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is (1) the ‘endothetium derived retasation factor’ (EDRF), a tong 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 slates involving NO imbalances 1301, and such 
observations have stimulated extensive research into the chemistry, biology and 
pharmacology of NO a~xt related compounds leading to a virtual torrent of 
publications in these fields. 

The principal targets for NO under bioregutatory conditions are metal centers, 
primarily iron \31.32]. The ferroheme ewyme soluble guanylyl cyctasc (SW) 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 tabitizes a trans axial ligand 
and the resulting conformationat change activates the enzyme for catalytic forma- 
tion of the secondary messenger cyclic guanytyt monophosphate from guanytyt 
triphosphate. Other reports also point to NO roles in inhibition of metattoenzyn~es 
such as cytochrome P45O [35]. cytochrome osidase 1361. nitrite hydratasc 137-401 
and catatase 1411 as welt as in the vasoditator propertics of a salivary Ferriheme 
protein of blood sucking insects [4Z]. Heme ccntcrs are also involved in the in vivo 

peneration of NO by oxidation of arginine catalyzed by the enzymes nitric oxide 
synthase (NOS) [27.43.44]. For bioregulatory purpo:-es, Ihe NO concentrations 
generated are tow. e.g. values of [NO] < I pM have been reported to be generated 
in endo~hetium cells for blood prossure control [45]. Thus, reactions wilh targets 
tikc sGC must be very fast to compete effectively with nthcr physicul and chemiwl 
pruccsscs leading to dcpterion of NO, which in vivo is suggested to have II lifetime 
of but a few seconds. On the other hand. the NO cc~ticetllrutions produced during 
immune response to pathogen i~lvilSiOl1 arc milch high. 

Tlwse biological und medical roles place ;I high premium wa undcrstanditlg 112~ 
t’unJan~,~:l~~~t chcmisrry 01’ NO under conditiws rclcvaut to its biotogic;lt formation 
iind decay Of spcciat itwrcst arc lhc rcwlions ILIICI inleructions with metal ion 
ccntcrs. In 11 ;s context, prcscntcd Iicrc is ill1 ovcrvicw of some dcvclopmcnts in 
111c~t~;lllistiC cticnlistry involvir~p 11111 rcilclicMlS Ol’ Illc~irll~~t~urt~llyri~l Cr~tllplcw2S WiIll 

NO. 

2. Structiws and sptlctrn of nitrosyl nirt:lllrrporph!‘rins 



the linearly bonded NO - can be vkved as beins isoelectronic to carbon monoxide. 
i-\ sinlpk description of the metal-NO interaction was offered some gears aso bl 
F&ham and Enemark [47]. who proposed the 1 MNOI” formulation, where II is the 

sum of the metal d-electrons and the nitrosyl x* electrons and used Walsh-type 
Ji,lgriirns to predict the bond angles of this unit, When the other ligmds on !he 
metal include a strong C,, perturbation. such as will always be the case mith metallo 
porphyrins. the M-N -0 angle is predicted to be linear for !I = 6 but bent for II > 6, 
Notably. there is also it reported esample of a meta-stable complex (generated 
photochemicnll>r in low temperature solids) lvhich has NO coordinated at the 
oxygen [4S] and another with an J/‘-NO where the NO bond is perpendicular to 

metal ligand coordination axis [49]. 
Numerous metalloporpl~~rins including those of chromium. mqynese. iron and 

cobalt. iis \veIl a?; various heavy metal centers react nith NO to give itdducts. The 
ability ot‘ the M(P) moiety (P = q’-poI phyrinato lig;\nd) to form ;L stable NO 
adduct ;\s ~vell as the structure of that species depend stwngly on the oxidation 
state of the metal. although assigning the metal osidation state irm the resulting 
xlduct is subject to ambiguity, In this contest. one might compare the structures of 
NO xlducts to the mct;llloporptl~rins Mn”(TPP). Fe”(TPP) and Co”(TPP) (TPP = 
meso-tetraphcn!:lporp~~~rinl \\llich show the respective M-N -0 bond angles 176.1. 

142.1 ;IIVI 1X5” [%I -52]. The tirst is consistent nith the nitroq4 cation formulation 
Mn’(TPP)( NO ). the l;\tter \vith thar of the nitrosy complex Co”‘(TPP)(NO j. 

\vhite the Alucr with Fe”(TPP) is intcrmediatc in &aracter. The metal- N,,, bond 
lengths li,llow the order ; M n - NO I ” (l.644 A)< fFe- NOI- (1.717 A)< ICo- 
NO I ’ ( I .833 Al indicative or the decreasing rr-bonding over this sequence. Nt>tubly. 
I;implc oxid;~(ion of’ the above it-on Alict (i.e. to gi\,e the NO ilddLlct oi’ Fe”‘(P)) 
piles the ) I-‘cNOI ” s>‘stt’m which is predicted and li~~nd 10 hc linear. Titblc I 

511111111;\t’i%CS 5ttIlClLllYll LiiLtd Ibr NO it’!dtlClS cjf ?;IIIllC FC” dlld FC”’ porph;+ns 
\\hich ll;l\ C received ;ll~t2llli~~ll ;lS tllc~clClS ot' Il;lItlr;ll hemoproteins 152 _I Ml. 
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~ b ~  ! 
Fc~NO bond di~anccs and F~ ~ C ,: ~gl~ of n i t~y l  iron p ~ s  de,trained by X-~y c ~ H o ~  
m ~ y  

Com~cx Fc NO~A~ F e . N . O a n ~ c [ ° I  ~ ' ~ ( ~  ~ RcE 
. . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . .  

FdqTPP~NOI 1,717 149.2 16~ 
~ P ~ N O ~ M c ~ p )  1.7~ 143.7 1653 
~ , P P ~ N O ~  1.716 143 (131~ 1665 
H~NO~ 1,74 145 
F ~ P P R N ~ N O V  1.743 142. t ( 138.31 1625 
~ T P ~ H ~ N O ~  " 1.652 ~74 1848 [57] 
~ q O E P ~ N O ~  ~ 1.6~ 176.9 1862 

" TpivPP = ~ck~ ~nce ~ n ,  
" Hb = ~ r r o - h e m ~ o ~ n  ~RcE [3~. 
• N ~ N-md~hm~a~o~,  
" W ~ " ~ P P ~ N O ~  = I~ 'NT~nNO~II£ ' I~L  
~ W ~ O E ~ N O ~  ' = [ ~ " q O ~ u N O ~  OEP = ocm~n~ ~ m .  

[53]a 
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ind~ates a low spin state. S = I 2 [3]. Similarly, the NO adduct of the chrc~,.iu- 
re(ill. C ~ T P P I  IS = 2t, exhibi~ an ESR specwum consis~nt with a S = I 2 ~pin 
state [3]. while reaction of NO with Mn~TPP)  (S = 5:21 ~8,59] gives an ,~ddu~ 
with S = 0 [3]. Thus. NO coordination gives strong field complexes w~h s ~ h  recta! 
centers. However. one-de ,  ton reduction of Mn~TPP~NO) lby ".r~dio~fis in 
2-m~hyltetrahydrolk~ran solutionl gives [Mn~TPP)(NO~ ° which ex:~.b~t~ the 
ESR spectrum of a S = 3 2 state at 77 K [60]. 

