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A series of novel 5-fluorine-benzimidazole-4-carboxamide analogs were designed and synthesized. All
target compounds were evaluated for their PARP-1 inhibitory activity. Compounds possessed high intrin-
sic PARP-1 inhibitory potency have been evaluated in vitro cellular assays to measure the potentiation
effect of cytotoxic agents against cancer cell line. These efforts led to the identification of compound
10f, which displayed strong inhibition against the PARP-1 enzyme with an IC50 of 43.7 nM, excellent cell
inhibitory activity in HCT116 cells (IC50 = 7.4 lM) and potentiation of temozolomide cytotoxicity in can-
cer cell line A549 (PF50 = 1.6).

� 2016 Published by Elsevier Ltd.
Poly ADP-ribose polymerases (PARPs), a family of 18 members,
are found in nearly all eukaryotic cells.1 It has been identified and
characterized that PARPs participate in the process of catalyzing
substrate protein ADP-ribosylation to regulate multiple processes
including chromatin remodeling, transcription, DNA repair, and
protein degradation.2

PARP-1 is the most abundant and well-characterized member of
the family that possesses three main functional regions: DNA-
binding domain, auto-modification domain, and catalytic domain.
The DNA binding domain can recognize and locate the damaged
DNA single-strand breaks and then bind to them to stimulate poly-
merization of ADP-ribose, leading to the unwinding of DNA from
histones and exposing the damaged DNA for repair. The catalytic
domain catalyze the transfer of ADP-ribose units from intracellular
nicotinamide adenine dinucleotide (NAD+) to nuclear acceptor pro-
teins and is responsible for the formation of ADP-ribose polymers.3

PARP-1 plays a key role in the repair of single strand breaks (SSB)
by the base excision repair (BER) pathway, especially in tumor cells
with BRCA1/2-deficient and lack of homologous recombination
(HR) repair.4 It is generally accepted that the catalytic activity of
PARP-1 is stimulated by DNA damage caused by ionizing radiation,
chemotherapy, UV light, or products of cellular and oxidative
metabolism, thus it is regarded as a target for treating diseases
related to ischemia–reperfusion injury and cancer.5

It is clear that the vast majority of PARP-1 inhibitors are based
on the benzamide as pharmacophore, which mimics the nicoti-
namide moiety of NAD+ binding mode, by conformational restric-
tion of a primary amide or by transformation of an amide into a
lactam. Nicotinamide and 3-aminobenzamide were the earliest
PARP-1 inhibitors, however, their low potency and poor specificity
prompted researchers to find new PARP-1 inhibitors.6 In the last
three decades, a variety of PARP-1 inhibitors have been disclosed,
and some of them are currently in different stages of clinical trials
as single agents or in combination with DNA-damaging drugs,
including veliparib, rucaparib, talazoparib and niraparib
(Fig. 1).7,8 Olaparib, the first PARP-1 inhibitor for treatment in
patients with BRCA1/2 mutated platinum-sensitive relapsed ovar-
ian cancer was approved by FDA and EMA in 2014.9 However,
many inhibitors suffer from development problems such as toxic-
ity, poor solubility, or poor pharmacokinetic profiles.10 The effort of
pursuing new inhibitors with good potency against PARP-1 is still
needed.

Veliparib (ABT-888), a potent small molecule inhibitor of PARP-
1/2, which is cytotoxic in tumor cells with deficiencies in BRCA1 or
BRCA2, is currently on-going phase III clinical trials.11 However,
oxidative metabolism is easy to occur on the benzimidazole moiety
of veliparib, which will lead to the reduce of bioavailability.12 It is a
common and effective strategy to introduce fluorine atom into a
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Figure 1. Structures of representative PARP-1 inhibitors.
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molecule, which can productively influence conformation, pKa,
intrinsic potency, membrane permeability, metabolic pathways
and pharmacokinetic properties.13–15 In order to increase the
metabolism stability of veliparib and search novel potent PARP-1
inhibitors, fluorine atom was introduced to the 5-position of ben-
zimidazole scaffold to modulate the pharmacokinetic profiles and
physicochemical properties.

