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Abstract: Tuberculosis (TB) remains a significant global health
problem for which new therapeutic options are sorely needed. The
ability of the causative agent, Mycobacterium tuberculosis, to reside
within host macrophages and form biofilm-like communities
contributes to the persistent and drug tolerant nature of the disease.
Compounds that can prevent or reverse the biofilm-like phenotype
have the potential to serve alongside TB antibiotics to overcome this
tolerance, and reduce treatment duration. Using Mycobacterium
smegmatis as a surrogate organism, we report the identification of
two new 2-aminoimidazole compounds that inhibit and disperse
mycobacterial biofilms, work synergistically with isoniazid and
rifampicin to eradicate preformed M. smegmatis biofilms in vitro, are
non-toxic toward Galleria mellonella, and exhibit stability in mouse
plasma.

Introduction

Tuberculosis (TB), caused by infection with Mycobacterium
tuberculosis (Mtb), still reigns as one of deadliest
impacting global health in both developed and
developing countries,”"! and is estimated to be re
more than 2 milion deaths each year.”
contagious,” and manifestations of the

nervous system, kidney, brain, and other organs.”!

untreated, TB can lead to organ failure and mortality.® Curr
TB is the leading cause of death from
and is the biggest killer of people infi

by multi-drug resistant
DR) strains of M.
gnens involving
nt times, and
regimens resdlt in considerable
is thought to be a significant
f active TB.['”

le propensity to persist in
e experienced during
ent."" This is thought to be a result of
the ability to reside within host
ility to form multicellular surface
attached comm biofilms.I"® Many studies have
proposed that biofilms play a key role in bacterial persistence
and drug tolerant bacterial infections, and it is thought that M.
tuberculosis uses biofilm formation as a defense strategy to

tuberculosis require
additional antibiotics.”®!

stressful environm

g theYapy.!" Targeting M.
represents a potential
ereby compounds that
is biofilms could be
vercome tolerance. This

rmation there
B persistence,

tuberculosis biofil
strategy to comb
inhibit

inhibit and disperse mycobacterial
biofilms yng aryl 2-aminoimidazole (2-Al) 1,
reverse amide 2-aminoimidazole 2, and 2-aminobenzimidazole 3.
Compound 1, which has also previously been shown to have
ti-biofilmt antimicrobial activity in other pathogenic
teria,!"" 4fis observed to restore isoniazid susceptibility to M.
culosis expressing drug tolerance in an in vitro model
that utilizes lysed human leukocytes to mimic the in vivo
| communities of virulent M. tuberculosis.!">
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igure 1. Structures of previously reported compounds with anti-mycobacterial
biofilm activity.

As in our™ and other group’s' previous reports, we

employed M. smegmatis as a surrogate organism for M.
tuberculosis due to the slow growing nature of M. tuberculosis,
as well as the fact that M. tuberculosis is a BSL3 organism. We
have previously shown that anti-biofilm and antibiotic
potentiation activity against M. smegmatis typically translates to
activity against M. tuberculosis.'"® '® Using this screening
model, and by performing analogue synthesis upon the scaffold
of compound 1, we have identified two novel derivatives that
possess potent anti-biofilm activity, work synergistically with
isoniazid and rifampicin to eradicate preformed M. smegmatis
biofilms in vitro, are non-toxic against Galleria mellonella, and
exhibit stability in mouse plasma.

Results and Discussion

To delineate the structure activity relationship (SAR) of this class
of compounds in the context of mycobacterial anti-biofilm activity,
compound 1 along with members of a library of previously
reported related 2-Al compounds and several newly synthesized
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analogues, were probed for the ability to inhibit and disperse
biofilms formed by M. smegmatis mc?155 (ATCC 700084).
Compound minimum inhibitory concentrations (MICs) were also
determined to give an indication of the toxicity of each analogue
toward planktonic bacteria.

In our initial studies with library stocks, an ICso value
(concentration required to inhibit 50% biofilm formation) of 8.0
UM was recorded for compound 1, while the dispersion activity
of this compound was found not to be dose responsive, thereby
precluding the determination of an ECsy value (concentration
required to disperse 50% of a pre-formed biofilm). Following
resynthesis of compound 1 for this study, ICso and ECs values
of 10.4 and 80.5 pM respectively were obtained (Table 1). The
MIC of compound 1 is 100 uM. We next screened several
previously reported substituted 2-aminoimidazoles,!® for the
ability to inhibit and disperse M. smegmatis biofiims. Of these,
none of the compounds that contain substituted phenyl moieties
at the 5-position of the 2-Al ring inhibited or dispersed biofilms to
any significant degree (compounds S1-S4 Table S1).
Compounds 4, 5, and 6 (Figure 2), which possess short aliphatic
substituents (ethyl, isopropyl and butyl respectively) at the 31-
position of the 2-Al ring exhibited ICs, values below 30 pM
and/or ECs values below 100 pM, however all exhibited
reduced activity compared to the parent compound (Table 1).
The most active compound of this series was the ethyl derivative
4, which exhibited I1Cso and ECsy values of 15.5 and 92.4 yM

respectively. Larger substituents at this position, including heptyl,

cyclohexyl and phenyl groups, abolished anti-biofilm actiy
(compounds S7-S9 Table S1).

