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An expeditious synthesis of 6,7-dihydrodibenzol[b,j]
[4,7] phenanthroline derivatives as fluorescent
materialsy
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A rapid and efficient method has been developed for the synthesis of 13,14-dimethyl-6,7-dihydrodibenzo
[b,114,7]phenanthroline derivatives (3a—d) through the Friedldnder condensation of 2-aminoarylketone with
1,4-cyclohexanedione under solvent-free conditions using p-toluenesulphonic acid. The synthetic utility of
compounds 3a, 3b, and 3c was demonstrated by synthesizing compounds 6a—k via Suzuki coupling, 8 by
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Accepted 14th September 2022 Buchwald—-Hartwig amination, and 9a-b via NBS bromination. Significantly, the emission band
corresponding to the mw—m* electronic transition of compounds 3a, 6a, 6d, 6f, and 8 showed a redshift

DOI: 10.1035/d2ra05198b with increasing polarity of the solvents. Molar extinction coefficient (e), Stoke's shift (Av), and quantum
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1. Introduction

Quinoline cores have been identified as “Privileged Scaffolds”
owing to their widespread appearance in natural and synthetic
products that exhibit remarkable pharmacological or physical
properties." Many natural products of quinoline skeleton have
been used as medicines or employed as lead molecules for the
development of newer and potent molecules. For example,
quinine (I) chloroquine (II), primaquine (III), mefloquine (IV)
etc.’

In particular, halogen-containing quinolines get time-
honored attention because the halogen atom plays a pivotal
role in the compound's bioactivity. These compounds provide
a further avenue for structural elaboration.® Quinolines are
extensively used in industries as dyes, preservatives, ligands,
and as fluorescent materials.*

Owing to its immense biological and industrial application,
many methods for the synthesis of quinoline have been devel-
oped. The conventional approach for the synthesis of quinoline
ring involves Skraup, Doebner-von Miller, Friedldnder, Pfit-
zinger, Conrad-Limpach, Combes syntheses.> Apart from the
classical methods, various new methods have been developed
for the synthesis of quinoline derivatives by using metallic or
organometallic reagents such as CuCN, LiCl,> ruthenium(u)
chloride,® ytterbium(m) triflate,” tungsten vinylidene complex,®
boron trifluoride etherate,”'® benzotriazoleiminium salts, etc.**
Dibenzophenanthroline is an important class of biquinolines
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yield (&) were calculated for all these compounds.

found in various natural and synthetic products. They display
a broad range of biological activities such as anticancer, anti-
parasitic, and antibacterial properties. Particularly, the anti-
tumor activity of these heterocyclic compounds has been well
explored. For instance, compounds (V), (VI), and (VII) display
anticancer activity targeting human telomeric DNA. Ascidide-
min (VII) shows significant in vitro and in vivo cytotoxic activ-
ities against several tumor cell lines. Luotonin A (IX) is a well-
known alkaloid, cytotoxic toward the murine leukemia P-388
cell line (Fig. 1). In addition, certain derivatives of dibenzo-
phenanthroline derivatives are used to synthesize chelating
ligands and in the manufacturing of organic semiconductor
materials.

To the best of our knowledge, only three 6,7-dihydro-dibenzo
phenanthroline derivatives (X, XI, XII) are documented in the
literature." (Fig. 2).

C-C and C-N bond-forming reactions are key steps in
synthetic organic chemistry. Aldol reaction is one of the
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Fig. 1 Biologically active polycyclic heteroaromatic compounds.
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Fig. 2 Different types of 6,7 dihydrodibenzo phenanthrolines.

principal tools for the construction of C-C bonds, and amino-
carbonyl condensation is a useful reaction for C-N bond
formation.**** Hence, in this work these two methods were
effectively exploited for the synthesis of 6,7-dihydrodibenzo[b,]
[4,7]phenanthroline derivatives (3).

