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ABSTRACT: We report the synthesis, photophysical character-
ization, and biological evaluation of four DNA-binding ruthenium-
(II) polypyridyl 4-nitro- and 4-amino-1,8-naphthalimide con-
jugates. A meta arrangement around the ring connecting the 1,8-
naphthalimide to a bipyridine ligand creates a cleft, the result of
which renders the shape of the complex complementary to that of
DNA. We have demonstrated that each complex exhibits water
solubility and a distinctive set of photophysical properties that has
allowed the nature of their interaction with DNA to be probed by
various ground- and excited-state titrations. Furthermore, by
varying the ancillary ligands, we also demonstrate their ability to
act as DNA photocleavers, where all compounds have been found
to cleave supercoiled DNA with high efficiency. Detailed cellular
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uptake experiments revealed that the conjugates accumulate in the cytoplasm and nucleus of HeLa cells, showing characteristic red
metal-to-ligand charge-transfer emission, and also exhibit photoactivated cytotoxicity within the cells upon irradiation at 450 nm. A
comparison between the meta and para arrangements of the 1,8-naphthalimide moiety relative to the Ru(II) center suggests
increased DNA binding in the case of the meta arrangement; however, bipyridine—4-amino-1,8-naphthalimide conjugates appear to
show superior phototoxicity in comparison to their 4-nitro derivatives.

B INTRODUCTION

Ruthenium(II) polypyridyl complexes have been extensively
studied in recent years for the most part because of their rich
photophysical characteristics, which enable their application in
diverse scientific disciplines such as solar energy conversion, "
photocatalysis,”* molecular machines,™® and biological imag-
ing,”~” to name just a few key areas. With their cationic nature
and well-defined spatial geometry, ruthenium(II) polypyridyls
are well-known to bind to nucleic acids and, through
modulation of their photophysical properties, are capable of
reporting on the binding event.'””" Several research groups
have contributed to a detailed understanding of the binding of
such complexes to oligonucleotides through combinations of
various sgectroscopic methods and biochemical investiga-
tions.'®™>* This work has also provided detailed mechanistic
insight into their photochemistry with oligonucleotides that
often result in photocleavage of DNA through oxidation and/
or photoadduct formation. 3725 Tndeed, the inherent excited-
state reactivity of z-deficient ruthenium(II) polypyridyls has
led to increasing interest in ruthenium(II) polypyridyl
complexes as potential photodynamic therapy (PDT)
agents.” " Such ruthenium(II) complexes display many
properties that make them a promising class of PDT agents,
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showing water solubility, photostability, reduced dark toxicity,
useful spectroscopic properties, and significant DNA binding
aﬂinity.‘“_36 However, unlike classical PDT agents, ruthenium-
(1) polypyridyl complexes can also initiate apoptosis in cells
by other means than through singlet oxygen activation, as
recently outlined by us and others in the field.””~** In fact,
often more than one activation pathway is available to such
potential therapeutics, which makes ruthenium(II) polypyridyl
complexes highly versatile and exciting therapeutic agents for
cancer and other diseases. The study of such agents in vitro
and in vivo has been extensively featured in the review by
Poynton and co-workers among others.”**~*

Our interest in ruthenium(II) polypyridyls has focused on
novel ruthenium(II) conjugates, where tethering the metal
center to various other functional subunits such as gold
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Figure 1. Novel ruthenium(II) 1,8-naphthalimide conjugates 1—4 and previously reported complexes § and 6.
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chromophores® ™ has yielded various modified designs that
display high-affinity DNA targeting, enhanced photophysical
properties, and effective DNA photocleavage that we have
shown can affect numerous biological pathways and initiate
apoptosis. We have also investigated the various binding
modes of metal-ion complexes with oligonucleotides using
ultrafast spectroscopy such as transient IR and transient
absorption.'”** Recent reports point to the importance of the
binding mode of the metal center to DNA to enable the most
efficient photoreaction and thus DNA cleavage.'””” Indeed,
the number of attached chromophores and the nature of the
linker between the metal center and appended organic groups
appear to strongly affect the subsequent photoreactivity.”” An
example of this was previously reported in the case of rigid
linear ruthenium polypyridyl complexes with a 4-nitro- or 4-
amino-1,8-naphthalimide appended group; see Figure 1 (5 and
6).> These complexes were found to cleave plasmid DNA
upon visible-light excitation, where the substituent was found
to determine the extent of DNA cleavage with the nitro
derivative, resulting in the nicking of DNA, while the amino
derivative resulted in the formation of nicked and linear DNA.

The 4-nitro- or 4-amino-1,8-naphthalimide compounds are
in their own right important therapeutics, as we and others
have shown in the past, being able to induce apoptosis and
other biological processes.”* > The internal charge-transfer
excited state of the amino version has also been extensively
exploited in the development of “off—on” switches and

sensors.””~®" However, their biological profiling has demon-

strated that minor structural changes can have a significant
impact on their biological properties. Hence, with this is mind,
we set about developing another family of ruthenium(II) 1,8-
naphthalimide conjugates by (a) modifying the structure from
a para-substituted “linear” arrangement to a meta-substituted
“wedged” orientation and (b) replacing the bipyridine ligand
with the 1,4,5,8-tetraazaphenanthrene (TAP) ligand (Figure 1,
1 and 2), which become highly oxidizing upon visible
excitation.”*> These modifications were expected to effect
increased DNA binding affinity and DNA photocleavage
efficiency by placing the metal center and activated TAP
ligands in the optimal positions to ensure a tight fit in the DNA
helix.

Herein we report our findings where we have synthesized
four novel ruthenium(II) 1,8-naphthalimide conjugates 1—4
(Figure 1). As eluded to above, it was expected that the 1,8-
naphthalimide would contribute to high-affinity DNA binding
through intercalation, while the Ru(II) center should
contribute to the interaction through electrostatic association
with the double helix or insertion into the grooves of DNA.
Our design would make use of a rigid aromatic group as the
linking moiety, allowing for control of the orientation of the
components of the complex with respect to each other, where a
meta arrangement around the connecting ring with respect to
the Ru(II) center was chosen to compare the binding affinities
with those of previously reported structures 5 and 6 and to
investigate the effect of substitution on their DNA binding
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Scheme 1. Complexation of Ligand 7 with Ru(TAP),Cl, and Reduction of the Resulting Complex”
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MeOH, Pd/C, 1 atm of H,.

Figure 2. (a) View of the molecular structure of the cation of 6. Interstitial CH;CN molecules and PF,~ are removed for clarity and ellipsoids
shown at 50% probability. (b) Ball-and-stick representation of the cation of 3 as determined by crystallography.

affinity. In addition, the attached 1,8-naphthalimide structures
should serve to further increase the excited-state reactivity,
while simultaneously providing a known set of photophysical
properties that could be used to monitor the binding process.
For compounds 1 and 2, it was expected that the inclusion of
two TAP ligands in their design would serve to increase the
DNA cleavage efficiency of these systems and, moreover, to
provide a direct comparison between the Ru(bpy),(L) and
Ru(TAP),(L) systems (L bipyridine—1,8-naphthalimide
conjugate).

B RESULTS AND DISCUSSION

Synthesis of Napthalimide—Polypyridine Ligands
and Ruthenium(ll) Complexes. The formation of the
complexes 1—4 involved the synthesis of the conformationally
restricted bipyridine-1,8-naphthalimide ligand 7, which was
synthesized according to a modified procedure originally
reported by Johansson et al.®* (see the Supporting
Information), before reaction with Ru(bpy),Cl, or Ru-
(TAP),Cl, using a N,N-dimethylformamide (DMF)/water
(H,0) mixture was conducted under microwave-assisted
conditions. This yielded 1 in 52% vyield and 3 in 75% yield
after purification using (flash) column chromatography,
followed by counterion exchange and crystallization (see the
Experimental Section and further details in the Supporting
Information). Reduction to the corresponding 4-amino-1,8-
naphthalimide analogues 2 and 4 was successfully achieved in

95% and 98% vyield, respectively, using Pd/C under a H,
atmosphere (exemplified in Scheme 1 for 1 and 2).
Synthesized as their chloride salts by stirring a solution of
the complexes in methanol (MeOH) with an Amberlite ion-
exchange resin, 1—4 were fully water-soluble. The successful
synthesis of compounds 1—4 was confirmed by 'H and "*C
NMR, high-resolution mass spectrometry (HRMS), and
elemental analysis (see below and the Supporting Information
for further details). The 'H and '*C NMR spectra showed
well-resolved resonances for the polypyridyl as well as
naphthalimide components. HRMS showed the expected
isotopic distribution patterns, and elemental analysis confirmed
that the complexes were obtained as pure materials. Moreover,
as stated above, complexes 5 and 6 had previously been
developed in our laboratory and were remade for comparison
purposes here. Their characterization matched that of our
previously published work.>?

