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Extending the Study of the 6,8 Rearrangement in
Flavylium Compounds to Higher pH Values:
Interconversion between 6-Bromo and 8-Bromo-

apigeninidin
Luis M. Cruz*,”” Nuno M. Basilio*,
Fernando J. Pina*™

The rearrangement between isomers 6- and 8-bromo-apigeni-
nidin (6 and 8) was studied by pH jumps using stopped flow,
UV/Vis, NMR, and HPLC analysis. The system constitutes a pH-
dependent network of chemical reactions involving up to
18 different species. The dynamic network is equivalent to
a single diprotic acid exhibiting two pK,s, 2.55 and 5.4. Similar
to other flavylium derivatives, the mole fraction of the species
hemiketal and cis-chalcone in both multistate isomers are neg-
ligible at the equilibrium. At pH 1, the pure isomers are slowly
converted in a mixture containing about 50% of isomers 6 and

Introduction

3-Deoxyanthocyanidins form a family of flavylium derivatives
appearing in ferns and mosses, as well as hybrids of sorghum
and purple corn.™ Like anthocyanins, they are involved in
a multistate system as shown in Scheme 1 for apigeninidin.
Both hydration and proton transfer equilibria are dependent
on the proton concentration, Scheme 1, and by consequence,
addition of acid is expected to shift the multiequilibrium
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8, while at pH 4, the system evolves to mixture of 10% trans-
chalcone and 90% of quinoidal bases. A series of pH jumps
from pure isomer 6 at pH 1 to pH 6 and back to pH 1 leads to
the same initial absorption spectra of the pure isomer 6. The
same occurs for pure isomer 8, showing the lack of communi-
cation between the cis-chalcones, at least in the time scale of
few minutes. A pH jump from the equilibrated mixture of the
isomers at pH 1.0 to 5.8 permits to follow a very slow isomeri-
zation.

towards flavylium cation, which is the sole species at sufficient-
ly acidic solutions.

In spite of the complexity of the multiequilibrium, the
system can be simplified considering a single acid base reac-
tion involving the species AH' and its conjugate base CB, de-
fined as the sum of the other species: A, B, Cc, and Ct, [Equa-
tion (1)].

AH" 4+ H,0-=CB + H,0" K, = K, + K, + K.K, + K.K.K;

With [CB] = [A] + [B] + [Cc] + [Ct] M

The mole fraction distribution of the conjugate base, CB, is
dramatically dependent on the substitution pattern of the 2-
phenylbenzopyrylium core. In the case of apigeninidin,
Scheme 1, the mole fraction distribution of the five species in
acidic medium can be calculated from data previously reported
(Figure 1).5%

A very useful procedure to study the flavylium multistates is
the use of pH jumps. A direct pH jump is here defined as addi-
tion of base to an equilibrated solution of the compound at
pH 1 (AH*), while a reverse pH jump as the addition of acid to
an equilibrated solution at higher pH values, for example pH 6,
back to lower pH values (in particular, pH 1). The stopped flow
technique should be used when the respective rates occur in
the order of seconds to subseconds.

The faster reaction after a direct pH jump is by far proton
transfer, [Eq. (2)] (not observed by stopped flow). Quinoidal
base A is thus formed during the mixing time of the base.

AH® + H,0-—=A + H,0" K, (2)

236 © 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Multistate system of apigeninidin.
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Figure 1. a) Absorption spectra of equilibrated solutions of apigeninidin as a function of pH. b) Absorbance registered at 466 nm as a function of pH. This
data was fitted with a pK',=4.1 and a second pK’”, around 7 was observed at higher pH values. c) Mole fraction distribution of apigeninidin in acidic medium.

A slower process that is pH dependent and can be moni-
tored by stopped flow or through a common spectrophotome-
ter is the hydration forming B that competes with A for the
AH* disappearance, [Eq. (3)].

AH' +2H,0-—=B +H,0" K, (3)

The hydration is followed by the tautomerization (ring open-
ing/closure) which is faster than hydration unless the pH is
very low, [Eq. (4)].

B—Cc K, (4)

A and AH™ are in a very fast equilibrium; B and Cc are also
in a fast equilibrium, while much slower (subseconds). Both of
these equilibria (AH*/A and B/Cc) are faster than hydration
unless at very acidic pH values, where hydration could be
faster than tautomerization due to its direct dependence on
[H"]. One important breakthrough on this system was report-
ed by Brouillard and Dubois (1977),/"% in which the quinoidal
base does not react in moderately acidic medium and, by con-
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sequence, the system evolves towards the other species
through the hydration reaction of the flavylium cation. The
system equilibrates to give Ct through the isomerization,
which could be very slow or take place in subseconds, de-
pending on the value of the cis-trans isomerization barrier.
The mathematical expressions to account for the kinetics of
the direct pH jumps are different in both cases and have been
reported previously.""

