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ABSTRACT

Even though many GyrB and ParE inhibitors have lveported in the literature, few possess
activity against Gram-negative bacteria. This isnarily due to limited permeability across
Gram-negative bacterial membrane as well as batteifilux mechanisms. Permeability of
compounds across Gram-negative bacterial membdegsnds on many factors including
physicochemical properties of the inhibitors. Herewe show the optimization of
pyridylureas leading to compounds with potent dgigtivagainst Gram-negative bacterial

species such d@.aeruginosa, E.cokndA.baumannii

1. Introduction
Drug resistant Gram-negative bacterial infectionsepa significant threat to people in

healthcare settings and especially patients imgite care units [1-3]. Unfortunately the
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prospects for new antibacterial agents are bledktlam fact that no new class of drugs with
Gram-negative activity has been approved since 1lii83trates the magnitude of the
problem. Research and development efforts focusedeat-generatiof-lactam antibiotics
resulted in the approval of two new cephalospofiflactamase inhibitor combinations [4, 5].
However the combination partners of the new ce@palons in these therapies are not very
effective against severdFlactamases underlining the urgent need for ani@at agents
with a novel mechanism of action [6-8]. Becausedh®rgence of resistance against single
agents is rapid, antibacterial agents that inhittitiple targets are preferred as they are
known to have lower frequency of resistance [9].

The ATPase domain containing subunits of bact&MA Gyrase and TopoisomeraselV,
Gyrase B and ParE, respectively, have long beergreéred as antibacterial targets. While
there are several known inhibitors of GyrB and PEi®20], none have been approved for
clinical use. Inhibitors of these enzymes would lifgaas dual target inhibitors thus
potentially reducing frequency of resistance. A anigy of the known GyrB/ParE inhibitors
possess Gram- positive activity with limited oramiivity against Gram-negative bacteria.

Being cytoplasmic targets, potential inhibitors thlese enzymes have to cross the
asymmetric outer membrane, the periplasmic spaddiaally the inner membrane to reach
the targets in Gram-negative bacteria [21, 22]addition to these permeability challenges,
Gram-negative bacteria have efficient efflux meddraus for the removal of antibacterial
agents from the cytoplasm.

When analyzing the challenges of designing duaB@arE inhibitors for Gram-negative
bacteria, three issues stand out. First, molecaiest show potent inhibition on both
enzymes. It has been reported that inhibition ofB5wlone only slowed down DNA
replication as ParE could support replicatioegtherichia col{23]. Inhibition of both GyrB

and ParE was required to stop DNA replication rigpi®3]. Second, many reported



GyrB/ParE inhibitors are optimized on Gram-positere&zyme targets and therefore exhibit
good activity on Gram-positive bacteria. While #has high sequence homology in the
ATPase domain of these enzymes, small changes inoaacid sequence [24] make
designing inhibitors that are active on both tasgatross Gram-positive and -negative
bacterial species very challenging. Third, the uaigtructure of the Gram-negative cell wall,
as well as the presence of efflux mechanisms, dall®ptimal physicochemical properties
for a given compound to show an antibacterial ¢ff2s, 26].

The tricyclic inhibitor class represented by compbd [16] is an example of a potent
inhibitor of both Gram-negative GyrB and ParE shaygood antibacterial activity. So far
this level of a Gram-negative activity has not baehieved with the pyridyl urea scaffold. A
recent publication [27] has shown the evolutioragdyridyl urea fragment into compou@d
and 3 which are potenE.coli GyrB inhibitors but are >100 fold less active iagaE.coli
ParE. Herein, we show that by achieving potent tlrglet inhibition and optimizingl, it
is possible to achieve compounds having BjsCagainst Gram-negative species such as

Pseudomonas aeruginosadAcinetobacter baumannin the low pg/mL range.
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Fig. 1. Representative tricyclic pyrimidoindole and pytidtea based GyrB/ParE dual
inhibitors.
2. Chemistry:

Scheme 1 shows synthesis of compous)dd and12. Suzuki coupling reaction betweén

and previously known boronic actd27] gave compouné.
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Scheme 1. Reagents and conditiong&) ag. kPQy, Pd(dppf)C}.DCM, 1,4-dioxane, 100C,

16 h.

Nucleophilic displacement of the chloro group 7nwith amines8-13 and subsequent
Suzuki coupling withb gave compound$4-20 (scheme 2). Removal &f-boc protection in
17-20 using TFA in DCM gave rise t21-24.

In a similar way, intermediate®7-29 (scheme 3) were synthesized frd@h and 26 by

nucleophilic displacement of chlorine with amirg® and12 in DMF in presence of $COs.
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Scheme 2. Reagents and conditiong) DMF, K:CQOs, amine, 80°C, 12 h; (b)5, ag. KPOy,

Pd(dppf)C.DCM, 1,4-dioxane, 108C, 16 h; (c) CECO.H, CH,Cl, 1t, 4 h.



Suzuki coupling reaction betweénand 27 and subsequent hydrolysis of the ester group
resulted in compoun@4. HATU-mediated coupling 084 with MeSQNH> in presence of
trimethylamine gave compourb. Heating12 with 32 at 80°C in DMF and subsequent
Suzuki coupling of the product with followed by hydrolysis of ester group afforded
compound35. Displacement of chlorine 83 using aminel2 and subsequent Suzuki
coupling reactionwith 5 followed by conversion of nitrile group to tetragalsing NaN gave
compound37 (scheme 3). Suzuki coupling reaction betwé&eand 27-29 and subsequent
reaction with hydrazine hydrate in EtOH followed byclization using carbonyldiimidazole
gave oxadiazolone30-31 and 38. N-boc group in30-31 was deprotected using TFA/DCM

to afford compound39 and40, respectively.
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Scheme 3. Reagents and conditionG@) DMF, K.COs, 8, 9 or 12, 80°C, 12 h; (b)5, KsPOy,
Pd(dppf)Cs.DCM, 1,4-dioxane, water, 100C, 16 h; (c) LiOH, THF, water; (d)
NH,NH,.H,O, EtOH, 80°C; (e) CDI, DCM; (f) MeSGNH,, HATU, E&N, DCM; (g)

CFCOH, CH,.Cl,, 1, 4 h: (h) NaN, AICl3, DMF, 120°C.

Scheme 4 describes synthesis of compotthdPreviously reported thioamidd [27] was
converted to thiazole derivativi by heating withd2 in acetonitrile. Conversion @ to the

corresponding boronic acid, Suzuki coupling wath conversion of the resulting product to



corresponding hydrazide derivative by reaction whiydrazine hydrate and subsequent

cyclisation of hydrazide using carbonyldiimidazadsulted in the formation @#.
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Scheme 4. Reagents and conditionga) 42, MeCN, 85°C, 16 h; (b)'PrMgCl, n-BulLi,
B(OMe), THF, -78°C, 6 h; (c)27, KsPQy, Pd(dppf)C).DCM, 1,4-dioxane, water, 100

°C, 16 h; (d) NHNH,.H,0, EtOH, 8(°C; (e) CDI, DIPEA, DCM, rt, 2h.

3. Resultsand Discussion:

Our chemical starting poin2 exhibited potent inhibition of Gram-positive enzysn
Streptococcus pneumoni&arE andStaphylococcus aureuSyrB. As mentioned befor2
also potently inhibited a Gram-negative GyrB enzy(ieoli), but was 100-fold less active
against ParE from the same bacteria. It did notvstno MIC against either wild type or efflux
pump impairedE.coli. At this point we attributed this result to pocgrmeability of the
compound across bacterial membrane, owing to theepice of a strong acid{p3.5). Initial
exploration of the SAR provided some insight on Key interactions of the compound.
Incorporation of a naphthyridine motif in placepfridine-3-carboxylic acid as in compound
6 (Table 1) not only retained both GyrB and ParEhition, but also showed 0.4 ug/mL MIC
againste.coli AtolC strain.

Table 1: ICsp (E.coli GyrB andE.coli ParE) and MICE.coli, P.aeruginosand their efflux

pump mutantsdf 2 and®é.



