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ABSTRACT

Thirty-three new quaternization harman analoguesevegnthesized and their
antibacterial activity against four Gram-positivedawo Gram-negative bacteria were
evaluated. The structure—activity relationshipseveummarized and compoundfs
4i, 4, 4u, 4w, 4x and 5c showed excellent antibacterial activity, low cybatity,
good thermal stability and“drug-like” properties. In particular, compountk
exhibited better bactericidal effect (4-fold supety against methicillin-resistant
Staphylococcus aureushan standard drugs fosfomycin sodium and amipicil
sodium (minimum inhibitory concentration = 50 nmol/). Scanning electron
microscopy revealed morphological changes of thetebal cell surface and the
docking evaluation provided a good total scoreq952} for4x which is close to the
score of ciprofloxacin (6.9723). The results intechthat the quaternization harman
analogues might exert their bactericidal effectdaynaging bacterial cell membrane
and wall, and disrupting the function of type Iptasomerase. In addition, tire vivo
antibacterial assay with a protective efficacy df.3%6 further demonstrated the

potential of these derivatives as new bactericadesantibiotics.

Keywords: harman; quaternization; derivatizatiom#yesis; bactericides; structure—

activity relationships; molecular docking
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1. Introduction

Infections caused by bacterial pathogens are arntgose of morbidity and
mortality worldwide. Although the successful treatrh of such infections by
antibiotic drugs is widely regarded as a major madbreakthrough of the 20th
century, this achievement may not be sustainabl¢hén future, as bacteria have
counteracted antibiotic pressure and developedcquiged resistances that render
formerly efficacious drugs inactive [1,2]. In reteyears, the emergence of the
antibiotic crisis has brought great challenges domral production and life such as
healthcare systems, farming, and the food produdtidustry [3-5]. For example, the
misuse and overuse of current antibiotics has tesuh a situation that higher dose is
required to successfully treat the bacterial inéect[6]. Moreover, the intensive
antibacterial discovery effort has seen a dramdécline in the large pharmacy
industry in the last two decades [7]. “The costtenms of lost global production
between now and 2050 would be an enormous 10®rilUSD if we do not take
action,” as a UK Government report states [8]. €fae, we need to develop new

drugs to replace the ones that no longer work.

Natural products are an important source of antédved agents [9]. The seeds of
Peganum harmalacontaining about 2—-6% pharmacologically activeakids which
are mostlys-carbolines such as harmbad (Fig. 1), were used as antibacterial drugs
many years ago in North Africa and Middle East [10§nthin-6-ond.4, a subclass
of p-carboline alkaloids with an additional D ring, lsted fromAllium neapolitanum
showed good antibacterial activity (MIC = 8—p4/mL) againstS. aureus[11].
Eudistomin UL6, g-carboline with an additional indole ring at pasitil, isolated
from several species of marine ascidians, alsob&ehi good antibacterial activity
(ICs0 = 6.4 ug/mL) [12]. In our previous work, we also reportdte antibacterial

activity of some modifie@-carbolined 2-L. 5 [13,14].

With the aim of finding more promising antibactérllarman analogues, we
report here a strategy to generate the bioactivepoonds. Our idea and design are

relatively simple (Fig. 1). Briefly, consideringetantibacterial activity data &f2 and
3
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L 3, we speculate that the substituents at positiarelfavorable. Simultaneously, the
activity data ofL 1 andL 6 indicate that the aromatic substituents are moternp. So
we deduce that an additional aromatic substituérgoaition 1 might improve the
bactericidal effect of harman. Our previous worlowhd that somé®-substituted
canthin-6-one& 5 exhibited approximate 32-fold advantage agahsaureugMIC =
0.98 ug/mL) over canthin-6-oné4 (MIC = 31.25ug/mL) [13]. The result indicates
that quaternization derivatives might be promisibgring the course of our initial
efforts to improve the antibacterial activity ofrhmean L1, we confirmed the main
skeleton of the leading compoubd based on the vital factors mentioned. In order to
enrich the chemical diversity as well as to furttetudy the structure—activity
relationships, the quaternization harman analogussporating the methoxy group
at position 6 were also synthesized. The synthdstoenpounds were characterized
and tested for theim vitro and in vivo antibacterial activity. In addition, their
structure—activity relationships, cytotoxicity, theal stability, “drug-like” properties

and preliminary antibacterial mechanism were stlidie
2. Resultsand Discussion
2.1. Chemistry

The initial synthetic aim was to obtain a convenhiemute for the preparation of
guaternization harman analogues. So, it was dedm®egin with the preparation of
2a—2h (yield: 92%—-96%) through the Pictet—Spengler tieadil5]. CompoundSa—
3h (yield: 62%—-73%) were then easily obtained usinga#ladium catalyst [16].
Subsequently, the quaternization reaction wasezhiout at room temperature [17].
The synthesis of the target compoudds4x (yield: 67%—-96%) is shown in Fig. 2. In
order to clarify the influence of different subgtéd benzyl groups on activity,
compoundsba-5i (yield: 72%—-95%) were synthesized as shown in BigNuclear
magnetic resonance (NMR) spectroscopyd (NMR, *C NMR, DEPT 135,
heteronuclear multiple-bond correlation, heteroearclsingle quantum correlation,
and homonuclear correlation spectroscopy)4qf confirmed that the benzylation

position isN? (Fig. S1). The successful synthesis of the inteiates3a—3h and the
4
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guaternization harman derivativela{4x and5a-5i) was further confirmed by crystal
structures of the compoun@s and5f (Fig. 4). Moreover, these two crystal structures
further guided the structural confirmation of dlet41l compounds. The x-ray data
block (bond lengths, bond anglet) of compounds3e and5f has been presented in

Supplementary data.

All spectral and analytical data were consisterthwie assigned structures. In
theNMR spectra of compounda, the signals of the methyl group were detected
arounds = 3.94 ppm tH NMR) andé = 52.2 ppm t°C NMR). The signal of the
imino hydrogen atom was observedsat 8.81 ppm tH NMR) and the signals of the
phenyl hydrogen atoms appeared in the aromatiomedioreover, the signal of the
carbonyl carbon atom was detected around 166.8 ppm ¥C NMR). After
guaternization, the signals of the methylene gneape detected arouni= 5.82 ppm
(*H NMR) ands = 60.9 ppm t°C NMR) in the NMR spectra of compou#d, which
indicated that the quaternization harman derivativere successfully synthesized. In
addition, the signals of the carbonyl could be fban 1718 and 1712 ctin the IR

spectra of compounda and4a, respectively.
2.2. Antibacterial activity

Bacteria could be divided into two categories bywr@rstaining, Gram-positive
and Gram-negative bacterfa. aureusand MRSA are the leading causes of bacterial
infections in humans with symptoms ranging from @enskin infections to severe
necrotizing fasciitis and pneumonia [18acillus cereusand Escherichia colicould
cause food poisoning, such as a diarrheal syndamdean emetic syndrome, both
through the production of distinct toxins [19Bacillus subtilis and Ralstonia
solanacearumare major components of plant pathogens [20].dbo Gram-positive
bacteria §. aureusCGMCC 1.8721, MRSA ATCC 43308, cereusCGMCC 1.1846,
andB. subtilis769) and two Gram-negative bacteita ¢oli CGMCC 1.1636 andR.
solanacearumCGMCC 1.12711) were selected as the tested badterihis work.
Compounds 3a—3h, 4a—4x and5a-5i) were evaluated for thein vitro antibacterial

activity through double dilution method, with fogigcin sodium, ampicillin sodium,
5



113 and cefotaxime sodium as the positive controls.

114 The antibacterial results (Table 1) revealed thaistmof the quaternization
115 harman analogues displayed gaonditro biological activity against all of the tested
116 bacterial strains except fa&. coli. Although most of the intermediates were inactive
117 under the tested concentrations, compo8ndxhibited weak activity (MIC = 200
118 nmol/mL) against MRSA andS. aureus Compared with the positive control
119 fosfomycin sodium, compound®—4l, 4n—4o and4g-4x were found to be the most
120 potent compounds againSt aureuswith peak MICs of lower than 25 nmol/mL. Six
121 compounds 4f, 4i, 41, 4u, 4w and 4x) displayed equal or superior activity against
122 MRSA compared with the positive controls. Fifteeompounds exhibited better
123 activity againstB. cereushan ampicillin sodium. Specifically, the MIC df and4x
124 (25 nmol/mL) was equal to that of the positive colst fosfomycin sodium and
125 cefotaxime sodium. Nine compounds, (4h, 4i, 4k, 4l, 4t, 4u, 4w and4x) showed a
126 potential MIC (25 nmol/mL) againsB. subtilis As shown in Table 1, eight
127 compounds4f, 4h, 4i, 4k, 4l, 4u, 4w and 4x) exhibited better activity (MIC = 25
128 nmol/mL) againstR. solanacearunthan fosfomycin sodium (MIC = 50 nmol/mL).
129 The activity of different substituted benzyl detivas was tested (Table 2), and
130 compound5c was considered to be the compound with the mosenpiat.
131 Interestingly, other quaternization harman analsgaiso showed similar effects on
132 different  bacteria. For example, the MIC of the qound
133  2,6-dimethyl-H-pyrido[3,4-b]indol-2-ium iodide against MRSA wasigy/mL [21].

134 2.3. Structure—activity relationships

135 Based on the antibacterial activity data, the stmees-activity relationships were
136 carefully investigated (Fig. 5). The derivativestaaning a methoxy group at position
137 6 were practically the same or higher than thaitvdgves without this group, with the
138 exception of pyridine. For example, the MIC of caupd 4f was 25 nmol/mL
139 againstS. aureuswhich was better thadc (MIC = 50 nmol/mL). Compared with
140 harmanL1 (MIC = 1000ug/mL, = 5494 nmol/mL), compoun8h displayed better

141 activity (MIC = 200 nmol/mL) againsk. aureuswhich indicates that an aromatic

6
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group at position 1 is effective. Comprehensive lymms indicated that the
benzofl][1,3]dioxole group is the most effective substitt@t position 1, and the
furan group is better than the methyl benzoate gréor example, the MIC against
MRSA of compoundix was 12.5 nmol/mL, which was better than compoutd25

nmol/mL), 41 (25 nmol/mL) anddr (100 nmol/mL). Compared with compoudd

(MIC = 50 nmol/mL againstR. solanacearujp with a methyl benzoate group
substituent at position 1, the MIC of compouhdfuran group at position 1, MIC =

25 nmol/mL againsR. solanacearuiris better.

Quaternization is clearly beneficial for improviagtibacterial potency. Various
substituted benzyl groups have a significant eftactthe activity. The influence of
different groups is easily seen in Table 1 andd&bICk > Br > Cl= CHz > F~ NO..

For example, the MIC of compouddl was 25 nmol/mL against all the tested bacteria
except forE. coli. In addition, the MICs of compound® (25 nmol/mL agains6.
aureug, 5f (75 nmol/mL agains8. aureus and 5g (50 nmol/mL against. aureuys
indicate the activity sequence for substituentsliiérent positionspara > meta>
ortho. Interestingly, similar findings have been repdrtey others, which supported
our SAR results gara substituents are better) and confirmed the adgastaof

trifluoromethyl group [22].
2.4. Cell toxicity and molecular physicochemical propest

Many natural and synthetic agents with the abii@yinteract with DNA often
have relatively low therapeutic index, most likelye to the unspecific manner of
these agents in causing DNA damage both in lesants in highly proliferative
normal tissues. Similarly, the frequency of utitina of f-carbolines as therapeutic
agents is greatly reduced because of their cytotagiivity toward mammalian cells
(low selectivity) [23]. We determined the cytotoxeffects of the highly bioactive
guaternization harman derivativég 4i, 4l, 4u, 4w, 4x and5c on MARC 145 cells
(normal monkey kidney cells) and LO2 cells (nornfalman hepatocyte) [24].
Simultaneously, the activity under mass concemnatvas also tested. As shown in

Table 3, the cell viabilities of all the tested quunds were more than 87% on
7



171 MARC 145 cells and more than 71% on human hepatocQ2 cells. The results
172 suggest that these molecules are of low toxiaterestingly, compoundx exhibited
173 excellent viability (103%) on MARC 145 cells under effective antibacterial dose (8
174  ug/mL).

