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Abstract 

Construction of a phenanthrodithiophene diimide core has been accomplished through photo-induced 6π 

electrocyclization. It is generated with the formation of anthradithiophene diimide. The product distribution is 
illuminated by the help of DFT calculations. The discrepancy in the optical and electrochemical properties 

between both compounds is identified. Time-dependent DFT calculations are carried out, yielding theoretical 
UV-vis spectra, which agree well with the experimental patterns. Electronic transitions for the two compounds 

can be clarified. Overall, this study provides a new synthetic approach to accessing phenanthrodithiophene 

diimide and elucidates the reaction mechanism and optical and electrochemical properties. 
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Introduction 

 

Fields related to organic semiconductors, such as organic photovoltaics,1-4 organic field-effect transistors,5-8 

and organic light-emitting diodes,9-12 have been benefited appreciably from the expansion of materials library, 

in which the structural diversity plays a vital role. Numerous chemical functionalities have been employed in 

developing building blocks for organic semiconductors. Among them, imide shows great promise. A couple of 

imide-based structures are included in Scheme 1. Naphthalene diimide (NDI) is a classical imide-based building 

block and often functions as an electron-deficient group in synthesizing donor-acceptor copolymers.13-16 

Abundant studies derived from NDI can be found in the literature.17-26 Fused arenes have been recognized to 

be effective in regulating π-extension and corresponding stacking.27-37 Outwardly fusing NDI with two 

thiophenes gives naphthodithiophene diimide (NDTI). A key synthetic step involves addition of the sulfide 

anion to the ethyne group and oxidative dehydrogenation to yield the NDTI core.38, 39 Anthradithiophene 

substituting for naphthodithiophene furnishes anthradithiophene diimide (ADTI). Palladium-catalyzed direct 

arylation has been applied to generate the ADTI core.40 Great potential of NDTI and ADTI in organic 

electronics has been demonstrated.41-48 

Phenanthrodithiophene diimide (PDTI) has a distinctive curved aromatic frame. The materials 

properties could be diversified by taking advantage of the isomeric structure. In this study, a synthetic route to 

PDTI is established. The ultimate synthetic step to PDTI is accompanied with the formation of ADTI, which is 

clarified by the help of DFT calculations. PDTI is compared with ADTI and their optical and electrochemical 

properties are discussed. In the synthesis, photo-induced 6π electrocyclization plays a crucial role, and the 

formation mechanism is proposed.  
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Scheme 1. Imide-based structures. 

 

 

Results and Discussion 
 

ADTI. Synthesis of ADTI and PDTI is summarized in Scheme 2. N-(2-hexyldecyl)phthalimide (1) was attained by 

nucleophilic substitution of bromide in 2-hexyldecyl bromide by potassium phthalimide. Treatment of 1 with 

hydrazine in methanol yielded 2-hexyldecyl amine (2), which then reacted with 2,3-dibromomaleic anhydride 

(3) derived from bromination of maleic anhydride to afford 2,3-dibromo-N-hexyldecyl maleimide (4). 

Compound 5 was generated by Suzuki–Miyaura coupling of 4 with thiophene-3-boronic acid pinacol ester at 
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room temperature. It has to noted that an elevated temperature encouraged further coupling between 5 and 

thiophene-3-boronic acid pinacol ester. Suzuki–Miyaura coupling was performed again to furnish compound 6, 

which was illuminated by a medium-pressure mercury lamp in the presence of iodine, resulting in ADTI and 

PDTI in 16% and 30% yield, respectively. In principle, ADTI would exhibit four 1H–13C heteronuclear multiple 

bond correlations (HMBCs) for H1 whereas three correlations would be present for PDTI, which is consistent 

with the results given by HMBC spectroscopy (Figure 1).  
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Scheme 2. Synthesis of ADTI and PDTI. 
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(a) 

 
(b) 

 
 

Figure 1. HMBC spectra of (a) ADTI and (b) PDTI. 
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Scheme 3. Proposed mechanism for the formation of ADTI and PDTI. 
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(a) Optimized Structure of 8a 

 

C1C2

C3

 
Bond length: C1–C2: 1.38 Å, C2–C3: 1.42 Å Bond order: C1–C2: 1.48, C2–C3: 1.25  

 

(b) LUMO of 8 

 
Atomic orbital contribution in LUMOa: C1: 4.672853%, C2: 4.452770%, C3: 1.083244% 

 

Figure 2. (a) Optimized Structure and (b) LUMO contour (isovalue = 0.02 au) of 8 calculated at the CAM-

B3LYP/6-311G(d,p) level of theory. 
a 2-Hexyldecyl is replaced by methyl and Wiberg bond order was calculated by Natural Bond Orbital 5.9. 

