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Investigating the DNA binding properties of two
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facially coordinated ligands tris(pyridin-2-yl)
methylamine and di(pyridin-2-yl)methylamine
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By employing the facially coordinated tris(pyridin-2-yl)methylamine ligand, a route to the synthesis of the
complex ([Ru(tpyma)(dppz)(py)
Detailed NMR spectroscopy and crystallographic studies reveal that tpyma coordinates to the metal ion

1* (dppz = dipyrido[3,2-a:2",3'-clphenazine) py = pyridine) is reported.
through a tridentate (2py, NH,), not (3py), binding motif. Subsequently, the synthesis of an analogous
complex containing di(pyridin-2-yl)methylamine, dipyma, confirmed that it too is a (2py, NH>) tripodal
ligand. In non-aqueous solvents both complexes display emission from the Ru" — (dppz)-based *MLCT
excited state. Computational studies reveal that the metal centre of the dipyma complex is more polar
than its tpyma analogue and also provide insights into why tpyma does not coordinate to the Ru'(dppz)
through a (3py) motif. In aqueous solutions the complexes bind to duplex DNA through intercalation with
affinities that are entirely comparable to [Ru(bpy)»(dppz)]?*. However, while the tpyma complex displays a
DNA light switch effect, the DNA-induced increase in emission from the dipyma complex is significantly

rsc.li/dalton

Introduction

After the first report on the original “DNA light switch” [Ru
(bpy)2(dppz)]** (bpy = 2,2"-bipyridine, dppz = dipyrido[3,2-
a:2',3-cJphenazine)," complexes containing the Ru"(dppz)
moiety have attracted considerable research attention.*™
Thanks to the combination of the DNA intercalating properties
of the extended dppz ligand and a solvent-sensitive Ru —
dppz-based *MLCT excited state, the complex is non-emissive
in aqueous solution until it binds to DNA when its lumine-
scence is “switched on”.>™** Consequently, similar effects have
been observed for other d®-metal complexes; for example,
systems containing Re'(dppz) and Ir'"(dppz) fragments, and
numerous complexes containing ligands related to dppz.'*™®
Over recent years, oligonuclear derivatives have also been
studied and they often display enhanced DNA binding
affinities.’®>* This work has produced novel live-cell probes,
as well as chemotherapeutic and phototherapeutic leads.?*™°
In a contribution to these studies, the Thomas group has
been using achiral complexes as “building blocks” to develop
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lower. This effect is attributed to the different electronic and steric properties of tpyma and dipyma.

facile routes in the construction of oligonuclear complexes
containing Ru"(dppz) and related fragments. Using this
approach, complexes such as [RuCl(tpm)(dppz)]*,** [RuCl(tpm)
(dppn)]",**** and [ReCl(CO);(dppz)], (tpm = tris(pyrazolyl)
methane), (dppn = benzo[i]dipyrido[3,2-a:2’,3"-c]phenazine)
were used as synthons to yield linked homo®***” and
heteronuclear®®*° systems.

With the goal of identifying new building blocks with
modulated chemical, photophysical and biophysical properties
in mind, studies aimed at synthesizing related mononuclear
tpyma complexes (tpyma = tris(pyridin-2-yl)methylamine)**
that could potentially function as new Ru"(dppz) synthons in
the construction of oligomeric multifunctional DNA-binding
systems are described herein.

This ligand was chosen for several reasons. First, the use of
tridentate ligands can remove the complications due to the
chirality of [Ru(bpy);]*" type building blocks. Secondly, as
tpyma contains three linked pyridyl-based donor groups, it
should strongly chelate to Ru'" centres but, unlike the much-
employed terpyridine (tpy), it is linked through a central
carbon bridgehead, giving the ligand more flexibility. This
potentially alleviates issues around ligand strain and chelate
bite angles that cause the excited states of Ru(tpy) based
systems to display negligible luminescence.*> Thirdly and
finally, this ligand possesses a functionalized bridgehead that
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could be used for further derivatization of the free ligands or
coordinated complexes.