ICs0 (LM)* MIC (ug/mL)
E.co E.co P.ae E.co
Structure GyrB | ParE P.ae AMexABCDXY E.co AtolC
FiC 0. _OH
st
2 0 A N 0.006 | 0.70 >100| >100 >100>100
/\NJ\N lN/
H H
FsC
o 1
6 . K 0.004 | 2.01 | >25 | >25 >25  0.44
e

*Standard Error can be found in the supporting nmfation. E.co = E.coli; P.ae =
P.aeruginosa PAQ1P.aeAMexABCDXY = P.aeruginosaefflux pump mutantE.co 4tolC =
E.coli efflux pump mutant.

The optimization of tricyclic inhibitod involved introduction of the amine to secure an
interaction with Asn41l Rrancisella turanrensisParE) [18] and suggested that the
introduction of an amino group inbmay be beneficial. In addition, the introductidnttee
positively charged substituent may improve the matmon of compound across Gram-
negative membranes [26, 28].

3.1. Enhancing E.coli ParE inhibition:

We envisaged that introduction of an amino moietyoathe naphthyridine motif might
secure an interaction with Asp5&gneumoniaeParE) [29, 30]. Compoundl4 with a
piperazine moiety lead to a 5-fold improvement ariPinhibition (Table 2). Encouraged by
this, we explored various amine substituents a thosition. Compound5 with a 3,6-
diazabicyclo[3.1.1]heptane substituent exhibiteefd@ better ParE 16 in comparison t®.
Compound16 carrying a 3,8-diazabicyclo[3.2.1]Joctane motif guoed even better ParE
inhibition of 14 nM. Attempts to obtain a crystafusture of16 with S. pneumonia®ark
protein were not successful due to the low soliybdf the compound. Other bicyclic amines
as in compound&2, 23 and24 maintained good inhibitory profile against ParBhe range

of ~20 nM. Compoun@1 with a 4-aminopiperidine motif also showed ~50 B4, against



E.coli ParE. It may be noted that these modificegidid not affect 16, values against GyrB
enzyme, thus producing better dual inhibition.
Table 2: 1Cso (E.coli GyrB andE.coli ParE), MIC E.coli, P.aeruginosaand their efflux

pump mutantsandpK, of 6, 14-16 and21-24.

ICs0 (LM)* MIC (ng/mL)
E.co P.ae E.co
ID R GyrB E.coParE | P.ae AMexABCDXY E.co AtoIC pPKa
6 | -H 0.004 2011 | >25 >25 >25 044 ND
N
14 | ()| o0.003 0.40 >100 1.08 16.§21.08 | 7.4
g
15 | ] | 0.005 0.20 >60 1.10 17.19221 | 7.6
N
\
N
16 | (9 | o0.007 0.014 | 9.09 0.56 227 014 78
N
[
N
21 Q 0.006 | 0049 | 67.82 0.54 16.80054 | 9.3
NH,
N
22 @ 0.003 | 0024 | 3553 0.56 454 056 92
NH,
g
23 | (N | 0.008 0.021 >60 0.55 8.8y 110 9
N
N
24 Hj 0.014 0.025 | >60 0.55 909 028 92
HN




*Standard Error can be found in the supplementafgrmation. E.co = E.coli; P.ae =
P.aeruginosa PAQ1P.aeAMexABCDXY= P.aeruginosaefflux pump mutantg.co AtolC=
E.coli efflux pump mutant.

As solubility of the scaffold was a limiting factavith the pyridylurea scaffold bearing a
naphthyridine moiety, we turned back to compoindnd decided to introduce the 3,8-
diazabicyclo[3.2.1]Joctane motif (Table 3). Compdd4 exhibited 100-fold improvement in
ParE inhibition when compared & Removal of the pyridyl nitrogen (compourgb)
maintained the inhibitory potency against both eéésg Replacing the acid in compoud
with other acidic functional groups such as methiftsilamide 86) and tetrazole 37)
derivatives also provided potent inhibitors Bfcoli ParE. While compoun@8 with the
oxadiazolone motif in place of the carboxylic agidup exhibited excellent ParE inhibition,
compounds39 and 40 which combine the oxadiazolone with a base coimgimprimary
amines gave 6- and 3-fold weaker inhibitors Extoli ParE, respectively. 44 with a
cyclopropyl group instead of —@as the most potent compound in this series, @xigb3

nM 1Csp against.coli ParE.

Table 3: ICso (E.coli GyrB andE.coli ParE), MIC E.coli, P.aeruginosaand their efflux

pump mutantsandpK, of 2, 34-40 and44.

= R
N.. .S 7
o N X
/\NJ\N N> R
H H
ICs0 (LM)* MIC (ng/mL)
p| R R1 X1"Eco | E.co b ae P.ae Eco | ECO PKa
GyrB | ParE ' AMexABCDXY ' AtolC
2 H -COOH 0.006 0.70 >100 >100 >1(Q >1( 3.5
34 N -COOH 0.006| 0.008 9.0 4.48 9.( 1.1 35,7
35 Eﬁa -COOH 0.009 0.01 9.0 4.46 9.( 1.1 4.4, 8




H
36 o NI N | 0.008| 0009 >50 >50 >50 >50 32,76
N=N
37 NN | N | 0.000| 0.004] >50 >50 >50 36| 36,78
(0]
HN—
38 N6 | N | 0.006| 0004 2.40 0.30 120 01 67,78
N
39 N | 0.002| 0.023] >50 1.15 >50 920  6.8,95
e |
. NVO
N 1
40 @ N | 0.004| 0012] >50 0.60 >50 480  6.8,95
NH,

0.002 | 0.003| 1.14 0.23 0.5Y 0.1 6.7, 7.

*Standard Error can be found in the supplementafgrination. E.co = E.coli; P.ae =
P.aeruginosa PAQ1P.aeA1MexABCDXY= P.aeruginosaefflux pump mutantg.co AtolC=
E.coli efflux pump mutant.

Compound38 was co-crystallized witts. pneumonia®ark (fig. 2, PDB ID 5YIG). The

nitrogen from the 3,8-diazabicyclo[3.2.1]octane inotteracts with Asp54 (corresponding
residue inE.coli ParE is Asp45), confirming our expectation. TheaX-crystal structure also

shows the ethylene bridge of bicyclic amine nickliing into the small pocket between
Arg81 and Asp54, further explaining the prefererdoe such bicyclic groups and the
improvement in ParE inhibition. The pyridine ringdathe oxadiazolone motif ensure good
interactions with Arg81 and Argl40, respectivelyheTrest of the interactions were as

observed earlier for the scaffold [27].



Fig. 2. (A) Crystal structure d38 with S. pneumonia®arkE (PDB ID 5YIG). The nitrogen
from the 3,8-diazabicyclo[3.2.1]octane motif int@sawith Asp54 (shown with dotted lines

in B).

3.2.The influence of dual target inhibition and p&f the amines on MIC
For a potent dual GyrB/ParE inhibitor to show anCMVdgainst Gram-negative bacteria, the
compound has to permeate through the Gram-negativebrane to reach the cytoplasm and
then avoid being removed by the efflux pumps. Thasprder to evaluate the effect of
improved target inhibition and/or compound permktgbon the growth of bacteria, we
compared the MIC ofP.aeruginosaandE.coli wild type with bacteria that have deletions of
multidrug resistance pumps.

