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Flavonoids are known to covalently modify amyloidogenic
peptides by amination reactions. The underlying coupling
process between polyphenols and N-nucleophiles is assessed
by several in vitro and in silico approaches. The coupling
reaction involves a sequence of oxidative dearomatization,
amination, and reductive amination (ODARA) reaction steps.
The C6-regioselectivity of the product is confirmed by crystallo-
graphic analysis. Under aqueous conditions, the reaction of
baicalein with lysine derivatives yields C� N coupling as well as
hydrolysis products of transient imine intermediates. The
observed C� N coupling reactions work best for flavonoids
combining a pyrogallol substructure with an electron-with-
drawing group attached to the C4a-position. Thermodynamic

properties such as bond dissociation energies also highlight the
key role of pyrogallol units for the antioxidant ability. Combin-
ing the computed electronic properties and in vitro antioxidant
assays suggests that the studied pyrogallol-containing flavo-
noids act by various radical-scavenging mechanisms working in
synergy. Multivariate analysis indicates that a small number of
descriptors for transient intermediates of the ODARA process
generates a model with excellent performance (r=0.93) for the
prediction of cross-coupling yields. The same model has been
employed to predict novel antioxidant flavonoid-based mole-
cules as potential covalent inhibitors, opening a new avenue to
the design of therapeutically relevant anti-amyloid compounds.

Introduction

Polyphenols, a broad class of antioxidants found in fruits,
vegetables, and other sources, are sensitive to oxidation. As a
result, they can be easily converted into their oxidized quinone
forms, which have the potential to interact with neighboring
functional groups. In general, quinones are used as redox
cofactors in various enzymatic processes, examples being

topaquinone (TPQ) and pyrroloquinoline quinone (PQQ) found
in enzymes catalyzing the oxidation of amines and alcohols.[1]

Significant effort has been made to mimic their reactivity with
synthetic quinones in catalytic processes.[2] The reaction of
polyphenols with amines as well as ammonia is known to
proceed readily under aerobic conditions.[3] While C� N coupling
products appear to be formed in all of these reactions, the
regiochemistry of product formation is often not clarified.[4]

Mechanistic studies on the catalytic potential of pyrogallol-
based polyphenols by Largeron et al. highlight the importance
of transient ortho-quinones and their respective imine
derivatives.[5] In vivo formation of NH2-metabolites of flavonoids
such as baicalein (BA, 1a), myricetin, and (� )-epigallocatechin
(EGC) have been reported.[6] Similarly, the formation of a
covalent adduct of 1a with human islet amyloid polypeptide
(hIAPP, amylin) has been demonstrated (Scheme 1a).[7]

The solution phase reaction of baicalein (1a) with pentyl-
amine (2a) has recently been described in the context of a
model study for the reaction of polyphenol antioxidants with
hIAPP (Scheme 1b). Pentylamine (2a) was chosen to model the
N-terminal Lys residue of hIAPP on the basis of closely similar
pKa characteristics and steric demand.[8] Covalent adduct
formation of polyphenols with amyloidogenic proteins through
lysine-derived cross-links are particularly relevant in the context
of redirecting the components of insoluble aggregates back to
soluble monomers. Indeed, earlier studies showed that oxidized
forms of flavonoids such as 1a and epigallocatechin gallate
(EGCG) inhibit fibrillation of amyloidogenic peptides and/or
disaggregate fibrils.[9] The peptide adducts may exhibit different
cytotoxicity or biological functions, while the polyphenol’s
antioxidant properties usually increase.[10] One of the main goals
of this work is to explore the possible amination reaction of 1a
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and other antioxidants based on the pyrogallol subunit with
primary amines and peptide models (Scheme 1c). Furthermore,
defining the redox properties of flavonoids and their amine
conjugates is relevant for understanding redox-based therapeu-
tic responses. Thermodynamic properties such as the bond
dissociation energy (BDE), ionization potential (IP), proton
affinity (PA), and electron transfer enthalpies (ETEs) provide a
quantitative basis for the assessment of radical-scavenging
activities of flavonoids.[11] In vitro assays such as FRAP (ferric
reducing antioxidant power) and ORAC (oxygen radical absorb-
ance capacity) have also been used widely for the same
purpose.[11a] For a library of 25 polyphenols we therefore report
theoretically calculated redox energetics as well as the results
of FRAP and ORAC assays. The combination of in silico and
in vitro data points to the main antioxidant mechanisms
involved.

