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Structure and Optoelectronic Properties 
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Xiaoqiang Chen,b Xianggao Meng,a Sheng Hua Liu,*a and Jun Yin*a 

Imide-modified polycyclic aromatic hydrocarbons can be widely applied in the field of 

optoelectronic materials. In this work, we have synthesized four novel functionalized 

benzopicenes and characterized their solid structures and optoelectronic properties. The 

fluorescence of the four functionalized benzopicenes showed red shifts with increasing solvent 

polarity, the quantum yields are high in the solution state and moderate in the solid state. The 

single crystal structures showed that the benzopicenes adopt a lamellar motif π-stacking. Their 

good solubility and optoelectronic properties make them potential solution-processable 

candidates for organic devices, bioimaging and biolabeling. 

Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are widely found in the 

combustion residues of coal, wood and other organic materials, and 

have even been observed in interstellar space.1 Although some are 

carcinogenic,2 PAHs have attracted a great deal of attention owing to 

their potential applications in organic optoelectronic materials3 such 

as organic light-emitting diodes (OLEDs), organic field-effect 

transistors (OFETs) and organic photovoltaic cells (OPVCs).4 As a 

classical series of polycyclic aromatic hydrocarbons, acenes and 

linearly-fused aromatic hydrocarbons have been the subjects of 

extensive research since Eric Clar first introduced the word acene in 

1939.5 The structure of acenes is considered to be linearly extended 

one-dimensional graphene and their chemistry has attracted wide 

interest in both materials6 and theoretical chemistry.7 Nonacene is 

the longest acene reported to date.8 The most widely studied acene is 

pentacene (I, Scheme 1), which consists of five linearly-fused rings. 

It has attracted significant attention for use as an organic 

semiconductor.9 However, its low solubility and chemical instability 

hinder device performance. Stability problems can arise from 

reactions with 1O2 (6,13-endoperoxide formation), but this can be 

overcome through the introduction of substituents, particularly at the 

6,13-positions.10 Electron-withdrawing substituents decrease the 

LUMO energy level, which improves the efficiency of n-type 

semiconductors. For example the introduction of an imide group not 

only lowers the LUMO but also improves the solubility due to the 

alkyl groups on the imide unit of PAHs.11 The aromatic hydrocarbon 

picene (II, Scheme 1) consists of five fused rings and contains a 

delocalized π-system. Okamoto and co-workers reported the first 

FET device with thin films of picene showing excellent p-channel 

enhancement-type FET characteristics with a µ value of 1.1 cm2 V−1 

s−1 and an on-off ratio of 1.6 × 105 under an O2 atmosphere.12 

Benzopicene (III, Scheme 1), which contains one more ring than 

picene, has rarely been studied despite its relatively simple structure, 

which may due to its relative synthetic inaccessibility.13 In the 

1990s, Harvey and co-workers developed new approaches to 

synthesize benzopicene and investigated the carcinogenic oxidized 

metabolites of benzopicene and its derivatives.14 Dimethyl-

functionalized benzopicene has been synthesized by Krebs and co-

workers employing slight changes to Harvey’s method and the single 

crystal structure of dimethylbenzopicene has been discussed in 

detail.15 However, to the best of our knowledge, there have been no 

reports on the optoelectronic properties of benzopicene derivatives, 

which stimulated us to focus on the synthesis and optoelectronic 

properties of this unexplored family.  

As shown in Scheme 1, benzopicene (III) contains two fjord 

regions, a structural feature expected to cause deviation from 

planarity.16 The planarity of PAHs is often deemed to be their most 

important geometric characteristic;17 however nonplanar PAHs, 

which represent a fascinating class of molecules, have received 

significant attention from organic chemists.18 Nonplanar PAHs may 

force aromatic rings to adopt unusual intermolecular interactions 

because the π surfaces of contorted molecules can induce unusual π-

π stacking motifs in self-assembled systems that would be 

inaccessible with planar species,19 and can potentially form “self-

healing” electronic materials.20 On the other hand, the introduction 

of an imide group can lower the LUMO level and improve the 

solubility due to the alkyl groups on the imide unit, as mentioned 

previously. Herein we report on the synthesis of novel derivatives of 

benzopicene with imide groups and their potential applications in 

optoelectronic materials are discussed. 
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Scheme 1. Structures of pentacene, picene, benzopicene and benzopicenediimide. 
 

