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Abstract 

 

 

Excited-State Intramolecular Proton Transfer (ESIPT) dyes typically display strong solid-state 

emission but faint fluorescence intensity is observed in solution, owing to detrimental 

molecular motions. This article investigates the influence of the direct (hetero)arylation on the 

optical properties of 2-(2’-hydroxyphenyl)benzoxazole ESIPT emitters. The synthesis of two 

series of ESIPT emitters bearing substituted neutral or charged aryl, thiophene, or pyridine 

rings is reported herein along with full photophysical studies in solution and solid-state, 

demonstrating dual solution/solid-state emission behavior. Depending on the nature of 

substitution, several excited-state dynamics are observed: quantitative or partially frustrated 

ESIPT process or deprotonation of the excited species. Protonation studies revealed that 

pyridine substitution triggered a strong increase of the quantum yield in solution for the 

protonated species owing to favorable quinoidal stabilization. These attractive features led to 

the development of a second series of dyes with alkyl or aryl pyridinium moieties displaying 

strong tunable solution/solid fluorescence intensity. For each series, ab initio calculations 

helped rationalize and ascertain their behavior in the excited state and the nature of the 

emission observed by the experimental results. 
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Introduction 

 The search for optimized multifunctional fluorescent molecules has fueled extensive 

fundamental research, owing to their strategic position at the crossroad of many fields of 

applications, e.g., optoelectronics, biology, and materials. Stimuli-responsive molecular 

structures with expedite syntheses and improved photophysical properties constantly emerge 

in the literature, enriching the field of heterocyclic chemistry and providing additional 

examples of smart molecular fluorophores.
1
 In this context, fluorescent dyes displaying 

Excited-State Intramolecular Proton Transfer (ESIPT) emission appear particularly attractive. 

ESIPT fluorescence is observed in aromatic cores presenting a 5- or 6-membered H-bonded 

ring in the ground state and relies on a photoinduced tautomerization between the excited 

normal (N
*
) and tautomeric species (T

*
), corresponding in the majority of cases to phenol (E

*
) 

and keto (K
*
). Many beneficial characteristics arise from this specific excited-state dynamic, 

i.e., large Stokes shifts, enhanced photostability, strong solid-state emission and environment-

sensitive optical properties, owing to an easily perturbed proton transfer.
2
 Over the years, a 

large structural variety of ESIPT emitters, including 2-(2’-hydroxyphenyl)benzazoles (HBX),
3
 

triazolo[1,5-a]pyrimidines
4
 or amino-benzoquinolines

5
 among many others

6
 have been 

reported. Synthetic efforts and rationalization have provided optimized ESIPT dyes which 

have shown additional topical properties such as reversible mechanochromism
7
 or 

aggregation-induced emission (AIE).
8
 Several ESIPT fluorophores have been also applied to 

ratiometric sensing,
9
 white-light emission

10
 or anti-counterfeiting.

11
 A common drawback to 

ESIPT emitters is, however the weak emission intensity in dilute solution due to the 

occurrence of molecular motions leading to strong non-radiative deactivations, mainly 

stemming from accessible conical intersections and twisted intramolecular charge transfers 

(TICT) occurring after ESIPT. Dual-state emitters (DSSE) have been recently reported and 

correspond to dyes displaying fluorescence emission in solution but also in the solid-state.
12

 

These dyes have shown great interest since they can act as solution- and solid-state emitters 

and therefore target a wider range of applications. To use ESIPT dyes as DSSE fluorophores, 

one need to increase the solution photoluminescent quantum yield (PLQY) while keeping 

strong emission in the solid-state. Enhancing molecular rigidity of the π-conjugated cores of 

ESIPT dyes is likely the key to increase PLQY in the solution state. Indeed, recent examples 

based on rigidified scaffolds derived from imidazo[1,2-f]phenanthridine,
13

 2-(2’-

hydroxyphenyl)benzimidazoles,
14

 and others
15

 have showed very promising dual 

solution/solid-state emission (DSSE). A tenuous balance between quasi-planarity, rigidity and 
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solubility is necessary to engineer ESIPT-based DSSE compounds. On our part, we have 

showed that the incorporation of ethynyl-extended aryl or silyl substituents at the periphery of 

the H-bond donor (phenol ring) of HBX dyes is a facile and straightforward method to 

increase the corresponding PLQY and the overall brightness (Figure 1a).
16

 A marked increase 

of the luminescence intensity in both apolar and polar media was observed as compared to 

unsubstituted references. These optimized fluorophores have notably showed interesting 

random lasing properties in doped polymers.
17

 Despite the beneficial rigidification induced by 

the ethynyl-extended functionalization of the HBX core, the formation of an undesired 

benzofuran side-product can be observed when the H-donating hydroxy group is ortho 

substituted.
18

 This issue prompted us to find alternative ways to rigidify the HBX skeleton so 

as to increase the PLQY values in solution. Direct arylation of the HBX core appeared as an 

attractive and straightforward way to engineer DSSE dyes displaying ESIPT.  

 In this article, we report on our synthetic efforts by incorporating mono- or bis-aryl 

(meta or para-substituted phenyl) or heteroaryl (thiophene or pyridine) substituents on the 

phenol side of 2-(2’-hydroxyphenyl)benzoxazoles (HBO) derivatives (Figure 1b). 

Photophysical investigations on this first series of dyes prompted us to synthesize additional 

HBO-pyridine derivatives through an optimized Suzuki-Miyaura cross-coupling reaction. 

Alkylation or arylation of the latter dyes led to HBO-pyridinium dyes displaying an intense 

and tunable emission in solution (Figure 1c). 

 

Figure 1. (a) Ethynyl-extended HBX derivatives,
13b,16-18

 (b) (Hetero)arylated HBO dyes (first 

series) and (c) Alkyl/aryl pyridinium HBO dyes (second series) reported in this article. 

Results and Discussion 

First Series 

Synthesis 
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The preparation of mono- or bis-substituted dyes 1-8 is described in Scheme 1. Dyes 1-8 were 

obtained in one step from reported mono-bromo or bis-iodo dyes
16 

using a Pd-catalyzed 

Suzuki-Miyaura cross-coupling reaction with Pd(PPh3)2Cl2 or Pd(dppf)Cl2 as  catalyst. 

Compounds 1-8 were obtained as yellow powders in 20-92% yield, after purification on 

column chromatography. It is worth noting that ortho-substituted dyes 2 and 6 were only 

obtained in 20% and 29% yield respectively, highlighting difficulties to perform cross-

coupling at position 3 of the phenol ring with strong donors. All new compounds were 

characterized by 
1
H and 

13
C NMR spectroscopy, as well as HR-MS spectrometry (see the SI). 

 

Scheme 1. Synthesis of (hetero)arylated dyes 1-8. 

 

Photophysical properties 

 

The photophysical properties of 1-8 are compiled in Table 1 (toluene, dichloromethane, solid) 

and Table S1 (ethanol). The absorption and emission spectra for 1-8 in toluene are presented 

on Figure 2 while those recorded in ethanol and dichloromethane can be found on Figures S71 

and S72, respectively.  

Dyes 1 and 5 functionalized by m-N,N-dimethylaniline rings at positions 3 and 3,5 

respectively display similar absorption profiles, i.e., broad bands with a maximum absorption 

wavelength from 329 to 343 nm and molar extinction coefficients ranging between 11500 and 
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18000 M
-1

.cm
-1

. A bathochromic shift of the absorption wavelength is observed for dyes 2,3 

and 6 which are functionalized by p-N,N,-diethylaniline groups (λabs = 352-392 nm, ε = 2600-

18000 M
-1

.cm
-1

, depending on solvent and position of substitution). For dye 4, exhibiting a 

bis-tolyl substitution, maximum absorption wavelengths spanning 352-354 nm (ε =11200-

11300 M
-1

.cm
-1

) are recorded. In a similar fashion, dyes 7 and 8, functionalized with 

heteroaryl rings (thiophene and pyridine) display alike absorption characteristics (λabs = 327-

346 nm, ε = 12000-15100 M
-1

.cm
-1

).  

 

Table 1. Photophysical data for dyes 1-8 recorded in aerated solutions at 25°C. 

