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The effect of the 4-amino functionality on the
photophysical and DNA binding properties of
alkyl-pyridinium derived 1,8-naphthalimidest

Swagata Banerjee, Jonathan A. Kitchen, Thorfinnur Gunnlaugsson* and
John M. Kelly*

The synthesis and characterisation of two cationic pyridinium based 4-amino-1,8-naphthalimide deriva-
tives (2 and 3) are described and compared to those of compound 1. The photophysical properties of 2
and 3 are shown to vary greatly with the solvent polarity and H-bonding ability. The dimethylamino sub-
stitution in 3 results in a weak quantum yield of fluorescence emission due to faster non-radiative de-
activation of the excited singlet state than that seen for 2. As with 1, the fluorescence of 2 was found to
be enhanced in its 1:1 complex with 5’-adenosine-monophosphate (5'-AMP) while it was partially
quenched in its complex with 5’-guanosine-monophosphate (5'-GMP). In contrast, the fluorescence of 3
was enhanced (‘switched on’) in the presence of both adenine and guanine rich sequences. Linear and
circular dichroism studies showed that each of 1, 2 and 3 binds to double-stranded DNA by intercalation.
However, 2 and 3 do not show the preference for AT-rich DNA observed for 1. Comparative fluorescence
studies with double stranded DNA show that the emission of 3 was 16 times enhanced in its DNA bound
form, suggesting potential use of this structure as a spectroscopic probe for studying nucleic acid

www.rsc.org/obc structure.

Introduction

The development of small molecules capable of binding to
canonical B-DNA and exhibiting anticancer activities is cur-
rently an active area of research. In this context, 1,8-naphthal-
imide derivatives, originally developed by Brafia and co-
workers, represent an important family of DNA binders that
show significant anti-tumour activities in vitro and in vivo."”* In
addition to their excellent DNA binding abilities, 1,8-naphthal-
imide derivatives display interesting photophysical properties,
which are dependent on the nature, as well as the position, of
any aryl substituents. The unsubstituted and the 3- and 4-nitro
substituted naphthalimides possess high energy excited states,
absorbing in the short wavelength region, while the 3- and
4-amino-1,8-naphthalimide derivatives absorb in the visible
region (Amax = 450 nm) and emit at longer (Amax = 550 nm)
wavelengths, with reasonably high quantum yields of emission

School of Chemistry, Centre of Synthesis and Chemical Biology, and Trinity
Biomedical Science Institute, University of Dublin, Trinity College Dublin, Dublin 2,
Ireland. E-mail: jmkelly@tcd.ie, gunnlaut@tcd. ie;

Tel: +353 1 896 1947, +353 1 896 3459

TElectronic supplementary information (ESI) available: Figures ESI 1-10. CCDC
924757 and 924758. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c30b40370j

5642 | Org. Biomol. Chem., 2013, 11, 5642-5655

in various organic and aqueous solvents.® The latter qualities
are due to excited states that are characterised by a “push-
pull” internal charge transfer (ICT) character,® arising from
the presence of the electron-withdrawing imide and the elec-
tron donating amino moiety. This “push-pull” character
becomes more efficient when the electron-donating group is in
the 4-position of the naphthalene ring due to resonance stabi-
lity. Due to their polarity sensitive emission properties and
tunable redox properties, 4-amino-1,8-naphthalimide deriva-
tives have been extensively explored for the development of
sensors for biologically relevant ions,® molecules,” potential
cellular imaging agents® and DNA binding molecules.” With
the aim to develop bi-functional DNA binding agents, we have
also reported the development of N-aminoalkyl® and bis-N-Ru(1)
polypyridyl ~complexes® of 4-amino-1,8-naphthalimides,
formed through the formation of a Troger’s base moiety.
Recently we reported a detailed study of the interaction of a
pyridinium based 4-amino 1,8-naphthalimide 1 (Fig. 1) with
5-AMP, 5-GMP and DNA, which showed that the compound
exhibits an enhanced fluorescence emission in the presence of
5-AMP and DNA, while the fluorescence is quenched by
5-GMP, indicating that the singlet excited state of the
4-amino-1,8-naphthalimide derivative can oxidise guanine but
not adenine.'® This study also showed that in contrast to what
was reported for the unsubstituted compound,’" the 4-amino-
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Fig. 1 Structures of 1-3.

derivative 1 binds to DNA via intercalation and displays a
strong preference for AT-rich sequences.'® To further probe the
binding of 4-amino-1,8-naphthalimides with DNA, we have
synthesised two novel structurally related derivatives 2 and 3
(Fig. 1). These were designed to study the effects of (i) methyl
substitution of the pyridine nitrogen on the imide side chain
(while retaining the same spacer length as in 1) and (ii) chang-
ing the 4-amino nitrogen substitution from a primary (e.g. 2)
to a tertiary amine (e.g 3) on the photophysical and DNA
binding properties of such 4-amino-1,8-naphthalimide deriva-
tives. Indeed we demonstrate that both these modifications
have a significant effect on the interactions of 2 and 3 with
nucleotides (5-AMP, 5-GMP) as well as DNA. This study shows
that although 2 and 3 both contain a quaternised pyridine
functional group, their binding behaviour with DNA is signifi-
cantly different from that of 1. Moreover, we demonstrate that
3 gives rise to a larger relative enhancement in the fluore-
scence emission upon binding to DNA than that seen for 2,
although the latter possesses a much higher quantum yield of
fluorescence in its free unbound form. Hence, these simple
structural modifications enabled us to fine-tune desirable pro-
perties that can be employed in the design of novel naphthal-
imide derivatives targeted to DNA with potential use as
therapeutic and imaging agents.

Results and discussion
Design, synthesis and solid state characterisation of 2 and 3

Compound 2 was synthesised in three steps as shown in
Scheme 1a. The first step involved condensation of 4-nitro-1,8-
naphthalic anhydride with 4-(2-aminoethyl)pyridine in anhy-
drous toluene in the presence of triethylamine to give 5 in
47% yield, after basic aqueous workup and recrystallisation
from hot ethanol. Reduction of 5 using hydrazine in methanol
and 10% Pd/C gave compound 4 as a yellow solid in 94% yield.
The final product 2 was then obtained as an iodide salt by
reacting 4 with excess CH;lI in refluxing anhydrous acetone fol-
lowed by purification by silica flash chromatography. Finally
compound 2 as its CI” salt was obtained as a bright yellow
solid in 93% yield.

Compound 3 was synthesised in a three step synthetic
pathway as shown in Scheme 1b. The first step involved
the conversion of 4-bromo-1,8-naphthalic anhydride into the

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Synthetic route for 2-3.

4-N,N' dimethyl analogue 7 using a modified literature pro-
cedure in the presence of CuSO, in DMF in 78% yield as
a yellow solid."”” Condensation of 7 with 4-(2-aminoethyl)-
pyridine in anhydrous toluene in the presence of triethylamine
yielded 6 in 56% yield, following aqueous workup and recrys-
tallisation from methanol. Treating 6 with excess CHj;I in
refluxing acetone solution, followed by purification using
silica flash column chromatography, gave 3 as an orange solid
in 40% yield. This product was then converted into its Cl~ salt
using IRA(400) Cl-ion exchange resin.

Small yellow plate shaped crystals of 2 as the chloride salt
suitable for X-ray diffraction were grown by slow evaporation of
a methanolic solution. The low temperature (108 K) X-ray crystal
structure showed that 2 crystallised in the triclinic space group
P1 (Fig. 2a) and contained one molecule of 2 with two intersti-
tial water molecules in the asymmetric unit. The ethylene
linker between the naphthalimide and pyridinium moieties
adopts an anti-conformation. This is in contrast to what was
previously observed for 1, where the ethylene linker adopts a
gauche conformation so that the pyridinium ring is oriented
towards the naphthalimide. The pyridinium ring for 2 is not
coplanar with the naphthalimide mean plane; instead it is
angled at ca. 35° out of the expected coplanar arrangement.
This is possibly a consequence of the weak, non-classical C-H
hydrogen bonding interactions observed between the four pyri-
dinium protons and chloride counter anions or interstitial
water molecules (ESIf). Extensive n---n stacking interactions
were observed between adjacent naphthalimide groups result-
ing in the head-to-tail arrangement of molecules (Fig. 2b).
Packing interactions are primarily dominated by an extensive
hydrogen-bonding network between the amino group and
interstitial water protons as donors, and chloride, carbonyl
oxygen atoms and water oxygen atoms as acceptors (see ESIT).
The complete list of H bonding parameters observed in the
crystal structure of 2 is detailed in ESI (ESI Table 37).