Scheme 2.Synthesis of Compounds 1a-d. 

 

Figure 1. Single crystal structures and packing views of 1b (A), 1d (B). Top view, overall view and packing view from left to right. Hydrogen atoms and alkyl-chains 
have been omitted in packing views for clarity.  

Results and Discussion 

Synthesis. 

The general synthesis of 1a–d is outlined in Scheme 2. 
Compound 2 was prepared according to the reported procedure 
using commercially available 4-bromo-1,8-naphthalic anhydride 
as the starting material.21 Compounds 3a–b were prepared using 
a slight modification to the reported procedure. The key 
intermediates 4a and 4b were synthesized via a Pd-catalyzed 
cross-coupling reaction in 62−70 % yields. Subsequently, a Pd-
catalyzed Suzuki–Miyaura coupling reaction accompanied by C– 
H transformation was performed to give 1a–d in 89−91 % yields. 
The chemical structures of all new compounds were clearly 
supported by standard spectroscopic characterizations such as 
NMR and mass spectrometry (see Supporting Information). 

Crystal Structures. 

The structures of 1b and 1d were further confirmed by X-ray 
crystallographic analysis. Single crystals of 1b and 1d suitable for 
crystallographic analysis were grown by slow diffusion of MeOH 
into a CH2Cl2 solution of 1b or 1d and these structures are shown in 
Figure 1. The four functionalized benzopicenes are favorable for 
intermolecular charge-transport because of their tendency to 

aggregate by π–π stacking.22 As shown in Figure 1, the core moieties 
of 1b and 1d were found to be nonplanar as a consequence of the 
presence of the fjord region. These two molecules can adopt an 
“double-concave” conformation which makes them ideal hosts for 
the binding of different guest molecules at each face.18c The central 
ring of both 1b and 1d were not coplanar with twist angles of 
19.21°and 19.28°, respectively, which indicates that the alkyl chain 
length and the introduction of the methoxy group exert virtually no 
influences on the structure of benzopicenediimide. In addition, there 
are two[4]helicene structures in each of these four functionalized 
benzopicenes. Helicene has been investigated for over one hundred 
years due to theoretical interests in the deformation of the π-system, 
the aromaticity of helical polyaromatic compounds, their enhanced 
chiroptical helical properties and their activation energy for 
racemization. This has led to applications in numerous fields 
including enantioselective catalysis, chiral recognition and self-
assembly, nonlinear optics and molecular switches;23 and our four 
novel benzopicenes may find potential applications in the above 
fields due to their dual [4]helicene structures. While this work was in 
progress, two other types of helical structures bearing imide groups 
have been independently reported by Durola24 and Chen.25 

As shown in the packing view (Figure 1) both 1b and 1d were 
packed in a one dimensional lamellar motif promoted by π···π 
stacking interactions and weak C−H···O hydrogen bonds. Along the 
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b axis, both 1b and 1d showed “wave-like” construction with an 
alternate head to tail array (see Figure S1). Both 1b and 1d exhibited 
close offset face-to-face contacts (around 3.5 Å) and upon to 80% π-
orbital overlap in the stacking direction, which is very important in 
determining the optical and electronic properties of a material (see 
Figures S2 and S3).26 

Photophysical Properties. 

Because of the presence of alkyl chains, these molecules are 
highly soluble in common solvents. This good solubility permits 
facile solution processing and thin film formation. The optical 
properties were investigated using UV−vis absorption and 
fluorescence spectroscopies in DCM and these data are shown in 
Figure 2, Figures S4–S10 and Table 1. All benzopicenediimides 
displayed well-resolved absorption spectra with maxima at 362, 362, 
361 and 369 nm with molar extinction coefficients (ε) of 79510, 
74775, 65045 and 86879 M−1 cm−1, respectively. In comparison with 
1a-c, 1d exhibits a slight bathochromic shift. It is possible that the 
introduction of the methoxy group makes 1d a donor-acceptor 
structure; such push–pull systems are known to exhibit narrowed 
HOMO–LUMO gaps and strong dipoles due to intramolecular 
charge transfer.27 The optical energy gaps (Eg) of 1a–d were 
calculated from the low-energy absorption onset in the absorption 
spectra in solution, as shown in Table 1. 1a–c had the same energy 
gap of 2.82 eV while 1d had a smaller energy gap 2.69 eV due to the 
D-A conformation. The use of donor and acceptor motifs is firmly 

