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The polyanionic water-soluble and non-u-oxo-dimer-forming iron porphyrin iron(lll) 5410%15%20%tetra-tert-butyl-
52,56,152,15°-tetrakis[2,2-bis(carboxylato)ethyl]-5,10,15,20-tetraphenylporphyrin, (P8-)Fe (1), was synthesized as
an octasodium salt by applying well-established porphyrin and organic chemistry procedures to bromomethylated
precursor porphyrins and characterized by standard techniques such as UV-vis and 'H NMR spectroscopy. A
single pKa; value of 9.26 was determined for the deprotonation of coordinated water in (P®)Fe"(H,0), (1-H;0)
present in aqueous solution at pH <9. The porphyrin complex reversibly binds NO in aqueous solution to give the
mononitrosyl adduct, (P®)Fe"(NO*)(L), where L = H,0O or OH™. The kinetics of the hinding and release of NO
was studied as a function of pH, temperature, and pressure by stopped-flow and laser flash photolysis techniques.
The diaqua-ligated form of the porphyrin complex binds and releases NO according to a dissociative interchange
mechanism based on the positive values of the activation parameters AS* and AV# for the “on” and “off” reactions.
The rate constant k,, = 6.2 x 10* M1 s7t (24 °C), determined for NO hinding to the monohydroxo-ligated
(P®)Fe"(OH) (1-OH) present in solution at pH >9, is markedly lower than the corresponding value measured for
1-H,0 at lower pH (kyy = 8.2 x 105 M~1 571, 24 °C, pH 7). The observed decrease in the reactivity is contradictory
to that expected for the diaqua- and monohydroxo-ligated forms of the iron(lll) complex and is accounted for in
terms of a mechanistic changeover observed for 1-H,O and 1-OH in their reactions with NO. The mechanistic
interpretation offered is further substantiated by the results of water-exchange studies performed on the polyanionic
porphyrin complex as a function of pH, temperature, and pressure.

Introduction the tetrapyrrole ring, the polarity of the reaction medium
Iron porphyrins, an important class of transition-metal (solvent or amino acid residues around the active site in heme

complexes, continue to attract considerable attention becaus®'Ot€iNs), and_several_ othe_r factors. To understgnql these
of their importance in biology and catalysis. Roles played structure-function relationships, numerous mechanistic and
by these complexes in electron-transfer processes, metaboli¢tuctural studies on heme proteins and their biomimetic
control, transport and activation of oxygen under biological M0dels have been performed. In particular, synthetic iron-
conditions, and versatile catalytic processes in vitro are {!l) porphyrins, the structural analogues of prosthetic groups
surprisingly diverse. This rich chemistry stems partially from 1 ferriheme proteins, have been extensively studied in

the fact that the reactivity of iron porphyrins is finely tuned relation to their catalytic and biomimetic properties.
by the surroundings of the central iron atom, such as the An important aspect of studies on the reactivity of model

identity of axial ligands, the nature of the substituents on I"oN(Il) porphyrins and ferriheme proteins concerns their
interaction with nitric oxidé:1° These studies were directed,
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underlying the diverse functions of NO in vivo and, on the porphyrin chemistry) with different types of positively and
other hand, to probe the reactivity of various iron porphyrins negatively charged meso substituents toward NO have been
in ligand substitution reactions. In the latter context, studies initiated in order to better assess the correlation between the
on the mechanism of formation and decay of iron porphyrin porphyrin structure and its reactivity:”1*14 The results of
nitrosyls provided information on the influence of the high-pressure NMR, stopped-flow, and laser flash photolysis
porphyrin ligand (modified in size and overall charge by the investigations performed on these complexes provided
substituents on the tetrapyrrole rikg} 7 and protein evidence that the negatively charged peripheral substituents
environment (in studies concerning heme protéihz§ 10 tend to labilize the axial metaligand bond by increasing

on the reactivity of the central Beion in ligand substitution  the electron density on the metal center. A survey of literature
reactions. Because the nature and lability of axial ligands data, however, shows that porphinatoiron(lll) complexes may
coordinated to the iron center are of crucial importance for exist as five- or six-coordinate species in which the d
its overall reactivity, information gained from such mecha- electrons of the central Beion can be arranged into three
nistic studies contributed to the understanding of various possible spin states, viz., the low spin sta = /),
mechanistic pathways exhibited by iron porphyrins in their intermediate spin stat&& /,) and the high spin stat&&

biological and catalytic functions. 5/5).15 In addition, a range of (P)HgL), complexes (witm

It is now firmly established that binding of NO to an iron- = 1 or 2) with quantum mechanically admixed intermediate
(1) porphyrin leads to the formation of a low-spin diamag- spin states$ = 5%, and?,) have been reported, in which
netic (S= 0) mononitrosyl complex, in which the F&N—O varying ratios ofS = 5, and ¥, admixing were observed,

unit adopts a linear (or close to linear) geométfBecause depending on the nature of the axial ligands and porphyrin
NO binding is accompanied by charge transfer from the NO ring substituent$>-23 This variety of spin and ligation states
ligand to the metal center, the resulting product (representingis reflected in distinct structural features observed for
a{Fe—NO}® nitrosyPF) can be formally described as (P¥Fe  different types of model and naturally occurring iron(lll)
NO*. Detailed mechanistic investigations performed in porphyrins. While the low-spin (P)PL), complexes are
our82 and othet?481%aboratories provided evidence that typically six-coordinate and exhibit short axial and equatorial
the dynamics of NO binding in heme proteins and synthetic bonds (due to depopulation of*erbitals), purely high-spin
iron porphyrins is to a large extent controlled by the ligand analogues are often five-coordinate, with elongatet g
substitution step. Considerable differences in the rates of bonds and considerable displacement{@4 A) of the iron-
binding and release of N&246810 and varying tendencies  (lll) center out of the porphyrin plan€:?2 The structural

of the resulting nitrosyls to undergo subsequent reactionsmanifestations of the intermediate spin state (admixed or
(such as reductive nitrosylaticif}!2 reported in these  pure) include short FeN, equatorial bonds (resulting from
studies, apparently reflect the influence of variation in the partial or complete depopulation of thezgz orbital) and
immediate surroundings of the iron(lll) center (mainly the strongly elongated axial bond3'7212325 Although these
types of axial ligands and porphyrin ring substituents) on various features are critical in controlling the reactivity of
the observed reactivity patterns. Despite these studies, ahe iron(lll) porphyrins, their influence on the kinetic and
coherent pattern of a structuresactivity relationship inthe  mechanistic features of NO binding and release in different
studied reactions is far from complete. In this context, classes of (P)P§L), complexes remains obscure. Taking
systematic studies on the reactivity of water-soluble iron into account a variety of spin and ligation states in heme
porphyrins (considered as model compounds for aqueousproteins that can interact with NO under biological condi-
tions, an improved characterization of typical reactivity
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FeCIz,

R = para--butyl-CsHy4

Figure 1. Synthesis of (P)Fe".

patterns observed in the reactions of NO with model five- Experimental Section
and six-coordinate iron(lll) porphyrins with high-spin, low-
spin, and admixed intermediate-spin states of the central iron . .

. . . . employed for the synthesis df were used as received unless
atom, respectively, would help to establish t_he relatlonSh'_p otherwise noted. Solvents were dried using standard procedures.
betwgefn the structurg of th.e heme prostheyc group and itSco1umn chromatography was performed on silica gel 60- &2
reactivity toward NO in various heme proteins. um, 60 A (MP Biomedicals). Standaf#l and*3C NMR spectra

In a continuation of our earlier mechanistic work on the were recorded on a Bruker Avance 300 spectrometer (Bruker
reactivity of iron porphyrins toward N©®®&92142623ye now Analytische Messtechnik GmbH). Fast atom bombardment (FAB)

report on the synthesis and spectroscopic characterizatiormass spectrometry was performed with Micromass Zabspec and
of a highly negatively charged water-soluble iron(lll) por- Varian MAT 311A machines. Electrospray ionization mass spectra
phyrin, (P-)Fe" (1; compare Figure 1) and present the (ESIMS) were measured in the negatlve_z ion mode on an—ESI
results of detailed mechanistic studies on its interaction with FT—ICR—-MS mass spectrometer (Fa. Agilent, ICR: APEXII, Fa.

