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This study elucidates the pivotal role of hexameric capsule C in the Brensted acid-catalyzed dimeriza-
tion of styrenes to indanes. The confined environment significantly influences the reaction outcomes and
requires the co-encapsulation of acid counter-anions for the effective stabilization of carbocation inter-
mediates. These results indicate the potential to optimize the catalytic activity of hexameric capsule C
through careful selection of suitable carbocation counter-anions.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, the synthesis of organic molecules within the
confined spaces of the self-assembled resorcinarene capsule C
(Fig. 1) [1,2] has emerged as a powerful tool in chemistry [3-7].
It is now well-established that chemical reactions occurring in the
confined space of capsule C can differ significantly from those in
bulk media [8-13]. Inside the cavity of capsule C, cationic inter-
mediates and transition states are shielded from interactions with
other molecules, which leads to reaction outcomes that can dif-
fer markedly from those in bulk environments [3-7]. Additionally,
this protection from nucleophilic attacks by water or other poten-
tial reactants often favors unimolecular processes like cyclization
over alternative pathways [12,13]. In this regard, Tiefenbacher re-
ported several intriguing examples of terpene cyclase mimicking
using the self-assembled resorcinarene capsule C [12,13].

As is known the hexameric resorcinarene capsule C (Fig. 1)
is formed by the self-assembly of six resorcinarene macrocycles
1 and eight water molecules, stabilized by an intricate network
of 60 hydrogen-bonding interactions. The structural water within
this network serves as important hydrogen-bonding donors, en-
abling capsule C to effectively catalyze Friedel-Crafts reactions [8-
11,14,15].

Indanes are important carbocycles that provide a unique struc-
tural framework for novel pharmaceuticals [16-18]. In recent
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decades, numerous synthetic procedures for indanes have been re-
ported, often relying on metal catalysis and utilizing structurally
complex and costly reagents [19]. These methods encompass var-
ious cyclization strategies [20-24], including Michael-type reac-
tions, cycloaddition processes [20], and intramolecular Friedel-
Crafts cyclizations [21].

Based on these considerations, we propose an organocatalytic
approach for the nanoconfined synthesis of indanes. This method
exploits the confined space of the self-assembled resorcinarene
capsule C and employs inexpensive reagents, such as styrene and
acid co-catalysts. Our strategy is designed to improve reaction effi-
ciency and selectivity while minimizing the environmental impact
typically associated with conventional metal-catalyzed processes
[21,23,24].

Initially, we aimed to investigate the reaction outcome of HBr
addition to the double bond of styrene derivatives 2a-d (Fig. 2)
within the confined space of capsule C. The treatment of styrene
2a with HBr (1 equiv.) in the presence of hexameric capsule C (0.26
equiv.) in water-saturated CHCl3 at 50°C for 16h resulted in the
formation of product 3a with a yield of 60% (Table 1, entry 1).
The GC-MS spectrum displayed a molecular ion peak at 208 m/z,
consistent with the molecular formula of 3a, and indicative of the
dimerization product of styrene 2a.

Detailed analysis using 1D and 2D NMR spectroscopy (COSY and
HSQC) and GC-MS analysis (see Supporting information for details)
indicated that compound 3a consists of a 50:50 mixture of two
cis/trans diastereoisomers. The assignment of NMR signals corre-
sponding to each diastereomer was facilitated by DFT-simulated 'H
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Fig. 1. Self-assembly driven by hydrogen bonding between six resorcinarene
molecules and eight water molecules leads to the formation of the hexameric re-
sorcinarene capsule C.
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Fig. 2. Dimerization of styrene derivatives promoted within the nano-confined cav-
ity of capsule C in the presence of acid.

