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Mechanistic insight on the reversible binding of NO to Fe' chelate complexes as potential catalysts for the removal
of NO from effluent gas streams has been obtained from the temperature and pressure parameters for the “on”
and “off” reactions determined using a combination of flash photolysis and stopped-flow techniques. These parameters
are correlated with those for water exchange reactions on the corresponding Fe" and Fe'' chelate complexes, from
which mechanistic conclusions are drawn. Small and positive AV* values are found for NO binding to and release
from all the selected complexes, consistent with a dissociative interchange (l5) mechanism. The only exception in
the series of studied complexes is the binding of NO to [Fe'(nta)(H.0),] . The negative volume of activation observed
for this reaction supports the operation of an I, ligand substitution mechanism. The apparent mechanistic differences
can be accounted for in terms of the electronic and structural features of the studied complexes. The results
indicate that the aminocarboxylate chelates affect the rate and overall equilibrium constants, as well as the nature
of the substitution mechanism by which NO coordinates to the selected complexes. There is, however, no simple
correlation between the rate and activation parameters and the selected donor groups or overall charge on the
iron(ll) complexes.

Introduction

It has been our interest in recent years to find metal
chelates for the selective and efficient binding of NO in

gases.

to enhance the solubility of NO in aqueous solution in
industrial applications in order to remove NO from exhaust

agueous solution, to be employed in alternative denitrification
processesThe fundamental coordination chemistry involves
the reversible or partially reversible binding of NO to
inexpensive and highly soluble chelate complexes of iron-
(11).23 Aminocarboxylate complexes of iron(ll) are known
for their ability to bind NO rapidl§ " and are therefore used
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On the other hand, the iron(ll) polyaminocarboxylate
complexes have recently become of interest as potential
agents for the control of nitric oxide levels during NO-
mediated pathological events in the human body. Septic
shock is the most dramatic manifestation of systematic acute
inflammatory reactions which can lead to tissue damage, a
severe drop in blood pressure, and vascular coll&g8én
this context, the finding of new drugs that can reduce the
nitric oxide level in this and other diseases has become a
current clinical goal. This proposition has stimulated Shep-
herd et al. to synthesize and characterize sever§|Le
(NO) complexes of aminocarboxylate and pyridyl-based
ligand system&! They have found that although the studied
complexes bind nitric oxide very rapidly, forming relatively

(7) Zang, V.; Kotowski, M.; van Eldik, Rlnorg. Chem1988 27, 3279.
(8) Fricker, S. PPlatinum Met. Re. 1995 39, 150.
(9) Nathan, CFASEB J1993 6, 3051.
(10) Moncada, S.; Palmer, R. M.; Higgs, E. Pharmacol. Re. 1991, 43,
109.
(11) Shepherd, R. E.; Sweetland, M. A.; Junker, DJHnorg. Biochem
1997, 65, 1.
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stable NO adducts, the parent'He) complexes are inher-
ently oxygen sensitive, which will limit their utilization as

Schneppensieper et al.

other complexes have significantly lower stability constants
due to their lower binding rate constants. In general, a good

NO scavengers in the bloodstream. However, independentagreement between the values of the formation conktant

studies revealed that iron(lll) complexes such a¥(Eipa)
bind to NO upon reduction to Eet physiologically relevant

calculated from the kinetic data and those determined directly
with the aid of a combined spectrophotometric and poten-

potentials and are able to protect mice against death causediometric (NO sensitive electrode) technique was observed.

by septic shock? In this respect, little mechanistic informa-

Unfortunately, detailed mechanistic insight into such pro-

tion is presently available on the nitrosylation reactions of cesses cannot be obtained from the rate law and correspond-
aminocarboxylate complexes of iron(ll), although some ing rate constants onRp.
scattered rate constants for these reactions and stability For that reason we have now performed a more detailed
constants are reported in the literatéffe? study of the effect of temperature and pressure on the kinetics
In a recent papérwe reported the extent to which the of the binding and release of NO on a series of selected
reversible binding of NO to polyaminecarboxylate complexes complexes, and we report in this paper the activation
of iron(Il), shown in reaction 1, can be tuned by the selected parametersAH*, AS, and AV¥) for the studied reactions.
chelate. In general, a good correlation between the oxygenThese include the reaction of NO with 'Feomplexes of
sensitivity of the chelated iron(ll) complex and the formation mida~ and edt& as typical representatives of complexes
constant for the FeNO complex, i.e., the ability of chelated  which behave rather differently with respect to the binding
iron(ll) to bind NO, was found. This trend correlated with a of NO. The mida complex shows almost no oxygen sensitiv-
decrease in the reversibility of the reaction, i.e., the ability ity, exhibits a low binding affinity for NO, and releases NO
of the formed FeNO complex to release NO, and an almost completely reversibly on passing an inert gas through

increasing tendency of the F&IO complex to exist as e~

NO~ in solution. The latter complex undergoes subsequent
decomposition during which chelated iron(lll) andNare
formed.

