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The lability and structural dynamics of [Fe'(edta)(H,0)]>~ (edta = ethylenediaminetetraacetate) in aqueous solution
strongly depend on solvent interactions. To study the solution structure and water-exchange mechanism, H, 13C,
and 70 NMR techniques were applied. The water-exchange reaction was studied through the paramagnetic effect
of the complex on the relaxation rate of the 7O nucleus of the bulk water. In addition to variable-temperature
experiments, high-pressure NMR techniques were applied to elucidate the intimate nature of the water-exchange
mechanism. The water molecule in the seventh coordination site of the edta complex is strongly labilized, as
shown by the water-exchange rate constant of (2.7 + 0.1) x 106 s~! at 298.2 K and ambient pressure. The
activation parameters AH*, AS*, and AV~ were found to be 43.2 + 0.5 kJ mol™%, +23 + 2 J K™ mol™?, and
+8.6 + 0.4 cm® mol ™%, respectively, in line with a dissociatively activated interchange () mechanism. The scalar
coupling constant (A/h) for the Fe'-0 interaction was found to be 10.4 MHz, slightly larger than the value Alh =
9.4 MHz for this interaction in the hexa-aqua Fe'' complex. The solution structure and dynamics of [Fe"(edta)(H,0)]*~
were clarified by 'H and **C NMR experiments. The complex undergoes a A,A-isomerization process with
interconversion of in-plane (IP) and out-of-plane (OP) positions. Acetate scrambling was also found in an NMR
study of the corresponding NO complex, [Fe'(edta)(NO~)]>.

Introduction is formed, electron transfer leads to the''Feuperoxide

In 1993, Mizuta et a2 reported the first crystal structure ~ SPecies, followed by dimerization, and finally splitting of
of the Fé—edta complex. Aside from the hexadentate edta the dimer to give the oxidation product [Fedta)(HO)]~,**
(ethylenediaminetetraacetate) chelate, a water molecule wadVhich is again a seven-coordinate species.
detected at the seventh coordination site of the metal center.

Since that finding, the seven-coordinate edta complex is  [Fe'(edta)(HO)*” + O, = [Fe' (edta)(Q)]*” + H,O
commonly expressed by the formula [Fedta)(HO)]?". ' . " .
Surprisingly, dried crystals were found to be stable against [Fe'(edta)(Q)]” — [Fe" (edta)(Q )]

oxidation, in contrast to the extremely oxygen-sensitive Il —\12- I -,

solution of this complex. [Fe"(edta)( @I + [Fel (edta)(zl-%O)] ’ -

The observed difference in reactivity reflects the important [(edta)Fd' —(u-0,"")—Fé€" (edta)f” + H,0
contribution of the solvent in describing the substitution and | 2y el _ " .
redox behavior of this complex. A detailed study of the [(edta)Fe (w-0,™) Feedta)f” +2H" + 2H,0
kinetics of the oxidation of [F&edta)(HO)]? by dioxygen 2[F€" (edta)(HO)]” + H,0,
in aqueous solution revealed that the oxidation necessarily
proceeds via the substitution of the labile water molecule by

molecular oxygen. Once the dioxygen specied(@dta)Gl>- Therefore, the water molecule in the seventh coordination

site plays a crucial role in describing the chemistry of
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industriab~*' and medicdf applications as a result of its to negligible (4, dissociative interchange). The entering and
excellent NO-scavenging properties in aqueous media. Aque-leaving water molecules have substantial bonding to the
ous solutions of [PHedta)(HO)]?>~ as scrubber liquid inthe  metal center in an associatively activated intercharge (
BioDeNQ, process for NO removal from flue gases is a process, whereas a dissociatively activated interchapgpe (
promising alternativi to the dry process of selective (non)- process involves weak bond making of the entering solvent
catalytic reduction (S(N)CR) that suffers from catalyst and weak bonding of the leaving solvent molecule. Tem-
poisoning. In the wet denitrification process, the absorption perature-dependent measurements of the exchange-rate yield
of poorly water soluble NO (1.25¢ 103 M atm™! at the activation enthalpyAH™, and activation entropyAS~,

50 °C) in the aqueous phase requires'[feglta)(HO)]>" to from which limited mechanistic conclusions can be drawn.
reversibly bind NO. The edta complex is of particular interest In recent years the assignment of solvent-exchange mecha-
as an absorption catalyst because of a fast NO-uptake rateisms is mainly based on variable-pressure experiniénts.
constant of (2.4t 0.1) x 10° M~t s ! and a high stability The detection of pressure-induced changes in the exchange
constant of (2.1 0.2) x 10° M1 at 25°C.}4 rate allows the determination of the activation volum¥?”,
which is a composite of intrinsicAV=;, and solvational,
AVZsn, contributions and simplifies taAAV* ~ AV¥py
becausA\V*=sqy is small and negligible in the case of water-

Analogous to the oxidation by dioxygen, nitrosylation €Xchange reactions. The activation volume is a potent tool
proceeds via the substitution of coordinated water by NO, in the determination of reaction mechanisms as it unambigu-
followed by subsequent electron transfer to form théFe ~ Ously connects the intimate mechanism with the sigh\sf,

NO~ complex. namely for associatively activated procesads™ < 0 and

Investigation of the displacement of a coordinated water for dissociatively activated processesvV= > 0. In a
molecule by an entering bulk water molecule and the under- Sémiempirical model developed by Swaddle and Mak,
lying intimate substitution mechanism is therefore of im- the limiting activation volume for di- and trivalent 3d
portance in understanding the reactivity of [feglta) (HO)J2~ transition-metataqua cations was estimated to be
because the described reactions have to proceed via substittAV imt = +13.5 cn mol™* for a D mechanism and
tion of the bound water molecule. However, the structure of —13.5 cn mol™* for an A mechanism. With these limiting
[Fe (edta)(HO)J2~ in aqueous solution was never studied, values, a guideline exists from which a limiting mechanism
nor was the kinetics for the water-exchange reaction because@n be concluded, even if evidence for an intermediate of
solutions of this complex are extremely oxygen sensitive. higher or lower coordination number does not exist.
Especially, the water-exchange mechanism will reveal in- Aside from the exchange kinetics, the solution structure
formation on steric constraints around the metal center andand dynamics of the complex in aqueous media can be
on labilizing effects due to the chelate ligand. investigated by NMR techniques. For some complexes with

According to Langford and Gray,substitution processes ~ €dta and edta-type ligands, namely}'Aledta, G& —edta;®
can generally be classified with respect to the degree of bondand Cd—edtas® a rapid interchange of the acetate groups
making and bond breaking along the reaction coordinate to Petween axial (out-of-plane, (OP)) and equatorial (in-plane,
the transition state. Aside from the two limiting cases, (IP)) positions was found in water (i.\,A isomerization)?
complete dissociation of the bound ligand (D mechanism), However, in DMSO, the Al—edta NMR spectra no longer
and association of the entering ligand (A mechanism), an showed the averaged signals as a result of blocked acetate
interchange mechanism is possible. Within the category for interchange as compared to aqueous media. The observed
interchange mechanisms, a continuum of transition states is'fesonancéH NMR pattern for Al'—edta in DMSO is now
possib|e as the degree of bond making with the entering similar to that for the inert Ch—edta with four Signals (tWO

ligand can range from substantis), @ssociative interchange) ~AB spin systems) for the nonequivalent methylene protons
of the acetates in the axial and equatorial positions and one

AA'BB’ spectrum of the ethylenediamine unit. Therefore,

[Fe' (edta)(HO)*” + NO = [F€" (edta)(NO)]*” + H,O
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process occurs or whether it adopts a static structure in
solution.

