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Abstract: Twenty-one mono- and biscationic quaternary ammonium
amphiphiles (monoQACs and bisQACs) were rapidly prepared in
order to investigate the effects of rigidity of a diamine core structure
on antiseptic activity. As anticipated, bioactivity against a panel of 6
bacteria including MRSA strains was strong for bisQAC structures,
and clearly correlated to the length of non-polar side chains. Modest
advantages were noted for amide-containing side chains, as
compared to straight-chained alkyl substituents.  Surprisingly,
antiseptics with more rigidly disposed side chains, such as those in
DABCO-12,12, showed the highest level of antimicrobial activity,
with single-digit MIC values or better against the entire bacterial
panel, including submicromolar activity against a MRSA strain.

Antiseptics serve as a safeguard for human heal
destroying potentially pathogenic bacteria that inhabit the non-
living surfaces that we encounter. Many antiseptics,
bleach and hydrogen peroxide, serve as oxidizers,
hydroxyl free radicals which attack essential cell
particularly those with exposed thiol groups.I"? Ot
alcohols such as ethanol, provide a moder
environment that can immediately render ba
both protein denaturation as well as disruption O
membrane.'"*! Amphiphilic compounds primarily target the
— drastic compromising of this crucial boundary layer leads t
permeability, lysis, and cell death.

Fortunately for humankind, the,

human health.

The preparation of
modestly more complicated in
most notably e benzyla
variety (and in fa
quaternary ammo

past century. Tertiary amines,
can be alkylated with a
of alkyl chlorides to furnish
QACs) with enviable
ell as only modest toxicity to humans.?!
ost common of which gained renown
ve become omnipresent; by 1950
itizing 50% of all surgical sites.®
Recent efforts have been made in the development of QACs
bearing multiple cationic moieties, which confer improved ability
to both destroy bacteria and eradicate biofilms."

Structure-act
often focused

relationship
o of polar

lyses for QACs have
npolar sections of these

amphiphiles,! physical characteristic of
critical micelle ; Other structural phenomena
investigated have n the presence of anionic analogs,®
polymepg paration of charged groups,'® and

scaffold structure."® Our own work
initially pushed towa e inclusion of multiple (up to 4)
cationic groups,™ although subsequent data indicated the

{minishing ntages of cations beyond the first two.l'" We
e thus ted to eye molecular geometry,® based on the
that both cationic presentation to the net anionic bacterial
embrane is important for Coulombic attachment, and that

ar groups must subsequently intercalate into the
mbrane to trigger disruption.

previously prepared bisquaternary ammonium
cation (bisQAC) amphiphiles based on
tetramethylethylenediamine (TMEDA),'**! we wondered if we
geometrically restrict the disposition of the alkyl groups, as
ed in Scheme 1. We envisioned TMEDA-based bisQACs
ssentially non-rigid; the two-carbon spacer allows the non-
ar domains to approach the bacterial cell membrane quite
eely. An imagined link between two of the methyl groups in
TMEDA (Scheme 1, top) leads to a piperazine structure, which
is expected to have two possible geometric isomers (cis/trans) of
the corresponding QAC, each with a level of rigidity (Scheme 1,
middle). For comparative purposes, we assembled
diazabicyclooctane (DABCO)-based bisQACs (Scheme 1,
bottom); this known structure!'® would possess significant rigidity
in the core region.
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Scheme 1. Conceptual overview of bisQACs of varied rigidity.

To this end, we set out to prepare a series of mono- and
bisQACs based on diamine cores that varied in their geometric
rigidity. Fortunately, the TMEDA series is well known to our
group™ and others."'"®  We thus turned towards the
quaternization of the nitrogen atoms on the inexpensive
dimethylpiperazine, available at only ~$0.50 per gram. |In
analogy to another more complicated piperazine structure we
had previously investigated,'™ we found alkylation to be readily
achieved with exposure to 2.2 equivalents of a suitable alkyl
bromide in DMF at 120 °C for 6 hours, as outlined in Schem
Carbon chain lengths of the electrophile ranged from 8 t
furnishing compounds we dubbed pip-n,n, where n is the
number of carbon atoms in the chain. Yields after crystzili
ranged from 49 to 94% of off-white solids. We also e
ability to monoalkylate the dimethylpiperazine starti
which was accomplished by exposure to 1.3 equi
less reactive dodecyl chloride under gentler rea
(acetonitrile, reflux) to furnish monoQAC pip-
exposure to 1.3 equivalents of dodecyl bromide
bisQAC pip-12,12-Br,Cl. This provided evidence of acc
asymmetric piperazine-based bisQAC derivatives; asymmetri
bisQACs have shown some promise in our prew
investigations.['*21?)

