
6486 |  New J. Chem., 2021, 45, 6486–6494 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

Cite this: New J. Chem., 2021,

45, 6486

Supramolecular kinetic effects by pillararenes:
the synergism between spatiotemporal and
preorganization concepts in decarboxylation
reactions†

Eduardo Vieira Silveira, *a Rodrigo Montecinos, b Leandro Scorsin,a

Luis Garcia-Rio, *c Michelle Medeiros,a Vanessa Nascimento, d Faruk Nome,‡a

Ricardo F. Affeldt a and Gustavo A. Mickea

A study about spontaneous decarboxylation reactions of 3-carboxy-1,2-benzisoxazole (CBI) nitrated

derivatives (6-NitroCBI and 5,6-DinitroCBI) compared with supramolecular kinetic effects promoted by

two cationic pillararenes (P5A and P6A) has been carried out and brings contributions to advance

current theories related to supramolecular and enzymatic catalysis/inhibition. A higher energy barrier to

spontaneous hydrolysis of 6-NitroCBI relative to that of 5,6-DinitroCBI (DDG‡ = 2.98 kcal mol�1) was

determined experimentally, however similar transitions states were observed for both substrates. The

host–guest complexes generated catalytic effects up to 7.1-fold on kobs, except for 6-NitroCBICP5A

which is the only system that presented unprecedent inhibitory kinetic effects. The data (kinetics,
1H NMR titration and molecular dynamic simulations) elucidated the kinetic effects of the four

complexes as a result of their geometries, more specifically, by modifying 3 main factors: (1) number of

hydrogen bonds between solvent and carboxyl groups of the CBIs, (2) polarization of the O–N bond of

the isoxazole ring and (3) reduction of the inductive effect of NO2 groups by field effects. The data from

the present study encourage the use of both spatiotemporal and preorganization theories during inter-

pretations related to supramolecular and enzymatic catalysis.

1. Introduction

Research groups of different areas and distinct ideologies
search for the elucidation of enzymatic catalytic effects. How-
ever, these developed studies provided a discussion between two
very well-founded theories committed to solving these funda-
mental questions, both always presenting valid arguments and
evidences. On the one hand,1,2 spatiotemporal theory postulates
that such effects occur from an ideal proximity (B3 Å) and
rigidity (or length time) between reactive groups, factors that are

experimentally determinable and controllable. By the other side,3

the effects in preorganization theory can be briefly described by
the large free-energy penalty already paid by preorganized dipoles
(commonly represented theoretically by water molecules) at
the enzymatic active site. Despite studies of vibrational Stark
effect spectroscopy already carried out on enzymes,4–6 the lack
of technology to investigate these fundamental issues can be
supplied by supramolecular chemistry using smaller and simpler
mimetic structures.

Supramolecular chemistry shows high potential to solve
fundamental and practical issues related to different areas.
The remarkable characteristics of self-assembly control and genera-
tion of particular chemical environments with high affinity for
different classes of substrates offer fundamental conditions to
investigate and mimic natural biological structures.7,8 These char-
acteristics are observed in several supramolecular systems such as
by the use of different macrocycles to host–guest (H:G) complexa-
tion. For this purpose, pillararenes represent a recent class of
macrocycles with versatility already proven by the diverse studies
related to catalysis,9,10 analytical,11,12 environmental,13 food,14,15

materials,16,17 therapeutic/medical18,19 and among others. Further-
more, some studies suggest that the investigation of pillararenes
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may assist in the understanding of larger biological systems and
their natural processes, for example, the catalytic effects promoted
by enzymes.9,10 This idea can be experimentally carried out in
different ways including the use of sensitive kinetic probes such
as the 3-carboxy-1,2-benzisoxazole (CBI) and its derivatives.20

The 3-substituted-1,2-benzisoxazoles have been described as
a promising class of heterocycle with significant biological
activities,21–25 commonly associated with serotonergic and dopa-
minergic receptors.26 Belonging to this class, CBI is an organic
acid that has its decarboxylation reaction well studied in aqueous
and organic media,20,27–29 in the presence of surfactants/premi-
celles,30 antibody and albumin,31 cationic polymer,32 micelles,33

vesicles34 and quaternary ammonium macrocycles.35 Some parti-
cularities are notable for this reaction like the high sensitivity to
its ionization state (favored as carboxylate), polarity of the
medium (favored by polar solvents) and number of hydrogen
bonds (HBs) between its COO� group and solvent (favored by
aprotic solvents), reaching up to 108-fold increases on kobs.

