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Introduction

Anthocyanins are the natural plant pigments responsible for
the majority of the red, blue and purple colors of fruits,
flowers, and leaves." The basic chromophore of anthocyanins
is the flavylium cation, whose color depends primarily on the
substituents present on the chromophore and the local pH.>
Above about pH 3 in aqueous solution, however, the flavylium
cation form (FI') of anthocyanins typically undergoes
hydration to form the hemiacetal (B), followed by ring-opening
tautomerization to give the Z-chalcone (C;) and subsequent
isomerization to the E-chalcone (Cg). These equilibria are indi-
cated in Scheme 1 for the 3',4',7-trimethoxyflavylium ion
(B-TMF), together with the structure of the 7-methoxy-4-
methylflavylium cation (MMF'), a compound that does not
hydrate under the same conditions.?

In nature, the color of anthocyanins can be stabilized to
some extent by complexation with metal cations or colorless
organic molecules, called co-pigments.””® Guest-host com-
plexation is an alternative strategy that might potentially pre-
serve the color of the flavylium cation chromophore more
effectively than co-pigmentation by shielding the chromophore
from contact with water. Achieving the stabilization of the
colored flavylium cation is relevant to the ways in which flavy-
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Host—guest complexation with cucurbit[7]uril of anthocyanin model compounds in which acid—base
equilibria are blocked resulted in essentially complete stabilization of their color. The color protection is a
thermodynamic effect and establishes a strategy to stabilize these colored compounds at pH values of
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Scheme 1 Reactivity of B-TMF, and structures of CB[7] and MMF™.

lium ions, and by inference anthocyanins, can potentially be
stabilized as photoprotectors.”” Guest-host complexes with
hosts such as molecular clips® and cucurbit[7]uril (CB[7])"
were shown to slow down the decoloration rate. In this context,
cucurbiturils are particularly attractive as hosts since they have
a high affinity for cationic species'®"® and can change the
spectroscopic properties and reactivity of guest molecules that
are included in their interior."**” CB[7] complexation of flavy-
lium cations containing a hydroxyl group at the 7-positon
resulted in only partial color stabilization because the decrease
of the rate of the hydration reaction was offset by the deproto-
nation of the flavylium cation at higher pH.”® We report here
that the flavylium cation form (FI') of B-TMF, in which the
acid-base equilibria are blocked, indeed exhibits an impress-
ive, essentially complete stabilization against hydration upon
inclusion in a 1:2 guest-host complex with CB[7]. Kinetic
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experiments showed that this is a thermodynamic and not a
kinetic effect.

Experimental

MMF" was synthesized as previously described.'® The modified
synthesis for B-TMF'>?*® and CB[7]*'** and the titration of
CB[7]** are described in the ESI (Fig. S1 and S2 in the ESIf for
B-TMF). Cobaltocenium hexafluorophosphate (Cob" PFg,
Aldrich 98%), HCI (Anachemia, ACS reagent grade) and metha-
nol (EMD Omnisol, spectrograde) were used as received. De-
ionized water (Barnstead Nanopure System, >17.8 MQ c¢m) was
used for all aqueous solutions. B-TMF stock solutions
(1.1 mM) were prepared either in acidified methanol (pH =
0.6) or by directly dissolving the solid in water containing
1 mM HCI. Stock solutions of CB[7] were prepared in 1 mM
HCI aqueous solutions. Binding isotherm determinations and
stopped-flow experiments were performed in the presence of
1 mM HCL The initial concentrations for the stopped-flow
experiments were 0.4 pM of B-TMF and between 0 and
12.6 uM of CB[7]. Separate solutions of B-TMF and CB[7] were
mixed in the stopped-flow experiment in a 1:1 ratio and the
final concentrations were one half of the initial ones. The
B-TMF and MMF' concentrations for the binding isotherm
studies were 0.2 pM. The methods for the fitting of the
binding isotherms are described in the ESL}

The kinetic absorption experiments on the minutes time
scale at pH values of 4.3 and higher were performed with
5.0 pM B-TMF. Two different experiments were performed: (i)
B-TMF was injected into aqueous solutions without and with
CB[7]. (ii) B-TMF was pre-incubated in water at pH 4.6 for 12 h.
After this period the solution was injected with water (control)
or aqueous CB[7] solutions. Spectra were collected at regular
intervals or the kinetics were followed at 470 nm, where FI
absorbs.