R

Figure 2. Structures of previously reported compounds 4-6,

A series of mono-substituted analogues of compound T}
which the para-hexyl substituent on the phenyl ring was varied,
was next explored to probe the SA
molecule. Previously reported comp
several novel derivatives (9f-r) co

mediate Boc-
, were purified

then cyclized with B
deprotection with 30% T

and then treated with HCl/
HCI salts for biological testing.

9a-c and 9f-i, which
of increasing length, displayed no
activity in comparison to the parent

M. These analogues dispersed
pre-formed biofilms with ECs, values ranging from 94.9 to >200
UM, with the pentyl derivative again exhibiting the greatest
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activity of the new compounds, returning an ECso of 94.9 yM.
The heptyl derivative 9¢ exhibited I1Cso and ECso values of 23.5
and 130 pM respectively, indicating that for this series, the hexyl
chain of compound 1 was optimal Mti-bioﬁlm activity.
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Table 1
derivatives.

rsion activity of 2-aminoimidazole

Compound MIC (uM) I1Cs0 (UM) ECs (UM)
1 100 104 +0.6 80.6+22
'100 155+23 924 +54
100 164 +1.1 90.1+4.3
200 271+45 >200a
150 19.8+2.8 98.1+23
200 13.6+1.2 949+42
150 23.5+0.9 130+2.3
150 >50a >200
>200 >50 >200
100 >50 >200
100 45.0+3.3 >200
9h 100 29.0+4.3 150 £ 6.2
9i 200 173+1.2 152+ 10
9j 200 30.1+4.4 136+ 5.6
9k 200 279+1.8 170+ 8.6
9l 100 209+22 143.0+4.8
9m >200 18.7+1.9 105+6.3
9n 150 125+13 88.2+4.3
90 >200 >50 180 + 10
9p >200 >50 >200
9q 200 >50 >200
9r 150 >50 >200

“Highest concentration tested was 50 uM for ICso and 200 uM for ECsp.

We next investigated the effect that replacement of the
alkyl chain on the phenyl ring of 1 with an alkoxy chain had upon
anti-biofilm activity. Compounds 9j-p exhibited similar activity to
the corresponding alkyl derivatives, with pentoxy derivative 9n,
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which has the same chain length as compound 1, exhibiting the
greatest activity, returning 1Cso and ECso values of 12.5 and 88.2
MM respectively. The introduction of additional oxygen atoms
into the alkyl chain in poly(ethylene glycol) (PEG) derivatives 90
and 9p resulted in a dramatic loss in activity, with 1Cso/ECso
values greater than 50 pM and 200 pM respectively. The
introduction of a tert-butyl, azido, phenyl, or bromo substituent
(compounds 9d-e and 9q-r) was not well tolerated as evident by
the inability of these analogues to inhibit and disperse biofiims
below 50 uM and 200 uM respectively.

NHBoc a >0  NHBoc b > NHBoc
;
HO. — > N -
R - R R
0 o
10
R=
5
N 2 1'7/\
_C€ a HN— | c
N

w %A@ -

Scheme 2 Synthesis of 4,5-substituted 2-Al analogues. Reagents and
Conditions: a) HN(OMe)MeHCI, BOP,Et;N, DCM, 0 °C, 1 h; b) 4-hexyl phenyl
lithium, THF, -78 °C —-r.t. 16 h; c) TFA/DCM, 0 'C - r.t. 2 h; d) H,NCN,
H,O/EtOH pH 4.3, 95 °C, 3 h; ) HCI/MeOH

To further this SAR study, we next investigated the imp
of introducing various substituents at the 5-position of the
on the inhibition and dispersion of M. smegmatis biofil y
synthesizing a series of 4,5-substituted 2-aminoimidazole

Weinreb amides 10a-g, followed by reaction with
lithium to form the a-amino ketones 11a-g. Boc-d
subsequent condensation with cyanamide yj
disubstituted 2-Als 12a-g (Scheme 2). After puri
compound was converted to the corresponding HCI
biological testing.
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potent biofilm inhibitors with ICs values in the range of 8.6-13.5
uM, but were less effective at dispersing biofilms in comparison
to the parent compound 1. Compounds possessing aromatic
substituents at the 4-position (12d-Eadisplayed a reduced ability
to inhibit or disperse M. smegm fiims (ICso and ECs
values >50 yM and 150 pM respectively):

As a result of the act|V|ty display:
next synthesized three a
12h-j (Scheme 3). The

d 12g, we
analogues

to elucidate if the
ilm activity for the well-
benzene 4-alkoxy
tylithium and then
oalanine Weinreb amide
Boc deprotection and
mide yielded the 4,5-
ion, each compound was
alt for biological testing.

tolerated alkoxy deriv.
benzene analogues
subsequently adde
10g to form a-a
subsequent cond
disubstituted Is
converted to t

0.
o,

~

Q NHBoc a N NHBoc be N hn=2
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CFs CFs Nr inc4

H 3
109 11h4 12h+

eme 3 S esis of additional trifluoromethyl 2-Al analogues. Reagents
onditions: a) 4-alkoxyphenyl lithium, THF, -78 °C —r.t. i h; b) TFA/DCM, 0
2 h; ¢) H,NCN, H,O/EtOH pH 4.3, 95 °C, 3 h; d) HCI/MeOH

resence of the 4-trifluoromethyl substituent in
h-j resulted in increased anti-biofilm activity in
to the corresponding unsubstituted alkoxy
derivatives 7I-n (Table 3). This series followed the same SAR
trend observed for the unsubstituted analogues, with pentoxy
derlgative 12j being the most active of this series, and exhibiting

ECso values of 7.4 uyM and 74.2 uM respectively. Finally,
ony count analysis at 48 hours was performed for each

ompound at its ICs to verify a non-bactericidal mode of action.

