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Enantioselective synthesis of inherently
chiral sulfur-containing calix[4]arenes via
chiral sulfide catalyzed desymmetrizing
aromatic sulfenylation

Xin-Yu Zhang1,2, Deng Zhu1,2, Ren-Fei Cao1, Yu-Xuan Huo1, Tong-Mei Ding1 &
Zhi-Min Chen 1

Inherently chiral calixarenes hold great potential for applications in chiral
recognition, sensing, and asymmetric catalysis due to their unique structures.
However, due to their special structures and relatively large sizes, the catalytic
asymmetric synthesis of inherently chiral calixarenes is challenging with very
limited examples available. Here, we present an efficient method for the
enantioselective synthesis of inherently chiral sulfur-containing calix[4]arenes
through the desymmetrizing electrophilic sulfenylation of calix[4]arenes. This
catalytic asymmetric reaction is enabled by a chiral 1,1’-binaphthyl-2,2’-dia-
mine-derived sulfide catalyst and hexafluoroisopropanol. Various inherently
chiral sulfur-containing calix[4]arenes are obtained in moderate to excellent
yields with high enantioselectivities. Control experiments indicate that the
thermodynamically favored C-SAr product is formed from the kinetically
favored N-SAr product and the combination of the chiral sulfide catalyst and
hexafluoroisopropanol is crucially important for both enantioselectivity and
reactivity.

Due to the unique properties of sulfur, chiral organosulfur compounds
are not only utilized as versatile synthons and catalysts/ligands1,2, but
also widely present in bioactive compounds3,4, pharmaceuticals5,6, and
functional materials7,8, Consequently, numerous methods have been
developed for the preparation of chiral organosulfur compounds9–11.
Lewis base catalyzed enantioselective electrophilic sulfenylation of
alkenes represents an efficient and direct approach for constructing
centrally chiral organosulfur compounds, which has been extensively
studied by Denmark12–16, Zhao17–20, Chen21–23, and other research
groups23–27. Recently, our group (Chen group) further explored Lewis
base catalyzed asymmetric electrophilic aromatic sulfenylation as a
practical and efficient method for synthesizing axially and planarly
chiral organosulfur compounds28–32. However, catalytic asymmetric
electrophilic sulfenylation methods for preparing inherently chiral

sulfur-containing compounds with potentially unique properties
remain unexplored and continue to pose challenges (Fig. 1a).

In 1994, Böhmer and coworkers first introduced the concept of
inherent chirality to describe calixarene frameworks lacking any sym-
metry element except a C1 asymmetry axis, distinguishing it from
classical point, axial, planar, andhelical chirality33–36. Due to their unique
structures, inherently chiral calixarenes hold great potential for appli-
cations in chiral recognition, sensing, and asymmetric catalysis37–41.
However, due to their special structures and relatively large sizes, the
catalytic asymmetric synthesis of inherently chiral calixarenes is chal-
lenging with very limited examples available, which has hindered sub-
sequent functional studies35,42–51. Early studies documented only two
catalytic asymmetric examples byMckervey andTsue groups; however,
the results were unsatisfactory52,53. In recent years, there has been
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increasing attention from synthetic chemists on developing catalytic
enantioselective methods for constructing inherently chiral calixarenes
with some elegant approaches being disclosed54–60. In 2020, Tong and
Wang reported a highly enantioselective construction of inherently
chiral heteracalix[4]aromatics using an intramolecular C −N bond
forming strategy and they subsequently developed some other effec-
tive methods54–56. In 2022, Cai and coworkers developed a palladium-
catalyzed enantioselective intramolecular C −H arylation method pro-
ducing inherently chiral calix[4]arenes in moderate yield with high
enantioselectivity57. Shortly thereafter, a similar study was indepen-
dently reported by Tong’s group (Fig. 1b)58. Very recently, two similar
works on the enantioselective synthesis of inherently chiral calix[4]
arenes via chiral Brønsted acid-catalyzed three-component Povarov
reaction were reported59,60. Although these advances have been made,
the strategies for synthesizing inherently chiral calixarenes are still
lacking compared to abundant catalytic enantioselective methods for
centrally and axially chiral molecules, and the development of new
catalytic asymmetric systems is highly desirable.

