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Substituent effect on the dynamics of the
inclusion complex formation between
protoberberine alkaloids and cucurbit[7]uril

Zsombor Miskolczy, = Laszlé Biczok 2 * and Gydrgy Lendvay

The kinetics of entry into and exit from the cavity of cucurbit[7]uril (CB7) was studied by the stopped-
flow method in water at various temperatures using pharmaceutically important natural isoquinoline
alkaloids as guest compounds. The rate constant of the alkaloid—CB7 complex dissociation was separately
determined exploiting the very strong competitive binding of the 1-adamantylammonium cation to CB7.
The enthalpy and entropy of activation for the release of berberine from CB7 were significantly lower than
those found in the case of the other alkaloids, suggesting different dissociation dynamics. CB7 initially
moved from the energetically most stable position encompassing the isoquinoline moiety of berberine to
the smaller benzodioxole part, which could leave the macrocycle with less structural distortion. Despite
the same thermodynamic parameters of berberine and palmatine inclusion, the latter compound was
encapsulated in and set free from CB7 much slower due to the more substantial steric hindrance. The
most rapid entry into CB7 and the most exothermic binding were found for epiberberine and coptisine,

rsc.li/pcecp

Introduction

Cucurbit[n]urils (CBn), pumpkin-shaped molecular containers,
have widespread applications in analytical chemistry,"* nano-
technology,®™ catalysis,”” drug delivery,® and in the bio-
medical field'” because they can encapsulate various classes of
compounds. The inclusion in their hydrophobic cavity brings about
substantial alteration in the acidity,"* solubility,"> fluorescence
properties," and photostability'" of guest molecules. The kinetics
of the supramolecular polymerization of two bifunctional
monomers possessing cucurbit[7]uril (CB7) and adamantane
end groups was controlled using a pH responsive competitive
binder compound.*®

Information on the dissociation rate of CBn complexes is
essential for controlled-release applications, in which the guest
molecule is expelled from the macrocycle upon external stimuli."”
The knowledge of the kinetics of entry into and exit from the
macrocycle is of crucial importance also for the rational design of
functional supramolecular systems composed of CBn. A thermo-
dynamically unfavourable state can become stable at room
temperature if a substantial activation barrier hinders the structural
change. For example, a bistable [2]rotaxane was created in which the
movement of cucurbit[6]uril (CB6) along an axle molecule from one
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the alkaloids substituted with the less spacious dioxole ring on their isoquinoline moiety.

site to the other was induced by pH change, but the relocation to
the initial state was kinetically impeded.'® A very slow CB6
shuttling was also observed upon protonation within a [3]rotaxane
containing a dodecyl spacer, whereas the wheel- and axle-like
components of its [3]pseudorotaxane analogue dissociated upon
pH enhancement."® Molecular dynamics simulations contributed
to the deeper understanding of the acid-induced movement of CBn
in pseudorotaxanes.?® The rate constants of the reversible confine-
ment in CB7 exhibited a substantial solvent effect. The ingression
of viologen-containing, dumbbell-shaped guests into CB7 was
much faster in aqueous solution than in DMSO.** A multicompo-
nent system was found in which the kinetics of self-sorting
controlled the composition of the products, and the complexes
produced immediately after mixing of the reactants differed from
those in thermodynamic equilibrium.>*

Kinetic measurements provided insight into the mechanistic
details of the reactions proceeding in the presence of CBn. Multistep
binding of organic ammonium cations in CB6 was inferred
from systematic time-resolved NMR studies.**>* Stopped-flow
experiments demonstrated that the colour of an anthocyanin
dye was stabilized by CB7 because the decomposition of the
flavylium cationic form via hydration could not compete with
the rapid host-guest complex formation.>® Bohne and Thomas
found two pathways for the formation of the CB7 complex
of the 2-aminoanthracenium cation.”” Namely, not only the
direct inclusion but also the protonation of the CB7-included
2-aminoanthracene took place. The slower deprotonation in the
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cavity of CB7 than in water caused the substantial pK, increase
upon complexation.

