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4 Swagata Banerjee,† Sandra A. Bright,‡ Jayden A. Smith,† Jeremy Burgeat,† Miguel Martinez-Calvo,†

5 D. Clive Williams,‡ John M. Kelly,*,† and Thorfinnur Gunnlaugsson*,†

6
†School of Chemistry and Trinity Biomedical Sciences Institute, University of Dublin, Trinity College Dublin, Dublin 2, Ireland

7
‡School of Biochemistry and Immunology and Trinity Biomedical Sciences Institute, Trinity College, Dublin 2, Ireland

8 *S Supporting Information

9 ABSTRACT: The synthesis and photophysical studies of two
10 cationic Tröger’s base (TB)-derived bis-naphthalimides 1 and
11 2 and the TB derivative 6, characterized by X-ray
12 crystallography, are presented. The enantiomers of 1 and 2
13 are separated by cation-exchange chromatography on
14 Sephadex C25 using sodium (−)-dibenzoyl-L-tartarate as the
15 chiral mobile phase. The binding of enantiomers with salmon
16 testes (st)-DNA and synthetic polynucleotides are studied by a
17 variety of spectroscopic methods including UV/vis absorbance,
18 circular dichroism, linear dichroism, and ethidium bromide
19 displacement assays, which demonstrated binding of these
20 compounds to the DNA grooves with very high affinity (K ∼ 106 M−1) and preferential binding of (−)-enantiomer. In all cases,
21 binding to DNA resulted in a significant stabilization of the double-helical structure of DNA against thermal denaturation.
22 Compound (±)-2 and its enantiomers possessed significantly higher binding affinity for double-stranded DNA compared to 1,
23 possibly due to the presence of the methyl group, which allows favorable hydrophobic and van der Waals interactions with DNA.
24 The TB derivatives exhibited marked preference for AT rich sequences, where the binding affinities follow the order
25 (−)-enantiomer > (±) > (+)-enantiomer. The compounds exhibited significant photocleavage of plasmid DNA upon visible light
26 irradiation and are rapidly internalized into malignant cell lines.

27 ■ INTRODUCTION

28 Supramolecular chemistry has become an important tool in the
29 development of targeting structures for use in recognition,
30 sensing, and imaging of biomolecules and as novel therapeutics.
31 Examples of this class of compound employed in such studies
32 are the Tröger’s bases (TB), based on a methano-1,5-diazocine
33 ring, which are cleftlike in structure1 and commonly formed by
34 reacting an aromatic amine with formaldehyde (or form-
35 aldehyde equivalent) in the presence of an acid.2 The TB
36 structures are usually formed as racemic mixtures, but the TB is
37 chiral with a C2 axis of symmetry due to the presence of two
38 stereogenic nitrogen centers.2a In supramolecular chemistry,
39 TB structures have been designed as molecular torsion
40 balances,3 water-soluble cyclophanes,2a,b,4 receptors for cati-
41 ons5a,b and anions,5c dicarboxylic acids,6 metal-mediated self-
42 assembly systems,7 molecular tweezers,8a,b and optoelectronic
43 devices.8c Most of these supramolecules have exploited the “V”-
44 shaped geometry of the TB and have been employed as
45 racemates. Studies with enantiomerically pure TB analogues are
46 relatively limited largely because of the poor availability of the
47 pure enantiomers.9 In acidic medium, structurally simple TB
48 derivatives have also been reported to undergo racemization
49 through the formation of an iminium intermediate, which

50greatly hinders their application.10 In recent times, enantio-
51meric separation of several TB derivatives has been achieved
52through diastereomeric salt formation using di-p-toluoyltartaric
53acid11 or dibenzoyl-L-tartaric acid.12 With the advent of chiral
54stationary phases (CSPs), high-performance liquid chromatog-
55raphy using CSPs also appears to be an attractive method for
56enantiomeric resolution.13 However, surprisingly, only a few
57examples of enantiomerically pure TBs have been reported to
58date.
59The development of structures that can enantioselectively
60recognize and target DNA is of great current interest,
61particularly in supramolecular chemistry, and the TB building
62motif offers a great opportunity to achieve that due to its
63unique structure. The introduction of the TB moiety into
64organic structures can result in a helical structure, or a twist,
65which can be similar or opposite to the helicity of double-
66stranded DNA and may therefore result in enantioselective
67binding. To this end, Yashima et al.14 have shown that bis-
68phenanthroline TB derivatives can indeed induce alteration in
69the secondary structure of DNA compared to the parent 1,10-
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70 phenanthroline, while Demeunynck and co-workers showed
71 selective DNA binding using bis-acridine-based TB structur-
72 es.12a,15a Further studies from the Demeunynck group using a
73 proflavine-phenanthroline TB derivative also showed that the
74 proflavine moiety can intercalate selectively into DNA, while
75 the phenanthroline unit was found to be a minor groove
76 binder.15b Bhattacharya and co-workers have also recently
77 demonstrated high cytotoxicity and selective binding of bis-
78 benzimidazole-based TB derivatives to guanine quadruplex
79 DNA derived from a human telomeric sequence.16 Chiral bis-
80 phenanthroline TB analogues have also been incorporated in
81 the design of Ru(II) complexes targeted to B-DNA,17 but to the
82 best of our knowledge, no other enantiomerically pure TB
83 structures have been developed to date as DNA targeting
84 structures. With this in mind, we set out to develop such
85 examples based on functional luminescent organic structures.
86 Amino-1,8-naphthalimides belong to an important family of
87 DNA binding agents that can display antitumor activities both
88 in vitro and in vivo.18 Several 3- and 4-amino-1,8-
89 naphthalimide-based DNA targeting and cellular imaging
90 agents have been developed by our research group, and we
91 have also explored their application in luminescent and
92 colorimetric sensing.19,20 Recently, we20,21 have also reported
93 the development of Tröger’s bases incorporating the 4-amino-
94 1,8-naphthalimide moiety,20 and we showed that naphthali-
95 mide-conjugated Ru(II) polypyridyl complexes could also be
96 incorporated into such a TB structure.21 To date, however, our
97 efforts have been focused on the use of racemic mixtures of
98 such TB naphthalimide derivatives. We have shown that
99 through careful design they possess good DNA binding affinity
100 and exhibit high cytotoxicity against malignant cancer cell lines.
101 Hence, the amino-1,8-naphthalimide-based TBs are unique
102 supramolecular structures that provide several advantageous
103 photophysical properties, such as strong absorption and
104 emission in the visible wavelength region, due to their internal
105 charge-transfer (ICT) nature.22 In this paper, we present the
106 synthesis and the first examples of enantiomeric resolution of
107 two TB naphthalimide derivatives, namely 1 and 2, Scheme 2,
108 formed from their corresponding 4-amino-1,8-naphthalimide
109 precursors 3 and 4. These structures possess alkylpyridinium
110 side chains, which facilitate their interaction with the DNA−
111 phosphate backbone and enhance water solubility. The crucial
112 orthogonal-shaped geometry of these TBs was demonstrated by

s1 113 using solid-state X-ray crystallography of compound 6, Scheme
s1 114 1, which was initially synthesized as an intermediate for

115 compound 2. The DNA interactions of 1, 2, and their
116 enantiomers were evaluated using salmon testes (st)-DNA and
117 synthetic polynucleotides using various spectroscopic methods,
118 and we show that the results demonstrate enantiopreferential
119 recognition of DNA by these TB structures, which were also

120examined for their ability to photocleave plasmid DNA and for
121uptake into HeLa cells.

