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Abstract: The effects of 10 paramagnetic metal complexes (Fe""EDTA(H.0)~, Fe"EDTA(OH)?~, Fe'"PDTA",
Fe'"'DTPA2-, Fe',O(TTHA)?", Fe"(CN)s®~, Mn'"EDTA(H,0)2~, Mn'"PDTA?2-, Mn"s-EDDADP?", and Mn'"PQ,4")
on F~ion °F NMR transverse relaxation rates (R, = 1/T,) were studied in aqueous solutions as a function
of temperature. Consistent with efficient relaxation requiring formation of a metal/F~ bond, only the
substitution inert complexes Fe'"(CN)s®~ and Fe""EDTA(OH)?~ had no measured effect on T, relaxation of
the F~ 1°F resonance. For the remaining eight complexes, kinetic parameters (apparent second-order rate
constants and activation enthalpies) for metal/F~ association were determined from the dependence of
the observed relaxation enhancements on complex concentration and temperature. Apparent metal/F~
association rate constants for these complexes (kapp,e-) spanned 5 orders of magnitude. In addition, we
measured the rates at which Oz~ reacts with Fe""PDTA~, Mn"EDTA(H,0)?~, Mn"PDTA?~, and Mn'"g-
EDDADP?~ by pulse radiolysis. Although no intermediate is observed during the reduction of Fe'"PDTA™~
by O,*~, each of the Mn' complexes reacts with formation of a transient intermediate presumed to form via
ligand exchange. These reactivity patterns are consistent with literature precedents for similar complexes.
With these data, both kapp02- and kapp e are available for each of the eight reactive complexes. A plot of
l09(Kapp,02-) Versus log(kapp,-) for these eight showed a linear correlation with a slope = 1. This correlation
suggests that rapid metal/O,*~ reactions of these complexes occur via an inner-sphere mechanism whereas
formation of an intermediate coordination complex limits the overall rate. This hypothesis is also supported
by the very low rates at which the substitution inert complexes (Fe"(CN)¢>~ and Fe""EDTA(OH)?") are
reduced by O,*~. These results suggest that F~ 1°F NMR relaxation can be used to predict the reactivities
of other Fe'"" complexes toward reduction by O,*~, a key step in the biological production of reactive oxygen
species.

Introduction Fe'L + 0, —Fé'L + 0, (1)

Iron polyaminecarboxylate complexes are widely used to Fe'L + H,0,— Fe"'L + OH + OH' 2)
model reactivities of catalytic species involved in generating
reactive oxygen species (ROS) in biological systems. The most This difference in behavior arises due to the difference in the
studied of these are iron complexes of ethylenediamine tetraac-ates at which the complexes are reduced by Qeq 1)?
etate (EDTA") and diethylenetriamine pentaacetate (DFPA ~ Whereas PEEDTA(H,0)~ reacts rapidly, reaction with
Figure 1)! These two complexes display substantially different F€"DTPA?" is too slow to compete with ©° dismutatiort:

behaviors in ROS generating systems: Where#lBFAH,0)-  Because the Fecomplex of DTPA™ reacts with HO; to form -
catalyzes the production of ROS from superoxide and hydrogenROS (eq 2}t is the Fé!' reduction step that limits the catalytic
peroxide according toeqgs 1 and 2,||FEETPA2* does not aCtiVity of this Complex. If reduction of F’bcomplexes by Q-

is the limiting step in biological ROS production, then''fe
biomolecule complexes may be reasonable targets for therapeutic

. \é\ge:tgmig:mﬂ/ae gﬂ;"gﬁ‘% Negev intervention in diseases where oxidative stress is a contributing
$ Ariel University Center of Samar?a. ' factor® Targeting F& reduction, however, will require knowl-

"Nuclear Research Centre Negev.
(1) Cohen, G.CRC Handbook of Methods for Oxygen Radical Research (3) Bull, C.; McClune, G. J.; Fee, J. A. Am. Chem. S0d.983 105, 5290.
Greenwood, R. A., Ed.; CRC Press, Inc.: Boca Raton, FL, 1985; p 55. (4) Egan, T. J.; Barthakur, S. R.; Aisen, P.Inorg. Biochem1992 48, 241.
(2) Graf, E.; Mahoney, J. R.; Bryant, R. G.; Eaton, J.JAVBiol. Chem1984 (5) Rahhal, S.; Richter, H. WI. Am. Chem. Sod.988 110, 3126.
259, 3620. (6) Summers, J. S., US Patent, filed 2007.
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Figure 1. Structural formulas of chelating agents;EDTA, HsPDTA, Hs8-EDDADP, HsDTPA, and HTTHA.

edge of the reaction mechanism. Although the kinetics of the magnitude!? In light of these inconsistencies, we believe the
Fe'"EDTA(H,0) /O~ reaction were established more than 20 mechanisms of metal® redox reactions should be

years agd;” ambiguity still exists as to whether this reaction
proceeds via direct coordination of,© to the iron center or

reexamined.
If Oz~ reduces PEEDTA(H20)~ and similar complexes via

via an outer-sphere mechanism. The difference in reactivities inner-sphere mechanisms, it is likely that ligand exchange is

of Oy~ toward FE'EDTA(H,0)~ and F&'DTPAZ~ has been
cited as evidence that the iron(111)O redox reaction proceeds
via an inner-sphere mechanign®©n the basis of the kinetic

rate limiting. Under this condition, the rate of reaction is equal
to the rate at which the metal comes into inner-sphere contact
with O,*~. We set out to determine whether rates of metal/anion

data, however, Bull et @suggested an outer-sphere mechanism association correlate with rates of their reactions withrOTo

for the F'EDTA(H,O)"/O,*~ reaction. This assignment was

this end, we have measured rates at which a variety of metal

made because the rate constant for the reaction was ap-complexes associate with the redox-innocent anion,(the

proximately 10-fold larger than that predicted from the Eigen-
Wilkins model® According to this model, the maximum value

forward reaction in eq 4) using paramagnetic NMR relaxation
methods.