Yellow coloured single crystals suitable for X-ray diffraction
studies were also obtained by slow evaporation of an ethanolic
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Fig. 2 (a) X-ray crystal structure of 2 as its CI™ salt with thermal ellipsoids
shown at 50% probability, (b) the packing of 2 showing the =---x interactions,
(c) the X-ray crystal structure of 3 as its PFg~ salt with thermal ellipsoids shown at
50% probability, and (d) the packing of 3 showing the anion---x and n--x
interactions.

solution of 3 as the PFq~ salt. The low temperature (100 K)
crystal structure is shown in Fig. 2c. As is the case for 2, the
ethylene linker in 3 adopts an anti conformation. The pyridi-
nium ring and the naphthalimide ring assume an almost
coplanar orientation in the crystal structure. The NMe, group
was found to be in a slightly twisted conformation with
(Chaph—Cnaph~N-Me) torsion angles of ca. —5° and 42° for
methyl C20 and methyl C21 respectively. The packing is gov-
erned by strong anion---n interactions'® between the fluorine
atom of the PFys~ ion and the imide ring (F3---centroid distance
2.875 A) and x---n stacking interactions between the naphthal-
ene rings on adjacent molecules (centroid---centroid distance
3.521 A) resulting in head-to-tail organisations of the naphthal-
imide molecules. In addition there is a very weak anion:--xn
interaction between the pyridinium ring and the PFq~
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(F2---centroid = 3.628 A) giving an overall n---anion---n inter-
action (Fig. 2d).

UV/visible and fluorescence studies of 2 and 3

Having fully characterised the new analogues 2 and 3, their
photophysical properties were first examined in aqueous phos-
phate buffer. 2 displayed a broad ICT absorption band centred
at 435 nm (e = 13800 M~' cm™') and high energy n-n* tran-
sitions at ca. 250 nm (26150 M™" cm™"). Excitation of 2 at
435 nm resulted in a broad emission band centred at 550 nm
(Fig. 3a).

In contrast to 2, the absorption band for the N,N'-dimethyl
analogue 3 was shifted to a longer wavelength (A, = 450 nm,
£=11290 M ecm™ ") with a shoulder at ca. 400 nm, which was
not observed for the 4-amino analogue (Fig. 3b). The shoulder
centred around 400 nm observed in the absorption spectrum
of 3 was found to be present in a range of concentrations
investigated (2 — 100 pM) and to obey the Beer-Lambert law
in this concentration range (ESIT). However 600 MHz 'H NMR
analysis of 3 in D,O (ESIf) showed that the protons from the
naphthalene ring exhibited a significant downfield shift on
changing the concentration from 1 mM to 10 pM, indicative of
aggregation at higher concentration, even though the UV/vis
absorption spectrum of 3 remained practically unchanged in
this concentration range. Based on the 'H NMR data, the
possibility of some aggregation in aqueous solution cannot
therefore be completely ruled out even at 10 pM concentration.
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Fig. 3 Normalised UV/vis absorption spectrum and fluorescence excitation

and emission spectra of (a) 2 (7.1 pM) and (b) 3 (7.0 uM) in 10 mM phosphate
buffer (pH 7.0).
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Table 1 Absorption and fluorescence emission data for 2 and 3 in different solvents

/max (Abs) (nm)

ﬁmax (Flu) (nm)

BuOH i-PrOH n-PrOH EtOH H,0 BuOH i-PrOH n-PrOH EtOH H,0
1° 445 444 444 440 436 530 532 534 536 552
2 443 443 441 439 435 525 523 527 528 550
3 425 426 426 427 450 527 527 529 532 555
“ Data for 1 were incorporated from ref. 10 for comparison.
Excitation of 3 at 450 nm resulted in a broad emission 042- —:mﬂ"ol |
. .. —— Isopropanol
band centred at 555 nm (Fig. 3b). The emission band was not (a) ool —— Propanol
affected by changing the excitation wavelength from 450 nm to o T panal
400 nm. The shoulder at 400 nm observed in the UV/vis g — Water
c
absorption spectrum of 3 was not present in the excitation 8 008
. . . o
spectrum recorded in aqueous solution using Ae,, = 555 nm, é 004

suggesting that the emission arises from the monomeric
species in solution.

To aid in understanding the contrasting behaviour of 2 and
3 in aqueous solution, the absorption and emission spectra of
2 and 3 were recorded in different alcoholic solvents (Table 1).
In all the solvents studied, compound 2 exhibited a broad
absorption band, which showed a slight blue shift
(ca. 8-9 nm) on moving from the less polar butanol to the
highly polar water (Fig. 4a). In the case of 3, the absorption
maxima remained relatively unchanged between various alco-
hols but showed a large (ca. 23 nm) red shift on changing
solvent from ethanol to water (ESIT). Additionally, in all alco-
holic solvents, the absorption band of the dimethyl analogue
3 is blue shifted compared to 2, whereas in water the band for
3 is significantly red shifted relative to 2. The behaviour of 3 in
all alcoholic solvents may be explained if the dimethylamino
(NMe,) moiety is twisted relative to the naphthalimide ring
such that the amino nitrogen cannot participate in the ICT
process as efficiently as in the 4-amino analogues. The solid-
state structure of 3 also revealed that the NMe, group is
slightly twisted relative to the naphthalene ring thereby sup-
porting the spectroscopic data. The considerably red shifted
absorption band of 3 in aqueous media suggests the possi-
bility of aggregation, which is possibly a consequence of the
presence of two additional hydrophobic methyl groups.

In contrast to the absorption spectra, an increase in the
polarity of the media resulted in red shifts in the fluorescence
bands for both 2 and 3 and a decrease in fluorescence
quantum yield and lifetime on moving from butanol to water
(¢f. Table 2), a behaviour characteristic of an ICT excited
state.'? Representative spectra for 2 are shown in Fig. 4b and
the fluorescence maxima in each solvent are summarised in
Table 1.

The radiative and non-radiative rate constants were calcu-
lated for 2 in various solvents from the measured value of @g
and 7y and are presented in Table 3. This shows that the mag-
nitude of the radiative decay constant (k;) is not significantly
altered with an increase in polarity of the alcohol, while the
non-radiative decay constant (k,;) increased substantially

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 UV/vis absorption and fluorescence spectra of 2 in different solvents.

between butanol and ethanol. This increase in k,, on moving
towards more polar and H-bonded solvents accounts for the
decrease in @y.

Compound 3 has much lower fluorescence quantum yields
compared to 2 in all the solvents studied (¢f. Table 2), making
fluorescence lifetime studies more difficult. In butanol, analy-
sis by bi-exponential kinetics showed that the dominant life-
time was 0.28 ns (93%). This lifetime must be regarded as an
upper limit, as it is obtained by deconvolution of the exciting
pulse (1.2 ns). This would indicate that the non-radiative decay
of the excited state is >3 x 10° s™*. A more detailed study of the
nature of the non-radiative processes in 3 will require pico-
second measurements.

