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The synthesis and antibacterial activities of three chemotypes of DNA supercoiling inhibitors based on
imidazolo[1,2-a]pyridine and [1,2,4]triazolo[1,5-a]pyridine scaffolds that target the ATPase subunits of
DNA gyrase and topoisomerase IV (GyrB/ParE) is reported. The most potent scaffold was selected for opti-
mization leading to a series with potent Gram-positive antibacterial activity and a low resistance
frequency.

� 2008 Elsevier Ltd. All rights reserved.
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The type II bacterial topoisomerases DNA gyrase and topoiso-
merase IV, which are responsible for the control of DNA topology
and chromosome function, have been validated as a therapeutic
drug target by members of the quinolone/fluoroquinolone class
of antibacterial agents (e.g. gemifloxacin).1 This particular class of
compounds interact with the catalytic subunits of DNA gyrase
(GyrA) and topoisomerase IV (ParC). The ATPase subunits of these
enzymes GyrB and ParE have also been identified as the target for
small molecule inhibitors (e.g. novobiocin), however, to date, is-
sues surrounding resistance, toxicity and permeability of these
inhibitors have limited their therapeutic use (Fig. 1).2

Recently, interest in identifying small molecule inhibitors of
GyrB to overcome the liabilities of the existing compounds has
intensified.3,4 Elucidation of protein–ligand structures of GyrB by
X-ray crystallography5,6 has aided the search for new inhibitors
and Tanitame et al.7 (e.g. pyrazole 1), Mani et al.,8 Grossman
et al.9 and Charifson et al. (e.g. benzimidazole 2)10 have provided
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examples of potent dual-targeting GyrB/ParE inhibitors which
demonstrate good antibacterial activity (Fig. 2).

Encouraged by these disclosures, we explored a number of pos-
sible replacements for the benzimidazole core of 2. We reasoned
that it might be possible to find other 5,6-fused heterocyclic scaf-
folds that could provide different SAR and optimization opportuni-
ties as well as alternative ADME, pharmacology, toxicology and
efficacy profiles. Our requirements for each new scaffold were to
fix the 2-amino substituent as the ethylurea and one of the core
substituents as the 3-pyridyl group. These proposals were docked
into the ATP binding site of a GyrB model generated from the struc-
ture (PDB 1EI1) deposited by Brino et al.5 We scrutinized our pro-
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Figure 1. Gyrase inhibitors.
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Table 1
GyrB and ParE inhibitory activity and MICs

Compound GyrB IC50 (lM) ParE IC50 (lM) MIC (lg/ml)

S. aureus E. faecalis E. coli

Novobiocin 0.03 1.32 0.125 8 8
2 0.009 3.5 0.25 0.125 1
2a <0.004 0.035 0.063 nd nd
3 0.39 nd 32 32 32
4 2.68 145 128 32 32
5 9.64 nd >256 >256 nd

nd, not determined.
a Data (Ki) from Charifson et al.10
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Figure 2. Reported GyrB/ParE inhibitors.
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posals according to the interactions that they made with the en-
zyme and the three scaffolds that were the most appealing as pre-
dicted by our model were the imidazo[1,2-a]pyridine and the two
isomeric [1,2,4]triazolo[1,5-a]pyridines (Fig. 3). The key binding
interactions according to our docking studies are illustrated for
triazolopyridine 5. The scaffold and urea interactions have been
previously described by Charifson et al.,10 but the interaction be-
tween the 3-pyridyl substituent and Arg136, which they described
as a H-bond, appears more likely to be a p-stacking interaction in
our model.

To test our modeling hypothesis we prepared 3, 4 and 5. Com-
pounds 3 and 4 were synthesised from a common bipyridyl amine
intermediate 7, which was accessed via a modified Suzuki reaction
using 2-amino-4-chloropyridine 611 and 3-pyridyl boronic acid.
The imidazopyridine 3 was synthesized in six steps from interme-
diate 7. First, 7, was converted to the corresponding tosylate using
p-toluenesulfonyl chloride and this was followed by alkylation
with iodoacetamide to give 8. Cyclisation to provide the imidazo-
pyridine scaffold12 was effected by treatment of 8 with trifluoro-
acetic anhydride. After removal of the trifluoroacetate group
using potassium carbonate and methanol, compound 9 was ob-
tained. Attempts to form the urea by reaction of 9 with ethyl isocy-
anate were unsuccessful. Instead we resorted to a two-step
protocol with phenyl chloroformate to provide the phenyl carba-
mate followed by reaction with ethylamine to give 3, albeit in very
low yield.13,14

To obtain the triazolopyridine 4, compound 7 was treated with
ethoxycarbonylisothiocyanate to provide thiourea 10 which was
reacted with hydroxylamine according to the procedure described
by Nettekoven et al.15 to give the triazolopyridine (not shown)
which was then treated with ethyl isocyanate to give compound
4 in moderate overall yield. Triazolopyridine 5 was prepared via
an analogous route to 4 but using 2-amino-5-iodopyridine as the
starting material.

