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Coordination complexes can be used to photocage biologically
active ligands, providing control over the location, time, and dose
of a delivered drug. Dual action agents can be created if both the
ligand released and the ligand-deficient metal center effect
biological processes. Ruthenium (II) complexes coordinated to
pyridyl ligands generally are only capable of releasing one ligand in
H,0, wasting equivalents of drug molecules, and producing a Ru(ll)
center that is not cytotoxic. In contrast, Ru(ll) polypyridyl
complexes containing diazine ligands eject both monodentate
ligands, with the quantum yield (¢,) of the second phase varying as
a function of ligand pK, and the pH of the medium. This effect is
general, as it is effective with different Ru(ll) structures, and
demonstrates that diazine-based drugs are the preferred choice for
the development of light-activated dual action Ru(ll) agents.

Light-triggered Ru(ll) molecules that produce active species
capable of forming covalent adducts with DNA are being
actively explored for photoactivated chemotherapy (PACT). A
complementary and potentially compatible approach is
“photocaging,” where a biologically active, monodentate
ligand is masked by coordination to a metal center.”” Photo-
release of this ligand allows for temporal and spatial control
over activity. However, a persistent issue that has limited the
utility of Ru(ll) photocages is the sluggish photochemistry
associated with ejecting the monodentate ligand. Strain-
inducing bidentate ligands are known to activate dissociative
photochemical pathways within cells,®* and have been used to
increase the photo-lability of the monodentate Iigand.lz'14
“Dual action” light-activated Ru(ll) compounds, where both
the metal center and the liberated ligands induce different,
potentially synergistic biological effects, are also of interest.”™®
The same issue hampers development of such dual action
agents, however, as photocages; the photoreactivity of the
second ligand is often orders of magnitude lower than the
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first."” This sub-optimal photochemistry result in the waste of
one equivalent of the drug ligand, but more importantly, the
opening of two binding sites on the metal appears important for
the creation of the Ru(ll) cytotoxic species.lg'w'20 This is in
notable contrast to platinum species such as phenanthrinplatin,
a highly potent cytotoxin with only one reactive site.”!

The limitation of photoejection of only one ligand has
been demonstrated for Ru(ll) photocages containing pyridine,
imidazole, aliphatic and phosphine
Iigands.23 These light-induced ligand dissociation phenomena
have been explored by ultrafast spectroscopy techniques and
computational approaches.24'25 In contrast, release of two
monodentate ligands has been shown for complex with 5-
cyanouracil,26 demonstrating that Ru(ll) bound nitriles undergo
light-activated ligand exchange more efficiently than other
monodentate Iigands.7 However, the second ligand ejection is
slow, and the majority of nitrile-containing drugs, including
anticancer agents, are derivatives of nitrogen-containing
heterocycles.27 Therefore, coordination with a Ru scaffold by a
direct synthetic pathway could be complicated by the presence
of coordination isomers in the prodrug molecule.
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Scheme 1. Photochemical reactions of complexes included in this study in H,0.
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Fig. 1 Determination of photoejection products by HPLC. A) Chromatogram of
1 (blue line, after 60 min irradiation), 2 (red line), 3 (green line) and 4 (violet
line) after 120 min irradiation in comparison to 5 (black dash line, after 15 min
irradiation). B) Absorption profile of Ru(ll) photoproducts of 1 (blue line, RT =
8.35 min, cis—[Ru(bpy)z(py)(HzO)]2‘) and 5 (black dash line, RT = 7.87 min, cis-
[Ru(bpy)z(HZO)z]b). C) Absorption profile of Ru(ll) photoproducts of 2 after
ejection of first (cyan line, 5 min irradiation, RT = 8.36 min) and second
pyridazine ligand (red line, 120 min irradiation, RT = 7.99 min) overlaid with
with cis—[Ru(bpy)z(HZO)z]b (black dash line, RT = 7.87 min).

Considering the difference between acid-base properties
and photochemical behaviors for Ru(ll) complexes with
aliphatic amines or pyridine (hard and borderline bases,
respectively) and nitriles (soft bases),?®* we hypothesized that
cis—[Ru(bpy)z(Lz)]2+ (bpy = 2,2’-bipyridyl) complexes with
monodentate diazines (which are softer bases then pyridine)
would efficiently release two ligands upon light irradiation in
aqueous media. This hypothesis is partially supported by the
fact that incorporation of the bidentate diazine ligand
bipyrimidine in Ru(ll) complexes results in a photochemically
active species without any strain-inducing groups, in marked
contrast to bipyridine complexes.z'c"30 Diazines are privileged
heterocycles in medicinal chemistry,9 and are bioisosteres for
pyridine and phenyl rings, so this study was further motivated
by the presence of these moieties in several known drugs and
the potential for incorporation in many more. The results of this
report may be applied as a started platform to develop
improved light-activated photocages and dual-action
ruthenium complexes with diazine-based antitumor agents.

