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ABSTRACT A number of N-benzoylindoles were designed and synthesized as deaza analogs of pre-
viously reported potent and selective HNE inhibitors with an indazole scaffold. The new compounds
containing substituents and functions that were most active in the previous series were active in the
micromolar range (the most potent had IC50 5 3.8 lM) or inactive. These results demonstrated the
importance of N-2 in the indazole nucleus. Docking studies performed on several compounds contain-
ing the same substituents but with an indole or an indazole scaffold, respectively, highlight interesting
aspects concerning the molecule orientation and H-bonding interactions, which could help to explain
the lower activity of this new series. Drug Dev Res 77 : 285–299, 2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Neutrophil serine proteases (NSPs) are granule-
associated enzymes mainly known for their role in the
intracellular killing of pathogens and are stored into
acidic granules tightly bound with proteoglycans
[Reeves et al., 2002]. Their extracellular release follow-
ing neutrophil activation is traditionally considered the
main cause for tissue damage at sites of inflammation
[Pham, 2006]. This protease family consists of neutro-
phil elastase (NE), proteinase 3, cathepsin G and the
recently discovered NSP4 [Perera et al., 2012].

Human neutrophil elastase (HNE) is a small, solu-
ble protein of aprroximately 30 kDa with 218 amino
acid residues that are stabilized by four disulfide bridges

[Sihna et al., 1987]. HNE is a basic glycoprotein with a
catalytic triad, consisting of Ser195, His57, and Asp102
[Bode et al., 1989]. HNE is currently considered a
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multifunctional enzyme involved in the killing of patho-
gens and in the regulation of inflammation and tissue
homeostasis [Pham, 2006] via its proteolytic actions
against a variety of extracellular matrix proteins, such as
elastin, collagen, fibronectin, laminin, proteoglycans
[Chua and Laurent, 2006], and some matrix metallopro-
teinases [Geraghty et al., 2007]. HNE appears to play
an important role in chemotaxis and migration of neu-
trophils to inflammatory mediators by the splitting of
adhesion molecules at cell junctions [Cepinskas et al.,
1999; Hermant et al., 2003]. The serpin family of endog-
enous inhibitors, including a-1 antitripsin (a1-AT), a2-
macroglobuline, elafin, and secretory leucocyte protease
inhibitor (SLPI), is able to reduce the tissue damage of
HNE under physiological conditions to regulate inflam-
matory processes [Potempa et al., 1994; Tremblay et al.,
2003; Heutinck et al., 2010]. Alteration of the balance
between HNE and serpin activity can contribute to cer-
tain pathologies, especially in the lung, where an excess
of HNE activity leads to hydrolysis of elastin and other
extracellular matrix proteins, such as inflammatory
mediators, cell surface receptors, and lung surfactants.
Moreover, HNE can cause the activation of other pro-
teases and cytokines, resulting in a massive amplification
of the inflammatory response [Heutinck et al., 2010;
Korkmaz et al., 2008; Korkmaz et al., 2010]. The main
pulmonary diseases involving HNE are chronic obstruc-
tive pulmonary disease (COPD) [O’Donnell et al., 2004;
Hogg et al., 2004], acute respiratory distress syndrome
(ARDS) [Wang et al., 2009], and acute lung injury
[Kawabata et al., 2002].

Cystic fibrosis (CF) is a life threatening geneti-
cally based disease where excessive mucus production
is associated with a massive influx of neutrophils and
HNE release [Voynow et al., 2008; Gifford and Chal-
mers, 2014]. HNE is also involved in other inflamma-
tory disorders, including psoriasis [Meyer-Hoffert
et al., 2004], dermatitis, atherosclerosis [Henrisken
and Sallenave, 2008], rheumatoid arthritis [Hilbert
et al., 2002], and various types of cancer [Sato et al.,
2006; Moroy et al., 2012]. Lastly, HNE plays a cen-
tral role both in acute pathogenesis and chronic func-
tional restoration after brain traumatic injury [Semple
et al., 2015].

In light of the evidence summarized above,
HNE represents an important therapeutic target
[Groutas et al., 2011; Henriksen, 2014]. The classifi-
cation of HNE inhibitors is based on their structure
(peptide and non-peptide) or on their mechanism of
action (mechanism-based inhibitors [Zhong and
Groutas, 2004], acylating-enzyme inhibitors [Lucas
et al., 2011], transition-state analogs, and noncovalent
inhibitors [Sj€o, 2012]). At present, only two drugs are

available for clinical use: ProlastinVR (purified a1-AT)
for the treatment of a1-antitripsin deficiency [Bayer
Corp, 2002] and Sivelestat (ElaspolVR 100, Figure 1)
marketed in Japan and Korea for the treatment of
acute lung injury associated with systemic inflamma-
tory response syndrome [Iwata et al., 2010]. Two
HNE inhibitors are currently in clinical trials:
AZD9668 (Alvelestat) for bronchiectasis and COPD
[Vogelmeier et al., 2012; Stockley et al., 2013] and
BAY 85-8501, a novel dihydropyrimidinone for the
treatment of pulmonary disease (Figure 1) [Von
Nussbaum et al., 2015].

We recently discovered novel HNE inhibitors
belonging to different chemical classes [Crocetti
et al., 2011; Crocetti et al., 2013; Giovannoni et al.,
2015]. These compounds are competitive, pseudo-
irreversible HNE inhibitors and show appreciable
selectivity toward HNE versus the other kinases. The
most interesting HNE inhibitors had an N-benzoylin-
dazole scaffold (structure A, Figure 2) and had activi-
ty in the nanomolar range (IC50 5 7-80 nM). The
essential requirement for activity was the carbonyl
group at position 1, which is the point of attack of
Ser195 in the active site [Crocetti et al., 2013].

In the present paper, we report the synthesis of
a new series of indole derivatives (B) as deaza ana-
logs of the previously described potent indazoles in
order to evaluate the importance of the nitrogen at
position 2 for HNE inhibitory activity (Figure 2). In
the indole scaffold, we inserted the substituents and
functions which in the previous series afforded the
best results, as well as additional modifications. The
results of these studies provide new information on
the importance of various substructures in the devel-
opment of new synthetic HNE inhibitors.

METHODS AND MATERIALS

Chemistry

All new compounds were synthesized as
reported in Figures 3–5, and the structures con-
firmed on the basis of analytical and spectral data.
Figure 3 shows the synthetic pathway used to obtain
the final compounds bearing an ester function (2a-g
and 3a,b), a cyano group (4a,b) [Wang and Chuang,
1997], or a phenylamide (5a-g) at position 3, respec-
tively. The starting compounds 1a-d were synthesized
as previously reported [Shahidul et al., 2006; Spinks
et al., 2003; Yuen et al., 2013; Veale et al., 2015].
The introduction at N-1 of the benzoyl meta or para
substitution was performed by treatment with the
suitable benzoyl chloride either with sodium hydride
in anhydrous tetrahydrofuran (THF) at room temperature
(compounds 2c-g, 3a,b, 4a,b) or with a catalytic amount
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of triethylamine in dichloromethane (compounds 5a-e).
The latter method, using the appropriate sulfonylchloride,
was used for the sulfonamide derivatives 5f,g. Com-
pounds 2a and 2b, lacking the amide function at position
1, were synthesized by a cross-coupling reaction (2a) with
3-methylphenylboronic acid, using copper acetate as cata-
lyst, and triethylamine in dichloromethane or with 3-
methylbenzyl chloride in anhydrous acetonitrile and
K2CO3 (2b).

We next inserted a bromine or a nitro at positions
5 and 6 of indole nucleus (Figure 4). Starting from pre-
cursors 6a-c, synthesized as described previously [Tan-
tak et al., 2013; Li et al., 2012; DeGraw and Goodman,
1964], we obtained the final compounds 7a-e using the
same procedure as described in Figure 3. The 5-NO2

derivative 7e was then converted by catalytic reduction
with a Parr instrument into the corresponding 5-amino
compound 8, which, in turn, was treated with acetyl
chloride in dichloromethane and triethylamine, result-
ing in the final compound 9.