One interesting feature to explore in deoxyanthocyanidins is
the possibility of two different pathways for the cis-chalcone
ring closure to give the hemiketal followed by formation of fla-
vylium cation, Scheme 2."*"¥ If the substituents in position 6
and 8 of the flavylium cation are equal, the two pathways lead
to the same isomer. However, if they are different, two distin-
guishable isomers are obtained. The first description of the 6,8
rearrangement was reported by Jurd for the compound 4,6,7,8
tetrahydroxyflavylium, Scheme 2."¥ He observed that at
pH 2.6, the isomer bearing a hydroxy group in position 6 gives,
almost quantitatively, the one in position 8 after about seven
hours, while in 1% aqueous hydrochloric acid at room temper-
ature, this was much slower (~ three days). More recently, An-

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. lllustrating the two possibilities of ring opening-closure in flavyli-
um compounds with different substitution patterns in position 6 and 8, ac-
cording to Jurd."™

derson and co-workers"? reported a complete study of flavyli-
um cations isomerization derived from the C-glycosyl-3-deoxy-
anthocyanidin family and arrived at similar conclusions.

The scope of this work is to extend the 6,8 rearrangement
to less acidic medium in order to access the other species of
the multistate. The questions are: 1) How distributed are the
quinoidal base isomers 6- and 8-bromo-apigeninidin (6 and 8,
respectively), hemiketal, cis- and trans-chalcones, and the re-
spective ionized species in a large pH range? 2) How are the
kinetics of multistates of isomers 6 and 8 related?

Results and Discussion
Synthesis

Compounds 6 and 8 were synthesized according the reactions
described in Scheme 3.

Bromination of 2,4,6-trihydroxyaldehyde (1) was performed
in tetrahydrofuran (THF) at —20°C using pyridinium tribromide
giving the product 2 with 89% yield. Acidic aldol condensation
between compound 2 and 4-hydroxyacetophenone (3) in
acetic acid at room temperature gave a mixture of isomers 6

HO
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and 8. These compounds were further purified and isolated
from impurities by semipreparative high-performance liquid
chromatography (HPLC) and analyzed by liquid chromatogra-
phy with diode array detection paired with electrospray ioniza-
tion mass spectrometry (LC-DAD/ESI-MS) in positive-ion mode
giving a molecular ion, [M]* at m/z 333, 335. This agrees with
the flavylium cation mass and is typical for compounds pos-
sessing a bromide atom in their structure (“Br/®'Br) (Figure 2).
The structure of the two isomers were fully confirmed by 'H
and "C NMR assignment using 1D and 2D NMR techniques
(correlation spectroscopy, COSY; heteronuclear single quantum
coherence spectroscopy, HSQC; and heteronuclear multiple
bond correlation spectroscopy, HMBC) in CD;OD/CF;COOH
90:10 (see Experimental Section).

The electronic transitions of the isomers were calculated
with AM1-CI™ (99 single excited configurations interaction)
after geometry optimization (MM +), without correction for the
solvent. The results for the two lowest singlet transition ener-
gies of apigeninidin, 6-bromo-apigeninidin, and 8-bromo-
apigeninidin are summarized in Table 1.

Table 1. Calculated wavelengths (1) and oscillator strengths (F) for the
two lowest transitions of apigenidin, 6-bromo-apigenidin, and 8-bromo-
apigenidin.

Compound S0—S1 S0—S2 Peak
A F A F separation
[nm] [nm] [nm]
Apigeninidin 381 0.922 326 0.125 55
Isomer 6 389 0.790 364 0.081 25
Isomer 8 379 0.906 329 0.160 50

At this simple level of calculation and without taking in
consideration solvation effects, the absolute values for the
transitions cannot be taken quantitatively; however, valuable
qualitative information can be obtained. Bromo substitution
in position 6 leads to a significant red shift of the S0—S2
transition to energies close to the SO—S1 transition, while
bromo substitution in position 8 does not change significantly
the transitions with respect to the parent apigenidin. Thus,

