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The water-soluble, non-u-oxo dimer-forming porphyrin, [5,10,15,20-tetrakis-4'-t-butylphenyl-2',6'-bis-(N-methylene-
(4" -t-butylpyridinium))porphyrinato]iron(lll) octabromide, (P#*)Fe", with eight positively charged substituents in the
ortho positions of the phenyl rings, was characterized by UV-vis and *H NMR spectroscopy and O NMR water-
exchange studies in aqueous solution. Spectrophotometric titrations of (P®*)Fe" indicated a pKa; value of 5.0 for
coordinated water in (P*)Fe(H,0),. The monohydroxo-ligated (P8*)Fe(OH)(H,0) formed at 5 < pH < 12 has a
weakly bound water molecule that undergoes an exchange reaction, ke, = 2.4 x 108 s71, significantly faster than
water exchange on (P%*)Fe"(H,0),, Viz. kex = 5.5 x 10* st at 25 °C. The porphyrin complex reacts with nitric
oxide to yield the nitrosyl adduct, (P®*)Fe"(NO*)(L) (L = H,O or OH"). The diaqua-ligated (P®*)Fe"(H,0), binds
and releases NO according to a dissociatively activated mechanism, analogous to that reported earlier for other
(P)Fe"(H,0), complexes. Coordination of NO to (P®*)Fe"(OH)(H,0) at high pH follows an associative mode, as
evidenced by negative AS*,, and AV, values measured for this reaction. The observed ca. 10-fold decrease in
the NO binding rate on going from six-coordinate (P®*)Fe"(H,0), (kon = 15.1 x 10° M~1 s7%) to (P%*)Fe'(OH)(H,0)
(kon = 1.56 x 10° M~1 s71 at 25 °C) is ascribed to the different nature of the rate-limiting step for NO binding at
low and high pH, respectively. The results are compared with data reported for other water-soluble iron(lll) porphyrins
with positively and negatively charged meso substituents. Influence of the porphyrin periphery on the dynamics of
reversible NO binding to these (P)Fe complexes as a function of pH is discussed on the basis of available
experimental data.

Introduction type of heme substituents, etc.) influence the rate of NO

Interactions of nitric oxide, an important biological mes- Pinding and release as well as the stability and chemical
senger synthesized in vivo by NO synthase, with heme- properties of the.resultlng heme nitrosyl§o elucidate the '
containing proteins form the basis of many physiological and € Of these different factors, numerous spectroscopic,
pathophysiological processes mediated by NO. Due to theStructural, and mechanistic studies focus on the interactions
fact that NO is reactive toward both iron(lll) and iron(ll) ©f NO Vl‘"th heme centers in hemoproteins and its synthetic
hemes, nature used a variety of structural and electronicMCdels: o _ _
features to tune the affinity of (P)Fe porphyrin centers for ~ Our own contribution in this area involves in-depth
NO, such that its physio|ogica| roles can be effected while mechanistic studies on interactions of nitric oxide with
at the same time its potential pathophysiological actions are ferriheme proteirsand synthetic iron(lil) porphyrin mod-
prevented. In addition to the oxidation state of iron, a number €ls* These investigations are aimed at understanding the
of other factors associated with the immediate heme sur-influence of the porphyrin microenvironment in a given (P)-
rounding (such as number and identity of axial iron ligands,
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Reversible Binding of NO to Fé' Porphyrin Complex

and CICHCOOH, used for the preparation of buffer solutions, were
purchased from Sigma-Aldrich.

Solution Preparation. Solutions were prepared from deionized
water and handled in gastight glassware under oxygen-free condi-
tions due to the oxygen sensitivity of NO and (P)Fe(NO) nitrosyls.

: Oxygen-free nitrogen was used to deoxygenate the solutions. Tris,
R i Bis-Tris, and CICHCOOH/CICHCOO buffers (0.05 M) were

®
=N N N used to prepare solutions of desired pH, which was adjusted by
\ 7 — — the addition of HNQ or KOH. Due to the relative pressure
L= H.0. OHF 88° sensitivity of the pH of the CICCOOH/CICHCOO buffer
A

system, the high-pressure stopped-flow measurements at pH 2 were
performed in the absence of a buffer, and the solution acidity was

. - adjusted with HN@. The ionic strength of the solutions (0.1 M)
l
Fe!' system on the rate and mechanism of NO binding and was kept constant by the addition of KNO

release and on the stability of the resulting (PYR©O") Measurements.pH measurements were performed on a Meth-
species (i.e.{FeNG° nitrosyls according to the Enemark rom 623 pH meter. UV-vis spectra were recorded in gastight
and Feltham notatidh toward subsequent reactions in cuvettes on a Shimadzu UV-2100 spectrophotometer equipped with
solution. In this context, we have recently undertaken a thermostated#0.1 °C) cell compartment!H NMR spectra of
systematic studies on the influence of the porphyrin ligand iron porphyrin solutions in BO (10 mM) were measured on a
(modified in size, overall charge, and electron-donating Bruker Avance DPX300NM spectrometer. The desired pD was
ability by introducing various meso phenyl substituents) on adjusted with DCl and NaOD, and TMSP (trimethylsilyl propionate)
the properties and reactivity of the iron center for water- Was used as a reference. _

soluble ferric porphyring:5 As a continuation of our earlier ~_ Kinetics Measurements. Stopped-Flow StudiesStopped-flow
work in this field, we report here on the speciation of a highly ';';ei'g ’\r;\e/aijrelmzntshatt an;bue_nt pr;assur((ej_\f/:/ere perforrtned Ion an
positively charged water-soluble iron(Ill) porphyrind(f- MV (Applie otophysics) stopped-flow apparatus. In a

di (Fi . ) typical experiment, a deoxygenated buffer solution was mixed in
Fell (Figure 1) in aqueous medium and present the resunsvarying volume ratios with a saturated NO solution in a gastight

of mechanistic studies on its reactivity toward NO. In the gyringe to obtain the appropriate NO concentration<@.3 mM).
latter context, variable pH, temperature, and pressure-The NO solution was then rapidly mixed with deoxygenated iron-
dependent stopped-flow measurements provided a detailedlil) porphyrin in a 1:1 volume ratio in a stopped-flow apparatus.
kinetic and mechanistic description of the reversible binding Kinetics of the reaction of with NO were monitored at 395 and
of NO to (P*)Fe(H:0), and (P")Fe(OH)(HO) present in 430 nm at pH 2 and 8, respectively. All kinetic experiments were
aqueous solution at low and high pH, respectively. The performed under pseudo-first-order conditions, i.e., with at least
results are compared with water-exchange data for thesel0-fold excess of nitric oxide over {Fe!. The rates of NO
complexes and with kinetic data reported for other water- Pinding and release{, andky) were determined from the slopes
soluble porphyrins. A feasible interpretation of the reactivity 29 Mtercepts of linear plots &s versus [NOJ, respectively, as

s - . 7. described in Results and Discussion. Rate constants reported are
patterns observed within the series of complexes studied is

. . . . ... mean values of at least five kinetic runs, and the quoted uncertainties
presented on the basis of these data. The biological signifi- 5re pased on standard deviation. To confirm the kinetic data for

e
Z
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X
7
[crdaS
‘/

Figure 1. Structure of (B")Fe"(L)2.

