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ABSTRACT: Diaryltriazene derivatives were synthesizand evaluated for their antimicrobial

properties. Initial experiments showed some of éhesmpounds to have activity against both



methicillin-resistant strains dbtaphylococus aureudVIRSA) andMycobacterium smegmatis
with MICs of 0.02 and 0.03ug/mL respectively. Those compounds with potent -anti
staphylococcal and anti-mycobacterial activity wag found to act as growth inhibitors of
mammalian cell lines or yeast. Furthermore, we destrated that one of the most active anti-
MRSA diaryltriazene derivatives was subject to véaw frequencies of resistance at <10
Whole genome sequencing of resistant isolatesifeehtnutations in the enzyme that lysylates
phospholipids. This could result in the modificaticof phospholipid metabolism and
consequently the characteristics of the staphylalocell membrane, ultimately modifying the
sensitivity of these pathogens to triazene chadle@ur work has therefore extended the

potential range of triazenes, which could yield @lantimicrobials with low levels of resistance.

1. Introduction

Historically the discovery of sulphonamides gthctam antibiotics triggered the next 50
years of research, during which the majority ofiraidrobial agents in use today were
discovered [1]. However, the emergence of multiehegjstance among bacteria including
Staphylococcus aurey$. aureuys and other members of the ESKAPE pathogens, dtetlia
extreme drug resistance in these amgtobacterium tuberculosiéV. tuberculosis XDRTB),
has challenged the effectiveness of antibioticshm advent of modern medicine. As such,
antibiotic resistance has become one of the mogtusehealth care problems in the world [2].
This has been exacerbated by a collapse in anthiigcovery by global pharma R&D, and

resulted in a lack of new antibiotics coming to tnarket [3,4]. Resistance arises either by



alterations to the antibiotic target, by the acifjois of antibiotic modifying enzymes, or by
reducing the local concentration of antibiotia changes in cell wall permeability or efflux.

Considering the above, there is an urgent neeceveldp new effective antibacterial agents
that circumvent the emergence of resistance [5keBaon our recent research [6] we were
prompted to further explore the antimicrobial aityiwof 1,3-diaryltriazenes. Triazenes possess a
number of biological properties, including antifahd7], anorexic [8], and anticancer activity
[9,10]. The mechanism of action of alkyltriazenggyenerally connected with the formation of
reactive diazonium species that are able to al&yDatA [11,12].

Here we describe the preparation and testing otefépounds from the 1,3-diaryltriazene
family, including 5 compounds containing an isorddike (INH) structural element, and 31
compounds containing a fluorine atom, with the poét to be more biologically active than
their non-fluorinated analogues [13]. As a ressélyeral triazenes were identified as possesing
potent antimicrobial activity towards methicilliegistantS. aureufMRSA) andM. Smegmatis

a model mycobacterial representativévbftuberculosis

2. Result and discussion
2.1.Chemistry

A series of 46 triazene derivativds19 were prepared according to Scheme 1, and their
structures are depicted in Figure 1. These incly@ealiaryltriazenesl, theirN-acyl substituted
derivatives2-15, including the carbamatie, and triazenide salts-19.

The selection of substituents at the triazene pBeshyl rings was mainly focused on strongly
electro-withdrawing groups, in most cases possgsboth —I and —R effects, whereas the

electron-donating groups were not considered. FBeiection was stimulated by our recent



observation on stronig vitro activity of electron-deficient triazenes agailkttuberculosig6].
To effectively participate in modulating the electrdensity,ortho- and/orpara substitution
patterns relative to the triazene group were predamntly selected.

Some 1,3-diaryltriazenes were modified Nyacylation. Nicotinoyl {4), and isonicotinoyl
(15) derivatives were tentatively considered as paemulti-target hybrid compounds of 1,3-
diaryltriazenes with isoniazid (INH) structures tgtially releasing the isonicotinoyl radical and
1,3-diaryltriazenes. INH is a highly specific filgie TB prodrug, which after activation couples
isonicotinoyl radicals to NADPH and binds irrevétgito enoyl-AcpM reductase, blocking cell
wall synthesis [14]. In addition to nicotinoyl4) and isonicotinoyl 15) derivatives, some other
acyl analogue2-13 were considered. Since alkyltriazenes are wellWknas DNA alkylating
agents [11,12], these derivatives were not invagtmfor genotoxicity reasons.

1,3-Diaryltriazened a-h were prepared by treating the appropriately stuistl anilines with
either sodium nitrite in hydrochloric acid, isoamnmytrite, or sodium hexanitrocobaltate(lll). An
acylation of the selected 1,3-diaryltriazerdesto N-acyl-1,3-diaryltriazene2-15 was achieved
by using the appropriate acyl chloride in the pneseof triethylamine as a base. Acyl chlorides
of nine different aliphatic, aromatic, and heteowaatic carboxylic acids were selected,
including acetyl, chloroacetyl, methoxyacetyl, asgacetyl, benzoyl, fluorobenzoyl,
(trifluoromethyl)benzoyl, pentafluorobenzoyl, nigadyl, and isonicotinoyl chlorides. In
addition, four different triazenide salts were @egnl from diaryltriazenéa. The reaction with
methyl or ethyl propiolate in the presence of byamine yielded
alkoxycarbonylvinyltriethylammonium salfia and17a whereas trituration with triethylamine

and potassium hydroxide gave triazenide dl8ssand19arespectively (Scheme 1).



Scheme 1Synthesis of compounds-19
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Figure 1. The structures of 1,3-diaryltriazends N-acylated 1,3-diaryltriazeneg-15 and

triazenide salt46-19.



2. 2. Antimicrobical properties

Initial susceptibilities to compounds-19 were determined foM. smegmatisMC2 155,
MRSA USA300 (as a representative of Gram-positivahpgen), E. coli DH103, as a
representative Gram-negative bacterium, 8adcharomyces cerevisigée. cervisiapwild strain
as a representative eukaryote. The results areergesls in Table 1. None of the examined

compoundd-19 however were found to be toxic towarslscerevisiae

Table 1. The initial MIC (minimal inhibitory concentrationand MBC (minimal bactericidal

concentration) screenings of the compoutel

M. smegmatisC2 155 MRSA USA300 E. coliDH103 S. cerevisiasvild strain
Compd MIC? MBC? Mic? MBC? MIC® MBC® MIC? MBC?
la >128 / >128 / >128 / >128 /
1b / / >128 / / / >128 /
1c >128 / >128 / >128 / >128 /
1d / / >128 / / / >128 /
le >128 / 2 4 >128 / >128 /
1f >128 / >128 / >128 / >128 /
19 8 128 1 1 >128 / >128 /
1h >128 / >128 / >128 / >128 /
2a 16 128 0.25 0.25 64 >128 >128
2e 16 >128 4 4 64 >128 >128 /
2i 128 >128 8 32 32 128 >128 /
2j >128 / >128 / 64 128 >128 /
3a 32 >128 2 2 128 >128 >128 /
3b / / >128 >128 / / >128 /
3d / / >128 >128 / / >128 /
3k >128 / >128 / 64 128 >128 /



4e
5k
6a
6e
7a
7e
7k
8e
8k
9e
10a
10e
10k
1lle
12k
13a
1l4e
14i
14j
14k
14l
15e
15i
15j
15k
151
16a
17a
18a

19a

128
>128
32
128
>128
>128
>128
32
128
16
16
>128
>128
>128
>128
32
64
>128
>128
64
64
128
>128
>128
128
64

4

4
0.03125

0.03125

>128

>128

>128

>128
>128
>128

128

>128

128

128
>128

>128

>128
>128
16
32
0.5

0.5

32

0.5
32
>128
>128

>128

0.25
>128
>128
16

>128

32
64
64

32

16
32

128

32

2
0.0156
0.03125

0.0156

0.0156

32
16
0.5

32

32
64
128

32

16

32

128

32

2

0.0156

0.03125
0.03125

0.0156

64 128
64 64
>128 /
32 32
128 128
64 128
64 64
32 64
32 64
64 128
>128 /
64 128
128 128
64 64
64 64
128 >128
32 32
128 >128
8 16
16 32
32 64
16 16
>128 /
16 32
32 32
32 32
>128 /
>128 /

/ /

/ /

>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128
>128

>128



&1n pg/mL.

