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ABSTRACT

Author: Kyei-Baffour, Kwaku. PhD

Institution: Purdue University

Degree Received: May 2019

Title: Development of Aryl Isonitriles as Antimicrobial Agents, and Total Synthesis of 17-nor-
Excelsinidine

Committee Chair: Mingji Dai

Infectious diseases caused by bacteria, fungi, and plasmodium parasites are a huge global
health problem which ultimately leads to millions of deaths annually. The emergence of strains
that exhibit resistance to nearly every class of antimicrobial agents, and the inability to keep up
with these resistance trends has brought to the fore the need for new therapeutic agents
(antibacterial, antifungal, and antimalarial) with novel scaffolds and functionalities capable of
targeting microbial resistance. A novel class of compounds featuring an aryl isonitrile moiety
has been discovered that exhibits potent inhibitory activity against several clinically relevant
strains of methicillin-resistant Staphylococcus aureus (MRSA). Synthesis, structure-activity
relationship (SAR) studies, and biological investigations have led to lead molecules that exhibit
anti-MRSA inhibitory activity as low as 1 —2 uM. The most potent compounds have also been
shown to have low toxicity against mammalian cells and exhibit in vivo efficacy in MRSA skin
and thigh infection mouse models.

The novel aryl isonitriles have also been evaluated for antifungal activity. This study
examines the SAR of aryl isonitrile compounds and showed the isonitriles as compounds that
exhibit broad spectrum antifungal activity against species of Candida and Cryptococcus. The
most potent derivatives are capable of inhibiting growth of these pathogens at concentrations as
low as 0.5 pM. Notably, the most active compounds exhibit excellent safety profile and are non-
toxic to mammalian cells up to 256 uM.

Beyond the antibacterial and antifungal activities, structure-antimalarial relationship analysis
of over 40 novel aryl isonitrile compounds has established the importance of the isonitrile
functionality as an important moiety for antimalarial activity. Of the many isonitrile compounds
exhibiting potent antimalarial activity, two have emerged as leads with activity comparable to

that of Artemisinin. The SAR details presented in this study will prove essential for the
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development new aryl isonitrile analogues to advance them to the next step in the antimalarial
drug discovery process.

17-nor-Excelsinidine, a zwitterion monoterpene indole alkaloid isolated from Alstonia
scholaris is a subject of synthetic scrutiny. This is primarily due to its intriguing chemical
structure which includes a bridged bicyclic ammonium moiety, and its anti-adenovirus and anti-
HSV activity. Herein we describe a six-step total synthesis of (£)-17-nor-Excelsinidine from
tryptamine. Key to the success of this synthesis is the use of palladium-catalyzed carbonylative
heck lactamization methodology which built the 6, 7-membered ring lactam in one step. The
resulting pentacyclic product, beyond facilitating the easy access to (£)-17-nor-Excelsinidine,

could also serve as a precursor to other related indole alkaloids.
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CHAPTER 1. DISCOVERY, OPTIMIZATION, AND BIOLOGICAL
EVALUATION OF ARYL ISONITRILES AS ANTIBACTERIAL
AGENTS

1.1 Introduction

Bacterial infections resistant to current antibiotics continue to pose a major global health
problem that requires the constant identification and development of new antibacterial agents.
Extensive research efforts and funding over the years have focused on identifying new agents to
treat Gram-negative bacterial infections, particularly those caused by carbapenem-resistant
Enterobacteriaceae (CRE); however, the reality remains that Gram-positive bacteria (particularly
methicillin-resistant S. aureus (MRSA)) are more frequent sources of community-acquired and
nosocomial infections, particularly in the United States of America.! In 2013, the US Center for
Disease Control and Prevention noted that serious infections caused by MRSA (>80,000) alone
outnumbered infections  attributed to extended-spectrum  [B-lactamase  producing
Enterobacteriaceae (26,000), CRE (9,000), multidrug-resistant Acinetobacter (7,300), and
multidrug-resistant Pseudomonas aeruginosa (6,700) combined.* In addition, there has been
remarkably more fatalities attributed to MRSA infections (11,285 deaths) relative to infections
caused by drug-resistant Gram-negative pathogens (3,240 deaths).* Given MRSA infections
continue to be a problem in both healthcare and community settings, and resistant isolates to key
antibiotics (vancomycin and linezolid) used to treat MRSA infections have emerged,’>® new
antibacterial agents are urgently needed.

Although there are numerous antibacterial development programs ongoing to develop new
therapeutics, most of these often focus on the optimization of already existing antibiotic scaffolds
(i.e. B-lactams, quinolones, glycopeptides, oxazolidinones). This line of action has led to the
regulatory approval of a variety of new antibacterial agents to treat MRSA infections. These
include delafloxacin, dalbavancin, oritavancin, and tedizolid phosphate with improved potency

relative to other antibiotics in the same drug class.’

Adapted with permission from Bioorganic and Medicinal Chemistry. 2019, 27, 1845-1854.
Copyright 2019 Elsevier
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Nonetheless, bacterial resistance to these newer agents is most probably unpreventable,
particularly given the structural similarity to existing antibiotics, which will further hinder
clinicians’ ability to effectively treat drug-resistant bacterial infections. Identifying novel
antibacterial agents with unique and unexploited scaffolds or mechanisms of action is vital to
circumvent the growing challenge of treating drug-resistant bacterial infections.

In an ongoing effort to identify compounds with unique functionalities and scaffolds
capable of targeting multidrug-resistant bacterial infections, we recently identified aryl isonitriles
as a unique class of compounds with anti-MRSA activity.!” Though extensive efforts in isolating
naturally occurring isonitriles from marine sponges and cyanobacteria have led to isonitriles that
exhibit antimicrobial activity, these compounds have been precluded from extensive medicinal
chemistry and structure-activity-relationship (SAR) studies.!!"!* This is primarily because their
complex structural motifs make them very difficult to access. Therefore, the isonitrile functionality
and the aryl isonitrile scaffold remain one of the least extensively studied scaffolds. SAR studies
on the first series of over 40 aryl isonitriles revealed the isonitrile functionality as the most essential
structural component that contributed to the antibacterial activity of the compounds. The presence
of a second non-isonitrile-bearing aromatic ring and an alkene bridge/linker were also shown to
be important. However, substituents incorporated on this bridge did not result in improved

antibacterial activity (Figure 1.1).

Alkyl/Aryl substituent on bridge Second aromatic ring favored

not tolerated \ /

R

L o | «——— Alkene bridge favored
Isonitrile functionality

—— > onf
greatly favored Z

Figure 1.1. First generation SAR.
In light of this, the current work further explores the structural-anti-bacterial activity of a

second-generation of aryl isonitriles, understand their spectrum of antibacterial activity, and

evaluate the most promising analogue’s activity in a mouse model of MRSA infection. These
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studies take into account a novel group of stilbene bis-isonitriles and also explores new stilbene
aryl isonitriles with medicinally-relevant structural molecules and heterocyclic moieties. Aryl
isonitriles with a saturated linker have also been evaluated (Figure 1.2). From this effort,
compound 1.3 and 1.4 emerged as new lead compounds with antibacterial activity in vitro and in

vivo against MRSA (Figure 1.3).

Ar

= I . g . P
.. » NC  Inclusion of an additional isonitrile
= Dy Incorporating small molecules

A Cl, MeO, F, CF,
Ar

s
2 =

CN- Addition of heterocyclic moieties

0 O o
\N ~__N \\

e

Figure 1.2. Design strategy for the second-generation aryl isonitrile compounds.

9 Q b )
| —> | N
C SO - '
N . e N
1.3 1.4

1.1 1.2
INITIAL FIRST CURRENT
HIT GENERATION LEADS
COMPOUND LEAD
- MIC = 32 uM -MIC =4 pM -MIC =2 uM
(MRSA USA300) (MRSA USA300) (MRSA USA300)

- in vivo antibacterial activity
against murine skin and thigh infection mouse model

Figure 1.3. Structural evolution leading to current lead aryl isonitrile compound and minimum
inhibitory concentration (MIC) values against methicillin-resistant S. aureus (MRSA).
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1.2 Results
1.2.1  Synthesis of new aryl isonitrile analogues

Following the identification of 1.1 as the initial hit aryl isonitrile from the first-generation
compounds and subsequent synthetic exploration leading to 1.2 as the lead molecule (Figure 1.3),
our initial synthetic efforts were geared towards incorporating medicinally-relevant groups to the
aryl isonitrile core. These groups include electron donating and electron withdrawing small
molecules such as fluoro, chloro, trifluoromethyl, and methoxy groups.!>!” To access these novel
stilbene isonitriles, a Michaelis-Arbuzov reaction involving the commercially available
nitrobenzyl bromide starting material (1.5) was used to form nitrobenzyl phosphonate (1.6).'%
Subsequent reduction of the nitro group, followed by Hofmann isonitrile conversion of the
resulting amine, led to the formation of the isonitrile phosphonate (1.7).!° Serving as the divergent
point, the isonitrile phosphonate was then subjected to Horner-Wadsworth-Emmons (HWE)?
reaction to produce isonitrile compounds 1.8-1.13, from their respective aldehydes (Scheme 1.1).
The above-mentioned synthetic process was also employed to synthesize aryl isonitriles to explore

the importance of incorporating heterocyclic moieties as the second aromatic ring. These

analogues included furan (1.14) and quinoline (1.15 and 1.16) groups.