,10: 84%
1,11:77%

-12,12: 80%
p-13,13: 49%
pip-14,14: 65%
pip-16,16: 89%
pip-18,18: 94%

n=8,10,11,12,
3,14,16,18

| CiaHas
®
N
HasCrg” B cf
pip-12,12 Br,CI

Scheme 2. Synthesis s: a) 2.2 eq CyHyn.1Br, DMF,
120°C,6 h; b) 1.3 eq C,

CH;CN, 80,°C, 48 h, 8%.

At this stage,
possibility of cis/trans isomers in the piperazine compounds
prepared. However, both NMR and LCMS analysis suggested

, 20 h, 16%; c) 1.3 eq CrH2n+4Br,
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that the bisQAC compounds had been prepared as almost
exclusively a single isomer (see Supporting Information). After
extensive crystallization conditions were investigated, we found
that three of these compounds proyled structures suitable for x-
ray diffraction. Analysis of the re -ray diffraction data
indicated that the structures were entire trans geometry,
as illustrated in Figure 1.

reviously observed both the facile installation of
amide-cont®ning non-polar moieties,!"** " as well as their
impressive bioactivity, we chose to prepare an analogous set of
piperazine bisQACs incorporating the amide functionality on the
sid ain. We also suspected that the amide functional group
igl lend itself towards a “kink” in the side chain, allowing for a
linear non-polar extension from our core structure.”” As
own in Scheme 3, alkylation conditions were somewhat more
entle (2.2 equiv of the prepared'® alkyl bromide, acetonitrile,
reflux) and reactions were accomplished in only 3 hours and in
good vyields, owing to the significant electrophilicity of the
bromides alpha to the amide carbonyl. Our naming scheme for
the amide-containing side chains counts the total number of
atoms in the chain, including the amide nitrogen and carbonyl
carbon, for direct comparison to simple alkyl chains; the letter A
is appended to the atom length to indicate the amide present.

N
©] =8. pi . 809
2Br n=8, pip-11A,11A: 80%
N - :

|0 n=9, pip-12A,12A: 66%
(\NUN ~CrHans
H

a N n=10, pip-13A,13A: >99%
+ — HapiiCi” mw\) n=11, pip-14A,14A: 69%
(o)

n=12, pip-15A,15A: 85%
n=14, pip-17A,17A: 81%

Br

Scheme 3. Synthesis of piperazine QACs using amide-containing
electrophiles: a) 2.2 eq bromoamide, CH;CN, 80 °C, 3 h.

Finally, we aimed to assemble the DABCO-based
bisQACs into our study. To this end, we exposed DABCO to
reported alkylation conditions,"® and found that only
monoalkylation was effected, as illustrated in Scheme 4.
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Fortunately, longer exposure with greater equivalents of the alkyl
bromide furnished the sought after bisalkylated DABCO
compound in quantitative yield. Furthermore, exposure to the
more electrophilic amide-containing alkyl bromides led to facile
bisalkylation in good yields.

DABCO-12,0: 35%

c CioHas
[ﬁ\lj - [@
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Scheme 4: Preparation of DABCO-based QACs using alkyl- and amide-
containing electrophiles: a) 2.2 eq C4,C,5Cl, CH3CN, 80 °C, 24 h; b) 8 eq
C12C2sBr, CH3;CN, 80 °C, 48 h; ¢) 2.2 eq bromoamide, CH3;CN, 80 °C, 24 h.

With 21 mono- and bisQACs in
rigidity as well as chain length and
substituent, we inspected both antimic
using red blood cell (RBC i
antimicrobial standards, ben

