"% NIH Public Access

Y (A
] a2 & Author Manuscript
PSS

Published in final edited form as:
J Med Chem. 2009 March 12; 52(5): 1329-1344. doi:10.1021/jm801374t.

Structure-Activity Relationships of Antitubercular
Nitroimidazoles. Il. Determinants of aerobic activity and
guantitative structure-activity relationships

Pilho KimT’§, Sunhee KangT*#, Helenall. BoshoffT, Jan Jiriceki, Margaret CollinsT,
Ramandeep SinghT, Ujjini H. Man'unathaT’i, Pornwaratt Niyomrattanakiti, Liang ZhangTv”,
Michael GoodwinT, Thomas Dick*, Thomas H. Keller*, Cynthia S. DowdT’A'*, and Clifton E.
Barry 3rd

TTuberculosis Research Section, Laboratory of Clinical Infectious Diseases, National Institute of
Allergy and Infectious Diseases, National Institutes of Health, Bethesda, Maryland 20892

1duasnue Joyiny vd-HIN

*Novartis Institute for Tropical Diseases, 138670, Singapore.

Abstract

The (S)-2-nitro-6-substituted 6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazines have been extensively
explored for their potential use as new antituberculars based on their excellent bactericidal properties
on aerobic whole cells of Mycobacterium tuberculosis. An oxygen atom at the 2-position of the
imidazole ring is required for aerobic activity. Here we show that substitution of this oxygen by either
nitrogen or sulfur yielded equipotent analogs. Acylating the amino series, oxidizing the thioether, or
replacing the ether oxygen with carbon significantly reduced the potency of the compounds.
Replacement of the benzylic oxygen at the 6-position by nitrogen slightly improved potency and
facilitated exploration of the SAR in the more soluble 6-amino series. Significant improvements in
potency were realized by extending the linker region between the 6-(S) position and the terminal
hydrophobic aromatic substituent. A simple 4-feature QSAR model was derived to rationalize MIC
results in this series of bicyclic nitroimidazoles.
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Introduction

The recent emergence of extensively drug-resistant (XDR) strains of Mycobacterium
tuberculosis (Mtb&) has spurred an urgent effort to identify new agents to treat an otherwise
incurable disease.! The antitubercular nitroimidazoles, including two classes of new bicyclic
agents with either fused oxazole or oxazine rings, are one of the most exciting recent
developments in the field of antituberculosis chemotherapy and two candidates are already in
human clinical trials for the treatment of both drug-susceptible, and drug-resistant disease.?
The aerobic antitubercular activity of the 2,3-dihydro-6-nitroimidazo[2,1-b]oxazole class of
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aAbbreviations: FGD1, F420-dependent glucose-6-phosphate dehydrogenase; MAC, minimum anaerobicidal concentration; MIC,
minimum inhibitory concentration; MBP, maltose-binding protein; Mtb, Mycobacterium tuberculosis; Mtz, metronidazole; SAR,
structure-activity relationship; TB, tuberculosis; TBS or TBDMS, tert-butyldimethylsilyl; THP, tetrahydro-2H-pyran; TBAI,
tetrabutylammonium iodide; MsCI, methanesulfonyl chloride; DIPEA, N,N-diiospropylethylamine; mCPBA, meta-chloroperoxybenzoic
acid; DTAD, di-tert-butyl azodicarboxylate; DIBAL-H, diisobutylaluminum hydride.
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molecules was discovered in the late 1980s.3 Although the series was dropped at that time for
suspected problems with mutagenicity, the related 2,3-dihydro-6-nitroimidazo[2,1-b]oxazine
class was discovered shortly thereafter.# This oxazine class produced one candidate molecule
((S)-2-nitro-6-(4-(trifluoromethoxy)benzyloxy)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazine,
PA-824, 1) currently in Phase 11 clinical trials.2 In parallel the oxazole class has been further
elaborated at Otsuka Pharmaceuticals and has given rise to a second candidate currently in
clinical trials, (R)-2-methyl-6-nitro-2-((4-(4-(4-(trifluoromethoxy)phenoxy)piperidin-1-yl)
phenoxy)methyl)-2,3-dihydroimidazo[2,1-b]oxazole (OPC-67683, 2).% In all three of these
programs a whole cell-based lead optimization strategy was applied, prioritizing compounds
on their in vitro potency and their in vivo efficacy in mice.

Both PA-824 and 2 suffer from extremely low solubility, complicating formulations and
potentially limiting ultimate use. In addition, both series were optimized for activity on aerobic
bacilli, while a potentially useful anaerobic effect was not the focus of these projects. We have
examined the mechanistic details underlying the biological activity of these compounds with
the aim of designing nitroimidazoles with more potent activity. Both the oxazine and the
oxazole classes of bicyclic nitroimidazoles are pro-drugs that require reduction by Ddn, a
coenzyme F,0-dependent nitroreductase that we have recently purified and characterized.
Ddn displays extremely high substrate specificity for this series of compounds. The kinetic
properties (for example, keat/Kp) of specific members of this family as substrates for Ddn are
important determinants of aerobic activity against the whole organism. However, the detailed
structural requirements of Ddn for this reduction are still poorly understood. In our previous
work’ we have explored the SARs of 5-nitroimidazoles (e.g., metronidazole) and 4-
nitroimidazoles (e.g., PA-824) as they relate to aerobic and anaerobic potency across these two
classes of compounds and found that the 2-position oxygen was an essential distinguishing
feature of aerobic potency. In this work we describe the synthesis and evaluation of a number
of 2- and 6-substituted 2,3-dihydro-6-nitroimidazo[2,1-b]Joxazines (Figure 1) and report here
the SAR governing the aerobic activities of the 4-nitroimidazoles in depth.

CHEMISTRY

Substitution on the 2-position of the imidazole ring

The preparation of the 2N-substituted analogs of PA-824 is shown in Scheme 1. Synthesis
began with TBS-protected alcohol 3.7 Alcohol 3 was alkylated with 4-trifluoromethoxybenzyl
bromide, NaH, and TBAI to give 4 in 49% yield. TBS-deprotection of 4 in the presence of
TBAF afforded primary alcohol 5 in quantitative yield. The treatment of 5 with MsCI and
DIPEA provided mesylate 6 in 91% yield.8 Azidation of mesylate 6 with NaN3 gave compound
7 in 85% yield.? Reduction of the azido group in the presence of SH(CH,)3SH and Et3N10
furnished amine 8 in 78% yield. Cyclization of 8 was facilitated under microwave conditions
at 150°C to afford 2N-824 (9) in 32% yield. Conventional solution phase synthesis of a similar
reaction has been reported,1 however, we found that use of microwave conditions improved
reaction yield. N-formylation of 9 in the presence of HCO,H and Ac,0 afforded 2N-CHO-824
(10, 33%).12 The treatment of 9 with AcCl and Et3N furnished 2N-Ac-824 (11) in 23% yield.
13 Functional group transformation of mesylate 6 with Nal gave iodo compound 12 in 91%
yield.14 Cyclization of 12 with MeNH, under microwave conditions at 200°C afforded 2N-
Me-824 (13, 52%) in addition to the dichloro compound (14) as a by-product.

To introduce a sulfur atom in the 6-membered ring, mesylate 6 was treated with KSAc in
DMF® to give rise to thioester 15 in 95% yield (Scheme 2). Tandem saponification and
cyclization16 of 15 using 3M NaOH (aq) in MeOH afforded the bicyclic compound 2S-824
(16) in 26% yield. Oxidation of 16 with mCPBAL” in CH,Cl, furnished both 2S0-824 (17;
26%) and 2S0,-824 (18; 59%). Enantiomer 19 was prepared in an analogous manner (see
Supporting Information).
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Substitution of the benzylic ether to produce secondary amino derivatives

The preparation of compounds 24-28, where the benzyl ether oxygen atom of PA-824 is
replaced with a nitrogen atom, is shown in Scheme 3-Scheme 8. Mesylation of alcohol 2018
using MsCl and Et3N furnished 21 in 80% yield. Treatment of 21 with NaN3 gave azide 22 in
46% yield. Alternatively, a Mitsunobu reaction on 20 using DTAD, PPhs, and
diphenylphosphoryl azide also afforded 22 in 67% yield.1® Reduction of azide 22 either under
catalytic hydrogenation (10% Pd/C)Z° conditions or using 1,3-propanedithiol in EtsN?! gave
rise to amine 23. Amine 23 was found to be unstable to purification, therefore subsequent
reactions were performed with the crude amine mixture generated from 22 without further
purification. Tandem reduction and reductive amination?? using the appropriate aldehydes
furnished desired products 25 (69%), 26 (31%), 27 (46%), and 28 (77%). Amido-compound
24 was prepared starting from azide 22 by tandem catalytic hydrogenation and acylation using
4-trifluoromethoxyphenoxyacetyl chloride in 61% yield.

In Scheme 4, alcohol 29 was oxidized using Dess-Martin periodinane to give 3023 in 82%
yield. The aminoethyl compound 31 was prepared by reductive amination of 30 and 23 in the
presence of NaBH3CN and AcOH in 58% yield. Similar chemistry was used to prepare the
aminopropyl compound 37 as shown in Scheme 5. Heck reaction?* of 32 using methyl acrylate,
Pd(OACc),, PPhs, and Et3N gave conjugated ester 33 in 91% yield. Ester reduction using
DIBAL-H in CH,Cl, delivered allylic alcohol 3425 in 84% yield. Catalytic hydrogenation of
34 in the presence of Pd/C and Hy (g) furnished alcohol 35 in 88% yield. Oxidation of 35 with
Dess-Martin periodinane and NaHCO3 gave rise to aldehyde 36 in 86% yield. The aminopropyl
compound 37 was prepared by reductive amination of 36 and 23 in the presence of NaBH3CN
and AcOH in 40% yield.

Scheme 6 shows the preparation of the aminobutyl compound 41. A Horner-Wadsworth-
Emmons (HWE) reaction?® of 30 using triethyl phosphonoacetate gave conjugated ester 38 in
73% vyield. Catalytic hydrogenation of 38 under Pd/C and H, (g) furnished saturated ester 39
in quantitative yield. Ester 39 was reduced to give aldehyde 40 (76%) using DIBAL-H in
CH,Cl, at —78°C. Reductive amination of 40 and 23 in the presence of NaBH3CN and AcOH
afforded 41 in 58% yield. In Scheme 7, allylic alcohol 34 was oxidized using Dess-Martin
periodinane and NaHCO3 to give aldehyde 42 in 88% yield. A HWE reaction of 4227 with
triethyl phosphonoacetate delivered conjugated ester 4328 in 64% yield. Catalytic
hydrogenation of 43 using Pd/C and H (g) furnished ester 44 in 94% yield. Reduction of 44
in the presence of DIBAL-H in CH,Cl, afforded aldehyde 45 in 83% yield. Reductive
amination of 45 and 23 in the presence of NaBH3CN and AcOH afforded pentylamine 46 in
55% vyield. In Scheme 8, alkylation of 4-hydroxybenzaldehyde (47) using 4-
trifluoromethoxybenzyl bromide and NaH gave rise to compound 48 in quantitative yield.
Subsequent reductive amination of 48 and 23 in the presence of NaBH3CN and AcOH afforded
compound 49 in 67% yield.

