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Abstract 

2,5-Diamino-1,4-benzoquinonediimine 

(DABQDI) derivatives possessing two 

electron-withdrawing aromatic N-

substituents can potentially exhibit a 

zwitterionic ground state in lieu of the 

expected canonical structure. It was 

previously shown that the use of 

nitroaromatics electron-withdrawing groups 

(EWG) could yield the quantitative 

formation of zwitterionic tautomer of 

DABQDI in polar solvents, while a mixture of canonical and zwitterionic forms was 

present in low polarity solvents. In this work, we report that the replacement of nitro-

containing EWG by weaker nitrile ones prevents the formation of canonical species 

in apolar solvents for the benefit of the zwitterionic tautomer. This counterintuitive 

observation is rationalized with theoretical calculations, which points out that the fully 

zwitterionic electronic structure of the nitrile-containing DABQDI arises from the 

absence of possible intramolecular hydrogen bonding between the cyanoaromatic N-

substituent and the N-H proton of the bridge in the canonical form.  
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1. Introduction 

π-Zwitterions are a class of organic molecules featuring conjugated cationic and 

anionic charges, providing them with unique electronic and optical properties 

allowing elaborating new materials for organic electronics and nonlinear optics [1-4]. 

The design of ground-state π-zwitterions can be rather straightforward when 

considering squaraine [5-7] and parent zwitterionic polymethines [8-11] that are 

omnipresent in the fields of photovoltaics, optical detection and bio-imaging. 

However, expending the diversity of conjugated π-zwitterions is not trivial and only 

few strategies are emerging in the literature, notably by linking strongly electron-

donating and electron-withdrawing groups (EWG) in twisted π-systems [3, 12] or in 

polycyclic heteroaromatic compounds such as quinacridine derivatives [13, 14], 

naphthalenediimides [15] and azoniadibenzo[a,j]phenalenides [16], which often 

yields photophysical properties in red to near-infrared ranges. Another remarkable 

strategy towards π-zwitterions is based on the design of rigid polycyclic antiaromatic 

species that are prompt to form stable ground-state zwitterions (Figure 1), such as 

tetraphenylhexaazaanthracenes (TPHA) [17-20], tetraazapentacenes (TAP) [21-23] 

and triazino-phenazine hybrid derivatives [24], bisdithiazoles [25, 26] or 

benzoquinone dithiazoles (BDT) [27, 28]. Besides, benzoquinone monoimine (BQMI) 

derivatives are the most simple quinoidal molecules that feature a ground state 

zwitterionic structure due to the formation of two polymethine subsystems: one 

trimethine cyanine being positively charged and one negatively charged trimethine 

oxonol [29-31]. The delocalization of the charges brings to the BQMI unique 

absorption properties in the visible range, and up to the NIR upon introduction of 

strong electron-donating N-substituents [32, 33]. 
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Figure 1. π-zwitterions built around antiaromatic 6-membered rings. 

 

We recently described that 2,5-diamino-1,4-benzoquinonediimines (DABQDI, 

Figure 1) can adopt either canonical (uncharged) or zwitterionic forms following an 

intramolecular proton transfer from one 6π-electrons subunit to the other (Figure 2) 

[34, 35]. Two main parameters can favour the zwitterionic tautomer of DABQDI, 

namely the presence strong EWG substituents on one of the two trimethine subunits, 

and a highly polar environment, both parameters logically allowing the easier 

formation of a charge separated structure. For instance, the introduction of two 

fluorodinitrobenzene strong EWG in DABQDI 1 (Chart 1) promotes a fully zwitterionic 

ground state of the quinone in polar solvents only, e.g., dichloromethane, acetone, 

and dimethylsulfoxide. Nevertheless, when the compound is dissolved in any solvent 

of lower polarity, a mixture of both canonical and zwitterionic tautomers is formed in 

solution. While this equilibrium found utility in the development of a colourful 

vapochromic probe for the detection polar volatile organic compounds [34], further 

applications of these chromophores, notably in molecular electronics, would require 

the use of a material exclusively present in its zwitterionic form to guarantee the 

strong dipole moment that is beneficial for the development of interlayer molecular 

films in photovoltaic devices and transistors [36-38]. 



4 

 

Figure 2. Equilibrium between the canonical and zwitterionic tautomers in 2,5-
diamino-1,4-benzoquinonediimines (EWG = electron-withdrawing group). 

 

 

Chart 1. Investigated DABQDIs 1-4. 