The ESR spectra of n~ros~ Fc u porphyfins (FeU~P)lNO)) clearly show the super 
hyperfine spl~fing due to the nitrogen atom of the '~xial NO. indicating 1hat the 
unpaired electron density is concentrated at the d . :rbitai of the central iron atom 
[61~65]. The spectra d~ptay three -eique g ,~,ucs con~stent with the non-axial 
symmetry and the bcnt-lk~nn of tl:e I:e N -O moiety, in accordance with the X-ray 
structure detenninalion (T~sble I~. For nitrosyl addu~s of ~rrol~emoprol~ns 
having a histidine residu~ m the axial site. ESR spectra display the N hyperfl~c 
splitting of both NO and lhe imidazole moiety of hi~idme [64]. 

The electron~ absorption spectra of nitrosyl metalloporphyrins arc do,ninatcd by 
the ~-a*  ii~md bands ~hich con~itutc the spectra of other metalloporphyfins as 
wall as the ~ec base ligand, in tl,e lbur orbital model of Goulennan there are two 
ligand n HOMOs of a,,, and a:,, symmetry and two n* LUMOs of e r symmetff [66]. 
Constru~ive and destructive mining of these orb~a~ results in electronk absorp- 
tion speclra with two prindpal types of bands. The Sore, {or B) band is dom~ma 
band in the ~ 350-450 nm range and has extinc~on coeffic~n~ to > l0 ~ M ' 
can ~. To the red of the Sorer band ( ~ 500-700 am) are lwo "weakeff bands wh~h 
display extinction coefl]dcnts to > 10 ~ M ' cm '. The lower energy of these is the 
Q,, band: the higher energy absorption includes one mode of vibrational exc~afion 
a~:d i~ denoted Q,. The optical abst, rption spectrum of the metalloporphyfins ae~.. 
exhibit weaker electronic transitions including charge t r ans i t  tranfitions I L ~ (  ! 
or MLCT~ between the porphyfin tigand and the n~ta} or me|al center~a , - ~  



transitixs. Also of particu!:ar interest to the photochemistry of nitrosyl complexes 
are excited states resulting from charge transfer transitions between the metal and 
the NO Iipand. HoLvever. from a qualitative perspective. the absorption spectra of 
metalloporphyrins aie dominated by the Sot-et and Q bands. and how these are 
affected by the metal 2nd axial lipands are reviewed elsewhere 1661. 

3. Phrltdzbilization of nit-rosy1 metalloporphyrins 

PI~otochemical reactions of nitrosyr metallo porphyrins and metallo-proteins 
\vere research topics long before the biological roles of NO were recognized [67]. 
For example, Hoffman and Gibson in 1978 reported conventierlal flash lamp 
photolysis studies (pulse duration - 400 ps). of the 01, NO, and CO complexes of 
myoglobin (Mb. having a ferroheme center) :md the metal substituted myoglobins, 
Mn”Mb and Co”Mb [68]. A quantum yield (GkII,) 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 0, 
photodissocirttion from their respective complexes with Mb were quite small 
( < 10 ’ and c IO ‘1 as were those for the Co”Mb(N0) and Co”Mb(0,) com- 
pteses (both < 10 ‘1. In this context. it was suggested that the quantum yield of 
X?’ labilization uould be corrclatcd with r. the total number of electrons in the 
mct;tl d-orbit;& and Iigand x* orbital3 (I’ is equkalent to the 11 value described 
aho\,tl for 1 MNOI”). Large @,,,_ \verc SW11 \\'kIl I' z II illId Sttlilll Vi11lltX \VhtSl I’ > 6. 

Subsequently. Row ;lnd Iiol’linan [h”] nxrsurcd yl~ilntum yields for NO 



300 K benzene solution. In alI three cases. @,ii, values for NO photolabilization (Eq. 
(I), P = TPP) proved to be quite larpe (0.75, 0.5 and 1.0, respectively), the latter 
two being dramatically higher than in the myoglobin derivatives. Simiklrly. the 
photolability of NO from its complex with Fe”(TPPS) (TPFS = tetrn(4wlfona- 
tophenyl)porphinc) has been shown to have a Q,!,, of 0.16 in aqihmis solution 1681. 
Thus. the electronic argument regarding I’ may not be sufficient to explain the 
observed photolabilitics of the different nitrosyl complexes. Certainly, mechanical 
effects resuhinp from the prescncc of the protein play i1 major role, at least for the 
Mb and Co”Mb complexes, and. as will be noted below. a similar argument has 
been offered to interpret the IOB quiintum yield for photodissociation from 
oxyhemoglobin [72]. On the other hand it is notable that such mechanical effects 
do not dominate the bchwior of the analogous Mn”Mb and Fe”‘Mb species, 

Before further discussion of published studies of the quantum yields and dynam- 
its of NO phutolabikution 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 N@ photodissociation. 
The lirst of course is the formation of the initial electronic excited state (ES,) upon 
absorption of light by the ground state (GS) of M(P)(NO). This is followed b>f 
internal conversion intersystem crossing (/ii,) to give the reactive excited state (ES,.) 
in competition with deactivation directly to GS (k,,,.,) with an efficiency strictly 
depe~~denl on the photophysical processes ( CD,, = ki, (k,, + k,,,., )). From ES,, bond 
dissociation to give the caged geminate pair I M(P), NO; (k, I may owr in 
competition with rlei\CtiV~~tiOtl to GS I/i,,,?) with the net efficiency #,,,, = @!,,(Ii, ‘(k, ,k 
k,,,,). In the same contest, the geminate p:rir may rcl’ortn the M- NO bond (k,,,) to 
give GS or evolve further to iI sol\wt scpuratcd encounter pair iM(P);:NOl (k,) 
with iln o\wull cfliciency cli,, - 9,,,(k, (1’2 A- A,\). Lastly, I M(P)::NOI may recnm- 
bine via some type of activated patlw~~y to reform MlP)(NO) or diffuse apart (k ,!I 
to M(P) plus NO (the twn li,, rcprcscnts the rate c~~Ilst;tnt for the rcvcrsc proccw 
sinipk bim&!ctlli\r dill’ikrn in solution to rcl’rwm the cncountcr pair. a lilxl>* iirst 
srcp in the thermal reaction pathway for wforminp the nitrosyl complex. see Fig. 2). 