RESULTS AND DISCUSSION

Replacement of the 2-position oxygen

In our previous work describing the SAR of 4- and 5-nitroimidazoles related to PA-824 and
metronidazole,” we observed that the 2-position oxygen of the oxazine ring of PA-824 was
required for aerobic activity against Mtb.” The corresponding 2-carba analog of PA-824 had
30-fold less aerobic activity than the oxazine parent. To explore this further we replaced the
2-position oxygen with two other electron-donating atoms, nitrogen and sulfur, resulting in
compounds 9 and 16, respectively. Surprisingly, these two substitutions had no effect on the
aerobic potency of the resulting analogs with measured MICs of 0.8 puM, identical to PA-824
(Table 1). As with PA-824, inverting the stereochemistry at the 6-position of the oxazine ring
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in the 2-S-analog 19 resulted in a 50-fold loss of activity, suggesting that these compounds
were also activated by Ddn. The catalytic efficiency of these molecules as substrates for Ddn,
expressed as the ratio of ke;t/K, for reoxidation of reduced F4,q, was also comparable to that
of PA-824 (Table 1). Both the 2-amino (9) and the 2-thio (16) analogs show reduced potency
under anaerobic conditions (reported as Minimum Anaerobicidal Concentration, MAC),
greater than 10-fold and 2 — 4-fold, respectively.

Lowering the electron-donating nature of the 2-position substituent significantly reduces the
potency of the analogs in both the amino and thio series. Formylation or acetylation of the
amino group to give 10 or 11 results in a 4-8 fold decrease in MIC and a concomitant 2-3 fold
reduction in ke,/Kyy, for Ddn. Likewise, oxidation of 16 to the sulfoxide or the sulfone (17 or
18) abolished aerobic activity, reduced anaerobic activity and resulted in analogs that are poor
substrates for Ddn (Table 1). Simple methylation of the 2-amino analog (9) to give 13 reduced
both the aerobic and the anaerobic activity by about 8-fold, yet has a comparatively small effect
on the efficiency of this molecule as a Ddn substrate with ke;/K, of 0.061.

6(S)-amino-derivatives of PA-824

The lipophilic tail of the 6(S)-oxazine series has been the most intensively investigated part of
the molecule, with several dozen molecules described in the two published patents.18: 29 One
curious observation from the molecules described in these patents was that highly active
molecules could have either an aromatic hydrophobic group 2—-3 atoms from the 6-position of
the oxazine ring or two aromatic groups at roughly 2-3 and 9 atoms’ distance. This was
highlighted by molecules such as PA-647 (the ether analog of 27) with a 4-benzyloxybenzyl
substituent which was reported to have an MIC more than 10-fold lower than PA-824.2° This
implied that perhaps there were additional hydrophobic pockets on Ddn adjacent to the binding
site of PA-824. We wanted to confirm and refine this observation by making a series of
molecules to more systematically explore this hypothesis.

One significant problem with accurate measurements of Kinetic constants and other activities
for all of these compounds has been solubility, so we sought to initially improve this by
replacement of the ether oxygen with an amine. Amino-824 (25) proved to be slightly more
active aerobically than the ether parent and gratifyingly had significant improvements in
solubility that will be described elsewhere. To confirm what had been reported in the patent
literature for the corresponding 6-position ether derivatives with longer hydrophobic
substituents, we synthesized two 6-amino derivatives, with either one (26) or two (27) aromatic
substituents in the lipophilic tail. Similar to the findings previously reported in the patent
literature, 26 was equal to, and 27 significantly better than, 25 in terms of their aerobic MIC
values.

We next tested a series of derivatives of 25 in which we increased the length of the carbon
chain connecting the 6-position amine with the aromatic hydrophobe one carbon at a time so
that the spacing from the amino linkage increased from two to five carbons. Aminoethyl-824
(31) was 4-fold better in MIC than PA-824 while there was little change in the Kgq/ Km (0.110
and 0.155, respectively). Aminopropyl-824 (37) was a full log better in MIC (0.08 uM) and
showed substantial improvement in Ke;i/Kp, for Ddn to 0.307. Aminobutyl-824 (41) had the
best MIC (0.04 uM) with continued improvement in Ko/ Ky to 0.514. Aminopentyl-824 (46)
appeared slightly worse in MIC (0.08 pM), the same as aminopropyl-824. Despite this, Keat/
K, for Ddn improved for the pentyl derivative (0.910) compared to the corresponding butyl
derivative (0.514). This series of compounds nicely demonstrates the completely different SAR
for aerobic and anaerobic activity. Despite an overall 50-fold improvement in MIC, the MAC
of aminobutyl-824 (41) was the same as the parent compound.
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Substitutions at the para position of the second hydrophobic site

The molecules discussed in the previous paragraph (31, 37, 41 and 46) were all based on the
scaffold of PA-824 and therefore contained the p-trifluoromethoxy substituent. The potent
activity of these compounds suggests that both extension into the second aromatic site in Ddn
and the presence of the p-trifluoromethoxy substituent are beneficial. It was therefore a logical
extension of the SAR to incorporate a p-substituent into amino-647 (27). Hence compound
28, which has a para-fluoro substituent, and compound 49, which has a para-trifluoromethoxy
substituent, were synthesized and evaluated. To our disappointment, compound 28 showed a
significant improvement in kq5/Kpy, but no improvement in aerobic MIC, while 49 was inferior
as a substrate for Ddn and was equivalent to 27 in aerobic MIC.

A predictive QSAR model for whole cell activity of antitubercular nitroimidazoles

We employed the Catalyst algorithm as implemented in Discovery Studios to search for
pharmacophore features within this compound series that best predicted activity. Because of
the limited range of kqq/ K, values for these compounds as substrates of Ddn (not quite 3 orders
of magnitude) as well as the added mechanistic complexity that this kinetic parameter is only
reflective of F4,q reoxidation and does not translate directly into whole cell activity, we used
MIC as the primary activity for developing this model. Twenty-one oxazine analogs were used
to develop the model. Highly active molecules 41, 24, 27, and 49 were used to enumerate
potential features and 17 additional molecules were used during the subtractive and
optimization phases of the program. Catalyst successfully generated ten robust hypotheses for
a QSAR model in four discrete clusters. Seven of these ten were significant using the Fischer
validation test at 90% confidence level. The best of these models had a correlation coefficient
for the training set of 0.96. Next, 22 additional oxazines (previously unseen by the algorithm)
were used to construct a test set that was run against all ten of the hypotheses generated. We
then examined both correlation with the training set and the predicted MICs for the test set.

Because all ten hypotheses showed significant correlations using the Fisher validation
algorithm in which the input activities are scrambled using the same structures, we explored
the differences between them in detail. These hypotheses clustered into four groups that
contained many of the same elements. There were two primary elements that differentiated the
four groups of QSAR hypotheses: the elements used to position the nitroimidazo-oxazine and
the distance of hydrophobic areas from this nucleus. The ten different hypotheses anchored the
nitroimidazo-oxazine ring using either two pairs of hydrogen bond acceptors positioned nearly
identically (7 of the ten models) or a hydrogen bond donor (nitro group) -acceptor (oxazine
oxygen) pair (3 of the ten models). These two donor/acceptor atoms are complemented by a
hydrogen bond donor positioned at the 6-position substituent of the oxazine nucleus. An
example of one of these models is shown in Figure 2 (hydrogen bond acceptors are shown as
green spheres, the donor as purple).

The second main element that distinguished all ten of the top QSAR models was the distance
of a hydrophobe (blue sphere) from the imidazo-oxazine nucleus. Four of the ten models
actually converged on the presence of two different hydrophobes, one relatively close (2-3 A)
and one more distant (5-6 A). The remaining six models were split and predicted either asingle
hydrophobe that was close in space with the ligands binding to it in a U-shaped conformation,
or they predicted ligand binding in an extended conformation to access a more distant
hydrophobe. One interpretation of these results is that both hydrophobic areas exist but few
substrate molecules within the currently available spectrum of compounds are able to take
advantage of them. This is, of course, a testable hypothesis that can be further explored.
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CONCLUSIONS

This work explores two areas of the nitroimidazo-oxazine pharmacophore: the 2-position atom
and the nature of the substituent at the 6-position on the oxazine ring. First, the data further
highlights the critical importance of the nature of the 2-position imidazole substituent in
determining the aerobic potency of this compound series, atrend we initially observed in earlier
work.” We show that the oxygen normally occupying this position can be substituted with
either nitrogen or sulfur without affecting aerobic potency, but that reducing the electron-
donating nature of this substituent by either acylation (in the case of the 2-aza series) or
oxidation (in the case of the 2-thia series), leads to decreased aerobic potency. The loss of
potency seen with alkylation of the 2-position amine in 9 is difficult to understand based solely
on the inductive effect of a simple methyl substituent. The QSAR model suggests that the
orientation of the 2-position of the oxazine ring with respect to the nitro group on the imidazole
is a critical determinant of activity. The 2-N-methyl group may prevent formation of a critical
hydrogen bond with an active site residue in Ddn, preventing correct alignment of the entire
nucleus.

Secondly, examination of imidazo-oxazines having hydrophobic regions at varying lengths
from the oxazine nucleus has led to an increased understanding of our knowledge of the Ddn
active site. Molecules such as 41 and 46 may indicate that optimization of this portion of the
molecular series remains to be done. More importantly, these compounds contributed to the
QSAR model indicating the presence and location of the Ddn hydrophobic pocket.

Our results show that the correlation between simple catalytic efficiency as a Ddn substrate
and MIC, at least as reflected by kq,/Ky, for reoxidation of the deazaflavin cofactor, remains
somewhat imperfect. While improvements in catalytic efficiency for Ddn can generally be said
to correlate with MIC, the results suggests the interplay of a more subtle mechanistic
complexity. This complexity probably results from the two possible courses of reduction of
the nitroimidazole ring as we have previously argued, one course resulting from reduction at
C-5 of the imidazole followed by release of a reactive nitrogen species, and the other course
resulting from reduction of the nitro group. While so far we have not found a parameter (e.g.,
metabolite composition, catalytic efficiency on Ddn, etc.) that perfectly correlates with the
aerobic MIC,8 it is likely that further study of this enzyme will provide data that can be used
to more accurately predict which mechanistic course correlates most directly with aerobic
potency. Although aerobic activity can be roughly explained by the efficiency of these
molecules as substrates of Ddn, anaerobic activity is considerably more complex. Compounds
that are susceptible to conjugate reduction on the imidazole ring suffer a subsequent elimination
of nitrous acid producing reactive nitrogen species within the bacterial cell thereby poisoning
bacterial respiration.

Despite this complexity, our systematic exploration of the features required for aerobic activity
of 4-nitroimidazoles, such as PA-824 as compared to 5-nitroimidazoles such as
metronidazole’ and those described here, has allowed us to build a simple predictive QSAR
model that enhances our ability to develop improved analogs of PA-824. This model is robust,
testable and provides a clear tool for lead optimization of compounds in this series.

EXPERIMENTALS

Anhydrous solvents and reagents were purchased from Sigma-Aldrich and used as received
unless otherwise stated. Melting points were obtained on an Electrothermal 9100 apparatus
and are uncorrected. LC-MS analysis was conducted on an Agilent 1100 series HPLC with
attached Agilent quadrupole mass analyzer model G1946 D SL with electrospray ionization
in positive ion mode. LC chromatography used a Phenomenex Luna Cqg(2) column (2 x 50
mm, 3 um) with a water/acetonitrile (each with 0.1% (v/v) formic acid) gradient using a flow
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rate of 0.3 mL/min. UV detection was with an Agilent Diode Array Detector model G1315A
spectrometer at 270 and 310 nm. Proton (*H) and carbon (13C) NMR spectra were recorded at
300 and 75.5 MHz, respectively, on a Varian Gemini spectrometer, using TMS or the solvent
peak as an internal standard. Column chromatography was conducted using either silica gel
(Geduran, 60, mesh 40-63 um) or prepacked RediSep columns (Teledyne Isco, Inc., Lincoln,
NE USA) on an Isco CombiFlash Optix10 instrument. Elemental analyses were performed by
Atlantic Microlab, Inc. (Norcross, GA USA). HRMS analyses were performed at the W.M.
Keck Foundation Biotechnology Resource Laboratory (Yale University, New Haven, CT
USA) or at the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK),
NIH. Isoniazid, rifampicin, metronidazole and methylene blue were obtained from Sigma-
Aldrich. PA-824 was prepared as described in US patent 5,668,127. All stocks were made in
20 mM DMSO.

