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1. Introduction

During the past three decades, nitric oxide (NO) has been shown to be an important signaling
molecule in a wide variety of physiological processes, including blood pressure control,
neurotransmission, immune response, and cell death [1-11]. Since these discoveries, research
efforts have been directed towards development of exogenous NO donors that can deliver NO
to biological targets to elicit desired responses [12-15]. Various NO donors have been
developed in this regard, including organic nitrites and nitrates [16], nitrosothiols [17],
diazeniumdiolates (NONOates) [18,19], and lastly transition metal-based NO donors such as
sodium nitroprusside [20,21]. Organic NO donors such as glyceryl trinitrate and isosorbide
dinitrate have been successfully used to treat hypertension and episodes of angina pectoris.
Nitrosothiols have shown some promise in regulating immune response, while selected
NONOates were shown to improve neurotransmission. Use of exogenous NO donors as
potential anti-cancer agents has also been explored [22-25]. Indeed, NO has been shown to
induce both apoptosis (programmed cell death) and cell destruction at elevated concentrations
(mM range) [26-31]. Precise targeting of malignant sites versus healthy tissues however
remains as a challenge in the use of systemic NO donors in anticancer therapy. Most NO donors
in current use are non-specific in that they release NO spontaneously, although in some cases
the rate of NO release can be modulated by ubiquitous stimuli such as temperature, pH or
enzymes. Controlled (favorably triggered) release of NO at a selected site is the key for
successful employment of an NO donor in the treatment of tumors and localized malignancy.

With the advent of photodynamic therapy (PDT) [32,33] as a common treatment for certain
(especially skin) cancers [34-38], light-activated NO donors have gained much attention. The
site-specificity provided by laser treatment allows for more precise targeting than systemic
drugs alone. Early on, it was recognized that NO complexes of transition metals (metal
nitrosyls) could release NO when exposed to light. For example, several iron-based nitrosyls
including sodium nitroprusside (SNP, Nay[Fe(NO)(CN)s]) [39-44] and Roussin’s salts [20,
41,45-48] were found to release NO when exposed to light. However, these complexes also
release NO spontaneously (i.e. in the dark), and often changes in pH and temperature also
induce loss of NO, rendering them non-specific for PDT. Additionally, side effects from labile
ancillary cyanide ligands often limit the use of SNP [49-51]. Chelating ligands provide some
relief from these problems. For example, the iron complex [(PaPy3)Fe(NO)](CIO,4), was the
first of many NO donors to be studied by Mascharak and co-workers [52-54]. This nitrosyl is
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derived from a tightly coordinating, pentadentate ligand that imparts high stability in donor
solvents like MeCN or DMF, and it was shown to cleanly release NO when exposed to low-
intensity visible light. Unfortunately, like many other iron nitrosyls, [(PaPy3)Fe(NO)]
(ClOy), exhibits unpredictable stability under biological conditions. In general, iron nitrosyls
like Roussin’s salts and [(PaPy3)Fe(NO)](ClO4), undergo hydrolytic decomposition in
aqueous solutions under physiological conditions (pH ~7, presence of oxygen) [55-58] and
problems like NO, disproportionation [59-64] or ferric hydroxide (or oxide) precipitation limit
the use of such iron-based NO donors. Several NO-releasing complexes of chromium [65—
67] and manganese [68,69] have also been described, but are limited by similar effects. The
only exception is the manganese nitrosyl [(PaPy3)Mn(NO)](BF4) [70-72]. This photoactive
NO donor has been used to deliver NO to biological targets like myoglobin, cytochrome ¢
oxidase, and papain [73,74]. Clearly, the number of metal nitrosyls that release NO
exclusively when triggered by light and exhibit stability under physiological conditions is very
limited. Researchers have therefore looked into more stable transition metal analogues, such
as ruthenium nitrosyls to achieve these goals during the past several years. The results of such
studies are included in this review.

Much like other complexes of ruthenium, the ruthenium nitrosyls are substitutionally inert at
room temperature. However, some of these nitrosyls release NO when exposed to light. For
example, nitrosyls of simple compositions such as Ko[Ru(NO)(Cl)s] readily release NO when
exposed to UV light. This property of ruthenium nitrosyls has been known for some time. One
must note at this point that many coordination complexes of ruthenium (without NO) are also
sensitive to light and undergo light-driven substitution reactions [75-78]. Typically, upon
exposure to light, one coordinated ligand (L) is replaced by a solvent molecule, as indicated
in Eq. (2).

Ru - (L)+hy — Ru - (solv)+L (1)

Sauvage and co-workers have studied the photochemistry of such ligand replacement reactions
quite extensively [75]. The reaction is usually driven by ultraviolet (UV) light in the region of
200-450 nm and the photosensitivity stems from accessibility to substitutionally active excited
states with UV irradiation. The oxidation state of the metal center is crucial for such
photoactivity. Only complexes with Ru(ll) centers experience photosubstitution reactions.
Also, photosubstitution reactions occur only with a select group of ligands, primarily neutral
N donors. For example, ligands such as ammine (NH3) [76,79-82], nitriles (R—-C=N) [83,84]
as well as pyridine (py) and related molecules (bpy, phen) [84-86] have been reported in the
literature as photoactive ligands. The photochemistry of the ruthenium complexes of these
ligands, studied by various groups, constitutes a significant part of the coordination chemistry
of ruthenium. Indeed, many exciting developments in the area of fluorescence, luminescence,
electron transfer, and molecular dynamics have their origin in such studies and have been
reviewed elsewhere [87-90].

As mentioned above, the quest for photoactive and stable NO donors has raised interest in the
photochemistry of ruthenium complexes with one or more NO ligands. The nature of metal-
NO bond is however more involved compared to a simple dative bond. Free NO is an odd
electron molecule and contains one unpaired electron in its =~ orbital. When bound, NO can
either donate to or accept significant amount of electron density from the metal center. As a
result, NO binds metal centers in different formal states, such as NO*, NOe, or NO™. In 1974,
Enemark and Feltham noted the difficulty of assigning oxidation states to both NO and the
metal center [91]. A special notation of {M-NO}" was therefore devised to denote a metal-NO
bond where n = the total number of electrons in the metal d plus the NO =" orbital. For example,
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in the case of ruthenium, a {Ru-NO}® unit could represent one of two possible combinations
of formal oxidation states of the metal center and NO, namely Ru(111)-NOe and Ru(l1)-NO™.

In ruthenium chemistry, the {Ru-NO}® configuration is generally accepted as NO* bound to
a Ru(ll) center. This is largely based on the high NO stretching frequencies (vyo = 1820-1960
cm 1) noted with {Ru-NO}® nitrosyls, versus that of either free NO (~1750 cm™2) [1,2] or
bound NOe (1650-1750 cm™1) in {Ru-NO}’ species [92-97]. Additionally, {Ru-NO}®
nitrosyls exhibit spectroscopic properties similar to those of true Ru(lIl) species (low-spin,
diamagnetic, sharp 1H-NMR spectra, and EPR silent). Mdssbauer [53,98] and K-edge X-ray
absorption [99] spectroscopic data on analogous {Fe-NO}® nitrosyls with similar NO stretches
have unequivocally established their formal {Fe(I11)-NO*} description. Although similar data
on {Ru-NO}® species have not been reported, the {Ru(11)-NO*} formulation best describes
most of the {Ru-NO}® nitrosyls. However, photorelease of NO from {Ru-NO}® nitrosyls often
results in Ru(l11) photoproducts since the photoreleased NO leaves as NOe (Eq. (2), vide infra).

Ru — (NO)+hv+solv — Rul — (solv)+NO (2)

To date, several ruthenium nitrosyls with {Ru-NO}’ configuration have also been isolated and
characterized [92-96]. These NO complexes exhibit lower vyg values (1650-1750 cm™1) and
a characteristic S = % EPR signal of the bound NOe radical near g = 2. However, no structural
data are available on any of these nitrosyls and their photochemistry appears to be more
involved (vide infra). This review is more focused on NO complexes with the {Ru-NO}°
configuration. In the following sections, the properties, photoactivity, and biological uses of
such photoactive ruthenium nitrosyls are described. Also, the parameters of electronic
absorption spectra and quantum yield (¢) values of NO photorelease for these nitrosyls are
listed in Table 1.

2. UV photoactivity

2.1 Photoactive {Ru-NO}® nitrosyls with monodentate ligands

2.1.1 Ruthenium nitrosyl chlorides—The earliest accounts of photoactive ruthenium
nitrosyls indicate the photosensitivity of the {Ru-NO}® moiety [100]. Various ruthenium
nitrosyls with chlorides as additional ligands have been studied. Two nitrosyls of this kind,
namely K>[Ru(NO)(Cl)s] (1) and RuNOCIj3 (2), have been thoroughly characterized and are
commercially available. Although 1 is a monomeric {Ru-NO}® nitrosyl [101,102], 2 is most
possibly a chloro-bridged polymeric species {u-(Cl),-[RUNO(CI),]}, containing waters of
hydration [103]. Related solvato species [Ru(NO)(CI)3(solv),] (solv = acetonitrile for 3a;
DMSO for 3b) have also been reported [104].
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In 1971, Cox and Wallace observed that an acidic aqueous solution of potassium
pentachloronitrosylruthenate(l11) (1) turned brown over a period of hours when exposed to
light, yet was thermally stable under dark conditions [100]. Controlled experiments confirmed
that when an aqueous solution of 1 was exposed to UV light, the aqua complex [Ru'''(H,0)
(CI)s]?~ was formed (Fig. 1). Several years later, Vasilevskii and co-workers reported that the
photoproduct of UV photolysis of 1 did not exhibit the characteristic vyg band in its IR
spectrum thus confirming the loss of NO ligand [105].

In 1983, Sinitsyn and co-workers investigated the nature of the product(s) following UV
irradiation of 1 in aqueous solution by EPR spectroscopy [106]. The axial EPR signal (Fig. 2),
characteristic of a paramagnetic species, confirmed the presence of low-spin d® Ru(lll) in the
photoproduct. The resulting stoichiometry agreed with previous conclusions that irradiation
resulted in homolysis of the {Ru-NO}® moiety, generating Ru(l11) and NO« (Eq. (2)).
Subsequent EPR studies (vide infra) have confirmed that photorelease of NO from most {Ru-
NO} nitrosyls (see polypyridine section for exceptions) affords Ru(l11) photoproduct(s)
regardless of the solvent (H,O, MeCN, MeOH, DMSO or DMF).

