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The new complex [Ru(dppz)(4AP)4]** (1, in which dppz = di-
pyrido[3,2-a:2’,3’-c]phenazine and 4AP = 4-aminopyridine)
has been synthesized, characterized and its photophysical
and photochemical properties have been studied by combin-
ing spectroscopic and computational [DFT and time-depend-

ent (TD) DFT] methods. Upon irradiation in aqueous solution,
complex 1 selectively photoreleases one 4AP ligand and sub-
sequently coordinates a water molecule to form [Ru(dppz)-
(4AP)3(OH,)]*.

Introduction

The release of coordinated ligands can be phototriggered
at relatively low energy in transition-metal complexes due
to the intrinsic nature of the metal-ligand bond. Several
light-activated transition-metal complexes have been re-
cently developed for in vitro applications such as “cage”
metal complexes containing coordinated ligands with regu-
latory/biochemical function or, alternatively, metal com-
plexes that, once irradiated, bind selectively to target bio-
molecules, thus performing their function as anticancer
agents.l!?]

Etchenique and co-workers!! reported the complex
[Ru(bpy),(4AP),]** (bpy = 2,2'-bipyridine and 4AP = 4-
aminopyridine), which releases the neuro-active ligand 4AP
(inhibitor of voltage-gated K-channels) by irradiation with
visible light (1 > 480 nm).

Strategies to deliver NO to biological targets have been
extensively developed by Ford and others.”) Such systems
usually employ a precursor that displays relatively low ther-
mal reactivity but is photochemically active towards the re-
lease of NO. For example, metal nitrosyl complexes such as
the iron-sulfur-nitrosyl — Roussin’s  cluster  anions
[Fe,S»(NO),J> and [FesS3(NO),I~ as well as metallopor-
phyrin nitrosyls, including ferriheme complexes and nitrosyl
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nitrito complexes of ruthenium porphyrins [Ru(Por)-
(ONO)(NO)] (in which Por indicates a porphyrin ligand),
have been suggested as potential candidates.

A limited number of examples of metal-based chemo-
therapeutics that mimic cisplatin after light activation have
appeared in the literature. In the majority of these metal
complexes, ligand loss is promoted by excitation of a band
in the ultraviolet type A (UVA) or visible region of the elec-
tronic absorption spectrum, and DNA-reactive aqua spe-
cies are formed. Examples include cis-[Rh,(n-O,CCH3),-
(CH3CN)J*,  cis-[Ru(bpy)o(NH3),]**,  cis-[Rh(bpy)s,-
(CLP*, [Ru(p-cym)(bpm)(py)F** (p-cym = p-cymene, bpm
=2,2"-bipyrimidine and py = pyridine) and [Pt"V(N3),(OH),-
(X)(Y)] (N3 = azide, X = NH; and Y = NH; or pyr-
idine).l3-8

The spatial and temporal control of the activation by the
use of light radiation greatly increases the potential of such
photodissociable molecules in disease treatment, thus giving
the opportunity for specific tissues within an organism to
be targeted.

To investigate the mechanisms of the light-induced li-
gand-substitution reactions, a thorough knowledge of the
excited-state dynamics of photoactive metal complexes and
the characterization of the photoproducts is needed. Den-
sity functional theory (DFT) and time-dependent density
functional theory (TD-DFT) represent potent and efficient
tools for excited-state characterization of transition-metal
complexes.'® !4 The combination of computational meth-
ods and spectroscopic results can provide useful infor-
mation for a full comprehension of the photochemistry of
these systems.

In this paper, we report combined spectroscopic and
computational (DFT and TD-DFT) studies on the rutheni-
um(Il) complex [Ru(dppz)(4AP)4J(ClO4), [1(ClO4),, in
which dppz = dipyrido[3,2-a:2’,3’-c]phenazine and 4AP =
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Figure 1. Schematic representation of the photodissociation of [Ru(dppz)(4AP),]** (1) leading to the formation of [Ru(dppz)(4AP);-
(OH,)]** (2). Symbols refer to the labelling of specific protons or groups of protons.

4-aminopyridine], which contains the dppz ligand, known
for its properties as a DNA intercalator.['>22l Combining
such properties with the photochemical features of [Ru-
(N-N)(4AP),]** derivatives>3] can result in a novel mecha-
nism of photoactivation. As summarized in Figure 1, pho-
toactivation of 1 with visible light selectively induces the
release of one equatorial (trans to dppz) 4AP ligand.

DFT analysis of singlet and triplet excited states pro-
vided useful insights into the photophysical and photo-
chemical properties of 1. The aim of this work is to estab-
lish a basis for detailed knowledge of the photochemistry
of metal complexes, which represents a fundamental step
in the design of molecules that are able to be efficiently
photoactivated for applications in medicinal chemistry.