. . L . . . . . Bruker Daltonics 7 T magnet). Standard UWis spectra were
nitric oxide. Within this context, in addition to kinetic studies .. 4ed on a Shimadzu UV-3102 PC UVis—NIR scanning

on the binding and release of NO from the diaqua gpectrophotometer. IR spectra (KBr pellets) were recorded with a
(P)Fe"(H20), species present in aqueous solution at pH F7.|R IFS 88 infrared spectrometer (Bruker Analytische Messtech-
<9, the reactivity of a high-spin monohydroxo form of the nik GmbH). Elemental analyses were carried out on a CHN-
complex formed at higher pH is reported. Temperature and Mikroautomat (Heraeus). Thin-layer chromatography was carried
pressure effects on the rates of NO binding and releaseout on E. Merck silica gel 60 F254 plates. Zinc(If,B0*,15%,20*
obtained from stopped-flow and laser flash photolysis tetratert-butyl-5,5°1%,1%-tetrakis[2,2-bis(ethoxycarbonyl)ethyl]-
experiments at ambient and elevated pressure at low and higf®10,15,20-tetraphenylporphyri@)(was synthesized as described
pH enabled the determination of activation paramet&k’( previouslyz® _ _

AS, andAV¥) for the studied reactions. Activation volumes ~ 5%1015%,20"Tetra-tert-butyl-52,5°, 15, 15tetrakis[2,2-bis-
determined in these studies enabled the construction of(ethoxycarbonylethyl]-5,10,15,20-tetraphenylporphyrin (3)HCI
volume profiles for the binding of NO to the diaqua and .(6 M, 50 mL) was added to a solution Bf(174 mg, 0'109.mm°|)

. in CH,Cl, (50 mL), and the two layers were shaken vigorously.
m0r_10hydroxo forms of th(_e complex, r(_-:'Spectlver..Or_] _the The green (organic) layer was shaken once agaih &iM HCI
b§5|§ of these data,- a. feagble explanation for the S|gn|f|pgnt(50 mL) and twice with water (50 mL each). After neutralization
kinetic and mechanistic differences observed in the reactivity ith a saturated NaHC{solution (50 mL) and a final washing
of these two species is offered. The results are compareduith brine (50 mL), the organic layer was dried with MggSénd
with those reported for other water-soluble porphyrins and the solvent was removed under reduced pressure. The compound
discussed in reference to the relevant literature data on thewas further cleaned by column chromatography (silica gel,-CH

structure and reactivity of iron(lll) porphyrins toward NO. Clz/ethyl acetate 19:1) and obtained as a purple powder. Yield: 160
mg (96%, 0.105 mmol)!H NMR (300 MHz, CDC}, rt): 6 8.88

Synthesis and Characterization of 1. Chemicals and solvents

(26) Franke, A.; Stochel, G.; Suzuki, N.; Higuchi, T.; Okuzono, K.; van
Eldik, R. J. Am. Chem. SoQ005 127, 5360. (28) Guldi, D. M.; Zilbermann, |.; Anderson, G.; Li, A.; Balbinot, D.; Jux,
(27) Wolak, M.; van Eldik, RJ. Am. Chem. SoQ005 in press. N.; Hatzimarinaki, M.; Prato, MChem. Commur2004 726.
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(d, 4H,3) = 4.78 Hz 5-pyrr—H), 8.69 (d, 4H3J = 4.8 Hz,5-pyrr— HCIO4 or NaOH. The ionic strength (0.1 M) was adjusted with
H), 8.15 (d, 4H3J = 8.1 Hz,0-Ar* —H; an asterisk indicates proton ~ NaClO,. Argon or nitrogen and gastight glassware were used for
resonances of the charge-carrying aryl ring), 7.76 (d,%dHs 8.1 the preparation and handling of deoxygenated solutions.

Hz, m-Ar* —H), 7.46 (s, 4Hm-Ar—H), 3.62 (m, 16H, OE,CH,), Measurements.pH measurements were performed on a Meth-
3.04 (t, 4H,3) = 7.8 Hz, (H), 2.80 (d, 8H,3] = 7.8 Hz, Ar—- rom 623 pH meter. An NO electrode (World Precision Instruments
CH,), 1.60 (s, 36H, El3), 1.51 (s, 36H, Ei3), 0.69 (t, 24H 3] = isolated nitric oxide meter, model ISO-NO) was used to determine

7.2 Hz, OCHCH,). 13C NMR (75 MHz, CDC}, 1t): 6 168.4,151.4,  the concentration of NO gas in aqueous solution. The NO electrode
150.5, 139.3, 138.7, 138.4, 134.5, 132.0, 130.1, 124.4, 123.6, 120.2was calibrated with a freshly prepared Ki6€vlution according
115.2, 60.7, 52.2, 34.8, 33.6, 31.6, 31.5, 29.6, 13.4. MS (FAB, to the method suggested by the manufacturer-ié spectra were
NBA): m/z 1528 (M™). IR (KBr): v [cm~1] 3318, 2961, 2933, recorded in gastight cuvettes on a Shimadzu UV-2100 spectropho-
2906, 2867, 1755, 1735, 1632, 1468, 1367, 1221, 1146, 1034, 807 tometer equipped with a thermostateed(1 °C) cell compartment.

UV—vis (CHCL): 4 [nm] (e [L mol~* cm™1]) 421 (4.58x 10P), Kinetic Studies. (a) Laser Flash Photolysis.Laser flash
517 (1.98x 10%), 551 (8.1x 10°), 591 (6.4x 10°), 648 (4.3x photolysis was carried out with the use of the LKS-60 spectrometer
10%). Anal. Calcd for GH11N4Os: C, 72.32; H, 7.26; N, 3.67.  from Applied Photophysics for detection and a Nd:YAG laser
Found: C, 71.97; H, 7.31; N, 3.66. (SURLITE 1-10, Continuum) pump source operating in the third
Chloroiron(lll) 5 410415, 20*Tetra-tert-butyl-52,55,15%,15%- harmonic fexc = 355 nm) (100-mJ pulses with7-ns pulse widths).

tetrakis[2,2-bis(ethoxycarbonyl)ethyl]-5,10,15,20-tetraphenylpor- Spectral changes at 427 and 432 nm (at pH 7 and 11, respectively)
phyrin (4). A solution of FeC} (400 mg, 3.15 mmol) in ethanol  were monitored using a 100-W xenon lamp, monochromator, and
(30 mL) was added to a solution 8f(343 mg, 0.225 mmol) in photomultiplier PMT-IP22. The absorbance reading was balanced
CHCl; and the mixture heated under reflux for 18 h. The solvent to zero before the flash. Data were recorded on a digital storage
was evaporated and the residue dissolved in@jHand washed oscilloscope DSO HP 54522A and transferred to a computer unit
with 6 M HCI. The organic layer was separated and washed twice for subsequent analysis. Gastight quartz flow cuvettes and a pill-
with water. After drying over MgS@) the compound was cleaned  box cell combined with a high-pressure unit were used at ambient
by column chromatography (silica gel, 19:1 &/ethyl acetate) and elevated pressures (up to 170 MPa), respectively. In ambient-
to give a dark green powder. Yield: 318 mg (89%, 0.201 mmol). pressure experiments, the deoxygenated solution of the iron
1H NMR (300 MHz, CDC4, rt): 6 82.9 (br s 3-pyrr—H), 80.8 (br porphyrin was mixed in an appropriate volume ratio with the NO-
s, f-pyrr—H), 15.8, 14.1, 13.3, 12.2 (br s, arn). MS (FAB, saturated solution, transferred to a gastight flow cuvette, and
NBA): m/z 1582 (M"). IR (KBr): v [cm™1] 2963, 2939, 2907, equilibrated in a thermostated cell holder for 10 min. In the high-
2869, 1751, 1734, 1626, 1464, 1445, 1395, 1367, 1332, 1149, 1031 pressure studies, deoxygenated solutions of iron porphyrin and NO
997, 859, 803, 722. UVvis (CH,Cly): A [nm] (e [L mol~1cm™1]) were mixed in an appropriate ratio with the use of gastight syringes,
422 (1.18x 10°), 509 (1.4x 10%, 583 (7.3x 10°). Anal. Calcd transferred under an inert atmosphere to the pill-box cell, and
for CgoHi0eCIFEN;O16CH,Cl,: C, 65.62; H, 6.51; N, 3.29. equilibrated for 10 min at the appropriate temperature and pressure
Found: C, 65.58; H, 6.68; N, 3.33. in the high-pressure cell compartment.

Octasodium Hydroxoiron(lll) 5 4,104 15% 20* Tetra-tert-butyl- All kinetic experiments were performed under pseudo-first-order
52,56,1%,15-tetrakis[2,2-bis(carboxylato)ethyl]-5,10,15,20-tet- conditions, i.e., with at least 10-fold excess of NO over the iron
raphenylporphyrin (1-OH). NaOH (1.50 g, 37.5 mmol) was added  porphyrin. Rate constants reported are the mean values of at least
to a solution of4 (200 mg, 0.126 mmol) in ethanol (20 mL), and five kinetics runs, and the quoted uncertainties are based on the
the reaction mixture was heated under reflux for 1 h. After cooling standard deviation.
to room temperature, the precipitate was filtered, washed with  (b) Stopped-Flow MeasurementsStopped-flow kinetic mea-
ethanol (200 mL), and dried under reduced pressure. Gel permeationsurements were performed on an SX 18.MV (Applied Photophysics)
chromatography (Sephadex LH20) in methanol und subsequentstopped-flow apparatus. In a typical experiment, a deoxygenated
precipitation with diethyl ether gave a dark brown powder, which, buffer solution was mixed in varying volume ratios with a NO-
according to the microanalysis, contains sodium hydroxide in the saturated solution in a gastight syringe to obtain the appropriate
lattice. Yield: 230 mg (83%, 0.105 mmol; based on the formula NO concentration (0:21.8 mM). The NO solution was then rapidly

obtained by microanalysis)H NMR (300 MHz, unbuffered BO, mixed with deoxygenated iron(lll) porphyrin in a 1:1 volume ratio
pD = 13.4, rt): 6 82.7 (br sf-pyrr—H), 13.2, 12.3 (br s, arytH). in a stopped-flow apparatus. The kinetics of the reaction was
ESIMS (MeOH/HO): 1376.45 {[(P)F€'(COOH)(COO)- monitored at 427 and 432 nm at pH 7 and 11, respectively. The

(COONa)['}, 1354.46{[(P)F€"'(COOH)(COO)] }. IR (KBr): v rates of NO binding and releade,{andk.) were determined from

[cm™1] 3429, 2963, 2924, 2854, 1594, 1445, 884, 805.-tiié slopes and intercepts of linear plotskgfsversus [NO], respectively,

(H20, pH 11): 4 [nm] (e [L mol~* cm™1]) 417 (1.1x 10P), 532 as described in more detail in the Results and Discussion section.

