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Structure elucidation of 4-carboxy-3-
deoxyanthocyanidins formed from thermal
degradation of hydroxyphenyl-
pyranoanthocyanins†
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Hydroxyphenyl-pyranoanthocyanins are vibrantly colored, anthocyanin-derived polyphenols found in

some wines and aged juices. Upon heating (90 1C), solutions of 10-catechyl-pyranoanthocyanins (a type

of hydroxyphenyl-pyranoanthocyanins) formed a unique, color producing degradation compound. This

compound was produced in the greatest quantities at pH 1 and pH 3 where its formation contributed to

retention of color intensity despite extensive heating conditions (up to 34 hours). We elucidated the

structure of this colored compound and investigated if other hydroxyphenyl-pyranoanthocyanins

produced similar colored thermal degradation products. Analysis of the isolated 10-catechyl-

pyranoanthocyanin degradation compound by uHPLC-PDA, high resolution MS/MS (QTOF), FTIR, 1D and

2D NMR (1H, COSY, HMBC, HSQC), spectrophotometry, and color analysis revealed that it was a

4-carboxy-3-deoxyanthocyanidin with a catechol substitution, named 4-carboxy-3-deoxycyanidin. It

produced an exact mass of 315.0502 consistent with a chemical formula of C16H11O7
+. NMR allowed for

structural assignments, and key FTIR discriminating bands supported the presence of aromatic rings and

the carboxylic acid moiety. The color of 4-carboxy-3-deoxycyanidin transitioned from yellow (lvis-max =

479 nm) at pH 1 to magenta (lvis-max = 545 nm) at pH 9.2, analogous with a flavylium system. Similarly,

unique, colored degradation compounds formed from three other hydroxyphenyl-pyranoanthocyanins

(10-p-hydroxyphenyl-, 10-guaiacyl-, and 10-syringyl-pyranoanthocyanins) each with a m/z 398 units

lower than their parent pyranoanthocyanin. These findings revealed the formation of a unique class of

pyranoanthocyanin derived flavylium compounds: 4-carboxy-3-deoxyanthocyanidins.

1. Introduction

Pyranoanthocyanins (PACNs) are a class of polyphenolic pig-
ments found in aged red wine where they contribute to the
characteristic tawny color.1–3 They have also been found in
products such as aged juices4,5 and strawberries6 albeit in
minor amounts. The chemical structure of a PACN is com-
prised of an anthocyanin backbone with a second pyran ring
attached at the C4 and C5–OH group (Fig. 1). This ring can form
through a multistep cycloaddition reaction between an

anthocyanin and a reactive cofactor such as an enolizable
compound or one with a vinyl group.2,7,8 Of the cofactors used

Fig. 1 Chemical structures for 10-catechyl-pyranocyanidin-3-O-b-
glucoside and 4-carboxy-3-deoxycyanidin (compound A). Ring B0 and
C0 on compound A were derived from the E and D rings, respectively, of
10-catechyl-pyranocyanidin-3-O-b-glucoside.
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for PACN formation, hydroxycinnamic acids and their decar-
boxylated 4-vinylphenol counterparts form PACNs most effi-
ciently under accelerated conditions, producing appreciable
yields of hydroxyphenyl-PACNs within several days.9,10 As effi-
cient production methods continue to be developed, interest is
growing in using hydroxyphenyl-PACNs as colorants in food
and consumer packaged goods due to their vibrant color which
is stable to heat,11,12 pH changes,13 and bleaching14 and their
antioxidant capacity.13,15

Recently, we reported unusual behavior of 10-catechyl-
PACNs, a type of hydroxyphenyl-PACN, during thermal treatment.
With heat, a unique degradation compound that absorbed light in
the visible range (lvis-max = 478 nm) formed.11,12 Its formation
likely contributed to the remarkable color stability to heat for
10-catechyl-PACNs, behavior contrasted with the rapid color loss
with heat for the precursor anthocyanins and the formation
of only colorless degradation compounds from 10-carboxy- and
10-methyl-PACNs.11,12 This unique colored degradation com-
pound formed from 10-catechyl-PACNs irrespective of the core
anthocyanin type (i.e. cyanidin vs. malvidin) and was thought to
contain parts of the A, D, and E ring of the parent PACN,11,12

leading us to hypothesize that other hydroxyphenyl-PACNs could
produce similar colored compounds.

Therefore, the objective of this experiment was to elucidate
the chemical structure and evaluate the formation, color, and
stability characteristics of the colored 10-catechyl-PACN degra-
dation compound, referred to as compound A hereafter. In
addition, we determined if the same type of compound is formed
from three other hydroxyphenyl-PACNs. As hydroxyphenyl-
PACNs have been found in products such as juice and
wine4,5,16 and with consideration for their use as colorants for
consumer goods, it is necessary to further identify the degrada-
tion compound(s) as they could potentially form in PACN-
containing products.

2. Experimental section
2.1. Materials

Elderberry (Sambucus nigra) anthocyanin color powder from DDW
The Color House (Louisville, KY, USA) was used as the source of
anthocyanins (primarily comprised of cyanidin-3-glucoside and
cyanidin-3-sambubioside).17 Caffeic acid, ferulic acid, and sinapic
acid were obtained from TCI Chemicals (Portland, OR, USA).
p-Coumaric acid was obtained from MP Biomedicals (Solon,
OH, USA). Luteolinidin chloride standard was obtained from
Extrasynthese (Genay, France). Deuterated MeOH was obtained
from Acros Organics (Fair Lawn, NJ, USA).

