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Abstract. The development of fluorescence materials with switched on/off emission has 

attracted a great attention owing to their potential applications in chemical sensing. In this work, 

the photophysical properties of a series of original 2-(2′-hydroxyphenyl)pyrimidines were 

thoroughly studied. The compounds were prepared by following well-established and 

straightforward methodologies and showed very little or null photoluminescence both in 

solution and in the solid state. This absence of emission can be explained by a fast proton 

transfer from the OH group to the nitrogen atoms of the pyrimidine ring to yield an excited 

tautomer that deactivates through a non-radiative pathway. The key role of the OH group in the 

emission quenching was demonstrated by the preparation of 2′-unsubstituted derivatives, all of 

which exhibited violet or blue luminescence. Single crystals of some compounds suitable for 

X-ray diffraction analysis could be obtained, which permitted the investigation of inter- and 

intramolecular interactions and molecular packing structures. The protonation of the pyrimidine 

ring by addition of trifluoroacetic acid inhibited the excited state intramolecular proton transfer 

(ESIPT) process, causing a reversible switch on fluorescence response detectable by the naked 

eye. This acidochromic behavior allows 2-(2′-hydroxyphenyl)pyrimidines to be used as solid-

state acid-base vapor sensors and anti-counterfeiting agents. Extensive Density Functional 

Theory (DFT) and its Time Dependent counterpart (TD-DFT) calculations at the M06-2X/6-

31+G** level of theory were performed to rationalize all the experimental results and 

understand the impact of protonation on the different optical transitions. 
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1. INTRODUCTION 

 In the last years, the phenomenon of excited state intramolecular proton transfer (ESIPT) 

has been widely studied both from a spectroscopic and theoretical point of view,1-6 since it is a 

fundamental process in different chemical and biological systems.7-10 Typical ESIPT molecules 

possess intramolecular hydrogen bonds because the geometric proximity between the proton 

donor and acceptor units is crucial for ESIPT to occur. ESIPT is usually accompanied by large 

Stokes shifts, very short lifetimes (k~1013 s−1), and often low fluorescence quantum yields in 

solution. Photoexcitation triggers a fast proton transfer from the H-bond donor to the H-bond 

acceptor that leads to a tautomer (keto) with a different electronic and geometrical structure 

from the original excited form (enol). As a consequence, ESIPT chromophores are able to show 

two emission bands, the longer wavelength one arising from the excited state keto form (ESIPT 

emission).11,12 Owing to the major structural reorganization, the fluorescence properties are 

highly sensitive to the microenvironment. Thus, the dual emission of the ESIPT molecules is 

finely tunable, which have found numerous applications in fields such as UV 

photostabilizers,13,14 fluorescent probes and imaging agents,15-19 and organic optoelectronic 

devices,20-25 among others.  

 Although the range of ESIPT emitters is wide, 2-(2′-hydroxyphenyl)-substituted 

derivatives of benzimidazole, benzoxazole, and benzothiazole are by far the most studied to 

date. In this type of compounds, it is also possible to detect triple fluorescence because 

luminescent phenolic anions can be generated in alkaline protic media.2,26-28  In contrast, 

diazine-based fluorophores have been scarcely investigated in this context.29-30 Recently, a first 

detailed account for quinazoline derivatives has been reported, in which the ESIPT emission 

was found to be completely quenched in solution but successfully restored via aggregation-

induced emission (AIE).31  Frustration of ESIPT luminescence is very common in solution, 

although it can sometimes be restored in the solid state due to the beneficial restriction of 

molecular motions.3 

 On the other hand, the photophysical properties of conjugated molecules based on 

diazines and benzodiazines also respond to environmental stimuli. These molecules have 

demonstrated to be highly sensitive to changes in polarity, pH, and the presence of metal 

cations.32-34 In this respect, the potential for protonation, complexation, and hydrogen bonding 

with the nitrogen atoms provides an excellent tool for developing new sensing and luminescent 

materials. 
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   In this paper, we describe the synthesis, characterization, and a full investigation of the 

photophysical properties of a series of original 2-(2′-hydroxyphenyl)pyrimidines. Through 

first-principles calculations, we give an in-depth insight into the ESIPT process and non-

radiative deactivation mechanism of this family of compounds. Time-Dependent Density 

Functional Theory (TD-DFT) has shown to be a suitable computational method for a deeper 

understanding of the ESIPT process,1,35-44 in which the proton transfer takes place in the excited 

state but not in the ground state. 

2. RESULTS AND DISCUSSION 

2.1. Synthesis of 2-aryl-4,6-bis(arylvinyl)pyrimidines. 

 Two synthetic pathways can be envisaged for the synthesis of 2-aryl-4,6-

bis(arylvinyl)pyrimidines, both based in a combination of Suzuki-Miyaura cross coupling and 

Knoevenagel condensation reactions. 2-Halo-4,6-dimethylpyrimidines 1 were used as starting 

materials to access 2-halo-4,6-bis(arylvinyl)pyrimidines 2 by condensation with the appropriate 

benzaldehyde in basic media. Chloro derivatives 2a and 2c were prepared in aqueous NaOH 

using Aliquat® 336 as a phase-transfer catalyst.45 Microwave irradiation allowed to reduce 

drastically the reaction time for 2a. Meanwhile, the iodo derivative 2b was obtained in excellent 

yield by solvent free condensation.46 The subsequent coupling reaction of compound 2b with 

2-hydroxyphenylboronic acid under standard conditions afforded 2-(2′-hydroxyphenyl)-4,6-

bis(4′-methoxystyryl)pyrimidine (4a) with moderate yield (Scheme 1, top). Nevertheless, this 

methodology proved unsuccessful when 2-chloro derivatives were used because of the lower 

reactivity of aryl chlorides. 
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Scheme 1. Synthesis of 2-aryl-4,6-bis(arylvinyl)pyrimidines (4a-e). 

 

 The preparation was more straightforward and the overall yield was substantially 

improved when inverting the functionalization pattern of the starting materials (Scheme 1, 

bottom). Thus, starting from commercially available 2-chloro-4,6-dimethylpyrimidine (1a), 2-

(2′-hydroxyphenyl)-4,6-dimethylpyrimidine (3a) was easily accessed. The synthesis of this 

compound had been previously reported from hydroxybenzamidine and acetylacetone with a 

very low yield of 12%.47 The final desired compounds 4a-c were obtained by Knoevenagel 

condensation with the corresponding aromatic aldehyde. In this case, the reaction was carried 

out in hot aqueous NaOH. This protocol could also be used for the successful preparation of 2-

aryl-4,6-bis(arylvinyl)pyrimidines 4d-e. Yields ranged from good to excellent. In all 

condensation reactions, the 3J(H-H) coupling constants of ~16 Hz for the vinylic protons in the 
1H NMR spectra indicated the selective formation of all-E isomers.  
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2.2. Synthesis of 2,4,6-triarylpyrimidines. 

 Commercially available 2,4,6-trichloropyrimidine was chosen as starting material for the 

synthesis of 2,4,6-triarylpyrimidines because the higher reactivity of the C4 and C6 carbons 

over the C2 carbon allows to carry out Suzuki-Miyaura coupling reactions in a sequential 

manner.48,49 Thus, in a first reaction with two equivalents of the appropriate boronic acid, we 

were able to obtain the 2-chloro-4,6-diarylpyrimidines 5 by selectively introducing two aryl 

groups under standard conditions at 50-65 ºC. In a second step, a higher temperature (100 ºC) 

was necessary to access the desired triarylsubstituted compounds 6 by reaction with a new 

molecule of boronic acid (Scheme 2). Under these conditions, no reaction was observed when 

5c was treated with 2-hydroxyphenylboronic acid, probably due to the higher electron-donor 

character of the carbazolyl group, which prevents the oxidative addition of Pd to the C-Cl bond. 

The temperature needed to be raised up to 140 ºC when 4-hydroxyphenyl boronic acid was 

used, obtaining 6e in moderate yield. 

 
Scheme 2. Synthesis of 2,4,6-triarylpyrimidines (6a-e). 
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Table 1. UV/vis and photoluminescence data (PL) of compounds 4 and 6.a 
 CH2Cl2  CH2Cl2 + TFAb  Solid (powder) 

Compd 
UV/vis lmax, nm 
(e, mM–1·cm–1) 

PL 
lmax, nm 

FF
c 

 UV/vis lmax, nm 
(e, mM–1·cm–1) 

PL 
lmax, nm FF

d 
 PL 

lmax, nm FF
e 

4a  347 (41.3), 384 (45.4) -- --  408 (33.8),f 468 (55.4) 550 0.11  -- -- 

4b 447 (55.2) -- --  483 (6.9),f 596 (27.4) 696 nd g  -- -- 

4c 291 (39.9), 328 (34.2)f -- --      -- -- 

4d 320 (69.9),f 371 (93.1), 384 (79.8)f 440 0.08      457 0.17 

4e 
 

278 (62.9), 329 (19.3), 373 (17.6), 
390 (14.4)f 

438 
 

0.11 
 

     471 0.21 

6a 277 (29.1),f 299 (33.4), 330 (29.3) -- --  359 (36.9), 395 (42.2) 436 0.34  444, 594 0.01 

6b 270 (58.9), 327 (11.7)f -- --      -- -- 

6c 278 (31.8), 291 (31.5), 325 (19.1) 369 < 0.01      388, 493 0.10 

6d 285 (134.3), 333 (21.6) 374 0.02      385 0.03 

6e 293 (37.3), 331 (12.4) 360,f 371 0.01      -- -- 

a All spectra were registered at room temperature (c = 0.38-5.80 ́  10–6 M). b Data after the addition of TFA (3000 equivalents 
for 4a, 1200 for 4b, and 6000 for 6a). c Fluorescence quantum yield determined relative to those of 9,10-diphenylanthracene 
in cyclohexane (FF = 0.90) and quinine sulfate in 0.1 M H2SO4 (FF = 0.54) for 4d and 4e (lexc = 373 nm); 2-aminopyridine 
in 0.1 M H2SO4 (FF = 0.60) for 6c (lexc = 297 nm); anthracene in ethanol (FF = 0.27) for 6d and 6e (lexc = 330 nm). d 
Fluorescence quantum yield determined relative to those of fluorescein in 0.1 M NaOH (FF = 0.82) for 4a (lexc = 467 nm), 
and 9,10-diphenylanthracene in cyclohexane (FF = 0.90) for 6a (lexc = 390 nm). e Fluorescence quantum yield calculated 
with a Jasco ILF-835/100 mm integrating sphere. f Shoulder. g Not determined (nd).  

 Compounds with R2 = OH (4a-c and 6a-b) were not fluorescent. Owing they possess an 

intramolecular hydrogen bond, this absence of emission can be explained by a fast proton 

transfer reaction in the excited state from the OH group to the nitrogen atoms of the pyrimidine 

ring to yield an excited tautomer (see below). The tautomer can experience a charge transfer 

process associated with a significant conformational change that leads to a radiationless 

decay.50-51 The key role of the OH group in the emission quenching was demonstrated by the 

preparation of derivatives with R2 = H (4d-e and 6c-e), all of which exhibited violet or blue 

luminescence (Table 1). Similar results were observed when the emission spectra were 

registered in the solid state. Whereas 4a-c and 6a-b remained very little or no luminescent, 

compounds with R2 = H showed red-shifted emission maxima and higher quantum yields with 

respect to those obtained in solution, except 6e (R1 = OH), which was not emissive (see Table 

1 and Figures S2-S4). 

 The ESIPT process was thoroughly studied from a theoretical point of view by performing 

DFT and TD-DFT calculations in CH2Cl2 solution and also in the crystal when available. 

Solvent effects were included using the polarizable continuum model (PCM) that accounts 

implicit solvation (see the Supporting Information for computational details). Taking into 

account the similarity that exits both in the chemical structure and in the experimental 

photophysical properties, quantum mechanical calculations were performed over compounds 

4a, 4d-e, 6a, and 6c-e. An initial conformational analysis was carried out at the M06-2X/6-
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31G** level of theory to determine the most stable conformation in solution (the relative 

energies are shown in Table S1). Figures S5 and S6 show some selected parameters of the 

optimized molecular geometry for the ground and excited states. It is worth commenting on the 

variations of the molecular geometry in compounds 4a and 6a after excitation. Our calculations 

predict O-H×××N hydrogen bonds in the ground state as moderate, according to the Jeffrey 

criteria,52 which could predispose the molecule to the proton transfer in the excited state. For 

4a, a planar structure is predicted with dihedral angles along the molecular skeleton very close 

to zero for both S0 and S1 states. After excitation, the hydrogen bond distance increases from 

1.355Å (S0, O-H×××N) to 1.360 Å (S1, O×××H-N) and the O–H–N bond angle decreases from 150º 

(S0) to 138º (S1), which would favor the stabilization of the keto form in the excited state. For 

compound 6a, the hydroxyphenyl ring is twisted relative to the pyrimidine ring by around 3º, 

and a significant deviation of the planarity is also found for the dihedral angles between the 

phenyl rings at 4 and 6 positions and the central pyrimidine of about 27º and –20º in the ground 

state. After excitation, these dihedral angles decrease up to 18º and 0.8º, while the ring at 

position 2 is twisted 19º. As in 4a, the hydrogen bond distance increases from 1.681Å (S0, O-

H×××N) to 1.875 Å (S1, O×××H-N) and the O–H–N bond angle decreases from 148º (S0) to 134º 

(S1). Thus, the O-H×××N hydrogen bond weakens in 6a after excitation, favoring the stabilization 

of the keto form in the excited state. Finally, compounds 4d-e are predicted to be almost planar 

in both ground and excited states. In contrast, compounds 6c-e present deviations in the ground 

state of 21º between the phenyl rings at 4 and 6 positions and the central pyrimidine, and < 0.2º 

between the pyrimidine and the phenyl ring at position 2. Nevertheless, these molecules become 

completely planar in the excited state. 

 The relaxed potential energy scan (PES) from the enol form (E) to the keto form (K) were 

computed in CH2Cl2 solution for 2-(2′-hydroxyphenyl)pyrimidines 4a and 6a, enlarging the 

oxygen×××hydrogen bond length of the OH group towards the nitrogen atom of the pyrimidine 

ring. As expected, the enol form is predicted to be more stable for both 4a and 6a in the ground 

state S0, whereas the keto form becomes more stable in the first excited state S1 (Figure 1, top; 

Table S1 lists the relative energies of the minima). As shown in Figure 1 (bottom), the height 

of the barrier for 4a from enol to keto form in S1 is 0.15 eV (3.4 kcal/mol), and the reversed 

barrier is 0.28 eV (6.5 kcal/mol). For 6a, the energy barrier from enol to keto form in S1 is 0.02 

eV (0.5 kcal/mol) and the reversed barrier is 0.57 eV (13.3 kcal/mol). As a result, the low energy 

barriers from the enol to keto form and the high reversed energy barriers would favor the ESIPT 

process in 4a and 6a, and the fluorescence emission from the keto form. 
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Figure 1. PES curves (top) computed for 4a (left) and 6a (right) in the ΔE scale at the M06-
2X/6-31+G** level of theory in CH2Cl2 solution. The enol (E) and keto (K) forms are indicated 
at short and long O-H distances, respectively. An enlarged view of the energy barriers of S1 
calculated for 4a and 6a in the excited state is shown in the bottom. 