In 1996, the efficiency of NO release from 1 was quantified by Trentham and coworkers
[107]. The {Ru-NO}® nitrosyl was found to release NO in agueous solution upon exposure to
UV light (355 nm) with a quantum yield value of ¢ = 0.06. The related complex 2 released NO
much less efficiently, exhibiting a quantum yield nearly five times lower (¢ = 0.012). This
difference in ¢ value indicates that an increase in the number of negatively charged ligands in
1 (containing five chlorides per Ru) versus 2 (only three chlorides per Ru) improves the
quantum efficiency. The photochemistry of other chloro {Ru-NO}8 species such as [Ru(NO)
(Cl)4(H20)]™ and [Ru(NO)(Cl)2(H,0)3]* [108] has not been explored. Both 1 and 2 undergo
clean NO photorelease in aqueous 1 M HCI solutions. However, typical physiological
conditions invariably lead to spontaneous dissociation of the CI™ ligand(s) and/or redox
reactions affording Ru(ll) or Ru(lV) species [104,105]. Many Ru(Il) species with water as
ligands readily form new bonds at room temperature with biological molecules like DNA
[109,110] leading to further complication. As a result, the biological utility of ruthenium
nitrosyls of this type as NO donors is quite limited.

2.1.2 Ruthenium nitrosyl ammines—This class of photoactive ruthenium nitrosyls has

been extensively studied by Franco and co-workers in recent years. As an extension of earlier
work on the light-induced dissociation of ammonia (NH3) [76,79-82], Franco and co-workers
also noted photorelease of NO from such complexes (when NO is present as a ligand) in acidic
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aqueous solutions [111]. The general structure of this class of NO donors, depicted below,
includes the {Ru-NO}® core ligated to four equatorial ammine ligands, and a sixth ligand X
(trans to NO) which is varied. Although the simplest of these nitrosyls, namely [Ru
(NH3)5(NO)](BF4)3 (4) was synthesized as far back as 1952 [112-114], the photochemistry
of such species was not quantitatively investigated until some forty years later [111].

34—
NO —l

HaN ty,, | \\“NH3
/Ru:\.
HN" | NH,
X

[Ru(NH;),(NO)(X)]** (cations of 4-8)

X = NH; (4), py (5), Im (6)
4-acpy (7), P(OEt), (8)

As part of their photochemical investigation on NO from complexes of type trans- [Ru
(NH3)4(NO)(X)]3*, Franco and co-workers have synthesized a series complexes (examples
include 4-8) to estimate the effects of the ligand X on NO photolability [115-117]. These
complexes are soluble in H,0, and stable under acidic conditions (pH < 5). Exposure to UV
light (300-370 nm) results in NO release (Eq. (2)) which can be monitored by using an NO-
sensitive electrode (Fig. 3). In acidic solution, the photoproduct trans-[Ru(NHz)4(X)
(H,0)]3*, exhibits its EPR signal at g ~ 2.14 [118]. At pH ~ 6.0, it is converted into the hydroxo
species trans-[Ru(NHz3)4(X)(OH)]?* [119,120]. Quantum yield (¢) measurements on this
series of nitrosyls have afforded values ranging from ¢ = 0.04 (6, Im) to 0.23 (7, 4-acpy)
[115,116]. Significant NO photolability (¢ = 0.30) has been observed when X = phosphite
ligand such as P(OEt)3 (8) [121,122]. The d.(Ru) — =" (NO) metal-to-ligand charge transfer
(MLCT) transition around 330-450 nm is believed to be responsible for the NO photolability
of these nitrosyls. Results of theoretical studies support this view [123]. More discussion on
their spectroscopic parameters could be found in published reviews [115,116]. It is important
to note that results from studies on trans-[Ru(NH3)4(NO)(X)]3* type of species have clearly
shown that the peripheral ligands, particularly the ligand trans to NO, have a significant effect
on NO release rates from ruthenium nitrosyls.

Results of extensive redox and kinetic studies have also shown that trans-[Ru(NHz)4(NO)
(X)]3* type of nitrosyls also release NO upon reduction and the redox potential of the NO*/
NO couple and the lability of the NO ligand from the reduced species can be controlled by
judicious choice of the trans ligand [116]. Since phosphite ligands raise the reduction potential
(and makes it biologically accessible) and stabilize Ru(ll) center, the authors have used
trans-[Ru(NHs3)4(NO)(P(OEt)3)](PFg)3 (8) to induce hypotensive effects in hippocampus
slices of mice and live animals [124]. The toxicity of this type of ruthenium nitrosyl is less
than SNP [49-51]. Such biological effects are however not related to NO photolability and
will not be discussed further.

2.2 Photoactive nitrosyls derived from polydentate ligands

2.2.1 Cyclam (1,4,8,11-tetraazacyclotetradecane)—The use of polydentate ligands in
coordination chemistry provides several advantages over monodentate ligands such as CI~ or
NH3. Multidentate ligands allow greater control over stability, solubility and structural features
of the resulting complexes. Complexes derived from tetra- or pentadentate ligand are often
stable in biological media. Such stability is required to (a) sustain pharmacological activity,
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(b) reduce the toxicity of free metal ion(s), and (c) avoid non-specific binding of the partially-
ligated metal ion(s) to other biological molecules. One early example of a ruthenium nitrosyl
derived from a macrocyclic amine is the complex trans-[(cyclam)Ru(NO)(CI)]X> (9), (cyclam
=1,4,8,11-tetrazacylcotetradecane, and X = CI~, ClO4") reported by Clarke and co-workers
[96].

o 17

HN,,, | WNH
[ I )

HN H
\\{:‘:I/}q

trans-[(cyclam)Ru(NO)CD]** (cation of 9)

This nitrosyl spontaneously releases NO following reduction in aqueous solution (Fig. 4). A
metastable {Ru-NO}’ species is formed in situ (EPR signal with g, = 1.995, gy = 2.035 and
g; = 1.883) [96] followed by slow NO release over the course of several hours (k = 6.40 x
1074 s71 at 25 °C). Although similar {Ru-NO}’ species have previously been observed in
solution, thermal decomposition of Ru-NOe unit has prevented structural characterization of
any {Ru-NO}’ species so far. Reductive NO release from 9 in cellular tests has shown some
promise. Administration of 9 in hypertensive rats results in reduction of blood pressure, much
like SNP, although the duration of such effect is much longer in case of 9 [125]. The
photochemistry of 9 has been reported in a recent account by da Silva and co-workers [126].
This nitrosyl releases NO with ¢ values ranging from <0.002 to 0.16 depending on pH and the
wavelength of irradiation.

2.2.2 {Ru-NO}6 nitrosyls derived from porphyrins—Since the principal in vivo targets
of NO are heme-containing enzymes such as guanylate cyclase, myoglobin, and cytochrome
c oxidase, researchers have looked into the possibility of designing NO donors based on metal
nitrosyls derived from natural macrocycles like porphyrins and corroles. Photosensitivity of
the Fe-NO bond(s) in heme-based nitrosyls was detected at the very early phase of such research
[127-129]. However, most iron complexes of this type are highly reactive toward oxygen and
hardly suitable for photochemical delivery of NO to biological targets. Consequently, {Ru-
NO}" nitrosyls of porphyrin ligands have received more attention as possible photoactive NO
donors. Ford and co-workers have extensively studied such nitrosyls (along with the iron
analogues) in establishing the photochemical features of the {Ru-NO}" (n = 6, 7) moiety.
During the past few years, this group has synthesized a variety of ruthenium nitrosyls derived
from porphyrin ligands of the type [Ru(P)(NO)(X)] (P = TPP, OEP; X = CI~, ONO™) and
determined the kinetic parameters of NO photorelease via the technique of time-resolved flash
photolysis [130-135]. Richter-Addo and co-workers have synthesized two similar porphyrin
complexes and have studied their redox behavior [136-138]. Through a series of carefully
performed experiments, Ford and co-workers have shown that exposure of both [Ru(TPP)(NO)
(CI)] (10) and [Ru(OEP)(NO)(CI)] (11) to UV light (either 300 W Xe lamp or Nd:YAG pulsed
laser) leads to photolysis of the Ru-N(O) bond (Fig. 5) to afford a single transient species
(presumably [Ru'"'(P)(CI)]) which decays by a single NO-dependent pathway back to the
starting materials [133,134]. Unlike the previous {Ru-NO3}® nitrosyls, the porphyrin-based
nitrosyls of ruthenium (and iron) undergo a fast NO-recombination reaction (Eq. (3)). The fast
rate of the NO capture (k > 10’ M1 s71) renders these nitrosyls unsuitable for efficient NO
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delivery. The nitrito derivatives of the heme-nitrosyls, namely, [Ru(P)(NO)(ONO)] (P = TPP,
OEP, FTTP), also release NO upon UV irradiation and undergo rapid NO recombination,
although via a more complicated reaction scheme (reviewed elsewhere, see ref. 130 and 131).
The chemical basis for the fast NO recombination (in case of porphyrin complexes) versus

irreversible NO photorelease (in case of species described in other sections) is currently
unclear.

Ru - (NO)+hy — Ru™ - (solv)+NO (3)

NO

-

X

[Ru(P)(NO)(X)]

X =CI, P=TPP (10)
X =CI, P=OEP (11)

X = ONO-, P = TPP (12)
X = ONO-, P = OEP (13)

2.2.3 Ruthenium nitrosyls derived from N»O, ligands—The back-reactions observed
with porphyrin-based {Ru-NO}® nitrosyls led several investigators to synthesize {Ru-NO}®
complexes with non-heme multidentate ligands. In 2002, Ford and co-workers synthesized
several {Ru-NO}® nitrosysls derived from the tetradentate ligand N,N’-bis(salicylidene)
ethylenediamine (Hysalen) and related Schiff base ligands (14-17) and studied their
photochemistry in water and other non-aqueous solvents [139,140]. Much like the porphyrin
system, the dianion of this planar ligand provides four in-plane donors — two imine nitrogens
and two phenolate oxygens to the ruthenium center. The photochemistry of the [Ru(salen)(NO)
(CD] (14) has also been studied (and subsequently characterized by X-ray crystallography) by
da Cunha and coworkers [141].
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u
o™ T ~o
X
R = R R

[Ru(salen)(NO)(X)]

R=H
X =CI (14), ONO (15), H,0O (16)

R ='Bu
X=ClI"(17)

In donor solvents like acetonitrile, UV irradiation (Aj;r = 365 nm) of 14 results in release of
NO with a quantum yield of ¢ = 0.13 (Eqg. (2)) [139], with a slow recombination rate (kyo =
0.22 M1 s71). In other solvents like THF or toluene, much faster back-reaction (NO
recombination) is observed (Eg. (3)) [139]. Low temperature EPR studies have confirmed that
the release of NO from these {Ru-NO}® nitrosyls affords a low-spin Ru(l11) photoproduct with
g = 2.27 and 2.06 [141], which readily reacts with NO to regenerate the starting compound
(Fig. 6). Although 14 is soluble in water and exhibits moderate extent of NO photolability
under visible light (546 nm), its utility as NO donor has not been established.