Despite the significance of the rate of the entry and exit in
the application of CB7 in the delivery and controlled release of
drugs, little information is available on the dynamics of reversible
binding in this cavitand,**>' and only two studies**** reported
the activation parameters of the formation and dissociation of
the inclusion complexes. The substantial fluorescence quantum
yield enhancement of berberine®® (B), a biologically active
isoquinoline alkaloid, upon embedment in CB7 and CB8 was
used to monitor the complexation in real time. The effect of
the alteration of the macrocycle size on the stoichiometry of
association, the kinetics of the elementary reaction steps, and
the thermodynamics of binding was revealed.*>**

Since it is unknown how the modification of the molecular
structure affects the dynamics of inclusion in CB7, we performed
systematic kinetic studies. The dimensions of the encapsulated
protoberberine alkaloids were tuned by changing the methoxy
and dioxole substituents in the 2,3 and 9,10 positions, as shown
in Scheme 1. The main objective was to unravel how the steric
demand of the guest modifies the mechanism and the rate
constants of the ingression into and exit from CB7. The
revealed substituent effect on the kinetic parameters provided
new insights into the dominant inclusion pathway, and the
results may contribute to the development of new strategies to
control the guest release or capture.

Experimental

P (Sigma-Aldrich) was chromatographed on a silica gel (Merck)
column eluting with ethanol, EB (ChemFaces), C (CFM Oskar
Tropitzsch GmbH) and 1-adamantylamine (A, Sigma-Aldrich)
were used without further purification. The latter compound
was fully protonated at neutral pH since its conjugated acid had
a pK, value®*® of 10.55. The alkaloids were chloride salts, and
their concentrations were determined spectrophotometrically
using the molar absorption coefficient of 25000 M™" cm™" at
344 nm, 24240 M~ ' em ™! at 355 nm and 22130 M~ cm ™! at
356 nm in water for P,*” EB, and C,*® respectively. High-purity
CB7 was kindly provided by Dr Anthony I. Day (University of
New South Wales, Canberra, Australia). Experiments were
performed in double distilled water.

The UV-visible absorption spectra were measured with an Agilent
Technologies Cary60 spectrophotometer. Corrected fluorescence
spectra were recorded with a Jobin-Yvon Fluoromax-P spectro-
fluorometer. Stopped-flow measurements were carried out with

OCH;,

OCH;y
palmatine (P) berberine (B)

Scheme 1 Structural formula of the guest and host compounds.
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the same instrument using an Applied Photophysics RX2000
rapid mixing accessory and a pneumatic drive. The temperature
of the samples was controlled with a Julabo F25-ED thermostat.
The results of spectrophotometric and fluorescence titrations as
well as stopped-flow measurements were analysed with home-
made programs written in MATLAB 7.9. Isothermal calorimetric
titrations were performed with a VP-ITC (MicroCal) instrument
at 298 K. All solutions were degassed prior to titration. Alkaloid
solution (~90 uM) was injected stepwise (10 ul each) from the
computer-controlled microsyringe at an interval of 270 s into
~9 pM CB7 solutions, while stirring at 300 rpm. The dilution
heat, which was obtained by adding alkaloid solution into water
under the same conditions as in the titration of CB7, was
subtracted from the integrated heat evolved per injection, and
the result was divided by the mole number of the injectant. Data
were analysed using the one-site binding model and Origin 7
software. The first data point was always removed. The measure-
ments were repeated three times.

Molecular modeling calculations were first carried out with
the RM1 semiempirical method using HyperChem 8.0.10 software.
Further optimization was performed using density functional
theory. The M05-2X functional combination and the 6-31G(d,p)
basis set were used for geometry optimization followed by the
calculation of vibrational frequencies. From the obtained molecular
structures the procedure was repeated with the CAM-B3LYP
functional and the same basis set. Rather small geometry
changes were seen in the second optimization. The selected
functionals are suited for the description of dispersion effects,
which are important in host-guest complexes. The GAUSSIAN 09
suite of programs*® was employed for all DFT calculations.

