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to-electrochemical properties of
tribenzo[a,c,i]phenazine derivatives for hole
transport materials†

Azam M. Shaikh,a Bharat K. Sharma,a Sajeev Chackob and Rajesh M. Kamble*a

In this work, five novel 3,6-disubstituted-tribenzo[a,c,i]phenazine (2–6) derivatives were synthesized in

good yield by employing a palladium catalyzed C–N bond forming amination reaction and fully

characterized. Photophysical properties of 2–6 were studied both in solvent and neat solid film by UV-

vis absorption, fluorescence spectroscopy and electrochemical properties by cyclic voltammetry.

Absorption spectra of 2–6 showed intramolecular charge transfer (ICT) transitions in the range of 460–

512 nm in solution. The HOMO and LUMO energy levels of 2–6 are in the range of �5.18 to �5.35 eV

and �3.06 to �3.17 eV respectively with electrochemical bandgap within the range of 2.12–2.29 eV.

HOMO energy levels of 2–6 are comparable with most commonly used hole transporting materials such

as TPD, a-NPD and spiro-OMe-TAD etc. and thus make them potential candidates for the hole

transporting material in organic electronics.
Introduction

Tremendous progress have been made over the past few
decades from industry to academia in the development of
organic p-conjugated molecules bearing donor–acceptor (D–A)
architecture and organic polymers, due to their potential
application in organic electronics which includes organic light
emitting devices (OLEDs),1–3 organic eld effect transistors
(OFETs),4 organic photovoltaics (OPVs)5–7 etc. Compared to
organic polymers, small organic p-conjugated molecules have
great advantages in terms of high luminescence quantum
yield,8,9 well dened structures, ease of purication, reliable
reproducibility, better solubility in most organic solvents and
easy fabrication of devices.10–13 Owing to their unique charge
transfer properties, it is possible to tune the electro-optical
properties of D–A type molecules by modifying donor–
acceptor moieties.9,14 In the recent past a variety of D–A type
molecules exhibiting interesting electro-photophysical and
thermal properties based on anthracene,15,16 benzimidazole,17

carbazole,18,19 dibenzothiophene,20 uorene,21,22 pyrene23,24 and
quinoxaline25–34 have been synthesized and some of them have
been utilized as electroluminescent materials in organic elec-
tronic devices.
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Hole transporting materials (HTMs) are common in small
organic molecules based OLEDs and play pivotal role in the
performance and durability of a devices. Molecules with lower
ionization potential and lower electron affinities i.e. material
with electron donating properties serve as HTMs.1 The main
function of HTMs is to transfer the positive charge carriers
(hole) to the emitting layer. So far number of aromatic
amine derivatives have been reported and utilized for
HTMs includes NPD (N,N0-di(1-naphthyl)-N,N0-diphenyl-(1,10-
biphenyl)-4,40-diamine),1,35 TPD (N,N0-bis(3-methylphenyl)-N,N0-
diphenylbenzidine),36 spiro-OMe-TAD (2,20,7,70-tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,90-spirobiuorene),37–40 Shirota
star shaped molecules41,42 and oligomeric amines43 etc.
However, due to low thermal stability of certain HTMs such as
TPD and NPD (both having low glass transition temperature (Tg)
of 65 �C and 95 �C respectively)44 large scope is there for the
other organic materials to act as alternatives for the above
mentioned commonly used hole transporting materials, as low
thermal stability is lethal to the efficiency and durability of the
devices. Thus, organic material with lower HOMO, LUMO energy
levels and high thermal stability are much sought for HTMs. In
literature recently Z. Wang et al. (2013) reported application of
triphenylamine based on tribenzo[a,c,i]phenazine derivatives in
photovoltaics.45 Thus in this work, keeping in mind importance
of D–A type of molecules and hole transporting materials in
organic electronics, we designed and synthesized compounds 2–
6 by incorporating Buchwald–Hartwig coupling amination
reaction46,47 between electron decient 3,6-dibromotribenzo
[a,c,i]phenazine (1) and various electron donating diarylamines
(2–5) andmorpholine (6) at 3rd and 6th positions of 1 and studied
their detailed optoelectronic and thermal properties.
This journal is © The Royal Society of Chemistry 2016
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View Article Online
The design of compounds 2–6 is mainly based on the fact
that the diarylamines are well known electron donors and
compound 1 is selected as an electron decient backbone due
to the presence of imine nitrogen atom and its coplanar struc-
ture formed by connecting two separated phenyl ring of phenyl-
substituted quinoxaline derivatives with a single bond between
the ortho positions.48 In compound 6 we have used morpholine
amine to see effect of a cyclic aliphatic amine on the photo-
electrochemical and thermal properties of tribenzo[a,c,i]phen-
azine. Further, the studies also explore the effect of electron
donating and withdrawing substituents on the diarylamine
Fig. 1 Molecular structures of compounds 2–6.