The apparent hydration constant (pK,,) was determined by
adding B-TMF (18 pM) to solutions prepared at different pH
values and measuring the absorption spectra 2 h and 24 h
after the B-TMF addition.

Absorption spectra were measured with Cary 100 UV-Vis or
Cary 50 Bio spectrometers, or a Hewlett Packard 8452A diode
array spectrometer. Kinetic studies at 470 nm, where FI"
absorbs, were performed on the Cary 100 or Cary 50 Bio
spectrometers where multi-cell holders were used (6 to 18) and
the absorption was measured sequentially at defined intervals.

Fluorescence measurements with B-TMF were performed
with a PTI QM-2 fluorimeter with excitation and emission
monochromator bandwidths of 5 nm. The samples were
excited at 470 nm and the emission spectra were measured
between 500 and 700 nm. The spectrum of a water sample was
subtracted from the experimental fluorescence spectra to
remove the Raman scattering peak of water at ca. 560 nm. The
experiments were performed at 20 °C. Fluorescence measure-
ments with MMF' were measured with a Hitach F-4500 where
the bandwidths for the excitation and emission monochroma-
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tors were 5.0 nm. The samples were excited at 416 nm and the
emission spectra were measured between 430 and 650 nm. No
spectral subtraction was required in this case because the
Raman scattering was negligible. The experiments were per-
formed at 25 °C.

Stopped-flow experiments were performed with a SX20
system from Applied Photophysics. Samples were excited at
470 nm using a 2.3 nm bandwidth on the excitation mono-
chromator, and the emission was detected at 90 degrees with
respect to the excitation beam using a 515 nm cut-off filter.
The two syringes, one containing B-TMF and the other with
CB[7], were kept at 20 °C for 10 min before the start of mixing.
The mixing ratio was 1: 1. Each experiment corresponds to the
average of 24 individual kinetic traces. The control experi-
ments were the following: (i) mixing of two water solutions to
determine the “zero” reading and (ii) the mixing of water with
B-TMF to determine the fluorescence intensity of B-TMF in the
absence of CB[7]. The kinetic data were analyzed using the
Pro-Data Viewer software from Applied Photophysics. The
quality of the fits was judged by the randomness of the
residuals. All the kinetics fit well to a mono-exponential
function.

Results and discussion

In the absence of CB[7] in aqueous solution at ca. pH 1, the
dominant form of B-TMF is the FI" form, with a maximum
absorption at 470 nm. Transfer to a solution of pH 4.3 results
in spectral changes characteristic of the hydration and sub-
sequent ring-opening tautomerization and isomerization reac-
tions, since B, C, and Cg do not absorb above 400 nm (Fig. 1).
From the pH dependence of the loss of the color of the FI'
form, a value of pK,;, = 3.0 + 0.3 was found for the negative log-
arithm of the apparent hydration constant (inset Fig. 1, see

Absorbance

350 400

450
Wavelength / nm

Fig. 1 Absorption spectra for B-TMF (18 pM) in water at different pH
values after a 24 h equilibration period. The pH value for the highest
absorbance for the band centered at 470 nm was 0.98 followed by pH
values of 1.32, 1.80, 2.50, 3.01, 3.44, 3.86, 4.01, 4.61, 4.99, 5.45 and
6.04. Inset: Dependence of log (xg/(1 — xg)) with pH for solutions equili-
brated for 2 h (black) and 24 h (red). The solid lines correspond to the fit
of the data to eqn (S12) in the ESI.{
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Fig. 2 Absorption spectra at pH 4.3 measured 7 h after the addition of
B-TMF (5 puM) in the absence (black) and presence of 12 uM (blue) and
120 pM (red) CB[7]. The inset shows the spectra right after the addition
of B-TMF. For 120 pM CBI7], the spectra are still unchanged 7 h after the
addition of B-TMF.

