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3-Amino-imidazo[1,2-a]pyridines have been identified as a novel class of Mycobacterium tuberculosis glu-
tamine synthetase inhibitors. Moreover, these compounds represent the first drug-like inhibitors of this
enzyme. A series of compounds exploring structural diversity in the pyridine and phenyl rings have been
synthesized and biologically evaluated. Compound 4n was found to be the most potent inhibitor
(ICs0=0.38 £0.02 uM). This compound was significantly more potent than the known inhibitors, -
methionine-SR-sulfoximine and phosphinothricin.

© 2009 Elsevier Ltd. All rights reserved.

Tuberculosis (TB) is one of the world’s major public health prob-
lems and has been declared a global health emergency by the
World Health Organization.! In 2006, there were approximately 9
million new cases of TB, resulting in an estimated 1.7 million
deaths.? In addition, the emergence of multi-drug resistant Myco-
bacterium tuberculosis strains (causing MDR-TB), the growing rate
of TB incidence, the lethal combination represented by HIV co-
infection and the lack of any new antituberculosis agent in the last
40 years, all indicate an urgent need for the development of novel
TB therapies. In particular, new lead structures are required with
novel modes of action.>* In the last decade M. tuberculosis gluta-
mine synthetase (MtGS), a key enzyme required for nitrogen
metabolism and mycobacterial cell-wall biosynthesis, has emerged
as a potential target for antibiotics against TB.!*~ Exposure of M.
tuberculosis to the known GS inhibitor L.-methionine-SR-sulfoxim-
ine 1 (MSO) (Fig. 1) has been shown to inhibit both cell wall forma-
tion and mycobacterial growth."® Thus, the development of new
MtGS inhibitors could be useful in developing an effective treat-
ment for MDR-TB. The majority of known GS inhibitors are simple
glutamate analogues and of these, MSO and phosphinothricin 2
(PPT) are the most widely investigated.” These inhibitors have been
used as lead compounds in several studies,>’~'2 albeit they are po-
lar, flexible, non-selective'® and not particularly drug-like. Accord-
ingly, we were interested in the identification and development of
more drug-like non-amino acid derived MtGS inhibitors.
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Figure 1. Structure of MSO (1) and PPT (2).

During the course of a high-throughput compound screen and a
subsequent lead validation process, 3-amino-imidazo[1,2-a]pyri-
dines were identified as a novel class of MtGS inhibitors (Fig. 2).
It was quickly recognized that this would provide a scaffold ame-
nable to the rapid exploration of structure-activity relationships.
Indeed, a diverse range of analogues can be readily obtained, in
one step, via an Ugi-type cyclization.'*'® Herein, we describe the
high-speed synthesis and MtGS inhibitory activity of two libraries
of differentially substituted 3-amino-imidazo[1,2-a]pyridines, 3
and 4.

We decided to focus our initial investigations on evaluating
the effect of altering the pyridine ring substituent. Accordingly,
3-amino-imidazo[1,2-a]pyridines (3a-m) were prepared by a
microwave-assisted multicomponent reaction (MCR) between
cyclopentylisonitrile, 3-hydroxy-4-methoxy benzaldehyde and an
appropriately substituted 2-aminopyridine.'® All 2-aminopyri-
dines were commercially available with the exception of 5-meth-
oxy-2-aminopyridine, which was prepared by the treatment of
5-iodo-2-aminopyridine with MeOH and Cul under Buchwald’s
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Figure 2. 3-Amino-imidazo[1,2-a]pyridines and retrosynthetic analysis showing assembly via a one-pot three-component condensation reaction.