OH Isomer 8

Scheme 3. Synthetic strategy to obtain flavylium compounds (isomers 6 and 8). Reagents and conditions: a) THF, —20°C, 3 h, 89 %; b) HCl (g) (60 min), HOAc,

rt, 24 h, 6%.
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Figure 2. a) LC-PDA chromatogram of isomers 6 and 8. Inset: Full MS spectrum of isomers 6 and 8. b) UV/Vis spectra of isomers 6 and 8.

while the 8-bromo substituted is predicted to display two
lower energy transitions separated by about 50 nm, in the 6-
bromo-substituted isomer, the separation is only 25 nm, and
the SO—S2 transition is merged with the S0—S1 transition.
This attribution is also in accordance to the absorption spectra
reported by Anderson for the C-glycosyl-3-deoxyanthocyani-
dins.'?

Equilibria

The multistate of chemical reactions expected for the system
are presented in Scheme 4.

Before going through the results, it is relevant to stress that
from a theoretical point of view, the two multistate equilibria
involving the isomer 6 (multistate 6) and isomer 8 (multistate
8) are only able to communicate through the cis-chalcones
and trans-chalcones. Anticipating the 'H NMR results at the
equilibrium, no cis-chalcone or hemiketal were observed, and

HO OH OH HO
O O = ﬁs_

trans-Chalcone cis-Chalcone
(Ct) (Cc)

} [

HO OH OH HO
Ll
Br
OH

only a set of signals attributed to a single trans-chalcone spe-
cies was detected.

The analytical expressions for the mole fraction distribution
of the network species reported in Scheme 4, at the equilibri-
um, are deduced in Appendix 1 in the Supporting Information.
The network behaves as a single acid-base equilibrium involv-
ing the two flavylium cation isomers and the respective conju-
gated bases, [Eq. (5)] and [Eq. (6)], with an apparent acidity
constant given by [Eq. (7)]. Note: subscripts in these equations
do not refer to multiple species; rather, simply the isomer

type.

AH'¢ + AH"; + H,0-=CB, + CB; + H;0 K/, (5)

With [CB4] = [A¢] + [Bs] + [Ccs] + [Cte] and

[CBg] = [Ag] + [Bs] + [Ccg] + [Ctg]

ks OH & ka6
trans-Chalcone cis-Chalcone Hemiketal H* Flavylium cation H* Quinoidal base
() (Cc) (B) (AH*) (A)

Scheme 4. Multistate system of bromo-apigeninidin isomers (6 and 8) up to pH 4. The two systems could, in principle, communicate through the chalcones’

equilibria.
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with the ratio between the two flavylium cation isomers de-
fined by [Eqg. (8)], and the remaining constants as reported in
Scheme 3.

[AH ]

KAH<6,8 = ﬁ (8)

As shown in appendix 1, the mole fraction distribution of

the sum of the two flavylium cation isomers and the respective
conjugated bases is given by [Eq. (9)].

L R L e
wons TG TR, ©)
X _ [CBE] + [CBS} _ K/ap
CBg+CBg — CO - [Hﬂ 1 K’ap

Isomer conversion at pH 1.0

According to the 'H NMR data, the equilibrated solutions of
the compound at pH 1.0 are mixtures of the two isomers. This
mixture was separated by HPLC, and both isomers were
lyophilized. The spectral evolution of pure isomer 6 after disso-
lution in a mixture ethanol:water (1:4) is reported in Figure 3a.

The absorption spectrum of isomer 6 decreases due to its
partial conversion into isomer 8 until the equilibrium mixture
is reached at this pH and temperature. On the other hand, the
absorption spectrum increases around 525 and 350 nm owing
to the formation of isomer 8, which has a higher extinction co-
efficient in this spectral region. This behavior is similar to previ-
ous results reported by Jurd™ and Anderson' (Figure 2a). In
Figure 2b, the absorption spectra of both isomers, as well as
the equilibrium, are shown. Spectral decomposition of the

and 48% isomer 6, Ky 65=1.110.1

NMR

In order to study the equilibria network of the
two isomers, '"H NMR experiments with pD variation were per-
formed in D,O:EtOD 80:20 (C=0.2 mm) (Figure 4). It can be
observed that rapid proton transfer reactions of the flavylium
cations of the two isomers occurred as pH increases, giving
the respective bases. This was visualized by the chemical shift
displacement of the H—4C of the pair AH*/A to higher fields.
A small amount of a single trans-chalcone (Ct) for higher pD
values was also observed. On the other hand, at equilibrium,
the presence of hemiketal (B) and cis-chalcone (Cc) species
was not observed. Through the behavior of the signals attrib-
uted to H—4C and H-3C, it was also observed that the equilib-
rium shifts towards a higher proportion of the isomer 6 relative
to isomer 8 as long as the pH increases.