For such ;I model. the qLliltlILlttl yield is clearly dcpendcnt upon the process being 
cvalt\i\tcd i\nd upon the time intcrvat 01’ c~bscrvution. For ~:~mplc. unclcr continu- 
ous photolysis conditions with Wli~tiVcl~ low intcnsily light. the stu~ldy state 
ccltlcelltr;rtions of none ol’ the potentially obserwblc species formed along the 
photochcniic~~t ruaction wordinatc, including the fully scparutcd M(P) plus NO, 
m;ly bc mt’;tSl~ri~bl~*. SO the aplwcnt @,I,, muy qymssimrc zero under such 
conditions. On the olhcr I~ill~d, ccrtuin spccics may bc directly obscrwblc using 
Il,lA plrotlllysi~ lrclllllc~llc !~Illl I!\r.' ,'p~'!~'~"l'l"' 1111~ II.:V~~I!~II~II. III lt.~~lic~ll,lr. WI 
thr: time sc;\k C~I’ IIS i\ntl Its flash c’spc’rimcnts. c’spccially in the abscncc of added 
NC). the sc~ond order back reaction of M(P) plus NO is rdatively slow, and this 
illlo\vs one to iktermins the true ‘Ir,,,, of M(P) formation. According to the model, 
this uc~lllcl equal cfr,,(k ,, (k ,t -i- I;,>). ;~nd in Iluid solulions, one might anticipate 
that li)r simpic mc~i~lIoporph!~ritls SU& iIs the ~tt\pl~~s 01’ PPIS, TPt’ itn~l TPPS. 
k ,i \*~uld br quite r,lpid rclatiw 10 li..,. i.c. ~~~,,,, = 9,,. Howwcr, in the cncumbcr- 
ing ctnCrclninen1 Of ii 11~Ctllll~~~r~~lCI~l. k ,, (and poaihly k,!) might be expected to be 
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substanti;\lly slowed. If so, GQ~,,, would bc smaller (as observed) relative to the 
appropriate nitrosyl metalloporphyrit~s models. 

A simil:\r quantum yield study of NO ~~ltotolr\bilizatio;l has been reported for the 
NO adducts of tlte ~vatcr soluble nitrosyl iron(lI1) porphyrin Fe”‘tTPPS) and of 
sotne ferrihcmoproteins in aqueous solution. Each of these reacts reversibly with 
NO 10 give the respective i?itrosyl adducts and the eqt\ilibrium constants :\re s\nal! 
~nougll :o tnewtrc by conventional spectroscopic titG\tio\t (see belotv) 1731. The 355 
nm laser tli\sh photolysis of Fe”‘(TPPS)(NO) in pH 6.5 solutiotl gives rise to the 
formation of Fe”‘(TPPS) and NO lvitll I\ a,‘,, of 0.37, By comparison, the quantum 
yields for photodissociation of NO frotn the nitrosyl ferrihemoproteins proved to 
bc signifcat:tly smaller \virh aLI,, vitl\\es of OK7 meas\\red for Mb”‘(N0) (Mb”’ - 
met’nyoglobit~). 0.034 for Cpt’“(N0) (Cyt”’ = fcrri-cytochrome-c) and 0.05 for 
Cat”’ (Cat” = catali\sc) [73], The smaller yields for thcsc nittusyl fcrrihetnoprotcins 
can be ;\ttribuwd to the c!IPcts of the protein surrounclittg the hetne, i.e. tnost of t!w 
NO once photodissociated is captured in the protein pocket without diffusing o\\t 
of the hctnoproteins und immediately returns to rcgetterate the NO adducts. It is 
notable that these nitrcsyl ferriheme proteins ;\rc considerably tnore labile both 
phott~~!tctlli~i\ll~ ;\nd thcrtnall~ ~o\\~;\rd NO dissociarion tlt;\n their fcrrohen~e 
:ltt;\logL 

Cyt”’ hi\s ;\ six coordittatcd structure in \\$ich rncthioninc S is tightly bound to 
the cctttriil iron atom [?I]. wd thus, Cyt’li is uspccled to iKCOlTlp~~!l~ ;I large chatlgc 
itt the protein cr~tttiml~atiotl bcfor: i\‘>d after ttitrosylation. The laser photolysis 
studies of C‘y\“\(NO) Italic I-cvcalcd t\t,t~ \ltc tr:\nsicttl s!wctrun~ d~tcc\cd at SO 11s 

i\ticr tllc !iiSCt+ pulw is uscrihec! lo Cytl/’ \vItich lT!i\Xl!S to Cyt”’ \vitli Illc lirst otdcr 
riltl‘ c~ItlStil\l\ 5.5 k IO’ S ’ . suggcstitt? tttill cytl:’ ptIld\\Cd immcdi~\tely i\I’tCt’ the 

phornJis~oci;\ti~~tt of NO I’tan C!I”‘(NOI clti\\lgct; the confortn~\tion \vith titnc and 

wlltllall~~ I lArv3 10 c-1 1”’ 1731, This ?;>S~CIII ~\OII~L! i\pllC;\r tc~ IX ripe for I~IWT 

det~\ilcJ stuc!> b>, ps ,\ttd (5 !~huroly?;i5 methods. Such protciit ~Ollli~tIlli\liOtl cl~~\tlgCS 

!l;l\~J ;\lio !XXll U2!ltWti*t! 10 il~~~llll!7~lll~ pllc~todissu~iirtion 01’ C)! I’lX~t~l osymyoglobi’t 
\llNlN ‘IS I;lw* JlllOfOl!~hir, 1751% 

Tcmpwature ct’fects ott ll\\i”tt\\tn yi&!s KOI. NO clis.suci~\tio’t h;\v: bw’t probed Ibt 
the three tnoJel cotnplcses Fc”{TPP)!W). C’o”(TPP)(NO), and Mn”(TPP)(NO) in 
t~~I\~ctte ~ol\\ti~~tt~ over tltc \e’tlpcri\t\\rc ri\t~~c ISO 300 K [71]. The C/J,‘,, vi\l\\cs fat 
I 1. I’ ” tKlr*. b c ,.., -*’ C ‘0” spccics \tcrc i\tdc~~~ttc!cttt ol’ cscit~itio’i \\~,lW!1’ttgth bllt 1511 ilS tllC 

\ctll!%Jril~\\t’lJ \Vi\S !~~\VC~CJ. Illc‘ liwticr lhlTi\Sill~ l’~~~tll (I.50 IO O.!(I O\‘c’t’ this riltlj$, 

111~ Ii\t\cr I’1.0111 I .O 10 rb.40. Ott 111~’ 11111~1 !l~\~td. t!I;lt lijr M\t”TPP( NO) (‘IJ,,,, = OeY’8 

I’cN- 355 ttm cscit;\tim: O,lrl I’w 533 ttwj csliibilccl tto tcinpcratiirc clcpcttdettce. Two 
p0Ahlc gt31er:\I q7!;11r;1\iaitS (11’ I~tn!7cr;\t\ll*e dcp~t\~lc‘\\l f/J,,, , v:\lucs bwlil bc: (i) I!lc 

i\tcrci\Sc in stl’\ cnt imixxjsi\! itt lo\\ tc’npwttww inhibits ~!i!‘fusion 01‘ photorli~soci- 
i\\IXl t’ri\~ltl~ll~.; I’l.r~ttl IllI Sk~lVCllt C:lgC SO tllilt 1llC cl’ficicnq Of LhC gctniiiate 
rccombi’taticw i\tcrc;\scs ;\\td or (ii) itI1 i\L’ti\I\\ion ctlcrgy is IlWWSilty 1’or irxial ligiutd 

cliswciatioti 1‘r~mi tlw rwctivc exoikd Sti\t4!. II (i) wrc dotnitiattt. sitnililr lWl!Xri\- 

~ul-~-J~pcllltcll~~ i\ltl~~tt~ !‘~“(l’l’!‘)( NO). C’<~“(l’PP)(N’J). i\\Id MI~“(TPP)(NO) 
~:O\\li{ !X CUpWt”!. ;\l?d this \t;LS ‘1111 l!W CilSC. Thcrctiit-c. (ii) w;\s chosen 17 I] i\s 111;: 

m&l 11, jt~tc’rprct 111~ tcntpcrur\~r~ tl~‘!7t3t~!c1ick-~ ()I‘ t!w c!i~;\~i\ilti~ yields. lYrom (ii). 



