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A B S T R A C T   

The kinetics and thermodynamics of the pH-dependent multistate of species generated by the trans-chalcone of n- 
pyridinebenzopyrylium (n = 2′, 3′) were studied by UV–vis spectroscopy, 1H NMR and HPLC-MS, and the results 
compared with those reported for n = 4′. Due to the slow kinetics of the multistate species interconversion, the 
conjugation of these techniques has shown to be a powerful tool to investigate the behaviour of these systems. 
The species involved in the multistate are mutatis mutandis the same observed in anthocyanins and related 
compounds except for the flavylium cation, which was not observed in these systems even in very acidic medium. 
The rates of the interconversion of the multistate species upon pH stimuli are much slower than in anthocyanins. 
The compound bearing the pyridine nitrogen in position 2′ gives two novel products absorbing in the visible. 
Formation of the new products is particularly efficient from the thermal evolution of the photochemical products 
obtained upon light irradiation of the protonated trans-chalcone in a mixture of methanol:acidic water (1:1). This 
confirms the unique capacity of the substituents in position 2′ in giving intramolecular reactions involving the 
benzopyrylium core. Crystal structures for the three pyridine chalcone compounds (n = 2′, 3′, 4′) were obtained 
and the respective structures discussed.   

1. Introduction 

Anthocyanins, the molecules responsible for the red to blue colours 
in most flowers and fruits are labelled by the respective flavylium cation, 
Scheme 1. [1–5] However, flavylium cation is a sole species, appearing 
in acidic conditions (pH ≤ 1) of a much more complex chemical system. 
As shown in Scheme 1, flavylium cation generates a multistate of 
chemical species (here on designated multistate) reversibly inter
connected by external stimuli, such as pH and light.[5,6]. 

In spite of the complexity of Scheme 1, exhibiting five chemical 
species interconnected through four different chemical reactions, the 
multi-equilibrium can be considered as a single acid-base equilibrium 
between flavylium cation and its conjugate base CB, eq.(1), with an acid- 
base constant K’a defined by eq.(3). The conjugated base CB is composed 

by the neutral species, eq.(2). 

AH+ + H2O ⇌CB + H3O+ K’
a (1)  

[CB] = [A] + [B] + [Cc] + [Ct] (2)  

K
′

a = Ka +Kh +KhKt +KhKtKi (3) 

At very high proton concentrations the system converges to flavy
lium cation (red arrows in Scheme 1). Due to its pH dependence and the 
quite different timescales of the chemical reactions involved, the system 
is conveniently studied by the so-called direct pH jumps, consisting in 
the addition of base to equilibrated solutions of the flavylium cation. The 
relaxation kinetics towards the new equilibrium gives crucial informa
tion on the system. Moreover, addition of acid to solutions equilibrated 
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Scheme 1. The sequence of chemical reactions of flavylium compounds in acidic medium exemplified for malvidin-3-glucoside multistate.[5] At high proton 
concentrations the system converges to flavylium cation (red arrows). In moderately acidic to basic solutions deprotonated species (not shown) are formed. All 
reactions take place in very different timescales. 

Scheme 2. Examples of compounds exhibiting multistates of species similar to that of anthocyanins; in brackets the new species that are added to the multistate by 
2′-hydroxy derivatives. 

Scheme 3. Formation of spiro (a) and flavanone (b) species in the multistates of 2′-hydroxystyrylflavylium [11,12] and 2′-hydroxyflavylium, [13] respectively.  

Scheme 4. (a) Disappearance (pH = 6.0) or (b) appearance (pH = 1.0) of the colour in flavylium multistate of species upon irradiation of the trans-chalcone.  
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at higher pH values (reverse pH jumps) complements the information 
and both procedures combined are generally enough to characterize the 
system. 

Scheme 1 is not exclusive of anthocyanins. There are many natural 
and synthetic flavylium cations that generate an identical network of 
reactions like those shown in Scheme 1. In the last years we have shown 

this ubiquity of the anthocyanins multistate of species in anthocyani
dins, 3-deoxyanthocyanidins,[7] furanoflavylium,[8,9] naphtho
flavylium, [10] 2′-hydroxystyrylflavylium, [11,12] and 2′- 
hydroxyflavylium derivarives, [13] Scheme 2. 

In some cases, chemical species other than those shown in Scheme 1 
can appear in the multistate. This is observed in the multistates gener
ated by 2′-hydroxystyrylflavylium, [11,12] and 2′-hydroxyflavylium, 
[13] which can form respectively spiro species and flavanones, as 
exemplified in Schemes 2 and 3. 

One interesting property of the multistate of species reported in 
Scheme 1, is the existence of two sources of potential T-type photo
chromism: i) the cis–trans photoisomerization of chalcones[14–18] and 
the photoinduced ring-opening [16,19,20,21,22] of hemiketals. 

In anthocyanins, the mole fraction of trans-chalcone at the equilib
rium is small and thus photochromism based on the cis–trans 

Scheme 5. Photochemistry of Py4. No flavylium cation formation was observed even at very acidic pH values.[12].  

Scheme 6. n-Pyridinechalcones chalcones studied throughout this work. (n =
2′, 3′, 4′). 

Fig. 1. Spectral variations of freshly prepared solutions of compound Py2 1.3 × 10− 4 M in water:methanol (1:1) taken immediately after the pH jumps to 1.3 < pH <
7.2 (a) and to 7.2 < pH < 11.3 (b), and respective titration curves (c). Fitting was achieved for pKCt+/Ct = 1.9 and pKCt/Ct-=9.4. 

