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Abstract

This review presents an vverview of the mechanistic chemnstry coneerned with the
reactions of metalloporphvons mvotvng the bioregulivory: molecule mitrie oxide. Topics
disctssed include the photolabilization oi NO from metal nitrosy] complexes. the farmation
and dissocintion of MONO boads, reductive mrosvlation of ferriheme proteins and oxida
tions of NO by dioxveen Princpal emphasis s 2iven o porphvein compleses of the first
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1. Introduction

The reactions of synthetic metalloporphyrins with the diatomie molecules have
long been of iterest [1-9] interactions between iron(ll) porphyrins and dioxygen
recelving Ddl'(l\.llldl ducmmn as modeh for O, transport and storuge proteins mLh

oxide umn&_ o 1I.L various hmlﬂgudl lolu \ huh now ha.e hun ‘ulribulcd to NO
(17290 In a relatively short periad during the late 19805, it was reported that NO
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is (1) the ‘endothelium derived relaxation factor’ (EDRF), a long suspected
intercellular signaling agent key to the control of mammalian blood pressure, (2) a
key player in cytotoxic immune response to pathogen invasion and (3) a neuro-
transmission regulator in the central nervous system. Subsequent reports have
identified a number of disease states involving NO imbalances [30], and such
observations have stimulated extensive research into the chemistry, biology and
pharmacology of NO aid related compounds leading to a virtual torrent of
publications in these fields.

The principal targets for NO under bioregulatory conditions are metal centers,
primarily iron {31,32}. The ferroheme enzyme soluble guanylyl cyclase (sGC) is the
best characterized example of such a target [33,34]. It is generally thought that
formation of a nitrosyl complex with the metal center labilizes a trans axial ligand
and the resulting conformational change activates the enzyme for catalytic forma-
tion of the secondary messenger cyclic guanylyl monophosphate from guanylyl
triphosphate. Other reports also peint to NO roles in inhibition of metalloenzymes
such as cytochrome P450 [35]. cytochrome oxidase [36]. nitrile hydratase [37-40]
and catalase [41] as well as in the vasodilator propertics of a salivary ferriheme
protein of blood sucking insects [42]. Heme centers are also involved in the in vivo
generation of NO by oxidation of arginine catalyzed by the enzymes nitric oxide
synthase (NOS) [27.43.44]. For bioregulatory purpores, the NO concentrations
generated are low, e.g. values of [NO] < 1 pM have been reported to be generated
in endothelium cells for blood pressure control [45]. Thus, reactions with targets
like sGC must be very fast to compete effectively with other physical and chemical
processes leading to depletion of NO, which in vivo is suggested to have a lifetime
of but a few seconds. On the other hand. the NO concentrations produced during
immune response to pathogen invaston are much higher.

These biological and medical roles place a high premium on understanding the
fundamental chemistry of NO under conditions relevant to its biological formation
and decay. Of special interest are the reactions and iteractions with metal ion
centers. [n {1 s context, presented here is an overview of some developments in
mechamistic chemistry involving the reactions of metalloporphyrin complexes with
NO.

2. Structures and spectra of nitrosyl metalloporphyrins

A dominant theme in considering the chenustry of NO s that it is o stable free
radical with an electronic structure analogous to the dioxygen cation O, | i.c. the
unpaired eleciron s located in the #* orbital. NO reacts rapidly with other free
radicals and with substitution labile redoy active metals but is neither a strong one
clectron oxidant nor a strong one clectron reductant [46). In a complex with a metal
center. the character of the NO ligand can range (rom that of a nitrosyl cation
(NO ) which binds to the metal with 4 M-NO angle of ~ 180° to that of a
nitroxy!t anion (NO ) for which a bond angle of ~ 120° might be anticipated (Fig.
1), In the former case there has been considerable charge transfer to the metal and
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the linearly bonded NO - can be viewed as being isoelectronic to carbon monoxide.
A simple description of the metal-NO interaction was offered some years ago by
Feltham and Enemark [47]. who proposed the |MNO}"” formulation, where # 1s the
sum of the metal d-electrons and the nitrosyl 7* electrons and used Walsh-type
diagrams to predict the bond angles of this unit. When the other ligands on the
metal include a strong C,, perturbation. such as will always be the case with metallo
porphyrins. the M—N-O angle is predicted to be linear for # = 6 but bent for n > 6.
Notably. there is also a reported example of a meta-stable complex (generated
photochemically in low temperature solids} which has NO coordinated at the
oxygen [48] and another with an 5°-NO where the NO bond is perpendicular to
metal ligand coordination axis [49].

Numerous metalloporphyrins including those of chromium, manganese. iron and
cobalt. as well as various heavv metal centers react with NO o give adducts. The
ability of the M(P) moiety (P =y*-porphyrinate ligand) to form a stable NO
adduct as well as the structure of that species depend strongly on the oxidation
state of the metal, although assigning the metal oxidation state in the resulting
adduct is subject to ambiguity. In this context. one might compare the structures of
NO adducts to the metalloporphyrins Ma'(TPP). Fe''{TPP) and Co'(TPP)(TPP =
meso-tetraphenylporphyrin) which show the respective M-N -0 bond angles 176.2,
1421 and 128.5° [50 -52]. The first is consistent with the nitrosy! cation formulation
Mn(TPPYNO " ). the latter with that of the nitroxyl complex Co"(TPPYNO ).
while the adduct with Fe''(TPP) is intermediate in character. The metal- Ny, bond
lengths follow the order (Mn-NO{" (Ledd A) < Fe-NOY (1.717 A) < ICo-
NO!™ (1.833 A) indicative of the decreasing z-bonding over this sequence. Notably,
simple oxidation of the above iron adduct (i.c. to give the NO adduct of Fe'''(Py)
gives the JFeNOJ" svstem which is predicted and found 1o be linear. Table |
summatizes structural data for NO adducts of some Fe'' and Fe'"' porphyrins
which have received attention as models of natural hemoproteins [52 -36].

The IR spectria reflect the nature ol the binding between NO and the central
metal. Figher NO stretehing trequencies are the rule for hnear complexes such as
Fe(TPPYCHNQ). For example, oxidation of Fe(TPPANO) 10 Fe(TPPRYNOY
CH.Cl solution shifts vy,, from 1678 to 1888 ¢m ' [37)

ESR spectri provide insight into the clectronic structure of paramagnetic nitrosyl
metalloporphyrins. For example. the manganese(1i) complex, Ma(TPPYCN) (S =
21 reacts with NO o give M(TPPHCONUNO)Y tor which the ESR spectrum

0
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Tubls 1
Fe NO bond distances and Fu N-CLagles of nitress] iron porphyrins determined by X-ray erystallog-
raphy

Complex Fe NO (Ay Fe-N-0O angle (%) Vo bem Ref.
Fe''tTPPHNO) L7 1442 1670 [53]a
Fe"I TPPINONIMePip) 1.740 143.7 1653 [$31b
Fe(T,, PEANO) 1716 143 t13h 16653 [54)
HbNOY" 174 143 [55)
Fe"(TPPINMINOY 1.743 142.1 (1383 1625 [56]
(Fe"(TPPRH,ONNOY 1682 174 1848 [57] [52]
[Fe"IQEPKNG) -~ 1.4 176.9 1562 {52

* Ty PP = picket fenee porphivrin,

" Hb = terre-hemoglobin (Ref. [33)).