R1
B DIPA, THF
" POEY POOEY i parC, Hy, 80% OOz =Bl : J
—_— O) > /@/ e
f ] toluene iii. CHCly, BnEtzNCI -78 °C to RT
ON 12g°°o O.N 50% KOH, CHyCly  CN 40—96% CN
15 96% 1.6 5% 1.7 o 1.8-1.13
HJ\R‘
Z_y 1.8(X=p-OMe) 0\
<! " 1.9 (X = m-OMe) ~
1.10 (X = m-OMe, m-OMe) |
1.11 (X = p-CFy)
CN 1.12 (X = p-F) CN CN
1.13 (X = m-Cl, p-Cl) 1.14

Scheme 1.1. Synthesis of stilbene aryl isonitrile compounds.
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As part of SAR studies on the first-generation molecules, the isonitrile functionality was
identified as the integral component of the stilbene aryl isonitriles (Figure 1.1). Bis-isonitriles 1.19,
1.20, and 1.3 were therefore synthesized to explore the influence of an additional isonitrile group
on the antibacterial activity of the lead molecule 1.2. Similarly, using 1.6 as the divergent point,
the stilbene bis-isonitriles 1.19, 1.20, and 1.3 were synthesized (Scheme 1.2). HWE reaction
involving 1.6 and the corresponding nitro substituted benzaldehydes was employed as the first step
in the formation of dinitrostilbenes. The selective reduction of the nitro group followed by
Hoffmann isonitrile synthesis led to compounds 1.19 and 1.20. Bis-isonitrile 1.3 was prepared by

a stepwise formylation and POCls-promoted dehydration of the corresponding diamine.

Z 3 Z
DIPA, THF 5 o NH —-NC
16 n-Buli SnCly.2H,0 CHCly, BnEt;NCI X
. _— Y
-78 °C to RT Conc. HCI 50% ag. KOH,
40—60% ethanol HoN CH,Cl,
o ON reflux 2 19—24% CN
60%
Ay ’ 1.18 1.19= 0NC
ON——_ i. Ac,0, HCOoH 1:20 = mNG
ii. POCly, NEt,
70%

<h

CNI

1.3

Scheme 1.2. Synthesis of stilbene bis-isonitriles.

Finally, after the synthesis of the stilbene isonitriles and the bis-isonitriles, the question
regarding the impact of an alkane bridge on the biological activity arose. This led to the synthesis
of compounds 1.22-1.29 (Scheme 1.3). In the synthesis of aryl isonitriles with an alkane linker,
HWE reaction involving 1.6 and various aldehydes was first employed to form the stilbene
compounds. A sequence of reduction and Hofmann isonitrile synthesis afforded the corresponding

aryl isonitriles in good yields.
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Scheme 1.3. Synthesis of isonitriles with an alkane bridge.

1.2.2  Initial screening and structure-activity relationship of new aryl isonitrile analogues

against MRSA NRS123 (USA400)

In order to investigate the antibacterial activity of the newly synthesized isonitrile
analogues, the minimum inhibitory concentration (MIC) against MRSA NRS123 was determined
using the broth microdilution assay (Table 1.1). The newly synthesized stilbene bis-isonitriles 1.19
(MIC =16 uM), 1.20 (MIC = 4 uM), and 1.3 (MIC = 8 uM) all exhibited moderate to good anti-
MRSA activity. The most potent analogues were compounds where the isonitrile moiety was
located in the meta- (1.20) or para- position (1.3). The moderate to good activity exhibited by the
stilbene bis-isonitriles further emphasized the importance of the isonitrile group for antibacterial
activity against MRSA. An eight-fold reduction in activity was observed when the most potent
stilbene bis-isonitrile 1.20 (MIC = 4 uM) was transformed to its saturated bis-isonitrile analogue
1.23 (MIC = 32 uM). The observance of a similar pattern for bis-isonitriles 1.19 (MIC =16 uM)
and 1.3 (MIC = 8 uM) with respect to the saturated bis-isonitrile analogues 1.22 and 1.24 (MIC >
64 uM) further emphasized the importance of the alkene linker.

Intrigued by the importance of the non-isonitrile-bearing aromatic ring resulting from the
previous SAR studies, heterocyclic moieties with established therapeutic properties and widely
known in medicinal chemistry to improve the physicochemical and pharmacokinetic properties of
lead molecules were investigated.?!: 22 While none of these heterocyclic-containing aryl isonitriles

positively improved the activity of the lead compound, the quinoline-containing compound 1.15
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(MIC = 8 uM) was more potent than the quinoline analogue 1.16 (MIC > 64 uM) and furan
analogue 1.14 (MIC = 32 uM). The anti-MRSA activity was however not comparable to that of
the previously reported most active pyridine compound 1.4 (MIC = 8 uM). All of the saturated
pyridine derivatives exhibited weaker anti-MRSA activity compared to their corresponding
stilbene isonitriles.

With the knowledge of the medicinal importance of F, -OCH3, Cl and CF3 and their value
in the enhancement of the pharmacokinetic and physiochemical activity of several therapeutic
small molecule candidates, installing these species on the aryl isonitrile compounds was
investigated.!>"!7 Of the methoxy substituted derivatives, the meta-substituted methoxy 1.9 (MIC
=2 uM) was the most potent analogue, but adding the second methoxy group (1.10) significantly
reduced the compound’s anti-MRSA activity (MIC = 64 uM). Interestingly, none of the analogues
with electron-withdrawing fluoro, chloro, and trifluoromethyl groups exhibited a major
improvement in anti-MRSA activity. This reveals that having the right electronic environment

around the second aromatic ring is essential.



23

Table 1.1. Minimum inhibitory concentration (MIC, in uM) of second-generation aryl isonitrile
analogues and control antibiotics against methicillin-resistant Staphylococcus aureus (MRSA)
NRS123 (USA400).

Compound/Drug MRSA NRS123
Name (USA 400)
MIC
1.3 8 >64
1.4 8 >64
1.8 32 N.D.
1.9 2 N.D.
1.10 64 N.D.
1.11 32 N.D.
1.12 64 N.D.
1.13 >64 N.D.
1.14 32 N.D.
1.15 8 >64
1.16 >64 N.D.
1.19 16 N.D.
1.20 4 >64
1.22 >64 N.D.
1.23 32 N.D.
1.24 >64 N.D.
1.25 64 N.D.
1.26 >64 N.D.
1.27 >64 N.D.
1.28 16 N.D.
1.29 32 N.D.
Linezolid 1 16
Vancomycin 1 1

IN.D. = Not determined

1.2.3  Evaluation of most potent analogues against additional strains of S. aureus

The four most potent analogues from the initial screening (1.9, 1.15, 1.20, and 1.3),
together with 1.4 which had shown promising anti-MRSA activity (Table 1.1) were further
evaluated against additional MRSA clinical isolates (Table 1.2). The S. aureus clinical isolates
included strains resistant to linezolid (NRS119) and vancomycin (VRS10, VRS1la), two
antibiotics frequently prescribed to treat MRSA infections. When evaluated against MRSA
NRS384 (USA300), all five aryl isonitrile compounds inhibited growth at concentrations ranging
from 1 —4 pM. Methoxy analog 1.9 (MIC = 1 uM) and bis-isonitrile 1.3 (MIC =2 pM) were more
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potent than first generation lead 1.2 (MIC = 4 uM) against MRSA NRS384. However, quinoline
isonitrile 1.15 (MIC = 4 uM), bis-isonitrile 1.20 (MIC = 4 uM), and pyridine isonitrile 1.4 (MIC
= 4 uM) exhibited similar potency to 1.2. Against MRSA NRS119, 1.9 and 1.3 were the most
potent analogues (MIC = 1 uM), followed by 1.4 (MIC = 2 uM), 1.15 (MIC = 4 uM), and 1.20
(MIC =4 uM). Once again, the second-generation analogues 1.3 and 1.9 proved more potent than
the first-generation lead 1.2 (MIC =4 uM). All five compounds were more potent than linezolid
(MIC = 32 uM) against MRSA NRS119. The MIC results obtained against MRSA NRS384
(USA300) and MRSA NRS119 (linezolid-resistant S. aureus) demonstrate that incorporating a
second isonitrile functionality (as in compound 1.3) improved the antibacterial activity of the first-
generation lead molecule 1.2.