 

A proposed mechanism is depicted in Scheme 3, in which compound 6 goes through intramolecular 6π 

electrocyclization and oxidation twice to produce ADTI and PDTI. DFT calculations were performed in order to 

gain an insight into the regioselectivity for this photo-induced cyclization. Gibbs free energy at the CAM-

B3LYP/6-311G(d,p) level of theory indicates that ADTI is thermodynamically more stable than PDTI by 11.6 
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kcal mol−1, being inconsistent with the experimental yield (16% versus 30%). As shown in Scheme 3, the 

different regioisomeric products formed are related to the intramolecular 6π electrocyclization of 8. 

Optimized structure of 8 in Figure 2 reveals that C1–C2 has stronger double-bond character than C2–C3 in 

terms of bond length and bond order. On the basis of Woodward-Hoffmann rules, LUMO of 8 is the functional 

orbital for photo-stimulated electrocyclization. Atomic orbital composition of LUMO in 8 was obtained by 

Hirshfeld method implemented in MULTIWFN 3.3.8,49 estimating that C1 has greater atomic-orbital 

contribution than C3 (Figure 2). In other words, the electron-density of C1 is higher than that of C3 in the 

LUMO. Atomic orbital analysis in conjunction with the calculated bond length and bond order suggests that 

C1–C2 might exhibit superior reactivity to C2–C3 in the photo-induced 6π electrocyclization, accounting for 

the experimental regioselectivity. 

Optimized structures of ADTI and PDTI are described in Figure 3. A planar conjugated framework is 

observed for ADTI whereas PDTI shows a twisted plane with two isomeric structures. The inversion barrier 

between the two enantiomers for PDTI is calculated to be 10.90 kcal mol−1, which should be overcame readily 

at room temperature. UV-vis absorption of ADTI and PDTI is illustrated in Figure 4. Different absorption 

pattern is perceived between the two constitutional isomers and the Eg
opt of ADTI is smaller than that of PDTI 

(Table 1), which is associated with the distorted conjugated structure of PDTI.  

 

(a) Optimized Structure of ADTI 

 
(b) Optimized Structures of PDTI (two isomeric structures) 

  
 

Figure 3. Optimized structures of (a) ADTI and (b) PDTI. 
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PDTI ADTI 

  
 

Figure 4. Experimental and theoreticala UV-vis absorption spectra of PDTI and ADTI. 
aLevel of theory: TD-MPW1PW91/6-311G(d,p)/PCM=CH2Cl2//CAM-B3LYP/6-311G(d,p) 

 

Table 1. Optical and electrochemical properties of PDTI and ADTI 

 HOMOa 

(eV) 

LUMOb 

(eV) 

Eg
ele c 

(eV) 

Eg
opt d 

(eV) 

PDTI −5.96 −3.25 2.71 2.57 

ADTI −5.92 −3.45 2.47 2.32 

aHighest occupied molecular orbital. bLowest unoccupied molecular orbital. cElectrochemical energy gap. 
dOptical energy gap determined by the onset of absorption. 

 

Time-dependent density-functional theory (TD-DFT) calculations were performed for PDTI and ADTI. 

