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Graphical Abstract

Ultrasound assisted one-pot synthesis of 1,2-diaryl 
azaindoles via Pd/C-Cu catalysis: identification of potential 
cytotoxic agents
Rapolu Venkateshwarlu, Shambhu Nath Singh, Vidavalur Siddaiah, Hindupur Ramamohan, Rambabu 
Dandela,* and Manojit Pal*
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The first ultrasound assisted azaindole synthesis was achieved under Pd/C-Cu catalysis. Some of the azaindoles were 
identified as promising cytotoxic agents.
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The azaindole framework, bioisostere of the indole scaffold, is 
prevalent in many molecules or agents of pharmacological 
interest. This is exemplified by inhibitors of several enzymes or 
proteins including mitotic kinase monopolar spindle 1 (MPS1) 
inhibitors,1 e.g. A (Fig. 1) cyclooxygenase inhibitors2  or cyclin-
dependent kinase (CDK) inhibitors.3,4 Indeed, variolins isolated 
from Antartic sponge Kirkpatrickia varialosa showed activities 
against P388 murine leukemia cells and Variolin B was the most 
active among them.5,6 In our effort we have previously reported 
2-substituted 7-azaindole derivatives B that showed sirtuin 
inhibiting properties in yeast without showing significant cell 
toxicities.7 Notably, sirtuins the class III NAD-dependent 
deacetylases are shown to be up-regulated in various types of 
cancer and hence are considered as promising targets for cancer 
therapeutics.8,9 Indeed, inhibition of sirtuins allows re- expression 
of silenced tumor suppressor genes, leading to reduced growth of 
cancer cells. Nevertheless, in order to identify more effective 
inhibitors of sirtuins we focused on various types of azaindoles C 
(including 7-azaindoles) possessing aryl groups at both 1- and 2- 
positions (Fig. 1). Our previous study indicated that the ‘‘N–7’’ 
of the azaindole moiety of B played a key role in the interaction 
with sirtuin in silico via forming the H-bond with the Asn484 
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Fig. 1. Known bioactive azaindoles (A and B) and targeted analogues (C) 
of the current work

residue when docked into the active site of Sir2.7 We anticipated 
that aryl group at position 1- (unlike the strong electron 
withdrawing sulfonyl moiety at the same position in case of B) 
would strengthened the H-bonding ability not only for ‘‘N–7’’ 
but also for this endocyclic nitrogen at other position like 4-, 5- 
and 6- position. Moreover, the H-bonding abilities thereby the 
potential sirtuin inhibitory properties could be (or expected to be) 
modulated by the nature of aryl group introduced at 1- position. 
Needless to say that the nature and type of aryl group at 2- 
position is expected to play a key role too. Hence it was essential 
to assess compounds derived from C possessing diverse set of 
aryl groups both at 1- and 2- position. Indeed, a small library of 
molecules could be generated for related SAR (Structure Activity 
Relationship) study and therefore we were in need of a direct as 
well as convenient access to target molecules based on the 
azaindole framework C.
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Ultrasound assisted one-pot and direct access to 1,2-diaryl substituted azaindole derivatives has 
been achieved via the sequential N-arylation followed by coupling-cyclization under Pd/C-Cu 
catalysis. The methodology involved initial C-N bond forming reaction (step 1) between an 
appropriate o-bromo substituted amino pyridine  and iodoarene followed by C-C and C-N bond 
formation (step 2) between the resulting N-aryl substituted intermediate and a terminal alkyne in 
the same pot. A variety of azaindoles was prepared by using this method. These compounds 
were assessed for their cytotoxic properties against two different metastatic breast cancer cell 
lines. Compounds 4i, 4k and 4o showed promising growth inhibition of these cell lines and 
SIRT1 inhibition in vitro.
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One of the straightforward method for the preparation of 1,2-
diaryl azaindoles appeared to be N-arylation of 2-aryl azaindoles. 
While this strategy worked for 2-substituted azaindoles 
(affording low yields of products)10-12 the N-arylation of 2-aryl 
azaindoles was reported to be more challenging perhaps due to 
the steric hindrance.12 Among the other methods for the synthesis 
of azaindoles the Pd-catalyzed construction of a pyrrole ring on a 
pyridine moiety is a common strategy.13-26 These include Pd-
catalyzed annulations of aryl halide with (i) terminal alkynes 
under Sonogashira conditions14-24 or (ii) internal alkynes under 
Larock conditions.25-26 While some of these methods afforded 
1,2-disubstituted azaindoles only few of them were found to be 
effective for the synthesis of 1,2-diaryl azaindoles. Thus it was 
necessary to adopt an appropriate strategy for the synthesis of 
compounds represented by C (Fig. 1). The use of ultrasound as 
an alternative source of energy in organic reactions27 has gained 
increasing interest particularly from the viewpoint of green 
chemistry. Indeed, a wide application of ultrasound has been 
found in many areas of organic chemistry such as heterocyclic 
chemistry, organic synthesis (e.g. condensation / substitution / 
addition reactions, protection / deprotection reactions, oxidation / 
reduction), photochemical processes, polymerization etc.28 Its 
application in transition metal mediated coupling reactions has 
also been documented.29,30 Notably, the use of ultrasound for the 
synthesis of azaindoles is not common in the literature. Herein 
we report the first use of ultrasound irradiation in synthesizing 
1,2-diaryl azaindoles (4) via Pd/C-Cu catalyzed sequential C-N 
coupling followed by coupling-cyclization in a single pot 
(Scheme 1). The methodology involved initial C-N bond forming 
reaction (step 1) between an appropriate o-bromo substituted 
amino pyridine (1) and aryl iodide (2) followed by C-C and C-N 
bond formation (step 2) between the resulting N-aryl substituted 
intermediate and a terminal alkyne (4). 
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Scheme 1. Ultrasound assisted one-pot synthesis of 1,2-diaryl 
azaindoles under Pd/C-Cu catalysis

