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ABSTRACT: Betalains can be used in food, drugs, and cosmetic

industries and have shown their bioactive potential. These properties

are strongly influenced by pH and other physicochemical conditions.

The pK, values for the polyprotic Betanidin (Bd) molecule are

unknown, and they are crucial to elucidate the oxidation mechanism in

which its pigment is involved. In the present study, the values of pK, for B

all protic groups of Bd were analyzed using five hybrid density @ @
functionals (B3LYP, B3PW91, wB97XD, PBEO, and M06-2X), five Q@QA
basis sets (6-31+G(d), 6-31+G(d,p), 6-31++G(d,p), 6-311+G(d,p), @
and 6-311++G(d,p)) and the solvation model based on density (SMD)

implicit solvation model. Moreover, one and three explicit water

SMD / explicit
water molecules

molecules were added to improve the solvation free energy values. pka !

Furthermore, the values of pK, of betanin, betalamic acid, and cyclo-

2 Betanidin

dihydroxyphenylalanine (DOPA) were studied. Based on these analyses, we propose the acid—base behavior of Bd in water and

develop new tools to understand their chemical reactivity.

1. INTRODUCTION

Betalains are water-soluble nitrogenous pigments found in high
amounts in plant species from the order Caryophyllales.'
Betalains are divided into two subclasses: betaxanthins (yellow-
orange pigments) and betacyanins (red-violet pigments).”
Betacyanins are derivatives of Betanidin (Bd), an iminium
compound derived from betalamic acid and cyclo-dihydrox-
yphenylalanine (DOPA), whereas betaxanthins are obtained
from the reaction of amines or a-amino acids with betalamic
acid, for example, indicaxanthin (In) in prickly pear (Opuntia
ficus-indica).” Typically, betalains show good solubility in water
and alcohols.” Betalains in aqueous solutions are stable in the
pH range from 3.5 to 7;%° however, light, metal cations, high
temperature, and oxygen reduce the dye stability.®

Betalain pigment can be used in food, drugs, and cosmetic
industries as beet powder or beet juice concentrate.” In recent
years, betalains have shown their biological potential; they have
antimicrobial, antiviral, and antitumoral effects and anti-
inflammatory activity.” In addition, the pure natural betalains
and semisynthetic analogues have demonstrated to significant
reduce of lipoxygenase and cyclooxygenase activity.” The
strong free radical scavenging capacity and antioxidant activity
of these pigments and their modulation by different structural
factors have been well documented."'® Moreover, the
influence of pH and other physicochemical conditions on the
antioxidant activity of betalains has been observed.'”""

Betanin (Bn, E-number E162), the only betalain approved
for use in food and almost mainly obtained from red beet
crops,'” is one of the best-known betacyanin dyes found in a
tew plants from the Caryophyllales family.5 Structurally, Bn is
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composed for Bd, linked f-glycosidic with glucose at CS. The
presence of Bn in roots, stems, fruits, leaves, and flower petals
results in a characteristic red/purple color.

Temperature is the main factor causing Bn decomposition,
and light-induced decay at low temperatures may also be
important."”” Molecular oxygen is involved in Bn photo-
degradation, being undetectable in anaerobic conditions.
Dehydrogenated and decarboxylated betanins were the main
products formed in aqueous solutions upon UV irradiation.'*

On the other hand, Bd was exposed to oxidation by enzyme
tyrosinase, a polyphenol oxidase that plays a key role in the
betalain biosynthetic scheme.'> Moreover, the same oxidation
products Gproﬁle of betalains by peroxidase enzyme was
reported.'® Recently, the enzymatic oxidation of Bd and Bn,
followed by chromatographic separation of the oxidation
products with spectrophotometric and mass spectrometric
detection (LC-DAD-MS/MS) was studied.'” In that article,
dehydrogenated, decarboxylated, and o-quinone oxidation
products were identified, and their proportions were closely
related to the average medium pH. Besides, the oxidation
mechanism was proposed from the fully protonated betalain.
Similar results were reported for the electrochemical oxidation
of Bd."® The chemical oxidation of Bn by 2,2'-azinobis(3-

Received: February 28, 2020
Accepted: May 22, 2020

https://dx.doi.org/10.1021/acsomega.0c00904
ACS Omega XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergio+A.+Rodriguez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+T.+Baumgartner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c00904&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00904?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00904?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00904?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00904?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00904?fig=abs1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c00904?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

