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We report the results of our investigations on the role of the octa-imine bis-calix[4]pyrrole cage 1 in
mediating confined 1,3-dipolar cycloaddition reactions of a series of 4-azido(alkyl)-pyridine-N-oxides
(alkyl = null, Me, Et; 2a—c) with 1-(2-propynyl)-4(1H)-pyridinone (4). We performed *H NMR binding
studies of the different substrates with the octa-imine cage, evidencing the formation of
thermodynamically and kinetically highly stable inclusion homo-complexes featuring 1:1 and 2:1
stoichiometry. We speciation and performed

thermodynamically characterize the formed complexes. Adding mixtures of an azido-derivative with the

used simulated profiles ITC experiments to
propynyl—pyridinone in a solution of cage 1 resulted in the formation of the expected 1:1 and 2:1
homo-complexes, and allowed the detection and characterization of the corresponding ternary hetero-
complexes (Michaelis) in solution, 2-4C1. The azide—alkyne cycloaddition reactions are significantly
accelerated by confinement of the reactants in cage 1. We assessed the reactions’ acceleration factor by
determining their effective molarities (EM = Kinya/kpu). We derived the kinya values from the best-fit
computer simulation of an elaborated theoretical kinetic model to the experimental kinetic data. The
determined EM values range from 2000 to 70 M depending on the length of the azido(alkyl) spacer.
Notably, we observed a complete switching in the regioselectivity of the confined cycloaddition

Received 25th April 2025 reactions. That is, the confined reaction is stereoselective for the 1,4-isomer of the triazole adduct of the
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4-azido pyridine-N-oxide derivative 2a, but turns stereoselective for the 1,5-counterpart for the

azido(methyl) and azido(ethyl) derivatives, 2b and 2c. We used the computed DFT structures of the
inclusion complexes to rationalize our findings.
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arrange and orient the reacting groups of the substrates in
a geometry close to that of the reaction's transition state (TS). In

Introduction

Chemists have designed and synthesized molecular containers
inspired by enzymes,"* and used their cavities as nanometric
flasks to mediate intra- and inter-molecular reactions.>* Simi-
larly to enzymes' active sites, the simple inclusion of two
reacting substrates within the confined space of a synthetic
molecular flask increases their local concentration. Considering
identical bulk concentrations, this simple confinement effect
can significantly increase the bimolecular reaction rate
compared to that in solution. However, confined reactions
might experience other effects.>® The confinement process can
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doing so, the binding of the substrates in the container's cavity
can compensate for additional entropic costs of the reaction,
thereby further reducing the energy barrier of the TS (AS*).2

Enthalpic stabilization of the TS, desolvation, and others
have also been postulated to explain the reaction's acceleration
induced by confinement.”® Controlling the relative orientation
of the reacting groups within the confined reaction space can
significantly influence the reaction's selectivity.>'® This control
is mainly exerted by size, shape, and functional groups
complementarity between the substrates and cavities, as well as
the minimization of steric clashes. Examples were reported in
which the selectivity of the confined reaction was significantly
altered'** or even completely changed"® compared to the bulk.

In short, the simultaneous binding of two reacting
substrates in a molecular container leads to the formation of
a ternary hetero-complex (a.k.a. Michaelis complex). This is
a key feature of the confinement effect in bimolecular reactions,
which, due to multiple factors, influences the reaction's rate
and selectivity.>*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Designing tailored molecular containers to facilitate specific
chemical reactions is a complex task.” Typically, these
containers are synthetically challenging to access, and their
customization involves intricate procedures.'® Additionally,
predicting the influence of a molecular container on the
confined chemical reaction (i.e., acceleration and selectivity) is
not straightforward.

In the last few decades, the azide-alkyne Huisgen cycload-
dition reaction has been widely studied. This 1,3-dipolar
cycloaddition reaction grants access to triazole derivatives,
which are highly relevant to medicinal chemistry and pharma-
cology." In the bulk solution, the inter-molecular version of the
reaction is typically very slow, even at high temperatures,
producing a mixture of two regioisomeric products: 1,4- and 1,5-
disubstituted 1,2,3-triazoles."® The Cu(1)-catalyzed azide-alkyne
cycloaddition (CuAAC) reaction is a well-established and highly
efficient procedure for the regioselective synthesis of 1,4-
substituted 1,2,3-triazoles.”>* On the other hand, an analogous
method for obtaining 1,5-disubstituted triazoles is less devel-
oped and generally less efficient. A common approach is the
Ru(n)-catalyzed azide-alkyne cycloaddition (RuUAAC).>>>*

The literature provides few examples of azide-alkyne cyclo-
addition (AAC) reactions mediated by molecular containers.>*2
These reactions were regioselective, producing the 1,4-disub-
stituted triazole isomer, and experienced significant accelera-
tions. The acceleration factors, quantified as effective molarity
(EM = kinera/kpuii), were in the range of 10-10* M.

We recently described the acceleration of AAC reactions,
Huisgen reactions, included in the cavity of the self-assembled
[4 + 2] octa-imine bis-calix[4]pyrrole cage 1.>® The AAC reactions

Fig. 1 Molecular structure of octa-imine cage 1 and scheme of the
1,3-dipolar cycloaddition reaction between azido-(2a—2c) and ethynyl
(3 or 4) producing the two regioisomeric 1,4- (5 or 7) and 1,5- (6 or 8)
disubstituted 1,2,3-triazoles. The corresponding proton assignments
for octa-imine 1, substrates 2, and 4, and products 7 and 8 are also
shown.
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involved 4-azido(alkyl) pyridine-N-oxide derivatives, 2b-c, and
the 4-ethynyl pyridine-N-oxide, 3 (Fig. 1). The functionalization
of the cavity of cage 1 with eight inwardly directed NH polar
groups constitutes the most significant difference with respect
to other molecular flasks used in mediating the AAC reaction.
This particularity allowed using highly directional interactions,
i.e., hydrogen bonds, to drive the inclusion of the substrates and
suitably orient their reacting groups in a productive geometry.
In turn, it produced acceleration factors, quantified as EM,
larger than 10°> M. These represent the largest accelerations
reported to date for bimolecular reactions included in a molec-
ular container, in which the direct detection of the ternary
Michaelis complex simplifies the analysis of the kinetic data. As
in other examples, the mediated AAC reaction was regiose-
lective, producing exclusively the 1,4-disubstituted isomer (i.e.
5b and 5c).