The reactivity and structural dynamics of [fedta)(HO)J2~
in solution are strongly related to solvent interactions. To
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Water Exchange on [Fé&(edta)(H0)]?~

clarify the solution structure and water-exchange mechanism, 'O NMR Measurements.The!’O NMR spectra were recorded
1H, 13C, and variable-temperature and -pressdé NMR on a Bruker AVANCE DRX 400WB spectrometer equipped with

studies were performed in this investigation. a spectrospin superconducting wide-bore magnet operating at a
resonance frequency of 54.24 MHz at a magnetic induction of 9.4

T. Measurements at atmospheric pressure were performed with a
commercial 5 mm Bruker broadband probe thermostated with a
Materials. The reagents used in this investigation were all of Bruker B—VT 3000 variable-temperature unit. Relaxation rates and
analytical grade. The NMR spectra for the-+edta ligand (Acros chemical shifts were measured for the paramagnetic solutions and
Organics) in DO/NaOD revealed no significant impurities aside for the aqueous buffer solution as a reference. To avoid susceptibil-
from the resonances of the compound, and the chelate was therefordty corrections of the measured data in the determination of the

Experimental Section

used as supplied without any further purificatidd.NMR: ¢ 3.30 shift of the!’O resonance, the sample was seated 4 mmsphere
(s, 4H,—N—CH,—CH,—N—), 3.68 (s, 8H~N—CH,—COOQO"). 13C fitted inside a standard NMR tube. The samples with and without
NMR: 6 53.81 (2C,—~N—CH,—CH,—N-), 60.23 (4C,—N—CH,— the paramagnetic compound were concentrically surrounded by an

COO"), 176.58 (4C,—~N—CH,—COO"). Solutions were prepared  external deuterated standard (toluene) for locking purposes. The
in doubly destilled water, and the ionic strength was adjusted with chemical shifts, as well as the line width at half-height of the signal,
NaClO, (Merck) to 0.5 M for all of the kinetic investigations. The  were determined by a deconvolution procedure on the real part of
samples for the water-exchange measurements were prepared bthe Fourier transformed spectra with a Lorentzian shape function
dissolving the ligand in 0.1 M sodium acetate buffer solution (Fisher in the data analysis module of Bruker Topspin 1.3 software.
Chemicals). The pH was measured with a Metrohm 713 pH-Meter Pressure-dependent measurements were carried out with a home-
using a Metrohm glass electrode (filled with sodium chloride instead made thermostated high-pressure pré¥he sample was measured

of potassium chloride to prevent precipitation of poorly soluble ina standard 5 mm NMR tube cut to a length of 50 mm. To enable
potassium perchlorate) and adjusted to pH 5.0 with NaOH (Acros pressure transmittance to the solution, the NMR tube was closed
Organics). The solution was deoxygenated several times under awith a moveable macor piston. The advantage of this method is
vacuum and saturated with argon before the appropriate amountthat oxygen-sensitive samples can be easily placed in the NMR
of FeSQ-7H,0O (Acros Organics) was added. For the estimation tube and sealed with the macor piston under an argon atmosphere.
of the exchange kinetics, the complex solution was enriched with A safe subsequent transfer to the high-pressure probe is assured.
the 170 isotope by the addition of argon saturategt’® (10%, The pressure was applied to the high-pressure probe via a
Deutero) using syringe techniques to give a total enrichment of perfluorated hydrocarbon (hexafluoropropyleneoxide, Hostinert 175,
1% 170 in the studied samples. To improve the signal-to-noise ratio Hoechst) and measured by a VDO gauge with an accurasyl 6.

in the *H and 13C NMR experiments, solid Nf=€'(edta)(HO)] Temperature was adjusted with circulating, thermostated water
was prepared by dissolving;Hedta (2.92 g, Acros Organics) in  (Colora thermostat WK 16) ta:0.1 K of the desired value and
doubly destilled water (10 mL). After deprotonation with 2 equiv. monitored before each measurement with an internal Pt-resistance
of NaCO;, a clear solution was obtained and saturated with argon. thermometer with an accuracy &f0.2 K.

Under strict exclusion of oxygen, 2.78 g of '/&0,-7H,0 was ) .

added. Immediately after the addition of the''Fealt, a white Results and Discussion

precipitate of Ng[Fe' (edta)(HO)] was obtained. The solid was Water-Exchange Reaction.The paramagnetic high-spin
filtered under n_|trogen and d_rled under an 0|I-_pump vacuum. For ggi complex, [Fé(edta)(HO)J?-, has a pronounced influence
the NMR experiments, the solid complex was dissolved in an argon- on relaxation rates of nuclei in its proximity. Aside from

saturated BO solution (pD 5‘.4)' The SOI.UUO.” sPe?'e§ was analyzed the enhancement of longitudinal and transverse relaxation
by mass spectroscopy EMS: m/z (relative intensity): 360 (34%, t infl the chemical shifts of lei cl ¢
[M—H]"), 343 (67%, [M-H,O]") (JEOL MStation JMS 700). rates, an influence on the chemical shifts of nuclei close to

The nitrosyl complex, [Fé(edta)(NO)J?-, was prepared by the paramagnetic Eecenter is apparent. It is valuable that
passing NO through an argon-saturated solution of 100 mM the eXChange, rat.es O,f solvent molecules between the bulk
[Fe'(edta)(HO)JZ- (pD 5.4) in an NMR tube that was kept and and the coordination site of [Hedta)(HO)]*~ are accessible

sealed under an argon atmosphere. The commercially available 9.9y Studying relaxation rates and the resonance shift of the
vol % nitric oxide (Air Liquide) was cleaned of impurities on an 'O nucleus for water molecules at variable temperature and

Ascarite |l column (sodium hydroxide on silica gel, Sigma-Aldrich) pressure. Transverse relaxation rates were determined,
and on a BOs column. The gas cylinders were filled at a maximum employing the HO line-broadening technigue. The ob-
pressure of 20 bar to decrease the decomposition rate of nitric oxide tained half-widths of thé’0O NMR signal of the bulk solvent

H and 3C NMR Measurements.The NMR experiments were  in the presence\vqn) and absenceNysqven) Of paramagnetic
carried out on a Bruker AVANCE DRX 400WB spectrometer at a [Fe”(edta)(l—&O)]z—, together with the mole fraction of bound
resonance frequency of 400.13 fd and 100.61 MHz for*C water P.), were used to calculate the reduced transverse

nuclei. To avolld oxidation throughout the megsurgments, NMR relaxation rates (Th) for each temperature and pressure.
tubes sealed with Teflon screw caps were used in which the samples