2.2. Hydroxyphenyl-pyranoanthocyanin formation, isolation,
and thermal degradation compound detection

Hydroxyphenyl-PACNs were formed following the procedure in
Miyagusuku-Cruzado et al. with slight modifications.9 Briefly,
elderberry anthocyanins (B500 mM final concentration) were
mixed with p-coumaric acid, caffeic acid, ferulic acid, or sinapic
acid at a 1 : 30 M ratio in water adjusted to a pH of 3.1 with HCl

with 0.1% potassium sorbate and 0.1% sodium benzoate pre-
servatives. The solutions were incubated (45 1C, B30 days)
to form 10-p-hydroxyphenyl-, 10-catechyl-, 10-guaiacyl-, and 10-
syringyl-PACNs, respectively. Incubation ended when there
were little to no anthocyanins remaining. Chemical yields for
PACN formation were calculated based on the PDA peak area for
the PACNs at the end of the incubation period divided by the
initial peak are for the ACNs as described in Miyagusuku-
Cruzado et al.9 The formed hydroxyphenyl-PACNs were semi-
purified with solid phase extraction on C18 cartridges18 and
isolated using semi-preparatory HPLC. A Shimadzu Prominence
semi-preparatory HPLC comprised of two LC-6AD pumps, CBM-
20A controller, SIL-20A autosampler, and SPD-M20A PDA detec-
tor was used (Columbia, MD, USA). Separation conditions
included a 12 mL min�1 flow rate under gradient conditions
of A: 4.5% formic acid in H2O and B: acetonitrile and a Synergi
Max-RP 80 Å (250 mm � 21.2 mm i.d., 4 mm) or Luna PFP 100 Å
(250 mm � 21.2 mm i.d., 5 mm) column (both from Phenom-
enex, Torrence, CA, USA). From the collected and diluted eluate,
HPLC solvents were removed with solid phase extraction.

For degradation compound analysis, isolates of either 10-p-
hydroxyphenyl-pyranocyanidin-3-sambubioside, 10-catechyl-pyrano-
cyanidin-3-sambubioside, 10-guaiacyl-pyranocyanidin-3-sambu-
bioside, or 10-syringyl-pyranocyanidin-3-sambubioside were
mixed in water with a small concentration of MeOH to aid in
solubility, and the pH was adjusted to 3.0 � 0.8 and absorbance
of B1 at lvis-max. The samples were heated in a 90 1C water bath
for 15 hours as performed in Voss et al. with each sample heated
in duplicate.11 Pigment identities and their degradation com-
pound were identified using a Nexera-I LC2040 ultra high
performance liquid chromatography system with photodiode
array detection run tandem to a LCMS 8040 triple quadrupole
mass spectrometer with electrospray ionization (uHPLC-PDA-
ESI-MS/MS; Shimadzu, Columbia, MD, USA). Chromatographic
separation was achieved with a Restek Pinnacle DB IBD column
(50 mm � 2.1 mm i.d., 1.9 mm; Bellefonte, PA, USA), 50 1C
column oven, and a binary gradient of solvent A: 4.5% formic
acid in H2O and solvent B: acetonitrile at a 0.25 mL min�1 flow at
the following percentages: 0–20% B from 0 to 12 min, 20–35% B
from 12 to 15 min, and 35–45% B from 15 to 16 minutes
followed by column equilibration. MS/MS was conducted in
positive ion mode with 2 L min�1 nebulizing gas, 11 L min�1

drying gas, 230 1C desolvation line, and 200 1C heat block. Key
MS/MS programs included selective ion monitoring, product ion
scans (35 eV collision energy), and a neutral loss scan for m/z of
294 (35 eV collision energy) for the sambubioside moiety. Data
was processed using LabSolutions (v.5.80; Shimadzu, Columbia,
MD, USA).

2.3. Compound A formation across pH values

Isolated 10-catechyl-pyranocyanidin-3-sambubioside (Section 2.2)
was heated for up to 34 hours at four pH values to monitor the
kinetic rate of PACN degradation and compound A formation. A
stock solution of 10-catechyl-pyranocyanidin-3-sambubioside was
prepared with 50% MeOH and 50% H2O and aliquoted at a
dilution factor 15.04 into buffers: pH 1 (0.025 M KCl adjusted
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with HCl), pH 3.0 (citric acid–Na2HPO4), pH 5.0 (citric acid–
Na2HPO4), and pH 7.0 (citric acid–Na2HPO4) all within �
0.1 pH unit. The PACN-buffer solutions were distributed into
brown microcentrifuge tubes, flushed with N2, and placed in a
water bath set to 90 1C. At each heating time point, a microcen-
trifuge tube was removed from heat, chilled in ice water for
2 minutes, and then let sit at room temperature for 2 minutes
prior to measurements. Heating was stopped after degradation (or
formation) rates plateaued or after 34 hours (pH 3).

After removing from heat, the samples were spiked with HCl
to decrease the pH below 1 prior to HPLC-PDA analysis.
Acidification favored the flavylium cation for both PACN and
compound A thus removing the effect of pH on quantification.
HPLC-PDA analysis was performed with a Shimadzu Promi-
nence HPLC with two LC-20AD pumps, CBM-20A controller,
SPD-M20A PDA detector, SIL-20AC autosampler, and CTO-20A
column oven (Columbia, MD, USA). Separation was achieved
with a Kinetex EVO C18 column (150 mm � 4.6 mm i.d., 5 mm;
Phenomenex, Torrance, CA, USA) and a binary gradient of
solvent A: 4.5% formic acid H2O and solvent B: 4.5% formic
acid acetonitrile at a 1.0 mL min�1 flow rate. The following
gradient was used: 0–37% B from 0 to 10 min followed by
9 minutes of column equilibration. The peak areas of the
PACNs (starting 10-catechyl-pyranocyanidin-3-sambubioside
and formed 10-catechyl-pyranocyanidin-3-glucoside) and com-
pound A were integrated using the 450–550 nm max plot. Each
sample was injected in duplicate, and the mean values were
used for calculations and analyses. Linear regression analysis
of PACN degradation and compound A formation was per-
formed using GraphPad Prism (v.10.0.2). A first order-kinetic
fit was used to model PACN degradation. Either a first (pH 1) or
zero (pH 3) order model was used for compound A formation
with the best model selected based on a sum of squares F-test.
Yields of compound A were calculated using the following
formula:

CompoundAyield%¼
CompoundAPeakAreaTxð450�550nmMaxPlotÞ

PACNPeakAreaT0ð450�550nmMaxPlotÞ
�100

Absorbance spectra of the heated solutions (not spiked with
HCl) were measured in a 96-well UV transparent plate with a
Spectra Max M2 spectrophotometer from 260 to 700 nm (5 nm
step) and from 450 to 520 nm (1 nm step) with each time point
plated in duplicate (Molecular Devices, San Jose, CA, USA).
Spectral data was converted to CIELAB L* (lightness), C�ab
(chroma), hab (hue angle) color coordinates under D65 illumi-
nant and 101 observer angle using ColorBySpectra software.19

Thermal heating was performed with 3 experimental replicates
but pH 3, 34 hour and pH 5, 2 hour measurements had only 2
replicates.