We undertook this work because the AAC reaction between
2a and 3 was not noticeably accelerated when it was included in
1 (Fig. 1).>® In contrast, and as mentioned above, that of 2b with
3 was indeed significantly accelerated. The only difference
between 2a and 2b was the incorporation of a methylene unit
spacing the reacting azide group and the pyridine-N-oxide knob.

We became interested in evaluating the reactivity and
acceleration effect caused by adding the methylene spacer unit
in the alkyne substrate instead of the azide. Herein, we report
our findings for analogous AAC reactions confined in cage 1
using 1-(2-propynyl)-4-pyridinone, 4, as the alkyne substrate.
Pyridinone 4 is the surrogate of the desired homologous of
pyridine-N-oxide 3 that was synthetically elusive for us.

We use "H NMR titrations to characterize the formation of
1:1 and 2:1 homo-complexes by including 4 in cage 1. The
results of related experiments with the series of azido(alkyl)
pyridine-N-oxides, 2a-c, were already reported.”® Mixing equi-
molar amounts of an azido-derivative, 2a-c, with 1-(2-propynyl)-
4-pyridinone 4 and cage 1 allowed the detection and charac-
terization of the corresponding ternary hetero-complexes
(Michaelis) in solution: (2-4)C1. We investigate the kinetics
and regioselectivities of the AAC reactions emanating from the
(2-4)C1 complexes. The obtained results demonstrate acceler-
ation of the reactions and change in regioselectivity. The
cycloaddition reactions of 4 with 2b-c mediated by cage 1 are
highly regioselective for the 1,5-disubstituted triazole isomers,
8b-c (Fig. 1). This isomer is challenging to synthesize in a good
yield and regioselective manner using metal-catalyzed
approaches (e.g. RuAAC). Our findings represent the first re-
ported case of 1,5-regioselectivity in AAC reactions mediated by
molecular containers, marking a significant and novel contri-
bution to the field.

Results and discussion
Synthesis

Octa-imine cage 1 and azido pyridine-N-oxide derivatives 2a-c
were prepared following reported procedures.”®* Notably, in
this work, we isolated the octa-imine cage 1. Following the
quantitative self-assembly of the octa-imine cage 1 in solution,
the solvent was removed under vacuum. The reaction crude was
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dissolved in dichloromethane, and MeOH was added to
precipitate pure 1 as a yellowish solid (DCM : MeOH 4:1).

The 1-(2-propynyl)-4-pyridinone 4 was prepared by reacting
4-hydroxypyridine with propargyl bromide in acetonitrile using
potassium carbonate as a base.** Compound 4 was isolated as
a white solid after column chromatography purification. We
used neutral alumina as the stationary phase and a DCM: iso-
propyl alcohol (IPA), 97 : 3, solvent mixture as eluent (see ESI for
details and complete spectroscopic characterization of the
compounds).

1,4-disubstituted 1,2,3-triazole derivatives, 7a-c¢, were
synthesized via CuAAC reactions of the pyridine-N-oxides con-
taining para-substituted azido(alkyl) residues, 2a-2¢, and 1-(2-
propynyl)-4-pyridinone 4. Analytical quantities of the 1,5-
disubstituted counterparts, 8b-¢, were obtained after HPLC
purification of the reaction crudes of the uncatalyzed thermal
cycloaddition reactions performed at 343 K in DMF solution.
The reaction crudes contained the two regioisomeric 1,2,3-tri-
azoles, 7 and 8, in a ~3 : 1 molar ratio, respectively.f We used an
analytical BEH HILIC column and a linear solvent gradient
elution of CH3;CN: H,O (98:2 to 60:40 in 15 minutes) for the
isolation and purification of the two triazole isomers (see ESI for
details and complete spectroscopic characterization of all
compounds).

Binding studies with octa-imine cage 1

Azido pyridine-N-oxide derivatives, 2a-c. Previously, we
described the formation of thermodynamically and kinetically
highly stable 1:1, (2-CD3CN)C1, and 2:1 (2),C1, inclusion
complexes of octa-imine cage 1 with azido pyridine-N-oxide
derivatives, 2a-c.”® In the 1:1 complexes, one pyridine-N-oxide
molecule 2 was bound in one hemisphere of the octa-imine cage
1 by establishing four convergent hydrogen bonding interac-
tions between its oxygen atom and the pyrrole NHs. A molecule
of solvent (i.e., CD;CN), was included in the opposite hemi-
sphere through hydrogen bonding interactions. In the 2:1
complexes, both hemispheres of cage 1 included one molecule
of pyridine-N-oxide 2. Their para-azido substituents converged
in the center of the cage.

1-(2-propynyl)-4-pyridinone 4. In this study, we investigated
the binding properties of the octa-imine cage 1 with 1-(2-
propynyl)-4-pyridinone 4 using "H NMR spectroscopic titrations
and ITC experiments in a CDCl; : CD;CN, 9: 1, solvent mixture.
When approximately 1 equiv. of pyridinone 4 was added to
a 2 mM solution of the octa-imine cage 1, two new sets of proton
signals with different intensities appeared (Fig. S25t). We
assigned these signals to the inclusion complexes: 1:1,
(4-CD3;CN)C1, and 2: 1, (4),C1. We also detected weak signals
corresponding to the free guest 4 and cage 1.

