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ABSTRACT: A series of new 8-nitro-6-(trifluoromethyl)-1,3-
benzothiazin-4-one(BTZ) derivatives containing a C-2 nitro-
gen spiro-heterocycle moiety based on the structures of BTZ
candidates BTZ043 and PBTZ169 were designed and
synthesized as new antitubercular agents. Many of them
were found to have excellent in vitro activity (MIC < 0.15 μM)
against the drug susceptive Mycobacterium tuberculosis H37Rv
strain and two clinically isolated multidrug-resistant strains.
Compounds 11l and 11m display acceptable safety, greater
aqueous solubility, and better pharmacokinetic profiles than
PBTZ169, suggesting their promising potential to be lead
compounds for future antitubercular drug discovery.
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Tuberculosis (TB), one of the leading causes of death from
an infectious disease ranking above HIV/AIDS, is caused

mainly by Mycobacterium tuberculosis (MTB).1 The World
Health Organization (WHO) estimated that approximately
10.4 million people were infected and 1.4 million died from TB
worldwide in 2015.2 Recently, the spread of multidrug-resistant
(MDR) TB and the emergence of extensively drug-resistant
(XDR) TB have revitalized drug discovery efforts in search of
new drugs.3−5 Although Bedaquiline (inhibition of mitochon-
drial ATP synthase) and Delamanid (inhibition of mycolic acid
biosynthesis) were approved for the treatment of MDR-TB,
over a huge gap of over 40 years,6,7 both of them have
pronounced issues, including hERG toxicity concerns, as well as
multiple ADME issues due to their high lipophilicity.3

Moreover, there are only three new chemical entities TBA-
354 (nitroimidazole), PBTZ169 (benzothiazinone), and Q203
(imidazopyridine)8 currently in Phase 1 clinical trials. There-
fore, there is a significant unmet medical need for safer, more
effective TB drugs with novel mechanisms.
Decaprenyl phosphoryl-β-D-ribose 2′-epimerase (DprE1), an

essential aspect of MTB survival and a novel mechanism of
antitubercular activity, has been identified as a potential target
for developing potent and safer anti-TB agents.9−11 Some new
chemical entities (NCE) were found to have excellent activity
against MDR/XDR-MTB as covalent or noncovalent inhibitors
of the DprE1 enzyme.12−17 As the most advanced scaffold

among these NCEs, nitrobenzothiazinones (BTZs) have
garnered great interest recently, and many series of BTZ
derivatives were reported.18−26 The structure−activity relation-
ship (SAR) and mechanistic studies suggest that the −NO2

group at position 8 and the sulfur atom at position 1 are critical
for activity, that the −CF3 at position 6 plays an important role
in maintaining activity,18,19,27,28 and that structural modifica-
tions at position 2 are the most successful and efficient. For
example, BTZ043 (Figure 1), a 2-spiroketal BTZ nearing phase
I clinical trials, displays nanomolar bactericidal activity both in
vitro and in ex vivo models of TB.18,24 PBTZ169(Figure 1), a 2-
piperazino BTZ with slightly worse pharmacokinetic (PK)
properties relative to BTZ043, has improved in vivo potency
because of its greater solubility through protonation of the
tertiary amino nitrogen on the piperazine.20 According to the
latest report, a Phase I trial of PBTZ169 was completed in
Russia, and a second Phase I trial will be undertaken in
Switzerland in 2017.2

In our previous study, the spiroketal moiety of BTZ043 was
replaced by various cyclic ketoximes or the terminal nitrogen
on the piperazine ring of BPTZ169 was shifted outside the ring,
and some of the resulting compounds were found to have
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improved activity and aqueous solubility, or acceptable PK
profiles.26 In this study, we intended to integrate the structural
features of BTZ043 and PBTZ169, and construct structurally
unique compounds, nitrogen spiro-heterocycles as side chains
at the 2-position of BTZs (Figure 1). Clearly, these side chains
combine the characteristics of both the spiro-cycle of BTZ043
and the alkaline tertiary-amine of BTZ169. The antimycobac-
terial activity, solubility, toxicity, and PK properties of these
target compounds were evaluated, aiming to identify alternative
groups at position 2 of BTZs and find optimized potent anti-
TB drug candidates with improved drug-like properties through
SAR study.
Detailed synthetic pathways to target compounds 11−13 are

outlined in Scheme 1. Introduction of various R groups to Boc-
protected spiro-heterocycles 1−3 by reductive amination with
aldehydes,29 nucleophilic substitution with bromides, or
amidation with carboxylic acid in the presence of EDC and
HOBt30 gave compounds 4−6, which upon removal of the Boc
protecting group afforded the desired side chain compounds
7−9 by TFA in DCM in good yields. Additionally, the Boc
group of 3 was also reduced by LiALH4 to produce the methide
9.31 The target compounds 11−13 were conveniently obtained
from 1020 by nucleophilic substitution with spiro-heterocycle
derivatives 7−9 or 1−3.
The target compounds 11a−i, 12a−d, and 13a−c bearing

different kinds of substituent groups to ensure side chain
flexibility and structure diversity were first synthesized (Table
1). They were preliminarily screened for in vitro activity against
MTB H37Rv ATCC27294 strain, using the Microplate Alamar
Blue Assay (MABA).32 The minimum inhibitory concentration
(MIC) is defined as the lowest concentration effecting a
reduction in fluorescence of >90% relative to the mean of
replicate bacterium-only controls. The MIC values of the
compounds along with PBTZ169, isoniazid (INH), and
rifampicin (RFP) for comparison were obtained from three
independent experiments and presented in μM in Table 1.
The data reveal that with a few exceptions (11e−h, 12d,