175 In 1997, Lipinskiet al. published what is widely regarded as the key paper
176 defining physicochemical and structural propert@sfiles for the optimal oral
177 availability of drugs [25]. In 2003, Clarke and Beeéy reported that most herbicides
178 and fungicides also adhere to the Lipinski rule][28s we know, for good oral
179 bioavailability an ideal molecule should have gaatgstinal absorption and reduced
180 molecular flexibility [27].The molecular properties of the preferred ionidwdgives
181 are shown in Table 4. For all the preferred compguthe logP values were lower
182 than 5, the number of hydrogen bond acceptors Veever than 10, the number of
183 rotatable bonds were lower than 10, and the nurabéydrogen bond donors were
184 lower than 5. Their physicochemical data therefoomform to the Lipinski rule
185 without considering the molecular weight, which aersirate they might have good
186 “drug-like” properties. Further, the topological polar surface area (TPSA),
187 parameter defined as the surface sum over all @atans and used extensively in
188 medicinal chemistry to predict absorption and opena compound's membrane
189 permeability, was calculated for the potent compisunit is suggested that
190 compounds with a TPSA greater than £40tend to be poor at permeating cell
191 membranes [27]Based on the predicted data mentioned above, thela@d TPSA
192 values for the highly bioactive quaternization hanrderivatives would indicate a

193 possible good bioavailability.
194 2.5. Thermal stability of compourdk in vitro [28,29]

195 Considering the poor thermal stability of antibésti it was decided to further
196 investigate the bioactive compou#ix using anin vitro assay, to consider whether its
197 thermal stability had improved compared with theitonl. As depicted in Fig. S2,

198 ampicillin sodium began to degrade after being le#[@7 °C for 6 h. After being kept

199 at 65 °C for 6 h, very little ampicillin sodium rdae could be found. Compourct
8
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did not degrade any further under the same comdgitio
2.6. Scanning electron microscopy analysis

SEM of MRSA andR. solanacearumrevealed morphological changes in the
bacterial cell surface (Fig. 6). The surfaces tisaa the untreated group (Fig. 6A and
6C) were relatively smooth and regular, whereasnwiheated with compoundk (Fig.
6B and 6D) there was shrinkage. Increased pernieainin of the membrane may
explain the leakage of cytoplasmic material. Adultlly, bacteria exposed to the
compound 4x experienced cell wall disintegration. These rasuftdicated that
compound4dx may exert its bactericidal effect by damaging éaat cell membrane

and wall.
2.7. Molecular docking study

The Surflex-Dock scoring function is a weighted somnon-linear functions
based on the binding affinities of protein-ligandmplexes coupled with their
crystallographically determined structures. SuHDpck scores are expressed in
-logio(Kg) units to represent binding affinities [30,31].p&yll topoisomerase present
in bacteria is attractive target for antibactedalg discovery, which is independently
essential for bacterial DNA replication [32]. Medsam of topoisomerases inhibition
is known to occur in two ways: these inhibitors nétyd with topoisomerase directly
or they may bind to DNA and alter its structure,tlat it cannot be recognized by
topoisomerases [33]. A previous study demonstrétiatl large planar surface areas
could function at the DNA level via intercalatioettveen base pairs. Further, it was
shown that DNA intercalation of molecules could rdi the function of
topoisomerases, ultimately leading to cell deat8].[For quaternization harman
analogues f-carboline coreper seis a planar molecule. In some extent, their
structures are also similar to the commercial aotitb ciprofloxacin which targets to
the type Il topoisomerase. So we selected a crg$thhcterial type Il topoisomerase

complex (PDB ID: 5IWM) as a possible target.

A docking investigation based on the Surflex-Doctgpam in the Sybyl-X 2.0

9
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package was undertaken to explore the possible anexh. Firstly, we performed a
re-docking of the extracted co-crystallized liggdsent in the type Il topoisomerase
complex. The RMSD (root-mean-square deviation) ealvas 0.923A (< 2.0 A),
which indicated the docking protocol was feasib8,[35]. The highly active
compound4x gave a good total score (6.4952) which was closthé score of the
standard compound ciprofloxacin (6.9723). Interegyi, the MIC value of
ciprofloxacin againstS. aureus(4 pg/mL) further supported the rationality of the
docking protocol. As shown in Fig. 7, compou#d mainly bound to DNA area.
There are manyt—n stacked interactions between the plane structbirdeo small
molecule and the DNA base (DA10, DA11, DT10, andlDT The hydrogen atom of
the methoxy group is adjacent to the DNA base (DCi@ming two carbon-—
hydrogen bonds (2.65 and 2.69 A). The trifluororgefragment of compoundx is
adjacent to the ASP83 residue of the target, fognainstrong halogen bond with a
length of 2.73 A. Simultaneously, two carbon—hydmodonds (2.32 and 2.50 A) are
formed between the trifluoromethyl group and theR8E residue. Interestingly, the
interaction of the trifluoromethyl group confirmiet activity and structure—activity
relationship finding that trifluoromethyl fragmentse beneficial for improving
antibacterial activity.

As we all known, there are two types of topoisorseranamely, type |
topoisomerase and type |l topoisomerase [36]. treioto check the selectivity of the
titted compounds against type |l topoisomerase oyee | topoisomerase, a docking
investigation between compourk and type | topoisomerase complex (PDB ID:
4RUL) was also undertaken. The total score was 246.0&hich indicated that
compound 4x showed approximately 290-fold selectivity againstpe |l
topoisomerase over type | topoisomerase (Totaleseorlogo(Kg), KaxKgq = 1, Ky
representissociation constant, Kepresent binding constant, selectivity tife I
topoisomerase) / ftype | topoisomerase)).

Considering with the SEM results, we deduced tloatmound4x might attack
and cause damage to the bacterial cell membrangvalhdThe consequent increased

permeability of the bacterial cell membrane wikthallow compoundx to enter the
10
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cells. Thedx in the cytoplasm will then disrupt the functiontgpe 1l topoisomerase,

which in turn caused cell death.
2.8. Protective effect in vij87,38]

The in vivo antibacterial activity (protective effect) of thaghly bioactive
compound 4x was tested againsR. solanacearumon eggplant leaf (Fig. 8).
Compoundx was found to have a good preventative effect ag&nsolanacearum
with a protective efficacy of 81.3%. This demontdsa the potential of the

guaternization harman derivatives as new bactescid
3. Conclusions

In summary, 41 compounds, including 33 new quatation harman derivatives,
were prepared via a convenient synthetic route thed antibacterial activity was
evaluated. The structure—activity relationships eveummarized which provided
some important guidance for the development ofbacterial harman agents. The
highly bioactive compounddf, 4i, 41, 4u, 4w, 4x and 5c, with a peak MIC of 4
ug/mL, showed low cytotoxicity, good thermal statyiland “drug-like” properties.
Further, the SEM analysis and molecular dockingluateons suggested multiple
possible antibacterial targets of quaternizationmae analogues, namely membrane,
wall and type Il topoisomerase. As expected, thevivo antibacterial assay
demonstrated the potential of the quaternizatioomaa agents as new bactericides
and antibiotics. Overall, this work enriched thedy of candidate antibiotics and

provided more options for solving the current aiotib crisis.

Chirality of drugs is an eternal topic in medicir@demistry. For some highly
active quaternization harman molecules, chiral exexisted at position 1. In order to
separate the isomers, we have used twelve diffesegaration conditions
(Supplementary data). Regrettably, we did not lgetisomers. Here, we are to appeal
to researchers to further study this issue to ptertite development and application

of quaternization harman antibiotics.

4. Experimental
11



286 4.1. Materials

287 'H NMR and C NMR spectroscopy was carried out using an Avance
288 spectrometer (Bruker, Billerica, MA, USA) at 500daf®25 MHz. Chemical shifts
289 were measured relative to the residual solvent pe&lCD;0D (‘H, 6 = 3.31 ppm;
290 3C, ¢ = 49.00 ppm) or dimethyl sulfoxide (DMS@) (H, 6 = 2.50 ppm**C, § =
291 39.52 ppm) with tetramethylsilane as the interrtahdard. High-resolution mass
292 spectroscopy (HRMS) was undertaken using an AB SCIEiple TOF 5600
293 spectrometer. Liquid chromatography—electrospraynizetion—tandem mass
294  spectrometry (LC-ESI-MS/MS) analysis was accomplish  using
295 ultra-high-performance liquid chromatography (UHBL@lexera UHPLC LC-30A)
296 coupled to an AB SCIEX Triple TOF 56D8pectrometer, with the system equipped
297 with a C18 trap column (Shim-pack XR-ODS, 2.0 moh ¥ 100 mm). Elemental
298 analyses were performed on a Heraeus CHN-O-Rapicliment. Compound and
299 5f were collected at 100 K on a Rigaku Oxford Diffras Supernova Dual Source,
300 Cu at Zero equipped with an AtlasS2 CCD using Gu&diation. Data reduction was
301 carried out with the diffractometer's software Stag electron microscopy (SEM)
302 analysis was carried out on Nova nano SEM450 instni. Molecular docking
303 evaluation was conducted with the Sybyl-X 2.0 safevand Discovery Studio 2017
304 client. Fourier transform infrared (FT-IR) spectra wereantéd on a TENSOR37
305 spectrometer (Bruker) using KBr pellets, and theoaftions are reported in ¢h
306 The reaction progress was monitored by thin-laygomatography (TLC) on silica
307 gel GF254 (Qingdao Haiyang Chemical Co., Ltd., @ag China) with ultraviolet
308 detection. Reagents were purchased from commegoiaices (Bodi Chemical Co.,
309 Ltd., Tianjin, China; Aladdin Industrial Co., LtdShanghai, China), and used as

310 received.
311 4.2. Synthesis
312 4.2.1. Synthesis of intermediat8s-3h

313 A solution of tryptamine (1.6 g, 10 mmol) or 5-metlgtryptamine (1.9 g, 10

12
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mmol), aldehyde (methyl 4-formylbenzoate, furfunayridine-2-carboxaldehyde, or
piperonyl aldehyde) (11 mmol), and trifluoroacedmd (100uL) in dichloromethane
(50 mL) was stirred at room temperature for 36 kchi@romethane (30 mL) and
ammonia water (5%, 30 mL) were added, and the ardayer was separatedext,
the water phase was extracted with dichloromethand, the organic phases were
combined and dried over sodium sulfate and filtefddw solvent was then evaporated,
and the crude product purified by column chromaipby (ethyl acetate as the eluent)
to give the product8a—2h in 92-96% yield. Pd/C (10%, 0.1 eq) was then added
the solution of2a—2h in xylene (50 mL), and the solution was heated4& °C and
monitored by TLC. On completion, the resulting maret was filtered and evaporated.
The residue was purified by silica gel column chatography with petroleum ether

and ethyl acetate (v/v = 2:1) to prodiBae-3h in 62—73% yield.

4.2.1.1. methyl 4-(9H-pyrido[3,4-bJindol-1-yl)benzoat8d4d): white solid; yield, 65%;
m.p. 147.4-148.%C; 'H NMR (500 MHz, CDCJ) ¢ 8.81 (s, 1H), 8.58 (d] = 2.5 Hz,
1H), 8.19-8.17 (m, 3H), 8.02 (d= 5 Hz, 2H), 7.97 (dJ = 5 Hz, 1H), 7.59-7.53 (m,
2H), 7.33 (t,J = 7.5 Hz, 1H), 3.94 (s, 3H)C NMR (125 MHz, CDG)) § 166.8,
142.9, 142.8, 141.5, 140.5, 139.6, 133.6, 130.9,23128.8, 128.1, 121.9, 121.8,
120.5, 114.4, 111.6, 52.2. IR (KBr, cth3362, 3065, 2957, 1718, 1637, 1619, 1582,
1526, 1497, 1469, 1438, 1326, 1294, 1279, 12234,11128, 1067, 1026, 1015, 825,
792, 769, 726. Elemental anal. calcd forHG/NO.: C, 75.48; H, 4.67; N, 9.27,
found C, 75.44; H, 4.69; N, 9.31. HRMS (ESI) m/4cdafor C;gH14N,0, [M+H]"
303.1128, found 303.1127.