Table 3 Biofilm inhibition and dispersion activity of trifluoromethyl 2-Als

Compound MIC ICso ECso
Table 2 Biofilm inhibition and dispersion activity pf 4,5 substituted 2-Als
Compound MIC 12h 200 17.1+£0.9 119.5+ 3.0
12a 25 12i 200 154 +1.0 952+54
12b 25 12 200 7.4+0.60 742+25
12c 25 10.1+0.8
12d 50° >200° We next asked the question whether lead compounds 12g
and 12j would show synergistic effects with conventional anti-
12e 185693 tuberculosis antibiotics upon biofilm dispersion. Studies by the
12f >50 150.5+10.3 Ojha Lab have shown that M. tuberculosis and M. smegmatis
12g >200 6.8+0.9 70.1+3.6 can form biofilms that tolerate more than 50 times the MIC of

or ICso and 200 uM for ECso.

gues exhibited both good
activity . smegmatis (Table 2),
o for the trifluoromethyl derivative 129,
8 uM and an ECs value of 70.1 yM
was g was also inherently nontoxic
toward the bacC 00 uM). The corresponding 4-
methyl analogue 12a displayed greater toxicity toward the
bacterium (MIC 25 pM), as did the 4-ethyl and 4-ispropyl
analogues 12b and ¢ (MICs 25 puM). All three analogues were

for whi

both isoniazid (INH) and rifampicin (RIF)."%' These two anti-
tuberculosis drugs were chosen because they are the antibiotics
most commonly administered in the first 6 to 9 months of TB
chemotherapy.?

To study synergistic effects, biofilms were established in
96-well PVC plates for 48 hours. Media and planktonic bacteria
were removed, and the wells were treated with either: media
alone, media plus antibiotic, media plus compound 12g or 12j,
or media plus a combination of compound and antibiotic. Dose
response studies were performed to determine the ECsy of the
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tested compound as a function of antibiotic concentration and
this value was compared to the ECs, of the compound alone.

Neither INH nor (RIF) affected biofim mass at the
concentrations tested (up to 1024 pg mL™") when compared to
samples treated with media only. The addition of 256 pg/mL INH
lowered the ECso of 12g from 70.1 to 25.4 yM, while a similar
effect was seen for RIF (128 pg/mL), which lowered the ECs to
30.3 yM. Concurrent addition of both antibiotics resulted in an
ECso value of 20.5 uM, a three-fold reduction (Table 4) See SI
for a full list of concentrations tested). Likewise, the ECs, value
of compound 12j was reduced in the presence of the same
concentrations of INH, RIF, or INH + RIF to 27.5, 26.6 and 17.7
MM respectively, the latter representing a four-fold reduction.

Table 4 Dispersal enhancement between compounds 12g and 12j and
INH/RIF

Antibiotic

Compound Antibiotic Concentration ECs (UM)
(pg mL")
INH 256 254 +1.2
129 RIF 128 30.3+2.6
INH + RIF 256 + 128 20.5+2.9
INH 256 275+13
12§ RIF 128 26.6+1.5
INH + RIF 256 + 128 17.7+1.9

After establishing the synergistic effects of compounds 1
and 12j, we next asked whether the cells being dispe,
displayed the same response to antibiotics as cells grown @nder
planktonic conditions. Under planktonic growth, incubatjon with
isoniazid or rifampicin at their MIC of 32 ug mL™" and
respectively, resulted in cell death. We have also
that M. smegmatis biofilms were non-responsive to j
rifampicin up to 1024 ug mL™". To determine whe
dispersed by 12g and 12j showed phenotypic
established M. smegmatis biofilms over 48 hours.
were washed to remove planktonic bacteria then trea
either compound alone at the ECs, concentration or compou
with isoniazid (256 ug mL™) plus rifampicin (128 pg mL™)
lowest synergistic ECso concentrati After 24 hour
treatment, an aliquot of the culture
plated to determine the number of

from compound treatment wit
combination with isoniazid (2

of 2.66 + 0.37. The log re
smegmatis cells are drug su

and 12j showed some hemolytic
is (compared to 1% Triton-X) at
d 159 pM respectively. These
concentrations are we -8 fold) the ECso concentrations
observed for synergy with anti-tuberculosis drugs. The parent
compound 1 elicited less than 50% red blood cell lysis at the
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highest concentration tested (500 uM). While the amphipathic
nature of these compounds likely contributes to the observed
moderate hemolytic activty, and may also play a role in the
mechanism of action with regard anti-biofilm activity, it is
unlikely that the anti-biofilm activit ived entirely from this
characteristic given the similarly struct pounds in this
library that do not possess antibiotfilm
the mechnism of action is ¢l j