28

This high kinetic sensitivity allows us to propose the use of CBI
and its derivatives as potential probes to investigate the proper-
ties of chemical environments offered by hosts by monitoring
changes in kobs. Through theses studies important information
may potentially be able to collaborate with the spatiotemporal vs.
preorganization discussion.

Here we describe an experimental and theoretical study about
spontaneous decarboxylation reactions of 6-NitroCBI (6-nitro-1,2-
benzisoxazole-3-carboxylic acid, Chart 1) and 5,6-DinitroCBI (5,6-
dinitro-1,2-benzisoxazole-3-carboxylic acid, Chart 1) compared
with supramolecular kinetic effects promoted by two cationic
pillar[n]arenes (n = 5 or 6) functionalized with trimethylammonium
groups (P5A and P6A, Chart 1). The experiments in pure water
(buffered when described) and in the presence of pillararenes
provided relevant information about CBI derivatives both indivi-
dually and when in complexes. Kinetics, 1H NMR titration and
molecular dynamics simulations are consistent with H:G stoi-
chiometry, the cavity size of macrocycles influencing the kinetic
effect type (catalysis or inhibition, unprecedented for the latter)
as well as the magnitude of binding (K1:1) and rate constants
(k1:1). The kinetic effects observed in these enzyme mimics could
not be explained with just one of the theories under discus-
sion (spatiotemporal or preorganization), but when both were
considered simultaneously.

2. Experimental
2.1 Materials

The CBI derivatives and pillararenes were prepared on the basis
of the literature,28–45 with the modifications detailed in the
ESI.†

2.2 Kinetics

Reactions were followed with an UV-Vis spectrophotometer
equipped with a Peltier temperature controller set at 25.0 1C,
except to obtain the thermodynamic parameters, in which case
the temperature was varied between 25–65 1C. Reactions were
started by adding 20.0 mL of a CBI solution at 0.01 mol L�1

(in acetonitrile) to 2.0 mL of buffer solution in quartz cuvettes,
in the presence or absence of the pillararenes. All kobs were
measured by the appearance of the 5,6-DinitroCP or 6-NitroCP
at 380 and 400 nm, respectively. Except for the pH-rate profile,
the reactions were performed at pH 7.0 ([Bis–Tris methane] =
0.01 mol L�1).

2.3 ESI-MS

CBIs were solubilized in acetonitrile (B10 mM) and decarboxyla-
tion induced by sonication and heating, the expected m/z values
being confirmed for both CBIs. The samples were injected
directly to a mass spectrometry system consisting of a hybrid
triple quadrupole/linear ion trap mass spectrometer Q trap 3200
(Applied Biosystems/MDS Sciex, Concord, Canada). The experi-
ments were performed using the Turbo Ion SprayTM source
(electrospray ionization-ESI, Applied Biosystems/MDS Sciex,
Concord, Canada) in negative ion mode. Samples were infused
continuously at 10 mL min�1 with a syringe pump. The capillary
needle voltage was maintained at�4.5 kV. The MS/MS parameters
were curtain gas, 18 psi; ion spray interface, 400 1C; gas 1 : 45 psi;
gas 2 : 45 psi; and collision gas, medium.

2.4 NMR

For product characterization, CBIs were solubilized in acetone-
D6 and decarboxylation induced by sonication and heating.
The structures were confirmed by 1H and 13C{1H} analysis using
a Bruker AC 200 MHz spectrometer. For 1H NMR titrations, to
the NMR tube containing the CBI derivative were added solid
fractions of the pillararene and after total solubilization of each
addition the spectrum was collected.

2.5 Intrinsic reactions coordinates

Density Functional Theory (DFT) calculations were performed
at the M0646/6-31+G(d,p) level of theory using GAUSSIAN 09
package.47 The default parameters for convergence, viz. the
Berny analytical gradient optimization routine were used; conver-
gence on the density matrix was 10�9 atomic units, the threshold
value for maximum displacement was 0.0018 Å, and the maxi-
mum force 0.00045 hartree bohr�1. All optimizations and frequency
calculations were performed using the Polarizable Continuum
Model (PCM) and the Solvation Model Density (SMD) of Truhlar
and coworkers.48 The transition states (TS, Fig. S11-b, ESI†) were
identified by their single imaginary frequencies.