Table 1
Dimerization of styrene derivatives 2a-d inside C.2

Entry C(equiv.) Acid Acid (equiv.) 2a-d Time (h) 3a-d (%)
1 0.26 HBr 1 2a 16 60
2¢ 0.26 / / 2a 16 /
3¢ 0.26 HCl 0.03 2a 16 /
4¢ / HBr 1 2a 16 /
5¢.d 0.26 HBr 1 2a 16 /
6 0.26 HBr 1 2b 1 85
7 0.26 HBr 1 cis-2¢ 16 94
8 0.26 HBr 1 trans-2¢ 16 94
9 0.26 HBr 1 2d 16 96
10 0.26 HCl 1 trans-2c¢ 16 81
11 0.26 HCI 1 2a 16 50
12 0.26 HI 1 trans-2c¢ 16 /
13 0.26 TFA 1 trans-2c¢ 16 /
14 0.26 AcOH 1 trans-2c¢ 16 /
15 0.26 HClO,4 1 trans-2c¢ 16 /
16 0.26 HCOOH 1 trans-2c¢ 16 58
17 0.26 HBF4 1 trans-2c¢ 16 72
18¢ 0.26 HBr 1 cis-2¢ 16 94

2 Unless noted otherwise reaction conditions are: 2a-d (84.9 pmol), acid (84.9
pmol, 1 equiv.), C [26 mol%, corresponding to 141 mg of 1 (127.4 pmol)], water-
saturated CHCl; (0.55 mL).

b [solated yield determined by chromatographic column; isolated yields refer to
the combined yields of all stereoisomers; all reactions were performed in triplicate;
the reported yields correspond to average values with a reproducibility within £+3 %.

¢ No product formation; only starting materials recovered.

d Reaction performed with tetraethylammonium tetrafluoroborate (46 mg, 212.5
pmol).

¢ Experiments on the reusability of C; the activity was maintained after different
cycles.

NMR spectrum, generated using Gaussian software (Supporting in-
formation). Based on these results, we investigated the formation
of compound 3a within the nanoconfined environment of capsule
C in the absence of HBr (Table 1, entry 2). After 16 h at 50°C, no
hint of 3a was detected in the reaction mixture. Data previously re-
ported in the literature [14] showed that the addition of 0.03 equiv.
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of HCl in CDCl3 (with 10mol% capsule) enhances the capsule’s
acidity and promotes substrate protonation [14]. In contrast, excess
water is disadvantageous for many cyclizations [15]. However, un-
der our conditions, reacting 2a with 0.03 equiv. of HCI within cap-
sule C at 50°C yielded no detectable 3a (Table 1, entry 3). Similarly,
no product formation was observed when 2a was treated with HBr
in the absence of capsule C (Table 1, entry 4), demonstrating that
both capsule C and a stoichiometric amount of HBr (relative to
styrene) are crucial for the reaction. Finally, adding tetraethylam-
monium tetrafluoroborate to the reaction mixture containing cap-
sule C and HBr also failed to produce 3a (Table 1, entry 5, Fig. S34
in Supporting information). Tetraethylammonium tetrafluoroborate
is a well-known competitive guest that exhibits a high affinity for
the inner cavity of capsule C [3-11]. Based on these observations, it
can be inferred that the reaction occurs specifically within the cav-
ity of the capsule. To confirm that capsule C maintains its hexam-
eric structure in the presence of HBr, we conducted a DOSY experi-
ment (Supporting information), which shows that C remains stable
under the conditions in Fig. 2.

With these results in hands, a quantum mechanical (QM) in-
vestigation was conducted to gain mechanistic insight into the
Friedel-Crafts (FC) cyclodimerization of substrate 2a within the
confined environment of capsule C (Fig. 3). Following the previ-
ously reported protocol [8-11], a reduced model of the capsule
with truncated alkyl chains was employed, and the ONIOM method
(M06-2X/PM6) was used to explore the reaction pathway lead-
ing to the formation of the cis-3a product (Fig. 3). We exam-
ined the formation of the catalytically active heterocomplex MC
[(2a), + HBr@C], in which two molecules of 2a are encapsulated
inside the cavity of capsule C, in the presence of a hydronium ion
(H307), with Br~ replacing a bridged water molecule. This choice
is consistent with previous report [14] showing that protonation
of bound water molecules inside the capsule can generate H3;0™,
which acts as a proton shuttle to the encapsulated substrate. The
formation of this ternary complex MC (Fig. 3) yields an overall
stabilization of —24.4 kcal/mol, supported by hydrogen-bonding in-
teractions involving both H30* and Br— with polar groups at the
capsule interior. The reaction initiates via protonation of a styrene
unit, leading to the formation of a benzylic carbocation through
transition state TS1, with an activation energy of 9.2 kcal/mol. Con-
sistent with a finding previously reported in literature [25,26], the
calculations indicate that within the hexameric capsule, the bro-
mide counteranion forms a tight ion pair (carbocation---Br— dis-
tance of 4.36 A), which contributes to the enhanced stabilization of
the carbocation I1. The resulting intermediate I1 lies 20.6 kcal/mol
below TS1 and forms a tight ion pair with Br~ (carbocation.--Br—
distance =2.09A), which further stabilizes the cationic species.
Subsequently, carbocation I1 undergoes nucleophilic attack by a
second styrene molecule through transition state TS2, which is lo-
cated 4.9 kcal/mol above I1. From TS2, the second carbocation, 12,
is formed, residing 16.8 kcal/mol below TS2. In intermediate 12, a
carbocation.--Br— distance of 4.91 A was calculated. Following this,
carbocation 12 undergoes intramolecular cyclization to yield inter-
mediate I3 via transition state TS3. I3 then rearomatizes via a low-
barrier transition state (TS4) to produce the final product, cis-3a.
The formation of cis-3a from I3 involves a rearomatization step
characterized by a very low energy barrier at TS4.