In the case of 3 and 6, crystals that were found to be suitable
for X-ray diffraction analysis were grown upon slow
evaporation. Unfortunately, the data set collected for 3 was
of poor quality and only allowed for connectivity to be
established. Small red platelike crystals of 6 were obtained by
evaporation from acetonitrile (MeCN), and the low-temper-
ature (117 K) structure was determined. The structure of 6 is
shown in Figure 2a, having crystallized in the triclinic space
group P1 and containing one molecule of 6, one full
occupancy, and a half-occupancy interstitial CH;CN molecule

10876 https://dx.doi.org/10.1021/acs.inorgchem.0c01395
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in the asymmetric unit. The Ru(II) center in 6 is coordinated
by two unsubstituted 2,2’-bipyridine molecules and one
molecule of 7, giving an overall N6 coordination sphere that
adopts a distorted octahedral geometry (S = 71°). Bond
lengths [2.068(5)—2.085(5) A] and angles [cis bond angles =
78.9(2)—97.4(2)°; trans bond angles = 171.1(2)—174.1(2)°]
to the Ru(Il) center are typical for RuN6 complexes. The
solvent mask routine in OLEX2 was required to mask the
electron density from one severely disordered PF4~ counter-
anion. The amino group attached to the 4 position of 1,8-
naphthalimide is disordered over two sites with relative
occupancies of 0.65 and 0.35 (a common feature for 4-
substituted 1,8-naphthalimide compounds). The ability of
naphthalimide groups to be involved in z-based interactions is
well-known, and within this complex, the naphthalimide
moiety is involved in a strong anion---7 interaction with the
PFs~ counterion (centroid--F2 = 3.322 A). Interestingly,
unlike other naphthalimide-containing complex structures,’>*®
no immediately obvious structure extension influences (e.g.,
m—n stacking between neighboring complexes, formation of 7-
stacked layers, etc.) are arising from the naphthalimide moiety.
Small, poor-quality crystals of 3 were obtained as red blocks;
however, the diffraction data were not of sufficient quality to
allow anything other than atom connectivity to be reported.
The connectivity is similar to that of 6, where the Ru(II)
center is coordinated by two unsubstituted 2,2'-bipyridine
molecules and one molecule of 3, giving an overall N6
coordination sphere with octahedral geometry (Figure 2b).

Photophysical Characterization. Having successfully
synthesized the Ru(TAP), complexes 1 and 2 and the
Ru(bpy), complexes 3 and 4, their spectroscopic properties
were investigated in 10 mM phosphate-buffered aqueous
solutions at pH 7.4. Examination of the UV/vis absorption
spectrum of 1 (Figure 3a) revealed absorption bands
characteristic of both the ruthenium(II) polypyridyl and 4-
nitro-1,8-naphthalimide chromophores, where the intense
band centered around 275 nm was attributed to z—n*
intraligand transitions, the band at 358 nm to the 1,8-
naphthalimide 7—7* transitions, and the band centered at 415
nm to the metal-to-ligand charge-transfer (MLCT) transitions
of the ruthenium(II) polypyridyl center. Similar bands were
observed for 3 at 287, 351, and 457 nm, respectively. Each
complex displayed two MLCT transitions that are similar to
their parent complexes Ru(TAP),(bpy)** (412 and 465 nm)
and Ru(bpy),”" (424 and 452 nm) (see the Supporting
Information).”” Notably, bands characteristic of 1,8-naphtha-
limide and Ru(II)-based MLCT were resolved. This is
important because it allows for direct addressing of both
parts of the complex in a semiselective manner, and as such,
this is a useful property to examine the interaction and
contribution of both components upon binding of the
complexes to DNA. The absorption properties of the amino
derivative Ru(TAP), complex 2 were shown to be somewhat
different from those of 1 (Figure 3b). The band at 275 nm was
still present, although its molar absorptivity was slightly
increased; a broad band was observed at 425 nm
corresponding to both the 4-amino-1,8-naphthalimide and
Ru(II)-based MLCT transitions.

Complex 4 showed behavior similar to that observed for 2,
with slightly shifted maxima at 287 and 451 nm (see the
Supporting Information). A summary of the absorption
properties of 1—4 is given in Table 1.
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Figure 3. UV/vis absorption and fluorescence excitation and emission
spectra of (a) 1 and (b) 2 (10 4uM) in 10 mM phosphate buffer at pH
7.4.

In the case of the 4-nitro-1,8-naphthalimide-containing
complexes 1 and 3, excitation of the naphthalimide absorbance
bands did not yield naphthalimide-based emission but resulted
in MLCT-based emission at 645 and 625 nm, respectively,
which is similar to that observed for the parent comglexes,
Ru(TAP),(bpy)** (649 nm) and Ru(bpy);** (617 nm).”” The
absence of 1,8-naphthalimide-associated emission suggested
that sensitization of the MLCT excited state occurred through
an energy-transfer process, in a manner similar to that of
complexes that we have previously described.®® The MLCT
origin of emission for 1 was confirmed by the excitation
spectrum recorded for the emission at 645 nm (Figure 3a, red
trace), where, in contrast to the absorption spectrum, there is
an absence of the naphthalimide band. Excitation of 2 and 4 at
425 or 450 nm resulted in similar behavior, in that no emission
was observed from 1,8-naphthalimide, with emission bands
centered at 645 and 625 nm for the MLCT emission. The
MLCT origin of emission was also confirmed for 2 by the
excitation spectra recorded for the emission at 625 nm, which
closely mirrored the absorption spectrum (Figure 3b, red
trace). This again demonstrates a very efficient energy transfer
from the naphthalimide excited state to the Ru(II)-based
MLCT state. The @y value for 1 was found to be 0.022
(+£10%), which is approximately half that reported for
[Ru(TAP),(bpy)]** but higher than that reported for the
Ru(bpy), analogue 3, which exhibited a value of 0.001.°”%°
Conversely, the @y value for 2 was found to be 0.004 (+10%),
a value lower than that described for its Ru(bpy), analogue 4,
which was reported as 0.018. The reduction in the quantum
yields, and the resulting weak emission displayed by these
complexes, is attributed to an interaction between 1,8-
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Table 1. Absorption and Emission Properties of 1—4 in Aerated 10 mM Phosphate Buffer, at pH 7.4, at 298 K

A max (nm) [e (M™! em™)] in phosphate buffer (+10%)

complex a—n* IL m—n* Naph MLCT 2 emission (M) D¢ (£10%) Tom (ns) (air)
1 275 [61250] 358 [15300] 415 [15000] 645 0.022 437
2 275 [65700] 425 [22900] 645 0.004 166
3 287 [78159] 351 [18787] 457 [14765) 625 0.001
4 287 [53055] 451 [17502] 625 0.018

naphthalimide and the MLCT triplet state. Similar phenomena
have been observed for Ru(TAP),—aminoquinoline conjugates
and were attributed to electron-transfer processes between the
Ru(TAP), center (chromophore) and organic moiety
(quencher).”’

We anticipate that a similar process is likely to be occurring
here, where the excited state of the metal complex is efficiently
quenched by electron transfer to the 1,8-naphthalimide moiety.
Interestingly, the quantum yield of amino-substituted 2 is
greatly reduced in comparison to the nitro derivative 1,
suggesting that aminonaphthalimide is a more efficient
quencher than its nitro counterpart in the case of the
Ru(TAP),(bpy) systems. Conversely, for the Ru(bpy),
complexes, the quantum yield of amino-substituted 4 is greater
than the nitro derivative 3, suggesting that 4-nitro-1,8-
naphthalimide is a more efficient quencher than its amino
analogue in this instance. Excited-state lifetime measurements
(t.,) followed the same trend, where 1 and 2 showed 7.,
values of 437 and 166 ns, respectively, with the lower 7., value
being exhibited by 2 because of its ability to efliciently quench
the MLCT-based emission. The main difference in the
emission properties between the bpy- and TAP-based
complexes originates from the difference in the level of bpy
and TAP #* orbitals. The TAP #n* orbital is lower in energy
than that of the bpy ligand.®” This leads to the TAP complexes
being highly oxidizing in their excited state, inducing an
efficient electron transfer from aminonaphthalimide. The
variation in the reduction potential of 4-amino-1,8-naphthali-
mide (more easily oxidized) compared with the 4-nitro species
results in more efficient quenching of the excited state by 4-
aminonapthalimide by electron transfer, thus resulting in an
increased fluorescence quantum yield being displayed by 1.
The Ay Temy and @ values for 1—4 are summarized in Table
1.

DNA Binding Studies: Absorption Titrations. On the
basis of our previous work on Ru(bpy);—4-nitro- and —4-
amino-1,8-naphthalimide conjugates, it was expected that 1—4
would interact strongly with DNA, resulting in significant
modulations of their photophysical properties.”> Due to their
bifunctional nature, it was also expected that the complexes
would interact with DNA through a combination of electro-
static and 7-stacking interactions, where the metal complex
should bind externally to the phosphate backbone, while the
1,8-naphthalimide moieties would bind through intercalative
or groove binding interactions. To determine the nature of
their binding affinity for DNA, UV/vis absorption spectrosco-
py was first utilized to probe the interaction of 1—4 with DNA.
Titrations were carried out by the addition of small aliquots of
stDNA to a 10 mM phosphate buffer solution of each complex
at pH 7.4, until a plateau in the absorbance was reached.
Changes in the ruthenium(II) complex *MLCT band and in
the 1,8-naphthalimide 7—z* band were monitored for 1 and 3,
while those changes at the broad band centered at 425 or 451
nm were monitored in the cases of 2 and 4. As representative
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Figure 4. (a) Changes in the UV/vis spectrum of 1 (8 uM) with
increasing additions of stDNA (0—210 xM). Inset: Plot of (e, — &)/
(&, — &) versus [DNA] (M, P) using data with P/D values between
0 and 12 and the best fit of the data (red ---) using the Bard equation.
(b) Changes in the UV /vis spectrum of 3 (6.9 M) upon the addition
of stDNA (0—21.39 uM base pairs). Inset: Plot of (&, — &)/ (&, — &)
versus equivalents of DNA and the corresponding nonlinear fit. All in
10 mM phosphate buffer at pH 7.4.

