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trans-[(NC)Ru(py)a( #-CN)Ru(py)4(NO)*" (py = pyridine) is a stable species in aqueous solution. It displays an
intense absorption in the visible region of the SPECtrUM (Amax = 518 NM; £max = 6100 M~ em ™), which tums this compound
into a promising agent for the photodelivery of NO. The quantum yield for the photodelivery process resulting from irradiation
with 455 nm visible light was found experimentally to be (0.06 4 0.01) x 10> mol einstein™", almost 3 orders of magnitude
smaller than that in the closely related cis-[RuL(NH3)4g/4-pz)Ru(bpy)g(NO)]5+ species (L = NHs or pyridine, pz = pyrazine,

bpy = 2,2'-bipyridine; ¢no = 0.02—0.04 mol einstein™

depending on L) and also much smaller than the one in the mono-

nuclear compound trans[CIRu(py)4(NO)I*" (¢no = (1.63 = 0.04) x 10~ mol einstein—"). DFT computations provide an
electronic structure picture of the photoactive excited states that helps to understand this apparently abnormal behavior.

Introduction

Transition metal nitrosyl compounds have become the focus
of many studies during the last 20 years once the physiological
role of nitric oxide was unraveled." These apparently simple
molecules are fascinating systems that display diverse reactivity
modes, depending on the coordination geometry and overall
electron counting at the {M—NO}” fragment.” The electronic
structure and properties of several group 8 octahedral species
with 7= 6 are compatible with an M"'—=NO™ limiting electronic
description.” The interaction of these species with light in the
solid state at low temperature has been described since the
1970s. These studies triggered the discovery of the light-induced
linkage isomerism of the metal nitrosyl bond.* The activity in
this field has been remarkable, and nowadays the family of
compounds displaying this sort of behavior has grown to several
dozens, including examples with other metal centers and
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electronic configurations.””’ On the basis of recent estima-
tions,” ~80% of all known nitrosyl species with 1 = 6 are pro-
bably involved in photoinduced linkage-isomerism processes.

In (aqueous) solution, {M—NO}° species are also known
to get implicated in photochemical processes but of a differ-
ent kind, leading to the photodissociation of a neutral nitric
oxide molecule and the formation of an M(III) solvento
species, as in eq 1.7

hy

[XsM—NOJ" —2—[XsM—OH,]" +NO* (1)
+H,O0
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It has not been until recently that the advantages of using
coordination species behaving as cage compounds for the
photodelivery of biomolecules were acknowledged.'*!" Co-
ordination compounds are thermally stable; they can be
designed to display high extinction coefficients in the visible
region of the spectrum and high quantum yields for the
photodissociation process. The ubiquitous role of NO in
many biochemical processes together with the photochemical
reactivity described by eq 1 for {M—NO}® species fueled-up
the work with mtrosyl contalmng transition metal complexes
in pharmacology.”!'"1? Unluckily, most of the {M—NO}°
group 8 octahedral species normally display absorption
profiles shifted to the UV region of the spectrum because
of the stabilization of the metal centered orbitals that arises
from strong metal—nitrosyl s-interactions. This feature pre-
cludes to some extent the use of these molecules with living
tissues that are sensitive and opaque to irradiation with low
wavelength light sources. Two approaches are described in
the literature to cope with this complication: substitution of
the metal centers to explore other electronic configurations'?
or modifications of the coordination sphere of the {M—NO}°
complexes to broaden the absorption spectrum to the visible
region.'* This can be performed by means of conjugated
heterocyclic ligands that can act as light antennae or employ-
ing a second metal center that introduces long-range charge-
transfer excited states.'>'® We focus here on this last alter-
native. A recent set of publications'>'® describes the photo-
delivery of an NO molecule from a set of pyrazine bridged
dinuclear spe01es of general formula cis-[RuL(NH3)4(u-pz)-
Ru(bpy),(NO)** (pz = pyrazme bpy =2,2/-bipyridine, L =
pyridine or NH5 (compound 1°")). These compounds display
quantum yields for the photodelivery of NO (¢no) close to
0.03—0.04 mol einstein”* depending on L and red-shifted ab-
sorptlon profiles with hl%h molar absorbance in the visible
region. In these reports,'>'® the lowest energy excited state res-
ponsible for the experimentally found photochemical beha-
vior was tentatively described as one of the two possible elec-
tronic isomers cis-[Ru""L(NH3)4(u-pz)Ru'(bpy)»(NO")]*" or
cis- R L(NH:)(u-p2)Ru’'(bpy),(NO)I**
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Some time ago, some of us reported the preparation
and characterization of fr ans—[gNC)Ru(pyMw CN)Ru(py)4-
(NO)** (py = pyridine, 2°*)."” This dinuclear complex dis-
plays an intense absor lptlon in the visible region (Ap.x =
518 nm, £5;5=6100 M~ " cm ") arising from a charge transfer
process involving [Ru(py)4(CN),] as the donor fragment and
[Ru(py)s(NO)]*" as the acceptor. We now explored the
photochemical release of NO in our CN-bridged species.
To our surprise, and despite the similarities with the
pz-bridged species, we measured a rather small ¢no ~ 1077
mol einstein !, even when the mononuclear rrans-[CIRu-
(py)s(NO)*" species (3*") itself photoreleases NO much
more efficiently (see later). This initially disappointing result
prompted us to explore in greater detail the electronic
structure of the lowest energy excited state of the dinuclear
compounds. Our findings indicate important differences in
the electronic distribution and constitute a piece of warning
for the future design of NO releasing compounds.

