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Abstract The piano-stool Ru' arene complex [(n°-benz)Ru
(bpm)(py)]*" (benz=benzene, bpm=2,2"-bipyrimidine, and
py=pyridine), which is conventionally nonlabile (on a time-
scale and under conditions relevant for biological reactivity),
can be activated by visible light to selectively photodissociate
the monodentate ligand (py). In the present study, the aquation
and binding of the photocontrolled ruthenium(II) arene com-
plex [(n°®-benz)Ru(bpm)(py)]*" to various biomolecules are
studied by density functional theory (DFT) and time-
dependent DFT (TDDFT). Potential energy curves (PECs)
calculated for the Ru—N (py) bonds in [(n°-benz)Ru(bpm)
(py))*" in the singlet and triplet state give useful insights into
the photodissociation mechanism of py. The binding energies
of the various biomolecules are calculated, which allows the
order of binding affinities among the considered nuleic-acid-
or protein-binding sites to be discerned. The kinetics for the
replacement of water in the aqua complex with biomolecules
is also considered, and the results demonstrate that guanine is
superior to other biomolecules in terms of coordinating with
the Ru"" aqua adduct, which is in reasonable agreement with
experimental observations.
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Abbreviations

bpm 2,2'-Bipyrimidine

Ru-bpm [(m®-benz)Ru'"(bpm)]**
p-cym p-Cymene

benz Benzene

G Guanine

Py Pyridine

A Adenine

met (CH3 )2 S

cys CH;SH

cym-Ru-py  [(n°®-p-cym)Ru''(bpm)(py)]**
Ru-py [(n°-benz)Ru" (bpm)(py)]**
Ru-H,0 [(M®-benz)Ru" (bpm)(H,0)]*"
Ru-G [(m®-benz)Ru" (bpm)(G)]**
Ru-A [(°-benz)Ru" (bpm)(A)]**
Ru-hist [(M®-benz)Ru" (bpm)(hist)]*"
Ru-cys [(M®-benz)Ru" (bpm)(cys)]**
Ru-met [(T]é—benz)RuII(bpm)(met)]2+
hist 5-Methyl-1H-imidazole
Introduction

Apart from cisplatin and some derivatives, successful
metallopharmaceuticals are still scarce in antitumor ther-
apy [1, 2]. Despite the fact that novel metal complexes
have been investigated in preclinical settings, several
promising compounds failed during subsequent phases.
With the rise of new anticancer compounds, new acti-
vation strategies have also evolved [3, 4]. Photochemi-
cal activation is a new concept where prodrug activity
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can be triggered by light. This strategy offers the pos-
sibility of controlling the location, timing, and dosage
of the therapeutic metal complex. Photoreactions are
characterized by a loss of a monodentate ligand and
the coordination of a solvent molecule. In nonpolar
solvents, the solvent molecule is replaced through the
coordination of counterions, added ions, or residual
water [5-8].

Organometallic ruthenium complexes bearing a 7-bonded
arene ligand are considered promising candidates for
cancer treatment. Complexes bearing the ethylenedi-
amine (en) ligand show cytotoxicity comparable to that
of the clinically used drugs cisplatin and carboplatin
[9, 10]. On the other hand, compounds containing phos-
phatriazaadamantane (pta) or its derivatives have been
developed that show antimetastatic activity but low
cytotoxicity in vitro [11, 12]. Recently, a class of orga-
noruthenium compounds considered as an alternative to
cisplatin has been studied in detail [13]. Some theoret-
ical studies of Ru(Il) complexes intercalated in DNA
have also been reported [14-16]. DNA platination plays
an important role in the mechanism of action of plati-
num anticancer drugs such as cisplatin, whereas the
interaction of platinum species with S-containing bio-
molecules has been associated with both negative phe-
nomena (such as toxic side effects and the development
of resistance) and positive effects (such as the delivery
of active species to cells and/or their capacity to serve
as a drug reservoir for ultimate platination of DNA)
[17, 18]. DNA is a potential target for en-Ru'-arene
complexes, and they exhibit a high selectivity for bind-
ing to N7 of guanine [19-21]. Ruthenium-arene com-
plexes that bind to sulfur (S-donor/thiolate) compounds
have also been observed, but the resulting complexes
are often kinetically unstable, especially in the presence
of oxygen [22, 23].