Starting from compounds 10a,b [Panatur et al.,
2013; Sudhakara et al., 2009] and following the same
procedures reported in Figures 3 and 4, we obtained
the desired 11a-d as isomers of 2c,d (5-unsubsti-
tuted) and 7d,e (5-NO2).

Experimental

All melting points were determined using a
B€uchi apparatus (New Castle, DE) and are uncorrect-
ed. Extracts were dried over Na2SO4, and the solvents
were removed under reduced pressure. Merck F-254
commercial plates (Merck, Durham, NC) were used
for analytical TLC to follow the course of reactions.
Silica gel 60 (Merck 70–230 mesh, Merck, Durham,
NC) was used for column chromatography. 1H NMR
and 13C NMR spectra were recorded on an Avance
400 instrument (Bruker Biospin Version 002 with
SGU, Bruker Inc., Billerica, MA). Chemical shifts (d)
are reported in ppm to the nearest 0.01 ppm using
the solvent as an internal standard. Coupling constants
(J values) reported in Hz were calculated using

Fig. 1. HNE inhibitors.

Fig. 2. Indazole derivatives (A) and indole derivatives (B) as deaza
analogs.
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TopSpin 1.3 software (Nicolet Instrument Corp., Mad-
ison, WI) and are rounded to the nearest 0.1 Hz.
Mass spectra (m/z) were recorded on an ESI-TOF
mass spectrometer (Brucker Micro TOF, Bruker Inc.,
Billerica, MA), and reported mass values are within
the error limits of 6 5 ppm mass units. Microanalyses
indicated by the symbols of the elements or functions
were performed with a Perkin–Elmer 260 elemental
analyzer (PerkinElmer, Inc., Waltham, MA) for C, H,
and N, and the results are within 60.4% of the theo-
retical values, unless otherwise stated. Reagents and
starting material were commercially available.

Ethyl 1-(m-tolyl)-1H-indole-3-carboxylate (2a)

A mixture of dry CH2Cl2 (8 mL), 1a (0.53
mmol), 3-methylphenylboronic acid (1.06 mmol),
Cu(Ac)2 (0.79 mmol), and Et3N (1.06 mmol) was

stirred at room temperature for 24 h. The solution
was first washed with water (3 x 20 mL), and then
with 33% aqueous ammonia (3 x 5 mL). The organic
phase was dried over sodium sulfate, and the solvent
was evaporated in vacuo to obtain the final com-
pound 2a, which was purified by column chromatog-
raphy using cyclohexane/ethyl acetate (5:1) as eluent.
Yield 5 19%; oil. 1H NMR (CDCl3) d 1.46 (t, 3H,
OCH2CH3, J 5 7.2 Hz), 2.48 (s, 3H, CH3), 4.44 (q,
2H, OCH2CH3, J 5 7.2 Hz), 7.26-7.36 (m, 5H, Ar),
7.45 (t, 1H, Ar, J 5 8.2 Hz), 7.53 (d, 1H, Ar, J 5 8.0
Hz), 8.04 (d, 1H, Ar, J 5 2.4 Hz), 8.28 (d, 1H, Ar, J
5 8.4 Hz). 13C NMR (CDCl3) d 14.60 (CH3), 21.42
(CH3), 59.85 (CH2), 67.00 (C), 105.00 (C), 111.08
(CH), 120.90 (CH), 121.86 (CH), 122.38 (CH),
123.30 (CH), 125.44 (CH), 128.55 (CH), 129.57
(CH), 130.01 (C), 134.19 (CH), 137.05 (C), 138.30

Fig. 3. Synthesis of the final compounds 2a-g, 3a,b, 4a,b, and 5a-g. Reagents and conditions: a) for 2a: 3-methylphenyl boronic acid,
(CH3COO)2Cu, El3N, anhydrous CH2Cl2, r.t., 24 h; for 2b: 3-methylhenzy1chloride. K2CO3. anhydrous CH3CN. 908C, 3 h; for 2e-9, 3a,b
and 4a,b: NaH. A-COCI. anhydrous THF. r.t., 24 h; for 5a-e: Ar-COCL, Et3N. anhydrous CH2Cl2, 08C. 2h; r.t., 1-8 h: for 5f,g: Ar-SO2CI,
Et3N. anhydrous CH2Cl2, 08C. 2h: r.t., 3-6 h.
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(C), 140.33 (C). ESI-MS calcd. for C18H17NO2,
279.33; found: m/z 280.13 [M 1 H]1. Anal.
C18H17NO2 (C, H, N).

Ethyl 1-(3-methylbenzyl)-1H-indole-3-carboxylate (2b)

A mixture of ethyl 1H-indole-3-carboxylate 1a
(0.47 mmol), K2CO3 (0.94 mmol) and 3-methylbenzyl
chloride (0.71 mmol) in 2 mL of anhydrous acetonitrile

was stirred at reflux for 3 h. After cooling, the mixture
was concentrated in vacuo, diluted with ice-cold water
(10 mL), and extracted with ethyl acetate (3 x 15 mL).
The organic phase was dried over sodium sulfate, and
the solvent was evaporated in vacuo to obtain the final
compound 2b, which was purified by column chroma-
tography using toluene/ethyl acetate (9.5:0.5) as eluent.
Yield 5 66%; oil. 1H NMR (CDCl3) d 1.45 (t, 3H,
OCH2CH3, J 5 7.0 Hz), 2.33 (s, 3H, CH3), 4.42 (q, 2H,
OCH2CH3, J 5 7.0 Hz), 5.31 (s, 2H, CH2), 6.97-7.02
(m, 2H, Ar), 7.13 (d, 1H, Ar, J 5 7.2 Hz), 7.22-7.36 (m,
4H, Ar), 7.88 (s, 1H, Ar), 8.23 (dd, 1H, Ar, J 5 6.8 Hz,
J 5 1.2 Hz). 13C NMR (CDCl3) d 13.60 (CH3), 21.20
(CH3), 59.10 (CH2), 61.80 (CH2), 102.05 (C), 111.07
(CH), 120.14 (CH), 121.03 (CH), 122.00 (CH), 126.24
(CH), 126.30 (CH), 128.05 (CH), 128.10 (C), 128.31
(CH), 129.97 (CH), 137.60 (C), 137.73 (C), 139.00 (C),
167.05 (C). ESI-MS calcd. for C19H19NO2, 293.36; found:
m/z 294.14 [M 1 H]1. Anal. C19H19NO2 (C, H, N).

General procedure for compounds (2c-g)

To a suspension of the substrate 1a (0.53 mmol)
in 10 mL of anhydrous THF, 1.06 mmol of sodium
hydride and 0.64 mmol of appropriate benzoyl chlo-
ride were added. The mixture was stirred at room
temperature overnight. The solvent was concentrated

Fig. 4. Synthesis of the final compounds 7a-e, 8 and 9. Reagents and conditions: a) NaH-I, m-o p-toluoyl chloride, anhydrous THF, r.t.,
24 h; b) H2, Pd/C, EtOH 96%. 30 PSI (Parr), 2 h; c) CH3COCI. Et3N, anhydrous CH2Cl2, 08C, 2 h; r.t., 2 h.

Fig. 5. Synthesis of the final compounds 11a-d. Reagents and con-
ditions: a) NaH, m-o p-toluoyl chloride, anhydrous THF, r.t., 24 h.
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in vacuo to obtain a residue that was purified by crys-
tallization from ethanol.