cance of our results is highlighted. the release of NO obtained from the intercepts of plot&gfvs
i i [NQ], an alternative NO-trapping method was used to measure the
Experimental Section rate of NO dissociation from fP)Fe!(NO™) directly at pH 8. This
Materials. The water-soluble )Fe!' (1) was synthesized and ~ Was done by rapid mixing of a ¢P)Fe!(NO™) solution containing
characterized as described bef®if®,10,15,20-Tetrakis(d-me- a small excess of NO with aqueous solutions of'{Rata)(HO)]~
thylpyridyl)porphinato]iron(lll) @), [(4-TMPyP)Fé! (H,0)(OH)]- (1 mM) (an efficient NO scaveng®rto give [RU" (edta)NO] and
(Tos), was purchased from Frontier Scientific Ltd. Fine Chemicals, free (P)Fe!, as evidenced by the observed bMis spectral
Utah, USA. NO gas (Messer Griesheim or Riessner Ga$e,5 changes. The kinetics of NO release were followed in a stopped-

vol %) was cleaned from trace amounts of higher nitrogen oxides flOW Spectrophotometer at 432 nm. The first-order rate constants
by passing it through a concentrated KOH solution and an Ascarite determ!ned in_ this way were in good agreement with those
Il column (NaOH on silica gel, Sigma-Aldrich). All other chemicals ~determined from the intercepts of the plotskgfs versus [NO] for

used in this study were of analytical reagent grade. Tris, Bis-Tris, the formation of (P")Fe!(NO). High-pressure stopped-flow
experiments were performed at pressures up to 130 MPa on a

(2) (a) Laverman, L. E.; Wanat, A.; Oszajca, J.; Stochel, G.; Ford, P. C.; custom-built instrument, described previoukKinetic traces were
van Eldik, R.J. Am. Chem. So001, 123 285. (b) Franke, A,; analyzed with the use of the OLIS KINET (Bogart, GA, 1989) set

Stochel, G.; Jung, Ch.; van Eldik, R. Am. Chem. So2004 126, of programs.
4181. . . -

(3) (a) Theodoridis, A.; van Eldik, RJ. Mol. Catal. A: Chem2004 The kinetics of reversible NO binding to (4-TMPyPYR©H)
224, 197. (b) Franke, A.; Stochel, G.; Suzuki, N.; Higuchi, T.; (2-OH) was studied at pH 7.6 (0.07 M Tris), ionic strength 0.09
Okuzono, K.; van Eldik, RJ. Am. Chem. So€003 127, 5360. M (adjusted with NaN@), and an iron porphyrin concentration of

(4) (a) Wolak, M.; van Eldik, RJ. Am. Chem. SoQ005 127, 13312.
(b) Jee, J.-E.; Eigler, S.; Hampel, F.; Jux, N.; Wolak, M.; Zahl, A;;
Stochel, G.; van Eldik, Rlnorg. Chem.2005 44, 7717.

6 x 1076 M. The UV—vis spectra of the iron porphyrin solutions

(5) Schneppensieper, T.; Zahl, A.; van Eldik, &xgew. Chem., Int. Ed. (7) Wanat, A.; Schneppensiepper, T.; Karocki, A.; Stochel, G.; van Eldik,
2001,40, 1678. R. J. Chem. Soc., Dalton Tran2002 941.

(6) Guldi, D. M.; Rahman, G. M. A.; Jux, N.; Balbinot, D.; Hartnagel, (8) Spitzer, M.; Gartig, F.; van Eldik, RRev. Sci. Instrum.1988 59,
U.; Tagmatarchis, N.; Prato, M. Am. Chem. So005 127, 9830. 2092.
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recorded prior to the kinetic measurements were identical with that by eq 1c (taken from transition state theory), the NMR and kinetic

reported for the (4-TMPyP)Fe(OH) mononfeithe absence of
bands, characteristic for theoxo dimeP of 2, confirms that the

monomeric monohydroxo form is the reactive species under the

selected experimental conditions. The reaction with NO was

followed at 433 nm. Stopped-flow studies at ambient and elevated

pressures were performed in an analogous way as describéd for
170 NMR Water-Exchange MeasurementsRate constants for
water exchange on the paramagneti&JPe" complex and the
corresponding activation parametetsi*e,, AS'e,, andAV¥,, were
measured at pH= 2.0 and 8.0 by’O NMR line-broadening
technique. Aqueous solutions ofé{fPFe!' (20 mM) were prepared
at pH 2.0 (adjusted with HN§) and pH 8 (0.05 M Tris buffer).
Both solutions were 0.1 M in KNg&for an approximate adjustment
of the ionic strength. To each solution was added 10% of the total
sample volume of enrichelO-labeled water (normalized 19.2%
170 H,0, D-Chem Ltd). A sample containing the same components,
except for (PT)Fe!, was used as a reference. Variable-temperature
and -pressure F O NMR spectra were recorded at a frequency
of 54.24 MHz on a Bruker Advance DRX 400WB spectrometer.
The temperature dependencel@ line broadening was studied
in the range 278353 K. A homemade high-pressure prébeas

parameters were calculated by the use of a nonlinear least-squares
method applied to eq 1b in which}{was replaced by eq 1c.

o= = = (kg TIh) exp{ (~AV', /RT)P}

m

(10

The temperature dependence/ab,, was assumed to be a simple
reciprocal functiond/T,** whereA was determined as a parameter
in the treatment of the line-broadening data. The exchange rate
constant is assumed to have a simple pressure dependence given
by

Kex = Uty = ko, Xl (—AV o /RT)P} (1d)
whereke, is the rate constant for solvent exchange at atmospheric
pressure. The pressure-dependent measurements were performed
at a temperature close to the optimal exchange region (i.e., around
the maximum of the plot of In(T4,) versus 1T). The reduced
relaxation timeT,, and the value oAwn, (calculated using the value
of A, determined from the temperature dependence and assumed
to be pressure independ&d; were substituted into eq 1b to

used for the variable-pressure experiments performed at the selectedetermineke, at each pressure. The resulting plot okig) versus
temperature (313 K at pH 2 and 298 K at pH 8) and in the pressure Pressure was linear, and the volume of activation was calculated

range +150 MPa. The sample was placed in a standard 5-mm
NMR tube cut to a length of 45 mm. Hydrostatic pressure was

directly from the slope£AV*,/RT). The values ok obtained
from the plot of Inkey) versusP by extrapolation to atmospheric

transmitted to the sample by a movable macor piston, and the Pressure was in good agreement with the corresponding value for

temperature was controlled as described elsewlérke reduced
transverse relaxation times T%/) were calculated for each tem-

perature and pressure from the difference in the line widths observed

in the presence and absence of the metal complex,{— Avsoien)-

ke from the temperature-dependent measurements at ambient
pressure.

Results and Discussion

The reduced transverse relaxation time is related to the exchange Spectroscopic Data for the Speciation of (B)Fé€" . The

rate constankex = 1/t (Wherery, is the mean coordinated solvent
lifetime) and to the NMR parameters by the Swift and Connick
equationt!12

1 1
— =0 = (Avyps— AV
T2r Pm obs solven)
Ty 24 (T, 7)) T+ Aw?
1 2m 2m?m. L 1
- 1 “1,2 2 + (1a)
Im| (Tyy t7, ) A0, Taos

whereP,, is the mole fraction of water coordinated to thé'Fen,
Taosrepresents the outer-sphere contributiomza@rising from long-
range interactions of unpaired electrons of''Faith the water
outside of the coordination sphefey, is the transverse relaxation

speciation ofl in an aqueous medium of different pHs was
studied by UV-vis, H NMR, and*’O NMR techniques.
Spectrophotometric titration of a {PFe" solution in the

pH range *10 resulted in the spectral changes presented
in Figure 2a. As can be seen from these data, an increase in
pH from 3 to 7 leads to a gradual shift of the peaks at 402
nm (€ =8.6 x 10* M~tcm™) and 529 nm{ = 7.4 x 1¢°

M=t cm™) to 416 nm € = 9.2 x 10* M~ cm™?) and 595

nm (€ = 7.2 x 18 M~! cm™), respectively. This is
accompanied by the formation of a band at 340 nm. The
observed pattern of spectral changes is analogous to that
reported for other water-soluble iron(lll) porphyrins for the

time of water in the inner coordination sphere in the absence of formation of monohydroxo-ligated species from the corre-

chemical exchange, anflwn, is the difference in the resonance
frequency oft’O nuclei in the first coordination sphere of the metal

sponding diaqua-ligated (P)Fe®l),.>**> 16 The Ko, = 5.05
4+ 0.07, determined from a plot of absorbance at 390 and

and in the bulk solvent. In the present system, the contributions of 460 nm versus pH (inset in Figure 2a), is thus ascribed to

1/Tomand 1M,0sto 1/T, are negligible, so that eq 1a can be reduced
to

Aw?, (1b)
7, 2+ Aw?,

Taking into account that the temperature dependenkg, & given

1_
T2r

1

2

1
T P_m (Avobs_ AVsolven) = T

(9) Tondreau, G. A.; Wilkins, R. GInorg. Chem.1986 25, 2745.