Three complexes with isomeric diazine coligands, cis-
[Ru(bpy)>(pyd);]”" (pyd = pyridazine; compound 2),
[Ru(bpy)a(pym),1**  (pym = pyrimidine; 3), and
[Ru(bpy)z(pyz)2]2+ (pyz = pyrazine; 4) were synthesized and their
photochemical properties compared to cis—[Ru(bpy)z(py)z]2+ (1;
py = pyridine; Scheme 1). The complexes were prepared under
low light conditions by refluxing cis-[Ru(bpy),Cl,] with a 10-fold
excess of the desired diazine in ethanol:water (1:1). Complexes
1, 2 and 4 have been reported previously,gl'32 including the
photophysical properties33 and some photosubstitution
reactions® for complexes 1 and 2. NMR spectroscopy and X-ray
crystal structure have been reported for 1,32though noteworthy
differences were found in the NMR of compound 1.%

Structural analysis by x-ray crystallography revealed distorted

cis-
cis-
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octahedral geometries for complexes 2 and 3. The complexes
exhibited altered [Ru-N] bond lengths in comparison to
pyridine-containing 1 (Table s4);** the Ru-N(pyd) and
Ru-N(pym) bonds (2, 3) are equal, in contrast to Ru-N(py) bonds
(1) where different length were found (2.063 and 2.13 A). The
N-Ru-N bond angles between diazine ligands are also distorted
from ideal 90° and 180°, with the deviations of N2*-Ru-N2
(angle between trans-nitrogens in the bpy coligands) for
complexes 2 (8.04°) and 3 (6.74°) larger than for 1 (5°) (Fig. S1A,
C). The pyridazine ligands are bent from N2 (the top bpy
nitrogen, Fig. S1B) with different bond angles (88.44° and
97.13°), and the bond angle between pyridazines is 92.53° in
contrast to 90° between pyridine ligands in complex 1.* This
distortion was anticipated to affect the photochemical
reactivity of the complexes.

All four Ru(ll) complexes (1-4) were relatively stable in the
dark for 72 h at 37 °C (Fig. S21), and exhibited selective
photoejection of the first monodentate ligand
(monitored by absorption spectroscopy; Scheme 1; Fig. S2-5)
when irradiated with 470 nm light. The presence of an
isosbestic point was interpreted as indicating the direct
conversion to a single product. Compound 1 formed cis-
[Ru(bpy)z(py)(HZO)]2+ (see absorption profile in Fig. 2B) and no
further ligand loss was observed.

In marked contrast, a second photoreaction was observed
for compounds 2—-4 (Fig. 1A, C, S3-5). The quantum yields of
photosubstitution by water (¢pps) are shown in Table 1 and half-
lives (ty/,) are provided in Table S13. Only the diazine complexes
ejected two ligands. The first ligand photoejection is facile, with
t1/2(1) of less than 1 min for complexes 1-4 and ¢ps of 0.031—
0.11. In contrast, the ¢ps (2) for 2-4 in water were inverted
relative to ¢ps (1), indicating both the sensitivity of the
photochemistry to the identity of diazine ligand, and the
presence of a specific chemical feature that drives the disparity
in the yields of these sequential processes. The ¢ps valuesfor the
second ligand ejection ranged from 0.0005-0.0033, with 4
exhibiting the highest quantum vyield. The product was
identified as cis—[Ru(bpy)z(H20)2]2+ by both HPLC and absorption

in water

Table 1. Photophysical and photochemical® properties of compounds 1-9 in H,0

Compound Amax abs (nm)° Ors”
A B (1) (2)
1 455 - 0.031 -
2 420 450 0.11 0.0005
3 415 460 0.070 0.0011
0.059° 0.0013¢
4 405 445 0.11 0.0033
5 0.022 -
6 nd nd
7 nd nd
8 nd -
9 0.007 -

? Measured using a 13 mW/cmZ 470 nm LED. ® For the MLCT. ¢ From the fit to a
single exponential. 4 See Sl for a detailed description. ° Determined by HPLC.
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Fig. 2 Correlation between quantum yields for the second ligand ejection for 2 (green
o), 3 (red o), 4 (blue A) and pKa of protonated free diazines (A) or chemical shifts of
« protons of diazine ligands (B).

spectroscopy (Fig. 1A, S3-5). The retention time (RT) and
absorption profile was compared with [Ru(bpy),]-based
products after irradiation of strained compound 5
[Ru(bpy),(dmbpy)]** (dmbpy — 6,6’-dimethyl-2,2’-bipyridyl).2
Further exposure of cis—[Ru(bpy)z(H20)2]2+ to light after
photoejection resulted in a decrease in the intensity of the
MLCT (metal-to-ligand charge-transfer) absorption band at 490
nm following irradiation after 90 (4), 120 (3) and 150 (2)
minutes, likely due to oxidation of the Ru(ll) center.®

