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PILLARARENES AND USES THEREOF

TECHNICAL FIELD

[0001] The present invention relates to cationic pillar[n]arenes, e.g., cationic pillar[5-

6]arenes, and uses thereof in inhibiting or disrupting biofilm formation, or reducing

biofilm.

BACKGROUND ART

[0002] Bacterial biofilms are defined as microbial communities (cities of microbes) that

are held together by an extracellular matrix. In recent years, there is an increasing interest

in bacterial biofilms as a result of the fact that in the majority of the cases biofilms lead to

a dramatic enhancement in resistance to antimicrobial agents (Fux et a , 2005; Davies,

2003; Rabin et al., 2015). Compared with planktonic bacteria (bacteria that grow in

suspension), biofilm forming bacteria can be up to almost three orders of magnitude less

susceptible to antibiotics (Bottcher et a , 2013). Moreover, it was estimated that biofilms

account for a large percentage of nosocomial and implanted device-derived microbial

infections in patients (Davey and O'Toole, 2000).

[0003] Biofilm matrices are composed of exo-polymeric substances (EPS) that are high-

molecular weight compounds secreted by the bacteria into the extracellular environment

and are crucial for the integrity of all biofilms (Bottcher et a , 2013; Davey and O'Toole,

2000). EPS components include polysaccharides also termed exo-polysaccharides,

proteins, extracellular DNA, lipids and bacterial decomposition substances that are held

together by a highly complex network of hydrogen bonds as well as ionic and van der

Waals interactions between the different matrix components. The composition of biofilm

matrices varies significantly amongst different bacterial strains; some matrices contain

mainly exo-polysaccharides and some mainly proteins. Moreover, the structure of the

proteins and the monosaccharide building blocks that compose exo-polysaccharides vary

between different biofilm producing bacterial strains.

[0004] Investigation of the biofilm formation process in the Gram negative Pseudomonas

aeruginosa which is one of the major causes for lethal bacterial lung infections revealed a

biofilm formation process that was generally defined as a five step sequence described in

Fig. 1 (Jennings et a , 2014). In the first stage, planktonic bacteria adhere to the surface on

which the biofilm is about to form. At this point, most of the interactions with the surface



are based on van-der Waals reversible forces and the bacterial cell can easily leave the

surface back into the media. Once these weak initial interactions took place, in the second

stage, the bacterial cells more permanently anchor themselves to the surface by a cell

adhesion process that involves protein based interactions. In the third and fourth stages,

additional bacterial cell layers adhere to the first layer and form micro colonies that

continue to grow and mature by forming an extracellular matrix coating. In the final fifth

stage, biofilm forming bacterial cells leave the mature biofilm into the environment and

remain as planktonic bacteria or establish new biofilm colonies depending on the

environmental conditions.

[0005] Clardy and coworkers previously reported a collection of synthetic guanidine- and

bi-guanidine -based cationic amphiphiles that inhibited biofilm formation as well as

eradicated existing biofilms of bacillus subtillis and Staphylococcus aureus strains

(Bottcher et a , 2013). More recently, Wuest and coworkers reported a collection of

quaternary ammonium amphiphiles (Jennings et a , 2014) that demonstrated antimicrobial

activity against a collection of Gram positive and Gram negative bacterial strains. In

addition, some of these cationic amphiphiles efficiently broke down existing biofilms of

the two Gram positive pathogens Staphylococcus aureus and Enterococcus faecalis.

However it was reported that these molecules are all hemolytic compounds exhibiting

pronounced toxicity against mammalian cells (Jennings et al., 2014).

[0006] Pillar[n]arenes, first reported in 2008 (Ogoshi et al., 2008), have symmetrical

cylindrical structures and relatively large free volumes. Pillar [n]arenes can be obtained and

functionalized by simple and high yield synthesis routes making them a versatile

macrocycles for various applications. These macrocycles possess host-guest properties

owing to their π-electron rich cavity and crown ether-like arrangement of oxygen atoms at

both rims. Hence, in recent years, pillar [n]arenes have been used in host-guest chemistry

and as sensors and were used to construct supramolecular polymers, interlocked molecules,

and hybrid biomolecular materials (Ogoshi et al., 2008; Ogoshi and Yamagishi, 2014;

Cragg and Sharma, 2012; Xue et al, 2012; Dong et al, 2014a; Chunju, 2014; Ogoshi et

al, 2016; Ma et al, 2016; Liz et al, 2016; Shi et al, 2016; Ogoshi et al, 2015;

Nierengarten et al, 2013; Li, 2014; Yang et al, 2014; Adiri et al, 2013; Zhang and Zhao,

2013; Yao et al, 2014; Dong et al, 2014b; Mao et al, 2016; Wang et al, 2015; Jie et al,

2014). Despite the significant attention that pillararenes have received from the chemical

community, to date, their biological activity remains relatively unexplored.



[0007] Despite the great need, there are currently no clinically approved small molecules

that act as efficient inhibitors of biofilm formation and/or as eradicators of mature biofilms,

without affecting bacterial cell viability. Identification of such small molecules will offer a

much needed solution to biofilm infections while not affecting the important natural

bacterial flora of the body. In addition, it is likely that the bacteria will not develop any

defense mechanisms against such biofilm inhibitors or eradicators.

SUMMARY OF INVENTION

[0008] In one as ect, the present invention provides a compound of the formula I :

wherein

Ri is -CR6R7-, wherein R6 and R7 each independently is H, halogen, -COR , -

COORs, -OCOORs, -OCON(R8)2, -CN, -N0 2, -SR , -OR , -N(R )2, -CON(R )2, -S0 2R , -

S0 3H, -S(=0)R , or (Ci-C )alkyl optionally substituted by one or more groups each

independently selected from -COR8, -COOR8, -OCOOR8, -OCON(R8)2, -CN, -N0 2, -SR8, -

OR , -N(R )2, -CON(R )2, -S0 2R , -SO 3H, -S(=0)R , -N+(R')3 or -P+(R')3, wherein R' each

independently is H, (Ci-C6)alkyl, phenyl, benzyl, or heterocyclyl, or two R's together with

the N atom to which they are attached form a 3-7 membered saturated ring, optionally

containing one or more heteroatoms selected from O, S or N and optionally further

substituted at the additional N atom;

R2 and R3 each independently is H, halogen, or (Ci-C )alkyl optionally substituted

by one or more groups each independently selected from halogen, -COR , -COOR , -

OCOORs, -OCON(R )2, -CN, -N0 2, -SR , -OR , -N(R )2, -CON(R )2, -S0 2R , -S0 3H, -

S(=0)R 8, -N+(R')3 or -P+(R')3, wherein R' each independently is H, ( -C6)alkyl, phenyl,

benzyl, or heterocyclyl, or two R's together with the N atom to which they are attached

form a 3-7 membered saturated ring, optionally containing one or more heteroatoms

selected from O, S or N and optionally further substituted at the additional N atom;



R4 and R 5 each independently is selected from (Ci-Cio)alkylene, (C2-

Cio)alkenylene, or (C2-Cio)alkynylene, optionally substituted by one or more groups each

independently selected from halogen, -COR8, -COOR8, -OCOOR8, -OCON(R8)2, -CN, -

N0 2, -SR , -OR , -N(R )2, -CON(R )2, -S0 2R , -SO 3H , -S(=0)R , (C6-C
10

)aryl, (Q-

C4)alkylene-(C6-Cio)aryl, heteroaryl, or (Ci-C4)alkylene-heteroaryl, and further optionally

interrupted by one or more identical or different heteroatoms selected from S, O or N,

and/or at least one group each independently selected from -NH-CO-, -CO-NH-, -N(Ci-

C alkyl)-, -N(C6-Cioaryl)-, (C6-Cio)arylenediyl, or heteroarylenediyl;

R each independently is H or (Ci-C )alkyl;

Y each independently is a cation derived from a nitrogen-containing group, a

nitrogen-containing mono- or polycyclic heteroaromatic group optionally containing O, S

or additional N atoms, or an onium group not containing nitrogen, linked to R4 or R 5 via its

positively charged atom;

X is a counter anion such as Br , CI , F , Γ, PF6 , BF4 , OH , C104 , HS0 4 ,

CF3COO , CN , alkylCOO , arylCOO , a pharmaceutically acceptable anion, or a

combination thereof; and

n is an integer of 5-1 1,

but excluding the compounds wherein Ri is -CH2-; R2 and R3 are H; and: (i) n is 5;

4 and R 5 are -(CH2)2-; and Y is l-methyl-imidazolium-3-yl or -N+(CH3)3; (ii) n is 5; R4

and R 5 are -(CH2)3-; and Y is -P+(C4 H9) 3 ; (iii) n is 5; R4 and R 5 are -(CH2)4-; and Y is -

N+(CH3)3; (iv) n is 6; R4 and R5 are -(CH2)2-; and Y is -N+(CH3)3; (v) n is 6; R4 and R5 are -

(CH2)4-; and Y is -N+(CH3)3; (vi) n is 6; 4 and R 5 are -(CH2)4-; and Y is 1-pyridinium; or

(vii) n is 6; R4 and R 5 are -(CH2)2-; and Y is l-methyl-imidazolium-3-yl.

[0009] More particularly, the invention provides a compound of the formula I as defined

above, wherein Y each independently is (i) a cation derived from a nitrogen-containing

group and selected from an ammonium [-N+(R')3], hydrazinium [-N+(R')2-N(R')2],

ammoniumoxy [-N+(R')2 0], iminium [-N+(R')2=C<], amidinium [-N+(R')2-C(R')=NR'],

or guanidinium [-N+(R')2-C(=NR')-N(R') 2]; ( ) a cation derived from a nitrogen-containing

mono- or polycyclic heteroaromatic group and selected from pyrazolium, imidazolium,

oxazolium, thiazolium, pyridinium, pyrimidinium, quinolinium, isoquinolinium, 1,2,4-

triazinium, 1,3,5-triazinium, or purinium, optionally substituted by one or more groups

each independently selected from halogen, ( -C6)alkyl, -COH, -COOH, -OCOOH, -

OCONH2, -CN, -N0 2, -SH, -OH, -NH2, -CONH2, -S0 3H, -S0 2H, or -S(=0)H; or (iii) a



cation derived from an onium group not containing nitrogen and selected from

phosphonium [-P+(R')3], arsonium [-As+(R')3], oxonium [-0 +(R')2] , sulfonium [-S+(R')2] ,

selenonium [-Se+(R')2], telluronium [-Te+(R')2], stibonium [-Sb+(R')3] , or bismuthonium [-

Bi+(R')3], wherein R' each independently is H, (Ci-C6)alkyl, phenyl, benzyl, or

heterocyclyl, or two R's in the ammonium, hydrazinium, ammoniumoxy, iminium,

amidinium or guanidinium groups, together with the N atom to which they are attached,

form a 3-7 membered saturated ring, optionally containing one or more heteroatoms

selected from O, S or N and optionally further substituted at the additional N atom.

[0010] In another aspect, the present invention provides a composition comprising a

compound of the formula I as defined above, i.e., excluding the compounds excluded by

the proviso above, and a carrier.

[0011] In a further aspect, the present invention relates to a method for inhibiting or

disrupting biofilm formation in an aqueous media or on an object, or for reducing biofilm

existing in an aqueous media or attached to an object, said method comprising contacting

said aqueous media or object with a compound of the formula I, including the compounds

excluded by the proviso above.

[0012] In certain embodiments, the method of the present invention is for inhibiting or

disrupting biofilm formation in an aqueous media, or for reducing biofilm existing in said

aqueous media, and comprises in fact dissolving of said compound or a composition

comprising it within said aqueous media. In other embodiments, the method of the present

invention is for inhibiting or disrupting biofilm formation on an object, or for reducing

biofilm attached to said object, and comprises coating of said object with said compound

or a composition comprising it, or immersing of said object within a composition

comprising said compound, respectively.

[0013] In yet another aspect, the present invention relates to a pharmaceutical

composition for inhibiting or disrupting biofilm, e.g., bacterial or fungal biofilm,

formation, or reducing biofilm, said composition comprising a pharmaceutically acceptable

carrier, and a compound of the formula I wherein X is a pharmaceutically acceptable

anion, including the compounds excluded by the proviso above.

[0014] In still another aspect, the present invention relates to a compound of the formula

I, including the compounds excluded by the proviso above, for use in inhibiting or

disrupting biofilm, e.g., bacterial or fungal biofilm, formation, or reducing biofilm.



[0015] In yet a further aspect, the present invention relates to a method for inhibiting or

disrupting biofilm formation, or reducing biofilm, in an individual in need thereof,

comprising administering to said individual a therapeutically effective amount of a

compound of the formula I, including the compounds excluded by the proviso above.

BRIEF DESCRIPTION OF DRAWINGS

[0016] Fig. 1 illustrates the stages of biofilm formation process.

[0017] Fig. 2 shows inhibition of biofilm formation by pillar[6]arene 27. Biofilms

produced by S. aureus subsp. aureus Rosenbach ATCC 33592 (a) and by E. faecalis

ATCC 29212 (b) in the presence of increasing concentrations of 27 were stained with

crystal violet. Each concentration of compound was tested in five wells.

[0018] Figs. 3A-3B show biofilm formation by E. faecalis ATCC 29212 (3A) and S.

aureus subsp. aureus Rosenbach ATCC 33592 (3B), evaluated using the double-dilution

method with starter inoculum of 1:100 (OD
60Q

=0.01). Molarity concentration ranges of the

tested compounds: (21) 0.22-28.18; (22) 0.20-25.59; (23) 0.18-23.78; (25) 0.21-26.54; (26)

0.27-35.00; and (27) 0.18-23.48 µΜ . No measurable biofilm inhibition effect was detected

for compounds 24 and 5 up to concentrations of 24.88 and 45.36 µΜ , respectively.

[0019] Figs. 4A-4C show the effect of initial inoculum on biofilm formation inhibition

by compound 27. The compound was incubated with E. faecalis (ATCC 29212; right

panels) and S. aureus subsp. aureus Rosenbach (ATCC 33592; left panels) at starter

inoculums of OD60o0.025 (4A), 0.05 (4B), or 0.10 (4C).

[0020] Figs. 5A-5D show growth curves of bacteria in the presence of compound 27:

(5A) E. coli ATCC 25922, (5B) P. aeruginosa PAOl, (5C) E. faecalis ATCC 29212, and

(5D) S. aureus subsp. aureus Rosenbach ATCC 33592. Bacteria were incubated with

compound 27 (32 and 64 µ / for 24 h at 37°C. Pillar [6] arene conjugate 27 did not

inhibit the growth of these bacteria.

[0021] Figs. 6A-6B show the effect of compound 27 on the viability of IB3-1 cells (6A);

and THP-1 cells (6B).

[0022] Fig. 7 shows biofilms of S. aureus subsp. aureus Rosenbach ATCC 33592 in the

presence of increasing concentrations (µΜ) of pillar[5] arene derivatives (a) compound 29,

(b) compound 30, (c) compound 25, and (d) compound 28 stained with crystal violet.