We next evaluated

Ism toxicity of all three
del organism that has

The stability
microsomes

s was assessed in both
stability was assessed

(t12) of 35.4 minutes. The half-life for
lated to be 66.0 min, while the
and 12j exhibited similar half-lives
of 58.7 min. and 61.3 miMtYespectively. The stability of the lead
compounds in_ mouse plasma was next determined. Verapamil
v‘iﬂegative control and showed prolonged stability

a half-life >480 minutes. Propanolol was used as
sitive control and was rapidly degraded with a half-life of
inutes. The parent compound 1 exhibited a t1, of 230 min.
e plasma, while the trifluoromethyl compounds 12g and
improved stability in plasma compared to compound
es of 266 min and 288 min respectively. The
toxicity and¥tability profiles of the lead compounds indicate their
suitability as viable leads for an in vivo proof-of-concept
assessment of this therapeutic approach.

n summary, using the previously identified compound 1 as a
lead, SAR studies identified trifluoromethyl derivatives 12g and
12j with increased activity, inhibiting the formation of M.
smegmatis biofilms below 10 yM. The compounds exhibited
synergistic biofilm dispersion activity with the frontline TB
antibiotics isoniazid and rifampicin, with 3-4 fold reductions in
ECso value. The compounds were non-toxic against G.
mellonella, showed plasma stability beyond 4 hours. Current
efforts are focused on further tuning this class of 2-Al molecule
to improve upon its anti-biofilm activity, stability and toxicity
profile, and examining its activity against M. tuberculosis.

Experimental Section

General Chemistry Experimental All reagents used for chemical
synthesis were purchased from commercially available sources and used
without further purification. Chromatography was performed using 60 A
mesh standard grade silica gel from Sorbtech. NMR solvents were
obtained from Cambridge Isotope Labs and used as is. '"H NMR (300
MHz or 400 MHz) and "*C NMR (75 MHz or 100 MHz) spectra were
recorded at 25 °C on Varian Mercury spectrometers. Chemical Shifts (d)
are given in ppm relative to tetramethylsilane or respective NMR solvent;
coupling constants (J) are in hertz (Hz). Abbreviations used are s =
singlet, bs = broad singlet, d = doublet, dd = doublet of doublets, t =
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triplet, dt = doublet of triplets, bt = broad triplet, gt = quartet, m = multiplet,
bm = broad multiplet and br = broad. High and low resolution mass
spectra were obtained at the NCSU Department of Chemistry Mass
Spectroscopy Facility. Infrared Spectra were obtained on an FT/IR-4100
spectrophotometer (vmax in cm™). UV absorbance was recorded on a
Genesys 10 scanning UV/visible spectrophotometer (Amax in nm). The
purities of the tested compounds were all verified to be >95% by LC-MS
analysis on a Shimadzu LC-MS 2020 with Kinetex, 2.6 mm, C18 50 x
2.10 mm.

Compounds 9f, 9¢, 9d, 9q, 9e, 9r, 12d, 12e, 12f were previously
synthesized, and characterized.”® Compounds were tested without
further purification from 100 mM stock solutions in biological grade
DMSO. Compounds 1, and 12a-f were synthesized as previously
reported, *C NMR, and LRMS (ESI) aligned with previously reported
spectral and MS data.'®

General procedure for a-bromo ketone synthesis:10 mmol of the
carboxylic acid was dissolved in dichloromethane and allowed to stir
under an inert atmosphere. Three drops of DMF were added and the
reaction was cooled to 0 °C. Oxalyl chloride (3 equivalents) was added
dropwise and left to stir for one hour. In a diazomethane kit was added a
stir bar, KOH (9 equivalents), 25 mL of ethanol, 25 mL of water was
added to the top of the diazomethane apparatus and was heated to
65 °C and stirred. To a diazomethane addition funnel was added diazald
(3 equivalents) and diethyl ether (100 mL). The diethyl ether/diazald
mixture was added dropwise to the KOH/water/ethanol mixture so that
the diazomethane was generated and distilled over to the collection flask
that was cooled to 0 °C. Once the diazomethane was collected, the
carboxylic acid, oxalyl chloride reaction had reacted for 1 hour and the
mixture was concentrated in vacuo, dissolved in 5 mL of dichloromethggpe
and added slowly to the flask containing the diazomethane while
cooled at 0 °C. The reaction mixture was allowed to stir for 1 hour
followed by addition of concentrated hydrobromic acid (10 equivalents)
and allowed to stir for 20 minutes. Then 100 mL of saturate
sodium bicarbonate was added to the reaction mixture and all
for 30 minutes. The resulting mixture was extracted with
washed twice with brine, and concentrated in vacuo and t
column chromatography with 10% ethyl
providing the a-bromo keto product.

reaction mixture and it was placed in a s
twice with water and twice with brine, a
crude product was then dissolved in -
acid/dichloromethane and allowed to stir for 2 h
saturated sodium bicarbonate twice, concentrated in
via column chromatography (5%, thanol saturated onia/95%
dichloromethane) to provide the idazole product. The sample
was then dissolved in dilutgd HCI/meth s HCI/ 10 mL methanol)
and then concentrated i 0 to provide

purified

2-Bromo-1-(p-tolyl)ethan-1-o|
general procedure for a-bromo
via flash column
solid (73 % yield).
7.31—=7.24 (m, 1H),
5 191.0, 145.1, 131.6,
IR vmax (
calcd for,

was synthesized as described in the
e synthesis. Following purification
roduct was obtained as a white

3C NMR (101 MHz, CDCls)
8.7, 46.0, 31.1, 29.8, 21.8.

