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A three-walled self-folding cavitand receptor derived from resorcin[4]arene featuring phenol groups near
the confined space catalyzes the cyclization reaction of nerol, using HCl as co-catalyst. In contrast to
terpene cyclization reactions mediated by other synthetic hosts, the process reported herein is substrate
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specific, provides very high selectivity towards cyclization products, and delivers limonene—a thermo-
dynamically disfavored product—as the major compound. The observed acceleration, turnover and
unique selectivity are rationalized on the basis of precise molecular recognition phenomena, supported
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Introduction

The application of synthetic host molecules in supramolecular
catalysis has emerged in the last decades as a viable and comp-
lementary approach to small molecule and biological
catalysis." ™ Supramolecular synthetic receptors are well suited
to reproduce the confinement, preorganization, and induced
fit effects that are central for the emergence of enzymatic cata-
lysis.* While a plethora of synthetic hosts have been reported
over the years, coordination cages™® and self-assembled resor-
cin[4]arene (R40OH) capsules”® stand out, thanks in part to
their synthetic accessibility (Fig. 1). Advances in this area have
allowed surpassing early reports on model reactions of limited
impact. One of the most prominent examples is the develop-
ment of terpene-cyclization catalysis by the (R40H)q(H,O)s
capsule (C1), developed by the group of Tiefenbacher,” which
allows the preparation of cyclic terpenes of remarkable com-
plexity.’® However, the control over the reaction selectivity
remains challenging in these systems, arguably because of the
difficulty in controlling host-substrate complementarity in the
large, non-functionalized, and highly symmetrical confined
space of C1. In addition, catalysis by C1 favours the most
thermodynamically stable cyclization products.’® Recent
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by NMR studies and DFT calculations.

efforts to develop less symmetrical assemblies showcase the
limitations of the C1-based systems on this front.'*"?

Functional self-folding receptors based on R40OH are also
promising candidates to develop bioinspired supramolecular
catalysis, although only a few examples of catalytic processes
have been reported to date using these hosts."**” In addition
to their synthetic complexity, the reduced binding site of
R40OH-derived cavitands is an important limitation to uncover
new reactivity. Conversely, it is precisely the snug fit offered by
these less symmetrical and functionalized confined spaces
that offers opportunities for selective reactivity. This is show-
cased by the epoxide ring opening reaction catalysed by a cavi-
tand with inwardly directed carboxylic acid functionality,
developed by the group of Rebek.'®"”

As demonstrated by Tiefenbacher, the catalytic performance
of C1 rests on a unique proton shuttle mechanism mediated
by the convergent phenol units at the vertices of the cage.'®
We hypothesized whether the phenol units in partially bridged
self-folding cavitand C2 (Fig. 1) could be exploited to effect
terpene cyclization catalysis in a similar manner, eventually
providing better control over the reaction outcome on the
basis of a binding site of reduced symmetry and better size
complementarity to monoterpenes in relation to C1. Partially
bridged cavitands like C2 have molecular recognition features
that are differentiated from those of their symmetrical
counterparts,’® " and have been used as a versatile platform
to develop more elaborated functional cavitands.'* 7?2732
However, their use as functional supramolecular reactors or
catalysts on their own has never been reported, to the best of
our knowledge.

Herein, we disclose the selective cyclization of nerol co-cata-
lysed by receptor C2 and HCI, resulting primarily in the for-
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a) Resorcin[4]arene derived hexameric cage C1 and cavitand C2

C1 = (R40H)e (H,0)g

b) Self-assembled cage catalysis of terpene cyclization

C1 10 mol%
HCI
.M‘\
;f;" !{\t‘a
;?

'wr}' 39% 20% 12% 5%

= Cyclization selectivity 80%
= Selectivity: eucalyptol

Fig. 1
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C2 R = n-CyyHas

c) This work: cavitand catalysis of terpene cyclization

SRy

53% 16% 13% 19%
= Cyclization selectivity 99%
= Selectivity: limonene

(a) Structures of the resorcin[4]arene (R4OH) hexameric cage C1, highlighting the convergent phenolic groups at the vertices, and schematic

structure of the partially bridged self-folding cavitand C2. (b) Cyclization of nerol catalysed by C1 and HCL. (c) Cyclization reaction of nerol catalysed

by C2 and HCL

mation of limonene and providing complete conversion to
cyclic products, a selectivity profile that is not available using
C1 as catalyst (Fig. 1).