arying in both core

roxy for the latter. Two
chloride (BAC; 70%

DABCO on,;‘pmdud benzyldimethyldodecyla and 30%
recovered benzyldimethyltetrad and  cetyl
o pyridinium chloride included for comparison.
" b 2Br N,%m"'zs Assessments foll cols employed by our
[NJ —_— [,@J DABCO-12,12: >99% group and others.! f MIC values against six
HpsC1p bacteria [Staphyl Enterococcus faecalis,
Escherichia [, aeruginosa, community-
C o} acquired methi SN ' reus (MRSA; USA300-0114),
Al c 16 e 0. DABCO-12A 12A: 76% |C||I|n-.re5|stant S. aureu\? (ATCC3.3591)
/NS T N/ MM 210, DABCO-13A,13A: 92% lysis (presented as lysiszo, the highest
o of RBCs are lysed), is presented in
o 1.
Han1CoHN
Table 1. Antimicrobial activity and red blood cell lysis data for amphiphiles, Rresentedﬂ
Series Compound Minims Lysisz Th(levll‘aRgastijtic
S.aureus  E.faecalis  E.foli USA300-0114  ATCC 33591 (um) Index
BAC 4 4 16 63 16
CPC 1 1 1 16 16
TMEDA-12,12 1-2 1-2 2 8 4-8
Pip-12,0 63 125 125 >250 >2
” Pip-8,8 >250 250 >250 >250 >1
% Pip-10,10 4 8 >250 >64
2 Pip-11,11 1 2 125 125
z Pip-12,12 1 2 32 32
;' Pip-12,12,CI,Br 1 2 32 32
c
N Pip-13,13 8 63 16
8 Pip-14,14 32 63 16
* Pip-16,16 16 63 125 8
Pip-18,18 32 125 125 4
o Pip-11A,11A 2 4 125 64
'E Pip-12A,12 4 4 8 1 2 32 32
g g) Pip-13A,1 2 2 8 1 1 16 16
g 2 Pip-14A,14A 8 8 63 2 8 32 16
2 Pip-15A,15A 250 63 250 16 16 16 1
. Pi >250 250 >250 8 16 16 2
>250 250 >250 125 125 >250 >2
8 § DABCO-12,12 0.25 4 2 8 2 05 8 4
% ,Cg’ DABCO-12A, 1 16 8 16 1 2 63 63
A 0.5 4 4 8 2 1 16 8

Gram negative bacteria m eruginosa) are highlighted in red. All MIC and lysis,, data was acquired through compilation of the highest value of three

independent trials. All trials were within one dilution. MRSA therapeutic index is the ratio of Lysis,/MIC against MRSA strain USA300-0114.
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Inspection of the bioactivity profile of the 21 prepared antiseptics,
categorized by their parent core structure, indicates some clear
trends. First and foremost, we see another reassertion that
bisQAC antiseptics demonstrate superior antimicrobial activity
as compared to their monoQAC counterparts. BAC and CPC,
despite strong activity against the three strains of
staphylococcus, show relatively weak activity (=125 uM) versus
E. faecalis as well as P. aeruginosa; even more dramatic
differentiation (up to 250X) is seen when comparing pip-12,0
and pip-12,12, as well as in DABCO-12,0 vs DABCO-12,12.

Also in support of historical precedent, the chain length of
the non-polar side chains of the amphiphile are crucial for
antimicrobial activity; the possession of ~12 carbons in the alkyl
chain, or 12-13 atom side chains for the amide containing
antiseptics, are optimal for antimicrobial activity.  Further,
amphiphiles with longer side chains (i.e., =214 carbons) show
diminished water solubility.

In regards to the effects of structural rigidity of the core of
the bisQAC, results were not as anticipated, as we expected that
maximal flexibility would allow for facile entry of the non-polar
groups into the bacterial membrane.  Antimicrobial data
indicates a modest but significant trend towards increased
antimicrobial activity for the more rigid core structures. For
example, when comparing the extremely analogous structures of
TMEDA-12,12, pip-12,12, and DABCO-12,12, which only vary
by the loss of two hydrogen atoms each time a “connection” is
made between two methyl groups (see grey highlighted entries

in Table 1), more rigidity leads to improved activity. For example,

DABCO-12,12, reported since the 1970s,"®
submicromolar activity against both S. aureus and a
strain (ATCC 33591), and this ~4-fold improvement over the
flexible TMEDA-12,12 held true over multiple bacteria i
DABCO-12,12 was in fact the most potent compou
this investigation.

Also to our surprise, we see a modest i
bioactivity for the amide-containing side chains

seems to have a reasonably good th
digit MICs in most cases, and a Ly
uM for each.

each other. How this
of biomembranes an

investigation. Potential exp
could involve the angle at

ifferential activity
h the alkyl side chains are
o0 quaternary amines are
ed first to the hydrophilic

terial cell membrane.
that subtle changes in chain length
improved selectivities for bacterial
hiphilic “sweet spot” that can be
further leveraged by odifications enabled by organic
synthesis. We are also interested in investigating whether some
QACs simply permeabilize the membrane as opposed to fully

exposed; these ar
anionic phosphate
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lysing the cell, and if this varies by QAC architecture; such
experiments are precedented and represent a future direction
for our groups.