We have been intrigued by the photochemical properties of
organometallic [(n®-p-cymene)Ru(bpm)(py)]*" complexes
synthesized and studied by Sadler and co-workers [24-26].
In a recent paper, the authors studied the in vitro photorelease
of pyridine from the complex [(°-p-cymene)Ru(bpm)(py)]**
upon excitation with visible white light (400-600 nm,
1 Jem 2 h™"). Furthermore, they improved the selectivity of
[(°-p-cym)Ru(bpm)(py)]* " against cancer cells based on the
covalent attachment of a delivery peptide through the pyridine
ligand. These peptides can act as “tumor-targeting devices,”
since their receptors are overexpressed on the membranes of
tumor cells. Why guanine eventually wins the competition for
the coordination sites of the Ru-bpm derivatives against other
nucleobases and peptides containing cysteine or methionine
side chains is not well understood [26]. Sadler and coauthors
ascribed this predominance for guanine to the steric hindrance
created by the covalent bond between the peptide and the
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oligonucleotide chain. Our computations suggested that bind-
ing to guanine is also kinetically preferred over peptides.

The objective of the DFT study described in this paper
was to investigate the reactivity of the ruthenium-ligand
bond in this photocontrolled complex, [(n°®-benz)Ru(bpm)
(py)]*"; see Fig. 1. In ruthenium-arene complexes, the char-
acter of the arene has limited influence on the kinetics of the
aquation [27, 28], but it does have a significant influence on
the kinetics of the binding to DNA. For example, complexes
with extended 7t-electron systems as well as coordination to
guanine and noncoordinative, hydrophobic interactions be-
tween the arene ligand and DNA can occur [29, 30]. These
may include arene-base stacking, arene intercalation, and
minor-groove binding, and are thought to contribute to the
driving force for the binding of chloro-Ru-arene complexes
to double-helical DNA [29, 30]. As this study focuses on the
relative reactivity of the complex towards biomolecules, the
p-cymene ligand in the model complex was simplified to a
benzene ligand.

In the present work, we first described the optimized
structures of the complex and the biomolecule adducts
[(n6—benz)Ru(bpm)L]2+, where L is a neutral ligand
such as pyridine (py), H,O, guanine (G), adenine (A),
5-methyl-1H-imidazole (hist, representing the functional
group—imidazole—of histidine), CH3SH (cys, representing
the functional group—thiol—of cysteine), or (CHs),S
(met, representing the functional group—thioether—of
methionine). We then analyzed the photophysical and
photochemical features of [(n°-benz)Ru(bpm)(py)]*".
The aim of this work was to explore the formation of
the reactive aqua species upon irradiation. Finally, the
binding of the various biomolecules to the complex was
calculated, which allowed us to discern the binding
affinity order for the considered ligands. Furthermore,
the kinetics and thermodynamics of the reactions of the
solvated species with various biomolecules in the cell
were investigated.

Computational methods

The compounds [(°-benz)Ru(bpm)L]*", (benz=benzene,
bpm=2,2'-bipyrimidine, L=pyridine (py), H,O, guanine
(G), adenine (A), 5-methyl-1H-imidazole (hist), CH3;SH
(cys), (CH3),S (met)) were examined as shown in
Fig. 1, where a pseudo-octahedral arrangement of the
Ru is assumed. Geometry optimizations without symme-
try constraints in water (¢=78.35) were performed,
employing DFT with Becke’s three-parameter hybrid
functional [31] and Lee—Yang—Parr’s gradient-corrected cor-
relation functional [32] (B3LYP), which has been demonstrat-
ed to be effective for the calculation of Ru-arene complexes
[25,27, 28, 33, 34]. The LanL2DZ basis set [35] and effective
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Fig. 1 Photoinduced aquation
and biomolecular substitution
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core potential were used for the Ru atom, and the split-valence
6-31 G** basis set was applied for all other atoms [36]. The
solvent effects of water were taken into account via the
COSMO implicit solvent approach [37, 38]. Thermal energies
were extracted from vibrational frequency calculations, which
were used to verify the nature of the stationary points at
298.15 K and 1 atm (in vacuum). Frequency calculations also
served to confirm the character of the transition-state (TS)
structures as well as the reactant and product (super)
molecules.

The characterization of the nature of the lowest-lying
singlet and triplet excited states of cym-Ru-py and Ru-
py involved in absorption and emission properties, re-
spectively, relied on time-dependent density functional
theory (TDDFT) [39, 40]. Single-point calculations
combined with the COSMO method were performed
for the ground-state optimized geometry. Thirty-two sin-
glet excited states and eight triplet excited states were
determined starting from the ground-state geometries.
Our approach was motivated by previous works in which
the electronic and optical properties of ruthenium com-
plexes calculated by TDDFT were in reasonable agree-
ment with those measured experimentally [41, 42]. The
theoretical UV curves were obtained using the program
GaussSum-2.2.2 [43].

