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9-Amino substituted acridines undergo a reversible amine exchange reaction in water under near-physiological conditions via an unstable
hemiaminal intermediate. This thermodynamically controlled reaction may have implications in understanding the mode of action of
9-aminoacridines in vivo and in the future design of drugs based on this scaffold.

Known since the 19th century, acridines have been exten-
sively used in medical sciences for their therapeutic proper-
ties. These pharmacophores were first developed for their
antibacterial,* trypanocidal,? or antimalarial® activities. Since
the 70s, acridines have also been identified as highly potent
antitumor agents.* The anticancer activity of acridinesrelies
essentially on their capacity to interact with nucleic acids,
either (i) via intercalation between double-stranded DNA
base pairs and inhibition of a DNA topoisomerase || enzyme
(e.g., AMSA®) or (ii) via stabilization of aternative four-
stranded DNA gtructures called G-quadruplexes (e.g., BRACO-
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19°). Interestingly, a large majority of acridines showing
anticancer properties have an amino substituent at position
C9, the nature of which proved critical for biological activity
(Figure 1).”® Because of their high DNA binding affinity,
acridines have also been used as vectors to direct unspecific
drugs (e.g., cis-platinum, aziridin) to specific DNA sites.
Once again, those alkylating agents were almost exclusively
introduced on the same C9 position.
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Figure 1. Structures of the two anticancer agents mAMSA and
BRACO-19.

The anticancer activity of 9-aminoacridines is clearly
established in vitro, and selected molecules have also been
successfully tested in vivo.'® However, athough rarely
commented upon, the relative instability of this class of
molecules is aso well established.** While 9-alkylami-
noacridines can readily hydrolyze at alkaline pH to generate
the corresponding acridone, it was a so recently shown that
9-aminoacridines can undergo partial amine exchange reac-
tion in organic solutions.*

Scheme 1. Genera Principle for Reversible Synthesis of Four
9-Aminoacridines, A;—Ay, from 9-Anilino and 9-Sulfanylo
Acridine
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Herein, we report that water-soluble 9-aminoacridines can
undergo a reversible and thermodynamically controlled
amine exchange reaction under near-physiological agueous
conditions, which has potential implications for the under-
standing of the possible mode of action of 9-aminoacridines
invivo and on the future design of acridine-based therapeutic
agents.
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As a model system, a series of water-soluble 9-anili-
noacridines was synthesized from commercially available
anthranilic acid and 2-bromobenzoic acid, viaa4-carboxylic
acid acridone intermediate.® Reaction of the acridone with
thionyl chloride followed by a mild and selective hydrolysis
of the acyl chloride intermediate led to the formation of
9-chloro-4-carboxylic acid acridine. Reaction with an ap-
propriate aromatic amine (p-aminobenzoic acid, aniline,
p-sulfanilic acid, or 2,3-xylidine) finally afforded the desired
9-anilinoacridines of interest.** All four 9-aminoacridines
proved stable in agueous potassium phosphate buffer (100
mM, pH 7.4). Their reactivity with respect to other aromatic
amines was then investigated (Scheme 1). In a typica
experiment, a solution of acridine (50 uM) in potassium
phosphate buffer (100 mM, pH 7.4) was reacted with a
mixture of four aromatic amines (15 mM each, 300 equiv),
and the reaction was monitored by LC—MS.

When either 9-anilino-4-carboxyacridine (A3) or 9-sulfa-
nylo-4-carboxyacridine (A) were reacted with a mixture of
aniline, p-aminobenzoic acid, p-sulfanilic acid, and 2,3-
xylidine, the slow formation of all four 9-aminoacridines was
observed until equilibrium was reached after 6 days (Figure
2). Although all four possible 9-aminoacridines were ob-
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Figure 2. HPLC traces of an equilibrating mixture of 50 uM
9-anilinoacridine Az (left) or 9-sulfaniloacridine A; (right) in
potassium phosphate buffer (100 mM, pH 7.4) containing a mixture
of p-aminobenzoic acid, aniline, p-sulfanilic acid, and 2,3-xylidine
(15 mM each). All mixtures were analyzed by LC—MSatt =0
(black), 3 days (red), and 6 days (blue).

served in both reactions, they were not present at equilibrium
in identical proportions: Az > A, ~ A4 > A, (Figure 2).
However, the same distribution was obtained when starting
from either the 9-anilino (A3) or the 9-sulfanilic acid (A,)
acridine, thus demonstrating that this amine exchange
reaction is reversible and under thermodynamic control.

