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Abstract: The oxidized form of baicalein (BA) leads to
covalent binding with human amyloid proteins. Such adducts
hamper the aggregation and deposition of fibrils. A novel
reaction of BA with pentylamine (PA) as a model for the
lysine side chain is described. This is the first study addressing
the atomistic details of a Schiff base reaction with the
trihydroxylated moiety of BA. Nuclear magnetic resonance
and mass spectrometry approaches clearly indicate the
formation of dehydrobaicalein in solution as well as its

condensation with PA under aerobic conditions, yielding
regioselectively C6-substituted products. The combined re-
sults suggest initial ion pair formation between BA and PA,
followed by a redox chain reaction: the initiation by oxygen/
air; an o-quinone-based chain involving oxidation and
reduction steps; and extra off-chain formation of a doubly
oxidized product. These mechanistic details support the anti-
amyloid activity of BA and endorse its trihydroxyphenyl
moiety as a pharmacophore for drug-design studies.

Introduction

Human islet amyloid polypeptide (hIAPP, also known as amylin)
is a 37-residue neuroendocrine hormone co-expressed and co-
secreted with insulin by pancreatic β-cells. Type 2 diabetes
(T2D) patients have increased blood concentrations of hIAPP,
causing its aggregation and deposition as toxic insoluble fibrils
that significantly contribute to cell death.[1] Because of this, the
inhibition of hIAPP amyloidosis is an emerging target for the
treatment of T2D. However, this is a challenging task due to the
complexity of protein self-assembly and the poor knowledge of
the molecular details of inhibition, despite the growing number
of proposed mechanisms by which a drug can interfere with
amyloids.[2]

Many promising natural phenolic compounds have been
reported as small inhibitors of protein misfolding and
aggregation.[3] The molecular structure of flavonoids enables

them to chemically bind to and avoid assembly of the hIAPP
fibrils. Epigallocatechin gallate (EGCG), quercetin, myricetin,
chrysin and baicalein (Scheme 1a) are some examples of
flavonoids with recognized anti-amyloidogenic activity.[4]

Previous studies proposed that these molecules interact
with and stabilize the amyloidogenic peptides by covalent and/
or noncovalent interactions.[3b] Due to antioxidant properties
and the propensity to undergo autoxidation (by enzymatic or
nonenzymatic reactions), certain polyphenols can act as electro-
philes and interfere with proteins through specific covalent
contacts.[3b,5] Indeed, chemical modifications by Schiff base and
Michael addition reactions have been reported between
nucleophilic amines and thiols of amyloid peptides and electro-
philic reactive groups of o-quinones and aldehyde
molecules.[3b,4a,b,6] It has been proposed that EGCG oxidizes
readily in solution and the oxidized forms can produce Schiff
base adducts with hIAPP and β-amyloid peptide (Aβ).[7] The
inhibitory mechanism of Aβ aggregation by (+)-taxifolin also
requires its autoxidation to form an o-quinone to react with
lysine residues.[8] Also, covalent adduct formation significantly
affects anti-aggregation effects of quercetin on α-synuclein.[6a]

Recently, a study with tetramers of caffeic acid suggested that
the greater the number of catechol moieties, the greater the
inhibitory effect on IAPP aggregation.[9]

Baicalein (BA, 1) is a flavone isolated from the roots of the
traditional Chinese herbal medicine Scutellaria baicalensis
known to have plenty of pharmacological activities such as
antioxidant, anti-inflammatory and anti-tumor properties[10] as
well as anti-amyloid abilities against Aβ,[11] amyloid precursor
protein,[12] α-synuclein,[6b] insulin,[13] calcitonin[14] and hIAPP.[4b]

Upon oxidation, BA forms several intermediates including
the dehydrobaicalein (DBA) quinones, which are susceptible to
nucleophilic attack through imine (Schiff base) formation by the
side chain of Lys residues, leading to covalent modification.
Velander et al. identified Schiff base-mediated hIAPP:baicalein
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adducts by mass spectrometry (Scheme 1b).[4b] They pointed
out the importance of vicinal hydroxy groups in the A ring of
BA (5,6,7-trihydroxyflavone) for its anti-amyloid inhibitory
effects;[4b] however, the underlying molecular details of the
chemical reaction are not yet fully understood. Zhu et al. also
demonstrated that the inhibition of in α-synuclein is very
sensitive to the oxidation state of BA.[6b] While minor inhibitory
effects could be observed under anaerobic conditions, stronger
inhibition can only be observed in the presence of oxygen,
highlighting the importance of the quinone forms and covalent
modifications to prevent amyloid fibril formation. They also
concluded that it is the interaction between the oxidized
baicalein with both hIAPP and α-synuclein peptides that is
responsible for the anti-amyloid activity (instead of the
antioxidant potential of BA).[6a,b] In addition, other studies
pointed out that the amination of pyrogallol derivatives by
ammonia/water treatment is a regioselective amino-substitution
that proceeds under mild conditions (e.g., presence of molec-
ular oxygen) without a catalyst.[15]

Due to the occurrence of Schiff bases as transient
intermediates in catalysis, chemical engineering and medicine,
the nucleophilic attack of primary amines on quinones and
aldehyde moieties is well studied in the literature.[16] In general,
it involves the formation of a carbinolamine, followed by a
dehydration reaction that forms an imine. However, as the
mechanistic pathways can depend on the intermediate species
and environmental conditions such as chains of water mole-
cules that act as proton transporters, this reaction can be far
from straightforward.[16c,17]

In addition to the critical role of Lys residues for Schiff base
covalent inhibition mechanisms, they also are crucial hot spots
for mechanisms involving both hydrophobic and electrostatic

interactions such as those present in Lys-specific tweezers.[18]

The unique Lys residue present in the hIAPP (the N-terminal
residue-Lys1) has not been pointed out as a part of the fibril
core structure; however, recent studies proposed that covalent
modifications of Lys1 such as glycation and Schiff base reaction
can significantly affect the aggregation and the hIAPP-mem-
brane interactions.[19] Therefore, Lys1 of hIAPP also plays a role
in inhibitor binding, and the uncovering of its chemical
modification with atomistic detail will be very helpful for
amyloidosis events. Even though baicalein has been shown to
covalently bind the Lys1 of hIAPP, its mechanism of action
remains poorly understood.

This study proposes to clarify the atomistic details of the
Schiff base reaction between the thermodynamically most
favored dehydrobaicalein tautomers and the Lys1 of hIAPP
(DBA� Lys covalent adduct). For this purpose, combined in silico
(quantum mechanical calculations) and in vitro (NMR and
HRMS) assays are employed to i) assess the oxidation and
ionizable properties of baicalein in solution, and ii) to identify
the preferable Schiff base adducts that are formed.

