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A detailed kinetic study of the substitution behavior of the seven-coordinate [Fe(dapsox)(L),]CIOs complex (H,-
dapsox = 2,6-diacetylpyridine-his(semioxamazide), L = solvent or its deprotonated form) with thiocyanate as a
function of the thiocyanate concentration, temperature, and pressure was undertaken in protic (EtOH and acidified
EtOH and MeOH) and aprotic (DMSO) organic solvents. The lability and substitution mechanism depend strongly
on the selected solvent (i.e., on solvolytic and protolytic processes). In the case of alcoholic solutions, substitution
of both solvent molecules by thiocyanate could be observed, whereas in DMSO only one substitution step occurred.
For both substitution steps, [Fe(dapsox)(L),]JCIO, shows similar mechanistic behavior in methanol and ethanol,
which is best reflected by the values of the activation volumes (MeOH AV = +15.0 = 0.3 cm3 mol~!, AV¥, =
+12.0 = 0.2 cm® mol~%; EtOH AVF = +15.8 = 0.7 cm® mol~%, AV¥; = +11.1 + 0.5 cm3 mol~1). On the basis of
the reported activation parameters, a dissociative (D) mechanism for the first substitution step and a D or dissociative
interchange (l) mechanism for the second substitution step are suggested for the reaction in MeOH and EtOH.
This is consistent with the predominant existence of alcoxo [Fe(dapsox)(ROH)(OR)] species in alcoholic solutions.
In comparison, the activation parameters for the substitution of the aqua-hydroxo [Fe(dapsox)(H,0)(OH)] complex
by thiocyanate at pH 5.1 in MES were determined to be AHF = 72 + 3 kJ mol~%, AS* = +38 + 11 J K* mol~*,
and AV = -3.0 + 0.1 cm?® mol~%, and the operation of a dissociative interchange mechanism was suggested,
taking the effect of pressure on the employed buffer into account. The addition of triflic acid to the alcoholic solutions
(HOTf] = 102 and 1072 M to MeOH and EtOH, respectively) resulted in a drastic changeover in mechanism for
the first substitution step, for which an associative interchange (l,) mechanism is suggested, on the basis of the
activation parameters obtained for both the forward and reverse reactions and the corresponding volume profile.
The second substitution step remained to proceed through an Iy or D mechanism (acidified MeOH AV¥, = +9.2
+ 0.2 cm® mol™%; acidified EtOH AV#; = +10.2 + 0.2 cm? mol~1). The first substitution reaction in DMSO was
found to be slowed by several orders of magnitude and to follow an associative interchange mechanism (AS* =
-50 £ 9 J K=t mol~t, AV¥ = -1.0 + 0.5 cm® mol~?), making DMSO a suitable solvent for monitoring substitution
processes that are extremely fast in aqueous solution.

Introduction even faster than natural enzyniesnd therefore became a
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Scheme 1 [Fe(dapsox)(HO),] " specie$. The changeover in mechanism
to I for substitution reactions of [Fe(dapsox}®)(OH)] and
[Fe(dapsox)(NCS)(ED)] is caused by the electroneutrality
of these complexes and the trans labilizing effect of
coordinated OH and SCN, respectively. It was also shoWwn
that the acyclic dapséx ligand has specific electronic
properties that cause a decrease in the acidity of the
coordinated water molecules and produce a maximum
concentration of aqua-hydroxo species at a physiological pH.
The aqua-hydroxo complex is more than 500 times more
reactive than the corresponding diaqua férihis, together

In the usual pentagonal-bipyramidal (PBP) structures of with the high stability, appropriate redox potential and high
seven-coordinate complexes, the axial bonds are shorter thameaction selectivity toward superoxide, are important features
the equatorial ones. Thus, complexes with strongly chelating of [Fe(dapsox)(H0)(OH)]CIO, in terms of its potential SOD
pentadentate ligands in the equatorial plane and more labileactivity 1t This results from the fact that the first and rate-
monodentate ligands in the axial positions can be very 5tab|edetermining step in the SOD catalytic cycle of seven-
species and remain seven-coordinate even in sol&fighe coordinate Fe(lll) mimetics is proposed to be substitution
best SOD mimetics known to date are PBP complexes of of the coordinated water molecule by*Oin a dissociative
Mn(ll) with macrocyclic pentadentate ligands, pyridine mannert In this context, the solution chemistry of [Fe-
derivatives of pentaazacyclopentadecane [15]gneNthe  (dapsox)(HO),JCIO4 continued to attract our attention.
equatorial plane, and Cland HO as axial ligands in the  Seven-coordinate complexes are not only important as
solid state and in aqueous solution, respecti#@firon SOD  excellent catalysts for superoxide disproportionation; they
mimetics would also be desirable because of their generally g1so show a general potential for being interesting redox
higher stability than manganese complekétowever, the  active compounds. Since the solution properties and mecha-
Fe(lll) complexes with [15]anefMype macrocycles have nistic behavior of seven-coordinate 3d metal complexes are
quite low [K, values for the coordinated water molecdles  still unrevealed research areas, studies which lead to the
and have a tendency to react with the superoxide dispro-ynderstanding of their structureeactivity relationships are
portionation product bD,, which are serious drawbacks in  of fundamental importance.
terms of their catalytic activity under physiological condi-  The work presented here focuses on the clarification of
tions? the behavior, reactivity, ligand substitution mechanism, and