The effects of Ru—N3(py) bond elongation on the singlet
and triplet states were studied computationally by TDDFT
employing the ground-state geometries. Starting from the
ground-state minimum, the Ru—N3(py) distances were var-
ied independently by 0.1 A. In each step, the Ru-N3 (py)
bond distance was frozen and the geometry of the molecule
was allowed to relax to a constrained stationary point. Each
point was then used to calculate 32 vertical singlet excited
states and eight vertical triplet excited states via TDDFT at
the B3LYP/6-31 G** (LanL2DZ for Ru) level.

Binding energies of ligands in ruthenium complexes can
be predicted and rationalized using density functional theory
(DFT) methods [27, 33, 34]. The binding energies for benz
and L in Ru"-arene complexes were calculated in an attempt

to rationalize the experimental observations. All of the frag-
ments were reoptimized in water solution. Binding energies
were obtained using the general formulae

AERy—benz = E[Ru(bpm)L]H + E(benz)

- E[(r]"7benz)Ru(bpm)L]ZJr ( 1 )
AERu-L = E|(;5_penrugopm)> T EM)
- E[(r]‘7 —benz)Ru(bpm)L]*" (2)

where L=H,0, py, cys, met, hist, G, or A.
All calculations were performed with the Gaussian09
package [44].

Results and discussion

For readability, simple acronyms are used throughout this
section instead of the full chemical formulae with ligand
abbreviations. Definitions of the abbreviations used are dis-
played in the “Electronic supplementary material” (ESM).

Structural characteristics

The gas-phase and COSMO distances of the metal-ligand
coordination bonds in complexes with biomolecules are
presented in Fig. 2. The key bond lengths of Ru-py are very
similar to those of cym-Ru-py, suggesting that the alkyl
ligand in the arene has only a limited effect on the structural
and electronic properties of the complex. The Ru-N1 and
Ru-N2 distances shorten slightly upon moving from gas-
phase to the continuum model for all the complexes. The
Ru-—arene [represented as the average of the Ru—C(benz)
lengths] distances also shorten slightly when changing from
gas-phase calculations to those performed with the COSMO
continuum model, reflecting the hydrophobic character of
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Fig. 2 Geometry parameters of [(°-benz)Ru(bpm)L]** complexes. S represents the singlet state and 7 the triplet state. Some hydrogen atoms have

been omitted for clarity. The distances reported are in angstroms

arene ligands. Overall, the effect of solvent on this
system is relatively small, as reflected by the structural
characteristics. In the triplet-state structures, Ru-py and
Ru-G each have one elongated Ru—N(bpm) bond (from
2.11 to 2.41 A and from 2.11 to 2.36 A for Ru-py and
Ru-G, respectively) in both the gas phase and aqueous
solution. However, the dissociation of bpm is prevented
by the strong coordination of the other pyrazine ring of
the ligand. Note that, in the optimized geometry of the
triplet state, the singlet ground state is still lower in
energy by 5.1 kcal mol .

Activation of the Ru(I) complex: aquation reaction

To characterize the singlet and triplet excited states of the
complex and to obtain insights into the mechanism of ligand
photodissociation, a complete set of DFT and TDDFT cal-
culations was performed with Gaussian09 for the complex
at the B3LYP/6-31 G** (LanL2DZ for Ru) level.

@ Springer

Upon inspecting the frontier orbitals of Ru-py (Fig. 3), it is
clear that the highest occupied molecular orbital (HOMO) and
HOMO-1 are almost degenerate and are basically ruthenium-
centered (~68 %), with limited contributions from the periph-
eral ligands. The lowest unoccupied molecular orbital (LUMO)
is localized on the bpm ligand (91 %), LUMO+2 is mainly
localized on Ru and the bpm ligand, while LUMO+3 is mainly
localized on Ru and the benz ligand. LUMO+2 and LUMO+3,
which are nearly degenerate, have o-antibonding character
toward py (contribution ~10 %). As shown in Fig. 4, the
computed spectrum of cym-Ru-py is in good agreement with
the corresponding experimental spectrum (the deviation of the
maxima is less than 6 nm, as presented in Table 1), as well as
the theoretical data presented by Sadler, since the exact same
method was used [25]. The UV spectrum of Ru-py (Fig. 4c) is
quite similar to that of cym-Ru-py (Fig. 4b), as the strong
transitions are mainly of dg,—>7T*pm and Tyrene—>7T*ppm char-
acter for both of the complexes (Table 1 and Table S1 of the
ESM). Here, we concentrate on the photophysical and photo-
chemical properties of Ru-py.
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-71.27 eV
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Fig. 3 Some related frontier molecular orbital contour plots of Ru-py

