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To elucidate the applicability and effects of ionic liquids as reaction media for bioinorganic catalysis, detailed kinetic and
mechanistic studies on the reversible binding of NO to the monohydroxo ligated iron(1ll) phorphyrin, (TMPS)Fe'"(OH)
were performed in the ionic liquid [emim][NTf,] as solvent. We report for the first time the determination of activation
volumes via high pressure stopped flow methods in an ionic liquid. The studies clearly show that impurities of
methylimidazole, present at the micromolar concentration level, can generate the 6-fold coordinated (TMPS)Fe"(OH)-
(Melm) complex and lead to a complete changeover in mechanism from associatively activated for (TMPS)Fe'"(OH) to
dissociatively activated for (TMPS)Fe"(OH)(Melm). NMR measurements on the chemical shift of the -pyrrole protons
revealed a spin state change from high spin (S =5/2 for (TMPS)Fe'"(OH)) to an intermediate spin-state (S=5/2 and 3/2)
following the coordination of methylimidazole. Because of the effect of the cationic component of the ionic liquid,
Fe"'(TMPS) also reacts with nitrite unlike the case in aqueous solution. Kinetic and thermodynamic studies on the
reaction of (TMPS)Fe'(OH) with tetrabutylammonium nitrite allowed the determination of the equilibrium constant and

thermodynamic parameters for the coordination of nitrite in [emim][NTf,].

Introduction

During the past decade ionic liquids have received growing
attention as alternative solvents for various applica-
tions. Because of their different tunable properties such as
density, viscosity, polarity, melting point, and solubility, they
enable the use of perfectly adapted reaction media and are
even considered to be “designer solvents” of the future.' >
Although the use of some ionic liquids has already been
well established in new technologies,®’ there is obviously
still a lack of understanding of how these solvents actually
influence or interact with substrates since some groups have
reported an increase/decrease in reactivity or even a complete
inhibition of reactions.®’ Therefore, we developed a general
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interest to quantify possible mechanistic changes and the
reasons there for when a typical reaction of a catalytic active
transition metal complex, extensively studied in convent-
ional solvents before, is transferred into an ionic liquid.
We recently reported on the significant effects of a series
of ionic liquids, consisting of different anionic components,
on substitution reactions of Pt'" complexes.'”

Ionic liquids show a high solubility for several gases,
especially for polar gases like CO», as a result of their specific
inner structure with empty cavities between the cationic and
anionic components. More systematic investigations indicate
that gas solubility is on the one hand an effect of the polarity
and polarizability of a gas, and on the other hand depends
on the nature and steric features of the cationic and anionic
components. Thus, tailor-made ionic liquids are also con-
sidered as storage media for harmful gases or as a separation
agent for gas mixtures.'' '
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Figure 1. Structures of (TMPS)Fe!"" and [emim][NTf,)].

Ferriheme proteins play an important role in mammalian
biology; they trigger, accompany, and catalyze numerous
physiological reactions. The transport of oxygen by erythro-
cytes, the deactivation of peroxide by Cytochrome c, or the
activation of soluble Guanylylcyclase (sGC) by nitric oxide as
an instrument to regulate the blood pressure are only a few
examples of the high versatility of these enzymes.">™'® Over
the past years our group extensively studied the reaction
between different modified, water-soluble Fe'(porphyrin)
complexes and dissolved nitric oxide gas as model systems for
ferriheme proteins to elucidate their nature and mechanistic
behavior in vivo."”"