Additional {Ru-NO}® nitrosyls with substituted salen ligands as well as different sixth ligands
have also been synthesized and characterized by Ford and co-workers [139]. Interestingly,
when the axial chloride ligand trans to NO is changed to O-bound nitrite (as in [Ru(salen)(NO)
(ONO)] (15)) or a neutral ligand like water (as in [Ru(salen)(NO)(OH,)]* (cation of 16)), an
interesting trend in photochemical efficiency is observed. When irradiated with 365 nm light,
the three nitrosyls exhibit a clear trend in quantum yields in the series CI” > ONO™ > H,0
(¢ =0.13 > 0.067 > 0.005, respectively), which clearly corresponds to decreasing c-donor
strength of the trans ligand. The nitrosyls with substituted salen ligands like [Ru(‘Buasalen)
(NO)(CD] (17), [Ru('Bussalophen)(NO)(CI)] (18) and [Ru('Buysalophen)(NO)(CD] (19) all
exhibit decreased quantum efficiencies (¢ = 0.030, 0.077, 0.055 respectively in acetonitrile)
compared to the initial complex [Ru(salen)(NO)(CD] (14). Finally, the rates of NO
recombination for the salen-based nitrosyls are slower (k = 1072 to 1074 M1 s71) compared
to those of the porphyrin-based nitrosyls.

NO

..--“um., |I.l'““‘ N.\
o 7 ~o
Cl
Ry R, 2

[Ru('Bu salophen)(NO)(CD)]

R, =H,R,='Bu (18)
R,=Bu, R,="Bu (19)
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The persisting problem of NO recombination of the salen-based {Ru-NO}® nitrosyls (and
failure to serve as efficient NO donor) has recently been circumvented by Borovik and co-
workers by incorporating the nitrosyl in a polymer matrix [142]. As shown below, an O-
phenylvinyl appended derivative of 14 containing pendant vinyl groups, namely 20, was
synthesized, and then covalently incorporated into a methacrylate-based polymer. The
composite porous material exhibits photochemical behavior similar to that of [Ru(salen)(NO)
(CI)] (14) by (a) releasing NO upon exposure to UV light and (b) generating a Ru(lll)
photoproduct as observed by EPR spectroscopy. Borovik and co-workers have demonstrated
that an aqueous suspension of the composite material can deliver NO to a biological target like
myoglobin (Mb) when exposed to 370 nm UV light. In a typical experiment, the transfer of
NO to Mb was complete after ~20 minutes of UV irradiation. The slow rate of NO transfer
could arise from the highly cross-linked nature of the polymer. Nonetheless, this work
demonstrates the utility of polymer-embedded nitrosyls as NO donors. Tfouni and co-workers
have also isolated silicate sol-gel (SG) encapsulated [Ru(salen)(NO)(CI)] (SG-14) as a brown-
red vitreous material that displays a broad vy at 1856 cm ™1 and releases NO when irradiated
with a Xe lamp [143]. The NO-spent material can be regenerated by reaction with NaNO», 1
M HCIO,4 and Eu?* as the reducing agent. Recently, the same group has also isolated SG-
entrapped trans-[(cyclam)Ru(NO)(CI)](PFg)2 (SG-9) and a trans-[Ru(NH3)4(NO)(X)]-
modified silica gel conjugate [144]. Both materials release NO when illuminated with 334 nm
light. SG-9 can be regenerated with NO while the latter nitrosyl-silica material requires
NaNO, and acid for its renewal.

In selected cases, irradiation of ruthenium nitrosyls leads to ligand isomerization and complex
photochemical behavior. Miki and co-workers have studied the effects of light on ruthenium
nitrosyls derived from 8-quinolinolato ligands [145-149]. These nitrosyls of the general
formula [Ru(X)(2-R-gn),(NO)] (where X = CI~, OAc™; H2gn = 8-quinolinol derivatives with
2 position substituted with Me, Et or CI) exhibit different extents of photoisomerization and
NO photorelease under visible light. For example, the nitrosyl with 2-methyl substituted ligand
(21) isomerizes to 22 both photochemically and thermally [149], while the nitrosyl with 2-
chloro substituted ligand undergoes mostly thermal isomerization [147]. The thermal stability
of the latter nitrosyls also depends on the isomer. For example, Miki and co-workers have
recently reported the photochemical behavior of two geometrical isomers cis-1-[Ru(OAc)
(2cgn)2(NO)] (23) and cis-2- [Ru(OAc)(2cqn)o(NO)] (24) derived from 2-chloro-8-quinolinol
(H2cqn) [146-147]. These two structurally similar isomers exhibit very different
photoreactivity under light. For example, 23 displays reversible NO photolability, even in
strong donor solvents like DMSO. It undergoes ligand exchange with free 1°NO upon
irradiation with light (as noted by IR spectroscopy) and does not undergo isomerization
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[147]. Contrary to such behavior, 24 isomerizes to 23 when exposed to light. In addition, it
undergoes ligand exchange with free 1°NO. This example highlights difficulties that may be
encountered in {Ru-NO}® photochemistry when the complex is derived from asymmetric
bidentate ligands. In general, the photochemical behavior of this class of nitrosyls changes
dramatically with change in solvents, ligands (such as CI~ vs. acetate), and the substituents on
the 8-quinolinolato frame. The use of a single polydentate ligand prevents this problem of
photoisomerization and provides a basis for clean NO photorelease.

R nNO
| :N.--;,,_,T ‘_.\\\x R
o T’\N P !
o

cis-1-[Ru(X)}2Rqn),(NO)] cis-2-[Ru(X)(2Rgn),(NO}]

R=Me, X=CI" (21 and 22)
R=Cl, X=0Ac (23and 24)

A triruthenium nitrosyl cluster with mixed N,O-coordination has recently been reported as a
photochemical NO donor. Tomazela and co-workers have synthesized the complex [Ru3O
(CH3CO,)6(pic)2(NO)]PFg (25), that contains a single NO ligand [150]. The NO is released
on exposure to UV light with a quantum yield of ¢ = 0.038 (Aj;r = 365 nm).

NO —| '
- o iy, At (o]

3\‘; o~ R‘u‘\o 07/ )
0,1 O] .0

Ru Ru
Z r/(é]‘o 07 N

[RuyO{CH,CO,),(pic),(NO)]* (cation of 25)

o

2.2.4 Ruthenium nitrosyls derived from ligands with carboxamide group(s)—
Mascharak and co-workers have investigated the role of the carboxamide group in transition
metal chemistry for a number of years [52-56,59,70-74,151,152]. The primary motivation
behind this research was the non-heme iron enzyme nitrile hydratase [153-156]. Notably, the
metal center is ligated by two carboxamido N donors (from peptide backbone) and the activity
of the enzyme is regulated by NO. In 1990, Endo and coworkers discovered that the Fe-NO
bond of the “dark” form of nitrile hydratase is photolyzed under light, a step that leads to
enzyme activity [157-159]. In 1997 and 1998, two research groups separately reported the
structures of the “light” isoform (NO photolyzed) [160] and the “dark” form of the enzyme
(NO bound to active site iron) [161], proving that NO can be photolabile in non-heme systems
with carboxamide group(s) as donor(s). In 2002, Mascharak and co-workers reported, for the
first time, NO photolability in [(PaPy3)Fe(NO)](ClO4),, a {Fe-NO} nitrosyl that mimics the
photochemical characteristic of the iron site in nitrile hydratase [52]. As discussed above, the
need for more stability in biological media prompted this group to synthesize the corresponding
ruthenium nitrosyl namely, [(PaPy3)Ru(NO)](BF4), (26) [162]. As shown above, this nitrosyl
is derived from a pentadentate polypyridine ligand with a single carboxamide group. It is
important to note that the deprotonated carboxamido nitrogen (a strong o-donating negatively

Coord Chem Rev. Author manuscript; available in PMC 2010 November 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rose and Mascharak

Page 11

charged donor) is trans to NO in 26. Unlike the reported water-soluble ammine complexes 4—
8 (described above) that are stable only under acidic conditions (pH < 5), 26 is both soluble in
water and indefinitely stable in aqueous solution in the pH range 5-9, a prerequisite for
biological use. Many {Ru-NO}® nitrosyls undergo hydrolysis of the nitrosyl moiety under
neutral conditions to form coordinated nitrite (Eq. (4)). The stability of 26 even in presence of
hydroxide clearly demonstrates that the strong donor ability of the carboxamido nitrogen
provides protection to the {Ru-NO3}® core by reducing the electrophilicity of the NO moiety.
The most desirable property of 26 is its NO photolability. This nitrosyl rapidly releases NO
when exposed to UV light of low intensity (5-10 mW, 300-450 nm). Upon exposure to UV
light, the yellow solution turned orange (Fig. 7) and NO is detected in the solution by NO-
sensitive electrode. Unlike the porphyrin species [Ru(P)(NO)(X)] (10-11), there is no back
reaction. All these features render 26 an ideal NO donor for biological use. Indeed, 26 has been
successfully used to deliver NO to Mb [73,162] and cytochrome ¢ oxidase [73]. In addition,
this nitrosyl has been employed to activate soluble guanylate cyclase and relaxation of rat aorta
muscle rings via light triggering [163]. The quantum yield value of this NO donor has recently
improved by incorporation of a quinolyl-carboxamide moiety in place of the pyridyl-
carboxamide group. The resulting nitrosyl, namely [(PaPy,Q)Ru(NO)](BF4), (27), releases
NO more efficiently under low-intensity (5-10 mW) UV light of 410 nm wavelength (p410 =
0.17 versus 0.05 for 26) [164].