Because of the possibility for 9-aminoacridines to coexist
in solution with their tautomeric imino form, we propose
that the amine exchange reaction proceeds reversibly via
formation of a 9,9-diaminoacridine hemiaminal intermediate
(Scheme 2). This mechanism is in agreement with that
proposed by Bierbach et al. to explain the formation of
unusual 9-spirocyclic acridines.*® However, formation of this
unstable intermediate can proceed either via a SyAr-like
mechanism or via a transimination reaction depending on
whether the reactive species is the amino or the imino
acridine, respectively.
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Scheme 2. Proposed Mechanism for the Reversible Amine
Exchange Reaction on 9-Aminoacridines
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To the previous mixture of aromatic amines were added
two primary aliphatic amines: benzylamine and N,N-dime-
thyl-ethylene diamine. At physiological pH, N,N-dimethyl-
ethylene diamine (pK, = 6.6) is present in solution almost
exclusively as a free amine, whereas benzylamine (pK, =
9.3) is present under its anmmonium form. Two solutions
containing either A; or Az (50 uM) were reacted with this
new mixture of 6 amines (15 mM each). Again, a position
of equilibrium was obtained after 7 days that was identical
when starting from either 9-anilino (A3) or 9-sulfanylo (A,)
acridine (Figure 3).

A! HG Af
A
A Q! i“‘1 ﬂs
5 2
\ | & . T
,—"i"q”"' LI Iut-'f— ' ||'5A‘ Ij ’M
AL ] e
. __II___r,__Jl_ ]. ~ B _J.. [} 1 il. 7 days
3:155.'5 / L._._,_,,;" -. I;_:’;;"»
—_
el ¥

B P SR AR T L T
00 08 1,0 15 20 00 05 1.0 1.5 20

Figure 3. HPLC traces of an equilibrating mixture of 50 uM
9-anilinoacridine A3 (left) or 50 uM 9-sulfanyloacridine A; (right)
in potassium phosphate buffer pH 7.4 (100 mM) containing a
mixture of p-aminobenzoic acid, aniline, p-sulfanilic acid, xylidine,
benzylamine, and N,N-dimethylethylene diamine (15 mM each).
All mixtures were analyzed by LC—MS at t = 0 (black), 3 days
(red), and 7 days (blue).

Despite the fact that benzylamine is protonated under the
conditions of the exchange experiment (pH 7.4), the 9-ben-
zylaminacridine Ag was the predominant acridine species at
equilibrium. In contrast to that, only avery small proportion
of acridine As obtained from free amine N,N-dimethyl-

ethylene diamine was present at equilibrium. Although
9-anilinoacridine A; formed faster (Figure 3, t = 3 days),
the system subsequently re-equilibrated toward the formation
of thermodynamically more stable 9-benzylaminoacridine As.
As already observed with the mixture of aromatic amines
(Figure 2), the correlation between the relative concentration
of each aminoacridine at equilibrium and the pK, value of
the corresponding protonated amine is very poor. Our results
show that as steric interactions around the C9 position of
acridine increase, the C9—N bond weakens, thus facilitating
the amine exchange reaction (e.g., benzylamine vs aniline
Figure 3). For compounds of comparable steric hindrance,
electronic delocalization between the acridine platform and
the 9-amino substituent becomes the main stabilizing force
of the C9—N bond. The unexpectedly low stability of
acridine As (bearing a N,N-dimethyl-ethylene diamine sub-
gtituent) can be explained by the formation of a five-
membered intramolecular ring resulting in increased steric
hindrance, as previously proposed by Ferguson et al.'*®
(Figure 4).
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Figure 4. Structures of acridines Az, As, and Ag. Destabilizing steric
clashes are highlighted in red.

To demonstrate the general applicability of our discovery
to differently substituted acridine scaffolds, a 9-p-aminoben-
zoic acid analogue of the DNA binding ligand BRACO-19
(A7) was synthesized™® and subjected to an amine exchange
reaction in potassium phosphate buffer under near physi-
ological conditions of pH (7.4) and temperature (37 °C).
When A (50 uM) was reacted with an equimolar solution
of aniline, p-aminobenzoic acid, p-sulfanilic acid, and
p-fluoroaniline (15 mM each), the formation of al four
possible 9-aminoacridines was observed (Figure 5) until
equilibrium was reached after 5 days. Interestingly, a similar
distribution of the four possible 9-aminoacridines was
obtained at equilibrium when the acridine-4-carboxylic acid
A, was subjected to the same conditions (see Supporting
Information). This demonstrated that the substitution pattern
(i.e., carboxylic acids or amides at positions 3, 4, and 6) of
the acridine has very little effect on the reversible amine
exchange at position C9. Chloroquine,*” however, proved
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Figure 5. Reaction of 9-aminoacridine A7 (50 uM) with a mixture
of four amines (15 mM each).

unable to undergo an amine exchange reaction when
subjected to the same mixture of aromatic amines, thus
suggesting the reversible amine exchange is not applicable
to 4-amino substituted quinolines.