Table 1
Synthesis and biological evaluation of 3-amino-imidazo[1,2-a]|pyridines (3a-m)

O H
NH o 5.
R‘—/\IN + + Lﬂz» /\N D OMe
\)\NH N,  EOH, 160°C \)\N 2 3
2 HO fo MW.200r30min 7 g 2 oy
OMe - 3a-m

Entry Product? R ICso” (uM)
1 3a H >50
2 3b 6-Me >50
3 3c 6-OMe 31.3+0.7
4 3d 6-F >50
5 3e 6-Cl 11.2+15
6 3f 6-Br 8.8+04
7 3g 6-1 48+05
8 3h 6-CF3 >50
<) 3i 6-CN >50
10 3j 5-Br >50
11 3k 8-Br 213+1.6
12 31 6-Br, 8-Br >50
13 3m 6-Br, 8-Me 12.7 0.7
MSO — — 51 +6°
PPT — — 1.9 £0.4¢

3 Purity >95% by HPLC or 'H NMR.
b Values are means of three experiments + standard error.
¢ See Ref. 10.

Table 2

modified Ullman reaction conditions (1,10-phenanthroline,
Cs,CO3, 110 °C)?° providing 3c. The MCR reactions were typically
irradiated, in a sealed vessel, for 20-30 min at 160 °C in the pres-
ence of MgCl, and the products were isolated either by simple fil-
tration, recrystallization or flash chromatography.?! The potency of
the compounds 3a-m from this first series against MtGS was eval-
uated?? and these results are reported in Table 1.

From Table 1 it is clear that a pyridine ring substituent is ben-
eficial for MtGS inhibition and that a number of synthesized ana-
logues were significantly more active than MSO (i.e., 3c, 3e-g,
3k, 3m). The most active compounds contained large halogen
atoms (Cl, Br or I) in the 6-position (i.e., 3f, IC50=8.8 £+0.4 uM
and 3g ICso = 4.8 £ 0.5 uM). Interestingly, the 6-fluorine, 6-trifluo-
romethyl and 6-nitrile containing compounds were essentially
inactive (3d, 3h and 3i IC59 >50 uM), suggesting that the potency
of 3e, 3f and 3g is not related purely to their electron withdrawing
nature. The corresponding 5- and 8-bromine substituted analogues
displayed considerably weaker inhibitory activity (3j, ICso >50 M
and 3Kk, ICsg = 21.3 £ 1.6 uM) compared to 3f, indicating that there
may be some specific hydrophobic or van der Waals interactions
accessible only by a substituent in the 6-position. The introduction
of an additional 8-bromine or 8-methyl substituent did not im-
prove compound potency (31, ICso >50 uM and 3m, IC5o=12.7 =
0.7 uM, respectively).

Synthesis and biological evaluation of 6-substituted 3—amino—imidazo[l 2-a]pyridines (3n-s)

e

Q

I Ior
3n-s
Entry Starting material (X) Method Product® Ry IC50° (M)
Z
1 Br- I 3n ©/ >50
oy
2 Br- I 30 [ >50
N~
3 'B— i\ 3p ©AFJ >50
O
~
4 — As per 3¢ 3q ©/ f"'J >50
Sk
5 Br- 1 3r ©/\/ >50
6 3r 11

,
3s ©/v >50

2 Purity >95% by HPLC or 'H NMR.

b Values are means of three experiments. I; Boronic acid (3 equiv), Pd(PPhs)4 (7%), Cs,CO5 (3.5 equiv), DMF, MW, 120 °C, 20 min. II; benzyl bromide (0.8 equiv), Pd(dppf)Cl,
(10%), K>COs3 (3 equiv), EtOH, H,0, MW, 130 °C, 30 min. III; 3r 10% Pd/C (10%), H, (1 atm.), DMF, 25 °C, 18 h.
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To further explore the effect of large hydrophobic groups in the
6-position, we decided to prepare a series of compounds where the
halogen was exchanged for various aryl moieties. The target com-
pounds were designed to explore the available chemical space and,
in the case of 30 increase solubility and H-bond potential. These
molecules were smoothly prepared via microwave-assisted Suzuki
cross-coupling reactions®>~2° utilizing either aryl bromide 3f or the
corresponding 6-boronic acid pinacol ester derivative, which was
prepared from 2-aminopyridine-5-boronic acid pinacol ester
according to Table 1. Compound 3q was synthesized as per 3c,
however MeOH was replaced by phenol in the Ullman reaction.
In addition, treatment of 3r under catalytic hydrogenation condi-
tions (Pd/C, H,) afforded the saturated phenylethylene derivative
3s. These compounds were then assessed for their ability to inhibit
MtGS and the results are reported in Table 2.