This journal is © The Royal Society of Chemistry 2016
moiety on the photophysical and the electrochemical properties
such as intramolecular charge transfer transitions (ICT),
HOMO–LUMO energy levels and energy band gap. The struc-
tures of the synthesized molecules 2–6 are shown in Fig. 1.
Results and discussion
Synthesis and characterization

Compound 1 (3,6-dibromotribenzo[a,c,i]phenazine) was
synthesized by condensing 3,6-dibromophenanthrene-9,10-
dione (7) and 2,3-diaminonaphthalene in glacial acetic acid
RSC Adv., 2016, 6, 94218–94227 | 94219
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View Article Online
with 89% yield. Compound 7 was prepared according to re-
ported procedure with 86% yield and conrmed by its melting
point 288 �C (lit. 286–287 �C).49 Compounds 2–6 were obtained
by the Buchwald–Hartwig coupling47,48 of 1 with the corre-
sponding diarylamine (2–5) and morpholine (6) in the presence
of palladium catalyst, ligand and strong base in tetrahydrofuran
(THF) (Scheme 1). Other solvents such as toluene and dimethyl
sulfoxide (DMSO) were also tried, but best results are obtained
in THF in terms of yield and reaction time. Tris(dibenzylide-
neacetone)dipalladium (Pd2(dba)3) was a source of catalyst.
Ligands such as 2-dicyclohexylphoshpino-20,60-dimethoxy-
biphenyl (SPhos), 2-dicyclohexylphosphino-20,40,60-triisopro-
pylbiphenyl (XantPhos) and 1,10-bis(diphenyl phosphino)ferro-
cene (DPPF) were also used. Sodium tertiary butoxide (t-BuONa)
as a base was used. However, the use of Pd2(dba)3/SPhos cata-
lyst–ligand combination with base t-BuONa signicantly
reduces the reaction time with good yield.

Further it is worth to mention that no coupling reaction was
observed when diarylamines bearing functional group such as
amino (–NH2) and nitro (–NO2) and heteroamines such as
phenothiazine, phenoxazine and carbazole were used in the
reaction. The synthesized compounds 2–6 were obtained in 54–
69% yield as dark orange to dark red to brown solids soluble in
common organic solvents including dichloromethane, toluene,
Scheme 1 Synthetic route of 2–6.

94220 | RSC Adv., 2016, 6, 94218–94227
methanol and cyclohexane. However, they are completely
insoluble in water. The identity and purity of all the target
compounds were conrmed by FT-IR, 1H and 13C NMR spec-
troscopy, high resolution mass spectroscopy (HRMS) and
elemental analysis. The synthetic route of compounds 2–6 is
shown in Scheme 1.
Photophysical properties

The optical properties of compounds 2–6 were investigated by
UV-visible and uorescence spectroscopy. In order to under-
stand the charge transfer characteristic and effect of solvent
polarity on the photophysical properties of 2–6, their optical
properties were measured in solvents with varying polarity
(cyclohexane, toluene, dichloromethane, methanol and
dimethyl sulfoxide) and neat solid lm. The synthesized mole-
cules show similar UV-vis absorption spectra in all above
solvents and neat solid lm (Fig. 2).

The compound 1 (see ESI†) shows two absorption maxima at
310 and 323 and lower intensity peaks at 405 and 429 nm
respectively in toluene which are due to n–p* and p–p* tran-
sitions. The absorption spectra of 2–6 in all mentioned solvents
show major bands around 300–355 nm corresponding to n–p*,
p–p* transitions. Apart from n–p*, p–p* transition,
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 UV-vis absorption spectra of compounds 2–6 in toluene (a) and neat solid film (b) (for other solvents see ESI†).
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View Article Online
synthesized compounds also show lower intensity (energy)
transition around 460–512 nm (Table 1).