Ethyl 1-(3-methylbenzoyl)-1H-indole-3-
carboxylate (2c)

Yield 5 23%; mp 5 74-768C (EtOH). 1H NMR
(CDCl3) d 1.43 (t, 3H, OCH2CH3, J 5 7.2 Hz), 2.49
(s, 3H, CH3), 4.42 (q, 2H, OCH2CH3, J 5 7.2 Hz),
7.42-7.50 (m, 4H, Ar), 7.55 (d, 1H, Ar, J 5 6.8 Hz),
7.60 (s, 1H, Ar), 8.02 (s, 1H, Ar), 8.22 (d, 1H, Ar, J
5 8.4 Hz), 8.39 (d, 1H, Ar, J 5 8.0 Hz). 13C NMR
(CDCl3) d 13.60 (CH3), 20.50 (CH3), 59.10 (CH2),
102.00 (C), 111.06 (CH), 120.13 (CH), 121.08 (CH),
122.01 (CH), 124.00 (CH), 126.75 (CH), 128.02 (C),
128.96 (CH), 130.43 (CH), 135.00 (CH), 136.11 (C),
136.64 (C), 138.19 (C), 167.11 (C), 190.01 (C). ESI-
MS calcd. for C19H17NO3, 307.34; found: m/z 308.12
[M 1 H]1. Anal. C19H17NO3 (C, H, N).

Ethyl 1-(4-methylbenzoyl)-1H-indole-3-
carboxylate (2d)

Yield 5 74%; mp 5 109-1118C (EtOH). 1H
NMR (CDCl3) d 1.40 (t, 3H, OCH2CH3, J 5 7.0
Hz), 2.48 (s, 3H, CH3), 4.39 (q, 2H, OCH2CH3, J 5

7.0 Hz), 7.36 (d, 2H, Ar, J 5 7.6 Hz), 7.40-7.45 (m,
2H, Ar), 7.66 (d, 2H, Ar, J 5 8.0 Hz), 8.02 (s, 1H,
Ar), 8.19 (d, 1H, Ar, J 5 6.4 Hz), 8.34 (d, 1H, Ar, J
5 6.4 Hz). 13C NMR (CDCl3) d 14.45 (CH3), 21.71
(CH3), 60.50 (CH2), 102.02 (C), 111.06 (CH), 116.13
(CH), 121.71 (CH), 124.85 (CH), 125.56 (CH),
128.00 (CH), 128.10 (C), 129.57 (CH), 129.73 (CH),
133.52 (CH), 133.70 (C), 136.04 (C), 143.65 (C),
167.01 (C), 190.00 (C). ESI-MS calcd. for
C19H17NO3, 307.34; found: m/z 308.12 [M 1 H]1.
Anal. C19H17NO3 (C, H, N).

Ethyl 1-(4-chlorobenzoyl)-1H-indole-3-
carboxylate (2e)

Yield 5 89%; mp 5 123-1258C (EtOH). 1H
NMR (CDCl3) d 1.44 (t, 3H, OCH2CH3, J 5 7.2
Hz), 4.42 (q, 2H, OCH2CH3, J 5 7.2 Hz), 7.45-7.50
(m, 2H, Ar), 7.58 (d, 2H, Ar, J 5 8.4 Hz), 7.74 (d,
2H, Ar, J 5 8.4 Hz), 7.97 (s, 1H, Ar), 8.10 (d, 2H,
Ar, J 5 8.8 Hz). 13C NMR (CDCl3) d 14.11 (CH3),
60.90 (CH2), 108.62 (C), 115.66 (CH), 119.83 (CH),
121.81 (CH), 124.35 (CH), 124.39 (CH), 126.36 (C),
129.30 (CH), 129.38 (CH), 131.10 (C), 131.33 (CH),
131.37 (CH), 135.72 (C), 140.10 (C), 162.54 (C),
167.71 (C). ESI-MS calcd. for C18H14ClNO3, 327.76;
found: m/z 329.06 [M 1 H]1. Anal. C18H14ClNO3 (C,
H, N).

Ethyl 1-(3-chlorobenzoyl)-1H-indole-3-
carboxylate (2f)

Yield 5 30%; mp 5 89-918C (EtOH). 1H NMR
(CDCl3) d 1.44 (t, 3H, OCH2CH3, J 5 7.2 Hz), 4.43
(q, 2H, OCH2CH3, J 5 7.2 Hz), 7.45-7.50 (m, 2H,
Ar), 7.54 (t, 2H, Ar, J 5 8.0 Hz), 7.63-7.68 (m, 2H,
Ar), 7.78 (s, 1H, Ar), 7.95 (s, 1H, Ar), 8.06 (d, 1H,
Ar, J 5 7.6 Hz). 13C NMR (CDCl3) d 14.19 (CH3),
60.95 (CH2), 108.66 (C), 115.60 (CH), 119.89 (CH),
121.84 (CH), 124.31 (CH), 124.35 (CH), 126.36 (C),
129.20 (CH), 129.98 (CH), 130.60 (CH), 131.93 (C),
134.67 (CH), 134.82 (C), 135.70 (C), 162.54 (C),
167.73 (C). ESI-MS calcd. for C18H14ClNO3, 327.76;
found: m/z 329.06 [M 1 H]1. Anal. C18H14ClNO3 (C,
H, N).

Ethyl 1-(4-fluorobenzoyl)-1H-indole-3-
carboxylate (2g)

Yield 5 89%; mp 5 123-1258C (EtOH). 1H
NMR (CDCl3) d 1.49 (t, 3H, OCH2CH3, J 5 7.2
Hz), 4.45 (q, 2H, OCH2CH3, J 5 7.2 Hz), 7.25 (t,
2H, Ar, J 5 8.0 Hz), 7.48-7.53 (m, 2H, Ar), 7.70-7.75
(m, 2H, Ar), 8.01 (s, 1H, Ar), 8.15-8.20 (m, 2H, Ar).
13C NMR (CDCl3) d 14.12 (CH3), 60.94 (CH2),
108.62 (C), 115.61 (CH), 116.03 (CH), 116.07 (CH),
119.55 (CH), 121.89 (CH), 124.33 (CH), 124.39
(CH), 126.38 (C), 128.60 (C), 131.53 (CH), 131.57
(CH), 135.72 (C), 162.50 (C), 167.74 (C), 168.71 (C).
ESI-MS calcd. for C18H14FNO3, 311.31; found: m/z
312.10 [M 1 H]1. Anal. C18H14FNO3 (C, H, N).

General procedure for compounds (3a,b)

Compounds 3a,b were obtained following the
same procedure performed for compounds 2c-g and
starting from intermediate 1b. The final compounds
3a,b were purified by column chromatography using
cyclohexane/ethyl acetate (6:1) as eluent.

Ethyl 2-(1-(3-methylbenzoyl)-1H-indol-3-
yl)acetate (3a)

Yield 5 14%; oil. 1H NMR (CDCl3) d 1.24
(t, 3H, OCH2CH3, J 5 7.2 Hz), 2.44 (s, 3H, CH3),
3.68 (s, 2H, CH2), 4.16 (q, 2H, OCH2CH3, J 5 7.2
Hz), 7.30 (s, 1H, Ar), 7.33-7.40 (m, 4H, Ar), 7.48-
7.58 (m, 3H, Ar), 8.39 (d, 1H, Ar, J 5 8.0 Hz). 13C
NMR (CDCl3) d 14.19 (CH3), 21.38 (CH3), 31.17
(CH2), 61.08 (CH2), 114.50 (C), 116.58 (CH), 119.03
(CH), 123.86 (CH), 125.22 (CH), 126.10 (CH), 126.17
(CH), 128.42 (CH), 129.59 (CH), 130.51 (C), 132.60
(CH), 134.60 (C), 136.24 (C), 138.63 (C), 168.72 (C),
170.79 (C). ESI-MS calcd. for C20H19NO3, 321.37;
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found: m/z 322.14 [M 1 H]1. Anal. C20H19NO3 (C,
H, N).