Ru - NO+H,0 — Ru" — (NO»)+2 H* 4)
2 24
NO —[ o] —|
/‘| = /‘T =7
Nm,h ..,.\\N = N;,,"’ wN=
HJ/'T‘\ ~ N'/T‘\ =~
(o] o
[(PaPy )Ru(NO)]** (cation of 26) [(PaPy,Q)Ru(NO)** (cation of 27)

Mascharak and co-workers have also systematically investigated the effects of axial and in-
plane ligands in ruthenium nitrosyls derived from ligands with carboxamide groups. In their
recent work, this group has utilized the di-carboxamide ligand 1,2-bis(pyridine-2-
carboxamido)benzene and its methylated analogue (Hobpb and H,Me,bpb respectively) to
synthesize photoactive {Ru-NO} nitrosyls [165]. As shown below, these nitrosyls consist of
the {Ru-NO}® core coordinated by two carboxamido nitrogens and two pyridine nitrogens in
addition to an exogenous ligand X (X = CI~, py, Im, OH™) trans to NO. In general, these {Ru-
NO} nitrosyls exhibit lower vyo values (< 1870 cm™1) than 26 discussed above (vyo = 1899
cm™1), owing to the greater s-donation from two carboxamido nitrogens. Within this series,
the exogenous ligand X has a clear role in controlling the rate of NO release. For example, the
pyridine-bound complex 33 releases NO at an apparent rate of 0.004 s~1 (under 302 nm
illumination), while the chloride-bound (31) or hydroxide-bound (32) species released NO at
0.012 s~ — nearly three times faster (Fig. 8). Richter-Addo and co-workers have recently
reported the u-oxo bridged complex {u-O-[(bpb)Ru(NO)],} (30) in which two bpb-nitrosyl
moieties are connected by an O2~ bridge [166]. It will be interesting to compare the
photochemistry of 30 versus the hydroxide-bound 29. Shepherd and co-workers have
synthesized several di-carboxamide ruthenium nitrosyls derived from Hybpe or Hobpp
(containing ethyl or propyl diamines, resepectively, substituted for phenylene diamine as in
28-30) [167]. Although the resulting nitrosyls like [(bpp)Ru(NO)(CI)] exhibit structural
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parameters similar to 28 and 31, their NO releasing ability under UV light has not yet been
explored.

R.NOR _[W

o] o]
Nh“.rr ..n.l-'l"“ H

N IT\ =

X —_

—

[(bpb)jRu(NOY X))

E=H R=Me
X =CI (28), OH (29) X =Cl"(31), OH (32)
p=-O-[(bpb)Ru(NO)] (30) py (33), Im (34)

Very recently, Mascharak and co-workers have isolated nitrosyl-polymer hybrid materials (for
site-specific NO delivery) that includes [(PaPy3)Ru(NO)](BF4), (26) and [(Me,bpb)Ru(NO)
(py)]BF4 (33) [168]. These nitrosyls have been encapsulated into methacrylate-based polymers
because these materials are both robust and inert enough for drug delivery [169]. The nitrosyl-
polymer hybrids are stable, resistant to biological buffer components and exhibit excellent NO
donor ability under UV light. Unfortunately, the nitrosyls slowly diffuse out of the porous
materials and contaminate the biological media within hours. The leakage problem led this
group to pursue the covalent attachment of the nitrosyls to the methacrylate-based polymer. In
such attempt, the researchers have synthesized a nitrosyl [(Mesbpb)Ru(NO)(4-vypy)](BF4)
(35) (4-vypy = 4 vinyl-pyridine) that contains a pendant vinyl group as a “tether” for covalent
attachment to the polymer backbone. When nitrosyls such as 35 or 36 are co-polymerized with
the polymer components, the resulting material retains its NO delivery capacity and exhibits
no sign of leakage of any ruthenium-containing species [168]. The therapeutic worth of these
materials has not been evaluated so far.

NO "
° me R u\l‘N 0 N
=
; -—-N/ |"\ N "I | N\
\—=
\
x 4-vypy (35) 1-vy-Im (36)

[(Me,bpb)Ru(NO)(vy-L)J*

2.2.5 Ruthenium nitrosyls derived from thiolate ligands—Sellmann and co-workers
have synthesized a number of sulfur-rich nitrosyl complexes and studied their photochemistry.
Many of these complexes contain thiolate (examples include 37 and 38) and/or thioether donor
group(s) which bind the {Ru-NO}® core quite tightly [170,171]. The thiolato sulfur donors in
the five-coordinate nitrosyl 37 are reactive and readily undergo subsequent reactions to afford
complexes with extended S4N coordination such as [Ru(NO)(pyS4)](Tos) (Tos = tosylate, 39,
40) [172-174].
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In 2004, Sellmann and co-workers reported the photoactivity of nitrosyls of the type [Ru(NO)
(py™BUS,)]* [174]. Upon exposure to UV light, [Ru(NO)(py™BUS,)]Br (40) releases NO and is
converted into the corresponding Ru(l11) species [Ru(Br)(pyBUS4)] (Fig. 9). Much like the
nitrosyls with carboxamido nitrogen coordination discussed above, 40 exhibits a low vyo value
of 1841 cm™1 (strong o-donation from the thiolato sulfurs) and good stability in protic solvents
such as methanol. Interestingly, 40 reacts with NaBH, in methanol to afford the

“nitroxyl” (HNO) complex [Ru(HNO)(pyBUS,)] [175].

2.3 Alternative photochemical pathways

2.3.1 Ru(ll) photoproducts—While photolysis of many {Ru-NO}® nitrosyls generate Ru
(1) photoproducts following loss of NO (as described above, Eqg. (2)), some ruthenium
nitrosyls with polypyridine ligands exhibit alternate photoproducts. As early as 1977, Meyer
and coworkers reported examples of such photosensitivity [93]. When a solution of cis-
[(bpy)2Ru(NO)(CI](PFg)2 (bpy = bipyridine, 41) in acetonitrile (flushed with argon) is
exposed to UV light, a mixture of Ru(l11) and Ru(ll) species namely, [(bpy)2Ru(MeCN)
(CN]?* and [(bpy),Ru(MeCN)(CI)]* is obtained as the photoproduct. However, when the
acetonitrile solution is saturated with oxygen, only the Ru(lll) photoproduct is isolated.
Interestingly, photolysis of 41 in aqueous solution does not promote NO release, but instead
leads to very different photochemical product(s) (vide infra). The trans isomer 42 has also been
synthesized and structurally characterized, but its photochemistry has not yet been studied
[176,177].

2+ 2+

O
=N, w Cl
/T N N?ﬂ i N""
N
cis-[(bpy), Ru(NONCD)]* trans-[{bpy ), Ru(NONCI)]*
(cation of 41} (cation of 42)

Recently, Mascharak and co-workers have synthesized a {Ru-NO}® nitrosyl derived from the
neutral, polypyridine Schiff base ligand SBPy3 (SBPy3 = N,N-bis(2-pyridylmethyl)amine-N-
ethyl-2-pyridine-2-aldimine) that resembles the ligand PaPy3H except for the carboxamide

group [178]. The photoactivity of [(SBPy3)Ru(NO)](BF4)3 (43) is somewhat similar to that of
41. When a solution of 43 in acetonitrile is exposed to UV light, NO is released (detected by
NO electrode) and the solvent-bound Ru(ll) species [(SBPy3)Ru(MeCN)]%* is isolated as the
only photoproduct even in presence of oxygen [178]. Spectroscopic (*H-NMR, EPR, UV-vis)
measurements during photolysis confirm that expulsion of NO from 43 leads to the diamagnetic
Ru(I1) photoproduct [(SBPy3)Ru(MeCN)]2* almost instantaneously. In absence of any time-
resolved studies, the overall photochemical transformation appears to proceed via spontaneous
reduction of a transient Ru(l11) species (Eg. (5)). Indeed, analogous auto-reduction reaction is
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well-documented in iron chemistry of SBPy3 [179] and is also likely in case of ruthenium
[178]. Since neutral polypyridyl ligands provide high stability to Ru(ll) centers, it is quite
possible that photorelease of NO in case of 43 (and species like 41) affords Ru(ll)
photoproducts in selected solvents. The exact nature of the reducing equivalent in Eq. (5) is
unknown although NO itself could act as the source [93]. Despite rapid release of NO under
low-intensity UV light, the utility of 43 as an exogenous photoactive NO donor is limited
because of its instability in aqueous solution above pH 5. Dissolution of 43 in aqueous solution
of pH 7 results in conversion of the NO group to NO,™ (nitrosyl to nitrite, Eq. (6)). Recently,
da Silva and co-workers have reported {Ru-NO}® nitrosyls derived from terpyridine (terpy)
and ancillary ligands like bpy (44), 1,2-phenylenediamine (NH»-NH>ph, 45) and its quinone
derivative (NH-NHq, 46) [180]. These complexes release NO under UV light, but also suffer
from facile NO — NO,™ conversion at physiological pH.

{Ru — NO}6+hv+solv+l e~ — Rull - (solv)+NO (5)

4me
Tm,,R =
‘Ru

.I‘ “‘-N/l \ —

= \—N*--. \ Y
[(SBPy;)Ru(NO)J*" (cation of 43) [Ru(terpy)(LYNO)]*
L bpy (cation of 44)

NH,-NH,ph (cation of 45)

NH-NHgq (cation of 46)

In aqueous solution, the NO — NO,™ conversion can be accelerated under illumination in case
of {Ru-NO}6 complexes derived from neutral pyridine-based ligands. Earlier photochemical
studies on cis-[(bpy),Ru(NO)(CI)]?* (41) revealed this pathway. For example, Shimizu and
co-workers found that photolysis of aqueous solutions of 41 did not result in NO generation
[181]. Instead, excitation by UV light promoted conversion of the NO moiety into bound nitrite
(Eq. (6)). The researchers suggested that the bound NO must be electron-deficient in the excited
state, due to excitation of the dz(Ru) — 7" (bpy) transition. As electron density moves from
ruthenium to bpy in the excited state, NO becomes more electron-deficient thereby allowing
attack by water. The quantum yield of the reaction was unchanged (¢ = 0.04) in the UV range
from 254-334, which is the accepted range for the dz(Ru) — z"(bpy) transition (in addition
tox — 7" transition(s) of the bpy ligand). It is important to note that this transition is not present
in the ammine-based nitrosyls described above, which contain primarily o-donating NH3
ligands. As a result, this reactivity has not been observed such {Ru-NO}® nitrosyls under UV
light. In a recent report, da Silva and co-workers have reported that laser flash-photolysis (355
nm) of 41 in aqueous solution at pH 5.7 affords cis-[(bpy),Ru(OH)(CI)]* as the predominant
photoproduct following photorelease of NO (detected by NO-sensitive electrode) [182].
However, above pH 6, the nitro species cis-[(bpy),Ru(NO2)(CD]* is present in significant
amount at equilibrium.

