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Abstract

The syntheses and characterization of* Gand C€ substituted N,N*-
bis(arylmethyl)imidazolium salts with hydrophilia dipophilic substituents on the imidazole
ring are reported. A structure-activity relationsktudy revealed that the lipophilicity of groups
at the € and C positions plays a crucial role in modulating thiécacy against select non-small
cell lung cancer cell lines tested. Compoudds— 17were determined to be the most active
against the panel of cell lines studied. Compouttisind 12 were examined by the National
Cancer Institute’s Developmental Therapeutic Pnogwehere they were tested against the NCI-
60 human cancer cell line panel in a one-dose amddbse assay. Compoudd had high
activity against the nine lung cancer lines testbde 12 had cytotoxic effects against 59 of the

60 cell lines. Compountil was also studied in a murine model to determm@it/ivo toxicity.

1. Introduction
Cancer is the second leading cause of death inUtlieed States, with lung cancer
accounting for 27% of all cancer deattBespite significant advances in the treatmentofer,

one of the major drawbacks of many clinically useémotherapeutics is their substantial toxic



side effects. An ongoing goal of cancer researchoi®btain chemotherapeutics with high
efficacy and reduced side effects.

Imidazolium salts as potential anti-cancer agergsuader active investigation by several
research groups® Research in our group has focused\yN'-bis(naphthylmethyl)imidazolium
salts, many of which have been shown to exhibit hagti-proliferative activity against non-
small cell lung cancer (NSCLC) cell lines. One it¢zexample i$C23 (Figure 1)° Despite its
substantial activity, the low water solubility oflIC23 - similar to many
bis(naphthylmethyl)imidazolium salts — presentseaege challenge to clinical applications.
Herein we report the influence of the nature ofrbptilic and lipophilic functional groups in
the C' and C position ofN,N"-bis(naphthylmethyl)imidazolium salts, along wittetimpact of
hydrophilic and lipophilic naphthalene-based sdlmisig substituents at the nitrogen ‘(lsdnd
N® atoms of 4,5-diphenyi,N"-bis(arylmethyl)imidazolium salts as it relates amueous

solubility and anti-tumor activity against NSCLdIdmes.

Cl Cl
Figure 1. Structure dC23.

2. Results and Discussion
2.1 Synthesis and Characterization

To investigate the influence of substituents at@hand C positions on the in vitro anti-
cancer activity ofN,N’-bis(naphthylmethyl)imidazolium salts, we first cleoto explore the
naturally occurring imidazole derivatives urocaaid and histamine (Figure 2). Both azoles
consist of an imidazole ring substituted at tffep@sition with a two carbon linker connected to a

terminal hydrophilic group.
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Figure 2. Urocanic acid (left) and histamine (rjght

The imidazolium salts 4-(3-methoxy-3-oxoprop-1-eghtl,3-bis(naphthalen-2-
ylmethyl)imidazolium bromide 2 and 4-(2-carboxyvinyl)-1,3-bis(naphthalen-2-
ylmethyl)imidazolium chloride3) were synthesized from commercially available aroc acid
as outlined in Scheme 1. Urocanic acid was estdrifo methyl-3-(imidazol-4-yl)acrylatelX
according to literature procedut&.Compoundl was deprotonated with potassium carbonate
and reacted with one equivalent of 2-(bromometlaghthalene. Removal of the generated
precipitate and the subsequent addition of a seeguoivalent of 2-(bromomethyl)naphthalene
afforded the imidazolium saR in moderate yield. The formation &fwas confirmed byH
NMR spectroscopy. The most distinctive resonancehi spectrum was that of the-8
imidazolium proton which was observed at 9.54 pfims was a significant downfield shift
from the G proton resonance df(7.73 ppm) and was indicative of cation formation.

Compound2 was refluxed for 5 days in 9 M aqueous HCI to fdhme carboxylic acid
derivative, compound@®. This transformation was confirmed By NMR spectroscopy by the
appearance of the carboxylic acid proton resonatct2.84 ppm and the loss of the proton
resonance at 3.66 ppm corresponding to the metbwipgof2. Additionally, a shift in the C=0
stretching frequency from 1716 &m?2) to 1693 crit (3) was observed via infrared (IR)
spectroscopy.
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Scheme 1. Synthesis of the urocanic acid-deN@d-bis(naphthylmethyl)imidazolium salgs
and3.

A series of N,N-bis(naphthylmethyl)imidazolium salts that contaicarbamate
substituents at the “Qosition were synthesized from histamirGa+ Scheme 2). Because
alkylation of histamine is known to occur at alladable nitrogen atoms (NN" and N),>*%**
differentiation of these three positions was acbiewy converting the histamine to 5,6,7,8-
tetrahydro-5-oxoimidazo[1,5-c]pyrimidine4)( using N,N’-carbonyldiimidazole (CDI). The
combination o#4 with 2-(bromomethyl)naphthalene resulted in they/lation of the N atom and
the formation of 2-(naphthalen-2-ylmethyl)-5-ox®&5,8-tetrahydroimidazo[1,5-c]pyrimidinium
bromide 6). The formation o6 was confirmed byH NMR spectroscopy. Again the downfield
shift of the & proton, which was observed at 9.99 ppm, was itidiea@f the formation of the
cationic species. Crystals bfsuitable for single crystal X-ray diffraction wesbtained by slow
evaporation of a concentrated solution of the campoin acetonitrile (see supplementary
information). Refluxing a mixture d andN,N-diisopropylethylamine (DIPEA) with methanol,
n-butanol, or propargyl alcohol resulted in the rdégction of the N atom and produced the
respective carbamates. These carbamates weretstdusivith 2-(bromomethyl)naphthalene to

yield the corresponding imidazolium saba-c
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Scheme 2. Synthesis of the carbamate-substiNifsdbis(naphthylmethyl)imidazolium salts

6a-c

The CG-H imidazolium protons of compounés-cwere observed at 9.40 ppm, 9.39 ppm,
and 9.35 ppm, respectively, By NMR spectroscopy. IR spectroscopy indicated & #hithe
C=0 stretching frequency from 1758 ¢rt6) to 1709 crit (6a), 1701 crit (6b), and 1709 cim
(6¢). The emergence of a=C stretching frequency at 2114 ¢rim the spectrum dc indicated
the presence of the propargyl group. Crystal§tokuitable for single crystal X-ray diffraction
were obtained by slow evaporation of a concentratédtion of the compound in a mixture of

acetonitrile and chloroform (1:1) (Figure 3).
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Figure 3. Thermal ellipsoid plot of the cationiatian of 6b, with thermal ellipsoids drawn at
the 50% probability level. Hydrogen atoms and baeranion omitted for clarity.



In a separate attempt to introduce aqueous sdlpbilito N,N’-
bis(naphthylmethyl)imidazolium salts, the amphijghitnidazolium salt 4,5-bis(hydroxymethyl)-
1,3-bis(naphthalen-2-ylmethyl) imidazolium bromidd0) was synthesized (Scheme 3).
Commercially available 4,5-imidazoledicarboxyliadaevas used to prepare dimethyl imidazole
dicarboxylate 7).*? The reaction o with an equimolar amount of 2-(bromomethyl)napltehea
yielded dimethyl 1-(nhaphthalen-2-yImethyl)imidazdig-dicarboxylate§). Reduction oB with
lithium aluminum hydride in tetrahydrofuran proddcéhe vicinal diol, (1-(haphthalen-2-
ylmethyl)imidazole-4,5-diyl)dimethanoB). This functional group transformation was indezht
by the loss of the C=0 frequency from the IR sgeofi8 (1713 cnt) to that of9, as well as the
emergence of the expected doublet §C&hd triplet (OH) resonances in thé NMR spectrum
of 9. Although 9 theoretically could be synthesized from the reactiof 4,5-
imidazoledicarboxylic acid with 2-(bromomethyl)naipalene and subsequent reduction of the
carboxylic acid functional groups, this route wastedmined to be less desirable due to the
difficulties anticipated from the extremely low 8bllity of 4,5-imidazoledicarboxylic acid in
solvents permissible for the reduction reactionm@ound9 was reacted with a slight molar
excess of 2-(bromomethyl)naphthalene to yigld The formation oflO was indicated by the
characteristic downfield shift of the?® imidazolium proton resonance in thHel NMR
spectroscopy, observed at 9.45 ppm. The strucfut® was confirmed from characterization by
X-ray crystallography (Figure 4). Single crystalerey grown from slow evaporation of a

concentrated solution of acetonitrile and diettilkee.
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Scheme 3. Synthesis of the dimethanol-substitht&t-bis(naphthylmethyl)imidazolium salt
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Figure 4. Thermal ellipsoid plot 40, with thermal ellipsoids drawn to the 50% probiapil
level. Hydrogen atoms, with the exception of thosthe hydroxyl groups, and carbon labels

have been removed for clarity.

Whereas the synthesis &f3, 6a-¢ and 10 was aimed to increase the aqueous solubility
of N,N’-bis(naphthylmethyl)imidazolium salts, the syntlesf 4-methyl-1,3-bis(haphthalen-2-

ylmethyl)imidazolium bromide (1) provided a lipophilic imidazolium salt to testaagst the



selected NSCLC cell lines. The methyl substituenttie C position of 11 increased the
lipophilicity of the imidazolium salt without sigincantly adding steric bulk. Compourid was
synthesized according to an established procedureur laboratory for analogous lipophilic
imidazolium saltd. In refluxing acetonitrile, 4-methylimidazole wasemtotonated with
potassium hydroxide and alkylated with one equivalef 2-(bromomethyl)naphthalene. After
removal of the precipitate, a second equivaler-fromomethyl)naphthalene was added to the
refluxing mixture to generate the imidazolium salt (Equation 1).'"H NMR spectroscopy
indicated the formation of the imidazolium salt, tiwithe downfield shift of the %H
imidazoliumproton resonance observed at 9.57 ppniforAdditionally, crystals ofL1 suitable
for single crystal X-ray diffraction were obtainbyg slow evaporation of a concentrated solution
of the compound in acetonitrile (Figure 5).

PN 1) KOH

HN\:<N 23)“/\ OO N\;z OO

CH,CN, reflux

Equation 1. Synthesis of the lipophiNgN’-bis(naphthylmethyl)imidazolium saltl.
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Figure 5. Thermal ellipsoid plot of the cationiafon of 11, with thermal ellipsoids drawn at
the 50% probability level. Hydrogen atoms and baeranion omitted for clarity.