Based on these findings, we explored the scope of the Friedel-
Crafts (FC) dimerization reaction catalyzed by capsule C by evalu-
ating various styrene derivatives (Figs. 2 and 4, and Table 1).

We investigated the reactivity of «-methylstyrene (2b). Due to
the increased stability of tertiary carbocation, the reaction pro-
ceeded more rapidly (1h) than with 2a and yielded a high con-
version rate (Table 1, entry 6).

B-Methylstyrene 2c¢ was studied using both trans and cis
stereoisomers (Fig. 4, Table 1, entries 7 and 8). Starting with cis-
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Fig. 3. In-silico studies of the cyclodimerization of styrene and nomenclature adopted. Capsule C is schematically represented in yellow. The oxygen atom of structural water
is shown as a red dot. For TS1-4, magnified views of the minimized structures are provided, highlighting the O-H..-Br distances. These distances, measured in A, represent
the interactions between the bromine atom of HBr and the closest resorcinarene-OH group as well as the capsular water (indicated by a red circle).
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Fig. 4. Dimerization of cis/trans-2¢ and 2d in the presence of C and HBr. Di-
astereoisomers I, III, and IV of compounds 3c and 3d, obtained from cis/trans-2c
and 2d, were formed as racemic mixtures.

2c¢, the product 3c was formed after 16 h in 94% yield (Table 1,
entry 7).

Given the three stereocenters in 3c, four diastereoisomers (I-
IV in Fig. 4) were expected as enantiomeric pairs. However, NMR
spectroscopy and quantum mechanical (QM) simulations of the 'H
NMR spectrum revealed the presence of diastereoisomers II, III,
and IV in yields of 54%, 31%, and 15%, respectively, which was
confirmed by GC-MS analysis. The reaction was then repeated us-
ing trans-2c (Fig. 4), also yielding product 3c in 94% after 16h
(Table 1, entry 8). Again, NMR and QM simulations showed II, III,
and IV in yields of 57%, 37%, and 6%, respectively, confirmed by
GC-MS analysis. The low stereoselectivity observed is consistent
with literature reports on the dimerization of S-methylstyrene un-
der different conditions [24].

Trans-anethole 2d (Fig. 4) was converted to compound 3d with
a yield of 96% (Table 1, entry 9). The reaction showed remarkable
stereoselectivity, favoring the all-trans product II with a II/III se-
lectivity ratio of 78:22. Similar stereoselectivity was reported for

the dimerization of trans-anethole 2d in the presence of H,SO,4 in
water at reflux [22].