Fig. 2. 1H NMR spectra (400 MHz) of Py2 1.7 × 10− 3M in CD3OD/D2O (1:1): I) pH jump from pD = 6.5 (freshly prepared) to pD = 0.5, 100% Ct+; II) pD = 6.5 
(freshly prepared), 100% Ct; III) pH jump from pD = 6.5 (freshly prepared) to pD = 12, 100% Ct− . 
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isomerization does not have significant expression. [23,24] However, 
the hemiketal B is the major species and its photoinduced ring opening 
was reported. [20] Conversely, most synthetic flavylium compounds 
such as 7-hydroxyflavylium, [25] 4′-hydroxyflavylium [26] and 4′,7- 
dihydroxyflavylium [14] exhibit trans-chalcone (Ct) as the major spe
cies. What characterizes the photochromism of these compounds is its 

dependence on pH. At moderately acidic pH values Ct is the thermo
dynamic stable species. Upon Ct irradiation, cis-chalcone (Cc) is formed 
and since the trans isomer usually possesses higher absorbance, the 
resulting effect of the irradiation is a decreasing of the colour, followed 
by the thermal recovery to give back the trans-chalcone, Scheme 4a. 
When there is a high cis–trans isomerization barrier it is possible to 
observe the trans-chalcone at pH = 1.0 in a metastable state. Irradiation 
of the trans-chalcone leads to the stable and highly coloured flavylium 
cation (AH+) and no recover occurs, Scheme 4b. 

A few years ago we reported on a compound possessing a pyridine in 
position 4′ of ring B, Py4, Scheme 5. [27] Irradiation of its Ct species in 
MeOH:H2O (1:1) at 365 nm, produces B almost quantitatively through 
two consecutive photochemical reactions: Ct to Cc photoisomeriaztion 
followed by Cc to B photo-ring-closure with global quantum yield of 
0.02. On the other hand, irradiation of B at 254 nm leads to a photo
stationary state composed by 80% Ct and 20% B, with quantum yield 
0.21. 

The lack of flavylium cation in the multisate of Py4 can be explained 
by the protonation of the pyridine at pH values where formation of the 
flavylium cation would be expected. The positive charge in the pyr
idinium moiety prevents the formation of a 2+ charged species due to 
the intramolecular electrostatic repulsion. A decrease on the pK’a values 
of the systems by 2–3 pH units [28,29] was observed in CTAB micelles, 
where the positively charged surface of the micelle renders more diffi
cult the formation of the flavylium cation. 

Considering the interest of this family of compounds (Scheme 6), in 
particular their potential photochromic behaviour, we report on the 
multistates generated by chalcones (Py2, Py3) that could in theory 
afford n-pyridinebenzopyrylium (n = 2′,3′) and compare with the pre
viously reported Py4. Our main scope is to study the performance of the 
respective photochromic systems in which regards stability and the ef
fect of the solvent. In particular, by analogy with the reactivity of de
rivatives with a hydroxyl substituent in position 2′ shown in Scheme 3, 
we investigate on the possibility of a mutatis mutandis intramolecular 
reaction involving the nitrogen in Py2. The slow kinetic processes of the 
multistates when compared with anthocyanins allowed the use of HPLC/ 
MS conjugated with 1H NMR and UV–vis spectroscopy. This approach 
has shown to be a powerful tool to study these systems. 

2. Experimental 

2.1. Materials and methods 

Solvents and chemicals employed for synthesis and preparation of 
samples were of reagent or spectrophotometric grade and used as 
received; Millipore-grade water was used. Purification by flash chro
matography was carried out with Silica gel Carlo Erba 40–60 μm, 60 Å. 

Fig. 3. Spectral variations of a solution of Py2, 1.3 × 10− 4 M in water:meth
anol (1:1) at pH = 6.2 (a), and respective kinetic traces fitted with mono- 
exponential functions with rate constant 1.3 × 10− 6 s− 1 (b); and upon a pH 
jump from a freshly prepared solution to pH = 1.3 (c). Fitting of the data from 
(c) was achieved with a bi-exponential law with rate constants 5.0 × 10− 5 s− 1 

and 2.3 × 10− 5 s− 1 (d). 

Fig. 4. (a) HPLC chromatograms at 280 nm of Py2, 
1.1 × 10− 4 M in water:methanol (1:1) pH = 6.0: I 
initial; II after 5 days; III after 7 days. Peaks detected: 
1 t (Ct; r.t. = 27.0 min) and peak 5 (r.t. = 28.7 min) 
which exhibits a m/z = 224 (positive mode), see 
below in scheme 7a the proposed structure for this 
thermal product; (b) the same for 0.48 M in HCl: I 
initial; II after 6 h; III after 22 h; IV after 5 days; V 
after 8 days. Peaks detected: Peak 3 (B; r.t. = 22.5 
min) (the respective retention time is coincident with 
a pure hemiketal shown in Fig. 9) and peak 4 (r.t. =
15.7 min) which exhibits a m/z = 224 (positive 
mode), see scheme 7b for the proposed structure.   
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NMR spectra were run on a Bruker Advance III 400 spectrometer (400 
MHz for 1H, 100 MHz for 13C) at 298 K. NMR assignments have been 
carried out on the basis of 1D (1H, 13C) and 2D (COSY, HSQC and HMBC) 
NMR spectra. High-performance liquid chromatography (HPLC) anal
ysis was conducted on a Merck-Hitachi instrument equipped with a 
diode array detector (DAD), scan range: 200–800 nm (Merck-Hitachi L- 
4500 Diode Array Detector) and operating at 25 ◦C. Analytical HPLC 
analyses were performed by a reverse-phase analytical column (RP- 
HPLC, Purosphere® Star column, 250 mm × 3 mm i.d., 5 μm). Samples 
were prepared in MeOH and the injection volume was 20 μL. The best 
peak separation was obtained with H2O:HClO4, 99.7:0.3, v/v (solvent A) 
and pure MeOH (solvent B) at a flow rate of 1 mL/min: 7% B for 2 min; 
linear gradient from 7% to 15% B for 6 min; linear gradient from 15% to 
75% B for 17 min; linear gradient from 75% to 80% B for 2 min; linear 
gradient from 80% to 100% B for another 2 min; 100% B for 11 min and 
5 min to return to the initial condition. The total run time excluding 
equilibration was 40 min. Semipreparative HPLC was conducted on a 
reverse-phase analytical column (Phenomenex® Onyx Monolithic C18, 
100 mm × 10 mm). Samples were prepared in MeOH and the injection 
volume was 200 μL. The best peak separation was obtained with H2O: 
HClO4, 99.7:0.3, v/v (solvent A) and pure MeOH (solvent B) at a flow 

rate of 4 mL/min using the same elution gradient described before. 
HPLC/MS analyses were performed in an Agilent 1200 Series equipment 
coupled with an Agilent 6130B Single Quadrupole detector with API-ES 
source. Elemental analyses were performed using a Thermofinnigan 
Flash EA 1112 Series instrument with an error of ± 0.4%. Mass spectra 
were obtained on an Orbitrap XLTM LTL (ESI-MS) controlled by LTQ 
Tune Plus 2.5.5 and Xcalibur 2.1.0. 

