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bstract

Studies in this laboratory are concerned with elucidating chemical mechanisms relevant to roles played by nitrogen monoxide
Ox species in mammalian bioregulation and immunology. Dynamic photochemical techniques have proved very useful in pro
echanisms. We also have interest in strategies to deliver NO to biological targets upon demand for such goals as the sensiti�-

adiation damage in hypoxic tissue. One such strategy would be to employ a precursor that displays relatively low thermal react
hotochemically active to release NO. This proposition has led us to investigate the flash and continuous photolysis kinetics o
f different nitrosyl complexes and other NO and NOx precursors such as metal nitrito complexes. The systems probed include
uthenium salen and porphyrin nitrosyls, manganese(III) and chromium(III) nitrito complexes, ferri- and ferro-heme models and
nd iron-sulfur-nitrosyl clusters known as the Roussin’s anions (e.g. Fe2S2(NO)42−) and esters (e.g., Fe2(�-SR)2(NO)4, where R is an organ

unctional group). An overview of these studies is presented.
2004 Elsevier B.V. All rights reserved.

eywords:Photochemistry; Nitric oxide; Transition metal; Metal nitrosyls; Porphyrins; Salens; Chromium/manganese nitrito complexes; Cyclams;ur
itrosyls; Two photon excitation

. Introduction

In the early 1990s, we initiated studies at UCSB and col-
aboratively with Mikio Hoshino and coworkers at RIKEN

∗ Corresponding author. Tel.: +1 805 893 2443; fax: +1 805 893 4120.
E-mail address:ford@chem.ucsb.edu (Peter.C. Ford).

(Japan) into the photochemical reactions of metal nitr
complexes[1]. These projects were stimulated by disc
sions with Drs. Larry Keefer and David Wink at the Natio
Cancer Institute regarding the biological roles of nitric ox
(nitrogen monoxide). They drew our attention to the (th
recent discoveries that NO is an intercellular bioregula
agent in mammalian cardiovascular and nervous system

010-8545/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2004.10.022
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is also a toxic species formed by macrophages in immune re-
sponse to pathogens[2–6]. Furthermore, key targets of NO
reactivity in bioregulatory roles involve coordination com-
plexes. These discoveries as well as the apparent relation-
ship of over- or under-production of NO to various disease
states has led to an outpouring of contributions to the chemi-
cal, biological and biomedical literature. Despite this activity,
fundamental issues regarding the condensed phase chemistry
of NO and related species such as nitrogen dioxide (NO2),
peroxynitrite (OONO−) and hydrogen nitrosyl (HNO) need
further analysis. For example, although metals are primary
targets in the biological chemistry of NO, until recently little
attention had been given to the mechanisms for the formation
of metal NO bonds.

Since the initial studies with Hoshino et al.[1] and
Wink et al. [7], our involvement has grown into major re-
search effort at UCSB concerned with exploring photochem-
ical strategies for the delivery of NO to biological targets
and with the use of kinetic flash photolysis techniques in
mechanistic investigations of related NO thermal reactions.
Here we present an overview of several related investiga-
tions concerned with the quantitative photochemistry of metal
complexes.

Why photochemical delivery of NO to targeted tissues?
Controlled release of NO at specific physiological sites has
both known and potential biomedical applications. For ex-
a used
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Scheme 1. Photochemical strategies for NO delivery.

generates NO not by labilization of an MNO bond but from
homolysis of an ON bond of coordinated nitrite. Discussed
in the sections below are examples from each of these ap-
proaches and the latter part of the review focuses on recent
studies with the Roussin’s salt anions and esters, which are
iron/sulfur/nitrosyl clusters. For one of the esters, two pho-
ton excitation has proved to be an alternative strategy for
NO photo-generation utilizing near-infrared excitation wave-
lengths.

As noted above, another on-going goal is to elucidate key
reactions of NO and related NOx species with biologically
relevant substrates. While many of these studies can be ini-
tiated by standard thermal reaction techniques, others, espe-
cially reactions with highly labile metal centers require fast
reaction methodologies. In this context, we have also utilized
time-resolved spectroscopic techniques to probe the rates and
mechanisms of NO and NOx reactions with model heme com-
pounds, several ferriheme proteins and various ruthenium
complexes using laser flash photolysis.

2. Photoreactions of ruthenium porphyrin and
ruthenium salen nitrosyl complexes

Thermal stability is a necessary characteristic for a pho-
t at-
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g for
p to
t
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p xes
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mple, nitroglycerine and sodium nitroprusside were
s vasodilator agents long before the discovery that N
roduced endogenously. Another potential application w
e the sensitization of�-radiation damage in hypoxic tum
ells. Normal cells are often more susceptible to radia
han are tumor cells owing to the higher oxygen tension in
ormer. As a consequence, a desirable goal is to increa
ffectiveness of radiation treatment in the latter by using
itizers to enhance the cell-killing impact of specific do
O has long been known to be such a sensitizer[8,9]; how-
ver, administering a thermal NO donor would be challen
y the need to target specific cells and by the cardiovas
nd other implications of systemic application. On the o
and, if a thermally stable compound were given to the

hat could be triggered to release NO in a spatially confi
anner, then it would be possible to enhance sensitivity o

argets while not affecting other tissues. Metal nitrosyls
xample, are potential NO carriers that can be triggere

llumination with light of the appropriate wavelength w
pecific targeting through control of irradiation areas
ntensities. It is also of interest to design compounds
ave absorbtivity and photoreactivity at wavelengths w

ight transmission through tissue is optimal. Much of the
earch described here was initiated in the context of
goal.
Scheme 1illustrates different strategies for NO photop

uction currently under study in this laboratory. The first
nvolve metal nitrosyl complexes, and there is a rich his
f nitrosyl complex photochemistry, especially that invo

ng metalloporphyrins[3]. The third (the “indirect method
oactive NO carrier. It was this feature that turned our
ention to the ruthenium complexes, since Ru-nitrosyls
enerally quite robust. Another desirable characteristic
hotochemical bio-activity is red-light sensitivity owing

he greater penetration of red light into tissue[10]. It was
ith these considerations that we began to explore
hotochemistry of ruthenium porphyrin nitrosyl comple
Ru(P)(X)(NO), e.g., P = TPP (tetraphenylporphyrin) or O
octaethylporphyrin)), since porphyrins have strong abs
ions in the red. These were first prepared by the rea
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Scheme 2. Transients formed by laser flash photolysis of Ru(P)(NO(ONO))
in benzen.