In a related study, Saha et al. proposed that an increased
rate of inversion of the amino nitrogen can also influence the

14e and

ko value in a series of 4-amino-1,8-naphthalimide
4-aminonitrobenzoxadiazole derivatives."¥ Glusac and co-
workers have also reported that in the optimised excited state
geometry of 4-N,N'-dimethylamino-1,8-naphthalimide, the
4-substituent is at a 90° angle relative to the naphthalene
ring."”®® Such twisted excited states are more stabilised in

highly polar solvents. These authors also reported the
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Table 2 Fluorescence quantum yield (¢¢) and fluorescence lifetime (z¢) of 2 and 3 in various solvents (dex = 458 nm for fluorescence lifetime measurements)

P 7 (ns)

BuOH i-PrOH n-PrOH EtOH H,0 BuOH i-PrOH n-PrOH EtOH H,0
1“ 0.40 0.29 0.23 0.16 0.08 5.1 3.9 3.2 . .
2 0.51 0.50 0.47 0.37 0.11 8.4 8.2 7.8 7.3 3.1
3 0.015 0.013 0.012 0.007 0.001 - - —b - -
“Data for 1 from ref. 10. ” Fluorescence decay could not be reliably measured.
Table 3 Radiative (k;) and non-radiative decay constants (k) of 2 in various solvents

ke (x107 s7h) Fnr (X107 571

BuOH i-PrOH n-PrOH EtOH H,0 BuOH i-PrOH n-PrOH EtOH H,0
14 7.8 7.4 7.2 6.1 3.6 12 18 24 32 40
2 6.0 6.1 6.0 5.1 3.6 5.8 6.1 6.8 8.6 29

“Data for 1 from ref. 10.

shortening of fluorescence lifetime of 4-N,N'-dimethylamino-
1,8-naphthalimide with increasing solvent polarity in a
manner similar to that observed in the case of 3. It has been
proposed that the rate of the twisting process is enhanced with
an increase in solvent polarity and consequently results in a
decrease in the quantum yield of emission and lifetime of the
excited state. A similar mechanism might be responsible for
the observed photophysical behaviour of 3. However, the
absence of dual emission in this case suggests that the twisted
excited state is presumably non-fluorescent as observed pre-
viously for the 4-N,N'-dimethylaminophthalimide derivati-
ves.'”” A characteristic shoulder in the absorption spectrum
similar to that observed for 3 was also reported for a bichromo-
phoric system incorporating an N,N'-dimethylaniline and a
decahydroacridinedione.'® However, this compound showed
two fluorescence bands in aprotic solvents that were attributed
to two different conformations of the ground state, giving rise
to closely lying local and charge transfer excited states. As only
one emission band is observed for 3 in all the solvents
studied, a similar mechanism is unlikely here.

Since 2 and 3 exhibit significant solvatochromism and as
their emission quantum yields are strongly dependent on
solvent polarity, the binding of these derivatives to nucleotide
monophosphates and DNA is expected to cause substantial
changes in the photophysical properties of the ligands.

Interaction with mononucleotides

Ground state interactions with mononucleotides. The inter-
actions of 2 and 3 with mononucleotides were initially investi-
gated, and the changes observed in the UV/vis spectrum of 2
in the presence of 5-GMP are shown in Fig. 5a. The addition
of 5-GMP to the solution of 2 in 10 mM phosphate buffer (pH
7.0) resulted in a decrease in the long-wavelength absorption
band at 435 nm and ca. 7 nm red shift in A, with the con-
comitant formation of a single isosbestic point at 460 nm.

5646 | Org. Biomol. Chem., 2013, 11, 5642-5655

Similar changes were also observed in the ground state spec-
trum of 2 in the presence of 5-AMP (ESIf). These observations
suggest the formation of spectroscopically distinct free and
5-XMP (X = A/G) bound naphthalimide species in solution,
which has been previously observed for other 1,8-naphthal-
imide derivatives and has been attributed to naphthalimide-
nucleotide stacking interactions.'®” The changes in the
UV/vis absorption spectra of 3 in the presence of 5-AMP and
5-GMP were significantly different from those observed for 2,
since with increasing concentration of the mononucleotide,
the band centred at 450 nm showed a ca. 8-9 nm red shift.
However, the absorbance at 450 nm did not decrease signifi-
cantly (Fig. 5¢). Additionally, the absorbance at 400 nm corres-
ponding to the shoulder decreased significantly and the
shoulder feature disappeared at high concentrations of
5'-XMP. However, the decrease in absorbance at 400 nm did
not reach a plateau even at very high concentrations of 5-GMP
(50 mM). The decrease in absorbance at 400 nm in the pres-
ence of 5-GMP is indicative of naphthalimide-5-GMP stacking
interaction. The lack of a plateau in the binding isotherm
suggests a weak interaction between 3 and 5-GMP. This poss-
ibly results from a slightly twisted conformation of the
dimethyl amino group relative to the plane of the naphthal-
imide ring, which can interfere with the binding of 5-GMP to
the planar surface of the naphthalimide ring. Assuming a 1:1
stoichiometry of binding, the binding constants of 2 and
3 were calculated for 5-AMP and 5-GMP using the Scatchard
equation'®® and the non-linear model of Deranleau'®” and the
results are given in Tables 4 and 5. This showed that 1
and 2 display comparable binding affinity towards both purine
nucleotides. However, the binding constants for the associ-
ation of 3 with 5-AMP and 5-GMP were significantly lower
and were comparable to the unsubstituted compound'””
suggesting that the 4-amino group is possibly involved in the
interaction with mononucleotides. Additionally, the slightly

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Changes in the (a) absorption spectrum and (b) fluorescence spectrum (lex = 460 nm) of 2 (7.2 uM) and changes in the (c) absorption spectrum and (d)
fluorescence spectrum (1ex = 450 nm) of 3 (6.8 uM) in the presence of increasing concentration of 5'-GMP (0-50 mM) in 10 mM phosphate buffer pH 7.0.

Table 4 Summary of absorption parameters for the interaction of 2 and 3 with
5'-GMP

Table 5 Summary of absorption parameters for the interaction of 2 and 3 with
5'-AMP

1° 2 3 1¢ 2 3

Amax (Abs) (free) (nm) 436 435 450 Amax (Abs) (free) (nm) 436 435 450
Jmax (Abs) (bound) 442 442 458 Amax (Abs) (bound) 445 446 460
(nm) (nm)
A2 (nm) +6 +7 +8 AZ (nm) +10 +11 +10
% Hypochromism 12 11 —? 20° % Hypochromism 19 13 —> 27°
Isosbestic point (nm) 470 460 455 (not well defined)  Isosbestic point 463 460 455 (not very clear)
KM™)  Scatchard 117+11 100+5 —¢ (nm)

Deranleau  135+5 125+8 —¢ KM™)  Scatchard K;=138+10 100+5 70+3

K,=37+5

“Data for 1 from ref. 10. > No decrease in absorbance at A, = 450 nm. Deranleau K;=155+7 125+8 66+4
¢ Hypochromism at 400 nm. 9 Data could not be fitted due to the lack K,=35+5

of an end point.

twisted structure of the N,N'-dimethyl amino group in 3 might
also affect the interaction with the mononucleotides.

Singlet excited state interaction of 2 and 3 with mononucleo-
tides. Having shown the ground state interactions of 2 and 3
with mononucleotides, we next investigated the changes in the
fluorescence emission spectra of 2 and 3 in the presence of
5-AMP and 5-GMP. In the case of 2, the fluorescence intensity
initially decreased at low concentrations of 5-AMP (0-0.9 mM)
and then increased by a factor of 1.5 with further addition of
5'-AMP (ESIT). The fluorescence intensity for 3 increased by a
factor of four in the presence of increasing concentrations of
5-AMP (0 — 100 mM). However, the changes in fluorescence

This journal is © The Royal Society of Chemistry 2013

“Data for 1 from ref. 10. ® No decrease in absorbance at Amax = 450 nm.
“Hypochromism at 400 nm.

of 3 did not reach a plateau at higher concentration of 5-AMP
unlike that observed for 2. This could be a consequence of the
weaker affinity of 3 towards 5-AMP as determined by the UV/
vis absorption titration. The increase in relative quantum yield
of emission of both compounds in the presence of 5-AMP can
be attributed primarily to a decrease of the rate of non-radia-
tive decay processes in the complex, where the ligand is less
accessible to solvent molecules and also is in a relatively more
rigid orientation. Similar changes in non-radiative decay pro-
cesses have been reported for the interaction of various
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porphyrin®® and ethidium bromide derivatives*® and 4-amino-
1,8-naphthalimide 1 with nucleobases and DNA."°