In the UV spectrum of Ru-py (Fig. 4c), two strong tran-
sitions with />0.10 lie in the range 225-300 nm. One is at
260 nm (/=0.13), has obvious '"MLCT character, and mainly
originates from HOMO-1—-LUMO+6 (dr,—7T*}cn,) transi-
tions (Fig. S1). The second is at 256 nm (f=0.22), and has 'LL
character. It mainly originates from HOMO-5—LUMO+2
(Ttopm—TT*ppm) transitions. The long tail of the absorption
band in the region 325400 nm contains two transitions with
relatively low intensities. One is at 366 nm (f=0.03), has
"MLCT character, and mainly originates from a HOMO-
1-LUMO (dry—7*ppm) transition; the other is at 334 nm
(f=0.01), and originates from a HOMO-2—LUMO
(dru—T*ppm) transition. Many low 'MLCT states (such as
S1, S2, and S3) in the complexes are dissociative toward the
py ligand due to the contributions of the LUMO+3 orbital
(Table 1), which is of Ru—N3(py) o*-antibonding character
and can be populated by photoexcitation. Although the oscil-
lator strength is zero for S1 in the ground-state absorption
spectrum, it becomes non-negligible along the reaction coor-
dinate as the Ru—N3(py) bond increases. These lower-energy
singlet transitions (S1, S2, and S3) are energetically available
during the photodissociation process at the equilibrium geom-
etry, which may account for the observed photoinduced aqua-
tion of the complex, even when the applied excitation
wavelength (visible white light, 400-600 nm, 1 Jem > h™")
is far from the absorption maximum (254 nm) [25].

To identify the relevant excited states for the photodisso-
ciation of the Ru—N3(py) bond, the evolution of the singlet
(S1-S4) and triplet (T1-T4) excited states was monitored
along the Ru—N3(py) reaction coordinate based on the con-
strained ground-state geometries, as shown in Fig. 5 and
Fig. S3 of the ESM. Though the presence of avoided cross-
ings and our choice of geometry constraint complicates the
interpretation of Fig. 5, the slopes of the potential energy
curves (PECs) of the singlet excited states S1-S3 along the
Ru—N3(py) reaction coordinate indicates that the dissocia-
tion of pyridine is facilitated. Coordination of a solvent
molecule may follow the photoelimination of the py ligand.
The PECs of four triplets (T1-T4) along the Ru—N3(py)
reaction coordinate were analyzed as well, as depicted in
Fig. 5b. Some of the triplet states in the 400—600 nm region
(T1 and T4) have dissociative character because of the

-3.08 eV
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-2.36 eV

-2.30 eV

(a) cym-Ru-py (exp)
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Fig. 4a—c Experimental UV-vis spectrum of cym-Ru-py (a) [25], and
theoretical UV—vis spectra of cym-Ru-py (b) and Ru-py (c¢) in water
solution
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Table 1 TDDFT singlet transitions for the complex [(1n®-benz)Ru(bpm)(py)]**

