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Abstract: Drug efflux pumps confer multidrug resistance tongkrous bacterial pathogens which makes these
proteins promising drug targetderein, we present initial chemical optimizatiordastructure-activity relationship
(SAR) data around a previously described efflux pumhibitor, nordihydroguaretic acid (NDGAour series of
novel NDGA analogues that targescherichia coliAcrB were designed, synthesized and evaluatethé&r ability to
potentiate the activity of antibiotics, to inhitAcrB-mediated substrate efflux and reduce off-tamsivity. Nine
novel structures were identified that increasedetffieacy of a panel of antibiotics, inhibited dretfilux and reduced
permeabilization of the bacterial outer and innegmranes. Among thenwWA7, WB11 and WD6 possessing
broad-spectrum antimicrobial sensitization activitgre identified as NDGA analogues with favorableperties as
potential AcrB inhibitors, demonstrating moderate improvemienpotency as compared dMDGA. In particular,
WD6 was the most broadly active analogue improvinggittévity of all four classes of antibacterialstées

Keywords: Nordihydroguaretic acid; Multidrug resistance;&tfpump; AcrB inhibitors; Structural optimization.



1. Introduction

The widespread prevalence and dissemination ofidnud-resistant (MDR) bacteria throughout the waploses a
serious threat to human health. In particular,dtifss caused by antibiotic-resistant Gram-negdiaveteria, such as
EnterobacteriaceaePseudomonas aerugingsKlebsiella pneumonia@nd Acinetobacter baumanniihave led to
reduced or abolished efficacy of many antibacteaggnts in the clinic [1-5]. Critically, only a femew classes of
antibacterial drugs necessary to combat antibietistance have been listed this century. In viéthis situation,
the World Health Organization (WHO) warns thathe hear future there will be no drugs availabletlfier treatment
of serious infections caused by MDR Gram-negatisetéria unless the issue is addressed now [6-8refdre,
bacterial MDR has become a serious global publaltheconcern [6, 79]. Obviously, there is an urgent need to
develop new solutions for the treatment of infeasicaused by MDR Gram-negative pathogens.

The over-expression of tripartite multidrug efflagmplexes spanning the inner and outer membraneseiof
major mechanisms of antibiotic resistance in Grampative bacteria [10-15] . Efflux pumps recogninel &xpel a
variety of structurally diverse compounds from leaiet before they can reach their potential sitaaifon, thereby
preventing their intracellular accumulation to gireld concentrations necessary for inhibitory étgtifd6-21].

In MDR Escherichia coliand otherEnterobacteriaceaghe major drug efflux pump contributing to antitito
resistance is AcrAB-TolC [22, 23]. This efflux punspans both the inner and outer cell membranestagaatite
assembly consisting cdn inner membrane spanning protein (AcrB), a pasipic adaptor protein (AcrA) and
outer-membrane channel protein (TolC) [24-27]. Bh#wee separate proteins work co-operatively iotatory
mechanism where individual subunits become altetygirotonated and then engage and subsequendngiige
substrate molecules [28, 29)crB catalyses drug/Hantiport and is the protein subunit primarily resgible for
substrate recognition [30-34]. AcrB can recognireeatremely broad range of substrates that ardimied to
antibiotics but also includes antiseptic compourdisjnfectants, dyes, solvents, fatty acids, megtions and
virulence factors [12, 23, 35].

The inability to discover novel antibiotics to comitMDR Gram-negative bactenmompted us to look for new
strategies capable of restoritige effectiveness of existing antibiotics. Smalllecole inhibitors of the AcrAB-TolC
efflux pump provide an attractive route towardsersing MDR [36, 37]. Efflux pump inhibitors (EPI#)at appear in
the literaturehave been reported to restore the activities oftieng antibacterial agents by binding to AcrB,
perturbing the outer membrane channel or disruptisgembly of the tripartite protein complex [19, 38-42].
Despite their crucial role in MDR, there are cutiegmo EPIs approved as antibiotic adjuvants famical use [43] .
The recently solved crystal and cryo-electron nscopy structures of AcrB in complex with substradehibitors
have provided a solid basis for understanding timeldmental mechanism of drug export and rationsigdeofhigh
efficacy, target-specific inhibitors [28, 39, 44}46rystal structures of AcrB in complex with sulasés minocycline
and doxorubicin [44, 47], have revealed a commopsisate binding pocket that is large, flexible amch in
phenylalanine residues that allow multidrug bindivig hydrophobic andi-n stacking interactionsin addition,
certain polar residues also provide further opputies to form hydrogen bonds, such as Asn274 aimd 1 [28].
Structures of inhibitor-bound AcrB have indicatdahtt the inhibitor binding site partially overlapsittw the
minocycline binding site in a distal binding pockethile another part of the inhibitor is engagednmltiple
hydrophobic andr-n stacking interactions with various side chainsnlinan adjacent pocket known as the
hydrophobic trap including Phel78, Phe610, Phe®ti5Phe628 [39, 45]. EPIs binding into this siteisdly hinder
the functional rotation mechanism of the AcrB triitbereby disabling the activity of the entirel@tfmachinery [39,
45, 48, 49].

We recently identified nordihydroguaretic acid (NBG-ig. 1a) as a moderate EPI via virtual screerfiogn a
library of 50 phytochemicals [50]In ourin silico binding studies, it was predicted that NDGA boumid the same
distal pocket described above that partially oyerlavith the minocycline site (Fig. 1b). This intetian was
stabilized byn-n stacking interactions between the two phenyl nesebf NDGA with aromatic side chains of
Phe628, Phel78 and Phe615, and an additional hsltoond between a single hydroxyl group appendéal @me
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of the phenyl groups and the carbonyl of Pro326 @igl. 1c). Subsequent biological characterizatienealed that
NDGA acted synergistically with a broad range ofilzacterials such as chloramphenicol (CAM), erythyain
(ERY) and tetraphenylphosphonium (TPP) against éRMirain ofE. coli. The mechanism of action of NDGA was
demonstrated to be through the inhibition of Acr8ng whole cell assays that measured efflux offiihherescent
Nile Red substrate. In the current study we aingedbtain new chemotypes of NDGA with better intabyt activity
against AcrB and to gain SAR data to direct furttleemical optimization. Based upon our molecularkilty studies
above, and our detailed knowledge of the struabdir&crB inhibitor binding site, we designed fourries of novel
NDGA analogues for further evaluation. In each cdke hydrogen bonding donors of the two hydroxydups
appended onto the benzene ring on one end of tkecate were retained whilst the another end ofrtiedecule was
modified by: (1)introduction of structurally diverse groups on thenzene ring such as hydroxyl, halogen, amino,
methyl and isopropyl groups to explore their intéiens with the surrounding amino acid residue};réplacement
of the benzene ring with alternative larger aromair heterocyclic ringsuch as biphenyl, naphthalene and
anthracene groups, which was expected to potentiebinding affinity for AcrB throughrt-n stacking or
hydrophobic interactions; (3) alteration of thed#nof the alkyl linker to explore its accommodatiwithin the
hydrophobic binding site; (4) substitution of anideacontaining linker for the hydrophobic alkyl ker to probe
additional hydrogen bonding interactions with paatrino acids lining the inhibitor binding site.

<InsertFig. 1>

2. Results and discussion

2.1 Synthetic routes

The synthetic route of the NDGA analogy##A1-WA12 andWB1-WB11) is as outlined irscheme 1. The starting
material benzaldehyde was subjected to the Knog@etnaondensation with malonic acid to afford
(E)-3-(3,4-dimethoxyphenyl)acrylic acid®?), which was treated with lithium aluminium tetrahigle (LiAIH ) in
tetrahydrofuran (THF) to give the correspondingohtd (3). Then treatment o3 with carbon tetrabromide (CBr
and triphenylphosphine (PRhproduced the brominated intermedidteSubsequently4 was reacted with PRIin
refluxing toluene to give the phosphonium s&ltawittig olefination of5 with a library of appropriate aldehydes
permitted the addition of a variety of phenyl amdenocyclic groups and gave the alkene intermediat® a mixture
of geometrical isomers. Catalytic hydrogenatiothefse mixtures over palladium afforded the reduactibermediate
7, followed by subsequent demethylation with BRr generate the NDGA analogu&#®1-WA12 andWB1-WB11.

<InsertScheme 1>

The synthetic method for 4,4'-(propane-1,3-diyljienzene-1,2-diol)WC1) is shown in Scheme 2. Similarly,
3,4-dimethoxybenzaldehyde was used as starting rimatevhich was subjected to aldol condensationhwit
3,4-dimethoxyacetophenon8) (to obtain the aldol intermediag Catalytic hydrogenation & gavethe reduction
intermediate10, which was treated with sodium borohydride (NapBlh the presence of methanol (MeOH) to
provide the corresponding alcottdl. Then1l was subjected to elimination to afford the alkentermediatel2 and
catalytic hydrogenation df2 provided the intermediatE3, which was subsequently demethylated with BBrgive
compoundVC1.

<InsertScheme 2>

The synthetic route for the NDGA analogW&C?2 is shown in Scheme 3. Aldol condensatiorlafith acetone
afforded the ketene intermedidté. Catalytic hydrogenation df4 over palladium gave the ketone intermeditie
which was then subjected to Wolff-Kischner reduttiaith hydrazine hydrate in the presence of potmsdiydroxide
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(KOH) to provide the intermediaf6. Subsequently, BBrdemethylation o6 gave compountlVC2.

<InsertScheme 3>

The synthetic route for the NDGA analogW&%€3 andWC4 is shown in Scheme 4. Dicarboxylic acid¥)(as
the starting materials was subjected to chlorimatigth thionyl chloride (SOGJ, which was followed by Friedel
Crafts reaction to produce the diketone intermedi8. Catalytic hydrogenation oi8 over palladium gave
intermediatel9, which subsequently was demethylated with BBryield compoundg/C3 andW C4.

<InsertScheme 4>

The synthetic method for the NDGA analog¥g®1-WD10 is shown in Scheme 5. 3,4-Dimethoxybenzylamine
reacted with benzoic acid with different substitiseto afford the amidmtermediate?1 and then demethylation af
produced compound&/D1-WD10. When?21 possessed nitro groups on the benzene ring, itiataydrogenation
reaction for21 was first implemented, and subsequent demethylatith BBr; to give the corresponding NDGA
analogues.

<InsertScheme 5>

2.2. Antibacterial activity

The intrinsic antibacterial activity of all the NDGanalogues were initially assessed by determitirgminimum
inhibitory concentration (MIC) against the MDR witgpe E. coli BW25113 expressing AcrB that is indicated as
(+)AcrB and an isogenic strain with trecrb gene deleted that is indicated as (-)AcrB. Thisedrined the
concentration of the NDGA analogues that coulddsted without producing a direct antibacterial efi@ further
antimicrobial synergy assays. The results showed tione of the compounds possessed intrinsic atibal
activity againstE. coli BW25113 at 512 pg/mL, exceptD9 with an MIC of 64 pg/mL. Likewise, none of the
compounds were active against (-)AcrB cells at §4mb exceptWC2 andWD9 both of which gave an MIC value
at this high concentration (data not shown). Fbreahaining compounds, the absence of any intrinsiibacterial
activity at 512 pg/mL allowed us to further invgstie inhibition of AcrB-mediated efflux.

2.3. Ability to reverse drug resistance

The ability ofthe NDGA analogues to reverse antibiotic resistarmderred by the AcrAB-TolC efflux pump was
next determined using a checkerboard assay [185d@],Here, the MIC values of a panel of antibistiwere
measured witle. coliBW25113 in the presence of varying concentratimfrthe tested compounds. The spectrum of
EPI activity was explored using structurally untethantibacterials CAM, ERY, TTP and levofloxacliEl). Table

1 shows the data for the WA, WB and WC series tbadticed the MIC values for at least one antibagtagent by
2-fold or greater, whereas Table 2 shows the coatpardata for the WD series. Ten compounds witibacterial
sensitizing activity in Table 1 were all inhibitoes TPP efflux, withWC2 being the most potent compound that
reduced the MIC value by 32-fold at 256 pg/MUA5-WA7 andWB11 were broadly active with CAM, ERY and
TPP, withWA7 andWB11 both reducing the MIC value of TPP by 4-fold aB3y/mL.WA7 also had a large effect
upon CAM where it reduced the MIC value by 8-foldtlae highest concentration tested. However, ndnthe
compounds in Table 1 improved the activity of LEV.