In contrast to what was observed with 5-AMP, the addition
of 5-GMP (up to 50 mM) caused ca. 75% quenching of the
emission intensity of 2 (1, = 460 nm), accompanied by a
ca. 2 nm blue shift in the peak position (Fig. 5b). This can be
attributed to photoinduced electron transfer (PET) occurring
from guanine to the excited 4-amino naphthalimide derivative,
as has been previously observed for other naphthalimide
derivatives."”"” Quenching of the emission intensity of 2 at a
lower concentration of 5-GMP occurs in a 1:1 complex. The
residual fluorescence observed at very high concentrations of
5-GMP, where the ligand should be mostly bound, can be
explained by considering fluorescence emission from the
NI:5-GMP complexes. At very high concentration of 5-GMP,
the possibility of collisional quenching cannot be ruled out. In
contrast to what was observed for 2, the emission intensity of
3 increased almost linearly with increasing 5-GMP concen-
tration (0 — 50 mM) and did not reach a plateau at high con-
centration of 5-GMP (Fig. 5d). Stacking interactions of 3 with
mononucleotides can provide some extent of a rigid environ-
ment, which reduces the extent of non-radiative deactivations
operating in aqueous solution and therefore can enhance the
fluorescence quantum yield. The absence of any plateau in the
binding isotherm indicates weak interaction between 2 and
5-GMP, in agreement with the ground state absorption data.

Interaction with salmon testes (st)-DNA

Ground state interactions. The interactions of 2 and 3 with
st-DNA were investigated from the changes in the UV/vis
spectra of the ligands in the presence of DNA (Fig. 6a). In both
cases the addition of st-DNA resulted in a large hypochromicity
and red shift of the ICT absorption band, accompanied by the
formation of a single isosbestic point at ca. 480 nm for all
DNA/ligand (P/D) concentrations suggesting the presence of
only two spectroscopically distinct species, i.e. the DNA bound
and the free ligand. For 3, absorbance at 400 nm corres-
ponding to the shoulder decreased by ca. 62%. Similar
changes in the absorption spectra have been observed for 1'°
and various other 1,8-naphthalimides,'"'”*! where the hypo-
chromicity of the naphthalimide absorption band has been
suggested due to intercalation of the planar naphthalimide
ring between the stacked DNA bases. The changes in absor-
bance were fitted to the non-cooperative model of McGhee and
von Hippel*> to determine the binding constant, which
showed that in 10 mM phosphate buffer solution the intrinsic
binding constants for the association of 2 and 3 with st-DNA
were found to be of the order of 10> M™" (Fig. 6a inset and
Table 6), which are comparable to the affinity of phenothiazine
dyes for DNA** and naphthalimides fused with heterocyclic
rings.>* Interestingly, the presence of the dimethyl substitution
on the 4-amino nitrogen did not appear to have any significant
effect on the DNA binding affinity of 3, in contrast to what was
observed for the mononucleotides.

Excited state interactions with st-DNA. In the presence of
st-DNA, the fluorescence intensity of each of 1, 2 and 3 is
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Fig. 6 (a) Changes in the UV/vis absorption spectra of 3 (7.8 uM) in the pres-
ence of increasing concentration of st-DNA (0-438 uM) in 10 mM phosphate
buffer (pH 7.0). Inset: plot of r/Cs vs. r (W) and fit (—) to the non-cooperative
model of McGhee and von Hippel. (b) Changes in the fluorescence spectra of 3
(7.8 pM) in the presence of increasing concentration of st-DNA (0-438 uM) in
10 mM phosphate buffer (pH 7.0) (Aex = 480 nm). Inset: plot of I/l vs. DNA
nucleotide phosphate/ligand (P/D) for 2 and 3.

Table 6 Summary of binding parameters obtained from the absorption
spectra of 1-3 in the presence of st-DNA in 10 mM phosphate buffer (pH 7.0)

1¢ 2 3

Amax (Abs) (nm) (free) 436 435 450

Amax (Abs) (nm) (bound) 447 445 465

AA (nm) +11 +10 +15

% Hypochromism 44 44 22?, 62¢

Isosbestic point (nm) 480 480 480

Bound P/D 20 22 25

K (x10° M) 1.85+£0.05  1.38+0.05  (1.49 +0.10)
(1.55 + 0.05)°

n (bp) 2.65+0.22  2.43+0.05  (3.05=0.25)

(3.40 + 0.08)°

“Data for 1 from ref. 10. ”?Measured using absorbance at 450 nm.
“Measured using absorbance at 400 nm.

enhanced concomitant with a blue shift in Ay (Fig. 6b).
However, the extent of the fluorescence enhancement and the
shift in A, were very different for each naphthalimide-DNA
pair. Whereas for 1 the fluorescence quantum yield increased
steadily with increasing concentration of st-DNA, reaching a
plateau with a quantum yield enhancement by a factor of
2.0,"° the behaviour of 2 was strikingly different. Here the
emission intensity of the ICT band (4. = 550 nm) initially
increased by a factor of 1.6, reaching a maximum at a P/D ratio
of ca. 17, accompanied by a ca. 11 nm blue shift in Apay.
Further increase in DNA concentration (P/D 20 — 55) resulted
in a decrease of the emission intensity (Fig. 6b inset) and an
additional 3 nm blue shift in A, This total blue shift of

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ob40370j

Published on 27 June 2013. Downloaded by Trinity College Dublin on 05/12/2013 15:41:16.

14 nm may be contrasted with the more modest 5 nm shift of
1. The biphasic behaviour for 2 is presumably indicative of
multiple binding sites. One possibility is that the complex has
a sequence preference and will then seek out a preferred site
at a higher P/D ratio. However studies with polynucleotides,
described below, suggest that this is probably not the case.
Another possibility is that at a low P/D ratio there is interaction
between the complexes (probably involving stacking), which is
undone when more DNA is added. It would also be necessary
to suppose that the dimers or aggregates were more fluore-
scent than the isolated DNA-bound naphthalimide and such
behaviour has been proposed for some ruthenium polypyridyl
complexes.”” Biphasic behaviour is maintained upon raising
the ionic strength by the addition of 100 mM NacCl (ESI) indi-
cating that the effect is not merely electrostatic in nature.
Fluorescence enhancement was much more pronounced
with 3, showing a ca. 16 fold increase in the emission intensity
when fully bound to st-DNA (Fig. 6b). This behaviour is con-
sistent with the location of the ligand in a less polar and more
rigid site, where it is less accessible to water and therefore less
susceptible to non-radiative decay. As noted above, the
dimethyl substitution on the 4-amino nitrogen increases the

( a ) 0.06- 4 =
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non-radiative deactivation of the excited singlet state in 3 prob-
ably by rotation/twisting of Aryl-N bonds and inversion of
amino nitrogen compared to 2. These internal motions are
expected to be significantly reduced when bound to DNA,
resulting in an enhancement of the fluorescence quantum
yield.”®

Interaction with synthetic polynucleotides

As before, the changes in the UV/vis absorption spectra of
2 (Fig. 7a and 7b, respectively) and 3 (ESIf) with increasing
concentrations of poly(dA-dT), and poly(dG-dC), were moni-
tored. In the presence of either of the polynucleotides, a large
hypochromicity was observed for the ICT absorption band of
both 2 and 3 accompanied by a significant red shift in the
Amax- The equilibrium binding constants for the association of
the naphthalimides with polynucleotides were determined
from the fit of the absorbance data to the non-cooperative
model of McGhee and von Hippel and are summarised in
Table 7. This shows that both 2 and 3 showed comparable
binding affinities for AT and GC rich sequences. This contrasts
with the behaviour reported for the pyridinium based
4-amino-1,8-naphthalimide derivative 1, which shows a strong