Substituents were also introduced at the nitrogems (N and N) of the imidazole ring,
rather than at theGnd C positions, to help understand the potential artiiferative activity
and aqueous solubility of these imidazolium sadt&-Diphenylimidazole was functionalized
with quinolinylmethyl and (6-methoxynaphthyl)methydubstituents, in addition to the



naphthylmethyl group to create a series of six diphienylN,N’-bis(arylmethyl)imidazolium
salts12 — 17 The synthesis of compound? — 17were executed by the same route used to
obtain the analogous imidazolium s&lt€ompoundsl2 — 17 were prepared by stirring 4,5-
diphenylimidazole with a minimum of 1.2 equivalentdé potassium hydroxide and one
equivalent of the appropriate alkyl bromide or cide in refluxing acetonitrile overnight.
Removal of the generated precipitate and the axhddf one equivalent of the naphthalene-based
halide in refluxing acetonitrile produced compouti@s- 17(Scheme 4).
1) KOH

2) 157 357N + X
R X R X AN
HNTSN 17NN gs
— CH4CN, CH4CN, >—<_
Ph Ph reflux reflux Ph Ph
12-17
N
N
(@]
R' R® X
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13 |NapOMe NapOMe ClI
14 |NapOMe Naph Br
15 | Quin NapOMe (I
16 Quin Naph Br
17 Quin Quin Br

Scheme 4. Synthesis of the 4,5-dipheNyN’-bis(arylmethyl)imidazolium salts2 — 17

All 4,5-diphenylN,N’-bis(arylmethyl)imidazolium salt42 — 17were characterized by
'H NMR, °C NMR, mass spectrometry, elemental analysis antingeoint determination. The
'H NMR spectra of compound$2 — 17 show a representative resonance for tHeHC
imidazolium proton within the range of 9.77 — 9/88m and was a significant downfield shift
from the G proton resonance of the 4,5-diphenylimidazoletisigrmaterial (7.78 ppm). The
number of chemical resonances in tf@ NMR spectra fully support the series of 4,5-diphe
N,N’-bis(arylmethyl)imidazolium salt$2 — 17 ESIl-mass spectrometry in the positive mode was
conducted for the saltk2 — 17and the corresponding [M-Brand [M-CI]" of the salts further
suggested compound identification of the desiredipets. The structures of compoub@land

17 were determined by single crystal X-ray diffraatidollowing the slow evaporation of a
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concentrated solution of the compounds in a watetéme (1:1) mixture and ethanol,
respectively (Figure 6 and Figure 7). Compodsao-crystallized with a water molecule ahd

co-crystalized with an ethanol solvent molecule.
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Figure 6. Thermal ellipsoid plot 46 from solvatel6e (H,0). All thermal ellipsoids have been
drawn at the 50% probability level. Hydrogen atpo@sbon labels, and the co-crystalized water

molecule have been removed for clarity.

Br(1) N3)

Figure 7. Thermal ellipsoid plot df7 from solvatel7¢(C,H¢O). All thermal ellipsoids have been
drawn at the 50% probability level. Hydrogen atpo@bon labels, and the co-crystalized

ethanol molecule have been removed for clarity.

2.21n vitro Anti-tumor Studies

The in vitro anti-tumor activity of compounds 3, 6a-¢ 10 and11 - 17 was evaluated
against the NSCLC cell lines NCI-H460, NCI-H1975daHCC827 in order to establish two
structure-activity relationships (SAR). The firsAR study considers compoungds3, 6a-¢ 10,
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11, and12. Each of these compounds has different functigmaups at the €and/or the €
position(s). These various functional groups cantawide range of hydrophobic to hydrophilic
functional groups. The second SAR study involvempounds12 - 17 Each compound is
functionalized with phenyl substituents at both @feand C positions with varying arylmethyl
groups at the Nand N positions. Previously we have shown that naphthstiyl substituents at
the N' and N positions yield compounds with high anti-cancetivity. However, these highly
hydrophobic substituents do not allow for suffigi@rater solubility for systemic administration.
Therefore, the naphthalene substituents were vageatiding a nitrogen heteroatom to the ring
and/or an ether substituent off the ring in attetopihcrease water solubility without lessening
the anti-cancer activity.

The optional MTT assay protocol was used to deteemtihe 1G, values (the
concentration of the compound that inhibits 50%haf growth of cells, relative to controls) of
each compound (Table 1). The well-known chemotheeagent cisplatin was used as a positive
control in each assay with d¢values of 3uM (H460), 10uM (H1975), and 4M (HCC827).
Although IC23 had activity comparable to that of cisplatin, wi@y, values of 5uM (H460), 6
uM (H1975), and &M (HCC827), potential use of the compound as a asugnited by poor
water solubility. Of the urocanic acid-derived immblium salts, compoun® proved to be the
most active against the NSCLC cell lines, witld@alues of 131M (H460), 4uM (H1975), and
16 uM (HCC827). The conversion of the ester functiaah 2 to the carboxylic acid group in
3 led to a severe reduction in efficacy, as the i@lues of3 were > 30uM for all three cell
lines.

The imidazolium salt§a-c derived from histamine all showed comparable &gtfCs
values between 8 -14M) against all three cell lines, with the exceptioh6a against the
HCC827 line (IG, > 30 uM). As expected, the least hydrophobic compounthefthree6a,
was the only compound to fully dissolve in the 19480 aqueous stock solution.

Compoundl0, which was designed to have a relatively high agaesolubility and the
most hydrophilic compound tested, was ineffectivgaiast the H460 and HCC827 lines
(ICs0> 30 uM) and showed only moderate activity against the9FaL line (1IGo= 11 uM).
Compoundl0, which fully dissolved in the 1% DMSO aqueous ktgolution, demonstrated a
lack of significant anti-proliferative activity aget the majority of the cell lines, similar to

compound3. The data fron8 and10 suggests that the inclusion of polar hydrophilioups at
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the C' and C positions of imidazole leads to a substantial ese in anti-proliferative activity
of those compounds.

Supporting this observatiori,1 and 12, which did not contain any polar, hydrophilic
substituents, demonstrated high anti-proliferaticgévity against all three cell lines. Compound
11 was fully soluble in the 1% DMSO aqueous stoclusoh and had I6 values of 3uM
(H460 and H1975) and M (HCC827). Compound?2 had 1Gyvalues of 3uM (H460), < 1uM
(H1975), and 2uM (HCCB827), displaying activity comparable to tlzdtll, despite not being
fully soluble in the stock solution. It is also ionpant to note that1l and12 had in vitro activity
comparable to cisplatin an@23.

Compound2, 3, 6a-¢ 10, 11, and12 were all substituted with naphthylmethyl groups at
both the N and N positions and differences between thegl@alues for these compounds
establishes our first SAR. The most active compsunere 11 and 12 which have added
lipophilicity at the ¢ and/or C positions. Compoun@ with an ester functional group has higher
activity than3 with a carboxylic acid group. Compoungis-c with a carbamate functional group
all had moderate activity whil&0 with two hydroxyl groups had the lowest activitgserved.
The conclusion from this series of compounds i$ Huled lipophilicity is beneficial to high
anti-cancer activity while highly hydrophilic grosiguch as hydroxyls severely inhibits activity.

The second SAR study concerns compoutiié7 which all have phenyl substituents at
the ¢ and C positions while the arylmethyl groups at thé and N positions were varied.
Imidazolium salts12 — 17 displayed IGy values in the single-digit micromolar or high
nanomolar range against all three of the NSCLC ledls (IGyp < 1 — 3 uM). The anti-
proliferative activities of the 4,5-diphenM;N’-bis(arylmethyl)imidazolium saltd2 — 17were
an improvement relative to bot€23 and cisplatin. The variants of the naphthylmetha$ed
substituents at the 'Nand N atoms appeared to have no effect on thg @lues of the 4,5-
diphenyl compounds. However, the solubility d7, which contains two quinolinylmethyl
groups, was increased considering this was the 4bhdiphenyl derivative to be solubilized by
the 1% DMSO solution, though its solubility in pusater is still too low to be systemically
administered. Summarization of the second SAR studjgests that adding heteroatoms to the
naphthylmethyl rings can increase the aqueous gityubnd maintain the potent anti-cancer
activity of the more lipophilic derivatives. Therabined data from sal® 3, 6a-¢ 10 and11 —

17 further affirmed the direct relationship betweba hydrophobicity of the substituents and the
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anti-proliferative activity of the imidazolium saltHydrophilic substituents at the' @nd C
positions provided a more pronounced effect toithielazolium salt’s anti-tumor activity and

aqueous solubility, as compared to theaNd N positions.

Table 1. 1Go values of synthesized,N’-bis(arylmethyl)imidazolium saltg, 3, 6a-¢ 10 and11 —
17.

IC 50 values (UM)

Compound
NCI-H460 @ NCI-H1975 HCC827
cisplatin 3 10 4
IC23 5 6 8

2 13 4 16
3 > 30 > 30 > 30
6a 9 11 > 30
6b 11 8 12
6C 11 10 14
10 > 30 11 > 30
11 3 3 4
12 3 <1
13 2 2 2
14 2 <1l <1l
15 3 <1 2
16 2 <1 2
17 3 <1 2

The National Cancer Institute’s (NCI) Developmentdierapeutics Program (DTP)
agreed to test1 and12 in the NCI-60 human cancer cell line screen usirtme-dose assay and
a five-dose assay, in tandem with our own MTT \igbassays. The NCI-60 human cancer cell
screen contains nine NSCLC cell lines. Results ftbw one-dose assay f@d and 12 are
summarized in Table 2. In this assay the compouvele exposed to the 60 cell lines at one
concentration (10 uM). Results were given as a trgercentage of cells treated withand12

compared to growth of control cells. Compouridwvas lethal against two cell lines tested (HOP-
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92 and NCI-H522) defined as leaving fewer live dllfter treatment witill than before
treatment began. Combining the resultd dfrom all nine cell lines showed an average growth
of 27% meaningll significantly slowed the growth of the nine NSClLéell lines at a
concentration of 10 uM. Compoud@ proved more potent, as it was lethal againstiak well

lines and had a negative average growth rate 8fL%6.

Table 2. Results from the one-dose assay (10 pMompeed by the DTP. All cell lines in the
table are NSCLC cell lines. Values are percent gnaelative to control cells. Negative values

depict the compound was lethal at the concentraésted.