The most potent diaryltriazene compounds identifeghinst MRSA USA300 16a-19a
inclusive, which had MIC values of <0.0ag/mL) compared favorably to reported
susceptibilities for this organism: gentamycin @pg/mL, kanamycin >64g/mL, tobramycin
0.5-2pg/mL, rifampin <0.125-0.mg/mL, ciprofloxacin 0.125->64g/mL, levofloxacin 0.25—
32 pug/mL, gatifloxacin 0.5-4ug/mL, vancomycin 0.25-2ig/mL, teichoplanin <0.125-0.25
ug/mL, clindamycin <0.125->641g/mL, erythromycin 8—>64ug/mL, linezolid 2—4ug/mL,
oxacillin 16—32ug/mL, chloroamphenicol 4-32g/mL, mupirocin 0.5->64g/mL, fusidic acid
<0.125-0.5ug/mL, tetracycline <0.125-4g/mL, minocycline, and doxycycline both <0.125-

0.5ug/mL [18].

Similarly, the diaryltriazenes we identified withotent antibacterial activity again$yl.
smegmati€ompared favorably in potency to established a@ittds that this organism is resistant
to. For example, MIC values fgi-lactams (amoxicillin 8—1ug/mL, ampicillin 128 ug/mL,
carbenicillin 512ug/mL, oxacillin 32ug/mL cefoxitin 2—4ug/mL and ceftriaxone 3ag/mL)
[19] and also for vancomycin (45/mL) and D-cycloserine (105g/mL) [20] are considerably

greater than the MICs fdi8aand19a

The structure-activity relationship (SAR) for conyoals 1-19 was determined for MRSA
USA300 strain. The MIC values, spanning from >12FmL to 0.0156ug/mL, are highly
dependent on structure. Briefly, the comparisomartibacterial activities for compoun@s,
3a and3k, having different R groups (H, F, Cl, Br, C§f while keeping R (NO,) unchanged,
reveals a decreasing trend in MIC values accortbriipe R group, so that H < Br < F < CI <

CF; (Table 1, Figure 2A). A comparison of the MIC vedufor the compound3a, 3b, and3d,



having a fixed Ckgroup at R, indicates that the NGyroup at the position 4 of the 1,3-diphenyl
rings is a crucial one, and substituting this gréupCl or Ck deactivates this compound (Figure
2B). The above results suggest that the 4-nitroitapromethyl)phenyl pattern may be the key
structural element in identifying the “hit” diargitizene compound (R= CR;, R* = NO,, Figure
2C), at least within the derivatives under thisestgation that possess electron-deficient 1,3-

diaryl substituents.
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Figure 2. A) The general structure of diaryltriazenes withagiable group B B) The general
structure of diaryltriazenes with a variable grd&h C) The structure of the parent fragment
crucial for the antibacterial activity; D) The afteof “N1 substitution pattern” on antibacterial

activity of 1,3-bis(4-nitro-2-(trifluoromethyl)phgttriazenes.

Also evident from Table 1 is the influence of thacyl group inN-acyl-1,3-diaryltriazenes on
MIC value. Higher activities were observed for tNeacyl groups that had a more electron
deficient carbonyl group (for example, comparingQdlbetweer?a and 3a; Table 1, Figure
2D). The trend suggests that the liberation ofezénide anion, presumably through the reaction
of N-acyl-1,3-diaryltriazenes with intracellular nugidalic reagents, may play a role in the

compounds antibacterial activity. This is in linéwthe triazenide salt$6-19 being the most



potent killers of strain MRSA USA300. The selectminthe cation in the triazenide salt§-19
appears not to be important in the activity agaMBISA USA300, although this was not found
for M. smegmatigcomparingl6aandl7awith 18aand19a).

Interestingly, some of the examined compounds, biptd4j, showed a significant activity
against the wild typ&. coli strain (Table 1). This observation, although meestigated further
here, opens the possibility of discovering novelrygliriazene derivatives, possessing greater
potencies against Gram-negative organisms. Thikldoel a particularly important observation
given the clinical concern currently associated hwinulti-drug resistant Gram-negative
infections.

As non-specific bactericidal activity usually capends to a lack of prokaryotic specificity
and therefore potential toxicity in mammals [21f decided to focus on identifying potentially
membrane-damaging diaryltriazenes.

The BacLight™ assay is a particularly useful prédredetermining the effect of compounds
on bacterial membrane integrity [22]. Ten of thesimactive diaryltriazened g, 1e 2a, 3a, 63,
10a 164 17a 18a and198) having MICs against MRSA USA300 of less thapgZmL, were
selected for testing using this assay. The resilthese assays on the cell membrane of this
strain are summarized in Table 2. Here it appelaas &ll the tested compounds, with the

exception of compounds are not membrane damaging.

10



Table 2. MRSA USA300 membrane integrity

MRSA USA300

Compd c (ug/mL) cells with intact membrane (%)

le 8 64.6+9.4

19 2 31.2+3.2

2a 2 103.045.8
3a 8 100.0+2.4
6a 2 95.8+2.3

10a 2 103.8+4.7
16a 2 105.5+1.3
17a 2 107.3+3.5
18a 2 104.36.5
19a 2 107.6+9.6

@The compounds upon which the amount of MRSA USARQA intact membrane was 95%
and 110% are not considered to be membrane damddatg are shown as mean+SD obtained
from at least three independent experiments.

Nine of the above compound$g( 2a, 3a, 6a, 10a 16a 17a 18a and19a), active against
both, MRSA USA300 and aldd. smegmatidMC2 155, were selected for antimicrobial activity
evaluation against a variety of Gram-positive anchrenegative bacteria. The results are
summarized in Table 3. All selected compounds weaer soluble small molecules, stable in
solid state as well as in solution with common aig&olvents and water. As such, they could be

relatively easily modified for further optimizati¢ga3].

11



Table 3. Susceptibility (MIC, MBC) of the selected diarydizenes to the different Gram-

positive and Gram-negative bacteria

Organism Compd
19 2a 3a 6a 10a 16a 17a 18a 19a
mic? 1 0.25 0.03 0.5 0.5 0.0156 0.0156 0.0156 0.0156
MRSA wild
strain 1653 MBC? 1 0.5 0.5 1 4 0.25 0.25 0.25 0.5
mic? 0.5 0.06 0.03125 0.5 0.5 0.0156 0.0156 0.0156 5801
N ECT 1 05 0125 1 1 0.125 0.125 0.125 0.125
MIC® 1 0125 003125 05 2 0.0156 0.015E§(5)'0312 0.0312
B. subtilis ATCC 5
cloel MBC? 32 4 4 16 >64 2 2 2 2
a
Vancomycin MIC 2 4 1 >128 >128 0.5 0.5 1 0.5
resistant E. 2
faecalis 501 MBC >128 >128 >128 / / >128 >128 >128 >128
mIc? >128 >128 >128 >128 >128 >128 >128 >128 >128
P. aeruginosa
PA0001 mBC? / / / / / / / / /
mIc? / / >128 / / >128 >128 >128 >128
P. aeruginosa
ATCC 27853 mBC?* / / / / / / / / /
mic? >128 >128 >128 >128 >128 >128 >128 >128 >128
K. pneumoniae
ATCC 13882 MBC? / / / / / / / / /
mIc? >128 >128 >128 >128 >128 >128 >128 >128 >128
K. pneumoniae
ATCC 700603 mMmBC?* / / / / / / / / /
mic? >128 >128 >128 >128 >128 >128 >128 >128 >128
A. baumannii
ATCC 19606 MBC? / / / / / / / / /
mic? >128 >128 >128 >128 >128 >128 >128 >128 >128
A. baumannii
BAA1605 mBC?* / / / / / / / / /
a
In pg/mL.
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We were unable to detect activity of the selectmmmounds in Gram-negative strains, Ee.
coli (Table 1),P. aeruginosaK. pneumonigA. baumanniiTable 3). This may have been due to
a lack of penetration of the tested compounds tirdhe outer membranes of these organisms,
or possibly due to efficient efflux functioning. Taecipher between these two possibilities we
performed MIC evaluations of the selected compowmsiag anE. coli membrane permeable
strain of D22, and ak. coli strain of D22 knockout of the membrane pump N43 CGS83.
The results, presented in Table 4, suggest than#wtivity of the tested compounds in the case
of Gram negative-bacteria, represented byBheoli DH10B strain, was indeed related to the
low permeability of the Gram-negative outer membrda these compounds. The aberrant
behaviour of compound8a and10a could have arisen from their structure. These aamgs
are unigue amongst those tested from Table 3,dam fossession of a (substitutddibenzoyl
group. Although this may well be an issue that ualyg impinges upon the ability &&a and10a
to penetrate cells, the explanation of the actmin@a and10a may also reside with the. coli
strain D22 used in these experiments. D22 contaimsitation in the LpxC gene which encodes
UDP-3-O-((R)-3-hydroxymyristoyl)N-acetylglucosamine deacetylase, an enzyme invoiaed
the synthesis of lipid A [24,25]. Lipid A is a lipolysaccharide appended to the outer membrane
of E. coli. Perturbations to the synthesis of lipid A, caubgd_pxC mutations, would therefore
likely impact upon the ability of hydrophobic compals such aéa and10ato penetrate the

cell.