122■ SYNTHESIS AND STRUCTURAL
123CHARACTERIZATION
124 s2The successful syntheses of 1 and 2 are shown in Scheme 2.
125Both are based on the use of quaternized pyridine units, which

126will ensure overall cationic (+2) character for these TB
127structures and, hence, water solubility, independent of the
128media pH. The two derivatives only differ in the orientation of
129their pyridinium moieties relative to the naphthalimide TB
130structures.19a,b Originally, our aim was to make compound 2 by
131initially forming compound 6, Scheme 1, and resolve the
132enantiomers of 6 prior to the quaternization, which was to be
133achieved by methylation of the pyridine ring of 6 to give 2. The
134synthesis of 6 was achieved by reacting compound 5, also
135developed in our laboratory,19b with paraformaldehyde in neat
136TFA. During the purification stage, slow evaporation of
137compound 6 from CH2Cl2 solution yielded crystals that were
138of suitable quality for X-ray crystal structure analysis.
139 f1The solid-state structure of compound 6 is shown in Figure
140 f11. This is the first example of a solid-state structural analysis of a

141naphthalimide-based TB compound. Compound 6 crystallized
142in a monoclinic system, in the centrosymmetric space group
143C2/c. The results clearly show that the methano-1,5-diazocine
144ring places the two naphthalimide planes almost orthogonal to
145each other with an angle of 89.17(5)°. The N−CH2−N
146bridgehead angle for compound 6 is 111.84°, which is within
147the range for the same angle in other Troger’s base compounds.

Scheme 1. Attempted Synthesis of 2 from 6 via 5

Scheme 2. Synthesis of TB Derivatives 1 and 2 as Racemic
Mixtures

Figure 1. (a) X-ray crystal structure of 6, showing the orthogonal
nature of the two naphthalimide units, forced by the Tröger’s base
moiety. (b) Packing diagram of 6 when viewed down the
crystallographic b-axis showing the π···π interaction which is
communicated throughout the network (see packing diagrams when
viewed down the crystallographic axes a, b, and c in the Supporting
Information).
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148 The molecules pack with pairs of molecules due to the
149 establishment of π···π stacking interactions between the
150 naphthalimide moieties of two neighboring molecules (dcentroid
151 − dcentroid 3.553 Å) (see the Supporting Information).
152 Furthermore, CH−π stacking interactions can also be observed
153 in the solid-state packing of 6 between the CH2 groups of the
154 N−CH2−N bridgehead and the pyridine group from another
155 neighboring molecule of 6.
156 Having successfully synthesized 6, methylation of the two
157 pyridine units was undertaken using CH3I. However, while the
158 correct product was formed, judging from crude 1H NMR
159 analysis, it was difficult to purify 2 using standard methods such
160 as column chromatography, as the compound degraded on the
161 column during the purification process, giving naphthalimide
162 byproducts that were difficult to separate from the TB.
163 Consequently, it was necessary to devise a new synthetic
164 route for the desired compound 2 which involved using the
165 quaternized pyridinium starting material 4. Compound 4 had
166 also previously been developed in our laboratory as a DNA
167 binding molecule,19a,b and this structure was found to be stable
168 toward acidic conditions, necessary for the formation of 2.
169 Similarly, precursor 3 was developed for the synthesis of 1.
170 Both TB derivatives 1 and 2 were obtained as racemates by
171 reacting, as outlined above, 2 equiv of the precursors 3 or 4
172 with paraformaldehyde in neat TFA. Upon completion, excess
173 TFA was removed under reduced pressure in the presence of
174 an excess of CH2Cl2. The resulting yellow powder was
175 dissolved in CH3CN and purified on silica gel using a mixture
176 of CH3CN/H2O/NaNO3 (saturated) as the eluent. The TB
177 derivatives 1 and 2 were obtained in 57% and 53% yields,
178 respectively. In both cases, the presence of the diazocine ring
179 was confirmed by the appearance of a well-separated doublet of
180 doublets between 4.64 and 5.17 ppm in the 1H NMR (see the
181 Supporting Information, Figures S1−S12), assigned to the
182 methylene protons of the diazocine ring, which also reflect the
183 C2 symmetry of the molecule.
184 The full characterization of 1 and 2 is given in the
185 Experimental Section. The photophysical properties of both
186 compounds were investigated in 10 mM phosphate buffer (pH
187 7.0) solutions. Compound 1 displayed a broad absorption band

f2 188 centered at 382 nm (ε = 12000 M−1 cm−1) as shown in Figure
f2 189 2a. Compound 2 also displayed a similar broad band at 380 nm

190 (ε = 10700 M−1 cm−1) (Figure S13a, Supporting Information).
191 For both compounds additional sharp bands at 350 nm and
192 high energy π−π* transition bands were observed at lower

193wavelengths. The full photophysical analysis of these
194compounds is discussed below.

195■ ENANTIOMERIC RESOLUTION OF 1 AND 2
196Having successfully made both 1 and 2, we embarked on the
197separation of their corresponding enantiomers. The separation
198of (±)-1 and (±)-2 was achieved using a column chromato-
199graphic technique developed by Keene and co-workers using
200Sephadex C25 as the stationary phase and a chiral eluent
201sodium (−)-dibenzoyl-L-tartarate as the mobile phase.23 The
202successful resolution and the enantiomeric purity of (±)-1 and
203(±)-2 were determined by using circular dichroism (CD)
204spectroscopy.23

205The CD spectra of the enantiomers of compound 1 in 10
206mM phosphate buffer (pH 7) are shown in Figure 2b and those
207of compound 2 are presented in Figure S13b (Supporting
208Information). Importantly, enantiomers of both compounds 1
209and 2 were found to be stable in 10 mM phosphate buffer (pH
2107.0) and did not undergo racemization over a period of 6
211months. This is probably due to the mild separation conditions
212used here (aqueous eluent solution at pH 7.0), which does not
213promote protonation on the bridgehead nitrogen atoms and
214induce racemization, since TB derivatives are prone to undergo
215racemization under acidic condition. The absolute config-
216urations of the enantiomers were tentatively assigned by
217comparison with the proflavin-derived TB of known config-
218uration, where the (+)-enantiomer was assigned to the (S,S)
219configuration.12a However, this should be done with caution as
220the magnitude and sign of the Cotton effect may change
221depending on the substituent present on the aromatic ring.
222These are the first examples of enatiomerically pure 1,8-
223naphthlimide-based TB derivatives to be isolated by resolution
224to date.

225■ PHOTOPHYSICAL PROPERTIES
226The photophysical properties of the 4-amino-1,8-naphthali-
227mides depend strongly on the polarity and H-bonding ability of
228solvents due to the “push−pull” nature of the naphthalimide
229chromophore, originating from the electronic conjugation
230between the electron-donating amino substituent at the 4-
231position and electron-accepting imide functional groups.22 With
232increase in solvent polarity, the fluorescence spectra of (±)-1
233and (±)-2 showed significant red shift in emission and decrease
234in quantum yield of emission (see Figure S14 and Table S1 in
235the Supporting Information), and both of the compounds were

Figure 2. (a) UV/vis absorption and (b) circular dichroism spectra of the (+) and (−) enantiomers of 1 (10 μM) in 10 mM phosphate buffer (pH
7.0).
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236 nearly nonemissive in water. These changes are characteristic of
237 an ICT excited state, and similar trends have been also reported
238 by Deprez et al.24 and Veale et al.20 for related 4-amino-1,8-
239 naphthalimide-based TB derivatives. Yuan et al. have explained
240 the very weak emission of TB derivatives in aqueous solution in
241 terms of various nonradiative processes such as intramolecular
242 vibrations, enantiomerization, etc.25 Having investigated the
243 photophysical properties of these TB structures in various
244 solvent systems, we next evaluated their ability to recognize and
245 bind to DNA using both ground- and excited-state spectros-
246 copy.