2.2. Thermodynamic and kinetic studies 

The pH jumps were carried out by adding a stock solution of trans- 
chalcone (Py2 or Py3, 1 mL) in methanol:water 1:1 at pH 5.9 (Py2) or 
6.5 (Py3) to a 3 mL quartz cuvette containing methanol (1 mL) and 
universal buffer of Theorell and Stenhagen [30] (1 mL) at the desired 
final pH. The final pH of the solutions was measured in a Crison basic 20 
+ pH meter. Spectroscopic measurements were performed using Milli-Q 
water with a constant temperature of 20 ± 1 ◦C, with a Varian-Cary 100 
Bio spectrophotometer. 

Scheme 7. (a) Mechanistic proposal of the formation of compound 5 in neutral conditions. We propose that compound 5 is formed in two steps: (i) Michael addition 
of the nitrogen atom of pyridine chalcone to C-4; (ii) oxidation. (b) Mechanistic proposal of the formation of compound 5 in acidic conditions. We propose that 
compound 5 is formed in four steps: (i) cis–trans isomerization and tautomerization; (ii) double nucleophilic ciclyzation by addition of the hydroxyl group to C-3́ and 
subsequent Michael addition of the nitrogen atom of pyridine to C-4; (iii) oxidation (compound 4) and (iv) rearomatization of the pyridine ring (compound 5). 
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2.3. Photochemical studies 

Photochemical studies were carried with irradiation at 365 nm, 
following by NMR and UV–Vis. Trans-chalcone (Py2 or Py3) solutions 
with concentrations of 1.7 × 10− 2 M and 4.0 × 10− 5 M in MeOH or 
MeOH/H2O (1: 1 v/v) mixtures were prepared for NMR and UV–Vis, 
respectively. The irradiations were made in quartz cuvettes of 3 mL with 
1 cm of optical path. The solutions were irradiated at 365 nm with a 200 
W xenon and mercury lamp, controlled by a Newport 69,907 unit, and 
using a Semrock-MaxLampTM bandpass filter to isolate the 365 nm 
wavelength, until the photostationary state was reached. The thermo
dynamic recovery in the dark was followed by NMR and UV–Vis. 

2.4. Synthesis 

2.4.1. Synthesis of (E)-3-(2-hydroxyphenyl)-1-(pyridin-2-yl)prop-2-en-1- 
one (Py2) 

The synthesis of compound Py2 was achieved according to the 
experimental procedure previously described by us [31]. A solution of 
1.1 mL of 2-acetylpyridine (10 mmol) and 1 mL of salicylaldehyde (10 
mmol) in 15 mL of ethanol was degassed. Then, 1 mL of an aqueous 
solution of KOH (1 g mL− 1) was added dropwise at room temperature, 
under nitrogen. The reaction mixture was degassed again and stirred at 
room temperature overnight under inert atmosphere. The solution was 
neutralized and concentrated under reduced pressure to give a crude 
residue, which was first purified by flash column chromatography 
(DCM:Et2O, 8:2, v/v) and then recrystallized in warm MeOH to give 
green crystals (0.788 g, 3.5 mmol, 35%). 1H NMR (400 MHz, MeOD-d4) 
δ 8.76 (ov, 1H, H-6′), 8.29 (t, J = 16 Hz, 2H, H-3 and H-4), 8.16 (d, J =
7.8, 1H, 1H, H-3′), 8.01 (td, J = 7.7 Hz, 1H, H-4′), 7.72 (ov, 1H, H-5), 
7.62 (ddd, J = 7.6 Hz, 1H, H-5′), 7.28 (td, J = 7.8 Hz, 1H, H-7), 6.91 (dd, 
J = 8.1, 6.7 Hz, 1H, H-6 and H-8); 13C NMR (100 MHz, MeOD-d4) δ 
190.1 (C-2), 157.6 (C-9), 154.3 (C-1′), 148.7 (C-6′), 140.8 (C-4), 137.3 
(C-4′), 131.8 (C-7), 128.6 (C-5), 127.0 (C-5′), 122.5 (C-3′), 121.9 (C-10), 
119.9 (C-3), 119.5 (C-6), 115.7 (C-8). MS (ESI-MS, positive mode): m/z 
calculated for [M + H]+ 226.08; found [C14H12NO2]+ 226.1. EA 
calculated for C14H11NO2: % C 74.65; % H 4.92; % N 6.22; found: % C 
74.46, % H 5.09, % N 6.19. 

Fig. 5. 1H NMR spectra of Py2 (1.7 × 10− 2M in CD3OD:D2O (1:1), 0.48 M DCl): I) initial; II) 7 h; III) 30 h; IV) 54 h; representative compounds: 3+ (B+(■)), 1c+ (Cc+

(□)), 1t+ (Ct+ (○)) and 4þ (peak 4 (◆)). 

Scheme 8. Summary of the thermal behaviour of 1t in methanol:water 
(1:1) mixtures. 