The experimental and theoretical UV-vis spectra correlate well to each other (Figure 4). Calculated 

HOMO/LUMO energy, absorption maximum, oscillator strength, and configuration of the excited states are 

summarized in Table 2. Contours of HOMOs and LUMOs are illustrated in Figure 5. Interpretation of electronic 

transitions for PDTI and ADTI can thus be achieved. 
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Table 2. Calculated HOMO/LUMO energy, excitation energy, oscillator strength, and configurations (with large 

CI coefficients) of the excited statesa 

 HOMO 

(eV) 

LUMO 

(eV) 

λmax,exp
b 

(nm) 

λcal
c  

(nm) 

oscillator strength Configurationd 

PDTI −6.56 −2.90 462 428 0.0259 H→L 

    398 0.0579 H−1→L 

   378 374 0.2973 H→L+1 

    370 0.0314 H−2→L 

    349 0.0497 H−1→L+1 

    324 0.0361 H→L+2 

   307 314 0.3934 H−2→L+1 

ADTI −6.35 −3.16 510 495 0.0514 H→L 

   476    

       

   437 425 0.2125 H−1→L 

   413    

   344 329 0.6037 H→L+2 

   329    

   305 299 0.3831 H−1→L+2 

aTD-MPW1PW91/6-311G(d,p)/PCM=CH2Cl2//CAM-B3LYP/6-311G(d,p); Aliphatic moieties are simplified by 

the methyl group. bExperimental absorption maximum. cCalculated absorption maximum. dConfigurations 

with largest coefficients in the CI expansion of each state are listed.  
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PDTI 

  
HOMO LUMO 

ADTI 

  

HOMO LUMO 

 

Figure 5. Plots (isovalue = 0.02 au) of HOMOs and LUMOs. 

 

Conclusions 
 

Construction of the PDTI core has been accomplished. Photo-induced 6π electrocyclization is a key step for 

synthesis of PDTI. Formation of PDTI is accompanied with that of ADTI. The product distribution can be 

elucidated by the help of DFT calculations. PDTI is compared with ADTI. The disparity in the optical and 

electrochemical properties between the isomers is identified. TD-DFT is performed and good agreement is 

recognized between the experimental and theoretical UV-vis spectra, providing better understanding into 

electronic transitions for PDTI and ADTI. Overall, this study provides a new synthetic approach to accessing 

PDTI and elucidates the reaction mechanism and optical and electrochemical properties. 

 

Experimental Section 
 

General. NMR measurements are reported for a Bruker-400 MHz spectrometer. Chemical shifts (δ values) are 

reported in ppm with respect to Me4Si (δ = 0 ppm) for 13C and 1H NMR. Coupling constants (J) are given in Hz. 
13C NMR was proton broad-band-decoupled. Multiplicities of peaks are denoted by the following 



Arkivoc 2023 (ii) 202311992  Chen, Y.-T. et al. 

 

 Page 11 of 15      ©AUTHOR(S) 

abbreviations: s, singlet; d, doublet; t, triplet; m, multiplet; br, broad; dd, doublet of doublets. Heteronuclear 

multiple bond correlation spectroscopy (HMBC) was performed on a Varian 500 MHZ spectrometer. UV-Vis 

spectra were collected on a Hitachi U-4100 spectrometer. Mass spectra were collected by the Instrumentation 

Center, National Chiao Tung University. Electrochemical cyclic voltammetry (CV) was conducted on CH 

Instruments CHI661D. Platinum wire was the counter electrode. Glassy carbon and Ag/AgCl electrode were 

used as the working electrode and the reference electrode, respectively, while 0.1 M tetrabutylammonium 

hexafluorophosphate in CH2Cl2/CH3CN was the electrolyte. The scan rate was 100 mV/S. CV curves were 

calibrated using ferrocence as the standard, whose oxidation potential is set at –4.8 eV with respect to zero 

vacuum level. The HOMO energy levels were obtained from the equation HOMO = −(Eox
onset − E(ferrocene)

onset + 

4.8) eV. The LUMO levels were obtained from the equation LUMO = −(Ered
onset − E(ferrocene)

onset + 4.8) eV. 

 

Synthesis of 1. A DMF solution (20 mL) of 2-hexyldecyl bromide (5 g, 0.0164 mol) and phthalimide potassium 

salt (3.22 g, 0.0173 mol) was stirred at 90 °C for 16 h. The mixture was cooled to room temperature, poured 

into water (100 mL) and extracted with dichloromethane (50 mL×2). The organic fraction was dried over 

anhydrous MgSO4, filtered, and concentrated under vacuum. The crude mixture was purified by column 

chromatography to furnish N-(2-hexyldecyl)phthalimide as a colorless oil (5.75 g, 94% yield): 1H NMR (400 

MHz, CDCl3) δ 7.85–7.82 (m, 2H), 7.73–7.69 (m, 2H), 3.57 (d, J = 8 Hz, 2H), 1.90–1.85 (m, 1H), 1.29–1.24 (m, 

24H), 0.88–0.84 (m, 6H). 