No. Energy Wavelength Osc. Major contributions Character
V) (nm) strength
1 2.94 422.37 0.0000 HOMO—LUMO+3 (46 %), HOMO-1-LUMO+1 (26 %) MLCT
2 3.07 404.25 0.0064 HOMO—-LUMO+I1 (37 %), HOMO-2—LUMO+3 (20 %), HOMO-1-LUMO+3 (21 %) MLCT
3 3.12 397.31 0.0036  HOMO-1-LUMO+3 (45 %), HOMO-1—-LUMO (12 %) MLCT
4 3.17 391.73 0.0008  HOMO-2—LUMO+1 (52 %), HOMO-2—LUMO+4 (14 %) MLCT
5 3.25 380.99 0.0005 HOMO—LUMO (79 %) MLCT
6 3.38 366.29 0.0335  HOMO-1-LUMO (77 %) MLCT
7 3.60 344.68 0.0019  HOMO-2—LUMO+1 (12 %), HOMO-1-LUMO+1 (38 %) MLLCT
8 3.70 334.83 0.0130 HOMO-2—LUMO (65 %) MLCT
9 3.84 323.13 0.0083  HOMO-2—LUMO+3 (54 %) MLCT
10 4.02 308.41 0.0063 HOMO—LUMO+2 (83 %) MLCT
11 4.09 303.17 0.0024 HOMO-5—LUMO (43 %) LL
12 413 299.85 0.0136 HOMO-1—-LUMO+2 (83 %) MLCT
13 423 292.77 0.0752  HOMO—-LUMO+4 (69 %) MLCT
14 427 290.67 0.0029 HOMO-3—LUMO (30 %), HOMO-1—-LUMO+4 (53 %) MLCT
15 428 289.74 0.0044 HOMO-3—LUMO (63 %) LL
16 447 277.11 0.0060  HOMO-6—LUMO (80 %) MLCT
17 453 273.66 0.0066 HOMO-2—LUMO+2 (80 %) MLCT
18  4.57 271.58 0.0001  HOMO—LUMO+5 (97 %) MLCT
19 4.61 268.89 0.0017 HOMO—LUMO+7 (80 %) MLCT
20  4.64 267.17 0.0059 HOMO-2—LUMO+4 (63 %) MLCT
21 471 263.51 0.0543  HOMO-1—-LUMO+5 (67 %) MLCT
22 472 262.61 0.0079  HOMO-1—-LUMO+5 (26 %), HOMO-1—-LUMO+7 (25 %), HOMO—LUMO+6 (35 %) MLCT
23 474 261.69 0.0464 HOMO-1—-LUMO+6 (46 %) MLCT
24 477 260.00 0.1332  HOMO-1-LUMO+6 (27 %) MLCT
25 484 256.07 0.2181  HOMO-5—LUMO (17 %), HOMO-5—LUMO+2 (21 %) LL
26 4.89 253.53 0.0190  HOMO-6—LUMO+2 (15 %), HOMO-3—>LUMO+1 (41 %) LL
27 491 252.58 0.0067  HOMO-3—-LUMO+2 (21 %), HOMO-3—-LUMO+3 (73 %) LMCT
28  4.92 252.20 0.0042  HOMO-3—LUMO+1 (54 %) LMCT
29  5.04 246.08 0.0004 HOMO-3—LUMO+2 (72 %) LMCT
30 5.07 244.33 0.0019  HOMO-7—LUMO (78 %) LMCT
31 513 241.86 0.0458  HOMO-2—LUMO+5 (73 %) MLCT
32 517 239.98 0.0169  HOMO-2—LUMO+7 (29 %) LL

dominant contribution of excitations to LUMO+3 (Table 2).
Furthermore, the singlet occupied molecular orbital
(SOMO) (Fig. S2 of the ESM) in the optimized lowest-
lying triplet-state geometry of Ru-py has strong antibonding
character with respect to Ru—N3 (o*-bond). These results
are in agreement with the release of free pyridine upon
irradiation with visible light, as detected by "H NMR [26].

The energy profile for the replacement of the py ligand
with a water molecule in Ru-py was also evaluated under
standard conditions. Figure 6 displays the optimized geom-
etries and relative energies for the hydration reaction with
pertinent geometrical parameters. In the optimized reactant
structure (RC), the incoming water interacts with the hydro-
gen atom of bpm to form a weak hydrogen bond at 2.20 A.

@ Springer

In the TS, the incoming water molecule approaches the
metal center, with the Ru—O(water) distance decreasing
from 4.72 to 2.82 A. Also, the adjacent pyridine Ru-N3
bond distance increases from 2.13 to 2.95 A. In the opti-
mized product structure (PC), the incoming water has
replaced the py ligand. In both the TS and the PC, the
leaving py is close to the incoming water molecule, which
attracts its positively charged hydrogen atom and prompts
the formation of a strong hydrogen bond. The calculated
activation free energy for the dissociation of the py ligand is
29.8 kcal mol ™" in aqueous solution without irradiation. The
reaction is endothermic by 5.1 kcal mol', as shown in
Fig. 6. The high free-energy barrier and endothermicity
suggest that the reaction is unlikely to occur under normal
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conditions. This is in agreement with the experimental ob-
servation that solutions of Ru-py in the dark at 310 K did not
show any detectable formation of aqua adducts after 12 h
[25, 26].