<InsertTable 1>

In contrastWD2, WD6 andWD10 in Table 2 were active when tested in combinatigth LEV, with WD2 and
WD6 both reducing the MIC by 2-fold at the low concatibn of 32 pg/mL. It is noteworthy th®¥D6 displayed
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broad activity against the four antibacterials émdered the MIC values by 4-fold for CAM, ERY andPF at 128
pg/mL, and the MIC value by 2-fold for LEV at 32/pd.. Similarly, WD2, WD5, WD7 andWD8 also possessed
broad spectrum activity reducing the MIC valuegho€e out of the four antibacterials in the scregmpanel WD5
and WD9 reduced the MIC value of ERY by 4-fold at 32 pg/mhereasWD7 decreased the MIC values of both
CAM and ERY by 4-fold at 128 pg/mL. Rifampicin (RlEhat is not a substrate of AcrB was used as atiey
control. None of the compounds altered the MIC gabfi RIF (16 pg/mL) consistent with these compoulildsy
function through the AcrB efflux pump and not thgbualternative mechanism (s) of action [43, 51]e Timdings
above suggest that the compounds exert their sigtiergctivity through the inhibition of AcrB.

<InsertTable 2>

2.4. The effect of the compounds on substrate fiahs

The NDGA analogues that showed bioactivity in theakerboard assays described above were charadéuizher
to determine if they inhibited AcrB using whole loefflux assays [43, 51]. The AcrAB-TolC substraide Red was
employed as this probe, whids weakly fluorescent in aqueous solutions but wokes a significant increase in
fluorescence quantum yield in non-polar environmeestich as the cell membrane [5E]. coli BW25113 were
de-energized by treatment with the ionophore carbayanide 3-chlorophenylhydrazone (CCCP), whichswa
followed by being preloaded with Nile Red in thesabce or presence of tiNDGA analogues. Following the
addition of glucose to re-energize the cells, tfilere of Nile Red was measured by fluorometry. Tecoli strain
with (-)AcrB was used as a positive control, indileg the maximum levels of Nile Red accumulatiorsgible in the
absence of efflux. The parent compound NDGA wa®moin the assay, with inhibitory activity observatithe
concentration of 50-100 uM (Fig. 2). In remarkabdatrast WAS5, WA7, WC1 andWD6-WD8 were weakly active,
with inhibitory activity only observed at the higiteconcentration tested (500 uM). The moderateviactivas
observed foWC2, WC4, WD4 andWDS5 at the concentration of 100-200 puM. The most potgmbitory activity
was measured folWA9, WA10, WB11, WC3 andWD9 at the concentration of 50-100 uM (Fig. 2), whiculc
completely inhibit efflux to the level of the pundeleted strain, similar to NDGA.

<InsertFig. 2>

2.5. The effect of the compounds on the bacteutdranembrane

Compounds that permeabilize either the inner oerobicterial membranes may show synergistic agtiwith
antibiotics in a mechanism independent of AcrAB {3]. To determine if the potentiation of the antibicictivity
observed above could be due to permeabilizatioth®fouter membrane, the rate of hydrolysis of awmiogenic
B-lactam, nitrocefin was assayed using intBctcoli BW25513 [54] . Hydrolysis of nitrocefin by the badal
B-lactamase produces a colored product that candssumed spectrometrically at 490 nm. The rate wbcefin
hydrolysis is limited by the rate of diffusion assothe outer membrane, but this may be accelethtedo outer
membrane permeabilization [51]. Polymyxin B (PMBasvused as a positive control as this agent is knimw
damage the bacteriauter membrane (red line, Fig. 3). Disruption cf thuter membrane was observed when cells
were treated with 256 pg/ml NDGA with increasedambance measured over the time course that waseathev
untreated control (blue lines, Fig. 3). Similar-te#fget activity was observed fMWA9 and WA10. WC3 was
particularly toxic as the yield of product formeppaoached that measured for polymyxin B, so thimpound was
discarded from further evaluation. The NDGA anakgywith desirable low permeabilization activitylumbed WAS,
WA7, WB11, WC1-WC4, WD2 and WD4-WD9. For these agents, we could conclude that theiergysm with
known antibacterials was not due to the seconda&aghamnism of membrane permeabilization.

<InsertFig. 3>
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2.6. The effect of the compounds on the bactenadi membrane

Finally, off-target activity caused by chemical dege to the inner membrane was addressed. As Acid\B-iB
powered by the proton motive force across the batiener membrane, compounds that perturb théoprgradient
could also indirectly inhibit efflux [4, 11, 51].hE ability of NDGA analogues to cause depolarizatid bacterial
transmembrane potentialAy) was evaluated by using the fluorescent membrpo&ential-sensitive probe
3,3-diethyloxacarbocyanine iodide (Dig(B)). Bacteria were first energized by the additadrglucose to establish
the proton motive force (negative and basic insigecell), then treated with DiIQ@) and increased fluorescence
measured due to the aggregation of the positivierged probe as it entered cells through passifesitin. Upon
addition of the ionophore CCCP, th&) was dissipated and the fluorescence intensityceddito the level before
glucose stimulation (See Fig. 4, blue curves reprisg bacteria not challenged with compound) fi®,55].Those
compounds that disrupted the inner membrane coesdgudisturbed the proton gradient resulting in no
accumulation of fluorescence signal. Severe mengbdigruption activity was observed with the paremtnpound
NDGA at concentrations of 64 pg/mL or greater (Hig.This unwanted off-target activity was not istigated in the
initial report. Similar low toxicity was observed 528 pg/mL forWA5 andWC2. However, the off-target activity
was reduced fowA7 (128 g/mL),WB11 (16 pg/mL) andNC4 (64 pg/mL). LikewiseWD4-WD8 also displayed
favorable properties with neith®¥D4-WD6 showing toxicity at 64 pg/mL. It was noteworthyathVD7 andWD8
was still inactive in the assay at 128 pg/mL. Ureetpdly, poor accumulation of Di@B) was observed when
bacterial were treated witVD9, consistent with damage to the inner membranes&@mprentlyWA7, WB11, WC2,
WC4 andWD4-W D8 with a mechanism of action consistent with thebition of AcrB were confirmed.

<InsertFig. 4>

2.7. Molecular docking

To aid in the interpretation of the biological fings and the establish SAR data to guide futuremited
optimization, molecular modelling studies were parfed. Crystal structures of AcrB in complex witlbstrates and
inhibitors have revealed that the binding pockefoiB is rich in phenylalanine residues Phe136,178e Phe610,
Phe615, Phe628 that stabilize ligand binding thholwgdrophobic ana-n stacking interactions. In addition, certain
polar amino acid residues provide hydrogen bongliatential such as Asn274, GIn176 and Pro3262BL, 47].
Building upon our earlier in silico binding studi@sth NDGA (Fig. 1), we designed the NDGA analogukat
retained the hydrogen bond donor nature of phenbiidroxyl groupsat the one end of the molecule.
Pharmacomodulations then involved the introductibthe structurally diverse groups into the benzeng at the
other end of the molecul®A1-WA12) to explore their interactions with the surrourgdprolar and non-polar amino
acidresidues in the binding pocket of AcrB. Further,neplaced the benzene ring with aromatic or hetelacrings
owning a larger spatial structur&®/B1-WB11) to explore their binding affinity for AcrB via-n stacking or
hydrophobic interactions. In addition, we changkd kength of the alkyl linker between the two bereings
(WC1-WC4) to explore their adaptability in the hydrophobavity of the binding pocket. Finally, we substidtthe
alkyl linker in NDGA using an amide-containing liek \WWD1-WD10) to probe additional hydrogen bonding
interaction with the amino acid residues.

After the exhaustive biological characterizatiortleé test compounds, eight NDGA analogues spetifieating
on AcrB were identified as AcrB inhibitors in tretudy, namelyWA7, WB11, WC2, WC4 andWD4-WDS8. In order
to reasonably explain the above biological data dadally discuss the binding mode of the bioactteenpounds
with AcrB, we selectedVA7 and WD6 as representative compounds for molecular docKitglecular docking
software SYBYL-X2.0 was used to predict the modebiding in AcrB (PDB: 5ENO), and the docking resul
visualized by PYMOL, as shown in Fig. 5. The dogkimesults indicated that the binding modes\#7 andWD6
were similar to that of the parent compound NDGAeTphenolic hydroxyl groupat the one end of the molecule
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bond to oxygen of Pro326 by hydrogen bond intesactwhile two benzene rings at both ends of theemde were
stabilized by interactions with the amino acids 62& and Phel78 via-t stacking interactions. Moreover, the
oxygen atom of the amide group on the linkek\tD6 formed an additional hydrogen bond with the Vall®fich
may be the reason why the bioactivity of WD sevies generally better than that of the other sefibs. additional
binding interactions likely improve on-target readgn of AcrB that help minimize the off-targettasities observed
with NDGA.

<InsertFig. 5>

On the whole, four series of novel NDGA analoguesendesigned, synthesized and characterized forabiity
to inhibit the AcrAB-TolC efflux pump if. coli. The preliminary SARs derived from this study wate that: (1) the
sensitizing activity of the NDGA analogues is clgseelated to the substituents on the benzene ningheir
molecules, and hydrophilic groups are preferred; tf2 replacement of the benzene ring with aromatic
heterocyclic rings possessing a large steric efeanfavorable for retaining potency; (3) the intediate linker is
best with a four-atom chain, and the introductioh tlle amide-containing linker can improve the efg.
Furthermore, NDGA was observed to possess signifiead undesirable activity such as off-target ctfie the
assays of measuring the permeabilization of theebiat inner and outer membranes. Through the wirac
optimization of NDGA, new chemical structural typgsecifically targeting AcrB were identified, whichisplayed
superior or comparable efficacy to NDGA, indicatiagsuccessful chemical modification in this progrdviore
importantly, the above SARs provide some valuabfermation in guiding the further structural optration of
NDGA as well.

Noteworthy are the WD series possessing the anud&ining linker that generally exhibit better efity against
the AcrB-expressing strain than that of the WA, \afl WC series, which is probably due to an addifitiydrogen
bond of the oxygen atom of the amide group withWal 39 in the pocket, thereby improving bindindirafy for
AcrB. Among the best compound&,D6 showed the best efficacy and decreased the Mi@sady 4-fold for CAM,
ERY and TPP, and the MIC value by 2-fold for LEVadbwer concentration than that of its parent ND®AD5 and
WD9 lowered the MIC value of ERY by 4-fold at 32 pg/mihereadvVD7 andWD8 at 128 pg/mL reduced the MIC
values of both CAM and ERY by 4-fold and by 2-foléspectively. In contrast, the WA, WB and WC ser
possess a hydrophobic alkyl linker in their stroetun the WA seriesfVA5-WA7 were broadly active with CAM,
ERY and TPP, and particularly A7 reduced not only the MIC value of CAM by 8-fold 286 pg/mL, but also the
MIC value of TPP by 4-fold at 128 pg/mL. In the V¢Bries, onlyWB11 containing pyrene group showed broadly
synergism with CAM, ERY and TPP, reducing the Mi&gue of TPP by 4-fold at 128 pg/mL. This could leeduse
the pyrene moiety could block the freedom of mute#tion of the ring in the structure and migttilitate a good
fit within the AcrB binding pocket. However, nonétbe compounds in the WA, WB and WC series imptbtlee
activity of LEV. Moreover, the optimal length ofatalkyl linker that connects two aromatic rings vi@sr atoms,
which could ensure that the two aromatic rings #iameously interacted with the corresponding ansiaid residues
(Phel78 and Phe628) vitar stacking or hydrophobic interactions, thereby pti&ting the binding affinity for AcrB.
Subsequently, in order to further confirm the efflahibition activity and specificity of AcrB, thactive compounds
were selected to determine their efflux inhibitiability of Nile Red, and the effect on outer andén membrane
permeabilization. ConsequentfyA7, WB11, WC2, WC4 and WD4-WD8 were found to exhibit the following
characteristics of an ideal AcrB inhibitor, as désed by Lomovskaya et al. [151]: (1) it potentiated the activity of
various antibacterial agents that are substraté€igiB-TolC; (2) it did not reduce the MIC value§tbe agents that
were not its substrates (e.g., RIF); (3) it hadeffect on susceptible strains ((-)AcrB); (4) it d=msed the level of
extrusion of AcrB substrates (e.g., Nile Red);i{4)id not permeabilize the outer membrane; (8lidtnot disturb the
proton gradient of AcrB across the inner membrane.