Results and Discussion

Mechanistic Studies

Baicalein (1a), insoluble in DCM, reacts with pentylamine (2a),
giving 11% and 72% yield of 3aa in 1 h and 18 h, correspond-
ingly, under O2 atmosphere at 23 °C (Scheme 2). The isolated
product 3aa shows that the C6-OH substituent of 1a is replaced
by a pentylamine fragment in an overall redox-neutral (but

redox-mediated and thus oxygen-dependent) reaction mecha-
nism. The C6-regioselectivity of the reaction is confirmed by sc-
XRD analysis of the obtained crystals of 3aa (Figure 1).

Closer analysis of the obtained X-ray structure shows that
the unit cell consists of two molecules of 3aa, one in a
zwitterionic and one in an internally neutral form, connected by
a low-barrier hydrogen bond (O5� H···O1). This kind of bonding
can occur when two tautomeric forms have closely similar
stabilities,[12] which is supported by DFT calculations at
SMD(water)/B3LYP-D3/6-31+G(d,p) level indicating a stability
difference of 0.3 kJ/mol (see section SI-B 6).

To assess the propensity of other substrates to undergo the
amination reaction observed for 1a, it is helpful to analyse the
requirements of all stages of the proposed reaction mechanism.
For detailed mechanistic studies we therefore selected 2,3,4-
trihydroxyacetophenone (TAP, 1b) as a functional and structural
model for baicalein (1a). The reaction of 1b with 2a has been
analysed in different reaction media and under various reaction
conditions to further elucidate the nature of this reaction and
its role in the inhibition of hIAPP aggregation.

As depicted in Scheme 3, the formation of covalent adduct
3ba proceeds through an ortho-quinone chain mechanism A
(Scheme 3, green area). Initiation of this process involves acid/
base reaction of 1b with 2a such that a phenolate/ammonium
ion pair 1b-2a of low solubility is formed, whose structure was
confirmed via sc-XRD analysis.[8] Oxidative coupling of 1b with a
3-fold excess of 2a proceeds only slowly under air in DCM (4%
yield, Table 1, Entry 1). Replacing air with a pure oxygen
atmosphere leads to moderately increased conversion (27%
yield of 3ba, Table 1, Entry 2). The low reactivity is rationalized
by the low solubility of the reacting ion pair 1b–2a in DCM. To
demonstrate this, the reaction medium is spiked with 10 vol%
[D6]DMSO, which significantly increases the rate of the
oxidative coupling and gives 88% of 3ba (Table 1, Entry 16).
Once the phenolate ion pair 1b–2a is dissolved, it reacts with
oxygen through single electron transfer (SET) to yield super-
oxide and a phenoxy radical complex, followed by a hydrogen
atom transfer (HAT) step to yield perhydroxyl anion HO2

� and
ortho-quinone 4b. We note in passing that the stability of the

Scheme 1. Oxidative coupling of phenols with N-nucleophiles.

Scheme 2. Oxidative coupling of 1a and 2a.
Figure 1. Crystal structure of coupling product 3aa crystallized from DCM
(ellipsoids shown at 25% probability level).
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transient phenoxy radical is directly related to the O� H bond
dissociation energy (BDE) in polyphenol as indicated by the
dotted arrow in Scheme 4. Formed 4b is expected to react
rapidly with 2a to the respective imine 5ba, followed by
intramolecular or intermolecular isomerization to α-imine 6ba
and the transfer-hydrogenation step with 1b to complete the
formation of amination product 3ba. The overall process can be
characterized as an oxidative dearomatization, amination and
reductive aromatization (ODARA) process.

Pentylamine (2a) most likely acts as a proton transfer
catalyst in the rearomatization step, because the overall rate of
the reaction is found to increase up to 2 eq of 2a (80% yield)
(Table 1, Entries 3–16). Similarly high yields can be obtained by
combining 1 eq of 2a with a sterically hindered catalytic base
such as 1 eq of t-BuNH2 (75% yield) or 0.1 eq of DBU (70%
yield) as shown in Table 1 in entries 8 and 9. Quantum chemical
calculations at the DLPNO-CCSD(T)/CBS//SMD(water)/B3LYP-D3/
6-31+G(d,p) level of theory predict that the activation energy
for the isomerization of 5ba to 6ba drops from +90.2 kJ/mol in
the absence of a protic catalyst to +56.6 kJ/mol in the presence
of 2a as the catalyst. In both cases the isomerization reaction is
highly exothermic at � 111.9 kJ/mol (see section SI-B1). Closer
analysis of the obtained reaction mixtures by 1H NMR spectro-