Interactions of the Ru"' arene complexes
with biomolecules

After the hydrolysis of the Ru" arene complex, the reactive
species Ru—H,O can bind to DNA [25, 26]. Chemical and
spectroscopic studies reveal that this complex exhibits a
preference for G over other nucleobases and biomolecules
[26]. Moreover, photoreactions of Ru-H,O with a peptide-
oligonucleotide hybrid, Phac-His-Gly-Met-linker-
p° dCATGGCT, led to arene release and to guanine adducts,
including a GG chelate [26]. The lack of interaction with the
peptide fragment confirms the preference of the complex for
guanine over other potential biological ligands, such as
histidine or methionine. There have been several theoretical

investigations into the competitive reactions of Pt com-
plexes with N-donor (GN’-DNA) and S-donor (thiol/thio-
ether) ligands [45-48]. However, reactions of Ru'-arene
anticancer complexes with S-donor amino acids or peptides
have not yet been explored, although work has been done to
analyze the selectivity between G and A for [(n®-arene)Ru
(en)Cl]2+ (en=cthylenediamine) complexes [27, 49, 50].
This section focuses on competitive reactions of the Ru'
anticancer complex with model biological molecules, such
as G, A, hist, cys, or met.

We first explored the binding energies for the interaction
of the benz ligand in the various adducts and conformers
with the Ru" cation with various individual neutral ligands,
such as H,O, py, G(N7), A (N7), hist, cys, and met. Binding
to O6(G) and N1(A) were not considered, since these atoms
are strongly involved in base pairing in DNA. Table 3
summarizes the binding energies for the Ru-L and Ru-benz
bonds in [(n°-benz)Ru(bpm)L]*" complexes, evaluated
according to Eqs. 1 and 2. Although the prediction of
solvation free energies is inherently problematic for highly

Table 2 TDDFT triplet transitions for the complex [(1®-benz)Ru(bpm)(py)]**

No. Energy Wavelength Osc. Major contributions Character
V) (nm) strength
1 2.42 513.28 0.0 HOMO-1—-LUMO+1 (24 %), HOMO—LUMO+3 (53 %) MLCT
2 2.45 506.94 0.0 HOMO—LUMO+1 (68 %), HOMO—LUMO+4 (20 %) MLCT
3 2.57 483.29 0.0 HOMO-1—-LUMO+1 (36 %), HOMO-1—-LUMO+4 (10 %), HOMO—LUMO+3 (23 %) MLCT
4 2.59 477.89 0.0 HOMO-1-LUMO+3 (79 %) MLCT
5 2.77 447.97 0.0 HOMO-2—LUMO+1 (53 %), HOMO-2—LUMO+4 (16 %), HOMO-1—-LUMO+1 (13 %) MLCT
6 2.92 424.02 0.0 HOMO-2—LUMO+3 (78 %) MLCT
7 2.96 418.86 0.0 HOMO—LUMO (66 %) MLCT
8 3.16 392.34 0.0 HOMO-1—-LUMO (87 %) MLCT
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Fig. 6 Free-energy profile of
the aquation reaction of [(n°-
benz)Ru(bpm)(py)]** in the
gas-phase (dashed black line)
and the COSMO (blue solid
line) models in the dark. SM
refers to Ru-py+H,0. Some
hydrogen atoms have been
omitted for clarity. The distan-
ces reported are in angstroms

Relative Free Energies (kcal/mol)

COsSMO

Ru-0 215
Ru-N3 4.01
N3-H1 1.55

SM RC

charged species [50, 51], this study focused on their relative
differences, since all of these models carry a molecular
charge of 2+ in the singlet electronic state. It can be noticed
that the binding of the benz to the Ru"' cation is significantly
weaker for Ru-G and Ru-A adducts (~10 kcal mol ") com-
pared to other complexes (25.5-34.5 kcal mol ™), indicating
that the benz is more labile in Ru-G and Ru-A adducts.
Upon inspecting the structures of the optimized fragments,
remarkable geometrical rearrangements are observed in the
[Ru(bpm)G]** and [Ru(bpm)A]*" fragments (Fig. S4 of the
ESM), in which the G and A change from N7(G or A)
coordination to bidentate coordination with O6-Ru—N7 in
[Ru(bpm)G]*" and N6-Ru-N7 in [Ru(bpm)A]*’, respec-
tively. The tendency of G to participate in bidentate coordi-
nation partly contributes to the loss of the arene from
monofunctional guanine adducts upon irradiation [26]. The
binding energies of Ru-L in solution show the following
trend: hist>G (N7)>py>H,0O~=met>A (N7)=cys. A(N7),
cys, and met all show lower binding energies to Ru" than
H,0 in aqueous solution, consistent with experimental evi-
dence that the binding of the aquated complex to these sites
is not preferred [26]. On the other hand, the binding energies
for hist, G (N7), and py are much larger than H,O, suggest-
ing that these binding sites are favored for the aquated
complex. It should be noted that the Ru center binds to hist

TS

a little more strongly than guanine by 3.2 kcal mol'. Ex-
perimentally, no interaction of the Ru' arene complex with
the peptide fragment, including histidine, has been ob-
served, even in the adduct from which the arene ligand
had been lost [26]. However, binding to biomolecules is
controlled not only by the thermodynamics but also to a
large degree by kinetic factors. We will now focus on the
kinetic factors that influence the preference of this Ru'
arene complex for guanines on DNA (or RNA) over other
potential biological ligands.