details in the ESIf), in good agreement with the value (3.1 +
0.3) estimated from the correlations of Freitas et al.>®

Addition of CB[7] led to the stabilization of FI" at pH 4.3
(Fig. 2) which was dependent on the CB[7] concentration. At a
24-fold excess the absorption spectra for B-TMF were the same
right after the addition of B-TMF and after 7 h, while with a
lower concentration of CB[7] some hydration occurred. The
kinetics at 470 nm showed that in the presence a 2.4-fold
excess of CB[7] over B-TMF, the rate of the hydration reaction
of the FI" form was noticeably slower (Fig. 3A) and, in the pres-
ence of a 24-fold excess of CB[7], this reaction was essentially
completely inhibited. The same effects were observed at pH
5.5 in absorbance and at pH 4.3 by monitoring the fluo-
rescence of the FI' form of B-TMF (see Fig. S3 and S4 in the
ESI?).
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Fig. 3 Kinetics measured at 470 nm for B-TMF (5 pM) at pH 4.6. A: after

addition of B-TMF to an aqueous solution without added CBI[7] (black)

or addition to aqueous solutions of B-TMF containing 12 (blue) or

120 pM CBI[7] (red). B: after addition of water (black), or 12 (blue) or

470 uM CBI[7] (red) to B-TMF pre-incubated for 12 h at pH 4.6.
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That this is a true thermodynamic rather than a mere
kinetic stabilization of the flavylium cation form F1* of B-TMF
was shown by initially incubating B-TMF (5 pM) at pH 4.6 for
12 h to obtain an equilibrium mixture containing predomi-
nantly the hydration product B plus C, and Cz. Addition of
12 pM or 120 pM CBJ[7] then resulted in a shift of the equili-
brium toward FI" (Fig. 3B) at a rate and to an extent dependent
on the concentration of added host (Fig. S5 in the ESI} for
fluorescence measurements). It is important to note that the
kinetics after incubation for 12 h are not the same as those for
the direct addition of B-TMF to a solution of CB[7] where the
effect of the slow conversion of C; to C, is absent.

The binding kinetics of guests with cucurbiturils can be
fast, with relaxation processes that occur in the sub-second to
seconds time-domain.>**® The binding kinetics were studied
by stopped-flow, accompanying the increase in fluorescence
due to the complexation of FI' upon mixing of a solution of
B-TMF with a solution containing CB[7] (Fig. 4, top). The kine-
tics levelled off within 0.25 s showing the formation of the
CB[7] complex. The formation of B, C, and Cp was not
observed on this time scale. The experiments were run under
conditions where the concentration of CB[7] was at least
10 times higher than the concentration of F1" and all kinetic
traces fit well to first-order kinetics. Although both FI" and B
were initially present in solution ([HCI] = 1 mM) at the time of
mixing, the kinetic traces showed no initial off-set that would
indicate a fast process occurring within the stopped-flow
mixing time of 1 ms, which could be related to the binding of
B. Therefore under the pseudo-first order conditions used, the
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Fig. 4 Top: Stopped-flow kinetics for the mixing of B-TMF (0.2 uM)
with CB[7] (top to bottom: 6.3 uM (red), 4.2 (black), 2.1 (green), 1.0 (blue)
and 0 (red)). The lowest trace (black) corresponds to the baseline inten-
sity for water in the mixing cell. Bottom: Dependence of the observed
rate constant with the concentration of CB[7] for two independent
experiments (black and red symbols) fit simultaneously to eqn (1). Error
bars not shown are smaller than the data points.
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concentration of B is not relevant for the analysis of the
kinetic data.