 Table 2 lists the vertical electronic transitions and oscillator strength (f) calculated at the 

M06-2X/6-31+G** level of theory in CH2Cl2 solution, considering both enol (E) and keto (K) 

tautomers (for more details see Table S2). There is a good agreement with the experimental 

absorption data, especially for compounds 4a and 4d-e with differences in the range of 0.1-0.3 

eV. However, the differences observed were greater (0.3-0.5 eV) for compounds 6a and 6c-e. 

For all compounds studied, the lowest energy transition S0→S1 is predicted to be the strongest 

with a high contribution of the HOMO→LUMO and therefore charge transfer character. Figure 

2 plots the HOMO and LUMO molecular orbitals. For compounds 4a and 4d-e, the HOMO is 

delocalized on the two styryl arms while the LUMO is more localized on the pyrimidine ring. 

In 6a and 6c-e, the HOMO is localized on the three phenyl rings while the LUMO is localized 

on the pyrimidine ring. 

 A large red shift is predicted in the calculated S1→S0 transition for the keto form 

compared to the enol form in compounds 4a and 6a. In addition, the predicted oscillator strength 

is significantly smaller in the keto form (f = 0.09 for 4a and f = 0.12 for 6a) compared to enol 
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form (f = 2.06 for 4a and f = 1.18 for 6a). Since the keto form is predicted to be more stable in 

the first excited state S1, the emission will occur from this form and could therefore account for 

the absence of emission in solution for these compounds in the experimental spectra.  

Table 2. Maximum absorption (λabmax) and emission wavelengths (λemmax) determined in 
CH2Cl2 solution. Calculated lowest-energy transition wavelengths (λvert-abcalc and λvert-emcalc) and 
oscillator strengths (f) for these transitions. Calculations were carried out at the M06-2X/6-
31+G** level of theory. The absorption corresponds to S0→S1 and the emission to S1→S0 
transition. 

Compd λabmax  
eV (nm) 

λvert-abcalc 
eV (nm) f % Contribution λemmax 

eV (nm) 
λvert-emcalc 
eV (nm) f 

4a 
 

3.23 (384) 3.45 (360) 1.86 H ® L (90)  2.86 (434) E 
1.44 (859) K 

2.06 
0.09 

4d 3.34 (371) 3.55 (350) 1.89 H ® L (89) 2.82 (440) 2.88 (430) 1.54 
4e 3.32 (373) 3.54 (350) 1.78 H ® L (89) 2.83 (438) 2.90 (428) 1.94 
6a 3.76 (330) 4.17 (297) 0.80 H®L (79) 

H-1®L (12) 
 2.83 (438) E 

1.77 (702) K 
1.18 
0.12 

6c 3.81 (325) 4.28 (290) 0.90 H ® L (91) 3.36 (369) 3.84 (323) 0.86 
6d 3.72 (333) 4.22 (294) 0.67 H ® L (87) 3.32 (374) 3.76 (330)a 1.03 
6e 3.75 (331) 4.23 (293) 0.70 H ® L (89)  3.45 (360) 

3.31 (371) 
3.75 (331) 0.62 

a Calculated with CAM-B3LYP. 

 
Figure 2. Molecular orbitals in CH2Cl2 solution calculated for the ground and excited states at 
the M06-2X/6-31+G** level of theory (isocontour plots 0.02 a.u.). 
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  The non-radiative vibrational relaxation from the excited state was also studied by 

calculating the Huang-Rhys factors (HR) in CH2Cl2 solution (see Table S3; the corresponding 

reorganization energies are shown in Figure S7).53 Figure 3 shows that the largest values were 

calculated for compounds 4a and 6a, in agreement with the dark states observed by these 

compounds in solution. For 4a, the largest HR factor is found for the vibrational mode 

associated to the OH stretching, calculated at 3131 cm–1 with HR = 28. For 6a, this vibrational 

mode is calculated at 3176 cm–1 with HR = 1.4, and there are also two modes in the low energy 

region predicted at 24 cm–1 and 34 cm–1 with HR = 3 and 6, respectively. In view of our 

calculations, we postulate that the proton transfer in the excited state will be assisted mainly by 

the OH stretching mode in the high energy region for 4a, and by the low energy modes at 24 

and 34 cm–1 and the OH stretching mode for 6a.  

 In contrast to the null emission observed for 4a-c, quantum yields of 8% and 11% were 

measured in solution for 4d and 4e, respectively (see Table 1). These results are consistent with 

the small vibrational relaxation predicted for these compounds, with 0.64 and 0.67 being the 

highest HR factors calculated for the vibrational modes 25 cm–1 (4d) and 24 cm–1 (4e), 

respectively. Furthermore, higher HR factors (~6) were obtained for 6c-e, which could justify 

the lower quantum yields measured for these derivatives in solution (FF £ 1%). Thus, our 

calculations predict two vibrational modes at 24 and 38 cm–1 for 6c, at 21 cm–1 for 6d, and at 

23 and 35 cm-1 for 6e, with HR factors around 5-6. Figures S8 and S9 show the atomic 

displacements for some of these vibrational modes. 

 
Figure 3. Huang-Rhys factors calculated for the ground state of compounds 4a, 4d-e, 6a, and 
6c-e in CH2Cl2 at the M06-2X/6-31+G** level of theory. 
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2.4. Photophysical properties in solid state 

 
 Single crystals of 4a, 4e, and 6c-e suitable for X-ray diffraction analysis were obtained 

by vapor diffusion in CH2Cl2/CH3CN and CHCl3/MeOH solvent systems. This allowed us to 

investigate inter- and intramolecular interactions and molecular packing structures, which 

directly impact the emissive properties of the compounds in solid state.54 Data processing and 

refinement parameters are given in Table 3. 

 

Table 3. Crystallographic and refinement data for 4a, 4e, and 6c-e. 
Compound 4a 4e 6c 6d 6e 
CCDC number 2113241 2113242  2113243  2113244  2113245 
Formula C28H24N2O3 C29H26N2O3 C24H20N2O2 C25H22N2O3 C24H20N2O3 
FW (g·mol-1) 436.49 450.52 368.42 398.44 384.42 
Color, habit white needle yellow prism white prismatic white prismatic white prismatic 
Crystal size (mm3) 0.030x0.035x0.300 0.20x0.15x0.06 0.27x0.23x0.07  0.190x0.185x0.035 0.228x0.150x0.123 
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P c a 21 P 21/c P 21/n P 21 P 21/n 
Unit cell dimens. a (Å) 22.569(1) 15.917(1) 13.460(1) 6.483(1) 13.755(1) 
                            b (Å) 5.140(1)  13.881(1) 7.515(1) 8.533(1) 7.797(1) 
                            c (Å) 37.999(1) 10.594(1) 18.609(1) 18.029(1) 17.927(1) 
                            α (°) 90 90 90 90 90 
                            β (°) 90 98.99(1) 104.27(1) 95.01(1) 102.42(1) 
Volume (Å 3) 4408.2(2) 2312.1(1) 1824.2(1) 993.5(1) 1877.9(2) 
Z 8 4 4 2 4 
Density (calc. Mg·m-3) 1.315 1.294 1.341 1.332 1.360 
μ (mm-1) 0.086 0.084 0.086 0.088 0.091 
F(000) 1840 952 776 420 808 
θ range (°) 2.099-27.177 1.96-27.12 2.14-7.51 2.27-27.19 2.33-28.76 
Index ranges 0 ≤ h ≤ 6 -20 ≤ h ≤ 20 -17 ≤ h ≤ 16 -8 ≤ h ≤ 8 -18 ≤ h ≤ 18 
 0 ≤ k ≤ 28 -17 ≤ k ≤ 17 0 ≤ k ≤ 9 -10 ≤ k ≤ 10 -9 ≤ k ≤ 10 
 -48 ≤ l ≤ 48 -13 ≤ l ≤ 13 0 ≤ l ≤ 24 0 ≤ l ≤ 23 -24 ≤ l ≤ 23 
Reflecs. collected 9721 18962 4185 4409 46689 
Indep./ I > 2σ(I) 9721 5113 4185 4409 4872 
Rint 0.086 0.0381 0.047 0.035 0.0429 
Weighting scheme w-1 = σ2(Fo2) + (xP)2 + yP (P=(Fo2+2Fc2)/3)    
x/y 0.0624/0.8168 0.0513/0.3935 0.0379/1.1602 0.0419/0.1246 0.0573/1.0741 
Data / restraints / parameters 9721 / 1 / 636 5113 / 0 / 411 4185 / 0 / 333 4409 / 1 / 359 4872 / 0 / 342 
Goodness-of-fit on F2 1.036 1.037 1.077 1.061 1.061 
R1/wR2 [I > 2σ(I)] 0.0619/0.1325 0.0391/0.0968 0.0474/0.1120 0.0347/0.0854 0.0409/0.1092 
R1/wR2 (all data)           0.0850/0.1485 0.0539/0.1032 0.0544/0.1154 0.0403/0.0876 0.0516/0.1186 
Largest Δρ (e·Å-3) 0.844/-0.365 0.322/-0.205 0.957/-1.143 0.156/-0.239 0.390/-0.283 

 

 The compounds adopt monoclinic crystal systems, except 4a that prefers an orthorhombic 

structure with two crystallographically independent molecules in the asymmetric unit. Figure 

S10 shows the crystal structures for all compounds. In general, intramolecular C-H···N weak 

hydrogen bonds (2.48-2.83 Å) exist between the central pyrimidine and the adjacent phenyl 
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rings, which could restrict the intramolecular distortion and increase the molecular stability. 

Crystal structures show that the compounds adopt a planar geometry: the dihedral angle 

between the plane of the rings and the molecular plane exhibits values between 5.1º and 18.1º, 

with the compound 6c showing the greatest deviation (18.1º). For compounds 4a and 6e, the 

presence of the OH group in ortho (4a) and para (6e) position permits intra and intermolecular 

hydrogen bonds, respectively. In the structure of 4a, it can be observed an intramolecular 

interaction O2C-H2C···N3 (O2-N3 distance of 2.545(6) Å), whereas 6e exhibits an 

intermolecular bond O4C-H4C···N1 (O4-N1 distance of 2.905(1) Å).  

 The molecular packing patterns of the less emissive compounds in solid 4a, and 6c-e are 

similar. Crystal structures of 4a and 6d show the molecules stacked in parallel, while in 6c and 

6e the arrangement is antiparallel. All the interactions were stablished by π-π interactions 

through the pyrimidine ring and one of the neighboring rings (Figure 4, top).55 Geometrical 

parameters defining the π-π interactions indicate the existence of π-stacking arrangement with 

centroid distances ranged between 3.5 and 4.0 Å. As it is known, these interactions quench the 

emission,56 which would agree with the low quantum yield measured for compounds 6c and 6d 

in solid state (10% and 3%, respectively) and the null emission for 4a and 6e. Meanwhile, 

multiple weak interactions such as C-H···π interactions and no classical hydrogen bonds 

promotes three-dimensional structures in which the stacking of molecules shows an angular 

disposition (Figure 4, bottom), with angular dihedral angles between 40.73º in 4a and 73.10º 

(quasi parallel disposition) in 6d. In contrast, the three-dimensional structure of 4e shows 

isolated molecules and exhibits only an intramolecular weak bond (C42-H42···N3; 2.841(2) 

Å). Moreover, the intermolecular interactions are weaker than in the other structures; for 

instance, the distances between planes to form the p-p stacking are larger (ca. 4.54 Å). These 

weaker interactions could lead to improved emission, thus increasing the photoluminescence 

quantum yield in the solid state for 4e up to 21%.  
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Figure 4. Pattern of the π-π interactions between molecules (top) and crystal packing (bottom) 
of compounds 4a, 6c, and 4e. For clarity, neither hydrogen atoms (top) nor atom labels are 
displayed (crystal packing of 6d and 6e are shown in Figure S11). 
 
 
 The possibility of ESIPT in the crystal was also investigated by performing TD-DFT 

calculations for compound 4a. For 6e, we analyzed the possibility of an intermolecular proton 

transfer in the excited state in a dimer. In both cases, we built a cluster of 15 molecules from 

the crystal structure. The relaxed PES from the enol form (E) to the keto form (K) were 

computed enlarging the oxygen×××hydrogen bond length of the OH group to the nitrogen atom 

of the pyrimidine ring in compound 4a, and to the neighboring molecule in dimer 6e, leaving 

the surrounding molecules frozen. As expected, the enol form is more stable for both 4a and 6e 

in the ground state S0 (Figure 5). For compound 4a, the energy barrier for the ESIPT process 

disappears and the keto form becomes more stable in the first excited state S1. However, the 

energy barrier for the intermolecular proton transfer in 6e is 0.49 eV (11.1 kcal/mol) and the 

ESIPT process in solid state would be less favored than in solution (Figure S12). In any case, 

this result should be taken with caution due to the simplicity of our model, which consider only 

the excitation of one dimer in the crystal. Table S4 lists the calculated emission for the enol (E) 

and keto (K) forms of the central molecule of 4a and the dimer 6e. The calculated oscillator 

strength for the keto form of 4a is almost zero (f = 0.008), which is in agreement with the lack 

of emission of this compound in the solid state. Although the enol form is more stable than the 
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keto form for the dimer of 6e, the oscillator strength is also very small (f = 0.4), which could 

account for the absence of emission in the solid state. 

 

Figure 5. a) PES curves computed for the central molecule of 4a (top) and the dimer of 6e 
(bottom) in the ΔE scale at the M06-2X/6-31G** level of theory. The enol (E) and keto (K) 
forms are indicated at short and long O-H distances, respectively. b) Molecular clusters 
computed at the QM/MM level. The central molecule is treated as high level (M06-2X/6-
31G**) and the surrounding molecules as low level (UFF41). 
 
 
2.5. Effect of protonation: experimental results and computational insights 

 The effect of protonation of the pyrimidine ring on the photophysical properties was also 

studied by titration of CH2Cl2 solutions with trifluoroacetic acid (TFA). The changes observed 

in the absorption and emission spectra for compound 4a are illustrated in Figure 6. The UV/vis 

spectra showed the progressive attenuation of the absorption band for the neutral compound on 

increasing the concentration of acid, whereas a new red-shifted absorption band progressively 

appeared. The spectra showed an isosbestic point at 402 nm and this is characteristic of an 
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equilibrium between two species (Figure 6, left). The bathochromic shift is explained by the 

higher degree of intramolecular charge transfer (ICT) due to an increase in the electron-

withdrawing character of the pyrimidine ring, as observed previously.32 More than 3000 

equivalents of TFA were required for a complete protonation. 

 

Figure 6. Changes in the absorption (left) and emission (right, lexc = 384 nm) spectra of a 
CH2Cl2 solution of 4a (c = 4.12 ´ 10–6 M) upon addition of TFA.   

 

  As mentioned above, the neutral solution of 4a did not exhibit luminescence. 

Nevertheless, the addition of acid resulted in the progressive appearance of a green-yellow 

emission band (lmax = 550 nm) whose intensity increased with the concentration of acid (Figure 

6, right). The addition of acid should inhibit the ESIPT process, effectively interrupting the 

non-radiative deactivation pathway of the excited state. This fact accounts for the observed 

switch on fluorescence response, which was also readily detectable by the naked eye (Figure 7, 

left). 