2-Bromo-1-(4-¢ 8h was synthesized as
described in the general procedure for a-bromo ketone synthesis.
Following purification via flash column chromatography the product was
obtained as a clear oil (64 % yield). '"H NMR (400 MHz, cdcls) 5 8.08 —
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7.79 (m, 2H), 7.31 (d, J=7.9 Hz, 2H), 4.44 (d, J= 0.9 Hz, 1H), 2.72 (q, J
=7.6 Hz, 2H), 1.26 (td, J = 7.6, 2.2 Hz, 4H). 13C NMR (101 MHz, cdcl3)
6 191.1, 151.3, 131.8, 129.3, 128.9, 128.5, 128.5, 46.1, 31.1, 29.8, 291,
15.2. IR vmax (cm™') 3087, 2065, 1524,,1510, 1309; UV (Amax nm) 282;

2-Bromo-1-(4-propylphenyl)ethan-1-one
described in the general procedure for

(400 MHz, cdcls) d 8.13 —
2.65 (dd, J=8.5, 6.8 Hz,
*C NMR (101 MHz,
cdcls) 8 191.1, 149.8, 1 ; .1a129.174¢8.8, 46.1, 38.2, 31.1,
24.3, 13.9. IR vmax ( , 1590; UV (Amax nm) 274,
HRMS (ESI) calcd fo 80, found 242.1283.

8j was synthesized as
a-bromo ketone synthesis.
romatography the product was

d, J=
131.5, -
UV (Amax nm) 286;
found 230.0753.

(101 MHz, cdcl;) & 190.1, 166.5, 164.3,
30.8. IR vmax (cm™) 3059, 1804, 1467;
1) calcd for CgHgBrO2 (M+) 230.0754,

romo-1 -(4oxyphenyl)ethan-1-one 8k was synthesized as
ribed in the general procedure for a-bromo ketone synthesis.
ing purification via flash column chromatography the product was
d as a brown oil (55 % yield) '"H NMR (400 MHz, cdcls) 8 7.92 (d,

C1oH11BrO, (M+) 244.2793, found 244.2790.

2-Bypmo-1-(4-propoxyphenyl)ethan-1-one 8l was synthesized as
d in the general procedure for a-bromo ketone synthesis.
ing purification via flash column chromatography the product was
ined as a clear oil (72 % yield). 'H NMR (400 MHz, cdcls) & 8.06 —
0 (m, 2H), 6.94 (d, J = 9.1 Hz, 2H), 4.39 (s, 2H), 3.99 (t, J = 6.5 Hz,
H), 1.83 (dt, J = 7.5, 6.6 Hz, 3H), 1.04 (t, J = 7.4 Hz, 4H). "*C NMR (101
MHz, cdcl;) & 190.0, 189.7, 163.9, 163.9, 131.4, 131.0, 127.0, 126.7,
114.6, 114.6, 69.9, 45.8, 30.9, 22.5, 10.5. IR vmax (cm™') 3280, 2986,
1542; UV (Amax nm) 292; HRMS (ESI) calcd for C41H1.BrO, (M+)
258.0078, found 258.0080.

2-Bromo-1-(4-butoxyphenyl)ethan-1-one 8m was synthesized as
described in the general procedure for a-bromo ketone synthesis.
Following purification via flash column chromatography the product was
obtained as a pale yellow oil (56% yield). "H NMR (400 MHz, CDCl3) &
7.94 (dt, J = 9.0, 1.1 Hz, 2H), 6.93 (dt, J = 7.8, 0.9 Hz, 2H), 4.38 (d, J =
0.8 Hz, 2H), 4.03 (t, J = 6.5 Hz, 2H), 1.90 — 1.67 (m, 2H), 1.64 — 1.39 (m,
2H), 0.98 (td, J = 7.4, 0.8 Hz, 3H). *C NMR (101 MHz, CDCl3) & 190.0,
163.9, 163.9, 131.4, 131.0, 126.8, 114.6, 114.6, 68.2, 45.8, 31.2, 30.8,
19.3, 13.9. IR vmax (cm™") 3168, 1645; UV (Amax nm) 282; HRMS (ESI)
calcd for C1,H14BrO, (M+) 272.0236, found 272.0234.