 

For this purpose, we investigate herein the replacement of nitro EWG in the 

original DABQDI 1 with nitrile functions in the compounds 2-4 (Chart 1). The 

introduction of the fluoroisophthalonitrile N-substituents impacts the electronic and 

photophysical properties of the chromophores and promotes the zwitterionic 

tautomer of quinones 2 and 3 that persists in various solvents, despite the fact that 

the cyano groups are widely considered as less electron-withdrawing than the nitro 

ones. These experimental findings are then rationalized through theoretical 

calculations. 

2. Experimental 
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2.1. Analytical methods and apparatus 

The melting points (M.P.) of the vacuum-dried powders were measured in open 

capillary tubes with a STUART SMP30 melting points apparatus and are 

uncorrected. NMR spectra were recorded on a JEOL ECS400 NMR spectrometer at 

room temperature (except when noted otherwise). 1H and 13C NMR chemical shifts 

are given in ppm (δ) relative to Me4Si with solvent resonances used as internal 

standard (CDCl3: 7.26 ppm for 1H and 77.2 for 13C). NMR peak assignments were 

confirmed using a DEPT-135 method. IR spectra were recorded on an Agilent Cary 

630 FTIR equipped with an attenuated total reflectance (ATR) sampling. Electronic 

absorption spectra were recorded in spectroscopic grade solvents on a VARIAN 

CARY 50 SCAN spectrophotometer at room temperature with a 300 nm/min scan 

rate using 1 cm path quartz cuvettes. HRMS analyses were performed on a QStar 

Elite (Applied Biosystems SCIEX) or a SYNAPT G2 HDMS (Waters) spectrometers 

by the “Spectropole” of the Aix-Marseille University. These two instruments are 

equipped with an ESI or MALDI source, and a TOF mass analyzer. 

Cyclic voltammetry (CV) data were recorded using a BAS 100 (Bioanalytical 

Systems) potentiostat and the BAS100W software (v2.3). All experiments were 

conducted under an argon atmosphere in a standard one-compartment using a three 

electrodes setup: a Pt working electrode (Ø = 1.6 mm), a Pt counter electrode and a 

leak-free Ag/AgCl reference electrode of 5 mm diameter. Tetra-n-butylammonium 

hexafluorophosphate ([nBu4][PF6]) was used as supporting electrolyte (10-1 M), with a 

concentration of the electro-active compound of ca. 10-3 M. The reference electrode 

was calibrated using ferrocene (E°(Fc/Fc+) = 0.46V/SCE in DCM) [39]. The scan rate 

was 100 mV/S. The solution was degassed using argon before recording each 
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reductive scan, and the working electrode (Pt) was polished before each scan 

recording. 

 

2.2. Materials and synthetic procedures 

Compounds 1 [34], 5 [40], and 6 [41] were prepared following previously reported 

protocols. All the reactions were carried out under argon atmosphere. Reagents 

were purchased from Sigma-Aldrich and used as received. When heating was 

required, oil bathes were used. Column chromatography were performed using Silica 

60 M (0.04-0.063 mm). 

 

Synthesis of 7. Compounds 5 (100 mg, 0.230 mmol) and 6 (75 mg, 0.457 mmol) 

were dissolved in 10 mL of anhydrous acetonitrile under argon. The solution was 

cooled to 0 °C and degassed by argon bubbling for 15 min. Then, N,N-

diisopropylethylamine (0.24 mL, 1.38 mmol) was added dropwise to the solution at 0 

°C. The reaction mixture was then stirred at 25 °C for 30 min and finally heated to 

reflux overnight. The crude solution was then evaporated under reduced pressure. 

The residue was purified by column chromatography over silica gel using pure 

dichloromethane then dichloromethane with 1% of methanol as eluent to afford 7 in 

60% yield (90 mg, 0.138 mmol) as a beige solid. Rf = 0.12 (SiO2, DCM). M. P.: 210-

212 °C. 1H NMR (400 MHz, CDCl3): δ = 7.75 (d, JH-F = 6.7 Hz, 2H, CH), 6.80 (s, 1H, 

CH), 6.29 (s, 2H, NH), 6.27 (d, JH-F = 11.5 Hz, 2H, CH), 5.98 (s, 1H, CH), 3.97 (t, J = 

5.1 Hz, 2H, NH), 3.18 – 3.13 (m, 4H, NH-CH2), 1.63 – 1.60 (m, 4H, CH2), 1.32 – 1.27 

(m, 20H, CH2), 0.89 (t, J = 6.9 Hz, 6H, CH3). 13C{1H} NMR (101 MHz, CDCl3): δ = 

166.7 (C, JC-F = 262.8 Hz), 155.2 (C, JC-F = 13.5 Hz), 146.8 (C), 138.9 (CH, JC-F = 3.7 
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Hz), 128.6 (CH), 115.1 (C), 113.1 (C), 109.9 (C), 100.6 (CH, JC-F = 23.4 Hz), 93.8 (C), 