     

Figure 7. Change in the color of a CH2Cl2 solution of 4a (left) and 6a (right) after the addition 
of TFA (3000 equivalents for 4a and 1500 equivalents for 6a). The pictures were taken in the 
dark upon irradiation with a UV hand-held lamp (lexc = 365 nm, 24 W). 
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 A similar behavior was observed for compounds 4b and 6a (Figure 7 right and Figures 

S13-S14), although the protonated form of 4b showed a poor fluorescence signal because of a 

greater ICT. In contrast, the optical properties of 4c and 6b remained almost unaltered in the 

presence of an excess of TFA, which denoted an ineffective protonation. The strong electron-

withdrawing character of the CF3 groups should decrease the basicity of the pyrimidine nitrogen 

atoms.57,58 Titrations of acetonitrile solutions of 4a and 6a with aqueous HCl gave similar 

results to those obtained with TFA, although less acid was required for complete protonation 

due to the higher acidity of HCl. All these data seem to rule out the formation of a dication at 

least at the concentration of acid used. 

 Protonation of 4a and 6a was also studied by 1H NMR spectroscopy. Upon addition of an 

excess of TFA to a CDCl3 solution of 4a, most of the signals were shifted downfield, except 

proton H6′ of the 2′-hydroxyphenyl group that experienced an upfield shift (Figure 8). A similar 

behavior was observed for the protonation of 6a (Figure S15). The addition of acid should lead 

to an equilibrium between the two possible monoprotonated species (Figure 9). This 

equilibrium is fast on the NMR time scale and the only set of signals observed is an average of 

both species. If only one of these species were formed, each branch at positions 4 and 6 of the 

pyrimidine ring would give a different set of signals. 

 
Figure 8. Expanded regions of the 1H NMR spectrum of 4a before (bottom) and after (top) the 
addition of an excess of TFA (CDCl3, 500 MHz). 

  TD-DFT calculations were also performed on protonated compounds 4a and 6a in order 

to investigate the origin of the emission after protonation. The molecular geometry for the 
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ground and excited states were optimized at the M06-2X/6-31+G** level of theory in CH2Cl2 

solution exploring the two possibilities of protonation as shown in Figure 9 (see geometrical 

parameters in Figure S16). Protonation leading to 4aH+-(2) and 6aH+-(2) provides further 

stabilization and lack of ESIPT. These protonated species are slightly more stable (DE~1 

kcal/mol) than 4aH+-(1) and 6aH+-(1) (relative energies are listed in Table S5). 

 

Figure 9. Possibilities of protonation for compounds 4a and 6a. 

 Table 4 lists the vertical electronic transitions along with the experimental absorption and 

emission data (see also Table S6 for more transitions). The theoretical predictions are in good 

agreement with the experimental observations, with deviations in the range 0.1-0.4 eV for 

4aH+-(1) and 6aH+-(1) and up to 0.5 eV for 4aH+-(2) and 6aH+-(2). The lowest energy S0→S1 

transition is predicted to be the strongest with a high contribution of the HOMO→LUMO 

transition and therefore charge transfer character. Figure S17 plots the HOMO and LUMO 

molecular orbitals for the protonated compounds. 

Table 4. Maximum absorption (λabmax) and emission wavelengths (λemmax) determined for 
protonated compounds 4a and 6a.  Calculated lowest-energy transition wavelengths (λvert-abscalc 
and λvert-emcalc) and oscillator strengths (f) for these transitions. Calculations were carried out at 
the M06-2X/6-31+G** level of theory in CH2Cl2 solution. The absorption corresponds to 
S0→S1 and the emission to S1→S0 transition. 

Compd λabmax  
eV (nm) 

λvert-abcalc 
eV (nm) f % Contr. λemmax 

eV (nm) 
λvert-emcalc 
eV (nm) f 

4aH+-(1) 2.65 (468) 2.76 (450) 2.06 H ® L (92) 2.25 (550) 2.61 (476) E 2.39 
       0.82 (1516) K 0.09 

4aH+-(2)  2.92 (425) 2.04 H ® L (91)  2.72 (456) 2.37 
6aH+-(1) 3.14 (395) 3.46 (359) 1.09 H ® L (90) 2.84 (436) 3.14 (396) E 1.42 

     1.20 (1036) K 0.05 
6aH+-(2)  3.62 (342) 1.12 H ® L (89)  3.33 (372) 1.47 
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 The relaxed PES from the enol form (E) to the keto form (K) were also computed for 

4aH+-(1) and 6aH+-(1), enlarging the oxygen×××hydrogen bond length of the OH group to the 

nitrogen atoms of the pyrimidine ring. As shown in Figure 10, the enol form is more stable for 

both protonated species in the ground state S0. The calculated energy barrier predicts the 

stabilization of the enol form of 4aH+-(1) in the first excited state S1, that is, the ESIPT would 

not occur in 4aH+-(1) (Table S5 lists the relative energies of the minima). As shown in Table 

4, a significant oscillator strength (f = 2.39) is predicted not only for the S1→S0 electronic 

transition of the enol form of 4aH+-(1) but also for 4aH+-(2) (f = 2.37), which could account 

for the observed emission after the addition of acid (FF = 11%). Namely, according to our 

calculations, both protonation positions would result in emissive species in the case of 

compound 4a. 

 Regarding with 6aH+-(1), the keto form in S1 is 1.6 kcal/mol more stable than the enol 

form (Figure S18 shows an enlarged view of the calculated energy barrier in the excited state 

S1). The energy barrier from the enol to keto form in S1 is 0.17 eV (3.9 kcal/mol) and the 

reversed barrier is 0.24 eV (5.5 kcal/mol). These results do not justify the emission increase 

observed for compound 6a after protonation (FF = 34%). Nevertheless, the calculated oscillator 

strength for the S1→S0 transition of 6aH+-(2) (f = 1.47) does explain the observed emission. 

 Furthermore, small HR factors were calculated for protonated 4a and 6a, which supported 

the switch on fluorescence response observed for these compounds after protonation (Figure 

11, Table S7). The largest HR factor for 4aH+-(1) was around 1 for the vibrational mode at 23 

cm-1 in the low frequency region. The calculated values for 4aH+-(2) were even smaller than 

those for 4aH+-(1). Therefore, both protonation positions would favor the radiative relaxation. 

In 6aH+-(1), if the relaxation occurs from the enol form, there are several modes in the low 

energy region with HR < 1, which could favor the radiative relaxation. In contrast, if the 

molecule relaxes from the keto form (predicted more stable than the enol form), a large value 

of HR = 30 is calculated in the high frequency region for the mode at 3474 cm-1 in detriment of 

the emission. For 6aH+-(2), small HR factors (around 2) were obtained in the low energy region, 

thus clearly favoring the radiative relaxation. 
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Figure 10. PES curves computed for protonated 4aH+-(1) and 6aH+-(1) in the ΔE scale at the 
M06-2X/6-31+G** level of theory in CH2Cl2 solution. The enol (E) and keto (K) forms are 
indicated at short and long O-H distances, respectively.  
 

 
Figure 11. Huang-Rhys factors for the ground state of protonated 4a and 6a calculated at the 
M06-2X/6-31+G** level of theory in CH2Cl2. 
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2.6. Hydrogen bonding strength 

 The potential energy barrier of the C-C-C-N dihedral angle between the pyrimidine and 

the phenyl ring at position 2 was calculated in the ground state in order to estimate the ease of 

rotation of the phenyl ring. As expected, the highest rotational energy barrier was obtained for 

compounds 4a and 6a (~11 kcal/mol), which is indicative of the strength of the hydrogen bond 

(Figure S19). The phenyl ring may undergo twisting motions more easily for the rest of 

compounds. With regard to the protonated species, the height of the barrier correlates well with 

the strength of the hydrogen bonds, i.e., 4a > 4aH+-(1) > 4aH+-(2) and 6a > 6aH+-(1) > 6aH+-

(2) (see below). 

Additionally, in order to confirm the relative strength of the intramolecular hydrogen 

bonds predicted in compounds 4a and 6a, before and after protonation, we have performed 

Quantum Theory of Atoms In Molecules (QTAIM) calculations in the context of the Bader’s 

theory using the ground state optimized molecular geometry of 4a and 6a in CH2Cl2 solution, 

as well as the molecular geometry derived from the crystal structure of 4a and 6e.59,60 Figure 

S20 shows the distribution of critical points (CPs) and bond paths for inter and intramolecular 

hydrogen bonds. Table S8 lists the calculated QTAIM parameters of the hydrogen bonds. The 

dissociation energy (Edis) was calculated to evaluate the strength of the hydrogen bonds by using 

the methodology proposed by Espinosa et al.61 Figure 12 plots the Edis versus the hydrogen 

bond (HB) distance. The QTAIM analysis revealed that Edis for compounds 4a and 6a are higher 

and, consequently, the intramolecular HBs stronger than those of the corresponding protonated 

species. These results indicate that the ESIPT process is more favored before protonation. Edis 

is also higher for 4aH+-(1) (45.1 kJ/mol) and 6aH+-(1) (42.7 kJ/mol) compared to 4aH+-(2) 

(38.7 kJ/mol) and 6aH+-(2) (37.8 kJ/mol). In fact, the keto form of 6aH+-(1) becomes more 

stable than the enol form in the excited state, thus favoring the ESIPT process and the absence 

of emission. Although the hydrogen bonds for 4aH+-(2) and 6aH+-(2) are weaker than for 

4aH+-(1) and 6aH+-(1), these intramolecular interactions cause a rigidification in that part of 

the molecule (see Figure S16), preventing the ESIPT process and increasing the fluorescence 

emission. Regarding the crystal data, the weakest HB corresponds to the intermolecular HB in 

the dimer of 6e (Edis = 23.0 kJ/mol), while the intramolecular HB for compound 4a (Edis = 57.7 

kJ/mol) is close to that in solution (Edis = 64.4 kJ/mol), which again favors the ESIPT process 

and the loss of emission in the solid state. 
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Figure 12. Dependence of the dissociation energy (Edis) versus H…O distance. 

 
 
2.7. Anti-counterfeiting applications 

 The illicit trafficking of counterfeit goods is one of the largest money-making sources for 

organized crime and a global serious concern.62 Fluorescent security inks are among the most 

widely used techniques to prevent counterfeiting. A higher level of security can be achieved 

simply by implementing a passive invisible ink as a tag.63,64 Based on the remarkable 

luminescence response aroused by acid, the fluorescence probes 4a and 6a looks to be 

appropriate for anti-counterfeiting applications. Thus, three drops of a solution of 4a (4.12 ´ 

10–5 M in CH2Cl2) were deposited on a piece of Whatman filter paper, which were invisible 

both under daylight and under UV light. Upon exposure to acid vapors (HCl), the droplets were 

prominent as greenish-yellow circles under UV light (Figure 13) with a response time of a few 

seconds (1-5 s). The paper was further exposed to triethylamine vapor to check for reversibility. 

The emission could be switched on and off for at least 10 cycles allowing the material to be 

used multiple times. The fluorescent color on the paper also slowly faded over time. A similar 

phenomenon was observed for 6a (Figure S21).  

 
Figure 13. Digital photographs of the reversible color change of Whatman filter paper under 
UV light (365 nm) using compound 4a as an anti-counterfeiting agent. 
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3. EXPERIMENTAL SECTION 

All experimental methods, materials, as well as the synthesis and characterization of all 

compounds are fully described in detail in the Supporting Information. Here we include a few 

representative examples. 

2-(2′-Hydroxyphenyl)-4,6-dimethylpyrimidine (3a).65 

 2-Chloro-4,6-dimethylpyrimidine (1000 mg, 7.02 mmol), 2-hydroxyphenylboronic acid 

(1065 mg, 7.72 mmol), and sodium carbonate (3720 mg, 35.1 mmol, dissolved in a minimum 

amount of water) were mixed with 1,2-dimethoxyethane (8 mL). Palladium acetate (79 mg, 

0.35 mmol) and triphenylphosphine (183 mg, 0.70 mmol) were then added. The mixture was 

bubbled with argon for 5 min and heated at 100 ºC in a flask sealed with a screw cap for 48 h. 

The solvent was evaporated, water was added, and the mixture extracted with dichloromethane 

(×3). The combined organic extracts were dried (MgSO4) and the solvent evaporated. The crude 

product was purified by column chromatography (alumina, hexanes/EtAcO mixtures, 10:0 to 

9:1) to give a colorless solid (1230 mg, 88%). Further purification was achieved by 

crystallization from hexanes. 1H NMR (CDCl3, 500 MHz) d: 2.56 (s, 6H, 2×CH3), 6.94 (s, 1H, 

pyr), 6.94-6.97 (m, 1H, ArH), 7.02 (dd, 1H, J = 8.0 Hz, J = 1.0 Hz, ArH), 7.38 (m, 1H, ArH), 

8.54 (dd, 1H, J = 8.0 Hz, J = 1.5 Hz, ArH). 13C NMR and DEPT (CDCl3, 125 MHz) d: 165.9 

(C), 164.2 (C), 160.7 (C), 133.0 (CH), 129.2 (CH), 118.9 (CH), 118.6 (C), 117.8 (CH), 117.5 

(CH), 23.9 (CH3). IR (ATR) n: 1561, 1434, 1366, 1250, 848, 759 cm-1. 

(E,E)-2-(2′-Hydroxyphenyl)-4,6-bis(4′-methoxystyryl)pyrimidine (4a). 

 A stirred mixture of 2-(2′-hydroxyphenyl)-4,6-dimethylpyrimidine (100 mg, 0.5 mmol), 

4-methoxybenzaldehyde (136 mg, 1 mmol), aliquat® 336 (22 mg, 0.05 mmol), and 5 M NaOH 

(8 mL) was heated at 50 ºC for 22 h. After cooling, the precipitated yellow solid was collected 

by filtration and purified by washing with boiling methanol (200 mg, 92%). Mp: 175-177 ºC 

(EtAcO/MeOH). 1H NMR (CDCl3, 500 MHz) d: 3.86 (s, 6H, 2×OCH3), 6.94 (A of ABq, 4H, J 

= 8.5 Hz, ArH), 6.97 (A of ABq, 2H, J = 16.0 Hz, 2×CH=), 6.99-7.02 (m, 1H, ArH), 7.07 (dd, 

1H, J = 8.0 Hz, ArH), 7.10 (s, 1H, pyr), 7.39-7.43 (m, 1H, ArH), 7.58 (B of ABq, 4H, J = 8.5 

Hz, ArH), 7.84 (B of ABq, 2H, J = 16.0 Hz, 2×CH=), 8.67 (dd, 1H, J = 8.0 Hz, J = 1.5 Hz, 

ArH), 13.95 (br s, 1H, OH). 13C NMR and DEPT (CDCl3, 125 MHz) d: 164.1 (C), 161.9 (C), 

161.0 (C), 160.8 (C), 137.5 (CH), 133.0 (CH), 129.4 (CH), 128.2 (C), 122.8 (CH), 119.0 (C), 

118.9 (CH), 117.7 (CH), 114.4 (CH), 113.1 (CH), 55.4 (CH3). MALDI-TOF MS (DHB) m/z: 

437.3 [M+H]+. IR (ATR) n: 1526, 1593, 1560, 1508, 1367, 1242, 1161, 1022, 972, 840, 754 
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cm-1. Anal. Calcd for C28H24N2O3: C, 77.04; H, 5.54; N, 6.42. Found: C, 76.86; H, 5.39, N, 

6.62. 

