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TOC Entry 

 

A new family of benzothiazole-containing boron difluoride formazanate dyes are reported. Their 

substituent-dependent absorption and redox properties reveal that benzothiazole incorporation leads to 

decreased LUMO levels and narrowed HOMO-LUMO gaps when compared to the benchmark triphenyl-

substituted BF2 formazanate dye. 

 

 

Keywords 

 

Boron Difluoride Formazanates; Benzothiazole; Heterocycles; Cyclic Voltammetry; Density 

Functional Theory 

 

0

5000

10000

15000

20000

25000

30000

35000

300 400 500 600 700

ε
(M

‒
1

 c
m

‒
1
)

Wavelength (nm)

-2.00 -1.50 -1.00 -0.50

E vs. Fc/Fc+ (V)



2 
 

Highlights 

• A new family of redox-active benzothiazole-substituted BF2 formazanate dyes were 

investigated and their properties benchmarked against those of a triphenyl-substituted BF2 

formazanate. 

 

• UV-vis absorption spectroscopy showed that absorption maxima were sensitive to the 

nature of the N-aryl substituents and shifted to lower energies upon benzothiazole 

incorporation. 

 

• Cyclic voltammetry revealed two reversible reduction events at more positive potentials 

than those observed for the triphenyl analogue that were altered by variation of the N-aryl 

substituents. 

 

• DFT calculations showed extended conjugation through the benzothiazole and 

formazanate units and revealed that benzothiazole incorporation led to lowered LUMO 

levels and narrowed HOMO-LUMO gaps compared to the triphenyl-substituted BF2 

formazanate. 

 

Abstract 

The incorporation of benzothiazole heterocycles into existing molecular frameworks has resulted in the 

production of a wide range of multifunctional molecular materials. However, this strategy has not yet been 

explored for an emerging class of boron difluoride dyes, derived from formazanate ligands, which often 

exhibit tuneable redox and optical properties. Here, we address this gap in the literature and describe the 

synthesis and characterization of a series of benzothiazole-substituted BF2 formazanates. The incorporation 

of benzothiazole resulted in absorption profiles that were shifted to lower energies and reduction events 

that were shifted to more positive potentials when compared to those of the triphenyl-substituted analogue. 

These results were corroborated by DFT and TD-DFT calculations that suggest that the incorporation of 

benzothiazole units results in stabilization of the LUMO level thereby narrowing the HOMO-LUMO gaps 

of this new family of readily accessible dyes. Fine-tuning of these parameters was demonstrated through 

variation of the supporting N-aryl substituents appended to the formazanate ligand backbone. 
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1. Introduction  

Benzothiazole is a heteroaromatic structure that has been used, for example, in chemical biology 

to introduce bioactivity [1-3] and for biosensing [4, 5], in pharmaceutical chemistry [6], and in the 

vulcanization of rubber tires [7, 8]. The sulfur (soft Lewis base) and nitrogen (hard Lewis base) 

atoms have different electron donor characteristics, and the planar five-membered ring serves to 

extend π-conjugation when coupled to other π-conjugated materials. The incorporation of 

benzothiazole into molecular frameworks has recently emerged as a useful strategy for the creation 

of multifunctional materials. The basicity of the benzothiazole nitrogen has proven advantageous 

for excited-state intramolecular proton transfer (ESIPT), where a phenolic group is typically in 

close proximity. The shuttling of a proton between ground- and excited-states often leads to turn-

on fluorescence, large Stokes shifts, and solvatochromism [9-12]. This basicity also proved useful 

in colorimetric and fluorescent sensors [13-17], and in dyes that undergo aggregation-induced 

emission (AIEgens) [18-22].  

 In the context of this work, the modulation of optoelectronic properties by the addition of 

benzothiazole substituents is attractive. For example, the substitution of benzothiazole in Rhodol 

(I) [23], as in compound II, enables ESIPT and solvatochromism [10]. Boron difluoride complexes 

of β-ketiminates (III) [24], experience enhancement of solid-state emission upon introduction of 

benzothiazole units, as demonstrated for compound IV [25]. Boron difluoride complexes of 

hydrazone ligands (V) are well-studied AIEgens that exhibit large Stokes shifts and bright solid-

state emission [26, 27]. By replacing the pyridine moiety with benzothiazole (VI), the emission is 

shifted to lower energies while retaining bright emission [28]. 
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 Boron difluoride complexes of readily accessible formazan ligands (BF2 formazanates, e.g. 

1) are an emerging class of dyes that feature tuneable optoelectronic and redox properties [29]. 