This lower intensity transition are attributed to intra-
molecular charge transfer (ICT) transitions from various
Table 1 Absorption data of compounds 2–6

Compd

labs
a, nm (log 3max M

�1 cm�1)

Toluene Cyclohexane CH2Cl2

2 323 (4.80), 491 (4.41) 320 (4.94), 467 (4.53),
496 (4.59)

322 (4.89), 4

3 321 (5.13), 492 (4.42) 319 (4.87), 492 (4.53),
495 (4.59)

320 (4.99), 4

4 327 (5.05), 509 (4.70) 325 (4.79), 512 (4.46) 325 (5.04), 5
5 322 (4.91), 492 (4.67) 319 (4.87), 471 (4.61),

497 (4.65)
320 (4.85), 4

6 304 (4.97), 464 (4.54) 300 (4.93), 347 (4.58),
460 (4.97)

304 (4.80), 4

a Recorded in 10�5 M solution.

Fig. 3 Fluorescence spectra of 2–6 in toluene (a) and neat solid film (b)

This journal is © The Royal Society of Chemistry 2016
electron donor arylamines in 2–5 and morpholine in 6 to elec-
tron acceptor tribenzo[a,c,i]phenazine segment (Fig. 2). It is this
lowest-energy absorption band that is most sensitive to the
solvent polarity and to the donor moiety. However no
labs, nm

CH3OH DMSO Film

91 (4.50) 319 (4.64), 488 (4.24) 325 (4.89), 495 (4.52) 348, 520

88 (4.61) 320 (4.75), 487 (4.08) 321 (4.90), 492 (4.58) 339, 510

08 (4.70) 322 (4.20), 505 (3.79) 328 (4.60), 508 (4.64) 363, 521
86 (4.60) 320 (4.63), 487 (4.28) 320 (4.60), 492 (4.38) 325, 446,

492
65 (4.37) 301 (4.91), 340 (4.51),

462 (4.46)
307 (5.01), 355 (4.66),
476 (4.60)

316, 489

(for other solvents see ESI†).

RSC Adv., 2016, 6, 94218–94227 | 94221
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Table 2 Emission data, Stokes shift, optical bandgap and quantum yield of compounds 2–6

Compd

lemi
a, nm lemi, nm

Stokes shib, cm�1 Eoptg
c (eV) fF

dToluene Cyclohexane Film

2 555 515 585 12 941 2.35 (2.37) 0.27
3 546 512 580 12 837 2.37 (2.38) 0.11
4 616 550 636 14 347 2.15 (2.17) 0.14
5 544 — — — — —
6 542 507 562 14 444 2.40 (2.41) 0.18

a Recorded in 10�5 M solution. b Recorded in 10�5 M toluene. c Optical band gap estimated using emission and excitation spectra in neat solid lm

form and toluene (in parentheses)
�
E

opt
g ¼ 1240:8

lopt edge

�
eV. d Quantum yield with reference to uorescein (f ¼ 0.79 in ethanol) in toluene.
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bathochromic shi was observed on increasing the solvent
polarity on n–p*, p–p* transition and ICT transitions in 2–6,
indicating that the ground state of molecules are more stable
than the excited state.

Slight red shi in ICT transition of around 13–18 nm was
observed in the case of compound 4 due to the presence of
electron donating methoxy (–OCH3) group on the diarylamine
moiety. However, blue shi of 18–32 nm and 19–36 nm was
observed in n–p*, p–p* and ICT transitions respectively in
compound 6 as compared to other derivatives due to the
Fig. 4 The cyclic voltammogram (anodic sweep) of compounds 2–4 (a

Table 3 Electrochemical and thermal data of compounds 2–6

Compd Epeakoxi
a Epeakred

b HOMOc

2 1.04, 1.42 �1.30 �5.35
3 1.03, 1.29 �1.30 �5.34
4 0.86, 1.43 �1.37 �5.18
5 1.17, 1.61 �1.30 �5.46
6 0.96, 1.11, 1.50 �1.38 �5.28

a Epeakoxi oxidation peak potential (V). b Epeakred reduction peak potential (V). c

4.8] eV. d LUMO energy level calculated from ELUMO ¼ �[Epeakred � Eredox(Fc/F
point determined by DSC. g Decomposition temperature at 5% and 10% (

94222 | RSC Adv., 2016, 6, 94218–94227
presence of aliphatic cyclic amine, morpholine. Absorption of
2–6 in neat solid lm was observed in the range of 316–339 nm
and 489–521 nm. Bathochromic shi observed in thin lm
absorption maxima and slight broadening of peak suggest the
presence of intermolecular aggregation in solid state.

On excitation at lmax (325 nm) obtained in absorption
spectra compounds 2–6 emit in green region with emission
maxima in the range of 542–616 nm (Fig. 3a). A bathochromic
shi of 61–74 nm was observed in compound 4 as compared to
other derivatives in toluene due to the presence of electron
) and a full scan of compound 5 (b) measured in anhydrous CH2Cl2.