of the apparent second-order rate constant for an inner-sphere

reaction kmay is the product of the rate constant for solvent
exchange at the metal complég)(and the equilibrium constant

for outer-sphere association of the anion with the metal complex

(Kos), eq 38

kmax: kSKOS (3)
The measured value of the for FE"EDTA(H,0)~ used in
the outer-sphere assignmehas recently been shown to be low
by a factor of~1001° Using the more recent value kf and a
value forKos from an electrostatic modél,eq 3 gives a value

LMY+ F =sLMF"! (4)

The effects of metal/ligand exchange on the relaxation of
ligand nuclei were originally studied by Swift and Connick in
196213 Since that time, paramagnetic relaxation enhancement
of solvent nuclei has been widely used to measure rates of
solvent exchange at paramagnetic metal complék&d® We
recently reported metal/anion association kinetics for a variety
of phosphate analogs measured usitiRyNMR relaxation-6-17
We note that'F relaxation enhancement has been used to
determine F association kinetics at diamagnetic metal

of kmax that is 10-fold larger than the measured rate constant complexeg 819

for the O~ /Fe"EDTA(H,0)™ reaction. Thus, the best available
datado notdiscountthe possibility that reduction 8fEBTA(H,O)~

We expected that Fwould be a suitable probe for studying
metal/anion association kinetics at complexes of iron(lll) and

by O»~ occurs via an inner-sphere mechanism. Support for the Manganese(ll). Because th#& nucleus in transient metal/F
outer-sphere mechanism is further eroded by the inability of complexes would be bound directly to the paramagnetic center,
the Marcus cross relation to account for differences in the rates Strong magnetic coupling between the observed nucleus and the

at which metal complexes are reduced by OAccording to

paramagnetic center is expected to give rise to efficient

Marcus theory’ second-order rate constants for Outer-spheretransverse nuclear relaxatiét2%21This efficient relaxation is
reactions are determined by a number of variables, including Necessary for kinetic factors to govern relaxation rates by labile

the self-exchange rate constanksi( for the reacting redox
partners. Although the value kf; for the Q*~/O; self-exchange
should be independent of which complex is used in its
calculation, values calculated from data for reactions with
FE'EDTA(H.,0)~ and Féd'(CN)s®~ differ by 11 orders of

(7) llan, Y. A.; Czapski, GBiochim. Biophys. Actd977 498 386.
(8) Richens, D. TChem. Re. 2005 105, 1961.
(9) Bloch, J. and Navon, Gl. Inorg. Nucl. Chem198Q 42, 693.
(10) Schneppensieper, T.; Seibig, S.; Zahl, A.; Tregloan, P.; van EldikoRy.
Chem.2001, 40, 3670.
(11) In |;ef 3, Bull et al. report calculatingos for FE"EDTA™ / O~ as 0.3
ML
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(12) Zahir, K.; Espenson, J. H.; Backac, A Am. Chem. S04988 110, 5059.

(13) Swift, T. J.; Connick, R. EJ. Chem. Phys1962 37, 307.

(14) (a) Luz, Z.; Meiboom, SJ. Chem. Physl964 40, 2686. (b) Bertini, I.;

Luchinat, C Coord. Chem. Re 1996 150, 1.

(15) (a) Duccomon,Y.; Newman, K. E.; Merbach, A. lBorg. Chem.198Q
19, 3696. (b) Dunand, F. A.; Helm, L.; Merbach, A. Edv. Inorg. Chem.
2003 54, 1. (c) Burgess, J.; Hubbard, C. Bdv. Inorg. Chem2003 54,
72

(16) Summers, J. S.; Hoogstraten, C. G.; Britt, R. D.; Base, K.; Shaw, B. R.;
Ribeiro, A. A.; Crumbliss, A. LInorg. Chem.200], 40, 6547.
(17) Summers, J. S.; Base, K.; Boukhalfa, H.; Payne, J. E.; Shaw, B. R,
Crumbliss, A. L.Inorg. Chem.2005 44, 3405.
(18)
)

Vallet, V.; Wahlgren, U.; Szabo, Z.; Grenthe,norg. Chem.2002 41,
5626. (b) Szabo, Z.; Glaser, J.; Grenthelnbrg. Chem.1996 35, 2036.
(19) Nemes, J.; Toth, I.; Zekany, . Chem. Soc., Dalton Tran£998 2707.
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metal complexe& It has been demonstrated th4F NMR

depending on pH), and metal complex at varying concentrations. The

resonance is extremely sensitive to transverse relaxation bybuffer concentration was 25 mM in all cases except fof FBTA",

superoxide dismutases enzymes (SOB®ecause SODs are
thought to act via inner-sphere coordination of Oto para-
magnetic metal centef8 rapid T, NMR relaxation of the'F
nucleus by the enzymes is likely due to transient metal/F
coordination at the active site of the enzyme.

Complexes of polyamine carboxylates were chosen for this
study because of the availability of rate data for their reac-
tions with O~ and because of the significant variation in
their reported ligand exchange reaction rdfeRate constants
have been reported for reactions opOwith a variety of
metal complexes, including; B&€Ng~,24 FE'EDTA(H,0)~,3
FeEDTA(OHF 325 FdIDTPA2™ # Fel,O(TTHA)2" 26 Mn'l
EDTAZ 2728 and Md'PQ,~.2° Recently aquo ligand exchange
rates for a variety of P& polyamine carboxylates have been
measured by’O NMR.1° This report indicated that aquo ligand
exchange rates at Hecomplexes of EDTA™ and PDTA~
(Figure 1) are very different despite the structural similarity of
the complexes. We have measured the rates of metal/F

where buffer was 10 mM. Association reactions of E©TA(H.0)™,
Fe'"PDTA-, Fe",OTTHA%", and MA'PQ,~ were studied at pH 6
(buffered with succinic acid/sodium succinate) to minimize the effects
of complex hydrolysis. Reactions of MBEDTA~, Mn"PDTA", and
Mn"EDDADP~ were studied at pH 7 (PIPES). For most complexes,
the maximum metal concentration used was that necessary to decrease
T, relaxation times to between 8 and 60 ms. Relaxation enhancement
by Fe(CN)3~ was investigated at complex concentrations up to 0.5
M. Relaxation enhancement by'HeDTA~ was studied at concentra-
tions up to 0.65 mM due to aggregation of this complex at higher
concentrations. For studies of 'MEDTA(H.O)", Mn'EDTAZ,
Mn'"PDTA?", and Mr'3-EDDADP?~, solutions also contained excess
chelate (5 mM). Samples of MRQ,~ were prepared by adding aliquots