Ru — NO+H,0+hy — Rul - (NO,)+2H"* ®)

2.3.2 NO generation from Ru(ll)-NO,—During photolysis, some ruthenium complexes
could release NO as a result of disproportionation of other nitrogen oxides, albeit with much
reduced photochemical efficiency. Ligands such as nitrite (NO, ™) and nitrate (NO3™) and
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loosely-bound nitrous oxide (N,O) have been implicated in some photochemical processes
generating NO. For example, da Silva and co-workers have shown that nitrite ion (NO, ™) bound
to Ru(ll) center could act as a photochemical NO source. Their results suggest that such bound
nitrite undergoes photochemical disproportionation to produce NO in aqueous solution, the
stoichiometry of which is described by Eq. (7). Indeed, the nitrosyls 4446 exist as complexes
[Ru(terpy)(L)(NO2)]* (L = bpy, NH,-NHoph, NH-NHg, 47-49) at physiological pH 7 [180].
Additionally, a series of polypyridine complexes of the type cis-[Ru(NO2)(L)(bpy)2]* (where
L = py (50), 4-picoline (51) or pz (52)) were studied in this regard [183]. All these nitro
complexes release NO in aqueous solution at pH 7.4 upon exposure to UV irradiation, as
determined by NO-sensitive electrode. The ancillary ligand L modulates the efficiency of NO
release, as evidenced by quantum yields which range from ¢ = 0.007 (L = py) to 0.037 (L =
pyrazine). The related polypyridine complex [Ru(NO,)(bpy)(terpy)]?* also releases NO with
a quantum yield of 0.036. Although these quantum yields of NO production are lower than the
{Ru-NO} complexes described in previous sections, these nitro complexes are stable in
aqueous solution at physiological pH (~7.4).

Ru' - (NO»)+H,0+hv — Ru'™ — (OH)+NO+OH" @
+
NO, —|
N |
=Ny, u'“'“L
= /'] NN |
—
o
=
[Ru(terpy( LYNO,)]" cis-[Ru(NO,)(bpy),(L)]*
L bpy (cation of 47) L = py (cation of 50)
NH,-NH,ph (cation of 48) 4-Me-py (cation of 51)
NH-NHgq (cation of 49) pz (cation of 52)

2.3.3 Photochemical intermediates in Ru—NO photodissociation—Studies on
transient intermediates during photolysis of {Ru-NO}® nitrosyls have revealed different modes
of binding (and dissociation) of coordinated NO at the ruthenium centers [184]. The pioneering
work of Coppens and co-workers in this area has demonstrated this aspect of NO
photochemistry in iron and ruthenium nitrosyls. In their early work, this group irradiated
crystals of SNP with 488 nm light (100 mW/cm? Ar laser) at 50 K and determined the crystal
structures of irradiated sample (also at 50 K) following equilibration of the metastable states
at 165 K. The structures of the light-induced metastable state were then compared with the
ground state structure. In the ground state structure, the NO ligand is coordinated via nitrogen
in standard n1-N fashion (vno = 1950 cm™1). In metastable state MSy, the NO moiety is also
linear, but coordinated in an n1-O (or isonitrosyl) fashion (accompanied by decrease in vyg to
1835 cm™1). Lastly, in MS,, the NO moiety is in a perpendicular “side-on” geometry, i.e.
bonded to the metal center in an2-NO fashion (vyo = 1663 cm™1). Clearly, these results indicate
that the mode of binding of NO to the metal center in a nitrosyl undergoes changes (in
orientations) and such changes can be monitored by crystallography as well as by following
changes in vyo values [185].

Coord Chem Rev. Author manuscript; available in PMC 2010 November 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rose and Mascharak

Page 16

N T N=0
ey, | a ey, aw tn, M
/’T“"\ - T”"\. - T“\
n'-NO n'-ON 73-NO
"nitrosyl" (GS) "isonitrosyl" (MS,) "side-on" (MS,)
1950 ~ 1800 cm-! 1800 ~ 1650 c¢m! 1650 ~ 1400 cm-!
298 K < 150K < 50K

Similar changes in vy values have also been observed in low-temperature Raman and IR
experiments with {Ru-NO}® nitrosyls by Woike and co-workers [186]. For example, the
archetypal nitrosyl Ko[Ru(NO)(Cl)s] (1) exhibits its ground state vyo at 1893 cm ™1 at 20 K.
Photoexcitation (Ar laser or Xe lamp with filters) at 410-500 nm (108 K) changes this value
to 1768 cm 1. A nearly identical shift (from 1886 cm™ in ground state to 1772 cm™1 in
MS;) is observed in case of Ko[Ru(NO)(NO2)4(OH)] upon excitation with 410-500 nm light
[186]. In this case, additional laser excitation of MS; leads to the MS, isomer, further
decreasing the vy value to 1623 cm™L. These results along with crystallographic studies
[185,187] confirm the formation of the n1-O and 12-NO states in these ruthenium nitrosyls.
More recent work by Richter-Addo and co-workers with porphyrin-based {Ru-NO3}® nitrosyls
(11 and its derivatives) has shown the same trend in vyo shift upon laser excitation [188].
Franco and co-workers have also reported similar changes in vy values (1916—1823—1798
cm~1) upon excitation of [Ru(NO)(NH3)5]3* (4) with 480 nm light in the solid state [189]. In
all these studies with solid samples of nitrosyls, laser excitation at low temperature generates
the different NO metastable state linkage isomers which eventually revert to the ground state
{M-NO}® (M = Fe, Ru) nitrosyls when the samples are warmed to ambient temperature. No
photorelease of NO has been reported in these experiments.

In a recent report, Einarsdottir and co-workers have detected similar transient species in their
time-resolved flash photolysis studies on 26 in aqueous solution at 298 K [73]. In this study,
a short-lived intermediate (formed within < 100 ns of laser flash, 355 nm) with Amax =550 nm
has been attributed to formation of either n1-O isonitrosyl (MS1) or n2-NO (MS)) linkage
isomer. NO is rapidly released from this metastable state (t = 2 us) to afford the Ru(lll)
photoproduct. Although photorelease of NO from the metastable state isomers of ruthenium
(or any other metal) nitrosyls has not been studied systematically by any group so far, it is
apparent that photorelease of NO from {Ru-NO}® nitrosyls most possibly proceeds through
one or more of these metastable states. The existence (and role) of such species in biological
media however remains as an open question at this time.

2.4 Overview of the photochemical pathways of {Ru-NO}® nitrosyls

Studies on several sets of {Ru-NO}® nitrosyls have now revealed that these species release NO
mainly via two photochemical pathways. As shown in Scheme 1a, some {Ru-NO}® nitrosyls
release NO upon illumination and afford Ru(l11) photoproducts. This pathway is promoted by
strong, usually negatively charged, o-donors such as amines, phenolates, carboxamides and
thiolates. These donors stabilize the Ru(l11) photoproduct, and as such promote this
photochemical pathway in most solvent medium including water at physiological pH. Several
nitrosyls of this category require moderate to low intensity light (mostly in the 300-450 nm
range) to release significant amounts of NO. The notable exceptions are the nitrosyls derived
from porphyrin-based ligands (Scheme 1b). Fast NO recombination rates severely limit the
NO donor capacity of such {Ru-NO}® nitrosyls. High intensity light sources are required to
release NO from these species. The second photochemical pathway affords Ru(ll)
photoproducts following photorelease of NO. {Ru-NO}® nitrosyls derived from polypyridine
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ligands and neutral Schiff bases fall in this category. Photochemical loss of NO from these
nitrosyls is accompanied by auto-reduction of the ruthenium center in selected solvents
(Scheme 2a). In aqueous solutions, exposure to light can promote NO — NO,™ conversion
(Scheme 2b). Although some of the resultant nitro complexes photorelease NO, the starting
{Ru-NO}® nitrosyls are not considered efficient NO donors due to their complex
photochemistry in agueous media.

3. Strategies for photosensitization of the Ru—NO bond to lower-energy
(visible and near-IR) light

One key requirement for phototherapeutics in PDT is the possibility of drug delivery upon
exposure to visible or near IR light, mainly to avoid tissue damage and allow skin penetration
in case of skin malignancies. In case of photoactive ruthenium-based NO donors, it is therefore
desirable that the {Ru-NO}® nitrosyls undergo facile NO photorelease upon illumination with
light of longer (500-850 nm) wavelengths. However, most photoactive {Ru-NO}® nitrosyls,
discussed so far, release NO when irradiated with light in the UV region since the
photosensitivity of these nitrosyls is largely governed by the intrinsic location of the d (Ru)
— 1"NO) transition in their electronic absorption spectra (Amax = 300450 nm, Table 1). Such
UV photoactivation is of course incompatible with many medical applications. During the past
few years, researchers have therefore shifted their attention to designed ruthenium nitrosyls
that could deliver NO under visible (and/or near IR) light.

To date, two strategies for photosensitizing the Ru—NO bond to visible light have been pursued.
They include (a) alteration (or “tuning”) of the donor set and/or the ligand frame to modulate
the energy of the d(Ru) — 7" (NO) transition, thereby shifting the Ay, Of the photoband into
the visible region and (b) the use of strongly colored dyes as pendant (not bonded to metal
center) or as coordinating (directly bonded to the metal center) ligands and utilization of the
harvested light (by the added chromophore) to facilitate NO photorelease.

3.1 Strategy A: Increase in the number of anionic donors and/or charge

As far back as 1975, researchers have documented the effect of increasing donor strength/
charge on the spectroscopic properties of {Ru-NO}® nitrosyls. One instructive example is the
simple set of chloro complexes [Ru(NO)(CI),(H20),]™ (where x = 1-5; y = 0-4; x +y = 5; and
m = 2— to 2+) [108]. The nitrosyl with a low number of chloride ligands, such as [Ru(NO)
(C)2(H20)3]*, exhibits a clear absorption band at 440 nm (Fig. 10). The next nitrosyl in the
series, namely [Ru(NO)(CI)3(H0),] exhibits its band at 460 nm. A systematic trend is
observed in the red shift of the A5 values from 420 nm to 520 nm as the number chloride
ligands increases from one to five (Fig. 10). Although poor stability in aqueous solution and
readily exchanging ligands limit the use of this type of {Ru-NO}® nitrosyls as NO donors, it
is evident that more electron-donating ligands cause red shift of the absorption band of simple
{Ru-NO}® nitrosyls.

Modulation of Apax Via addition of more charged donors has been observed in more
complicated ligand systems. For example, in a recent study, Mascharak and co-workers have
isolated [(PysP)Ru(NO)]BF4 (53), a photoactive {Ru-NO}® nitrosyl derived from the
pentadentate ligand PysPH- with two carboxamide groups. Inspection of the electronic
absorption spectra of [(SBPy3)Ru(NO)]3* (43), [(PaPy3)Ru(NO)]%* (26), and [(PysP)Ru
(NO)]* (53), a series of polypyridine N5 complexes in which the number of carboxamido
nitrogen donor center(s) systematically increases from zero (43), to one (26), to two (53),
reveals increase in absorption in the visible range with increasing number of carboxamido
nitrogen(s) [178]. For example, 43 exhibits its major absorption with Apax at 315 nm while
26 displays its band at 410 nm. Interestingly, 53 exhibits additional absorption with a feature
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at 530 nm (e = 400 M~1 cm1) and NO photorelease is observed (unlike 43) when it is exposed
to visible light (500-550 nm, @53, = 0.05).