shown in Eq.(1) [11,12]:

Ru(P)(CO)+ 4NO → Ru(P)(NO)(ONO)+ CO + N2O

(1)

The various Ru(P)(NO)(X) displayed a rich photochem-
istry owing to competitive excited state reactions[13]. For
example, flash photolysis studies of Ru(TPP)(NO)(ONO) in
hydrocarbon solvents demonstrated that two short-lived in-
termediates are formed. The decay kinetics clearly demon-
strated that the temporal absorbance could be best fit to two
[NO] dependent exponentials. One of these processes is re-
versible NO photolabilization to give the Ru(III) interme-
diate Ru(TPP)(ONO), which displays a fast second order
back reaction with NO with akNO of 2.8× 108 M−1 s−1. The
other involves NO2 dissociation to give the transient species
Ru(TPP)(NO). Similar nitrogen dioxide release is also a pho-
toreaction of the manganese nitrito complex Mn(TPP)(ONO)
described below[14]. That NO2 dissociation is seen indicates
the electronic flexibility of the Ru(P)(NO) chromophore,
since this (formally) involves reduction of a{MNO}6 to a
{MNO}7 system[15]. The regeneration of the starting ni-
trosyl nitrito species is a complicated transformation, in-
volving formation of a dinitrosyl complex Ru(TPP)(NO)2
(I) via a second order reaction of Ru(TPP)NO with NO
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alkene asymmetric epoxidations and cyclopropanations and
asymmetric hetero Diels–Alder reactions[17]. Flexibility
is provided by modifying substituents on the salen and
salophen ligands to prepare a series of compounds where
systematic variations lead to predictable differences in
the absorption spectra, solubilities and photochemical
reactivities.

We have carried out photoreactivity investigations on
a representative members of this family (for example,
Ru(salen)(Cl)(NO)) in various media[18,19]. These demon-
strate that NO is labilized to give solvento Ru(III) complexes
(Eq. (2)) of the type that are the likely active species in
the photochemically generated catalysts referenced above.
Quantum yields for 365 nm irradiation in acetonitrile solu-
tion fall in a fairly narrow range (0.06–0.13) but decrease
at longerλirr . The thermal reverse reaction to regenerate
Ru(salen)(Cl)(NO) is strongly dependent on the nature of
t
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2× 107 M−1 s−1) followed by further reaction with NO t
ive Ru(TPP)(NO)(ONO) plus N2O in analogy to Eq.(1)

16] (Scheme 2)
Another synthetic platform for ruthenium NO carri

s based on the salen-type complexes Ru(R-salen)(X)(
salen =N,N′-bis(salicylidene)-ethylenediaminato dia
on) and related salophen complexes Ru(R-salop
X)(NO) (salophen =N,N′-1.2-phenylenediamine-salicy
deneiminato dianion). Additional interest in these der
rom demonstrations that Ru(R-salen)(X)(NO) compou
re photochemically activated catalyst precursors
he solvent Sol, with second order rate constantskNO (298 K)
anging ∼11 orders of magnitude, from 4× 107 M−1 s−1

n toluene to∼5× 10−4 M−1 s−1 in acetonitrile[19]. This
uggests that the back reaction proceeds via a dissoc
echanism, the rate of RuNO bond formation controlle
y the lability of Sol. The results of activation param

er studies are consistent with this interpretation. W
u(tBu4salen)(Cl)(NO) (tBu4salen =N,N′-ethylene-bis(3,5
i-t-butly-salicylideneiminato) dianion) in toluene solut
as subjected to flash photolysis, temperature effec

he back reaction rates gave�H‡NO = 34± 2 kJ mol−1 and
S‡NO = +10± 6 J mol−1 K−1 while hydrostatic pressu
ffects gave�V‡NO = +22± 2 cm3 mol−1.

(2)

Notably, flash photolysis of the nitrito nitrosyl co
lex Ru(salen)(NO)(ONO) led to formation of a sin

ntermediate, Ru(salen)(ONO)(Sol) (Sol = solvent) ge
ted by NO loss[30]. This contrasts to the porphyr
nalogs Ru(P)(ONO)(NO) that undergo competitive
f NO and NO2 as illustrated inScheme 2. In prelim-

nary studies, we have also prepared the ionic com
Ru(salen)(H2O)(NO)]+ and demonstrated photochemis
n aqueous solution analogous to that of Ru(salen)(Cl)(
19]. The thermal stability of ruthenium nitrosyl complex
as drawn the attention of other researchers[20], who have
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reported the photolabilization of NO from a variety of such
compounds including studies of analogous ruthenium salen
complexes by Bordini et al.[20a].

3. Flash photolysis studies of ferri- and ferro-heme
models and proteins

The best defined target for NO in bioregulatory action is
the ferroheme enzyme soluble guanylyl cyclase (sGC). The
formation of a Fe(II) NO complex leads to protein confor-
mational changes that markedly enhance catalytic activity
for the conversion of guanylyl triphosphate (GTP) to cyclic
guanylyl monophosphate (cGMP) plus pyrophosphate[21].
Furthermore, there have been numerous claims that NO in-
hibits various metallo proteins. Thus, it is of importance to
characterize the dynamics and mechanisms of the reactions
leading to formation (the “on” reaction) and decay (the “off”
reaction) of metal nitrosyl complexes relevant to the met-
alloproteins, especially ferro- and ferri-heme systems. This
was the context of our initial kinetics studies with Hoshino
et al.[1] and subsequent investigations of the activation pa-
rameters for the “on” and “off” reactions of the water soluble
ferrous and ferric complexes of water soluble porphyrinate
ligands such as TPPS (tetra(4-sulfonato-phenyl)porphinato)
[22] and of the ferri-heme protein met-myoglobin (metMb)
[ or-
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FeIII (TPPS) and FeII (TPPS) complexes[22] determined val-
ues of�H‡, �S‡ and�V‡ for both processes for the for-
mer and for the “on” reactions of the latter. For the ferri-
heme model FeIII (TPPS)(H2O)2, the large and positive�S‡on
and the large and positive�V‡on values (Table 1) indicate
a substitution mechanism dominated by ligand dissociation
(Scheme 3).