Inspired by our previous successful examples of catalytic enan-
tioselective electrophilic sulfenylation reactions and considering the
potential special applications of inherently chiral sulfur-containing
calixarenes, we are eager to explore the use of the desymmetrizing
electrophilic sulfenylation reaction to prepare inherently chiral sulfur-
containing calix[4]arenes (Fig. 1c). We anticipated encountering two
primary challenges in achieving such highly selective transformations.
Firstly, the similar nucleophilicity of N- and C-positions of anilines
results in competitive chemoselectivity between the N- and
C-positions during electrophilic sulfenylation. Secondly, the unique
structures and large sizes of calix[4]arenes present difficulties in con-
trolling enantioselectivity (Fig. 1c). To address these challenges, we
propose the following strategies: (1) speculating that N-SAr products
are kinetically favored while C-SAr products are thermodynamically
favored, thus necessitating the establishment of a suitable reaction
system capable of producing a single thermodynamically favored
C-SAr product; and (2) designing a catalyst and/or developing coop-
erative catalysis that can effectively distinguish such special substrates
through noncovalent interactions and/or steric hindrance to achieve
high enantioselectivity control (Fig. 1c)61,62. Herein, we present a
desymmetrizing electrophilic sulfenylation of calix[4]arenes using a
combination of a chiral 1,1’-binaphthyl-2,2’-diamine (BINAM)-derived
sulfide catalyst and hexafluoroisopropanol (HFIP). A variety of

inherently chiral sulfur-containing calix[4]arenes were readily
obtained in moderate to excellent yields with high enantioselectivities
(Fig. 1d). Control experiments demonstrated that appropriate acidic
conditions are essential for the formation of C-SAr product, and the
combination of a chiral Lewis base and HFIP is crucial for controlling
enantioselectivity.

Results
Reaction condition optimization
Initially, calix[4]arene amine derivative 2a was selected as the model
substrate and compound 3a as the sulfenylating reagent to test our
hypothesis. Following preliminary screening, p-toluenesulfonic acid
(pTSA) and HFIP were selected as the acid promoters, with 3 Å mole-
cular sieve (3Å MS) used as the additive, and dichloromethane (DCM)
employed as the solvent. As shown in Fig. 2, an array of chiral Lewis
base catalysts were carefully investigated. To our delight, the BINAM-
derived sulfide (S)–1a produced the desired product 4a in 89% yield
with 77% ee. Remarkably, the N-SPh product 4a’, whose structure was
determined by X-ray crystallography, was obtained in 87% yield using
1,1’-spirobiindane-7,7’-diamine (SPINAM)-derived sulfide (S)–1b as the
catalyst. To clarify the underlying cause of this intriguing experimental
outcome, we performed a series of control experiments (See Supple-
mentary Fig. 18 for details). The findings demonstrate that catalyst
(S)–1a exhibits significant catalytic activity as a Lewis base13, thereby
facilitating the formation of 4a. Conversely, catalyst (S)–1b demon-
strates diminished Lewis base activity, likely due to steric hindrance;
nevertheless, it operates effectively as a Brønsted base that suppresses
the formation of4a. This result indicates competitive chemoselectivity
in this system, consistent with our initial expectations. The use of 1,1’-
bi-2-naphthol (BINOL)-derived sulfide (S)–1c significantly decreased
both the yield and enantioselectivity. These three results suggest that
the BINAM framework is suitable for this reaction. Subsequently,
BINAM-derived selenide (S)–1dwas tested as a catalyst, resulting in the
desiredproduct4abeing obtained in 74%yieldwith 64% ee. Therefore,
several BINAM-derived sulfides with different amine moieties were
subsequently examined, revealing that substituents at thismoiety have
a significant effect on enantioselectivity. N-isopropylcyclohexanamine
slightly improved enantioselectivity while diphenylamine significantly
diminished the enantioselectivity ((S)–1e vs (S)–1f). To our delight, the
use of a compound with N-isopropyl-1,2,3,4-tetrahydronaphthalen-1-
amine (S, R)–1g gave the product 4a in 93% yield with 91% ee. Utilizing