NO
— NO iPh,
! =Nuy,, } N Sun, | wS
Ru s Rus
N =
—
| Ny SiPh, | NS
= =
[(Py,P)Ru(NO)]* (cation of 53) [Ru{NO)py*S,)]* (cation of 54)

Addition of electron-rich substituents to the ligand frame around the metal center can also shift
the position of the photoband of {Ru-NO}® nitrosyls. For example, Sellmann and co-workers
have recently reported photorelease of NO via use of visible light from nitrosyls derived from
thiolate ligands, similar to 37-40. In their approach, several bulky triphenylsilyl (=SiPhs)
groups were appended to the ligand frame, as shown for [Ru(NO)(pySiS,)]Br (54) [190]. The
structure of this nitrosyl is similar to that of [Ru(NO)(pyPUYS4]* (40). When the red solution of
54 in methanol is exposed to visible light (> 455 nm), NO is released and the corresponding
Ru(111) bromo complex [Ru(Br)(pysiS4)] is obtained as the photoproduct. The strongly
electron-donating silyl groups most likely increase the electron density at the metal center and
shift the d(Ru) — =" (NO) transition to lower energy in this case. Additionally, the bulky
SiPhg groups prevent formation of a thiolate-bridged dimer in solution (as is the case with
40), thereby facilitating NO release. Insolubility of 54 in aqueous solution however prevents
use of this nitrosyl as a NO donor to biological targets.

Mascharak and co-workers have utilized extended conjugation in the ligand frame to move the
photobands of {Ru-NO}® nitrosyls to visible region. In general, ruthenium nitrosyls with
nitrogen-based ligands exhibit strong absorption bands in the UV range (300-400 nm, Table
1). For example, the nitrosyl [(Meobpb)Ru(NO)(CI)] (31) has a strong absorption band with
Amax at 395 nm (e ~5 000 M1 cm™1) and it releases NO under low-intensity UV light (5-10
mW). However, the lack of absorbance at wavelengths greater than 400 nm with nitrosyls of
this type restricts their use in PDT under visible light. In order to overcome this limitation,
Mascharak and co-workers have synthesized the designed ligand Me,bQb2™ in which the
pyridine rings of Me,bpb?~ ligand are replaced by the larger quinoline groups [165]. In the
resulting {Ru-NO}® nitrosyl, namely [(Me,bQb)Ru(NO)(CI)] (55), the Amay Value is shifted
to 455 nm (Fig. 11) and exposure of this nitrosyl to visible light (> 455 nm) indeed results in
rapid release of NO. In contrast, the less-conjugated complexes such as 28 and 31 undergo
minimal loss of NO (~1%) under identical conditions. It is therefore reasonable to expect that
ruthenium nitrosyls could be sensitized to visible light via judicious modifications of the ligand
frames.

NO
0] 0]
Hn,.' Ru ““\“

— Cl —

[(Me,bQb)Ru(NO)(CI)] (55)
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3.2 Strategy B: Attachment of pendant or coordinated chromophores as sensitizers

Research in past three decades has indicated synthetic difficulties encountered in shifting the
d.(Ru) — ©*(NO) transitions of {Ru-NO}® nitrosyls well in the visible (or near IR) region.
Although a fewl nitrosyls that exhibit absorption bands around 500 nm have been isolated, the
extinction coefficients of these transitions are usually low (¢ <500 M1 cm™). As a
consequence, their capacities for NO delivery are somewhat restricted particularly under light
of moderate intensity. In recent years, the strategy of efficient harvesting of visible light via
“antennae” to facilitate NO photorelease has been pursued by several groups to circumvent
this problem. Ford and co-workers first employed this strategy in sensitizing Cr(I11) nitrite
complexes (species containing Cr-NO» bonds) derived from cyclam-type ligands which
release NO upon exposure to UV light [65a]. In such attempts, this group appended “far-Uv”
chromophores (like pyrene, anthracene) to the periphery of the ligand frame as light harvesting
units. The alkyl linkers keep the pendant chromophores close (although not directly bonded)
to the metal center. Although the intrinsic quantum yield (o) value is unaffected by the high
absorbance (¢ in M~ cm™1) of the pendant chromophore, the “effective” utility of the
complexes (g x ¢) is improved significantly due to the conjugation. As an extension of this
work, Ford and co-workers have used a similar alkyl linker to tether fluorescein (a near-Uv
chromophore) to the Roussin’s salt Nas[Fe»So(NO),] again allowing peripheral
photoactivation of the metal center. [46a, 46b].

Mascharak and co-workers have recently reported a set of {Ru-NO}® nitrosyls in which a dye
molecule has been employed both as a ligand and for harvesting energy from visible light (i.e.
as a sensitizer) and facilitating NO photorelease. In this research, the UV-active nitrosyl
[(Me,bpb)Ru(NO)(CD] (31) was derivatized with the bright red dye Resorufin (Resf) to afford
[(Me,bpb)Ru(NO)(Resf)] (56) [191]. This dye-conjugate {Ru-NO}® nitrosyl exhibits a very
strong absorption band at 500 nm (¢ = 12 000 M~ cm™1, Fig. 12) and rapidly releases NO
(detected by NO-sensitive electrode) when exposed to visible light (> 455 nm) with a quantum
yield (o) value of 0.05 at 500 nm. The authors suggest that direct coordination of the dye
molecule is responsible for raising the quantum yield of 56 in the visible range via energy
transfer along the {(Resf)O—Ru-NO} axis. In order to support this hypothesis further, this
group has also isolated the corresponding {Ru-NO}® nitrosyl-Resf conjugate [(Me,bQb)Ru
(NO)(Resf)] (57) in which the d,(Ru) — n"(NO) transition almost merges with the strong dye
absorption band at 510 nm (Fig. 12). In line with the hypothesis, 57 exhibits a higher quantum
yield value in the visible range (9599 = 0.10). Both 56 and 57 are stable in aqueous solutions
(no observed NO — NO,™ conversion in the pH range 3-9) and rapidly photorelease NO under
visible light, thus fulfilling two crucial requirements for effective NO donors for PDT.

Nm;, ..\I N NJ’I': \\ N
**"’ gj cé“" i g;a
[o] 0

[(Me,bpb)Ru(NO)Resf)] (56) [(Me,bQb)Ru(NO)(Resf)] (57)
Da Silva and co-workers have pursued a related strategy for visible light sensitization of

ruthenium nitrosyls. In their work, a second ruthenium complex has been utilized as the
sensitizer [192,193]. The dinuclear {Ru-NO}® nitrosyl [Ru(NHz)s(pz)Ru(bpy)2(NO)](PFe)s
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(58), with a pyrazine (pz) bridge between the two metal centers, exhibits a strong absorption
band in the visible region (Amax = 530 nm, &= 10 000 M~ cm™1) due to a metal-to-ligand charge
transfer (MLCT) transition of d;Ru(ll) — =" (pz) origin [192]. When 58 is exposed to 532 nm
light (Nd:YAG laser), the MLCT transition in the Ru-pz moiety followed by an intramolecular
electron transfer to the Ru-NO unit causes photorelease of NO (532 = 0.025) under acidic
conditions. Although da Silva and co-workers have reported a few dinuclear nitrosyls of this
type (58-60), no information on their structures or biological utility has been reported so far
[193].

mk
I

""'N:m,., ™ N"‘“

/\N,_.\

H N,,,, | \,\\NH

L

[[Ru(NH,),(L)(pz)Ru(NO)(bpy),]**

L = NH, (58), py (59), 4-acpy (60)

4. Biological utility of ruthenium NO donors

To date, no ruthenium nitrosyl has been introduced clinically as an exogenous NO donor.
Research in this area has focused more on their photochemistry and their utility as research
tools in studying reactions of NO with proteins and DNA. A few studies of such kind with
{Ru-NO}® nitrosyls are discussed here to establish the potential of such species as convenient
agents for nitrosylation of biological targets.

4.1 NO transfer to proteins

The capacity of ruthenium nitrosyls to photodeliver NO to proteins was explored by Trentham
and co-workers as early as 1990 [107]. This group employed the commercially available salts
Ru(NO)Cl3exH,0 (often designated as RUNOCI3) and Ko[Ru(NO)(Cl)s] to study the process
of delivery of NO to hemoglobin (Hb). Reduction of Hb with sodium ascorbate under No
atmosphere generates deoxyHb, which reacts rapidly with NO to form nitrosylHb (Eqg. (8)). In
presence of RUNOCI3, deoxyHb is completely converted to nitrosylHb within several minutes
of UV irradiation. Conversion of oxyHb to metHb by the action of photolyzed NO within a
similar timeframe is also observed. More in-depth flash photolysis studies reveal that NO binds
to Hb in less than 4 milliseconds, with a second-order rate constant of 8 x 106 M~1s71
(dependent on both [Hb] and [NQ]).

deoxy — Hb(FeH)+NO — nitrosyl — Hb(Fe — NO) (8)

Einarsdéttir and co-workers have recently explored the use of [(PaPy3)Ru(NO)](BF4), (26) to
photodeliver NO to heme proteins such as myoglobin (Mb) and cytochrome ¢ oxidase (CcO),
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both of which react with NO in fashion analogous to Hb (Eq. (8)) [73]. Time-resolved flash
photolytic studies have shown that the fast kinetics of NO binding to Mb (z = 2.7 ms; k = 3 x
107 M1 s71) is comparable to that of Hb. NO reacts more rapidly with CcO (z = 940 ps; k =
1 x 108 M~1 s71). This study has demonstrated that kinetic resolution of such fast biological
reactions is possible with photoactive ruthenium nitrosyls.

There are several advantages that one enjoys with this type of NO donors over NO gas. First,
all the complications and precautions related to handling toxic NO gas via manometry as well
as the lengthy procedures for the purification of NO gas are all absent in experiments with
ruthenium nitrosyls as NO donors. The compounds are all stable, pure, and can be handled
easily in the absence of light. Second, one can add the NO donor to the target protein in the
desired medium and then trigger the photorelease of NO (and start the reaction) at one’s
convenience. As a result, these nitrosyls are excellent research tools for exploring the
mechanism(s) of fast nitrosylation reactions of proteins. As mentioned before, results from
both Borovik and Mascharak’s laboratory have shown that polymer-embedded {Ru-NO}®
nitrosyls can also deliver NO to Mb [142,162,167].