Experimental Section
Computational methods: The geometries of the various tautomeric
forms (and respective rotamers) of BA and DBA were optimized
using the hybrid B3LYP[20] density functional associated with the
empirical dispersion D3 correction of Grimme et al.,[21] in combina-
tion with the 6-31+G(d,p) basis set.[22] The solvent effects were
accounted for by the SMD solvation model.[23] Harmonic vibrational
frequency calculations were performed at the same level of theory
to obtain the thermochemical corrections to the enthalpic and free

Scheme 1. a) Molecular representations of the flavonoids mentioned in this work. b) The proposed reaction for baicalein� hIAPP conjugation based on mass
spectrometric evidence is shown.
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energies at 298.15 K. The charge distribution was analyzed by
applying the NBO formalism.[24]

To analyze the free energy of the various tautomeric forms of the
reaction products, the potential energy surface (PES) of the
interaction between a Lys side chain and each tautomer of
dehydrobaicalein was explored by a linear transit scan along the
dihedral angle that governs that N� C bond (a representative
calculation is displayed in Figure S1 in the Supporting Information).
Then, the enthalpic and free energies were obtained by optimiza-
tion without constraints by using the same level of theory
(SMD(water)/B3LYP-D3/6-31+G(d,p)).

The binding mode between the most stable tautomeric forms of
DBA and the Lys1 of hIAPP (PDBID 2KB8) was obtained by
molecular modelling and molecular dynamics (MD) simulations.
Throughout the MD simulations, a constant force was used to
restrain the o-quinone ring of DBA close to the amine side-chain of
Lys1. The details of the MD procedure are provided in the
Supporting Information. The prevalent conformations for each
hIAPP:dehydrobaicalein complex obtained from clustering analysis
revealed that the interaction between the side chain of Lys1 and
the flavonoid is isolated from the remaining peptide residues
(Figure S2). Because of this, and to directly compare with the
current experiments, a reduced model system including DBA, 1-
pentylamine as a mimic of the Lys1 side chain, and one water
molecule was then used to explore the chemical reaction pathways.
The truncated Lys1 residue is hereinafter referred to as pentylamine
(3, PA) for simplicity. This molecule is an excellent model to
represent the lysine side chain due to the great similarity of their
experimental pKa values (10.6[25] and 10.5–10.7[26] for PA and Lys,
respectively). Previous studies also used truncated lysine models
such as 1-butylamine, which also has a pKa of 10.6, to represent this
amino acid.[27] Indeed, the use of aliphatic primary amines is often
used to represent lysine residues in reaction mechanism studies
using quantum chemical and/or quantum mechanics/molecular
mechanics methods.[6c,27b,28] Herein, the PA was used to maintain
the topology from the alpha carbon atom which better character-
izes the complete lysine side chain.

The geometries of reactants, transition states, intermediates and
products were optimized at the B3LYP-D3/6-31+G(d,p) level of
theory in conjunction with the SMD model. The reaction pathways
were followed from the transition states to both the reactants and
the products by using the intrinsic reaction coordinate (IRC)
method. The nature of the stationary points was confirmed by
calculating vibrational nuclear frequencies at the same level of
theory. Thermochemical corrections to the free energies at 298.15 K
were considered. Single-point energy calculations were carried out
by using the DLPNO-CCSD(T) method combined with the larger cc-
pVTZ basis set.[29] The B3LYP calculations were performed by using
the Gaussian 09 program package,[30] whilst the DLPNO-CCSD(T)
calculations were carried out by using the ORCA program
package.[31]

To determine the pKa values of baicalein, a proton exchange
computational approach[32] was employed, using reference flavo-
noids with known pKa. Chrysin and galangin (Scheme 1a) were used
as reference molecules because the former is structurally similar,
whereas the latter has the same number of ionizable groups of
baicalein. Equation (1) was used to calculate the free energy for the
deprotonation reaction ΔG*sol, which is then employed in the pKa
determination [Eqs. (2) and (3)].

DG*sol ¼ GA þ Gref;Hþ � GHA þ Gref (1)

DpKa ¼
1

2:303 RT DGsol* (2)

pKa HAð Þ ¼ pKa Hrefð Þ þ DpKa HAð Þ (3)

Experimental methods: All reactions sensitive to air and moisture
were performed under a nitrogen atmosphere and the glassware as
well as magnetic stir bars were dried overnight in a dry oven at
110 °C.

Solvents, reagents: All reagents and solvents were purchased from
TCI, Sigma-Aldrich or Fisher Scientific. All air- or water-sensitive
reagents were stored under nitrogen.

NMR spectroscopy: All 1H NMR spectra were recorded by Bruker 400
in [D6]DMSO at 400 MHz at 23 °C. All 13C NMR spectra were
recorded, respectively, at 101 MHz. The chemical shifts are reported
in ppm (δ), relative to the resonance of [D6]DMSO at δ=2.50 ppm
for 1H and for 13C{1H} relative to the resonance of [D6]DMSO δ=

39.52 ppm. Spectra were imported and processed in the MestreNo-
va 14.1.1 program. For 1H NMR spectra the multiplicities (d=

doublet, t= triplet, q=quartet, hept=heptet, dd=doublet of
doublets, m=multiplet), coupling constants J, number of protons
and assignment to the structure are reported. In 13C NMR spectra
singular carbons are marked with (s).

Mass spectrometry: For electrospray ionization (ESI) spectra a
Thermo Finnigan LTQ FT ultra Fourier transform ion cyclotron
resonance mass spectrometer was utilized. Atmospheric pressure
chemical ionization (APCI) measurements were performed on an
Advion CMS instrument using positive ion mode.

Melting point: Melting points were measured on a BUCHI Melting
Point M-560.

IR spectroscopy: IR spectra were measured on a PerkinElmer FTIR BX
spectrometer mounting an ATR technology module.

UV/VIS spectroscopy: UV/VIS spectra were measured on UV/VIS
Varian Cary 50 spectrometer.

More details about the experimental procedures are provided in
the Supporting Information.

Deposition Number 2124561 (for the TAP� PA complex) contains
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Results and Discussion

Due to their chemical structure, phenolic compounds such as
BA can be oxidized to the respective quinone forms, whose
electrophilic character provides the basis for reactions with
nucleophiles such as the lysine residues of amyloidogenic
proteins. However, different o-quinone species can differ in
inhibitory activities and act by different mechanisms, suggest-
ing that other properties of the molecules may also be relevant
for inhibition. Thus, mechanistic studies with o-quinone species
have attracted special interest to help optimize o-quinone-
based drug candidates. Following this idea, in this paper, we
assess the atomistic details of the reaction mechanism between
several o-quinone� baicalein forms and PA through quantum
chemical calculations. As previously mentioned, the primary
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step of the Schiff base reaction between BA and PA must be
the oxidation of the trihydroxylated moiety of BA. Therefore,
prior to the mechanistic calculations, a deeper understanding of
the structure, oxidation and ionization forms of BA is
performed.