Recently, there has been an immense investigation based
on conjugated push-pull chromophores of azaheterocyclic
fragments. Environmental impulses such as polarity, pH, or
the presence of metal cation can be used to tune the photo-
physical properties of these materials. Pyridine, quinoline,
benzodiazines, etc. belong to the six-membered heterocyclic
family that is moderate-to-strong electron-withdrawing
groups. In the presence of protons, the photophysical prop-
erties can be altered due to the interaction with the electron
lone pair of the nitrogen atoms in the heterocycle. Such
participation of the electron lone pair leads to an increase in
the electron-withdrawing character and improves the intra-
molecular charge transfer (ICT) into the chromophore. This
phenomenon has been used to achieve sensors and different
optical switches.™

Quinoline-based compounds find applications in various
modern analytical platforms because of their tuneable light
emission property. These applications take advantage of
tagging the objects of interest with fluorescent tracers-
compounds that can be readily detected."®

Despite such significant importance of 6,7-dihy-
drodibenzophenanthroline (Fig. 2) derivatives, the synthesis of
these derivatives still remains less explored. In 2004, Masashi
Watanabe et al. synthesized 6,7-dihydrodibenzophenanthroline
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1 Synthesis of 6,7-dihydrodibenzophenanthroline
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derivatives via a two-step protocol (Scheme 1(a))."” Later in 2009,
J. Carlos Menéndez and co-workers synthesized 6,7-dihy-
drodibenzo[b,j][4,7]phenanthroline via CAN-catalysed double
Friedlinder reactions of 2-aminobenzophenones with
cyclohexane-1,2-diones (Scheme 1(b)).*® In 2022, Animesh Gosh
et al. reported the synthesis of 13,14-diphenyl-6,7-dihy-
drodibenzo[b,j][4,7]phenanthroline using Con. HCl as the
catalyst over a period of 22 hours (Scheme 1(c)).*

Herein, we demonstrate a rapid, efficient, and neat method
for the synthesis of 6,7-dihydrodibenzo[b,][4,7]phenanthroline
(3) through the Friedldnder condensation of 2-aminoarylketone
(1) with 1,4-cyclohexanedione (2) in the presence of p-toluene-
sulphonic acid (p-TSA) as the promoter.

Our initial intention was to synthesize various 9-methyl-3,4-
dihydroacridin-2(1H)-one for the synthesis of angularly fused
quinoline derivatives. For this, we took 1 equiv. of 2-amino-
acetophenone, (1a) 1 equiv. of 1,4-cyclohexanedione (2) and p-
TSA in a test tube and heated at 100 °C for 2 minutes. To our
surprise, we obtained 13,14-dimethyl-6,7-dihydrodibenzo[b,j]
[4,7]phenanthroline (3a) precipitated as the sole product in 48%
yield along with unreacted starting materials rather than the
expected acridinone (4) (Scheme 1(c)). Various concentrations
of 2-aminoacetophenone (1a) and 1,4-cyclohexanedione (2)
were screened to synthesis 9-methyl-3,4-dihydroacridin-2(1H)-
one (4), but 13,14-dimethyl-6,7-dihydrodibenzo [b,][4,7] phe-
nanthroline (3a) precipitated as the sole product (Table 1,
entries 1-5). It was found that the highest yield was obtained
when 2.0 equiv of 2-aminoacetophenone (1) and 1.0 equiv. of
1,4-cylohexanedione (2) was used. In order to further evaluate
the effect of p-TSA, this reaction was carried out using different
amounts of p-TSA, and it has been observed that the maximum
yield was obtained when 2 equiv. of p-TSA was used (Table 1,
entries 6-8) After determining the optimum quantity of reac-
tants, and p-TSA, various other parameters such as temperature,
time, and promoters were screened (Table 1, entries 9-18). The
optimum condition for the synthesis of 13,14-dimethyl-6,7-
dihydrodibenzo[b,][4,7] phenanthroline (3a) was found to be
2.0 equiv. of 2-aminoacetophenone, (1a) 1.0 equiv. of 1,4-
cyclohexanedione (2) and 2.0 equiv. of p-TSA, at 100 °C for 120 s
(Table 1, entry 7).