2-Chloro-4,6-bis(4′-methoxyphenyl)pyrimidine (5a).66,67 

 2,4,6-Trichloropyrimidine (500 mg, 2.73 mmol), 4-methoxyphenylboronic acid (830 mg, 

5.46 mmol), and sodium carbonate (1810 mg, 17.1 mmol, dissolved in a minimum amount of 

water) were mixed with 1,2-dimethoxyethane (10 mL). Palladium acetate (15 mg, 0.068 mmol) 

and triphenylphosphine (36 mg, 0.137 mmol) were then added. The mixture was bubbled with 

argon for 10 min and heated at 50 ºC in a flask sealed with a screw cap for 24 h. The solvent 

was evaporated, water was added, and the mixture extracted with dichloromethane (×3). The 

combined organic extracts were dried (MgSO4), concentrated under vacuum and filtered 

through a short pad of Celite and alumina. Finally, the solvent was evaporated and the crude 

product washed with boiling methanol to give a colorless solid (880 mg, 99%). Further 

purification was achieved by crystallization from EtAcO/hexanes. 1H NMR (CDCl3, 500 MHz) 

d: 3.91 (s, 6H, 2×CH3), 7.03 (A of ABq, 4H, J = 9.0 Hz, ArH), 7.88 (s, 1H, pyr), 8.13 (B of 

ABq, 4H, J = 9.0 Hz, ArH). 13C NMR and DEPT (CDCl3, 125 MHz) d: 166.7 (C), 162.5 (C), 

161.8 (C), 129.0 (CH), 128.2 (C), 114.4 (CH), 109.0 (CH), 55.5 (CH3). 

2-(2′-Hydroxyphenyl)-4,6-bis(4′-methoxyphenyl)pyrimidine (6a). 

 This compound was prepared from the pyrimidine derivative 5a (640 mg, 2.02 mmol) and 

2-hydroxyphenylboronic acid (306 mg, 2.22 mmol) following the same procedure described 

above for 3a. In this case the mixture was heated at 100 ºC for 24 h. Purification was performed 

by filtration of a dichloromethane solution through a short pad of Celite and alumina. Finally, 

the solvent was evaporated and the crude product washed with boiling methanol to give a 

colorless solid (570 mg, 81%). Mp: 187-188 ºC. 1H NMR (CDCl3, 500 MHz) d: 3.92 (s, 6H, 

2×OCH3), 7.02 (m, 1H, ArH), 7.06-7.09 (m, 5H, J = 8.5 Hz, ArH), 7.43 (m, 1H, ArH), 7.86 (s, 

1H, pyr), 8.16 (B of ABq, 4H, J = 8.5 Hz, ArH), 8.73 (dd, 1H, J = 8.0 Hz, J = 2.0 Hz, ArH), 

14.02 (br s, 1H, OH). 13C NMR and DEPT (CDCl3, 125 MHz) d: 164.8 (C), 163.2 (C), 162.3 

(C), 160.9 (C), 133.0 (CH), 129.5 (CH), 129.0 (C), 128.9 (CH), 119.4 (C), 118.9 (CH), 117.7 

(CH), 114.5 (CH), 108.4 (CH), 55.5 (CH3). MALDI-TOF MS (DHB) m/z: 385.3 [M+H]+. IR 

(ATR) n: 1598, 1584, 1509, 1364, 1297, 1235, 1172, 1030, 827, 752 cm-1. Anal. Calcd for 

C24H20N2O3: C, 74.98; H, 5.24; N, 7.29. Found: C, 74.74; H, 5.01, N, 7.58. 
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4. CONCLUSIONS 

Efficient synthetic routes that combine Suzuki-Miyaura cross coupling and 

Knoevenagel condensation reactions have been developed for the synthesis of a new family of 

2-(2′-hydroxyphenyl)pyrimidines. These compounds exhibited very little or no luminescence 

both in solution and in the solid state, which is explained by an ESIPT process from the OH 

group to the nitrogen atoms of the pyrimidine ring and confirmed by the emissive properties of 

analogous 2′-unsubstituted derivatives. Single crystal X-ray structure analysis determined inter- 

and intramolecular interactions and molecular packing structures, which helped us to rationalize 

the different luminescent behavior in the solid state. The compounds could be easily protonated 

at the nitrogen atom of the pyrimidine ring. Protonation provided a substantial enhancement in 

the fluorescence response of 2-(2′-hydroxyphenyl)pyrimidines and, consequently, allowed their 

use as solid-state acid-base vapor sensors and anti-counterfeiting agents. All the results were 

interpreted with the aid of extensive DFT and TD-DFT calculations.  
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General information. All reagents obtained from commercial sources were used as received. 
All solvents were reagent grade for synthesis and spectroscopic grade for photophysical 
measurements. A CEM Discover® focused monomode microwave reactor was used for 
microwave-assisted syntheses. NMR spectra were recorded at room temperature on a Bruker 
Avance Neo 500 spectrometer. The chemical shifts (d) are reported in ppm and are referenced 
internally to the solvent signals of CDCl3 (1H, 7.27 ppm; 13C, 77.0 ppm) or DMSO-d6 (1H, 2.50 
ppm; 13C, 39.5 ppm), and externally to CFCl3 (19F, 0.0 ppm). The coupling constants J are given 
in Hz. In the 1H NMR spectra, the following abbreviations are used to describe the peak 
patterns: s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet). In the 13C NMR 
spectra, the nature of the carbons (C, CH, CH2 or CH3) was determined by performing a DEPT 
experiment. Acidic impurities in CDCl3 were removed by treatment with solid K2CO3. Melting 
points (°C) were measured on a Büchi M-565 apparatus and are uncorrected. MALDI-TOF 
mass spectra were obtained on a Bruker Autoflex II spectrometer. Elemental analyses were 
performed in a Thermo Scientific Flash Smart elemental analyzer. UV-visible and fluorescence 
spectroscopy studies in solution were conducted on a Jasco V-750 spectrophotometer and Jasco 
FP-8300 spectrofluorometer, respectively. Compounds were excited at their absorption maxima 
(band of lowest energy) to record the emission spectra. All solutions were measured with optical 
densities below 0.1. Fluorescence quantum yields (±10%) were determined relative to the 
indicated reference. 

Computational details. The molecular geometries of the ground state, S0, and the first excited 
state, S1, were optimized using the Gaussian16 (revision A.03) suite of programs.1 The M06-
2X2 and CAM-B3LYP3 and functionals were chosen along with the 6-31+G** and 6-31G** 
basis sets.  The vibrational modes were calculated for S0 and S1 to check the absence of 
imaginary frequencies. Both the enol and keto forms of each compound have been considered. 
The solvent environment was described by the polarizable continuum model (PCM) as 
implemented in the Gaussian package.4 The ESIPT in solution was investigated by computing 
the relaxed potential energy scan (PES) from the enol form (E) to the keto form (K) in CH2Cl2, 
constraining one internal coordinate (the oxygen×××hydrogen bond length) and optimizing all 
other coordinates at each scan point. The vertical electronic transitions (absorption and 
emission) were computed using time dependent (TD)-DFT calculations. The vertical electronic 
transitions S1→S0 in solution were calculated as ΔEem = ES1(GS1) − ES0(GS1), where ES1(GS1) is 
the energy of the S1 state at its equilibrium geometry (state-specific solvation approach)5 and 
ES0(GS1) is the energy of the S0 state at the S1 state geometry and with the static solvation from 

 
1 Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; 
Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; Li, X. et al. Gaussian, Inc., 
Wallingford CT, 2016. 
2 Zhao, Y.; Truhlar, D. G.  Theor. Chem. Acc. 2008, 120, 215–241. 
3 Yanai T.; Tew, D. P.; Handy, N. C. Chem. Phys. Lett. 2004, 393, 51–7. 
4 (a) Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. J. Comput. Chem. 2003, 24, 669–81. (b) 
Tomasi, J.; Mennucci, B.; Cammi, R. Chem. Rev. 2005, 105, 2999–3094. (c) Cammi, R.; Corni, 
S.; Mennucci, B.; Tomasi, J. J. Chem. Phys. 2005, 122, 104513. 
5 Improta, R.; Barone, V.; Scalmani, G.; Frisch, M. J. Chem. Phys. 2006, 125, 054103. 
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the excited state.6 The Huang-Rhys (HR) factors for each vibrational mode, Si, were calculated 
from the reorganization energy, 𝜆!, associated to the electronic relaxation using the DUSHIN 
program7 which are related as follows: 𝜆 = ∑ 𝜆!! = ∑ ℏ! w!𝑆!, where w! is the wavenumber 
associated to the vibrational mode i. For compounds 4a and 6a, the keto (S1) geometry has been 
considered for the HR factors calculations. 
The ONIOM approach8 was used to simulate the solid state building a model cluster from the 
X-ray crystal structure. One central molecule (high level) was treated with M06-2X/6-31G** 
and both S0 and S1 electronic state geometries were fully optimized. This central molecule was 
surrounded by several molecules (low level) which were treated by molecular mechanics (MM) 
using the UFF9 force field with their molecular geometries frozen. In addition, TD-DFT 
calculations were also performed for this central molecule in order to predict the vertical 
electronic transitions S1→S0 from the excited state.  
The ESIPT in the crystal was investigated by computing the relaxed potential energy scan (PES) 
from the enol form (E) to the keto form (K), constraining one internal coordinate (the 
oxygen×××hydrogen bond length) and optimizing all other coordinates at each scan point. In the 
case of compound 4a, the PES was calculated only for the central molecule (intramolecular 
proton transfer) while in the case of compound 6e, the PES was calculated considering two 
molecules to simulate the intermolecular proton transfer. 
Quantum Theory of Atoms In Molecules (QTAIM) calculations in the context of the Bader’s 
theory were performed using the wavefunction generated by Gaussian16 as input for the 
AIM2000 program.10 
 
Crystallography. The X-ray data were collected with a Bruker-Apex-II CCD diffractometer 
with graphite monochromated Mo-Ka (l= 0.71073 Å) radiation at 100 K. Lorentz, polarization 
and multiscan absorption corrections were applied with SADABS.11 The structures were solved 
by conventional direct methods and refined using SHELXL-2018/312 integrated in the WinGX 
2021.313 employing full-matrix least-squares methods on F2. All non-H atoms were refined 
anisotropically; hydrogen atoms have been located and refined isotropically, except in 
compound 4a, where some of them were placed in idealized positions and treated using riding 
models. The structural models were analyzed with PLATON14 and graphics were obtained 

 
6 Scalmani, G.; Frisch, M. J.; Mennucci, B.; Tomasi, J.; Cammi, R.; Barone, V. J. Chem. Phys. 
2006, 124, 094107. 
7 Reimers, J. R. J. Chem. Phys. 2001, 115, 9103-9109. 
8 (a) Dapprich, S.; Komáromi, I.; Byun, K. S.; Morokuma, K.; Frisch, M. J. J. Mol. Struct. 
(Theochem) 1999, 461-462, 1–21. (b) Vreven, T.; Morokuma, K.; Farkas, O.; Schlegel, H. B.; 
Frisch, M. J. J. Comput. Chem. 2003, 24, 760–769. (c) Lin, H.; Truhlar, D. Theor. Chem. Acc. 
2007, 117, 185–199. 
9 Casewit, C. J.; Colwell, K. S.; Rappe, A. K. J. Am. Chem. Soc. 1992, 114, 10035–10046. 
10 (a) Biegler-Köning, F.; Schönbohm, J.; Bayles, D. J. Comput. Chem. 2001, 22, 545-559. (b) 
Biegler-Köning, F.; Schönbohm, J. J. Comput. Chem. 2002, 23, 1489-1494. 
11 SADABS, version 2016/2. Bruker AXS Inc., Madison, WI, USA, 2016.  
12 Sheldrick, G. M. SHELXL-2018/3. University of Göttingen, Göttingen, Germany, 2018. 
13 Farrugia, L. J. J. Appl. Cryst. 2012, 45, 849−854. 
14 Spek, A. L. PLATON, a multipurpose crystallographic tool. Utrecht University, Utrecht, The 
Netherlands, 2003. 
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using MERCURY.15 The CIF files have been deposited at the Cambridge Crystallographic Data 
Center and allocated the deposition numbers CCDC 2113241 (4a), 2113242 (4e), 2113243 (6c), 
2113244 (6d), and 2113245 (6e). 
 
Synthesis of compounds 

2-Iodo-4,6-dimethylpyrimidine (1b).  

 

Compound 1b was prepared according to a previously reported procedure.16  A heterogeneous 
mixture of 2-chloro-4,6-dimethylpyrimidine (2 g, 14 mmol) and hydroiodic acid (5 mL, 57%) 
was vigorously stirred at room temperature for 16 h. The suspension was neutralized with 
saturated aqueous solution of K2CO3 and solid Na2S2O3·5H2O was added until decolorization. 
After diluting with water, the white precipitated was collected by filtration, washed, dried, and 
purified by crystallization from hexanes. Compound 1b was obtained as colorless needles (1.96 
g, 60%). 1H-RMN (CDCl3, 500 MHz) δ: 2.43 (s, 6H, 2xCH3), 7.00 (s, 1H, H5). 13C-RMN and 
DEPT (CDCl3, 125 MHz) δ: 168.9 (C4, C6), 129.5 (C2), 119.7 (C5), 23.7 (CH3).  

(E,E)-2-Chloro-4,6-bis(4′-methoxystyryl)pyrimidine (2a). 

 

A microwave reactor tube was loaded with a mixture of 2-chloro-4,6-dimethylpyrimidine (500 
mg, 3.5 mmol), 4-methoxybenzaldehyde (952 mg, 7.0 mmol), aliquat® 336 (155 mg, 0.35 
mmol), and 1 M NaOH (6 mL). The tube was sealed with a snap cap and the reaction mixture 
was stirred and irradiated at 90 ºC (external surface sensor) for 5 min (power 200 W, pressure 
250 psi). After cooling, the precipitated solid was filtered off, dissolved in CH2Cl2 and filtered 
through a short pad of neutral alumina. The solvent was evaporated, and the yellow solid was 
washed with boiling MeOH (710 mg, 54%). 1H NMR (CDCl3, 500 MHz) d: 3.86 (s, 6H, 
2×OCH3), 6.88 (A of ABq, 2H, J = 16.0 Hz, 2×CH=), 6.94 (A of ABq, 4H, J = 8.5 Hz, ArH), 
7.10 (s, 1H, pyr), 7.56 (B of ABq, 4H, J = 8.5 Hz, ArH), 7.89 (B of ABq, 2H, J = 16.0 Hz, 
2×CH=). 13C NMR and DEPT (CDCl3, 125 MHz) d: 165.8 (C), 161.4 (C), 161.0 (C), 138.2 
(CH), 129.4 (CH), 128.1 (C), 122.2 (CH), 114.4 (CH), 114.0 (CH), 55.4 (CH3). MALDI-TOF 
MS (dithranol) m/z: 379.3 [M+H]+. Anal. Calcd for C22H19ClN2O2: C, 69.75; H, 5.06; N, 7.39. 
Found: C, 69.94; H, 4.97, N, 7.41. 

 
15 Macrae, C. F.; Sovago, I.; Cottrell, S. J.; Galek, P. T. A.; McCabe, P.; Pidcock, E.; Platings, 
M.; Shields, G. P.; Stevens, J. S.; Towler, M.; Wood, P. A. J. Appl. Cryst. 2020, 53, 226−235. 
16 Vlád, G.; Horváth, I. T. J. Org. Chem. 2002, 67, 6550-6552. 
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(E,E)-2-Iodo-4,6-bis(4′-methoxystyryl)pyrimidine (2b). 