Results and Discussion

Synthesis and Structural Features

The complex [Ru(dppz)(4AP)4(ClO,4), [1(ClOy4),] was
synthesized according to a previously published pro-
cedure,? starting from [Ru(dppz)(p-cymene)CI|CI and 4-
aminopyridine. The purple product was precipitated as a
perchlorate salt; such a counterion was used to optimize
(by minimizing water solubility) the reaction yield and the
stability of 1 in the dark. The complex shows a one-electron
metal-based reversible oxidation (E,, = +0.355V) and a
one-electron ligand-based reversible reduction (E,, =
-1.416 V).

Geometry optimization of 1 in the gas phase was per-
formed using both the B3LYP and PBEO functionals, by
employing the LanL.2DZ basis set and effective core poten-
tial for the Ru atom, and either 6-31G** or 6-311G** basis
sets for all other atoms. The main optimized geometrical
parameters are reported in Table 1.

The four optimized structures obtained with different
functionals and basis sets show that 1 has a pseudo-octahe-
dral coordination structure. Ru—N bond lengths, obtained
using different basis sets but with the same functional, have
very close values, whereas little differences are found when
comparing the two functionals B3LYP and PBEO. Unfortu-
nately we were not able to get suitable crystals for X-ray
diffraction analysis. After a search of the CCDC structural
database we found examples of Ru-dppz complexes con-
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Table 1. Selected bond lengths [A] and angles [°] for optimized geo-
metries of 1 (N1 and N2: axial 4AP; N3 and N4: equatorial 4AP;
N5 and N6: dppz).

B3LYP/ B3LYP/ PBE(/ PBE(/

6-31G** 6-311G**  6-31G**  6-311G**
Ru-N1 2.175 2.176 2.135 2.135
Ru-N2 2.172 2.173 2.136 2.135
Ru-N3 2.198 2.199 2.156 2.156
Ru-N4 2.197 2.199 2.156 2.156
Ru-N5 2.123 2.123 2.092 2.090
Ru-N6 2.120 2.119 2.092 2.090
NI1-Ru-N2 178.98 178.94 178.95 179.06
N3-Ru-N4 91.57 91.57 91.62 91.68
N5-Ru-N6 78.49 78.34 79.09 78.99

taining bipyridine; for example, the dimethyl-substituted
dppzP4 and the 6,7-dicyano-substituted dppz.1**! In the for-
mer, the Ru-N(dppz), the equatorial Ru—N(bpy) and the
axial Ru—N(bpy) bond lengths are in the range 2.04-2.05,
2.02-2.05 and 2.05-2.07 A, respectively. In the 6,7-dicyano-
substituted dppz the corresponding bond-length ranges are
2.07-2.10, 2.05-2.06 and 2.05-2.06 A, respectively. The Ru—
N(dppz) bond lengths obtained by our DFT calculations
fall in the range observed experimentally, whereas the com-
parison between Ru-N(bpy) and Ru-N(4AP) bonds seems
less important due to the intrinsic differences between the
coordinated ligands. The PBEO hybrid functional appar-
ently shows a better performance over B3LYP. The reason
is that in some cases the B3LYP exchange-correlation en-
ergy is developed and better parameterized to fit some sets
of experimental data mostly concerning light elements of
the first and second row.?®! In all optimized geometries, N—
Ru-N angles are found to be very similar. The bite angle
of the dppz ligand (N5-Ru-No) is relatively small, close to
80°, whereas the angle between equatorial 4AP ligands
(N3-Ru-N4) is approximately 91.6°. The axial 4AP ligands
are slightly bent toward dppz, forming a N-Ru-N angle
smaller than 180°.

Absorption and Emission Properties

Absorption and emission spectra of 1(ClO,4), were re-
corded in aqueous solution and in dichloromethane. A
small amount of DMSO (5%) was added to facilitate solu-
bilization of the complex in the aqueous solution.

1187

www.eurjic.org



FULL PAPER

R. Gobetto, P. J. Sadler et al.

The absorption spectra recorded in the two solvents have
similar features [Figure 2a and Table 2 (later)], showing a
broad low-energy band, centred at 466 nm in H,O and
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Figure 2. (a) UV/Vis absorption spectra of 1(ClO,), in aqueous
solution (solid line) and CH,Cl, (dashed line). Inset: emission spec-
tra recorded in dichloromethane at room temperature. (b) Absorp-
tion spectrum of 1(ClOy,), in aqueous solution, irradiated by 400—
600 nm light (power 1 Jem 2h') for different time intervals (see
legend in the inset). Inset: enlargement of the 360-560 nm region.
Stars indicate isosbestic points.