Further, the substrate scope of the reaction was explored
with various 2-aminoacetophenones, 2-aminobenzophenones
and 1,4-diketones. In the cases of  5-nitro-2-
aminobenzophenone 1le and acetonylacetone 2b as the start-
ing materials, the desired product was not formed (Fig. 3).

Based on the structure of product 3a, a plausible mechanism
is proposed in Scheme 2. Thus, the 2-amino acetophenone 1a
undergoes  Friedlander condensation with  1,4-cyclo-
hexanedione 2a in the presence of p-TSA to form an unisolable
acridinone intermediate, which further undergoes a second
Friedldnder condensation leading to the formation of stable
and isolable compound 3a (Fig. 4).

The synthetic utility of biquinoline was explored using
Suzuki-Miyaura coupling. Initially, the reaction was performed
with 1.0 equiv. of 3b and 2.4 equiv. of benzylboronic acid in the
presence of 10 mol% Pd(OAc), as catalyst and Na,CO; as the
base in DMF/H,O (2 : 1) solvent system to give 5a in 80% yield.
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Further, increase in the loading percentage of the catalyst to
20 mol%, the yield of the product increased to 92%. Also, an
increase in the loading percentage of the catalyst did not bring
a further increase in the yield. Among the different Pd catalysts
screened like Pd(amphos)Cl,, Pd(OAc),, Pd,(dba);, and
Pd(dba), revealed the ascendancy of Pd(OAc), in catalyzing the
reaction. The introduction of ligands like trimethylolethane
could not bring much difference in the yield of the reaction.
Different biaryl systems were synthesized using the optimized
condition (Table 2, entry 3) (Fig. 5).

The structure of the representative compound 6d was
confirmed by spectroscopic data analysis (see ESIf) and the
structure and relative stereochemistry was assigned based on
single-crystal XRD analysis (Scheme 3).°

In order to explore the scope of the palladium-catalysed
reaction, compound 3b was subjected to Buchwald-Hartwig
amination. In this reaction, 1.0 equiv. of 3b was treated with 2.4
equiv. of 2,3-dimethylaniline 20 mol% of Pd(dppf)Cl,, and 4.0
equiv. of NaO¢-Bu. The reaction was facilitated by the ligand
SPhos. The reaction yielded product 8 in 89% yield (Scheme 4).
The synthesized compound (8) was thoroughly characterized
using spectroscopic techniques (Fig. 6).

Further, compound 3a was treated with 2.0 equiv. of NBS in
acetonitrile at 80 °C for 3 hours. We have anticipated the
bromination on the cyclic methylene group leading to the
formation of 10a and 10b (Scheme 5).”> But we have obtained
bromination on the methyl group leading to the formation of 9a
and 9b in 68% and 24% yield respectively. Compounds 9a and
9b were thoroughly characterized by spectroscopic methods.

Table 1 Optimization of synthesis of compound 3a
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The synthetic transformation can provide an avenue for struc-
tural elaboration.

2. Photophysical studies

The structural uniqueness and extended 7 conjugation induced
by the aryl system encouraged us to investigate the photo-
physical properties of compounds 3a-c and the Suzuki coupled
products 4a-k. Thus, absorption and emission spectra were
recorded for all the compounds (3a-c, 6a-k) in methanol Fig. 7.
In the absorption spectra of compounds (3a-c, 6a-k), a higher
energy band in the range of 250 to 300 nm begins with m-m*
electronic transition [intramolecular charge transfer (ICT)] and
other bands with lower energy n—-m* electronic transition in the
region 310 to 350 nm were observed. The corresponding emis-
sion band was observed in the 350-480 nm region. In the
emission spectra, it was observed that with the increase in the
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Fig. 3 Starting materials screened.
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Entry la:2a Promoter (equiv.) Solvent Temp. °C Time (s) Yield 3a“
1 1:1 p-TSA (1.0) Neat 100 120 48
2 1.5:1 P-TSA (1.0) Neat 100 120 46
3 05:1 p-TSA (1.0) Neat 100 120 22
4 2:1 P-TSA (1.0) Neat 100 120 49
5 25:1 p-TSA (1.0) Neat 100 120 48
6 2:1 P-TSA (1.8) Neat 100 120 90
7 2:1 P-TSA (2.0) Neat 100 120 94
8 2:1 P-TSA (2.2) Neat 100 120 94
9 2:1 Acetic acid (2.0) Neat 100 120 16
10 2:1 FeCl;-6H,0 (2.0) Neat 100 120 82
11 2:1 Con. HCI (2.0) Neat 100 120 26
12 2:1 p-TSA (2.0) DMSO 100 120 23
13 2:1 P-TSA (2.0) CH,;0H 100 120 24
14 2:1 p-TSA (2.0) Toluene 100 120 23
15 2:1 P-TSA (2.0) Neat 90 120 84
16 2:1 P-TSA (2.0) Neat 110 120 93
17 2:1 P-TSA (2.0) Neat 100 110 89
18 2:1 P-TSA (2.0) Neat 100 130 93