To clarify which biomolecules displace the water mole-
cule most easily from the metal, we predicted the reaction
free energies and activation free energies for nucleophilic
substitution of the water by various nucleophiles. The fully
optimized structures for the transition states of these reac-
tions of Ru-H,O in water are shown in Fig. 7, and the
calculated relative free energies of the stationary points in
aqueous solution are displayed in Fig. 8.

A dominant preference for initial attack at the N7 posi-
tion of guanine (G) has been established experimentally, and
the further formation of multidentate guanine bases is
expected to alter the structure of the DNA (or RNA) dra-
matically, thus interfering with cell repair mechanisms [26].
As shown in Fig. 7, the G molecule lies 4.15 A away from
the ruthenium atom, with N7 of G forming an H-bond with

Table 3 Binding energies (in kcal mol ') for the Ru-L and Ru—benz bonds in [(n°-benz)Ru(bpm)L]** complexes in aqueous solution

Complex Ru-H,0 Ru-py Ru-cys Ru-met Ru-his Ru-G Ru-A

Ligand H,O benz Py benz cys benz met benz his benz G(N7) benz A(N7) benz
AE(E,q)298 17.0 46.0 31.7 383 24.8 40.2 28.1 37.5 353 38.0 31.1 239 23.8 233
AHue®® 180 459 317 383 252 404 287 381 353 380 310 240 237 23.1
AG(aq)298 6.9 32.8 18.9 25.5 12.2 26.5 13.9 22.6 22.3 24.6 16.9 10.3 9.5 10.0
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Ru-01 2.15
Ru-N7 4.15
N7-H1 1.63 .

Ru-G-RC RU-G-TS
29~ m Ru-01 476
Ru-01 2.15 ' Ru-N7 2.16
Ru-O1 2.96
R Ru-N7 3.04

N7-H1 1.85

@ N7-H1

Ru-A-PC

WRU 0 4.70

Ru-N3 2.11

N3-H1 1.81

Ru-0  2.14
@ Ru-N3 3.91
N3-H1 1.50

Ru-his-TS Ru-his-PC ‘
m Ru-0 4.11
Ru-S 245
01-H2 1.80
Ru ;
H2
Ru-cys-TS Ru-cys-PC
m dj? Ru-O1 427 w
. , Ru-S 2.44
Ru-01 2.17 ﬁ
4.50 Ru
217 Ru-01 273 = .
Ru-S  3.31 2 W

Ru-met-RC

Ru-met-TS Ru-met-PC

Fig. 7 Optimized structures for biomolecular substitution of water. Some hydrogen atoms are omitted for clarity. The distances reported are in angstroms

the hydrogen of the coordinated water (Ry7_11;=1.63 A). As  geometry is reached, in which the hydrogen bond between
the G molecule approaches the Ru center, the Ru—O1(water) =~ N7 and HI in the reactant is broken to form another one
bond distance starts to increase until the transition-state  between O6 and H1 (Rpe_;=1.80 A). The Ru—N7 bond
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30
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Relative Free Energies (kcal/imol)
=
1

SM RC TS PC

Fig. 8 Free-energy profile for the reactions of Ru-H,O with various
biomolecules. SMrefers to Ru-H,O+L

distance in solvent is 2.95 A. The imaginary frequency
observed in the transition state is about 118i cm ™! in solvent,
and analysis of this vibrational mode clearly indicates the
rupture of the Ru—Ol(water) bond and the simultaneous
formation of the Ru—N7(G) bond. The free-energy barrier
is predicted to be 21.3 kcal mol ™' for binding to G (N7),
with an exothermicity of 4.9 kcal mol ', indicating that
binding to G is facilitated. Replacement by adenine (A)
exhibits the similar geometric features to that by G. In the
RC structure, the A molecule approaches the ruthenium
center to a distance of 4.15 A, which becomes 3.04 A in
the TS and 2.16 A in the PC. The imaginary frequency for
the transition state corresponding to the scission of the Ru—
Ol (water) bond and the formation of the Ru—N7(A) bond is
109i cm ™' in solvent. The reaction of Ru-H,O with A (N7)
exhibits an activation free-energy barrier of 25.5 kcal mol ',
and the reaction is endothermic by 3.6 kcal mol ™', suggest-
ing that binding to A is not a favorable process.