(b) w] n
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Fig. 7 The UV/vis absorption spectra of (a) 2 (4.0 pM) in the presence of increasing concentration of poly(dA-dT), (0-140 puM); (b) 2 (4.0 pM) in the presence of
increasing concentration of poly(dG-dC), (0-165 pM) in 10 mM phosphate buffer (pH 7.0); inset a and b: plot of r/Cs vs. r and best fit (—) to the McGhee-von
Hippel model for the titration of 2 with poly(dA-dT), and poly(dG-dC), respectively; (c) changes in the fluorescence spectra of 2 (4.0 pM) in the presence of poly-
(dA-dT), (0-140 pM) (Aex = 435 nm); inset c: plot of //1y vs. P/D for 2 and 3 respectively in the presence of poly(dA-dT),; (d) changes in the fluorescence spectra of 2
(4.0 uM) in the presence of increasing concentration of poly(dG-dC), (0-165 pM). (ex = 435 nm); inset d: changes in the fluorescence spectra of 3 (5.2 pM) in the
presence of increasing concentration of poly(dG-dC), (0-190 pM). (Aex = 450 nm) in 10 mM phosphate buffer (pH 7.0).
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Table 7 Summary of binding parameters obtained from the absorption spectra of 1-3 in the presence of polynucleotides in 10 mM phosphate buffer (pH 7.0)

1° 2 3
(dA-dT), (dG-dC), (dA-dT), (dG-dC), (dA-dT), (dG-dC),
Jmax (Abs) (nm) (free) 436 436 435 435 450 450
Amax (Abs) (nm) (bound) 447 445 447 447 463 462
A (nm) +11 +9 +12 +12 +13 +12
% Hypochromism 49 52 57 57 17, 52° 12, 34°
Isosbestic point (nm) 480 — — — — —
Bound P/D 11 50 15 25 13 18
K (x10°M™) 5.15+0.10 0.82 + 0.02 4.35+0.01 2.87 +0.10 5.32 + 0.02° 3.21 +0.05”
4.80 + 0.03° 3.00 + 0.03°
n (bp) 2.54 +0.12 3.62 + 0.09 1.36 + 0.02 2.20 +0.07 1.70 +0.10° 3.10 + 0.10°
1.96 + 0.05° 2.88 + 0.09°
Amax (Flu) (nm) (free) 552 552 550 550 555 555
Amax (Flu) (nm) (bound) 547 544 535 543 537 552
A4 (nm) -5 -8 -15 -7 -18 -3
11, 2 0.70 3.5 0.74 7.5 8.5

“Data for 1 from ref. 10. » Measured using absorbance at 450 nm.  Measured using absorbance at 400 nm.

preference for AT rich sequences.'® The comparable binding
affinities of 2 and 3 toward AT and GC rich sequences possibly
originate from the presence of an additional methyl group on
the pyridyl nitrogen, which might result in better binding to
both AT and GC sequences.

The changes in fluorescence intensity of 2 in the presence
of increasing concentrations of poly(dA-dT), are shown in
Fig. 7c. Similar to what was observed for 5-AMP, the emission
of 2 was enhanced by a factor of 3.5, with a 15 nm blue shift in
Amax in the presence of poly(dA-dT),. Compound 3 also
showed a ca. 7.5 fold enhanced fluorescence in the presence of
poly(dA-dT), and a 18 nm blue shift in A, (Fig. 7c inset and
Table 7).

A different behaviour is found for poly(dG-dC),, where the
fluorescence of 2 is quenched upon binding (Fig. 7d). This is
consistent with PET, due to the oxidation of guanine by the
singlet excited state of 2. In contrast with this, the fluorescence
intensity of 3 was enhanced by a factor of 8.5 in the presence
of poly(dG-dC), (Fig. 7d inset and Table 7). The enhanced
fluorescence of 3 in the presence of GC rich sequences
suggests that the excited state of 3 is much less oxidising than
1 and 2, presumably due to the presence of the electron-donat-
ing N,N'-dimethyl amino group.

Thermal melting assay

The thermal melting curves of st-DNA (150 pM) in the presence
of 2 and 3 are shown in Fig. 8. In the absence of any ligand,
the Ty, value for st-DNA was found to be (68 + 0.5) °C. In the
presence of ligands 2 and 3 (P/D = 10), moderate stabilisation
of st-DNA was observed, indicated by a ca. 5-6° increase in the
DNA melting temperature of st-DNA in a 10 mM buffer solu-
tion. It is perhaps significant that the extent of stabilisation is
smaller than the effect observed for well-established intercala-
tors such as ethidium bromide (AT}, > 10°).>” However, such a
moderate stabilisation has been observed previously for other
mononaphthalimide based DNA intercalators and perhaps
suggests a weaker intercalation efficiency of 2 and 3.%'°
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Fig. 8 The thermal melting profile of st-DNA (150 pM) in the presence of 1-3

(P/D 10) in 10 mM phosphate buffer (pH 7.0). (Data for 1 were taken from ref.
10.)
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Fig. 9 The LD spectra of st-DNA (400 uM) in the presence of varying concen-
tration of 2 (P/D 0 — 30) in 10 mM phosphate buffer (pH 7.0).

Linear dichroism spectroscopy

The mode of binding of 2 and 3 with st-DNA was investigated
using linear dichroism (LD) spectroscopy. As shown in Fig. 9,
in the absence of any ligand, a negative LD signal is observed
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for st-DNA at 4 = 260 nm, characteristic of B-DNA, arising from
the nearly perpendicular orientation of the transition
moments of DNA bases relative to the DNA helical axis.*® In
the presence of 2, in addition to the negative LD signal at
260 nm for DNA, a second negative LD signal was observed
around 440 nm corresponding to the ICT absorption band of
2. Due to significant overlap of the DNA absorption band and
the absorption band of 2 below 300 nm, a complete quantitat-
ive interpretation of the flow linear dichroism data was not
possible. However, the presence of a negative LD signal
centred at ca. 440 nm in the presence of 2 suggests that 2
binds to st-DNA via intercalation. The LD spectra of st-DNA in
the presence of 3 (ESIT) also showed the appearance of a nega-
tive LD band at ca. 440 nm. For the 260 nm band corres-
ponding to the transitions of DNA bases, reduced linear
dichroism (LD") was calculated to be —0.027 + 0.003, a value
similar to that obtained for B-DNA samples by other research
groups.”® In the presence of 2 and 3, the LD" values calculated
for the 440 nm band and the nucleobase region were found to
be —0.032 + 0.003 and —0.034 + 0.003 respectively, which are
similar to that observed for the DNA bases thereby supporting
the conclusion that the naphthalimide ligands lie in the same
plane as the DNA bases.

Circular dichroism spectroscopy

CD titrations were carried out by monitoring the confor-
mational changes of st-DNA (150 pM) in the presence of
increasing concentrations of the ligand of interest. The CD
spectra of st-DNA in the presence of varying concentrations of
2 are shown in Fig. 10 and that in the presence of 3 are shown
in ESL.t The molar ellipticity of the positive band at 275 nm
band increased significantly in the presence of increasing con-
centrations of the ligands and showed ca. 3 nm red shifts.
Notably, no induced CD signal was observed for the bound
naphthalimide in any case. An induced signal would be
expected if it were groove-bound to the DNA as has previously
been reported for the unsubstituted 1,8-naphthalimide.’* An
increase in the molar ellipticity of the CD band of double
stranded DNA centred at 275 nm has been previously observed

o —st-DNA
g 2x10° —PID25
3 —PID5
£ —P/ID10
o 1x10*- —PID20
&
Q
i
> 0 PRSP,
©
s
W 1x10*-
s
° T T T T T 1
= 250 300 350 400 450 500

Wavelength (nm)

Fig. 10 The CD spectra of st-DNA (150 uM) in the presence of varying concen-
tration of 2 (P/D 0 — 20) in 10 mM phosphate buffer (pH 7.0).
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in the case of intercalative binding.>® These changes along
with LD measurements are indicative of the intercalative mode
of binding.