O N = Ve-methvlimidazole.

EMTPPUNOY] S = [Fe"(TPPRNO)[CIO.).

CTF"NQEPKNOY) ' = [F""MOQEPINOICI0,): GEP = octaetbnl porphnin,

indicates a low spin state, §=1 2 [3]. Similarly, the NO adduct of the chre ,iu-
m(ID, Cr'TPP) (5 = 2, exhibits an ESR spectrum consistent with a =1 2 Lpin
state {3}, while reaction of NO with Mn''{TPP) (S = 5:2) [38.59] gives an adduet
with § = 0 [3]. Thus, NO coordination gives strong field complexes with such metat
centers. However, one-electron reduction of Mn'(TPPYNO) (by - radiolysis in
2-methylietrahydrofuran solution} gives [M:]“(TPP)[NO)] * which ex- IMis the
ESR spectrum of a =32 state a1 77 K [60].

The ESR spectra of nitrosy! Fe'' porphyrins (Fe''(PYNO)) clearly show the super
hyperfine solitting due 1o the nitrogen atom of the »xial NO, indicuting that the
unpaired electron density is concentrated at the ¢ - arbital of the central iron atom
[61--65]. The spectra display three mrique g s aues consistent with the non-axial
symmetry and the bent-form of the o N-O moiety, n accordance with the X-ray
structure  determination (Table 1) For nitrosyl adducts of lerrohemoproteins
having a histidine residue e the axial stite. ESR spectra display the N hyperfine
splitting of both NO and the imidazole moiety ol histidine [64].

The electronic absorption spectra of nitrosyl metalloporphyrins wre dominated by
the 7-x* higand bands which constitute the spectra ol other metalloporphyrins as
well as the free base ligand. In the four orbital model of Gouterman there are twa
ltgand x HOMOs of ¢, and a., symmetry and two 7% LUMOs ol ¢, symmetry [66).
Constructive and destructive mising of these orbitals results in ¢lectromic ubsorp-
tion spectra with two principal types of bunds. The Soret (or B) band is domipant
band in the ~ 350-4530 nm range and has extinction coefficients o > 10° M
em ', To the red of the Soret band ¢ ~ 500 - 700 nm) arc 1wo “weaker” bands which
display extinetion coefficients to > 10 M ' em !, The lower energy of these is the
3, band: the higher energy absorption includes one mode of vibraiionul excitation
andd i denoted Q. The optical absorption spectrum of the metalloporphyring we .
exhibit weaker clectrenie transitions including charge transfer transitions (LM
or MLCT) between the porphyrin ligand and the mwetal or meial vendered o-
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transitions. Also of particul>r interest to the photochemistry of nitrosyl complexes
are excited states resulting from charge transfer transitions between the metal and
the NO ligand. However. from a qualitative perspective, the absorption spectra of
metalioporphyrins are dominated by the Soret and Q bands. and how these are
affected by the metal and axial ligands are reviewed elsewhere [66].

3. Photolabilization of nitrosyl metaltoporphyrins
3.1 Quantum vields

Photochemical reactions of nitrosyl metallo porphyrins and metallo-proteins
were research topics long before the biological roles of NO were recognized [67).
For example. Hoffman and Gibson in 1978 reported conventicnal flash lamp
photolysis studies (pulse duration ~ 400 ps). of the O., NO, and CO complexes of
myoglobin (Mb. having a ferroheme center) and the metal substituted myoglobins,
Mn"Mb and Co''Mb [68]. A quantum vyield (@,.) of unity was reported for
photodissociation of CO from its Mb complex and of NO from its Mn""Mb and
met-myoglobin (Fe''"Mb) complexes. but the yields seen for NO and O,
photodissociation from their respective complexes with Mb were quite small
(<10 *and <10 7) as were those for the Co'"Mb(NO) and Co''Mb(0,) com-
plexes (both < 10 ). In this context. it was suggested that the quantum yield of
XY labilization could be correlated with r. the total number of electrons in the
metal d-orbitals and ligand z* orbitals (r iy equivalent 10 the # value described
above for |MNO}™). Large @, were seen when » = 6 and small values when r > 6.

Subsequently. Rose and Holfman [69] meusured quantum vields for NO
photodissoctation  from iron  protoporphyrin  IX  I-methvlimidazole  nitrosyl.
FePP(1-MelmHNO). in aqueous solutions using ns laser techniques (Eq. (1),
P = PPy oand found excitation wavelength independent @, values of 0.1, much
targer than for the protein but stll significantly less than unity. They interpreted the
much larger value in this case relative to that for the Mb{NO) complex in terms of
a model in which NO photolabilization first gives a (heme, NOJ “encounter pair’
serrounded by a sobvent cage or embedded in the protein pocket. Dissociation of
cw theme. NOY pair s presumed to be much more facde for the model heme
complex than from the protein heme pocket. thus the latter undergoes recombina-
tion much more readily than it does diffusion apart 1o give net ligand labilization,
The nfluence of protein structure on the efficiency and dynamics of the ligand
(NG! exenrpe 1o the bulk solution relative to recapture by the metal has been the
stimulus of several ultra fast Kinetics studies of various myvoglobin complexes
maodified by site directed mutagenesis (see below) ([63]b).

i,y
MPMYNO)Y - M(P) + NO (H

The much higher photoiability of nitrosyl metalloporphyrins in the absence of the
protein was further demonstrated by ns Laser flash photolvsis (355 nm) studies
[70.71] of the Mn'. Fe'" and Co' tetraphenylporphy rin complexes MiTPPYNO) in
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300 K benzene solution, In alt three cases, @, values for NO photol'-lbiiization (Eq.

(1Y P —=TPIM nravad ta ha am h:: lavraa () 7Q S oA
Vi, U= ara gy piOvel W 2
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lwo being dramutically higher than in the myoglobin derivatives. Slmlldrly the

Alaliliter nf' NIy Fraanm 1 v -il-n E‘nlhTD‘DQ\ ITDDK‘ —_— tat n T o9
puutuutuuuy nlu oM Wit € irro I I = R \"r-wuuuua-

tophenyl)porphine) has been shown to have a @, of 0.16 in aqueous s olution {68].
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been offered to interpret the iow quantum yield for 'p‘n'otcc’ issociation {rom
oxyhemoglobl [72]. On the other hand it is notable that such n clmmcal effects
do not dominate the beh the ogous Mn''\ 1 Fe pec

wvior of the cilldlULUU\ Mn'"Mb and Fe'"'Mb :s‘pu,ig:,.
Betore further discussion of publlshed studies of the quantum yldds and dymm-
bilization from M(P){NO) complexes. it may be valuable to
construct a model such as illustrated by Fig. 2 as the initial basis for such
discussion. In this model one may envision several stages in NO photodissociation.
The first of course is the formation of the initial electronic excited state (ES,) upon
absorption of light by the ground state (GS) of M{PHNO). This is followed by
internal conversion intersystem crossing (A;.) to give the reactive excited state (ES,)
in competition with deactivation directly 1o GS (k,,,V with an efficiency strictly
dependent on the photophysical processes (@, =k (k. + A, ). From ES,, bond
dissoclation to give the caged geminate pair {M(P), NO} (k) may occur in
compctilion with deactivation to GS (k) with the net efficiency @, = g ke F
k). In the same context, the geminate pair may reform the M- NO bond () to
give GS or ¢cvolve further 1o a solvent separited encounter pair {M{P):NO| (£.)
with an overall eificiency @ = @ Ak, (k. + k). Lastly, {M(P):NOJ may recom-

[P I o I TP
1ICy O NV pllUlUll

bine via some type of activated puthliuvuy to reform M(PYNO) or diffuse apart (k)
to M(P) plus NO (the term A, represents the rate constant for the reverse process
stmple bimolecular diffusion in solution to reform the encounter pair, a hikely first
step in the thermal reaction pathway for reforming thie nitrosyl complex. see Fig. 2).