HPLC

Chromatographic experiments were also performed in order to
confirm the displacement of the isomers’ equilibrium with the
pH (Figure 5). It was observed that at pH 1, isomer 8 slightly
predominates over isomer 6. However, as long as pH increases
to moderate acidic and neutral solutions, the proportion
changes, and isomer 6 becomes more abundant at the equilib-
rium. These results are in agreement with the NMR and UV/Vis
data.

Equilibrium

The pH-dependent UV/Vis spectral variations of equilibrated
solutions of the two isomers are reported in Figure 6. Due to
the existence of several hydroxy substituents in the structure,
the quinoidal bases, hemiketal, and both chalcones can de-
protonate. In acidic medium, two global acid-base equilibria

a) b) c)
0.75
®
0.8 ) \ 0.8 Isomer 6
€
c Equilibrium
3 ~ 3
3 3. =
) 8 Kyps=1.2x107* 571 o)
2 3 2 ! Isomer 8
g 0.4 T _g g 0.4 1:\ /
(72} PRt
g
\ . \
0.0 0.60 0.0
250 350 450 550 0 200 400 600 250 350 450 550

Wavelength / nm

Reaction time / min

Wavelength / nm

Figure 3. a) Spectral variations of isomer 6 (7x 107°m) upon separation by HPLC; pH 1.0; in water:EtOH (4:1, v:v). b) Absorbance variations at 471 nm as
a function of time showing pseudo-first-order kinetics fitted with k., =1.2x107*s™". ) Absorption spectra of both isomers (7x107° m). The equilibrium is
a mixture of 52% isomer 8 and 48% isomer 6, obtained by spectral decomposition.
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Figure 4. 'H NMR spectra experiments with pD variation (D,0:EtOD 80:20) at 0.2 mm (each pD solution was left to equilibrate for 2 h before the spectrum
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Figure 5. Variation of isomer proportion with pH and with time in solutions
of H,O/EtOH 80:20 at 0.27 mwm.

o

are observed. The system can be accounted for by [Eq. (10)]
and [Eq. (11)].

7

AH' + H,0-=CB+H,0" K, (10)

"

CB+H,0—=CB +H,0" K/, (1)

where [CB] is now defined as the sum of the species [Ag]+
[Agl + [Bgl + [Bg] + [Ccel + [Ccg] + [Ctel + [Cte], and [CB7] is the
identical sum for monoionized species.

ChemistryOpen 2016, 5, 236 - 246 www.chemistryopen.org

According to Figure 6, the equilibrium between AH* and CB
shows a pK',=2.55, and the second one between CB and CB~
pK’,=5.4. Inspection of Figure 6a,b indicates that CB and
CB, should be mainly constituted by quinoidal bases, due to
the shape and position of the respective absorption spectra.
Further information is obtained by following the kinetic pro-
cesses to reach the equilibrium upon a direct pH jump. Fig-
ure 7 a shows that a direct pH jump from the equilibrated solu-
tion of the two isomers at pH 1.0 to 3.4 was followed by
stopped flow. Practically no absorption changes take place at
this pH value and time scale, showing that the quinoidal bases
are not consumed after one second, and the ratio between Ag
and Ag is similar to that observed for the flavylium cations at
pH=1.

On the other hand, an identical direct pH jump to 3.5 fol-
lowed in a longer timescale showed the existence of a slow
process leading to the trans-chalcone. The contribution of this
last species can be calculated from the difference between the
initial and final spectra, indicating that about 10% of the qui-
noidal bases are transformed into Ct (Figure 7b). A reverse pH
jump from the equilibrated solutions at pH 3.5 back to pH 1.0
is shown in Figure 7 c. Immediately after the pH jump, the qui-
noidal bases are transformed into the respective flavylium cat-
ions. Calculation of the fraction of the two isomers leads to the
same values of the equilibrium in Figure 3. In other words, the

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) Spectral variations for a direct pH jump from equilibrated solutions of both flavylium isomers (5x 107> m) at pH 1.0 to 3.4 followed by stopped
flow and b) the respective kinetic trace. c) The same in a longer timescale to pH 3.5. (3.3x 107> m) and d) the respective kinetic trace. e) Reverse pH jump from
pH 3.5 to 1.2 and f) the respective kinetic trace. Note that subscripts denote the isomer and not oligomeric forms.

ratio of flavylium and quinoidal base isomers is 1.1+0.1 be-
tween 1<pH<4 (Figure 7c). The kinetic process observed at
a longer timescale can be attributed to the conversion of the
trans-chalcones into the respective flavylium cations. The situa-
tion is illustrated in Scheme 5.