Conclusion

This study shows that the cationic 4-amino-1,8-naphthalimide
derivatives 2 and 3 possessing an ethyl pyridinium side chain
bind strongly to DNA. Spectroscopic titrations along with
linear dichroism measurements suggest that the ligands bind
via intercalation between the DNA base pairs. The strong stack-
ing interaction between the planar naphthalimide ring and
the DNA bases is further confirmed by the titration with
5'-AMP and 5-GMP. Cationic side chains (such as the methyl
pyridinium moiety here) might be expected to interact with the
phosphate backbone of the DNA*® or with the 06 and the N7
atoms of guanine,’® if the side chain is bound in the major
groove.

It is interesting to note that the excited state interaction of
2 with st-DNA is quite different from the previously reported
4-amino-1,8-naphthalimide derivative 1 where the pyridine
moiety is bound directly to the ethylene linking group. Com-
pound 2 shows comparable binding affinities to poly(dA-dT),
and poly(dG-dC), whereas compound 1 shows a 6 times
greater affinity to the AT-polymer. These differences in behav-
iour are surprising given the similarity of the two side-chains,
and hence, must indicate an unfavourable interaction of the
pyridinium group of 1 with either the guanine or cytosine.
This could possibly be a steric interaction between this group
and the 2-amino group of guanine in the minor groove. It is
intriguing to consider whether this steric demand is due to
the interaction of the pyridinium group in 1 with the naphthal-
imide oxygen as found in the crystal structure of 1 and caused
the ethylene group to form a gauche conformation. This
clearly demonstrates that the minor structural changes in the
imide substituent can have a major effect on the DNA binding
affinity. Another particularly intriguing difference between 1
and 2 is the latter’s biphasic fluorescence response with
st-DNA (but not with the synthetic polynucleotides). This pre-
sumably indicates that there is a change in binding site with
the loading of 2 on the DNA, perhaps a preference for a par-
ticular sequence. Determination of this will require a study
with a defined sequence DNA.

Dimethyl substitution on the amino nitrogen in 3 was
found to cause a major reduction of the fluorescence quantum
yield of the system in all solvents. The low quantum yield of 3
compared to that observed for the amino analogue 2 has been
rationalised in terms of increased non-radiative deactivation
pathways induced by the presence of twisted NMe, group in 3.
The presence of the dimethyl amino group presumably also
interferes with the stacking with 5-AMP and 5-GMP as
suggested by the reduced binding constant of 3 for both
5-AMP and 5-GMP. This study also revealed that 2 and 3 show
significantly different excited state interactions with adenine
and guanine rich sequences, where the excited singlet state of
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the amino derivative is partly quenched in the presence of
guanine (the most easily oxidisable base) but not with
adenine. This is probably due to the lower reduction potential
of the excited state of 2, and is consistent with the known shift
of the ground state potential upon methylation of amino-
naphthalimides."*¢

Each of 1, 2 and 3 shows enhanced fluorescence in the DNA
bound form resulting primarily from the localisation of the
chromophore in a rigid, non-polar environment; this translates
into almost a 16 fold increase in the quantum efficiency of 3
bound to DNA, which suggests potential use of such a ligand as
solvatochromic probes to study DNA/protein structures. We are
currently exploring the use of these compounds in greater detail.

General experimental details

All chemicals were obtained from Sigma-Aldrich, Fluka or
TCI (Europe) and were used without further purification. Deut-
erated solvents for NMR were purchased from Apollo Ltd. The
mononucleotides 5-AMP, 5-GMP, st-DNA and the homopoly-
meric nucleotides poly(dA-dT), and poly(dG-dC), were
obtained from Sigma-Aldrich as their sodium salts. They were
stored at —20 °C to prevent bacterial growth. The DNA concen-
tration per nucleotide was determined spectrophotometrically
using the molar extinction coefficients e,50 = 6.6 x 10° M ™"
em™" for st-DNA, e,54 = 8.4 x 10> M~ em™" for poly(dG-dC),
and e,40 = 6.6 X 10> M~ em ™" for poly(dA-dT),, respectively.
All NMR spectra were recorded using either a Bruker
DPX-400 or AV-600 spectrometer, operating at 400/600 MHz for
"H NMR and 100/150 MHz for *C NMR, respectively. Chemi-
cal shifts were referenced relative to the internal solvent
signals. Multiplicities are abbreviated as follows: singlet (s),
doublet (d), triplet (t), double triplet (dt). Infrared (IR) spectra
were recorded on a Perkin Elmer Spectrum 100 FT-IR spectro-
photometer equipped with a Universal ATR sampling acces-
sory. Electrospray mass spectra were recorded on a Micromass
LCT spectrometer or a MALDI QToF Premier, running Mass
Lynx NT V 3.4 on a Waters 600 controller connected to a 996
photodiode array detector using HPLC grade methanol, water
or acetonitrile as carrier solvents. High resolution mass spectra
were obtained by a peak matching method using leucine enke-
phaline (Tyr-Gly-Gly-Phe-Leu) as the reference (m/z = 556.2771).
All accurate masses were quoted to <5 ppm. Melting points
were determined using an Electrothermal IA9000 digital
melting point apparatus. Elemental analysis of all compounds
was carried out at the Microanalytical Laboratory, School of
Chemistry and Chemical Biology, University College Dublin.

X-ray crystallography

X-ray data (Tables S1 and S2t) were collected on either a Rigaku
Saturn 724 CCD Diffractometer using graphite-monochromated
Mo-Ka radiation (4 = 0.71073 A) or a Bruker Apex2 Duo using a
high intensity Cu-Ka radiation source (A = 1.54178 A). The data
sets from the Rigaku Saturn-724 diffractometer were collected
using Crystalclear-SM  1.4.0 software. Data integration,
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reduction and correction for absorption and polarisation
effects were all performed using Crystalclear-SM 1.4.0 software.
Space group determination was obtained using CrystalStruc-
ture ver. 3.8 software. Datasets collected on the Bruker Apex2
Duo were processed using Bruker APEXv2011.8-0 software. The
structures were solved using direct methods (SHELXS-97) and
refined against all F* data (SHELXL-97). All H-atoms, except
for N-H and O-H protons, were positioned geometrically and
refined using a riding model with d(CHaro) = 0.95 A, Ui, =
1.2U¢q (C) for aromatic, 0.99 A, Uiz, = 1.2Ueq (C) for CH, and
0.98 A, and Uy, = 1.2U¢q (C) for CH;. N-H and O-H protons
were found from the difference map and fixed to the attached
atoms with UH = 1.2UX. CCDC no. 924757 and 924758.

UV/vis absorption measurements

UV/vis absorption spectra were recorded on a Varian CARY 50
spectrophotometer. All the spectroscopic measurements were
carried out in quartz cuvettes (10 mm x 10 mm). The wave-
length range was 200-800 nm with a scan rate of 600 nm
min~". MilliQ water was used in DNA related work. Phosphate
buffer: two 1 M stock solutions of Na,HPO, and NaH,PO, were
made up with MilliQ water. Portions of each solution were
diluted together to achieve 10 mM phosphate buffer of pH 7.0,
which was then filtered using a 0.45 pM syringe filter. Baseline
corrections were performed for all spectral measurements. All
solutions were prepared fresh prior to measurement. The UV/
vis titrations were carried out by monitoring the changes in
the absorption spectra of the ligand of interest in 10 mM phos-
phate buffer (pH 7.0) upon gradual addition of mononucleo-
tides/st-DNA/polynucleotides. All the titrations were repeated
at least three times to ensure reproducibility.

Fluorescence measurements

Steady-state fluorescence spectra were recorded using a Varian
Cary Eclipse spectrofluorimeter. Fluorescence titrations were
carried out using optically dilute solutions (absorbance < 0.1)
by following the same procedure as described for UV/vis titra-
tions. Fluorescence quantum yields of the 4-amino-1,8-
naphthalimide derivatives were calculated using fluorescein in
0.1 N NaOH (¢bp = 0.92, Ao, = 436 nm) as the reference.’> For
the determination of the quantum yields, a number of solu-
tions of the ligand with absorbance ranging from 0.02 to 0.1
were used. Optically matched solutions of the samples and
reference were used. The fluorescence emission spectra of the
samples and the standard were measured under the same
experimental settings. The integrated areas under the emis-
sion spectra were measured using the in-built software of the
spectrofluorimeter. All the quantum yield values reported are
within 10% error. Fluorescence lifetimes were measured using
a Horiba Jobin Yvon Fluorolog FL 3-22 equipped with a Fluoro-
Hub v2.0 single photon controller using the time-correlated
single photon counting method (TCSPC), run in reverse mode.
The samples were excited with a pulsed nanosecond light-
emitting diode (NanoLED®, /., = 458 nm). All the decay traces
were corrected for the instrument response by recording the
scatter signal at an identical excitation/emission wavelength
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using a dilute solution of colloidal silica (Ludox®). All the
measurements were performed at 298 K. The decay traces were
analysed using the in-built IBH DAS6 software of the Fluorolog
3 instrument using a non-linear least-squares error minimis-
ation analysis using eqn (1).