On the basis of the structure–activity relationship of PARP-1
inhibitors, we designed a series of 5-fluorine-benzimidazole-4-car-
boxamide analogs as novel PARP-1 inhibitors. Modeling studies of
compound 8b in the catalytic domain of human PARP-1 is shown in
Figure 2. The docking model (PDB code: 2RCW) revealed that the
carbonyl oxygen group of 8b can form three hydrogen bonds with
Ser243, Gly202 and His201. Meanwhile, the carboxamide hydro-
gen exhibited hydrogen bond interaction with the backbone car-
bonyl oxygen of Gly202. It is obvious that the fluorine atom
which was introduced to the 5-position of benzimidazole could
form an additional hydrogen bond with the hydroxyl group of
Ser243. This key hydrogen-bond may strengthen the interaction
of ligand molecules with amino acids residues in the PARP-1 active
site. In addition, the benzimidazole ring could form p-stacking
interactions with Tyr246 and Tyr235. The docking results indicated
Figure 2. Docked conformation of compound 8b into the active binding site of
PARP-1. The interaction mode was obtained through molecular docking (PDB ID:
2RCW) and depicted using MOE 2013.08. The carbon atoms of the compounds and
the key residues in the active site of PARP-1 were colored in yellow and purple red,
respectively. The H-bonds were shown as black dot lines.
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that the introduction of fluorine atom was favorable for the inter-
action between the ligand and protein active site. This result led us
to design its analogs.

In order to verify our hypothesis, a series of 5-fluorine-benzim-
idazole-4-carboxamide derivatives were synthesized, as shown in
Schemes 1 and 2. Treatment of 1 with thionyl chloride produced
the corresponding acid chloride, which reacted with aqueous
ammonia gave 2,6-difluorobenzamide 2. Nitration of 2 with mixed
acid of fuming nitric acid and sulfuric acid afforded nitro com-
pound 3, and then reaction with aqueous ammonia at room tem-
perature gave intermediate 4. 2,3-diamino-6-fluorobenzamide 5,
obtained by catalytic hydrogenation of 4, was coupling with satu-
rated nitrogen-containing heterocyclic acid under benzotriazol-1-
yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP)
or N,N0-carbonyldiimidazole (CDI) conditions to form intermedi-
ates 6a–e, which were heated in acetic acid to give 5-fluorine-ben-
zimidazole-4-carboxamide derivatives 7a–e. Deprotection of Cbz
group under catalytic hydrogenation provided secondary amines
8a–e.16,19 N-alkylation of 8a–e with aldehydes or ketones under
the presence of sodium cyanoborohydride afforded tertiary amines
9a–y.17

Compounds 10a–f were prepared according to Scheme 2. 2,3-
Diamino-6-fluorobenzamide 5 was coupled with aromatic alde-
hyde to form 10a–e and intermediate 11.18 Deprotection of Boc
group of 11 under acidic condition provided target compound
10f.18,20

All target compounds were evaluated in vitro for their PARP-1
enzyme inhibition activity at the concentration of 100 nM, and
compounds with PARP-1 inhibitory ratio >50% were selected to
determine the IC50 values. The results were summarized in Table 1.
Among these compounds, compound 8a, which contained a
2-pyrrolidinyl group at 2 position, showed low inhibitory activity.
While the 2-methylpyrrolidinyl derivative 8b exhibited
good potency with an IC50 value of 5.7 nM, indicated that
2-methylpyrrolidinyl was an effective substituent group for
PARP-1 enzyme inhibitory activity. Piperidinyl substituted analogs
8c showed moderate PARP-1 inhibitory activity. 3- or 4-piperidinyl
analogs 8d and 8e exhibited potent inhibitory activity against
PARP-1 enzyme with IC50 value of 25.8 nM and 39.1 nM, respec-
tively. Encouraged by this result, further modification of the nitro-
gen atom on the pyrrolidinyl or piperidinyl group with alkyls was
conducted. Among N-alkyl derivatives, most compounds showed
weaker activity than their parent compounds. However, the
tt. (2016), http://dx.doi.org/10.1016/j.bmcl.2016.06.045
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Table 1
The structures and PARP-1 enzyme inhibition activity of compounds 8a–10f