For such a model, the quantum yield s clearly dependent upon the process being
evaluated and upon the time interval of ebservation. For example, under continu-
ous photolysis conditions with relatively low intensity light, the steady state
concentrations of none of the potentially observable species formed along the
photochemical reaction coordinate, including the fully separated M(P) plus NO,
may be measurable. so the apparent @, may approximate zero under such
conditions. On the other hand, certain species may be directly observable using
fash photolysis techigues oy the appropriate e resohibons o partivolar, on
the time scale of ny and ps flash experiments, especially in the absence of added
NO. the second order back reaction of M(P) plus NO is relatively slow, and this
allows one to determine the true &, of M(P) formation. Accordmg to the model,
this would equal @ (&, (k 4+ A_). and in luid solutions, one might anticipate
that for simple metailoporphyrins such as the complexes off PPIX, TP and TPPS,
A, would be quite rapid relative to AL e, @, = ¢ However. m the encumber-
ing environment of a metalloprotein. & (and poxsih]y k.) might be expected to be
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substantially slowed. If so, &, would be smaller (as observed) relative 1o the
appropriate nitrosyl metalloporphyrins models.

A similar quanrtum yield study of NO photolabilization has been reported for the
NO adducts of the water soluble nitrosyl iron(I11) porphyrin Fe''(TPPS) and of
some ferrthemoproteins in aqueous solution. Each of these reacts reversibly with
NO to give the respective itrosyl adducts and the equilibrium constants are small
enough to measure by conventional spectroscopic titration (see below) [73]. The 355
nm laser tlash photolysis of Fe""(TPPS)YNO) in pH 6.5 solution gives rise to the
formation of Fe"'(TPPS) and NO with a &, of 0.37, By comparison. the quantum
vields for photodissociation of NO from the nitrosyl ferrihemoproteins proved to
be significantly smaller with @, values of 0.027 measured for Mb'"{NO) (Mb'"' =
metmyoglobin)., 0.034 for Cyt™(NO) (Cyi'" = ferri-cytochrome-c) and 0.05 for
Cat™ (Cat"™ = catalase) [73]. The smaller vields for these nitrosyl ferrihemoproteins
can be attributed to the effects of the protein surrounding the heme, i.e. most of the
NO once photodissociated is captured in the protein pocket without diffusing out
of the hemoproteins and immediately returns to vegenerate the NO adduets, 1t is
notable that these nitrosyl ferriheme proteins are considerably more labile both
photochemically and thermally 1oward NO  dissociation than their ferroheme
analogs.

Cyt" has a six coordinated structure in which methionine 8 is tightly bound to
the central iron atom [74]. and thus, Cyt"™ is expected o accompany a large change
in the protein conformation before and after nitrosylation. The laser photolysis
studies of Cyt'"'(NO) have revealed that the transient spectrum detected at 50 ns
after the laser pulse is aseribed to Cyt!!' which relaxes 1o Cyt!"" with the first order
rate constant 5.5 % 10% s, suggesting that Cyt!!' produced immediately alter the
photodissociation of NO from Cyt"(NO) changes the conformation with time and
eventually rekases o Cyt!™ [73] This svstem would appear to be ripe lor more
detailed study by ps and s photolysis methods. Such protein conformation changes
have also been reported to accompany photodissoctation of Q. from oxymyoglobin
under ns Laser photolysis [75].

Temperature etfects on quantum yields for NO dissociation have been probed tor
the three model complexes Fe'{ TPPYNO). Co(TPPYNO), and Mn'(TPPYNO) in
toluene solutions over the wmperature range 180300 K [71]. The ¢, values for
bl TUT Lo Colt species were independent of exatation wavelength but fell as the
tempetature was lowered, the former decreasing from .50 1o 0.10 over this range,
the latter from 1.0 to 0,40, On the other hand, that for Mn'"TPR(NO) (&, = (.78
for 335 nm excitation: 0,03 for 532 nm) exhibited no temperature dependence. Two
possible general explanations ol temperature dependent ¢, values would be: (i) the
inerease in so'vent viscosity at low temperatures inhibits diffusion of photodissoci-
ated tragments from the solvent cage so that the efficiency ol the geminate
recombination increases and or (i) an activation energy is necessary for axial ligand
dissociation from the reactive excited state. I (1) were dominant. similar tempera-
tre-dependence  among F'(TPPUNO) Co(TPPENO)Y. and Ma'(TPPYNO)
could be expected, and this was not the case. Therefore, (1) was chosen {711 as the
model to interpret the temperiture dependencies of the quantum yields. From (i),
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the quantum vield for NO dissociation is expressed by:

K,
- s 2
(I)dl\ q)w(/‘-nr‘ + I‘-\ln-) ( )

where (using terms consistent with Fig. 2) &, is the yield of the reactive excited
state ES, and %, is the rate constant for non-radiative decay of ES, and k. a rate
constant for the dissociation of NO from ES, to give the separated species M(P)
plus NO. According to ne discussion of Fig. 2.

A "k
k.= k| ~— - .
Jie (/\: - !\_;p)(/\. d + ’f\.“)

which simplifies o &, = k. il ka» k., and £ » k. With revard to temperature
dependence, &, can be formulated as

(3

iy
kg, = k. expl —AE, RT) 4

where AL, 1s the activation energy for the dissoctation of the ligand at the rcactive
state, and Al 1s effectively the Arrhenius frequency factor. From Egs. (2) and (4).

ohe obtains
by =D vk, ki expl - AE RT) ! (5)

The temperature dependence of ¢, over the range 180-200 K tor Fe''TPP(NO)
and Co'"TPPINO) could be fit well to this mathematical model given the assump-
ton that = 1.0 and the respective AE, values 10 and 22 kJ mol ' [71]. Based on
the same assumiptions, the temperature dependence of ¢, for Co''fOEPHNQ)
(OEP - octacthylporphyring gave o AF, (18 kI mol ) comparable 1o that of its
TPP analog. but A, proved to be about zero tor both Ma'TPPYNO) ond
Mua'"OEPANOY. The Mn" complexes are linear {MNO species while the Fe' and
Co't complexes have the bent [MNO! ™ and {MNQ}® structures, respectively, the
temperature dependence vesults have been mterpreted in terms of ES, being a
dissoctative state tor the n =6 Mn" complexes. An activiation cnergy AE,, which
mereases us the MNO bond angle deereases. s required to labilize NO from ES, for
the other complexes. However, as we will see below, the ps and 5 tme resolved
spectroscopic studies cast some doubt upon a model requiring thernwdly activated
Bgand dissociation trom the reactive exeited state,