4.2.1.2. methyl 4-(6-methoxy-9H-pyrido[3,4-b]indol-1-yl)beate @b): yellow solid;
yield, 62%; m.p. 124.1-125°%; *H NMR (500 MHz, CDG}) 6 8.84 (s, 1H), 8.57 (d,

J =5 Hz, 1H), 8.19 (dJ = 10 Hz, 2H), 8.05 (dJ) = 10 Hz, 2H), 7.96 (dJ = 2.5 Hz,
1H), 7.63 (s, 1H), 7.48 (d,= 10 Hz, 1H), 7.26 (dJ = 10 Hz, 1H), 3.99 (s, 3H), 3.97
(s, 3H); *C NMR (125 MHz, CDGJ) ¢ 166.8, 154.5, 142.9, 141.7, 139.1, 135.5,
134.3, 130.3, 130.2, 130.1, 128.1, 122.1, 118.8,311112.5, 103.6, 56.0, 52.2. IR
(KBr, cmi™?) 3064, 2998, 2951, 2832, 1722, 1609, 1584, 1486811436, 1400, 1286,

13
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1218, 1177, 1132, 1116, 1037, 1014, 818, 768. Hitahanal. calcd for g&H16N-Os:
C, 72.28; H, 4.85; N, 8.43; found C, 72.26; H, 4.838.47. HRMS (ESI) m/z calcd
for CooH16N2O3 [M"‘H]+ 333.1234, found 333.1230.

4.2.1.3. 1-(furan-2-yl)-9H-pyrido[3,4-b]indole 3c): brown solid; yield, 66%; m.p.
127.1-128.6C; 'H NMR (500 MHz, CDCJ) 6 9.54 (s, 1H), 8.50 (d] = 2.5 Hz, 1H),
8.15 (d,J = 5 Hz, 1H), 7.89 (dJ = 2.5 Hz, 1H), 7.71 (s, 1H), 7.60 (s, 2H), 7.35 (s,
2H), 6.67 (s, 1H)**C NMR (125 MHz, CDCJ) § 154.4, 142.8, 140.5, 138.8, 133.4,
131.3, 130.3, 128.6, 121.7, 121.2, 120.1, 113.2,311111.6, 108.8. IR (KBr, cﬁ)
3458, 1625, 1556, 1493, 1452, 1425, 1378, 13663,18301, 1284, 1252, 1235, 1210,
1164, 998, 749, 458. Elemental anal. calcd fesH@NO: C, 76.91; H, 4.30; N,
11.96; found C, 76.87; H, 4.35; N, 11.94. HRMS (E®Wz calcd for GsH1oN2O
[M+H] " 235.0866, found 235.0863.

4.2.1.4.1-(furan-2-yl)-6-methoxy-9H-pyrido[3,4-b]indolé3d): brown solid; yield,
68%; m.p. 66.4-67.8C; 'H NMR (500 MHz, CDC}) 6 9.30 (s, 1H), 8.41 (d]= 5
Hz, 1H), 7.80 (dJ = 5 Hz, 1H), 7.67 (dJ = 2.5 Hz, 1H), 7.53 (d] = 5 Hz, 1H), 7.46
(d, = 10 Hz, 1H), 7.29 (dJ = 2.5 Hz, 1H), 7.22-7.20 (m, 1H), 6.64—6.63 (m, ,1H)
3.93 (s, 3H)»C NMR (125 MHz, CDGJ) §154.5, 154.2, 142.7, 138.3, 135.3, 133.6,
131.9, 130.0, 121.6, 118.6, 113.5, 112.4, 112.8,7,0103.4, 56.0. IR (KBr, Cfﬁ)
2923, 1606, 1585, 1556, 1489, 1462, 1437, 137971933, 1215, 1163, 1125, 1020,
810, 772, 738, 622. Elemental anal. calcd fagHN.O,: C, 72.72; H, 4.58; N, 10.60;
found C, 72.68; H, 4.60; N, 10.58. HRMS (ESI) métcd for GeHioN-0, [M+H]*
265.0972, found 265.0970.

4.2.1.5. 1-(pyridin-2-yl)-9H-pyrido[3,4-b]indole 3e): white solid; yield, 70%; m.p.
139.4-141.2C; *H NMR (500 MHz, CDC)) 6 11.27 (s, 1H), 8.71-8.69 (m, 2H),
8.50 (d,J = 5 Hz, 1H), 8.09 (dJ = 5 Hz, 1H), 7.93 (dJ = 5 Hz, 1H), 7.83-7.80 (m,
1H), 7.56=7.50 (m, 2H), 7.24-7.22 (m, 2K5€ NMR (125 MHz, CDGCJ) ¢ 158.0,
148.2, 140.6, 138.1, 138.1, 136.8, 134.8, 130.8,412122.9, 121.7, 121.3, 121.1,
119.8, 115.4, 111.9. IR (KBr, ¢ 3395, 3291, 3057, 1625, 1588, 1564, 1484, 1446,

1414, 1362, 1316, 1280, 1234, 1146, 1091, 1065, 748, 622, 597. Elemental anal.
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calcd for GeH11Ns: C, 78.35; H, 4.52; N, 17.13; found C, 78.33; K% N, 17.10.
HRMS (ESI) m/z calcd for GH1:N3 [M+H]" 246.1026, found 246.1025.

4.2.1.6. 6-methoxy-1-(pyridin-2-yl)-9H-pyrido[3,4-b]indole3f): white solid; yield,
73%; m.p. 131.4-132°C; *H NMR (500 MHz, CDC}) 6 11.09 (s, 1H), 8.67 (dl =

10 Hz, 1H), 8.64 (dJ = 5 Hz, 1H), 8.44 (dJ = 5 Hz, 1H), 7.84 (dJ = 5 Hz, 1H),
7.80-7.76 (m, 1H), 7.48 (d,= 2.5 Hz, 1H), 7.40 (dJ = 10 Hz, 1H), 7.23-7.19 (m,
1H), 7.16-7.14 (m, 1H), 3.86 (s, 3HJC NMR (125 MHz, CDGJ) 5 157.9, 154.0,
148.1, 138.1, 137.5, 136.7, 135.6, 135.3, 130.2.812121.4, 121.2, 118.3, 115.3,
112.6, 103.5, 55.9. IR (KB, C_rJr) 3347, 1583, 1564, 1490, 1455, 1439, 1414, 1362,
1292, 1280, 1221, 1176, 1139, 1118, 1033, 1020, &3, 798, 742, 630. Elemental
anal. calcd for gH1aN3O: C, 74.17; H, 4.76; N, 15.26; found C, 74.15;449; N,
15.30. HRMS (ESI) m/z calcd for;@413Ns0 [M+H]" 276.1131, found 276.1128.

4.2.1.7. 1-(benzo[d][1,3]dioxol-5-yl)-9H-pyrido[3,4-b]indol€3g): white solid; yield,
66%; m.p. 167.5-168C; 'H NMR (500 MHz, CDC}) ¢ 8.63 (s, 1H), 8.57 (dl=5

Hz, 1H), 8.20 (dJ = 10 Hz, 1H), 7.95 (d) = 5 Hz, 1H), 7.60 (t) = 7.5 Hz, 1H), 7.55

(d, J= 10 Hz, 1H), 7.51-7.49 (m, 2H), 7.36 Jtz 7.5 Hz, 1H), 7.05-7.03 (m, 1H),
6.09 (s, 2H)C NMR (125 MHz, CDGJ)) 5 148.5, 148.2, 142.6, 140.3, 139.5, 133.31,
132.8, 129.8, 128.5, 122.0, 121.8, 120.3, 113.5,511108.8, 108.7, 103.1, 101.4. IR
(KBr, cm™h) 3054, 2884, 1626, 1565, 1502, 1471, 1452, 1438011283, 1243, 1223,
1126, 1039, 935, 919, 825, 812, 747. Elemental @a#dd for GgH1,N,0: C, 74.99;

H, 4.20; N, 9.72; found C, 74.95; H, 4.18; N, 9. HRMS (ESI) m/z calcd for
C1gH12N,0, [M+H]* 289.0972, found 289.0970.

4.2.1.8. 1-(benzo[d][1,3]dioxol-5-yl)-6-methoxy-9H-pyridofBb]indole @h): yellow
solid; yield, 72%; m.p. 96.5-97°Z; *H NMR (500 MHz, CDC}) § 8.91 (s, 1H), 8.44
(d, J=5 Hz, 1H), 7.82 (d) = 5 Hz, 1H), 7.54 (dJ = 5 Hz, 1H), 7.40-7.39 (m, 2H),
7.35 (d,J = 10 Hz, 1H), 7.17-7.16 (m, 1H), 6.87—6.86 (m, 1594 (s, 2H), 3.92 (s,
3H); 3¢ NMR (125 MHz, CDG) ¢ 154.3, 148.4, 148.1, 142.9, 138.7, 135.5, 134.1,
132.7, 129.7, 122.3, 121.9, 118.5, 113.4, 112.8,71008.6, 103.5, 101.3, 56.0. IR

(KBr, cn) 1565, 1501, 1470, 1447, 1285, 1248, 1209, 11483,11038, 814.
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Elemental anal. calcd for16H14N-O3: C, 71.69; H, 4.43; N, 8.80; found C, 71.67; H,
4.41; N, 8.85. HRMS (ESI) m/z calcd for;dl14N,Os [M+H]" 319.1077, found
319.1074.

4.2.2. Synthesis ofda—4xand5a—5i

A solution of 3a-3h (1 mmol) and substituted benzyl bromide (5 mmal) i
acetonitrile (15 mL) was stirred at room temperatdihe reaction was monitored by
TLC. On completion, the resulting mixture was dile@vaporated, and the residue
was purified by silica gel column chromatographythwidichloromethane and

methanol (v/v = 20:1) to produde—4h and5a-5i in 67-96% vyield.

4.2.2.1. 2-benzyl-1-(4-(methoxycarbonyl)phenyl)-9H-pyriddf]indol-2-ium

bromide @a): yellow solid; yield, 87%; m.p. 158.8-159°6; 'H NMR (500 MHz,
CDsOD) 6 8.82 (dd,J = 15 HZ, 5 Hz, 2H), 8.49 (d= 10 Hz, 1H), 8.27 (d] = 10 Hz,
2H), 7.82-7.78 (m, 1H), 7.69-7.65 (m, 3H), 7.5297(d, 1H), 7.32-7.27 (m, 3H),
6.95-6.93 (m, 2H), 5.82 (s, 2H), 4.00 (s, 3HE NMR (125 MHz, CROD) §165.9,
145.2, 139.2, 135.8, 135.6, 134.4, 134.1, 132.2,513132.4, 130.2, 130.0, 128.8,
128.6, 127.0, 123.1, 122.1, 119.8, 117.0, 112.®,61.7. IR (KBr, cri) 3397, 3058,
2948, 1712, 1629, 1580, 1528, 1496, 1454, 14343,14841, 1329, 1281, 1107, 1014,
767, 757, 705. Elemental anal. calcd fogHz:BrN.O,: C, 65.97; H, 4.47; N, 5.92;
found C, 65.94; H, 4.51; N, 5.95. HRMS (ESI) m/tcdafor GeH21BrN,O, [M—Br]*
393.1598, found 393.1592.

4.2.2.2.1-(4-(methoxycarbonyl)phenyl)-2-(4-methylbenzyl49Hido[3,4-b]indol-2-
ium bromide 4b): yellow solid; yield, 96%; m.p. 156.7-1570; *H NMR (500 MHz,
CD;0D) 6 8.82 (ddJ = 15 H,, 5 Hz, 2H), 8.47 (d, J = 10 Hz, 1H), 8.26 (d, 10=Hz,
2H), 7.81-7.77 (m, 1H), 7.67—7.63 (m, 3H), 7.5187(d, 1H), 7.31-7.27 (m, 2H),
6.95-6.93 (m, 2H), 5.82 (s, 2H), 4.00 (s, 3H), 2(873H);*C NMR (125 MHz,
CD3;0D) ¢ 165.5, 143.3, 139.2, 135.7, 135.6, 134.4, 1342,6, 132.3, 132.1, 130.0,
129.7, 127.6, 125.9, 123.0, 121.7, 119.6, 118.8,911112.6, 60.9, 50.9, 22.3. IR
(KB, cm_l) 3401, 3016, 2950, 1720, 1605, 1587, 1531, 1506411442, 1401, 1327,
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1275, 1108, 1010, 769, 756. Elemental anal. cabedCh/H23BrN,O,: C, 66.54; H,
4.76; N, 5.75; found C, 66.52; H, 4.77; N, 5.78. MR (ESI) m/z calcd for
C27H23BrN,O, [M—Br]* 407.1754, found 407.1754.

