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ABSTRACT: The preparation, electrochemistry and photophysical
properties of a heteroleptic chromium(III) polypyridyl complex rac-
[Cr(TMP)2(dppn)]

3+ (1) containing two 3,4,7,8-tetramethyl-1,10-
phenanthroline (TMP) ligands and the π-extended benzodipyrido[3,2-
a:2′,3′-c]phenazine (dppn) ligand are reported. The visible absorption
spectrum of 1 reveals distinct bands between 320 and 420 nm
characteristic of dppn-based ligand-centered transitions, with 1 found
to be nonemissive in aqueous solution but weakly luminescent in
aerated acetonitrile solution. Transient visible absorption (TrA)
spectroscopy reveals that 400 nm excitation of 1 leads to initial
population of a ligand-to-metal charge transfer (LMCT) state which
evolves within tens of ps to form a dppn-localized intraligand (3IL)
state which persists for longer than 7 ns and efficiently sensitizes singlet
oxygen. Chiral resolution and DNA binding of the lambda and delta enantiomers of 1 to four different DNA systems is reported. In
all cases the lambda enantiomer shows greater affinity for DNA and in particular AT-rich DNA. Thermal denaturation reveals that
the lambda enantiomer stabilizes the DNA more. There is also a greater stabilization of the AT-containing DNA sequences
compared to GC DNA.

■ INTRODUCTION

Transition metal polypyridyl complexes are increasingly being
studied as alternatives to porphyrins for light-activated
therapeutic applications.1−6 Their versatile photophysical
properties give rise to a range of phototherapeutic modes of
action that include direct electron transfer leading to photo-
oxidation of guanine,7−9 ligand ejection and adduct for-
mation,10,11 and the most readily studied, Type I and Type II
photodynamic therapy (PDT) processes.12 In the latter
instance, Type I PDT involves electron transfer to form
reactive oxygen radical species, while Type II involves energy
transfer to molecular oxygen to form the cytotoxic singlet
oxygen species (1O2). Extended polypyridyl ligands have
attracted attention as they support intraligand charge transfer
(ILCT) transitions that lead to the formation of long-lived
triplet excited states, which can participate in Type I or Type II
processes, though Type II processes tend to be more common.
An excellent example is the Ru(II) polypyridyl complex
TLD1433, which has entered phase II clinical trial for treating
high-risk nonmuscle invasive bladder cancer.2,13 In TLD1433
the extended conjugation on the α-terthienyl-appended ligand
supports a long-lived triplet intraligand (3IL) charge transfer
excited state, which acts as a highly effective sensitizer of 1O2

through a Type II process, and can also participate in Type I
electron transfer reactions.3,4 Another π-extended ligand that

has received attention is benzo[i]dipyrido[3,2-a:2′,3′-c]-
phenazine (dppn), whose complexes readily form long-lived
triplet states upon visible light excitation.14,15

Extended polypyridyl ligands also serve to enhance
intercalative binding to DNA.16 and complexes containing
the dppn ligand exhibit strong intercalative binding inter-
actions with duplex DNA (≥106 M−1) via π-stacking with
adjacent base pairs binding constants (≥106 M−1).15,17 To
date, a variety of DNA-binding dppn complexes have been
reported including distorted square planar d8 platinum(II)
complexes,18 a copper(II) complex,19 a half-sandwich
rhodium(III) complex20 and acetate-bridged dirhodium(II)
systems,21 as well as octahedral rhenium(I)22 osmium(II)23

and iridium(III) complexes.24 However, the most studied
systems have been octahedral ruthenium(II) complexes. The
first report of a dppn complex was by the Barton group in
1992, who studied the DNA binding of [Ru(phen)2(dppn)]

2+,
which was observed to exhibit weak luminescence enhance-
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ment when bound to dsDNA (∼25%).25 In addition, the
quaternized dppn ligand has been shown to bind with good
affinity to double stranded DNA (Kb ca 106 M−1) with
quenching of emission by guanine-containing DNA and 4-fold
luminescence enhancement observed in the presence of
poly(dA*dT).26 Furthermore, DNA photocleavage has been
observed for [Ru(bpy)2(dppn)]Cl2 through the low-lying 3ππ*
state localized on the extended dppn ligand.15,27−29 The
ligand-centered triplet excited state has been reported for
several related Ru-dppn complexes17,30−32 and we recently
reported the DNA binding and photophysics of the
enantiomers of the [Ru(TAP)2(dppn)]Cl2 complex.33 Addi-
tionally, the 1,10-phenanthroline-containing bis-dppn complex
[Ru(dppn)2(phen)]

2+ has been shown to disrupt mitochon-
drial respiration34 and been investigated for potential photo-
dynamic therapy of nonmelanoma skin cancer.35 In almost all
cases, the activity toward DNA is attributed to the formation of
singlet oxygen sensitized by the dppn-localized triplet state.

Photoactive octahedral complexes of chromium(III) offer a
sustainable alternative to ruthenium systems.36−38 The excited
state photophysics of these d3-systems are now well-known and
are dominated by the population of spin-flip metal-centered
states of doublet multiplicity (2MC, e.g., 2E, 2T1).