established, as D-A substitution strongly affects the levels of the 
frontier orbitals and thus can be modified to tune the optical and 
electronic properties of a material for the design of organic light-
emitting, light-absorbing and semiconducting materials.28  

The luminescence spectra of compounds 1a–d have been recorded 
under 365 nm excitation and revealed Stokes shifts of 79, 78, 84 and 
115 nm, respectively. The luminescence spectra of 1a–c are very 
similar to each other with each consisting of two peaks, while 1d 
exhibits a single peak with a pronounced bathochromic shift. The 
UV−vis absorption and luminescence spectra of thin films have also 
been measured as shown in Figure 2 and Figures S4-S5. In the thin 
film state, the absorption edge of 1a–d broadened and red-shifted 
relative to when in solution, implying that the chromophores had a 
strong tendency to aggregate and/or form J-type aggregates in the 
solid state.29 The UV−vis absorption and luminescence spectra of 
1a–d in six different solvents were also measured. The fluorescence 
of 1a–d exhibits significant solvatochromism, with increasing 
bathochromic shifts upon increasing the polarity from cyclohexane 
to DMSO while the UV−vis absorption has no obvious shifts. The 
color of the fluorescence markedly changed as shown in Figure 2 
and Figures S6-9. This pronounced effect is explained by better 
stabilization of the excited state with increasing solvent polarity.30 
As compared to 1a-c, only in cyclohexane does the emission 
spectrum of 1d become the mirror image of its absorption spectrum. 
These findings suggest that solvation relaxation of the singlet excited 
state of 1d does not occur in hexane while it does occur in other 
solvents (see Figure 2 and figure S6-8).31 
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Figure 2. UV−vis absorption and normalized photoluminescence spectra of 1a-d in DCM (1.0 × 10−5 M) (A), normalized UV−vis absorption and photoluminescence spectra of 1a 
(B) and 1d (C) in DCM (1.0 × 10−5 M) and in thin film and normalized photoluminescence spectra of 1d (D) in different solvents (1.0 × 10−5 M). 
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The solvatochromic properties made them potential candidates 
for sensory applications.32 The fluorescence quantum yields of 
1a-d were high in the solution state and moderate in the solid 
state as shown in Figure S8 and table S1, The relative high solid 
fluorescence quantum yields which may be attributed to the 
twisted molecular structure and the J-aggregated formation.33 
To the best of our knowledge, the systems of organic dyes with 
intense fluorescence in both solution and solid state are still 
limited and these benzopicene derivatives would improve the 
development of new organic dyes.25c The fluorescence lifetime 
of 1a-d in dichloromethane and film state were also been 
measured. In dichloromethane, the fluorescence lifetime of 1a-

d were 9.91, 9.45, 11.33 and 8.49 ns respectively, while those 
were 6.27, 4.20, 5.42 and 6.60 ns in film state and the Time-
resolved luminescence was shown in figure S10. 