Itis now our aim to investigate the influence of ionic liquids
as new designer solvents on the catalytic activity of model
bioinorganic systems. For our first study we selected the
reaction between meso-[tetra(3-sulfonatomesityl)porphin]-
iron(I1I), Fe'"(TMPS), and dissolved nitric oxide (NO) in
the ionic liquid 1-ethyl-3-methylimidazolium bis-trifluoro-
methylsulfonylamide, [emim]|[NTf,], as reaction medium (see
Figure 1). We expected this liquid to be well suited because of
its low viscosity (34 cP at 20 °C), hydrophobic nature, and
optical purity in the spectral region of typical porphyrin
absorbances (300—800 nm). Earlier studies in aqueous solu-
tion clearly showed that Fe™(TMPS) exists, dependin
on the pH, as 6-fold coordinated diaqua ((TMPS)Fe'-
(H,0),), or as 5-fold coordinated monohydroxo ((TMPS)-
Fe''"(OH)) species (pK, = 6.9). Although the binding of NO
to the monohydroxo species exhibits an associative mechan-
ism, the 6-fold coordinated diaqua species on the contrary
reacts much faster. This observation is ascribed to a smaller
overall spin state change of the porphyrin iron(I1I) center that
occurs on the binding of NO to the diaqua species. Therefore,
in aqueous solution NO coordination is not controlled by the
lability/accessibility of the iron(IIl) center but rather by the
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Fe-NO bond formation step.?' "> We checked the reaction
behavior in ionic liquid by performing kinetic studies using
stopped-flow techniques at ambient and high pressure.
During our work we surprisingly found that despite its
negatively charged sulfonato substituents, Fe'"(TMPS) in
ionic liquid reacts not only with nitric oxide but also with
nitrite either as an added reactant or as impurity in solutions
of NO. Therefore, we extended our studies to the reaction of
Fe'"(TMPS) with terabutylammoniumnitrite and also deter-
mined its kinetic and thermodynamic parameters.

Experimental Section

Materials. All chemicals used were of analytical reagent grade
or of the highest purity commercially available. The iron
porphyrin, [meso-tetra(3-sulfonatomesityl)porphine]-iron(III)
hydroxide (tetrasodium salt), was purchased from Frontier
Scientific Ltd., Utah, U.S.A. and used without further purifica-
tion. NO gas (Praxair Deutschland GmbH & Co. KG, Bopfin-
gen, purity 3.0) was cleansed from trace amounts of higher
nitrogen oxides by passing it through concentrated KOH
solution, an Ascarite II column (NaOH, on silica gel, Sigma-
Aldrich), and a phosphorus pentoxide column. Tetrabutyl-
ammoniumnitrite (Sigma-Aldrich) was stored under argon
atmosphere.

Synthesis of the Ionic Liquid. All operations were performed
under nitrogen atmosphere. [emim]Br and Li[NTf,] were pur-
chased from Solvent Innovation or Iolitec, and [emim]Br was
purified twice by recrystallization (methanol/acetone 1:10) and
obtained as white solid. [emim][NTf,] was synthesized accordin%
to an anion metathesis procedure described in the literature.”
The synthesized [emim][NTf,] was treated with activated char-
coal, dried under vacuum, and obtained as colorless liquid. The
water content of the ionic liquid, determined by Karl Fisher
titration,?> was found to be 40—70 ppm.

Instrumentation. Karl Fischer titrations were done on a
756 KF Coulometer. Elemental analyses (Euro EA 3000 (Euro
vector) and EA 1108 (CarloErba)) and NMR spectroscopy
(Bruker Avance DRX 400WB FT-spectrometer) were used for
chemical analysis. UV—vis spectra were recorded in gastight
cuvettes on a Varian Cary 1G spectrophotometer equipped with
a thermostatted cell holder.

Stopped-Flow Studies with NO. Stopped-flow kinetic measure-
ments at ambient pressure were performed on a Durrum D110
(Dionex) stopped-flow instrument. In a typical experiment,
deoxygenated [emim][NTf,] was mixed in varying volume ratios
with a saturated NO solution in gastight sgringes to obtain the
appropriate NO concentration (1—10 mM).?*?” The NO solution
was then rapidly mixed with a deoxygenated solution of the
Fe'"'(TMPS) (5—6 M) in a 1:1 volume ratio in the stopped-flow
apparatus. The kinetics of the reaction were monitored at 434 nm.
All kinetic experiments were performed under pseudo-first-order
conditions, that is, with at least a 10-fold excess of NO over
Fe'"'(TMPS). Rate constants reported are mean values of at least
five kinetic runs, and the quoted uncertainties are based on
standard deviations. High pressure stopped-flow experiments
were performed at pressures up to 130 MPa on a custom-built
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Figure 2. UV—vis spectrum of (TMPS)Fe'" in [emim][NTf,]. Experi-
mental conditions: [Fe"'(TMPS)] = 3 x 107% M, optical path length 1 cm.

instrument with heptane as pressure medium as described else-
where.?® Kinetic traces were analyzed with the use of Origin 7G
SR4 (Originlab Corporation) software.