(a) *

463 nm in CH,Cl,. In dichloromethane two shoulders are
also present at 530 nm (¢ = 4794 M 'cm™) and 600 nm (¢
= 1690 M 'cm ). The UV region of the spectrum shows a
maximum around 280 nm (274 nm in H,O, 281 nm in
CH,Cl,) and three shoulders at 316, 355 and 375 nm in
aqueous solution, and 320, 353 and 373 nm in dichloro-
methane. At higher energy a second intense band is also
present at around 246 nm (247 nm in H,O and 245 nm in
CH,Cl,).

As reported for other complexes containing the dppz li-
gand,!'>1%] the emissive properties of 1 are extremely sensi-
tive to the nature of the surrounding medium. Emission
spectra of 1 were recorded at room temperature in deoxy-
genated solutions of several solvents. No luminescence was
detected in solutions of 1 in water, acetonitrile or methanol,
however, as expected, the emission of 1 significantly in-
creased in dichloromethane. Upon excitation of the band
centred at 463nm, 1 gives an unstructured emission,
centred at about 743 nm (13.5X%10% cm™!), not influenced
by the concentration of oxygen (inset in Figure 2a). The
measured lifetime at ambient temperature is 30 ns and the
quantum yield is lower than 0.01 (approximated value due
to the poor sensitivity of the detector above 700 nm). Short
lifetimes have already been reported for ruthenium com-
plexes of similar structures.?3-27-30

Photodissociation Studies

The light-induced reaction of 1(ClO,), was monitored by
'H NMR spectroscopy, UV/Vis spectroscopy and mass
spectrometry. Water was employed in all experiments as the
preferred solvent due to our interest in developing com-
plexes that are able to be photoactivated for therapeutic ap-
plications (e.g., anticancer agents).l'->#*7-931-371 When irra-
diated with white light (400-600 nm, power 1Jcm2h™'),
the UV/Vis absorption spectrum of the complex slightly

T T T I 1
7.5 7.0 6.5 6.0 ppm

Figure 3. "H NMR spectrum of 1(Cl0,), in D,O/DMSO (95:5) (a) before, and (b) after 3 h of irradiation with white light (400-600 nm).

For peak assignments see the labelling scheme in Figure 1.
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Figure 4. 2D '"H-'"H TOCSY NMR spectrum of 1(ClO,), in D,O/DMSO (95:5). In the 1D spectrum, the peak assignment follows the

labelling scheme shown in Figure 1.

changes over the time (Figure 2b). The intensity of the band
around 460 nm progressively decreases, while the band at
274 nm is slightly blueshifted. The presence of two isosbes-
tic points at 403 and 250 nm suggests the formation of a
single photoproduct.

The 'H NMR spectrum of 1 in the dark (Figure 3a)
shows four peaks assignable to the five types of protons on
the dppz ligand (one of these signals has double intensity)
and four peaks with double intensity corresponding to the
four sets of ortho and meta protons on both axial and equa-
torial 4AP ligands. '"H-'"H COSY experiments and com-
parison with previous studies on similar complexes®! al-
lowed assignment of the doublets at 6 = 6.83 and 8.00 ppm
to the ortho and meta protons of the equatorial 4AP ligands
(indicated by stars in Figure 3) and the peaks at 6 = 6.40
and 7.36 ppm to the ortho and meta protons of the axial
4AP ligands (indicated by hashes in Figure 3).

Upon irradiation with white light, one equatorial 4AP
ligand of the metal complex undergoes substitution by a
water molecule, forming 2, as shown in the '"H NMR spec-
trum in Figure 3b. The proton signals relative to dppz be-
come nonequivalent due to the loss of symmetry in complex
2. 'H-'H TOCSY (Figure 4) and 'H-'H NOESY 2D NMR
spectroscopy experiments confirm this assignment.

ESI mass spectra confirmed the formation of the aqua
derivative after irradiation. Spectra of the solution before
and after irradiation show three peaks assignable to the un-
reacted complex: the peak at m/z 380.10 corresponds to
{Ru(dppz)(4AP),}>*, that at m/z 333.08 to {Ru(dppz)-
(4AP);}2* and that at m/z 286.05 to {Ru(dppz)(4AP),}>".
Irradiated solutions of 1(ClO,), give two additional peaks,
{[Ru(dppz)(4AP);(H,O)** — H}* at m/z 683.15 and
{Ru(dppz)(4AP)5(H,0)}>* at m/z 342.08, which confirm
the formation of photoproduct 2.

Eur. J. Inorg. Chem. 2010, 1186-1195

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Molecular Orbitals and Excited States Calculation

A series of DFT and TD-DFT calculations was per-
formed to analyze the absorption and emission properties
of 1 and to rationalize its photochemical behaviour. The
modelling of 1 in protic (model M1, H,O) and aprotic
(model M2, CH,Cl,) solvents was performed using a dielec-
tric continuum as an approximation to include the solvent
effect [conductor-like polarizable continuum model
(CPCM) method].?¥ 4% To improve the simulation of the
aqueous environment, two explicit water molecules were
added by means of hydrogen bonds to the nitrogen atoms
of the phenazine portion of dppz (model M3).