Iht: qu;mtuni Field for NO dissociation is espreswd by: 

\vhere (using terms consistent with Fig. 7) @,i is the yield of the reactive excited 

state ES, and I&> is the rate constant for non-radiative decay of ES, and k,,,, a rate 

constant for tte dissociation of NO from ES, to give the separated species M(P) 
plus NO. According to the discussion of Fig. 2. 

\vhich simplifies to k ,,,, = k,. il’ k2 B k,,, and k ,, a k,,. With re:Tilrd to temperawe 

dependence, k,,,, can be formulated as 

k,. = Ii:;,, cup( - AE, RT) (4) 

\t,here AF, is the activation encrgz~ for the dissoci:ltion of ihe tigund at the rcactivr 

state. and k:;,, is effecti~~cty the Arrhcnius frequwcy factor. From Eqs. (2) and (41, 



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(N0) by ‘geminate recombination’ processes atlalyzed in termc 
of two exponentials. the major component with r -_ 17 ps the other with r h 100 
ps. From similar experiments with the diox?;gen and carbonyl Mb complexes, it was 
discerned that the rates for geminate rccombinntion increased through the series 
Hb(CO) > Hb(O:) > Hb(N0) ([?l]u). Subsequent studies by Jongeward et al. [77] 
on nitrosyl complexes of sperm whale and elephant myoglobin Mb(N0) co~~firm 

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 c 
pair in which the NO wanders through the protein pocket, Again the dioxygcn 
complexes are somewhat similar in behavior, but there was no evidence for fast 
rebinding of CO upon photolabilization of the carbonyl complexes. Early fs pulse 
laser experiments by Petrich ct al. [X,79] on Hb and Mb complexes of NO and 
other dialomic molecules cow!udc that lipand dissociation occurs within 51) fs and 

that the quantum yields for this process is appt-osimatcly unity regardless of 
whether the ligand is NO, 0, or CO. Fast recombination from B getninatc pair was 
reported as before. bul these workers argue that non-exponential decays on the 100 
ps time scirlc. e.g. for myoplobin, occur on the same titne scale that photodissoci- 
ated myc@obin relascs to the equilibrium dcoxy Mb s~~~cturc. On the other hand, 
while the above studies and rclatcd subsequent investigations (SO-G?] disagree on 

certain details. they are consistent with ttw t’cmmtion of a \M(P),NO} getninate 
pair citpilblc of rebinding to return to the original nitrosyl complex i\s indicitted in 
Fig. 1. From these results. thcrc appears \O bc a cot’~~cnsus th;lt the small UI,,~, 
( IO ‘1 obtained with ns li\sct. photolysis of nitrosyl hctuoprotcins originntcs from 
tllc protein structure surrounding lrcme. NO pliotodissociatcd is mostly trap@ in 
;t protein pocket illId rcctmibines lo lllc ni\rosq’l hctnoprorcins at ,I rate litSkt thLlt1 
dilTusion to lillly SC~XitXttCd spccics. 

The studies by Pctrich et al. [78.79]. noted the formation of 1~~0 hcmc Irat~sietlts. 
Transient A hils i\ lifetime of 300 Ik; thi\t of transicnl B is 2.5 ps, ‘IIc yield ratio. 
Cc,, Gt,. of the two \ViIS liWld to tliffcr dcpcnding 011 the I~illltt’C Of hC dissoci~~tcd 
diutomic ligi\nd. The t\vo tr;rnsicttts wcrc ascribed to the rl-d* CXC~~CL! St:\k~ of the 

J&cii~tcd hcmoprotcins. The 300 fs con~poncnt is nssutncd to be at1 excited sti\te 
\virh it spin slate s = I. in \vhich the porphyrin plane is slightly domed. 011 tht~ 

1~IllW llitlld, tllc 2.5 ps componcnl is supgrstcd tc+~ hc iln cxcitcd SIO?C wilh it planer 
porphyrin slruclurc. i\nd it is this species which undorpocs fnst recombination with 
0, i\tlJ NO. Along similar lines. the tcchuiquc of I’s cohcrcncc spectroscopy 011 

Mb(N0) hiLs been rcportcd to sclcc~ out itnd identit’y low frequency ‘reactive’ 
modes ,tttrihutcJ tr, hctnc doming und iron histidinc motion associated with the 
prompt ( -=c 7S fs) dissociation of the Fc NO bond i~nrl the conconlititnl spin 

change of the hcmc iron and dcpoptll;ttiot~ c!f’ its d_. orbital, 
T~VO t~ltrafilst time-resolved 5ludics ol’ sin-tplcr tnetallopc~rl~hyriil systctIIS NY 

notcworthjr in the cotltcst of the i\h(jvc discussion. Tritylor iind coworkers [84] USd 

IiS i\lId ph tlLl!4h PllOtOl~Si’~ i,) invcsligalc ttic thmhbitity 01’ ;i series of rnodcl 

nitrnsyl Fc”( P) complc.ues \vith imidazolc as sixth ligand in tohtcne, aqueous 
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l-methylimidazolc l l-Mclml, Nujol and glycerol as solvents at 20°C. Quantum 
ywlds measured l\w Eq. (1} demouswated that 4%, is relatively insenfiuve to the 
nature of the various synthetk porphyrins, some quite ster~ally crowded, all of 
which gave values in the range 0.21 to 0.49 in toluene solution. Howeve~ varying 
the solvent, especially solvent v~cofity, had a measurable effect on ~ , , .  w~ch 
dropped by an order of magnitude ~om aqueous l-Melm t0.077j to 7ff~, g~cerol: 
H:O 10.007t solution for Fe(pmmheme~ i-Melm~NOL A similar viscosity related 
effect was seen in comparing quantum 35elds measured l~r analogous F~PRNO) 
complexes in toluene and in Nujot. These experiments were interpreted in terms of 
geminate pair I\mnation. Sub~anthi  increases in viscosity by add~ion of the high~ 
viscous cosolvent g~cerol would lead to decreases in cage escape, hence decreased 
~,~ values. Short lived tran~ents con~stem with cage recombination lk¢~ ~ 9 × 
lO'"s 't were directly observed by ps spectroscopy in th~ case of aqueous l-Metro 
13(~' 4 solution suggesting that the M - N O  phototabilization yield was - 1.0 but 
only about Iff';, escapes to the lhllv dissodated pair under these cond~ions, 