Theoretical analysis of baicalein and dehydrobaicalein (DBA)
tautomers

Molecular structures of all possible conformers of BA were
optimized at the SMD(water)/B3LYP-D3/6-31+G(d,p) level of
theory (Table S1). Energies were subsequently refined through
DLPNO-CCSD(T)/cc-pVTZ single point calculations and com-
bined with thermochemical corrections to free energies and
solvation energies for water to obtain free energies in water at
298.15 K. The subsequent discussion will focus on these high-
level results, if not mentioned otherwise. The geometry with
the three hydroxy groups in “anticlockwise” orientations is
more stable by 18.5 kJmol� 1 than the “clockwise” geometry
(Figure S3 and Table S1). This is in agreement with previous
results pointing out the “anticlockwise” conformer of BA. As the
most stable, as it maximizes the number of H-bonds
(C7� OH···O� C6 of 2.23 Å, C6� OH···O� C5 of 2.32 Å and
C5� OH···O� C4 of 1.71 Å).[33] Baicalein has a slightly nonplanar
structure (C2� C1’ length of 1.471 Å and a torsion angle around

this bond of 21.0°), which also agrees with previous X-ray and
theoretical studies.[33a,34] The conformational energy analysis of
BA indicates a nonplanar conformation (torsion angle of 22.8°)
as the lowest potential energy geometry.[34] Upon oxidation,
baicalein can form four different dehydrobaicalein (DBA)
tautomers (2 a–2 d, Scheme 2), each of which comes in two
different conformers with respect to the remaining hydroxy
group (2 e–2 h, Scheme S1 and Table S2a and b). Tautomer 2 a
is found to be most stable in an aqueous environment, followed
by tautomer 2 d with an energy difference of 7.4 kJmol� 1. This
quite small energy difference suggests that both tautomers are
populated at ambient temperature. Both molecules are o-
quinones that are much more stable than the zwitterionic forms
2 c/2 g. Interestingly, a different anti-amyloid activity is also
observed for o- and m-quinones. The structure-activity relation-
ship analyzed for the inhibition of hIAPP amyloid formation by
baicalein and its analogues reveals that both o-quinones (5,6-
dihydroxyflavone and 6,7-dihydroxyflavone) also have activity,
while this is not so for 5,7-dihydroxyflavone.[4b] The presence of
vicinal hydroxy groups on the phenyl rings of polyphenolic
molecules is also reported as essential for their inhibitory
activity against human calcitonin aggregation.[14]

As observed for 1, both 2 a and 2 d have slightly nonplanar
structures (torsion angles around the C2� C1’ bond of 20.2° and
18.3°, respectively). In addition, both tautomers have intra-
molecular H bonds: in 2 a the C7� OH interacts with the

Scheme 2. Pathway from baicalein to dehydrobaicalein tautomers 2 a–2 d, which will react with pentylamine to produce the covalently bound products 4 a–
4 d, 5 a–5 d and 6 a–6 d).
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carbonyl group of C6 (2.25 Å), whilst in 2 d the proton of O4
orients to the neighboring C5� O, establishing a short inter-
action (1.77 Å) that anticipates an easy interconversion between
2 d and 2 b tautomers. Indeed, a relationship between the
groups of C4 and C5 is also evidenced in studies in which the
BA acts as a chelator and coordinates the metal by these
adjacent groups.[35] The conformational reaction of the tauto-
meric shift between 2 d and 2 b, in the presence of one explicit
water molecule, has activation and reaction energies of 15.0
and 10.2 kJmol� 1, respectively (Figure S4). This quite small
barrier suggests that the tautomeric exchange between 2 d and
2 b follows the Curtin-Hammett principle, in which two
tautomeric species are conformationally equilibrated when their
interconversion is much faster than the reaction that they can
be involved.

Theoretical dehydrobaicalein� pentylamine (DBA� PA)
tautomeric analysis

Because the nucleophilic attack of the amine group can occur
at positions C7, C6 and C5 of the A ring, there are 12 different
possibilities for formation of dehydrobaicalein� pentylamine
adducts (4 a–4 d, 5 a–5 d and 6 a–6 d products of the reaction,
Scheme 2). According to the relative energy values to the most
stable tautomer (Table S3), the adduct formation at C7 (4 c) is
clearly favored, followed by C6 (5 a, +23.5 kJmol� 1) and C5 (6 c,
+24.7 kJmol� 1) positions. It is interesting to note that two of
these forms are zwitterionic in nature, where the iminium ion
unit is actively involved in hydrogen bonding interactions with
its direct neighbors. This energetic ordering is strongly
impacted by aqueous solvation effects, and the predicted
relative ordering in the gas phase can be thus substantially
different.

Theoretical pKa values of baicalein

Previous data obtained for fisetin (Scheme 1a) suggested a pH
dependence for the regioselectivity and nature of the formed
quinone adducts. At pH values bellow the pKa for quinone
protonation, they also observed the formation of water adducts
in the C ring of the flavonoid (inexistent at pH>pKa).

[5]

Considering the structural similarities of fisetin and baicalein,
the pKa values of the latter were determined to assess possible
effects of pH on the quinone chemistry and the regioselectivity
of the formed adducts by this electrophilic molecule. A
computational approach to calculate relative pKa values using a
reference molecule was carried out. The reference flavonoids
with known experimental pKa values used in this study are:
chrysin (which belongs to the flavone class as does BA, but has
only two ionizable groups), and galangin (with three ionizable
groups as in BA, but belongs to the class of flavonols). To
validate the employment of the proton exchange method to
determine the pKa values of flavonoids, we first calculate the
pKa value of the 7-hydroxyflavone using chrysin and galangin as
reference compounds (Schemes 1a, S2 and S3). As example of
the procedure, Scheme 3 illustrates the thermocycle for the
deprotonation reaction of 7-hydroxyflavone using chrysin as
reference molecule.

The experimental pKa values determined for 7-hydroxyfla-
vone vary between 7.39 and 8.48,[36] which compares to the
calculated pKa values of 8.2 and 8.4 with the chrysin and
galangin reference systems (Table 1). The same protocol based
on the experimental pKa values of chrysin (pKa1=8.0 and pKa2=

11.9) and galangin (pKa1=7.6, pKa2=9.5 and pKa3=10.9)
obtained by Musialik et al.[36] is then used for the calculation of
the pKa values of BA.