scopy indicates that the addition of [D6]DMSO is accompanied
by the formation of minor product 7b and a comparable
amount of dipentylimine (DPI, 8). With reference to the reaction
network shown in Scheme 3, this result can be understood as
an increased population of the area described as the imine
formation region B (blue area). The key intermediate linking
area A and B is transient imine 6ba, whose addition reaction
with a second equivalent pentylamine leads to dipentylimine
(8) and aminophenol 7b in a stepwise manner. Alternatively,
imine 8 can also be formed through hydrolysis of 6ba to
aminophenol 7b and pentanal, and subsequent condensation
of this latter compound with one equivalent of amine 2a. Both
pathways involve formation of aminophenol 7b, whose oxida-
tion and transamination with pentylamine (2a) feeds back into
the reaction network at the stage of imine 5ba. Perusal of the
product distribution data in Table 1 shows that the formation of
dipentylimine (8) is closely linked to solvent polarity. Practically
no dipentylimine (and very little aminophenol 7b) is formed in
DCM as the solvent, while formation of both compounds
becomes quite notable in DCM/10 vol% DMSO mixtures.
Comparing entries 3 and 16 in Table 1, we also note that the
ratio of product phenols 3ba/7b depends inversely on the
concentration of pentylamine (2a), reaching up to 88/11 when
using 3.0 eq of 2a (relative to reactant phenol 1b). The reaction
in neat [D6]DMSO then leads to formation of 7b and 8 as the
major products in 32% and 48% yield, correspondingly, and
only a minor amount of 3ba (6%). It should be added that
reaction products 3ba and 7b can interconvert under selected
reaction conditions. As illustrated in Scheme 5, reaction of 3ba
with pentylamine (2a) in [D6]DMSO gives equimolar amounts of
7b (8.5%) and 8 (16%). Under the same conditions, the reaction

Scheme 3. Proposed mechanism of 1b–2a oxidative coupling. All numbered structures were detected via NMR or APCI-MS.

Scheme 4. Step-by-step oxidation of pyrogallol-based polyphenol.
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of aminophenol 7b with pentylamine forms only 3.5% of 3ba
and 52% of imine 8, which is 3.5 times higher than in the
example with 3ba, indicating that transamination for amino-
phenol 7b is a highly favourable process under these
conditions. This observation is in line with earlier observations

that aminophenols such as 7b can inhibit fibril formation and
remodel existing ones.[9d]

A distinctive feature of 1b is the presence of an electrophilic
carbonyl group, whose condensation reaction with pentylamine
(2a) describes an extension of the overall reaction network
shown as yellow area C in Scheme 3. Actual reactions in the
area include the formation of imine 3ba’ (from reactant phenol
1b and 2a) and its subsequent oxidative C� N coupling step to
imine 3ba’’. The latter compound is also accessible from 3ba
through condensation with pentylamine. The overall reaction
network is completed by overoxidation product 9ba in grey
area D, whose formation from either C� N coupling product 3ba
or from transient iminoquinone 9ba can be detected in mass
spectrometric measurements.

Variations of the N-nucleophile

Aside from pentylamine (2a), several amides have been tested
as side chain models for N-terminal lysine residues. As shown in
Scheme 6, this includes a series of amino-substituted amides
with increasingly large distances between these two functional
groups.

The smallest of these nucleophiles are N-methyl glycine (2b)
and N-methyl alanine (2c), both of which show no detectable
formation of C� N coupling products with baicalein even in the
presence of external bases such as DIPEA or DBU. In the
homologous series of N-methylamido-1-aminocarboxylic
amides 2d–g, we observe a gradual increase in the yield of C6-
adducts 3ad–g, which correlates with the pKa values of these N-
nucleophiles, reaching its maximum in the case of lysine
derivatives. The similarity of the results obtained for 2a (80%)
and lysine derivative 2g’ (78%) confirms the suitability of the
former compound as a functional side chain mimic.

The regiochemistry of these coupling reactions was deter-
mined using HMBC NMR measurements, and could be con-
firmed independently for product 3ad with sc-XRD of a crystal
grown from heptane/EtOAc/EtOH solution (Figure 2). DFT
calculations (SMD(water)/B3LYP-D3/6-31+G(d,p)) indicate this

Table 1. Oxidative coupling of 1b with 2a.