Against two S. aureus strains (VRS10 and VRS11a) resistant to vancomycin (MIC > 64
uM), compounds 1.3, 1.4, and 1.9 retained their antibacterial activity (MIC ranged from 2 — 8 uM).
Interestingly, 1.15 (MIC = 32 pM) exhibited very poor antibacterial activity against VRS10. Thus,

this compound was eliminated from further biological evaluation.

Table 1.2. Minimum inhibitory concentration (MIC, in pM) and MBC of the four most potent
aryl isonitrile compounds and control antibiotics against methicillin-sensitive (MSSA),
methicillin-resistant (MRSA), linezolid-resistant (LRSA), and vancomycin-resistant S. aureus.

Compound MRSA MRSA MRSA VRS10 VRS11a
Name NRS119 NRS384 NRS385 (VRSA) (VRSA)
(LRSA) (USA300) | (USAS00)
MIC | MBC | MIC | MBC MIC MIC | MBC MIC
1.3 1 >64 2 >64 8 8 >64 8
1.4 2 >64 4 >64 N.D. 8 >64 8
1.9 1 >64 1 >64 4 2 >64 4
1.15 4 >64 4 >64 N.D. 32 >64 N.D.
1.20 2 4 4 >64 16 8 >64 16
Linezolid 32 64 2 16 4 2 32 2
Vancomycin 1 1 1 1 1 >64 >64 >64

IN.D. = Not determined
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1.2.4  The aryl isonitrile compounds are bacteriostatic agents against MRSA

Previously, the first-generation aryl isonitrile compounds were found to exhibit
bacteriostatic activity against MRSA in vitro.! To determine if the second-generation aryl
isonitriles exhibit a similar behavior, the minimum bactericidal concentration (MBC) against
MRSA and VRSA was determined for the four most potent analogues (1.3, 1.4, 1.9, and 1.20).
The MBC was found to exceed 64 uM for all four compounds against MRSA NRS123 (Table 1.1),
MRSA NRS119, MRSA NRS384, and VRSA VRSI10 (Table 1.2). The MBC values were more
than three-fold higher than the MIC values for each compound, indicating these compounds are
bacteriostatic. A similar result was observed for linezolid, an antibiotic previously shown to exhibit
bacteriostatic activity against MRSA in vitro.!%!2 In order to confirm the aryl isonitrile compounds
were in fact bacteriostatic agents against MRSA in vitro, a time-kill assay was conducted against
MRSA NRS123 (USA400). A three-log decrease in MRSA CFU within 24 hours would be
indicative of bactericidal activity. As depicted in Figure 1.4, no decrease in MRSA CFU was
observed in the presence of 4 x MIC of compounds 1.3, 1.4, and 1.20 over the course of 24 hours,
confirming the compounds possess bacteriostatic activity against MRSA in vitro. Interestingly,
strong bacterial growth was observed in the presence of compound 1.9 after four hours (> 2-logio
increase). We observed the same result when the time-kill assay was repeated with 1.9. This
suggests a higher concentration/dose of 1.9 may be needed to achieve the same effect observed
with the other three aryl isonitrile compounds. Linezolid (at 4 x MIC) was able to decrease MRSA

CFU by 1.89-logio over 24 hours, confirming its bacteriostatic activity in vitro.
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Figure 1.4. Time-kill analysis of aryl isonitrile compounds 1.3, 1.4, 1.9, 1.20 and linezolid
(all at 4 x MIC) against methicillin-resistant Staphylococcus aureus (MRSA NRS123) over a 24-
hour incubation period at 37 °C. DMSO served as a negative.

1.2.5 Investigation of the antibacterial spectrum of activity of the aryl isonitrile compounds

To examine their spectrum of antibacterial activity, compounds 1.3, 1.4, 1.9, and 1.20 were
examined against clinical isolates from the ESKAPE pathogens (Enterococcus faecium €,
Klebsiella pneumoniae (K), Acinetobacter baumannii (A), Pseudomonas aeruginosa (P), and
Enterobacter species (E) (Table 1.3). Collectively, these six pathogens are a significant source of
hospital-acquired bacterial infections and exhibit resistance to most clinically available
antibiotics.?® 2* All four compounds were significantly less potent or inactive (MIC > 64 uM)
against vancomycin-resistant £. faecium (VRE), K. pneumoniae, A. baumannii, P. aeruginosa, and
E. cloacae, similar to the antibiotics erythromycin, linezolid, and vancomycin. The compounds
were also evaluated against two additional clinically-relevant Gram-positive bacterial pathogens,
Staphylococcus epidermidis and Streptococcus pneumoniae. Three compounds exhibited potent
activity against methicillin-resistant S. epidermidis (MIC = 1 uM). Against, penicillin-resistant S.
pneumoniae, 1.9 was the most potent compound (MIC = 4 uM) followed by 1.3 (MIC = 8§ uM).
Compound 1.20 was the least potent analogue against S. pneumoniae (MIC = 16 pM).
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Table 1.3. Minimum inhibitory concentration (MIC, in uM) of the three most potent aryl
isonitrile compounds and control antibiotics against clinically-relevant Gram-positive and Gram-
negative bacterial pathogens..

Bacterial Strain
S. S. E. A. E. K. Pseudomo
Test Agent | epidermi | pneumoni | faecium | bauman | cloac | pneumoni nas
dis ae ATCC700 nii ae | ae ATCC | aeruginosa
NRS101 | ATCC 221 BAA- | BAA-| BAA- ATCC
700677 1605 1134 1705 15442
1.3 1 8 >64 >64 >64 >64 >64
1.4 N.D. N.D. >64 >64 >64 >64 >64
1.9 1 4 >64 >64 >64 >64 >64
1.20 1 16 >64 >64 >64 >64 >64
Erythromy | N.D.! N.D. N.D. 16 >64 >64 >64
cin
Linezolid 2 2 0.50 >64 >64 >64 >64
Vancomyci 4 1 >64 32 >64 >64 >64
n

IN.D. = Not determined

1.2.6  Effect of the outer membrane and efflux pump on antibacterial activity against Gram-

negative bacterial pathogens

We hypothesized that the lack of antibacterial activity against Gram-negative bacteria
observed for the aryl isonitrile compounds was due either to the presence of the outer membrane
(OM) or due to expulsion via efflux pumps, two common resistance mechanisms utilized by Gram-
negative bacterial pathogens.”> The OM has been known to prevent numerous antibiotics
(including erythromycin) from gaining entry into the bacterial cell at sufficient concentrations to
bind to/inhibit the molecular target. To examine if the OM was impeding the antibacterial activity
of the aryl isonitrile compounds, compound 1.3 and control antibiotics were incubated with the
same Gram-negative bacterial species presented in Table 1.3 in the presence of a subinhibitory
concentration of the membrane-permeabilizing agent colistin. As presented in Table 1.4, a
noticeable improvement in the antibacterial activity of compound 1.3 was observed against A.
baumannii (MIC = 16 pM) and E. cloacae (MIC = 4 uM) indicating the OM was having a
deleterious effect on the antibacterial activity of this compound. Interestingly, no improvement in
antibacterial activity for 1.3, in the presence of colistin, was observed against K. pneumoniae and

P. aeruginosa, (similar to linezolid) suggesting the presence of the outer membrane was not solely
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responsible for the lack of activity observed in these particular pathogens. The antibacterial activity
of the antibiotic erythromycin, in the presence of colistin, improved against A. baumannii (MIC =
4 uM), E. cloacae (MIC = 1 uM), K. pneumoniae (MIC = 16 uM), and P. aeruginosa (MIC = 4
uM). Erythromycin is thought to be capable of diffusing across the OM but at a very slow rate.?
Thus permeabilizing the OM is expected to enhance penetration of the antibiotic into bacterial
cells.