The electronic energies of the optimized geometries of all
possible mono-, di-, and tri-anion species of the three
flavonoids are in Table S1. For BA, our calculations indicate the
deprotonation of the C7� OH group as the most favorable,
which agrees with earlier studies pointing to this group as the
most acidic (pKa between 7.5 and 8.5) and the most favored for
heterolytic O� H breaking.[33b,36] In addition, the di-anionic

Scheme 3. Thermodynamic cycle for the deprotonation of 7-hydroxyflavone with chrysin as reference molecule.
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molecule with positions 7 and 5 deprotonated is marginally
more stable than the dianion-7,6-baicalein molecule (difference
of 23.8 kJmol� 1), thus suggesting an acidity order of C7>C5>
C6. Table 1 displays the pKa values for BA (following Schemes S2
and S3). The computed pKa1 of BA is 5.5 or 5.6, which is slightly
smaller than the usually estimated for flavonoids, indicating
that a significant portion of baicalein would be dissociated at
pH 7.4 as well as in the alkaline conditions required to act as
antioxidant. Our predicted pKa2 of BA is 12.1 or 15.4, which are
0.2 and 5.9 pKa units larger than the experimental value of the
reference molecules (chrysin and galangin, respectively). The
pKa2 of 12.1 should be more reliable because the deprotonated
position in BA is the same as those in the reference chrysin
molecule. However, the use of both reference molecules
estimates a somewhat large pKa3 value for BA, being 16.3 and
13.6 pKa units larger than the respective reference values. This
discrepancy probably happens due to the distinct number of
ionization groups in chrysin, as well as the different hydrox-
ylation pattern in galangin: BA only has OH groups on its A
ring, whilst galangin has the C3� OH group on the B ring that
also establishes a hydrogen-bond with the carbonyl group at
C4, decreasing the acidity of the C5� OH group. In addition, this
structural difference can also influence the accuracy of the
proton exchange method by introducing possible errors.[32]

Furthermore, there are possible limitations of the implicit
solvation model used in the calculations that may provide a
poor description of multi-anionic species. Indeed, past theoret-
ical studies on successive deprotonation reactions in aqueous
solution (using the same solvation model) of flavonols indicated
much larger Gibbs free energy differences after the second
deprotonation.[37] Despite the error of the method, our results
suggest large values for the second and third ionization, which
can in turn influence the oxidation ability of baicalein to form
quinone forms in alkaline environments.

Experimental studies of baicalein and its reaction with
pentylamine

Selected NMR and HRMS experiments were performed to
characterize baicalein and its reactivity with pentylamine in
solution, which is not known. The 1H NMR spectrum of partially
deuterated [D2]BA reveals the loss of 6-OH and 7-OH peaks,
although a weak 5-OH signal remains detectable for slightly

longer times, indicating a constrained proton position (Fig-
ure S5). This is in full agreement with earlier experiments, in
which the alkylation of BA with n-propyl iodide in acetone
generated a mixture of two products: one monoalkylated at
position C6 (11%) and another molecule dialkylated at positions
C6 and C7 (62%; Scheme S4).[38] It was proposed that the 5-OH
of BA forms an intramolecular H-bond with the keto group,
which reduces its reactivity. Previous theoretical studies also
pointed out the most stable radical tautomer was obtained by
dehydrogenation of the C6� OH group of BA, whilst the most
stable anion tautomer of BA was obtained by deprotonating
the C7� OH.[33b]

In order to explore the intrinsic reactivity of baicalein‘s A
ring substructure, initial experiments with PA involve 2’,3’,4’-
trihydroxyacetophenone (7, TAP) as a simplified model. Mixing
TAP with PA in CH2Cl2 leads to the immediate formation of a
yellow crystalline precipitate, whose characterization by NMR
spectroscopy indicates a 1 :1 ratio of the constituting reactants
TAP and PA, but no signal correlations (and thus no covalent
bonding) between the respective fragments. This is most easily
understood through formation of the TAP-PA ammonium-
phenolate ion pair shown in Scheme 4, whose assignment is
also supported by the solid state structure of the precipitate
(Figure S7 and Table S4, CCDC deposition number 2124561).
This agrees with the well-known tendency of phenols to form
rather stable hydrogen-bonded complexes with amines.[39] On
extended reaction times the TAP� PA complex was then
observed to form imine 8 at room temperature (Scheme 4).

Due to its structural resemblance with TAP, we expect an
analogous behavior for baicalein (1, BA) in its reaction with
pentylamine. Due to the very low solubility of BA in CH2Cl2
these reactions have been performed in [D6]DMSO under
nitrogen atmosphere (see the Supporting Information for
details). As anticipated, the 1H,13C HSQC spectra shows the
formation of BA� PA salt species; however, no formation of the
imine condensation product could be observed even after 72 h
at room temperature or after 5 h at 50 °C (Scheme 5). The
proposed deprotonated BA� structure is based on the similar
chemical shifts of TAP data, and indeed it is in line with the first
deprotonation position (pKa1) of BA predicted by QM calcu-
lations. The obtained BA� PA salt structure is also in line with
the formation of ion pairs in the reaction of hexameth-
ylenediamine with catechin (as model for tannin extracts).[40]

Table 1. Computed pKa values of the ionizable groups of 7-hydroxyflavone and baicalein with chrysin and galangin as reference molecules.

Reference Target SMD(water)/
B3LYP-D3/6-31+G(d,p)

DLPNO-CCSD(T)/
cc-pVTZ//SMD(water)/
B3LYP-D3/6-31+G(d,p)

chrysin (pKa1=8.0; pKa2=11.9)[36] pKa1 (7-hydroxyflavone at C7� OH) 8.2 8.2
pKa1 (BA at C7� OH) 6.2 5.5
pKa2 (BA� 7O� at C5� OH) 11.8 12.1
pKa3 (BA� 7O� ,5O� at C6� OH) 17.3 28.2

galangin (pKa1=7.6; pKa2=9.5; pKa3=10.9)[36] pKa1 (7-hydroxyflavone at C7� OH) 7.9 8.4
pKa1 (BA at C7� OH) 6.0 5.6
pKa2 (BA� 7O� at C5� OH) 14.4 15.4
pKa3 (BA� 7O� ,5O� at C6� OH) 15.1 24.5
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Therefore, these results suggest an effective role of oxygen
as initiator of the reaction between the BA and PA. In fact, a
past study also showed that the flavonoid epigallocatechin
(EGC, Scheme 1) treated with aqueous ammonia solution under
aerobic conditions forms a condensation adduct.[15a] A similar
behavior was also reported by Velander et al.[4b] after incubating
BA for 4 days with the hIAPP amyloid polypeptide in Dulbecco’s
phosphate buffer solution containing 2.25% DMSO (v/v). Even
though the oxidized product species was not directly detected
in these studies, they characterized the final product by LC–MS
as reduced baicalein� hIAPP conjugate (Scheme 1b). They
proposed that BA can be autoxidized to o-quinone that
conjugates with hIAPP amine groups through a Schiff base
mechanism with further reduction.[4b]