Fig. 6. Spectral variations of freshly prepared solutions of compound Py2 1.1 
× 10− 4 M in water:methanol (1:1) upon irradiation at 365 nm. (a) at pH = 6.5; 
(b) at pH = 1.3. 
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2.4.2. Synthesis of (E)-3-(2-hydroxyphenyl)-1-(pyridin-3-yl)prop-2-en-1- 
one (Py3) 

The synthesis of compound Py3 was achieved according to the 
experimental procedure previously described by us. [31] A solution of 
0.5 mL of 3-acetylpyridine (4.5 mmol) and 0.45 mL of salicylaldehyde 

(4.5 mmol) in 7.5 mL of ethanol was degassed. Then, 0.5 mL of an 
aqueous solution of KOH (1 g mL− 1) was added dropwise at room 
temperature, under nitrogen. The reaction mixture was degassed again 
and stirred at room temperature overnight under inert atmosphere. The 
solution was neutralized and concentrated under reduced pressure to 
give a crude residue, which was first purified by flash column chroma
tography (DCM:Et2O, 8:2, v/v) and then recrystallized in warm MeOH: 
Et2O (2:1, v/v) to give green crystals (0.48 g, 2.11 mmol, 47%). 1H NMR 
(400 MHz, MeOD-d4) δ 9.19 (s, J = 2.3 Hz, 1H, H-2′), 8.77 (dd, J = 4.9, 
1.7 Hz, 1H, H-6′), 8.46 (dt, J = 8.0, 2.0 Hz, 1H, H-4′), 8.18 (d, J = 15.8 
Hz, 1H, H-4), 7.81 (d, J = 15.7 Hz, 1H, H-3), 7.72 (dd, J = 8.0, 1.7 Hz, 
1H, H-5), 7.63 (dd, J = 8.0, 4.9 Hz, 1H, H-5′), 7.28 (dd, J = 7.8, 1.7 Hz, 
1H, H-7), 6.92 (t, J = 7.7 Hz, 2H, H-8 and H-6). 13C NMR (100 MHz, 
MeOD-d4) δ = 189.80 (C-2), 157.72 (C-9), 152.03 (C-6′), 148.80 (C-2′), 
142.23 (C-4), 136.42 (C-4′), 134.16 (C-1′), 132.08 (C-7), 129.26 (C-5), 
124.00 (C-5′), 121.45 (C-10), 120.66 (C-3), 119.51 (C-6), 115.75 (C-8). 
MS (ESI-MS, positive mode): m/z calculated for [M + H]+ 226.08; found 
[C14H12NO2]+ 226.1. EA calculated for C14H11NO2: %C 74.6; %H 4.6; % 
N 6.2; found: %C 74.75, %H 5.40, %N 6.21. 

2.4.3. Synthesis of (Z)-1-hydroxy-3-(6-oxocyclohexa-2,4-dien-1-ylidene)– 
3H-indolizin-4-ium (5) 

Compound 1 (33 mg, 0.146 mmol) was dissolved in 50 mL of 
methanol and then 50 mL of aqueous solution of 0.2 M HCl was added 
dropwise at room temperature. The reaction was monitored by HPLC. 
After 60 days, compound 5 is the major compound and was purified by 
semipreparative HPLC yielding compound 5 as a white powder (10 mg; 
0.045 mmol, 31%). 1H NMR (400 MHz, MeOD-d4) δ 8.87 (br d, J = 5.7 
Hz, 1H), 8.67 (ov, 1H), 8.65 (ov, 1H), 8.19 (ov, 1H), 8.17 (br d, J = 8.2 

Fig. 7. HPLC chromatograms at 280 nm regarding the 
dark thermal recovery after irradiation of 1t at 365 
nm; (a) (1 × 10− 4M in MeOH/H2O (1:1), pH = 6, I 
photostationary state reached after 15 min irradia
tion; II the same of I after 2 days of dark thermal re
covery; III the same of I after 6 days of dark thermal 
recovery; peaks detected: 1t (Ct, r.t. = 27.0 min); 3 (B, 
r.t. = 22.5 min) and 5 (r.t. = 28.7 min) (b) HPLC 
chromatograms at 280 nm (1 × 10− 4M in MeOH/H2O 
(1:1), 0.48 M HCl),: I, after 15 min irradiation; II the 
same of I after 2 days of dark thermal recovery; III the 
same of I after 6 days of dark thermal recovery; peaks 
detected: 1t (Ct, r.t. = 27.0 min); 3 (B, r.t. = 22.5 
min), 4 (r.t. = 15.7 min) and 5 (r.t. = 28.7 min); *no 
identified peak.   

Fig. 8. (a) Thermal recovery of the photochemical products obtained at pH =
6.5 upon irradiation at 365 nm (Fig. 6a). Fitting of the Ct recovery was achieved 
with a mono-exponential law with rate constant 1.9 × 10− 5 s− 1. (b) The same at 
pH = 1.3 upon the irradiation experiment reported in Fig. 6b. Fitting was 
achieved for a bi-exponential process with rate constants 6.0 × 10− 5 s− 1 and 
1.3 × 10− 5 s− 1. 

Fig. 9. (a) 1H NMR in CD3OD. I - Compound Py2, 1.7 × 10− 3 M, after 90 min irradiation at 365 nm; II - the same of I after 90 min in the dark; III - the same of I after 
20 h in the dark; (■) hemiketal; (□) cis-chalcone; (b) HPLC chromatograms at 280 nm of the solutions I and III; peaks detected: 1t (Ct, r.t. = 27.0 min); 1c (Cc, r.t. =
29.1 min) and 3 (B, r.t. = 22.5 min). 
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Hz, 1H), 8.01 (t, J = 8.0 Hz, 1H), 7.94 (br d, J = 8.7 Hz, 1H), 7.70 (ov, 
1H), 7.61 (s, 1H). 13C NMR (100 MHz, MeOD-d4) δ 180.8, 157.3, 157.1, 
148.6, 143.7, 140.3, 139.4, 130.8, 128.8, 127.0, 125.3, 120.1, 119.0, 
108.7. HPLC-MS (ESI-MS, positive mode): m/z calculated for [M + H]+

224.06; found [C14H10NO2]+ 224.1. 

