the excited Lewis acid-substrate complex, which led to a relaxation of the excited species
before any photocycloaddition could take place.>* The same result was obtained with an a,B-unsaturated acyl pyrazole 1u
in which the aromatic ring was replaced by an ester group. A substrate with a tethered trisubstituted alkene (1v) only
provided a mixture of unidentified products, while the use of a different substitution pattern on the olefin of the a,B-
unsaturated acyl pyrazole scaffold (a-disubstitution) led to the recovery of the starting material 1w. Finally, the absolute
configuration of the enantioenriched 1,5-disubstituted bicyclo[2.1.1]hexanes could be established by X-ray crystallographic
analysis of a 3,5-dinitrobenzyl ester derivative (3) of compound 2m that was obtained through easy removal of the pyrazole
moiety, followed by esterification.®®

Incorporation into bioactive molecules

To validate a building block as a suitable bioisostere of ortho-disubstituted phenyl rings it is necessary to demonstrate
that its incorporation into bioactive molecules and marketed drugs is feasible in a practical way. For these reasons, the
bridged bicyclic structure must present suitable synthetic handles that allow their subsequent functionalization and
manipulation. The acyl pyrazole moiety in compounds 2 complies with this criterion since it can be easily manipulated and
removed, whereas electron-neutral or electron-rich arenes can be transformed into carboxylic acid derivatives by
ruthenium-catalyzed oxidative cleavage (Scheme 1). Thus, we decided to carry out the enantioselective synthesis (Scheme
3) of the corresponding enantioenriched sp3-hybridized drug analogues of a variety of marketed drugs that contain an
ortho-disubstituted phenyl ring (Figure 2).

Boscalid (fungicide) Phthalylsulfathiazole (antibacterial) Telmisartan (anti-hypertensive)
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Figure 2 | Targeted agrochemicals and drugs. Chemical structures of the targeted agrochemicals and marketed drugs that contain an
ortho-disubstituted phenyl scaffold.

We decided to start with the synthesis of the bicyclo[2.1.1]hexane-containing analogue 5 of the fungicide Boscalid,
which was easily obtained in three steps from 2m by a sequence of hydrolysis, Curtius rearrangement and acylation
reaction (er of 5 = 98:2). Next, we identified bifunctional building block 7 as an intermediate for the preparation of
Phthalylsulfathiazole sp3-analogue 9 (Scheme 3). Enantiomerically enriched 7 was easily prepared from 2g by a sequence
of esterification and ruthenium-catalyzed oxidative cleavage of the aromatic ring. From 7, amide bond formation and
subsequent saponification provided 9 in excellent yield (er = 98:2). In addition, the absolute configuration of the sp3-
hybridized Phthalylsulfathiazole methy! ester 8 could be established by X-ray crystallographic analysis.%® Moreover, simple
manipulation of the carboxylic acid functional group of 7 could provide the bifunctional building block 10 which contains a
redox active ester moiety and that could be employed as a synthetic handle for further functionalization. In the end, the
last analogue that was investigated was the one that would mimic the antihypertensive drug Telmisartan. Compound 17
was obtained starting from enantioenriched compound 2h by a sequence of esterification, radical bromination, nucleophilic
substitution by the nitrogen-containing heteroaromatic scaffold, and final saponification of the ester moiety (er of 17 =
99.8:0.2).
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Scheme 3 | Preparation of the bioisostere-containing drug analogues. Derivatization of the enantioenriched compounds to prepare
drug analogues with the 1,5-disubstituted bicyclo[2.1.1]hexane core. (a) LIOHH,O, THF-H,O. (b) DPPA, Et;N, toluene, 85 °C; then THF,
NaOH, rt. (c) 2-Chloronicotinic acid, oxalyl chloride, DMF (cat.), DCM; then bicyclo[2.1.1]hexane-amine 4, Et3N, 0 °C to rt. (d) LiCl, Et3N,
THF-MeOH. (e) RuClsyxH,0, NalO,, MeCN-DCM-H,0. (f) Oxalyl chloride, DMF (cat.), DCM; then sulfathiazole, Et;N, 0 °C to rt. (g) NaOH,
MeOH (reflux). (h) Oxalyl chloride, DMF (cat.), DCM; then N-hydroxyphthalimide, EtsN, DMF, 0 °C to rt. (i) NBS, AIBN, CCl, (reflux). (j) 2-
n-Propyl-4-methyl-6-(1-methylbenzimidazole-2-yl)benzimidazole, NaH, DMF, 0 °C to rt. See S.I. for details.

