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1. Introduction

The number of bacterial infections continues taease annually, and the emergence of
resistance in most pathogens has rendered mangatlynused antibiotics ineffective, causing a
major health concern in humans.[1, 2] One suchqgggh is methicillin-resistantt&phyl ococcus
aureus (MRSA), which is listed as one of the ESKAPE pa#muog S aureus infections used to
occur more frequently in immunocompromised patidmagever, in recent years MRSA has
become a serious threat to otherwise healthy iddals.[3, 4] It is estimated that half million
Americans are hospitalized every year due to MR$Actions [5] accounting for thousands of
deaths annually. The past decade has also seesd¢hs vancomycin-resistaf aureus strains
(VRSA), one of the last resort antibiotics usedtfa treatment of man$§ aureus infections. [6-

8] It is clear that there is a critical need todfinew antibiotics against this pathogen; however,
the discovery of antibacterial drugs has seen &edadlecline over the last 50 years.[9] Indeed,
only seven new antibiotics have been approved &yDA in the last decade.[10]

For centuries, scientists have looked to natureonter to identify molecules with
antibacterial activity. An intriguing family of natal products known for its broad biological
activities are the phenazines, secondary metaboilgelated mainly fronPseudomonas and
Streptomyces.[11] Arguably, the most interesting characteristit the phenazines are their
antibacterial properties. Since the discovery efphenazine antibiotic pyocyanih, Figure 1),
many phenazines have been discovered and evalastadtimicrobial agents.[11, 12] In recent
years there has been a revival in the interesth@hgzine antibiotics. Recent reports have
introduced molecules such BsAlanylgriseoluteic Acid [13] 2, Figure 1) and 2,4-dibromo-1-
hydroxiphenazine[14]3) with activities in the lowuM range against bacteria suchSswureus,

E. faecalis, E. coli, andSalmonella.[13, 15-19] In particular, the work by the Huigagm®up has



yielded promising phenazines with intriguing adtes againstMRSA and other pathogens
vitro andin vivo.[15, 16, 20]

These reports prompted us to look further into plaere natural products as anti-MRSA
drugs. Our search led us to two natural productdophenazine Al4) and endophenazine G
(5), which were isolated fronKitasatospora (sp. HKI 714).[21] These phenazines are active
against various pathogens includiRgaeruginosa, vancomycin-resistant Enterococcus faecalis
(VRE), and MRSA.[22] In this study, we report the first synthesfsendophenazine &) using
an efficient route and a series of phenazine anak®gin addition, we describe the anti-MRSA
activity of the synthesized compounds, basic testsnderstand their mechanism of action, and

computational studies to establish initial struetactivity relationships (SAR).

2. Resultsand Discussion
2.1.Chemistry. The synthesis of the natural prodécis shown on Scheme 1. Briefly, we
coupled 2-bromo-3-nitrobenzoic acig) (vith 2-bromoaniline {) using Ullmann conditions.[15]
The obtained intermedia® was cyclized under reductive conditions in basedra to afford
phenazin®. Esterification of the compound provided molec®ewhich was coupled with 1,1-
dimethylallyl alcohol 11) using a Mizoroki—Heck reaction.[23] Hydrolysi$ compound12
provided the natural product endophenazine G in §&%. The double bond & was further
reduced in the presence of hydrogen using Pd-Ccatadyst to get analogu@.[24]

During preliminary antibacterial assays, it wasrfduhat precurs® was as active as the
natural produch with minimum inhibitory concentrations (MIC) agaifrdRSA of 32ug/mL
(Table 1). Therefore, we decided to explore thaltes substitutions in both moleculésand 9,

to develop structure activity relationships (SAB$ing the same chemistry, the bromine atom of



9 was placed at different positions within the r{&a§ and19, Scheme 2), or replaced with a
methyl group 20 [25]), or chlorine atomZ1)[15] to understand how electronic propertiescffe
activity. Next, some of the compounds were estatifvith methyl iodine under basic conditions
(22,[26] 23 and24). Molecule22 was reacted with the isoprendidl, to provide an ester with a
tail opposite to the ester grougbf. Basic hydrolysis of the methyl ester providied hatural
product26, which had been previously isolated fr&@neptomyces cinnamonensis.[27] The
carboxylic acid was converted into a dimethylanddevative,via an acyl chloride intermediate,
and subjected to Heck coupling conditions to y&id

To further understand the role of electronegatiaityl hydrogen bonding on antibacterial
activity, the carboxylic acid was replaced byNsfmethylsulfonyl)amidéioisoster 28) using
CDI and methane sulfonamide [28] or the electratfdvawing nitrile group49 and31), which
was prepared by dehydration [29] of an amide [B@rmediate. Also, two secondary amine
derivatives30 and32, which do not havéhe ability to ionize or act as hydrogen bond dsnor
were prepared via an acyl chloride intermediatshasvn in Scheme 3.[31] During preliminary
tests, it was found the-(methylsulfonyl)amide€8 presented promising activity (MIC4y/mL,
Table 1). Thus, analog3 (Scheme 3) was prepared from mole@ilg15] Our library was
completed by substituting the bromide atom of malie® with a fluorine atom (Scheme 4)

providing analogu&5 [25] that was further functionalized &5.

2.2 Biological Evaluation. The biological activity of the synthesized compds against a
Community-Associated MRSA strain, LAC JE2, was waatd by performing broth
microdilution minimum inhibitory concentrations (M) assays and the results are shown in

Table 1. Initially, we tried to understand the roliethe alkyl moiety but found thd& is more



active than analogug6 (MIC of 32ug/mL vs 128ug/mL), which has an alkyl tail opposite to
the carboxylic acid. Removing the unsaturatiogrgly decreases activity to §4g/mL (5 vs
13). Given that molecul® (bromine substitution) presented activity similar the natural
product; we decided to explore analogues of thiteoube do to its ease of synthesis. It was
found that moving the position of the Br increab€ from 32 ug/mL (9) to 128ug/mL (18)
and 64ug/mL (19). The Br was also exchanged by £&hd CI giving analogues with MICs of
32 ug/mL (20), and 16ug/mL (21), which validates our observation the alkyl chigimot needed
for activity. The smaller substituents B5§ and F 86) both provide MICs of 64ug/mL. The
data suggest that an electron-withdrawing groupoattion1 is not enough for activity as seen
with primary amides36 and38), substituted amide27 and32), nitriles 9 and31) and esters
(i,e. 10, 12, and 37). The best activity was observed with the(methylsulfonyl)amide
derivatives28 and33. Both exhibited low MIC values of gg/mL and 2ug/mL, respectively,
comparable to that of vancomycin{@/mL under our testing conditions).

The optimal anti-MRSA activity is obtained when ghéstituents are on the same side of

the phenazine core. Placing substituents at otbstipns decreased activity. The alkyl tail is not
key for activity although some bulkiness at positiis needed for good biological action. The
results indicate that size is more important tHanteonics in this position as seen w0, 21,
35, 36. This may indicate the activity is not linked teetability of the phenazines to accept
electrons. However, a larger library and computetiostudies are needed to confirm this
observation. The result support the idea that elregativity alone does not induce activity as
seen with the esters and nitrile examples. It setbatselectronegative-ionizable groups are key
for the antibacterial activity of these moleculkss worth to mention that the carboxylic acid

and theN-(methylsulfonyl)amideare expected to have similar pKa values (aroundndwater).



2.3 Mechanism of action studies. Next, we decided to study the mechanism of actibthe
most active compound3, and the natural produét Although the phenazines can exert their
biological effects by various mechanisms [13, 3284 focused in investigating membrane
disruption or interference with redox cascades. #éeided to study their ability to disrupt
bacterial membranes. [18] because bacteria camasily) alter their membrane composition.
Thus, if the phenazine damage the membrane, theld dee antibiotics that can overcome
resistance. The other selection is based on thetliat interference with electron-flow and
production of reactive oxygen species (ROS) [35]the most common mechanism of action of
the phenazines.