Most compounds in Table 2 were moderate inhibigdre/t E.coli but showed no activity

against wtP.aeruginosa Compoundl6 was most potent exhibiting 9 and 2.2 pg/mL MIC



againstP.aeruginosaandE.coli, respectively. From these data we have to condiuatedual
target inhibition alone does not necessarily rasulfood MICs against these two pathogens.
Looking more closely at the compounds in Table Zam® observe two major effects on the
MICs (keeping in mind that all compounds are veogept inhibitors of theE.coli GyrB
enzyme). First, if the basicKp value of the inhibitors are comparable then gre&arE
enzyme inhibition leads to a better MIC (compaBeand16 in Table 2). Second, when we
have dual inhibitors with potent inhibition of PartBen the K, of the amine has a major
effect on the efflux of the compounds, as can len sehen comparing compourié with
21-24. The effect of the Iy, on efflux seems to be more pronouncedPaaeruginosawhile
the effect of dual target inhibition is more pronoad onE. col. When the K, of the
conjugate acid of the amine was greater than @, M€ against wtP.aeruginosavere >30
png/mL, suggesting that these compounds suffer exaolbefflux in wtP.aeruginosgcompare
with the corresponding efflux mutants in Table 2dmong the compounds with identical
target inhibition {6, 21-24), 16 with pK, 7.8 showed improved MICs against both wt
P.aeruginosandE. coli species. The weaker MICs exhibitedIsyand15 (despite their K,
of ~7.5) may be due to its lack of dual target lition.
3.3. The influence of the pkof the acids on MIC
While a basic amine aids compound permeability sscr@ram-negative membranes, the
presence of a carboxylic group is not favorabletlier pyridylurea scaffold, as indicated by
the MIC of compoun in Table 3 which is >100 pg/mL against both wt a&fitlx mutant
forms of both Gram-negative species tested. Whemrodacing 3-methyl-3,8-
diazabicyclo[3.2.1]octane as the most favorablecbgioup from Table 2, the permeability
of compound? is improved considerably (see compowddn Table 3). Compound36 and
37 carrying a sulfonamide and tetrazole moiety incplaf carboxylic acid group did not

show an MIC against even the efflux mutant Reruginosaand E.coli. In contrast,



compound38 with a 1,3,4-oxadiazol-2(3H)-one motif showed gigant improvement with
an MIC value of 2.4 and 1.2 pg/mL againstPrvderuginosaandE.coli. Again compound89
and40 with a primary amine as basic moietK{p= 9.5) showed >50 pg/mL MIC against wt
P.aeruginosaand E.coli. Compound44 which has the best combination of dual inhibition,
basic and acidic K, proved to have the best MIC of 1 and 0.5 pg/mLiregathe two
pathogens. It is clear from the compounds in Tabtbat a weaker acidic moiety such as
1,3,4-oxadiazol-2(3H)-one motif 88 with a K, of 6.8 is preferred for better MIC.
Compounds39 and40 againshow that the presence of a more basic amine teagishanced
efflux in P.aeruginosaThus the combination of a weak acid and a weale lpovide the
best MIC for pyridylurea GyrB/ParE dual inhibitors.
3.4. Broad-Spectrum Activity

We tested compoundks, 38 and 44 for their broad-spectrum activity (Table 4). Paten
growth inhibition was observed agaimst baumanniiand Haemophilus influenzaé\gainst
A. baumannii 16, 38 and 44 exhibited MICs of 2, 0.5 and 0.5 pg/mL, respedtivd he
compounds were also active against several Graitiy@spathogens, including
fluoroquinolone resistant MRSA and USA 100 MRSAWA&0.06 pg/mL MICs, illustrating
broad spectrum activity. These compounds showedehigMICs againstKlebsiella
pneumoniaeand Enterobactercloacae Gratifyingly, no activity was seen at the highest
concentration tested against the fungal pathdggmdida albicansindicating selectivity for
prokaryotes.

Table4: MIC (ug/mL) against other Gram-negative and Grarsipe species

Species Linezolid | Ceftazidime 16 38 44
A. baumannfi | >64 >32 2 0.5 0.5
H. influenza® | 4 0.25 0.25 | <0.06] <0.06

E.cloacaé >64 >32 >64 32 16




K.pneumoniak| >64 0.25 64 32 16
S.aureus 2 16 <0.06 | <0.06| <0.06
S.aureus 2 16 <0.06 | <0.06| <0.06
S.aureu$ 0.5 >32 <0.06 | <0.06] <0.06
S.aureu$ 1 >32 <0.06 | <0.06| <0.06
S.pyogenes 0.5 0.125 <0.06| <0.06, <0.0¢
S.pneumonide| 1 0.5 <0.06 | <0.06| <0.06
E.faecali§ 1 >32 <0.06 | <0.06| <0.06
C.albican$ >64 >32 >64 | >64 | >64

2Acinetobactor baumannihRC3495:° Haemophilus influenza&TCC49247;°Enterobacter
cloacaeARC3528;%KlebsiellapneumoniaedARC1865;°Staphylococcus aureds CC29213;
'ATCC29213 + 2% Human albumiPMRSA FQ-R; "USA100 MRSA; 'Streptococcus
pyogenes ARC838Streptococcus pneumoniAd CC 49619;“Enterococcus faecali8TCC
29212;'Candida albican&ATCC 90028.

Population MIC of compounds against 20 strains [32] of P.aeruginosaand
A.baumanniishowed44 as the most potent compound with Md€ of 4 and 2 pg/mL,
respectively. 38 showed 8 and 4 pg/mL MigagainstP.aeruginosaandA.baumanniwhile
16 showed 32 and 4 pg/mL, respectively (Table 5).

Table 5: MICgyo (Lg/mL) againsP.aeruginosandA.baumanni(n = 20%):

P. aeruginosa* | A. baumannii*
Meropenem| >64 >64
16 32 4
38 8 4
a4 4 2

*20 strains were used.

Compound38 was further tested for its properties. It showmermodynamic solubility of
1490 uM at pH 7.438 also showed lower protein binding compared@@and44 (Table 6).

Table 6: Solubility and Plasma Protein Binding 18, 38 and44



16 38 44

Thermodynamig Below
o detection| 1490 65.8
Solubility (uM) limit

PPB human (%) 97.0 78.9 85.1

4. Conclusions

The dearth of new drugs for the treatment of Gragative infections is mainly due to
difficulties of achieving acceptable MICs for targeased inhibitors. There have been
publications [26, 28] that tried to describe thg$bal properties required for small molecule
accumulation in Gram-negative bacteria. O’SheaMnder [26] found that antibiotics with
Gram-negative activity seem to be relatively pdiaverage cLogD7.4 of -2.8), have a
relatively high molecular weight (< 600 g/mol) aad sometimes zwitterionic, while Richter
et al[28] suggested that an amine functional group armpgrties like amphiphilicity,
globularity and rigidity influence the accumulatiohcompounds in Gram-negative bacteria.
Such predictive compound accumulation rules candsful, however in the case of target-
based drug discovery they must be combined with fthrestional groups required for
molecular recognition. Our data clearly shows thpartance of dual target inhibition (GyrB
and ParE) and optimal permeability which can baeadd with the introduction of a basic
amine at the appropriate position. A zwitteriontenpound is beneficial in our case, because
it ensures that the compounds have appropriatdiioluhowever tuning of the g, of both
the acid and the base is essential for an optim@l M

5. Experimental Section:

5.1. General ProceduresAll reagents were purchased from commercial sssiend used as

received. Reaction progress was monitored by TLi@guslerck silica gel 60 F254 on glass



plates with detection by UV at 254 nM. LC-MS an@ywas carried out with a Shimadzu
LC-20AD and LCMS-2020. The column used was a Phemax Kinetex 2.um, 50 x 2.10
mm). HRMS was obtained from a Thermo Scientific i@ap Fusion mass spectrometer
coupled with Advion TriVersa NanoMate (detector @dp high resolution, resolution
120000, mass accuracy <5 ppm). Proton nuclear riagesonance'd NMR) spectra were
obtained using a Bruker Ultrashield 400 PLUS/R eyst operating at 400 MHz. All
resonance bands were referenced to tetramethys(iaternal standard). Splitting patterns
are indicated as follows: s, singlet; d, doubletriplet; m, multiplet; br, broad peak. The
compounds’ purities were95% unless otherwise stated, determined by a VARBbIStar
HPLC instrument. Melting points (mp) were deterndina Pyrex capillary tubes using a
StuartnSMP30 melting point apparatus. Purificatodérfinal compounds and intermediates
was carried out via normal or reverse phase chragnaphy. Normal-phase chromatography
was performed on an ISCO CombiFlash system witieeian ISCO RediSep or a Biotage
silica gel disposable column eluted with EtOAc/hees or MeOH/CHKCl,. Reverse-phase
chromatography was performed on a Shimadzu prepamtstem on a Phenomenex Luna or
Sunfire C18 preparative column with appropriate dggats of MeCN/HO/0.1%

trifluoroacetic acid (TFA) or methanolf®/0.1% TFA as eluent at a flow rate of 40 mL/min.