13



Table 4. MIC and MBC evaluation foE. coli membrane permeable strain D22, andearoli

strain containing a knockout of the membrane pump 8GSC 5583

E. coli membrane E. coli knockout  of
permeable strain membrane pump N43 CGSC
D22 5583

Compd MIC? MBC? Mmic? MBC?

1g 2 >128 >128 /

2a 1 >128 >128 /

3a 0.5 16 >128 /

6a >128 / >128 /

10a >128 / >128 /

16a 0.25 >128 >128 /

17a 0.5 >128 >128 /

18a 0.5 >128 >128 /

19a 0.5 >128 >128 /

%in ng/mL.

Critically, resistance to methicillin and vancomyeinderpins medically intractable infections
caused by MRSA and vancomycin resistant enteroc@¢BlE). The acute diaryltriazene
sensitivity of MRSA USA300, a highly resistant atial MRSA strain, therefore prompted us to
investigate the possibility that our antimicrobaéryltriazene compounds might sensitise these
pathogens toB-lactams and vancomycin, which would ultimately bg clinical interest.
However, no synergism [26] between the compodéd one of the most promising new
diaryltriazene compounds, was detected when testddmethicillin against MRSA, nor with
vancomycin against Vancomycin resistenfaecalis(VRE). This finding led us to conclude that

the mode of action of the diaryltriazeh&a was either unrelated to the action of methicidimd

14



vancomycin (bacterial peptidoglycan biosynthesis) did not impact on the resistance
mechanisms employed by MRSA and VRE towd¥dactams and glycopeptides.

In order to better characterise the mode of aaifathe compound 6a MRSA strain USA300
was grown continuously in the presence of thisvactompound, at progressively inhibitory
concentrations (2-, 4-, 6- and 8-times it's MICu&), allowing resistance to develop. Following
incubation threel6aresistant MRSA USA300 isolates were obtained, famdall cultures, the
mutation rates when exposed to the different camagons of compound6a was calculated

(Table 5).

Table 5. Mutation rate assdynd resistant strains isolated

Diaryltriazenel6a
16aresistant

Concentration Mutation rate MIC (ng/mL) isolate name

(ng/mL)

0.03125 3.96x10° 0.03125 Isolate R1
0.0625 8x107° 0.03125 Isolate R2
0.09375 8x10® 0.0625 Isolate R3
0.125 < 8x107° / /

#Mutation rate assays were performed using MRSA UWEASrain.

MRSA USA300 isolates resistant to the compoded, and sensitive parental strains were
subjected to whole genome sequencing in order tentiiy the underlying genetic
polymorphisms present in resistant isolates. Rasissolates (identified dsolatesR1, R2 and
R3 were compared to the parental (control) strailoweng the genetic polymorphisms

differentiating these isolates to be identifiedy(iie 3).

15



Isolate R1contained a single 47 base pair deletion at thetipn 128454 of the genome,
corresponding to the position of a pseudogeneandference, which was potentially reactivated
by this deletion. The gene was identified as Sthygogcal protein A (SpA), a known virulence
protein. The deletion occurred at amino acid (AAkifon 390 of the 522AA protein, causing
the protein to shift back into frame. A compariseith the NCBI blast database revealed that
this was a common deletion found am@gaureussolates. Cell wall associated SpA functions
to bind the Fg domain of human immunoglobulin [27]. This moleca@nsists of a hydrophobic
C-terminal, thought to be embedded within the oeimbrane, flanked at the N-terminal end by
a charged tail [28,29]. The mechanism by which fhistein reduces its sensitivity to the
diaryltriazene16a therefore remains unclear; its surface locationldcchowever affect the
interaction or permeability of the cell to this coound.

Isolate R2carried a single non-synonymous single nuclegimgmorphism (SNP) at position
1396319 when compared to the control strain. Thsngme to thymine SNP altered the amino
acid sequence ditC, a lysylphosphatidylglycerol synthetase, an 843nanacid protein, from
Glu307, to an ATG “stop” codon. This gene is ndesdial inS. aureusThe function of FmtC
appears to be to impart a positive charge on tlgatnely charged phospholipid membrane
bilayer [30]. This is achieved through the additioha lysine residue, through the positive
charge of its epsilon amino group. This alteringtleé surface charge as a route to antibiotic
resistance is widely documented, particularly fe pore-forming peptides such as nisin [31,32].
Quenching of the membranes negative charge thrthaglhysine addition is therefore likely to
reduce a repulsion of the negatively charged diagayenes, facilitating their penetration. A loss
of FmtC function or efficacy could therefore affeébe interaction between negatively charged

diaryltriazene and the negatively charged membieaxting to resistance.

16



Isolate R3carried two mutations relative to the control, an#synonymous SNP at position
2496871, and a single thymine insertion at posi@d®6195, in an intergenic region. The
guanine to thymine SNP resulted in an arginineeteine substitution at the AA-position 197 of
the 210 AA DNA-binding helix-turn-helix (HTH) donmmaiof a possible transcriptional regulator.
Using the Basic Local Alignment Search Tool (BLASH)s gene most closely resembled a
Tetracycline Repressor (TetR) family transcriptiomagulator- so named owing to their
involvement with tetracycline resistanceSnaureug33].

The thymine insertion at position 2496195 occuriedan intergenic region prior to the
possible transcriptional regulator described abavethe forward strand, and upstream from a
hypothetical membrane protein on the reverse strbisthg the software PEPPER [34], this
region was predicted to contain a promoter sequemtethe forward direction [33]. This
suggested that expression levels for the predittaadscriptional regulator could have been
affected. However, it remains unclear as to howatmons in a gene associated with tetracycline
resistance impact upon diaryltriazene resistance.

Therefore, no single target could be identified floe activity of compound.6a Instead,
changes in MIC appear to have resulted from indégetnmechanisms unique to each mutant

isolate.
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Figure 3. Mutant isolates of MRSA USA30€bmpared to the control. The figure illustrates the
genomic locations of the different mutations refatio the control. The outer scale bar indicates
the number of base pairs from the replication arighd can be used to compare the approximate
genomic locations for each of the mutations ideedif Green indicates the location of genes on

the forward and reverse strands.