247 ■ DNA BINDING INTERACTIONS
248 UV/vis Absorption Studies. In the presence of st-DNA
249 the UV/vis absorption spectra of the TB derivatives (±)-1 and
250 (±)-2 showed significant changes. The UV/vis absorption
251 spectra for (±)-1 in the presence of increasing concentrations

f3 252 of st-DNA are presented in Figure 3. The addition of st-DNA

253 to a solution of (±)-1 in 10 mM phosphate buffer (pH 7.0)
254 resulted in a significant hypochromism (35%) of the absorption
255 band centered at 382 nm accompanied by a ca. 10 nm red shift

t1 256 in the λmax (Table 1). An isosbestic point was observed at 412
257 nm for all DNA/ligand (P/D ratio) concentrations suggesting
258 the presence of two distinct species, i.e., free and bound ligand.
259 In the case of (±)-2, with increasing concentrations of st-
260 DNA, absorbance of the ICT absorption band centered at 380

261nm initially decreased by ca. 40% up to P/D of 2 accompanied
262by a 10 nm bathochromic shift in the λmax. However, with
263further increase in DNA concentrations (P/D 2−15), the
264absorbance of this band increased by ca. 15% without any
265 f4further shift in the λmax (Figure 4 inset and Figure S15,
266Supporting Information). In 10 mM phosphate buffer (pH
2677.0), both the enantiomers of (±)-1 and (±)-2 were found to
268bind strongly to DNA and exhibited spectroscopic changes
269similar to those observed for the racemic compounds (see the
270Supporting Information, Figures S16 and S17 and Table S3).
271The interactions of (±)-1, (±)-2, and their enantiomers with
272st-DNA were also investigated at higher ionic strength in the
273presence of 50 and 150 mM NaCl. At higher ionic strengths,
274the overall changes in the absorption spectrum of (±)-1 were
275similar to those recorded at low ionic strength; however, the
276extent of hypochromism was ca. 35% in the presence of 50 mM
277NaCl (see the Supporting Information, Figure S18a and Table
278S4) and 29% in the presence of 150 mM NaCl, respectively
279(see the Supporting Information, Figure S18b and Table S5),
280with the changes in absorbance plateauing at higher P/D ratios
281(P/D = 10 → 30 in 50 mM NaCl and P/D = 35 → 100 in 150
282mM NaCl, respectively).
283At higher ionic strength, the degree of hypochromism
284observed for the enantiomers of 1 differed significantly. In the
285presence of 50 mM NaCl, the hypochromism for the 382 nm
286absorption band was found to be greater for the (−)-1
287enantiomer (38%) compared to the (+)-1 enantiomer (31%)
288upon addition of st-DNA with the changes leveling at P/D = 7
289for (−)-1 and P/D = 12 for (+)-1, respectively (see the
290Supporting Information, Figure S18c). The enantiomeric
291preference was more pronounced at 150 mM NaCl
292concentration, where the binding constant of (−)-1 was
293found to be about three times higher than that of
294 t2(+)-enantiomer (Figure 4a and Table 2). This behavior was
295also observed in the reverse salt titration of the two
296enantiomers, where the fraction of (−)-1 remained bound at
297physiological concentration of Na+ (ca. 150 mM) was higher
298than that of (+)-1 (see Figure 4c,d).
299Interactions of (+)- and (−)-2 with st-DNA were also
300investigated in a similar manner in the presence of 50 and 150
301mM NaCl, respectively (see Figure S19, Supporting Informa-
302tion). At higher ionic strengths, the changes observed in the
303UV/vis absorption spectra of both enantiomers were similar to
304that of (±)-2. However, in the presence of st-DNA, the
305enantiomers exhibited a significantly different extent of
306hypochromism and bathochromic shifts under these conditions.
307In the presence of 50 mM NaCl, changes in absorbance
308reached a plateau at a P/D = 3 for (−)-2 and a P/D = 5 for
309(+)-2, respectively (see Figure S19c, Supporting Information).
310Additionally, the degree of hypochromism at 380 nm was also
311found to be greater for the (−)-enantiomer (39%) compared to
312the (+)-enantiomer (35%) upon addition of st-DNA, possibly
313indicating greater binding affinity of the (−)-2 toward st-DNA
314under these conditions. These changes are summarized in
315Table S6 (Supporting Information). A similar trend was also
316observed in the presence of 150 mM NaCl, where a greater
317extent of hypochromism was observed for (−)-2 upon addition
318of st-DNA compared to the (+)-enantiomer (Figure 4b).
319Moreover, the changes in absorbance were found to reach a
320plateau at a P/D = 10 for (−)-2, whereas for the
321(+)-enantiomer, the changes leveled off at a P/D = 15. The
322spectral changes for (±)-2 and its enantiomers in the presence
323of st-DNA in 10 mM phosphate buffer containing 150 mM

Figure 3. Changes in the UV/vis absorption spectra of (±)-1 (10.4
μM) in the presence of increasing concentration of st-DNA (0−146
μM) in 10 mM phosphate buffer (pH 7.0). Inset: Plot of relative
changes absorbance (A/A0) vs [DNA base]/[ligand], i.e., P/D for
(±)-1 (at 382 nm) and (±)-2 (at 380 nm).

Table 1. Summary of Binding Parameters Obtained from the
UV/vis Titration of (±)-1, (+)-1, and (−)-1 with st-DNA in
10 mM Phosphate Buffer (pH 7.0)

(±)-1 (+)-1 (−)-1
λmax (free) (nm) 382 382 382
λmax (bound) (nm) 392 390 392
Δλmax (nm) 10 8 10
% hypochromism 35 34 36
isosbestic point (nm) 412 418 410
bound P/D 2.5 → 15 2.5 → 15 2.5 → 15
K (×106 M−1)a 1.17 ± 0.10 1.04 ± 0.14 1.29 ± 0.21
n (bp) 0.32 ± 0.01 0.25 ± 0.01 0.60 ± 0.01

aBinding constant determined using the Bard model.
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324 NaCl are summarized in Table S7 (Supporting Information).
325 The binding constants for the association of (±)-1, (±)-2, and
326 their enantiomers with st-DNA were determined by analyzing
327 the changes in absorbance at 382 and 380 nm, respectively, in
328 the presence of st-DNA using the noncooperative model of (i)
329 Bard26 and (ii) McGhee and von Hippel.27 In general, the
330 binding constant analysis suggested that the TB derivatives 1
331 and 2 have substantially higher affinity (ca. 106 M−1) for st-
332 DNA (see Table 2) compared to their 4-amino precursors (ca.
333 105 M−1).19a,b The binding constant values obtained for 1 and 2
334 were found to be significantly higher than several acridine-
335 based antitumor agents.28 Similar binding affinity has also been
336 reported for other 4-amino-1,8-naphthalimide-based TB
337 derivatives.20 For both of the compounds, the (−)-enantiomer
338 displayed markedly higher binding affinity toward st-DNA than
339 the (+)-enantiomer (Table 2).
340 In all cases, the substantially stronger binding observed for
341 (±)-2 and its enantiomers compared to (±)-1 presumably
342 results from the presence of the additional methyl group, which
343 favors the binding to DNA due to the hydrophobic effect and
344 which has been previously observed for several other DNA
345 binders such as Cr(III) complex bearing a dimethyl dppz

346ligand,29 dimethylpteridine,30 and 2-amino-1,8-naphthyridine
347derivatives.31 Moreover, the presence of methyl groups can also
348increase the polarizability of (±)-2 and consequently allows
349better stacking along DNA due to favorable van der Waals
350interaction.32