Biological Studies

1,5-Disubstituted bicyclo[2.1.1]hexanes have been recently validated as suitable bioisosteres of the phenyl ring,
providing similar physicochemical properties to the corresponding sp3-hybridized analogues.?* Nevertheless, as highlighted
by the corresponding exit vectors, due to the inherent tridimensionality and chirality of the 1,5-disubstituted
bicyclo[2.1.1]hexane core (Figure 1), its absolute configuration determines the overall shape and molecular architecture of
a specific drug analogue, enabling a different interaction of the two enantiomers in biological complex systems. As a
consequence, since our developed methodology allowed the construction of three bicyclo[2.1.1]hexane-containing drug
analogues (5, 9, and 14) in a stereocontrolled manner, we decided to evaluate the biological activity of the two enantiomers,
in line with the regulations on chiral drugs of the FDA and EMA.*¢ Thus, cell viability studies have been conducted with
both enantiomers of the sp3-hybridized molecules in different cancer cell lines and compared to the marketed sp?-drugs
(Figure 3).

Although Boscalid and Telmisartan showed similar behavior compared to their corresponding enantioenriched sps-
analogues, this was not the case for Phthalylsulfathiazole (Figure 3). As can be observed, the saturated analogues of
Phthalylsulfathiazole exhibited higher toxicity than the sp?-drug, showcasing that the replacement of a flat scaffold for a
tridimensional one can lead to higher activity. Specifically, ent-9 exhibited a 2.2-fold higher toxicity than the sp2-drug.
Furthermore, even more relevant was the comparison of the saturated enantiomers. Thus, the sp?-based marketed drug
Phthalylsulfathiazole and the bioisostere-containing analogues 9 and ent-9 were evaluated in three different cell lines:
breast cancer cell line MB231, uveal melanoma cell line Mel202 and colon cancer cell line HCT116 (Figure 4 and
Supporting Information for further details). The results corroborated not only a different drug sensitivity among the cell lines
but also a different behavior of the two enantiomers in biological systems. Indeed, the highest difference was observed in
the uveal melanoma cell line Mel202. The toxicity of compound 9 was 3.9-fold higher than marketed Phthalylsulfathiazole
and 3.6-fold higher than ent-9 (Figure 4B). This indicates that the absolute configuration of the bioisostere core plays a
crucial role in determining its bioactivity and highlights the importance of developing an enantioselective catalytic strategy
for the obtainment of these building blocks.
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Figure 3 | Cell viability studies. MB231 cell viability studies 72 h after treatment with 100 nM sp?-based commercial compounds and
bioisostere-containing analogues of (A) Boscalid. (B) Phthalylsulfathiazole. (C) Telmisartan.
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Figure 4 | Cell viability studies. Cell viability studies 72 h after treatment with Phthalylsulfathiazole and its bioisostere-containing
analogues 9 and ent-9. (A) MB231 treated with 100 nM. (B) Mel202 treated with 200 nM. (C) HCT116 treated with 600 nM.

