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Bicyclo[2.1.1]hexanes (BCHs) are structurally unique C(sp3)-rich bicyclic hydrocarbons that are gaining
prominence in the field of medicinal chemistry as bioisosteres of benzenoids. The nitrile is an impor-
tant functionality in drug development due to its ability to improve physicochemical and pharmacoki-
netic properties and facilitate potential noncovalent interactions with drug targets. Consequently, cyano-
arene motifs are commonly found in drug development. The introduction of cyano-BCHs as potential
bioisosteres of cyano-arenes shows great promise; however, there are currently no catalytic methods
available for their synthesis. Herein, we report a palladium-catalyzed enantioselective [20 + 2] cycload-
ditions of bicyclo[1.1.0]butanes with arylidenemalononitriles for the preparation of chiral cyano-BCHs.
This method accommodated a wide range of substrates and tolerated various functional groups. The
cyano-BCH products could be transformed to molecules with diverse functionality. Control experiments
suggest that the reaction proceeds via a zwitterionic intermediate generated by palladium-mediated ring
opening of vinyl-carbonyl bicyclo[1.1.0]butanes followed by stereoselective 1,2-addition and intramolecu-

lar allylic substitution reactions.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Although benzene rings, which consist entirely of sp? carbon
atoms, have traditionally been important in small-molecule drug
discovery, recent findings have shown that a high fraction of sp3
carbon atoms (Fsp3, which is the ratio of the number of sp3 car-
bons to the total number of carbons) is associated with the success
of drug discovery [1-3]. The optimal Fsp? value is considered to be
>0.42, and ap-proximately 84 % of marketed drugs meet this crite-
rion [4-7]. Moreover, data analysis has revealed that compounds
with fewer than three aromatic rings are more likely to be devel-
oped as drug molecules. As a result, increasing saturation (referred
to as “escape from flatland”) has gained attention in the medic-
inal chemistry community to meet the goal of improving clinical
success in drug development by replacing flat benzenoid moieties
with sp3-carbon-rich three-dimensional bioisosteres [2,3,8-15].
Bicyclo[2.1.1]hexanes (BCHs) are among the most important
bioisosteres of benzene rings because they not only have a high
Fsp3 but also mimic the relationships between ortho-substituents
on the benzene rings (Fig. 1a) [16-23]. Recently, catalytic synthe-
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sis of BCHs has been intensively studied. For example, in 2020
and 2023, Mykhailiuk et al. reported pioneering work on pho-
tochemical intramolecular [27 +27] cycloadditions of 1,5-dienes
to prepare multi-substutited BCHs [24,25]. Subsequently, meth-
ods for [20 + 27| cycloadditions of bicyclo[1.1.1]butanes (BCBs) to
construct BCHs have emerged and have gradually come to dom-
inate this field [26-40]. Specifically, the groups of Glorius, Bach,
Brown and Lu developed a series of elegant, efficient methods
for synthesizing BCH scaffolds by means of triplet-energy-transfer-
enabled intermolecular [20 + 2] cycloadditions of BCBs and 2w
substrates, such as coumarins [26], aza-renes [27], cyclobutenones
[28], phenols [29], styrenes [30] and cyclic imines [31]. Addition-
ally, the groups of Procter, Li and Wang established methods for
Sml,-catalyzed [32] and pyridine diboron-catalyzed [33,34] radical
[20 +27] cycloadditions. More recently, Glorius et al. developed
a new strategy for single-electron oxidative activation of BCBs via
photoredox catalysis to afford BCB radical cations, which can be
captured with unactivated olefins to form BCHs [35]. In addition,
the groups of Studer, Deng, Feng, Chen and Zhou achieved Lewis
acid-catalyzed ionic [20 + 27| cycloadditions of BCBs with ketenes
[36], indoles [37,38], 3-benzylideneindoline-2-thione derivatives
[39], silyl enol ethers [40] and ynamides [41].

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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(b) catalytic enantioselective access to chiral BCHs
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Fig. 1. Catalytic methods for preparing cyano-BCHs as bioisosteres for cyano-arenes.