2-Bromo-1-(4-(pentyloxy)phenyl)ethan-1-one 8n was synthesized as
described in the general procedure for a-bromo ketone synthesis.
Following purification via flash column chromatography the product was
obtained as a light brown solid (76% yield). "H NMR (400 MHz, CDCl3) &
7.94 (dd, J = 10.5, 9.0 Hz, 2H), 6.94 (dd, J = 9.0, 1.2 Hz, 2H), 4.40 (s,
2H), 4.02 (td, J = 6.5, 0.9 Hz, 3H), 1.81 (td, J = 6.6, 1.6 Hz, 3H), 1.57 —
1.26 (m, 4H), 0.93 (t, J = 7.1 Hz, 4H). *C NMR (101 MHz, CDCl;) &
189.9, 189.6, 163.8, 163.8, 131.3, 130.9, 126.9, 126.7, 114.5, 114.5,
68.4, 45.6, 30.7, 28.7, 28.1, 22.4, 14.0. IR vmax (cm™') 2930, 1853, 1632,
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1309; UV (Amax nm) 270; HRMS (ESI) calcd for C3HsBrO, (M+)
286.0392, found 286.0395

2-Bromo-1-(4-(2-methoxyethoxy)phenyl)ethan-1-one 8o was
synthesized as described in the general procedure for a-bromo ketone
synthesis. Following purification via flash column chromatography the
product was obtained as white solid (80% yield). '"H NMR (400 MHz,
CDCl3) 8 7.94 (d, J = 8.9 Hz, 2H), 6.97 (d, J = 8.9 Hz, 2H), 4.39 (s, 2H),
4.25 — 4.13 (m, 2H), 3.83 — 3.68 (m, 2H), 3.44 (s, 3H). *C NMR (101
MHz, CDCl;) 6 190.0, 163.5, 163.5, 131.4, 131.0, 127.5, 127.2, 114.8,
114.7, 70.8, 67.7, 59.4, 45.8, 30.9. IR vmax (cm™") 3143, 2954, 13,45,
1288; UV (Amax nm) 280; HRMS (ESI) calcd for C41H43BrO; (M+)
274.0031, found 274.0026.

2-Bromo-1-(4-(2-ethoxyethoxy)phenyl)ethan-1-one 8p was
synthesized as described in the general procedure for a-bromo ketone
synthesis. Following purification via flash column chromatography the
product was obtained as a white solid (78% yield). '"H NMR (400 MHz,
CDCl3) 8 7.93 (d, J = 8.9 Hz, 2H), 6.96 (dd, J = 9.0, 1.4 Hz, 2H), 4.38 (s,
2H), 4.25 — 4.05 (m, 2H), 3.93 — 3.73 (m, 2H), 3.58 (d, J = 7.0 Hz, 2H),
1.22 (t, J = 7.0 Hz, 3H). ®C NMR (101 MHz, CDCl;) 5 190.0, 189.7,
163.6, 163.5, 131.4, 131.0, 127.4, 127.1, 114.8, 114.8, 68.7, 67.9, 67.0,
45.8, 30.9, 15.2. IR vmax (cm™") 3095, 1873, 1652, 1273; UV (Amax nm)
286; HRMS (ESI) calcd for C1,H15BrO3 (M+) 288.0184, found 288.0185.

4-(p-Tolyl)-1H-imidazol-2-amine hydrochloride 9g was synthesized as
described in the general procedure for Boc-guanidine cyclization followed
by Boc-deprotection. Following purification via flash column
chromatography the product was obtained as a light red solid (0.83 g,
52%) '"H NMR (400 MHz, CD3;0D) & 7.42 (d, J = 8.2 Hz, 2H), 7.11 (d, J =
8.1 Hz, 3H), 6.82 (s, 1H), 2.30 (s, 3H) ppm; "*C NMR (101 MHz, CD3
5 136.8, 130.2, 124.9, 21.2 ppm; IR vmax (cm™) 3323, 2123, 157
(Amax nm) 286; HRMS (ESI) calcd for CioH11N3 (M+) 173.2187,
173.2186.

4-(4-Ethylphenyl)-1H-imidazol-2-amine  hydrochloride
synthesized as described in the general procedure for
cyclization followed by Boc-deprotection. Following purifi
column chromatography the product was obtained
(45%). 'H NMR (400 MHz, CD;0D) & 7.46 (d, J =

188.1139.

4-(4-Propylphenyl)-1H-imidazol-2-amin

column chromatography the produc
"H NMR (300 MHz, CD;0D) 5 7.4

J=7.3 Hz, 2H). °*C NM
129.6, 129.5, 124.8, 112
1532, 1190; UV (Amax nm)
202.1356, found 202.1350.

4-(4-Butylpheny
synthesized as de:

hydrochloride 9a was
procedure for Boc-guanidine
cyclization followed b Jowing purification via flash
column chromatograph product was obtained as a brown oil (60%).
"H NMR, S (ESI) aligned with previously reported

4-(4-Pentylphenyl)-1H-im hydrochloride 9b was
synthesized as described in the general procedure for Boc-guanidine
cyclization followed by Boc-deprotection. Following purification via flash
column chromatography the product was obtained as a light yellow solid
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(43%). 'H NMR, ®C NMR, and LRMS (ESI) aligned with previously
reported spectral and MS data."®

4-(4-Methoxyphenyl)-1H-imidazol-2-agine
synthesized as described in the gen
cyclization followed by Boc-deprotection.
column chromatography the product was obtgj
(35%). '"H NMR (400 MHz, CD30D) & 7.51 —

hydrochloride 9j was
cedure for Boc-guanidine
purification via flash
ark brown solid
294 — 6.83 (M,
1 MHz, CD;0D) & 126.3,
2980; UV (Amax nm) 296;
3, found 190.0921.