According to Swift and Connické22 Ty, is related to the
were kept under an argon atmosphere. The spectra were recorde laxation ti f dinated water in the i
in deuterium solvent lock (D) mode and referenced against ransverse relaxation ime or coordinated water in the inner

3-(trimethylsilyl) propionic acid (TSP = 0 ppm). Typical sphere of tr_]e comple_x in the absence of a chemical exchange
acquisition parameters fofH experiments were pulse length, (Tom), the dlff_erence. In resonance frequency of bulk solvent
2.4 us (30); relaxation delay, 2.0 s; scans, 214; sweep width, and solvent in the first coordination spheruy), and the

80000 Hz. For*C NMR measurements, typical acquisition

parameters were pulse length, 7} relaxation delay, 3.0 s; scans, (1) fggé‘t 6A5'; gléazubrand, A.; Aygen, S.; van Eldik, Rev. Sci. Instrum.
22 k; sweep width, 100 000 Hz. THEC spectra were collected (22) Swift, T.’ J.; Connick, R. EJ. Chem. Phys1962 37, 307.

with a power-gated decoupling pulse sequence. (23) Swift, T. J.; Connick, R. EJ. Chem. Phys1964 41, 2553.
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15 T T T T T

mean lifetime of coordinated solvent,{). The exchange-
rate constant between coordinated and bulk sohkggtcan
accordingly be expressed as the reciprocal residence time
of the bound solvent moleculex = 1/t,. A summary of
these relationships is given in eq 1.

>

In (1/T,)

1_,1

T, Pm(AVobs_ A’Vsolven) =

1) Tam & (Tont) " + Ay 1 28 30 32 34 36 38
Tm (TE#\ + t% )2 + Awﬁ] T205 T T T T T

®  measured -
A calculated

—fit

BN
T

The mole fraction of the solvent in the exchanging site
compared to the bulk solvent, represented by the tegn
normalizes the measured line-width differena®vdys —
Avsonen to the applied-complex concentration. The differ-
ence in the resonance frequency of bulk solvent and solvent
in the first coordination sphere of the iron complex is . . . . .
expressed byAwn. Toosrepresents an outer-sphere contribu- 28 30 32 34 36 38
tion to Ty that arises from long-range interactions of the 1000/ T [K']
paramagnetic unpaired electrons of the iron complex with Figure 1. (A) Temperature dependence of the reduced transverse relaxation
water outside the inner coordination sphere. These possible 1) 05 0 €0 20t e B e Lt cee

o . . q
contributions are not all observable in the studied system 2p. The dotted line results from the fit witFerm contribution represented
because of the limited temperature range. The measurement(l;?isgfeergnigl-AB))I;fétrggirgtl'ilrls| RdSer;%r:%irézefo?flégemﬁt;;g(?ta;(h;g]gﬁl-shift
are restricted to a rather small kinetic window between the ) and thg)rcalculatedxw, (&) from the parameters derived in the
boiling and freezing points of water. Therefore, a contribution temperature-dependent measurement of the reduced transverse relaxation
of 1/Txesto the reduced transverse relaxation rate that would rate (Table 1,_ columlﬂ_b). _The solid line is the fit to the meas_ured data

.. i (m). The obtained activation parameters (Table 1, col@noonfirm the
be clearly visible by a changeover to a positive slope at 10w yjyes of the line-broadening study.
temperatures was never observed. The absence of this
contribution justifies the application of eq 1 in a reduced ature dependence was applied in the treatment of the bound-
form (eq 2a), where outer-sphere contributions to relaxation Water relaxation rate Tén given by eq 3.
are ignored. At elevated temperatures, thd (€dta)(HO)]>~ E
complex showed a small contribution fronT44. To evaluate -1 exp{—q_} 3)
the derived activation parameters in terms of a contribution Tom T(Z)m R
through theT,y, term, the fit was first carried out witfion,
contributing to the overall relaxation (eq 2a) and secon
where it was set to zero (eq 2b). Application of the transverse
relaxation of the bound water as a free parameter in the fitting
procedure leads to larger uncertainty in the remaining fit
parameters. Nevertheless, for both fitting procedures, the

obtained values for the activation parameters are in good '

red. chem. shift [106 rad s‘l]
S

(=}
T

d The dependence of the exchange-rate constagt ¢n
temperature variation can be derived from the Eyring
equation. Here, the reciprocal residence tig, depends

on the activation parameters for the water-exchange process,
namely the activation enthalpyH™, and activation entropy,

agreement. 1 ke T AS™ AH™
—2 P kex_rm_(h)eXp{( R) (RT)} )
i _ 1 T2m+ (TZme) + ACUm 2
T, 7, (T;l-l- 92 4 Aw? (22) A nonlinear least-squares fit of the measured data with
moom m egs 2a and 2b, employing the expressions for the temperature
1 1 Aw?, dependence of Tiy, (eq 3) andkey (€q 4) is shown in Figure
T, t )75 A (2b) 1A. The solid curve was derived from fitting the data of a
m m sample with a total concentration of 20 mM Yfedta)(HO)J?>

and neglecting an¥.n contribution. In a second experiment,
A separation of the contributing factors can be achieved g more-concentrated complex solution (30 mM) was mea-
by measuring their temperature dependence. &or, a sured up to 358.2 K, which showed the start ofTa,
reciprocal functionalityA/T was assumed, wher& was contribution at the highest two temperatures. This is evident
determined as a parameter in the treatment of the line-from a positive deviation of the data points from the fitted
broadening dat#. An exponential, Arrhenius-type temper- curve at 353.2 and 358.2 K. Therefore, a mathematical
treatment involvingl.m, was applied (eq 2b) and resulted in
(24) Bloembergen, NJ. Chem. Phys1957, 27, 595. the fit shown by the dotted line. In addition, the reduced
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Table 1. Activation Parameters Derived from the Least-Squares Fit of chemical shifts of the 100 mM [féedta)(HO)]>~ solution,

1Tz as a Function of Temperatdre wops and the aqueous reference without the paramagnetic
1 2a 2b 3 compoundwo, and normalized by the mole fraction of bound
Experimental Line- Line- Line- Shift- water P, The relatlonshlp betwet_aﬂwr andT_Zm, chemical
Technique Broadening Broadening Broadening Analysis shift (Awm, Awos), and residence time) is given by eq 5.
A (6.8+£04) (6.7+£0.2) (6.7+0.3) (6.8+0.1) Analogous to the line-broadening experiment, these contribu-
AT (5°1) X107 (; iossg) x 10° x 10° tions can be separated by measuring their temperature
m
x 1013 dependences.
Enm (kJ mof) —64+ 69
AH=(kImofY)  43+2 43+1 432+£05 43+5 1 _ Awy,
AS*(QKImolY) +24+8 +24+5 +23+2  +25+17 Awy = 5(@gps— o) = o 5 5 T Awg
Kex 298.2K (s1) ~ (2.7+0.4) (2.8+0.2) (2.7+0.1) (3.1+0.2) m 1+ 7y Ton)” + ThA0n,
x 1P x 10° x 10° x 10° )
aMeasurements at two different concentrations, 20 rijaad 30 mM Figure 1B shows the measured reduced chemical shift as