A number of related tripodal ligands, such as tris(pyridin-2-
yl)methane and tris(pyridin-2-yl)amine have been widely
studied and are known to coordinate to ruthenium;*? yet, sur-
prisingly few studies involving tpyma have been reported since
its first synthesis in 1998.*' After the original report, its coordi-
nation chemistry with Cu(i), Cu(u) and Zn(u) centres was
explored, where it was found to display three different coordi-
nation modes: bidentate (py, NH,), tridentate (2py, NH,), and
tridentate (3py).**

More recently tpyma formed the recognition motif for an
electrode based Ti"™ sensor, where it displays tridentate (3py)
binding.”® However, despite the huge number of studies on
other polypyridyl ligands, until now no studies involving d°
metal ions with tpyma have been reported.

In this report, the route to the synthesis of a complex con-
taining this ligand is reported. In these studies, it was found
that although the ligand coordinates to Ru in a facial manner,
it does so through the tridentate (2py, NH,) binding mode.
This observation prompted an investigation into the synthesis
of a complex containing di-2-pyridylmethanamine, dipyma, as
a tripodal ligand. The structural, photophysical, and DNA-
binding properties of both complexes were then investigated,
which revealed that they display differing DNA binding
responses which can be explained by a consideration of the
electronic and steric effects of coordinated tpyma and dipyma.

Results and discussion

Synthesis and characterization

We previously synthesized [RuCl(tpm)(NN)]" (where NN =
bidentate polypyridyl ligands) using [RuCl;(tpm)] as a starting
material.*! However, although the direct reaction of RuCl; and
tpm is convenient,*® the yield of the complex using this route
is only moderate. Therefore, one aim of this study was to inves-
tigate alternative routes toward the synthesis of analogous
[RuCl(tpyma)(NN)]" complexes. We found an adaption of
methods reported by the Keyes group using [RuCl,(DMSO),] as
a starting material provided a reliable route toward these
targets.”” In this route a bidentate ligand such as bpy, phen, or
dppz was first reacted with [RuCl,(DMSO),] to yield the neutral
complex [RuCl,(NN)(DMSO),] in essentially quantitive yield
(>95%). Subsequent reaction of this product with tpyma in
ethylene glycol for one hour yielded [RuCl(tpyma)(NN)]".

Although yields in this second step were lower (~45-50%),
yields over the two steps were still higher than the direct route
and more convenient in terms of work up. This complex could
then be reacted with a suitable monodentate ligand, such as
pyridine to yield [Ru(tpyma)(NN)(py)]** - Scheme 1.

The coordination mode of tpyma in these new complexes
was first determined through NMR studies, which are best
illustrated through a consideration of the 2D COSY 'H-NMR
spectrum of [Ru(tpyma)(dppz)(py)](PFs). — Fig. 1 — which was
also used to absolutely assign the entire structure.
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RUCL(DMSO); + NN ——— 3= RuCI,(NN)(DMSO),

[RuCl(tpyma)(NN)]* [RuCl(dipyma)(NN)J*

[Ru(tpyma)(NN)(py)]2* [Ru(dipyma)(NN)(py,
Scheme 1 Synthetic route employed in the syntheses of new Ru'"
tpyma and dipyma complexes reported in this study. NN = bpy, phen, or
dppz and py = pyridine.
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Fig.1 400 MHz COSY *H NMR of [Ru(tpyma)(dppz)(py)l(PF6), in d®-
acetone with coupled protons connected by lines.

The NMR spectrum clearly reveals that not all the pyridyl
rings are coordinated to the Ru" centre. Most strikingly,
protons a-d are clearly the only ring system in the molecule to
consist entirely of single proton environments, as the ring is
bisected by the plane of symmetry on the molecule. These
protons can be distinguished from each other through their
splitting patterns, coupling constants, and also their proximity

This journal is © The Royal Society of Chemistry 2025
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to the nitrogen atom: as the closest proton to nitrogen a will
be most deshielded it can be assigned to the peak at highest
ppm shift. The primary coupling to proton b forms a doublet,
though some smaller coupling interaction with other protons
can be seen.