Results
Steady-state fluorescence studies

A previous study demonstrated that the quantum yields of
fluorescence and intersystem crossing grow with the diminution
of the solvent polarity in the case of B and P due to the
deceleration of the internal conversion.’® Similarly, the confine-
ment of alkaloids in the nonpolar and extremely nonpolarizable
interior of CB7 significantly slows down the radiationless
deactivation from the singlet excited state to the ground state,
leading to substantial fluorescence intensity enhancement. Fig. 1
shows that the studied alkaloids weakly emit in water, but an
intense fluorescence band with a hypsochromic shift is observed
upon inclusion in CB7, analogous to that found for B.>* The gradual
increase of the CB7 amount brings about an incipient steep
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Fig. 1 Fluorescence spectra of 0.33 uM P, 0.038 uM EB, and 0.028 uM C
in water (red line) and in the presence of a large excess of CB7 (blue line).
Insets display the growth of the fluorescence intensity with CB7 concentration.

emission intensity rise followed by a levelling off. The lines in the
insets to Fig. 1 represent the results of the nonlinear least-squares
analysis of the experimental data assuming 1:1 inclusion
stoichiometry. The best fits provided K = 2.6 x 107, 5.0 x 108,
and 6.2 x 10®* M~* for the equilibrium constants of P, C, and EB
confinement in CB7 at 298 K, respectively. The K value of P
encapsulation agrees within the limit of experimental errors
with that reported for B binding®” (2.4 x 10’ M %). In contrast, a
more than an order of magnitude larger K was found for C and
EB. When the fluorescence titrations with CB7 were repeated
at ~300-fold larger alkaloid concentrations, the intersection of
the two linear regimes in the fluorescence intensity vs. CB7
concentration plots appeared at an equimolar alkaloid:CB7
molar ratio, confirming 1:1 complexation.

Structure of the CB7 complexes

The results of the previously published NMR experiments have
demonstrated that the isoquinoline moiety of protoberberine
alkaloids is encapsulated in the hydrophobic core of CB7,
whereas the other end of the guest molecule is located outside
the host.>**'~** To gain further information on the structure of the
inclusion complexes, density functional theory (DFT) calculations
were performed. The energy-minimized structures obtained at the
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Fig. 2 Energy-minimized structures for B-CB7 (A), P-CB7 (B), C-CB7 (C),
and EB-CB7 (D) complexes calculated by the DFT method. Colour codes:
oxygen, red; nitrogen, light blue; carbon, brown; hydrogen, white.

CAM-B3LYP/6-31G(d,p) level of theory (Fig. 2) demonstrate that the
alkaloid orientation in the CB7 cavity remains practically the same
irrespective of the substituents. Only partial embedment occurs
because the alkaloids are much longer than the height of the host.
The substituted isoquinoline moiety is confined and its hetero-
cyclic nitrogen is located in the vicinity of one of the carbonyl-
rimmed portals of the macrocycle. The neighbouring two methoxy
groups occupy more space than the dioxole ring. Hence, the
methoxy at position 10 somewhat protrudes from CB7, whereas
the dioxole substituent of the isoquinoline ring is fully embedded.
The symmetric round cross section of the host is distorted and
becomes oval upon inclusion of alkaloids.

The theoretical calculations allowed us to estimate the
relative complexation energies of the four inclusion complexes.
As the geometry optimization was performed in vacuum, the
results cannot be directly compared with the experimental data
obtained in aqueous solution. The difference between the
calculated and measured values reflects not only the neat
solvation effects but also the enthalpy change due to the release
of high-energy water from the CB7 interior upon encapsulation
of an alkaloid. Table 1 summarizes the derived binding enthalpies
(AH) and the energy differences between the molecular
structures within the complex and in the free form for alkaloids
(Estrain(alkal()id)) and CB7 (Estrain(CB7)) at the CAM-B3LYP/
6-31G(d,p) level of theory. The positive values of the latter two

Table 1 Calculated binding enthalpies and strain energies for alkaloid
inclusion in CB7

Palmatine Berberine Coptisine Epiberberine

AH/KJ mol™* —216 —221 —235 —241
Egtrain(alkaloid)/k] mol " 27.9 28.6 20.5 20.6
Estrain(CB7)/k] mol ™! 11.8 11.4 7.1 3.9
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quantities indicate that the inclusion complex formation is accom-
panied by steric distortion of both the host and the guest. The larger
Egmain(alkaloid) and (Egein(CB7)) values upon binding of P and B
arise from the more substantial deformation caused by the encap-
sulation of the more spacious dimethoxyisoquinoline moiety com-
pared with that of the smaller dioxoloisoquinoline unit of C and EB.
The smaller enthalpy gain for P and B inclusion in CB7 agrees with
the experimental results (vide infra). The considerable difference
between the calculated and measured AH of host-guest binding
implies that the release of water from the CB7 cavity and from the
solvate shells significantly alters the binding enthalpy.

