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As part of our search for photoactive ruthenium nitrosyls, a set of { RuNO} 8 nitrosyls has been synthesized and
structurally characterized. In this set, the first nitrosyl [(SBPys)RU(NO)](BF4)s (1) is derived from a polypyridine
Schiff base ligand SBPys, while the remaining three nitrosyls are derived from analogous polypyridine ligands
containing either one ([(PaPys)Ru(NO)](BF4), (2)) or two ([(PysP)Ru(NO)]BF, (3) and [(PysP)Ru(NO)(CI)] (4))
carboxamide group(s). The coordination structures of 1 and 2 are very similar except that in 2, a carboxamido
nitrogen is coordinated to the ruthenium center in place of an imine nitrogen in case of 1. In 3 and 4, the ruthenium
center is coordinated to two carboxamido nitrogens in the equatorial plane and the bound NO s trans to a pyridine
nitrogen (in 3) and chloride (in 4), respectively. Complexes 1-3 contain N6 donor set, and the NO stretching
frequencies (vo) correlate well with the N—O bond distances. All four diamagnetic { RUNO} © nitrosyls are photoactive
and release NO rapidly upon illumination with low-intensity (5-10 mW) UV light. Interestingly, photolysis of 1
generates the diamagnetic Ru(ll) photoproduct [(SBPys)Ru(MeCN)]?* while 2—4 afford paramagnetic Ru(lll) species
in MeCN solution. The quantum yield values of NO release under UV illumination (Amax = 302 nm) lie in the range
0.06—0.17. Complexes 3 and 4 also exhibit considerable photoactivity under visible light. The efficiency of NO
release increases in the order 2 < 3 < 4, indicating that photorelease of NO s facilitated by (a) the increase in the
number of coordinated carboxamido nitrogen(s) and (b) the presence of negatively charged ligands (like chloride)
trans to the bound NO.

Introduction regulates certain proteins such as soluble guanylate cyclase
¢ (sGC} which controls cellular cyclic guanylate monophos-

| phate (cGMP) levels and maintains blood pressurée
production of NO at high concentrations by macrophages
is thought to be critical for host defense against infection.
NO also induces apoptosis in cancer cells at high concentra-
tions possibly via inhibition of cellular respiratidhiNO has

also been implicated in limiting tumor metastasssiggesting

*To whom correspondence should be addressed. E-mail: pradip@ NO may be a potent anticancer agent. These findings have

Nitric oxide (NO) has been recognized as an importan
signaling molecule that plays key roles in several biologica
processes including vasodilation, neurotransmission, and
immune response® NO is synthesized endogenously by
nitric oxide synthase (NOS) and is normally present in the
cell at nanomolar levels. At such concentrations, NO
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A variety of organic compounds such as nitrites (e.g.,
trinitroglycerol), nitrosothiols (e.g.$-nitrosopenicillamine,
SNAP), and diazeniumdiolates (commonly known as
NONOates) have been used clinically as vasodilatois.

light.'® This water-soluble ruthenium nitrosyl is derived from
the pentadentate polypyridine ligand PaRy(PaPyH =
N,N-bis(2-pyridylmethyl)amineN-ethyl-2-pyridine-2-car-
boxamide; H= dissociable proton) that contains a single

Some metal-based NO donors have also been used to delivecarboxamide group in the ligand framework. [(PgRyu-

NO.* For example, the iroanitrosyl sodium nitroprusside
([Fe(NO)(CN)]?~, SNP) is used in hypertensive episodes.

(NO)](BFy)2 is an efficient NO donor and has been used to
deliver NO to several biological targets including myoglobin

Unfortunately, release of NO from these systemic NO donors and cyctochrome oxidase'®?%2We have also reported a
is dependent on enzymatic reactions, heat, or pH, and henceset of photoactiv§ RUNG} 8 nitrosyls derived from tetraden-

target specificity is mostly precluded. Release of auxiliary

tate pyridine-based planar dicarboxamide N4 ligands that

ligands from metal-based NO donors like SNP also leads torapidly releases NO upon UV illuminatidh. The NO

deleterious side effectdln contrast, compounds that release
NO strictly upon exposure to light could provide a more
selective means of NO delivery. Ruthenium nitrosyls (NO

photolability of these{ RUNG}® nitrosyls raised questions
regarding the role(s) of the carboxamido N donor(s) in
labilizing the Ru-NO bond. We have therefore investigated

complexes) are particularly attractive in this regard becausethe photoactivity of RuNG}® nitrosyls derived from poly-
they are thermally stable yet release NO when exposed topyridine ligands containing 0, 1, and 2 carboxamide groups.

UV light. For example, complexes such as [Ru(salen)(Cl)-
(NO)],:® [Ru(NH3)4(NO)X](BF4)s (X = isonicotinamide,
pyrazine}* and [Ru(NO)(py®](Tos) (Tos= tosylate}® all
release NO when irradiated with UV light (200 W Hg/Xe
lamp). More detailed investigation on the photolability of
NO from thesqd RUNG} ¢ complexe¥ has identified several
factors that influence the efficiency of NO release. For

example, Franco and co-workers explored the effects of

various ligands. in the series [(NH);Ru(NO)(L)]*" and
found that inclusion of strong-donors like phosphites (such
as P(OEY) substantially increased the efficiency of NO
release over ligands like pyridiAéFord and co-workers have
shown that in the series [(salen)Ru(ND)|®*, charged
ligands like CI accelerated the release of NO compared to
neutral ligands like watée

In our efforts toward syntheses of photoactive ruthenium
nitrosyls, we have previously reported a thermally stable
{RUuNG}® nitrosyl, namely [(PaPyRu(NO)](BF),, that
releases NO upon exposure to low-intensity (5 mwW) UV
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Inorg. Chem 2002 41, 5410.

(14) Gomes, M. G.; Davanzo, C. U.; Silva, S. C.; Lopes, L. G. F.; Santos,
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(16) The{M—NO}" notation used in this paper is that of Feltham and
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13, 339.
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The structures of these designed ligands are shown below.
These pentadentate ligands are structurally similar to each
other and are expected to affof@RUNGC}® nitrosyls with

similar structural features. The syntheses of these ligands

’L/\Nﬂg N(\H NI\

SBPy, PaPy,H
No Carboxamide 1 Carboxamide
A
(o) Z (o}

N

NH HN

N N=

7 \ )
SN \
Py;PH,
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and selected metal complexes (metdFe, Mn, or Co) have
already been reported by &%22 In this paper, we report
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the syntheses, structures, and photochemical behaviors oslurry of AgBF, (0.034 g, 0.176 mmol) in 2 mL of MeOH was

[(SBPy;)RU(NO)](BFs)s (1, where SBPy = N,N-bis(2-
pyridylmethyl)amineN-ethyl-2-pyridine-2-aldimine), [(PaRy
Ru(NO)](BF). (2), and [(P¥P)Ru(NO)|BR (3, where
PysPH, = N,N-bis(2-(2-pyridyl)ethyl)pyridine-2,6-dicarboxa-
mide; H = dissociable protons), as well as a detailed
comparison of the efficiency of photorelease of NO from
these{ RUNG} © nitrosyls on the basis of their spectroscopic,
photochemical, and electrochemical properties.