3.2 Ulratast (ps and 1s) photolvsis studies of transient species

With regard to other species along the photochemical reaction coordinate,
witralast (py or 3) tme resolved spectroscopy has proved necessary (o interrogate
the structure and dynamics of the excited states and putative geminate and
cncounter pairs. Such studies often have overlapped with investigations of” other
dratomic molecules which bind metatloporphyrins, particularly Q. and CO. the
diosveen complexes being espectally of interest owing to the roles of heme proteins
1 O transter and storage [76 - 83]. The present discussion is tocused on the mitrosyl
complexes, but it 1s noteworthy that important analogies can be drawn in certain
cases between the behaviors of 0. and NO complexes of metalloproteins,
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An early ps photolysis study of nitrosyl hemoglobin by Cornelius et al. [76] found
that NO is photodissociated within the laser pulse ( ~ 8 ps) to give Hb which largely
decayed back to HB{NO) by "geminate recombination’ processes analyzed in terms
of two exponentials, the major component with ¢ ~ 17 ps the other with z ~ 100
ps. From similar experiments with the dioxyvgen and carbonyl Hb complexes, it was
discerned that the rates for geminate recombination increased through the series
Hb(CO) > Hb(O.) > Hb(NO) ([71]a). Subsequent studies by Jongeward et al, [77]
on nitrosyl complexes of sperm whale and elephant myoglobin Mb(NO) confirm
the formation of a short lived transient. consistent with a geminate pair described
by the model shown in Fig. 2, and a longer lived but somewhat indefinite separated
pair in which the NO wanders through the protein pocket. Again the dioxygen
complexes are somewhat similar in beliavior, but there was no evidence for fast
rebinding of CO upon photolabilization of the carbonyl complexes. Early {s pulse
faser experiments by Petrich et al. [78.79] on Hb and Mb complexes of NO and
other diatomic molecules couclude that ligand dissociation occurs within 50 fs and
that the quantum yields for this process is approximately unity regardless of
whether the ligand is NO, O. or CO. Fast recombination from & geminate pair was
reported as before, but these workers argue that non-exponential decays on the 100
ps time scale, e.g. for myoglobin, occur on the same time scale that photodissoci-
ated myogiobin relaxes to the equilibrium deoxy Mb structure. On the other hand,
while the above studies and related subsequent investigations [80-82] disagree on
certain details, they are consistent with the formation of a !M(P),NO} geminate
pair capable of rebinding to return to the original nitrosyl complex as indicated in
Fig. 2. From these results. there appears (0 be a consensus that the small &,
(10 ') obtained with ns laser photolysis of nitrosyl hemoproteins originates {rom
the protein structure surrounding heme, NO photodissociated is mostly trapped
a protein pocket and recombines to the nitrosyl hemoproteins at a rate faster than
diffusion to fully separated species,

The studies by Petrich et al. [78.79]. noted the formation of two heme transients.
Transient A has a lifetime of 300 fs; that of transient B is 2.5 ps. The yield ratio,
¢ Py, of the two was tound to differ depending on the nature of the dissociated
diatomic ligand. The two transients were ascribed to the d-d* excited states of the
dissociated hemoproteins. The 300 {5 component is assumed to be an excited state
with a spin state S= 1. in which the porphyrin plane is slightly domed. On the
other hand, the 2.5 ps component is suggested to be an excited state with a planer
porphyrin structure. and it is this species which undergoes fast recombination with
0. and NO. Along similar lines, the technique of [s coherence spectroscopy on
MbINO) has been reported to sclect out and identify low frequency ‘reactive’
modes attributed to heme doming and iron histidine motion associated with the
prompt (< 75 fs) dissociation of the Fe-NO bond and the concomitant spin
change of the heme iron and depopulation of its d_. orbital.

Two ultrafast time-resolved studies of simpler metalloporphyrin systems are
noteworthy in the context of the above discussion. Traylor and coworkers {84] used
ps and ps flash photolysis 1o investigate the photolabifity of o series of model
nitrosyl Fe''(P) complexes with imidazole as sixth ligand in tolucne, aqueous
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l-methvlimidazole (1-Mclm), Nujol and glyeerol as solvents at 20°C. Quantum
vields measured for Eq. (1) demonstrated that @, is relatively insensitive to the
fature of the various synthetic porphyrins. some quite sterically crowded. all of
which gave values in the range 0.21 to (149 in toluene solution. However, varying
the solvent. especially solvent viscosity. had a measurable effect on ¢, . which
dropped by an order of magnitude from agueous !-Melm (0.077) to 70% gl, cerol
H-O (0.007} solution for Fe(proioheme)(1-Melm)iNO). A similar viscosity related
effect was secn in comparing quantum vields measured for analogous FetPANOG;
compiexes in toluene and in Nujol. These experiments were terpreted n terms of
geminate pair lormation. Substantial increases in viscosity by addition of the highly
viscots cosolvent glyeerol would lead to decreases in cage escape. hence decreased
P, values. Short lived transients consistenl with cage recombination (k. ~9 =
10" s 'y were directly observed by ps spectroscopy in the case of aqueouns 1-Melm
(307 ) solution suggesting that the M-NOQO photolabilization vield was ~ 1.0 but
onlv about 100 escapes 1o the fully dissociated pair under these conditions.

Ultrafast techniques were also used by Morline and Rodgers 10 examine the
deligation vields and kinetics of Fe(TPPXNO) and of Co(TPPHNO) in ambicent
wmperature benzene soluttons [83]. For both compounds. dissoctation to the
separated species MP) plus NO was found w ogerr *vithin o few ps. For
FFetTPPHUNO). the dynamic absorption changes monitored at 450 am during the
first S0 ps indicated three exponental decay processes. first o nise in absorbance
(k=7 10" s 1 Tollowed by a biexponential decay (3« 10" and 1 10" s N,
Energy tramsler experniments using difterent sensitizers wits used Lo map the relevant
exetted stte energies and the relaxation dvoamies during this e trome were
mterpreted in terms of photophysical processes (Fieo 3. The mteenal coaversion
trom the muadly fosmed ES “Qurz*y o the lower energy "Tizz®) wis concluded to
oeeur within the 200 15 pulse, So the tirst observable process. the absorbance rise
wiry argued o opepresent the partiioning between the unrcactive Toerz*) stae
(which decivs to GSY and the reactive chatge transler state 1o vhich is attributed
NO labilization.