Fe'(L)H,0 + NO = Fé'(L)NO + H,0 ky,, ky
Ko = Korf Kot (1)

the solution. In contrast, the edta complex of Reextremely
oxygen sensitive, shows a very high binding affinity for NO,
and releases NO only slowly when treated with an inert gas.
Kinetic studies on the “on” and “off” reactions were
performed using stopped-flow and flash photolysis tech-
niques. A detailed comparison in terms of oxygen sensitivity,
binding constant for NO, and kinetic data for the “on“ and
"off* reactions was made for the closely related edta and

In a Subsequent paper we reported Systematic kinetic hedtra systems. In addition, the nta Complex was investigated

studies on the reaction of NO with selected Eemplexes,

since it shows an intermediate behavior in terms of its

based on their rather unique behavior as observed in our morgeversibility, oxygen sensitivity, and rate constants as

general and qualitative investigation referred to alzé¥aur
different kinetic techniques were employed to study the
binding reaction of NO to a series of aminocarboxylate
complexes of P& The fastest rate constant for the binding
of NO was found in the case of edtawhich is ca. 4 times
faster than for the reaction of Hgedtra)HO with NO. All
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32,09.
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compared to the edta and mida systems. In order to throw
more light on the nature of the intimate mechanism involved
in the binding of NO, water exchange reactions on selected
Fé' chelate complexes were performed usii® NMR
techniques. These results provide a quantitative basis for the
assignment of reaction mechanisms that can account for the
earlier observed trends.

Experimental Section

Materials. Chemicals of analytical reagent grade and deionized
water were used throughout this study. The complexes were
prepared in solution from &0, 7H,O and Na(H.edta), hedtra,
nta (Aldrich), and mida (Akzo Nobel). The complex K[Ru(Hedta)-
Cl]-2H,0 was prepared from KRuCls(H,O)] according to literature
method<” Acetic acid/sodium acetate buffers were used to control
the pH of the solutions, and NaCJ@vas used to adjust the ionic
strength of the medium. NO gas, purchased from Messer Griesheim
or Riessner Gase in a purity of at least 99.5 vol %, was cleaned
from trace amounts of higher nitrogen oxides such a®;Nand
NO, by passing it through an Ascarite Il column (NaOH on silica
gel, Sigma-Aldrich). NO from a gas tank should not be used after
6 months following the date of its industrial preparation, since
decomposition causes a drastic decrease in the purity of the gas.
The decomposition is pressure dependent, which led us to only use
bottles filled with a maximum pressure of 20 bar, and resulted in
a longer lifetime of the NO gas.

(27) Diamantis, A. A.; Dubrawski, J. Mnorg. Chem.1981, 20, 1142.



Reversible Binding of NO to Iron(ll) Chelates

Table 1. Summary of the Chelate Ligands Used within This Study

Structure Abbreviation | Name

edta Ethylenediaminetetraacetic acid

HO.

°=&r<

Hedtra Hydroxyethylenediaminetriacetic
OTOH acid
nta Nitrilotriacetic acid

N /\”/ mida Methyliminodiacetic acid
|
c

Hs

e
aeu
¢

A
g

By

jg

Preparation of Solutions.Preliminary studies demonstrated that Applied Photophysics for detection and a Nd:YAG laser (SURLITE
Fé'(edta) and PHhedtra) are extremely oxygen sensitive and are 1—10 Continuum) pump source operating in the secdggd £ 532
rapidly oxidized to F#(edta)/(hedtra). In order to avoid this nm) harmonic (245 mJ pulses with7 ns pulse widths). Spectral
complication and possible side reactions with NO, all falutions changes at appropriate wavelength were monitored using a 100 W
were prepared in the absence of @ stock solution of the ligand xenon arc lamp, monochromator, and photomultiplier tube PMT
containing NaClIQ (to adjust the ionic strength) was degassed on 1P22. The absorbance reading was balanced to zero before the flash,
a vacuum line and washed a few times with inert gas (1 min/mL), and data were recorded on a digital storage oscilloscope DSO HP
before the Fésalt was added. The K[Ru(Hedta)@H,O complex 54522A and then transferred to a computer for subsequent analysis.
was dissolved in aqueous solution in the absence of a buffer, underGastight quartz cuvettes and a pill-box cell combined with high-
which conditions it rapidly aquates to the corresponding aqua pressure equipmefitwere used at ambient and under high pressure
complex?829 The pH was adjusted with NaOH and HGIO he (up to 170 MPa), respectively. At least 30 kinetic runs were recorded
nitrosyl complexes of Féedta), F&(hedtra), F&(nta), Fé (mida), under all conditions, and the reported rate constants represent the
and Fé(mida) (see Table 1 for selected abbreviations) were mean values of these.
prepared by passing NO through the ferrous solutions for some  The rate constant for the NO uptake reaction is detected around
minutes. In order to remove noncoordinated NO, the solutions were 435 nm, where a maximum in the UV/vis spectrum for Fe(L)NO
bubbled for a short time with inert gas, before they were transferred s present. A stock solution of NO is prepared in a gastight syringe
with the aid of gastight syringes to the stopped flow unit or by degassing a 0.2 M acetate buffer solution &#5.0), followed
spectrophotometer cells. Blank experiments indicated that no O by saturation with NO. Dilutions of known concentration were
entered the test solutions during the chosen handling procedure prepared from this saturated solution by use of a syringe technique.