Stopped-flow experiments at 298 K

The rate constant of the dissociation of the inclusion complex
was selectively determined by the accurate method described in
our previous paper.*® The 1-Adamantylammonium cation (AH")
was employed as a competitive binder, whose CB7 complex had
such a large stability constant®* (K = 1.7 x 10'* M) that the
dissociation of AH'-CB7 is negligible on the timescale of the
measurements. Fig. 3 shows the fluorescence intensity alteration
after rapid addition of AH' to the solution of alkaloid-CB7
complexes. AH" was used in substantial excess to ensure that
the ingression of AH' is much quicker into CB7 than the entry of
the alkaloid. In this case, the release of the alkaloid from CB7 is
followed by the fast association of the empty cavitand with AH",
which blocks the reverse formation of the alkaloid-CB7 complex.
Hence, the fluorescence intensity (I) decays in Fig. 3 directly
reflect the decrease of the concentration of the CB7-bound
alkaloid due to dissociation. As this is a first-order process, its rate
constant (ko) can be calculated by the nonlinear least-squares fit of
an exponential function to the stopped-flow traces.

1= Ipexp(—Kout) + 1. (1)
1.0
0.8
2
% 0.6
c
o)
c
— 0.4
0.2
0.04 . : ;
0 5 10 15 20
Time/s

Fig. 3 Diminution of the normalized fluorescence intensity after rapid
1:1 mixing of (1) 0.22 uM P + 0.23 pM CB7 with 4.7 uM Ada (lexcitation =
345 nm, Agetection = 500 nm), (2) 0.16 uM B + 0.16 uM CB7 with 4.0 uM Ada
(Zexcitation = 340 NM, Agetection = 500 nm), and (3) 0.22 uM C + 0.22 uM CB7
with 4.6 uM Ada (Lexcitation = 350 NM, Agetection = 530 nm) aqueous
solutions at 298 K. The black lines show the results of the nonlinear
least-squares analysis.
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Iy and I, denote the fluorescence intensities before mixing and
at equilibrium, respectively.

The derived ko values are summarized in Table 2 together
with other kinetic and thermodynamic parameters. The fluorescence
intensity vs. time profiles for EB-CB7 and C-CB7 dissociations were
indistinguishable. Therefore, the data only for the latter complex are
presented in Fig. 3. The alkaloids possessing methoxy units on their
isoquinoline moiety are released much slower from CB7 than EB
and C, in which the pair of methoxy groups are replaced by a less
spacious dioxole ring. The egression of B is significantly faster than
that of P indicating that the introduction of the dioxole substituent
instead of the methoxy groups in positions 2 and 3 also considerably
accelerates the exit from the host.

Fig. 4 displays the rise of the fluorescence intensity after
mixing alkaloid and CB7 solutions. Low reactant concentrations
were used to slow down the bimolecular encapsulation to the
time range accessible to the stopped-flow technique. Because of
the substantial fluorescence yield enhancement upon host-
guest association, the growth of the fluorescence intensity
indicated the rise of the inclusion complex concentration. The
signals levelled off when equilibrium was established. The
embedment of EB and C in CB7 showed the fastest and practically
identical kinetics. In contrast, a marked difference was observed
between the rates of B and P confinement, as indicated by the initial
slopes of the signals. The kinetics of 1:1 complexation is defined by
the following relationship:

d[alkaloid—CB7|

5 = kin[alkaloid][CB7] — koy [alkaloid—CB7]. (2)

To obtain the rate constant of ingression (k;,), the numerical
solution of this differential equation was fitted to the results of
stopped-flow measurements by keeping the previously deter-
mined k,,; constant. The calculated k;, values are included in
Table 2. The rate constants of the entry into the macrocycle
exhibit more than one order of magnitude variation in the
series of the structurally very similar alkaloids. The data
in Table 2 demonstrate that the binding constants derived
from the ratio of the rate constants of ingression and egression
(K = kin/koue) agree well with those obtained from steady-state
fluorescence titrations.