Initially, it was necessary to test the feasibility of our approach 
involving sequential C-N, C-C and C-N bond formation in a 
single pot. If successful then it was also essential to establish the 
reaction conditions that would afford the optimum yield of 
desired product 4. Accordingly, the ultrasound assisted reaction 
sequence involving 2-amino-3-bromo pyridine (1a) and 
iodobenzene (2a) initially and then phenyl acetylene (3a) was 
studied under various conditions (Table 1). A laboratory 
ultrasonic bath SONOREX SUPER RK 510H model producing 
irradiation of 35 kHz was used for this purpose. The fact that 
Cs2CO3 is a commonly used base in N-arylation reaction31 
prompted us to use this particular base in our case too. Moreover, 
our earlier success on the use of 10%Pd/C-PPh3-CuI as a 
catalyst system during tandam C-C/C-N bond forming 
reaction32 at 95-100 ºC encouraged us to use the same catalyst / 
temperature in the current study. Thus, the coupling of 1a with 
2a and subsequently with 3a in the same pot was performed in 
the presence of 10%Pd/C-PPh3-CuI in PEG-400 under 
ultrasound at 95-100 ºC. The reaction was performed for 1h for 
the initial step and for 4h for the next step (after addition of 3a). 
The desired product 4a was isolated in this case albeit in low 
yield (entry 1, Table 1). The reason for low yield of 4a was found 
to be due to the poor conversion in the first step i.e. coupling of 
1a with 2a as indicated by TLC. To address this issue the 
duration of the reaction (first step) was increased to double i.e. 2h 

without changing the other factors / conditions. To our 
satisfaction the yield of 4a was increased significantly (entry 2, 
Table 1) but not up to the desired level yet. Hence the reaction 
time (first step) was increased further to 2.5 h when 4a was 
isolated in 57% yield (entry 3, Table 1). Notably, further increase 
of reaction time in the first step as well as in the second step did 
not improve the product yield (entry 4 and 5, Table 1). We then 
evaluated the need as well as role of each component of the 
catalyst system used and hence reactions were performed under 
varying conditions accordingly (entries 6-8, Table 1). It was 
evident that the omission of any component of the catalyst 
10%Pd/C-PPh3-CuI decreased the reaction efficiency drastically 
thereby the product yield. The use of other Pd catalyst e.g. 
Pd(OAc)2 (in combination with PPh3) (entry 9, Table 1) or 
(PPh3)2PdCl2 (entry 10, Table 1) or (PPh3)4Pd (entry 11, Table 1) 
was tested but the product yield was lower in these cases. 
While the reaction proceeded in the absence of ultrasound 
affording 4a in acceptable yield (entry 12, Table 1) however 
longer duration was required for both steps. Thus ultrasound 
appeared to play a key role in accelerating the current one-pot 
reaction leading to the desired azaindole 4a. Overall, the 
conditions of entry 3 (Table 1) was chosen as the optimal 
condition and was used not only for the synthesis of other 
analoges of 4a but also to expand the scope and generality of 
this ultrasound assisted methodology.