Ultralit~ techniques were also used by Morlino and Rodgers to examine the 
dcligation yields and kmmms of FelTPPllNO) and of CoITPPilNO) in ambient 
t<mpca~tm~ benzene solutions [85]. For both compoundm dissociation to the 
separated species MIP1 plus NO ~as l\mnd to occvr "~hin a t~w ps. For 
FctTPPltNOf the dynamk absorption changes monitored at 450 nm during the 
first 50 ps indkated three exponential decay processes, fir~ a rise in absorbance 
i k =  7~ 10 '~ s ~1 followed by a Nexponcnt~l decay 15 x 10 ~t and I x 10" s ~). 
Energy transl~r cxpefmcnts using differ.,nt scnsitizcrs was u~:d to map the ~ l e ~ n t  
excited Slate cncrgic~ and t!~c rctaxalion dvnamic~ during this time I¥,;mc ~cre 
interpreted in terms of photophy~mal processes IFig. 31. l hc  internal conversion 
l~om the initiNk tbnned ES :QI~x ~ ) :o the h~wer energy ?TIx:*I ~as concluded to 
occur u ilhul the 211~1 I~ pulse. So the first obscrvab~ procc~, the ab~orbance rise 
u,a3 argued to represent the paHiltomtlg bclacen the unrcactixe ~ izz*}  stale 
t ah~h  decays to GS1 and the react~e chmgc transl~-r state to ,vhich is aitfibutcd 
NO ~bilization. 

Acct,lxlitg to this modal, the C$ excited state di~sodale~ NO as rapidly as it is 
tbrmcd leaving relaxation of the aTla~*} to GS and cooling of the vibronically 
excited F d T P P V  to explain the sloucr exponcmml decays. The 2-1~ld higher ~a,. 
\alue liar CotTPPi'NOI relative to FclTPP~NOI in Iluid solution [71] was a~fibuted 
to the more ¢flic~nt decay pathology via a T i n ~ l  in the lauer ~tsc. Howe~er. 
recombination of a IMITPP).NOI geminate pair was not discussed, as it appears 
that the unadorned photophysical model displa3cd m Fig. 3 does not address cilh,.t 
the temperature cfl)cts nor ~he so,cut cfl)cts on 45,, described abmc l\~r these and 
related model sxMmn,. 

Thus. despite some xcrx sophi~ic-acd studies of NO pbotdabitizmmn liom 
nitmsxl mctalloporphvhns :uld related mctalloprmdnK uncomlbnabk ambiguities 
~main. For example, there appears to be gcncml agreement that for ~he nitrosvl 
home p~x~mins. ,m cncomaer ct,mplcx, prcsumab b the caged pair. is first ibrmcd 
fwm the rcaclixe excilcd qate. The prolmn inhibit~ tl~i~ from dlffu~ng apart 
thereby ~dt~ing quantum ? ields subsmmmgy, However. a, holed by Hoflhaan and 
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Gibson [68]. it appears that even in the protein systems. those complexes with I* = 6 
(e.g. F’e’!(CO). Fe”‘( NO). Mn”(NO)) often display high net photolabilities relative 
to analogous I’ = / or 8 cases. ?erhaps tlrt xw~n To*. this lies in the vibronic 
character of the initially formed caged pair. Does this have a particular distortion 
trajectory nhcn I* = 6 lvhich discourages recombination? With regard to the model 
M(P)(NO) sywzms a simple question needs to be resolved: do the absorption 
changes noted in the first 50 ps reflect vibronic cooling of M(P) fragments initially 
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 ;md viscosity effx:s on 
ES, reactions ivould seem a less likely explanation than similar influences upon the 
competiti\,s rewLions of the caged pair. The nmbiguit!. partially results from the 
nature of the experiment4 observations. ivhich have focused on the strongly 
absorbing metalloporphyrin chromophorc. NC\\. insight into the nature of the 
relevant exited states and ill~errnediates alon the reaction coordinate jvoutd ensue 
from sampling the e\xAution of the NO chrw ~phore. presumably by ultrafast time 
resolved \ibriltional spectroscopy. 

4. EquMwia and dyamics of the formation of nitroql mctalloporphyrin complcses 



Since photodissociations of NO from nitrosyl metalloporphyrins are usually 
reversible, ns pulsed laser techniques are well suited for investigating the kinetics 
of the nitrosylation reaction. In such studies, fl:~sh photolysis is used to labilizc 

NO from the M(P)(NO) precursor. and relaxation of the non-steady state system 
back to equilibrium (Eq. (7)) is monitored spectroscopically. 

M(P) + NO:r”M(P)(NO) 

Under escess NO the transient spectra \vouId decay exponentially (k,rh,) if no 
permanent photoproduct is formed and the following relationship should hold 
true. 

such that a plot of klrh, vs. [NO] would be linear with a slope A-,,,, and an 
intercept A-,,,Y IIS illustrated in Fig. 4 [S7]. This figure represents kinetics deter- 
mined thus for a ferriheme compound for which spontaneous ligand dissociation 
reaction has an appreciublc rate const;mt (k,,,, ). In such cases, the ratio of the 
rate constants I;,,,, LY,,~,- equals the equilibrium constant K for the formation of the 
nitrosyl comp1c.u under thcsc conditions. However, for many of the systems. 
especially those of ferroheme complexes or proteins. the ‘oft” reaction is excced- 
ingly stow. and A-,,,, can be determined from the second order relaxation kinetics 
lvithout added NO. 

In such manner the post-ptlotolilbiliz~lti~~tl rcl sation rates have been reported 
for ;L number of nitrosyl tnetnltnporphyrins and met;~tloprotcins under imlbient 
conditions. For example. in 1979 Tamura ct al. [X8] rcportcd t hc I<,,,, for rexh 

of NO \vilh fcrri-horscradisll pwidw 10 have ;t wlue of 2 x 10’ M ’ s ’ a~ 

pH S \vhich could bc reproduced by stopped l’io~ kinetics methods. Es;rtnples of 
such rates mcusured arc summ;trizerl in Tabtc 2 [W.7!.89.90]. 
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4.2. Nitrvw~~lrrtion ami ncnirr.asl.l~ition kiiwtics c? f’. fk-ri- wd .fj,.,.,,-llrilrt,pr.oirirls 

As noted enrlier. iron( III) porphyrins react reversibly with NO. The equilibrium 
constants have been determined for Fe”‘(TPPS). Mb”‘, Qt”‘, and Cat”’ by the 
kinetic flash photolysis technique (K= ko,,,‘k,,tl.) and by spectrascopic titration in 
aqueous media and are in reasonable ageement (Table 2). The R value for 
Fe”‘(TPPS) is one to two orders of magnitude smaller than for the ferrihemo- 
proteins studied. Table 2 also summarizes the dramatic range of k,,,, and I?,,,.,, 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, li,),, 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 \\ith rhc 
exception of C’yt”. which also displays a very small I&,, value. For example. NO 
binds deoxyhzmo_elobin with a K some three orders of magnitude larger than that 
for CO. 