(1.2 10%. Anal. Calcd for GeHgoFeN;NagO; 7 16NaOH: C, 41.68; The NO dissociation rates at different temperatures and pressures

H, 3.91; N, 2.56. Found: C, 41.81; H, 4.04; N, 1.56. were also measured directly by the NO-trapping method. This
Materials. NO gas (Messer Griesheim or Riessner Gas#9.5 involved rapid mixing of a (P")Fe'(NO™)(L) solution (2 x 107°

vol %) was cleaned from trace amounts of higher nitrogen oxides M; L = H,O and OH at pH 7 and 11, respectively) containing a

by passing it through a concentrated KOH solution and an Ascarite small excess of NO with aqueous solutions of [Redta)(HO)]~

Il column (NaOH on silica gel, Sigma-Aldrich). CAPS, MES, Tris, (1—2 mM) to give [RU'(edta)NO] and (P~)Fe'" (L), as evidenced

and Bis-Tris buffers were purchased from Sigma-Aldrich. All other by the observed spectral change. The kinetics of NO release was

chemicals used in this study were of analytical reagent grade.  followed in a stopped-flow spectrophotometer at 427 nm (pH 7)
Solution Preparation. All solutions were prepared from deion-  or 432 nm (pH 11). The first-order rate constants determined from

ized water. Buffered solutions of the appropriate pH for laser flash the kinetic traces were in acceptable agreement with those

photolysis and stopped-flow measurements were prepared with thedetermined from the intercepts of the plotskgfs versus [NO].

use of Tris (0.05 M), Bis-Tris (0.05 M), CAPS (0.05 M), and TAPS High-pressure stopped-flow experiments were performed at

(0.05 M) buffers. The desired pH was adjusted by the addition of pressures up to 130 MPa on a custom-built instrument described
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previously?® The kinetic traces were analyzed with the use of the by eq 3. The temperature dependencé\af, was assumed to be
OLIS KINFIT (Bogart, GA, 1989) set of programs. a simple reciprocal functioA/T,31&¢ whereA was determined as

(c) 'O NMR Water-Exchange Measurements.Rate and a parameter in the treatment of the line-broadening data. The
activation parameters for water exchange on the paramagneticexchange rate constant is assumed to have a simple pressure
(P®)F€' (H,0), complex and the corresponding activation param- dependence given by eq 4, whég is the rate constant for solvent
etersAH%,, AS',, and AV¥,, were measured by use of tRéD
NMR line-broadening technique. Aqueous solutiond ¢20 mM) Kex = Lz, = ko eXp{ (—AV/RT)P} (4)

were prepared at pH 7 (0.05 M Bis-Tris buffer) and 11 (0.05 M )
CAPS buffer), and 10% of the total sample volume of enriched exchange at atmospheric pressure. The pressure-dependent mea-

170-labeled water (normalized 19.290 H,O, D-Chem Ltd.) was surements were performed at a temperature close to the optimal
added to the solution. exchange region [i.e., around the maximum of the plot of IfylL/

A sample containing the same components exceftt faas used versus 1T]. The reduced relaxation time, and the value oAwn,
as the reference. Variable-temperature and -pressure FouriefCalculated using the value éfdetermined from the temperature

transform'’0 NMR spectra were recorded at a frequency of 54.24 dependence and assumed to be pressure-indepéifenere
MHz on a Bruker Advance DRX 400WB spectrometer. The substituted into eq 2 to determikg at each pressure. The resulting

temperature dependence of #@ line broadening was determined ~ PI0t Of In(ke versus pressure was linear, and tr:e volume  of
in the range of 278353 K. A homemade high-pressure prébe activation was calc_ulated directly from the slopeA\Ve/RT). The

was used for the variable-pressure experiments performed at pH 7Valué of ke obtained from the plot of Ii¢) versusP by
at the selected temperature (283 K) and in the pressure range ofEXtrapolation to'atmospherlc pressure was in good agreement with
1-150 MPa. The sample was placed in a standard 5-mm NMR the corresponding value ¢¢,° from the temperature-dependent

tube cut to a length of 45 mm. The pressure was transmitted to theMeasurements at ambient pressure.
sample by a movable macor piston, and the temperature was " @halogous temperature-depend&i@ NMR measurements

controlled as described elsewhé#dhe reduced transverse relax-  Performed for the studied iron(lll) porphyrin at pH 11 (0.05 M
ation times (1T;) were calculated for each temperature and pressure CAPS buffer), the line widths observed in the presence and absence

from the difference in the line widths observed in the presence and ©f the metal complex changed little{d3 Hz within the temper-
absence of the metal compleAions — Avsowen). The reduced ature range of 278353 K), indicating the absence of a significant

transverse relaxation time is related to the exchange rate constantVatér-exchange process for tieform present at higher pH.
kex = L/ (Wherez is the mean-coordinated solvent lifetime) and Because of the small observed effects (close to the experimental

to the NMR parameters by the Swift and Connick equatio ¥y, error limits), the d_ata obtained in the variable-tgmperatu_re study
did not allow a reliable fit to the Swift and Connick equation.

1_ 1 _ . .
T, = 7p (AVobs ™ AVsonend = Results and Discussion
1] Tom 2+ (Totw) "+ Ay 1 Synthesis of 1Some of us recently reported the synthesis
Tl (T + 7, )2+ Aw, 2 Tooe @ of a water-soluble anionic zinc porphyri2 (n Figure 1)
that carries eight carboxylates in four malonate utfitBhe
whereP,, is the mole fraction of water coordinated to thé''Fen, precursor porphyrir2 carries the malonates in the form of
Toosrepresents the outer-sphere contributioza@rising from long- ethyl esters, which renders the compound soluble in organic

range interactions of unpaired electrons of'Feith the water but not in aqueous solvents. We choddeas a starting
outside the coordination spher&, is the transverse relaxation  material because it can be easily made from a bromometh-
time Qf water in the inner cqordinatipn spherg in the absence of ylated zinc porphyrin precursBiby a typical malonate ester
chemical exchange, anllwr, is the difference in the resonance  41vjation protocol. By virtue of its easy demetalation with
frequency of’O nuclei in the first coordination sphere of the metal concentrated hydrochloric aciljs transformed into the free-
and in the bulk solvent. In the prgsent system, the contributions of base porphyrir3, as shown in Figure 1. Subsequent reaction
1/Tom and 1My0sto 1/T,, are negligible, so that eq 1 can be reduced . T = 5
to eq 2. Taking into account that the temperature dependence ofWlth ferrous f:hlorlde n methf’:lnol using Iut|d|_ne asa proto_n
scavenger gives the neutral iron(lll) porphyrin tetramalonic
1 Aw,? ester system4. 'H NMR and UV-vis spectroscopic data
T m @ show that4 is a paramagnetic iron(lll) porphyrin with a
single chloro axial ligand. The twg-pyrrole *H resonances
kex is given by eq 3 (taken from transition-state theory), the NMR at 82.9 and 80.8 ppm (half-widtk 300 Hz) indicate the
overallC,, symmetry of the porphyrin and prove tBe= %/,
ke = 1ty = (kg T/h) exp{ (AS'/R) — (AH'o/RT)}  (3) spin staté?34Saponification of the malonic esters&ith
sodium hydroxide in ethanol leads to precipitation of a
brownish material that is soluble in water but totally insoluble
in apolar solvents. Gel permeation chromatography (Sepha-
(29) (a) van Eldik, R.; Palmer, D. A.; Schmidt, R.; Kelm, Horg. Chim. dex LH20) in methanol and subsequent precipitation with
Acta198], 5& _11;331-| r(:) rvatr)\ Iigi;, Igc iGIiZ(tjre’nY\is ggitgzntliésss.; Kraft,  diethyl ether gave a solid material containing 75% ¢vith
(30) %érﬁf)gxz.?:\'leu.ﬁrazd, i',; A-ygén,-S.; van Elléik; Rev. Sci. Instrum. the impurities being NaOH and,B). Standard NMR spectra

1994 65, 882.
(31) (a) Swift, T. J.; Connick, R. EJ. Chem. Phys1962 37, 307. (b) (32) Jux, N.Org. Lett.200Q 2, 2129.

Swift, T. J.; Connick, R. EJ. Chem. Phys1964 41, 2553. (c) (33) Woon, T. C.; Shirazi, A.; Bruice, Tnorg. Chem.1986 25, 3845.

Bloembergen, N. JJ. Chem. Phys1957 27, 595. (d) Newman, K. (34) Cheng, R.-J.; Latos-Grazynski, L.; Balch, lAorg. Chem1982 21,

E.; Meyer, F. K.; Merbach, A. El. Am. Chem. S0d979 101, 1470. 2412.