If we assume that the NO substitution onto
FeIII (Por)(H2O)2 occurs via this dissociative mecha-
nism, and apply the steady state approximation to the
intermediate FeIII (Por)(H2O), kobs would be

kobs = k1k2[NO] + k−1k−2[H2O]

k−1[H2O] + k2[NO]
(4)

The rapid solvent exchange process indicates
that k−1[H2O] 
 k2[NO]; therefore, koff =k−2 and
kon =k1k2/k−1[H2O]. Thus, the apparent activation en-
thalpy forkon would be�H‡on =�H‡1 = +�H‡2 − �H‡−1.
Differences in the activation parameters for the very fast
processk2 and thek−1 should be small (reactions of the
unsaturated intermediate FeIII (Por)(H2O) with NO and
H2O, respectively), therefore, the difference�H‡2 − �H‡−1
should also be small. Accordingly, the principal contributor
to �H‡on is �H‡1, the activation enthalpy for the H2O
dissociation. Similar arguments can be offered regarding
� y
n
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23]. Although rates of NO reactions with various iron p
hyrins and heme proteins were first studied several de
go[24], systematic mechanistic studies were relatively

ted.
Since the ferri- and ferro-heme systems are relativel

ile toward NO exchange, their kinetics were most ef
ively studied by laser flash photolysis techniques. Howe
n some cases, the off reactions were investigated by sto
ow mixing of the appropriate nitrosyl complex with a N
rapping agent[23]. Photoexcitation generally results in N
abilization from Fe(Por)(L)(NO) (Por = porphyrinato dia
on) followed by relaxation of the system to equilibrium (E
3)). Under such conditions, the transient spectra dec
xponentially, and the observed rate constantkobs could be
xtracted. According to this model,kobs=kon[NO] + koff , and
lots ofkobsversus [NO] were linear with slopes equal tokon
nd intercepts equal tokoff . The slopes are inherently more
urate than intercepts, sokoff values will have a high relativ
ncertainty, unless the intercepts are large. It was for t

atter cases that NO trapping agents were used to dete
off .

(3)

Systematic measurements ofkon and koff as func-
ions of temperature (298–318 K) and hydrostatic pres
0.1–250 MPa) by Laverman et al., of the water solu
S‡on or �V‡on, so �H‡on should reflect the energ
ecessary to break a FeIII OH2 bond, �S‡1 should be

arge and positive owing to formation of two species fr
ne, and�V‡1 should be positive for the same reas
hese conditions are met forkon (Table 1). Furthermore,

ecent reexamination of the exchange kinetics using var
emperature/pressure NMR gave�H‡ex, �S‡ex and�V‡ex
alues[25] in agreement with thekon activation parameter
hus, it is clear that the factors determining the excha
etween FeIII (TPPS)(H2O)2 and solvent H2O also dominat

he NO reaction with the same species.
The ferrous complex FeII (TPPS) reacts with NO about 13

imes faster than does the ferric analog[21]. The small value
f the activation parameters are consistent with rates la
efined by diffusional factors, although thekon values re
orted are somewhat less than diffusion limits in water. H
pin ferroheme proteins complexes tend to be conside
ore reactive towards ligands than are ferriheme analog
likely explanation would be that the former are 5-coordi
r exceedingly labile.

Kinetics studies of ferro-heme proteins and model c
ounds have led to a suggested mechanism in which a

cheme 3. A limiting dissociative mechanism for NO substitution
eIII (Por)(H2O)2.
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Table 1
Rate constants (kon and koff ) and the respective activation parameters for the reactivity of NO with ferri- and ferro-heme models and proteins

(Fe(P)+ NO
kON�
kOFF

Fe(P)+ NO)

“On” reactionsa kon (M−1 s−1) �H‡on (kJ mol−1) �S‡on (J mol−1 K−1) �V‡on (cm3 mol−1) Ref.

FeIII (TPPS) + NO 4.5× 105 69± 3 95± 10 9 ± 1 [22b]
metMb + NO 4.8× 104 63± 2 55± 8 20 ± 6 [23]
FeII (TPPS) + NO 1.5× 109 24± 3 12± 10 5 ± 1 [22b]
FeII (TMPS) + NO 1.0× 109 26± 6 16± 21 2 ± 2 [22b]

“Off” reactions koff (s−1) �H‡off (kJ mol−1) �S‡off (J mol−1 K−1) �V‡off (cm3 mol−1)

FeIII (TPPS)(NO) 0.5× 103 76± 6 60± 11 18± 2 [22b]
metMb(NO) 42 68± 4 14± 13 18± 3 [23]
FeII (TPPS)(NO) 6.4× 10−4 [22b]

counter complex is formed prior to the ligand bond formation
[24b]:

FeII (Por)+ L
kD�
k−D

{FeII (Por)||L} ka−→ FeII (Por)L (5)

In this model,kD is the rate constant for diffusion of
FeII (Por) and L together,k−D for diffusion apart, andka for
the “activation” step where ML bond formation is effected.
The steady state approximation giveskon =kDka/(k−D +ka).
The limiting cases are when the reaction is diffusion lim-
ited (ka
 k−D) so kon =kD or when it is activation limited
(k−D 
 ka) sokon =kDka/k−D.