The calculation of the electronic structure was preceded
by the geometry optimization of the complex in the gas
phase, performed with the B3LYP functional, and em-
ploying the LanL.2DZ basis set and effective core potential
for the Ru atom and the 6-311G** basis set for all other
atoms (see the Exp. Section for details).

Orbital Analysis

An analysis of the more relevant frontier molecular or-
bitals, involved in the main electronic transitions, shows
that in M1-M3 the relative energy and shape of the MOs
are very similar.

The three higher-energy occupied orbitals (HOMO,
HOMO-1 and HOMO-2) are very close in energy and
show a 65-70% metal character and a contribution of 11—
17% from one or two 4AP ligands. The other occupied or-
bitals are separated from these HOMOs by 0.7 eV and have
lower metal contributions. These orbitals play a marginal
role in the electronic transitions, with the exception of
HOMO-4, which involves mainly one axial 4AP and has a

1189
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limited metal character. HOMO-6 and HOMO-8 are
dominated by the dppz contribution, which is higher than
93%.

The three unoccupied lower-energy orbitals LUMO,
LUMO+1 and LUMO+2 are centred on the dppz ligand
(contribution >95%). The other unoccupied orbitals are
1.25 eV above LUMO+2 and have a limited metal character
and variable contributions from ligands. In the three models
M1-M3, a set of antibonding LUMOs is present at higher
energy, from LUMO+13 to LUMO+15. These orbitals are
important for explaining the photodissociation process in-
volving the metal complex, since they have an antibonding
character toward the Ru—-N bonds of both dppz and 4AP
ligands.

UV/Vis Spectrum and Singlet Excited States

The nature of the electronic transitions responsible for
the absorption bands was assigned using TD-DFT calcula-
tions. Eighty singlet excited states were computed both in
H,O (M1, M3) and CH,Cl, (M2) by employing the gas-
phase optimized geometry. The solvent effect was taken
into account by using the CPCM method. In Table 2 and
Figure 5 the experimental and calculated (M1 and M2) ab-
sorption properties of 1 are compared. The singlet excited
states obtained with the M3 model do not differ signifi-
cantly from M1 and therefore are not discussed.

The experimental low-energy band centred around
460 nm in both H,O and CH,Cl, is slightly blueshifted by
M1 (452 nm) and M2 (445 nm) calculations. Such a band
is characterized by transitions in which the electron density
migrates from a metal-centred orbital, with a small contri-
bution from 4AP ligands, toward dppz. Moreover, a lower
contribution to this band comes from a !MLCT transition
(MLCT = metal-to-ligand charge transfer; M1 484 nm, M2
477 nm), in which an axial 4AP is significantly involved.

M2 explains the broadening of this band and the pres-
ence of shoulders at 530 and 600 nm observable in the ex-
perimental spectrum in CH,Cl,. These shoulders are due to
other 'MLCT (Ru— dppz) transitions.

The shoulder at 375 nm in H,O and 373 nm in CH,Cl,
is correctly predicted by M1 (372 nm) and M2 (371 nm).
M2 assigns this band to a !MLCT having an electron-den-
sity migration from orbitals centred on the metal atom and
on an axial 4AP to the dppz ligand; furthermore, in M1
such '"MLCT character is partially mixed with an intrali-
gand dppz contribution.

The experimental maximum at 274 nm in H,O is as-
signed by M1 to an intense 'LC transition calculated at
291 nm and localized on dppz. Another three strong transi-
tions at 284, 298 and 299 nm ('MLCT from Ru to all li-
gands) contribute to this band, together with several
IMLCT transitions characterized by a lower oscillator
strength.

Table 2. Experimental and calculated absorption properties for complex 1 in water and dichloromethane.