Chart 1 Decarboxylation reactions of the 6-NitroCBI or 5,6-DinitroCBI in
the presence of the P5A or P6A to form the corresponding cyanophenolates
(CPs) and carbon dioxide.
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2.6 Molecular dynamics simulations

Simulations were performed using the program package Gromacs
version 4.6.5.49 Pillararenes and CBI derivatives were built with
parameters from the GROMOS96 54A750 force field and solvated
with the SPC water model.51 Periodic boundary conditions were
applied in all three dimensions. All simulations were carried out
in the isothermal–isobaric ensemble. The temperature was main-
tained at 300 K using the Berendsen thermostat (v-rescale) with
pillararenes and CBI derivatives, and ions and water coupled
independently, with a coupling time constant of 0.1 ps. The
pressure was maintained at 1 bar using the Berendsen barostat
with a coupling time constant of 1.0 ps.52 The LINCS algorithm
was used to constrain the bond lengths of the pillararenes and
CBI derivatives and SETTLE to restrict the structure of the water
molecules. A 1.2 nm cut-off was used for the van der Waals
interactions. Long-range electrostatic interactions were calculated
using the particle mesh Ewald (PME).53 A time step of 2 fs was
used throughout the simulations. The neighbor list was updated
every 10 time steps. Both systems were equilibrated by 500 ps.
Trajectories of 20 ns were calculated for each system. To explore
the most probable structures formed by the interactions between
the compounds 6-NitroCBI and 5,6-DinitroCBI with P5A and P6A,
molecular dynamics simulations (MD) of the four systems were
performed. Each system containing one CBI derivative and one
macrocycle was solvated with 4714 water molecules (SPC) in the
presence of appropriate quantities of Br� and Na+ to reach the
electroneutrality of the system.

3. Results and discussion
3.1 Spontaneous decarboxylation reactions

A study evaluated the influence of 24 solvents on the decarboxyla-
tion reaction of the anionic 6-NitroCBI, showing that polar
solvents favor the reaction by modification of electronic effects,
while aprotic solvents favor by modification of hydrogen bonding
(HBs, between solvent and its COO� group).28 These kinetic
effects represent increases up to 108-fold in kobs, making this
reaction an excellent probe to investigate the properties offered by
different chemical environments. Based on this particularity,

firstly we studied the spontaneous decarboxylation reactions of
the 6-NitroCBI and 5,6-DinitroCBI at different acetonitrile : water
ratios. The results (Fig. S5 and Table S3, ESI†) showed that the
rate of reaction increases exponentially by reducing the fraction of
water, with increase in kobs of approximately 200 and 400-fold at
75% acetonitrile for 6-NitroCBI and 5,6-DinitroCBI, respectively.
These results corroborate the idea that nonpolar and protic
solvents stabilize the starting material and allowed us to later com-
pare the nanoenvironments offered by the pillararenes cavities
with acetonitrile percentage.

The kinetic pKa values (pKac) were also determined by data
fitting of kobs vs. H0/pH graphs (Fig. S6, ESI†), presenting values
of 1.61 and 1.18 for 6-NitroCBI and 5,6-DinitroCBI, respectively.
NMR and ESI-MS experiments confirmed the structure of the
cyanophenolates (CPs), the products of the decarboxylation
reactions (Table S1 and Fig. S2–S4, ESI†). Isotope effects (kw/kD,
Table 1) of 1.18 and 1.07 were observed to 6-NitroCBI and 5,6-
DinitroCBI, respectively. These subtle isotope effects can indi-
cate a destabilization of the TSs of the CBI derivatives during
decarboxylation reactions due to the lower vibrational frequency
of the O–D (oxygen–deuterium) bond. The smallest effect
observed for the 5,6-DinitroCBI could be associated with the
greater difference between its pKa and the corresponding of
water.36 The experimental activation parameters were obtained
for both derivatives from good Eyring relationship (Fig. S7, ESI†
and Table 1), with the favoring of 5,6-DinitroCBI (DDG‡ =
2.98 kcal mol�1) governed by the smaller enthalpy of activa-
tion, even with the half of the entropic gain when compared to
6-NitroCBI.