5.1.1. General procedure for Suzuki coupling reacttiTo a solution of aryl bromide (0.3
mmol) in anhydrous 1,4-dioxane (10 mL) was addewhic acid (0.45 mmol) and a solution
of K3PQ, (130 mg, 0.61 mmol) in water (2 mL). The mixturasmpurged with nitrogen gas
for 5 minutes. Pd(dppf)@ICH.,Cl, (12 mg, 0.015 mmol) was added and the mixture was
heated at 106C. After 5 h, the reaction mixture was cooled tormotemperature, filtered
through celite and washed with ethyl acetate. Thmte was washed with water (50 mL),

brine (50 mL), dried (anhydrous p&0,) and concentrated under reduced pressure. The



residue was purified by preparative HPLC (C18 calu@0:80 acetonitrile / water with 0.1%

formic acid). Compound containing fractions werepkilized to afford the product.

5.1.2. 1-(5-(1,5-Naphthyridin-3-yl)-4-(4-(trifluonoethyl)thiazol-2-yl)pyridin-2-yl)-3-
ethylurea 6): Synthesized frord and5 following the general procedure for Suzuki couglin
in 58 % yield as a pale yellow solidd NMR (400 MHz, DMSOds) & 9.52 (s, 1H),
9.05-9.04 (m, 1H), 8.82-8.81 (m, 1H), 8.50-8.46 4ir), 8.26 (s, 1H), 7.85-7.82 (m, 1H),
7.62-7.59 (m, 1H), 3.27-3.19 (m, 2H), 1.12 (t, 3H= 7.2 Hz);**C NMR (100 MHz,
DMSO-0g) 6 165.7, 153.7, 153.5, 151.6, 151.3, 149.1, 14242.41 142.2, 142.0, 141.8,
138.7, 136.4, 136.1, 132.7, 125.7, 125.6, 124.8,61220.9, 118.3, 115.6, 109.6, 33.4, 14.7.
MS (ESI) m/z 445.1 (M+H}. HRMS: calcd for GoHisFsNsOS (M+H) 445.1053; found,

445.1046. mp: 232.4-232.7 °C.

5.1.3. 1-Ethyl-3-(5-(2-(4-methylpiperazin-1-yl)-In&phthyridin-3-yl)-4-(4-(trifluoromethyl)-
thiazol-2-yl)pyridin-2-yl)urea 14): To a solution of7 (150 mg, 0.61 mmol) in DMF (5 mL)
was added BCO; (256.6 mg, 1.8 mmol) and-methyl piperazine (0.3 mL, 3.0 mmol). After
heating at 80C for 4 h, the reaction mixture was cooled to ra@mperature, poured in to
cold water (20 mL) and extracted with EtOAc (2 xrB0Q). The combined organic layer was
washed with water, brine, dried over JS&, and concentrated to afford 3-bromo-2-(4-
methylpiperazin-1-yl)-1,5-naphthyridine [150 i NMR (400 MHz, DMSOds) & 8.79-
8.76 (m, 1H), 8.59 (s, 1H), 8.16 (d, 18= 8.4 Hz), 7.71-7.67 (m, 1H), 3.48-3.41 (m, 4H),
2.90-2.88 (m, 1H), 2.75-2.73 (m, 1H), 2.58-2.52 @H), 2.26 (s, 3H); MS (EShn/z308.8
(M+H)*, 309.8 (M+2+H]J]. This intermediate was subjected to Suzuki cawplwith 5
according to the general procedure to affbfdn 30 % vyield as an off-white solidH NMR
(400 MHz, DMSOdg) 5 9.48 (s, 1H), 8.80 (t, 1H),= 3.0 Hz), 8.51 (s, 1H), 8.38 (s,1H), 8.28
(s,1H), 8.22 (s, 1H), 8.14 (d, 1H= 8.0 Hz), 7.68 (dd, 2H] = 4.0, 8.8 Hz), 3.26-3.20 (m,

2H), 2.98-2.93 (m, 2H), 2.80-2.72 (m, 2H), 2.142(@n, 4H), 1.99-1.81 (m, 2H), 1.12 (,



3H, J = 7.2 Hz):*C NMR (100 MHz, DMSOdg) & 166.3, 157.9, 153.7, 153.3, 148.6, 147.8,
1425, 142.1, 141.7, 141.5, 141.4, 140.8, 140.2,113138.2, 137.4, 133.9, 127.3, 124.5,
124.4, 124.3, 123.8, 121.1, 118.4, 109.3, 52.97,444.7, 33.3, 14.7; MS (ESipn/z543.1

(M+H)"; HRMS: calcd for GsH2sFsNgOS (M+H) 543.1897; found 543.1896. mp: 242.3 -

244.6 °C.

5.1.4. 1-Ethyl-3-(5-(2-(3-methyl-3,6-diazabicycld[3]heptan-6-yl)-1,5-naphthyridin-3-yl)-
4-(4-(trifluoromethyl)thiazol-2-yl)pyridin-2-yl)uie (15): Synthesized in 3 % vyield following
the procedure described fid, using13 as the amine as an off-white solftf NMR (400
MHz, DMSO-ds) 5 9.45 (s, 1H), 8.67 (dd, 1H, = 4.0, 1.2 Hz), 8.44 (s, 2H), 8.24 (s, 1H),
8.14 (s, 1H), 8.00 (d, 1H,= 8.0 Hz), 7.62-7.59 (m, 2H), 3.98 (s, 1H), 3.421H), 3.25-3.18
(m, 2H), 3.13 (d, 1HJ = 8.8 Hz), 2.58 (d, 1H] = 10.4 Hz), 2.02 (s, 3H), 1.67 (d, 1H= 7.2
Hz), 1.11 (t, 3HJ = 7.2 Hz);**C NMR (100 MHz, DMSOds) 5 166.3, 155.8, 154.8, 154.5,
149.5, 147.2, 143.6, 143.4, 143.2, 142.8, 142.9,8/4140.6, 140.4, 134.0, 126.6, 125.4,
124.9, 124.6, 124.2, 122.2, 119.5, 109.7, 62.24,684.9, 52.6, 43.1, 34.4, 29.0, 15.8; MS
(ESI) m/z 555.1 (M+H); HRMS: calcd for GgHsFsNgOS (M+H)', 555.1897; found

555.1900. mp: 207.1-207.5 °C.

5.1.5. 1-Ethyl-3-(5-(2-(3-methyl-3,8-diazabicycld]3]octan-8-yl)-1,5-naphthyridin-3-yl)-4-
(4-(trifluoromethyl)thiazol-2-yl)pyridin-2-yl)uredl16): Synthesized in 16 % yield following
the procedure described fb4, using12 as the amine as an off-white soltti NMR (400
MHz, DMSO-<dg) & 9.48 (s, 1H), 8.73 (d, 1H,= 3.2 Hz), 8.48 (s, 1H), 8.41 (s, 1H), 8.22 (d,
1H,J = 7.2 Hz), 8.05 (d, 1H] = 8.4 Hz), 7.70 (s, 1H), 7.66-7.62 (m, 1H), 4.64 1H,J =
6.4 Hz), 3.64 (d, 1H) = 6.8 Hz), 3.25-3.17 (m, 2H), 2.39 (d, 1H= 10 Hz), 2.27 (d, 1H]

= 8.4 Hz), 2.03 (d, 1H) = 10 Hz), 1.99 (s, 3H), 1.83-1.75 (m, 1H), 1.6571(m, 2H), 1.44
(d, 1H,J = 10 Hz), 1.34-1.32 (m, 1H), 1.12 (t, 38z 7.2 Hz);**C NMR (100 MHz, DMSO-

ds) 6 166.9, 156.6, 154.8, 154.3, 149.5, 148.1, 14343.11 142.8, 142.7, 142.4, 141.5,



141.4, 139.4, 134.6, 127.1, 125.9, 125.7, 125.4,912122.2, 119.5, 110.2, 60.3, 58.8, 58.6,
55.7, 44.5, 34.4, 28.3, 26.9, 15.8; MS (ESin/z 569.2 (M+HJ: HRMS: calcd for

Co7H27F3NgOS (M+H)', 569.2053; found 569.2053. mp: 219.0-219.9 °C.