Growth percentage
Compound| A549/ | EKVX | HOP- | HOP- | NCI- | NCI- NCI- | MCI- | NCI-

ATCC 62 92 H226 | H23 | H322M| H460 | H522
11 60.54 | 38.14| 33.1q -20.86 31.78 27.66 65,66 21.867.86l
12 -81.83 | -46.67, -86.12 -83.90 -75.719 -74.86 -20/798.57| -85.76

In the five-dose assay, compounds were exposell & &ell lines at concentrations of
10 nM, 100 nM, 1 puM, 10 pM, and 100 pM. Results avgiven as concentrations of 50%
growth inhibition (GI50), total growth inhibitionTGI), and 50% lethal concentration (LC50)
relative to cell growth with no drug added. Resultghe five-dose assay fdrl are shown in
Table 3 and Figure 8. The GI50 concentration rafiges the mid nanomolar range (448 nm) to
the low uM range (5.05 puM), the TGI concentratianges from 2.02 uM to 18.7 uM, and the
LC50 concentration ranges from 6.49 uM to > 100 INEese results are consistent with thgyIC
values determined in our lab and give further evogethatll has potent anti-proliferative

effects against NSCLC and is a quality candidatéuidher studies.
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Table 3. Results of 5-dose study for compolihdvValues are concentration in molarity for the
growth inhibition 50% (G150), total growth inhibith (TGI), and lethal concentration 50%

(LC50).
Concentration (LM)

Cell line GI50 TGI LC50
AB549/ATCC 5.05 18.7 53.5
EKVX 2.15 9.71 43.8
HOP-62 1.61 3.80 8.97
HOP-92 0.448 2.02 6.49
NCI-H226 2.12 5.87 > 100
NCI-H23 1.49 3.97 12.5
NCI-H332M 2.87 10.3 33.7
NCI-H460 1.72 3.65 7.75
NCI-H522 1.41 3.06 6.63

Non-Small Cell Lung Cancer
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, Percentage Growth
(&= )
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AS49/ATCC—— EKVX——€——- HOP-62---#---
HOP-92---£}--- NCI-H226—--@--— NCI-H23——4-—
NCI-H322M —-- & —-- NCI-H460—-----— NCI-H522—-© -~

Figure 8. Dose chart for compoufl against nine NSCLC cell lines.

The five-dose results fdr2 are shown in Table 4 and Figure 9. The GI50 comnagon
ranges from the low nanomolar range (122 nm) toltve uM range (1.41 uM), the TGI

concentration ranges from 1.26 pM to 3.16 pM, dsddnly LC50 concentration observed was
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for the HOP-92 cell line at a concentration of 3|98. Strangely, the cell growth percentage
was higher at the 100 uM dose than the 10 uM dosealf NSCLC cell lines (Figure 9). No
explanation was given to us by the DTP and we daerplain this trend. Totality of these
results give further evidence of high anti-cancetivdy previously demonstrated by this
compound qualifying it as a prime candidate fotHar studies. Experimental procedures for the
one-dose and five-dose assays can be found on T \iebsite and were based on the
concentration of protein at the examined time oifesults from all other cell lines tested
including figures and the tables provided by thePD@&re included in the supplemental

information.

Table 4. Results of 5-dose study for compoliadvalues are concentration in molarity for the
growth inhibition 50% (GI150), total growth inhikath (TGI), and lethal concentration 50%

(LC50).
Concentration (M)

Cell line GI50 TGl LC50
A549/ATCC 1.00 2.48 N/A
EKVX 0.837 2.29 N/A
HOP-62 1.41 2.97 N/A
HOP-92 0.122 1.26 3.98
NCI-H226 1.20 3.16 N/A
NCI-H23 0.445 1.88 N/A
NCI-H332M 1.20 2.50 N/A
NCI-H460 0.384 1.65 N/A
NCI-H522 0.325 1.78 N/A
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Figure 9. Dose chart for compouf@ against nine NSCLC cell lines.

2.3 Annexin V Assay

Compoundsl1 and 12 were also studied using the Annexin V assay terdehe the
mode of cell death that NCI-H460 cells undergo whgposed to these compounds. In cells that
are undergoing apoptosis, phosphatidylserine issloaated to the outer leaflet of the cell
membrane resulting in a loss of both cell integahd cell asymmetry. At the outer leaflet, the
phosphatidylserine can interact with Annexin V. TAnexin V is conjugated to FITC which
can be visualized by fluorescence microscopy. Asédary stain, propidium iodide, is also used
which fluoresces red when interacting with DNA. Flmteraction is only seen in cells whose
membrane integrity is lost, as propidium iodidermtrecross intact cell membrants.

The Annexin V assay employed in these in vitro Esichas the ability to distinguish
between apoptosis and necrosis by use of the puopitbdide. As is well known, apoptosis is
programmed cell death whereas necrosis is a disstderm of cell death. The progression over
time of observed fluorescence in conjunction witiarmges in cell membrane morphology
indicates the specific mode of cell death. In thsecof apoptosis, cell membrane integrity is not
immediately compromised as the phosphatidylsemné&danslocated to the outer leaflet. This
corresponds to an observation of green fluoresceiiitethe absence of any red fluorescence
from the propidium iodide. At longer treatment tip@ints, apoptosis is observed as both green
and red fluorescence with the presence of a blgbimembrane. In contrast to this is necrosis,
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which exhibits both green and red fluorescencepeddent of the treatment time. This is due to
the swelling and eventual breakdown of the cell im@&me, which is permeable to propidium
iodide even at early time points. The progressiotime as well as cell morphology is what can
assist in distinguishing these two modes of ceditiden this assay. However, due to ambiguity
between identification of cells in the late stadeapoptosis or those that are necrotic, further
studies can be completed in order to validate theeXin V assay.

Compound11 is a highly lipophilic compound and has poor sditypin aqueous
solution. Previously, we have described lipophitntdazolium salts that could be solubilized by
a chemical excipient, 2-hydroxypropfdeyclodextrin (2-HBCD).** In vitro MTT assays
suggested there was no difference in the anti-caut&vity of compounds solubilized by the 1%
DMSO solution described above or solubilization the vehicle, 2-HBCD. Therefore,
compoundll was dissolved in a 20% (w/v) solution of 2{FD and exposed to cells at a
concentration of 40 uM for 12, 14, 17, and 20 htwne points. At the end of the treatment
periods, the Annexin V apoptosis detection kit wdsized and cells were visualized by
fluorescence microscopy (Figure 10). Images wemapaosed to cells exposed to only the 2-
HPBCD vehicle solution and cells treated with cisplafThere was minimal fluorescence from
cells treated with vehicle which is expected. Anigant amount of fluorescence and blebbing
was observed from cells treated with cisplatinfas tcompound is known to induce apoptosis.
Signs of apoptosis including green fluorescencthefcell membrane, blebbing, and staining of
the nucleus from propidium iodide were observedllathe time points for cells treated witi
(Figure 11). However, not all cells were in the sastage of cell death as indicated by the
progression of fluorescence in individual weldd.the 12 hour time point, a fraction of the cells
were visualized with green fluorescence only wislame had green and red fluorescence
together and the rest had no fluorescence. At thearid 20 hour time point, a significant
percentage of the cells are both green and redetgent, show blebbing and thus suggesting
apoptosis. We predicteld to induce an apoptotic mode of cell death considehe structure is

similar to previously reported imidazolium saltatlalso induce apoptosis in NSCLC célls.
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Figure 10. Images of the Annexin V assay on H468 geown in 6-well plates using compound
11in 20% (w/v) 2-HBCD aqueous solution as the compound treatmentnfdfjes were taken
using a 10x objective. Images are presented asrgechémage of the normal transmitted light,
green fluorescence and red fluorescence figured) 2(HPBCD control, 20 hours. (B)

Compoundll, 14 hours. (C) Compouridl, 20 hours. Scale bars equal 400.



Figure 11. Images of the Annexin V assay on H48i8 geown in 6-well plates using compound
11in 20% (w/v) 2-HBCD aqueous solution as the compound treatmentnfayes were taken
using a 20x objective. Images are presented aggechenage of the green fluorescence and red
fluorescence figures, omitting the normal transeditight image for blebbing clarity. Images A-
C were taken at the 20 hour time point, D-E wekettiaat the 17 hour time point, F-G were taken

at the 14 hour time point, and images H-I werettiaktethe 12 hour time point.

Compoundl2 was dissolved in a 1% DMSO solution, becauseutdtaot be solubilized

by the 2-HBCD vehicle solution, and H460 cells were exposea edncentration of 40 uM for
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1, 3, 6, and 12 hour time points. The vehicle adrdnd cisplatin positive control also contained
the same percentage of DMSO as the cells treatidl i Again, the Annexin V assay detection
kit was utilized. Minor green fluorescence waseashed with cells treated with vehicle, while
early signs of apoptosis are observed in celldddcewavith cisplatin as would be expected at the
12 hour time point (Figure 12). Strong green fluoszsm®e is observed as early as the 1 hour time
point and continues to be observed at all of therlame points in cells treated with?.
However, cells treated with2 were abnormal when compared to the controls, eédpemn that

the morphology of the membrane is vastly differét. blebbing was observed at any of the
time points and green fluorescence as well aslueuescence were observed at all time points.
This suggests that compou@ induces a necrotic cell death pathway versus aptapc cell
death pathway as observed with (Figure 13). While observation of membrane morpbglo

and the progression of fluorescence can give gnsaght into the mode of cell death, future

work will also incorporate other assays that camfiom the findings of the Annexin V assay.

Figure 12. Images of the Annexin V assay on H46l(s grown in 6-well plates usind2
dissolved in a 1% DMSO aqueous solution as the ocoimg treatment. All images were taken
using a 20x objective. Images are presented asrgechémage of the normal transmitted light,
green fluorescence and red fluorescence figur&3.DMSO control, 12 hours. (B) Compound
12, 12 hours. Scale bars equal 200



22

Figure 13. Image depicting the comparison of compldil versus compound? treated cells.
(Row A) H460 blebbing cells after treatment withmgmoundl11 (normal transmitted light image
omitted for blebbing clarity). (Row B) H460 cellfex treatment with compouri.