1 1
= =1"AAvgps— Av =
T2r Pm obs solven)

and kinetic parameters were calculated by the use of a nonlinear
least-squares method applied to eq 2, in which, Was replaced
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tant gradual shift of the broad band centered at ca. 420 nm
to shorter wavelengths leads to the formation of a Soret band
at 400 nm ¢ = 9.8 x 10* M~1 cm™) at pH >5. Further
spectral changes, accompanied by clean isoshestic points at
360, 438, 514, and 555 nm, are observed in the pHi B
range. The nature of these spectral changes, i.e., shift of the
Soret band to 417 nme(= 1.1 x 1®° M~* cm™%) and
formation of peaks at 334 and 532 nm=€ 1.2 x 10* M~?!
cm™1), is analogous to that observed for other water-soluble
iron(lll) porphyrins on deprotonation of coordinated water
at the Fe(lll) centef>3° The spectral features observed at
high pH are typical for that reported for monomeric mono-
hydroxo-coordinated iron(Ill) porphyrins in orgafié*and
aqueou¥ % solvents. No further spectral changes occurred

_ , N in solution at high pH on extended standing, and those
Figure 2. ORTEP diagram of [(P)Zn(THE) (2-THF) visualizing . -
structural features of the porphyrin ligand 2n General crystallographic observed in the pH 811 range were fully reversible and
data for2-THF are reported in Table S1 of the Supporting Information.  indicated rapid interconversion of species present at high and
low pH upon changing of the pH. These observations
measured in unbuffered,D ([1] = 1.5 x 1072 M, pD = strongly suggest that the formation and hydrolysig-afxo
13.4) have shown that under these conditidrexists as a  dimers do not occur in the studied system, as was further
high-spin monohydroxo complex{PFe" OH (3-pyrrole'H confirmed by NMR data reported below.
at 82.7 ppm; see also further text). The K, values characterizing the aeithase equilibria
To visualize the structure of the porphyrin ligand in in the studied system were determined by Sp¥dinalysis
the crystal structure of its zinc precursdcerystallized from of the UV—vis spectra recorded in the pH-12 range. To
THF is shown in Figure 2. As can be seen from the structure, minimize experimental errors resulting from changes in
the zinc atom lies in the Noorphyrin plane (average 2N absorbance due to the observed precipitation of protonated
distance, 2.053 A) and interacts weakly with oxygen atoms (HgP)Fé' in the pH 1-5 range, the results of four indepen-
of the two axially bound THF molecules (Z0O distance, dent titrations were subjected to the Specfit analysis. The
2.419 A). Two structural features important in terms of the pK,values of 2.9+ 0.8 and 4.4t 0.6 estimated for the low
investigations presented in this report can be extracted frompH rangé'@are ascribed to deprotonation of the carboxylic
this structure. First, the malonate groups are located aboveacid groups on the porphyrin (compare simplified eq 5) on
and below the porphyrin plane, thus decreasing the possibility the basis of their similarity with theka, of carboxylic groups
of u-oxo-dimer formation for steric and electrostatic reasons in benzylmalonic acid (2.56 and 5.22¥,and the observed
(as confirmed by in-depth spectroscopic studies describedchanges in the solubility ot in this pH range. The K.,
below). Second, the malonate groups cannot coordinate to
the metal center in an intramolecular fashion without extreme (HgP)F€" = (P)FE" +8H" 2.5 < pK,rcoom < 5.2
distortion of the molecule (the average distance of the )
malonate oxygen atoms from the zinc aten?, A; the closest
distance,~4 A). Nevertheless, ester or carboxylate groups
of malonate substituents may interact with axial ligands
coordinated to the metal center, as visualized in Figure S1
(in the Supporting Information) for the diaqua-ligated por-
phyrin (F~)Fe" (H,0),.
Speciation of 1 as a Function of pH.To establish the

natur_e of the iron_ porphyrin species present ip aqueousiig NvR water-exchange measurements performed fdr
§olut|on as a function of pH, a spectrophotometric titration pD 7 and 11. According to numerous literature repotts,
in the pH 1-12 range andH NMR measurements at selected

pD values (7 and 11) were performed forFigure 3 shows  (35) zZipplies, M. F.; Lee, W. A.; Bruice, T. Cl. Am. Chem. Sod.986

the UV—vis spectral changes observed during the spectro- 108 4433. .
. . . . (36) Tondreau, G. A.; Wilkins, R. Gnorg. Chem.1986 25, 2745.
photometric titration ofl at 0.1 M ionic strength (adjusted  (37) kobayashi, Ninorg. Chem.1985 24, 3324.

with NaClQy). The corresponding plot of absorbance at 418 (38) Miskelly, G. M.; Webley, W. S.; Clark, Ch. R.; Buckingham, D. A.

. . . . Inorg. Chem.1988 27, 3773.
nm versus pH is shown in the inset of Figure 3b. As can be (39) El_/gwadyy A A';?N“kinsl P. C.: Wilkins, R. Glnorg. Chem 1985

seen from these data, the observed spectral changes can be * 24, 2053.
separated into two regions. In the pH@ range, a continu- (40) Binstead, R. A.; Jung, B.; Zub€itler, A. D. Specfit. 32, Spectrum

. . . Software Associates, 2000.
ous increase in absorbance over the whole spectral range ig41) (a) Mean f, values determined in four independent measurements.

value of 9.26+ 0.01 determined at higher pH is ascribed to
deprotonation of a water molecule in thé{(fFe(H0), (1-
H,0) species present in solution at p¥B, according to eq
6. This conclusion is further supported #y NMR data and

(PFE" (H,0), = (PP)FE"(OH) + H,O0"  pK,, (6)

observed. This results mainly from an increase in the g)] Kawslsggaéig; 1C.T EhH Kozémtzkis,chhH A TossidoilsF,) ;.g%grﬂ.

HP . . ron. y L. € Hananook 0 emlstry an Y. i
solubility of t'he pprphyrln complgx due tp deprotonation of ed.. CRC Press: New York, 1995) reports the valuég}) = 2.83
the carboxylic acid groups upon increasing pH. A concomi- and K4(2) = 5.69.
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Figure 3. UV —vis spectral changes observed for aqueous solutions®ofR&" (1) in the pH 1-6 (a) and 6-12 (b) ranges. Inset: plot of absorbance at
418 nm versus pH. Experimental conditiond] £ 1 x 107> M, 25°C, | = 0.1 M (adjusted with NaClg).

NMR spectroscopy is a widely recognized method to Table 1. p-Pyrrole’H NMR Chemical Shift3 and fa: Values of
characterize (P)Fe(k)(n = 1 and 2) complexes in Synthetic Water-Soluble Iron(lll) Porphyrins
solution16-19.2442:45 The hyperfine shift patterns observed Tron(III) meso phenyl __ Bpyrrole H (ppm)” o
for paramagnetic iron porphyrins were shown to strongly porphyrin substituent
depend on the spin and ligation states of the central iron
atom. In particular, the chemical shift of tfiepyrrole protons
in iron(l1l) porphyrins has proven to be an excellent probe (P*)Fe¢
to determine the spin state of the iron(lll) center.24.42-45
In the case of pure high-spis & °/,) iron(lll) porphyrins, R 00
thes-pyrrole proton signals are shifted downfieldda 80 (TanP*)Fe* _@ NA NA 8.0
ppm at 25°C.1819:3334n contrast, the pure intermediate spin
state 6= 3/,) complexes exhibif-pyrrole proton signals at  (TPPs*)Fe’ sos
extremely upfield positions, i.e., at ca.60 ppm?® In the v sor
case of admixed intermediate spin state compleSes />, (DMPS*)Fe” 45 80 7.0
%), B-pyrrole resonances appear between these two extremes, .
viz., +8Q anq —60 ppm. As can be seen from the data (TMPS*)Fe’ %}4 43 82 6.9
summarized in Table 1, thg-pyrrole shifts observed for 5

¢ e

4

(P)Fe(H,0), (P)Fe(OH)

L+ jé’gé 827 9.3

o

52.4 NA®# 7.0

72 85 6.0

of 43—85 ppm. Chemical shifts af > 80 ppm, diagnostic
for monomeric monohydroxo-ligated iron porphyrins in
aqueou®“+243and nonaqueotfs®33*solvents, clearly indicate
that these complexes exist in solution as purely high-spin
species. The more upfield signals (483 ppm) observed ~ (2TMPyP*)Fe”
for diaqua-ligated forn#42reflect a varying contribution aReferenced to TMPS. NAs not assigned? Values from ref 53 unless
of S= %, in the admixedS = ¥, %/ spin system featuring  otherwise statect This work.¢ Two separate resonances result from
O T e X S T O e D 0 e erence a4 The amall peak at 33.4 ppm assianed t e ryeroxo fom
weak field HO ligands (see also the text below). The position - . y . ;

o e -pyrrole poton resonances atca 47 ppm (3 [Po. £ LPESIF# n e 4 < paly e upel o e ol vake
at pH 7 (compare Table 1 and Figure S2 in the Supporting dimers present in solution atDp5—6. "Reference 35.Reference 27.
Information) is similar to that observed for the diaqua forms ' Reference 42:Reference 43.

of other negatively charged water-soluble iron(lll) porphyrins

adbe
selected water-soluble iron(ll) porphyrins fall in the range (TFTMAP*)Fe/ i §
X