Experimental Section

Materials. The compounds trans-[RuCl(py)4(NO)](PF¢), and
trans-[((NC)Ru(py)4(u-CN)Ru(py)4(NO)](PFy); were prepared
according to previously published procedures and fully
characterized by IR (KBr pellets), 'H- and '*C-NMR spectro-
scopies, and elemental analyses. All other reagents employed in
this work were obtained commercially and used as supplied.

Physical Determinations. Microanalytical data for C, H, and
N were obtained with a Carlo Erba EA 1108 analyzer. IR
spectral measurements (KBr pellets) were carried out using
alternatively one of two Fourier transform (FT) spectrophoto-
meters, a Nicolet 150P and a Thermo Nicolet AVATAR 320.
'H- and "*C-NMR spectra were measured with a 500 MHz
Bruker AM 500 spectrometer. UV—vis spectra were recorded
with an HP 8452A diode array spectrophotometer in a gastight
stoppered 1 cm path-length quartz cuvette cell. Visible light
irradiation of the samples was performed with a 455 nm, 5 mm
diameter light-emitting diode (LED) with a spectrdl half-width
of 20 nm. The light power of this source (1.44 x 10 S einsteins ™'
cm ) was calibrated in a test photolysis of cis- [Ru(bpy)2-
(py)>]*" (quantum yield of photosubstitution =0.26)."

The quantum yields for the photorelease of nitrogen mon-
oxide were determined by measuring the concentration of NO at
low conversion. The quantitative determination was performed
with a commercial NO detector (inNO, Nitric Oxide Measuring
System, Harvard Apparatus GmbH). The system consisted
of an 800 mV potentiostat (TEQ-03) and a combined electrode
(700 um diameter, amino series of nitrogen monoxide sensors).
Calibration of the electrode in the range of 10—400 nM was
performed by generating NO according to the reaction in eq 2,
under an Ar atmosphere

1
H,SO4 + NaNO; + Nal — NO + 512 + H,O 4+ Na,SO4 (2)

For each calibration, aliquots (20 uL) of aqueous NaNO,
(~10 uM) were added to 3.0 mL of a 0.03 M solution of Nal in
0.1 M H,SO,4. Cronoamperograms were registered at a fixed
temperature (25.0 & 0.1 °C, Lauda RC 20 thermostat) while
stirring the solution in order to maintain a constant rate of
oxidation of the produced NO at the electrode surface. The
typical sensitivity of the electrode was about 170 pA/nM. For
the quantum yield determinations, chronoamperograms were
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registered upon irradiation of 3.0 mL of an acidified (HCI 0.01
M) aqueous solution of each complex in steps of 10—120 s. Each
experiment was carried out under Ar. During the photolysis
measurements, the NO sensor was positioned outside the light
path to avoid any photoelectric interference.