(S)-1-(3-(tert-butyldimethylsilyloxy)-2-(4-(trifluoromethoxy)benzyloxy)propyl)-2-methyl-4-
nitro-1H-imidazole (4)

A mixture of 37 (6.84 g, 20.4 mmol), 4-trifluoromethoxybenzyl bromide (6.23 g, 24.4 mmol),
and TBAI (753 mg, 2.04 mmol) in DMF (50 mL) was prepared under an argon atmosphere.
To this mixture, 60% NaH (980 mg, 24.4 mmol) was added at —78°C. The reaction mixture
was stirred at 0°C for 30 min and then at rt for 14 h, quenched with H,0, and extracted with
EtOACc (2x). The combined organic layers were dried with MgSQy, filtered, and concentrated.
Chromatography on silica gel (EtOAc:HX, 1:4) afforded 4 as a slightly yellow oil (5.14 g, 10.1
mmol, 49%). [a]p 2° = —19.7 (c 1.03, CHCl3); *H NMR (CDCl3) & 0.06 (d, J = 1.2 Hz, 6H),
0.89 (s, 9H), 3.59 (dd, J =9.9, 6.0 Hz, 1H), 3.63-3.77 (m, 2H), 4.06 (dd, J = 14.4, 7.5 Hz, 1H),
4.30 (dd, J=14.7, 3.0 Hz, 1H), 4.42 (d, J = 11.7 Hz, 1H), 4.58 (d, J = 11.7 Hz, 1H), 7.13 (d,
J=8.7Hz, 2H), 7.20 (d, J = 8.7 Hz, 2H), 7.79 (s, 1H); 13C NMR (CDCl3) 5 —5.6, 18.1, 25.5,
25.6,48.9,61.4,715,77.3,118.6, 121.0, 122.0, 125.4, 129.1, 132.5, 135.7, 145.4, 148.9;
HRMS (ESMS) calcd for CogHogCIF3N305Si [M + H*] 510.1439, found 510.1427.

(S)-2-(4-(trifluoromethoxy)benzyloxy)-3-(2-chloro-4-nitro-1H-imidazol-1-yl)propan-1-ol (5)

To a solution of 4 (3.48 g, 6.82 mmol) in THF (50 mL) was added 1.0 M TBAF in THF (8.2
mL, 8.2 mmol) at rt. The reaction mixture was stirred at rt for 30 min and concentrated.
Chromatography on silica gel (MeOH:CH>Cls, 1:20) afforded 5 as a yellow oil (2.70 g, 6.82
mmol, 100%). [a]p 2° = —21.9 (c 0.52, CHCl3); 1H NMR (CDCls) 6 2.82 (s, br, 1H), 3.71-
3.80 (m, 3H), 4.15-4.30 (m, 2H), 4.43 (d, J = 12.0 Hz, 1H), 4.61 (d, J = 12.0 Hz, 1H), 7.11 (d,
J=8.1Hz, 2H), 7.20 (d, J = 8.7 Hz, 2H), 7.83 (s, 1H); 13C NMR (CDCl5) & 48.6, 60.4, 71.2,
76.7,118.5, 120.9, 122.0, 122.2, 129.1, 132.7, 135.5, 145.2, 148.8; HRMS (ESMS) calcd for
C14H14C|F3N305 [M + H+] 396.0574, found 396.0566.

(S)-2-(4-(trifluoromethoxy)benzyloxy)-3-(2-chloro-4-nitro-1H-imidazol-1-yl)propyl
methanesulfonate (6)

To a solution of 5 (1.56 g, 3.94 mmol) in CH,Cl, (30 mL) was added DIPEA (1.5 mL, 8.6
mmol) and MsCI (0.45 mL, 5.8 mmol) at rt. The reaction mixture was stirred at rt for 30 min,
quenched with H,O and concentrated. The organic layer was separated and aqueous layers
were extracted with CH,Cl, (1x). The combined organic layers were dried with anhydrous
MgSOy, filtered, and concentrated. Chromatography on silica gel (EtOAc:Hx, 1:1-2:1)
afforded 6 as a yellow oil (1.70 g, 3.59 mmol, 91%). [o]p 2% =—30.6 (c 0.80, CHCl3); 1H NMR
(CDCl3) 4 3.10 (s, 3H), 4.21-4.38 (m, 3H), 4.48 (dd, J = 11.4, 4.2 Hz, 2H), 4.72 (d, J=11.4
Hz, 1H), 7.16 (d, J = 8.7 Hz, 2H), 7.26 (d, J = 8.7 Hz, 2H), 7.91 (s, 1H); 13C NMR (CDCl5)
537.2,48.2,66.6,71.3,118.3,120.7,121.8, 122.1, 129.3, 132.5, 134.9, 145.2, 148.70, 148.72;
HRMS (ESMS) calcd for C15H16CIF3N307S [M + H*] 474.0350, found 474.0349.
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1-((S)-2-(4-(trifluoromethoxy)benzyloxy)-3-azidopropyl)-2-chloro-4-nitro-1H-imidazole (7)

A mixture of 6 (850 mg, 1.79 mmol) and NaN3 (233 mg, 3.59 mmol) in DMF (10 mL) was
heated at 55°C for 14 h. The reaction mixture was concentrated under vacuum. Column
chromatography on silica gel (EtOAc:HXx, 1:2-1:1) afforded 7 as a slightly yellow oil (640 mg,
1.52 mmol, 85%). [o]p 2% =—26.7 (¢ 0.67, CHCI5); 1H NMR (CDCl5)  3.45 (dd, J = 13.2, 4.2
Hz, 1H), 3.62-3.68 (m, 1H), 3.91-3.98 (m, 1H), 4.18-4.31 (m, 2H), 4.48 (d, J = 11.7 Hz, 1H),
4.71(d,J =117 Hz, 1H), 7.17 (d, = 9.0 Hz, 2H), 7.27 (d, J = 8.4 Hz, 2H), 7.87 (s, 1H); 13C
NMR (CDCl3) 648.8,50.4,71.2, 75.3, 118.4, 120.7, 121.8, 122.0, 129.1, 132.4, 135.1, 145.1,
148.64, 148.67; HRMS (ESMS) calcd for C14H13CIF3NgO4 [M + H*] 421.0639, found
421.0649.

(R)-2-(4-(trifluoromethoxy)benzyloxy)-3-(2-chloro-4-nitro-1H-imidazol-1-yl)propan-1-amine

(8)

To asolution of 7 (780 mg, 1.85 mmol) in MeOH (8 mL) was added 1,3-propanedithiol (0.91
mL, 9.04 mmol) and Et3N (1.26 mL, 9.04 mmol) sequentially at rt. The reaction mixture was
stirred at rt for 2 h and was concentrated under vacuum. Column chromatography on silica gel
(MeOH:CH,Cl,, 1:15) afforded 8 as a yellow oil (568 mg, 1.44 mmol, 78%). [o]p 20 = —37.5
(¢ 5.0, MeOH); IH NMR (CDCly) & 1.44 (s, br, 2H), 2.90 (dd, J = 13.4, 4.4 Hz, 1H), 3.03 (dd,
J =135, 5.4 Hz, 1H), 3.72-3.79 (m, 1H), 4.22-4.37 (m, 2H), 4.45 (d, J = 11.7 Hz, 1H), 4.64
(d,J=12.0 Hz, 1H), 7.16 (d, J = 8.7 Hz, 2H), 7.26 (d, J = 8.7 Hz, 2H), 7.92 (s, 1H); 13C NMR
(CDCl3) 5 41.4,48.9,70.8, 118.4, 120.6, 121.8, 122.1, 128.9, 132.4, 135.7, 145.0, 148.48,

148.50; HRMS (ESMS) calcd for C15H15CIF3N4Og [M + HCOO™] 439.0632, found 439.0615.

(R)-6-(4-(trifluoromethoxy)benzyloxy)-5,6,7,8-tetrahydro-2-nitroimidazo[1,2-a]pyrimidine (9)

A mixture of 8 (300 mg, 0.76 mmol) and DIPEA (0.15 mL, 0.86 mmol) in DMF (3 mL) was
heated under microwave conditions at 150°C for 30min. The reaction mixture was concentrated
under vacuum. Chromatography on preparative TLC (MeOH:CH,Cl,, 1:9) afforded 9 as a

yellow solid (85 mg, 0.24 mmol, 32%). [a]p 2° = —12.9 (c 0.39, CHCI3); Mp = 86-88°C; 1H
NMR (CDClsg) 6 3.56 (d, J = 12.9 Hz, 1H), 3.75-3.87 (m, 1H), 3.97-4.11 (m, 3H), 4.57 (d, J
=12.3Hz, 1H), 4.72 (d, J = 12.0 Hz, 1H), 7.17 (d, J = 8.7 Hz, 2H), 7.34 (d, J = 8.7 Hz, 2H),
8.34 (s, 1H); HRMS (ESMS) calcd for C14H14F3N4O4 [M + H*] 359.0967, found 359.0964.

(R)-6-(4-(trifluoromethoxy)benzyloxy)-6,7-dihydro-2-nitroimidazo[1,2-a]pyrimidine-8(5H)-
carbaldehyde (10)

A mixture of HCO,H (0.50mL, 13 mmol) and Ac,0 (1.0 mL, 11 mmol) was heated at 80°C
for 30min. The reaction mixture was cooled down to rt. A solution of 9 (17 mg, 0.048 mmol)
in CH,Cl, (3 mL) was added to the reaction mixture at rt. The reaction mixture was stirred at
rt for 14 h and then concentrated under vacuum. Chromatography on preparative TLC
(EtOAC:HXx, 5:1) afforded 10 as a yellow oil (6.2 mg, 0.016 mmol, 33%). [o]p 2° = +16.6 (C
0.98, CHCI3); IH NMR (CDCl3) & 3.41 (d, J = 13.2 Hz, 1H), 4.12-4.32 (m, 3H), 4.52 (d, J =
12.0 Hz, 1H), 4.65 (d, J = 12.0 Hz, 1H), 4.66-4.76 (m, 1H), 7.18 (d, J = 8.4 Hz, 2H), 7.29 (d,
J =8.4Hz, 2H), 7.63 (s, 1H), 9.37 (s, 1H); 13C NMR (CDCl3) 5 77.0, 39.4, 48.5, 66.2, 70.1,
117.2,118.6,121.2,122.0, 129.2, 134.9, 139.2, 145.3, 149.1, 159.8; HRMS (ESMS) calcd for
C15H14F3N405 [M + H*] 387.0916, found 387.0912.