ACS Omega http://pubs.acs.org/journal/acsodf
HO, HO,
N COOH . N [ele)e)
\ -H* -H* -H | 10
I +H* +H* +H* I
15 17 15 17
Hooc" N “cooH ~ooc” N Ccoo
Betanidin (Bd) Bd?
Figure 1. Carboxylic deprotonation steps of Bd.
9 9 o "
? [ . 2 )
JCJJ“.‘O 9 ‘4‘7‘4 R :J“ o J:J‘j o
9 9 @
?““' 4 ? ‘J"é ? ‘.d 3 f—‘.’)
R ? g S0 050
‘ =
s “ o, *‘J,J *‘J‘a J“J“J
°- g ‘. o "_'J ‘OJ .“"‘.‘ J’, ‘.J ‘.
4 % <9 4 ‘ 9 Y ‘ Y Y ‘ 9 @
Bd BdC2 BdC15 BdC17
Charge: +1 Charge: 0 Charge: 0 Charge: 0

Figure 2. B3LYP/6-31+G(d) optimized structures of mono-deprotonated Bd in the three carboxylic positions using the SMD implicit solvent

model.

ethylbenzthiazoline-6-sulfonic acid) (ABTS) radical also
resulted in the formation of dehydrogenated and decarboxy-
lated derivatives, presumably followed by a one-electron
oxidation product as an intermediate.'”

On the other hand, the same product’s profile was found by
the thermal treatment of betalains in aqueous and alcoholic
media.® Moreover, these compounds were identified as
products from Bn oxidation catalyzed by Cu®* cations in
aqueous solutions at neutral pH, but an alternative mechanism
was proposed.” Besides, the oxidation of the excited Bn was
studied using electrochemistry techniques and a two-electron
oxidation mechanism was proposed without conclusive
evidence.”"*

Despite the potential of betalains and based on the above
discussion, it is clear that systematic research on their oxidation
mechanism is still insufficient, particularly the study of pH
incidences on the oxidation pathways. Acid dissociation
constant (pK,) is essential for evaluating the acid—base
properties of betalains, but they remain unknown. Direct
measurement of the pK, values with traditional experimental
approaches for each functional group involving complex
aqueous samples can be defying. Thus, the accurate calculation
of the values of pK, with theoretical methods is very
interesting. An extensively used method for calculating the
values of pK, implies the use of quantum chemical calculations,
typically density functional theory (DFT), and the solvation
model based on density (SMD), as an electron density-based
solvation model.”***

Many methodologies have been used to calculate the values
of pK, with computational chemistry approaches. One of the
most common methods involves the use of an appropriate
thermodynamic cycle to calculate the aqueous Gibbs free
energy of deprotonation.”” Another ever more common
methodology is the “direct” approach, where the geometries
are optimized and deprotonation free energies calculated
directly in the presence of the continuum solvent without the

necessity for gas-phase calculations. A succession of studies
comparing methods using thermodynamic cycles and the
direct approach showed that the two approaches can
accomplish comparable accuracy.””** On the other hand,
including first-shell explicit water molecules, is an additional
tool to enhance the accuracy of pK, calculations. Using this
methodology, it was proved that including explicit water
molecules as hydrogen bond donors or acceptors to
dicarboxylic acids reduced the error in calculations compared
continuum solvation alone.*®

In the present study, the values of pK, for all protic groups of
Bd were analyzed using many computational approaches to
unveil its acid—base behavior and develop new tools to
understand their chemical reactivity in oxidation mechanisms
in which this important molecule are involved.

2. RESULTS AND DISCUSSION

The oxidation mechanism of Betanidin (Bd) is highly affected
by the medium pH."”'® Therefore, it is necessary to know the
values of pK, and the deprotonation positions of the Bd
(Figure 1). In addition, it is generally assumed that the
“N16H, of Bd is deprotonated before the carboxylic acid
groups.'’

2.1. Conformational Analysis. The study began by
calculating the energies of different conformations of fully
protonated Bd. The most stable conformer was used to
calculate the values of pK, (Figure S1). This structure shows
the presence of three intramolecular hydrogen bonds; one
between the two hydroxyl groups attached to CS and C6. The
other two are formed by the oxygen atom from each carboxylic
group in C15 and C17 with the hydrogen-bonded to N16; it is
evidenced the dihedral angles between the donor and the
receptor hydrogen bond groups are closed to 0° (Table S1).
Similar optimized conformations were obtained with all basis
sets used (Figure S2).
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Table 1. pK, Values Calculated Using Functional/Basis Set/SMD Implicit Model Level of Theory for First Deprotonation Sites

of Betanidin

6-31++G(d,p)

6-311+G(d,p)

