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A number of 2-(1H-indol-3-yl)quinoline-3-carbonitrile derivatives were synthesized via AlCl3-mediated
C–C bond forming reaction between 2-chloroquinoline-3-carbonitrile and various indoles. The methodol-
ogy does not require any N-protection of the indoles employed and provided the corresponding products
in good yields. The molecular structure of a representative compound was established unambiguously by
single crystal X-ray diffraction and structural elaboration of a compound synthesized has been demon-
strated. Many of these compounds synthesized showed PDE4 inhibitory properties in vitro. A brief struc-
ture–activity relationship studies within the series along with docking results of a representative
compound (EC50 �0.89 lM) is presented.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Quinoline derivatives in addition to their natural occurrence,1,2

for example, camptothecin (A),1 and luotonin A (B),2 (Fig. 1) occupy
a prominent place in medicinal chemistry due to their diverse phar-
macological properties3–5 such as antimalarial,3 antitumor,4 and
antibacterial5 activities. Indoles, on the other hand are considered
as privileged structures in the area of drug discovery.6a Thus combi-
nation of structural features of both in a single scaffold is expected
to provide new chemical space that might lead to the identification
of novel molecules possessing noteworthy pharmacological proper-
ties. For example, 2-(1H-indol-3-yl)quinoline derivative C (Fig. 1)
has been shown to posses promising antibacterial activities.6b

In our effort7a–e to identify novel inhibitors of PDE4B (phospho-
diesterase type 4B) we became interested in exploring the
2-(1H-indol-3-yl)quinoline framework for the design of our target
molecules (Fig. 2). While indole D7f and quinoline-based derivatives
E7g,h have been reported individually as potent inhibitor of PDE4
there is no report available on PDE4 inhibitory properties of 2-het-
eroaryl substituted quinolines including 2-indolyl quinolines.
Moreover, the fact that 3-cyano substituted pyridine derivatives F
ll rights reserved.

ax: +91 40 6657 1581.
l).
(Fig. 2) have shown duel inhibition of PDE4 and IL-23 release7i indi-
cated a possible role played by the cyano group in the observed
pharmacological activities of these compounds. Taking into consid-
eration of core moiety of C (Fig. 1) we therefore designed our target
molecules represented by the structure G by attaching a cyano
group at an appropriate position of the 2-indolyl quinoline frame-
work as shown in Figure 2. Thus the generation of a library of small
molecules based on the framework G was undertaken. Herein we
report the synthesis (Scheme 1) and in vitro pharmacological eval-
uation of a series of 2-(1H-indol-3-yl)quinoline-3-carbonitriles (3)
as potential inhibitors of PDE4B.
2. Results and discussion

2.1. Chemistry

Introduction of an aryl or indole moiety at C-2 of quinoline ring
can be carried out either via Ni-catalyzed reaction of quinoline
with arylzinc8a or Suzuki coupling of 2-chloroquinoline with aryl-
boronic acids8b or reaction of quinoline N-oxide with indole.6b

Alternatively, a quinoline ring can be constructed at C-3 of an in-
dole ring.6b While each of these methods has their own merit for
the synthesis of specific class of compounds we required a more
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Figure 1. Quinoline-containing alkaloids and biologically active compounds.

Table 1
Effect of reaction conditions on AlCl3-induced heteroarylation of indole (2a) with 2-
chloroquinoline-3-carbonitrile (1a)a

N

CN

NH
N
HN

CN

Cl
+

1a 2a 3a

AlCl3

Solvent
heat

Entry Solvent Time (h) Yieldb (%)

1 ClCH2CH2Cl 7 88
2 CHCl3 12 75c

3 EtOAc 14 80
4 CH3CN 12 83
5 Toluene 12 60

a All the reactions were carried out using compound 1a (1.0 equiv), 2a (1.1 equiv)
and AlCl3 (1.2 equiv) in a solvent (5 mL) at 80 �C.

b Isolated yield.
c The reaction was carried out at 60 �C.
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Figure 2. Design of 2-indolyl quinoline based new inhibitors (G) of PDE4.
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straightforward and inexpensive procedure for the preparation of
our desired 2-(1H-indol-3-yl)quinolines. Over the years we have
been working on the use of AlCl3 as an efficient and inexpensive
reagent for the C–C bond forming reactions between heteroaryl
chlorides containing –C(Cl)@N– moiety and various arenes or het-
eroarenes.9 In further continuation of this research we decided to
explore the potential of AlCl3 mediated process in the preparation
of our target molecules. Initially, the reaction of 2-chloroquinoline-
3-carbonitrile10 (1a) with indole (2a) was used to establish the
optimum reaction conditions and the results are summarized in
Table 1. The reaction was carried out using 1a (1.0 equiv), 2a
(1.1 equiv) and AlCl3 (1.2 equiv) in a solvent generally at 80 �C
(for a lower boiling solvent the reaction was carried out at lower
temperature, see Table 1). A number of solvents were investigated
including 1,2-dichloroethane (Table 1, entry 1), chloroform (Table
1, entry 2), ethylacetate (Table 1, entry 3), acetonitrile (Table 1, en-
try 4) and toluene (Table 1, entry 5). The best result was obtained
using dichloroethane as a solvent both in terms of product yield
and reaction time. While all these reactions were generally carried
out using 1.2 equiv of AlCl3 the use of lower quantity of AlCl3, for
example, 0.8, 0.5 and 0.2 equiv was also examined. However, the
yield of product was decreased significantly in these cases.

