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Quaternary ammonium compounds (QACs) bearing long alkyl

chains are classical examples of amphiphiles, displaying a variety of
interesting physical properties, such as the capacity for micelle
formation and gelation.1 QACs also enjoy extensive precedent and
applications in bacterial cell membrane disruption, leading to their
widespread use as antiseptics.2 Both synthetic QACs and peptide-based
amphiphiles (notably, antimicrobial peptides or AMPs3) are prevalent.
However, aside from modified peptides, there are relatively few QACs
in scaffolds of natural products.
Amongst the examples of natural products with permanent cationic

charges based at nitrogen are a series of tetrahydroisoquinolinium
structures isolated from the Chinese vine Gnetum montanum, includ-
ing magnocurarine, cyclized derivatives thereof, and the latifolians,4 as
illustrated in Figure 1a. Latifolian A demonstrated modest antimicro-
bial activity, with a MIC of 35 μM against Pseudomonas aeruginosa.5

However, it only demonstrated 55% inhibition of methicillin-resistant
Staphyloccocus aureus (MRSA) at 350 μM while magnocuraine and its
tetracyclic derivatives showed no effectiveness at this concentration,
which perhaps correlates to the lack of an alkyl chain.
Related isoquinolinium structures bearing additional aromatic rings

include chelerythrine, sanguinarine and berberine. Berberine, also
identified from a Chinese herb, has shown micromolar activity against
P. aeruginosa.6 Other quinolinium natural products with a quaternary
ammonium center include tabouensinium chloride7 and the
quinocitrines.8 Finally, ageloxime D9 and dehydroevodiamine10 diver-
sify this structural class and present a positive charge delocalized over
two nitrogens. In sum, a trend emerges; half of the illustrated natural
products that possess quaternized nitrogen atoms simply represent
N-methylated alkaloids, and overall structural variety is modest.
Inspired by these natural precedents, we set out to address a

question: could natural products lacking a quaternary ammonium
group be converted into QACs, and thus gain antimicrobial activity?
We were determined to confer amphiphilic properties to natural

products that are not, in their own right, antibacterial agents. Further,
we aimed to generate analogous series of structures that could bear
one or two cationic residues, as multicationic QACs (multiQACs) have
been recently shown to exhibit strong antibacterial activity, and
importantly, be able to evade the QAC resistance traits observed due
to efflux pumps. The function of bisQACs in particular still requires
investigation, as aromatic derivatives seem to show more susceptibility
to bacterial resistance than their alkyl counterparts.11

Two natural products that presented themselves as ideal core
structures for this investigation were quinine and nicotine
(Figure 1b). Each presents a pyridine nitrogen, as well as a separate
tertiary amine with only modest steric hindrance. Each compound is
naturally abundant, therefore, making it inexpensive, and presents no
significant reported antibacterial property as the unmodified natural
product. Furthermore, although each has precedent to react as chiral
bases12 and nucleophiles, neither has been systematically investigated
regarding their alkylation to form antimicrobial amphiphiles.13,14

Interestingly, these two natural products present opposite trends in
their reported alkylation chemistry; nicotine is preferably alkylated at
its pyridine nitrogen,15 and quinine is precedented to react at its
tertiary aliphatic amine (Figure 1b).16 For both compounds, however,
little is known about the amphiphilic properties of long-chain
alkylated derivatives, though some nicotine-based amphiphiles have
been investigated for their affects on the central nervous system17 and
applications as ionic liquids;18 quinine derivatives have served as
phase-transfer catalysts19 and substrates for phosphorylation.20 We
thus set out to prepare a series of mono- and bis-alkylated derivatives
of quinine and nicotine for the purpose of evaluating their anti-
microbial potential.
To this end, we first explored the alkylation of quinine, which

proceeded under high-concentration conditions (~1 M, CH3CN) using
a variety of alkyl bromide electrophiles (Figure 2a). Yields were
uniformly high, and led to a simple production of the monocationic
compounds abbreviated as Q-n,0 (Figure 2c). Subsequent alkylation
proved to be limited in scope; we found that a second alkylation with a
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long-chained alkyl bromide or iodide was difficult to complete,
resulting in a mixture of compounds. However, exposure to neat
methyl iodide led to nearly quantitative alkylation overnight, affording
the Q-n,1 series after simple evaporation. Characterization data and
experimental details for all synthesized compounds are provided in the
Supplementary Information.
Nicotine derivatives were alkylated in a highly analogous manner,