LUMOd EECg
e Tm

f (�C) Td
g (�C)

�3.11 2.24 290 424 (460)
�3.13 2.21 316 255 (355)
�3.06 2.12 299 400 (465)
�3.17 2.29 297 271 (367)
�3.07 2.21 358 345 (394)

HOMO energy level calculated from EHOMO ¼ �[Epeakoxi � Eredox(Fc/Fc
+) +

c+) + 4.8] eV. e EECg calculated from EECg ¼ [HOMO � LUMO] eV. f Melting
in parentheses) weight loss derived by TGA.

This journal is © The Royal Society of Chemistry 2016
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donating methoxy (–OCH3) on the diarylamine moiety. The
emission intensity of compound 5 in toluene (544 nm) is too
weak and quenching was observed in other solvent and neat
solid lm, which may due to presence of electron withdrawing
diazene group on diarylamine moiety and thus showing inu-
ence of substituents on diarylamine on emission intensity. On
increasing polarity of solvent from toluene to CH2Cl2
compounds 2, 3 and 6 emits with red shi of around 47–70 nm
and no signicant change was observed in DMSO.
Fig. 5 Frontier molecular orbital of compounds 2–6 based on DFT
(B3LYP/6-311G) calculations.

This journal is © The Royal Society of Chemistry 2016
However quenching in emission was observed for 2–6 in
methanol and compound 4 and 5 does not emit in CH2Cl2 and
DMSO suggesting nonradiative relaxation from excited state to
ground state in polar solvents due to presence of polar groups
such as –OCH3 and diazene. Blue shi of around 34–66 nm was
observed in cyclohexane as compared to toluene. Bathochromic
shi of around 20–34 nm was observed as compared to toluene
in the neat solid lm ranging from 562–636 nm (Fig. 3b). It may
be due to intermolecular aggregation in the solid state. A large
Stokes shi was observed for compounds 2–6 which suggest the
considerable change in the ground and excited state geometry
(Table 2). The quantum yield of 2–6 were calculated using
uorescein (f ¼ 0.79 in ethanol) as reference. Optical bandgap
of 2–6 were determined by the intersection of emission and
excitation spectra. Quantum yields were found to be dependent
on the electron-donating nature of diarylamines at 3rd and 6th

positions of tribenzo[a,c,i]phenazine backbone.
Electrochemical properties

The redox behavior and electrochemical energy levels (HOMO
and LUMO) of compounds 2–6 were studied by cyclic voltam-
metry (CV) (Fig. 4) in anhydrous dichloromethane solution
using ferrocene as an internal standard to calibrate the redox
potentials and the pertinent data is presented in Table 2.

On anodic sweep two quasi-reversible waves observed for all
compounds 2–6 which is attributed to the oxidation of diaryl-
amine moiety at 3rd and 6th positions of tribenzo[a,c,i]phena-
zine moiety corresponding to two electrons. Eoxi potential of 2–6
decreases on increasing donor strength (4 > 6 > 3 > 2 > 5).
Additional peak at 0.96 V was observed in compound 6 due to
the oxidation of the morpholine group. On cathodic sweep one
reversible wave observed for 2–6 (see ESI†) corresponding to the
reduction of tribenzo[a,c,i]phenazine core. The energy levels of
the highest occupied and lowest unoccupied molecular orbital's
(HOMO and LUMO) were calculated from rst oxidation and
reduction potentials. The HOMO and LUMO energy levels of 2–6
are found in the range of �5.18 to �5.35 eV and �3.06 to �3.17
eV respectively.

HOMO energy levels of 2–6 are comparable to the commonly
used hole transporting materials such as TPD (HOMO ¼ �5.12
eV),36 a-NPD (HOMO ¼ �5.20 eV),35 spiro-OMe-TAD (HOMO ¼
�5.22 eV),37–40 9,9-dimethyl-N,N0-di(1-naphthyl)-N,N0-diphenyl-
9H-uorene-2,7-diamine (DMFL-NPB) (HOMO ¼ �5.20 eV),50
Table 4 Computed electron affinities, ionization potentials, HOMO–
LUMO energies, energy band gap and dipole moment of compounds
2–6

Compd EA (eV) IP (eV) HOMO (eV) LUMO (eV) ETHg
mg
(debye)