2.5. Single-crystal X-ray diffraction 

The most relevant crystallographic data for each compound and 
experimental details are presented in Table 2. Crystals suitable for 
single-crystal X-ray analysis of compounds Py2, Py3 and Py4 were 
selected and covered with Fomblin (polyfluoro ether oil) and mounted 
on a nylon loop. The data was collected at room temperature on a Bruker 
D8 Venture diffractometer equipped with a Photon 100 detector, using 

graphite monochromated Mo-Kα or Cu-Kα radiation (λ = 0.71073 Å or λ 
= 1.5418 Å, respectively). The data was processed using the APEX3 suite 
software package, which includes integration and scaling (SAINT), ab
sorption corrections (SADABS) and space group determination (XPREP). 
Structure solution and refinement were done using direct methods with 
the programs SHELXT 2014/5 and SHELXL (version 2018/3) [32–34] 
inbuilt in APEX and WinGX-Version 2018.3 [35] software packages. All 
non-hydrogen atoms were refined anisotropically. Except for the OH in 
Py3, all hydrogen atoms were inserted in idealized positions, and 
allowed to refine riding on the parent carbon atom with C–H distances of 
0.93 Å for aromatic H atoms and O–H distances of 0.82 Å. The molecular 
diagrams were drawn with ORTEP-3 (version 2014.1) [35,18] and 
Mercury [36] included in the software package. The data were deposited 
in CCDC under the deposit numbers 2,207,218 for Py2, 2,207,219 for 

Fig. 10. (a) I 1H NMR spectrum of Py2 (1.7 × 10− 2 

M) in CD3OD after 90 min irradiation at 365 nm and 
20 h of dark thermal recovery (compound 3); II the 
same of I after addition of 20 μL of DCl (12 M). This 
solutions does not change after 5 days (mixture of 3þ

and 1cþ); III the same of II after addition of D2O (final 
1:1 d-methanol:water); IV the same of III after 48 h in 
the dark; (■) hemiketal (3þ and 3); (□) cis-chalcone 
(1cþ and 1c); (◆) compound 4. b) HPLC chromato
grams at 280 nm (1.7 × 10− 3 M, MeOD): I) solution I; 
V) solution III after 85 h of dark equilibration. Peak 
detected: peak 1t (Ct, r.t. = 27.0 min); 1c (Cc, r.t. =
29.1 min), 3 (B, r.t. = 22.5 min), 4 (r.t. = 15.7 min) 
and 5 (r.t. = 28.7 min).   

Scheme 9. Summary of behaviour of 1t in pure methanol and methanol:water (1:1) mixtures.  
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Py3 and 2,207,220 for Py4. 

3. Results and discussion 

3.1. Multistate of species of Py2 

3.1.1. Thermal evolution (water:methanol (1:1)) 
The pH-dependent absorption spectra of freshly prepared2 Ct solu

tions of Py2 taken immediately after the pH jumps are shown in Fig. 1. 
The spectral variations are compatible with the existence of two pKas. 
According to the structure of the molecule the three species are Ct+, Ct 
and Ct− . In Fig. 1a the equilibrium between Py2 protonated at the 
pyridine and the neutral form shows a clear isosbestic point. An identical 
behaviour occurs in Fig. 1b for the equilibrium involving the neutral and 
the anionic forms. Fitting of the absorbance as a function of pH at three 
representative wavelengths allows to calculate pKCt+/Ct = 1.9 and pKCt/ 

Ct-=9.4, Fig. 1c. 
The results of Fig. 1 were corroborated by 1H NMR data, Fig. 2. 

Representative pD values were selected on the basis of the UV–vis ab
sorption spectroscopy data shown in Fig. 1. The 1H NMR spectra upon 
direct pH jumps from freshly prepared solutions at pH = 6.5 containing 
100% Ct is shown in Fig. 2. The 1H NMR spectra correspond to the trans- 
chalcones in the cationic (Fig. 2-I), neutral (Fig. 2-II) and anionic forms 
(Fig. 2-III). The identification of the trans isomer in the three cases was 
achieved through the characteristic large coupling constants between 
protons 3 and 4 of the chalcone’s exo double bond, which are respec
tively a) 15.6 Hz; b) 16.2 Hz; c) 16.6 Hz. 

The thermal evolution of the trans-chalcone forms Ct+ and Ct was 
monitored by UV–vis absorption, at pH = 6.2, Fig. 3a, and pH = 1.3, 
Fig. 3b, respectively. 

The spectral variations reported in Fig. 3 indicate that the trans- 
chalcone disappears at pH = 6.2 and 1.3 respectively with a mono- 
exponential law with rate constant 1.3 × 10− 6 s− 1, and a bi- 
exponential law with rate constants 5.0 × 10− 5 s− 1 and 2.3 × 10− 5 

s− 1. In order to get more insight on this system, HPLC was used to 

monitor changes over time, in water:methanol (1:1) at pH = 6.0 and in 
acidic solutions 0.48 M HCl, Fig. 4. 

Inspection of Fig. 4 confirms that trans-chalcone form of Py2 (1t) is 
not stable in solvent mixtures of water:methanol (1:1), neither around 
neutral nor in very acidic solutions. This behaviour contrasts with the 
one observed for Py3 (see Appendix) and Py4 [12] and is a consequence 
of the peculiarity of the nitrogen in position 2. The evolution of the trans- 
chalcone at pH = 6.0 is relatively clean and the final product (compound 
5) exhibits a m/z = 224 (positive mode).3 A proposed structure for this 
thermal product is shown in Scheme 7. 

At neutral pH values (Fig. 4a), Ct (1t, m/z = 226 (positive mode)) is 
in its neutral form and as a result, the lone pair of the nitrogen atom at 
the pyridine ring is available to act as a nucleophile to attack intramo
lecularly the electrophilic double bond (position 4 in scheme 7a). The 
unstable zwitterion formed (not detected by HPLC nor MS) is rapidly 
oxidized in order to recover the aromaticity of the system, leading to the 
stable compound 5 (m/z = 224 (positive mode)). At acidic pH values 
(Fig. 4b), the nitrogen atom of pyridine is protonated and in no longer 
nucleophilic. However, compound 5 is also produced as the thermody
namic product but its formation is achieved by a different pathway in 
which compound 4 plays a vital role (Scheme 7b). In this case, pro
tonation of the nitrogen atom at the pyridine enhances the electrophi
licity at C-3′ that may be attacked by the phenolic oxygen atom in the 
protonated cis-chalcone species (Cc+), formed upon isomerization of the 
protonated trans-chalcone (Ct+). This nucleophilic attack promotes the 
Michael addition of the nitrogen atom to C-4 in a concerted step, leading 
to the formation of an unstable intermediate (not detected) which is 
rapidly oxidized to produce compound 4 (m/z = 224 (positive mode)). 
The last step is a ring opening reaction in order to recover the aroma
tization at the pyridine ring which allows the formation of compound 5. 