(4-TMPyP*"Fe/ 70.5 NA 55

73.5 84 5.1

. and differs remarkably from that observed for the monohy-
(42) (a) La, T.; Miskelly, G. M.J. Am. Chem. S0d.995 117, 3613. (b)

La, T.. Miskelly, G. M.: Bau, RInorg. Chem.1997, 36, 5321. droxo species. A peak at ca. 83 ppm (Table 1 and Figure
(43) ;%gegeQd,zg-zAéégodgers, K. R.; Kushmeider, K.; Spirolribrg. Chem. S2b in the Supporting Information) appears, however, in the
(44) Ivanca, M A.;Lappin,A. G.; Scheidt, W. Rorg. Chem1991 30, 'H NMR spectrum of (ﬁr)Fe at FD 11, |nd|cat|ng th?_

711. presence of the monohydroxo-coordinated form. In addition,

(45) Walker, F. A. Proton and NMR spectroscopy of paramagnetic ; :
metalloporphyrins. IIThe Porphyrin Handbogkadish, K. M., Smith, the lack of resonances in the spectral region of13 ppm

K. M., Guilard, R., Eds.; Academic Press: New York, 1999; Vol. 5. (characteristic for-pyrrole protons inu-oxo-bridged
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Table 2. Rate Constants (at 28C) and Activation Parameters for Water-Exchange Reactions on a Series of Water-Soluble Iron(lll) Porphyrins

iron(11l) porphyrin Op—pyrrole(PPM) Int 98 Kex (571 AHey (kJ mol 1) ASex(J mort K1) AVFex(cm® mol™?)
1-H,0P ca. 46 24 (7.2 0.1) x 1¢° 61+ 6 +91+4 23 +7.4+04
(TMPS"™)Fe(H0)£ 43 26 (2.1 0.1) x 107 61+1 +100+5 +11.9+0.3
(TPP3-)Fe(H0)* 52 20 (2.0+ 0.1) x 10 67+2 +99+ 10 +7.9+0.2
(TMPyP*)Fe(H0) 70.5 6.8 (4.5 0.1) x 106 71+2 +100+ 6 +7.4+£0.4

aCalculated according to eq 7This work. ¢ Reference 14.

dimerg®344, shows unequivocally that the studied porphyrin of the data reported in Tables 1 and 2 is that the lability of
complex does not undergo dimerization ta-axo dimer at water coordinated to the iron(lll) center apparently correlates
high pH. with the contribution of the intermediat®= 3/, spin state
Temperature- and pressure-dependé@t NMR studies in the admixedS = %/,, 3/, spin system of (P)F§H,0),
performed at pH 7 (compare the Experimental Section and complexes. This contribution can be estimated for iron(lll)
Figure S3a,b in the Supporting Information) indicated that complexes ofmesetetraarylporphyrins on the basis of the
the (P~)Fe(H0), form (1-H,0) present at this pH undergoes -pyrrole proton chemical shift)) according to eq #° The
a rapid water-exchange reaction. As can be seen from data
presented in Table 2, the rate constant measured for this Int % = [(80 — 6)/140] x 100 (%) )
processke = 7.7 x 10° st at 25°C) falls within the range
of kex values reported for diaqua-ligated forms of other water- Nt % values calculated from eq 7 for water-soluble porphy-
soluble iron(lll) porphyrins. Significantly positivaSecand NS reported in Table 2 clearly show that an increasing
AVe observed foll-H.0 as well as for other diaqua-ligated con.t.nbu.tlon of theS= .3/2 state correlates with an increasing
porphyrins indicate the operation of a dissociativeofl D) Iqb|l|zat|on of the axial water molecules, as indicated by
pathway for water exchange on (PYR&l,0), complexes higher rates of water exchange observed for these complexes.
studied to date. In contrast to this observation, variable- T@king into account that the strong tetragonal distortion
temperaturé’0 NMR measurements performed fbat pH resulting in long axial bonds is the representative feature of
11 indicated very small variation of the reduced relaxation the S= %: spin state in iron(lll) porphyrins, the increasing
time for the bulk water signal (compare Figure S3c in the lability of axial HZQ apparently reflects the Iengthenllng of
Supporting Information). This strongly suggests that the the Fe-OH; bond in spin-admixe = °», %/, porphyrins
monohydroxo-ligated form df exists in the five-coordinate ~ With increasing contribution of th8 = %/, spin state. It has
form (P*-)Fe!(OH) [possibly in equilibrium with a minor been shown_ Fhat. population of tl$= 3/2. spin state results
fraction of the six-coordinate gP)Fe' (OH)(H,0) species]. from destabilization of the,d 2 orbital; i.e., as the energy
It is concluded on the basis of the WWis, H NMR, and of the dz_,2 orbital increases, the ground state in iron(lll)
70 NMR data reported above that the studied porphyrin POrPhyrins with weak field ligands (such as®) changes
complex exists ad-H,O in the pH 5-8 range and forms ~ from mainly S = °; to mainly S = . Hence, the larger
the monomeric monohydroxo specie$(fFe" (OH) as a contrlbqtlon_ of theS_z 3/, state in negatively charged
predominant porphyrin form at pH9. No evidence for the ~ POrphyrins, in comparison to that observed fd'{Fe(H,0),

formation of a dihydroxo species, ¥BFe(OH), or u-0xo- apparently reflects destabilization of the ¢k orbital by
bridged dimers was obtained in the studied pH range, i.e., repulsive interactions with the increased electron density on
pH <13. the pyrrole nitrogens. A similar effect has been reported for

As can be seen from data summarized in Table 1, Kag p water-insoluble ferric porphyrins with meso substituents of
determined fol-H,O is higher than the reportekg, values ~ Varying electron-releasing abiliy.It can be expected that
characterizing deprotonation of a water molecule in other the trend of increasing lability of axial positions observed
water-soluble (P)F&(H,O), porphyrins. Such a highKa, for Water-soluple porphyrms_ mcluded in Table 2 will also
apparently reflects the electronic effects of the negatively P& reflected in their reactivity toward NO. In fact, a
charged meso substituents that increase the electron densitgorrelation of theS = % spin admixture and the rates of
on the metal center (and thus disfavor the release of a protonNO binding exists for diaqua-ligated (P)FeH:0)., as
from coordinated water), as well as through-space interac- discussed in detail in the following section.
tions of RCOO groups with the axially coordinated water ~ Reactivity of 1-H,O toward NO. The addition of NO
molecules. In the latter case, the formation of hydrogen bonds92s t0 a deoxygenated solutionisH,0 at pH <9 resulted
with deprotonated carboxylate groups of flexible malonate N the spectral changes presented in Figure 4. The decrease
substituents (compare Figure S1 in the Supporting Informa- " the absorbance at 400 nm accompanied by the appearance
tion) is expected to stabilize coordinated water and the local Of New bands at 427 (Soret,= 1.5 x 10° M"* cm™) and
1+ charge of the [F&(N,),]* unit, thus increasing theka; 540 nm |r_1d|cat<_as the formatlor_1 of a typical low-spin iron-
value. A similar influence of through-space interactions with (!!) porphinatonitrosyl comples€in which the formal charge
negatively charged SO groups increasing theia, value distribution can be described a${fFe'(NO™)(H20) (eq 8).

of coordinated water has been reported for another negatively

charged water-soluble ferric porphyrin, viz., (TAnyre!'- (PF" (H,0), + NO% (P)Fe' (NO™)(H,0) + H,0
(H:0)e.™ ' Kno = Kofkots (8)
An interesting observation that can be added on the basis NO ft
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Figure 4. Spectral changes resulting from NO binding t§(fFe" (H,0),. Inset: plot of A — Ag)~* versus [NOJ* (whereA; = absorbance at 400 nm
at [NO] = 0, A = absorbance at 400 nm at a given NO concentréfjoExperimental conditions: pk: 7 (0.05 M Bis-Tris),| = 0.1 M (NaClQ), 22 °C.