6-311++G(d,p)

pK,C1S pK.C17 pK.C2 pK,C1S pK.Cl7 pKC2 pKCl5S pK,Cl7 pKC2 pK.ClS pKCl7 pK.C2 pKCIlS pK.Cl7

2.80 1.13 2.93 2.45 0.65 2.57 291 0.95
3.27 1.19 3.80 3.19 1.33 3.83 3.16 1.61
3.07 1.20 2.97 3.07 1.10 2.98 3.11 1.39
3.89 1.35 4.05 3.32 0.86 4.11 3.39 1.16
2.02 0.12 225 1.51 —1.16 227 1.07 —0.69

6-31+G(d) 6-31+G(d,p)
pK,C2

B3LYP 0.34 0.38 —1.36 2.64 2.79 1.11 2.65
B3PW91 1.27 0.79 —-1.33 3.20 3.56 1.79 3.87
PBEO 0.27 0.57 —1.44 3.33 2.73 0.94 3.44
®wB97XD 1.37 1.95 —-1.11 3.58 3.89 1.32 3.60
MO06-2X —-0.27 —0.04 —2.66 2.20 2.28 —0.18 2.65
fitting®
B3LYP 2.11 2.35 1.57
PBEO 2.12 2.26 1.30
@wB97XD 2.64 2.39 1.02
MO06-2X 2.14 2.25 0.96
MO06-2X 2.71 2.73 0.93

SAS?
betanin® 1.5 3.4 3.4

“Values obtained using reported fitting parameters (Galano et al.). bValues calculated modifying the SMD cavity surface (Lian, Johnston, Parks,

and Smith). “Experimental estimated values for Betanin.

Next, the optimized Bd was deprotonated in each carboxylic
group and optimized to obtain the lowest-energy structures for
BdC2, BAC1S, and BdC17 (Figure 2). It is important to
remark that the main structural parameters are preserved
compared to the uncharged parental Bd molecule.

2.2. Calculation of Values of pK,. 2.2.1. Effect of
Calculation Methods in the Direct Approach. To determine
the best methodology to calculate values of pK, five DFT
functionals (B3LYP, B3PW91, @B97XD, PBEO, and M06-2X)
and five basis sets (6-31+G(d), 6-31+G(d,p), 6-31++G(d,p),
6-311+G(d,p), and 6-311++G(d,p)) were used. These most
stable conformers were used for the calculation of the values of
pK.,. Experimental Bd pK, values are unknown; these are the
reasons to use the values of pK, reported for betanin (Bn) as a
reference. The pK, for its phenolic OH group was measured to
be 8.5; the pK, of two carboxyl groups was suggested to be
~3.4; the carboxyl group in the C2 position was suggested to
have a lower pK, due to the isoelectric point of betanin was
found in the range of pH 1.5-2.0.%*’

When the calculations were performed using the 6-31+G(d)
basis set, the values of pK, were lower, even negative,
compared with the reference values (Table 1). However, by
including polarization functions on the H atom, 6-31+G(d,p),
a remarkable effect of increased values of pK, is observed. The
pK,C17 values are in the range of 0.94—1.79, and the values of
pK,C1S are between 2.45-3.89 and pK,C2 2.64—4.11
(excluding all results obtained with 6-31+G(d) basis set and
the M06-2X method). These results represent dispersion close
to 1 pK, unit between different functionals. On the other hand,
pK,C15 and pK,C2 values do not show high differences if the
comparison is made at the same theory level.

The diffuse functions are presumed to be critical in pK,
calculations, where are anions are involved. This is because
charged species have a more spread out electron densities than
neutral species, thus diffuse functions must be added to handle
them adequately. Because, for the anionic species studied here,
the negative charge is principally located on O atoms, using a
diffuse function on nonhydrogen atoms is adequate to
appropriately describe the molecules studied. This is proved
by the fact that the results obtained with the basis sets 6-31+
+G(d,p), 6-311+G(d,p), and 6-311++G(d,p) are very similar,
the values have the tendency to stabilize. However, the

functional M06-2X seems to be the more susceptible electronic
structure method, while for the other DFT methods this effect
is minor. In this regard, it should be noted that the pK, values
strongly depend on the basis set size.

2.2.2. Exploration of Fitting and Scaled Solvent-
Accessible Surface (SAS) Models. To obtain pK, values
using other different computational protocols, two general
strategies were explored. These strategies correlate the
experimental pK, with free energy values obtained by
theoretical calculations. In the first place, the reported
empirical fitted equations (“Fitting model”) for the calculation
of carboxylic acids pK, values were used (see Section 2.3).°!
The calculated pK, values are reported in Table 1.