(29), of [Fe! (edta)(HO)*" yielded parameters that are in excellent agreement. g fynction of temperature. A contribution Afves to Aw;, at
Fitting the data by including an initidlo, contribution @a) leads to lower low temperature was never taken into consideration. With
accuracy compared to calculations withdut, (2b). The fitting of the
temperature dependence/b, for a 100 mM [Fé (edta)(H0)]?~ solution increasing temperature a strong increasAd is obvious.
yielded matching parameter8)( This is a typical behavior of the chemical shift in the slow
and reasonably fast exchange region. At temperatures higher
than 313.2 K, the chemical-shift difference no longer
increases but decreases. A changeover to the fast exchange
region is evident. The observedy, in the temperature range
for very fast exchange is dominated by the shift difference
between bound and bulk watekwr,. The inflection point
in the plot of Aw, and the maxima of In(T%,) were found
to be at the same temperature. Both techniques show clearly
and correspondingly the proposed changeover in dominating
contributions and prove the exchange phenomena indepen-
dently. Applying the expressions for the temperature depen-
Figure 2. Shift and line-broadening of th€O resonance of a 100 mM dence Oﬂ—.zm’ ?m' andAwm in €q>5 allows for the calculation
[Fe/ (edta)(HO)>~ solution with temperature variation from 274.2 to  Of the activation parameters and the exchange-rate constant
353.2 K. At low temperatures, th€O resonance shifts with increasing  Kex. The resulting curve from the fit through the data points
temperature to a lower field and the line Width inc_reases. A_t higher is shown by the solid line in Figure 1B, and the obtained
temperatures T > 313.2 K), the resonance shifts linearly with the . . b .
temperature to higher fields, and the line width decreases. activation parameters are given in Tables] A comparison
of the values derived from the line-broadening technique with
Swift—Connick equation 2a was applied for the data of the that obtained in the shift analysis shows good agreement
more-concentrated sample as well. The obtained curve equaldetween the different approaches. Improved accuracy seems
that of the less-concentrated solution. All of the parametersto be an advantage of the line-broadening experiment,
that were determined in the described fitting procedures areparticularly in determining the value of the activation entropy.
given in Table 1. The obtained parameters for different total To evaluate the derived activation parameters from both
concentrations of [Fgedta)0]?>~ agree well. Setting o, experiments, a simulation of the temperature-dependent shift
as a free parameter in the fit with eq 2a resulted in a lower of Aw, from the data of the line-broadening experiment was
accuracy for the values of the activation parameters comparedalso performed. The derived paramet&®m, Tom and tr,
to those of the fit procedure neglectifigy, (eq 2b). However,  for the line-broadening experiment and their known depen-
except for the larger errors, the absolute values for the deriveddence on temperature were used to calculate the reduced
parameters remain the same. shift, Aw,, of the O resonance according to eq 5. A
To further substantiate the activation parameters derivedcomparison of the calculated\] and measuredm) shift
from the line-broadening analysis, it is advisable to study differenceAw is given in Figure 1B. The calculated reduced
the shift of the bulk-watet’O resonance as a function of shift, Aw,, from the line-broadening experiment and the fit
temperature (Figure 2). To carry out this temperature- of the measured shift data agree well. The reason for the
dependent shift measurement with an acceptable signal-todarger error limits of the estimated activation parameters
noise ratio, a more-concentrated sample (100 mM) was derived from the shift analysis results from the small
recommended for the measurements in the spherical tubedeviation of a few data points in the intermediate temperature
Although the higher concentration improves the observed range of the fit. Obviously, only three measured values are
signal, the resonance shift was never determined in a simpleslightly too large. However, a shift analysis can be performed
peak picking procedure. Instead, thH® resonances were successfully also on broadened bulk-water peaks, but small
fitted at each adjusted temperature with a Lorentzian function deviations in the location of the signal position have to be
to give the accurate signal position. The reduced chemical-considered to contribute to a lower accuracy in the case of
shift difference, Aw,, was calculated from the observed broad signals.

T T
-100 -150 ppm
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At higher temperature@\w;, is dominated by the chemical
shift of the bound water molecules. The significant factor
for Awn, is the hyperfine coupling between the''Fdectron
spin and thé”O nucleus. The coupling constawtlf) serves
as a proportional factor and defines the relationship between
temperature variation and chemical shift of the bound water
molecule. Eq 6 gives the full mathematical treatment that is
necessary to derive the scalar coupling constant from
variable-temperature measurement of the chemical shift for

_ 9uegS(ST+1)B

For the F&—O interaction, A’/h) was found to be 10.4
MHz. This value is close to that obtained for the coupling
constant A/h) for the Fé—0O interaction in the hexa-aqua
complex of Fét. Ducommun et a4° reported a value of 9.4
MHz for the coupling constant of aquated"FéJnpaired
electrons in the d orbitals of the iron center cause a large
contact shift of the!’O nucleus because of a sizable spin
delocalization occurring through metabxygeno bonding

Aw (6)

m
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Figure 3. (A) Pressure dependence of the reduced transverse relaxation

onto the water molecule moiety directly bound to the rate of a 30 mM [Fedta)(HO)]* solution @). (B) The pressure

paramagnetic Fecenter. The value of(h) is a measure of
the overlap of unpaired spin density with th® nucleus.

dependence of the calculated water-exchange rate corgtaghows similar
results for both mathematical treatments (eqs 10a and 10b). The activation
volume for the water-exchange process from a linear fit of the data (solid

In the studied system, the mechanism of spin delocalization ine) was determined to bé8.6 £ 0.4 cnf mol™.
seems to be quite insensitive to chelation. This finding the detailed mechanism of the exchange process unambigu-

corresponds to the work on the [Medta)(HO)]?>~ system
done by Hunt et at® In that study, a slightly larger value

ously, kex was measured as a function of pressure as shown

in Figure 3. A study of the pressure dependence is principally

(A/h) = 6.04 MHz for the chelate complex compared to 5.62 adyisable in the slow-exchange domain (I1), becaude, 1/
MHz for the hexa-aqua species was reported. In a later~; ., However, from the temperature dependence, it is
report?” Hunt observed the same value for the hyperfine opyious that region Il is not fully accessible in the available
coupling constant for Mho-phenylenediaminetetraacetate  temperature range. Therefore, the experiment was performed

(Mn"-Phdta), namelyA/h = 6.04 MHz. Furthermore, this
consistency ind/h was also reported by Rablen et?&for

by measuring the reduced transverse relaxation rate at

different pressures at a constant temperature of 318.2 K. For

Ni" complexes with the chelates diethylenetriamine (dien), the investigated system, a linear segment close to the

triethylenetetramine (trien), and tetraethylenepentamine (te-
tren). The scalar coupling constants for the complexe%-[Ni
(dien)(HO)3]?t (22.7 MHz), [Ni'(trien)(H.O),]?t (22.5
MHz), and [Ni'(tetren)(HO)]?* (25.2 MHz) are similar to
that of the hexa-aqua species [#,0)¢]?* (21.6 MHZz). No

substantial effect on the spin-delocalization process between

the metal center and th€0 nucleus of a bound water

molecule was found for chelation of ey the edta ligand

in [Fe€'(edta)(HO)]?~, in agreement with the analogous

spectator ligands in the above-mentioned ternary complexes
Conclusions on the nature of the water-exchange mech-

measurements are limited. A dissociatively activated inter-
change mechanism can be suggested on the basis of the sm
and positive activation entropy, although conclusions based
on this parameter only are, in principle, vague. To clarify

(25) Ducommun, Y.; Newman, K. E.; Merbach, A. lBorg. Chem198Q
19, 3696.