Table 1: The effect of reaction parameters.a

N

Br

NH2
N N

Ph

Ph
1) PhI (2a)
Pd-cat, Cs2CO3
PEG-400

Ph1a (3a)
4a

2)

Time (h)Entry Catalysts

Step 1 Step 2

% Yieldb

1. 10%Pd/C-PPh3-CuI 1 4 21

2. 10%Pd/C-PPh3-CuI 2 4 45

3. 10%Pd/C-PPh3-CuI 2.5 4 57

4. 10%Pd/C-PPh3-CuI 3 4 55

5. 10%Pd/C-PPh3-CuI 3 6 58

6. 10%Pd/C-CuI 2.5 4 9

7. PPh3-CuI 2.5 4 0

8. 10%Pd/C-PPh3 2.5 4 0

9. Pd(OAc)2-PPh3-CuI 2.5 4 38

10. (PPh3)2PdCl2-CuI 2.5 4 33

11. (PPh3)4Pd-CuI 2.5 4 32

12. 10%Pd/C-PPh3-CuI 12 24 52c

aAll the reactions were carried out using 1a (1.0 mmol), 2a 
(1.0 mmol), Pd catalyst (0.010 mmol), CuI (0.010 mmol), PPh3 
(0.022 mmol) and  Cs2CO3 (3 mmol) in PEG-400 (3 mL) (step 1) 
followed by addition of 3a (1.2 mmol) under nitrogen 
atmosphere. 

bIsolated yield.
cThe reaction was performed in the absence of ultrasound.

A range of 1,2-diaryl substituted azaindoles (4a-p) were 
prepared using the established optimized conditions and results 
are presented in Table 2. We have varied all three reactants e.g. 
bromopyridine (1a-d), iodoarene (2a-c) and terminal alkyne (3a-
e).33,34 The iodoarenes containing groups like Me, Cl were 
employed whereas terminal alkynes containing electron donating 
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(e.g. OMe) or withdrawing (e.g. CN, SO2Me) were used. The 
reaction proceeded in all these cases affording the desired 
products in acceptable to good yield.  

All the azaindole derivatives synthesized were characterized 
by spectral (NMR, MS) data. While the C-3 proton could not be 
detected for all the compounds (due to the overlapping of the 
corresponding signal with other signals) in their 1HNMR spectra 
a singlet in the range  7.0-6.5 (depending on the position of 
endocyclic nitrogen atom in the bicyclic ring) could be assigned 
to this proton. The corresponding C-3 carbon appeared near 100 
ppm in the 13CNMR spectra. The partial 1H and 13C NMR data of 
a representative compound i.e. 4n is shown in Fig 2. The -OMe 
group appeared near  3.7 and 55.4 ppm in the 1H and 13C NMR 
spectra, respectively. Similarly, the proton and carbon at 4-
position appeared near  8.8 and 143.6 ppm in the 1H and 13C 
NMR spectra, respectively. Moreover, the 13C NMR spectra 
showed that the carbon at 6-position and that attached to N-1 

appeared near 142.3 and 141.8 ppm respectively, whereas the 
carbon bearing -OMe group appeared near 159.7 ppm.
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Fig. 2. Partial representation of 1H and 13C NMR spectral data of 
azaindole derivative 4n

Table 2. Ultrasound assisted one-pot synthesis of azaindoles under Pd/C-Cu catalysis.a

N
Br

NH2
N
Ar1

Ar2N
Ar1I (2)

10% Pd/C, PPh3
CuI, Cs2CO3
PEG-400
95-100 oC, 2.5 h

Ar2

1
(3)

495-100 oC, 4h

step 1 step 2

Entry Bromopyridine (1) 2; Ar1 = 3; Ar2 = Product (4) %Yieldc

1 .

N

Br

NH2
1a

2a; 
Ph

3a; 
Ph

  
N N

Ph

Ph

4a

57

2 .
1a 2b;

C6H4Me-p
3a;
Ph N N

C6H4Me-p

Ph

4b

61

3 .

N

Br

NH2
1b

2c;
Ph

3a;
Ph

N N
Ph

Ph

4c

69

4 .
1b 2b;

C6H4Me-p
3a;
Ph N N

C6H4Me-p

Ph

4d

60

5 . N
Br

NH2
1c

2a;
Ph

3a;
Ph

N

N
Ph

Ph

4e

67

6 .
1c 2b;

C6H4Me-p
3a;
Ph

N

N
C6H4Me-p

Ph

4f

68

7 . N Br

NH2
1d

2a;
Ph

3a;
Ph

N

N
Ph

Ph

4g

53



8 .
1d 2b;

C6H4Me-p
3a;
Ph

N

N
C6H4Me-p

Ph

4h

55

9 .