Kinetic Measurements. Stopped-Flow.The kinetics of nitric Oxygen free solutions of iron(ll) complexes were prepared and
oxide release from nitrosylated 'Ke) complexes was studied on  diluted to appropriate concentrations on the vacuum line.
a thermostated%0.1°C) stopped-flow spectrometer (SX-18 MV, Water Exchange ReactionsVariable-temperature/pressure Fou-

Applied Photophysics) coupled to an online data acquisition system. riar transformi’o NMR spectra were recorded at a frequency of
High-pressure stopped-flow experiments were performed on ag4 24 MHz on a Bruker Advance DRX 400WB spectrometer
custom-built instrument described previo#8lgt pressures up to equipped with a superconducting BC-94/89 magnet system. The
130 MPa. At least five kinetic runs were recorded under all temperature dependence of tH® line broadening was studied
conditions, and the reported rate constants represent the meanyer as wide a temperature range as experimentally necessary (268
values. The kinetic data were analyzed with the OLIS KINFIT 353 K). A homemade high-pressure probe described in the
program. ] o . literaturé? was used for the variable-pressure experiments which
Laser Flash Photolysis.Laser flash photolysis kinetic studies \yere conducted at the selected temperature (see Table 3) and at
were carried out with the use of the LKS.60 spectrometer from ambient, 30, 60, 90, 120, and 150 MPa pressure. A standard 5 mm
NMR tube cut to a length of 45 mm was used for the sample

(28) Bajaj, H. C.; Das, A.; van Eldik, Rl. Chem. Soc., Dalton Trans.

1998 1563.

(29) Wanat, A.; Schneppensieper, T.; Karocki, A.; Stochel, G.; van Eldik, (31) Spitzer, M.; Gartig, F.; van Eldik, RRev. Sci. Instrum 1988 59,
R. J. Chem. Soc., Dalton Tran2002 941. 2092.

(30) van Eldik, R.; Gaede, W.; Wieland, S.; Kraft, J.; Spitzer M.; Palmer, (32) Zahl, A.; Neubrand, A.; Aygen, S.; van Eldik, Rev. Sci. Instrum.
D. A. Rev. Sci. Instrum.1993 64, 1355. 1994 65, 882.
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Table 2. Summary of Kinetic and Thermodynamic Parameters at@%or the Reversible Binding of NO to a Series of'Rehelate Complexes

complex Kory M71s71 ko, ST AH¥, kImotf! AS,JKImol™t AV, cnémol™? K (Kon/Koff), M~1 K, M1 method

Fel(edta)l  (2.440.1) x 108 2441 —4+3 +4.14+0.2 fp
91.0+0.4 61+ 2 -5+7 +7.6+ 0.6 (10.4°C) s

(21+05)x 10F (2.14 0.2) x 10P
Fél(hedtra)2 (6.1+ 0.1)x 107 26+ 1 —12+3 +2.84£0.1 fp
42+0.1 73+ 1 11+ 4 +4.4+ 0.8 (25.0°C) sf

(1.14+0.4)x 107 (154 0.2) x 107
Fi(nta)3  (2.1£0.1)x 107 24+1 —22+3 -1.5+0.1 fp
9.3+06  66+1 —5+4 ~3.5+ 0.7 (25.0°C) sf

(1.84+0.3)x 106 (1.8 0.2) x 10P
Fel(mida)4 (1.9+0.1)x 10° 40+1 8+3 +7.6+£0.4 fp
57.3+0.4 47+ 2 —55+5 +6.8+ 0.4 (10.3°C) sf

(2.1+0.6)x 10 (9.5+ 0.7) x 10°
Fel(midap5 (1.8 0.1)x 10° 34+1 —13+3 +8.1+£0.2 fp
62.2+ 0.6 64+ 1 5+5 +5.1+ 0.5 (10.0°C) sf

(3.0 0.4)x 10 (2.2+ 0.6) x 10*
aFlash photolysis? Stopped flow.

Table 3. Kinetic Parameters for Water Exchange Reactions on Mida Complexes of Iron(ll)

kexat 25°C, st AH*, kJ mol? AS, J K mol? AVF, e mol—t k (1 bar)as™t k (temp)P st
Fe!(mida)4 1.8 %107 27+3 —164+11
+1.2+ 0.2 (10.0°C) 1.3x107 1.2 x107
Fe'(mida)y 5 2.4 x107 39+3 27+ 10
+3.2+ 0.2 (9.0°C) 1.5x107 1.5 %107

aRate constant at atmospheric pressure extrapolated from the pressure dependeh&atatamnstant from the temperature dependence data extrapolated
to the temperature at which the pressure dependence was studied.