Solvent  Au [nm] & [M'em ™ Tr Eaca. [€V] Gaps [nm]) £ Composition Character
HO 466 5997 8 274 (452) 01198 HOMO-1—LUMO+2 (53%)  MLCT (Ru— dppz)
1) HOMO-2—LUMO+1 (19%)
3759 13230 13 325 (382) 00211  HOMO-4— LUMO (9%4%) MLCT (RWAAP,, — dppz)
16 334 (372) 00250  HOMO-6— LUMO (75%) LC (dppz)
3559 17060 19 3.52 (352) 00011  HOMO-3—LUMO+1 (93%)  LLCT (4APs— dppz)
369 27680 20 3.63 (342) 00748  HOMO-4—LUMO+1 (81%)  MLCT (Ru/4AP,,— dppz)
21 3.64 (340) 0.1880  HOMO-8—LUMO (68%) LC (dpp2)
274 56920 46 4.14 (299) 03618 HOMO-1—LUMO+7 (24%)  MLCT (Ru—sall ligands)
HOMO-2— LUMO+5 (-15%)
HOMO-8— LUMO+1 (-10%)
50 4.17 (298) 01166 HOMO-2—>LUMO+8 (22%)  MLCT (Ru—s 4APs/dppz)
HOMO— LUMO+10 (14%)
HOMO-8— LUMO+I1 (-15%)
57 426 (291) 08901  HOMO-6—LUMO+2 (53%)  mainly LC (dpp2)
HOMO-8— LUMO (—12%)
o4 436 (284) 01125 HOMO-2—LUMO+10 (63%) MLCT (Ru— 4APs)
247 45670 77 474 (262) 04147  HOMO-13—LUMO+1 (52%)  mainly LC (dppz)
CH,Cl, 463 6653 8 279 (445) 01176  HOMO-1—LUMO+2 (47%)  MLCT (Ru— dppz)
M2) HOMO— LUMO+2 (25%)
373 13240 15 333 (372) 00267 HOMO-6— LUMO (85%) LC (dpp2)
16 3.34 (371) 00344  HOMO-4—LUMO (87%) MLCT (Ru/4AP,, —dppz)
353cl 18500 19 3.61 (344) 0.0597 HOMO-7— LUMO (77%) MLCT (Ru/4AP.,— dppz)
3206 29610 21 3.67 (338) 0154  HOMO-8—LUMO (60%) mainly LC (dpp2)
281 55520 46 416 (298) 06517 HOMO 2—>LUMO+5 (25%)  MLCT (Ru—sall ligands)
HOMO-2— LUMO+4 (10%)
49 4.18 (296) 02457  HOMO-2—LUMO+7 (32%)  MLCT (Ru—>all ligands)
55 4.24 (292) 0.4120 HOMO-6—LUMO+2 (28 %) MLCT (Ru— all ligands)
HOMO-2—LUMO+4 (16%)
HOMO-8— LUMO (8%)
63 4.39 (282) 0.0944 HOMO-2— LUMO+10 (66%)  MLCT (Ru—4APs)
245 48240 74 4.72 (263) 0.4972 HOMO-12— LUMO+1 (52%)  LC (dppz)/LLCT (4APs— dppz)

[a] Tr. indicates transition number as obtained in the TD-DFT calculation output. [b] f = oscillator strength. [c] Shoulders.
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Figure 5. Calculated (M1 and M2, solid lines) and experimental (dashed lines) UV/Vis absorption spectra of 1 in aqueous solution (top)
and dichloromethane (bottom). Electronic transitions are represented as vertical bars with height equal to the oscillator strength (f)
values. EDDMs (electron-density difference maps) of the foremost electronic transitions are also shown (light blue indicates a decrease
in electron density, blue indicates an increase; isovalue = 0.001). Calculated spectra and EDDMs were obtained using the program

GaussSum 1.05.[41

In the case of CH,Cl,, M2 assigns the experimental
maximum centred at 281 nm to a series of "MLCT transi-
tions calculated at 282, 292, 296 and 298 nm. In addition,
several other 'MLCTs with a low oscillator strength are
contributing to this band.

The intense band at 247 nm in aqueous solution (M1,
262 nm) and 245 nm in dichloromethane (M2, 263 nm) can
be assigned to a mixed 'LC/'LLCT transition involving
mainly the dppz and the axial 4AP ligands.

Emission Properties and Triplet Excited States

Only in aprotic solvents (e.g., CH,Cl,) does 1 show an
unstructured emission at 743 nm upon excitation of the
MLCT band (463 nm). To study the nature of the emitting
triplet state, we performed an unrestricted DFT [unrestric-
ted Kohn—Sham formalism (UKS)] calculation to obtain
the gas-phase structure of the lowest-lying triplet state (T;)
of the complex. The optimized geometry was used to esti-
mate the emission energy using both TD-DFT and ASCF
(SCF: self-consistent field) approaches (M2) by taking into
account the solvent effect with the CPCM method (see the
Exp. Section for details).[1423:42-44]

The spin density of the lowest-lying triplet state, calcu-
lated with the UKS method as the difference between the o
and B densities, was used to describe the nature of the T,
state. The surface obtained in this way (Figure 6a) shows
that T, has a MLCT character (Ru/4AP,,— dppz), which
involves the metal centre, the bidentate ligand dppz and one
axial (ax) 4AP. This UKS result is in agreement with the
TD-DFT calculation on triplet states, and in fact the
EDDM relative to the lowest triplet (calculated at the triplet
geometry) shows the same *MLCT character for the emis-
sive state (Figure 6b).

The emission energy evaluated using the two approaches
is in good agreement with the experimental data, although
slightly different results are found from the two methods.
ASCF underestimates the emission energy providing a value
of 772nm (13.0X 10> cm™"), whereas TD-DFT overesti-
mates somewhat its value to 715 nm (14.0 X 103 cm ™).