Having the optimized conditions in hand we then examined the
reaction of chloro derivative 1 with a range of indoles 2. The reac-
tion proceeded well irrespective of the substituents present on the
indole ring and a variety of 2-(1H-indol-3-yl)quinolines were ob-
tained in good to excellent yields (Table 2). Notably, the methodol-
ogy does not require any N-protection of the indoles employed and
provided the corresponding products smoothly (Table 2, entries 1,
N

R3

R2
R1

N

CN

Cl
+

1 2

ClC

R

Scheme 1. Synthesis of 2-(1H-indol
3–12). Moreover, due to the easy availability of starting materials
and non-usage of expensive catalysts or complex ligands the pres-
ent methodology may have advantages over the existing processes
that involved the use of arylzinc8a or arylboronic acid8b or quino-
line N-oxide.6b The present methodology therefore is a straightfor-
ward process and because of its operational simplicity the
methodology appeared to be amenable for scale up synthesis of
same or similar class of compounds. All the compounds synthe-
sized were well characterized by spectral (NMR, MS and IR) and
analytical data. Additionally, the molecular structure of a represen-
tative compound 3a was established unambiguously by single
crystal X-ray diffraction (Fig. 3).11

Mechanistically, the reaction proceeds through the complexa-
tion of AlCl3 with the ring nitrogen of 2-chloroquinoline-3-carboni-
trile followed by nucleophilic attack through C-3 of an indole at the
adjacent carbon and finally release of AlCl3 affording the desired
product 3 (Scheme 2). In order to understand the role CN group
in the present reaction 2-chloroquinoline was reacted with indole
(2a) under the same reaction conditions, that is, in the presence of
AlCl3 in 1,2-dichloroethane at refluxing temperature for 6 h. The
reaction proceeded well affording the expected 2-(1H-indol-3-
yl)quinoline in 79% yield indicating insignificant or no role played
by the CN group in the present C–C bond forming reaction.

Having prepared a variety of 2-(1H-indol-3-yl)quinoline-3-car-
bonitriles (3) we decided to explore the further structural elabora-
tion of some of the compounds synthesized. Accordingly,
N

CN

N

R3

R2

3

AlCl3

H2CH2Cl
80 oC

R1

-3-yl)quinoline-3-carbonitriles.



Table 2
Synthesis of 2-(1H-indol-3-yl)quinoline derivatives (3) via AlCl3-mediated C–C bond forming reaction between 2-chloroquinoline-3-carbonitrile (1) and indoles (2) (Scheme 1)a

Entry 1; R= Reactant (2) Product (3) Time (h) Yieldb (%)

1 1a; H N
H

2a 
N

CN

NH
3a 

6 88

2 1a
N

2b 
N

CN

N
3b 

6 85

3 1a
N
H

Cl

2c 
N

CN

NH

Cl

3c

7 80

4 1a
N
H

Br

2d 
N

CN

NH

Br

3d

7 82

5 1a
N
H

F

F

2e 

N

CN

NH

F

F

3e

6 80

6 1a
N
H

H3CO

2f 
N

CN

NH

OCH3

3f 

7 75

7 1a
N
HH3CO

2g 
N

CN

NH

OCH3

3g 

7 72

8 1b; CH3 2a N

CN

NH
3h

6 85

9 1b 2c N

CN

NH

Cl

3i 

7 81

10 1b 2d N

CN

NH

Br

3j 

7 80

11 1b 2f
N

CN

NH

OCH3

7 75

(continued on next page)
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Scheme 3. Structural elaboration of compound 3a.
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Scheme 2. Proposed mechanism of the AlCl3 induced C–C bond forming reaction between 1 and 2.

Table 2 (continued)

Entry 1; R= Reactant (2) Product (3) Time (h) Yieldb (%)

12 1b 2g

3k 

N

CN

NH

OCH3

3l 

7 78

a All the reactions were carried out using compound 1 (1.0 equiv), an indole 2 (1.1 equiv) and AlCl3 (1.2 equiv) in 1,2-dichloroethane (5 mL) at refluxing temperature.
b Isolated yields after column chromatography.

Figure 3. ORTEP representation of the compound 3a (thermal ellipsoids are drawn at 50% probability level).
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compound 3a was converted to 2-(1-(prop-2-ynyl)-1H-indol-3-
yl)quinoline-3-carbonitrile (4) under a similar reaction condition
reported earlier.12 The alkyne 4 was then converted to a 2-substit-
ued indole (6) in one pot via a tandem Pd/C mediated coupling-
cyclization with the o-iodoanilide (5) (Scheme 3).13
2.2. Pharmacology

Some of the compounds synthesized were tested for their PDE4B
inhibitory potential in vitro.14 In inflammatory and immune cells,
the inhibition of cellular responses, including the production and/



Figure 5. Docking of 3g at the active site of PDE4B.
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or release of proinflammatory mediators, cytokines, and active oxy-
gen species, is associated with elevated levels of cAMP. PDE4, exists
in four different isoforms (PDE4A, B, C and D), is specific for the
hydrolysis of cAMP to AMP.7a Thus, inhibition of PDE4 should result
in elevated levels of cAMP in the airway tissues and cells thereby
suppressing inflammatory cell function. Indeed, inhibitors of PDE4
have been reported to be beneficial for the treatment of inflamma-
tory and immunological diseases including asthma and chronic
obstructive pulmonary disease (COPD). While the dose-limiting
side effects for example, nausea and vomiting associated with the
first-generation PDE4 inhibitor rolipram15 were reduced by sec-
ond-generation inhibitors like cilomilast16 (Ariflo) and roflumilast,
their therapeutic index has delayed market launch so far. Recent
studies have indicated that PDE4B subtype is linked to inflamma-
tory cell regulation17 while the PDE4D subtype is implied in the
emetic response.18 It is therefore desirable to identify potent inhib-
itors of PDE4B for the potential treatment of asthma and COPD.