3. Conclusions

In this study, thirty-seven compounds were desigagdthesized and evaluated for their AcrB inhdbitactivity.
The results revealed that nine compound®\{, WB11, WC2, WC4 and WD4-WD8) identified as ideal AcrB
inhibitors were able to reduce the MIC value ofeaist one antibiotic tested by 2- to 32-fold. Théso inhibited Nile
red efflux at reasonable concentration and actedifspally on the AcrB efflux pump. Among the abovempounds
with characteristics of ideal AcrB inhibitors, theest candidate®VD6, WA7 and WB11 have broad-spectrum
antimicrobial sensitization activity. In particula/D6 is the most active analogue improving the actieityall four
classes of antibacterials tested. Although thidystibtained a promising group of potential AcrBibitors, the most
active compounds displayed only moderate sengitizinoperties. Therefore, further optimization NDGA
analogues with potent AcrB-targeted antibacteéivay should continue to be investigated.

4. Experimental

4.1. Chemistry

All reagents and chemicals that are of analyticaldgin the present study were commercially availabld ased
without further purification. Analytical thin-layechromatography (TLC) was performed using silich G&E254
plates to monitor the reaction progress. Flashrmnlehromatographwere carried out using silica gel 60 (particle
size 0.040-0.063 mm) for separation and purificataf crude products'H NMR and *C NMR spectra were
recorded on Bruker instrument at 400 or 600 MHZl enemical shiftsd) are reported in parts per million (ppm).
Electron-spray ionization mass spectra in positivede (ESI-MS) data were registered on APl 4000runs¢nt
(Applied Biosystems, Connecticut, USA). Analytitagh-performance liquid chromatography (HPLC) wasried
out on an Agilent 1200 Series equipment coupledlt@violet-visible detector (UVD) at 230 nm withCamonil
C18 reversed phase column (150 x 4.6 mpan}, eluted by water and acetonitrile. The effectitheomatogram was
obtained using the mobile phase of acetonitrileew0:40, vol./vol.) with a flow rate of 1.0 mLim The purity of
the tested compounds as determined by analytical’HPas more than 95%.

4.1.1. (E)-3-(3,4-Dimethoxyphenyl)acrylic aci) (

A mixture of 3,4-dimethoxybenzaldehyd#) ((9.50 g, 57.20 mmol), malonic acid (23.80 g, 328mmol) and
piperidine (1 mL) in pyridine (60 mL) was heatedr&t°C for about 6 h. Upon completion, pyridine wasioved in
vacuo. The residue obtained was dissolved in 18I4iisn of NaOH (100 mL), stirred at room temperatior 0.5 h,
and extracted with ethyl acetate (EtOAc) (60 mLheTwater phase was acidified with concentrated t6Gi pH
value of less than 2. The resulting precipitate Vitisred off, washed with water, and dried in vacto give
(E)-3-(3,4-dimethoxyphenyl)acrylic aci@) (10.70 g, 90%). mp:181-183 °C.

4.1.2. 3-(3,4-Dimethoxyphenyl)propan-1-8) (

To a stirred suspension of LIAJH2.73 g, 71.94 mmol) in anhydrous THF (50 mL) veakled2 (10.00 g, 48.03
mmol) as a solid in portions over 30 min. After dida, the resulting reaction mixture was refluX¥ed5 h, cooled to
room temperature, and quenched with MeOH (20 mhg fliesulting suspension was filtered under vacwashed
in turn with EtOAc (100 mL) and brine, and driedeoxanhydrous N&QO,. The organic extracts were concentrated in
vacuo to yield a pale yellow 0i8( 7.80 g, 83%)'H NMR (400 MHz, CDC}) § 6.79 (d,J = 8.1 Hz, 1H, H-5), 6.74 (d,
J=6.1 Hz, 2HH-2 and H-6), 3.86 (sl = 5.7 Hz, 6H, 2xOC}}, 3.67 (tJ = 6.2 Hz, 2H, CHOH), 2.66 (tJ = 7.6 Hz,
2H, Ph-CH), 1.88 (qJ = 7.3 Hz, 2H, CHCH,0OH), 1.74 (s, 1H, CKCH,OH).

4.1.3. 4-(3-Bromopropyl)-1,2-dimethoxybenzetje (

After 3 (7.60 g, 38.73 mmol) was dissolved in dichlororaeth (DCM) (50 mL), along with CB(13.50 g, 40.67
mmol), the reaction mixture was cooled to 0 °C, &Rh (10.68 g, 40.67 mmol) was added slowly. The result
reaction solution was stirred for 2 h, and the tieacsolvents were removed under reduced presSteeresidue was
purified by flash column chromatography (petrolesitmer/EtOAC) to produce a colorless dil 8.72 g, 87%).

4.1.4. (3-(3,4-Dimethoxyphenyl)propyl)triphenylpplesnium bromides)
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To a solution of4 (7.00 g, 27.01 mmol) in toluene (80 mL) were addkRh (21.25 g, 81.03 mmol) under an
atmosphere of nitrogen. The resulting reaction onxtwas heated to reflux for 36 h. After cooling rtmom
temperature, the deposits were filtered, washedl tailuene, and dried in vacuo to give the phosplhansalts5

(8.70 g, 62%). mp: 169—171°¢&4 NMR (400 MHz, CDCY) 5 8.04—7.41 (m, 15H, Ph-H), 6.90-6.65 (m, 3H2.

H-5 and H-6), 3.85 (dJ = 2.8 Hz, 6H, 2xOC}j, 2.99 (t,J = 7.0 Hz, 2H,Ph-CH, ), 1.93 (t,J = 12.3 Hz, 2H,
CH,PPh), 1.71 (q, 2H, CHCH,CH,).

4.1.5. General procedure for the preparation of poomds §)

The phosphonium sal&(1.53 mmol) was dissolved in in dry THF (12 mL)0atC, and to this solution were added
slowly n-butyllithium (1.84 mmol) and correspondiagpmatic aldehyde (1.84 mmol). The reaction mixtweas then
stirred for 5 h at room temperature. Upon compietibthe reaction, the mixture was quenched witkewé30 mL),
extracted with EtOAc (3 x 25 mL), washed with brimad over anhydrous BBO,. The organic extracts were
concentrated in vacuo to give a residue, whichpuaied by flash column chromatography (petroleetimer/EtOAC)
to afford an alkene produdgsin the yields of 45-82%.

4.1.6. General procedure for the preparation of ponmds 7)

Palladium on charcoal (10%, 50 mg) was added tiring solution of6 (0.83 mmol) in MeOH-EtOAc (4:1) (10
mL) and the reaction mixture was stirred under drbgen balloon at room temperature for 24 h. Traetien
mixture was filtered and the residue washed witloA&t (2 x 15 mL). The combined organic layers were
concentrated under reduced pressure to give a gmaRict ¥), which was used directly for the next step withou
further purification.

4.1.7. General procedure for the preparation/éh1-WA12 andWB1-WB11

To a solution of7 (0.38 mmol) in DCM (8 mL) at -78 °C was added BBr.52 mmol) slowly. The resulting solution
was allowed to warm to room temperature and stifoed h, which was then poured into iced water (@0. The
resultant mixture was extracted with DCM (3 x 20)mdried over anhydrous B&0O,, and filtered. The filtrate was
concentrated in vacuo and the residue was purifieflash column chromatography (DCM/MeOH) to proglube
crude products, which were crystallized from ethexane to afford the target compoundf\1-WA12 and
WB1-WB11.

4.1.7.1. 4-(4-Phenylbutyl)benzene-1,2-dMWA(Q). White solid, yield 56%, mp 71-73 °C;R0.65 (DCM/MeOH =
10:1);'H NMR (400 MHz, DMSO¢) & 8.68 (s, 1H, OH), 8.58 (s, 1H, OH), 7.29-7.22 2i, H-2 and H-6), 7.19—
7.12 (m, 3H, H-3 H-4' and H-5, 6.60 (d,J = 8.0 Hz, 1H, H-5), 6.53 (d,= 2.0 Hz, 1HH-2 ), 6.39 (ddJ = 8.0, 2.1
Hz, 1H, H-6), 2.57 (t,J = 7.2 Hz, 2H, PhCH,), 2.41 (t,J = 7.1 Hz, 2H, Ph-C}, 1.58-1.46 (m, 4H,
CH,CH,CH,CH,); *C NMR (150 MHz, CDGCJ) 5 143.28, 142.60, 141.21, 135.94, 128.44 (2C), IR@L), 125.66,
120.89, 115.52, 115.27, 35.82, 35.07, 31.14, 3EWM:MSm/zcalcd for GgH,504F3[M + CF,CO0]355.1, found
355.4.

4.1.7.2. 4-(4-(p-Tolyl)butyl)benzene-1,2-didIA2). White solid, yield 37%mp 70-72 °C, R= 0.68 (DCM/MeOH =
10:1);"H NMR (600 MHz, DMSOds) & 8.68 (s, 1H, OH), 8.57 (s, 1H, OH), 7.09-7.01 4id, H-2', H-3, H-5 and
H-6"), 6.59 (d,J = 7.9 Hz, 1HH-5), 6.52 (dJ = 2.1 Hz, 1H, H-2), 6.39 (dd,= 8.0, 2.1 Hz, 1H, H-6), 2.53 (d,=
7.2 Hz, 2H, Ph-CH), 2.40 (t,J = 7.3 Hz, 2H, PhCH,), 2.25 (s, 3H, Ch), 1.50 (dddd, = 23.5, 12.1, 9.0, 5.0 Hz, 4H,
CH,CH,CH,CH,); *C NMR (150 MHz, CDGJ) 5 143.29, 141.22, 139.51, 135.95, 135.06, 128.95,(228.30 (2C),
120.85, 115.50, 115.23, 35.36, 35.09, 31.16, 3213)0; ESI-MSm/zcalcd for GoH,00O,F3[M + CF,CO0]"369.1,
found 369.2.

4.1.7.3. 4-(4-(4-1sopropylphenyl)butyl)benzene-did- (WA3). White solid, yield 48%mp 72-74 °C, R= 0.24
(DCM/MeOH = 30:1);"H NMR (400 MHz, DMSOds) & 8.68 (s, 1H, OH), 8.59 (s, 1H, OH), 7.12 Jc 8.1 Hz, 2H,
H-3" and H-5), 7.07 (d,J = 8.0 Hz, 2H, H-&And H-8), 6.60 (d,J = 7.9 Hz, 1H, H-5), 6.54 (dl = 2.1 Hz, 1H, H-2),
6.39 (dd,J = 8.0, 2.1 Hz, 1H, H-6), 2.82 (3,= 6.9 Hz, 1H, PhCH), 2.53 (dJ = 6.7 Hz, 2H, Ph-C}), 2.41 (t,J =
6.9 Hz, 2H, PRCH,), 1.57-1.44 (m, 4H, C}H,CH,CH,), 1.17 (d,J = 6.9 Hz, 6H, 2xCh); °C NMR (150 MHz,
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CDCly) ¢ 146.17, 143.29, 141.22, 139.92, 135.99, 128.32,(226.30 (2C), 120.89, 115.53, 115.26, 35.40,35.1
33.70, 31.23, 31.06, 24.10 (2C); ESI-Mthzcalcd for GoH,30,[M - H] ~283.2, found 283.3.

4.1.7.4. 4-(4-(4-Hydroxyphenyl)butyl)benzene-1@-@ivA4). White solid, yield 51%mp 121-123 °C, R= 0.56
(DCM/MeOH = 10:1);"H NMR (400 MHz, DMSO#dg) § 9.09 (s, 1H, OH), 8.67 (s, 1H, OH), 8.57 (s, 1HH)(6.95
(d,J=1.9 Hz, 1H, H-3, 6.93 (dJ = 2.2 Hz, 1H, H-§, 6.65 (dJ = 1.9 Hz, 1H, H-3, 6.63 (dJ = 2.1 Hz, 1H, H-5,
6.59 (d,J = 7.9 Hz, 1H, H-5), 6.52 (dl = 2.1 Hz, 1H, H-2), 6.38 (dd, = 8.0, 2.1 Hz, 1H, H-6), 2.48-2.42 (m, 2H,
Ph-CH,), 2.42-2.36 (m, 2H, PICH,), 1.48 (mJ = 3.4 Hz, 4H, CHCH,CH,CH,); **C NMR (150 MHz, DMSCd;) &
155.64, 145.37, 143.50, 133.50, 132.74, 129.50,(209.27, 116.09, 115.83, 115.42 (2C), 34.82, 384139, 31.28;
ESI-MSm/zcalcd for GegH1703[M - H] “257.1, found 257.2.