To assess whether our phenazines were disruptenghdmbrane, we monitored propidium
iodide (PI) uptake ob and33. Pl is a DNA intercalating agent that enters ha@atand binds to
the chromosomal DNA only when its membrane is dadad\s shown in figure 2, MRSA
treated with these compounds did not exhibit ineeea Pl staining suggesting that the
compounds were not disrupting the membrane.[36hdreement with these data, confocal
microscopy showed that compourtijsand33 did not induce PI uptake on the MRSA strain (see
Sl Figure 1).

The next experiments sought to understand if iaterfce with redox processes or generation
of ROS were responsible for the antibacterial actjg@3] Thus, we studied the interference with
cellular redox cycling processes using an electtonor (NADPH) and an electron acceptor
(cytochrome c, cyt-c).[13] Our experiments indicageconcentration-dependence on the rate of
cyt-c reduction, a result that has been observetthdyBean and Bunz groups.[13, 18] However,
compound5, which is less active thaB8, shows a higher rate of reduction. A similar ressll

observed with molecul27 (see Sl). It is assumed that cyt-c reductiotucs through a one-



electron transfer process.[13] Therefore, we teshed generation of ROS using the radical
scavenger 9,10-Anthracenediyl-bis(methylene)dimal@cid (ABDA).[13, 37] If radicals are
present, the absorbance of the ABDA molecule weshlét from the visible to the UV spectrum.
The ABDA experiment did not indicate that radicalere generated. A single flow cytometry
experiment using the ROS indicator hydroxyphenybffescein (HPF)[38] also suggested that
radicals were not generated (not shown). Thus, evieladed that even when the phenazines
interfere with the redox processes, this mechaunises not (exclusively) lead to bacterial killing
as observed by others.[13]

Given these results, we wondered whether our congwihad a static or cidal affect.
Although pyocyaninX) and other phenazine compounds have been reptortee bactericidal
agents [11, 39], there have also been a few refitatandicate they could be bacteriostatic. [40,
41] Our results show that compourisland33 had a bacteriostatic effect on MRSA at 10X MIC
concentrations (Figure 4), whereas the vancomyantrol reduced the number of viable bacteria
after 24 hrs (bactericidal compound). Thus, thesenpzines are bacteriostatic in nature, in
agreement with the lack of Pl staining and ROS .

Finally, we studied the toxicity of some of theieetphenazines against HaCat cells
(immortal keratinocytes) to assess their potemasadntibacterial drugs. The in vitrosfvalues
for the compounds were 306 mM (molect)e345 mM (molecul®), 118 mM ¢8) and 193
mM (33). The obtained I§values coupled with the MIC results indicate tha¢mazine®, 9,

and33 are promising leads for the development of MRSégdr

2.4 QSAR models of synthesized compounds. In order to develop a predictive model that can

be used to guide future phenazine optimization aleuwtated physicochemical parameters, and



the linear analyses of the structures and theiimagrobial activities (Table 2). Three
physicochemical parameters were included in eacARQ8odel. For the quantum chemical
descriptors, such as theidmo and Eumo energies,AE (the difference between fyo and
Enomo orbital energy), the dipole moments were firstleaged individually against In (MIC).
The results showed that only thgdmo energies were linearly correlated to the In (MITHhus
only the Eiomo energies (eV) in the QM parameter set were incduishethe further QSAR
studies.

The first QSAR model was based on the physicochanparameters SMR (molecular
refractivity, a description of the volume, or sizka compound), log S (solubility), andiémo

orbital energies (eV) following equation 1.

In (MIC) = 30.80 - 0.37 * SMR + 4.09 *Bwo (ev) - 0.35 * logS (Ecjoat1)

N = 16, R = 0.63, Pearson’s Correlation R = 0.79, MAE= ORB|SE = 0.71

Equation 1 suggested that the activities (In (MI@gs positively correlated with the
increase of kEowo energies and negatively correlated with the irsgeaf the logS and SMR,
indicating that decreasing solubility and decreggime size of molecules while increasing the
Enomo energies would likely enhance the activities. Rief 0.63 from the training set and the
Q? of 0.40 from the test set, along with high Peassamwrrelation (0.79), and small mean
absolute error (0.65) and small root-mean-squaMSR) error between the predicted and the

observed activities suggested that predictabilitjmodel 1 (Figure 5).



We also used logP (a measurement of hydrophohidi®$A (topological polar surface
area, a measurement of polarity), and thevk energies (eV) to develop a second QSAR model

(model 2, Fig. 1, right).

In (MIC) = 25.97 + 3.31 * Fowmo (ev) - 0.03 * TPSA + 0.17 * logP (Edjoa 2)

N = 16, R = 0.68, Pearson’s Correlation R = 0.82, MAE= OBMSE = 0.67

Equation 2 suggested that the activities (In (MI@gre positively correlated with the
increase of komo energies and the hydrophobicity (logP), but negéti correlated with the
increase of the TPSA, indicating that decreasirdydyhilicity of molecules while increasing the
HOMO energies and increasing the hydrophobicityhef molecules would likely lead to more
potent compounds. The?Rf 0.68 from the training set and thé @f 0.73 from the test set,
along with high Pearson’s correlation (0.82), antalé mean absolute error and small root-
mean-square error (Table 3) between the predictddhe observed.

Though eq. 1 and eq. 2 used different sets of pbghemical parameters, the models
supported each other. Table 4 showed that in batdeml and 2, the Pearson’s correlation
(Pearson R) is very high for both training set,ref@ the test set, the Pearson R were pretty
high, suggested strong linear relationship betwi®n predicted activities and the observed
activities. The mean absolute error and the rodnysgjuare errors in both models, both in
training sets and in test sets were small, less ¢tme unit of In (MIC). Therefore, both models
are predictive and thus can be used for ligandnopétion. The QSAR study predicts that
compounds with decreased hydrophobicity andvic energies, and increased water solubility

may show better antibacterial activity.



3.Conclusions and per spectives

We are presenting, to the best of our knowledge fitlst synthesis of a phenazine natural
product endophenzine G)(using a simple route that can be applied to tie@aration of other
endophenazines.[11] We have also identified twanmsong lead compounds containing Bn
(methylsulfonyl)amide substituent with MICs comparable to vancomycin. rewehen 7
phenazine-containing sulfonylamides are listedatfir®ler,[42] their preparation and biological
activity has not yet been reported. Thus, this papédicates the promising potential of
phenazines containing this group. No membrane plinu was observed. Based in our
experiments, it seems the phenazines interfere witlox cascades but those results do not
correlate with the antibacterial activity. Our gesl indicate the active phenazines are
bacteriostatic. We also propose two simple QSAR etwthat can be used for the development
of new phenazine antibacterials. Further directwilsseek to increase the library for in-depth
structure-activity-relationships and validation tfe QSAR models, and further in-depth

mechanistic studies.

4.Experimental Section

4.1. Chemistry

4.1.1. General Methods.

All reagents and solvents were obtained from corsraksources (Sigma-Aldrich, VWR or
Fisher) and used without further purificatidil NMR spectra were recorded on a Bruker 500
MHz spectrometerrtH NMR chemical shifts are reported in ppm with dvent as the internal

standard (CHG| 7.26 ppm).**C NMR chemical shifts are reported in ppm with Sudvent as



the internal standard (DMSO-d6, 77 ppm). Compouwedse analyzed for purity by HPLC.
Purities of synthesized compounds were all foundee>95% by the following HPLC method:
Agilent 1100 HPLC with VWD detectors, C18 columruént: 20% water in methanol over 20
min; Flow rate 1.0 mL/min; Column temp. 25 °C254 nm. The Mass spectrometry (MS) was
carried out on a Micromass Q-Tof Mass Spectromeidr an electrospray ionization source.
Microscopy and flow cytometry were performed on ARLZEISS LSM 710, Jena (Germany)
and a BD LSR Il. The melting points were measuréith @ EZ-Melt automated melting point
apparatus from Stanford Research Systems.