(26) Zetter, M. S.; Grant, M. W.; Wood, E. J.; Dodgen, H. W.; Hunt, J. P.
Inorg. Chem.1972 11, 2701.

(27) Liu, G.; Dodgen, H. W.; Hunt, J. Rnorg. Chem.1977, 16, 2652.

(28) Rablen, D. P.; Dodgen, H. W.; Hunt, J. IRorg. Chem.1976 15,
931.
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maximum in the plot of In(IVx) versus 1T in Figure 1A
belongs to the selected temperature. In this temperature
region (lll, fast exchange region), the Swif€onnick
equation is approximated by expression 7.

(1)

2
= T,Aw,

T2r

A dependence of Th, andkex On pressure exists at that

temperature, so that the observed increase in the transverse

relaxation rate with pressure is caused by a decrease in the

anism on the basis of data from temperature-dependentwater'eXChange rate. The relationship between the applied

pressure and the exchange-rate constant at a fixed temper-
:ﬁtureT is described by eq &3¢

(8In(k)) _
ap T
The volume of activationAV~, is defined as the difference
between the partial molar volumes of the transition and

AV~
RT

(8)

(29) Whalley, E.Adv. Phys. Org. Cheml964 2, 93.
(30) Eckert, C. AAnnu. Re. Phys. Chem1972 23, 239.
(31) Stranks, D. RPure Appl. Chem1974 38, 303.



Water Exchange on [Fé&(edta)(H0)]?~

reactant states. In the case of a pressure dependend&pf  coordinate proceeds via a transition state characterized by
eq 9 is an approximate solution for the differential equation weak bonding to the leaving and entering water mole-

given above. cules.
Solution Dynamics.The'H NMR spectrum of high-spin
AVoP  AB*P? [Fe'(edta)(HO)]? consists of broad and contact-shifted
Ink, =Ink,— RT + 2RT ©) resonances characteristic for paramagnetic substances. De-

spite the enhanced relaxation due to thé &enter, accept-

In eq 9,k, and ko represent the rate constants for the able signals were obtainediH and*C NMR experiments.
observed reaction at pressuPeand zero pressure, respec- 1he very fast relaxation of the analogous trivalent
tively. AVy® is the activation volume at zero pressure and [F€"(edta)(HO)]~ complex causes line broadening'ihand
temperaturd’, andAS~ is the compressibility coefficient of ~ **C NMR spectra to such an extent that no corresponding
activation. The exchange-rate constants at different pressuresignals can be detected. In Figure 4, tReNMR spectrum
k, were obtained as solutions to both the full- and the of [Fe'(edta)(HO)]*~ recorded at 298.2 K is shown. Two
reduced-Swift- Connick equations 2a and 2b, which are resonances at a low field with equal intensity at 74.54 and

quadratic functions with respect kg,. 33.11 ppm referenced to 3-(trimethylsilyl) propionic acid
(TSP) were found. A closer inspection of the spectrum
(T = ToOIE, — QT Tt — T2 — Awd)k,, + showed a third broadened peak near to the water signal.

) N Integration of the two downfield resonances revealed a ratio

(Tom + Aw)Tor =0 (102) 5 1.1, The integration of the peak at a higher field was

T;rlkix_ Awﬁq K, + T;rl A wfn -0 (10b) attemptgd but was not suc_cessful becau_se of the excessive

broadening and overlap with the water signal. At elevated

temperatures, this third peak at the higher field appears more
sharpened and separated from the water signal. The spectra
actually consist of three peaks with relative intensities of
approximately 1:1:1. The 'H NMR spectra of

d [Fe'(edta)(HO)]# in the temperature range from 278.2 to

348.2 K indicate that the signal for the ethylene backbone

quadratic term that accounts for the compressibility of the protons becomes oébservable above 308.2 K (Flgurezil, left).
solvent is small compared to the linear GAésccordingly, To account for théH NMR spectra o;f[Fé(edta).(HzO)] ’

this water-exchange study shows a linear behavior of & comparison with the [Cgedta)(HO)]*” system is helpful.
In(ky/ko) versus pressure, with no recognizable deviation from !t iS known from the work by Matwiyoff and StrouSethat

the linear fit (Figure 3B). Therefore, the assumption that C9 —edta is stereochemically nonrigid. Conformationally
AB* = 0 andAV* ~ AVy is justified under the applied different protons of the ethylene backbone and acetate arms

experience large chemical shifts from the delocalization of

The values of the activation volume and the exchange- spin density from the unpaired metal d electrons. A strong
rate constant were determined to/he¢* = +8.6 + 0.4 cn? dependence of the contact shift on the dihedral angle results
mol-* (see Table 4) ankb, = (8.9 + 0.1) x 1(')6 st (.318 > in nonequivalent equatorial and axial positions. The spectra

X . . . . .
K), respectively. An evaluation of the quality of the can be_ expected_ to_consist of six resonances, namely
parameteke, was achieved by comparing the obtained values equatorial and a>_<|al positions of t_he IP-and OP methyler_we
from the pressure dependence k= (8.9 + 0.1) x 10° protons should give rise to four signals, and the equatorial
s1, and temperature dependenéeTkz 8.8+ 0.1) x 10° and axial ethylene protons should give rise to two signals if

s1, at 318.2 K. The value Ofer was extrapolated to the signal averaging due to a fast acetate interchange is not
) . . X,
temperature of the pressure-dependence study and Showgav_ored. Thereforg, the 0 bs_ervt_ad threejpro_ton resonances
excellent agreement Indicate that a\,A isomerization is operative in the case of
' | 2— i ili _
The value of the activation volume for the water-exchange LFéggeftazﬁHO():] d ' E?e pugllszﬁed datla of ﬁv'“a ?rr:d Ever
reaction is positive but considerably less than that expected art® for the [Cd'(edta)(HO)I~ complex shows the same
resonance pattern (Table 2). At 3€, a proton spectrum

for a limiting D mechanism. Nevertheless, the water- ted that led two distinct ith
exchange reaction at the'Feenter encapsulated by the edta was reported that revealed wo distinct respnances wi
relative intensities of 1:2. At higher temperature, it was found

ligand proceeds via a significantly enlarged transition state. that th tthe hiaher field splits. So. th

The intimate mechanism is unambiguously identified as a ta7 € resona_nfe_af et Ifgt erfie ;pli.h 0, (Ia_nisonfatmce

dissociatively activated interchangky)(process with sub- al /-ppm consists In fact ot two peaks with equal Intensity.
At room temperature, this was obscured because of a

stantial bond weakening of the coordinated water molecule.” ™. "~ . . .
Supported by a moderate positive value for the activation coincidental equivalency of the chemical shift for the protons
_ , C f the ethylene backbone as well as for the two equatorial
t f+23 4 2 J K- mol%, which forthat  © " @
entropy of+23 J mol™*, which is expected for that out-of-plane (2 ORqOACc) and axial in-plane (2 IBx OAC)

type of mechanism, the mechanistic course along the reaction .
methylene glycinate protons.