Synthesis of 2. A mixture of N-(2-hexyldecyl)phthalimide (3.9 g, 0.0105 mol), hydrazine monohydrate (80%, 

1.9 mL, 0.0315 mol), and methanol (50 mL) was stirred at 95 °C for 16 h. The mixture was cooled to room 

temperature, concentrated under vacuum, poured into KOH(aq) (10%, 100 mL), and extracted with 

dichloromethane (50 mL×2). The collected organic layer was washed with brine (100 mL×2), dried over 

anhydrous MgSO4, filtered, and concentrated under reduced pressure. After removal of solvent, 2-hexyldecyl 

amine was furnished as a colorless oil (2.47 g, 97% yield): 1H NMR (400 MHz, CDCl3) δ 2.60 (d, J = 4.0 Hz, 2H), 

1.32–1.27 (m, 25H), 0.88 (t, J = 8.0 Hz, 6H). 

Synthesis of 3. Maleic anhydride (1.5 g, 0.0153 mol), aluminum chloride (28 mg, 0.2 mmol), bromine (4.9 g, 

0.03 mol) were put in a sealed tube. The mixture was heated with stirring at 120 °C for 18 h, cooled to room 

temperature, diluted with ethyl acetate (15 mL), washed with saturated Na2S2O3(aq)(50 mL), and extracted with 

dichloromethane (50 mL×2). The collected organic layer was washed with brine (100 mL×2), dried over 

anhydrous MgSO4, filtrated, and concentrated under vacuum. After the removal of the solvent, the product 

was obtained as a white powder (2.0 g, 51% yield). 13C NMR (100 MHz, CDCl3) δ 158.5, 131.3. 

Synthesis of 4. A mixture of 2,3-dibromomaleic anhydride (2.1g, 0.008 mol), 2-hexyldecyl amine (2g, 0.008 

mol), and acetic acid (20 mL) was stirred at refluxing temperature for 16 h. The mixture was cooled to room 

temperature, poured into water (100 mL) and extracted with dichloromethane (50 mL×3). The organic layer 

was washed with water (100 mL×2), dried over anhydrous MgSO4, filtered, and concentrated under vacuum. 

The crude mixture was purified by column chromatography (hexane:ethyl acetate = 20:1). After removal of 

solvent, the product was afforded as a yellow oil (3.1 g, 78% yield): 1H NMR (400 MHz, CDCl3) δ 3.49 (d, J = 7.1 

Hz, 2H), 1.79–1.65 (m, 1H), 1.36–1.11 (m, 24H), 0.88 (t, J = 6.8 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 164.2, 

129.2, 43.9, 37.0, 31.9, 31.7, 31.3, 29.8, 29.5, 29.5, 29.2, 26.2, 26.1, 22.6, 22.6, 14.1, 14.0. 

Synthesis of 5. A THF solution (40 mL) of 2,3-dibromo-N-hexyldecylmaleimide (1 g, 0.002 mol), thiophene-3-

boronic acid pinacol ester (484 mg, 0.002 mol), Cs2CO3 (1.54g, 0.004 mol), and Pd(OAc)2 (23mg, 0.1 mmol) was 

stirred at room temperature for 16 h. The mixture was poured into brine (50 mL), extracted with ethyl acetate 

(50 mL×2), dried over anhydrous MgSO4, filtered, and concentrated under vacuum. The residue was purified 

by column chromatography (hexane:ethyl acetate = 50:1). After removal of solvent, the product was obtained 
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as a yellow oil (574 mg, 56% yield): 1H NMR (400 MHz, CDCl3) δ 8.56 (d, J = 4 Hz, 1H), 8.07 (d, J = 4 Hz, 1H), 7.45 

(dd, J = 4 Hz, J = 4 Hz, 1H), 3.50 (d, J = 7.1 Hz, 2H), 1.80 (m, 1H), 1.43–1.20 (m, 24H), 0.89–0.85 (m, 6H). HRMS 

(EI, M+.
, C24H36BrNO2S): calcd, 483.1647; found, 483.1652. 