Dye Solvent 
λabs

[a] 

(nm) 
ε

[b] 

(M
-1

.cm
-1

) 
λem 

(nm) 
Φf

[c]
 Δss

[d] τ 
(ns) 

kr
[e] 

knr
[e] 

1 toluene 332 16800 544 0.10 11700 1.3 0.8 6.9 

1 CH2Cl2 329 18000 534 0.03 11700 5.4 0.06 1.8 

1 CH2Cl2/H
+
 330 18200 534

 
0.03 11600 4.7 0.06 2.1 

1 solid
[f]
 330 - 528

 
0.18

 
11400

 
- - - 

2 toluene 362 9200 476/599 0.04 6700 2.4 0.2 4.0 

2 CH2Cl2 356 9300 505/609 0.02 8300 0.5 0.4 19.6 

2 CH2Cl2/H
+
 333 17700 516 0.26 10700 2.5 1.0 3.0 

2 solid
[f]
 360 - 440/557

 
0.26

 
5100

 
- - - 

3 toluene 375 2800 470/565 0.05 5400 1.5 0.3 6.3 

3 CH2Cl2 367 3100 505/586 0.05 7400 3.0 0.2 3.2 

3 CH2Cl2/H
+
 336 9400 506 0.09 10000 3.0 0.3 3.0 

3 solid
[f]
 370 - 557

 
0.18

 
9100

 
- - - 

4 toluene 354 11300 550 0.11 10100 1.4 0.8 6.4 

4 CH2Cl2 352 12100 547 0.09 10100 1.0 0.9 9.1 

4 solid
[f]
 350 - 539 0.59 10000 - - - 

5 toluene 335 12000 556 0.13 11900 1.3 1.0 6.7 

5 CH2Cl2 343 12900 546 0.07 10900 2.0 0.4 4.7 

5 CH2Cl2/H
+
 343 13300 523 0.39 10000 3,9 1.0 1.6 

5 solid
[f]
 335 - 465/551

 
0.18

 
8300

 
- - - 

6 toluene 392 8400 475/603 0.03 4500 3.6 0.08 2.7 

6 CH2Cl2 386 9100 505/609 0.05 6100 0.8 0.6 11.9 

6 CH2Cl2/H
+
 348 14700 525 0.35 9700 2.6 1.4 2.5 

6 solid
[f]
 390 - 467/597

 
0.18

 
4200

 
- - - 

7 toluene 346 12200 567 0.11 11300 1.2 0.9 7.2 

7 CH2Cl2 344 14100 550 0.08 10900 1.2 0.7 7.6 

7 solid
[f]
 340 - 566 0.37 11700 - - - 

8 toluene 333 13200 508 0.08 10400 1.5 0.5 6.1 

8 CH2Cl2 332 14200 497 0.12 9700 3.4 0.4 2.6 

8 CH2Cl2/H
+
 330 29300 490 0.55 9900 3.5 1.6 1.3 

8 CH2Cl2/NEt3 331 14000 499 0.10 10000 3.4 0.3 2.7 

8 solid
[f]
 330 - 496 0.38 10100 - - - 

 

[a]
 Maximum absorption wavelength (S0-S1 transition) 

[b]
 Absorption coefficient (related to S0-S1 transition)

 [c]
 Relative 

quantum yield determined in solution using Rhodamine 6G as a reference (λexc = 488 nm, Φ = 0.94 in ethanol), 
[d]

 Stokes 
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shift, 
[e]

 kr (10
8 

s
-1

) and knr (10
8 

s
-1

) were calculated using: kr = ΦF/σ, knr = (1- ΦF)/σ where σ is the lifetime, 
[f]

 as embedded in 

KBr pellet, PLQY calculated as absolute in an integration sphere fitted to a spectrofluorimeter. 

 

Photoexcitation in the lowest-energy band (330-390 nm) leads to an intense emission in the 

visible in toluene and dichloromethane but also in ethanol for selected cases (Figures 2, S71 

and S72). 

 

Figure 2. (left) Normalized absorption and (right) Normalized emission spectra of 1 (green), 

2 (light green), 3 (purple), 4 (pink), 5 (blue), 6 (red), 7 (orange), and 8 (navy blue) in toluene 

at 25°C. (Insert) Photographs of solutions of dyes 1-8 in toluene under irradiation from a 

bench UV-lamp (λexc = 365 nm). 

 

In toluene, for dyes 1 and 5, functionalized by a m-N,N,-dimethylaniline moiety, a single 

emission band is observed at 544 and 556 nm, attributed to the radiative transition of the K
*
 

tautomer, indicating a quantitative ESIPT process in these cases. However, for dyes 2,3 and 6, 

the substitution by p-N,N,-diethylaniline (NEt2) groups leads to a dual E
*
/K

*
 emission at 

476/599, 470/565 and 475/603 nm, respectively. These observations indicate that the 

electrodonating character of NEt2 group contributes to the stabilization of the energy level of 

E
*
, leading to a partial frustration of the proton transfer, which is a typical feature in such 

systems.
3c,10a,18

 It is a clear indication that electron donors tend to decrease the acidity of the 

phenolic proton in the excited-state (i.e. decrease of pKa
*
), leading to dual emission. Also, it 

is worth noting that this dual emission is observed in apolar toluene, highlighting the fact that 

ESIPT frustration is exclusively due to electronic parameters and not solvatation effect in 

protic environment. Also, the position of the NEt2 functionalization seems to significantly 

influence the emission wavelength of the resulting dyes when one compare dyes 2 and 3 (λem 

= 599 and 565 nm, respectively). Introduction of the electrodonating moiety at position 3, as 

in 2 leads to a redshifted emission, evidencing a stronger ICT process than for position 3. A 
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double NEt2 functionalization at positions 3 and 5, as in dye 6 does not strongly modify the 

emission wavelength as compared to a single 5-substitution (λem = 599 and 603 nm for dyes 3 

and 6, respectively). All dyes bearing a N,N-dialkylamino functionalization do not display 

any fluorescence emission in ethanol. However, dye 4, substituted by tolyl groups, does 

display single emission bands both in toluene and ethanol (λem = 544 and 550 nm, 

respectively). Similarly, in toluene, dyes 7 and 8 present a single K
*
 emission band whose 

maximum emission wavelength spans from 508 to 567 nm. Dye 7, bearing an electrodonating 

thiophene ring is the most red-shifted one, in part due to a planarization effect, limited in 8 

(see theory below). In ethanol, the emission wavelengths for these dyes are similar to those 

observed in toluene (λem = 492-561 nm, Figure S71). The PLQY values recorded in toluene 

are in the range 3-13% for dyes 1-8, with the highest values measured for derivatives 1, 4, and 

5 incorporating a double aryl functionalization with a tolyl or m-N,N,-dimethylaniline groups. 

Dyes 2, 3, and 6 with peripheral NEt2 moieties are the least fluorescent ones, providing a 

further evidence of the presence of detrimental ICT processes in these dyes. These PLQY are 

overall higher than those observed for unsubstituted HBO dyes,
16a

 highlighting the beneficial 

role of the peripheral aryl or heteroaryl groups but are significantly lower than those induced 

by the ethynyl-extended moieties previously reported.
16,17

 For the entire series of dyes bearing 

N,N,-dialkyaniline groups, the fluorescence emission appears to be completely quenched in 

ethanol. The fluorescence lifetimes are all in the nanosecond range which is characteristic of 

organic fluorophores. A monoexponential decay is systematically found, even in the case of a 

dual E
*
/K

*
 emission. 

 

Solid-state emission 

The photophysical properties in the solid-state were recorded as embedded in potassium 

bromide pellets. The emission spectra of dyes 1-8 in solid are presented on Figure 3. 
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Figure 3. Emission in the solid-state, as embedded in KBr pellets (concentration of around 

10
-4

 M) of 1 (green), 2 (yellow), 3 (purple), 4 (pink), 5 (blue), 6 (red), 7 (orange), and 8 (navy 

blue). (Insert) Photographs of solutions of dyes 1-8 as powders under irradiation from a bench 

UV-lamp (λexc = 365 nm). 

 

The maximum emission wavelengths are rather similar to those observed in solution, i.e., 

maxima spanning 496-597 nm. It is to be noted that all dyes display a single K
*
 band, with the 

exception of dyes 2, 3, 5 and 6 where a dual E
*
/K

*
 emission is observed (λem (E

*
) = 440-465 

nm), albeit with a relatively weak contribution from the phenol. The PLQY recorded as 

absolute, with an integration sphere fitted to a spectrophotometer, are in the 18-59% range, 

which represents a strong increase as compared to those recorded in solution. This feature, a 

trademark among ESIPT dyes, is attributed to a restriction of molecular motions in the 

excited-state, and in particular the rotation around the central double bond of the K
*
 form. 

 

Protonation studies  

All dyes featuring a dialkylamino group display optical characteristics attributed to an ICT 

process (see theory below). In order to shed more light on this process but also on the overall 

influence of external stimuli on the optical response, the photophysical properties of the dyes 

carrying protonable groups, i.e. dyes 1-3, 5, 6, and 8 were studied in their protonated state, in 

dichloromethane and ethanol (Tables 1 and S1, Figures 4, S73 and S74). 
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Figure 4. Emission spectra of 1 (green), 2 (yellow), 3 (purple), 5 (blue), 6 (red), 8 (navy blue) 

in their protonated state in dichloromethane at 25°C. (Insert) Photopgraphs of solution in 

neutral (left) and protonated (right) dichloromethane under irradiation from a bench UV-lamp 

(λexc = 365 nm). 