[0023] Fig. 8 shows biofilms formed by E. faecalis ATCC 29212 in the presence of

increasing concentrations (µΜ) of pillar[5]arene derivatives (a) compound 29, (b)

compound 30, (c) compound 25, and (d) compound 28 stained with crystal violet.

[0024] Fig. 9 shows biofilms formed by S. aureus subsp. aureus Rosenbach ATCC 33592

in the presence of increasing concentrations of (a) compound 12 and (c) compound 11.

Biofilms formed by E. faecalis ATCC 29212 in the presence of increasing concentrations

of (b) compound 12 and (d) compound 11. All the wells were stained with crystal violet.

[0025] Figs. lOA-lOC show biofilm formation by S. aureus ATCC 33592 (MRSA)

(10A) and E. faecalis ATCC 29212 (10B) evaluated using the double-dilution method with

starter inoculum of 1:100 (OD600=0.01) in the presence of compounds 25 and 28-30; and

biofilm formation in the presence of compounds 11 and 12 (IOC) Concentration ranges of

the tested compounds were: (25) 0.21-13.27; (28) 0.18-11.30; (29) 0.19-12.40; (30) 0.17-

10.66; (11) 5.3-340 µΜ ; and (12) 4.95-317.

[0026] Figs. 11A-11B show Ή NMR spectra of compound 28 after incubation H (a)

7.4, (b) 2.3, and (c) 10.2 for 4 hours (11A); and i NMR spectra of compound 30 after

incubation at pH (a) 7.4, (b) 2.3, and (c) 10.7 for 4 hours (Ϊ 1Β ) .

[0027] Figs. 12A-12B show biofilm formation by S. aureus subsp. aureus Rosenbach

ATCC 33592 (12A) and E. faecalis ATCC 29212 (12B) in the presence of increasing

concentrations (uM) 28 and 30 that had been incubated for 4 hours at different pH levels.

[0028] Figs. 13A-13B show the cell toxicity of compounds 25, 29 and 30 on mammalian

IB3-1 cell-line (13A) and HaCaT cell-line (13B).

DETAILED DESCRIPTION

[0029] The present invention relates to cationic amphiphilic systems capable of

interfering with the chemical interactions between different components of biofilm

matrices, more particularly bacterial biofilm matrices, thereby inhibiting or preventing

biofilm formation and facilitating existing biofilm decomposition without intervening with

bacterial viability and damaging mammalian cell membranes as many families of cationic

amphiphiles do.

[0030] More specifically, the invention provides cationic pillararene derivatives such as

positively charged poly-ammonium, poly-phosphonium and poly-imidazolium pillararene

derivatives. These systems are water soluble organic salts containing both a lipophilic but

relatively electron-rich cavity as well as two arrays of positively charged moieties of the



two opposite faces of the pillararene backbone which can interact with the negatively

charged membranes and other different molecular components of the biofilm matrices. The

cationic ammonium/phosphonium pillar[5-6]arenes exemplified herein, including both

known and novel compounds, were synthesized according to the procedures described in

detail in the Experimental Section and depicted in Schemes 1-3 hereinafter, and are shown

in Scheme 4 .

[0031] The novel cationic pillar[5-6]arene derivatives specifically disclosed herein are

compounds of the formula I, wherein (i) n is 5; Ri is -CH2-; R2 and R3 are H; R4 and R 5 are

-(CH2) -; and Y is -N+(CH3)3 or -P+(CH3)3, herein identified compound 25 and 29,

respectively; (ii) n is 5; Ri is -CH2-; R2 and R3 are H; R4 and R 5 are -(CH2)3-; and Y is -

N+(C2H5) 3 or -P+(C2H5) 3 , herein identified compound 28 and 30, respectively; (iii) n is 5;

Ri is -CH2-; R2 and R3 are H; R4 and R 5 are -(CH2 )6-, and Y is -N+(CH3)3, herein identified

compound 31; or (iv) n is 6; Ri is -CH2-; R2 and R3 are H; R4 and R 5 are -(CH2)3-, and Y is

-N+(CH3)3, herein identified compound 32. Additional cationic pillar[5-6]arene derivatives

specifically exemplified are compounds of the formula I, wherein (i) n is 5; Ri is -CH2-; R2

and R3 are H; R4 and R5 are -(CH2)2-; and Y is -N+(CH3)3, -N+(C2H5)3, or 1-methyl-

imidazolium-3-yl, herein identified compound 21 (or 26), 23 and 22, respectively; or (ii) n

is 6; Ri is -CH2-; R2 and R3 are H; R4 and R5 are -(CH2)2-, and Y is -N+(CH3)3, or 1-

methyl-imidazolium-3-yl, herein identified compound 27 and 33, respectively. In all those

compounds, X is Br or CI .

[0032] As has been found and shown herein, the water soluble cationic pillar[5-6]arene

derivatives tested are extremely efficient in inhibiting biofilm formation at sub µΜ

concentrations, without affecting the tested bacterial cell viability or causing measurable

damage to the membranes of mammalian red blood cells (RBCs). The phosphonium-

decorated pillararenes exhibited similar potencies as inhibitors of biofilm formation as

their corresponding ammonium analogues, demonstrating that the number of positively

charged groups and not their chemical identity are key to their anti-biofilm activity. The

pillararene platform appears to be important and positive charges operating cooperatively

are needed for effective anti-biofilm activity, as indicated by our finding that the respective

cationic monomers were completely inactive. Interestingly, the cationic pillararene

derivatives tested retained their anti-biofilm capability even after four hours of exposure to

acidic or alkaline pH. The organisms in which the compounds were found to inhibit



biofilm formation include clinical pathogens such as Methicillin-resistant Staphylococcus

aureus (MRSA), Pseudomonas aeruginosa and more.

[0033] Such cationic pillararene derivatives can thus be used to fight biofilm formation

and to eradicate existing biofilms in myriad of applications such as in water reservoirs,

closed circuit water systems, in painting industries especially in dyes used to protect

vessels from water, in toothpaste and dentistry industry, and more. The compounds may

also be used to fight biofilm on surfaces in hospitals, medical devices and implants, as well

as in external and internal pads and optionally in conjunction with antibiotic treatments.

[0034] In one aspect, the present invention thus provides a compound of the formula I :

wherein

Ri is -CR6R7-, wherein R6 and R7 each independently is H, halogen, -COR , -

COORs, -OCOORs, -OCON(R8)2, -CN, -N0 2, -SR , -OR , -N(R )2, -CON(R )2, -S0 2R , -

S0 3H, -S(=0)R , or (Ci-C )alkyl optionally substituted by one or more groups each

independently selected from -COR8, -COOR8, -OCOOR8, -OCON(R8)2, -CN, -N0 2, -SR8, -

OR , -N(R )2, -CON(R )2, -S0 2R , -SO3H, -S(=0)R , -N+(R')3 or -P+(R') , wherein R' each

independently is H, (Ci-C6)alkyl, phenyl, benzyl, or heterocyclyl, or two R's together with

the N atom to which they are attached form a 3-7 membered saturated ring, optionally

containing one or more heteroatoms selected from O, S or N and optionally further

substituted at the additional N atom;

R2 and R3 each independently is H, halogen, or (Ci-C )alkyl optionally substituted

by one or more groups each independently selected from halogen, -COR , -COOR , -

OCOORs, -OCON(R )2, -CN, -N0 2, -SR , -OR , -N(R )2, -CON(R )2, -S0 2R , -S0 3H, -

S(=0)R 8, -N+(R')3 or -P+(R')3, wherein R' each independently is H, (Ci-C6)alkyl, phenyl,

benzyl, or heterocyclyl, or two R's together with the N atom to which they are attached

form a 3-7 membered saturated ring, optionally containing one or more heteroatoms

selected from O, S or N and optionally further substituted at the additional N atom;



R4 and R 5 each independently is selected from (Ci-Cio)alkylene, (C2-

Cio)alkenylene, or (C2-Cio)alkynylene, optionally substituted by one or more groups each

independently selected from halogen, -COR8, -COOR8, -OCOOR8, -OCON(R8)2, -CN, -

N0 2, -SR , -OR , -N(R )2, -CON(R )2, -S0 2R , -SO 3H , -S(=0)R , (C6-C
10

)aryl, (Q-

C4)alkylene-(C6-Cio)aryl, heteroaryl, or (Ci-C4)alkylene-heteroaryl, and further optionally

interrupted by one or more identical or different heteroatoms selected from S, O or N,

and/or at least one group each independently selected from -NH-CO-, -CO-NH-, -N(Ci-

C alkyl)-, -N(C6-Cioaryl)-, (C6-Cio)arylenediyl, or heteroarylenediyl;

R each independently is H or (Ci-C )alkyl;

Y each independently is (i) a cation derived from a nitrogen-containing group and

selected from an ammonium [-N+(R')3] , hydrazinium [-N+(R')2-N(R')2], ammoniumoxy [-

N+(R')2 0], iminium [-N+(R')2=C<], amidinium [-N+(R')2-C(R')=NR'], or guanidinium [-

N+(R')2-C(=NR')-N(R')2]; (ii) a cation derived from a nitrogen-containing mono- or

polycyclic heteroaromatic group and selected from pyrazolium, imidazolium, oxazolium,

thiazolium, pyridinium, pyrimidinium, quinolinium, isoquinolinium, 1,2,4-triazinium,

1,3,5-triazinium, or purinium, optionally substituted by one or more groups each

independently selected from halogen, (Ci-C6)alkyl, -COH, -COOH, -OCOOH, -OCONH2,

-CN, -N0 2, -SH, -OH, -NH2, -CONH2, -SO 3H , -S0 2H, or -S(=0)H; or (iii) a cation derived

from an onium group not containing nitrogen and selected from phosphonium [-P+(R')3],

arsonium [-As+(R')3] , oxonium [-0 +(R')2], sulfonium [-S+(R')2], selenonium [-Se+(R')2],

telluronium [-Te+(R')2], stibonium [-Sb+(R')3], or bismuthonium [-Bi+(R')3] , wherein R'

each independently is H, (Ci-C6)alkyl, phenyl, benzyl, or heterocyclyl, or two R's in the

ammonium, hydrazinium, ammoniumoxy, iminium, amidinium or guanidinium groups,

together with the N atom to which they are attached, form a 3-7 membered saturated ring,

optionally containing one or more heteroatoms selected from O, S or N and optionally

further substituted at the additional N atom;

X is a counter anion such as Br , CI , F , Γ, PF6 , BF4 , OH , C104 , HS0 4 ,

CF3COO , CN , alkylCOO , arylCOO , a pharmaceutically acceptable anion, or a

combination thereof; and

n is an integer of 5-1 1,

but excluding the compounds wherein Ri is -CH2-; R2 and R 3 are H; and: (i) n is 5;

4 and R 5 are -(CH2)2-; and Y is l-methyl-imidazolium-3-yl or -N+(CH3)3; (ii) n is 5; R4

and R 5 are -(CH2 )3-; and Y is -P+(C4 H9)3; (iii) n is 5; R4 and R 5 are -(CH2)4-; and Y is -



N+(CH3)3; (iv) n is 6; R4 and R5 are -(CH2)2-; and Y is -N+(CH3)3; (v) n is 6; R4 and R5 are -

(CH2)4-; and Y is -N+(CH3)3; (vi) n is 6; and R 5 are -(CH2)4-; and Y is 1-pyridinium; or

(vii) n is 6; R4 and R 5 are -(CH2)2-; and Y is l-methyl-imidazolium-3-yl.

[0035] The term "halogen" as used herein refers to a halogen and includes fluoro, chloro,

bromo, and iodo, and it is preferably chloro or bromo.

[0036] The term "alkyl" as used herein typically means a linear or branched saturated

hydrocarbon radical having 1-8 carbon atoms and includes, e.g., methyl, ethyl, n-propyl,

isopropyl, n-butyl, sec-butyl, isobutyl, tert-butyl, n-pentyl, isoamyl, 2,2-dimethylpropyl, n-

hexyl, n-heptyl, n-octyl, and the like. Preferred are (Ci-C 6)alkyl groups, more preferably

(Ci-C4)alkyl groups, most preferably methyl, ethyl or propyl. The alkyl defined herein may

optionally be substituted with one or more groups each independently selected from

halogen, -COR, -COOR, -OCOOR, -OCON(R)2, -CN, -N0 2, -SR, -OR, -N(R)2, -CON(R)2,

-S0 2R, -S0 R or -S(=0)R, wherein R is H or unsubstituted (Ci-C 8)alkyl.

[0037] The term "alkylene" as used herein typically means a straight or branched divalent

hydrocarbon radical having 1-10 carbon atoms, e.g., methylene, ethylene, propylene,

butylene, 2-methylpropylene, pentylene, 2-methylbutylene, hexylene, 2-methylpentylene,

3-methylpentylene, 2,3-dimethylbutylene, heptylene, octylene, nonylene, decanylene, and

the like. Preferred are (Ci-C )alkylene or (Ci-C 6)alkylene, more preferably (Ci-

C4)alkylene, most preferably methylene, ethylene, propylene, or butylene. The terms

"alkenylene" and "alkynylene" typically mean straight or branched divalent hydrocarbon

radicals having 2-10 carbon atoms, and one or more double or triple bonds, respectively.

[0038] The term "aryl" denotes an aromatic carbocyclic group having 6-10 carbon atoms

consisting of a single ring or condensed multiple rings such as, but not limited to, phenyl

and naphthyl. The aryl defined herein may optionally be substituted with one or more

groups each independently selected from halogen, -COR, -COOR, -OCOOR, -OCON(R)2,

-CN, -N0 2, -SR, -OR, -N(R)2, -CON(R)2, -S0 2R, -S0 3R, -S(=0)R, or -(Ci-C )alkyl,

wherein R is H or unsubstituted (Ci-C )alkyl. The term "arylenediyl" refers to a divalent

radical derived from an "aryl" as defined herein by removal of a further hydrogen atom

from any of the ring atoms.

[0039] The term "heterocyclic ring" denotes a mono- or poly-cyclic non-aromatic ring of

4-12 atoms containing at least one carbon atom and one to three heteroatoms selected from

sulfur, oxygen or nitrogen, which may be saturated or unsaturated, i.e., containing at least

one unsaturated bond. Preferred are 3- or 7-membered heterocyclic rings. The term



"heterocyclyl" as used herein refers to any univalent radical derived from a heterocyclic

ring as defined herein by removal of hydrogen from any ring atom. Examples of such

radicals include, without limitation, piperidino, 4-morpholinyl, or pyrrolidinyl. The

heterocyclyl defined herein may optionally be substituted, at any position of the ring, with

one or more groups each independently selected from halogen, -COR, -COOR, -OCOOR, -

OCON(R)2, -CN, -NO2, -SR, -OR, -N(R)2, -CON(R)2, -S0 2R, -SO3R, -S(=0)R, or -( -

C )alkyl, wherein Ris H or unsubstituted (Ci-C )alkyl.