Recently, the pK, calculation of carboxylic acids was
reported using a scaled solvent-accessible surface and SMD
solvation model (SMDgys).** This is the second protocol we
have applied (Table 1).

The pK,C17 values calculated are between 0.96 and 1.57
(fitting and SAS values; Table 1). With these methodologies,
the pK,C2 and pK,C1S are very similar, 2.11-2.64 and 2.25—
2.39, respectively. It is important to remark that these
strategies were developed mainly with monoprotic acids.

In conclusion, the values of pK, calculated with the B3LYP
functional and mostly all basis set (6-31+G(d,p), 6-31+
+G(d,p), 6-311+G(d,p), and 6-311++G(d,p)) correlated
better with the Fitting and SAS calculations. On the other
hand, the values of pK, calculated with the M06-2X level of
theory were the most inaccurate values.

2.2.3. Electron Density and Electrostatic Potential Surface
Analysis. The C17COOH group was found to first
deprotonate at all levels of theory, similar to the observation
of other authors.””> This observation is contrary to the the
pK, value of approximately 1.5 reported for C2ZCOOH group
of betanin.” To understand this result, it is useful to analyze the
electron density of the highest occupied molecular orbital
(HOMO) and the electrostatic potential surface of Bd and its
various deprotonated forms (Figure S3). The electron density
of Bd is delocalized in the molecule’s conjugate system (the
DOPA ring and the conjugated double bonds that include
C17). After proton removal, the electron density delocalizes
toward the site of the missing proton, especially when the H of
C2COOH or C15COOH is removed. It is beneficial to take
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Table 2. Calculated pK, Using Functional/6-31+G(d,p)/SMD and Explicit Water Molecules

one water

three waters

pK,-C2COOH

pK,-C15COOH

pK,-C17COOH

pK,-C2COOH

pK,-C1SCOOH

pK,-C17COOH

B3LYP 2.97 2.51 1.51 1.26 1.00 0.84
B3PWI1 3.86 3.44 2.10 3.14 1.67 1.11
PBEO 3.64 3.53 1.66 1.69 1.22 0.14
®wB97XD 4.89 4.43 2.12 1.67 1.13 0.92
MO06-2X 2.48 2.90 0.62 0.11 1.06 0.07
Table 3. Calculated Values of pK, for All Protic Groups
pK,1 pK,C17C2¢ pK,C17C15" pK,3 pK4° pK,s? pK,6°
SMD Model
6-31+G(d) -1.36 1.17 0.99 1.38 9.40 17.55 21.99
6-31+G(d,p) 1.11 2.93 3.38 5.71 10.59 19.97 23.99
B3LYP 6-31++G(d,p) 113 2.96 2.80 3.59 11.71 19.84 24.13
6-31 1+G(d,p) 0.65 3.39 2.77 3.82 11.72 19.75 24.07
6-311++G(dp) 095 3.01 328 3.50 11.55 19.57 23.87
6—31+G(d) —1.33 2.31 1.70 2.64 9.88 18.21 23.77
6-31+G(d,p) 1.79 4.09 420 4.64 12.15 20.74 25.81
B3PW91 6—31++G(d,p) 1.19 4.10 421 4.52 12.18 20.77 25.14
6-31 1+G(d,p) 1.33 4.58 3.84 4.85 12.31 20.53 25.03
6-311++G(dp) 1.61 3.55 3.60 463 11.93 20.51 24.81
6-31+G(d) —1.44 1.05 124 1.88 9.18 17.64 23.48
6-31+G(d,p) 0.94 4.09 331 444 11.88 19.79 24.93
PBEO 6—31++G(d,p) 1.20 3.46 3.72 4.53 11.58 20.28 25.17
6-31 1+G(d,p) 1.10 3.50 3.73 6.18 8.78 16.98 25.01
6-311++G(d,p) 1.39 328 349 4.57 11.55 2025 25.04
6-31+G(d) —1.11 1.62 2.06 3.86 10.28 20.01 21.43
6-31+G(d,p) 1.32 3.84 4.27 5.26 13.81 22.33 23.73
®wB97XD 6—31++G(d,p) 1.35 3.87 4.26 4.89 13.80 22.13 23.33
6-311+G(d,p) 0.86 3.94 4.03 5.16 13.50 2234 22.88
6-311++G(d,p) 113 4.86 3.82 4.93 13.61 21.99 23.07
6-31+G(d) —2.66 0.62 1.29 1.14 9.62 17.75 18.94
6-31+G(d,p) -0.18 2.90 2.92 343 12.02 20.14 20.44
MO06-2X 6—31++G(d,p) 0.12 3.03 2.02 3.40 12.07 20.18 20.45
6-311+G(d,p) -1.16 3.08 249 371 1145 19.87 20.34
6-31 1++G(d,p) —-0.69 2.68 2.06 3.33 11.35 19.50 20.49
One Explicit Water”
B3LYP 1.51 3.48 3.27 4.24 10.80 15.95 16.66
B3PWI1 2.10 4.72 4.37 5.28 10.67 17.80 17.14
PBEO 1.66 4.55 4.13 4.96 10.80 17.20 18.23
®wB97XD 2.12 4.77 4.78 5.72 12.70 18.89 1791
MO06-2X 0.62 2.96 3.47 3.76 10.68 17.93 13.94
Fitting®
B3LYP 1.57 2.65 3.00 8.62 11.77 18.99
PBEO 1.30 2.49 2.89 8.27 11.64 19.3§
®wB97XD 1.02 2.78 3.80 8.07 12.21 17.26
MO06-2X 0.96 2.49 2.83 8.46 11.96 17.88
MO06-2X SAS 0.93 343 4.10 11.31 18.94 18.93