We next examined if the presence of efflux pumps may be responsible for the lack of
antibacterial activity observed for the aryl isonitrile compounds against Gram-negative bacteria
(Table 1.4). These pathogens express different efflux pumps that confer resistance to numerous
antibiotics including the AdelJK efflux pump in 4. baumannii, AcrAB-TolC efflux pump (present
in E. coli E. cloacae, and K. pneumoniae) and its homologue MexAB-OprM (expressed by P.
aeruginosa).’®?” We evaluated the antibacterial activity of 1.3 against an Escherichia coli strain
(JW25113) deficient in the AcrAB-TolC efflux pump responsible for excluding many xenobiotics
from accumulating inside E. coli cells.”® No discernible improvement in antibacterial activity of
1.3 was observed against the mutant E. coli strain relative to the wild-type strain (BW25113). In
contrast, there was noticeable improvement in the antibacterial activity of erythromycin (MIC =2
uM) and linezolid (MIC = 16 uM), two substrates of the AcrAB-TolC efflux pump.2® 28 This
suggests that the presence of efflux pumps alone on the surface of the OM on Gram-negative
bacteria may not be responsible for conferring resistance to the aryl isonitrile compounds. We next
investigated if the combination of the outer membrane and efflux pumps may impede the
antibacterial activity of the aryl isonitrile compounds. The compound and control antibiotics were
incubated with a subinhibitory concentration of colistin against E. coli BW25113 and E. coli
JW25113. No improvement in the antibacterial activity of 1.3 (MIC > 64 uM) was observed in the
presence of colistin against E. coli JW25113. Similarly, no improvement in the MIC of linezolid
was observed against E. coli JW25113 in the absence and presence of colistin, indicating the lack
of antibacterial activity of linezolid observed against E. coli is due primarily to efflux. The MIC
of erythromycin against E. coli JW25113, in contrast, improved one-fold in the presence of colistin
indicating both the OM and efflux pumps interfere with the effect of this antibiotic against Gram-
negative bacteria, in agreement with previous reports.?® 2° Due to the lack of antibacterial activity
observed against VRE and Gram-negative bacterial pathogens, we moved to evaluate the aryl

isonitrile compounds antibacterial activity in vivo against MRSA
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Table 1.4. Minimum inhibitory concentration (MIC, in pM) of 1.3 and control antibiotics against
Gram-negative bacterial pathogens in the presence of a subinhibitory concentration of colistin

(COL).
Bacterial Strain
Test Agent A. E. K. P. E. coli E. coli
bauma | cloaca | pneumonia | aeruginos BW25113 JW25113
nnii e e ATCC a ATCC (AtolC)
BAA- | BAA- | BAA-1705 15442
1605 1134
(- |(+COL| (- |(+CoL
COL) ) COL )
1
)
1.3 16 4 >64 >64 >64 >64 >64 >64
Erythromycin 4 1 16 4 64 1 2 0.50
Linezolid >64 16 >64 >64 >64 >64 16 16

I No colistin added to the media

1.2.7 In silico pharmacokinetic evaluation of compound 1.3

MRSA is a source of infection for both superficial skin lesions and complicated systemic
infections. To determine a suitable animal model of MRSA infection to evaluate the aryl isonitrile
compounds, the pharmacokinetic profile of compound 1.3 and linezolid were simulated utilizing
a dose of 600 mg (as is commonly administered for linezolid in adult human patients). As shown
in Table 1.5, the results indicate that compound 1.3 would not be suitable for oral administration
for the treatment of systemic MRSA infections as it is not expected to attain a concentration in
plasma/blood sufficient to inhibit bacterial growth. The maximum plasma concentration (Crax)
predicted for compound 1.3 is 0.17 pg/mL (0.73 pM), whereas the MIC against MRSA ranges
from 1 to 8 uM. Intravenous administration of compound 1.3 is predicted to result in a slow rate
of clearance (12.58 mL/min-kg) correlating with a long half-life (22.90 hours) which could
alleviate the need for multiple daily dosing. The high values obtained for the volume of distribution
at steady-state for 1.3 (24.94 L/kg compared to 1.11 L/kg for linezolid) indicate this compound is
expected to distribute extensively into tissues. This may be due to the high degree of lipophilicity
(cLogP = 3.88) present with the compound. These pharmacokinetic simulations suggest that
though intravenous administration of 1.3 may be possible for treatment of systemic MRSA

infections, the extensive distribution of the compound into tissues would necessitate a higher dose
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be administered/continuous infusion of compound (to ensure the concentration remained above
the MIC to inhibit MRSA growth). The values obtained for linezolid via the in silico
pharmacokinetic simulation overall were in close proximity to experimental values obtained by
Stalker, ef al. from healthy human subjects administered a single 625 mg dose of linezolid either
orally or intravenously.’® However, the simulation underestimated the Cmax for linezolid and
overestimated the half-life and volume of distribution compared to the experimental values. Based
upon the in silico pharmacokinetic simulation, 1.3 appears most suitable for evaluation topically

to treat localized/uncomplicated MRSA skin infections.

Table 1.5. In silico pharmacokinetic analysis for 1.3 and linezolid (simulated at 600 mg).

Oral Intravenous
1.3 Linezolid | Linezolid 1.3 Linezolid | Linezolid
(Simulated) | (Simulated) | (Experime | (Simulated) | (Simulated) | (Experime
ntal)! ntal)
Crnax? 0.17 5.33 12.7 - - 13.4
(ug/mL)
tmax’ 3 2.75 1.33 - - 0.5
(hours)
Fraction 0.80 0.92 1.03 - - -
absorbed
(FAlast)
CL* - - - 12.58 1.09 1.74°
(mL/min-
kg)
t12° - - - 22.90 12.31 4.40
(hours)
MRT? - - - 12.82 17.04 -
(hours)
V4’ (L/kg) - - - 24.94 1.11 0.5810
Vss* (L/kg) - - - 9.68 1.12 -

!(adapted from Stalker DJ et al. J Antimicrob Chemother 2003, 51: 123946 (Table 2, 625 mg
dose))

2Cmax = maximum concentration of drug in plasma/blood; tmax = time required to reach Crmax
4CL = rate of clearance; t;» = half-life; ‘"MRT = mean residence time

V4 = volume of distribution; #V = volume of distribution at steady-state

"Clearance for linezolid (experimental) obtained by dividing the mean clearance value by the
mean weight of patients

$Volume of distribution for linezolid (experimental) obtained by dividing the mean Vg by the
mean weight of patients.
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1.2.8  The active aryl isonitrile compounds are safe to mammalian keratinocytes

S. aureus is a leading source of skin and soft tissue infections, both uncomplicated and
invasive, globally.’!* As such, based upon the in silico pharmacokinetic data, we decided to
investigate the antibacterial activity of the second-generation aryl isonitriles as topical antibacterial
agents in a MRSA murine skin infection mouse model. Before exposing mice to the compounds,
we evaluated the safety profile of 1.3, 1.4, 1.9, and 1.20 against keratinocytes (HaCaT). All four
compounds were safe up to the maximum tested concentration of 128 uM (more than 90% of

HaCaT cells remained viable after 24 hours of exposure to the compounds) (Figure 1.5).

110+
100+
901
804
70+
60+
504
40+
30+
204
104

1.3
1.4
1.9
1.20
DMSO

TR R, %"
N
0B EBNNR

Percent Viable HaCaT Cells

o

Concentration of Test Agent (uM)

Figure 1.5. Toxicity analysis of aryl isonitrile compounds against human keratinocytes (HaCaT).
Percent viable mammalian cells (measured as average absorbance ratio (test agent relative to
DMSO)) for cytotoxicity analysis of compounds 1.3, 1.4, 1.9, and 1.20 (tested in triplicate) at 64
and 128 uM against HaCaT cells over a 24 hour period using the MTS 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay. Dimethyl sulfoxide
(DMSO) was used as a negative control to determine a baseline measurement for the cytotoxic
impact of each compound. The absorbance values represent an average of a minimum of three
samples analyzed for each compound. Error bars represent standard deviation values. A one-way
ANOVA, with post-hoc Dunnet’s multiple comparisons test, determined statistical difference
between the values obtained for each compound and DMSO (P < 0.05).
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1.2.9 The aryl isonitrile compounds effectively reduce the burden of MRSA in a murine skin

infection model

After confirming the aryl isonitrile compounds are safe to keratinocytes, the antibacterial
activity of the compounds was investigated in a mouse model of MRSA skin infection. Compounds
1.3 and 1.4 were selected for this experiment. 1.9 was excluded from evaluation as the compound
was ineffective in reducing the burden of MRSA in vitro in the time-kill assay. Given 1.3 and 1.20
are structurally similar, the most potent compound in vitro against MRSA USA300 was selected
for evaluation. MRSA USA300 was used to infect mice as this particular strain is the most
frequently isolated MRSA strain from skin and soft tissue infections in the United States.?! After
the formation of an abscess at the site of infection, mice were treated twice daily for five days. As
the skin wounds were uncomplicated and localized, treatment was administered topically directly
onto the surface of the abscesses. Mice were euthanized 12 hours after the last dose was
administered and the abscesses were harvested to enumerate MRSA CFU. As presented in Figure
1.6, both compounds 1.4 (74.10% reduction) and 1.3 (79.02% reduction) were as effective as the
control antibiotic fusidic acid (77.78% reduction) in reducing the burden of MRSA in the wounds
of infected mice after five days of treatment. No excess inflammation (redness or swelling around

the wound site) or toxicity was observed in wounds after exposure to the compounds or fusidic

acid.
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Figure 1.6. Reduction of MRSA USA300 in infected lesions of mice.