# Solvent 2a, eq Yield, %[a]

3ba 7b 8

1[b] DCM 3.00 4 2 ND

2 3.00 27 2 ND

3 [D2]DCM[c] 0.20 6 3 7

4 0.50 27 7 15

5 1.00 42 7 13

6[d] 45 8 15

7[e] 30 11 20

8[f] 75 11 –

9[g] 70 14 –

10[h] 34 ND 4

11 1.15 52 8 14

12 1.33 56 8 12

13 1.75 75 10 11

14 2.00 80 10 10

15[b] 76 9 9

16 3.00 88 11 9

17 5.00 88 12 7

18 CDCl3
[c] 1.00 26 3 7

19 [D6]DMSO 1.00 6 32 48

20[i] 6 32 –

21[b] 7 32 51

a Yields were determined by 1H NMR analysis. b Air was used. c 10 vol%
[D6]DMSO. d Mixing. e 1 eq NEt3.

f 1 eq of tBuNH2.
g 0.1 eq of DBU. h 1 eq of

1e. I 15 min.

Scheme 5. Comparison of the oxidative deamination ability of 3ba and 7b.

Scheme 6. Oxidative coupling of 1a with various N-nucleophiles 2a–i.
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regioisomer as the most thermodynamically favored (see
section SI–B 6).

The applicability of the oxidative coupling reaction was also
tested for arginine derivative 2h as an alternative amino acid
with basic side chain functionality and for benzyl hydrazine 2i.
Both compounds were found to yield no C� N coupling product.

The reaction of flavonoids with lysine derivatives under
aqueous conditions at controlled pH values is directly relevant
for the adduct formation of 1a with hIAPP.[7] Based on the
results obtained for other amyloidogenic peptides[9a,13] the
covalent interaction is assumed to occur between the ɛ-NH2

group of lysine and the central ring of 1a. In order to support
this mechanism in experiments with low-molecular weight
models, N-Ac-Lys-NMe (2g’) was selected as a model for the N-

terminal lysine residue in hIAPP and incubated with 1a (2.5 mM)
in 10 mM phosphate buffer (pH 7.4) at 37 °C. HPLC-MS(ESI)
analysis of the reaction mixture shows the formation of covalent
adduct 3ag’ as well as the formation of the product of its
hydrolysis 7a (Scheme 7).

Variations of the polyol electrophile

To identify factors relevant for the observed polyphenol-amine
coupling process, a set of different polyphenols with structural
modifications are tested. 1 eq of 2a is mixed with the
polyphenols 1a–p shown in Scheme 8 in an atmosphere of pure
oxygen and the product yield is determined after 1 hour of
reaction time at 23 °C as a measure of the reactivity of the
corresponding electrophile. In order to discuss the substituent
effects observed in this benchmark reaction, we use the same
(baicalein-derived) numbering scheme for all systems. Polyphe-
nols containing an ortho-dihydroxyphenyl (or ortho-catechol)

Figure 2. Crystal structure of coupling product 3ad (ellipsoids shown at 25%
probability level).

Scheme 7. Oxidative coupling of 1a with N-Ac-Lys-NMe 2g’ in water at
pH 7.4.

Scheme 8. Reaction of amine 2a with polyphenols 1a–o and their propensity for forming covalent adducts. [a] Yields were determined by 1H NMR analysis.
[b] In 24 h.
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moiety exhibit no measurable reactivity towards amine 2a. For
the oxidative coupling to occur, the presence of a 1,2,3-
trihydroxyphenyl (or pyrogallol) subunit appears to be required.
Pyrogallol (1e) as the parent system of this group shows only
low activity under the given conditions (13% yield of 3ea), but
reaction turnover increases significantly on introduction of an
electron-withdrawing group (EWG) to the C4a-position of the
pyrogallol ring. For example, a COOMe-group at C4a-position
(1i) increases the yield of a covalent adduct 3ia to 49%, while
the same group placed at C8a-position (1h) significantly
decreases the reactivity, giving only 1.2% of covalent adduct
3ha under the same conditions. Increasing the electron-with-
drawing ability as in cyano-substituted compound 1g leads to
even higher reaction rates and yields 68% of adduct 3ga. The
reactivity of the pyrogallol ring can be moderately enhanced
through combination of an EWG at C4a and an electron
donating group (EDG) at C8a as is, for example, the case in 1m
(66% yield vs 42% for 1b) and, of course, in baicalein (1a). In
summary, it appears that the combination of the effects of a
C4a-EWG and an C8a-EDG in a pyrogallol substructure leads to
the most effective formation of the C6-coupling products. To
verify the proposed hypothesis, the same reaction is performed
with pseudo-baicalein (1l), an isomer of the highly reactive 1a
with reversed positions of the EWG and EDG groups. Interest-
ingly, the experiment shows no covalent adduct formation,
even in the presence of 2 eq of amine 2a.