4.1.7.5. 4-(4-(2-Hydroxyphenyl)butyl)benzene-1@-@WVA5). White solid, yield 51%mp 134-136 °C, R= 0.59
(DCM/MeOH = 10:1);"H NMR (400 MHz, DMSOds) & 9.16 (s, 1H, OH), 8.67 (s, 1H, OH), 8.56 (s, 1H{)(7.03—-
6.93 (m, 2H, H-6and H-4), 6.74 (d,J = 7.9 Hz, 1H, H-3, 6.68 (ddJ = 7.9, 6.7 Hz, 1H, H-}, 6.59 (d, 1H, H-5),
6.53 (d,J = 2.0 Hz, 1H, H-2), 6.39 (dd,= 7.9, 2.0 Hz, 1H, H-6), 2.52 (d, J = 6.6 Hz, BH-CH,), 2.39 (1,J = 6.7
Hz, 2H, PhCH,), 1.49 (m,J = 3.6 Hz, 4H, CHCH,CH,CH,); *C NMR (100 MHz, DMSOde) 5 155.47, 145.37,
143.49, 133.63, 130.19, 128.83, 127.03, 119.30,2B1916.14, 115.84, 115.31, 34.96, 31.66, 29.952 HRMS
m/zcalcd for GgH1705[M - H] ~257.1256, found 257.1195.

4.1.7.6. 4,4'-(Butane-1,4-diyl)bis(benzene-1,2)d/dIA6). Light brown solid, yield 56 %np 141-142 °C, R= 0.52
(DCM/MeOH = 10:1);"H NMR (400 MHz, DMSOds) & 8.56 (s, 4H, 4xOH), 6.59 (d,= 8.0 Hz, 2H, H-5 and Hj
6.53 (d,J = 2.1 Hz, 2H, H-2 and HR 6.39 (ddJ = 8.0, 2.1 Hz, 2H, H-6 and H)62.45-2.33 (m, 4H, Ph-Gldnd
PH-CH,), 1.47 (h,J = 3.4 Hz, 4H, CKHCH,CH,CH,); ®C NMR (100 MHz, DMSOd;) & 145.37 (2C), 143.49 (2C),
133.52 (2C), 119.28 (2C), 116.09 (2C), 115.83 (B3)85 (2C), 31.31 (2C); ESI-M@/zcalcd for GeH1704[M - H]
~273.1, found 273.3.

4.1.7.7. 5-(4-(3,4-Dihydroxyphenyl)butyl)benzer&3atriol (WA7). White solid, yield 65%mp 192-193 °C, R=
0.14 (DCM/MeOH = 10:1)*H NMR (400 MHz, DMSOd,) & 8.68 (s, 1H, OH), 8.60 (s, 2H, 2xOH), 8.57 (s, 1H,
OH), 7.78 (s, 1H, OH), 6.60 (d,= 7.9 Hz, 1H, H-5), 6.53 (d = 2.1 Hz, 1H, H-2), 6.39 (dd, = 8.0, 2.1 Hz, 1H,
H-6), 6.05 (s, 2H, H-2and H-6), 2.38 (d,J = 7.0 Hz, 2H, PRCH,), 2.32 (d,J = 7.1 Hz, 2H, Ph-C}}, 1.45 (m,J =
3.9 Hz, 4H, CHCH,CH,CH,); *C NMR (100 MHz, DMSOd,) & 146.34 (2C), 145.38, 143.49, 133.56, 132.85,
131.17, 119.30, 116.12, 115.86, 107.45 (2C), 3534488, 31.29, 31.15; HRMB\/z calcd for GeH;;05[M - H] ~
289.1154, found 289.1087.

4.1.7.8. 4-(4-(4-Fluorophenyl)butyl)benzene-1,2-dé¢/A8). White solid, yield 64%mp 70-72 °C, R= 0.53
(DCM/MeOH = 10:1);"H NMR (400 MHz, DMSO¢) & 8.68 (s, 1H, OH), 8.58 (s, 1H, OH), 7.24-7.15 2id, H-2
and H-8), 7.11-7.03 (m, 2H, H‘&nd H-5), 6.60 (d,J = 7.9 Hz, 1H, H-5), 6.53 (d, = 2.1 Hz, 1H, H-2), 6.39 (dd,
=7.9, 2.1 Hz, 1H, H-6), 2.56 (§ = 7.1 Hz, 2H, Ph-C}}, 2.40 (t,J = 7.1 Hz, 2H, PhCH,), 1.56-1.43 (m, 4H,
CH,CH,CH,CH,); **C NMR (100 MHz, CDG)) & 162.37, 159.95, 143.36, 141.28, 138.13, 135.89,782C),
120.82, 115.30, 115.07 (2C), 35.05, 34.97, 31.aM ESI-MSm/z calcd for GgH;,04F4[M + CF;,COOJ 373.1,
found 373.2.

4.1.7.9. 4-(4-(4-Chlorophenyl)butyl)benzene-1,2-dié¢/A9). White solid, yield 63%mp 93-95 °C, R= 0.62
(DCM/MeOH = 10:1);"H NMR (600 MHz, DMSOds) & 8.68 (s, 1H, OH), 8.58 (s, 1H, OH), 7.73 Jc 8.3 Hz, 2H,
H-2" and H-6), 7.43 — 7.37 (m, 2H, H:&nd H-5), 6.60 (d,J = 8.0 Hz, 1H, H-5), 6.52 (d, = 2.1 Hz, 1H, H-2), 6.39
(dd,J =8.0, 2.1 Hz, 1H, H-6), 2.67 @,= 7.6 Hz, 2H, Ph-C}), 2.41 (t,J = 7.5 Hz, 2H, PhCH,), 1.59-1.52 (m, 2H,
CH,CH,CH,CH,), 1.51-1.45 (m, 2H, C}H,CH,CH,); **C NMR (150 MHz, DMSOd,) 5 145.39, 143.52, 142.72,
133.43, 128.72 (2C), 128.67 (2C), 126.05, 119.285,10, 115.84, 35.46, 34.79, 31.31, 31.09; ESl+3calcd for
Ci1eH16CIO,[M — H] 7275.1, found 275.5.

4.1.7.10. 4-(4-(4-Bromophenyl)butyl)benzene-1,2-@dA10). White solid, yield 54%mp 78-80 °C, R= 0.60
(DCM/MeOH = 10:1).*H NMR (400 MHz, DMSOds) & 8.68 (s, 1H, OH), 8.58 (s, 1H, OH), 7.23-7.16 2id, H-2
and H-8), 7.11-7.03 (m, 2H, H‘&nd H-5), 6.60 (d,J = 7.9 Hz, 1H, H-5), 6.53 (d, = 2.1 Hz, 1H, H-2), 6.39 (dd,
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=7.9, 2.1 Hz, 1H, H-6), 2.56 (§ = 7.1 Hz, 2H, Ph-C}}, 2.40 (t,J = 7.1 Hz, 2H, PRCH,), 1.56-1.45 (m, 4H,
CH,CH,CH,CH,). *C NMR (100 MHz, CDG)) & 143.30, 142.64, 141.25, 135.93, 128.46 (2C), 12@€), 125.68,
120.89, 115.56, 115.31, 35.84, 35.09, 31.17, 31H®-MS m/z calcd for GgH;BrO,F; [M + CF,COQ] ™ 433.0,
found 433.4.

4.1.7.11. 4-(4-(Tert-butyl)phenyl)butyl)benzene-did@ (WA11). White solid, yield 76%mp 88-90 °C, R= 0.19
(DCM/MeOH = 30:1);"H NMR (600 MHz, DMSO¢;) & 8.66 (s, 1H, OH), 8.57 (s, 1H, OH), 7.29-7.24 2id, H-3'
and H-8), 7.09 (dJ = 8.2 Hz, 2H, H-2and H-6), 6.60 (dJ = 7.9 Hz, 1H, H-5), 6.54 (d, = 2.1 Hz, 1H, H-2), 6.40
(dd,J =8.0, 2.1 Hz, 1H, H-6), 2.53 @,= 7.2 Hz, 2H, Ph-C}), 2.41 (t,J = 7.1 Hz, 2H, PRCH,), 1.57-1.47 (m, 4H,
CH,CH,CH,CH,), 1.26 (s, 9H, 3xCH; *C NMR (100 MHz, CDG)) & 148.45, 143.28, 141.22, 139.55, 135.99,
128.08 (2C), 125.17 (2C), 120.90, 115.55, 115.3329 35.11, 34.37, 31.46(3C), 31.28, 31.01; ESl+kScalcd
for C,1H»704[M + HCOO]343.2, found 343.5.

4.1.7.12. 4-(4-(4-Aminophenyl)butyl)benzene-1,2-(idA12). White solid, yield 24%mp 126-128 °C, R= 0.53
(DCM/MeOH = 10:1);"H NMR (400 MHz, DMSO¢) & 8.67 (s, 1H, OH), 8.55 (s, 1H, OH), 6.83-6.77 2id, H-2
and H-6), 6.59 (d,J = 7.9 Hz, 1H, H-5), 6.52 (d,= 2.1 Hz, 1H, H-2), 6.48-6.43 (m, 2H, H&hd H-5), 6.38 (ddJ
= 7.9, 2.1 Hz, 1H, H-6), 4.79 (s, 2H, M 2.39 (h,J = 2.9 Hz, 4H, 2xPh-C}), 1.46 (m,J = 3.6 Hz, 4H,
CH,CH,CH,CH,); **C NMR (100 MHz, DMSOde) & 148.15, 145.36, 143.48, 133.55, 129.69, 129.13, (209.26,
116.09, 115.82, 112.27 (2C), 34.87, 34.65, 31.35383 ESI-MSm/z calcd for GgH,oNO,[M + H]* 258.1, found
258.2.

4.1.7.13. 4-(4-(Thiophen-2-yl)butyl)benzene-1,2-¢iwB1). White solid, yield 64%mp 151-153 °C, R= 0.23
(DCM/MeOH = 30:1);"H NMR (400 MHz, DMSOd) & 8.67 (s, 1H, OH), 8.57 (s, 1H, OH), 8.48 (dd; 5.2, 1.7
Hz, 1H, H-3), 7.74 (tdJ = 7.6, 1.8 Hz, 1H, H'}, 7.28 (dJ = 7.8 Hz, 1H, H-6, 7.23 (dddJ = 7.5, 4.9, 1.1 Hz, 1H,
H-4'), 6.60 (d,J = 8.0 Hz, 1H, H-5), 6.53 (d,= 2.0 Hz, 1H, H-2), 6.39 (dd,= 8.0, 2.1 Hz, 1H, H-6), 2.77-2.70 (m,
2H, Py-CH), 2.41 (tJ = 7.5 Hz, 2H, Ph-C}), 1.65 (dddJ = 15.4, 8.8, 6.7 Hz, 2H, GBH,CH,CH,), 1.51 (h,J =
7.3, 6.8 Hz, 2H, CKCH,CH,CH,); ®*C NMR (150 MHz, DMSOd) & 145.52, 143.81, 134.69, 134.05, 132.49,
131.97, 130.86, 129.16, 119.36, 116.09, 115.9373%8.59, 28.11, 24.03; ESI-M8/z calcd for GsHigNO,[M +
H]*244.1, found 244.4.

4.1.7.14. 4-(4-(Tetrahydrofuran-2-yl)butyl)benzen2-diol (WB2). Yellow oil, yield 45%, R= 0.30 (DCM/MeOH =
30:1); 'H NMR (400 MHz, DMSOds) 6 8.62 (s, 2H, OH), 6.61 (d, = 7.9 Hz, 1H, H-5), 6.55 (d] = 2.1 Hz, 1H,
H-2), 6.41 (dd,J = 8.0, 2.1 Hz, 1H, H-6), 4.23 (i1,= 8.5, 4.3 Hz, 1H, CHOC}} 3.60-3.50 (m, 2H, CHOGH} 2.39
(t, J=7.2 Hz, 2H, Ph-C}J, 1.95 (ddJ = 27.0, 15.3, 10.4, 7.5, 5.6 Hz, 4H, OLHH,CH,), 1.81 (qdJ = 8.5, 4.1 Hz,
2H, PhCHCH,CH,CH,), 1.60-1.19 (m, 4H, PhGBH,CH,CH,); *C NMR (150 MHz, CDG)) & 143.40, 141.34,
135.62, 120.79, 115.49, 115.31, 56.89, 39.11, 3735402, 33.06, 30.91, 30.60, 27.12; ESI-Mtz calcd for
C1H24NO3[M + NH,] " 254.1, found 254.3.