Upon adding nearly to 2 equiv. of 4, the signals of the 1:1
complex, (4-CD3;CN)C1, disappeared, while those of the 2:1
complex, (4),C1, increased significantly. At the same time, the
signals of free 4 intensified, whereas those of free cage 1 became
undetectable.

When more than 2 equiv. of 4 were added, the "H NMR
spectrum of the mixture remained largely unchanged, except for

14536 | Chem. Sci, 2025, 16, 14534-14543
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the increase in the intensity of the signals corresponding to the
free 4. The presence of free 4, even after adding 1 equiv. to the
2 mM solution of cage 1, suggested that the overall binding
constants for the 1:1 and the 2:1 complexes were lower than
10* M~ and 10® M2, respectively.

To obtain more accurate binding constants, we performed
ITC experiments. The computer-controlled injections of
aliquots (10 pL) of a 20 mM solution of guest 4 in a CHCl;:
CH;CN 9:1 solvent mixture into a 1 mM solution of the octa-
imine cage 1, in the same solvent mixture, placed in the calo-
rimeter cell produced a gradual release of heat. The normalized
areas of the integrated heat peaks produced a single sigmoidal
binding isotherm, with inflection point centered close to a [4]/
[1] molar ratio of 2 and not starting with a flat line (Fig. S521).
We fit the calorimetric data to the “two sets of sites” theoretical
binding model implemented in the Microcal analysis soft-
ware.®* The fit returned the macroscopic stepwise binding
constants as K[(CH3CN),C1 +4 = (CH3CN-4)C1]=(4 £ 1) x
10°* M~* and K[(CH;CN-4)C1+ 4 = (4),C1] = (1 £ 0.6) x 10*
M. The calculated values agreed with our estimates derived
from the "H NMR titration experiment.

Study of the co-inclusion of 4-azido(alkyl) pyridine-N-oxides
2a-c with 1-(2-propynyl)-4-pyridinone 4

Next, we investigated the co-inclusion of para-azido-substituted
pyridine-N-oxide derivatives 2 with 1-(2-propynyl)-4-pyridinone
4 in the octa-imine cage 1. An equimolar solution of the octa-
imine cage 1 with guests 2a and 4 in CDCl;:CD;CN, 9:1
solvent mixture, produced immediately after its preparation
a "H NMR spectrum displaying four sets of proton signals for
cage 1 (Fig. 2d). We assigned these signals as follows: three sets
corresponded to the 1:1 complex (2a-CD3;CN)C1 and the 2:1
homo-complexes (2a), C1 and (4), C 1. We attributed the fourth
set of signals to the ternary-hetero complex (2a-4)C1. Addi-
tionally, we detected residual signals from the aromatic
protons, H® and H', of free 4 (Fig. 2d).

From the integral values of selected proton signals, we esti-
mated the equilibrium concentration of the (2a-4)C1 complex
to be approximately 0.4 mM (Fig. S257). Similar experiments
with the azido(alkyl) pyridine-N-oxides 2b and 2c and 1-(2-
propynyl)-4-pyridinone 4 yielded comparable concentrations
(ca. 0.4 mM) for the corresponding ternary hetero-complexes
(2b-4)C1 and (2¢-4)C1 at equilibrium (Fig. S33 and S447).

To further analyze the disproportionation equilibria ((2),C1
+(4),C1 = 2(2-4)C1), we simulated the theoretical speciation
using HySS2009 software.** The stability constants for the 1:1
and 2:1 homo-complexes of cage 1 with 2b and 4 were fixed
based on the values determined in separate titration experi-
ments.”® We then manually fit the overall stability constant, B,
for the formation of the hetero-ternary complex (CD;CN),C 1 +
2 + 4 = (2-4)C1, until the experimental and theoretical
simulated concentrations of all the species aligned. From this
analysis, we concluded that the stability constants of the three
hetero-ternary complexes (2a-4)C1, (2b-4)C1, and (2¢-4)C1,
were similar, falling within the range of 8.0 x 10" - 1.3 x 10°
M2 (Table 1). Further details on the comparisons between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (Top) disproportionation equilibrium of homo-complexes
producing the ternary hetero-complex with the assignment of proton
signals. (Bottom) selected regions of the H NMR spectra (400 MHz,
298 K, CDClz: CD3CN 9: 1 solvent mixture) of (a) octa-imine cage 1;
(b) equimolar mixture of cage 1 with 1-(2-propynyl)-4-pyridone 4; (c)
equimolar mixture of cage 1 with 4-azido pyridine-N-oxide 2a; (d)
equimolar mixture of 1, 4 and 2a immediately after its preparation.
Proton assignments in blue and red correspond to the 1:1and 2:1
homomeric complexes of 1-(2-propynyl)-4-pyridinone 4 and 4-azido
pyridine-N-oxide 2a, respectively. Primed black protons correspond to
the 2: 1 heteromeric complex (2a-4)C1.

Table 1 Overall binding constants determined for the homo- and
hetero-ternary complexes of octa-imine cage 1 with pyridine-N-oxide
2 and 1-(2-propynyl)-4-pyridinone 4

Homo-complex 5., (M™?) Hetero-complex 5., (M™?)