(10) zahl, A.; Neubrand, A.; Aygen, S.; van Eldik, Rev. Sci. Instrum
1994,65, 882.

(11) (a) Swift, T. J.; Connick, R. EJ. Chem. Phys1962 37, 307. (b)
Swift, T. J.; Connick, R. EJ. Chem.Phys. 1964 41, 2553. (c)
Newman, K. E.; Meyer, F. K.; Merbach, A. B. Am. Chem. Soc.
1979 101, 1470.

1328 Inorganic Chemistry, Vol. 45, No. 3, 2006

equilibrium 2 (the presence of water in the deprotonated form
of 1-H,0 is inferred from NMR data reported below).
(P)Fe(H0) = (P")Fe(OH)(HO) + H™  pK, = 9
As can be seen from the data in Table 1, thg;gletermined
for 1-H,0 lies in the lower range of ig,; values reported

(12) Schneppensieper, T.; Seibig, S.; Zahl, A.; Tregloan, P.; van Eldik, R.
Inorg. Chem.2001, 40, 3670.

(13) Zipplies, M. F.; Lee, W. A.; Bruice, T. Cl. Am. Chem. S0d.986
108 4433.

(14) (a) Kobayashi, NInorg. Chem.1985 24, 3324. (b) Kobayashi, N.;
Koshiyama, M.; Osa, T.; Kuwana, Thorg. Chem.1983 22, 3608.
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Figure 2. (a) Changes in the U¥vis spectrum of (P")Fe" (1) in the

pH range +10. (Inset) Fit of the plots of Algo) and Absuso) versus pH

to a sigmoidal function. (b) UM vis spectral changes fdrin the pH range
10—-13. (Inset) Evolution of absorbance at 437 nm in the whole studied pH
range. Experimental conditions1][= 1.2 x 107> M, | = 0.1 M (KNOg),
T=25°C.

for water-soluble iron(lll) porphyrins, thus reflecting the
increased positive charge on the iron(lll) center i§™jP
Fe'(H20),.

Table 1. pKa Values and3-Pyrrole'H NMR Chemical Shifts of
Synthetic Water-Soluble Iron(lll) Porphyrins

Iron(III) meso phenyl » _ Ppyrrole'H (ppm) ¢

. 3 K
porphyrin ¢ substituent PRat (P)Fe(H,0), (P)Fe(OH)
(P*)Fe? (P*) 5.0 66 83
(4-TMPyP*")Fe 7 Niwe 55 70¢ NA*
y
Me
N/+
(3-TMPyP*")Fe 7\ 5.9 NA NA
Me
\N+
(2-TMPyP*")Fe a 5.1 73 84/
F F
+
(TE,TMAP*")Fe QNM% 6.0 728 85¢
F F
(TPPS*)Fe Osos- 7.0 52°¢ NA¢
Me SO,
(DMPS*)Fe " O 7.2 45 80
Me
Me SO,
(TMPS*)Fe’ Om 6.9 43 82
o Me
(P*)Fe’ @ 9.3 45.6; 46.7 82

o o
aThe quoted charge represents the overall charge of the meso substituents

in a given porphyrin ligand® Values taken from: Gruhn, N. E.; Lichten-

berger, D. L.; Ogura, H.; Walker, F. Anorg. Chem1999,38, 4023, unless

otherwise statedReferenced to TMPS.This work.e Reference 22.

fReference 219 Reference 240 Reference 13.Reference 4d.Reference

4b.

importance for the topic of this report, further speciation
studies concentrated on the nature of porphyrin forms
occurring in the pH range-111.

In this respect]l-H,0 and1-OH were studied byH and
70 NMR spectroscopy. ThéH NMR spectra of (PH)Fe"
recorded at pD 2 and 8 (Figure S1) indicated that the

On further increasing the pH, an onset of spectral changesg-pyrrole H signal (which serves as a sensitive probe for
featuring a second pH-dependent equilibrium is observed, the spin and ligation state of iron(lll) porphyrifs}appears

as shown in Figure 2b. A pattern of U\Wis spectral changes

similar to these in Figure 2b was previously reported for the

formation of (TMPyP)F#(OH), complexes from the cor-
responding monohydroxo-ligated species, for whidf,.p

values of 10.9, 12.2, and 12.3 (for 2-TMPyP, 3-TMPyP, and

4-TMPyP porphyrins, respectively) were measurel.is
therefore assumed that’(fPFe(OH)(H0) (denoted ag-OH
in the remainder of text) deprotonates t&(fFe(OH) at

pH > 12. However, because this process is of minor

(15) Miskelly, G. M.; Webley, W. S.; Clark, Ch. R.; Buckingham, D. A.
Inorg. Chem.1988 27, 3773.

(16) El-Awady, A. A.; Wilkins, P. C.; Wilkins, R. Glnorg. Chem1985
24, 2053.

at 66 ppm at pD 2 and moves to ca. 83 ppm at high pH. The
chemical shift of the3-pyrrole resonancedgy) observed

at a low pH is close to that reported for other positively
charged (P)Fe(kD), complexes (Table 1) and evidences the
presence of six-coordinate §PFe(H0), species in which
the Fe(lll) center is weakly spin-admixed (ca. 10% contribu-
tion of the intermediat& = 3/, spin state to the predominant
S = 5/, spin state can be estimated for this complex on the

(17) Walker, F. A. Proton and NMR Spectroscopy of Paramagnetic
Metalloporphyrins. InThe Porphyrin Handbogladish, K. M., Smith,
K. M., Guilard, R., Eds.; Academic Press: New York, 1999; Vol. 5.
(18) Ikezaki, A.; Nakamura, Mnorg. Chem2002 41, 6225 and references
therein.
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Table 2. Rate Constants (at 298 K) and Activation Parameters for Water-Exchange Reactions on Water-Soluble Iron(lll) Porphyrins

(P)Fe(HO) (P)Fe(OH)
kex/:l-GS AH*ex AStex AV‘tex kexll(-‘ﬁ AH¢e>< AStex Av‘tex
iron(l11) porphyrin st kJ/mol J/mokK cm?/mol st kJ/mol J/mokK cm?/mol
1 (PEHFet 0.55+ 0.01 53+ 3 +28+9 +1.54+0.2 24+ 6 325+ 04 -14+1 +1.14+0.2
2 (TMPyP*HFeP 45+0.1 71+ 2 +100+ 6 +7.4+0.4 c
3 (TPPS)Fe 20+1 67+ 2 +99+ 10 +7.9+0.2 c
4 (P)Fef 7T7+1 61+6 +91+ 23 +7.4+ 04 e
5 (TMPS*)Fé 210+ 10 61+ 1 +100+ 5 +11.9+ 0.3 g

aThis work.? Reference 5¢ Formation ofu-oxo dimers at porphyrin concentrations required for NMR measurements precludes reliable studies on water
exchanged Reference 4b2 No water-exchange process was detected for non-dimerdzi@gl, compare ref 4bf Reference 4& The effect of5-OH on the
bulk water line width observed in variable temperatti@ NMR studies, although detectable, was too small to allow its quantitative analysis and determination
of kex and the corresponding activation parameters for the water-exchange reaction, compare ref 4a.