2 1.43 6.21 �5.24 �2.59 2.65 2.56
3 1.38 6.17 �5.25 �2.50 2.75 2.96
4 1.30 5.91 �4.97 �2.42 2.54 4.46
5 1.86 6.23 �5.35 �2.75 2.60 2.90
6 1.29 6.59 �5.39 �2.50 2.88 1.55

RSC Adv., 2016, 6, 94218–94227 | 94223
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Fig. 6 TGA thermogram of compounds 2–6 (a) and DSC thermogram of compound 4 (b) under nitrogen atmosphere at normal pressure.
Heating rate, 10 �C min�1.
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1,3,5-tris(2-(9-ethylcabazyl-3)ethylene)benzene (HOMO ¼ �5.20
eV)51 etc.

The energy band gap calculated from cyclic voltammetry
measurements are in the range of 2.12–2.29 eV. The decrease in
the bandgap was observed in compound 4 (2.12 eV) indicating
the inuence of electron donating group (–OCH3) on diaryl-
amine moiety. Whereas in case of compound 5 (2.29 eV) the
energy band gap was slightly high compared to other derivatives
due to presence of electron withdrawing diazene group on
diarylamine segment (Table 3).
Theoretical properties

To gain better insight into the HOMO and LUMO energy levels
of compounds 2–6, the structures and frontier molecular orbital
proles of these molecules were optimized using DFT calcula-
tions at the B3LYP/6-311G level in the Gaussian 03 suite of
programs.52 Fig. 5 shows theoretically calculated molecular
orbitals of compounds 2–6.

Theoretically calculated HOMO and LUMO of compounds 2–
6 are in the range of �4.97 to �5.39 eV and �2.42 to �2.75 eV
respectively with energy band gap from 2.54 to 2.88 eV (Table 4).

Theoretically calculated HOMO energy levels and energy
bandgap of 2–6 are in close agreement with those calculated by
CV. However LUMO energy levels calculated by CV are slightly
higher than estimated computationally, which may be due to
the interaction between the solvent and molecules. HOMO
energy level of compound 2, 3 and 6 are localized throughout
the molecules (Fig. 5) and in 4 and 5 it is partially located on the
tribenzo[a,c,i]phenazine core and diarylamine moiety at its 3rd

position. However LUMO energy levels of 2–6 are entirely
located on the tribenzo[a,c,i]phenazine backbone. This clearly
demonstrate that the HOMO–LUMO transitions occurring from
electron donor diarylamines to electron acceptor tribenzo[a,c,i]
phenazine core thus strongly support the experimental inves-
tigations. The rst ionization potential, electron affinity, ener-
gies of the HOMO and LUMO levels, HOMO–LUMO gap and
ground-state dipole moment computed for compounds 2–6
are collected in Table 4. Further computed dipole moment of 4
94224 | RSC Adv., 2016, 6, 94218–94227
(4.46) is high as compared to other compounds due to the
presence of –OCH3 group on diarylamine moiety.

Thermal properties

The luminescent materials with amorphous nature and high
thermal stability are suitable candidate for the HTMs. The
thermal properties of compounds 2–6 was determined by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) (Fig. 6).

Melting points of 2–6 were determined by DSC (see ESI†) and
are in the range of 290–358 �C. Fig. 6b show the melting point
and glass phase transition temperature (Tg ¼ 184 �C) of
compound 4 determined by DSC. No glass phase transition was
observed in compounds 2, 3, 5 and 6 (see ESI†). TGA thermo-
gram (Fig. 6a) of compounds 2–6 reveal that these derivatives
have good thermal stability with no weight loss at low temper-
ature. The decomposition temperature corresponding to 5%
and 10%weight losses were in the range of 255–424 �C and 355–
460 �C respectively (Table 3).

The order of thermal stability among the synthesized deriv-
atives is 2 > 4 > 6 > 5 > 3. The stability of compound 2–6 are good
and comparable to commonly used HTMs. Further glass tran-
sition temperature of compound 4 is much higher than the TPD
(Tg ¼ 65 �C) and a-NPD (Tg ¼ 95 �C).44 Thus high thermal
stability of 2–6 makes them suitable in making stable amor-
phous lm and enhances the performance and lifetime of the
devices.