4.1.7.15. 4-(4-(Pyridin-4-yl)butyl)benzene-1,2-difZwB3). White solid, yield 42%mp 134-136 °C, R= 0.42
(DCM/MeOH = 10:1);"H NMR (400 MHz, DMSOds) & 8.69 (s, 1H, OH), 8.59 (s, 1H, OH), 8.43 Jc& 5.5 Hz, 2H,
H-3' and H-5), 7.24-7.16 (m, 2H, H!Z&nd H-6), 6.60 (dJ = 7.9 Hz, 1H, H-5), 6.53 (d, = 2.1 Hz, 1H, H-2), 6.40
(dd,J =8.0, 2.1 Hz, 1H, H-6), 2.59 @,= 7.4 Hz, 2H, Py-Ch), 2.41 (t,J = 7.3 Hz, 2H, Ph-C}}, 1.61-1.44 (m, 4H,
CH,CH,CH,CH,); *C NMR (100 MHz, CDGCJ) 5 153.23, 148.22 (2C), 144.57, 142.67, 134.21, I2{F), 119.99,
115.12, 114.92, 35.12, 34.91, 30.84, 29.44; ESImMEcalcd for GsH1gNO, [M + H]* 244.1, found 244.3.

4.1.7.16. 4-(4-([1,1'-Biphenyl]-4-yl)butyl)benzehe-diol (WB4). White solid, yield 86%mp 128-130 °C, & 0.27
(DCM/MeOH = 30:1);"H NMR (400 MHz, DMSOds) & 8.68 (s, 1H, OH), 8.58 (s, 1H, OH), 7.64 Jc 1.5 Hz, 1H,
H-2"), 7.62 (tJ = 1.2 Hz, 1H, H-6), 7.57 (dJ = 1.9 Hz, 1H, H-3, 7.55 (dJ = 1.9 Hz, 1H, H-5, 7.44 (tJ=7.7 Hz,
2H, H-2" and H-8), 7.37-7.31 (m, 1H, H%}, 7.26 (d,J = 8.0 Hz, 2H, H-2and H-6), 6.60 (d,J = 7.9 Hz, 1H, H-5),
6.55 (d,J = 2.0 Hz, 1H, H-2), 6.41 (dd,= 8.0, 2.1 Hz, 1H, H-6), 2.62 @,= 7.2 Hz, 2H, PRCH,), 243 (tJ=7.1
Hz, 2H, Ph-CH), 1.56 (ddd,) = 20.2, 11.5, 5.4 Hz, 4H,GBH,CH,CH,); **C NMR (150 MHz, DMSQds) & 145.40,
143.54, 142.04, 140.60, 138.02, 133.43, 129.33,(4€7.57, 127.00 (2C), 126.93 (2C), 119.30, 116111%.85,
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35.06, 34.82, 31.34, 31.01; ESI-M8zcalcd for G,H20,N [M + NH,4]"336.2, found 336.6.

4.1.7.17. 4-(4,4-Diphenylbutyl)benzene-1,2-diaB5). Yellow oil, yield 57%,R;= 0.38 (DCM/MeOH = 30:1)*H
NMR (400 MHz, DMSO+dg) 6 8.67 (s, 1H, OH), 8.56 (s, 1H, OH), 7.31-7.22 M, Ar-H), 7.14 (ddJ = 6.0, 3.1 Hz,
2H, Ar-H), 6.58 (dJ = 7.9 Hz, 1H, H-5), 6.49 (d,= 2.0 Hz, 1H, H-2), 6.35 (dd,= 8.0, 2.0 Hz, 1H, H-6), 3.93 d,
= 7.9 Hz, 1H, Ph-CH-Ph), 2.41 @&~ 7.6 Hz, 2H, Ph-C}), 1.99 (9,J = 7.9 Hz, 2H, CHCH,CH,CHPH,), 1.39 (td,J
=7.6, 7.1, 3.7 Hz, 2H, Ci&H,CH,CHPh); *C NMR (100 MHz, CDG)) 5 143.30, 141.72, 141.23, 141.13, 138.63,
135.90, 128.84 (2C), 128.71 (2C), 128.68, 127.02),(226.99 (2C), 120.87, 115.51, 115.26, 35.4508531.18,
30.96; ESI-MSm/zcalcd for G4H2,04F3[M + CF,CO0] 431.2, found 431.6.

4.1.7.18. 4-(4-(Naphthalen-1-yl)butyl)benzene-1i@®@-(WB6). White solid, yield 34%mp 136-138 °C, = 0.59
(DCM/MeOH = 10:1);"H NMR (400 MHz, DMSOds) 6 8.67 (s, 1H, OH), 8.57 (s, 1H, OH), 8.03 (dds 7.8, 1.6
Hz, 1H,H-8), 7.93-7.85 (m, 1H, H%p 7.75 (dJ = 8.1 Hz, 1H, H-4, 7.51 (pd, 2H, H-Band H-3), 7.40 (ddJ = 8.1,
7.0 Hz, 1H, H-7, 7.33 (ddJ = 7.0, 1.3 Hz, 1H, H‘2, 6.61 (d,J = 7.9 Hz, 1H, H-5), 6.56 (d, = 2.1 Hz, 1H, H-2),
6.42 (ddJ = 8.0, 2.1 Hz, 1H, H-6), 3.04 @,= 7.2 Hz, 2H, A¥CH,), 2.45 (tJ = 7.1 Hz, 2HPh-CH,), 1.69-1.58 (m,
4H, CH,CH,CH,CH,); *C NMR (150 MHz, DMSQds) 5 145.41, 143.53, 138.91, 133.91, 133.40, 131.89,012
126.72, 126.35, 126.31, 126.03, 125.94, 124.22,311916.15, 115.84, 34.80, 32.56, 31.67, 30.59:NES m/z
calcd for GoH,0O4F3[M + CF,COO] 405.1, found 405.6.

4.1.7.19. 4-(4-(6-Hydroxynaphthalen-2-yl)butyl)beme-1,2-diol YWB7). White solid, yield 51%mp 147-149 °C, R
= 0.55 (DCM/MeOH = 10:1)*H NMR (400 MHz, DMSOds)  9.58 (s, 1H, ArOH), 8.67 (s, 1H, Ph-OH ), 8.57 (s,
1H, Ph-OH), 7.66 (d) = 8.7 Hz, 1H, H-§, 7.58 (dJ = 8.4 Hz, 1H, H-4, 7.51 (d,J = 1.6 Hz, 1H, H-5, 7.23 (ddJ
= 8.4, 1.7 Hz, 1H, H-3, 7.06 (d,J = 2.4 Hz, 1H, H-7, 7.03 (dd, 1H, H-3, 6.59 (d,J = 7.9 Hz, 1H, H-5), 6.53 (d,
= 2.1 Hz, 1H, H-2), 6.39 (dd, = 8.0, 2.1 Hz, 1H, H-6), 2.68 @,= 7.4 Hz, 2H, AFrCH,), 2.42 (t,J = 7.4 Hz, 2H,
Ph-CH,), 1.57 (dg,J = 31.9, 7.5 Hz, 4H, C}¥H,CH,CH,); *C NMR (150 MHz, DMSQds) & 155.11, 145.39,
143.52, 136.82, 133.46, 133.42, 129.17, 128.28,9927126.39, 126.33, 119.28, 118.94, 116.11, 115188.95,
35.39, 34.85, 31.36, 31.03; ESI-M8zcalcd for GiH»,0,[M + HCOO] ™ 353.1, found 353.3.

4.1.7.20. 4-(4-(1-Methyl-1H-indol-3-yl)butyl)beneeh,2-diol VB8). Yellow oil, yield 44%R;= 0.24 (DCM/MeOH
= 30:1);*H NMR (400 MHz, DMSOdy)  8.67 (s, 1H, OH), 8.57 (s, 1H, OH), 7.48 (@t 7.8, 1.0 Hz, 1H, H2,
7.35 (ddJ = 8.2, 0.9 Hz, 1H, H-}, 7.11 (dddJ = 8.2, 7.0, 1.2 Hz, 1H, | H}4 7.04 (s, 1H, H-2, 6.98 (ddd,JJ = 7.9,
7.0, 1.0 Hz, 1H, H-9, 6.60 (d,J = 7.9 Hz, 1H, H-5), 6.54 (dl = 2.1 Hz, 1H, H-2), 6.40 (dd, = 8.0, 2.1 Hz, 1H,
H-6), 3.71 (s, 3H, C}}, 2.66 (d,J = 7.3 Hz, 2H, Ph-CH), 2.43 (t,J = 7.2 Hz, 2H, AFCH,), 1.59 (dgJ = 21.8, 7.9
Hz, 4H, CHCH,CH,CH,); *C NMR (150 MHz, CDG)) 5 143.32, 141.32, 137.04, 135.97, 127.96, 126.12,38
120.87, 120.85, 119.11, 118.45, 115.50, 115.20,1B)B5.09, 32.56, 31.40, 29.88, 24.94; ESI-M& calcd for
CigH2oNO, [M + H] " 296.2, found 296.3.

4.1.7.21. 4-(4-(1-Isopentyl-1H-indol-3-yl)butyl)lzeme-1,2-diol \(/B9). Yellow oil, yield 44%, Ry = 0.13
(DCM/MeOH = 10:1);"H NMR (400 MHz, DMSO#dg) 5 8.65 (s, 1H, OH), 8.56 (s, 1H, OH), 7.48 (it 7.9, 1.0 Hz,
1H, H-6), 7.37 (dtJ = 8.2, 0.9 Hz, 1H, H-}, 7.13-7.06 (m, 2H, H!4nd H-2), 6.96 (dddJ = 7.9, 7.0, 1.0 Hz, 1H,
H-5'), 6.59 (dJ = 7.9 Hz, 1H, H-5), 6.54 (d,= 2.1 Hz, 1H, H-2), 6.40 (dd,= 8.0, 2.1 Hz, 1H, H-6), 4.10 3= 7.3
Hz, 2H, NCHCH,), 2.67 (t,J = 7.2 Hz, 2H, Ph-Ck, 2.43 (t,J = 7.3 Hz, 2H, ArCH,), 1.70-1.58 (m, 4H,
CH,CH,CH,CH,), 1.58-1.38 (m, 2H, NC}¥H,), 1.09 (t,J = 7.0 Hz, 1H,_CH(Ch),), 0.90 (d,J = 6.6 Hz, 6H,
2xCH); °C NMR (150 MHz, CDG)) & 143.26, 141.25, 136.27, 136.04, 128.01, 124.9Q,212 120.87, 119.32,
119.18, 118.34, 115.51, 115.21, 109.26, 44.34,23985.06, 31.39, 29.81, 25.79, 25.00, 22.49 (2GI-ES m/z
calcd for GsH3oNO, [M + H]*352.2, found 352.9.

4.1.7.22. 4-(4-(3,4,5,6-Tetrahydroanthracen-9-ytjiipenzene-1,2-diol\WWB10). White solid, yield 65%mp 158—
160 °C, R= 0.25 (DCM/MeOH = 30:1)*H NMR (400 MHz, DMSOds) & 8.68 (s, 1H, OH), 8.59 (s, 1H, OH), 7.94—
7.89 (m, 1H, H-6, 7.72 (ddJ = 7.5, 2.0 Hz, 1H, H‘®, 7.45 (s, 1H, H-19, 7.37 (td,J = 7.2, 1.6 Hz, 2H, H-3and
H-9), 6.62 (d,J = 7.9 Hz, 1H, H-5), 6.54 (d,= 2.1 Hz, 1H, H-2), 6.45 (dd,= 8.0, 2.1 Hz, 1H, H-6), 3.02 — 2.95 (m,
2H, Ar-CHy), 2.90 (t,J = 6.3 Hz, 2H, CH), 2.85 (t,J = 6.5 Hz, 2H, CH), 2.48 (d,J = 7.4 Hz, 2H, Ph-C}}, 1.81 (q,
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J=6.6, 6.1 Hz, 2H, CKCH,CH,CH,), 1.78-1.65 (m, 4H, 2xCH{ 1.55-1.43 (m, 2H, C}H,CH,CH,); °C NMR
(150 MHz, DMSO+d) 6 145.43, 143.54, 136.13, 135.90, 133.36, 133.32,208 130.64, 128.08, 125.57, 125.37,
124.99, 123.88, 119.34, 116.17, 115.84, 34.79,4320.70, 29.69, 27.69, 26.76, 23.66, 22.81; ESIfviscalcd for
CoeH2604F3[M + CF,CO0]459.2, found 459.6.