4-(4-Ethoxyphenyl)-1
synthesized as desci
cyclization followed
column chromatogra
(49%). "H NMR (400

hydf©chloride 9k was
ocedure for Boc-guanidine
owing purification via flash
tained as a light red solid
(d, J = 8.9 Hz, 2H), 7.02 —
(t, J = 7.0 Hz, 3H). *C NMR

oc-deprotection.
the product was
CD;OD) 5 7

(ESI) calcd for C11H13 +) 204.1088, found 204.1079
4-(4-Propo ol-2-amine hydrochloride 91 was
synthesized as describe e general procedure for Boc-guanidine
cyclization followed by Boc-deprotection. Following purification via flash
cglumn chrom raphy the product was obtained as a light red solid
¥ &
,3.93

%). '"H N 400 MHz, CD3;OD) d 7.47 (d, J = 8.8 Hz, 2H), 7.02 —

(m, 3H) (t, J=6.4 Hz, 2H), 1.90 — 1.70 (m, 2H), 1.03 (t, J=7.4

H). *C NMR (101 MHz, CDs;OD) & 160.9, 148.9, 129.0, 127.1,

116.1, 108.3, 70.7, 23.6, 10.8. IR vmax (cm™) 3392, 2854, 1673,

\/ (Amax nm) 280; HRMS (ESI) calcd for Ci;H1sN3O (M+)
d 218.1268.

4-(4-Butoxyhenyl)-1H-imidazol-2-amine hydrochloride 9m was
synthesized as described in the general procedure for Boc-guanidine
cyclization followed by Boc-deprotection. Following purification via flash
n chromatography the product was obtained as a light red solid
"H NMR (400 MHz, CD;0D) & 7.48 (d, J = 8.9 Hz, 2H), 7.03 —
m, 3H), 4.00 (d, J = 6.4 Hz, 2H), 1.75 (m, 2H), 1.58 — 1.45 (m, 2H),
(t, J = 7.4 Hz, 3H). *C NMR (101 MHz, CD;0D) & 160.9, 148.9,
9.0, 127.1, 121.2, 116.1, 108.3, 68.8, 32.4, 20.3, 14.2. IR vmax (cm™)
124, 3076, 2974, 1569; UV (Amax nm) 254; HRMS (ESI) calcd for
Ci13H17N30 (M+) 232.1444, found 232.1442.

4-(4-(Pentyloxy)phenyl)-1H-imidazol-2-amine hydrochloride 9n was
synthesized as described in the general procedure for Boc-guanidine
cyclization followed by Boc-deprotection. Following purification via flash
column chromatography the product was obtained as a light brown sticky
oil (57%). '"H NMR (400 MHz, CD3;0D) & 7.45 (d, J = 8.8 Hz, 2H), 6.85 (d,
J =8.8 Hz, 2H), 6.74 (s, 1H), 3.94 (t, J = 6.4 Hz, 2H), 1.76 (dd, J = 8.0,
6.3 Hz, 2H), 1.52 — 1.34 (m, 4H), 0.95 (t, J = 7.1 Hz, 3H). "*C NMR (101
MHz, CD3;0OD) 5 159.1, 151.6, 127.4, 126.2, 115.6, 69.0, 30.2, 29.4, 23.6,
14.4. IR vmax (cm™) 3473, 3193, 1543, 1123; UV (Amax nm) 270; HRMS
(ESI) calcd for C14H19N30 (M+) 246.1573, found 246.1569.

4-(4-(2-Methoxyethoxy)phenyl)-1H-imidazol-2-amine  hydrochloride
90 was synthesized as described in the general procedure for Boc-
guanidine cyclization followed by Boc-deprotection. Following purification
via flash column chromatography the product was obtained as a white
solid (64%). 'H NMR (400 MHz, CD;0D) & 7.53 — 7.46 (m, 2H), 7.05 —
6.96 (M, 3H), 4.18 — 4.09 (m, 2H), 3.78 — 3.71 (m, 2H), 3.42 (s, 3H). "*C
NMR (101 MHz, CD;0OD) & 160.5, 149.0, 128.9, 127.1, 121.6, 116.2,
108.5, 72.1, 68.5, 59.2. IR vmax (cm™') 3213, 2921, 1734; UV (Amax nm)
250; HRMS (ESI) calcd for C12H15N302 (M+) 234.1153, found 234.1152.