The M1 and M3 models show that in water the lowest-
lying triplet spin density surface is identical to that obtained
in dichloromethane. Nevertheless, such a triplet state has
lower energy in M1 and M3 than in M2. Moreover, simula-
tions in H,O have a m—n* state lying close in energy to the
lowest-lying triplet state (0.60 eV for M1 and 0.72 ¢V for

Figure 6. (a) Contour plot of the spin density of the lowest-lying triplet-state geometry of 1 in dichloromethane (isovalue = 0.0004). (b)
EDDM relative to the first triplet transition (light blue indicates a decrease in electron density, whereas dark blue indicates an increase).
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M3, instead of 1.08 eV for M2). Such a n—n* state re-
sembles the dark state found for [Ru(bpy).(dppz)]** by Ba-
tista and Martin!'®! and its relative energy with respect to
T, can account for the absence of emission in aqueous solu-
tion, although in all the other Ru-dppz systems studied

computationally such a dark state is the lowest in en-
ergy.[18:20.45]

Photochemistry and DFT Calculations

When exposed to light, complex 1 releases one 4AP li-
gand. The presence of free 4AP was clearly visible in the
'"H NMR spectrum of a solution of 1 in D,O (5% [Dg]-
DMSO) exposed to white light (400-600 nm, power
1Jem2h™!), see Figures 3 and 4. 'H-'H TOCSY experi-
ments confirmed that the metal complex undergoes substi-
tution of one equatorial 4AP, trans to dppz, by a water mo-
lecule.

To identify the relevant excited electronic states responsi-
ble for the photodissociation of the 4AP ligand, and to con-
firm the results obtained spectroscopically, we analyzed the
foremost frontier molecular orbitals involved in the main
electronic transitions.

The set of two nearly degenerate antibonding LUMOs
lying at higher energy (5.43eV from the HOMO and
2.86 eV from the LUMO) is important for explaining the
photodissociation process involving the metal complex.
These orbitals, LUMO+14 and LUMO+15, have in fact an
antibonding character in the Ru-N bonds of both dppz and
4AP ligands. In particular, LUMO+14 has a significant
(47%) contribution from d metal orbitals and shows a o-
antibonding character along the Ru—N bonds, involving the
two axial 4AP ligands (11%), one equatorial 4AP (7%) and
a chelating N of dppz (34%). In LUMO+15, the metal d
character is higher (55%) and the c-antibonding character
is found in the Ru-N bonds lying in the plane of dppz,
involving the two equatorial 4AP ligands (16%) and the
two chelating nitrogen atoms of dppz (24 %).

The introduction of two water molecules interacting by
means of hydrogen bonding with dppz (M3) does not sig-
nificantly modify the model in which the molecule is em-
bedded in the dielectric medium (M1). The relative energies
and shapes of HOMOs are very similar to M1. The first
three LUMOs (LUMO, LUMO+1 and LUMO+2) main-
tain the same shape, but are slightly lowered in energy due
to the effect of the two water molecules bound to dppz. The
other LUMOs are not shifted in energy, but their shape is in
some cases different. LUMO+14 and LUMO+15 are very
similar to the previous calculation; the bonding of the two
water molecules does not change their energy and shape.

TD-DFT calculations in water (with or without hydro-
gen-bonded H,O molecules) show that these antibonding
MOs can be populated during low-energy electronic transi-
tions, likely triggering the photodissociation of a 4AP li-
gand from the metal complex.

The photodissociation process can be explained by
studying the nature of these dissociative excited states
(Table 3).
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Table 3. Calculated singlet and triplet transitions with dissociative
character for 1 in water.

Solv.  TrlH  E 4 [eV] f Composition
(;“abs [nm])
H,0 S, 318(3%) 00007 HOMO-5—LUMO+2 (-32%)
(M3) HOMO-1— LUMO+14 (32%)
S;; 3200387 0001  HOMO-5—LUMO (64%)
HOMO-1— LUMO+14 (15%)
S 324(382) 0001  HOMO-2—LUMO+5 (-25%)
HOMO—LUMO+15 (25%)
S 329372 00025 HOMO-2—LUMO-+14 (26%)

HOMO-1—LUMO+15 (-16%)
HOMO — LUMO+14 (17%)
HOMO-2— LUMO+16 (16%)
HOMO-1— LUMO+14 (-19%)
HOMO-1— LUMO+16 (-31%)

T 292423 00

[a] Tr. indicates transition number as obtained in the TD-DFT cal-
culation output.