Theoretical Calculations. We employed density functional
theory (DFT) computations to fully optimize the geometries
of the ground singlet and first-excited triplet states of 1°", 2°",
and 3°7 in vacuum, without symmetry constraints. In order to
test some of the conclusions, the computations were also per-
formed on a small set of mononuclear ruthenium-nitrosyl species
that also undergo efficient photodissociation of NO, namely,
trans-[Ru(pz)(NH3)4(NO)** and rrans-[Ru(py)(NH;)4(NO)]**.
We also included cis-[(pz)Ru(bpy)»(NO)]*", a fragment related
to 1°. The calculations were carried out with the Gaussian 03
package,® at the B3LYP level of theory using restricted and
unrestricted approximations of the Kohn—Sham equations
depending on the total number of electrons. In all cases, we
employed the effective core potential basis set LanL.2DZ, tight
SCF convergence criteria, and default settings in the geometry
optimizations. This combination proved to be suitable for
geometry 2predictions in other ruthenium centered nitrosyl
species.”?> The true nature of the stationary points, which
correspond to (local) minima in the potential energy surface,
was confirmed by numerical vibrational frequency computations.
In all cases the absence of negative frequencies confirmed that the
optimized geometries correspond to stable configurations in the
potential energy surfaces. The spin density of the triplet states was
calculated on the basis of the density matrix given by Gaussian 03.
Time dependent (TD)DFT computations at the ground state
equilibrium geometry involving at least 70 singlet and 70 triplet
excited states were employed as an assistant tool in the inter-
pretation and assignment of the electronic spectra and photo-
chemical properties.

Further explorations of the potential energy surface (PES) of
the triplet states were done using the same functional and level of
theory as in the optimization jobs. In each run, the Ru—N bond
length was increased in steps of 0.02 to 0.2 A starting from the
equilibrium distance. The rest of the internal degrees of freedom
were then fully optimized. The dissociation curves obtained for
the different compounds allow us to correlate qualitatively the
dissociation energy (D.) to the photochemical quantum yield
determined experimentally.

Results and Discussion

The deeply violet dinuclear compound 2*" owes its color to
an intense Gaussian-shaped absorption band (A, =518 nm;
Emax = 6100 M~ " cm ™", Figure 1). We already reported that
this species seems to release NO upon irradiation in the visible
region of the spectrum, but only now, and inspired by the
photochemical properties of 1°" we decided to examine this
process quantitatively. We explored the photochemistry in
aqueous solution irradiating at 455 nm on the upper energy
side of the absorption band (e455 = 3335 M~ " cem™!) and
employing low light power to avoid side reactions. The
quantum yield for NO-formation (¢no) Was obtained by
electrochemically sensing the NO produced upon irradiation,
a technique already employed with many nitrosyl com-
pounds. This is a simple and fast method for the detection
and quantification of the NO in the 10° M scale, allowing
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Figure 1. Electronic spectra of 3°* (dashed line) and 2** (solid line) at
the actual concentrations used in the photolysis experiments (3.4 x 10~*
M and 1.5 x 107> M in aqueous solution, respectively). Inset: Chrono-
amperograms for the photorelease of NO of 3** (dashed line) and 2°*
(solid line) upon irradiation steps of 20 s. The typical sensitivity of the NO
detector was about 170 pA/nM.

reliable measurements at low conversion. Figure 1 displays
the chronoamperogram of NO released by photolysis of a
1.5% 107> M solution of 2°*. The experimental ¢no result
is (0.06 & 0.01) x 107> mol einstein', a value that is sur-
prisingly smaller than the typical ones measured in other
{RuNO}*.

We attempted to compare this value with the one in 3*,
but to our knowledge this system was never studied quanti-
tatively in solution. A recent publication dealing with the
light-induced linkage isomerism of 3*" suggested that even in
the solid state this compound may undergo photodecompo-
sition, probably due to the photorelease of NO.** Therefore
we also explored this molecule under the same conditions
employed for the dinuclear compound. In this case, the
455 nm irradiation wavelength (see Figure 1) overlaps with
a weak absorption band centered at 453 nm (e453 =140 M !
em'). This same transition was observed in acetonitrile
solution (Apax =450 nm, £450= 150 M 'em™ 1)24 and ascribed
to a metal to ligand dr, — 7*No charge transfer transition
(see later). The observed quantum yield for product forma-
tion obtained spectroscopically was in this case 30 times
higher reaching (1.63 & 0.04) x 10> mol einstein . This
value, though still small for any practical applications, lies in
the lower end of the usual range observed in other mono-
nuclear {RuNO}® systems,”?* suggesting that the [Ru(py)s-
(NO)*" moiety is not responsible by itself for the overall
decrease in ¢no.