I(t) = ianjaf exp (%f) (1)

where a; represents the pre-exponential factor and 7z; is the
fluorescence lifetime.

In the case of a bi-exponential decay, the average fluore-
scence lifetime was determined using eqn (2)

=l (2)

Circular dichroism and linear dichroism

CD spectra were recorded using a JASCO ]810 spectropolari-
meter. Each CD trace represents the average of three scans.
Linear dichroism spectra were recorded using a JASCO ]-815
CD spectropolarimeter equipped with a Dioptica Scientific Ltd
linear dichroism accessory. The CD spectra were presented as
molar ellipticity using eqn (3).

o =12 ()

[0] is the molar ellipticity, 6 is the ellipticity (in degrees), ¢ is
the molar concentration and [ is the pathlength (expressed in
centimetres). The LD spectra were presented as the average of
three scans.

Thermal denaturation assays

Thermal denaturation experiments were conducted using a
Perkin-Elmer 35 UV/vis spectrophotometer coupled to a Peltier
temperature controller. The temperature was ramped from
30 °C to 90 °C at a rate of 1 °C min~ " and the absorbance at
260 nm was measured at 0.2 °C intervals. All the solutions
were thoroughly degassed prior to measurement.

Synthesis

N-{2-(Pyridin-4-yl)ethyl]-4-nitro-1,8-naphthalimide (5). 4-Nitro-
1,8-naphthalic anhydride (1.674 g, 6.88 mmol) was placed in a
round bottom flask along with molecular sieves. To this,
25 mL of anhydrous toluene was added using cannula,
followed by the addition of 4-(2-aminoethyl)pyridine (0.83 mL,
6.88 mmol) and triethylamine (1.92 mL, 13.77 mmol) and the
reaction mixture was stirred at reflux for 48 h under an argon
atmosphere. Upon completion, the mixture was filtered
through celite while still hot and washed with toluene. The fil-
trate was removed under reduced pressure and the resulting
brown solid was dissolved in CH,Cl,, washed once with a satu-
rated solution of NaHCOj3, followed by washing with water and
brine, respectively. The organic layer was dried over MgSO,
and excess CH,Cl, was removed under reduced pressure to
give 5 as a shiny brown solid in 47% yield (1.13 g) after
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recrystallisation from ethanol. M.p. 163-163.8 °C; Found: C,
62.81; H, 4.02; N, 11.32%. C;oH;3N;04-0.9H,0 requires C,
62.77; H, 4.10; N, 11.56%; HRMS: Found 348.0980 ([M + H]',
C1oH14N3;0, requires 348.0984). & (400 MHz, CDCl;), 8.84
(1H, d, J = 8.0 Hz, Ar-H5), 8.72 (1H, d, J = 8.0 Hz, Ar-H7), 8.67
(1H, d, J = 8.0 Hz, Ar-H2), 8.52 (2H, d, J = 5.6 Hz, Py-H16), 8.40
(1H, d, J = 8.0 Hz, Ar-H3), 7.99 (t, 1H, J = 8.0 Hz, Ar-H6), 7.28
(2H, d, J = 5.4 Hz, Py-H17), 4.44 (2H, t, J = 8.0 Hz, CH,), 3.06
(2H, t, J = 8.0 Hz, CH,). ¢ (100 MHz, CDCl;), 163.2 (C=O0),
162.4 (C=0), 149.7 (C), 149.6 (CH), 147.6 (C), 132.6 (CH),
130.0 (CH), 129.8 (CH), 129.6 (CH), 129.1(C), 126.6 (C), 124.4
(CH), 123.9 (CH), 123.7 (C), 122.7 (C), 40.8 (CH,), 33.8 (CH,);
Umax (Neat sample)/em™: 2938, 2852, 1702, 1657, 1625, 1595,
1520, 1438, 1410, 1338, 1272, 1233, 1007, 836, 784, 759.
N-[2-(Pyridin-4-yl)ethyl]-4-amino-1,8-naphthalimide (4).
Compound 5 (0.65 g, 1.87 mmol) was heated with 10% Pd/C in
ethanol at 70 °C for one hour. To this solution, an excess of
hydrazine monohydrate (0.9 mL, 18.55 mmol) was added drop-
wise. The colour of the reaction mixture changed from black to
green within a couple of minutes and the mixture was heated
for a further 6 h, filtered through celite while hot and washed
with ethanol. The combined solvents were removed under
reduced pressure and 4 was obtained as a bright yellow solid
in 94% yield (0.56 g). M.p. decomposed above 289 °C; HRMS:
Found 318.1242 ([M + H]", C1oH;6N;30, requires 318.1243). 5y
(400 MHz, DMSO-d,), 8.63 (1H, d, J = 8.0 Hz, Ar-H5), 8.46 (2H,
d, ] = 5.5 Hz, Py-H16), 8.42 (1H, d, J = 4.0 Hz, Ar-H7), 8.19 (1H,
d, J = 8.0 Hz, Ar-H2), 7.66 (1H, t, ] = 8.0 Hz, Ar-H6), 7.50 (2H, s,
NH,), 7.29 (2H, d, J = 5.5 Hz, Py-H17), 6.85 (1H, d, J = 8.0 Hz,
Ar-H3), 4.27 (2H, t, J = 8.0 Hz, CH,), 2.94 (2H, t, J = 8.0 Hz,
CH,). 8¢ (100 MHz, DMSO-de): 164.1 (C=0), 163.2 (C=0),
153.3 (C), 150.0 (CH), 148.3 (C), 134.5 (CH), 131.5 (CH), 130.2
(C), 129.9 (CH), 124.6 (CH), 124.5 (CH), 122.1 (C), 119.8 (C),
108.7 (CH), 107.8 (C), 39.9 (CH,), 33.4 (CH,). vmax (neat
sample)/em™": 3370, 2923, 2852, 1670, 1632, 1612, 1566, 1525,
1481, 1432, 1363, 1350, 1307, 1245, 1131, 826, 774, 759.
N-[2-(Methylpyridin-1-ium)ethyl]-4-amino-1,8-naphthalimide
(2). Compound 4 (0.42 g, 1.33 mmol) was suspended in anhy-
drous acetone and CH;I (0.83 mL, 13.33 mmol) was added and
the reaction mixture was then heated at reflux for 48 h. Upon
completion, the resulting precipitate was collected by filtration
and washed with CH,Cl,. The crude product was converted
into its PFs~ salt and purified by silica flash chromatography
using CH;CN-H,0-NaCl (saturated) (88:11:1). The product
was precipitated as its PF,~ salt using a concentrated aqueous
solution of ammonium hexafluorophosphate and finally con-
verted to the CI” salt using Amberlite IRA 400 (Cl) ion
exchange resin in methanol. Excess methanol was removed
under reduced pressure and 2 was obtained as a bright yellow
solid in 93% yield (0.455 g). M.p. decomposed above 255 °C;
Found: C, 61.78; H, 4.68; N, 10.46%. C,oH;4CIN;O,-
0.3NaCl-0.2CH;OH requires C, 61.93; H, 4.84; N, 10.73%; HRMS:
Found 333.1474 ([M + H]", C,0H;oN;0, requires 333.1477). 5y
(600 MHz, DMSO-dg), 8.85 (2H, d, J = 6.0 Hz, Py-H17), 8.66
(1H, d, J = 8.6 Hz, Ar-H5), 8.41 (1H, d, J = 8.0 Hz, Ar-H7), 8.17
(1H, d, J = 8.4 Hz, Ar-H2), 8.04 (2H, d, J = 6.0 Hz, Py-H16), 7.66
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(1H, t, J = 8.0 Hz, Ar-H6), 7.55 (2H, s, NH,), 6.87 (1H, d, J =
8.5 Hz, Ar-H3), 4.39 (2H, t, J = 7.0 Hz, CH,), 4.30 (3H, s, CH,),
3.27 (2H, t, J = 7.0 Hz, CH,). §¢ (150 MHz), 164.3 (C=0), 163.3
(C=0), 159.5 (C), 153.5 (C), 145.2 (CH), 134.6 (CH), 131.6
(CH), 130.3 (C), 130.2 (CH), 128.3 (CH), 124.5 (CH), 121.9 (C),
119.8 (C), 108.7 (CH), 107.5 (C), 47.7 (CH3), 39.2 (CH,), 34.2
(CH,). Umax (neat sample)/cm™": 3340, 2932, 2852, 1685, 1669,
1626, 1577, 1526, 1474, 1384, 1343, 1253, 1130, 841, 775, 757.