 

Protonation of the selected dyes was performed by bubbling HCl gas into a solution of the 

dyes in dichloromethane or ethanol. As a general trend, for dyes 1 and 5 with a m-N,N,-

dimethylaniline group, the protonation does not drastically modify the maximum absorption 

wavelength, whereas a marked blue-shift is observed for those carrying at least one p-NEt2, 

namely dyes 2, 3, and 6 (λabs = 356-386 nm vs. 333-348 nm in dichloromethane in their 

neutral and protonated state, respectively). This feature is accompanied by an important 

hyperchromic effect and is also observed in ethanol. Upon photoexcitation in the lowest-

energy band, an intense emission band is observed in all cases, whose nature could be 

attributed to the decay of the K
*
 tautomer. Indeed, protonation of the lone electron pair of the 

nitrogen tends to decrease the electronic density on the π-conjugated cores of the dyes and 

further favor the ESIPT process (see theory below). Previous examples showed that 

protonation triggered a disappearance of dual emission to the benefit of a single band.
16b

 The 

most striking feature observed in the course of the protonation studies is the significant 

increase of the PLQY as compared to their neutral counterparts, peaking at 39% for dye 5 in 

the N,N-dialkylated aniline series. Dye 8, functionalized with a pyridine at position 5 stands 

out in the series. Indeed, protonation does not trigger major changes in terms of emission 

wavelength neither in dichloromethane, nor in ethanol (λem = 497 and 430/492 nm vs. λem = 

490 and 501 nm in their neutral/protonated state, in dichloromethane and ethanol, 

respectively). The PLQY significantly increases in protonated dichloromethane (55%) but not 

ethanol which hints at a strong contribution from solvatation in this case.  We hypothesize that 

these enhanced optical properties in dichloromethane arise from the formation of a stabilized 
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quinoidal excited species (Figure 5). In the neutral state, the pyridine moiety favors complete 

deprotonation of the excited phenol leading to the impossibility of ESIPT to occur and the 

emission of the resulting phenolate. Indeed, it is reported that phenolate moieties derived from 

HBO dyes can be highly emissive.
13b,18b

 Moreover, the formation of the phenolate in neutral 

dichloromethane is consistent with the ab initio calculations (see below). To further evidence 

deprotonation in the excited-state, absorption and emission spectra of dye 8 in presence of 

0.1% a base (NEt3) were recorded, leading to similar maximum wavelengths (λabs/λem = 

333/498 nm) as in neutral dichloromethane (Figure S75). Upon protonation of both phenolate 

and pyridine moieties, ESIPT can occur, which is further stabilized through the formation of a 

quinoidal exciton by H-bonding (Figure 5). The significant increase of PLQY in the 

protonated species might stem, not only from H-bonded rigidification but also from the lack 

of proton-coupled electron transfer (PCET) process, as reported in a related example.
20

 In 

ethanol, reported solvatation occurs in the ground and excited-state of HBX dyes, thereby 

inhibiting the subsequent stabilization through the excited quinoidal species (Figure 5). 

 

 

Figure 5 Solvatation effects in 1) dichloromethane and in 2) ethanol on the photophysical 

properties of 8. 
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Theoretical modelling 

Following our usual strategy,
17-19

 first principle calculations were performed in order to 

complement the experimental characterizations and obtained details regarding the electronic 

structures of the investigated compounds. First, we checked that only the phenol form is 

present in the ground electronic state. As can be seen in Table S3 in the SI, the keto isomer is 

indeed unstable in the ground state (higher than the proton transfer transition state on the free 

energy scale), and the structures presenting a O
…

HO H-bonding pattern are also much less 

stable than their N
…

HO counterparts. As can be seen in Table S4, the latter conclusion also 

holds in the excited-state. The main theoretical results related to emission are summarized in 

Table 2. For all dyes, considering the absorption in toluene, the lowest excited state is always 

very intense and located on the HBO core. For dyes 1-6, the most red-shifted absorption is 

computed for dye 6 (λabs = 379 nm), in good agreement with the experimental measurement 

(λabs = 392 nm, Figure 2), given the fact that theoretical modelling neglects vibronic couplings 

and hence logically delivers slightly blue-shifted wavelengths as compared to experiment. 

This can be explained qualitatively, by the electronic density difference plots displayed in 

Figure S105; in dye 6, the two amino groups located para participate to the excited-state, 

whereas this effect is much milder in 5 which presents a meta-substitution pattern leading to a 

more localized excited state, hence appearing at higher energy. For dyes 7 and 8, theory 

correctly foresees that 7 possesses the largest absorption wavelength (Figure 2). From Figure 

S3.1, it is quite obvious that the thienyl ring is actively participating in the excited state as a 

donor group, owing to its smaller dihedral angle with respect to the HBO core, whereas the 

direct impact of the pyridyl group present in 8, that is more twisted, is smaller.  

 

Table 2. Computed vertical absorption and (phenol and keto) vertical emission wavelengths 

together with the excited state free energy difference between the phenol and keto forms 

(G
K*-E*

) and the phenol and the ESIPT transition state (G
TS*-E*

). Negative values for the 

latter are due to vibrational corrections and are indicative of barrierless transfer. See the 

Method Section for technical details. 

 

Dye Solvent 
λabs

 

(nm) 
λem (E*) 

(nm) 
λem (K*) 

(nm) 
G

K*-E*
 

(eV) 
G

TS*-E*
 

(eV)
 

1 toluene 327 398 513 -0.24 -0.02 

2 toluene 367 457 577 -0.16 0.00 

2 CH2Cl2 367 510 603 -0.20 0.01 

2 CH2Cl2/H
+
 312 374 515 -0.41 -0.06 

3 toluene 367 453 550 -0.07 0.04 
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3 CH2Cl2 371 503 584 -0.12 0.04 

3 CH2Cl2/H
+
 312 373 495 -0.28 0.03 

4 toluene 334 396 529 -0.25 -0.01 

5 toluene 338 399 530 -0.23 -0.01 

6 toluene 379 459 590 -0.15 0.00 

7 toluene 328 397 531 -0.30 -0.04 

8 toluene 314 363 479 -0.25 -0.01 

8 CH2Cl2 311 373 487, 469
[a]

 -0.29 0.00 

8 CH2Cl2/H
+
 355 433 528 -0.24 0.06 

   

[a] Anionic form 

 

As for the emission in toluene for the dyes 1-6 series, there is a significant driving force for 

inducing ESIPT as the keto isomer is always more stable than the phenol, which is consistent 

with the formation of K
*
 in the excited state (Table 2). However, the relative stabilization of 

the keto form significantly varies with the substitution pattern. Indeed, in dyes 1, 4, and 5, the 

K
*
 tautomer is more stable than its E

*
 counterpart by values exceeding -0.20 eV, which is 

indicative of quantitative proton transfer.
18

 Indeed, experimentally, only the emission from the 

tautomer is observed for these dyes (Figure 2), with emission wavelengths of 544, 550, and 

556 nm, for 1, 4, and 5, respectively. Theory foresees slightly blue-shifted fluorescence at 

513, 529, and 530 nm, respectively, for the keto structure. In contrast, the emissions computed 

for the corresponding phenols fall in the 396-399 nm range, i.e., clearly do not fit experiment. 

This clearly confirms the presence of ESIPT in these systems. In dyes 2 and 6, the driving 

force for proton transfer remains large of ca. -0.15 eV, and a very small phenol emission can 

be found experimentally (Figure 2). Again the computed and measured wavelengths are in 

good agreement. For 3, the phenol and keto forms in the excited state become closer to 

isoenergetic (G
E*-K*

=-0.07 eV), there is a non-trilling barrier for the transfer (G
TS*-E*

=0.04 

eV), and consistently the E
*
 emission becomes significantly more intense in the experimental 

fluorescence spectrum (Figure 2). Indeed, a G
E*-K*

 in between 0.00 and -0.15 eV is typical of 

dual emitters.
19

 Qualitatively, there is indeed a strong ICT from the amino group towards the 

dye’s core in 3 (Figure S105), explaining that the photoacidity of the hydroxyl is smaller than 

in, e.g. dye 5. In the 7-8 series, the values listed in Table 2 clearly indicate that only ESIPT 

emission should be observed, consistent with the experiments. One also notes that whilst the 

absorption of 7 is only slightly red-shifted as compared to the one of dye 8 (ca. +12 nm in 

both theory and experiment), the K
*
 emission is comparatively more displaced (+59 nm 

experimentally, +52 nm theoretically). This larger Stokes shift in 7 can be explained its 

planarization in the excited state; the thienyl moiety becomes fully coplanar with the dye core 
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in the relaxed K
*
 structure (true Cs minimum). The spectral properties of dyes 2, 3, and 8 were 

also investigated in dichloromethane, considering both the neutral and protonated forms, so as 

to closely model the experimental protonation experiments. For dyes 2 and 3, going from 

toluene to CH2Cl2 has little impact on the absorption spectra, but strongly/significantly red-

shifts the E
*
/K

*
emissions. This trend is related to the much larger excited state dipole of the 

phenol tautomer (17.6 D for E
*
 of 2) as compared to its keto counterpart (6.8 D for K

*
 of dye 

2). Experimentally, there is clearly a stronger overlap between the phenol and keto emission 

bands of both 2 and 3 in CH2Cl2 than in toluene (see the SI). In terms of driving force for 

ESIPT, the change of solvent has no drastic impact (Table 2). In contrast, when protonating 

the amine group, one can notice a stronger driving force for ESIPT, consistent with the fact 

that only K
*
 fluorescence is observed experimentally. This can be easily explained by looking 

at the electron density difference plots displayed in Figure 6: when protonating the amine, the 

donor character of that group is lost and the excited state becomes more localized on the HBO 

core with a much stronger decrease of the electron density on the hydroxyl group, indicative 

of stronger photo-acidic character of OH after protonation. In the same time, this more 

localized excited state is logically significantly blue-shifted as compared to the one of the 

neutral form, a trend found in both theory and experiment.  