Results and discussion
Reaction development and optimization

We started testing our initial hypothesis by subjecting linear
monoterpenes to reaction under conditions similar to those
reported for capsule-catalysed reactions, using 10 mol% C2 as
catalyst and 10 mol% HCl as co-catalyst in chloroform
(Table 1). Reaction monitoring was carried out by GC-FID ana-

Table 1 Initial screening of substrates (S) for cyclization reactions cata-
lysed by C2 and HCl

R/w/\/ Y\/ €2 10 mol%
$1 HCI 10 mol%
HQ
N A~ OAC CHCI |
s3 (100 mM)
R 30 °C,72h OH
R= prenyl P1 P2 P3
Conv. Yield P1 Yield P2 Yield P3 CR
Entry S [%] [0/0] [0/0] [0/0] [0/0]
1 S1 194+04 — — — —
2 S$2 23.4+0.7 13.3+0.5 4.5+0.2 4.0+0.1 93
3 $3 253+0.7 3.0+0.1 2.4+0.2 — 21
4 S4 19+2 4.3+04 2.0+0.3 — 33

Conversion and yields calculated by GC-FID analysis. Cyclic selectivity
ratio (CR) obtained by dividing the combined yield of cyclic products
by substrate conversion.

5986 | Org. Chem. Front.,, 2025, 12, 5985-5991

lysis, using authentic samples of a variety of available cyclic
terpenes as reference (see ESI{ for details). When using gera-
niol (S1) or linalool (S3) as substrates, moderate conversions
were observed, but cyclization products could either not be
detected or they were formed in very low yield. Conversely, the
cyclization of nerol (S2) proceeded to a similar extent in the
same time, resulting in almost total selectivity towards cyclic
products. Importantly, limonene (P1) was identified as the
major product in the mixture, alongside lesser amounts of ter-
pinolene (P2) and a-terpineol (P3). The use of S4—differing
only from S2 in the leaving group—resulted in a similar con-
version but provided again low yields of cyclic products.
Overall, this initial screening positioned nerol (S2) as a unique
substrate to drive the formation of cyclic products, suggesting
a good complementarity for C2 that is absent in the other
substrates.

With these promising results in hand, we next carried out a
systematic analysis of the reaction parameters with the objective
of increasing substrate conversion rates while keeping the dis-
tinct selectivity profile observed. Initial attempts to achieve com-
plete substrate consumption proved challenging, and we pro-
ceeded to analyse the reaction progress to identify the cause.
Reaction monitoring over time revealed that the reaction pro-
gresses rapidly in the first stages and a plateau in conversion
and yields is reached in the first 12 hours of reaction (Fig. S37).
We hypothesized that product inhibition was the cause of the
observed reaction rate decay, and we proceeded to carry out a
number of control experiments (Table 2). Interestingly, none of
the observed reaction products (P1-P3) resulted in any meaning-
ful inhibition when added at the beginning of the reaction. The
addition of water—a by-product of the reaction—did not have a
detrimental effect either. Conversely, the addition of a tetra-

This journal is © the Partner Organisations 2025
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Table 2 Control experiments for the cyclization of nerol (S2) catalysed by C2 and HCl (reaction time: 72 h)

C2 10 mol%
AN e 10 moi%
B E—
z gg‘% (71202 mM) P1 | P2 P3
s2 OH

Entry C2 [mol%] HCI [mol%] Additive Conv. [%] Yield P1 [%)] Yield P2 [%)] Yield P3 [%)] CR [%]
1 10 10 P1 10 mol% 24.0 £ 0.8 14.1 + 0.2° 4.8 +0.1 4.2 +0.0 96
2 10 10 P2 10 mol% 26 £1 16+1 4.6 + 0.5% 4.7 + 0.5 95
3 10 10 P3 10 mol% 24.8+0.3 14.3 £ 0.2 4.9+ 0.0 5.7 + 0.1¢ >99
4 10 10 H,0 10 mol% 29+1 19+1 6.0 £ 0.5 5.0 £0.2 >99
5 10 10 Me N AcO™ 20 mol% 0 — — — .
6 10 — — 0.1+£0.3 — — — —
7 — 20 — 13.8 £ 0.1 4.5+0.1 1.4+0.1 1.7 £ 0.1 55
8 10° 20 — 17.3+1.4 5.7+£0.6 1+0.3 6+0.3 60

Conversion and yields obtained by GC-FID analysis as average of two independent runs. Cyclic selectivity ratio (CR) obtained by dividing the
combined yield of cyclic products by substrate conversion. “ Amount formed in excess of the 10 mol% of P1/P2/P3 used as additive. > C3 used as

catalyst instead of C2.