 

Compound 2b was prepared according to a slightly modified procedure previously reported.17 
A solid mixture of 2-iodo-4,6-dimethylpyrimidine (1.4 g, 5.98 mmol), powdered potassium 
hydroxide (1.68 g, 30 mmol), and tetrabutylammonium bromide (98 mg, 0.3 mmol) was stirred 
a room temperature for 30 min. Then, 4-methoxybenzaldehyde (1.96 g, 14.4 mmol) was added 
and the stirring was continued for 23 h. Dichloromethane was used to dissolve the product and 
the insoluble KOH was eliminated by filtration. The solvent was evaporated to afford a yellow 
solid that was washed successively with water, ethanol, and boiling ethyl ether (1.40 g, 99%). 
1H NMR (CDCl3, 500 MHz) d: 3.86 (s, 6H, 2×OCH3), 6.80 (A of ABq, 2H, J = 16.0 Hz, 
2×CH=), 6.94 (A of ABq, 4H, J = 8.5 Hz, ArH), 7.15 (s, 1H, pyr), 7.55 (B of ABq, 4H, J = 8.5 
Hz, ArH), 7.82 (B of ABq, 2H, J = 16.0 Hz, 2×CH=). 13C NMR and DEPT (CDCl3, 125 MHz) 
d: 164.7 (C), 160.9 (C), 138.0 (CH), 130.5 (C), 129.4 (CH), 128.2 (C), 122.3 (CH), 114.5 (CH), 
114.4 (CH), 55.4 (CH3). MALDI-TOF MS (dithranol) m/z: 471.2 [M+H]+. Anal. Calcd for 
C22H19IN2O2: C, 56.18; H, 4.07; N, 5.96. Found: C, 55.99; H, 3.97, N, 6.20. 

(E,E)-2-Chloro-4,6-bis(4′-dimethylaminostyryl)pyrimidine (2c).18 

 

A stirred mixture of 2-chloro-4,6-dimethylpyrimidine (300 mg, 2.1 mmol), 4-
dimethylaminobenzaldehyde (627 mg, 4.2 mmol), aliquat® 336 (93 mg, 0.21 mmol), and 5 M 
NaOH (10 mL) was heated at 100 ºC in a flask sealed with a screw cap for 3 days. After cooling, 
the red precipitated solid was filtered off and purified by washing with water and boiling 
methanol (600 mg, 71%). Further purification was achieved by crystallization from 
CHCl3/EtOH. 1H NMR (CDCl3, 500 MHz) d:  3.04 (s, 12H, 2×NMe2), 6.71 (A of ABq, 4H, J 
= 9.0 Hz, ArH), 6.80 (A of ABq, 2H, J = 16.0 Hz, 2×CH=), 7.05 (s, 1H, pyr), 7.51 (B of ABq, 
4H, J = 9.0 Hz, ArH), 7.84 (B of ABq, 2H, J = 16.0 Hz, 2×CH=). 13C NMR and DEPT (CDCl3, 
125 MHz) d: 166.0 (C), 161.3 (C), 151.4 (C), 138.7 (CH), 129.4 (CH), 123.4 (C), 119.7 (CH), 
113.1 (CH), 112.0 (CH), 40.2 (CH3). MALDI-TOF MS (dithranol) m/z: 379.3 [M+H]+. 

 

 
17 Martin, F.-A; Baudequin, C.; Fiol-Petit, C.; Darabantu, M.; Ramondenc, Y.; Plé, N. 
Tetrahedron 2014, 70, 2546-2555. 
18 Brown, D. M.; Kon, G. A. R. J. Chem. Soc. 1948, 2147-2154. 
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2-(2′-Hydroxyphenyl)-4,6-dimethylpyrimidine (3a).19 

 

2-Chloro-4,6-dimethylpyrimidine (1000 mg, 7.02 mmol), 2-hydroxyphenylboronic acid (1065 
mg, 7.72 mmol), and sodium carbonate (3720 mg, 35.1 mmol, dissolved in a minimum amount 
of water) were mixed with 1,2-dimethoxyethane (8 mL). Palladium acetate (79 mg, 0.35 mmol) 
and triphenylphosphine (183 mg, 0.70 mmol) were then added. The mixture was bubbled with 
argon for 5 min and heated at 100 ºC in a flask sealed with a screw cap for 48 h. The solvent 
was evaporated, water was added, and the mixture extracted with dichloromethane (×3). The 
combined organic extracts were dried (MgSO4) and the solvent evaporated. The crude product 
was purified by column chromatography (alumina, hexanes/EtAcO mixtures, 10:0 to 9:1) to 
give a colorless solid (1230 mg, 88%). Further purification was achieved by crystallization from 
hexanes. 1H NMR (CDCl3, 500 MHz) d: 2.56 (s, 6H, 2×CH3), 6.94 (s, 1H, pyr), 6.94-6.97 (m, 
1H, ArH), 7.02 (dd, 1H, J = 8.0 Hz, J = 1.0 Hz, ArH), 7.38 (m, 1H, ArH), 8.54 (dd, 1H, J = 8.0 
Hz, J = 1.5 Hz, ArH). 13C NMR and DEPT (CDCl3, 125 MHz) d: 165.9 (C), 164.2 (C), 160.7 
(C), 133.0 (CH), 129.2 (CH), 118.9 (CH), 118.6 (C), 117.8 (CH), 117.5 (CH), 23.9 (CH3). IR 
(ATR) n: 1561, 1434, 1366, 1250, 848, 759 cm-1. 

4,6-Dimethyl-2-phenylpyrimidine (3b).20 

 

This compound was prepared from 2-chloro-4,6-dimethylpyrimidine (500 mg, 3.51 mmol) and 
phenylboronic acid (470 mg, 3.85 mmol) following the same procedure described above for 3a. 
The crude product was purified by column chromatography (alumina, hexanes) to give a 
colorless oil which solidified upon standing (530 mg, 82%). 1H NMR (CDCl3, 500 MHz) d: 
2.56 (s, 6H, 2×CH3), 6.94 (s, 1H, pyr), 7.46-7.49 (m, 3H, ArH), 8.43-8.45 (m, 2H, ArH). 13C 

 
19 Stolle, W. A. W.; Frissen, A. E.; Marcelis, A. T. M.; van der Plas, H. C. J. Org. Chem. 1992, 
57, 3000-3007. 
20 (a) Schmitt, J.-L.; Stadler, A.-M.; Kyritsakas, N.; Lehn, J.-M. Helv. Chim. Acta 2003, 86, 
1598-1624. (b) Vadagaonkar, K. S.; Kalmode, H. P.; Murugan, K.; Chaskar, A. C. Lett. Org. 
Chem. 2015, 12, 447-458. (c) Vadagaonkar, K. S.; Kalmode, H. P.; Prakash, S.; Chaskar, A. C. 
New J. Chem. 2015, 39, 3639-3645. (d) Chowrasia, R.; Katla, R.; Darbem, M. P.; Branquinho, 
T. A.; Rufino de Oliveira, A.; Manjari, P. S.; Domingues, N. L. C. Tetrahedron Lett. 2016, 57, 
1656-1660. (e) Chu, X.-Q.; Cao, W.-B.; Xu, X.-P.; Ji, S.-J. J. Org. Chem. 2017, 82, 1145-1154.  
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NMR and DEPT (CDCl3, 125 MHz) d: 166.8 (C), 164.1 (C), 137.9 (C), 130.4 (CH), 128.4 
(CH), 128.3 (CH), 118.0 (CH), 24.1 (CH3). 

2-(4′-Methoxyphenyl)-4,6-dimethylpyrimidine (3c).21 

 

This compound was prepared from 2-chloro-4,6-dimethylpyrimidine (500 mg, 3.51 mmol) and 
4-methoxyphenylboronic acid (561 mg, 3.69 mmol) following the same procedure described 
above for 3a. The crude product was purified by column chromatography (alumina, hexanes to 
hexanes/EtAcO, 9:1) and recrystallized from hexanes to give a colorless solid (550 mg, 73%). 
1H NMR (CDCl3, 500 MHz) d: 2.51 (s, 6H, 2×CH3), 3.87 (s, 3H, OCH3), 6.86 (s, 1H, pyr), 6.98 
(A of ABq, 2H, J = 9.0 Hz, ArH), 8.41 (B of ABq, 2H, J = 9.0 Hz, ArH). 13C NMR and DEPT 
(CDCl3, 125 MHz) d: 166.5 (C), 163.9 (C), 161.5 (C), 130.8 (C), 129.8 (CH), 117.2 (CH), 113.7 
(CH), 55.3 (OCH3), 24.1 (CH3). 

(E,E)-2-(2′-Hydroxyphenyl)-4,6-bis(4′-methoxystyryl)pyrimidine (4a). 

 

A stirred mixture of 2-(2′-hydroxyphenyl)-4,6-dimethylpyrimidine (100 mg, 0.5 mmol), 4-
methoxybenzaldehyde (136 mg, 1 mmol), aliquat® 336 (22 mg, 0.05 mmol), and 5 M NaOH (8 
mL) was heated at 50 ºC for 22 h. After cooling, the precipitated yellow solid was collected by 
filtration and purified by washing with boiling methanol (200 mg, 92%). Mp: 175-177 ºC 
(EtAcO/MeOH). 1H NMR (CDCl3, 500 MHz) d: 3.86 (s, 6H, 2×OCH3), 6.94 (A of ABq, 4H, J 
= 8.5 Hz, ArH), 6.97 (A of ABq, 2H, J = 16.0 Hz, 2×CH=), 6.99-7.02 (m, 1H, ArH), 7.07 (dd, 
1H, J = 8.0 Hz, ArH), 7.10 (s, 1H, pyr), 7.39-7.43 (m, 1H, ArH), 7.58 (B of ABq, 4H, J = 8.5 
Hz, ArH), 7.84 (B of ABq, 2H, J = 16.0 Hz, 2×CH=), 8.67 (dd, 1H, J = 8.0 Hz, J = 1.5 Hz, 
ArH), 13.95 (br s, 1H, OH). 13C NMR and DEPT (CDCl3, 125 MHz) d: 164.1 (C), 161.9 (C), 
161.0 (C), 160.8 (C), 137.5 (CH), 133.0 (CH), 129.4 (CH), 128.2 (C), 122.8 (CH), 119.0 (C), 
118.9 (CH), 117.7 (CH), 114.4 (CH), 113.1 (CH), 55.4 (CH3). MALDI-TOF MS (DHB) m/z: 
437.3 [M+H]+. IR (ATR) n: 1526, 1593, 1560, 1508, 1367, 1242, 1161, 1022, 972, 840, 754 
cm-1. Anal. Calcd for C28H24N2O3: C, 77.04; H, 5.54; N, 6.42. Found: C, 76.86; H, 5.39, N, 
6.62. 

 
21 (a) Dutta, M.; Movassat, M.; Brook, D. J. R.; Oliver, A.; Ward, D. Supramol. Chem. 2011, 
23, 630-640. (b) Yang, B.; Wang, Z.-X. Org. Lett. 2017, 19, 6220-6223. 
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Compound 4a could also be prepared from the iodo derivative 2b (150 mg, 0.32 mmol) and 2-
hydroxyphenylboronic acid (52 mg, 0.38 mmol) following a similar procedure to that described 
above for 3a. In this case the mixture was heated at 90 ºC for 24 h. The crude product was 
washed with MeOH and purified by crystallization from EtAcO/MeOH (60 mg, 43%). 

(E,E)-2-(2′-Hydroxyphenyl)-4,6-bis(4′-dimethylaminostyryl)pyrimidine (4b). 

 

A stirred mixture of 2-(2′-hydroxyphenyl)-4,6-dimethylpyrimidine (100 mg, 0.5 mmol), 4-
dimethylaminobenzaldehyde (164 mg, 1 mmol), aliquat® 336 (22 mg, 0.05 mmol), and 5 M 
NaOH (8 mL) was heated at 60 ºC for 23 h. After cooling, the orange precipitated solid was 
collected by filtration and purified by washing with boiling methanol (190 mg, 82%). Mp: 243-
245 ºC (EtAcO). 1H NMR (CDCl3, 500 MHz) d: 3.04 (s, 6H, 2×CH3), 6.73 (A of ABq, 4H, J = 
8.5 Hz, ArH), 6.89 (A of ABq, 2H, J = 16.0 Hz, 2×CH=), 7.00 (t, 1H, J = 8.0 Hz, ArH), 7.05 
(s, 1H, pyr), 7.06 (d, 1H, J = 8.0 Hz, ArH), 7.38-7.42 (m, 1H, ArH), 7.55 (B of ABq, 4H, J = 
8.5 Hz, ArH), 7.84 (B of ABq, 2H, J = 16.0 Hz, 2×CH=), 8.67 (dd, 1H, J = 7.5 Hz, J = 1.5 Hz, 
ArH), 14.34 (br s, 1H, OH). 13C NMR and DEPT (CDCl3, 125 MHz) d: 164.2 (C), 162.1 (C), 
160.9 (C), 151.2 (C), 137.7 (CH), 132.5 (CH), 129.3 (CH), 129.3 (CH), 123.7 (C), 120.5 (CH), 
119.6 (C), 118.6 (CH), 117.6 (CH), 112.6 (CH), 112.1 (CH), 40.2 (CH3). MALDI-TOF MS 
(DHB) m/z: 463.4 [M+H]+. IR (ATR) n: 1600, 1557, 1511, 1488, 1355, 1146, 798, 748 cm-1. 
Anal. Calcd for C30H30N4O: C, 77.89; H, 6.54; N, 12.11. Found: C, 77.68; H, 6.30, N, 12.33. 

(E,E)- 4,6-Bis(4′-trifluoromethylstyryl)-2-(2′-hydroxyphenyl)pyrimidine (4c). 

 

 A stirred mixture of 2-(2′-hydroxyphenyl)-4,6-dimethylpyrimidine (300 mg, 1.5 mmol), 
4-trifluoromethylbenzaldehyde (576 mg, 3.3 mmol), aliquat® 336 (66 mg, 0.15 mmol), and 1 
M NaOH (8 mL) was heated at 50 ºC for 20 h. After cooling, the pale-yellow precipitated solid 
was collected by filtration and purified by washing with ethanol (510 mg, 64%). Mp: 166-168 
ºC (EtAcO/EtOH). 1H NMR (CDCl3, 500 MHz) d:  7.04 (m, 1H, ArH), 7.08 (dd, 1H, J = 8.0 
Hz, J = 1.0 Hz, ArH), 7.19 (A of ABq, 2H, J = 16.0 Hz, 2×CH=), 7.24 (s, 1H, pyr), 7.44 (m, 
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1H, ArH), 7.69 (A of ABq, 4H, J = 8.0 Hz, ArH), 7.74 (B of ABq, 4H, J = 8.0 Hz, ArH), 7.92 
(B of ABq, 2H, J = 16.0 Hz, 2×CH=), 8.65 (dd, 1H, J = 8.0 Hz, J = 1.5 Hz, ArH). 13C NMR 
and DEPT (CDCl3, 125 MHz) d: 164.0 (C), 161.4 (C), 160.7 (C), 138.5 (C), 137.0 (CH), 133.8 
(CH), 131.4 (q, J = 32.3 Hz, C), 129.6 (CH), 128.0 (CH), 126.8 (CH), 125.9 (q, J = 3.7 Hz, 
CH), 123.8 (q, J = 270.6 Hz, C), 119.3 (CH), 118.1 (C), 118.0 (CH), 114.2 (CH). 19F NMR 
(CDCl3, 471 MHz) d: –62.8. MALDI-TOF MS (DHB) m/z: 513.2 [M+H]+. IR (ATR) n: 1628, 
1565, 1524, 1496, 1320, 1107, 1065, 965, 950, 848, 764 cm-1. Anal. Calcd for C28H18F6N2O: 
C, 65.63; H, 3.54; N, 5.47. Found: C, 65.52; H, 3.60, N, 5.68. 