basis ofds_py'8). The broads-pyrrole resonance at 83 ppm
observed at a high pH is diagnostic for a monomeric high-
spin monohydroxo-ligated iron(lll) porphyriti. 22 The lack
of resonances at ca. 13 ppm (i.e., in the spectral region where
B-pyrrole resonances of (H€P)),O dimers are typically
observed’?) excludes the formation of dimerig-oxo- 5
bridged species at high pH. S 1264
Figure 3 shows the results of relaxation-time measurements—
for YO NMR nuclei of bulk water in solutions df at pH 2
and 8. It is evident from these data that water exchange at
the Fe(lll) center occurs in both diaqua- and monohydroxo-
ligated forms ofL. Detailed variable temperature and pressure
measurements allowed for the determination of rate constants

13,0 H

a)

12,8

—~

12,4 4

T T T T T
0,0028 0,0030 0,0032 0,0034 0,0036

(kex) and activation parameterdld.,, AS ey, andAV,) for T
this process, as summarized in Table 2. For comparison 50—
reasons, Table 2 also reviews the corresponding values ' - b)
reported for other water-soluble iron(lll) porphyrins studied w
to date?> As can be seen from these data, khedetermined 1 .
for 1-H,0 (viz. 5.5 x 10* s %) is the smallest of the values ¥
reported for (P)Fe(kD), porphyrins. Thus, the lability of 13501
the metal center id-H;O is decreased by the influence of ~ R
the positively charged meso substituents on the porphyrin 5" 12751 "
periphery, which apparently stabilize the"FeH,O bond z
(presumably mainly through inductive electronic effects). The 12,00
positive signs ofAS'e, and AVFe, suggest a dissociatively
activated mode for the water-exchange process-H,O, 11,25+
as also found for the other six-coordinate (P)He,0),
species. However, the absolute values of these activation 105 . . . .
parameters are much smaller than those observed for the 0008 00030 00032 00034 00038
other diaqua-ligated ferric porphyrins. Clearly, the degree 1”
Figure 3. (a) Plot of In(172) versus 1T for water exchange ob-H,0 at

of bond breaking in the transition state changes from very

substantial in negatively charg&eH,O to almost negligible

in the highly positively chargetl-H,O, for which the water-

exchange mechanism can be described as pure interchang Seperimental data to eq 1 yields= (3.67- 0.04) x 10P andke, AHty

(1. andAS'e, as reported in Table 2. (Inset) Plot of In{3) versus pressure
The data presented in Figure 3b indicate a rapid water- measured at 298 K.

exchange reaction at the Fe(lll) center of the monohydroxo- activation entropy and small positive activation volume (viz.
ligated forml OH. Theke value determined for this process ASy = —14 4+ 1 J molt K—1, AV%, = +1.1+ 0.2 cn?

(2.4 10° s™ at 298 K) is ca. 50-fold larger as compared - 1) are indicative of an interchange mechanism in which
to that measured fdrHO at a low pH. The slightly negative 0 jegree of bond breakage and bond formation in the

transition state are comparable. The observed acceleration

ambient pressure. Fit of experimental data to eq 1 allows determination of
= (2.1£ 0.1) x 10° andkeyx, AH%sy, andAS’ as reported in Table 2.

(Inset) Plot of In(1T2) versus pressure measured at 313 K. (b) Plot of In-
[T2) versus 1T for water exchange of-OH at ambient pressure. Fit of

(19) Cheng, R.-J.; Grgnski, L.; Balch, A.Inorg. Chem1982 21, 2412.

(20) Woon, T. C.; Shirazi, A.; Bruice, Tnorg. Chem.1986 25, 3845.

(21) Reed, R. A.; Rodgers, K. R.; Kushmeider, K.; Spirolnirg. Chem.
199Q 29, 2883.

(22) Ivanca, M. A.; Lappin, A. G.; Scheidt, W. Rorg. Chem1991, 30,
711 and references therein.
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of water exchange ot-OH as compared td-H,O is in
agreement with the expectdrhnslabilizing effect of the
OH™ ligand on the dynamics of simple substitution processes
such as water-exchange reactiéhs.



Reversible Binding of NO to Fé' Porphyrin Complex

As indicated by earlier literature reports, the high-spin 0.90
monohydroxo-ligated iron(lll) porphyrins may exist in solu-
tion as five-coordinate (P)Fe(OHY°24or six-coordinate (P)- 0754
Fe(OH)(Solv) specie¥. Although the formation of (P)Fe-
(OH) is promoted in noncoordinating solvef€’ dynamic
equilibria between the five- and six-coordinate (P)Fe(OH) © 060
and (P)Fe(OH)(kD) forms, respectively, were observed in %
water-containing solutions (eq 3), with the latter form being 2 045
the main porphyrin species at high water contéfits. §
<
H,O 0.30
Sl THO I mEle= O g
|
OH OH
0.00
Relevant literature datdand the results of oirO NMR 300

water-exchange studies performed for the monohydroxo-
ligated forms ofl, 4, and 5 (Table 2) suggest that the
tendency of (P)PE(OH) to bind the sixth (HO) ligand,

although evidently smaller than that exhibited by (P)Fe- 044
(H20),2* can be modulated by the nature of the porphyrin

ring substituents. Thus, although no water exchange could

be observed by’O NMR measurements for highly nega- 034
tively charged (P )Fe(OH) @) (suggesting thad-OH exists
predominantly in the five-coordinate form), small (but clearly
detectable) line-broadening effects observedbf@H point

to the presence of a fraction of (TMPS)Fe(OH)YN in
equilibrium with the prevailing five-coordinate (TMPS)Fe-
(OH) form. In the case o1-OH, the exchange of bulk and
coordinated water at the iron(lll) center is clearly evident
from the line-broadening data. This shows that the affinity
of the iron(Ill) center in (Pt)Fe(OH) for the axial HO ligand - =
is increased by the highly positively charged porphyrin 350 400 450 500 550 600
periphery, such that gP)Fe(OH)(HO) is the main (or Wavelength, nm

exclusive) porphyrin form present in solution at pHpKa1. Figure 4. (a) Spectral changes accompanying rapid binding of N& (1

Such a conclusion is in line with UWvis data indicating ~ 107 M) to 1-H;0 (2 x 10°° M) at pH 2 (T = 5 °C). (Inset) Fit of a
kinetic trace recorded at 432 nm to a single-exponential function. (b)

; i in8
depmtonat'on of the aqua I|gand In WFe(OH)(H?O) at Subsequent slow (minute time scale) spectral changes for the conversion
pH > 12. of the (PT)F€'(NO™) nitrosyl complex into the final product ¢P)Fe!-

In principle, two possible structures can be envisaged for (NO) via reductive nitrosylation.
1-OH in aqueous solution, as depicted bel#r?24.25