38−41 These
long-lived metal-centered states are not only phosphorescent,
but also strongly photo-oxidizing, being significantly more
potent than their corresponding Ru(II)-polypyridyl analogues.
For example, the 2E state of the archetypal [Cr(bpy)3]

3+ has an
excited state reduction potential of +1.44 V (vs NHE)42 in
contrast to +0.84 V offered by the 3MLCT state of
[Ru(bpy)3]

2+.43,44 These Cr(III) complexes therefore typically
surpass the electrochemical threshold for direct photo-
oxidation of guanine bases. While prior focus has under-
standably been concerned with these favorable photoactive
2MC states,44−50 comparatively little attention has been paid to
the role played by photo-oxidizing ligand-centered states
within polypridyl complexes of Cr(III). We have previously
explored the DNA binding behavior of chromium polypyridyl
complexes containing the π-extended dipyrido[3,2-a:2′,3′-
c]phenazine (dppz)9,45−47 and recently revealed the role of a
short-lived 1LC dppz excited state ([4Cr(TMP)2(

1dppz)]3+)
rather than the 2MC state in the oxidation of DNA, which was
only possible due to the close proximity of the intercalated
ligand to the adenine base.9 Therefore, exploiting ligand-based
excited states offers the potential to further extend the utility of
photoactive chromium(III)-centered complexes as DNA-
targeting agents. With this in mind, this study explores the
photophysics and DNA binding of the dppn-containing
Cr(III) complex [Cr(TMP)2(dppn)]

3+ (1) for the first time,
see Figure 1. The more bulky 3,4,7,8-tetramethyl-1,10-
phenanthroline (TMP) ligand was chosen as a means to
access complexes which are stable to racemization which

would allow the study of the DNA binding of the resolved Λ
and Δ enantiomers.9,44 Despite the number of dppn-
containing complexes reported, there are very few studies
that consider the DNA binding of chirally resolved dppn
complexes.51 Interestingly, Barton and co-workers have shown
that the presence of the bulky ligands leads to a preference for
mis-match DNA52 and dppz complexes containing TMP
ligands have shown a preference for AT DNA.44,48,53,54

■ RESULTS AND DISCUSSION

Synthesis and Chiral Resolution. The heteroleptic
complex rac-[Cr(TMP)2(dppn)]

3+ (1) (TMP = 3,4,7,8-
tetramethyl-1,10-phenanthroline; dppn = benzo[i]dipyrido-
[3,2-a:2′,3′-c]phenazine, Figure 1) was prepared through
reaction of the triflate-containing precursor [Cr-
(TMP)2(OTf)2][OTf] with excess dppn in refluxing acetoni-
trile. Purification by size-exclusion chromatography followed
by counterion metathesis with nBu4NPF6 yielded the
hexafluorophosphate salt of 1 as an orange-colored solid with
a modest yield of 48%. The identity of 1 was confirmed
through mass spectrometry and elemental microanalysis, with a
magnetic susceptibility of 3.91 μB as determined by Evans’
method being in good agreement with that expected for a d3-
coordination complex with a quartet ground state electronic
configuration (3.87 μB). Further counterion metathesis
afforded the chloride salt of 1, which not only displayed
excellent aqueous solubility but also appeared stable to
hydrolysis and ligand-exchange reactions when aqueous
solutions were monitored over a 22-h period by electronic
absorption spectroscopy (Figure S1). The Δ and Λ
enantiomers of 1 were resolved by passing through a C25
Sephadex column eluted with an aqueous solution of
(−)-O,O′-dibenzoyl-L-tartrate (Figure S2), yielding two
yellow-colored solutions which displayed near-identical elec-
tronic absorption spectra (Figure S3). In previous unpublished
measurements enantiopure solutions of the related [Cr-
(bpy)2(dppz)]

3+ complex were found to racemize during the
multiscan accumulation required to record a CD spectrum. For
1, the retention of strong CD signals during multiple scanning
cycles (Figure S4) confirms robustness to light-activated
racemization under the illumination conditions required for
spectroscopic measurement.

Electrochemical Studies. An acetonitrile solution of 1 as
its hexafluorophosphate salt was analyzed by cyclic voltamme-
try (Figures S5−S6 and Table S1) revealing an irreversible
oxidation process at +1.31 V (vs Fc+/Fc) and a set of five
closely spaced reduction waves between −0.50 V and the limit
of the electrochemical solvent window at −2.70 V. The first,
and fully electrochemically reversible reduction centered at
−0.72 V is assigned to a dppn-based process, being anodically
shifted relative to the first reduction process reported for both
[Cr(TMP)3]

3+ and [Cr(TMP)2(phen)]
3+ in aqueous solution

(−1.09 and −1.00 V respectively vs Fc+/Fc)50 and not
dissimilar to the couple observed at ca. −0.80 V for
[Cr(phen)2(dppz)]