351In order to investigate possible sequence-selective binding of
352(±)-1 and (±)-2 with DNA, their interactions with
353homopolymers poly(dA-dT)2 and poly(dG-dC)2 were eval-
354uated in a manner similar to that described for st-DNA in 10
355mM phosphate buffer containing 50 mM NaCl. Compounds
356(±)-1, (±)-2, and their enantiomers were found to interact
357strongly with the two polynucleotides as indicated by a marked
358decrease in absorbance of the ICT absorption band and
359significant red shift in the λmax (the changes in the UV/vis
360absorption spectra of (±)-1, (±)-2, and their enantiomers upon
361binding to poly(dA-dT)2 and poly(dG-dC)2 are shown in
362Figure S20−S23, Supporting Information). However, the
363extent of hypochromism and red shift were found to be
364different for the two enantiomers. As observed previously with
365st-DNA, the (−)-enantiomers of both compounds exhibited
366higher affinities for the polynucleotides revealed by a greater
367degree of hypochromism in the presence of the polynucleotides

Figure 4. Plot of the changes in the UV/vis absorption spectra of (+)-enantiomer (▲) and (−)-enantiomer (■) of (a) compound 1 and (b)
compound 2 in the presence of st-DNA in 10 mM phosphate buffer containing 150 mM NaCl; (c) UV/vis absorption spectra of (±)-1 (9.3 μM)
bound to st-DNA (P/D = 10) in 10 mM phosphate buffer (pH 7.0) upon increasing concentrations of NaCl (0−485 mM); (d) fraction of the ligand
liberated with increasing concentrations of NaCl.

Table 2. Binding Constants Determined from the Changes in the UV/vis Absorption Spectra of (±)-1, (±)-2, and Their
Enantiomers in 10 mM Phosphate Buffer Containing 0, 50, and 150 mM NaCl

K ( × 106 M−1)a (±)-1 (+)-1 (−)-1 (±)-2b (+)-2b (−)-2b

0 mM NaCl 1.17 ± 0.10 1.04 ± 0.14 1.29 ± 0.21 5.31 ± 0.80 5.16 ± 0.68 5.50 ± 0.60
50 mM NaCl 0.73 ± 0.02 0.60 ± 0.02 1.20 ± 0.10 1.10 ± 0.01 0.81 ± 0.07 1.12 ± 0.09
150 mM NaCl 0.20 ± 0.01 0.07 ± 0.005 0.22 ± 0.05 0.74 ± 0.02 0.54 ± 0.05 1.01 ± 0.12

aBinding constants determined using the Bard model. bP/D = 2 data points were fitted to the Bard model.
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368 with the changes reaching a plateau at a lower P/D than that
369 observed for the (+)-enantiomer (see Figures S20−S23,
370 Supporting Information).
371 The binding constants of (±)-1, (±)-2, and their
372 enantiomers for the polynucleotides were estimated from the
373 absorbance changes at the ICT absorption band. These values

t3 374 (Table 3) suggest that both the TB derivatives and their
375 enantiomers display a stronger preference for AT-rich
376 sequences. This is perhaps correlated with the higher negative
377 electrostatic potential of the AT rich minor grooves, which
378 facilitates binding of cationic molecules.33 Additionally, the
379 minor grooves in the AT rich sequences are narrower than
380 those of GC rich regions, which can possibly allow optimal
381 hydrophobic interactions between the ligand and the grooves
382 and favor binding of these “V”-shaped TB derivatives along the
383 minor groove of DNA.
384 Ethidium Bromide Displacement Assay. The DNA
385 binding affinity of (±)-1, (±)-2, and their enantiomers were
386 further investigated using an ethidium bromide (EtBr)
387 displacement assay34 in 10 mM phosphate buffer containing
388 50 mM NaCl. Changes in the emission spectra of EtBr bound

f5 389 to st-DNA upon titration with (±)-1 are shown in Figure 5 (see
390 the Supporting Information, Figure S24, for compound (±)-2).

391 In general, additions of (±)-1, (±)-2, and their enantiomers
392 resulted in a decrease in the fluorescence of EtBr,
393 demonstrating that these TB derivatives displaced EtBr
394 efficiently. The EC50 values (concentration of a ligand required
395 to cause a 50% reduction in the fluorescence intensity of EtBr)
396 and the corresponding apparent binding constants (Kapp)
397 obtained from the titration of EtBr bound to st-DNA with

t4 398 (±)-1, (±)-2, and their enantiomers are summarized in Table
t4 399 4. For comparison, the EC50 values determined for the 4-

400 amino-1,8-naphthalimide precursors 3 and 4 are also included

401in Table 4, which shows that the EC50 values are significantly
402smaller for 1 and 2, and the derived Kapp values for 1 and 2
403were found to be 1 order of magnitude higher than the values
404obtained for the corresponding 4-amino-1,8-naphthalimide
405precursors 3 and 4. This trend is in agreement with the higher
406binding affinity of 1 and 2 determined from the UV/vis
407titration compared to their precursors 3 and 4 and emphasizes
408the role of the TB moiety in improving the binding affinity.
409Among the TB derivatives, (±)-2 was found to be more
410capable of displacing bound EtBr from st-DNA than compound
411(±)-1. This follows the order of their binding affinity for st-
412DNA as determined from UV/vis absorption titration.
413Moreover, for both of the TB derivatives the (−)-enantiomer
414was found to displace EtBr more strongly than the
415(+)-enantiomer. This is in accordance with the higher binding
416affinity of the (−)-enantiomer for both of the TB derivatives.
417Thermal Denaturation Studies. To further evaluate the
418DNA binding affinity of the TB derivatives, thermal
419denaturation of st-DNA was monitored in the presence of
420(±)-1, (±)-2, and their enantiomers. The thermal melting
421curves in the presence of (±)-1, (+)-1, and (−)-1 are shown in
422 f6Figure 6 (and that in the presence of (±)-2 and its enantiomers
423in Figure S25, Supporting Information). For comparison, the
424melting curves for the respective precursors 3 and 4 are also
425included. In the absence of any ligand, the melting temperature
426(Tm) value for st-DNA was found to be (68 ± 0.5) °C. In the
427presence of the TB derivatives (±)-1 and (±)-2 significant
428stabilization of the double stranded DNA was observed (ΔTm >
4297 °C). In fact, the denaturation process was found to be still
430incomplete at 90 °C.
431In contrast to these results, only a moderate stabilization was
432observed for the 4-amino-1,8-naphthalimide precursors 3 and 4
433(ΔTm = 4−5 °C). The high stabilization of DNA in the
434presence of both TB derivatives correlates with their high
435binding affinity for st-DNA. Moreover, such a higher extent of
436stabilization observed for the TB derivatives compared to the 4-
437amino-1,8-naphthalimide precursors highlights the importance
438of the rigid “V”-shaped structure of these TB derivatives in
439stabilizing st-DNA. The thermal denaturation measurements of
440st-DNA carried out in the presence of the enantiomers of (±)-1
441and (±)-2 showed that both of the (+)- and (−)-enantiomers

Table 3. Binding Constants Determined from the Changes in the UV/vis Absorption Spectra of (±)-1, (±)-2, and Their
Enantiomers in the Presence of Homopolymeric Sequences in 10 mM Phosphate Buffer (pH 7.0) Containing 50 mM NaCl

K ( × 106 M−1)a (±)-1 (+)-1 (−)-1 (±)-2 (+)-2 (−)-2
Poly(dA-dT)2 0.97 ± 0.06 0.50 ± 0.01 1.66 ± 0.15 3.06 ± 0.02 1.30 ± 0.02 4.18 ± 0.40
Poly(dG-dC)2 0.38 ± 0.01 0.19 ± 0.02 0.45 ± 0.01 1.05 ± 0.03 0.48 ± 0.02 1.20 ± 0.03

aBinding constant detexrmined using the noncooperative model of McGhee and von-Hippel.