Electrochemical Properties 

The electrochemical properties of 1a–d were investigated using 

cyclic voltammetry (CV). The measurements were carried out 

in dry dichloromethane at room temperature. As shown in 

Figure 3, 1a, 1b and 1d showed one reversible reduction and 

one quasi-reversible reduction while 1c showed two reversible 

reduction. The two reversible reduction processes of 1c indicate 

that the molecules can be reduced into stable anion and dianion 

which are stabilized by the two imide groups and fluoride 

atom.34 The HOMO energy levels of 1a-d were −6.30, 6.30, 

6.27, 6.08 eV, which were estimated based on the onset 

potential of the oxidation waves. LUMO energy levels of 1a–d, 

which were estimated based on the onset potential of the 

reduction waves, were all below −3.3 eV (Table 1). Frisbie and 

Gao ever indicated that it could be considered as a potential n-

type materials when the LUMO energy level of materials was 

below −3.0 eV.35 Accordingly, these imide-modified 

compounds could well meet the basic requirement of n-type 

organic semiconductor materials. The energy gaps of 1a–d 

were 2.98, 2.98, 2.89 and 2.73 eV, respectively, which were 

calculated from the CV data. These data are in good agreement 

with the results calculated from the low-energy absorption 

onsets, as shown in Table 1. 
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Figure 3. Cyclic voltammogram (CV) of 1a-d in dry DCM with 0.1 M Bu4NPF6 

as supporting electrolyte. 

DFT Calculations 

To gain better insight into the frontier molecular orbitals of 

1a−c, the structures and frontier molecular orbital profiles of 

these molecules were calculated using DFT calculations at the 

B3LYP/6-31G* level using the Gaussian 09 suite of programs. 

Figure 4 the frontier molecular orbital profiles and the 

optimized structures which show that all four 

benzopicenediimides exhibit twist conformations despite the 

slight difference with the crystal structures. As shown in Figure 

4, the benzopicene cores possess the largest HOMO and LUMO 

coefficient and the functional groups had a minor contribution 

to the frontier molecular orbitals. In addition, although the 

calculated energy gaps (3.50, 3.49, 3.47 and 3.32 eV) were 

approximately 0.65 eV higher than the experimental data, the 

differences between the values for the molecules were 

negligible, which is in agreement with the experimental data. 
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Figure 4. Frontier molecular orbital profiles and optimized structures (bottom) based on DFT (B3LYP/6-31G*) calculations. 1a, 1b, 1c and 1d from left to right. 
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Table 1. Optical and Electrochemical Data of Coronenes 1a−d 

a The wavelength of absorption and photoluminescence in CH2Cl2 (1.0 ×10-5 M); b The molar extinction coefficient; c HOMO energy levels was calculated from the onset of the 

first oxidation according to equation: HOMO = -(4.8 + Eox
onset) eV; d LUMO = -(4.8 + Ered

onset) eV; e Eg was calculated from the low-energy absorption onset in the absorption 

spectra according to equations: Eg= 1240 / λonset;
36 f Obtained from theoretical calculation by DFT. g S=Solution, h F=Film 

Conclusions 

In summary, four functionalized benzopicenes were synthesized 

via a facile route in good yields. The molecules exhibit twist 

conformations and well organized lamellar motif π-stacking, 

making them promising candidates for supramolecular 

chemistry. The four benzopicenediimides had good solubility 

and relatively low LUMO energy levels which render them 

solution-processable candidates for n-type organic 

semiconductor applications. Due to their solvatochromic 

fluorescence, they could potentially serve as sensitive probes in 

biological systems for the detection of structures, probing 

dynamics and micropolarity around a biomolecule and 

interbiomolecular interactions. Studies on their applications for 

organic devices, bioimaging and biolabeling are currently 

underway in our laboratories. 

Experimental section 

General Materials. All manipulations were carried out under 

an argon atmosphere by using standard Schlenk techniques, 

unless otherwise stated. All commercials were used as received 

without further purification. 1H and 13C NMR spectra were 

collected on a 400 or 600 MHz spectrometer. UV−vis and 

fluorescence spectra were obtained on a UV or fluorescent 

spectrophotometer, respectively. Mass spectra were measured 

in the EI or MALDI mode. The crystal structure was recorded 

by X-ray diffraction spectrometer. Elemental analyses were 

performed by investigation of C, H, N. Cyclic voltammetry 

(CV) was performed on a potentiostat. A three-electrode one-

compartment cell was used to contain the solution of 

benzopicenediimides and supporting electrolyte in dry CH2Cl2. 