methylammonium salt—a known strong-binder of the R40OH-
derived cavitands—resulted in a complete shutdown of the
observed reactivity, demonstrating the crucial role of substrate
encapsulation by C2 in the reaction outcome. In the absence of
acid co-catalyst neither nerol consumption nor product for-
mation were observed (Table 2, entry 6), underscoring that the
cavitand alone is insufficiently acidic to initiate the reaction. At
20 mol% loading of HCI in the absence of cavitand, the acidity
in bulk solution was sufficient to activate the substrate providing
some conversion, although indiscriminate reactivity was
observed, and cyclic products were formed in a low ratio
(Table 2, entry 7). Substitution of C2 by the closed analogue C3
lacking the phenol functionality (Fig. 2b) provided a similar

Conversion /
Yield

Fig. 2

outcome (Table 2, entry 8). Taken together, these data underline
the cooperative role of both catalysts and the necessity of a func-
tional confined space for achieving selective cyclization of nerol.

We continued our optimization study exploring various
reaction variables, including substrate concentration, catalyst
and co-catalyst loadings, and stirring rate, while maintaining a
consistent reaction time (Table 3). A maximum 59% conver-
sion was obtained by increasing the HCI loading from 10 to
20 mol%, providing exclusive conversion to cyclic products
with a significant and unprecedented bias towards limonene
(Table 3, entry 2). Among the variables tested, increasing the
co-catalyst (HCl) loading produced the most significant impact
on reaction outcomes, with conversion rates and product for-

(a) Reaction progress of the cyclization reaction of nerol (34 mM in CHClz, C2 10 mol%, aqueous HCl 30 mol%, 30 °C). Conversion is pre-

sented as the relative concentration of nerol with respect to initial concentration. (b) Schematic structures of the terpinyl cation analogues TA and
the 4-walled reference cavitand C3. (c) DFT-optimized structure of S2cC2 (side and top views). Nerol is depicted with a black carbon backbone,

non-polar hydrogens of the cavitand omitted for clarity.
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Table 3 Optimization of reaction conditions for the cyclization of nerol (S2) catalysed by C2 and HCl (reaction time: 72 h)

C2 cat.
=z OH HCI cat.

7 CHCI3
30°C,72h

R 2R R

S2 Stirring rate C2 HCI Conv. Yield P1 Yield P2 Yield P3 Yield P4 CR
Entry [mM] [rpm] [mol%] [mol%] [%] [%] [%] [%] [%] [%]
14 100 550 10 10 23.4+0.7 13.3+0.5 4.5+ 0.2 4.0 £0.1 — 93
2 100 550 10 20 59+1 40+ 6 12.4 £ 0.8 12+1 — >99
3 34 50 5 20 755 40+ 3 12.3 £ 0.8 8.0+ 0.6 12.5+0.9 97
4 34 50 10 20 73.4+£0.5 39.8+£0.1 12.4 £ 0.0 8.2+0.1 11.9+0.1 99
5 100 50 10 20 87+1 43.7 £ 0.7 14.2 £ 0.2 11.1 £+ 0.1 16.0 £ 0.0 98
6 100 50 = 20° 5.6 £0.1 17 g2 02 0.5 £ 0.0 1.1+0.3 = 59
7 34 550 5 30° 96.9 £ 0.3 53.1+0.0 16.4 £ 0.0 12.7 + 0.0 19.2' + 0.1 >99
8 34 550 10 30° 99.3 £ 0.2 53.0 £ 0.2 17.0 £ 0.0 14.0 £ 0.3 19.6 £ 0.0 >99
9 100 50 5 20° 96.8 £ 0.8 48 +£1 15.6 £+ 0.4 127 22 02 N7o7 2 055 97
10 100 50 10 20° 100 £ 0.0 49.4 £ 0.2 16.3 £ 0.1 13.4+0.2 18.1+0.1 97

Conversion and yields obtained by GC-FID analysis as average of two 1ndependent runs. Cyclic selectivity ratio (CR) obtained by dividing the

combined yield of cyclic products by substrate conversion.

mation rising markedly as co-catalyst levels increased. In com-
parison, increases in catalyst loading had a less pronounced
effect, suggesting that the co-catalyst primarily facilitates the
hydroxyl group activation step. This observation is in good
alignment with terpene cyclizations catalysed by C1, where the
cleavage of the leaving group has been identified as the rate-
determining step. We also tested the effect of temperature by
running the reaction at 45 °C instead of 30 °C (Table S2t). A
significant increase in conversion was observed as expected,
but the selectivity towards cyclic products decreased slightly,
suggesting that the effect of the temperature was more pro-
nounced on the non-catalysed background reaction.