In Figure 643, the deprotonated species (negatively charged)
are not formed. Immediately after the direct pH jump, almost

ChemistryOpen 2016, 5, 236 - 246 www.chemistryopen.org 242

equal fractions of A, and Az are obtained from deprotonation
of the respective flavylium cations. During the first seconds
after the direct pH jumps, only a very small decrease of the
bases’ absorbance takes place, suggesting that the fraction of
hemiketals and cis-chalcones is very small at this stage of the
kinetics. In a much longer timescale, the quinoidal bases’ ab-
sorption decrease, in accordance to formation of trans-chal-

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 5. Tridimensional network of chemical reactions of the system
taking into account the two global acid-base equilibria [Eqg. (10)] and
[Eq. (12)]. Note that subscripts denote the isomer and not oligomeric forms.

cone through the slower isomerization, as reported for many
flavylium derivatives, including anthocyanins. Subtracting
a fraction of 0.9 of the initial spectra (of the quinoidal bases)
to the last absorption spectra of Figure 6b leads to an absorp-
tion band, which can be attributed to the trans-chalcone. This
result was corroborated by 'HNMR, and is confirmed in
Figure 11.

The situation at higher pH values, for the ionized species, is
represented in Figure 8. The spectral variations after a pH
jump to 5.9 indicate one very fast process, that is compatible
to partial conversion of the quinoidal bases (mixed with the re-
spective ionized form) into cis-chalcone, see below the data for
the pure isomers.
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A direct pH jump to 5.8, followed (after 5 min) by a reverse
pH jump to 1.2 leads to the initial absorption spectra of the
flavylium cation indicating that no Ct was formed in this time-
scale. On the other hand, the absorption spectra of the mixture
upon a direct pH jump from the equilibrated solution at pH 1
to 5.8, after 1 week is similar to the one of the quinoidal base
of the isomer 6 in equilibrium with Ct, see below.

In order to get more insight on the data reported in Fig-
ure 8a, stopped flow of the pure isomers was carried out
(Figure 9). In both cases, the results were compatible with a de-
crease of the respective quinoidal base absorption to form cis-
chalcone. In the case of isomer 6 the trace could be fitted with
a biexponential function attributed to the hydration (17 s7")
followed by tautomerization (0.5 s™') (Figure 8b). The trace of
isomer 8 is monoexponential and can be explained by a much
faster hydration (not observed by stopped flow) followed by
the tautomerization (0.3 s7"). A reverse pH jump back to pH 1
of the spectra obtained after 10 seconds leads to the respec-
tive pure flavylium cation isomer. This result confirms that for-
mation of trans-chalcone does not take place during this time-
scale.

In Figure 9a, to the final spectra (10 s) of isomer 6, a fraction
of 0.81 of the initial base was subtracted, and an identical pro-
cedure was made to isomer 8 by subtracting 0.93 of the re-
spective quinoidal base. The resulting absorption shows the
formation of the two different cis-chalcones, exhibiting slightly
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(0] (0]
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g g 2
S 5] = After 4 days
2 & 2
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88% of 6 and
12% of 8 ™~ N\ 472 nm
9 511 nm 8 3
c o c
g g 8
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Figure 8. a) Spectral variations from a direct pH jump from equilibrated solutions of both flavylium isomers at pH 1.0 to 5.9 followed by stopped flow

(5% 107°m); subtraction of a fraction of 0.83 of the initial spectra gives the band represented by traced lines. b) The respective kinetic traces monitored at 501
and 450 nm. c) The same in a longer timescale to pH 5.8 (3.3x 107°m) and d) respective kinetic trace monitored at 511 nm. e) Reverse pH jump from equili-
brated solutions (after 1 week) pH 5.8 to 1.2 and f) the corresponding kinetic trace. Note that subscripts denote the isomer and not oligomeric forms.
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Figure 9. Stopped-flow traces upon a direct pH jump from the pure isomers (2.5x 107> m) to pH 6.0: a) Absorption spectra of the pure isomers after 10 ms
and at the end of this process (10 s). The process can be assigned to the formation of Cc; traced lines show the absorption spectra after removing a fraction
of 0.81 (isomer 6) and 0.93 (isomer 8) of the respective quinoidal bases. b) Trace for the same pH jump for isomer 6. The biexponential is attributed to the
fast hydration followed by the slower tautomerization; c) same as b) but for isomer 8. In this case, the trace is fitted with a monoexponential of the same
order of magnitude observed for the ring/opening closure. Note that subscripts denote the isomer and not oligomeric forms.

