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The two novel binuclear pyrazole-3,5-dicarboxylato-bridged {RuNO}® complexes K,[{Ru(NO)Cl},-
(p-pzdc),] (1) and [{Ru(NO)(H»0)}>(p-pzdc),]-4H,0 (2) (pzdc = pyrazole-3,5-dicarboxylate) were
synthesized and characterized by elemental analysis, mass spectrometry and spectroscopic methods
(NMR, UV-vis, IR). 2 was investigated by means of single-crystal X-ray diffraction analysis. On irradiation,
in both 1 and 2 the existence of photoinduced long-lived metastable isonitrosyl states SI were detected by
low-temperature infrared spectroscopy.

© 2009 Elsevier B.V. All rights reserved.

Mononuclear ruthenium nitrosyl compounds, but also a few
ruthenium nitrosyls of higher nuclearity, have been investigated
as potential candidates for NO delivery upon light irradiation in
photodynamic therapy (PDT). Photoinduced linkage isomerism
(PLI) is an alternative way for a Ru(NO) moiety to consume excita-
tion energy in the visual range. The photoinduced formation of
nitrosyl linkage isomers may be an early step in the pathways used
for PDT [1]. In the course of the PLI process, the nitrosyl ligand can
be switched by light into two metastable isomeric configurations.
Thereby, the linear kN-bonded configuration M-N-O of the
ground-state (GS) can be transferred to the linear kO-bonded iso-
nitrosyl configuration M-O-N (MS1) and the kN,0 side-on-bonded
configuration (MS2). PLI is well documented for mononuclear
nitrosyl complexes with various central atoms (Fe, Ru, Os, Mn,
Ni, Pt, Re) and ligands (F, Cl", Br , I, CN", NHs, NO;, pyridine),
almost arbitrary counter ions and other constituents of the solids
such as crystal water [2]. Herein we show that the PLI of NO is also
possible for binuclear complexes. The examples presented are the
chlorido-ruthenate K;[{Ru(NO)Cl},(p-pzdc),] (1) and the analo-
gous electroneutral aqua complex [{Ru(NO)(H,0)}>(p1-pzdc),]-
4H,0 (2) which are both of the {RuNO}® type [3].

Using the starting materials K;[Ru(NO)Cls] and pyrazole-3,5-
dicarboxylic acid (pzdcHs), the binuclear chlorido-ruthenate
K> [{Ru(NO)Cl},(p-pzdc),] (1) was obtained as an amorphous yel-
low powder [4,5]. In an aqueous solution of 1, ligand exchange took
place, resulting in the formation of the aqua complex [{Ru(NO)-
(H20)}o(p-pzdc),]. The latter formed yellow crystals of the tetrahy-
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drate [{Ru(NO)(H,0)}>(p-pzdc),]-4H,0 (2) [4,6]. The molecular
structure in crystals of 2 is depicted in Fig. 1, together with the
most significant bond distances and angles, a puckering analysis,
hydrogen bonds and short intermolecular non-hydrogen contacts
[7]. The asymmetric unit (space group P1) contains two
molecules of crystal water and one half of the binuclear,
centrosymmetric complex molecule. The electroneutral [{Ru(NO)-
(H,0)}x(p-pzdc),] molecules are made up of two {RuNO}® frag-
ments which are coordinated by two trianionic and tetradentate
pzdc ligands. The symmetrically equivalent ruthenium centres
are in a distorted octahedral environment with the nitrosyl and
the aqua ligands defining molecular axes. The equatorial plane
contains two cis-nitrogen and two cis-oxygen atoms about each
central metal atom. All atoms of the pzdc ligands are roughly part
of the plane spanned by the equatorial positions leading to an
approximate C,;, symmetry of the binuclear compound. The 091-
Rul-N1 and Rul-N1-01 angles of the molecular axis are close
to 180°. All equatorial ligand atoms (Leq) adopt Leq— Ru1-N1 angles
larger than 90° and are therefore tilted away from the nitrosyl
group. The almost planar five-membered chelate rings are only
slightly puckered as is the six-membered central ring Rul-N2-
N3'-Ru1'-N2I-N3. The crystal structure of 2 exhibits a distinct
hydrogen-bond system.