We have systematically studied 3d metal complexes with protolytic processes of [Fe(dapsox)®),]ClO. in different
the acyclic planar btlapsox pentadentate ligand and its golvents. We have now determined activation parameters for
deprotonated Hdapsoxand dapsok forms (Hdapsox= the substitution reaction of the aqua-hydroxo [Fe(dapsox)-
2,6-diacetylpyridine-bis(semioxamazidé})This ligand en-  (14,0)(OH)] complex with SCN, for which we had previ-
ables easy formation of the seven-coordinate metal geometryoys|y? determined rate constants and postulated a possible
and forms a very stable PBP [f@apsox)(HO),]CIO, mechanism. We have studied the substitution behavior of
complex (Scheme 1), despite of the acyclic nature of [Fe(dapsox)(HO),]CIO4in MeOH solution beforé2 and the
dapsoX”. In our earlier work, we focused on detailed yesuyits indicated that the predominant complex species in
mechanistic studies of the two-step substitution reaction of sp|ution is [Fe(dapsox)(MeOH)(OMe)], which is the reason
[Fe(dapsox)(HO),]CIO4 with SCN™ (where SCN substi-  for the operation of a dissociative mechanism. We have now
tutes for the axially coordinated solvent molecules to produce extended the work to EtOH, acidified MeOH and EtOH
[Fe(dapsox)(NCS)) in aqueous solution, as a function of  sojytions, and DMSO. These solvents were selected because
thiocyanate concentration, pH, temperature, and pressure. Fokinetic experiments with the superoxide radical anion,
a coordination number of 7, a high kinetic lability of the  especially with more concentrated solutions (in the millimolar
Fe(lll) PBP complexes and the operation of a limiting range) presently in progress, require the use of aprotic
dissociative mechanism are expected. However, specificsolvents (usually DMSO or DMSO/GEN mixtures), and
structural and electronic properties of dapsosesulted in the mixing of such K@solutions with aqueous or alcoholic
an unexpected .l mechanism for the seven-coordinate complex solutions for kinetic measurements at ambient or
low temperatures, respectively.
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from Merck and used without further drying. Test measurements Results and Discussion

showed that small quantities of water present in commercially . .
available ethanol, methanol, and DMSO did not affect the kinetic  Reaction of the Aqua-Hydroxo Complex.Previously;

measurements. [Fe(dapsox)®),JClIO, was prepared and charac- W€ determined the activation parameters for the first step of
terized as described befofe!3 the reaction between the diaqua [Fe(dapsox)k]* species
Instrumentation and Measurements.IR spectra were recorded ~ and SCN working at pH 2.5, and these are in agreement
on a Mattson FTIR Infinity spectrophotometer using KBr pellets, With the operation of analmechanism. In this study, we
as well as a KBr cell for samples in DMSO and DMSGIH have now determined the activation parameters for the
solutions. UV-vis spectra were recorded on Shimadzu UV-2101 reaction between the complex and SChit pH 5.1 and,

and Hewlett-Packard 8542A spectrophotometers. thereby, focused only on the first reaction step to verify the
Kinetic data were obtained by recording time-resolved-té proposed substitution mechanism for [Fe(dapsox(H
spectra using a modified Bio-Logic stopped-flow moduBFM- (OH)]. The second reaction step, which can also be observed

20 combined with a Huber CC90 thermostat and equipped with a ynder selected experimental conditions, was studied b&fore.

J & M TIDAS high-speed diode array spectrometer with combined A detailed reaction scheme that includes all adidse
deuterium and tungsten lamps (200015 nm wavelength range).  equilibria present in aqueous solution, has also been re-
Isolast O-rings were used for all sealing purposes to allow ported? This pH value was selected since, at higher pH, the
measurements in DMSO. Data were analyzed using the integratedreaction became too fast to be followed b),/ temperature,- and
Bio-Kine software, version 4.23, and the Specfit/32 program. At pressure-dependent stopped-flow measurements. At the same

least 10 kinetic runs were recorded under all conditions, and the ", . h hvd lex i .
reported rate constants represent the mean values. All kineticiMe, since the aqua-hydroxo complex is ca. 500 times more

measurements were carried out under pseudo-first-order conditionsf€active than the diaqua complex at pH 5.1 (although it is
i.e., the ligand concentration was in a large excess (complex Not very close to the I, value of [Fe(dapsox)(#0D).]™,
concentration 5< 10-5 M). The reactions were studied at an ionic  which was found to be 5.78 at 2&° and 6.02 at 0.5C),
strength of 0.3 M (LiOTf). Measurements under high pressure were the kinetic contribution of the [Fe(dapsoxy®)(OH)] spe-
carried out using a homemade high-pressure stopped-flow instru-cies () to the overalk,,s value is predominant. Therefore,
ment}4 for which Isolast O-rings were also used for all syringe k,,s was measured as function of temperature and pressure
seals. (Table S1, Supporting Information) at pH 5.1 in the presence

The UV—vis spectrophotometers and stopped-flow instruments of 0.1 M MES buffer and [SCN] = 1 M. The effect of
were thermostated to the desired temperatt®el °C. Values of temperature on them values of the selected buffer was
AH* and AS" were calculated from the slopes and intercepts of fond to be negligible, and the pressure effect was quite small
plots of In&/T) versus 1T, respectively, and values &fV* were (Viz., AV(Ks) = +3.9 % 0.1 cn? mol2).16 The experiment
ﬁ::f;'?;zi;gm the slope of plots of K)(versus pressure in the was also repeated using piperazin as a buffer which has a

The X vallues of [Fe(dapsox)d@)ICIOs at 05 °C were higher buffer capacity at pH 5.1 than MES buffer but with

a . o

obtained by standard potentiometric titration on a METROHM 702 ?n;(_jlr;gvg:g:s ﬂf{r?kozf\fletlr\éisvﬁgsi lf’rf;/(gﬁ\)/ e(;‘z.go é:rlrii:‘ear

SM Titrino, and the data were fitted by Titfi¢. o .

o . fit in both cases, from which the apparex* values were
Equilibrium Measurements. Solutions of [Fe(dapsox)(#D),]- found to be—3.0 + 0.1 and—3.8 + 0.1 cn?® mol-* for the
ClO,4 (5 x 1075 M) were prepared in acidified alcohol ([HOTH B h .MES d. T buff Vel
103 M in MeOH and 102 M in EtOH) and DMSO, and they were measurements in the and piperazin butters, respectively.

placed in a 1.0 cm path length cuvette in the thermostated cell block S”lceg under the selected conditiokss ~ koKay/(Ka +

of a spectrophotometer for 20 to 30 min. This solution was titrated [H7]),” the effect of pressure on the buffer and on kaeof

by the addition of small volumes of a concentrated stock solution the complex should be taken into account. The pressure effect
of sodium thiocyanate in acidified alcohols and DMSO, respec- 0nKa; is expected to be small since upon proton dissociation
tively, using a Hamilton glass syringe. In the alcohol solutions, of [Fe(dapsox)(H0),]" there is no change in overall charge.
higher thiocyanate concentrations were obtained by addition of solid The only difference is that the charge is localized on a small
NaSCN. The spectra were recorded 10 to 30 min after the addition proton instead of on the |arge Comp|ex cation upon dissocia-
of thiocyanate. The titrations were carried out in duplicate and were tjon which can result in a small negative valuerdf(Kas).
monitored in the 356700 nm wavelength range. Estimation of  gimjjar results have been found for various weak acids where
the binding constants; andKj, in acidified alcohol solutions was there is also no charge creation upon dissociafioFhus
performed with the software package Specfit/32 global analysis and taking this into consideration together with the above-

by fitting the absorbance versus concentration plot (after correction - d ff hi | f MES and

for dilution) at the wavelength where the largest change in rr?enuor?e pressure etlect ont spvalues o an

absorbance occurred. piperazin, the value aAV*(k,) is expected to be small and

positive. From the temperature-dependent measurements, the

activation parameteraAH* and ASf were found to be 72:

3 kJ molt and+38 + 11 J Kt mol?, respectively. The

(13) Andjelkovic, K.; Bacchi, A.; Pelizzi, G.; Jeremic, D.; Ivanovic eﬁ.eCt of temperature onky; could be roughly estimated
Burmazovic I. J. Coord. Chem2002 55, 1385-1392. using the Ky values for [Fe(dapsox)@®d),]™ at two

(14) van Eldik, R.; Palmer, D. A.; Schmidt, R.; Kelm, thorg. Chim i i i
Acta 1981 50, 131135, (b) van Eldik, R.. Gaede, W.: Wieland, S.. different temperatures, resulting in a very small value of
Kraft, J.; Spitzer, M.; Palmer, D. Rev. Sci. Instrum1993 64, 1355~
1357. (16) Kitamura, Y.; Itoh, TJ. Sol. Chem1987, 16, 715-725.
(15) Zuberbuehler, A. D.; Kaden, T. A:alanta1982 29, 201-206. (17) Asano, T.; le Noble, W. hem. Re. 1978 78, 469.

It should be pointed out that for DMSO solutions only glass
equipment and Hamilton Teflon valves can be used!
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Table 1. Kinetic and Activation Parameters for the Reaction of [Fe(dapsox)(lyith SCN~ in Different Solvents (L= Solvent or Its Deprotonated
Formp

kinetic AH* AS AVF
solvent parameters value (kJ mol1) (I K1mol™h (cm® mol1)
MeOH step |
no acid, 5°CP (25 °C) k M-1s1 601+ 9 (6370) 87+ 4 +814 13 +15.0+ 0.3
acidified, 25°C Ksgy, M~ts71 7.17+0.08 76+ 2 +26+ 7 +4.5+0.1
K-sgy, s7* 0.0066+ 0.0001 76+ 1 —33+3 —-11.44+0.3
step Il
no acid, 5°C° (25°C) k,M~1s71 4.9+ 0.2 (60) 804+ 2 +58+ 8 +12.04+ 0.2
acidified, 5°C (25°C) ksqry, M1 11.1+ 0.2 (78+ 2) 63+2 +3+6 +9.24+0.2
EtOH step |
no acid, 5°C (25°C) Kogy, M~ts71 1228+ 19 (6912) 65+ 1 +45+ 4 +15.8+ 0.7
acidified, 25°C sy, M~ts7t 2.824+0.05 59+ 2 —-37+6 +3.3+0.1
K-sgy, st 0.0025+ 0.0001 76+ 3 —404+9 —75+£04
step Il
no acid, 5°C (25°C) Koy, M~ts™1 13.24+ 0.1 (151) 79 2 +61+7 +11.1+0.5
acidified, 5°C (25°C) ksqry, M~1s71 12.14+ 0.1 (75+ 1) 63+ 1 +2+5 +10.2+0.2
DMSO (25°C) Ks(), M-1s1 0.111+ 0.004 64+ 3 -50+9 —1.0+£0.5
H,0 (25°C) k, M~1s71
step |
diaqué& 2.19+ 0.06 62+ 3 —30+ 10 —25+0.2
aqua-hydroxo 1172 22° 72+ 3 +38+ 11 —3.0£0.1
step II° 21.14+0.5 60+ 2 —-19+6 +8.84+ 0.3

aSee the text for the experimental conditiohReference 12 From ref 9.

Scheme 2 It should be noted that water exchange reactions on [Fe-
[Fe(dapsox)(ROI(L)T"+ SN o [recapsoniromwrenes] (H20);0HJ*""® and the corresponding complex-formation
reaction$® also follow an } mechanism. In comparison, the
ROH = H,0, McOH or EtOH } [ AVF value previously obtained for the reaction of [Fe-
L=OforseN™  2=0 ‘ ki Hkl (dapsox)(MeOH)(OMe)] in methanol (viz+;15.04 0.3 cn?®
mol™Y) and the value obtained in this work for the reaction

ROH = L = H,0, MeOH, EtOH or DMSO } la
o [Fe(dapsox)(NCS)L)"! + RoH in ethanol (viz.,+15.5 + 0.7 cn? mol™?) (see Table 1)
confirm the operation of a dissociative mechanism for the
AH(K.y) and small negative value &S(Ka.y). The latter is  @lcoxo [Fe(dapsox)(ROH)(OR)] species, which can be ac-
also in agreement with the above expected small negativecounted for by the stronger trans labilization effect of MeO
value of AV(Ka;). Thus, the values oAH¥(k,) and ASF(ks) and EtO than that of OH.
are expected to be similar to the experimentally observed Speciation in Alcohol Solutions.It has already been
AH* andAS'. The obtained activation parameters support a observed that the Fecation exists as [Fe(MeOkDMe)P*
dissociative interchange substitution mode for the aqua- and [Fe(EtOHYOEt)* in methanol and ethanol solutions,
hydroxo complex. We have previously observed a curvature respectively’ The presence of hydrolyzed cations as the
in the plot ofkoys versus [SCN] (under pseudo-first-order ~ dominant kinetic species accounts for the high rates of
conditions using a large excess of SQR and the kinetic solvent exchange and the mechanistic changeover from an
data for an § mechanism were fitted using the expression associative activation mode for the hexasolvatet Bpecies,
for kopsin €q 1 Kos represents the equilibrium constant for to a dissociative one for the deprotonated complexes. It was
outer-sphere precursor formatida;andk_; are the forward reported that in anhydrous methanol, evéb M acid, it is