Mascharak and co-workers have also utilized 26 to activate soluble guanylate cyclase (sGC)
[163] and papain [74] although the kinetics of NO binding have not been explored yet. There
is much interest in exploring the reactions of NO with heme proteins like soluble guanylate
cyclase (sGC), nitric oxide reductase (NOR), and nitric oxide synthase (NOS). Studies on such
nitrosylation by ruthenium nitrosyls (often referred to as “caged-NO” complexes of ruthenium
by several biophysical groups) have been recently reviewed [194].

4.2. Delivery of NO to cells/tissues

Light-induced NO delivery to tissues from {Ru-NO}® nitrosyls have also been reported. Unlike
the systemic NO donors like NONOates, nitrates, and SNP (SNP can also be activated by light
[39,40,42]), release of NO can be better controlled in case of photoactive ruthenium nitrosyls.
As early as 1993, the ruthenium analogue of SNP namely, [Ru(NO)(Cl)s]2~ (referred to in
some literature as ruthenium nitrosyl pentachloride, or RNP) and RUNOCI3 were used by
several groups as a controlled source of NO in biological experiments. These commercially
available nitrosyls have been extensively used during the period when the emerging roles of
NO in biology were being realized. Stimulation of synaptic activity in rat hippocampus slices,
relaxation of rabbit aortic rings, and induction of interneuronal activity in mollusks have been
noted with RNP and RUNOCI3 under UV light (Xe flash lamp, Amax 320 nm) [195,196].
Although such physiological responses definitely arise from photoreleased NO, non-specific
side reactions of RNP (much like the ones noted with SNP) have also been observed in complex
biological systems. Ruthenium nitrosyls with chloride as ligands such as RNP and [(cyclam)
Ru(NO)(CI)]%* experience substitution of CI~ for H,O under physiological conditions. The
water-bound ruthenium species exhibit high affinity to DNA, especially guanine residues,
which can lead to unwanted side effects. As discussed earlier, the instability of the {Ru-
NO3}® unit in aqueous solution under physiological conditions leads to other species (such as
nitro complexes) in many cases. As a result, “clean” examples of tissue experiments exhibiting
the effect(s) of NO photoreleased from a ruthenium nitrosyl require extensive control studies.
One such study has recently been reported by Fukuto and co-workers [163]. This group has
demonstrated relaxation of rat aorta muscle rings with 26 under UV light. Similar studies with
27 and 57, both with high quantum yield values in water at physiological pH (¢ =0.20 and
0.35 respectively) are in progress.

In tissue studies, loss of NO from {Ru-NO}® nitrosyls via cellular reduction often introduces
complication particularly when the effect of light is under investigation. For example, Franco
and co-workers have demonstrated that the hypotensive effects of trans-[Ru(NHz)4(NO)(P

(OEt)3)]1(PFeg)3 (8) in live mice arise from NO in complete absence of light [197,198]. Similarly,
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bolus injections of trans-[(cyclam)Ru(NO)(CI)](PFg)2 (9) rapidly reduce the blood pressure
of hypertensive rats in absence of light and the duration of the effect is longer than that of SNP
[125]. The reducing environment inside the cell however could augment the overall effect of
light in some cases. Indeed, in recent studies, da Silva and co-workers have shown that reducing
conditions coupled with irradiation of the solution show improved biological activity of the
photoreleased NO [180]. The complex [Ru(terpy)(NH-NHQ)(NO)](PFg)3 (46, NH-NHq =
quinonediimine) is readily reduced and undergoes NO loss. It also releases NO upon exposure
to UV light (¢ = 0.47) according to Eq. (2). To demonstrate the effect of NO release, the authors
utilized thoracic rings that were pre-contracted with norephidrine. When the tissues were
treated with the nitrosyl in the dark, complete relaxation of the muscle was achieved within
~60 minutes due to NO released from 46 via intracellular reductive mechanism(s) as reported
for SNP. In contrast, the same dosage under light irradiation achieved complete muscle
relaxation in just 4 minutes. Clearly, this study underscores the need for careful studies in case
of tissue experiments.

5. Conclusions

The quest for a ruthenium nitrosyl that could photodeliver NO to biological targets on demand
has produced interesting and encouraging results so far. It is now evident that clever design of
ruthenium nitrosyls, preferably {Ru-NO}® species derived from polydentate ligands (to avoid
further speciation of the drug) with strong absorption bands in the 500-800 nm region, could
perform such a job. Research efforts along these lines have provided clues regarding how to
increase the stability of Ru-NO bonds in water at physiological pH and how to red shift the
photobands of {Ru-NO}® nitrosyls via alterations of the coordination spheres. The overall
stability of metal-ligand bonds in ruthenium complexes is clearly an advantage in terms of
integrity of the drug molecules in biological systems although extensive toxicity studies are
required before any of these compounds could actually be employed to combat any malady.
Recent research has also indicated that incorporation of the nitrosyls in biocompatible polymer
matrices could be used to deliver NO to specific sites under the control of light exposure. Such
materials have potential in PDT of localized malignancies such as skin cancer. As is the case
with any drug discovery project, attempts to isolate the right drug have so far afforded much
insight to the basic coordination chemistry and photochemistry of ruthenium and NO, and we
anticipate this topic to have a direct impact on medicinal chemistry in the near future.
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Fig. 1.

Changes (indicated by arrows) in the electronic spectrum of [Ru(NO)(Cl)s]2~ in an aqueous
solution containing 1 M HCIO4 when exposed to UV light over the course of 30 minutes
[105]. Spectra in set a indicate absorbance in the far UV, while those in set b are enlarged view
in near UV region; exposure times are as follows: 1 (0 min), 2 (7 min), 3 (17), 4 (27), 5 (10),
6 (20), 7 (30). Inset: X-ray structure of [Ru(NO)(Cl)s]%~ (anion of 1) [101]. Selected bond
distances and angle: Ru-N(0) = 1.738(2) A, N-O = 1.131(3) A, Ru-N-0 = 176.7(5)°.
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Fig. 2.

EPR spectrum of a photolyzed solution of Ko,[Ru(NO)(Cl)s5] (1) in DMSO with UV light,
indicating the formation of Ru(lll) species (g-values as indicated, DPPH as standard marker
at g = 2.0036) [106].

Coord Chem Rev. Author manuscript; available in PMC 2010 November 2.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rose and Mascharak

Page 32

4000

3000 -

pA

2000 -

1000

0 20 40 60 80
Time (min)

Fig. 3.

A typical NO amperogram obtained with an NO-sensitive electrode in aqueous solution, as
mentioned for the series of complexes 4-8 by Franco and co-workers. X-ray structure of [Ru
(NH3)4(NO)(P(OEt)3)]3*, the cation of 8. Selected bond distances and angle: Ru-N(0) = 1.774
(8) A, N-O =1.130(1) A, Ru-N-0 = 175.1(8)° [122].
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Fig. 4.

Electronic absorption spectra of 9 before reduction (A, Amax = 263 nm), after reduction (B),
and subsequent loss of NO (C through F) driven by thermal processes. Inset: X-ray structure
of trans-[(cyclam)Ru(NO)(CI)]?*, the cation of 9. Selected {Ru-NO}® bond distances and
angle: Ru-N(O) = 1.747(4) A, N-O = 1.128(5) A, Ru-N-0 = 178.0(5)° [96].
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Fig. 5.

Left: X-ray structure of [Ru(OEP)(NO)(CI)] (11) [136]. Selected bond distances: Ru-N(O) =
1.803(7) A, N-O = 1.093(9) A, Ru-N-O = 176.6(6)°. Right: Reaction scheme proposed by
Ford and coworkers describing the photochemical reactions of 10 and 11: light-induced NO
dissociation followed by rapid Ru-NO back reaction [134].
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Fig. 6.

Changes in the electronic absorption spectrum observed upon rapid back-reaction of NO with
a photolyzed solution of [Ru(‘Bugsalen)(NO)(CI) (17) in THF [139b]. Inset: X-ray structure
of complex 14. Selected bond distances and angle: Ru-N(0) = 1.728(6) A, N-O = 1.149(7)
A, Ru-N-0 = 173.7(5)° [141].

Coord Chem Rev. Author manuscript; available in PMC 2010 November 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rose and Mascharak

Page 36

e (M"'ecm™)x 10°

300 400 500 600 700
Wavelength (nm)

Fig. 7.

Changes in the electronic absorption spectrum of [(PaPy3)Ru(NO)](BF4)» in (26) in H,O (pH
7) upon exposure to UV light; no back-reaction of Ru-NO recombination was observed Inset:
X-ray structure of the cation of 26. Selected bond distances and angle: Ru-N(O) = 1.779(2)
A, N-0=1.142(3) A, Ru-N-0 = 170.9(2)° [162].
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Fig. 8.

Kinetic traces of NO photorelease from the complexes [(Me,bpb)Ru(NO)(CI)] (31, m) and
[(Me,bpb)Ru(NO)(py)]* (33, A) at similar concentrations (~0.1 mM) upon exposure to the
same UV light source. The plots show the significant effect of the axial ligand (trans to NO)
on the efficiency of NO photolability. Selected bond distances and angles for 31: Ru-N(O) =
1.742(3) A, N-O = 1.154(4) A, Ru-N-O = 173.9(3)° [165].
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Fig. 9.

Changes in the IR spectrum of [Ru(NO)(pyBUS4)]Br (40) in the vno region in MeOH solution
upon photolysis with UV light for ~2 hours [174]. The reaction generates the Ru(l1l) species
[Ru(Br)(pytBUS,)]. Selected bond distances and angle of {RUNO}® moiety of 40: Ru-N(O)
=1.721(6) A, N-O = 1.156(6) A, Ru-N-O = 178.1(6)° [172].
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| a [Ru(NO)(CI)(H;0),)**
I b [Ru(NO)(Cl)5(H,0)3]"
a ¢ [Ru(NO)(CI)3(H0),]
i d [Ru(NO)CI)4(H0O)]
e [Ru(NO)(Cl)s)*~
i b d e
i \
/\
8
460 45|0 560 5.;,0 600 6:50
Wavelength (nm)

Electronic absorption spectra of ruthenium nitrosyls in the series [Ru(NO)(Cl)x(H20),]™. The
Amax Values for x = 1 through 5 (e-values listed in Table 1) increase systematically from ~420
nm to 520 nm as the number of chloride ligands (x) increases from 1 to 5.
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Fig. 11.