examples, the changes in the ground state of 1 and 3 are shown
in Figure 4 (the results for 2 and 4 are shown in the
Supporting Information). The titration of 1—4 with stDNA
resulted in significant changes to their absorption spectra.
Complex 1 exhibited a 37% decrease in absorbance at 358 nm
with a concomitant decrease of 6% in the MLCT band at 415
nm. Similarly, 3 exhibited a 45% decrease in absorbance at 351
nm with a concomitant decrease of 21% in the MLCT band at
457 nm. The absorbance changes displayed by 2 culminated in
a 22% decrease in the band centered at 425 nm, while 4
exhibited a 29% hypochromism of the MLCT band. The
defined hypochromicities observed in the ground-state spectra
of all complexes immediately indicate strong interactions
occurring with DNA. In the cases of 1 and 3, the large degree
of hypochromicity seen in the m—z* bands suggests
intercalation of the 1,8-naphthalimide moiety between the
stacked bases, as expected with such planar structures.
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Table 2. DNA Binding Parameters from Fits to Absorbance Data

complex A(Naph) hypochromism (%) A(MLCT) hypochromism (%)
1 37 6
2 22
3 45 21
4 29
S 34 15
6 30

binding constant K, (M™) binding site size n (base pairs) RrR?
1.3 X 10° (+0.1) 1.3 (+0.03) 0.99
5.8 x 10° (£1.2) 1.5 (£0.03) 0.99
1.9 X 107 (+0.6) 1.36 (+0.02) 0.99
1.1 X 107 (+0.5) 1.50 (+0.06) 0.98
4.5 x 10° (+0.7) 0.98 (+0.02) 0.99
4.5 X 10° (£0.7) 0.98 (+0.02) 0.99

Similarly, the changes in the MLCT region confirms that the
metal center of 1 and 3 is tightly bound to DNA. Because of
the overlap of the MLCT and naphthalimide bands of 2 and 4,
it is more difficult to draw firm conclusions regarding the
separate portions of this system. However, the large
absorbance decrease observed was also coupled with a slight
red shift of the absorbance maxima in both cases, behavior
often associated with classical intercalation.”

Analysis of the ground-state titration data using the Bard
equation”' confirmed that 1—4 show a strong affinity for DNA
(summarized in Table 2). Complex 1 showed binding with K,
= 1.3 X 10° (+0.1) and n = 1.3 (+0.03), with 2 exhibiting
values of K, = 5.8 X 10° (+1.2) and n = 1.5 (+0.03). 3 gave K;,
=1.9 X 107 (+0.1) and n = 1.36 (+0.02), while 4 showed K, =
1.1 X 107 (£0.7) and n = L5 (+0.06). From UV/vis
absorption studies, it is clear that 1—4 bind DNA with high
affinity, having binding constants on the order of 106-10" ML
Furthermore, the nature of the interaction with the binding
affinity for DNA appears to be sensitive to the arrangement of
the ruthenium(II) and 1,8-naphthalimide components around
the connecting ring, where the meta arrangement results in a
more intimate association of the Ru(bpy), complexes 3 and 4
in comparison to the para derivatives 5 and 6 previously
reported [K, = 4.5 X 10° (£0.7) and 3.0 X 10° (£1.0),
respectively].>®

The interaction of 1 and 2 with DNA at varying ionic
strengths was also examined using UV/vis absorption spec-
troscopy, where, at both 50 mM and 100 mM NaCl
concentrations, significant spectroscopic changes were also
observed. Absorption decreases were observed in all cases (see
the Supporting Information) and confirmed retention of a high
affinity for DNA, even at very high NaCl concentrations. For
example, at S0 mM NaCl, 1 exhibited K, = 7.4 X 10° (£0.9),
while at 100 mM NaCl, 1 had K, = 4.3 X 10° (£1.8). The
overall study revealed an expected trend in the binding
affinities of these complexes for DNA with K at 10 mM
phosphate buffer > 50 mM NaCl > 100 mM NaCl showing an
obvious effect of the NaCl concentration on the binding
process (a summary of the results obtained are presented in
Table S1).

It is well-known that electrostatic DNA binding of
ruthenium(II) complexes is dependent on the ionic strength
of the medium.”” Under high salt conditions, we have observed
a decrease in the binding strength relative to that in 10 mM
phosphate buffer alone; nevertheless, because 1 and 2 retain a
high affinity for DNA, even in 100 mM NaCl solution, it can
be concluded that, although electrostatic interactions have a
role to play in the binding process, it is the bifunctional nature
of these systems comprising an intercalating 1,8-naphthlimide
and a cationic Ru(II) center that governs the overall
association of these complexes with DNA. Previously reported
ruthenium(II) complexes that also display both electrostatic

and intercalative interactions with DNA exhibit binding
constants of a similar order of magnitude.””*"**

DNA Binding Studies: Emission Dependence Titra-
tions at Low lonic Strength. In order to further confirm this
interaction and monitor any excited-state redox processes, the
excited-state properties of 1—4 were also monitored as a
function of added DNA. As expected, the emission spectra of
all complexes studied were found to change dramatically in the
presence of increasing concentrations of DNA; however, the
results observed differed significantly in each case. The MLCT-
based emission of 1 in aqueous solution was shown to undergo
excited-state quenching, with a ca. 30% decrease being
observed upon the addition of stDNA (P/D of 0 — 30),
with the main changes occurring at P/D of 0 — 3. Similarly, 2
was also shown to have its MLCT-based emission quenched
but to a larger degree showing quenching of ca. 43% upon the
addition of stDNA (P/D of 0 — 30), with the main changes
occurring between a shorter P/D range of 0 — 2 (see the
Supporting Information).

The observed quenching of the excited state is most likely
due to photoelectron transfer between guanine residues and the
*MLCT state of the complexes, as previously described for
systems containing two or more TAP ligands.”” A biphasic
binding profile with an immediate fluorescence decrease
followed by a more gradual increase to a plateau over a P/D
range of 3 — 30 was observed for both complexes, which
suggests that these complexes distribute themselves differently
on the polynucleotide depending on the availability of binding
sites. The extra enhancement of luminescence quenching
might originate from DNA-induced stacking of the com-
plexes.74 For comparison, the emission profiles for each of the
systems, 1 and 2, are shown in the Supporting Information,
demonstrating the greater emission modulation experienced by
2 upon titration with DNA. This observation correlates well
with the results seen with the UV/vis absorption studies and
further reflects the high DNA binding affinity of this system.

In a manner similar to that of the Ru(TAP),(bpy)
complexes, both Ru(bpy); complexes 3 and 4 underwent
two distinct phases of change in their emission profiles. 3
underwent an initial rapid decrease in the emission intensity
over a P/D range of 0 — 2 followed by a more gradual increase
to a plateau (P/D of 2 — 45), while the amino-functionalized
complex 4 also experienced two distinct phases of change. The
first region in a P/D range of 0 — 2 is steep and represents
most of the intensity change before becoming more gradual,
reaching a plateau at approximately P/D = 30 with an overall
2.6-fold emission enhancement. This enhancement is likely
due to tight binding of 1,8-naphthalimide, which holds the
metal center in close proximity to the DNA, with subsequent
loss of quenching. Interestingly, the emission changes
displayed by complex 4 were significantly greater than those
for its previously reported analogue 6.
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The increased enhancement that occurs for this system is
exemplified in Figure S, where the emission profiles of both
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Figure 5. Comparison of the emission intensity changes for
Ru(bpy),;** (blue A), 4 (red @), and 6 (black W) upon the addition
of DNA in 10 mM phosphate buffer at pH 7.4.

complexes are compared with that of Ru(bpy);**. This greater
enhancement may be related to the arrangement of the
constituents of the complex around the connecting ring. A
meta arrangement creates a cleft, the result of which renders
the shape of the complex more complementary to that of
DNA. Upon insertion of 1,8-naphthalimide into the helix, the
Ru(II) center in 4 is held more tightly bound to the DNA
backbone than that in 6 and, as a result, is more effectively
protected from quenching. This result suggests that the meta
arrangement of the connecting ring in the bpy—1,8-
naphthalimide ligand is optimal to ensure a tight binding of
the Ru(II) metal center to the DNA backbone.

DNA Binding Studies: Emission Dependence Titra-
tions at High lonic Strength. The susceptibility of the DNA
binding affinity of 1 and 2 to the ionic strength was also
investigated by fluorescence titrations at varying concen-
trations of NaCl (50 and 100 mM), and as seen above from
UV/vis absorption titrations, the overall emission modulations
upon the addition of DNA decrease as a function of added
NaCl. Salt back-titrations were carried out to exemplify the
effect of increasing NaCl concentration (see the Supporting
Information). The fluorescence emission was seen to be
affected by increasing NaCl concentration, gradually increasing
toward that of the free compound but reaching a plateau at ca.
140 mM NaCl, with about a 40% increase toward that of the
free species. No further changes occurred with the addition of
up to 250 mM concentration of NaCl, indicating that the
majority of the compound remains bound even at high ionic
strength. These results give further confirmation that the DNA
binding strength is dependent on the ionic strength of the
medium for complexes of this type, but even at very high NaCl
concentrations, the complexes were not fully displaced; this is
most likely due to 1,8-naphthalimide providing high affinity
binding through intercalation into DNA.

DNA Binding Studies: Polynucleotide Binding. Studies
were also performed with synthetic polynucleotides, [poly-
(dAdT)], and [poly(dGdC)],, in order to investigate whether
any sequence-specific binding could be observed. The
interaction of 1 and 2 with both [poly(dAdT)], and
[poly(dGdC)], was measured first using UV/vis absorption

as described above, where a range of values were obtained for
K, from fits to the absorbance data (Table S2). The results
highlighted that 1 and 2 exhibited strong binding affinity for
both [poly(dAdT)], and [poly(dGdC)],, as observed for
stDNA, but no major preference for either was observed (see
the Supporting Information).