Ethyl 2-(1-(4-methylbenzoyl)-1H-indol-3-
yl)acetate (3b)

Yield 5 37%; mp 5 63-658C (EtOH). 1H NMR
(CDCl3) d 1.25 (t, 3H, OCH2CH3, J 5 7.0 Hz), 2.46
(s, 3H, CH3), 3.69 (s, 2H, CH2), 4.17 (q, 2H,
OCH2CH3, J 5 7.0 Hz), 7.31-7.41 (m, 5H, Ar), 7.57
(d, 1H, Ar, J 5 7.6 Hz), 7.64 (d, 2H, Ar, J 5 8.0
Hz), 8.38 (d, 1H, Ar, J 5 8.0 Hz). 13C NMR
(CDCl3) d 14.20 (CH3), 21.65 (CH3), 31.13 (CH2),
61.09 (CH2), 114.31 (C), 116.51 (CH), 119.00 (CH),
123.78 (CH), 125.16 (CH), 126.18 (CH), 129.26
(CH), 129.27 (CH), 129.37 (CH), 129.38 (CH),
130.45 (C), 131.67 (C), 136.25 (C), 142.59 (C),
168.57 (C), 170.85 (C). ESI-MS calcd. for
C20H19NO3, 321.37; found: m/z 322.14 [M 1 H]1.
Anal. C20H19NO3 (C, H, N).

General procedure for compounds (5a-g)

To a cooled (08C) suspension of the substrate
1d (0.40 mmol) in anhydrous CH2Cl2 (2 mL), Et3N
(0.10 mmol) and 1.15 mmol of the appropriate ben-
zoyl chloride (for compounds 5a-e) or sulfonyl
chloride (for compounds 5f,g) were added. The
solution was stirred at 08C for 2 h and then at
room temperature for 2 h. After evaporation of the
solvent, ice-cold water (20 mL) was added, and the
mixture was neutralized with 0.5 N NaOH. Com-
pounds 5a,b,e were recovered by extraction with
CH2Cl2 (3 x 15 mL), while all other compounds
were recovered by vacuum filtration. The final
compounds 5a-g were purified by crystallization
from ethanol.

1-(4-chlorobenzoyl)-N-phenyl-1H-indole-3-
carboxamide (5a)

Yield 5 60%; mp 5 171-1738C (EtOH). 1H
NMR (CDCl3) d 7.18 (t, 1H, Ar, J 5 7.4 Hz), 7.39
(t, 2H, Ar, J 5 7.8 Hz), 7.45-7.50 (m, 2H, Ar), 7.55
(d, 2H, Ar, J 5 8.8 Hz), 7.64 (d, 2H, Ar, J 5 7.6
Hz), 7.72 (d, 2H, Ar, J 5 8.8 Hz), 7.88 (s, 1H, Ar),
8.08-8.13 (m, 1H, Ar), 8.33-8.38 (m, 1H, Ar). 13C
NMR (CDCl3) d 112.00 (C), 115.66 (CH), 119.83
(CH), 121.61 (CH), 121.67 (CH), 121.80 (CH),
124.35 (CH), 124.39 (CH), 126.36 (C), 128.03 (CH),
128.90 (CH), 128.95 (CH), 129.34 (CH), 129.39
(CH), 131.11 (C), 131.31 (CH), 131.36 (CH), 135.72
(C), 137.93 (C), 140.10 (C), 164.77 (C), 167.70 (C).
ESI-MS calcd. for C22H15ClN2O2, 374.82; found: m/z
376.08 [M 1 H]1. Anal. C22H15ClN2O2 (C, H, N).

1-(3-chlorobenzoyl)-N-phenyl-1H-indole-3-
carboxamide (5b)

Yield 5 58%; mp 5 161-1638C (EtOH). 1H
NMR (CDCl3) d 7.18 (t, 1H, Ar, J 5 7.2 Hz), 7.40
(t, 2H, Ar, J 5 7.2 Hz), 7.49-7.55 (m, 3H, Ar), 7.60-
7.65 (m, 4H, Ar), 7.73 (exch br s, 1H, NH), 7.78 (s,
1H, Ar), 7.88 (s, 1H, Ar), 8.11 (d, 1H, Ar, J 5 8.0
Hz), 8.40 (d, 1H, Ar, J 5 7.2 Hz). 13C NMR
(CDCl3) d 112.02 (C), 115.60 (CH), 119.85 (CH),
121.63 (CH), 121.68 (CH), 121.80 (CH), 124.34
(CH), 124.37 (CH), 126.31 (C), 128.03 (CH), 128.92
(CH), 128.96 (CH), 129.24 (CH), 129.99 (CH),
130.61 (CH), 131.91 (C), 134.66 (CH), 134.82 (C),
135.73 (C), 137.90 (C), 164.77 (C), 167.71 (C). ESI-
MS calcd. for C22H15ClN2O2, 374.82; found: m/z
376.08 [M 1 H]1. Anal. C22H15ClN2O2 (C, H, N).

1-(4-methylbenzoyl)-N-phenyl-1H-indole-3-
carboxamide (5c)

Yield 5 35%; mp 5 150-1518C (EtOH). 1H
NMR (CDCl3) d 2.51 (s, 3H, CH3), 7.19 (t, 1H, Ar, J
5 7.4 Hz), 7.30-7.40 (m, 4H, Ar), 7.45-7.50 (m, 2H,
Ar), 7.60-7.75 (m, 5H, 4H Ar 1 1H NH), 7.96 (s, 1H,
Ar), 8.08-8.13 (m, 1H, Ar), 8.34-8.39 (m, 1H, Ar).
13C NMR (CDCl3) d 21.30 (CH3), 112.05 (C), 115.64
(CH), 119.83 (CH), 121.62 (CH), 121.68 (CH),
121.85 (CH), 124.35 (CH), 124.38 (CH), 126.31 (C),
128.04 (CH), 128.90 (CH), 128.96 (CH), 129.54
(CH), 129.59 (CH), 129.81 (CH), 129.85 (CH),
130.06 (C), 135.72 (C), 137.95 (C), 144.20 (C),
164.75 (C), 167.71 (C). ESI-MS calcd. for
C23H18N2O2, 354.40; found: m/z 355.14 [M 1 H]1.
Anal. C23H18N2O2 (C, H, N).

1-(4-fluorobenzoyl)-N-phenyl-1H-indole-3-
carboxamide (5d)

Yield 5 77%; mp 5 218-2208C (EtOH). 1H
NMR (CDCl3) d 7.19 (t, 1H, Ar, J 5 7.2 Hz), 7.28
(t, 2H, Ar, J 5 7.8 Hz), 7.39 (t, 2H, Ar, J 5 8.0 Hz),
7.46-7.52 (m, 2H, Ar), 7.65 (d, 2H, Ar, J 5 8.0 Hz),
7.71 (exch br s, 1H, NH), 7.80-7.85 (m, 2H, Ar), 7.92
(s, 1H, Ar), 8.10-8.15 (m, 1H, Ar), 8.34-8.39 (m, 1H,
Ar). 13C NMR (CDCl3) d 112.03 (C), 115.65 (CH),
116.03 (CH), 116.07 (CH), 119.88 (CH), 121.65
(CH), 121.69 (CH), 121.88 (CH), 124.31 (CH),
124.34 (CH), 126.30 (C), 128.06 (CH), 128.64 (C),
128.92 (CH), 128.96 (CH), 131.53 (CH), 131.56
(CH), 135.75 (C), 137.96 (C), 164.75 (C), 167.71 (C),
168.70 (C). ESI-MS calcd. for C22H15FN2O2, 358.37;
found: m/z 359.12 [M 1 H]1. Anal. C22H15FN2O2

(C, H, N).
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1-(3-fluorobenzoyl)-N-phenyl-1H-indole-3-
carboxamide (5e)