“ Isolated yield.
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Fig. 4 Compounds synthesized.

size of the aromatic ring connected by the pivotal bond to the
biquinoline core, the emission band has been shifted to higher
wavelengths.

Furthermore, quantum yield, Stoke's shift, and molar
extinction coefficient were calculated for (3a-c¢, 6a-k).
Quantum yields of compounds were estimated by comparison
with the known quantum yields of anthracene in ethanol (¢ =
0.27) at an excitation wavelength of 246 nm using the following
equation.

@ = Pg. IlIz. ODR/OD. rn’Ink

where @ is the quantum yield, I is the integrated intensity, OD is
the optical density, and 7 is the refractive index. The subscript R
refers to anthracene.

All the derivatives showed good quantum yield (Table 3,
entries 1-14). It was observed that the quantum yield of the
biquinoline system varied based on the electronic properties of
the substituents in the biaryl system. Electron-donating
substituents help increased the quantum yield. Whereas, the
electron-withdrawing substituents reduced the quantum yield

Table 2 Optimization of synthesis of compound 6a
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(Table 3, entries 7, and 9). The introduction of higher aromatic
systems like naphthalene, phenanthrene, and pyrene to the
biquinoline system did not increase the quantum yield of the
molecule as expected. But in those derivatives in which the
biquinoline system was upended with ring fused aromatic
moieties 6b, 6g, 6h, 6j and 6k the emission corresponding to -
7t* electronic transition shifted to higher wavelengths (Table 3,
entries 5, 10, 11, 13, and 14). This might be due to the highly
aromatic system upended to the core dihydrodibenzophenan-
throline moiety.

Also, the molar extinction coefficient (¢) and Stoke's Shift
were calculated. The molar extinction coefficient (¢) was calcu-
lated using Beer-Lambert's law A = &,. All the compounds
exhibited good molar extinction coefficient (¢). The value of ¢
varied from 3.2145 x 10" M~ ' em™" t0 9.2679 x 10° M~ ' ecm ™!
(Table 3, entries 1-14). The biquinoline derivatives with the
higher aromatic system tethered to it showed the highest molar
extinction coefficient (Table 3, entries 13, and 14).

The Stoke's Shift was calculated using the following
equation.

— 7 7
Av =10 /Amax(Absorption) - 10 /Amax(Emission)

All the compounds exhibited good Stoke's shift values (Table
3, entries 1-14).

To establish solvatochromic property, absorption and
emission spectra of the compounds 3a, 6a, 6d and 6f (ESI
Fig. 1-4t) were recorded using solvents such as hexane,
toluene, dichloromethane, ethyl acetate, methanol, acetoni-
trile, DMF, and DMSO in the increasing order of polarity. The
emission spectra of all the derivatives showed a redshift. But
in all the four compounds (3a, 6a, 6d, and 6f) the shift was not
prominent. The results revealed that compound 3a, showed
an emission maximum of 369 nm in hexane to 377 nm in
DMSO giving a redshift of 8 nm. Similarly, compounds 6a, 6d,
and 6f showed shifts of 11, 6, and 8 nm respectively.