Absorbance
o
~
1

0,14

All in all, the spectroscopic studies described above

(@) mo (b) indicate the presence of six-coordinat&'(fFe(H0), at pH
et | 0 B0 < 5, in which the Fe-H,O bond is strengthened by the
_F?m— == =o' = mmpcllmm —\Féng— electron-withdrawing influence of the porphyrin meso sub-
OH Hio o o?H stituents. The six-coordinate {PFe(OH)(HO) (1-OH) is

assumed to be the predominant (or sole) formlLofh the
Although the exact coordination geometry cannot be pH range 6-12. The additional acidbase equilibrium
unequivocally assigned on the basis of our experimental observed forl at pH > 12 is ascribed to the formation of a
results, structure (a) is assumed to be more probable on thedihydroxo-ligated complex, (P)Fe(OH}.
basis of structural data reported for other high-spin six- Reversible Binding of NO to (P")Fe" (H.0),. The
coordinate iron(lll) porphyrir® and, thus, will be used addition of NO gas to a deoxygenated solutiorlefi,O at
throughout this work to depict the mono-hydroxo species pH 2 leads to a rapid spectral change that involves a shift of
1-OH. the Soret and Q-bands from 402 and 526 nm to 430 and
542 nm, respectively, as reported in Figure 4a. The initially
(23) Cusanelli, A.; Frey, U.; Ritchens, D. T.; Merbach, AJEAm. Chem. formed (F8+)Fé'(NO+) product (representing a{FeNC}G

Soc.1996 118 5265 and references therein. . . .
(24) (a) La, T.; Miskelly, G. M.; Bau, Rinorg. Chem1997, 36, 5321. (b) nitrosyl) is not stable but undergoes further reductive

La, T.; Miskelly, G-d M-Jh- Am. Chen;]Soc.1995 117, 3613. § nitrosylatiorf” to form (P+)Fe'(NO) (an{ FeNG” nitrosyl)
(25) Evans, D. B Reed, Ch. A. Am. Chem. S0@000 122, 4660 an on a time scale of several minutes. The final spectrum with
(26) Scheidt, W. R.; Reed, Ch. &£hem. Re. 1981, 81, 543. Soret and Q-bands at 420 and 552 nm (Figure 4b),
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Table 3. Rates and Activation Parameters for the Reversible Binding of NO-#O and1-OH

(P5*)Fe(H0), (P5*)Fe(OH)(H0)
T P Kon/10° Koft T P Kon/10° Koft Koft®
°C MPa M-1s1 s1 °C MPa M-1s1 s1 s
5 1.6+ 0.1 2.3+ 0.1 5 0.43+ 0.02 0.71+0.01 0.6+ 0.1
10 2.8+0.1 3.7£0.1 10 0.614+ 0.06 1.20+ 0.03 1.0+ 0.1
15 5.3+ 0.2 8.5+ 0.2 15 0.84+0.03 2.04+ 0.02 1.8+ 0.1
20 10.54+ 0.2 14.9+ 0.2 20 1.12+ 0.05 3.52+ 0.03 2.9+ 0.1
25 15.1+ 0.9 26.3+ 0.5 25 1.56+ 0.06 6.22+ 0.03 4.8+ 0.1
55 10 1.14+ 0.01 2.2+ 0.1 16.5 10 1.28 0.05 2.14+ 0.03
50 1.10+ 0.08 1.9+ 0.1 50 1.65+0.23 2.06t 0.02
90 1.06+ 0.04 1.6+0.1 90 2.05+ 0.05 1.98+ 0.03
130 1.05+ 0.11 1.3+ 0.1 130 2.55+ 0.01 1.88+ 0.03
AH*, kd/mol 77+ 3 83+4 41+1 72+ 2 72+ 1
AS, J/ImotK +94+ 12 +61+ 14 —45+ 2 +12+5 +10+4
AVF, cm¥/mol +1.5+0.3 +9.3+0.5 —13.84+0.4 +2.6+0.2

aData obtained by NO-trapping method with the use of'fRadta)(HO)]~, compare Figure S6 in Supporting Information.

respectively, is identical with that of {PFe'(NO), formed 8. The decrease in absorbance at 416 and 598 nm ac-
by the addition of NO to the reduced iron porphyringi(P companied by an increase in absorbance at 434 and 548 nm
Fe'. The observed reaction pattern is outlined in egb4  features the formation of the nitrosyl productg{fe!-
(NO*)(OH). As also observed at pH 2, the NO binding step
(p8+)|:é”(|-|zo)2 + Nog (P8+)Fé'(NO+)(H20) + H,0 in basic solution is followed by the formation of {PF€'-
ot (4) (NO) as the final reaction product. Due to insufficient
NO - stability of the initially formed{ Fe—NO}é nitrosyl complex,
(P")F'(NO")(H,0) — (P°*")Fe'(NO) + NO,” + 2 H". characterization of its acicbase properties by spectropho-
tometric titration could not be performed. However, the
Because reaction 5 is considerably slower than 4 over thedifference in the positions of the Soret and Q-bands in its
whole pH range studied, it did not interfere with the stopped- UV ~Vis spectrum (430 and 542 nm at pH 2, 434 and 548
flow kinetic investigations on the reversible NO binding to "M at pH 8, respectively) is ascribed to the formation of a
(PE)FE" . For clarity reasons, only kinetic data and mecha- deprotonated form of the nitrosyl complex at high pH (viz.
nistic information for reaction 4 will be reported here. Studies (P°")F€'(NO)(OH)) on the basis of analogous shifts ob-
on the subsequent reaction 5 for®(fFe! (and other  Served for (P)PENO)(L) species (L= H,O, OH") formed
differently charged water-soluble iron(lll) porphyrins) will by other water-soluble iron(ill) porphyrirfsence, the NO
be addressed in detail in a subsequent report. binding to1 at a high pH is described by reaction 7.
Stopped-flow kinetic studies performed under pseudo-first- Ko
order conditions with NO in excess indicated that reaction (P°")F€" (OH)(H,0) + NO === (P°)Fe'(NO™)(OH) +
4 follows first-order kinetics, and the observed rate constants H,O (7)
depend linearly on [NO], according to eq 6.
Kinetic studies on the reversible binding of NO1eOH
Kops = Kon[NOJ + Ky (6)  were performed at pH 8 according to similar experimental
procedures as those employed fbiH,O. Stopped-flow
measurements at 2& allowed for the determination of the
rate constantg,, = 1.56 x 13 M~1 st andky,; = 6.22 s

. oS from the slope and intercept of the linear plotkafs versus
[NO] at different temperatures (reported in Figure S2a, [NOJ, respectively. Comparison with the corresponding

ggrb)polrltlng (Ijnffornrw]atlor:). Iquear fEi:”ng pIOt,S (see Figure values obtained at the same temperature at pH 2 Kyiz=
) allowed for the calculation of the activation parameters 15.1x 10° M1 st andkos = 26.3 5%, see Table 3) shows

3 [’ ol ; _ 2
AH* and AS® for the “on” and “off” reactions. The corre that both the binding and release of NO are slowedf@H

spond_ing _activation volumes were obtained from stopped-fas compared to those 4tH,0. Systematic measurements
flow kinetic measurements on the pressure dependence Obf K, and ko values in buffered aqueous solutions in the

Kon and ko pgrformed in Fhe pressure range~IB0 MPa pH range 2-8 resulted in the pH-rate profiles presented in
(see Supporting Information, Figure S3). The rate ConStamS’Figure 6. The fit of the experimental data in Figure 6a and
and activation parameters determined in these studies arg) 15 a sigmoidal function resulted irkg values of 5.11+

summarized in Table 3. : L
. - 0.02 and 4.82+ 0.02, respectively. The close similarity of
+ 1l