In Figure 3B, the pressure dependencekgfcalculated
with eq 10a under consideration B,(A) and with eq 10b
on neglectingT, (M) resulted in matching curves. At
318.2 K, a consideration of th&mn, contribution does not
alter the value of the rate constant significantly. As expecte
for a solvent with a high degree of electrostriction, the

experimental conditions for pressures up to 150 MPa.

(32) van Eldik, RInorganic High-Pressure Chemistryan Eldik, R., Ed.;
Elsevier: Amsterdam, The Netherlands, 1986; p 1. (33) Matwiyoff, N. A.; Strouse, C. EJ. Am. Chem. S0d.97Q 92, 5222.
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Figure 4. Left: Temperature dependence of thé NMR spectra for paramagnetic high-spin {Fedta)(H0)]?~. The magnetically nonequivalent axial
(aX) and equatorial€g) protons of the glycinate methylene protons lead to two distinct resonances shifted to low field. Right: Intdgrstd&® spectra
of the paramagnetic high-spin [Hedta)(RHO)]?~ at 298.2 and 348.2 K, respectively.
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Table 2. H NMR Signals of Paramagnetic €eedta and Pe-edta o) o
Complexed A

Co'—edt&O Fé'—edta é

A
C 3
A Sk
\ AA :
shift (ppm) assignment shift (ppm)  rel. int. assignment H '»! # Isomerization H (’%%«XJW&L
1
Ny!

Jo——TFe=<N o o
128 20Pax OAc 7454 1.02  20RxOAc H s\ ) d;‘ =
+ 2IPeqOAc + 2IPeqOAc '.‘0 O,
7 20PeqOAc 33.11 1.00 20RgOAC Uq(
+ 2IPaxOAc + 2IPaxOAc o
7 4en 15.18 1.00  4en ©
nitrogen- nitrogen-
aThe assignment of the resonances is based on published data for the version inversion
analogous cobalt complex.
A (8]
The spectroscopic observations can satisfactorily be ex- C A
plained by aA,A-isomerization process that is of the twist- é/—\ N AA oy 5
type mechanism. Neither a metalitrogen bond rupture nor ”\( S t{_ﬁ# e H\( ‘\l‘_lx,“'zﬂ
/ J H [
(ﬂ’ﬁ.'

process. An averaging of IP and OP resonances by a
nitrogen-inversion process can be ruled out to be operative
in the discussed system because it does not lead to the © o

observed, averaged-backbone resonances and requires dpgure 5. A.A isomerization of [Fé(edta)(HO)J*". The exchange of the
’ glycinate rings between IP and OP positions via a pseudorotational pathway

unfavorable metatnitrogen bond rupture (Figure 5). The jeads to a single, time-averaged signal for the protons of the ethylene
exchange between IP and OP positions of the acetate armgackbone (axial and equatorial positions of the protons are symbolized by
(A,A isomerization) leads to the observed equivalency of the orientation of tlhe Iings). Fast enantiomerization averages the methylene
h VCi hvl b hei . ial groups of the glycinate rings as well. The protons of these methylene groups
the glycinate met lylene groups, utt el protons In-axial remain magnetically inequivalent during this process.

(Hay and equatorial (E) positions remain magnetically
inequivalent, caused by the long-lived nitroganetal bond

compared to the NMR time scaié.

To further substantiate the findings of thé NMR study,

a dechelation of a carboxylate group is required in this (%—J‘/

for the carbon atoms of the ethylene backbone and the
glycinate methylenes supports the observations of'the

NMR study. TheA,A-isomerization process averages the
1 2—
the™*C NMR spectrum of [Fe(edta)(HO)J*” was recorded. resonance for the carboxylate carbons so that one peak at

It .{ﬁve?lf.d tV.VOt resg_nanc]?sl-gﬁiiss snd—:’agl.%'pplm 187.31 ppm remains. Similar observations can be found in
with relative intensities of L.2. The observed equivalency e jiterature, for example Anderegg et al. reportetfG
(34) Erickson, L. E.; Young, D. C.; Ho, F. F.-L.; Watkins, S. R.; Terrill, NMR StUdy%S on a Tl'—edta complex, in Wthh the f(?UI’

J. B.; Reilley, C. N.Inorg. Chem 1971, 10, 441. carboxylate carbons appear equivalent, shifted downfield to
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Water Exchange on [Fé&(edta)(H0)]?~

0 = 175.4 ppm. A singlet for all of the glycinate methylene 16 T T T T T
carbons at) = 58.0 ppm and a doublet for the ethylene 15+ _
backbone carbons @t = 51.7 ppm,J(Tl, 13C) = 157 Hz,
indicate the observation of &,A-isomerization process for
this system. Howarth and co-workers noted the same kind
of fluxional behavior in the case of Pbedta ¢ = 12+
180.0 ppm), Zt—edta ¢ = 179.9 ppm), Cli—edta ¢ = ul A 20mM [Fe'(H,0)
179.4 ppm), apd Hb-edta ¢ = 177.4 ppm) by observing ol " 30mM [Fe(edia)(HO)L -
only one'3C signal for the carboxyl carbors. s . s s L
Further investigations that were performed on the solution 26 28 30 32 34 36 38

dynamics of the nitrosyl complex [[éedta)(NO)]?>~ showed _ 1000K /T _
Figure 6. Temperature dependence of the reduced transverse relaxation

that signal averaging still occurs in this system. In Table 3, 15t (17,) of 30 mM @) [Fe' (edta)(HO)P- and 20 mM [F&(H,0)q2*
the observed proton and carbon resonances for(a)atpH 5.0. The solid lines are the result from the nonlinear fit with the

[Fe'(edta)(NO)]> are shown together with those for reduced Swift-Connick equation.
[F€'(edta)(HO)]>". A comparison of the shift pattern for

both complexes reveals undoubtedly that the rearrangementrable 3. H and3C NMR Signals of the Paramagnetic
of the edta ligand that changes the absolute configuration is[F€'(edta)(30)]*” and [Fé!(edta)(NO)J?~ Complexes

In (I/T,)

not prevented when NO occupies the seventh coordination [Fe'(edta)(HO)]?~ [Fel (edta)(N)]2

site instead of water. IH shift (ppm) assignment  H shift (ppm) assignment
In  our investigations, both ternary complexes 74.54 20Pax OAC 51.32 20Pax OAC

[Fe'(edta)(HO)]?~ and [Fé'(edta)(NO)]?~ do not adopt a + 2IPeqOAc +2IPeqOAc

static structure in solution but undergo a fast rearrangemept 8311 fgm%ﬁ c 36.84 fg:ﬁgggﬁc

of the chelate ligand. The spectroscopic observations in 15.18 den 21.4 4en

solution clearly indicate a rapid acetate-scrambling process : : : :
for [F€ (edta)(HO)]2~ and [Fé! (edta)(NO)]?~ that changes 13C shift (ppm) assignment  13C shift (ppm) assignment

the absolute configuration of both complexés/A isomer- 187.31 —Coo- 18424  —COO"
i —232.35  —NCH,CHoN— —24311  —NCH,CH,N-
ization). —-301.96  —CH,COO" —313.77  —CH,COO"