and reverse interchange rate constants, respectively). not possible to fully protonate coordinated Me& Since
in aqueous solution our complex is much less acidk,(p
Kops = kiKodSCN /(1 + KodSCN]) + k., (1) = 5.78) than aquated Fg® a similar trend can be expected

in alcoholic solutions. Therefore, on addition of triflic acid

Since 1 M SCN is still far away from the saturation limit ~ to alcoholic solutions of the complex, spectral changes
of kobs (Figure 4b in ref 9), the observetV* in the case of similar to those obtained in water, could be observed (spectra
an b mechanism is a composite value af\¥(k;) and b, ¢, and d in Figure 1), which suggest that protonation of
AV(Kog). During outer-sphere complex formation, free coordinated RO takes place. In MeOH, full protonation of
thiocyanate becomes weakly bound in the precursor complexthe complex can be achieved at"#M acid, whereas in
resulting in a small negative value 8V(Kos). Thus,AV*-  EtOH 102 M acid is required. In comparison, in aqueous
(ky) for the rate-determining step in ag iechanism is

iti i (18) Swaddle, T. W.; Merbach, A. Enorg. Chem.1981, 20, 4212.
expected to be somewhat more positive than the experimen (19) Funahashi, S.. Ishiara. K : Tanaka.iorg, Chem 1083 22, 2070.

tally obtained value. In terms of a limiting D mechanism, a (b) Ishiara, K.: Funahashi, S.: Tanaka, Morg. Chem.1983 22,
much more positive value &V* would be expected. These %82%?292- (c) Grace, M. R.; Swaddle, T. Whorg. Chem.1992
arguments favor the operation of ansubstitution mecha- (20) Méyer, F. K.: Monnerat, A. R.. Newman, K. E.: Merbach, Alfiorg.
nism for the aqua-hydroxo [Fe(dapsox)(®)(OH)] species. Chem.1982 21, 774-778.
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Figure 1. UV—vis spectra of 5 1075 M Fe(lll) complex in EtOH: (a) Figure 2. Plots ofkosVvs [SCN] for the second reaction step in EtOH as
absolute water free EtOH, (b) p.a. grade EtOH, (c) [HO¥f10-* M, and a function of temperature. Experimental conditions: [Fe(#)p x 1075
(d) [HOTf] = 102 M. M; | = 0.3 (LiOTf); T = 5.0 (a), 10.0 (b), 20.0 (c), 25.0 (d), 3C:C (e).

solution already at pH~5 the diaqua complex is the  constantsk,, at 5°C were found to be 1228 19 and 13.2

predominant species. This suggests that coordinatedi®RO | 91 M1 s1 for the first and second substitution steps,
a strongefo-donor than OH and a weaker base, such that respectively (Table 1).

protonation requires higher acid concentrations. Interestingly,
in absolute MeOH and EtOH, the complex has a strong — -
yellow color, and no reaction with SCNor any other ors= Il SCN'] ®)
nucleophiles could be ob§erved. This can be explained N The first reaction is much faster than the second one,
terms of the presence of inert [Fe(dapsox)(@RBpPecies  gimijar g that observed for the reactions in MeOH an®H
in absolute methanol and ethanol solutions, of which the |, yonera| the reactivity of the complex in EtOH is higher
U_V—V|s spectrum (Figure 151) is very similar to that of the than that in MeOH and ¥ (Table 1). This is also in
dihydroxo [Fe(dapsox)(OH)" species. _ agreement with the strong trans effect of the axially
Reactions in Ethanol. We have studied the reaction of ., qinated ethoxo group and the high lability of coordinated
_ EtOH in the trans position. The second reaction step is not
[Fe(dapsox)(EtOH)(EtQ] + SCN = _ only thermodynamically more driven in EtOH but also
[Fe(dapsox)(NCS)(EtQ] + EtOH (2)  proceeds with the highest rate constant (calculated 4€25
[Fe(dapsox)(NCS)(EtQ]” + H" = to be 150 M 57, see Table 1) in comparison to the same
[Fe(dapsox)(NCS)(EtOH)] (3) step in MeOH and IzD It can be_accounted for in terms of
the weaker donor ability of coordinated EtOH trans to SCN
[Fe(dapsox)(NCS)(EtOH)} SCN = Activation parameters obtained from the temperature- and
[Fe(dapsox)(NCS)~ + EtOH (4) pressure-dependent measurements of the first reaction step
are summarized in Table 1 (see also Table S2). Ploksyof
our complex (5x 10° M) with SCN™ in an ethanol solution  versus [SCN] for the second reaction step as a function of
under pseudo-first-order conditions using a large excess oftemperature are presented in Figure 2 (see also Table S2),
SCN™ ([SCN7] = 0.005-0.15 M) andl = 0.3 M (LiOTHf). and the corresponding activation parameters are also included
Kinetic traces clearly showed two subsequent reaction stepsin Table 1. Figure 2 clearly illustrates that even for the
over the whole SCN concentration range, similar to that substitution of the second coordinated solvent molecule there
observed in MeOH solution (Figure S1, Supporting Informa- is no intercept. Furthermore, this reaction is thermodynami-
tion), and they were fitted to a double-exponential function cally strongly driven in ethanol, which is opposite to that
that resulted irkops Values for the first and second reaction found for the reaction in methanol and especially in aqueous
steps. Plots ofk.ps Versus [SCN] (Figure S2) for both solution where the reverse reaction is very prominent even
reaction steps at BC show a linear increase ikyps With in the case of the first step. The second reaction step was
increasing [SCN] over the whole concentration range also studied as function of pressure ([SGN= 0.05 M at
without a significant intercept, indicating that there is no 20 °C), and the results are summarized in Table S2. From a
reverse solvolysis or parallel reaction. Similar to what we good linear correlation between ks and pressure, the
found in agueol’sand methanol solutiond the two reaction activation volume was found to b&Vv¥, = +11.14+ 0.5
steps represent the substitution of two axially coordinated cm?® mol=2. All the activation parameter&@d*, AS,, andAV#,
solvent molecules by SCNas outlined in reactions (2) see Table 1) along with the observed trends in the rate
(4). The dependence d¢fps on [SCN] for both reactions  constants suggest a dissociative reaction mode for both
can be expressed by eq 5, from which the second-order ratesubstitution steps in ethanol, similar to that suggested for
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Scheme 3 whereKosis the outer-sphere precurdgFe(dapsox)(NCS)-
[Fe(dapsox)(EtOH)(OE1)] ks [Fe(dapsox)(OEt)] + EtOH _(EtOI_-|)]-NCS} f(_)rmation constant ankl is the correspond-
ks ing first-order interchange rate constant. At low SCN