Deaeration of the solution was achieved by bubbling argon 

through the solution for about 10 min before measurement. A 

500 µm diameter platinum disk working electrode, a platinum 

wire counter electrode, and an Ag/Ag+ reference electrode were 

used. The Ag/Ag+ reference electrode contained an internal 

solution of 0.01 M AgNO3 in acetonitrile and was incorporated 

into the cell with a salt bridge containing 0.1 M n-Bu4NPF6 in 

CH2Cl2. All electrochemical experiments were carried out 

under ambient conditions. The theoretical calculation in the 

present studies were performed at the B3LYP/6-31G* level by 

using the Gaussian 09 program. 

General Synthetic Procedure for 3a-b. A mixture of 2 (2.01 g, 

5 mmol) and n-butylamine or n-hexylamine (6 mmol) in 

ethanol (80 mL) was refluxed under argon for 3 h. The resultant 

solution was evaporated under reduced pressure. The residue 

was purified by column chromatography packed with silica gel 

using dichloromethane/petroleum ether (1:3, v/v) as eluent to 

afford pure product as a white solid. 

Compound 3b. White solid. Yield: 2.09 g, 86%. Mp = 

92−93 °C. 1H NMR(600 MHz, CDCl3): δH = 8.93 (s, 1H), 8.61-

8.65 (b, 2H), 7.83 (t, J = 7.20 Hz, 1H), 4.15 (t, J = 7.38 Hz, 2H), 

1.69-1.70 (b, 2H), 1.53-1.56 (b, 2H), 1.33-1.41 (b, 4H), 0.89 (t, 

J = 7.02 Hz, 3H); 13C NMR (100 MHz, CDCl3): δC = 14.0, 22.5, 

26.7, 27.9, 31.4, 40.6, 97.6, 121.8, 123.1, 127.9, 128.6, 129.6, 

131.2, 140.6, 142.4, 162.1, 163.1. MS (MALDI) m/z: calcd for 

C18H17BrINO2 484.949, found 484.561. Anal. Calcd for 

C18H17BrINO2: C, 44.47; H, 3.52; N, 2.88. Found: C, 44.39; H, 

3.61; N, 2.91. 

General Synthetic Procedure for 4a−b. A suspension of 3a or 

3b (1.0 mmol), Pd(dppf)2Cl2 (0.05 mmol), and K3PO4 (3.0 

mmol) in DMF (30 mL) was degassed with nitrogen for 15 min 

at room temperature. Bis(pinacolato)diboron (0.55 mmol) in 

DMF (20 mL) that was degassed with nitrogen was added to the 

mixture dropwise with stirring. The mixture was stirred at 

60 °C for 4 h, and then the versatile solvents were removed 

under reduced pressure. The residue was purified by column 

chromatography packed with silica gel using 

dichloromethane/petroleum ether (3:1, v/v) as eluent to afford 

pure product as a white solid. The solubility of 4a and 4b are 

not good so that it was hard to get their 13C NMR. 

Compound 4a. White solid. Yield: 232 mg, 70%. Mp > 300 °C. 
1H NMR (600 MHz, CDCl3): δH = 8.72-8.76 (m, 4H), 8.55 (s, 

2H), 7.96 (t, J = 7.98 Hz, 2H), 4.21 (t, J = 7.32 Hz, 4H), 1.72-

1.76 (m, 4H), 1.44-1.48 (m, 4H), 0.99 (t, J = 7.26 Hz, 6H); 

Anal. Calcd for C32H26Br2N2O4: C, 58.03; H, 3.96; N, 4.23. 

Found: C, 58.10; H, 3.81; N, 4.31. Compound 4b. White solid. 

Compd. 
λAbs

a 

[nm] 

λmax (PL) a 

[nm] 

εmax
b

 

[M-1cm-1] 

Eox
onset 

[V] 

Ered
onset 

[V] 

HOMOc 
[eV] 

LUMOd 
[eV] 

Eg
e 

[eV] 
Eg 

f 
[eV] 

1a 
285, 337, 362 (Sg) 

289, 369, 390 (Fh) 

441, 463 (S) 

479 (F) 
79510 1.50 -1.48 -6.30 -3.32 2.82 3.50 

1b 
285, 337, 362 (S) 

290, 371, 390 (F) 

440, 463 (S) 