Figure 5. (a) Changes in the emission spectra of EtBr (5 μM) bound
to st-DNA, where [EtBr]:[DNA base pair] = 1:2 in the presence of
increasing concentrations of (±)-1 in 10 mM phosphate buffer
containing 50 mM NaCl (pH 7.0); (b) normalized fluorescence
intensity of EtBr at 605 nm upon addition of (±)-1 (■), (+)-1 (●),
(−)-1 (▲), and 3 (▼).

Table 4. EC50 Values and Kapp from the EtBr Displacement
Assays in 10 mM Phosphate Buffer Containing 50 mM NaCl
(pH 7) ([EtBr] = 5 μM)

compd EC50 (μM) Kapp (×106 M−1)

(±)-1 7.89 0.76
(+)-1 9.45 0.63
(−)-1 5.50 1.09
(±)-2 6.00 1.00
(+)-2 6.80 0.88
(−)-2 5.10 1.18
3 79.00 0.08
4 90.00 0.06
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442 stabilized st-DNA to an extent similar to that observed for the
443 racemic mixtures and no significant difference was observed
444 between the enantiomers. This agrees well with the fact that
445 both (+)- and (−)-enantiomers have a comparable high affinity
446 for st-DNA in 10 mM phosphate buffer.
447 Circular Dichroism Spectroscopy. CD spectroscopy was
448 further used to monitor the changes in DNA conformation
449 upon binding of the TB derivatives.35 The CD titrations were
450 carried out by monitoring the conformational changes of st-
451 DNA (150 μM) in the presence of increasing concentrations of
452 (±)-1 and/or (±)-2. The CD spectra of st-DNA in the
453 presence of varying concentrations of (±)-1 are shown in

f7 454 Figure 7. The ellipticity of the negative peak centered at 245

455 nm increased from −14 to −9.0, while that of the positive peak
456 centered at 275 nm increased from +12 to +16 mdegree. These
457 changes suggest that (±)-1 interacts strongly with st-DNA as
458 has been observed previously for other naphthalimide-based TB
459 derivatives.20 More importantly, a weak negative CD signal was
460 observed at ca. 420 nm as the concentration of (±)-1 was
461 raised. Similar induced CD was also observed in the titration of

462st-DNA with (±)-2 (see the Supporting Information, Figure
463S26a). Analogous behavior has been previously reported for
464Ru(II) and Cr(III) complexes, where the appearance of such an
465ICD signal has been explained due to enantiopreferential
466binding of one of the enantiomers to DNA.29,36 The weak
467intensity of the ICD signal observed in this case is presumably
468due to poor enantioselective binding of (−)-enantiomer in low
469ionic strength buffer.
470Linear Dichroism Spectroscopy. Linear dichroism (LD)
471spectroscopy was used to investigate the mode of binding of
472(±)-1 and (±)-2 to flow-oriented st-DNA.35 The LD spectra of
473st-DNA (400 μM) in the absence and in the presence of (±)-1
474 f8(P/D = 10 →30) are shown in Figure 8, respectively. In the

475absence of any ligand, a negative LD signal was observed at λ =
476260 nm arising from the nearly perpendicular orientation of the
477transition moments of the DNA bases relative to the DNA
478helical axis.35 In the presence of ligand (±)-1 and/or (±)-2, the
479LD signal for the 260 nm band was still negative; however, a
480positive LD signal was observed in both cases around 380 nm
481corresponding to the ICT absorption band of the compounds.
482 t5Table 5 summarizes the reduced linear dichroism (LDr) values

483for the absorption bands at 260 and 380 nm for (±)-1 and
484(±)-2 at P/D ratio of 10, where the ligands should be
485completely bound to st-DNA. As shown in Table 5, the
486magnitudes of LDr value for the DNA absorption region was
487found to increase slightly in the presence of both (±)-1 and
488(±)-2, which is consistent with the stiffening of DNA.
489Additionally the appearance of positive LD signals in the
490presence of both (±)-1 and (±)-2 suggest that the transition
491dipoles of these ligands are oriented at angles less than 54.7°
492relative to the helical axis, indicative of binding of (±)-1 and
493(±)-2 to the DNA groove.

Figure 6. Thermal melting profile of st-DNA (150 μM) in the
presence of (±)-1, (+)-1, (−)-1 and 3 (P/D 10) in 10 mM phosphate
buffer (pH 7.0).

Figure 7. CD spectra of st-DNA (150 μM) in the presence of varying
concentrations of (±)-1 (P/D 0 → 20) in 10 mM phosphate buffer
(pH 7.0).

Figure 8. LD spectra of st-DNA (400 μM) in the presence of varying
concentrations of (±)-1 (P/D 0 → 30) in 10 mM phosphate buffer
(pH 7.0).

Table 5. Summary of LDr Data for (±)-1 and (±)-2 in the
Presence of st-DNA (error ± 10%)

LDr 260 nm LDr 380 nm

st-DNA −0.022
st-DNA + (±)-1 −0.024 +0.026
st-DNA + (±)-2 −0.027 +0.021
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494 ■ DNA PHOTOCLEAVAGE STUDIES
495 In order to investigate the photocleavage abilities of the TB
496 derivatives, pBR322 DNA (1 mg/mL) was treated with the TB
497 derivatives and their precursors and irradiated for 60 min with a
498 Hg−Xe lamp filtered to exclude wavelengths less than 360 nm

f9 499 (Figure 9). When they were incubated with (±)-1 or (±)-2 (P/

500 D = 10) in the absence of light, significant retardation in the
501 mobility of supercoiled DNA was observed (lanes 3 and 9,
502 respectively). This is perhaps due to the dicationic nature of the
503 TB derivative, binding of which results in reduction in the
504 overall negative charge of plasmid DNA and hence caused
505 reduced mobility. To overcome this, samples containing TB
506 derivatives (±)-1 and (±)-2 were extracted with phenol/CHCl3
507 prior to electrophoresis. The 4-amino precursors 3 and 4 did
508 not induce any significant photocleavage upon photoirradiation,
509 with ca. 18% cleavage being observed (lanes 5 and 11). The
510 failure to observe significant photocleavage activity with the 4-
511 amino analogues is perhaps related to their lower oxidizing
512 potential. In contrast to the 4-amino precursors, the TB
513 derivatives (±)-1 and (±)-2 were found to cause significant
514 (85−90%) photocleavage of the plasmid upon irradiation
515 (lanes 6, 7 and lanes 12, 13, respectively), higher than that
516 observed for unsubstituted 1,8-naphthalimide derivative (ex-
517 hibiting ca. 70% photocleavage, lane 14).37

518 To verify the possibility of covalent adduct formation
519 between the TB derivatives and DNA upon photoirradiation,
520 a solution of st-DNA containing (±)-1 at a P/D = 10 was
521 irradiated for 1 h and subjected to the phenol/CHCl3
522 extraction. UV/vis absorption spectra of the organic layers of
523 both the irradiated and nonirradiated samples showed the
524 presence of the TB derivative (±)-1 (Supporting Information,
525 Figure S27), suggesting efficient removal of most of the bound
526 ligand from st-DNA. This would not be the case if (±)- 1 was
527 irreversibly bound to DNA.