Fig. 1 | Designoforganocatalytic enantioselective synthesis of inherently chiral
sulfur-containing calix[4]arenes. a State of the art of asymmetric electrophilic
sulfenylation of arenes. b Previous work on catalytic asymmetric synthesis of
inherently chiral calix[4]arenes. c Our design for organocatalytic enantioselective

synthesis of inherently chiral calix[4]arenes via an intermolecular electrophilic
sulfenylation reaction. d Chiral sulfide catalyzed sulfenylation of calix[4]arenes.
HFIP hexafluoroisopropanol.
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(S, S)–1h as the catalyst, product4awas obtained in 69% yieldwith 84%
ee. The absolute configuration of this product is consistent with that
observed for (S, R)–1g. These findings indicate that the absolute con-
figuration of product 4a is determined by the chirality of the BINAM
moiety present in the catalyst, while the chirality of the amine moiety
primarily influence its enantioselectivity. Replacing N-isopropyl-
1,2,3,4-tetrahydronaphthalen-1-amine with N-isopropyl-2,3-dihydro-
1H-inden-1-amine decreased enantioselectivity to 86% ee while main-
taining 92% yield ((S, R)–1i). Finally, employing cyclohexane instead of
isopropyl groups had a slight impact on enantioselectivity, but sig-
nificantly affected the yield ((S, R)–1j). Thus, (S, R)–1g was chosen as
the optimal catalyst.

Substrate scope
Under the optimized conditions mentioned above, we initially
explored the reaction scope by examining various sulfenylating
reagents. To our satisfaction, all corresponding products were
obtained with excellent yields and good enantioselectivities, except
for product 4m (4a–4r, Fig. 3). We observed that electron-
withdrawing substituents such as fluorine, trifluoromethyl, and nitro
at the para position of the benzosulfenyl group slightly improved the
enantioselectivity, while electron-donating substituents such as
methyl and methoxy decreased it (4b–4d vs 4e–4f). Substituent
groups at the meta position had minimal impact on yield and enan-
tioselectivity (4g–4k). Subsequently, We found that trifluoromethyl
and methyl groups at ortho position reduced the yields and enan-
tioselectivities (4m-4n), possibly due to steric hindrance. Sulfenylating
reagent bearing a naphthyl group was well-suited for this system,
yielding the desired product 4o with a high yield of 94% and an
enantiomeric excess of 90%. The absolute configuration of 4o was
determined to be (M) by X-ray crystallography. Furthermore, a range
of calix[4]arenes with different aniline moieties were tested (4s–4ac).
It was observed that substrates containing electron-rich aryl groups
such as p-methylbenzene, p-tert-butylbenzene, and p-methox-
ybenzene performed well in this system, however, those with strong
electron-deficient aryl groups such as p-trifluoromethylbenzene and p-
acetylbenzene did not exhibit good compatibility (4v–4x vs 4t–4u).
The desired C-SAr product demonstrates only a moderate yield, while
both the N-SAr product and substrate are concurrently present in the
system (4t or 4u). In the absence of a substituent on aniline, 4y was
obtained in 63% yield with 69% ee, while the disulfenylated product 5y
was also generated. This result again shows competitive

chemoselectivity in this system. To our delight, multi-substituted
phenylmoieties-containing substrates were well-tolerated, resulting in
good yields and high levels of enantioselectivities (4z–4ab).

The use of benzylaniline 2ac as the substrate, the desired product
4ac was obtained in 85% yield with only 64% ee, which suggests that
the diphenylamine moiety is important for controlling enantioselec-
tivity. To further expand the scope of this transformation, we subse-
quently tested some substrates bearing different alkoxy groups and
found that they worked well in this system with corresponding pro-
ducts generated efficiently and with high levels of enantioselectivity
(4ad–4ah). Finally, product ent–4awasobtained in 93% yieldwith 90%
ee when (R, S)–1g was used instead of (S, R)–1g.