The compounds were screened in GyrB and ParE ATPase assays
(Escherichia coli)16 and minimum inhibitory concentrations
(MICs)17 were determined against Gram-positive (Staphylococcus
aureus ATCC 29213 and Enterococcus faecalis ATCC 29212) and
Gram-negative (E. coli N43 efflux pump mutant) bacterial strains
(Table 1).18

The imidazopyridine 3 was the most active of the compounds
tested with a sub-micromolar IC50 against GyrB and it demon-
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Figure 3. Proposed GyrB/ParE inhibitors.
strated modest MICs against all three species in the antibacterial
assay. The triazolopyridine 4 was �7-fold less potent against GyrB
compared with 3, however, 4 also showed modest antibacterial
activity. Triazolopyridine 5 was approximately 25-fold less active
than 3 against the target and did not show any antibacterial activ-
ity. The ParE enzyme used in the ATPase assay has a lower specific
activity than GyrB, requires more enzyme and therefore more
inhibitor to reach an IC50. The ParE inhibitory activity of triazolo-
pyridine 4 was confirmed in this assay. Compared to benzimid-
azole 2 and novobiocin, compounds 3, 4 and 5 were significantly
less potent but they do lack the additional substituent present in
2. With the exception of the ParE assay our results for compound
2 were in agreement with data reported by Charifson et al.10

Although the IC50s for all of the scaffolds were below 10 lM, we
reasoned that 3 and 4 represented the best opportunities for opti-
mization because they were antibacterial. The lack of antibacterial
activity for compound 5 might be related to the higher GyrB IC50

observed for this compound. The higher IC50 for 4 (compared with
3) might be attributed to the N3 atom in 4 being a weaker H-bond
acceptor than the N1 atom in 3 and hence the H-bonding network
in the active site of GyrB is weaker.

Further insights from molecular modeling and SAR from Mani
et al.8 suggested that the 5-position of the new scaffolds would
be a good area for SAR exploration to improve the potency. Exam-
ination of the chemistry required to access 5-substituted triazolo-
pyridines and imidazopyridines indicated that compound 4 would
be more amenable to parallel synthesis.19 We therefore elected to
focus our efforts on the synthesis of 5-substituted triazolopyridines
and for this study we continued to fix the 7-substituent as the 3-
pyridyl moiety.

To incorporate functionality into the 5-position of the triazolo-
pyridine scaffold, we modified the original route outlined in
Scheme 1 so that the 5-substituent could be introduced during
the latter stages of the synthetic sequence. Key to the success of
this route was the preparation of 11 on a multi-gram scale. This
was achieved in three steps from 6 using an adaptation of the con-
ditions described by Nettekoven et al.15 as shown in Scheme 2.

From compound 11, we introduced iodine regioselectively into
the 5-position using a modification of a procedure reported by Fin-
kelstein.20,21 This provided the iodo intermediate 12 which allowed
us to incorporate aromatic (Ar) and heteroaromatic (HetAr) sub-
stituents into the 5-position using palladium cross-coupling reac-
tions with boronic acids and trialkyl stannanes. These reactions
provided intermediates that were subjected to a second palladium
cross-coupling reaction to install the 3-pyridyl moiety in the 7-po-
sition to give compounds 13–29. Alternatively, intermediate 12
was shown to be a substrate for SNAr or copper-promoted reactions
to access N-linked analogues 30–32, again after a palladium cross-
coupling step to introduce the 3-pyridyl group.

Regioselective deprotonation of intermediate 11 also facilitated
the introduction of carboxylic acid derivatives in the 5-position of
the triazolopyridine ring related to benzimidazole 2 (Scheme 3).
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Thus, treatment of 11 with n-butyllithium was followed by a car-
bon dioxide quench to afford a carboxylic acid (not shown). Ester-
ification of this acid by activation with thionyl chloride and
subsequent reaction with methanol was followed by a palladium
cross-coupling reaction using 3-pyridyl boronic acid to provide es-
ter 33. Further functional group manipulation gave access to the
parent carboxylic acid 34 or amides, for example, 35–38.