Mechanistic proposal

In accordance with previously reported activations of unsaturated compounds by the chiral-at-rhodium catalyst,*” the
Lewis acid is establishing an efficient bidentate binding with the acyl pyrazole moiety to give a Lewis acid-substrate complex
that can absorb photons under visible light irradiation. As clearly noticeable through observation of the UV-vis absorption
spectra of the reaction components (Figure 5a), at the specific wavelength employed for the photoreaction (A = 440 nm),
the unbound substrate 1g is not capable of any light absorption, avoiding any undesired racemic background reaction. On
the other hand, the rhodium catalyst and the reaction mixture composed of the substrate and the catalyst show an
absorption in the visible light region. Indeed, an enhanced absorption profile is observed for the reaction mixture solution
in comparison with the sole catalyst, indicating that a new species has been formed by coordination of the substrate to the
rhodium. Although the unbound catalyst A-RhS could reach an excited state upon absorption, this species cannot enable
any productive reactions and it will revert to its ground state by non-radiative deactivation pathways. Thus, the Lewis acid-
substrate complex A-RhS-1g is the only active species under visible light irradiation. Once the Lewis acid-substrate
complex reaches its singlet excited state it will populate its triplet excited state by an expected rapid intersystem crossing
(ISC). This triplet excited species can undergo fast E/Z-isomerization and eventually carry out a stereocontrolled [2+2]
photocycloaddition by a stepwise mechanism (Figure 5b). Indeed, upon the first carbon-carbon bond formation, the
obtained triplet diradical species must undergo a further ISC to achieve the ring closure of the cyclobutane by a second
bond formation. The absolute configuration observed for the bicyclo[2.1.1]lhexane scaffold can be predicted by the
proposed Lewis acid-substrate complex model (Figure 5b), and it was investigated by Density Functional Theory (DFT)
calculations (Figure 5c and Supporting Information for further details). This allowed us to establish (i) which is the Lewis
acid-substrate complex that is more likely undergoing a crossed [2+2] photocycloaddition, (ii) which is the first cyclobutane
bond formed in the process, and (iii) how the tethered olefin is approaching the double bond of the a,3-unsaturated acyl
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pyrazole, permitting to rationalize the reaction outcome in terms of stereoconvergency, diastereoselectivity and
enantioselectivity.