.ReverS|bIe Bmdmg _o_f NO .to (Fr)Fe! (OH)(H-0). . both of these values toKp; of 1 indicate that the rate of
Figure '5'reports the initial rapid spectral chapge resulting NO binding and release is controlled by the nature of axial
from mixing (P")Fe"(OH)(H,O) and NO solutions at pH ligands in (B*)Fe! (L), and decreases on going fravH,0
(27) Femandez, B. O.: Lorkovic, I. M.: Ford, P. Gorg. Chem 2004 to 1-OH. A similar trend was observed previously for other

43, 5393 and references therein. water-soluble iron(lll) porphyrirfgvide infra). Mechanistic

Detailed kinetic measurements in the temperature range
5—25°C allowed for the determination &f,, andkys from
the slopes and intercepts of the linear plotskgf versus
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0,54

Absorbance
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0,24
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Figure 5. UV —vis spectral changes resulting from binding of NOX(11.0~3 M) to 1-OH (1 x 10-5 M) at pH 8 (T = 10 °C). (Inset) Fit of a kinetic trace

recorded at 435 nm to a single-exponential function.
6000

characterization of the reaction &¥OH with NO involved
the measurement &f, andk. as a function of temperature
and hydrostatic pressure, which provideHd*, AS, andAV*
values for the binding and release of NO at a high pH. The
experimental results obtained in these studies are summarized
in Figures S4-S5 (Supporting Information) and in Table 3. -
Mechanism of Reversible NO Binding to (PM)Fe" . S 000
Comparison with Other Water-Soluble Iron(lll) Por- &
phyrins.
A. Reactivity of (P8")Fe(H,0), Toward NO. Mechanistic
features of the reaction df-H,O with NO revealed that
variable temperature and pressure studies can be best

5000 -

4000

2000+

1000 -

a)

visualized by the volume profile constructed on the basis of
AVF,, and AVF values, as presented in Figure 7. The
positive sign of the activation volumes observed for both
“on” and “off” reactions evidences a dissociatively activated
mode of binding and release of NO fralnH,O. As can be

seen from the data summarized in Table 4, an analogous 8
mechanistic picture was revealed by previously reported
studies on NO binding to other (P)Fef®),. However, closer

inspection of the data in Table 4 shows that the absolute 64
values ofAV*,, and AV¥ 4, as well as the rate constants for "o 5]
the “on” and “off” reaction obtained fat-H,O, are markedly <

smaller than the values reported for the other porphyrins. In 4]
fact, despite the limited number of complexes studied, clear 3

reactivity trends can be identified for the (P)FeQhk species
reported in Table 4. These can be summarized as follows:

(i) The rate of NO hinding to (P)Fe(@®), increases with 1
increasing electron donation from the porphyrin meso
substituents. The latter is reflected by increasing contribution
of the intermediates = ¥/, spin state in the weakly spin
admixed (P)Fe(kD), complexes (int%}>1828Hence, rela-

Figure 6.

(28) Toney, G. E.; Gold, A.; Savrin, J.; Haar, L. W.; Sangaiah, R.; Hatfield,
W. E. Inorg. Chem.1984 23, 4350.

pH

pH dependence of the rate constakgs (@) and ko (b)
determined from the slopes and intercepts of linear ploksyefersus [NOJ,
respectively, measured in the pH range-2800. Experimental conditions
[1] =25x 10°M, T=15°C, | = 0.1 M (adjusted with KNG); pH
2—3.5: chloroacetate buffer; pH-b.5: acetate buffer; pH-67: Bis-
Tris; pH 8: Tris, [Buffer]= 0.05 M.
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Table 4. Rate Constants (at 298 K) and Activation Parameters for Reversible Binding of NO to a Series of Diagua-Ligated Water-Soluble Iron(lll)

Porphyrins
NO binding NO release
int%? Kon/10% AH*on ASon AVon Koft AH o AS off AV off

iron(lll) porphyrin -~ pKaz (%) M-1st kd/mol  J/motK cm’¥/mol st kJ/mol J/mokK cmé/mol
1 (PEHFe 5.0 10 15+01 77£3 +94+12 +15+03 26.3£05 83+ 4 +61+ 14 +9.3+ 0.5
2 (TMPYP*"Fe 5.5 7 29+02 674 +67+13 +39+1.0 59+ 4 108+5 +150+12 +16.6+0.2
3 (TPPS )Fe! 7.0 20 50+ 3 69+3 +95+10 +9+1 500+ 400 76+ 6 +60+ 11 +18+ 2
4 (P& )Fes 9.3 24 82+ 1 51+1 +40+2 +6.1+ 0.1 220+ 2 101+ 2 +140+7 +16.8+ 0.4
5 (TMPS™)Fe! 6.9 26 280+ 20 57+3 +69+11 +13+1 900+ 200 84+ 3 +94 £ 10 +17+3

aContribution of the intermediate spin sta®= 35) in the spin-admixed (P)M&H,0), porphyrins, calculated on the basis of the empirical equation
int% = [(80 — 0)/140] x 100, whered is the chemical shift of th@-pyrrole 'H, compare ref 182 This work. ¢ Reference 3& Reference 30¢ Reference
4b
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Figure 7. Volume profile for the reversible binding of nitric oxide to

tively slow NO coordination rates observed fbiH,0 and
2-H,0 with electron-withdrawing meso substituents become
faster in (P7)Fe(H:0), species3—5, for which increasing
electron donation from the porphyrin ligand (reflected by
the rising int%3° is observed. (ii) On the basis of the/*,,
values determined for the diaqua specless, it may be
concluded that the mechanism of the “on” reaction changesthat the reverse process, i.e., breakage of theN&@ bond
from predominantly dissociative #B-H,O to interchangelg
or l) in 1-H,O. Notably, the reactivity trends in (i) and (ii)
are ana]ogous to that observed for the Water-exchangem0|eCU|e is substantial. This is SUppOSGd to offset (tO some
process on (P)Fe(@®),. This is in line with earlier
conclusion&53that NO binding to diaqua-ligated iron-
(1) porphyrins is controlled by the rate-limiting water
displacement step. It is evident from (i) and (i) that a €lectronic features of the meso substituents, it is likely
porphyrin-induced increase in electron density on the iron- that, in addition to their electronic inﬂuence, other (|n
(1M center facilitates breakage of the +&®H, bond and
induces a dissociative mechanism. Conversely, the presenc&xtent) the kinetics and mechanism of NO binding and
of electron-withdrawing meso substituents in the porphyrin
periphery stabilizes the FeH,0 bond to such an extent that
an| mechanism (without a predominaat or d-character)
for NO coordination to the highly positively chargé&eH,O

is energetically preferred over a dissociative pathway. (iii)

(29) The inducing effect of porphyrin substituents is also reflected by the
pKa values of coordinated water in (P)Fe®),. However, due to the
fact that the acidity of coordinated water may easily be influenced by
other factors (in particular by through-space electrostatic interactions
with charged groups in the porphiryn periphery), the int% value is
used preferentially as a measure of the electronic influence of meso (31) (a) Linder, D. P.; Rodgers, K. R.; Banister, J.; Wyllie, G. R. A.; Ellison,
substituents in the porphyrin systems addressed in this work.