Stopped-Flow Studies with NO, . Solutions containing nitrite
were prepared by dissolving tetrabutylammoniumnitrite in
[emim][NTf,]. Sodium- or potassium-nitrite seemed not to be
soluble in [emim][NTf,]. Concentrations were adjusted up to
300-fold excess of NO,~ over Fe'"(TMPS). The kinetics of
the reaction were monitored at 424 nm. The measurements
were performed and analyzed as described above for NO.
The equilibrium constant (K.q) was determined from the slope
and intercept of a linear plot of ks versus [NO, ] as described
in Results and Discussion.

Thermodynamic Studies on the Reaction with Nitrite. Solu-
tions were prepared as mentioned above. The equilibrium
constant K.q was determined via absorbance change measure-
ments at 424 nm in tandem cuvette experiments with concen-
trations up to 1000-fold excess of NO,~ over (TMPS)Fe'™.
The pressure dependence of the equilibrium constant (K.q)
was measured at pressures up to 150 MPa on a Shimadzu UV-
2101 PC UV—vis spectrophotometer equipped with a custom-
built high pressure cell and the use of a quartz pill-box cuvette.?

Results and Discussion

Preliminary Observations on Fe"(TMPS) in [emim]
INTf,]. To establish the nature of the iron porphyrin
species present in [emim][NTf,], UV—vis experiments
clearly show a maximum of the Soret band at 417 nm
(Figure 2), which indicates the presence of a mono-
hydroxo-coordinated iron(III) species (TMPS)Fe''-
(OH) as found in water under basic conditions.”® The
spectral features observed are in good agreement with
those reported for other monohydroxo-coordinated iron
(ITT) porphyrins in organic®® and aqueous solvents.*!
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Figl;ure 3. Comparative UV—vis spectra for both observed species of
Fe'"(TMPS) in [emim][NTf,]. Experimental conditions: [Fe'"(TMPS)] =
3 x 107% M, optical path length 1 cm.

Attempts to generate the six-coordinate diaqua species,
(TMPS)Fe'"'(H,0),, by successive addition of p-toluene-
sulfonic acid only led to the protonation of the pyrrolic
nitrogen atoms and therefore to demetalation of the
porphyrin. Thus, in [emim][NTf,] the monohydroxo
species (TMPS)Fe"(OH) seems to be the only stable
complex.

Depending on the batch of ionic liquid used, we
observed large kinetic and mechanistic differences for
the binding of NO to the Fe'"(TMPS) complex, which
indicated a pre-occupation of the sixth coordination
site at the porphyrin iron(III) center in some cases. Our
first assumption that this coordination is caused by the
“innocent” [NTf,] anion* could not be confirmed by spin
state measurements on the iron(IIl) center. 'H NMR
spectroscopy is a widely recognized method to character-
ize the spin and ligation states of paramagnetic iron
porphyrins. In particular, the chemical shift of the
B-pyrrole protons in iron(IIl) porphyrins has proven
to be an excellent probe to determine the spin state
of the iron(IIl) center.>®> However, '"H NMR experi-
ments performed in aqueous solution did not result
in a shift of the S-pyrrole protons after the addition of
even large amounts of LifNTT5]. A closer look at the UV—
vis spectra, especially at the Q-band pattern, clearly
showed the formation of two different species of the
(TMPS)Fe'(OH) complex, which unequivocally dif-
fered in absorbances at 325, 500, 550, and 650 nm as
can be seen in Figure 3. The Soret band on the cont-
rary is only slightly influenced and shows a red-shift of
I nm to 418 nm.

HPLC studies on the purity of strange reacting batches
of the ionic liquid verified a contamination by small
amounts of methylimidazole, Melm (for experimental
conditions see Figure S1, Supporting Information),
which is used as starting material in the synthesis of
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Figure 4. UV—visspectral changes after subsequent addition of an up to
200 fold excess of methylimidazole over (TMPS)Fe'"! (OH) in aqueous
solution at pH 8.3. Experimental conditions: [(TMPS)Fe""(OH)] = 7.5x
107% M, [Tris buffer] = 0.07 M (adjusted with HCIO,).