 

Figure 6. Density difference plots of the lowest excited states of dye 2 (left) and 2.H
+
 in 

CH2Cl2. Blue and red lobes correspond to decrease and increase of density upon absorption. 

Contour threshold: 1 x 10
-3

 au. 

 

For 8 in dichloromethane, theory foresees a strong driving force for ESIPT. However, the 

predicted emission of K
*
 (487 nm) is slightly red-shifted as compared to toluene (479 nm), 

whereas a blue-shift is obtained experimentally (Table 1). As discussed above, this is an 

indication that the emission of 8 is coming from the anion in dichloromethane, with a 

computed emission indeed blue-shifted (469 nm) as compared to toluene, qualitatively 
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consistent with the measurements. We note however that considering the absolute emission 

energies would not have allowed attribution, because the difference between the computed 

emission wavelengths between the two species are within the error bar of our calculation 

model. For the protonated 8, theory clearly foresees quantitative ESIPT (driving force of -0.24 

eV) with a sole K
*
 fluorescence at 528 nm, i.e., slightly red-shifted as compared to experiment 

(490 nm). The geometry of K
*
 has indeed a quinoidal character as hypothesized above.  

 

Second Series 

Synthesis 

 

In order to shed more light on the interesting protonation-responsive photophysical behavior 

observed for dye 8, we decided to synthesize ortho-substituted and bis-substituted HBO 

pyridine derivatives to check if similar properties were observed. Moreover, based on Figure 

4, we anticipate that the alkylation or arylation of the pyridine moiety in dye 8 would lead to 

highly emissive charged fluorophores. Pyridinium derivatives have indeed attracted wide 

attention due to potential applications from drugs to materials.
21

 Also, pyridinium-
22 

and 

benzopyrylium
23

-based ESIPT dyes have already shown to induce NIR emission, paving the 

way to innovative materials for ratiometric sensing. A second series of dyes were therefore 

developed to further investigate the influence of pyridine/pyridinium moieties on the ESIPT 

process and the resulting emission intensity in solution and solid-state. Unfortunately, the 

Suzuki-Miyaura reaction conditions developed on Scheme 1 did not allow any observation of 

the desired isomer of 8, nor on 3-bromoHBO, neither on 3,5-dibromoHBO, probably owing to 

unfavorable electronic interactions at the 3-position of the salicylaldehyde. Optimization of 

the Pd-catalyzed cross-coupling reaction was then performed on commercially available 3,5-

dibromoosalicylaldehyde with variations of the nature of the catalyst, base and solvent (Table 

3). 

 

Table 3. Optimization conditions of the Suzuki-Miyaura coupling for the synthesis of 

salicylaldehyde 9. 
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Entry X Pd cat. Base Additive Solvent Time Yield 

1 I PdCl2(PPh3)2 NEt3 - THF/H2O 40:1 15h No reaction 

2 I PdCl2(PPh3)2 K2CO3 - Dioxane/H2O 4:1 15h No reaction 

3 I PdCl2(dppf) K2CO3 LiCl Dioxane/H2O 4:1 39h No reaction 

4 I Pd(PPh3)4 K2CO3 - Dioxane/H2O 4:1 15h No reaction 

5 Br PdCl2(PPh3)2 K2CO3 - Dioxane/H2O 4:1 15h No reaction 

6 Br PdCl2(dppf) K2CO3 - Dioxane/H2O 4:1 15h No reaction 

7 Br PdCl2(PPh3)2 K2CO3 - Dioxane 15h No reaction 

8 Br PdCl2(PPh3)2 CuCO3 - Dioxane/H2O 4:1 15h No reaction 

9 Br PdCl2(PPh3)2 Ba(OH)2 - Dioxane/H2O 4:1 15h No reaction 

10 Br PdCl2(PPh3)2 CaCO3 - Dioxane/H2O 4:1 15h No reaction 

11 Br PdCl2(PPh3)2 CdCO3 - Dioxane/H2O 4:1 15h No reaction 

12 Br PdCl2 K2CO3 (O)PPh3 DMF/H2O 2:1 15h No reaction 

13 Br PdCl2(PPh3)2 K2CO3 - Toluene/EtOH 2/1 15h 65% 

14 Br Pd(PPh3)4 K2CO3 - Toluene/EtOH 2/1 15h 54% 

15 Br PdCl2(dppf) K2CO3 - Toluene/EtOH 2/1 15h 51% 

16 Br PdCl2(PPh3)2 Na2CO3 - Toluene/EtOH 2/1 15h 22% 

17 Br PdCl2(PPh3)2 Cs2CO3 - Toluene/EtOH 2/1 15h No reaction 

18 Br PdCl2(PPh3)2 K2CO3 - Toluene/EtOH 4/1 15h Traces 

19 Br PdCl2(PPh3)2 Cs2CO3 - Toluene/EtOH 4/1 15h 17% 

20 Br PdCl2(dppf) Cs2CO3 - Toluene/EtOH 1/1 15h No reaction 

21 Br PdCl2(PPh3)2 
t
BuONa - Toluene/EtOH 4/1 15h Traces 

22 Br PdCl2(PPh3)2 K2CO3
 

- Toluene/EtOH /H2O 12/2/1 15h No reaction 

23 Br PdCl2(dppf) K2CO3
 

- Toluene/EtOH /H2O 12/2/1 15h No reaction 

 

During the course of our optimization, we found out that the nature of the solvents is of 

upmost importance for the cross-coupling to proceed. Presence of water, even in small 

proportion leads in all cases to the absence of target compound on the crude NMR spectrum. 

The nature of the inorganic base plays an important role in the success of the coupling, but 

more surprisingly, the nature of the cation in the carbonate base employed seems to have a 

strong impact on the reaction yield (K2CO3>Na2CO3>Cs2CO3, see entries 13, 16, 17 in Table 

3). Pyridine is a strong chelating moiety, presumably leading to pronounced interactions with 

cations during the Suzuki coupling. Finally, the nature of the catalyst seems to induce smaller 

variations of reaction yields (entries 13-15). Eventually, the use of PdCl2(PPh3)2 as 5% mol. 

catalyst with potassium carbonate as a base in toluene/ethanol (2/1) led to salicylaldehyde 9 in 

65% yield, after purification on column chromatography. These optimized reactions 
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conditions were then applied to 3-bromo, 5-bromo HBO and 3,5-dibromo-tertiobutyl-HBO 

dyes to provide dyes 8, 10-11 in 45-85% yield (Scheme 2). 

 

Scheme 2. Synthesis of dyes 8 and 10-16. 

 

The optimized cross-coupling conditions led to a strong increase of the synthesis yield of dye 

8 (65% vs. 32%) as compared to the conditions developed in Scheme 1 but also provided 

access to both the isomer 10 and the bis-pyridine derivative 11. Alkyl pyridinium dyes 12 and 

13 were obtained in a straightforward synthesis using a slight excess of methyl or n-

butyliodide and purified by reprecipitation methods. Arylpyridinium-susbtituted 15 and 16 

were synthesized in two steps, inspired by a Zincke-type reaction protocol.
24

  

 

Photophysical properties 

 

The photophysical properties of all pyridine/pyridinium containing dyes are presented on 

Tables 4 and S2 and the emission spectra in solution and solid in Figures 7 and 8, 

respectively. Photographs of DCM solutions of all dyes in the presence of acid or base can be 

found on Figure S95. 
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Table 4. Photophysical data of dyes 10-13 and 15, 16 in dichloromethane at 25°C. The data 

for dye 8, taken from Table 1 are reproduced for comparisons 

 

 

 

[a]
 Maximum absorption wavelength (S0-S1 transition) 

[b]
 Absorption coefficient (related to S0-S1 transition)

 [c]
 Relative 

quantum yield determined in solution using Rhodamine 6G as a reference (λexc = 488 nm, Φ = 0.94 in ethanol), 
[d]

 Stokes 

shift, 
[e]

 kr (10
8 

s
-1

) and knr (10
8 

s
-1

) were calculated using: kr = ΦF/σ, knr = (1- ΦF)/σ where σ is the lifetime, 
[f]

 as embedded in 

KBr pellet, PLQY calculated as absolute in an integration sphere fitted to a spectrofluorimeter. 

 

Dyes 10-13 and 15,16 display maximum absorption wavelengths in the UV region (λabs = 

335-372 nm) which are mildly red-shifted upon formation of the pyridinium moieties, with 

the exception of 16 where a strong absorption band at 498 nm is observed (Figure S76). This 

band could be attributed either to a strong charge transfer band from the NEt2-phenyl group to 

the pyridinium, or alternatively to the effect of deprotonation leading to the phenolate (see 

theoretical calculations below). 