To determine the influence of the concentration of amines
on the reversible exchange reaction, A7 (50 uM) was reacted
with various concentrations of the same stoichiometric
mixture of four amines: 15, 5, and 1 mM concentrations of
each amine (i.e., 300, 100, and 20 equiv, respectively). The
amine exchange reaction proved slower with decreased amine
concentration. Nevertheless the same distribution at equi-
librium was obtained when reacting A; with either 15 or 5
mM amines. When the amine concentration was decreased
further (i.e., 1 mM), all four possible 9-aminoacridines were
detectable in solution after only 1 day, but less than 60%
conversion of A; was observed even after 7 days (see
Supporting Information).

The possibility for 9-aminoacridines to undergo a revers-
ible amine exchange reaction under physiological conditions
may have implications on the mode of action of 9-ami-
noacridinesin vivo. Recent study on the derivative BRACO-
19 revedled that it could decompose in physiological media
mainly via hydrolysis of the amido bondsin positions 3 and
6.2 We demonstrate herein that BRACO-19 may also
undergo an amine exchange reaction in vivo under physi-
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ological conditions. Although incubation of A; with alarge
excess of No-acetyl-lysine and No-acetyl-arginine at pH 7.4
did not result in any detectable amine exchange reaction™®
(see Supporting Information), we cannot rule out that such
reaction may occur in vivo in a specific environment, for
instance, nearby the DNA where pH can localy vary.

In addition, this amine exchange reaction in water repre-
sents a novel example of reversible chemistry appropriate
for dynamic combinatorial chemistry (DCC).>° DCC has
recently proven to be avery powerful tool to rapidly identify
ligands®* or inhibitors®® of biomacromolecules, and the
discovery of novel reversible covalent reactions usable in
DCC becomes very valuable to create dynamic combinatorial
libraries of increased chemical diversity.?® Since 9-ami-
noacridines display a wide range of biological properties,
the design of 9-aminoacridine-based dynamic combinatorial
libraries could find valuable applications in drug discovery.
The selection via a DCC approach of optimized 9-ami-
noacridines as specific nucleic acid binders is currently
underway in our laboratory.

Acknowledgment. A.P. thanks the French Ministry of
Research and Technology for a doctoral Fellowship. S.L.
thanks the International Center for Frontier Research in
Chemistry for financial support.

Supporting Information Available: General experimental
procedures and spectroscopic data for new compounds. This
material is available free of charge via the Internet at
http://pubs.acs.org.

OL9019925

(19) No amine exchange reaction was observed with spermidine or other
primary amines that are protonated in solution at near-physiological pH of
74.

(20) For recent reviews, see: (a) Ladame, S. . 2008,
6, 219. (b) Lehn, J. M. . 2007, 36, 151. (c) Corbett, P. T ;
Leclaire, J; Vidl, L.; West, K. R.; Wietor, J. L.; Sanders, J. K.; Otto, S.

. 2006, 106, 3652.

(21) For recent examples, see: (a) Bugaut, A.; Jantos, K.; Wietor, J. L.;
Rodriguez, R.; Sanders, J. K.; Balasubramanian, S. .
2008, 47, 2677. (b) Ludlow, R. F.; Otto, S. . 2008, 130,
12218. (c¢) Milanesi, L.; Hunter, C. A.; Sedelnikova, S. E.; Waltho, J. P.

. 2008, 12, 1081.

(22) For recent examples, see: (a) Gareiss, P. C.; Sobczak, K.; Mc-
Naughton, B. R.; Palde, P. B.; Thornton, C. A.; Miller, B. L.

Soc. 2008, 130, 16254. (b) Shi, B.; Stevenson, R.; Campopiano, D. J;
Greaney, M. F. . 2006, 128, 8459.

(23) For recent examples of novel reversible covalent chemistries suitable
for DCC, see: (a) Saiz, C.; Wipf, P.; Manta, E.; Mahler, G. Qulegll. 2009,
11, 3170. (b) Giuseppone, N.; Schmitt, J. L.; Lehn, J. M.

Soc. 2006, 128, 16748. (c) Cacciapaglia, R.; Di Stefano, S.; Mandolini, L.
. 2005, 127, 13666. (d) Shi, B.; Greaney, M. F. Chem,

]
Sy, 2005, 7, 886.

4897