(2a),C1 6.2(£1.2) x 10°  (2a-4)C1 8.0(£1.6) x 10’
(2b),C1 1.6(+£0.3) x 10° (2b-4)C1 1.3(£0.3) x 10°
(2¢),C1 4.0(£0.8) x 10° (2¢c-4)C1 1.3(+0.3) x 10°
(4),c1 4.0(£0.8) x 107

experimental and theoretical speciation at equilibrium are
provided in the ESI (Fig. S27, S30, S34, S37, S44, and $47).7
Using the determined @ constants, the formula of the
disproportionation equilibrium, Kgispro = [(2-4) C1]*/([(2),<1]
x [@)c1]) = [6@-4)C1P((B@)C1] x [B(#).C1])), and
neglecting the presence of other equilibria in solution, we
calculated an average value of Kyjspro to be ca. 0.3. This value is
significantly lower than the statistical estimate (Kgispro = 4)
assuming isoenergetic 2:1 complexes. This difference derives
mainly from a reduction in the stability of hetero-complexes
(2-4)C1 compared to those of their 2:1 homo-analogs of the
azido-derivatives 2. The stability reduction is likely due to steric

© 2025 The Author(s). Published by the Royal Society of Chemistry
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clashes or/and repulsive dipole-dipole interactions between the
two reacting groups in the hetero-complexes. This explanation
also applies to the 2:1 complex of the 1-(2-propynyl)-4-
pyridinone, (4),C1, suggesting that the termolecular
complexes involving 4 are generally less stable.

Monitoring the 1,3-dipolar cycloaddition reaction of 2a with 4
included in 1

We previously reported that the AAC reaction between 2b and 3
confined in cage 1 exhibited an exceptional acceleration factor
(EM ~10° M) and resulted in the exclusive formation of the 1,4-
triazole isomer, 5b (Fig. 3).>® Given the strong structural simi-
larity between the energy-minimized conformations of the 1,4-
triazole isomers 5b and 7a included in 1 (Fig. 3b), we hypoth-
esized that the analogous AAC reaction of 4-azido pyridine-N-
oxide 2a and 1-(2-propynyl)-4-pyridone 4, when included in cage
1 (Fig. 3c), would be selective for the 1,4-triazole isomer, 7a, with
a comparable acceleration factor.

We used 'H NMR spectroscopy to monitor the evolution of
a nearly equimolar (2 mM) solution mixture of 2a, 4, and octa-
imine cage 1. The 'H NMR spectrum acquired approximately
5 min after preparing the solution, showed the expected proton
signals and distribution of homo-complexes and hetero-ternary
complex: (2a-CD;CN)C1, (2a),C1, (4),C1 and (2a-4)C1,
respectively (vide supra and Fig. 2d). After 6 h, the '"H NMR
spectrum of the mixture revealed the emergence of a new set of
signals for the protons of cage 1 (Fig. S27b¥). Specifically, we
detected two new broad signals resonating at ¢ = 8.8 and
8.9 ppm. We attributed these signals to the hydrogen-bonded
pyrrole NHs of 1 in a new inclusion complex. The intensity of
these NH signals increased over time, while the signals corre-
sponding to the homo- and hetero-ternary complexes dimin-
ished. We concluded that the structure of the new inclusion
complex should correspond to the 7aC1 complex, that is, the
inclusion complex of the 1,4-disubstituted triazole isomer
resulting from the AAC of 2a with 4 inside cage 1.

To further support our hypothesis, we performed a solid-
liquid extraction of 7a using a mM solution of 1. The "H NMR

Fig. 3 (a) Arrangement of the reacting substrates in the energy-mini-
mized structures of: (a) the (2b-3) C1 ternary hetero-complex and (c) the
(2a-4)C1 ternary hetero-complex. The Ngzige—Cacetyice distances are
shown. (b) Energy-minimized structures of the 1,4-triazole isomers 5b
(light-blue) and 7a (light-yellow) in the complexes 5bc1 and 7ac1. For
clarity the structure of cage 1 is not shown in the figures.

Chem. Sci,, 2025, 16, 14534-14543 | 14537
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spectrum of the filtered solution was diagnostic of the quanti-
tative formation of the 7aC1 complex. The spectrum totally
matched the proton signals of the major species detected after
monitoring the reaction of 2a with 4 in the presence of cage 1 for
16 days (Fig. S27et). Notably, after 16 days and in the absence of
1, a control reaction of 2a with 4 at 2 mM concentration
produced a 'H NMR spectrum that only displayed the proton
signals of the reactants, with no indication of the presence of
signals for the two triazole isomeric products.

Taken together, these results demonstrated that the AAC
reaction of 2a with 4 was significantly accelerated in the pres-
ence of octa-imine cage 1. Moreover, the reaction was regiose-
lective, forming the 1,4-triazole isomer 7a. The regioselective
outcome aligned perfectly with our hypothesis, which was based
on a related study's exclusive formation of the 5bC1 complex.”®
The 1,2,3-triazole spacers of 7a and 5b only differ in the position
of the methylene unit: 4 -C for 7a and 1 -N for 5b (Fig. 3b).

To assess the acceleration factor of the reaction of 2a with 4
exerted by confinement in cage 1, we monitored the changes in
the concentration of the 7aC 1 complex over time by integrating
selected proton signals. We fitted the kinetic data to a theoret-
ical kinetic model accounting for six binding equilibria
involving three reactants (1, 2a, and 4) alongside the irreversible
cycloaddition reaction occurring within cage 1 (Fig. S29 and
S587). The equilibria produced five species: the 1:1 and 2:1
homo-complexes, as well as the hetero-complex with 1 (Fig. 4).
We considered the contribution of the uncatalyzed reaction (i.e.,
bulk reaction) to be negligible (vide infra), and therefore the
model does not include the irreversible background thermal
cycloaddition reaction. The kinetic model does not account for
the dissociation of the cycloaddition product complex 7aC1
owing to its large thermodynamic stability (K7ac1 > 10° M7, see
ESIT).