The time frame differences of the Annexin V stgdom11 and12 arise from the use of
different solubilizing agents. We have noted prasiy that the use of 2-H&D does not
change activity by MTT assay analysis. However, theatment period and compound
concentrations used for the MTT assay are gredfigrent from those used for the Annexin V
assay. Previous studies have shown that at the santentration, solubilization in 2-BED
delays the effects of imidazolium salts which wéidwe comes from the equilibration time
needed for the compound to be released from tlogHific core of 2-HBCD before it can exert
its effect on the cancer ceff§.This equilibration time leads to each cancer beling at a
different stage of cell death when imaging occiitss can be seen where some cells have no
fluorescence while others have either green flumnese or green paired with red fluorescence

(see Suppmental Information).

2.4 In vivo toxicity study

Consideringll1 had high anti-cancer activity and it could be ctatgly solubilized in
aqueous solution by 2-HED at high concentrations (whereas 12 could natdbebilized by 2-
HPBCD), 11 was chosen for a preliminary analysis of the wowioxicity using C57BL/6 mice.
Six week old C57BL/6 male mice were allowed to ewate in their cages (h = 3 mice per

group, each group housed in separate cages) fay$ #ollowing acclimation, the control group
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received 100 pL of vehicle (20% (w/v) 2-BD) solution by intraperitoneal (IP) injection
while the experimental group received 100 pL of0an®y/kg dose ol (assuming an average
weight of 20 g) dissolved in the vehicle solutignlB injection on day 0. The weights and health
of all animals were closely monitored for the néxdays (Figure 14). There was a steady
increase in weight for all control animals. All arals survived the initial injection dfl, but a
sharp decrease in weight occurred for animalseddeatith 11. However, this was followed by
complete weight recovery and weight gain by 66%animals by day six. Animals in both
groups were again injected on days 0, 7, 14, 21a88 29 with similar patterns concerning
weight loss and gain. All mice survived for the ahion of the study and the last injection, on

day 29, was given one hour before perfusion.

Weight chart % for mice treated with vehicle and 11
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Figure 14. Weight chart for C57BL/6 mice injecteithal 1 dissolved in vehicle solution. Red
arrows signify days the animals were injected.

Selected reaction monitoring mass spectrometry (3R3) studies were performed on
extraction samples from the brain, heart, lungerlikidney, and spleen of all mice. The highest
concentration ofLl1 was found in the liver, followed closely by thedkey and spleen (Figure
15). Accumulation was also observed in the heartg,l and brain but at lower concentrations.
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Minimizing side effects is a major goal of poteht@nemotherapeutics considering current
treatments such as cisplatin have severe sidetgffegpecially renal toxicity. Althoughtl did
show accumulation in the kidney, collectivelyi was less cytotoxic against the panel of renal
cancer cells than the panel of lung cancer celigetein the NCI-60 cell line assays (see
supplemental information). Results from the in vieaicity study of compoundl1 were very
promising. All animals survived and although anisnalist weight after each injection, they were
able to fully recover during rest periods in-betwerjections. Compoundl is a promising
candidate to move on to further in vivo studiedwiitng cancer models.

15109 3-
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Figure 15. Bar graph depicting the concentratiohlofeposited in the brain, lung, liver, kidney,

heart, and spleen as determined by selective ogagtonitoring.

3. Conclusion
In this work, two in vitro SAR studies were perfadto establish a route to increase the

solubility of highly active imidazolium salts withib reducing the activity. The first SAR study
included a series oN,N’-bis(haphthylmethyl)imidazolium salts with variegdnophilic and
hydrophobic substituents at theé' @d C positions. Compoundg and 6a-¢, all containing
moderately hydrophobic substituents in tHé@) position(s), displayed K values between 8 —
16 uM, with the exception oba against the HCC827 line. Although less efficacidban
cisplatin, these values are in a clinically achidgarange and compoun@sand6a were fully
soluble in the 1% DMSO aqueous stock solution.dditeon, the propargyl group @ provides
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a site for the potential coupling of targeting amdimaging moieties bearing an azide group
through ‘click chemistry®® The modification would presumably enhance thectiffeness of the
compound in vivo.

The compounds with highly polar, hydrophilic grou@sand 10, showed almost no
significant anti-proliferative effects. With the @ption of10 against the H1975 line, all g
values for these complexes were >80 against the three cell lines. Conversely, compsui
and 12 with highly hydrophobic substituents demonstratedivity comparable to that of
cisplatin, with 1Go values of 4uM or less against all cell lines tested. Resultsnfithe in vitro
MTT assays on compounds 3, 6a-¢ 10, 11, and12 strongly suggests that the hydrophobic
substituents are necessary for high anti-prolifeeatctivity against these NSCLC cell lines.
Compoundll and12 were also studied by the NCI's DTP with the NCIl{@@man cancer cell
line panel. Both compounds were active againstnine NSCLC lines tested whilgé2 was
highly cytotoxic against almost all 60 cell lin€Sompoundl1 was shown to induce cell death
by an apoptotic pathway whilE2 induced a necrotic cell death pathway. Considetihdpad
high solubility when dissolved in an aqueous 288P solution and high-anticancer activity, it
was chosen for an in vivo toxicity study where htowed a favorable side effect profile.
Although compoundll was solubilized by 2-HFCD, the aqueous solubility of potential
therapeutics is still of high importance, and fetwork should focus on increasing the water
solubility of compounds by means other than indosof highly polar substituents, while still
maintaining anti-proliferative activity.

The second SAR study involved the 4,5-diphaxyi¥-bis(arylmethyl)imidazolium salts
12 — 17 The heteroatoms added to the aryl groups3td7 proved to add little solubility to the
highly lipophilic derivativel2. However,17, with two quinolylmethyl moieties, was solubilized
in the 1% DMSO aqueous solution. Unfortunately,sidubility was limited without the use of
the DMSO vehicle. This second SAR study suggeststibteroatoms can be added to the aryl
groups at the Nand N positions without reducing activity. Thereforefute derivatives will
focus on utilizing the quinolylmethyl and methoxphghylmethyl groups to increase solubility.
It may also be possible to increase solubility bytgnating the nitrogen of quinoline
substituents® However, it is unknown if that will alter the amncer activity of the compound
and resulting pharmacokinetics considering potédtféerences in pH. Imidazolium salts with a

combination of satisfactory solubility and high igmliferative activity are still actively
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investigated and future work should concentrateswipstituents with multiple heteroatoms or
other hydrophilic groups.
4. Experimental
4.1 General Considerations
All reactions were carried out under aerobic caod# unless otherwise specified. All acids,
bases and solvents were purchased from Fishertliciemd used without further purification.
All reagents were used as received without furterfication. Histamine dihydrochloride,
urocanic acid, N,N’-carbonyldiimidazole (CDIN,N-diisopropylethylamine (DIPEA), 4,5-
diphenylimidazole, 4,5-imidazoledicarboxylic acid;methylimidazole and primary alcohols
were purchased from Alfa Aesar. 2-(Bromomethyl)ribplene was purchased from Waterstone
Technologies. 2-Hydroxypropy-cyclodextrin (average molecular weight: 1400) waschased
from Tocris (a Biotechne brand). The TACS MTT qeitbliferation assay kit was purchased
from Trevigen. All C57BL/6 mice were purchased fr@harles River Laboratories and housed
in the biology department at the University of Akrd’he FITC annexin V apoptosis detection
kit was purchased from BD Pharmingen. HPLC grae®9 Q%) acetonitrile, methanol, and
water used for extractions and LC-MS analysis wauwechased from Fisher Scientific (Fair
Lawn, NJ, USA). 2-(Chloromethyl)-6-methoxynaphthmde was synthesized according to
literature procedur€. Melting points were obtained on a MelTemp apparatMethyl 3-
(imidazol-4-yl)acrylate 1) was synthesized according to literature procesiarel used without
further purification”® Dimethyl imidazole-4,5-dicarboxylaté’) was synthesized according to
literature procedure and used without further jpeatfon? Column chromatography utilized
silica gel (60 A, ICN Medicals) embedded with aare254 nm fluorescent indicator (Fluka
Analytical). Melting points were obtained on a Meiiip apparatusH and**C nuclear magnetic
resonance (NMR) spectra were collected on a Va@@hor 500 MHz instrument referenced to
DMSO-d; (2.50 ppm, 39.51 ppm) or GDD-d; (3.31 ppm, 49.00 ppm, respectively).
Electrospray ionization mass spectrometry (ESI-EIS)igh resolution mass spectrometry (ESI-
HRMS) was performed by the University of Akron magectrometry laboratory. Elemental
analysis was performed by the microanalysis lalboyaat Atlantic Microlabs (Atlanta, GA) and
the University of Akron Department of Geology.

The human non-small cell lung cancer cell lines MdB75 and HCC827 were donated

by Dr. Daniel Lindner from the Cleveland Clinic. & human non-small cell lung cancer cell line
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NCI-H460 was purchased from ATCC (Manassas, VA, USAI cell lines were grown in
RPMI 1640 media supplemented with 10% fetal bowerim. All cell lines were grown under

physiological conditions, specifically at 37 °C Wwk% CQ and passed every 2-3 days.

4.2 X-ray Structure Determination Details

Crystals of the compounds were coated in paratdnenounted on a CryoLoop and
placed on a goniometer under a stream of nitroGeystal structure data sets were collected on
either a Bruker SMART APEX | CCD diffractometer tigraphite-monochromated MoaK
radiation { = 0.71073 A) or a Bruker Kappa APEX Il Duo CCD teys equipped with a Mo
ImuS source and a Cu ImuS micro-focus source eqdipgth QUAZAR optics X = 1.54178
A). The unit cells were determined by using reflats from three different orientations. Data
sets were collected using SMART or APEX Il softwpeekages. All data sets were processed
using the APEX Il software suit€!°The data sets were integrated using SAfRIAn empirical
absorption correction and other corrections werpliegh to the data sets using multi-scan
SADABS? Structure solution, refinement, and modelling waceeomplished by using the
Bruker SHELXTL packag& The structures were determined by full-matrix tesgiares
refinement of E and the selection of the appropriate atoms froengnerated difference map.
Hydrogen atom positions were calculated ang(d) values were fixed according to a riding

model.

4.3 MTT Assay Protocol

Cells were grown to confluency and plated in 96hpkltes at 5,000-7,000 cells per well.
Cells were incubated for 24 h prior to adding thenpounds. All compounds were dissolved in a
1% DMSO solution and diluted in fresh media to tlesired concentrations of 1, 4, 16, and 32
pMM. Compounds were added in sextuplet and cells wengbated for 72 h at which time the
optional MTT assay protocol was followed. MTT reagélO L) was added to each well and
cells were incubated for 3-4 h depending on thelio&. Medium was removed by vacuum and
DMSO (100 pL) was added to each well. Plates weselated for 15 min at 37 °C. The optical
density was read at 540 nm on a BioTek Epoch péstder.