Mechanistic studies
To gain mechanistic insights into this reaction, particularly regarding
the high chemo- and enantioselectivity of the transformation, a series
of control experiments were conducted (Fig. 4). The impact of the
chiral Lewis base catalystwasfirst investigated (Fig. 4a). Itwasobserved
that products 4a and 4a’ were simultaneously obtained in moderate
yields when the reaction was carried out without the chiral Lewis base
(S, R)–1g (entry 2), indicating a racemic background reaction. Inter-
estingly, it was found that neither the Lewis base, pTSA nor HFIP could
selectively promote the formation of product 4a alone (entries 3-5).
Surprisingly, product 4a’ was smoothly obtained in 85% yield in the
absence of Lewis base, pTSA, and HFIP over a period of 22 hours (entry
6). Based on these results, we speculated that acidic conditions can
promote the formation of product 4a (entry 2 vs entries 3-6).

We subsequently assessed the impact of acid on this reaction
(Fig. 4b). It was observed that regardless of the type of acid used,
product 4a consistently yielded high enantioselectivities and good
yields (entries 1–5). Even in the absence of added acid, product 4awas
formed smoothly alongside product 4a’ (entry 6). These findings
suggested that acid influences reactivity but not enantioselectivity,
further confirming the favorable role of acidic conditions in the for-
mationof product4a. GivenHFIP’s potential as an acidpromoter63–67, it
was hypothesized that additional HFIP could lead to the separate for-
mation of product 4a without added acid. Encouragingly, experi-
mental results supported this hypothesis (entry 7).

Next, we conducted a further assessment of the impact of HFIP in
this reaction (Fig. 4c). In the absence of HFIP, the desired product 4a
was only obtained in 28% yield with 70% ee, while product 4a’ was
produced in 69% yield (entry 2). The reaction of 2a with an additional

Fig. 2 | Reaction optimization. Reaction conditions: unless otherwise noted, the
reaction was conducted with 2a (0.1mmol), 3a (0.12mmol), Cat. (0.01mmol),
pTSA (0.01mmol), HFIP (0.2mmol), and 3 ÅMS (40mg) in DCM (2.0mL) at −10 °C

for 22 h under Ar. Isolated yields are shown. The ee valuesweredeterminedbyHigh
Performance Liquid Chromatography (HPLC). pTSA p-toluenesulfonic acid, HFIP
hexafluoroisopropanol.
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Fig. 3 | Scope of this reaction. aThe reaction was conducted with 2 (0.1 mmol), 3
(0.12 mmol), (S, R)-1g (0.01 mmol), pTSA (0.01 mmol), HFIP (0.2 mmol), and 3 Å
MS (40mg) in DCM (2.0mL) at −10 °C under Ar. Isolated yields are shown. The
ee values were determined by HPLC or Supercritical Fluid Chromatography

(SFC). bThe reaction was performed at −20 °C. cThe reaction was performed at
0 °C. dThe reaction was performed at 10 °C. e(R, S)-1g (0.015mmol) was used
instead of (S, R)−1g. pTSA = p-toluenesulfonic acid, HFIP =
hexafluoroisopropanol.
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0.2 equiv of pTSA, without HFIP, resulted in an increased yield of
product 4a to 47% while maintaining 70% ee (entry 3). Conversely,
using isopropanol instead of HFIP led to a decreased yield of the
product to only 20%, despite maintaining 71% ee (entry 4). When
substrate 2a was treated with trifluoroethanol, whose properties clo-
sely resemble thoseofHFIP, the expected result was achieved: product
4a was obtained in 83% yield with 89% ee (entry 5). However, either
4,4,4-trifluorobutan-1-ol, 5,5,5-trifluoropentan-1-ol, or bis(2,2,2-tri-
fluoroethyl) ether was used instead of HFIP, the yield and enantios-
electivity of product 4a were consistently diminished (entries 6-8).
These findings suggested that HFIP not only functions as an acid
promoter but also plays a crucial role in controlling both chemo- and
enantioselectivity. Additionally, we found that the free N −H group of
the substrate is indispensable to the reaction (Fig. 4d).