Yield 5 30%; mp 5 164-1678C (EtOH). 1H
NMR (CDCl3) d 7.19 (t, 1H, Ar, J 5 7.2 Hz), 7.40
(t, 3H, Ar, J 5 7.6 Hz), 7.50-7.60 (m, 5H, Ar), 7.64
(d, 2H, Ar, J 5 8.0 Hz), 7.71 (exch br s, 1H, NH),
7.89 (s, 1H, Ar), 8.09-8.14 (m, 1H, Ar), 8.39-8.44 (m,
1H, Ar). 13C NMR (CDCl3) d 112.05 (C), 114.75
(CH), 115.63 (CH), 119.87 (CH), 121.38 (CH),
121.65 (CH), 121.69 (CH), 121.80 (CH), 124.33
(CH), 124.38 (CH), 126.35 (C), 126.76 (CH), 128.04
(CH), 128.93 (CH), 128.97 (CH), 130.83 (CH),
132.16 (C), 135.70 (C), 137.95 (C), 163.45 (C),
164.71 (C), 167.70 (C). ESI-MS calcd. for
C22H15FN2O2, 358.37; found: m/z 359.12 [M 1 H]1.
Anal. C22H15FN2O2 (C, H, N).

N-phenyl-1-tosyl-1H-indole-3-carboxamide (5f)

Yield 5 64%; mp 5 219-2218C (EtOH). 1H
NMR (CDCl3) d 2.39 (s, 3H, CH3), 7.19 (t, 1H, Ar, J
5 7.2 Hz), 7.30-7.45 (m, 5H, Ar), 7.60-7.70 (m, 3H,
Ar), 7.85 (d, 2H, Ar, J 5 7.2 Hz), 8.02 (d, 1H, Ar, J
5 8.0 Hz), 8.12 (d, 1H, Ar, J 5 7.6 Hz), 8.15 (s, 1H,
Ar). 13C NMR (CDCl3) d 21.35 (CH3), 112.00 (C),
114.54 (CH), 119.89 (CH), 121.63 (CH), 121.69
(CH), 121.85 (CH), 124.95 (CH), 126.38 (C), 127.31
(CH), 128.04 (CH), 128.20 (CH), 128.26 (CH),
128.94 (CH), 128.99 (CH), 130.01 (CH), 130.05
(CH), 134.86 (C), 135.82 (C), 137.95 (C), 139.40 (C),
164.75 (C). ESI-MS calcd. for C22H18N2O3S, 390.45;
found: m/z 391.11 [M 1 H]1. Anal. C22H18N2O3S (C,
H, N).

1-((4-chlorophenyl)sulfonyl)-N-phenyl-1H-indole-3-
carboxamide (5g)

Yield 5 67%; mp 5 216-2188C (EtOH). 1H
NMR (CDCl3) d 7.20 (t, 1H, Ar, J 5 7.4 Hz), 7.40-
7.50 (m, 7H, Ar), 7.60-7.70 (m, 2H, 1H Ar 1 1H
NH), 7.89 (d, 2H, Ar, J 5 8.8 Hz), 8.01 (d, 1H, Ar, J
5 7.6 Hz), 8.13 (s, 2H, Ar). 13C NMR (CDCl3) d
112.01 (C), 114.53 (CH), 119.80 (CH), 121.61 (CH),
121.66 (CH), 121.85 (CH), 124.97 (CH), 126.35 (C),
127.31 (CH), 128.05 (CH), 128.91 (CH), 128.96
(CH), 129.74 (CH), 129.79 (CH), 129.81 (CH),
129.85 (CH), 135.86 (C), 135.92 (C), 137.95 (C),
139.30 (C), 164.71 (C). ESI-MS calcd. for
C21H15ClN2O3S, 410.87; found: m/z 412.05
[M 1 H]1. Anal. C21H15ClN2O3S (C, H, N).

General procedure for compounds 7a-e

Compounds 7a-e were obtained following the
same procedure performed for compounds 2c-g and

3a,b, starting from intermediates 6a-c. The final
compounds 7a-e were purified by crystallization from
ethanol.

Ethyl 5-bromo-1-(3-methylbenzoyl)-1H-indole-3-
carboxylate (7a)

Yield 5 53%; mp 5 136-1378C (EtOH). 1H
NMR (CDCl3) d 1.40 (t, 3H, OCH2CH3, J 5 7.2
Hz), 2.46 (s, 3H, CH3), 4.40 (q, 2H, OCH2CH3, J 5

7.2 Hz), 7.42-7.56 (m, 5H, Ar), 7.98 (s, 1H, Ar), 8.23
(d, 1H, Ar, J 5 8.8 Hz), 8.33 (d, 1H, Ar, J 5 2.0
Hz). 13C NMR (CDCl3) d 14.10 (CH3), 23.90 (CH3),
60.90 (CH2), 108.70 (C), 113.36 (CH), 117.03 (C),
121.10 (CH), 121.21 (CH), 124.40 (CH), 126.95
(CH), 128.32 (C), 129.20 (CH), 130.23 (CH), 130.50
(C), 134.71 (C), 134.80 (CH), 138.90 (C), 166.01 (C),
167.81 (C). ESI-MS calcd. for C19H16BrNO3, 386.24;
found: m/z 387.03 [M 1 H]1. Anal. C19H16BrNO3

(C, H, N).

Ethyl 6-bromo-1-(3-methylbenzoyl)-1H-indole-3-
carboxylate (7b)

Yield 5 62%; oil. 1H NMR (CDCl3) d 1.38 (t,
3H, OCH2CH3, J 5 7.2 Hz), 2.46 (s, 3H, CH3), 4.37
(q, 2H, OCH2CH3, J 5 7.2 Hz), 7.41-7.55 (m, 5H,
Ar), 7.94 (s, 1H, Ar), 8.02 (d, 1H, Ar, J 5 8.4 Hz),
8.57 (d, 1H, Ar, J 5 1.6 Hz). 13C NMR (CDCl3) d
14.42 (CH3), 21.38 (CH3), 60.58 (CH2), 113.32 (C),
119.30 (CH), 120.09 (C), 122.83 (CH), 126.55 (CH),
128.21 (CH), 128.76 (CH), 129.92 (CH), 132.91 (C),
133.44 (CH), 133.64 (CH), 136.94 (C), 139.10 (C),
144.00 (C), 163.67 (C), 168.59 (C). ESI-MS calcd.
for C19H16BrNO3, 386.24; found: m/z 387.03
[M 1 H]1. Anal. C19H16BrNO3 (C, H, N).

Ethyl 6-bromo-1-(4-methylbenzoyl)-1H-indole-3-
carboxylate (7c)

Yield 5 44%; mp> 3008C (EtOH). 1H NMR
(CDCl3) d 1.39 (t, 3H, OCH2CH3, J 5 7.2 Hz), 2.48
(s, 3H, CH3), 4.38 (q, 2H, OCH2CH3, J 5 7.0 Hz),
7.37 (d, 2H, Ar, J 5 8.0 Hz), 7.52 (dd, 1H, Ar, J 5

8.6 Hz, J 5 1.8 Hz), 7.65 (d, 2H, Ar, J 5 8.0 Hz),
7.97 (s, 1H, Ar), 8.04 (d, 1H, Ar, J 5 8.4 Hz), 8.57
(d, 1H, Ar, J 5 1.2 Hz). 13C NMR (CDCl3) d 14.43
(CH3), 21.75 (CH3), 60.68 (CH2), 113.20 (C), 119.27
(CH), 119.43 (C), 122.85 (CH), 126.54 (C), 128.22
(CH), 129.67 (CH), 129.76 (CH), 129.99 (C), 130.65
(CH), 133.45 (CH), 133.70 (CH), 137.02 (C), 143.99
(C), 163.79 (C), 168.43 (C). ESI-MS calcd. for
C19H16BrNO3, 386.24; found: m/z 387.03 [M 1 H]1.
Anal. C19H16BrNO3 (C, H, N).
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Ethyl 1-(3-methylbenzoyl)25-nitro-1H-indole-3-
carboxylate (7d)