Conclusions

In summary, ve novel 3,6-disubstituted tribenzo[a,c,i]phena-
zine derivatives were synthesized via Buchwald–Hartwig
palladium-catalyzed C–N bond forming reaction using
Pd2(dba)3/SPhos catalyst system in good yields. The electro-
optical and thermal properties of the synthesized materials is
signicantly inuenced by the nature of peripheral amines
attached to the tribenzo[a,c,i]phenazine core. Lower intensity
ICT transition were found in 2–6. Compounds 2–6 emits in
green region (562–636 nm) in neat solid lm except 5. The
This journal is © The Royal Society of Chemistry 2016
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ionization potential (HOMO energy levels) of 2–6 is found in the
range of �5.18 to �5.35 eV and are comparable to the
commonly used/reported hole transporting materials. The
theoretically obtained results are in close agreement with the
experimental results. Thermal properties reveal that the deriv-
atives have high melting point and good thermal stability. The
experimental and theoretical results of 2–6 promises the use of
these molecules as hole transporting materials in optoelec-
tronic devices.

Experimental
Materials and instruments

All the starting materials and reagents were purchased from
commercial sources (Sigma Aldrich and Alfa Aesar) and were
used without any further treatment and purications unless
otherwise noted. The organic solvents were of HPLC and spec-
troscopic grade and were dried and freshly distilled using the
standard procedures and handled in moisture free atmosphere.
Column chromatography was carried out using SD-Fine silica
gel (60–120 mesh), eluting with n-hexane and chloroform. The
progress of reaction and the purity of the compound were
checked by thin layer chromatography (TLC) on silica gel coated
glass plates, in which the spots were visualized with UV light
(365 nm) and in iodine chamber.

UV-visible spectra were recorded in 10�5 mol L�1 solutions in
a 1 cm path length quartz cuvette as well as the neat solid lms
on SHIMADZU U.V-2401PC at room temperature. The neat solid
lms of compounds 2–6 were prepared by using Spin coater
(Holmarc HO-TH-05) at 1000 rpm for 2 min using �6 mg mL�1

of sample in chloroform. Quartz substrate was used for neat
solid lm studies. The excitation and emission spectra were
carried out on a Perkin Elmer LS 55 Fluorescence spectropho-
tometer. Fluorescence quantum yield of the derivatives 2–6were
calculated using uorescein (fF ¼ 0.79 in ethanol). Cyclic vol-
tammetry studies were carried out on a computer controlled
Palmsens3 potentiostat/galvanostat. Typically, a three electrode
cell equipped with a glassy carbon working electrode, Ag/AgCl
(non-aqueous) reference electrode and platinum (Pt) wire as
counter electrode was employed. The measurements have been
carried at room temperature in anhydrous acetonitrile with
tetra butyl ammonium hexauorophosphate solution (0.1 M) as
supporting electrolyte with a scan rate of 100 mV s�1. The
potential of Ag/AgCl reference electrode was calibrated by using
ferrocene/ferrocenium redox couple which has the known
oxidation potential of +4.8 eV.53 Melting points of the products
were determined by Differential Scanning Calorimetry (DSC).
The thermogravimetric analysis (TGA) and DSC was performed
using Metler Toledo Instrument (TG/DSC) under nitrogen
atmosphere. 1H NMR spectra and 13C NMR spectra were
recorded using CDCl3 on a Bruker 300 Ultrashield spectrometer
with tetramethylsilane (TMS) as internal reference at a working
frequency of 300 MHz and 75 MHz respectively. Fourier trans-
form infrared (FT-IR) spectra were recorded on a Perkin Elmer
Frontier 91579. The spectra of solid compounds were per-
formed in KBr pellets. High resolution mass spectrometric
measurements were recorded on maxis impact 282001.00081
This journal is © The Royal Society of Chemistry 2016
instrument using Bruker compass data analysis 4.1 and
elemental analysis was carried on EA Euro-elemental analysis
instrument.

Synthetic procedures

Synthesis of 3,6-dibromotribenzo[a,c,i]phenazine (1). A
mixture of 3,6-dibromophenanthrene-9,10-dione (0.92 g, 2.5
mmol) and 2,3-diaminonaphthalene (0.40 g, 2.5 mmol) was
dissolved in 25 mL of glacial acetic acid and reuxed for 5
hours. The reaction mixture was allowed to cool and then
poured over crushed ice to obtain the orange coloured solid.
The obtained solid was then dried under vacuum and puried
using column chromatography (eluent: n-hexane : chloroform
ratio as 60 : 40), orange solid, yield 1.09 g (89%); mp > 360 �C;
FT-IR (KBr, nmax cm�1): 3033.22, 1589.33, 1425.34, 1256.33,
865.23; 1H NMR (300 MHz, CDCl3, d ppm): 9.21 (2H, d, J ¼ 9.0
Hz, aromatic), 8.78 (2H, s, aromatic), 8.12 (2H, dd, J ¼ 3.0 Hz,
aromatic), 7.70 (2H, s, aromatic), 7.52 (2H, dd, J ¼ 3.0 Hz,
aromatic), 7.28 (2H, d, J ¼ 9.0 Hz, aromatic); 13C NMR (75 MHz,
CDCl3, d ppm): 153.01, 143.70, 138.84, 133.54, 128.39, 128.14,
126.71, 126.44, 125.99, 123.19, 116.29, 107.27; MS: C24H12N2Br2,
m/z: 488.05 [M]+; anal. calcd for C24H12N2Br2: C, 59.05; H, 2.48;
Br, 32.74; N, 5.74. Found: C, 59.04; H, 2.49; Br, 32.70; N, 5.78.