[0040] The term "heteroaryl" refers to a radical derived from a 5-10-membered mono- or

poly-cyclic heteroaromatic ring containing 1-3, preferably 1-2, heteroatoms selected from

nitrogen, sulfur or oxygen. Examples of mono-cyclic heteroaryls include, without being

limited to, pyrrolyl, furyl, thienyl, thiazinyl, pyrazolyl, pyrazinyl, imidazolyl, oxazolyl,

isoxazolyl, thiazolyl, isothiazolyl, pyridyl, pyrimidinyl, 1,2,3-triazinyl, 1,3,4-triazinyl, and

1,3,5-triazinyl. Polycyclic heteroaryl radicals are preferably composed of two rings such

as, but not limited to, benzofuryl, isobenzofuryl, benzothienyl, indolyl, quinolinyl,

isoquinolinyl, imidazo[l,2-a]pyridyl, benzimidazolyl, benzthiazolyl, benzoxazolyl,

pyrido[l,2-a]pyrimidinyl and 1,3-benzodioxinyl. The heteroaryl may optionally be

substituted by one or more groups each independently selected from halogen, -COR, -

COOR, -OCOOR, -OCON(R)2, -CN, -N0 2, -SR, -OR, -N(R)2, -CON(R)2, -S0 2R, -SO3R, -

S(=0)R, or -(Ci-C )alkyl, wherein R is H or unsubstituted (Ci-C )alkyl. It is to be

understood that when a polycyclic heteroaryl is substituted, the substitution may be in any

of the carbocyclic and/or heterocyclic rings. The term "heteroarylenediyl" denotes a

divalent radical derived from a "heteroaryl" as defined herein by removal of a further

hydrogen atom from any of the ring atoms.

[0041] The term "cation derived from a nitrogen-containing group" as used herein

denotes for example, but without limiting to, an ammonium [-N+(R')3] , hydrazinium [-

N+(R')2-N(R')2], ammoniumoxy [-N+(R')2 0], iminium [-N+(R')2=C<], amidinium [-

N+(R')2-C(R')=NR'], or guanidinium [-N+(R')2-C(=NR')-N(R')2], wherein R' each

independently is H, (Ci-C6)alkyl, phenyl, benzyl, or heterocyclyl, or two R's together with

the N atom to which they are attached form a 3-7 membered saturated ring, optionally

containing one or more heteroatoms selected from O, S or N and optionally further

substituted at the additional N atom. In particular embodiments, the cation derived from a

nitrogen-containing group is an ammonium as defined hereinabove.



[0042] The term "cation derived from a nitrogen-containing mono- or polycyclic

heteroaromatic group optionally containing O, S or additional N atoms" as used herein

denotes for example, but without limiting to, pyrazolium, imidazolium, oxazolium,

thiazolium, pyridinium, pyrimidinium, quinolinium, isoquinolinium, 1,2,4-triazinium,

1,3,5-triazinium, or purinium, optionally substituted by one or more groups each

independently selected from halogen, (Ci-C6)alkyl, -COH, -COOH, -OCOOH, -OCONH2,

-CN, -N0 2, -SH, -OH, -NH2, -CONH2, -S0 3H, -S0 2H, or -S(=0)H;

[0043] The term "cation derived from an onium group not containing nitrogen" as used

herein denotes for example, but without limiting, phosphonium [-P+(R')3], arsonium [-

As+(R')3], oxonium [-0 +(R')2], sulfonium [-S+(R')2], selenonium [-Se+(R')2], telluronium [-

Te+(R')2], stibonium [-Sb+(R')3], or bismuthonium [-Bi+(R')3], wherein R' each

independently is H, (Ci-C6)alkyl, phenyl, benzyl, or heterocyclyl. In particular

embodiments, the cation derived from an onium group not containing nitrogen is a

phosphonium as defined hereinabove.

[0044] In certain embodiments, the compound of the present invention is a compound of

the formula I, wherein Ri is -CR6R7-, wherein R and R7 each independently is H, halogen,

-COH, -COOH, -OCOOH, -OCONH2, -CN, -N0 2, -SH, -OH, -NH2, -CONH2, -S0 3H, -

S0 2H, -S(=0)H, or (Ci-Cs)alkyl optionally substituted by one or more groups each

independently selected from -COH, -COOH, -OCOOH, -OCONH2, -CN, -N0 2, -SH, -OH,

-NH2, -CONH2, -S0 3H, -S0 2H, -S(=0)H, -N+(R') or -P+(R') , wherein R' each

independently is H, (Ci-C4)alkyl, phenyl, or benzyl. Particular such compounds are those

wherein R6 and R7 each independently is (Ci-Cs)alkyl, preferably (Ci-C4)alkyl, or H. In

preferred embodiments, Ri is -CH2-, i.e., R6 and R7 are each H.

[0045] In certain embodiments, the compound of the present invention is a compound of

the formula I, wherein R2 and R3 each independently is H, or (Ci-C4)alkyl, preferably (Ci-

C2)alkyl, optionally substituted by one or more groups each independently selected from

halogen, -COH, -COOH, -OCOOH, -OCONH2, -CN, -N0 2, -SH, -OH, -NH2, -CONH2, -

S0 3H, -S0 2H, -S(=0)H, -N+(R') or -P+(R') , wherein R' each independently is H, (C

C4)alkyl, phenyl, or benzyl. Particular such compounds are those wherein R2 and R3 each

independently is (Ci-C4)alkyl, preferably (Ci-C2)alkyl, or H. In preferred embodiments, R2

and R3 are each H.

[0046] In certain embodiments, the compound of the present invention is a compound of

the formula I, wherein R4 and R 5 each independently is (C2-Cio)alkylene optionally



substituted and further optionally interrupted as defined above. In particular such

embodiments, R4 and R 5 each independently is (C2-Cio)alkylene, (C2-C )alkylene or (C2-

C6)alkylene, optionally substituted by one or more groups each independently selected

from halogen, -COH, -COOH, -OCOOH, -OCONH 2, -CN, -N0 2, -SH, -OH, -NH 2, -

CONH 2, -SO 3H, -SO 2H, -S(=0)H, (C6)aryl, (Ci-C 4)alkylene-(C6)aryl, heteroaryl, or ( -

C4)alkylene-heteroaryl, and further optionally interrupted by one or more identical or

different heteroatoms selected from S, O or N, and/or at least one group each

independently selected from -NH-CO-, -CO-NH-, -N(Ci-C 8alkyl)-, -N(C 6aryl)-,

(C6)arylenediyl, or heteroarylenediyl. More particular such compounds are those wherein

R4 and R 5 each independently is (C2-Cio)alkylene, (C2-C )alkylene or (C2-C6)alkylene,

optionally interrupted by one or more identical or different heteroatoms, preferably one or

more O atoms.

[0047] In certain embodiments, the compound of the present invention is a compound of

the formula I, wherein R4 and R 5 are identical.

[0048] In certain embodiments, the compound of the present invention is a compound of

the formula I, wherein Y each independently is (i) ammonium [-N+(R')3] or phosphonium

[-P+(R')3] , wherein R' each independently is H, (Ci-C 6)alkyl, phenyl, benzyl, or

heterocyclyl; or (ii) imidazolium, optionally substituted by one or more groups each

independently selected from halogen, (Ci-C 6)alkyl, -COH, -COOH, -OCOOH, -OCONH 2,

-CN, -NO 2, -SH, -OH, -NH 2, -CONH 2, -SO 3H, -SO 2H, or -S(=0)H. Particular such

compounds are those wherein Y each independently is ammonium [-N+(R')3] or

phosphonium [-P+(R')3], wherein R' each independently is H, methyl, ethyl, or propyl; or 1-

methyl-imidazolium-3 -yl .

[0049] In certain embodiments, the compound of the present invention is a compound of

the formula I, wherein n is an integer of 5, 6, 7 or 8, preferably 5 or 6 .

[0050] In certain embodiments, the compound of the present invention is a compound of

the formula I, wherein (i) R i is -CR 6R7-, wherein R6 and R7 each independently is H,

halogen, -COH, -COOH, -OCOOH, -OCONH 2, -CN, -N0 2, -SH, -OH, -NH 2, -CONH 2, -

SO3H, -SO 2H, -S(=0)H, or (Ci-C )alkyl optionally substituted by one or more groups each

independently selected from -COH, -COOH, -OCOOH, -OCONH 2, -CN, -N0 2, -SH, -OH,

-NH 2, -CONH2, -SO3H, -SO2H, -S(=0)H, -N+(R') 3 or -P+(R')3, wherein R' each

independently is H, (Ci-C 4)alkyl, phenyl, or benzyl; (ii) R2 and R 3 each independently is H,

or (Ci-C 4)alkyl, preferably (Ci-C 2)alkyl, optionally substituted by one or more groups each



independently selected from halogen, -COH, -COOH, -OCOOH, -OCONH2, -CN, -N0 2, -

SH, -OH, -NH2, -CONH2, -SO 3H , -S0 2H, -S(=0)H, -N+(R')3 or -P+(R')3, wherein R' each

independently is H, (Ci-C4)alkyl, phenyl, or benzyl; (iii) R4 and R 5 each independently is

(C2-Cio)alkylene, (C2-C )alkylene or (C2-C6)alkylene, optionally substituted by one or

more groups each independently selected from halogen, -COH, -COOH, -OCOOH, -

OCONH2, -CN, -NO 2, -SH, -OH, -NH2, -CONH2, -S0 3H, -S0 2H, -S(=0)H, (C6)aryl, ( -

C4)alkylene-(C6)aryl, heteroaryl, or (Ci-C4)alkylene-heteroaryl, and further optionally

interrupted by one or more identical or different heteroatoms selected from S, O or N,

and/or at least one group each independently selected from -NH-CO-, -CO-NH-, -N(Ci-

C alkyl)-, -N(C6aryl)-, (C6)arylenediyl, or heteroarylenediyl; and (iv) n is an integer of 5,

6, 7 or 8.

[0051] In particular such embodiments, the compound of the invention is a compound of

the formula I, wherein Ri is -CH2-; R2 and R3 are H; and R4 and R 5 each independently is

(C2-Cio)alkylene, (C2-C )alkylene or (C2-C6)alkylene, optionally interrupted by one or

more O atoms. More particular such compounds are those wherein Y each independently is

(i) ammonium [-N+(R')3] or phosphonium [-P+(R')3], wherein R' each independently is H,

(Ci-C6)alkyl, phenyl, benzyl, or heterocyclyl, but preferably H, methyl, ethyl or propyl; or

(ii) imidazolium, optionally substituted by one or more groups each independently selected

from halogen, (Ci-C6)alkyl, -COH, -COOH, -OCOOH, -OCONH2, -CN, -N0 2, -SH, -OH,

-NH2, -CONH2, -S0 3H, -S0 2H, or -S(=0)H, but preferably l-methyl-imidazolium-3-yl. In

preferred such embodiments, n is an integer of 5 or 6 .

[0052] Specific cationic pillararenes according to the present invention, including those

exemplified herein, are the compounds of the formula I, wherein Ri is -CH2-; R2 and R3 are

H; X is a counter anion as defined above; and: (i) R4 and R 5 are -(CH2)3-, or -(CH2) -; Y is

-N+(CH3)3, -N+(C2H5)3, -P+(CH3)3, or -P+(C2H5)3; and n is 5; or (ii) R4 and R5 are -(CH2)3-;

Y is -N+(CH3)3, -P+(CH3)3, or l-methyl-imidazolium-3-yl; and n is 6 .

[0053] The cationic pillararenes of the invention, also referred to herein as "biofilm

inhibitors", can be prepared by any suitable procedure and technology known in the art,

e.g., as exemplified herein and depicted in detail in Schemes 1-3.

[0054] In another aspect, the present invention provides a composition comprising a

carrier and a compound of the formula I as defined in any one of the embodiments above,

but excluding the compounds wherein Ri is -CH2-; R2 and R3 are H; and: (i) n is 5; 4 and

R 5 are -(CH2)2-; and Y is l-methyl-imidazolium-3-yl or -N+(CH3)3; (ii) n is 5; R4 and R 5



are -(CH2)3-; and Y is -P+(C4H9)3; (iii) n is 5; 4 and R5 are -(CH2)4-; and Y is -N+(CH3)3;

(iv) n is 6; R4 and R5 are -(CH2)2-; and Y is -N+(CH3)3; (v) n is 6; R4 and R5 are -(CH2)4-;

and Y is -N+(CH3)3; (vi) n is 6; 4 and R 5 are -(CH2)4-; and Y is 1-pyridinium; or (vii) n is

6; R4 and R 5 are -(CH2)2-; and Y is l-methyl-imidazolium-3-yl. Such compositions may be

inter alia pharmaceutical compositions, wherein said carrier is a pharmaceutically

acceptable carrier, and the counter anion X is a pharmaceutically acceptable anion.

[0055] In certain embodiments, the composition of the present invention comprises a

compound selected from those specifically disclosed herein, i.e., a compound of the

formula I, wherein R i is -CH2-; R2 and R3 are H; X is a counter anion as defined above;

and: (i) R4 and R5 are -(CH2)3-, or -(CH2)6-; Y is -N+(CH3)3, -N+(C2H5)3, -P+(CH3)3, or -

P+(C2H5)3; and n is 5; or (ii) R4 and R5 are -(CH2)3-; Y is -N+(CH3)3, -P+(CH3)3, or 1-

methyl-imidazolium-3-yl; and n is 6 .

[0056] In a further aspect, the present invention relates to a method for inhibiting or

disrupting biofilm formation in an aqueous media or on an object, or for reducing biofilm

existing in an aqueous media or attached to an object, said method comprising contacting

said aqueous media or object with a compound of the formula I as defined in any one of

the embodiments above, including the compounds wherein R i is -CH2-; R2 and R3 are H;

and: (i) n is 5; R4 and R 5 are -(CH2)2-; and Y is l-methyl-imidazolium-3-yl or -N+(CH3)3;

(ii) n is 5; R4 and R 5 are -(CH2)3-; and Y is -P+(C4 H9) 3 ; (iii) n is 5; R4 and R 5 are -(CH2)4-;

and Y is -N+(CH3)3; (iv) n is 6; R4 and R5 are -(CH2)2-; and Y is -N+(CH3)3; (v) n is 6; R4

and R5 are -(CH2)4-; and Y is -N+(CH3)3; (vi) n is 6; R4 and R5 are -(CH2)4-; and Y is 1-

pyridinium; or (vii) n is 6; R4 and R 5 are -(CH2)2-; and Y is l-methyl-imidazolium-3-yl.

[0057] In specific embodiments, the method of the present invention comprises

contacting said aqueous media or object with a compound of the formula I, wherein R i is -

CH2-; R2 and R3 are H; R4 and R 5 are identical and each one is -(CH2)2_io-, i.e., -(CH2)2, -

(CH2)3, -(CH2)4, -(CH2)5, -(CH2)6, -(CH2)7, -(CH2)8, -(CH2)9, or -(CH2)
10

; Y is -N+(CH3)3, -

N+(C2H5) , -P+(CH3)3, -P+(C2H5) , or l-methyl-imidazolium-3-yl; n is 5 or 6; and X is a

counter anion, wherein each one of the combinations of R 1-R5, Y, n, and X defined herein

represents a specific such compound.