4.4 Annexin V assay protocol
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NCI-H460 cells were grown to confluency and plate@-well plates at a concentration
of 100,000 cells per well. Cells were incubatedZdrhours. At this time, medium was removed
by vacuum and fresh medium with vehicle, cisplatih,or 12 was added. Cisplatiil, and12
were dissolved at a concentration of 40 pM. ComgddLihwas exposed to cells for 12, 14, 17,
and 20 hours, while the cisplatin and vehicle aantwere exposed to cells for 20 hours.
Compoundl2 was exposed to cells for 1, 3, 6, and 12 hourslewthe cisplatin and vehicle
control were exposed to cells for 12 hours. At ¢émel of the treatment period, medium was
removed and cells were washed twice with cold PBS (nL). 1X binding buffer (400 pL),
FITC annexin V (20 pL), and propidium iodide (20)pdias added to each well and plates were
incubated in the dark for 20 minutes at room temafpee. The binding buffer was removed and
fresh 1X binding buffer (1 mL) was added for imagirCells were imaged on an EVOS fl
Digital Inverted Microscope with 10X and 20X objeets.

4.5 In vivo toxicity study protocol

All animal procedures were reviewed and approvedhay Institutional Care and Use
Committee at the University of Akron. Eight weekl shale C57BL/6 mice were obtained from
Charles River laboratories. Animals were housed it2h light/dark cycle and food and water
were provided ad libitum. Prior to the toxicity tieg, animals were allowed to acclimate for 5
days. Mice received injections on days 0, 7, 14,ahd 25 that consisted of a 100 pL solution
of a 20% 2HPBCD sterile PBS solution (control) or 100 pL of andgy/mL 20% 2HBCD sterile
PBS solution (0.4 mg/ 100 pL or ~ 20 mg/kg assunZg mice) ofL1 by IP injection. Animals
were closely monitored and weighed on a daily b&isday 29 animals were sacrificed and the

lung, heart, liver, kidney, spleen, and brain weaevested and frozen for later use.

4.6 Tissue extraction and selective reaction monitimg method

To extract and analyze compound deposited in ¢fleated organs, cold methanol (0.2
mL) was added to a centrifuge tube containing tbgue sample of interest. The sample was
vortexed, frozen in liquid nitrogen, thawed at rotamperature, and sonicated. This series of
steps was repeated twice more. The samples werenfrat -20 °C for one hour and centrifuged
at 10,000 rpm for 5 minutes at 4 °C. The supernatas separated from the protein pellet. The

protein pellet was extracted by the same procedutiened above and the resulting supernatants



29

were combined (the protein pellet was kept for B&#alysis). The samples were concentrated
on a speed vac and the resulting residue was resdsg in methanol (50 pL). Samples were
processed using an Eksigent micro200 LC equippeth ai hydrophilic interaction liquid
chromatography column (Lunau3H2 100A, 150mmx1.0mm, Phenomenex, Torrance, CA,
USA) coupled to a 5600+ TripleTOF (Sciex). The nelphases for separation consisted of
water (A) and acetonitrile (B) and the gradientgeeded at a flow rate of 30 uL/min as follows:
0 min 95% B, 2 min 95% B, 20 min 5 % B, 22 min 5B%For the mass spectrum the ionspray
voltage was set to +5000 V with a declustering ipiidé set at +100. The ion source nebulizer
gas and heater gas were both set at 18 psi, amdittaén gas was set to 25 psi. A TOF scan was
performed over the mass range of 100-500 Da amtbseguent product ion scan of 363.18 was
collected over a range of 50-500 Da using a collisenergy of +25 V. The extracted ion
chromatogram (XIC) of transitiomn/z 363.18> m/z 141.06and the MS/MS fragmentation
pattern were both use to verify the identify A standard curve based on peak height versus

concentration of standards was constructed togotate the tissue extract concentrations.

4.7 Synthetic Procedures

4.7.1 Synthesis of 4-(3-methoxy-3-oxoprop-1-en-1;3-bis(naphthalen-2-
ylmethyl)imidazolium bromide)

Compoundl (0.50 g, 3.29 mmol) was stirred with potassiumboaate (0.64 g, 4.63
mmol) in acetonitrle (4 mL) and the mixture was fluged for 30 min. 2-
(Bromomethyl)naphthalene (0.73 g, 3.30 mmol) wadeddand the mixture was refluxed
overnight. The reaction mixture was filtered hotrémnove a white precipitate, presumed to be
potassium bromide. 2-(Bromomethyl)naphthalene (@,73.30 mmol) was added to the filtrate,
and the reaction mixture was refluxed overnightviAite precipitate resulted, which was filtered
via vacuum filtration and the white solid was &drwith diethyl ether. The solid product was
isolated via vacuum filtration, washed in the funweh diethyl ether and air-dried to yield a
creme powder. The solid was purified by column olmtography using a mobile phase of
methanol/dichloromethane (5:95) to yield a whitavder 2 (1.52 g, 89%). Mp: 145-147 °C.
HRMS (ESI) calcd for GgHasN»O," [M-Br]* of m/z = 433.1916, found m/z = 433.1938
NMR (500 MHz, DMSO#g) & 9.54 (s, 1H), 8.55 (m, 1H), 8.03-7.86 (m, 8H),97546 (m, 7H),
6.70 (d, 1H, J = 14.4 Hz), 5.84 (s, 2H), 5.65 (d),23.66 (s, 3H)*C{*H} NMR (125 MHz,
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DMSO-dg) & 165.9, 139.0, 133.3, 133.20, 133.15, 132.21, B31181.9, 131.3, 130.7, 130.0,
129.41, 129.36, 128.6, 128.4, 128.3, 128.2, 1212%,4, 127.31, 127.28, 127.25, 126.4, 125.6,
123.42, 123.35, 53.34, 52.39, 50.7. ATR-IR (§n.716 (C=0).

4.7.2 Synthesis of 4-(2-carboxyvinyl)-1,3-bis(naplen-2-ylmethyl)-imidazolium chlorid8)(

Compound (0.60 g, 1.17 mmol) in 9 M aqueous HCI (6 mL) viiested at reflux for 5
d. The hydrochloride salt was obtained directlyvaguum filtration of the acidic hydrolysis
solution and washed with a small amount of chlamfdS mL). The hydrochloride salt in the
funnel was transferred to a round bottom flask avakhed in a mixture of acetone and
dichloromethane (1:1 v/v, 3x10 mL). The solid wadlected via vacuum filtration and air-dried
to yield a cream powd& (0.33 g, 62%). Mp: 221-224 °C. HRMS (EpBtalcd for GgH2aN,0,"
[M-CI]* of m/z = 419.1760, found m/z = 419.188@.NMR (500 MHz, DMSOsd) 5 12.84 (bs,
1H), 9.71 (s, 1H), 8.59 (s, 1H), 8.06 (s, 1H), 87024 (m, 5H), 7.90 (m, 1H), 7.86 (m, 1H),
7.62-7.55 (m, 5H), 7.48 (dd, 1H, J = 8.6, 1.7 Hz34 (d, 1H, J = 15.9 Hz), 6.60 (d, 1H), 5.85 (s,
2H), 5.67 (s, 2H):*C{*H} NMR (125 MHz, DMSO#;) 5 166.2, 138.6, 132.8, 132.73, 132.72,
132.6, 131.72, 131.69, 130.2, 128.9, 128.8, 1288,0, 127.8, 127.72, 127.70, 126.82, 126.78,
126.73, 126.72, 126.69, 126.3, 126.0, 125.1, 124287, 52.7, 50.1. ATR-IR (cf): 1693
(C=0).

4.7.3 Synthesis of 5,6,7,8-tetrahydro-5-oxoimidaZe]pyrimidine 4)
Synthesized according to literature procedure astl without further purificatioff. *H

NMR and other characterization matched the datherpreviously reported literatuté.

4.7.4 Synthesis of 2-(naphthalen-2-ylmethyl)-5-6)X97,8-tetrahydroimidazo[1,5-
c]pyrimidinium bromide %)

Compound4 (0.60 g, 4.38 mmol) and 2-(bromomethyl)naphthal@gh@7 g, 4.39 mmol)
were dissolved into acetonitrile (20 mL) and re@dxovernight. The solution was concentrated
by rotary evaporation to a resulting cream solide Bolid was stirred in a round bottom flask
with diethyl ether (30 mL) at room temperature. Teduct was filtered via vacuum filtration,
washed in the funnel with diethyl ether and aiedrio yield a creme sol#l (1.49 g, 95%). Mp:
119-122 °C. Anal. Calcd for 6H16BrN3O: C, 57.00; H, 4.50; N, 11.73%. Found: C, 56.48; H
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4.33; N 11.63%H NMR (500 MHz, DMSO€g) 6 10.02 (s, 1H), 9.06 (s, 1H), 8.05-7.92 (m,
4H), 7.72 (s, 1H), 7.63-7.57 (m, 3H), 5.64 (s, 2B}%6 (m, 2H), 2.99 (t, 2H, J = 5.6 Hz).
13C{lH} NMR (125 MHz, DMSO+g) 6 156.7, 136.7, 132.9, 132.71, 132.70, 132.67, 132.6
132.1, 131.5, 128.9, 128.7, 127.83, 127.82, 121/28,5, 127.0, 126.71, 126.69, 126.67, 125.6,
125.3, 120.1, 52.2, 51.2, 49.8, 38.0, 23.9. MS (E&lcd for G/H1eNzO" [M-Br]+ of m/z =
278.1, found m/z= 277.8. ATR -IR (¢ 3395 (N-H), 1758 (C=0).

Crystal data for 2-(naphthalen-2-ylmethyl)-5-0x63,8-tetrahydroimidazo[1,5-
c]pyrimidinium bromide §): C17H16BriNsO *GH3N, M = 399.29, monoclinica = 17.527 (4) A,
b=12.642 (2) Ac = 9.5932 (16) AB = 120.684°V = 1827.9 (6) A T = 100(2) K, space group
Cc, Z = 4, 7082 reflections measured, 3562 independsigtctions (R = 0.0398). The finaR;
values were 0.0382 & 24(1)). The finalwR(F?) values were 0.0658 & 24(1)). The final R,
values were 0.0476 (all data). The find®(F?) values were 0.0705 (all data). CCDC #: 1048513.