4.1.7.23. 4-(4-(Pyren-4-yl)butyl)benzene-1,2-didVB{11). White solid, yield 57%,mp 66-68 °C, R= 0.23
(DCM/MeOH = 30:1);"H NMR (400 MHz, DMSOds) & 8.68 (s, 1H, OH), 8.58 (s, 1H, OH), 8.32 Jck 9.3 Hz, 1H,
H-8), 8.27 (ddJ = 7.6, 2.4 Hz, 2H, H*4and H-6), 8.20 (ddJ = 8.5, 5.0 Hz, 2H, H‘2and H-7), 8.12 (d,J = 1.6 Hz,
2H, H-4 and H-9), 8.05 (t,J = 7.6 Hz, 1H, H-10, 7.93 (dJ = 7.8 Hz, 1H, H-3, 6.60 (dJ = 7.9 Hz, 1H, H-5), 6.57
(d,J= 2.2 Hz, 1H, H-2), 6.42 (dd,= 8.0, 2.1 Hz, 1H, H-6), 3.21 (d,= 7.4 Hz, 2H, A*CH,), 2.47 (d,J = 7.7 Hz,
2H, Ph-CH), 1.84-1.64 (m, 4H, C}CH,CH,CH,); *C NMR (100 MHz, DMSOds) 5 145.43, 143.55, 137.53,
133.42, 131.37, 130.89, 129.65, 128.49, 127.92,6127126.88, 126.57, 125.94, 125.36, 125.18, 12417@.65,
123.98, 123.06, 119.34, 116.18, 115.87, 34.85,63239.64, 31.58; HRMSn/z calcd for GgH,,0, [M — H] ~
365.1620, found 365.1558.

4.1.8. (E)-1,3-Bis(3,4-dimethoxyphenyl)prop-2-eark- )

To a solution of 3,4-dimethoxybenzaldehydg (3.00 g, 18.05 mmol) and 3,4-dimethoxyacetophen@h (3.25 g,
18.05 mmol) in 45 mL of ethanol (EtOH) was addedMNa(0.80 g, 19.86 mmol). The solution was allowedvarm
to 75 °C and stirred for 6 h. After concentratimglar reduced pressure, the residue was pouredtér (@ mL) and
extracted with EtOAc (3 x 20 mL). The combined migaextracts were dried over anhydrous,883, filtered, and
concentrated in vacuo. The residue was purifiedldsh column chromatography (petroleum ether/EtOtacafford
5.30 g of9 as a yellow solid in a yield of 90%. mp: 110-11 °

4.1.9. 1,3-Bis(3,4-dimethoxyphenyl)propan-1-at® (

The title compoundO was synthesized in a yield of 97% in a mannerlaim the synthesis ot

4.1.10. 1,3-Bis(3,4-dimethoxyphenyl)propan-114) (

NaBH, (0.29 g, 7.67 mmol) was added to a solutiod®{1.95 g, 5.90 mmol) in MeOH (30 mL), and the reisglt
mixture was stirred at 0 °C for 1 h. Water (20 mlgs added to the mixture, which was extracted ®itbAc (3 x 20
mL). The organic phase was dried over anhydrousS®a filtered, and concentrated in vacuo. The residas
purified using flash column chromatography withtigln system of petroleum ether/EtOAc to genera® 4y of1l
as yellow oil, in a yield of 96%.

4.1.11. 4,4'-(Prop-1-ene-1,3-diyl)bis(1,2-dimethoeryzene)(2)

To a solution ofl1 (1.00 g, 3.01 mmol) in dioxane (25 mL) was adde®idtops of HSQO,, and the reaction mixture
was refluxed for 5 h before pouring into iced wa@® mL). The mixture was extracted with EtOAc (2& mL).
Then washed with saturated NaHC&nd brine, dried with anhydrous $$8, and concentrated in vacuo to afford
0.64 g yellow oil in a yield of 68%.

4.1.12. 1,3-Bis(3,4-dimethoxyphenyl)propaii®) (

The compoundl3 was synthesized in a manner similar to the syighefs7, white solid in a yield of 82%. mp:
62-63 °C.

4.1.13. 4,4'-(Propane-1,3-diyl)bis(benzene-1,23dMIC1)

The target compound/C1 was synthesized in a manner similar to the syitl#&VA1-WA12, The desired product
WC1 was obtained as white solid in a yield of 71%. mp5—117 °C, R= 0.50 (DCM/MeOH = 10:1)*H NMR (400
MHz, DMSO-dg) 6 8.69 (s, 2H, 2 x OH), 8.58 (s, 2H, 2 x OH), 6.61X= 7.9 Hz, 2H, H-5 and H%p 6.55 (d,J =
2.0 Hz, 2H, H-2 and Hp, 6.41 (ddJ = 8.0, 2.0 Hz, 2H, H-6 and H)62.38 (t,J = 7.6 Hz, 4H, 2 x Ph-C}}, 1.70 (p,
J = 7.6 Hz, 2H, CHCH,CH,); *C NMR (100 MHz, DMSQds) & 145.43 (2C), 143.53 (2C), 133.38 (2C), 119.30
(2C), 116.11 (2C), 115.90 (2C), 34.48 (2C), 33.BBRMS m/z calcd for GsHis04 [M - H] ~259.1049, found
259.1018.

4.1.14. (1E,4E)-1,5-Bis(3,4-dimethoxyphenyl)pentadien-3-one 14)

To a solution of 3,4-dimethoxybenzaldehyde (1) §33018.05 mmol) and acetone (0.87 g, 9.03 mmadbtdH-H,O
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mixture (4:1, 30 mL) at 0 °C was added NaOH (1.84518 mmol) slowly. the resulting solution waisea to room
temperature and stirred for 1 h. the precipitate filtered off, washed with water, and recrystaitizirom EtOH to
give a solid (2.78 g, 87%). mp: 84-86 °C.

4.1.15. 1,5-Bis(3,4-dimethoxyphenyl)pentan-3-dig (

The title compound5 was synthesized in a manner similar to the syighafs/. White solid, yield 95%, mp: 83—
85°C.

4.1.16. 1,5-Bis(3,4-dimethoxyphenyl)pentab(

Hydrazine hydrate (0.56 g, 11.14 mmol) was addexbwlise to a stirring mixture df5 (2.00 g, 5.57 mmol) and
KOH (0.78 g, 13.93 mmol) in diethylene glycol (3@ )nAfter the addition was complete, the resultmixture was
heated at 105°C for 5 h under a nitrogen atmospbefi@e pouring into water (100 mL).The resultamttore was
extracted with EtOAc (3 x 30 mL). The combined migaextracts were washed with water and brine,ddaeer
anhydrous Nz50,, and concentrated in vacuo. The residue was pdrby flash column chromatography (petroleum
ether/EtOAc) to give 0.56 g db as a white solid in a yield of 96%. mp: 56-58 °C.

4.1.17. 4,4'-(Pentane-1,5-diyl)bis(benzene-1,2)d\BiC2)

The title compoundVC2 was prepared according to the procedure depictecbfopoundd®VA1-WA12. The desired
productWC2 was obtained as a white solid in a yield of 47%: 429-131 °C, R= 0.53 (DCM/MeOH = 10:1)*H
NMR (400 MHz, DMSO€6) & 8.66 (s, 2H, 2 x OH), 8.56 (s, 2H,x OH ), 6.60 (d, J = 7.9 Hz, 2H, Hamd H-5),
6.53 (d, J = 2.1 Hz, 2H, H-@nd H-2), 6.39 (dd, J = 8.0, 2.1 Hz, 2H, Ha®d H-6 ), 2.36 (t, J = 7.6 Hz, 4H, 2 x
Ph-CH,), 1.48 (p, J = 7.6 Hz, 4H, 2 x Ph-@EH,), 1.28-1.22 (m, 2H, C}H,CH,CH,CH,); *C NMR (150 MHz,
DMSO0-d6)s 145.37 (2C), 143.48 (2C), 133.58 (2C), 119.25 (ATH.09 (2C), 115.83 (2C), 34.99 (2C), 31.62 (2C),
28.77; ESI-MS m/z calcd forgH,004 [M - H] ~ 287.1, found 287.2.

4.1.18. General procedure for the preparation ompomunds 1,6-bis(3,4-dimethoxyphenyl)hexane-1,6ed{®8a)
and 1,7-bis(3,4-dimethoxyphenyl)heptane-1,7-did8b)(

To a solution ofl7 (7.20 mmol) in DCM (20 mL) at room temperature wisvly added SOGI(5 mL). The mixture
was heated at reflux for 4.5 h and the reactiomesus were removed in vacuo. The crude productreralissolved
in DCM (5 mL), and was added dropwise to a stirrintxture of veratrole (2.00 g, 14.40 mmol) and alm
trichloride (AICkL) (2.02 g, 15.12 mmol) in DCM (20 mL). The resuifirolution was stirred at 0 °C for 5 h before
pouring into ice water (50 mL). The mixture wasragted with DCM (3 x 20 mL), washed with saturalsHCG;
(20 mL) and brine. The combined organic layer veamaved in vacuo to affortB. 18a: white solid, yield 98%, mp:
149-151 °C;18b: white solid, yield 95%, mp: 156—-158 °C.

4.1.19. General procedure for the preparation ofmpmunds 1,6-bis(3,4-dimethoxyphenyl)hexah@a)( and
1,7-bis(3,4-dimethoxyphenyl)heptaridl)

The title compound49a and 19b were prepared according to the procedure depfciedompound?. 19a: white
solid, yield 55%, mp: 66-69°C9b: white solid, yield 66%, mp: 92—-94 °C.

4.1.20. General procedure for the preparation aihpounddVC3 andWC4

The target compound/C3 andWC4 were synthesized in a manner similar to the sywishefWA1-WA12.

4.1.20.1. 4,4'-(hexane-1,6-diyl)bis(benzene-1,2-dC3). White solid in a yield of 80%. mp: 131-133 °C,R
0.52 (DCM/MeOH = 10:1)'H NMR (400 MHz, DMSO#dq) & 8.66 (s, 2H, 2 x OH), 8.56 (s, 2H, 2 x OH), 6.60
= 7.9 Hz, 2H, H-5and H-8), 6.53 (dJ = 2.1 Hz, 2H, H-2and H-2), 6.39 (ddJ = 8.0, 2.1 Hz, 2H, H-@&nd H-6),
2.36 (t,J = 7.6 Hz, 4H, 2 x Ph-C}}, 1.46 (t,J = 7.4 Hz, 4H, CHCH,CH,CH,CH,CH,), 1.29-1.22 (m, 4H,
CH,CH,CH,CH,CH,CH,); *C NMR (150 MHz, DMSOd,) & 145.37 (2C), 143.47 (2C), 133.57 (2C), 119.25 (2C)
116.08 (2C), 115.83 (2C), 34.97 (2C), 31.66 (2®@)93 (2C); ESI-MSn/zcalcd for GgH»:04[M - H] ~301.2, found
301.4.

4.1.20.2. 4,4'-(Heptane-1,7-diyl)bis(benzene-1#}dWC4).White solid in a yield of 62%mp 101-103 °C, R
0.20 (DCM/MeOH = 30:1)'H NMR (600 MHz, DMSOdq) & 8.67 (s, 2H, 2 x OH), 8.56 (s, 2H, 2 x OH), 6.60
= 7.9 Hz, 2H, H-5and H-8), 6.53 (d,J = 2.1 Hz, 2H, H-2and H-2), 6.39 (ddJ = 8.0, 2.1 Hz, 2H, H-&nd H-6),

15



2.36 (t,J = 7.6 Hz, 4H, 2 x Ph-C})|, 1.45 (q,J = 7.4 Hz, 4H, CHCH,CH,CH,CH,CH,CH;), 1.25 (dddJ = 21.9,
10.9, 5.8 Hz, 6H, CHCH,CH,CH,CH,CH,CH,); **C NMR (150 MHz, DMSOds) & 145.36 (2C), 143.46 (2C),
133.59 (2C), 119.25 (2C), 116.09 (2C), 115.83 (B3)97 (2C), 31.69 (2C), 29.24, 29.10 (2C); ESI-MR&calcd for
Cy1H2406F3[M + CF,CO0] " 429.2, found 429.5.

4.1.21. General procedure for the preparation afhpound1

To a solution of corresponding aromatic acid (.16 mmol) and
2-(1H-benzotriazol-1-yIN,N,N',N-tetramethyluronium tetrafluoroborate (TBTU) (1.&6nol) in CHCN (20 mL)
was slowly added 3,4-dimethoxyphenethylamig@) (0.20 g, 1.10 mmol) anbl,N-diisopropylethylamine (DIEA)
(0.28 g, 2.20 mmol). The reaction mixture was a#dwto stir for 12 hat room temperature, the solvents were
removed under reduced pressure, and then watem{20vas added. The aqueous suspension was extrattied
EtOAc (3 x 15 mL), and the resulting organic layers washed with 1 M HCI, saturated NaH&0d brine in turn,
and was then dried over anhydrous,8i@,. After removal of the solvent from the organicrexts in vacuo, the
residue was purified by flash column chromatograplith elution system of petroleum ether/EtOAc téoed the
desired compoundal in yields ranging from 65-87%.