4.1.2. Synthetic procedures:

4.1.3. (E)-9-(3-Hydr oxy-3-methylbut-1-en-1-yl)phenazine-1-car boxylic acid (5)

To a solution of compounti2 (50 mg, 0.16 mmol) in THF-methanol (1:1, 10 mL)swva
added sodium hydroxide (25 mg, 0.62 mmol) dissoivedater (5 mL). The reaction mixture
was heated to 40 for 2 hr, the solvent was concentrated to halfolume, and acidified to pH
2 with hydrochloric acid (1 N), the precipitate widgered, and dried under vacuum to afford
compounds as yellow solid (43 mg, 88%); mp: 151-1%3. IR (KBr) 3448, 2953, 2917, 1695,
1155, 751 cnf; *H NMR (500 MHz, CDCJ): 6 15.75 (s, 1 H), 8.98 (d,= 6.5 Hz, 1 H), 8.54 (d,
J=7.5Hz, 1H), 8.26 (dl=8.5Hz, 1 H), 8.09-8.04 (m, 2 H), 7.96Jt 8 Hz, 1 H), 7.58 (dJ
=16 Hz, 1 H), 6.66 (d] = 16 Hz, 1H), 1.58 (s, 6 H}°C NMR (125 MHz, CDGJ): 165.9, 144.1,
144.0, 143.1, 139.0, 138.0, 137.3, 135.6, 134.9,713130.4, 129.1, 128.8, 124.9, 120.4, 71.3,
29.7; HRESIMS calcd for gH16N>O3 309.1234 (MH), found 309.0418 (MB. Anal. calcd for
C18H16N203. 0.5 HCI: C, 66.20; H, 5.09; N, 8.58. Found: C,166 H, 5.24; N, 8.31.

4.1.4. 2-((2-Bromophenyl)amino)-3-nitrobenzoic acid (8)



To a solution of 2-bromo-3-nitrobenzoic ac@ 2.0 g, 8.1 mmol) and 2-bromoaniling (
2.1g, 12 mmol) in ethanol (100 mL) was added cogmevder (26 mg, 0.4 mmol), copper (1)
bromide (117 mg, 0.81 mmol) amdethyl morpholine (2.0 mL, 16 mmol). The reactioixiure
was heated to reflux for 16 hr, diluted with ague@mmonium hydroxide solution (0.1 N, 25
mL) and filtered over celite. The filtrate was afietl to pH 2 using hydrochloric acid (1 N), and
the solvent removed by filtration. The obtainedlgwl precipitate was dried under vacuum to
afford 2-((2-bromophenyl)amino)-3-nitrobenzoic ad@das yellow solid (1.6 g, 60 %, vyield).
Which was used for the next step without furthetfmation.

4.1.5. 9-Bromophenazine-1-carboxylic acid (9)

To a solution of 2-((2-bromophenyl)amino)-3-nitrolzeic acid8 (1.6 g, 4.7 mmol)n
aqueous sodium hydroxide (2 N, 100 mL) was addetiuso borohydride (718 mmol, 19.0
mmol). The reaction mixture was heated to 1@for 16 hr, cooled to room temperature, and
acidified to pH 2 using hydrochloric acid (1 N)etbolid precipitate was filtered, washed with
water (2 X 20 mL), and dried the under vacuum fordf9-bromophenazine-1-carboxylic aéid
as yellow solid (800 mg, 56%); mp: 314-315G. IR (KBr) 3034, 2905, 1716, 1503, 1428, 1245,
1206, 927 cnf; *H NMR (500 MHz, CDGY): § 9.08 (d,J = 7,1 Hz, 1 H), 8.60 (ddl; = 9.0 Hz
J, = 1.5 Hz, 1 H), 8.37 (dd}; = 8.5,J, = 7.5 Hz, 2H), 8.13 (J = 7.5 Hz, 1 H), 7.88 () = 7.5
Hz, 1 H);*C NMR (125 MHz, CDG)): 165.5, 144.4, 143.8, 140.1, 138.2, 137.8, 13534.7,
131.8, 131.2, 129.8, 125.2, 122.6; HRESIMS caladGgH;N,O.Br 302.9764 (MH), found
302.9136 (MH).

4.1.6. M ethyl 9-Bromophenazine-1-carboxylate (10)
To a solution of compounfl (800 mg, 2.62 mmol) in dimethylformamide (5 mL)sva

added potassium carbonate (1.8 g, 13 mmol) follobsednethyl iodide (822 pL, 13.2 mmol).



The reaction mixture was stirred under nitrogencsjphere at room temperature for 24 hr. The
solvent was removed under vacuum, the obtainedueswvas diluted with dichloromethane (20
mL), the solid filtered off, the liquid filtrate dected. The solvent was removed under vacuum
and the obtained residue purified by silica geluooh chromatography using ethyl acetate-
hexane (1:10 to 10:1) to afford methyl 9-bromoplzéama1-carboxylatd 0 as yellow solid (590
mg, 1.83 mmol, 71 %); mp: 119-12C. IR (KBr) 2929, 2831, 1716, 1507, 1417, 1372,2126
1209, 1017 ci; *H NMR (500 MHz, CDCY): 8.40 (d,J = 7.5 Hz, 1 H), 8.33 (d] = 7.0 Hz, 1
H), 8.25 (t,J = 9.5 Hz, 2 H), 7.94 () = 7.0 Hz, 1 H), 7.75 () = 7.0 Hz, 1 H), 4.17 (s, 3H)*C
NMR (125 MHz, CDCY): 167.2, 143.7, 143.0, 141.0, 140.9, 134.0, 13B32,8, 131.9, 131.2,
130.0, 129.4, 125.3, 52.8; HRESIMS calcd fqsHN,O,Br 316.9120 (MH), found 316.9113
(MH").

4.1.7. Methyl (E)-9-(3-Hydr oxy-3-methylbut-1-en-1-yl)phenazine-1-car boxylate (12)

A solution compoundlO (100 mg, 0.315 mmblin dimethylformamide (15 mL) was
added to a thick-wall tube and the solution purgéh witrogen gas for 5 min. Then, in a
sequential order were added palladium acetate (B¢p4l5,7umol), triphenyl phosphine (8.31
mg, 31,5 umol), potassium carbonate (87.2 mg, 0.63 mmol) andatalytic amount of
tetrabutylammonium bromide. Nitrogen gas was bubhleo the solution for 5 minutes,
followed by addition of 3-methyl-2-buten-2-dli; 66 pL, 0.63 mmol). The tube was sealed with
a teflon cap and the reaction mixture heated to°1@@or 16 hr. The solvent was removed, the
residue was diluted with dichloromethane (20 mllterfed through a celite pad, the liquid
filtrated collected, the solvent removed under wawuand the crude product was purified by
silica gel column chromatography (ethyl actetatehhe, 1:1) to afford compourik® as yellow

solid (81 mg, 78%); mp: 142-149C. IR (KBr) 3476, 2949, 1658, 1523, 1417, 1278,9,1980,



751 cm’; *H NMR (500 MHz, CDCY): 8.38 (d,J = 8.5 Hz, 1 H), 8.28 (d] = 7.2 Hz, 1 H), 8.13
(d,J=8.5Hz, 1 H), 7.97 (d] = 6.5 Hz, 1 H), 7.89-7.83 (m, 3 H), 7.10 (d= 16.5 Hz, 1 H),
4.14 (s, 3H), 1.59 (s, 6H)*C NMR (125 MHz, CDGJ): 167.5, 143.4, 142.4, 141.7, 141.7,
139.9, 136.3, 133.2, 132.2, 131.7, 131.3, 129.8,312427.0, 121.7, 71.5, 52.7, 29.8; HRESIMS
calcd for GgH1gN>O3 323.3715 (MH), found 323.3656 (MB.

4.1.8. 9-(3-Hydr oxy-3-methylbutyl)phenazine-1-car boxylic acid (13)

Compound5 (45 mg, 0.14 mmol) was dissolved in ethanol (5 nabd reduced by
catalytic hydrogenation (1 atmyHbrssure) using 10% palladium on carbon to afftwel title
compound. The catalyst was filtered off over a teelpad, the celite was washed with
dichloromethane, and the solvent was removed uvaenum. Compound3 was isolated as a
yellow solid (30 mg, 70%), mp: 258-26C. IR (KBr) 3469, 2953, 2921, 1699, 1458, 1254,
1193, 1127, 874, 759 ¢ln*H NMR (500 MHz, CDCJ): § 9.01 (d,J = 7.0 Hz, 1 H), 8.57 (dl =
8.5 Hz, 1 H), 8.24 (d) = 8.5 Hz, 1 H), 8.07 () = 7.0 Hz, 1 H), 7.95-7.90 (m, 2 H), 3.52-3.49
(m, 2 H), 2.05-2.02 (m, 2 H), 1.45 (s, 6 HJC NMR (125 MHz, CDC}): 5 166.0, 144.6, 143.0,
140.4, 139.1, 139.0, 137.2, 135.0, 132.2, 131.9.213128.2, 124.8, 70.8, 44.5, 29.5, 26.8;
HRESIMS calcd for ggH1gN,03 311.1390 (MH), found 311.0725 (MB.