To evaluate the impact of aerobic conditions in this
reaction, the nitrogen atmosphere was replaced by pure
oxygen, whereupon the solution promptly changes from
orange to black, and then to deep red. Even the exposure to air
during sample preparation for NMR analysis can trigger the
reaction, supporting the role of oxygen/air to initiate the
reaction. Also, it has been shown that when freeze-pump-thaw
degassed solvents are used no condensation product is
detected (see the Supporting Information for details). The APCI-
MS analysis shows a [M+H]+ peak at m/z 340 corresponding to
an amine condensation product, and the 1H,13C HMBC NMR
analysis reveals that the regioselectivity is at C6 (C6-substituted
BA derivative). The molecular geometry and energy of all
tautomers and rotamers of the various BA� PA product ([M+H]+

peak at m/z 340) were analyzed with the same theoretical
methods as before. BA� PA 10 a (C7-substituted) and 11 a (C6-
substituted) are found to be the most stable in an aqueous
environment, and their very small energy difference
(3.3 kJmol� 1) suggests that both tautomers are populated at
ambient temperature, which agrees with the observed exper-
imentally.

Experiments on BA oxidation and
dehydrobaicalein� pentylamine condensation reaction

Some studies indicated that baicalein (BA) exhibited antioxidant
and free radical-scavenging activities (scavenged hydroxyl
radical, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical and alkyl
radicals in a dose-dependent manner in alkaline solution).[41]

The formation of DBA was also detected by previous UPLC/ESI-
MS studies with baicalin, a glucuronide form of BA
(Scheme 1a).[42] However, previous experimental attempts of
structural investigation of DBA in solution are not so widely
known. Because of this, we assess the reactivity of baicalein
with molecular oxygen through in situ oxidation of BA by a
flow of pure O2 for 15 h in [D6]DMSO. However, no major
differences could be observed in the analytical data after this
treatment, which indicates that BA is stable under these
conditions. This lack of reactivity is supported by a theoretically
calculated reaction free energy of +22.7 kJmol� 1 for the
reaction of triplet oxygen with BA to yield hydrogen peroxide
and DBA. Afterwards, several experiments with increasing pH
values were carried out (details in the Supporting Information).
The obtained results are in line with earlier studies of Feng
et al.,[43] where it was shown that even under mild conditions
BA tends to degrade at higher pH values. All this data reinforces
the idea that the formation of BA� PA ion-pair species (H-
bonded complex or ammonium phenolate) is a crucial step,
since the deprotonated BA� readily oxidizes and forms DBA as
a transient intermediate. In order to assess the condensation
reaction of the o-quinone dehydrobaicalein with PA in solution,
a protocol with o-chloranil as an alternative oxidant to oxidize
BA is used.[44] APCI-MS analysis shows successful formation of
DBA through its [M+H]+ ion peak at m/z 269, whilst the 1H,13C
HMBC NMR analysis characterizes the structure of DBA as 6,7-
dehydrobaicalein. Further, the formation of DBA was also
examined by treating the obtained crude DBA with an excess

Scheme 4. Reaction of TAP with PA.

Scheme 5. Reaction of BA with pentylamine under anaerobic conditions.
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of o-phenylenediamine in MeOH with a catalytic amount of
acetic acid in analogy to an established procedure by Morimoto
and colleagues.[45] The analytical data gathered by APCI-MS
([M+H]+ signal at m/z 341) for the crude reaction products are
in line with the already characterized 6,7-substituted BA
phenazine derivative,[45] which also supports the formation of
DBA 2 b species throughout the reactions.

Afterwards, the obtained crude DBA was treated with PA in
CH2Cl2 and with a catalytic amount of glacial acetic acid.[44] The
APCI-MS analysis indicates coupling products distributed in two
[M+H]+ ion peaks (at m/z 336 and m/z 340) with a ratio of ~3/
2, as well as a peak of reduced baicalein species (m/z 271).
However, these mass spectrometric peaks have a difference of
about m/z 2 to the expected [M+H]+ ion peak at m/z 338 for
the imine adduct (4 a–4 d, 5 a–5 d or 6 a–6 d in Scheme 2).
Overall, this data is consistent with a Schiff base reaction, in
agreement with the baicalein� hIAPP covalent Schiff base
conjugation proposed by Velander et al.,[4b] and discards the
mechanistic hypothesis of the aza-Michael addition character-
ized for some o-quinone species of flavonoids.[6c] Also, the
molecular geometry and energies of the possible tautomers
and rotamers of product with the [M+H]+ peak at m/z 336
were analyzed with the same theoretical methods as before.
Based on the results of this study, we propose the mechanism
of the Schiff base reaction between BA and PA shown in
Scheme 6. The reaction energies of the main mechanistic
pathways, predicted by QM calculations using the experimen-
tally observed tautomers, are displayed in Scheme S17.

According to Scheme 6, BA reacts anaerobically with PA to
an ion pair intermediate with 1 :1 composition. This ionic
structure is very susceptible to oxidation by O2 and thus reacts
rapidly to 2 b, which subsequently forms the Schiff base
condensation product (5 a, [M+H]+ at m/z 338) at the most
electrophilic carbonyl (C6). However, this transient intermediate
product is straightaway reduced by another BA molecule to
afford the product 11 a with [M+H]+ at m/z 340 and
regenerates DBA. As the latter reaction is found to be ender-
gonic at +18.9 kJmol� 1, the driving force to obtain the main
product observed experimentally (11 a) is the formation of the
transient intermediate 5 a (which is found to be largely

exergonic, ΔGR= � 61.2 kJmol� 1). Similar redox cycles have also
been proposed for alike oxidative reactions,[15b,16d] such as those
between catechin derivatives and nucleophiles.[15a] An impor-
tant characteristic of this ortho-quinone chain mechanism is the
requirement of only minute amounts of oxygen for the
generation of the amine coupling product 11 a, which may also
provide a rational basis for the observation of residual inhibitory
activity of baicalein under formally anaerobic conditions.[6b]

Furthermore, to uncover the further formation of product
14 a with [M+H]+ at m/z 336, some control experiments
(detailed description is provided in the Supporting Information)
were carried out. On the one hand, the oxidation of the C6-
substituted BA derivative 11 a ([M+H]+ at m/z 340) leads to the
formation of the highly oxidized adduct 14 a, while at the same
time reducing DBA back to BA. Two molecules of DBA are
needed for this coupling reaction that is found to be exergonic
at � 106.7 kJmol� 1. On the other hand, not detecting of product
14 a ([M+H]+ at m/z 336) in the experiments under a mild
oxidant agent (e.g., air) suggests that this extra reactive
pathway only occurs in the presence of strong oxidants such as
o-quinones. All proposed reaction pathways are viable in a cell
environment due to several oxidant and reactive species
produced by enzymatic or nonenzymatic reactions that could
assist in DBA formation. That at least two molecules of DBA are
needed for the coupling reaction to yield 14 a ([M+H]+ at m/z
336) suggests that the DBA amounts in solution (or in human
physiological conditions) act as a regulator to thereby direct the
redox chain reaction to form the product 11 a or 14 a.