In summary, the QM calculations presented in Fig. 4 suggest
that during the cyclodimerization of 2a within capsule C, the
carbocation intermediates I1-I3 are stabilized by tight ion pairs
with bromide counter-anions. The bromide can replace a water
molecule on the exterior surface of the capsule. More importantly,
the anion can participate in the hydrogen-bonding network that
stabilizes the capsule. This stabilization (Br~---cation) through elec-
trostatic interactions is a crucial driving force for the cyclodimer-
ization of styrenes in the confined space of C. Based on this find-
ing, we investigated the role of the acid counter-anion in the
dimerization trans-2c¢ with various acids in the presence of C, as
detailed in Table 1 (entries 10-17). When HCl was used in the
presence of C, the desired product 3¢ was obtained with 81% yield
(entry 10). In addition, HCI was effective also in the dimerization of
2a with C, resulting in the formation of 3a with 50% yield (entry
11). In contrast, no dimerization of trans-2c occurred in the pres-
ence of the stronger acid HI and C (entry 12).

Instead, the reaction resembled the control experiment without
C, resulting solely in the hydrohalogenation of 2¢ by HI addition to
the double bond. These findings strongly suggest that the addition
of HI to the double bond of 2c took place in the bulk medium. As
we previously reported [27], the larger iodide anion is a weaker
hydrogen-bond acceptor compared to chloride or bromide, making
it poorly accommodated within capsule C. This likely hinders the
formation of a tight ion pair between I~ and the carbocation in-
side C, as was observed between Br~ and I1-I3 (Fig. 4). Similarly,
the reaction of trans-2c in the presence of C, with HClO4, TFA, or
acetic acid (entries 13-15), did not yield the desired product, likely
due to the inability of their larger counteranions to co-encapsulate
with two styrene units, which is necessary for effective carboca-
tion stabilization, as shown in Fig. 3. To investigate the interac-
tion and encapsulation of anions within resorcinarene capsule C,
we recorded the 'H NMR spectra of capsule C in the presence
of acetic acid, perchloric acid, hydrobromic acid, and formic acid
(Fig. S35 in Supporting information). These experiments were con-
ducted using the same capsule-to-acid ratios and concentrations
as those employed under catalytic conditions. The spectra display
distinct features in the hydroxyl region (9-10 ppm), which is highly
sensitive to the capsule’s aggregation state and hydrogen-bonding
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network. Notably, the presence of perchlorate and acetate ions did
not significantly perturb the OH signals, indicating that these an-
ions do not interfere with the hydrogen-bonding network and are
poorly encapsulated. Conversely, the addition of hydrobromic acid
and formic acid resulted in broadening or disappearance of the
OH signals, suggesting effective participation of Br~ and formate
ions in the hydrogen-bonded capsule framework (Fig. S35). These
results (Table 1, entries 10-17) clearly demonstrate that the cy-
clodimerization of styrenic derivatives inside the capsule occurs
only in the presence of small counter-anions capable of being co-
encapsulated with the carbocationic species within the capsule,
which needs to be stabilized. In agreement, data previously re-
ported [25] highlighted that Ir-complex salts with small counteran-
ions (ClI- and Br~) can be encapsulated within the resorcinarene
capsule, whereas encapsulation does not occur with larger coun-
teranions such as ClO4~. Supporting this, Colasson [28] showed
that the perchlorate anion does not co-encapsulate with its Cu(I)
complex within capsule C; instead, it tends to displace water at the
corners, leading to kinetic destabilization of the hexameric struc-
ture. In contrast, the use of weaker acids compared to HCIO4, such
as HCOOH and HBFy, resulted in yields of 58% (entry 16) and 72 %
(entry 17) for compound 3c, respectively [28]. This outcome aligns
with the known ability of the tetrafluoroborate (BF;~) anion to
co-encapsulate with organic ammonium cations within the cap-
sule [29]. Naturally, as demonstrated by Rebek [29], the ability of
the capsule to encapsulate ions pairs also largely depends on their
sizes.

In conclusion, this study highlights the essential role of hexam-
eric capsule C in facilitating the organocatalytic cyclodimerization
of two styrenes to indanes in the presence of acids. The findings
underscore the importance of the acid counter-anion for stabiliz-
ing carbocation intermediates. Effective stabilization through elec-
trostatic interactions requires the co-encapsulation of the counter-
anion with carbocation; otherwise, the reaction fails to proceed
successfully in the confined space. This co-encapsulation is facili-
tated by hydrogen bonding interactions between the counter anion
and water molecules at the corners of capsule C. Ultimately, these
results demonstrate the potential to fine-tune the catalytic activity
of hexameric capsule C by selecting appropriate anions.
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