1-((R)-6-(4-(trifluoromethoxy)benzyloxy)-6,7-dihydro-2-nitroimidazo[1,2-a]pyrimidin-8(5H)-
yl)ethanone (11)

To asolution of 9 (50 mg, 0.14 mmol) and Et3N (0.030 mL, 0.22 mmol) in CH,Cl, was added
AcCI (0.015 mL, 0.21 mmol) at 0°C. The reaction mixture was stirred at rt for 2 h and was
concentrated under vacuum. Chromatography on preparative TLC (EtOAc:HXx, 5:1) afforded
11 as a yellow oil (13 mg, 0.032 mmol, 23%). [a]p 20 = —25.7 (¢ 0.65, CHCl3); 1H NMR
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(CDCl3) § 2.70 (s, 3H), 3.41 (d, J = 14.1 Hz, 1H), 4.13-4.21 (m, 3H), 4.50 (d, J = 11.9 Hz,
1H), 4.66 (d, J = 11.9 Hz, 1H), 4.97 (dd, J = 14.1, 3.9 Hz, 1H), 7.19 (d, J = 8.4 Hz, 2H), 7.30
(d, J=8.4 Hz, 2H), 7.60 (s, 1H); 13C NMR (CDCl3) § 25.0, 41.7,49.7, 67.1,70.1, 116.9, 118.7,
121.2,122.1,129.2,135.2, 140.1, 145.0, 149.1, 170.4; LC-MS (ESMS) 401.0 [M + H*], 423.1
[M + Na*].

1-((S)-2-(4-(trifluoromethoxy)benzyloxy)-3-iodopropyl)-2-chloro-4-nitro-1H-imidazole (12)

A solution of 6 (850 mg, 1.79 mmol) and Nal (1.18 g, 7.87 mmol) in acetone (10 mL) was
refluxed for 6 h. The reaction mixture was filtered and concentrated under vacuum.
Chromatography on silica gel (EtOAc:hexanes, 2:1) afforded 12 as a colorless oil (824 mg,
1.63 mmol, 91%). [o]p 2% =—20.7 (¢ 0.80, CHCIl5); 1H NMR (CDCl5)  3.23 (dd, J = 10.8, 7.2
Hz, 1H), 3.36 (dd, J = 10.8, 3.6 Hz, 1H), 3.62-3.69 (m, 1H), 4.10 (dd, J = 14.4, 8.4 Hz, 1H),
4.34 (d, J =11.7 Hz, 1H), 4.38 (dd, J = 14.4, 3.0 Hz, 1H), 4.65 (d, J = 11.7 Hz, 1H), 7.16 (d,
J=8.7Hz, 2H), 7.22 (d, J = 8.7 Hz, 2H), 7.79 (s, 1H); 13C NMR (CDCls) § 2.7, 51.4, 71.2,
75.7,118.6, 121.1, 121.7, 122.0, 129.4, 132.6, 134.8, 145.6, 149.17, 149.20; LC-MS (ESMS)
506.2 [M + H*].

(R)-6-(4-(trifluoromethoxy)benzyloxy)-5,6,7,8-tetrahydro-8-methyl-2-nitroimidazo[1,2-a]
pyrimidine (13) and 1-((S)-2-(4-(trifluoromethoxy)benzyloxy)-3-chloropropyl)-2-chloro-4-
nitro-1H-imidazole (14)

A mixture of 12 (245 mg, 0.485 mmol), 2.0 M MeNH, (1.5 mL, 3.0 mmol) in THF, and DIPEA
(0.10 mL, 0.57 mmol) in DMF (2 mL) was heated under microwave conditions at 200°C for
20 min. The reaction mixture was concentrated under vacuum. Chromatography on preparative
TLC (MeOH:CH,Cl,, 1:15) afforded 13 as a yellow solid (94 mg, 0.25 mmol, 52%) in addition
to 14 (72 mg, 0.17 mmol, 35%) as a colorless oil. 13: [a]p 2° = —35.3 (¢ 1.12, MeOH); Mp =
116.0-117.3°C; IH NMR (CDCls) & 3.06 (s, 3H), 3.32-3.47 (m, 2H), 3.96-4.13 (m, 3H), 4.62
(s, 2H), 7.17 (d, J = 8.1 Hz, 2H), 7.31 (d, J = 8.7 Hz, 2H), 7.27 (s, 1H); 13C NMR (CDCl5) 5
37.2,47.5,50.0, 68.0, 70.1, 116.5, 118.6, 121.0, 122.0, 128.8, 135.8, 145.2, 147.0, 148.8;
HRMS (ESMS) calcd for C15H1gF3N4O4 [M + H*] 373.1124, found 373.1118. 14: [a]p 20 =
—26.8 (¢ 0.52, CHCl53); 1H NMR (CDCl5) 5 3.58 (dd, J = 12.0, 6.9 Hz, 1H), 3.68 (dd, J = 12.0,
3.9 Hz, 1H), 3.88-3.95 (m, 1H), 4.16 (dd, J = 14.6, 8.0 Hz, 1H), 4.33-4.43 (m, 2H), 4.66 (d,
J=11.7 Hz, 1H), 7.15 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 8.4 Hz, 2H), 7.80 (s, 1H); 13C NMR
(CDCl3) 641.7,49.2,71.5,76.2,118.6,121.1,121.8, 122.0, 129.3, 132.6, 134.9, 145.6, 149.1;
HRMS (ESMS) calcd for C14H1,CloF3N304 [M™] 413.0157, found 413.0159.

S-(S)-2-(4-(trifluoromethoxy)benzyloxy)-3-(2-chloro-4-nitro-1H-imidazol-1-yl)propyl
ethanethioate (15)

To a solution of 6 (850 mg, 1.79 mmol) in DMF (15 mL) was added KSAc (410 mg, 3.59
mmol) at rt. The reaction mixture was stirred at 45°C for 14 h and quenched with H,0. The
crude mixture was extracted with EtOAc (2x). The combined organic layers were dried with
anhydrous MgSQy, filtered, and concentrated. Chromatography on silica gel (EtOAc:HXx, 2:1)
afforded 15 as a white solid (768 mg, 1.69 mmol, 95%). [o]p 2° = —34.1 (c 1.27, CHCl3); Mp
= 84.2-84.5°C; IH NMR (CDCl3) & 2.36 (s, 3H), 2.95 (dd, J = 14.1, 7.2 Hz, 1H), 3.24 (dd, J
=14.1, 3.9 Hz, 1H), 3.68-3.78 (m, 1H), 3.99 (dd, J = 14.4, 8.4 Hz, 1H), 4.17 (dd, J = 14.4,
3.09 Hz, 1H), 4.38 (d, J = 11.7 Hz, 1H), 4.64 (d, J = 11.7 Hz, 1H), 7.10 (d, J = 8.7 Hz, 2H),
7.18 (d,J=8.7 Hz, 2H), 7.75 (s, 1H); 13C NMR (CDCl5) 3 29.2, 30.4, 50.1, 71.0, 118.5, 120.8,
121.86, 121.92, 129.4, 132.4, 135.2, 145.3, 148.8, 148.9, 194.5; HRMS (ESMS) calcd for
C16H16CIF3N305S [M + H*] 454.0451, found 454.0454.
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(S)-6-(4-(trifluoromethoxy)benzyloxy)-6,7-dihydro-2-nitro-5H-imidazo[2,1-b][1,3]thiazine (16)

17 and 18

To a solution of 15 (300 mg, 0.661 mmol) in MeOH (50 mL) was added 3M NaOH (aq) (0.30
mL, 0.90 mmol) at 0°C. The reaction mixture was stirred at 0°C for 30 min and at rt for 17 h,
and then concentrated under vacuum. Column chromatography on silica gel (EtOAc:Hx, 1:1-
2:1) afforded 16 as a yellow oil (65 mg, 0.17 mmol, 26%). [o]p 2° = —62.7 (c 1.00,

MeOH); 1H NMR (CDClg) & 3.27-3.38 (m, 2H), 4.19 (d, J = 3.6 Hz, 2H), 4.30 (m, 1H), 4.59
(d, J=6.0 Hz, 1H), 4.72 (d, J = 6.0 Hz, 1H), 7.17 (d, J = 8. Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H),
7.67 (s, 1H); 13C NMR (MeOH-d,) 5 28.7, 49.9, 67.4, 70.0, 118.6, 121.0, 122.0, 129.1, 129.2,
135.4,139.0, 147.2, 148.9; HRMS (ESMS) calcd for C14H;3F3N304S [M + H*] 376.0579,
found 376.0575.

To a solution of 16 (60 mg, 0.16 mmol) in CH,Cl, (6 mL) was added 77% mCPBA (107 mg,
0.48 mmol) at 0°C. The reaction mixture was stirred at 0°C for 30 min and at rt for 1 h, and
then concentrated under vacuum. Column chromatography on silica gel (EtOAc:HXx, 5:1)
afforded 17 as a colorless oil (16 mg, 0.042 mmol, 26%) and 18 as a white solid (38 mg, 0.094
mmol, 59%). 17: [o]p 2% =—112.9 (¢ 0.82, MeOH); 1H NMR (MeOH-d,)  3.66-3.71 (m, 1H),
3.81-3.91 (m, 1H), 4.27-4.35 (m, 1H), 4.66-4.82 (m, 4H), 7.26 (d, J = 8.1 Hz, 2H), 7.46 (d,
J =8.7 Hz, 2H), 8.30 (s, 1H); 13C NMR (MeOH-d,) & 51.3, 51.6, 68.8, 71.8, 120.4, 122.3,
123.2,124.2,130.7,138.1, 143.8, 149.2, 150.3; HRMS (ESMS) calcd for C14H13F3N305S [M
+ H*] 392.0528, found 392.0522. 18: [a]p 20 = —112.9 (c 0.82, MeOH); Mp = 71.5-72.7°

C; 1H NMR (MeOH-d,) & 4.04 (dd, J = 14.7, 2.1 Hz, 1H), 4.25 (dd, J = 14.7, 6.6 Hz, 1H),
4.58-4.72 (m, 5H), 7.20 (d, J = 8.7 Hz, 2H), 7.43 (d, J = 8.7 Hz, 2H), 8.24 (s, 1H), 13C NMR
(MeOH-dy) 4 52.0, 55.3, 71.3, 71.7, 120.3, 122.1, 123.2, 123.7, 130.9, 137., 143.5, 148.0,
150.28, 150.30; HRMS (ESMS) calcd for C14H13F3N306S [M + H*] 408.0477, found
408.0471.

(R)-6,7-dihydro-2-nitro-5H-imidazo[2,1-b][1,3]oxazin-6-y| methanesulfonate (21)

MsCI (0.78 mL, 10.0 mmol) was added to a stirred solution of 20 (0.93 g, 5.0 mmol) and
EtsN (2.1 mL, 15.0 mmol) in DMF (40 mL) at 0°C. The reaction mixture was then further
stirred at 0°C for 1 h. The solvent and excess reagents were removed under reduced pressure.
H,0 (50 mL) was added to the light brown residue. The mixture was then filtered, and the
solid was washed with H,O (50 mL) to give 21 as a yellow/white solid (1.05 g, 80%). Mp =
213-214°C; IH NMR (acetone-dg) & 3.30 (s, 1 H), 4.58 (br d, J = 14.1 Hz, 1 H), 4.69 (dd, J =
14.1, 3.3 Hz, 1 H), 4.77-4.78 (m, 2 H), 5.56-5.60 (m, 1 H), 7.86 (s, 1 H); 13C NMR (DMSO-
dg) 8 37.9, 47.6, 68.6, 69.1, 117.9, 142.2, 146.5.