The excited-state interactions of 1 and 2 with the
homopolymers were also monitored and saw substantial
differences between [poly(dAdT)], and [poly(dGdC)],,
where the characteristic MLCT emission bands centered at
645 nm were seen to experience an overall increase upon the
addition of [poly(dAdT)],, while, conversely, the emission was
seen to be effectively quenched in the presence of [poly-
(dGdC)],. For comparison, the emission profiles for 1 in the
presence of stDNA, [poly(dAdT)], and [poly(dGdC)], are
shown in Figure 6.
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Figure 6. Relative changes in the integrated emission intensity of 1 (8
UM; A 415 nm) with increasing concentrations of stDNA (red W),
[poly(dAdT)], (green A), and [poly(dGdC)], (blue @) in 10 mM
phosphate buffer at pH 7.4.

For 1 in the presence of [poly(dAdT)],, an initial slight
decrease in emission was followed by a sharp 56% increase
culminating in a plateau at P/D = 10, while upon titration with
[poly(dGdC)],, the emission was efficiently quenched by 62%
at P/D = 10. Similarly, in the case of 2 upon titration with
[poly(dAdT)],, the observed fluorescence at 645 nm was seen
to experience an initial slight decrease followed by a
subsequent 5% overall increase, with the main changes
occurring at P/D of 0 — 4. In a manner similar to that of 1,
upon the addition of [poly(dGdC)],, 2 was shown to have its
excited state effectively quenched by 54%, with the main
changes occurring at P/D of 0 — 2. As previously mentioned,
because of the z-deficient nature of the Ru(II) cores of 1 and
2, the observed quenching of the *MLCT states upon the
addition of stDNA is expected to be as a result of
photoinduced electron transfer reactions with guanine
nucleobases, a well-documented behavior of complexes
containing at least two TAP ligands.”*’>’® The observed
luminescence enhancement in the presence of [poly(dAdT)],
for both 1 and 2 most likely results from shelter from
nonradiative deactivation processes of the *MLCT excited
state afforded by the double-helix microenvironment.””

DNA Binding Studies: Thermal Denaturation Studies.
Given the above spectroscopic results, thermal denaturation
studies were also carried out on 1—4 in order to further
elucidate the interaction of these complexes with DNA. In the
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Figure 7. CD curves of (a) ct-DNA (150 #M) in 10 mM phosphate buffer at pH 7, in the absence and presence of 3 at varying ratios and (b) the
difference spectra obtained. (c) ct-DNA (150 #M) in 10 mM phosphate buffer at pH 7, in the absence and presence of § at varying ratios and (b)

the difference spectra obtained.

absence of a ruthenium(II) polypyridyl complex, the T, value
for DNA was determined to be 68 °C, and in all cases, the
melting transition for DNA in the presence of the complexes
showed large perturbations at all P/D ratios evaluated (see the
Supporting Information). The changes reflected stabilization of
the helix structure as a function of the complex concentration.
At P/D = 25, 10, and S, the melting transition had not gone to
completion at 90 °C, and, consequently, it was not possible to
fit the data to a sigmoidal function and, as such, exact melting
values could not be reported but may be regarded as being
greater than 75 °C. It is noteworthy that the amino complex 2
resulted in a slightly greater stabilization of DNA compared
with complex 1. This result is complementary to those results
from the UV/vis absorption and emission studies and
emphasizes the higher affinity of 2 in comparison to the
nitro analogue 1.

The different extents of DNA stabilization between the
linear and wedged systems were also demonstrated with these
experiments. The nitro complex 3 resulted in a significantly
greater shift to higher temperature in the melting profile
compared with its linear analogue S, while the shifts of the
amino derivatives 4 and 6 to DNA were less obvious. However,
in both cases, the wedged systems result in greater DNA

stabilization than the linear analogues. This result is
complementary to those from the UV/vis absorption and
emission studies and emphasizes the importance of this minor
structural modification, from a linear to a wedged orientation,
where the arrangement of the ruthenium(II) and 1,8-
naphthalimide components around the connecting ring has a
profound effect on the DNA binding affinity.

DNA Binding Studies: Circular (CD) and Linear
Dichroism (LD). CD titrations were carried out on Ru(bpy),
complexes 3—6, in order to further investigate the influence
that the arrangement of the ruthenium(II) and 1,8-
naphthalimide components around the connecting ring has
on DNA binding. The spectra obtained for the nitro complexes
3 and § are depicted in Figure 7.

For complex 3, a small induced circular dichroism (ICD)
signal is observed at long wavelength corresponding to the
MLCT absorption, in addition to large changes in the DNA
region, attributable to both changes in the CD signal of the
DNA itself and ICD of the metal complex in this region. These
results are indicative of association of the metal center in the
grooves, which results in an ICD signal.78 In contrast, no
changes were seen for the 1,8-naphthalimide moieties in these
complexes. Significantly different CD behavior was exhibited
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Figure 8. LD spectra of stDNA (150 #M) in 10 mM phosphate buffer, at pH 7.4, in the absence and presence of (a) 1 and (b) 2 at varying ratios.

by the linear nitro complex S, where changes at the MLCT
band were similar to those observed for 3. However, these
were concomitant with changes in the region of absorption of
1,8-naphthalimide. From examination of the 300—400 nm
region, two bands became apparent: a positive signal at 378 nm
and a negative signal at 340 nm with a crossover at 355 nm.
This type of behavior suggests the formation of dimers or
higher-order complexes by stacking in the grooves or externally
to the double helix. Such results have previously been observed
for species such as methylene blue.”” Tt is likely that the
absence of CD signals in this region for complex 3 is due to the
different orientations of the 1,8-naphthalimides when stacked
within the DNA helix. The two amino derivatives 4 and 6
displayed CD behavior similar to each other, where the most
significant feature observed was growth of a band in the region
of absorption of the metal center. Large changes were also
observed in the region of absorption of DNA. The overall
results point to a binding mode in which the metal center is
tightly associated with the helix, thus experiencing its chirality.

LD studies can also provide strong evidence for the binding
mode of metal complexes to DNA, and, hence, LD titrations
with complexes 1 and 2 were carried out in order to gain better
insight into their specific interaction with the DNA helix.
Again, the behavior of 1 was of particular interest because it
showed distinct absorption bands for the 1,8-naphthalimide
and ruthenium(II) polypyridyl portions of the structure.
Consequently, it was expected that its LD behavior would
give valuable information on the binding geometry of each of
the separate functional moieties. The LD spectra resulting
from the addition of 1 to stDNA and a comparison with its
absorption spectrum are shown in Figure 8a, with those of 2
shown in Figure 8b. Changes are immediately obvious outside
of the DNA absorption region in the case of both complexes,
further confirming their strong interaction with DNA in
addition to giving information on the specific mode of
interaction.

In the case of 1, when stDNA was treated with a low loading
of the complex (P/D = 25), a small negative signal is evident at
ca. 360 nm, suggesting that the 1,8-naphthalimide portion of
the complex is lying perpendicular to the DNA helix axis, i.e., is
intercalated. This observation is further emphasized upon
higher loading of 1 (P/D = 2.5), whereby a more strongly
negative signal is observed at ca. 365 nm, with the maximum
being slightly red-shifted by 5 nm. More complex behavior is
seen in the MLCT absorption region of 1, where the broad
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band is seen to be split in two, with a positive band centered at
ca. 415 nm and a negative band with a maximum at ca. 475
nm. This behavior would suggest that the positive band at 415
nm is a result of MLCT from the Ru(II) center to the ancillary
TAP ligands lying in the grooves of the DNA helix. Conversely,
the negative MLCT band at 475 nm may be associated with an
MLCT from the Ru(II) center to the bipyridine fragment of
the naphthalimide ligand, further confirming the proposed
intercalative geometry of the 1,8-naphthalimide portion.
Similar behavior was seen for 2, whereby a negative signal is
observed at 460 nm at P/D = 2§, and this negative band
exhibits a further decrease at P/D = 2.5. While it is more
difficult to draw firm conclusions for 2 because of the overlap
of both the 1,8-naphthalimide and MLCT absorption bands,
the negative band centered at ca. 460 nm suggests that the 1,8-
naphthalimide portion of this conjugate is, again, most likely
intercalated between the nucleobases, as was seen for 1.
Considered with the other spectroscopic studies presented so
far, it is likely that, in all cases, the DNA binding involves the
insertion of 1,8-naphthalimide into the helix, with tight
association of the metal center, through external binding or
partial insertion into the grooves. The lower affinity observed
for the —NO,-substituted complexes is likely to be due to
steric repulsion caused by the nitro group, which can be
twisted slightly out of plane because of steric repulsion from
the neighboring H atom in the 5 position of the ring system.
The resultant diminished planarity makes intercalation or
insertion into the DNA helix less favorable for the nitro-
substituted species, while the amino-substituted complexes do
not experience this type of twisting, and as such its presence
may allow for more complete insertion into the helix, resulting
in stronger binding affinity.*