CONH2

N
H

NF
R

8a-10f

Compd Substituents (R) Inhibitiona (%) IC50 (nM)

Veliparib 97.0 1.0

8a N
H

8.5 NDb

8b N
H

H3C
84.0 5.7

8c
HN

44.5 ND

8d
NH

59.9 25.8

8e NH 65.9 39.1

9a N
CH3

46.6 ND

(continued on next page)

J. Wang et al. / Bioorg. Med. Chem. Lett. xxx (2016) xxx–xxx 3

Please cite this article in press as: Wang, J.; et al. Bioorg. Med. Chem. Lett. (2016), http://dx.doi.org/10.1016/j.bmcl.2016.06.045

http://dx.doi.org/10.1016/j.bmcl.2016.06.045


Table 1 (continued)

Compd Substituents (R) Inhibitiona (%) IC50 (nM)

9b N CH3

CH3
15.0 ND

9c N CH3 1.9 ND

9d N Ph
4.38 ND

9e
N CH3
CH3

66.1 21.7

9f
N

CH3

CH3

CH3

37.9 ND

9g N CH3
CH3

9.1 ND

9h N Ph

CH3
27.1 ND

9i N
H3C

2.37 ND

9j N
H3C

CH3

12.9 ND

9k N
H3C

32.4 ND

9l N

Ph

0.79 ND

9m N
CH3

NAc ND

9n N
CH3

CH3
13.0 ND

9o N
CH3

3.69 ND

9p N
Ph

41.8 ND

9q N CH3 43.2 ND

9r N
CH3

CH3
41.0 ND

9s N CH3 55.1 29.8

9t N Ph 45.3 ND

9u N
CH3

O
NAc ND
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Table 1 (continued)

Compd Substituents (R) Inhibitiona (%) IC50 (nM)

9v N

CH3
CH3

O

4.96 ND

9w N

O

H3C 6.5 ND

9x N
CH3

O
4.7 ND

9y N
O

CH3
2.16 ND

10a 27.7 ND

10b
N

3.01 ND

10c OH 21.0 ND

10d N 6.84 ND

10e N O 66.7 21.8

10f N NH 55.3 43.7

a Inhibitory ratio % at 100 nM.
b ND, not determined.
c NA, no activity.

Table 2
The IC50 value of the selected compounds in HCT116 cells

Compd IC50
a (HCT116, lM)

8b >100
8e >100
9e >100
9s 65.5
10e 27
10f 7.4
Veliparib 64

a The IC50 value is the concentration required to reduce cell proliferation by 50%
in single agent cytotoxicity assay.

Table 3
The potentiation effect of the selected compounds on temozolomide activity in A549
human tumor cell line

Compd IC50
a (A549, lM) PF50b

TMZ 295.0 —
TMZ + veliparib 133.5 2.2
TMZ + 8b 338.0 0.9
TMZ + 8e 354.0 0.8
TMZ + 9e 310.0 1.0
TMZ + 9s 151.5 1.9
TMZ + 10e 130.5 2.3
TMZ + 10f 188.0 1.6

a The IC50 value is the concentration required to reduce cell proliferation by 50%
in single agent cytotoxicity assay.