(S)-6-azido-6,7-dihydro-2-nitro-5H-imidazo[2,1-b][1,3]oxazine (22)

Method A: A mixture of 21 (1.68 g, 6.3 mmol), NaN3 (5 g, 76 mmol) in DMF (20 mL) was
heated at 70°C under an inert atmosphere for 48 h. The solvent was removed under reduced
pressure. H,O (100 mL) was added to the residue. The mixture was extracted with ethyl acetate
(3 x 80 mL). The organic extracts were combined, washed with brine (200 mL), and dried over
MgSO,. The solvent was then removed under reduced pressure to give a brown solid, which
was purified via column chromatography (MeOH:CH,Cl,, 0-5%) to give 22 as a yellow solid
(0.60 g, 46%). Mp = 152.0-152.4°C (lit=157°C 2°); 1H NMR (acetone-dg) & 4.36 (dt, J = 13.5,
2.4 Hz, 1 H), 4.58 (dd, J = 13.5, 3.6 Hz, 1 H), 4.62-4.74 (m, 3 H), 7.83 (s, 1 H). Method B:
Di-tert-butyl azodicarboxylate (DTAD, 0.34 g, 1.5 mmol) in THF (4.0 mL) was added
dropwise to a stirred mixture of 20 (185 mg, 1.0 mmol), triphenylphosphine (0.39 g, 1.5 mmol),
and diphenylphosphoryl azide (0.33 mL, 1.5 mmol) in anhydrous THF (10 mL) at 0°C. The
reaction mixture was stirred under argon at rt for 18 h. The solution was decanted (white
precipitate discarded) and evaporated in vacuo. The residue was purified via preparative TLC
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(6 % MeOH in CHCI5) to give 22 as a yellow crystalline solid (145 mg, 67 %). 1H NMR
(acetone-dg) 6 4.35 (dt, J = 13.7, 2.2 Hz, 1 H), 4.56 (dd, J = 13.7, 3.8 Hz, 1 H), 4.65-4.73 (m,
3H), 7.82 (s, 1 H).

(S)-6,7-dihydro-2-nitro-5H-imidazo[2,1-b][1,3]oxazin-6-amine (23)

Method A: A mixture of 22 (40 mg, 0.19 mmol) and Pd/C (10 % palladium on activated carbon,
38 mg) in EtOAc (8 mL) was stirred under a hydrogen atmosphere (balloon) at rt for 2 h. TLC
(5 % MeOH in CHCI3) showed that the starting material was consumed. The same TLC was
further developed in 25 % MeOH in CHClI3 to show one spot at R¢ = 0.20. The mixture was
filtered, and the solution was concentrated under reduced pressure to give 23 as a pale brown
film (17 mg, 50%). 1H NMR (MeOH-d,) & 3.54-3.60 (m, 1 H), 3.88 (ddd, J = 12.8, 5.5, 1.4
Hz, 1 H), 4.23-4.30 (m, 2 H), 4.47 (ddd, J = 12.8, 2.7, 1.6 Hz, 1 H), 7.79 (s, 1 H). Method
B: To a stirred solution of 22 (0.10 g, 0.48 mmol) in MeOH (2.5 mL) was added propane-1,3-
dithiol (0.24 mL, 2.38 mmol) and triethylamine (0.36 mL, 2.38 mmol). The reaction mixture
was stirred at room temperature for 5 min during which time the reaction solution turned clear.
The solvent was removed and the remaining thiol was removed by washing with 10%
methylene chloride in hexane solution to get crude 23 as a pale yellow solid (89 mg, 100%).
This material was used in subsequent reactions without further purification.

(S)-N-(2-nitro-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-yl)-2-(4-(trifluoromethoxy)
phenoxy)acetamide (24)

4-(Trifluoromethoxy)phenoxyacetyl chloride (1.2 g, 4.6 mmol) was added to a stirred solution
of crude amine 23 (crude amine from Method A, ~1.1 mmol) and triethylamine (1.1 mL, 8.0
mmol) in DMF (20 mL) at room temperature. The reaction mixture was further stirred at rt for
18 h. The solvent and excess reagents were removed under reduced pressure. H,O (50 mL)
was added. And the mixture was extracted with CH,Cl, (3 x 50 mL). The organic extracts
were combined, washed with H,0 (2 x 100 mL), and dried over MgSOg. The solvent was then
removed under reduced pressure to give a brown gum, which was purified by preparative TLC
(5% MeOH in CH,ClI,) to give 24 as a yellow solid (0.27 g, 61% from azide). Mp = 158.0—
159.5°C; IH NMR (CDCl3) & 4.18 (br d, J = 13.2 Hz, 1 H), 4.29 (dd, J = 13.2, 4.7 Hz, 1 H),
443 (dd, J=11.7,1.7 Hz, 1 H), 4.53-4.62 (m, 3 H), 4.78-4.88 (m, 1 H), 6.82-7.14 (m, 1,4-
disubstitued pattern, 4 H), 7.28 (s, 1 H), 8.20 (br d, J = 7.8 Hz, 1 H). Anal. Calcd for
C15H13F3N4Og: C, 44.78; H, 3.26; N, 13.93. Found: C, 44.89; H 3.25; N 13.75.

(S)-N-(4-(trifluoromethoxy)benzyl)-6,7-dihydro-2-nitro-5H-imidazo[2,1-b][1,3]oxazin-6-amine

(25)

4-(Trifluoromethoxy)benzaldehyde (475 mg, 2.5 mmol) was added to a stirred solution of
23 (crude amine from Method A, ~1.2 mmol) in DMF at rt, followed by addition of glacial
acetic acid (143 pL, 2.5 mmol). After 30 min, NaBH3CN (223 mg, 3.1 mmol) was added. The
reaction mixture was further stirred at rt for 18 h. The solvent was removed under reduced
pressure. H,O (50 mL) was added to the residue. The mixture was extracted with CH,Cl, (3
x 50 mL). The organic extracts were combined, washed with H,O (100 mL), and dried over
MgSO,. The solvent was then removed under reduced pressure to give a brown gum, which
was purified via preparative TLC (5 % MeOH in CH,Cl,) to give 25 as a yellow solid (0.29
g, 69% from the azide). Mp = 118-119°C; 1H NMR (acetone-dg) 5 3.47-3.53 (m, 1 H), 4.00
(s,2H),4.19 (ddd, J =12.6, 4.5, 1.5 Hz, 1 H), 4.38 (dd, J = 12.6, 4.2 Hz, 1 H), 4.47 (ddd, J =
11.1,5.4,1.5Hz,,1H),4.55(dd, J=11.1,5.4 Hz, 1 H), 7.24-7.53 (m, 1,4-disubstituted pattern,
4 H), 7.73 (s, 1 H); 13C NMR (acetone-dg) & 48.3, 49.0, 50.5, 70.3, 117.6, 121.8, 130.6, 140.9,
148.8. Anal. Calcd for C14H13F3N404: C, 46.93; H, 3.66; N, 15.64. Found: C, 46.94; H, 3.60;
N, 15.85.
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(S)-N-(4-butylbenzyl)-2-nitro-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-amine (26)

Toastirred solution of 23 (87 mg, 0.48 mmol) and 4-butylbenzaldehyde (0.16 mL, 0.96 mmol)
in DMF (5 mL) was added AcOH (55.0 pL, 0.96 mmol) at room temperature. The reaction
was stirred for 30 minutes and NaBH3CN (9.1 mg, 1.44 mmol) was added to the reaction
mixture. The reaction was further stirred for 18 hours. The reaction was quenched with MeOH
(0.5 mL) and the solvent was removed. Saturated NH4ClI solution (10 mL) was added and the
mixture was extracted with methylene chloride (3 x 10 mL). The organic layer was washed
with brine (5 mL), dried (MgSQO,) and evaporated. The crude residue was purified by
preparative TLC (CH,Cl,:MeOH, 20:1) to give 26 as a white solid (48.3mg, 31%). IH-NMR
(acetone-dg) 6 0.91 (t, J = 7.5 Hz, 6.9 Hz, 3H), 1.29 -1.37 (m, 2H), 1.55-1.60 (m, 2H), 2.59
(t, J=7.8Hz, 7.5Hz, 2H), 3.93 - 4.10 (m, 1H), 4.36 (dd, J = 12.9 Hz, 2.1 Hz, 1H), 4.57 - 4.70
(m, 5H), 7.14 (d, J=7.8 Hz, 2H), 7.25 (d, J = 7.8 Hz, 2H), 7.83 (s, 1H); MS (ESI) m/e 331 [M
+ H]*; HRMS m/e calcd. for Cy7H3N403 [M + H*] 331.1770, found 331.1760.

(S)-N-(4-(benzyloxy)benzyl)-2-nitro-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-amine (27)

To a stirred solution of 23 (87.6 mg, 0.48 mmol) and 4-benzyloxybenzaldehyde (0.203g, 0.96
mmol) in DMF (5 mL) was added AcOH (55.4 pL, 0.96 mmol) at room temperature. The
reaction was stirred for 30 minutes and NaBH3CN (9.1 mg, 1.44 mmol) was added to the
reaction mixture. The reaction was further stirred for 18 hours. The reaction was quenched
with MeOH (0.5 mL) and the solvent was removed. Saturated NH,4ClI solution (10 mL) was
added and the mixture was extracted with methylene chloride (3 x 10 mL). The organic layer
was washed with brine (5 mL), dried (MgSQ,) and evaporated. The crude residue was purified
by preparative TLC (CH,Cl,:MeOH, 20:1) to give 27 as a white solid (82.8 mg, 46%). 1H-
NMR (acetone-dg) 4 3.42 — 3.47 (m, 1H), 3.87 (m, 1H), 4.14 (ddd, J = 12.6 Hz, 4.5 Hz, 1.8Hz,
1H), 4.33 (dd, J = 12.9 Hz, 4.5 Hz, 1H), 4.43 (ddd, J = 11.4 Hz, 5.1 Hz, 1.8 Hz, 1H), 4.52 (dd,
J=11.4Hz, 2.1 Hz, 1H), 4.63-4.73 (m, 1H), 5.10 (s, 2H), 6.96 (d, J = 8.4 Hz, 2H), 7.27-7.48
(m, 7H), 7.84 (s, 1H); MS (ESI) m/e 381 [M + H]*; HRMS m/e calcd. for CyoHygN4O4 [M +
H*] 381.1563, found 381.1551.

(S)-N-(4-(4-fluorobenzyloxy)benzyl)-6,7-dihydro-2-nitro-5H-imidazo[2,1-b][1,3]oxazin-6-

amine (28)

4-(4-Fluorobenzyloxy)benzaldehyde (0.22 g, 0.94 mmol) was added to a stirred solution of
23 (0.47 mmol) in DMF (5 mL), followed by addition of glacial acetic acid (54 pL, 0.94 mmol)
at rt. The reaction was stirred at rt for 30 min. NaBH3CN (88 mg, 1.41 mmol) was added to
the reaction mixture, and it was further stirred at rt for 18 h. The reaction was quenched with
MeOH (0.5 mL). The solvent was removed under reduced pressure. Saturated aqueous
NH4ClI solution (50 mL) was added to the residue. The mixture was extracted with CH,Cl> (3
x 30 mL). The organic extracts were combined, washed with brine (100 mL), and dried over
MgSO,. The solvent was then removed under reduced pressure. The residue was purified via
preparative TLC (5% MeOH in CH,Cl>) to give 28 as a yellow solid (0.14 g, 77%). Mp = 169-
170°C; IH NMR (DMSO-dg) & 3.14-3.20 (m, 1 H), 3.70 (s, 2 H), 3.97 (dd, J = 12.6, 3.6 Hz,
1H), 4.13 (dd, J=12.6, 3.8 Hz, 1 H), 4.32-4.42 (m, 2 H), 5.05 (s, 2 H), 6.92-7.50 (m, 8 H),
8.00 (s, 1 H); 13C NMR (acetone-dg) & 47.4, 47.9, 50.0, 68.9, 69.4, 114.7, 115.0, 115.3, 116.6,
129.3,129.6, 129.7, 132.8, 148.6, 158.8, 164.9. HRMS m/e calcd. for CogHogFN4O4 [M +
H*] 399.1469, found 399.1471.