DNA Photocleavage Experiments of 1—4. Having
clearly identified that 1—4 bind avidly to DNA while displaying
varying spectroscopic behavior, it was anticipated that each
complex, in addition to binding to DNA, may show
photoreactivity with the DNA bases, as has previously been
observed for § and 6 and various other ruthenium(II)
polypyridyl complexes.’”*> In order to probe this behavior,
DNA photocleavage experiments were carried out by treating
pBR322 plasmid DNA (1 mg/mL) with each of the complexes
1—4 at varying ratios in a 10 mM phosphate buffer solution
before exposure to light irradiation. As shown in Figure 9, the
presence of Ru(bpy);** (P/D = 20) resulted in an increase to
40% open form after irradiation, confirming its effectiveness as
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Figure 9. Agarose gel electrophoresis of pBR322 DNA (1 mg/mL)
after 30 min of irradiation (2 J/cm?) in 10 mM phosphate buffer, at
pH 7. 4. Lane 1: plasmid DNA control. Lane 2: Ru(bpy);** (P/D =
20). Lanes 3 and 4: 1 and 2 in the dark (P/D = 20). Lanes 5 and 6: 1
and 2 (P/D = 20). Lanes 7 and 8: 3 and 4 (P/D = 20). Lanes 9 and
10: 1 and 2 + NaNj; (P/D 20).

a DNA photocleaver. Importantly, upon incubation in the
dark, none of 1—4 showed any dark-state DNA cleavage.
However, as can be seen in Figure 9, lanes S and 6, irradiation
and subsequent electrophoresis of pBR322 DNA in the
presence 1 and 2 at a P/D ratio = 20 showed clear evidence
of efficient DNA photocleavage, with 1 showing complete
conversion of the plasmid to open-form DNA and 2 exhibiting
an increase in the open form to 75%. Furthermore, compared
with the Ru(bpy), analogues 3 and 4, which showed 15% and
48% cleavage, respectively, both 1 and 2 were found to be
significantly more effective photocleavage agents. When
irradiated in the presence of the known 'O, scavenger, NaN;
(lanes 9 and 10), it was observed that the photocleavage
efficiencies of 1 and 2 were not reduced. The relative amounts
of supercoiled versus open-form DNA are summarized in
Table S3.

From the above results, it is clear that the Ru(TAP),(bpy)-
1,8-naphthalimide derivatives 1 and 2 display DNA photo-
cleavage with efficiencies greater than those of [Ru(bpy);]**
and the Ru(bpy);-1,8-naphthalimide derivatives 3 and 4. In
addition, it appears that the nitro derivative 1 is a more
effective photocleaver than its amino-substituted analogue 2,
most likely because of its increased @y value as described
above and the opposite trend seen for the Ru(bpy);-1,8-
naphthalimide derivatives. Moreover, the photocleavage
efficiencies of 1 and 2 were not affected to any great extent
when irradiated in the presence of NaNj, suggesting that 'O,
formation may not be the primary mechanism by which these
complexes exert their activity. Detailed biological profiling of 1
and 2 is ongoing and will be presented in a subsequent study;
however, given the results presented above, it was of interest to
gain further insight into the effect of the arrangement of the
ruthenium(II) and 1,8-naphthalimide components around the
connecting ring. Thus, below we present more detailed studies
carried out on Ru(bpy);-1,8-naphthalimide derivatives 3—6.

More Detailed DNA Photocleavage Experiments of
3—6. The orientation of the components within these systems
was shown to have interesting consequences on the DNA
binding behavior; thus, it was expected that this would also be
reflected in the cleavage studies. Irradiation of DNA in the
absence and presence of each of the complexes, in a 10 mM
phosphate buffer solution, showed the nitro-substituted
conjugates 3 and $ displaying poorer photocleavage efliciency
than their amino-substituted analogues 4 and 6. Some minor
differences were also apparent between the corresponding
linear and wedged derivatives, where slightly greater efficiency
was observed in both cases for complexes comprising a linear
arrangement of the 1,8-naphthalimide and ruthenium(II)
components (e.g, 5 and 6). Studies carried out in the

presence of the 'O, scavenger sodium azide (NaN,) showed
that the photocleavage efficiency of Ru(bpy);** is almost
completely inhibited by the presence of the 'O, scavenger
while the efficiency of the nitro-substituted complex 3 or §
appeared insensitive to the presence of NaNj, suggesting that
damage mediated by singlet oxygen was not important for
these derivatives.

The amino-substituted conjugates 4 and 6 were shown to be
moderately sensitive to the presence of the singlet oxygen
scavenger, with both inducing approximately the same amount
of DNA damage in the absence of NaNj, although it was
reduced. Nevertheless, in the presence of NaNj3, both 4 and 6
still displayed substantially improved cleavage efliciency over
the reference Ru(bpy),>". To further investigate the involve-
ment of 'O, in the DNA photocleavage process, studies were
carried out in a D,O solution where reactive oxygen species
(ROS) has a longer lifetime and would be expected to induce
more efficient damage of the DNA. Indeed, as demonstrated in
Figure 10, Ru(bpy);** cleavage was observed to be more

% Form |

Figure 10. Effect of irradiation in a D,0O solution on the
photocleavage efficiency of Ru(bpy);** (red W), 3 (purple W), 4
(green M), 5 (blue M) and 6 (black M). Solid bars represent cleavage
in a H,O solution and hatched bars cleavage in a D,O solution.

efficient in a D,O solution than in a H,O solution. Similarly,
complex S displayed an enhancement in the photocleavage
efficiency in the presence of D,O, implicating 'O, in the
mechanism of damage induced by the complex. This was in
contrast to the results obtained with the addition of NaNj; to
this system, where no sensitivity to the added 'O, scavenger
was observed. Complex 3 displayed, however, no enhancement
in the cleavage efficiency in a D,0O solution.

Both 4 and 6 displayed improved photocleavage efficiency of
DNA in a D,O solution, giving a quantitative conversion. This,
in conjunction with the results in the presence of NaNj,
implicates ROS as important reactive species in the damage
induced to DNA by these complexes. 4 and 6 displayed
significantly greater cleavage efficiency compared with the
reference Ru(bpy);**, emphasizing the importance of the 1,8-
naphthalimide unit in these systems. In summary, the above
results demonstrate that complexes 3—6 display useful
photocleavage properties, whose efficiency depends largely
on substitution of the 1,8-naphthalimide moiety; the nitro-
substituted complexes 3 and $ display cleavage efliciencies of
the same order as Ru(bpy),*". The linear derivative 5 seemed
to display some dependence on ROS formation to exert
damage, whereas its wedged analogue 3 did not. Both of the
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Figure 11. Cellular uptake of 3—6 by K562 cells. Cells were treated with § (1.0 M, black W), 6 (1.0 uM, red A), 3 (1.0 uM, green V), and 4 (1.0
uM, blue @) for various times at 37 °C in the presence of 5% CO,. Each point at the graph represents a mean from three separate experiments.

amino-substituted complexes 4 and 6 showed improved
cleavage efficiency over the reference Ru(bpy);**. It was
expected that this was due to the high binding affinity of these
systems for DNA, which places the metal center in close
proximity to the helix, whereby it may effectively induce
damage. The damage to DNA caused by 4 and 6 was also
shown to involve ROS.

Having investigated the DNA binding and photocleavage
properties of 3—6 in detail and discovering that the
arrangement of the ruthenium(II) and 1,8-naphthalimide
components around the connecting ring has a profound effect
on the binding mode and affinity, we decided to also undertake
an investigation into their biological properties and ascertain
whether this small structural modification might also lead to
differing behavior in cellulo.

Cellular Uptake Experiments. Cellular uptake is of
paramount importance from the point of view of both
diagnostics and therapeutics, and, furthermore, access to
cellular DNA is important to the viability of 3—6 as a new
class of PDT agents. Our previous work and the work of others
have uncovered the ability of the ruthenium(II) polypyridyl
complexes to localize within cancer cells of various types in
vitro.”**30#+8L82 Wwith particular relevance to this study is the
observation that ruthenium(II) polypyridyl 1,8-naphthalimide
Troger’s bases (themselves synthesized from complexes 4 and
6) undergo rapid cellular uptake and display intense
luminescence inside cells within 2 h of administration."’
Thus, the ability of 3—6 to enter cancer cells was also
investigated using a number of techniques.

Flow cytometry was initially used to investigate cellular
uptake where both adherent (HeLa) and nonadherent (K562)
cells were investigated. 3—6 were rapidly internalized by K562
cells, where their fluorescence increased steadily as a function
of time (30 min — 48 h). The intracellular fluorescence
intensity was shown to increase after 30 min in all cases, with
the exception of the wedged nitro derivative 3. The results also
indicated that the wedged derivatives 3 and 4 displayed slower
uptake at earlier time points (within 1 h), while cells treated
with the linear derivatives 5 and 6 showed a gradual linear
increase of fluorescence that was time-dependent (see the
Supporting Information). This indicates the importance of the

structural difference between the linear and wedged arrange-
ments in cellular uptake.

As shown in Figure 11, the difference in the emitted
fluorescence becomes more evident when the maximum
fluorescent intensity is plotted against time, where all
complexes were internalized within 9 h. Furthermore, the
maximum fluorescence intensity was observed after 24 and 48
h and may be a consequence of high concentrations within the
cell or that these compounds are bound to a cellular target.

