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ABSTRACT: We report the parallel synthesis of a series of o ; 2 10 g Qo R
novel 4,9-dioxo-4,9-dihydro-1H-naphtho(2,3-d][1,2,3]triazol-3- 3 SN()S'i'f[o] N Dowex 1x8 N,
ium chloride salts, which are analogs to cationic anthraquinones. 0 - (Cr form) N’N
Three synthetic protocols were examined leading to a convenient 3 L 5 R
and facile library synthesis of the cationic anthraquinone analogs MIC < 1 ug/mlL
that contain double alkyl chains of various lengths (C,—C,,) at for R+R =C9-C18

N-1 and N-3 positions. The antibacterial activities of these

compounds were evaluated against Gram-positive bacterium Staphylococcus aureus and Gram-negative bacterium Escherichia coli.
The antibacterial activities of these compounds were expected to be associated with the structural features of naphthoquinone,
cation and lypophilic alkyl chain and, interestingly, they showed much higher levels of antibacterial activities against G+ than G—
bacteria. In addition, when the total number of carbon atoms of the alkyl groups at both N-1 and N-3 positions lies between 9
and 18, the bactericidal activity against S. aureus increased with increasing alkyl chain length at both N-atoms with MIC < 1 ug/
mL.
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B INTRODUCTION recently discovered that a thermodynamically controlled
cycloaddition of 1,4-naphthoquinone (or simply naphthoqui-
none), 1, with azido compounds, followed with an oxidation
using excess naphthoquinone, affords 1-alkyl-1H-naphtho(2,3-
d][1,2,3]triazole-4,9-diones (Scheme 1).” This simple but
versatile reaction can provide structurally diverse molecules
depending on the order of the addition of the different reagents
or the reaction conditions.

For example, when naphthoquinone 1, sodium azide 2, and
alkyl bromides 3{1}/3{3—5} were allowed to react in DMF in
a one-pot/one-step [3 + 2] cycloaddition, compounds 4{1}/

The alarming prevalence of drug-resistant bacteria, combined
with the continuous emergence of infectious diseases, has
triggered a considerable increase in the scope of antibacterial
research.'™ Numerous efforts have been devoted to the
development of new antibacterial agents and nature often
provides leads that help to guide the discovery of new
antibiotics. Naphthoquinones and anthraquinones are com-
monly found compounds that display a vast range of biological
activities.* " As part of our research program on the synthesis
of these biologically active molecules, our group has developed

the naphthoquinone derivatives 1-alkyl-1H-naphtho([2,3-d]- 4{3—S} were obtained. This method also afforded the
[1,2,3]triazole-4,9-diones.” The insolubility of these naphtho- byproducts 2-alkyl-2H—naphth0[2,3-d:|£1,2,3]triazole-4,9-diones
quinone derivatives in aqueous media and thus their non- 5{1}/5{3—5}(Scheme 1, Method A).” Although this protocol
availability for biological testing have led us to the discovery of provided a one-pot divergent synthesis of both compounds in a
a class of cationic anthraquinone analogs.8 The profound unique and simple fashion, difficulty in separating them arose as
antibacterial activity exhibited by some members of this class of they displayed almost identical R; values on TLC plate and was
compounds, notably against G+ bacteria, has therefore therefore a major drawback in scaling up this protocol.

prompted us to improve on the preparation of its precursor To circumvent this problem, we decided to approach the
1-alkyl-1H-naphtho[2,3-d][1,2,3]triazole-4,9-dione and develop synthesis of 1-alkyl-1H-naphtho[2,3-d][1,2,3]triazole-4,9-dio-
a parallel synthesis for the library of 1,3-dialkyl-4,9-dioxo-4,9- nes 4{I—S} in a one-pot/two-step fashion, whereby alkyl
dihydro-1H-naphtho[2,3-d][1,2,3]triazol-3-ium chloride salts. azides 6{1—5} were first prepared in situ by reaction of sodium
Through the study of the antibacterial activity resulting from azide 2 and alkyl bromides 3{I—S} before being allowed to
the incorporation of various alkyl groups at the N-1 and N-3 react with naphthoquinone 1 (Scheme 1, Method B). To our
positions, detailed structure—activity relationship can be surprise, this also gave rise to the byproducts 2-(alkylamino)-
elucidated. naphthalene-1,4-diones 7{1—S5}. It should be noted that several

compounds of chemset 7 have been extensively studied for

B RESULTS AND DISCUSSION

1,4-Naphthoquinones are unique reagents in organic chemistry, Received: December 12, 2011
but the syntheses of their derivatives usually impose the need Revised:  January 24, 2012
for multiple steps and various starting materials.” We have Published: February 10, 2012
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Scheme 1. Synthesis of 1-Alkyl-1H-naphtho[2,3-
d][1,2,3]triazole-4,9-diones 4{1—5}
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their pharmacological activities as antimycobaterial agents'® and
inhibitors of coenzyme Q.'' We suggest that the formation of
chemset 7 results from the presence of an excess amount of
alkyl bromides 3{I—S} in the reacting vessel (Scheme 2).