The computational study indicates the presence of TSs for
both substrates during the decarboxylation reactions. The IRCs
(Fig. S11-Above; calculated considering the optimized structure
of the reagent as the starting point, DE = 0, ESI†) represents a
total energetic variation of DDE = 7.32 kcal mol�1 between both
substrates as a result of a new electron withdrawing group
(NO2) added to 5-position in the benzisoxazole ring. The
molecular structures of the TSs (Fig. S11-Below, ESI†) assisted
by two water molecules corroborates the structures already
reported for the CBI in aqueous medium,37–40 with the bonds
cleaved (represented by the arrows) presenting similar distances

Table 1 Experimental and theoretical activation parameters of spontaneous decarboxylation reactions of anionic CBI derivatives. Dihedral angles and
interatomic distances for TSs of the same reactions (pH 7.00; [Bis–Tris methane] = 0.01 mol L�1; M06/6-31G+(d,p) theory level)

CBI Study

DG‡ DH‡

DS‡ (cal mol�1 K�1) Dihedral [C–C–C–O]

Distance

(kcal mol�1) C–C (Å) N–O (Å)

Experimental 24.98 32.42 24.95 — — —
Theoretical 24.77 25.16 1.31 90.511 1.76 2.15

Experimental 22.00 25.34 11.23 — — —
Theoretical 17.17 17.57 1.34 92.241 1.72 2.06

kW/kD(6-NitroCBI) = 3.00 � 10�6/2.55 � 10�6 = 1.18; kW/kD(5,6-DinitroCBI) = 4.65 � 10�4/4.34 � 10�4 = 1.07.
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for both CBI derivatives. Another similar evidence for the two
derivatives is related to the dihedral angle [C–C–C–O], which has
a torsion of approximately 901 in relation to the reagent. Corro-
borating with the experimental data, the higher Gibbs free
energy of activation (DG‡) calculated for 6-NitroCBI relative to
5,6-DinitroCBI (DDG‡ = 7.60 kcal mol�1) is governed by the
enthalpy of activation, but here the activation entropy is similar
between the substrates. However, the highest calculated DDG‡

results from the divergence in enthalpy–entropy compensation
for 5,6-DinitroCBI, which can be a result of the lower enthalpic
contribution from its late TSs structure. This latter affirmation is
in agreement with the smaller C–C atomic distances of its
structure comparing with that already reported to CBI.37 These
information are presented in Table 1 together with their corres-
ponding experimental data.

3.2 Kinetic effects of P5A and P6A

Substrates sensitive to different chemical environments (such
as CBI derivatives) are an alternative way to investigate the
properties offered by the pillararenes cavities observing the
generated supramolecular kinetic effects. Based on this idea,
the decarboxylation reaction of both anionic CBI derivatives
were studied at pH 7.00 in the presence of P5A and P6A. The
catalytic and inhibitory effects were initially expected for cavities
capable of destabilizing (as observed for polar and aprotic
solvents) and stabilizing (as observed for nonpolar and protic
solvents) the reagents, respectively. For the treatment of the
experimental kinetic data it was considered the simultaneous
decarboxylation reaction in water and in the pillararene cavity,
using eqn (S2) and (S3) (see ESI†) to evaluate the stoichiometry,
rate and binding constants (by non-linear fitting of the curves
kobs vs. pillararene concentration).

The kinetic effects of the pillararenes (Fig. 1 and Table 2)
showed modest increases on kobs with increasing pillararene
concentration, except for the 6-NitroCBICP5A system that
presented unprecedented inhibitory kinetic effect. The data
fitting (Fig. 1) were satisfactory for all four systems with H:G
model, this stoichiometry being confirmed for some systems by
1H NMR titration.