4.1.9. 6-Bromophenazine-1-carboxylic acid (18)

To a solution of 2-bromo-3-nitrobenzoic act) .01 g, 4.06 mmol) and 3-bromoaniline
(14, 1.05 g, 6.10 mmol) in ethanol (50 mL) was addepper powder (13.0 mg, 0.20 mmol),
copper (1) bromide (58.3 mg, 0.41 mmol) aNeethyl morpholine (1.00 mL, 8.12 mmol). The
reaction mixture was heated at reflux for 16 hiytdid with aqueous ammonium hydroxide (0.1
N, 12 mL) and filtered over celite. The filtrate svacidified to pH 2 using hydrochloric acid (1

N) and the solvent concentrated to half. The formedbw precipitate was filtered, and dried



under vacuum to afford 2-((3-bromophenyl)amino){Beamenzoic acid as yellow solid (800 mg,
60%), which was used without further purificatioha a solution of 2-((3-bromophenyl)amino)-
3-nitrobenzoic acid (800 mg, 2.37 mmai)aqueous sodium hydroxide (2 N, 50 mL) was added
sodium borohydride (359 mg, 9.50 mmol), and thetiea mixture was heated to 10@ for 12
hr. The reaction mixture was cooled to room temjpeea and acidified to pH 2 using
hydrochloric acid (1 N). The formed precipitatedswdtered, washed with water (2 X 20 mL)
and dried under vacuum to afford 6-bromophenaziarhoxylic acid18, as yellow solid (450
mg, 62%); mp: 288-29¢C. IR (KBr) 1711, 1544, 1462, 1254, 996, 987, 761'c'H NMR (500
MHz, DMSO-de): 14.18 (s, 1 H), 8.56 (d,= 8.5 Hz, 1 H), 8.52 (d] = 7.0 Hz, 1 H), 8.46 (d] =
7.0 Hz, 1 H), 8.41 (d) = 8.5 Hz, 1 H), 8.14 (t) = 8.5 Hz, 1 H), 7.97 (t) = 8.5 Hz, 1 H);**C
NMR (125 MHz, DMSOel): 166, 148, 146, 143, 142, 141, 137, 136, 135, 132, 130, 123;
HRESIMS calcd for gH;BrN,O, 304.9743 (MH), found 304.9072 (M.

Compoundsl9,[15] 20,[25] and 21[15] were prepared following a similar procedureghe one
used forl7. Their spectroscopic data matched the literatepented values.

4.1.10. Methyl 6-Bromophenazine-1-car boxylate (22)

To a solution of compoundi8 (400 mg, 1.3 mmol) in dimethylformamide (5 mL) was
added potassium carbonate (915 mg, 6.61 mmol)weltb by methyl iodide (411 pL, 6.63
mmol) and the reaction mixture was stirred undariteogen atmosphere for 24 hr at room
temperature. The solvent was removed under vacthenresidue diluted with dichloromethane,
the solid filtered off, and the filtrate collectebhe solvent was removed under vacuum and the
compound purified the product by silica gel coluammomatography (dichloromethane) to afford
methyl 6-bromophenazine-1-carboxyl@&2 as a yellow solid (310 mg, 74%), mp: 314-35

IR (KBr) 1714, 1258, 1213, 1123, 1024, 927, 843 @di’; *H NMR (500 MHz, CDCJ): & 8.55



(d,J = 9.0 Hz, 1 H), 8.34 (d] = 9.0 Hz, 1 H) 8.33 (d] =3.0 Hz, 1 H), 8.24 (d] = 7 Hz, 1 H),
7.93 (t,J = 8.5 Hz, 1 H), 7.75 () = 8.0 Hz, 1H ), 4.14 (s, 3 HY*C NMR (125 MHz, CDCJ):
165.4, 144.4, 143.7, 140.1, 138.1, 137.7, 135.4.713131.7, 131.2, 129.7, 125.2, 122.6;
HRESIMS calcd for gHgBrN,O, 318.9900 (MH), found 318.9417 (M.

4.1.11. Methyl 9-M ethylphenazine-1-car boxylate (24):

To a solution of compoun®0 (70 mg, 0.29 mmol) in DMF (10 mL) was added methyl
iodide (93 pL, 1.5 mmol), followed by XK O; (285 mg, 2.05 mmol), and the reaction mixture
was stirred at room temperature for 24 hr undeogén. After that, the solvent was removed
under vacuum, the residue was dissolved in dichdetbane (25 mL), the solids were filtered
off, the filtrate was collected, the solvent remdwender vacuum, and the crude product was
purified by silica gel column chromatography (dmidmetane) to obtain compou@d as yellow
solid (62 mg, 84%); mp: 214-2P€. The spectroscopic data of compo@ddmatched with the
literature reported values.[43, 44] IR (KBr) 290899, 1520, 1421, 1270, 1184, 1066, 1013,743
cm™; *H NMR (500 MHz, CDCJ): & 8.38 (ddJ 1= 8.5 Hz,J = 1.0 Hz, 1 H), 8.20 (dd] 1= 7.0
Hz,J,=1.0 Hz, 1 H), 8.06 (d] = 8.5 Hz, 1 H), 7.85 (1= 7.0 Hz, 1 H), 7.76  (8,= 6.5 Hz,

1 H), 7.69 (bd, 1 H), 4.11 (s, 3 H), 2.92 (s, 3 H).
4.1.12. Methyl (E)-6-(3-Hydr oxy-3-methylbut-1-en-1-yl)phenazine-1-car boxylate (25)

Compound22 (100 mg, 0.32 mmolwas dissolved dimethylformamide (10 mL) and
added to a high-pressure (thick wall) tube. THatsm was purged with nitrogen for 5 min, and
then were sequentially added: palladium acetate4 (&g, 0.016 mmol), triphenyl phosphine
(8.33 mg, 0.032 mmol), potassium carbonate (87.20r&80 mmol) and a catalytic amount of
tetrabutylammonium bromide. Nitrogen gas was bubbié the solution for another 5 minutes,

followed by the addition of 3-methyl-2-buten-2-dli( 66 pL, 0.63 mmol). The test tube was



sealed with a teflon cap and the reaction mixtwgatdd at 1168 C for 16 hr. The solvent was
removed under vacuum, the residue diluted withldrcimethane (10 mL) and filtered through
celite pad, the filtrated collected, the celite waashed with dichloromethane (10 mL), the
solvent removed under vacuum, and the crude proguetfied by silica gel column
chromatography (ethyl acetate-hexane, 1-3) to @ffmmpound25 as yellow solid (81 mg,
78%); mp: 117-119C. IR (KBr) 3346, 2958, 1711, 1523, 1442, 1262,1,(804, 755 crt; H
NMR (500 MHz, CDCJ): 6 8.44 (d,J = 8.5 Hz, 1 H), 8.24 (ddl, = 7.0 Hz,J, = 4.5 Hz, 2 H),
8.00 (d,J = 8.0 Hz, 1 H), 7.96 (dl = 17 Hz, 1 H), 7.84 (f} = 7 Hz, 2 H), 6.81 (] = 16.5 Hz, 1
H), 4.13 (s, 3 H), 1.58 (s, 6 H}°C NMR (125 MHz, CDG)): & 167.1, 143.7, 142.0, 141.5,
140.8, 140.8, 136.0, 134.0, 132.2, 131.2, 130.9.42128.7, 126.2, 121.3, 71.5, 52.7, 29.9;
HRESIMS calcd for gH1gN,0, 323.1390 (MH), found 323.0830 (MH.