The only other proton in the ring system that has one
neighbour, thus forming a doublet, is proton d. As d shares a
coupling value of 8.1 Hz with the triplet at 8.0-8.1 ppm this
latter signal is assigned to proton c. The remaining proton b is
assigned through a coupling constant of 4.8 Hz shared with
proton a.

The protons of the coordinated ring systems, e-h, are
assigned in a very similar way to a-d as, although they are
shifted, they exhibit the same splitting and coupling patterns.
Protons e and h are assigned to the doublet peaks at 9.2 ppm
and 8.3 ppm shift, with proton h assigned to the more
deshielded peak owing to its proximity to the nitrogen atom.
The h doublet exhibits a coupling constant of 5.2 Hz, shared
with the pseudo triplet peak at 7.7 ppm shift, thus this is
assigned to its neighbour proton g. The remaining peak in the
system shares a coupling value of 8.0 Hz with e confirming
that it is due to proton f.

The other ring system that sits in the plane of symmetry is
the monodentate pyridine ligand. Its protons, i-k, are distin-
guished as the only ring system that exhibits three proton
environments, whereas all others have four. It also is the only
system to integrate in a 2:2:1 pattern. These protons can be
easily assigned their integral values and splitting patterns.
Proton i is assigned to the only peak in the ring system with
an integral value of one, as the other protons on the ring have
an equivalent partner opposite, resulting in an integral value
of two. Proton k is assigned to the doublet peak of the three in
the ring system as it only has one neighbour. This leaves
proton j as the pseudo triplet as it couples to both i and k.

Again, through a combination of cross-correlation, inte-
grals, splitting pattens and coupling constants, dppz protons I,
m, and n are easily identified in the COSY spectrum, with 1
being the down-field shifted signal due to its proximity to the
metal coordinated N-donor. Similarly, protons o and p, are
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assigned through their proximity to the uncoordinated nitro-
gen atoms of dppz, with o being the most deshielded. They
also exhibit a distinctive splitting pattern that is related to the
magnetic non-equivalence of the protons. This is clearly
observed for the peak relating to o but not for p which is part
of a mixed signal.

Given the observation that tpyma coordinates to the Ru"
centre through a facial (2py, NH,) binding mode, we investi-
gated whether dipyma could be used as a facially coordinated
ligand for this class of complexes. Again, reports on the coordi-
nation chemistry of this ligand are very sparse. The only pre-
vious study*® involving ruthenium described the synthesis and
electrochemical properties of the meso and rac isomers of [Ru
(dipyma),]** which showed that, in this case, it coordinates in
a tridentate mode. The ligand was synthesized through the
reported method*® and the complexes [RuCl(dipyma)(dppz)]
and [Ru(dipyma)(dppz)(py)]** were obtained through the same
methods used to synthesized their tpyma analogues. Again,
NMR studies confirmed that dipyma also coordinates to Ru"
through a facial (2py, NH,) binding mode - see SI for spectra.

X-ray crystallography

The binding modes of both tpyma and dipyma were confirmed
through crystallographic studies on the hexafluorophosphate
salts of [Ru(tpyma)(dppz)(py)]** and [Ru(dipyma)(dppz)(py)]*"-

Crystals of [Ru(tpyma)(dppz)(py)](PFs), were obtained from
vapor diffusion at 3 °C using nitromethane as the solvent and
diethyl ether as the anti-solvent. The large unit cell contains
eight cations with dppz ligands and counterions. The complex
cations display off-set stacking on top of each other through
the extended dppz ligand - see Fig. 2.

In terms of the cation structure, coordination of tpyma pro-
duces a significant distortion away from ideal octahedral geo-
metry. The N-Ru-N bond angles within the ligand are more
acute than the ideal octahedral 90°; between the two pyridines
this angle is 83.93(10)°, while the angles involving py-NH, are
77.17(10)° and 78.61(10)° respectively. The trans angle from
NH, to the pyridine ligand (170.63(9)°) also reflects this distor-

Fig. 2 X-ray crystal structure of [Ru(tpyma)(dppz)(py)l(PFs),. (A) The unit cell. (B) Thermal ellipsoid depiction of a cation in the structure. (C) Off-set
stacking of cations involving dppz ligands. In all cases, hydrogen atoms removed to aid visualization.