Average percent reduction of MRSA CFU/mL in murine skin lesions after treatment with 1.3,
1.4, or fusidic acid. A one-way ANOVA with post-hoc Dunnet’s multiple comparisons found no
statistical difference between mice treated with fusidic acid and mice treated with compound 1.3

or 1.4.
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1.2.10 Compound 1.4 exhibits good permeability and is stable to hepatic metabolism

The successful performance of 1.4 in reducing the burden of MRSA in a localized murine
skin infection model led us to investigate the effectiveness of this compound in treating a systemic
MRSA infection. Due to an inability to effectively formulate 1.3 in a suitable vehicle to administer
orally/intravenously in mice, we removed this compound from the MRSA systemic mice study.
Prior to investigating the efficacy of 1.4 in a systemic MRSA mouse model, we evaluated the
compound’s ability to permeate across the gastrointestinal (GI) tract and its stability to hepatic
metabolism. To simulate 1.4’s ability to cross the GI tract, the compound was evaluated in a Caco-
2 bidirectional permeability assay (Table 1.6). The compound rapidly permeated across the Caco-
2 monolayer from the apical to basolateral compartment (mean apparent permeability rate of 36.20
x 10% cm/sec) similar to the high permeability control drug propranolol (mean apparent
permeability rate of 46.50 x 10 cm/sec). The low efflux ratio (0.33) observed for 1.4 indicates
the compound most likely is not a substrate for P-glycoprotein, a major source of efflux of

compounds/drugs from the GI tract.

Table 1.6. Caco-2 bidirectional permeability analysis for compounds 1.4.

Test Article | Mean A—B Py, | Mean B—A Py Efflux Notes
(10° cm/sec) (10° cm/sec) ratio!
Colchicine 0.20 4.90 24.50 P-gp substrate
Ranitidine 0.40 2.00 5.00 Poor-permeability
control
Labetolol 17.40 41.40 2.38 Moderate-permeability
control
Propranolol 46.50 59.30 1.28 High-permeability
control
14 36.20 12.00 0.33 High permeability

'Efflux ratio = Papp (B — A)/Papp (A — B)

Next, we assessed the stability of 1.4 to hepatic metabolism by incubating the compound
with pooled human liver microsomes (Table 1.7). The compound was slowly cleared by hepatic
microsomes (mean intrinsic rate of clearance <115.50 pL/min-mg) resulting in an excellent half-

life of over 11 hours. This exceeded the result obtained for two of the positive control drugs,
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propranolol (>2 hours) and imipramine (>2 hours). The long half-life observed for 1.4 suggests

that once daily dosing may be a viable option for treatment of MRSA infections.

Table 1.7. Metabolic stability evaluation for compound 1.4 in human liver microsomes.

Test Mean CLin¢t Mean ti2 Notes
Article (nL/min-mg) (minutes)

Terfenadine 752.20 9.25 High clearance
control

Verapamil 352.20 20 High clearance
control

Propranolol <115.50 131.50 Low clearance
control

Imipramine <115.50 129.90 Low clearance
control

14 <115.50 660.50 Stable to hepatic
metabolism

1.2.11 Compound 1.4 successfully reduced the burden of MRSA in a neutropenic thigh infection

mouse model

Compound 1.4 was next evaluated in the MRSA neutropenic thigh infection mouse model.
Mice were infected with MRSA USA300 and subsequently treated twice (2 and 12 hours post-
infection) with 20 mg/kg of either 1.4 or linezolid. One day post-infection, mice were humanely
euthanized, and the infected thighs were harvested to enumerate MRSA CFU. As presented in
Figure 1.7, 1.4 produced a statistically significant reduction in MRSA USA300 (75.44% reduction)
when compared to mice receiving the vehicle alone. This was similar to the positive control

antibiotic, linezolid (91.66% reduction), at the same test concentration (20 mg/kg).
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Figure 1.7. Reduction of MRSA USA300 in infected thigh of mice after treatment with 1.4 or
linezolid. Average percent reduction of MRSA CFU/g tissue in murine right thighs. A one-way
ANOVA with post-hoc Dunnet’s multiple comparisons found statistical significance for mice

treated either with 1.4 or linezolid (*, P < 0.05) compared to mice receiving the vehicle (10%
DMSO, 10% Tween 80, 80% PBS) alone.

1.3 Discussion

Antimicrobial agents have played a crucial role in stemming the problem of bacterial
infection over the decades. Nonetheless, bacteria have shown to be capable of acquiring resistance
to multiple antibiotics. As such, there is a continuous need to discover and develop novel
antibacterial agents capable of treating drug-resistant bacterial infections. MRSA remains a
significant cause of superficial and invasive antibiotic-resistant infections worldwide. Though
several antibacterial agents effective against MRSA are currently in clinical trials, the remarkable
ability of this organism to develop resistance to different antibiotics necessitates new antibacterial
agents, particularly from unexploited scaffolds, be discovered and developed.

Our research lab, in an effort to discover novel entities for drug discovery, previously
synthesized and evaluated over 40 aryl isonitrile compounds for antimicrobial activity against
MRSA.!? The first-generation compounds inhibited MRSA growth at concentrations ranging from
2 — 64 uM!° but none of the compounds possessed a suitable physicochemical profile to evaluate
their effectiveness in an animal model of MRSA infection. The present study aimed to expand the
library of aryl isonitrile compounds to better understand these limitations and further characterize
the compounds’ structure-antibacterial activity relationship. To this end, 20 second-generation aryl

isonitrile compounds consisting of stilbene bis-isonitriles, stilbene aryl isonitriles with
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medicinally-relevant molecules and heterocyclic moieties, and those with a saturated linker were
synthesized and evaluated for antibacterial activity.

The newly synthesized analogues were initially evaluated against a clinical isolate of
MRSA USA400. From the initial screening, inclusion of an additional isonitrile moiety, the
stilbene core, and the non-isonitrile-bearing aromatic ring all proved essential for anti-MRSA
activity. Four compounds (1.3, 1.4, 1.9, and 1.20) inhibited growth of MRSA at a concentration
ranging from 2 — 8 uM, similar to the lead compound (1.2) from the first-generation aryl isonitriles.
Bis-isonitrile 1.3 was more potent than the first-generation lead 1.2 against MRSA NRS384
(USA300) and MRSA NRS119 (LRSA) which further confirmed the importance of the isonitrile
functionality.

Importantly, four compounds retained potent antibacterial activity against MRSA isolates
exhibiting resistance to vancomycin and linezolid, antibiotics frequently used as agents of last
resort for treatment of MRSA infections.*>* Though not prevalent clinically, the identification of
S. aureus strains exhibiting resistance to vancomycin and linezolid, two key therapeutic options
for treatment of MRSA infections, is a noteworthy problem. The lack of cross-resistance observed
between the aryl isonitrile compounds and vancomycin and linezolid is important therapeutically
as it provides a potential alternative source of treatment against linezolid-resistant and
vancomycin-resistant S. aureus infections.

Previously, the first-generation aryl isonitrile analogues were only evaluated against
clinical isolates of S. aureus. We were curious to investigate the spectrum of antibacterial activity
of the second-generation aryl isonitrile compounds. Thus, four of the most potent analogues
against MRSA (1.3, 1.4, 1.9, and 1.20) were evaluated against a panel of clinically-relevant
pathogens, including members of the ESKAPE group, S. epidermidis, and S. pneumoniae. The
compounds exhibited potent antibacterial activity against the Gram-positive pathogens S.
epidermidis and S. pneumoniae. Interestingly, the compounds were inactive against vancomycin-
resistant E. faecium. The lack of antibacterial activity against VRE (a Gram-positive pathogen
similar to MRSA) is not entirely surprising given certain antibiotics that are active against S.
aureus (such as ampicillin and vancomycin) are inactive against vancomycin-resistant F.
faecium.’” The aryl isonitrile compounds also showed no antibacterial activity against five Gram-
negative bacterial pathogens tested (4. baumannii, K. pneumoniae, E. cloacae, E. coli, and P.

aeruginosa). The lack of antibacterial activity against Gram-negative pathogens is not surprising
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given most small molecules are unable to permeate the complex outer membrane (OM) present in
Gram-negative bacteria. Those that are capable of diffusing across the OM may be susceptible to
expulsion (decreasing the intracellular concentration of compound/drug) by a number of different
efflux pumps expressed by Gram-negative bacteria, including the AcrAB-TolC pump present in
E. coli?®> Thus we evaluated the antibacterial activity of the aryl isonitrile compounds after
permeabilizing the OM (using a subinhibitory concentration of colistin) and against an E. coli
strain deficient in the AcrAB-TolC efflux pump. Interestingly, there was improvement in the MIC
for compound 1.3 observed in the presence of colistin against A. baumannii and E. cloacae but not
against E. coli, K. pneumoniae, and P. aeruginosa. Against a mutant E. coli strain deficient in
AcrAB-TolC, no improvement in the MIC of 1.3 was observed indicating that this compound may
not be a substrate for efflux. This suggests that though the outer membrane may contribute to the
lack of antibacterial activity for the aryl isonitrile compounds observed against specific Gram-
negative bacterial pathogens, additional resistance mechanism(s) may play a role as well.
Alternatively, the compounds may have a weaker affinity for the molecular target in Gram-
negative bacteria as opposed to against MRSA, S. epidermidis, and S. pneumoniae. Though the
molecular target of the aryl isonitrile compounds is currently unknown, this question is being
intensely investigated using both genetic and phenotypic approaches. Identification of the
molecular target may provide key insight into the difference in potency observed for the aryl
isonitrile compounds against S. aureus relative to other bacterial pathogens.