5.1.6. 1-(5-(2-(4-Aminopiperidin-1-yl)-1,5-naphtidin-3-yl)-4-(4-(trifluoromethyl)thiazol-2-
yhpyridin-2-yl)-3-ethylureaZ1): A mixture of7 (122 mg, 0.50 mmolg (300 mg, 1.5 mmol)
and KCO; (207 mg, 1.5 mmol) in DMF (4 mL) was heated at’80 After 3 h, the reaction
mixture was diluted with water and extracted witt©Ec (2 x 50 mL). Organic layer was
washed with brine, dried (MN&O,) and evaporated. The residue (200 mg crude) was
subjected to Suzuki coupling condition as mentiondtie general procedure wisito afford

17 (30 mg) which was subsequently treated with TEA imL DCM. After 4 h, the reaction
mixture was diluted with DCM, washed with sat. &HCQ;, brine, dried (Ng5O;) and
evaporated. The residue was re-dissolved in 1 mM@R@d triturated with hexane. The solid
formed was filtered to affor@l (18 mg, 9 % yield) as a white solitH NMR (400 MHz,
DMSO-dg) 5 9.49 (s, 1H), 8.77 (d, 1H,= 3.2 Hz), 8.51 (s, 1H), 8.40 (s, 1H), 8.25 (s),1H
8.21 (s, 1H), 8.11 (d, 1H,= 8.4 Hz), 7.67-7.64 (m, 2H), 3.25-3.16 (m, 4HP&B(d, 1H,J =

12 Hz), 2.72 (d, 1HJ = 12 Hz), 2.38 (d, 1H] = 12 Hz), 1.49 (d, 1H] = 11.6 Hz), 1.33 (d,
1H, J = 9.2 Hz), 1.12 (t, 3HJ = 7.2 Hz), 0.98-0.85 (m, 1H), 0.64-0.62 (m, 1T NMR
(100 MHz, DMSOs€g) 6 167.4, 159.7, 154.8, 154.3, 149.6, 148.7, 14312,8] 142.5, 141.8,
141.0, 139.2, 134.9, 128.7, 125.6, 125.5, 125.3,812122.1, 119.5, 110.4, 48.6, 48.2, 47.2,

34.8, 34.6, 34.4, 15.8; MS (ESyz543.2 (M+HJ; mp: 249.1-250.9 °C.

5.1.7. 1-(5-(2-((1R,3r,5S)-3-amino-8-azabicyclo[3]@ctan-8-yl)-1,5-naphthyridin-3-yl)-4-
(4-(trifluoromethyl)thiazol-2-yl)pyridin-2-yl)-3-&lurea @2): Synthesized in 12% yield as
described in the procedure f2t using9 as the amine (off-white solid) NMR (400 MHz,

DMSO-dg) & 9.43 (s, 1H), 8.70 (s, 1H), 8.47 (s, 1H), 8.401@), 8.23 (s, 1H), 8.15 (s, 1H),



8.03 (d, 1H,J = 7.6 Hz), 7.63 (s, 2H), 3.90 (s, 1H), 3.24-3.2Q @H), 2.87-2.84 (m, 1H),

1.76-1.74 (m, 1H), 1.47-1.24 (m, 6H), 1.14-1.12 8H); MS (ESI)m/z569.2 (M+H}.

5.1.8. 1-(5-(2-(2,5-Diazabicyclo[2.2.2]octan-2-\ll)5-naphthyridin-3-yl)-4-(4-(trifluoro-
methyl)thiazol-2-yl)pyridin-2-yl)-3-ethylure23): Synthesized as described in the procedure
for 21 in 5% yield as a white solidH NMR (400 MHz, DMSOsdg) 5 9.50 (s, 1H), 8.72 (s,
1H), 8.52 (d, 1H, = 13.6 Hz), 8.45 (d, 1H] = 12.4 Hz), 8.24-8.19 (m, 2H), 8.06-8.03 (m,
1H), 7.66-7.63 (m, 2H), 4.16-3.86 (m, 1H), 3.43 {84, J = 13.6 Hz), 3.23-3.12 (m, 4H),
3.03 (d, 1H,J = 11.2 Hz), 2.87-2.79 (m, 1H), 2.69-2.66 (m, 1#)79-1.77 (m, 1H), 1.70-
1.38 (m, 2H), 1.27-1.23 (m, 1H), 1.15 (t, 3H= 7.2 Hz); MS (ESIM/z555.2 (M+HJ; mp:

226.2-227.1 °C.

5.1.9. 1-(5-(2-(3,9-diazabicyclo[3.3.1]nonan-3-)5-naphthyridin-3-yl)-4-(4-(trifluoro-
methyl)thiazol-2-yl)pyridin-2-yl)-3-ethylure@4): Synthesized as described in the procedure
for 21 in 4% vyield.*H NMR (400 MHz, DMSOdq) § 9.50 (s, 1H), 8.79 (d, 1H,= 2.8 Hz),
8.49 (s, 1H), 8.45 (s, 1H), 8.40 (s, 1H), 8.181(), 8.16 (s, 1H), 7.72-7.69 (m, 1H), 7.55 (s,
1H), 3.80 (d, 1H,) = 13.2 Hz), 3.49-3.42 (m, 3H), 3.23-3.16 (m, 3815 (d, 1H,J = 13.2
Hz), 1.80 (br s, 3H), 1.47 (d, 1H,= 9.2 Hz), 1.30 (d, 1H] = 8.4 Hz), 1.23 (s, 1H), 1.11 (t,

3H,J = 7.2 Hz); MS (ES)m/z569.2 (M+H]J.

5.1.10. Ethyl 5-bromo-6-(3-methyl-3,8-diazabicy8l@]1]octan-8-yl)nicotinate Z7): To a
well stirred solution o5 (8.6 g, 32.8 mmol) in DMF (50 mL) were add&® (9.7 g, 49.0
mmol) and KCO; (8.8 g, 64.0 mmol). After heating at 80 °C for Atlhe reaction mixture
was cooled, diluted with water (50 mL) and extrdcteith EtOAc (3 x 60 mL). The
combined organic layer was washed with brine, dogdr NaSQO, and evaporated. The
residue was purified by column chromatography dailgel, eluent EtOAc/ hexane 2:7) to

afford 27 (6.0 g, 97 % yield)'H NMR (400 MHz, CDC}) § 8.71 (d, 1H,J = 2.0 Hz), 8.27 (d,



1H,J = 2.0 Hz), 4.79 (s, 2H), 4.35 (q, 2Bi= 7.2 Hz), 2.73 (d, 2H] = 11.2 Hz), 2.43 (d, 2H,
J=10.8 Hz), 2.26 (s, 3H), 1.99-1.85 (m, 4H), 1(B&H, J = 7.2 Hz); MS (ESIn/z354.4

(M+H)*, 356.3 (M+2+H].

5.1.11. Ethyl 5-bromo-6-(4-((tert-butoxycarbonyljaojpiperidin-1-yl)nicotinate Z8):
Synthesized fron®5 using8 as the amine in 68 % vieltH NMR (400 MHz, DMSOds) &
8.68 (d, 1H,J = 2.0 Hz), 8.23 (d, 1H) = 2.0 Hz), 6.91 (d, 1H] = 8.4 Hz), 4.31-4.26 (m,
2H), 3.94 (d, 2H,) = 13.2 Hz), 3.49 (d, 1H] = 7.2 Hz), 2.96 (t, 2H) = 11.2 Hz), 1.83 (d,
2H, J = 10.4 Hz), 1.55-1.45 (m, 2H), 1.39 (s, 9H), 1(B®BH, J = 7.2 Hz); MS (ESIm/z

428.09 (M+HJ, 430.09 (M+2+Hj.

5.1.12. Methyl 5-bromo-6-((1R,3r,5S5)-3-((tert-bytoarbonyl)amino)-8-
azabicyclo[3.2.1]octan-8-yl)-nicotinate29): Synthesized fron26 using9 as amine in 80%

yield. MS (ES)m/z440.1 (M+HY, 442.1 (M+2+H].