3+.44,45,50 The remaining reductive electro-
chemistry of 1 is complex, making definitive assignment
challenging, although these processes likely involve reduction
of the TMP moieties and further processes localized on the π-
extended dppn ligand. The appearance of an oxidative wave at
anodic potential is noteworthy as no oxidation processes have
been previously reported for Cr(III) diimine systems featuring
dppz or its substituted analogues.44,45,56 With the Cr(III/IV)
couple being typically considered thermodynamically inacces-Figure 1. Structure of [Cr(TMP)2(dppn)]

3+ (1).
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sible,57 the wave at +1.31 V for 1 is assigned to a dppn-based
oxidation. The increased π-system offered by the dppn ligand
likely leads to a reordering of the frontier molecular orbitals in
1 compared to its dppz-counterpart and consequently results
in a dppn-based HOMO. Indeed, a computational inves-
tigation of dppn and related π-extended ligand systems within
complexes of Fe(II) reveals π-conjugation to have a stabilizing
influence upon unoccupied π*-orbitals and, in some instances,
a significant destabilizing effect upon ligand-based occupied
orbitals of π-character.58 In summary, it is likely that both the
HOMO and LUMO of 1 are dppn-based.

Photophysical Studies. The UV−visible electronic
absorption spectrum of 1 in aqueous solution is shown in
Figure 2. The UV region of the spectrum features several
intense absorbances ascribed to ligand-localized π−π*
transitions, with that centered at 330 nm likely involving the
dppn moiety owing to its absence in the spectrum recorded for
[Cr(TMP)2(dppz)]

3+.9,44 Further, less intense, bands observed
at 400 and 420 nm are seemingly characteristic of additional
dppn-localized transitions owing to their appearance within the
spectrum of the free ligand (Figure S7) and also for other
t rans i t ion meta l complexes featur ing this moi-
ety.14,17,22,24,25,59,60 The broad, low-intensity tail encroaching

into the visible region likely arises due to an admixture of
ligand-to-metal charge transfer (LMCT) and ligand-centered
excitations, obscuring Laporte forbidden ligand-field (d-d)
transitions which are typically extremely weak (ε < 100
M−1dm3). Circular-dichroism (CD) spectra reveal equal and
opposite features (Figure 2b), with the first enantiomer to
elute displaying strong positive bands at 282 and 348 nm. The
positive sign observed for the longer wavelength peaks in the π

→ π* region is assigned to the Λ-1 enantiomer, in line with the
application of exciton theory to similar complexes.9,55,61

While 1 is nonemissive in aqueous solution, excitation of an
aerated acetonitrile solution at 400 nm results in a broad
luminescence band at 563 nm with a lifetime of 30 ns (Φem =
1.0%) (Figures 2 and S8). The origin of this photo-
luminescence is ascribed to a dppn-localized excited state,
with the profile aligning closely with that obtained following
excitation of solutions of the free ligand (Figure S7) and
resembling the luminescence behavior reported for other
complexes featuring coordinated dppn.17,24 Luminescence was
also observed for 1 in a frozen solvent glass at 77 K (Figure
S8), being rigidochromically shifted to higher energy and
exhibiting clear vibronic progressions at 503, 541, and 580 nm,
consistent with assignment to a ligand-based emissive state.

Figure 2. (a) UV−visible electronic absorption spectrum (blue) and normalized photoluminescence spectrum (red, λex = 400 nm) recorded for
aerated aqueous and MeCN solutions of 1 respectively. (b) Circular dichroism (CD) spectra recorded for aqueous solutions of Λ-1 and Δ-1 at
room temperature.

Figure 3. Left: Transient absorption spectra recorded for an aerated MeCN solution of 1 (λex = 400 nm) showing detail of transients recorded
between 0.2−100 ps following excitation. Right: Species associated spectra (SAS) extracted from global kinetic analysis.
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Interestingly, classical Cr-centered spin-flip luminescence from
metal-centered excited states of doublet multiplicity (e.g., 2E
and 2T1) was not observed for 1 under any of our experimental
conditions, despite the ligand field strength of the employed
donors likely being sufficient to favor their population over 4T2

levels. This suggests that excitation energy in 1 is efficiently
funnelled to low-lying dppn-based excited states which are
incapable of sensitizing the lower-lying metal-centered states.

ps-Transient Absorption Spectroscopy. The electronic
excited state and associated dynamics of 1 were probed on the
ultrafast time scale by transient absorption spectroscopy
(Figure 3). Following excitation of an aerated MeCN solution
of 1 with a 400 nm, 40 fs laser pulse, transient absorption
spectra reveal the appearance of two discrete, broad bands. At
early times, an excited state absorbance (ESA) feature is
present centered around 450 nm, which kinetic analysis reveals
to have an associated subpicosecond lifetime. Given the
intensity and broad nature of this band, this initially captured
excited state is tentatively assigned to a ligand-to-metal charge
transfer (LMCT) state. Distinct negative-going signals in the
ESA at 395 and 415 nm, together with a much broader feature
between 450−550 nm all correspond to bleaching of the
ground state, and indeed are present at all later times. After ca.
5 ps, the transient spectra evolve to be now dominated by a
broad, intense band centered at 540 nm which persists beyond