[0058] In certain embodiments, the method of the present invention is for inhibiting or

disrupting biofilm formation in an aqueous media, i.e., a medium having water in it, or for

reducing biofilm existing in said aqueous media, wherein said contacting comprises



dissolving a compound of the formula I, or a composition comprising it, within said

aqueous media.

[0059] In certain embodiments, the method of the present invention is for inhibiting or

disrupting biofilm formation on an object, or for reducing biofilm attached to said object,

wherein said contacting comprises coating said object with a compound of the formula I,

or a composition comprising it, or immersing said object within a composition comprising

said compound, respectively. The object being "treated" according to the method of the

present invention may be, without being limited to, an object designed for functioning in

water, e.g., the hull of a boat, a pipe, a filter, a pump, or a heat-exchanger; a medical

implant such as a stent; a medical device such as a catheter; or a biomedical pad such as an

adhesive bandage. In particular such embodiments, the method of the present invention

comprises coating said object with a composition comprising a compound of the formula I,

i.e., with an antifouling composition such as antifouling paints and coatings for use inter

alia in the food industry and hospitals. Such paints and coatings may be formulated, e.g.,

as sprays or hydrogels.

[0060] In certain embodiments, the method of the present invention as defined in any one

of the embodiments above results in increased sensitivity of said aqueous media or object

to a bacteriocide, i.e., a substance that kills bacteria such as a disinfectant (an antimicrobial

agent that is applied to non-living objects to destroy microorganisms that are living on the

objects), antiseptic, or antibiotic, and optionally further comprises contacting said aqueous

media or object with said bacteriocide. According to the present invention, the aqueous

media or object "treated" by the method of the invention can be contacted with said

compound of the formula I and said bacteriocide either at the same time (i.e., contacted

with a combination of said compound of the formula I and said bacteriocide) or

sequentially at any order.

[0061] In yet another aspect, the present invention relates to a pharmaceutical

composition for inhibiting or disrupting biofilm, e.g., bacterial or fungal biofilm,

formation, or reducing biofilm, said composition comprising a pharmaceutically acceptable

carrier, and a compound of the formula I as defined in any one of the embodiments above,

including the compounds wherein Ri is -CH2-, R2 and R3 are H; and: (i) n is 5; R4 and R 5

are -(CH2)2-; and Y is l-methyl-imidazolium-3-yl or -N+(CH3)3; (ii) n is 5; R4 and R 5 are -

(CH2)3-; and Y is -P+(C4H9)3; (iii) n is 5; R4 and R5 are -(CH2)4-; and Y is -N+(CH3)3; (iv) n

is 6; R4 and R5 are -(CH2)2-; and Y is -N+(CH3)3; (v) n is 6; R4 and R5 are -(CH2)4-; and Y



is -N+(CH3 )3; (vi) n is 6; R4 and R 5 are -(CH2)4-; and Y is 1-pyridinium; or (vii) n is 6; R4

and R 5 are -(CH2)2-; and Y is l-methyl-imidazolium-3-yl, wherein X is a pharmaceutically

acceptable anion, i.e., an anion capable of forming a pharmaceutically acceptable salt of

said compound.

[0062] Pharmaceutically acceptable anions include, without limiting, chloride, bromide,

iodide, acetate, mesylate, esylate, maleate, fumarate, tartrate, bitartrate, sulfate, p -

toluenesulfonate, benzenesulfonate, methanesulfonate, ethanedisulfonate (edisylate),

ethanesulfonate (esylate), tosylate, benzoate, acetate, phosphate, carbonate, bicarbonate,

succinate, and citrate. Multiple anions can be used in a single preparation if desired.

[0063] In specific embodiments, the pharmaceutical composition of the present invention

comprises a compound of the formula I, wherein Ri is -CH2-; R2 and R3 are H; R4 and R 5

are identical and each one is -(CH2)2_i 0-, i.e., -(CH2)2, -(CH2) , -(CH2)4, -(CH2)5, -(CH2)6, -

(CH2)7, -(CH2)8, -(CH2)9, or -(CH2)10 ; Y is -N+(CH3)3, -N+(C2H5)3, -P+(CH3)3, -P+(C2H5)3,

or l-methyl-imidazolium-3-yl; n is 5 or 6; and X is a pharmaceutically acceptable anion,

wherein each one of the combinations of R1-R5, Y, n, and X defined herein represents a

specific such compound.

[0064] The pharmaceutical compositions provided by the present invention may be

prepared by conventional techniques, e.g., as described in Remington: The Science and

Practice of Pharmacy, 19 th Ed., 1995. The compositions can be prepared, e.g., by uniformly

and intimately bringing the active agent, i.e., the compound of the formula I, into

association with a liquid carrier, a finely divided solid carrier, or both, and then, if

necessary, shaping the product into the desired formulation. The compositions may be in

liquid, solid or semisolid form and may further include pharmaceutically acceptable fillers,

carriers, diluents or adjuvants, and other inert ingredients and excipients. In one

embodiment, the pharmaceutical composition of the present invention is formulated as

nanoparticles.

[0065] The pharmaceutical compositions can be formulated for any suitable route of

administration, e.g., for parenteral administration such as intravenous, intraarterial,

intrathecal, intrapleural, intratracheal, intraperitoneal, intramuscular or subcutaneous

administration, topical administration, oral or enteral administration, or for inhalation. In

certain embodiments, these compositions are formulated for either topical administration

or for inhalation.



[0066] The pharmaceutical composition of the invention may be in the form of a sterile

injectable aqueous or oleaginous suspension, which may be formulated according to the

known art using suitable dispersing, wetting or suspending agents. The sterile injectable

preparation may also be a sterile injectable solution or suspension in a non-toxic

parenterally acceptable diluent or solvent. Acceptable vehicles and solvents that may be

employed include, without limiting, water, Ringer's solution and isotonic sodium chloride

solution.

[0067] The term "topical administration" as used herein refers to external application to,

e.g., the skin, scalp, mucous membranes, teeth, and hair. Pharmaceutical compositions for

topical administration may thus be in the form of an aqueous solution, a gel, a cream, a

paste, a lotion, a spray, a suspension, a powder, a dispersion, a salve, an ointment, a serum,

an anhydrous stick, oil based sprays, oil-in-water emulsions or water-in-oil emulsions. In

certain particular embodiments, the pharmaceutical composition of the invention is a dental

composition formulated, e.g., as a mouthwash, toothpaste, a composition for root canal

cleaning and disinfection, or a filling composition with biofilm inhibition/prevention

properties. In other particular embodiments, the pharmaceutical composition of the

invention is formulated for hygienic wash.

[0068] Pharmaceutical compositions according to the present invention, when formulated

for inhalation, may be administered utilizing any suitable device known in the art, such as

metered dose inhalers, liquid nebulizers, dry powder inhalers, sprayers, thermal vaporizers,

electrohydrodynamic aerosolizers, and the like.

[0069] Pharmaceutical compositions according to the present invention, when formulated

for administration route other than parenteral administration, may be in a form suitable for

oral use, e.g., as tablets, troches, lozenges, aqueous, or oily suspensions, dispersible

powders or granules, emulsions, hard or soft capsules, or syrups or elixirs. Compositions

intended for oral use may be prepared according to any method known to the art for the

manufacture of pharmaceutical compositions and may further comprise one or more agents

selected from sweetening agents, flavoring agents, coloring agents and preserving agents in

order to provide pharmaceutically elegant and palatable preparations. Tablets contain the

active agent(s) in admixture with non-toxic pharmaceutically acceptable excipients, which

are suitable for the manufacture of tablets. These excipients may be, e.g., inert diluents

such as calcium carbonate, sodium carbonate, lactose, calcium phosphate, or sodium

phosphate; granulating and disintegrating agents, e.g., corn starch or alginic acid; binding



agents, e.g., starch, gelatin or acacia; and lubricating agents, e.g., magnesium stearate,

stearic acid, or talc. The tablets may be either uncoated or coated utilizing known

techniques to delay disintegration and absorption in the gastrointestinal tract and thereby

provide a sustained action over a longer period. For example, a time delay material such as

glyceryl monostearate or glyceryl distearate may be employed. They may also be coated

using the techniques described in the US Patent Nos. 4,256,108, 4,166,452 and 4,265,874

to form osmotic therapeutic tablets for control release. The pharmaceutical composition of

the invention may also be in the form of oil-in-water emulsion.

[0070] The pharmaceutical compositions of the invention may be formulated for

controlled release of the active agent. Such compositions may be formulated as controlled-

release matrix, e.g., as controlled-release matrix tablets in which the release of a soluble

active agent is controlled by having the active diffuse through a gel formed after the

swelling of a hydrophilic polymer brought into contact with dissolving liquid (in vitro) or

gastro-intestinal fluid (in vivo). Many polymers have been described as capable of forming

such gel, e.g., derivatives of cellulose, in particular the cellulose ethers such as

hydroxypropyl cellulose, hydroxymethyl cellulose, methylcellulose or methyl

hydroxypropyl cellulose, and among the different commercial grades of these ethers are

those showing fairly high viscosity. In other configurations, the compositions comprise the

active agent formulated for controlled release in microencapsulated dosage form, in which

small droplets of the active agent are surrounded by a coating or a membrane to form

particles in the range of a few micrometers to a few millimeters.

[0071] Another contemplated formulation is depot systems, based on biodegradable

polymers, wherein as the polymer degrades, the active agent is slowly released. The most

common class of biodegradable polymers is the hydrolytically labile polyesters prepared

from lactic acid, glycolic acid, or combinations of these two molecules. Polymers prepared

from these individual monomers include poly (D,L-lactide) (PLA), poly (glycolide)

(PGA), and the copolymer poly (D,L-lactide-co-glycolide) (PLG).

[0072] The pharmaceutical compositions of the invention can be provided in a variety of

dosages, wherein the actual dose administered will depend on the state of the individual

treated, and will be determined as deemed appropriate by the practitioner.

[0073] In still another aspect, the present invention relates to a compound of the formula

I as defined in any one of the embodiments above, including the compounds wherein Ri is

-CH2-; R2 and R3 are H; and: (i) n is 5; R4 and R 5 are -(CH2)2-; and Y is 1-methyl-



imidazolium-3-yl or -N+(CH3 )3; (ii) n is 5; 4 and R 5 are -(CH2)3-; and Y is -P+(C4 H9) 3 ;

(iii) n is 5; 4 and R5 are -(CH2)4-; and Y is -N+(CH ) ; (iv) n is 6; R4 and R5 are -(CH2)2-;

and Y is -N+(CH3)3; (v) n is 6; R4 and R5 are -(CH2)4-; and Y is -N+(CH3)3; (vi) n is 6; R4

and R 5 are -(CH2)4-; and Y is 1-pyridinium; or (vii) n is 6; R4 and R 5 are -(CH2)2-; and Y is

l-methyl-imidazolium-3-yl, for use in inhibiting or disrupting biofilm formation, or

reducing biofilm.

[0074] In specific embodiments, the compound used for inhibiting or disrupting biofilm

formation, or for reducing biofilm, is a compound of the formula I, wherein R i is -CH2-; R2

and R3 are H; R4 and R 5 are identical and each one is -(CH2)2-io-, - -, -(CH2)2, -(CH2)3, -

(CH2)4, -(CH2)5, -(CH2)6, -(CH2)7, -(CH2)8, -(CH2)9, or -(CH2)
10

; Y is -N+(CH3)3, -

N+(C2H5)3, -P+(CH3)3, -P+(C2H5)3, or l-methyl-imidazolium-3-yl; n is 5 or 6; and X is a

pharmaceutically acceptable anion, wherein each one of the combinations of R 1-R5, Y, n,

and X defined herein represents a specific such compound.

[0075] In certain embodiments, the use of the compound of the formula I according to the

present invention results in increased sensitivity to antibiotic treatment.

[0076] In yet a further aspect, the present invention relates to a method for inhibiting or

disrupting biofilm formation, or reducing biofilm, in an individual in need thereof,

comprising administering to said individual a therapeutically effective amount of a

compound of the formula I as defined in any one of the embodiments above, including the

compounds wherein R i is -CH2-; R2 and R3 are H; and: (i) n is 5; R4 and R 5 are -(CH2)2-;

and Y is l-methyl-imidazolium-3-yl or -N+(CH3)3; (ii) n is 5; R4 and R 5 are -(CH2)3-; and

Y is -P+(C4H9)3; (iii) n is 5; R4 and R5 are -(CH2)4-; and Y is -N+(CH3)3; (iv) n is 6; R4 and

R5 are -(CH2)2-; and Y is -N+(CH3)3; (v) n is 6; R4 and R5 are -(CH2)4-; and Y is -N+(CH3)3;

(vi) n is 6; 4 and R 5 are -(CH2)4-; and Y is 1-pyridinium; or (vii) n is 6; R4 and R 5 are -

(CH2)2-; and Y is l-methyl-imidazolium-3-yl. In certain embodiments, this method results

in increased sensitivity of said individual to an antibiotic treatment, and optionally further

comprises administering to said individual a therapeutically effective amount of said

antibiotic.

[0077] The invention will now be illustrated by the following non-limiting Examples.



EXAMPLES

Experimental

Chemical syntheses

[0078] General methods. Starting materials were purchased from Sigma-Aldrich, Alfa

Aesar, TCI, Cambridge Isotope Laboratories, and Bio-Lab Ltd. Chemical reactions were

monitored by TLC (Merck, silica gel 60 F254) and the compounds were purified by Si0 2

flash chromatography (Merck Kieselgel 60). 1H and 13C NMR spectra were recorded on

400 and 500 MHz Bruker Avance NMR spectrometers at 25°C. Chemical shifts (δ) are

given in parts per million (ppm) and spin-spin coupling J is given in Hz. The chemical

shifts are relative to residual HDO signal (at δ 4.80 ppm for the 1H NMR) when the solvent

is D20 , to residual CHC13 signal (at δ 7.26 ppm for the 1H NMR and 77.2 ppm for the 1 C

NMR) when the solvent is CDC13, or to residual DMSO (at δ 2.50 ppm for the 1H NMR

and 39.5 ppm for the 1 C NMR) when the solvent is DMSO. Determination of C, H, and N

compositions were performed using the Perkin-Elmer 2400 series II Analyzer. High-

resolution electrospray mass spectra were recorded on a Waters Synapt instrument.

[0079] Compound 5 (Adiri et al. (2013). In the final step, to a solution of 4 (50 mg, 42

µιηοΐ ) in water was added sodium hydroxide (17 mg, 0.42 mmol). The solvent was

removed by evaporation to afford a white solid (59 mg, 100%). 1H NMR (D20): δ 6.73 (s,

ArH, 10Η ), 4.46 (d, = 16 Hz, ArCH2Ar, 10Η ), 4.21 (d, = 16 Hz, ArCH2Ar, 10Η ), 3.78

(s, ArOCH2COONa, 10Η ) ppm. 1 C NMR: δ 178.7, 150.4, 129.7, 115.5, 68.8, 30.2 ppm.