Biological data for selected compounds synthesized via the
routes shown in Schemes 2 and 3 are shown in Table 2.

As indicated by the entries 13–22 in Table 2 a six-membered
aromatic ring in the 5-position of the triazolopyridine scaffold pro-
vided compounds with improved IC50s against GyrB compared
with the parent unsubstituted compound 4. The 5-phenyl com-
pound 13 is the most potent (GyrB IC50 150 nM), although substi-
tutions in the ortho-, meta- and para-positions of the phenyl ring
are inhibitors of GyrB. Electron-withdrawing and electron-donat-
ing substituents in the phenyl ring provided potent GyrB inhibitors
however none of the compounds exhibit antibacterial activity.
Compounds 23–26, containing a six-membered heteroaromatic
ring in the 5-position are also active against GyrB (IC50 � 1 lM).
With the exception of the 2-pyridyl analogue 23, which shows
modest activity against E. faecalis, these compounds are inactive
in the antimicrobial screen.

Some highly potent GyrB inhibitors were identified when the
substituent in the 5-position of the triazolopyridine scaffold was
a five-membered heteroaromatic ring. In particular, thiazole 27
and pyrazole 31 demonstrate IC50s of 42 nM and 54 nM, respec-
tively. Compound 27 shows good antibacterial activity against
the Gram-positive organisms with MICs of 1 lg/ml. The MICs of
compound 31 suggests that there is potential for broad-spectrum
inhibitors from this class. Of the carboxylic acid derivatives 33–
38, the ethylamide 37 is the most potent GyrB inhibitor with an
IC50 of 41 nM. The most potent compounds 27, 31 and 37 were also
screened in the ParE assay and they were all found to be dual
inhibitors.

Comparison of substituted triazolopyridines 23, 24, 31, 33 and
36 with the analogous benzimidazoles described by Charifson
et al.10 shows that the benzimidazole scaffold (2, 39–42) leads to
more potent enzyme inhibitors (Table 3). One key difference be-
tween the scaffolds is the potential for intramolecular H-bonding
in the benzimidazole series involving the NH and the R substituent
and this might explain some of the observed differences with the
enzyme potency SAR, for example, compound 23 versus 39. Indeed
Charifson et al.10 suggest that coplanarity between the scaffold and
the R substituent is particularly important for ParE activity (com-
pound 39 compared with compound 40). There is clear evidence
of divergent antimicrobial SAR between the two scaffolds. Com-
pounds 23, 24 and 33 have little or no antimicrobial activity but
the corresponding benzimidazole analogues 39, 40 and 2 are anti-
bacterial indicating that the triazolopyridine scaffold is more con-
servative. The compounds containing a 1-pyrazolyl substituent, 31
and 41 are antibacterial on both scaffolds, although the benzimid-
azole compound 41 is more potent. Compound 36 is equipotent
compared to 42 despite being a less effective enzyme inhibitor
on the triazolopyridine scaffold. Further SAR evaluation is neces-
sary in order to optimize the enzyme potency and antibacterial
activity on the triazolopyridine scaffold.

The three most potent triazolopyridines, compounds 27, 31 and
37, were selected for further characterization. Dual-targeting



Table 2
GyrB/ParE inhibitory activity and MICs for 5-substituted triazolopyridines

N N

N
N
H

N
H

O

N

R

Compound R GyrB IC50 (lM) ParE IC50 (lM) MIC (lg/ml)

SA EF SP EC

4 H 2.69 145 128 32 nd 32
13 Ph 0.15 nd >256 32 128 32
14 2-F Ph 1.52 nd >256 >256 >256 >256
15 2-OH Ph 0.69 nd >256 >256 >256 >256
16 3-OMe Ph 0.51 nd >128 >128 >128 >128
17 4-OMe Ph 0.37 nd >128 >128 >128 >128
18 3-NHCOMe Ph 1.08 nd >256 >256 >256 >256
19 3-COMe Ph 1.01 nd >256 >256 >256 >256
20 3-CONH2 Ph 1.01 nd >256 >256 >256 >256
21 4-OH Ph 0.35 nd >256 >256 >256 >128
22 3-NMe2Ph 0.84 nd >256 >256 >256 >256
23