5.1.13. 6'-(3-Ethylureido)-2-(3-methyl-3,8-diazaam[3.2.1]octan-8-yl)-4'-(4-(trifluoro-
methyl)thiazol-2-yl)-[3,3'-bipyridine]-5-carboxyli@acid (34): Suzuki coupling betwee@7
(50.0 mg, 0.14 mmol) an8 (79.39 mg, 0.22 mmol) was carried out as per theersl
procedure. The product [34.2 mg, MS (E®Iz576.2 (M+H)] was dissolved in THF (3 mL)
and water (1 mL) and treated with LIOH (13.73 md70mmol). After 3 h, the reaction
mixture as evaporated and the residue purified reparative HPLC (C18, gradient elution
using MeCN and water containing formic acid 0.1%)e product containing fractions were
lyophilized to afford34 (20.8 mg, 64 % vyield over two step&i NMR (400 MHz, DMSO-
ds) 8 9.43 (s, 1H), 8.73 (d, 1H,=2.0 Hz), 8.48 (s, 1H), 8.35 (s, 1H), 8.21 (s, ,1HY1 (d,
1H, J =2.4 Hz), 7.64 (s, 1H), 3.94 (s, 1H), 3.82-3.81 (H), 3.22-3.19 (m, 2H), 2.36-2.28
(m, 2H), 1.96 (s, 4H), 1.62-1.50 (m, 4H), 1.32-1(8®, 1H), 1.11 (t, 3H,) =7.2 Hz);*°C

NMR (100 MHz, DMSO#k) 6 166.2, 165.9, 163.0, 158.3, 154.3, 153.7, 15018,8, 142.7,



142.3, 141.8, 138.8, 125.6, 125.5, 121.8, 119.7,811117.5, 109.5, 59.6, 58.3, 56.8, 54.8,
44.4, 33.9, 27.5, 26.6, 15.3; MS (E81Jz562.2 (M+H); HRMS: calcd for GsHogFsN;0sS

(M+H)", 562.1843; found 562.1843. mp: 233.0-236.6 °C.

5.1.14. 3-(6-(3-Ethylureido)-4-(4-(trifluoromethii)azol-2-yl)pyridin-3-yl)-4-(3-methyl-3,8-
diazabicyclo[3.2.1]octan-8-yl)benzoic aci@y): 32 (300 mg, 1.2 mmol) in anhydrous DMF
(4 mL) was treated withi8 (dihydrochloride salt, 483 mg, 2.4 mmol) anddO; (671 mg,
4.8 mmol). After 20 h at 100 °C, the reaction migtuvas cooled to room temperature and
partitioned between water (40 mL) and EtOAc (40 nill)e organic layer was washed with
brine (50 mL), dried (anh. sodium sulfate), concaed and the residue purified by flash
chromatography (Redisep silica gel, 0-100% hexatied/acetate) to afford ethyl 3-bromo-
4-(3-methyl-3,8-diazabicyclo[3.2.1]octan-8-yl)beat® [74 mg, MS (ESI)m/z 353.0
(M+H)*, 355.0 (M+2+H]J]. Suzuki coupling between this compound (74 mg,r@mol) and

5 (112 mg, 0.31 mmol) was carried out as descrilmethé general procedure. The crude
product [38 mg, MS (ESin/z589.2 (M+H)] was dissolved in 4 mL of THF and water (1:1)
containing LIOH (28 mg, 1.2mmol). After 16 h at 8C, the reaction mixture was
concentrated and the residue purified by rever$ede preparative HPLC (7:3 water:MeCN
containing 0.1% formic acid). Fractions containitige product were combined and
lyophilized to afford35 (19.2 mg, 3 % over three step¥)il NMR (400 MHz, DMSO#dg) 5
9.38 (s, 1H), 8.41 (s, 1H), 8.29 (s, 1H), 8.201(8), 7.91-7.88 (m, 1H), 7.75-7.73 (m, 2H),
6.97 (d, 1H,J = 8.6 Hz), 3.51 (br s, 2H), 3.42-3.40 (m, 2H),53:2.18 (m, 3H), 2.32-2.30
(m, 1H), 2.25-2.23 (m, 1H), 1.88-1.84 (m, 1H), £EI%6 (m, 2H), 1.61-1.57 (m, 1H),
1.42-1.39 (m, 1H), 1.25 (s, 1H), 1.12 (t, 3H 7.2 Hz);**C NMR (100 MHz, DMSOds) &
166.4, 165.8, 153.8, 152.7, 151.4, 148.2, 141.4,314138.5, 133.6, 131.1, 126.7, 125.3,
124.7, 122.5, 121.3, 118.6, 116.6, 108.9, 59.%,38/.8, 55.8, 43.9, 33.3, 26.9, 25.9, 14.7.

MS (ESI)m/z561.1 (M+HJ: mp: 232.5-233.0 °C.



5.1.15. 6'-(3-Ethylureido)-2-(3-methyl-3,8-diazaluio[3.2.1]octan-8-yl)-N-
(methylsulfonyl)-4'-(4-(trifluoromethyl)thiazol-2){3,3'-bipyridine]-5-carboxamide  36):
34 (100 mg, 0.18 mmol) in anhydrous DMF (3 mL) wasated with HATU (102 mg, 0.0.27
mmol), methanesulfonamide (22 mg, 0.24 mmol) arftydrous E4N (0.06 mL, 0.4 mmol).
After 2 h at room temperature, the reaction mixtwas partitioned between water and
EtOAc. The organic layer was washed with brineedir(NaSQO,) and evaporated. The
residue was purified by preparative HPLC (7:3 wdeCN containing 0.1% formic acid).
Product containing fractions were lyophilized téoed 36 (38 mg, 22% yield over 2 steps).
'H NMR (400 MHz, CROD) 5 8.88 (s, 1H), 8.39 (s, 1H), 8.21-8.17 (m, 2H)87(8, 1H),
4.06-4.04 (m, 1H), 3.90-3.89 (M, 1H), 3.38-3.34 4irl), 3.13 (s, 3H), 3.01 (br s, 2H), 2.56
(s, 3H), 2.32 (s, 1H), 2.06-2.05 (m, 1H), 1.76-1(65 2H), 1.22 (t, 3H, = 7.2 Hz);*°C
NMR (100 MHz, DMSO#€) 6 165.7, 165.5, 156.6, 153.7, 153.2, 148.7, 14&13,d, 141.6,
140.6, 138.2, 128.6, 127.9, 125.2, 124.8, 121.3,511117.3, 109.0, 58.3, 57.0, 55.5, 53.5,
435, 40.4, 38.3, 26.0, 255, 14.7. MS (E®t)z 639.20 (M+HJ; HRMS: calcd for

CaeH20F3Ng04S, (M+H)*, 639.1778; found 639.1782. mp: 233.1-233.6 °C.

5.1.16. 1-Ethyl-3-(2'-(3-methyl-3,8-diazabicycld]3.]octan-8-yl)-5'-(1H-tetrazol-5-yl)-4-(4-
(trifluoromethyl)thiazol-2-yl)-[3,3'-bipyridin]-6-jurea @7): A mixture of 33 (0.10 g, 0.46
mmol), 12 (0.12 g, 0.5 mmol) and €05 (0.21 g, 3 eq) in acetonitrile (20 mL) were st
100 °C for 16 h. The reaction mixture was diluted witlatar (20 mL) and extracted with
EtOAc (3 x 50 mL). The combined organic layer wasshed with water and brine solution,
dried over anhydrous N8GO, filtered, and concentrated under reduced pres3ime crude
material was triturated with pentane (10 mL), féw, and dried to afford 5-bromo-6-(3-
methyl-3,8-diazabicyclo[3.2.1]octan-8-yl)nicotintmie [0.1 g, MS (ESI) m/z 307.03
(M+H)*, 309.03 (M+2+H)]. Suzuki coupling between this compound &as carried out

as per the general procedure to afford 1-(5'-cy&(@-methyl-3,8-diazabicyclo[3.2.1]octan-



8-yl)-4-(4-(trifluoromethyl)-thiazol-2-yl)-3,3'-bigridin-6-yl)-3-ethylurea [70 mg, MS (ESI)
m/z543.1 (M+H)] which was dissolved in in DMF (2 mL) and treateidh NaNs (22 mg,
0.33 mmol) and AIG] (cat.) in sealed tube at 120 °C. After 16 h, thaction mixture was
poured into ice-water and the compound was exuaati¢h 10% MeOH in DCM (3 x 20
mL). The combined organic layer was dried over anbys NaSO, filtered, and
concentrated under reduced pressure. The cruderiahateas purified by prep-HPLC to
afford 37 (3 mg, 11 % yield over three steps) as a gtthNMR (400 MHz, DMSO#ds) §
8.92 (d, 1H,J = 2.4 Hz), 8.45-8.39 (m, 1H), 8.21 (d, 1H= 2.0 Hz), 8.12-8.05 (m, 1H),
7.89 (s, 1H), 3.95 (d, 1H,= 5.6 Hz), 3.68 (d, 1H] = 5.6 Hz), 3.38-3.29 (m, 2H), 2.46-2.36
(m, 2H), 2.08 (s, 3H), 1.93 (s, 1H), 1.76-1.62 8H), 1.48-1.46 (m, 1H), 1.39 (s, 1H), 1.24

(t, 3H,J = 7.6 Hz); MS (ESM/z586.5 (M+HYJ.