Yield 5 93%; mp 5 153-1558C (EtOH). 1H
NMR (CDCl3) d 1.44 (t, 3H, OCH2CH3, J 5 7.2
Hz), 2.47 (s, 3H, CH3), 4.44 (q, 2H, OCH2CH3, J 5

7.2 Hz), 7.46-7.55 (m, 3H, Ar), 7.59 (s, 1H, Ar), 8.15
(s, 1H, Ar), 8.32 (dd, 1H, Ar, J 5 9.2 Hz, J 5 2.4
Hz), 8.46 (d, 1H, Ar, J 5 9.2 Hz), 9.08 (d, 1H, Ar, J
5 2.0 Hz). 13C NMR (CDCl3) d 14.42 (CH3), 21.41
(CH3), 61.13 (CH2), 113.97 (C), 116.54 (CH), 118.17
(CH), 120.77 (CH), 126.74 (CH), 127.71 (C), 128.97
(CH), 130.11 (CH), 132.24 (C), 134.28 (CH), 135.79
(CH), 139.25 (C), 139.38 (C), 145.16 (C), 163.11 (C),
167.51 (C). ESI-MS calcd. for C19H16N2O5, 352.34; found:
m/z 353.11 [M 1 H]1. Anal. C19H16N2O5 (C, H, N).

Ethyl 1-(4-methylbenzoyl)25-nitro-1H-indole-3-
carboxylate (7e)

Yield 5 95%; mp 5 176-1788C (EtOH). 1H
NMR (CDCl3) d 1.44 (t, 3H, OCH2CH3, J 5 7.2
Hz), 2.50 (s, 3H, CH3), 4.44 (q, 2H, OCH2CH3, J 5

7.2 Hz), 7.40 (d, 2H, Ar, J 5 8.0 Hz), 7.69 (d, 2H,
Ar, J 5 8.0 Hz), 8.17 (s, 1H, Ar), 8.31 (dd, 1H, Ar, J
5 9.2 Hz, J 5 2.4 Hz), 8.43 (d, 1H, Ar, J 5 9.2 Hz),
9.08 (d, 1H, Ar, J 5 2.4 Hz). 13C NMR (CDCl3) d
14.12 (CH3), 21.31 (CH3), 60.93 (CH2), 108.60 (C),
112.04 (CH), 115.07 (CH), 116.00 (CH), 124.34
(CH), 127.21 (C), 129.50 (CH), 129.81 (CH), 130.04
(C), 132.28 (C), 134.25 (CH), 135.70 (CH), 141.89
(C), 144.25 (C), 162.50 (C), 167.71 (C). IR 5 1332-
1558 cm21 (NO2), 1690 cm21 (C 5 O amide),
1710 cm21 (C 5 O ester). ESI-MS calcd. for
C19H16N2O5, 352.34; found: m/z 353.11 [M 1 H]1.
Anal. C19H16N2O5 (C, H, N).

Ethyl 5-amino-1-(4-methylbenzoyl)21H-indole-3-
carboxylate (8)

Compound 7e (1.42 mmol) was reduced in Parr
instrument (27 mL EtOH, 320 mg 10% Pd/C, 30 psi,
2 h). The catalyst was filtered off, and the solvent
was evaporated under vacuum, resulting in the final
compound, which was purified by column chromatog-
raphy using cyclohexane/ethyl acetate (1:1) as eluent.
Yield 5 26%; mp 5 152-1548C (EtOH). 1H NMR
(DMSO-d6) d 1.26 (t, 3H, OCH2CH3, J 5 7.2 Hz),
2.40 (s, 3H, CH3), 4.23 (q, 2H, OCH2CH3, J 5 7.2
Hz), 5.21 (exch br s, 2H, NH2), 6.69 (d, 1H, Ar, J 5

8.4 Hz), 7.24 (s, 1H, Ar), 7.39 (d, 2H, Ar, J 5 8.0
Hz), 7.63-7.68 (m, 3H, Ar), 7.93 (d, 1H, Ar, J 5 8.6
Hz). 13C NMR (DMSO-d6) d 14.10 (CH3), 21.31
(CH3), 60.95 (CH2), 104.60 (CH), 108.64 (C), 107.37
(CH), 111.90 (CH), 124.34 (CH), 125.71 (C), 126.90

(C), 127.61 (C), 129.54 (CH), 129.88 (CH), 134.25
(CH), 135.73 (CH), 143.99 (C), 144.25 (C), 162.56
(C), 167.70 (C). IR 5 1689 cm21 (C 5 O amide),
1710 cm21 (C 5 O ester), 3356-3460 cm21 (NH2).
ESI-MS calcd. for C19H18N2O3, 322.36; found: m/z
323.14 [M 1 H]1. Anal. C19H18N2O3 (C, H, N).

Ethyl 5-acetamido-1-(4-methylbenzoyl)21H-indole-
3-carboxylate (9)

Compound 9 was obtained starting from inter-
mediate 8 and following the same procedure per-
formed for compounds 5a-e using acetyl chloride as
reagent. Compound 9 was recovered by vacuum fil-
tration and was purified by column chromatography
using cyclohexane/ethyl acetate (1:2) as eluent.
Yield 5 15%; mp 5 187-1898C dec. (EtOH). 1H NMR
(DMSO-d6) d 1.40 (t, 3H, OCH2CH3, J 5 6.8 Hz),
2.22 (s, 3H, CH3CONH), 2.47 (s, 3H, CH3), 4.37 (q,
2H, OCH2CH3, J 5 6.4 Hz), 7.35 (d, 2H, Ar, J 5

7.6 Hz), 7.44 (exch br s, 1H, NH), 7.64 (d, 3H, Ar, J
5 7.2 Hz), 7.99 (s, 1H, Ar), 8.23-8.28 (m, 2H, Ar).
13C NMR (DMSO-d6) d 14.11 (CH3), 21.30 (CH3),
24.05 (CH3), 60.90 (CH2), 108.63 (C), 109.94 (CH),
111.37 (CH), 112.61 (CH), 124.30 (CH), 126.31 (C),
127.60 (C), 128.95 (CH), 129.51 (CH), 129.84 (CH),
130.11 (CH), 131.38 (C), 133.85 (C), 144.23 (C),
162.50 (C), 167.75 (C), 168.96 (C). ESI-MS calcd.
for C21H20N2O4, 364.39; found: m/z 365.15
[M 1 H]1. Anal. C21H20N2O4 (C, H, N).

General procedure for compounds (11a-d)

Compounds 11a-d were obtained starting from
intermediates 10a,b and following the same proce-
dure performed for compounds 2c-g, 3a,b, and 7a-
e. The final compounds 11a-d were purified by col-
umn chromatography using toluene/ethyl acetate
(9:1) (for 11a) or cyclohexane/ethyl acetate (6:1) (for
11b-d) as eluents.

Ethyl 1-(3-methylbenzoyl)21H-indole-2-carboxylate
(11a)

Yield 5 4%; oil. 1H NMR (CDCl3) d 1.08 (t, 3H,
OCH2CH3, J 5 7.2 Hz), 2.38 (s, 3H, CH3), 3.97 (q,
2H, OCH2CH3, J 5 7.2 Hz), 7.27-7.41 (m, 5H, Ar),
7.46 (d, 1H, Ar, J 5 7.6 Hz), 7.56 (s, 1H, Ar), 7.70 (d,
1H, Ar, J 5 8.0 Hz), 7.77 (d, 1H, Ar, J 5 8.4 Hz).
13C NMR (CDCl3) d 14.10 (CH3), 20.95 (CH3), 60.90
(CH2), 108.42 (CH), 115.66 (CH), 119.83 (CH),
123.58 (CH), 124.31 (CH), 126.20 (C), 126.35 (C),
128.12 (CH), 129.16 (CH), 130.13 (CH), 130.40 (C),
134.81 (CH), 138.94 (C), 140.69 (C), 160.11 (C),
167.70 (C). ESI-MS calcd. for C19H17NO3, 307.34;
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found: m/z 308.12 [M 1 H]1. Anal. C19H17NO3 (C,
H, N).