First, the uptake of each of the complexes into HeLa cells
was also verified by flow cytometry studies, where at all time
points the amino-substituted complexes 4 and 6 displayed
similar intensities, suggesting that the uptake properties of
these two derivatives are quite similar in nature. Second, the
nitro-substituted complexes 3 and $ displayed contrasting
uptake properties to each other, where the linear derivative §
was observed to enter cells much more effectively. Complex §
was found to be the most readily taken up by the HeLa cells
after 24 h of incubation. Complex S was weakly emissive in
solution, possessing a @, value of 0.004 in H,O, in comparison
to the amino complexes 4 and 6, which possessed @, values of
0.019 and 0.018, respectively. Furthermore, 5 displayed a
smaller luminescent enhancement in the presence of DNA
than 4 and 6 did. Therefore, for complex $ to give rise to such
a large increase in the fluorescence intensity, it must have been
present in the cells at a much higher concentration. The
reduced intensity displayed by HeLa cells incubated with 3
may also be reflective of the emission properties of the system;
this complex possessed the lowest quantum yield at 0.001.
Therefore, the amount of this complex that accumulates in the
cells will be approximately the same as that for S, with the
difference in the intensities resulting from the differing
quantum yields of emission possessed by the complexes.
Overall, the nitro complexes 3 and S appear to enter both
K562 and HeLa cells more rapidly than their amino analogues
4 and 6, but, importantly, these studies showed that each of 3—
6 can be internalized by both cell types successfully.

Cellular Localization Experiments. Confocal fluores-
cence microscopy was employed in order to provide visual
evidence of the localization of 3—6 in HeLa cells. The results
obtained are exemplified in Figure 12, which shows the
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Figure 12. Bright-light and confocal laser scanning microscopy images of HeLa cells treated with 3—6 and stained with Hoechst 3342. Cells were
incubated with 3—6 at 10 uM concentration for 24 h before their nucleus was stained with Hoechst 3342 (0.5 yM) for 15 min. The left panel
shows the bright-light images of the investigated cells. The middle panel shows the Hoechst 3342 nuclear stain (Ex. 405 nm/Em. 470—500 nm).
The right panel shows compounds 3—6 (Ex. 405 nm/Em > 650 nm). Scale bars represent 10 M.

fluorescence confocal laser scanning microscopy images of
HeLa cells after incubation with 3—6. The observed images
show the majority of cells exhibiting intense red fluorescence
associated around the nucleus. While a considerable amount of
fluorescence arising from 3 was also detected in the cytoplasm,
the other derivatives were mainly shown to localize in the
nucleus, implied by colocalization staining with the nuclear
stain Hoechst 3342. Interestingly, the fluorescence intensities
of 1 and 2 measured within the nucleus are somewhat lower in
intensity in comparison to that observed surrounding the
nuclear membrane. Such behavior may imply the occurrence of
photoredox processes between 1 and 2 and the nuclear DNA,
causing the emission intensity of these complexes to be
effectively quenched, as was observed in vitro during the
excited-state DNA titrations (the corresponding images for 1
and 2 are shown in the Supporting Information). In summary,
these results indicate that the combination of a ruthenium(II)
polypyridyl center with a more lipophilic 1,8-naphthalimide
unit is effectively internalized by cells, enabling them to
selectively localize inside the nucleus and bind to cellular DNA.

Cytotoxicity and Phototoxicity Studies. In order to
investigate the cytotoxic and phototoxic properties of 3—6,
MTT cytotoxicity assays were carried out on K562 cells at
various concentrations in both the absence and presence of a
varied light dose (2, 4, and 8 J/cm?). The results of the toxicity
studies are shown in Figure 13 and summarized in Table 3.

The wedged 4-nitro derivative 3 showed the highest
cytotoxicity in the dark, suggesting that its high DNA binding
affinity may give rise to some dark toxicity. 4—6, however,
showed minimal dark toxicity, exhibiting ECy, values that were
higher than 100 yM. Conversely, as shown in Table 4, the
wedged amino derivative 4 displayed the highest phototoxicity
with an ECy, value of 66.5 uM upon 2 J/cm? irradiation. The
linear 4-amino derivative also showed a cytotoxicity increase
upon irradiation with 2 J/cm® (>100 uM — 86.5 uM);
however, no apparent changes were exhibited upon irradiation
with the 4-nitro derivatives 3 and 5. These results correlated
well with the results observed from the DNA photocleavage
experiments, where the 4-amino derivatives 4 and 6 showed
considerable photocleavage activity.
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Figure 13. In vitro cyto- and phototoxicity of 3—6 against K562 cells after 24 h of incubation postirradiation: (A) dark controls; (B) 2 J/cm? (C) 4
J/em?* (D) 8 J/cm® Cells were treated with 3 (green A), 4 (blue @), 5 (black W), and 6 (red V).

Table 3. Summary of ECy, Values (uM) for 3—6 after Irradiation with Different Light Doses after 24 h Postirradiation”

3 4 5 6

0 J/cm? 712 (£6.9) >100 >100 >100

2 J/em? 74.0 (£7.5) 66.5 (£9.2) >100 86.5 (£8.3)
4 J/cm? 63.6 (£9.5) 41.7 (£2.3) >100 69.2 (£3.3)
8 J/cm* 69.6 (+8.4) 24.4 (£3.0) 73.1 (£4.4) 53.4 (+£4.0)

“Each value represents a mean calculated from a single experiment in triplicate (=SEM).

Table 4. Cell Cycle Analysis of K562 Cells Untreated or Treated with 3—6 and Irradiated with 4 J/cm?

NT NT + Irr 3 4 S 6
sub-G, 5.01 (+0.3) 571 (+£0.4) 5.74 (+0.1) 10.1 (+0.1) 8.63 (+0.4) 8.64 (+0.3)
G, 52.3 (+0.6) 48.9 (+0.6) 46.1 (+£1.0) 40.7 (£0.4) 40.6 (+0.4) 32.1 (+0.4)
S 24.7 (+0.3) 26.6 (+0.5) 27.1 (+0.6) 25.0 (+0.8) 29.9 (+0.1) 26.0 (+0.4)
G,/M 15.6 (+0.5) 17.1 (+0.4) 20.9 (+0.6) 22.4 (+0.3) 212 (+0.1) 32.0 (+0.1)
Similar results were obtained with increased light dose, against the growth of K562 cells upon photoactivation,
where the phototoxicity was the highest for 4 and 6, while the particularly with a 8 J/cm? light dose.
4-nitro derivatives showed a minimal increase even at 8 J/cm® In order to further probe the mechanism of action of these
These results confirm the light-activated therapeutic potential compounds and to determine whether ROS played a role in
of 4 and 6, where the 4-amino derivatives were highly effective their photoactivity, further flow cytometry experiments were
10886 https://dx.doi.org/10.1021/acs.inorgchem.0c01395
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Figure 15. Cell cycle analysis of K562 cells irradiated with (a) 4 J/cm?® and (b) 8 J/cm?. Cells were either left untreated (blue M) or treated with §
(10 uM, green W), 6 (10 uM, pink W), 3 (10 uM, light blue M), and 4 (10 M, red M) for 24 h before irradiation. Cells were analyzed 48 h after

irradiation. Untreated, irradiated cells are indicated with a solid gray plot.

conducted to measure the production of ROS arising from
cells treated with 3—6 both in the dark and after photo-
activation. Dihydroethidium (DHEM) was used to investigate
the involvement of ROS, where it was expected that the
production of ROS would convert DHEM to ethidium, giving
rise to increased ethidium fluorescence upon its intercalation
into DNA. A summary of the results is shown in Figure 14,
where all compounds exhibited a small increase in ROS
formation in the dark with the exception of compound 3
despite this being the most cytotoxic compound in the dark, as
was discussed above, and indicating that 3 might exert its
biological activity through a different mechanism. A minimal
increase in ROS formation was observed in untreated cells
after 8 J/cm” light dose, but, most interestingly, the linear 4-
amino derivative 6 showed the highest increase, while the
corresponding wedged 4-amino derivative 4 showed the
second-highest ROS formation. These results correlate well
with the phototoxicity analyses discussed above and may
suggest that the phototoxicity exerted by these compounds
involves the production of ROS. The 4-nitro derivatives 3 and
S showed trends similar to those obtained from the

10887

phototoxicity studies, where the linear derivative § showed a
minimal increase in the cytotoxicity upon irradiation and the
wedged 4-nitro derivative 3 showed small or no changes after
irradiation. It is clear from the above results that the 4-amino
substituents on the 1,8-naphthalimide chromophore are
important for ROS production, where they have been shown
to have higher fluorescence quantum yields and also higher
DNA photocleavage efficiencies.

To further examine the effects of these compounds on
cellular DNA, cellular growth, and initiation of apoptosis, a
flow-cytometry-based cell cycle analysis assay was also
conducted. As shown in Figure 15 and Table 4, irradiation
with 4 J/cm? light doses leads to a minimal increase in cells
that are situated in the G,/M phase of the cell cycle, indicating
that light irradiation promoted DNA damage, resulting in the
G,/M block and activation of the DNA repair mechanism.
Furthermore, this light dose was shown to induce apoptosis to
a small population of cells that were incubated in the absence
of 3—6. However, in the presence of 3—6, cells were arrested in
the G,/M phase to a larger extent than the untreated cells
upon irradiation with a 4 J/ cm? light dose. Furthermore, the

https://dx.doi.org/10.1021/acs.inorgchem.0c01395
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linear 4-amino derivative 6 induced the highest amount of G,/
M blocked cells, correlating well with the previous results.
Treatment with 3—6 also showed considerable induction of
apoptosis, especially by the wedged 4-amino derivative 4,
which showed 10% apoptosis. An overall trend similar to that
for the phototoxicity investigation was obtained, where the 4-
amino derivatives 4 and 6 were shown to be more phototoxic
than the 4-nitro derivatives 3 and S. These results indicate that
treatment with 3—6 may cause apoptosis, induced by arresting
cells in the G,/M phase of the cell cycle. The G,/M
checkpoint has been shown to be activated upon DNA
damage, and in light of these results, it is possible that these
compounds are responsible for DNA photocleavage within
cells. The effects were more pronounced with a 8 J/cm? light
dose, again indicating that increased light doses give rise to
increased toxicity (see the Supporting Information).