Accordiug w this model. the CT excited state dissociates NO s rapidiv as it is
tormed leaving velaxation of the Tiaz*y 1o GS and cooling ol the vibrozically
excited FATPPY to explain the slower exponentiai decavs, The 2fold higher o,
value Tor CofTPPYNO) relative 1o FATPRINO) in Quid solution [71] was attribated
to the more elficient decay pathway via “T{az®) in the latter case. However.
recombination of 4 IMITPPYLNO] geminate pair was not diseussed, as it appers
that the unadarned photophysical model displased in Fig, 3 does not address cithe
the temperature effects nor the olvent ellects on @, deseribed above for these and
rebted model systents.

Thus, despite some very sophisticited studies of NG pbotolabilization from
nitrosy T metalloporphyrins and related metalloproteins. unvomtortable ambiguities
remuni. For example. there appears 1o be general agreement that for the witrosy
heme protems, an encounter comples, presuntably the caged pair. 18 Airst formed
trom the reactive excited state. The protein mhibits this rom ditusing apsn
thereby reducinz quantum vields substantially, Howener. as noted by Holtman aod
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Gibson [68]. it appears that even in the protein systems. those complexes with r =6
(e.g. Fe"(CO). Fe''(NO), Mn''(NO)) ofien display high net photolabilities relative
to analogous r =7/ or 8 cases. Perhaps the icason fo. this lies in the vibronic
character of the initially formed caged pair. Does this have a particular distortion
trajectory when » = 6 which discourages recombination? With regard to the model
M(P)YNQ) systems a simple question needs to be resolved: do the absorption
changes noted in the first 50 ps reflect vibronic cooling of M(P) fragments iniually
formed. competitive recombination diffusion apart of the caged {M(P).NO} pair or
both? Since the fast spectroscopy experiments seem agreed that M-NO bond
dissociation occurs on the sub ps time scale. temperature and viscosity effects on
ES, reactions would seem a less likely explanation than similar influences upon the
competitive reacuons of the caged pair. The ambiguity partially results trom the
nature of the experimental observations. which have focused on the strongly
absorbing metalloporphyrin chromophore. New insight into the nature of the
relevant excited states and iniermediates along the reaction coordinate would ensue
from sampling the evolution of the NO chro* sphore. presumably by ultrafast time
resolved vibrational spectroscopy.

4. Equilibria and dynamics of the formation of nitrosyl metalloporphyrin complexes

Simple nitrosylation of a metalloporphyrin is expressed by
M(P) -+ NO = M(P}NO) {0}

Notably, the actuvation ol soluble guanviyl evelase involves just such a reaction
where the acceptor site of the enzyme is o Fe'tPPIX). Similarly roles such as
cvtochrome oxidase or cattase inhibitton must involve NO reactions with ferro- or
ferriheme targets, so a clear understanding ol the dviamics and mechanisms of such
pathways is essential to understanding the biochemical mechanisms. The kinetics of
the nitrosylition of various heme proteims as well as a number of model compounds
have been reported as the result of the studies concerned with NO photodissocia-
tion mechanisms long before the biological roles of NO were recognized. As
discussed in the previous section, one aspect of the interest in nitrosylation was the
potential relation of the reaction to the oxygenation of the same proteins. An
important guestion that one might ask here is whether NO, a stable ivee radical.
torms bonds 1o redox active metals by mechanisms different from the ractions of
the same metal complex with various Lewis base ligands? While it is often assumed
that reaction of a ligand with heme iron requires an apen coordination site. the
quantitauve basis {for such assumption. especially for reaction with NO. is more
legendary than factual. This potat is not stricty hypothetical given the report by
Armor et al. [R6] that NO reacts with the hexacoordinate d° complex Ru(NH.) -
to give RUNILYANOY  with 2 second order rate (4 = 019 M 's ') significantly
exceeding the liability of the coordinaied ammines. This has been interpreted in
terms ol an assoctative: mechanism where NO reacts by forming a bond to the
ruthentum prior to loss of the NH. eventually displaced.



M. Hoshino et al. Coovdination Chemixtry Reviews 187 (1999) 75- 102 89

Since photodissociations of NO from nitrosyl metalloporphyrins are usually
reversible, ns pulsed Jaser techniques are well suited for investigating the kinetics
of the nitrosylation reaction. In such studies, flash photolysis is used to labilize
NO from the M(PYNO) precursor, and relaxation of the non-steady state system
back to equilibrium (Eq. (7)) is monitored spectroscopically.

M(P) + NO, ' M(P)NO) ™

Under excess NO the transient spectra would decay exponentially (k.. if no
permanent photoproduct is formed and the following relationship should hold
true.

knh\ = knn[NO] + I"nll‘ (8)

such that a plot of k. vs. [NO] would be linear with a slope k,, and an
intercept A, as illustrated in Fig. 4 [87]. This figure represents kinetics deter-
mined thus for a ferriheme compound for which spontaneous ligand dissociation
reaction has an appreciable rate constant (A,,). In such cases, the ratio of the
rale constants A, k. equals the equilibrium constant KX for the formation of the
nitrosyl complex under these conditions. However, for many of the systems.
especially those of ferroheme complexes or proteins. the ‘off” reaction is exceed-
ingly slow. and &, can be determined rom the second order relaxation kinetics
without added NO.

In such manner the post-photolabilization rel xation rates have been reported
tor a number of nitrosyl metalloporphyrins and metalloproteins under ambient
conditions. For example. in 1979 Tamura ct al. [88] reported the &, for reaction
of NO with ferri-horseradish peroxidase to have @ value of 2 10°M 's 't
pH 8 which could be reproduced by stopped (low Kinetics methods. Examples ol
such rates measured are summarized in Table 2 [69.73.89.90].

4.1 Nitrosvlation of M(TPP) (M = Fe'' Co', and Mn") in 1oluene solutions

These rates were measured by laser tlash photolysis of M(TPPYNO) in the
absence of excess NO [71]. Since the decay of M(TPP) follows second order
kinetics, the bimolecular rate constants &, (e.g. Table 2) were directly obtained
from the decay analysis of the transient M(TPP). By measuring A,,, at various
temperatures, the activation parumeters for the reaction of NO with M(TPP)
were obtained (Table 3) [71.90.91]. Table 3 also reports similar data for the OEP
complexes of Co' and Mn'',

The activation energies  for the TPP  complexes are in  the order
MafTPPYUNO) > Fe(TPPUNO) > Co(TPPYNO). The nitrosylation changes the
spin state (5 =Zp) of the central metal in metalloporphyrin. The spin states of
the Mn"TPP, Fe"TPP and Co"TPP complexes are $=52, 2 and 12, respec-
uvely, while those of the nitrosylated M(TPPYNO) products are 0, 12 and 0.
From this viewpoint. the manganese complex. which displays the smallest &,
value. undergoes the greatest reorganization of spin multiplicity, The slower rates
(Table 3) are reflected by both the larger AHY and more negative AS* values.



