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We have recently disclosed the discovery of the class of 1,2,4-oxadiazole antibiotics, which emerged from
in silico docking and scoring efforts. This class of antibacterials exhibits Gram-positive activity, particu-
larly against Staphylococcus aureus. We define the structure-activity relationship (SAR) of this class of
antibiotics with the synthesis and evaluation of a series of 59 derivatives with variations in the C ring
or C and D rings. A total of 17 compounds showed activity against S. aureus. Four derivatives were
evaluated against a panel of 16 Gram-positive strains, inclusive of several methicillin-resistant S. aureus
strains. These compounds are broadly active against Gram-positive bacteria.

© 2015 Elsevier Ltd. All rights reserved.

The Gram-positive bacterium Staphylococcus aureus is commen-
sal to humans and exists on the skin and mucosa of 30% of the
population.’? It is a principal cause of hospital infections, the most
frequent and serious of which are bacteremia and endocarditis in
hospitalized patients.>"® This organism has become resistant to
many different classes of antibiotics.”® Of special concern are the
strains designated as methicillin-resistant S. aureus (MRSA), which
are broadly resistant to most -lactam antibiotics, agents of historic
choice for treatment of infections by S. aureus. There has been
recent activity in discovery of novel antibiotics for treatment of
S. aureus infections,” but emergence of antibiotic-resistant variants
is inevitable, necessitating search for novel classes of antibiotics
effective against these organisms.

We recently reported the discovery of the 1,2,4-oxadiazole class
of antibiotics, which emerged from in silico docking and scoring,
followed by screening against the ESKAPE panel of bacteria.'®!"
This class of antibiotics targets the cell wall for inhibition, it
exhibits good in vitro and in vivo activity and it is orally
bioavailable.'%!!

The 1,2,4-oxadiazoles are generally comprised of four rings,
designated as A, B, C and D, as indicated by the representative com-
pound 1a (Fig. 1). A hydrogen-bond donor in the A ring is necessary
for antibacterial activity. The phenol, aniline and some heterocy-
cles with hydrogen-bonding capability, such as pyrazoles, are
tolerated. However, some substituents at this site such as

* Corresponding author. Tel.: +1 574 631 2933; fax: +1 574 631 6652.
E-mail address: mobashery@nd.edu (S. Mobashery).

http://dx.doi.org/10.1016/j.bmcl.2015.06.044
0960-894X/© 2015 Elsevier Ltd. All rights reserved.

sulfonamides, amides and carboxylic acids reduce the antibacterial
activity or are inactive.!! Hydrogen-bond acceptors on the A ring
are not favored. As indicated, pyrazoles with halogen substituents
are all active, as is the indole at the A ring. Other variants with
heteroaromatic systems such as pyridines, triazoles and pyrroles
generally lose activity, as do the ones with aliphatic heterocycles."
We outline here our preparation and evaluation of a series of 59
additional oxadiazole analogs. In general, the derivatives have
attempted to explore the effect of structural diversity on the
antibacterial activity on the right-hand side of the molecule in
the perspective depicted in Figure 1. The diverse analogs were
selected for variation in rings C or in rings C and D, inclusive of
fused-ring variants (Fig. 2). These studies further define the struc-
ture-activity relationship (SAR) for this class of antibacterials.
The general synthesis of this library followed the methodology
reported earlier, as depicted in Scheme 1."" Nitrile intermediates
with the C and D rings fused were commercially available
(examples 26 and 33). The nitrile intermediates 2-50 were key
to the formation of the 1,2,4-oxadiazole derivatives. The biphenyl
ether fragment can be formed through Ullmann reaction or
aromatic substitution. The former takes place between aryl iodides
and phenols in the presence of Cul, Cs;COs; and N,N-
dimethylglycine-HCI at 90 °C. Nucleophilic aromatic substitution
between the aryl fluorides and phenols was accomplished using
K,CO3 as base. With the nitriles 2-50 in hand, the amidoximes
were easily generated from the reaction between the nitrile and
hydroxylamine in ethanol. Under the standard conditions, the acyl
chloride was allowed to react with amidoxime in the presence of
pyridine under reflux to afford the key 1,2,4-oxadiazole
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Figure 1. The structure of compound 1a.

intermediates. Removal of the protective groups furnished the final
compounds. For example, the Boc group was removed by exposure
to acid and deprotection of the benzyl was performed in the pres-
ence of BBrs.
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These compounds were screened for antibacterial activity by
determination of minimal-inhibitory concentrations (MICs) against
the ESKAPE panel of bacteria, including S. aureus ATCC29213.
Active compounds were designated as those with MIC values of
<8 pg/mL, which encompassed 17 of the synthetic compounds.
The MIC data and the corresponding structures are listed in
Figure 2. All the active derivatives (51a-67a) have the phenol moi-
ety as the A ring. Compounds 51a and 52a displayed identical
antibacterial potency with an MIC value of 2 pg/mL, which indi-
cated both the electron-withdrawing group chlorine or the elec-
tron-donating hydroxyl were well tolerated. Other substituents
such as iodine, fluorine and the nitro group at the R! and R2
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Figure 2. Results of in vitro antibacterial activity against S. aureus ATCC29213 of the new 1,2,4-oxadiazole derivatives. The functional groups in ring C were changed to
produce all the synthetic compounds in this series and Y was limited to the three indicated entities. MIC values were measured in pg/mL and active compounds have an