(30) Laverman, L. E.; Ford, P. Q. Am. Chem. So2001, 123 11614.
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An increase inkys on going from (PY)Fe'(H,0), to
(P)Fe"(H,0), shows that the release of NO from (P)Fe
(NO™)(H.0) is facilitated by electron-donating meso sub-
stituents, whereas positively charged meso groups apparently
stabilize the F&—~NO™ bond, making the NO dissociation
step relatively slow. This observation agrees with the recent
computational and experimental results reported for a series
of {FeNG® porphyrin nitrosyls, which indicated that the
addition of electron density at the meso carbon positions
weakens the FeNO bond3! (iv) A substantially smaller
AVFq¢ observed for (P)Fe'(NO*)(H.0) (viz. +9.3 cn?
mol™Y), as compared to the values reported for other
porphyrin nitrosyls AV ~ +17 cn® mol™), implies a less
dissociative mode for NO release in highly positively charged
(PHFE'(NOT)(H20). In general, the large positivV*
values found for NO dissociation from various porphyrin
nitrosyls were interpreted in terms ofdaactivated mecha-
nism, in which the rate-limiting breakage of theFeNO™
bond is accompanied by a significant volume increase due
to the lengthening of the FENO bond, spin change at the
iron(Il1) center, and solvational chang&s32.39Taking into
account that NO coordination td-H,O follows an |
mechanism, the principle of microscopic reversibility requires

in (P¥")Fe'(NO™)(H20), leads to the transition state in which
the degree of bond formation with the entering water

extent) other positive contributions to the observed activation
volume.
Taking into account the very different structural and

particular steric and electrostatic) factors affect (to a varying

release in the individual porphyrin complexes. For example,
a somewhat smallde, value observed fod as compared

to those for3 and5 (where the electron-donating influence
of the porphyrin ligand on the iron center is quite similar to
that in 4, as evidenced by similar int% values determined
for 3—5) may possibly result from the stabilization of a
bound NO ligand in (P)Fe'(NO")(H,0) via through-space
electrostatic interactions withCOO™ groups of the flexible
malonato substituents. Furthermore, despite the slightly larger

M. K.; Scheidt, W. RJ. Am. ChemSoc.2004 126, 14136. (b) Linder,
D. P.; Rodgers, K. RJ. Am. Chem. SoQ005 44, 1367.
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Figure 8. Volume profile for the reversible binding of nitric oxide to
1-OH.

int% value calculated fot as compared to that @ (which
suggests a longer F¢1,0 bond and, consequently, a more
labile iron center inl), the ke andk,, values measured for
1 are smaller than the corresponding values reporte@.for
This may reflect greater steric crowding around the iron

compared to that i-H,0, the rate of NO binding decreases
at a high pH. The latter effect is ascribed to electronic and
structural changes, which determine the free energy barrier
associated with the FENO bond-formation step. These
mainly involve the reorganization of spin density at the iron-
(i) center S=3/,,%,— S=0at low pH;S=5,— S=

0 at high pH) along with structural changes accompanying
this process. It was argugthat larger spin (and structural)
changes accompanying the formation and breakage of the
Fe'—NO* bond in the purely high-spin monohydroxo-ligated
species (as compared to those of the spin-admixed diaqua-
ligated forms) lead to a higher activation barrier for NO
coordination and release, thus decreasing the rate of these
reactions at high pH.The results obtained fdr are in line

with these earlier conclusions. In addition, although the
number of monohydroxo-ligated porphyrin complexes stud-
ied with regard to their reaction with NO is admittedly
limited, the data in Table 5 (which summarizes presently
available kinetic and mechanistic information on these
reactions) allow some additional comments to be made. It
is evident from the data in Tables 4 and 5 that the rate of
NO coordination and release is, in all studied cases, slower
for monohydroxo-ligated porphyrins as compared to that for
(P)Fe(HO),, and the NO binding is-activated (in contrast

center inl, where the presence of bulky meso substituents to a d-activated mode observed at low pH). Furthermore,

may impede formation of the transition state along an
interchange mechanistic pathway assigned forThis
contrasts the situation in the open-faced porphgriwhere

the ko values measured for diaqua-ligated porphyrins vary
within ca. 2 orders of magnitude and tend to correlate with
the int% calculated for a given (P)Fef®l, complex,

access of the entering ligand to the metal center is very facile.whereas differences in the NO binding rates are relatively
Nevertheless, although the influence of steric and electrostaticsmall for various monohydroxo-ligated porphyrins. This
effects should not be neglected in considering the reactivity again points to the different nature of the rate-limiting step
of a given porphyrin system toward NO, the data in Table 4 for NO binding at low and high pH. Because the lability of
suggest that modulation of electron density on the iron centerthe metal center is the decisive factor for the rate of NO

by the porphyrin macrocycle is the main factor tuning the
dynamics of reversible NO binding to (P}iHgH,0)s.
B. Reactivity of (P®")Fe(OH)(H.O) Toward NO. As

binding at low pH, its increase (correlating with higher int%)
results in a faster NO-binding rate. On the contrary, electronic
and structural factors governing the rate-limiting—#¢O

already stated in our earlier reports that addressed thebond formation at high pH are expected to vary relatively

reactivity of ferric porphyrins toward NO as a function of

pH? kinetic and mechanistic features of reversible NO
binding to (P)Fe(OH) differ entirely from those observed
for the diaqua-ligated forms. Although NO coordination to
(P)Fe(HO), is d-activated, an associative activation mode
was observed for nitrosylation of (P)Fe(OH). It was also
concluded that the rate of NO binding to (P)Fe(OH) is
controlled by an FeNO bond-formation step rather than

by the lability of the iron center. Due to electronic reasons
(see below), the formation of the F&IO bond apparently

little for different (P)Fe(OH) species, which all represent
purely high-spin porphyrin complexes.

It follows from the data summarized in Table 6 that the
relative decrease in the valueslgf andk.s on going from
a diaqua- to a monohydroxo-ligated (P)Feomplex varies
considerably among the complexes studied. In particular,
whereas for (TMPS)HE (5) the rate constants for the “on”
and “off” reactions decrease ca. 190 and 90-fold, respectively,
at high pH, much smaller changeskiy andk. are observed
for 1. It can be argued that these differences reflect different

exhibits a higher activation barrier in (P)Fe(OH) as compared electronic and structural features @fand 5. Due to a

to (P)Fe(HO),, such that a decrease kg, (as well as in

relatively large contribution of thé& = %/, spin state in

kotr) is observed at a high pH. These earlier conclusions are5-H,0O, considerable tetragonal distortion (manifested by

nicely illustrated by the experimental results obtained for
(P®")Fe(OH)(HO). The associative nature of NO coordina-
tion to 1-OH is evident from the volume profile depicted in
Figure 8. That the rate of NO coordination 1eOH is not
controlled by the lability of the metal center is obvious from
opposite effects of increasing pH on the valuekgqfand

short Fe-N, and elongated axial bonds) is expected for this
complex, in line with the observed lability of the iron center

in 5-H,O. A comparison of typical structural features of six-
coordinate spin-admixed porphyr#g? with those of low-

spin {FeNG® porphyrin nitrosyl&® (see Figure 9) also
suggests that rather small structural changes occur upon the

kon, Whereas a faster water-exchange rate at high pH indicateformation (and breakage) of the +8I/O bond in spin-

an increase in the lability of coordinated waterlifOH as

admixed5-H,0. Thus, due to a facile substitution step and
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Table 5. Rate Constants (at 298 K) and Activation Parameters for Reversible Binding of NO to Water-Soluble Monohydroxo-Ligated Iron(lll)

Porphyrins
NO binding NO release
kon/104 AHton ASton AVton koff AHtoff AStol‘f Awoﬁ

iron(Ill) porphyrin ~ pKa1 M-1st kJ/mol J/motK cm’¥mol st kJ/mol J/mokK cm’¥/mol
1 (PHFer 5.0 0.16+ 0.01 41+ 1 —45+2 —-13.8+04 6.2+ 0.1 72+ 2 +12+5 +2.6+0.2
2 (TMPyP*)Feb 5.5 0.36t 0.01 41.4+ 0.5 —38+5 —13.7+0.6 3.2:0.1 78+ 2 +25+7 +9.5+0.8
5 (TMPSY)Fe 6.9 1.46+0.02¢ 28.1+06 —128+2 —16.24+0.4 10.5+0.2¢ 90+ 1 +77+3 +7.4+1.0
4 (Pe)Fe® 9.3 5.1+ 0.2f 34.6+ 0.4 —39+1 —-6.1+0.2 11.4+0.3f 10742 +136+7 +17+3

aThis work. P Details of mechanistic studies performed within this workZeéDH are reported in Figures SB and in Table S1 of Supporting Information.
¢ Reference 4& Calculated for 298 K from the Eyring plots reported in ref #Reference 4b\ At 297 K.