4.7.5 Synthesis of 4-(2-((methoxycarbonyl)aming)eth 3-bis(naphthalen-2-
ylmethyl)imidazolium bromidé&§)

N,N-diisopropylethylamine (DIPEA) (0.96 mL, 5.51 mmolpas added to a solution of
compound5 (0.92 g, 2.57 mmol) in methanol (33 mL). The reactmixture was stirred and
refluxed for 2 d under a nitrogen atmosphere. Ttlatie components were removed in vacuo
and the resulting residue was dissolved in diclm@thane (195 mL). The dichloromethane
solution was washed with water (195 mL) and driegromagnesium sulfate. The volatile
components were removed in vacuo, yielding theymesl intermediate as a white solid. The
white solid and 2-(bromomethyl)naphthalene (0.58 2962 mmol) were dissolved into
acetonitrile (45 mL) and refluxed overnight. Thelatde components were removed under
reduced pressure resulting in a creme solid thatstiered in the round bottom flask with diethyl
ether (10 mL). The solution was filtered via vacufiltnation, and the solid was washed in the
funnel with diethyl ether and air dried to yieldsalid. The solid was purified by column
chromatography using a mobile phase of methandl@liomethane (10:90) to yield a white
solid 6a (0.66 g, 48%). Mp: 65-67 °C. HRMS (E¥kalcd for GgH,gNz0," [M-Br]* of m/z =
450.2181, found m/z = 450.214% NMR (500 MHz, DMSO-g) & 9.40 (s, 1H), 8.02-7.87 (m,
8H), 7.75 (s, 1H), 7.59-7.46 (m, 6H), 7.29 (t, IHs 5.3 Hz), 5.61 (s, 2H), 5.59 (s, 2H), 3.41 (s,
3H), 3.22 (td, 2H, J = 6.1, 6.0 Hz), 2.75 (t, 2K 6.7 Hz)."*C{*H} NMR (125 MHz, DMSO-
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de) 5 156.6, 136.7, 132.9, 132.71, 132.70, 132.67, ¥32182.1, 131.4, 128.9, 128.7, 127.82,
127.81, 127.64, 127.62, 127.5, 127.0, 126.70, B26186.67, 125.6, 125.2, 120.1, 52.2, 51.2,
49.8, 38.0, 23.8. ATR-IR (ci¥): 3413 (N-H), 1709 (C=0).

4.7.6 Synthesis of 4-(2-((butoxycarbonyl)amino)@thys-bis(naphthalen-2-
ylmethyl)imidazolium bromidé&k)

Compound5 (1.02 g, 2.85 mmol) and N,N-diisopropylethylamifidPEA) (1.00 mL,
5.74 mmol) were dissolved in n-butanol (2.50 mLy@na nitrogen atmosphere. The reaction
mixture was stirred at reflux for 3 d. The volatdemponents were removed in vacuo and the
residue was dissolved in dichloromethane (300 mibg dichloromethane solution was washed
with water (300 mL) and dried over magnesium salfathe volatile components of the
intermediate were removed in vacuo to yield a crépiel as the presumed intermediate, which
was dissolved in acetonitrile (4 mL) with 2-(brometimyl)naphthalene (0.63 g, 2.85 mmol) and
refluxed overnight. The volatile components wemaeeed under reduced pressure to a resulting
cream solid, and the solid was stirred in a rouaddmn flask with diethyl ether (10 mL). The
solid was collected via vacuum filtration, washedhe funnel with diethyl ether and air dried to
a solid. The solid was purified by column chroma#py using a mobile phase of
methanol/chloroform (5:95) to yield a white sobh (0.94 g, 57%). Mp: 116-118 °C. Anal.
Calculated for gH34BrNsOy: C, 67.13; H, 5.99, N, 7.34%. Found: C, 67.106H1; N, 7.27%.

'H NMR (500 MHz, DMSO-g) § 9.39 (s, 1H), 8.01-7.88 (m, 8H), 7.72 (m, 1H),0¢853 (m,
5H), 7.48 (m, 1H), 7.21 (t, 1H), 5.61 (s, 2H), 5(892H), 3.79 (t, 2H, J = 6.6 Hz), 3.22 (td, 2H, J
= 6.4, 6.1 Hz), 2.75 (t, 2H, J = 6.6 Hz), 1.40 @hi), 1.22 (m, 2H), 0.82 (t, 3H, J = 7.2 Hz).
13C{lH} NMR (125 MHz, DMSO-d) 6 156.5, 136.7, 133.6, 133.1, 132.74, 132.73, 132.70
132.68, 132.1, 131.5, 128.9, 128.8, 127.9, 127189%,68, 127.67, 127.5, 127.1, 126.75, 126.72,
125.7, 125.3, 120.12, 120.11, 63.5, 52.2, 49.8,30.6, 23.9 , 18.5, 13.5. MS (ESI+) calcd for
CaHaNzO," [M-Br]+ of m/z = 492.3, found m/z = 492.2. ATR-IRm?): 3413 (N-H), 1701
(C=0).

Crystal data for 4-(2-((butoxycarbonyl)amino)ethy|B-bis(naphthalen-2-
yimethyl)imidazolium bromide@b): CzH34BriNz0,, M = 572.52, triclinic, a = 8.370 (3) A, b =
10.646 (4) A, ¢ = 17.666 (17) A= 100.436(5)B = 97.651(5)°y = 108.773(5)°, V = 1434.5
(10) A%, T = 100(2) K, space group P-1, Z = 2, 11072 otitas measured, 5763 independent
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reflections (R = 0.0270). The final Rvalues were 0.0354 (I >of)). The final wR(E) values
were 0.0863 (I > &(1)). The final R values were 0.0444 (all data). The final wi(Falues were
0.0904 (all data). CCDC #: 1048514.

4.7.7 Synthesis of 1,3-bis(naphthalen-2-ylmethB-4((prop-2-yn-1-
yloxy)carbonyl)amino)ethyl)imidazolium bromids)

N,N-diisopropylethylamine (DIPEA) (1.05 mL, 6.03 mofpwas added to compourid
(2.00 g, 2.79 mmol) in propargyl alcohol (57 mLhelreaction mixture was refluxed for 3 d
under a nitrogen atmosphere. The volatile compeneete removed in vacuo and the residue
was dissolved in dichloromethane (300 mL). The ldidhmethane solution was washed with
water (300 mL) and dried over magnesium sulfatee Vblatile components were removed in
vacuo to yield a creme solid as the presumed irgdiate, which was dissolved into acetonitrile
(2 mL) with 2-(bromomethyl)naphthalene (0.62 g,®®8mol) and refluxed overnight. The
volatile components were removed under reducedsprego a resulting creme residue that was
stirred in a round bottom flask with diethyl eti{&) mL). The solid was collected via vacuum
filtration, washed in the funnel with diethyl eth@nd air dried to yield a solid. The solid was
purified by column chromatography using a mobilagghof methanol/dichloromethane (10:90)
to yield a white solidc (0.36 g, 23%). Mp: 122-125 °C. HRMS (EBtalcd for GiH2gN30," of
[M-Br]* = 474.2181, found m/z = 474.210H NMR (500 MHz, DMSO-g) 5 9.35 (s, 1H),
8.01-7.91 (m, 7H), 7.87 (s, 1H), 7.72 (s, 1H), 7/5%6 (m, 7H), 5.60 (s, 2H), 5.58 (s, 2H), 4.51
(d, 2H, J = 2.0 Hz), 3.46 (m, 1H), 3.25 (td, 2H; 8.1, 6.6 Hz), 2.77 (t, 2H, J = 6.5 HAC{'H}
NMR (125 MHz, DMSO-g) 6 155.4, 136.7, 133.0, 132.82, 132.78, 132.75, 1381.5, 129.0,
128.9, 128.0, 127.76, 127.75, 127.7, 127.1, 126126,84, 126.83, 125.7, 125.3, 120.3, 79.2,
77.2,52.4,51.7,50.0, 38.2, 23.9. ATR-IR (J()n8411 (N-H), 2114 (€CH), 1709 (C=0).

4.7.9Dimethyl 1-(naphthalen-2-yImethyl)imidazole-4,5attmoxylate §)

Compound? (3.45 g, 18.7 mmol) and potassium carbonate (8,820.6 mmol) were
combined in acetonitrile (10 mL) and stirred atueffor 30 min. 2-(Bromomethyl)naphthalene
(4.14 g, 18.7 mmol) was added and the mixture weeted at reflux overnight (18 h). The
volatile components were removed under reducedspres To the residue was added ethyl

acetate (175 mL) which was washed with a saturhteek solution (4 x 75 mL). The organic
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layer was dried over magnesium sulfate and thetil@laomponents were removed under
reduced pressure, yielding a viscous yellow lignaklling strongly of ethyl acetate. The residue
was dissolved in ethyl acetate (5 mL) and petrolatiher (35 mL, b.p. 35-60 °C) was added.
Vigorous stirring resulted in the formation of aegipitate, which was triturated while in the
reaction mixture. The solid was collected via vauoufiltration and air-dried to give the title
compound as a light tan powd®(5.08 g, 84%). Mp: 84-85 °C. Anal. Calcd forg8:6N.O4: C,
66.66; H, 4.97; N, 8.64%. Found: C, 66.37; H, 41968.46%'H NMR (500 MHz, DMSO+dg) 6
8.23 (s, 1H), 7.90 (m, 3H), 7.67 (s, 1H), 7.51 BH), 7.34 (d, 1H, J = 8.6 Hz), 5.60 (s, 2H), 3.77
(s, 3H), 3.71 (s, 3H)*C {*H} NMR (125 MHz, DMSOs) & 162.7, 160.0, 141.1, 136.2, 133.9,
132.7, 132.4, 128.4, 127.7, 127.5, 126.5, 126.8,012125.0, 124.5, 52.4, 51.8, 49.6. MS (§SI
calcd for GgHigNoNaO," [M+Na]® of m/z = 347.1, found m/z = 346.8. ATR-IR (¢jn1713
(C=0).