More information regarding the thermal evolution of the trans- 
chalcone 1t could be achieved after a direct pH jump from freshly pre
pared solutions of Py2 in CD3OD:D2O (1:1) to pD = 0.5, monitored by 1H 
NMR, Fig. 5. 

The data from Fig. 5 corroborates the HPLC experiments. The for
mation of B+ and Cc+ maintaining the same ratio could be observed 
which is an indication that the tautomerization is the faster kinetic step 
and these two species can be considered at equilibrium during all the 
other kinetic processes. After 7 h (Fig. 5-II), compound 4 starts to 
appear. It is possible to conclude that this compound is formed from the 
B+/Cc+ in equilibrium and after 54 h (Fig. 5-IV) it is the major product 
in solution. The formation of compound 5 from compound 4 is much 
slower (as shown in Fig. 4b) and several days are needed to observe the 
presence of this compound. In fact, compound 5 could be isolated by 
semipreparative HPLC (see experimental section) from a two-month 
aged solution of 1t in methanol:water (0.2 M HCl) (1:1) and was fully 
characterized by NMR and MS. 1H NMR shows 9 aromatic signals 
grouped into three systems: two A2B2 systems and one isolated singlet at 
7.42 ppm assigned to H-3 (see supporting information). 13C NMR also 
shows 14 signals, 9 CH aromatic and 5 quaternary signals among which 
we can highlight the signal at 180.8 ppm assigned to a keto group. The 
HMBC spectrum allowed to assign the position of the keto group at C-9 
due to its correlation with the A2B2 aromatic signals at low field. The 
other A2B2 aromatic signals at higher field were assigned to the pyridine 
ring system which correlated with the signal at 140.3 ppm associated 
with the enolic carbon at C-2 (see supporting information for a complete 
assignment). 

As a summary, Ct (1t) is transformed into compound 5 by two 

Fig. 11. (a) Absorption spectra of Py2 (4 × 10− 3 M) in methanol:water (1:1) 
0.48 M in HCl. Initial spectrum (black) taken upon 2 h irradiation at 365 nm 
(hemiketal, compound 3) and its evolution in the dark up to 85 h (red spectrum, 
compound 4); (b) Absorption spectra of hemiketal and compound 5 from the 
same experiment. 

2 Freshly prepared solutions were used to minimize the slow reactivity of the 
Ct species. 

3 The small variation reported at pH=6.2 in Fig. 3a was not observed in 
Fig. 4a because it occurs during the first stages of the reaction. 
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Fig. 12. Mercury drawings of the molecular structures of compounds (a) Py2, (b) Py3 and (c) Py4.  
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different mechanisms depending on the pH. For neutral pH values, Ct is 
directly transformed into compound 5, while for acidic pH values where 
the pyridine is protonated, this transformation occurs via compound 4 
(Scheme 8). 

3.1.2. Photochemistry (water:methanol (1:1)) 
The spectral variations upon irradiation at 365 nm of freshly pre

pared solutions of the compound Py2 are shown in Fig. 6. Short irra
diation times were used to avoid the photochemical reactions of the 
primary photochemical products obtained from 1t. The scope of this 
experiment is to assess the dark reactions that take place upon over
coming the strong cis–trans isomerization barrier, which is not possible 
from the thermal evolution at pH = 6. HPLC was used to follow these 
reactions that occur in the dark, Fig. 7. 

When the thermal evolution of neutral solutions (Fig. 4a) is 
compared with the dark evolution in the dark after irradiation (Fig. 7a), 
the most significant difference is the formation of a broad peak attrib
uted to the hemiketal, peak 3, which evolves to the expected mixture of 
1t and 5. Compound 4 is again not detected at neutral pH values. 
Identical comparison in acid medium (Fig. 4b and Fig. 7b) shows that 
after 15 min of irradiation the mole fraction of chalcones and hemiketal 
are very small and compound 4 is the main species. As expected, the 
evolution in the dark corresponds to the slow transformation of com
pound 4 to compound 5. 

The thermal recovery of the photochemical products was also fol
lowed by UV–vis absorption, Fig. 8, and the data obtained is in accor
dance with the observations from by HPLC (Fig. 7). At pH = 6.2 
(Fig. 8a), the trans-chalcone (1t) thermal recovery competes with the 
formation of compound 5. In acidic medium, it is clear the formation of 
the absorption spectra attributed to compound 4 after 10 h (see above 
Fig. 11a) and the one of compound 5 after 61 h (compare with Fig. 11b). 

3.1.3. The effect of the solvent 
The photochemical reaction of trans-chalcone 1t in CD3OD was 

monitored by 1H NMR, Fig. 9. After 90 min irradiation at 365 nm the 
trans-chalcone (1t, r.t. = 27.0 min) completely disappears to give a 
mixture of cis-chalcone (1c, r.t. = 29.1 min) and hemiketal (3, r.t. =
22.5 min). This solution evolves in the dark to the final product that was 
identified by 1H NMR as hemiketal, Fig. 9a (see supplementary material 
for the assignment). The HPLC data, Fig. 9b, corroborates the 1H NMR 
data, and allows to obtain the absorption spectrum of pure hemiketal, 
see Fig. 11b. 

In order to study the effect of water in the multistate, addition of 20 

Table 1 
Selected bond lengths (Å) and angles (◦) for compounds Py2, Py3 and Py4.   