[0080] Compound 6a (Yao et al. (2012). Carbon tetrabromide (19.9 g, 60 mmol) was

added in small portions to a solution of l,4-bis(2-hydroxyethoxy)benzene (5.0 g, 25 mmol)

and triphenylphosphine (15.7 g, 60 mmol) in anhydrous acetonitrile (0.12 L); the reaction

mixture was kept at 0°C during the addition. The resulting mixture was then warmed to

25°C for 4 h under argon atmosphere. The product was precipitated by the addition of cold

water (0.2 L), and the solid was filtered and washed with methanol/water (3:2, 3x100 mL).

The product was recrystallized from methanol to obtain the title compound as white flake-

like crystals (5.8 g, 71%). 1H NMR (400 MHz, CDC13) : δ 6.86 (s, ArH, 4Η ), 4.24 (t, =

6.2 Hz, ArOCH2CH2Br, 4H), 3.61 (t, = 6.3 Hz, ArOCH 2CH2Br, 4Η ) ppm. 1 C NMR (100

MHz, CDC13) : δ 152.9, 116.1, 68.8, 29.4 ppm.

[0081] Compound 6b. Carbon tetrachloride (5.8 mL, 60 mmol) was added in small

portions to a solution of l,4-bis(2-hydroxyethoxy)benzene (5.0 g, 25 mmol) and



triphenylphosphine (15.7 g, 60 mmol) in anhydrous acetonitrile (0.12 1), and the reaction

mixture was kept at 0°C during the addition. The resulting mixture was then warmed to

25°C for 4.5 hours under argon atmosphere. The product was precipitated by the addition

of cold water (0.2 1), and the solid was filtered and washed with methanol/water (3:2,

3x0.1 1). The product was recrystallized from methanol to obtain 6b as white solid (2.6 g,

44%). 1H NMR (CDC13) : δ 6.68 (s, ArH, 4Η), 4.18 (t, = 5.7 Hz, ArOCH2CH2Cl, 4H),

3.78 (t, J = 5.7 Hz, ArOCH 2CH2Cl, 4Η) ppm. 1 C NMR: δ 152.9, 116.1, 68.9, 42.1 ppm.

[0082] Compound 7a (Yao et al, 2012; Ogoshi et al, 2012). To a solution of 6a (4.0 g,

12 mmol) and paraformaldehyde (1.1 g, 37 mmol) in 1,2-dichloroethane (60 mL) was

added BF3 OEt2 (3.5 g, 25 mmol). The reaction mixture was kept at 25°C for 1 h under

argon atmosphere. The reaction mixture was washed with water (2x50 mL) and dried with

sodium sulfate and concentrated in vacuo. The product was purified by chromatography

(silica gel; petroleum ether:dichloromethane) to afford 7a as a white solid (1.58 g, 38%).

1H NMR (400 MHz, CDC13) : δ 6.90 (s, ArH, 10Η), 4.22 (t, = 5.7 Hz, ArOCH2CH2Br,

20H), 3.84 (s, ArCH2Ar, 10Η), 3.62 (t, = 5.7 Hz, ArOCH 2CH2Br, 20Η) ppm. 1 C NMR

(100 MHz, CDC13) : δ 149.8, 129.2, 116.2, 69.1, 30.9, 29.5 ppm.

[0083] Compound 7b. To a solution of 6b (2.0 g, 8.5 mmol) and paraformaldehyde (0.76

g, 25 mmol) in 1,2-dichloroethane (30 mL) was added BF3.OEt2 (2.4 g, 17 mmol). The

reaction mixture was kept at 25°C under argon atmosphere for 1 hour. The reaction

mixture was washed with water (2x50 mL), brine (2x50 mL) and dried with sodium

sulfate. The product was purified by column chromatography (silica gel; petroleum

ethendichloromethane) to afford 7b as white solid (1.1 g, 52%). 1H NMR (CDC13) : δ 6.91

(s, ArH, 10Η), 4.15 (t, = 5.5 Hz, ArOCH2CH2Cl, 20H), 3.83 (s, ArCH2Ar, 10Η), 3.80 (t,

J = 5.5 Hz, ArOCH 2CH2Cl, 20Η) ppm. 1 C NMR: δ 149.8, 129.1, 115.9, 69.1, 43.2, 29.4

ppm.

[0084] Compound 8a (Whiteside et al., 2002). A mixture of hydroquinone (8.0 g, 73

mmol), 1,3-dibromopropane (44 g, 0.22 mol), and potassium carbonate (45 g, 0.33 mol)

were refluxed in acetone (0.13 L) for 24 hours under argon atmosphere. The reaction

mixture was cooled to 25°C and filtered through celite, and the solvent was evaporated

under vacuum. The residue was dissolved in dichloromethane (0.1 L), washed with water

(2x50 mL), 3 N HC1 (2x50 mL), and brine (2x50 mL), dried with sodium sulphate, and

concentrated in vacuo. The product was purified by column chromatography (silica gel;



eluent: hexane/ethyl acetate). Further purification by recrystallization in ethyl

acetate/hexane afforded 8a as a white solid (9.5 g, 37%). 1H NMR (400 MHz, CDC13) : δ

6.84 (s, ArH, 4Η), 4.05 (t, = 5.9 Hz, ArOCH2CH2CH2Br, 4H), 3.60 (t, = 6.7 Hz,

ArOCH 2CH2CH2Br, 4Η), 2.29 (m, ArOCH 2CH2CH2Br, 4H) ppm. 1 C NMR (100 MHz,

CDC13) : δ 153.0, 115.5, 65.9, 32.5, 30.2 ppm.

[0085] Compound 9a (Ogoshi et a , 2012). To a solution of 8a (2.5 g, 7.1 mmol) in 1,2-

dichloroethane (60 mL) was added paraformaldehyde (0.67 g, 22 mmol) followed by

BF3 OEt2 (1.1 g, 7.8 mmol). The reaction mixture was kept at 30°C for 30 min under argon

atmosphere. The resulting mixture was cooled to 25°C, and the crude product was

precipitated by addition of methanol (0.2 L). The product was purified by chromatography

(silica gel; hexane:dichloromethane) to afford the title compound as a white solid (1.1 g,

43%). 1H NMR (400 MHz, CDC13) : δ 6.74 (s, ArH, 10Η), 3.99 (t, = 6.3 Hz,

ArOCH2CH2CH2Br, 20H), 3.75 (s, ArCH2Ar, 10Η), 3.52 (t, = 6.5 Hz,

ArOCH 2CH2CH2Br, 20Η), 2.21 (m, ArOCH 2CH2CH2Br, 20H) ppm. 1 C NMR (100 MHz,

CDC13) : δ 149.8, 128.5, 115.3, 66.3, 32.7, 30.5, 29.9 ppm.

[0086] Compound 10a. To a solution of 6a (2.5 g, 7.7 mmol) and paraformaldehyde

(0.46 g, 15 mmol) in chloroform (0.12 mL) was added BF3.OEt2 (2.19 g, 15 mmol). The

reaction mixture was kept at 25°C under argon atmosphere for 3 hours. The reaction

mixture was washed with water (2x100 mL), brine (2x100 mL) and dried with sodium

sulfate. The product was purified by column chromatography (silica gel; petroleum

ethendichloromethane) to afford 10a as white solid (0.38 g, 15%). 1H NMR (D20): δ 6.78

(s, ArH, 12Η), 4.16 (t, = 6.2 Hz, ArOCH2CH2Br, 24H), 3.86 (s, ArCH2Ar, 12Η), 3.55 (t,

= 6.2 Hz, ArOCH 2CH2Br, 24Η) ppm. 1 C NMR: δ 150.3, 128.6, 115.9, 69.1, 30.7, 30.4

ppm.

[0087] Compound 11. Trimethylamine (33% in ethanol, 1.0 mL, 5.7 mmol) was added to

a solution of 8a (0.2 g, 0.57 mmol) in ethanol (5 mL). The resulting mixture was refluxed

in a pressure tube for 24 hours. After cooling to 25°C, the precipitate was filtered, washed

with ethanol, and dried under vacuum to afford white solid (0.26 g, 97%). 1H NMR (400

MHz, D20): δ 6.96 (s, ArH, 4Η), 4.11 (t, = 5.8 Hz, ArOCH2, 4Η), 3.52 (m, CH2CH2N,

4Η), 3.12 (s, N(CH3)3, 18Η), 2.24 (m, ArOCH 2CH2, 4Η) ppm. 1 C NMR (125 MHz, D20):

δ 153.1, 117.0, 66.2, 64.7, 53.7, 23.4 ppm. HRMS: m/z calcd. for Ci8H340 2N2Br3 [M+Br]

547.0170, found 547.0181.



[0088] Compound 12. Trimethyl phosphine ( 1 M in THF, 9.0 niL, 9 mmol) was added to

8a (0.15 g, 0.43 mmol) under argon atmosphere. The solution was refluxed for 24 hours in

a pressure tube. The precipitate was filtered, washed with THF, and dried under vacuum to

afford a white solid (0.15 g, 69%). 1H NMR (400 MHz, D20): 7.00 (s, ArH, 4Η), 4.12 (t,

= 5.8 Hz, ArOCH2, 4Η), 2.42-2.34 (m, ArOCH 2CH2, 4Η), 2.09-2.04 (m, CH2P(CH3)3, 4H),

1.86 (d, J = 14.3 Hz, P(CH3)3, 18Η) ppm. 1 C NMR (100 MHz, D20): δ 153.1, 117.0, 68.6

(d, = 16 Hz), 21.7, 21.2 (d, = 54 Hz), 8.0 (d, = 55 Hz) ppm. 1P NMR (162 MHz,

D20 , H3P0 4 reference): δ 27.3 ppm. HRMS: m/z calcd. for Ci8H340 2P2Br3 [M+Br]

580.9584, found 580.9599.

[0089] Compound 21 (Ma et al., 201 1). In the final step, trimethylamine (33% in ethanol,

6.4 mL, 24 mmol) was added to a solution of 7a (1.0 g, 0.59 mmol) in ethanol (50 mL).

The resulting mixture was refluxed for 24 hours. After cooling to 25°C, the solvent was

removed under vaccum and the residue was dissolved in water (20 mL). The solution was

filtered and the solvent was removed by evaporation to afford colorless solid (1.2 g, 89%).

1H NMR (D20): δ 6.97 (s, ArH, 10Η), 4.48 (s, ArOCH2CH2N, 20H), 3.95 (s, ArCH 2Ar,

10H), 3.83 (s, ArOCH 2CH2N, 20Η), 3.24 (s, N(CH3)3, 90Η) ppm. 1 C NMR: δ 150.36,

130.93, 117.49, 65.88, 64.46, 55.05, 30.56 ppm.

[0090] Compound 22 (Yao et al., 2012; Ogoshi et al., 2012). In the final step, a mixture

of 7a (1.2 g, 0.76 mmol) and N-methylimidazole (1.2 g, 15 mmol) in toluene was kept at

120°C for 24 hours. After cooling to 25°C, the solvent was removed under vaccum and the

residue was recrystallized from ethanol/diethyl ether (1:2) to afford a white solid (1.8 g,

98%). 1H NMR (D20): δ 8.4 (br, Imidazole -H, 10Η) 7.63 (s, Imidazole -H, 10Η), 7.15 (s,

ArH, 10Η), 6.76 (s, Imidazole -H, 10Η), 4.64 (s, Ar-OCH2CH2, 20H), 4.47 (s,

ArOCH 2CH2, 20Η), 3.66 (s, Imidazole-C H3, 30Η), 3.62 (s, ArCH2Ar, 10H) ppm. 1 C

NMR: δ 150.08, 137.31, 129.94, 124.64, 123.46, 116.26, 67.79, 50.25, 36.64, 29.92 ppm.

[0091] Compound 23 . An excess amount of triethylamine (5.0 mL, 36 mmol) was added

to a solution of 7a (0.46 g, 0.27 mmol) in ethanol (5.0 mL). The resulting mixture was

refluxed in a pressure tube for 5 days. After cooling to 25°C, the product was precipitated

by the addition of diethyl ether. The precipitate was filtered, and the solid was washed with

diethyl ether and acetone to remove excess triethylamine. The solid was dissolved in water

and concentrated to afford a colorless solid that turned to thick oil when exposed to air

(0.40 g, 54%). 1H NMR (400 MHz, DMSO-d 6) : δ 7.00 (s, ArH, 10Η), 4.52 (br,



ArOCH2CH2N, 20H), 3.98 (br, ArOCH 2CH2N, 20Η ), 3.75 (s, ArCH2Ar, 10Η ), 3.51 (br,

NCH2CH3, 60H), 1.26 (t, NCH2CH3, = 7.1 Hz, 90H) ppm. 1 C NMR (100 MHz, CDC13) :

δ 148.8, 128.3, 115.5, 62.1, 55.8, 53.1, 28.7, 7.7 ppm.

[0092] Compound 24. 2-Dimethylaminoethanol (0.85 g, 9.5 mmol) was added to a

solution of 7a (0.20 g, 0.12 mmol) in ethanol. The resulting mixture was refluxed for 48

hours. After cooling to 25°C, the solvent was removed under vaccum and the residue was

dissolved in water (5.0 mL). The solution was filtered and the solvent was removed by

evaporation. Finally the residue was washed with ethanol and dried under vacuum to afford

a light brown solid (0.22 g, 71%). 1H NMR (D20): δ 6.96 (s, ArH, 10Η ), 4.55 (br,

ArOCH2CH2, 20H), 4.07-3.97 (ArCH2Ar, ArOCH 2CH2N & NCH2CH2OH, 50H), 3.65 (br,

NCH2CH2OH, 20H), 3.30 (s, N(CH3)2, 60Η ) ppm. 1 C NMR: δ 150.5, 131.0, 117.6, 67.5,

65.0, 64.5, 56.6, 50.5, 30.8 ppm.

[0093] Compound 25. Trimethylamine (33% in ethanol, 0.79 mL, 4.4 mmol) was added

to a solution of 9a (0.20 g, 0.11 mmol) in ethanol (10 mL). The resulting mixture was

refluxed for 24 hours. After cooling to 25°C, the solvent was removed under vaccum and

the residue was dissolved in water (5.0 mL). The solution was filtered and the solvent was

removed by evaporation. The residue recrystallized as light brown crystals in ethanol (0.21

g, 79%). 1H NMR (D20): δ 6.78 (s, ArH, 10Η ), 3.90 (br, ArOCH2CH2CH2 & ArCH2Ar,

30Η ), 3.39 (br, ArOCH 2CH2CH2, 20Η ), 3.10 (br, N(CH3)3, 90H), 2.07 (br,

ArOCH 2CH2CH2, 20H) ppm. 1 C NMR: δ 150.5, 129.9, 116.9, 66.6, 64.4, 53.6, 30.8, 23.4

ppm.

[0094] Compound 26. Prepared similarly to compound 21 by reacting 7b (0.15 g, 0.12

mmol) with trimethylamine (33% in ethanol, 3.0 mL, 11 mmol) in acetonitrile for 48 h;

white solid (0.17 g, 78%). δ 1H NMR (400 MHz, D20): δ 6.98 (s, ArH, 10Η ), 4.48 (s,

ArOCH2CH2N, 20H), 3.95 (s, ArCH2Ar, 10Η ), 3.84 (s, ArOCH 2CH2N, 20Η ), 3.25 (s,

N(CH3)3, 90Η ) ppm. 1 C NMR (100 MHz, D20): δ 150.1, 130.7, 117.2, 65.5, 64.1, 54.7,

30.2 ppm.