2.4. Formation and isolation of compound A for structure
elucidation

Large amounts of compound A were needed for structure
elucidation. For this purpose, formed 10-catechyl-PACNs (from
Section 2.2) were semi-purified to remove remaining ACNs,

cofactors, and preservatives (potassium sorbate and sodium
benzoate) present from the PACN formation process using
cation exchange chromatography20 and solid phase extraction
on C18 cartridges.18 This semi-purified solution of 10-catechyl-
PACNs was adjusted to a pH of 3.0 � 0.05 with HCl and heated
for up to 22 hours in a water bath set to 90 1C. The heated
PACNs were filtered to remove the formed precipitate and semi-
purified again with solid phase extraction, and formed com-
pound A was isolated with semi preparatory HPLC as previously
described. The semi-preparatory HPLC eluate containing com-
pound A was processed and dried. For high resolution MS,
nuclear magnetic resonance (NMR), and spectrophotometric
and color analyses, the HPLC eluate containing compound A
was processed using solid phase extraction and then dried with
a Vacufuge Plus vacufuge (Eppendorf, Enfield, CT, USA). For
Fourier transform infrared (FTIR) analysis, the eluate was dried
directly using N2 evaporation.

2.5. Structure elucidation and characterization of compound A

A multipronged approach was employed to determine the
chemical structure and the color characteristics of compound
A including uHPLC-PDA, high resolution mass spectrometry,
1D and 2D NMR, FTIR, spectrophotometry, and color measure-
ment. Prior to each analysis, the identity and purity of com-
pound A was confirmed with the uHPLC-PDA-ESI-MS/MS
system, column, column oven temperature, flow rate, and
mobile phase solvents described in Section 2.2. Peak purity
was determined based on the equation below:

PeakPurity%¼
CompoundAPeakAreað260�700nmMaxPlotÞ
Sumof all PeakAreasð260�700nmMaxPlotÞ

�100

2.5.1. High resolution mass spectrometry. Compound A
was evaluated using quadrupole time of flight mass spectro-
metry (QTOF MS/MS) for exact mass determination. An Agilent
1290 Infinity II uHPLC with PDA detection coupled to an
Agilent 6550 QTOF mass spectrometer was used (Agilent Tech-
nologies, Santa Clara, CA, USA). Chromatographic separation
was achieved with a CSH C18 column (150 mm � 2.1 mm i.d.,
1.8 mm; Waters, Milford, MA, USA), 40 1C column oven, and a
binary gradient of solvent A: 5% formic acid in H2O and solvent
B: 5% formic acid in acetonitrile at 0.3 mL min�1 flow rate. The
following gradient was used: 0% B for 1.5 min and 0–60% B
from 1.5 to 15 min followed by column equilibration. The LC-
PDA separation and detection were run in tandem with high
resolution MS and MS/MS analyses. Parameters for MS
included 150 1C drying gas at 18 L min�1, 350 1C sheath gas
at 12 L min�1, nozzle voltage at 1000 V, and capillary voltage at
3500 V. Mass spectra were collected in both positive and
negative ion mode from 30–1700 amu at B20 000 resolution
and 3 Hz. For MS/MS acquisition, both 6 and 3 Hz were used
with 10, 20, and 40 eV collision energy. Profile mass data was
acquired and centroided using MassHunter Acq software
(ver.B.09) and analyzed with MassHunter Qual (ver.B.10; Agi-
lent Technologies, Santa Clara, CA, USA). Calibration of the
mass axis was performed using ESI-L solution with HP321 for
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positive ion mode (Agilent Technologies, Santa Clara, CA, USA),
and within-run calibration used m/z 1033 from HP921 and
m/z 112 from trifluoroacetic acid. SIRIUS software (v.4) was
used for determination of the chemical formula from the
exact mass.21

2.5.2. Nuclear magnetic resonance. Compound A was re-
solubilized with 0.001% HCl MeOH (LCMS grade) and re-dried
to facilitate removal of residual water. Dried compound A was
then mixed in CD3OD, and the dissolved portion used for NMR
analysis. For structural comparison and method validation,
isolated 10-catechyl-pyranocyanidin-3-glucoside dissolved in
CD3OD was separately evaluated with NMR. NMR experiments
were performed at 25 � 0.10 1C using an 800 MHz Bruker NMR
spectrometer equipped with triple resonance inverse helium-
cooled cryoprobe with Z-Gradients (Billerica, MA, USA). 1D
1H NMR was conducted using the pulse-acquire experiment with
64K complex data points and 64 scans. For some experiments,
pre-saturation was used. The 2D double-quantum filtered corre-
lated spectroscopy (DQF-COSY) was recorded using 16 scans, 2K
data points in F1 and 256 data points in F2. The heteronuclear
single quantum coherence (HSQC) and heteronuclear multiple
bond correlation (HMBC) experiments were run with 2K data
points in F1 and 256 data points in F2, and with 32 and 48 scans,
respectively. Data was processed using TopSpin (v.3.6.4; Bruker,
Billerica, MA, USA). The 1H and 13C chemical shifts assigned by
1D and 2D NMR were referenced to those of CD3OD at 3.31 ppm
and 49.00 ppm, respectively.22

2.5.3. Fourier transform infrared spectroscopy. In prepara-
tion for FTIR analysis, compound A was re-dissolved with 0.01%
HCl in MeOH and re-dried to facilitate removal of residual water
and formic acid present from the semi-preparatory HPLC eluate.
One FTIR measurement was performed on compound A after 2
cycles of re-dissolution and drying (noted as R1) and an additional
measurement was performed after 3 cycles of re-dissolution and
drying (noted as R2) to evaluate potential changes in compound A
during this process. For measurements, compound A was dis-
solved in 0.01% HCl MeOH, applied directly to the attenuated
total reflectance (ATR) crystal, and dried with a vacuum. Multiple
layers were applied and subsequently dried to fully cover the ATR
crystal. Similarly, a standard of luteolinidin chloride dissolved in
0.01% HCl MeOH was applied and measured in the same way.
FTIR measurements were conducted using an Agilent 4500 FTIR
spectrometer with triple-reflection diamond ATR crystal with a
2 mm diameter surface area, 200 mm active area, 6 mm penetration
depth, and ZnSe beam splitter (Santa Clara, CA, USA). The spectra
resolution was 4 cm�1 with 128 background scans and 128 sample
scans. Spectra were recorded from 4000 to 650 cm�1 and pro-
cessed with Agilent MicroLab PC software (v.5.4.1939.0; Santa
Clara, CA, USA). For analysis, normalized, mean-centered spectra
were processed using principal component analysis (PCA) to
observe the natural separation among the spectra. The loadings
were used to see which variables contributed most to these
differences. Data processing and analysis was performed in
Pirouettes (v.4.5; Infometrix, Bothell, WA, USA).