4.7.10 (1-(Naphthalen-2-yImethyl)imidazole-4,5-glyhethanol 9)

Over a period of 30 min, compouBd2.77 g, 8.54 mmol) was added in small portiona to
stirred mixture of lithium aluminum hydride (0.69 18 mmol) in dry tetrahydrofuran (75 mL) at
0 °C under a nitrogen atmosphere. The stirring ezaginued at room temperature for 3 h. The
reaction mixture was cooled to 0 °C and treatedesgively with water (3 mL), 15% aqueous
sodium hydroxide (3 mL), and water (3 mL). The vitdacomponents were removed under
reduced pressure. To the residue was added wé&tenl(), which was stirred and the remaining
solid collected by vacuum filtration. The solid wstgred in a refluxing mixture of acetonitrile
and methanol (1:1 v/v, 100 mL) and filtered throughpad of Celite. The filtrate was
concentrated under reduced pressure to a volurapprbximately 15 mL and cooled to 15 °C to
induce further precipitation. The solid was coléstby vacuum filtration to yield a pale yellow
microcrystalline soli® (1.28 g, 56%). Mp: 172-175 °C. Anal. Calcd foied16N20,: C, 71.62;

H, 6.01; N, 10.44%. Found: C, 69.31; H, 6.24; N,2806.'H NMR (500 MHz, DMSO€) 6

7.89 (d, 2H, J = 8.3 Hz), 7.86 (m, 1H), 7.70 (s),1H69 (s, 1H), 7.51 (m, 2H), 7.38 (dd, 1H, J =
8.3, 1.3 Hz), 5.39 (s, 2H), 5.02 (bs, 1H), 4.671H, J = 5.4 Hz), 4.43 (d, 2H, J = 4.3 Hz), 4.38
(d, 2H, J = 5.4 Hz)"*C {*H} NMR (125 MHz, DMSOs) & 139.6, 136.9, 135.2, 132.8, 132.3,
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128.3, 128.1, 127.64, 127.55, 126.4, 126.1, 1283%,3, 56.4, 51.6, 47.8. MS (ESI+) calcd for
CieH17N2NaG;" [M+Na]” of m/z = 291.1, found m/z = 290.7.

4.7.11 4,5-Bis(hydroxymethyl)-1,3-bis(naphthaleyifiethyl)imidazolium bromidd.()

2-(Bromomethyl)naphthalene (385 mg, 1.74 mmol) awpound9 (423 mg, 1.57
mmol) were dissolved in a mixture of acetonitrilrdamethanol (1:1 v/v, 7 mL). The mixture
was heated at reflux for 2 d, with additional solv¢3 mL) added after 1 day. The initial
precipitate was collected by vacuum filtration loé thot reaction mixture and rinsed with a small
volume of the acetonitrile/methanol mixture. As thieate cooled, additional precipitate formed
and it was collected via vacuum filtration and edsas before. The collected solids were
combined and dried in air to yield a white powdér(270 mg, 35%). No attempt was made to
recover additional product from the remaining éte. Mp: 202-203 °C. Anal. Calcd for
Co/H2sBrN,O,: C, 66.26; H, 5.15; N, 5.72%. Found: C, 65.965t81; N, 5.77%'H NMR (500
MHz, DMSO-d) 6 9.45 (s, 1H), 8.00 (d, 2H, J = 8.6 Hz), 7.94 (id),67.57 (m, 4H), 7.53 (dd,
2H, J =8.6, 1.7 Hz), 5.69 (s, 4H), 5.65 (t, 2H, 4.8 Hz), 4.59 (d, 4H, J = 4.9 HZYC {*H}
NMR (125 MHz, DMSO-¢) § 137.6, 132.7, 132.6, 131.8, 131.5, 128.7, 12723.6, 127.2,
126.7, 125.4, 50.8, 50.2. MS (EBtalcd for GsH2sN.0," [M-Br]™ of m/z = 409.2, found m/z =
408.9.

Crystal data for 4,5-bis(hydroxymethyl)-1,3-bis(htpalen-2-ylmethyl)imidazolium
bromide (0): Co7H2sBrN2O, M = 489.40, orthorhombic, a = 26.4778(9) A, b5%2D81(2) A, ¢
= 5.6553 (9) A, V = 2277.3(4) A3, T = 100(2) K,ase 84 group Pna2l, Z = #(Mo Ka) =
1.832 mm-1 , 11286 reflections collected, 4503 paaelent reflections (Rint = 0.0530). The
final R1 values were 0.0481 (I »@)). The final wR(F 2 ) values were 0.1041 (I (B). The
final R1 values were 0.0825 (all data). The fin& (W 2 ) values were 0.1202 (all data). The
goodness of fit on F 2 was 1.023. CCDC #: 1471723.

4.7.8 Synthesis of 4-methyl-1,3-bis(naphthalensejthyl)imidazolium bromide Q)
4-Methylimidazole (1.00 g, 12.2 mmol) was dissolvedacetonitrile (15 mL), potassium
hydroxide (0.78 g, 14 mmol) was added, and the umixtwas refluxed for 1 h. 2-

(Bromomethyl)naphthalene (2.68 g, 12.1 mmol) wadeddand the mixture was refluxed
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overnight. The reaction mixture was filtered hotremove a white solid, presumed to be
potassium bromide. 2-(Bromomethyl)naphthalene (8.204.5 mmol) was added to the filtrate
which was refluxed overnight. The resulting preteifg was collected via vacuum filtration of
the hot reaction mixture. The solid in the funnaswvashed with diethyl ether, and air dried to
provide a white powdetl (2.66 g, 49%). Mp: 198-200 °C. Anal. Calcd fose23BrN,: C,
70.43; H, 5.23; N, 6.32%. Found C, 69.71; H, 5/1876.25%."H NMR (500 MHz, DMSO¢g) &
9.57 (s, 1H), 8.04 (s, 1H), 8.01 (s, 1H), 7.991¢8), 7.94 (m, 5H), 7.71 (s, 1H), 7.57 (m, 5H),
7.51 (m, 1H), 5.65 (s, 4H), 2.22 (s, 3HC {*H} NMR (125 MHz, DMSO4d) 5 136.4, 132.68,
132.67, 132.65, 132.57, 132.1, 131.5, 131.4, 1288,7, 127.80, 127.77, 127.65, 127.6, 127.0,
126.7, 126.63, 126.60, 125.7, 125.3, 119.8, 5207,48.9. MS (ES) calcd for GgH23N," [M-
Br]* of m/z = 363.2, found m/z = 363.1.

Crystal data for 4-methyl-1,3-bis(naphthalen-2-yimyimidazolium bromide X1):
Ca6H23BriN,, M = 443.37, monoclinica = 10.779(4) Ap = 17.353(7) Ac = 11.919(5) Aa =
90°, B = 111.99(2)°y = 90°,V = 2067.2(13) A T = 100(2) K, space group P2(1)hz= 4, 17385
reflections measured, 4200 independent reflect{®)s = 0.0747). The finaR, values were
0.0492 [ > 26(l)). The finalwR(F?) values were 0.0988 & 24(1)). The finalR; values were
0.0949 (all data). The fina/R(F?) values were 0.1147 (all data). CCDC #: 1048512.

4.7.12 Synthesis of 1,3-bis(naphthalen-2-yimeth)diphenylimidazolium bromidéZ2)

A mixture of 4,5-diphenylimidazole (1.00 g, 4.54 wiinand potassium hydroxide (0.38
g, 6.77 mmol) in acetonitrile (10 mL) was refluxét 30 min. 2-(Bromomethyl)naphthalene
(12.00 g, 4.52 mmol) was added and the mixture wflaxed overnight. The reaction mixture
was filtered hot to remove a white precipitate,spraed to be potassium bromide. The filtrate
was stirred with 2-(bromomethyl)naphthalene (1.0@.§2 mmol) and refluxed overnight. The
resulting precipitate was collected via vacuunrdtibn of the hot reaction mixture. The white
solid was stirred in a round bottom flask with didtether (20 mL). The product was collected
via vacuum filtration, washed with diethyl ether time funnel and air-dried to yield a white
powder12 (1.39 g, 52%). Mp: 199-202 °¢éHd NMR (500 MHz, DMSOdk) & 9.79 (s, 1H), 7.92
(m, 4H), 7.82 (m, 2H), 7.59 (s, 2H), 7.54 (m, 4A¥1 (m, 2H), 7.36 (m, 8H), 7.32 (m, 2H),
5.61 (s, 4H)C {*H} NMR (125 MHz, DMSOdg) 5 136.8, 132.54, 132.52, 131.9, 131.4, 130.8,
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130.1, 128.7, 128.5, 127.8, 127.6, 127.2, 126.@8,50, 125.3, 125.0, 50.7. HR-MS (EBI
calcd for G7H29N2" [M-Br] ™ of m/z = 501.2331, found m/z = 501.2242.

4.7.13 Synthesis of 1,3-bis((6-methoxynaphthalghrdethyl)-4,5-diphenylimidazolium chloride
salt (13).

A mixture of 4,5-diphenylimidazole (0.30 g, 1.36 wijnand potassium hydroxide (0.11
g, 1.96 mmol) in acetonitrile (2 mL) was refluxedr f30 min. 2-(Chloromethyl)-6-
methoxynaphthalene (0.29 g, 1.40 mmol) was addedtla® mixture was refluxed overnight.
The reaction mixture was filtered hot to remove latev precipitate, presumed to be potassium
chloride. 2-(Chloromethyl)-6-methoxynaphthalen€@f0g, 1.40 mmol) was added to the filtrate
and refluxed overnight. The resulting precipitatesveollected via vacuum filtration of the hot
reaction mixture. The white solid was stirred imand bottom flask with diethyl ether (5 mL).
The product was collected via vacuum filtration stvad with diethyl ether in the funnel and air-
dried to yield a white powdér3 (0.24 g, 29%). Mp: 240-243 °C. Anal. Calcd fapldssCIN,O,:
C, 78.44; H, 5.57; N, 4.69%. Found: C, 78.05; 475N, 4.64%H NMR (300 MHz, DMSO-
ds) 6 9.74 (s, 1H), 7.79 (d, 2H, J = 8.5 Hz), 7.70 (d, 2 =9.1 Hz), 7.44-7.32 (m, 14H), 7.24 -
7.19 (m, 2H), 5.53 (s, 2H), 3.86 (s, 6HJC {*H} NMR (125 MHz, DMSO-@) § 157.7, 136.7,
133.9, 131.8, 130.8, 130.1, 129.3, 128.8, 128.7,99227.4, 127.2, 125.8, 125.0, 119.1, 105.9,
55.2, 50.7. HRMS (ES) calcd for GgH33NoO," [M-CI]* of m/z = 561.2542, found m/z =
561.2500.