4-N,N'-Dimethylamino-1,8-naphthalimide  (7)."> Dimethyl-
amine (5 mL, 40% aqueous solution, excess) and CuSO,-5H,0
(0.12 g, 0.48 mmol) were added to a suspension of 4-bromo-
1,8-naphthalic anhydride (2.5 g, 9.00 mmol) in DMF (30 mL).
The reaction mixture was stirred under reflux conditions for
12 h under an argon atmosphere. The solvent was removed
under reduced pressure and the resulting yellow solid was pur-
ified by recrystallisation from hot methanol to yield the
desired product as a bright yellow solid in 78% yield (1.70 g).
M.p. (203-204) °C (ref. 12, 206 °C); Found: C, 68.63; H, 4.38; N,
5.89%. Cy4H,;NO;0.2H,0 requires C, 68.68; H, 4.69; N,
5.72%; HRMS: Found 242.0829 ([M + H]', C;,H;,NO; requires
242.0817; 6y (400 MHz, CDCl,): 8.54 (1H, d, J = 8.0 Hz, Ar-H7),
8.50 (1H, d, J = 8.0 Hz, Ar-H5), 8.42 (1H, d, J = 8.0 Hz, Ar-H2),
7.68 (1H, t, J = 8.0 Hz, Ar-H6), 7.10 (1H, d, J = 8.0 Hz, Ar-H3),
3.21 (s, 6H, N(CHj),). éc (100 MHz), 161.7 (C=0), 160.7
(C=0), 157.9 (C), 134.9 (CH), 133.1 (CH), 132.9 (CH), 132.8
(C), 124.9 (CH), 124.7 (C), 119.1 (C), 113.1 (CH), 109.2 (C), 44.6
(CH3). Umax (neat sample)/em™: 1753, 1720, 1582, 1568, 1522,
1495, 1393, 1339, 1307, 1186, 1117, 997, 927, 774, 747.

N-[2-(Pyridin-4-yl)ethyl]-4-N,N'-dimethylamino-1,8-naphthal-
imide (6). 4-(2-Aminoethyl)pyridine (0.70 mL, 5.87 mmol) and
triethylemine (1.20 mL, 8.80 mmol) were added to the suspen-
sion of 7 (1.03 g, 4.27 mmol) in anhydrous toluene and the
mixture was stirred under reflux for 3 days under an argon
atmosphere. The resulting mixture was filtered through celite
while still hot and washed with toluene. The solvent was
removed under reduced pressure and the resulting solid was
dissolved in CH,Cl,, washed once with a saturated solution of
NaHCOj;, followed by washing with water and brine, respecti-
vely. The organic layer was dried over MgSO, and the solvent
was removed under reduced pressure. The resulting solid was
purified by recrystallisation from hot methanol to yield 6 as a
bright yellow solid in 56% yield (0.83 g). M.p. (157.5-158) °C;
Found: C, 72.79; H, 5.43; N, 12.09%. C, H;oN;0,-0.1H,0
requires C, 72.65; H, 5.57; N, 12.10%; HRMS: Found 346.1551
(M + H]', C,HyN;0, requires 346.1551). 8y (400 MHz,
CDCl;), 8.57 (1H, d, J = 8.0 Hz, Ar-H7), 8.53 (2H, d, J = 4.0 Hz,
Py-H16), 8.48 (1H, d, J = 8.0 Hz, Ar-H2), 8.46 (1H, d, J = 8.0 Hz,
Ar-H5), 7.68 (1H, t, J = 8.0 Hz, Ar-H6), 7.31 (2H, d, J = 4.0 Hz,
Py-H17), 7.13 (1H, t, ] = 8 Hz, Ar-H3), 4.43 (2H, t, J = 8 Hz,
CH,), 3.14 (s, 6H, N(CH,),), 3.06 (2H, t, J = 8 Hz, CH,). é¢
(100 MHz): 164.5 (C=0), 163.9 (C=0), 157.2 (C), 149.6 (CH),
148.2 (C), 132.8 (CH), 131.4 (CH), 131.1 (CH), 130.3 (C). 125.3
(C), 124.9 (CH), 124.5 (CH), 122.8 (C), 114.5 (C), 113.3 (CH),
44.8 (CH3), 40.3 (CH,), 33.6 (CH,). Umax (neat sample)/cm™:
2965, 2843, 1685, 1645, 1583, 1569, 1560, 1415, 1383, 1349,
1267, 1241, 1022, 838, 756.
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N-[2-(Methylpyridin-1-ium)ethyl]-4-N,N'dimethylamino-1,8-
naphthalimide (3). Compound 6 (0.16 g, 0.46 mmol) was sus-
pended in anhydrous acetone and CH;I (0.30 mL, 4.82 mmol)
was added and the reaction mixture was heated at reflux for
48 h. After completion of the reaction, the precipitate was col-
lected by filtration, dissolved in CH,Cl, and purified by silica
flash chromatography using CH,Cl,-methanol (85:15). The
iodide salt of 3 was obtained as an orange solid in 40%
(0.09 g) yield after removal of excess solvent under reduced
pressure and converted to the CI™ salt using Amberlite IRA 400
(Cl) ion exchange resin in methanol. M.p. (203.7-204) °C;
Found: C, 61.73; H, 6.09; N, 9.69%. C,,H,,CIN;0,-1.8H,0
requires C, 61.69; H, 6.02; N, 9.81%; HRMS: Found 361.1794
(M + H]', C,,H,3N;0, requires 361.1790); 8y (600 MHz,
DMSO-dg), 8.87 (2H, d, J = 6.0 Hz, Py-H17), 8.54 (1H, d, J =
8.5 Hz, Ar-H5), 8.45 (1H, d, J = 8.0 Hz, Ar-H7), 8.32 (1H, d,
J = 8.5 Hz, Ar-H2), 8.07 (2H, d, J = 6.0 Hz, Py-H16), 7.77 (1H, t,
J = 8.0 Hz, Ar-H6), 7.22 (1H, d, J = 8.0 Hz, Ar-H3), 4.41 (2H, t,
J=7.0 Hz, CH,), 4.27 (3H, s, CH3), 3.28 (2H, t, J = 7.0 Hz, CH,),
3.10 (6H, s, N(CHj;),). éc (150 MHz), 164.0 (C=O0), 163.2
(C=0), 159.2 (C), 156.9 (C), 144.8 (CH), 132.7 (CH), 132.0
(CH), 130.9 (CH), 130.0 (C), 128.0 (CH), 125.2 (CH), 124.2 (C),
122.2 (C), 113.0 (CH), 112.9 (C), 47.4 (CH3), 44.5 (N(CH,),),
39.3 (CH,), 33.6 (CH,). vmax (neat sample)/em™: 2913, 2834,
1693, 1638, 1589, 1574, 1518, 1449, 1395, 1371, 1347, 1264,
1234, 1124, 836, 779, 755.
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