93.2 (CH), 91.6 (C, JC-F = 18.3 Hz), 43.5 (N-CH2), 31.9 (CH2), 29.5 (CH2), 29.4 (2 

CH2), 27.3 (CH2), 22.8 (CH2), 14.3 (CH3). IR (neat, cm-1): ν = 3356, 3240, 3081, 

3048, 2923, 2850, 2226, 1632, 1569, 1521, 1449, 1419, 1375, 1323, 1296, 1256, 

1215, 1172, 1099, 938, 895, 836, 756, 722, 669. HRMS (ESI+) calculated for 

[M+H]+: 651.3730 (C38H45F2N8
+), found: 651.3731. 

 

Synthesis of 10. Compounds 5 (270 mg, 0.62 mmol) and 6 (100 mg, 0.609 mmol) 

were dissolved in 13 mL of anhydrous acetonitrile under argon. The solution was 

degassed by argon bubbling for 15 min. Then, N,N-diisopropylethylamine (0.64 mL, 

3.67 mmol) was added dropwise to the solution. The reaction mixture was stirred at 

25 °C for 5 min and then heated to reflux for 1.5 h. After the reaction mixture was 

cooled down to 25 °C, 1,5-difluoro-2,4-dinitrobenzene 9 (120 mg, 0.588 mmol) was 

added under argon and the reaction was continued at 25 °C overnight. Then, the 

solvent was evaporated under reduced pressure and the crude product was purified 

by column chromatography over silica gel using dichloromethane as eluent. The 

product 10 was isolated in 39% yield (169 mg, 0.245 mmol) as an orange solid. Rf = 

0.34 (SiO2, DCM). M. P.: 204-206 °C. 1H NMR (400 MHz, CDCl3): δ = 9.27 (s, 1H, 

NH), 9.16 (d, JH-F = 7.8 Hz, 1H, CH), 7.75 (d, JH-F = 6.8 Hz, 1H, CH), 6.82 (s, 1H, CH), 

6.52 (d, JH-F = 13.2 Hz, 1H, CH), 6.32 (s, 1H, NH), 6.30 (d, JH-F = 11.2 Hz, 1H, CH), 

6.02 (s, 1H, CH), 4.00 (t, J = 5.2 Hz, 1H, NH), 3.92 (t, J = 5.4 Hz, 1H, NH), 3.19 – 

3.15 (m, 4H, NH-CH2), 1.65 – 1.60 (m, 4H, CH2), 1.33 – 1.27 (m, 20H, CH2), 0.90 – 

0.86 (m, 6H, CH3). 13C{1H} NMR (101 MHz, CDCl3): δ = 166.7 (C, JC-F = 264.8 Hz), 

160.0 (C, JC-F = 272.5 Hz), 155.1 (C, JC-F = 14.1 Hz), 150.1 (C, JC-F = 14.1 Hz), 146.8 

(C), 146.1 (C), 138.9 (CH), 128.2 (CH), 128.0 (C), 127.9 (CH), 127.4 (C, JC-F = 9.7 
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Hz), 115.1 (C), 113.0 (C), 110.1 (C), 109.6 (C), 103.8 (CH, JC-F = 30.2 Hz), 100.6 

(CH, JC-F = 30.2 Hz), 93.9 (C), 93.3 (CH), 91.6 (C, JC-F = 19.7 Hz), 43.61 (N-CH2), 

43.55 (N-CH2), 31.9 (CH2), 29.44 (CH2), 29.36 (CH2), 27.3 (CH2), 22.8 (CH2), 14.2 

(CH3). IR (neat, cm-1): ν = 3362, 3267, 3049, 2924, 2853, 2232, 2110, 1634, 1624, 

1580, 1524, 1480, 1454, 1413, 1375, 1334, 1296, 1261, 1215, 1169, 1127, 1054, 

938, 877, 836, 742, 713, 691, 671. HRMS (ESI+) calculated for [M+H]+: 691.3526 

(C36H45N8O4F2
+), found: 691.3526. 

 

Synthesis of 2. Compound 7 (30 mg, 0.046 mmol) was dissolved in 1 mL of 

degassed chloroform and p-chloranil (12 mg, 0.049 mmol) was added to the solution. 