(4-Trifluoromethoxy-phenyl)-acetaldehyde (30)

2-[4-(Trifluoromethoxy)phenyl]ethanol (29, 1.00 g, 4.9 mmol) was dissolved in methylene
chloride (100 mL) and treated sequentially with solid NaHCO3 (4.07 g, 48.5 mmol) and Dess-
Martin periodinane (4.11 g, 9.70 mmol) at 0°C, and the resulting solution was further stirred
for 3 h. The reaction mixture was filtered to remove salts and washed with saturated
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NaHCO3 (aq) solution (2 x 30 mL) and brine (30 mL). The organic layers were dried
(MgS0y,), filtered and concentrated to give crude 30 as a viscous oil (0.80 g, 82%): IH NMR
(300 MHz, CDCl3) 6 3.74 (d, J = 2.1 Hz, 2H), 7.22-7.29 (m, 4H), 9.78-9.79 (m, 1H); GC-MS
(El) m/e 204 [M*], 175 [M* - CHO].

(S)-2-nitro-N-(4-(trifluoromethoxy)phenethyl)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-

amine (31)

To a stirred solution of 23 (0.050 g, 0.27 mmol) and 30 (0.083 g, 0.41 mmol) in DMF (5 mL)
was added NaBH3CN (26 mg, 0.41 mmol). To this mixture AcOH was added to reach pH 5 at
0°C. The reaction mixture was warmed to rt and further stirred for 4 h. The solvent was
removed, and then the saturated NaHCO3 (aq) solution (10 mL). The mixture was extracted
with methylene chloride (2 x 10 mL). The organic layers were washed with brine (15 mL),
dried (MgSOQy,), and evaporated. The crude residue was purified by preparative TLC
(CH,Cl»:MeOH, 20:1) to give 31 as a white solid (56mg, 58%). [o]p 2° = —5.62 (c, 0.87,
CHCl3); Mp =54.3-55.6°C; 'H NMR (300 MHz, CDCl53) § 2.79 (t, J = 6.6 Hz, 2H), 2.93-3.03
(m, 2H), 3.40-3.42 (m, 1H), 3.89 (dd, J = 12.0, 3.9 Hz, 1H), 4.14 (dd, J = 12.6, 4.5 Hz, 1H),
4.32-4.44 (m, 2H), 7.06-7.14 (m, 2H), 7.19-7.22 (m, 2H), 7.37 (s, 1H); 13C NMR (300 MHz,
CDCl3) 4 35.9,47.9, 48.5, 48.8, 69.5, 115.3, 118.9, 121.3, 122.3, 130.1, 138.1, 143.8, 147.5,
148.2; HRMS (ESMS) calcd for C15H1gN4O4F3 [M + H*] 373.1124, found 373.1140.

3-(4-Trifluoromethoxy-phenyl)-acrylic acid methyl ester (33)

To astirred solution of 32 (0.50 g, 1.74 mmol) in anhydrous MeCN (10 mL) was added methyl
acrylate (0.23 mL, 2.60 mmol), Pd(OAc), (7.80 mg, 0.035 mol), triphenylphosphine (11.0 mg,
0.042 mmol) and triethylamine (0.49 mL, 3.48 mmol) at room temperature. The resulting
mixture was heated to 100°C and further stirred for 3 h. The reaction mixture was filtered and
the solvent was removed. The crude residue was purified by column chromatography
(hexane:EtOAc, 30:1) to give 33 as a white solid (0.40 g, 93%): Mp = 46.3-47.2°C; 1H NMR
(300 MHz, CDCls3) 8 3.92 (s, 3H), 6.49 (d, J = 15.9 Hz, 1H), 7.32-7.35 (m, 2H), 7.64-7.67
(m, 2H), 7.75 (d, J = 15.9 Hz, 1H); GC-MS (EI) m/e 246 [M*], 215 [M* - OCH3], 187 [M* -
OCH,CHgs].

3-(4-Trifluoromethoxy-phenyl)-prop-2-en-1-ol (34)

Toastirred solution of 33 (0.28 g, 1.14 mmol) in methylene chloride (5 mL) was added DIBAL-
H (1M solution in methylene chloride, 5.68 mL, 5.68 mmol) at —78°C and the resulting mixture
was further stirred for an hour. 1 M HCI (15 mL) was added slowly at room temperature and
the aqueous layer was extracted with methylene chloride (2 x 15 mL). The organic layer was
washed with brine (15 mL), dried (MgSQ,) and evaporated. The crude residue was purified
by column chromatography (hexane:EtOAc, 5:1) to give 34 as a colorless oil (0.21 g,

84%): 1H NMR (300 MHz, CDCl5) & 1.23 (br, s, 1H), 4.32-4.35 (m, 2H), 6.29 (dt, J = 16.2,
5.4 Hz, 1H), 6.58 (d, J = 16.2 Hz, 1H), 7.15-7.18 (m, 2H), 7.38-7.41 (m, 2H); GC-MS (EI)
m/e 218 [M*], 133 [M* - OCF3].

3-(4-Trifluoromethoxy-phenyl)-propan-1-ol (35)

A mixture of 34 (0.24 g, 1.10 mmol) and palladium on activated carbon (0.030 g) was stirred
under a Hy atmosphere (balloon) at room temperature for 4h. The reaction mixture was filtered
and the solvent was removed to give 35 as a colorless oil (0.21g, 88%): 1H NMR (300 MHz,
CDClg) 6 1.83-1.93 (m, 2H), 2.69 (t, J = 7.8 Hz, 2H), 3.65 (t, J = 6.6 Hz, 2H), 7.11-7.14 (m,
2H), 7.19-7.22 (m, 2H); 13C NMR (300 MHz, CDCl5) § 31.5, 34.3,62.1, 119.1, 121.1, 122.4,
129.8, 140.8, 147.6; GC-MS (EI) m/e 220 [M*], 135 [M* - OCF3].
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3-(4-Trifluoromethoxy-phenyl)-propionaldehyde (36)

35 (0.21 g, 0.95 mmol) was dissolved in methylene chloride (10 mL) and treated sequentially
with solid NaHCO3 (0.80 g, 9.54 mmol) and Dess-Martin periodinane (0.81 g, 1.91 mmol) at
0 °C and the resulting solution was further stirred for 3 h. The reaction mixture was filtered to
remove salt and washed with saturated NaHCOj3 solution (2 x 30 mL) and brine (30 mL). The
organic layer was dried (MgSQy,), filtered and evaporated to give crude 36 as a colorless,
viscous oil (0.18 g, 86%). 36 was used for the next reaction without further purification. 1H
NMR (300 MHz, CDClg) 6 2.76-2.81 (m, 2H), 2.94 (t, J = 7.5 Hz, 2H), 7.12-7.15 (m, 2H),
7.19-7.23 (m, 2H), 9.81-9.82 (m, 1H); GC-MS (El) m/e 218 [M*], 175 [M* - CH,CHQ], 135
[M* - OCF3].

(S)-2-Nitro-N-(3-(4-(trifluoromethoxy)phenyl)propyl)-6,7-dihydro-5H-imidazo[2,1-b][1,3]
oxazin-6-amine (37)

To a stirred solution of 23 (0.10 g, 0.54 mmol) and 36 (0.15 g, 0.71 mmol) in DMF (10 mL)
was added NaBH3CN (51 mg, 0.82 mmol) and AcOH was added to reach pH 5 at 0°C. The
reaction temperature was raised room temperature and the reaction mixture was further stirred
for 4 h. The solvent was removed, saturated NaHCO3 solution (20 mL) was added and the
mixture was extracted with methylene chloride (2 x 20 mL). The organic layer was washed
with brine (15 mL), dried (MgSQ,) and evaporated. The crude residue was purified by column
chromatography (CH»,Cl,:MeQOH, 50:1) to give 37 as a pale yellow solid (83 mg, 40%):

[a]p 2° =-5.63 (c, 0.75, CHCI3); Mp = 101.7-103.1°C; 1H NMR (300 MHz, CDCl3) & 1.76-
1.85 (m, 2H), 2.65-2.79 (m, 4H), 3.32-3.76 (m, 1H), 3.86-3.92 (m, 1H), 4.14 (dd, J = 12.3
Hz, 4.2 Hz, 1H), 4.29-4.35 (m, 1H), 4.39 (dd, J = 11.7, 2.4 Hz, 1H), 7.10-7.18 (m, 4H), 7.40
(s, 1H); 13C NMR (300 MHz, CDCl3) & 31.6, 32.6, 46.5, 48.0, 48.8, 69.6, 115.4, 118.9, 121.2,
122.4,129.7, 140.4, 144.0, 147.5, 147.6; HRMS (ESMS) calcd for C1gH1gN4O04F3 [M + H*]
387.1280, found 387.1280.

4-(4-Trifluoromethoxy-phenyl)-but-2-enoic acid ethyl ester (38)

To a stirred suspension of LiCl (0.062 g, 1.47 mmol) in dry MeCN (4 mL) was added
sequentially triethyl phosphonoacetate (0.29 mL, 1.47 mmol), DBU (0.18 mL, 1.22 mmol) and
30 (0.25 g, 1.22 mmol). The reaction mixture was stirred at room temperature for 3 h. The
solvent was removed, 1M HCl solution (15 mL) was added, and then the mixture was extracted
with EtOAc (2 x 15 mL). The organic layer was washed with brine (15 mL), dried (MgSOy),
filtered and evaporated. The resulting residue was purified by column (hexane:EtOAc, 30:1)
to give 38 as a white solid (0.24 g, 73%): Mp = 39.8-41.2°C; 'H NMR (300 MHz, CDCl3)
81.26 (t, J=7.2 Hz, 3H), 3.23 (d, J = 7.8 Hz, 2H), 4.14 (q, J = 7.2 Hz, 2H), 6.23-6.34 (m, 1H),
6.45 (d, J = 15.9 Hz, 1H), 7.14-7.19 (m, 2H), 7.36-7.40 (m, 2H); 13C NMR (300 MHz,
CDCl3) 5 14.41,38.56,61.07,118.98, 121.25, 122.39, 123.25, 127.72, 130.34, 132.13, 135.88,
171.57; HRMS (ESMS) calcd for C13H1403F3 [M + H*] 275.0895, found 275.0900.