Scheme 2. Mechanistic Explanation for the Formation of
Chemset 7
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Following the initial cycloaddition of 1 with the alkyl azide
chemset 6, it is possible to have an Sy2 nucleophilic
substitution via N-3 of the triazoline adduct 8 toward the
alkyl bromides 3{1—5}. The unstable molecule 9 can undergo
decomposition to give the intermediate species 10. Reproto-
nation of 10 affords the byproduct chemset 7. In this proposed
mechanism, the remaining alkyl bromide from previous step
can actually function as a catalyst that facilitates the formation
of chemset 7.

In light of these results, we expected that a third alternative, a
two-pot/two-step synthesis, whereby the alkyl azides 6{1-S}
were prepared separately and allowed to react with
naphthoquinone 1 in another reacting vessel, would provide
chemset 4, selectively (Scheme 1, Method C). As expected, this
method generated only the desired chemset 4 with yields
comparable to the other two methods. More importantly,
chemset 4 compounds produced in Method C could be isolated
by precipitation, avoiding the use of a column chromatography
(Table 1).

Table 1. Comparison of Methods A, B, and C in the
Preparation of Chemset 4

yield (%)
alkyl l-alkyl-1H-naphtho[2,3-d]  method method method
bromides 3 [1,2,3]triazole4,9-diones, 4 A® B® C
1  n-pentyl bro- 4{1}* 41 26 40
mide 3{1}
2 n-hexyl bro- 4{2} na 49 49
mide 3{2}
3 n-octyl bro- 4{3}* S2 30 62
mide 3{3}
4 n-decyl bro- 4{4} 64 28 54
mide 3{4}
S n-dodecyl 4{s5}° 68 57 68
bromide
3{s}

“reference 7. "obtained as inseparable mixtures of 4 and 7. The yield
of 4 is estimated from the integral ratio of the '"H NMR.

Our initial class of cationic anthraquinone analogs was
obtained by methylation at the N-3 position of the triazole
motif of compounds 4{1—5}.° In order to investigate the effect
of the chain length at N-3 position, we synthesized analogs with
various chain lengths at both nitrogen atoms (N-1 and N-3)
using alkyl triflates (ROTf) prepared in situ from the
corresponding alcohol 11{1—6} (Scheme 3). After alkylation
at N3, the TfO™ anion of chemset 12 was exchanged with CI™
anion using ion-exchange resin to yield chemset 13. This
protocol enabled the parallel synthesis of the 24 novel 1,3-
dialkyl-4,9-dioxo-4,9-dihydro-1H-naphtho[2,3-d][1,2,3]triazol-
3-ium chloride salts using alcohols 11{1—6} and the
naphthoquinone derivatives 1-alkyl-1H-naphtho([2,3-d][1,2,3]-
triazole-4,9-diones 4{1—5} (Figure 1).

Antibacterial Study. The 1,3-dialkyl-4,9-dioxo-4,9-dihy-
dro-1H-naphtho(2,3-d][1,2,3]triazol-3-ium chloride salts repre-
sented in chemset 13 each bears the characteristics of
naphthoquinone, cation, and lypophilic alkyl chain, and were
therefore expected to show similar biological activity to a series
of previously synthesized cationic anthraquinone analogs.®

The compounds were tested against Escherichia coli (ATCC
25922, G-) and Staphylococcus aureus (ATCC 25923, G+) using
neomycin, kanamycin, vancomycin, amikacin and hexadecyl-
trimethylammonium bromide (HTB) as the controls. The
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Scheme 3. Synthesis of Chemset 13
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Figure 1. l-alkyl-1H-naphtho[2,3-d][1,2,3]triazoles 4{1-S} and
alcohols 11{1—6}.

minimum inhibitory concentrations (MIC’s) determined in
standard fashion using serial 2-fold dilutions are listed in Table
2. The results show that these cationic compounds are more
active against Gram positive (G+) bacteria than Gram negative
(G—) bacteria, which is consistent with the antibacterial profile
of naphthoquinone'? and cationic antiseptic agents such as
HTB and cetrimonium bromide."?

For cationic anthraquinone analogs with a methyl group at
N-3 position, we had previously observed that the antibacterial
activity against S. aureus slightly increased with the number of
carbon atoms in the alkyl group at N-1, reaching a maximum at
octyl and then decreasing as the chain length was extended to
16 carbons.® However, the installation of a different alkyl group
at N-3 had a profound influence on antibacterial activity
(Figure 2a). In general, highly potent compounds (MIC values
below or equal to 1 ug/mL against S. aureus) were obtained
when the total number of carbon atoms of the alkyl groups on
both nitrogen atoms was between 9 and 18. This synergistic
effect of alkyl groups suggests that overall lipophilicity is an

233

Table 2. Minimum Inhibitory Concentrations (s#g/mL)

compound R R’ E. coli S. aureus
neomycin B 8 1
kanamycin 4 1-2
vancomycin 64—125 0.5
amikacin 0.125 0.5

HTB 1 0.5—1
147 CHy, CH, 8-—16 2
13{1,1} CH,, C,H; >250 2—4
13{1,2} CH,, CH, >250 0.5
13{1,3} CHy, CHy, >250 1
13{1,5} CH,, CgH,, 32-64 0.125
13{1,6} CH;, CioHay 8—16 1-2