After the reaction mixture was stirred at 25 °C for 30 min, the solvent was 

evaporated under reduced pressure. The crude product was purified by column 

chromatography over silica gel using pure dichloromethane as eluent, affording 

compound 2 in 78% yield (23.3 mg, 0.036 mmol) as a dark green solid. Rf = 0.13 

(SiO2, DCM). M. P.: 183-185 °C. 1H NMR (400 MHz, CDCl3): δ = 8.64 (br s, 2H, NH), 

7.82 (d, JH-F = 7.1 Hz, 2H, CH), 6.86 (d, JH-F = 11.1 Hz, 2H, CH), 5.46 (s, 1H, CH), 

5.36 (s, 1H, CH), 3.43 (t, J = 7.2 Hz, 4H, N-CH2), 1.84 – 1.77 (m, 4H, CH2), 1.49 – 

1.43 (m, 4H, CH2), 1.35 – 1.25 (m, 16H, CH2), 0.90 – 0.86 (m, 6H, CH3). 13C{1H} 

NMR (101 MHz, CDCl3): δ = 165.5 (C, JC-F = 266.5 Hz), 159.2 (C, JC-F = 10.3 Hz), 

157.7 (C), 150.2 (C), 138.7 (CH, JC-F = 3.4 Hz), 115.99 (C), 113.1 (C), 108.8 (CH, JC-F 

= 20.5 Hz), 105.2 (C, JC-F = 2.03 Hz), 95.1 (C, JC-F = 18.10 Hz), 86.53 (CH), 83.46 

(CH), 43.9 (N-CH2), 31.9 (CH2), 29.24 (CH2), 29.19 (CH2), 28.3 (CH2), 27.1 (CH2), 

22.7 (CH2), 14.2 (CH3). IR (neat, cm-1): ν = 3367, 3277, 3226, 2923, 2853, 2579, 

2223, 1606, 1591, 1545, 1503, 1453, 1421, 1329, 1290, 1268, 1230, 1146, 1087, 
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1052, 908, 839, 811, 757, 674. HRMS (ESI+) calculated for [M+H]+: 649.3573 

(C38H43N8F2
+), found: 649.3570. 

 

Synthesis of 3. Compound 10 (20 mg, 0.029 mmol) was dissolved in 1 mL of 

degassed chloroform and p-chloranil (16 mg, 0.066 mmol) was added to the solution. 

After the reaction mixture was stirred at 25 °C for 30 min, the solvent was 

evaporated under reduced pressure. The crude product was purified by preparative 

thin layer chromatography over silica gel using dichloromethane as eluent to afford 3 

in 91% yield (18.1 mg, 0.026 mmol) as a dark green solid. Rf = 0.34 (SiO2, DCM). M. 

P.: 114-116 °C. 1H NMR (400 MHz, CDCl3): δ = 8.82 (d, JH-F = 7.8 Hz, 1H, CH), 8.56 

(br s, 2H, NH), 7.82 (d, JH-F = 6.9 Hz, 1H, CH), 6.94 (d, JH-F = 12.1 Hz, 1H, CH), 6.82 

(d, JH-F = 10.5 Hz, 1H, CH), 5.39 (s, 1H, CH), 5.38 (s, 1H, CH), 3.46 – 3.40 (m, 4H, N-

CH2), 1.84 – 1.77 (m, 4H, CH2), 1.46 – 1.25 (m, 20H, CH2), 0.90 – 0.87 (m, 6H, CH3). 

13C{1H} NMR (101 MHz, CDCl3): δ = 165.5 (C, JC-F = 267.4 Hz), 159.1 (C, JC-F = 10.6 

Hz), 158.3 (C, JC-F = 272.5 Hz), 157.1 (C, JC-F = 12.7 Hz), 151.6 (C, JC-F = 11.5 Hz), 

150.3 (C), 149.6 (C), 140.95 (C), 138.7 (CH, JC-F = 2.8 Hz), 137.8 (C), 130.1 (C), 

125.5 (CH), 115.9 (C), 113.1 (C), 111.5 (CH, JC-F = 23.3 Hz), 108.8 (CH, JC-F = 20.3 

Hz), 104.9 (C), 95.3 (C, JC-F = 17.9 Hz), 87.0 (CH), 83.7 (CH), 44.4 (N-CH2), 43.9 (N-

CH2), 31.9 (CH2), 29.8 (CH2), 29.3 (CH2), 29.2 (CH2), 28.5 (CH2), 28.4 (CH2), 27.1 

(CH2), 22.8 (CH2), 14.2 (CH3). It is envisageable that four CH2 signals are overlapped 

or equivalent with other CH2 signals in the 32 – 22 ppm region, as this is the case for 

the second CH3 signal. IR (neat, cm-1): ν = 3292, 3102, 2922, 2853, 2323, 2220, 

1610, 1588, 1503, 1456, 1404, 1379, 1324, 1288, 1210, 1147, 1124, 1083, 1043, 

910, 882, 830, 795, 759, 701, 676. HRMS (ESI+) calculated for [M+H]+: 689.3370 

(C36H43N8O4F2
+), found: 689.3369. 