solutions. The pressure was transmitted by a movable macor pistondistribution for the F& complexes of midaindicates that at
and the temperature was controlled as described elsewhere. pH 5, where most of the experiments were performed, mainly
Other Measurements.UV/vis spectra were recorded on a Cary  the 1:1 complex will exist in solution when a 10% excess
1G UVivis spectrophotometer from Varian ugim 1 cmquartz  of the ligand was used. The 1:2 complex will only be present
cuvette directly attached to a round flask with a sideways gas 55 the major species when a large excess (ca. 20-fold) of
connection. pH measurements were performed with the aid of amida- is used. It is presently not known whether these
Mettler Delta 340 pH-meter. The reference electrode was filled with . . L )
NaCl instead of KCI to prevent precipitation of KC/OThe comp!e_xes are six- or seven-coordinate species in solution.
Surprisingly little has been reported on the speciation of the

determination of the stability constankgo was performed as | B
described elsewhefeThe concentration of free nitric oxide in  F€ (Nta) system. The [F¢nta)(HO)]~ complex has a

solution was determined with an ISO-NOP electrode connected to Moderate lod; value of 8.83 at 20C.3* The 2:1 complex,

an 1SO-NO Mark Il nitric oxide sensor from World Precision [F€'(nta)]*", was reported to have a small I6g of 4.3 at
Instruments. The NO electrode consists of a membrane-covered20 °C; these workers also report a small tendency to form
anode which selectively oxidizes NO to NOions. The resulting the pendant protonated [RataH)(HO)s] species’® There-
current is proportional to the concentration of NO in solution. The fore, for a 1:1 ratio of F&é and ntd, it is reasonable to

nitrite and potassium iodide according to the method suggested by[Fe“(nta)(HgO)g]’ complex.

the manufacturers. The calibration factor n/ was determined

i icll X—
with a linear fit program. In the presence of L, the reaction product is'[iEgNO]*~,

i.e., {Fe—NO}’, which can formally be stabilized as either
Results and Discussion [FE(L)(NOH)]*~ or [Fe" (L)(NO)]*". The tendency of Fe
i ~ (L) to reversibly bind NO correlated directly with the oxygen

Wg first focus on the nature of the selec.:ted' complexes in sensitivity of the F& complexes, suggesting that Fe(L)NO
50'““‘)”; .The net charge on the CQmP'ex IS given 'vyhen the s stabilized in the form of FEL)(NO™) similar to that found
composition of the complex in solution can be specified, .9., for the binding of dioxygen, viz., PEL)(O").! Information
[Fe'(edta)f~. A coordinated water molecule was detected , the nature of the Fe(L)NO product was obtained from
in the crystal structure of the seven-coordinate edta com- g1_|r spectroscopy and analyses of the decomposition
plex which can therefore be represented by the formula products. In the case of Fg)NO (L = edtd"), a charac-
[Fe/(edta)(HO)]*". So far no crystal structure is known for  teristic NO band is observed around 1777 émwhich is
the Fd complex of hedtra, but based on our earlier studfes assigned to the binding of NO as'FeNO~ . This assign-
and the results from this study, the complex is expected t0 ent is in good agreement with the description of the

be present as a seven-coordinate species in solution with 0n&ecronic structure of theFeNG 7 unit reported for the two
water molecule bound to the iron center. The species

(34) Martell, A. E.; Smith, R. MCritical Stability ConstantsPlenum: New

(33) (a) Mizuta, T.; Wang, J.; Miyoshi, KBull. Chem. Soc. Jpr1993 66, York, 1974; p 141.
2547. (b) Mizuta, T.; Wang, J.; Miyoshi, Knorg. Chim. Actal995 (35) Borggard, O. K.; Farver, O.; Andersen, V /A&ta Chem. Scand971,
230, 119. 25, 3541.
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nitrosyl (S = 3,) complexes [F&edta)NO] and [F§Mes-
TACN)(NO)(N3),] by Solomon and co-workerS.A com-
bination of experimental (X-ray absorption, EPR, SQUID

magnetic susceptibility, resonance Raman spectroscopy, near-

IR/UV —vis absorption, and MCD) and theoretical (SCE-X
SW) methods indicated that in such complexes iron is best
described as high spin Fe(S= %) and NO as NO (S=

1), which are antiferromagnetically coupled to produce the
total spin state of $= 3/,.3¢ The slightly shifted bands for
the other [F&(L)NO]*~ complexes also correspond to species
formally written as [F& (L)(NO™)], indicating a pronounced
electron donation from the metal to the ligand. Furthermore,
spectroscopic studies on non-heme iron nitrosyl centers in
proteing® 43 and inorganic complexé4,4° in combination
with sophisticated theoretical calculations, provide compel-
ling evidence that th€FeNG 7 unit with spin quartet ground
state & = 3/,) in the structurally well characterized iron
nitrosyl complexes is best described by a bonding model
based on high-spin teantiferromagnetically coupled to
NO~ (S=1). Recently, the same binding mode was found
for the nitrosyl complex formed in the classical “brown-ring”
reaction of [Fe(HO)s]>" with NO. From the spectral (EPR,
Mdéssbauer, and UVvis) data reported for this nitrosyl
product, it is clear that the complex can be formulated as
[FE"(H,0)s(NO)]?" and not as [PéH.O)s(NO")]?" as
claimed beforé?

Kinetics of the “On” Reaction. The binding of NO to
complexes of the type @) can be expressed by the overall
reaction given in eq 1. Based on a literature repamtwhich
kon Was measured directly at low temperature for the binding
of NO to [RuU"(edta)HO]~ using stopped-flow techniques,

(36) Brown, C. A.; Pavlosky, M. A.; Westre, T. E.; Zhang, Y.; Hedman,
B.; Hodgson, K. O.; Solomon, E. 0. Am. Chem. Sod995 117,
715.