479 (F) 
74775 1.50 -1.48 -6.30 -3.32 2.82 3.49 

1c 
284, 335, 361 (S) 

287, 366 (F) 

445, 462 (S) 

486 (F) 
65045 1.47 -1.42 -6.27 -3.38 2.82 3.47 

1d 
285, 335, 369 (S) 

281, 374, 390(F) 

484 (S) 

508 (F) 
86879 1.28 -1.45 -6.08 -3.35 2.69 3.32 
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Yield: 223 mg, 62%. Mp > 300 °C. 1H NMR (600 MHz, 

CDCl3): δH = 8.72-8.76 (m, 4H), 8.55 (s, 2H), 7.96 (t, J = 7.68 

Hz, 2H), 4.19 (t, J = 6.78 Hz, 4H), 1.75 (b, 4H), 1.44 (b, 4H), 

1.34 (b, 8H), 0.89 (b, 6H); Anal. Calcd for C36H64Br2N2O4: C, 

60.18; H, 4.77; N, 3.90. Found: C, 60.12; H, 4.83; N, 3.83. 

General Synthetic Procedure for 1a−d. 4a or 4b (0.1 mmol) 

was dissolved in toluene (10 mL). After addition of Pd(PPh3)4 

(0.005 mmol), K3PO4 (0.3 mmol) and phenylboronic acid (0.11 

mmol), the reaction vessel was flushed with nitrogen and stirred 

at 110 °C for 24 h. The solvent was removed under reduced 

pressure. The residue was purified by column chromatography 

packed with silica gel using dichloromethane/petroleum ether 

(6:1, v/v) as eluent to afford pure product as a yellow solid. 

Compound 1a.Yellow solid. Yield: 53 mg, 91%. Mp > 300 °C. 
1H NMR (600 MHz, CDCl3): δH =  9.36 (s, 2H), 9.11-9.13 (d, J 

= 8.40 Hz, 2H), 8.73 (b, 2H), 8.63-8.65 (d, J = 7.14 Hz, 2H), 

7.90-7.93 (t, J = 7.20 Hz, 2H), 7.84 (b, 2H), 4.17-4.21 (t, J = 

7.38 Hz, 4H), 1.72-1.75 (m, 4H), 1.49-1.53 (m, 4H), 1.02-1.05 

(t, J = 7.38 Hz, 6H); 13C NMR (100 MHz, CDCl3): δC = 13.9, 

20.4, 30.1, 40.2, 120.8, 122.3, 125.7, 126.1, 126.9, 127.3, 128.6, 

129.8, 130.1, 130.3, 131.0, 133.7, 162.9,163.7. MS (EI) m/z: 

calcd for C38H30N2O4 578.22, found 578.47. Anal. Calcd for 

C38H30N2O4: C, 78.87; H, 5.23; N, 4.84. Found: C, 78.52; H, 

5.33; N, 4.91. 

Compound 1b. Yellow solid. Yield: 57 mg, 90%. Mp > 300 °C. 
1H NMR (600 MHz, CDCl3): δH = 9.59 (s, 2H), 9.16-9.19 (d, J 

= 8.40 Hz, 2H), 8.79 (b, 2H), 8.67-8.70 (d, J = 7.16 Hz, 2H), 

7.94 (b, 2H), 7.85 (b, 2H), 4.22 (b, 4H), 1.78 (b, 4H), 1.49 (b, 

4H), 1.39 (b, 8H), 0.93 (b, 6H); 13C NMR (100 MHz, CDCl3): 

δC = 14.1, 22.6, 26.8, 27.9, 31.6, 40.5, 120.8, 122.3, 125.7, 

126.1, 126.9, 127.3, 128.6, 129.8, 130.1, 130.3, 131.0, 133.6, 

162.8, 163.6. MS (EI) m/z: calcd for C42H38N2O4 634.28, found 

634.65. Anal. Calcd for C38H30N2O4: C, 79.47; H, 6.03; N, 4.41. 

Found: C, 79.51; H, 5.98; N, 4.49. 