b The PF50 value is the potentiation factor, calculated as the ratio of the EC50 for
temozolomide divided by the IC50 of temozolomide + PARP-1 inhibitor, the test
compounds were used at a fixed concentration of 0.5 lM.
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N-methyl derivative 9a exhibited more potent inhibition activity
against PARP-1 than its parent compound 8a. Similar to 9a, N-pro-
pyl derivative 9s (IC50 = 29.8 nM) displayed similar activity with its
parent compound 8e. Compounds 9u–y, which acyl was intro-
duced into the nitrogen atom on the pyrrolidinyl or piperidinyl
group failed to demonstrate significant inhibitory effect up to the
concentration of 100 nM. In an effort to enhance potency and
increase diversity of the structure, aryl substituted derivatives
10a–f were synthesized. The phenyl substituted 10a and pyridinyl
substituted 10b showed relatively weak PARP-1 inhibitory activity.
While 10e and 10f, that morpholinyl and piperazinyl substituted at
the para position of the phenyl showed good PARP-1 inhibitory
activity with IC50 value of 21.8 nM and 43.7 nM, respectively. They
were more potent than the parent 10a. The results indicated that
substitution at the para position of the phenyl ring could increase
the potency.

Given the profile of PARP-1 inhibition, compounds 8b, 8e, 9e, 9s,
10e and 10f were selected to evaluate in vitro for their growth
inhibitory activity as single agent against human colon cancer cell
line HCT116 by SRB assay. Veliparib was used as the positive con-
trol and the results were summarized in Table 2. The results indi-
cated that compound 9s showed almost similar activity to the
positive control. Notably, the inhibitory activity of 10e (27 lM)
and 10f (7.4 lM) were 2.3 and 8.6 fold more potent than veliparib
(64 lM), respectively (Table 2). In order to further evaluate these
inhibitors as potential agents for chemotherapeutic drugs, these
compounds were selected to assess the ability to enhance the cyto-
toxic effect of chemotherapy agent temozolomide (TMZ) in vitro
cellular growth inhibition assays and the calculation of potentia-
tion factors (PF50) in A549 cell line. A standard concentration of
0.5 lM PARP-1 inhibitor, which is not intrinsically growth inhibi-
tory, was used. The results were summarized in Table 3. A value
Please cite this article in press as: Wang, J.; et al. Bioorg. Med. Chem. Le
of PF50 greater than 1.0 indicates that the PARP-1 inhibitors are
capable of enhancing the effects of cytotoxic agents. Despite potent
inhibition of the PARP-1 enzyme, the selected compounds
tt. (2016), http://dx.doi.org/10.1016/j.bmcl.2016.06.045
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exhibited a broad array of potentiating efficacy. Compounds 9s,
10e and 10f were capable of enhancing the effect of TMZ in A549
cell line by the PF50 values of 1.9, 2.3 and 1.6, respectively.

In summary, a series of novel 5-fluorine-benzimidazole-4-car-
boxamide derivatives were designed, synthesized and biologically
evaluated as potent PARP-1 inhibitors. Representative compounds
10e and 11f displayed potent in vitro PARP-1 enzymatic inhibition
and potent enhancement of cellular growth inhibition. More
importantly, Compound 10f exhibited a significant IC50 value of
7.4 nM in cellular assay against HCT116 cell line and a profound
synergic efficacy combined with temozolomide with PF50 values
of 1.6 against A549 cell line. Further pharmacokinetic evaluation
is ongoing and will be reported in the near future.
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1H, ArH), 8.04 (s, 1H, piperazine-H), 8.28 (d, J = 8.88 Hz, 2H, ArH), 8.35 (s, 1H,
imidazole-H), 9.51 (s, 2H, CONH2). 13C NMR (75 MHz, DMSO-d6) d (ppm):
42.16, 43.56, 110.86, 111.17, 111.53, 113.82, 114.36, 115.98, 116.11, 128.93,
130.35, 151.24, 152.91, 154.66, 157.91, 162.55. HRMS-ESI m/z [M+H]+: calcd
for C18H19FN5O: 340.1574, found: 340.1541.
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