+SCN°

concentration, # KodSCN] ~ 1 and a linear concentration
dependence is observed for which the corresponding expres-
sion is presented in eq 5, wheke = k;Kos represents the
overall second-order rate constant for this reaction step.
[Fe(dapsox)(NCS)(OED)] This mechanism is similar to that suggested for the second
o reaction step in aqueous solutidbmhere starting from [Fe-
the reaction in methanol. They also suggest the presence OEdapsox)(NCS)(IzD)] the same [Fe(dapsox)(NGB) product
a labile alcoxo [Fe(dapsox)(EtOH)(OEt)] complex in ethanol ¢ ty-med. The values ohV#, for the second step in 40

solution. o _  (+8.8+ 0.3 cnfmol ) and EtOH ¢-11.1+ 0.5 cnf mol?)
Within the concept of a dissociative mechanism, the first are also very similar and can be interpreted within the

step of the investigated reaction can be presented in SChem%oncept of and mechanism.
3 with the corresponding expression fQgs given in eq 6.

Ky

In terms of the general dissociative nature of the substitu-
tion mechanisms proposed above, it is important to note that
the higher reactivity of the studied complex in EtOH than
in MeOH is in agreement with the higher solvent-exchange
rate on F&" in EtOH than in MeOH, where the hydrolyzed
[Fe(ROH)(OR)J*" cations were also found to be the
predominant species in alcoholic solutidgAd-urthermore,
it is important to note that solvent exchange on the
hydrolyzed [Fe(ROH)JOR)J*" cations also occurs via a
dissociative mechanisfi.

Reactions in Acidified Methanol and Ethanol.To study
the substitution behavior of the non-hydrolyzed [Fe(dapsox)-
(L)2]* species (L= MeOH and EtOH), we followed the
reaction with SCN in MeOH and EtOH in the presence of
102and 102 M acid, respectively. The non-hydrolyzed [Fe-
(dapsox)(ROH)* species have a much lower reactivity than
the hydrolyzed [Fe(dapsox)(ROH)(OR)] complexes, as was
also observed in the case of the diaqua and aqua-hydroxo
complexe$. Therefore, the difference between the rate
constants for the two subsequent substitution steps is not that
prominent as in the case of nonacidified solutions. Further-
more, the reactivity of [Fe(dapsox)(RO4H) is lower than
that of [Fe(dapsox)(ROH)(NCS)], which results in the slower
first and faster second substitution step, in contrast to what
has been observed in the absence of added acid. To separate
these reaction steps, we performed spectrophotometric ti-
trations in acidified MeOH and EtOH solutions at 25 and
determined the corresponding equilibrium constétand
aK2 for the binding of the first and the second SCN
respectively. To allow equilibration of the solutions, the vV
vis spectra were recorded ca. 30 min after the addition of
lower concentrations of SCNand 10 min after the addition
of higher concentrations of SCNThe spectra obtained for
the measurements in acidified EtOH and MeOH are pre-
sented in Figures 3 and S3, respectively. The absorbances
o . _ . at 468 nm (for titration in acidified EtOH) and 450 nm (for
substitution reaction similar to that in Scheme 2 (where OR titration in acidified MeOH) versus [SCN were separately

s replaced by S.CM’ the dlfference being that the inter- fitted for the first and the second equilibrium to eq 7 (Figure
change process is not reversible. Consequently, the expres-

sion forkgs can be presented in an equation similar to eq 1 S4) and together to eq 8 (inset in Figure 3). The values of
bs P d q+t A, andA., represent the absorbance at 0 and 100% formation
(21) van Eldik, R.; Deker-Benfer, C.; Thaler, FAdv. Inorg. Chem200Q of the mono and bis(thiocyanato) complexes, respectively,

4(1:?], 1f5t8- (g) \t/r?nt Elslik, hR.;_ ?ubbzrg, C. D‘i‘ lrl’;*iAgh-lF_’reisure and A represents the absorbance at any given thiocyanate
emistry: syntnetic, iviechanislic an upercritical Applicatioas .
Eldik, R.. Klaner, F.-G., Eds.; Wiley-VCH: Weinheim, Germany, concentration. In eq 8\, A;, andA; are the absorbances

2002; Chapter 1. of [Fe(dapsox)(ROH]™, [Fe(dapsox)(ROH)(NCS)], and
1580 Inorganic Chemistry, Vol. 45, No. 4, 2006

Kons = Ksky[SCN J/(K_5+ K, [SCN ]) (6)

Under the selected experimental conditiokgSCN] is
much smaller thaik_; such that eq 6 can be simplified to
the form of eq 5, where the overall second-order rate constant
k. then becomessks/k_3. The linear concentration depen-
dence ofkys can easily be understood since thiocyanate is
present in a much lower concentration than ethanol to
scavenge the six-coordinate intermediate, suchiktffaCN]
in eq 6 is negligible in comparison tk-;. The obtained
activation volume thus involves contributions from the effect
of pressure on the formation of the six-coordinate intermedi-
ate (AV(Ks)) and onk, (AV¥(ks)), sincek, is a composite
value. Although in the present cag (= ks/k_3) and k,
cannot be kinetically separated, a significantly positive value
for AV(Ks) and a negative value fax\¥(ks) are expected to
contribute to the overall value &V = +15.84+ 0.7 cn?
mol~.