(37) Arciero, D. M.; Lipscomb, J. D.; Huynh B. H.; Kent, T. A.; Muk,

E. J. Biol. Chem.1983 258 14981.

(38) Nocek, J. M.; Kurtz, D. M., Jr.; Sage, J. T.; Xia, Y.-M.; Debrunner,
P.; Shiemke, A. K.; Sanders-Loehr, T. Biochemistryl988 27, 1014.

(39) Rodriguez, J. H.; Xia, Y.-M.; Debrunner, .Am. Chem. S04.999
121, 7846.

(40) Bill, E.; Bernhardt, F.-H.; Trautwein, A. X.; Winkler, Heur. J.
Biochem.1985 147, 177.

(41) Haskin, C. J.; Ravi, N.; Lynch, J. B.; Mok, E.; Que, L., Jr.
Biochemistry1995 34, 11090.

(42) Chen, V. J.; Orville, A. M.; Harpel, M. R.; Frolik, C. A.; Sureros, K.
Munck, E.; Lipscomb, J. DJ. Biol. Chem.1989 264, 21677.

(43) Orville, A. M.; Chen, V. J.; Kriauciunas, A.; Harpel, M. R.; Fox, B.
G.; Munck, E.; Lipscomb, J. DBiochemistry1992 31, 4602.

(44) (a) Enemark, J. H.; Feltham, R. Doord. Chem. Re 1974 13, 339.
(b) Feltham, R. D.; Enemark, J. H. Ifiopics in Inorganic and
Organometallic Stereochemistrieoffroy, G. L., Ed.; Vol. 12 of
Topics in Stereochemistrpllinger, N. L., Eliel, E. L., Series Eds.;
Wiley: New York, 1981; p 155. (c) Westcott, B. L.; Enemark, J. H.
In Inorganic Electronic Structure and Spectroscp@plomon, E. I.,
Lever, A. B. P., Eds.; Wiley: New York, 1999; Vol. Il, p 403.

(45) Wells, F. V.; McCann, S. W.; Wickman, H. H.; Kessel, S. L.;
Hendrickson, D. N.; Feltham, R. Dnorg. Chem.1982 21, 2306.

(46) Feig, A.; Bantista, M. T.; Lippard, S. lhorg. Chem1996 35, 6892.

(47) Pohl, K.; Wieghardt, K.; Nuber, B.; Weiss,Jl.Chem. Soc., Dalton
Trans.1987 187.

(48) Westre, T. E.; Di Cicco, A.; Filipponi, A.; Natoli, C. R.; Hedman, B.;
Solomon, E. I.; Hodgson, K. Ql. Am. Chem. S0d.994 116, 6757.

(49) Hauser, C.; Glaser, T.; Bill, E.; Weyhettiar, T.; Wieghardt, K.J.
Am. Chem. So00Q 122, 4352.
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Figure 1. Typical absorbaneetime plot for the reaction of [Fi¢nta)(HO)]
with NO at pH 5.0 (0.2 M NaAc)| = 0.5 M (NaClQ), and 25°C:
photolysis wavelength= 532 nm, detection wavelength 439 nm, [F¢]
=4 x 1073 M, [NO] = 0.38 x 1073 M.
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similar experiments were performed for the reaction of
[Fe'(edta)HO]?~ with NO. In the case of [Rl(edta)HO],
the authors reported a value fey, of 1 x 10/ M~ s tin
phosphate buffer at pH 7.4 and 7@. In order to measure
such high rate constants on the stopped-flow instrument,
second-order reaction conditions and low concentrations of
both reaction partners were selected to obtain conditions
where the reaction is slower than the dead time42ms)
of the stopped-flow instrument. Similar experiments with the
edta and hedtra complexes of''Fat low temperature and
low reactant concentrations revealed that for these
complexes is on the limit or faster than510’ M~1 st at
pH 5 and 25°C, i.e., very similar to that reported for
[Ru" (edta)HO] . The highk,, values make these complexes
ideal candidates to study the reverse release of NO from
complexes that bind NO less efficiently. Alternatively, an
excess of such a complex can be used to study the release
of NO from a complex that exhibits a similar reactivity
toward NO, since the concentration ratio then determines
the nature of the final product and the extent to which the
rate-determining release of NO will be observed.
Relaxation techniques (viz., flash photolysis) can be
employed to study rapid, reversible complex-formation
reactions. On application of relaxation kinetics to reaction
1, the observed first-order rate constant is given by eq 2 under
the experimental conditions selected in this study,

Kobs = Korf [F€' (L)H 0] + [NOJ} + ko
= kolF€'(LH0] + oy @

where [Fé(L)H.OJe and [NOL represent the equilibrium
concentrations of the E@.) complex and the free NO in
solution, respectively. According to eq 2, measurements of
kopsas a function of the sum of the equilibrium concentrations
should enable the determination laf, and K.
A typical flash-photolysis trace is shown in Figure 1. The

Fe'(edta)l complex is the species with the highest complex-
formation rate constant for NO. The concentration depen-

Inorganic Chemistry, Vol. 41, No. 9, 2002 2569



Schneppensieper et al.