of a stock Mri(H,0)s?" solution to solutions containing 0.5 M NaH

PQ, buffered at pH 6. The effects of the metal complexes¥n
transverse relaxation were measured as a function of temperature. For
most complexes, the temperature ranged from 25 to°@5 For
Fe'DTPA?", the temperature range was from 5 to @5 The effects

of FE'"DTPAZ- on the!®F resonance of sodium trifluoroacetate (tfa, 5
mM) and NaF were measured separately and in solutions that contained

association for each complex listed above and have measuredoth ions. Results of the two sets of experiments were in agreement.

rates at which both Fand Q' react with F&PDTA",
Mn"EDTA(H,0)?~, Mn"PDTA?~, and MA'EDDADP?~ (struc-
tural formulas of the chelates are presented in Figure 1). Our

results support an inner-sphere mechanism for rapid reactions

of these complexes with £ .

Experimental Section

All materials were of reagent grade or better and were purchased
from standard commercial sources. Disodium ethylendianNiheN',N'-
tetraacetate (NBI,EDTA) was from Fisher. PropylenediamihgN,N',N'-
tetraacetic acid (HPDTA) was from Akzo Nobel. Ethylenediamine
N,N'-diaceticg-N,N'-dipropionic acid (HS-EDDADP) and triethyl-
enetetraamin®,N,N',N"",N"",N'""-hexaacetic acid ()T THA) were from
Sigma, and diethylenetriamiéN,N',N"",N"-pentaacetic acid (¢
DTPA) and potassium hexacyanoferratgR&ECN;) were from Alpha
Aesar. Sodium trifluoroacetate was prepared by neutralizing trifluoro-
acetic acid (Fisher) with sodium hydroxide. "R€OTTHA)?>~ was
prepared by aerobic oxidation of a solution containintj(R€s), and
HeTTHA as described by Shepherd efaKFe'""PDTA was prepared
by the method of Kanamori et &l.

Transverse relaxation timed,] were determined by the CPMG
technique using a JEOL Eclipse 300 MHz NMR spectrometer. For each

In addition, the effects of pH olfF NMR transverse fluoride relaxation
enhancement by F&EDTA(H,0)™ and F&'PDTA™ were studied at
25 °C. The effects of PEEDTA(H,O)~ on F 1°F relaxation were
measured at 13 different buffer conditions, covering the pH range of
4.0-9.2. The effects of FéPDTA™ were measured at two pH values,
6.0 and 8.3. Paramagnetic relaxation enhancements for each metal
complex were determined as the slope of plots of observed relaxation
rate versus metal complex concentratiofiRf ond A[M], where Ry ops=
1/T2,obg-

To estimate the equilibrium binding constant fot'/eDTA(H,0)~/
F~ association, spectra of EEDTA(H,0)~ (0.2 and 0.05 mM) were
measured as a function of Fconcentration in aqueous solutions
(succinate buffer, 20 mM, pH 6) at constant ionic strength. Solutions
were prepared by mixing aliquots of two stock solutions, one containing
500 mM NaClQ and the other containing 500 mM NaF. Although
changes in the absorbance spectrum ¢fERTA™ provided evidence
for coordination, the equilibrium was not saturated at 500 mM F

We performed potentiometric titrations to look for evidence of
changes in metal speciation with pH. The pH of a solution containing
30 mM NaF and either 0 or 30 mM E&DTA(H,0O)~ was monitored
as a function of added HNO Results of the two titrations were
compared to see if FEEDTA(H,O)™ affected F protonation. The
hydrolytic behavior of FEPDTA™ in 0.1 M KCI was studied by

complex, data was measured at a minimum of four complex concentra- potentiometric titration with NaOH solution as a function of complex

tions.*°F NMR relaxation rates were measured in aqueous (9@ H
10% D,O) solutions containing sodium fluoride (20 mM), an appropriate
buffer (either EDTA, succinate, citrate, PIPES, Tris, or borate,

(20) Bertini, I.; Luchinat, C.; Aime, SCoord. Chem. Re 1996 150, 1.

(21) Dwek, R. A.Nuclear Magnetic Resonance in BiochemistBlarendon
Press: Oxford, 1973.

(22) (a) Rigo, A.; Ugo, P.; Viglino, P.; Rotilio, GzEBS Lett1981132, 78. (b)
Bracco, F.; Rigo, A.; Scarpa, M.; Viglino, P.; Battistin, BRET and NMR:
New Perspecties in Neuroimaging and in Clinical NeurochemistAlan
R. Liss, Inc.: New York, 1986; p 315.

(23) (a) Miller, A.-F.; Sorkin, D. L.; Padmakumar, iBiochemistry2005 44,
5969. (b) Jackson, T. A.; Karapetian, A.; Miller, A.-F.; Brunold, T. C.
Biochemistry2005 44, 1504. (c) Leone, M.; Cupane, A.; Militello, V.;
Stroppolo, M. E.; Desideri, ABiochemistryl998 37, 4459.

(24) Zehavi, D.; Rabani, . Phys Chem1972 76, 3703.

(25) Buettner, G. R.; Doherty, T. P.; Patterson, L.AFEBS1983 158 143.

(26) Rush, J. D.; Cabelli, D. ERadiat. Phys. Chen1997, 49, 661.

(27) Lati, J.; Meyerstein, DJ. Chem. Soc., Dalton Tran$978 1105.

(28) Stein, J.; Fackler, J. P.; McClune, G. J.; Fee, J. A.; Chan, Undrg.
Chem.1979 18, 3511.

(29) Cabelli, D. E.; Bielski, B. H. JJ. Phys. Chem1984 88, 6291.

(30) Shepherd, R. E.; Myser, T. K.; Elliott, M. Gorg. Chem1988 27, 916.