Even though both CBI derivatives belong to the same structural
class and exhibit similar sensitivity to the chemical environment,
the observation of opposite kinetic effects (catalysis and inhibition)

initially suggested a difference in the mode of accommodation
inside the pillararenes cavities, that is, in the geometry of the
complexes. In the same way, the similarity between some binding
constants (or stabilization energies, DG) can be related to the
formation of complexes of the same geometry. The similarity
between the energy stabilization achieved by the complexes
6-NitroCBICP6A (�22.85 kJ mol�1) and 5,6-DinitroCBICP6A
(�22.70 kJ mol�1) corroborates this idea, with P6A promoting
up to 4.1 and 7.1-fold catalysis for the decarboxylation of
6-NitroCBI and 5,6-DinitroCBI, respectively. In contrast, the
opposite kinetic effects and the discrepant energy stabilizations
achieved by the complexes 6-NitroCBICP5A (�29.13 kJ mol�1)
and 5,6-DinitroCBICP5A (�18.88 kJ mol�1) suggest different
geometric structures for these complexes. These factors were
initially comprised by the smaller macrocycle cavity and the
additional NO2 group in the 5-position of the benzisoxazole ring
in the 5,6-DinitroCBICP5A system.

The catalytic effects were preliminarily understood by the
ability of the pillararenes to destabilize the CBI derivatives
based on reducing the number of HBs between water and its
COO� groups. After observing the great proximity between the
charged groups of the complexes (COO� and NMe3

+) on
the molecular dynamics simulations data (MD, topic 3.4), the
possibility of COO� groups to be found in the center of the
macrocycle cavity was disregarded. Thus, this reduction of HBs
was not attributed to the hydrophobicity in the pillararenes
cavities, but rather involves the high ability of NMe3

+ groups to
modify the water structure. To demonstrate this, the decarboxyla-
tion reactions were investigated in the presence of different
tetramethylammonium bromide (TMA) concentrations in order
to simulate the high concentration of NMe3

+ groups found in the
pillararenes portals. The influence of TMA on the structural
properties of water is widely studied,41–43 demonstrating that
cationic TMA+ presents low water concentration in its hydra-
tion layer, typical behavior of nonpolar compounds. The increase
of this effect occurs with its concentration, further reducing
the number of hydration water molecules and, consequently,
the number of HBs between them.

Fig. S8 (ESI†) shows exponential increments on kobs with
TMA concentration. This observation is not related to ionic
strength effects since several CBI derivatives have their reactivity
unchanged up to 1 mol L�1 of KCl.28 Therefore, the catalytic
effects observed for 6-NitroCBICP6A, 5,6-DinitroCBICP5A and
5,6-DinitroCBICP6A systems coincides with the spontaneous
decarboxylation rate constants of the corresponding derivative
at TMA concentrations of 2.02, 2.85 and 3.80 mol L�1, respec-
tively. These catalytic effects can also be correlated to the
chemical environments offered by the different acetonitrile
percentages, with the same sequence of the complexes corres-
ponding to the rate constants of the spontaneous reactions at
18.9, 17.1 and 23.4% acetonitrile. An exception to this idea
occurs in the 6-NitroCBICP5A complex, being its inhibitory
effect elucidated by NMR and MD data.

The experimental results for all systems are consistent
with H:G association, where decarboxylation reaction occurs
simultaneously in water and inside of the pillararene cavity.

Fig. 1 Influence of ( ) P5A and ( ) P6A concentration on the kobs for
decarboxylation reactions of (A) 6-NitroCBI and (B) 5,6-DinitroCBI ([CBIs] =
1.0 � 10�4 mol L�1; pH 7.00; [Bis–Tris methane] = 0.01 mol L�1; 25.0 1C).
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These considerations led us to Scheme 1, which represents the
generic behaviour involving kinetic and binding parameters for
the four studied systems.

3.3 1H NMR titration

Usually, hydrogen signals from host and guest when in the
complex present upfield or downfield shifts giving information
about the system, being the 1H NMR titration a powerful
alternative to elucidate the stoichiometry, affinity and the struc-
ture of the complexes. The fast decarboxylation of 5,6-DinitroCBI
and its catalysis by both pillararenes as well as by organic solvent
fractions compromised the accuracy in obtaining the succes-
sive spectra. Thereby, the NMR data correspond only to the
6-NitroCBICP5A and 6-NitroCBICP6A systems using 20% of
organic solvent (to solubilize the 6-NitroCBI), with the modifi-
cation in the experimental conditions (relative to the kinetics)
still providing relevant information about the complexes.