Using this kinetic analysis, the best fit of the data to the
theoretical kinetic model yielded an optimized rate constant for
the AAC reaction of 2a with 4 inside cage 1 k7a-in¢ra) = (4.4 £0.8)

3.6

o—  —o

(4-CH,CN)c1 (CH,CN),c1 (2a-CH,CN)c1

.0 8\ ° /6 lo.

b4 (2a-4)ct (»]

(Ai;éi Kia (i;);d
(Ta)et

Fig. 4 Theoretical model used for the non-linear mathematical
analysis of the kinetic experimental data. The log K value is depicted on
the top of each equilibrium.
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x 107% 7', Separately, we determined the rate constant of the
reaction producing 7a in the bulk solution to be k7a-pui) = 6.1
x 10~8 M~* s7*. From these values, we quantified the acceler-
ation factor induced by including the AAC reaction of 2a with 4
in cage 1 as EM = k(za-intra)/k(za-bui) = 7 X 10* M The measured
EM is two orders of magnitude lower than the EM > 10° M re-
ported for the analogous reaction of the 4-azido(methyl) pyri-
dine-N-oxide 2b with 4-ethynyl pyridine-N-oxide 3 included in
cage 1 and exclusively producing 5b.**

In summary, replacing the azide-alkyne Huisgen-pair 2b-3
with its structural analog 2a-4 did not alter the 1,4-regiose-
lectivity of the reactions within the octa-imine cage 1. However,
it significantly impacted the reaction’s acceleration factor. The
TS occurring in the (2b-3)C1 is favored by 1.6 kcal mol " over
the (2a-4)C 1. However, we lack evidence to determine whether
this additional stabilization originates from entropic/enthalpic
factors or from a contribution of both.

Monitoring the 1,3-dipolar AAC reaction of 2b with 4 included
in1
We reported acceleration factors of EM = 10° M for the AAC
reaction of the 4-ethynyl pyridine-N-oxide 3 with 2b included in
cage 1. These results contrasted with the lack of acceleration for
the analogous AAC reaction of 3 with 2a within 1. We were
intrigued by the acceleration factor caused by increasing one
methylene unit in the azide-reacting substrate, that is, using 2b
instead of 2a, in the AAC reaction with 4 within 1.

To investigate this, we prepared an equimolar mixture of 2b,
4, and cage 1. The 'H NMR spectrum acquired immediately
after the solution's preparation displayed four sets of separate
signals for the protons of cage 1. We assigned these signals to
the following cage complexes: (CD3;CN-2b)C1, (2b),C1,
(4),C1, and (2b-4)C1 (Fig. 5b). Additionally, we observed
signals of reduced intensity corresponding to the protons of free
4.

a)
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E 1.5
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Fig. 5 (a) Changes in the concentration of 8bC1 over time deter-

mined using the integral areas of protons H¥ and HY. The solid line
represents the fit of the experimental kinetic data to the theoretical
model using COPASI V4.25. (b) Selected region of the *H NMR spectra
of the kinetic study of the formation of 8bC1 starting froma 1:1:1
mixture of 2b, 4, and octa-imine cage 1. The selected region corre-
sponds to the area in the *H NMR spectrum where the pyrrole NH
protons resonate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Using 'H NMR spectroscopy, we monitored the solution
mixture's evolution over a period of two weeks (Fig. 5). After 2
hours, we detected the emergence of two new signals for the NH
protons of cage 1. We attributed these signals to the complex of
the cycloaddition product. After 12 days, this complex became
the predominant species in the solution (Fig. 5b). We no longer
detected any of the proton signals of the initially formed cage
complexes. We concluded that the confined AAC cycloaddition
reaction between 4 and 2b had progressed nearly to completion
within 12 days. This result represented a significant accelera-
tion compared to the reaction of 4 with 2a in the cavity of 1 (vide
supra, less than 50% of conversion after 12 days, Fig. S27d+).
Nevertheless, both reactions were highly regioselective. We
demonstrated that the AAC reaction of 4 with 2a confined in
cage 1 selectively produced the 1,4-triazole isomer, 7a. Similarly,
we hypothesized that the confinement of 4 with 2b in the cavity
of 1 would lead to the selective formation of the 1,4-triazole
isomer 7b as the primary cycloaddition product.

We added solid 7b to a mM solution of cage 1. After filtra-
tion, the 'H NMR spectrum of the filtered solution corre-
sponding to the 7bC1 complex, did not match the proton
signals of the major species detected after the quantitative
reaction of 4 with 2b mediated by 1. In contrast, the proton
signals of the major species of the reaction perfectly matched
those of the 8bC 1 complex (Fig. S347).§ This observation indi-
cated that, compared to previous examples of AAC reactions
confined in cage 1, the reaction of 4 with 2b experienced
a switch in regioselectivity. Notably, by enhancing the signal
intensity of the "H NMR spectrum registered at the end of the
AAC reaction of 4 with 2b mediated by 1, we could detect the
presence of traces of the 7bC1 complex in the solution (<3%)
(Fig. S35at). The significant change in triazole regioisomers’

(2be4)"c1

(2b+4)"*c1

Fig. 6 Equilibrium between two different conformers of the ternary
hetero-complex (2b-4)c1 displaying the included reactive groups in
different orientations favoring the 1,5- (left (2b-4)*°c1) and the 1,4-
(right (2b-4)** 1) disubstituted triazole product, respectively. Guests
are shown in ball and stick representation, dark-blue for 1-(2-pro-
pynyl)-4-pyridinone 4 and light-blue for azido(methyl) pyridine-N-
oxide 2a. In the equilibrium, cage 1 is shown in stick representation
with one of the spacer linkers deleted to assist in visualizing the
geometrical arrangement of the included reactive groups. The struc-
ture of the complexes with the cage rendered as CPK model is shown
aside from each ball and stick representation. This representation
evidences the opening of the cage portals allowing the protrusion of
some sections of the included substrates through them.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ratio, 7b: 8b, from 75:25 in bulk§ to 3:97 in cage 1, demon-
strated the strong influence of cage 1 in controlling the regio-
selectivity of the included AAC reaction.