In a cell based cAMP reporter assay14 fold increase of the cAMP
level caused by the test compounds over forskolin control was
determined. Compounds 3a–l showed fold increase when tested
at 10 lM (Fig. 4). Substituents like Cl (3c), Br (3d) and F (3e) on
the indole ring were found to be less effective compared to OMe
(3f, 3g, 3k and 3l). While OMe was found to be the best among
all substituents tested its position was found to be vital (3f and
3k vs 3g and 3l). In a dose response study compound 3g showed
dose-dependent fold increase of the cAMP level with an EC50 value
of 0.89 lM that was comparable to rolipram’s EC50 of �0.22 lM in
the same assay. Thus, compound 3g was identified as a promising
inhibitor of PDE4B.

To understand the nature of interaction19 of compound 3g with
PDE4B protein a docking study was performed via the energy min-
imization and conformational search with the MACROMODEL
application in the Schrodinger package. The molecule 3g was en-
ergy minimized for flexibility and then conformational search
was performed (see the Section 4). The PDE4B protein (3D3P) crys-
tal structures were retrieved from the protein data bank and a
GRID based docking was performed in the present case (see the
Section 4). The docking results of 3g with PDE4 protein (Fig. 5)
showed H-boning interaction of the –NH group of indole ring of
3g with the –C@O group of the ASP392 residue of the PDE4B pro-
tein. The Glide score and other parameters of this interaction is
shown below

Total glide score = �10.9 K cal/mol; total fraction of the VdW
energy in protein–ligand interaction = �5.4 K cal/mol; hydrophobic
ensure reward in the interaction = �1.8 K cal/mol; electrostatic
rewards = �0.1 K cal/mol; Chemscore H-bond pair term = �0.7
K cal/mol.
Figure 4. PDE4B HEK 293 cell based reporter screen of 3 (Y-axis: fold elevation of
cAMP over forskolin control).
Overall, the docking results indicate that the compound 3g
binds well with the PDE4 protein.

3. Conclusions

In conclusion, a number of 2-(1H-indol-3-yl)quinoline-3-carbo-
nitrile derivatives were synthesized via AlCl3-mediated C–C bond
forming reaction between 2-chloroquinoline-3-carbonitrile and
an appropriate indole. The methodology does not require the use
of expensive catalysts or complex ligands. All the starting materials
used are either commercially available or can be readily made. The
methodology appeared to have advantages over the transition-me-
tal-mediated synthesis especially in the large-scale preparation of
2-(1H-indol-3-yl)quinoline derivatives. The methodology can be
viewed as a useful alternative to the Suzuki reactions as preparation
of required boronic acids might be cumbersome. Moreover, the
methodology does not require any N-protection of the indoles em-
ployed and provided the corresponding products in good yields. The
molecular structure of a representative compound was established
unambiguously by single crystal X-ray diffraction and structural
elaboration of a compound synthesized has been demonstrated.
Many of these derivatives showed PDE4B inhibitory properties
in vitro and docking studies using the most active compound
(EC50 �0.89 lM) is presented. Overall, 2-(1H-indol-3-yl)quinoline
framework provides a useful basis for the development of novel
PDE4 inhibitors for the potential treatment of asthma and COPD.
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4. Experimental section

4.1. Chemistry

4.1.1. General methods
Unless stated otherwise, reactions were performed under nitro-

gen atmosphere using oven dried glassware. Reactions were mon-
itored by thin layer chromatography (TLC) on silica gel plates (60
F254), visualizing with ultraviolet light or iodine spray. Flash chro-
matography was performed on silica gel (230–400 mesh) using
distilled hexane, ethyl acetate, dichloromethane. 1H NMR and 13C
NMR spectra were determined in CDCl3 or DMSO-d6 solution by
using 400 or 100 MHz spectrometers, respectively. Proton chemi-
cal shifts (d) are relative to tetramethylsilane (TMS, d = 0.00) as
internal standard and expressed in ppm. Spin multiplicities are gi-
ven as s (singlet), d (doublet), t (triplet) and m (multiplet) as well
as b (broad). Coupling constants (J) are given in hertz. Infrared
spectra were recorded on a FT-IR spectrometer. Melting points
were determined using melting point apparatus and are uncor-
rected. MS spectra were obtained on a mass spectrometer.

4.1.2. Typical procedure for the synthesis of 2-hetero substi-
tuted quinoline-3-carbonitrile (3a–l)

A mixture of 2-chloroquinoline-3-carbonitrile derivative10 (1,
1.0 equiv), an appropriate indole (2) (1.1 equiv) and anhydrous
AlCl3 (1.2 equiv) in dichloroethane (5 mL) was stirred at 80 �C for
time indicated in Table 2 under a nitrogen atmosphere. After com-
pletion of the reaction, the mixture was poured into ice-cold water
(15 mL), stirred for 10 min and then extracted with ethylacetate
(3 � 20 mL). The organic layers were collected, combined, washed
with cold water (2 � 20 mL), dried over anhydrous Na2SO4 and
concentrated under vacuum. The residue obtained was purified
by column chromatography using ethylacetate /hexene to afford
the desired product.