In the activation limited process,�V‡on =�V‡a +
�V‡D − �V‡−D, where�V‡D − �V‡−D is the small volume
difference between the encounter complex and the solvent
separated species. The dominant term would then be�V‡a,
which should be negative owing to the formation of a FeII L
bond and spin state change from a quintet FeII (Por)||doublet
NO encounter complex to the doublet FeII (Por)(NO). For
the diffusion limited case,�V‡on =�V‡D, which would
be positive owing to solvent viscosity increases at higher
pressure[26] as was observed for FeII (TPPS) in water
(Table 1).

The model described by Eq.(5) applies to analogous
r n of
F l
o
i
C h
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( -(1-
i l oil
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t ited
p
a itive
� ally
[

4. Photochemistry of Mn(III) and Cr(III) nitrito
complexes

Our initial interest in nitrito complexes was stimulated
by a report from Suslick and Watson[29] that photolysis of
Mn(TPP)(ONO) led to MnONO bond homolysis to give
NO as illustrated by Eq.(6). This was reinforced by stud-
ies demonstrating that the Mo(V) and Cr(III) complexes
Mo(TPP)(O)(ONO) and Cr(TPP)(ONO) undergo irreversible
�-cleavage to give Mo(TPP)(O)2 and Cr(TPP)(O), respec-
tively, in benzene[30]. Such a pathway would offer an alter-
native “indirect” route to generating NO from a metal com-
plex:

M O NO → M O + NO (6)

However, as noted above, ruthenium nitrito complexes did
not demonstrate this pathway but instead led to homolysis of
the metal ONO bond to give nitrogen dioxide as the nitrogen
bearing product. Similarly, when (with Hoshino) we exam-
ined the flash photolysis kinetics of Mn(TPP)(ONO)[14],
the dominant photoreaction was NO2 formation (Φ = 0.045)
concomitant with MnII (TPP) formation. While this result al-
lowed us to examine the quantitative reactivities of Mn(TPP)
with NO, O2 and NO2 (Scheme 4), it also piqued our interest

S sis of
M

eactions with CO. The rate constant for the reactio
eII (TPPS) with CO (kCO = 3.6× 107 M−1 s−1) is severa
rders of magnitude below the diffusion limit[21], and,

n contrast to the reaction with NO, the�V‡on values for
O are negative (−6 cm3 mol−1). Thus the reaction wit
O must be activation limited[27]. This model was con
rmed by a study of the CO reaction with FeII (MCPH)
MCPH = monochelated protoheme, or protohemin 3
madazoyl) propylamide stearyl ester) in toluene/minera
olutions. Pressure effects on the solvent viscosity were
o tune the reaction mechanism from an activation lim
rocess at low hydrostatic pressure (large negative�V‡on) to
diffusion limited process at higher pressures (large pos
V‡on) where the solvent viscosity increased dramatic

28].

cheme 4. Reactions of intermediates generated by flash photoly
n(TPP)(ONO).
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Fig. 1. Electronic spectrum oftrans-Cr(cyclam)(ONO)2+ (cyclam =
1,4,8,11 tetraaza-cyclotetradecane) in aqueous solution.

in defining the parameters that lead to the photolytic NO gen-
eration from O-coordinated nitrite in competition with other
pathways. Indeed, nitrito complexes exhibit a broad range of
photoreactions including heterolysis of the MONO bond to
labilize nitrite ion into solution as well as photoisomerization
to the corresponding N-coordinated nitro complexes MNO2
[31].

Hoshino’s results with Cr(TPPP)(ONO) clearly suggested
that when nitrite is O-coordinated to an oxophilic metal, it
can serve as a photochemical NO precursor. In this context,
we turned to Cr(III) amine complexes to see if this behavior
had generality beyond the metalloporphyrins. These are also
water soluble, a desirable feature in biomedical applications.
The first of such species examined was Cr(NH3)5(ONO)2+,
and while this was photoactive toward NO release, compet-
ing NH3 labilization made it undesirable for comprehensive
study[32].

Our attention then turned to the Cr(III) macrocyclic
polyamine complex trans-Cr(cyclam)(ONO)2+ (cy-
clam = 1,4,8,11 tetraazacyclotetradecane) (Fig. 1) [33].
When this was subjected to continuous photolysis
(λirr = 436 nm) in deaerated solution (or under an Ar
or NO), a gradual shift of the absorption spectrum to that of
the trans-CrIII (cyclam)(H2O)(ONO)+ cation was observed.
These changes were consistent with the net photoreaction un-
der these conditions being simple photoaquation with a small
q w
p

cations when subjected to ligand field excitation
[34].

However, spectral changes were entirely different when
trans-Cr(cyclam)(ONO)2+ was photolyzed in aerated aque-
ous solutions at variousλirr ranging from 365 to 546 nm
[32]. A new species, identified provisionally astrans-
CrIV (cyclam)(O)(ONO)+, formed and was trapped by oxy-
gen to give a Cr(V) complex with an overall quan-
tum yield of 0.27 at 436 nm. NO formation was con-
firmed electrochemically. Furthermore, flash photolysis stud-
ies indicated that the primary Cr(IV) photoproduct re-
acts readily with NO (kNO = 3.1× 106 M−1 s−1) to reform
trans-Cr(cyclam)(ONO)2+ in competition with O2 trap-
ping (Scheme 5). On-going studies have been concerned
with modifying the ligands to introduce functional groups
with strongly absorbing chromophores to serve as an-
tennas to sensitize internally the photolysis induced NO
formation as well as providing greater tissue specificity
[35].