(31) Kanamori, K.; Dohniwa, H.; Ukita, N.; Kanesaka, |.; Kawai,Bull. Chem.
Soc. Jpnl99Q 63, 1447.

concentration. The titration procedure followed that described by
Gustafson and Martelf. The hydrolysis of FEPDTA™ was also studied

at lower concentration by monitoring absorbance spectra of solutions
containing 0.1 mM Fe as a function of pH. For this experiment,
absorbance spectra were recorded in a series of buffered 0.1 M KCI
solutions, over the pH range of 6:82.0.

Pulse-Radiolysis.The pulse radiolysis experiments were carried out
using the Varian 7715 linear electron accelerator of the Hebrew
University of Jerusalem. The dose of fast electrons per pulse was
controlled by varying the pulse duration of a 200 mA current of 5 MeV
electrons. Pulse durations ranged from 0.1 toils5Absorbance data
were collected by passing light from a 150 W xenon arc lamp three
times throutp a 4 cmSuprasil cell to give a 12.3 cm path length. The
experimental setup has been previously describ&d.

(32) Gustafson, R. L.; Martell, A. El. Phys. Chem1963 67, 576.

(33) Goldstein, S.; Czapski, G.; Cohen, H.; Meyersteinlr@rg. Chem1992
31, 2439.

(34) Freiberg, M.; Meyerstein, Dl. Chem. Soc., Faraday Trans188Q 76,
1825.
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(pH 8.3) and 0.65 mM (pH 6.0) for the pulse radiolysis and

1509 ° NMR experiments, respectively.
] '.‘ The hydrolysis of FEPDTA~ was investigated by potentio-
001 ST metric titration and by UV spectroscopy. Our observations are

consistent with earlier reports that ''HeDTA~ undergoes
hydrolysis (presumably to give B&€DTA(OHY") and further
reactions at higher pH, leading to precipitatidrilthough the
earlier study reported hydrolysis occurred with g, f 7.3,
the apparent g, of this complex depends strongly on both the
complex concentration and ionic strength. At 26 mM KFe
Figure 2. Effect of pH on observed #Fe''EDTA(H0)~ association rates. PDTA (25 C, 0.1 M KClI), the apparentka of this complex
was 7.2. At lower concentrations, the complex was measurably
produced by pulsing a #D saturated solution containing> 103 M leKSS.aCIdIC by titration (at 5 mM com_plex, Or'll M T\CI’ 25C the
Fel(CN)*. The dose per pulse was calculated using the molar pK, increased to 7.4:). Under conditions where the absorbance
extinction coefficient of FB(CN)s* (eazo = 1000 Mlcm Y and spectra of FEPDTA™ obey Beer’s law (0.1 mM complex and
assuming G(FE(CN)s>) = 6.035 The dose per pulse was set to give 10 MM buffer), the effects of pH on the electronic absorbance
an initial radical concentration of between 2 and2@. Reactions spectra of FEPDTA™ were consistent with the monomeric
were studied either in 0.00046 M,@r in air saturated solutions. complex having a g, of 9.0. Thus, both FEPDTA~ and
Fe''"PDTA(OHY™ aggregate at mM concentrations, with the
latter having the larger association const#nthis behavior
Speciation of F¢'EDTA™. Our results indicate that F  differs from that of the analogous EDTA complexes where
complexes (such as FME&DTA(F)*") are not a significant  FdlEDTA(OH)?~ aggregates but H&EDTA(H,0)~ does nof?
fraction of total metal under the conditions of the NMR 19 NMR Relaxation Enhancement Studies.With the
experimenf[s (1620 mM _NaF). From the effects of F exceptions of F&(CN)e~, Fé'PDTA(OHY, and F& EDTA
concentr_atlons on the UW'.S §pectrum of _%EDTA(HZO)_' (OH)?~, each metal complex caused significant enhancement
we estimate the equilibrium association constant of of the F 19F transverse NMR relaxation rateR(ps= 1/T5).

1l 2— 1
;S OED;—At(F) tlshon theLt.)krder. of 2 M (?'St.M N?C.:IQt}tatt. At concentrations up to 500 mM, ECN)s>~ had no measur-
, data not shown). Likewise, our potentiometric titration able effect on F relaxation. For each of the eight reactive

data did not support significant metal/inding under the complexes, observedSF relaxation rates Ry increased

conditions of our experiments; The presence of 30 mM i v with | . | . h
Fe'"EDTA(H20)™ had no measurable effect on titration of NaF Inearly with complex concentration. Relaxation enhancements
by seven of the eight reactive complexes'{E®TA(H,0)™,

with HNO3. Of the complexes in this study, FEDTA(H,0)~ - _ ~ .
. . _ FE'"PDTA™, Fe';,O(TTHA)?", Mn"EDTA?", Mn'PDTA?",
isthe mostlikely toformastablefadduct. Only FEEDTA(H,0) MnEDDADP®-, and M{PO;~) obeyed Arrheneous behavior,

and MA'EDTA(H20)?~ bind an exogenous ligand ¢8) in the o .
solid state, and FEEDTA(F)>~ is likely to be more stable than indicating that relaxation enhancement was governed by the
' kinetics of metal/fluoride association (eq 5):