All the four compounds' 3a, 6a, 6d, and 6f parameters such
as quantum yield, molar extinction coefficient, and Stoke's shift

: . Q
B(OH),
O O Pd(OAG);, KoCO3,
b= + _—
N__N DMF/H,0, (2:1)
3b 5

100 °C, 3h

Entry Catalyst (mol%) Time (h) Ligand Solvent Product yield*
1 Pd(OAc), (20%) 4.0 Nil H,0 36%
2 Pd(OAc), (10%) 6.0 Nil H,0/DMF 80%
3 Pd(OAc), (20%) 3.0 Nil H,0/DMF 92%
4 Pd(OAc), (30%) 3.0 Nil H,0/DMF 91%
5 Pd(OAc), (20%) 3.0 Trimethylolethane H,0/DMF 92%
6 Pd(amphos)Cl, (20%) 3.0 Nil H,0/DMF 91%
7 pd(dba), (20%) 3.0 Nil H,0/DMF 90%

“ Isolated yield.
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Fig. 5 ORTEP diagram of compound 6d.
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Scheme 3 Synthesis of biaryl derivatives 6a—k via Suzuki coupling
reaction on derivatives 3a—c.

NHz 20 mol% Pd(dppf Cl,
\
4 equiv. NaOt-Bu, SPhos,

1,4-Dioxane, 110°C, 12h

Scheme 4 Buchwald—Hartwig reaction.

were calculated in various solvents (ESI Table 1-4f). All
compounds exhibited structureless absorption and emission
bands with rather large Stoke's shifts in the 7650-12385 cm ™ *
range, which is associated with highly polarizable m-conjugated
systems due to intramolecular charge transfer (ICT).

Compared to biaryl-appended biquinoline derivatives 6a,
those derivatives with electron-donating substituents on the
phenyl ring 6d helped to increase the quantum yield. It was also
observed that biaryl-appended biquinoline derivatives with
electron-withdrawing substitutions 6f reduced the quantum
yield in various solvents. Adding nitro groups to aromatic
compounds usually quenches their fluorescence via inter-
system crossing (ISC) or internal conversion (IC). While strong
electronic coupling of the nitro groups with the molecule
ensures the benefits from these electron-withdrawing substit-
uents, it also leads to fluorescence quenching.*

None of the above-investigated molecules couldn't give
a noticeable shift in the emission band. It has been well known
that quinolines processing amino groups have a large redshift.
This is due to the stronger electron-withdrawing nature of the
quinoline ring and the presence of a strong electron-donating
-NH- group,”™*

27250 | RSC Adv, 2022, 12, 27246-27252
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Fig. 6 Scope of Suzuki coupling reaction.

The absorption and emission of compound 8 in different
solvents like hexane, toluene, tetrahydrofuran dioxane, meth-
anol, and acetonitrile were recorded (ESI Fig. 5f) In the
absorption spectra of compound 8, a higher energy band in the
range 299 to 301 nm begins with w-m* electronic transition
[intramolecular charge transfer (ICT)] and other bands with
lower energy n-m* electronic transition in the region 379 to
385 nm were observed. The corresponding emission band was
observed in the region 421-492 nm (ESI Table 57). It has also
been noted that a large redshift of 71 nm was observed when the
solvent polarity was increased. The maximum shift in the
emission band was observed when methanol was used as the
solvent. This might be due to the stronger electron-withdrawing
nature of the quinoline ring and the presence of a strong

—e Q3
Br Br

10b

Br,

9b (24%)

2.0 equiv. NBS
e
N__N 80°C, 3 hr

W
10:
= Br,  Br
+
N__N
)

9a (68%

a

Scheme 5 Bromination of compound 3a.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Normalised absorption spectra of compound 3a-c, 6a—k
recorded at C 2 x 107> M at 298 K in methanol. (b) Normalised
emission spectra of compound 3a—c, 6a—k recorded at C 2 x 107> M
at 298 K in methanol.