[0095] Compound 27. Prepared similarly to compound 21 by reacting 10a (0.15 g, 74

µιηοΐ ) with trimethylamine (33% in ethanol, 0.70 mL, 3.7 mmol); white solid (0.16 g,

73%). 1H NMR (500 MHz, D20): δ 6.94 (s, ArH, 12Η ), 4.54 (t, = 4.9 Hz, ArOCH2CH2N,

24H), 3.98 (s, ArCH2Ar, 12Η ), 3.78 (t, = 4.8 Hz, ArOCH 2CH2N, 24Η ), 3.15 (s, N(CH3)3,

108H) ppm. 1 C NMR (125 MHz, D20): δ 150.3, 129.6, 116.7, 65.6, 63.9, 54.5, 30.6 ppm.



[0096] Compound 28. An excess amount of triethyl amine (5.0 mL, 36 mmol) was added

to a solution of 9a (0.40 g, 0.22 mmol) in ethanol (5.0 mL). The resulting mixture was

refluxed in a pressure tube for 7 days. After cooling to 25°C, the product was precipitated

by the addition of diethyl ether. The precipitate was filtered, and the solid was washed with

diethyl ether and acetone. The product was sonicated in acetone (5x10 mL) to remove

excess triethyl amine. Finally the solid was dissolved in water and concentrated to afford a

white solid (0.42 g, 68%). 1H NMR (400 MHz, DMSO-d 6) : δ 6.80 (s, ArH, 10Η), 4.19 &

3.89 (br, ArOC H2CH2CH2N, 20H), 3.73 (s, ArCH2Ar, 10Η), 3.44 (br, ArOCH 2CH2CH2N,

20Η), 3.43 (br, NCH2CH3, 60H), 2.22 (br, ArOCH 2CH2CH2, 20H), 1.26 (t, = 7.0 Hz,

NCH2CH3, 90Η) ppm. 1 C NMR (100 MHz): δ 148.7, 127.9, 113.7, 65.0, 53.6, 52.3, 28.7,

22.4, 7.4 ppm. Anal calcd. for Ci25H23oBri0NioOio.l0.75H 20 : C, 49.62; H, 8.38; N, 4.63.

Found: C, 49.31; H, 8.06; N, 4.46.

[0097] Compound 29. Trimethylphosphine (1.0 M in THF, 2.2 mL, 2.2 mmol) was added

to a solution of 9a (0.10 g, 0.05 mmol) in acetonitrile (6.0 mL). The resulting mixture was

refluxed in a pressure tube for 96 hours. After cooling to 25°C, the precipitate was filtered,

washed with diethyl ether, and dried under vacuum to afford 29 as white solid (0.12 g,

86%). 1H NMR (400 MHz, DMSO-d 6) : δ 6.85 (s, ArH, 10Η), 4.07 & 3.90 (br,

ArOCH2CH2CH2P, 20H), 3.78 (s, ArCH2Ar, 10Η), 2.69-2.60 (m, CH2P(CH 3)3, 20H), 2.00

(d, = 14.7 Hz, CH2P(CH3)3 & ArOCH 2CH2CH2P, 110H) ppm. 1 C NMR (125 MHz,

DMSO-d 6) : δ 148.7, 127.8, 114.1, 67.5 (d, = 17 Hz), 28.7, 21.7, 19.7 (d, = 56 Hz), 7.5

(d, = 55 Hz) ppm. 1P NMR (162 MHz, DMSO-d 6, H3P0 4 reference): δ 30.0 ppm.

HRMS: m/z calcd. for C^HnoOioPioBrn [M+Br] 2662.1098, found 2662.1116.

[0098] Compound 30. Triethylphosphine (1.0 M in THF, 2.2 mL, 2.2 mmol) was added

to a solution of 9a (0.10 g, 0.05 mmol) in dry acetonitrile (8.0 mL). The resulting mixture

was refluxed in a pressure tube for 72 hours. After cooling to 25°C, diethyl ether was

added to give a white precipitate. The precipitate was filtered, washed with diethyl ether,

and dried under vacuum to afford 30 as white solid (68 mg, 41%). 1H NMR (500 MHz,

DMSO-d 6) : δ 6.81 (s, ArH, 10Η), 4.15 & 3.84 (br, ArOCH2CH2CH2P, 20H), 3.76 (s,

ArCH2Ar, 10Η), 2.61-2.55 (m, CH2P(CH 2CH3)3, 20H), 2.46-2.39 (m, P(CH2CH3)3, 60H),

2.06 (m, OCH2CH2CH2, 20H), 1.23-1.17 (m, P(CH2CH3)3, 90Η) ppm. 1 C NMR (125

MHz, DMSO-d 6) : δ 148.7, 127.9, 113.8, 67.5 (d, = 16 Hz), 28.8, 21.7, 14.1 (d, = 50

Hz), 10.8 (d, = 48 Hz), 5.4 (d, = 5 Hz) ppm. 1P NMR ( 162 MHz, D20 , H3P0 4



reference): δ 39.8 ppm. Anal calcd. for Ci25H23oBrioPioOi0.14.45H20 : C, 45.77; H, 7.74.

Found: C, 46.02; H, 8.00. HRMS: m/z calcd. for Ci25H23oOioPioBrii [M+Br] 3081.5760,

found 3081.5796.

Biological assays

[0099] Analysis of bacterial growth. The assay was performed as previously described

(Feldman et al., 2012) with minor modifications. Briefly, all tested bacterial strains were

grown from the frozen stock in Brain Heart Infusion (BHI) broth for 24 hours at 37°C in

5% C0 2. Next, 100 µΐ of serial 1:2 dilutions of compounds in Tryptic Soy Broth (TSB) +

1% glucose (32, 16, 8, 4, 2, 1, and 0.5 g/mL) were prepared in a flat-bottomed 96-well

microplates (Costar, Corning). Control wells with no compound and wells without bacteria

containing each tested concentration of the compounds (blanks) were also prepared. An

equal volume (100 ) of bacterial suspension diluted 1:100 (OD6oo =0.01) or 1:10

(OD oo=0.1) in TSB + 1% glucose was added to each well. During a 24 hours incubation at

37°C, growth kinetics were monitored by recording optical density at wavelength 600 nm

(OD6oo) using a Tecan plate reader. Each concentration was tested in triplicates, and

experiments were repeated three times.

[00100] Analysis of biofilm inhibition. The assay was performed as previously described

(Joseph et al., 2016; Feldman et al., 2012) with minor modifications. Briefly, all tested

bacterial strains were grown from the frozen stock in BHI broth for 24 hours at 37°C in 5%

C0 2. Next, 100 µΐ of serial 1:2 dilutions of compounds in TSB + 1% glucose (32, 16, 8, 4,

2, 1, and 0.5 g/mL) were prepared in flat-bottomed 96-well microplates (Costar,

Corning). Control wells with no compounds and wells without bacteria containing each

tested concentration of the compounds (blanks) were also prepared. An equal volume (100

HL) of bacterial suspensions diluted 1:100 (OD60o=0.01) or 1:10 (OD60o=0.1) in TSB + 1%

glucose was added to each well. After incubation for 24 hours at 37°C in 5% C0 2 under

aerobic conditions, spent media and free-floating bacteria were removed by turning over

the plates. The wells were vigorously rinsed at least four times with doubly distilled water

(DDW). Next, 0.4% crystal violet (200 L) was added to each well. After 45 min, wells

were vigorously rinsed three times with DDW to remove unbound dye. After adding 200

µL· of 30% acetic acid to each well, the plate was shaken for 15 min to release the dye.

Biofilm formation was quantified by measuring the difference between absorbance of

untreated and treated bacterial samples for each tested concentration of the compounds and



the absorbance of appropriate blank well at 600 nm (A6oo) using Tecan plate reader. The

MBIC50 was defined as the lowest concentration at which at least 50% reduction in biofilm

formation was measured compared to untreated cells. Each concentration of compound

was tested in five replicates, and three to six independent experiments were performed.

[00101] Analysis of biofilm eradication. Biofilm eradication activity of the tested

compounds determined against mature 24-h-old biofilms was performed as previously

described (Pompilio et al., 2015). Briefly, bacterial species were allowed to form biofilms

in TSB + 1% glucose medium in a 96-well flat-bottom microtiter plate by incubation for

24 hours at 37°C in 5% C0 2. Following the 24-h incubation, biofilm samples were washed

twice with sterile DDW, then were exposed to 200 µΐ of the tested compounds prepared at

concentrations of 2, 4, 8, 16, 32, 64, and 128 g/mL in TSB+ 1% glucose medium. After

incubation at 37°C in 5% C0 2 for 24 h, non-adherent bacteria were removed by washing

twice with sterile DDW, and biofilm samples were stained with crystal violet as described

for biofilm inhibition assay. Untreated biofilm samples were used as control. Biofilms

were quantified by measuring the absorbance at 600 nm. The mean IC50 value for biofilm

eradication (MBEC50) was defined as the lowest concentration at which at least 50%

reduction in biomass of preformed biofilms was measured compared to untreated biofilm

samples. Concentrations were tested in five replicates, and three independent experiments

were performed.

[00102] Rat red blood cell haemolysis assay. A sample of rat red blood cells (2% w/w)

were incubated with each of the tested compounds for 1 hours at 37°C in 5% C0 2 using the

double dilution method starting at a concentration of 256 µ / . The negative control was

phosphate-buffered saline (PBS), and the positive control was 1% w/v solution of Triton

X-100 (which induced 100% haemolysis). Following centrifugation (2000 rpm, 10 min,

ambient temperature), the supernatant was removed and absorbance at 550 nm was

measured using a microplate reader (SpectraMax-M2). The results are expressed as

percentage of haemoglobin released relative to the positive control (Triton X-100).

Experiments were performed in triplicate, and the results are an average of experiments in

blood samples taken from at least two rats.

[00103] pH stability assay. Aqueous solutions of compounds 28 and 30 were treated with

dilute HC1 to obtain a pH of 2.3. Basic pH values of 10.7 and 10.2 of solutions of the

compounds 28 and 30, respectively, were obtained by adding dilute ammonia solution. The

solutions were kept at room temperature for 4 hours and then freeze-dried. The H spectra



recorded for all samples matched the 1H HMR spectra of the respective compounds at pH

7.4. Biofilm inhibition studies were conducted with these compounds as described above.

[00104] Mammalian cell toxicity assay. A metabolic activity assay was performed to

evaluate toxicity of compounds to human cells in culture as previously described (Omata et

al, 2006). Briefly, human monocytic THP-1 cells (ATCC TIB 202) were maintained at

37°C in 5% C0 2 in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 2 mM

glutamine, 100 g/mL streptomycin, and 100 units/mL penicillin (all from Biological

Industries, Beit HaEmek, Israel). Cystic fibrosis human bronchi epithelial cells IB3-1

(ATCC CRL-2777) and HaCaT human skin keratinocytes were cultured in Dulbecco's

Modified Eagle's Medium (DMEM) medium (Invitrogen) supplemented with 10% FBS, 2

mM glutamine, 100 units/mL penicillin, and 100 g/mL streptomycin. Cells were plated in

96-well format (60,000 cells/well for THP1; 10,000 cells/well for IB3-1 and HaCaT) for

24 hours at 37°C, 5% C0 2. In Study 1, compound 27 was added at final concentrations of

0, 0.73, 2.94, 11.74, and 46.96 µΜ to the appropriate wells. In Study 2, compounds were

added at final concentrations of 2, 4, 8, 16, 32, 64 and 128 g/ml to the appropriate wells.

Wells without compounds served as controls. Plates were incubated for 1 hour, 24 hours,

and 72 hours at 37°C in 5% C0 2. Cell viability was determined using MTT (3-[4,5-

dimethylthiazoyl-2-yl]-2,5-diphenyl tetrazolium bromide) assay (Wataha et al, 1992), and

cells were observed using light microscopy. The percentage of cell death was determined

relative to vehicle-treated cells. Experiments were performed in triplicate, and the results

were obtained from two independent experiments.

Study 1. Cationic pillararenes inhibit formation and eradicate bacterial biofilms

[00105] In the present study, we prepared five positively charged pillar[5]arene derivatives

in which the 10 phenolic positions were substituted by positively charged quaternary

ammonium or imidazolium groups (compounds 21-25), and as a control, we prepared the

negatively charged pillar[5]arene 5, which is decorated with 10 carboxylate groups that are

negatively charged under physiological conditions. The compounds were synthesized

following synthetic routes similar to those previously described (Ma et al, 2011; Yao et

al, 2012; Adiri et al, 2013).

[00106] Each compound was tested for its ability to inhibit biofilm formation by Gram-

positive and Gram-negative pathogens. The mean IC50 value for biofilm inhibition

(MBIC 50) was defined as the lowest concentration at which at least 50% reduction in



biofilm formation was measured compared to untreated cells. The results are summarized

in Table 1. The most impressive biofilm inhibition properties were observed for deca-

trimethylammonium pillar[5]arene 21 and the deca -N -methyl-imidazolium pillar[5]arene

22. The MBIC 50 values of these compounds against each of the tested biofilm-forming

Gram-positive pathogens ranged from 0.4 to 6.4 µΜ . Inhibition of biofilm formation was

selective for Gram-positive strains. None of the cationic pillararenes in this study inhibited

the formation of biofilm by Gram-negative strains E. coli ATCC 25922 and P. aeruginosa

PAOl.

Table 1 : Biofilm inhibitory activity of certain pillar[5-6]arenes: MBIC 50 (µΜ ) against
Gram-positive strains

Compounds were evaluated using the double-dilution method for inhibition biofilm
formation by (A) 5. aureus subsp. aureus Rosenbach ATCC 33592, (B) 5. aureus ATCC
29213, (C) 5. aureus BAA/043, (D) E. faecalis ATCC 29212, (E) 5. epidermidis RP62A,
(F) 5. mutans ATCC 700610. TMA-C1 and TMA-Br are tetramethylammonium chloride
and tetramethylammonium bromide, respectively. Each value is a mean of at least three
independent experiments each including five replicates of each concentration.

[00107] Changes in the hydrophilic or hydrophobic balance of the cationic pillar[5]arene

had general and significant effects on the inhibition of biofilm formation. Elongation of the

aliphatic linker between the pillar[5]arene core and the positively charged group from an

ethyl in compound 21 to a propyl chain in compound 25 led to a small but significant

reduction in the inhibition of biofilm formation. A similar effect was observed when the

quaternary tri-methyl ammonium head groups in compound 21 were replaced by more

hydrophobic tri-ethyl quaternary ammonium groups in compound 23. A more pronounced

loss of activity was observed when the hydrophilicity of the head groups was increased by

the installation of hydroxyethyl-di-methyl quaternary ammonium groups in compound 24;



compound 24 did not inhibit biofilm formation at a concentration of 12 µΜ , the highest

concentration tested.