4.2.2.3. 1-(4-(methoxycarbonyl)phenyl)-2-(4-(trifluorometiingnzyl)-9H-pyrido[3,4-
blindol-2-ium bromide 4c): yellow solid; yield, 92%; m.p. 159.2-16(F3; *H NMR
(500 MHz, CRROD) ¢ 8.93 (d,J = 5 Hz, 1H), 8.87 (dJ = 10 Hz, 1H), 8.51 (d) =5
Hz, 1H), 8.28 (d,J = 10 Hz, 2H), 7.82 (t) = 5 Hz, 1H), 7.76-7.74 (m, 2H), 7.69 (,
= 10 Hz, 1H), 7.62 (d) = 10 Hz, 2H), 7.52 (t) = 7.5 Hz, 1H), 7.18 (dJ = 10 Hz,
2H), 5.99 (s, 2H), 4.02 (s, 3HYC NMR (125 MHz, CROD) 6 165.9, 145.3, 139.2,
138.8, 135.7, 134.4, 134.4, 133.0, 132.5, 132.9.513130.3, 130.0, 127.7, 125.7,
125.6, 125.6, 125.6, 124.9, 123.2, 122.8, 122.9,811117.3, 112.7, 60.3, 51.8. IR
(KBr, cm™) 3347, 2360, 1581, 1565, 1490, 1455, 1439, 143@2,11291, 1280, 1221,
1176, 1139, 1119, 1090, 1034, 1020, 837, 824, 7¥3, 742, 701, 630, 543.
Elemental anal. calcd fora&H,0BrFsN2O,: C, 59.90; H, 3.72; N, 5.17; found C, 59.87,
H, 3.76; N, 5.12. HRMS (ESI) m/z calcd forA,BrFN,O, [M-Br]* 461.1471,
found 461.1469.

4.2.2.4. 2-benzyl-6-methoxy-1-(4-(methoxycarbonyl)phenybg9Hdo[3,4-b]indol-2
-ium bromide 4d): yellow solid; yield, 89%; m.p. 150.5-152°C; *H NMR (500
MHz, DMSO-d6) 6 12.15 (s, 1H), 8.94 (§§ = 5 Hz, 2H), 8.18-8.16 (m, 2H), 8.11 (,
=5 Hz, 1H), 7.78 (d]) = 5 Hz, 2H), 7.59 (dJ = 10 Hz, 1H), 7.45-7.43 (m, 1H), 7.31—
7.25 (m, 3H), 6.93 (d) = 5 Hz, 2H), 5.80 (s, 2H), 3.95 (s, 3H), 3.9238l); °C
NMR (125 MHz, DMSO€6) ¢ 166.1, 155.3, 140.6, 139.6, 136.0, 135.3, 13483,11
133.0, 132.4, 131.0, 130.3, 129.2, 128.9, 127.4.0.2120.5, 118.1, 114.6, 104.2,
60.5, 56.3, 53.1. IR (KBr, Cﬁ'l) 3401, 1720, 1612, 1578, 1499, 1437, 1278, 1222,
1113, 1024, 821, 767, 738, 704. Elemental anatddalr G/H23BrN.Os: C, 64.42; H,
4.61; N, 5.57; found C, 64.40; H, 4.64; N, 5.56. MIR (ESI) m/z calcd for
C,7H23BrN>O3 [M—Br]* 423.1703, found 423.1698.

4.2.2.5. 6-methoxy-1-(4-(methoxycarbonyl)phenyl)-2-(4-mdétbrykyl)-9H-pyrido[3,4

-b]indol-2-ium bromide 4€): yellow solid; yield, 96%: m.p. 147.2-148a; *H NMR
17
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(500 MHz, CROD) § 8.74 (dd,J = 10 Hz, 5 Hz, 2H), 8.27 (d,= 10 Hz, 2H), 7.93 (d,
J=2.5Hz, 1H), 7.68 (d] = 10 Hz, 2H), 7.56 (d] = 10 Hz, 1H), 7.45-7.42 (m, 1H),
7.11 (d,J = 5 Hz, 2H), 6.83 (d) = 5 Hz, 2H), 5.74 (s, 2H), 4.01 (s, 3H), 3.973),
2.30 (s, 3H),13C NMR (125 MHz, CROD) ¢ 166.0, 155.8, 140.6, 139.3, 138.8, 135.7,
133.4, 133.1, 132.8, 132.6, 131.4, 130.2, 129.9,412127.0, 124.1, 120.2, 117.0,
113.6, 102.6, 60.6, 55.0, 51.7, 19.7. IR (KBr,_bn®407, 3016, 2951, 1721, 1609,
1581, 1498, 1442, 1281, 1223, 1115, 1026, 826, 708, 653. Elemental anal. calcd
for CygH2sBrN2Os: C, 65.00; H, 4.87; N, 5.41; found C, 64.97; H864.N, 5.44.
HRMS (ESI) m/z calcd for §H»sBrN,Os [M—Br]* 437.1860, found 437.1854.

4.2.2.6. 6-methoxy-1-(4-(methoxycarbonyl)phenyl)-2-(4- @atiomethyl)benzyl)-9H-
pyrido[3,4-bJindol-2-ium bromidé4f): yellow solid; yield, 81%; m.p. 168.7-1696;
'H NMR (500 MHz, CROD) 6 8.83 (s, 2H), 8.27 (d} = 10 Hz, 2H), 7.94 (d] = 2.5
Hz, 1H), 7.72 (dJ = 10 Hz, 2H), 7.60 (dJ = 10 Hz, 2H), 7.56 (d] = 10 Hz, 1H),
7.42—7.39 (m, 1H), 7.16 (d,= 5 Hz, 2H), 5.96 (s, 2H), 4.00 (s, 3H), 3.963d); *°C
NMR (125 MHz, CROD) §167.3, 157.1, 142.0, 140.6, 140.3, 137.1, 135.@,93
134.3, 133.8, 131.9, 131.6, 131.4, 129.0, 127.0.A12126.9, 126.3, 125.5, 124.1,
121.6, 118.7, 115.0, 104.1, 61.5, 56.5, 53.1. IIBr(K:m_l) 3362, 3065, 2957, 1718,
1659, 1637, 1619, 1582, 1526, 1497, 1469, 13264,1P879, 1223, 1164, 1128, 1067,
1015, 870, 825, 792, 769, 726, 660, 645, 596. HEhkaheanal. calcd for
CagH22BrFsN20Os: C, 58.86; H, 3.88; N, 4.90; found C, 58.90; H873.N, 4.85. HRMS
(ESI) m/z calcd for ggH2-BrFsN,Os [M—Br]* 491.1577, found 491.1573.

4.2.2.7. 2-benzyl-1-(furan-2-yl)-9H-pyrido[3,4-b]indol-2-ium  bromide 49):
red-brown solid; vyield, 83%; m.p. 141.1-142@; *H NMR (500 MHz, CROD) ¢
8.75-8.70 (m, 2H), 8.43 (d,= 10 Hz, 1H), 8.12 (d) = 2.5 Hz, 1H), 7.83-7.77 (m,
2H), 7.50-7.47 (m, 1H), 7.36—7.34 (m, 3H), 7.27X¢; 2.5 Hz, 1H), 7.13-7.11 (m,
2H), 6.88 (ddJ = 5 Hz, 2.5 Hz, 1H), 6.09 (s, 2HJC NMR (125 MHz, CROD) &
148.7, 146.5, 141.8, 136.4, 136.1, 135.8, 135.3.8.3130.8, 130.3, 130.0, 128.2,
124.3, 123.5, 121.1, 120.0, 118.2, 114.2, 113.98.6/R (KBr, Cm_l) 3399, 3055,
2924, 1627, 1580, 1500, 1453, 1335, 1270, 1249]1,12053, 1018, 762, 742, 701.
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Elemental anal. calcd for.&H:7,BrN-O: C, 65.20; H, 4.23; N, 6.91; found C, 65.17; H,
4.25; N, 6.93. HRMS (ESI) m/z calcd for48:;BrN,O [M—Br]* 325.1335, found
325.1332.

4.2.2.8. 1-(furan-2-yl)-2-(4-methylbenzyl)-9H-pyrido[3,4-bfol-2-ium bromid€4h):
red-brown solid; yield, 85%; m.p. 156.6-157@& ‘H NMR (500 MHz, CROD) ¢
8.79-8.75 (m, 2H), 8.45 (d,= 10 Hz, 1H), 8.08 (dJ = 2.5 Hz, 1H), 7.84—7.78 (m,
2H), 7.64 (dJ = 5 Hz, 2H), 7.50 (tJ = 5 Hz, 1H), 7.30-7.26 (m, 3H), 6.88-6.86 (m,
1H), 6.19 (s, 2H)**C NMR (125 MHz, CROD) § 149.1, 146.9, 141.9, 140.6, 136.7,
136.3, 134.3, 132.0, 131.1, 129.1, 127.4, 127.4,8.2124.0, 121.5, 120.5, 118.7,
114.5, 114.3, 62.6, 31.0. IR (KBr, ¢ 3409, 3146, 3049, 2925, 2855, 1629, 1583,
1505, 1452, 1422, 1327, 1279, 1164, 1127, 10677,1183. Elemental anal. calcd for
Ca3H10BrN,O: C, 65.88; H, 4.57; N, 6.68; found C, 65.85; k% N, 6.67. HRMS
(ESI) m/z calcd for gzH19BrN,O [M—Br]* 339.1492, found 339.1490.

4.2.2.9. 1-(furan-2-yl)-2-(4-(trifluoromethyl)benzyl)-9H-pwo[ 3,4-b]indol-2-ium
bromide @i): red-brown solid; yield, 78%:; m.p. 185.6—-18%C *H NMR (500 MHz,
CD;0OD) ¢ 8.80-8.75 (m, 2H), 8.45 (d,= 2.5 Hz, 1H), 8.08 (s, 1H), 7.84-7.79 (m,
2H), 7.65 (dJ = 10 Hz, 2H), 7.50 (t) = 5 Hz, 1H), 7.31-7.27 (m, 3H), 6.87 (dtk
12.5 Hz, 2.5 Hz, 1H), 6.2 (s, 2H}°C NMR (125 MHz, CROD) § 148.8, 146.6,
141.6, 140.2, 136.5, 136.4, 136.0, 134.0, 131.9,713130.8, 128.7, 127.1, 127.1,
127.1, 127.0, 126.3, 124.4, 124.2, 123.6, 122.0,22120.2, 118.4, 114.2, 114.0,
62.2. IR (KBr, Crﬁl) 3410, 3048, 1629, 1511, 1502, 1327, 1280, 1162711067,
1018, 753. Elemental anal. calcd fosaldieBrFsN2O: C, 58.37; H, 3.41; N, 5.92;
found C, 58.35; H, 3.43; N, 5.89. HRMS (ESI) m/tcdaor GysH16BrFN-O [M—Br]*
393.1209, found 393.1202.

4.2.2.10. 2-benzyl-1-(furan-2-yl)-6-methoxy-9H-pyrido[3,4iol-2-ium
bromide(4;j): red-brown solid; yield, 92%; m.p. 194.8—-198C% *H NMR (500 MHz,
DMSO-d6) ¢ 12.43 (s, 1H), 8.88 (dd, = 10 Hz, 5 Hz, 2H), 8.24 (d,= 2.5 Hz, 1H),
8.07 (d,J = 5 Hz, 1H), 7.73 (dJ = 10 Hz, 1H), 7.49-7.47 (m, 1H), 7.35-7.32 (m, 4H)

7.08-7.06 (m, 2H), 6.95 (dd,= 5 Hz, 2.5 Hz, 1H), 6.07 (s, 2H), 3.92 (s, 3K
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NMR (125 MHz, DMSOd6) 6155.1, 148.7, 146.5, 141.8, 136.4, 136.1, 135.8,813
130.8, 130.3, 130.0, 128.2, 124.3, 123.5, 121.0,012418.2, 114.2, 113.9, 62.8, 56.4.
IR (KBr, cm™®) 3409, 3048, 2917, 1626, 1588, 1516, 1462, 1328611230, 1199,
1142, 1008, 767, 722. Elemental anal. calcd f@HGBIN.O.: C, 63.46; H, 4.40; N,
6.44; found C, 63.45; H, 4.43; N, 6.40. HRMS (EBIi)jz calcd for GsH;9BrN2O,
[M—Br]* 355.1441, found 355.1437.