0 M. Hoshino et al.  Coordination Chemistry Reviews 187 (1999} 75- 102
4.2 Nitrosvlation and denitrosylation kinetics of ferri- and ferro-hemoproieins

As noted earlier, iron(I11) porphyrins react reversibly with NO. The equilibrium
constants have been determined for Fe''(TPPS), Mb!"!, Cvt"!, and Cat'!' by the
kinetic flash photolysis technique (K=k,,'k,n) and by spectroscopic titration in
aqueous media and are in reasonable agreement (Table 2). The K value for
Fe!"(TPPS) is one toc two orders of magnitude smaller than for the ferrihemo-
proteins studied. Table 2 also summarizes the dramatic range of &, and &, values
obtained by laser flash photolysis of the nitrosyl adducts of Fe''(TPPS) and
ferrihemoproteins as well as those of Fe'(TPPS) and some related ferrohemes [73).
For the ferrous complexes, k., values were too small to determine by the flash
photolysis method and have to be measured by other means. The small values of
k. lead to very larger association constants K for the ferrous species with the
exception of Cyt'', which also displays a very small &, value. For example. NO
binds deoxyhemoglobin with a K some three orders of magnitude larger than that
for CO.

For the ferrtheme compounds. the forward rate constants &, are in the order
Cat'' > Fe"(TPPS) > Mb"! 5 Cvi'"! [73]. A logical argument for the much lower
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Tuble 2

Rate constants &, and k. for the nitrosvlations of representative metalloporphyrins and metallo-

|-roteins

M{P) Condilions* k., Aats " b ko ko Rel,

M 's N (KM !

Fe!'"WTPPS) H,0. pH 6.3 T2 I 68 x 107 1.1 x 10 73
(1.1~ 10Y

MbM H.O. pH 6.5 19> 10° 13.6 1.3 1¥ 3%
(L4 = 10Y

Cyttt H.O. pH 6.3 7.3 Y 44x10 ¢ Lex 10 (73]
1E6 0 1Y)

Capht H-Q. pH 6.5 0. L7 =1 1.8« 10° (73]
LS = 107y

Fe'(TPDS) O, pH 63 1= 10" ~ 0 = 19" 73

e Phosphate buffer, pH 7.0, 2.5= [0 L2610 ° F3x oV [R9Y

neC
Mb" Phosphate buffer. pH 70, 17 =10 1L2x0 4 1d4x oY [39]
20°C

o .0 ®.3 29 2910 [73]
(2.9 <107

Mn'{TPP) Ethann 49x 10" [90]

Mo (TPP} Taluene S3x1 (9

Fe!' PPN E-Melmy  Tris buffer, pH 9.0 L8~ 107 29«10 1 62x10" [64]

(5810

AL at ambient wemperature vpless otherwise noted.
" The numbers in parenthesis are the equilibrim constants determined directly from spectrephotomet-
ric nirations.

reactivity of” both Cyt"" and Cyt"" toward NO. as indicated by the smaller k.
values is the occupation of the axial sites on the ferrvic ion center by an midazole
nitrogen and a methiomise sulfur of the protein, However. in contrast to Cyt' and
Mbb', Can"' is more reactive than Fe"{TPPS), indicating that in this case, the
protein accelerates the nitrosylation. The backward rate constants &, of Mb!!l,

Tahde 3
The rate constants &, 1298 Kb amd detivation parameters for teactions of MUPy (P == TPP or OFP)
with N i toluene solution detenmined From second order relasation of flash photolysis transients®

P Col't'rpm Ma'lyrppy Co'MOEP M 1OFEP)

AotM s D 2.0 AL S It AR i 0= 1
AN KT mal AN ).2 03 id 54
A ) mal 'K Y s | - .38 -R2

“From Rel |71

" Caleulated from the Arrhenius activation energics according o Rel. [91}

VA igher value of k15 2 N T Ty s recently mcasured {Re! U aaing competitive tapping
o intereept o Mo CTPPY mtermedinte generated by photoreduction of MaTPTHONO o 1oluene, The
ongins of these ditferences renain 1o be resolved,
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Cyt"', and Cat'* are all smaller than that of Fe'"(TPPS) suggesting retardation of
NO dissociation by the proteins.

The small value of k.. for the ferroheme proteins is of biologica! interest with
regard to the question of how a ferroheme enzyme such as soluble guanylyl cyclase.
once activated by forming an NO complex, undergoes denitrosylative down regula-
tion. Kharitonov et al. [92] have used stopped flow kinetics techniques to determine
the first order loss of NO from sGC-NO and measured a rate constant of
~7x10"*s " in pH 7.4 buffered solution at 20°C. This rate is comparable to
those noted for various ferroheme proteins listed in Table 2, but is much slower
than appropriate for the down regulation mechanism. However, in the presence of
both the enzyme substrate guanylyl triphosphate (GTP. 5 mM) and Mg~ (3 mM)
the rate was about 70-fold faster (k ~ 5 x 10~ s 7 '), although with GTP alone the
rate acceleration was only ~ 10-fold. In a similar context, Bohle and coworkers [93]
{94]. have demonstratzd that varying the electronic and stereochemical properties of
porphyrin substituents can strongly infiuence the rates of the displacement of NO
from Fe(P}NO) by nitrogen bases in toluene solution (Eq. (9)). For example. the
k.. value for Fe(TPPYINQ) in the presence of 12.4 M pyridine (4 x 10~ s~ ") is
nearly six orders of magnitude slower than that measured in 0.1 M pyridine for the
Fe(P)(NO complex where P = octabromotetraphenylporphyrin (OBTPP). The ki-
netics of the Fe(OBTPP) reactions show saturation behavior in [L] and the
mechanism s suggested to involve reversible equilibrium formation of
Fe(OBTPP)(L)NO) followed by rate limiting NO dissociation from this species.
Such considerations demonstrate the biological relevance of delineating not only
the dynamics but also the mechanisms of the nitrosylations and the denitrosylations
of the metalloporphyrin models and key metalloproteins.

FetPUNO} + 2L = Tue(P)L. + NO (N
4.3, Activation paramerers for the reactions of NO with ferribemes

As noted above. despite numerous kinetics measurements ol NO reactions with
various hemes, the thermal mechanisms by which NO furms and breaks bonds to
the metal centers are not well characterized. To probe such pathways. the earlier
flash photolysis investigations of Eq. (10) (P = TPPS or TMPS)

A"H
Fe"'(P) + NO= Fe'"(PYNO) (10)

in aqueous solution were extended 1o a detailed mechanism examination of the on
and off reactions [95]. This involved systematic measurements of &, and &, as
functions of the temperature (25-45°C) (Fig. 4) and hydrostatic pressure (0.1-250
MPa) (Fig §) to determine AH'. AS® and A1 for both (Table 4) [95-98],

The large and positive AS* and. more emphatically. A1 values for &, and 4,
represent signatures for a substitution mechanism dominated by ligand dissociation.
Le.