Bubbling of an inert gas through the resulting solution leads trochemical measurements. To determine the activation
to reversed spectral changes indicating reversibility of the parameters\S', AH*, and AV* for the binding and release
reaction, in agreement with eq 8. The combination of-JV  of NO, the kinetics was studied at different temperatures (6
vis spectroscopy and amperometric detection of free NO in 30 °C) and hydrostatic pressures (8170 MPa). Theky,
solution allowed the determination of the thermodynamic andk.s values determined from linear dependence&.gf
equilibrium constanKyo = (1.54 0.2) x 10* M~* (compare versus [NO] at each temperature and pressure allowed the
the inset in Figure 4). construction of Eyring plots for the “on” and “off” reactions
The kinetics of the reversible binding of NO 16H,0 at (compare Figure 5) and a linear plot ofkgy versus pressure
pH 7 was studied by laser flash photolysis and stopped-flow (Figure 6). Activation parameters calculated from the plots
techniques for the “on” and “off” reactions, respectively. are summarized in Table 3. Because of the small intercepts
Laser flash photolysis of fP)Fe!'(NO")(H,O) solutions in the plots ofkyps Vs [NQ] in the pressure-dependent study,
resulted in transient spectral changes consistent with thethe activation volume for the “off” reaction could not be
spectral difference betweenf([f=e'(NO*)(H,O) and (B~)Fe"- determined accurately in this way. This value, however, could
(H20).. In the presence of excess NO, the transient spectrumbe measured in a stopped-flow experiment using the NO-
decayed exponentially to the initial one. Thus, the processestrapping method. Rapid mixing of a {BFe'(NO")(H20)
occurring in the laser flash experiment can be summarized solution with a large excess of [Ru(edta)(®j]~ (an efficient

as follows. scavenger for NO§ led to re-formation of the ®)Fe" (H.0),
complex, as indicated by the observed spectral change. The
F‘IIZV—\ kinetics of the reaction was followed at 427 nm. The kinetic

traces gave good mathematical fits to a single-exponential
function, and the observed reaction rates did not depend on
[Ru(edta)(HO)] in the concentration range used in the NO-
The kinetiCS Of the reaCtion was fo”OWed Under pseudO' trapping experiments 8_2 mM) These observations indicate
first-order conditions with at least a 10-fold excess of NO. that the release of NO from tPFe'(NO™)(H,0) follows
As can be expected for the reversible process (eq 9), thethe reaction sequence in Scheme 1, in whighis the rate-
kobs Values determined under such conditions by fitting the determining step, such that the,s values determined from
kinetic traces to a single-exponential function depend linearly the kinetic traces equiby.
on [NOJ according to eq 10 (see Figure 5a). A linear fit of  Ag can be seen from the data in Table 3, the rate constants
— obtained from variable-temperature NO-trapping measure-
Kobs = KorNOT + ki (10) ments are in reasonable agreement with those resulting from
kobs Versus [NO] obtained at 24 allowed the determination ~ the laser flash photolysis experiments. Small deviations of
of kon= (8.2 0.1) x 1° M1 st andkey = 217+ 16 ' the ko values obtained by these two techniques were,
from the slope and intercept, respectively. The overall however, observed, particularly at higher temperatures (a
equilibrium constant calculated from the kinetic deao similar tendency was also observed in measurements at pH
= Kowfkot = (3.84 0.2) x 10° M~1(24°C), is in reasonable ~ 11: see further text). This presumably reflects a diminished
agreementlwnh the COH’E‘SpOdeIn.g thermOd_ynamlc value of (46) Wanat, A.; Schneppensieper, T.; Karocki, A.; Stochel, G.; van EIdik,
Keq determined from a combination of UWis and elec- R.J. Chem. Soc., Dalton Tran2002 941.

H,0 + (P¥)Fe''(NO")(H,0) k<:> (P¥)Fe''(H,0), + NO (9)

off
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Figure 5. (a) Plots ofksps versus [NO] for the reaction df-H,O with nitric oxide in the temperature range-80 °C measured by laser flash photolysis.
(b) Corresponding Eyring plots for the “on” and “off" reactions. Experimental conditiofisdf0] = 2.0 x 1075 M, pH 7 (0.05 M Bis-Tris),Aix = 355
nm, Aget = 417 nm,l = 0.1 M (NaClQ).
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efficiency of [RV'(edta)(HO)]” as the NO trap at pH6  [26k & Rele Corstnts ang Actuaton Patametrs betermines b
because of its deprotonation to a less reactive'[fedta)- Techniques for the Reversible Binding of NO t@(JFe" (H.0), at pH
(OH)]? form ¢ Nevertheless, the similarity of the activation 7
parametersAH*y and AS' determined from laser flash temp  pressure  kop x 10°5 Kot Kott®
photolysis and NO-trapping studies (Table 3) indicates that (°C) (MPa) (M~tsh) (s (s
the NO-trapping method provides a reliable mechanistic 6 2.0+0.1 15+ 1 10.5+ 0.5
description of the “off” reaction at pH 7. This technique was ig 4t 01 ans 2 gfgi 8-2
therefore used to determine/* for the “off” reaction. The 18 5.3+ 0.2 06+ 28 81+ 2
stopped-flow NO-trapping measurements performed in the 24 8.2+ 0.1 217+ 16 220+ 2
pressure range of 01130 MPa a_llowed the determination ig 0 12:;1 g:i ‘gﬁ 5,42 432+ 12
of Av:toff = 4+16.8+ 0.4 cn® mol~1.47 50 24+0.1 6.7+ 0.1°

A comparison of the rate and activation parameters for 90 22401 48+£0.3
the binding and release of NO obtained 16H,0 with those ﬁg igi g'i 35+0.2
reported in the literature for other water-soluble ferric o
porphyrins (compare Table 4) shows that the reactivity of  An* (k3 mor?) 51.14 0.5 101+ 2 107+ 3
the diaga-ligatedl-H,O toward NO is similar to that AS, (I molt K1) +40+2 +140+7 +160+ 10
observed for other (P)Fe(HO0), complexes. Although the AV (em mol™) +6.1+0.1 +16.8+ 0.4
“on” and “off” rate constants reported for (TMP{PF€" - 2Data obtained by the NO-trapping method using 'fiRedta)(HO)]~
(H,0), with positively charged meso substituents are mark- g:nsb:gfered solution, pH 7) Data obtained by the NO-trapping method

(47) Plots of Ink.s/T) versus 1T and Infof) versus pressure constructed : : _
from data obtained in the NO-trapping experiments are shown in Figure edly smaller in comparison to those observed fdrIPe

S4 in the Supporting Information. (H20),, the similarity of the activation parameters (in
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Scheme 1
k.,
(P“')Fe"(NO*)(HZO) +H,0 4(—”(P"')Fe"'(HZO)2 + NO

on

fast | [Ru"(edta)(H,0)]

[Ru"(edta)(NO)] + H,O

Table 4. Comparison of Rate Constants and Activation Parameters for Binding and Release of NO for Water-Soluble Diaqua-Ligated Iron(lll)
Porphyrins

iron(lll) porphyrin Int % k at 25°C AH* (kJ mol?) ASF (JmolF1 K1) AVF (cmPmol?)
kOI'I (M -1 s—l)
1-H,O 24 8.2x 1P 51+1 +40+ 2 +6.1+0.1
(TMPS*")Fe(H0),2 26 3.8x 10° 57+3 +69+ 11 +13+1
(TPPS™)Fe(H0)2 20 5x 10° 69+ 3 +95+ 10 +9+1
(TMPYP*)Fe(H0)" 7 2.9x 10 67+3 +67+11 +3.94+1.0
kot (s7%)
1-H,O 24 217 101+ 2 +140+ 7 +16.8+ 0.4
(TMPS*)Fe(H0),2 26 900 84+ 3 +94+ 10 +17+3
(TPPS-)Fe(H0)2 20 500 76+ 6 +60+ 11 +18+2
(TMPYP*)Fe(H0)" 7 66 113+ 5 +1694+ 18 +16.64 0.2

aData from ref 42 Data from ref 6.

p the F —NO™ bond (resulting in a positive contribution to
oH, No ¥ AVFq) is in this case accompanied by a further volume
N increase due to formal oxidation (Fe- F€") and spin-state
= change $= 0— S=5/,, 3,) on the iron(lll) center, as well
OH, as solvent reorganization due to neutralization of the partial

-1

£ (I)H charge on the Fle-NO™" unit.

§, — I +NO 461201 It can also be seen from the data in Table 4 that the

E OH, increase in the rate of NO binding correlates directly with

C r108204 the rising contribution of the intermedia= 3/, spin state

E (Int %) in the admixedS = %/, %/, spin system of the (P)-

é -107405 “I’O’ Fe''(H,O), complexes, as previously observed for the water-

£ —F'— +HO exchange rates. This provides additional evidence that the

= C')H’ lability of the axial water controls to a large extent the
Reactants Transition st . kinetics of NO binding. It can be further concluded from

ransition state

data in Table 4 that the rate of NO release from a (I)Fe
Reaction coordinate (NO*)(H,0O) complex tends to increase with increasing
Fig_ure Z Volume profile for the reversible binding of nitric oxide to electron-donating influence @heseporphyrin substituents
(PR (H-0): [reflected by the rising contribution & = 3/, in the spin-
admixed state of (P)M&H,0),]. Although the correlation
particular,AS" andAV¥) shows that the mechanistic features of ko and Int % is not as clear as in the case of the NO-
of the binding and release of NO are analogous for both binding rates, it suggests that the" F&NO™ bond in (P)-
positively and negatively charged (PYR&l,O), species. Fe'(NO1)(H.0) is better stabilized by the positively charged
Thus, the volume profile constructed from the activation porphyrins than by the negatively charged ones. This is in
volumes,AV¥,, and AV, obtained forl-H,O (Figure 7) line with recent literature reports that, based on resonance
reflects a common reaction mechanism for the diaqua forms Raman and density functional theory (DFT) results, indicate
of water-soluble porphyrins, in which the “on” reaction is that a gradual increase of the electron density within the Fe
controlled by substitution of a water molecule according to NO unit induced by meso substituents destabilizes the Fe
a dissociative @ or D)*® mechanism, as evidenced by the NO bond in the porphyrid FeNG © nitrosyls*®
positive values ofAV¥,,.*6 The rate-determining substitution Reactivity of Monohydroxo-Ligated (P8-)Fe(OH) (1-
step is followed by a large volume collapse due to a spin- OH) toward NO. Spectroscopic and kinetic studies on the
state change and solvent reorganization accompanying theeaction of 1 with NO performed at pH>9 indicated
formation of the low-spin (P)P¢NO™)(H-0O) product. The differences in the kinetics of NO binding and release, as well
large positive volumes of activation typical for the “off’  as in the nature of the nitrosyl species formed at high pH in
reaction clearly indicate that the release of NO also follows comparison to that observed at pt9. The spectral changes
a dissociative mechanism. The rate-determining breakage of