4.1.3. 2-(1H-Indol-3-yl)quinoline-3-carbonitrile (3a)

N

CN

NH

Brown solid; mp 238–240 �C; 1H NMR (400 MHz, DMSO-d6) d
11.80 (bs, 1H), 9.01 (s, 1H), 8.60 (d, J = 7.2 Hz, 1H), 8.38 (s, 1H),
8.08–7.99 (m, 2H), 7.91–7.88 (m, 1H), 7.63–7.59 (m, 1H), 7.52–
7.50 (m, 1H), 7.25–7.17 (m, 2H); 13C NMR (100 MHz, DMSO-d6) d
152.9, 148.3, 145.2, 136.6, 133.3, 128.6, 128.4, 127.0, 126.1,
123.6, 122.8, 122.4, 121.0 (2C), 119.2, 113.1, 112.1, 103.3; HPLC:
99.8%, column: X DB C-18 150 � 4.6 mm 5 l, mobile phase A:
0.05% Formic Acid in water mobile phase B: CH3CN, gradient (T/
%B): 0/70, 2/70, 9/95, 12/95, 15/70, 18/70; flow rate: 1.0 mL/min;
UV 248 nm, retention time 3.90 min; IR (KBr) vmax 3315, 3053,
2226, 1542, 1433 cm�1; HRMS (ESI) calcd for C18H12N3 (M+H)+

270.1031, found 270.1021.

4.1.4. 2-(1-Methyl-1H-indol-3-yl)quinoline-3-carbonitrile (3b)

N

CN

N

Brown solid; mp 161–163 �C; 1H NMR (400 MHz, CDCl3) d 8.80
(d, J = 6.4 Hz, 1H), 8.55 (s, 1H), 8.29 (s, 1H), 8.17 (d, J = 8.8 Hz, 1H),
7.84–7.79 (m, 2H), 7.56–7.52 (m, 1H), 7.41–7.33 (m, 3H), 3.92 (s,
3H); 13C NMR (100 MHz, CDCl3) d 153.0, 149.0, 144.2, 137.3,
133.8, 132.6, 129.3, 127.6, 127.1, 126.6, 123.6, 123.0 (2C), 121.5,
119.3, 113.0, 109.4, 103.7, 33.4; IR (KBr) vmax 2961, 2278, 1924,
1521, 1179 cm�1; HRMS (ESI) calcd for C19H14N3 (M+H)+

284.1188, found 284.1190.

4.1.5. 2-(5-Chloro-1H-indol-3-yl)quinoline-3-carbonitrile (3c)

N

CN

NH

Cl

Mp 262–264 �C 1H NMR (400 MHz, DMSO-d6) d 11.99 (bs, 1H),
9.07 (s, 1H), 8.62 (d, J = 1.6 Hz, 1H), 8.49 (d, J = 2.8 Hz, 1H), 8.10–
8.08 (m, 1H), 8.03–8.01 (m, 1H), 7.94–07.90 (m, 1H), 7.67–7.63
(m, 1H), 7.56–7.54 (m, 1H), 7.27–7.24 (m, 1H); 13C NMR
(100 MHz, DMSO-d6) d 152.3, 148.1, 145.3, 135.0, 133.3, 129.8,
128.5, 128.4, 127.1 (2C), 125.6, 123.6, 122.7, 121.4, 119.0, 113.6,
112.6, 103.1; IR (KBr) vmax 3331, 2226, 1536, 1435 cm�1; HRMS
(ESI) calcd for C18H11N3Cl (M+H)+ 304.0642, found 304.0632.

4.1.6. 2-(5-Bromo-1H-indol-3-yl)quinoline-3-carbonitrile (3d)

N

CN

NH

Br

Mp 265–266 �C; 1H NMR (400 MHz, CDCl3) d 8.95 (d, J = 2.0 Hz,
1H), 8.67 (bs, 1H), 8.59 (s, 1H), 8.44 (d, J = 3.2 Hz, 1H), 8.24 (d,
J = 7.6 Hz, 1H), 7.90–7.83 (m, 2H), 7.62–7.58 (m, 1H), 7.44–7.41
(m, 1H), 7.37–7.34 (m, 1H); 13C NMR (100 MHz, DMSO-d6) d
152.3, 148.1, 145.3, 135.3, 133.4, 129.7, 128.5, 128.4, 127.8,
127.1, 125.3, 124.4, 123.6, 119.0, 114.1, 113.7, 112.5, 103.2; HPLC:
97.2%, column: X Bridge C-18 150 � 4.6 mm 5 l, mobile phase A:
0.05% Formic Acid in water mobile phase B: CH3CN, gradient (T/
%B): 0/90, 2/90, 8/98, 10/80, 10/98, 12/90, 15/90; flow rate:
1.0 mL/min; UV 248 nm, retention time 4.08 min; IR (KBr) vmax

2961, 2278, 1924, 1521, 1179 cm�1; HRMS (ESI) calcd for
C18H11N3Br (M+H)+ 348.0113, found 348.0136.