(E,E)-4,6-Bis(4′-methoxystyryl)-2-phenylpyrimidine (4d). 

 

A stirred mixture of 4,6-dimethyl-2-phenylpyrimidine (300 mg, 1.63 mmol), 4-
methoxybenzaldehyde (466 mg, 3.42 mmol), aliquat® 336 (72 mg, 0.16 mmol), and 5 M NaOH 
(10 mL) was heated at 50 ºC for 23 h. After cooling, the precipitated yellow solid was collected 
by filtration and purified by washing with boiling methanol (610 mg, 89%). Mp: 171-174 ºC 
(EtAcO/MeOH). 1H NMR (CDCl3, 500 MHz) d: 3.87 (s, 6H, 2×OCH3), 6.96 (A of ABq, 4H, J 
= 9.0 Hz, ArH), 7.03 (A of ABq, 2H, J = 16.0 Hz, 2×CH=), 7.13 (d, 1H, J = 2.0 Hz, pyr), 7.48-
7.56 (m, 3H, Ar), 7.61 (B of ABq, 4H, J = 9.0 Hz, ArH), 8.01 (B of ABq, 2H, J = 16.0 Hz, 
2×CH=), 8.62 (dd, 2H, J = 8.5 Hz, J = 1.5 Hz, ArH). 13C NMR and DEPT (CDCl3, 125 MHz) 
d: 164.0 (C), 163.1 (C), 160.5 (C), 138.4 (C), 136.0 (CH), 130.3 (CH), 129.1 (CH), 128.8 (C), 
128.4 (CH), 124.3 (CH), 114.3 (CH), 113.7 (CH), 55.3 (CH3). MALDI-TOF MS (dithranol) 
m/z: 421.3 [M+H]+. Anal. Calcd for C28H24N2O2: C, 79.98; H, 5.75; N, 6.66. Found: C, 79.79; 
H, 5.51, N, 6.89. 

(E,E)-2-(4′-methoxyphenyl)-4,6-Bis(4′-methoxystyryl)pyrimidine (4e). 

 

A stirred mixture of 2-(4′-methoxyphenyl)-4,6-dimethylpyrimidine (100 mg, 0.47 mmol), 4-
methoxybenzaldehyde (127 mg, 0.94 mmol), aliquat® 336 (21 mg, 0.05 mmol), and 5 M NaOH 
(10 mL) was heated at 70 ºC for 23 h. After cooling, the precipitated solid was collected by 
filtration and purified by washing with boiling methanol (180 mg, 85%). Mp: 148.5-150.4 ºC. 
1H NMR (CDCl3, 500 MHz) d: 3.86 (s, 6H, 2×OCH3), 3.91 (s, 3H, OCH3), 6.95 (A of ABq, 4H, 
J = 8.5 Hz, ArH), 7.00 (A of ABq, 2H, J = 16.0 Hz, 2×CH=), 7.05 (A of ABq, 2H, J = 9.0 Hz, 
ArH), 7.07 (s, 1H, pyr), 7.60 (B of ABq, 4H, J = 8.5 Hz, ArH), 7.97 (B of ABq, 2H, J = 16.0 

N N

OCH3CH3O

N N

H3C CH3

+

OCH3

5 M NaOH / 50 ºC

Aliquat® 336 (cat.)

CHO

(89%)

N N

OCH3CH3O

OCH3

N N

H3C CH3

+

OCH3

5 M NaOH / 70 ºC

Aliquat® 336 (cat.)

CHO

OCH3

(85%)



 S10 

Hz, 2×CH=), 8.59 (B of ABq, 2H, J = 9.0 Hz, ArH). 13C NMR and DEPT (CDCl3, 125 MHz) 
d: 163.8 (C), 162.9 (C), 161.6 (C), 160.4 (C), 135.8 (CH), 131.1 (C), 129.9 (CH), 129.0 (CH), 
128.8 (C), 124.5 (CH), 114.3 (CH), 113.7 (CH), 113.1 (CH), 55.3 (CH3). MALDI-TOF MS 
(dithranol) m/z: 451.4 [M+H]+. Anal. Calcd for C29H26N2O3: C, 77.31; H, 5.82; N, 6.22. Found: 
C, 77.06; H, 5.68, N, 6.45. 

2-Chloro-4,6-bis(4′-methoxyphenyl)pyrimidine (5a).22 

 

2,4,6-Trichloropyrimidine (500 mg, 2.73 mmol), 4-methoxyphenylboronic acid (830 mg, 5.46 
mmol), and sodium carbonate (1810 mg, 17.1 mmol, dissolved in a minimum amount of water) 
were mixed with 1,2-dimethoxyethane (10 mL). Palladium acetate (15 mg, 0.068 mmol) and 
triphenylphosphine (36 mg, 0.137 mmol) were then added. The mixture was bubbled with argon 
for 10 min and heated at 50 ºC in a flask sealed with a screw cap for 24 h. The solvent was 
evaporated, water was added, and the mixture extracted with dichloromethane (×3). The 
combined organic extracts were dried (MgSO4), concentrated under vacuum and filtered 
through a short pad of Celite and alumina. Finally, the solvent was evaporated and the crude 
product washed with boiling methanol to give a colorless solid (880 mg, 99%). Further 
purification was achieved by crystallization from EtAcO/hexanes. 1H NMR (CDCl3, 500 MHz) 
d: 3.91 (s, 6H, 2×CH3), 7.03 (A of ABq, 4H, J = 9.0 Hz, ArH), 7.88 (s, 1H, pyr), 8.13 (B of 
ABq, 4H, J = 9.0 Hz, ArH). 13C NMR and DEPT (CDCl3, 125 MHz) d: 166.7 (C), 162.5 (C), 
161.8 (C), 129.0 (CH), 128.2 (C), 114.4 (CH), 109.0 (CH), 55.5 (CH3). 

2-Chloro-4,6-bis(4′-trifluoromethylphenyl)pyrimidine (5b).23 

 

This compound was prepared from 2,4,6-trichloropyrimidine (150 mg, 2.73 mmol) and 4-
(trifluoromethyl)phenylboronic acid (312 mg, 1.64 mmol) following a similar procedure to that 
described above for 5a. In this case the mixture was heated at 50 ºC for 21 h. The crude product 
was purified by column chromatography (alumina, hexanes/EtAcO mixtures, 9.5:0.5 to 8:2) to 

 
22 (a) Achelle, S.; Ramondenc, Y.; Marsais, F.; Plé, N. Eur. J. Org. Chem. 2008, 3129-3007. 
(b) Kayamba, F.; Malimabe, T.; Ademola, I. K.; Pooe, O. J.; Kushwaha, N. D.; Mahlalela, M.; 
van Zyl, R. L.; Gordon, M.; Mudau, P. T.; Zininga, T.; Shonhai, A.; Nyamori, V. O.; 
Karpoormath, R. Eur. J. Med. Chem. 2021, 217, 113330. 
23 Trist, I. M. L.; Nannetti, G.; Tintori, C.; Fallacara, A. L.; Deodato, D.; Mercorelli, B.; Palù, 
G.; Wijtmans, M.; Gospodova, T.; Edink, E.; Verheij, M.; de Esch, I.; Viteva, L.; Loregian, A.; 
Botta, M. J. Med. Chem. 2016, 59, 2688-2703. 
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give a colorless oil which solidified upon standing (170 mg, 51%). 1H NMR (CDCl3, 500 MHz) 
d: 7.79 (A of ABq, 4H, J = 8.5 Hz, ArH), 8.05 (s, 1H, pyr), 8.25 (B of ABq, 4H, J = 8.5 Hz, 
ArH). 13C NMR and DEPT (CDCl3, 125 MHz) d: 166.4 (C), 162.4 (C), 138.5 (C), 133.4 (q, J 
= 32.5 Hz, C), 127.8 (CH), 126.0 (q, J = 3.6 Hz, CH), 123.7 (q, J = 270.7 Hz, CF3), 111.4 (CH). 
19F NMR (CDCl3, 471 MHz) d: – 63.0. MALDI-TOF MS (DHB) m/z: 403.2 [M+H]+. 

2-Chloro-4,6-bis[4′-(9H-carbazol-9-yl)phenyl]pyrimidine (5c). 

 

This compound was prepared from 2,4,6-trichloropyrimidine (500 mg, 2.73 mmol) and [4-(9H-
carbazol-9-yl)phenyl]boronic acid (1570 mg, 5.46 mmol) following a similar procedure to that 
described above for 5a. In this case the mixture was heated at 65 ºC for 16 h. The crude product 
was washed with boiling methanol to give a yellow solid (1.06 g, 65%). Further purification 
was achieved by crystallization from CHCl3/hexanes. 1H NMR (CDCl3, 500 MHz) d: 7.35 (dt, 
4H, J = 8.0 Hz, J = 1.0 Hz, ArH), 7.47 (dt, 4H, J = 8.0 Hz, J = 1.0 Hz, ArH), 7.54 (d, 4H, J = 
8.0 Hz, ArH), 7.83 (A of ABq, 4H, J = 8.5 Hz, ArH), 8.18 (d, 4H, J = 8.0 Hz, ArH), 8.21 (s, 
1H, pyr), 8.46 (B of ABq, 4H, J = 8.5 Hz, ArH). 13C NMR and DEPT (CDCl3, 125 MHz) d: 
166.8 (C), 162.4 (C), 141.1 (C), 140.3 (C), 134.2 (C), 129.1 (CH), 127.2 (CH), 126.2 (CH) 
123.8 (C), 120.5 (CH), 120.5 (CH), 110.7 (CH), 109.7 (CH). MALDI-TOF MS (DHB) m/z: 
597.3 [M+H]+. Anal. Calcd for C40H25ClN4: C, 80.46; H, 4.22; N, 9.38. Found: C, 80.27; H, 
4.04; N, 9.58. 

2-(2′-Hydroxyphenyl)-4,6-bis(4′-methoxyphenyl)pyrimidine (6a). 

 

This compound was prepared from the pyrimidine derivative 5a (640 mg, 2.02 mmol) and 2-
hydroxyphenylboronic acid (306 mg, 2.22 mmol) following the same procedure described 
above for 3a. In this case the mixture was heated at 100 ºC for 24 h. Purification was performed 
by filtration of a dichloromethane solution through a short pad of Celite and alumina. Finally, 
the solvent was evaporated and the crude product washed with boiling methanol to give a 
colorless solid (570 mg, 81%). Mp: 187-188 ºC. 1H NMR (CDCl3, 500 MHz) d: 3.92 (s, 6H, 
2×OCH3), 7.02 (m, 1H, ArH), 7.06-7.09 (m, 5H, J = 8.5 Hz, ArH), 7.43 (m, 1H, ArH), 7.86 (s, 
1H, pyr), 8.16 (B of ABq, 4H, J = 8.5 Hz, ArH), 8.73 (dd, 1H, J = 8.0 Hz, J = 2.0 Hz, ArH), 
14.02 (br s, 1H, OH). 13C NMR and DEPT (CDCl3, 125 MHz) d: 164.8 (C), 163.2 (C), 162.3 
(C), 160.9 (C), 133.0 (CH), 129.5 (CH), 129.0 (C), 128.9 (CH), 119.4 (C), 118.9 (CH), 117.7 
(CH), 114.5 (CH), 108.4 (CH), 55.5 (CH3). MALDI-TOF MS (DHB) m/z: 385.3 [M+H]+. IR 
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(ATR) n: 1598, 1584, 1509, 1364, 1297, 1235, 1172, 1030, 827, 752 cm-1. Anal. Calcd for 
C24H20N2O3: C, 74.98; H, 5.24; N, 7.29. Found: C, 74.74; H, 5.01, N, 7.58. 

2-(2′-Hydroxyphenyl)-4,6-bis(4′-trifluoromethylphenyl)pyrimidine (6b). 

 

This compound was prepared from 2-chloro-4,6-(4′-trifluoromethylphenyl)pyrimidine (300 
mg, 0.75 mmol), 2-hydroxyphenylboronic acid (114 mg, 0.83 mmol) following the same 
procedure described above for 6a. The crude product was washed with boiling methanol to give 
a pale-yellow solid (190 mg, 56%). Further purification was achieved by crystallization from 
EtAcO/MeOH. Mp: 193-195 ºC. 1H NMR (CDCl3, 500 MHz) d: 7.02 (m, 1H, ArH), 7.05 (dd, 
1H, J = 8.5 Hz, J = 1.0 Hz, ArH), 7.44 (m, 1H, ArH), 7.83  (A of ABq, 4H, J = 8.5 Hz, ArH), 
7.96 (s, 1H, pyr), 8.25 (B of ABq, 4H, J = 8.5 Hz, ArH), 8.66 (dd, 1H, J = 8.0 Hz, J = 1.5 Hz, 
ArH), 13.23 (broad s, 1H, OH). 13C NMR and DEPT (CDCl3, 125 MHz) d: 165.5 (C), 163.1 
(C), 160.8 (C), 139.5 (C), 133.8 (CH), 133.2 (q, J = 32.6 Hz, C), 129.6 (CH), 127.7 (CH), 126.2 
(q, J = 3.6 Hz, CH), 123.7 (q, J = 270.8 Hz, CF3), 119.3 (CH), 118.7 (C), 118.0 (CH), 110.8 
(CH). 19F NMR (CDCl3, 471 MHz) d: –62.9. MALDI-TOF MS (DHB) m/z: 461.2 [M+H]+. IR 
(ATR) n: 1594, 1570, 1530, 1321, 1112, 1067, 1013, 841, 758 cm-1. Anal. Calcd for 
C24H14F6N2O: C, 62.61; H, 3.07; N, 6.08. Found: C, 62.97; H, 2.91, N, 6.30. 

4,6-Bis(4′-methoxyphenyl)-2-phenylpyrimidine (6c).24 

 

This compound was prepared from 2-chloro-4,6-(4′-methoxyphenyl)pyrimidine (100 mg, 0.31 
mmol) and phenylboronic acid (42 mg, 0.34 mmol) following the same procedure described 
above for 6a. The crude product was washed with boiling hexanes to give a pale-yellow solid 
(60 mg, 53%). Mp: 164-166 ºC (EtAcO/hexanes). 1H NMR (CDCl3, 500 MHz) d: 3.92 (s, 6H, 
2×OCH3), 7.08 (A of ABq, 4H, J = 9.0 Hz, ArH), 7.51-7.57 (m, 3H, ArH), 7.90 (s, 1H, pyr), 
8.28 (B of ABq, 4H, J = 9.0 Hz, ArH), 8.70-8.73 (m, 2H, ArH). 13C NMR and DEPT (CDCl3, 
125 MHz) d: 164.2 (C), 163.9 (C), 161.8 (C), 138.4 (C), 130.4 (CH), 130.1 (C), 128.7 (CH), 
128.4 (CH), 128.3 (CH), 114.2 (CH), 108.5 (CH), 55.4 (CH3). MALDI-TOF MS (dithranol) 
m/z: 369.3 [M+H]+. 