(49) (a) Linder, D. P.; Rodgers, K. R.; Banister, J.; Wyllie, G. R. A.; Ellison,
(48) (a) Helm, L.; Merbach, A. EChem. Re. 2005 105 1923. (b) Richens, M. K.; Scheidt, W. RJ. Am. ChemSoc.2004 126, 14136. (b) Linder,
D. T. Chem. Re. 2005 105, 1961. D. P.; Rodgers, K. RJ. Am. Chem. So@005 44, 1367.
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Figure 8. (a) Spectral change accompanying the reactioh-6fH with NO at pH 11. (b) Spectra of the product obtained in the reactiaghwith NO in
buffered aqueous solutions in the pHT1 range. A plot ofAAbsszs versus pH is shown in the inset. Experimental conditiori§:~f 7 x 1076 M, [NO]
=1mM, | =0.1 M (NaClQ). Buffers used: pH 7, Bis-Tris (0.05 M); pH 78.8, TAPS (0.05 M); pH 9.1, borate (0.05 M); pH 9:51, CAPS (0.05 M).
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Figure 9. pH dependence of the rate constants for binding (a) and release (b) of NQ filetermined from the slopes and intercept&gf versus [NO]
plots measured in buffered aqueous solutions in the pH 815 range. Experimental conditionsl] [= 2.0 x 1075 M, 10 °C, | = 0.1 M (NaClQ).

that accompany the reaction @fOH with NO at pH 11 x 10° M~ for the reversible binding of NO t&-OH at pH
(Figure 8a) lead to a final spectrum in which the characteristic 11. This value is similar to that derived kinetically from the
peaks at 317, 432 (Soret,= 1.9 x 10° M1 cm™), and rate constant&, = 5.1 x 10* M1 st andk,; = 14.9 st
544 nm occur at longer wavelengths as compared to those(24 °C) determined from the dependencekgf; on [NO] at
observed at lower pH (viz., 310, 427, and 540 nm). The pH 11, viz., Kno = kefkot = (3.4 + 0.1) x 10° ML A
spectral changes reported in Figure 8b show a gradual chang@omparison ofk,, and ke measured at pH 11 with those
in the spectrum of the nitrosyl product obtained by the gptained at PH 7Kon = 8.2 x 10° M~ s andke = 217
react_ion of the ferrig porphyrir) with NO in buﬁergd aqueous s 1) shows that both coordination and release of NO
solutions as a function of pH in the range T1. Afitofthe 4o reases ca. 15 times at high pH. Figure 9 presents the pH
plot of AADS.z4 VS pH Snset in Figure 8b) allowed the dependence df,, andk values determined fromys versus
et e e apocta s 1o [NOT IS i [0 pH 65 115 range. I can be sen o

' these data that the rates of NO binding and dissociation

equilibrium is ascribed to deprotonation of a coordinated
water molecule in (P)Fe!(NO*)(H,0) according to eq 11. gradually decrease between pH 7.5 and 10.5 and become
constant at pH>11. The K, value determined by fitting

(P)FE'(NOM)(H,0) = (PP)F'(NO")(OH) + H* the data in Figure 9a to a sigmoidal function, viz., 904
PKanoy=9-1 (11) 0.01, is close to the Kn; = 9.26 determined from a
spectrophotometric titration df, which characterizes depro-
Combined UV~vis and NO electrode measurements allowed tonation of a water molecule ih-H,O (eq 6). This indicates
the determination of equilibrium constaftoc = (4.8 + 0.5) that the change in reactivity observed on increasing pH
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Scheme 2

PHFe"(H,0), + NO <= (P*)Fe''(NO"H,0) +H,0
fr
H+

PKavoy = 9.1

H;0" || pKa =9.26

OH

P¥F(OH) + NO ? (P*)Fe'(NO™)(OH)
ff

reflects differences in the kinetics of NO bindingteH,O
and 1-OH present in solution at low and high pH, respec-
tively. An analogous sigmoidal fit of the less precise data in
Figure 9b (constructed on the basiskgf values obtained
by extrapolation ofk.ps versus [NO] plots to [NOJ= 0)
resulted in K, = 8.9 = 0.1, which is also close to that
characteristic for the formation of the hydroxo-ligated

porphyrin (eq 6), as well as that estimated for the process

depicted in eq 11 (Rano) = 9.1). It is apparent from these

activated inl-OH. This difference is particularly evident on
comparing the volume profile in Figure 7 with that con-
structed for the reversible binding of NO toé(fpFe' (OH),

as shown in Figure 11. Notably, the latter profile is very
similar to that reported in the literature for reversible binding
of NO to the high-spin five-coordinate (P)IHCys) center

in substrate-bound Cytochrome P4&(F2 The activation
volumesAV*,, = —7.3 cn? mol~! and AV¥ .4 = +24 cn?
mol~! determined for this ferric protein were interpreted in
terms of the mechanistic scheme outlined in eq 12, in which
rapid formation of an encounter complex,

(P)FE (Cys)+ NO 2= { (P)F& (Cys) INO} -~
(P)FE(Cys)(NO") (12)
{(P)Fé'|INC}, is followed by the activation step involving
the formation of the FeNO bond??

In the above schemekp and k-p represent the rate
constants for the diffusion-limited formation and dissociation

data that the presence of the hydroxo group decreases the; o encounter complex ardis the rate constant for Fe

rate of NO binding to (P)F€", as well as the rate of NO
release from (P)Fe'(NO")(OH). The observed reactivity
pattern is summarized in Scheme 2, in which the rate
constants forl-H,O and1-OH species are denoted I§}-°
andkPH, respectively.

The observation that the rate of NO binding t&(fF€"
decreaseson going from atransdiaqua to an hydroxo
complex is surprising in view of kinetic data on the
substitution behavior of such metal complexes in solution,

NO bond formation. The relatively small negative value of
AVFo, = —7.3 cn? mol~! observed for Cyt P45&, was
ascribed to an activation-controlled mechanism with an
“early” transition state, in which only partial (P)e-NO
bond formation and a change in the spin state of thé Fe
center §= 5/, — S= 0) occurs on going from the encounter
complex to the transition statgP)Fé"- - -NO}*. A large
positive AV value of 24 cmd mol-! observed for the
backward reaction evidenced a subsequent large volume

where in the majority of cases an increase in the reaqtivity collapse on going from the transition state to the low-spin
of the hydroxo form is observed as compared to the d|aqua(P)Fé|(No+) product. The data obtained in the present study

species. Such a trend reflects the significant labilizing
influence of the hydroxo group, which facilitates substitution
of the ligand coordinated in the trans position to OThe
reversed reactivity pattern observed 160OH indicates that
binding of NO to1-OH is no longer controlled by the lability

of the metal center (where, in such a case, a very fast

diffusion-controlled rate for NO coordination to this five-
coordinate iron(lll) complex would be expected). Apparently,
other factors determine the rate of formation of the nitrosy-

lated species at high pH. This conclusion is further substanti-

ated by a detailed study of the reversible binding of NO to
1-OH at pH 11. Figures 10, S5, and S6 (in the Supporting

for (P®)Fe"(OH) strongly suggest an analogous reaction
mechanism, as summarized in Scheme 3. According to this
scheme, initial partial formation of the F&O bond in the
transition state (accounting for the negatid®™,, = —6.1
cm® mol™) is followed by volume collapse (ca. 17 ém
mol~1) due to complete formation of the FeNO™ bond,S
= %, — S = 0 spin change, and solvent contraction
accompanying partial charge transfer from NO td'Fe

The mechanistic difference observed in the binding of NO
to 1-H,O and 1-OH is further reflected in thek,, values
observed for the diaqua- and hydroxo-ligated species,
respectively. The ca. 15-fold decrease in the rate of NO

Inforr’qation) and Table 5 rep_ort the results of stopped-flow binding to the five-coordinate (or weakly six-coordinate)
experiments performed at different temperatures and pres'hydroxo form implies that the formation of {HFe!(NO*)-

sures for the reaction d~OH with NO at pH 11. As can be

seen from the data summarized in Table 5, the activation

parameters determined for NO bindinglt@H, viz., AH%,,

= 34.6 kJ mol?, AS,, = —39 J mol! K-, and AV, =
—6.1 cn? mol ™%, are very different from that characterizing
NO binding to the diaqua forms of water-soluble porphyrins
given in Table 4. In particular, negative valuesAf,, and
AV, contrast the positive ones observed at low pH and
indicate a changeover in the mechanism of NO binding from
dissociatively activated () in 1-H,O to associatively

(50) Cusanelli, A.; Frey, U.; Ritchens, D. T.; Merbach, AJEAmM. Chem.
Soc.1996 118 5265 and references cited therein.