To assess the specificity and translational berleéit might arise from antimicrobials based
upon the diaryltriazene compounds used in thisarebewe assessed the impact of the most
promising triazenide salt6a as well asl7a 18a and19aon human keratinocytes. The results

(Figure 4) show that keratinocytes survived sigaifitly higher concentrations of triazenide salts
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compared to those concentrations which inhibitedgfowth of MRSA USA300M. smegmatis
(Table 1), MRSA wild strainS. pneumonigeBacillus subtilisor Vancomycin resistank.
faecalis (Table 3). This data clearly indicates a markekbctwity of these diaryltriazenes

towards bacterial growth inhibition.

m16a
ml7a
=18a
m19a

% survived healthy human cells

0.025 0.1 0.5 2 10 25
Concentration (ng/mL)

Figure 4. Survival of healthy human keratinocytes treatethwompound<sl6a 17a 18a and

19a

The SAR conducted suggested a strong role for ttie group on antibacterial efficacy.
Although nitroarenes are less preferred scaffolusdiug discovery due to their potential
mutagenicity, certain drugs do contain this moi§]. These include chloramphenicol and
metronidazole, which are on the WHO’s Model Listksfsential Medicines [36]. Despite their
potential threat, recent endeavors have shown geomn mitigating the mutagenic nature of

nitroarenes [37].
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It is interesting to note that the structures @tdiaryl substituents in the triazenes identified i
this work have a similarity to benzothiazinones ZB%3) and related compounds [14,35,38].
For antitubercular activity, it was found that taesompounds need to be functionalized with a
nitro group as well as meta electron-withdrawing group, typically either &ltroromethyl or
another nitro group. The nitroaromatic group wastplated to undergo bioreduction yielding a
nitrosoarene, which then reacts with an activecitteine residue in the DprE1 enzyme to form
a semimercaptal adduct, inactivating this enzymé,38,38]. Recent chemical studies on
BTZ043 confirmed the postulated reactivity of tleiszyme, indicating that thiolates and other
nucleophiles induce nonenzymatic reduction of theorgroups to the corresponding nitroso
intermediates [39]. We conducted NMR experimentern&hequimolar amounts of reduced
glutathione (GSH) and triazenide safla was incubated at room temperature in a mixture of
DMSO-ds and phosphate buffer of pH 7.4 (1:1, v/v). Thectiem mixture was monitored byH
NMR spectroscopy for 24 h indicating no changeshm aromatic region of the spectra. This
suggests that the molecular mechanism of actioh®fiarlytriazenes under this investigation
may be different to that of BTZ043.

The biological activity of alkyltriazenes has beassociated with reactive diazonium
degradation products involved [11,12]. In contradiaryltriazenesla and 19a under this
investigation were found to be stable in phospbaféer solutions at pH 7.4 with no detectable
decomposition, as indicated by TLC and NMR analygdsis, the molecular mechanism of
antibacterial activity in 1,3-diaryltriazenes hast yo be explored, and will be the subject of

forthcoming investigations.
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3. Conclusions

Here we have described the synthesis of a librdryl,8-diaryltriazenes, theilN-acyl
derivatives, and their salts. Structure-activithatienships (SAR) revealed that the antimicrobial
properties of these compounds depended on thedlygabstituent group attached to the two
constituent benzene rings. Specifically, a trifoethyl group at position 2, and a nitro
substituent at position 4 relative to the triazese found to be critical to its activity.

Regarding the biological activities of the new campds, the most important result from our
study was that the selected compouh@g 17a 18aand19awere extremely active against one
of the most clinically important bacterial speciB#RSA. These compounds were not found to
be membrane damaging to MRSA USA300. The moleddars of the triazene activity against
S. aureugemained unclear, appearing to have more tham@auhanism of killing based on the
observed mutations identified among resistant iesla Where a mechanism could be
characterized, it appeared that changes in thepplotipid composition of the staphylococcal
cell membrane were ultimately responsible. In addjtthe selected compounds were found to
be very effective against other Gram-positive ha@mtesuch asS. pneumonigeB. subtilis,
Vancomycin resistanE. faecalis and M. smegmatisPromising activities of a number of the
triazene family compounds towards. coli were also found. The majority of the tested
compounds were however inactive against Gram-negatrganisms, with membrane
penetration found to be limiting . col..

These compounds were also found to be inactivenaglower eukaryotes (yeast), and more
importantly, exhibited only a low cytotoxicity agat human keratinocytes (as compared to the

cytotoxicity observed towards certain pathogenictéx@a). These characteristics are promising
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with respect to the potential clinical utility dfdése triazenes for use as novel antimicrobials. Our

data suggest that 1,3-diaryltriazenes could reptesaew class of antibacterial drug.

4. Experimental
4.1.Chemistry

Starting materials and solvents for the synthesithe examined compounds were used as
obtained, and without further purification, from dhich, Fluka, Alfa Aesar and Maybridge
Chemical Company Ltd). Melting points were detemiron a Kofler micro hot stage and were
uncorrected. NMR spectra were recorded with a Brukeance Ill 500 MHz instrument
operating at 500 MHZ'l), 126 MHz {C) at 296 K. Proton spectra were referenced tor&j{C
as the internal standard £ 0.00 ppm) and carbon chemical shifts were gagainst the central
line of the solvent signal (CDghto = 77.0 ppm). Chemical shifts were given on thecale
(parts per million) and coupling constani$ \ere given in Hertz. IR spectra were obtainedhwit
a Bruker ALPHA Platinum ATR spectrometer on a saslanple support (ATR). High-resolution
mass spectrometry (HRMS) analysis was performeagusin Agilent 6224 Accurate Mass TOF
LC/MS spectrometer. Elemental analyses (C, H, Njewzerformed with Perkin Elmer 2400
Series Il CHNS/O Analyser. The progress of all tieas was monitored on Fluka silica-gel
TLC-plates (with fluorescence indicator UV254), ngsiethyl acetate/petroleum ether as the
solvent system. A column chromatography was perarosing Merck silica gel 60 (35—-7i@n)
with solvent mixtures as specified in the correghog experiments. All the compounds tested
were of 295% purity, as verified byH NMR and **C NMR spectroscopy as well as with
elemental microanalysis. The values obtained foHCN analyses were withif0.40% of the

calculated values.
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The compound4a, 1c-1h 2, 3a, 4-13and18 were prepared according to known procedures
[15,16,40]. Precursor 1,3-diaryltriazenes, i.e3-dis(2-fluoro-4-nitrophenyl)triazene, 1,3-bis(2-
methyl-4-nitrophenyl)triazene, 1,3-bis(2-bromo-4raphenyl)triazene, and 1,3-bis(4-nitro-3-
(trifluoromethyl)phenyl)triazene, that were used tlee acylation shown in Scheme 1 i2i02j,

3k, 5k, 7k, 8k, 10k, 12k, 14iH, 15H, were synthesized as described in the literatire [

4.1.1. Preparation of 1,3-bis(2,4-bis(trifluoromgfiphenyl)triazeng1b). An aqueous solution
of sodium nitrite (0.035 g, 0.5 mmol/10 mL) was edddropwise to the solution of 2,4-
bis(trifluoromethyl)aniline (0.229 g, 1 mmol) in 5&gueous HCI (2.5 mL) at 0 °C. The reaction
mixture was stirred at room temperature for 20 heri, the solid material was filtered and
washed with water.

Pale yellow solid; yield 75%, mp 91-93 °C (MeOH; IR: 3343, 3101, 1632, 1594, 1527,
1487, 1455, 1426, 1347, 1306 ¢mH NMR (500 MHz, DMSOdg): § (ppm) 7.89-7.95 (m,
2H), 8.08-8.18 (m, 4H), 13.25 (s, 1H); HRMS (ESh)z for CigHgF1:Ns™ [M + H]*: calcd
470.0521, found 470.0517. Anal. calcd fofetzF1oN3: C, 40.95; H, 1.50; N, 8.96; found C,

41.02; H, 1.37; N, 9.08.

4.1.2. General procedures for the synthesis of\8-a@-diaryltriazene®-15

Method A.(3b, 3d, 3k) Triethylamine (0.279 mL, 2 mmol) was added tdigexd suspension
of the appropriate triazerfe(1 mmol) in acetonitrile (10 mL) at room temperatufollowed by
the addition of chloroacetyl chloride (0.155 mLpnol). After additional stirring for 10 min,
the reaction mixture was evaporated to drynessrurdieiced pressure. Then, water (5 mL) was

added and the water phase was washed with dich&thame (3 x 10 mL). Combined organic
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phases were first washed with water (20 mL) and tireed over anhydrous B8O, filtered and
evaporated under reduced pressure to drynessngetldé crude produc®& Thereafter, products
were recrystallized using the appropriate solvents.

Method B.(14, 15) Triethylamine (0.558 mL, 4 mmol) was added to aeti suspension of the
appropriate triazeng (1 mmol) in dry acetonitrile (20 mL) at room temagieire, followed by the
addition of nicotinoyl chloride (isonicotinoyl chide in cases 015). After additional stirring for
10-20 min, the reaction mixture was evaporatedyaess under reduced pressure, treated with
methanol, filtered off and washed with saturatedH@s solution and methanol yielding the
crude productsl4 and 15. Thereafter, all products were recrystallized gsihe appropriate

solvents.