5. Iron sulfur nitrosyl clusters (Roussin’s anions and
esters)

5.1. Roussin’s red and black salts
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Scheme 5. Photoreaction scheme for photoly
Although the anions of Roussin’s black salt, Fe4S3(NO)7−
RBS) and of Roussin’s red salt, Fe2S2(NO)42− (RRS), were
rst described in the mid-19th century[36], their photochem
stry has only recently drawn attention. The optical sp
ra of these water soluble iron/sulfur/nitrosyl clusters
lay strong absorptivity into the red, with moderately h
xtinction coefficients ((1–3)× 103 M−1 cm−1) that sugges
harge transfer character. Extended Hückel molecular or
ital calculations suggest the LUMO to have FeFe and
e S and FeNO antibonding character[37]; hence, exci

ation might be expected to lead to cluster fragmenta
owever, in analogy to other Fe/S clusters[38], the meta
enters may be antiferromagnetic coupled Fe3+ and/or Fe2+

ith considerable ground state charge transfer to the n
yls. In such a case the lowest energy excited states m
O-to-iron charge transfer states with enhanced labilit

he Fe NO bonds. There is clearly a need for a better

Cr(cyclam)(ONO)2+ in aerated aqueous solution.
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derstanding of the spectroscopy and photophysics of these
clusters.

Qualitative studies demonstrated that the black salt anion
serves as a photoinduced NO donor with vascular and brain
tissues[39], for example rat tail artery relaxation was used to
demonstrate NO release from RBS upon photolysis in buffer
solutions[40]. Thequantitativephotochemistry of neither the
anions nor the esters had received attention until our studies
several years ago[41–44].

Photolysis of Roussin’s black salt leads to optical density
decreases across the visible spectrum. The quantum yields
for RBS disappearance (Φd) showed little dependence on
λirr , giving a value∼10−3 from λirr 313 to 546 nm in aerated
aqueous solutions[41]. However, in deoxygenated solutions,
RBS showed no net photochemistry when irradiated contin-
uously, or upon repeated laser excitation. Electrospray mass
spectroscopy (ESMS), quantitative analysis for ferrous ions
by 1,10 phenanthroline addition and electrochemical exper-
i s in
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yields (φX +φY) for formation of X and Y has a lower limit
of 0.062, which can be compared to values of <10−6, 0.0011
and 0.0042 determined in deaerated, aerated and oxygenated
solutions, respectively, for the quantum yields (ΦRBS) for
net RBS decomposition according to Eq.(1) under con-
tinuous photolysis. The back reactions with NO have the
second order rate constantskNO

x = 1.3× 107 M−1 s−1 and
kNO

y = 7× 105 M−1 s−1, and it is these back reactions in
competition with trapping by O2 that determines the quantum
yields for photodecomposition.

Roussin’s red salt anion is only moderately stable in aer-
ated aqueous solutions at neutral pH, and reacts to give the
more stable RBS over the course of a few hours in the dark.
When irradiated with near UV or visible light, this process
was markedly accelerated and gives aλirr independent quan-
tum yield of ∼0.14 for conversion of RRS[41]. However,
the quantum yields are markedly dependent on the dioxygen
concentration as well as the intensity of incident irradiation.
This is due to the reversible reaction of primary photoprod-
ucts with NO in competition with trapping with O2 as indi-
cated by the flash photolysis studies described below. The
RBS product was identified from optical, FT-IR and ESMS
spectra: the latter also showed the formation of nitrite and
sulfide. Electrochemical NO analysis indicated that 0.5 mol
of NO are released for each mole of RRS converted to RBS
[42].
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ments[42] were used to identify the products photolysi
erated aqueous solution as summarized in Eq.(7):

e4S3(NO)7
− hv−→

O2
3.9Fe2+ + 5.9NO+ 3S2−+? (7)

Kinetic flash photolysis studies of the RBS system w
ime resolved optical (TRO) and time resolved infra
TRIR) [43] spectroscopic techniques were used to p
he spectra and dynamics of possible reactive intermed
wo transient species were formed in roughly equal con
rations, both of which are trapped by NO to reform RBS
his context, the reaction sequence described inScheme 6was
roposed, where X and Y are considered to be isomers
unsaturated cluster” Fe4S3(NO)6−. The combined quantu

cheme 6. Proposed reactive intermediates in flash photolysis of Ro
lack salt anion.
Flash photolysis studies of Fe2S2(NO)42− demonstrate
igh quantum yield formation of an intermediate belie

o be Fe2S2(NO)32− resulting from photodissociation of N
43]. This species reacts competitively with NO via sec
rder kinetics (kNO = 9.1× 108 M−1 s−1) to reform RRS an
ith dioxygen (kOx = 5.6× 107 M−1 s−1) to give a secondar

ntermediate. The latter is the likely precursor of the even
hotoproduct RBS (Scheme 7). As noted above, it is this com
etitive trapping of the unsaturated intermediate that m

he net quantitative photochemistry strongly dependen
he O2 concentration and the irradiation intensity.

A particularly exciting outcome of the red salt pho
hemical studies was the proof-of-concept demonstrati
ollaborative studies at the Radiation Biology Branch a
ational Cancer Institute that photochemical release o

rom RRS could be used to sensitize hypoxic (oxygen
ient) cell cultures to�-radiation damage[41]. It was clearly
hown that treatment of the cells with RRS (∼1 mM) alone

cheme 7. Proposed reactive intermediates in flash photolysis of Ro
ed salt anion.
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had little effect on cell survival. Neither did visible light illu-
mination of RRS-treated cells. However, simultaneous white
light illumination of the RRS treated cell cultures enhances
the killing effect of �-radiation, and this was attributed to
the sensitization of radiation induced damage by the NO
photochemically released from the absorbed RRS. Sensiti-
zation effects of up to 100-fold increases in radiation in-
duced cell death were observed for this and other red salt
concentrations.

5.2. Photoreactions of the Roussin’s red salt esters
Fe2(µ-SR)2(NO)4

The red salt anions can be modified to give the so-called
“red salt esters” Fe2(�-SR)2(NO)4 (RSE), the syntheses of
which were developed by others[45]. These can be prepared
from the reaction of RRS with an alkyl halide derivative
R X (Eq. (8)) and appear to be somewhat more air sta-
ble than is RRS itself. Of particular interest is the possi-
bility that varying the R-group will allow one to manipu-
late properties such as reactivity, solubility, optical spectra
or biological specificity of a unit containing the iron sulfur
clusters.
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Fig. 2. Electronic and IR spectra of typical RSE. Top: electronic spectrum of
[Na2(Fe2(�-SCH2CH2SO3)2(NO)4] in aqueous solution. Bottom: IR spec-
trum of Fe2(�-SCH2C6H5)2(NO)4 in THF.

the those of the red salt anion (νNO, in THF: 1653 (s), 1671
(s)), consistent with greater backbonding from the anionic
Fe2S2 core into NO�* orbitals in the latter case.