35°C
3.2x10° 289
1 30°C
2.8x10° 28
24x10° ] we "]
44X -1
] o
2.0x10° a 20°C 274
- ) 15°C 3
g 1.6x10° ~°
o ] T 264
12x10° 4 o -
8.0x10° 2,54
4.0x10° 4
24
0.0 T T T T 1
0.002 0.004 0.006 0.008 0.010 —— ————r—r — T .
[Fe( edta)]",M 0 20 40 80 80 100 120 140

Figure 2. kops measured at different temperatures at p+6.0 (0.2 M
NaAc) as a function of [Fedta)f~ concentration: photolysis wavelength
= 532 nm, detection wavelength 432 nm, [NO]= 2.0 x 1074 M.
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Figure 3. kossas a function of pressure for the reaction of (feida) with
NO measured at pH= 5.0 (0.2 M NaAc) and 25C: [F€']l = 0.005 M,
[mida] = 0.0055 M, photolysis wavelength 532 nm, detection wavelength
= 443 nm, [NO]= 4.0 x 1074 M.

dence ofkqps resulted in a linear plot as predicted by eq 2

from whichko, = (2.44+ 0.1) x 1® Mt st at 25°C (pH
= 5). This result agrees well with literature d&t&;'>17.18.26
where rate constants around %3108 M~1 s71 at different

Pressure, MPa

Figure 4. kopsfor the release of NO from [H¢mida)NO] recorded on the
stopped-flow instrument as a function of pressure measured at |50
(0.1 M NaAc),Aget= 386 nm, and 10.3C: [Fe'(mida)NO]= 1.5 x 1073
M, [Fe'l(edta)]= 2.5 x 103 M, | = 0.5 M (NaClQy).

intercept according to eq 2, by treatment of thé(EEgNO
complex with another complex that binds NO more ef-
ficiently than the system under investigation. Under such
conditions, release of NO can become the rate-limiting step,
which means thak, can be determined directly from the
observed kinetic trace. Two suitable complexes to determine
kot for the release of NO from HEémidapNO?>" are
Fé'(edta)(HO)?~ and RU'(edta)HO~, which both react very
rapidly (Konis ca. 1x 10 Mt st at pH 5 and 25C) with

NO to form the corresponding nitrosyl complexes. When an
excess of either of these complexes is employed such that
the release of NO, i.ek, becomes the rate-limiting step,
then the observed rate constant should be independent of
the excess concentration employed.

The release of NO from féedta)NG~ with Ru" (edta)-
H,O™ as a scavenger was complete within 100 ms, laad
was calculated to be 9% 0.4 s (a typical stopped-flow
trace for this reaction is shown in Figure S2, Supporting
Information). The lowest values were found for'feedtra)-
NO™~ and Fé(nta)NO with ko = 4.2+ 0.1 and 9.3+ 0.6
s lat 25°C, respectively. Significantly higher rate constants

pHs and temperatures were found. Similar measurementswere obtained for Fémida)NO k. = 57.3+ 0.4 s%) and
were performed for Fghedtra)2, Fe'(nta) 3, Fe'(mida) 4, Fe'(midapNO (ko = 62.24 0.6 s'1). From the temperature
and Fé(mida), 5, and a typical concentration dependence and pressure dependence kgf [see typical examples in
for 3 is shown in Figure S1 (see Supporting Information). Figure S3 (Supporting Information) and Figure 4], the
The intercepts of such plots do not allow an accurate activation parameters were determined, and they are sum-
determination ok, and for that reasok,s was measured  marized in Table 2.
directly in a different way (see further discussion). The  Kinetic data for the release of NO in the case of edta and
reactions were all studied as a function of temperature andnta are available from the literatu#€? In the case of
pressure for which typical examples are shown in Figures 2 Fel(edta) the predicted literature valuelgf > 60 s could
and 3, respectively. The temperature dependenég, ofas be confirmed, whereas a significantly lower rate was
used to construct Eyring plots from which the activation measured in the case of the nta complex in the present study.
parametersAH*;, and AS,, were determined, whereas The trapping technique employed enables a direct measure-
the activation volume for the “on” reactionAV* = ment of the dissociation rate constant and in principle must
—RT(d In(kon)/dP)t, was determined from the slope of the result in more accurate values than those obtained using
plot of In(kon) versus pressure. The valueslgf at 25°C indirect methods.
and its activation parameters are summarized in Table 2. Water Exchange ReactionsThe exchange rate of solvent
Kinetics of the “Off” Reaction. In principle it is possible molecules between the bulk and the coordination site of the
to measure directly, and not via the determination of an different paramagnetic [E€.)(H.O)]Y~ complexes was
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determined by*’O NMR from measurements of the trans- The iron(ll) complexes of mida were successfully mea-
verse relaxation rates of the bulk solvent nuclei. From the sured with this technique, which led to the rate and activation
observed experimental values, wheére,,s and Avsoyentare parameters for the water exchange process summarized in
the half-widths of thé’0O NMR lines for solvent in the bulk ~ Table 3. Although a satisfactory line broadening was
in the presence and absence of thé ¢amplex, respectively,  observed for the P¢nta) complex at room temperature, no
together with the mole fraction of the bound watey, the data could be calculated from the spectra recorded at higher
reduced transverse relaxation rate§4}/can be calculated  temperature. The complex seemed to be oxidized (or
for each temperature and pressure. According to the Swift destroyed) during these measurements at temperatures higher
and Connick equatio®;>3 Ty, is related tory, and T,m, the than 40°C, which led to a dramatic decrease in the line
mean lifetime and the transverse relaxation time of coordi- width. Unfortunately, no noteworthy line broadening was
nated water in the inner sphere of'Fa the absence of found in the cases of E¢hedtra) and PEedta). The water
chemical exchange, respectively. The exchangekeate=1/ exchange process is presumably too fast to be measured using
m) between coordinated and bulk water is given by eq 3. this technique.
Mechanistic Interpretation. The fastest rate constant for
1 111 1 1 the binding of NO was found in the case of'fedta)HO,
T, - P|T, T_zo - ”p—m{ Avops = AVggen) = which is ca. 4 times faster than the reaction of (Redtra)-
L . 5 H>O with NO. Taking into account the 22 times faster NO
l{TZm F (Tot) * 4+ A0l 1
T