Ethyl 1-(4-methylbenzoyl)21H-indole-2-carboxylate
(11b)

Yield 5 8%; oil. 1H NMR (CDCl3) d 1.10 (t,
3H, OCH2CH3, J 5 7.2 Hz), 2.41 (s, 3H, CH3), 3.99
(q, 2H, OCH2CH3, J 5 7.2 Hz), 7.23-7.30 (m, 3H,
Ar), 7.35-7.40 (m, 2H, Ar), 7.61 (d, 2H, Ar, J 5 8.4
Hz), 7.68-7.73 (m, 2H, Ar). 13C NMR (CDCl3) d
14.10 (CH3), 21.35 (CH3), 60.92 (CH2), 108.40 (CH),
115.68 (CH), 119.81 (CH), 123.55 (CH), 124.30
(CH), 126.25 (C), 126.31 (C), 129.52 (CH), 129.86
(CH), 130.03 (C), 130.40 (CH), 134.85 (CH), 140.64
(C), 144.20 (C), 160.10 (C), 167.75 (C). ESI-MS
calcd. for C19H17NO3, 307.34; found: m/z 308.12
[M 1 H]1. Anal. C19H17NO3 (C, H, N).

Ethyl 1-(3-methylbenzoyl)25-nitro-1H-indole-2-
carboxylate (11c)

Yield 5 33%; mp 5 123-1258C (EtOH). 1H
NMR (CDCl3) d 1.12 (t, 3H, OCH2CH3, J 5 7.2
Hz), 2.40 (s, 3H, CH3), 4.03 (q, 2H, OCH2CH3, J 5

7.0 Hz), 7.35 (t, 1H, Ar, J 5 7.6 Hz), 7.40-7.45 (m,
3H, Ar), 7.55 (s, 1H, Ar), 7.79 (d, 1H, Ar, J 5 9.2
Hz), 8.26 (dd, 1H, Ar, J 5 9.2 Hz, J 5 2.4 Hz), 8.66
(d, 1H, Ar, J 5 2.0 Hz). 13C NMR (CDCl3) d 13.82
(CH3), 21.27 (CH3), 61.89 (CH2), 114.18 (CH),
114.81 (CH), 119.21 (CH), 121.81 (CH), 126.73
(CH), 128.14 (C), 128.92 (CH), 130.06 (CH), 131.50
(C), 134.29 (C), 134.87 (CH), 139.17 (C), 141.02 (C),
144.08 (C), 160.15 (C), 168.30 (C). ESI-MS calcd.
for C19H16N2O5, 352.34; found: m/z 353.11
[M 1 H]1. Anal. C19H16N2O5 (C, H, N).

Ethyl 1-(4-methylbenzoyl)25-nitro-1H-indole-2-
carboxylate (11d)

Yield 5 13%; mp 5 109-1118C (EtOH). 1H
NMR (CDCl3) d 1.13 (t, 3H, OCH2CH3, J 5 7.2
Hz), 2.44 (s, 3H, CH3), 4.06 (q, 2H, OCH2CH3, J 5

7.2 Hz), 7.28 (d, 2H, Ar, J 5 8.0 Hz), 7.49 (s, 1H,
Ar), 7.60 (d, 2H, Ar, J 5 8.4 Hz), 7.73 (d, 1H, Ar, J
5 9.2 Hz), 8.25 (dd, 1H, Ar, J 5 9.2 Hz, J 5 2.0
Hz), 8.66 (d, 1H, Ar, J 5 2.0 Hz). 13C NMR
(CDCl3) d 13.85 (CH3), 21.84 (CH3), 61.88 (CH2),
114.03 (CH), 114.76 (CH), 119.26 (CH), 121.71
(CH), 126.60 (C), 129.76 (CH), 129.77 (CH), 129.80
(CH), 129.81 (CH), 131.49 (C), 133.80 (C), 141.00
(C), 143.96 (C), 145.39 (C), 160.15 (C), 168.32 (C).
ESI-MS calcd. for C19H16N2O5, 352.34; found: m/z
353.11 [M 1 H]1. Anal. C19H16N2O5 (C, H, N).

Pharmacology

Compounds were dissolved in 100% DMSO at
5 mM stock concentrations. The final concentration
of DMSO in the reactions was 1%, a level of DMSO
that had no effect on enzyme activity. The HNE inhi-
bition assay was performed in black flat-bottom 96-
well microtiter plates. Briefly, a mixture of 200 mM
Tris–HCl, pH 7.5, 0.01% bovine serum albumin
(Fisher Scientific), 0.05% Tween-20, and 20 mU/mL
of HNE (Calbiochem) was added to wells containing
different concentrations of each compound. The
reaction was initiated by addition of 25 mM elastase
substrate (N-methylsuccinyl-Ala-Ala-Pro-Val-7-amino-
4-methylcoumarin, Calbiochem) in a final reaction
volume of 100 mL/well. Kinetic measurements were
obtained every 30 s for 10 min at 258C using a Fluo-
roskan Ascent FL fluorescence microplate reader
(Thermo Electron, MA) with excitation and emission
wavelengths at 355 and 460 nm, respectively. For all
compounds tested, the concentration of inhibitor that
caused 50% inhibition of the enzymatic reaction
(IC50) was calculated by plotting percentage inhibi-
tion versus log inhibitor concentration (a minimum of
six points). The data were presented as the mean val-
ues of at least three independent experiments with
relative standard deviations of less than 15%.

Molecular Modeling

Initial structures of the compounds 2c, 4a, 7d,
and A1-A3 (Tables 1 and 2) were generated using
HyperChem 8.0 (Shimadzu Corporation, Kyoto,
Japan) and optimized by the semi-empirical PM3
method. Docking of the molecules was performed
with the use of Molegro Virtual Docker, version 4.2.0
(CLC Bio, Copenhagen, Denmark) as described pre-
viously [Giovannoni et al., 2015]. The structure of
HNE complexed with a peptide chloromethyl ketone
inhibitor was used for the docking study (1HNE
from the Protein Data Bank). The search area for
docking poses was defined as a sphere with 10 Å
radius centered at the nitrogen atom in the five-
membered ring of the peptide chloromethyl ketone
inhibitor. After removal of this peptide and co-
crystallized water molecules from the program work-
space, we set side chain flexibility for the 42 residues
closest to the center of the search area as reported
previously [Giovannoni et al., 2015]. These flexible
residues included the catalytic triad of Ser195, His57,
and Asp102. Fifteen docking runs were performed
for each compound, with full flexibility of a ligand
around all rotatable bonds and side chain flexibility
of the above-mentioned residues of the enzyme.
Parameters used within Docking Wizard of the
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Molegro program were as described previously [Gio-
vannoni et al., 2015].

RESULTS AND DISCUSSION

All compounds were evaluated for their ability
to inhibit HNE with the results are reported in

Tables (1–3) together with activity values of some
potent N-benzoylindazoles (A1-A3) previously synthe-
sized [Crocetti et al., 2011, 2013]. From a first evalu-
ation of the biological data, it appeared evident that
the indole nucleus was not as effective as the inda-
zole nucleus for HNE inhibition, as the most active
compounds had IC50 values in the micromolar range,
and many of the synthesized compounds were inac-
tive at the highest tested concentration of 50 mM.
These results do, however, provide new information
on the importance of various substituents in develop-
ing compounds with HNE inhibitor activity.