In the dark, solutions of the red salt esters show long
term stability if deaerated but decompose slowly (over a
period of few hours) under air. However, when irradiated
with UV or visible light, the esters undergo photodecom-
position. The specific products have not been fully char-
acterized, although photolysis of the water soluble ester
Na2[Fe2(�-SCH2CH2SO3)2(NO)4] in aerated aqueous so-
lution was shown by using an electrochemical NO sensor to
release 3.8 mol of NO per mole of ester that undergoes pho-
toreaction. In other words, virtually all the NO is released.
The other photoproducts included Fe2+ ions (quantitatively
determined by addition of 1,10-phenanthroline) and free thiol
ligands (as observed by ESMS).

The quantum yields for photodecomposition (Φd)
(Table 2) were measured by monitoring the changes in
UV–vis and/or IR absorption spectra. A broad range of val-
ues were observed depending upon the actual RSE compound
and, especially, the conditions. At shorterλirr and in the pres-
ence of air, the reactions were relatively efficient (for ex-
ample the photolysis of Na2[Fe2(�-SCH2CH2SO3)2(NO)4]
with 365 nm light in aerated aqueous solution leads to the dis-
appearance of the characteristic absorption spectrum of this
species with aΦ of 0.048 (I = 1.1× 10−6 Einstein/L s), but
i upon
f
o ent.
(8)

The “simple” red salt esters have characteristically s
ar UV–vis and IR spectra[46,47] (Fig. 2). The electroni
pectra display several strong bands with maxima in
ear UV. For example, the spectrum of the water sol
ster Na2[Fe2(�-SCH2CH2SO3)2(NO)4] (in which R is the
-sulfonated ethyl group) has bands withλmax at 312, 364
nd 430 nm, the respective extinction coefficients being 9
900 and∼4300 M−1 cm−1. The absorption tails into th
reen but drops off considerably. The position and stre
f these bands are relatively independent of the attach
roup (if that group is not a strong chromophore), bu
how some solvento-chromism. The relatively high ext
ion coefficients along with the solvento-chromism sug
hat they may be charge transfer in character. Becaus
rystal structures and spectroscopic data of the RSE
ounds are similar to those of the red salt, one might as

hat the sulfur substituents perturb but do not change the
amental character of the cluster molecular orbitals.

The infrared spectra of the various red salt esters dis
hree NO stretching bandsνNO, two strong and one wea
ith values that are little affected by the nature of the
roup. For R = methyl benzyl these bands appear at 175
774 (s) and 1808 (w) cm−1. The pattern of these bands

he various esters is relatively unaffected by changing th
ubstituents, but all the bands appear at higher frequenc
d a
t is clear that the quantum yield values are dependent
our factors: the wavelength of irradiation (λirr ), the intensity
f irradiation (I0), the oxygen concentration, and the solv
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Table 2
Quantum yields (Φd) for the photodecomposition of the Roussin’s red salt esters (RSE) under various conditionsa (data from Ref.[46])

Compound Solvent λirr
b (nm) Iac (Einstein/L s) Φd (mol/Einstein) (±∼15%)

Fe2(�-SCH3)2(NO)4] MeOH 365 3.0× 10−6 0.14
CH3CN 365 3.0× 10−6 0.23
THF 365 3.0× 10−6 0.28

Fe2(�-SCH2CH3)2(NO)4] CH3CN 365 1.1× 10−6 0.076
CH3CNd 365 1.1× 10−6 0.12
CHCl3 546 1.1× 10−6 1.70× 10−4

Fe2(�-SCH2C6H5)2(NO)4] CHCl3 546 1.1× 10−6 1.86× 10−4

Fe2(�-SCH2CH2OH)2(NO)4] MeOH 365 1.1× 10−6 0.079
MeOHd 365 1.1× 10−6 0.103
MeOH 365 3.0× 10−6 0.045
MeOH 365 8.2× 10−6 0.002

Na2[Fe2(�-SCH2CH2SO3)2(NO)4] H2O 365 1.1× 10−6 0.024
H2Od 365 1.1× 10−6 0.052

a Quantum yields for RSE loss determined from changes in UV–vis spectra. Experiments in aerated solutions at 293 K except where noted.
b Irradiation wavelength.
c Intensity of incident light.
d Solutions equilibrated with O2 (1 atm).

The quantum yield response to the irradiation wavelength
proved to be different from that previously observed for the
photochemistry of RBS and RRS anions. This suggest that
although the absorption spectra are similar to that of RRS,
the excited state order may be changed in the esters to give a
different, less reactive, lowest energy excited state. However,
the dependence ofΦd on the intensity of irradiation and [O2]
parallel those of the anionic clusters, and again the flash pho-
tolysis studies have demonstrated that these can be explained
by the primary photochemical step being the reversible labi-
lization of NO followed by trapping of the intermediate by
O2. The solvent dependence is tied to the [O2] dependence,
since dioxygen solubility varies from solvent to solvent.

Flash photolysis studies provide further insight into the
aforementioned factors that influence theΦd values for
these RSE compounds. For instance, a sample of Fe2(�-
SCH2CH2OH)2(NO)4 shows a transient bleach at 460 nm
when flashed at 355 nm. Under deaerated conditions, the de-
cay is second order and the system returns to the baseline ab-
sorbance within several hundred�s, while under air, decay
is much faster and the recovery of the original absorbance
is incomplete. In the latter case, the decay is roughly ex-
ponential withkobs= 2.3× 104 s−1 giving an estimated sec-
ond order ratekO2 = 1.3× 107 M−1 s−1. A related set of flash
photolysis studies were carried out with aqueous solutions
of Na2[Fe2(�-SCH2CH2SO3)2(NO)4] to probe the effect of
v ele-
v ch at
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l ],
f
d luded
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g -

Scheme 8. Intermediates in the photolysis of RSE.

itively trapped in a very fast reaction with NO in competition
with O2 trapping and subsequent decomposition of the clus-
ter (Scheme 8). It is evident from the photoproducts found
after continuous photolysis that several other chemical trans-
formations must occur after the trapping of the intermediate
species, but these remain to be resolved.