n 3) release from the edta complex, the nitrosyl adduct of the

ml (T P+ 7. 92+ Aw, 2 Toos hedtra complex is around 5 times more stable than the edta
2m m m . .

complex at 25°C. On this basis we can account for the

Awm is the difference in resonance frequency between the reported difference in the stability constants fqr these two
0-17 nuclei of the solvent in the first coordination sphere ComPplexes. The F¢gnta)NO complex has approximately the:
and in the bulk. The total outer-sphere contributiond4o same stability constant as the edta pomplex, where in this
arising from long-range interactions of the paramagnetic &€ bottkon andkoy are smaller. The iron(Il) complexes of
unpaired electron of the iron complex with the water outside Mida have significantly lower stability constants due to their
the first coordination sphere, are representedfy lower kon values and relatively higkr values.

The temperature dependenceAab,, is given byAwm, = The thermal activation parameters for the “on” reaction
AIT, where Bloembergéfsuggest = [wgeiSBI(S + 1))/ of NO with complexesl, 2, and 3 show rather similar
(gnPn3ks), but the constan is determined as a parameter activation enthalpies around 25 2 kJ mol?, whereas the
in the treatment of the line broadening dafa. is assumed  entropy of activation decreases from + 3 to —12+ 3
to have a simple temperature dependence given Ty, & and —22 & 3 J K™* mol™* along the series, respectively.
An expEn/RT), and the solvent-exchange rate constept ~ The reactions of the 1:1 and 1:2 complexes of mida exhibit
is equal to 1, = kex = (ko T/N)exp(AST/R — AH*/RT). The significantly higher enthalpies of activation, viz., 401 and
contributions of 1T, and 1M, to 1/T,, were found to be 34 + 1 kJ mol?, respectively, but rather similar (close to
negligible in the systems studied, so that eq 3 reduces to ecZ€ro) activation entropies, viz£8 + 3 and—13+ 3 JK™*

4. The exchange rate constant is assumed to have a simpl&ol™, respectively.
From the pressure dependence of the forward rate constant
1 1 Awmz (kor), the volumes of activation for complexés2, 4, and5
T, T, (4)  were determined to be-4.1+ 0.2, +2.8+ 0.1, +7.6 &+
0.4, ancH-8.1+ 0.2 cn? mol %, respectively. These complex-

) o v formation reactions can be best described by a dissociative
pressure dependence given byl kex= ke’ expl (—AVY interchange ¢) mechanism based on these valtie$he

RT)-P}. In the systems described here, our approach was toexception is the reaction of F@ta) with NO, which exhibits
carry out pressure dependent measurements at a temperatute yfinite negative volume of activation, viz1.5 + 0.1

corresponding to the slow exchange region. _ . cmPmol, suggesting that the reaction most probably occurs
The results of these measurements are summarized iNia an associative interchange) (mechanism

Table 3. A typical plot of the temperature dependent
. - The water exchange measurements for the compléxes
measurements is shown in Figure S4, and the results for the - ——
s and5 led to exchange rates of 1,8 10" and 2.4x 10" s
pressure dependent study of the''@ada) complex are R . . o
A . . at 25°C, respectively, which far exceed the rates of the “on
presented in Figure S5 (Supporting Information). The values

obtained fork.® from the pressure dependence measurernentsreaction measured for these complexes under the selected
. X b € dep : experimental conditions. This suggests that the water ex-
(at ambient pressure) are all in good agreement with the

. change reaction controls the substitution process with NO.
corresponding values fde,° extrapolated from the temper- 9 P

. . The activation entropies determined for these reactions differ
ature dependence study at ambient pressure to the particular = . . o

4 quite considerably, which is not unusual for such measure-
temperature as shown in Table 3.

ments and can be interpreted as close to zero. The experi-

-2 2
T, Tt Ao,

(52) Swift, T. J.; Connick, R. EJ. Chem. Phys1962 37, 307.
(53) Swift, T. J.; Connick, R. EJ. Chem. Phys1964 41, 2553. (55) van Eldik, R.; Deker-Benfer, C.; Thaler, FAdv. Inorg. Chem200Q
(54) Bloembergen, NJ. Chem. Physl957, 27, 595. 49, 1.
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mental activation volumes are lower limits of the expected
values as a result of the selected temperature. The values .
are rather similar for both the 1:1 and 1:2 complexes and [(edta)seus:jc’"’]
suggest the operation of a dissociative interchangg (I no
mechanisn®® Thus the available rate parameters for these 1402
water exchange reactions support the same mechanism as +7.61 08
concluded for the binding of NO, which should be the case
if water dissociation controls the substitution behavior of such
complexes.