Substituents at the N-aryl rings have been shown to significantly affect the absorption, emission, 

and redox properties of these compounds [30-33]. BF2 formazanates have demonstrated utility as 

near-infrared dyes [34, 35], as low band-gap materials [36-38], and as cell imaging agents [39, 

40]. Examples of benzothiazole-substituted formazans [41, 42] and their metal complexes [43, 44] 

have been reported previously, but boron difluoride adducts were unknown prior to this work. 

Herein, we report the results of an exploratory study of the first examples of BF2 formazanate dyes 

bearing benzothiazole substituents.  
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2. Results and Discussion 

2.1. Synthesis 

The first step in the synthesis of formazans 2a‒2f was the condensation reaction of 2-

hydrazinobenzothiazole [17] with benzaldehyde (Scheme 1). The in situ generated hydrazone was 

then combined with the appropriate aryl diazonium chloride salt to afford formazans 2a‒2f in 

yields ranging from 32 to 87% (Fig. S1‒12). BF2 formazanates 3a‒3f were synthesized (24‒51% 

yields) by treating the formazans 2a−2f with excess NEt3 and BF3•OEt2 in toluene at reflux. The 

loss of the diagnostic NH signal (δ: 13.95 to 14.75 for 2a−2f) associated with each formazan in 

the 1H NMR spectra of the BF2 adducts indicated the successful transformation to the target 

compounds. This transformation also led to the appearance of triplets for each compound in the 

11B NMR spectra between ‒0.6 and ‒0.7 ppm and quartets in the 19F NMR spectra between ‒137.6 

and ‒138.8 ppm (Fig. S13−S24). The relatively short reaction times (4 h) used to synthesize these 

benzothiazole-substituted BF2 formazanates compared to 1 (reaction time = 18 h) [45] was due to 

the instability of the target compounds at elevated temperatures. In contrast to BF2 formazanate 1, 

which is not prone to hydrolysis, BF2 formazanates 3a−3f were observed to hydrolyze slowly in 

solution when exposed to air over periods exceeding 24 h. Despite this sensitivity, we reproducibly 

synthesized pure samples of formazan 2a−2f and BF2 formazanates 3a−3f and successfully 

explored their optoelectronic properties. 
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Scheme 1. Synthesis of benzothiazole-substituted formazans and BF2 formazanate dyes. 

 

2.2. X-ray Crystallography 

The solid-state structure of BF2 formazanate 3a was determined via single-crystal X-ray diffraction 

(Fig. 1, Tables 1 and S1). It showed that the boron atom, which is displaced from the plane defined 

by the N4 atoms of the formazanate backbone by 0.7221(61) Å, adopts a tetrahedral geometry. The 

N-N [1.2976(16)‒1.3271(16) Å] and C-N [1.3295(16)‒1.3618(18) Å] bond lengths of the 

formazanate backbone fell between typical single and double bond lengths of the respective atoms 

[46]. The N1-C2 bond length [1.4039(18) Å] is slightly shorter than the N3-C9 bond length 

[1.4328(18) Å]. The benzothiazole substituent was found to be less twisted (α1 = 20.31º) than the 

phenyl substituent (α2 = 55.53º) relative to the plane defined by the N4 atoms of the formazanate 

backbone. Taken together, these structural metrics suggest strong electronic delocalization 

throughout the formazanate ligand backbone and the N-aryl substituents. 
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Figure 1. Solid-state structure of BF2 formazanate dye 3a. Thermal displacement ellipsoids are 

shown at 50% probability level. Hydrogen atoms are omitted for clarity. 

 

 

 

Table 1. Selected bond lengths, bond angles and structural metrics for BF2 formazanate dye 3a. 

Additional structural refinement data are reported in Table S1. 
 

 

 

 

 

 

 

 

 

[a]Distance between the boron and the plane defined by the N4 backbone. [b]Angles between the 

planes defined by the N-aryl substituents and the N4 backbone. 