“pK,C17C2 = value for the second deprotonation in C2COOH. praC17C15 = value for the second deprotonation in C1SCOOH. “pK 4 =
deprotonation in C60H. “pK,S = deprotonation in CSOH. °pK,6 = deprotonation in N16H./Basis set 6-31+G(d,p). $Parameters described in the

Materials and Methods section.

away the C17COOH hydrogen because the electron density is

slightly influenced after removing a proton.
2.2.4. Explicit Water Molecule Evaluation. Due to the good

relation between computational cost, time consumption, and
pK, results expressed in Table 1, we decided to use 6-
31+G(d,p) as a basis set to analyze the effects of explicit water
molecules (Table 2).

The arrangement of one water molecule close to the
protonation/deprotonation site improved the pK, values over
calculations without an explicit water molecule (Table 2). The
effect observed in comparison with the results without water
molecules is moderate; most pK, values are shifted to lower
values. Still, B3LYP/6-31+G(d,p) is a better approach. The
SMD solvation model has some difficulties in accounting for
the solvation of ions, just a single water molecule is capable of
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Scheme 1. Proposed Acid—Base Behavior of Bd in Water
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improving the pK, values, and the influence is higher when the
water is hydrogen-bonded to the deprotonation site. However,
the addition of three water molecules produces an over-
stabilization of ionic species, and all pK, values decrease
markedly moving away from the established reference values.
Based on these results, we can postulate that in Bd first
deprotonation occurs in the C17 carboxylic group.

2.3. Second and Subsequent Deprotonations. For
evaluation, further deprotonations were performed following
the same procedures except that only implicit SMD and
explicit one water molecule models were used (Table 3). Once
deprotonated, the C17COOH group calculations were not
conclusive with respect to the second deprotonation of
C2COOH (pK,C17C2) or C1SCOOH (pK,C17C1S; Table
3 and Scheme 1).

The values obtained with Fitting and M06-2X,s methods
suggest that the second deprotonation occurs in C2COOH.
The predicted pK, values were between 2.49 and 2.78 in the
fitting calculation; besides, a higher value of 3.43 was obtained
by M06-2X;,s. The main difference at this point is that M06-
2Xgas'~ was developed only with monoprotic species and
Fitting calculation with few diprotic acids.”’

On the other hand, when the pK, values were computed
using the direct approach with the SMD implicit model, some
theories predict the second deprotonation in C2COOH and
the others in C15COOH with values in the ranks of 2.68—4.86
and 2.92—4.93, respectively (Table 3). Once again, 6-31+G(d)
basis set calculations yielded the worst results. Besides, four of
the five functionals combined with 6-31+G(d,p) first predict

the C2COOH deprotonation. On the contrary, when the basis
sets were 6-31++G(d,p), 6-311+G(d,p), and 6-311++G(d,p),
the C1SCOOH group was deprotonated second, with the
exception of the PDBEO. The average pK, value for C17C2
calculated without the 6-31+G(d) was 3.56 + 0.60 (mean +
standard deviation (SD)) and that calculated for C17C15
using the implicit solvent model was 3.41 + 0.70. However,
calculations with one explicit water suggest that pK,C17C2
and pK,C17C1S5 are practically the same with each method
used (Table 3). The average values are 4.10 + 0.80 and 4.00 +
0.60 for pK,C17C2 and pK,C17C1S, respectively; the
computational methodology cannot differentiate between
them.