Table 6. Ratio of Rate Constants Observed for the NO BindiKg<Y
oM and NO Release2°k3) for Selected Water-Soluble Iron(lll)
Porphyrins

iron porphyrin int% K970 KOS
1 (PH)Fe 10 9.4 4.2
2 (TMPyP*)Fe 7 8.0 18.4
4 (P*)Fe 24 16 193
5 (TMPS™)Fe 26 192 85

relatively small electronic and structural changes, the energy

barrier associated with reversible NO binding5é.0 is
expected to be small. In contrast, the reaction of NO with
purely high-spin five-coordinaté-OH involves greater
reorganization of spin density at the metal cen&r=(%/, —
S=0, as compared t8 = 3,, %, — S= 0 at low pH) and

larger structural changes (i.e., movement of the iron center
into the porphyrin plane, a change in the coordination num-

ber, and contraction of the F&, bonds). As a consequence,

large differences are observed in the kinetics of the reaction

of 5 with NO at low and high pH, respectively. In the case
of 1 the degree of spin admixture in diaqua-ligate¢i,O
is small, i.e., the complex is almost purely high spin.

2) b) H,O

NO*

‘1 5 227

2.00

I
tFe_ o ——

2.08

SN, =7

|1.76
(6]

Figure 9. Typical structural features of Fe(lll) porphyrins: (a) low-spin
(TPP)F(NO™)(H20)¢, (b) admixed intermediate-spin (P)Fe(EtOH)(®Y
complex P = tetramethylchiroporphyrin) exhibiting largg= 3, contribu-
tion in the ground spin stat& and (c) five-coordinate high-spin (P)F®
unit of theu-oxo bridged dimer (TPP)FeO—Fe(TPP)3

Examination of the activation volumes for the “on” and

Furthermore, the excessive positive charge on the porphyrin“off” reactions of monohydroxo-ligated complexes reported

stabilizes the axial FeH,O bonds, making the NO coordi-
nation at low pH relatively slow. The high-spih-OH
complex formed at high pH is most probably six-coordinate,
with the iron(lll) center placed in the porphyrin plaftehus,

in the case ofl, electronic and structural changes upon the
coordination (and release) of NO tb-H,O and 1-OH,
respectively, are presumably quite similar, resulting in small
differences inko,n and ko values at low and high pH.
However, because boly, andkys values may be influenced
by various additional factors in (P)ecomplexes (such as

in Table 5 allows two further comments. First, based on the
differences in theAV¥,, and AV¥, values among the
complexes studied, it may be concluded that the transition
state in thea-activated binding of NO occurs at different
positions along the reaction coordinate. The activation
volumes measured for the “on” and “off” reactions4+OH,

viz. AV¥,n = —6.1 cn® mol~t andAV# .5 = +17 cn® mol ™,
suggest an “early” transition state for this reaction, whereas
the corresponding values fdrOH point to a “late” transition
state. Second, the overall volume change calculated. for

steric crowding, through-space electrostatic interactions of (viz. —16.4 cnf mol™) is smaller than those observed for
axial ligands with charged porphyrin substituents, etc.), the 2—4 (ca. —23 cn? mol™). This difference can be ascribed

scatter in the changes K, and ko values for complexes
reported in Table 6 is not surprising in view of their widely
different steric, electronic, and structural features.

to the presence of a weakly bound water moleculé-@H,
which is released from the complex upon coordination of
NO, partially compensating the volume decrease associated
with the formation of the PFe-NO" bond. Such a partial

(32) (a) Simonato, J.-P.; Pecaut, J.; Le Pape, L.; Oddou, J.-L.; Jeandey,compensation is not expected for the five-coordinate (P)Fe-

C.; Shang, M.; Scheidt, W. R.; Wojaczki, J.; Wotowiec, S.; Latos-
Grazhski, L.; Marchon, J.-Clnorg. Chem200Q 39, 3978. (b) Safo,
M. K.; Schmidt, W. R.; Gupta, G. P.; Orosz, R. D.; Reed, Ch. A.
Inorg. Chim. Actal991 184 251. (c) Cheng, B.; Scheidt, W. Rcta
Crystallogr., Sect. C: Cryst. Struct. Commut995 57, 1271. (d)
Koérber, F. C. F.; Lindsay Smith, J. R.; Prince, S.; Rizkallah, P.;
Reynolds, C. D.; Shawcross, D. R.Chem. Soc., Dalton Trans991,
3291.

(33) (a) Hoffman, A. B.; Collins, D. M.; Day, V. W.; Fleischer, E. B.;
Srivastava, R. S.; Hoard, J. . Am. Chem. S0d.972 94, 3620. (b)
Swepston, P. N.; Ibers, J. Acta Crystallogr., Sect. C: Cryst. Struct.
Commun.1985,41, 671.
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(OH) species, which are (presumably) the predominant forms
of 2—5 at pH > pKa.

Conclusions

The results of kinetic and mechanistic studies on the
reversible binding of NO td are in line with our earlier
observations that the reactivity of model water-soluble iron-
(1) porphyrins toward nitric oxide is tuned by the pH of
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the solutiort: In this context, the pH-induced change from reductive nitrosylation to form @)Fe'NO ({FeNG 7 ni-
diaqua- to monohydroxo-ligated porphyrin slows down the trosyl) as the final reaction product. This reaction will be
binding and release of NO and results in a mechanistic addressed in detail along with data for related complexes in
changeover in the coordination of NO to the iron(lll) center. a following report.

A comparison of experimental data obtained avith those The important role of electronic, structural, and environ-
reported for other water-soluble (P)F@orphyrins clearly  mental factors (especially pH) on the reactivity of the studied
shows that the nature and charge of substituents in theporphyrin complexes toward NO can be of biological
porphyrin periphery affect the dynamics of both the binding  sjgnificance. Although the pH ranges selected to differentiate
and release of NO. These effects are particularly evident in hetween the reactivity pattern of the diaqua and hydroxo
the reactions of diaqua-ligated porphyrins, where the effective complexes are in some cases far away from biological
electron density on the metal center influences the lability conditions, local effects in the catalytic “pockets” of enzymes
of coordinated water (which determines the rate of the “on” ¢ap induce a drastic change in the apparent acidity and result

reaction) and the strength of the £8O bond in the iy a4 mechanistic changeover, as reported in this study.
{FeNQG ¢ product (as evidenced by variation kg values

determined for the complexes studied). Other (mainly steric ~ Acknowledgment. We gratefully acknowledge financial
and electrostatic) factors are likely to influence the binding support from the Deutsche Forschungsgemeinschaft within
and/or release of NO in specific porphyrin systems. Despite SFB 583 “Redox-active metal complexes”.

a rather limited set of studied porphyrins, it can be concluded

on the basis of the available data that reversible binding of Supporting Information Available: = Figures S8 and Table

NO to iron(lll) porphyrins is very sensitive to the nature of S1. This material is available free of charge via the Internet at
axial ligands and the porphyrin periphery. The Nijand http://pubs.acs.org.

in the { FeNQG ¢ nitrosyl formed byl undergoes subsequent 1C051339V
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