At this point there is a crucial issue that has to be considered
in order to explain the differences in the quantum yields of NO
photorelease, namely, the electronic description of the lowest
energy excited states of the different compounds involved in the
primary photochemical process. In the past we have success-
fully employed density functional theory (DFT) electronic
structure calculations to understand the photochemical beha-
vior of lRu(bpy)(AN)4]2+ (bpy =2.2'-bipyridyl, AN = aceto-
nitrile).”> We apply here the same methodology to explore the
electronic structure of the three species in an attempt to evaluate

(23) Schaniel, D.; Cormary, B.; Malfant, I.; Valade, L.; Woike, T.; Delley,
B.; Kramer, K. W.; Gudel, H. U. Phys. Chem. Chem. Phys. 2007, 9, 3717
3724.
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Figure 2. Dissociation curves calculated by DFT for the lowest energy
excited triplets of the three compounds (1°, 2°*, and 3°"). See the
Experimental Section for details in the calculations.

the intrinsic differences between 3°", 2%, and 1°" that justify
¢no values that span a 2 orders of magnitude range.

The ground state geometry optimization of the three species
renders essentially linear Ru—NO fragments with typical
geometrical parameters for octahedral species (Supporting
Information). The evaluation of the photochemistry also
requires a geometry optimization of the lowest energy excited
state and a complementary potential energy surface (PES)
scan of the relevant internal coordinates (in this case the
Ru—NO bond-length) in order to evaluate the dissociation
of the NO moiety.

Figure 2 shows the dissociation curves of the lowest energy
triplet states of the three species, calculated in vacuum. The
dissociation energy follows the trend 1°7 < 3% < 23" The
strength of the Ru—N bond is also reflected in the excited
state computed equilibrium Ru—NO bond-lengths (Support-
ing Information). Though the energy values are probably
overestimated because of the absence of solvent in the
computations, the results are still valuable from the qualita-
tive point of view. In this set of compounds it appears that the
rupture of the Ru—N bond determines the quantum yield of
photorelease. The computed dissociation energy (D.) in other
mononulcear {RuNO}® species known to also undergo
efficient photodissociation’ (see the Supporting Information)
are comparable to the values obtained for 1°* and 3*". This
suggests that the abnormally low ¢no (or high D) of 2** does
not originate on a subtle effect but most probably on a large
difference in the electronic structure of its photoreactive state.

The photoreactivity of this kind of species has been ratio-
nalized in the past as arising from the presumably long-lived
lowest energy excited state assumed to be mostly Ru"™'—NO"
in character. Figure 3 collects the relevant frontier orbitals in
the three species. In all cases, the main contribution to the
lowest unoccupied molecular orbital (LUMO) comes from the
nitrosyl 7¥no, with partial delocalization onto the metal
centered orbitals. A lowest energy excited state with some
degree of charge transfer to the nitrosyl fragment is therefore a
reasonable choice to start the analysis. The nature and energy
spacing of the highest occupied molecular orbital (HOMO)
and other occupied MOs close in energy are, on the contrary,
markedly different. This fact will prove determinant when
exploring the excited state behavior. In none of the three cases

Figure 3. MO diagrams showing the most relevant frontier orbitals for
1°F, 2%, and 3**. The arrows identify the main orbital contributions to
the lowest energy intensity-carrying electronic transitions. For the sake of
clarity, the orbitals that are not relevant to the discussion of the photo-
reactivity were omitted.