10 

 

Synthesis of 4. Compounds 5 (270 mg, 0.620 mmol) and 6 (100 mg, 0.609 mmol) 

were dissolved in 17 mL of anhydrous acetonitrile under argon. The solution was 

degassed by argon bubbling for 15 min. Then, N,N-diisopropylethylamine (0.63 mL, 

3.62 mmol) was added dropwise to the solution. The reaction mixture was stirred at 

25 °C for 5 min and then heated to reflux for 1.5 h. After the reaction mixture was 

cooled down to 25 °C, the solvent was then evaporated under reduced pressure. 

The crude residue was purified by column chromatography over silica gel using 

dichloromethane with 1% of methanol as eluent to afford 4 in 28% yield (85.4 mg, 

0.169 mmol) as a brown solid. Rf = 0.21 (SiO2, DCM/MeOH, 99/1). M. P.: 123-125 

°C. 1H NMR (400 MHz, CDCl3): δ = 7.88 (d, JH-F = 6.8 Hz, 1H, CH), 6.82 (d, JH-F = 

10.0 Hz, 1H, CH), 5.98 (br s, 1H, NH), 5.35 (s, 1H, CH), 5.20 (s, 1H, CH), 3.50 (t, J = 

6.9 Hz, 4H, N-CH2), 3.10 (t, J = 7.2 Hz, 4H, N-CH2), 1.75 – 1.65 (m, 4H, CH2), 1.42 – 

1.25 (m, 20H, CH2), 0.90 – 0.86 (m, 6H, CH3). 13C{1H} NMR (101 MHz, CDCl3): δ = 

165.2 (C, JC-F = 267.5 Hz), 161.1 (C, JC-F = 10.5 Hz), 157.33 (C, JC-F = 7.9 Hz), 157.31 

(C), 153.1 (C, JC-F = 3.3 Hz), 152.2 (C), 138.7 (CH), 115.1 (C), 112.9 (C), 109.9 (CH, 

JC-F = 21.5 Hz), 103.9 (C), 96.3 (C, JC-F = 17.3 Hz), 89.5 (CH), 86.2 (CH), 50.7 (N-

CH2), 43.0 (CH2), 32.0 (CH2), 31.9 (CH2), 29.8 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 

(CH2), 29.3 (CH2), 28.5 (CH2), 27.8 (CH2), 27.3 (CH2), 22.8 (CH2), 22.8 (CH2), 14.3 

(CH3), 14.2 (CH3). IR (neat, cm-1): ν = 3438, 3329, 3047, 2917, 2849, 2233, 2112, 

1625, 1602, 1562, 1535, 1511, 1466, 1409, 1363, 1331, 1289, 1267, 1220, 1150, 

1085, 992, 925, 900, 867, 808, 786, 750, 722, 656. HRMS (ESI+) calculated for 

[M+H]+: 505.3450 (C30H42FN6
+), found: 505.3452. 
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2.3. Theoretical calculations 

All calculations have been carried out on structures using methyl groups instead 

of the longer alkyl chains and have been performed with Gaussian16 [42], using 

default procedures and algorithms except when noted below. We have selected the 

PBE0 [43] global hybrid functional for the ground-state calculations, and applied 

tighten thresholds for the energy (at least 10-9 au) and geometry convergences (so-

called tight threshold in Gaussian), as well as used an improved DFT integration grid 

(ultrafine grid). For all compounds, the ground-state forces were minimized with the 

6-31G(d) (for early conformational screening) and 6-311++G(2d,2p) (for the 

presented results on the key structures) atomic basis sets. We subsequently verified 

the absence of imaginary frequencies by computing analytically the Hessian at the 

same level of theory. The excited-state calculations were performed with Time-

Dependent Density Functional Theory (TD-DFT) considering 5-to-15 states 

determined with the CAM-B3LYP long-range corrected functional [44] (more suited 

for charge-transfer states) and the same 6-311++G(2d,2p) atomic basis set. The 

solvent effects were modeled through the Polarizable Continuum Model (PCM) [45], 

using the linear-response non-equilibrium model for the excited-state calculations. 

The density difference plots representing the excited states have been drawn by 

computing the excited state density with the Z-vector approach. Charge-transfer 

parameters were determined using Le Bahers’ model as implemented in Gaussian16 

– relaxed excited-state densities have been used [46]. 