Coordination of the first SCNreduces the acidity of the
solvent molecule in the trans position, which results in the
rapid protonation of coordinated EtOto create a good
leaving group (EtOH) and enables the coordination of the
second SCN ligand. On the basis of the overall positive
value of AV¥, (+11.1+ 0.5 cn? mol~?), both a D and angyl
substitution mechanism should be considered. Similar to the
first reaction step, in terms of the D mechanism, the observed
AV¥, can be interpreted as a composite value, whereas
significantly positive contribution from the dissociation of
EtOH and a negative contribution from the formation of the
Fe—-NCS are expected:

An alternative interpretation in terms of a dissociative
interchange ¢ mechanism is based on the idea that [Fe-
(dapsox)(NCS)(EtOH)] can in the second substitution step
form an outer-sphere adduct with SCNorior to the
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Figure 3. UV—vis spectra recorded during a titration of the Fe(lll) ) [SCN]’N_I ) ) o
complex in acidified EtOH solution with up to 0.3 M SCN[Fe(lll)] =5 Figure 4. Plots ofkops vs [SCNT] for the first reaction step in acidified
x 105 M, [HOTf] = 102 M, | = 0.3 (LIOTf), 25.0 °C). Inset. EtOH as a function of temperature. Exp(_erlmental conditions: [Fe¢HIy
Corresponding changes in absorbance at 468 nm on addition of &N x 1075 M, [HOTf] = 1072 M, | = 0.3 (LiOTH).
the Fg—:-(lll) complex in acidified EtOH. The solid line is a fit of the data to 0.085
eq 5 in the text. T 130 MPa
, 0,080 90 MPa
[Fe(dapsox)(NCS) ™ at a concentration equal to that of the 0,075 50 MPa
starting complex. Similar values &f; andK; were obtained T 10 MPa
by applying these two equations and the average values were %77’
found to beK; = 9114+ 278 M™%, K, = 126+ 32 Mt and 0,085
Ky = 1654+ 210 M™%, K, = 147 4+ 38 Mt in acidified - 0,060+
EtOH and MeOH solutions, respectivel; and K, were "’—g 0,055 -
also obtained by analyzing the titration spectra in Figures 3 x° . ]
and S3 over the 350700 nm wavelength range using 0.045 ]
Specfit/32 global analysis, and the values were found to be ]
Ky =700+ 73 M1, K, =170+ 41 M ! andK; = 2080 ]
+ 220 ML, K, = 58 & 13 M* for acidified EtOH and 0,035
MeOH solutions, respectively. 0,080 +——F——F—— T —— T T T T
0,0000 0,0005 0,0010 00015 00020 0,0025 0,0030 0,0035
A=At (A, — AJKISCN J/(1 +K[SCN])  (7) [SCN1.M
Figure 5. Plots ofkeps vs [SCN] for the first reaction step in acidified
A= (A0 + AlKl[SCN_] + AzKle[SCN_]Z)/ EtOH as a function of pressure. Experimental conditions: [Fe@#g x

_ - 1075 M, [HOTf] = 102 M, | = 0.3 (LiOTf), 45°C.
(1+ K{[SCN'] + K,K,[SCN T°) (8)
o ) _ o k-sq), and the obtained values for the reaction in acidified
Kinetics of the First Reaction Step.The kinetics of the EtOH (1128+ 53 M-1) and MeOH (1086t 34 M-1) are

[Fe(dapsox)(LQ]* L SCN = [Fe(dapsox)(NCS)(L)}l—(lé) acceptably close to the thermodynamic values obtained for
1.

~

L = MeOH, EtOH .
Kobs= Ks[SCN'] + K_s (10)

first reaction step (eq 9) were studied using low [SCNip

to 3 mM), which is still a large excess over the complex  The values oks( andk sy as a function of temperature
concentration but low enough that the second reaction stepare given in Tables S3 and S4, and the corresponding
does not interfere. Concentration and temperature depend-activation parameters are summarized in Table 1. As already
ences are illustrated in Figures 4 and S5 for the acidified mentioned, the second-order rate constants for the first
EtOH and MeOH solutions, respectively. In both cases the substitution step in acidified alcohol solutions are much lower
data show good linear plots with significant intercepts within than those in nonacidified alcohols. Also th&' values are

the experimental error limits, suggesting that there are significantly smaller in the case of the non-hydrolyzed
prominent reverse reactions, which is different from the [Fe(dapsox)(ROH]" species. All this suggests that there is
reactions in nonacidified alcohol solutions. From the slopes a difference in the substitution mechanism between the
and the intercepts of the linear plots lgfs versus [SCN] [Fe(dapsox)(ROH] ™ and [Fe(dapsox)(ROH)(OR)] species.

the second-order rate constants for the forward readtigy, The first substitution step was also studied as a function
and the first-order rate constants for the back reackiof,, of pressure in acidified EtOH and MeOH solutions, and the
were obtained according to eq 10. The equilibrium constant results are shown in Figures 5 and S6, respectively, from
for the first reaction step can be expressedKas= ksg/ which it follows that good linear plots with significant
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Figure 6. Volume profile for the first reaction step between [Fe(dapsox)(E¢PHind SCN in acidified EtOH.

intercepts are obtained within the experimental error limits. electrostriction of the solvent molecules than in water, which
Interestingly, while the slopes of the plots in Figures 5 and results is a small positiva\V* value that differs from the

S6 slowly decrease with increasing pressure, the correspondsmall negativeAV* observed in water. This, together with
ing intercepts increase significantly, suggesting decelerationthe similar second-order rate constants, similbi* andAS*

of the forward and acceleration of the back reaction by parameters (Table 1), and the existence of significant reverse
increasing pressure. The valueskgf andk-sg) as a function reactions for the [Fe(dapsox)(ROMH) and [Fe(dapsox)-

of pressure are given in Tables S3 and S4. Plots d¢&)n(  (H20),]" species, suggests the same associative interchange
and Ink_s) versus pressure were linear within the error limits, nature of the substitution mechanism for the non-hydrolyzed
and the corresponding values ak/* for the forward and species of the studied seven-coordinate complex. The
the reverse reactions are summarized in Table 1. On the basiproposed mechanism can be presented by Scheme 2, where
of the obtained activation volumes, volume profiles for the the rate-determining interchange procegg), (following