To further investigate the change in the reaction's regiose-
lectivity, we performed density functional theory (DFT) calcu-
lations at the RI**?°-BP86 *-D3BJ***” def2-TZVP*** level, as
implemented in Turbomole v.7.8," on the energies and struc-
tures of the inclusion complexes 7bC1 and 8bC1, and two
conformers of the ternary hetero-complexes leading to their
formation (2b-4)"*C1 and (2b-4)"® C1, respectively (Fig. 6 and
7). We also localized and optimized the transition state geom-
etries leading to the two isomeric complexes 7bC1 and 8bC1
using DFT calculations at the RI**>-BP86 **-def-SV(P)***° level,
as implemented in Turbomole v.7.0.*° The optimized structures
are in agreement with those expected for late transition states.

The results of our calculations showed that the two triazole
isomers, 7b and 8b, are size- and shape-compatible, as well as
functionally complementary to the polar cavity of the octa-imine
cage 1 (Fig. 7). Additionally, the energy-minimized structures of
the two conformers of the ternary complex (2b-4)"*C1 and
(2b-4)"” 1 (Fig. 6) showed that, in both of them, the reacting
groups were well positioned to achieve the TS geometry. This
was particularly evident for the (2b-4)"*C1 conformer, where
the distances between the carbon and nitrogen atoms of the

H”
H6'+7'
9 8 7 6 5 ppm
Fig. 7 (Top) energy-minimized structures (DFT) of inclusion

complexes: (@) 7bcl and (b) 8bc1l The average hydrogen bond
distance (d(H-N---O)) for each hemisphere is depicted next to the
complex's structure. (Bottom) *H NMR spectra of the solutions ob-
tained in the solid-liquid extraction experiments of the triazole
isomers with a 2 mM solution of octa-imine cage 1ina CDCls : CDsCN
9:1 mixture: (c) 8bc1and (d) 7bc1.
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dipolarophile (alkyne) and the 1,3-dipole (azide) were adequate
for forming the two single bonds of the triazole in the TS
(Fig. S72t). Moreover, the small computed energy difference (AE
= 1.7 keal mol ") favoring the (2b-4)"* C 1 conformer suggested
that it is likely to be more prevalent in solution.

Computational studies on 1,3-dipolar cycloaddition reac-
tions supported the idea that the TS resembled products more
than starting materials.*>** In short, the TS of AAC reactions is
product-like, mainly with respect to the bending of the 1,3-
dipole.

Based on this premise, the energy difference between the
products’ complexes, 7bC1 and 8bC1, should reflect more
accurately the energy difference between their corresponding
TSs. The calculated energy difference between these two
complexes was only ~1 kcal mol™", favoring the 1,5-triazole
isomer complex, 8bC1.§ This result contrasted with the
22.4 kecal mol " energy difference calculated for the product
complexes, 7aC1 and 8aC1, which strongly favored the 1,4-
triazole isomer complex, 7aC1. For context, 7a and 8a corre-
spond to the 1,4- and 1,5-triazole isomers, respectively, formed
in the AAC reaction of 4 with 2a (Fig. 1). While the computa-
tional results for the reaction of 4 with 2b within 1, did not fully
account for the experimentally observed 3 : 97 ratio of 7bC1 to
8bC 1 complexes (corresponding to a 2.0 kcal mol " difference),
they explained the observed regioselectivity switch. |

Filtrated solutions of separate solid-liquid extraction
experiments of 7b and 8b with mM CDCI; : CD;CN (9: 1) solu-
tions of octa-imine cage 1 yielded '"H NMR spectra displaying
sharp and well-defined proton signals. This confirmed the good
fit between the two triazole isomers, 7b, and 8b, and the octa-
imine's 1 cavity. However, the "H NMR spectra of the two
inclusion complexes, 7bC1 and 8bC1, revealed differences in
hydrogen-bonding distances. In the case of 7bC1, the pyrrole
NHs of the cage exhibited a complexation-induced shift (CIS =
ABNHfree-bound)) Of 2.1 ppm. In contrast, the 8bC1 complex
showed a smaller CIS of 1.4 ppm for the analogous protons
(Fig. 7c and d, respectively). These chemical shift differences
suggest that the distances of the hydrogen bonding interactions
established between the NpyocH of the cage and the two
oxygen atoms of the different polar ends O-N/O=C of the tri-
azole isomers are shorter in the 7bC1 complex than in the
8bC1 counterpart.

This interpretation is supported by DFT-optimized struc-
tures of the two complexes, which reveal an average hydrogen
bond distance of 2.863 A for 7bC1 (Fig. 7a) and 3.001 A for
8bC1 (Fig. 7b). These values underscore the limited structural
flexibility of cage 1, which is unable to adapt efficiently to the
different lengths of the guest isomers. Notably, in our previous
studies on the binding of pyridine-N-oxide guests with calix[4]
pyrroles, we found that optimal O---H-N hydrogen bond
distances typically fall within the 2.9-3.0 A range.**** Deviations
from this range - particularly the shorter distance observed in
the 7bC1 complex - suggests a geometric mismatch between
host and guest, with the guest being slightly too long to fit
ideally within the rigid cavity of the host.

To determine the acceleration factor of the reaction of 4 with
2b confined in 1, we fit the changes in concentration of the
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8bC1 complex over the overall reaction to the elaborated
kinetic theoretical model with Fki,«.(8b) as single variable
(Fig. S597). The computer fit returned the optimized value of
Kinera(8b) as (5.1 & 0.4) x 107> s~ (Fig. 5a and Table 2). Sepa-
rately, we determined the k. (8b) = 1.1 x 107 M 's™* for the
thermal AAC reaction of 4 with 2b. We used the same kinetic
methodology described in the previous section for the reaction
between 2a and 4.