4.1.3. General procedures for the synthesis ofémde salt46-19

Method C.(16, 17) Triethylamine (0.558 mL, 4 mmol) was added to aesti suspension of
1,3-bis(4-nitro-2-(trifluoromethyl)phenyl)triazerfga) (0.424 g, 0.5 mmol) in acetonitrile (7 mL)
at room temperature followed by the addition of mgepropiolate (ethyl propiolate in the case
of 17@). After additional stirring for 1 h, the reactionixture was evaporated to dryness under
reduced pressure, treated with diethyl ether dtetéd off, yielding the crude product$a and
17a Thereafter, both products were recrystallizetgighe appropriate solvents.

Method D.(19) A solution of KOH (0.224 g, 4 mmol) in water (2€L) was added to a stirred
solution of 1,3-bis(4-nitro-2-(trifluoromethyl)phgitriazene in acetonitrile (10 mL) at room
temperature. After additional stirring for 20 miacetonitrile was evaporated under reduced
pressure, and the precipitate was filtered off|dymg 19a A crude product was recrystallized

from acetonitrile/water mixture.
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4.1.4. 1-(1,3-Bis(2,4-bis(trifluoromethyl)phenyidiz-2-en-1-yl)-2-chloroethanon@b)

Method A. Pale yellow solid; yield 91%; mp 85-87 {@etroleum ether); IR: 1744, 1626,
1596, 1492, 1345, 1304, 1274, 1232, 1160, 1120:;ctd NMR (500 MHz, CDCJ):  (ppm)
4.73-4.90 (m, 2H), 7.35-7.42 (m, 1H), 7.71-7.77 (i), 7.88-7.98 (m, 2H), 7.98-8.03 (m,
1H), 8.07-8.12 (m, 1H):*C NMR (126 MHz, CDGJ): § (ppm) 41.7, 118.7, 121.9 (4,= 273
Hz), 122.2 (qJ = 273 Hz), 122.8 (qJ = 273 Hz), 122.9 (¢J = 273 Hz), 124.3-124.5 (m),
124.8-125.0 (m), 127.6 (d,= 32 Hz), 130.0 (qJ = 32 Hz), 131.9 () = 32 Hz), 132.2, 133.2
(9, = 32 Hz), 136.1, 147.1, 167.8; HRMS (ESH)zfor CigHeF12N3~ [M — COCHCI]™: calcd
468.0376, found 468.0380. Anal. calcd faglsCIF1oN3O: C, 39.62; H, 1.48; N, 7.70; found: C,

39.76; H, 1.43; N, 7.60.

4.1.5 1-(1,3-Bis(4-chloro-2-(trifluoromethyl)phejtyilaz-2-en-1-yl)-2-chloroethanon@d)

Method A. Yellow solid; yield 96%; mp 83—85 °C (hipropyl ether); IR: 3109, 3015, 2960,
2122, 1733, 1714, 1599, 1501, 1481, 1413t NMR (500 MHz, CDCY): 6 (ppm) 4.74 (d,)
= 13.9 Hz, 1H), 4.82 (d] = 13.9 Hz, 1H), 7.11-7.16 (m, 1H), 7.57—7.63 (m, ZHp5—7.71 (m,
2H), 7.79-7.83 (m, 1H)**C NMR (126 MHz, CDG):  (ppm) 41.9, 119.1, 121.8 (4,= 274
Hz), 122.2 (q,) = 274 Hz), 127.2 (@) = 5 Hz), 127.9 (q) = 5 Hz), 128.6 (g = 32 Hz), 130.4
(g, J = 32 Hz), 131.2 (g = 2 Hz), 132.6, 132.8, 133.2, 136.1, 136.8, 143.7.&6HRMS
(ESI-) m/z for Ci4HCloFsN3™ [M — COCHCI]™: calcd 399.9848, found 399.9852. Anal. calcd

for C16HgClsFgN3O: C, 40.15; H, 1.68; N, 8.78; found: C, 39.91:1H60; N, 8.57.

4.1.6. 1-(1,3-Bis(2-bromo-4-nitrophenyl)triaz-2-&nA)-2-chloroetanong3k)
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Method A. Yellow solid; yield 91%; mp 151-153 °Adaloromethane/diisopropyl ether); IR:
3101, 3076, 3002, 2958, 2112, 1991, 1922, 17204,18880 cri’; *H NMR (500 MHz, CDCJ):
5 (ppm) 4.76-4.90 (m, 2H), 7.44-7.49 (m, 1H), 7.5857(m, 1H), 8.23-8.29 (m, 1H), 8.33—
8.38 (m, 1H), 8.50-8.54 (m, 1H), 8.60-8.65 (m, 1HE NMR (126 MHz, CDG): & (ppm)
41.8, 119.8, 122.3, 123.5, 123.5, 124.1, 128.7,2,281.6, 140.4, 148.2, 148.9, 149.8, 167.2;
HRMS (ESI-)m/zfor C;,HgBr.NsO, [M — COCHCI]™: calcd 441.8792, found 441.8792. Anal.

calcd for G4HgBroCINsOs: C, 32.24; H, 1.55; N, 13.43; found: C, 32.31;1:16; N, 13.32.

4.1.7. (1,3-Bis(2-chloro-4-nitrophenyl)triaz-2-eryl) (pyridin-3-yl)methanon€l4e)

Method B, reaction time: 20 min. Pale yellow soligield 66%; mp 128-132 °C
(MeOH/acetone); IR: 3098, 1703, 1584, 1528, 148511 1226, 1144, 1134, 1120, 1047 tm
H NMR (500 MHz, CDCJ): 6 (ppm) 7.36—7.43 (m, 1H), 7.50—7.56 (m, 1H), 7.585qm, 1H),
8.07-8.13 (m, 1H), 8.19-8.25 (m, 1H), 8.29-8.34 {id), 8.34-8.38 (m, 1H), 8.48-8.53 (m,
1H), 8.84-8.89 (m, 1H), 9.10-9.16 (m, 1*C NMR (126 MHz, CDGJ): 6 (ppm) 119.7, 122.8,
122.9, 123.3, 125.6, 126.2, 128.9, 131.8, 133.2,413137.6, 139.1, 148.1, 148.5, 149.0, 150.7,
153.0, 168.6; HRMS for £gH11CI,NeOs [M + H]™: calcd 461.0162, found 461.0164. Anal. calcd

for C1gH10CI2NgOs % 0.5 HO: C, 46.56; H, 2.53; N, 17.61; found: C, 46.412%,0; N, 17.78.

4.1.8. (1,3-Bis(2-fluoro-4-nitrophenyl)triaz-2-eryl) (pyridin-3-yl)methanon€l14i)

Method B, reaction time: 10 min. Brown solid; yiéld%; mp 126-128 °C (MeOH); IR: 3091,
1699, 1586, 1526, 1483, 1417, 1346, 1308, 1261112216 cri; *H NMR (500 MHz, CDCY):
5 (ppm) 7.42-7.48 (m, 1H), 7.50-7.55 (m, 1H), 7.5847(m, 1H), 8.00-8.07 (m, 2H), 8.16—

8.22 (m, 2H), 8.24-8.30 (m, 1H), 8.83-8.88 (m, 184P9-9.13 (m, 1H)*C NMR (126 MHz,
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CDCl): § (ppm) 112.7 (dy) = 25 Hz), 113.4 (dJ = 25 Hz), 120.0 (d) = 15 Hz), 120.0 (dy =

15 Hz), 121.5, 123.3, 128.5 (@= 15 Hz), 128.8, 131.5, 137.8, 140.1 Jd; 8 Hz), 148.5 (dJ

= 8 Hz), 149.6 (dJ = 8 Hz), 150.8, 153.0, 156.5 (= 260 Hz), 157.4 (dJ = 260 Hz), 168.5;
HRMS (ESI+)m/zfor CigH11FoNeOs' [M + H]™: calcd 429.0754, found 429.0747. Anal. calcd

for C1gH10FNgOs: C, 50.48; H, 2.35; N, 19.62; found: C, 50.30:2-22; N, 19.42.