BCHs can contain valuable chiral information that has the
potential to be significant in drug design and development
[16,42-45]. However, the enantioselective synthesis of BCHs is
still in its early stages (Fig. 1b). In 2023, Bach reported the ear-
liest success of asymmetric [20 +27m] cycloadditions, but stoi-
chiometric chiral reagent was required to maintain high enan-
tioselectivity [46]. In 2024, the Jiang group reported the cat-
alytic asymmetric radical [20 + 2] cycloadditions of BCBs with
vinylazaarenes to obtain heteroaryl-substituted BCHs by utilizing
a chiral photo-sensitive Brgnsted acid catalyst [47]. Lately, Yoon
achieved a photochemical chromophore activation enabled enan-
tioselective [20 + 27 ] cycloadditions of BCBs with «,B-unsaturated
ketones [48]. All these reports are based on photochemical rad-
ical mechanism and developing alternative pathways to pre-
pare chiral BCHs with other substitution patterns are still high
desirable.

Nitriles play a significant role in medicinal chemistry, with over
60 small molecule drugs currently on the market that contain the
cyano functional group (Fig. 1c) [49]. The introduction of the cyano
group can enhance a drug candidate’s pharmacodynamic (PD) and
pharmacokinetic (PK) profiles, as well as improve water solubility
[50]. Additionally, it may facilitate beneficial noncovalent interac-
tions [50-52] or covalent binding [53] with the drug target. Giving
the importance of cyano-arenes moiety in drug molecules, it would
be attractive to develop cyano-BCHs as the potential bioisosteres
for cyano-arenes. However, currently there are no methods avail-
able to access this structural interesting motif. Inspired by the
fruitful donor-acceptor cyclopropane chemistry [54-64], we re-
cently developed the precursor vinyl-carbonyl-bicyclo[1.1.0]butanes
(VC-BCBs) that are capable of undergoing palladium(0)-catalyzed
(3+2) cycloadditions with aldehydes (Fig. 1d) [65]. As part of
our exploration of the potential utility of palladium-catalyzed
cycloadditions of VC-BCBs, especially in terms of enantioselec-

tive variants, we herein report a palladium-catalyzed [20 +27]
cycloadditions of VC-BCBs with arylidenemalononitriles, pro-
viding a platform to synthesize enantioenriched cyano-BCHs
(Fig. 1e).

We initiated our study by using VC-BCB 1a and arylidene-
malononitrile 2a as model substrates to screen various chiral lig-
ands in reactions in THF at 30°C under argon for 12h (Table 1).
Initially, we found that electron-rich phosphorus ligands showed
poor enantioselectivity for the desired cycloaddition (for details,
see Supporting information). Therefore, we shifted our focus to
electron-deficient phosphoramidite ligands. Ligands L1 and L2
showed good activity, yielding desired product 3a in >90% yields,
but the enantioselectivity was poor (entries 1 and 2). By switch-
ing to ligand L3, we achieved moderate enantioselectivity (43 %
ee), but the yield of 3a dropped dramatically (entry 3). In previ-
ous work, we [66] and others [67] had found that a bidentate bis-
phosphite ligand can accelerate the allylic substitution step. There-
fore, we explored some typical BINOL-derived bisphosphite ligands
(L4-L6; Table 1, entries 4-6). We were pleased to find that using
L5 allowed us to obtain 3a in 73% yield with 61% ee (entry 5).
After carefully exploring various linkages for the bisphosphite, we
found that L7, a new ligand featuring a SPINOL linkage, greatly en-
hanced the enantioselectivity (entry 7). Furthermore, when we re-
placed the BINOL backbone of L7 with H3BINOL, resulting in ligand
L8, 3a was obtained in 62 % yield with 80% ee (entry 8). Subse-
quently, by varying the reaction temperature and solvent, entries
9-14), we established the optimal conditions. Specifically, by using
L8 as the ligand, methyl tert-butyl ether as the solvent, and a reac-
tion temperature of —40°C, we obtained 3a in 75% yield with 92 %
ee. Moreover, we discovered that we could reduce the loadings of
PdCp(n3-C3Hs) and L8 to 2.5 mol% and 3 mol%, respectively, with-
out affecting the yield of 3a (entry 15). However, extending the
reaction time to 48 h was needed to achieve completion of the re-
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Table 1
Optimization of reaction conditions.?
Ph

o) NC._CN PdCp(n3-C3Hs) (10 mol%) CN Ar
- . \[ Ligand (11 or 22 mol%)  NC .: O
2 Ar solvent (0.1 mol/L) 728 Ph

Ar= p-M
= p-MeCeH, temperature, time
1a 2a 3a

Ph L6 L7 (new ligand) L8 (new ligand)
L5
o, o O, ..
O - OD‘ O - i} ’: |
(R)-BINOL (R)-HEBINOL