Quantitative Measures of Antioxidant Reactivity

The substituent effects discussed above already suggest that
reaction products such as 3aa may be better antioxidants than
the respective starting polyphenol (1a). As a quantitative
expression of the antioxidative potential of phenols 1, 3 and 7,
we have computed the respective homolytic O� H and, where
applicable, N� H bond energies (BDEs, Figure 3). These have
been determined through gas phase calculations relative to
that for phenol (PhOH), whose BDE(O� H) value equates to
+365.0 kJ/mol.[14]

Figure 3 shows the BDE values, which directly relate to the
hydrogen atom transfer (HAT) mechanism of antioxidants (see
further details in SI). The lowest BDE value in each compound is
marked in green characters. Comparatively small BDE(O� H)
values are found for pyrogallol (1e), its ethyl derivative 1f and
the well-known antioxidant molecules 1o, 1p and 1q.[15] All of
these compounds feature a pyrogallol subunit, and irrespective
of any other substituents, it is always the central of the three
hydroxy groups that shows the lowest BDE value. Baicalein (1a)
shows, somewhat surprisingly, a comparatively high BDE(O� H)
value of +337 kJ/mol. This value is 30 kJ/mol higher than in
pyrogallol itself and already implies, that the BDE(O� H) values
alone are not sufficient to rationalize the high coupling yields
observed for 1a. Replacing the C6 hydroxyl group by amine
nucleophiles leads to a reduction of the BDE(O� H) values in full
agreement with stronger electron donating effects through
amino vs. hydroxyl substituents. All compounds combining a
pyrogallol subunit with an EWG at the C4a-position are located

at the top of Figure 3 (with comparatively high BDE(O� H)
values). Disrupting the H-bonding interaction between the EWG
and the hydroxyl group at C5 (as, for example, in pseudo-
baicalein (1l)) leads to a moderate reduction of BDE(O� H). Even
though the BDE (O� H) values are often used to assess the
antioxidant properties of polyphenols, in most cases they are
not sufficient to map all aspects of antioxidative activity. Hence,
the ionization potential (IP), the proton affinity (PA), and the
electron transfer enthalpy (ETE) are determined at the same

Figure 3. Bond dissociation enthalpy (BDE) values of selected polyphenols.
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level of theory in order to account for alternative mechanisms
of antioxidative activity such as single-electron transfer followed
by proton transfer (SET-PT), or sequential proton loss followed
by electron transfer (SPLET) (see SI for details).

Experimental Assessment of Antioxidative Activity

The antioxidant activity of the 25 compounds shown in Figure 3
was evaluated by FRAP and ORAC assays. FRAP results are
presented in Figure 4a, and ORAC results in Figure 4b.

Based on both experimental assays, the studied polyphenols
have higher antioxidant activity than Trolox chosen as a water-
soluble reference compound. The observed FRAP values are
highest for 1l (3.40), 1n (3.06), and 1q (3.05), and lowest for the
phenol 3ba’ (1.26) and 7a (1.24). The loss in antioxidative
capacity observed for the aminated compounds may be related
to the sensitive ionization state of the amino groups at pH 3.5
used in FRAP assays. Among the tested polyphenols the highest