5.1.17. 1-Ethyl-3-(2'-(3-methyl-3,8-diazabicycld@3.] octan-8-yl)-5'-(5-oxo0-4,5-dihydro-
1,3,4-oxadiazol-2-yl)-4-(4-(trifluoromethyl)thiazatyl)-[3,3'-bipyridin]-6-yl)urea 38):
Suzuki coupling betwee?7 (1.0 g, 2.8 mmol) and (1.5 g, 4.2 mmol), was carried out as
described in the general procedure. The produc(3-6thylureido)-2-(3-methyl-3,8-
diazabicyclo[3.2.1]octan-8-yl)-4'-(4-(trifluoromsththiazol-2-yl)-3,3'-bipyridine-5-
carboxylate (1.1 g) was dissolved in EtOH (50 mhyl areated with hydrazine hydrate (11
mL). After stirring at 80°C for 16 h, the reaction mixture was poured in®ater and the
compound was extracted with EtOAc (3 x 40 mL). Thenbined organic layer was washed
with water and brine solution, dried (anhydrous®@,) and evaporated. The crude residue
(1.0 g) was dissolved in DCM (200 mL) and treatethwarbonyldiimidazole (845 mg, 5.2
mmol) and DIPEA (0.9 mL, 5.2 mmol). After 6 h abro temperature, the reaction mixture
was poured into ice-water and the compound waseed with DCM (3 x 200 mL). The
combined organic layer was dried (anhydrous3@) and concentrated. The residue was

purified by Prep-HPLC to affor88 (480 mg, 28 % over three step¥). NMR (400 MHz,



DMSO-dg) § 12.42 (s, 1H), 9.45 (s, 1H), 8.61 (d, 1Hs 2.4 Hz), 8.50 (s, 1H), 8.37 (s, 1H),
8.22 (s, 1H), 7.88 (d, 1H,= 2.0 Hz), 7.64 (s, 1H), 3.92 (br s, 1H), 3.78%plH), 3.24-3.17
(m, 2H), 2.38-2.30 (m, 2H), 2.01 (s, 3H), 1.65-1(B1, 4H), 1.35-1.27 (m, 2H), 1.12 (t, 38,

= 7.2 Hz);**C NMR (100 MHz, DMSOde) 5 166.2, 156.6, 154.4, 153.7, 151.5, 148.9, 143.9,
142.1, 138.8, 136.3, 125.6, 125.5, 119.7, 109.1,38.4, 57.6, 54.8, 44.5, 33.9, 27.7, 26.7,
15.3; MS (ESI)m/z 602.2 (M+HJ; HRMS: calcd for GeHogFsNgOsS (M+H)", 602.1904;

found 602.1905. mp: 223.5-225.0 °C.

In a similar manner28 (0.7 g) was converted tert-butyl (1-(2-(6-(3-ethylureido)-4-(4-
(trifluoromethyl)thiazol-2-yl)pyridin-3-yl)-4-(5-o&-4,5-dihydro-1,3,4-oxadiazol-2-
yhphenyl)piperidin-4-yl)carbamatg0, which was dissolved in DCM (4 mL) and treatedhwit
TFA (4 mL) at 0°C. After stirring at room temperature for 5 h, tieaction mixture was
concentrated under reduced pressure and basifieg ag.NaHCQ@ and extracted with 10%
MeOH in DCM (3 x 20 mL). The combined organic layes dried over anhydrous &0,
filtered and concentrated under reduced pressuedfaod 39 (8 mg, 1 % over 4 stepsH
NMR (400 MHz, DMSOd) & 8.67 (d, 1H,J = 2.4 Hz), 8.39 (s, 1H), 8.13 (s, 1H), 8.01 (d,
1H, J = 2.0 Hz), 7.86 (s, 1H), 3.39-3.30 (m, 2H), 3.86 {H,J = 12.8 Hz), 2.76 (t, 1H] =
12.0 Hz), 2.59 (s, 1H), 2.45 (t, 18l= 12.0 Hz), 1.62 (d, 1H] = 11.6 Hz), 1.52 (d, 1H] =
11.6 Hz), 1.28 (s, 2H), 1.23 (t, 3H,= 7.6 Hz), 1.16-1.09 (m, 1H); MS (ES1)/z576.08

(M+H)".

Following similar route 29 was converted td0 (71 mg, 13% vyield over four stepsH
NMR (400 MHz, DMSOdg) § 9.47 (s, 1H), 8.57 (d, 1H,= 2.2 Hz), 8.49 (d, 1H) = 0.6
Hz), 8.36 (s, 1H), 8.22 (s, 1H), 7.80 (d, 1H5 2.2 Hz), 7.64 (s, 1H), 4.09-4.07 (m, 1H),
3.66-3.64 (m, 1H), 3.24-3.16 (m, 3H), 3.12-3.05 (iH), 2.54 (s, 1H), 1.61-1.47 (m, 5H),
1.38-1.33 (m, 1H), 1.11 (t, 34,= 7.1 Hz), 1.00-0.95 (m, 1H}*C NMR (100 MHz, DMSO-

ds) 6 165.2, 165.1, 157.7, 153.7, 153.2, 151.5, 14743.3, 142.1, 141.7, 138.5, 136.4,



128.4, 126.8, 125.2, 124.9, 121.2, 118.5, 117.9,9.1109.0, 54.3, 53.3, 41.9, 36.9, 35.2,
33.3, 26.7, 26.1, 14.7. MS (ESH)/z 602.2 (M+H); HRMS: calcd for GeHasFsNgO3S

(M+H)*, 602.1904; found 602.1906. mp: 335.2-33C9

5.1.18. 1-(5-Bromo-4-(4-cyclopropylthiazol-2-yl)min-2-yl)-3-ethylurea 43): To a stirred
solution of 41 (9.0 g, 29.7 mmol) in acetonitrile (100 mL) was edd2-bromo-1-
cyclopropylethan-1-ong8.6 mL, 89.10 mmol) and the mixture was heatecktioix. After 16
h, the reaction mixture was poured into ice-watet extracted with EtOAc (3 x 20 mL). The
combined organic layer was washed with water andebsolution, dried (anhydrous
NaSQOy), concentrated under reduced pressure and purfieccolumn chromatography
(silica gel, eluent EtOAc/hexane 3:7) to affetdl (3.0 g, 30 % yield)'H NMR (400 MHz,
DMSO-dg) & 9.32 (s, 1H), 8.48 (s, 1H), 8.30 (s, 1H), 7.621¢d), 7.35 (t, 1H,J = 5.6 Hz),
3.36-3.14 (m, 2H), 2.21-2.17 (m, 1H), 1.08 (t, 3+ 7.2 Hz), 1.01-0.96 (m, 2H), 0.91-0.87

(m, 2H). MS (ESIM/z367.1 (M+HY, 369.1 (M+2+H).

5.1.19. 1-(4-(4-Cyclopropylthiazol-2-yl)-2'-(3-mgh8,8-diazabicyclo[3.2.1]octan-8-yl)-5'-
(5-ox0-4,5-dihydro-1,3,4-oxadiazol-2-yl)-3,3'-bimin-6-yl)-3-ethylurea 44).