Experimental Section

Materials and Reagents.Commercially available RugixH,O
from Sigma-Aldrich was used to prepare the starting salts RuCl
3H,0,21 [Ru(DMSO)CI],2° and [Ru(MeCN)Cl,],%° according to
their published procedures. AgBtwas obtained from Alfa Aesar,

and all other reagents were procured from Aldrich Chemical Co.

added to this hot solution. The reaction was heated fo when a
turbid orange solution was obtained. The solution was cooled to
room temperature and filtered through a Celite pad. The filtrate
was degassed and then again heated to reflux temperature. A slow
stream of NO gas was passed through the hot solution for 45 min.
The reaction mixture was finally cooled t620 °C when an orange
solid was precipitated. The solid was collected by filtration and
washed several times with £1. This procedure afforded pug

as judged by its IRIH NMR, and electronic spectra. Yield: 45

mg (40%).

Method B. A slurry of 0.209 g (0.432 mmol) of [Ru-
(DMSO),Cl;] was heated to reflux in 3 mL of EtOH to obtain a
clear yellow solution. Separately, 0.011 g (0.475 mmol) of NaH
was dissolved in 3 mL of EtOH and mixed with 0.150 g (0.432
mmol) of PaPyH. The solution of the deprotonated ligand was
then added directly to the hot solution of [Ru(DMSOI], which

The solvents were purified according to standard procedures: EtOHimmediately became deep red. Aft8 h of heating at reflux

and MeOH were distilled from Mgyl MeCN and CHCI, from
CahHb; Et,O, THF, and toluene from Na; DMF and DMSO from
BaO. The ligands SBRy? PaPyH,?® and PyPH,,%” were synthe-
sized as previously described. The complex [(R#Ry(CI)]|BF,
(6) was synthesized according to the published refotO gas

temperature, a batch of 0.033 g of solid NaiNQ.475 mmol) was
added, and the heating was continued for 2 h. Next, a dilute solution
of HBF4Et,O in 3 mL of EtOH was added to the hot reaction
mixture. Complex2 precipitated from the solution as an orange
solid within a few minutes. The orange solid was collected by

was supplied by Spectra Gases, Inc. and purified as previouslyfiltration of the hot solution and washed several times with dry

described?!
Syntheses of Compounds. [(SBB)RU(NO)](BF )3 (1). A batch
of 0.219 g (0.453 mmol) of [Ru(DMSQEI,] was heated to reflux

in 5 mL of EtOH to generate a bright orange solution. Separately,

0.150 g (0.453 mmol) of SBRyligand was dissolved in 5 mL of
EtOH and added to the hot solution of [Ru(DMSQO]. The

Et,O. The crude product was extracted with 10 mL of MeCN and
filtered to remove NacCl. Finally, the solvent was removed in vacuo
to isolate pure2 in 26% vyield.

[(PysP)RU(NO)IBF,4 (3). A slurry of 0.150 g (0.278 mmol) of
[(PysP)Ru(NO)(CI)] (see below) was taken in 50 mL of warm DMF
and treated with 1 equiv of AgBF0.054 g, 0.278 mmol) dissolved

resulting orange-red solution was heated to reflux for 30 min. At in 5 mL of DMF. The orange solution was briefly heated to°8D

this point, 0.069 g (1.0 mmol) of solid NaNQvas added to the

when a turbid solution was obtained. Upon cooling to room

reaction mixture, and the heating was continued for another 30 min. temperature, the reaction mixture was filtered through Celite and

Next, a dilute solution of HBFFEt,O (0.322 g, 2.0 mmol) in 5 mL
of EtOH was slowly added to the refluxing reaction. The light

the solvent removed in vacuo. The residue was triturated several
times with MeCN to remove residual DMF. Next, the orange solid

brown solid that separated from the hot solution was collected by was stirred in 8 mL of THF fol h toremove a trace of impurity

filtration under N and washed several times with dry,@t The

and finally the solid was collected by filtration. Yield: 120 mg

crude product was extracted with MeCN and loaded onto a silica (79%). Red needles suitable for X-ray diffraction were grown via

gel column equilibrated with MeCN- 1% HBF, and eluted with
MeCN with increasing amounts (0.1% to 1%) of HBFhe orange
fraction that eluted with MeCN containing 0.5% HBRvas

diffusion of EtO vapor into a solution of the complex in MeCN.
Anal. Calcd for GaH23BFsNgOsRu (3): C, 44.60; H, 3.74; N, 13.57;
Found: C, 44.68; H, 3.76; N, 13.72. Selected IR frequencies (KBr

collected, and the solvent was removed to isolate the desireddisk, cnrl): 1877 (vs,vno), 1646 (s), 1611 (vsyco), 1481 (w),
product. Yield: 110 mg (34%). Orange needles suitable for X-ray 1441 (w), 1370 (m), 1084 (m), 775 (m), 679 (w). Electronic

diffraction were grown via diffusion of CHCl, into a MeCN
solution of the complex. Anal. Calcd for,6H,,B3F1.NcORuU (1):
C, 33.23; H, 2.93; N, 11.63; Found: C, 33.19; H, 2.98; N, 11.66.
Selected IR frequencies (KBr disk, c#): 1920 (vs,vno), 1635
(w), 1611 (m,vcy), 1482 (w), 1453 (m), 1306 (w), 1221 (w), 1083
(s), 1034 (vs), 769 (m), 533 (w), 521 (w). Electronic spectrum in
MeCN, Amax in NM (¢ in M~1 cm™1): 253 (10 910), 315 (6060),
468 (440)H NMR in CDsCN, ¢ from TMS: 9.17 (d 1H), 8.92 (s
1H), 8.66 (t 1H), 8.57 (d 1H), 8.31 (m 3H), 7.93 (d 2H), 7.62 (m
4H), 5.42 (dd 4H), 4.00 (m 4H).

[(PaPys)Ru(NO)](BF4)2 (2). Method A. A batch of 0.100 g of
[(PaPy)Ru(ChH]BF, (0.176 mmol) was dissolved in 10 mL of
MeOH and heated to reflux to obtain a clear brick red solution. A

(27) (a) Chavez, F. A.; Olmstead, M. M.; Mascharak, Pliarg. Chem.
1996 35, 1410. (b) Chavez, F. A.; Rowland, J. M.; Olmstead, M. M.;
Mascharak, P. KJ. Am. Chem. S0d.998 120, 9015.

(28) Marlin, D. S.; Olmstead, M. M.; Mascharak, P.IKorg. Chem1999
38, 3258.

(29) Evans, |. P.; Spencer, A.; Wilkinson, G.Chem. Soc. Dalton Trans.
1973 204.