4-(4-(2-Ethoxyethoxy)phenyl)-1H-imidazol-2-amine hydrochloride 9p
was synthesized as described in the general procedure for Boc-
guanidine cyclization followed by Boc-deprotection. Following purification
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via flash column chromatography the product was obtained as a white
solid (54%). "H NMR (400 MHz, CDs0D) & 7.49 (d, J = 8.8 Hz, 2H), 7.04
—6.99 (m, 3H), 4.18 — 4.09 (m, 2H), 3.83 — 3.74 (m, 2H), 3.60 (q, J=7.0
Hz, 2H), 1.22 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz, CD3;0D) & 160.6,
127.1, 121.6, 116.2, 108.5, 70.0, 68.7, 67.7, 15.4. IR vmax (cm™") 3419,
1734, 1245, 1167; UV (Amax nm) 264; HRMS (ESI) calcd for C13H17N302
(M+) 248.1365, found 248.1263.

tert-Butyl (1,1,1-trifluoro-3-(methoxy(methyl)amino)-3-oxopropan-2-
yl)carbamate 10g 1.50 g (6.16 mmol) of 2-((tert-butoxycarbonyl)amino)-
3,3,3-trifluoropropanoic acid, a stir bar, and 12 mL of dichloromethane
were added to a 100-mL round bottom flask and allowed to stir. To the
mixture was added 2.36 g (12.33 mmol) of 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride and 1.89g (12.33 mmol)
of hydroxybenzotriazole hydrate and 2.58 mL (18.51 mmol) of
trimethylamine and the mixture was allowed to stir for 2 minutes.
Following was added 0.90g (9.25 mmol) of N,O-dimethylhydroxylamine
hydrochloride. The reaction was allowed to stir overnight and the solvent
was then removed in vacuo. The mixture was dissolved in 20 mL of ethyl
acetate and washed with saturated sodium bicarbonate twice and
saturated brine twice. The organic layer was dried over magnesium
sulfate and purified via silica gel column chromatography using 0 to 25%
ethyl acetate in hexanes to give tert-butyl (1,1,1-trifluoro-3-
(methoxy(methyl)amino)-3-oxopropan-2-yl)carbamate as a white solid
(1.3 g, 76% yield). "H NMR (400 MHz, CDCl;) 5 5.75 — 5.43 (m, 1H), 3.75
(s, 3H), 3.23 (s, 3H), 1.42 (s, 9H). "*C NMR (101 MHz, CDCl; 5 154.6,
124.3, 81.0, 61.6, 51.1, 50.8, 32.1, 28.1, 28.1. IR vmax (cm™') 1823, 1139,
1032; melting point 84 — 88 °C; HRMS (ESI) calcd for C1oH17F3N204 (M+)
287.1164, found 287.1160.

tert-Butyl (1,1,1-trifluoro-3-(4-hexylphenyl)-3-oxopropan
yl)carbamate 11g To a flame dried 100-mL round bottom flask un:
nitrogen atmosphere was added 1-bromo-4-hexylbenzene (0.14 mL/8®
mmol), a stir bar and 8 mL of dry tetrahydrofuran. The mixture was stirred
at -78 °C and n-butyllitium (0.29 mL, 2.5 M solution in hex
added dropwise over a two minute period. After another fi
tert-butyl
yl)carbamate (0.1 g, 0.35 mmol) was dissolved in
tetrahydrofuran and added dropwise to the reaction mi

then concentrated in vacuo. The resulting rgsidue was then purifie

tert-butyl  (1,1,1-trifluoro-3-(4-hexylphe
as a light yellow solid (0.80g, 59% yield). 'H

265(t J=7.8Hz 2H),1.61(d, J
4.5, 2.6 Hz, 4H), 1.06 (m, 2H), O,

/30 (tt, J =
NMR (101

1256; UV (Amax nm) 20
388.2042, found 388.2039.

tert-butyl (1,1,1-trifluoro-3-(4-
.24g, 0.62 mmol) in 3.5 mL
in a 0 °C ice bath and 1.5
s added dropwise. After five minutes, the
e ice bath and allowed to stir at room
monitored by TLC. Then, the solvent
idue was dissolved in 10 mL of ethyl
acetate and washed three tim saturated sodium bicarbonate. The
ethyl acetate layer was then dried over sodium sulfate and concentrated
in vacuo in a 100 mL round bottom flask. The sticky residue was placed
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on a high vacuum pump for one hour. Then, to the round bottom was
added 5 mL of ethanol and 5 mL of water and cyanamide (0.26 g, 6.19
mmol). The pH of the reaction was adjusted to pH 4.3 using 1N HCI. The
reaction was heated at 95 °C for 3 hoyrs. The reaction was allowed to

tography (0-
¥ The purified
ncentrated HCI in methanol
-1H-imidazol-2-amine as a

vacuo. The residue was purified via silica ge
5% methanol saturated am i

(101 MHz, CD;0D)
124.0, 36.7, 32.8, 3
1653, 1522, 1197; U
(M+) 312.1634,

4.4, 149.3, 147.
30.0, 23.6, 14.4.
ax nm) 258; H

30.1, 129.8 (q J = 1.6 Hz),
vmax (cm'1) 3287, 2987,
(ESI) calcd for C16H22F3N3

-trifluoro-3-oxo-3-(4-propoxyphenyl)propan-2-
synthesized as described in the general

owing purification via flash column
s obtained as a light yellow solid in 47%
yield. "H NMR (30 : 567.98(d, J=8.7 Hz, 2H), 6.96 (d, J =
8.9 Hz, 2H), 5.92 - 5.79 (m, 1H), 4.00 (t, J = 6.5 Hz, 2H), 1.83 (h, J=7.0
Hz, 2H), 1.4‘?9H), 1.04 (t, J = 7.4 Hz, 3H). ®C NMR (101 MHz,

tert-Butyl
yl)ca