4.1.22. General procedure for the preparation ahpound?2

Palladium on charcoal (10%, 40 mg) was added tiiring solution of21 containing nitro groups (0.77 mmol) in
MeOH-EtOAc mixture (1:1) (20 mL) and the resultingxture was stirred under a hydrogen balloon atroo
temperature for 24 h. The mixture was filtered dhd residue was extracted with EtOAc (2 x 10 mLy an
concentrated in vacuo to yield a crude prod@2;twhich was sufficiently pure to be directly usachext step.

4.1.23. General procedure for the preparation aihpounddvVD1-WD10

The target compound&/D1-WD10 were prepared according to the procedure depictedoimpounddVA1-WA12.
4.1.23.1. 4-(Tert-butyl)-N-(3,4-dihydroxyphenethghzamideWD1). Yellow solid, yield 90%mp 118-120 °C, R
0.25 (DCM/MeOH = 10:1)'H NMR (400 MHz, DMSO#d;) & 8.74 (s, 1H, OH), 8.62 (s, 1H, OH), 8.41Xt 5.6 Hz,
1H, NH), 7.75 (dJ = 8.2 Hz, 2H, H-2and H-6), 7.46 (d,J = 8.2 Hz, 2H, H-3and H-5), 6.66—6.58 (m, H-5 and
H-2), 6.46 (dd,J = 8.0, 2.0 Hz, 1H, H-6), 3.43-3.35 (m, 2H, NHgH.64 (t,J = 7.5 Hz, 2H, Ph-C}}, 1.29 (s, 9H);
%C NMR (100 MHz, DMSOd,) § 166.40, 154.19, 145.52, 143.97, 132.43, 130.79.412(2C), 125.43 (2C), 119.69,
116.47, 115.95, 41.70, 35.16, 35.04, 31.43 (3C);:MES m/zcalcd for GgH24NO3[M + H] " 314.2, found 314.4.
4.1.23.2. N-(3,4-Dihydroxyphenethyl)-2-hydroxybenizke {VD2). White solid, yield 80%mp 138-140 °C, R=
0.21 (DCM/MeOH = 10:1)H NMR (400 MHz, DMSOdq) 8 12.60 (s, 1H, PEOH), 8.84 (tJ = 5.6 Hz, 1H, NH),
8.75 (s, 1H, Ph-OH), 8.64 (s, 1H, Ph-OH), 7.82 @4,8.0, 1.5 Hz, 1H, H‘ 7.42-7.33 (m, 1H, H} 6.88 (t,J =
7.9 Hz, 2H, H-3and H-5), 6.68-6.58 (m, 2H, H-5 and H-2), 6.47 (dds 8.0, 2.0 Hz, 1H, H-6), 3.48-3.39 (m, 2H,
NHCH,), 2.67 (t,J = 7.5 Hz, 2H, Ph-CH); **C NMR (100 MHz, DMSOd,) & 169.24, 160.50, 145.57, 144.06, 134.05,
130.43, 128.11, 119.70, 118.98, 117.82, 116.45,001615.72, 41.40, 34.80; ESI-M$zcalcd for GsHicNO4[M +
H]*274.1, found 274.4.

4.1.23.3. N-(3,4-Dihydroxyphenethyl)-4-formylbenisEniWD3). Brown solid, yield 80%mp 120-122 °C, & 0.19
(DCM/MeOH = 15:1);"H NMR (400 MHz, DMSO#dg) 6 8.70 (s, 2H, 2 x OH), 8.61 ,= 5.6 Hz, 1H, NH), 7.77 (d,
J = 8.5 Hz, 2H, H-2and H-6), 7.67 (d,J = 8.4 Hz, 2H, H-3and H-5), 6.67-6.56 (m, 2H, H-5 and H-2), 6.46 (dd,
= 8.0, 2.1 Hz, 1H, H-6), 3.36 (M, 2H, NHGIH2.64 (t,J = 7.5 Hz, 2H, Ph-CH); *C NMR (100 MHz, DMSOdg) 5
165.57, 145.53, 144.00, 134.22, 131.72 (2C), 1301€B.72 (2C), 125.21, 119.70, 116.47, 115.97, 4135.00;
ESI-MSm/zcalcd for GsH1sBrNO3[M + H]*336.0, found 336.3.

4.1.23.4. 3,5-Diamino-N-(3,4-dihydroxyphenethyl}zanide \VD4). White solid, yield 70%, mp: 185-187 °C;R
0.29 (DCM/MeOH = 10:1)'H NMR (400 MHz, DMSO#d;) & 8.75 (s, 1H, OH), 8.61 (s, 1H, OH), 7.98Xt 5.7 Hz,
H, NH), 6.63 (dJ = 7.9 Hz, 1H, H-2), 6.59 (dJ = 2.1 Hz, 1H, H-§, 6.45 (ddJ = 8.0, 2.1 Hz, 1H, H-5), 6.19 (d,

= 2.0 Hz, 2H, H-2 and h-6), 5.92 (s, 1H, H-4), 4(834H, 2x NH), 3.28 (dtJ = 8.5, 6.0 Hz, 2H, NHC}J, 2.58 (dd,
J=8.9, 6.5 Hz, 2H, Ph-Cht **C NMR (100 MHz, DMSOdg) & 168.10, 149.39 (2C), 145.50, 143.91, 137.02, 830.8
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119.63, 116.41, 115.97, 102.50 (2C), 102.43, 4135%3; ESI-MSm/zcalcd for GsH1gNzO5[M + H]*288.1, found
288.3.

4.1.23.5. N-(3,4-Dihydroxyphenethyl)-3,4-dihydrastybamide WD5). White solid, yield 87%mp 166-168 °C, R
0.21 (DCM/MeOH = 10:1)'H NMR (400 MHz, DMSOds) & 9.41 (s, 1H, OH), 9.07 (s, 1H, OH), 8.74 (s, 1H{)D
8.62 (s, 1H, OH), 8.16 (§ = 5.7 Hz, 1H, NH), 7.26 (d] = 2.2 Hz, 1H, H-§, 7.15 (ddJ = 8.2, 2.1 Hz, 1H, H‘},
6.73 (d,J = 8.2 Hz, 1H, H-5, 6.66-6.55 (m, 2H, H-5 and H-2), 6.45 (dds 8.0, 2.1 Hz, 1H, H-6), 3.30 (d,= 7.1
Hz, 2H, NHCH), 2.60 (t,J = 7.6 Hz, 2H, Ph-Ch}; *C NMR (100 MHz, DMSOd,) & 166.38, 148.62, 145.51,
145.22, 143.93, 130.89, 126.45, 119.65, 119.27.4B1615.94, 115.51, 115.23, 41.67, 35.27; ESl+hI3calcd for
CisH16NOs[M + H] " 290.1, found 290.5.

4.1.23.6. N-(3,4-Dihydroxyphenethyl)-3,4,5-trihyxifbenzamidéWD6). White solid, yield 38%mp 198-200 °C, R
= 0.17 (DCM/MeOH = 10:1)*H NMR (400 MHz, DMSO#ds) & 8.99 (s, 2H, 2 x OH), 8.74 (s, 1H, OH), 8.62 (4, 2
OH), 8.08 (tJ = 5.6 Hz, 1H, NH), 6.80 (s, 2H, H-and H-6), 6.63 (d,J = 7.9 Hz, 1H, H-5), 6.59 (d,= 2.1 Hz, 1H,
H-2), 6.44 (ddJ = 8.0, 2.1 Hz, 1H, H-6), 3.29 (dd,= 8.4, 5.9 Hz, 2H, NHC}), 2.59 (dd,J = 8.8, 6.5 Hz, 2H,
Ph-CH,); ®C NMR (100 MHz, DMSOd,) 5 166.64, 145.81 (2C), 145.50, 143.91, 136.54, 130195.53, 119.65,
116.42, 115.94, 107.11 (2C), 41.66, 35.24; ESl+WBcalcd for GsH1gNOg [M + H]*306.1, found 306.6.

4.1.23.7. 4-Amino-N-(3,4-dihydroxyphenethyl)bendanfiVvD7). White solid, yield 72%mp 194-195 °C, R= 0.23
(DCM/MeOH = 10:1);"H NMR (400 MHz, DMSO#dg) 6 8.77 (s, 1H, OH), 8.65 (s, 1H, OH), 8.04Xt 5.7 Hz, 1H,
NH), 7.54 (d,J = 8.5 Hz, 2H, H-3and H-8), 6.67 — 6.58 (m, 2H, H-5 and H}26.52 (d,J = 8.4 Hz, 2H, H-2 and
H-6), 6.45 (ddJ = 8.0, 2.1 Hz, 1H, H-6), 5.59 (s, 2H, MH3.31 (ddJ = 8.7, 5.9 Hz, 2H, NHC}}, 2.60 (ddJ = 8.8,
6.5 Hz, 2H, Ph-Ch); *C NMR (100 MHz, DMSQdy) & 166.53, 151.87, 145.50, 143.91, 130.97, 129.06, (P£1.93,
119.65, 116.44, 115.94, 113.00 (2C), 41.61, 3F=8%MSm/zcalcd for GsH;7N,03[M + H]*273.1, found 273.4.
4.1.23.8. 2-Amino-N-(3,4-dihydroxyphenethyl)bendaniiVD8). Brown solid, yield 81%mnp 168-170 °C, R 0.25
(DCM/MeOH = 10:1);"H NMR (400 MHz, DMSO«dg) 5 8.80 (s, 1H, OH), 8.68 (s, 1H, OH), 8.25)t 5.6 Hz, 1H,
NH), 7.43 (ddJ = 8.0, 1.5 Hz, 1H, H#, 7.12 (dddJ = 8.4, 7.1, 1.5 Hz, 1H, H% 6.70-6.61 (m, 3H, H-5, H-&nd
H-5), 6.52-6.44 (m, 2H, H-2 and H-6), 6.38 (s, 2H,JNF.38-3.28 (m, 2H, NHC}), 2.70-2.58 (m, 2H, Ph-G}
%C NMR (100 MHz, DMSOd,) & 168.54, 160.80, 145.57, 143.99, 134.05, 130.48,062 119.70, 118.98, 117.77,
116.45, 116.00, 115.74, 41.40, 34.80; ESI-MRcalcd for GsH;/N20;[M + H]*273.1, found 273.3.

4.1.23.9. N-(3,4-Dihydroxyphenethyl)-4-methylberidanfVD9). White solid, yield 61%, mp 121-123 °C;R0.21
(DCM/MeOH = 15:1);*H NMR (400 MHz, DMSOdg) 6 8.75 (s, 1H, OH), 8.63 (s, 1H, OH), 8.42Xt 5.6 Hz, 1H,
NH), 7.77-7.69 (m, 2H, H!2and H-6), 7.25 (d,J = 7.9 Hz, 2H, H-3and H-5), 6.67-6.59 (m, 2H, H-5 and H-2),
6.47 (dd,J = 8.0, 2.0 Hz, 1H, H-6), 3.46-3.35 (m, 2H, NHgH.64 (ddJ = 8.7, 6.5 Hz, 2H, Ph-C}} 2.34 (s, 3H,
CHs); *C NMR (100 MHz, DMSQds) 5 166.46, 149.08, 147.69, 141.30, 132.52, 132.38,212(2C), 127.58 (2C),
120.93, 113.03, 112.39, 41.48, 35.16, 21.37; ESIAM&alcd for GgH1gNO3[M + H]*272.1, found 272.5.
4.1.23.10. N-(3,4-Dihydroxyphenethyl)-4-(trifluorethyl)benzamide WD10). White solid, yield 54%mp 127-
129 °C, R= 0.17 (DCM/MeOH = 15:1)*H NMR (400 MHz, DMSO#d) 6 8.80 (t,J = 5.6 Hz, 1H, NH), 8.77 (s, 1H,
OH), 8.66 (s, 1H, OH), 8.22-8.06 (m, 2H, Hadd H-6), 7.90 (d, 1H, H-3, 7.72 (t,J = 7.8 Hz, 1H, H-5, 6.62 (s,
2H, H-5 and H-2 ), 6.47 (dd,= 8.0, 2.1 Hz, 1H, H-6), 3.41 (dt,= 8.2, 6.0 Hz, 2H, NHC}), 2.66 (ddJ = 8.6, 6.5
Hz, 2H, Ph-CH); *C NMR (150 MHz, DMSQd) & 165.01, 145.56, 144.03, 135.94, 131.71, 130.59,083 128.13,
125.38, 124.20, 123.58, 119.69, 116.45, 115.98%134.95; ESI-MSn/z calcd for GgH1sNF;03[M + H]"326.1,
found 326.4.