 
24 (a) Bagley, M. C.; Lin, Z.; Pope, J. A. Tetrahedron Lett. 2009, 50, 6818-6822. (b) Deibl, N.; 
Kempe, R. Angew. Chem. Int. Ed. 2017, 56, 1663-1666. (c) Shen, J.; Meng, X. Catal. Commun. 
2020, 138, 105846. 
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2,4,6-Tris(4′-methoxyphenyl)pyrimidine (6d).22a,25 

 
This compound was prepared from 2-chloro-4,6-(4′-methoxyphenyl)pyrimidine (100 mg, 0.31 
mmol) and 4-methoxyphenylboronic acid (50 mg, 0.33 mmol) following the same procedure 
described above for 6a. The crude product was purified by column chromatography (alumina, 
hexanes/EtAcO, 9:1) to give a colorless solid (90 mg, 73%). Mp: 171.2-173.1 ºC. 1H NMR 
(CDCl3, 500 MHz) d: 3.91 (s, 6H, 2×OCH3), 3.92 (s, 3H, OCH3), 7.05 (A of ABq, 2H, J = 9.0 
Hz, ArH), 7.07 (A of ABq, 4H, J = 9.0 Hz, Ar), 7.84 (s, 1H, pyr), 8.26 (B of ABq, 4H, J = 9.0 
Hz, ArH), 8.67 (B of ABq, 2H, J = 9.0 Hz, ArH). 13C NMR and DEPT (CDCl3, 125 MHz) d: 
164.0 (C), 163.8 (C), 161.7 (C), 161.6 (C), 131.2 (C), 130.3 (C), 130.0 (CH), 128.7 (CH), 114.2 
(CH), 113.7 (CH), 107.9 (CH), 55.4 (CH3), 55.3 (CH3). MALDI-TOF MS (dithranol) m/z: 
399.3 [M+H]+. 

2-(4′-Hydroxyphenyl)-4,6-bis(4′-methoxyphenyl)pyrimidine (6e). 

 

This compound was prepared from 2-chloro-4,6-(4′-methoxyphenyl)pyrimidine (150 mg, 0.46 
mmol) and 4-hydroxyphenylboronic acid (70 mg, 0.51 mmol) following a similar procedure to 
that described above for 6a. Purification was performed by filtration of an acetone solution 
through a short pad of Celite and alumina. Finally, the solvent was evaporated and the crude 
product washed a boiling mixture of EtAcO/hexanes (1:1) to give a colorless solid (100 mg, 
56%). 1H NMR (DMSO-d6, 500 MHz) d: 3.87 (s, 6H, 2×OCH3), 6.95 (A of ABq, 2H, J = 8.5 
Hz, ArH), 7.13 (A of ABq, 4H, J = 8.5 Hz, ArH), 8.27 (s, 1H, pyr), 8.43 (B of ABq, 4H, J = 8.5 
Hz, ArH), 8.48 (B of ABq, 2H, J = 8.5 Hz, ArH), 9.95 (br s, 1H, OH). 13C NMR and DEPT 
(DMSO-d6, 125 MHz) d: 163.2 (C), 163.2 (C), 161.6 (C), 160.0 (C), 129.7 (CH), 129.2 (C), 
128.9 (CH), 128.7 (C), 115.3 (CH), 114.2 (CH), 107.5 (CH), 55.4 (CH3). MALDI-TOF MS 
(dithranol) m/z: 385.3 [M+H]+. IR (ATR) n: 3131 (broad, OH), 1604, 1566, 1506, 1256, 1237, 
1169, 829, 575, 520 cm-1. Anal. Calcd for C24H20N2O3: C, 74.98; H, 5.24; N, 7.29. Found: C, 
74.79; H, 5.13, N, 7.35. 

 
25 (a) Isfahani, A. L.; Mohammadpoor-Baltork, I.; Mirkhani, V.; Khosropour, A. R.; 
Moghadam, M.; Tangestaninejad, S.; Kia, R. Adv. Synth. Catal. 2013, 355, 957-972. (b) Rezaei, 
S.; Landarani-Isfahani, A.; Moghadam, M.; Tangestaninejad, S.; Mirkhani, V.; 
Mohammadpoor-Baltork, I. RSC Adv. 2016, 6, 92463-92472. 
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Table S1. Values of relative energies, in Kcal/mol, for the 
conformers of compounds 4a, 4d, 4e, 6a, 6c, 6d, and 6e in CH2Cl2, 
calculated at the M06-2X/6-31+G** level of theory. K and E mean 
keto and enol forms, respectively. 
Compound State E (hartree) DE (kcal/mol) 

4a S0 -1416.092314  
S1 (E) -1415.977475 4.32 
S1 (K) -1415.984361 0.00 

4d S0 -1340.878748  
4e S0 -1455.364253  
6a S0 -1261.347544  

S1 (E) -1261.206975 12.64 
 S1 (K) -1261.227121 0.00 

6c S0 -1186.133950  
6d S0 -1300.619595  
6e S0 -1261.340013  
 S1  -1261.196334  
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Table S2. Maximum absorption wavelengths (λabmax), calculated transition wavelengths (λvert-

abcalc), and oscillator strengths (f) for S0®Sn transitions. Calculations were carried out at the M06-
2X/6-31+G** level of theory in CH2Cl2 solution. 

Compd λabmax  
eV(nm) 

λvert-abcalc 
eV(nm) 

Transition f % Contr. (³10%) 

4a 3.23 (384) 3.45 (360) S0®S1 1.86 H ® L (90) 
  3.84 (323) S0®S2 0.30 H-1 ® L (84) 
  4.16 (298) S0®S3 0.15 H-1 ® L+1 (82) 
4d 3.34 (371) 3.55 (350) S0®S1 1.89 H ® L (89) 
  3.91 (317) S0®S2 0.24 H-1 ® L (86) 
  4.46 (278) S0®S4 0.35 H-1 ® L+1 (50), H-2 ® L (36) 
4e 3.32 (373) 3.54 (350) S0®S1 1.78 H ® L (89) 
  3.91 (317) S0®S2 0.30 H-1 ® L (84) 
  4. 26 (291) S0®S4 0.34 H-2 ® L (74), H-1 ® L +1 (16) 
6a 3.76 (330) 4.17 (297) S0®S1 0.80 H ® L (79), H-1 ® L (12) 
  4.31 (288) S0®S2 0.46 H ® L+1 (55), H-1 ® L+1 (27) 

  4. 06 (269) S0®S4 0.26 H-1 ® L (41), H-2 ® L (15), 
H-6 ® L (11) 

6c 3.81 (325) 4.28 (290) S0®S1 0.90 H ® L (91) 
  4.67 (265) S0®S4 0.37 H-1 ® L (82) 
  4.74 (262) S0®S5 0.17 H ® L+1 (76), H-2 ® L+1 (11) 
6d 3.72 (333) 4.22 (294) S0®S1 0.67 H ® L (87)  

  4.53 (273) S0®S3 0.90 H ® L+1 (60), H-2 ® L+1 (16), 
H-1 ® L (14) 

  4.68 (265) S0®S4 0.15 H-6 ® L+1 (41), H-4®L+1 (28), 
H-1 ® L+1 (12)  

6e 3.75 (331) 4.23 (293) S0®S1 0.70 H ® L (89)  
  4.58 (271) S0®S3 0.83 H ® L+1 (50), H-1 ® L (21), 

H-2 ® L+1 (20) 
  4.69 (265) S0®S4 0.13 H-6 ® L+1 (44), H-4®L+1 (27), 

H-1 ® L+1 (11)  
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Table S3. Wavenumber (νi in cm-1), reorganization energy (li in meV), and Huang-Rhys factors 
(adimensional) calculated for the studied compounds in CH2Cl2 solution at the M06-2X/6-31+G** level of the 
theory. 

4a 4d 4e 6a 6c 6d 6e 
νi li HR νi li HR νi li HR νi li HR νi li HR νi li HR νi li HR 
107 1 0.08 25 2 0.64 24 2 0.67 24 9 3.02 24 16 5.37 21 16 6.14 21 1 0.38 
149 2 0.11 103 1 0.08 132 4 0.24 31 9 2.34 38 26 5.51 28 2 0.58 23 14 4.91 
327 5 0.12 136 4 0.24 166 2 0.10 34 25 5.93 46 11 1.93 30 4 1.07 35 24 5.53 
355 4 0.09 198 4 0.16 252 1 0.03 39 2 0.41 86 6 0.56 35 5 1.15 45 10 1.79 
444 1 0.02 352 1 0.02 541 1 0.01 71 4 0.45 107 10 0.75 44 2 0.37 76 15 1.59 
503 31 0.50 540 1 0.01 550 2 0.03 157 2 0.10 176 12 0.55 45 5 0.90 98 3 0.25 
551 1 0.01 550 2 0.03 670 2 0.02 184 20 0.88 230 6 0.21 63 1 0.13 179 12 0.54 
579 14 0.19 667 3 0.04 878 2 0.02 191 3 0.13 238 1 0.03 65 13 1.61 186 6 0.26 
648 1 0.01 877 2 0.02 885 1 0.01 207 9 0.35 320 1 0.03 93 1 0.09 226 2 0.07 
670 14 0.17 885 1 0.01 1023 1 0.01 229 10 0.35 354 1 0.02 109 4 0.30 324 1 0.02 
711 1 0.01 1015 1 0.01 1023 10 0.08 244 5 0.17 416 3 0.06 170 2 0.09 408 5 0.10 
849 6 0.06 1024 11 0.09 1026 1 0.01 261 1 0.03 428 1 0.02 177 6 0.27 427 1 0.02 
945 1 0.01 1026 1 0.01 1028 1 0.01 283 2 0.06 503 1 0.02 186 5 0.22 500 1 0.02 
1042 1 0.01 1175 2 0.01 1172 2 0.01 319 6 0.15 600 5 0.07 212 1 0.04 594 4 0.05 
1129 1 0.01 1180 3 0.02 1178 4 0.03 336 1 0.02 680 1 0.01 332 1 0.02 613 1 0.01 
1165 12 0.08 1201 5 0.03 1201 2 0.01 354 3 0.07 785 1 0.01 400 4 0.08 675 1 0.01 
1181 2 0.01 1202 8 0.05 1201 7 0.05 404 2 0.04 814 5 0.05 421 1 0.02 754 1 0.01 
1190 2 0.01 1213 1 0.01 1202 3 0.02 413 1 0.02 843 1 0.01 427 1 0.02 805 3 0.03 
1246 3 0.02 1235 1 0.01 1212 1 0.01 458 2 0.04 912 1 0.01 504 1 0.02 820 1 0.01 
1260 1 0.01 1243 1 0.01 1235 1 0.01 486 14 0.23 985 1 0.01 594 2 0.03 840 1 0.01 
1271 2 0.01 1269 13 0.08 1243 1 0.01 495 1 0.02 1014 1 0.01 601 1 0.01 843 1 0.01 
1282 8 0.05 1311 2 0.01 1269 13 0.08 502 1 0.02 1028 30 0.24 614 1 0.01 909 1 0.01 
1297 21 0.13 1328 2 0.01 1311 2 0.01 522 3 0.05 1056 2 0.02 681 1 0.01 985 1 0.01 
1313 1 0.01 1350 1 0.01 1328 2 0.01 537 1 0.02 1101 1 0.01 795 2 0.02 1026 16 0.13 
1320 1 0.01 1351 12 0.07 1349 16 0.10 590 3 0.04 1182 2 0.01 827 3 0.03 1029 15 0.12 
1327 2 0.01 1353 4 0.02 1351 1 0.01 601 2 0.03 1200 4 0.03 908 1 0.01 1101 1 0.01 
1329 5 0.03 1374 2 0.01 1373 2 0.01 604 14 0.19 1205 1 0.01 1026 13 0.10 1175 1 0.01 
1340 2 0.01 1429 3 0.02 1426 1 0.01 642 1 0.01 1215 1 0.01 1028 16 0.13 1199 3 0.02 
1351 8 0.05 1473 1 0.01 1430 2 0.01 661 8 0.10 1314 4 0.02 1075 1 0.01 1215 1 0.01 
1352 33 0.20 1473 6 0.03 1472 1 0.01 679 2 0.02 1423 18 0.10 1180 1 0.01 1312 1 0.01 
1354 1 0.01 1513 1 0.01 1473 6 0.03 757 1 0.01 1423 34 0.19 1196 1 0.01 1313 1 0.01 
1376 1 0.01 1605 54 0.27 1502 1 0.01 765 1 0.01 1468 2 0.01 1197 3 0.02 1314 1 0.01 
1424 2 0.01 1635 6 0.03 1567 1 0.01 788 2 0.02 1487 2 0.01 1312 1 0.01 1421 36 0.20 
1430 91 0.51 1648 3 0.01 1605 52 0.26 808 3 0.03 1575 20 0.10 1313 1 0.01 1426 16 0.09 
1458 91 0.50 1650 2 0.01 1632 4 0.02 819 24 0.24 1612 19 0.09 1421 34 0.19 1467 1 0.01 
1473 1 0.01 1667 1 0.00 1648 3 0.01 840 4 0.04 1659 4 0.02 1425 19 0.11 1487 2 0.01 
1474 5 0.03 1683 1 0.00 1650 2 0.01 841 8 0.08 1682 1 0.00 1466 1 0.01 1568 1 0.01 
1487 1 0.01 1687 19 0.09 1660 2 0.01 842 9 0.09 1689 35 0.17 1486 1 0.01 1570 1 0.01 
1531 33 0.17 1688 11 0.05 1686 14 0.07 855 9 0.08    1486 1 0.01 1575 19 0.10 
1555 37 0.19 1723 26 0.12 1687 15 0.07 860 14 0.13    1570 3 0.02 1611 14 0.07 
1567 1 0.01 1736 63 0.29 1688 2 0.01 864 2 0.02    1575 18 0.09 1659 2 0.01 
1602 84 0.42    1723 27 0.13 881 4 0.04    1611 14 0.07 1672 1 0.00 
1636 14 0.07    1736 62 0.29 890 4 0.04    1659 3 0.01 1687 1 0.00 
1666 1 0.28       907 1 0.01    1686 1 0.00 1688 18 0.09 
1686 1 0.01       1020 2 0.02    1687 19 0.09 1690 13 0.06 
1699 57 0.09       1075 2 0.01    1690 12 0.06    
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Table S3 (continued). 
4a 4d 4e 6a 6c 6d 6e 

νi li HR νi li HR νi li HR νi li HR νi li HR νi li HR νi li HR 
3131 2 28.44       1138 1 0.01          
3202 20 0.02       1167 11 0.08          
3211 1 0.01       1196 1 0.01          
3212 1 0.01       1198 2 0.01          
3218 11046 0.02       1202 2 0.01          
3240 6 0.01       1255 9 0.06          

         1278 1 0.01          
         1293 15 0.09          
         1315 1 0.01          
         1347 6 0.04          
         1352 11 0.07          
         1356 4 0.02          
         1424 88 0.50          
         1441 7 0.04          
         1483 3 0.02          
         1486 1 0.01          
         1488 11 0.06          
         1511 1 0.01          
         1529 28 0.15          
         1545 3 0.02          
         1576 17 0.09          
         1610 44 0.22          
         1639 38 0.19          
         1654 30 0.15          
         1659 34 0.17          
         1668 31 0.15          
         1686 1 0.00          
         1689 3 0.01          
         3062 1 0.00          
         3176 562 1.43          
         3218 2 0.01          
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Table S4. Calculated transition wavelengths 
(λvert-emcalc) and oscillator strengths (f) in the 
crystal for the S1→S0 transitions of the enol (E) 
and keto (K) forms for the central molecule of 
4a and the dimer of 6e at the M06-2X/6-31G** 
level of theory.  