[emim]Br.>* Unfortunately, we were not able to remove
this impurity completely, despite 2-fold recrystallization
of [emim]Br and further purification of the resulting ionic
liquid [emim][NTf,] with activated charcoal. Calculations
based on the recorded HPLC-chromatogram quantified
the contamination to be about 6 uM.* As can be seen
from Figure 4, the addition of Melm up to a 200 fold
excess over (TMPS)Fe'"'(OH) in an aqueous buffer solu-
tion leads to the same spectral changes as observed in
Figure 3. Clean isosbestic points at 407, 474, 535, and
595 nm confirm the direct generation of a six-coordinate
(TMPS)Fe(OH)(MelIm) species (see also section on
the binding of NO to (TMPS)Fe"'((OH)(MeIm)) with
a different reaction behavior than the five-coordinate
(TMPS)Fe"(OH) complex). The results for both species
are now presented and discussed separately.

Binding of NO to (TMPS)Fe'"(OH). The addition of
NO gas to a deoxygenated solution of (TMPS)Fe'"'(OH)
resulted in spectral changes presented in Figure 5.
The decrease in absorbance at 417 nm accompanied by
the appearance of new bands at 434 and 548 nm indicates
the formation of a typical low-spin iron(III) porphinato-
nitrosyl complex*?” in which the formal charge distri-
bution can be described as (TMPS)Fe' (OH)(NO ™) be-
cause of its diamagnetic behavior. Bubbling of an inert
gas through the resulting solution leads to reversed
spectral changes indicating reversibility of reaction 1.

kon

(TMPS)Fe'""(OH) + NO/:——’(TMPS)FeH(OH)(NO*)
off

(1)

The binding of NO is followed by a subsequent slow
reaction on a time scale of several hours, leading to new
maxima at 406 and 475 nm, with clean isosbestic points at
419, 446, and 539 nm. This reaction is ascribed to the
formation of (TMPS)Fe"(NOe) via hydroxide or nitrite

(34) Sola, J. L. C.; Koenig, A., in preparation.
(35) Theodoridis, A.; van Eldik, R. J. Mol. Catal. A: Chem. 2004, 224,
197-205.
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Figure 5. Spectral changes recorded after addition of NO gas to a
solution of (TMPS)Fe'™ (OH) in [emim][NTf,]: (a) Binding of NO to
(TMPS)Fe'! (OH); (b) Subsequent slow reductive nitrosylation. Experi-
mental conditions: [(TMPS)Fe'(OH)] = 3 x 107° M, optical path
length 1 cm.

catalyzed reductive nitrosylation. Reduction of (TMPS)-
Fe"'(OH) by use of ethanethiol and subsequent addition
of NO resulted in the same final s;z)ectrum, that is, the
formation of (TMPS)Fe(NQe).?¢~38

The kinetics of the reversible binding of NO to (TMPS)-
Fe'"'(OH) was investigated by stopped-flow technique
under pseudo-first-order conditions with at least a 10-
fold excess of NO. The ks values determined by fitting
the kinetic traces to a single exponential function depend
linearly on [NO] according to eq 2 based on the data in
Figure 6.

kobs = kon[NO] + koff (2)

The linear fit of kg, versus [NO] obtained at 25 °C
allowed the calculation of k., = (1.040 £ 0.002) x
10> M™' s7" and ko = 0.030 £ 0.007 s™' from the
slope and intercept, respectively. The overall equilibrium

(36) Jee, J.-E.; van Eldik, R. Inorg. Chem. 2006, 45, 6523-6534.