5.3. The photochemical and photophysical properties of
PPIX-RSE

The similarity of the spectra of the red salt esters of the sim-
pler R-groups to that of the red salt itself means that they also
do not adsorb sufficiently at longer wavelengths for in vivo
applications. To address this issue, we are preparing other
RSE compounds where the R-groups have a chromophore
such as a dye molecule which might act as an intramolecu-
lar photosensitizer, that is as an antenna for the Fe2S2(NO)4
moiety. In this context, we have now prepared PPIX-RSE,
a red salt ester with the R-groups being protoporphyrin-IX
via the reactions shown inScheme 9 [48]. A crystal struc-
arying the NO concentration on the relaxation of the r
ant intermediate. Under excess NO the transient blea
20 nm displayed exponential decay back to the original b

ine. The resultingkobs values proved to be linear in [NO
rom which data akNO value ofkNO = 1.1× 109 M−1 s−1 was
etermined. On the basis of these studies, it was conc

hat like the red salt anions (Scheme 7), the primary photore
ction of the red salt esters is the photodissociation of N
ive an unsaturated species Fe2(SR)2(NO)3.which is compet
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Scheme 9. Synthetic sequence to prepare PPIX-RSE.

ture has not been obtained, but a variety of physical methods
including high resolution mass spectrometry and elemental
analysis point to the structure depicted inScheme 8. For ex-
ample, the IR spectrum of PPIX-RSE displays the two strong
νNO bands at 1754 and 1781 cm−1 that are characteristic of
a red salt ester (Scheme 9).

The electronic spectrum of PPIX-RSE is dominated by
the porphyrin chromophore with the very strong Soret band
at 406 nm and the pattern of longer wavelength Q-bands (λmax
at ∼504, 550, and 580 nm) typical of a non-metallated por-
phyrin (Fig. 3). However, the photophysics and photochem-
istry of this species are strongly influenced by the presence of
the Fe2S2(NO)4 cluster. The intensity of emission from the
free base porphyrin is∼85% quenched relative to the emis-
sion from a solution containing the dimethyl ester of PPIX
(DME-PPIX) or PPIX itself of the same absorbance at the
excitation wavelength. Furthermore, direct excitation of the
porphyrin Q-band absorptions with 546 nm light leads to NO
release from the cluster with a quantum yield (2.5× 10−4)
somewhat larger than reported for esters without the PPIX an-
tenna (1.8× 10−4). This indicates intramolecular photosen-
sitization, namely that once light is absorbed by the strongly
absorbing antenna, there is energy transfer to the RRS clus-

ter site and NO labilization as the result of the excited state
generated there[48].

The steady state luminescence experiment with PPIX-
RSE indicated that∼85% of the characteristic PPIX fluo-
rescence was quenched by the presence of the RSE cluster,
and this result might simply be interpreted in terms of the rate
of intramolecular energy transfer being about six times the
rate of radiative and non-radiative decay of the singlet state
of the free PPIX chromophore.

In order to evaluate this interpretation, fluorescence life-
time measurements were undertaken[48] with Doug Magde
at UC San Diego using time-correlated single-photon count-
ing techniques[49]. Solutions of PPIX, DME-PPIX, and
PPIX-RSE in THF and CHCl3 were prepared such that the
Soret band absorbance was between 0.6 and 0.8 in each
case. Excitation was at 403 nm, and the temporal fluores-
cence was monitored at 632 nm. The PPIX and the DME-
PPIX solutions both displayed single exponential fluores-
cence decay traces that could be analyzed in terms of life-
times of 12.4 and 12.6 ns, respectively, in THF consistent
with the literature[50]. However, the PPIX-RSE fluorescence
decay could not be fit a single exponential, but demonstrated
two lifetimes, the major component (>80% weighting) being
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Fig. 3. Electronic spectrum and steady state fluorescence spectrum of
PPIX (6.16 mM) and PPIX-RSE (6.02 mM) solutions in aerated THF at
22± 0.1◦C. In the electronic absorption spectrum the absorbance of the
PPIX and PPIX-RSE compounds at theλSoretband (406 nm) are both equal
to 0.89. The fluorescence spectra were obtained irradiating at 404 nm and
monitoring the emission from 550 to 750 nm.

∼200 ps, the other being similar to that of the free porphyrin
at 12.6 ns.

The observation of two emission lifetimes might suggest
the presence of two compounds in solution, the short life-
time being a property of PPIX-RSE and the longer one being
that of a PPIX impurity. However, attempts to address this
by different synthetic approaches, repeated purifications and
varied spectroscopic procedures did not change the lifetimes
or the weighting of the two components. Thus, we concluded
that the residual emission in the steady state fluorescence
measurements and the bimodal component of the emission
lifetime data was truly due to the PPIX-RSE compound[48].
One might speculate that the two lifetimes might be the result
of this material being present in solution in two ground state
conformers, one positioned for much more efficient energy
transfer from the PPIX singlet excited state to Fe2S2(NO)4
cluster than is the other. On going studies in collaboration
with the UCSB group of Michael Bowers are using a gas
phase “ion chromatography” technique with time of flight
mass spectroscopy[51] to examine the presence of conform-
ers in PPIX-RSE samples.

5.4. NO release by two photon excitation (TPE) of
PPIX-RSE

So far the studies reviewed here have focused on pho-
tochemical processes initiated by single photon excita-
tion (SPE). As noted above, a desirable feature for a
photo-activated drug would be responsiveness to light at
longer wavelengths, for example, in the near infrared region
(λexc= 800–1100 nm) where tissue penetration by light is the
greatest[9]. While there are numerous chromophores that
have large SPE absorption cross-sections in the UV/vis re-
gion, relatively few function in the NIR region. This led us to
consider an alternative strategy where the initial excitation is
generated by two-photon excitation using NIR light leading
to population of higher energy states capable of exhibiting
photochemistry.