Photoexcitation in the S0-S1 transition leads to the appearance of an intense emission of light 

for all dyes, in dichloromethane. 10 which features a pyridine group at the ortho position of 

the phenol shows red-shifted emission, as compared to its para analogue 8 (λem = 518 vs. 497 

nm). The introduction of two pyridine groups, as in 11 leads to very similar emission 

properties as those of 10 (λem = 520 nm). For those three dyes, a single emission band is 

Dye Solvent 
λabs

[a] 

(nm) 
ε

[b] 

(M
-1

.cm
-1

) 
λem 

(nm) 
Φf

[c]
 Δss

[d] τ 
(ns) 

kr
[e] 

knr
[e] 

8 CH2Cl2 332 14200 497 0.12 9700 3.4 0.4 2.6 

8 CH2Cl2/H
+
 330 29300 490 0.55 9900 3.5 1.6 1.3 

8 solid
[d]

 330 - 496 0.38 10100 - - - 

10 CH2Cl2 335 15900 518 0.40 10500 3.1 1.29 1.94 

10 CH2Cl2/H
+
 344 13500 527 0.64 10100 3.6 1.78 1.00 

10 Solid
[d]

 334 - 505 0.38 - - - - 

11 CH2Cl2 347 14900 520 0.58 9600 4.3 1.35 0.97 

11 CH2Cl2/H
+
 341 17700 511 0.56 9800 4.1 1.37 1.07 

11 Solid
[d]

 345 - 541 0.22 - - - - 

12 CH2Cl2 345 22600 509 0.43 9400 2.9 1.48 1.97 

12 CH2Cl2/H
+
 353 23900 506 0.46 8600 2.9 1.59 1.86 

13 CH2Cl2 354 19300 506 0.61 8500 2.9 2.10 1.34 

13 CH2Cl2/H
+
 355 23700 507 0.60 8400 2.9 2.07 1.38 

13 Solid
[d]

 352 - 423/511 0.08 - - - - 

15 CH2Cl2 372 21000 534 0.50 8200 1.8 2.78 2.78 

15 CH2Cl2/H
+
 373 21700 534 0.51 8100 1.9 2.68 2.58 

15 Solid
[d]

 370 - 563 0.29 - - - - 

16 CH2Cl2 498 8000 600 0.10 3400 1.3 0.77 6.92 

16 CH2Cl2/H
+
 373/470 7300 526/611 0.06 2300 0.7 0.86 13.40 
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recorded, which we attribute to the formation of the anion, on the basis of spectral 

comparisons performed after the addition of base (Table S2). Dyes 10 and 11 are very 

emissive with QY in the range 40-58%, much higher than dyes 1-7 described earlier in 

dichloromethane. Protonation of these dyes leads to a red-shifted emission in the case of 10 

(λem = 527 vs. 518 nm) and a blue-shifted emission for 11 (λem = 520 vs. 511 nm). The latter is 

reminiscent to what was observed for 8 and was attributed to an excited quinoidal species 

(Figure 5). 

 

 

Figure 7. Emission of dye 8 (light blue), 10 (blue), 11 (navy blue), 12 (green), 13 (light 

green), 15 (orange), and 16 (red) in dichloromethane at 25 °C. (Insert) Photographs of 

solutions of dyes 8, 10-13 and 15-16 in dichloromethane under irradiation from a bench UV-

lamp (λexc = 365 nm). 

 

Formation of alkyl pyridinium dyes 12 and 13 triggered a mild bathochromic emission shift as 

compared to protonated 8 (λem = 506 and 507 vs. 490 nm for 12, 13 and protonated 8, 

respectively). Unlike dyes 8, 10-11, the emissions of both 12 and 13 can be attributed to the 

sole decay of the K
*
 tautomer, as a result of a quantitative ESIPT process. Indeed, addition of 

acid does not modify the optical properties (λabs/λem/QY), whereas addition of base leads to 

the appearance of the red-shift band in absorption, consistent with the formation of a 

zwitterionic pyridinium-phenolate species. The red-shift observed for dyes 12 and 13 vs. 

protonated 8 is also consistent with a further stabilization of the quinoidal species with the 

presence of an additional carbon atom. Changing a methyl for a butyl chain as in 13, does not 

trigger optical changes in solution, as expected but one can note that 13 is emissive in the 

solid whereas 12 is not. Introduction of aryl pyridinium moieties, as in dyes 15 and 16 leads to 

red-shifted emission in both cases, especially in the case of 16 (λem = 600 nm). Addition of 

acid does not modify the emission wavelength in the case of 15 and 16, highlighting a K
*
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emission. In both cases, addition of base leads to the appearance of an intense red-shifted 

absorption band and a complete quenching of emission (Table S2). It is worth noting that the 

QY of dye 15 in DCM is reaching 0.50, due to an enhanced stabilization of the excited species 

via quinoidal delocalization. Calculations return that the ESIPT process is totally frustrated in 

the case of 16 (see below), presenting a stabilized zwitterionic form in the ground-state. We 

also note that the Stokes shift in 16 is much smaller than in the other dyes consistent with the 

absence of ESIPT. 

 

 

Figure 8. Emission in the solid-state, as embedded in KBr pellets (concentration of around 

10
-4

 M) of 10 (blue), 11 (navy blue), 13 (light green), and 15 (orange). (Insert) Photographs of 

solutions of dyes 10, 11, 13 and 15 as powders under irradiation from a bench UV-lamp (λexc 

= 365 nm). 

 

In the solid-state, only dyes 10, 11, 13 and 15 present sizeable emission, with a single or dual 

emission wavelength spanning 423-563 nm. The QY are significantly lower than those in 

solution (QY = 0.08-0.38), which is untypical for ESIPT dyes and could be due to enhanced 

π-stacking or unfavorable electrostatic interactions occurring in the solid-state. 

15, functionalized with a tolyl pyridinium moiety appears therefore to be the most promising 

dye in both series for DSE applications (QY(DCM) = 0.50, QY(solid) = 0.29) with a quantitative 

ESIPT emission. 

 

Theoretical modelling 

 

Similarly to the first series, theoretical calculations were carried out to obtain more insights 

into the photophysical properties of the second series of dyes (Table 5) and representation of 

the excited states is available in Figure S106. In the case of dyes 10 and 11, like for dye 8, 

there is a strong driving force for ESIPT, irrespective of the protonation of the pyridyl(s) 
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groups. Interestingly, in the protonated 11, it is the group attached at position 3 that acts as the 

main acceptor, whereas in 15, it is the donor moiety at position 5 that is mainly involved in 

the excited state (compare Figures S105 and S106). This difference in electronic flow upon 

absorption can be understood by the relative weights of the HOMO and LUMO orbitals on 

these two positions (Figure S107), as donor (acceptor) groups mainly tune the former (latter) 

orbitals.  One can also notice that for the three HBO pyridine isomers 8, 10 and 11, the 

computed emission wavelengths are similar for the anionic and keto species, so that it is a 

priori difficult to perform a definitive attribution on the sole basis of the calculations in that 

specific case.  The pyridinium series 12, 15 and 16 show very contrasted results (Table 5). For 

the two former dyes, the K
*
 tautomer is strongly favored as compared to the phenol, and the 

keto emissions are computed at 525 nm for 12 and 550 nm for 15, quite nicely fitting the 

experimental values of 506 and 534 nm, respectively (Table 4). As can be seen in Figure 

S106, in both 12 and 15, the lowest transition corresponds to a strong CT from the HBO core 

to the pyridinium group, implying a significant decrease of the electron density onto the 

hydroxyl, consistent with the occurrence of ESIPT. In the case of 12, we also envisaged the 

emission from the zwitterionic species (deprotonation yielding the phenolate) but the resulting 

calculations led to a dark state with both TD-DFT and CC2 level of theory, indicating that 

such species, if it exists, would not be emissive.  

The situation strongly differs in the case of dye 16. First, for the absorption of the pyridinium 

species, theory predicts an absorption at 482 nm, in line with the experimental value (498 nm 

in CH2Cl2, 470 nm in CH2Cl2/H
+
). This strongly red-shifted absorption as compared to the 

other dyes is explainable by the very strong CT occurring in the system from the para-NEt2 

group toward the pyridinium moiety with a negligible change of density onto the hydroxyl 

(Figure 8). Such CT-like topology prevents the ESIPT process to take place. Indeed, the K
*
 

isomer is computed to be less stable than the E
*
 (Table 5) in 16. The computed emission for 

the E
*
 is redshifted, similarly to the experiment but the theoretical value seems too large.  

Taking into consideration the possibility of a deprotonation leading to a phenolate zwitterion, 

theory returns absorption at 473 nm, very similar to the value determined above for the E
*
 

isomer; although the topology of the excited state between E
*
 and D

*
 is totally different 

(Figure 9). In the case of D*, a strong CT is taking place between the phenolate and the 

pyridinium moieties with the amino group being an almost passive element. In summary for 

dye 16, the exact nature of the emissive species remains elusive but it is very clear that ESIPT 

is totally frustrated in this case. 
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Table 5. Computed vertical absorption and (phenol and keto) vertical emission wavelengths 

together with the free energy difference between the phenol and keto forms (G
K*-E*

) and the 

phenol and the ESIPT transition state (G
TS*-E*

). See the Method Section for technical details. 