 

3. RESULTS AND DISCUSSION 

3.1. Synthesis 
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The syntheses of the nitrile-containing targets were carried out via nucleophilic 

aromatic substitution of tetraaminobenzene (5) on 4,6-difluoroisophthalonitrile (6) in 

refluxing acetonitrile (Scheme 1). When one equivalent of 5 and two equivalents of 6 

were used, the intermediate 7 was isolated in 60% yield after purification by silica gel 

column chromatography. To reach the hybrid compound 10 substituted with both 

nitrile- and nitro-containing aromatics, the synthesis of the intermediate 8 was 

envisaged following the reaction of equimolar quantities of 5 and 6. However, as a 

result of the spontaneous aerobic oxidation of 8 during the reaction workup, the 

quinone 4 was isolated as a brown solid, the structure of which was confirmed by the 

high-resolution mass spectrum analysis that shows molecular ion peak with m/z 

505.3452, corresponding to [4+H]+. It is noteworthy that such [1+1] substitution 

adduct was rarely isolated previously using 1,5-difluoro-2,4-dinitrobenzene 9 as 

electrophile, notably due to the intramolecular NH…O2N bonds strongly favouring the 

[1+2] adduct (the aromatic precursor of 1) [47]. The poor stability of 4 regarding 

oxidation was also previously noticed for tetraaminobenzene derivatives substituted 

with weak electron-withdrawing aromatics [34, 48]. This observation is easily 

explained by the presence of a single fluoroisophthalonitrile moiety in 8 compared to 

the presence of two similar substituents in the more stable 7. Consequently, the 

synthesis of 10 was undertaken without isolation of 8, following a two steps in one 

pot strategy that afforded 10 in a moderate 39% yield, the first substitution being the 

limiting step. Attempts to promote the nucleophilic aromatic substitution by 

increasing the reaction time or changing the temperature did not improve the yield of 

10. Finally, compounds 7 and 10 were readily oxidized in presence of two 

equivalents of p-chloranil to afford the quinones 2 and 3 in 78% and 91% yields, 
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respectively, the green coloration of their powders indicating the presence of 

zwitterionic species (vide infra). 

 

Scheme 1. Synthesis of quinones 2-4. 

 

3.2. Electronic properties 

The cyclic voltammograms of 1-4 were recorded in DCM and show irreversible 

first reduction processes at -0.84, -0.90 and -0.99 V vs. Fc/Fc+, for compounds 1, 3 

and 2, respectively (Figure 3 and Table 1). This order follows the decrease in the 

electron-withdrawing strength of the N-substituents, the reduction being facilitated for 

the nitro-containing species. In this series, the oxidation waves are poorly shifted 

compared to 1, nevertheless reversible processes are found at ca. 0.68 V upon 

introduction of nitrile functions in 2 and 3, instead of the irreversible process 
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observed for 1. The quinone 4 exhibits irreversible processes, the reduction and 

oxidation waves are respectively found at -1.29 and 0.49 V, suggesting a canonical 

tautomer, by comparison with the previously reported 1,3-

bis(trifluoromethyl)benzene-containing DABQDI derivative featuring a canonical 

ground state and irreversible redox processes found at -1.29 and 0.44 V Fc/Fc+ in 

the same solvent [34]. 

 

Figure 3. Cyclic voltammograms of compounds 1-4 in DCM solutions containing 0.1 
M of [nBu4N][PF6]. 

 

Table 1. Summary of the half-wave or peak potentials (V vs. Fc/Fc+) of the 
compounds 1-4 (recorded in dichloromethane solutions containing 0.1 M of 
[nBu4N][PF6] at a scan rate of 100 mV s−1) and their longest wavelength of maximal 
absorption with the related molar extinction coefficients, recorded in dichloromethane 
(DCM) and toluene (PhMe) solutions. 

Dye 

Reduction Oxidation 

E (V)
a
 λmax (nm) (ε (M

-1
.cm

-1
)) 

E1/2 red2 E1/2 red1 E1/2 ox 

1 - –0.84
b
 0.65

b
 1.48 

DCM: 697 (6850) 

PhMe: 705 (2410) 

2 –1.23
b
 –0.99 (126)

c
 0.68 (62)

c
 1.67 

DCM: 697 (7680) 

PhMe: 713 (7320) 

3  –0.90
b
 0.67 (71)

c
 1.57 DCM: 698 (5300) 
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PhMe: 704 (3360) 

4  –1.29
b
 0.49

b
 1.78 

DCM: 362 (17630) 

PhMe: 364 (15860) 

aElectrochemical gap: ΔE = E1/2(ox) – E1/2(red1) or ΔE = Epa(ox) – E1/2(red1). 
bIrreversible peak potential at a scan rate of 100 mV s−1. cΔE = Epa – Epc expressed 
in mV. 