(37) Jee, J.-E.; Eigler, S.; Jux, N.; Zahl, A.; van Eldik, R. Inorg. Chem.
2007, 46, 3336-3352.
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2439-2455.
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Figure 6. Concentration dependence of k&, for the reaction of (TMPS)-
Fe'"'(OH) with NO in [emim][NTf,]. Experimental conditions: [(TMPS)-
Fe"(OH)] = 3 x 107°M, 1 = 434 nm, T = 25 °C. Inset: typical kinetic
trace, [NO] = 5 mM.

constant was found to be Kno = kon/kors= (3.5 £ 0.8) x
10> M™!. To determine the activation parameters AH",
AS¥, and AV* for the binding of NO, the kinetics were
studied at different temperatures (25—45 °C) and pres-
sures (10—130 MPa) at the highest [NO] = 5 mM to
minimize the contribution of the small intercept in the
concentration dependence, that is, kops = kon[NO] under
these conditions. The Eyring plot for the temperature
dependence and a plot of In ks versus pressure are
shown in Figure 7.

The activation parameters calculated from these plots
are summarized in Table 1 and compared with the data
found in basic aqueous solution.?® The binding of NO is
much slower in [emim][NTf5] than in water, in agreement
with a higher activation enthalpy (AH®) value. The
increase in the activation barrier may be caused by the
ionic strength and the polarity of the ionic liquid. We
recently reported similar deceleration effects for ligand
substitution reactions of Pt(II) complexes performed in
various ionic liquids.'® The significantly negative values
for AS* and AV* suggest that the binding of NO to
(TMPS)Fe'(OH) occurs according to an associative
(A) mechanism. From the activation parameters it fol-
lows that the sixth coordination site at the iron center
seems to be unoccupied. The relatively large negative
activation volume can be explained by a movement of
the iron(I11) center from out of the porphyrin plane into
the porphyrin plane on the binding of NO, as shown in
Scheme 1.* Unfortunately, NMR measurements on the
spin state of the iron(III) center could not be performed
directly in [emim][NTT,] because of the low solubility of
the porphyrin complex. However, the kinetic data, which
are similar to the results found for aqueous solution, lead
to the conclusion that the spin state of the iron(III) center
is not, or only weakly, influenced by the ionic liquid.
Thus, we ascribe the nature of (TMPS)Fe'"(OH) in

(39) Jee, J.-E.; Eigler, S.; Hampel F.; Jux, N.; Wolak, M.; Zahl, A.;
Stochel, G.; van Eldik, R. Inorg. Chem. 2005, 44, 7717-7731, and references
cited therein.
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Figure 7. Temperature and pressure dependence for the binding of NO
to (TMPS)Fe™(OH) in [emim[NTf,]. Experimental conditions: [(TMPS)-
Fe'""(OH)] = 3 x 107 M, [NO] = 5mM, A = 434 nm.

Scheme 1. Spin State Change of the Porphyrin Iron Center after
Binding of NO

"
—\ II]/— I|\IO
FT + NO = FT”
OH OH
high spin low spin

[emim][NTf,] as a high-spin iron(Ill) porphyrin which
undergoes a spin-state change from a high-spin (S = 5/2)
to a diamagnetic low-spin state (S = 0) on the reaction
with NO.

Binding of NO to (TMPS)Fe"'(OH)(MelIm). The spec-
tral changes that accompany the reaction of (TMPS)-
Fe'"'(OH)(MeIm) with NO lead to a final spectrum with
the same characteristic bands at 434 and 548 nm as
observed above for (TMPS)Fe''(OH)(NO ™). Thus the
binding of NO to (TMPS)Fe'"'(OH)(Melm) seems to
generate the same product as found for (TMPS)Fe'"'(OH)
(Figure 8). This reaction also undergoes subsequent
reductive nitrosylation as indicated by a weak shoulder
at 406 nm.

The increase in absorbance followed at 434 nm oc-
curred on a much longer time scale than observed for the
binding of NO to (TMPS)Fe"'(OH). Kinetic measure-
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Table 1. Rate Constants and Activation Parameters for the Binding of
NO to (TMPS)Fe! in [emim][NTf,] and Aqueous Solution