This journal is © The Royal Society of Chemistry 2025
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tion. Each Ru-N bond lengths involving the tridentate ligand
are similar, ranging from 2.057(3) A to 2.093(2) A.

The key feature of the [Ru(tpyma)(dppz)(py)](PFs). crystal
structure is the aforementioned stacking that runs through the
crystal: each complex is sits atop another through, slightly
rotated, offset n—r interactions involving dppz ligands. The
rotation in each step also avoids steric clashes between dppz
and tpyma ligands of neighbouring cations.

Using the same vapor diffusion method used for this tpyma
analogue, crystals of [Ru(dipyma)(dppz)(py)]** were obtained -
Fig. 3. Although the quality of the data set collected is too poor
to provide any detailed analysis of bond length and angles (R =
17.7%), it confirms the connectivity in this complex is not
bidentate, but the same as that in the tpyma complex, with
dipyma acting as a tridentate (2py, NH,) facial ligand. Again,
the long-range order of the structure is dominated by stacking
interactions between dppz moieties.

Optical properties
The steady-state absorption and emission spectra of [Ru
(tpyma)(dppz)(py)l’* and [Ru(dipyma)(dppz)(py)]”", recorded
as their hexafluorophosphate salt in acetonitrile, are very
similar - see Table 1.

Fig. 4 shows the relevant spectra for the tpyma complex; the
absorption spectrum displays several intense peaks below

Fig. 3 X-ray crystal structure of [Ru(dipyma)(dppz)(py)l(PFe).. (A) Cation
within the structure (B) stacking motif involving dppz ligands of these
cations. Anions and hydrogen atoms removed to aid visualization.

Table 1 Optical properties of the two newly reported complexes

Complex* Absorption (¢/M~" em™'/10%)  Assignment

[Ru(tpyma)(dppz)(py)]”" 249 (sh) -t
276 (55.6) n-n*
318 (17.8) n-n*
352 (18.0) T-n*
361 (19.0) n-n*
370 (19.8) -T*
426 (10.5) MLCT
472 (sh) MLCT

[Ru(dipyma)(dppz)(py)]”" 248 (sh) -t
275 (44 3) n-n*
318 (sh) -T*
359 (15.2) n-n*
373 (16.1) n-n*
431 (8 Z) MLCT
470 (sh) MLCT

“Recorded at room temperature as hexafluorophosphate salts in
acetonitrile.
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Fig. 4 UV-Vis spectrum of [Ru(tpyma)(dppz)(py)l(PFe), in room temp-
erature acetonitrile solution inset: emission spectrum in the same con-
ditions on excitation at 426 nm.

350 nm which are associated with n-n* transitions. A double
humped band between 350-380 nm is characteristic of the
dppz ligand. At longer wavelengths, a band centred at 426 nm
with a shoulder at 472 nm, is observed. This is assigned to a
Ru" — (dppz)-based "MLCT excitation.

Photoexcitation into this "MLCT in acetonitrile solution
results in a broad unstructured luminescence, centred at
670 nm for [Ru(tpyma)(dppz)(py)]’" and 668 nm for [Ru
(dipyma)(dppz)(py)]**, which can be assigned to emission
from the Ru" — (dppz)-based *MLCT excited state. Notably,
this is a red-shifted by ~60 nm compared to the parent [Ru

(bpy).(dppz)]**."**

Computational studies

Prompted by the experimental structural studies, a series of
DFT calculations on both structures using Gaussian 16 were
carried out® and compared to the unobserved (3py) isomer of
[Ru(tpyma)(dppz)(py)]**. The results for the experimentally
observed structures are given in Fig. 5.

In these calculations the B3LYP-D3(BJ) functional,’"** was
used with a combined basis set, consisting of an Stuttgart-
Dresden ECP on Ru®*** and 6-311G(d,p)’>® on all other
atoms, as used in previous work.*®*>” Bulk solvent was
described with the IEFPCM method®®”° using the parameters
for MeCN, as implemented in Gaussian; see section S3 in the
SI for full details.