(30) Newton, W. E.; Searless, J. Borg. Chim. Actal973 7, 349.
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spectrum in MeCNAmax in nm (€ in M~ cm™1): 260 (18 100),
530 sh (400)H NMR in CDsCN, 6 from TMS: 9.08 (d 1H),
8.43 (t 1H), 8.19 (t 2H), 8.14 (t 1H), 7.94 (d 1H), 7.88 (t 1H), 7.67
(m 2H), 7.44 (d 1H), 7.27 (t 1H), 4.59 (m 2H), 3.95 (dd 1 H), 3.34
(t 1H), 3.27 (m 1H), 3.15 (dd 1H), 2.82 (m 1H), 2.57 (m 1H).
[(PysP)Ru(NO)(CI)] (4). A batch of 0.200 g of PyPH, (0.535
mmol) was dissolved in 30 mL of EtOH and treated with 0.028 g
of NaH (1.07 mmol) in 5 mL of EtOH. The resulting pale yellow
solution was degassed by freezgump-thaw technique, and 1
equiv of [Ru(MeCN)ClI;] (0.178 g, 0.535 mmol) was added to the
frozen solution. Upon warming to room temperature undgraN
deep orange-red solution was obtained. This solution was then
heated to reflux for 2 h. Next, a batch of 0.040 g of solid NaNO
(0.585 mmol) was added to the hot solution underadd the
heating was continued for 1 h. The deep red solution was then
cooled to room temperature and filtered. A degassed solution of
HBF4-Et,0O (300 uL, 1.065 mmol) in 5 mL of EtOH was then
slowly added (via a cannula) to the reaction mixture kept &€ 0
The resulting precipitate was collected undes;, Bixtracted with
20 mL of MeCN, and loaded onto a silica gel column equilibrated
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with CH,CI, containing 5% MeOH. It was then eluted with gH than 20% photolysis occurred in each measurement. Standard
Cl, with increasing amounts of MeOH (5%-20%). An orange band actinometry was performed with ferrioxal&teand actinochrome
was eluted with CKCI;, containing 15% MeOH. Diffusion of EO N2%b for the UV and visible regions, respectively. For EPR
into this orange fraction afforded 60 mg of [@P)Ru(NO)(Cl)] as experiments;~0.3 mM solutions of the complexes in MeCN were
orange-red microcrystals. Yield: 25%. X-ray quality crystals of photolyzed exhaustively in quartz cuvettes. The samples were then
red plates were grown via diffusion of £ into a dilute solution transferred to EPR sample tubes, cooled, and their spectra recorded.
of the complex in MeCN. Anal. Calcd for £H,3CINsOsRuU (4): X-ray Crystallography. Diffraction data forl—6 were collected
C, 48.64; H, 4.08; N, 14.80; Found: C, 48.49; H, 4.15; N, 14.78. at 90 K on a Bruker SMART 1000 (fa2, 5, and6) or a Bruker
Selected IR frequencies (KBr disk, ci): 1862 (vs,vno), 1621 Apexll (for 1, 3, and4) instrument using Mo I radiation ¢ =
(s, vco), 1602 (vsvco), 1479 (W), 1443 (w), 1381 (m), 1091 (w), 0.71073 A), and the data were corrected for absorption. The
767 (m), 679 (w). Electronic spectrum in MeCRyax in nm (e in structures were solved using the standard SHELXS-97 package.
M~1cm™1): 260 (17 500), 510 sh (330% NMR in (CDs),SO, 6 The structure of3 was refined as a pseudo-merohedral twin.
from TMS: 9.14 (d 1H), 8.55 (d 1H), 8.47 (t 1H), 8.24 (t 1H), Additional refinement details are contained in the CIF files
8.24 (t 1H), 8.05 (m 2H), 7.88 (d 1H), 7.78 (t 1H), 7.72 (t 1H), (Supporting Information). Instrument parameters, crystal data, and
7.35 (d 1H), 7.23 (t 1H), 4.33 (m 1H), 4.10 (m 1H), 3.89 (m 1H), data collection parameters for all the complexes are summarized
3.61 (dd 1H), 3.37 (m 1H), 3.17 (m 1H), 3.12 (m 1H), 3.07 (dd in Table 1. Selected bond distances and bond angle$-fdrare
1H). listed in Table 2, while those &—6 are listed in Table 3.
[(PysP)Ru(Cl)]sMeCN (5-MeCN). A batch of 0.200 g of RuGi . .
3H,0 (0.763 mmol) was dissolved in 30 mL of EtOH and heated Results and Discussion
to reflux for 3 h togenerate a green solution. The solvent was then  Synthesis of Ru-NO Complexes. Previously, we re-
removed in vacuo, and the residue was dissolved in 5 mL of DMF. ported the syntheses of a number {d8uNG}é nitrosyls
Separately, a batch of 0.286 g of £ (0.763 mmol) was  giaring from ruthenium(lll) sal®®2! In the present work,
dissolved in 5 mL of DMF and added to slurry of 0.042 g of NaH reaction of SBPywith RuCk-3H,0 in refluxing ethanol,

(2.679 mmol) in 5 mL of DMF. The solution of the deprotonated . L . .
ligand thus generated was then added to the green rutheniumhowever’ led to hydrolysis of theninefunction of the ligand

solution and heated at 88 for 1 h toobtain a bright red solution. (0 @mideand only the Ru(lll) complex was isolated from
Next, the solvent was removed in vacuo and the residue was washedh€ reaction mixture. This is unlike the reactions of SBPy
with Et,0 to obtain a red solid. The solid was finally recrystallized With Fe(lll) salts in which the Fe(lll) complex [(SBEYFe-
from a CHCl./toluene mixture. Yield: 220 mg (57%). X-ray quality ~ (DMF)](ClO4)s is readily isolated at room temperatdt& his

crystals of dark red plates were grown via diffusion ofEtnto a is somewhat expected since the iron reaction is performed
MeCN solution of the complex. Anal. Calcd for£26CINgOzRuU under very mild conditions and the desired Fe(Ill) complex
(5'MeCN): C, 51.86; H, 4.53; N, 14.51; Found: C,52.08, H, 4.46; is immediately precipitated out of the reaction mixture. Since
N, 14.31. Selected IR frequencies (KBr disk, @ 1597 (VSyco), RuCl-3H,0 does not react with SBR@t room temperature,

1478 (m), 1439 (m), 1331(m), 1299 (w), 1111 (w), 1029 (W), 768 ¢ gecided to synthesize the desired nitrosyl comfileia
(m), 684 (w). Electronic spectrum in MeCMoliynaxin Nm (¢ in M1

cnrl): 252 (25 190), 310 (10 170), 366 (15 050), 420 sh (6990), “.S{e °f| R”(”E) starting g‘gte”a'st'. '”Rgeﬂera" r“the”'“Th
508 (7120). X-band EPR spectrum in MeCN/toluene glass ( hitrosyls can be prepared by reacting Ru(ll) precursors wi

values): 2.25, 2.20, 2.08, 1.91. nitrite salts under acidic conditions (eq 1). For example,
Physical MeasurementsThe IH NMR spectra were recorded ~ MeYer and others'*2have used this method to synthesize

at 298 K on a Varian 500 MHz instrument. A Perkin-Elmer & Wide variety of RUNG}® complexes, such as [(bpyRu-
Spectrum-One FT-IR spectrometer was used to monitor the IR (NO)X]™ (X = CI~ (n = 2); X = py, (n = 3)), [(terpy)-
spectra of the complexes. The electronic spectra were obtained with(bpy)RU(NO)F*, [Ru(NCS)(NO)(bpy)(pyji*, and [Ru(NH)s-

a scanning Carey 50 spectrophotometer (Varian). X-band EPR(NO)(isn)] (isn = isonicotinamide). In our work, re-
spectra were recorded using a Bruker 500 ELEXSYS spectrometeraction of [Ru(DMSO)CI,] with SBPy; and NaNGQ/acid in
at 125 K. Release of NO in solution upon illumination was

r_nonitored with arinNO Ni_tric Oxidc_a Measuring System (Innova- RU' — NO, + oH* —>{RuNO}6 +H,0 1)
tive Instruments, Inc.) using themiNO-2000 electrode. Electro-

chemical measurements were performed with standard Princeton . . .