Mechanistic DiscussionThe presented data for the water-
exchange process on [Fedta)(HO)]? are the first available
kinetic results for the family of highly oxygen-sensitive through thez-bonding systen¥? Unfortunately, the mecha-
aminopolycarboxylate complexes of 'FeTherefore, the  Nistic course was not clarified by a pressure-dependence
discussion is restricted to a limited series of available data, Study onkes, which makes it difficult to evaluate the effect
namely, aquated F# 6 edta complexes of B, and of steric hindrance okex because of the space required by
complexes of edta-type ligands with other metal centers. Thethe spectator ligands.
effect of the edta spectator ligand on the water-exchange TO evaluate the electronic and steric influence of the edta
kinetics and the mechanism can be evaluated by comparingigand on the water-exchange reaction, we studied the
the water-exchange process for the chelated complex to thagxchange kinetics for [Féedta)(HO)J*~ as a function of
of fully aquated F&. As outlined in several studies, chelation temperature and pressure and compared the data with the
by ligands such as edta should alter the lability of the kinetics for the fully aquated species [kH,0)s]** studied
remaining water molecules profoundly. Two factors that under the same experimental conditions (Figure 6).
contribute to the water-exchange kinetics have to be dis- The obtained parameters are listed in Table 4 and how
cussed. First, the steric constraints around the metal centevalues for the aquated-fFepecies similar to those reported
and second, the electron-donating or -withdrawing properties by Ducommun et &2 in acidified solutions (60% HCIg).
of the chelate ligand. For polyamines, a proportionality A comparison of the obtained valueskef for the aquated-
between the number of nitrogen donors and the lability of F€' species (column8aand2b of Table 4) and the chelate
the water molecule was found for Nicomplexes. These complex (Table 4, columf) reveals a slightly slower water-
observations have been ascribed todt@onating properties ~ exchange reaction for the edta-chelate Eemplex. The
of the bound amine¥. The electron donation toward the activation volume oft+-8.6 cn? mol™* indicates larger bond
metal center reduces the effective charge on the nucleusweakening in the case of [fHedta)(HO)]*~ as compared
However, similar values fdk, were found for the complexes ~ to the value of+4.1 cn? mol™* for [Fe'(H,0)¢]** (Figure
[Ni"(bpy)(H0)4]?", [Ni"(bpy)(H20);]2", and [Ni'(tpy)- 7). Nevertheless, the exchange rate is slowed down by a
(H20)3)2". The modest change in lability was ascribed to factor of 1.6. One reason for this finding might be a

the appearance of additional electron-withdrawing effects disfavored attack of the entering water molecule caused by
increased steric constraints around the metal center in the

(35) Anderegg, G.; Popov, K.; Pregosin, PMagn. Reson. Chem 987,
25, 84. (38) Grant, M.; Dodgen, H. W.; Hunt, J. B. Am. Chem. Sod.97Q 92,

(36) Héwarth, O. W.; Moore, P.; Winterton, N. Chem. Soc., Dalton Trans. 2321.
1974 2271. (39) Swaddle, T. W.; Merbach, A. Enorg. Chem.1981, 20, 4212.
(37) Hunt, J. PCoord. Chem. Re 1971, 7, 1. (40) Grant, M. W.; Jordan, R. Bnorg. Chem.1981, 20, 55.
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Figure 7. Left: Comparison of the pressure dependence of water exchange BiH)s]3>+ (0),38 [Fe'(H20)e]?" (M), and [Fé (edta)(HO)]>~ (a).
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[Fe' (edta)(HO)1>.

Table 4. Activation Parameters Resulting from the Least-Squares Fit of
1/T,r as a Function of Temperature for [Redta)(HO)]?~ (1, this
Work) and [Fé(H,0)]2" (23, this Work) at pH 5.8

Table 5. Rate and Activation Parameters for Water Exchange on
[Gd" (H20)e]** (1), [Gd" (pdta)(HO)] ~ (2), [Gd" (dtpa)(HO)]*" (3),
[Eu"(H0)71*" (4), and [Ed (dtpa)(HO)I*~ (5)

1 2a 2b 3
kew 298.2K  (2.74£0.1) (43+£01) (44+02) 1.6x 10
(s™ x 10° x 108 x 108
AH* 43.2+ 0.5 48.2+ 0.6 41.4+ 1.2 64.0
(kJ mol1)
AS* +23+2 +44+ 2 +21+5 +12.1
(3 moF1K-1)
AV* +8.6+04 +4.1 +3.8 —5.4
(cm¥mol~?1)

aFor comparison the values reported by Ducommun et dbr
[Fe'(H20)e] 2" (2b) and by Swaddle and Merba®and Grant and Jord4h
for [Fe' (H.0)g]3" (3) are shown.

Fe'—edta complex. Another important feature responsible
for the decrease in the water-exchange velocity in tHe-Fe

edta system certainly concerns the flexibility of the metal-
coordination environment in the chelate complex as com-

pared to the hexa-aqua ion. The metal-coordination environ-
ment can be expected to show a higher degree of elasticity
for water approach and release during the dissociatively

activated water exchange in the case of the hexa-aqtia Fe

As a result, rearrangements of the metal-coordination envi-

ronment to reach the transition state can be expected to b
realized easier in [Fe@®)s]?" than in [Fe(edta)(kD)]?>",

such that the water exchange becomes slightly faster in the

former case.

Analogous observations were made in studies by Merbach

et al#~46 The reported water-exchange reactions of com-
plexes with aminopolycarboxylate ligands were performed
with G&®* and E@" as metal ions. The complexes with the

edta-related dtpa (diethylenetriaminepentaactate) and pdt

(1,3-propylenediaminetetraacetate) chelates were investigate

(41) Micskei, K.; Powell, D. H.; Helm, L.; Bicher, E.; Merbach, A. E.
Magn. Reson. Cheni993 31, 1011.

(42) Micskei, K.; Helm, L.; Bieher, E.; Merbach, A. Hnorg. Chem1993
32, 3844.

(43) Caravan, P.; Merbach, A. Ehem. Commuril997, 2147.

(44) Caravan, P.; Toth, E.; Rockenbauer, A.; Merbach, Al. Bm. Chem.
Soc.1999 121, 2147.

(45) Moreau, G.; Helm, L.; Purans, J.; Merbach, AJEPhys. Chen2002
106, 3034.

(46) Seibig, S.; Toth, E.; Merbach, A. H. Am. Chem. SoQ00Q 122,
5822.

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

141 241 342 443,44,45 546

kex, 298.2K 830 10° 102x 10° 4.1x 10° 5000x 10° 1300x 10°
(s

AH* 14.9 11.0 52.0 15.7 26.3
(kJ mol1)

AS* —-24.1 —54.6 +56.2 -7.0 +18.3
(3 mor1K-1)

AV* -3.3 -15 +12.5 —-11.3 +4.5
(cm® mol1)

because of their potential use as contrast agents in MRI.
Comparing the kinetics for the aminopolycarboxylato and
aqua complexes of Gd and Ed", the chelate complexes
were found to exchange the bound water molecule signifi-
cantly slower than the aquated species (Table 5).