shifted absorption maxima. In spite of the associate error to
this mathematical procedure, this result suggests the existence
of two cis-chalcones.

More information on the system was achieved by carrying
out a sequence of direct pH jumps from solutions of each pure
isomer at pH 1.0 (freshly prepared) to pH 6, letting the solution
stand at pH 6.0 for 1 min and performing a reverse pH jump
back to pH 1.0. As shown in Figure 10, the final spectrum is co-
incident with the one of the pure flavylium isomer, in both
cases. These results clearly show that while evidence for the
formation of a cis-chalcone in each isomer takes place as
shown in Figure 9b and Figure 9¢, the two cis-chalcones do
not communicate at least in a timescale of few minutes.

0.4
Rev. Isomer 6 (pH=1.0)
/ y Rev. Isomer 8 (pH=1.0)

8
=
< |
2
5 r
2 Isomer 6 (pH=6.0)
<

1 Isomer 8 (pH=6.0)

&
0.0

400 500 600 700

Wavelength / nm

Figure 10. Absorption spectra 1 min after a direct pH jump from pure
isomer (3.4x107°m) at pH 1.0 to pH 6.0 followed by a reverse pH jump back
to pH 1.0. The final spectrum is coincident with the initial spectrum at

pH 1.0 (traced line) before the two consecutive pH jumps, showing that no
communication between the two isomers takes place in these time scales;
red: isomer 6, blue: isomer 8.
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At this point, the data presented in Figure 8a can be ex-
plained. A fraction of 0.82 of the initial mixture of the quinoidal
bases was subtracted to the final spectrum, leading to the ab-
sorption spectra of the products, the traced line of Figure 8a.
Inspection of this spectrum suggests the formation of a mixture
of both cis-chalcones and a remaining absorption in the visible
region compatible with quinoidal base of isomer 8.

Considering that: 1) the two multistate isomers do not com-
municate (during the stopped flow), 2)formation of Ccq is
faster than Ccq, and 3) the fraction of Cc4 is higher than the
fraction of Ccg the product spectra in Figure 8a can be ex-
plained by the fact that quinoidal bases of isomer 6 are more
consumed than those of isomer 8. In other words, the initial
ratio of the isomer bases (1:1) decreases the contribution of
quinoidal bases of isomer 6, because this one is more con-
sumed than the other.

The experiment shown in Figure 10 allows to obtain the ab-
sorption spectra of the quinoidal base of both isomers. These
spectra can be used to fit the final absorption at pH 4.7, as in
Figure 11. Fitting was obtained for 0.45A (6)+0.45A (8)+
0.1 Ct.

Conclusion

The two compounds studied through this work behave similar-
ly to the parent compound apigeninidin. At lower pH values
the flavylium cation is involved in a global acid-base equilibri-
um with the “basic” species, quinoidal base (main species),
trans-chalcone (minor species), with hemiketal and cis-chalcone
in neglected concentrations.

The 6,8 isomerization of flavylium cation should necessarily
take place from the chalcones, the only way the two multi-
states have to communicate. The cis-chalcones of both isomers
do not communicate in the timescale of minutes, but it is not
possible to exclude their interconversion in longer timescales.
The other alternative to explain the flavylium cation 6,8 iso-
merization is through the trans-chalcone that in principle
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Figure 11. The absorption spectra of equilibrated solutions of the
compound (3.3x107°m) at pH 3.7 can be fitted with a contribution of
0.45A (6)+0.45A (8) +0.1Ct. Note that subscripts denote the isomer
and not oligomeric forms.

should exhibit a fast rotation rate between the two isomers,
because only one trans-chalcone is observed by 'H NMR. At
higher pH values the ionized species tend to favor the forma-
tion of the (ionized) quinoidal base of isomer 6.