Another rational mechanistic hypothesis would be the
disproportionation of two molecules of 5 a to form products
11 a and 14 a. This reaction is found to be exergonic at
� 69.0 kJmol� 1, which provides an additional argument for why
direct detection of Schiff base product 5 a was not successful.
All taken together the experiments clearly show the oxidation
of baicalein in solution as well as the formation of the reduced
and highly oxidized covalent dehydrobaicalein-amine adducts.
The latter observations are particularly relevant to complement
the computational study on the reaction mechanism for
DBA� PA Schiff base formation.

Scheme 6. Proposed mechanism for the condensation reaction between BA and PA.
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BA is known to be a strong iron chelator under physio-
logical conditions, in which the O6 and O7 atoms constitute the
iron-binding site.[46] In general, in the presence of redox-active
ions, the flavonoids might act as antioxidants or as pro-
oxidants, affecting the metal-promoted Fenton chemistry and
the redox state of cells. On the other hand, in the presence of
amyloid peptides, the metal ions can interact with them and
create hydroxyl radicals, which could accelerate the production
of flavonoid� quinone species. Hence, the presence of transition
metals could help the redox shuttling required for the BA� PA
condensation reaction in an unspecific manner. Regarding the
anti-amyloidogenic properties of the flavonoids in the presence
of metals, it was observed that the Zn� EGCG complex
significantly suppress hIAPP’s amyloid aggregation and cellular
toxicity,[47] whilst the AlIII� EGCG complex inhibits hIAPP fibril
formation more efficiently than the flavonoid alone.[48] However,
the underlying molecular details of these reactions are not yet
fully understood. Grasso et al. also indicated that in an oxidative
stress-related environment, CuII ions generally inhibit the
Michael addition modification between the 4-hydroxy-2-none-
nal and the His residues of Aβ. However, once it is formed, the
metal still binds the peptide with high affinity, forming a ternary
complex.[49] Despite possible competition effects, these studies
suggest that the BA� PA Schiff base reaction may progress in a
medium with metal ions; however, all these processes merit
further investigation.

Many studies reported that the covalent modifications of
proteins by quinones may severely influence the properties of
both reaction partners, which is particularly important when
amyloid proteins are involved. In general, protein� flavonoid
covalent complexes have higher stability and protect the
phenolic compound from decomposition. The main molecular
events of amyloid formation are the primary and secondary
nucleation, fibril elongation and fibril fragmentation.[2a] Zhu
et al. showed that the BA-α-synuclein adducts affect the
nucleation stage of aggregation by stabilizing stable and
soluble oligomeric forms (off-pathway oligomers). The covalent
binding of the DBA changed the secondary structure of the
peptide, modifying the structural flexibility associated to the
fibrils folding. Additionally, the covalently modified peptides
were able to form oligomers with unmodified molecules.[6b] The
same authors also observed the formation of stable hydrophilic
oligomers by covalent binding of the oxidized quercetin to α-
synuclein, leading to the inhibition of fibrillization by prevent-
ing both nucleation and elongation molecular events.[6a] Sato
et al. suggested that the nucleophilic addition to the o-quinone
form of the flavonoid (+)-taxifolin by the Lys residues of Aβ42
interferes more in the elongation rather than the nucleation
phase.[8] As the structural flexibility and solvent exposure of
lysine residues can facilitate their transitory deprotonation and
favors the inhibition of amyloid aggregation by covalent
binding,[6c] an effective inhibition of hIAPP aggregation by DBA
is expected because the Lys1 belongs to the flexible N-
terminus.

Theoretical DBA� PA Schiff base reaction mechanisms

To assess the regioselectivity of the DBA� PA Schiff base
reaction mechanisms, we provide a detailed atomistic descrip-
tion of the overall mechanistic pathways and energetic portrait
to attain the 4 c, 5 a and 6 c DBA� PA adducts. Throughout this
discussion, all energies are those obtained at the DLPNO-
CCSD(T)/cc-pVTZ//SMD(water)/B3LYP-D3/6-31+G(d,p)) level of
theory.

Formation of the 4 c adduct

Considering that both 2 d and 2 b tautomeric forms (in
conformational equilibrium) are those that provide possibilities
for adduct formation at C7, we start our calculations by
determining the tautomerization of the C4� OH group to a
C4� keto group in the presence of pentylamine and one water
molecule. The inclusion of an explicit solvent molecule assists
the proton transfer leading to the final products, as has been
described in previous studies.[16c,17] Figure S21 illustrates the
stationary points for this reactive step as well as their associated
energies. The activation and reaction energy are similar to those
obtained in the absence of the amine group (differences of
� 3.2 and � 1.5 kJmol� 1, respectively), reinforcing the ease of
the tautomeric conversion between 2 d and 2 b, with the latter
showing itself as the most favorable to continue the reaction.
The reaction then follows the well-established mechanism for
Schiff base formation through nucleophilic attack of pentyl-
amine at the C7� keto group, accompanied by water-mediated
proton transfer from the amine to the carbonyl oxygen.
Figure 1a shows the geometries of the stationary points of this
step. In the reactant complex (react), the N atom of pentylamine
is placed at distances of 2.77 and 2.31 Å from the C7 and C6
atoms of the A ring, respectively. The preference of the amine
group to be positioned below the C6 atom seems to occur due
to a charge distribution effect. Indeed, the natural bond orbital
(NBO) analysis of tautomer 2 b (Figure S22) indicates that the
charges of C6 and O6 (+0.498 and � 0.508) are slightly higher
than at C7 and O7 (+0.446 and � 0.619), becoming more
attractive for the nitrogen atom. The initially formed zwitter-
ionic intermediate (react’) then features an N� C7 distance of
1.57 Å and a largely pyramidalized carbonyl carbon atom.
Hydrogen-bonded pre-reaction species were also observed in
other studies on the reaction of amines and aldehydes.[16a,c] In
the current case the energy difference between react’ and react
amounts to +46.9 kJmol� 1. The following transition state TS1 is
destabilized by additional 28.5 kJmol� 1 relative to adduct react’
and characterized by an N� C7 distance of 1.52 Å and a short
hydrogen bond of 1.47 Å between one of the amine protons
and the water oxygen atom such that an energetically favorable
six-membered ring arrangement is formed (Figure 1a). Starting
from the resulting carbinolamine intermediate INT1 located
+19.8 kJmol� 1 higher than the reactant complex react, various
alternative pathways for its dehydration to the corresponding
Schiff base were assessed.
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Firstly, the concerted release of the hydroxy group from C7
with the water-mediated transfer of one proton from the
charged nitrogen, forming the neutral form of Schiff base
(Figure 1b), is determined. The transition state TS2concerted
features a six-membered ring geometry and faces a barrier of
217.6 kJmol� 1 relative to intermediate INT1’concerted. In addition,
the complete reaction is slightly exergonic (ΔGR= � 6.3 kJmol� 1