 

 

 

Metric  3a 

Bond lengths (Å) N1−N2 1.3271(16) 

 N3−N4 1.2976(16) 

 N2−C1 1.3295(17) 

 N4−C1 1.3618(18) 

 N1−C2 1.4039(18) 

 N3−C9 1.4328(18) 

 N1−B1 1.557(2) 

 N3−B1 1.5780(19) 

Bond angles () N2−N1−B1 121.17(11) 

 N4−N3−B1 122.14(11) 

 N2−C1−N4 124.21(13) 

 N1−B1−N3 100.96(10) 

Boron displacement (Å)[a]  0.7221(61) 

Twist angle 1 ()[b]  20.31(5) 

Twist angle 2 ()[b]  55.53(5) 

N1

N2

N5

N3

N4
C1

C2 C9B1

F1

F2

S1

α1 α2
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2.3. Cyclic Voltammetry 

Cyclic voltammetry (CV) experiments conducted in dry CH2Cl2 containing [nBu4N][PF6] as 

supporting electrolyte revealed two reversible single-electron reduction events for BF2 

formazanates 3a−3f  (Fig. 2, Table 2).  These reduction events occurred at half-wave potentials of 

Ered1= −0.43 to −0.69 V and Ered2= −1.38 to −1.69 V relative to the Fc/Fc+ redox couple in CH2Cl2. 

In contrast to 1, which displays reduction events at half-wave potentials of Ered1= −0.94 V and 

Ered2= −1.99 V, these benzothiazole-substituted compounds are reduced at more positive 

potentials, indicating lower LUMO energies. Similar to other BF2 formazanates, reduction takes 

place at the BF2 formazanate backbone and corresponds to the conversion of the neutral dyes to 

their respective radical anion and dianion (Scheme 2) [33]. Compared to compound 3a (R = H), 

the introduction of an electron-donating group, such as in compounds 3b (R = Me), 3c (R = Ph), 

and 3e (R = OMe), shifted the reduction events to more positive potentials. Incorporating an 

electron-withdrawing group, such as in compound 3f (R = CN), shifted these events to more 

negative potentials, while a weaker withdrawing group, such as in compound 3d (R = F), did not 

drastically affect these reduction potentials. We did not observe any oxidation features within the 

electrochemical stability window of CH2Cl2. 
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Figure 2. Cyclic voltammograms recorded for dry, degassed 1 mM solutions of BF2 formazanate 

dyes 1 and 3a‒3f in CH2Cl2 containing 0.1 M [nBu4N][PF6] as supporting electrolyte at a scan rate 

of 250 mV s‒1. The arrows indicate the initial scan direction. 

 

 

 

Scheme 2. Stepwise reduction of BF2 formazanate dyes to their respective radical anion and 

dianion forms.  

 

2.4. UV-vis Absorption Spectroscopy 

UV-vis absorption spectroscopy experiments revealed that the absorption bands of BF2 

formazanates 3a−3f appeared at lower energies relative to those of compound 1 (Fig. 3 and S25, 

Table 2). For example, the addition of a benzothiazole substituent, such as in 3a (λmax = 585 nm in 

toluene) shifted the absorption band to lower energy compared to 1 (λmax = 517 nm in toluene). 

Compounds 3b (R = Me, λ = 593 nm in toluene), 3c (R = Ph, λmax = 611 nm in toluene), and 3e (R 

= OMe, λmax = 607 nm in toluene) experienced the largest changes in low-energy absorption 

maxima due to the electron-donating ability of the p-substituent and the extension of π-

-2.20 -1.70 -1.20 -0.70 -0.20

E vs. Fc/Fc+ (V)

50 µA

3a (R = H)

3b (R = Me)

3d (R = F)

3c (R = Ph)

3e (R = OMe)

3f (R = CN)

1
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conjugation. Consistent with the cyclic voltammetry experiments, the introduction of a fluorine-

substituent in compound 3d (λmax = 588 nm in toluene) resulted in minimal change (Fig. 3) when 

compared to compound 3a. The absorption profiles of BF2 formazanates 3a−3f are insensitive to 

solvent polarity (∆λmax =  10–15 nm in toluene, CH2Cl2, and THF) indicating the low energy 

transitions do no involve charge transfer. These compounds are non-emissive in solution and in 

the solid-state, which is typical of BF2 formazanates with C-aryl substituents [45]. 

 

Figure 3. UV-vis absorption spectra of BF2 formazanate dyes 1 and 3a‒3f recorded for 10‒6 M 

solutions in toluene.  
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Table 2. Experimental and calculated solution-state characterization data for BF2 formazanate 

dyes 1 and 3a‒3f. The theoretical values were obtained using TDDFT at the M06/6-311+G* 

SCRF=PCM level. 

 [a]CV experiments were performed in dry, degassed 1 mM CH2Cl2 solutions containing 0.1 M 

[nBu4N][PF6] as supporting electrolyte at a scan rate of 250 mV s‒1. Data were referenced 

internally to the ferrocene/ferrocenium redox couple. 