Applied Research instrumentation and a Pt-inlay electrode. Half- '€fluxing ethanol also afforded the desired nitrosyl complex
wave potentials i;) were measured versus aqueous saturated 1. Interestingly, replacement of [Ru(DMSfQ).] with
calomel electrode (SCE). [Ru(MeCN)ClI;] resulted in mixtures ol and the oxidized

Photolysis Experiments.The rates of NO release upon exposure RU(IIl) speciess. It is therefore evident that the more stable
to UV light were measured with~0.1 mM solutions of the [Ru(DMSO),CI;] is a better starting material for the synthesis
complexesn a 1 cmx 1 cm quartz cuvettes. The light source was of 1.
an UV Transilluminator (UVP, Inc.) with peak intensity of 7 mw/ Although 2 was originally synthesized via direct replace-
cn? at 302 nm. At this wavelength, the 0.1 mM solutions of all ment of the chloride ligand 06 with NO in hot MeOH

three nitrosylsZ—4) absorbed all the light (absorbance values over solution?® we have now discovered that treatmentafith

2). The cuvettes (placed at a distance of 3 cm) were exposed to

UV light for no more than 40 s at a time to prevent thermal heating (31) (a) Godwin, J. B.; Meyer, T. Jnorg. Chem.1971, 10, 471. (b)

of the solution, and the electronic spectra were recorded at suitable (D:al\ll\?;har\r/]l'eRéer; li_'/lfler)]/grr, Téggﬂgiggzezﬂélgz&lﬁ 574. (c) Pipes,
time |.ntervals.. Quantum yieldpj .measuremen.ts were performed 32) (é) Né{gao,yH.f obyéma,gb.; Hirano, T.. Naoi, H.: Shimada, M.: Sasaki,
by using solutions of complexes in MeCN og®in order to ensure S.; Nagao, N.: Mukaida, M.; Oi, Tinorg. Chim. Acta2001, 320, 60.
sufficient absorbance=99%) at the incident wavelength; no more (b) Sauaia, M. G.; da Silva, R. Srans. Met. Chen2003 28, 254.
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Table 1. Summary of Crystal Data and Intensity Collection and Structural Refinement Parameters forlfSERD)](BF)s (1),

Rose et al.

[(PaPy)Ru(NO)](BFs)2 (2:CH3CN-0.25E40), [(PysP)RU(NO)IBR (3), [(PysP)Ru(NO)(CI)] @), [(PysP)Ru(Cl)] G-CH3sCN), and [(PaPy)Ru(Cl)|BF4

(6-H20)

1 2 3 4 5 6
empirical CooH21B3F12NgORU  GaHos5B2FsN7Oz20RU GiH1gBF4NgOsRu  GiH 1gC|N503RU C23H22C|N502RU C20H225C|F4N502RU
formula
fw 722.93 710.69 591.30 539.94 550.99 587.76
cryst color orange flat needle yellow-orange dichroic red needle red plate dark red plate red plate
and habit needle
T 90(2) K 90(2) K 90(2) K 90(2) K 90(2) K 90(2) K
cryst syst monoclinic triclinic triclinic orthorhombic monoclinic monoclinic
space group C2lc P1 P1 Pca2; P2i/c P2:/c
a A 21.468(5) 10.1081(12) 13.7575(9) 14.6611(5) 10.1334(12) 8.5012(11)
b, A 9.254(2) 16.5739(18) 13.7599(9) 10.4632(4) 12.7761(15) 18.408(2)
c, A 27.056(7) 17.3238(19) 14.8939(9) 13.3745(5) 17.245(2) 14.3838(17)
o, deg 90 75.761(4) 62.793(5) 90 90 0
B, deg 99.517(4) 86.966(4) 62.810(5) 90 94.899(5) 95.476(6)
y, deg 90 84.073(7) 83.886(5) 90 90 90
V, A3 5301(2) 2796.9(5) 2211.6(2) 2051.68(13) 2224.5(5) 2240.7(5)
z 8 4 4 4 4
deaics Mg/md 1.812 1.688 1.776 1.748 1.645 1.742
abs coeffy, mm 0.705 0.652 0.782 0.933 0.859 0.881
GOF onF? 1.163 1.038 0.905 1.024 1.081 1.093
final Rindices R1=0.0779 R1=0.0470 R1=0.0348 R1=0.0174 R1=0.0279 R1=0.0251
[I'> 2a(1)] wR2=0.2058 wR2=0.1029 wR2=0.0651 wR2=0.0460 wR2=0.0687 wR2=0.0579
Rindices R1=0.0939 R1=0.0692 R1=0.0428 R1=0.0177 R1=0.0375 R1=0.0283
(all data) wR2=0.2183 wR2=0.1116 wR2=0.0676 wR2=0.0462 wR2=0.0759 wR2=0.0597

Table 3. Selected Bond Lengths (A) and Bond Angles (deg) for the
Ru(ll)—ClI Species [(PyP)Ru(Cl)] 6-CH3CN) and [(PaPy)Ru(Cl)]BF4

Table 2. Selected Bond Lengths (A) and Bond Angles (deg) for
{RUNG} 6 Complexes [(SBPYRU(NO)](BF)s (1),

[(PaPy)Ru(NO)](BFy)2 (2:CHsCN-0.25E40), [(PysP)Ru(NO)IBR (3), (6°H,0)
and [(PyP)RU(NO)(CI)] @) s 5

1 2 3 4 Ru—CI(1) 2.3484(5) 2.4139(4)
Ru—N(6) 1.773(7)  1.779(2) 1.746(3) 1.7583(12) Ru—N(1) 2.1285(15) 2.0917(14)
N(6)—0 1.129(9)  1.142(3) 1.154(4) 1.1390(16) Ru—N(2) 2.0461(15) 1.9306(13)
Ru—N(1) 2.105(7)  2.097(2) 2.173(3) 2.1128(12) Ru—N(3) 1.9634(15) 2.0689(13)
Ru—N(2) 2.010(7)  1.997(2) 2.098(3) 2.0407(11) Ru—N(4) 2.0079(15) 2.0627(14)
Ru—N(3) 2.085(6)  2.073(3) 2.001(4) 1.9851(11) Ru—N(5) 2.1054(15) 2.0725(14)
Ru—N(4) 2.054(7)  2.074(2) 2.024(3) 2.1110(10) N(2)—C(6)amide - 1.354(2)
Ru—N(5) 2.098(6)  2.086(2) 2.122(3) - C(6)-0(1) - 1.230(2)
Ru—CI(1) - - - 2.3542(4) N(2)—C(8)amide 1.367(2) -
N(2)—C(6) 1.286(11) 1.340(4) - - N(4)—C(14)amide 1.361(2) -
N(2)—C(8) - - 1.361(5) 1.3414(17) C(8)-0(1) 1.238(2) -
N(4)—C(14) - - 1.347(5) 1.3447(17) C(14)-0(2) 1.238(2) -
C(6)-0(1) - 1.230(4) - - Cl(1)—Ru—N(1) 175.20(4) 99.03(4)
C(8)-0(1) - - 1.243(5) 1.2423(17) Cl(1)-Ru—N(2) 94.90(5) 177.03(4)
C(14-0(2) - - 1.247(5) 1.2428(18) CI(1)—Ru—N(@3) 88.32(4) 96.43(4)
Ru—N(6)—0 175.5(7)  170.9(2) 172.0(3) 178.24(11) Cl(1)—Ru—N(4) 91.75(5) 88.37(4)
N(6)—Ru—N(1)  98.6(3) 98.63(10)  170.39(14) 91.70(5) CI(1)—Ru—N(5) 86.00(4) 87.85(4)
N(6)-Ru—N(2) 173.8(3)  172.23(11) 92.98(14)  94.43(5) _ , _ _ o
N(6)—Ru—N(3) 92.7(3) 101.97(10) 94.81(14) 95.26(5) aAn QRTEP d|ag_ram (Wlth numbering scheme)6ak provided in the
N(6)—-Ru—N(4) 101.4(3) 89.91(10) 99.43(14)  91.07(6) Supporting Information (Figure S9).
H%—Eﬂ—g@) 84'8(3) _94‘06(10) _89'14(13) 176.97(4) in alcohols or HO/acetone mixturédto assist the removal

of CI~ (and binding of NO) also proved ineffective in our
hand. We suspect that the high affinity of the"Roenter

for CI~ in [(PysP)Ru(Cl)] (see structural parameters in Table
3) deters binding of NO in these reactions. The success in
the syntheses df and?2 using nitrite under acidic conditions
and the difficulty encountered in direct binding of NO3o
prompted us to pursue an analogous approach in ca3e of