The decrease in the values lgf from 91 s (1) to 4.2
s! (2) is accompanied by an increase in the activation
enthalpy from 614 2 kJ mol? (1) to 734+ 1 kJ mol™ (2), [Fe"(nta)H,ONG] " +H,0
whereas the entropy of activation is found to be around zero. \ . T"—‘_
Remarkably lowAH* and very negativeASF values, viz., [Fe'atait0)) +No  »20% 08 asto7
47 + 2 kJ molt and—55 + 5 J K1 mol™?, respectively, 15201 | .
were found for the Fe(midad complex. The volumes of Em)(n,o>re"<:°"’]
activation for the NO release reaction of the complekes ne
2, 4, and5 were all found to be around & 2 cn¥ mol,
viz.,, +7.6+ 0.6,+4.4+ 0.8,+6.8+ 0.4, and+5.1+ 0.5
cm® mol~?, respectively. These values clearly indicate that Reaction coordinate
the “off” reaction also follows a dissociative interchang@ (I rigure 5. Volume profiles for the reversible binding of NO to
in agreement with the principle of microscopic reversibility. [Fe'(edta)hO]?>~ and [Fé (nta)(HO)2] .
Alternatively, the release of NO from lte-NO™ in the “off”
reaction can be visualized as a homolysis reaction that resultghe transition state for the reaction of'fedta) with NO
in the formation of F&and NO, in which bond cleavage is Clearly supports the operation of apligand substitution
accompanied by formal reduction of'Feo Fé', and involves mechanism. Volume compression versus volume expansion
the simultaneous entry of a water molecule, i.e., a water typically characterizes,versus 4 ligand substitution mech-
“assisted” homolysis reaction. This process is suggested to@nisms, respectiveRy. In addition, the overall reaction
have an overall dissociative character balanced by the volumevolumes for these two systems also differ significantly, viz.,
decrease as a result of the participating water molecule. Againthe edta complex undergoes an overall volume collapse on

the Fé(nta)NO system is an exception witt\* = —3.5+ the binding of NO, whereas the nta complex undergoes a
0.7 cn® mol~2, suggesting that this “off” reaction involves Vvolume increase on the binding of NO. This difference must

partial bond formation prior to the release of NO, i.e., an be related to volume changes associated with the displace-
associative interchange,(Imechanism. ment of water by NO in the seven- and six-coordinate

From the above discussion we can conclude that for complexes, respectively, and the formal oxidation of Fe(ll)
complexesl, 2, 4, and5, the reversible binding of NO can  t© Fe(lll). .
be best described by am mechanism, which is also in ~ On comparing the iron(ll) complexes of mideand edté
agreement with that found for water exchange on complexesin terms of their application as catalysts for the exhaust gas
4 and 5. The only exception in the selected series of denitrification process, the reaction of'feida) with NO
complexes seems to be the'ffga) system, and the reported IS @pproximately 100 times slower than the corresponding
data suggest the operation of anmiechanism. reaction with F&(edta)HO, which accounts for almost the

The apparent difference in the complex-formation mech- Same difference in the value &fo. This apparent disad-
anism of the nta complex as compared to the other complexes’@ntage of the mida complex could for example be partially
studied must be due to the fact that the nta complex is six- canceled by longer contact time between the exhaust gas and
coordinate in solution, whereas it is for instance known that the catalyst. In addition, the mida complex is almost oxygen
the edta complex is seven-coordin&dhis would mean insensitive, which prevents unwanted oxidation of the chelate
that complexed, 2, 4, and5 all react with NO according to and allows the effective regeneration of the catalyst.
an ly mechanism as a result of their seven-coordinate, 20
valence electron character. The six-coordinate nta complex
will then tend to react according to aprhechanism due to The results of this study illustrate the important influence
its six-coordinate, 18 valence electron character. The differ- of the aminocarboxylate chelates on the values of the rate
ence in mechanism for these complexes becomes veryconstants and overall equilibrium constant, as well as on the
apparent from the volume profiles for the edta and nta nature of the mechanism for the binding and release of NO.
systems presented in Figure 5. The smaller partial molar There seems to be no simple correlation between these
volume of the transition state for the reaction of'fflga) ~ constants and the selected donor groups or overall charge
with NO as compared to the larger partial molar volume of on the iron(ll) complexes. Electronic/structural features must
control the coordination number of the studied complexes
(56) Helm, L.; Merbach, A. ECoord. Chem. Re 1999 187, 151. and as a result their mechanistic behavior. Such mechanistic

[Fe"(edza)H,oT'+ No 35t 08

[Fe"(ectand ] + H,0

Partial molar volume, cm®mol™

Reactants Transition state Products

Conclusions
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for solvent exchange reactions on the metal complexes ) ) ) S )
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