4.1.7. 2-(5,6-Difluoro-1H-indol-3-yl)quinoline-3-carbonitrile
(3e)

N

CN

NH

F

F

Mp 303–304 �C; 1H NMR (400 MHz, DMSO-d6) d 11.94 (bs, 1H),
9.03 (s, 1H), 8.55–8.48 (m, 2H), 8.13–8.11 (m, 1H), 8.02–8.00 (m,
1H), 7.93–7.89 (m, 1H), 7.65–7.61 (m, 1H), 7.56–7.52 (m, 1H);
13C NMR (100 MHz, DMSO-d6) d 152.4, 148.4, 145.7, 133.7, 132.1,
132.0, 130.2, 128.9 (2C), 128.7, 127.5, 123.9, 119.3, 109.5, 109.3,
103.2, 100.5, 100.3; HPLC: 97.21%, column: X Bridge C-18
150 � 4.6 mm 5 l, mobile phase A: 0.05% Formic Acid in water mo-
bile phase B: CH3CN, gradient (T/%B): 0/90, 2/90, 8/98, 10/80, 10/
98, 12/90, 15/90; flow rate: 1.0 mL/min; UV 248 nm, retention time
5.05 min; IR (KBr) vmax 2961, 2278, 1924, 1521, 1179 cm�1; HRMS
(ESI) calcd for C18H9N3F2 (M+H)+ 306.0828, found 306.0843.
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4.1.8. 2-(5-Methoxy-1H-indol-3-yl)quinoline-3-carbonitrile (3f)

N

CN

NH

OCH3

Mp 210–212 �C; 1H NMR (400 MHz, DMSO-d6) d 11.69 (bs, 1H),
9.03 (s, 1H), 8.39 (d, J = 3.2 Hz, 1H), 8.21 (d, J = 2.4 Hz, 1H), 8.09–
8.01 (m, 1H), 7.99–7.92 (m, 1H), 7.90–7.88 (m, 1H), 7.63–7.60 (t,
J = 6.8 Hz, 1H), 7.43 (d, J = 8.8, 1H), 6.89 (d, J = 2.0 Hz, 1H), 3.83 (s,
3H); 13C NMR (100 MHz, DMSO-d6) d 155.1, 153.3, 148.6, 145.5,
133.5, 131.8, 129.1, 128.8, 128.7, 127.1 (2C), 123.7, 119.6 (2C)
113.1, 113.0, 104.5, 103.2, 55.6; HPLC: 97.21%, column: X Bridge
C-18 150 � 4.6 mm 5 l, mobile phase A: 0.05% Formic Acid in
water mobile phase B: CH3CN, gradient (T/%B): 0/90, 2/90, 8/98,
10/80, 10/98, 12/90, 15/90; flow rate: 1.0 mL/min; UV 248 nm,
retention time 2.72 min; IR (KBr) vmax 2961, 2278, 1924, 1521,
1179 cm�1; HRMS (ESI) calcd for C19H14N3O (M+H)+ 300.1137,
found 300.1127.
4.1.9. 2-(6-Methoxy-1H-indol-3-yl)quinoline-3-carbonitrile (3g)

N

CN

NH

OCH3

Mp 224–225 �C 1H NMR (400 MHz, DMSO-d6) d 11.60 (bs, 1H),
9.02 (s, 1H), 8.52 (d, J = 8.4 Hz, 1H), 8.31 (d, J = 2.8 Hz, 1H), 8.30–
8.06 (m, 1H), 8.0–7.98 (m, 1H), 7.91–7.87 (m, 1H), 7.63–7.59 (t,
J = 7.4 Hz, 1H), 7.00 (s, 1H), 6.85 (d, J = 8.8 Hz, 1H), 3.38 (s, 3H);
13C NMR (100 MHz, DMSO-d6) d 156.4, 152.7, 148.2, 145.2, 133.1,
128.5 (2C), 128.3, 127.2 (2C), 126.8, 123.4, 123.2, 120.2, 119.2,
113.1, 110.9, 102.9, 55.2; HPLC: 97.1%, column: ZORBAX Eclipse
XDB-C18 150 � 4.6 mm 5 l, mobile phase A: 0.05% Formic acid
in water mobile phase B: CH3CN, gradient (T/%B): 0/70, 2/70, 9/
95, 12/95, 15/70, 18/70; flow rate: 1.0 mL/min; UV 240 nm, reten-
tion time 2.73 min; IR (KBr) vmax 3375, 2217, 1585, 1428, 1270 cm
�1; HRMS (ESI) calcd for C19H14N3O (M+H)+ 300.1137, found
300.1127.
4.1.10. 2-(1H-indol-3-yl)-6-methylquinoline-3-carbonitrile (3h)