The successive spectra showed similar behaviours for 6-NitroCBI
aromatic hydrogens in the presence of both pillararenes (Fig. S9,
ESI†), with the upfield shift when in the complex indicating its

accommodation in the region of greater magnetic shielding in
the pillararenes cavities (DdP5A = 1.26 ppm; DdP6A = 0.24 ppm).
We emphasize that all hydrogens from pillararenes also dis-
played upfield shift when in the complex without reaching a
plateau, a continuous deshielding that indicates the association
of Br� with increasing pillararene concentration.44 Another
important observation is the splitting of P5A hydrogens
(Fig. S9 and S10, ESI†) in the order of H2 c H5 D H3, a first
indication of the external accommodation of the 6-NitroCBI
where there is great magnetic influence on one of the P5A
portals (effects not observed for its complexation with P6A).

The successive spectra also provide an experimental evidence
regarding the 6-NitroCBICP5A inhibitory complex. The significant
shielding effect on the methylene bridge hydrogens (DdH4 D 0.16,
Fig. S10, ESI†) suggests the accommodation of the bulky NO2

group in the center of the P5A cavity, a condition that would
displace the high electronic density of the P5A cavity to the H4
hydrogens. These considerations suggest that kinetic inhibition
could occur partially by donor field effects (by P5A arenes) on the
NO2 group, which may directly reflect the reduction of its electron
withdrawing inductive effects. This is also supported by the MD
data along with additional factors involved in reaction inhibition.

The data fitting of Dd vs. pillararene concentration (Fig. 2,
eqn (S4), ESI†) provided K1:1 values of 4201 � 1513 M�1 and
429.68 � 69.76 M�1 for 6-NitroCBICP5A and 6-NitroCBICP6A,
respectively. Comparing with the kinetic data, this reduction in
K1:1 (30-fold with P5A and 23-fold with P6A) suggests the hydro-
phobic effects as one of the main driving forces involved in the
association of 6-NitroCBI with both pillararenes. In energetic
terms this is represented by the loss in energy stabilizations of

Table 2 Rate and binding constants of both anionic CBI derivatives in H2O, and P5A and P6A cavities (pH 7.00; 25.0 1C)

Env.

6-NitroCBI 5,6-DinitroCBI

k1:1 (s�1) K1:1 (M�1) k1:1 (s�1) K1:1 (M�1)

H2O (3.00 � 0.41) � 10�6 — (4.65 � 0.10) � 10�4 —
P5A (7.77 � 0.53) � 10�7 (1.27 � 0.21) � 105 a (2.01 � 0.08) � 10�3 (2.03 � 0.21) � 103 c

P6A (1.23 � 0.01) � 10�5 (1.01 � 0.06) � 104 b (3.30 � 0.05) � 10�3 (9.49 � 0.70) � 103 d

a DG = �29.13 kJ mol�1. b DG = �22.85 kJ mol�1. c DG = �18.88 kJ mol�1. d DG = �22.70 kJ mol�1 (calculated by DG = �R�T�ln K1:1).

Scheme 1 General representation of the H:G association between a CBI
derivative and a P[n]A, with decarboxylation reaction occurring in both
environments (H2O and inside of the P[n]A cavity).

Fig. 2 1H NMR chemical shifts of the aromatic protons of 6-NitroCBI in
response to the increased (A, ) P5A and (B, ) P6A concentration, data
fitting as H:G model. The inset is the molar ratio method applied to the same
data ([6-NitroCBI]P5A = 12.93 mmol L�1; [6-NitroCBI]P6A = 7.65 mmol L�1;
D2O : MeOD, 8 : 2, v/v; pD 7.00; 25.0 1C; 200 MHz).
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DDG = 8.45 and 7.82 kJ mol�1 for 6-NitroCBICP5A and
6-NitroCBICP6A, respectively. These data further suggest that
in highly hydrophobic environments the system can act by
releasing 6-NitroCBI as a result of the energy destabilization of
the complexes, a perspective of great interest in the therapeutic/
medicinal area mainly because several 3-substituted-1,2-benzi-
soxazole compounds are marketed as therapeutic drugs. The
molar ratio method applied to Dd vs. [Pillararene]0/[6-NitroCBI]0
(inserted in Fig. 2) has its inflection point in 1.0, what confirm
the H:G binding stoichiometry for the 6-NitroCBI complexation
with both pillararenes.