To further investigate the origin of chemoselectivity, we con-
ducted kinetic experiments (Fig. 4e). The results revealed complete
consumption of substrate 2a within ten minutes, leading to the for-
mation of a significant amount of 4a’, accompanied by a minor for-
mation of 4a. Subsequently, 4a’ was gradually consumed with an
increasing generation of 4a until complete consumption of 4a’. Based
on these findings, it is inferred that product 4a’ is kinetically favored

while product 4a is thermodynamically stable, and that conversion
from 4a’ to 4a occurs during the reaction (See Supplementary Figs. 23,
24 for details). To further validate the conversion process of 4a’ to 4a,
compound 4a’ was subjected to the standard conditions without the
addition of sulfenylating reagent 3a, resulting in a 65% yield of product
4a with an 85% ee (Fig. 4f). It is believed that the lower yield and
enantioselectivity of product4aweredue to the incomplete simulation
of the real reaction system. Subsequently, by adding 0.2 equiv of sul-
fenylating reagent 3a and 1.0 equiv of saccharin to the reaction, which
better mimicked the real reaction system, product 4a was obtained in
an improved yield of 83% with a higher enantiomeric excess of 91%.
These results further confirmed that compound 4a is indeed derived
from compound 4a’. Furthermore, compound 4a’was then performed
under the standard conditions in the presence of 0.5 equiv of substrate
2ag, and product 4a was obtained in 19% yield with 83% ee, accom-
paniedby4ag in 31% yieldwith 85%ee. These results suggested that the
conversion of 4a’ to 4a is likely to undergo an intermolecular process.

Proposed mechanism
Previous studies68,69 have demonstrated that HFIP and pTSA are
involved in a network of hydrogen bond interactions, which can
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Fig. 4 | Control experiments. aThe effect of chiral Lewis base catalyst.bThe effect
of acid. c The effect of HFIP. d The effect of N-H group of the substrate. e Kinetic
experiment (blue line for4a’, orange line for4a, green line for 2a). f The conversion
from 4a’ to 4a. Standard conditions: The reaction was conducted with (S, R)-1g

(0.01mmol), pTSA (0.01mmol), HFIP (0.2mmol), and 3 Å MS (40mg) in DCM
(2.0mL) at −10 °C under Ar for 22 h. pTSA = p-toluenesulfonic acid, PA = 1,1’-
binaphthyl-2,2’-diyl hydrogenphosphate, HFIP = hexafluoroisopropanol.
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Fig. 6 | Gram-scale reaction and synthetic applications. a The reaction was
conducted with 2a (1.43mmol, 1.0 equiv), 3a (1.72mmol, 1.2 equiv), (S, R)-1g
(0.143mmol, 0.1 equiv), pTSA (0.143mmol, 0.1 equiv), HFIP (2.86mmol, 2.0 equiv),
and 3 Å MS (572mg) in DCM (28.6mL) at −10 °C under Ar for 22 h. b The reaction
was conducted with 4a (0.1mmol, 1.0 equiv), mCPBA (0.1mmol, 1.0 equiv), and
NaHCO3 (0.5mmol, 5.0 equiv) in DCM (2mL) at −20 °C under Ar for 24h. c The

reaction was conducted with 4a (0.1mmol, 1.0 equiv) and mCPBA (0.3mmol, 3.0
equiv) in DCM (2mL) at rt under Ar for 7 h. d The reaction was conducted with 4ac
(0.012mmol, 1.0 equiv) andDDQ (0.024mmol, 2.0 equiv) in DCM (0.5mL) andH2O
(0.1mL) at 0 °C under Ar for 1.5 h. pTSA p-toluenesulfonic acid, HFIP hexa-
fluoroisopropanol,mCPBA= 3-chloroperoxybenzoic acid, DDQ= 2,3-dichloro-5,6-
dicyano−1,4-benzoquinone.