 

Dye Solvent 
λabs

 

(nm) 
λem (E*) 

(nm) 
λem (K*) 

(nm) 
G

K*-E*
 

(eV) 
G

TS*-E*
 

(eV)
 

8 CH2Cl2 311 373 487/469[a] -0.29 0.00 

8 CH2Cl2/H
+
 355 433 528 -0.24 0.06 

10 CH2Cl2 312 374 506/511[a] -0.39 -0.04 

10 CH2Cl2/H
+
 353 458 478 -0.42 -0.04 

11 CH2Cl2 323 386 516/506[a] -0.41 -0.04 

11 CH2Cl2/H
+
 347 442 540 -0.51 -0.05 

12 CH2Cl2 353 430 525 -0.26 0.05 

15 CH2Cl2 369 459 550 -0.17 0.08 

16 CH2Cl2 482/473[a] 702 629/543[a] +0.09 0.17 

  [a] Anionic/zwitterionic form
 

 

 

Figure 9. Density difference plots of the lowest excited states of 1- (left) and 16-H
+
 

(phenolate) in CH2Cl2. Blue and red lobes correspond to decrease and increase of density 

upon absorption. Contour threshold: 1 x 10
-3

 au. 

 

Conclusion 

In conclusion, two series of (hetero)arylated HBO dyes have been synthesized and studied 

and showed intense emission both in solution and/or in the solid-state. Moreover, in the case 

of pyridine, protonation triggered enhancement of luminescence due to a stabilization of the 

excited species which prompted the synthesis of a series of alkyl and aryl pyridinium dyes 

presenting finely tuned emission properties. In this context, ab initio calculations appeared as 

an indispensable tool to provide insightful information on the nature of the excited-state and 

led to the development of DSSE dyes purely based on ESIPT emission. Due to the strong 



23 
 

environment-responsive features of ESIPT, future developments on these dyes involve probes 

for biomolecules sensing or bioimaging. Work along these lines is currently in progress.  

 

Experimental section 

3-bromo- and 5-bromo-2-(2’-hydroxyphenyl)benzoxazole were obtained from reported 

procedures.
16

 

General procedure for the synthesis of dyes 1-3 and 7-8: To a solution of 3-bromo or 5-

bromo HBO (1 mmol) in a mixture THF/H2O (40 mL/1 mL) was added Pd(dppf)Cl2 (0.2 

mmol), triethylamine (10 mmol) and the corresponding boronic acid (3 mmol). The resulting 

mixture was stirred overnight under reflux using an oil bath. The solution was then taken up 

in CH2Cl2, washed with saturated NH4Cl solution, dried over MgSO4 and concentrated in 

vacuo. The crude residue was purified by silica gel chromatography to afford 1-3 and 7-8 as 

white to orange solids. 

1: Purification by flash chromatography eluting with Pet. Ether/ CH2Cl2 (6:4). Pale yellow 

solid (198 mg, 60 %). 
1
H NMR (500 MHz, CDCl3) δ 11.92 (s, 1H), 8.05 (dd, 

3
J = 7.9 Hz, 

4
J = 

1.8 Hz, 1H), 7.75 – 7.70 (m, 1H), 7.66 – 7.61 (m, 1H), 7.55 (dd, 
3
J = 7.5 Hz, 

4
J = 1.7 Hz, 1H), 

7.42 – 7.37 (m, 2H), 7.35 (dd, 
3
J = 8.3 Hz, 7.5 Hz, 1H), 7.09 (t, 

3
J = 7.7 Hz, 1H), 7.07 – 7.04 

(m, 1H), 7.02 (d, 
3
J = 7.5 Hz, 1H), 6.82 – 6.77 (m, 1H), 3.02 (s, 6H). 

13
C{

1
H} NMR (126 

MHz, CDCl3) δ 163.4, 156.2, 150.7, 149.3, 140.1, 138.5, 134.8, 131.4, 128.9, 126.4, 125.5, 

125.1, 119.5, 119.4, 118.1, 114.1, 112.1, 110.9, 110.8, 40.9. HRMS (ESI-TOF) m/z: [M+H] 

Calcd for C21H19N2O2 331.1441; Found 331.1423. 

2: Purification by flash chromatography eluting with Cyclohexane / CH2Cl2 (6:4). Pale orange 

solid (72 mg, 20 %). 
1
H NMR (500 MHz, CDCl3) δ 11.93 (s, 1H), 7.98 (dd, 

3
J = 7.8 Hz, 

4
J = 

1.7 Hz, 1H), 7.75 – 7.69 (m, 1H), 7.65 – 7.60 (m, 1H), 7.60 – 7.55 (m, 2H), 7.52 (dd, 
3
J = 7.5 

Hz, 
4
J = 1.7 Hz, 1H), 7.41 – 7.36 (m, 2H), 7.06 (t, 

3
J = 7.7 Hz, 1H), 6.82 – 6.75 (m, 2H), 3.42 

(q, 
3
J = 7.1 Hz, 4H), 1.22 (t, 

3
J = 7.1 Hz, 6H). 

13
C{

1
H} NMR (126 MHz, CDCl3) δ 163.6, 

156.2, 149.3, 147.2, 140.2, 134.1, 130.7, 130.4, 125.4, 125.3, 125.1, 124.4, 119.6, 119.4, 

111.4, 110.8, 110.8, 44.5, 12.8. HRMS (ESI-TOF) m/z: [M+H] Calcd for C23H23N2O2 

359.1754; Found 359.1760. 

3: Purification by flash chromatography eluting with Pet. Ether/ CH2Cl2 (6:4). Pale yellow 

solid (330 mg, 92 %). 
1
H NMR (500 MHz, CDCl3) δ 11.39 (s, 1H), 8.20 (d, 

4
J = 2.4 Hz, 1H), 

7.81 – 7.71 (m, 1H), 7.68 – 7.59 (m, 2H), 7.57 – 7.47 (m, 2H), 7.42 – 7.34 (m, 2H), 7.16 (d, 
3
J 

= 8.6 Hz, 1H), 6.83 – 6.74 (m, 2H), 3.41 (q, 
3
J = 7.1 Hz, 4H), 1.21 (t, 

3
J = 7.1 Hz, 6H).
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13
C{

1
H} NMR (126 MHz, CDCl3) δ 163.3, 157.3, 149.3, 147.2, 140.3, 133.3, 131.8, 127.6, 

127.1, 125.5, 125.1, 124.3, 119.4, 117.8, 112.2, 110.8, 110.7, 44.6, 12.8. HRMS (ESI-TOF) 

m/z: [M+H] Calcd for C23H23N2O2 359.1754; Found 359.1746. 

7: Purification by flash chromatography eluting with Cyclohexane / CH2Cl2 (9:1). White solid 

(191 mg, 65 %). 
1
H NMR (500 MHz, CDCl3) δ 12.46 (s, 1H), 8.00 (dd, 

3
J = 7.8 Hz, 

4
J = 1.6 

Hz, 1H), 7.82 (dd, 
3
J = 7.7 Hz, 

4
J = 1.6 Hz, 1H), 7.78 – 7.73 (m, 1H), 7.70 (dd, 

4
J = 3.7 Hz, 

1.2 Hz, 1H), 7.66 – 7.61 (m, 1H), 7.44 – 7.37 (m, 3H), 7.15 (dd, 
4
J = 3.7 Hz, 1.4 Hz, 1H), 

7.07 (t, 
3
J = 7.8 Hz, 1H). 

13
C{

1
H} NMR (126 MHz, CDCl3) δ 163.1, 155.2, 149.3, 139.9, 

138.9, 132.3, 127.3, 126.2, 126.2, 125.8, 125.7, 125.3, 123.3, 119.7, 119.4, 111.4, 110.9. 

HRMS (ESI-TOF) m/z: [M+H] Calcd for C17H12NO2S: 294.0583; Found 294.0597. 

8: Purification by flash chromatography eluting with Pet. Ether/ Ethyl acetate (8:2). Orange 

solid (92 mg, 32 %). 
1
H NMR (500 MHz, CDCl3) δ 11.70 (s, 1H), 8.69 (d, 

3
J = 6.2 Hz, 2H), 

8.34 (d, 
4
J = 2.4 Hz, 1H), 7.88 – 7.71 (m, 2H), 7.71 – 7.63 (m, 1H), 7.61 – 7.53 (m, 2H), 7.48 

– 7.39 (m, 2H), 7.24 (d, 
3
J = 8.6 Hz, 1H).

 13
C{

1
H} NMR (126 MHz, CDCl3) δ 162.4, 159.5, 

150.4, 149.2, 147.1, 139.9, 132.0, 129.5, 125.8, 125.5, 125.3, 121.1, 119.5, 118.4, 111.2, 

110.8. HRMS (ESI-TOF) m/z: [M+H] Calcd for C18H12N2O2 289.0972; Found 289.0981. 

General procedure for the synthesis of dyes 4-6: To a solution of 3,5-diiodo HBO (0.45 

mmol) in a mixture of toluene/H2O (15 mL/1 mL) was added Pd(PPh3)2Cl2 (0.13 mmol), 

diisopropylethylamine (4.5 mmol) and the corresponding boronic acid (2.7 mmol). The 

resulting mixture was stirred overnight under reflux, using an oil bath. The solution was then 

taken up in CH2Cl2, washed with saturated NaHCO3 solution, dried over MgSO4 and 

concentrated in vacuo. The crude residue was purified by silica gel chromatography to afford 

dyes 4-6 as white to yellow solids. 