As shown by Fig. 5(a) and (b) there is very little difference
between the calculated and reported structures of the two com-
plexes studied in this paper. These results also clearly show that
the pendant uncoordinated py group does not really interact
with the rest of the tpyma moiety. However, its presence does
lead to differences in charge distribution within the complex; in
particular, the partially positively charged hydrogen atoms on
the amine moiety are not as available in [Ru(tpyma)(dppz)(py)]**
compared to [Ru(dipyma)(dppz)(py)]**. As discussed later, this

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Comparison between [Ru(tpyma)(dppz)(py)]** (2py, NH,) binding
motif (left-hand column) and [Ru(dipyma)(dppz)(py)** (right-hand
column). Panels (a) & (b): Calculated structures. Panels (c) & (d):
Electrostatic potential mapped onto the 0.0004 electron density surface
[max value: 0.25 (blue); min value 0.1 (red)]. Panels (e) & (f): Spin-density
for the T, state.

observation may have implications for how this complex inter-
acts with its surroundings and solvent molecules.

The T, spin density for both complexes is given in Fig. 5(e)
and (f), showing that T, is an MLCT state relative to S,. Again,
there is very little difference between them, which is unsurpris-
ing, given the similar emission wave lengths discussed above.
If the emission energy is approximated by the difference
between the ground vibrational state energies for both com-
plexes, these calculations give emission wave lengths of 637
and 635 nm, respectively which are in broad agreement with
experiment and confirm that the electronic properties of the
two complexes are very similar.

As noted above, [Ru(tpyma)(dppz)(py)]>* also has a poten-
tial isomer with a (3py) binding motif, which was investigated
computationally. Its structure and electrostatic potential,
mapped onto the electron density are given in Fig. 6. Although
the structure features for the (3py) binding motif are as
expected, surprisingly this binding motif is calculated to be
25.8 k] mol™" lower in energy (free energy difference: 20.1 kJ
mol™") than the (2py, NH,) experimentally-observed binding
motif, suggesting that this isomer should dominate in
solution.

Furthermore, extensive searching of other (2py, NH,)
binding motifs did not lead to any isomers which were more

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Calculated structure for [Ru(tpyma)(dppz)(py)I** (3py) binding
motif (b) electrostatic potential mapped onto the 0.0004 electron
density surface [max value: 0.25 (blue); min value 0.1 (red)].

than 0.7 k] mol™" lower in energy than the isomer discussed
above. A potential solution to this unexpected outcome lies in
the mapped electrostatic potential shown in Fig. 6(b), which is
significantly different from that shown in Fig. 5(c).

In particular, the hydrogen atoms of the pendant NH,
group in the (3py) binding motif display lower Lewis base char-
acter and so are less available for hydrogen bonding compared
to the (2py, NH,) binding motif, suggesting the (3py) binding
isomer would display attenuated interactions with solvents.

To test this hypothesis, a series of calculations were per-
formed with one to four MeCN molecules forming part of an
explicit solvation shell around the transition metal complexes.
The results for a partial solvation shell of four MeCN mole-
cules are shown in Fig. 7 for both binding motifs. We also
explored 2 different orientations for the pendant py group in
the (2py, NH,) binding motif, but they were all significantly
higher in energy - all the results are summarized in the SI -
see sections S15 and S16 in the SI. Our calculations show that
the MeCN molecules coordinating to [Ru(tpyma)(dppz)(py)]”*
take up positions, which enhance van der Waals interactions
to either the NH, hydrogen atoms or to the dppz n-system. We
disregarded any potential binding in the dppz plane to its
Lewis-basic nitrogens as interactions involving the two
different possible binding motifs are expected to largely cancel
out.

These calculations show that by binding to 4 MeCN mole-
cules there is a 32.7 k] mol™" change in the relative stability of
the two isomers so that the (2py, NH,) binding motif is now
6.9 k] mol ™" lower in energy than the 3py binding form.

Fig. 7 Comparison of partial solvation shells around the two binding
motifs for [Ru(tpyma)(dppz)(py)>*. Panel (a): (2py, NH,) binding motif,
relative energy: 0.0 kJ mol™. Panel (b): (3py) binding motif, relative
energy: +6.9 kJ mol™%.
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However, most interestingly, our calculations show the
importance that solvent plays in determining the relative stabi-
lity of complexes, suggesting that solvent used in the synthesis
of this class of complexes may influence the final complex
obtained - an issue that will be explored in a future study.