ORAC values are observed for 1d (4.87), 1o (4.40) and 1c (3.96).
FRAP and ORAC values of the compounds tested here correlate
poorly (r=0.02, See SI), an observation that has already been
made in earlier studies.[16] Still, both assays show very good
antioxidant abilities for the established antioxidants 1o, 1p, and
1q,[15,17] as well as quite good and comparable results for
baicalein (1a) and its derivative 1m. Single descriptor correla-
tions of the measured FRAP and ORAC data with the computed
values described before have been analyzed with the goal of
identifying possible modes of action. The FRAP data show only
moderate correlations with BDE values (r= � 0.52) and with PA
values (r= � 0.51), but the compounds with lowest BDE(O� H)
values (such as 1q, 1n, and 1o) are also those with lowest PA
values. This is compatible with both HAT and SPLET as the
limiting mechanisms in the FRAP assay measurements. The
aminated compounds 3ag, 7a, 3ba, 3aa and 3bg are those with
the smallest calculated ionization potentials (IP), suggesting
SET-PT as the preferred radical scavenging mechanism for these
systems. The overall moderate correlations found here between
the FRAP data and single descriptors may reflect the broad
structural variations of the compounds considered as well as
possible diverse antioxidant mechanisms. The set of 25 phenolic
molecules has therefore been subdivided into the classes
shown in Figure 5 in order to aid further analysis. The group of
highest interest in this work is that of the pyrogallol-containing
flavonoids, which shows the highest correlations between the
PA and FRAP data (r= � 0.88, Figure 6), and also those between
the BDE and ORAC (r= � 0.72, see SI). These results are best
understood as the parallel existence of multiple mechanisms for
antioxidative activity, which is in agreement with previous
studies and irrespective of HAT often being assumed as the
dominant radical-scavenging mechanism of flavonoids,[11a] the
SET and SPLET mechanisms are also suggested for flavonoids
such as luteolin, EGCG and curcumin.[11a,18] The mechanistic
differences can then be attributed to: i) slight structural
differences on flavonoids such as amination, intramolecular
bonds and number of conjugated systems; ii) possible differ-
ences in the prevalence of ionization forms of some
compounds;[19] and iii) the tendency of some polyphenols such

Figure 4. Antioxidative effects of the compounds shown in Figure 3 assessed
by A) FRAP and B) ORAC.

Figure 5. Categorization of the set of 25 compounds by four classes: o-catechols, pyrogallols, flavonoids and aminophenols.
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as 1h, 1o, and 1q to act as antioxidants and pro-oxidants under
some conditions (e.g. high concentrations and pH).[20]

Quantitative Model for Polyphenol-Amine Coupling

The chemical yields of C6-coupling product 3xa and of imine
dimer 8 directly relate to the inhibition of fibrillation of
amyloidogenic peptides through the polyphenols studied here.
Mapping the yields of these two compounds with a multi-
parametric model was therefore attempted using the exper-
imentally measured FRAP and ORAC data, the reaction energies
described above, and a larger selection of additional computa-
tional data. For a subset of 11 polyphenols, this also includes
analyzing the reaction energies for selected parts of the
reaction network shown in Scheme 3. This includes the Gibbs
free energy for the reaction of polyphenols with pentylamine
(2a) to yield the C6-aminated product and water described as
“Pathway A” in Table 2. All of these reaction energies are
negative, but actual correlation with reaction yields is low (r=
+0.15).

Better correlations exist for other parts of the reaction
network such as formation of 9xa through disproportionation
of 5xa (r= +0.58) or the mostly endergonic reaction of
intermediate 6xa with either water (r= +0.34) or with pentyl-
amine (r= +0.35). A multivariate analysis using 84 descriptors
including all those described above was then performed.
Descriptors from various categories are considered: class I –
thermochemical properties (e.g. computed BDE and pKa values);
class II – topology data (e.g. number of conjugated bonds);
class III – electron distribution data such as natural bond orbital
(NBO) charges; and class IV – experimental data (e.g. spectro-
scopic 13C NMR chemical shifts). Two different models were

considered: 1) to predict the yields of polyphenol-amine
coupling products 3xa; and 2) to predict the yields of
polyphenol-amine coupling products 3xa together with 8. The
correlation coefficients obtained for both models are very good
(r2=0.84 and r2=0.86, respectively). For the latter model we
find best results (r2=0.86) for a two-parameter equation
combining the NBO charges at C6 in 1x� with those at C8 in
6xa as schematically shown in Figure 7. The inclusion of 8 as
reaction product is biologically more relevant since it also
accounts for the beneficial effect of polyphenols as oxidative
modifiers of proteins that mediate protein polymerization by
lysine-derived crosslinks.[21]

To maximize the number of compounds on the correlation,
three polyphenols with no turnover are included, which could
rather interfere in the equations of the model. Because of that,
the experimental reaction with myricetin (1o) is used as positive
control to validate the predictive ability of eq. 1.