(OH) is not controlled by the lability of the Fecenter but
rather by the enthalpy and entropy changes associated with
spin reorganization and structural rearrangements upon the

formation of the FE—=NO™ bond. This situation parallels that

previously observed in the reactions of five-coordinate Fe-
(I) hemes with CO, for which an analogous mechanistic
scheme was suggested. In these earlier stddiessiderably

slower rates of CO coordination to (P)Fas compared to

NO binding rates determined for the same complexes (which
approached the diffusion limit in water) and an associative-
activated mechanism were interpreted in terms of a signifi-
cant activation barrier associated with spin state/structural
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Figure 10. (a) Eyring plots of Ink/T) versus 1T obtained for the “on” and “off” reactions in stopped-flow variable-temperature studies on reversible
binding of NO to1-OH. Experimental conditions:1FOH] = 2.0 x 1075 M, pH 11 (0.05 M CAPS buffer)] = 0.1 M (NaClQ), Aget = 432 nm. (b) Plots

of In(k) versus pressure determined for the same reaction by high-pressure stopped-flow measurements in the pressure+raBgevi®ad.(Experimental
conditions: l-OH] = 1.2 x 1075 M, pH 11 (0.05 M CAPS buffer)l = 0.1 M (NaClQ)), Aget = 430 nm, 1.5°C.

Table 5. Rate Constants and Activation Parameters for Binding and
Release of NO from @)F€"(OH) at pH 11 — _— +NO
temp pressure  Kkon x 1074 Kot Kot f NG s
() (MPa)  (M7is) G G ol :
6 1.9+0.1 0.70+ 0.02 0.86+ 0.01 = Fell
12 2.6+£0.1 2.2+03 1.97+ 0.02 £ 61402 o
18 3.7+ 0.1 6.0+ 0.5 5.1+ 0.1 £
24 5.1+ 0.2 14.9+ 0.3 11.4+0.3 “E’
30 6.7+ 0.1 33.9£ 0.7 23.7+ 0.3 2
1.5 10 1.67+ 0.06 2.7+ 0.3 0.16+ 0.0 z 3
50 1.83+0.03 2.4+0.2 0.12+ 0.01 2 "2
90 2.06+ 0.02 1.8+ 0.1 0.09+ 0.0 2 +17£3
130 2.29+ 0.05 1.1+ 0.3 0.06+ 0.0 g NO'
S
AH* (kJ mol) 34.6+ 0.4 107+ 2 96+ 1° —Ff"—
AS ImoFlK™)  —39+1 +136+ 7 +97+ 4° o 1 om
AVF (crm® mol) -6.1+0.2 +17+£3  +21.3+0.4 Reactants Transition e Products
aData obtained from intercepts of plots kfys versus [NO].P Data Reaction coordinate >

obtained with the use of [RlUedta)(HO)]- as the NO scavenger.

¢ Systematic deviations of thes values from those determined as intercepts
of kops Versus [NO] plots point to a low efficiency of NO trapping by
Ru(edta) at pH 11. Therefore, the activation parameters obtained in
alternative measurements (Figure 10) are preferentially used for mechanisticspin-forbidden transition itself and/or to a considerable

characterization of NO release at high pHMeasured at 3C. structural reorganization required to enable the spin change.
o ) Consideration of characteristic structural features reported
changes upon coordination of CO (which, however, was ¢, fie_coordinate high-spin, six-coordinate spin-admixed,
absent in the reactions with NO). This conclusion was further and low-spin (P)P&(L). porphyrins, respectively, suggests
substantiated by recent DFT computations performed for the ot rather minor structural changes are required for the
(P)Fe(ll) + CO systent" The ('iecrease iKon Observed in _ formation of low-spin (P)PENO™)(H,0) from spin-admixed
the present case for NO goordlngtlon to the Fe(lll) porphyrm 1-H,0 species, where in both complexes the iron atom lies
complex 1 at high pH is ascribed to a larger intrinsic  j, ye horphyrin plane, is six-coordinate, and exhibits short
activation barrier for th& =/, — S= 0 spin state change,  gqyatorial FeN, bonds. In contrast, the binding of NO to

Figure 11. Volume profile for the reversible binding of nitric oxide to
(P8-)Fe" (OH).

which occurs upon the_ formation off’(‘aFé'(NO*)(OH) 1-OH presumably involves a change in the coordination
from the purely high-spin hydroxo §pe30|é§)H, as CoM- number of the Fe(lll) atom, its movement into the porphyrin
pared to that associated with the=t %2, > —~S=0) spin 136 and contraction of the F&, equatorial bond; i.e., a
change occurring for the diaqua-ligated spin-admiked,.0 considerable structural change (and thus higher energy

complex. As pointed out in recent mechanistic studies on a5 rier) js expected to occur upon going from the substrate
spin-forbidden proton-transfer reaction in solutf8isuch an to product.

increased “intersystem  barrier” can be related to a An additional contribution to the observed decreasein
(51) Harvey, J. NJ. Am. Chem. So@00Q 122, 12401. at high pH may arise from a difference in the reducibility of
(52) Shafirovich, V.; Lymar, S. VJ. Am. Chem. SoQ003 125, 6547. the Féd' center in (P)F&(H,O), and (P)F&(OH). As
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Scheme 3

NO NO'
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Fe |
D OH | OH

OH OH

indicated by literature data, deprotonation of a water nated water irl-H,O to the highest value reported to date.
molecule in (P)F&(H.0), species shifts the potentials of'Fe  This is ascribed to through-space interactions of negatively
reduction to more negative values in comparison to that charged substituents with coordinated water, as well as to
observed for diaqua-ligated forri%:*Because the formation  electronic effects. The latter effects are reflected in partial
of the Fé!' —NO bond is accompanied by charge transfer from gepopulation of the iron,g.,2 atomic orbital, leading to ca.
NO and forma_l reduction of the Pecenter, a decrease in _ 26% contribution of th&= ¥, spin state in the spin-admixed
the re}te of this process can .be _expected.for less eaS|Iy(Pg,)Fé|.(H20)2 system. This contribution is relatively high
reducible hydroxo-ligated species in comparison to the (P)- . : ; .
Fe! (H,0), counterparts. in comparison with th.ose of .olther (P)F(e-I?O)z species and .
correlates with the high lability of coordinated water, as is

aclcnor::le:rl] ?nf t;?ué?uigltgs;nthgs)sgg clcehaa:lngi(re]f/ol(\?ggir:ftﬁe indicated by rapid water-exchange and NO coordination rates
panying 9 y observed for thé-H,O complex. The solution pH determines

rate-determining step for the “off” reaction (i.e., breakage o .
of the Fé—NO* bond) in both (B-)Fe!(NO*)(H,0) and the nature of the axial ligands thand thereby controls the

(F)F'(NO*)(OH), it is suggested that the decreased coordination number, spin state, ar?d reacti.vity of thg iron-
reaction rate observed for the release of NO at high pH (Il) center toward NO. The predominantly five-coordinate,
reflects a larger demand for reorganization of d electrons Purely high-spirl-OH formed at pH>9 binds NO according
upon re-formation oll-OH from the corresponding nitrosyl ~ t0 an associative mechanism, in contrast to a dissociatively
complex (i.e.,S= 0 — S = %) in comparison to that activated process observed for six-coordiriatd,O at lower
occurring for (B7)Fe'(NO")(H.0) (S= 0 — S= %,, 3/). pH. In the case ofl-OH, however, the NO binding step is

Taken together, the kinetic and mechanistic data describedno longer controlled by the lability of the metal center. Other
above provide strong evidence that the rate of NO binding (most probably electronic and structural) factors involved
and release observed for hydroxo-ligated species is to a largen the rate-limiting Fe-NO bond formation and breakage
extent controlled by the degree of spin reorganization (for the “on” and “off’ reactions, respectively) apparently
occurring at the P& center on going from reactants to account for the slower rate of NO binding and release
products. Notably, théo, and ko rates determined in the  gpserved at high pH fot-OH. Correlations between spin/
present study fol-OH (viz., kon = 5.1 x 10 M~ s™* and ligation states and reactivity inferred on the basis of
kot = 14.9 s at 24°C) are quite similar to those reported g0 roscopic and kinetic data for other water-soluble iron-
for_ the (TMPyP*)Fe(H0),, which '_S a_lmost purely high (1) porphyrins studied to date further support this conclu-
spin (Int %= 7%, kon = 2.9 x 10* M~1s7% kot = 66 s* at : o :

sion. As suggested by preliminary studies on other water-

25°C; compare Table 4), but considerably smaller than those soluble iron(lll) porphyrins, the pH-reactivity pattern reported
observed for (P)Fe(HO), species exhibiting a relativel ' )
(P)Fe(O). sp g Y here for water-exchange and reversible NO binding te

large contribution of th&= %/, spin state (ca. 26%), further )

supporting the above conclusion. The observations on the® common phenomenon for diaqua- and monohydroxo-

influence of the spin and ligation states of thé'Feenter ~ ligated (P)FE€ species in aqueous media. Because of the

on the dynamics of the reaction with NO are important to pOtential Significance of this observation for studies on NO

understand kinetic and mechanistic factors governing the interactions with heme proteins (in which a variety of spin

interactions of NO with naturally occurring heme proteins, and ligation states are observed), the mechanistic conclusions

in which a variety of spin and ligation states are observed. inferred here will be supplemented and verified by further

This stimulated further in-depth mechanistic studies on the studies that will be reported in a subsequent paper.

reversible binding of NO to model (P)®é.), complexes
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