2.5.4. Spectrophotometric, color, and stability analysis.
Spectra and color expression of compound A were assessed in

MeOH and five buffers—pH 1.0 (0.025 M KCl adjusted with HCl),
pH 3.0 (citric acid–Na2HPO4), pH 5.0 (citric acid–Na2HPO4), pH
7.0 (citric acid–Na2HPO4), and pH 9.2 (Na2CO3–NaHCO3) all
measured to be within 0.06 units of the target pH. For measure-
ments, compound A was dissolved in 0.01% HCl MeOH, soni-
cated for 10 minutes, diluted in buffers and MeOH at a dilution
factor of 25, aliquoted to a 96-well plate sealed with a UV-
transparent film to prevent evaporation, and let sit at room
temperature for 30 minutes to allow the system to reach pseudo-
equilibrium. Full spectra were recorded from 260 to 700 nm with
a 1 nm step in a 96 well UV-plate with a spectrophotometer
(defined in Section 2.3). The plate was stored at 25 1C for 24
hours following the initial measurement to assess color stability.
The experiment was performed in triplicate experimental repli-
cates, and within each replication, the sample was plated in
triplicate. Color expression in MeOH was only performed in
duplicate experimental replicates due to a limited quantity of
compound A. Experimental replicates were standardized by
adjusting the amount of acidified MeOH used for dissolution
to target an initial absorbance of B0.96 at lvis-max in pH 1.0
buffer. Color data was calculated as described in Section 2.3. The
total color change DE�ab

� �
was calculated from the L*, a*, and b*

coordinates, and a DE�ab4 5 was the cutoff for an obvious
color change.23 For data analysis, the results were evaluated
as means � standard deviation of the 9 data points (3 experi-
mental replicates � 3 technical replicates) to represent the
spread of the data. A 1-way nested ANOVA with Tukey’s multiple
comparison test was used to evaluate the effect of pH on each
color coordinate at time 0 with a p value o0.05 considered
statistically significant. Absorbance stability over time was eval-
uated by comparing the percent change in absorbance intensity
at the initial lvis-max for each technical replicate. GraphPad Prism
(v.9.5.1) was used for statistical analysis and graphing (Boston,
MA, USA).

3. Results and discussion
3.1. Formation of compound A across pH

The thermal stability of 10-catechyl-pyranocyanidin-3-sambu-
bioside and the formation rates of compound A were depen-
dent on the pH of the solution. From pH 1 to 7, PACNs
degraded following a first-order kinetic model. Compound A
formed at these pH values; however, formation was only
modeled at pH 1 (first order) and pH 3 (zero order) due to
both increasing and decreasing concentrations through heat-
ing at pH 5 and 7 (Fig. 2). Assessment of pH 9 was not included
because preliminary work did not detect the formation of
compound A at that pH. At pH 1 and 3, heating 10-catechyl-
pyranocyanidin-3-sambubioside resulted in partial acid hydro-
lysis to produce 10-catechyl-pyranocyanidin-3-glucoside
(revealed by uHPLC-PDA-ESI-MS/MS analysis) (Fig. S1, ESI†).
Both peak areas were included in the PACN degradation
models. At pH 1, total PACN loss coincided with the formation
of compound A as both compounds reached their kinetic
plateau at B12 hours (Fig. 2). In the subsequent 15 hours of
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heating there were only slight changes in compound A levels
with largest yields obtained at the final time point of 27 hours
(22.3 � 1.1%). At pH 3, 10-catechyl-pyranocyanidin-3-sambu-
bioside showed the greatest thermal stability, with some PACNs
remaining with 34 hours of 90 1C heat (Fig. 2). Concentration of
compound A continued to increase at the final time point of 34
hours with a yield of 17.9 � 0.7%. As no concentration plateau
was reached within this period, formation was modeled with a
zero-order kinetic model. At pH 5, some 10-catechyl-pyrano-
cyanidin-3-sambubioside remained by 27 hours of heating. The
levels of compound A did not inversely mirror that of PACN
degradation, however (Fig. 2). The greatest yields of compound
A (7.7 � 0.2%) were measured at 8 hours with yields decreasing

over the subsequent 19 hours of heating. At pH 7, 10-catechyl-
pyranocyanidin-3-sambubioside showed the lowest thermal
stability, decreasing to barely detectable levels by 12 hours of
heating. Only a small amount of compound A formed (highest
yield of 1.0 � 0.2% measured at 1 hour), but it was no longer
detectable at 12 hours. Protocatechuic acid was identified to
form with heating at each pH value (1, 3, 5, 7) by comparison of
retention time and PDA spectra with an analytical standard.

The stability of solution color during heating was influenced
both by the levels of PACN and compound A. Before heating, all
four solutions of 10-catechyl-pyranocyaindin-3-sambubioside
were orange in color (hab = 44–461) with color intensity and
lvis-max decreasing slightly with increasing pH. With 90 1C heat,

Fig. 2 Changes in PDA peak area (from 450–550 nm max plot) for pyranoanthocyanins (PACN) including starting 10-catechyl-pyranocyanidin-3-
sambubioside and formed 10-catechyl-pyranocyanidin-3-glucoside (pH 1 & 3) and compound A with 90 1C heat. Data points show mean � standard
deviation. Table shows results of kinetic model for PACN degradation and compound A formation.