13c), all the BTZ derivatives show considerable activity against
this strain (MIC < 1 μM). Among them, compounds 12b and
12c (MIC = 0.062 and 0.060 μM) are more active than INH
(MIC = 0.284 μM) and RFP (MIC = 0.092 μM), and slightly
less active than PBTZ169 (MIC < 0.035 μM). The potency of
the BTZ derivatives is related to the sizes of both cycles A and
B in the spiro-heterocycle moiety, as well as the nature of
substituent groups. When ring A is piperidine (11−13), the
contribution of ring B to the activity seems to be as follows:

pyrrolidine > azetidine > piperidine (11a vs 12a vs 13a; 11b vs
12b vs 13b); whereas, when ring B is piperidine, the
contribution of ring A is in this order: piperidine > azetidine
> pyrrolidine (11i vs 12d vs 13c). However, replacement of the
cyclohexylmethyl group derived from PBTZ169 with benzyl or
acetate moieties leads to increased activity (11a vs 11b−d; 12a
vs 12b−c; 13a vs 13b). Removal of the cyclohexyl group (11e)
or replacement of the cyclohexylmethyl with benzoyl (11h)
abolishes the potency against this strain. Moreover, N-
acetamide was also found to be much less active than the
corresponding N-acetate (11b vs 11g; 11d vs 11f).
Consequently, this set of modifications suggests that the
spiro-heterocycle (piperidine as ring A) with N-benzylic group
might be important for antimycobacterial activity and worthy of
further optimizations, considering the probable instability in
vivo of the N-acetate moiety.
Next, the optimizations were focused on R group (Table 2)

of the benzene ring. An additional set of N-benzylated
analogues listed in Table 2 were designed and synthesized.
Considering the commercial availability of the spiro-hetero-
cycles, compounds with piperidine as B ring synthesized from
the cheapest starting material 1 were selected for the
preliminary SAR study. Our results indicate that most of
them show potent activity against MTB H37Rv strain (MIC <
0.15 μM) and that the most active compounds, 11m, 11o and
12f, were found to have the same MIC values of <0.035 μM as
PBTZ169. Exploration of SAR at the para-position of phenyl
group with piperidine as ring B was first conducted by
substitution of various functional groups (11j−m). Compared

Figure 1. Design of the BTZ derivatives.

Scheme 1. Synthesis of Compounds 11−13a

aRegents and conditions: (a) (i) RCHO, MeOH, AcOH, NaCNBH3,
rt−50 °C, 60−85%; or (ii) RBr, MeCN, K2CO3, rt, 55−65%; or (iii)
RCOOH, EDC, HOBt, Et3N, DCM, rt, 67%; (b) TFA, DCM, rt, 80−
95%; (c) LiAlH4, THF, 60 °C, 65%; (d) MeOH, rt−50 °C, 43−70%.
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with the lead compound 11c, introduction of an electron-
withdrawing group (F, Br, CF3) offers more potency (11k−m),
whereas the presence of an electron-donating one (CH3O)

results in slightly decreased activity (11j). Moreover, a meta-
fluoro atom leads to increased activity (11k vs 11n), and an
additional meta-fluoro one is even more favorable (11n vs 11o).
The SAR applies equally to the analogues with pyrrolidine ring
as ring B. For example, introduction of an electron-donating
group (CH3O) is detrimental to the potency (12c vs 12e; 12c
vs 12g). Conversely, an electron-withdrawing one (F) causes
improved activity (12c vs 12f). Additionally, a compound with
azetidine ring as ring B (13c) was also synthesized to
investigate the potential impact of the size of ring B on
activity. It is shown that azetidine ≈ pyrrolidine ≫ piperidine
(11j vs 12e vs 13d), suggesting that BTZs with azetidine or
pyrrolidine as ring B appears to be more active than piperidine.
Inspired by this, more N-benzylated analogues with azetidine or
pyrrolidine as B ring are now being synthesized in our lab, and
the results will be reported in due course.
It was reported there is a strong correlation between MIC

and lipophilicity of N-alkylpiperazyl-BTZs.20 The logP values of
the N-benzylated spiro-heterocycle series were calculated by
Chemdraw 15.0 and listed in Table 2. However, no clear
correlation between logP and antimycobacterial activity was
found in this study.
Encouraged by their strong potency against the drug