AgBF, prior to exposure to NO gas (method A above)
improves the yield of the desired nitros®l This nitrosyl
has also been synthesized by the reaction of the Ru(ll)
starting salt [Ru(DMSQJI,] with PaPy~ in hot EtOH in
presence of NaN@acid (method B above). This one-step

syntheqs oR parallels the synthesis df and affords2 in Interestingly, reaction of [Ru(MeCNI;] with PysP2- in hot
higher yield. EtOH in presence of NaNgacid afforded the orange
Reaction of the Ru(lll) “green solution” (prepared from complex4, in which one of the pyridine nitrogens of the
RuCk-3H,0O and hot ethanol) with the deprotonated dicar- ligand is not bound; instead a chloride ion is still bound to
boxamide ligand Py?~ in DMF cleanly affords the Ru(lll)  the metal center in a position trans to NO. Removal of the
chloro specie. However, conversion ob to the corre- final chloride ion from4 is, however, possible. Brief warming
sponding nitrosyB is not as straightforward. Exposure Bf
to NO gas in refluxing MeOH, EtOH, or hot DMF does not
promote significant extent of NO binding. Addition of AgBF

(33) (a) Takeuchi, K.; Thompson, M. S.; Pipes, D. W.; Meyer, Tndrg.
Chem.1984 23, 1845. (b) Leising, R. A.; Ohman, J. S.; Takeuchi, K.
J.Inorg. Chem.1988 27, 3804.
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Ruthenium Nitrosyls Deried from Polypyridine Ligands

Figure 1. Thermal ellipsoid (probability level 50%) plot of [(SBER)Ru-
(NO)J3* (the cation ofl) with the atom labeling scheme. Hydrogen atoms
have been omitted for the sake of clarity.

Scheme 1
ne NaH, NaBF,
Py,PH, -+ RullCL,(3H,0) DMF, 60°C
+ Ru'(MeCN),Cl, s
NaH, NaNO, AgBF, NO(g)
HBF,, EtOH 4 EtOH or DMF 4
AgBF,
DMF, 80°C
NEt,CI

\ MeCN, 80° C

of a solution of4 in DMF with AgBF, allows replacement
of the chloride by the pyridine nitrogen of the dangling arm
of the ligand. This final step affords the desired comBex
where the PyP?>~ ligand is fully bound. Finally, while
complex3 is stable in solution over the course of several
hours, the axial pyridine ligand is thermally labile to some
extent, particularly in presence of chloride. When a solution
of 3in MeCN is heated fol h in thepresence of a chloride
source such as NEZI, the axial pyridine is replaced by
chloride and complex is obtained in almost quantitative
yield. The reactions are summarized in Scheme 1 above.

Structures of the Complexes. [(SBPy)Ru(NO)](BF )3
(2). The structure of the cation df is shown in Figure 1,

Figure 2. Thermal ellipsoid (probability level 50%) plot of [(PagRu-
(NO)J?* (the cation of2) with the atom labeling scheme. Hydrogen atoms
have been omitted for the sake of clarity.

[(PaPys)Ru(NO)](BF4)2"MeCN-1/4E,0 (2-MeCN-1/
4Et,0). The structure of the cation &is shown in Figure
2. Both the overall structure and the mode of coordination
of the PaPy ligand in2 are very similar to those observed
in other metal nitrosyls derived from this ligaftf® In 2,
the carboxamido N donor is trans to NO and the ruthertum
carboxamido N bond length (RtN(2) = 1.997(2) A) is
slightly shorter than the corresponding Ru(imine) bond
of 1 (2.010(7) A). This shortening most possibly arises from
the greatero-donor strength of the negatively charged
carboxamido nitrogen. The equatorial RN(py) bond
distances lie in a narrow range of 2.074¢2)097(2) A and
are similar to the RaN(py) bond lengths ofl (Table 1).

Since complexesl and 2 are nearly isostructural, a
comparison of the metric parameters of thgifNamigs— RU—
NO vector provides some insight into imine N versus
carboxamido N ligation in these tWdRUNG} © nitrosyls. The
nitrosyl N—O bond length ofl (1.129(9) A) is very close to
that noted for othef RuNG} 8 nitrosyls derived from neutral
polypyridine ligands such as [Ru(terpy)(dpy)(N&))dpy
= 2,2-dipyridylamine) (1.126(14) A) or [Ru(terpy)(dpk)-
(NO)J** (dpk = dipyridyl ketone) (1.126(8) A}* The N—O
bond of2 is comparatively longer (1.142(3) A). SimilarhD
bond distances have been observed §RIuNG} © nitrosyls
that contain negatively charged ligands, as 'BUfSalophen)-
Ru(NO)(CI)] (1.135(2) A3 and [(bpb)Ru(NO)(CI)] (1.1444-
(19) A) 2 Interestingly, the ReeN—O bond angles il and
2 also reflect some differences. The RNO unit in 1 is
nearly linear at 175.5(7) while that of2 is in a more bent
configuration (170.9(2). Overall, thdongerN—O bond and
more bent RuU—N—O angle observed ir2 versusl is
consistent with the carboxamido N facilitating greater transfer
of electron density to the* orbital of NO from the metal
center.

[(PysP)RU(NO)]BF,. The structure of the cation a3

and selected structural parameters are listed in Table 1. The(Figure 3) reveals that the deprotonated®y ligand is fully

ruthenium center resides in a slightly distorted octahedral j,,\q to the RUNC} ©

geometry similar to that observed in the corresponding’fron
and manganes®& complexes. The imine N is trans to NO,
while the remaining N donors coordinate in the equatorial
plane. In1, the Ru-N(py) bond distances lie in a narrow
range from 2.085(6) to 2.105(7) A and are slightly longer
than the Re-N(4) (tertiary amine) bond of 2.054(7) A.

core in a slightly distorted octahedral
fashion. Two carboxamido nitrogens of this ligand coordinate
in the equatorial plane, trans to one another. The rest of the

(34) (a) Chanda, N.; Mobin, S. M.; Puranik, V. G.; Datta, A.; Niemeyer,
M.; Lahiri, G. K. Inorg. Chem2004 43, 1056. (b) Sarkar, S.; Sarkar,
B.; Chanda, N.; Kar, S.; Mobin, S. M.; Fiedler, J.; Kaim, W.; Lahiri,
G. K. Inorg. Chem.2005 44, 6092.
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Figure 3. Thermal ellipsoid (probability level 50%) plot of [(B¥)Ru-
(NO)]* (the cation of3) with the atom labeling scheme. Hydrogen atoms
have been omitted for the sake of clarity.

Figure 4. Thermal ellipsoid (probability level 50%) plot of [(B¥)Ru-
(NO)(CI)] (4) with the atom labeling scheme. Hydrogen atoms have been
omitted for the sake of clarity.

equatorial coordination is completed by two pyridine nitro-
gens, and the remaining pyridine binds the axial position
trans to NO. A similar mode of B>~ binding has been
observed in several octahedral cobalt compléxes.