Fig. 3 Absorbance and color change of 10-catechyl-pyranocyanidin-3-sambubioside solutions in four pH buffers with 90 1C heating. Spectra show
mean absorbance values taken with a 5 nm step, and L*, C�ab, and hab data points show mean � standard deviation.
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all solutions lost orange color intensity marked by increasing L*
and decreasing C�ab and absorption at lvis-max (Fig. 3). The pH
5 and 7 solutions were very pale at the final measured time
point (27 and 12 hours, respectively) with C�ab o 9 (Fig. 3). At
this point, these solutions had low levels of color producing
compounds (PACNs and compound A; Fig. S1, ESI† and Fig. 2).
However, for the solutions at pH 1 and pH 3, the formation of
appreciable quantities of compound A mitigated the overall
color loss. A clear hypsochromic shift in lvis-max (501 to
B481 nm) and increase in hab by B231 occurred (Fig. 3),
coinciding with the formation trends of compound A in
Fig. 2. For pH 1 solution, no detectable levels of PACNs
remained after 12 hours, yet C�ab remained constant near 21
and the solution produced a yellow color over the subsequent
15 hours of heating, clearly demonstrating the important role
of compound A on color retention in heated PACNs.

3.2. Identification of 10-catechyl-pyranocyanidin-3-O-b-
glucoside with nuclear magnetic resonance

The identity and structure of 10-catechyl-pyranocyanidin-3-O-b-
glucoside—a precursor to compound A—was confirmed, vali-
dating our PACN formation procedure, identification from
uHPLC-PDA-MS, and NMR process. From LC-PDA-MS analysis,
the lvis-max (505 nm) and m/z (581) matched the identified 10-
catechyl-pyranocyanidin-3-glucoside in Voss et al. which reported

a lvis-max of 505 nm and an exact mass of 581.1283.11 The 1H and
13C NMR assignments of 10-catechyl-pyranocyanidin-3-glucoside
were conducted using various 1D and 2D NMR experiments
(Table 1). For the sugar moiety, there was a doublet at 4.78 ppm
that was attributed to the anomeric proton H100 of the sugar
moiety. The 3J coupling value of 7.7 Hz and the chemical shift
indicated the presence of a b sugar. This signal had a cross peak
in the COSY spectrum with a doublet of doublets at 3.68 ppm,
which was assigned to hydrogen H200 of the sugar ring.

Similarly, by combining the COSY and HMBC spectra,
the signals of the remaining sugar hydrogens were assigned.
The carbon chemical shifts of the sugar were assigned using the
HSQC-DEPT and HMBC spectra, and the results are shown in
Table 1. The 1H NMR spectrum of the PACN was characterized by
the presence of nine protons in the aromatic area (Fig. S2, ESI†).
The singlet proton at 7.89 ppm and the anomeric proton shared
an HMBC correlation peak with a quaternary carbon (C3) at 134.4.
Thus, this singlet was assigned to H9 in the D ring. In addition, as
shown by the COSY analysis in Fig. S3 (ESI†), the protons at
7.88 and 6.94 ppm formed an AB system, while the protons 7.70
and 6.99 ppm formed a second AB system. Additional splitting
indicated the presence of protons in three AX systems. The carbon
signals were assigned by the HSQC-DEPT (Fig. S4, ESI†) and
HMBC (Fig. S5, ESI†). For example, the quaternary carbon C3 of
the C ring appeared at 134.4 ppm while the quaternary carbon
C10 of the D ring appeared at 168.6 as assigned based on its

Table 1 1H and 13C NMR shifts for 10-catechyl-pyranocyanidin-3-glucoside and 4-carboxy-3-deoxycyanidin (compound A). Atom numbering is
illustrated in Fig. 1. N/A = not applicable

10-Catechyl-pyranocyanidin-3-O-b-glucoside 4-Carboxy-3-deoxycyanidin (compound A)

Atom number d 1H ppm, J (Hz) d 13C ppm Atom number d 1H ppm, J (Hz) d 13C ppm

2 N/A 162.4
3 N/A 134.4
4 N/A Not identified 4 N/A Not identified
4a N/A 108.0 4a N/A 108.0
5 N/A 153.3 8a N/A 160.0
6 7.06, d (1.3) 100.6 8 6.95, d (2.1) 96.4
7 N/A 168.4 7 N/A 171.7
8 7.10, d (1.3) 101.2 6 6.63, d (2.1) 103.9
8a N/A 154.2 5 N/A Not identified
9 7.89, s 97.6 3 8.00, s 108.5
10 N/A 168.6 2 N/A 172.7
10 N/A 121.6
20 7.82, d (2.2) 117.5
30 N/A 145.9
40 N/A 152.2
50 6.94, d (8.5) 116.0
60 7.88, dd (8.5, 2.2) 125.0
100 4.78, d (7.7) 105.4
200 3.68, dd (7.7) 74.8
300 3.40, m 77.1
400 3.28, m 71.2
500 3.15, m 78.0
600 3.65 dd (11.4), 3.38 dd (11.4) 62.2
10 0 0 N/A 122.2 10 N/A 121.3
20 0 0 7.62, d (2.2) 114.7 20 7.76, d (2.1) 115.6
30 0 0 N/A 147.1 30 N/A 148.2
40 0 0 N/A 153.5 40 N/A 156.7
50 0 0 6.99, d (8.4) 116.7 50 7.04, d (8.6) 117.3
60 0 0 7.70 dd (8.4, 2.2) 122.3 60 7.92, dd (8.6, 2.1) 125.4

C1 (Carboxyl) N/A 168.5
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HMBC correlations with H20 0 0, H60 0 0, and H9. These 1H and 13C
NMR shifts are similar to those reported for similar molecules
such as 10-catechyl-pyranomalvidin-3-glucoside and 10-cate-
chyl-pyranoluteolinidin with exception of the known structural
differences in the B ring substitutions and C3 position,
respectively.13,24,25

3.3. Structure elucidation of compound A

The efficient formation method of 10-catechyl-PACNs from
caffeic acid cofactor developed previously9 enabled the production
of large quantities of 10-catechyl-PACNs and subsequently large
quantities of compound A required for structure elucidation
experiments. The isolated compound A formed for these experi-
ments had the same LCMS characteristics (lvis-max = 478 � 1 nm,
m/z = 315) as the compound previously reported supporting the
reproducibility of formation and the retention of the compound
through isolation.11,12 Using a multifaceted approach including
uHPLC-PDA, high resolution MS/MS, 1D and 2D NMR, FTIR,
spectrophotometry, and color analyses, the chemical structure of
the 10-catechyl-PACN degradation compound (compound A) was
determined to correspond to 4-carboxy-2-(3,4-dihydroxyphenyl)-
5,7-dihydroxychromenylium (Fig. 1). The compound is a 3-deoxy-
anthocyanidin with a carboxylic acid substitution at carbon 4. As
the two ortho hydroxyl substitutions in the B0 ring are in the
same position as observed for stable conformers of cyanidin,26

compound A was named 4-carboxy-3-deoxycyanidin. Detailed
analyses and conclusions from each characterization step are
reported below.