the time scale of the experiment (7 ns), with kinetic analysis
suggesting a lifetime of 30 ns, identical to that determined by
time-correlated single photon counting for the luminescence
observed from 1 (vide supra). This latter ESA is near-identical
to that observed on the ns time scale for previously reported
Ru(II) dppn-containing complexes and is therefore straight-
forwardly assigned to an excited state absorption from the
dppn-localized intraligand excited state.15 Global lifetime
analysis reveals an additional component on the order of 10
ps (see SAS 2, Figure 3) associated with the initial evolution of
this dppn-localized feature, being characterized by a slight shift
to higher energy of all features, with the shoulder at 505 nm
becoming more pronounced along with a deepening of ground
state bleach features. We assign this component (τ2) as
vibrational cooling of the ligand-localized excited state
following population from the aforementioned short-lived
charge transfer state and intersystem crossing.

Singlet Oxygen Sensitization. With prior studies
indicating that photoexcited dppn-containing transition metal
complexes are effective sensitizers of singlet oxygen,15 we
proceeded to determine the quantum yield of singlet oxygen
sensitization for 1 in air-equilibrated MeCN solution. Direct
measurement of O2(

1Δg) → 3O2 phosphorescence (λem = 1270
nm) gave Φ1O2 = 43%. With TrA studies (vide supra) revealing
population of a long-lived dppn 3IL state for 1, the yield of 1O2

Figure 4. (a) DNA-binding titrations for Λ-1 (10.9 μM) to ST-DNA (0−90 μM) in 50 mM phosphate buffer, pH 7. (b) Determination of the
binding constant for Λ-1 to ST-DNA determined at 330 nm vs [DNA] (per nucleobase) and nonlinear curve fitting of the data (�) using the
method of Bard et al.69 (c) and (d) Comparative data of Abs/Abs0 at 330 nm of each enantiomer of [Cr(TMP)2(dppn)].3Cl vs the three different
DNA systems.
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suggests that access to this ligand-centered excited state allows
particularly effective sensitization. Although this value is lower
than that determined for the comparable Ru(II) system
[Ru(phen)2(dppn)]

2+ (Φ1O2 = 83%),15 1 is somewhat more
effective than several other Ru(II) polypyridyl complexes for
example, including the archetypal [Ru(bpy)2(dppz)]

2+.62−65

Indeed, Φ1O2 for 1 is comparable to other Cr(III) systems
where effective sensitization arises due to population of long-
lived 2MC excited states,66−68 highlighting the capabilities of
ligand-centered excited states within these systems in the
effective generation of singlet oxygen and the potential role
that they may play within type II PDT processes.

DNA Spectroscopic Titrations. Titrations of the Δ-1 and
Λ-1 enantiomers with salmon testes natural DNA (st-DNA),
which has a 32% GC content, were performed and monitored
by UV−visible absorption spectroscopy. For both enantiomers
a dramatic decrease in the absorbance (hypochromism) of the
ligand-localized transitions at 330, 400 and 420 nm were
observed, see Figure 4 and S9. The hypochromism measured at
the most intense 330 nm band was found to be slightly greater
for Λ-1 (49%) compared to Δ-1 (46%). These changes in
absorbance intensity were accompanied by a shift in
absorbance to longer wavelength (Δ-1 9 nm and Λ-1 11
nm) with well-defined isosbestic points observed (Figure S9).
Such behavior is consistent with intercalation of the dppn
ligand.17 Binding constants (Kb) on the order of 106 M−1 were
derived from the absorption data using the Bard equation69

and revealed a slightly greater DNA binding affinity for the
lambda enantiomer, see Table 1. The binding constants are

slightly higher than those previously reported (Kb of 10
4 to 105

M−1) for the binding of dppz-containing chromium poly-
pyridyl complexes ([Cr(N∧N)2(dppz)]

3+) containing phen,
bpy and TMP N∧N ancillary ligands to calf thymus DNA.44

The preference for the lambda enantiomer was previously
observed for [Cr(phen)2(dppz)]

3+ and the more closely
related [Cr(TMP)2(dppz)]

3+ for st-DNA.9,44,50 The spectro-
scopic changes observed are comparable to those seen for the
binding of [Ru(bpy)2(dppn)]

2+ to natural DNA where a Kb =
2.2 × 106 M−1 was observed with 37% hypochromism at 320
nm and a 10 nm redshift.70 The affinity is also comparable to
that observed for the quaternized dppn ligand (Kb = 1.33 × 106

M−1 and n = 3).26 This is interesting as the TMP ligand would
be expected to introduce more steric effects than present in the
bipyridine-containing system and the free quaternized ligand.