Py2 Py3 Py4 

Distances (Å) 
C1–C2 1.4641(15) 1.462(6) 1.460(3) 
C2–C3 1.3367(15) 1.327(5) 1.325(2) 
C1–C4 1.4987(16) 1.485(5) 1.508(2) 
C3–C9 1.4556(15) 1.437(5) 1.451(2) 
C1–O1 1.2271(14) 1.226(4) 1.214(2) 
Angles (◦) 
C9–C3–C2 126.51(11) 131.7(4) 127.75(18) 
C3–C2–C1 120.86(11) 123.4(4) 122.33(18) 
C2–C1–C4 118.10(10) 119.6(5) 119.21(16) 
C2–C1–O1 122.24(10) 121.6(5) 122.08(17) 
C2–C1–C4–C8 168.39(11) − 178.1(3) − 7.1(3) 
C2–C3–C9–C10 − 176.77(11) 6.1(5) − 177.6(2)  

Table 2 
Crystal data and structure refinement for compounds Py2, Py3 and Py4.   

Py2 Py3 Py4 

Formula C14H11NO2 C14H11NO2 C14H11NO2 

M 225.24 225.24 225.24 
λ (Å) 0.71073 1.54178 0.71073 
T (K) 296(2) 296(2) 293(2) 
crystal system Monoclinic Monoclinic Monoclinic 
space group P21/n P21/c P21/n 
a (Å) 6.3345(2) 10.3400(5) 6.4171(3) 
b (Å) 12.5688(5) 9.0867(4) 14.5107(6) 
c (Å) 14.0305(6) 11.9877(5) 12.0942(5) 
α (deg) 90 90 90 
β (deg) 91.2740(10) 103.412(3) 94.308(2) 
γ (deg) 90 90 90 
V (Å3) 1116.79(7) 1095.60(9) 1122.99(8) 
Z 4 4 4 
ρcalc (g cm− 3) 1.340 1.366 1.332 
µ (mm− 1) 0.090 0.747 0.090 
θmax (deg) 32.031 36.378 25.660 
total data 40,355 4459 23,778 
unique data 3865 522 2116 
Rint 0.0544 0.0331 0.0682 
R [I greater than 3σ(I)] 0.0563 0.0295 0.0542 
wR2 0.1486 0.0775 0.1442 
Goodness of fit 1.069 1.062 0.935 
ρ min ρ max − 0.195 

0.334 
− 0.077 
0.118 

− 0.221 
0.172  

Fig. A1. Spectral variations of freshly prepared solutions of compound Py3 1.2 × 10− 4 M in water:methanol (1:1) taken immediately after the pH jumps to 0.4 < pH 
< 7.35 (a) and to 8.1 < pH < 12.0 (b), and respective titration curves (c). Fitting was achieved for pKCt+/Ct = 2.7 and pKCt/Ct-=9.3. 
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μL of DCl (12 M) to the solution obtained at the end of the experience 
reported in Fig. 9-III (and also shown in Fig. 10a-I) leads to the pro
tonated hemiketal, Fig. 10a-II. Addition of D2O to get a final solution 
with methanol:water (1:1) gives, after 48 h, a mixture of products where 
the major compound is assigned to compound 4 by HPLC (Fig. 10b-V). 

In Fig. 11 the absorption spectrum of compound 4 is shown. When 
this spectrum is compared with the one of Fig. 6b it is clear that they are 
identical in the visible region allowing to conclude that one of the major 
products obtained upon the photochemical reaction in acidic medium is 
the compound identified as 4. 

Summarizing, Py2 can add two new compounds to the respective 
multistate, underlining the importance of position 2 to interact chemi
cally with the chalcone moiety (Scheme 9). The formation of these two 
new peaks depends on the water concentration, which plays an impor
tant role in the stabilization of both species. 

Conversely, in the case of Py3 and Py4 the system is stable. The data 
regarding Py3 is presented and discussed in the Appendix. 

3.2. X-ray diffraction studies 

Compounds Py2, Py3 and Py4 were crystallized from MeOH, MeOH: 
Et2O (2:1) and MeOH:Et2O (1:1), respectively, as green (Py2) and yel
low (Py3 and Py4) plates, suitable for single-crystal X-ray diffraction, 
with their molecular structures being unambiguously established by X- 
ray diffraction. A Mercury diagram of the asymmetric units is depicted 
in Fig. 12, the most significant bond distances and angles being given in 
the Table 1. 

All compounds crystallized in the monoclinic system, with Py2 and 
Py4 in the P21/n space group, whereas P21/c space group was observed 
for Py3, showing only one molecule in the asymmetric unit. Although 
the synthesis of compound Py4 was reported in our earlier communi
cation, [27] no reports on its molecular structure were found and, 
therefore, it was also included in this paper for structural comparison 
with derivatives Py2 and Py3. All molecular structures consist of the (E) 
isomers of prop-2-en-1-one, containing as substituents 1-pyridinyl de
rivatives, namely 1-(pyridin-2-yl), 1-(pyridin-3-yl) or 1-(pyridin-4-yl), 
for Py2, Py3 and Py4, respectively, and 3-(2-hydroxyphenyl) moieties. 
All distances and angles in the three isomers are very similar (Table 1) 
and are within the expected values for similar compounds. [37] All 
compounds are nearly planar, displaying dihedral angles between the 
two aromatic rings of 7.69(4)◦, 5.43(19)◦, and 7.56(7)◦, for Py2, Py3 
and Py4, respectively. Nevertheless, despite the small differences, Py3 
shows the smaller dihedral angle, being the most planar derivative. 

In all isomers, Py2, Py3 and Py4, classic O–H⋯O and O–H⋯N 
hydrogen bonds, and C–H⋯O and C–H⋯N assisted non-classical 
hydrogen bonds generate infinite 1D-chains, as depicted in 
Figures S21–S23 and Table S8 (see Supporting Information). Due to the 

Scheme A1. Stabilization of the positive charge on protonated Py2 and Py3. EWG: Electron withdrawing group.  

Fig. A2. Spectral variations of the compound Py3 1.2  × 10− 4 M in water: 
methanol (1:1) after 96 h at pH = 6.5 (a) and at pH = 1.5 (b). 