4.1.13. (E)-6-(3-Hydroxy-3-methylbut-1-en-1-yl)phenazine-1-car boxylic acid (26)

To a solution of compoungb (50 mg, 0.155 mmol) in THF-methanol (1:1, 10 migs
added a solution of sodium hydroxide (25 mg, 0.68aty in water (5 mL) and the reaction
mixture was heated at £0C for 2 hr. The solvent was concentrated to islffolume and the
solution acidified with hydrochloric acid (1 N) gt 2. The obtained precipitate was filtered and
dried under vacuum to afford compou2@ias a yellow solid (40 mg, 83%); mp: 146-1°48 IR
(KBr) 3484, 2986, 1695, 1401, 1270, 1148, 972, 82,.cm’; 'H NMR (500 MHz, CDCJ): &
8.98 (d,J = 6.0 Hz, 1 H), 8.58 (d] = 9.0 Hz, 1 H), 8.15 (d] = 8.5 Hz, 1 H), 8.12 (dl = 7.0 Hz,

1 H), 8.05-7.98 (m, 3 H), 6.86 (d,= 16.5 Hz, 1 H), 1.60 (s, 6H)*C NMR (125 MHz, CDGJ):
0 166.0, 142.5, 142.1, 142.0, 139.9, 139.8, 13738,9, 135.5, 133.2, 130.0, 126.7, 126.6, 124.8,
120.6, 71.6, 30.0; HRESIMS calcd fogg8:16N203z 309.1194 (MH), found 308.9907 (M.

4.1.14. 6-Bromo-N,N-Dimethylphenazine-1-car boxamide



To a solution of compound8 (100 mg, 0.32 mmol) in dichloromethane (10 mL) was
added a catalytic amount of dimethylformamide @pd), the reaction mixture was cooled tb 0
C, and oxalyl chloride (110 pL, 1.29 mmol) was edicddropwise at @ C under nitrogen
atmosphere. After completion of the addition, theaction mixture was stirred at room
temperature for 16 hr, the volatiles were removeden vacuum, the acid chloride intermediate
was dissolved in dry THF (5 mL), the reaction mieteooled to 0 C, and diethyl amine in THF
(2 M, 1 mL) was added. The reaction mixture wagesli at room temperature for 6 hr, the
volatiles were removed under vacuum, and the cprdduct was used for next step without
further purification to prepare compougd
4.1.15.(E)-6-(3-Hydroxy-3-methylbut-1-en-1-yl)-N,N-dimethylphenazine-1-car boxamide
(27)

6-Bromo-N,N-Dimethylphenazine-1-carboxami@® mg, 0.136 mmdlwas dissolved in
dimethylformamide (2 mL) and the solution transéerito a thick wall tube. To this solution
were sequentially added; palladium acetate (1.561&ytmol), triphenyl phosphine (3.6 mg, 14
pmol), potassium carbonate (37.6 mg, 0.272 mmol) aad catalytic amount of
tetrabutylammonium bromide. Nitrogen gas was bubbié the solution for 5 minutes, then 3-
methyl-2-buten-2-0b (28 pL, 0.272 mmol) was added and the tube seaidda teflon cap.
The reaction mixture was heated to 10 for 16 hr, the solvent removed, the residuetedu
with dichloromethane (10 mL), filtered through ¢elipad, and the celite was washed with
dichloromethae (10 mL). The filtrated was collectéet solvent removed under vacuum, and the
crude product was purified by preparative TLC (thcbmethane) to afford compour¥ as
yellow solid (32 mg, 70%); mp: 199-20C. IR (KBr) 1703, 1352, 1206, 519 &m'H NMR

(500 MHz, CDC}): 5 8.31 (t,J = 5.0 Hz, 1 H), 8.14 (d] = 8.5 Hz, 1 H), 7.96 (d] = 16.5 Hz, 1



H), 7.93 (dJ = 7 Hz, 1 H), 7.83 (d) = 5.0 Hz, 2H ), 7.78 (] = 7.5 Hz, 1 H), 6.78 (d] = 16.5
Hz, 1 H), 3.35 (s, 3 H), 2.81 (s, 3 H), 1.57 (s)BHC NMR (125 MHz, CDG)): § 169.4, 143.6,
142.0, 141.7, 140.8, 140.1, 137.2, 136.1, 131.0,513129.6, 129.2, 128.3, 126.0, 121.3, 71.5,
38.8, 35.0, 30.0; HRESIMS calcd fordH,:N3O, 366.1707 (MH) 358.1526 (MNJ), found
336.0933 (MH) 358.0727 (MN3J).

4.1.16. General Procedure for the preparation Methanesulfonamide phenazines 28 and 33.

To a solution of the desired aqi@.13 mmol) in dimethylformamide (3 mL) was addedbonyl
diimidazole (CDI, 26 mg, 0.16 mmol) and the reattiixture was heated at 60C for 2 hr
under nitrogen atmosphere. The reaction mixture e@sded to room temperature, methane
sulfonamide (126 mg, 1.32 mmol) was added, followgdhe addition of triethylamine (220 uL,
1.58 mmol) and a catalytic amount of dimethylamyrafine (DMAP). After completion of the
addition, the reaction mixture was stirred overhigt room temperature under nitrogen
atmosphere. The solvent was removed under vacuan,tlge residue was acidified using
hydrochloric acid (1 N). The yellow precipitated sMatered and dried under vacuum. The crude
product was purified by preparative TLC, using thcbmethane as mobile phase, to obtain the
products as yellow solids.

4.1.16.A. 9-Bromo-N-(methylsulfonyl)phenazine-1-car boxamide (28). Yellow solid (21.1 mg,
43% yield); mp: 165-167C. IR (KBr) 2917, 1676, 1429, 1332, 1258, 1160, &5t ‘*H NMR
(500 MHz, CDC$): 6 13.97 (s, 1 H), 9.10 (g = 7.5 Hz,J, =1.5 Hz,, 1 H), 8.59 (gl. = 9.0 Hz,

J> =1.5Hz, 1 H) 8.33 (m, 2 H), 8.11 (d#},= 9.0 Hz,J; =1.5 Hz, 1 H), 7.85 (ddl = 7.5 Hz, 1
H), 3.56 (s, 3 H);""C NMR (125 MHz, CDC}): 5 163.3, 144.1, 143.7, 139.7, 138.8, 137.6,
135.6, 135.4, 131.8, 130.7, 129.5, 126.7, 123.7E8SRIS calcd for GH10BrN3;O3S 379.9699

(MH™), found 379.8847 (M.



4.1.16.B 9-Chlor o-N-(methylsulfonyl)phenazine-1-car boxamide (33). See general procedure
for the synthesis d#8 and33. Yellow crystals (20 mg, 46% yield); mp: 193-1%% IR (KBr)
2923, 2840, 1675, 1428, 1110, 760 “crtH NMR (500 MHz, CDCJ): & = 14.12 (s, 1 H), 9.05
(d, J = 6.5 Hz, 1 H), 8.54 (d,= 7.5 Hz, 1 H), 8.24 (d] = 9.0 Hz, 1 H), 8.06 — 8.09 (m, 2 H),
7.87-7.90 (ddy, = 7.5 Hz,J, =1.5 Hz, 1 H), 3.52 (s, 1 H)*C NMR (125 MHz, CDGJ): &

163.2, 144.1, 143.5, 139.3, 137.7, 137.5, 135.8,801331.7, 131.3, 130.8, 128.7, 126.6;
HRESIMS calcd for €H;10CIN3O3S 334.7545 (MH-), found 334.7024 (MH-).