The kinetics of FI' binding with CB[7] could not be followed
at concentrations of CB[7] above 7 pM because the reaction
rate exceeded the time-resolution of the equipment (rate con-
stant >600 s™'). In the accessible time range, the observed
first-order rate constants were a linear function (eqn (1)) of the
CB[7] concentration (Fig. 4 bottom), providing values for the
bimolecular association (k;;") and unimolecular dissociation
(k117) rate constants of (7.7 + 0.2) x 10 M™' s and 50 +
10 s~'. The ratio of these values leads to an equilibrium con-
stant of (1.5 + 0.3) x 10® M™", which was assigned to the for-
mation of the 1:1 complex between FI' and CB[7] (Ki1),
because at the low CB[7] concentrations the formation of the
1:2 complex is negligible since K;, is much lower than K;;
(see below). Two relaxation processes would have been
observed if the rate constants for hydration/dehydration were
of the same order as those for complex formation. The values
of k" and k,,~ for B-TMF were estimated to be ca. 0.05 s™* and
10" M~ s7', respectively, from the value of pK,, and the values
reported by Pina et al.® for analogous compounds. Thus, at
pH 3, ki, [H"] should be ca. 10 s™*, which is at least an order of
magnitude smaller than the lowest value of ks measured.

kobs = ki1t [CB[7]] + k11~ (1)

Because the fluorescence intensities of the FI* form of
B-TMF and MMF" increase upon addition of CB[7] (Fig. S6 in
the ESIt), the changes in fluorescence were used to obtain the
binding isotherms. The binding isotherm for B-TMF could not
be fit with a model that considered the formation of only a
1:1 complex (Fig. 5). The intensity decrease observed for the
calculated fit for a 1:1 stoichiometry at high CB[7] concen-
trations occurs because the fluorophore was diluted as CB[7]
was added. This dilution was taken into account in the
numerical fit. The binding isotherm did however fit nicely to a
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Fig. 5 Top: Fit of the binding isotherm for B-TMF (0.2 pM) with CBI[7]
assuming a pK,, of 3.0 to a 1: 1 stoichiometry (black, dashed line) and to
sequential 1:1 and 1:2 B-TMF: CB[7] stoichiometries (red, solid line).
Bottom: Residuals between the data and calculated values for the fits
assuming a 1:1 stoichiometry (black) and sequential 1:1 and 1:2 stoi-
chiometries (red).
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sequential 1:1 and 1:2 B-TMF: CB[7] binding stoichiometry.
Because the emission efficiencies of the 1:1 and 1:2 com-
plexes were similar, the equilibrium constants derived from
the unrestrained fits had relatively large errors. For this
reason, the value for K;; determined from the kinetic studies
(1.5 x 10° M) was treated as a fixed parameter. This provided
a fit with good residuals and an estimated K, value of <3 x
10* M (see ESIt for details), showing that the binding of the
second CB[7] to FI' @CB[7] is less efficient than the binding of
the first CB[7]. For the objectives of the current work, an abso-
lute value of K;, is not required; the crucial point being the
demonstration that the higher order 1:2 complex is indeed
formed at the higher CB[7] concentrations and is the key
species in the protection of the flavylium cation of B-TMF
from hydration. Likewise, fitting of the binding isotherms of
MMF" with CB[7] also required the assumption of a 1:2
sequential binding model with K;; = (9 + 2) x 10° M™" and K;,
= (8 = 5) x 10° M~ (Fig. S7 in the ESIf). The fact that MMF"
does not hydrate under these conditions shows that the for-
mation of the 1:2 complex is a feature of the flavylium cation
framework for both MMF' and FI'. The slightly smaller K,
value and much larger K;, value for MMF" compared to
B-TMF' are attributed to differences in steric hindrance
caused by the 4-methyl substitution in MMF" vs. dimethoxy
substitution in the B-ring of B-TMF. The formation of the 1:2
complex between flavylium derivatives and CB[7] in addition
to the 1:1 complex was previously not reported.®®?%3°
However, the position and hydrophobicity of the substituents
were shown to affect the magnitude of the equilibrium con-
stants for the 1:1 complex,>**° to determine which ring is pri-
marily incorporated into the CB[7] and the ability of CB[7] to
shuttle between the two rings.*’