An alternative explanation for the observed decay in reac-
tion rate over time was loss of HCI by evaporation. When the
reaction was carried out with gentle stirring (50 rpm instead of
550 rpm) the conversion increased (Table 3, entries 3-5),
suggesting that evaporation of HCI may indeed be a significant
factor for the reaction outcome. A maximum conversion of
87% was reached at 100 mM substrate concentration and
20 mol% loading of HCl. Under these conditions, an
additional reaction product was observed, which we identified
as o-terpinyl chloride (P4). At this point, we were intrigued by
the slight but significant beneficial role of water (Table 2,
entry 4), which we initially considered a potential source of
reaction inhibition. We hypothesized whether aqueous HCI
could be used directly in the cavitand-catalysed cyclization of
nerol. In reactions catalysed by C1, accurate control of water
content in the reaction mixture is crucial because the integrity
of the hydrogen-bonded capsule is highly dependent on it.
Conversely, the intramolecular hydrogen bond stabilization of
self-folding cavitands make them more tolerant to adventitious
water.>*** Gratifyingly, when we subjected nerol to reaction
using aqueous HCI as co-catalyst, total substrate conversion
was observed (Table 3, entries 6-10, shaded). We postulate that
the use of water as additive minimizes loss of HCI by evapor-

5988 | Org. Chem. Front,, 2025, 12, 5985-5991

“ Table 1, entry 2. ” Aqueous HCI was used.

ation, leading to these improved conversion rates. Under these
conditions, total selectivity towards cyclic products is observed,
with limonene being formed in a remarkable 53% yield. The
newfound reaction efficiency allows the reduction of C2
loading to 5 mol% with minimal impact on the reaction per-
formance. Additionally, cavitand C2 can be easily recovered in
pure form from the reaction mixture. Reaction progress ana-
lysis under the optimized conditions revealed that P4 is
formed in significant amounts only after 12 h, after most of S2
is consumed, and it probably remained undetected in previous
runs that proceeded at lower conversions (Fig. 2a). We hypoth-
esize that P4 is formed primarily from P3 (a-terpineol) by an
activation process akin to that proposed for S2, but occurring
at a significantly lower reaction rate.

Mechanistic studies

Having established optimal conditions for the production of
limonene with the C2/HCI catalytic system, we set out to
rationalize the observed results on the basis of the molecular
recognition properties of C2. Molecular modelling studies
revealed that nerol presents a very good complementarity for
C2 owing to its contorted conformation, which allows the
terminal isoprene group to fill the tapered end of the cavitand
while the hydroxyl function is interacting through hydrogen
bonding with the phenol groups and one of the amide NHs
(Fig. 2c). We then set out to ascertain the binding affinities of
the chemical species involved to justify the reaction turnover.j
Using a "H NMR titration experiment, an association constant
(K,) of 8.8 M~ was measured for the binding of nerol in C2
(Fig. S41). A value of K, = 110 M~ has been reported for

1 Titrations were carried out by "H NMR in CDCl; without any added water.
Attempts to carry out titration studies in the presence of water at concentrations
similar to those in the catalysis experiments were unsuccessful due to broaden-
ing of the key resonances involved.

This journal is © the Partner Organisations 2025
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binding of nerol in C1, showcasing that very high substrate
affinities are not a requirement for efficient supramolecular
catalysis.’® Additional titration experiments with compounds
P1-P4 revealed that the K,’s of the reaction products are sig-
nificantly below that of nerol, which explains the observed lack
of inhibition by any of these species. Finally, we obtained a K,
of 298 M™" for terpinyl cation analogue TA (Fig. 2b), a known
inhibitor of terpene cyclases,”®?” suggesting that the terpinyl
cation remains in the cavity prior to elimination or trapping by
nucleophiles. The binding of TA in C2 was found to be in slow
exchange regime relative to the NMR time scale at 238 K, allow-
ing us to determine that TA is positioned with the dimethyl-
amino group at the deepest section of the cavity (Fig. S77).
This observation suggests that upon cyclization of nerol in C2,
the nascent terpinyl cation is positioned with the terminal
methyl groups in close contact with the polar region defined
by the phenol groups, facilitating the elimination reaction that
leads to limonene.