Effect of temperature change on the rate constants

To gain information on the properties of the transition states
and the activation parameters, the aforementioned stopped-flow
studies were repeated with the four closely related alkaloids at
various temperatures. The Arrhenius plots of the rate constants of
entry into and exit from CB7 are presented in Fig. 5 and 6,
respectively. Surprisingly, almost parallel linear dependences
appear for both the encapsulation and the release of the various
alkaloids, suggesting that the activation energies of the formation
and dissociation of the inclusion complexes change with the
molecular structure of the guests to a small extent. The activation
energies (E,) and A factors were obtained from the nonlinear
least-squares fit of the temperature dependence of the rate
constants with the Arrhenius equation k = A exp(—E./RT), where
R represents the gas constant.

Phys. Chem. Chem. Phys., 2018, 20, 15986-15994 | 15989
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Table 2 Kinetic and thermodynamic parameters of the formation and dissociation of alkaloid—CB7 complexes in water
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Palmatine

Berberine®

Coptisine

Epiberberine

kin at 298 K/M ™' 571 (5.4 + 0.4) x 10°

AHE, /K] mol ™ 37.9 £ 2
AS:/] mol ' K! 11+ 3

kout at 298 K/s™* 0.20 + 0.04
AH? /K] mol~* 76.8 + 2
AS% /] mol ™ K* 241

K at 298 K/10” M~ from kinetic data” 2.7+ 0.3
K at 298 K/10” M~ * from fluorescence titration 2.6 + 0.3
AH at 298 K/k] mol~" ITC measurement —37+2
AH/K] mol~* from kinetic data® —-39+3
AS/] mol~! K! from kinetic data? 9+4

“Ref. 32. 7K =
measurements.

Intensity

0.0 : T

1.0 1.5 2.0

Time /s
Fig. 4 Rise of the normalized fluorescence intensities after rapid mixing
of (1) 0.26 uM P with 0.27 pM CB7 (Zexcitation = 345 M, Agetection = 500 nm),
(2) 0.23 pM B with 0.27 pM CB7 (Lexcitation = 345 NM, Agetection = 500 nm
and (3) 0.28 pM C with 0.27 pM CB7 (dexcitation = 350 NM, Agetection
530 nm) aqueous solutions at 298 K. The black lines represent the results
of the nonlinear least-squares fit.

0.0 0.5 25

On the basis of the transition-state theory, the standard
entropy (ASs*) and enthalpy (AH") of activation can be derived as
follows:

AH* = E, — RT

(3)

h
AS* =RIn( 4
n( KekBT)

where e, kg, and & stand for Euler’s number, and the Boltzmann
and Planck constants, respectively. The transmission coefficient (i)
is usually regarded as unity. The calculated activation parameters are
incorporated in Table 2 together with the thermodynamic para-
meters of host-guest complex formation calculated as a difference of
the activation parameters of the entry into and exit from CB7.

Isothermal calorimetric titrations

To corroborate the enthalpy change of complexation derived
from kinetic measurements (AH = AH}, — AH},,), the evolved

15990 | Phys. Chem. Chem. Phys., 2018, 20, 1598615994

(19 + 1) x 10°

(71 + 8) x 10°

(69 + 8) x 10°

32.0 £2 32.7+£3 32.4 +3
2.6 +2 15+ 4 14 + 4
0.81 + 0.08 0.12 £ 0.02 0.10 £ 0.02
69.0 £ 2 75.8 + 2 75.7 £ 2
-19+4 —-8+2 —-10+ 2
2.3 +£04 59 + 15 69 & 16
2.4+ 0.3 50 &+ 15 62 + 15
—384+2 —45 4+ 2 —45 4+ 2
—37+3 —43 45 —43 4+ 5
15 & 4° 23+ 7 24 £ 7

inlkoue- € AH = AH, — AHL,. T AS = ASh, — AS%,. © Average of the results of steady-state fluorescence titrations and ITC
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Fig. 5 Logarithm of the rate constants of alkaloid ingression into CB7 in
water as a function of reciprocal temperature. Data for berberine were
taken from ref. 32.
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Fig. 6 Arrhenius plots of the rate constants of alkaloid egression from
CB7 in water. Data for berberine were taken from ref. 32.

reaction heat was directly measured by isothermal titration
calorimetry (ITC). The amount of heat developed after each
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Fig. 7 Heat release upon addition of ~90 uM palmatine (@), coptisine
(#), and epiberberine (M) solution to ~9 uM CB7 in water.