The absorption of near-UV/blue light (375-430 nm) pro-
motes the population of singlet excited states (Si», Si3, Si4
and S;¢), which have a dissociative character towards the
Ru-N(4AP) bonds. These electronic transitions involve the
c-antibonding orbitals LUMO+14 and LUMO+15 (see
Figures S1 and S2 in the Supporting Information). Analo-
gous triplet excited states (T, in M1 and T4 in M3), with
a dissociative character towards the Ru—N(4AP) bond, have
similar energies and can be populated through intersystem
crossing. Release of the 4AP ligand by photoexcitation can
occur from these singlet/triplet excited states.

Conclusion

In this paper we have shown that the novel complex
[Ru(dppz)(4AP),** (1) undergoes specific and selective
photodissociation of one 4-aminopyridine (4AP) ligand. We
have fully characterized the structure and the photophysical
properties of 1 and identified the products of the light-in-
duced reaction by NMR spectroscopy and mass spectrome-
try.

By employing DFT and TD-DFT calculations we have
gained insights into the emission and photochemical behav-
iour of 1.

Despite the finding that DFT can be successfully em-
ployed to predict the photochemistry of metal complexes,
accurate descriptions of Ru-dppz-containing systems are
still difficult to obtain, as shown before by several
authors.['3-2045] Nevertheless, the presence of singlet and
triplet transitions involving c-antibonding orbitals, such as
LUMO+14 and LUMO+15, seems to be consistent with
the observed photochemical activity.

Experimental Section

Materials and Reagents: All solvents in the synthetic procedures
were of analytical/reagent grade and purified according to literature
procedures.*®l Ruthenium(IIl) chloride hydrate was purchased
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from Lancaster. The reagents 4-aminopyridine (4AP), 1,10-phen-
anthroline, 1,2-diaminobenzene, o-phellandrene, potassium bro-
mide and sodium perchlorate were purchased from Aldrich and
used without further purification. Dipyrido[3,2-a:2’,3'-c]phenazine
(dppz) was synthesized according to a published procedure.[*”)

NMR Spectroscopy: NMR spectra were recorded on a JEOL EX
400 spectrometer ('H operating frequency 400 MHz) and on a
Bruker DMX 600 spectrometer ('H operating frequency
600 MHz). '"H NMR spectroscopic signals were referenced to the
residual solvent peak; for aqueous solutions, dioxane was added as
an internal reference (0 = 3.75 ppm) and 5% deuterated DMSO
was added to increase the solubility of the complex.

UVIVis and Emission Spectroscopy: UV/Vis absorption spectra
were measured with a double-beam Perkin—Elmer Lambda 20 UV/
Vis spectrophotometer equipped with 1 cm quartz cell. Room-tem-
perature emission spectra as well as luminescence lifetimes were
obtained using a HORIBA Jobin Yvon IBH Fluorolog-TCSPC
spectrofluorimeter. Luminescence quantum yields (¢) were deter-
mined using [Ru(bpy);]Cl, as standard (¢ = 0.062).148] Refractive
index corrections were made to account for the different solvents
used. Luminescence lifetimes were determined by time-correlated
single-photon counting. Excitation with nanosecond pulses of
455 nm light (repetition rate 1 MHz) generated by a NanoLED
pulsed diode was used for lifetime measurements. The emission
data were collected using a spectral bandwidth of 10 nm. The data
were collected into 2048 channels to 10000 counts in the peak chan-
nel. The sample was maintained at 20 °C in an automated sample
chamber (F-3004 Peltier sample cooler from Horiba Jobin Yvon
IBH) for ambient-temperature measurements. Emission decay data
were analyzed using the software DAS6 (TCSPC decay analysis
software). Decays were fit with reconvolution of the time-depend-
ent profile of the light source. The best fit was assessed based on
the parameter y2, which was close to 1.0, and the distribution of
the weighted residual along the zero line.

High-Resolution Electrospray Mass Spectrometry: HRMS data
were obtained on a Bruker MaXis electrospray ultra-high resolu-
tion tandem TOF (UHR-Qg-TOF) mass spectrometer. All the
samples were analyzed by ESI(+) at 2 uLmin', nebulizer gas
0.4 bar, dry gas 4 Lmin ' and dry temp. 180 °C, funnel RF 200 Vpp
(RF: radio frequency; Vpp: peak-to-peak voltage), multiple RF
200, quadrupole ion energy 4 eV, collision cell 5 eV, ion cooler RF
settings, ramp from 50 to 250 V. The m/z values reported are the
strongest in the isotope envelope, and formulations were confirmed
by matching isotope patterns with simulated ones generated with
ISOTOPE.#¥I

Electrochemical Measurements: Electrochemistry was carried out
on samples in acetonitrile with 0.1 M tetrabutylammonium hexaflu-
orophosphate (TBAPF) as supporting electrolyte, using a standard
three-electrode cell configuration (glassy carbon working electrode,
Pt counter electrode, 3 M KCI calomel reference electrode) and an
Autolab PGSTAT302N electrochemical analyzer. All measure-
ments were carried out in acetonitrile, distilled from calcium hy-
dride just before use, under an Ar atmosphere. Ferrocene (Fc) was
used as an internal standard, and potentials are reported against
the Fc(0/+1) redox couple (measured E.,(0/+1) = 0.381 V).