Using these values, we determined an EM ~2 x 10°> M (Table
2). This represents an acceleration two figures larger than that
observed for the analogous reaction involving 4-azido pyridine-
N-oxide 2a instead of 4-azido(methyl) pyridine-N-oxide 2b.
Moreover, this EM is in the same order of magnitude as the one
determined in our previous work for accelerating the reaction
between 2b and 4-ethynyl pyridine-N-oxide 3 (EM = 10> M).?®

Taken in concert, the results of this and the previous
sections highlight the strict requirements of size, shape, and
function complementarity between the reacting pair of
substrates and products with the container's cavity. In confined
reactions, minor structural changes of the reacting substrates
and products strongly influence the reaction's acceleration and
regioselectivity.

To separate and compare the enthalpic and entropic
components of the Gibbs energy barriers of the cycloaddition
reaction between 2b and 4, both in the cage and in the bulk
solution, we determined the reactions' rate constants (k. and
Kkintra) at three different temperatures (298, 303, and 308 K). The
activation reaction parameters, AH* and AS* derived from the
corresponding Eyring plots (Fig. S71 and Table S57) indicated
that the observed acceleration is mainly caused by a reduction
in the entropic cost associated with bringing the reactants
together. Therefore, the binding of substrates in the cage
primarily acts as an entropic reaction trap.

Monitoring the 1,3-dipolar cycloaddition reaction of 4 with
2¢ included in 1. The homologation of azido(methyl)-derivative
2b led to its ethyl counterpart, 2¢ (Fig. 1). Increasing the number
of single-bond rotations that must be constrained in the reac-
tion's TS geometry was expected to impact the reaction's

Table 2 Rate constant values for the AAC reactions in bulk (kpui
(M~%s7Y) and in the cavity of octa-imine cage 1 (Kinga (s71). Acceler-
ation factors, reported as effective molarities (EM, M), are also listed

Guest pair  Product kpun’ M 's™Y)  kinga® (571) EM/ (M)

(2b-3) ¢ 1,452 5.6 x10°° 5.0 x 107° ~1 x 10°
(2a-4) 1,472 61x10° (44+0.8) x10°° ~7 x 10"
(2b-4) 1,5-8b% 2.3 x107° (5.1 £0.4) x 107° ~2 x 10°
(2c-4) 1,5-8¢c  n.d? (47 £0.4) x 10°° £~4 x 10°

“ See ref. 28. 7 Traces of 1,4-7b (<3%) were detected in the 'H NMR at the
end of the mediated reaction. © Determined by best-computer fit of the
kinetic data using COPASI and a theoretical kinetic model for two
competitive irreversible first-order bimolecular reactions. ¢ n.d. = not
determined. ¢ Determined by best-computer fit of the kinetic data
using COPASI and a theoretical kinetic model considering six binding
equilibria, producing five different complexes and the irreversible
pseudo-unimolecular reaction to produce the bound cycloaddition
product. TEM = kingalkouc € We assumed that kbulk-sc) can be
approximated to k(yuik-sp).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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acceleration factor negatively. However, we did not observe this
effect in our previous study of the AAC reactions of 2 and 3
within cage 1.>® To determine whether this trend also applied to
the AAC reactions of 2 and 4, we used 'H NMR spectroscopy to
monitor the reaction kinetics of a nearly equimolar mixture of 4,
2¢,and 1in a CDCl; : CD;CN, 9: 1, solvent mixture. The reaction
also underwent a regioselectivity switch, yielding exclusively the
inclusion complex of the 1,5-disubstituted 1,2,3-triazole isomer,
8cC1 (Fig. S451).

Using the previously described kinetic analysis, we deter-
mined the acceleration factor for the AAC reaction of 4 with 2¢
within 1, yielding an EM ~4 x 10> M (Table 2). This EM value is
one order of magnitude lower than that determined for the
reaction of 4 with the shorter azido-derivative analog 2b
confined within the polar cavity of cage 1. We attributed this
difference to the expected entropic penalty associated with
restricting an additional single-bond rotation in the TS of the
reaction involving the ethyl-substituted substrate 2¢. Moreover,
the additional methylene in 2c¢ compared to 2b allows a greater
number of low-energy conformational isomers in the ternary
complex. The increased flexibility reduces the degree of pre-
organization. It is likely that both factors, entropic effects at the
TS and decreased preorganization of the ternary complex,
jointly contribute to the lower reaction rate observed for 2c¢
compared to 2b in its reaction with 4 within cage 1.

We performed DFT calculations of the two complexes, 7cC 1
and 8cC1, that are produced by including the 1,2,3-triazole
isomers of the cycloaddition reaction of 4 with 2c¢ in cage 1.
Likewise, we computed the two conformers of the ternary
complex (4-2¢)**C1 and (4-2¢)"°C1, featuring a relative
arrangement of reacting groups suitable to produce the 7eC1
and 8c C1 complexes, respectively, upon cycloaddition reaction.
The results of our calculations assigned an energetic preference
of approximately 8.1 kcal mol ™" in favor of the complex of the
1,5-disubstituted isomeric product, 8cC1 (see dataset collec-
tion of computational results available at ioChem-BD
repository).****+1 In contrast, the energy difference between
the two conformers of the ternary complex was just
1.8 kcal mol™!, favoring the (4-2¢)*>C1 conformer having
a suitable arrangement of reacting groups to produce the 1,5-
triazole isomer upon cycloaddition reaction. As mentioned
earlier, the regioselectivity level of the reaction can be better
explained by correlating the energy difference between the cage
complexes of the cycloaddition isomeric products, 7¢C1 and
8cC1, to the energy difference of their corresponding TSs.