As shown in Table 1, the introduction of func-
tions and groups (COOEt, CN, CONHPh) at position
3 of the indazole series resulted in several com-
pounds with activity in the micromolar range (2e, 2g,
4b, and 5c with IC50 values of 3.8 mM, 12.2 mM,
10.1 mM, and 45.3 mM, respectively). All other com-
pounds were inactive (IC50 values greater than 50
mM). Interestingly, we found opposite activities
between the pairs of isomers 2e/2f and 4a/4b. In

TABLE 1. HNE Inhibitory Activity of Indole Derivatives 2a-g, 3a,b,
4a,b, 5a-g

Comp R3 X R IC50 (mM)a

2a COOEt - m-CH3 NAb

2b COOEt CH2 m-CH3 NAb

2c COOEt CO m-CH3 NAb

2d COOEt CO p-CH3 NAb

2e COOEt CO p-Cl 3.8 6 0.4
2f COOEt CO m-Cl NAb

2g COOEt CO p-F 12.2 6 2.3
3a CH2COOEt CO m-CH3 NAb

3b CH2COOEt CO p-CH3 NAb

4a CN CO m-CH3 NAb

4b CN CO p-CH3 10.1 6 1.3
5a CONHPh CO p-Cl NAb

5b CONHPh CO m-Cl NAb

5c CONHPh CO p-CH3 45.3 6 6.7
5d CONHPh CO p-F NAb

5e CONHPh CO m-F NAb

5f CONHPh SO2 p-CH3 NAb

5g CONHPh SO2 p-Cl NAb

A1c 0.41 6 0.11

A2d 0.007 6 0.0015

aIC50 values are presented as the mean 6 SD of three independent
experiments.
bNA: no inhibitory activity was found at the highest concentration
of compound tested (50 mM).
cCrocetti et al., 2011.
dCrocetti et al., 2013.

TABLE 2. HNE Inhibitory Activity of Indole Derivatives 7a-e, 8,
and 9

Comp R R1 IC50 (mM)a

7a 5-Br m-CH3 21.6 6 3.3
7b 6-Br m-CH3 NAb

7c 6-Br p-CH3 10.5 6 1.7
7d 5-NO2 m-CH3 2.4 6 0.4
7e 5-NO2 p-CH3 13.2 6 1.8
8 5-NH2 p-CH3 NAb

9 5-NHCOCH3 p-CH3 NAb

A3c 0.02 6 0.028

aIC50 values are presented as the mean 6 SD of three independent
experiments.
bNA: no inhibitory activity was found at the highest concentration
of compound tested (50 mM).
cCrocetti et al., 2013.
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both pairs, the derivative with the benzoyl fragment
substituted in the meta position was inactive
(i.e.,compounds 2f and 4a), whereas the correspond-
ing para-substituted derivatives had appreciable
activity. This trend was in contrast to that found for
the indazole series, where both isomers were active
[Crocetti et al., 2013]. Furthermore, inactive 4a is
the deaza analog of reference compound A2, which
is the most potent HNE inhibitor we have synthe-
sized to date (IC50 5 7 nM). Although compounds
2a,b and 5f,g were synthesized with the goal of con-
firming the importance of the carbonyl group at N-1,
the lack of activity of these compounds suggests this
molecular feature is not the point of attack of serine
OH.

The introduction at position 5 or 6 of substitu-
ents that led to the best results in the previous series
of compounds [Crocetti et al., 2013], such as nitro,
bromine, and acetamido, led only to compounds with
low HNE inhibitory activity (7a, IC50 5 21.6 mM; 7c,
IC50 5 10.5 mM; 7d, IC50 5 2.4 mM; 7e, IC50 5 13.2
mM) or no activity (7b, 8 and 9) (Table 2). The same
results were found by moving the carbethoxy func-
tion from position 3 to position 2 (Table 3).

Docking studies showed that pairs of molecules
differing in the presence or absence of pyrazole-type
nitrogen atom in the five-membered heterocycle (A1
vs. 2c and A2 vs. 4a, respectively) exhibited differ-
ences in molecule orientation within the receptor
cavity. However, molecules A3 and 7d had almost
coinciding positions of the m-tolyl and heterocyclic
moieties with the ester and amide fragments. Accord-
ing to the general catalytic mechanism of serine

proteases, the ligand forms a Michaelis complex
through attack of its electron-deficient atom (usually
carbonyl carbon) at the Ser195 hydroxyl group. This
complex formation is accompanied by the proton
transfer from Ser195 to Asp102 via His57. Length L
of the proton transfer channel is one of the factors
influencing the interaction of a ligand with HNE.
The other factor is the geometry of the Michaelis
complex. It was reported earlier [Vergely et al., 1996;
Peters and Merz, 2006] that the value of angle a
between the C 5 O bond in the ligand and the
Ser195. . .CO axis should lie within 80. . .1208 for
effective binding of the carbonyl group to Ser195
(Figure 6). Although docking poses are not identical
for Michaelis complexes, the geometry of the poses
can be used for the evaluation of complexation possi-
bilities. Specifically, the amide carbonyl group was
located in the vicinity of HNE Ser195 for all of the
compounds evaluated in the docking study except for
inhibitor A1, which has an ester carbonyl group ori-
entation favorable for interaction with the catalytic
triad (Ser195, His57, and Asp102).

The geometric characteristics of pose orienta-
tions and arrangements of the triad were in general
agreement with the inhibitory activities of the com-
pounds towards HNE (Table 4). Thus, the proton
transfer channel had significantly shorter lengths for
active compounds A1 and A2 (L value is between 5
and 6 Å) compared to their inactive indole counter-
parts 2c and 4a, respectively (L> 8 Å). HNE inhibi-
tor A3 had a geometry of the Ser195. . .C 5 O
fragment more preferable for interaction with the
catalytic triad than its less active indole analogue 7d,
which had a large angle a of 1478. Although the
docking pose of A3 was characterized by a slightly

TABLE 3. HNE Inhibitory Activity of Indole Derivatives 11a-d

Comp R R1 IC50 (mM)a

11a H m-CH3 NAb

11b H p-CH3 NAb

11c NO2 m-CH3 NAb

11d NO2 p-CH3 NAb

aIC50 values are presented as the mean 6 SD of three independent
experiments.
bNA: no inhibitory activity was found at the highest concentration
of compound tested (50 mM).

Fig. 6. Geometric parameters important for formation of a Michae-
lis complex in the HNE active site [an example is shown for com-
pounds 4a (X 5 CH) and A2 (X 5 N)]. Based on the model of
synchronous proton transfer from the oxyanion hole in HNE
[Vergely et al., 1996; Peters and Merz, 2006].
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higher L value than the pose for 7d, the magnitude
of a for A3 fell into the optimum interval (Table 4).

We have found that the pyrazole-type nitrogen
of indazoles forms H-bonds with Ser195 (inhibitor
A1) or Gly193 (inhibitor A2) (see example in Figure

7). The carbonyl group in A3 is strongly H-bonded
to Val216, while the corresponding indole counter-
part 7d did not form H-bonds with HNE. Perhaps,
these H-bonding interactions play an important role
in the proper anchoring of inhibitors within the
HNE binding site and can be used to explain differ-
ences in inhibitory properties of indazole and indole
derivatives.

CONCLUSIONS

We found that the new indazole derivatives
designed as deaza analogs of our potent N-
benzoylindazoles are weak HNE inhibitors or even
inactive. These results thus suggest the crucial role of
the nitrogen at position 2 of the heterocyclic scaffold.
The biological results are supported by docking stud-
ies, which highlighted the different orientation within
the receptor cavity for indazoles and indoles with the
former exhibiting H-bonding interactions favorable
for interaction with the catalytic triad, while the latter
were characterized by unfavorable anchoring.
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