Table 3 Photophysical properties of compound 3a—c, 6a—k
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electron-donating -NH- group in the molecule. Protonation of
the compound by the solvent also facilitates the redshift.*

The absorption and emission response of 3a, 6a, 6d, 6f, and 8
in acetonitrile: water media (1: 3,1 : 1, 3 : 1) were recorded (}SI
Fig. 5-10%). For compound 3a and 6d, the intrinsic fluorescence
signals slightly diminishes as a result of intermolecular m—m
stacking, which is well-known as the aggregation-caused
quenching (ACQ) effect. The irregular intensities observed in
the case of compounds 6a, and 6f, might be due to the multiple
aromatic rings and/or long conjugated chains, the structural
hydrophobicity makes them prone to forming irregular aggre-
gates in aqueous environments. Compound 8 shows enhance-
ment in fluorescence in the aggregated state. This aggregation-
induced emission (AIE) might be due to the restriction of
intramolecular motions (RIM), including both the restriction of
intramolecular rotations (RIR) and the restriction of intra-
molecular vibrations (RIV).2*?7

Furthermore, Stoke's shift, and molar extinction coefficient
values were calculated for the compound 8 and showed good
Stoke's shift, and molar extinction coefficient values in all the
solvents (ESI Table 51). It was observed that the Stoke's shift and
molar extinction coefficient values increased with an increase in
the solvent polarity.

These kinds of quinoline-based compounds with tuneable
photophysical properties can be used as labels.’® The quinoline
cores when exposed to visible or UV light, undergoes absorption
and excitation of the molecule. The excited state is unstable and
tends to relax emitting light that can be subsequently detected.
Detection sensitivity is proportional to the light quanta emitted
by the fluorophore, which in turn is a linear function of the
intensity of the excitation light. Therefore, for sensitive detection,
high-intensity light sources are employed which makes the
discrimination between excitation and emission light difficult.
This problem can be reduced by using fluorophores with large
spectral distances between excitation and emission light (Stoke's
shift). Quinoline fluorophores, 3a-c, 6a-k, and 8 represented in
the course of the present study, possess the desired property.>®

Absorption® Emission® Molar extinction Stoke's shift” Quantum
Entry Compound Amaxabs (NM) Amaxsemi (M) coefficient x10* (¢) w-m* A x10* v(cm™ 1) yield® (@)
1 3a 257, 327 369 4.5657 1.1810 0.1837
2 3b 261, 322 367 8.3500 1.1066 0.0500
3 3¢ 271, 325 376 4.7769 0.4537 0.0270
4 6a 277 380 5.0952 0.9785 0.1213
5 6b 264 413 4.5725 1.3665 0.3451
6 6¢ 279 375 3.2145 0.9175 0.2478
7 6d 277 376 7.2067 0.9505 0.2489
8 6e 276 370 5.3748 0.9204 0.2502
9 6f 276 381 6.0666 0.9985 0.0450
10 6g 288 394 6.6211 0.9341 0.0759
11 6h 265 385 4.9525 1.1761 0.1412
12 6i 277 372 6.5688 0.9219 0.2062
13 6j 256 419 9.2679 1.5196 0.0779
14 6k 236, 275, 344 462 7.4760 1.4718 0.1336

@ Recorded at 298 K. ? Stoke's shift = Amaxabs — Amaxemi [cmM']. ¢ Determined with anthracene as a standard @; = 0.27 at excitation wavelength

246 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3. Conclusions

In conclusion, a rapid and efficient method was developed for the
synthesis of 6,7-dihydrodibenzo[b,j]|[4,7]phenanthroline deriva-
tives 3 through the Friedlinder condensation of 2-amino-
arylketone with cyclohexanedione under solvent-free conditions.
The reaction is smoothly proceeded using p-TSA as a green pro-
motor. A plausible reaction mechanism is provided and a repre-
sentative structure of the product 5d was confirmed by single
crystal XRD studies. The synthetic utility of compounds 3a, 3b,
and 3c was demonstrated by synthesizing compounds 6a-k via
Suzuki coupling, 8 by Buchwald-Hartwig coupling, and 9a-b via
NBS bromination. Significantly, compounds 3a, 6a, 6d, 6f, and 8
showed a red shift. Molar extinction coefficient (&), Stoke's shift
(Av), and quantum yield (®f were calculated. Also, a larger
Stoke's shift was observed which may be used as bio labels.
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