Fig. 5 | Proposed mechanism. LB Lewis base, TS transition state, pTSA p-toluenesulfonic acid, HFIP hexafluoroisopropanol.
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significantly influenceboth reactivity and selectivity. Consequently, we
conducted a series of hydrogen bond titration experiments involving
HFIPwith pTSA, HFIPwith 3a, pTSAwith 3a, aswell as the combination
ofHFIP, pTSA, and 3a. The experimental results indicate that hydrogen
bonds may be present between HFIP and pTSA, as well as between
pTSA and 3a; however, no significant hydrogen bond interaction was
observed between HFIP and 3a. Naturally, the combination of HFIP,

pTSA, and 3a could exhibit a network of hydrogen bond interactions
(See Supplementary Figs. 25–28 for details). Subsequent kinetic
investigations suggest that the reaction order in HFIP is approximately
2.2 (See Supplementary Figs. 29–37 for details). In light of the results
from the aforementioned experiments, a proposed mechanism is
depicted in Fig. 5. Initially, the activated species int-1 is generated
through hydrogen bond interactions among 3a, pTSA, and HFIP.

Fig. 7 | Photophysical and chiroptical properties. aAbsorption spectra of 4o and
8a in n-hexane (1.0 × 10−5 M) (purple line for 4o, blue line for8a).b Emission spectra
of 4o and 8a in n-hexane (1.0 × 10−4 M) (purple line for 4o, blue line for 8a). c CD
spectra of (P/M)-4o and (P/M)-8a in n-hexane (1.0 × 10−5 M) at room temperature
(purple and red line for (M)−4o and (P)-4o, blue and green line for (M)−8a and
(P)-8a). d CPL spectra of (P/M)−4o in n-hexane (1.0 × 10−4 M) at room temperature
(excited at 315 nm) (purple line for (M)−4o, red line for (P)-4o). e CPL spectra of

(P/M)−8a in n-hexane (1.0 × 10−4 M) at room temperature (excited at 360 nm) (blue
line for (M)−8a, green line for (P)-8a). f glum values−wavelength curve for (P/M)−4o
(purple line for (M)−4o, red line for (P)−4o). g glum values−wavelength curve for
(P/M)−8a (blue line for (M)−8a, green line for (P)−8a). h Structures and glum values
for 4o and 8a. CD spectra = circular dichroism spectra. CPL spectra = circularly
polarized luminescence spectra. glum = luminescence dissymmetry factors.
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Subsequently, catalyst (S, R)–1g reacts with int-1 to yield intermediate
int-2, which then rapidly forms the kinetic product 4a’ in the presence
of substrate 2a. Our experimental results demonstrate that while 4a’
canbe generated slowly in the absenceof a catalyst, its production rate
is significantly enhanced by the synergistic effects of catalysts (S,
R)–1g, pTSA, andHFIP (See SupplementaryFigs. 19, 20 for details). This
process is reversible; regenerated int-2 can attack substrate 2a to
produce intermediate int-3 via transition stateTS-1-M (favored). Based
on our previous research29 and hydrogen bond titration experiments
(See Supplementary Fig. 39 for details), we propose that the formation
of a hydrogen bond between the N −H group of the substrate and the
pTSA anion/HFIP species (A−) may reduce the energy barrier for this
reaction and contribute to stabilizing TS-1-M. In another transition
state TS-1-P (disfavored), steric hindrance between the naphthalene
framework of the catalyst and substrate 2a renders it unfavorable for
generating a (P)-configured product. Subsequently, deprotonation of
intermediate int-3 by A− through transition state TS-2 results in the
formation of thermodynamically favored product 4a while releasing
HFIP and pTSA as well as regenerating the catalyst.

Gram-scale reaction and synthetic applications
To demonstrate the synthetic applicability of this reaction, a gram-
scale reaction of substrate 2a was conducted under standard condi-
tions. As depicted in Fig. 6a, the product 4a was obtained in 97% yield
with 90% ee. In comparison to sulfides, sulfoxide and sulfone com-
pounds often showcase distinct bioactivities; therefore, we proceeded
to synthesize sulfoxide and sulfone compounds. The sulfoxide 7a was
obtained in 93% yield and an approximately 3:1 diastereomeric ratio
with 90% ee using 1.0 equiv of 3-chloroperoxybenzoic acid (mCPBA) at
−20 °C (Fig. 6b). Sulfide 4a underwent reaction with 3.0 equiv of
mCPBA, yielding sulfone compound 8a in 93% yield with 90% ee
(Fig. 6c). Ultimately, the benzyl group can be effectively cleaved from
4ac in the presence of DDQ at 0 °C, yielding aniline derivative 9a in
80% yield with 95% ee (Fig. 6d).