first reaction step in acidified EtOH (Figure 6) and MeOH precursor formation Kos), has an associative character.
(Figure S7) solutions were constructed. In both solvents a Consequently, eq 1 under the applied experimental conditions
small volume increase accompanies the forward reactions,(very low SCN  concentration, 1+ KodSCN7] ~ 1)
whereas a somewhat more prominent volume decreasebecomes eq 10, whelg; = kiKos represents the overall
accompanies the reverse solvolysis reactions. However, onsecond-order rate constant for the first reaction step in
the basis of the principle of macroscopic reversibility, the acidified MeOH and EtOH. Thus, the observa®* for the
nature of the transition state should be the same for theforward reaction is a composite value, i.AV*(ksg) =
forward and reverse reaction, and the obtained results canAV(Kos) + AV#(ky). Its small positive value results from the
be accounted for in the following way. The forward reaction sum of a positive contribution fron\V(Kos) caused by
between [Fe(dapsox)(ROH) and SCN is accompanied  charge neutralization and a small negative contribution from
by charge neutralization and results in a decrease in elec-AV*(k;) due to an associative interchange mechanism for the
trostriction (expansion of the surrounding solvent molecules), rate-determining step. The actual nature of the substitution
which is expected to be more prominent in organic solvents mechanism is more clearly seen in the activation parameters
than in water. Consequently, the obtained valuéWwf for for the reverse process. Since both reactants are neutral for
the forward reaction is more positive than the intrin&i¢ the solvolysis reaction of [Fe(dapsox)(ROH)(NCS)] in ROH,
value for the rate-determining step, which is similar to what solvent electrostriction does not contribute significantly and
was observed for the reaction of [Fe(dapsoxidhi] ".° The the obtained values afV* clearly represent intrinsic volume
difference is that, in acidified MeOH and EtOH solutions, changes that occur in the rate-determining ligand substitution
charge neutralization between [Fe(dapsox)(R{Hind the process. This clearly confirms an associative interchange
entering SCN leads to a more significant decrease in mechanism.
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Kinetics of the Second Reaction StepThe second

[Fe(dapsox)(NCS)(S)f SCN = 0,08
[Fe(dapsox)(NCS) + S (11)
S= MeOH, EtOH 0,06

reaction step (eq 11) was studied separately, starting from "”.w
the mono(thiocyanato) [Fe(dapsox)(ROH)(NCS)] complexes «° %%
which were prepared by the addition of SCt a 1x 104
M solution of [Fe(dapsox)(ROH)" in acidified EtOH and
MeOH, respectively, so that the final [SCNwvas 5x 1073
M. Such solutions were used in the stopped-flow measure-
ments, where they were mixed with a large excess of SCN 0,00 +H—————————————————————
The mono(thiocyanato) species have a characteristic red- 000 002 004 006 008 010 012 014 016 018 020 022
orange color, different from the orange and yellow of the [SCN1. M
[Fe(dapsox)(ROH) " and [Fe(dapsox)(NC8)species (Fig- Figure 7. Plots ofkobsvs [SCN'] for the rfeaction in DMSOSas a function
ures S8), respectively. The second substitution step Wasf,'; t('f_%%ature' Experimental conditions: [Fe(I]5 x 10°M, 1 =0.3
studied as a function of [SCNI(0.025-0.3 M), temperature
(—5to —25°C, Figures S9 and S10), and pressure {30 for O-coordinated DMS®? which was expected since ¥e
MPa), and the data are summarized in Tables 1, S3, and S4is a hard acid and as such will tend to coordinate to a harder
Good linear plots with more significant intercepts at the O donor instead of the softer S donor atom. Interestingly,
highest-applied temperature were obtained within the ex- the addition of HO (up to ~5%) to the DMSO complex
perimental error limits for the reaction in acidified MeOH solution, did not cause any change in thW&=0O) band,
and EtOH. This behavior can be expressed by the expressiorsuggesting that this amount of water is not enough to
given in eq 10, whereksgy and k_sq, represent the rate  substitute axially coordinated DMSO. Since the complex
constants for the forward and reverse reactions for the solubility decreases with increasing water, it was not possible
coordination of the second SCNFrom Kz = ksq/K-sj), to obtain the IR spectra in DMSO# mixtures with higher
the equilibrium constants for the binding of the second SCN water content. Small amounts of water (up~®%) also
in acidified EtOH and MeOH solutions were found to be did not affect the kinetic measurements. Therefore, detailed
250 + 160 and 65+ 23 M™%, which is in reasonable kinetic measurements were performed in p.a. grade DMSO
agreement with the thermodynamic values obtainedgor without further drying.
The values oksg;y are higher than those @§,, confirming The reaction of 5x 10°°> M complex with an excess of
the higher reactivity of [Fe(dapsox)(ROH)(NCS)] than SCN ([SCNT] = 0.02-0.2 M, | = 0.3 M adjusted with
[Fe(dapsox)(ROH]*. This is in agreement with the trans LiOTf) was studied at different temperatures, and the results
effect of SCN, which increases the lability of coordinated are shown in Figure 7. Good linear plots with significant
ROH and, at the same time, causes a changeover in thentercepts are obtained within the experimental error limits
substitution mechanism and becomes a dissociative inter-at temperatures up to 4C. This behavior can be expressed
change process. The postulatganiechanism is confirmed by eq 10, wherés andk_s represent the rate constants for
by the obtained activation parameters (Table 1), especiallythe forward and reverse reactions for the coordination of
by the values ofAV* which are very similar to what was SCN". The values oks andk s as a function of temperature,
obtained for the second reaction step in nonacidified alcohol along with the corresponding activation parameters are
and water. Thus, the coordination mechanism of the secondsummarized in Table S5. The rate constants for the substitu-
SCN- in acidified MeOH and EtOH can be presented by tionin DMSO are the lowest in comparison to those obtained
Scheme 2 and can be discussed as in the case of thén other solvents (Table 1), and in general are quite slow for
nonacidified alcohol solutions (see Reactions in Ethanol). substitution on Fe(lll). This drastic decrease in substitution
Reaction in DMSO. To examine the substitution behavior reactivity upon coordination of DMSO is rather surprising,
especially in terms of the seven-coordinate nature of the
[Fe(dapsox)(DMSQ]+ + SCN = investigated complex for which high substitution lability
[Fe(dapsox)(NCS)(DMSO) DMSO (12) would be expected. The values afH* and AS® for the
forward reactionks) were found to be 64- 3 kJ mol! and
in an aprotic solvent, where hydrolysis does not occur, we —50 + 9 J K- mol?, respectively, whereas those for the
studied the reaction of [Fe(dapsox}®),]CIO4 with SCN- reverse reactionk(s) were found to be 84t 3 kJ mof?
in DMSO as given in eq 12. The IR spectra of the complex and—15+ 9 J K1 mol %, respectively. It should be noted

in the solid state and in DMSO confirmed that there are no that the intercepts in Figure 7 are subject to large error limits.
changes in the heptacoodinate structure caused by dissolution
in DMSO. The IR spectrum of the complex in DMSO has a (22) BP_aulﬁ, QZ-O/E\)-; ggtils;iﬁgﬁ.;bcgstrellgr_\o, E. E-;dEIIenaé-Jln?rg-

new strong band at 955 crh) which does not exist in the T"?ﬁ(;{gwleezs‘ L Alessio. (E)Cogrr('j’. > Zangren 2%0%"24{2”783[“""'

spectrum of the solid sample. This is a typieé&—0) band 83.