3.4 Molecular dynamics simulations

The most probable structures were investigated for the four
complexes, all presenting the nitrobenzene region of the CBI
derivatives inserted in the macrocycle cavity (Fig. 3). Accordingly
with our experimental data concerning stabilization energies
(Table 2), while the complexes formed with P5A presented
distinct geometries, P6A has the ability to accommodate both
CBIs equally. To explore these four structures as well as their
stability as a function of time five parameters (P1–P5) were
assessed: (P1) the average distance between carbon 6 (C6) from
CBI derivative and the center of the pillararene cavity (CPC); (P2)
the spatial orientation/angle of the CBI derivative in the CPC;
(P3) the average distance between charged groups (COO� and
NMe3

+); (P4) the energetic contributions resulting from electro-
static (EL) and van der Waals (VDW) interactions and (P5) the
number of HBs between water and COO� group from CBI
derivative. All of these parameters are well discussed below
and some graphics presented in ESI† (Fig. S12–S16).

The five parameters calculated for all complexes (Table 3)
showed in detail some particularities of the systems and helped
in understanding both catalytic and inhibitory kinetic effects
promoted by the nanoenvironment offered by the pillararenes
cavities. The two complexes involving the P6A have their structural

similarities proven by the equivalence (P1, P2, P3, P4 and EL) or
great similarity (P5) between parameters. Despite the same EL
contributions (�100 kJ mol�1), the VDW interactions were more
expressive for 5,6-DinitroCBI (�205 kJ mol�1) than 6-NitroCBI
(�165 kJ mol�1) due to the additional interactions promoted by
the second NO2 group. The smallest number of HBs (P5) were
observed for these complexes, a parameter that confirms our
experimental results and proposal for the catalytic mechanism
promoted by the pillararenes, that is, reduction of HBs between
COO� group and water.

In contrast, the divergence among all parameters in the
complexes involving P5A can be broadly understood by its
smaller cavity size and by the additional NO2 group in one of
the CBI derivative, being the steric hindrance an unfavorable
and crescent phenomena in order of 6-NitroCBICP5A o 5,6-
DinitroCBICP5A. For the latter system, the additional NO2

group in the benzisoxazole ring results in its accommodation
0.10 nm more externally and 501 more distorted in the CPC
(compared to 6-NitroCBI), a condition that justifies its smallest
stabilization energy among the four systems (see Table 2).
The expressive fluctuation in P3 parameter indicates high
interaction dynamics between COO� and NMe3

+ groups in
the complexes, which corroborates with both the smallest EL
and VDW energetic contributions as well as the largest number
of HBs with the solvent (P5). The highest P5 value observed for
6-NitroCBICP5A system was initially considered as a potential
factor involved in its inhibitory effects, but its similarity with P5
value for the 5,6-DinitroCBICP5A as well as the opposite
kinetic behaviour (catalysis and inhibition) observed for these
complexes suggested that more factors should be involved in
these effects.

In order to explore additional factors involved mainly in the
inhibitory kinetic effects the atomic charges (Table 4) and the
electrostatic potentials (ELPs, Fig. S17, ESI†) of the studied CBI
derivatives were calculated for all environments (H2O and in
the pillararenes cavities) using PCM method and the geometric
structure of the complexes. During the single step of the CBI
decarboxylation, the O–N bond cleavage (from isoxazole ring)
occurs with gain of electronic charge in the oxygen atom to
form the corresponding cyanophenolate. Based on this premise
and the calculated atomic charges the high polarization of the O–N
bond in the 6-NitroCBICP5A system proves to be an important
factor involved in the inhibitory kinetic effects. In other words, the
reduced ability of the oxygen atom to gain electronic charge in TS
makes the reaction kinetically unfavorable.