Experimental Section

Synthesis: 3-bromo-2,4,6-trihydroxybenzaldehyde (2): 2,4,6-trihy-
droxybenzaldehyde (1, 4.87 mmol) and pyridinium tribromide
(1 equiv) were mixed in THF (25 mL) at —20°C and stirred for 3 h.
The reaction mixture was then quenched with water (2x100 mL),
extracted with ethyl acetate (2x 100 mL), washed once with brine
(100 mL), and dried over anhydrous Na,SO,. Filtration, concentra-
tion, and silica gel column chromatography (CH,Cl,/CH;OH 10:3)
gave the final compound 2 as a yellow solid (89%, 1 g); ESI-MS
m/z: 231, 233 [M—H]".

6-, 8-Bromo-apegininidin (6, 8): 3-bromo-2,4,6-trihydroxybenzal-
dehyde (2, 0.86 mmol) and 4-hydroxyacetophenone (3, 1.03 mmol)
were dissolved in HOAc (10 mL), and anhydrous HCl (g) was bub-
bled through the solution for 60 min. The reaction was stirred at rt
for 24 h. Water (10 mL) was added to the mixture, and the product
was extracted with diethyl ether (3x10 mL). The aqueous phase
was concentrated and prepurified by elution through C18 silica
gel. The residue was redissolved in MeOH/H,O 85:15 (1% HCOOH),
and the purification of products 6 and 8 was performed by semi-
preparative HPLC. The semipreparative HPLC system (Merck Hita-
chi, Darmstadt, Germany) was composed by an L-7100 quaternary
pump, a L-7200 autosampler injector with loop of 500 uL, an
L-7360 column oven, and an L-7420 UV/Vis detector. The stationary
phase was composed by a reversed-phase C18 column (Merck,
Darmstadt, Germany; 250 mmx4.6 mm id., 5 um pore size) ther-
mostatted at 25°C, and the eluents were A) water/formic acid 9:1
(v:v) and B) CH,CN, with the following gradient: 10-35% B over
50 min at a flow rate of 1 mLmin~". Detection wavelength was set
to 475 nm. After concentration, the puritiy of the compounds was
checked by HPLC with diode-array detection (DAD). After lyophili-
zation, the isomers were obtained as an orange solid (6%, 20 mg).
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The full structural characterization was achieved by LC-DAD/ESI-MS
and NMR analysis.

'HNMR (600.13 MHz, CD,OD/CF,COOH 90:10): Isomer 6: 6=9.16
(d, 8.8 Hz, 1H, 4C), 8.33 (d, 89 Hz, 2H, 2'B, 6'B), 8.12 (d, 8.8 Hz, 1H,
3C), 7.13 (s, TH, 8A), 7.08 ppm (d, 8.9 Hz, 2H, 3'B, 5'B); Isomer 8:
0=9.08 (d, 8.7Hz, 1H, 4C), 8.39 (d, 89 Hz, 2H, 2'B, 6'B), 8.10 (d,
8.7 Hz, 1H, 3C), 7.10 (d, 8.9 Hz, 2H, 3'B, 5'B), 6.85 ppm (s, 1H, 6A).

3C NMR (125.77 MHz, CD;0D/CF;COOH 90:10): Isomer 6: 6=171.6
(2C), 166.5 (4'B), 165.6 (7A), 156.8 (8aA), 155.2 (5A), 147.9 (4Q),
132.0 (2B, 6'B), 119.7 (1’B), 117.0 (3B, 5'B), 111.9 (4aA), 109.3
(3C), 99.2 (6A), 94.7 ppm (8A); Isomer 8: 6=171.6 (2C), 167.2 (7A),
166.5 (4'B), 158.1 (5A), 154.4 (8aA), 1479 (4C), 132.0 (2'B, 6'B),
119.7 (1"B), 117.0 (3'B, 5'B), 113.0 (4aA), 109.3 (3C), 101.3 (6 A),
87.9 ppm (8A); LC-DAD/ESI-MS m/z 333, 335 [M] ™.

HPLC: HPLC analyses were performed on a Merck-Hitachi L-7100
apparatus with a 250x4.6 mm id. reversed-phase ODS (C18
column at 25°C; detection was carried out using an L-7450A diode
array detector (DAD). The eluents were A) H,O0/HCOOH (9:1) and
B) CH,CN. The gradient consisted of 10-35% B for 50 min at a flow
rate of T mLmin~". The column was washed with 100% B for
10 min and then stabilized with the initial conditions for another
10 min. The semipreparative HPLC system (Knauer WellChrom,
Berlin, Germany) was composed of a solvent organizer K-1500, a K-
1001 quaternary pump, a manual injector with loop of 750 uL, and
an S3210 UV/Vis detector. The stationary phase was composed of
a reversed-phase C18 column (Merck, Darmstadt, Germany,
250 mmx4.6 mm i.d.) and the eluents were A) water/formic acid
9:1 (v:v) and B) CH,CN, with the following gradient: 0-35% B over
50 min at a flow rate of T mLmin™". Detection wavelength was set
to 330 nm.