Irradiation of 1 and 2 in the spectral range from 442 to 514 nm
at temperatures below 200K led to the formation of the Ru-O-N
(MS1) isomer, which was identified by the shift of the v(NO) vibra-
tion to lower wavenumbers [9,10]. As shown in Fig. 2, in both 1 and
2 the area of the v(NO) ground-state vibration decreased upon illu-
mination while new bands arose at lower wavenumbers. In 1 the
threefold split GS-v(NO) band shifted from 1927/1905/1881 cm™!
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Fig. 1. The molecular structure of the binuclear complex in crystals of [{Ru(NO)-
(H20)}2(pu-pzdc),]-4H,0 (2) (50% probability ellipsoids). Interatomic distances [A]
and angles [°] (standard deviations in parentheses): from Ru1 to: 011 2.103(2), 051
2.096(2), 091 2.033(2), N1 1.744(2), N2 1.992(2), N3 1.984(2); N1-01 1.140(3);
011-Rul-N1 93.93(9), 011-Rul-N2 75.97(8), 051-Ru1-N1 95.18(9), O51-Rul-
N3 76.46(8), 091-Ru1-N1 178.57(9), N1-Ru1-N3 93.32(9), N2-Ru1-N3 99.84(8),
Rul-N1-01  174.5(2). Puckering analysis [8]: Rul-011-C1-C2-N2:
Q2 =0.094(2) A; Ru1-N2-N3'-Ru1'-N2'-N3: Q=0.078(2) A. Donor-acceptor dis-
tances in hydrogen bonds [A]: 091.--0921' 2.489(3), 091---052 2.631(3), 092---012
2.778(3), 092--093" 2.696(3), 093--012 2.809(3), 093--011" 2.780(3). Symmetry

iii

codes: '1 —x, —y, -z, 11 —x, =y, 1 — z; —x, —y, —z.
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Fig. 2. Infrared spectra of 1 (top) and 2 (bottom) before (dashed) and after (solid)
irradiation with light of 2=476 nm at T=80K in the range of 1500-2000 cm™'.
Ordinate: extinction in arbitrary units; spectra vertically shifted.

to 1777/1774/1765 cm~! by 150, 131, and 116 cm™!, respectively,
while in 2 the single GS-v(NO) band at 1932 cm~' was split into
four bands in MS1 and shifted to 1806, 1801, 1790, and
1775 cm™'. From the decrease of the GS band the population of
the isomeric configuration was determined under the assumption
that no NO release occurred during illumination. We obtained
18.6% population for MS1 in 1 and 20.7% for MS1 in 2. After satu-
ration of the isomeric configuration, no further changes in the
infrared spectrum were observed. The ground-state was fully
recovered by illumination with light of 660 nm [11] or by heating
to room temperature. Thus we conclude that no measurable NO

release occurred during illumination which would have biased
the population calculation. The maximal population of MS1 was
obtained with 476 nm excitation wavelength for 1 and 458 nm
for 2. After irradiation with light in the green or violet spectral
range, the population of MS1 decreased.

In 1 we found the splitting of the NO vibration in three bands (a
central excitation and two shoulders) both in the GS and MS1. In 2
the splitting into four bands (two groups of two bands) was only
observed for the MS1 state. The origin of the splitting is assumed
to be in the local surroundings of the isonitrosyl ligand in the crys-
tal structure of 2 where the Ru-O-N moiety finds itself embedded
in a hydrogen-bonded assembly of water molecules and a carbox-
ylate function of adjacent molecules. Whether or not the binuclear
nature of the complex contributes to the splitting will be investi-
gated in future work. The change in area and position from
1618 cm™' to 1615 cm™' in 2 may be due to the influence of the
isonitrosyl ligand on the deformation mode of the aqua ligand trans
to it.

The second PLI isomer, the side-on MS2 configuration, was not
identified directly by IR spectroscopy due to the presence of strong
5(H,0) and CO/CN bands in the spectral region of 1700-1500 cm ™',
where one expects the stretching vibration of NO in MS2 [9]. How-
ever, after illumination of the MS1 state with 1064-nm radiation,
which normally induces the transfer of MS1 to MS2 [11], the
MS1-v(NO) band vanished while the GS-v(NO) band was not fully
recovered. Only by subsequent illumination with 660 nm was the
GS-v(NO) band fully recovered. This behaviour is a strong indica-
tion for the presence of MS2 after the transfer with 1064 nm, as
known, for example, from nitrosyl complexes embedded in silica
xerogels where the MS2-v(NO) band is hidden by the strong
absorption bands of the silica matrix [12].