DNA binding studies

Absorption and emission titrations of the chloride salts of
both complexes with calf-thymus DNA (CT-DNA) in an
aqueous tris buffer were then carried out.

Addition of CT-DNA produced similar distinctive changes
in the absorption bands of both complexes. An example of the
changes observed for [Ru(tpyma)(dppz)(py)]*" in these titra-
tions is shown in Fig. 8 - see SI for the analogous titration
with for [Ru(dipyma)(dppz)(py)]** (Fig S2.1).

By fitting these changes to the much-used McGhee-Von
Hippel model, MVHM, for noncooperative binding to a non-
isotropic lattice,’® estimates of binding affinity, Ky, and site
size in base-pairs, S, were obtained. Such an analysis for [Ru
(tpyma)(dppz)(py)]** led to K;, = 1.66 x 10° M~ and S = 1.1 bp;
whilst a similar analysis of the data for [Ru(dipyma)(dppz)
(py)]”" led to Ky, = 0.7 x 10° M ™" and S = 1.1 bp.

The large hypochromicity changes observed in the MLCT
(~20%) and dppz-associated (27%) bands, accompanied by an
8 nm red-shift in the MLCT peak are typical for Ru"(dppz)
units on intercalation into DNA. Although their estimated
binding site sizes are lower than expected for conventional
intercalators — in which site-exclusion effects are expected to
restrict any binding site to a minimum of 3 bp - thanks to
external stacking interactions lower site sizes, even below one
bp, have been reported for many DNA intercalating metal
complexes.

To confirm that the complexes are intercalators relative vis-
cometry experiments were carried out. Shorter sequence of
CT-DNA, prepared by ultrasound treatment, act as a rod-like
polymer and thus any change in the viscosity of their aqueous
solutions can be related to the average contour length of the

Absorption (AU)

340 390 440 490
Wavelength (nm)

Fig. 8 Changes in the MLCT region of the absorption spectrum of [Ru
(tpyma)(dppz)(py)ICl, on progressive addition of CT-DNA at room temp-
erature. Conditions: 1.54 pM solution of complex in tris buffer (5 mM tris
and 25 mM NaCl at pH 7.5).

14592 | Dalton Trans., 2025, 54, 14587-14596

View Article Online

Dalton Transactions

o
2 A
A
o A ¢
2 o
§15
- A
w @ O O 0O
m U O
%3 0.1 0.2 03
R

Fig. 9 Plot of relative viscosity (7/10)*’* of linearized CT-DNA versus 1/R
at 25 °C. Changes induced on addition of ethidium bromide (e), Hoechst
33258 (1), or [Rultpyma)(dpp2)(pyll®* (4).

dissolved duplex. Unlike groove binders, intercalators increase
duplex contour length, therefore provoking an increase in rela-
tive specific viscosity.®’®* Hence the addition of the complexes
on linearized CT-DNA was compared to the changes produced
by the well-known groove binder Hoechst 33258 and the inter-
calator ethidium bromide.

As the data for [Ru(tpyma)(dppz)(py)]*" illustrates, Fig. 9,
progressive addition of the complex induces relative viscosity
changes that are almost identical to those produced by ethi-
dium bromide, confirming that — as expected - these com-
plexes are intercalators. This prompted us to look at how DNA
binding affected the luminescence of the complexes; interest-
ingly, it was found that although the two complexes show
similar DNA-induced absorption changes, their luminescence
responses are distinctly different.

As expected for this class of metallo-intercalator, complex
[Ru(tpyma)(dppz)(py)]*" exhibits a classic DNA light-switch
effect; the complex is non-luminescent in water but progressive
addition of CT-DNA results in increasingly intense *MLCT
emission — Fig. 10A. At saturation, the luminescence is centred
at 660 nm, which represents a red shift of >40 nm compared
to [Ru(bpy),(dppz)]*" but is very similar to [Ru(tpm)(dppz)
(py)]”" in similar conditions.?" Fits of this data to MVHM led
to binding parameter estimates of K, = 1.73 x 10° M~ " and § =
1.94. Within experimental error, the estimated K}, obtained in
this fit is in good agreement with the absorption titration
value.