4-(4-Trifluoromethoxy-phenyl)-butyric acid ethyl ester (39)

A mixture of 38 (0.21 g, 0.77 mmol) and palladium on activated carbon (0.040 g) was stirred
under a H, atmosphere (balloon) at room temperature for 3 h. The reaction mixture was filtered
and the solvent was removed to give 39 as a colorless oil (0.21 g, 100%): 1H NMR (300 MHz,
CDClg) 6 1.23 (t, J = 7.5 Hz, 3H), 1.89 — 1.99 (m, 2H), 2.29 (t, J = 7.5 Hz, 2H), 2.63 (t, J =

8.1 Hz, 2H), 4.09 (g, J = 7.5 Hz, 2H), 7.11-7.14 (m, 2H), 7.18-7.25 (m, 2H); 13C NMR (300
MHz, CDClIs) 6 14.29, 26.50, 33.60, 33.49, 60.43, 118.87, 121.04, 122.27, 129.77, 140.25,

147.57, 173.39; HRMS (ESMS) calcd for C13H1603F3 [M + H*] 277.1052, found 277.1067.
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4-(4-Trifluoromethoxy-phenyl)-butyraldehyde (40)

Toastirred solution of 39 (0.20 g, 0.72 mmol) in methylene chloride (3 mL) was added DIBAL-
H (1M solution in methylene chloride, 1.09 mL, 1.09 mmol) at —78°C and the resulting mixture
was further stirred for 30 min. 1M HCI (15 mL) was added slowly at room temperature and
the aqueous layer was extracted with methylene chloride (2 x 10 mL). The organic layer was
washed with brine (15 mL), dried (MgSO,4) and evaporated to give crude 40 as a colorless oil
(0.13 g, 76%). This material was used for the next reaction without further purification: H
NMR (300 MHz, CDCl3) 6 1.90-2.00 (m, 2H), 2.44 (td, J=7.2, 1.5 Hz, 2H), 2.63 (t, J=7.8
Hz, 2H), 7.11-7.20 (m, 4H), 9.77-9.78 (m, 1H).

(S)-2-nitro-N-(4-(4-(trifluoromethoxy)phenyl)butyl)-6,7-dihydro-5H-imidazo[2,1-b][1,3]
oxazin-6-amine (41)

To a stirred solution of 23 (0.050 g, 0.27 mmol) and 40 (96 mg, 0.41 mmol) in DMF (5 mL)
was added NaBH3CN (26 mg, 0.41 mmol). AcOH was added to reach pH 5 at 0°C. The reaction
temperature was warmed to rt and the reaction mixture was further stirred for 4 h. The solvent
was removed, saturated NaHCOj3 solution (20 mL) was added and the mixture was extracted
with methylene chloride (2 x 20 mL). The organic layer was washed with brine (15 mL), dried
(MgS0O,) and evaporated. The crude residue was purified by column chromatography
(CH,Cl,:MeOH, 50:1) to give 41 as a pale yellow oil (48 mg, 48%): [a]p 2° = -5.67 (c, 0.89,
CHCIl3); IH NMR (300 MHz, CDCl3) § 1.46-1.70 (m, 4H), 2.59-2.77 (m, 4H), 3.32-3.38 (m,
1H), 3.87 (ddd, J = 12.6, 4.5, 1.5 Hz, 1H), 4.14 (dd, J = 12.6, 4.5 Hz, 1H), 4.28 (ddd, J = 11.4,
5.1, 1.5 Hz, 1H), 4.39 (dd, J = 11.4, 2.7 Hz, 1H), 7.10-7.18 (m, 4H), 7.40 (s, 1H); 13C NMR
(300 MHz, CDCl3) 6 28.7,29.7, 34.9, 47.0, 47.9, 48.7,69.3, 115.0, 119.1, 120.9, 121.1, 129.5,
140.7,143.9,147.3,147.4; HRMS (ESMS) calcd for C17H29N4O4F3 [M + H*] 401.1437, found
401.1447.

3-(4-Trifluoromethoxy-phenyl)-propenal (42)

34 (0.50 g, 2.29 mmol) was dissolved in methylene chloride (15 mL) and treated sequentially
with solid NaHCO3 (1.93 g, 0.023 mol) and Dess-Martin periodinane (2.92 g, 6.87 mmol) at
0°C. The resulting solution was allowed to stir for 3 h. The reaction mixture was filtered and
washed with saturated NaHCO3 (2 x 30 mL) and brine (30 mL). The organic layer was dried
(MgSO0y), filtered and evaporated. The crude residue was purified by column chromatography
(hexane:EtOAc, 30:1) to give 42 as a white solid which melted at rt (0.43 g, 88%): 1H NMR
(200 MHz, CDCl3) 6 6.63 (dd, J = 15.8, 7.4 Hz, 1H), 7.26-7.30 (m, 2H), 7.42 (d, J = 15.8 Hz,
1H), 7.5-7.63 (m, 2H), 9.70 (d, J = 7.4 Hz, 1H); GC-MS (EI) m/e 216 [M*], 131 [M™ -
OCF3].

5-(4-Trifluoromethoxy-phenyl)-penta-2,4-dienoic acid ethyl ester (43)

To a stirred suspension of LiCl (0.094 g, 2.22 mmol) in dry MeCN (5 mL) was added
sequentially triethyl phosphonoacetate (0.44 mL, 2.22 mmol), DBU (0.28 mL, 1.85 mmol) and
42 (0.40 g, 1.85 mmol). The reaction mixture was allowed to stir at rt for 3 h. The solvent was
removed, 1M HCl solution (15 mL) was added, and then the mixture was extracted with EtOAc
(2 x 15 mL). The organic layer was washed with brine (15 mL), dried (MgSQ,), filtered and
evaporated. The resulting residue was purified by silica filter (hexane:EtOAc, 30:1) to give
43 as a pale yellow solid (0.34 g, 64%): Mp = 40.7-41.7°C; 1H NMR (200 MHz, CDCls3) &
1.28 (t,J=7.4Hz, 3H),4.18 (q, J = 7.4 Hz, 2H), 5.97 (d, J = 15.2 Hz, 1H), 6.83-6.86 (m, 1H),
7.18 (d, J = 8.2 Hz, 1H), 7.36-7.50 (m, 1H); GC-MS (EI) m/e 286 [M*], 241 [M* -
OCH,CHpg], 213 [M* - COOEH].
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5-(4-Trifluoromethoxy-phenyl)-pentanoic acid ethyl ester (44)

A mixture of 43 (0.32 g, 1.12 mmol) and palladium on activated carbon (10%, 0.040 g) was
stirred under a H, atmosphere (balloon) at rt for 4 h. The reaction mixture was filtered and the
solvent was removed to give 44 as a colorless oil (0.30 g, 94%): IH NMR (300 MHz,
CDCl3) 6 1.22 (t, J = 7.2 Hz, 3H), 1.64-1.67 (m, 4H), 2.29 (t, J = 6.9 Hz, 2H), 2.61 (t, J = 6.9
Hz, 2H), 4.09 (q, J = 7.2 Hz, 2H), 7.09-7.26 (m, 4H); 13C NMR (300 MHz, CDCl3) § 14.3,
24.5,30.8,34.1, 34.9, 60.3, 118.9, 121.0, 122.3, 129.6, 140.9, 147.4, 173.6; HRMS (ESMS)
calcd for C14H1g03F3 [M + H*] 291.1208, found 291.1222.

5-(4-Trifluoromethoxy-phenyl)-pentanal (45)

Toastirred solution of 44 (0.28 g, 0.97 mmol) in methylene chloride (5 mL) was added DIBAL-
H (1M solution in methylene chloride, 1.45 mL, 1.45 mmol) at —78°C. The reaction mixture
was allowed to stir for 1 h. 1 M HCI (15 mL) was added slowly at room temperature and the
aqueous layer was extracted with methylene chloride (2 x 15 mL). The organic layer was
washed with brine (15 mL), dried (MgSO,) and evaporated. The crude residue was purified
by column chromatography (hexane:EtOAc, 20:1) to give 45 as a viscous oil (0.20 g,

83%): 1H NMR (300 MHz, CDCl3) & 1.63-1.68 (m, 4H), 2.43-2.49 (m, 2H), 2.61-2.67 (m,
2H), 7.10-7.19 (m, 4H), 9.75 (t, J = 1.8 Hz, 1H); 13C NMR (300 MHz, CDCl3) 5 21.6, 30.8,
35.0,43.7,118.9, 121.0, 122.3, 129.6, 140.7, 147.5, 202.4; HRMS (ESMS) calcd for
C17H13NO3Cl5 [M + H*] 349.0272, found 349.0278.

(S)-2-Nitro-N-(5-(4-(trifluoromethoxy)phenyl)pentyl)-6,7-dihydro-5H-imidazo[2,1-b][1,3]
oxazin-6-amine (46)

To a stirred solution of 23 (0.050 g, 0.27 mmol) and 45 (100 mg, 0.41 mmol) in DMF (5 mL)
was added NaBH3CN (26 mg, 0.41 mmol). AcOH was added to reach pH 5 at 0°C. The reaction
mixture was warmed to rt and stirring continued for 4 h. The solvent was removed, saturated
NaHCOs solution (20 mL) was added and the mixture was extracted with methylene chloride
(2 x 20 mL). The organic layer was washed with brine (15 mL), dried (MgSO,4) and evaporated.
The crude residue was purified by preparative TLC (CH,Cl,:MeQH, 20:1) to give 46 as a pale
yellow, viscous oil (61 mg, 55%): [a]p 2° = —5.65 (c, 0.93, CHCl53); 1H NMR (300 MHz,
CDClg) 6 1.32-1.40 (m, 2H), 1.46-1.66 (m, 4H), 2.58-2.75 (m, 4H), 3.33-3.39 (m, 1H), 3.87
(dd,J=12.0,4.8 Hz, 1H), 4.14 (dd, J = 12.0, 4.5 Hz, 1H), 4.29 (dd, J = 11.1, 4.8 Hz, 1H), 4.40
(dd, J = 11.1, 2.4 Hz, 1H), 7.10-7.18 (m, 4H), 7.40 (s, 1H); 13C NMR (300 MHz, CDCl3) &
26.8,30.1, 31.3, 35.3, 47.3, 48.0, 48.8, 69.6, 115.4, 119.0, 121.0, 122.4, 129.7, 141.3, 143.8,
147.5, 147.6; HRMS (ESMS) calcd for C1gHoN4O4F3 [M + H*] 415.1593, found 415.1607.

4-(4-Trifluoromethoxy-benzyloxy)-benzaldehyde (48)

NaH (60% dispersion in mineral oil, 0.20 g, 5.32 mmol) was added to stirred solution of 4-
hydroxybenzaldehyde (47, 0.50 g, 4.09 mmol) and 4-(trifluoromethoxy)benzyl bromide (1.57
g, 6.14 mmol) in DMF (15 mL) at 0°C. The resulting mixture was further stirred for 1.5 h. The
reaction mixture was quenched with 1M HCI (5 mL) and the solvent was removed. The
resulting oil was dissolved with EtOAc (30 mL) and the organic layer was washed with 1M
HCI (20 mL) and brine (20mL). The organic phase was dried (MgSQ,) and evaporated to give
crude 48 as a viscous oil (1.2 g, 100%). This material was used for the next reaction without
further purification: 1H NMR (300 MHz, CDCl3) § 5.14 (s, 2H), 7.06-7.09 (m, 2H), 7.24-7.27
(m, 2H), 7.44-7.48 (m, 2H), 7.83-7.87 (m, 2H), 9.89 (s, 1H); GC-MS (EI) m/e 296 [M*], 175
[M* - OPhCHO].
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(S)-2-Nitro-N-(4-(4-(trifluoromethoxy)benzyloxy)benzyl)-6,7-dihydro-5H-imidazo[2,1-b][1,3]

oxazin-6-amine (49)
To a stirred solution of 23 (0.025 g, 0.13 mmol) and 48 (0.060 g, 0.20 mmol) in DMF (5 mL)
was added NaBH3CN (13 mg, 0.20 mmol). AcOH was added to reach pH 5 at 0°C. The reaction
temperature was warmed to rt and the reaction mixture was allowed to stir for 4 h. The solvent
was removed, saturated NaHCOj3 solution (15 mL) was added and the mixture was extracted
with methylene chloride (2 x 15 mL). The organic layer was washed with brine (15 mL), dried
(MgS0O,) and evaporated. The crude residue was purified by preparative TLC (CH2Cl,:MeOH,
40:1) to give 49 as a white solid (42 mg, 67%): [o]p 2° = 7.22 (c, 0.82, CHCl53); IH NMR (300
MHz, CDCl3) 6 3.38-3.41 (m, 1H), 3.81 (d, J=13.2 Hz, 1H), 3.87 (d, J = 13.2 Hz, 1H), 3.89-
3.94 (m, 1H), 4.10 (dd, J = 12.3, 4.5 Hz, 1H), 4.31-4.37 (m, 1H), 4.39 (dd, J = 11.7, 2.4 Hz,
1H), 5.05 (s, 2H), 6.91-6.95 (m, 2H), 7.21-7.24 (m, 2H), 7.35 (s, 1H), 7.45-7.48 (m,
2H); 13C NMR (300 MHz, CDCls) & 47.9, 48.0, 50.6, 69.3, 69.6, 115.2, 115.4, 119.2, 121.3,
122.5,129.0, 129.4, 130.7, 131.7, 135.8, 143.6, 147.5, 148.9, 158.2; HRMS (ESMS) calcd for
Co1HooN4OsF3 [M + H+] 465.1386, found 465.1391.