The aryl isonitrile compounds possessed good in vitro activity against drug-resistant S.
aureus isolates and were safe to mammalian cells (non-toxic to human keratinocytes at 128 uM,
more than 30-fold higher than the concentration where they inhibited MRSA growth in vitro).
However, an in silico pharmacokinetic evaluation of 1.3 revealed this compound may not be
effective in treatment of systemic MRSA infections (as the maximum predicted concentration of
the compound in plasma was lower than the MIC of the compound against MRSA).

Furthermore, when investigated in a multi-step resistance selection experiment, no MRSA
mutants exhibiting resistance to 1.4 were isolated, even after 14 passages. This suggests that
repeated exposure/dosing to this compound is unlikely to induce resistant MRSA mutants to
emerge rapidly. These important features led us to investigate if the aryl isonitrile compounds

could retain their antibacterial activity in vivo in a relevant animal model of MRSA infection.
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Based upon the in vitro antibacterial activity assay results and in silico pharmacokinetic
simulation, we proceeded to evaluate the effectiveness of 1.3 together with 1.4 as a topical
antibacterial to treat MRSA skin infection. MRSA remains a major source of skin and soft tissue
infections (SSTIs) throughout the world.?!-3*383° Treatment of SSTIs can be challenging given the
emergence of resistance to several antibiotics frequently used in the clinic. One example is the
antibiotic fusidic acid, which is prescribed for use topically in Europe for the treatment of SSTTIs.
Extensive use of fusidic acid has resulted in the emergence of resistant isolates*® that necessitates
new therapeutic agents to treat uncomplicated, localized S. aureus SSTIs. In the United States of
America, MRSA USA300 is the predominant strain linked to community-acquired SSTIs.*! As
such, we moved to evaluate the efficacy of compound 1.3 and 1.4 administered topically in a
MRSA USA300 skin wound mouse model. Both compounds significantly reduced the burden of
MRSA USA300 in infected abscesses by over 70% (after only five days of treatment) in a manner
similar to fusidic acid, an agent used topically in Europe to treat MRSA skin infections.*?

The promising result obtained from the MRSA skin wound mouse model piqued our
interest to evaluate the aryl isonitrile compounds in a systemic MRSA infection mouse model.
Unfortunately, the lead compound (1.2) identified from the first-generation aryl isonitrile
compounds exhibited a limited physicochemical profile that precluded its evaluation in a suitable
animal model of MRSA systemic infection. This finding is not unexpected as many early-stage
lead compounds tend to exhibit a poor physicochemical profile and necessitate further
optimization.* It has been observed that compounds with a logP ranging from 1 —4 tend to exhibit
optimal physicochemical properties, particularly for drugs administered systemically.** We
suspected that the stilbene backbone in 1.2 (logP = 4.22) resulted in a highly lipophilic molecule
susceptible to hepatic metabolism. Due to the fact that their binding site is lipophilic, enzymes
responsible for metabolism tend to bind more tightly to lipophilic compounds. Substitution of a
benzene ring with a pyridine group is one strategy that has been employed by medicinal chemists
to improve the stability of a molecule to hepatic metabolism by decreasing the molecule’s
lipophilicity.** Using this approach, the benzene ring (lacking the isonitrile moiety) in 1.2 was
substituted with a pyridine (compound 1.4, logP = 3.16). This molecule was subsequently
evaluated for stability to hepatic metabolism by incubating the compound with human liver

microsomes.
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As anticipated, a noticeable improvement in metabolic stability for 1.4 was observed.
Compound 1.2 was previously found to exhibit a half-life of less than one hour.!® Compound 1.4,
in contrast, exhibited a significantly improved half-life of over 11 hours, which may permit once
daily dosing (ideal for patient compliance). It is important to note that the benzene to pyridine
substitution can result in a loss of biological activity, given lipophilic groups play an important
role in binding to the molecular target.** However, no loss in the antibacterial activity in vitro for
1.4 (relative to compound 1.2) was observed against MRSA. In addition to the improvement in
metabolic stability observed for compound 1.4, there was a significant improvement in the
molecule’s ability to permeate across the GI tract. Previously, compound 1.2 was unable to cross
the GI tract as simulated by the Caco-2 bidirectional permeability assay (mean apparent
permeability rate of 0.0 x 10® cm/sec).” Remarkably, 1.4 exhibited a pronounced improvement in
the ability to permeate across the Caco-2 bilayer (mean apparent permeability rate from the apical
to basolateral compartment of 36.20 x 10 cm/sec), suggesting oral dosing of this molecule may
be possible.

Buoyed by the positive improvement in the physicochemical profile and lack of resistance
emergence against MRSA observed with 1.4, we moved to evaluate this compound in a MRSA
neutropenic thigh infection mouse model. This model evaluates the efficacy of an antibacterial
agent in the absence of the host’s innate immune response and exhibits excellent translatability to
the efficacy of a drug/compound in humans. After only two doses of 1.4 (at 20 mg/kg), a significant
reduction (75.44% reduction) in MRSA CFU was observed in the infected thighs of mice, relative
to mice receiving the vehicle alone. This was lower than the result observed for the control
antibiotic, linezolid (91.66% reduction), at the same test concentration.

We hypothesized that the difference in effectiveness in vivo between 1.4 and linezolid in
the murine thigh infection model may be due to binding to serum proteins (decreasing the free
fraction of compound available in circulation). This would necessitate increasing the size or
frequency of doses administered to account for the reduced free fraction of compound in
circulation. The MIC of 1.4 and the control antibiotic linezolid was determined against MRSA
USA300 via the broth microdilution assay, in the presence and absence of a physiological
concentration (4%) of human serum albumin (the major protein component present in serum)
(Supplementary Table 2).*> The MIC of 1.4 against MRSA USA300 did increase seven-fold from

1 pg/mL to 8 pg/mL, in the presence of serum albumin. Though this increase may partially
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interfere with 1.4’s antibacterial activity if administered systemically, using a higher concentration
of the compound could potentially resolve this issue. No increase in the MIC of linezolid was

observed in the presence of serum albumin, in agreement with a previous report.*

1.4 Conclusion

In conclusion, the present study identified four new aryl isonitrile compounds bearing
potent antibacterial activity against MRSA in vitro. The analogues were inactive against important
Gram-negative bacterial pathogens, and their activity appeared to be negatively impacted by the
presence of the outer membrane. The newly synthesized analogues were safe to keratinocytes at
concentrations up to 128 uM. 1.3 and 1.4 significantly reduced the burden of MRSA in infected
wounds in a mouse model of MRSA skin infection. However, in silico pharmacokinetic simulation
revealed compound 1.3 would not effectively permeate across the GI tract and may extensively
distribute into tissues thus precluding its evaluation in a systemic animal model of MRSA
infection. Beyond its potency against MRSA, safety to mammalian cells, lack of MRSA resistance
formation, and enhanced physicochemical profile, 1.4 significantly reduced the burden of MRSA
in both a murine skin infection model and neutropenic thigh infection model. However, 1.4 appears
to bind to serum albumin which slightly reduced its effectiveness (when compared to linezolid)
when administered systemically. Addressing these limitations and deducing the molecular target
of new leads 1.3 and 1.4 are necessary questions to resolve to further develop aryl isonitrile

compounds as a novel class of antibacterial agents to treat drug-resistant S. aureus infections.

1.5 Experimental Section
1.5.1 General Chemistry

All chemical reactions were performed using standard syringe techniques under argon unless
otherwise stated. Starting materials and reagents were used as received from commercial suppliers.
Acetonitrile (CH3CN), methanol (MeOH), and toluene were purified by passing the previously
degassed solvents through activated alumina columns. Dichloromethane (CH>Cly) and
tetrahydrofuran (THF) were distilled prior to use.