The effects of 3—6 on the mitochondrial membrane
potential (MMP) was also evaluated using the flow cytometry
JC-1 assay, whereby an increase in green fluorescence is an
indicator of a loss of MMP.

A summary of the results is shown in Figure 16 with
corresponding plots found in the Supporting Information. The
results showed that the positive control, etoposide, displayed
an induction of cells exhibiting a complete loss of MMP of
30%. The cells that were treated with 3—6 in the dark did not
induce any major changes to the mitochondrial potential,
although treatment with compound 3 showed an increase in
the number of cells with partially depolarized mitochondria
compared with the untreated control. These results again agree
with the previously discussed cytotoxicity studies, where 3 was
found to be the most cytotoxic compound in the dark.
However, the MMP was affected upon irradiation with a 8 J/
cm? light dose. The linear 4-amino derivative 6 showed the
highest percentage of cells with a complete loss of the MMP.
These results are in agreement with the cytotoxicity and ROS
production studies discussed above, where this compound was
shown to be the most cytotoxic and induce the highest

10888

percentage of ROS. Furthermore, these results also indicated
rapid apoptosis induction by 3 compared with the other
complexes. Treatment with 5§ upon irradiation resulted in an
increase in cells with partially depolarized mitochondria, while
the wedged derivatives 3 and 4 showed results similar to those
with the irradiated control.

B CONCLUSIONS

In conclusion, we have reported the synthesis and photo-
physical characterization of four new DNA binding ruthenium
complexes 1—4 appended with either 4-amino- or 4-nitro-1,8-
naphthalimide. A meta arrangement around the ring
connecting 1,8-naphthalimide to a bipyridine ligand creates a
cleft, the result of which renders the shape of the complex
complementary to that of DNA. We have demonstrated that
1—4 show water solubility and a distinctive set of photo-
physical properties that has allowed the nature of their
interaction with DNA to be probed by various ground- and
excited-state titrations. From these titrations, DNA binding
affinities with stDNA, [poly(dA-dT)],, and [poly(dG-dC)],
have been evaluated as being on the order of 10° M.
Furthermore, given the z-deficient character of 1 and 2, they
have been shown to exhibit highly oxidizing excited states that
are effectively quenched by redox interactions with guanine
sites on DNA. Similarly, the tight binding, typical of
intercalative interaction, was also apparent from thermal
denaturation studies, where large shifts were observed in the
T, values of stDNA in the presence of 1—4 at various binding
ratios. From CD and LD studies, an overall binding mode for
conjugates 1—4 with DNA was proposed, in which insertion of
1,8-naphthalimide into the helix occurs with concomitant
external association of the Ru(II) center. Because of the
excellent DNA binding ability exhibited by 1—4, their ability to
act as DNA photocleavers was also examined, where both 1
and 2 were found to cleave supercoiled DNA with much
increased efficiencies compared with the Ru(bpy);-1,8-
naphthalimide analogues 3 and 4. This is attributed to the
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nature of the photoactive TAP MLCT state that yields a
strongly oxidizing center TAP®~, which because of the affinity
of the naphthalimide is located in close proximity to the
guanine base.” More detailed cellular uptake experiments were
carried out on complexes 3—6, with each complex being found
to accumulate in the cytoplasm and nucleus of HeLa cells,
showing characteristic red MLCT emission. 3—6 were also
chosen to proceed to more detailed biological investigation,
where they were shown to induce limited cytotoxicity in the
dark but to significantly reduce cell numbers in the culture
upon irradiation at 450 nm, suggesting photoactivated
cytotoxicity within the cells. Interestingly, the trend obtained
for the phototoxicity was in correlation with DNA photo-
cleavage studies, where the 4-amino derivatives 4 and 6 were
shown to be the most efficient photocleavers. 6 was shown to
induce the highest production of ROS after 8 J/cm” irradiation,
and cell cycle analysis showed that the complexes induced a
G,/M block after irradiation at 8 J/ cm?. A similar trend was
observed for the cytotoxicity studies, where the 4-amino
derivatives 4 and 6 were shown to be superior to the 4-nitro
derivatives 3 and S. Finally, the MMP was affected by the
photoactivation of compounds 3—6, where the linear 4-amino
derivative 6 again showed the greatest increase in cells that had
completely lost their MMP. These investigations have shown
the potential of ruthenium(II) 1,8-naphthalimides as PDT
agents, and further studies are continuing to investigate the
biological profiles of complexes 1 and 2 and to identify suitable
candidates to progress to in vivo models.

B EXPERIMENTAL SECTION
4-[N-(m-Phenyl)-4-nitro-1,8-napthalimide]-2,2’-bipyridine
(7). 3-([2,2'-Bipyridin]-4-yl)aniline (0.54 g, 2.17 mmol, 1 equiv) and
4-nitro-1,8-naphthalic anhydride (0.53 g, 2.17 mmol, 1 equiv) were
suspended in HPLC-grade ethanol (EtOH; 30 mL), and the mixture
refluxed in a pressure tube for 48 h. The reaction mixture was cooled
to room temperature before the product was collected by suction
filtration and washed with EtOH (30 mL), giving the product as a
yellow/brown solid (0.86 mg, 84%). '"H NMR (400 MHz, CDCL,):
5y 8.92 (d, 1H, J = 8.7 Hz, Ar—H), 8.81 (d, 1H, ] = 7.4 Hz, Ar—H),
8.75 (m, 2H, Ar—H), 8.7 (s, 1H, Ar—H), 8.68 (d, 1H, J = 5.0 Hz, Ar—
H), 8.46 (m, 2H, Ar—H), 8.05 (t, 1H, J = 7.8 Hz, Ar—H), 7.93 (d, 1H,
J=8.0, Ar—H), 7.84 (t, 1H, ] = 8.0 Hz, Ar—H), 7.72 (m, 2H, Ar—H),
7.59 (d, 1H, J = 5.0 Hz, Ar—H), 7.42 (d, 1H, J = 7.5 Hz, Ar—H), 7.32
(t, 1H, J = 6.0 Hz, Ar—H). *C NMR (100 MHz, CDCL,): 5. 162.2,
156.3, 155.5, 149.5, 149.3, 148.7, 147.7, 139.5, 136.5, 135.0, 132.5,
129.9, 129.8, 129.7, 129.4, 129.0, 128.6, 127.4, 126.9, 126.5, 123.6,
123.5, 1234, 122.6, 1212, 1209, 1186. v, (film)/cm™": 1717
(~CO-N—CO-), 1524 (C—NO,), 1350 (C—NO,). HRMS(-ES).
Caled for C,gH;N,O, (M + H): m/z 473.1250. Found: m/z
473.1233.
Ru(4-[N-(m-phenyl)-4-nitro-1,8-naphthalimide]-2,2’-
bipyridine)(1,4,5,8-tetraazaphenanthrene),(PF¢), (1). 7 (0.104
g, 0.22 mmol, 1 equiv) and Ru(TAP),Cl, (0.118 g, 0.22 mmol, 1
equiv) were suspended in DMF/H,0 (1:1), and the suspension was
degassed by bubbling with argon for 15 min. The reaction mixture
was heated at 150 °C for 40 min using microwave irradiation before
being allowed to cool and filtered. The solvent from the resulting
solution was removed under reduced pressure before redissolution in
H,O (S mL). The PFg salt of the complex was formed by the addition
of a concentrated ethanolic solution of NH,PF,, with the resulting
precipitate being collected by centrifugation. The dried solid was
redissolved in MeCN before purification by the slow diffusion of
diethyl ether into MeCN, giving the product as a red/brown solid
(0.140 g, 52%). The crystalline solid was converted to the chloride
form of the complex by stirring in MeOH with Amberlite anion
exchange resin (CI™ form) for 1 h. Mp: >250 °C. 'H NMR (600
MHz, CDsCN): 8y 9.15 (m, 2H, TAP-H), 8.93 (m, 2H, TAP-H),