3.3.1. High resolution mass spectrometry. The exact mass
([M+]) of compound A was shown with high resolution MS in
positive ionization to be 315.0502 m/z units, consistent with the
m/z of 315 obtained with low resolution MS. This exact mass
value corresponded to the chemical formula of C16H11O7

+

(calculated exact mass is 315.0499). Key MS/MS fragments
included the formation of 297.0393 which may correspond to
the loss of a hydroxyl substitution, and a fragment at 269.0441
which may correspond to the loss of a carboxylic acid moiety
(Fig. S6, ESI†). Negative ionization showed a nominal mass of
313 and a key fragment at 269 (data not shown); this fragment
may correspond to the loss of COO group, further supporting
the presence of a carboxylic acid moiety.

3.3.2. Nuclear magnetic resonance assignment. The purity
of the compound A sample used for NMR was 98.95% based on
uHPLC-PDA max plot peak area. NMR assignment of com-
pound A was used to determine the structure and chemical
connectivity, and the spectra were compared to those of 10-
catechyl-pyranocyanidin-3-O-b-glucoside in Section 3.2. For
comparison, both the atom numbers of stand-alone compound
A and the original atom number for the carbon or hydrogen
when it was attached to the parent molecule (10-catechyl-
pyraoncyanidin-3-glucoside) are referenced below; atom num-
bers are found on Fig. 1. A major difference in the 1H NMR
spectrum of compound A (Fig. S7, ESI†) compared to the parent
molecule was the appearance of only six protons in the aro-
matic region and the drifting of chemical shifts such as of
H60 which had a shift of 7.88 ppm (3J = 8.5 Hz, 4J = 2.2 Hz) in

10-catechyl-pyranocyaindin-3-glucoside and a shift of 7.92 ppm
(3J = 8.6 Hz, 4J = 2.1 Hz) in compound A. Another difference was
the absence of signals from sugar ring protons suggesting that
compound A is not glycosylated, confirming the MS/MS results
we reported previously.11 Inspection of signal splitting in the
1H NMR and COSY suggested the presence of one AB system
between hydrogens at 7.92/7.04 ppm and two AX systems
between hydrogens at 7.92/7.76 ppm and hydrogens at 6.95/
6.63 ppm, as shown in Fig. S7 and S8 (ESI†). Further, there is an
additional HMBC correlation peak for H3 (originating from H9
in the parent PACN) with a carboxylic carbon (C1) at 168.5 ppm.
The most important HMBC connectivities are shown in Fig. S9
(ESI†), while the complete 1H and 13C chemical shift assign-
ments are shown in Table 1. The 13C chemical shifts were based
on the 2D HSQC-DEPT and HMBC spectra. 1D 13C NMR was
also recorded, however a spectrum with high sensitivity was not
obtained in a reasonable time due to low concentration. It was
not possible to assign carbons C5 (originating from C8a in the
parent PACN) and C4 (originating from C4 in the parent PACN)
because no correlation peak was observed in the HMBC spec-
trum. This lack of correlation peak is potentially due to the
small 1H–13C J coupling values or the short T2 relaxation time of
those quaternary carbons.

The NMR spectra showed several shifts consistent with acyl
chains. The main impurity signals are a triplet (0.896 ppm) that
is typical for a methyl group of acyl chains and a broad signal at
1.29 ppm belonging to the methylene hydrogens of the chains.
These signals have correlations in COSY further confirming that
they belong to the same chains. These are believed to be con-
taminants from the alkyl C18 chains in the separatory cartridges
used to concentrate compound A after semi-preparatory HPLC
isolation. This was supported with FTIR analysis of the cartridge
methanolic eluent, showing two small bands at B2922 and
2852 cm�1 consistent with CH stretching for CH3 and CH2 groups
(data not shown).27–29 As they do not absorb UV or visible light,
they did not appear on the 260–700 nm max plot from uHPLC-
PDA analysis used to determine purity.

3.3.3. Fourier transform infrared spectroscopy. The purity
of compound A sample used for FTIR analysis was 100% based
on uHPLC-PDA 260–700 nm max plot peak area. The FTIR
spectra of compound A and luteolinidin standard were similar,
as expected based on their structural similarities with exception of
the C4 carboxylic acid moiety (Fig. 4). PCA analysis helped identify
the key differentiating bands where the samples naturally dif-
fered. PCA factor 1 described differences between compound A
replicates and luteolinidin standard, with the main differences
associated with bands at 1548, 1525, 1402, 1324, 1275, and 1151
cm�1 (Fig. 4). The bands at 1548 and 1525 cm�1 fall within the
region associated with CQC stretching of aromatic rings.27,30 The
band at 1402 cm�1 may relate to symmetrical stretching of the
COO� group as previous work has correlated these vibrations to
bands B1380–1390 cm�1.31–33 While compound A was dried with
acidic MeOH, it is possible for the carboxylic acid moiety to be
present both in its protonated (COOH) and deprotonated (COO�)
form as compound A is believed to have a low pKa (discussed in
Section 3.3.4). Both the 1324 and 1275 cm�1 bands may relate to

NJC Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 6
:0

0:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nj02233a


This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023 New J. Chem., 2023, 47, 20048–20060 |  20055

the C(phenolic)–O(H) vibrations.30–32,34 The band at 1151 cm�1

may relate to COC stretching on the C ring of compound A.30,34–36

The slight differences in our reported wavenumbers compared to
previous FTIR analysis of phenolic compounds may be due to the
unique structure of compound A. These observations of the FTIR
spectrum suggested that the differentiating structural attributes
between compound A and luteolinidin are related to substitutions
on the aromatic ring, specifically the C0 ring, and supported the
presence of a carboxylic acid moiety.