Unfortunately, the compounds in this series (3n-s) failed to
show any significant MtGS inhibitory activity, highlighting a lack
of tolerance towards the introduction of large aryl substituents in
the 6-position of the 3-amino-imidazo[1,2-a]pyridines.

Finally, utilizing compound 3f as the lead structure, we decided
to investigate the effect of altering the C-2 aryl substituent (R) on
MtGS inhibition. Thus, a series of compounds were synthesized
from cyclopentylisonitrile, 5-bromo-2-aminopyridine and an
appropriately substituted aldehyde as per Table 1. Compounds
4a-n were evaluated for their MtGS inhibitory activity and the re-
sults are presented in Table 3.

Table 3 shows that a C-2 phenyl ring with a hydrogen bond do-
nor in the 3’-position (i.e., 4e, OH or 41, NH,) is a clear requisite for
enzyme inhibition. Placement of the -OH in the 2’- or 4’-positions
(4f and 4b, respectively) results in complete loss in activity. Re-
moval of the hydrogen bond donor capacity through the introduc-
tion of a methoxy group rendered the inactive compound 4g.
Interestingly, 4e displays a twofold increase in activity compared
to 3f suggesting that the 4’-methoxy group is not required for inhi-
bition. The introduction of electron withdrawing substituents (4i
and 4j) was also detrimental to activity. However, these substitu-
ents may also disrupt the orientation of the phenyl ring (4i) or
intramolecularly bind the 3’-OH (4j) giving rise to the loss in po-
tency. The corresponding 3’-aniline (4l) and 3-methylalcohol

Table 3
Synthesis and biological evaluation of 3-amino-imidazo[1,2-a]pyridines (4a-n)

& ¢
Br
MgCl, =z
\ >~

Br ZN (0]
| + L
X R H N EtOH, 160 °C N
NH, - MW, 20 or 30 min
4a-n
Entry Product? R IC50° (M)
1 4a H >50
2 ab 3'-OMe 4'-OHCgHs >50
3 4c CeHs >50
4 4d 4'-OHCgH4 nd©
5 4e 3/-OHCeH, 33+06
6 af 2'-OHCgH4 >50
7 4g 3’-OMeCgHy4 >50
8 4h 2/,3'-DiOMeCqHs >50
9 4 2/-C1,3'-OHCeH; >50
10 4j 3’-0H,4’-N0O,CgH3 >50
11 4k 3/-NO,CgHy4 >50
12 al 3/-NH,CeHy 101+1.1
13 4m 3’-(CH,0H)CeHy4 132+£15
14 4n 3/-(COOH)CeH4 0.38 £ 0.02

3 Purity >95% by HPLC or 'H NMR.
b Values are means of three experiments + standard error.
€ ICsq could not be determined due to poor solubility.

(4m) compounds were twofold less potent than 4e (ICs5o=10.1 %
1.1 pM and 13.2+ 1.5 pM vs 3.3 £ 0.6 pM, respectively) demon-
strating a preference for a phenol group in the 3’-position. Rewar-
dingly, the introduction of a carboxylic acid rendered the
nanomolar potent inhibitor, 4n (ICso = 0.38 £ 0.02 pM).

In summary, three small series of trisubstituted 3-amino-imi-
dazo[1,2-a]pyridines have been investigated as MtGS inhibitors.
The compounds represent the first non-amino acid derived inhibi-
tors of this enzyme. The most effective compounds possessed low
micromolar (3f, 1C50=8.8+0.4uM, 3g, ICso=4.8+0.5uM, 4e,
[C50=3.3+0.6 uM) or nanomolar potency (4n IC50=0.38=
0.02 uM). Compound 4n was significantly more active than both
MSO (ICs0 =51 £6 uM) and PPT (IC50 = 1.9 £ 0.4 M) the most po-
tent known MtGS inhibitors. Given their drug-like nature, we antic-
ipate they will serve as important lead compounds in the search for
new anti-tuberculosis agents. The chemistry established can easily
be used to smoothly produce additional inhibitors. Work is currently
underway within our laboratory utilizing these structures to expand
the SAR developed herein.
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