General procedure for the synthesis of compounds 2–6

A mixture of compound 1 (0.130 g, 0.25 mmol) and various
diarylamines (0.6 mmol) was dissolved in anhydrous tetrahy-
drofuran (20 mL). To this solution Pd2(dba)3 (20 mg, 0.02
mmol), SPhos (13 mg, 0.03 mmol) and t-BuONa (75 mg, 0.75
mmol) were added. The reaction mixture was continuously
stirred under nitrogen atmosphere at 80 �C for 4 hours. Reac-
tion mixture was then cooled to room temperature and extrac-
ted with chloroform. The solid thus obtained was then puried
by column chromatography (eluent: n-hexane : chloroform ratio
as 70 : 30).

N3,N3,N6,N6-Tetraphenyltribenzo[a,c,i]phenazine-3,6-diamine
(2). Red solid, yield: 90 mg (54%); mp 290 �C; FT-IR (KBr, nmax

cm�1): 3084.23, 1585.90, 1487.88, 1257.59, 710.67; 1H NMR (300
MHz, CDCl3, d ppm): 9.11 (2H, d, J ¼ 9.0 Hz, aromatic), 8.768
(2H, s, aromatic), 8.10 (2H, dd, J ¼ 3.0 Hz, aromatic), 7.55 (2H, s,
aromatic), 7.51 (2H, dd, J¼ 3.0 Hz, aromatic), 7.36–7.27 (10H, m,
aromatic), 7.17–7.077 (12H, m, aromatic); 13C NMR (75 MHz,
CDCl3, d ppm): 150.27, 146.80, 143.65, 138.85, 133.62, 133.29,
129.40, 128.38, 127.67, 126.79, 126.03, 125.50, 124.18, 121.86,
121.04, 114.38; HRMS calcd for C48H33N4 [M + H]+: 665.2700,
found 665.2718; anal. calcd for C48H32N4: C, 87.72; H, 4.85; N,
8.43. Found: C, 86.68; H, 4.85; N, 8.47.

N3,N6-Di(naphthalene-1-yl)-N3,N6-diphenyltribenzo[a,c,i]
phenazine-3,6-diamine (3). Brown solid, yield: 119 mg (62%);
mp 316 �C; FT-IR (KBr, nmax cm

�1): 3055.89, 1589.09, 1235.89,
1045.15, 824.23, 723.56. 1H NMR (300 MHz, CDCl3, d ppm): 9.06
(2H, d, J ¼ 9.0 Hz, aromatic), 8.72 (2H, s, aromatic), 8.08 (2H,
dd, J ¼ 3.0 Hz, aromatic), 7.89 (4H, dd, J ¼ 3.0 Hz, aromatic),
7.77 (2H, d, J ¼ 9.0 Hz, aromatic), 7.48–7.02 (24H, m, aromatic);
13C NMR (75 MHz, CDCl3, d ppm): 150.86, 147.04, 146.80,
143.69, 143.56, 142.45, 142.31, 138.82, 133.57, 133.37, 131.04,
RSC Adv., 2016, 6, 94218–94227 | 94225
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130.98, 128.50, 128.35, 127.77, 127.44, 127.24, 126.66, 126.23,
125.95, 123.94, 123.49, 123.42, 123.27, 120.34, 112.38; HRMS
calcd for C56H37N4 [M + H]+: 765.3013, found 765.2998; anal.
calcd for C56H36N4: C, 87.93; H, 4.74; N, 7.32. Found: C, 87.80;
H, 4.87; N, 7.32.