Finally, the third carboxylic deprotonation was studied to
obtain pK,3 values (Table 3 and Scheme 1). The fitting pK,
values were dispersed between 2.83—3.80, and MO062-X,g
gives 4.1 pK, units; at this point, the reference values are only
guidance due mainly to the polyprotic nature of Bd that was
not contemplated in these models as was mentioned
previously. Also, all calculated pK,3 values were in the rank
of 3.33—5.71 (excluding PBE0/6311++G(d,p) value), approx-
imately 1 unit bigger than the second pK, values; the average
value of the explicit approach was 4.8 + 0.8. As a partial
conclusion, we can propose the next deprotonation order
pK,C17 < pK,C17C2 =~ pK,C17C1S < pK,3 (Scheme 1).

On the other hand, the carboxylic deprotonations are
followed by C60H ionization (Scheme 1). In all calculations,
the deprotonation order of the OH groups was C60H first,
followed by CSOH deprotonation (see Table S3 for one
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example). The pK 4 was estimated by the implicit SMD model
at an average value of 11.5 + 14, while this range is more
precise in case one explicit water molecule is used, 10.7 + 0.1,
except that the @B97XD values are always bigger. As expected,
the SMD implicit model presents more inaccurate results due
to the failure to solvate anionic and polyprotic species. A
similar behavior was observed for pK,S and pK,6 calculations,
where the values present high discrepancies due to the
complexity in reproducing correct solvation of ionic species.
The SMD calculations suggest markedly that pK,5 corresponds
to CSOH deprotonation, followed by N16H deprotonation,
having average values of 199 + 1.5 and 233 + 1.9,
respectively; with one explicit water molecule, the values of
17.2 + 0.9 and 16.5 + 1.8 are almost the same. The pK, values
of monoprotic alcohols and amines calculated using only one
explicit water molecule and SMD solvation are found to have
average errors of 3 pK, and 1 pK, units, respectively.””
Clearly, this background supports the results obtained in the
hydroxyl and amine deprotonations. Finally, the pK, values of
CSOH and C60H for Bd were obtained using B3LYP/6-311+
+G(d,p) and three explicit water molecules, as reported by
Thapa and Schlegel.”” The Bd C60H deprotonation has a pK,
of 6.64, and the subsequent deprotonation of CSOH gives a
pK, of 11.20 (Table S3); these values are close to 8.5 assigned
for C60H for Bn."*’

2.4. Carboxylic Acid Deprotonation Order. At this
point, the more relevant issue of the present article is the
prediction that the first deprotonation of Bd occurs in
C17COOH, while it was postulated previously that this
happens in the C2COOH group.* The isoelectric point of Bn
was determined between 1.5 and 2.0;*° the value of pK, of the
two less acidic carboxylic groups of Bn was 3.5;%”" both facts
implying that the pK, of the most acidic carboxylic group in Bn
should be lower than 2.

On the other hand, Bn hydrolysis affords betalamic acid
(Bt) and cyclo-DOPA-5-O-f-p-glucoside (Figure S4). The
cyclo-DOPA-5-O-f-p-glucoside pK, values were experimentally
determined to be pK,COOH = 1.58, pK.NH2 = 4.75, and
pK,OH6 = 9.42.% Recently, values of pK, of Bt (unknown)
were calculated using three theoretical methods (Marvin,***
Jaguar,*® and Epik*') in the range of 2.82—3.43 and 4.16—5.18
for the C10 and the C7, respectively; also, the pK,C15SCOOH
(2.96—4.0) and pK,C17COOH (2.90—5.19) for Bn were
calculated.”” Moreover, the deprotonation of Bn C2COOH
(pK, = 1.5), C15COOH (pK, = 3.7), C17COOH (pK, = 3.0),
OH6 (pK, = 8.5), and N16H (pK, = 10.3) were obtained
using the Marvin method."

Intending to unveil the mechanism of the first deprotonation
of betalains (Bn and Bd), we decided to study the behavior of
cyclo-DOPA-5-0O-f-p-glucoside, Bt, and Bn by calculating the
pK, values for each molecule. For this purpose and based on
the results presented here, a very good approach could be
obtained using the B3LYP/6-31+G(d,p)/SMD with one
explicit water model with a low computational cost. Following
this approach, cyclo-DOPA-S-O-f-p-glucoside gave the values
of pK,COOH = 1.39, pK,NH2 = 4.52, and pK,OH6 = 14.78
and Bt gave the values of pK,C10COOH = 2.95 and
pK,C7COOH = 4.10; these results are in very good agreement
with the above-described results. Furthermore, Bn showed the
same behavior as Bd (Figure S5).