Compound λvert-emcalc 
eV (nm) 

f 

4a 2.98 (417) E 1.75 
1.19 (1045) K 0.008 

6e dimer 3.98 (312) E 0.40 
 1.13 (1094) K 0.03 

 
 

Table S5. Values of relative energies, in kcal/mol, for protonated 
4a and 6a in CH2Cl2, calculated at the M06-2X/6-31+G** level of 
theory. K and E mean keto and enol forms, respectively. 

Compound  State E (hartree) DE (kcal/mol) 
4aH+-(1) S0  -1416.519037 1.12 
 S1 (E) -1416.428386 0.00 
 S1 (K) -1416.415472 8.10 
4aH+-(2) S0 -1416.520823 0.00 
 S1 -1416.424385  
6aH+-(1) S0  -1261.772180 1.25 

  S1 (E) -1261.656001 1.62 
  S1 (K) -1261.658585 0.00 

6aH+-(2) S0 -1261.774173 0.00 
 S1 -1261.652118  

 
 
Table S6. Maximum absorption wavelengths (λabmax) determined for protonated compounds 4a 
and 6a.  Calculated transition wavelengths (λvert-abcalc) and oscillator strengths (f) for S0®Sn 
transitions. Calculations were carried out at the M06-2X/6-31+G** level of theory in CH2Cl2 
solution. 

Compd λabmax 
eV(nm) 

λvert-abcalc 
eV (nm) 

Transition f % Contr. (³10%) 

4aH+-(1) 2.65 (468) 2.76 (450) S0®S1 2.06 H ® L (92) 
3.04 (408) 3.29 (379) S0®S2 0.33 H-1 ® L (83) 

4aH+-(2)  2.92 (425) S0®S1 2.04 H ® L (91)  
 3.42 (363) S0®S3 0.29 H ® L+1 (87) 
  4.15 (299) S0®S4 0.12 H-2 ® L (43), H-1®L+1 (20), H ® L+1 (19)  
6aH+-(1) 3.14 (395) 3.46 (359) S0®S1 1.09 H ® L (90) 
 3.45 (359) 3.67 (337) S0®S2 0.45 H-1 ® L (79), H-1 ® L+1(10) 
6aH+-(2)  3.62 (342 S0®S1 1.12 H ® L (89) 
  3.95 (314) S0®S2 0.54 H-1 ® L (80) 
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Table S7. Wavenumber (νi in cm-1), reorganization energy (li in meV) and 
Huang-Rhys factors (adimensional) calculated for protonated 4a and 6a in 
CH2Cl2 solution at the M06-2X/6-31+G** level of theory. 

4aH+-(1) 4aH+-(2) 6aH+-(1) 6aH+-(2) 

νi li HR νi li HR νi li HR νi li HR 
23 3 1.05 25 1 0.32 28 5 1.44 26 3 0.93 

135 1 0.06 134 1 0.06 42 1 0.19 38 1 0.21 
261 1 0.03 274 1 0.03 49 5 0.82 41 11 2.16 
275 1 0.03 331 2 0.05 53 1 0.15 45 13 2.33 
464 1 0.02 346 1 0.02 84 5 0.48 89 8 0.72 
500 2 0.03 464 2 0.03 102 7 0.55 105 2 0.15 
549 2 0.03 550 2 0.03 106 5 0.38 121 1 0.07 
555 1 0.01 881 2 0.02 154 1 0.05 161 2 0.10 
674 1 0.01 1017 7 0.06 185 17 0.74 174 2 0.09 
709 4 0.05 1024 2 0.02 208 1 0.04 179 6 0.27 
717 2 0.02 1037 3 0.02 246 6 0.20 187 1 0.04 
883 2 0.02 1173 3 0.02 250 3 0.10 201 2 0.08 
944 1 0.01 1193 1 0.01 252 2 0.06 248 1 0.03 

1007 2 0.02 1201 8 0.05 275 1 0.03 318 3 0.08 
1014 1 0.01 1262 3 0.02 280 3 0.09 345 1 0.02 
1021 2 0.02 1267 6 0.04 346 1 0.02 389 1 0.02 
1025 3 0.02 1285 2 0.01 452 10 0.18 417 1 0.02 
1026 2 0.02 1308 2 0.01 486 29 0.48 426 1 0.02 
1040 1 0.01 1322 2 0.01 492 14 0.23 490 1 0.02 
1170 1 0.01 1350 4 0.02 503 3 0.05 601 5 0.07 
1199 10 0.07 1357 8 0.05 524 9 0.14 802 1 0.01 
1243 3 0.02 1401 4 0.02 556 4 0.06 806 1 0.01 
1254 2 0.01 1442 5 0.03 591 21 0.29 825 1 0.01 
1263 2 0.01 1468 2 0.01 601 2 0.03 838 1 0.01 
1287 4 0.03 1476 1 0.01 672 1 0.01 879 2 0.02 
1326 2 0.01 1480 5 0.03 681 1 0.01 906 1 0.01 
1328 1 0.01 1504 3 0.02 714 3 0.03 1023 4 0.03 
1332 1 0.01 1522 4 0.02 742 4 0.04 1030 12 0.09 
1346 1 0.01 1555 8 0.04 755 2 0.02 1126 1 0.01 
1350 1 0.01 1615 26 0.13 764 3 0.03 1138 1 0.01 
1355 11 0.07 1636 9 0.04 791 2 0.02 1176 3 0.02 
1400 3 0.02 1651 4 0.02 841 1 0.01 1194 1 0.01 
1416 1 0.01 1671 6 0.03 875 1 0.01 1208 3 0.02 
1454 3 0.02 1682 8 0.04 880 4 0.04 1212 1 0.01 
1470 2 0.01 1702 1 0.00 1017 2 0.02 1214 1 0.01 
1475 6 0.03 1724 16 0.07 1030 1 0.01 1276 1 0.01 
1478 1 0.01   0.01 1057 1 0.01 1281 2 0.01 
1501 1 0.01   0.13 1140 1 0.01 1313 1 0.01 
1528 3 0.02   0.01 1154 2 0.01 1324 4 0.02 
1551 6 0.03   0.00 1171 20 0.14 1339 1 0.01 
1607 15 0.08   0.05 1202 10 0.07 1356 2 0.01 
1625 8 0.04   0.04 1291 12 0.07 1359 2 0.01 
1661 9 0.04   0.01 1326 6 0.04 1362 1 0.01 
1681 7 0.03   0.04 1339 1 0.01 1373 4 0.02 
1720 10 0.05    1364 49 0.29 1430 22 0.12 

      1376 9 0.05 1489 1 0.01 
      1406 22 0.13 1558 1 0.01 
      1442 41 0.23 1578 7 0.04 
      1455 21 0.12 1631 15 0.07 
      1468 8 0.04 1643 7 0.03 
      1482 1 0.01 1648 6 0.03 
      1487 2 0.01 1669 4 0.02 
      1488 12 0.06 1686 10 0.05 
      1504 15 0.08    
      1508 6 0.03    
      1509 7 0.04    
      1531 18 0.09    
      1555 27 0.14    
      1581 11 0.06    
      1621 11 0.05    
      1645 2 0.01    
      1657 10 0.05    
      1661 31 0.15    
      1685 5 0.02    
      1695 1 0.00    
      1700 66 0.31    
      3239 1 0.00    
      3474 12884 29.89    
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Table S8. Bond critical points (BCP) properties for the hydrogen bonds (electron density jr; 
Laplacian of electron density Ñ2jr; kinetic energy density Gr; potential energy density Vr;  
electronic energy density Hr; dissociation energy Edis). 
BCP Properties 4a 6a 4a cryst 4aH+-(1) 6aH+-(1) 4aH+-(2) 6aH+-(2) 6e cryst 

H…O distance (Å) 1.663 1.681 1.707 1.774 1.794 1.809 1.824 2.024 

jr (eÅ-3) 0.0584 0.0557 0.0506 0.0438 0.0417 0.0339 0.0330 0.0238 

Ñ2jr (eÅ-5) 0.1261 0.1255 0.1507 0.1164 0.1138 0.1277 0.1244 0.0700 

Gr (a.u.) 0.0403 0.0387 0.0408 0.0317 0.0305 0.0307 0.0299 0.0175 

Vr (a.u.) -0.0490 -0.0459 -0.0440 -0.0344 -0.0326 -0.0295 -0.0288 -0.0175 

Hr (a.u.) -0.0087 -0.0073 -0.0032 -0.0026 -0.0020 0.0012 0.0012 0.00001 

Edis (kJ/mol) 64.4 60.3 57.7 45.1 42.7 38.7 37.8 23.0 
 
 
  



 S21 

 
Figure S1. UV/vis spectra of 4a-c (c = 2.77-4.12 ´ 10–6 M) and 6a-b (c = 2.96-5.00 ´ 10–6 
M) in CH2Cl2 solution. 
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Figure S2. Emission spectra of 4d (λexc = 413 nm) and 4e (λexc = 426 nm) in the solid state. 
The pictures were taken in the dark upon irradiation with a UV hand-held lamp (lexc = 365 
nm, 24 W). 

 
Figure S3. Emission spectra of 6a (λexc = 378 nm) in the solid state. The pictures were taken 
in the dark upon irradiation with a UV hand-held lamp (lexc = 365 nm, 24 W). 
 

      
Figure S4. Emission spectra of 6c (λexc = 330 nm) and 6d (λexc = 365 nm) in the solid state. 
The pictures were taken in the dark upon irradiation with a UV hand-held lamp (lexc = 365 
nm, 24 W). 
  

400 500 600 700
0

200

400

600

800

Fl
uo

re
sc

en
ce

 In
te

ns
ity

Wavelenght (nm)

 RPP-235

400 500 600 700
0

200

400

600

800

1000

Fl
uo

re
sc

en
ce

 In
te

ns
ity

Wavelenght (nm)

 RPP-248

400 500 600 700
0

200

400

600

800

1000

Fl
uo

re
sc

en
ce

 In
te

ns
ity

Wavelenght (nm)

 RPP-134

400 500 600
0

200

400

600

800

1000

Fl
uo

re
sc

en
ce

 In
te

ns
ity

Wavelenght (nm)

 RPP-239

400 500 600 700
0

20

40

60

80

100

120

Fl
uo

re
sc

en
ce

 In
te

ns
ity

Wavelenght (nm)

 RPP-249

N N

OCH3CH3O
4d

N N

OCH3CH3O
4e

OCH3

N N

6d

OCH3

OCH3CH3O

N N

6c
OCH3CH3O

N N

6a
OCH3CH3O

OH



 S23 

 
 
Figure S5. Selected bond lengths and dihedral angles in the S0 and S1 states for compounds 4a 
and 4d-e calculated in CH2Cl2 at the M06-2X/6-31+G** level of theory. 
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Figure S6. Selected bond lengths and dihedral angles in the S0 and S1 states for compounds 6a, 
and 6c-e calculated in CH2Cl2 at the M06-2X/6-31+G** level of theory. 
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Figure S7. Reorganization energy (in cm-1) versus normal mode wavenumbers (in cm-1) 
calculated for the ground state of compounds 4a, 4d-e, 6a, and 6c-e in CH2Cl2 at the M06-
2X/6-31+G** level of theory.  
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Figure S8. Atomic displacements of selected vibrational modes calculated for compounds 4a 
and 4d-e in CH2Cl2 solution at the M06-2X/6-31+G** level of theory. 
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Figure S9. Atomic displacements of selected vibrational modes calculated for compounds 6a 
and 6c-e in CH2Cl2 solution at the M06-2X/6-31+G** level of theory. 
 
 

 
Figure S10. Molecular structure of compounds 4a, 4e, and 6c-e extracted from X-ray analysis. 
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Figure S11. Pattern of the π-π interactions between molecules (top) and crystal packing 
(bottom) of compounds 6d and 6e. For clarity, neither hydrogen atoms (upper) nor atom labels 
are displayed. 
 

 

Figure S12. Potential energy surface of excited state S1 for the dimer 6e in CH2Cl2 solution 
calculated at the M06-2X/6-31G** level of theory. 
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Figure S13. Changes in the absorption (left) and emission (right, lexc = 477 nm) spectra of a 
CH2Cl2 solution of 4b (c = 2.77 ´ 10–6 M) upon addition of TFA.  

 
Figure S14. Changes in the absorption (left) and emission (right, lexc = 329 nm) spectra of a 
CH2Cl2 solution of 6a (c = 5.00 ´ 10–6 M) upon addition of TFA.  

 

 
Figure S15. Expanded regions of the 1H NMR spectrum of 6a before (bottom) and after (top) 
the addition of an excess of TFA (CDCl3, 500 MHz). 
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Figure S16. Selected bond lengths and dihedral angles in the S0 and S1 states for protonated 4a 
and 6a calculated in CH2Cl2 at the M06-2X/6-31+G** level of theory. 
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Figure S17. Frontier molecular orbitals calculated for protonated 4a and 6a in CH2Cl2 solution 
in the ground state S0 and excited state S1 calculated at the M06-2X/6-31+G** level of theory 
(isocontour plots 0.02 a.u.). 

 
Figure S18. Potential energy surface of the excited state S1 state for 6aH+-(1) in CH2Cl2 
solution calculated at the M06-2X/6-31+G** level of theory. 
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Figure S19. Relative rotational energy barrier of the phenyl ring in the ground state calculated 
at the M06-2X/6-31+G** level of theory in CH2Cl2 solution. 
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Figure S20. Molecular graphs from the QTAIM analysis. The spheres represent the nuclei of 
atoms: black = C, red = O, blue = N, gray = H. The lines connecting the nuclei are bond paths 
and the small dots represent the critical points: red = BCP (bond critical point), yellow = RCP 
(ring critical point). 
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Figure S21. Digital photographs of the reversible color change of Whatman filter paper under 
UV light (365 nm) using compound 6a as an anti-counterfeiting agent. 
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Figure S22. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 1b. 
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Figure S23. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 2a. 
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Figure S24. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 2b. 
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Figure S25. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 2c. 
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Figure S26. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 3a. 
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Figure S27. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 3b. 
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Figure S28. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 3c. 
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Figure S29. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 4a. 
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Figure S30. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 4b. 
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Figure S31. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 4c. 
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Figure S32. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 4d. 
  

N N

OCH34dCH3O

N N

OCH34dCH3O



 S46 

 
 

 

 
Figure S33. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 4e. 
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Figure S34. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 5a. 
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Figure S35. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 5b. 
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Figure S36. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 5c. 
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Figure S37. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 6a. 
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Figure S38. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 6b. 
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Figure S39. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 6c. 
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Figure S40. 1H NMR (CDCl3, 500 MHz) and 13C NMR spectra of (CDCl3, 125 MHz) of 6d. 
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Figure S41. 1H NMR (DMSO-d6, 500 MHz) and 13C NMR spectra of (DMSO-d6, 125 MHz) 
of 6e. 
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