Figure 6. Correlation between the FRAP results (in Trolox equivalents)
obtained for 11 pyrogallol-containing flavonoids from Figure 5 and their
proton affinity (PA) values.

Table 2. Gibbs free energies (ΔG298, in kJ/mol) for the o-quinone chain A, overoxidation D and imine formation B reactions shown in Scheme 3.

polyphenol 1x Pathway A Pathway D Pathway B (hydrolysis) Pathway B (aminolysis)

1x+2a!3xa+H2O 2×5xa!3xa+9xa 6xa+H2O!7a+C5H10O 6xa+2a!7x+8

ΔG298, kJ/mol[a]

1a (BA) � 33.4 � 70.4 +1.1 +12.1

1b (TAP) � 31.8 � 96.0 +2.6 +13.5

1g (TBN) � 30.2 � 57.8 +1.5 +12.4

1c (o-Cat) � 34.2 � 82.3 +5.8 +16.7

1d (DBN) � 40.7 � 121.2 +2.8 +13.7

1e (Pyr) � 30.0 � 64.7 +1.6 +12.5

1h (MetGal) � 25.0 � 89.7 � 9.8 +1.2

1i (psMetGal) � 26.0 � 75.2 � 1.0 +9.9

1l (psBA) � 33.3 � 81.5 � 4.1 +6.8

1m (BAH2) � 33.9 � 52.7 +7.6 +18.5

1p (EGC) � 30.1 � 86.6 +0.8 +11.8

r for yields of 3xa +0.15 +0.58 +0.34 +0.35

r for yields of 3xa+8 +0.19 +0.57 +0.33 +0.34

[a] Pentylamine (2a) was used as the amine partner for all reactions. All energies are obtained using optimized geometries at the SMD(water)/B3LYP-D3/6-
31+G(d,p) level of theory. For energies calculated at DLPNO-CCSD(T)/CBS//SMD(water)/B3LYP-D3/6-31+G(d,p) level see SI.
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3xaþ 8½ �

predicted yield;%
¼ � 79:3891 � 283:0536� qC6 1x�½ �

� 568:5468� qC8 6xa½ �

(1)

The predicted combined yield (3oa+8) is 6.2%, which
agrees closely with the small amount observed experimentally
(3%, see Scheme 8). Eq. 1 was therefore used to predict the C6-
amination yields for a small set of yet unknown baicalein
derivatives (Figure 7). From this small compound set, the results
for cyano-substituted systems 1s and 1t appear to be most
promising. Whether or not these compounds will be effective
as inhibitors of fibril formation and protein aggregation will, of
course, also depend on other factors such as their solubility in
biologically relevant media.

Conclusions

In this article, we report a mechanistic study into the oxidative
coupling between polyphenols and amines. Large datasets of
both reactants under different buffer conditions are tested. We
conclude that, from a mechanistic point of view, the oxidative
coupling between polyphenols and N-nucleophiles occurs by a
multi-step process best described as an oxidative dearomatiza-
tion, amination and reductive amination (ODARA). Detailed
mechanistic insights are obtained using a DCM (10 vol%
[D6]DMSO) reaction medium. The reaction between baicalein
and lysine derivatives under aqueous conditions, however, has
also been tested successfully. Hence, we conclude that the
studied molecules follow the ODARA process in a physiologic
environment, and they can be used for biological and medicinal
purposes.

The bond dissociation enthalpy (BDE) calculations indicate
that the absence of the H-bridge C5-OH···O� C4 and the C6-
regioselective amination of flavonoids, using baicalein as model,

improves the antioxidant ability (BDE decreases by ca. 9–13 kJ/
mol). FRAP and ORAC results suggest that all compounds
considered here show better antioxidant abilities than Trolox.
The results from both in silico and in vitro antioxidant
approaches allows us to conclude that myricetin, EGCG, HHF,
pyrogallol and its derivatives are the compounds with highest
antioxidant power in the tested dataset. Also, the correlation
between the thermodynamic properties (BDE, proton affinity)
and the FRAP and ORAC assays supports the absence of a
dominant radical-scavenging mechanism, but rather points to a
multitude of pathways (SET, SPLET and HAT) being active in
parallel.

Multivariate analysis employing a larger set of focused
descriptors allowed development of two-component models
for the prediction of chemical reaction yields. The models use
atomic charges of transient intermediates of the ODARA
process as descriptors. Using these models, we predict new
baicalein derivatives as crosslinking agents for amyloidogenic
peptides.
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