To complete the mechanistic understanding of the reaction
we carried out computational studies at the DFT level (Fig. 3).
The optimized molecular models show that upon protonation
of S2cC2 by HCI (intermediate I1), the protonated alcohol
group of the substrate establishes cooperative hydrogen
bonding with one phenol group and one amide carbonyl
group on the cavitand’s rim. At the same time, the chloride
counterion is bound to the opposed phenol group and one car-
bonyl NH, providing a highly structured environment that is
ripe for activation of the substrate. The cyclization to the terpi-
nyl cation requires a barrier of only 12.2 kcal mol™* (TS1),
much below the value of 24.5 kcal mol™* found for the reaction

15.0 -
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5.0 4

e
o
L
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&
L=
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mediated by HCI alone (Fig. S8%), corroborating the accelera-
tion of the reaction under cooperative catalysis by C2 and HCI.
The transition state for the cyclization is Sy2-like, occurring
with concerted cleavage and formation of the C-O and C-C
bonds respectively. The terpinyl cation is obtained in a twist-
boat conformation (I2a), and after relaxation to a half-chair
conformation multiple orientations of the cation within the
cavity are accessible. The extruded water molecule is hydrogen
bonded to one of the phenol groups and one amide carbonyl
group. Although experimental evidence of simultaneous
binding of TA and water with C2 could not be obtained,} we
carried out a titration experiment of C2 with water that pro-
vides strong evidence for the proposed binding model (Fig. S5
and S671). An arrangement of the terpinyl cation with one of
the methyl groups in close contact with the extruded water was
located (I2b, d(H-O) = 1.59 A), from which facile elimination
occurs leading to limonene (I3), confirming that substrate acti-
vation to yield the terpinyl cation is the rate determining step.
Another orientation of the terpinyl cation was located with the
tertiary C-H bond favourably oriented for elimination to terpi-
nene (I2c — T23 — I4, Fig. S9%), although at significantly
longer distance from water (d(H-O) = 2.64 A). Additionally,
transition states leading to the formation of a-terpineol (TS4)
and o-terpinyl chloride (TS5) were located, but we could not
locate analogous minima leading to them (Fig. S9f). The low
barrier calculated for the formation of limonene and the fact
that the transition states leading to the minor products of the
reaction are lower in energy suggest that the product selectivity
is dictated by the diffusional rotation of the terpinyl cation
within the cavity of C2.

Fig. 3 Calculated reaction profile for the conversion of the nerol (S2) to limonene (P2) within C2, indicating relative Gibbs free energies (B3LYP/

def2-SVP/GD3BJ//wB97-X/def2-TZVPP).
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Conclusions

We have developed an efficient terpene cyclization process of
nerol catalysed by a partially bridged cavitand receptor C2 and
HCIL The reaction provides complete selectivity to cyclization pro-
ducts with a marked and unprecedented preference for limonene,
reversing the selectivity pattern observed in reactions catalysed by
the R4OH hexameric cage (C1). It is worth noting that products
arising from 1,2- and 1,3-hydride shifts of the terpinyl cation (a-
and y-terpinene, isoterpinolene) as well as bicyclic eucalyptol are
not formed in this process, but are consistently formed in reac-
tions catalysed by C1. Catalysis by C1 leads preferentially to the
most thermodynamically stable cyclization compounds, while the
precise molecular recognition of the terpinyl cation by C2 makes
it easier to obtain limonene, a product of kinetic control. The
reaction operates at catalytic loadings as low as 5 mol%, and the
catalyst can be easily recovered after use, features that bode well
for potential synthetic applications of C2. This process relies on
well-defined molecular recognition phenomena that provides sub-
strate specificity, as opposed to the promiscuous reactivity
observed with C1. The observed selectivity is reminiscent of the
mode of action for natural monoterpene cyclases, where the inter-
mediacy of linalyl pyrophosphate—a substrate preorganized for
cyclization—is postulated.*® The selectivity of the cyclization reac-
tion is also driven by the molecular recognition of the key terpinyl
cation intermediate within the confined space of C2. Titration
experiments and computational studies at the DFT level explain
the observed catalysis and acceleration, and provide clues about
the origin of the product selectivity. Although production of limo-
nene with simple small molecule catalysis is possible,* this work
demonstrates that a functional pre-organized host of reduced
symmetry is a viable alternative to C1 for taming terpene cycliza-
tion processes. The use of cavitand receptors of expanded and
flexible binding sites**** in combination with more sophisticated
computational models that take into account the host dynamics
appear as a promising avenue towards the development of ration-
ally designed terpene cyclization processes of higher complexity.
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