4.1.9. (1,3-Bis(4-nitrophenyl)triaz-2-en-1-yl)(pgm-3-yl)methanonél14j)

Method B, reaction time: 10 min. Pale violet solikld 58%; mp 225-227 °C (MeOH); IR:
3054, 1689, 1610, 1584, 1519, 1470, 1416, 13300,18R09, 1170, 1132 ¢ 'H NMR (500
MHz, CDCh): 6 (ppm) 7.47—7.56 (m, 5H), 8.16-8.21 (m, 1H), 8.228§m, 2H), 8.43-8.49 (m,
2H), 8.83-8.88 (m, 1H), 9.07-9.11 (m, 1£C NMR (126 MHz, CDGCJ): § (ppm) 123.2, 123.3,
124.9, 125.0, 129.5, 130.3, 137.7, 140.6, 148.8,314.50.8, 151.6, 152.8, 169.2; HRMS (ESI+)
m/zfor CigH13NgOs" [M + H]™: caled 393.0942, found 393.0939. Anal. calcd fegHz,NgOs: C,

55.11; H, 3.08; N, 21.42; found: C, 54.86; H, 2.8521.33.

4.1.10. (1,3-Bis(2-bromo-4-nitrophenyl)triaz-2-eryl)(pyridin-3-yl) methanonél4k)

Method B, reaction time: 20 min. Yellow-brown soligield 49%; mp 142-144 °C
(MeOH/acetone); IR: 3098, 1702, 1583, 1531, 15¥85] 1469, 1418, 1345, 1289, 1250, 1223
cm’; 'H NMR (500 MHz, CDCJ): § (ppm) 7.33-7.39 (m, 1H), 7.50-7.55 (m, 1H), 7.5847
(m, 1H), 8.13-8.18 (m, 1H), 8.19-8.25 (m, 1H), 8843 (m, 1H), 8.48-8.51 (m, 1H), 8.65—
8.69 (m, 1H), 8.83-8.88 (m, 1H), 9.12-9.16 (m, 1HE NMR (126 MHz, CDGJ): 5 (ppm)
119.5, 122.7, 123.3, 123.5, 123.5, 124.0, 128.9,0120129.2, 131.8, 137.7, 141.1, 148.1, 148.8,

149.6, 150.7, 153.0, 168.1; HRMS (ESH)zfor CigH11BraNgOs™ [M + H]™: calcd 548.9152,
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found 548.9147. Anal. calcd for §H10BroNeOs: C, 39.30; H, 1.83; N, 15.28; found: C, 39.22; H,

1.73; N, 15.22.

4.1.11. (1,3-Bis(4-nitro-3-(trifluoromethyl)phenylaz-2-en-1-yl)(pyridin-3-yl)methanon@4l)
Method B, reaction time: 10 min. Pale yellow soltkld 36%; mp 131-133 °C (MeOH); IR:
3094, 2018, 1698, 1587, 1538, 1495, 1477, 14194,18514, 1293, 1271 ¢t *H NMR (500
MHz, CDCh): 6 (ppm) 7.52—7.58 (m, 1H), 7.65—-7.72 (m, 2H), 7.7861m, 1H), 7.81-7.85 (m,
1H), 7.92-7.98 (m, 1H), 8.11-8.16 (m, 1H), 8.1728(@, 1H), 8.85-8.92 (m, 1H), 9.08-9.13
(m, 1H);**C NMR (126 MHz, CDGJ): § (ppm) 121.30 (g = 274 Hz), 121.33 (q] = 274 Hz),
123.0 (g9,d = 5 Hz), 123.3, 125.21 (d,= 35 Hz), 125.25 () = 35 Hz), 125.6, 126.6, 126.8,
128.8, 129.1 (¢qJ = 5 Hz), 134.1, 137.7, 138.4, 147.9, 148.3, 14936.7, 153.2, 168.89; HRMS
(ESI+) m/z for CyH11FsNgOs™ [M + H]™: caled 529.0690, found 529.0690. Anal. calcd for

CaoH10FsNeOs: C, 45.47; H, 1.91; N, 15.91, found: C, 45.39;1F91; N, 15.67.

4.1.12. (1,3-Bis(2-chloro-4-nitrophenyl)triaz-2-&rnyl)(pyridin-4-yl)methanonél5e)

Method B, reaction time: 20 min. Pale violet soligield 63%; mp 140-142 °C
(MeOH/acetone); IR: 3092, 1698, 1586, 1520, 148,01 1346, 1293, 1249, 1223, 11317tm
'H NMR (500 MHz, CDCJ): 6 (ppm) 7.28-7.33 (m, 1H), 7.59-7.63 (m, 1H), 7.6821m, 2H),
8.08-8.14 (m, 1H), 8.30-8.34 (m, 1H), 8.34-8.39 {i), 8.49-8.54 (m, 1H), 8.85-8.93 (m,
2H); **C NMR (126 MHz, CDCJ): 6 (ppm) 119.6, 122.8, 123.0, 123.0, 125.7, 126.3,.7,3
133.3, 134.4, 138.7, 140.4, 148.2, 148.3, 149.0,315168.6; HRMS for ¢H1:CIoNgOs [M +
H]": calcd 461.0162, found 461.0165. Anal. calcd fagHzCloNgOs: C, 46.87; H, 2.19; N,

18.22; found: C, 46.76; H, 2.16; N, 18.01.
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4.1.13. (1,3-Bis(2-fluoro-4-nitrophenyl)triaz-2-dnyl)(pyridin-4-yl)methanonél5i)

Method B, reaction time: 10 min. Brown solid; yié@d%; mp 136-138 °C (MeOH); IR: 3087,
1720, 1704, 1592, 1531, 1482, 1405, 1349, 131®,1283 crit; *H NMR (500 MHz, CDC}):
5 (ppm) 7.35-7.42 (m, 1H), 7.57-7.65 (m, 1H), 7.6827(m, 2H), 7.98-8.10 (m, 2H), 8.16—
8.23 (m, 1H), 8.24-8.32 (m, 1H), 8.79-8.99 (m, 2HE NMR (126 MHz, CDG)): ¢ (ppm)
112.7 (d,J = 25 Hz), 113.4 (dJ = 25 Hz), 120.0 (dJ = 22 Hz), 120.0 (dJ = 22 Hz), 121.4,
123.1, 128.1 (d] = 15 Hz), 131.5, 139.9 (d, = 8 Hz), 140.2, 148.6 (d} = 8 Hz), 149.7 (dJ =
8 Hz), 150.2, 156.5 (dJ = 260 Hz), 157.3 (dJ = 260 Hz), 168.8; HRMS (ESI+n/z for
CigH11FoNgOs" [M + H]™: calcd 429.0754, found 429.0750. Anal. calcd fesHzoF2NgOs: C,

50.48; H, 2.35; N, 19.62; found: C, 50.18; H, 2.R219.36.

4.1.14. (1,3-Bis(4-nitrophenyl)triaz-2-en-1-yl)(min-4-yl)methanong15))

Method B, reaction time: 10 min. Yellow solid; yie94%; mp 156-158 °C (MeOH/acetone);
IR: 3034, 1699, 1609, 1591, 1553, 1518, 1489, 14467, 1366, 1343, 1295 cm'H NMR
(500 MHz, CDC4): 6 (ppm) 7.42—7.54 (m, 4H), 7.63-7.70 (m, 2H), 8.2288m, 2H), 8.43—
8.49 (m, 2H), 8.85-8.91 (m, 2H)*C NMR (126 MHz, CDGCJ): ¢ (ppm) 100.0, 123.1, 123.2,
124.9, 125.0, 130.2, 140.2, 141.0, 148.3, 150.2,45HRMS (ESI+)m/zfor C;gH13N¢Os" [M +
H]*: calcd 393.0942, found 393.0944. Anal. calcd fesHz:NeOs: C, 55.11; H, 3.08; N, 21.42;

found: C, 54.86; H, 2.88; N, 21.45.

4.1.15. (1,3-Bis(2-bromo-4-nitrophenyl)triaz-2-er)(pyridin-4-yl) methanoné15k)
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Method B, reaction time: 20 min. Pale yellow soligield 67%; mp 162-164 °C
(MeOH/acetone); IR: 3087, 2112, 1698, 1593, 152B0] 1409, 1344, 1290, 1249, 1211tm
'H NMR (500 MHz, CDCJ): 6 (ppm) 7.26—7.31 (m, 1H), 7.57—7.61 (m, 1H), 7.6941m, 2H),
8.12-8.18 (m, 1H), 8.39-8.43 (m, 1H), 8.48-8.52 {i), 8.66-8.70 (m, 1H), 8.86-8.90 (m,
2H); *C NMR (126 MHz, CDCJ): 6 (ppm) 119.4, 122.8, 123.0, 123.5, 123.6, 124.@.7,2
129.2, 131.8, 140.4, 140.7, 148.2, 148.9, 149.5).315168.4; HRMS (ESI+)m/z for
CisH11Br2NgOs" [M + H]™: caled 548.9152, found 548.9149. Anal. calcd fesHzoBroNgOs: C,

39.30; H, 1.83; N, 15.28; found: C, 39.31; H, 1.M415.18.