4.1.17. 9-Bromophenazine-1-car bonitrile (29)

To a solution of compounél (100 mg, 0.321 mmol) in dichloromethane (10 mL)swa
added a catalytic amount of dimethylformamide (@pgd). The reaction mixture was cooled to O
°C, and oxalyl chloride (110 pL, 1.29 mmol) was atldeopwise under nitrogen atmosphere.
After completion of the addition, the reaction noibé was stirred at room temperature for 16 hr,
and the volatiles were removed under vacuum. Theimed acid chloride was dissolved in dry
dichloromethane (5 mL), the reaction mixture wasled to 0° C, aqueous ammonia (30%, 0.5
mL) was added dropwise, and the reaction mixtureest for 4 hr. The solvent was removed
under vacuum, the residue diluted with water (10Q,ntte solid filtered, and dried under vacuum
to afford 9-bromophenazine-1-carboxamide as brownish yellow solid. Due to the difficulty of
purification of the compound, we proceed to thetrsgp. To the crude compound from the
previous step (80 mg), was added thionyl chlorib®rgL), and the reaction mixture was heated
to reflux for 12 hr. The thionyl chloride was renealv under vacuum, and the crude nitrile
compound was purified by silica gel column chrorgaaphy (ethyl acetate-hexane, 1:10 to 1:1)
to afford the title compound as a yellow solid g, 53% yield over 2 steps); mp: < 4@ IR

(KBr) 2222, 1508, 1487, 1413, 1277, 1119, 759'chii NMR (500 MHz, CDCJ): & 8.52 (d,J



= 8.5 Hz, 1 H), 8.37 (d] = 7 Hz, 1 H), 8.30 (d] = 7 Hz, 1 H), 8.26 (d) = 8.5 Hz, 1 H), 7.97 (t,
J=7.0 Hz, 1 H), 7.81 () = 8.5 Hz, 1 H)*C NMR (125 MHz, CDG)): 144.7, 142.6, 141.9,
141.3, 137.7, 135.1, 134.6, 131.9, 129.9, 129.%.(12115.8, 114.0; HRESIMS calcd for
C13HeBrN3 284.9725 (MH), found 285.0769 (M.

4.1.18. 9-Bromo-N,N-dimethylphenazine-1-car boxamide (30)

To a solution of compouné (100 mg, 0.32 mmol) in dichloromethane (10 mL) was
added a catalytic amount of dimethylformamide @pg), the reaction mixture was cooled tb 0
C, and oxalyl chloride (110 pL, 1.29 mmol) was ediddropwise at @ C under nitrogen
atmosphere. After completion of the addition, theaction mixture was stirred at room
temperature for 16 hr, the volatiles were removeden vacuum, the acid chloride intermediate
was dissolved in dry THF (5 mL). The reaction mietwas cooled to 9C, and diethyl amine
in THF (2 M, 1 mL) was slowly added. The reactioxture was stirred at room temperature for
6 hr, the volatiles were removed under vacuum,thadccrude product was purified by silica gel
column chromatography (dichloromethane) to affooinpound30 as yellow solid (81 mg,
74%); mp: 148-150C. IR (KBr) 1617, 1274, 755 ¢ *H NMR (500 MHz, CDCY): & 8.31 (d,
J=8.5Hz, 1 H), 8.23 (d]=9.0 Hz, 1 H), 8.19 (dl = 7 Hz, 1 H), 7.98 (d] = 6.5 Hz, 1 H), 7.94
(t, J=7.5Hz, 1 H), 7.72 () = 7.5 Hz, 1 H), 3.38 (s, 3 H), 2.90 (s, 3 HfC NMR (125 MHz,
CDCl3): 6 168.8, 143.9, 142.9, 140.6, 140.0, 137.8, 1333, 11 131.0, 130.3, 129.6, 129.5,
125.0, 39.2, 35.2; HRESIMS calcd fogs8:,BrN-;O 332.0216 (MH), found 331.9575 (MB.
4.1.19. (E)-9-(3-Hydr oxy-3-methylbut-1-en-1-yl)phenazine-1-car bonitrile (31)

To a solution compoun@9 (45 mg, 0.16 mmglin dimethylformamide (5 mL) placed in

a test tube were sequentially added: palladiumatedi.78 mg, §mol), triphenyl phosphine

(4.2 mg, 16 ymol), potassium carbonate (44 mg, B®ol) and a catalytic amount of



tetrabutylammonium bromide. Nitrogen gas was bubhleo the solution for 5 minutes,
compound?9 was added, the test tube sealed with a teflonaragh the reaction mixture heated
to 110° C for 16 hr. The solvent was removed, the residillged with dichloromethane (20
mL), the mixture filtered through celite pad, thet pras washed with dichloromethane (10 mL),
the filtrated collected, and the solvent removedainvacuum. The crude product was purified
by silica gel column chromatography to afford commpd31 as yellow solid (19 mg, 42%); mp:
152-154°C. IR (KBr) 2970, 2905, 2210, 1515, 759°¢mH NMR (500 MHz, CDCJ): 6 8.51 (d,
J=8.5Hz, 1H),8.32(d]= 7.0 Hz, 1 H), 8.18 (d] = 8.5 Hz, 1 H), 8.04 (d] = 6.5 Hz, 1 H),
7.95-7.91 (m, 2 H), 7.79 (d,= 16.5 Hz, 1 H), 7.35 (d| = 16 Hz, 1 H), 1.60 (s, 6 H}°C NMR
(125 MHz, CDC}): 144.5, 143.3, 142.1, 141.9, 141.1, 136.7, 13633,7, 132.0, 129.2, 128.6,
128.3, 121.5, 116.3, 113.9, 71.6, 29.8; HRESIMSctébr GgH1sNzO 312.1107 (MNJ), found
312.0390 (MNA).

4.1.20.(E)-9-(3-Hydr oxy-3-methylbut-1-en-1-yl)-N,N-dimethylphenazine-1-car boxamide

(32)

To a solution compoundl (55 mg, 0.166 mmdlin dimethylformamide taken in a test
tube were sequentially added palladium acetates (ing§, 0.0083 mmol), triphenyl phosphine
(4.4 mg, 17 umol), potassium carbonate (46 mg, BBrol) and a catalytic amount of
tetrabutylammonium bromide. Nitrogen gas was bublii¢o the solution for 5 minutes, then
compound6 (53 pL, 0.5 mmol) was added, the test tube seaitid a teflon cap, and the
reaction mixture heated to 1£0C for 16 hr. The solvent was removed under vacutin
residue diluted with dichloromethane (10 mL), fié through celite pad, the filtrated collected,
the solvent was removed under vacuum, and the @uathict was purified by preparative TLC

(dichloromethane) to afford compouB@ as yellow solid (33 mg, 59%); mp: 149-1%1. IR



(KBr) 3344, 2917, 1609, 1409, 1257, 1151, 910, @ee; ‘H NMR (500 MHz, CDC): 6 8.23
(d,J =8 Hz, 1 H), 8.11 (d) = 9.0 Hz, 1 H), 7.92-7.88 (m, 4H), 7.80 (& 15.5 Hz, 1 H), 6.80
(d,J = 16 Hz, 1H ), 3.36 (s, 3 H), 2.83 (s, 3 H), 1(546 H);*°*C NMR (125 MHz, CDG)):
169.3, 143.6, 142.5, 141.4, 141.0, 139.1, 137.6,23.31.0, 130.4, 130.2, 128.6, 128.4, 126.0,
121.4, 71.3, 39.0, 35.1, 30.0, 29.7; HRESIMS céitedC,0H2:1N30, 336.4145 (MH) 358.1526
(MNa"), found 336.0933 (MA 358.0635 (MNJ).