The donor field effects already mentioned in the ‘‘1H NMR
titration’’ topic (promoted by the high electronic density from
the P5A cavity on NO2 group in the inhibitory system) was
confirmed by the increasing in the electronic charges for both
oxygen and nitrogen atoms of the NO2 group. We also emphasize
that these electronic effects can present a direct dependence on
each other, for example, the high polarization of the O–N bond
(from isoxazole ring) being influenced by the reduction of the
electron withdrawing inductive effects of the NO2 group. The
considerations up to this point provide a broad perspective
regarding the studied systems, with the simultaneous participation

Fig. 3 Snapshots of the H:G complexes formed between CBI derivatives
and cationic pillararenes. (above) External interaction of 6-NitroCBI and
5,6-DinitroCBI with P5A. (below) Deeper insertion of the 6-NitroCBI and
5,6-DinitroCBI in the P6A cavity. Pillararenes and CBI derivatives are repre-
sented in thin sticks and VDW, respectively.
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of steric and electrostatic effects naturally extending to larger
discussions related to supramolecular and enzyme catalysis/
inhibition.

4. Conclusions

In this work, experimental and theoretical studies about sponta-
neous hydrolysis and supramolecular kinetic effects by pillararenes
on decarboxylation reaction of two CBI nitrated derivatives pro-
vided conclusive information about the components (CBIs and
macrocycles) both individually and when in the complex. Despite
that both CBI derivatives present similar transition states during
spontaneous decarboxylation reaction, the additional NO2 group in
5,6-DinitroCBI resulted in a lower energy barrier during its decom-
position. In the presence of pillararenes both CBI derivatives
complexed in H:G stoichiometries, being the particularity of each
one in accommodating (geometry of complexes) the main deter-
mining factor between catalytic or inhibitory effects as well as the
magnitude of rate and binding constants. Specifically, intrinsic
effects involving the polarity modification of specific regions of
the CBI derivatives, changes in the number of hydrogen bonds
(between solvent and COO� group from CBI) and field effects on
NO2 groups were the main factors responsible for the observed
kinetic effects. Additionally, the effects observed on this model
reaction stimulate new work and applications of pillararenes
as supramolecular catalysts, functional group protectors in chemical
reactions, chemical sensors, drug delivery and others. Finally, we
envision that supramolecular and enzymatic catalytic processes

can be fundamentally better represented considering the spatio-
temporal and preorganization theories, with the postulates of
both together providing greater deductive power than each one
separately.
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P5A P6A
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P1 0.45 nm above 0.55 nm above 0.45 nm below 0.45 nm below
P2 151 insertion 651 insertion 151 insertion 151 insertion
P3 High fluctuation High fluctuation 0.30 nm 0.31 nm
P4 �25 kJ mol�1 (EL) �65 kJ mol�1 (EL) �100 kJ mol�1 (EL) �100 kJ mol�1 (EL)

�130 kJ mol�1 (VDW) �130 kJ mol�1 (VDW) �165 kJ mol�1 (VDW) �205 kJ mol�1 (VDW)
P5 Average = 5 Average = 4 Average = 2 Average = 2

Max. = 8 Max. = 7 Max. = 5 Max. = 4

P1, average distance between C6 and the CPC; P2, spatial orientation/angle of the CBI derivative in the CPC measured between two longitudinal
vectors (V1 = aligned to the CPC; V2 = formed by carbons C3 and C6 from CBI derivative); P3, average distance between charged groups (COO� and
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+); P4, energetic contributions from EL and VDW interactions; P5, number of HBs between water and COO� groups from CBI derivative.

Table 4 Atomic charges of the oxygen and nitrogen atoms (from the isoxazole ring and NO2 groups) of the CBI nitrated derivatives in all environments
(H2O, P5A and P6A cavities)

Atom/group

H2O P5A P6A

6-NitroCBI 5,6-DinitroCBI 6-NitroCBI 5,6-DinitroCBI 6-NitroCBI 5,6-DinitroCBI

O-Ring �0.447 �0.452 �0.551 �0.436 �0.462 �0.436
N-Ring �0.255 �0.225 �0.180 �0.232 �0.217 �0.212
5-NO2 — �0.379 (O) — �0.354 (O) — �0.371 (O)

�0.402 (O0) �0.358 (O0) �0.361 (O0)
0.364 (N) 0.207 (N) 0.178 (N)

6-NO2 �0.420 (O) �0.385 (O) �0.446 (O) �0.380 (O) �0.409 (O) �0.363 (O)
�0.416 (O0) �0.389 (O0) �0.452 (O0) �0.405 (O0) �0.411 (O0) �0.371 (O0)

0.383 (N) 0.364 (N) 0.215 (N) 0.192 (N) 0.067 (N) 0.137 (N)
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