1c
2b;

C6H4Me-p
3b;

C6H4OMe-p

N

N
C6H4Me-p

C6H4OMe-p

4i

64

10 .
1c 2b;

C6H4Me-p
3c;

C6H4CN-p

N

N
C6H4Me-p

C6H4CN-p

4j

50

11 .
1c 2a;

Ph
3b;

C6H4OMe-p

N

N
Ph

C6H4OMe-p

4k

68

12 .
1c 2c;

C6H4Cl-p
3a;
Ph

N

N
C6H4Cl-p

Ph

4l

69

13 .
1c 2c;

C6H4Cl-p
3c;

C6H4CN-p

N

N
C6H4Cl-p

C6H4CN-p

4m

50

14 .
1c 2c;

C6H4Cl-p
3b;

C6H4OMe-p

N

N
C6H4Cl-p

C6H4OMe-p

4n

72

15 .
1c 2c;

C6H4Cl-p
3d;

C6H3(OMe)2-m,m
N

N
C6H4Cl-p

OMe

OMe
4o

62

16 .

1c
2a;
Ph

3e;
C6H4SO2Me-p

N

N
Ph

C6H4SO2Me-p

4p
58

aAll reactions were carried out using 1 (1.0 mmol), 2 (1.0 mmol), 10%Pd/C (0.010 mmol), CuI (0.010 mmol), PPh3 (0.022 mmol) 
and Cs2CO3 (3 mmol) in PEG-400 (3 mL) for 2.5h (step 1) followed by addition of 3 (1.2 mmol) for 4h (step 2) under a nitrogen 
atmosphere. 

bIsolated yield.
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Scheme 2. The proposed reaction mechanism for the formation of azaindole derivatives (4)

Form the viewpoint of reaction mechanism (Scheme 2) the 
Pd/C-CuI-PPh3 catalysed one-pot synthesis of azaindole 4 
involved two catalytic cycles, e.g. (i) N-arylation via the C-N 
bond forming reaction35,36 followed by (ii) coupling-cyclization 
via C-C and C-N bond formation.7 While both the catalytic cycle 
was mainly catalyzed by the Pd-catalyst, the CuI played the role 
of a co-catalyst in the second catalytic cycle. Indeed, the 
cyclization step of the second catalytic cycle was aided by Cu-
catalyst where the Pd-catalyst (being the Pd(0) species) appeared 
to have no role. Nevertheless, an active Pd(0) species37 was 
generated in situ from the Pd/C as a result of the leaching process 
in the presence of PPh3 (Scheme 3).38 The reaction then followed 
the usual N-arylation steps35,36 e.g. (i) oxidative addition of Pd(0) 
to the iodoarene 2 to generate E-1, (ii) interaction of amine 1 
with E-1 followed by deprotonation afforded the Pd-amide 
species E-3 (via E-2) and (iii) reductive elimination of Pd(0) 
from E-3 to complete the first catalytic cycle affording the N-
arylated intermediate E-4. In the second catalytic cycle the 
reaction followed the usual Sonogashira steps39 e.g. (i) oxidative 
addition of Pd(0) to E-4 to generate E-5, (ii) trans-
organometallation of E-5 with Cu-acetylide generated in situ 
from 3 to give E-6 and (iii) reductive elimination of Pd(0) from 
E-6 to complete the cycle. The alkyne moiety of E-6 was then 
activated via coordination with the Cu(I)-species that facilitated 
intramolecular cyclization followed by protodemetalation (aided 
by PEG-400) to give the desired azaindole derivative 4 (with the 
regeneration of Cu(I)-species). Though it is not clear if all steps 
or any particular step of this coupling-cyclization process was 
accelerated by ultrasound but the overall process appeared to be 
influenced by the ultrasound. Indeed, the higher efficiency of the 
reaction (entry 3 vs 12, Table 1) can be explained by faster Pd 
leaching process assisted by ultrasound thereby facilitating the 
subsequent steps.

The current ultrasound assisted one-pot method afforded a 
series of 1,2-diaryl substituted azaindole derivatives. These 
compounds were initially assessed for their cytotoxic properties 
against two different metastatic breast cancer cell lines e.g. 
MDA-MB-231 and MCF-7. An MTT [(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide] assay40 was used to test 