Mn"EDTA(F)®~ due to electrostatic effects. Thus, metal/F
complexes are not likely to contribute significantly to the
speciation of the complexes in this study. Ro,00s ™ Re.dia = Kapp e [MI ()
Speciation of F&' PDTA~. Unlike FE"EDTA(H.0)™, the
iron in F&"PDTA- does not bind a water molecule in the séid.  WhereRy q4iais the relaxation rate in diamagnetic solution and
Instead, it is six coordinate, forming bonds with the six donor KappF is the apparent second-order rate constant for metal/F
atoms of the chelate. The six coordinate complex is also believedassociation (the assumptions leading to eq 5 are discussed
to be the dominant species in acidic solufié@ur observations, ~ €lsewher®). The temperature dependence of relaxation en-
however, indicate that BEPDTA- aggregates in aqueous hancement by the eighth complex,"HBTPA?", was more
solutions. At concentrations higher than a few mM, the complex. Treatment of the data from this complex is described
electronic spectrum of HEPPDTA deviates strongly from Beer's ~ below. Observed 25C rate constants and activation enthalpies
law. With increasing concentration, the UV absorbance spectrumfor F~ association with P& and Mri' are presented in Tables
of Fé"PDTA" shifts to longer wavelengths and extinction 1 and 2, respectively.
coefficients decrease markedly. Although absorbance and Reactions of F with Fé'"EDTA(H,0)~ and F&'PDTA~ were
titration experiments indicate that both 'HeDTA~ and also studied as a function of pH. For "HeDTA(H.0)",
Fe''PDTA(OHY form dimers (or higher aggregates) at con- relaxation enhancements were measured for 13 buffer condi-
centrations higher than a few millimolar, NMR and pulse tions, having pH values ranging from 4.0 to 9.2. Fof POTA",
radiolysis experiments used to determine rate constants forrelaxation enhancements were measured at two pH values, 6.0
reactions of this complex (described below) were conducted gnd 8.3. Figure 2 shows the effect of pH on relaxation
under conditions where monomeric'feDTA™ was the domi-  enhancement by BEDTA(H,0)~ (data at pH 4.0, 4.3, and
nant species. Maximum complex concentrations were 0.20 MM 4.7 conformed to the solid trend line but were omitted for

. . 19 . .
(35) Spinks, J. W. T.; Woods, R. An Introduction to Radiation Chemistry clarlty). In this pH range, F °F relaxation enhancement is

3rd ed., John Wiley & Sons: New York, 1990; p 305 governed by two protic equilibria, hydrolysis of HEDTA(H,O)~
(36) Okamoto, K-I.; Kanamori, K.; Hidaka, Acta Cryst199Q C46, 1640.
(37) Kanamori, K.; Ukita, N.; Kawai, K.; Taguchi, S.; Goto, K.; Eguchi, T.;
Krishita, M. Inorg. Chim. Actal991, 186, 205. (38) Data not presented. This behavior will be described elsewhere.

50 A

Kapp X 103 (5_1)

pH

The exact dose was calibrated by quantifying the yield 8f(E&)s~

Results

1730 J. AM. CHEM. SOC. = VOL. 130, NO. 5, 2008
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Table 1. Kinetic Parameters for Reactions of Iron(lll) Complexes
with Superoxide and Fluoride in Aqueous Solution
superoxide reaction fluoride association reaction
kﬂPDDT kapp,x’ AH* §
complex (M~1s7Y) (M-is71)2 (kd/mol) =
FellCNe* 2.7 108 - - e
Fe'DTPAZ- 6 x 10%¢ 4.8x 10 22 £
Fe'';,O(TTHA)?- 1.2x 104 1.2 #0.2) x 1(? 39
Fe'PDTA- 4.4 (#1.3)x 10°¢ 2.5 (*0.2) x 10* 37
Fe'EDTA(HO0)~ 1.9x 10% 9.3 (£1.6) x 10* 39
aRate constants (28C) measured in 90% #0/10% DO solution, pH 2.7 3.2 3.7
6 except where indicated From Zehavi and Rabani, ref 28From Egan
et al., ref 4.9 From Rush and Cabelli, ref 26 Reported here, pH 8.83From 1000/T
Bull et al., ref 3. Figure 3. Effects of temperature on relaxation of t#) @nd fluoride ()

19F NMR resonances by BOTPAZ".

and protonation of F (eqs 6 and 7% The solid trend line in

Figure 2 represgnts the behavior predicteql for the case whereOy F'EDTA(H.O)~, we determined that transverse relaxation
HF and F associate with FEEDTA(H,O)~ with apparentrate s governed by metal/MeOPHassociation kinetics (data not

constants of 9.3¢ 10* and 4x 10° M~'s™, and where Fis  presented). MeOPHis not protonated under the conditions
unreactive toward FEEDTA(OHY? .40 employed (K. = 0.86""), and relaxation enhancement of the
I I o . 31P nucleus of MeOPHby Fe'EDTA(H,O)~ does not increase
Fé EDTA(H,0) = Fe"EDTA(OH)* +H with [H*] at pH between 4 and 6.
pK,= 7.6 (6) Although thekepp F for reaction at FEPDTA" is similar to

that for reaction at FEEDTA(H,0)~, a recent study indicated
that exchange of solvent water into the inner coordination sphere
L o o of F€"PDTA™ is much slower than at BeEDTA(H,0)~.1° The

The dashed lines in Figure 2 show the individual contributions ¢\ ant exchange experiments, however, were conducted at

of HF and F assoma_tlor_] to the obseryed relaxation enhanc_e- Fe''PDTA™ concentrations that were much greater than those
ment. These results indicate that HF is a much more reactive;

. f _ A in the present study. Significant aggregation is expected under
nucleophile toward FEEDTA(H,0)" than is F'. This order of ;s congiition, which may retard solvent exchange.
reactivity has also been reported for association reactions of

o . > . - DETERMINATION OF Kupp e~ FOR FE DTPAZ-. The F 19F
Al EDTA, , HFE is reportgdlywzz times more nucleophilic o5y ation enhancement by'HB@TPA2~ did not display Arrhe-
toward this complex than isF°

neous temperature dependense Figure 3). The curvature of
Relaxation enhancements by'"HeDTA™ and its hydrolysis P P ekig )

the plot most likely arises from a similarity in the magnitudes
roducts were analogous to those of the EDTA complexes: ; - ;
g et . 9 - i o 'IPA * of outer-sphere and inner-sphere contributions to relaxation
elaxation enhancement under conditions wherd A2 13,2021
i o . (Ryosand Ry 9).124%4Lt has been suggested that whiess
2 : ST . .
ESI:')S 6agl%rergl?/ltecso%r|:e)lé?§ v?/(;;n g;aer;[tlyztt?leri?;tt::jnIrl?afisgctlssand Ry 0sare of similar sizekappcan be estimated by subtracting