Electronic absorption spectra showing the effect of increasing ligand frame conjugation on
Amax Position upon going from [(bpb)Ru(NO)(CI)] (28, pyridine based-ligand) to [(Me,bQb)
Ru(NO)(CI)] (55, quinoline-based ligand). The structure of 55 is shown. Selected {RuNO}6
bond distances and angle for 55: Ru-N(O) = 1.7389(19) A, N-O = 1.146(3) A, Ru-N-O =
177.77(19)° [165].
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Fig. 12.

Absorption profiles in the UV/Vis region of the dye-modified complexes [(Mesbpb)Ru(NO)
(Resf)] (56, solid line), [(Me,bQb)Ru(NO)(Resf] (57, dash-dot line), and the analogous
hydroxide-bound complex [(Me,bpb)Ru(NO)(OH)] (32, dashed line). The structure of 56 is
shown on the right. Selected Ru—NO structural parameters for dye-bound complex 56: Ru-N
(0) = 1.7347(16) A, N-O = 1.159(2) A, Ru-N-O = 178.13(15)° [191].
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Scheme 1a: Generation of NO and
Ru(I1I) Photoproduct
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Scheme 1b: NO Photogeneration followed

by NO recombination

{RUNO}*

hv

Ru + NO

Relevant Ligands:
Heme, Phenolate
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Scheme 2a: Generation of NO and
Ru(1l) Photoproduct
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Scheme 2b: Hydrolysis of Coordinated
NO to Nitrite (NO—=NO,")

{RuNO}
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Quantum yield (¢) values and absorption parameters of {Ru-NO}® nitrosyls. Solvent conditions and irradiation

wavelengths are shown.

Amax INNM (g in

Complex Quantum Yield ¢ (Airr inNM)  Solvent (pH) M~lem1) Reference
(1) Ko[Ru(NO)(CI)s] 0.06 (320) H,0 (7.0) 335 (6600) [107]
520 (50)
() [Ru(NO)(Cl)s], 0.012 (320) H,0 (7.0) [107]
(5) trans-[Ru(NHz)4(NO)(py)](BF 1) 0.17+0.01 (310) H,0 (3.0) 324 (160) [116,118]
0.11+0.01 (330) 3.0)
0.13:0.01 (330) (4.4)
0.18+0.01 (330) (6.4)
0.07+0.02 (370) (4.5)
(6) trans-[Ru(NH3),(NO)(Im)](BF )3 0.042+0.002 (313 H,0 (2.13) 324 (660) [118]
0.063+0.003 (313) (3.45)
0.079+0.003 (313) (4.32)
0.033+0.004 (330) (2.13)
0.017+0.003 (370) (2.13)
(7) trans-[RU(NH2)4(NO)(4-acpy)1(BF )3 0.100.02 (313) H,0 (2.13) 330 (340) [116,118]
0.13+0.03 (313) (3.45)
0.19+0.03 (313) (4.32)
0.07+0.01 (334) (2.13)
0.04+0.02 (370) (2.13)
(8) trans-[Ru(NHz)(NO)(P(OEt))](PFe)s 0.300.05 (310) H,0 (2.0) 316 (216) [118]
trans-[RU(NHz),(NO)(nic)](BF4)s 0.07+0.01 (310) H,0 (2.0) 320 (160) [118]
0.08+0.01 (334) 2.0)
<0.001 (370) 2.0)
<0.001 (480) (2.0)
trans-[RU(NHz),(NO)(isn)1(BF ;) 0.04+0.01 (310) H,0 (3.0) 268 (1300) [118]
0.05+0.01 (330) 3.0)
0.05+0.01 (330) (4.63)
0.07+0.01 (330) (4.95)
<0.01 (370) (3.0
trans-[Ru(NHz),(NO)(p2)](BF4)s 0.13+0.03 (313) H,0 (2.13) 302 (660) [116,118]
0.17+0.03 (313) (3.45)
0.23+0.03 (313) (4.32)
0.10+0.01 (334) (2.13)
0.07+0.01 (450) (2.0)
trans-[RU(NHz)(NO)(L-Hist)(BF4)s 0.045:0.003 (313) H,0 (2.13) 320 (410) [116,118]
0.067+0.004 (313) (3.45)
0.086+0.004 (313) (4.32)
0.0390.005 (334) (2.13)
0.022+0.002 (370) (2.13)
trans-[RU(NHz),(NO)(4-pic)](BF ;) 0.06+0.01 (310) H,0 (2.0) 325 (220) [116,118]
0.08+0.01 (330) 2.0)
0.12+0.01 (330) (3.45)
0.2620.02 (330) (5.0)
0.40+0.01 (330) (6.0)
0.04+0.02 (370) (2.0)
<0.001 (410) (2.0)
<0.001 (480) (2.0)
(9) trans-[(cyclam)Ru(NO)(C](PFe), 0.008+0.001 (334) H,0 (1.0) 263 (3011) [126]
0.010+0.002 (313) (4.75)
0.009+0.001 (334) (4.75)
<0.002 (370) (4.75)
0.011+0.002 (313) 4.9)
0.012+0.002 (334) (4.9)
<0.002 (370) (4.9)
0.10+0.01 (334) (7.4)
0.16+0.05 (355) (7.4)
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Amax in NM (g in
Complex Quantum Yield @ (Airr innNM)  Solvent (pH) M~lcm™) Reference
(14) [Ru(salen)(NO)(CI)] 0.13+0.01 (365) MeCN 384 (6300) [139a,139b]
0.09+0.01 (436)
0.07+0.02 (546)
(15) [Ru(salen)(NO)(ONO)] 0.067+0.002 (365) MeCN 370 (4600) [139a]
0.058+0.002 (436)
(16) [Ru(salen)(NO)(H,0)]Cl 0.005+0.001 (365) MeCN 354 (3800) [139a]
(17) [Ru(tBusalen)(NO)(CI)] 0.030+0.002 (365) MeCN 370 (6900) [139a]
0.0400.002 (436)
(18) [Ru('Buysalophen)(NO)(C] 0.077+0.008 (365) MeCN 458 (10300) [139a]
0.0330.002 (436)
0.014+0.001 (546)
(19) [Ru('Bu,salophen)(NO)(C] 0.055:0.003 (365) MeCN 468 (11100) [139a]
0.027+0.002 (436)
0.0110.002 (546)
(25) [RuzO(CH3CO,)5(pic)o(NO)]PFg 0.038xx (365) MeCN [150]
0.019+xx (468)
(26) [(PaPy3)RU(NO)](BF4), 0.110.02 (355) H,0 (7.4) 410 (1550) [164,179]
0.06+0.01 (300) MeCN
0.05+0.01 (410) MeCN
<0.01 (532) MeCN
0.042 (300) DMF
(27) [(PaPy,Q)RU(NO)]I(BF4), 0.20+0.03 (355) H,0 (7.4) 420 (1030) [164]
0.14+0.02 (300) MeCN
0.17+0.02 (410) MeCN
0.07520.012 (300) DMF
(28) [(bpb)RU(NO)(CI)] 0.062+0.010 (300) MeCN 380 (5960) [164]
(31) [(Me,bpb)Ru(NO)(CI)] 0.06+0.02 (300) MeCN 395 (5300) this work
(32) [(Me,bpb)Ru(NO)(OH)] 0.05+0.01 (300) MeCN 390 (5100) [this work, 191]
<0.01 (500) DMF
(33) [(Me,bpb)Ru(NO)(py)]BF, 0.02+0.005 (300) MeCN 394 (7170) this work
(34) [(Me,bpb)Ru(NO)(Im)]BF, 0.07+0.02 (300) MeCN 394 (7160) this work
(35) [(Me,bpb)Ru(NO)(4-vypy)]BF, 0.1820.02 (300) EtOH 392 (7800) [168]
0.11+0.01 (300) HEMAgel
(43) [(SBPy3)RU(NO)](BF,)s 0.18+0.03 (300) MeCN 315 (6060) this work
<0.01 (532)
(44) [Ru(terpy)(bpy)(NO)](PFe)s3 0.1420.02 (355) H,0 (2.0) 332 (10470) [180]
358 (8320)
480 (690)
(45) [Ru(terpy)(NH,-NH,ph)(NO)](PFe)s 0.4620.02 (355) H,0 (2.0) 325 (12880) [180]
355 (9550)
(46) [Ru(terpy)(NH-NHg)(NO)](PFe)s 0.47+0.02 (355) H,0 (2.0) 324 (18620) [180]
0.0065+0.001 (532) (2.0 358 (14130)
510 (4470)
(47) [Ru(NO2)(bpy)(terpy)]PFs 0.036:0.009 (355) H,0 (7.4) 330 (9330) [183]
420 (4900)
448 (5250)
(50) cis-[Ru(NO2)(py)(bpy),]PFs 0.007+0.001 (355) H,0 (7.4) 332 (7240) [183]
416 (3720)
(51) cis-[Ru(NO2)(4-pic)(bpy),]PFe 0.0090.001 (355) H,0 (7.4) 342 (5500) [183]
418 (4170)
(52) cis-[Ru(NO2)(pz)(bpy),]PFs 0.037+0.009 (355) H,0 (7.4) 408 (4790) [183]
(53) [(PysP)RU(NO)]BF, 0.15+0.01 (300) MeCN 530 (400 sh) [179]
0.0500.004 (532)
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Amax in NM (g in

Complex Quantum Yield @ (Airr innNM)  Solvent (pH) M~lcm™) Reference
[(PysP)RU(NO)(CI)] 0.17+0.01 (300) MeCN 520 (330 sh) [179]
0.064+0.003 (532)
(56) [(Mebpb)Ru(NO)(Resf)] 0.052:£0.008 (500) DMF 395 sh (5940) [191]
500 (11920)
(57) [(MebQb)RU(NO)(Resf)] 0.102:£0.009 (500) DMF 510 (12300) [191]
(58) [Ru(NHg)s(p2)Ru(bpy),(NO)](PFe)s 0.08+0.01 (355) H,0 (4.5) 408 (5010) [192,193]]
0.025+0.002 (532) (4.5) 486 (7410)
530 (9550)
(59) [Ru(py)(NHs)a(p2)RU(bPY)o(NO)] (PFe)s 0.05+0.01 (355) H,0 (4.5) 400 (5010) [193]
0.038+0.002 (532) 5) 556 (18620)
(60) [Ru(4-acpy)(NHs)4(pz)Ru(bpy),(NO)J(PFe)s  0.07+0.01 (355) H,0 (4.5) 560 (17380) [193]
0.036£0.002 (532) (4.5)
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