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Abstract: This study reports the acid-base properties of
taxifolin (Tf) in HCl media and aqueous complexation
with Ni(II). The equilibrium processes was investigated
using a spectrophotometric technique and ab initio cal-
culations. Equilibrium constant of protonation was deter-
mined using a non-linear Cox-Yates method. Analysis of
Ni(II)-Tf complex species under metal dominance condi-
tions was performed in tris-buffer solution. For interpreta-
tion and verification of experimental results the Def2-SVP/
DFT/PBEO/SMD level was used.
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Introduction

Taxifolin (Tf) is a flavonoid, a member of a large family
of heterocyclic compounds that are plant and fungus sec-
ondary metabolites. Tf is contained in vascular plants,
seeds, fruit, vegetables, red wine and tea [1].

Tf exhibits pronounced inhibitory [2], antioxidant
[3, 4], anticarcinogenic [5] and chelating [6] properties. It
possesses P vitamin activity [7] and shows antidiabetic [8]
and immunoregulatory [9] features, in addition to other
properties [10-12]. Some of the metal complexes exhibit
antimicrobial, anti-proliferative and other biologically
properties [6, 13-16].
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Metal ions with Tf are new valuable products which
can be used in various branches of pharmacology and
chemistry. This report deals with an integrated approach
(experimental and quantum-chemical simulation) to
describe of the acid-base and complexing properties of Tf
in aqueous solution.

Results and discussion

Acid-base properties

Neutral form of Tf at pH 1 has one absorption maximum
near 285 nm. Spectrum of Tf in strongly acidic solu-
tion has a similar profile but it also shows a shoul-
der in the region of 290-310 nm. A linear relationship
between absorbance and concentration for all forms of
Tf indicates the absence of the molecular association in
solution. Characteristics of the spectral properties of dif-
ferent forms of Tf are given in Table 1. The UV-vis spectra
of Tf at different acidities are shown in Figure 1. All raw
spectroscopic data are given in the online supplemen-
tary material (Tables S1 and S2). The calculations were
performed using extinction at high concentration of HCl
as extinction of HTf". Determination of the number of
main-absorbing species are consistent with the presence
of two absorption forms, namely Tf and one tautomer
of HTf*. The obtained value of equilibrium constant of
protonation is 3.14 +0.04 and 1.38 - 10°£110 in logarith-
mic and absolute units, respectively. The solvation coef-
ficient or m*-parameter [17] for this process is 3.65+ 0.08.
For comparison, the values of protonation for other fla-
vonoids, such as quercetin and morin are within 9.0-11.0
logarithmic units [18]. The values of solvation coefficient
for indoles, amides and tertiary aromatic amines are 1.3,
0.5-0.6 and 1.4, respectively [19].

Thermodynamic properties of the protonation process
were theoretically investigated aiming to check conver-
gence with experimental data. The keto-enol equilibriums
of HTf* was assessed through the calculation of absolute
and relative energies of each possible tautomer. HTf* has



396 —— M.A. Lutoshkin et al.: Acid-base and complexing properties of ()-taxifolin

Table 1 Molar extinction coefficients (g - 103+ 55) for different forms
of Tf.

Form 270 nm 284 nm 308 nm
Neutral 2.630 3.890 1.738
Protonated 2.455 3.631 2.455
Anionic 3.162 4.074 3.548

seven tautomeric structures (Scheme 1). The DFT simula-
tions (Table S3) are consistent with the suggestion that N3
(Figure 2A) tautomer is the most energetically favorable
structure for HTf*. All other isomers are more energetic
(>70 kJ - mol™) than N3.
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Quantum chemical calculations of the protonation
constant logK, were carried out based on the cycle shown
in Figure 3 [20]. Using of different computational model
with explicit solvation or different solvation model such
as COSMO or C-PCM lead to unrealistic theoretical results.
In this approximation three main parts of the total free
energy in solution AAG®™ were evaluated: total Gibbs
energy in gas AG® and liquid AG** phases and the zero-
point energy correction AE#2,

Contribution of these parameters to total free energy
of reaction is shown in Table 2. As can be seen, the model
provides discrepancies between the theoretical and exper-
imental logK, values of less than 0.2 logarithmic units.
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Figure 1 The UV-vis scanning spectra of Tf obtained at various concentration of HCl and absorbance (308 nm) as a function of log([HCL]),
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Scheme 1 Keto-enol equilibrium of HTf*.
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Figure 2 Optimization geometry of HTf* (A) and Ni-Tf (B).
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Figure 3 Thermodynamic cycle for quantum-chemical calculation of logk..

Table 2 Calculated Gibbs energies and values of zero point energy
for logk..

Contribution k) - mol™ a.u.-10°
AGSas 23.71 9.03
AG -36.76 -14.25
AE?e -3.90 -1.48
AAGSW- -16.96 -6.45
logk, = 2.97

logk, = 3.14

Convergence logK ' with logK, ®® testifies to the correct-
ness of the proposed model of protonation.

Complex formation with Ni(ll)

The formation of Ni-Tf complex was indicated by changes
in the electronic absorption spectra in solution (Figure 4).
The investigation of complexation process in Ni(I)-Tf
system was performed under conditions of metal excess.
Available pH range for study of this process lie in the range
of 74-7.8, where Tf exists in mono-anionic form [14]. At pH
below 7.4 the interaction Ni-Tf is too weak to be measured
by a spectrophotometric method, and at pH>7.8 a rapid

oxidation of the complex is observed. Interaction between
Tf and tris has been not detected under such conditions.
Since the AA maximum remains invariant at 326 nm
(Figure S1) at various nickel concentrations, one might
conclude that the complex formation leads to one product
(monocomplex species) only with rather negligible con-
tribution from the polynuclear species Ni Tf . Thus, the
complexation process of Ni?* with Tf can be described by
the equation 1.