All compounds were purified using flash chromatography with silica gel (230-400 mesh).
Thin layer chromatography (TLC) was performed using glass-backed silica plates (Silicycle).
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NMR spectra were recorded on a Bruker ARX-400 spectrometer or AV-500 spectrometer at room
temperature. Chemical shifts 8 (in ppm) are given in reference to the solvent signal ['H NMR:
CDCl; (7.26); 13C NMR: CDCl3(77.2)]. '"H NMR data are reported as follows: chemical shifts (8
ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quin = quintuplet, m = multiplet,
br = broad), coupling constant (Hz), and integration. '*°C NMR data are reported in terms of
chemical shift and multiplicity. IR data were recorded on a Thermo Nicolet Nexus 470 FTIR.
High-resolution mass measurements for compound characterization were determined using a
FinniganMAT XL95 double focusing mass spectrometer system.

All compounds for biological testing were confirmed to be of >95% purity based on HPLC.

General procedure for the synthesis of stilbene aryl isonitriles 1.8-1.16 from 1.7.

A solution of #n-BuLi (2.5 M in hexane, 0.2 ml, 0.46 mmol, 1.15 equiv) was added dropwise to a
stirring solution of diisopropyl amine (53 mg, 0.52 mmol, 1.3 equiv) in THF (1.5 ml) at -78 °C.
After stirring for 5 mins at -78 °C, a solution of diethyl (4-isocyanobenzyl)phosphonate 5 (100
mg, 0.40 mmol, 1 equiv) in THF (1 ml) was added dropwise, after which the solution was allowed
to sit and stir for 30-60 mins. Still at -78 °C, the respective aldehyde (0.36 mmol, 0.9 equiv)
dissolved in THF (1 ml) was added dropwise and allowed to sit and stir for an additional 30-40
mins. The resulting mixture was then warmed to room temperature and stirred for 2 h. Water,
saturated aqueous ammonium chloride and Et;O were added. The aqueous layer was then extracted
with EtO (3x) followed by the washing of the combined organic fractions with brine. The organic
layer was then dried over anhydrous sodium sulfate and concentrated in vacuo. The crude residue

was purified by flash column chromatography to obtain the required stilbene aryl isonitrile.
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(E)-1-isocyano-4-(4-methoxystyryl)benzene (1.8). Analogue 1.8 was synthesized from
intermediate 1.7 and 4-methoxybenzaldehyde according to the general procedure (70% yield). 'H
NMR (500 MHz, CDCl3) & 7.47 (dd, J=11.6, 8.6 Hz, 4H), 7.34 (d, /= 8.5 Hz, 2H), 7.08 (d, J =
16.3 Hz, 1H), 6.96 — 6.88 (m, 3H), 3.84 (s, 3H); *C NMR (125 MHz, CDCls) § 164.27, 159.85,
138.96, 130.66, 129.34, 128.06 (2C), 126.90 (2C), 126.71 (2C), 124.85, 124.64, 114.27 (20),
55.37; IR (neat, cm™): v = 3054, 3021, 2963, 2935, 2840, 2122, 1603, 1596, 1573, 1512, 1458,
1424, 1307, 1297, 1267, 1253, 1175, 1031, 972, 835. HRMS (ESI): m/z =236.1070 calculated for
Ci6H14NO [M+H]", found 236.1072

g OCH;

CNI

1.9

(E)-1-(4-isocyanostyryl)-3-methoxybenzene (1.9). Analogue 1.9 was synthesized from
intermediate 1.7 and 3-methoxybenzaldehyde according to the general procedure (53% yield). 'H
NMR (500 MHz, CDCl3) 6 7.51 (d, J= 8.5 Hz, 2H), 7.36 (d, J = 8.5 Hz, 2H), 7.30 (t, /= 7.9 Hz,
1H), 7.13 — 7.02 (m, 4H), 6.86 (ddd, J = 8.3, 2.5, 0.9 Hz, 1H), 3.85 (s, 1H); 3*C NMR (125 MHz,
CDCl) & 164.56, 159.97, 138.50, 137.99, 131.02, 129.81, 127.26 (2C), 127.09 (2C), 126.75,
125.30, 119.47, 113.95, 112.06, 55.31. IR (neat, cm™): v = 3088, 3060, 3019, 2964, 2943, 2840,
2125, 2089, 1600, 1576, 1568, 1506, 1432, 1274, 1257, 1173, 1050, 973, 862, 781. HRMS (ESI):
m/z = 236.1070 calculated for C1sH1sNO [M+H]", found 236.1071.
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(E)-1-(4-isocyanostyryl)-3,5-dimethoxybenzene (1.10). Analogue 1.10 was synthesized from
intermediate 1.7 and 3,5-dimethoxybenzaldehyde according to the general procedure (79% yield).
'"H NMR (500 MHz, CDCl3) 6 7.51 (d, J = 8.5 Hz, 2H), 7.36 (d, J = 8.5 Hz, 2H), 7.05 (d, J = 2.6
Hz, 2H), 6.66 (d, J = 2.2 Hz, 2H), 6.43 (t, J = 2.2 Hz, 1H), 3.84 (s, 6H); *C NMR (125 MHz,
CDCl3) 6 164.58, 161.07 (2C), 138.53, 138.41, 131.11 (2C), 127.29 (2C), 126.75 (2C), 125.35,
104.86 (2C), 100.55, 55.42 (2C); IR (neat, cm™): v = 3093, 3064, 3051, 3001, 2940, 2842, 2121,
1608, 1582, 1458, 1429, 1339, 1320, 1311, 1207, 1167, 1151, 1070, 1059, 959, 946. HRMS (ESI):
m/z =266.1176 calculated for CisHisNO2 [M+H]", found 266.1174.

O CF;

CNI

1.1

(E)-1-isocyano-4-(4-(trifluoromethyl)styryl)benzene (1.11). Analogue 1.11 was synthesized from
intermediate 1.7 and 4-trifluoromethylbenzaldehyde according to the general procedure (50%
yield). '"H NMR (500 MHz, CDCI3) 8 7.65 — 7.58 (m, 4H), 7.54 (d, J = 8.4 Hz, 2H), 7.39 (d, J =
8.5 Hz, 2H), 7.15 (s, 2H); *C NMR (125 MHz, CDCl3)  165.00, 139.99, 137.85, 130.07, 129.81,
129.49, 129.24, 127.54, 127.34, 126.86, 126.82, 125.79, 125.76, 125.18, 123.02; IR (neat, cm™):
v =3052, 2926, 2854, 2127, 1614, 1504, 1421, 1322, 1265, 1222, 1162, 1124, 1107, 1066, 1016,
961. HRMS (ESI): m/z = 274.0838 calculated for CisHi1F3N [M+H]", found 273.8538.

(E)-1-fluoro-4-(4-isocyanostyryl)benzene (1.12). Analogue 1.12 was synthesized from
intermediate 1.7 and 4-fluorobenzaldehyde according to the general procedure (47% yield). 'H
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NMR (500 MHz, CDCl3) § 7.52 — 7.45 (m, 4H), 7.36 (d, J = 8.2 Hz, 2H), 7.12 — 7.04 (m, 3H),
6.98 (d, J=16.3 Hz, 1H); 3C NMR (125 MHz, CDCls) 4 164.58, 163.71, 161.74, 138.43, 132.75,
129.88, 128.35, 128.29, 127.16, 126.78 (2C), 126.58, 115.92, 115.75; IR (neat, cm™): v = 3408,
3032, 2925, 2854, 2121, 2043, 1595, 1509, 1233, 1159, 968, 838. HRMS (ESI): m/z = 224.0870
calculated for CisH;1FN [M+H]*, found 224.0866.

X,
‘ Cl

CNI

1.13

(E)-1,2-dichloro-4-(4-isocyanostyryl)benzene (1.13). Analogue 1.13 was synthesized from
intermediate 1.7 and 1,2-dichlorobenzaldehyde according to the general procedure (80% yield).'H
NMR (500 MHz, CDCl3) 6 7.59 (d, J=2.1 Hz, 1H), 7.50 (d, J = 8.5 Hz, 2H), 7.44 (d, J= 8.3 Hz,
1H), 7.37 (d, J = 8.5 Hz, 2H), 7.33 (dd, J= 8.3, 2.1 Hz, 1H), 7.10 — 6.96 (m, 2H); 3C NMR (125
MHz, CDCIl3) & 164.98, 137.78, 136.68, 133.03, 131.96, 130.73 (2C), 128.63, 128.52, 128.31,
127.44 (2C), 126.87 (2C), 125.86; IR (neat, cm™): v = 3408, 3038, 2924, 2853, 2123, 1505, 1475,
1131, 961, 857, 823. HRMS (ESI): m/z = 274.0185 calculated for CisHioC.N [M+H]*, found
274.0188.