Synthesis of 6. A mixture of compound 5 (550 mg, 0.001 mol), 1,4-benzenediboronic acid bis (pinacol) ester 

(179 mg, 0.5 mmol), K2CO3 (315 mg, 0.002 mol), Pd(PPh3)4 (31mg, 0.026 mmol), aliquat 336, toluene (40 mL), 

and H2O (30 mL) was stirred at 95 oC for 16 h. The mixture was poured into brine (50 mL), extracted with ethyl 

acetate (50 mL×2), dried over anhydrous MgSO4, filtered, and concentrated under vacuum. The residual 

mixture was purified by column chromatography (Hexane: Ethyl acetate = 20: 1) to furnish compound 6 as a 

yellow powder (150 mg, 31% yield). 1H NMR (400 MHz, CD2Cl2) δ 8.10 (dd, J = 3.0, 1.3 Hz, 2H), 7.56 (s, 4H), 7.29 

(dd, J = 5.1, 3.0 Hz, 2H), 7.13 (dd, J = 5.1, 1.3 Hz, 2H), 3.50 (d, J = 7.2 Hz, 4H), 1.84–1.81 (m, 2H), 1.42–1.27 (m, 

48H), 0.86–0.83 (m, 12H). 13C NMR (100 MHz, CDCl3) δ 171.1, 170.9, 132.4, 131.4, 130.6, 130.5, 129.9, 129.0, 

127.3, 125.9, 42.7, 37.0, 31.9, 31.8, 31.5, 29.9, 29.6, 29.5, 29.3, 26.31, 26.28, 22.64, 22.62, 14.1. HRMS (FAB, 

C54H76N2O4S2): calcd, 880.5247; found, 880.5247. 

Synthesis of ADTI and PDTI. A toluene solution (30 mL) of compound 6 (100 mg, 0.11 mmol) and iodine (144 

mg, 0.55 mmol) was illuminated by a medium-pressure mercury lamp for 4 h. The mixture was poured into 

saturated Na2S2O3(aq) (50 mL), extracted with dichloromethane (50 mL×2), dried over anhydrous MgSO4, 

filtered, and concentrated under vacuum. The mixture was purified by column chromatography (hexane: 

dichloromethane = 5 : 1). After removal of solvent, ADTI and PDTI as a mixture (7a : 7b = 1 : 2) were afforded 

(50 mg, 50% yield). ADTI and PDTI were further recrystallized with hexane. 

ADTI. 1H NMR (500 MHz, CDCl3) δ 9.37 (s, 2H), 8.05 (d, J = 5.2 Hz, 2H), 7.75 (d, J = 5.2 Hz, 2H), 3.64 (d, J = 7.0 

Hz, 4H), 1.95 (m, 2H), 1.43–1.25 (m, 48H), 0.86–0.81 (m, 12H). 13C NMR of ADTI (125 MHz, CDCl3) δ 169.8, 

168.7, 144.6, 129.7, 129.3, 129.2, 127.9, 124.6, 123.6, 123.2, 121.1, 42.4, 37.4, 31.88, 31.86, 31.61, 31.59, 

30.0, 29.7, 29.6, 29.3, 26.5, 26.4, 22.6, 14.1. HRMS (FAB, C54H72N2O4S2): calcd, 876.4934; found, 876.4926.  

PDTI. 1H NMR (500 MHz, CDCl3) δ 9.17 (s, 2H), 8.27 (d, J = 5.5 Hz, 2H), 7.72 (d, J = 5.5 Hz, 2H), 3.70 (d, J = 7.5 

Hz, 4H), 1.98 (m, 2H), 1.41–1.33 (m, 48H), 0.85–0.83 (m, 12H). 13C NMR of PDTI (125 MHz, CDCl3) δ 169.9, 

168.9, 144.5, 133.8, 128.3, 128.2, 127.3, 127.2, 124.9, 124.0, 121.7, 42.5, 37.4, 31.9, 31.8, 31.61, 31.59, 30.0, 

29.6, 29.5, 29.3, 26.38, 26.37, 22.6, 14.07, 14.06. HRMS (FAB, C54H72N2O4S2): calcd, 876.4934; found, 876.4929. 
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