N3,N3,N6,N6-Tetrakis(4-methoxyphenyl)tribenzo[a,c,i]
phenazine-3,6-diamine (4). Dark red solid, yield: 135 mg (69%);
mp 299 �C; FT-IR (KBr, nmax cm

�1): 3089.20, 2929.90, 1597.34,
1499.89, 1234.89, 823.67, 715.23; 1H NMR (300 MHz, CDCl3,
d ppm): 9.04 (2H, d, J¼ 9.0 Hz, aromatic), 8.73 (2H, s, aromatic),
8.09 (2H, dd, J ¼ 3.0 Hz, aromatic), 7.49 (2H, dd, J ¼ 3.0 Hz,
aromatic), 7.45 (2H, d, J ¼ 9.0 Hz, aromatic), 7.20 (2H, d, J ¼ 3.0
Hz, aromatic), 7.17 (2H, d, J¼ 3.0 Hz, aromatic), 7.11 (6H, d, J¼
9.0 Hz, aromatic), 6.83 (8H, d, J ¼ 9.0 Hz, aromatic), 3.83 (12H,
s, –OCH3);

13C NMR (75 MHz, CDCl3, d ppm): 156.58, 150.98,
143.88, 139.79, 138.85, 133.47, 133.42, 128.34, 127.64, 127.25,
126.55, 125.84, 122.87, 119.57, 114.79, 111.64, 55.42; HRMS
calcd for C52H41N4O4 [M + H]+: 785.3122, found 785.3218; anal.
calcd for C52H40N4O4: C, 79.57; H, 5.14; N, 7.14; O, 8.15. Found:
C, 79.60; H, 5.11; N, 7.19; O, 8.12.

N3,N6-Diphenyl-N3,N6-bis(4-((E)-phenyldiazenyl)phenyl)tri-
benzo[a,c,i]phenazine-3,6-diamine (5). Dark brown solid, yield:
124 mg (57%); mp 297 �C; FT-IR (KBr, nmax cm�1): 3035.12,
1588.56, 1489.78, 1266.34, 1137.78, 698.45. 1H NMR (300 MHz,
CDCl3, d ppm): 9.17 (2H, d, J ¼ 9.0 Hz, aromatic), 8.78 (2H, s,
aromatic), 8.10 (2H, dd, J ¼ 3.0 Hz, aromatic), 7.91 (4H, d, J ¼
7.2 Hz, aromatic), 7.88 (4H, d, J¼ 8.7 Hz, aromatic), 7.66 (2H, d,
J ¼ 1.8 Hz, aromatic), 7.53–7.43 (10H, m, aromatic), 7.30–7.08
(14H, m, aromatic); 13C NMR (75 MHz, CDCl3, d ppm): 152.89,
149.50, 149.46, 148.18, 146.18, 143.37, 138.85, 133.79, 133.16,
130.51, 129.76, 129.08, 128.42, 127.90, 127.07, 126.35, 125.41,
125.24, 124.34, 124.29, 123.54, 123.15, 122.66, 116.11; HRMS
calcd for C60H41N8 [M + H]+: 873.3496, found 873.3513; anal.
calcd for C60H40N8: C, 82.55; H, 4.62; N, 12.84. Found: C, 82.45;
H, 4.67; N, 12.89.

3,6-Dimorpholinotribenzo[a,c,i]phenazine (6). Yellow solid,
yield: 76 mg (60%); mp 358 �C; FT-IR (KBr, nmax cm

�1): 2964.48,
1586.24, 1495.94, 1210.84, 1114.03, 908.81, 793.32, 726.17,
636.97; 1H NMR (300 MHz, CDCl3, d ppm): 9.16 (2H, d, J ¼ 9.0
Hz, aromatic), 8.75 (2H, s, aromatic), 8.10 (2H, dd, J ¼ 3.0 Hz,
aromatic), 7.61 (2H, s, aromatic), 7.51 (2H, dd, J ¼ 3.0 Hz,
aromatic), 7.21 (2H, d, J ¼ 9.0 Hz, aromatic), 3.95 (8H, t, J ¼ 4.5
Hz), 3.40 (8H, t, J ¼ 4.5 Hz); 13C NMR (75 MHz, CDCl3, d ppm):
152.98, 143.67, 138.65, 133.60, 128.38, 128.15, 126.67, 125.95,
125.07, 123.18, 116.24, 107.24, 66.85, 48.70; HRMS calcd for
C32H29N4O2 [M + H]+: 501.2285, found 501.2288; anal. calcd for
C32H28N4O2: C, 76.78; H, 5.64; N, 11.18; O, 6.39. Found: C, 76.60;
H, 5.83; N, 11.19; O, 6.38.
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