Compound 1c. Yellow solid. Yield: 54 mg, 91%. Mp > 300 °C. 
1H NMR (600 MHz, CDCl3): δH = 9.75 (s, 1H), 9.74 (s, 1H), 

9.17-9.19 (d, J = 8.34 Hz, 1H), 9.11-9.13 (d, J = 8.40 Hz, 1H), 

8.82-8.83 (m, 1H), 8.74-8.75 (d, J = 7.14 Hz, 1H), 8.71-8.72 (d, 

J = 7.20 Hz, 1H), 8.50-8.52 (d, J = 7.80 Hz, 1H), 7.99-8.02 (d, 

J = 7.80 Hz, 1H), 7.95-7.97 (d, J = 7.80 Hz, 1H), 7.58-7.60 (d, 

J = 7.20 Hz, 1H), 4.24-4.28 (m, 4H), 1.76-1.81 (m, 4H), 1.51-

1.55 (m, 4H), 1.02-1.05 (t, J = 7.20 Hz, 6H). 13C NMR (100 

MHz, CDCl3): δC = 13.7, 20.2, 29.5, 30.1, 40.3, 115.3, 116.8, 

117.0, 121.5, 122.2, 122.8, 122.9, 126.2, 126.6, 126.9, 127.2, 

127.6, 127.7, 127.8, 130.5, 131.2, 131.9, 132.0, 132.8, 133.4, 

160.7, 163.2, 163.7. MS (EI) m/z: calcd for C38H29N2O4F 

596.21, found 596.52. Anal. Calcd for C38H29N2O4F: C, 76.50; 

H, 4.90; N, 4.70. Found: C, 76.56; H, 4.97; N, 4.62. 

Compound 1d. Yellow solid. Yield: 54 mg, 88%. Mp > 300 °C. 
1H NMR (400 MHz, CDCl3): δH = 9.63 (s, 1H), 9.61 (s, 1H), 

9.23-9.25 (d, J = 5.48 Hz, 1H), 9.07-9.09 (d, J = 5.56 Hz, 1H), 

8.69-8.72 (t, J = 5.60 Hz, 2H), 8.65-8.66 (d, J = 4.60 Hz, 1H), 

8.23 (s, 1H), 7.93-7.96 (t, J = 5.20 Hz, 1H), 7.89-7.91 (t, J = 

5.48 Hz, 1H), 7.42-7.44 (d, J = 6.28 Hz, 1H), 4.21-4.26 (m, 4H), 

4.05 (s, 1H), 1.76-1.79 (m, 4H), 1.51-1.53 (m, 4H), 1.02-1.04 (t, 

J = 4.88 Hz, 6H). 13C NMR (100 MHz, CDCl3): δC = 13.8, 20.4, 

30.2, 40.4, 55.7, 120.7, 122.8, 123.1, 124.9, 125.9, 126.7, 126.8, 

127.1, 127.6, 127.7, 127.9, 128.1, 130.4, 131.0, 132.0, 132.1, 

159.6, 163.5, 164.1. MS (EI) m/z: calcd for C39H32N2O5 608.23, 

found 608.54. Anal. Calcd for C39H32N2O5: C, 76.96; H, 5.30; 

N, 4.60. Found: C, 76.88; H, 5.37; N, 4.64. 

Crystallographic Details. Single crystal of 1b and 1d suitable 

for X-ray analysis were obtained by slow diffusion of hexane 

into a solution of dichloromethane. Crystals with approximate 

dimensions for 1b and 1d were mounted on glass fibers for 

diffraction experiments. Intensity data were collected on a 

Nonius Kappa CCD diffractometer with Cu Kα radiation 

(1.54178 Å) at 298 K. The structure was solved by a 

combination of direct methods (SHELXS-97)37 and Fourier 

difference techniques and refined by fullmatrix least squares 

(SHELXL-97) 38. All non-H atoms were refined anisotropically. 

The hydrogen atoms were placed in ideal positions and refined 

as riding atoms. Further crystal data and details of the data 

collection are summarized in Table S2-5. 

Computational Details. DFT calculations were performed with 
the Gaussian 03 and 09 programs, at the B3LYP/3-21G* level 
of theory.  
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