(€]

)

Figure 4. Spin density for the lowest energy triplet states at ground state
(top) and at the excited state equilibrium geometry (bottom) of the three
compounds (1°, 2**, and 3°%).

the nature of the thermally equilibrated lowest energy excited
state is straightforward. We compare here the three cases.
trans-[CIRu(py)s(NO)]**. (TD)DFT computations at
the ground state equilibrium geometry suggest that the
lowest energy absorption band at 450 nm results from the
convolution of two weak charge tranfer transitions. The first
one is dg, — 7T*No in origin and involves orbitals 99 and 103/
104 (calculated A, = 508 nm, f = 0.0015). The second one
corresponds to the HOMO — LUMO transition and can
be viewed as a 7t — ¥ N0 charge transfer (calculated A, =
438 nm, f=0.0020). In any case, intersystem crossing occur-
ring after the absorption of light populates a triplet state,
which is mostly dgr, — 7¥No In origin, as can be seen on a
plot of the computed spin density of the lowest excited triplet
state at the ground state equilibrium geometry (Figure 4).
The orbitally degenerate excited state molecule undergoes a
Jahn—Teller distortion® that removes the orbital degeneracy
and leads to bending of the Ru—NO unit and lengthening
of the N—O bond ( £ runo 179.5° and dr,—~=1.77 A at the
ground state (GS) equlllbrlum geometry; dry—n = 1.95 A and
Z runo = 141.6° at the minimum of the PES of the "MLCT
state). In parallel with these geometrical changes, the species
undergoes electronic rearrangements that influence the total
spin density (Figure 4). This geometrical and electronic changes
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leave an NO® molecule weakly coordinated to a Ru(III) center.
Dissociation of this fragment occurs via further lengthen-
ing of the Ru—N bond. We observed the same kind of
behavior for the computed lowest energy triplet state of other
mononuclear {RuNO} species (Supporting Information).
trans-[(NC)Ru(py)4(u-CN)Ru(py)s(NO)]**. The pre-
sence of an extra ruthenium center introduces new transitions
in the visible region of the spectrum. The lowest energy
absorption band responsible of its deep violet color has
been tentatively associated to a long-range donor—acceptor
charge transfer transition (DACT).!” A molecular orbital
picture built upon DFT electronic structure computations
confirms this assignment (Figure 4). The t,, orbital set of the
metal centers splits under C4 symmetry into b, and e. The
HOMO (orbital 203) is nonbonding, transforms as b, and is
mostly located on the dicyano fragment. Immediately below
in energy is a first set of degenerate e orbitals essentially
centered on the same fragment (orbitals 201 and 202). The
LUMO is located on the other end of the molecule and is
largely 7#*(INO) in character (orbitals 204 and 205). Both
b, — e and e — e transitions are symmetry allowed. However,
the orientation of the b, orbital of the dicyano fragment
makes the former transition overlap forbidden, leaving a
unique assignment for the strong visible band. The lowest
energy triplet state at the GS equilibrium geometry still arises
from a long distance CT but involving a different metal
orbital on the donor fragment. Both (TD)DFT and single
point computations of the triplet state show that this state is
actually b, — ¢ in character. Jahn—Teller distortion during
the lifetime of the excited state leads to lengthening of the
Ru—NO bond and bending of the Ru—NO angle. The com-
puted relaxed triplet state geometry shows an NO mole-
cule coordinated to a Ru'" center and not to a Ru" asin 3**.
A comparison between the computed dissociation energies
for lowest energy triplet states of 2*" and 3*" (Figure 2)
shows a more weakly bounded neutral NO molecule in the
latter. This result is not completely unexpected, provrded that
the extra electron in the {Ru"—NO" } rnorety of 2°* (absent
in the {Ru"—NO"} fragment of 3*") is associated with a
m-bonding molecular orbital, or in other words the s-back-
donation arising from a RuII metal center is more efficient
than in a Ru'™ species. In view of the molecular orbital pic-
ture, the electronic distribution for the lowest energy triplet
excited state is in this case better described as frans-[(NC)-
Ru™(py)4(u-CN)Ru"(py)s(NO")]>". In this description, the
NO ligand sits in an essentially equivalent environment than
the one that results from a le™ reduction of the {RuNO}
fragment to yreld a {Ru'"™NO}’ moiety. The actual le”
reduced species 2°" has been thoroughly characterized.'”
The spectroscopic evidence supports a trans-[(NC)Ru' (py).-
(u- CN)Ru“(gy)4(No )** formulation, with a non-labile
{Ru""—NO"}" fragment. As a matter of fact, recent studies
have shown that NO® compounds of 42 metal centers with a
low spin d® electronic configuration can be much more inert
than expected. For instance, the rate constant for the dis-
sociation of NO® in B[Fe(CN)SNO]} has been reported to be
(1 58 4+ 0.06) x 10~ s~ '.% The activation enthalpy reported
in this case was AH* = 106.4 + 0.8 kJ mol "
cis-[(H3N)sRu(u- pz)Ru(bpy)z(NO)]5+. Analogously to
the case discussed above, the second ruthenium center