4.1.21. 9-Fluor ophenazine-1-carboxylic acid (35) [25]

To a solution of 2-bromo-3-nitrobenzoic aci®, (1.01 g, 4.06 mmol) and 2,6-
difluoroaniline @4, 1.05 g, 6.10 mmol) in methanol (50 mL) was addefper powder (13.0
mg, 0.20 mmol), copper (I) bromide (58.3 mg, 0.4tha) andN-ethyl morpholine (1.00 mL,
8.12 mmol). The reaction mixture was heated atuxeflor 16 hr, diluted with aqueous
ammonium hydroxide (0.1 N, 12 mL) and filtered ogelite. The solvent concentrated to half its
volume under vacuum and then acidified to pH 2 gigigdrochloric acid (1 N). The formed
yellow precipitate was filtered, and dried undecwam to afford 2-((2,6-difluorophenyl)amino)-
3-nitrobenzoic acid as yellow solid (800 mg, 60%)o a solution of 2-((2,6-
difluorophenyl)amino)-3-nitrobenzoic acid (650 n&g21 mmol)in aqueous sodium hydroxide
(2 N, 50 mL) was added sodium borohydride (336 &84 mmol), and the reaction mixture was
heated to reflux for 1 hr. The reaction mixture wasled to room temperature, and acidified to
pH 2 using hydrochloric acid (1 N). The formed ppéated was filtered, washed with water (2
X 20 mL) and dried under vacuum to afford 9-fludiepazine-1-carboxylic acigb, as yellow
solid (224 mg, 31%); mp: 233-238. IR (KBr) 3047, 1728, 1515, 1458, 1246, 894, ¢a8";

'H NMR (500 MHz, CDCJ): § 15.17 (s, 1 H), 9.02 (d, = 7.0 Hz, 1 H), 8.54 (d] = 9.0 Hz, 1

H), 8.16 (dJ=9.0 Hz, 1 H), 8.09 (1 = 9 Hz, 1 H), 7.95-7.91 (m, 1 H), 7.69Jt= 8.5 Hz, 1 H)



3%c NMR (125 MHz, CDQJ): 165.4, 144.4, 143.8, 138.1, 135.0, 131.2, 1303).8, 125.9,
125.8, 125.3, 115.5, 115.3% NMR (470 MHz, CDGQJ): 6 -123.7; HRESIMS calcd for
C1aH/N,O-F 242.0492 (MH), found 242.9999 (MH

4.1.22. 9-Fluor ophenazine-1-car boxamide (36)

Compound35 (121 mg, 0.50 mmol) was dissolved in dichloromethg10 mL), the
reaction mixture was cooled to 0VC, and oxalyl chloride (110 pL, 1.29 mmol) was atide
dropwise under nitrogen atmosphere. Then, a cataybtount of dimethylformamide (2 drops)
was added. After completion of the addition, thect®mn mixture was stirred at room
temperature for 16 hr, the volatiles were removeden vacuum. The obtained acid chloride
was dissolved in dichloromethane (5 mL), the remctmixture cooled to ¢ C, aqueous
ammonia (30%, 0.5 mL) was added dropwise, anddéetion mixture was stirred for 4 hr. The
solvent was removed under vacuum, and the compqundied by silica gel column
chromatography. The title compound was obtainednasrange solid (87 mg, 0.36 mmol, 72%
yield); mp: 270-272C. IR (KBr) 3354, 1668, 1580, 1410, 1067, 755'cid NMR (500 MHz,
DMSO-0g): 6 9.68 (brs, 1 H), 8.73 (d,= 7Hz, 1 H), 8.45 (d) = 9Hz, 1 H), 8.18 (brs, 1 H), 8.13
(t, J =7 Hz, 2 H), 8.02 (@) = 7.5 Hz, 1 H), 7.89 (tJ = 9.5 Hz, 1 H);**C NMR (125 MHz,
DMSO-dg): 6 165.8, 157.4, 155.3, 143.7, 143.6, 140.1, 133,64, 133.1, 133.0, 131.7, 131.4,
131.3, 126.0, 115.1, 115.6% NMR (470 MHz, CDG): 6 -125.6 HRESIMS calcd for
C1aHgFN3O 242.0724 (MH) 264.0544 (MN3), found 242.0189 (MH) 263.9966 (MNJ).

Compounds37- 39[15, 26] were prepared according to literature ptaces and their
data was identical to published reports.

4.2. Biology

4.2.1. Minimum Inhibitory Concentration Assays



Broth microdilution assays were performed as dbsedrin the third edition of the ASM
Clinical Microbiology Procedures Handbook. Brieflystock solution of the compound at pH 7
was prepared and then serial 2-fold dilutions was@de in Muller Hinton II broth, cation-
adjusted, CAMHB, (Becton, Dickinson and Companyar®p, MD), containing 5% DMSO in
Costar 96-well microtiter plates (Corning, KennebuME). Bacterial cultures were prepared
using the direct colony suspension method to 0.5aand units and each well was inoculated
with 10 ul. Plates were incubated statically atG37or 24 h. MIC values are reported as the
lowest concentration of antibiotic at which no gtbwvas observed. Vancomycin was used as
positive control and media was used as negativeraon
4.2.2. Killing Assays

Killing assays were performed by diluting an ovghti culture 1:1000 into fresh
CAMHB. After two hours of growth at 37°C with adian, 1-ml aliquots were removed and
treated with 10X MIC of the compounds. Samplesewemoved every two hours and bacterial
viability was quantified by serial dilution and pteg on Tryptic Soy Agar (TSA).

4.2.3. Membrane disruption experiments

Saphylococcus aureus JE2 was resuspended in PBS to ans§Df 1.0 and then treated
with 1X, 2X or 10X MIC of compounds and33. 200 ul of each sample was placed into wells of
a black 96-well microtiter plate (Corning Inc, Corg, NY), and the relative fluorescent units
(RFU) was measured in 15 min intervals for 4 hraiMecan Infinite 200 PRO plate reader
(Tecan Trading AG, Switzerland).

4.2.4. Rate of reduction of cytochrome-c
This procedure was based on previous literaturegoients[18] and modified accordingly

by addition of DMSO and 0.1 M NaOH to increase biity of the tested compounds. A



solution of DMSO and NaOH was prepared with 95% [MVEhd 5% NaOH (0.1 M) by volume.
Each compound was then dissolved in the DMSO/NaOMtisn to make a 10 mM stock
solution. A 200 uM solution of each compound wasppred by diluting the aforementioned
solution with Dulbecco's Phosphate-Buffered SaleBS, 1 X). In order to maintain an overall
5% DMSO/NaOH to 95% DPBS ratio, the needed volum@MSO/NaOH solution was added.
The solutions were then serially diluted (100 uN, BM, 25 uM). To the dilutions containing,
which were placed in a 96-well plate, was added RAD(100 pM) followed by with
cytochrome-c derived from equine heart (20 uM).e Etinction of cyt-c (peak at 550nm) was
monitored over time using a photospectrometer fgeaod of 900 s at 30 s intervals. As a
reference for baseline correction, the extinctioafficient at 700 nm (a wavelength were neither
the phenazine or cyt-c absorbs) was also monitaredrder to account for lap-signal
fluctuations.[18] Solutions containing only cytecme-c (20 pM) in 95% DPBS-5%
DMSO/NaOH buffer, cyt-c (20 uM) and NAPDH (100 p ) PBS/DMSO/NaOH buffer, and
95% DPBS-5% DMSO/NaOH were used as controls.
4.2.5. Superoxide scavenging activity

The generation of superoxides was monitored by gusf@,10- Anthracenediyl-
bis(methylene)dimalonic acid, ABDA). ABDA has ansalbance shift upon reaction with
superoxides in solution. Therefore, the decay & ABDA was measured at 479 nm and
monitored over the period of 500 s at 30 s interwesling a photospectrometer. We followed the
exact same protocol of Hayden and co-workers, ‘@ktenction at 600 nm was also plotted and
used as a reference baseline to account for agjuéitions in the lamp signal, as neither the
phenazine compounds nor ABDA has any extinctiothst wavelength. These measurements

were performed at 3 concentrations for each comgph@Qriil, 0.22, 0.33, 0.44, and 0.55 mM)



with three repeats per concentration. ABDAW@) and NADPH (0.01 mM) concentrations were
maintained constant throughout’[18]. The only diffiece was in the sample preparation. A stock
solution of DMSO and NaOH was prepared with 95% [VEShd 5% NaOH (0.1 M) by volume.
Each compound was then dissolved in the DMSO/NaGlHtien to make a 10 mM solution.
The solutions were serially diluted while re-addithg DMSO/NaOH solution after each serial
dilution to maintain a 5% DMSO/NaOH concentratitm.a 96-well plate, solutions containing
the experimental compounds (0 mM, 0.11 mM, 0.22 N3 mM, 0.44 mM, 0.55 mM) and
NADPH (100 uM) were injected with ABDA (5 pM, finaoncentration) and monitored for
ADBA signal extinction. Solutions containing ABDA (41M) in 95% DPBS-5% DMSO/NaOH
buffer and 95% DPBS-5% DMSO/NaOH were used as otstr
4.2.6. Cytotoxicity experiments