Our data for [F&(edta)(HO)]?" reveal a virtually identical
behavior. The water-exchange process is slowed down but
only by a factor of 1.6, which is a moderate effect compared
to that found on going from the fully aquated to the dtpa
complexes in the case of &d(8.1 times slower) and Bt
(3.8 times slower). The above-mentioned hindered attack of
the entering water molecule on the encapsulatédig-also
in-line with the findings for the G and El aminoploy-
carboxylate complexe$:4¢ Especially, the activation vol-
umes clearly indicate the need for a considerable dissociation
of the bound water molecule in the chelate complexes. The
magnitude of this effect is suggested to depend on the size
of the metal center and the steric constraints around the metal
center as a result of the chelate ligand. The latter can,
obviously, additionally be triggered by the nature of the
chelate ligand. We can thus state in summary that the

bsolute magnitudes &, for the water-exchange reactions

f the above-mentioned aminopolycarboxylate complexes of
Fet, G, and Ed' are slower than those of the corre-
sponding metataqua complexes. Steric hindrance around
the metal center apparently dominates over the labilizing
effect of the chelates.

An accelerated water-exchange reaction due to chelation
is observed, however, in the case of [Fedta)(HO)]~, the
trivalent relative of [F&(edta)(HO)]>~. The former ex-
changes the bound water molecule 450 000 times faster than
[FE"(H,0)s]". This tremendously enhanced exchange pro-
cess is a manifestation of the combinedand -donating



Water Exchange on [Fé&(edta)(H0)]?~

Table 6. Activation Parameters Resulting from the Least-Squares Fit of of bond-length changes and changes in the chelate-bite

1/T,r as a Function of Temperature for [Redta)(HO)]?~ (20 mM, 1a), ; BRI ; ; ; ;

(30 mM. 1b), and [Fé (edta)(HO)]~ (30 mM, 2a) at pH 5.0 Fﬂstance, which is energet_mal!y disfavored in the @valent
iron complexes. The coordination cage of the edta ligand in

la 1b 2a 2b the [Fé/(edta)(HO)]?>~ complex remains rigid with respect

'(‘25'1)298'% (317(% 0.4) (jfgg 0.2) (XG'fof 0.3) 72x10 to the size of the open site, where the water-exchange process
AH* 43.4+23 434414 242406 24.3+07 occurs. As a result, the exchange reaction in the case of
(kJ mol) heptacoordinate [Féedta)(HO)]>~ necessarily has to pro-
AS* +24+8  +24+5  —14+2  —13+2 . . . o .
(I moFtK-1) ceed via a considerable dissociatively activated exchange
AV* +8.6+04 +3.6+0.1 +2.2+0.3 process with a larger positive activation volume+e.6
(cm* mol™) 0.4 cn? molL. In the case of the trivalent edta complex, the

2For comparison, values reported by Schneppensieper %t fal. smaller activation volume#3.6 cn? mol™?) indicates a less-

[Fe (edta)(HO)]™ at pH 3.9 gb) are shown. pronounced dissociation of the bound water molecule in the

transition state. As a result of the principle of microscopic
reversibility for a symmetric solvent-exchange reaction, the
entering water molecule approaches closer to the metal center
in the trivalent species, indicated by the smaller activation
volume and therefore contributes more to the exchange rate.

properties of the edta donor atoms. Binding of a metal center
with a charge of 3- to edta, where the N donors hawve
and the O donors have both andz-donating properties,
leads to a decreased surface-charge density in compariso
to the hexa-aqua Feion. As a consequence of this
modification, the Fé—0OH, bond in F&'—edta is consider-
ably weaker than in [Fe(#®)s]3*, which leads to the above- ~ Conclusions
mentioned enhancement of the water-exchange reaction rate ) )
by several orders of magnitude. On the one hand, the increase 1he Water-exchange reaction for the [ffé;0)e]*" species
in steric hindrance of the chelate skeleton toward the iS faster ke = 4.4 x 10° s7¥) than for the chelated
attacking water in théq process should also occur in the [F€'(edta)(HO)]*~ complex kex = 2.7 x 10° s7%), where
case [F# (edta)(HO)]". On the other hand, this factor is steric constraints at the encapsulated' Feetal center
apparently overcompensated by thé' F&OH, bond labili- disfavor the approach of an entering water molecule. The
zation. displacement of the bound water in [fedta)(HO)]>~
Electronic and steric contributions due to the chelate ligand requires considerable bond weakening as indicated by a
cannot be separated and have opposite effects on the watertarger activation volume for the edta complex8.6 +
exchange rate. Despite the fact that the exchangeable wate®.4 cn? mol™!) as compared to a value &f3.8 cn? mol™*
moleculesare confined by very similar cavities i [Edta)(HO)[> for [F€'(H,0)e]?". The nonspherical asymmetric electronic
and [Fé'(edta)(HO)], the different steric constraints can configuration of high-spin Feresults in a reduced water-
nevertheless be identified on the basis of the trend in the exchange rate for [Méedta)(HO)]*~ as compared to the He
AV* values. Thus, the participation of the entering water analogue by a factor of 2.2, where ligand-field stabilization
molecule is less favored in the case of both metal chelatesjs missing and conformational changes are easily feasible.
as compared to the hexa-aqua complexes. The mechanismccordingly, in the F& case, the water-exchange reaction
for the exchange reaction needs to proceed via a dissociaig sjowed down as a result of increased steric hindrance by

tively activated interchange process. Indeed, a changeover e ation and because of its nonspherical electronic config-
in mechanism from associatively to dissociatively activated

tion.
interchange was found on going from [Hgl,0)e)®" vration | , | .
(AV= = —5.4 cn? mol)%4 to the chelated species Both [Fé'(edta)(HO)]?>~ and [Fé'(edta)(NO)]?~ do not
[Fe" (edta)(HO)]~ (AV* = +3.6 cn? mol-Y). adopt a static structure in solution. The solution NMR spectra

The difference between the trivalent and divalent iron Of [F€'(edt2)(HO)J*" and [Fé!(edta)(NO)J*~ reveal an
complexes becomes evident from all of the kinetic and iSOmerization process in solution that interchanges the IP
mechanistic differences described above (Table 6). Thisa@nd OP positions of the acetate arms.

difference should be largely caused by the different d-electron
configurations. The absence of ligand-field-stabilization  Acknowledgment. The authors gratefully acknowledge
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important role when conformational changes are required

during the water-exchange process. The studies on the Supporting Information Available: Summary of the measured
solution dynamics of [Feedta)(HO)J2~ revealed aA,A- data in the’O relaxation study of the [F”eedta)(H_»O)]Z‘ complex,
isomerization process that exchanges the carboxylate group§at@ for the temperature and pressure dependencies of 20 M [Fe
between IP and OP environments, but the nitrogen bonds(Hz0)*" and 30 mM [Fé (edta)(HO)]™. This material is available
need to be considered as long-lived. Therefore, the observed€€ °f charge via the Internet at hitp://pubs.acs.org.

dynamic isomerization does not lead to flexibility on the basis 1C700472Q
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