4.2.2.11. 1-(furan-2-yl)-6-methoxy-2-(4-methylbenzyl)-9H-p\(i3,4-bJindol-2-iu
m bromide 4Kk): red-brown solid; yield, 81%; m.p. 191.6-193@: 'H NMR (500
MHz, CD;OD) § 8.66 (dd,J = 10 Hz, 5 Hz, 2H), 8.10 (d,= 5 Hz, 1H), 7.89 (d) =5
Hz, 1H), 7.69 (dJ = 10 Hz, 1H), 7.47-7.45 (m, 1H), 7.26 {d 5 Hz, 1H), 7.16 (d)

= 5 Hz, 2H), 6.99 (dJ = 10 Hz, 2H), 6.88 (dd] = 5 Hz, 2.5 Hz, 1H), 6.00 (s, 2H),
3.96 (s, 3H), 2.30 (s, 3HY*C NMR (125 MHz, CROD) ¢ 157.3, 148.6, 141.9, 141.8,
140.2, 136.5, 135.1, 135.0, 132.8, 130.9, 128.3.5,2121.6, 119.8, 118.1, 115.7,
115.2, 113.9, 104.0, 62.5, 56.4, 21.1. IR (KBr,'J()n‘S424, 3047, 2998, 2953, 1632,
1605, 1582, 1512, 1498, 1469, 1434, 1351, 13115,1P821, 1184, 1126, 1023, 836,
807, 758. Elemental anal. calcd fogs8,:BrN.O,: C, 64.15; H, 4.71; N, 6.23; found
C, 64.19; H, 4.70; N, 6.19. HRMS (ESI) m/z calcd f0yH:BrN,O, [M-Br]*
369.1598, found 369.1596.

4.2.2.12. 1-(furan-2-yl)-6-methoxy-2-(4-(trifluoromethyl)betz9H-pyrido[3,4-b]
indol-2-ium bromide 4l): red-brown solid; yield, 76%; m.p. 198.5-199®; 'H
NMR (500 MHz, CQOD) 6 8.72 (dd,J = 10 Hz, 5 Hz, 2H), 8.07 (d,= 2.5 Hz, 1H),
7.92 (d,d = 2.5 Hz, 1H), 7.71-7.64 (m, 3H), 7.49-7.47 (m),1H30-7.25 (m, 3H),
6.86 (dd,J = 5 Hz, 2.5 Hz, 1H), 6.17 (s, 2H), 3.97 (s, 3t NMR (125 MHz,
CDs0OD) ¢ 157.1, 148.5, 141.7, 141.4, 140.1, 136.3, 13%8,0, 130.6, 128.4, 126.9,
126.8, 126.8, 126.8, 126.1, 125.4, 121.4, 120.9.81118.2, 118.1, 115.0, 113.7,
103.7, 61.8, 56.2. IR (KBr, Cﬁ) 3435, 3152, 3045, 1658, 1640, 1620, 1611, 1582,
1512, 1501, 1468, 1328, 1297, 1223, 1166, 11278,10819. Elemental anal. calcd
for Cp4H1gBrFsN2O,: C, 57.27; H, 3.60; N, 5.57; found C, 57.22; H653.N, 5.55.
HRMS (ESI) m/z calcd for §H1gBrFsN>O, [M—Br]* 423.1315, found 423.1311.
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4.2.2.13. 2-benzyl-1-(pyridin-2-yl)-9H-pyrido[3,4-b]indol-24m bromide 4m):
yellow solid; yield, 67%; m.p. 137.6-138°@; *H NMR (500 MHz, DMSO€d6) &
12.42 (s, 1H), 9.05-8.92 (m, 2H), 8.93-8.92 (m,, 858 (d,J = 5 Hz, 1H), 8.12 (td,
J =5 Hz, 2.5Hz, 1H), 7.87 (d, = 5 Hz, 1H), 7.82 (tdJ = 5 Hz, 2.5Hz, 1H), 7.77—
7.75 (m, 1H), 7.71 (d) = 5 Hz, 1H), 7.50 (tdJ = 10 Hz, 5Hz, 1H), 7.28-7.22 (m,
3H), 6.94 (dd,J = 10 Hz, 2.5 Hz, 2H), 5.97 (s, 2HJC NMR (125 MHz, DMSOd6)

0 150.6, 147.0, 144.8, 138.2, 137.3, 135.0, 13434,7, 133.9, 132.4, 128.6, 128.4,
127.2, 127.0, 126.0, 123.7, 121.9, 119.4, 117.8,11159.9. IR (KBr, le) 3414,
3056, 2780, 1629, 1574, 1459, 1330, 1270, 1243, E&mental anal. calcd for
Ca3H1gBrNs: C, 66.36; H, 4.36; N, 10.09; found C, 66.33; FB% N, 10.12. HRMS
(ESI) m/z calcd for gH1gBrNs [M—Br]* 336.1495, found 336.1494.

4.2.2.14. 2-(4-methylbenzyl)-1-(pyridin-2-yl)-9H-pyrido[3,4#dol-2-ium
bromide @n): yellow solid; yield, 70%:; m.p. 133.4-135°C; *H NMR (500 MHz,
CDsOD) 6 8.95 (dt,J = 10 Hz, 2.5 Hz, 1H), 8.78 (dd,= 10 Hz, 5 Hz, 2H), 8.45 (d,
=5 Hz, 1H), 8.12 (tdJ = 10 Hz, 2.5 Hz, 1H), 7.81-7.75 (m, 3H), 7.67Jd; 10 Hz,
1H), 7.48 (td,J = 10 Hz, 5 Hz, 1H), 7.07 (d,= 10 Hz, 2H), 6.87 (d] = 10 Hz, 2H),
5.90 (s, 2H), 2.26 (s, 3H}°C NMR (125 MHz, CROD) § 152.2, 148.7, 146.8, 140.2,
139.6, 138.7, 136.8, 136.1, 135.5, 133.9, 132.6.713128.7, 128.2, 127.5, 124.5,
123.4, 121.0, 118.7, 114.0, 61.9, 21.1. IR (KBr,_]()rﬁ404, 3050, 3008, 2779, 1628,
1573, 1518, 1461, 1430, 1332, 1267, 1143, 793, E¥mental anal. calcd for
Ca4H20BrNs: C, 66.98; H, 4.68; N, 9.76; found C, 66.94; H/4.N, 9.79. HRMS
(ESI) m/z caled for gH,0BrNs [M—Br]* 350.1652, found 350.1649.

4.2.2.15. 1-(pyridin-2-yl)-2-(4-(trifluoromethyl)benzyl)-9Hypido[3,4-b]indol-2-i
um bromide 40): yellow solid; yield, 69%; m.p. 194.3-1960; *H NMR (500 MHz,
CD;0D) 6 8.91 (d,J = 5 Hz, 1H), 8.86 (dd] = 10 Hz, 5 Hz, 2H), 8.50 (d,= 10 Hz,
1H), 8.09 (tdJ = 10 Hz, 2.5 Hz, 1H), 7.84—7.79 (m, 2H), 7.75—-7(T3 1H), 7.69 (d,
J=5Hz, 1H), 7.56 (d) = 5 Hz, 2H), 7.52 (t) = 7.5 Hz, 1H), 7.18 (d] = 10 Hz, 2H),
6.09 (s, 2H),13C NMR (125 MHz, CROD) ¢ 152.2, 148.5, 146.9, 140.1, 139.6, 138.8,
136.9, 136.5, 135.9, 134.1, 131.9, 129.2, 128.3.612126.9, 126.9, 126.9, 126.8,
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574 126.3, 124.6, 124.1, 123.6, 121.1, 118.9, 114.14.6IR (KBr, Cm'l) 3347, 3011,
575 1629, 1330, 1274, 1165, 1112, 1067, 756. Elemamial. calcd for gzH,17BrFsNs: C,
576 59.52; H, 3.54; N, 8.68; found C, 59.49; H, 3.53;8W¥1. HRMS (ESI) m/z calcd for
577  CuH1/BrFsNs [M—Br]* 404.1369, found 404.1367.

578 4.2.2.16. 2-benzyl-6-methoxy-1-(pyridin-2-yl)-9H-pyrido[3,4ifdol-2-ium

579 bromide @p): yellow solid; vyield, 79%; m.p. 157.2-158°6; *H NMR (500 MHz,
580 DMSO-d6) 6 8.99 (dd,J = 15 Hz, 5 Hz, 2H), 8.91 (d, = 5 Hz, 1H), 8.13-8.10 (m,
581 2H), 7.87 (dJ =5 Hz, 1H), 7.77-7.74 (m, 1H), 7.63 (tk 10 Hz, 1H), 7.44-7.42 (m,
582 1H), 7.27-7.21 (m, 3H), 6.94 (d,= 5 Hz, 2H), 5.96 (s, 2H), 3.91 (s, 3HJC NMR
583 (125 MHz, DMSOd6) ¢ 154.8, 150.6, 147.0, 140.3, 138.2, 137.4, 1334,7, 133.8,
584 133.2,128.6, 128.4, 127.3, 127.0, 126.0, 123.6,81117.8, 114.1, 103.8, 59.7, 55.8.
585 IR (KBr, cmt) 3409, 3039, 2958, 1608, 1571, 1515, 1499, 1433411435, 1358,
586 1348, 1296, 1274, 1147, 1132, 1017, 824, 791, B6mental anal. calcd for
587 CyH20BrNsO: C, 64.58; H, 4.52; N, 9.41; found C, 64.55; kb4 N, 9.43. HRMS
588 (ESI) m/z calcd for @H,0BrNzO [M—Br]* 366.1601, found 366.1593.

589 4.2.2.17. 6-methoxy-2-(4-methylbenzyl)-1-(pyridin-2-yl)-9H4dg[3,4-b]indol-2-
590 ium bromide 4q): yellow solid; yield, 75%: m.p. 164.8—-1656; 'H NMR (500 MHz,
591 DMSO-d6) 6 12.30 (s, 1H), 8.96-8.93 (m, 3H), 8.17-8.12 (m,,ZH90 (d,J = 10 Hz,
592 2.5 Hz, 1H), 7.79-7.76 (m, 1H), 7.63 (b 10 Hz, 1H), 7.46—7.44 (m, 1H), 7.05 (d,
593 J=10 Hz, 2H), 6.85 (d] = 10 Hz, 2H), 5.89 (s, 2H), 3.92 (s, 3H), 2.223H); *°C
594 NMR (125 MHz, DMSO€d6) ¢ 154.8, 150.6, 147.0, 140.1, 138.2, 137.9, 137.8,(.3
595 133.7, 133.1, 131.7, 129.2, 127.3, 127.0, 126.3.6,2119.8, 117.8, 114.1, 103.8,
596 59.5, 55.8, 40.0, 39.8, 39.6, 39.5, 39.3, 39.10,320.6. IR (KBr, cri) 3383, 3053,
597 3008, 1632, 1613, 1576, 1521, 1498, 1466, 12934,12242, 1020, 825, 787.
598 Elemental anal. calcd for,§H,,BrN3O: C, 65.22; H, 4.82; N, 9.13; found C, 65.20; H,
599 4.80; N, 9.17. HRMS (ESI) m/z calcd ford48,,BrNzO [M-Br]* 380.1757, found
600 380.1752.