4.1.16. (1,3-Bis(4-nitro-3-(trifluoromethyl)phenyl®z-2-en-1-yl)(pyridin-4-yl)methanor(&5I)
Method B, reaction time: 10 min. Pale yellow solighield 72%; mp 128-130 °C
(MeOH/acetone); IR: 3079, 1704, 1594, 1535, 144a5] 1354, 1294, 1271, 1210, 1135 &m
H NMR (500 MHz, CDCJ): 6 (ppm) 7.61—7.71 (m, 4H), 7.75-7.79 (m, 1H), 7.8831m, 1H),
7.92-7.97 (m, 1H), 8.11-8.16 (m, 1H), 8.87-8.93 2H); °C NMR (126 MHz, CDGCJ): §
(ppm) 121.3 (gJ = 274 Hz), 121.3 (q) = 274 Hz), 122.9 (q) = 5 Hz), 123.1, 125.3 (¢ = 35
Hz), 125.5 (gJ = 35 Hz), 125.7, 126.6, 126.8, 129.0 Jg= 5 Hz), 134.0, 138.0, 140.2, 148.1,
148.4, 149.5, 150.3, 169.2; HRMS (ESI)z for CooH11FsNgOs' [M + H]*: calcd 529.0690,
found 529.0688. Anal. calcd foragH10FsN6Os: C, 45.47; H, 1.91; N, 15.91. Found: C, 45.25; H,

1.76; N, 15.63.

4.1.17. N,N,Nriethyl-3-methoxy-3-oxoprop-1-en-1-aminium 1,3{#-nitro-2-(trifluoromethyl)

phenyl)triaz-2-en-1-id¢16a)
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Method C. Green solid; yield 94%; mp 140-142 °C QWB; IR: 3735, 3649, 3103, 2988,
1720, 1651, 1599, 1576, 1494, 1457 tnH NMR (500 MHz, DMSO#€): 5 (ppm) 1.15 (t] =
7.2 Hz, 9H), 3.57 (@) = 7.2 Hz, 6H), 3.78 (s, 3H), 6.65 (@ = 14.4 Hz, 1H), 7.18 (d] = 14.4
Hz, 1H), 7.88-7.95 (m, 2H), 8.21-8.28 (m, 2H), 8887 (m, 2H);"*C NMR (126 MHz,
DMSO-de): § (ppm) 7.5, 52.5, 54.0, 116.8, 119.4 Jg= 30 Hz), 122.5, 122.9 (d), = 6 Hz),
123.7 (q,d = 273 Hz), 127.5, 139.8, 145.7, 158.3, 163.7; HRMSIHE m/z for CioHooNO,"
[M]™: calcd 186.1489, found 186.1488; HRMS (ESa{g for CisHsFsNsO4 [M] ™ 422.0329,
found 422.0332. Anal. calcd for4H26FsN6Os: C, 47.37; H, 4.31; N, 13.81. Found: C, 47.30; H,

4.07; N, 13.84.

4.1.18. 3-Ethoxy-N,N,N-triethyl-3-oxoprop-1-en-1liaiemm 1,3-bis(4-nitro-2-(trifluoromethyl)
phenyl)triaz-2-en-1-id€17a)

Method C. Green solid; yield 92%; mp 128-130 °CQMH}; IR: 3085, 2948, 1715, 1649,
1596, 1574, 1494, 1455, 1436, 1396 tH NMR (500 MHz, DMSOds): J (ppm) 1.15 (tJ =
7.1 Hz, 9H), 1.27 (t) = 7.1 Hz, 3H), 3.57 (¢J = 7.1 Hz, 6H), 4.24 (qJ = 7.1 Hz, 2H), 6.64 (d,
J =14.4 Hz, 1H), 7.16 (d) = 14.4 Hz, 1H), 7.88-7.93 (m, 2H), 8.22-8.27 (m, 28131-8.35
(m, 2H):;*C NMR (126 MHz, DMSOdg): 6 (ppm) 7.5, 13.9, 54.0, 61.5, 116.8, 119.4)(g, 30
Hz), 122.8, 122.9 (q] = 6 Hz), 123.7 (¢J = 273 Hz), 127.5, 139.7, 145.6, 158.6, 163.3; HRMS
for Ci1H2oNO, [M]™: caled 200.1645, found 200.1644; HRMS (EStajz for Ci4HeFsNsO4
[M]™: calcd 422.0329, found 422.0332. Anal. calcd fegHzsFsNgOs: C, 48.23; H, 4.53; N,

13.50. Found: C, 48.19; H, 4.27; N, 13.45.

4.1.19. Potassium 1,3-bis(4-nitro-2-(trifluoromdjpyenyl)triaz-2-en-1-id€19a)
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Method D. Violet solid; yield 93%; mp 295-297 °C €MN/H0O); IR: 3112, 2114, 1733,
1715, 1601, 15831505, 1465, 1436, 1415%hd NMR (500 MHz, DMSO€e): 6 (ppm) 7.88—
7.96 (m, 2H), 8.23-8.30 (m, 2H), 8.32-8.40 (m, 28, NMR (126 MHz, DMSOdg): 6 (ppm)
117.0, 119.5 (gJ = 30 Hz), 122.9 (qJ = 6 Hz), 123.7 (q) = 273 Hz), 127.6, 140.0, 157.9;
HRMS (ESI-)m/z for Ci4HgFeNsO4 [M] ™ calcd 422.0329, found 422.0327. Anal. calcd for

C14HsFsKN504 % 0.5 HO: caled C, 35.75; H, 1.50; N, 14.89; found: C,735H, 1.38; N, 14.73.

4.2. Bacterial strains and growth conditions

Acinetobacter baumann”ATCC 19606,A. baumanniiATCC BAA-1605, Bacilus subtilis
subsp. subtilisATCC 6051, Klebsiella pneumoniaéATCC 13882, K. pneumoniaeATCC
700603, Pseudomonas aeruginos&aTCC 27853 were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). Meihn resistantStaphylococcus aureus
(MRSA) USA300 was obtained from the culture coileet of Professor C. G. Dowson
(Warwick). Escherichia coliD22, E. coli N43 CGSC 5583 an®. aeruginosaPA0001 were
generously donated from the strain collection obt8iLtd. Saccharomyces cerevisiaeild
strain, Streptococcus pneumoni&s$, Vancomycin resistaiiinterococcus faecali&/REF) 501,
Escherichia coli DH10B (Invitrogen) pHULUC3/DH1B, MRSA wild strain 1653 and
Mycobacterium smegmatMC2 155 were obtained from the culture collectainProfessor C.
G. Dowson (Warwick). The direct colony suspensioathnd described by the Clinical and
Laboratory Standards Institute (CLSI) was used ifoculum preparation [41]. Inoculum
suspensions were prepared from isolated coloniested from a 20 h to 24 h growth (96 h in
case ofM. smegmatidMC2 155) on tryptic soy agar (TSAA( baumanniiATCC 19606,A.

baumannilATCC BAA-1605,K. pneumoniadTCC 13882 K. pneumoniaddTCC 700603 M.
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smegmatigMC2 155), Luria broth (LB) agarE( coli DH103, E. coli D22, E. coli N43 CGSC
5583,P. aeruginosaATCC 27853 P. aeruginosd?A0001), yeast extract Peptone (YEP) a&ar (
cerevisiaewild strain) and Brain-Heart Infusion (BHI) agarpplemented with 5% (v/v) sheep
blood (Thermo Scientific) (MRSA USA300, MRSA wildrain 1653,S. pneumoniaR6, VREF

501).