On the other hand, an exhaustive analysis of the reported 'H
NMR of Bn and Bd was made to unveil that the carboxylic
group deprotonated first;”>~** also, 'H NMR was estimated for

different deprotonation states of Bd using the DFT/SMD/
B3LYP 6-31G+(d,p) methodology (Table S4). The H2
chemical shift (§) of Bn at pH < 1 was reported to be 5.23
ppm, and a similar value was observed at pH 2.4. The H2 atom
is more deshielded at pH S (AS of ca 0.29 ppm) due to the
deprotonation of the carboxylic group attached to C2; a similar
result was observed for Bd (Table S4). It is clear that
C2COOH cannot be the carboxylic group of the first
deprotonation. The effect of pH on other hydrogen atoms is
less pronounced. In Bn, the H1S chemical shift cannot be
assigned a lower pH due to the signal overlapping with
deuterated water, but the ¢ at other pH values are similar.
However, the Bd H15 presents a 6 of 4.97 at a very acidic pH,
but no experimental information is available at higher pH.

All these results support the fact that the methodology
proposed for carboxylic acid pK, determination is well-
grounded and reliable and reproduces the experimental
evidence. It is clear that the first deprotonation of Bd and
Bn occurs in C17COOH, followed by C2COOH and
C15COOH.

3. CONCLUSIONS

In the present article, we have developed a systematic study of
Bd acid—base behavior using different theoretical approaches.
In the first place, two models, Fitting and M06-2X,s, were
used to have reference pK, values because there is no
experimental information. Further, the direct approach was
used to compute the values of pK, using a wide range of DFT
methods with the SMD model, one and three explicit water
molecules. The results show similar pK, values for all methods
using a more complex basis set of 6-31+G(d). Besides, we have
shown that the inclusion of one explicit water molecule
increases the accuracy of the calculated pK, values mainly by
improving the accuracy of the solvation free energies of the
anions. The DFT B3LYP/631+G(d,p)/SMD with one water
molecules allowed to analyze the system behavior quite well
with a low computational cost. It is important to remark that
Bd is a polyprotic molecule, whose experimental values of pK,
are still unknown, and systematic theoretical methods reported
only allow the calculation of pK, of monoanions and a few
dianions. This study evaluated a key parameter, pK,, which is
needed to understand the structure and reactivity of Bd in
solution.

4. MATERIALS AND METHODS

4.1. Computational Details. Calculations were performed
by the Gaussian 09 revision EO1 series of programs using five
hybrid density functionals (B3LYP, B3PW91, @B97XD, PBEO,
and M06-2X), five basis sets (6-31+G(d), 6-31+G(d,p), 6-31+
+G(d,p), 6-311+G(d,p), and 6-311++G(d,p)), and the SMD
implicit solvation model.”””” Geometries were fully optimized
in aqueous solution. Harmonic frequencies were calculated to
confirm that the structures were minima on the potential
energy surface and to obtain the thermal and entropic
contributions to the free energies. A conformational analysis
was carried out considering all of the possible torsion angles of
carboxylic and hydroxyl groups and the angles of C2N1C11H
and C11C12C13C14 (Figure S1).

4.2. Direct Approach. The calculation of pK, was based
on the use of the direct approach, given by the proton
dissociation reaction shown in eq 1.”**’ The pK, value of the
molecule HA was calculated according to eq 2, where G ,_
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and Gy are the standard free energies of the deprotonated
and protonated species, respectively, calculated directly in
aqueous solution at 298.15 K.

"

AGEH +

HAaq—»Aaq+H aq (1)
‘ AG:; ~ G:;A— + G:;H+ — Gioa

P = S 303 RT 2303 RT ()

The Gibbs free energy of a proton in the aqueous phase is
calculated using the following equations.”**’

a

* * latm—1M
Ggut = GgO’H+ + AGaq,solvH+ + AG ™ (3)

Gy = — 6287 keal/mol at 298 K7 AGE | 1\ = —265.9
kcal/mol is the aqueous phase solvation free energy of the
proton, taken from the literature.”® AG™*™~™ = RT (24.46) =
1.89 kcal/mol is a correction term for the change in a standard
state of 1 atm to 1 mol/L. The symbols * and ° denote the
standard state of 1 mol/L and 1 atm, respectively.

G:;’ x = E + ZPVE + (electronic and thermal free energy

correction)

Gﬂ;’HA = E + ZPVE + (electronic and thermal free energy

a

correction)

where E is the electronic energy for A~ or HA obtained by
structure optimization, ZPVE is the zero-point vibrational
energy in solution. All pK, calculations are given in the
Supporting Information.