Acknowledgements

This work was funded by th
Medical Sciences (GM11942
University.

.) and Villanova

icillin-resistant
nary ammonium

- bisQAC -
s (MRSA) - qu

[3]

M. G. Da Silveira, == ovina, F. A. Hoekstra, F. M. Rombouts, T.

Abee, Appl. Environ. Microbiol. 2003, 69, 5826 — 5832.

F. W. Gibha, Ann. Sci. 1939, 4, 169 — 190.

a) E. ’alker, D. Paulson, Quaternary Ammonium Compounds,

Marcel ™Ekker, New York, 2002; b) G. N. Tew, R. W. Scott, M. L. Klein,

W. F. Degrado, Acc. Chem. Res. 2010, 43, 30 — 39; c) M. C. Jennings,

. P. C. Minbiole, W. M. Wuest, ACS Infect. Dis. 2015, 1, 288 — 303.

P. B. Price, JAMA. Surg. 1950, 61, 23 — 33; b) G. Domagk, Dtsch.

iss. 1935, 61, 829 — 832.

iole, M. C. Jennings, L. E. Ator, J. W. Black, M. C. Grenier,

ow, K. L. Caran, K. Seifert, W. M. Wuest, Tetrahedron 2016,

— 3566, and references cited therein.

[8] a) E. F. Palermo, S. Vemparala, K. Kuroda, Biomacromolecules 2012,

13,1632 — 1641; b) A. Faig, T. D. Arthur, P. O. Fitzgerald, M. Chikindas,

. Mintzer, K. E. Uhrich, Langmuir 2015, 31, 11875 — 11885; c) G.

averty, S. P. Gorman, B. F. Gilmore, Int. J. Mol. Sci. 2011, 12, 6566 —

6596.

a) K. Z. Roszak, S. L. Torcivia, K. M. Hamill, A. R. Hill, K. R. Radloff, D.

M. Crizer, A. M. Middleton, K. L. Caran, J. Colloid Interface Sci. 2009,

331, 560 — 564; b) F. Devinsky, |. Lacko, D. Mlynarcik, V. Racansky, L.

Krasnec, Tenside Deterg. 1985, 22, 10 — 15; c) R. Zana, Y. Talmon,

Nature 1993, 362, 228— 230; d) F. M. Menger, J. S. Keiper, Angew.

Chem. Int. Ed. 2000, 39, 1906 — 1920; Angew. Chem. 2000, 112, 1980

— 1996.

[10] a)A. A. Williams, E. W. Sugandhi, R. V. Macri, J. O. Falkinham IIl, R. D.
Gandour, J. Antimicrob. Chemother. 2007, 59, 451 — 458; b) R. V.
Macri, J. Karlovska, G. F. Doncel, X. Du, B. B. Maisuria, A. A. Williams,
E. W. Sugandhi, J. O. Falkinham IIl, A. R. Esker, R. D. Gandour. Bioorg.
Med. Chem. 2009, 17, 3162 — 3168; c) B. B. Maisuria, M. L. Actis, S. N.
Hardrict, J. O. Falkinham Ill, M. F. Cole, R. L. Cihlar, S. M. Peters, R. V.
Macri, E. W. Sugandhi, A. A. Williams, M. A. Poppe, A. R. Esker, R. D.
Gandour. Bioorg. Med. Chem. 2011, 19, 2918 — 2926.

[11] D. L. Zubris, K. P. C. Minbiole, W. M. Wuest, Curr. Topics Med. Chem.
2017, 17, 305 — 318.

[12] a) T.Imam, F. Devinsky, I|. Lacko, D. Mlynarcik, L. Krasnec, Pharmazie
1983, 38, 308— 310; b) T. J. Paniak, M. C. Jennings, P. C. Shanahan,
M. D. Joyce, C. N. Santiago, W. M. Wuest, K. P. C. Minbiole, Bioorg.
Med. Chem. Lett. 2014, 24, 5824 — 5828.

[13] M. A. Mitchell, A. A. lannetta, M. C. Jennings, M. H. Fletcher, W. M.
Wuest, K. P. C. Minbiole, ChemBioChem 2015, 16, 2299 — 2303.