N

CN

NH

Brown solid; mp 266–268 �C; 1H NMR (400 MHz, CDCl3) d 8.72–
8.74 (m, 1H), 8.60 (bs, 1H), 8.49 (s, 1H), 8.37 (d, J = 4 Hz, 1H), 8.10
(d, J = 8.8 Hz, 1H), 7.68 (dd, J = 7.2 and 2 Hz, 1H), 7.59 (s, 1H), 7.46–
7.48 (m, 1H), 7.30–7.34 (m, 2H), 2.56 (s, 3H); 13C NMR (100 MHz,
DMSO-d6) d 152.5, 147.2, 144.7, 136.9, 135.6, 128.7, 128.4, 127.2,
126.4, 123.8, 123.0, 122.7, 121.1, 119.6, 113.4, 112.3 (2C), 103.5,
21.4; HPLC: 99.3%, column: Zorbax XDB C-18 150 � 4.6 mm 5 l,
mobile phase A: 0.05% Formic Acid in water mobile phase B:
CH3CN, gradient (T/%B): 0/80, 2/80, 9/98, 12/98, 15/80, 18/80; flow
rate: 1.0 mL/min; UV 245 nm, retention time 3.29 min; IR (KBr)
vmax 3330, 3044, 2232, 1492, 1392 cm�1; HRMS (ESI) calcd for
C19H13N3 (M+H)+ 284.1190, found 284.1188.
4.1.11. 2-(5-Chloro-1H-indol-3-yl)-6-methylquinoline-3-
carbonitrile (3i)

N

CN

NH

Cl

Off white solid; mp 240–242 �C; 1H NMR (400 MHz, DMSO-d6) d
11.99 (bs, 1H), 9.0 (s, 1H), 8.75 (s, 1H), 8.54 (s, 1H), 7.87 (d, J = 7.6 Hz,
1H), 7.80 (d, J = 7.6, 1H), 7.57–7.52 (s, 2H), 7.28–7.25 (m, 1H), 2.82 (s,
3H); 13C NMR (100 MHz, DMSO-d6) d 151.5, 147.4, 145.9, 136.4,
135.4, 133.6, 130.2, 127.5, 127.1, 126.7, 126.0, 123.9, 123.0, 122.0,
119.6, 114.0, 113.6, 102.9, 18.4; HPLC: 98.5%, column: X-BRIDGE
C-18 150 � 4.6 mm 5 l, mobile phase A: 0.1% Formic Acid in water
mobile phase B: CH3CN, gradient (T/%B): 0/70, 2/70, 9/98, 14/98, 15/
70, 18/70; flow rate: 1.0 mL/min; UV 225 nm, retention time
7.24 min; IR (KBr) vmax 3336, 2205, 1580, 1494 cm�1; m/z (CI) 318
(M+1, 100%). Elemental analysis found C, 71.68; H, 3.80; N, 13.39
C19H12ClN3 requires C, 71.81; H, 3.81; N, 13.22.

4.1.12. 2-(5-Bromo-1H-indol-3-yl)-6-methylquinoline-3-carbo-
nitrile (3j)

N

CN

NH

Br

Light yellow solid; mp 231–233 �C; 1H NMR (400 MHz, CDCl3) d
11.98 (bs, 1H), 9.0 (s, 1H), 8.93 (s, 1H), 8.51 (s, 1H), 7.85 (d, J = 7.6,
1H), 7.80 (d, J = 7.6, 1H), 7.54–7.50 (m, 2H), 7.38–7.35 (m, 1H), 2.80
(s, 3H); 13C NMR (100 MHz, DMSO-d6) d 151.5, 147.4, 145.9, 136.4,
135.6, 133.6, 130.0, 128.1, 127.1, 126.7, 125.5, 125.2, 123.9, 119.6,
114.4, 114.1, 113.5, 102.8, 18.3; HPLC: 98.4%, column: X Bridge C-
18 150 � 4.6 mm 5 l, mobile phase A: 0.1% Formic Acid in water
mobile phase B: CH3CN, gradient (T/%B): 0/80, 2/80, 9/98, 14/98,
15/80, 18/80; flow rate: 1.0 mL/min; UV 225 nm, retention time
5.50 min; IR (KBr) vmax 3330,, 2225, 1538, 1432 cm�1; m/z (CI)
362 (M+1, 100%). Elemental analysis found C, 63.15; H, 3.30; N,
11.43 C19H12BrN3 requires C, 63.00; H, 3.34; N, 11.60.

4.1.13. 2-(5-Methoxy-1H-indol-3-yl)-6-methylquinoline-3-
carbonitrile (3k)

N

CN

NH

OCH3

Yellow solid; mp 199–221 �C; 1H NMR (400 MHz, CDCl3) d 11.70
(bs, 1H), 9.0 (s, 1H), 8.46 (s, 1H), 8.30 (s, 1H), 7.83 (d, J = 7.6 Hz, 1H),
7.77 (d, J = 7.6, 1H), 7.52–7.41 (m, 2H), 6.88 (d, J = 7.6 Hz, 1H), 3.83
(s, 3H), 2.84 (s, 3H); 13C NMR (100 MHz, DMSO-d6) d 155.2, 152.2,
147.5, 145.9, 136.3, 133.4, 131.8, 129.1, 127.0, 126.7 (2C), 123.7,
119.9, 113.6, 113.4, 113.1, 104.2, 102.7, 55.6, 18.6; HPLC: 98.3%, col-
umn: X Bridge C-18 150 � 4.6 mm 5 l, mobile phase A: 0.1% Formic
Acid in water mobile phase B: CH3CN, gradient (T/%B): 0/50, 2/50, 9/
98, 14/98, 16/50, 18/50; flow rate: 1.0 mL/min; UV 220 nm, reten-
tion time 8.42 min; IR (KBr) vmax 3330, 3335, 2229, 1585,
1433 cm�1; m/z (CI) 314 (M+1, 100%). Elemental analysis found C,
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76.45; H, 4.80; N, 13.53 C20H15N3O requires C, 76.66; H, 4.82; N,
13.41.