- Y @ H Rz,0s from Ry ops?* TO estimate the contribution d® os we
relaxation enhancement under conditions where FHeTA measured relaxation enhancement of #¥feresonance of the

dominates. Thus, FEPDTA" und;%S association reactions -y oroacetate anion (tfa) by MDTPA2~. We reasoned that
with exogenous ligands wherea TA(OHY™ aggregates g,  for the tfa resonance would be negligible due to the low
do not. basicity of this anion and the absence of a through bond pathway

We ponsidered the poslsibility that trle acceleratiqnl?’ﬁf for magnetic interaction between the paramagnetic center and
relaxation enhancement by FEDTA(H20)" at pH < 6 (Figure  yho 195 nyclei. For the tfa resonanc® qs decreased with

2) was due to protonatioln of the metal complex. Although there . reasing temperature, consistent with an outer-sphere interac-
have been reports that 'FEDTA(H,O)~ participates in other tion (¢, Figure 3)13142LIf R, oucfor the tfal9F resonance were
protic equilibria in this rar.1gn‘é1,’42 the accepted i, for proto- equal to the outer-sphere contribution to tReess for F-,
nation of F&'EDTA(H,O)™ is 1.3*3 Our potentiometric titration however, therR, opsfor the F- resonance should asymptotically

data did_ not_ support protona_ltion of the complex at a higher pH. approach that of the tfa resonance with decreasing temperature.
The attribution of the behavior to an enhanced reactivity of HF Surprisingly, relaxation of the tfa nuclei at low temperatures

and not to protonation of the metal complex is further supported (<25°C) was more sensitive to B®TPA2- concentration than
by experiments with another NMR reactivity probe, methyl- o rejaxation of the F nucleus. Although this effect could

phosphite anion (MeOPH. From the temperature dependence ,ice it the lifetime of a transient tfa complex (HBTPA(tfa)")
of the relaxation enhancement of tHe resonance of MeOPH is greater than that of FEDTPA(F)2-, this behavior is more

HF=F +H" pK,=3.17 7

(39) Although FEEDTA(OH)?~ dimerizes at higher concentrations, the extent likely due to differences in factors that determine the outer-

of this reaction is minimal at the concentrations of this study (maximum sphere relaxation rates (outer-sphere correlation times and
total Fe= 150 uM).

(40) Dellert-Ritter, M.; van-Eldik, RJ Chem Soc., Dalton Trang992 1037. distance of closest approach). Where@gs should obey
(41) Kennard, C. H. Linorg. Chim. Actal967 1, 347 , Arrhenius temperature dependenBgos decays with temper-
(42) Bloch and Navon (ref 9) report that FEEDTA participates in “another 8):

equilibrium which takes place at pH values lower than 4° but do not ature (eq 8):

elaborate.
(43) Martell, A. E.; Smith, R. MCritical Stability Constants, Vol. 1: Amino _ = ¥

Acids Plenum Press: New York, 1974. ARz,obs/T A[M] = eXp( AH /RT) + ﬁ eXp(V/T) (8)

J. AM. CHEM. SOC. = VOL. 130, NO. 5, 2008 1731



ARTICLES Summers et al.

Table 2. Kinetic Parameters for Reactions of Manganese(ll) Complexes with Superoxide and Fluoride in Aqueous Solution

superoxide reaction data anion binding data

kapp‘OZ‘A

kapp‘OZ,B

kapp.x’

complex (M~1s7Y) (s™ (M~1s71)a AH* (kJ/mol)
MNn"EDTA(H0)2~ 1.24 40.24) x 10’ 4.0 &0.8) x 1(? 5.46 ¢0.19) x 10* 31
Mn'"PDTAZ- 1.33 40.26) x 10’ 2.0 (#£0.4) x 107 2.85 (0.06) x 10° 19
Mn'' 3-EDDADP2~ 1.95 (£0.40) x 107 3.5(0.7) x 17 1.52 #0.02) x 1C° 22
Mn"POy~ 5.0 x 10™¢ 5.34 (0.15) x 10%® 42
Mn""TM-2-PyP+ 6.2 x 107 2.1x 10Pe 36°
Mn''(H20)e?" 1.1x 10% 5.8 x 1P 47

aRate constants (25C) measured in 90% 40/10% DO solution, pH 7 except where noted. Except for'WiM-2-PyP* and Mr'(H,0)s2" (note e),
data are for metal/Fassociation® Measured at pH & From Cabelli and Bielski, ref 29! From Batinic-Haberle et al., ref 58 Rate data for MeOPH
association, ref 16.From Pick-Kaplan and Rabini, ref 62.

wherea, 8, andy are constants. Thg term for F~ relaxation Reaction of @~ with Fe'"PDTA™~ proceeds directly to the
in eq 8 was set equal to the slope of the least-squares line forferrous complex (eq 13). The reaction was run under pseudo-
the tfa datd? andAH*, o, andp were refined to give the curved first-order conditions. The observed second-order rate constant
trend line following the F data in Figure 2. Dashed lines a for this reaction (3.2 0.8 x 10® M~1s71) was determined from
and b in Figure 3 represent the predicted outer-sphere and innerthe dependence of the pseudo-first-order rate constants on
sphere contributions to the relaxation rate, respectively. The complex concentrations. The rate constant reported in Table 1
25°C association rate constant and activation enthalpy in Table (4.6 x 10® M~1s71) was calculated from this value using the
1 are from this refinement. measured I for hydrolysis of F&' PDTA™ (reported above; 9.0)
Rate Constants of @~ Reactions.The reactions of @~ and assuming that only #B®DTA~ (and not FE PDTA(OH}")
with the complexes FEPDTA~, Mn"EDTA(H.0)?~, Mn'" is reactive toward @~. This assumption is reasonable because
PDTA?", and MdB-EDDADP?~ were studied in aqueous the analogous complex B&EDTA(OH)?~ is reportedly unre-
solutions containing 0.1 M NaHCand 0.018 M NO. These active toward @~ and because both E€DTA(OHY~ and
reactions were studied at pH 8.3 to minimize interference by Fe'"EDTA(OH)?~ are unreactive toward Fassociation. This
the reaction of H@ with O~ (k = 9.7 x 10’ M~1s71).45 assumption has relatively little effect on the value of the rate
The O~ radicals were prepared by irradiating the solutions constant, as only~20% of the available iron was present as
with fast electrons. When ionizing radiation is absorbed by a Fe'"PDTA(OHY~ under the conditions of the pulse radiolysis
dilute aqueous solution, the following initial products are experiment (pH 8.3).
formed?6
F"PDTA  + O, — Fé'PDTA> + 0,  (13)