 

When the two tautomers are close in energy, the canonical-zwitterionic equilibrium 

is impacted by the polarity of the environment in both solution and solid states [34, 

35]: the more polar the medium is, the more intense the band centred at 700 nm is. 

This low energy hallmark transition is attributed to an intramolecular charge-transfer 

(ICT) between the negatively and positively charged moieties of the zwitterionic 

tautomer and any intensity increase observed on this band while increasing the 

solvent polarity implies an increasing proportion of the zwitterionic species, as 

illustrated with nitro-containing quinone 1 in Figure 4. Indeed, while increasing the 

solvent polarity, the lowest energy band of 1 undergoes a significant hyperchromic 

effect, with ε705 ~ 2400 M-1.cm-1 in toluene and ε697 ~ 6900 M-1.cm-1 in DCM. 

Surprisingly, such shift is not observed for the nitrile-containing quinone 2 with ε ca. 

7500 M-1.cm-1 in these two solvents, apparently indicating the exclusive presence of 

the zwitterionic tautomer in solution in all solvents. This hints that the canonical 

tautomer is significantly less stable in 2 than 1, which might look counterintuitive as 

the nitro accepting strength exceeds its nitrile counterpart [49], and one would 

naively foresee the opposite behaviour, as the strongest acceptors should, in 

principle, stabilize the charge-separated zwitterionic isomer. Less surprisingly, 3 

featuring mixed nitrile and nitro EWG exhibits an intermediate behaviour, the lowest 

energy band intensity varying between 3400-5300 M-1.cm-1, going from toluene to 

DCM. The spectrum of compound 4 does not show any band centred at 700 nm but 
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a broad and weak shoulder between 500-700 nm, which indicates the predominance 

of the canonical form in solution irrespective of the solvent. This observation is in line 

with the brown powder coloration of 4 and the cyclic voltammogram of this 

compound that notably differs from the ones recorded for the ground state 

zwitterions 1-3. Nevertheless, the slight bathochromic shift of the lower energy band 

observed in DMSO (ε600 ~ 800 M-1.cm-1) could be attributed to the presence of a 

trifling portion of zwitterion. Finally, we note that the pH-dependent absorption 

properties of the quinones 2-4 revealed the possibility to generate cationic and 

anionic quinones in solution, as previously reported [34] (see Supporting Information 

for details). 

 

Figure 4. Electronic absorption solvatochromism of compounds 1-4 (ca. 10-5 M). 
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To specifically assess the impact of the N-substituents, the electronic absorptions 

of 1-4 were compared in the least polar solvent (Figure 5). The quinone 4 only 

presents the canonical tautomer in toluene, the fluoroisophthalonitrile moiety being 

insufficiently electron-withdrawing to promote the zwitterionic form. In contrast, 

compounds 1-3 present the zwitterion signature in the red region and, surprisingly, 

the intensity of the band is sensibly increased upon replacement of the nitro 

functions by the nitrile ones. As stated above, such result is unexpected since the 

stronger electron-withdrawing nitroaromatic substituents would be expected to more 

efficiently promote fully zwitterionic species compared to the cyanoaromatic ones. To 

study the influence of the nitrile and nitro moieties on the canonical-zwitterionic 

equilibrium in more details, it was deemed necessary to carry out an in silico 

investigation. 

 

Figure 5. Comparison of the electronic absorption of compounds 1-4 in toluene. 

 

3.3. Theoretical study 

To obtain more insights into the experimental results, we have carried out 

theoretical calculations using DFT and TD-DFT, with a methodology detailed in the 

experimental section. This approach was used before for similar species [34, 35]. 

One key aspect here is the energetic balance between the canonical and zwitterionic 
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tautomers (Figure 2). Of course, DFT is not infinitely accurate with typical errors on 

relative free energies of similar species of ca. 1-3 kcal.mol-1 (which can lead to 

significant changes in Boltzmann populations). Nevertheless, we do trust that the 

trends in the series are correct. All our results are detailed in the SI and we focus 

here on the main aspects helping to grasp the unexpected measurements. First, for 

all structures TD-DFT calculations clearly confirm that the presence of the redshifted 

absorption at ca. 700 nm experimentally is a signature of the zwitterionic tautomer, 

none of the canonical forms absorbing in that region (see the SI). 