For the ferriheme compounds. the forjvard rate constants k\,,, are in the order 
Cat”’ > Fe”‘(TPPS) > Mb”’ >> C\,t”’ [73]. A logical argument for the much Solver 



3L Hoshim, et ak . C~u,'dinat~n Cht.,mmt~ T Rev#ws 187 (1999~ 75-102 91 

Table 2 

Rate constants k .... and  k,,,~ for ~he nilrosylations of  representative meta~oporphy~ns  and  metallo. 
~rot~ns 

M(PI C o n d f l m n ¢  k .... k,,,  ts ' ~ k,,. k,,,  ReE 
IM ~ s ~ IKt  h M ~ 

. . . . . . . . . . . . . . . . . . . . .  

Fem(TPPSI H,O.  pH ~.5 72  x IW 6.8 x 10 e I. I × 103 [731 

t1.1 × 111 ~1 
Mb m tt~O._ pH 6.5 1.9× 1O ~ 13.6 1.4x Ii~ ~ [73 i 

11.4x I0~1 
Cyt Itl t t :O .  pO 6.5 7.2 x I0:  4.4 × Ill z 1.6 × 10 a [7~] 

[ 1 . 6  × I f la j  

Cat TM H,O.  p l |  6.5 3.1~ ~ I 0  1.7 * Ill" l.S × 105 [73] 

( 1 8  x 10") 
Fe"~TP~S~ I I ,O.  p l !  ~.~ 1.~× Iff '  ~1~ >1 i f '  I?~ 1 
Hb"  Phosphate buff~,  pH ~ ,  ~.~ × 1~ ~ 4.6 × 10 " ~.~ × 10~ [ ~ t  

~0°C 
Mb" Phosphale  buff)r, p l l  7.1L 1.7 × I0 ~ 1.2x l0 ~ 1.4 x I~ il [89] 

20°C 
Cy~ ~ 1 | :O 8.3 2 . 9 ,  ill " 2.9 × ltl" [73] 

(2.9 × 10"l 
Mn~TPP~ Eflumol 4.9 ~ tW [90] 
Mnt~TPP~ Toluene 5.3 × 11~' [9~] 
FcnIPP~ t -Melmt  Tris bufl~'r, p[[ 9.11 1.8 × IW 2.9 × 11) 4 6.2 × I0 il [69] 

(5.8× I ( l ' l l  

" All at amNem lemperalure  uvless otheru,ise naiad.  
*~ Tile numbers m p a ~ n t h c ~  are ~l~c equilibrium ¢ ~ n ~ a m s  d~ennin¢'d d i ~ 1 3  from spectroph~uom~. 

tic fil~lion~. 

reactivit~ of both Cyl TM and Cyt ~ toward NO. its indicated bx lhe snmller k.,,. 
values is the occupation of the axial sites on ihe I~rric ion center bv an imidazole 
nitrogen and a methionin¢ sul~r of the prowin. Houeve~ in comrast to Cyt ~ and 
Mb ~,  Cat ~ is more reactive than FeUtlTPPS). indicating that in this case, the 
protein accelerates the nitrosylation. The backward rate constanls k,,. of MbHk 

TaNe 3 

The tale c~m~an~ k .... 129S KI and a ~ m n  ~ r a m c ~  liu r¢i~dhm~ of MIP~ IP = TP P  or ()~PI 
~'ilh NO in t~lum~ ~ m i o n  d ~e n n i n ed  fl~m ~ u l d  o ~ ¢ ~  rcla~alion of flash p h o l o l y ~  I ~ n ~ l ~  

Fc~ITPPI (~d~I'I'PPI Mn~hTPPI ('o~hOl!P~ Mn" IOEPI  

k, , , IM ~ ~ ~t 5 . 2 x l f f '  2.5~ IIV 3 . ~ 1 t 1 '  2.3×11r'  3 . t t x l lF  ~ 
~1t: ikJ inol i~, 2.~ 1.2 9.3 ~J  5,9 
AS: tJ tool ~ K ')" 51 ~1 7 2  - 5 5  ~82 

• ' From Rcl[ [71]. 

" C a k u h l e d  from the Arrhcniu~ activ,awn m~u'rgie~ ;uxo~xling lo ReI[ [91], 
' A hi~her talua ~l'k,,,, 15 ~ !~" M ~ x ~ tr:~ rccenllV mca~,ur~d IR~I\ [9~!]~ u~ing campel~i~e ~r;~pNng 

u~ intercep1 a MWhTPP)  inwnnedmie  generaled by ph~oreducl i~m of M n l T P I ' I O N O  in loluene, The 
ongin~ of lhe~e difl)renccs remain lo be res~flved, 



Cyt”‘, and Cat”’ are all smaller than that of Fe”‘(TPPS) suggesting retardation of 
NO dissociation b) the proteins. 

The small value of k,,,.t. for the ferroheme proteins is of biological 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 Row kinetics techniques to determine 
the first order loss of NO from sGC-NO and measured a rate constant of 
-7x10 Js-.1 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 7O-fold faster (k k 5 x 10 - 2 s .- I). although with GTP alone the 
rate acceleration was only - IO-fold. In a similar context, Bohle and coworkers [93] 
1941. have demonstratl:d that varying the electronic and stereochemical properties of 
porphyrin substituents can strongly influence the rates of the displacement of NO 
from Fe(P)(NO) by nitrogen bases in toluene solution (Eq. (9)). For example. the 
/i,,,,. value for Fe(TPP)(NO) in the presence of 12.4 M pyridine (4 x lo- ’ s _ I) 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 shonr saturation behavior in [L] and the 
mechanism is 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 kc? metalloprotcins. 

As nwx1 i\h<)\‘c. dcspitc numtfrcus kinclics mcawrrmrnts 01‘ NO reactions \\ith 
\ ;Ir*ious hcnw, the ~hern~~l mcchakms b>, \\hich NO li,rms and breaks bonds to 
the metal centers are not well characterized. To probe such pathjvays, the earlier 
flash photolysis investigations of Eq. (10) (P = TPPS or TMPS) 

Fe”‘(P) + NO;+“(P)(NO) ( 10) 
\111 

in aqueous solution were wended to ;I detailed mechanism csamination of the on 
:wd elf‘ reactions [9S]. This involved syslemntic measurements of k,,,, and k,,,., as 
functions of the wnperature (25-45°C) (Fis. 4) and hydrostatic pressure (0.1-250 
MPal (Fig -5) to determine AH:, AS: and AI’: fw both (Table 4) [95-W]. 

The Iargc and positive AS: and. more emphatically. 3 I Fz values for k,,,, and I<,,,-, 
represent signatures for a substitution mechanism dominated hy Iiganri dissoci:\tion. 
i.e. 

Fe”l(P)( H,O)?(s Fe”‘(PH Hz01 + Ii,0 (11) I 
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Consistent with this mechanism is the report by Hunt ct al. [99] that H,O cxcha.ngc 
betiveen solvent and Fc”‘(TPPS)(H~O)‘~ occurs at 21 first order rate (k,, = I .4 x IO- 
5 ’ ill 5°C lvvater) rilr exceeding the k,,,,, values dewmined at any [NO]. If the 
sleady state approximation were taken with regard to intermediate Fe”‘(P)(H,O), 
the k,,,,, for the exponcntinl relaxation of the non-equilibrium mixture gner;tted by 
the flash photolysis esperiment would be, 

k,,,* = 
li&[NO] + k ,A+ J-WI 

k ,[H,O] + li,[NO] 
(13) 



Under the experimental conditions, one may conclude that k ,[H@] >> kJNO] 
since both steps involve nearly diffusion limited trapping of an unsaturated metal 
center and [H,O] Y [NO]. Accordingly, k,,,, = k,k,,k _ ,[H,Oj and k,,,,, = k _ ?. In this 
contest, the apparent activation parameters for k,,,, woulti be sums of terms. e._e. 