601 4.2.2.18. 6-methoxy-1-(pyridin-2-yl)-2-(4-(trifluoromethyl)beyl)-9H-pyrido[3,4-

602  bJindol-2-ium bromide(4r): yellow solid; yield, 70%; m.p. 144.8-145C; 'H NMR
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(500 MHz, CROD) ¢ 8.89 (d,J = 5 Hz, 1H), 8.83 (dd] = 10 Hz, 5 Hz, 2H), 8.37 (d,
J =10 Hz, 1H), 8.17 (td) = 10 Hz, 2.5 Hz, 1H), 7.89-7.81 (m, 1H), 7.72-7(60
1H), 7.61 (dJ = 5 Hz, 1H), 7.47 (d) = 5 Hz, 2H), 7.39 (t) = 7.5 Hz, 1H), 7.18 (d]
=10 Hz, 2H), 6.07 (s, 2H), 2.11 (s, 3HC NMR (125 MHz, CROD) § 153.4, 148.5,
146.8, 140.1, 139.6, 138.7, 137.0, 136.5, 135.9,113131.9, 129.7, 128.0, 127.5,
127.1, 126.9, 126.9, 126.9, 126.6, 124.5, 124.8,6221.0, 119.0, 114.2, 60.3, 20.1.
IR (KBr, cm™®) 3409, 3006, 2958, 1611, 1578, 1516, 1499, 1443811296, 1224,
1139, 792. Elemental anal. calcd fopsi@19BrFsNsO: C, 58.38; H, 3.72; N, 8.17;
found C, 58.34; H, 3.75; N, 8.20. HRMS (ESI) m/tcdaor GsH1oBrFsNzO [M—Br]*
434.1475, found 434.1470.

4.2.2.19. 1-(benzo[d][1,3]dioxol-5-yl)-2-benzyl-9H-pyrido[3;d]indol-2-ium
bromide (49): yellow solid; vyield, 83%; m.p. 152.8-153°¢; 'H NMR (500 MHz,
CD;0D) 6 8.76-8.72 (m, 2H), 8.40 (d,= 10 Hz, 1H), 7.75 (dd] = 15 Hz, 5 Hz, 1H),
7.67 (d,J = 5 Hz, 1H), 7.67 () = 5 Hz, 1H), 7.32—7.31 (m, 3H), 7.12 (= 5 Hz,
1H), 7.08-7.03 (m, 4H), 6.16 (dd,= 10 Hz, 2.5 Hz, 2H), 5.85 (s, 2HY)C NMR
(125 MHz, CQXOD) ¢ 151.9, 150.3, 146.3, 141.6, 137.3, 136.0, 13533,9, 133.4,
130.1, 129.9, 128.5, 125.6, 124.4, 123.2, 122.4,212118.1, 114.0, 110.8, 110.4,
103.6, 61.9. IR (KBr, ci) 3401, 3022, 2930, 1605, 1492, 1430, 1331, 122801
1109, 1032, 767. Elemental anal. calcd fesHzBrN,O.: C, 65.37; H, 4.17; N, 6.10;
found C, 65.34; H, 4.15; N, 6.13. HRMS (ESI) m/fcdafor CysH1gBrN,O, [M—Br]*
379.1441, found 379.14309.

4.2.2.20. 1-(benzo[d][1,3]dioxol-5-yl)-2-(4-methylbenzyl)-9pixido[3,4-b]indol-
2-ium bromide(4t): yellow solid; yield, 83%; m.p. 141.2-142°6; *H NMR (500
MHz, CD;OD) 6 8.73-8.67 (m, 2H), 8.40 (d,= 5 Hz, 1H), 7.73 (t) = 7.5 Hz, 1H),
7.65 (d,J = 5 Hz, 1H), 7.73 (t) = 7.5 Hz, 1H), 7.14-7.12 (m, 3H), 7.09—7.07 (m),1H
7.04 (d,J = 2.5 Hz, 1H), 6.93 (d] = 5 Hz, 2H), 6.18 (dJ = 10 Hz, 2H), 5.79 (s, 2H),
2.28 (s, 3H)*C NMR (125 MHz, CROD) § 151.9, 150.3, 146.3, 141.5, 140.1, 137.2,
135.1, 134.7, 133.4, 133.0, 130.7, 128.7, 125.8,312123.2, 122.5, 121.2, 118.0,
114.0, 110.8, 110.4, 103.6, 61.7, 21.1. IR (KBr,']()rﬁ387, 3012, 2921, 1627, 1482,
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1434, 1334, 1233, 1144, 1113, 1033, 753. Elemeamial calcd for gH»:BrN.O,: C,
65.97; H, 4.47; N, 5.92; found C, 65.95; H, 4.49;30. HRMS (ESI) m/z calcd for
CosH21BrN,O» [M—Br]+ 393.1598, found 393.1595.

4.2.2.21. 1-(benzo[d][1,3]dioxol-5-yl)-2-(4-(trifluoromethyenzyl)-9H-pyrido[3,
4-blindol-2-ium bromide(4u): yellow solid; yield, 89%; m.p. 156.8-157°C; H
NMR (500 MHz, CROD) § 8.82—8.79 (m, 2H), 8.44 (d,= 10 Hz, 1H), 7.76 (t) =
7.5 Hz, 1H), 7.68 (d] = 10 Hz, 1H), 7.61 (d] = 10 Hz, 2H), 7.45 (fJ = 7.5 Hz, 1H),
7.23 (d,J = 10 Hz, 1H), 7.11-7.05 (m, 3H), 6.15 (dds 15 Hz, 2.5 Hz, 2H), 6.00 (s,
2H); 3C NMR (125 MHz, CROD) ¢ 157.1, 151.3, 150.2, 141.0, 139.5, 137.8, 135.0,
134.2, 131.4, 130.5, 129.1, 128.0, 127.8, 127.6.812126.3, 124.9, 124.3, 123.9,
121.7, 121.7, 117.9, 114.8, 110.6, 110.2, 103.2,6,066.3. IR (KBr, CrTiL) 3402,
3015, 2780, 1628, 1484, 1435, 1325, 1236, 11668,11065, 1036, 821, 753.
Elemental anal. calcd forsgH1gBrFsN2O,: C, 59.22; H, 3.44; N, 5.31; found C, 59.19;
H, 3.47; N, 5.34. HRMS (ESI) m/z calcd for81sBrFN,0, [M—Br]* 447.1315,
found 447.1313.

4.2.2.22. 1-(benzo[d][1,3]dioxol-5-yl)-2-benzyl-6-methoxy-Qyrido[3,4-b]indol
-2-ium bromide 4v): yellow solid; yield, 81%:; m.p. 167.6-168@; *H NMR (500
MHz, CD;OD) § 8.68-8.63 (m, 2H), 7.90 (d,= 2.5 Hz, 1H), 7.59 (d] = 10 Hz, 1H),
7.45-7.42 (m, 1H), 7.34-7.32 (m, 3H), 7.10J¢; 5 Hz, 1H), 7.04-7.01(m, 4H), 6.15
(d, J = 5 Hz, 2H), 5.81 (s, 2H), 3.97 (s, 34} NMR (125 MHz, CROD) 6 157.2,
152.0, 150.3, 141.9, 141.8, 137.5, 136.2, 134.3,313130.2, 129.9, 128.4, 125.5,
125.2,122.5,121.7, 118.0, 115.0, 110.7, 110.4,00@03.7, 61.7, 56.4. IR (KBr, ¢m
1) 3394, 3060, 3023, 2955, 2903, 2836, 2790, 1668011487, 1443, 1344, 1313,
1248, 1223, 1156, 1112, 1033, 928, 819. Elememtal @alcd for GsH21BrN,Os: C,
63.81; H, 4.33; N, 5.72; found C, 63.82; H, 4.30;9\%4. HRMS (ESI) m/z calcd for
Ca26H21BrN,O3 [M—Br]* 409.1547, found 409.1544.

4.2.2.23. 1-(benzo[d][1,3]dioxol-5-yl)-6-methoxy-2-(4-methghzyl)-9H-pyrido[3
,4-blindol-2-ium bromide 4w): yellow solid; yield, 88%: m.p. 166.5-167°; 'H

NMR (500 MHz, CROD) § 8.68-8.62 (m, 2H), 7.89 (d,= 2.5 Hz, 1H), 7.58 (d] =
24
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2.5 Hz, 1H), 7.42—7.40(m, 1H), 7.16=7.03 (m, 5H926(d,J = 10 Hz, 2H), 6.16 (d]
=5 Hz, 2H), 5.76 (s, 2H), 3.95 (s, 3H), 2.30 (4);3°C NMR (125 MHz, CROD) 6
157.1, 151.9, 150.3, 141.8, 141.7, 140.1, 137.4.213134.2, 133.1, 130.8, 128.5,
125.5, 125.1, 122.6, 121.7, 118.0, 115.0, 110.8,411104.0, 103.7, 61.6, 56.4, 21.1.
IR (KBr, cmih) 3442, 3058, 3025, 2963, 2892, 2835, 1612, 1538311485, 1439,
1344, 1317, 1299, 1224, 1188, 1113, 1038, 934, 822, Elemental anal. calcd for
CoH23BrN,Os: C, 64.42; H, 4.61; N, 5.57; found C, 64.39; Hh4.N, 5.60. HRMS
(ESI) m/z calcd for gH23BrN,Oz [M—Br]* 423.1703, found 423.1696.

4.2.2.24. 1-(benzo[d][1,3]dioxol-5-yl)-6-methoxy-2-(4-(triftwomethyl)benzyl)-9
H-pyrido[3,4-b]indol-2-ium bromid€4x): yellow solid; yield, 89%; m.p. 181.5-182.7
°C; H NMR (500 MHz, CROD) 6 8.72 (dd,J = 10 Hz, 5 Hz, 2H), 7.91 (d,= 5 Hz,
1H), 7.64-7.58 (m, 3H), 7.43-7.41 (m, 1H), 7.20J& 5 Hz, 2H), 7.09-7.03 (m,
3H), 6.14 (dJ = 15 Hz, 2H), 5.95 (s, 2H), 3.96 (s, 3 NMR (125 MHz, CROD)

0 157.1, 152.0, 150.3, 141.9, 141.9, 140.6, 137.8,613134.5, 131.8, 131.6, 129.0,
127.0, 127.0, 126.9, 126.9, 126.4, 125.5, 125.3,212122.4, 121.7, 118.2, 115.0,
110.7, 110.4, 104.0, 103.7, 61.2, 56.4. IR (KBr,']()rﬁ422, 3018, 2784, 1616, 1579,
1490, 1439, 1326, 1227, 1164, 1118, 1068, 1036, 836. Elemental anal. calcd for
CorH20BrFsN20Os: C, 58.18; H, 3.62; N, 5.03; found C, 58.16; FhRB.N, 5.06. HRMS
(ESI) m/z calcd for gHzBrFsN,Os [M—Br]* 477.1421, found 477.14109.

4.2.2.25. 2-(4-fluorobenzyl)-6-methoxy-1-(4-(methoxycarbaguybnyl)-9H-pyrido
[3,4-b]indol-2-ium bromide(5a): yellow solid; yield, 73%; m.p. 158.9-156°G; 'H
NMR (500 MHz, DMSO€6) 5 12.18 (s, 1H), 8.93 (dd,= 10 Hz, 5 Hz, 2H), 8.18 (d,
J =5 Hz, 2H), 8.10 (dJ = 2.5 Hz, 1H), 7.78 (d] = 10 Hz, 2H), 7.58 (dJ = 10 Hz,
1H), 7.45-7.43 (m, 1H), 7.10 = 10 Hz, 2H), 7.00-6.97 (m, 2H), 5.78 (s, 2H)53.9
(s, 3H), 3.92 (s, 3H**C NMR (125 MHz, DMSQd6) J 165.6, 162.8, 160.8, 154.8,
140.2, 139.1, 135.5, 133.5, 132.5, 131.9, 131.0,413129.9, 129.5, 123.5, 119.9,
117.5, 115.7, 114.1, 103.7, 59.4, 55.7, 52.6. IIBr(K:m'l) 3407, 3063, 2953, 1716,
1636, 1607, 1580, 1510, 1498, 1468, 1436, 13516,1P878, 1221, 1163, 1120, 1042,
1029, 1013, 825, 786, 762. Elemental anal. caledCieH,.BrFN,O3: C, 62.20; H,
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4.25; N, 5.37; found C, 62.17; H, 4.29; N, 5.34. MIR (ESI) m/z calcd for
Co7H2,BrFN,O3 [M—-Br]* 441.1609, found 441.1605.