528 ■ CELLULAR UPTAKE STUDIES
529 The cellular uptake and localization studies of (±)-1 and (±)-2
530 in cervical cancer cell lines (HeLa) were carried out using
531 confocal fluorescence microscopy, which demonstrated rapid
532 cellular uptake within 30 min of incubation and apparent
533 localization of the compound within the cytoplasm or at the
534 edge of the nucleus, where the fluorescence presumably arises
535 from the binding of TB derivatives to hydrophobic pockets of

f10 536 proteins or membrane structures (Figure 10).

537The antiproliferative effects of the compounds were
538evaluated in HeLa cells using a range of concentrations (1−
539100 μM) using an Alamar blue viability assay under dark and
540light irradiated conditions (Supporting Information, Figure
541S28). These studies suggest that (±)-1 and (±)-2 possess
542significant potential as cellular imaging agents. We are currently
543investigating the biological effects of these compounds in
544greater detail.

545■ CONCLUSION
546In summary, we have synthesized two novel bis-1,8-
547naphthalimide-based TB derivatives (±)-1 and (±)-2, which
548undergo rapid cellular uptake and do not affect cellular viability
549significantly. We present for the first time a solid-state analysis
550of the TB naphthalimide structure, which clearly demonstrates
551the orthogonal nature of the two naphthalimides, forced by the
552methano-1,5-diazocine ring.
553The TB compounds were resolved into their enantiomers by
554cation-exchange column chromatography using a chiral eluent.
555The TB derivatives (±)-1 and (±)-2 and their enantiomers
556showed strong affinity for st-DNA (ca. 106 M−1) in 10 mM
557phosphate buffer. The “V”-shaped structure of these TB
558derivatives presumably exerts steric constraints preventing
559intercalation of the planar naphthalimide ring. Consequently,
560the binding site size was found to be significantly less than unity
561in all cases, suggesting that these molecules bind to the DNA
562groove and cause significant stiffening of DNA structure.
563Although our current studies do not provide adequate
564information regarding the binding of these compounds along
565major groove or minor groove, strong preference of (±)-1 and
566(±)-2 and their enantiomers for the AT-rich polynucleotide
567suggests that these TB derivatives possibly bind to the minor
568groove of DNA. At low ionic strength buffer, the (+)- and
569(−)-enantiomers of both 1 and 2 showed comparable DNA
570binding affinity presumably due to very strong association of
571the compounds under such conditions. However, at higher
572ionic strength, the binding affinity of the (−)-enantiomer was
573found to be greater than that of the (+)-enantiomer for both of
574the TB derivatives 1 and 2. This enantioselectivity was more
575pronounced in the presence of 150 mM NaCl, which closely
576resembles the physiological Na+ concentration. This enantio-
577selectivity probably results from the different three-dimensional
578shape of the enantiomers, which promotes binding of the
579(−)-enantiomer to the right-handed B-DNA over the

Figure 9. Agarose gel electrophoresis of pBR322 DNA (1 mg/mL)
after irradiation at λ > 350 nm in 10 mM phosphate buffer (pH 7.0).
Lane: 1, pBR322 control; 2, 3 (P/D 20) nonirradiated; 3, (±)-1 (P/D
10) nonirradiated; 4, (±)-1 (P/D 10) nonirradiated + extracted; 5, 3
(P/D 20) irradiated; lane 6, (±)-1 (P/D 10) irradiated; 7, (±)-1 (P/D
10) irradiated + extracted; 8, 4 (P/D 20) nonirradiated; 9, (±)-2 (P/D
10) nonirradiated; 10, (±)-2 (P/D 10) nonirradiated + extracted; 11,
4 (P/D 20) irradiated; 12, (±)-2 (P/D 10) irradiated; 13, (±)-2 (P/D
10) irradiated and extracted; 14, reference compound (P/D 20)
irradiated.37

Figure 10. Confocal laser scanning microscopy images of HeLa cells
treated with (a) (±)-1 (20 μM), (b) nuclear stain DRAQ5, (c) overlay
of (±)-1 and DRAQ5 (phase contrast) after 30 min of incubation; (d)
(±)-1 (20 μM), (e) nuclear stain DRAQ5, and (f) overlay of (±)-1
and DRAQ5 (phase contrast) after 5 h of incubation.
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580 (+)-enantiomer. The unique “V”-shaped structure of these TB
581 derivatives combined with their strong affinity for DNA may be
582 used to develop probes for various DNA secondary structures
583 such as “hairpin loop” and “bulged nucleotide sequences”,
584 which play important roles during key physiological events like
585 translational initiation, protein cleavage, mutagenesis, etc., and
586 are therefore considered as important drug-targeting sites. We
587 are currently investigating the mode of binding of these TB
588 derivatives, their ability to recognize specific various secondary
589 nucleic acid structures and the consequent biological effects in
590 detail.

591 ■ EXPERIMENTAL SECTION
592 General Experimental Details. All chemicals including salmon
593 testes st-DNA, and homopolymeric sequences and solvents were
594 obtained from commercial sources and used without further
595 purification. The DNA concentration per nucleotide was determined
596 spectrophotometrically using the molar extinction coefficients, ε260 =
597 6.6 × 103 M−1cm−1 for st-DNA, ε254 = 8.4 × 103 M−1 cm−1 for
598 poly(dG−dC)2, and ε260 = 6.6 × 103 M−1 cm−1 for poly(dA−dT)2,
599 respectively. In titrations the ratio of nucleotide to naphthalimide is
600 given as P/D.
601 All NMR spectra were recorded using an NMR spectrometer,
602 operating at 400/600 MHz for 1H NMR and 100/150 MHz for 13C
603 NMR, respectively. Chemical shifts were referenced relative to the
604 internal solvent signals. Multiplicities are abbreviated as follows: singlet
605 (s), doublet (d), triplet (t), double triplet (dt). Full assignments of the
606

1H NMR peaks for the compounds have been confirmed by measuring
607

13C−1H HSQC and 13C−1H HMBC COSY experiments. Infrared
608 (IR) spectra were recorded on a FT-IR spectrophotometer equipped
609 with an Universal ATR sampling accessory. Mass spectra of the
610 compounds were recorded either on an electrospray mass
611 spectrometer or a MALDI QToF Premier, using HPLC-grade
612 methanol, water, or acetonitrile as carrier solvents. High-resolution
613 mass spectra were obtained by a peak matching method using leucine
614 enkephaline (Tyr-Gly-Gly-Phe-Leu) as the reference (m/z =
615 556.2771). All accurate masses were quoted to ≤5 ppm. Melting
616 points were determined using a standard digital melting point
617 apparatus.
618 Solid-State Analysis. X-ray data were collected on a difractometer
619 using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å).
620 Data sets collected on the difractometer were processed using Bruker
621 APEXv2011.8-0 software. The structures were solved by direct
622 methods (SHELXS-97) and refined against all F2 data (SHELXL-
623 97). The hydrogen atom positions were included in the model by
624 electronic density or were geometrically calculated and refined using a
625 riding model, CCDC 1007928.
626 Enantiomeric Resolution Chromatography. The enantiomers
627 of the TB derivatives were resolved by cation-exchange chromatog-
628 raphy on CM Sephadex C25 as the stationary phase and an aqueous
629 solution of (−)-O,O′-dibenzoyl-L-tartaric acid (as its sodium salt) as
630 the chiral mobile phase (pH 7). The concentration of the eluent was
631 adjusted at 0.05 or 0.07 M to achieve better resolution. In each case,
632 the successful resolution of the enantiomers was achieved after three
633 recycles through a 1 m Perspex column fitted to a peristaltic pump,
634 and in each case, the (−)-enantiomer eluted before the (+)-enan-
635 tiomer.
636 UV/vis Absorption Measurements. UV/vis absorption spectra
637 were recorded in quartz cuvettes (10 mm × 10 mm). The wavelength
638 range was 200−800 nm with a scan rate of 600 nm/min. Milli-Q water
639 was used in DNA related work. Phosphate buffer: two 1 M stock
640 solutions of Na2HPO4 and NaH2PO4 were made up with Milli-Q
641 water. Portions of each solution were diluted together to achieve 10
642 mM phosphate buffer of pH 7.0, which was then filtered using a 0.45
643 μM syringe filter. Baseline corrections were performed for all spectral
644 measurements. All solutions were prepared fresh prior to measure-
645 ment. The UV/vis titrations were carried out by monitoring the
646 changes in the absorption spectra of the ligand of interest in 10 mM