The ruthenium-carboxamido N bond lengths (RIN(2)
= 2.098(3) and RuN(4) = 2.034(4) A) of3 are longer than
the same distance B(Ru—N(2) = 1.997(2) A). Compared
to the equatorial RttN5(py) bond (2.128(3) A), the axial
Ru—N1(py) bond of3 is longer (2.148(3) A) due the trans
effect of the NO ligand. The RuN(O) bond of3 (1.751(3)
A) is also noticeably shorter than the RN(O) bond of2

Rose et al.

Figure 5. Thermal ellipsoid (probability level 50%) plot of [(B¥)Ru-
(CI)] (5) with the atom labeling scheme. Hydrogen atoms have been omitted
for the sake of clarity.

NO. There is precedence of partial coordination of thgPPy
ligand to the metal center. For example, we have reported
an Fe(lll) complex of PyP>~ ligand, namely, Na[(PyP)-

Fe], in which both pyridine arms of each 4 ligand are

not bound to the iron centéf.

[(PysP)Ru(Ch]-MeCN (5-MeCN). The structure of the
Ru(lll)—chloro complex5 is shown in Figure 5. In this
complex, the PyP>~ ligand is properly bound, much like in
3. Complex5 exhibits one interesting structural difference
compared to th¢ RUNG}  nitrosyl 3 (Tables 1 and 2). All
the ruthenium-nitrogen distances d are slightly shorter,

a fact consistent with the presence of an authentic Ru(lll)
center in this complex.

When one compares the structural parameters with
those of the Ru(lIl}-chloro species derived from PaPy
ligand, namely6 (Table 2), an interesting structural feature
emerges. The Ru(IlBCl bond of 5 (2.3484(5) A) is
significantly shorter than that o6 (2.4139(4) A). This
lengthening of the Ru(lIB-Cl bond in6 most possibly arises
from the trans effect of the carboxamido nitrogen (a stronger
donor compared to pyridine). As a consequence, NO readily
replaces Cl from 6 (affording 2) but not from 5 under any
conditions.

Spectroscopic PropertiesBinding of the carboxamido
N(s) of the two ligands to the ruthenium center2in6 is
evident by the shift of the carbonyl stretci:§) to lower
frequency?=2>27:35For example2 exhibits itsvco at 1634
cm™! as compared to theco of free PaPyH, 1666 cnil.

(1.779(2) A). We ascribe this shortening due to the weaker Similarly, 3 displays itsvco at 1611 cm? (for free PyPH,,

trans effect of pyridine (in3) compared to carboxamido
nitrogen (a stronges-donor) in2. The Ru-N—0O angles of
2 (170.9(2¥) and3 (172.0(3Y)) are, however, very close to
each other.

[(PysP)RuU(NO)(CID)] (4). The structure of4 (Figure 4)
reveals that the RF?> ligand is partially bound to the
{RUNG}® unit in this nitrosyl. When compared to the
structure of3 (Figure 3), it is evident that the axial pyridine
nitrogen of the ligand isiot boundto the ruthenium ind.

veco = 1654 cml). The NO stretching frequencyyo) of
the four nitrosyl complexe$—4 follows an interesting trend.
Although the N-O bond distances df—4 lie in a narrow
range of 1.12-1.15 A, thevyo values clearly show differ-
ences indicating changes in1\D bond strength (Figure 6).
Complex1 exhibits itsvyo at 1920 cm?, similar to other
nitrosyls derived from neutral polypyridine ligands such as
[RU(NO)(MeCN)(bpy)]3t (1924 cn?).322 The vyo Stretch

Instead, a chloride ion occupies the axial position trans to (35) Marlin, D. S.; Mascharak, P. kChem. Soc. Re 2000 29, 69.

2334 Inorganic Chemistry, Vol. 46, No. 6, 2007



Ruthenium Nitrosyls Deried from Polypyridine Ligands

10000
28
8000 -
26
~ 6000
E
24 - B
w 4000
8
S
£ 22
=} 2000 -
&
g
= 204
N 01 : ; :
300 400 500 600 700
18 - Wavelength (nm)
Figure 7. Changes observed in electronic spectrurt (fleCN, 0.1 mM)
upon exposure to low-intensity UV light at15 s intervals.
16 -
1 2 3 4 (bpy)P* (336 nm). Such bands have previously been assigned
1) 1920 1899 18771862 as metal-to-ligand charge transfer (MLCT) involving a
d(Ru)—z*(NO) transition. This transition has been proposed
. : : : . 6
2000 1950 1900 1850 1800 to pe responsible for _the _photolablh_ty of tHeRUNG}
) moiety 3! Complex2 exhibits its absorption band at 410 nm.
Wavenumbers (cm™) This charge-transfer (CT) band is red-shifted 00 nm
Figure 6. NO stretching frequencyvfo) of nitrosyl complexesl—4 in compared to the CT band fot. In general {RUNO}6
KBr pellet. ’

complexes derived from charged ligands such as [(salen)-

RuU(NO)(CI)] (Amax = 376 nm¥ and [(Mebpb)Ru(NO)(CI)]
h(/lmax= 395 nm¥! also display their CT band in the region
of 400 nm. This red-shift of the CT band arises from
coordination of the negatively charged donor atoms that
increase electron density at the metal center and facilitate
d(Ru)—z*(NO) transition at a lower energy. Complex3
dissolves in MeCN to afford aed solution that exhibits

cm ) > 2 (1899 cn?) > 3 (1877 cmY) as the number of additional absorption near 530 nm. Comp#ealso exhibits
carboxamido N increases from zero @ipto one (in2) to & Similar feature in this region (520 nm).

two (in 3). This trend closely parallels the ND bond Photolability of the Nitrosyls. Complex 1. Complex1
distance ordet (1.129(9) A)< 2 (1.142(3) A)< 3 (1.154- is indefinitely stable in MeCN in the dark or under ambient
(4) A). Clearly, electron donation to the ruthenium center Ight conditions. However, exposure of such solution to low-
by the increasing number of negatively charged carboxamido Ntensity UV light (i ~ 300 nm) causes a distinctive color
N(s) facilitates greater transfer of electron density tosthe ~ change from light yellow to a deep orange. Isosbestic points
orbital of NO and results in this trend of weakening of the (at 320 and 290 nm) noted in the absorption spectra of the
N—O bond in these three nitrosyls. The presence of chloride SOlution undergoing photolysis (Figure 7) confirm clean

ion in 4 lowers the value ofiyo further to 1862 cmt (Figure conversion ofL to_ its photoproduct (vide infra). In addition,
6) due to the greates-donor strength of Cl (in 4) versus two new absorption bands are generated at 355 and 470 nm.

pyridine N (in 3). Complex1 i; also soluble in water, and similar changes ilj
All four {RUNG}® nitrosyls (L—4) are diamagnetic and the electronic spectrum are observed upon UV photolysis.

exhibit sharp peaks in their NMR spectra at 298 K (fr However, caution must be taken as dissolutiod of water
NMR spectra ofl—4, see Supporting Information, Figures (pH ~7) leads to partial decomp'osition, most likely dl;'7e to
S1-S4). As expected, the Ru(IlCI complexes5 and 6 NO—NO, conversion, as noted in many other ca®¥es:

are paramagnetic and exhilgitvalues consistent with their Such de_compositio_n_ can b_e_ avoided by performing the
low-spin & configuration (see Experimental Section and ref Pnotolysis under acidic conditions (pH 3, phosphate buffer).
19) The instability of 1 at physiological pH is a notable

. . i disadvantage that severely limits its use as an NO donor in
Electronic Absorption Spectra. Complex1 exhibits an . : .
. . . biological systems. We have confirmed the release of NO
intense absorption band centered at 315 nm much like other,