On the other hand, the site size obtained from the lumines-
cent titration is larger and closer to that expected for a classical
intercalator, indicating that — as might be expected - any exter-
nal binding mode has less effect on the intercalation-induced
changes in emission of the complex.

Contrastingly, as shown in Fig. 10B, there is little change in
the emission of [Ru(dipyma)(dppz)(py)]**, even on addition of
excess CT-DNA, although it is important to note that the emis-
sion is not quenched by binding. So, although a titration can
be performed, the emission spectra for the dipyma complex

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 A. Changes in emission of a 1.52 uM solution of [Ru(tpyma)
(dppz)(py)1?* on progressive addition of CT-DNA B. Comparison of the
emission from solutions of the same concentration of [Ru(tpyma)(dppz)
(py)ICL, (bold line) and [Ru(dipyma)(dppz)(py)ICl, (dashed line) on
addition of excess CT-DNA. Conditions: tris buffer (5 mM tris and 25 mM
NaCl at pH 7.5) at room temperature.

are very noisy (see Fig S2.2), likely due to the observed emis-
sion is close to instrumental detection limits. The differing
emission response of the two complexes to DNA binding is
striking, particularly as the emission of their hexafluoro-
phosphate salts in MeCN at very similar. There are several
possible explanations for this observation.

The emission of metal complexes with high-energy excited
states that interact with DNA can be quenched by redox pro-
cesses involving guanine sites;**”®” however, this possibility
can be discounted as the complex does show some increase in
its emission on addition of DNA. A second possible expla-
nation involves a consideration of the excited states of [Ru
(dipyma)(dppz)(py)]*".

A range of experimental and theoretical reports on [Ru
(bpy)2(dppz)]** and its derivatives have indicated that the light-
switch effect is due to an interplay between two close lying
excited states: the “bright” and “dark” states.>®®%® Although
all these studies agree that the bright state can be assigned to
a MLCT and that the dark state is localized over the dppz
ligand, the nature of the dark state is still debated; the two
main possibilities being a second MLCT or a nn* state.

Such studies have demonstrated that for light-switching to
occur the dark state must lie close to the bright state so that it
can be thermally accessed. If the dark state is significantly
lower in energy than the bright state, then light-switching is
not observed. To investigate this further, we performed a
series of time-dependent DFT calculations.

In these computational studies, we took two different
approaches. The first focussed solely on the complexes
whereas in the second approach the complexes were interca-
lated into a simple G-C/C-G DNA step. Due its significantly
lowered computational costs, in these latter calculations the
optimized structures were obtained using GFN2-XTB * - see SI
for computational details.

In both approaches the first three triplet states from the S,
geometry were solved for, with the assumption that geometric

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Overlay generated with VROCS’® between the S, geometries

(grey) and the T; geometries (colour) for intercalated [Ru(dipyma)(dppz)
(py)I?* (panel a) and [Ru(tpyma)(dppz)(py)]>* (panel b). For both panels
the Tanimoto shape coefficient is larger than 0.97. In both cases the
lower base pair is G—C, whereas the upper base pair is C-G.

relaxation is slow enough that the S, geometry will be repre-
sentative of that involved in emission. An analysis of the
GFN2-xTB calculations for intercalated [Ru(dipyma)(dppz)
(py)*" and [Ru(tpyma)(dppz)(py)]**, confirmed that the S, and
T, geometries are very similar (Tanimoto shape coefficients
larger than 0.97). Overlays for these structures are given in
Fig. 11.

The transition densities for the calculated transitions are
shown in Fig. 12 (for the free complexes in acetonitrile) and
Fig. 13 (for the intercalated complexes in water).