An inverse relationship was found between ¢ps(2) for
complexes 2-4 and the pKa values for protonated parent
ligands, as shown in Fig. 2A. The weaker basic dizaine ligands
are more photolabile, and there was no ejection of the pyridine,
which is the strongest base in this series. The quantum yields
also correlate with chemical shifts of the a protons of the
diazine ligands (Fig. 2B). In addition, ¢ps and t;,;(2) were found
to be sensitive to the environment (pH), as compounds 2—4
demonstrated 1.7-2-fold faster ligand ejection in HCI-KCI
buffer, pH = 2 than in sodium phosphate buffer, pH=7.4 (Table
S4). A similar effect was observed with 1.8-3.5-fold faster t;/,
in D,O vs. H,O. A possible explanation is that
engagement of the non-bonding electrons of the uncoordinated
aza nitrogen, either through protonation or hydrogen bonding,
accelerates the photochemistry either by forming a pre-
encounter complex with the incoming ligand or by polarizing
the electrons on the diazine ligand.

DNA damage was assessed by gel electrophoresis (Fig. 3).
Incubation of each Ru(ll) complex with plasmid DNA in the dark
showed no interactions (Fig. S8), in contrast to the two types of
DNA damage observed upon irradiation with 470 nm light. The
diazine complexes 2-4 undergo ligands loss and covalent
attachment to DNA, as observed by the reduction of DNA
mobility and loss of ethidium bromide (EtBr) staining. Complex
1 created a combination of covalent damage and single strand
breaks to form relaxed circular DNA, possibly through
sensitization of singlet oxygen (102). There is some indication of
single strand breaks for compound 2 as well, which has the
slowest t;/,(2) of the diazine-containing complexes. Systems

values

that both photoeject and create reactive oxygen species have
previously been identified as useful dual mechanism agents;s’ 36
if a diazine-containing drug were ligated, these would become
triple action agents.

In order to determine if incorporation of diazines for

improvement of Ru(ll) complexes photo-lability is generalizable to
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Fig. 3 Agarose gel electrophoresis showing the dose response of compounds A) 1, B)
2,C) 3 and D) 4 incubated with 40 pg/mL pUC19 DNA with irradiation (470 nm light).
Lanes 1 and 12, DNA ladder; lane 2, EcoRl; lane 3, Cu(OP),; lane 4—11, 0—500 uM.
EcoRI and Cu(OP), are controls for linear and relaxed circle DNA. See Sl for full gels.

other Ru(ll) structures, the photochemistry of two trans-Ru(ll)
complexes containing pyridine (6) and pyrazine (7) ligands was
investigated. Previously, trans Ru(ll) complex containing thermally
exchangeable ligands exhibited higher potency than an analogous cis
compound,37 making this an appealing scaffold for the creation of
dual action agents. Accordingly, trans—[Ru(qpy)(pyz)z]2+ (7; qpy =
2,2’:6',2"":6"",2"""-quaterpyridine) was synthesized and compared to
the pyridine analogue 6, which is photo-stable in aqueous media. In
contrast, the trans-Ru(ll) complex with pyrazine ligands ejected the
pyrazine ligand upon irradiation for nine hours (Fig. S9).

Finally, to demonstrate the useful application for a pure
“photocaging” approach,38'39 two Ru(ll) complexes (8, 9) were
synthesized using a [Ru(tpy)(bpy)]2+ scaffold (tpy=2,2’;6"-2"'-
terpyridine). The photochemical reaction of the complex containing
pyridine, [Ru(tpy)(bpy)(py)]2+ (8), did not reach completion after nine
hours irradiation (Fig. 4A, B), which is consistent with previous
reports of ¢ps< 10”in MeCN.">*! In contrast [Ru(tpy)(bpy)(pyz)]2+ (9)
exhibited significantly enhanced photolability of pyrazine upon
irradiation in aqueous media, with t;,=10 min and complete ligand
exchange in two hours (Fig. 4C, D, ¢ps = 0.007 in water). This
significantly improved photochemistry makes [Ru(tpy)(bpy)]2+ a
useful photocage in water if a diazine ligand is used.
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Fig. 4 Photochemistry of [Ru(tpy)(bpy)(L)]z+ complexes. A) Absorption spectra of 8
with irradiation (blue line, t=0, red line, t= 540 min). B) HPLC of 8 as a function of
irradiation time. C) Absorption spectra of 9 with irradiation (blue line, t=0, red line,
t=100 min). D) Comparison of % conversion for 8 (red open 0) and 9 (green open o).
The integrated area under the peaks from B) was used for % conversion of 8.
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In conclusion, rather than incorporating strain-inducing
bidentate ligands in Ru(ll) scaffolds®™® ** or substituting
monodentate ligands with electron withdrawing groups,43 these
results demonstrate that simply using diazine ligands radically
improves photochemical features. The approach works for a
variety of Ru(ll) scaffolds, and facilitates the ejection of two
ligands from the cis—[Ru(bpy)2]2+ cage. We posit that simple
electronic tuning by switching from pyridine to diazine systems
is a far more efficient and flexible approach for the creation of
functional light-activated metal complexes. These results
suggest that photochemistry can be tuned by judicious use of
ligands based on pKa values and HSAB theory.
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