[14] a) J. W. Black, M. C. Jennings, J. Azarewicz, T. J. Paniak, M. C.
Grenier, W. M. Wuest, K. P. C. Minbiole, Bioorg. Med. Chem. Lett.
2014, 24, 99 — 102; b) M. E. Forman, M. C. Jennings, W. M. Wuest, K.
P. C. Minbiole, ChemMedChem 2016, 11, 1401— 1405.

[15] a) R. A. Allen, M. C. Jennings, M. A. Mitchell, S. E. Al-Khalifa, W. M.

Wouest, K. P. C. Minbiole, Bioorg. Med. Chem. Lett. 2017, 27, 2107—

This article is protected by copyright. All rights reserved.



ChemMedChem

[16]

[17]

[18]

[19]

[20]

[21]

[22]

2112; b) S. E. Al-Khalifa, M. C. Jennings, W. M. Wuest, K. P. C.
Minbiole, ChemMedChem 2017, 12, 280- 283; c) M. E. Forman, M. H.
Fletcher, M. C. Jennings, S. M. Duggan, K. P. C. Minbiole, W. M.
Wuest, ChemMedChem 2016, 11, 958 — 962.

a) F. Jia, Z. He, L. P. Yang, Z. S. Pan, M. Yi, R. W. Jiang, W. Jiang,
Chem. Sci. 2015, 6, 6731 — 6738; b) Japanese Patent Application
2015-168680, Unpublished (filing date Aug. 28, 2015) (Kurabo Ind Ltd,
Applicant); c) I. Lacko, F. Devinsky, D. Mlynarcik, L. Krasnec, Acta Fac.
Pharm. Univ. Comenianae 1977, 30, 109 — 125.

E. A. Karpichev, L. Y. Zakharova, N. K. Gaisin, O. |. Gnezdilov, E. P.
Zhil'tsova, T. N. Pashirova, S. S. Lukashenko, A. V. Anikeev, O. A.
Gorban’, A. . Konovalov, A. F. Popov, Russ. Chem. Bull. 2014, 63, 68
—75.

T. M. Gallagher, J. N. Marafino, B. K. Wimbish, B. Volkers, G.
Fitzgerald, K. McKenna, J. Floyd, N. T. Minahan, B. Walsh, K.
Thompson, D. Bruno, M. Paneru, S. Djikeng, S. Masters, S. Haji, K.
Seifert, K. L. Caran, Colloids Surf., B 2017, 157, 440 — 448.

a) M. C. Grenier, R. W. Davis, K. L. Wilson-Henjum, J. E. LaDow, J. W.
Black, K. L. Caran, K. Seifert, K. P. C. Minbiole, Bioorg. Med. Chem.
Lett. 2012, 22, 4055 — 4058; b) S. A. Schallenhammer, S. M. Duggan,
K. R. Morrison, B. S. Bentley, W. M. Wuest, K. P. C. Minbiole,
ChemMedChem 2017, 12, 1931 — 1934.

a) A. E. Tonelli, Macromolecules 1991, 24, 1275 — 1278; b) B. W.
Purse, J. Rebek Jr., Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 2530 —
2534.

Methods for Dilution Antimicrobial Tests for Bacteria that Grow
Aerobically; Approved Standard, 9th ed., CLSI Document M07-A9, Vol.
32, No. 2, Wayne, PA (USA), 2012.

a) M. Blanchet, D. Borselli, A. Rodallec, F. Peiretti, N. Vidal, J. M. Bolla,
C. Digiorgio, K. R. Morrison, W. M. Wuest, J. M. Brunel,
ChemMedChem 2018, 13, 1018 — 1027; b) N. J. Yang, M. J. Hinner.
Methods Mol Biol, 2015, 1266,

This article is protected by copyright. All rights reserved.

49,
&

10.1002/cmdc.201800622

WILEY-VCH



ChemMedChem 10.1002/cmdc.201800622

WILEY-VCH

Entry for the Table of Contents

|
/N\/\N/ = =
|
TMEDA
| C12Has
ZIN,
—NZ,
HZEC\Z
TMEDA DABCO
bisQAC bisQAC
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Strongest antimicrobial
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Connecting the dots to increase rigidity and antiseptic activity: Twenty-
correlation between core rigidity and antimicrobial activity. The relatively floppy TE
leading to a piperazine group; repeating this transformation provides DABCO.

bacteria.
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