As is clear from Fig. 12, the character of the T;-T; states
relative to the S, state is similar for both free complexes with
the transitions into these states from the S, state MLCT in
nature. This is consistent with the spin densities for the T,
state given in Fig. 5(e) and (f). A comparison of Fig. 12 and 13
reveals that intercalation into the G-C/C-G DNA step has a

Fig. 12 Transition densities from the S, state in the So geometry for [Ru
(dipyma)(dppz)(py)l>* (left hand column) and [Ru(tpyma)(dppz)(py)®*
(right hand column) in acetonitrile. Panels (a) & (b): Sp to T;. Panels (c) &
(d): Sp to T». Panels (e) & (f): Sp to Ts. In all cases, an singlet closed shell
reference wave function was used. Red indicates density loss and Blue
indicates density gain.
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Fig. 13 Transition densities from the Sy state in the So geometry for [Ru
(dipyma)(dppz)(py)I>* (left hand column) and [Ru(tpyma)(dppz)(py)l**
(right hand column) in water. Panels (a) & (b): So to T1. Panels (c) & (d): So
to T,. Panels (e) & (f): Sp to Ts. In all cases, an singlet closed-shell refer-
ence wave function was used. Red indicates density loss and Blue indi-
cates density gain. In all cases, the bottom base pair is G-C, whereas
the top pair is C-G.

marked influence on the character of the excited states of both
complexes. In particular, the T, state now has a large ligand-
ligand excitation component, whereas the T, state can be
described as a G-dppz transition. Hereby, it should be noted
that the energies of T;-T; are within 0.2 eV with the next two
states within an additional 0.1 eV. This means that small
changes in the external environment will easily lead to
changes in the ordering in the states. However, this effect
should be the same for both complexes. Hence, our calcu-
lations suggest that the difference in the luminescence
binding response of these two complexes is not due to a rela-
tive switching of the character of the states involved. As it is
not the nature of electronic excited state of the two complexes
that influences their emission response, the effect must be
due to how they interact with their environment - vide infra.

Conclusions

This study has found that the tpyma ligand displays a some-
what unexpected (2py, NH,) coordination motif with Ru".
Given this fact, our study was extended to include the dipyma
ligand which displays the same coordination pattern. A com-
parison between [Ru(dipyma)(dppz)(py)]** and [Ru(tpyma)
(dppz)(py)]** revealed that -although both complexes displayed
similar optical properties in water and MeCN, and almost
identical binding parameters- the DNA induced luminescence
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enhancement for [Ru(dipyma)(dppz)(py)]** is much lower than
that observed for [Ru(tpyma)(dppz)(py)]*"

In this context, our computational studies indicated that
the biggest difference between the two complexes is in the dis-
tribution of their electrostatic potentials. As the metal centre of
[Ru(dipyma)(dppz)(py)]** is more polar than that of [Ru(tpyma)
(dppz)(py)[’*, it is tempting to conclude that its increased
electrostatic interaction with DNA and the subsequent increased
perturbation of the electronic states in the triplet state leads to
the observed difference in binding-induced emission. However,
this would lead to an increase in the K;, for [Ru(dipyma)(dppz)
(py)" compared to [Ru(tpyma)(dppz)(py)]*", when in fact -
within experimental error - it is identical.

On the other hand, as demonstrated in Fig. 7, even in [Ru
(tpyma)(dppz)(py)]**, the amine of the tpyma ligand can interact
with surrounding solvent molecules. So, it seems likely that,
when bound to duplex DNA, the less sterically hindered, more
polar [Ru(dipyma)(dppz)(py)]** will display greater solvent inter-
actions than [Ru(tpyma)(dppz)(py)]**. As the light-switch effect
is dependent on the isolation of the Ru™(dppz) unit from water
molecules, the increased solvent shielding of tpyma and the
lower polarity of the Ru(tpyma)unit is likely the cause of the
observed differences in the two complexes’ DNA-bound
emission.

Finally, it should be noted that for both complexes, DNA
binding of their Ru"dppz unit does not appear to be impeded
as they display DNA binding affinities that are comparable to
[Ru(bpy),(dppz)]*". As both complexes contain functional
groups on the coordinated dipyma and tpyma ligands that can
be used as anchor points to tether together intercalative units,
they offer potential as new building blocks in the construction
of structurally complex oligomeric M(dppz) systems.
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