4.3. Fitting Model. The reported empirical fitted
equations for the calculation of carboxylic acids pK, values
were used (eq 4).*'

pK, = m(G:;A— - G:;HA) + C (4)
The parameters “m” and “C” and the levels of theory used are
listed in Galano et al. (see Table S2).*' The Gibbs free
energies were obtained as described in Section 4.2. In the
Supporting Information, the calculations can be found.

4.4, Scaled Solvent-Accessible Surface (SAS) Model.
The calculation is similar to that we presented for the M06-
2X/6-31+G(d,p) level of theory in Section 4.2; the same
equations were used. In the geometry optimizations, the
surface type and the scaling factor options in the SCRF section
were tuned. By choosing SAS as the solute—solvent boundary,
the solvent radius (1.385 A for water) is added to the intrinsic
Coulomb radii to construct the cavity.*” It is necessary to add
the scale factor & = 0.485 and the surface of SAS in the input
file (see an example in Supporting Information). No explicit
water molecules were used.

4.5. Explicit Water Molecules Evaluation. To improve
the calculation of the solvation effects that are important for
pK, calculations, mainly in charged structures, we included one
and three explicit water molecules directly hydrogen-bonded to
the site being protonated/deprotonated. For each hydrogen-
bonding site, several orientations of the added water were
considered and only the lowest-energy structure was used. For
optimal cancellation of errors in pK, calculations (as Section
4.2), the water molecule was hydrogen-bonded to the same site
in the molecule and its deprotonated form. Typical arrange-

ments of water near the protonation/deprotonation site are
shown in Figure 3a,b.

Protonated (COOH) Deprotonated (COO-)

J.\‘AQJ*J ° 161 J’\I‘\Q:')\’ 174
e 9 ] Qa®
9 fA. ) " ?’4‘/‘\. 3 ?
19y LN 9 J“%‘J
J\ o +H*
9 9
FN WY Y
oy : "J 9
J : 9 J ° .
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?{ \ *‘203)‘) -, 3, 1"%mJ
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09°%%8 — e’ oo
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Figure 3. Arrangement of explicit water molecules near the COOH
and COO~ groups: (a) one explicit water molecule and (b) three
explicit water molecules. Some of the hydrogen bond lengths are
shown (in A).

For Bd with one explicit water molecule, the COOH group
provides a H atom to form a hydrogen bond with the O of the
water, whereas in the deprotonated form, the COO— forms a
hydrogen bond with the H atom of the water molecule (Figure
3a). When there are three explicit water molecules near the
COOH group, the O of one accepts the H from the COOH
group and the other two donate H to form three hydrogen
bonds. Besides, in the deprotonated form, COO— forms a
hydrogen bond with one hydrogen atom from each of the
three water molecules (Figure 3b). Similar conformations and
the same number of hydrogen bonds in the parent molecules
were kept as consistent as possible to avoid any bias that may
result in unsystematic contributions to the calculated free
energy. For the molecule having more than one stable
conformer, the one with the lowest energy was used in the
final calculations.
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@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.0c00904.

Most stable conformation of Bd; structure parameters
for the most stable conformation of Bd optimized at
SMD/functional/6-31+G(d); optimized structures ob-
tained for Bd with all computational methods; electron
density (isovalue = 0.04) and electrostatic potential
surface (isovalue = 0.02 density = 0.04. red = —0.1, blue
= 0.65) of the HOMO of Bd and deprotonated forms
calculated at DFT/B3LYP/6—31+G(d,p); the parameters
“m” and “C” extracted from Galano et al., optimized with
6-31+G(d) basis set; CSOH and C60H pK, values
obtained with SMD/B3LYP/6-311++G(d,p); computed
and reported 'H NMR of betanin and Betanidin;
betanin hydrolysis products; Bn pK,values determined
with B3LYP/6—31+G(d,p)/SMD with one explicit water
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molecule; coordinates of the geometry optimized with
SMD/B3LYP/6—31+G(d,p); geometries with one ex-
plicit water molecule optimized with SMD/B3LYP/6-
31+G(d,p); geometries with three explicit water
molecule optimized with SMD/B3LYP/6-31+G(d,p)
in a docx document; and all calculated values of pK,
in an excel document. Example of SAS input file in a
docx document (PDF)

Method (6-31+G(d,p)/SMD,3W) and method
(B3LYP/6-311++G(d,p)/SMD,3W) (XLSX)
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