AS;,,, = AS; + ASi - AS: , and A JV<t,, = A? ‘i + A J 7: - A p’” , t 14) 

Since the k2 and the k _ , steps represent similar f very fast) reactions of the 
unsaturated intermediate Fe”‘(P)( HZO) \vith an inwming i&and (NO and H-C\. 
respectively). the differences in their activation parxmeters (e.g. AS! - ASi, and 
A 1’1 - AI” ,) should be small. In such a case the principal contributor to AS!,,,, 
Lvould be ASi. the activation entropy for the H20 dissociative step. The k, step 
should thus display a positive AHi reflecting t;ie energ necessary to break the 
Fe”‘-OH2 bond. a large. positive ASi: owing to formation of two species from one 
Fvithout a significant change in solvation. and a substantially positive AJ’i for the 
same reason. The;e conditions are met for the A,,,, activation parameters for both 
complexes (Table 4). Furthermore. the values of AH:, (57 kJ mol ‘1 and ASi, (S4 
J E; ’ mol ‘) for the H,O exchange [99] ‘al Fe”‘(TPPS)( H20))1( - are very similar 
to the respective k,,,, activation parameters. Thus, it uxs concluded 1953 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)2 complexes. NO 
apparently displa!,s reaction kinetics properties quite similar to those for H,O 
wing to the dominance of ligand diswciation in determining the behavior of k,,,,. 

Although pressure studies hate not yet been successful in elucidating the AJ’; 
values for the reaction of NO \vith &I ferriheme protein, the AH’ and A,S’ values for 
Illb”’ ;‘rc sufficienrl~ similar to th+~ of the Fe”‘(P) nwdcl compounds in aqueous 
wlution to suggest similar meclwnisms (Table 4) 1961. 

The principle ot‘ microscopic rwersibitit>~ argues [hitI the I<<.,-, pilt!\\‘.i’> proceeds 
via the same intermediates. Ho\vever. having activation parameters similar to those 
of k,,,, is not a requirement. Since the energetically dominant k z step involves NO 
dissociation from a diamagnetic complex ivhich can be for;wlatcd as 
Fe”(P)( H,O)(NO . 1 to the patama.gwric species Fe”‘(P)( H:O) plus NO. the reac- 
tion coordinate must ills0 incorporate entropic and 1 olclme differences iHXO~npil~l~- 

itlg the salvation changes as charge redistributes and the spin cross-over. This ma) 
wplain why A J .!,,-, is more positive than A I ‘!,,, in both cases. Howver regardless of 
Gicll speculation. these ilcLiwtion lwrameters Irlt~itill consistent b~tlr the tiiniting 

n~echnism described by Eqs. (1 1) and ( 11). 
On the larger scheme of things. the k,,,, values for Fu( I I ) and Fe( I II) heme 

proteins range more th;m tight orders of magnitude (Table 2). Based on these 
kinetics studies and the activation parameter measurctnents. it is clear that I:acilc 
reaction of NO \\ith metal centers requires either iI vtq~ labile coordination site. as 
in high spin Fe I” 11~111~ centers SUch ilS Fe”‘(TPPS)( H,O)j illId c;~titlasc ik,,,, = 

3.0 x lo- M I 5 ‘1. or a vacant coordination site, as in hi@1 spin Fe” heme 01 
tllyo~lobin (1.: x 10 hi1 ' s '1 ~m_i. presutnabl~~. s-4X. This suggests that the free 
radical nature of’ NO. ivhich clearly has utmost importance in determining the 
stnbility ;ltld chemical properties of blolopically relevant metal nitrosyl complexes. 



has bur minor influence on the dynamics of reactions to form such complexes. Since 
the odd electron resides in a NO x* orbital, its involvemenl with the metal center 
is unlikety to be significant except at short distances where coordination is largely 
accomplished. In other words, in ils OH 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(lI1) porphyrins and other redos active meta’ centers have long been known 
to underpo the reductive nitrosyIation in the presence of excess NO [57.100-1051. 
For example, the synthetic iron(III) porphyrin, Fe”‘TPP(CI), in tolucne containing 
a small amount of methal;ol. undergoes reductive nitrosylution to give 
Fe”TPP(N0) [S7]. It ivas sugested that the reaction proceeds as shown in Eys, 
(15)~(17) [57]. 

Fe”‘;TPP)CI + NO 4 Fe”‘rTPP)(CI)(NO) (IS) 

Fe”‘(TI’P)(CI)( NO) + CH ,OH -+ Fe”(TPP) ?- CH,ONO + HCI (16) 

Fe”(TPP) + I\jO + Fe”(TPP)(NO) (17) 

In the same contest. ivhen an qucous solution of l2rri-hemoglobin, I-lb”‘. is 
exposed IO NO, the product ih !!w NO adduct of ferro-heinoglobit~, H b”( NO) [ 102]. 

Reductive nirrosyla\ic~ns 01’ fcrrihemop~o :eills iire common. and from i1 practical 
perspective. such rcxti0ns are iniporlz’lt in proceax responsible for I~IC curing ol 
mea! by NO, [IM]. 

In order IL) gain ;I better insight inlo tilt reaction ‘ncchunism. klnuticl; sludics 
were carried out on the rcducGve nitrcqlation of the ferriheme pro&ins Cyt”‘, 
Mb”‘. and Hb”’ in i\clucous sohaions A various pi-i [ 1073. For esamplc. Cyl”’ 
undcrgocs reduction by NO to Cyt” in aqueous solulions at pH values > 6.5. A 
hypothetici~l reaction mech~u~ism bused on Ihe assumption th;\t NO coordinated 10 

Cyt”’ is electrophilic toward reaction Lvith OH is sholvn in Scheme I. Since, its 
nlcntioned abo\,e. the reaction of NO with Cyt” is very slow, Cyt” can bc observed 
ciircctly and the wtcs I’W its formalion are functions of [NO] and [OH] i’s prcdictcd 
by Eq. (18) [lO7]. 

(IS) 

According to Eq. ( 18). /i,,(,. = lif,,, x K\,(, [NO][OH ] ( I -t K\;(,[NO]) iIt ~O\V pH, 
\vhere li,,” = li,’ x A’~,,‘, \vhilc ~II high [NO]. l<,,‘,x = l~,,,,[OH 1. Fig. 6 illustrates lhc 
I’i’~pollsc or A,,,,, (0 [OH ] for the NO reduction of Cyl”‘. No cvidcncc for the 
A'-huund nilrous acid complex was found for any of the ferriheme proteins studied, 
i\nd at consti~llt [NO] the r;lte 01‘ f~)rm;ltion (]I’ Cyt ” tfisplays a simple lirst order 
dependence on [OH 1. Thus. either the t~rmatiun of this intermediate is rate 
limiling. or Kc ,’ I is smali. Values of k’,(, ivere determined from the spectroscopic 



titratim of Cyt ‘I’ by NO, and the kinetic analysis of the formation of ferrohcme 
species gave the values for k,,,, listed in Table 5. 