M. tuberculosis MIC Assay

The inhibitors were dissolved in DMSO to make stock solutions of 50 umol/mL. Inhibitors
were diluted into 7H9-based medium (Middlebrook 7H9 broth (Difco) supplemented with
0.05% Tween 80, 0.2% glycerol and albumin/NaCl/glucose (ADC) complex) and 100 pL
added to the first row of wells of a 96-well plate containing 50 L / well 7H9-based medium
in all other rows. After pipette mixing and using a multi-channel pipette, 50 uL was removed
from each well in the first row and added to the second row. 2-Fold dilution in this manner
was carried out to give 11 dilutions of each inhibitor (200 uM-0.19 uM). A stock culture of
M. tuberculosis H37Rv (ATCC 27294) was grown to ODgsgnm 0.2 in 7H9-based medium. The
culture was diluted 1:1000 in 7H9-based medium before aliquoting 50 pL into each well of
the 96-well plate containing the drug dilutions. The plates were incubated for 2 weeks at 37°
C and the MICgg values were read macroscopically using an inverted plate reader. Each
measurement was made three independent times.

M. tuberculosis MAC Assay

The minimum anaerobic cidal activity of the inhibitors was measured using anaerobically
adapted cultures of Mtb H37Rv.30 These were generated by culturing cells from an initial
ODggonm of 0.005 in glycerol-free Dubos-based broth medium in 19.5 x 145 mm glass tubes
at a head-space ratio of 0.5 with a magnetic stirrer that were sealed with Teflon-lined caps and
subsequently with paraplast. In these cultures, methylene blue, an indicator of dissolved
oxygen, decolorizes after approximately 17 days incubation. After three weeks incubation at
37°C on a magnetic stirrer, the tubes were opened in a Vinyl anaerobic chamber (Coy
Laboratories, Michigan) fitted with a Coy Model 10 gas analyzer and a vacuum air lock
chamber and maintained under 90% nitrogen and 10% hydrogen. Culture was transferred (100
uL / well) to 96-well microtiter plates containing inhibitor in DMSO giving a final DMSO
concentration of 2%. Isoniazid and metronidazole were used as negative and positive control
drugs, respectively. The plates were incubated at 37°C in Type A Bio-bag anaerobic chamber
(Becton Dickinson, Maryland) along with an oxygen indicator strip for 7 days. The cells were
washed three times with fresh Dubos broth and serially-diluted by two-fold dilutions. 5 pL of
cell suspension from each well was spotted in a single well of a 7H11 Middlebrook agar-
containing 96-well plate. After 3 weeks of incubation at 37°C, the minimal anaerobicidal
concentration (MAC) was read as the concentration of drug that caused a 90% reduction in
visible growth. The MAC values were corroborated by determining the number of surviving
bacterial by colony forming unit enumeration. For this, ImL volumes of 3-week anaerobically
adapted Mtb culture were treated with various concentrations of the compounds in 24-well
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plates whereas control cultures were treated with an equivalent amount of DMSO solvent.
Isoniazid (73 pM) and metronidazole (50 and 100 pM) were always included as negative and
positive controls, respectively. The plates were sealed in anaerobic bags and incubated for 7
days at 37°C. Serial dilutions were subsequently plated in triplicate on 7H11 Middlebrook agar
to monitor bacterial survival.

Nitroimidazole reduction assay

Fap0 was purified from Mycobacterium smegmatis as described earlier.3! Reduced F42q
(HoF420) was prepared using a recombinant Mtb F4oq dependent glucose-6-phosphate
dehydrogenase as described,32 followed by heat inactivation of FGD1 at 65°C water bath for
10 minutes and ultra-filtration (Centricon 10 kDa). Reduction of nitroimidazoles by Rv3547
was monitored by oxidation of HyF45q by florescence (Exggg nm / Emy7g nm) using Infinite
M1000 spectrophotometer at 25°C. The reaction was carried out in buffer containing 200 mM
Tris (pH 8.0), 0.01% TritonX-100 and 20 RM HyF 429 in 30 pl volume in a 96-well plate. Initial
rates were calculated based on the florescence standard curve with purified F4p9. Apparent
steady-state kinetic parameters, K., and Vmax, Were obtained by fitting initial rate data to the
Michaelis-Menton equation.

QSAR modeling

Modeling was performed using Discovery Studios release 2.0 (Accelrys Software, Inc). The
following molecules were used in the training set: 9, 10, 11, 13, 16, 18, 24, 26, 27, 31, 41,
49 (from this work); 3, 11, 12, 15, 20, 35 (reference 7); the 7(S)-methyl derivative of PA-824
we have described previously33; PA-824 and PA-1147 (i.e., 6(R)-PA-824).2° The following
molecules were used in the test set: 17, 19, 23, 25, 28, 37, 46 (from this work); 10a, 10b, 14,
16,17, 27a, 27b, 30, 34 (reference 7); the 7(R)-methyl derivative of PA-824 we have described
previously33 and PA-1282, PA-1298, PA-1343, and PA-653.29 For both sets, conformer
generation was performed using the CAESAR algorithm34 and a maximum of 255 conformers
was considered for each molecule. Catalyst HypoGen was run using four potential
pharmacophore features (hydrogen-bond acceptor, donor, hydrophobe and hydrophobe-
aromatic) with a minimum interfeature distance of 2.0 A. Variable tolerances were allowed
during pharmacophore elaboration and significance was assessed based upon a cost analysis
(all ten of the reported hypotheses cost 40-60 bits less than the cost of the null hypothesis
which was 70 bits higher than the fixed cost, therefore these hypotheses are considered
statistically significant) and based upon scrambling the activity data for the same training set
structures and assessing correlation (Fisher Test).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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6X-824

PA-824 (1) and the derivatives examined in the present study. When referring to the imidazole
ring, the numbering shown for PA-824 is used for consistency with previous work. Derivatives
at the 2-position of the imidazole (2X-824) and at the 6-position of the imidazo-oxazine

(6X-824) are investigated here.
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3D-QSAR model for antitubercular nitroimidazoles. Compound 31 is shown aligned to a
pharmacophore hypothesis featuring two hydrogen bond acceptors (green), one hydrogen bond
donor (purple) and one hydrophobe (aqua). The predictive ability of this model for the 21
molecules in the training set and the 22 molecules in the test set is shown with the actual activity
(MIC in uM) on the x-axis compared with the predicted activity on the y-axis.
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Synthesis of the 2N-824 series of compounds.a

@Reagents and conditions: (a) 4-trifluoromethoxybenzyl bromide, NaH, TBAI, DMF, —78°C
tort, 14 h; (b) TBAF, THF, rt, 30 min; (c) MsClI, DIPEA, CHyCly, rt, 30 min; (d) NaN3, DMF,
55°C, 14 h; (e) SH(CHy)3SH, Et3N, rt, 2 h; (f) DIPEA, DMF, uW, 150°C, 30min; (g)
HCO3H, Ac,0, CH,Cly, 1t, 14 h; (h) AcCl, Et3N, CH,Cly, 0 °C to rt, 2 h; (i) Nal, acetone,
reflux, 6 h; (j) 2M MeNH, in THF, DIPEA, DMF, uW, 200°C, 20 min.
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Synthesis of 25-824, 250-824, and 250,-824.a
@Reagents and conditions: (a) KSAc, DMF, 45°C, 14 h; (b) 3M NaOH (ag), MeOH, 0°C to rt,
17 h; (c) mCPBA, CH,Cl,, 0°Ctort, 1 h.

J Med Chem. Author manuscript; available in PMC 2010 March 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al. Page 25

2N 2 oN OzN
E“\' Fﬁ T“\' Z/‘“\‘
OH OMs Ns NH,
20 21 22 23
c f
O,N g

24 R =
25 (OCF)
26 ((CH,)3CH3)
27 (OCH,Ph)
28 (OCH,(4-F-Ph))

Scheme 3.

Synthesis of compounds 24-28.a

@Reagents and conditions: (a) MsClI, EtsN, DMF, 0°C, 1 h; (b) NaN3, DMF, 70°C, 2 h; (c)
DTAD, PPhs, (PhO),P(=0)N3, THF, 0°C to rt, 18 h; (d) 10% Pd/C, H, (g), EtOAc, rt, 2 h; (e)
SH(CH»)3SH, Et3N, rt, 5 min; (f) 4-trifluoromethoxyphenoxyacetyl chloride, Et3N, rt, 18 h;
(9) aldehyde, AcOH, NaBH3CN, DMF, rt, 2 h.
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Synthesis of compound 31.a
aReagents and conditions: (a) Dess-Martin periodinane, NaHCO3, CH,Cl,, 0°C to rt, 3 h; (b)
23, NaBH3CN, AcOH, DMF, 0°C to rt, 4 h.
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Synthesis of compound 37.a

@Reagents and conditions: (a) methyl acrylate, Pd(OAc),, PPhs, Et3N, CH3CN, rt to 100°C, 3
h; (b) i) DIBAL-H, CH,Cl,, —78°C, 1 h; ii) 1M HCI (aq); (c) Pd/C, H2 (9), rt, 4 h; (d) Dess-

Martin periodinane, NaHCO3, CH,Cl,, 0°C, 3 h; (e) 23, NaBH3CN, AcOH, DMF, 0°C to rt,
4 h.
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Synthesis of compound 41.a

aReagents and conditions: (a) triethyl phosphonoacetate, LiCl, DBU, CH3CN, rt, 3 h; (b) Pd/
C, Hy (g), rt, 3 h; (c) i) DIBAL-H, CH,Cl,, —=78°C, 30 min; ii) 1M HCI (aq); (d) 23,
NaBH3CN, AcOH, DMF, 0°C to rt, 4 h.
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Scheme 7.

Synthesis of compound 46.a

@Reagents and conditions: (a) Dess-Martin periodinane, NaHCO3, CH,Cl,, 0°C, 3 h; (b)
triethyl phosphonoacetate, LiCl, DBU, CH3CN, rt, 3 h; (c) Pd/C, Hz (g), rt, 4 h; (d) i) DIBAL-
H, CH,Cl,, —78°C, 1 h; ii) 1M HCI (aq); (e) 23, NaBH3CN, AcOH, DMF, 0°C to rt, 4 h.
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Synthesis of compound 49.a

@Reagents and conditions: (a) 4-trifluoromethoxybenzyl bromide, NaH, DMF, 0°C, 1.5 h; (b)
23, NaBH3CN, AcOH, DMF, 0°C tort, 4 h.
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