The Lewis acid substrate-complexes of both E- and Z-isomers with an s-cis configuration of the bond connecting the
carbonyl moiety to the double bond seem to be suitable intermediates to enable a productive [2+2] photocycloaddition,
displaying an appropriate disposition of the substituents in the triplet excited state that would allow a ring closure towards
the experimentally observed diastereocisomer. This was corroborated by DFT studies with substrate la. Indeed, upon
visible light excitation, the same two triplet species (s-cis)-A and (s-cis)-A-ent can be obtained regardless of the
stereochemistry of the starting double bond (see Figure S105 of the Supplementary Information for further details), allowing
the establishment of a fast light-mediated E/Z-isomerization. These triplet species present the two unpaired electrons in
two different p-orbitals that are perpendicular to each other. Thus, the phenyl and the tethered alkene are perpendicular to
the plane of the acyl pyrazole moiety and the excited double bond. The (s-cis)-A species (phenyl above the plane) is 3.9
kcal/mol more stable than the (s-cis)-A-ent species (phenyl below the plane), very likely as a result of the higher steric
congestion between the catalyst tert-butyl group and the tethered olefin in the latter complex. The different disposition of
the tethered alkene would lead to the formation of the two possible enantiomers of the product: 2a [via (s-cis)-A], and 2a-
ent [via (s-cis)-A-ent], respectively. On the other hand, an alternative (s-trans)-A complex could be formed, although our
calculations indicate that this species is 9.5 kcal/mol less stable than its s-cis counterpart in the triplet hypersurface. Due
to its high energy, s-trans species can be discarded as active Lewis acid-substrate complexes, which explains the lack of
any product (i.e. the diastereoisomer of 2a) derived from them.
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Figure 5| (a) UV-vis absorption spectra (reaction mixture and individual components). (b) Mechanistic proposal. (c) Computed
reaction profile (PCM(acetone)-(u)-B3LYP-D3/def2-TZVPP//PCM(acetone)-(u)B3LYP-D3/def2-SVP level) for the process involving
substrate 1la. Relative free energy values (AG, at 298 K) are given in kcal/mol whereas red values within parenthesis indicate the computed
spin-densities. Inset: Contour plots of the reduced density gradient isosurfaces (density cutoff of 0.05 a.u.) for *TS-1. The green surfaces
indicate attractive non-covalent interactions (see Supporting Information for details).
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Moreover, to determine which is the first carbon-carbon bond of the cyclobutane that is formed, we first calculated the
Gibbs free energies of the two possible triplet diradical intermediates. As expected, intermediate 3B, which would originate
upon establishment of a carbon-carbon bond between the a-carbonyl carbon and the internal position of the tethered olefin,
is 1.8 kcal/mol more stable than intermediate 3C, which would originate from the alternative ring closing event. This is
essentially due to the higher stability of the tertiary benzylic (and primary) diradical B in comparison with the alternative
a-carbonyl centered (and secondary) diradical 3C (see computed spin-densities in Figure 5c). In addition, the pathway
leading to 3C requires a much higher activation barrier than that leading to 3B (AAG* = 16.2 kcal/mol), which renders this
alternative cyclization reaction non-competitive. Moreover, due to the presence of bulky tert-butyl substituents in the ligand
framework of A-RhS, one of the enantiotopic faces of the a,B-unsaturated acyl pyrazole within the Lewis acid-substrate
complex displays an enhanced steric congestion, which leads to a mandatory approximation of the tethered olefin from the
other side, enabling the first bond formation. Indeed, upon calculation of the possible transition states associated with the
first ring closure, we observed that 3TS1 has a lower activation barrier in comparison with 3TS1-ent. The computed free
energy difference (AAG” = 2.6 kcal/mol) is consistent with the almost complete enantioselectivity (er = 95:5, see Table 1)
observed experimentally. The higher stability of 3TS1 can be attributed not only to unfavorable steric clashes in 3TS1-ent
but also to the occurrence of stabilizing C-H---x non-covalent interactions in 3TS-1 (see greenish surfaces in the inset of
Figure 5¢). It is important to notice that, in this case, once the first bond has been established, the diastereoselectivity and
the enantioselectivity of the reaction are fixed, which fully agrees with the exclusive formation of a single diastereoisomer
observed experimentally. Indeed, this could not be the case for the alternative triplet diradical species 3C if dissociation
from the catalyst occurs before the cyclobutane ring forms, with the acyl pyrazole moiety assuming a different spatial
orientation before ISC.

Conclusions

An asymmetric catalytic strategy to access enantioenriched 1,5-disubstituted bicyclo[2.1.1]lhexanes as suitable
bioisosteres of ortho-substituted phenyl rings has been established. This strategy relies on a Lewis acid-catalyzed
intramolecular crossed [2+2] photocycloaddition that works with a,B-unsaturated acyl pyrazoles, providing modulable and
versatile products in high yield and enantioselectivity. The utility of these building blocks was showcased by the synthesis
of enantioenriched sp3-analogues of several marketed drugs containing an ortho-substituted phenyl ring. The bioactivity of
the enantioenriched compounds has been evaluated, and a comparison between the two enantiomers and the sp?-based
structure was done, highlighting that the absolute configuration and tridimensionality of the sp3-hybridized scaffold has a
large impact on it. Particularly, compound 9 presents 3.9-fold higher antitumoral activity compared with its parent drug
Phthalylsulfathiazole, and what is more, it exhibits a 3.6-fold higher toxicity than ent-9 for the rare cancer uveal melanoma.
This study provides a convenient procedure for obtaining enantioenriched saturated bioisosteres as building blocks for
medicinal chemistry, allowing their use and implementation in drug discovery programs to prepare analogues with
enhanced physicochemical properties and bioactivities.
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