The reaction of 4 with 2¢ produced exclusively the 8cC1
complex. The proton signals of the 7¢C1 complex were not
detected in the "H NMR spectrum acquired at the end of the
reaction (8¢ C1:7cC1 < 98:2 molar ratio). This result allowed
us to estimate a minimum value of 2.3 keal mol ™" for the energy
difference between the TSs yielding the 7eC1 and 8cC1
complexes, in favor of the latter.

Solid-liquid extraction experiments with guest 7c (Fig. S48t)
and 8c (Fig. S491) using a 2 mM solution of octa-imine cage 1
revealed marked differences in binding behavior. The "H NMR
spectrum of the filtered solution obtained after extraction with
8c showed a single set of signals corresponding to the cage

© 2025 The Author(s). Published by the Royal Society of Chemistry
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protons, which we attributed to the formation of the 8cC1
complex. The absence of signals from the free cage suggests that
the binding is essentially quantitative, allowing us to estimate
a binding constant greater than 10* M~ for the 8¢ C 1 complex.
In contrast, the "H NMR spectrum of the filtered solution from
the extraction with 7c¢ showed two sets of protons for the cage,
corresponding to both the 7¢C1 complex and free cage 1. We
also observed the proton signals of free 7c¢. These observations
indicated a significantly weaker interaction, with a binding
constant for the 7¢C 1 complex below 10* M~

Both experimental and theoretical studies thus confirm the
preferential binding of cage 1 for the 1,5-triazole isomer 8c over
the 1,4-isomeric counterpart 7c.

Conclusions

The reported results highlight the critical role of the container
design and the complementary size, shape, and function
between its cavity, and the substrates and products in acceler-
ating and controlling the regioselectivity of the confined 1,3-
dipolar cycloaddition reactions. The Huisgen cycloaddition
reactions of azido pyridine-N-oxide 2a with 1-(2-propynyl)-4-
pyridinone 4 within the octa-imine bis-calix[4]pyrrole cage 1
experienced an acceleration quantified with EM = 70 M. This
acceleration factor is two orders of magnitude lower than the
one previously determined using a related substrate pair (4-
azido(methyl) pyridine-N-oxide 2b and 4-ethynyl pyridine-N-
oxide 3). The two reactions are highly regioselective for the 1,4-
triazole isomer, 7a and 5b, respectively, which are structurally
very similar. However, the confinement of the two reactions
within cage 1 produced significantly different acceleration
factors, 70 vs. > 10° M.

The cycloaddition reactions of 1-(2-propynyl)-4-pyridinone 4
with azido derivatives having one (2b), and two (2c), methylene
units between the azido group and the pyridine-N-oxide ring
increased their acceleration EM factors to 2000 or 400 M,
respectively, when included in cage 1. Remarkably, the two
reactions experienced a regioselectivity switch toward the 1,5-
disubstituted 1,2,3-triazole isomer.

Binding studies confirmed that both, the 1,4-(8c-b) and 1,5-
triazole (7c-b) isomers of the reactions are included in the cavity
of the octa-imine cage 1. The results of DFT calculations
assigned greater thermodynamic stability to the cage complexes
with the 1,5-disubstituted isomers, 8c-b, over the 1,4-counter-
parts, 7c-b. Correlating the energy difference of the cage
complexes of the cycloaddition isomeric triazole products, 7C1
and 8C1, with those of their corresponding TSs provided
a straightforward method for explaining the observed
regioselectivity.

We discovered the unprecedented switching of regiose-
lectivity, favoring the 1,5-disubstituted triazole isomer, in AAC
reactions mediated by a molecular container. Our findings
emphasize the importance of molecular containers in control-
ling both the acceleration and product selectivity of confined
reactions. We expect that our work will contribute to developing
molecular reactor vessels to access challenging 1,5-
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disubstituted 1,2,3-triazole isomers, which are difficult to
obtain in thermal or even metal-catalyzed reactions in bulk
solution.
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Notes and references

i The 3:1 ratio of 1,2,3-triazole regioisomers, 7: 8, estimated for all bulk reac-
tions, is greater than the 1.1-2.0 range commonly mentioned for Huisgen AAC
reactions, unless the acetylene component is attached to an electron-withdrawing
group.*®

§ We acquired the "H NMR spectrum of the 8bC 1 complex by performing a solid-
liquid extraction of the 1,5-triazole isomer 8b with a mM solution of cage 1. In
turn, we isolated the 1,5-triazole 8b by purification of the crude of the thermally
promoted AAC reaction of 4 with 2b.

€ The calculated energy between the two transition states, 7b™c1 and 8b™c1,
leading to the corresponding inclusion complexes, 7bC1 and 8bC1, was
2.4 keal mol™" in favor of the latter. This result is in line with the experimentally
observed ratio of products 7bC1:8bC1 (3:97; 2.0 keal mol™") and consistent
with the energy difference of their DFT-optimized structures (~1.0 kcal mol ).

| We estimated Kypcq ~ 1 x 10* M™' and Kgpcq ~ 1 x 10° M ™" using ITC
experiments. The estimated tenfold ratio of K as corresponds to an energy
difference of 1.4 keal mol ™, which agrees with the results derived from the kinetic
experiments (3:97, ~2 kecal mol™"). Additionally, the result of a competitive
equimolar binding experiment between 7b and 8b with cage 1 extrapolated, using
COPASI, to six months to reach equilibrium, yielded a 7bC1:8bC1 ratio of 25:
75, or Kgpc1/Kzpe1 ~ 10, supporting the greater thermodynamic stability of the
8bC1 complex (1,5-triazole). See ESI Fig. S56 and S57 for details.

** Dataset collection can be accessed through this link: https://doi.org/10.19061/
iochem-bd-1-388.
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f1 The calculated average hydrogen bond distances in the DFT-optimized 7cC1
(2.742 A) and 8bC 1 (2.932 A) complexes suggest that guest 8c is a better geometric
fit for the polar cavity of cage 1.
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