alkaloid injection into ~9 pM CB7 solution was integrated and
corrected with the very small dilution heat. The initial part of
the enthalpograms (Fig. 7) indicated practically constant heat
generation because of the complete complexation of the added
alkaloid. The released heat measured in this domain provided
the enthalpy change upon host-guest binding. The AH of C and
EB inclusion in CB7 did not differ but P embedment was
considerably less exothermic. At further successive ligand injections,
the heat evolution gradually vanished due to the lessening number
of free CB7 macrocycles. The enthalpograms exhibited an inflexion
point at a 1: 1 component ratio confirming that a CB7 molecule
was able to encapsulate only a single alkaloid. To decrease the
number of fitted parameters the binding constants determined
by fluorescence titrations were kept constant in the non-linear
least-squares analysis of the ITC data. The AH values obtained
from the best fits are in accordance with those determined from
activation enthalpies (Table 2).

Discussion

The studied alkaloids are encapsulated in CB7 much slower
than the diffusion-controlled limit for which a rate constant
of 6.5 x 10° M~ ' s was reported*®> in water at 293 K. The
substantial activation enthalpy of ingression (AH},) implies that
the passage of alkaloids through the CB7 portal is sterically
hindered. Since the carbonyl-fringed opening of the cavitand is
tight compared to the alkaloid dimensions, oval distortion of
CBY is the prerequisite for the penetration into the macrocycle.
The energy needed for the partial desolvation of the reactants to
reach the transition state also contributes to AHY,. Alkaloid
inclusion in CB7 has a positive activation entropy (AS,) evidencing
that the entropy gain upon removal of water from the host interior
and the solvate shell of the guest overcompensates the entropy
penalty paid upon the ordering of the reactants into the
transition state.

The kinetic and thermodynamic parameters of C and
EB inclusion in CB7 barely differ (Table 2) because the

This journal is © the Owner Societies 2018
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dioxoloisoquinoline moiety of these alkaloids is embedded in
the apolar core of the host. The replacement of the dioxole ring
with a pair of methoxy groups brings about marked changes in
the binding characteristics. The binding affinity becomes much
lower due to the diminution of the enthalpy and entropy gains
upon complexation, but the AH and AS of P-CB7 and B-CB7
complex formation exhibit insignificant differences. Hence,
we can conclude that only the residues on the encapsulated
isoquinoline segment influence the driving force of host-guest
interaction. The considerably less exothermic confinement of
the 9,10-dimethoxy-substituted alkaloids in CB7 relative to that
of the 9,10-dioxole derivatives originates primarily from steric
reasons. The bulkier two methoxy groups less easily fit into the
CB7 interior than the smaller dioxole ring and may distort
slightly more the symmetrical structure of the host. This
renders the confinement of P and B enthalpically less favour-
able. The pair of methoxy substituents have more degrees of
conformational freedom to be limited than a dioxole ring. As a
consequence, the AS of P and B inclusion is below that found
for C and EB complexation. The binding of alkaloids into CB7
always leads to a positive AS because the entropy benefit in the
release of water from the cavitand and from the solvate shell of
alkaloids overbalances the entropy loss due to association.

Table 2 demonstrates the lack of correlation between the
kinetic and thermodynamic data in the case of the complexation
of P and B. The latter compound enters into and exits from CB7
much faster than P despite the practically identical AH and AS
values of P and B binding. This is particularly surprising
because the isoquinoline parts of the two alkaloids, which are
embedded in CB7, have an identical substitution pattern. The
difference in the rate constants arises primarily from the smaller
activation enthalpies of B ingression and egression compared
with those of P. The lower energy barrier for B insertion suggests
different dynamics for complex formation. The penetration of the
less bulky benzodioxole part of B is kinetically favourable because
less deformation of the reactants is needed (Scheme 2). The entry
of the more spacious other end of B is impeded by the narrow
portal of CB7 to a larger extent. After the penetration of the
benzodioxole moiety into CB7, the macrocycle rapidly slips to the
isoquinoline unit producing the thermodynamically most stable
structure. As the less spacious benzodioxole segment approaches
the transition state, less water is liberated from the core and the
hydrophilic portal of CB7 as well as from the alkaloid hydrate
shell than in the case of the ingression of the 9,10-dimethoxy-
isoquinoline part of P. Hence, the activation entropy of B-CB7
formation is lower than that of the association to P-CB7. Since
both ends of P are substituted with pairs of methoxy groups, a
considerably larger AHj, is observed because the entry into
CB?7 is hindered irrespective of the dynamics of inclusion. The
practically equal activation parameters of EB and C binding in
CB7 indicate that the entry of the dioxoloisoquinoline moiety
into the host is preferred because this pathway requires the
least structural modification.