CN

(E)-2-(4-isocyanostyryl)furan (1.4). Analogue 1.4 was synthesized from intermediate 1.7 and
furan 2-carbaldehyde according to the general procedure (97% yield). '"H NMR (500 MHz, CDCls)
8 7.48 — 7.40 (m, 3H), 7.34 (d, J = 8.4 Hz, 2H), 7.02 — 6.85 (m, 2H), 6.47 — 6.37 (m, 2H); 13C
NMR (125 MHz, CDCL) & 164.52, 152.58, 142.83, 138.32, 126.98 (2C), 126.75 (2C), 125.23,
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125.05, 118.59, 111.89, 110.07; IR (neat, cm™'): v = 3337, 3146, 2970, 2931, 2883, 2125, 1635,
1507, 1476, 1378, 1305, 1146, 1128, 1108, 969, 952, 926, 828, 738. HRMS (ESI): m/z=196.0757
calculated for C13H1oNO [M+H]", found 196.0759.

(E)-2-(4-isocyanostyryl)quinolone (1.5). Analogue 1.5 was synthesized from intermediate 1.7 and
quinoline-2-carbaldehyde according to the general procedure (36% yield). '"H NMR (500 MHz,
CDCl) 6 8.15 (d, J= 8.5 Hz, 1H), 8.08 (d, J = 8.5 Hz, 1H), 7.80 (dd, J = 8.1, 1.4 Hz, 1H), 7.73
(ddd, J= 8.5, 6.8, 1.4 Hz, 1H), 7.67 (d, /= 16.3 Hz, 1H), 7.64 (d, /= 8.5 Hz, 3H), 7.52 (ddd, J =
8.0,6.9, 1.1 Hz, 1H), 7.43 — 7.38 (m, 3H); 3C NMR (125 MHz, CDCl;3) § 165.00, 155.10, 148.29,
137.80, 136.60, 132.27, 131.20, 129.98, 129.33, 128.00, 127.93, 127.57, 127.55, 126.87, 126.81,
126.58, 126.51, 119.49; IR (neat, cm™): v = 3048, 3035, 2924, 2854, 2120, 1614, 1593, 1556,
1507, 1432, 1418, 1317, 1300, 1206, 1111, 969, 953. HRMS (ESI): m/z=257.1073 calculated for
CisHisN2 [M+H]", found 257.1076.

(E)-4-(4-isocyanostyryl)quinolone (1.6). Analogue 1.6 was synthesized from intermediate 1.7 and
quinoline-4-carbaldehyde according to the general procedure (96% yield). 'H NMR (500 MHz,
CDCl) 6 8.93 (d,J=4.6 Hz, 1H), 8.17 (dd, J = 14.9, 8.4 Hz, 2H), 7.84 (d, J= 16.1 Hz, 1H), 7.75
(t, J=7.1 Hz, 1H), 7.65 — 7.55 (m, 4H), 7.43 (d, J = 8.4 Hz, 2H), 7.27 (d, J = 16.1 Hz, 1H); 13C
NMR (125 MHz, CDCl3) & 165.34, 150.24, 148.74, 142.13, 137.70, 133.12, 130.30, 129.53,
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127.93 (3C), 126.97 (2C), 126.82, 126.26, 125.42, 123.28, 117.29; IR (neat, cm): v= 3059, 3031,
2922, 2853, 2121, 1630, 1600, 1578, 1572, 1563, 1507, 1463, 1423, 1389, 1301, 1253, 976, 964,
863. HRMS (ESI): m/z = 257.1073 calculated for C1sH13N,> [M+H]", found 257.1069.

General procedure for the synthesis of stilbene aryl bisisonitriles 1.19-1.20 from 1.18.

CHCI3 (0.50 mL, 6.21 mmol, 15 equiv) was added to a stirring solution of requisite diamine (120
mg, 0.57 mmol, 1 equiv) in CH2Cl> (0.8 mL). Triethylbenzylammonium chloride (11.40 mg, 0.012
mmol, 0.12 equiv) was added to the mixture followed by 50 % aqueous KOH (0.8 mL). The
resulting mixture was stirred vigorously at room temperature. Solvent began to reflux, and the
mixture was allowed to stir until the reaction was confirmed complete via TLC. Water, saturated
aqueous ammonium chloride and Et2O were added. The organic layer was separated, and the
aqueous layer extracted with large amounts of Et2O (4x). The combined organic layer was dried
over anhydrous Na>SO4 and concentrated in vacuo. The crude residue was purified by column

chromatography to obtain the desired isonitrile.

(E)-1-isocyano-2-(4-isocyanostyryl)benzene (1.19). Analogue 1.19 was synthesized from
intermediate 1.18 according to the general procedure (19% yield). "H NMR (500 MHz, CDCls) &
7.74 (d, J=17.7 Hz, 1H), 7.59 (d, J = 8.4 Hz, 2H), 7.47 — 7.38 (m, 5H), 7.32 (t, J= 7.7 Hz, 1H),
7.15(d, J=16.3 Hz, 1H); 3C NMR (125 MHz, CDCI3) 6 167.53, 165.14, 137.62, 132.95, 130.71,
129.57, 128.76 (2C), 127.81 (2C), 127.45 (2C), 126.90 (2C), 125.64, 124.59; IR (neat, cm™): v =
3063,3039, 2924, 2853,2119, 1648, 1596, 1505, 1480, 1449, 1417, 1379, 1293, 1263, 1225, 1198,
1090, 963. HRMS (ESI): m/z = 231.0917 calculated for Ci¢Hi N2 [M+H]", found 230.0839.
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(E)-1-isocyano-3-(4-isocyanostyryl)benzene (1.20). Analogue 1.20 was synthesized from
intermediate 1.18 according to the general procedure (24% yield). '"H NMR (500 MHz, CDCls) &
7.53 —7.50 (m, 4H), 7.42 — 7.37 (m, 3H), 7.30 (d, /= 7.9 Hz, 1H), 7.12 — 7.04 (m, 2H); 3*C NMR
(125 MHz, CDCl3) 6 165.05, 164.50, 138.25, 137.66, 129.88, 129.12, 128.78 (2C), 127.60 (2C),
127.53 (2C), 126.89 (2C), 125.76, 124.23; IR (neat, cm™): v=3033, 2925, 2122, 1599, 1580, 1505,
1443, 1228, 1167, 1107, 962, 863, 820, 787, 679. HRMS (ESI): m/z = 231.0917 calculated for
Ci6H11N2 [M+H]", found 231.0918.

General procedure for the synthesis of stilbene aryl bis-isonitriles 1.3 from 1.18.

A mixture of diamine (200 mg, 0.95 mmol, 1 equiv), formic acid (0.14 mL, 3.8 mmol, 4 equiv)
and toluene (2 mL) was refluxed for eight hours. After allowing to cool to room temperature, the
mixture was evaporated to complete dryness. Toluene (2 mL) was added and evaporated to dryness
to give diformamide. Triethylamine (0.95 ml, 6.84 mmol, 7.2 equiv) and dichloromethane (4 mL)
was added to a flask containing crude diformamide. The resulting mixture was cooled to 0 °C and
POCI; (0.26 mL, 2.28 mmol, 2.4 equiv) was added dropwise over 30 minutes. The mixture was
stirred for one hour at 0 °C and for an additional two hours at room temperature. The resultant
mixture was cooled to 0 °C and a solution of 0.5 g Na;COs in 2 mL of water was added dropwise
for over 20 minutes. The mixture was then stirred for one hour. The organic layer was separated,
and the aqueous layer extracted with dichloromethane (3x). The combined organics were washed

with brine, dried over sodium sulfate, concentrated in vacuo and recrystallized to yield 1.3.
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1.3

(E)-1,2-bis(4-isocyanophenyl)ethane (1.3). Analogue 1.3 was synthesized from intermediate 1.18
according to the general procedure (70% yield). '"H NMR (500 MHz, CDCls) & 7.54 (dd, J = 8.6,
2.0 Hz, 4H), 7.42 — 7.35 (m, 2H), 7.09 (s, 2H); 3C NMR (125 MHz, C) § 165.04 (2C), 137.76
(20), 129.13 (4C), 127.51 (4C), 127.51 (2 C). 126.8 (2C); IR (neat, cm™): v = 3036, 2604, 2499,
2157, 2124, 2022, 2013, 1997, 1971, 1696, 1603, 1507, 1422, 1305, 962, 942, 862, 834. HRMS
(ESI): m/z = 231.09