Next, the reactions with peptide models were examined.
In solution, the incoming hist molecule in the RC lies 3.91 A
from the ruthenium center. The hist then approaches the
metal, and the transition-state geometry (149i cm ') is
reached with a Ru-N3 distance of 2.89 A and a Ru-O
(water) distance of 3.06 A. Replacement by hist required a
free-energy barrier of 25.3 kcal mol ', 4 kcal mol ™" higher
than that for replacement by G (N7), and it was exothermic
by 7.8 kcal mol™'. The 4 kcal mol " difference between the
activation barriers to replacement by hist and G (N7) trans-
lates into a reaction rate ratio of about three orders of
magnitude. Thus, the reaction ultimately affords the G
(N7) adduct. Sulfur atoms of cysteine or methionine resi-
dues are the most frequently studied binding sites of pro-
teins for Ru-arene complexes [22, 26, 52]. In the reactions
of Ru-H,O with cys and met, the activation energy for

@ Springer

substitution by cys, ~26 kcal mol™', is almost equivalent
to that for substitution by met, and both of the processes are
endothermic by 4 kcal mol ™', suggesting that binding to S-
donor sites is both kinetically and thermodynamically unfa-
vorable compared to G (N7). The Ru—O(water) and Ru-S
distances in the transition state of met are a little longer than
those in the transition state of cys, and this can be ascribed
to the steric hindrance induced by the additional methyl
substitute of met compared with cys. The transition states
of cys and met have imaginary frequencies of about
122i cm ! and 107i cm™', respectively, corresponding to
the scission of the Ru—O(water) bond and the formation of
the Ru—S bond.

As shown by the reaction free-energy profile in Fig. &,
the activation barriers to the reactions of biomolecules with
Ru-H,O show the following trend: G (N7)>hist (N3)=A
(N7)>cys~met. Moreover, while the reactions with both G
(N7) and hist (N3) were predicted to be exothermic, the
reactions with cys, met, and A (N7) were found to be
slightly endothermic (by about 4 kcal mol "), indicating that
these reactions are also thermodynamically unfavorable.
Although the exothermicity for hist (N3) is larger than that
of G (N7) by 2.9 kcal mol ™', the activation barrier of G (N7)
is significantly lower than that of hist (N3) by
4.1 keal mol™'. Consequently, binding to G (N7) is the
kinetically preferred reaction. The calculated results are
consistent with the experimental data, which indicate that
the complex prefers G on DNA over other potential biolog-
ical ligands, such as histidine or methionine amino acids
[26]. Although the previous study suggested that this pref-
erence resulted from steric hindrance due to the covalent
bond between the peptide and the oligonucleotide chain, our
calculation indicated that the much lower activation barrier
to substitution by G (N7) rather than other biomolecules
also supports the predominance of G (N7) binding in the
Ru-arene complex.

Conclusions

In summary, DFT and TDDFT calculations combined with
the COSMO approach have allowed us to characterize the
photochemical properties of photocontrolled Ru-arene com-
plexes and their reactivities with biomolecules. PECs calcu-
lated for the elongation of Ru—N3(py) bond gave useful
insights into the photodissociation mechanism. Upon irradi-
ation, it is apparent that the dissociation of the py ligand is
facilitated. Without photoexcitation, the aquation process
required a prohibitively high activation free energy of
29.8 kcal mol™'. This suggests that aquation is unlikely to
occur without irradiation, which is in agreement with exper-
imental observations. The binding energies of the benz in
the Ru-G and Ru-A adducts are much lower than those
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observed for other complexes, suggesting that benz is more
labile in these complexes, which partly explains the arene
loss exhibited by monofunctional guanine adducts upon
irradiation [26]. A (N7), cys, and met show lower binding
energies to Ru" than H,O in aqueous solution, consistent
with experimental evidence that the binding of the aquated
complex to these sites is not preferred. However, the binding
energy of hist is the largest; it is even larger than G, indi-
cating that the discrepancy may originated from kinetic
effects. Therefore, the reaction mechanisms of the aquated
Ru complex with various biomolecules were explored. The
free-energy profiles show that G (N7) exhibits the lowest
free-energy activation barrier (21.3 kcal mol™') among all of
the biomolecules investigated. Although the previous study
suggested that this preference resulted from the steric hin-
drance due to the covalent bond between the peptide and the
oligonucleotide chain, our calculated results indicate that the
much lower activation barrier to substitution by G (N7)
rather than other biomolecules also contributes to the pre-
dominance of G (N7) binding in the photoactivated Ru-
arene complex.
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