[00108] To further evaluate the structural determinants required for biofilm formation

inhibition, we examined anti-biofilm activities of several control compounds:

Pillar [5] arene 5, which has carboxylic head groups that are negatively charged under

physiological conditions, did not inhibit biofilm formation by any of the tested strains. This

showed that the positive charge was important for the observed activity. No inhibition of

biofilm formation, up to concentrations of 292 µΜ and 208 µΜ , was observed for

tetramethylammonium bromide (TMA-Br) or tetramethylammonium chloride (TMA-C1),

respectively, indicating that neither the quaternary ammonium head groups nor the halogen

ions alone are responsible for the inhibition of biofilm formation by compounds 21-25.

[00109] The effect of the halogen ion on the inhibition of biofilm formation in the tested

strains was further examined by the preparation of compound 26; the chloride analogue of

compound 21. Compounds 21 and 26 had very similar MBIC50 values against four of the

tested strains (strains A, B, D, E; Table 1). The halogen ion type did affect the ability of

pillararene 26 to inhibit S. aureus BAA/043 (strain C) and S. mutans ATCC 700610 (strain

F) biofilm formation; for these strains, the MBIC50 values of compound 26 with the

chloride counter ion were two- and four-fold higher than those of compound 21 with the

bromide anion, respectively.

[00110] Since 21 demonstrated potent inhibition of biofilm formation by all tested strains

of Gram-positive pathogens, we reasoned that increasing the quaternary ammonium cluster

size and the overall positive charge of the molecule would further improve the inhibition

properties. Hence, we synthesized compound 27, the pillar[6] arene analogue of 21.

Compared to compound 21 the overall positive charge of compound 27 is 20% higher.

Furthermore, the internal cavity diameter of pillar [6] arene 27 is -6.7 A, whereas that of

pillar[5] arene 21 is -4.6 A (Ogoshi and Yamagishi, 2014). This difference should, in

principle, enable compound 27 to bind larger and more structurally diverse molecular

guests from the biofilm matrix. Compound 27 was found to be the most potent inhibitor of

biofilm formation of all the cationic pillararenes tested strains as summarized in Table 1

and demonstrated visually in Fig. 2 . Compared to pillar[5] arene 21, the MBIC50 values of

pillar [6] arene analogue 27 were from 2- to 5-fold lower for four of the tested biofilm

forming Gram-positive pathogens; no significant difference in the inhibition of biofilm

formation between 21 and 27 was observed in for S. aureus BAA/043 (strain C, Table 1).



For S. mutans ATCC 700610, however, compound 21 was slightly more active than 27

(strain F, Table 1). The dose-dependent biofilm inhibition ability of compounds 21-27

against E. faecalis ATCC 29212 and S. aureus subsp. aureus Rosenbach ATCC 33592 is

presented in Fig. 3 .

[00111] Pillararenes 21 and 27, the most potent inhibitors of biofilm formation, did not

eradicate mature biofilms. In addition, we determined the MBIC50 of compound 27, which

demonstrated potent biofilm inhibition properties, against S. aureus subsp. aureus

Rosenbach ATCC 33592, and E. faecalis in cultures that were 2-fold, 4-fold, and 10-fold

the standard inoculum (OD=0.001). No significant change in MBIC50 values was observed

indicating that there is no significant inoculum effect for this compound (Fig. 4 ; Table 2).

Table 2 : Effect of initial inoculum on MBIC50 values of compound 27

[00112] Since all of the pillararenes in this study are cationic amphiphiles, we evaluated

the antimicrobial activity of the most potent inhibitor of biofilm formation pillar [6] arene

27 to determine whether the capability to inhibit biofilm formation results from

bactericidal activity. Minimal inhibitory concentration (MIC) experiments were performed

following the double-dilution protocol (Wiegand et a , 2008; Berkov-Zrihen et a , 2013).

[00113] The MIC values against the examined Gram-positive strains were higher than -47

µΜ , at least 16-fold higher than the highest MBIC50 value measured for pillar [6] arene 27

against the tested strains. We therefore concluded that the observed inhibition of biofilm

formation did not result from a bactericidal effect. The possibility that pillar [6] arene 27

had a bacteriostatic effect was examined by comparing the growth curves of two of Gram-

negative strains E. coli ATCC 29522 and P. Aeruginosa PAOl) and two Gram-positive

strains S. aureus subsp. aureus Rosenbach ATCC 33592 and E. faecalis ATCC 29212) in

the absence and in the presence of 32 and 64 g/ml of 27 for 24 hours. These

concentrations are -15 and -30-fold higher than the MBIC50 values measured for this

compound against the two Gram-positive strains. The growth curves clearly indicated that,

at a concentration significantly higher than the MBIC50, this compound had no effect on



bacterial growth (Fig. 5). Thus, the anti-Gram-positive biofilm properties of this compound

do not result from a bacteriostatic effect.

[00114] Finally, many families of antimicrobial cationic amphiphiles disrupt mammalian

cell membranes as well as bacterial cell membranes (Berkov-Zrihen et a , 2015;

Benhamou et a , 2015). Rat red blood cells serve as a standard model for the evaluation of

the ability of compounds to lyse mammalian cell membranes. Up to a concentration of 94

µΜ , none of the cationic pillararenes caused any measurable hemolysis of red blood cells

obtained from laboratory rats following a previously reported protocol (Benhamou et a ,

2015). The toxicity of compound 27 toward human monocytic THP1 cells (ATCC TIB

202) and cystic fibrosis human bronchial epithelial cells IB3-1 (ATCC CRL-2777) was

also evaluated. No effects on viability were observed after 72-hour incubation with

concentrations up to 46.96 µΜ , about 50 times the MBIC50 values measured for this

compound against the two Gram-positive strains (Fig. 6).

Study 2. Phosphonium pillar[5]arenes inhibit bacterial biofilm formation

[00115] In the present study, we prepared a series of phosphonium and ammonium

decorated pillar[5]arenes (25, 28-30) and their respective monomers (11 and 12) and

studied their anti-biofilm activity with the aim of evaluating the effect of the nature of the

positive charges; the cooperativity of the overall positive charges; and the pillar[n]arene

platform on the observed anti-biofilm activity.

[00116] The water-soluble cationic pillar[5]arene derivatives used in this study were

synthesized by a four-step process (Scheme 3). Briefly, in the first step commercially

available hydroquinone was alkylated with 1,3-dibromopropane using potassium carbonate

in acetone to afford the monomer 8a. The functionalized pillar[5]arene 9a was obtained by

the cyclization of monomer 8a with paraformaldehyde and boron trifluoride diethyletherate

in dichloroethane. Reaction of 9a with an excess of trimethylamine or trimethylamine in

ethanol under reflux gave the water-soluble pillar[5]arene derivatives 25 or 28,

respectively, and a similar procedure was followed to obtain compounds 29 and 30, by

reaction with excess of trimethylphosphine or triethylphosphine, respectively (Scheme 4).

The control monomers 11 and 12 were synthesized by reacting 8a with excess

trimethylphosphine and trimethylamine, respectively. All the compounds were

characterized by 1H and 13C NMR and high-resolution mass spectroscopy (HRMS).



[00117] The effects of compounds 25 and 28-30 were evaluated on biofilm formation by

two clinically important Gram-positive bacterial strains, S. aureus ATCC 33592 and

Enterococcus faecalis ATCC 29212. Inhibition of biofilm formation was determined using

the crystal violet staining assay (Feldman et al., 2012). The minimal concentration at

which at least 50% reduction in biofilm formation compared to untreated cells (MBIC 50)

was determined, and the results are summarized in Table 3 . The dose responses are

presented in Figs. 7-10.

[00118] All the cationic pillar[5]arene derivatives exhibited potent inhibition of biofilm

formation against the two tested Gram-positive pathogens. The MBIC 50 values of the deca-

ammonium pillar[5]arene analogues 25 and 28 were found to be in the range of 0.71-1.66

µΜ for both of the tested strains. The corresponding deca-phosphonium pillar[5]arenes 29

and 30 showed a similar range of MBIC 50 values, 0.67-1.55 µΜ . These results indicate that

replacement of the ammonium cations by phosphonium cations does not significantly

affect the inhibition of biofilm formation by cationic pillararenes. Thus, the positive

charges are essential for the observed anti-biofilm activity; however, the nature of the

charges has a marginal effect. In this respect, Study 1 shows that a negatively charged

deca-carboxylate derivative of pillar[5]arene does not significantly inhibit biofilm

formation.

Table 3 : The anti-biofilm activity (MBIC 50) of pillar[5]arene derivatives 25 and 28-30

Compounds were evaluated using the double-dilution method. Each
value is the mean of at least three independent experiments that
included five replicates at each concentration.

[00119] To evaluate the effect of hydrophobicity on the biofilm inhibition activity, we

compared compounds 28 and 30, in which the ammonium or phosphonium cations are

attached to triethyl moieties, to compounds 25 and 29, which carry trimethyl moieties.

Despite the fact that compounds 28 and 30 have 30 more carbon atoms than do compounds

25 and 29, their MBIC 50 values did not significantly differ (Table 3, Figs. 7A-7B). In



addition, we found that the dose response for the tested pillar[5]arene derivatives 25 and

28-30 (Figs. 7A-7B) were also very similar, further corroborating the fact that pillararenes

28 and 30 are as effective as 25 and 29 in preventing biofilm formation by the two tested

strains.

[00120] To understand the cumulative effect of the positive charges and the advantage of

clustering these charges on a pillararene scaffold, we synthesized the monomers 11 and 12,

which correspond to the repeating units of pillar[5]arenes 25 and 29, respectively.

Compounds 11 and 12 were also tested for their biofilm inhibition properties towards the

two bacterial strains. Monomers 11 and 12 were tested at ~5-fold higher concentrations

than were compounds 25 and 28-30 such that the numbers of charges and ionic strengths of

the tested solutions were comparable. Up to 340 µΜ of 11 and 317 µΜ of 12 (160 g/mL

of 11 and 12), neither 11 nor 12 caused a measurable inhibition of biofilm formation (Fig.

7C), suggesting that in these anti-biofilm agents the cumulative charge organization on the

pillar[5]arene scaffold is a crucial factor for the observed activity.

[00121] Many cationic amphiphiles act as antimicrobial agents that kill bacteria

(Kanazawa et a , 1993 and 1994; Cieniecka-Roslonkiewicz et a , 2005; Kurata et a ,

2011; Xue et a , 2015). Therefore, to evaluate whether the inhibiting effect of compounds

25 and 28-30 on biofilm formation originated from a possible antimicrobial activity of

these compounds we measured the minimal inhibitory concentrations (MICs) against the

tested strains. The MIC values for compounds 25 and 28-30 were found to be 27, 23, 25

and 2 1 µΜ , respectively, more than 16 fold higher than the highest MBIC50 values

measured for these compounds against the two tested strains. These results demonstrate

that the inhibition of biofilm formation by the phosphonium-decorated pillararenes 29 and

30 did not originate from antibacterial activity.

[00122] The stability of a bioactive compound may affect the molecule performance. To

address this issue the stability of the new phosphonium and ammonium pillar [5] arene

derivatives was evaluated by incubation for 4 hours in solutions at different pH values.

Thereafter the materials were freeze dried, inspected by 1H-NMR and tested for their

biofilm inhibition properties. No significant decomposition was observed in the 1H-NMR

spectra recorded after exposure to acidic or alkaline pH (Fig. 11). More importantly, the

anti-biofilm activities of compounds 28 and 30 remained unchanged after these exposures

as seen in Table 4 and Fig. 12.



Table 4 : Biofilm inhibitory activity against Gram positive strains of compounds 20 and 22
after incubation at different pH levels for 4 hours

[00123] Finally, it is well established that many cationic amphiphiles disrupt mammalian

cell membranes, which limits potential for clinical utility (Jennings et a , 2014). We

therefore determined the haemolytic effect of pillar[5]arenes 29 and 30 on rat RBCs. Up to

a concentration of 85 µΜ , none of the phosphonium-decorated pillar[5]arenes caused

measurable haemolysis of RBCs. In addition, compounds 25, 29 and 30 were found to

have no effect on mammalian cell viability up to a concentration of 128 g/mL as shown

in Fig. 13.

Study 3. Ammonium pillar[5-6]arenes inhibit bacterial biofilm formation

[00124] In this study, several ammonium pillar[5-6]arene derivatives other than those

exemplified in Studies 1-2 were synthesized, utilizing chemical procedures similar to those

exemplified above, and their biofilm inhibition activity was tested as described in the

Studies above, using S. aureus ATCC 33592 (MRSA) and E. faecalis ATCC 29212.

[00125] The ammonium pillar[5-6]arene derivatives prepared are compounds 31, 32 and

33 and are shown in Scheme 4 . Compound 31 is an ammonium pillar[5]arene derivative

similar to compound 25, wherein the spacer represented by each one of the groups R4 and

R 5 in the formula I is -(CH2)6- rather than -(CH2)3- as in compound 25; compound 32 is an

ammonium pillar[6]arene derivative similar to compound 27, wherein the spacer

represented by each one of the groups R4 and R 5 in the formula I is -(CH2) - rather than -

(CH2)2- as in compound 27; and compound 33 is an ammonium pillar[6]arene derivative

similar to compound 27, wherein the cation represented by the group Y in the formula I is

l-methyl-imidazolium-3-yl rather than -N+(CH ) as in compound 27.

[00126] The biofilm inhibition activity of each one of these compounds is shown in Table

5 . Interestingly, the non-symmetric ammonium pillar[5]arene derivatives 34 and 35 (Table



5) were found to have biofilm inhibition activity that is remarkably lower than those of the

cationic pillar[5-6]arene derivatives of the formula I exemplified in each one of the Studies

herein, indicating that the presence of cationic groups in both sides of the compound, and

possibly also a symmetric structure, are necessary for enabling the biofilm inhibition

activity.