Photophysical and chiroptical properties
Next, we examined the photophysical properties of sulfide product 4o
and sulfone product 8a. The UV-vis spectra of 4o and 8a exhibited
similar strong absorption peaks at approximately 230 nm and the
lowest absorption peak at around 340nm (Fig. 7a). Upon excitation at
their respectivemaximumwavelengths (315 nm for 4o and 360 nm for
8a), both compounds displayed broadened fluorescence emission
bands, with peaks observed at 400nm for 4o and at 453 nm for 8a
(Fig. 7b). Additionally, the quantum yields were determined to be
0.097 for 4o and 0.092 for 8a, respectively. Subsequent investigation
into the chiroptical properties of (P/M)–4o and (P/M)–8a was con-
ducted using circular dichroism (CD) and CPL spectroscopy
(Fig. 7c–e). As depicted in Fig. 7c, a positiveCotton effectwasobserved
at 250 nm along with two negative effects at 298 nm and 349 nm for
(M)–4o; while a positive Cotton effect was observed at 350 nm along
with two negative effects at 247 nm and 290nm for (M)–8a were
clearly observed. Enantiomers (P)–4o and (P)–8a showed the expected
mirror-imaged CD spectrum. The CPL spectra results showed that
(P/M)–4o and (P/M)–8awere all CPL-active and produced clearmirror-
image spectra (Fig. 7d, e). Finally, the luminescence dissymmetry fac-
tors |glum| values at 315 nmweremeasured to be 1.0 × 10−3 for (P/M)–4o
and 1.2 × 10−3 at 360 nm for (P/M)–8a (Fig. 7f–h). These results are in
accord with conventional circularly polarized luminescent materials
with typical |glum| values on the order of 10−5–10−3.

Discussion
In conclusion, we have successfully developed an efficient method for
the enantioselective synthesis of inherently chiral sulfur-containing
calix[4]arenes through desymmetrizing electrophilic sulfenylation. A

chiral BINAM-derived sulfide was investigated as a suitable Lewis base
catalyst. It was observed that the kinetically favorable product is
rapidly formed while the thermodynamically favorable product is
gradually formed from the former. The combination of a chiral Lewis
base and HFIP plays an important role in controlling the enantios-
electivity. The use of chiral Lewis base catalyzed electrophilic sulfe-
nylation reaction to synthesize other useful chiral organosulfur
compounds is ongoing in our laboratory.

Methods
General procedure for the catalytic asymmetric electrophilic
sulfenylation of substrates 2
In an over-dried 10mL tube added 3Å MS (40mg, grinded by mortar)
and activated by heat gun, then equipped with a stir bar, corre-
sponding calix[4]arene 2 (0.1mmol, 1.0 equiv), sulfenylating reagent 3
(0.12mmol, 1.2 equiv), (S, R)–Cat. 1g (0.01mmol, 0.1 equiv) and pTSA
(0.01mmol, 0.1 equiv) were added in one portion. HFIP (0.2mmol, 2.0
equiv) was dissolved in DCM (2mL) and added via syringes immedi-
ately at corresponding temperature, and the solution was stirred for
several hours under argon atmosphere. After the reaction was com-
plete (monitored by TLC), the mixture was quenched with triethyla-
mine (30μL) and stirred for additional 3min. The solventwas removed
under reduce pressure, and the crudeproductwas purifiedby silica gel
flash column chromatography (petroleum ether: EtOAc) to afford the
corresponding product 4.

Data availability
The data generated in this study are provided in the Supplementary
Information file. The experimental procedures, data of NMR, HRMS
andHPLChave been deposited in Supplementary Information file. The
X-ray crystallographic coordinates for structures reported in this study
have been deposited at the Cambridge Crystallographic Data Center,
under deposition numbers 2342718 (for 2a), 2342717 (for 4a’), 2342716
(for 4o). These data could be obtained free of charge from The Cam-
bridge Crystallographic Data Center (https://www.ccdc.cam.ac.uk/
data_request/cif). All data are available from the corresponding
author upon request.
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