(26) Roncaroli, F.; Olabe, J. A.; van Eldik, R. Inorg. Chem. 2003, 42,
4179-4189.
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becomes responsible for the richer electronic spectro-
scopy. (TD)DFT computations performed at the ground
state geometry in vacuo indicate that the strong absorp-
tion in the visible region of the spectrum, observed experi-
mentally at 530 nm, is better described as a d((H3N)s-
Ru") — 7%, MLCT (Acgica = 449 nm; f = 0.420). The
electronic distribution of this state can therefore be
described as cis-[(H;N)sRu" (u-pz° " )Ru" (bpy)»,(NO)]>*.
However, the lowest energy excited triplet state dis-
plays a completely different electronic distribution, better
described as cis-[(H3N)sRu"(u-pz)Ru' (bpy),(NO")]**
(Figure 4). This is the outcome of electronic isomerism
processes typically associated with ground-state mixed-
valence systems, which can also occur between electro-
nically coupled excited states of comparable energy. Also
in this case, the Ru—NO fragment distorts during the
lifetime of the excited state to yield a minimum in the PES.
In parallel with the geometrical changes, one electron
is transferred from the Ru''(bpy),(NO") to the distant
(HsN)sRu™ leading to a cis-[(H3N)sRu" (u-pz)Ru'"-

(bpy)»(NO*)]> Fspecies whose spin density is dlsplayed in
Figure 4. After this somewhat cumbersome series of
interconvertions between excited state electronic isomers,
this species ends up with a {Ru"'—=NO"} fragment similar
geometrically and electronlcdlly to the one responsible for
NO photoliberation in 3°*. It is not strange therefore that
this compound displays a quo value of (0.025 £ 0.002)
mol einstein” ' at 532 nm."?

Conclusions

The use of DFT computations helped to understand the
low value of ¢no in 2°7. On the basis of the previous
experience with other dinuclear systems, this compound
appeared as a promising cage compound for the photo-
release of NO: it holds an octahedral {RuNO}° fragment,
it is extremely inert toward thermal decomposition, and it
has a strong absorption band in the visible region of the
spectrum. We have shown that the presence of a second Ru
center, though responsible for the increase in the extinc-
tion coefficient, introduces uncertainty in the prediction of
the electronic distribution upon light absorption. This
situation does not always lead to a lowest energy excited
state with the appropriate electronic distribution to favor
the release of a neutral NO molecule. The example
described in this work and our interpretation show that
the approach based on coupling of metallic fragments to
a knowingly photoreactive nitrosyl carrying center to
enhance its spectral properties may not always lead to
success. At the same time, the high ¢no values reported in
the hterature for a series of cis-[RuL(NHj3)4(u-pz)Ru-
(bpy)2(NO)P’* species are the clear demonstration that
the overall strategy can also be successful. Nevertheless,
the eclection of the appropriate fragment combination
might not be trivial. Electronic structure computations
may eventually assist in this task.

Acknowledgment. The authors thank the University of
Buenos Aires (UBA), the Consejo Nacional de Investi-
gaciones Cientificas y Técnicas (CONICET), the Agen-
cia Nacional de Promocion Cientifica y Tecnoldgica
(ANPCyT), and Fundacién Antorchas (Argentina) for
funding. This work was partially supported by the



6930 Inorganic Chemistry, Vol. 49, No. 15, 2010

National Center for Supercomputing Applications
under Grant TG-MCA05S010. L.D.S. and R.E. are
members of the scientific staff of CONICET, and A.
G.D.C. and J.P.M. are postdoctoral and graduate
fellows from CONICET, respectively.

De Candia et al.

Supporting Information Available: Tables with relevant
structural information and figures showing the DFT opti-
mized structures for the compounds discussed in this work.
This material is available free of charge via the Internet at
http://pubs.acs.org.