647phosphate buffer (pH 7.0) upon gradual addition of mononucleotides/
648st-DNA/polynucleotides. All of the titrations were repeated at least
649three times to ensure reproducibility.
650Fluorescence Measurements. Steady-state fluorescence spectra
651were recorded using optically dilute solutions (absorbance <0.1)
652following the same procedure as described for UV/vis titrations.
653Fluorescence quantum yields of the TB derivatives derivatives were
654calculated using quinine sulfate in 1 N H2SO4 (ϕF = 0.546, λex = 365
655nm) as the reference.38 For determination of the quantum yields, a
656number of solutions of the ligand with absorbance ranging from 0.02
657to 0.1 were used. Optically matched solutions of the samples and
658reference were used. The fluorescence emission spectra of the samples
659and the standard were measured under same experimental settings.
660The integrated areas under the emission spectra were measured using
661the in-built software of the spectrofluorimeter. All the quantum yield
662values reported were within 10% error.
663Circular Dichroism and Linear Dichroism. CD spectra were
664recorded on a spectropolarimeter. Each CD trace represents the
665average of three scans. Linear dichroism specra were recorded on a CD
666spectropolarimeter equipped with a linear dichroism accessory. The
667LD spectra were presented as the average of three scans.
668For an oriented sample, linear dichroism is defined as the
669differential absorption of light polarized parallel (Apar) and
670perpendicular (Aper) to a reference axis (eq 1):

= −A ALD par per 671(1)

672Quantitative information about the orientation of a chromophore
673with respect to the reference axis can be obtained from reduced LD
674(LDr) as described in eq 2

α= =
−

= −
A

A A
A

SLD LD 3
2

(3 cos 1)r par per 2

675(2)

676where A is the absorbance of the sample under isotopic condition (i.e.,
677no orientation), S refers to the orientation factor (S = 1 for a perfectly
678oriented sample, S = 0 for a random orientation), and α is the angle
679between the transition dipole of the chromophore and the reference
680axis. The magnitude of S provides information about structural
681changes in the macromolecule such as lengthening, stiffening, bending
682etc.
683Thermal Denaturation Assays. Thermal denaturation experi-
684ments were conducted on an UV/vis spectrophotometer coupled to a
685Peltier temperature controller. The temperature was ramped from 30
686to 90 °C at a rate of 1 °C/min rate, and the absorbance at 260 nm was
687measured at every 0.2 °C interval. All of the solutions were thoroughly
688degassed prior to measurement.
689DNA Photocleavage Studies. The DNA photocleavage studies
690were conducted by treating the pBR322 plasmid DNA (1 mg/mL)
691with the ligand of interest at varying P/D ratios. The samples were
692then irradiated for 1 h with an Hg−Xe lamp using a green glass filter
693and water IR filter (λ > 350 nm). An equal volume of the buffer
694saturated phenol/CHCl3/isoamyl alcohol (25:24:1) mixture was
695added to the irradiated plasmid DNA samples and mixed gently
696using a micropipette. The mixtures were centrifuged for 2 min, and the
697aqueous layer was carefully removed. The extracted plasmid DNA
698samples were mixed with a loading dye solution composed of sucrose
699(40%), xylene−cyanol (0.25%), and bromophenol blue (0.25%) and
700were then separated using horizontal agarose gel (0.8% w/v) in TBE
701buffer (8.9 mM Tris-HCl, 8.9 mM boric acid, and 1 mM EDTA, pH
7028.0). Electrophoresis was carried out at ca. 5 V/cm (40 mA, 90 V) to
703separate the covalently closed circular (form I), open circular (form
704II), and linear (form III) forms of plasmid DNA. The DNA samples
705were stained using an aqueous solution of ethidium bromide for 90
706min, destained with Milli-Q water and visualized using a trans-
707illuminator equipped with a camera. The ratio of the various DNA
708forms was estimated using the ImageJ Gel analysis software.
709General Biological Procedure. HeLa cells were grown in
710Dulbecco’s Modified Eagle Medium (Glutamax) supplemented with
71110% fetal bovine serum and 50 μg/mL penicillin/streptomycin at 37
712°C in a humidified atmosphere of 5% CO2.
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713 Alamar Blue Viability Assay. HeLa cells were seeded at a density of
714 5 × 103 cells/well in a 96-well plate and treated with the indicated
715 compounds for 48 h. Alamar blue (20 μL) was then added to each well
716 and incubated at 37 °C in the dark for 4 h. Plates were then read on a
717 fluorescent plate reader with excitement and emission wavelengths of
718 544 and 590 nm, respectively. Experiments were performed in
719 triplicate on three independent days with activity expressed as
720 percentage cell viability compared to vehicle treated controls. All
721 data points (expressed as means ± S.E.M.) were analyzed using
722 GRAPHPAD Prism software.
723 Confocal Microscopy. HeLa cells were seeded at a density of 1 ×
724 105 cells/well in glass bottom wells and treated with the indicated
725 compounds for up to 48 h. Cells were washed, followed by the
726 addition of fresh media and DRAQ5 (red nuclear stain), followed by
727 viewing using confocal microscopy with a 60× oil immersion lens.
728 Image analysis was performed using FluoView Version 7.1 Software.
729 Compounds were excited by a 405 nm argon laser, emission 480−580
730 nm, DRAQ5 was excited by a 633 nm red helium−neon laser,
731 emission >650 nm.
732 Synthesis of Bis[[2-(N-pyridinium)ethyl]]-9,18-methano-1,8-
733 naphthalimido[b,f ][1,5]diazocine (1). Compound 3·Cl− (0.303 g,
734 0.856 mmol) and paraformaldehyde (0.057 g, 1.89 mmol) were stirred
735 in trifluoroacetic acid (TFA) (6 mL) at 20 °C for 12 h under an argon
736 atmosphere. Excess TFA was removed under reduced pressure in the
737 presence of an excess of CH2Cl2. The resulting yellow powder was
738 dissolved in CH3CN and purified on silica gel using a mixture of
739 CH3CN/H2O/NaNO3 saturated (88:10:2) as the eluent. The product
740 was precipitated as its PF6