Computational Details: All calculations were performed with the
Gaussian 03 (G03) program,’” by employing the DFT method
with the B3LYPP'52 functional. The LanL2DZP>3 basis set and
effective core potential was employed for the Ru atom, whereas the
6-311G**[54 basis set was used for all other atoms. The ground-
state geometry was optimized in the gas phase also with the
PBEOP>% functionals. The lowest-lying triplet-state geometry was
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optimized in the gas phase using the unrestricted Kohn—Sham for-
malism (UKS). The nature of all stationary points was confirmed
by normal-mode analysis. Electronic structures of singlet and trip-
let states were evaluated including the solvent effect by employing
the CPCMB® 4% method, with water (models M1 and M3) or
dichloromethane (model M2) as solvent.

The UV/Vis spectra were calculated by TD-DFTB”:381 (80 singlet
electronic transitions) including the solvent effect with the
CPCMP¥40 method. The program GaussSum 1.054! was used to
simulate the electronic spectra of the ruthenium complex and to
visualize the singlet excited state transitions as EDDMs.[>%-6%]

The emission energy was evaluated in dichloromethane and water
by the ASCFI'% and TD-DFTI!-62 approach, taking into account
the solvent effect with the CPCM method. The ASCF approach
calculates the vertical energy gap between the ground state (Sy) and
the lowest-lying triplet state (T,), both evaluated at the geometry
optimized for T, and both computed using unrestricted wave func-
tions (UKS). ASCF calculations yield the energy difference be-
tween the triplet excited states at their optimized geometries and
the closed-shell ground state at the same geometry. This is a simple
and reliable way to obtain emission energies. The TD-DFT ap-
proach calculates sixteen triplet excited states as electronic transi-
tions from the ground state Sy, which was evaluated with T, opti-
mized geometry. This TD-DFT calculation uses a restricted wave
function. Triplet excited-state transitions were visualized as
EDDMs by employing the program GaussSum 1.05.141]

Synthesis of Complex 1: [Ru(dppz)(4AP),](ClO,), [1(ClOy),] was
obtained by using a slightly modified reported procedure.[*’]
[Ru(dppz)(p-cymene)CI]Cl (455 mg, 0.773 mmol) and 4AP
(733 mg, 7.79 mmol; ratio about 1:10) were heated at reflux in
water for 5 d, stirring in an inert atmosphere and in the dark. The
purple product was precipitated with sodium perchlorate and
washed with aliquots of a saturated aqueous solution of sodium
perchlorate, and then with water (670 mg, 90%).

Caution: Perchlorate salts of metal complexes with organic ligands
are potentially explosive. They should be handled with great care and
in small quantities.

'H NMR (600 MHz, D,0/[D¢]DMSO 5%, dioxane): d = 6.40 (d,
3J=6.7Hz, 4 H), 6.83 (d, 3J = 6.6 Hz, 4 H), 7.36 (d, *J = 6.7 Hz,
4 H), 7.73 (2 H), 7.76 (2 H), 7.90 (2 H), 8.00 (d, 3J = 6.6 Hz, 4 H),
8.83 (2 H), 9.16 (2 H) ppm. '"H NMR (400 MHz, [Dg]acetone): &
=6.08 (s, 4 H), 6.36 (d, 3J = 7.2 Hz, 4 H), 6.44 (s, 4 H), 6.91 (d,
3] =7.0 Hz, 4 H), 7.36 (d, 3J = 7.2 Hz, 4 H), 8.05 (d, 3J = 7.0 Hz,
4 H), 8.17 (m, 2 H), 8.22 (dd, 3J = 8.1 Hz, *J = 5.6 Hz, 2 H), 8.48
(m, 2 H), 9.33 (d, 3J = 5.6 Hz, 2 H), 9.65 (d, 3J = 8.1 Hz, 2 H)
ppm. 3C NMR (400 MHz, [DgJacetone): § = 110.7, 111.2, 126.8,
129.7, 130.5, 131.6, 132.3, 140.5, 142.8, 153.0, 154.7, 155.2, 155.3,
155.4, 155.5 ppm. ESI-MS: m/z: 380.10 [M* — 2ClO,], 333.08
[M* - 2Cl04~ - 4AP], 286.05 [M* - 2Cl04~ — 2(4AP)]. Cyclic vol-
tammetry (CH3;CN): E,, = -1.416 V (one-electron ligand-based re-
duction); E,, = +0.355 V (one-electron metal-based oxidation).

Supporting Information (see also the footnote on the first page of
this article): Selected molecular orbitals for complex 1.
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