{RUNG} species derived from neutral polypyridine ligands from 1 upon UV illumination with the use of NO electrode
such as [Ru(NO)(bpyipy)** (325 nm) and [Ru(NO)(trpy)-

in 2 appears at 1899 cri a value in good agreement with
other nitrosyls that contain negatively charged ligands suc
as [Ru(NO)(tpy)(CH] (1895 cn11).3¢ The effect of an
additional carboxamido N donor is evident in the IR spectrum
of 3; thev(NO) stretch of3 is shifted to lower frequency by
another 20 cmt to 1877 cm™. Overall, there is a clear trend
of decreasing/no (N—O bond strength) in the ordér(1920

(37) (a) Byabartta, P.; Jasimuddin, S.; Ghosh, B. K.; Sinha, C.; Slawin, A.
M. Z.; Woollins, J. D.New J. Chem2002 26, 1415. (b) Freedman,

(36) Hirano, T.; Ueda, K.; Mukaida, M.; Nagao, H.; Oi, I.Chem. Soc. D. A,; Janzen, D. E.; Vreeland, J. L.; Tully, H. M.; Mann, K. Rorg.
Dalton Trans 2001, 2341. Chem.2002 41, 3820.
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Figure 8. *H NMR spectra ofl in CDsCN during photolysis with low- Figure 9. Changes in electronic absorption spectre&8afi MeCN upon
intensity UV light at the indicated photolysis increments (500 MHz Bruker exposure to UV light. New peaks at 350 and 560 nm are generated along
spectrometer, 298 K). From bottom to topo photolysis,~40% photolysis, with an isosbestic point at 315 nm.

~60% photolysis,~95% photolysis.

(Figure S5, Supporting Information). Such experiments nicely  Generation of [(SBRYRU'(MeCN)R* as the photoproduct
demonstrate that NO is released only upon exposure to UV of 1 js quite consistent with the known chemistry of SBPy
light and the amount of photoreleased NO is proportional to \we have previously shown that this ligand stabilizes-t2e
the exposure time. oxidation state of iron to a great extéftFor example,
Photoproduct of 1. As shown in Figure 7, photolysis of  [(SBPy,)Fe!(MeCN)P* is spontaneouslyand rapidly) gen-
1in MeCN generates two new, intense absorption bands aterated when [(SBRyFe" (DMF)]3+ is dissolved in MeCN.
355 and 470 nm. Interestingly, the final absorption spectrum |, the case of,, the photorelease of NO in MeCN therefore
of the photoproduct is very similar to that of the correspond- affords [(SBPy)RU'(MeCN)2+, the species containing ru-
ing Fe(llj-solvato species [(SBR)Fe'(MeCN)P" previ-  thenjum in the+2 oxidation state (also see electrochemistry).
ously synthesized and structurally characterized by this Photolysis of 2-4. Previously, we have shown that
group?? This iron—solvato species exhibits one intense exposure of an agueous solutiondfo low-intensity UV
absorption band at 355 nm (sa}me as the photoproduct fromlight (~5 mW) prompts rapid release of N®In such work,
1) and another at 570 nm. This latter band at 570 nm is & 3 ywas employed to deliver NO to biological targets such as
MLCT band of [(SBPy)Fe'(MeCN)F*". Since one expects  myoglobin (Mb) and cytochrome oxidase®2%2NO pho-
such MLCT band to blue-shiftin case of Ru(ll), itis apparent torejeased fron2 can be easily detected in such systems by
that the photoproduct of is the Ru(ll}-solvato species  the yse of NO electrode (Figure S6, Supporting Information).
[(SBPy)RU!(MeCN)P*. S In the present work, photorelease of NO fr@hhas been
To confirm the oxidation state of ruthenium in the = stygied in MeCN. When a solution @fin MeCN is exposed
photoproduct, we have examined the EPR 4HANMR to low-intensity UV light @max = 305 nm) for several
spectra of the photolyzed solutions. Photolysi4 of MeCN minutes, new peaks are generated at 490 and 350 nm. A
(or water) generates a solution that exhibits no EPR spectrum.cjean isosbestic point is observed at 320 nm (Figure S7,
When the photolysis (in CEZN or D;0) is monitored by sypporting Information).
"H NMR spectroscopy, one observes clean conversidh of  complex3 also exhibits NO photolability in MeCN. In
to a secondliamagneticspecies. As shown in Figure 8, the s case, the orange-red solutiorBdfims dark violet within
peaks at 4.0 and 5.4 ppm dfare gradually replaced by  minytes of exposure to UV light. An intense absorption peak

new peaks at 3.6, 3.8, and 5.0 ppm upon photolysis. 5t 560 nm develops with time (Figure 9). Thus, the loss of
Additional changes are also observed in the aromatic region.no can be conveniently monitored by changes in the

The final'H NMR spectrum is strikingly similar to that of  gjectronic spectra of these nitrosyls.
[(SBPy;)Fe!(MeCN)F*. The photolyzed solution of also Quantum Yields. The quantum yield#) values of2—4

exhibits a positive ion peak awz = 236.64 in its mass  jygicate the efficiency of NO release from thgdé—NO} ¢
spectrum ‘l’Vh'Ch c02r+resp_onds to_the expected value for nioqyis. In the present work, we have measuredsthalues
[(SBPy;)RU'(MECN)] (lrln_473’22+_ 2+). Finally, we have ot the nitrosyls by using a low-intensity UV light (see
synthesized [(SBRYRU'(MeCN)J*" via reductive de-ni-  gyharimental Section) with peak intensity of 7 mW/cat
trosylation of 1 with azide, a method frequently used to 345 . Thep values increase upon going frar{¢ = 0.06
generate Ru(IB-solvato species frofiRUNG} © nitrosyls3® +0.01) t03 (¢ = 0.15+ 0.01) to4 (¢ = 0.17+ 0.01). The
Reductive de-nitrosylation dfin situ generates an electronic higher¢ values observed f@ and4 compare favorably with
spectrumidentical to that obtained upon photolysis af ¢ values of other ruthenium NO donors such as [Ru(NEACI
(¢ = 0.06)® [Ru(salen)(CI)(NO)] 6 = 0.13)1¢ and [Ru-

(38) (a) Cicogna, F.; Ingrosso, G.; Marcaccio, M.; Paolucci, D.; Paolucci,
F.; Trillini, L. J. Organomet. Chen2006 691, 1425. (b) Coe, B. J.;
Meyer, T. J.; White, P. Snorg. Chem1995 34, 593. (c) Sellmann, (39) Bettache, N.; Carter, T.; Corrie, G. E. T.; Ogden, D.; Trentham, D.
D.; Geck, M.; Moll, M. Z. Naturforsch.1992 47h, 74. R. Methods Enzymoll996 268 266.

2336 Inorganic Chemistry, Vol. 46, No. 6, 2007



Ruthenium Nitrosyls Deried from Polypyridine Ligands
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Figure 10. X-band EPR spectra in MeCN/toluene glass of photo-
product of 3 following UV photolysis (top); photoproduct oft after

UV photolysis (middle); and authentic Ru(lll) complex [@PyRU"(CI)]

(5, bottom). Instrument parameters: temperature, 125 K; microwave
power, 1 mW; microwave frequency, 9.4 GHz; frequency modulation,
100 kHz.