again leading to alkylation in high yields (1 equiv RBr, CH3CN, Δ,
o/n), as illustrated in Figure 2b. As predicted by literature examples,
we saw exclusive alkylation at the pyridine nitrogen. Subsequent
alkylation, converting the N-n,0 series to the N-n,1 series, proceeded
somewhat more slowly, completing in 48 h at high yield. Evaporation
provided the final set of compounds abbreviated as N-n,1, setting the
stage for biological investigation.
MIC values against Gram-positive Staphylococcus aureus (methicil-

lin-susceptible Staphyloccocus aureus (MSSA) and two MRSA strains—
USA300-0114 and ATCC33591) and Enterococcus faecalis and Gram-
negative Escherichia coli and P. aeruginosa were determined according
to standard methods (Supplementary Information), and results appear
in Figure 2c.
The amphiphiles derived from both quinine and nicotine displayed

strong antibacterial activity against a number of Gram-positive and

Gram-negative strains. Control compounds, including the parent
natural products as well as their bis-methylated derivatives (Q-1,1
and N-1,1) showed essentially no antimicrobial activity in our hands.
Longer chain alkyl derivatives of these natural products showed clear
correlations between alkyl chain length and antimicrobial activity. In
the nicotine series, the strongest activity was observed for N-16,0 and
N-18,1 for the mono- and bisQACs, respectively. Each showed low
micromolar activity (⩽ 4 μM) for all bacteria except for P. aeruginosa.
For the monocationic quinine derivatives, the strongest activity was
observed for Q-14,0; however, longer chains proved optimal for the
bisQACs (Q-16,1 and Q-18,1), and in fact provided two amphiphiles
with single-digit micromolar activity against all bacteria tested. The
modest inconsistencies in optimal chain length are somewhat unex-
pected, and may reflect an optimum balance between polar and non-
polar sections of the amphiphiles, as well as the markedly different
core natural products.
We were surprised to observe roughly comparable activity when

comparing the mono- and bis-cationic compounds for most of this
data set. BisQACs did not prove uniformly more potent than the
singly cationic analogs, and in many cases proved inferior to the
analogous monoQACs (for example, N-12,0 vs N-12,1). When
comparing activity against MSSA and MRSA (shaded entries in

Figure 1 Natural products and their derivatives. (a) Examples of quaternary ammonium natural products. (b) Quinine and nicotine, and alkylation thereof.

QACs with potent antimicrobial activity
MD Joyce et al

345

The Journal of Antibiotics



Figure 2c), nearly every natural product-derived QAC showed
significant levels of bacterial resistance, with up to a 32-fold higher
MIC for MRSA strains. In fact, in only two of the 28 compounds
prepared did we observe comparable activity against MSSA and MRSA
—only Q-16,1 and Q-18,1 were unaffected by QAC resistance. This
stands in stark contrast to Q-18,0, which showed strong susceptibility
to MRSA resistance, resulting in a 32-fold increase in MIC of MRSA as
compared to MSSA. This largely supports previous observations that

MRSA resistance seems to be associated with monoQACs as well as
bisQACs based on aromatic substrates,11 but it is possible that alkyl
chain length should also be a consideration.
In summary, we have demonstrated that selected natural products

can serve as the platform for amphiphile construction, and that such
derivatization is capable of imparting significant levels of antibacterial
activity. Further, we have corroborated the observation that mono-
QACs are susceptible to MRSA resistance, presumably through the

Figure 2 Synthesis of (a) quinine- and (b) nicotine-derived quaternary ammonium compounds, with (c) synthetic and biological data. Results from two MRSA
strains are shaded. MRSA 1=USA300-0114; MRSA 2=ATCC33591; BAC, benzalkonium chloride.
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effect of efflux pumps.20 Such observations were not as clear for
bisQACs, wherein we observed MRSA resistance for the majority of
compounds, yet two longer chained bisQACs derived from quinine
showed no resistance at all to two MRSA strains. In light of the
simplicity of synthesis, and potency of many of the compounds
presented herein, we suggest natural product derivatization as a viable
strategy for antiseptic discovery, and perhaps as an inspiration for
future antibiotics.
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