4.3. Determination of Minimal-Inhibitory Concentians (MICs) and Minimal-Bactericidal
Concentrations (MBCs)

All MIC determinations were performed in polystyeefi6-well plates (Falcon) covered with
seals (4titude, ABgene, Excel Scientific), witHesst one duplicate. Growth was recorded using
a plate reader (BMG Labtech Clario star, Thermae®&dic Varioskan Flash or Labsystems
IEMS Reader MF). MICs were determined in accordawmit® the microdilution procedure
recommended by EUCAST [42]. The MICs f&rcoli strains, MRSA USA300 an@acilus
subtilis ATCC 6051 were determined using LB broth. The fibatterial inoculum was 2x10
CFU/mL and the results were read after 18—20 hbé@incubation at 37 °C. The same protocol,
but with a final bacterial inoculum of 3x4@FU/mL, was used fdP. aeruginosastrains and the
MRSA wild-type strain. The MICs againgt. baumanniiand K. pneumoniaestrains were
determined using TSB broth, with a final bacteifmculum of 3x16 CFU/mL. Inoculated
microtiter plates were aerobically incubated for2@ h at 37 °C. We also determined MICs for
the tested compounds agair&t pneumoniadR6, with a final bacterial inoculum of 5x%10
CFU/mL, grown in BHI broth, the results being regfter 18-20 h anaerobic incubation at 37
°C. The MICs against VREF 501 were determined uBHgbroth. The final bacterial inoculum

was 3x10 CFU/mL and the results were read after 18-20 lobéerincubation at 37 °C.
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Microtiter plates inoculated witM. smegmatisViC2 155 in TSB broth (final inoculum 1x10
CFU/mL) were incubated aerobically for 94-98 h &t°& prior to recording the results. YEP
broth was used for MIC determination agaiBsterevisiaavild-type strain. The final inoculum
cell density was 1xPOCFU/mL and the results were read after 18—20 btaeincubation at 30
°C. The same protocols as above were used to daeeiMBCs for the tested compounds. After
the appropriate incubation time, the contents efuiells at concentrations corresponding to the
MIC, 2 x MIC, 4 x MIC, 8 x MIC (or above if necesgawere mixed, and a 1L portion was
plated onto the corresponding (see Bacterial Straimd Growth Conditions) antibiotic-free agar
plates, and incubated for 18-20 h (in cas®ogmegmatidC2 155 96 h) prior to visualization.

When the MIC was above 128/mL, MBC was not measured.

4.4. Membrane integrity assay

Cell membrane damage was quantitatively determméd fluorescence measurements taken
in a microplate reader (Varioskan Flash) using LIMEAD® Bad.ight™ Bacterial Viability Kit
(Invitrogen), repeated at least in triplicate. Sarspons of bacterial cells, previously grown on
corresponding antibiotic-free agar plates (see @adt Strains and Growth Conditions), in
0.85% (w/v) NaCl solution, were divided into twouad| portions and centrifuged at 4@0f@r 20
min. One pellet, composed of live cells, was sudpdrin 0.85% (w/v) NaCl solution to yield an
absorbance (Ofgo) of 0.2. The same amount of isopropanol (70% wap added to the pellet
composed of dead bacterial cells. Both suspensi@ns incubated, with gentle shaking, for 1 h
at room temperature. They were then harvested birittegation at 4000 for 20 min. Pellets
were suspended in equal amount of 0.85% (v/v) NaGlield a live cell suspension of @f3

0.2. Different proportions of live and dead cellsremixed to obtain cell suspensions containing
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different ratios of live and dead cells. 2400 of these cell mixtures were distributed into sepa
wells of a 96-well flat bottom black microtiter pdacontaining 3.2L DMSO in order to create a
standard curve for comparison (see Supporting mmébion). Additionally, 10QuL of live cells
was pipetted into wells containing the triazeneusohs in 3.2uL. DMSO. The plates were
incubated for 30 min at 37 °C, then 100 dye solution (3uL each component in 1 mL water)
was added. After 15 min incubation in the darkoatn temperature, fluorescence was measured

(excitation wavelength 485 nm, emissions 530 nm&8@nm).

4.5. Synergistic effects of triazenes with comra#lycavailable antibiotics

Synergy was determined by MIC measurement as tescin the “Determination of Minimal-
Inhibitory Concentrations (MICs) and Minimal-Badtedal Concentrations (MBCs)” section.
Selected ranges of different antibiotic concertrati(methicillin 0.25g/mL to 256ug/mL, and
vancomycin 0.25g/mL to 256ug/mL) and the corresponding triazene (0.Q@AmL to 0.25

ug/mL) were tested in all possible combinations.

4.6. Mutation frequency determination

Assays were carried out in triplicate. MRSA USA300culums were prepared in 15 mL LB
broth as described above (see “Bacterial StraidsGmowth Conditions” section). After a 18—20
h incubation at 37 °C, cultures were subjectedettaktenfold dilutions in sterile PBS buffer.
For cell counting, 10QiL of each dilution was plated onto BHI non-seleetsolid media. Cell
numbers were determined following a 20-24 h indobatt 37 °C, by performing colony counts
on the agar plates. For mutant cell counting §00f each dilution was plated onto selective

BHI solid media containing active compoudéa (0.03125ug/mL, 0.0625ug/mL, 0.09375
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ug/mL or 0.125ug/mL). Colony counts were then performed as ab®he. mutation rate value
was calculated as the ratio between the resisttehal cell count to the parental culture cell

count.

4.7. Genomic DNA extraction

DNA was obtained from MRSA USA300 resistant stranigained from the mutation rate
assays. First, strains were continuously grownedective BHI solid media plates for 20-24 h at
37 °C, with the appropriate concentration of compubli6a for 10 days. DNA extraction was
performed using a Wizard Genomic DNA Purificationt KPromega) according to the
manufacturer's instructions. As lytic enzymes, bbtsozyme (60uL, 10 pg/mL) (Sigma

Aldrich) and lysostaphin (60L, 1 ng/mL) (Sigma Aldrich) were used.

4.8. Whole genome sequencing

1l6aResistant MRSA USA300 strains were used for segjugn Short reads were generated
using the Illumina MiSeq platform. The genome segeeof the closely relate8. aureus
USA300_TCH1516, available from the NCBI archive][48as used as a reference. Reads were
aligned to the reference genome using SMALT [44rights were detected based on the criteria
described by Harris and colleagues [45]. Briefiylydbases with a Phred quality score above 50
were assessed (corresponding to a 99.999% baséngcadiccuracy; www.phrap.org;
www.illumina.com). A SNP was called if more than%®f four or more reads (at least two
reads aligning to the forward and reverse strangparted the SNP. The site was otherwise

identified as missing data. Short sequence insextamd deletions (indels) were identified during
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the SMALT alignment process, and using the prog’dNMDEL [46] to identify split reads i.e.
where only part of a read mapped to the reference.

On average, over 99.09% of reads mapped to theeoheserence. Variation was then filtered
so that mutant isolates could be compared direotiye control isolate (MRSA USA300) used

in the laboratory assays.

4.9. In vitro cytotoxicity assay

Compound cytotoxicity was determined using the welt of primary normal human
keratinocytes. Cells were grown as a monolayeuogliin Dulbecco’snodified Eagle’s medium,
DMEM (GIBCO), supplemented with 10% (v/v) fetal gser (GIBCO) at 37 °C with 5% (v/v)
CO,. Cellular sensitivity to the most promising compds was determined using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode (MTT) assay [47]. Cells were seeded in
96-well tissue culture plates (3000 cells/0.18 medmm/well) and incubated for 24 h. The
compounds were dissolved in DMSO and diluted wittowgh medium to different
concentrations, with 2QL of each dilution being added to each well. Thghkst DMSO % that
we applied was 0.25%, which was not toxic to cellthe MTT assay. Each concentration was
tested in quadruplicate. Following a 72 h incubatd 37 °C, the medium was aspirated, and 20
ug of MTT dye/0.04 mL medium was added to each wedlur hours later, formazan crystals
were dissolved in DMSO (0.17 mL/well), and the etatvere mechanically agitated for 5 min.
The optical density at 545 nm was determined on ierotiter plate reader (Awareness

Technology Inc.), with each experiment being repedfiree times.
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1. New triazenes with antimicrobial properties are synthesized.

2. High activity against MRSA (0.02 pg/mL) and M. Smegmatis (0.03 pg/mL) is shown.
3. Compounds are not acting as growth inhibitors of mammalian cell lines or yeast.

4. Selected triazene is subject to very low frequencies of resistance at <107°.

5. Whole genome sequencing of resistant isolates is performed.