Entry Ligand Solv. Temp (°C) Time (h) Yield (%) ee (%)
1 L1 THF 30 12 >95 19
2 L2 THF 30 12 90 21
3 L3 THF 30 12 30 43
4 L4 THF 30 12 90 9
5 L5 THF 30 12 73 61
6 L6 THF 30 12 58 29
7 L7 THF 30 12 46 79
8 L8 THF 30 12 62 80
9 L8 THF -10 24 77 84
10 L8 DME -10 24 65 85
11 L8 DCM -10 24 74 77
12 L8 Toluene -10 24 72 79
13 L8 MTBE -10 24 76 88
14 L8 MTBE —40 36 75 92
15¢ L8 MTBE —40 48 73 (72¢) 92
16 w/o L8 or Pd MTBE —40 48 0 -

3 Reaction conditions, unless otherwise noted: 1a (0.075 mmol), 2a (0.05 mmol),
PdCp(n3-C3Hs) (5 pmol, 10 mol%), ligand (11 pmol [22 mol%] for L2 and L3, 6 umol
[12 mol%] for L1, L4-L8), solvent (0.5 mL, [2a] =0.1 mol/L) argon atmosphere.

b The yields were determined from the 'H NMR spectra of the crude products,
with CH,Br;, as the internal standard.

¢ The ee values were determined by chiral HPLC.

4 PdCp(n-C3Hs) (1.25pumol, 2.5 mol%), L8 (1.5umol, 3 mol%), methyl tert-butyl
ether (MTBE, 0.5 mL).

¢ An isolated yield is given in parentheses.

action. In the absence of L8 or PdCp(n3-C3Hs), this reaction could
not occur (entry 16).

Having established the optimal conditions, we next turned our
attention to the substrate scope, beginning with the arylidene-
malononitrile (Scheme 1). The catalytic system proved to effi-
ciently mediate reactions of malononitrile derivatives with either
an electron-withdrawing or electron-donating substituent on the
benzene ring, smoothly delivering chiral BCHs 3a-3j in 63 %-93%
yields with 87%-96% ee. Notably, substrates with a sterically hin-
dered ortho-methyl or 3,5-dimethyl-substituted benzene ring or a
naphthyl motif also gave the target products (3k-3n) with satisfac-
tory yields and enantioselectivities. In addition, substrates with a
thiophene, benzothiophene, benzofuran, quinoline, or pyridine mo-
tif were tolerated, furnishing 30-3u in 71%-95% yields with 77 %-
95% ee. Alkylidenemalononitrile could also be used as a reaction
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partner in this cycloaddition; however, it produced poor enantios-
electivity, as shown by the formation of 3v with 15% ee. This un-
satisfying outcome could be caused by the smaller steric hindrance
of 2v. The structure and stereochemistry of the products were con-
firmed by single-crystal X-ray diffraction analysis of 3h.

With 2n as the reaction partner, we next explored the substrate
scope with respect to the VC-BCB (Scheme 2). Specifically, the car-
bonyl moiety of the VC-BCB was systematically varied. We found
that benzoyl groups with various substituents, such as an electron-
donating alkyl or methoxy group or electron-withdrawing halogen
atoms or a trifluoromethyl group, were well tolerated, affording
3ab-3ak in 60 %-95% yields with 89 %-95% ee. Moreover, naphthyl
ketones (3al, 3am) and heteroaryl ketones (3an-3as) were suitable
substrates, demonstrating the generality and adaptability of this
method. An n-butyl ketone-substituted substrate was compatible
with the catalytic system as well, furnishing corresponding product
3at in 90% yield with 88% ee. In addition to ketones, acyl pyrazole
(3au) proved to be competent substrates for this catalytic asym-
metric cycloaddition. For carboxylate-derived VC-BCBs, the ligand
L8 yielded relatively low ee values. Specifically, the phenyl and
tert-butyl carboxylate products 3av and 3aw were obtained with
enantioselectivities of 69% ee and 60% ee, respectively, under the
standard conditions. However, following further optimization, lig-
and L9 was identified as a highly effective ligand for these chal-
lenging substrates, improving the enantioselectivities of 3av and
3aw to 81% ee and 77 % ee, respectively. Additionally, the VC-BCB
containing a (L)-menthol-moeity produced 3ay in 78% yield with
>20:1 dr by using L9 as the ligand. Regardless of whether L8 or L9
was used, no cycloaddition products were observed for VC-BCBs
bearing an internal alkene (3ax).