Fig. A3. 1H NMR spectra (400 MHz, 300 k, CD3OD/D2O 1:1) of Py3 1.7  ×
10− 2 M. (a) immediately after a pH jump from pD = 6.6 to pD = 1.0, 100% of 
Ct+; (b) the same solution of (a) dark equilibrated after 5 days, 14.5% Cc+ (□); 
14.5% B+ (■); 71% Ct+ (○); (c) solution at pD = 6.6, Ct (purity more 
than 95%). 
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supramolecular interactions described above, the crystal packing of Py2 
and Py4 show zigzag arrangements when viewed along a, whereas Py3 
shows a continuous T-shaped arrangement when viewed along the c 
axis, as depicted in Figures S24–S26 (see Supporting Information). 

4. Conclusions 

The complex multistate of species observed in anthocyanins is fol
lowed by many other compounds including those where ring B is a 
pyridine. What is common in this last family is the lack of flavylium 
cation formation due to protonation of the nitrogen atom in the pyridine 
ring. However, the position of the nitrogen atom at the B ring is crucial 

for the reactivity of the multistate. In fact, a nitrogen atom at position 3′

or 4′ of pyridinechalcones allows to reach a common multistate of spe
cies in which the expected compounds B, Cc and Ct are present. How
ever, if the nitrogen atom is at position 2′, two new species appear on the 
multistate, compound 4 and compound 5, reported here for the first 
time. The presence of water is indispensable to promote the formation of 
these compounds. This fact opens the possibility of exploring a new 
family of compounds bio-inspired in anthocyanins with potential ap
plications in the design of new photochromic systems and as biological 
active compounds. 

Moreover, and due to the slow interconversion kinetics observed for 
this multistate of species, the inclusion of 1H NMR, and HPLC-MS 
techniques along with the traditional UV–vis spectroscopy, allows 
reaching a rather deep understanding of the behaviour of these systems. 
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Fig. A4. (a) Irradiation of the compound Py3, 1.2  × 10− 4 M in methanol:water (1:1) at 365 nm and pH = 6.5; (b) the same at pH = 1.5; (c) Comparison between the 
two photostationary states. 

Fig. A5. Recovery of thermal reaction by 1H NMR of Py3 1.7 × 10− 2 M in 
CD3OD/D2O (1:1 v/v) at pD = 6.95; initial spectrum after 1 h of continuous 
irradiation at 365 nm B (■), Cc (□) e Ct (○). 
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Appendix A 

Py3 multistate 

Fig. A1 shows the pH dependence of the absorption spectra of the 
compound Py3 taken immediately after direct pH jumps from freshly 
prepared solutions of the trans-chalcone at pH = 6.6. The shape and 
position of the absorption spectra of Ct+, Ct and Ct− are similar to the 
parent Py2. The titration curves allow to calculate the following acidity 
constants, pKa1 = 2.7 and pKa1 = 9.3. 

The second acidity constant corresponding to the deprotonation of 
the hydroxyl in Py2 (Fig. 1 main text) and Py3 are similar within the 
experimental error, but protonation of the pyridine ring is easier in Py3, 
due to the most favourable delocalization of the positive charge on the 
pyridine ring (Scheme A1). 

The thermal stability of Py3 is shown in Fig. A2. The absorption 
spectrum of Ct after 4 days does not show any modification at neutral pH 
(Fig. A2-a). At pH = 1.5 the protonated trans-chalcone Ct+ presents a 
decreasing of its absorption after 4 days, but the spectral variations are 
not much informative (Fig. A2-b). 

More information regarding this process was achieved by 1H NMR, 
Fig. A3. 

The 1H NMR spectra of Fig. A3 confirms the stability of the species Ct 
at pD = 6.6. At acidic pD values an equilibrium is reached between 

protonated hemiketal, protonated cis-chalcone and protonated trans- 
chalcone after 5 days. Similarly to Py2, no flavylium cation was detected 
at this pD value. 

The photochemistry of Py3 was also explored and the respective 
spectral variations are shown in Fig. A4, for the species Ct+ and Ct. It is 
worth of note the fact that the spectrum after 84 min at pH = 1.5 is more 
or less coincident with the one at pH = 6.5 (Fig. A4-c). Whatever are 
these species at the end of the irradiation process they are not proton
ated. This is different from the Ct species that due to its pKa = 2.7 
(Fig. A1) is expected to be protonated at pH = 1.5. 

More information regarding the system was achieved following the 
thermal recovery by 1H NMR, Fig. A5. 

As expected, the irradiation of Ct gives Cc. This last species has two 
competitive pathways to evolve, which are dependent on the relative 
value of the respective rate constants: i) give back Ct, ii) give B in a 
transient way, because B tends to give back Ct (the thermodynamic 
species via Cc). 

The same irradiation experiment was performed in MeOD 100% and 
the thermal recovery was followed 1H NMR. This process is much more 
simple than in a mixture water:methanol. The thermal recovery after 2 h 
of irradiation of Ct at 365 nm is shown in Fig. A6. 

Irradiation of Py3 in MeOH allows to easily overcome the cis–trans 
isomerization barrier and allow the system to reach B species which is 
the most stable thermodynamic product in MeOH. The addition of D2O 
to the system to have a solution with methanol:water 1:1, acid con
centration 0.48 M recovers the trans-chalcone. It is expected that the 
non-classical tautomerization that occurs between B and Cc is favored in 
presence of water due to the stabilization of ionic intermediates. 

Conjugation of the absorption and 1H NMR data of Fig. S4 and Fig. S5 
allows to conclude that, as expected, the primary product of the 
photochemical reaction is Cc that slowly evolves to the final state 
constituted by B. 

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jphotochem.2023.114658. 

Fig. A6. (a) 1H NMR of Py3 1.7 × 10− 2 M in CD3OD. I After irradiation at 365nm during 2h 75% Cc(□) and 25% B (■); II after dark equilibration 2h 50% Cc(□) and 
50% B (■); III after 20h 100% B (■). The spectrum does not change after 5 days upon addition of DCl (final acid concentration 0.48M). (b) Qualitative energy 
diagram of Py3 in CD3OD. 
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