these compounds at a concentration of 10 µM. Suramin was used 
as a reference standard in this assay. Notably suramin is not only 
known to inhibit the cell proliferation in ovarian and cervical 
cancer41 but also an inhibitor of human sirtuin 1 (SIRT1). 
Nevertheless, the assay results are presented in Table 3. The 
compound 4f, 4i, 4k and 4o showed comparable anti proliferative 
properties to suramin. Indeed the compound 4i was found to be 
better than suramin. Among the rest of azaindole derivatives 
some compounds showed moderate to weak cytotoxic properties. 
Though presenting a precise Structure-Activity-Relationship 
(SAR) within this series of azaindole derivatives was not 
straightforward the position of endocyclic “N” atom and the 
nature as well as type of aryl substituents at 1- and 2- position 
appeared to play a key role in activities (Fig. 3). In general 5-
azaindole framework was found to be the most effective among 
all azaindoles tested. Among the substitutents of aryl rings 
present at 1- and 2- position the groups that are electron donating 
in nature were preferred over the electron withdrawing groups. 
Particularly compounds containing a methoxy group (e.g. 4f, 4i 
and 4o) showed superior activities over those (e.g. 4j, 4m and 
4p) containing CN or SO2Me substituents. Notably, “OMe” at m-
position decreased the activity (e.g. 4o). The 1-aryl ring 
containing a “Me” substituent at p- position was favored over the 
“Cl” substituent at the same place (e.g. 4i vs 4n). Nevertheless, 
having screened in the MTT assay we focused on assessing 
SIRT1 inhibitory properties of these molecules. Accordingly, all 
these compounds were tested at 10 μM using the Fluor-de-Lys 
peptide as a substrate following a reported biochemical 
enzymatic assay method.42 Notably, over expression of SIRT1 
has been observed in several types of cancer and inhibition of 
SIRT1 by small molecules demonstrated inhibition of cancer cell 
proliferation. The compounds that were found to be active in this 
assay (>50% inhibition, Table 3) include 4i, 4k and 4o. The 
compound 4i and 4k appeared to possess SIRT1 inhibitory 
properties comparable to suramin. This was further supported by 
the concentration dependent study of compound 4i and suramin 
against SIRT1 enzyme. Indeed, 4i was found to be a potent 
inhibitor of SIRT1 with an IC50 of 3.13±0.27 µM compared to the 
IC50 of suramin as 2.25±0.16 µM. Thus the current series of 5-
azaindole derivatives are of further medicinal interest.



Table 3: In vitro cytotoxicity of 1,2-diaryl substituted 
azaindole derivatives 4.

% inhibition @ 10 µMa

Cell based assay Enzymatic assay

Compounds 

MDA-MB-231 MCF-7 SIRT1

Control 0.39 0.45 0

Suramin 38.0 45.0 80.3

4a 25.3 31.2 43.1

4b 29.3 22.6 39.4

4c 19.8 27.5 35.1

4d 35.1 38.5 48.3

4e 34.7 41.3 47.0

4f 38.3 46.7 48.9

4g 23.6 20.4 21.8

4h 24.3 39.6 32.5

4i 53.5 59.3 78.5

4j 35.4 46.5 44.3

4k 45.5 42.1 76.8

4l 38.9 32.6 39.9

4m 36.0 34.1 38.4

4n 23.7 20.1 19.8

4o 47.0 34.1 68.4

4p 19.8 10.9 16.8

aData represent the mean values of three independent 
determinations.

N
N R1

R2

A "OMe" at p-position
was favorable whereas
"CN" or "SO2Me" was
less effectiveA "Me" at p-position

was more favorable
than "Cl"

"N" atom at 5-position
was most effective

"OMe" at m-position
decreased the activity

Fig. 3. Summary of SAR for cytotoxic activities of azaindole 4

In conclusion we have reported the first ultrasound assisted 
one-pot and direct access to 1,2-diaryl substituted azaindole 
derivatives via the sequential N-arylation followed by coupling-
cyclization under Pd/C-Cu catalysis. The methodology involved 
initial C-N bond forming reaction (step 1) between an 
appropriate o-bromo substituted amino pyridine and iodoarene 
followed by C-C and C-N bond formation (step 2) between the 
resulting N-aryl substituted intermediate and a terminal alkyne in 
the same pot. The advantages associated with the use of Pd/C 
include that it is an inexpensive, stable and widely used catalyst. 
Moreover, the solvent used here i.e. PEG-400 is known to be an 
environmentally friendly solvent. A variety of azaindoles was 
prepared by using this methodology. These compounds were 
assessed for their cytotoxic properties against two different 
metastatic breast cancer cell lines e.g. MDAMB-231 and MCF-7 

and subsequently against SIRT1 enzyme. Compounds 4i, 4k and 
4o showed promising growth inhibition of these cell lines and 
SIRT1 inhibition in vitro. Indeed, 4i was found to be a potent 
inhibitor of SIRT1. Overall, the current research demonstrated 
the utility of ultrasound in combination with Pd/C-Cu catalysis 
for the direct synthesis of 1,2-diaryl substituted azaindoles some 
of which showed promising anticancer properties.
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