relatively to react). Past studies pointed out the carbinolamine
dehydration as the rate-limiting step, being in general, difficult
and associated with large barriers (the inclusion of two water
molecules still produces barriers of ca. 108 kJmol� 1).[17] How-

ever, these activation energies could be dropped by assistance
of other molecules such as polar groups or large solvent chains
that allow efficient charge delocalization by hydrogen-bond
networks. For example, the presence and involvement of
functional groups such as the pyridoxal 5’-phosphate (PLP), a
key co-enzyme in the metabolism of amino acids and inhibition
of glycation in membrane surfaces, is critical to reduce the
energy barriers and lead to faster imine formation.[16b,50] There-
fore, our extremely high barrier means that this mechanistic
path should be different than the usually postulated, or that
additional solvent molecules are needed.

Figure 1. Representation of the mechanistic pathway to form the dehydrobaicalein� pentylamine adduct 4 c: a) carbinolamine formation, b), c) and d)
dehydration/Schiff base formation, and e) 2D depiction of the complete reaction.
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An alternative pathway for the dehydration reaction could
be found, where the hydroxy group initially migrates from C7
to the neighboring C6 atom. The geometries of all stationary
points are displayed in Figure 1c. INT1 and INT1’ are conforma-
tional isomers of each other with different positions for the
assisting water molecule. Similar variations associated with
small energy differences were also reported in earlier studies
such as the nitrogen inversion.[17] Between INT1’ and the
transition state TS2 the C7� OH bond distance increases from
1.46 to 1.89 Å, being severely weakened, but not yet broken. At
TS2, the hydroxy group is positioned 2.17 Å away from C6,
being bound only at the final state of this step (INT2).
Throughout this step, the water molecule plays a stabilizing
role on the carbonyl group of C6, and we can also see the
expected hybridization change from sp3 to sp2 of the C7 atom.
This step features a barrier of 52.9 kJmol� 1 and a reaction free
energy of 20.0 kJmol� 1 relative to INT1. Then, in the last
mechanistic step, the C5� OH transfers the proton to the
assisting water molecule, which in turn donates its proton to
the leaving hydroxy group (now bound at the nearby C6),
yielding the protonated Schiff base and a second water
molecule. As seen in Figure 1c, in the transition state TS3 the
O5 is already deprotonated (O5� H distance of 1.57 Å), whilst
the proton from the water is midway to the releasing hydroxy
group (Owat� Hwat and Hwat� OH distances of 1.12 Å and 1.32 Å,
respectively), having the latter a HO� C6 distance of 1.57 Å. The
TS3 is destabilized by 25.1 and 50.8 kJmol� 1 relative to the INT2’
and react states, respectively. Additionally, the product state is
energetically favored relative to INT2’ by � 99.8 kcalmol� 1,
which brings the overall reaction free energy to � 74.1 kJmol� 1.

As can be seen in the mechanistic summary in Figure 1e,
the overall dehydration/Schiff base formation sequence occurs
in two separated steps, which differs from that commonly
expected for this reaction (concerted release of the hydroxy
group with N=C formation). This difference can derive from the
particular structure of the A� C rings (resonance effects) and
could be a specific property of the dehydrobaicalein species.

To investigate the effect of more solvent molecules, addi-
tional calculations were performed on this reaction mechanism
considering a second explicit water molecule (see the Support-
ing Information for details). The results support a similar
reaction pathway as compared to that established for only one
water molecule. However, the inclusion of an additional water
molecule greatly facilitates all mechanistic steps by assisting the
proton transfers or through a neighboring catalyst charge
delocalization effect. As a consequence, the barriers of the
carbinolamine and dehydration steps decreased by 16.2 and
12.7 kJmol� 1. This is in agreement with previous calculations on
imine formation from methylamine and formaldehyde, where
the inclusion of two water molecules greatly reduced the
barrier for carbinolamine formation.[17] Several reaction coordi-
nates were tested to establish the reported dehydration step
through the energetically favored eight-membered ring tran-
sition states. However, all these attempts were unfruitful
probably due to stereoelectronic effects of the bulky and
strained A� C rings of dehydrobaicalein.

Formation of 5 a adduct

Two reaction pathways were explored for the formation of 5 a,
one starting from tautomer 2 a and the other starting from
tautomer 2 b. Figure 2 illustrates the geometries of key sta-
tionary points along the pathway that is similar to that
described for 4 c before.

Starting from 2 a, the reactants feature a N� C6 distance of
2.20 Å that shortens to 1.54 Å in transition state TS1. This latter
state resembles a six-membered ring with an internal CNH
angle of 99.7°, the O6 is almost protonated (Hwat� O6 distance of
1.08 Å) and the amine is transferring its proton to the assisting
water molecule (N� H and H� Owat lengths of 1.14 Å and 1.45 Å).
TS1 lies 43.7 kJmol� 1 above the reactant complex, while the
following carbinolamine intermediate INT1 lies 16.9 kJmol� 1

below the reactants. The dehydration/imine formation step is,
however, rather different to the one found previously for
adducts 4 c and 6 c. It becomes simpler due to the neighboring
C7� OH unit that can donate its proton to the leaving C6
hydroxy group that releases a water molecule and forms the
protonated Schiff base. The assisting water plays a catalytic role
by electrostatic stabilization of O7 the oxygen atom. The
following transition state TS2 features C� O and N� C bond
distances of 1.55 and 1.39 Å, whilst the H-transfer is already
advanced, being the proton nearer to the hydroxy group
(distance of 1.12 Å) than to the O7 (distance of 1.37 Å). The
barrier for this step amounts to +69.1 kJmol� 1 relative to INT1’,
whereas the formed intermediate 5 c is favored by 27.1 kJmol� 1

relative to the reactant complex. The sequence terminates
through H-transfer to form product 5 a. In the associated TS3,
the proton from the nitrogen is already transferred to the water
molecule (distances of 1.41 Å and 1.11 Å, respectively), whereas
the other proton is being transferred to O7 (distance of 1.36 Å).
The barrier for this step is +35.6 kJmol� 1 in relation to INT2’,
and the complete reaction is exergonic by ΔGR=

� 32.5 kJmol� 1.
As expected, a similar reaction pathway can be found when

starting from 2 b (Scheme 7). The main difference between the
two reactions is found in the energy profile, where the barriers
for carbinolamine and Schiff base formation generated by the
latter tautomer are higher by 16.3 and 12.7 kJmol� 1, respec-
tively.