As the closely related [Cr(TMP)2(dppz)]
3+ complex shows

preference for AT DNA9,44 comparative DNA titrations were
performed with double-stranded DNA formed by the d(AT)6
and d(GC)6 self-complementary dodecamer sequences, see
Figures S10 and S11. A summary of the titration results is
given in Table 1. Δ-1 and Λ-1 were found to bind to both
d(AT)6 and d(GC)6 with good affinity with a characteristic
shift in the absorbance accompanied by band hypochromism.
Λ-1 was found to bind to all three DNA systems with greater
affinity than Δ-1, and of the three systems, Λ-1 was observed
to bind with greater affinity for AT-containing DNA following
the trend (AT)6 > st-DNA > (GC)6. The order observed likely
reflects the 68% AT content in st-DNA. The preference for AT
DNA may arise due to either the dppn or the TMP ligand. For
example, a Ru(II) complex containing dppn and trispyrazo-
lylmethyl ligands exhibits greater affinity for AT-DNA
compared to GC-DNA, which was attributed to the ability of
AT tracts to accommodate the steric demand of ligands better
than the deeper, more rigid GC tracts.17 Additionally, the
dppn-containing iridium complex [Ir(ppy)2(dppn)]

3+ (H-ppy
= 2-Phenylpyridine) has been shown to bind poly(dA*dT)
with a greater affinity than poly(dG*dC).24 The impact of
ancillary ligands in [Cr(diimine)2(dppz)]

3+ complexes on
DNA binding has previously been described in the work by
Vandiver et al.44 In that work equilibrium dialysis measure-
ments confirmed a preference of [Cr(TMP)2(dppz)]

3+ for AT
DNA, which is attributed to binding in the minor groove. Due
to the similar preference for AT DNA exhibited for complex 1,
we speculate that similar binding is occurring in this system.
Interestingly, while 1 is found to be weakly luminescent in

Table 1. Summary of the Spectroscopic Changes and
Binding Constant (Kb) for the Enantiomers of 1 for Each
DNA Systema

DNA
system enantiomer Δλmax/nm

(%
hypochromism) Kb (×106 M−1)

st-DNA Δ +9 nm −46% 2.64 (±0.44)

Λ +11 nm −49% 5.47 (±0.80)

(AT)6 Δ +8 nm −51% 1.13 (±0.24)

Λ +11 nm −46% 11.8 (±0.35)

(GC)6 Δ +9 nm −51% 1.17 (±0.53)

Λ +12 nm −47% 2.39 (±0.32)

Htel(K) Δ +8 nm −45% 0.62 (±0.12)

Λ +9 nm −41% 1.84 (±0.37)
aQuoted values are the average of results from two titrations.

Figure 5. (a) Thermal denaturation results for Δ-1 and Λ-1 in the presence of st-DNA at P/D [DNA]/[Cr] ratios of 50, 20, and 10 all in 1 mM
potassium phosphate buffer, 2 mM NaCl. (b) Difference in melting temperature (ΔTm) for Δ-1 and Λ-1 at different P/D ratios relative to st-DNA.
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acetonitrile, no luminescence was observed under aqueous
conditions where the Δ-1 and Λ-1 enantiomers were fully
bound to any of the DNA systems, see Figure S13. This
suggests that the binding site does not fully protect the dppn
ligand from the solvent interactions. This could be explained
by dppn binding from the minor groove and protruding into
the major groove, which has been proposed by others.25

Finally, we considered the ability of Δ-1 and Λ-1 to bind to
quadruplex DNA as we were interested to see if the extended
dppn ligand would show good affinity for the Hoogsteen
bonded guanine tetrad structure. To do this, titrations were
performed with the potassium stabilized G4-quadruplex
formed from the human telomer sequence hTel(K), see
Figure S12. Interestingly, the lambda enantiomer was found to
bind with greater affinity, though overall the complexes were
found to bind more weakly to the quadruplex DNA.

Thermal Denaturation Studies. The DNA binding
interactions of Δ-1 and Λ-1 were further studied by
performing DNA denaturation experiments to determine the
impact of binding on the stabilization of the double-stranded
structure to heating. This was done by monitoring the
absorbance at 260 nm of DNA solutions heated from 25 to
95 °C at nucleobase to complex (P/D) ratios of 10, 20, and 50.
The melting temperature, Tm, at which DNA is 50% denatured,
was found to increase in the presence of both Δ-1 and Λ-1 see
Figure 5, which supports stabilization via intercalation.71

Notably, at each P/D the Λ enantiomer shows greater
increases in Tm compared to the Δ enantiomer, which is
more readily seen by comparing the derivative of the melting
curve obtained for each enantiomer as shown in Figure S14.
The magnitude of the stabilization is reflected in the ΔTm,
which is the difference in the Tm value observed for st-DNA in
the absence of 1 (59 °C) and in the presence of 1. These
values are shown in Figure 5b and Table 2. At a P/D of 50, the
stabilizing effect of the Δ enantiomer was negligible (+0.9 °C),
while the Λ enantiomer stabilized the DNA a further 1.5 °C.
Under the conditions of highest equivalent of Λ-1, at a P/D of
10, a Tm of 73.2 ± 0.8 °C was determined. The results indicate
that the Λ enantiomer of 1 stabilizes the st-DNA duplex to a
greater extent and are in good agreement with the observation
of higher binding affinity in the DNA titrations.