N

0.89 nd >256 32 >256 >256

24

N

0.61 nd >256 >256 >256 >256

25

N N

1.5 nd >256 >256 >256 >256

26

N

N

0.98 nd >128 >128 >128 >128

27

S N

0.042 11 1 1 1 >128

28

N N
H

0.2 nd >256 8 4 >256

29

N NMe

0.34 nd 32 8 32 >128

30
N

N

1.15 nd 32 32 32 32

31
N

N

0.054 25 2 2 2 4

32
N

N
N

1.43 nd 16 16 32 32

33 –CO2Me 1.3 nd >256 >256 >256 >256
34 –CO2H 2.8 nd >256 >256 >256 >256
35 –CO2NH2 0.64 nd 32 16 16 8
36 –CONHMe 0.64 nd 8 4 8 8
37 –CONHEt 0.041 40 8 4 8 8
38 –CONMe2 3.2 nd 256 256 256 256

SA, S. aureus ATCC 29213; EF, E. faecalis ATCC 29212; SP, Streptococcus pyogenes ATCC 51339; EC, E. coli ATCC N43; nd, not determined.
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Table 3
Head-to-head comparison of the triazolopyridine and benzimidazole scaffolds

Compound R GyrB IC50
a (lM) ParE IC50

a (lM) SA MIC (lg/ml)

N N

N
N
H

N
H

O

N

R

23 2-Pyridyl 0.89 nd >256
24 3-Pyridyl 0.61 nd >256
31 1-Pyrazolyl 0.054 25 2
33 –CO2Me 1.3 nd >256
36 –CONHMe 0.64 nd 8

N
H

N
N
H

N
H

O

N

R

39 2-Pyridyl <0.004 0.014 0.031
40 3-Pyridyl 0.006 1.3 4
41 1-Pyrazolyl <0.004 0.046 0.063
2 –CO2Me <0.004 0.035 0.063
42 –CONHMe 0.005 0.15 16

a Ki data for compounds 39–42.

Table 4
Antibacterial activities for compounds 27, 31 and 37

Strain MIC (lg/ml)

27 31 37

E. coli ATCC 25922 >128 >128 >128
H. influenzae ATCC 49247 >128 16 16
M. catarrhalis ATCC 25240 0.5 1 2
P. aeruginosa 101021 >128 >128 >128
E. faecalis 1.5604 (VRE) 1 4 4
S. aureus 601055 (MSSA) 1 4 4
S. aureus 43300 (MRSA) 1 4 4
S. aureus ATCC 700698 (MRSA) 0.5 4 2
S. aureus Smith ATCC 19636 (MSSA) 1 4 4
S. pneumoniae ATCC 49619 1 2 4
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antibacterials should demonstrate low spontaneous resistance fre-
quencies. No bona fide resistant strains of S. aureus at 2�, 4� or 8�
the MICs of the compounds were isolated despite multiple at-
tempts. The resistance frequency was estimated to be
<1.8 � 10�9, consistent with a dual-targeting inhibitor series. The
three compounds demonstrate good activity against a range of
pathogenic bacteria including drug-resistant clinical isolates (Table
4) with MICs comparable with the oxazolidinone antibacterial
agent linezolid.22 It is interesting to note that all three compounds
were ineffective against the E. coli strain used in this study. This
data, coupled with the data on the efflux pump mutant (shown
in Table 2), suggests that compounds in the triazolopyridine series
may have reduced permeability as well as some susceptibility to
efflux, at least in E. coli, however, this has not been investigated
further. Overall, the microbiology suggests that this series of com-
pounds would be more suited to a Gram-positive clinical
indication.

The mammalian cytotoxicity of 27, 31 and 37 was evaluated in a
HepG223 cell assay to test the effect of the compounds on mito-
chondrial metabolism after 24 h exposure. The IC50s for the com-
pounds were all >64 lg/ml providing a significant window of
selectivity for antimicrobial versus cytotoxic activity and indicates
that the compounds are not general ATPase inhibitors.

During the course of this work, a patent application describing
some of the triazolopyridines described here as antibacterial
agents was published.24 In this patent activity against a strain of
Neisseria gonorrhoeae was reported (e.g. compound 37 MIC of
1 lg/ml) but to our knowledge no additional data on the antimi-
crobial activity of these compounds has appeared in the literature
and the compounds 27 and 31 have not been reported previously.
In conclusion, we have identified an imidazopyridine and a triaz-
olopyridine scaffold which can be functionalized to provide com-
pounds that demonstrate antibacterial activity through inhibition
of GyrB/ParE. The triazolopyridine scaffold was selected for further
SAR evaluation and compounds with good antibacterial activity,
particularly against Gram-positive organisms, have been identified.
From our preliminary evaluation it appears that the GyrB IC50s need
to be�500 nM or lower in order to see single digit MICs in the anti-
microbial screen. The evaluation of the pharmacokinetics and effi-
cacies of these compounds will be presented in due course.
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