4.1.14. 2-(6-Methoxy-1H-indol-3-yl)-6-methylquinoline-3-car-
bonitrile (3l)

N

CN

NH

OCH3

Yellow solid; mp 225–227 �C; 11.59 (bs, 1H), 8.96 (s, 1H), 8.56
(d, J = 7.6, 1H), 8.35 (s, 1H), 7.81 (d, J = 7.6, 1H), 7.74 (d, J = 7.6,
1H), 7.50–7.48 (m, 1H), 7.02 (s, 1H), 6.87 (d, J = 7.6, 1H) 3.80 (s,
3H), 2.79 (s, 3H); 13C NMR (100 MHz, DMSO-d6) d 156.8, 152.0,
147.5, 145.8, 137.8, 136.5, 133.4, 127.7, 126.6 (2C), 123.7, 123.4,
120.5, 119.8, 114.0, 111.3, 102.8, 95.3, 55.6, 18.5; HPLC: 99.3%, col-
umn: X Bridge C-18 150 � 4.6 mm 5 l, mobile phase A: 0.1% Formic
Acid in water mobile phase B: CH3CN, gradient (T/%B): 0/50, 2/50, 9/
98, 14/98, 16/50, 18/50; flow rate: 1.0 mL/min; UV 220 nm, reten-
tion time 8.41 min; IR (KBr) vmax 3210, 2124, 1486, 1374 cm�1;
m/z (CI) 314 (M+1, 100%). Elemental analysis found C, 76.78; H,
4.78; N, 13.27 C20H15N3O requires C, 76.66; H, 4.82; N, 13.41.

4.1.15. 2-(1-(Prop-2-ynyl)-1H-indol-3-yl)quinoline-3-carboni-
trile (4)

N

CN

N

To a mixture of 2-(1H-indol-3-yl)quinoline-3-carbonitrile (3a)
(2.95 mmol), propargyl bromide (4.42 mmol) and 50 mol% tetrabu-
tylammonium bromide in 2.20 mL of toluene was added 2.20 mL of
50% NaOH drop wise at room temperature. The reaction mixture
was then stirred at room temperature for 6 h. Upon completion
of the reaction, the reaction mixture was diluted with water and
extracted with ethylacetate (3 � 25 mL). The organic layers were
collected, combined, dried over anhydrous Na2SO4, filtered and
concentrated. The residue was purified by silica gel column chro-
matography to give the desired product as a brown solid; mp
180–182 �C; 1H NMR (400 MHz, DMSO-d6) d 9.07 (s, 1H), 8.65 (d,
J = 7.6 Hz, 1H), 8.49 (s, 1H), 8.11 (d, J = 8.4 Hz, 1H), 8.03 (d,
J = 8.0 Hz, 1H), 7.94 (t, J = 7.6 Hz, 1H), 7.64–7.68 (m, 2H), 7.28–
7.37 (m, 2H), 5.28 (s, 2H), 2.58 (s, 1H); 13C NMR (100 MHz,
DMSO-d6) d 152.4, 148.3, 145.4, 136.1, 133.4, 130.7, 128.7, 128.5,
127.3, 126.8, 123.7, 123.2, 122.8, 121.7, 119.0, 113.0, 110.7,
103.4, 78.6, 76.5, 35.9; IR (KBr) vmax 3258, 3049, 2223, 1478 cm
�1; m/z (CI) 308 (M+1, 100%). Elemental analysis found C, 82.00;
H, 4.20; N, 13.63 C21H13N3 requires C, 82.06; H, 4.26; N, 13.67.

4.1.16. 2-(1-((1-(Methylsulfonyl)-1H-indol-2-yl)methyl)-1H-
indol-3-yl)quinoline-3-carbonitrile (6)

N

CN

N

N
S

O O
A mixture of 4 (0.80 mmol), 10% Pd/C (26 mg, 0.025 mmol),
PPh3 (25 mg, 0.10 mmol), CuI (9 mg, 0.045 mmol) and triethyl-
amine (2.42 mmol) in ethanol (5 mL) was stirred at 25 �C for 1 h
under nitrogen. The acetylenic compound 5 (1.62 mmol) was
added slowly to the mixture with stirring. The reaction mixture
was then stirred at 80 �C for the 6 h. The mixture was cooled to
rt, diluted with EtOAc (60 mL) and filtered through celite. The fil-
trate was collected, washed with cold H2O (2 � 30 mL), dried over
Na2SO4, filtered and concentrated under vacuum. The residue thus
obtained was purified by column chromatography afford the de-
sired product; white solid; mp 205–207 �C; 1H NMR (400 MHz,
CDCl3) d 8.78 (m, 1H), 8.57 (s, 1H), 8.40 (s, 1H), 8.22 (d,
J = 8.4 Hz, 1H), 7.87–7.82 (m, 3H), 7.58 (t, J = 8.1 Hz, 1H), 7.45–
7.43 (m, 1H), 7.37–7.31 (m, 2H), 7.22 (s, 1H), 7.15 (d, J = 7.5 Hz,
1H), 6.25 (s, 1H), 5.77 (s, 2H), 2.95 (s, 3H), 2.39 (s, 3H); 13C NMR
(100 MHz, CDCl3) d 152.4, 148.9, 144.2, 136.8, 135.3, 135.2,
133.6, 132.7, 131.0, 129.3, 129.0, 127.7, 127.2, 127.0, 126.6,
123.8, 123.6, 122.9, 122.0, 121.1, 119.0, 114.0, 113.4, 110.9,
110.2, 104.1, 45.0, 40.6, 21.1; IR (KBr) vmax 2278, 1521, 1179 cm
�1; m/z (CI) 491 (M+1, 100%); Elemental analysis found C, 71.05;
H, 4.60; N, 11.46 C29H22N4O2S requires C, 71.00; H, 4.52; N, 11.42.
4.2. Single crystal X-ray data for compound 3a