In contrast to the reaction with B®DTA, reactions of @~
with Mn"EDTA(H-0)2", Mn'"PDTA2", and MA!3-EDDADP2~
€ aq(2.65), HO, (0.75), H, (0.45) (9) displayed more complicated kinetics. The experimental observa-
tions indicate that these reactions proceed through two short-
where theG values (defined as the yield of product per 100 eV lived intermediates (formulated as [Mh-O22]%A and [MA''L-
absorbed by the solution) are given in parentheses. In solutionsO,27]*8):
containing NO and @, the following reactions yield the desired
Oy~ radical aniorf’

, e
H,0 —— -H (0.60), OH (2.65),

Mn'L + O, " — [MN"L-O, 1" kyppoon  (14)

€ oq T NyO+ H,0— N, + OH + OH" [Mn"L-0,% 4 — Mn"'L-0, 1"® Ky 08
k=8.7x10°M st (10)
HCOO + :OH— CO," + H,0
k=34x10M st (11)

CO, ™ +0,—~0,” +CO, k=20x 1°M s (12)

(15)
Mn"'L-0,271"® — products ki, (16)

The initial reactions (eq 14) proceed with pseudo-first-order
kinetics. Apparent second-order rate constants for formation of
the first intermediate [MHL-O22 1% (Kapp,02,4 reported in Table

) . 2) were determined from the dependence of the pseudo-first-
Absorbance data were acquired at times greater tharl0° order rate constants on complex concentrations. Rearrangements
s because radiolysis product distributions are homogeneous aftepy the intial intermediates (eq 15) obey first-order kinetics with
1x107s% the rate constants{yp02,9 reported in Table 2. Rates of the

(44) We felt thaty values for tfa and F should be similar because the SUbsequent decomposmon reactions (eq 16) will be reported

temperature dependencies of the electron spin relaxation time of the metal €lsewhere. Each of these three reactions is analogous to reactions
complex are not anion dependent and the correlation times for motions of i 7-29
bl salieb ol reported for similar Mh complexes.

(45) Bielski, B. H. J.; Cabelli, D. E.; Arudi, R. L.; Ross, A. B. Phys. Chem.

Ref. Data1985 14, 1041. Discussion
(46) Matheson, M. S.; Dorfman, IPulse RadiolysisM.I.T. Press: Cambridge, . Lo

MA, 1969. Comparing the FEEDTA(H20)/F~ association rate constant
(47) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, AJBPhys. | — 2— 40 indi i

Chem. Ref. Datd988 17, 513. Buxton, G. V.; Sellers, R. M.; McCracken, to that for Fé EDTA(HZO) /SQ" indicates that “gand

D. R.J. Chem. Soc., Faraday Trans1976 72, 1464. association reactions at 'FEDTA(H,O)~ are not purely dis-
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g

Mh'EDDADP
Mn'EDTA2-
Fe""EDTA™
W Fe''PDTA™

log(kapp,02-)

Fe',O(TTHA)>
Fe!'DTPA?

Iog(kapp.)(—)

Figure 4. Apparent second-order rate constants for metal/anion association
(kapp,x-) correlate with rate constants of metaifOreactions Kapp,02). ¢
represent P/F~ association,0 represent MWF~ association, andd
represent reactions of MTMPyP+ and Mrl'(H20)e2™ with MeOPH-.

sociative. The effects of nucleophile identity on rates of
dissociative reactions should be limited to the factors that
modulate electrostatic pre-association (factors that affect the
rates of metal/anion complexation have been reviéwedo).
Although electrostatic considerations predict the anionic metal
complex would react more slowly with SO than with F,
the rate constant reported for $Ois approximately 40 times
that for F~.4° We also found that FEEDTA(H,O)~ reacts more
rapidly with SCN5! than with F". This same reactivity order
was reported previously for B¢H,O)s3.5253\We note that aquo
ligand exchange at &H,0)*" proceeds by an associative
interchange mechanism, as indicated by its small negative
activation volume AV* = —5.4 mL/mol)5* Although dissocia-
tionof coordinated water fromthe seven-coordinattERTA(H,0)~
is likely to precede anion association, the association of an
anionic ligand with the anionic complex must present a second
energy barrier.

The order of reactivity we observed (0 > SCN™ > F)
has been observed in other systems as®valid is consistent
with the Swain-Scott/Pearson nucleophilicities of the ftnale
attribute differences in the nucleophilic reactivities to differences

in the energies required to break nucleophile/solvent hydrogen

bonds. Nucleophile/solvent hydrogen bonding is well-known
to diminish nucleophilic reactivity?-52:53.56

Implications for the Mechanisms of Metal/O,-~ Redox
Chemistry. Our results suggest that rapid reactions of! Fe
complexes with @~ occur via inner-sphere mechanisms where
metal/Q*~ association is rate limiting. Under this scenario, rates
of metal/Q*~ reactions are expected to correlate with rates at
which the metal complexes coordinate.RVe were able to
obtain bothkapp 02 andkapp = for 8 of the 10 complexes studied.
A plot of 10g(Kapp,02) versus logkapp,~) for these 8 complexes
(Figure 4) displays a linear correlation extending 5 orders of
magnitude. In addition to metalfFassociation data, Figure 4

(48) Helm, L.; Merbach, A. EChem. Re. 2005 105, 1923.

(49) Kryatov, S.V.; Rybak-Akimova, E. V.; Schindler, €hem. Re. 2005
105 2175.

(50) Sasaki, Y.; Sykes, A. Gl. Chem. Soc., Dalton Tran$975 1048.

(51) Unpublished results: Although relaxation enhancement ofthaucleus
of SCN- is not governed by kinetics at the magnetic field strength available
to us, our measurements indicate that the rate constant for @&dciation
with FE"EDTA(H,O)" is greater than that for Fassociation.