To a solution o#3 (350.0 mg, 0.95 mmol) in THF (15 mL) at -78°C veakledPrMgCl (1.2
mL, 2.3 mmol). After 1 h, n-BuLi (3.3 mL, 5.3 mmallas added dropwise and allowed to
stir at -78°C for 1 h. Trimethyl borate (1.1 mL,.197 mmol) was then added and the
reaction mixture was allowed to warm to room terapge over 2 h. The reaction mixture
was quenched with 1M HCI| and stirred for 30 min.eTheaction mixture was then
concentrated under reduced pressure, then dilutthdwater and extracted with EtOAc. The
combined organic extracts were washed with brimg dried with MgSQ@, concentrated
under reduced pressure. The crude product [350 Mi®),(ESI) m/z 333.1 (M+H]J] was
subjected to Suzuki coupling wigY (135 mg, 0.38 mmol) under conditions mentionetha

general procedure to afford 17.5 mg of ethyl 4&yédlopropylthiazol-2-yl)-6'-(3-



ethylureido)-2-(3-methyl-3,8-diazabicyclo[3.2.1]ant8-yl)-[3,3'-bipyridine]-5-carboxylate
[MS (ESI) m/z 562.2 (M+H]J] which was dissolved in EtOH (10 mL) and treateidhw
hydrazine hydrate (1 mL) at 80°. After 16 h, thaateon mixture was concentrated and the
residue was diluted with water and extracted wit@Ac. Organic layer was dried (b8Oy),
evaporated and the residue [MS (E®lg548.2 (M+H)] was re-dissolved in DCM (3 mL)
and treated with carbonyldiimidazole (12.43 mg,7@.0nmol) and diisopropylethylamine
(13.4 L, 0.077 mmol). After 16 h at room temperatine reaction mixture was diluted with
water, and extracted with DCM. The combined orgdayers were washed with brine, dried
(MgSQy) and concentrated under reduced pressure. Thaueesvas purified by reversed
phase preparative HPLC (C18, eluent MeCN, watemimacid 0.1%) to afford4 (2.8 mg,

5 % yield over four stepsfH NMR (400 MHz, DMSOds) & 12.39 (s, 1H), 9.37 (s, 1H),
8.53 (d, 1HJ =2.0 Hz), 8.24 (s, 1H), 8.11 (s, 1H), 7.71-7.66 @H), 7.34 (s, 1H), 3.92 (s,
2H), 3.32-3.19 (m, 2H), 2.35-2.31 (m, 2H), 2.0171(fn, 5H), 1.66-1.54 (m, 4H), 1.39 (br s,
1H), 1.10 (t, 3H,J =7.2 Hz), 0.84-0.81 (m, 2H), 0.67-0.58 (m, 2P NMR (100 MHz,
DMSO-dg) 6 162.3, 158.7, 157.4, 154.4, 154.3, 153.6, 1524B.6] 144.8, 139.9, 136.9,
124.9, 120.1, 114.5, 110.9, 109.5, 59.4, 58.6, 9663, 44.6, 33.9, 27.4, 26.9, 15.3, 11.6,
7.9. MS (ES)m/z574.2 (M+HY ; HRMS: calcd for GsHaiNgOsS (M+H)*, 574.2343; found

574.2343. mp: 220.0-223.0 °C.

5.2. Protein expression, purification and x-ray sgtlography

RecombinantS. pneumoniaé’arE ATPase domain (residues 1-226) was expremsed
purified as described in literature [32].
5.2.1. E.coli GyrB purification method:o produce the active domain of GyraseB=otoli,
cDNA encoding residues 1-220 of GyraseB was aneplifusing the E. coli genome as a
template. The cDNA of GyraseB was cloned into tlieNand Xhol sites of the pET29b. The

resulting plasmid encodes the active domain of &Bawith an extra tag containing 8



residues (LEHHHHHH) at the C-terminus to aid intpmo purification. To express GyraseB
from E. coli for NMR studies, the plasmid was transformedtircoli (BL21DE3) competent
cells and plated onto a LB plate containing kanamid@he protein was expressed and
purified using the similar protocol to that desedipreviously [32]Briefly, several colonies
were inoculated in 20 ml of M9 medium and cultuegd7°C overnight with shaking. The
overnight culture was then transferred into 1 litfeM9 medium supplied with 3@ug/ml
kanamycin and 2 g/l dfC-Glucose and 1 g/fN-NH,CI. Protein was induced for overnight
at 18°C by adding3-D-1-thiogalactopyranoside to 1 mM. The recombinanotein was then
purified using a gravity column with nitrilotriadetacid saturated with nickel (RiNTA)
resin, followed with a further purification with g#ltration. GyrB was prepared in a buffer
containing 20 mM sodium phosphate, pH 6.5, 80 mM,KOmM DTT and 0.5 mM EDTA
to prevent sample precipitation. For crystallizatgiudy, theE. coli cells were grown in LB
medium and purified in a buffer that contained 20 ifris-HCL, 150 mM NaCl and 1 mM
DTT.

Apo ParE crystals were grown from 0.2 M Sodium Atetand 18-22% PEG3350 by
hanging drop vapor diffusion method. Protein (2 @Lmg/mL) and mother liquor (2 uL)
were set up at room temperature. Long thin, pi&e-drystals appeared after 2-3 days and
grew to full size within a week.

Compound38 was co-crystallized with ParE by addition of 1:®l&t ratio in excess of
compound. Crystals grew by hanging drop vapouwusditin method in 0.2 M Ammonium
citrate buffer with 15-22 % PEG3350 at room temper Rod-like crystals appeared within
3 days and grew to full size within a week. Crysta¢long to space group R12wvith two
molecule in an asymmetric unit. All crystals wergoprotected in solution of 4.5 uL mother
liuor and 1 pL 2,3-butanediol. Crystals were fldsbzen in liquid N prior to X-ray

diffraction data collection.



X-ray diffraction data was collected at 2173uCaoBruker X8 PROTEUM system consist
of a MICROSTAR micro-focus X-ray generator, a PLAMIUM 135 CCD detector and a 4-
circle KAPPA goniometer. Diffraction data was intagd and scaled using the Bruker
PROTEUM2 program suites (Bruker AXS inc., Bruker X2009), PROTEUMZ2, Version
2009 Bruker AXS Inc., Madison, Wisconsin, USA). TRarE structures were solved by
molecular replacement with structure 4EMV as seancllel. GyrB structures were solved
by using 1KZN as search model. Molecular replacemeas performed with Phaser [33] and
model refined by PhenixENREF _30[34] Compound restrained files were generated using
ProDRG [35]. Model building and refinement was cacteéd using COOT [36] and Phenix
refine [37] Table 7 gives a summary of the datéectibn and refinement statistics.

Table 7: X-ray Data Processing and Refinement Statistics

Compound 38
Protein Park
PDB ID 5YIG

Data collection
Space group
Cell dimensions

a b, c(A)

a, B,y (°)
Resolution (A)
Rmerge
Completeness (%)
Mean I/sl

Multiplicity

Refinement

3
Rwork/ Rfree

P12

43.39, 61.98, 84.82
90, 99, 90
35.93-2.8 (2.9-2.8)
0.179 (0.474)
99.51 (99.64)
5.72 (2.09)
2.80 (2.90)

0.206/0.255



No. atoms

Protein 3029
Ligand 84
Solvent/ions 6

Average B values (3

Protein 255
Ligand 29.2
Solvent/ions 16.1

R.m.s. deviations
Bond lengths 0.005
Bond angles 0.99

5.2.2. MIC determinationMIC values were determined by the broth microdilotmethod in
accordance with the Clinical and Laboratory Stadsldnstitute (CLSI) guidelines. In brief,
bacterial suspensions were adjusted to 1 °ctlony-forming units (CFU)/mL in cation
adjusted Mueller—Hinton broth (Beckton Dickinson).

An inoculum volume of 5QiL was added to wells containing pQ of 2-fold serially diluted
compounds. The final concentration of DMSO is 286 All the plates were incubated at
35 °C, 140 rpm for 24 h. Following incubation, tlssvest concentration of the drug that
prevented visible growth as determined bysgDm was recorded as the MIC.

5.3. pK, Determination.pK, values were determined on a Sirius DTu machineiusSi

Analytical Instruments) by a Gold Standard pH needissay in triplicate.
Notes
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Highlights:

. Potent dual inhibitors of Gram-negative GyraseB &wlE enzymes has been
identified.

. Balancing the basicity and acidity of the groupadleio compounds with good
permeability as illustrated by their MIC againsta@rnegative pathogens such as
E.coli andP.aeruginosa (2.40 -1.1 pg/mL).

. Compounds exhibit broad-spectrum activity and 2 -pu§mL MICy against

P.aeruginosa andA.baumannii.