Kane-Maguire et al. previously showed that the Λ
enant iomers o f [Cr(phen) 2(dppz)]

3 + and [Cr -
(TMP)2(dppz)]

3+ bind more strongly to DNA than the
corresponding Δ enantiomers, and that the presence of methyl
groups on the ancillary ligands increases this binding
preference.44,50 These denaturation studies show that the
dppn-containing Cr(III) polypyridyl complexes also demon-
strate preferential binding for AT sites in DNA, which is
reflected in the binding constants extracted from the
spectroscopic titrations. Vasudevan et al.45 showed significant
stabilization of calf thymus natural DNA (CT-DNA) to
thermal denaturation by the presence of rac-[Cr-
(phen)2(dppz)]

3+, and that substitution at the intercalating
ligand by more lipophilic groups (e.g., Me2dppz) resulted in
higher binding constants to CT-DNA for complexes of the

family [Cr(phen)2(X2dppz)]
3+.45 This aligns with the high

binding constants found here for [Cr(TMP)2(dppn)]
3+,

bearing a more lipophilic terminal benzo-substitution on the
intercalating ligand vs dppz.

In summary, complex 1 shows very good affinity for DNA
and the DNA binding results indicate that the preference for
AT DNA observed for the related [Cr(TMP)2(dppz)]

3+

complex is also observed in 1. Previously reported Cr(III)
polypyridyl complexes have shown phosphorescence arising
from their long-lived metal-centered states and also have been
shown to photo-oxidize purine bases.9,44−50,55 In contrast, the
introduction of the dppn ligand in 1 is found to yield
dramatically different photophysical properties that render it
nonluminescent in aqueous solution. Instead of a luminescent
MC state, the excited state behavior is governed by the
population of the dppn ligand-localized triplet excited state (τ
= 30 ns), which is observed to sensitize singlet oxygen
formation with a yield of 43%, which is comparable to
previously reported values for Cr(III) polypyridyl complexes.72

The combination of singlet oxygen generation and good
binding affinity provides an additional pathway for targeting
DNA.

■ CONCLUSIONS

The development of photoactive metallodrugs is seen as a
promising avenue to more targeted treatment of disease and is
the focus of significant efforts1,2 with the versatility of
transition metal polypyridyl complexes making them ideal
candidates,3 while complexes featuring extended aromatic units
are more readily internalized by live cells (without the need for
a transporting agent), due to their increased lipophilicity.29,31

Earth-abundant chromium(III) is an attractive alternative to
more precious metals, with its complexes offering photofunc-
tional metal-centered as well as ligand-centered excited states.
This study is the first report of a chromium(III) polypyridyl
complex containing a dppn ligand, expanding the rich
coordination chemistry72 of complexes of this transition
metal ion and opening the way for the further investigation
of related complexes within photosensitizing applications.

■ EXPERIMENTAL SECTION

Materials. The ligand dppn was prepared from 1,10-phenanthro-
line-5,6-dione and 2,3-diaminonaphthalene following an adapted
literature procedure,73 while the Cr(III) precursor complex [Cr-
(TMP)2(OTf)2][OTf] was synthesized following a known procedure
utilizing 3,4,7,8,-tetramethyl-1,10-phenanthroline (TMP) as the
diimine.50,74 All other reagents were obtained from commercial
sources and were of reagent grade quality. The oligonucleotides were
synthesized, desalted and purified (by gel filtration) by Eurogentec
(Liege, Belgium). Salmon testes natural DNA was purchased from
Sigma-Aldrich. d(AT)2 (ε260 nm = 133,300 M−1 cm−1, single-stranded),
d(GC)2 (ε260 nm = 101,100 M−1 cm−1, single-stranded), h(tel) (ε260 nm

= 244,300 M−1 cm−1, single-stranded) and Salmon testes DNA
(ε260 nm = 6600 M−1 cm−1, nucleobase) concentrations were
determined spectrophotometrically.

Instruments and Methods. Reagents, Synthesis and Charac-
terization. Anhydrous MeCN was obtained by distillation from CaH2,

Table 2. Summary of the Thermal Denaturation Study for Enantiomers of 1 in the Presence of st-DNAa

enantiomer P/D = 50 Tm (°C) P/D = 50 ΔTm P/D = 20 Tm (°C) P/D = 20 ΔTm P/D = 10 Tm (°C) P/D = 10 ΔTm

Δ 60.7 (±0.7) +0.9 63.2 (±0.1) +3.4 70.5 (±2.1) +10.7

Λ 61.3 (±0.3) +1.5 65.9 (±0.9) +6.1 73.2 (±0.8) +13.4
aΔTm is the change in the Tm compared to that observed for st-DNA in the absence of complex.
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being stored over freshly activated 4 Å molecular sieves under an
atmosphere of dry N2. All synthetic manipulations performed under
an atmosphere of N2 employed standard Schlenk line techniques.
Size-exclusion chromatography was performed under gravity using a
fritted column of 35 mm diameter and 1000 mm length packed with
Sephadex LH-20 resin which had previously been allowed to swell in
3:1 (v/v) MeOH/MeCN solution overnight. NMR spectra were
acquired on a Bruker Ascend 400 MHz spectrometer, with chemical
shifts reported relative to the residual solvent signal (CDCl3:

1H δ
7.26, 13C δ 77.16). High-resolution mass spectra were recorded on an
Agilent 1290 Infinity II instrument with a 6545 QTOF mass analyzer.
Infrared spectra were recorded on a Shimadzu IRSpirit FTIR
spectrometer fitted with a QATR-S ATR accessory. Elemental
microanalysis was conducted at London Metropolitan University.
Magnetic susceptibility measurements were determined following
Evan’s method, utilizing a coaxial NMR tube containing complex 1 as
its hexafluorophosphate salt in a solution of d3-MeCN (580 μL) and
tBuOH (20 μL).
Photophysical Analysis. UV−visible absorption spectra were

recorded on an Agilent Cary-60 spectrometer and solution state
luminescence spectra on a Horiba Fluoromax-4 spectrometer using
quartz cuvettes of 1 cm path length. Luminescence lifetimes were
determined by time-correlated single photon counting (TCSPC) on
an Edinburgh Instruments mini-τ, equipped with a ps diode laser (404
nm, 56 ps).
ps-Transient Absorption Spectroscopy. Transient optical absorp-

tion measurements (TrA) were performed at the Lord Porter Laser
Laboratory at the University of Sheffield using a Helios system (HE-
VIS-NIR-3200, Ultrafast Systems). Solutions of the sample were
prepared in 2 mm path length quartz cuvettes to an optical density of
0.3 OD at 400 nm. The sample was probed by a UV−visible
supercontinuum (340−800 nm), generated by pumping a CaF2

crystal with 800 nm light (10 kHz, 40 fs fwhm), while the sample
was pumped by a 400 nm pump beam (2 mW, 5 kHz, 40 fs fwhm).
Pump and probe pulses were linearly polarized and had their
polarization set to the magic angle (54.7°). 200 time points were
measured in the 7 ns range with an exponential distribution,
beginning with 20 fs steps at δt = 0. For each time point, data was
collected for 1.5 s, for 5 cycles.
Singlet Oxygen Sensitization. 1O2 was detected via measurement

of the fingerprint emission band at 1275 nm. Samples were prepared
in solutions of MeCN at an optical density of approximately 0.4 OD
at 355 nm. Samples were photoexcited by frequency tripled output of
a Q-switched Nd:YAG laser (LOTIS-II LS-1231M) at 355 nm, with
an 8 ns pulse length. The emission was filtered by a 1277 nm
bandpass filter and focused onto a InGaAs photodiode (J22D-M204-
R03M-60-1.7, Judson Technologies). The output was then coupled to
a current amplifier (DLPCA-200, FEMTO Messtechnik GmbH) and
recorded by a digital oscilloscope (TDS 3032B Tektronix).

The quantum yield was determined by comparison of the
amplitude of the emission signal, averaged between different laser
powers over the linear response region, with the amplitude of a
standard. A sample of perinaphthenone (Φ ≈ 1) was prepared in the
same solvent to a similar optical density. Discrepancies between the
optical densities of the two solutions were accounted for by
normalizing the emission amplitude by the exact optical density.
Electrochemical Analysis. Cyclic voltammograms were collected

for a 1.4 mmol dm−3 solution of complex 1 as its hexafluorophosphate
salt in N2-saturated anhydrous MeCN. Analyte solutions contained
0.2 mol dm−3 nBu4NPF6 as supporting electrolyte. Measurements
were performed at room temperature under a stream of dry N2 using a
glassy carbon working electrode, a Pt wire counter and a Ag/AgCl
reference. The applied potential was controlled using a PalmSens
EmStat3 potentiostat. When comparing against electrochemical
processes reported in the literature, the Fc+/Fc couple is assumed
to come at +0.4 V vs Ag/AgCl, and at +0.6 V vs NHE.

Synthesis of Dipyridonaphthazine (dppn). 1,10-Phenanthro-
line-5,6-dione (0.77 g, 3.65 mmol) and 2,3-diaminonaphthalene (0.64
g, 4.05 mmol) were combined in EtOH (150 mL) and refluxed for 16
h. The resulting orange colored suspension was cooled to 50 °C, the

solids collected by filtration while warm, and then washed with
MeOH and Et2O. The solids were dried in vacuo, yielding the product
as a brick-orange colored powder. Yield = 1.09 g, 90%. 1H NMR
(CDCl3, 400 MHz): 7.58−7.64 (m, 2H), 7.76 (dd, J = 4.4, 7.9 Hz,
2H), 8.14−8.20 (m, 2H), 8.88 (s, 2H), 9.23 (dd, J = 1.7, 4.4 Hz, 2H),
9.58 (dd, J = 1.7, 8.1 Hz, 2H), 13C NMR (CDCl3, 101 MHz): 124.38,
127.23, 127.91, 127.97, 128.71, 134.03, 134.56, 138.94, 142.31,
149.01, 152.90. HRMS (ES): Calc’d for C22H13N4: m/z = 333.1135;
found: m/z = 333.1151 (MH+).