In conclusion, two binuclear {RuNO}®-type complexes with lin-
ear Ru-N-O fragments and bridging tetradentate pzdc ligands
were synthesised and characterised. Low-temperature infrared
spectroscopy after irradiation with light in the spectral range of
442-514 nm showed that both compounds are capable of PLI as
to the NO ligand. The metastable kO-bonded isonitrosyl MS1 state
was generated from the kN-bonded nitrosyl GS states and reached
populations of up to about 20%. The investigation of the kN, O side-
on-bonded MS2 states was hampered by the superposition of var-
ious bands in the relevant frequency range of the infrared spec-
trum. However, the generation of MS2 in 1 und 2 was assumed
by reason of the still-decreased GS band area after irradiation of
the saturated MS1 state with 1064 nm.
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Appendix A. Supplementary material

CCDC 728661 contains the supplementary crystallographic data
for (2). These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/da-
ta_request/cif. Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/j.inoche.2009.
08.021.
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dicarboxylic acid monohydrate, KNO,, HCl (37%) and potassium hydroxide
were purchased from Fluka and used without further purification. Ethanol,
methanol, diethyl ether and 1 m KOH were used as supplied by Merck.
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Fig. 1. Mass spectrometry: Mass spectra were measured on a Thermo Finnigan
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UV-vis: Varian Cary 50 Bio (10-mm quartz-glass cuvettes); IR: Jasco FT/IR-
460plus equipped with a single-reflection ATR diamond plate (solid samples).
Crystal-structure determination and refinement: A suitable crystal was selected
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and investigated at 200K on a Nonius Kappa CCD diffractometer with
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solved by direct methods (SIR97) and refined by full-matrix least-squares
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100 mL ethanol-H,0 (3:1), then pyrazole-3,5-dicarboxylic acid monohydrate
(148 mg, 0.850 mmol), dissolved in 3 mL ethanol-H,O (3:1), was added
dropwise to the suspension. The pH value of the suspension was adjusted to
8 with 1 m KOH, and the mixture was refluxed for 1 h. The resulting solution
was evaporated to dryness on a rotary evaporator and the residue suspended
in 15mL methanol. After addition of 5mL of H,O, the orange-brown
suspension was left standing at room temperature for 24 h. The solid was
collected by filtration, washed with 30 mL methanol, 10 mL ice-cold water and
50 mL diethyl ether and vacuum-dried. 1 was obtained as a yellow powder of
the composition 1+ 1.5 H,0 (77.0 mg, 0.103 mmol, 24.3% yield). 'H NMR
(399.78 MHz, dg-DMSO, 23°C) o/ppm: 6.93 (s, 2H, H3). '>C{'H} NMR
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104.79 (C3). UV-vis (DMSO): /max/nm (g/mol~! dm® cm™"): 310 (sh.) (6093),
394 (sh.) (429), 468 (sh.) (186). IR: vpax/cm™': 3565 (w), 3502 (w), 3468 (w),
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685 (vw), 676 (vw), 671 (vw), 663 (vw), 658 (vw), 652 (vw), 646 (W), 637 (w),
623 (m), 610 (m), 604 (m). MS-ESI (positive ions, M = C;oH,Cl,K;NgO1gRu; = 1)
m/z: 680.7092 (Ru, pattern, [M+2H—K]*, calc. 680.7082), 718.6650 (Ru,
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[M—K] ", calc. 678.6937). Elemental analysis (%) calc. for C;oHsCl,K;NgO11.5Ru;
(1+1.5 Hy0, 744.43 gmol~!) (the existence of 1.5 equiv. of H,0O in the
amorphous compound was confirmed by thermogravimetric measurements
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2.03 mmol), dissolved in 6 mL ethanol-H,0 (3:1), was added dropwise to the
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640.36 g mol~') (the existence of 4 equiv. of H,0 in the microcrystalline
compound was confirmed by thermogravimetric measurements showing a
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