8.88 (m, 2H, Ar—H), 8.74 (m, 2H, Ar—H), 8.69 (d, 1H, J = 7.92 Hz,
Ar—H), 8.66 (m, 4H, TAP-H), 8.51 (d, 1H, J = 7.92 Hz, Ar—H), 8.41
(d, 1H, J = 2.70 Hz, TAP-H), 8.33 (d, 1H, ] = 2.46 Hz, TAP-H), 8.15
(m, 4H, 2Ar—H and 2TAP-H), 8.07 (d, 1H, ] = 7.98 Hz, Ar—H), 7.94
(s, 1H, Ar—H), 7.84 (t, 1H, ] = 7.84 Hz, Ar—H), 7.80 (d, 2H, ] = 5.94
Hz, Ar—H), 7.64 (m, 2H, Ar—H), 7.41 (t, 1H, J = 6.12 Hz, Ar—H).
13C NMR (150 MHz, CD,CN): 8. 164.7, 163.9, 158.1, 157.6, 154.2,
154.1, 151.1, 150.9, 150.5, 150.5, 150.5, 149.8, 149.7, 149.4, 146.6,
146.6, 146.5, 143.3, 143.3, 142.98, 142.95, 140.2, 138.0, 137.6, 133.9,
133.80, 133.79, 133.1, 132.2, 131.6, 131.1, 130.9, 130.6, 130.3, 129.0,
1289, 1288, 1282, 1260, 1257, 1252, 124.6, 1243, 123.2.
Uma(ilm)/cm™: 1711 (C=0), 1665 (C=0), 1535 (NO, stretch),
1355 (NO, stretch). HRMS(-ES). Calcd for C,gH,3F¢N;,0,PRu (M
+ PF¢"): m/z 1083.1042. Found: m/z 1083.1088.
Ru(4-[N-(m-phenyl)-4-amino-1,8-naphthalimide]-2,2’-
bipyridine)(1,4,5,8-tetraazaphenanthrene),(PF;), (2). Ru(4-[N-
(m-phenyl)-4-nitro-1,8-naphthalimide]-2,2’-bipyridine) (1,4,5,8-tet-
raazaphenanthrene),Cl, (0.1 g, 0.081 mmol, 1 equiv) was dissolved in
HPLC-grade MeOH (20 mL) and 10% Pd/C added. The reaction
mixture was subjected to 3 atm of H, for 24 h. The reaction mixture
was filtered through a Celite plug and the solvent removed under
reduced pressure to give the product as a red/brown solid (0.092 g,
95%). The crystalline solid was converted to the chloride form of the
complex by stirring a solution of the PF4 salt in MeOH with
Amberlite anion exchange resin (Cl~ form) for 1 h. Caled for
CysHyoF1aNj,0,P,Ru2H,0: C, 46.72; H, 2.78; N, 13.62. Found: C,
46.65; H, 2.30; N, 13.15. Mp: >250 °C. 'H NMR (600 MHz,
CD,CN): 8, 9.15 (d, 1H, ] = 2.76 Hz, TAP-H), 9.14 (d, 1H, J = 2.70
Hz, TAP-H), 8.93 (d, 1H, J = 2.94 Hz, TAP-H), 8.92 (d, 1H, ] = 2.76
Hz, TAP-H), 8.86 (d, 1H, ] = 1.74 Hz, Ar—H), 8.74 (d, 1H, ] = 8.16
Hz, Ar—H), 8.64 (m, 4H, TAP-H), 8.55 (d, 1H, ] = 6.90 Hz, Ar—H),
8.43 (d, 1H, J = 8.88 Hz, Ar—H), 8.40 (d, 1H, ] = 2.76 Hz, TAP-H),
8.34 (d, 1H, J = 2.70 Hz, TAP-H), 8.32 (d, 1H, J = 8.32 Hz, Ar—H),
8.15 (m, 3H, 2Ar—H and 2TAP-H), 8.00 (d, 1H, ] = 8.70 Hz, Ar—H),
7.94 (s, 1H, Ar—H), 7.76 (m, 4H, Ar—H), 7.66 (dd, 1H, ] = 1.98 and
6.12 Hz, Ar—H), 7.56 (d, 1H, ] = 7.92 Hz, Ar—H), 7.40 (dt, 1H, J =
1.08 and 5.70 Hz, Ar—H), 6.97 (d, 1H, ] = 8.28 Hz, Ar—H), 6.06 (s,
2H, NH,). *C NMR (150 MHz, CD;CN): ¢ 165.6, 164.8, 158.0,
157.6, 154.1, 154.0, 152.9, 151.0, 150.49, 150.48, 150.46, 149.74,
149.69, 149.4, 149.3, 146.57, 146.55, 146.5, 146.4, 14331, 143.30,
143.0, 142.9, 140.2, 139.3, 137.1, 134.9, 133.8, 133.8, 133.8, 132.6,
1314, 131.2, 129.7, 129.3, 128.9, 128.0, 125.8, 125.7, 125.6, 123.8,
123.0, 120.9, 110.8, 109.7. vy, (film)/cm™: 3356 (aromatic C—H
stretch), 1675 (C=0), 1628 (C=0), 1584 (NH bend), 1371 (C—
N stretch). HRMS(-ES). Calcd for C,sH;0F¢N;,0,PRu (M + PE¢"):
m/z 1053.1300. Found: m/z 1053.1266.
Ru(4-[N-(m-phenyl)-4-nitro-1,8-naphthalimide]-2,2’-
bipyridine)(bipyridine),(PF), (3). 7 (0.29 g, 0.62 mmol, 1 equiv)
was dissolved in DMF and H,O added until it began to precipitate. A
few drops of DMF was added to fully dissolve the ligand, and
Ru(bpy),CL-2H,0 (0.32 g 0.62 mmol, 1 equiv) was added. The
solution was saturated with argon by bubbling for 10 min. The
reaction mixture was heated at reflux under an Ar atmosphere for 24
h. The solvent was removed under reduced pressure, and the resulting
residue was redissolved in H,O and filtered. The filtrate was reduced
in volume, and to it was added a concentrated aqueous solution of
NH,PF4. The resulting precipitate was extracted with CH,Cl, and
dried over MgSO,, and the solvent was removed under reduced
pressure. The product was purified by silica flash column
chromatography, eluting with 40:4:1 CH;CN/H,0/aqueous
NaNOs(sat). The chloride form of the complex was reformed by
stirring a solution of the PF4 salt in MeOH with Amberlite ion-
exchange resin (Cl™ form) for 1 h, giving the product as a red/brown
solid (0.45 g, 75%). Caled for C,gH3,Fj,NgOP,Ru: C, 49.03; H,
2.74; N, 9.53. Found: C, 48.87; H, 2.90; N, 9.25. Accurate MS. Calcd
for C4sH;,NgO,Ru (M*): m/z 886.1590. Found: m/z 886.1614. 'H
NMR (CD4CN, 600 MHz): &y, 8.87 (1H, dd, J = 1.0 and 8.8 Hz, Ar—
H), 8.83 (1H, d, ] = 1.9 Hz, Ar—H), 8.73 (1H, dd, ] = 0.9 and 7.3 Hz,
Ar—H), 8.72 (1H, d, ] = 8.2 Hz, Ar—H), 8.70 (1H, d, ] = 8.0 Hz, Ar—
H), 8.57 (1H, d, ] = 3.4 Hz, Ar—H), 8.56 (3H, m, 3 X Ar—H), 8.51
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(1H, d, ] = 7.9 Hz, Ar—H), 8.13—8.05 (7H, m, 7 X Ar—H), 7.95 (1H,
t,J = 1.9 Hz, Ar—H), 7.84—7.77 (7H, m, 7 X Ar—H), 7.69 (1H, dd, ]
=2.0 and 6.1 Hz, Ar—H), 7.60 (1H, m, Ar—H), 7.46—7.42 (SH, m, 7
X Ar—H). BC NMR (CD;CN, 150 MHz): 5. 164.7, 163.9, 158.6,
158.0, 152.8, 152.70, 152.67, 152.6, 151.0, 149.3, 138.8, 138.7, 138.0,
1379, 133.1, 131.8, 131.5, 131.0, 130.9, 130.5, 130.3, 128.9, 128.7,
128.6, 128.5, 1282, 125.7, 125.6, 125.3, 125.2, 124.6, 124.3, 122.9. IR
Vpax (em™): 1715 (w, ~CO—N—CO), 1528 (m, C—NO,), 1349 (m,
C-NO,).

Ru(4-[N-(m-phenyl)-4-amino-1,8-naphthalimide]-2,2’-
bipyridine)(bipyridine),(PF¢), (4). Ru(4-[N-(m-phenyl)-4-nitro-
1,8-naphthalimide]-2,2'-bipyridine) (bipyridine),Cl, (0.14 g, 0.12
mmol, 1 equiv) was dissolved in HPLC-grade MeOH and 10% Pd/
C added. The reaction mixture was subjected to 3 atm of H, for 24 h
before being filtered through a Celite plug and the solvent removed
under reduced pressure, giving the product as an orange solid (0.13 g,
98%). Calcd for C,gH;,F;,NgO,P,Ru-2.5CH,CN: C, 50.99; H, 3.35;
N, 11.78. Found: C, 51.14; H, 3.65; N, 11.54. Accurate MS. Calcd for
Cy4sH,;3NgO,Ru (M*): m/z 856.1848. Found: m/z 856.1818. 'H
NMR (CD,CN, 600 MHz): 6 8.71 (1H, s, Ar—H), 8.54 (SH, m, 5 X
Ar—H), 8.35 (1H, d, ] = 7.1 Hz, Ar—H), 8.23 (1H, d, ] = 8.3 Hz, Ar—
H), 8.09 (SH, m, S X Ar—H), 7.97 (1H, t, ] = 7.9 Hz, Ar—H), 7.80
(1H, d, ] = 4.9 Hz, Ar—H), 7.75 (5H, m, S X Ar—H), 7.66 (1H, d, ] =
6.0 Hz, Ar—H), 7.63 (1H, d, ] = 7.6 Hz, Ar—H), 7.54 (1H,t, ] = 7.6
Hz, Ar—H), 7.50—7.38 (5H, m, 7 X Ar—H), 6.70 (1H, br d, ] = 6.8
Hz, NH,). *C NMR (CH,CN, 150 MHz): 5 164.6, 163.9, 157.4,
156.9, 156.8, 156.78, 156.77, 151.8, 151.6, 151.5, 151.4, 151.3, 147.4,
138.2, 137.8, 137.7, 137.6, 135.8, 133.6, 131.3, 131.1, 129.9, 128.6,
1282, 127.5, 127.49, 127.48, 126.1, 124.5, 124.3, 124.2, 124.1, 123.9,
122.0, 121.1, 119.4, 109.1, 108.5. IR v, (cm™): 3354 (w, —NH,),
1684 (m, —-CO-N-CO-), 1634 (s, —NH,).
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