Ni(H,0),* +Tf " <> [Ni(H,0),Tf] " +2H,0+nH" (1)

The value of conditional stability constant (logK")
obtained for this system lies within 2.33-2.38 logarithmic
units (Table 3). This value remains unchanged within the
specified limits for each acidity. This means that H* does
not participate in complexation process and a value of n
in equation 1 equals 0. The ‘True’ logK cumulative stability
constants were obtained from the coefficients of compet-
ing reactions [21] (equation 2), in which j_ is the cumula-
tive stability

K=a K;a =1+Y B [L"] )

constant of competing reactions, K’ is conditional stability
constant, Kis ‘true’ stability constant. For calculation of the
coefficient &, the equilibrium constant of Ni(II) hydrolysis
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Figure 4 The UV-Vis spectra and absorbance at single wavelength (326 nm) for Ni(ll)-Tf system; [Taxifolin] =2.24-10* m; pH=7.6,

I=1(Naclo,).

Table 3 Extinction coefficients at 326 nm (£32¢), conditional (K") and
true (K) stability constants of Ni(ll)-Tf complex species in aqueous
solution.

pH logK’+£0.01 log(e*%)£0.02 logK+0.08
7.4 2.38 3.13 4.96
7.6 2.36 3.08 5.07
7.8 2.33 3.04 5.17

[22], stability constants of Ni-tris complexes (ML and ML,
species) [23] and dissociation constant of Tf [14] were used.

The ‘true’ equilibrium stability constant (logK) for
Ni-Tf complex is 1.18 - 10° (or 5.1 logarithmic units). This
value characterizes the complex as more stable than other
complexes of Tf. For example, in the system Cu(II)-Tf the
formed monocomplexes have logK values in the range
from -15 to -1 logarithmic units [14].

For estimation of keto-enol equilibrium of Ni-Tf
complex, the level Def2-SVP/DFT/PBEO/ Stuttgart RSC
1997/SMD was used. According to [6], Tf can exhibit four
possible chelating sites with Ni" ion (Scheme 2). The DFT
calculations the DFT calculations showed that C1 is the
most stable tautomer (Figures S2 and 2B) for the Ni'-Tf
structure.

Conclusion

The main parameters of protonation and complexation
processes of Tf in aqueous solution were investigated. The
obtained value for equilibrium constant of protonation,
logK,, is 3.14 £ 0.04; the stability constant of formation the
Ni“Tf monocomplex, logK, is 5.1+ 0.1. Quantum chemical

o, .OH o, .OH,
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Scheme 2 Keto-enol equilibrium for Ni-Tf complex.
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calculations were performed to confirm the proposed
coordination models of complexation and protonation.

Experimental

All chemical materials were of analytical grade and used without
further purification. The metal salts and ligands were dissolved in
distilled water. The concentration of ethanol did not exceed 2% in
the final solution. The concentration of HCl was determined by titra-
tion with a standardized solution of Na,CO,. Buffer solutions within
the pH range from 7.00 to 8.00 were prepared with tris and HCl. The
concentration of tris in all solutions was 0.05 M. The desired pH val-
ues were obtained by adjusting the amount of the buffer components
[24]. The ionic strength (I=1.0) was maintained with NaClO,.

UV-Vis measurements

The Cox-Yates method [25] based on the excess acidity function ¥
[26] was used to determine the protonation constant (K,) in strongly
acidic solutions (equation 3),

A :er A .
1 C H,L
1+ 1 flot™”
KH
3
where A, AHZL (EHZL)’ AHJL‘ (eH L‘), and Am: (SHL,) are the absorbances

and molar extinction coefficients of the process solution, the free Tf,
and its conjugate acid or base, respectively. The number of absorbing
species N contributing to the absorbance matrix was estimated with
the factor indication function (IND) [27].

Calculations of conditional stability (K’) were performed by
nonlinear LSR analysis using the absorbance matrix as raw data [28].
The optimal values for K’ and ¢* were found from the least squares
analysis (equations 4 and 5),

f(CNi’CTf’K,’ei)zz(AiA _A:alc)ZL)min (4)
=
where,
n+2
Al :Z & [Si 1= &t [Tf]+ Eni [Ni]+ E it [NiTf] 5)
Ab initio study

Ab initio calculations were carried out using the GAMESS US program
package [29] with a supercomputer Lomonosov-1 at Moscow State
University. The Def2-SVP [30] basis set was applied to H, C and O
atoms. Stuttgart RSC 1997 pseudopotentials [31] were applied to Ni(II)
for calculation of complexes species. The solvent effects were evalu-
ated using the SMD solvation model [32]. Geometry optimization was
performed by density functional theory (DFT). The acid-base equilib-
rium constants have been calculated using the equations 6-11.

pK,, =AAG™"/(2.303RT) (6)
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AAGsolv. — AGgas + AGaq. + AEzpe (7)

where
AG*™=-G_ (HTf')-G_ (H,0)+G, (H,0")+G_ (T)-AG’ ®)
AGa‘l = Gsolv. (HTf+ )_Gsolv. (HZO) + Gsolw (HBO+ ) + Gsolv4 (Tf) (9)
AE™ =-E_ (HTf")-E,_,(H,0)+E, (H,0")+E,(Tf) (10)
AG’ =RTIn([H,0]) =9.964 kJ/mol. (11)

Here, RTIn([H,0]) is a free energy change associated with moving
asolvent from a standard-state solution phase concentration of 1 M to a
standard state of the pure liquid, 55.34 M [33, 34]. E**is calculated har-
monic vibrational frequencies to estimate the zero-point energy cor-
rection. Free energies for ionization and solvation processes were used
for calculations of AG reactions both in the solid state and in solution.
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