Fe'"(P)(H.O). : Fe'“(P)iH .0) + H,O (11)
Fe'"(PY(H.O) + 1\0 Fc”'(P)cH LOINO ()
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Consistent with this mechanism is the report by Hunt ct al. [99] that H,O exchange
between solvent and Fe'"(TPPS)(H.O)!  occurs at a first order rate (k,, = 1.4 x 107
s ' in 25°C water) far exceeding the A,,. values determined at any [NOJ. U the
steady state approximation were taken with regard to intermediate Fe'''(P}H.0),
the &, for the exponential relaxation of the non-equilibrium mixture generated by
the flash photolysis experiment would be,

_ Kk [NO] + k k J[H-O]

I\.u w o ( ‘ 3)
' k \[H,O0] + £,[NOJ
Table 4
Activation parameters for reaction of NO with Fe'"'(TMPS) and Fe'"'(1 PPS)
Ay
Fe P+ NO 2 Fe" (PN
Fe(TPPS) FelTMPS) Mb'1»
’,".-u l‘..-‘l k..,. !\'““ knn kull
ARkl mol Y 62 K3 | 78 00 74
AS (Jmal "K N R 89 100 67 08 34

Al em mol 'y 13 18 R3 17.9

* Ref. [45].
b Rel. |96].
“AV) = — RT(lIntk pd Pry. where & is tie Tate constant at a particular P [97.98]
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Under the experimental conditions, one may conclude that & _[H.C]» &,[NO]
since both steps involve nearly diffusion limited trapping of an unsaturated metal
center and [H.O] » [NO]J. Accordingly, k,,, = k\k-'k \[H,0) and &y =4k _,. In this
context, the apparent activation parameters for £, would be sums of terms. e.g.

AS:, =AST+AS —AS: | and AVE = AVF 4+ AT - AP? (14)

Since the k. and the & _, steps represent similar (verv fast) reactions of the
unsaturated intermediate Fe'"(P)(H.O) with an incoming ligand (NO and H-QO.
respectively). the differences in their activation parameters (e.g. AS3: — AS*® | anu
AV, — A% ) should be small. In such a case the principal contributor 1o AS7,
would be ASj. the activation entropy for the H,O dissociative step. The &, step
should thus display a positive AH} reflecting the energy necessary to break the
Fe'"'-OH. bond. a large. positive AST owing teo formation of two species from one
without a significant change in solvation. and a substantially positive AV} for the
same reason. These conditions are met for the A, activation parameters for both
complexes (Table 4). Furthermore. the values of AHZ, (57 kJ mol ') and AS;, (84
J K "mol ") for the H,O exchange [99] un Fe!'"(TPPS)H.0):~ are verv similar
to the respective A, activation parameters. Thus, it was concluded [95] that the
reaction parameters in this case are largely defined by a dissociative mechanism.
The key point is that for the “on’ reaction with the Fe''(P)H,0): - complexes, NO
apparently displays reaction Kinetics properties quite similar to those for H.O
owing to the dominance of ligand dissociation in determining the behavior of k..

Although pressure studies have not vet been successtul in elucidating the A"
values for the reaciion of NO with a ferriheme protein, the AH ' and AS* values for
Mb" are sufficiently similar to those of the Fe'"'(P) model compounds in aqueous
solution to suggest similar mechanisms (Table 4) {96].

The prmciple of microscopic reversibihity argues that the &, pathway proceeds
via the same intermediates. However. having activation parameters similar to those
of &, 1s not a requirement. Since the energetically dominant & . step involves NO
dissociation from a diamagnetic complex which can be torinulated as
Fe''(PYH,OUNO ") to the paramagnetic species Fe''(P)H.O) plus NO, the reac-
tion coordinate must also incorporate entropic and volume differences accompany-
ing the solvation changes as charge redistributes and the spin cross-over. This may
explain why AT7 is more positive than Al in both cases. However regardless of
such speculation. these activation parameters remain consistent with the limiting
mechanism described by Egs. (11) and (12).

On the larger scheme of things. the &, values for Fe(Il) and Fe(lll} heme
proteins range more than cight orders of magnitude (Table 2). Based on these
kinetics studies and the activation parameter measurements, it is clear that facile
reaction of NO with metal centers requires either a very labile coordination site. as
in high spin Fe''' heme centers such as Fe''(TPPS)H.O)  and cataluse (k,, =
0100 M s Byoor a vacant coordination site. as in high spin Fe'' heme of
myoglobin (1.7 x 100 M "s '} und. presumably, s-GC. This suggests that the free
radical nature of NO. which clearly has utmost importance in determining the
stability and chenucal properties of biologically relevant metal nitrosyl complexes.
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has but minor influence on the dynamics of reactions to form such complexes. Since
the odd electron resides in a NO z* orbital, its involvement with the metal center
is unlikely to be significant except at short distances where coordination is largely
accomplished. In other words, in its on reactions with Fe'' and Fe'"' hemes, NO

may act as a normal two electron donor ligand in its initial interaction with the
metal center.

5. Reductive nitrosylations of metalloporphyrins

Iron(1I1) porphyrins and other redox active metai centers have long been known
to undergo the reductive nitrosylation in the presence of excess NO [57.100-105].
For example, the synthetic iron(ITl) porphyrin, Fe'"'TPP(Cl), in tolucne containing
a small amount of methanol. undergoes reductive nitrosylation to give
Fe'"'TPP(NO) {57]. 1t was suggested that the reaction proceeds as shown in Egs.
(15)-(17) [57].

Fe'' TPP)Cl + NO 5 Fe'"(TPP)CiI)NO) (15
Fe'"(TPPYCIMNO) + CH,OH - Fe!'(TPP) +- CH,ONO + HCI (16)
Fe!'(TPP) -+ NO - Fe''(TPPYNQO) (U

In the same context, when an aqueous solution of lerri-hemoglobin, Hb"', is
exposed 1o NO, the product i» the NO adduct of ferro-hemoglobin, Hb''(NO) [102).
Reductive nitrosylations ol ferrthemoproteing are common, and from a practical
perspective, such reactions are important in processes responsible for the curing of
meat by NO, [106].

In order 10 gain a better insight into the reaction mechanism. Kinetics studies
were carricd out on the reductive nitrosylation of the ferriheme proteins Cyt!",
Mb", and Hb'" in aqueous solutions at various pH [107]. For example, Cyt'"
undergoes reduction by NO to Cyt" in aqueous solutions at pH values > 6.5. A
hypothetical reaction mechanism based on the assumption that NO coordinated to
Cyt"" is electrophilic toward reaction with OH  is shown in Scheme 1. Since, as
mentioned above, the reaction of NO with Cyt" is very slow, Cyt'' can be observed
directly and the rates for its tormation are functions of [NO] and [OH] as predicted
by Eq. (18) [107].

qﬁ[ﬂFL‘“]_ . K\.t)[NO]___” Koy[OH ]
di U Ko[NOL T+ Ko [OH]

According to Eq. (18) k... =kon X Ko[NOJOH ](1 + K [NOD at low pH,
where ko =k, x Koy while at high [NOJ. &, = ko, [OH "} Fig. 6 illustrates the
response of &, o [OH ] for the NO reduction of Cyi"'". No cvidence for the
N-bound nitrous acid complex was found for any of the rerriheme proteins studied,
and at constant [NOJ the rate ol formation of Cyt" displays a simple first order
dependence on [OH ]. Thus. either the formation of this intermediate is rate
limiting. or K, is small. Values of K., were determined from the spectroscopic

[Fe''(P)] (18)
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Scheme 1

titration of Cyt'""! by NO, and the kinetic analysis of the formation of terroheme
species gave the values for A, listed in Table 3.