MIC < 8 pg/mL.
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Scheme 1. General synthetic route to the 1,2,4-oxadiazoles, and the intermediates (2-50) used for variations within the C ring or the C and D rings fused. Aromatic
substitution condition: K,CO3, DMF, 60-100 °C; Ullmann reaction condition: Cul, Cs,CO3, N,N-dimethylglycine-HCl, 1,4-dioxane 90 °C.

positions showed the same trend. Interestingly, compound 68a
with the NH, group at R? did not have any antibacterial activity.
A small difference in antibacterial activity was observed between
55a and 58a with the switching of the NO, group between the R!
and R? positions (MIC = 4 pg/mL vs MIC = 8 pg/mL). On the con-
trary, when the position of the azide was changed between R!
and R?, one compound (53a) demonstrated activity and the other
(69a) was inactive. Intriguingly, chlorine as a substituent exhibited
the opposite trend between the R! and R? positions (52a and 70a).
Replacement of the bridging oxygen with sulfur, compounds 61a,
62a, 63a and 65a, did not alter the activity. Also, substitution of
oxygen by the NH group (64a) retained activity, although there
was a two-fold effect on the MIC value. It is of note that, compound
86a with the oxygen substituted by CH, resulted in inactivity, so
did replacement of oxygen with NH (85a). The CO, SO and SO,
groups at the same location behaved the same way, resulting in

the loss of activity (87a, 89a and 90a). The more polar piperidine
derivative 67a was active (MIC = 8 ng/mL).

Other attempts to introduce piperidine (93a) or piperazine
(102a) failed to produce active compounds. Compounds 74a-76a
with pyridine rings were devoid of activity. Most of the compounds
with the C and D rings fused were inactive, except 59a and 60a,
which exhibited activity with an MIC of 8 pg/mL. Isomeric com-
pounds 59a and 60a showed the same activity, indicating that
the different positions for the indole nitrogen did not affect the
antibacterial activity. The substitution of the indole nitrogen by
O, S or NBn resulted in inactive compounds (71a, 72a and 73a).
Our previous work indicated that several derivatives with 4-chloro
pyrazole or indole as the A ring and the diphenyl ether for the C
and D rings have potent antibacterial activity.'' However, the vari-
ants prepared in the present study in which the C and D rings were
fused did not result in active compounds.
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Table 1

Minimal-inhibitory concentrations (MICs) of oxadiazoles®
Microorganism MIC (pg/mL)

51a 52a 53a 63a Vancomycin’

S. aureus ATCC 29213 2 2 2 2 1
S. aureus ATCC 27660° 16 8 4 2 1
S. aureus NRS100 (COL)* 16 8 4 2 2
S. aureus NRS119¢ 8 4 4 2 2
S. aureus NRS120¢ 8 4 4 2 2
S. aureus VRS1°¢ 8 2 2 2 512
S. aureus VRS2 8 2 2 2 64
S. epidermis ATCC 35547 16 4 2 2 16
S. hemolyticus ATCC 29970 8 4 2 2 2
B. cereus ATCC 13061 8 4 4 8 1
B. licheniformis ATCC 12759 16 2 4 1 0.5
E. faecalis ATCC 29212" 8 4 2 2 2
E. faecalis 201(Van S)® 8 4 4 2 1
E. faecalis 99(Van R)" 16 4 4 2 128
E. faecium 119-39A (Van S)® 8 4 4 2 0.5
E. faecium 106 (Van R)" 8 4 4 2 256
E. faecium C68' 8 4 4 2 64

¢ Whereas the compounds were screened against the ESKAPE panel of bacteria,
they exhibited antibacterial activity only against Gram-positive bacteria.

> A quality-control strain susceptible to methicillin to monitor accuracy of MIC
testing.

¢ mecA positive, resistant to methicillin, oxacillin, and tetracycline; susceptible to
vancomycin and linezolid.

9 mecA positive, resistant to ciprofloxacin, gentamicin, oxacillin, penicillin, and
linezolid.

¢ Vancomycin-resistant MRSA (vanA) clinical isolate from Michigan.

f Vancomycin-resistant MRSA (vanA) clinical isolate from Pennsylvania.

¢ Vancomycin-susceptible clinical isolate.

" Vancomycin-resistant clinical isolate.

I Clinical strain isolated in Cleveland hospitals; most prevalent vancomycin-re-
sistant E. faecium strain from Cleveland hospitals.

i Data from Ref. 10; reproduced here for the sake of comparison.

X Data from Ref. 12; reproduced here for the sake of comparison.

This SAR effort based on a library of 59 compounds established
a number of important observations on the oxadiazole antibiotics.
These are: (i) structural variations on the C ring can support
antibacterial activity; (ii) substitutions of oxygen for sulfur at the
bridging moiety between rings C and D can generally be tolerated,
but other moieties at the same site are detrimental; (iii) fusion of
rings C and D with the phenol as the A ring retains activity; (iv)
variations on the C ring abolish activity, if the A ring is either pyra-
zole or indole.

Antibiotics 51a-53a and 63a were evaluated with a larger panel
of 16 Gram-positive bacteria, including antibiotic-resistant strains
(Table 1). The properties of these strains are given in the footnotes
to the table. These compounds in general exhibit broad activity
against many of these leading Gram-positive bacterial pathogens.

We have described in this report the design, synthesis and the
antibacterial activity against Gram-positive bacteria of a series of
1,2,4-oxadiazole analogs with modifications on the C ring or on
the fused C and D rings. This study defines the structural properties
of this novel class of antibacterials, which emerged from an in sil-
ico search and screening.
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