Selected phenazine samples (~1.3 mg) were dissatvd@®0 puL of a 2:3 mixture of
NaOH (0.01 M) and DMSO. The samples were dilutetth Wiulbecco’'s Modified Eagle Medium
(DMEM) containing 10% FBS and 1% penicillin strepitycin to a final concentration of 4 mM
(3% final DMSO concentration). Then, an aliquottbis stock solution was taken and serial
dilutions performed using DMEM buffer. Cytotoxicityas then performed using the celltiter
blue assay[45] and following the providers’ protisc(promega).[46] Cell death was measured
by observing the change if absorbance of resazsiimy a spectrophotometer. The results were
plotted as Absorbance vs phenazine concentratidriten IGo (concentration that kills 50% of
the cell population) calculated.
4.3. Computational Methods

To generate the physicochemical parameters, wetheil3D models of all compounds in

MOE. The physicochemical parameters such as IogBAT SMR, and logS were calculated in



MOE. The Eomo and Eumo energies (in eV) were calculated using Gaussiaaf@® each

compound was energetically minimized using the ignsinctional theory (DFT) method

B3LYP at the 6-31G(d) level of theory. All minimidestructures were further subject to
frequency calculations which showed no negativgueacies, an indication of a true minimum
being found. After all physicochemical parametbeing assigned, all compounds were
randomly divided into a training set and a test $ke activity data were converted to In (MIC).
Correlations between selected physicochemical patiens and the In (MIC) were established
using the Partial Least Square Fit (PLS) methodeValuate the QSAR models, the resulting

QSAR models were used to predict the activity ddtdne compounds in the test set.
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TABLES

Table 1. Antimicrobial activity of the compounds

R2
Ny Rs
—
N
R4 R,

# R; R, R Ry MIC (ug/mL)
9 Br H H COH 32

12 HOC(CHz)»(CH), H H CO,CHs 128

18 H Br H COH 128

20 CHs H H COH 32

22 H Br H CO,CHs >128

25 H HOC(CHa)»(CH), H CO,CH; 128

27 H HOC(CH3)(CH), H CON(CHjy), >128

29 Br H H CN >128

31 HOC(CHa),(CH), H H CN 128

33 Cl H H CONHSO,CHj; 2

36 F H H CO;NH; >128

38[19] H H H CO,NH, 64

Vancomycin (Control) 2
The MIC isthe highest value of four independent runs




Table 2. Physicochemical Properties of the Synthesized Compounds in the Training Set.

Compd MIC logP TPSA SMR Homo(ev) logS PRED M1 PRED M2 In(MIC)

5 32 3.59 8331 893 -5.878 -340 4.60 4.40 3.47
9 32 3.40 63.08 7.17 -6.252 -356 3.78 3.79 3.47
13 64 3.48 8331 8.86 -6.224 -316 312 3.23 4.16
18 128  3.40 63.08 7.17 -6.296 -356 3.60 3.65 4.56
21 16 3.19 63.08 6.90 -6.310 -3.20 351 3.56 2.77
22 128 2.90 63.08 6.87 -6.120 -263 410 4.14 3.47
24 64 3.16 5208 7.31 -6.109 -3.04 413 4.59 4.16
26 128 359 8331 893 -5.931 -340 438 4.22 4.85
28 4 2.58 89.02 871 -6.604 -396 191 1.64 1.39
30 128 3.86 7231 9.37 -5.895 -381 451 4.75 4.85
31 128 3.58 69.80 8.71 -6.032 -3.78 419 4.33 4.85
33 2 2.37 89.02 844 -6.671 -3.60 161 1.39 0.69
37 16 2.82 61.31 7.49 -6.476 -293 253 3.02 277
38 64 1.87 68.87 6.56 -6.358 275 329 3.00 4.16
39 64 2.60 63.08 6.40 -6.272 -247  3.60 3.59 4.16

PRED_M1: predicted In (MIC) based on the model 1 (Equation 1); PRED_M?2: predicted Im (MIC) based on the

Table 3. Physicochemical Properties of the Synthesized Compounds in the Test Set.

Compd MIC logP TPSA SMR Homo(ev) logS PRED M1 PRED M2 In(MIC)

10 128  3.66 5208 761 -6.271 -3.97 3.68 4.13 4.85
12 128  3.86 7231 937 -5.835 -381 476 4.94 4.85
35 64 2.76 63.08 640 -6.262 -2.76 375 3.65 4.16
37 128  2.87 5208 6.84 -6.230 -288 3.76 4.14 4.72
19 64 3.44 63.08 7.17 -6.429 -356 3.05 3.21 4.16

PRED_M1: predicted In (MIC) based on the model 1; PRED_M2: predicted Im (MIC) based on the model 2

Table 4. QSAR Development of Model 1 and 2.

M odel PearsonR R? MAE RM SE
1

Training 0.79 0.63 0.65 0.71
Test 0.63 0.40 0.75 0.86

2

Training 0.82 0.68 0.60 0.67

Test 0.85 0.73 0.57 0.63




SCHEMES

Scheme 1. Synthesis of Endophenazine A1

9 D 3 9@ 93@

Br

OH

Reagents and Conditions: (a) Cu, CuBr, N-Et-morpholine, EtOH, reflux; (b) NaOH, NaBHy,, reflux;
(c) Mel, K,CO3, DMF; (d) Pd(OAc),, PPhs, KoCO3, TBA-Br (cat.), DMF, 110 °C; (e) NaOH, H,0,
THF, MeOH; (f) H,, Pd-C, EtOH.

Scheme 2. Synthesis of natural phenazine 26 and other analogues

Ry
G xj seey
N 3
~
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18- 21 2. 94
18
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(22) — _— A
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N
25
O~ "OCHj 0" OH g
14,18,22; R;=R3=H,R,=Br
15, 19, 23; R1 R, =H, R3 =Br
16, 20, 24; =CH;, Ry =R3=H
17, 21; R1=CI, R,=Rz=H

Reagents and Conditions: (a) Cu, CuBr, N-ethylmorpholine, EtOH, reflux; (b) NaOH, NaBHy, reflux; (c) Mel,
K,CO3, DMF; (d) 11, Pd(OAc),, PPhs, K,CO3, TBA-Br (cat.), DMF, 110 °C; (e) NaOH, H,O, THF, MeOH; (f) i.
(COCl),, DMF, DCM; ii. NH(CHg),, Et3N, 0 °C.



Scheme 3. Preparation of derivatives of 5and 9

N
[ :[ X N
N
Pz a
N —_— /
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07 "NH
31 T on 29 9or21 O=S. 28 R=Br
o 33, R=Cl
b,d | 74%
i 59% j;j
o N(CH3)2
o N(CH3)2
30

Reagents and Conditions: (a) i. CDI, heat, ii. CH3SO,NH,, EtsN, DMAP, DMF; (b) (COCI),, DMF, DCM; (c) i. NH3 (aq),
ii. SOCly, reflux; (d) NH(CHs),, EtsN, THF, 0 °C; (e) 11, PPhz, DMF, Pd(OAc),, TBA-Br, K,COs.

Scheme 4. Synthesis of fluoro-containing phenazines and by-products

ol

F 31% 0" Ry

34
./ 3 R=FiR=0H
72% <

36,R=F; Ry = NH,

Reagents and Conditions: (a) Cu, CuBr, MeOH,
N-Et-morpholine, reflux; (b) i. (COCI),, DMF, DCM,;
ii. NH3 (aq).
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Figure 1. Phenazine natural products with antibacterial activity
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Figure 2. PI penetration upon treatment with molecules 5 and 33 at various concentrations
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Figure 3. Effect of phenazines 5 and 33 concentration on cyt-c activity
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Figure 4. Phenazine 5 and 33 mode of action.
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Figure 5. Plots of the predicted versus observed activities (In (MIC)) for model 1 (left) and model 2

(right).



Highlights for review

» Simple total synthesis of the ntural product Endophenazine G

» Synthesis of new N-(methylsulfonyl)phenazines

* The N-(methylsulfonyl)phenazines display low MIC (2 and 4 pg/mL) values against
MRSA

* The active phenazines are bacteriostatic agents