PCA factor 2 accounted for differences between the two
replicates of compound A with key differentiation bands at
1385, 1337, and 1151 cm�1 (Fig. 4). Differences between the two
replicates may be due to changes in non-covalent interactions
that could be altered and disrupted during the re-solution and
drying process. The bands at 1385 and 1337 cm�1 may be
related either to the COO� group or C(phenolic)–O(H) group,
as previously discussed, with both functional groups highly
prone to intermolecular interactions. Previous work with
phenolic compounds has shown that shifts within this range
may be due to complexation with metal ions.31,36,37 Trace
metals may have been present in the sample and changes
in the complexation of compound A with these ions may
have occurred with the subsequent re-dissolution and drying
cycle. These differences between the two measurements for

compound A support the structural assignment as 4-carboxy-3-
deoxycyanidin.

3.3.4. UV-visible absorbance and color expression across pH.
uHPLC-PDA analysis of compound A both in this and our
previous work11,12 showed strong absorbance in the visible range
(lvis-max of 478–479 nm) consistent with a yellow color. These
observations led us to further investigate the color expressed by
isolated compound A across pH values. The solution of com-
pound A used for color analysis was B95.7% pure based on the
260–700 nm max plot from uHPLC-PDA analysis. At acidic pH
values, compound A appeared yellow with the lvis-max reported by
spectrophotometry similar to the values observed by uHPLC-PDA
analysis in the acidic mobile phase. As the pH increased, there
was a bathochromic shift in lvis-max and a decrease in hue angle as
the color transitioned to orange at pH 5 and then to magenta by
pH 9.2 (Fig. 5). At pH 5 and 7, small shoulders were observed at
B410–430 and B410–440 nm, respectively. A strong shoulder
from B470–490 nm was observed in the spectrum at pH 9.2.

The different colors produced by compound A across pH
values is consistent with the pH-dependent structure chemistry
of flavylium systems As the pH of the environment increases,
the flavylium cation can be deprotonated to form a quinoidal
base, and the flavylium cation can by hydrated followed by
tautomerization to form the hemiketal and chalcone, with the

Fig. 4 FTIR spectra for 4-carboxy-3-deoxycyanidin (compound A) repetition 1 (R1) and 2 (R2) and luteolinidin standard and the calculated PCA plot and
differentiating loadings between the three samples.
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extent of occurrence for each of these reactions dependent on
the type and number of substitutions.38,39

Previous work by other authors with the synthetic 4-carboxy-
7-hydroxy-40-methoxy flavylium chloride (CHMF) compound
showed that at low pH values, the carboxylic carbon could be
deprotonated (pKa 0.73) to form a zwitterion, with this change
causing a hypsochromic shift in lvis-max.40 As pH increased for
CHMF zwitterion, the anionic quinoidal base formed (BpKa

4.8), accompanied by a bathochromic shift in lvis-max.40 These
color changes match those observed for compound A from pH
1–7 and suggest similar structural changes occurred with pH
adjustments. The color of compound A continued to shift to a
more magenta hue with increasing pH, noted by decreasing hab

and increasing lvis-max. These color changes may be due to
continued deprotonation of hydroxyl substitutions to form the
dianionic quinoidal base structure and re-equilibration of the
multistate chemical structures.39,41

There was surprisingly no color fading in the mildly acidic
pH range (pH 3–7) for compound A. Instead, as pH increased,
the color became darker, supported by significant decreases in
L* (p o 0.05) (except between pH 1 and 3 (p = 0.99)) and
increases in absorbance intensity at the lvis-max. There was no
significant change in C�ab with increasing pH (p = 0.43), indicating
that the color vibrancy remained the same among pH values. For
flavylium compounds, lack of a substitution at C3 position and/or
presence of a substitution at C4 are structural attributes both

shown to improve color retention across pH values.41–43 These
substitutions are not expected to eliminate color loss as related
compounds do show some hydration-initiated color fading in the
mildly acidic pH range.41,43,44 However, this reaction may be
masked in our findings as the initial spectral measurement for
compound A was recorded after 30 minutes of equilibration time,
and the color was visually observed to fade during this period for
pH 1 and 3. Nevertheless, as pH increased, deprotonation was
likely the dominant reaction occurring rather than hydration. This
supports conclusions by previous authors working with related 4-
substituted flavyliums.41,43,44 The current spectral observations
and the analogous behavior to related compounds provided
additional support for identification of compound A as 4-
carboxy-3-deoxycyanidin.

3.4. Isolated compound A color stability at 25 8C

While color intensity for isolated compound A was retained
across pH values, the color noticeably faded in 24 hours by at
least 44% in all pH solutions tested except for pH 7 (Fig. 6). At
pH 7, the color was remarkably stable at room temperature,
with a loss of absorption at lvis-max of just B7%. This excep-
tional pH 7 stability is consistent with the findings in Sweeny
and Iacobucci for a synthetic 4-carboxy-3-deoxyanthocyanidin,
which differed in structure from compound A only by substitu-
tions in the B0 ring.45 The color of compound A was also stable

Fig. 5 Spectral and CIELAB L*, C�ab, hab values of 4-carboxy-3-deoxycyanidin (compound A) in pH buffers 1–9.2 and MeOH. Spectra shows mean
absorption values and color characteristics are expressed as mean � standard deviation. Different letters show statistical difference (p o 0.05) within a
column (MeOH not included).

Fig. 6 Color stability of 4-carboxy-3-deoxycyanidin (compound A) in pH from 1–9.2 buffers and MeOH over 24 hours. The graph shows the percent
absorption change at lvis-max, and the table displays the change in CIELAB color coordinates with results presented as means with standard deviation.
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in MeOH, in which the absorbance dropped by B2% and there
was no observable color change over 24 hours (Fig. 6).