sensitive MTB H37Rv strain (MIC < 0.15 μM), compounds
11l−o, 12b-c, 12e−f, and 13d were further evaluated against
two clinical isolated MTB-MDR (12525 and14231) strains
resistant to both INH and RFP. As shown in Table 3, all of
them exhibit excellent activity (MIC < 0.035−0.123 μM)
comparable to or slightly less potent than PBTZ169, suggesting
their promising potential for both drug-sensitive and resistant
MTB strains (Tables 1−3).
Considering acidic gastrointestinal environments, com-

pounds 11l−o, 12b−c, 12e−f, and 13d were evaluated for
their water solubility at pH 2 (0.01 M HCl solution) by using
an HPLC-UV method.33 As expected, the compounds
containing a basic nitrogen spiro-heterocycle moiety display
good solubility (0.67−2.04 mg/mL). All of them are, with the
exception of 11o, more water-soluble than PBTZ169 (0.90 mg/
mL). Compound 12b with an additional acetate moiety was

Table 1. Structures and Activities of 11a−i, 12a−d, and 13a−
c against MTB H37Rv

Table 2. Structures and Activity of N-Benzylated Analogues
against MTB H37Rv

compd. n1 n2 R LogP MIC (μM)

11c 1 1 H 5.78 0.847
11j 1 1 4-methoxyl 5.91 1.005
11k 1 1 4-fluoro 5.92 0.210
11l 1 1 4-bromo 6.67 0.057
11m 1 1 4-trifluoromethyl 6.76 <0.035
11n 1 1 3-fluoro 5.92 0.054
11o 1 1 3,5-difluoro 6.06 <0.035
11p 1 1 3,5-dimethoxyl 6.05 0.825
12c 0 1 H 5.33 0.059
12e 0 1 4-methoxyl 5.46 0.112
12f 0 1 4-fluoro 5.46 <0.035
12g 0 1 2-methoxyl 5.46 1.676
13d 0 0 4-methoxyl 5.00 0.113
PBTZ 169 <0.035
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found to have the highest solubility (2.04 mg/mL), which is
more than two times that of PBTZ169 (Table 3).
Compounds 11l−o, 12b-c, 12e-f, and 13d were examined for

cytotoxicity (CC50) in a mammalian Vero cell line by MTT
assay,34 and the results are reported in Table 3. A comparison
demonstrates that only three compounds 11l, 11n, and 11o
(CC50: 1169.75−1677 μM) display comparable cytotoxic to
PBTZ169 (CC50: 1402.82 μM), and compounds 12e and 13d
containing a N-(4-methoxyl)benzyl group are the most
cytotoxic (CC50: 86.20 and 78.86 μM). Moreover, all but one
(11m) of the derivatives with piperidine as ring B have higher
CC50 than those with pyrrolidine or azetidine as ring B.
Based on the measured activity levels against all of the tested

strains and cytotoxicity, compounds 11l−o, 12b−c, and 12f
were further tested for in vivo tolerability by recording the
number of survivors after a single oral dose in mice of 500 mg/
kg, followed by a 7-day observation. As shown in Table 3, all of
the compounds with piperidine as ring B (11l−o) and
compound 12b with an acetate moiety display the lowest oral
acute lethal toxicity, followed by pyrrolidine (ring B)-
containing derivatives 12f and then 12c.
The in vivo PK profiles of compounds 11l−o, 12b, and 12f

were evaluated in mice after a single oral administration of 50
mg/kg. As shown in Table 4, all the tested compounds display
similar or significantly longer T1/2 (3.11−10.66 h) and MRT
(4.00−15.9 h) than PBTZ169 (2.87 and 3.73 h). Among the
compounds with piperidine as ring B (11l−o), compounds 11l

and 11m with a substituent at the para-position on benzene
ring display the best PK profiles, their T1/2, Cmax, AUC0‑inf, and
MRT are comparable to or significantly longer/higher than
PBTZ169, whereas the Cmax and AUC0‑inf of compounds 11n−
o with a substituent at the meta-position are similar to or
significantly lower than PBTZ169. The results suggest that the
presence of a substituent at the para-position on benzene ring is
more favorable for the PK profiles than the meta-position. In
addition, compound 12f with a para-fluoro atom on benzene
ring has similar PK profiles to PBTZ169. However, compound
12b has very poor drug exposures as expected; its Cmax (17.6
ng/mL) and AUC0‑inf (41.8 ng/mL) are significantly lower than
PBTZ169, and the hydrolysis of the acetate moiety in acidic
conditions may account for this.
In summary, a series of new BTZ derivatives with a nitrogen

spiro-heterocycle moiety at position 2 were designed as new TB
agents through combining the structural features of both
BTZ043 and PBTZ169. Many of them exhibit excellent in vitro
inhibitory activity against both drug-sensitive MTB strain
H37Rv and drug-resistant clinical isolates (MIC< 0.15 μM).
Compounds 11l and 11m, with N-(4-bromobenzyl)- and N-(4-
trifuorobenzyl)-3,9-diazaspiro[5,5]undecane moieties, respec-
tively, display acceptable safety, higher aqueous solubility and
better PK properties than PBTZ169, and both of them may
serve as new and promising lead compounds for further
antitubercular drug discovery. Studies to determine the in vivo
efficacy of 11l and 11m are currently underway.
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