The rich theory, experiments, and applications of two pho-
ton absorption (TPA) have been reviewed by others[52].
Of note is the work by Xu and Webb[53] who measured
the two photon absorption cross-section (δ) of various chro-
mophores. They also demonstrated that the fluorescence
spectrum profile generated from TPA is that same as that
from SPA at approximately half the wavelength. Thus both
lead to formation of the same lowest energy excited state
(LEES).

The two photon absorption cross-section of PPIX has been
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ound by Goyan et al. to beδ790 nm= 2 GM [54]. TPE of free
PIX resulted in a fluorescence spectrum very similar to
enerated by SPA. In this context, we investigated the

ochemistry of the PPIX-RSE when subjected to TPE
IR light [55].
In these experiments solutions of PPIX (13.5�M),

imethyl ester-PPIX (DME-PPIX) (11.6�M), and PPIX-
SE (13.3�M) were prepared such that their absorba
pectra at theλsoret were each nearly the same (∼2). TPE
uorescence measurements were taken using a mode-
i/Sapphire laser which generated 100 fs pulses with a

ral wavelength at 810 nm and a repetition rate of 80 M
he solutions were irradiated for∼3 min, and the TPE in
uced fluorescence was monitored from 550–750 nm.
V–vis spectrum for both compounds and the traces fo
uorescence profiles with relative intensities are present
ig. 4. Notably, the UV–vis absorption spectra were are
ost identical, in accordance with similar concentrations

xtinction coefficients for the PPIX, DME-PPIX and PP
SE compounds, respectively, but the emission behavio

he first two differ dramatically from that of the PPIX-RS
he emission intensity from PPIX-RSE was only∼4% that of
PIX or DME-PPIX. These observations are very consis
ith the SPE steady state emission experiments at 40

ndicative of efficient energy transfer from the porphyrin r
o the iron sulfur cluster upon excitation of the PPIX exc
tate(s).

The release of NO from PPIX-RSE after TPE was dem
trated using a nitric oxide electrode sensor (an amino
rom Innovative Instruments capable of nM NO detec
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Fig. 4. Electronic spectrum and the two photon excitation (TPE) fluores-
cence spectrum of PPIX (13.5�M), dimethyl ester-PPIX (DME-PPIX)
(11.6�M), and PPIX-RSE (13.3�M) in THF at 22◦C. In the electronic
absorbance spectrum the absorbance of PPIX, PPIX-DME, and PPIX-RSE
compounds theλSoret band (406 nm) are all approximately 2. The fluores-
cence spectra were obtained by irradiating with∼100 fs pulses at central
wavelength of 810 nm and repetition rate of 80 MHz, while monitoring the
emission from 550 to 750 nm.

in solution). Upon injection of the photolyzed PPIX-RSE
into the NO electrode solution, immediate signal increases
are observed. The first three injections were of PPIX-RSE
solutions that had been illuminated with 100 fs pulses at
810 nm for 1, 1, and 3 min, respectively, and the last two
injections were from PPIX-RSE solutions that had not been
irradiated (these injections were done as controls to measure
the amount of NO produced from thermal decomposition of
the cluster) (Fig. 5). The amount of NO produced can be
back calculated from the calibration curve and were found to
be 2, 3, and 5 nM respectively, and∼0 nM from the control
solutions.

Further evidence for NO production was obtained via
ESI+ mass spectroscopy of the solutions obtained before
and after irradiation. The sole peak in the ESI + MS of the
PPIX-RSE solution before irradiation was observed atm/z
913 (PPIX-RSE + H+), but upon TPE several new peaks be-
come apparent in the spectrum. Although some of the par-
ent compound remains intact, a large peak atm/z 441 starts
to surface in the spectrum. This peak matches nicely with
the doubly charged species [PPIX-RSE− NO]2+, and a close
analysis of the peak reveals the expected isotopic pattern for
a doubly charged iron species.

Fig. 5. Response of NO electrode to 50�L injections of photolyzed (and
nonphotolyzed control) solutions in distilled, aerated THF. PPIX-RSE solu-
tions were irradiated from 1 to 3 min with∼100 fs (repetition rate of 80 MHz)
laser pulses and central wavelength at 810 nm.

6. Summary

This article has summarized ongoing research in this lab-
oratory that has been concerned with the quantitative photo-
chemistry of various metal nitrosyl compounds. The goals of
these studies are two-fold: to probe the dynamics and mech-
anisms of the reactions of NO and NOx species with biologi-
cally relevant model compounds and to develop new materi-
als for the photochemical delivery of NO to specific targets.
With regard to the former goal, we have examined the dynam-
ics of NO reactions with ferri-heme proteins and models, and
with regard to the latter we have described studies of ruthe-
nium porphyrin and salen complexes, chromium(III) nitrito
complexes and the iron sulfur nitrosyl clusters known as the
Roussin’s salts and esters. Studies of the Roussin’s salts have
demonstrated the concept that coordination complexes can
serve as precursors for photochemical NO delivery agents
to biological targets, specifically the sensitization of hypoxic
cells to�-radiation damage. Ongoing flash photolysis stud-
ies to elucidate mechanisms for the photochemical reactions
of such clusters have been summarized. The ester complexes
Fe2(SR)2(NO)4 hold considerable promise as more effective
delivery agents. Finally, work was discussed concerning the
sensitized release of nitric oxide via both single and two pho-
ton absorption from a dye derivatized red salt ester. Further
work is being pursued involving chromium cyclam, ruthe-
n have
f at-
t light
g ssion
t

A

the
U HE-
ium salen and Roussin’s red ester compounds which
unctionalities capable of synthetic modification for the
achment of red (two photon) absorbing dyes to act as
athering antennas at wavelengths where light transmi

hrough tissue is more facile.
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