We have already considered 1 in a previous work [35], so we can likely be brief. In 

toluene and DMSO we found that the most stable zwitterionic structure is stabilized 

by 2.9 and 5.0 kcal.mol-1 as compared to its canonical counterpart. Considering the 

above-state error bar, this indicates that the zwitterion is almost exclusively present 

in DMSO, whereas a small portion of canonical tautomer is present in toluene. This 

is qualitatively consistent with the experimental spectrum displayed in Figure 4, 

which shows that the characteristic zwitterionic band is significantly more intense in 

the most polar solvents. 

For 2, we performed a complete conformational search for both tautomeric forms. 

In DMSO, the difference of free energies between the most stable zwitterion and 

canonical structures attains 6.8 kcal.mol-1. The corresponding difference is 4.6 

kcal.mol-1 in toluene. In other words, the zwitterionic tautomer is even more stabilized 

than in 1. This theoretical prediction fits experiment, as Figure 4 clearly suggests that 

the zwitterion is systematically present in 2 irrespective of the solvent, indicating that 

it is strongly favoured. However, as evoked previously, this result is surprising since 

the strongest accepting group (i.e., the nitro) should normally ease the formation of 

the charge-separated structure (i.e., the zwitterion) in the ground electronic state, so 
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one would expect the canonical form to become relatively more stabilized in 2 than in 

1. By examining the actual geometries predicted by DFT, we could rationalize this 

outcome. Indeed, as can be seen in Figure 6, in the canonical form of 1, a bifurcated 

hydrogen bond absent in the zwitterion is present [50, 51], as the transferred 

hydrogen atom is in close contact with one of the oxygen atom of the vicinal ortho 

nitro group. Such interaction is absent in 2, where the transferred hydrogen atom is 

more than 2.8 Å away from the nitrogen atom of the cyano group. This extra 

stabilizing interaction, counterbalancing the purely electronic effect, is present in 1 

but absent in 2, which likely explains why the formation of the canonical structure 

can be observed in the former compound and not the latter. 

 

 

Figure 6. DFT structures of the most stable conformers of the zwitterionic (top) and 
canonical (bottom) tautomers of 1, 2, and 3 (from left to right) in DMSO. Significant 
hydrogen bonds (Å) are indicated. In the canonical 2, the shortest distance between 
the (transferred) hydrogen atom and the nitrogen of the cyano group is 2.86 Å. 
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This analysis is further strengthened by the results obtained for 3 (see the SI for 

details). Indeed, on the one hand, the most stable canonical form displays a 

hydrogen atom on the nitro side (the transfer on the nitrile side leads to a structure 

less stable by 0.7 kcal.mol-1), and, on the other hand, this structure is less stable 

than its zwitterionic counterpart by only 4.6 (2.6) kcal.mol-1. These values are very 

similar to the one found for 1, hinting that 3 and 1 should have similar behaviour, 

which is indeed clear from Figure 5. Considering all computed conformers, this leads 

to a slight presence of the canonical form in the apolar solvent (see the SI). 

Finally for 4, theory predicts a 98/2 (99/1) canonical/zwitterion blend in neutral 

DMSO (DCM), the predominance of the canonical tautomer being a logical 

consequence of the presence of only two accepting groups instead of four. As for the 

other compounds, TD-DFT predicts that the zwitterionic lowest absorption is both 

(much) more intense and redshifted as compared to the canonical one (see the SI), 

and therefore, the very weak absorption above 600 nm in the experimental 

measurements (Figure 4) is a signature of a tiny presence of zwitterion in the 

solution. 

4. CONCLUSION 

The synthesis of fluoroisophthalonitrile-containing DABQDIs was achieved and 

their spectroscopic properties revealed a fully zwitterionic structure in solution for 2 

and, to a lesser extent, for the hybrid nitro/cyano compound 3, while the 

fluorodinitrobenzene-containing analogue 1 showed the presence of a mixture of 

zwitterionic and canonical species in solution. These results are counterintuitive at 

first glance since nitro EWG are stronger acceptor than cyano groups, the former 

should promote to a greater extent the zwitterionic tautomer. However, the 
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computational study brings evidences that, while there is a possible interaction 

between the transferrable hydrogen atom of the quinone and the oxygen atom of the 

closest nitro function that relatively stabilises the canonical form in 1, the fully 

zwitterionic electronic structure of 2 arises from the absence of intramolecular 

hydrogen bonding between the closest nitrile group and the transferred H atom (i.e. 

absence of bifurcated H-bonding interactions). These results bring evidences that 

the use of cyanoaromatic EWG is relevant for the future design of stable and fully 

zwitterionic DABQDI-based architectures such as azacalixquinarene macrocycles. 
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