The kinetic experiments show that the rate of formation of
the 1:1 complex is faster than the hydration reaction
(Scheme 2). The rate constant for association of the FI' form of
B-TMF with CB[7] is ca. 4 times higher than that of berberine
(Chart 1), a guest with a centrally located positive charge®”
similar to FI', but one order of magnitude lower than that for
the 2-naphthyl-1-ethylammonium cation,*® in which the posi-
tive charge is located at an extremity of the molecule. In con-
trast, the dissociation rate constants for FI' and the
2-naphthyl-1-ethylammonium cation®® were the same, while
the value for the larger berberine molecule was ca. 60 times

N kn slow
FI't & B == C+Cy
+ kh
CB[7]
M
k]]Tl 11
Kip
FI*@CB[7] + CB[7] <«— FI'@(CB[7]),

Scheme 2 Representation of the competitive reactions of B-TMF in the
aqueous phase and for incorporation in CBI[7].
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Chart 1 Structures of other cationic CB[7] guests and their association
and dissociation rate constants with CB[7].

lower. The intermediate behavior observed for FI' suggests
that it fits snuggly into the CB[7] cavity, implying that the
larger 1-benzopyrylium moiety is the portion of the molecules
that is preferentially included in the 1:1 complex. The
inclusion of the remaining portion (the B ring) of the flavylium
ion protruding from the 1:1 complex into the cavity of the
second CBJ[7], together with steric and/or dipolar repulsion
between the two juxtaposed CB[7] host molecules would nicely
rationalize the weaker 1: 2 binding.

The selective binding of the FI' forms of these two flavy-
lium cations to CB[7] is fully consistent with the known prefer-
ence of CB[7] for cationic species over neutral ones,"”*"** such
as the hemiacetal B and the chalcones C, and Cg. At the
higher CB[7] concentrations, where the FI" form is sequestered
as the 1:2 complex, essentially complete protection of the FI"
form of B-TMF against hydration is observed, even at pH
values where hydration is predominant in water. At lower
CB[7] concentrations, the observation of only partial protection
can be ascribed to the competition between the dissociation of
FI'@CB[7] to yield free FI', which can undergo hydration, and
the association of the FI'@CB[7] with a second CB[7] forming
an unreactive complex (Scheme 2).

Inhibition of the reactivity of CB[n] bound guests has been
observed previously,>**® mainly by protecting the guest from
bimolecular reactions with reactants in water. Cucurbituril
stabilization of the color of synthetic anthocyanin analogues
against reaction with water at pHs of importance in techno-
logical applications, such as in the food industry, is a potential
strategy with an advantage that cucurbiturils with different
cavity sizes could be employed to encapsulate anthocyanidins
or minimally glycosylated naturally-occurring anthocyanins of
different sizes in the form of 1:2 complexes. The stabilization
of the different isomers of anthocyanin derivatives is also of
importance in the development of photoprotectors active in
different wavelengths regions.

Conclusions

Complete stabilization of the color of a flavylium cation was
achieved at moderate pH by complexation with CB[7]. Key to
this stabilization is the use of a flavylium cation that does not
have the hydroxyl substituent in the 7-position of the flavylium
framework and the formation of a 1:2 guest-CB[7] complex.
The formation of this higher order complex ensures that the
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hydration reaction is non-competitive with the formation of
guest-host complex.
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