Table 5 : The anti-biofilm activity (MBIC50) of pillar[5-6]arene derivatives 31-33



Scheme 1. Synthesis of compounds 5, 21 and 22

22



Scheme 2 . Synthesis of compounds 23-27



Scheme 3 . Synthesis of compounds 11-12, 25 and 28-30

3

3

11: X = N ; R , R , R3 = CH3
12 : X = P ; R R , R3 = CH3



Scheme 4 . Cationic pillar[5-6]arene derivatives synthesized and tested in Studies 1-3
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CLAIMS

1. A compound of the formula I :

wherein

Ri is -CR6R7-, wherein R and R7 each independently is H, halogen, -COR , -

COORs, -OCOORs, -OCON(R8)2, -CN, -N0 2, -SR , -OR , -N(R )2, -CON(R )2, -S0 2R , -

SO3H , -S(=0)R , or (Ci-C )alkyl optionally substituted by one or more groups each

independently selected from -COR8, -COOR8, -OCOOR8, -OCON(R8)2, -CN, -N0 2, -SR8, -

OR , -N(R )2, -CON(R )2, -S0 2R , -SO 3H , -S(=0)R , -N+(R')3 or -P+(R')3, wherein R' each

independently is H, (Ci-C 6)alkyl, phenyl, benzyl, or heterocyclyl, or two R's together with

the N atom to which they are attached form a 3-7 membered saturated ring, optionally

containing one or more heteroatoms selected from O, S or N and optionally further

substituted at the additional N atom;

R2 and R3 each independently is H, halogen, or (Ci-C )alkyl optionally substituted

by one or more groups each independently selected from halogen, -COR , -COOR , -

OCOORs, -OCON(R )2, -CN, -N0 2, -SR , -OR , -N(R )2, -CON(R )2, -S0 2R , -S0 3H, -

S(=0)R 8, -N+(R')3 or -P+(R')3, wherein R' each independently is H, (Ci-C 6)alkyl, phenyl,

benzyl, or heterocyclyl, or two R's together with the N atom to which they are attached

form a 3-7 membered saturated ring, optionally containing one or more heteroatoms

selected from O, S or N and optionally further substituted at the additional N atom;

4 and R 5 each independently is selected from (Ci-Cio)alkylene, (C2-

Cio)alkenylene, or (C2-Cio)alkynylene, optionally substituted by one or more groups each

independently selected from halogen, -COR8, -COOR8, -OCOOR8, -OCON(R8)2, -CN, -

N0 2, -SR , -OR , -N(R )2, -CON(R )2, -S0 2R , -S0 3H, -S(=0)R , (C6-Cio)aryl, ( -

C4)alkylene-(C6-Cio)aryl, heteroaryl, or (Ci-C4)alkylene-heteroaryl, and further optionally

interrupted by one or more identical or different heteroatoms selected from S, O or N,



and/or at least one group each independently selected from -NH-CO-, -CO-NH-, -N(Ci-

Cgalkyl)-, -N(C6-Cioaryl)-, (C6 -Cio)arylenediyl, or heteroarylenediyl;

R each independently is H or (Ci-C )alkyl;

Y each independently is (i) a cation derived from a nitrogen-containing group and

selected from an ammonium [-N+(R')3] , hydrazinium [-N+(R')2-N(R')2] , ammoniumoxy [-

N+(R')2 0], iminium [-N+(R')2=C<], amidinium [-N+(R')2-C(R')=NR'], or guanidinium [-

N+(R')2-C(=NR')-N(R') 2]; (ϋ ) a cation derived from a nitrogen-containing mono- or

polycyclic heteroaromatic group and selected from pyrazolium, imidazolium, oxazolium,

thiazolium, pyridinium, pyrimidinium, quinolinium, isoquinolinium, 1,2,4-triazinium,

1,3,5-triazinium, or purinium, optionally substituted by one or more groups each

independently selected from halogen, ( -C6)alkyl, -COH, -COOH, -OCOOH, -OCONH 2,

-CN, -N0 2, -SH, -OH, -NH2, -CONH2, -S0 3H, -S0 2H, or -S(=0)H; or (iii) a cation derived

from an onium group not containing nitrogen and selected from phosphonium [-P+(R')3],

arsonium [-As+(R')3], oxonium [-0 +(R')2], sulfonium [-S+(R')2], selenonium [-Se+(R')2],

telluronium [-Te+(R')2], stibonium [-Sb+(R')3], or bismuthonium [-Bi+(R')3], wherein R'

each independently is H, (Ci-C6)alkyl, phenyl, benzyl, or heterocyclyl, or two R's in the

ammonium, hydrazinium, ammoniumoxy, iminium, amidinium or guanidinium groups,

together with the N atom to which they are attached, form a 3-7 membered saturated ring,

optionally containing one or more heteroatoms selected from O, S or N and optionally

further substituted at the additional N atom;

X is a counter anion such as Br , CI , F , I , PF6 , BF4 , OH , C104 , HS0 4 , CF3COO

, CN , alkylCOO , arylCOO , a pharmaceutically acceptable anion, or a combination

thereof; and

n is an integer of 5-1 1,

but excluding the compounds wherein Ri is -CH2-; R2 and R3 are H; and: (i) n is 5;

4 and R 5 are -(CH2)2-; and Y is l-methyl-imidazolium-3-yl or -N+(CH3)3; (ii) n is 5; R4

and R 5 are -(CH2)3-; and Y is -P+(C4 H9) 3 ; (iii) n is 5; R4 and R 5 are -(CH2)4-; and Y is -

N+(CH3)3; (iv) n is 6; R4 and R5 are -(CH2)2-; and Y is -N+(CH3)3; (v) n is 6; R4 and R5 are

-(CH2)4-; and Y is -N+(CH3)3; (vi) n is 6; R4 and R 5 are -(CH2)4-; and Y is 1-pyridinium; or

(vii) n is 6; R4 and R 5 are -(CH2)2-; and Y is l-methyl-imidazolium-3-yl.

2 . The compound of claim 1, wherein Ri is -CR6R7-, wherein R6 and R7 each

independently is H, halogen, -COH, -COOH, -OCOOH, -OCONH 2, -CN, -N0 2, -SH, -OH,



-NH 2, -CONH2, -SO3H, -SO2H, -S(=0)H, or (Ci-C 8)alkyl optionally substituted by one or

more groups each independently selected from -COH, -COOH, -OCOOH, -OCONH 2, -CN,

-NO 2, -SH, -OH, -NH 2, -CONH 2, -SO3H, -S0 2H , -S(=0)H, -N +(R') 3 or -P +(R') 3, wherein R '

each independently is H , (Ci-C 4)alkyl, phenyl, or benzyl.

3 . The compound of claim 2, wherein R i is -CH 2- .

4 . The compound of claim 1, wherein R 2 and R 3 each independently is H , or (Ci-

C4)alkyl, preferably (Ci-C 2)alkyl, optionally substituted by one or more groups each

independently selected from halogen, -COH, -COOH, -OCOOH, -OCONH 2, -CN, -N0 2, -

SH, -OH, -NH 2, -CONH 2, -SO3H, -S0 2H , -S(=0)H, -N +(R') 3 or -P +(R') 3, wherein R ' each

independently is H , (Ci-C 4)alkyl, phenyl, or benzyl.

5 . The compound of claim 4, wherein R 2 and R 3 are H .

6 . The compound of claim 1, wherein R4 and R 5 each independently is (C 2-

Cio)alkylene or (C 2-C )alkylene, optionally substituted by one or more groups each

independently selected from halogen, -COH, -COOH, -OCOOH, -OCONH 2, -CN, -N0 2, -

SH, -OH, -NH 2, -CONH 2, -SO3H, -S0 2H , -S(=0)H, (C 6)aryl, (Ci-C 4)alkylene-(C 6)aryl,

heteroaryl, or (Ci-C 4)alkylene-heteroaryl, and further optionally interrupted by one or more

identical or different heteroatoms selected from S, O or N , and/or at least one group each

independently selected from -NH-CO-, -CO-NH-, -N(Ci-C 8alkyl)-, -N(C 6aryl)-,

(C6)arylenediyl, or heteroarylenediyl.

7 . The compound of claim 6, wherein R4 and R 5 each independently is (C 2-

Cio)alkylene or (C 2-C )alkylene, optionally interrupted by one or more O atoms.

8. The compound of claim 1, wherein R4 and R 5 are identical.

9 . The compound of claim 1, wherein Y each independently is (i) ammonium [-

N +(R')3] or phosphonium [-P +(R')3], wherein R ' each independently is H , (Ci-C 6)alkyl,

phenyl, benzyl, or heterocyclyl; or (ii) imidazolium, optionally substituted by one or more

groups each independently selected from halogen, (Ci-C 6)alkyl, -COH, -COOH, -OCOOH,

-OCONH 2, -CN, -NO2, -SH, -OH, -NH 2, -CONH 2 , -SO3H, -S0 2H , or -S(=0)H.



10. The compound of claim 9, wherein Y each independently is ammonium [-N+(R')3]

or phosphonium [-P+(R')3], wherein R' each independently is H, methyl, ethyl, or propyl; or

1-methyl-imidazolium-3 -yl .

11. The compound of claim 1, wherein n is 5, 6, 7 or 8, preferably 5 or 6 .

12. The compound of claim 1, wherein

Ri is -CR6R7-, wherein R6 and R7 each independently is H, halogen, -COH, -

COOH, -OCOOH, -OCONH2, -CN, -N0 2, -SH, -OH, -NH2, -CONH 2, -SO3H, -S0 2H, -

S(=0)H, or (Ci-Cs)alkyl optionally substituted by one or more groups each independently

selected from -COH, -COOH, -OCOOH, -OCONH 2, -CN, -N0 2, -SH, -OH, -NH2, -

CONH2, -SO3H, -SO2H, -S(=0)H, -N+(R')3 or -P+(R')3, wherein R' each independently is H,

(Ci-C 4)alkyl, phenyl, or benzyl.

R2 and R 3 each independently is H, or (Ci-C 4)alkyl, preferably (Ci-C 2)alkyl,

optionally substituted by one or more groups each independently selected from halogen, -

COH, -COOH, -OCOOH, -OCONH 2, -CN, -N0 2, -SH, -OH, -NH 2, -CONH 2, -SO3H, -

S0 2H, -S(=0)H, -N+(R')3 or -P+(R')3, wherein R' each independently is H, (Ci-C 4)alkyl,

phenyl, or benzyl.

4 and R 5 each independently is (C2-Cio)alkylene or (C2-C )alkylene, optionally

substituted by one or more groups each independently selected from halogen, -COH, -

COOH, -OCOOH, -OCONH 2, -CN, -N0 2, -SH, -OH, -NH2, -CONH 2, -SO3H, -S0 2H, -

S(=0)H, (C 6)aryl, (Ci-C 4)alkylene-(C 6)aryl, heteroaryl, or (Ci-C 4)alkylene-heteroaryl, and

further optionally interrupted by one or more identical or different heteroatoms selected

from S, O or N, and/or at least one group each independently selected from -NH-CO-, -CO-

NH-, -N(Ci-C alkyl)-, -N(C 6aryl)-, (C 6)arylenediyl, or heteroarylenediyl; and

n is 5, 6, 7 or 8.

13. The compound of claim 12, wherein Ri is -CH2-; R2 and R 3 are H; and R4 and R 5

each independently is (C2-Cio)alkylene or (C2-C )alkylene, optionally interrupted by one or

more O atoms.

14. The compound of claim 13, wherein Y is (i) ammonium [-N+(R')3] or phosphonium

[-P+(R')3] , wherein R' each independently is H, (Ci-C 6)alkyl, phenyl, benzyl, or

heterocyclyl; or (ii) imidazolium, optionally substituted by one or more groups each



independently selected from halogen, (Ci-C6)alkyl, -COH, -COOH, -OCOOH, -OCONH2,

-CN, -NO 2, -SH, -OH, -NH2, -CONH2, -SO 3H , -S0 2H, or -S(=0)H.

15. The compound of claim 14, wherein Y each independently is ammonium [-N+(R')3]

or phosphonium [-P+(R')3], wherein R' each independently is H, methyl, ethyl, or propyl; or

1-methyl-imidazolium-3 -yl .

16. The compound of claim 15, wherein n is 5 or 6 .

17. The compound of claim 16, wherein Ri is -CH2-; R2 and R3 are H; X is a counter

anion such as Br or CI ; and: (i) 4 and R 5 are -(CH2)3-, or -(CH2) -; Y -N+(CH3)3, -

N+(C2H5)3, -P+(CH3)3, or -P+(C2H5)3; and n is 5; or (ii) R4 and R5 are -(CH2)3-; Y is -

N+(CH3)3, -P+(CH3)3, or l-methyl-imidazolium-3-yl; and n is 6 .

18. A composition comprising a compound of the formula I as claimed in any one of

claims 1 to 17.

19. The composition of claim 18, comprising a compound of the formula I, wherein Ri

is -CH2-; R2 and R3 are H; X is a counter anion such as Br or CI ; and: (i) R4 and R 5 are -

(CH2)3-, or -(CH2)6-; Y is -N+(CH3)3, -N+(C2H5)3, -P+(CH3)3, or -P+(C2H5)3; and n is 5; or

(ii) R4 and R5 are -(CH2)3-; Y is -N+(CH3)3, -P+(CH3)3, or l-methyl-imidazolium-3-yl; and

n is 6 .

20. A method for inhibiting or disrupting biofilm formation in an aqueous media or on

an object, or for reducing biofilm existing in an aqueous media or attached to an object,

said method comprising contacting said aqueous media or object with a compound of the

formula I in any one of claims 1 to 17.

21. The method of claim 20, for inhibiting or disrupting biofilm formation in an

aqueous media, or for reducing biofilm existing in said aqueous media, wherein said

contacting comprises dissolving said compound or a composition comprising it within said

aqueous media.

22. The method of claim 20, for inhibiting or disrupting biofilm formation on an object,

or for reducing biofilm attached to said object, wherein said contacting comprises coating



said object with said compound or a composition comprising it, or immersing said object

within a composition comprising said compound, respectively.

23. The method of claim 22, wherein said object is selected from an object designed for

functioning in water such as the hull of a boat, a pipe, a filter, a pump, or a heat-exchanger;

a medical implant such as a stent; a medical device such as a catheter; or a biomedical pad

such as an adhesive bandage.

24. The method of claim 22, wherein said contacting comprises coating said object with

a composition comprising said compound, and said composition is a paint.

25. The method of any one of claims 20 to 24, comprising contacting said aqueous

media or object with a compound of the formula I, wherein Ri is -CH2-; R2 and R3 are H;

R4 and R5 are identical and each one is -(CH2)2_i 0-; Y is -N+(CH3)3, -N+(C2H5)3, -P+(CH3)3,

-P+(C2H5) 3 , or l-methyl-imidazolium-3-yl; n is 5 or 6; and X is a counter anion.

26. The method of claim 20, wherein said method results in increased sensitivity of said

aqueous media or object to a bacteriocide, and optionally further comprises contacting said

aqueous media or object with said bacteriocide.

27. A pharmaceutical composition for inhibiting or disrupting biofilm formation, or

reducing biofilm, said composition comprising a pharmaceutically acceptable carrier and a

compound of the formula I in any one of claims 1 to 17.

28. The pharmaceutical composition of claim 27, formulated for topical administration

or for inhalation.

29. The pharmaceutical composition of claim 27 or 28, comprising said compound of

the formula I, wherein Ri is -CH2-; R2 and R3 are H; R4 and R 5 are identical and each one is

-(CH2)2_10-; Y is -N+(CH3)3, -N+(C2H5)3, -P+(CH3)3, -P+(C2H5)3, or 1-methyl-imidazolium-

3-yl; n is 5 or 6; and X is a pharmaceutically acceptable anion.

30. A compound of the formula I in any one of claims 1 to 17, for use in inhibiting or

disrupting biofilm formation, or reducing biofilm.

31. The compound of claim 30, for use in increasing sensitivity to antibiotic treatment.



32. A method for inhibiting or disrupting biofilm formation, or reducing biofilm, in an

individual in need thereof, comprising administering to said individual a therapeutic

effective amount of a compound of the formula I in any one of claims 1 to 17.

33. The method of claim 32, wherein said method results in increased sensitivity of said

individual to an antibiotic treatment, and optionally further comprises administering to said

individual a therapeutically effective amount of said antibiotic.
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