15® CH,;;  CH, 125-250 1-2
13{2,1} C¢H,5 C,H; 125-250 1
13{2,2} CeHys CHy 125-250 1
13{2,3} CeHy3 CH;, 125 1-2
13{2,4} C¢Hys CHy; 32-64 0.5—1
13{2,5} CeHys CgH,, 4-8 0.5—1
13{2,6} C¢Hys CioHa, 2 0.25-0.5
16” CgHy, CH, 16-32 0.032—0.064
13{3,1} CgH, C,H; >250 0.25-0.5
13{3,2} CgH,, CHy 64 1-2
13{3,5} CgH,, CgH,, >250 2—4
13{3,6} CgH,, CyoHy, 32-64 1-2

17° CH,,  CH, 32 0.032
13{4,1} CH,,  C,Hg >250 0.125—0.25
13{4,2} CoH,, CH, 64—125 0.25
13{4,6} CH,  CH, — 125-250 16-32

187 C,H,s CH; 16-32 0.064—0.125
13{5,1} C,H,s C,H; 32 0.125
13{5,2} CpHy,s  CHy >250 0.5—1
13{5,3} C,H,s  CiHy, 125-250 0.25-0.5
13{5,4} C,H,s  CeHy, 125 0.5-1
13{5,5} C,H,s  CgHy, 125-250 2—4
13{5,6} CpHy,s  CiHy >250 16—-32

“Ref 8. bCompound 15 was synthesized according to the protocol
described in ref 8.

important factor in the antibacterial activity. In fact, antiseptic
agents with lipophilic alkyl chains have been noted for their
ability to disrupt the bacterial membrane of S. aureus.'* It
should also be noted that those cationic antiseptic agents
generally have a C,, or longer hydrophobic tail length. This
new library therefore combines shorter-chain and longer-chain
compounds. On the other hand, no general trend could be
deduced from the MIC values against E. coli based on the chain
length, suggesting that lipophilicity might not be so important
for the antibacterial activity of this class of compounds against
G- bacteria (Figure 2b).

B CONCLUSION

In conclusion, we have developed a new and improved protocol
for the synthesis of 1-alkyl-1H-naphtho[2,3-d][1,2,3]triazole-
4,9-diones. To further investigate the effect of alkyl substitution
at N-3 position, we constructed a library of 4,9-dioxo-4,9-
dihydro-1H-naphtho([2,3-d][1,2,3]triazol-3-ium chloride salts
and tested them against a representative Gram positive and
Gram negative bacterium. Members of this library exhibited
nanomolar-level antibacterial activity against S. aureus when the
total number of carbon atoms from both alkyl chains ranged
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Figure 2. MIC values against (a) S. aureus and (b) E. coli.

between 9 and 18, suggesting a synergistic effect of the
additional alkyl chain.

B EXPERIMENTAL PROCEDURES

General Procedure for Cycloaddition of Naphthoqui-
none. Method A. is described in ref 7.

Method B. A solution of NaN; (~0.1 g) and alkyl bromide
(2 equiv) in DMF (10 mL) was stirred at 80 °C for one day in
a sealed vial. Then naphthoquinone (2 equiv) was added and
the mixture was heated for another day at 110 °C. The solvent
was evaporated and the crude product was purified by column
chromatography (eluted from hexane:EtOAc = 100:0 to 50:50)
to afford a mixture containing both 1-alkyl-1H-naphtho[2,3-
d][1,2,3]triazole-4,9-diones and 2-alkylamino-1,4-naphthoqui-
nones. The 2-alkylamino-1,4-naphthoquinones were recovered
after N-3 alkylation.

Method C. Alkyl azide (~0.3 g), which was obtained using
the method described in ref 15, and naphthoquinone (2 equiv)
were dissolved in DMF (10 mL) and the solution was stirred at
110 °C overnight in a sealed vial. The solvent was evaporated
and cold ether (50 mL) was added. The solid that precipitated
was collected by filtration through a Hirsh funnel and washed
with more ether to afford the expected product as a pale brown
solid.

General Procedure for N-3 Alkylation. The alcohol (2
equiv) and pyridine (4 equiv) were dissolved in anhydrous
toluene (10 mL) and cooled in an ice—water bath before Tf,0
(4 equiv) was slowly added. The mixture was stirred at 0 °C for
2 h and the triazole (0.11 g, 1 equiv) was then added. This
mixture was then refluxed at 110 °C for 6—8 h. After
completion of the reaction, the solvent was removed and the

234

crude product was purified by column chromatography (eluted
with 300 mL Hexane/EtOAC (50/50), 200 mL pure EtOAc
and finally 100 mL EtOAc/MeOH (80/20)) to afford the
expected product which was then eluted through a small
column packed with Dowex 1 X 8 (Cl”) resin for ion exchange.
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Experimental procedures, and 'H and "“C NMR of the
synthesized compounds. This material is available free of
charge via the Internet at http://pubs.acs.org.
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