Stability at pH 1 and 3 followed similar trends with absor-
bance at lvis-max decreasing rapidly (B30–34%) in the first
2 hours. In contrast, at pH 5, most absorbance decrease
happened after 6 hours. Only two experimental replicates were
included for stability analysis at pH 5 as one experimental
replicate showed different behavior; this replicate showed no
decrease in absorbance at lvis-max and a DE�ab of only 0.52.
Additional research is needed to investigate the stability
observed for this one experimental replicate. At all 3 acidic
pH values, absorbance decreased at all wavelengths during the
24 hours (Fig. S10, ESI†), and the observable color change was
driven by color fading (increasing L* and decreasing C�ab)
(Fig. 6). Different trends were observed at pH 9.2. Here, the

spectral shape changed over time as absorbance increased in
the B260–280 nm and 320–400 nm ranges while decreasing
at the lvis-max (Fig. S10, ESI†). In addition to color fading
(increasing L* and decreasing C�ab), the hue increased by B6
units over 24 hours (Fig. 6). These changes in spectral shape
and hue angle may indicate that the chemical structure equili-
briums are transforming over 24 hours in the high alkaline
pH range.

3.5. Identification of degradation compounds from
hydroxyphenyl-pyranoanthocyanins and insight into the
degradation mechanism

In addition to 10-catechyl-PACNs, 10-p-hydroxyphenyl-, 10-guaiacyl-,
and 10-syringyl-PACNs derived from cyanidin-3-sambubioside were
formed with chemical yields from elderberry ACN extracts at

Fig. 7 uHPLC-PDA-MS characteristics of hydroxyphenyl-pyranoanthocyanins (peaks 2–5) and their thermal degradation compounds (peaks 1 and 2d–
5d) following 15 hours of 90 1C heating at pH 3.0. 10-p-Hydroxyphenyl-pyranoCy3Smb solution contained an impurity (B6.8 min) present both before
and after heating. Chromatographic conditions are provided in Section 2.2.
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B33.2%, 45.2%, and 39.1%, respectively. The pigments were
isolated, and the reported PDA spectra, m/z, and MS/MS values
of the four hydroxyphenyl-PACNs, differing only in E ring sub-
stitutions, matched the expected values and data reported for
similar PACNs (Fig. 7).46 During heating, each hydroxyphenyl-
PACN formed a unique, colored degradation compound (peak 2d,
3d, 4d, 5d in Fig. 7) with the compound from 10-catechyl-
pyranocyanidin-3-sambubioside (peak 3d) matching compound
A. The differences in characteristics (lvis-max, m/z, retention time)
among the four degradation compounds followed similar patterns
observed for the parent PACNs. Namely, 4-carboxy-3-deoxypela-
rgonidin (peak 2d) had the lowest lvis-max, 4-carboxy-3-deoxy-
malvidin (peak 5d) had the highest lvis-max, and all spectra
included minor peaks near 280 nm and 324–340 nm (Fig. 7).
The shape of the spectra of 4-carboxy-3-deoxypelargonidin (peak
2d) showed a slight shoulder near 415 nm, and while the
wavelengths are hypsochromically shifted, the spectral shape is
similar to the appearance of pelargonidin anthocyanins which
often have a characteristic shoulder near 440 nm.47 Each degrada-
tion compound had a m/z 398 units lower than their parent PACN
which would support the loss of the sambubioside sugar moiety
and B ring (Fig. 8). Additionally, the m/z difference among the
compounds was the same as for the parent PACNs, indicating that
the degradation compounds differed in structure by the E ring
substitutions. Protocatechuic acid (peak 1) formed in all 4 of the
heated PACNs (Fig. 7), tentatively identified based on the spectral
characteristics and retention time. Protocatechuic acid is reported
to form from the B ring of the heated pigment and has previously
been found in solutions of heated cyanidin anthocyanins and
cyanidin-derived PACNs.12,48,49 Interestingly, our structure for
peak 5d, 4-carboxy-3-deoxymalvidin, matches the theoretical com-
pound proposed as a stable flavylium compound in Amić et al.;50

these authors proposed a lvis-max of 497.8 nm for the compound,
which is slightly higher than our experimental value of 491 nm.

Elucidation of the structure of compound A/peak 3d provided
supporting evidence for the proposed thermal degradation path-
way for PACNs (Fig. 8). This pathway is postulated to involve
hydration at C2 of the flavylium cation PACN to form a hemiketal,

tautomerization to the chalcone, and subsequent breakage to
form the B ring containing protocatechuic acid and 4-carboxy-3-
deoxyanthocyanidin, based on the present findings, ACN thermal
degradation pathway,49,51 and hypotheses in Voss et al. and Voss
et al.11,12 Additionally, uHPLC-PDA-MS analysis of heated 10-
catechyl-pyranomalvidin-3-glucoside/3-rutionside PACNs detected
MS signals in both positive (m/z = 481.1) and negative (m/z = 479.1)
mode consistent with a hydrated PACN aglycone (+18 m/z units
from the aglycone) which corresponded to a small PDA peak
absorbing in the 300–400 nm region (Fig. S11, ESI†). These signals
were found only in the heated PACN sample with LCMS analysis
using non-acidified mobile phases and supported the possibility
of a chalcone or hemiketal forming during heating.

The similarities among the degradation compounds from
the four hydroxyphenyl-PACNs and identification of protocate-
chuic acid in all four heated samples suggested that the PACNs
degraded in the same manner and the structure of the colored
degradation compounds are the same apart from the substitu-
tions on the B0 ring (Fig. 8).

4. Conclusion

The colored degradation compound obtained from heat stress
of 10-catechyl-PACNs was discovered to be a 4-carboxy-3-
deoxycyanidin, as evidenced by uHPLC-PDA, high resolution-
MS/MS, NMR, FTIR, spectrophotometry, and color results.
Similar compounds were observed to form from heating other
hydroxyphenyl-PACNs (10-p-hydroxyphenyl, 10-guaiacyl, 10-
syringyl). These observations show the discovery of a unique
class of 4-substituted flavylium compounds, the 4-carboxy-3-
deoxyanthocyanidins, formed from nature-derived ingredients.

Data availability

The data supporting this experiment has been included in the
manuscript and supplements. Additional data may be shared
upon reasonable request.

Fig. 8 Proposed schematic for hydroxyphenyl-PACN formation and thermal degradation into the 4-carboxy-3-deoxyanthocyanidin degradation
compound. Rings B0 and C0 correspond to ring E and D of the parent compound, respectively.
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N. Trinajstić, J. Chem. Inf. Comput. Sci., 1999, 39, 967–973.

51 R. Brouillard and B. Delaporte, J. Am. Chem. Soc., 1977, 99,
8461–8468.

NJC Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 6
:0

0:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nj02233a