4.2. Antibacterial evaluation

4.2.1. Antimicrobial assays

Antimicrobial assays to measure the MIC values edfted compounds were performed applying the 96-well
microtitre broth dilution methods previously described [18].

4.2.2 Checkerboard titration assay
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Checkerboard titration assay was used to assespdbsible synergism between the antibiotics andtés¢ed
compounds as previously described [18].

4.2.3. Nile red efflux assay

The ability of tested compounds to inhibit substraansport mediated by AcrB was evaluated by deténg the
reduction in Nile Red effluas previously described [18].

4.2.4. Nitrocefin uptake assay

The ability of tested compounds to permeabilizeepuhembrane oE. coli BW25513 was assessed by using
nitrocefin uptake assay as described previouslyq18

4.2.5. Measurement of the electrochemical gradieet the inner membrane

The influence of tested compounds on the membratenpal (\y) across the inner-membranemfcoli BW25513
was investigated by determining fluorescence intgiog the fluorescent probe DiQE3) as previously described [18,
51].
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Fig. 1. Molecular docking of NDGA [50]. (a) Chemical sttue of NDGA; (b) Overlay of NDGA (yellow) on the
crystal structure of AcrB with minocycline (redy) (The interaction of NDGA with the amino acidsfafrB.

Fig. 2. Inhibition of AcrB-mediated Nile Red efflux. Wiltpe resistant cells with active pump (solid bldicie),
AAcrB drug-sensitive cells (grey line) or wild-tygells in the presence of the compounds testededidities) were
preloaded with Nile Red before the start of flueeexe measurements. Efflux was triggered at 100bgethe
addition of 0.2% glucose (indicated by arrow). Regentative fluorescent traces are shown for téfdi@xperiments
with different batches of cells.

Fig. 3. The effect of compounds tested on outer membramagability. E. coli were treated with 10 uM CCCP to
inhibit the efflux of nitrocefin. Nitrocefin was ddd to the cells that received no compound (blueles), cells
treated with the outer membrane permeabilizer pglymB (red squares) or the test compounds (rexhgles).
Nitrocefin hydrolysis by the periplasmi-lactamase was observed as an increase in abserlznd90 nm.
Representative traces are shown from duplicaterewpats performed on different days.

Fig. 4. The effect of the selected compounds tested ongfriminer membrane. Bacterial suspensions wererel#it
untreated (solid blue line) or exposed to 8-2BmL test compounds (broken red line) for 10 miteafvhich the
potentiometric probe, DIOL3) was added and the fluorescence monitored uintlateaued. Cells were then
re-energized with 0.5% glucose and the establishmea membrane potential (inside negative) wassmesl as an
increase in fluorescence until it plateaued. Thenbrane potential was then disrupted by the additibthe proton
ionophore CCCP (observed as a sharp drop in fluene® intensity).

Fig. 5. In silico docking studiesThe molecular interactions of AcrB with (&JA7 and (b)WD6.
Scheme 1 Reagents and conditions: a) EI0O0H), piperidine, pyridine, reflux, 90%; b) LIAIEITHF, 83%; c)
PPh, CBry, 87%; d) PP§ toluene, reflux, 62%; e) ArCHO, n-butyllithiumHF, 45-82%; f) Pd/C, H rt; g) BBx,

37-76% in two steps foWA1-WA12, 34-86% in two steps favVB1-WB11.

Scheme 2 Reagents and conditions: a) NaOH, EtOH, reflu®09b) Pd/C, H MeOH, rt, 97%; c) NaBl MeOH, rt,
96%; d) HSQy, 1,4-dioxane, 68%; e) Pd/C,HVeOH, rt, 82%; f) BBs, 71%.

Scheme 3 Reagents and conditions: a) acetone, NaOH, EtOi%;8&) Pd/C, H MeOH/AcOEt, rt, 95%; c)
N.H,- H,0, KOH, glycol, 96%; d) BBy, 47%.

Scheme 4 Reagents and conditions: a) SQCIL,2-dimethoxybenzene, then A{CI95-98%; b) Pd/C, §
MeOH/EtOAc, rt, 55-66%:; c) BBy 62-80%.

Scheme 5 Reagents and conditions: a) TBTU, DIEA, {CHN, 65-87%; b) Pd/C, HiIMeOH/EtOAC, rt; c) BB§, 38-90%
for WD1-WD3, WD5, WD6, WD9 andWD10, 70-81% forw D4, WD7 andWD8.
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Table 1. The synergistic effect of NDGA analogues (Sekés-WC) with different antibacterials against wild-typeud-resistant straii. coli BW25113 expressing AcrB that is

indicated as (+)AcrB.
HO

Conc. MIC (ug/mL) Conc. MIC (pg/mL)
Compd. R Compd. R
(ug/ml) CAM ERY TPP LEV RIF (hg/ml) CAM ERY TPP LEV RIF
16 8 64 512 006 16 16 8 64 512  0.06 16
32 4 64 512 006 16 ‘ 32 8 64 512 006 16
WAS \/@ 64 4 64 512 006 16 WB1lL “ 64 8 32 512 006 16
OH 128 4 64 512 006 16 ' O 128 4 32 256  0.06 16
256 4 32 512 006 16 256 4 32 256  0.06 16
16 8 64 1024 0.06 16 16 8 64 1024 006 16
oy 32 8 64 1024 0.06 16 orl 32 8 64 1024 006 16
WAG \/@[ 64 8 64 512 006 16 WC1 /@[ 64 8 32 512  0.06 16
OH 178 8 32 512 006 16 \ o 128 8 32 512 006 16
256 4 32 512 006 16 256 8 32 512  0.06 16
16 8 64 512 006 16 16 8 64 1024 006 16
OH 32 8 64 512 006 16 o 32 8 64 1024 006 16
WA7 ,\/C[OH 64 8 32 512 006 16 WC2 /\/@[ 64 8 64 1024 006 16
2 on 128 8 32 25 006 16 ‘ O 108 8 64 512  0.06 16
256 1 32 256 006 16 256 8 64 32 006 16
16 16 64 1024 006 16 16 8 64 512  0.06 16
- 16 64 1024 006 16 o 32 8 64 512  0.06 16
WA9 \/@f 64 16 64 512 006 16 WC3 W@i 64 8 64 512 006 16
\ 128 16 64 512 006 16 OH 128 8 64 512 006 16
256 16 64 512 006 16 256 8 64 512 006 16
16 8 64 1024 0.06 16 16 8 64 1024 006 16
L 32 8 64 1024 0.06 16 o 32 8 64 512 006 16
WA10 \/@( 64 8 64 512 006 16 WC4 M@[ 64 8 64 512 006 16
' 128 8 64 512 006 16 ‘ 108 8 64 512  0.06 16
256 8 64 512 006 16 256 8 64 512  0.06 16
32 8 64 1024 0.06 16 NONE (+)AcrB 0 8 64 1024 006 16
DA 64 8 64 1024 003 16 NONE ()AcrB 0 2 4 32 0004 16
128 4 64 128 003 16
256 2 32 64 003 16

CAM = Chloramphenicol; ERY = Erythromycin; TPP =tieghenylphosphonium; LEV = levofloxacin; RIF = &ifipicin
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Table 2. The synergistic effect of NDGA derivatives (Seri&®) with different antibacterials against wild-typeug-resistant straif. coli BW25113 expressing AcrB that is
indicated as (+)AcrB.

H 7 L R2
HO N AR
Compd. 3 Conc. MIC (pg/mL) Compd. B Conc. MIC (pg/mL)

(ng/mL) CAM ERY TPP LEV RIF (ng/mL) CAM  ERY TPP LEV RIF

8 8 64 1024  0.06 16 8 8 64 1024 0.06 16
16 8 64 1024  0.06 16 16 4 64 1024 0.06 16
wD2 2-OH 32 8 64 1024  0.03 16 WD7 4-NH, 32 4 32 1024 0.06 16
64 8 64 512 0.03 16 64 4 32 1024 0.06 16
128 4 64 512 0.03 16 128 2 16 512 0.06 16

8 8 64 1024  0.06 16 8 8 64 1024 0.06 16
16 8 64 1024  0.06 16 16 8 64 1024 0.06 16
wD3 4-Br 32 8 64 1024  0.06 16 wD8 2-NH, 32 8 64 1024 0.06 16
64 8 64 1024  0.06 16 64 4 64 1024 0.06 16
128 8 32 1024  0.06 16 128 4 32 512 0.06 16

8 8 64 512 0.06 16 8 8 64 1024 0.06 16
16 8 64 512 0.06 16 16 8 32 1024 0.06 16
wWD4  3,5-di-NH 32 8 32 512 0.06 16 WD9 4-CH 32 8 16 1024 0.06 16
64 8 32 512 0.06 16 64 N/D N/D N/D N/D 16

128 8 32 512 0.06 16 128 N/D N/D N/D N/D 16

8 8 64 1024  0.06 16 8 8 64 1024 0.06 16

16 4 64 1024  0.06 16 16 8 64 1024 0.06 16
WD5 3,4-di-OH 32 4 32 512 0.06 16 4-CR 32 8 64 1024 0.06 16
64 2 32 512 0.06 16 Wb10 64 8 64 1024 0.06 16
128 2 32 512 0.06 16 128 8 64 1024 0.03 16

8 4 32 1024  0.06 16 32 8 64 1024  0.06 16
16 4 32 1024  0.06 16 64 8 64 1024 0.03 16
wD6  3,4,5-tri-OH 32 4 32 512 0.03 16 NDGA 128 4 64 128 0.03 16
64 4 16 512 0.03 16 256 2 32 64 0.03 16

128 2 16 256 0.03 16 NONE (+)AcrB 0 8 64 1024  0.06 16

NONE (-)AcrB 0 2 4 32 0.004 16

CAM = Chloramphenicol; ERY = Erythromycin; TPP =tieghenylphosphonium; LEV = levofloxacin; RIF = &ifipicin
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Fig. 2
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Scheme 1

_0
~o o

(6]
AN
OH
2
(6] - O A
_ j@/\/\ rod /O:©/\/\;’Ph3Br ArCHO -~ :©/\/\/ r
—_— —_—
\0 \O € \0
5 6
£ /Oj©/\/\/Ar g HO:@/\/\/Ar
> —_—
o HO

Hi
_° _ 5 Tc
~ \0
1 3
B
4

7 WA1-WA12, WB1-WBI11
WAT1 Ar = phenyl WA2 Ar = 4-methylphenyl WAS3 Ar = 4-isopropylphenyl
WAA4 Ar = 4-hydroxyphenyl WAS Ar = 2-hydroxyphenyl WAG6 Ar = 3,4-dihydroxyphenyl
WAT7 Ar = 3,4,5-trihydroxyphenyl ~ WA8 Ar = 4-fluorophenyl WAO9 Ar = 4-chlorophenyl
WAT10 Ar = 4-bromophenyl WAL Ar = 4-tert-butylphenyl WAI12 Ar = 4-aminophenyl
WBI1 Ar = pyridin-2-yl ‘WB2 Ar = furan-2-yl WB3 Ar = pyridin-4-yl
WB4 Ar = 1,1"-biphenyl-4-yl ‘WBS Ar = 4,4-diphenyl WB6 Ar = naphthalen-1-yl
WB?7 Ar = 6-hydroxynaphthalen-2-yl WB8 Ar = 1-methyl-1H-indol-3-yl WB9 Ar= 1-isopentyl-1H-indol-3-yl
WBI10 Ar = anthracen-9-yl WBI1 Ar = pyren-4-yl

31



Scheme 2
0 0
e CHO O . © N oL
+ —_— —
\O \O \O 0 O/
1 8
0 OH
—_—
\O 10 O/ \O O/
11
—e> —_—
\o o/ \O O/
12 13
HO OH
wCl

32



Scheme 3
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Scheme 4
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Schemeb
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Research Highlights

> Novel nordihydroguaretic acid (NDGA) analogues were designed and synthesized. > They were
evaluated as AcrB inhibitors against the E. coli BW25113. > Nine analogues were found to increase the
efficacy of a panel of antibiotics. > Biochemical and docking studies were performed to determine
AcrB inhibition. > They demonstrated moderate improvement in potency as compared to NDGA.
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