4.7.14 Synthesis of 3-((6-methoxynaphthalen-2-yhyyhel-(naphthalen-2-ylmethyl)-4,5-
diphenylimidazolium bromide salt4).

A mixture of 4,5-diphenylimidazole (0.30 g, 1.36 wijnand potassium hydroxide (0.11
g, 1.96 mmol) in acetonitrile (2 mL) was refluxedr f30 min. 2-(Chloromethyl)-6-
methoxynaphthalene (0.29 g, 1.40 mmol) was addedtla® mixture was refluxed overnight.
The reaction mixture was filtered hot to remove latev precipitate, presumed to be potassium
chloride. 2-(Bromomethyl)naphthalene (0.30 g, 1r86&0l) was added to the filtrate and

refluxed overnight. The resulting precipitate waslected via vacuum filtration of the hot
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reaction mixture. The white solid was stirred imand bottom flask with diethyl ether (5 mL).
The product was collected via vacuum filtration stvad with diethyl ether in the funnel and air-
dried to yield a white powde4 (0.58 g, 69%). Mp: 240-243 °C. Anal. Calcd faglds;BrN-O:

C, 74.63; H, 5.11; N, 4.58%. Found: C, 73.83; 914N, 4.52%H NMR (300 MHz, DMSO-
ds) 8 9.71 (s, 1H), 7.93-7.89 (m, 2H), 7.82-7.79 (m, 2HY1 (d, 1H, J = 8.8 Hz), 7.56-7.50 (m,
4H), 7.45-7.31 (m, 11H), 7.27 (dd, 1H, J = 8.8, H#, 7.20 (m, 2H), 5.59 (s, 2H), 5.54 (s, 2H),
3.87 (s, 3H)."*C {H} NMR (125 MHz, DMSO#g) & 157.7, 136.7, 134.0, 132.53, 132.50,
131.84, 131.83, 131.4, 130.82, 130.80, 130.1, 1228.8, 128.7, 128.5, 127.9, 127.8, 127.6,
127.4, 127.2, 126.62, 126.58, 125.8, 125.3, 125124,97, 119.1, 105.9, 55.2, 50.73, 50.68.
HRMS (EST) calcd for GgH3:N,O" [M-Br]* of m/z = 531.2437, found m/z = 531.2424.

4.7.15 Synthesis of 3-((6-methoxynaphthalen-2-yhyhe4,5-diphenyl-1-(quinolin-2-ylmethyl)-
imidazolium chloride saltl(5)

A mixture of 4,5-diphenylimidazole (0.39 g, 1.77 wijnand potassium hydroxide (0.15
g, 2.67 mmol) in acetonitrile (2 mL) was refluxeat 80 min. 2-(Chloromethyl)quinoline (0.32
g, 1.80 mmol) was added and the mixture was refluxeernight. The reaction mixture was
filtered hot to remove a white precipitate, presdrteebe potassium chloride. 2-(Chloromethyl)-
6-methoxynaphthalene (0.38 g, 1.84 mmol) was addldide filtrate and refluxed overnight. The
resulting precipitate was collected via vacuunrdtibn of the hot reaction mixture. The white
solid was stirred in a round bottom flask with tigtether (5 mL). The product was collected via
vacuum filtration, washed with ethyl acetate in thenel and air-dried to yield a white powder
15 (0.45 g, 44%). Mp: 233-236 °C. Anal. Calcd fari@s,CIN3O: C, 78.22; H, 5.32; N, 7.40%.
Found: C, 74.31; H, 5.57; N, 6.85%4 NMR (500 MHz, CROD-d,) & 9.54 (s, 1H), 8.37 (d,
2H, J = 8.5 Hz), 7.93- 7.74 (m, 5H), 7.66-7.59 &id), 7.52-7.15 (m, 18H), 5.71 (s, 2H), 5.60 (s,
2H), 3.92 (s, 3H)*C {*H} NMR (125 MHz, DMSO-d) & 157.8, 153.8, 146.7, 137.8, 137.3,
134.0, 132.4, 131.4, 130.8, 130.6, 130.14, 130139.0, 129.0, 128.8, 128.6, 128.5, 127.9,
127.5, 127.01, 126.98, 126.96, 125.7, 125.0, 124.9,5, 119.2, 105.9, 55.2, 51.7, 50.7. HRMS
(EST") calcd for G7H3gN3O" [M-CI] ™ of m/z = 532.2389, found m/z = 532.2347.

4.7.16 Synthesis of 1-(naphthalen-2-ylmethyl)-4pbwehyl-3-(quinolin-2-yImethyl)-imidazolium
bromide salt 16)
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A mixture of 4,5-diphenylimidazole (0.40 g, 1.82 winand potassium hydroxide (0.12
g, 2.14 mmol) in acetonitrile (7 mL) were refluxia 30 min. 2-(Chloromethyl)quinoline (0.33
g, 1.86 mmol) was added and the mixture was refluxeernight. The reaction mixture was
filtered hot to remove a white precipitate, presdm& be potassium chloride. 2-
(Bromomethyl)naphthalene (0.40 g, 1.81 mmol) waseddo the filtrate and refluxed overnight.
The resulting precipitate was collected via vacuiltration of the hot reaction mixture. The
white solid was stirred in a round bottom flask hwdiethyl ether (10 mL). The product was
collected via vacuum filtration, washed with didtlkeyher in the funnel and air-dried to yield a
white powderl6 (0.85 g, 80%). Mp: 212-215 °C. Anal. Calcd foselsBrNs: C, 74.23; H,
4.84; N, 7.21%. Found: C, 73.66; H, 4.95; N, 7.16BbNMR (500 MHz, DMSOds) 5 9.77 (s,
1H), 8.37 (d, 2H), 7.99 (d, 1H), 7.95 (m, 2H), 7.@) 1H), 7.82-7.79 (m, 2H), 7.66-7.62 (m,
2H), 7.56 (m, 2H), 7.44-7.41 (m, 2H), 7.37-7.33 BHl), 7.29-7.24 (m, 4H), 5.77 (s, 2H), 5.68
(s, 2H).**C{*H} NMR (125 MHz, DMSO#s)  153.7, 146.7, 137.8, 137.3, 132.5, 132.4, 131.6,
131.5, 130.8, 130.6, 130.14, 130.11, 130.0, 12828.7, 128.6, 128.5, 127.9, 127.7, 127.6,
127.1, 126.99, 126.96, 126.7, 125.1, 125.0, 12418,5, 51.7, 50.7. HRMS (ESlcalcd for
CaeH2eN3" [M-Br]™ of m/z = 502.2283, found m/z = 502.2241.

Crystal data for 1-(naphthalen-2-ylmethyl)-4,5-dipkl-3-(quinolin-2-ylmethyl)-
imidazolium bromide saltl@): CsgH3z0BriNsO+H,0, M = 600.54, monoclinic, a = 12.0212(5) A,
b = 23.5567(9) A, c = 10.5859(5) A,= 90°, = 101.101(2)°y = 90°,V = 2941.6(2) A T =
100(2) K, space group P2(1)/c, Z = 4, 24653 refest measured, 5962 independent reflections
(Rint = 0.0522).The final Rvalues were 0.0347 (I >o8)). The final wR(F) values were 0.0696
(I > 26(1)). The final R values were 0.0572 (all data). The final wi(Falues were 0.0768 (all
data). CCDC #: 1419705.

4.7.17 Synthesis of 4,5-diphenyl-1,3-bis(quinolyifiethyl)-imidazolium bromide salt7)

A mixture of 4,5-diphenylimidazole (0.40 g, 1.82 winand potassium hydroxide (0.12
g, 2.14 mmol) in acetonitrile (2 mL) was refluxeat 80 min. 2-(Chloromethyl)quinoline (0.33
g, 1.86 mmol) was added and the mixture was refluxeernight. The reaction mixture was
fillered hot to remove a white precipitate, presdm& be potassium chloride. 2-
(Bromomethyl)quinoline (0.48 g, 2.16 mmol) was atlde the filtrate and refluxed overnight.

The resulting precipitate was collected via vacuiltration of the hot reaction mixture. The
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white solid was stirred in a round bottom flask hwdiethyl ether (10 mL). The product was
collected via vacuum filtration, washed with didtleyher in the funnel and air-dried to yield a
cream powdet 7 (0.55 g, 51%). Mp: 234-236 °C. Anal. Calcd fagldz7BrN,C,HsO: C, 70.59;

H, 5.28; N, 8.90%. Found: C, 70.55; H, 5.25; N,0840'H NMR (500 MHz, DMSO€) 5 9.82

(s, 1H), 8.40 (m, 2H), 8.01 (m, 2H), 7.91 (m, 2RAB1-7.78 (m, 2H), 7.66-7.63 (m, 2H), 7.43
(m, 2H), 7.35-7.26 (m, 10H), 5.85 (s, 4HC{*H} NMR (125 MHz, DMSO#ds) 5 153.9, 146.7,
138.4, 137.3, 132.1, 130.7, 130.1, 130.0, 128.8,5,227.9, 127.06, 126.96, 125.0, 119.4, 51.9.
HRMS (EST) calcd for GsH27/N," [M-Br] ™ of m/z = 503.2236, found m/z = 503.2219.

Crystal data for 4,5-diphenyl-1,3-bis(quinolin-Zngthyl)-imidazolium bromide
(17):CasH27BrNosCoHO, M = 629.58, monoclinic, a = 14.3836(5) A, b =.9xB1(4) A, ¢ =
19.6587(7) Ao = 90°,f = 101.2972(13)°y = 90°,V = 3042.67(19) A T = 100(2) K, space
group P2(1)/n, Z = 4, 25081 reflections measuretif56 independent reflections {R=
0.0623).The final Rvalues were 0.0390 (I >o8)). The final wR(E) values were 0.0869 (I >
25(1)). The final R values were 0.0633 (all data). The final wi®lues were 0.0989 (all data).
CCDC #: 1419702.
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5.3 Supporting Information. The**C NMR for compound®, 3, 6a-¢ 10, 11, and12-17, the
thermal ellipsoid plot 06, and 2D NMR HSQC o013 is included in the supporting information.
Crystallographic information files (CIF) for compmis 5, 6b, 10, 11, 16, and17 (CCDC #s
1048512-1048514, 1471723, 1419705, and 1419702) lmanfound on the Cambridge
Crystallographic Data Center website. This matesialvailable free of charge via the Internet at

http://www.ccdc.cam.ac.uk/pages/Home.aspx.
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