Mb”’ and Hb”’ also undergo reductive I”[ wsylation. The mechanisms are 
regarded to be similar to that for C>Pt”‘. How cr. Mb and Hb readily react \vith 
NO. thus the reductive nitrosylation of Mb ‘lt and Hb”’ produce the ferrous forms 
Mb(N0) and Hb(NO) as the only observable producrs. 

The ViIll~es K and k,,,, 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 vall;ts are 

summilrixd in Tublc 5. In the Mb”’ c:!w. K,(, sacs proved to be pH dcpwdcnt. 
decreasing at the higher pHs studied. suggesting that the ch~~gc in pH brings forth 
wnlbrtnation changes III the protein surrounding hcmc. 

Rtxiuctive nitros~tation ot‘ l-lb”’ alw owlw at pH < 6. implying that Hb”‘(NO) 

6 



reacts with not only OH but also with H@ (Eq. ( 19)). The pseudo first-order rate 

constant. A-,,,, was determined as I .I x 10 7 s ’ En 25°C water. 

Hb”‘(N0) + H,O’II;“Hb” + HCiNO + 1-l ( 1% 

Reductive nitrosylations of Mb”’ and Cyt”’ wcrc not obscrvcd at low pH; therc- 
fore, di~cct reactions oi Mb”‘(NO) ilnd C\,t”‘(NO) \jith H,O are much slower than 

for Hb”’ [lO7]. 

Surprisingly, reductive nitrosylation by NO has been observed for benzene 

solutions of the Co”‘(TPP)(CI) in the absence of artdcd nuclcophiles to give 

Co”(TPP)(NO) (M. Hoshino, nnpublis!wd results). This reaction was found to 

occur in benzene. ethanol. ethyl acctatc and acctonitrilc, irrespective of the nature 

of solvents used. One might speculate that the reduction is occurring by reductive 

diminntion of GINO from an initially \~wncd Co”‘(TPP)(Cl)(NO). but there is no 

firm cvidewc for such 3 p;ithway. An;~logous reductive nitrosylalion was not seen 

for Mn”‘(TPP)(CI) and Cr”‘(TPP)(CI) in ~thi\n~~l or bwzcne (M. Hwhino, unpub- 

lixhcd rcsultsj. 

6. Rcuctions involving tlios~gcn 

The ;~utoxidation of NO in qucous solution has bwn subject to WVWi1l kineks 

studk which are g~~lcnlll~ +~ccl that tlac rcuctwn in aqueous solution gives ;I 

diffcrcnt stoichiomctry than in tht~ gas phasl 1 *!Acrc nitrogen dioxide is lhc product. 
In aqiwiis solution, the nitrogen witi: I, If product is riilritc ion, \vhich is 

probably formed by hydrolysis of intcrmcdiatcs having the stoichiomctry N,O1. 

(21) 



nitrosating agents tl:an 0: or NO although various investigators have disagreed on 
likely identities of these intermediates. The details of these argumer.ts are beyond 
the scope of this review. 

Among those processes potentially able to deplete in vivo NO concentrations are 
those involving NO, 0, and some metal species, such as a metalloprotsin. For 
example. it is known that NO reacts rapidly with oxyhemoglobin and with 
osymyoglobin to form nitrate plus methemoglobin or metmyoglobin, respectively, 

WY 

Mb(&) + NO --*NO; + Mb”’ (23 

The second order rate constant l’or the fast reaction with osymyoglobin has been 
reported [I IO] as 3.7 x IO’ M i ’ s ’ and this reaction has been used as a 
calorimetric test for NO. 

In contrast, the reaction of the analogous nitrosyl myoglobin comples with 
dioxygen. 

MblNO) + 0, -+ NO; + Mb”’ (23) 

(il renction of very great importance regarding the stability of cured meats) is much 
slower [I I I], although NO complexes \vith various Fe(ll) porphyrins are unstable to 
autosidation in aerobic solution>. The kinetics of Eq. (2.7) were studied by Skibsted 
ct al,. who reported that. even at \.ery low diosygen concentrations. the rate 
displayed limiting first order behavior \tith a k,,,,, of 2.3 x IO ’ s ’ in 25°C 
aqueous solution with A\HL = I IO kJ mol - ’ [I I?]. They proposed that the reaction 
procecdcd via prior formation of an 0, complex with the nitrosyl myoglobin. 
However. the proximity of the limiting rate constant to the rate of NO dissociation 
(-10 J s..’ I from Mb(NO) tempts one to think in terms of n mechanism 
itwolving this as a tirst step, Noncthctcss, formation of NOI* as the rlitrogcn 
product indicates that the tnetrll must be involved in the eventual oxidation step, 
since uncatalyzcd NO autosidation in aqueous media gives nitrite instead, In this 
contest, it is notable that a prcssurc effect study on the rate of Mb(N0) autoxida- 
tion demonstrated a positive Ai*: ( + S cm’ rnol ” for this reaction [I 131. 

7. Concluding remarks 

The above discussion of the chcmistq of metal porphyrin nitrosyl compleses is 
too brieI+ to do justice to the extensive studies in this area. Furthermore, \vhilc the 
Gle nould appear to be more inclusive. the present article has l+ocused primarily on 
the wry rich mechanistic chemistry of the nitrosyl cotnpleses of the first row 
transition elements and especially of iron(H) and iron(W) porphyrins, since these 
systems are of g-eater interest with regard to possible biological roles of NO. 
Howecer. although less estensively studied, there is a very rich chemistry of the 
heavier metal porphyrin nitrosyl compleses as well. For example, a number of 
ruthenium nitrosyl complcses Ru(P)( LI(NO) have beet1 prepared and characterized 
[ 1 I3 - I 191. Mechanistic studies include invcsti_cations of the reactions leading to 



formation of these complexes, a particularly interesting reaction being the dispro- 
portionation illustrated by [ 1151: 

Ru(P)(CO) + 4NO + Ru(P)(NO)(ONO) + CO + N,O 04) 

Notably. this is quite analogous to observations made in certGn reactions of NO 
with ferric and ferrous porphyrins. The electrochemical [I 131 and photochemical 
properties [ 119,120J 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 aside as a biorcgulatory molecule in smooth muscle and nerve tissue 
and a possibly to its role as a cytotosin in immune reaction to pathogen invasion. 
in this context it is notable that despite conGderable attention over that past several 
decades, even simple mechanistic issues such as just how bonds between 1 he metal 
and the l&and are formed (and broken) and what factors dctcrmine the kinetics of 
these processes arc not fully understood. Thus. this subject of inquiry continues to 
represent a rich mother lode of informrtion ripe l’or mining and relevant to 
important biomedical issues. 
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