(NH3)4(py)(NO)] (¢ = 0.13)#° Since3 is a more efficient
NO donor thar?, it is evident that increase in the number
of carboxamido N’s (from one i@, to two in 3) accelerates
the release of NO in these nitrosyls. The higheralue of

4 indicates additional dependence of photolability of bound
NO on structural features. Complek contains a bound
chloride ion (trans to NO) in addition to two carboxamido
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Figure 11. Cyclic voltammograms of and2 in MeCN (0.10 M NE§-

ClO,, scan rate= 50 mV/s). Halfwave potential€,;) values are indicated
vs aqueous SCE.

-600

absorbance in the visible regiom 450 nm) and are thus
responsive only to UV light. In contrasB and 4 are
somewhat sensitive to visible light. For example, exposure
of solutions of3 and 4 in MeCN to 532 nm light source
(Nd:YAG laser) leads to photorelease of NO as evidenced
by rapid changes in color. The¢ values of3 and 4 at
this wavelength are 0.058- 0.004 and 0.064+ 0.003,
respectively. Interestingly, similar behavior has been
noted with [Ru(NO)(p¥'S,)]Br and [Ru(NO)(py'Ss)]Br,
which also contain two negatively charged donors (thiolato
S) in the ligand systerft. Clearly, the two carboxamido N
donors in3 and4 sensitize th RUNO}® moiety to visible
light much like the two thiolato S donors in the latter
compounds.

Photoproducts of 2-4. Quite contrary tol, photolyzed
solutions of2—4 are paramagnetic and display intense EPR
signals. It is evident that in these cases, photolysis gives rise
to Ru(lll) species upon release of NO (eq 2). Photolysis of
{RUuNGC}® complexes are known to generate paramagnetic
Ru(lll) photoproducts many of which have been identified
by EPR spectroscoply?:14.202.21,43

{RuNG}® + hv — Ru" — (solv) + NO 2)

The EPR spectrum a2 following photolysis in MeCN

N’s. The presence of the negatively charged chloride ligand confirms the presence of a low-spirt, Ru(lll) species. The

trans to NO clearly enhances the NO photolability of this
nitrosyl compared t8 in which a neutral pyridine N occupies
the same position. Previously, #¢and others) have shown

overall slightly asymmetric axial spectrumg € 2.22, 2.20,
and 1.91) is very similar to that [(Papi€e" (MeCN)F** (g
= 2.36, 2.21, 1.89% a fact that confirms the presence of

that charged axial ligands such as chloride increases photol(PaP¥)Ru" (MeCN)F* as the photolyzed product. Photoly-

lability of ruthenium nitrosyls. In the present studyexhibits

sis of 3in MeCN generates a strictly axial EPR signal with

the highest quantum efficiency compared to all other related 9 = 2.19 and 1.91 while the photoproduct 4fexhibits a

ruthenium nitrosyls reported herg<3) and in our previous
reportst®21

In order to determine the utility of these nitrosyls in
photodynamic therapy (commonly utilizing visible light of
higher wavelengths}, we have also checked the effect(s)
of visible light on them. Bothl and 2 exhibit little to no

(40) Tfouni, E.; Krieger, M.; McGarvey, B. R.; Franco, D. Woord. Chem.
Rev. 2003 236, 57.

slightly rhombic EPR signal that is similar to the spectrum
of authentic Ru(lll) species (Figure 10).

(41) Pandey, R. KJ. Porphyrins Phthalocyanine200Q 4, 368. (b)
Ackroyd, R.; Kelty, C.; Brown, N.; Reed, M?hotochem. Photobiol.
2001, 74, 656. (c) Detty, M. R.; Gibson, S. L.; Wagner, SJJMed.
Chem.2004 47, 3897.

(42) Prakash, R.; Czaja, A. U.; Heinemann, F. W.; SellmannJ.DAm.
Chem. Soc2005 127, 13758.

(43) Komozin, P. N.; Kazakova, V. M.; Miroshnichenko, 1. V.; Sinitsyn,
N. M. Russ. J. Inorg. Cheni983 28, 1806.
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Electrochemistry. In MeCN, 1 exhibits a reversible  Conclusions

voltammogram witrE;, = +0.290 V (Figure 11). Thi&y The results of this work demonstrate theRUNC}®
value is close to that of other ruthenium nitrosyls derived nitrosyls derived from a set of analogous ligands with zero,
from polypyridine ligands such as [(trpy)(bpy)Ru(N&)]  one, and two built-in carboxamide groups all exhibit pho-
(+0.45 V) and [(bpy)Ru(NO)(MeCN)F* (+0.56 V). Com- tolability upon exposure to low-intensity UV light. However,
plex 2 on the other hand exhibits a reversible voltammogram the efficiency of NO release increases as the number of
with a more negativ&;; value (-0.225 V). This difference ~ carboxamide group(s) in the ligand increases. When such
arises from the nature of the two ligands. Since the neutral polypyridine ligand does not provide any carboxamido N
SBPy; ligand provides more stability to thé2 oxidation donor to the ruthenium center, photorelease of NO results
state of ruthenium, it facilitates reduction of thRuNGO}® in Ru(ll) photoproducts. In contrast, the presence of car-
moiety. In contrast, PaRy is known to provide stability to ~ boxamido N(s) in the coordination sphere of ruthenium in
+3 oxidation state in general and henceReiINO}  moiety such nitrosyls afford_s Ru(llr) photoproducts_, f_ollowing pho-
in 2 is more resistant to reduction. The ligandsP% also torelease of NO. Since complex@s-4 exhibit excellent

stabilizes+3 oxidation state, and henc®exhibits a negative ~ Stability in aqueous media and moderately fast NO release
Eu value (-0.205 V) in MeCN. upon illumination with low-intensity UV light, we are

currently investigating their use in nitrosylation of

The redox potential values (Figure 11) explain why pigjogical targets. Results of such studies will be reported
photolysis ofl affords a Ru(ll) species while photolysis of i, que time.

2 ands3 r_esults in Rulll) p;oducts. I 'S qglte possible that Acknowledgment. This research was supported by a
photolysis of the{ RU,NO} nltrqsyl 1 initially affords a grant from the National Science Foundation (CHE-0553405).
RU(IH)_SOIIYatO Species which is spontaneously reduced t0 £ a A received financial support from NIH IMSD Grant
[(SBPy;)RU(MeCN)}" (much like its Fe(III)” analogL?Q No. GM58903. Experimental assistance from Dr. Jayashree
in MeCN solution. As a result, only [(SBE)RU'(MeCN)] Ray is gratefully acknowledged.
is observed as the photoproduct bfln case of2 and 3, . . . .

. Supporting Information Available: H NMR spectra ofl—4
the Ru(III).—soIvato species are more stable, and hence,(Figures S1S4), NO amperograms fdrand? in water (Figures
one obtains [(PaR)Ru"(MeCN)F* and [(PyP)RU"- S5, S6), changes in electronic absorption spectra ahd 4 in
(MeCN)I*, respectively, as the sole photoproduct. This MeCN upon photolysis (Figures S7, S8), ORTEP diagra®with
is further supported by the fact that [(Mgpb)Ru(NO)- numbering scheme (Figure S9), and X-ray crystallographic data
(py)]BF4, a photolabile{ RuNO}6 nitrosyl with MprbZ* (in CIF format) for1—6. This material is available free of charge
ligand (with two carboxamido N's in the equatorial Viathe Internet at http:/pubs.acs.org.
plane), also exhibits a reversible cyclic voltammogram 1c0620945

with Eyz = —0.270 V and affords a Ru(lll) photo- (44) The photoproduct [(M&pb)Ru(py)(MeCN)} exhibits a strong EPR
product?.44 signal withg = 2.17 and 1.88 (see ref 21).
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