Formation of 6 c adduct

Scheme 8 portrays the reaction pathway for the formation of
DBA� PA adduct 6 c from the 2 a. The complete reaction is
exergonic at � 49.0 kJmol� 1. Despite the similarity of the
reaction pathways leading to adducts 6 c and 4 c, there are
some differences in the reaction energy profiles. The barrier for
formation of the carbinolamine intermediate is much smaller in
the formation of 6 c than the formation of 4 c with an energy
differences of 48.5 kJmol� 1; however, the latter adduct is
thermodynamically more favorable by 16.2 kJmol� 1.
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Energetic comparison of the reaction pathways to form the
4 c, 5 a and 6 c adducts

Figure 3 displays the energy profiles for the complete reaction
pathways to form adducts 4 c, 5 a and 6 c in the presence of
one water molecule as obtained at the DLPNO-CCSD(T)/cc-
pVTZ//SMD(water)/B3LYP-D3/6-31+G(d,p) level of theory. For

the cases with two geometries of the same species (e.g., INT1
and INT1’), the most favored state is considered to compare the
energies of the various mechanisms. These results show higher
free energies for the dehydration step of all reactions (varying
between 69.4 (5 a path from 2 a) and 87.0 kJmol� 1 (6 c path)),
thus indicating that this step should be rate-limiting. The
exception is the path to form 4 c that, due to a charge

Figure 2. Representation of the mechanistic pathway to form the dehydrobaicalein� pentylamine adduct 5 a from 2 a: a) carbinolamine formation, b)
dehydration/Schiff base formation, c) 5 a formation, and d) 2D depiction of the complete reaction.

Scheme 7. Reaction pathway for the formation of dehydrobaicalein� pentylamine adduct 5 a from 2 b.
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delocalization effect on 2 b structure that provides a disadvanta-
geous pre-reaction geometry, has similar barriers for carbinol-
amine and Schiff base formation (84.2 and 81.4 kJmol� 1,
respectively). This unfavorable effect is also reflected in the
instability of the carbinolamine intermediate on the 4 c-path
(28.6 kJmol� 1 above the reactants) that is notoriously different
to the energetically favored intermediates of the other reactions
(� 29.6 kcalmol� 1, � 16.9 and � 11.5 kJmol� 1 for 6 c path, 5 a
path (from 2 a) and 5 a path (from 2 d/2 b), respectively).

Overall, these mechanistic findings indicate energetically
viable routes to form the various DBA� PA adducts, which could
be responsible for the favored covalent inhibition mechanisms
of baicalein targeting lysine residues of amyloid proteins. The
formation of 5 a (C6-substituted DBA) is kinetically favored due
to the overall lowest free energy barriers, while the formation of
4 c (C7-substituted DBA) is found to be the most thermody-
namically favored (exergonic at � 65.2 kJmol� 1). The experi-
ments only found the C6-substituted Schiff base product, which
suggests kinetic control under these reaction conditions.

Furthermore, considering the higher stability of 4 c, future
DBA-based drug-design strategies should focus on providing
molecules with further positive charge character nearby the C7
(e.g., at C8) centers to improve the relative amine group C7

position, avoiding the formation of the unfavorable pre-reaction
geometry that subsequently may decrease the barriers.

Conclusions

Amongst its physiological antioxidant benefits, the flavonoid
baicalein exhibits inhibitory activity towards amyloid proteins
such as hIAPP through covalent reactions with the pentylamine
group of lysine residues that subsequently disturb the peptide
aggregation. A combination of in silico and in vitro approaches
is essential to clarify the oxidation state and reactivity of BA as
well as its conjugation with the side chain of lysine residues in
solution.

Based on these results, we conclude that: i) dehydrobaica-
lein species, namely 6,7-dehydrobaicalein 2 b, are formed in
solution. ii) The reaction of BA and PA starts with the formation
of a ion pair between the protonated amine group and the
ionized BA� under anaerobic conditions that precedes a (low-
oxygen) induced redox chain reaction. Thus, the presence of O2

is crucial to generate the o-quinone DBA that promptly forms
the intermediate DBA� PA (5 a), which could be then reduced
to yield the main BA� PA product (11 a). Despite the fact that
transient intermediate 5 a could not be detected under our

Scheme 8. Mechanistic pathway from 2 a to form the dehydrobaicalein� pentylamine adduct 6 c.

Figure 3. Energetic profiles of the Schiff base reaction of dehydrobaicalein tautomers 2 a, 2 b and 2 d with the nucleophile 3 to yield the
dehydrobaicalein� pentylamine adducts 4 c, 5 a and 6 c.
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experimental conditions, we propose that its formation and
further reduction is essential for the redox cycle. iii) The
atomistic mechanistic studies uncovered an unusual pathway
for the carbinolamine dehydration reaction, which focuses on
the resonance ring effects of the dehydrobaicalein species. It
involves an intramolecular rearrangement of the hydroxy
leaving group that assists and reduces the barrier of this step.
Also, the carbinolamine dehydration mechanistic step of all
studied pathways is the rate-limiting step. iv) In agreement with
the kinetically preferred pathway suggested by calculations,
experiments show a regioselectivity of the Schiff base reaction
for the middle position of the three hydroxy groups of BA. This
may be attributed to the resonance-stabilized structure along
the AC and B (with no substituents) rings. However, the
theoretical mechanistic findings suggest feasible energetic
profiles for all reactive pathways toward the formation of C6-,
C7- and C5-substituted products. These many covalent mecha-
nistic possibilities could be a specific property of baicalein that
might contribute to its higher inhibition ability against amyloid
formation as compared to other structurally related flavone
molecules. The poor solubility of baicalein could limit its use as
a therapeutic compound, but innovative strategies such as the
use of baicalein� theophylline cocrystals have been proposed to
overcome this hurdle and improve the bioavailability of
baicalein.[51] In addition, a baicalein-β-cyclodextrin combination
was suggested as a promising therapeutic route to inhibit and
remodel α-synuclein amyloids.[52] These should be considered in
designing novel baicalein-based molecules for inhibiting hIAPP
amyloidogenesis in vivo. The pharmacological and wide struc-
tural properties of flavonoids as well as their lower toxicity
compared to synthetic compounds gives them an advantage as
future multitargeting therapeutic molecules. Hence, the cur-
rently uncovered mechanistic differences could be valuable to
optimize and engineer future o-quinone� baicalein based drug
candidates.
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