4: Purification by flash chromatography eluting with Cyclohexane / CH2Cl2 (98:2). White 

solid (99 mg, 56 %). 
1
H NMR (500 MHz, CDCl3) δ 11.96 (s, 1H), 8.26 (d, 

4
J = 2.4 Hz, 1H), 

7.76 – 7.71 (m, 2H), 7.68 – 7.64 (m, 1H), 7.63 – 7.60 (m, 2H), 7.59 – 7.56 (m, 2H), 7.43 – 

7.38 (m, 2H), 7.33 – 7.27 (m, 4H), 2.44 (s, 3H), 2.42 (s, 3H).
 13

C{
1
H} NMR (126 MHz, 

CDCl3) δ 163.3, 155.4, 149.4, 140.1, 137.4, 137.3, 137.1, 134.8, 133.3, 132.8, 130.8, 129.8, 

129.5, 129.1, 126.7, 125.6, 125.2, 124.3, 119.5, 111.2, 110.8, 21.4, 21.3. HRMS (ESI-TOF) 

m/z: [M+H] Calcd for C27H22NO2 392.1645; Found 392.1659. 

5: Purification by flash chromatography eluting with Pet. Ether / CH2Cl2 / Ethyl Acetate 

(70:28/2). Yellow solid (67 mg, 33 %).
 1

H NMR (500 MHz, CDCl3) δ 11.93 (s, 1H), 8.27 (d, 

4
J = 2.4 Hz, 1H), 7.80 (d, 

4
J = 2.4 Hz, 1H), 7.77 – 7.71 (m, 1H), 7.68 – 7.63 (m, 1H), 7.43 – 

7.32 (m, 4H), 7.09 – 7.06 (m, 2H), 7.06 – 7.01 (m, 1H), 7.01 – 6.96 (m, 1H), 6.81 (dd, 
3
J = 



25 
 

8.4 Hz, 
4
J = 2.6 Hz, 1H), 6.77 (dd, 

3
J = 8.2 Hz, 

4
J = 2.6 Hz, 1H), 3.03 (s, 6H), 3.01 (s, 6H).

 

13
C{

1
H} NMR (126 MHz, CDCl3) δ 163.4, 155.6, 151.2, 150.7, 149.4, 141.3, 140.2, 138.6, 

133.9, 133.8, 131.6, 129.7, 129.0, 125.6, 125.2, 124.8, 119.4, 118.2, 115.6, 114.1, 112.1, 

111.7, 111.3, 111.0, 110.9, 40.9. HRMS (ESI-TOF) m/z: [M+H] Calcd for C29H28N3O2: 

450.2176; Found 450.2198. 

6: Purification by flash chromatography eluting with Cyclohexane / Ethyl Acetate (95:5). 

Yellow solid (66 mg, 29 %).
 1

H NMR (500 MHz, CDCl3) δ 11.86 (s, 1H), 8.16 (d, 
4
J = 2.4 

Hz, 1H), 7.78 – 7.69 (m, 2H), 7.68 – 7.60 (m, 3H), 7.60 – 7.51 (m, 2H), 7.45 – 7.34 (m, 2H), 

6.88 – 6.74 (m, 4H), 3.44 (q, 
3
J = 6.9 Hz, 4H), 3.43 (q, 

3
J = 6.9 Hz, 4H), 1.24 (t, 

3
J = 7.1 Hz, 

6H), 1.23 (t, 
3
J = 7.1 Hz, 6H).

 13
C{

1
H} NMR (126 MHz, CDCl3) δ 163.8, 154.7, 149.3, 147.2, 

147.1, 140.3, 133.1, 132.3, 130.9, 130.5, 127.7, 127.5, 125.4, 125.0, 124.6, 122.5, 119.3, 

112.2, 111.5, 110.9, 110.8, 44.6, 44.5, 12.8, 12.8. HRMS (ESI-TOF) m/z: [M+H] Calcd for 

C33H36N3O2 506.2802; Found 506.2774. 

Suzuki-Miyaura cross-coupling reaction conditions on 3,5-dihalogenosalicylaldehyde: In 

a Schlenck tube, 3,5-dihalogenosalicylaldehyde (1 mmol.), 4-pyridinyl boronic acid (3 

mmol.), base (3 mmol.) were dissolved in solvent (45 mL/mmol.). The resulting suspension 

was degassed with Argon before catalyst (5% mol.) was added. After a given time of stirring 

at a given temperature, using an oil bath, crude product was analyzed by 
1
H NMR and 

purification on silica column chromatography eluting with CHCl3/EtOH (99:1) was 

performed, when the presence of expected coupling product was detected. 

Optimized synthesis of salicylaldehyde 9: In a Schlenck tube, 3,5-dibromosalicylaldehyde 

(1 mmol.), 4-pyridinyl boronic acid (3 mmol.) and potassium carbonate (3 mmol.) were 

dissolved in 15 mL of toluene/ethanol 2/1. The resulting suspension was degassed with argon 

before PdCl2(PPh3) (5% mol.) was added. Stirring was continued at 95°C using an oil bath for 

15 hours before the crude solution was evaporated, taken up in dichloromethane and washed 

with water three times. Purification by chromatography on silica gel eluting with 

CHCl3/EtOH (99:1) afforded salicylaldehyde 9 as a yellow powder (171 mg, 62%). 
1
H NMR 

(500 MHz, 
6
d -DMSO) δ 11.57 (br, 1H), 10.21 (s, 1H), 8.70 – 8.68 (m, 2H), 8.67 – 8.65 (m, 

2H), 8.40 (d, 
4
J  = 2.4 Hz, 1H), 8.20 (d, 

4
J  = 2.4 Hz, 1H), 7.88 – 7.84 (m, 2H), 7.77 – 7.72 

(m, 2H). 
13

C{
1
H} NMR (126 MHz, 

6
d -DMSO) δ 197.1, 158.4, 150.3, 149.6, 145.2, 143.5, 

135.3, 132.6, 129.1, 127.8, 124.1, 122.1, 120.8. HRMS (ESI-TOF) m/z: [M+H] Calcd for 

C17H13N2O2 277.0972; Found 277.0964. 

3,5-bromo-2-(2’-hydroxyphenyl)-5-tertiobutylbenzoxazole: To a solution of 4-tertiobutyl-

2-aminophenol (0.5 mmol) in absolute ethanol (30 mL) was added 3,5-dibromo-2-
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hydroxybenzaldehyde (0.5 mmol) and the resulting suspension was refluxed for 3 hours, 

using an oil bath. After cooling down, the solution was evaporated and redissolved in 

dichloromethane (50 mL), before 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (0.6 

mmol) dissolved in 100 mL dichloromethane was added dropwise. The resulting solution was 

stirred at room temperature overnight. After solvent evaporation, the crude residue was 

purified by silica gel chromatography eluting with Pet. Ether / CH2Cl2 2:1 leading to 3,5-

bromo-2-(2’-hydroxyphenyl)-5-tertiobutylbenzoxazole as a white powder (204 mg, 96%). 
1
H 

NMR (500 MHz, CDCl3) δ 12.28 (s, 1H), 8.10 (d, 
3
J = 2.3 Hz, 1H), 7.78 (d, 

4
J  = 2.3 Hz, 1H), 

7.75 (d, 
3
J = 1.8 Hz, 1H), 7.53 (d, 

3
J = 8.7 Hz, 1H), 7.49 (dd, 

3
J = 8.7 Hz, 

4
J = 1.8 Hz, 1H), 

1.41 (s, 9H). 
13

C{
1
H} NMR (126 MHz, CDCl3) δ 160.9, 154.5, 149.3, 147.3, 139.4, 138.5, 

128.6, 124.2, 116.1, 112.9, 112.2, 111.2, 110.1, 35.12, 31.1. HRMS (ESI-TOF) m/z: [M+H] 

Calcd for C17H16Br2NO2 425.9502; Found 425.9523. 

Synthesis of 10 and 11: In a Schlenck tube, 3-bromosalicylaldehyde or 3,5-

dibromosalicylaldehyde (1 mmol.), 4-pyridinyl boronic acid (1.5 or 3 mmol.) and potassium 

carbonate (1.5 or 3 mmol.) were dissolved in 15 mL of toluene/ethanol 2/1. The resulting 

suspension was degassed with argon before PdCl2(PPh3) (5% mol.) was added. Stirring was 

continued at 95°C using an oil bath for 15 hours before the crude solution was evaporated, 

taken up in dichloromethane and washed with water three times. Purification by 

chromatography on silica gel eluting with CH2Cl2 / Ethanol (98:2). afforded 10 and 11 as 

yellow solids. 