0,02 +
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The value ofK was determined spectrophotometrically by Conclusions
titrating 5 x 1075 M [Fe(dapsox)(HO),]JCIO4 (I = 0.3 M,
LiOTf) with a concentrated stock solution of NaSCN to
minimize the effect of dilution at 30C. To allow equilibra-
tion of the solutions, the UMvis spectra were recorded ca.
20 min after mixing, and the increase in absorbance at 43
nm was monitored (Figure S11). The solid line in Figure
S11 represents a fit of the experimental data to eq 7. The
values ofK andA., were calculated from a nonlinear least-

squares fit of the experimental data. The value of the ff ¢ al d hvd ligand dinati f
equilibrium constanK was found to be 4% 1 M1, which trans effect of alcoxo and hydroxo ligands. Coordination o

is in good agreement with the kinetically obtained value at the second SCNalways has a (_jis_sociative charactgrc(l_l .
30°C (ke/k_s = 53 + 13 M), D). These remarkable mechanistic changes and significant
The pressure-dependent measurements 3E48 x 10°5 differences in the reactivity of the studied complex (Table
M complex, [SCN] = 0.2 M, | = 0.3 M LiOTf, Table S5) 1) are not the result of a simple solvent effect but are the
resulted inA,V* — 104+ 0.5,cn? mol-. This s’uggests the result of the presence of different [Fe(dapsox)[L)com-

operation of an interchange mechanism for substitution of plexgs (L=.solvent or its deprotonated for m) as reactive
the axially coordinated DMSO by SCNbresented in Scheme species. This underlines the role of the axially coordinated

2. According to this mechanism, as already discussed aboVesolvent molecules in tuning the reactivity and determining
the pressure effect ok, which resulted inAV* = —1.0 + the substitution mechanism. In general, non-hydrolyzed

0.5 cn® mol™%, is related to the volume change associated [Fe(dapsox)(_LQ]* species (L% HZO’ MeOH, EtOH, DMSO)

with outer-sphere complex formatioAVos, and the activa- react according to an associative mode and much slower than

tion volume for the interchange procegsy*(k;). Since, as [Ee(gapsox)(l\bré)s(or)]’ [Fel(dapsox)(hRCr)]H)(l(l)R)], ?”d

a result of charge neutralizatiol\Vos is expected to be [_e( apspx)( )(L)] complexes, w Ich a react na

positive, AV¥(k;) should be more negative tharl.0 + 0.5 dissociative way. In terms of the substitution behavior of

ond mol’*l This along WithASf = —50 + 9 J K*Il mol;l Fe(lll) complexes, such a trend was expected. However, in
' ight of the coordination number seven of the investigated

We have shown that the seven-coordinate [Fe(dapsox)-
(H20),]CIO, complex reacts with SCNin the first substitu-
tion step according to an associative interchangeaniech-

Oanism in acidified methanol, ethanol, and aqueous solutions,
as well as in DMSO. The first substitution step proceeds
through a dissociative (D) mechanism in methanol and
ethanol, but through a dissociative interchangg rfiecha-

nism in aqueous solutions at higher pH as a result of the

suggests an associative character for the rate-determinind

interchange process. Thus, the seven-coordinate [Fe(dapsox)fomplex' "’r‘ln afssoc;]latlve m'ef:hamzm 'Sbar_‘ unex%ec;ed. resﬂlt'
(L)2]* complexes with non-hydrolyzed,B, MeOH, EtOH, t seems that for the reactivity and substitution behavior o

and aprotic DMSO solvent molecules as labile axially the Fe_(III) _species, the electronic and steriq propertieg of the
coordinated ligands undergo substitution of the first solvent chelating ligand and the na'Fure of the axially coordl_natgd
molecule by SCN according to an associative interchange solvent molecules are more important than the coordination

mechanism (Table 1). The same mechanism has beer/™"MPer _
postulated for solvent exchange on [Fg[8) where S= The results presented here are of fundamental importance
H,O, MeOH, EtOH, and DMS® and also for the formation  for studies on the SOD activity of seven-coordinate Fe(lll)
of the mono(thiocyanato) [Fe@®)s(NCS)Et complexio complexes. Since the reactions involved are extremely fast,

This mechanistic similarity is to be expected on the basis of @PPlication of DMSO will slow the process and even enable
the nature of the metal ion, but since our complex is seven- the detection of possible intermediates. On the other hand,
coordinate with the negatively charged pentadentate chelate© increase the substitution lability and complex reactivity,
a more dissociative character would in principle be expected. application of alcoholic solutions will be helpful. It will also
One exception to anaImechanism is the formation of be possible to study the role of protons in the reaction with
[Fe(DMSOX(NCS)E* from [Fe(DMSO)J3*, in which case sgpero_xide by using alcoho_lic_ solutions at low temperatures,
a dissociative interchange mechanism has been postifated. Since it was shown that it is possible to protonate and
In general it has been anticipated that substitution on deprotonate the complex under such conditions. Studies on
Fe(lI1) should be more dissociative (i.e., less associative) for the reaction with superoxide in different solvent systems are
bulkier solvents®2 The completely planar and rigid Presently underway in our laboratories.

dapsoX~ pentadentate chelate in the equatorial plane, gener-
ally facilitates easy access of the nucleophiles to the Fe(lll)
center, without any steric hindrance above and below the
pentadentate plane. By way of comparison, four DMSO
molecules in the equatorial plane of [Fe(DMS), which

can freely rotate around the #& bond, induce a prominent
steric hindrance for apical bond formation. Another exception  Supporting Information Available: Eleven figures and five
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is water exchange on the seven-coordinatd'[Edta)HO]~ tables reporting thermodynamic and kinetic data for the substitution
complex, which is characterized by a positive volume of reactions in different solvents as a function of thiocyanate concen-
activation and also follows ary mechanisn#? tration, temperature, and pressure. This material is available free

of charge via the Internet at http://pubs.acs.org.
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