Single crystals suitable for X-ray diffraction of 3a were grown
from ethyl acetate and dichloromethane. Single crystals were
carefully chosen using a stereo zoom microscope supported by a
rotatable polarizing stage. The data was collected at room temper-
ature on Bruker’s KAPPA APEX II CCD Duo with graphite monochro-
mated MoKa radiation (0.71073 Å). The crystals were glued to a
thin glass fibre using FOMBLIN immersion oil and mounted on
the diffractometer. The intensity data were processed using
Broker’s suite of data processing programs (SAINT), and absorption
corrections were applied using SADABS.11a The structure was
solved by direct methods and all the non-hydrogen atoms were
refined anisotropically while the hydrogen atoms, except hydro-
gens on N which were refined by picking electron density peaks,
fixed in the predetermined positions by Shelxs-9711b and Shelxl-
97 packages, respectively.

The hydrogen atoms bonded to carbons were positioned
geometrically and refined in the riding model approximation with
C–H = 0.95 Å, and with U(H) set to 1.2Ueq(C). Crystal data of 3a:
Molecular formula = C18H11N3, Formula weight = 269.30, Ortho-
rhombic, P212121, a = 6.9840 (13) Å, b = 10.983(2) Å, c = 17.125(4)
Å, V = 1313.6(5) Å3, T = 298 K, Z = 4, Dc = 1.367 Mg m�3, l(Mo Ka) =
0.71073 mm�1, 9989 reflections measured, 2274 independent
reflections, 1928 observed reflections [I > 2.0r(I)], R1_obs = 0.035 ,
Goodness of fit = 0.835. Crystallographic data (excluding structure
factors) for 3a have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication numbers CCDC
828341.
4.3. Pharmacology

4.3.1. Materials and methods
Cells and reagents: HEK 293 and Sf9 cells were obtained from

ATCC (Washington D.C., USA). HEK 293 cells were cultured in
DMEM supplemented with 10% fetal bovine serum (Invitrogen
Inc., San Diego, CA, USA). Sf9 cells were routinely maintained in
Grace’s supplemented medium (Invitrogen) with 10% FBS. cAMP
was purchased from SISCO Research Laboratories (Mumbai, India).
PDE light HTS cAMP phosphodiesterase assay kit was procured
from Lonza (Basel, Switzerland).
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4.3.2. Evaluation of PDE4 B inhibition by cell based cAMP
reporter assay14

One day prior to transfection, HEK 293 cells were seeded in p60
cell culture dish (Tarsons Inc.) and were transfected using Lipofect-
amine 2000, as per the manufacturer’s instructions with 1.2 lg of
PDE4B expression plasmid and 4.0 lg of pCRELuc plasmid. After
5 h of transfection, medium was aspirated, cells were trypsinized
and seeded in 96 well plates at a density of 60,000 cells/well. Plates
were incubated overnight in a CO2 incubator set to 37 �C and 5%
CO2. Twenty four hours post transfection, cells were pre-treated
with different compound for 30 minutes, followed by stimulation
with 5 lM forskolin for 4 h. Subsequently medium was removed
and cells were lysed in reporter lysis buffer (Promega Inc.) for
15 min with gentle rocking at rt. Preliminary screening of the com-
pounds was performed at 30 lM and dose response studies were
carried out at eight different concentrations (0.01–60 lM). Lucifer-
ase activity in the lysates was measured by a Multilabel plate reader
(Perklin Elmer 1420 Multilabel counter). Fold elevation of cAMP
over forskolin control was calculated using the following formula
and the EC50 values were determined using GraphPad Prism. Value
obtained with forskolin control is set to one. Inhibition of PDE4B by
rolipram was used as reference.

Fold activationðFAÞ ¼ Normalized value ofcompound treatment
Normalized value of forskolin treatment
4.4. Docking studies

The docking studies were performed via the energy minimiza-
tion and conformational search with the MACROMODEL application
in the Schrodinger package. The molecules to be docked were en-
ergy minimized for flexibility of the molecules and then conforma-
tional search was followed. We used OPLS_2005 forcefield and
water as implicit solvent. We have followed the PRCG (Polak-Ribier
conjugate gradient) method of minimization with 500 iterations
with a threshold gradient on 0.05 kJ/mol. The conformational search
was based on Montecarlo multiple minimum torsional sampling.
The ligands were then finally prepared with LIGPREP application.

The PDE4B protein (3D3P) crystal structures was retrieved from
the protein data bank and it was refined with the PROTEIN PREPER-
ATION WIZARD application in which the hydrogens were added
and missing side chains and loops were filled with PRIME applica-
tion. Water molecules were observed within the 5 Å distance and
waters were deleted beyond 5 Å from het(hetroatom) groups. Fi-
nally, the protein was then optimized and minimized with impref
using OPLS_2005 force filed. GRID based docking was performed in
the present study.
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