− salt using ammonium hexafluorophos-
741 phate. The PF6

− salt was dissolved in a minimum amount of MeOH
742 and treated with Amberlite IRA 400 (Cl) ion-exchange resin to
743 convert the product into the chloride form. The product was obtained
744 as a yellow solid after removal of MeOH under reduced pressure in
745 57% yield (0.18 g): mp dec above 235 °C; HRMS (MALDI) found
746 707.2169 ([M + Cl]+, C41H32N6O4Cl requires 707.2174); δH (600
747 MHz, DMSO-d6) 9.15 (4H, d, J = 6 Hz, Py-H16, Py-H16′), 8.73 (2H,
748 d, J = 8.4 Hz, Ar-H5, Ar-H5′), 8.57 (2H, t, J = 7.9 Hz, Py-H17, Py-
749 H17′), 8.40 (2H, d, J = 8.0 Hz, Ar-H7, Ar−H7′), 8.05 (4H, t, J = 6.0
750 Hz, Py-H16, Py-H16′), 8.00 (2H, s, Ar-H2, Ar-H2′), 7.96 (2H, t, J =
751 8.0 Hz, Ar-H6, Ar-H6′), 5.16 (2H, d, J = 17.5 Hz, Ar-CH2N), 4.95 and
752 4.92 (4H, dt, J = 14.0 Hz and J = 7.5 Hz, CH2, H14, H14′), 4.71 (2H,
753 s, NCH2N), 4.62 (2H, d, J = 17.5 Hz, Ar-CH2N), 4.55 (4H, t, J = 7.0
754 Hz, CH2, H13, H13′); δC (150 MHz), 163.7 (CO), 163.1 (CO),
755 149.3 (C), 145.9 (CH), 145.4 (CH), 130.7 (CH), 130.4 (CH), 129.4
756 (CH), 127.8 (CH), 127.6 (C), 127.2 (CH), 126.7 (C), 126.1 (C),
757 122.2 (C), 117.3 (C), 65.9 (CH2), 59.6 (CH2), 56.7 (CH2), 40.7
758 (CH2); νmax (neat sample)/cm−1 3374, 1694, 1653, 1595, 1570, 1489,
759 1459, 1402, 1374, 1354, 1340, 1302, 1258, 1236, 1169, 925, 784.
760 Synthesis of Bis[[N-(2-(methylpyridin-1-ium)ethyl)]]-9,18-metha-
761 no-1,8- naphthalimido[b,f ][1,5]diazocine (2). Compound 4·PF6−
762 salt (0.3014 g, 0.631 mmol) and paraformaldehyde (0.054 g, 1.79
763 mmol) were suspended in TFA and stirred at 20 °C for 12 h under an
764 argon atmosphere. The excess TFA was then removed under reduced
765 pressure in the presence of an excess of DCM. The resulting yellow
766 powder was dissolved in water and purified on silica gel using a
767 mixture of CH3CN/H2O/NaNO3 saturated (80:18:2) as the eluent.
768 The product was precipitated as a PF6

− salt using ammonium
769 hexafluorophosphate. The PF6

− salt was dissolved in a minimum
770 amount of MeOH and treated with Amberlite IRA 400 (Cl) ion-
771 exchange resin to convert the product into the chloride form. The
772 product was obtained as a yellow solid in 53% yield (0.13 g, 0.168
773 mmol) after removal of excess MeOH under reduced pressure: mp dec
774 above 175 °C; HRMS (MALDI) found 700.2794 ([M]+, C43H36N6O4
775 requires 700.2798); δH (600 MHz, CD3CN), 8.73 (2H, d, J = 8.3 Hz,
776 Ar-H5, Ar-H5′), 8.47 (2H, d, J = 8.0 Hz, Ar-H7, Ar-H7′), 8.46 (4H, d,
777 J = 6.0 Hz, Py-H17, Py-17′), 8.03 (2H, s, Ar-H2, Ar-H2′), 7.90 (4H, d,
778 J = 6 Hz, Py-H16, H16′), 7.89 (2H, t, J = 8.2 Hz, Ar-H6, Ar-H6′), 5.14
779 (2H, d, J = 17.4 Hz, Ar- CH2N), 4.67 (2H, s, NCH2N), 4.63 (2H, d, J
780 = 17.4 Hz, Ar-CH2N), 4.38 and 4.36 (4H, dt, J = 14.0 Hz and J = 7.0
781 Hz, CH2, H13, H13′), 4.23 (6H, s, CH3), 3.27 (4H, t, J = 7.0 Hz, CH2,
782 H14, H14′); δC (150 MHz) 164.9 (CO), 164.3 (CO), 160.9 (C),

783150.5 (C), 145.4 (CH), 131.5 (CH), 131.4 (CH), 130.3 (CH), 129.3
784(CH), 128.9 (C), 128.3 (C), 128.0 (CH), 127.0 (C), 123.7 (C), 119.2
785(C), 67.2 (CH2), 57.7 (CH2), 48.6 (CH3), 40.2 (CH2), 34.6 (CH2);
786νmax (neat sample)/cm

−1 3376, 1692, 1647, 1595, 1571, 1459, 1402,
7871372, 1339, 1302, 1257, 1231, 1187, 920, 786.
788Synthesis of Bis[[N-(2-(pyridin-4-yl)ethyl)]]-9,18-methano-1,8-
789naphthalimido[b,f ][1,5]diazocine (5). Compound 5 (0.25 g, 0.788
790mmol) and paraformaldehyde (0.048 g, 1.59 mmol) were suspended
791in TFA and stirred at 20 °C for 12 h under an argon atmosphere. The
792excess TFA was then removed under reduced pressure in the presence
793of an excess of CH2Cl2. The resulting crude product was purified by
794trituration with methanol resulting in a yellow powder in 60% (0.158
795g) yield: mp dec above 252 °C; HRMS (ESI) found 671.2407 ([M +
796H], C41H31N6O4 requires 671.2407); δH (600 MHz, CDCl3), 8.73
797(2H, d, J = 8.5 Hz, Ar-H5, Ar-H5′), 8.62 (2H, d, J = 8.0 Hz, Ar-H7, Ar-
798H7′), 8.49 (4H, d, J = 6.0 Hz, Py-H17, Py-17′), 8.09 (2H, s, Ar-H2,
799Ar-H2′), 7.90 (2H, t, J = 8.0 Hz, Ar-H6, H6′), 7.26 (4H, d, J = 6.0 Hz,
800Py-H16, Py-H16′), 5.18 (2H, d, J = 17.4 Hz, Ar-CH2N), 4.70 (2H, s,
801NCH2N), 4.62 (2H, d, J = 17.4 Hz, Ar-CH2N), 4.39 (4H, m, CH2,
802H13, H13′), 3.02 (4H, t, J = 7.0 Hz, CH2, H14, H14′); δC (150 MHz):
803163.8 (CO), 163.2 (CO), 149.2 (C), 149.1 (CH), 148.0 (C),
804131.0 (CH), 130.5 (CH), 128.9 (CH), 128.2(C), 127.2 (C), 127.1
805(CH), 125.2 (C), 124.4 (CH), 122.8 (C), 118.4 (C), 69.9 (CH2), 57.0
806(CH2), 40.1 (CH2), 33.4 (CH2); νmax (neat sample)/cm

−1 3058, 2953,
8072923, 1689, 1656, 1596, 1570, 1510, 1459, 1440, 1372, 1301, 1255,
8081232, 1169, 920, 786.
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838Soc. Rev. 2012, 41, 3839. (c) Valıḱ, M.; Strongin, R. M.; Kraĺ, V.
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(35) 978Nordeń, B.; Rodger, A.; Dafforn, T. Linear Dichroism and
979Circular Dichroism; The Royal Society of Chemistry: London, 2010.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo501711g | J. Org. Chem. XXXX, XXX, XXX−XXXK



(36)980 Hiort, C.; Lincoln, P.; Norden, B. J. Am. Chem. Soc. 1993, 115,
981 3448.

(37)982 Rogers, J. E.; Abraham, B.; Rostkowski, A.; Kelly, L. A.
983 Photochem. Photobiol. 2001, 74, 521.

(38)984 Crosby, G. A.; Demas, J. N. J. Phys. Chem. 1971, 75, 991.
(39)985 Sheldrick, G. M. Acta Crystallogr., Sect. A 2008, A64, 112.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo501711g | J. Org. Chem. XXXX, XXX, XXX−XXXL