10. Yellow solid (245 mg, 85%). 
1
H NMR (500 MHz, CDCl3) δ 12.19 (s, 1H), 8.70 (dd, 

3
J = 

6.2 Hz, 
4
J = 1.7 Hz, 2H), 8.14 (dd, 

3
J = 7.9 Hz, 

4
J = 1.7 Hz, 1H), 7.77 – 7.72 (m, 1H), 7.67 

(dd, 
3
J = 6.2 Hz, 

4
J = 1.7 Hz, 2H), 7.65 – 7.63 (m, 1H), 7.56 (dd, 

3
J = 7.6 Hz, 

4
J = 1.7 Hz, 

1H), 7.45 – 7.39 (m, 2H), 7.14 (t, 
3
J = 7.8 Hz, 1H). 

13
C{

1
H} NMR (126 MHz, CDCl3) δ 

162.9, 156.2, 149.5, 149.3, 145.9, 139.9, 134.2, 128.1, 127.2, 125.9, 125.4, 124.4, 120.0, 

119.5, 111.5, 110.9. HRMS (ESI-TOF) m/z: [M+H] Calcd for C18H13N2O2 289.0971, Found 

289.0979. 

11. Yellow solid (190 mg, 45%). 
1
H NMR (500 MHz, CDCl3) δ 12.40 (s, 1H), 8.80 – 8.68 (m, 

4H), 8.39 (d, 
4
J = 2.4 Hz, 1H), 7.79 (d, 

4
J = 2.4 Hz, 1H), 7.76 (d, 

4
J = 1.9 Hz, 1H), 7.67 (d, 

3
J 

= 4.9 Hz, 2H), 7.62 – 7.56 (m, 3H), 7.51 (dd, 
3
J = 8.7 Hz, 

4
J = 1.9 Hz, 1H), 1.42 (s, 9H). 

13
C{

1
H} NMR (126 MHz, CDCl3) δ 162.4, 156.8, 150.6, 150.0, 149.4, 147.3, 146.8, 145.0, 

139.6, 132.3, 129.9, 128.3, 126.1, 124.3, 124.1, 121.2, 116.1, 112.3, 110.1, 35.2, 31.9. HRMS 

(ESI-TOF) m/z: [M+H] Calcd for C27H24N3O2 422.1863; Found 422.1854. 
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Synthesis of 12 and 13. MeI or BuI (1.1 mmol.) were added dropwise to a suspension of 10 

(1 mmol.) in acetone (0.06 mol.L
-1

). The resulting suspension was heated 4 hours at 60 °C 

using an oil bath for 12 or 48h for 13. The mixture was concentrated in vacuo before the 

precipitate was filtered and washed with acetone and ethyl acetate. 

12. Yellow solid. (258 mg, 60%). 
1
H NMR (500 MHz, MeOD) δ 8.86 (d, J = 7.0 Hz, 2H), 

8.76 (d, 
4
J = 2.4 Hz, 1H), 8.46 (d, 

3
J = 7.0 Hz, 2H), 8.18 (dd, 

3
J = 8.8 Hz, 

4
J = 2.5 Hz, 1H), 

7.87 – 7.82 (m, 1H), 7.80 – 7.77 (m, 1H), 7.55 – 7.47 (m, 2H), 7.36 (d, 
3
J = 8.8 Hz, 1H), 4.39 

(s, 3H). 
13

C{
1
H} NMR (126 MHz, MeOD) δ 163.1, 163.1, 156.2, 150.7, 146.6, 141.0, 134.2, 

128.7, 127.5, 126.8, 126.7, 124.9, 120.6, 120.1, 113.1, 112.0, 47.9. HRMS (ESI-TOF) m/z: 

[M+H] Calcd for C19H15N2O2 303.1128; Found 303.1144. 

13. Yellow solid (345 mg, 73%). 
1
H NMR (500 MHz, MeOD) δ 8.95 (d, 

3
J = 7.0 Hz, 2H), 

8.74 (d, 
4
J = 2.5 Hz, 1H), 8.46 (d, 

3
J = 7.0 Hz, 2H), 8.17 (dd, 

3
J = 8.8 Hz, 

4
J = 2.5 Hz, 1H), 

7.85 – 7.80 (m, 1H), 7.78 – 7.76 (m, 1H), 7.55 – 7.46 (m, 2H), 7.33 (d, 
3
J = 8.8 Hz, 1H), 4.62 

(t, 
3
J = 7.6 Hz, 2H), 2.10 – 1.99 (m, 2H), 1.57 – 1.42 (m, 2H), 1.05 (t, 

3
J = 7.4 Hz, 3H). 

13
C{

1
H} NMR (126 MHz, MeOD) δ 163.2, 163.1, 156.4, 150.7, 145.6, 141.0, 134.3, 128.8, 

127.5, 126.7, 126.5, 125.2, 120.6, 120.1, 113.1, 112.0, 61.8, 34.3, 20.5, 13.8. HRMS (ESI-

TOF) m/z: [M+H] Calcd for C22H21N2O2 345.1597, Found 345.1583. 

14. 8 (1 mmol.) and 1-Chloro-2,4-dinitrobenzene (1.1 mmol.) were stirred in 50 mL of 

acetone at 60°C for 90 hours, using an oil bath. After cooling down, the precipitate was 

collected and washed three times with acetone and diethylether to yield 14, as a yellow 

powder (299 mg, 61%). 
1
H NMR (500 MHz, MeOD) δ 9.30 (d, 

4
J = 2.5 Hz, 1H), 9.22 – 9.17 

(m, 2H), 8.94 (dd, 
3
J = 8.5 Hz, 

4
J =2.5 Hz, 2H), 8.79 – 8.73 (m, 2H), 8.36 (dd, 

3
J = 8.9 Hz, 

4
J 

=2.5 Hz, 1H), 8.33 (d, 
3
J = 8.7 Hz, 1H), 7.88 – 7.84 (m, 1H), 7.82 – 7.78 (m, 1H), 7.57 – 7.49 

(m, 2H), 7.43 (d, 
3
J = 8.9 Hz, 1H). 

13
C{

1
H} NMR (126 MHz, MeOD) δ 164.1, 163.0, 159.2, 

151.1, 150.8, 146.6, 144.9, 141.0, 140.1, 134.9, 132.7, 131.1, 129.7, 127.6, 126.8, 126.1, 

124.7, 123.3, 120.7, 120.4, 113.5, 112.1. HRMS (ESI-TOF) m/z: [M+H] Calcd for 

C24H15N4O6 455.0986; Found 455.0977. 

Synthesis of 15 and 16. 14 (1 mmol.) was dissolved in 30 mL of absolute ethanol before p-

toluidine or 4-diethylamino-aniline (1.1 mmol.) were added. The resulting suspension was 

then heated at 80°C using an oil bath, for 60 hours. After cooling down, the precipitate was 

collected and washed with ethanol and diethylether several times. 

15. Yellow solid. (241 mg, 58%).
1
H NMR (500 MHz, MeOD) δ 9.14 (d, 

3
J = 7.1 Hz, 2H), 

8.83 (d, 
4
J = 2.5 Hz, 1H), 8.60 (d, 

3
J = 7.1 Hz, 2H), 8.26 (dd, 

3
J = 8.8 Hz, 

4
J = 2.5 Hz, 1H), 

7.86 – 7.82 (m, 1H), 7.80 – 7.77 (m, 1H), 7.74 (d, 
3
J = 8.4 Hz, 2H), 7.58 (d, 

3
J = 7.9 Hz, 2H), 
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7.54 – 7.47 (m, 2H), 7.38 (d, 
3
J = 8.8 Hz, 1H), 2.53 (s, 3H). 

13
C{

1
H} NMR (126 MHz, 

MeOD) δ 163.5, 163.0, 157.0, 150.7, 145.4, 143.6, 141.7, 141.0, 134.5, 132.2, 129.0, 127.6, 

126.8, 126.4, 125.0, 125.0, 120.6, 120.2, 113.3, 112.0, 21.2. HRMS (ESI-TOF) m/z: [M+H] 

Calcd for C25H19N2O2 379.1441, Found 379.1427. 

16. Dark red solid (109 mg, 48%). 
1
H NMR (500 MHz, MeOD) δ 9.03 (br, 2H), 8.81 (s, 1H), 

8.50 (br, 2H), 8.22 (d, 
3
J = 8.7 Hz, 1H), 7.85 (d, 

3
J = 7.2 Hz, 1H), 7.78 (d, 

3
J = 7.3 Hz, 1H), 

7.61 (d, 
3
J = 8.5 Hz, 2H), 7.51 (q, 

3
J = 7.6 Hz, 2H), 7.36 (d, 

3
J = 8.6 Hz, 1H), 6.94 (d,

 3
J = 8.4 

Hz, 2H), 3.52 (q, 
3
J = 7.0 Hz, 4H), 1.23 (t, 

3
J = 7.1 Hz, 6H).

 13
C{

1
H} NMR (126 MHz, 

MeOD) δ 155.4, 151.0, 144.4, 134.3, 131.7, 127.5, 126.7, 125.7, 124.8, 120.6, 113.2, 111.0, 

45.6, 12.6. HRMS (ESI-TOF) m/z: [M+H] Calcd for C28H26N3O2 436.2019; Found 436.2008. 

 

Supporting Information. (
1
H and 

13
C NMR spectra, spectroscopic and details of the 

computational procedures and methods).  
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