Mbb' and Hb!"' also undergo reductive niurosylation. The mechanisms are
regarded to be similar to that for Cyt""", How. er. Mb and Hb readily react with
NO, thus the reductive nitrosylation of Mb'" and Hb'"' produce the ferrous forms
Mb(NO) and Hb(NO) as the only observable producis.

The values K and &, for Mb'"" and Hb™! in the presence of NO were determined
by kinetic analysis for the formation of Mb{NO) and Hb(NO). and these values are
summarized in Table 5. In the Mb™ case. K, values proved 10 be pH depenrdent.
decreasing at the hq_hc.r pHs studied. suggesting that the change in pH brings forth
conformation changes m the protein surrounding heme.

Reductive nitrosylation of Hb™ also oceurs at pH < 6. implying that Hb'™M(NO)

0 - -

2
(oH)x108 (v

Frg, 6 Rate comstnts for the formation of Qu'' from Oyt in 295 K oaqueous solation under a constiant
pressure of NO (100 Torey as a functon of [OH ] drom Ret. (U7,
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Table 5
Reductive nitrosyvlation of ferrihemoproteins”

ol Me o
K, 1410 (1.3-0.62) < 1 L3xi0* M !
kon LS« 1} 32x 107 32L10°M s
ko 8.3 1.7%10° 25x10°M s !

pH 6.1-8.45 6.0-7.2 5.6-74

* Values of constants determined (Ref. [107)).
" Hb!"(NO) reacts with H,O in pH 6 water with o rate constant &y, .= L1x10 V5 '
K, for Mb"' but not for Cyt™" or HE'" is pH dependent dropping to half at higher pll.

reacts with not only OH  but also with H.O (Eq. (19)). The pseudo first-order rate
constant, k, (, was determined as 1.1 x 10 " s ' in 25°C waler.

Ao
Hb'"(NQ) + H.O -3 Hb"+ HONO + H - (19)

Reductive nitrosylations of Mb'"" and Cyt""" were not observed at low pH; there-
fore, direct reactions of Mb"{NO) and Cyt""(NO) with H.O are much slower than
for Hb'' [107].

Surprisingly, reductive nitrosylation by NO has been observed for benzene
solutions of the Co'"(TPPXCI) in the absence of added nucleophiles to give
Co'(TPPYNO) (M. Hoshino, unpublished results). This reaction was found to
occur in benzene, ethanol. ethyl acetate and acetonitrile, irrespective of the nature
of solvents used. One might speculate that the reduction is occurring by reductive
elimination of CINO from an initially tormed Co''"(TPP)CI)(NO), but there is no
firm evidence for such a pathway. Analogous reductive nitrosylation was not seen
for Mn'"(TPPXCI) and Cr"'(TPPXCD in cthanol or benzene (M. Hoshino, unpub-
lished results),

6. Reactions involving dioxygen

The antoxidation of NO in agueaus solution has been subject to several kinetics
studies which are generally agreed that the reaction in aqueous solution gives a
diflerent stoichiometry than in the gas phase *vhere nitrogen dioxide is the product.
In aqucous solution, the nitrogen conta’ .ag product is nitrite ton, which is
probably formed by hydrolysis of intermediates having the stoichiometry N,O,.

ANO(aq) + O.(aq) + 2H.O +4NO. (aq) +4H (aq) (20)
Furthermore, it is generally agreed that the rate law is third order
1[NO, .
- EL’&"—':”] = 3k [NOJO] (an
{

withdh,, =9 > 10" M “s "at 25°C [108]. Trapping experiments have detected the
presence of intermediates which are both much stronger oxidants and stronger



uy M. Heshino et al. . Coordination Chemistry Rerviews 187 (1999) 75- 102

nitrosating agents than O, or NO although various investigators have disagreed on
likely identities of thesc intermediates. The details of these arguments are beyond
the scope of this review.

Among those processes potentially able to deplete in vivo NO concentrations are
those involving NO, O, and some metal species, such as a metalloprotein. For
example, it s known that NO reacts rapidly with oxyhemoglobin and with
oxymyoglobin to form nitrate plus methemoglobin or metmyoglobin, respectively,
[109]

Mb(O,) + NO - NO; + Mb"! (22)

The second order rate constant for the fast reaction with oxymyoglobin has been
reported {110] as 3.7x 10" M-' s ' and this reaction has been used as a
colorimetric test for NO.

In contrast, the reaction of the analogous nitrosyl myoglobin complex with
dioxygen,

Mb(NO) + O, -»> NO, + Mb'! (23)

(& reaction of very great importance regarding the stability of cured meats) is much
slower [111]. although NO complexes with various Fe(ll) porphyrins are unstable to
autoxidation in aerobic solutions. The kinetics of Eq. (23) were studied by Skibsted
ct al, who reported that. even at very low dioxvgen concentrations. the rate
displayed limiting first order behavior with a k. of 23 x 10 * s ' in 25°C
aqueous solution with AH* =110 kJ mol = ' [112]. They proposed that the reaction
proceeded via prior formation of an O, complex with the nitrosyl myoglobin.
However, the proximity of the limiting rate constant to the rate of NO dissociation
(~10°% s from Mb(NO)} tempts one to think in terms of a mechanism
involving this as a first step, Nonctheless, formation of NO, as the nitrogen
procuct indicates that the metal must be involved in the eventual oxidation step,
since uncatalvzed NO autoxidation in aqueous media gives nitrite instead. In this
context, it is notable that a pressure effect study on the rate of Mb(NO) autoxida-
tion demonstrated a positive AT (+8 em® mol " for this rcaction [113].

7. Concluding remarks

The above discussion of the chemistry of metal porphyrin nitrosy! complexes is
too brief to do justice to the extensive studies in this area. Furthermore, while the
title would appear to be more inclusive. the present article has focused primarily on
the very rich mechanistic chemistry of the nitrosyl complexes of the first row
transition elements and especially of iron(Il) and iron(IIl) porphyrins, since these
systems are of greater interest with regard to possible biological roles of NO.
However. although less extensively studied, there is a very rich chemistry of the
heavier metal porphyrin nitrosyl complexes as well. For example, a number of
ruthenium nitrosyl complexes Ru(P)YL)YNO) have been prepared and characterized
[113-119]. Mechanistic studies include investigations of the reactions leading to
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formation of these complexes, a particularly interesting reaction being the dispro-
portionation illustrated by [1135]:

Ru(P}CO) + 4NO - Ru(PYNOYONO) + CO + N.O (24)

Notably, this is quite analogous to observations made in certain reactions of NO
with ferric and ferrous porphyrins. The electrochemical [113] and photochemical
propetties [119,120] of certain of these ruthenium systems have been probed as well;
however, the scope of the present review is inadequate to cover these topics.

The interactions of NO with metallo porphyrin centers is clearly relevant to the
roles of nitric oxide as a bioregulatory molecule in smooth muscle and nerve tissue
and a possibly to its role as a cytotoxin in immune reaction to pathogen invasion.
In this context it is notable that despite considerable attention over that past several
decades, even simple mechanistic issues such as just how bonds between the metal
and the ligand are formed (and broken) and what factors determine the kinetics of
these processes are not fully understood. Thus. this subject of inquiry continues to
represent a rich mother lode of information ripe for mining and relevant to
important biomedical issues.
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