4.2.2.26. 2-(4-chlorobenzyl)-6-methoxy-1-(4-(methoxycarbgtydnyl)-9H-pyrido
[3,4-b]indol-2-ium chloride(5b): yellow solid; yield, 86%: m.p. 157.7-159¢; 'H
NMR (500 MHz, DMSOd6) 6 12.13 (s, 1H), 8.89 (s, 2H), 8.18 = 10 Hz, 2H),
8.08 (d,J = 2.5 Hz, 1H), 7.77 (dl = 5 Hz, 2H), 7.60 (d] = 10 Hz, 1H), 7.46—7.44 (m,
1H), 7.33 (dJ = 10 Hz, 2H), 7.33 (d] = 5 Hz, 2H), 5.77 (s, 2H), 3.96 (s, 3H), 3.93 (s,
3H). IR (KBr, cn?) 3383, 3062, 2951, 2837, 1715, 1633, 1610, 1580611468,
1453, 1436, 1405, 1350, 1295, 1279, 1223, 1188),11@89, 1029, 1015, 826, 811,
782. Elemental anal. calcd for#,,CIoN2O3: C, 65.73; H, 4.49; N, 5.68; found C,
65.71; H, 4.47; N, 5.70. HRMS (ESI) m/z calcd fer;,Cl,N.Os [M—CI]* 457.1313,
459.1284, found 457.1311, 459.1280.

4.2.2.27. 2-(4-bromobenzyl)-6-methoxy-1-(4-(methoxycarboimdiyl)-9H-pyrido
[3,4-b]indol-2-ium bromide(5¢): yellow solid; yield, 91%; m.p. 160.9-162°@; 'H
NMR (500 MHz, DMSO€6) 6 12.16 (s, 1H), 8.91 (dd,= 10 Hz, 5 Hz, 2H), 8.19 (d,
J =5 Hz, 2H), 8.19 (dJ = 2.5 Hz, 1H), 7.79 (d] = 10 Hz, 2H), 7.59 (d] = 10 Hz,
1H), 7.48-7.44 (m, 3H), 6.90 (d,= 10 Hz, 2H), 5.75 (s, 2H), 3.95 (s, 3H), 3.92 (s,
3H). IR (KBr, Cm_l) 3374, 3148, 3062, 2951, 1716, 1635, 1610, 1580711497,
1469, 1453, 1436, 1405, 1294, 1280, 1223, 1184l,11071, 1029, 1013, 826, 807,
782, 770. Elemental anal. calcd fof8,,Br.N»Os: C, 55.69; H, 3.81; N, 4.81; found
C, 55.67; H, 3.83; N, 4.78. HRMS (ESI) m/z calcd f©/H,,Bro,N,Os; [M-Br]*
501.0808, 503.0788, found 501.0806, 503.0785.

4.2.2.28. 2-(2-fluorobenzyl)-6-methoxy-1-(4-(methoxycarbguybnyl)-9H-pyrido
[3,4-b]indol-2-ium bromide %d): yellow solid; yield, 72%; m.p. 155.8-156°@; 'H
NMR (500 MHz, DMSO€6) 5 12.18 (s, 1H), 8.94 (dd,= 10 Hz, 5 Hz, 2H), 8.16 (d,
J =5 Hz, 2H), 8.11 (dJ = 2.5 Hz, 1H), 7.77 (dJ = 10 Hz, 2H), 7.59 (dJ = 10 Hz,
1H), 7.46-7.44 (m, 1H), 7.39-7.35 (m, 1H), 7.1477(®, 2H), 6.90 (tJ = 7.5 Hz,
1H), 5.88 (s, 2H), 3.95 (s, 3H), 3.92 (s, 3L NMR (125 MHz, DMSOd6) 6 165.6,

160.5, 158.5, 154.8, 140.2, 139.1, 135.4, 133.2,713132.4, 131.9, 130.9, 130.9,
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130.3, 129.8, 129.6, 129.6, 124.8, 123.6, 121.8,712119.9, 117.4, 115.5, 115.3,
114.1, 103.7, 55.8, 54.9, 52.6. IR (KB, ?3’)‘03409, 3046, 3015, 2954, 1723, 1608,
1580, 1497, 1454, 1439, 1295, 1278, 1225, 11839,11102, 1028, 828, 764.
Elemental anal. calcd for,@&1,2BrFN>Os: C, 62.20; H, 4.25; N, 5.37; found C, 62.17,
H, 4.21; N, 5.41. HRMS (ESI) m/z calcd for#8,,BrFN,O; [M—Br]* 441.1609,
found 441.1597.

4.2.2.29. 2-(3-fluorobenzyl)-6-methoxy-1-(4-(methoxycarbguybnyl)-9H-pyrido
[3,4-b]indol-2-ium bromide ge): yellow solid; yield, 79%; m.p. 147.2-149G; 'H
NMR (500 MHz, DMSO€6) § 12.20 (s, 1H), 8.92 (f] = 5 Hz, 2H), 8.17 (dJ = 10
Hz, 2H), 8.10 (d,) = 5 Hz, 1H), 7.78 (d] = 10 Hz, 2H), 7.59 (d] = 5 Hz, 1H), 7.46—
7.43 (m, 1H), 7.33-7.29 (m, 1H), 7.13 (= 10 Hz, 2.5 Hz, 1H), 6.83 (d,= 10 Hz,
1H), 6.75 (dJ = 10 Hz, 1H), 5.80 (s, 2H), 3.95 (s, 3H), 3.923H). IR (KBr, cm?)
3397, 3006, 2952, 2835, 1722, 1635, 1611, 1579%,164898, 1467, 1452, 1437, 1403,
1348, 1279, 1223, 1184, 1131, 1118, 1030, 1013, B28. Elemental anal. calcd for
Co7H22BrFN,Os: C, 62.20; H, 4.25; N, 5.37; found C, 62.18; F83}.N, 5.39. HRMS
(ESI) m/z calcd for gH,,BrFN,Os [M—Br]* 441.1609, found 441.1607.

4.2.2.30. 2-(2-bromobenzyl)-6-methoxy-1-(4-(methoxycarboimdiyl)-9H-pyrido
[3,4-b]indol-2-ium bromide(5f): yellow solid; yield, 93%; m.p. 249.8—-251°C; 'H
NMR (500 MHz, DMSOQ€6) § 12.21 (s, 1H), 8.94-8.81 (m, 2H), 8.15 Jd& 10 Hz,
2H), 8.11 (dJ = 2.5 Hz, 1H), 7.76 (d] = 10 Hz, 2H), 7.61-7.58 (m, 2H), 7.48-7.45
(m, 1H), 7.32—-7.26 (m, 2H), 6.84 @@= 5 Hz, 1H), 5.81 (s, 2H), 3.93 (s, 3H), 3.93 (s,
3H). IR (KBr, Cm_l) 3009, 2986, 2951, 1720, 1608, 1577, 1496, 1439711268,
1229, 1133, 1118, 1104, 1029, 828, 765. Elementll aalcd for G;H2:BrN»Os: C,
55.69; H, 3.81; N, 4.81; found C, 55.66; H, 3.84;4\'9. HRMS (ESI) m/z calcd for
Co7H22Br2N03 [M—Br]* 501.0808, 503.0788, found 501.0806, 503.0785.

4.2.2.31. 2-(3-bromobenzyl)-6-methoxy-1-(4-(methoxycarbomdhyl)-9H-pyrido
[3,4-b]indol-2-ium bromide(5g): yellow solid; yield, 95%; m.p. 150.3-152°C; 'H
NMR (500 MHz, DMSOd6) 6 12.19 (s, 1H), 8.93 (dd,= 10 Hz, 5 Hz, 2H), 8.17 (d,

J =10 Hz, 2H), 8.09 (dJ = 5 Hz, 1H), 7.76 (dJ = 10 Hz, 2H), 7.58 (d] = 10 Hz,
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748  1H), 7.49-7.43 (m, 2H), 7.21 (= 7.5 Hz, 1H), 7.13 (t) = 2.5 Hz, 1H), 6.91 (d] =
749 10 Hz, 1H), 5.79 (s, 2H), 3.95 (s, 3H), 3.92 (s).3R (KBr, cni?) 3409, 3046, 3015,
750 2954, 2837, 1723, 1608, 1580, 1497, 1454, 1439,1B295, 1279, 1225, 1183, 1151,
751 1133, 1119, 1102, 1028, 1012, 828, 764. Elemenil aalcd for G/H2,Br,N,Os: C,
752 55.69; H, 3.81; N, 4.81; found C, 55.67; H, 3.84;4N83. HRMS (ESI) m/z calcd for
753  Cy7H22BrN,03 [M—Br]* 501.0808, 503.0788, found 501.0807, 503.0786.

754 4.2.2.32. 2-(2,4-difluorobenzyl)-6-methoxy-1-(4-(methoxycandiphenyl)-9H-py
755  rido[3,4-b]indol-2-ium bromide §h): yellow solid; yield, 87%; m.p. 142.3-144G;

756 H NMR (500 MHz, DMSO€6) 5 12.14 (s, 1H), 8.93 (dd,= 10 Hz, 5 Hz, 2H), 8.19
757 (d,J=5 Hz, 2H), 8.10 (d) = 2.5 Hz, 1H), 7.78 (d] = 10 Hz, 2H), 7.58 (d] = 5 Hz,

758  1H), 7.46-7.44 (m, 1H), 7.23-7.19 (m, 1H), 7.02661®, 2H), 5.84 (s, 2H), 3.96 (s,
759  3H), 3.92 (s, 3H). IR (KBr, cil) 3069, 3034, 3002, 2960, 1711, 1609, 1577, 1532,
760 1501, 1472, 1435, 1409, 1318, 1286, 1227, 11846,11B10, 1086, 1035, 1014, 960,
761 827, 767. Elemental anal. calcd fop/RB,:BrF,N,Os: C, 60.12; H, 3.92; N, 5.19;
762 found C, 60.15; H, 3.90; N, 5.16IRMS (ESI) m/z calcd for &H,1BrF:N,O3 [M—

763 Br]" 459.1515, found 459.1513.

764 4.2.2.33. 6-methoxy-1-(4-(methoxycarbonyl)phenyl)-2-(4-nigobyl)-9H-pyrido[
765  3,4-blindol-2-ium chloride(5i): yellow solid; yield, 83%; m.p. 162.1-162°8; *H
766 NMR (500 MHz, DMSO€6) 6 12.34 (s, 1H), 9.01 (dd, = 10 Hz, 5 Hz, 2H), 8.15—
767 8.12 (m, 5H), 7.78 (d] = 5 Hz, 2H), 7.64 (dJ = 10 Hz, 1H), 7.50-7.47 (m, 1H), 7.23
768 (d, J = 10 Hz, 2H), 6.00 (s, 2H), 3.97 (s, 3H), 3.96 3kl); 1*C NMR (125 MHz,
769 DMSO-6) ¢ 165.5, 154.8, 147.1, 142.3, 139.3, 137.0, 1353B.7, 133.6, 132.9,
770 132.7, 132.4,131.9, 130.4, 129.8, 128.1, 123.6,A12A17.6, 103.6, 59.3, 55.7, 52.5.
771 IR (KBr, Cm_l) 2998, 2952, 1715, 1610, 1580, 1522, 1500, 1438511345, 1318,
772 1285, 1229, 1135, 1110, 829. Elemental anal. cllcdC,7H,,CINsOs: C, 64.35; H,
773 4.40; N, 8.34; found C, 64.31; H, 4.42; N, 8.33. MR (ESI) m/z calcd for
774 CyHpCIN3Os [M—CI]* 468.1554, found 468.1551.

775 4.2.3. X-ray structures of compoun@s and5f
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X-ray quality crystal of compoun8@e was obtained from the dichloromethane:
petroleum ether = 4:1 solution after 3 days. Tlystat structure of compour8e (Fig.
4) was determined on a Rigaku Oxford Diffractiorp&unova Dual Source at 100 K,
Cu at Zero equipped with an AtlasS2 CCD using Cw rgdiation. The atomic
coordinates have been deposited at the Cambridgstalographic Data Center
(CCDC) with CCDC numbers 1819364. It is worth mening that this crystal

structure has been published earlier [39].