(52) Pouli, D.; Smith, W. MCan. J. Chem196Q 38, 567.

(53) Below, J. F.; Connick, R. E.; Coppel, C. R.Am. Chem. Sod 958 80,
2961.

(54) Helm, L.; Merbach, AChem. Re. 2005 105, 1923.

(55) Pearson, R. G.; Sobel, H.; Songstad].JAm. Chem. S0d.968 90, 319.

(56) Pienta, N. J.; Kessler, R. J. Am. Chem So0d.993 115 8330.

includes published data for reactions of another nucleophilic
anion, methylphosphite (MeOP#} The gray squares in Figure

4 compare rate constants of metal/MeOPadsociatiol to rate
constants of metal/§ reactions for MH(H,0)s?" and a water
soluble manganese(lll) porphyrin (MiM-2-PyP*, data in
Table 2)°7:58 For the case of MATM-2-PyP*, kypp.oz is the
catalytic rate constant for £ dissmutation Ko). Values of

keat for manganese(lll) porphyrins are thought to be limited by
rates of M reduction®® Thus, the fit of the MH TM-2-PyP"

data to the trend line in Figure 4 suggests that the rate-limiting
step in the catalytic dissmutation of,O by this complex is

the inner-sphere coordination of the two reactants. We note that
complexes that were inert toward Fexchange (P&(CN)g®~

and FE'EDTA(OH)?") also react slowly with @324 These
results are all consistent with rapid metal/O reactions
proceeding through inner-sphere mechanisms. This conclusion
is in accord with the earlier report that redox reactions between
transition metal complexes and radicals usually proceed via the
inner-sphere mechanist.

If O~ reacts with metal complexes by inner-sphere mech-
anisms, then Figure 4 compares the nucleophilicity gf @
that of F. The slope and intercept values for the trend line in
Figure 4! are reasonable for this interpretation. If the metal-
dependent contributions tAG* for coordination of metal
complexes by F were identical to such contributions for
reactions with @, then a plot of logapp,02) Versus logkapp,=)
should be linear with a slope of 1. The slope of the trend line
in Figure 4 is 0.94. The intercept of the trend line in this plot
(1.9) indicates that @ is on average 74-fold more reactive
than F toward metal complexes.

We attribute differences betweekupp,02 and Kappr to
differences in the nucleophilicities of the two anions and not to
a contribution of an outer-sphere mechanism to electron-transfer
reactions. A direct comparison obO and F nucleophilicities
is provided by rate data for reactions of Mmromplexes.
Whereas reactions of £ with each F& complex proceed
without a detectable intermediate to the correspondingy Fe
species, reactions with the Micomplexes do proceed through
an intermediat@’~2° Values 0ofkapp,02,areported in Table 2 are
rate constants for formation of these intermediates (typically
formulated to contain the MO, moiety)27-2° Because MW
O~ association is reversible for certain Mrcomplexe%
(including MA'PQO,~ 2° and Mn''(H,0)s2" ©9), it is likely that
Kapp,02,4for those complexes (and presumably the other! Mn
complexes as well) are the rate constants for megal/O
association. Because rate data for'Mmmplexes conform to
the trend in Figure 4, it follows that the nucleophilicities of the
two anions are related gpp,02/Kapp,= & 74. The magnitude
of this ratio (corresponding to a difference AG* of ~11 kJ/
mol) is reasonable given the difference in the solvation
enthalpies of @ and F (—42¢°% and —51%* kJ/mol,
respectively.).

(57) TM-2-PyPE* represents the ortho isomer of 5,10,15,20-tetrakisgthyl-
pyridiniumylporphyrin).

(58) Batinic-Haberle, I.; Benov, L.; Spasojevic, |.; FridovichJl.Biol. Chem.
1998 273 24521.

(59) Batinic-Haberle, I.; Spasojevic, |.; Hambright, P.; Benov, L.; Crumbliss,
A. L.; Fridovich, I. Inorg. Chem.1999 38, 4011.

(60) van Eldik, R.; Cohen, H.; Meyerstein, Ihorg. Chem.1994 33, 1566.

(61) MeOPH data were omitted from the least squares analysis.

(62) Pick-Kaplan, M.; Rabani, J. Phys. Chem1976 80, 1840.

(63) Sawyer, D. TOxygen ChemistryOxford University Press: New York,
1991.

(64) Marcus, Y.lon Sobation; Wiley-Interscience: Chichester, NY, 1986.
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The effects of nucleophile protonation on rates at whigttO  constants and activation enthalpies for metaiEsociation with
and F react with F& EDTA(OH)?~ are qualitatively similar. eight metal complexes. We have also reported the rate constant
Rates of F relaxation dramatically accelerate in as the pH forreactionof @~ withFe'PDTA-, Mn"EDTAZ-, Mn''PDTAZ2",
approached thely of HF (3.17). Similarly, the reduction of  and Mr!3-EDDADFP2". The correlation of metal/anion associa-
FE'EDTA(OH)* by Oy~ reportedly accelerates at pH ap- tion rates with rates of metalfO- reactions provides strong
proaching the Ka of HOx37 (4.7%9). Acceleration of the  evidence for an inner-sphere mechanism for the reduction of
reactions of H@ and HF compared to those of;O and F Fel' to Fé' by Or~. Our findings suggest that’r NMR
are likely to be due to a combination of factors, including: (1) relaxation methods may be used to predict the reactivities of
decreased electrostatic repulsions of the metal complex and thg=qi containing biomolecules toward catalyzing the production
protonated nucleophile, (2) decreased solvation energies of the;s s relevant to oxidative stress and disease.
nucleophiles, and (3) increased stability of the outer-sphere

complex by hydrogen bonding between HF (or i@nd the Acknowledgment. This study was supported in part by a
anionic metal complex. grant from the Israel Atomic Energy Committee and the
Conclusions Planning and Granting Committee of the Israeli Council of

We have shown that rates of metal/GBssociation at F& Higher Education.

and Mr' centers can be measured by paramagnetic relaxation
enhancement of the F°F NMR resonance and report rate  JA077193B

1734 J. AM. CHEM. SOC. = VOL. 130, NO. 5, 2008