 

 

 

 

 Experimental  Theoretical 

  λmax (nm) ε (M−1 cm−1) E
red1

 (V)[a] E
red2

 (V)[a]  
λabs 

(nm) 

1[45] 

toluene 517 23800    496 

CH2Cl2 509 23400 ‒0.94 ‒1.99   

THF 509 22500     

3a (R = H) 

toluene 585 21000    568 

CH2Cl2 580 22500 ‒0.60 ‒1.62   

THF 572 21600     

3b (R = Me) 

toluene 593 18200    585 

CH2Cl2 588 18600 ‒0.64 ‒1.66   

THF 579 15300     

3c (R = Ph) 

toluene 611 24300    609 

CH2Cl2 607 28000 ‒0.60 ‒1.58   

THF 596 25500     

3d (R = F) 

toluene 588 20800    572 

CH2Cl2 583 24000 ‒0.59 ‒1.62   

THF 575 21800     

3e (R = OMe) 

toluene 607 32200    609 

CH2Cl2 605 25700 ‒0.69 ‒1.69   

THF 596 28000     

3f (R = CN) 

toluene 605 16100    606 

CH2Cl2 599 23000 ‒0.43 ‒1.38   

THF 590 21400     
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2.5. DFT and TDDFT Studies 

To better understand the optoelectronic properties of BF2 formazanates 3a−3f, time-dependent 

density-functional theory (TDDFT) calculations were performed at the M06/6-311+G* level of 

theory with equilibrium solvation. The HOMOs and LUMOs for compounds 3a, 3e and 3f are 

depicted in Figure 4, while similar data can be found for 1, 3b, 3c and 3d in Figure S26. The 

TDDFT calculations implicate the highest occupied molecular orbital (HOMO, π-type) and lowest 

unoccupied molecular orbital (LUMO, π*-type) in the lowest-energy transitions for each 

compound and the theoretical low-energy absorptions are in good agreement with experimental 

values (Table 2). The optimized ground-state geometries show that both the HOMO and LUMO 

are delocalized through the BF2 formazanate backbone (Fig. 4 and S26). The benzothiazole 

substituent also shows electronic contribution, suggesting that the presence of this heterocycle has 

a significant effect on the optoelectronic properties of these BF2 formazanates.  

The HOMO-LUMO gaps (Eg) of BF2 formazanates 1 and 3a‒3f were obtained from the 

optimized structures (Fig. 5). Comparing compounds 1 (Eg = 3.15 eV) and 3a (Eg = 2.80 eV), it is 

evident that incorporating a benzothiazole ring significantly stabilized the LUMO level. The 

resulting narrowed HOMO-LUMO gap corroborates the CV and UV-vis absorption experiments. 

Next, comparing the benzothiazole-substituted compounds, the substitution of strongly donating  

(3e, R = OMe) and withdrawing (3f, R = CN) groups imparted the largest change in the HOMO-

LUMO gaps at 2.63 eV and 2.65 eV, respectively. Extending the conjugation, as in 3c (R = Ph), 

had a similar effect (Eg = 2.65 eV) in narrowing the HOMO-LUMO gap, while weakly donating 

(3b, R = Me), and withdrawing (3d, R = F) groups had mild effects with Egs of 2.73 eV and                  

2.78 eV, respectively.  
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Figure 4. Frontier molecular orbitals of BF2 formazanate dyes 3a, 3e, and 3f calculated at the 

ground-state geometries using M06/6-311+G* SCRF = (PCM, solvent = toluene) method.  

 

 

Figure 5. HOMO and LUMO energies of BF2 formazanate dyes 1 and 3a−3f calculated at M06/6-

311+G* SCRF = (PCM, solvent = toluene) level of theory.  
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3. Conclusions 

A series of benzothiazole-substituted formazans (2a−2f) and their corresponding BF2 adducts 

(3a−3f) were synthesized, and their optoelectronic properties examined. The absorption maxima 

of BF2 formazanates 3a−3f shifted to lower energies compared to the phenyl-substituted analogue 

1. These results suggest that dyes 3a−3f possess narrower HOMO-LUMO gaps, likely due to 

stabilized LUMOs, as shown by cyclic voltammetry experiments. Our TDDFT calculations 

corroborate the experimental observations and confirm LUMO stabilization, highlighting the 

effects of benzothiazole incorporation on the properties of BF2 formazanates, thus expanding the 

design criteria for far-red dyes. Finally, reduction potentials and HOMO-LUMO gaps can be 

rationally fine-tuned by varying the N-aryl substituents. Substituent variation at the benzothiazole 

ring and the carbon of the formazanate ring are the next logical steps in optimizing the properties 

of a new family of multifunctional heterocycles and will be described in due course. 
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