X-ray quality crystal of compoun8f was obtained from the dichloromethane:
methanol = 2:1 solution after 3 days. The crystalcsure of compoundf (Fig. 4)
was determined on a Rigaku Oxford Diffraction Smosa Dual Source at 100 K, Cu
at Zero equipped with an AtlasS2 CCD using Cua Kadiation. The atomic
coordinates have been deposited at the Cambridgstalographic Data Center

(CCDC) with CCDC numbers 1819367.
4.3. Antibacterial assay

MICs were determined as described by the Natior@h@ittee for Clinical
Laboratory Standards [40]. Four Gram-positive h@@ts. aureusMRSA, B. cereus
and B. subtili and two Gram-negative bacteria. (coliandR. solanacearujnwere
selected as the tested bactefiaaureusl.8721,B. cereusl.1846 and anBscherichia
coli 1.1636 were purchased from the China General Miological Culture
Collection Center. MRSAS. aureuATCC 43300) and. subtillis769 were provided
by College of Chemistry & Pharmacy, Northwest A&Ritkrsity. R. solanacearum
(CGMCC 1.12711) was provided by the College of PRiotection, Northwest A&F
University. The MIC was defined as the minimum bitory concentration, each
compound resulting in visible inhibition on bactegrowth (incubation at 37 °C for
12-14 h). Each bacterial suspension was adjusteal toncentration of 1 x 20
CFU/mL. All compounds were thoroughly dried beforeighing. Initially, the
compounds were dissolved in dimethyl sulfoxide (DDJSto prepare the stock
solutions. The tested compounds and reference dmege then prepared in liquid

Luria—Bertan media. The required concentrationsewaf0, 100, 50, 25, 12.5, 6.25
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and 3.125 nmol/mL, respectively (DMSO < 0.5%). ThelICs of the preferred
compounds4f, 4i, 41, 4u, 4w, 4x, 5¢c and reference drugs were also tested at

concentrations of 256, 128, 64, 32, 16, 8, 4, 2lpg/mL.
4.4. Cell toxicity

The cytotoxicity of compoundéf, 4i, 41, 4u, 4w, 4x and5c was assessed using
the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-ldttazolium bromide (MTT) assay,
as described previously [41]. MARC 145 cells and? L€ells were treated with
compounds4f, 4i, 41, 4u, 4w, 4x and 5c at concentrations of @g/mL. After
incubation, 1QuL (5 mg/mL) of MTT in phosphate-buffered saline veaided to each
well, and the cells were incubated in 5% L& 37 °C for 4 h. The medium was
removed. Then the DMSO (150 pL) was added to eath Whe wells were shocked
for 15 min in a flat shaker to dissolve purple fazan crystals. Finally, the plate was
tested at 540 nm. The untreated group was consligereéhe control. The data were
analyzed by GraphPad Prism 6.0. The formula usedéib viability was (absorbance

of compound-treated cells/absorbance of untreattsl) e« 100%.
4.5. Calculation of molecular physicochemical properties

Molecular properties, including the octanol-watartpion coefficient, the
topological polar surface area, the number of hgenobond acceptors, the number of
hydrogen bond donors, the number of rotatable hoadd the molecular volume,

were calculated using the Molinspiration tool [42].
4.6. Thermal stability assay in vitro

The thermal stability assaiy vitro used the UHPLC-ESI-MS/MS method [43]. A
Nexera UHPLC LC-30A instrument was coupled to an @IEX Triple TOF 5600
spectrometer. During experiments, al5(2 pg/mL for ampicillin sodium, Jug/mL
for 4x) sample was loaded along with mobile phase A (18&gtonitrile in
double-distilled water for ampicillin sodium, 35%edonitrile in double-distilled
water for4x) at a flow rate of 0.4 mL/min. A sweeping collisienergy setting of 35 +

15 eV was applied to all precursor ions for catiisinduced dissociation. The mass
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spectrometer settings used varied, depending oopgtmization required, but typical
values were GS 1 = 50, GS 2 = 50, CUR = 35, and HBDO. The negative ion
mode (—4500 V) was used for ampicillin sodium, #mel positive ion mode (5500 V)
was used for compoundix. The stability study was tested under three camt

(25 °C, 0 h; 37 °C, 6 h; 65 °C, 6 h).
4.7. SEM assay

A standard procedure was followed for SEM analy4#]. Briefly, bacterial
broth cultures in the log phase (30 mL) at “0FU/mL were treated with freshly
prepared phosphate-buffered saline (0.1 M, pH #h2fombination with 1 h of
incubation at 37 °C. All samples were centrifugedt@00 xg for 10 min, washed,
and resuspended in phosphate-buffered saline. figdctells were fixed with 2.5%
glutaraldehyde, and then incubated at 37 °C omassglide (22 x 22 mm) for 20 min.
Samples were dehydrated by passing through graelieanol (10%, 30%, 50%, 70%,
90%, and 100%) for 5 min at each concentratiordeSliwere then dried with an
automatic critical point drying instrument (LeicMECPD300), and a small amount
of gold was sputtered onto the samples using desprdater system to avoid charging
in the microscope. The treated group, with compodrd0.5 MIC) added, was

incubated at 37 °C for 1 h.
4.8. Molecular docking study

Molecular docking evaluation was conducted usirggShrflex-Dock program in
the Sybyl-X 2.0 package and Discovery Studio 20ieht The crystal structures of
bacterial type Il topoisomerase (PDB ID: 5IWM) ayge | topoisomerase (PDB ID:
4RUL) were obtained from the Protein Data Bankp(Witvww.pdb.org). The crystal
structures of topoisomerases were prepared withhydrogen atoms added, and
charge added by the AMBER7 FF99 method. The strestaf4x and ciprofloxacin
were drawn in the Sybyl-X 2.0 package. Polar hydrogtoms were then added, and

the energy optimized with the Tripos force fieldldy the Gasteiger—Hiickel method.

4.9. Antibacterial assay in vi\87,38]
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Thein vivo biological assay againf. solanacearunfor the compoundix was
carried out on an eggplant leaf. The concentrasfocompoundx was 8ug/mL (5%o
DMSO in water as the solvent). The blank controbVB&. agqueous DMSO. Each
suspension (V = 100L) was dropped onto the leaf of eggplant, which washed
and treated with water and 75% aqueous ethyl alaohadvance. After the solvent
was evaporated in an ambient environment, the apidd@ 4.5 mm) of the leaf was
punctured with an inoculating needle, and the pghothen inoculated. All the
treated leaves were placed in an illumination imtab (37 °C, 100% relative
humidity, light/dark = 10 h/14 h) for 3 days, arm texperiments were repeated three

times.
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Table 1. In vitro antibacterial activity of compoun@s—3h and4a—4x (MIC, nmol/mL).

Table 2. In vitro antibacterial activity of compoun@s—5i (MIC, nmol/mL).
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Fig. 1. Design of the quaternization harman analogues.

Fig. 2. Synthesis of compoun@s—3h and4a—4x.

Fig. 3. Synthesis of compounds-—5i.

Fig. 4. Crystal structures of compounges and5f.

Fig. 5. Structure—activity relationships of the quaterimaharman analogues against bacteria.
Fig. 6. SEM of MRSA andR. solanacearum(A) and (C) are untreated. (B) and (D) are treéate
with compoundix.

Fig. 7. Three-dimensional conformations of compoudd docked in bacterial type I
topoisomerase complex.

Fig. 8. Representative photographs of compouixdin the in vivo antibacterial assay: (left)

untreated and (right) treated.
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Table 1. In vitro antibacterial activities of compoun8a-3h and4a—4x (MIC, nmol/mL)?

Compd Gram-positive bacteria Gram-negative bacteria
S aureus MRSA B. cereus B. subtilis E. cali R. solanacearum
3a >200 >200 >200 >200 >200 >200
3b >200 >200 >200 >200 >200 >200
3c >200 >200 >200 >200 >200 >200
3d >200 >200 >200 >200 >200 >200
3e >200 >200 >200 >200 >200 >200
3f >200 >200 >200 >200 >200 >200
39 >200 >200 >200 >200 >200 >200
3h 200 200 >200 >200 >200 >200
da 100 200 200 100 >200 100
4b 50 50 100 50 200 50
4c 50 50 100 50 200 50
4ad 100 200 200 100 >200 100
de 50 100 50 50 >200 50
Af 25 25 25 25 200 25
49 100 100 >200 100 >200 100
4h 50 50 100 25 100 25
4 25 25 50 25 50 25
4 100 100 200 50 >200 100
4k 50 50 100 25 100 25
4 25 25 50 25 50 25
4m >200 >200 >200 >200 >200 >200
an 25 50 100 100 >200 50
40 25 50 100 50 >200 50
ap >200 >200 >200 >200 >200 >200
4q 100 100 200 100 >200 100
ar 100 100 200 100 >200 100
4s 100 100 100 50 >200 100
4t 50 50 100 25 >200 50
4u 25 25 50 25 100 25
4v 100 50 200 50 >200 50
Aw 25 25 50 25 200 25
ax 25 125 25 25 50 25
F.SP 100 50 25 12.5 6.25 50
A.SP 3.125 50 200 1.56 3.125 3.125
c.s’ 1.56 25 25 3.125 1.56 3.125

#MIC = Minimum inhibitory concentration, MRSA = methilmn-resistantS. aureus.

bpositive controls, F.S. Eosfomycin sodium, A.S. Ampicillin sodium, C.S. = Cefotaxime sodium.



Table 2. In vitro antibacterial activity of compoun&s—5i (MIC, nmol/mL).

Gram-positive bacteria

Gram-negative bacteria

Compd —
S aureus MRSA B.cereus B. subtilis R. solanacearum
5a 100 200 200 75 150
5b 50 100 50 50 37.5
5c 25 37.5 375 25 25
5d 200 200 200 100 150
5e 200 200 200 75 150
5f 75 75 100 50 50
59 50 50 75 25 25
5h 100 >200 200 100 100
5i 100 200 200 200 100




Table 3. Invitro antibacterial and cytotoxicity activity of somet@otial compounds.

Compd MIC (ng/mL) Cell Viability (%)*
S aureus MRSA B.cereus B.subtilis R. solanacearum LO2 MARC 145

af 8 8 8 16 16 71.6+1.2 93.2+0.7
4 8 8 16 8 8 76.2+1.8 87.1+1.6
4 8 8 16 8 8 74.3+0.8 88.5+1.5
4u 8 8 16 8 8 85.7+1.4  96.3+0.9
4w 8 8 16 8 8 82.2+2.1  98.5+0.5
ax 8 4 8 16 8 84.6+1.3 103.2+2.4
5¢c 8 16 16 16 8 73.5+0.9 94.8+0.6
F.S. 16 8 4 8 - -

A.S. 2 16 128 2 - -

C.sS 1 16 16 2 - -

aCytotoxicity assay with potential compoundsu@mL), “-" = No test.



Table 4. Calculated molecular properties of some potentaipounds.

Compd LOP? TPSA NON° nONNH'  nrottf
4f 2.56 55.22 5 1 7
4 1.50 32.82 3 1 4
4 1.54 42.05 4 1 5
4u 2.25 38.14 4 1 4
4w 1.84 47.38 5 1 4
ax 2.28 47.38 5 1 5
5¢ 2.48 55.22 5 1 6

3LOP = octanol-water partition coefficiefiT,PSA = topologic polar surface ar&aON =
number of hydrogen bond acceptSrs)NNH= number of hydrogen bond dondrzotb =

number of rotatable bonds.
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Fig. 3. Synthesis of compounds-—5i.
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Fig. 4. Crystal structures of compounds 3e and 5f.
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Fig. 5. Structure—activity relationships of the quatertimaharman analogues against bacteria.



Fig. 6. SEM of MRSA and R. solanacearum. (A) and (C) are untreated. (B) and (D) are treated

with compound 4x.



Fig. 7. Three-dimensional conformations of compound 4x docked in bacteria type Il

topoi somerase complex.



Fig. 8. Representative photographs of compound 4x in the in vivo antibacterial assay: (left)
untreated and (right) treated.



Highlights
® Thirty-three new quaternization harman analogueseveynthesized and the

peak MIC was 4ig/mL.
® The structure—activity relationships were summatize

® The compound4x showed low cytotoxicity, good thermal stability dan

“drug-like” properties.

® The compounddx could damage the bacterial cell membrane and \aali

disrupt the function of type Il topoisomerase.