(TMPS)Fe'- (TMPS)Fe"-  (TMPS)Fe''l-
(OH) in (OH)(Melm) in  (OH) in water
[emim][NTf5] [emim][NTf5] atpH 11

overallrate  (1.040 £ 0.002) 0.070 £ 0.002s~' (13.2 £ 0.1)

constant x 10°M~'s™!  (first order) x 10 M 157!
(second order) (second order)
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Figure 8. Srpectral changes after addition of NO gas to a solution of
(TMPS)Fe"(OH)(Melm) in [emim][NTf,]. Experimental conditions:
[(TMPS)Fe"'(OH)(MeIm)] = 2.5 x 10~° M, optical path length 1 cm.
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Fi?ure 9. Concentration dependence of &y, for the reaction of (TMPS)-
Fe''(OH)(Melm) with NO in [emim][NTf,]. Experimental conditions:
[(TMPS)Fe'"'(OH)(MeIm)] = 2.5 x 107° M, 1 = 434 nm, T = 25 °C.
Inset: typical kinetic trace, [NO] = 5 mM.

ments performed under pseudo-first-order conditions at
25 °C and fitted to a single exponential function surpris-
ingly showed no dependence on [NO] (Figure 9). This
suggests that the binding of NO to (TMPS)Fe''(OH)
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(Melm) follows a limiting dissociative (D) mechanism as
outlined in eq 3.
k;

—

(TMPS)Fe(OH)Melm) === (IMPS)Fe"'(OH) + Melm
-1
+Nol k,

(TMPS)Fe''(OH)(NO*) A3)

For this mechanism the observed rate constant kg is
expressed as in eq 4, and the kinetic data are expected to
show a saturation behavior on applying steady state
conditions to (TMPS)Fe'"'(OH).

k1k>[NO]
k [Mellm] + k»[NO] @

If ko[NO] > k_ [Melm], that is, the reaction with NO is
much faster than the back reaction with traces of Melm,
the expression for the observed rate constant in eq 4
reduces to eq 5 and shows no dependence on [NOJ.

kobs =

kobs == kl (5)

Thus the observed kinetic data imply that the dissocia-
tion of Melm is the rate-limiting step under these experi-
mental conditions and not the binding of NO. The
average value of k., was calculated to be 0.070 +
0.002 s~ ' at 25 °C. Kinetic measurements at [NO] =
5 mM performed in the temperature range of 15—35 °C
allowed the construction of an Eyring plot and the
estimation of the activation parameters AH* = 106 +
7kJmol ' and AS*= +86 + 21 J K~ ' mol~'. Especially
the significant positive value of the activation entropy
supports the dissociation of Melm as the rate-limiting
step with a high activation barrier and points to the strong
binding of Melm to (TMPS)Fe'"(OH). The activation
volume, AVF = +244 1 cm’ mol™!, determined from a
linear plot of In k; versus pressure (see Figure 10), con-
firms the operation of a limiting dissociative (D) mechan-
ism characterized by a voluminous transition state.

Altogether the coordination of Melm to (TMPS)-
Fe'"(OH) has a large influence on the kinetics and
mechanistic behavior toward the binding of NO. In the
case of a strong coordination of Melm, the spin state
of the iron(IIl) center should be influenced signifi-
cantly. Earlier studies on (TMP)Fe'"(ClO,), TMP =
[meso-tetra(2,4,6 trimethylphenyl)-porphine], in CH,Cl,
as solvent reported on the coordination of various mod-
ified imidazoles (also methylimidazole) and their effect
on the spin state of the iron(III) center.** In our case
"H NMR spectroscopy on the chemical shift of the
B-pyrrole protons (for experimental conditions and NMR
spectra see Figures S2 and S3, Supporting Information)
showed the direct appearance of a signal at —16 ppm on the
addition of deuterated imidazole (deuterated Melm was
not available).*' This confirms the formation of a 6-fold

(40) Tkezaki, A.; Nakamura, M. Inorg. Chem. 2002, 41, 6225-6236.