The activation enthalpy of alkaloid exit from CB7 (AH%)
is the sum of the activation enthalpy of ingression (AH},) and
the absolute value of the enthalpy change upon host-guest
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Scheme 2

binding (IAHI). The AH%, values of EB-CB7 and C-CB7 dis-
sociations correspond to the value found for P-CB7 because the
smaller enthalpy gain upon self-assembly to P-CB7 is offset by
the larger AH}, of the process. Such a compensation does not
occur for B-CB7, and therefore, AH%,, is lower by 7 k] mol™*
than that of the egression of other alkaloids. The 4-fold quicker
release of B from CB7 at 298 K compared to the removal of P is
attributed to the lower AH%,, of B. The dynamics of B egress
from CB7 essentially differs from the dissociation of the other
alkaloid-CB7 complexes. First, CB7 moves from 9,10-dimethoxy-
isoquinoline to the benzodioxole part of B, and after that, the
smaller benzodioxole moiety leaves the macrocycle because this
path needs less structural modification in the transition state
due to the smaller size of the benzodioxole moiety. This two-step
exit mechanism has no energetic advantage in the case of P-CB7
dissociation because both ends of the guest are substituted by
methoxy pairs. The dioxoloisoquinolines of EB and C probably
directly egress from CB7 because the steric impediment plays a
less important role when the less spacious dioxole is linked to
the isoquinoline moiety. The activation entropy of B release from
CB?7 substantially deviates from that of other alkaloids confirming
the different type of transition state for B-CB7 dissociation.
Multistep inclusion mechanisms have been reported for the
encapsulation in cucurbit[6]uril (CB6). Nau and coworkers
demonstrated that first the cationic moiety of alkylammonium
coordinates with the carbonyl rim of CB6, and the hydrophobic
moiety of the guest subsequently enters into the host in a “flip-
flop” manner.>*** The formation of both exclusion and inclusion
complexes was also observed for 4-methylbenzylammonium
binding to CB6*® and for 2-aminoanthracenium confinement in
CB7.*” Two position of CB6 were found when it slipped through
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Illustration of the inclusion dynamics for B (upper panel) and EB (lower panel)

the N',N°-disubstituted hexane-1,6-diammonium cation.>® In
these cases, the two types of complexes are kinetically distinguish-
able and have their own well-defined energy minimum. In
contrast, the two stages of B entry into CB7 probably are not
separated by an energy barrier or the energy barrier between
them is very low. The Aan values of alkaloid-CB7 complex
formation are considerably lower than those observed by
Masson and coworkers® for the slippage of N'-substituted
N°-(3,5-dimethoxybenzyl)hexane-1,6-diammonium cations in
CB6 from the initially bound to the thermodynamically stable
state (117-88 kJ mol™"). The much larger latter AHj, quantities
indicate the more difficult translation of the guests within the
confined space of the CB6 interior.

Conclusions

The formation and dissociation of the highly stable protoberberine
alkaloid-CB7 1:1 complexes are sterically hindered and possess
substantial energy barriers, which depend on the relative size of
the guest and the portal of the host macrocycle. Even minor
modification in the substitution pattern of alkaloids significantly
alters the rate constant of the reversible binding in CB7. In the
thermodynamically most favourable complex structure, the iso-
quinoline part of the studied alkaloids is encompassed by the
host. The introduction of bulky substituents into this moiety can
essentially alter the dynamics of encapsulation. The sterically less
demanding part of the guest passes through the narrow opening
of CB7 and afterwards, the most stable position is reached.
Kinetic measurements not only provide unique information on
the mechanistic details of inclusion complex formation but also
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represent an appealing alternative to establish the large equilibrium
constants of host-guest binding in a simple and reliable way. Large
binding constants are usually obtained by multistep sequential
competition titrations, in which the proper selection of the series
of guests is challenging and the experimental errors accumulate.””
The determination of such association constants is more accurate
by simply taking the ratio of the ingression and egression rate
constants.
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