To study the evolution of the isomers with pH variation, 20% EtOH
(aq) solutions (C=0.27 mm) were prepared at three different pH
levels (1, 4, and 6), which were followed over time by HPLC. Area
intensities of chromatographic peaks were taken at the maximum
absorption wavelength of each isomer (6, 1., 478 nm; 8, 1,.,=
496 nm).

LC-DAD/ESI-MS: LC-DAD/ESI/MS analyses were performed on a Fin-
nigan Surveyor series liquid chromatograph equipped with a Finni-
gan LCQ mass detector (Finnigan Corp., San Jose, CA, USA) and an
atmospheric-pressure ionization (API) source using an ESI interface.
The samples were analyzed on a reversed-phase column (150%
4.6 mm, 5 um, C18) at 25°C using the same eluents, gradients, and
flow rates used for HPLC analysis. The capillary voltage was 4V,
and the capillary temperature 275°C. Spectra were recorded in
positive- and negative-ion modes between m/z 120 and 1500. The
mass spectrometer was programmed to do a series of three scans:
a full mass (MS), a zoom scan of the most intense ion in the first
scan (MS?), and an MS-MS of the most intense ion using relative
collision energy of 30 and 60 V (MS3).

NMR: 'HNMR (600.13 MHz) and "CNMR (125.77 MHz) spectra
were recorded in CD;0D/CF;COOH (90:10) on a Bruker-Avance 600
spectrometer (Billerica, MA, USA) at 303 K and with tetramethylsi-
lane (TMS) as an internal standard (chemical shifts, 6 in ppm; cou-
pling constants, J, in Hz). 'H chemical shifts were assigned using
2D NMR (correlation spectroscopy, COSY) experiments, while C
resonances were assigned using 2D NMR techniques: heteronu-
clear multiple-bond correlation spectroscopy (gHMBC) and hetero-
nuclear single quantum coherence spectroscopy (gHSQC). The
delay for the long-range C/H coupling constant was optimized to
7 Hz.
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UV/Vis spectroscopy: The pH of the solutions was adjusted by ad-
dition of HCI, NaOH, or Theorell and Stenhagen’s universal
buffer,™ and pH was measured in a Radiometer Copenhagen
PHM240 pH/ion meter (Bronshgj, Denmark). UV/Vis absorption
spectra were recorded in a Varian-Cary 100 Bio or 5000 spectro-
photometer (Palo Alto, CA, USA). Direct pH jumps were carried out
by addition of the necessary amount of base and buffer (typically
2 mL) to get the desired final pH, from a previous equilibrated so-
lution of flavylium cations at pH 1.0 (1 mL). This way, the stock so-
lution of the compound was diluted by a factor of 3 upon a direct
pH jump. The reverse pH values were performed from equilibrated
solutions at moderately acidic pH values back to very acidic pHs.
The spectra of pure isomers were taken using similar techniques
immediately after dissolving of the pure compound. To avoid sig-
nificant isomerization during the solubilization process, the re-
quired volume of acid was first added (as the isomerization is
slower at acidic conditions) followed by the required volume of
EtOH/water 1:4 mixture. All the fitting procedures were carried out
using the program solver from Microsoft Excel.

Stopped flow experiments: These were conducted in an Applied
Photophysics SX20 stopped-flow spectrometer (Leatherhead, UK)
provided with a PDA.1/UV photodiode-array detector with a mini-
mum scan time of 0.65 ms and a wavelength range of 200 nm to
735 nm. For direct pH jumps, stock solutions of the compound at
pH 1 were placed in one syringe, and the necessary amount of
base and buffer to obtain the desired final pH in another syringe.
Upon mixing, the concentration of the compound was diluted by
a factor of 2. Similarly, reverse pH jumps were carried out by plac-
ing an equilibrated solution of the compound at a given pH in one
syringe and the respective amount of HCl in the second syringe to
obtain the desired final pH values. A small volume of sample was
recovered after mixing to confirm the pH.
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