To illustrate the synthetic utility of our method, we performed
a gram-scale synthesis of chiral BCH 3b and found that the yield
and ee value were well-maintained upon scale up, making this
method practical for large-scale production (Scheme 3a). Subse-
quently, transformations of 3b were carried out. Aiming to over-
come the limitation posed by the geminal cyano groups of the
substrates, we set out to transform the cyano groups into other
functionality (Scheme 3b). One cyano group could be selectively
hydrolyzed by using copper(ll) acetate as a catalyst for the gen-
eration of amide 4, which was obtained in 80% yield with the
formation of a new quaternary stereocenter with a diastereomer
ratio (dr) of 8:1 [68]. Decyanative coupling of 3b with chlorosi-
lanes enabled by nickel/titanium dual catalysis [69] allowed us
to construct a tertiary C(sp3)-Si bond to afford 5 in 19% yield
with 90% ee and >20:1 dr, together with decyanative protona-
tion product cis-6 (21% yield, >20:1 dr, 90% ee). The structure
and stereochemistry of cis-6 were confirmed by X-ray crystallog-
raphy (CCDC 2380580). Interestingly, treatment of 5 with tetra-
n-butylammonium fluoride at —20°C selectively afforded trans-
6 with >20:1 dr. That is, stereodivergent synthesis of cyano-
BCHs bearing vicinal stereocenters was achievable. Next, the vinyl
group of 3b was converted to various other functional groups
(Scheme 3c). Specifically, oxidative cleavage of the double bond
by RuCl3/NalO4 and subsequent esterification furnished ester 7
in 90% yield. An iridium-catalyzed hydroboration/oxidation proce-
dure transformed 3b to alcohol 8 in 58% yield. Additionally, the
pyrazole moiety of 3au could be hydrolyzed with aqueous LiOH,
then underwent esterification reaction to afford a 66% yield of
redox-active ester 9 (NHPI= N-hydroxyphthalimide) which could
be converted to heteroaryl-substituted BCH 10 by means of a de-
carboxylative Minisci reaction (Scheme 3d) [70].

To get insight into the reaction mechanism, we carried out
some control experiments (Scheme 4a). First, the reaction of 1a
and 2n was performed in the dark, which had little to no ef-
fect on the yield or enantiopurity of product 3mn, a result that
rules out a pathway involving catalysis by an excited-state palla-
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dium species. Moreover, addition of the radical scavenger TEMPO
(2,2,6,6-tetramethylpiperidine 1-oxyl, 1.0 equiv.) did not notably
affect the yield, suggesting that a radical pathway may not be
involved. Furthermore, when methyl-substituted BCB ketone 1aa
or des-methyl BCB ketone 1ab was subjected to reaction with
2n under the standard conditions, formation of the correspond-
ing cycloaddition product was not observed. This result indicates
that the vinyl group of the VC-BCB is crucial for the success of
the cycloaddition with the arylidenemalononitrile. On the basis
of these results, along with results of previous studies [65,71,72]
we propose that the reaction proceeds via the mechanism shown
in Scheme 4b. Initially, a chiral palladium(0) complex coordinates
with the vinyl group of 1a to form complex A. The strong -
donating ability of the palladium helps to cleave the strained
C-C bond of the BCB, resulting in the formation of palladium-
zwitterionic enolate B. Subsequently, B undergoes a stereoselective
Michael addition to 2n to produce species C, which then under-
goes an intramolecular allyl substitution reaction to generate com-
plex D. Finally, disassociation of LPd from D generates product 3n
and releases the palladium(0) catalyst.

In summary, we have developed a palladium-catalyzed enan-
tioselective [20 +2m] cycloadditions of VC-BCBs with arylidene-
malononitriles. The method has a wide substrate scope and pro-
vides rapid access to cyano-BCHs with good enantioselectivity. Var-
ious transformations of the cyano-BCHs were accomplished to give
diverse functionality for the products. Mechanistic experiments
supported a pathway involving a zwitterionic intermediate gen-
erated by palladium-mediated ring opening of the VC-BCBs fol-
lowed by stereoselective 1,2-addition and allylic substitution re-
actions. We believe this work not only demonstrates a platform
for the preparation of chiral cyano-BCHs, but also provides a good
complement to the rare asymmetric BCBs cycloaddition reactions
[46-48,73-80].
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