Synthesis of [Cr(TMP)2(dppn)][PF6]3 (1). To an oven-dried flask
under an atmosphere of N2 were added [Cr(TMP)2(OTf)2][OTf]
(0.64 g, 6.60 mmol), dppn (0.33 g, 9.94 mmol) and anhydrous
MeCN (50 mL). The solution was heated to reflux for 22 h, cooled to
room temperature and then filtered through a Celite pad to remove a
small quantity of yellow-colored solids. The deep-red colored filtrate
was evaporated to dryness. The crude product was purified by size-
exclusion column chromatography (Sephadex LH-20, 3:1 (v/v)
MeOH:MeCN), which after two passes yielded a bright-red colored
solution which was reduced to a minimum volume by rotary
evaporation. Dropping this solution slowly into a methanolic solution
of excess nBu4NPF6 yielded an orange precipitate, which was collected
by filtration, washed with MeOH followed by Et2O and dried in vacuo.
Yield = 0.41 g, 48%. HRMS (ES): Calc’d for C54H44N8P2F12Cr m/z =
1146.2370, found m/z = 1146.2390 (M-PF6)

+; Calc’d for
C54H44N8PF6Cr m/z = 1001.2730, found m/z = 1001.2743 (M-
2PF6)

+; Calc’d for C54H44N8PF6Cr m/z = 500.6362, found m/z =
500.6388 (M-2PF6)

2+; Calc’d for C54H44N8Cr m/z = 285.4359, found
m/z = 285.4395 (M-3PF6)

3+. Anal. Calc’d for C54H44N8P3F18Cr (%):
C 50.21, H 3.43, N 8.67, found (%): C 49.33,(a) H 3.20, N 8.20. IR
(ATR): υ̅/cm−1 = 1622 (w), 1602 (w), 1537 (m), 1487 (w), 1421
(m), 1305 (w), 1272 (m), 1249 (m), 1144 (w), 1080 (w), 1051 (m),
1030 (m), 903 (w), 878 (w), 829 (vs), 754 (m), 727 (m) 718 (m),
636 (m), 555 (s), 523 (m), 490 (m), 433 (m), 417 (m).

Counterion Metathesis. [Cr(TMP)2(dppn)][PF6]3 (0.32 g, 0.25
mmol) and Dowex 1 × 8 Cl-form ion-exchange resin (0.72 g) were
added to MeOH (20 mL) and stirred at r.t. in the dark for 70 min.
The resin was removed by filtration and the filtrate evaporated to
dryness. To ensure purity, the product as its chloride salt was subject
to size-exclusion chromatography (Sephadex LH-20, 3:1 (v/v)
MeOH/MeCN), which after one pass and evaporation of the solvent
yielded a dark red residue. The residue was redissolved in the
minimum volume of MeOH and dropped into excess rapidly stirring
Et2O, affording an orange precipitate which was collected by filtration
and dried in vacuo. Yield = 0.16 g, 68%. HRMS (ES): Calc’d for
C54H44N8ClCr m/z = 445.6386, found m/z = 445.6392 (M-2Cl)2+;
Calc’d for C54H44N8Cr m/z = 285.4359, found m/z = 285.4369 (M-
3Cl)3+.

Titration and Thermal Denaturation Procedures. Interactions
of the enantiomers of the [Cr(TMP)2(dppn)].3Cl complex with
different DNA systems were evaluated by titration of aliquots of DNA
into a complex solution (10 μM) and monitoring the spectroscopic
response in UV−vis absorption. DNA stock solution concentrations
were determined spectroscopically εst‑DNA = 6600 M−1 cm−1 per
nucleotide, (ε(AT)6 = 133,300 M−1 cm−1 per single strand, ε(GC)6 =
101,100 M−1 cm−1 per single strand). Titrations were carried out in
aqueous solution containing potassium phosphate buffer (50 mM).
Results expressed in P/D refer to the ratio of [DNA]/[Cr] in
solution. Binding constants were extracted from the titration data
using a nonlinear curve fitting according to the method outlined by
Bard et al.69

Thermal denaturation studies were carried out using an Agilent
3500 Multicell absorption spectrometer. DNA stock solutions (80
μM, 20 mL) were prepared in aqueous buffer (1 mM potassium
phosphate, 2 mM NaCl). The solution was heated from 25 °C − 95
°C at a ramp rate of 1 °C min−1, with measurements at 260 and 800
nm (to ensure a stable baseline) taken at 0.2 °C intervals. Data
analysis was carried out with baseline fitting on the data according to
the following
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where θM is the fraction of denatured DNA in solution, A is the
normalized absorbance, and AU and AL are the upper and lower fitted
baselines, respectively. The temperature value which results in a θM

value of 0.5 corresponds to the DNA melting temperature, Tm. The
measurements were carried out in the presence of increasing
concentration ratios of [Cr(TMP)2(dppn)].3Cl to DNA (P/D 50,
20 and 10).
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■ ADDITIONAL NOTE
(a)Elemental microanalysis suggests that complex 1 is isolated
as its monohydrate: Anal. Calc’d for C54H44N8P3F18Cr.H2O: C
49.51, H 3.54, N 8.55, found (%): C 49.33, H 3.20, N 8.20.
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