(41) We observed the same UV —vis spectral changes for the coordination
of imidazole to (TMPS)Fe"(OH), thus NMR experiments performed on
imidazole should lead to the same results as for Melm (see Supporting
Information).
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Figure 10. Temperature and pressure dependence of k; for the binding
of NO to (TMPS)Fe"(OH)(MelIm) in [emim][NTf,]. Experimental con-
ditions: [(TMPS)Fe'''(OH)(MeIm)] = 2.5 x 10°° M, [NO] = 5 mM,
A = 434 nm.

coordinated (TMPS)Fe'(OH)(Melm) species without
displacement of the hydroxy ligand by a Melm molecule.
The spin state of the iron(IIl) center hereby changes
from pure high-spin (S = 5/2) to an admixed spin state
(S=5/2, 3/2) with a contribution of the intermediate spin
(S=3/2) of 69%.* Thus the overall spin state change on
the binding of NO to (TMPS)Fe"'(OH)(Melm) (S = 5/2,
3/2— §=0), which is smaller than for (TMPS)Fe"(OH)
(S =15/2— S =0), plays an inferior role and has no
influence on the kinetics.*?

As outlined in Table 1, pure [emim][NTf,] clearly
decreases the rate of the reaction with NO as compared
to a basic aqueous solution, whereas the overall reaction
mechanism seems to be unchanged. Contaminations of
Melm on the other hand extremely decelerate the bin-
ding of NO accompanied by a change in mechanism
from an associative (A) to a dissociative (D) mechanism.
Although Figure 4 implies that in aqueous solution

(42) The percentage of 3/2 spin admixture is estimated by the empirical
equation Int%=[(80 — 0)/140] x 100 (%) where 0 is the shift of S-pyrrole 'H
resonance, compare ref 40.

(43) In aqueous solution, spin admixture is also observed at low pH for
(TMPS)Fe™(H,0),. Although the binding of NO occurs according to a
dissociative (D) mechanism, (TMPS)Fe'"(H,0), reacts faster than (TMPS)
Fe'""(OH) because of the smaller overall spin state change. See ref 23.
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Fi?ure 11. Spectral change accompanying the reaction of (TMPS)-
Fe(OH) with NO,  in [emim][NTf,). Experimental conditions:
[(TMPS)Fe"(OH)] = 7.5 x 107° M, [NO, ] = 3.75 x 10~ M, optical
path length 1 cm.

(TMPS)Fe'(OH)(Melm) is only generated by the
addition of a larger excess of Melm, in the ionic liquid
on the contrary even small amounts of Melm form
(TMPS)Fe''(OH)(Melm) as there are no competitive
solvent effects caused by water. Therefore, the purity of
alkylimidazolium based ionic liquids is of crucial impor-
tance for mechanistic investigations on sensitive systems
performed in such ionic liquids.

Reaction of (TMPS)Fe'"(OH) with Nitrite. During our
studies on the binding of NO we sometimes noticed a red
shift of the Soret band to 424 nm and a characteristic
fingerprint spectrum below 400 nm, which indicated the
presence of nitrite impurities** and seemed to react with
(TMPS)Fe'"(OH). From the literature it is known that
porphyrins with negatively charged substituents at the
meso-positions do not bind nitrite. This behavior is
ascribed to an increase of electron density at the porphyr-
in iron center via an inductive effect of the charged
substituents.*®*” The ionic liquid appears to change this
property, possibly by neutralization of the negatively
charged substituents by the surrounding solvent cations.
For that reason we extended our studies to the binding of
nitrite to (TMPS)Fe'"(OH).

The addition of tetrabutylammoniumnitrite as a soluble
nitrite source to a solution of (TMPS)Fe((OH) led to
characteristic spectral changes which clearly differ from
those observed for the formation of (TMPS)Fe'(OH)
(NO™). As can be seen in Figure 11, the bands in the
spectrum of (TMPS)Fe(OH) at 417, 500, and 640 nm on
reaction with nitrite change to 424 and 553 nm to yield
(TMPS)Fe"(OH)(NO, ). The observed spectrum is in
good agreement with the results found for another, posi-
tively charged porphyrin complex in aqueous solution.*®

kon

(TMPS)Fe'(OH) + NO,~ I:——’(TMPS)Fem(OH)(NO[)
off

(6)

(44) Wolak, M.; Stochel, G.; Hamza, M.; van Eldik, R. Inorg. Chem.
2000, 39, 2018-2019.
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Figure 12. Concentration dependence of k,,s for the reaction of
(TMPS)Fe'”(OH) with NO,™ in [emim][NTf,]. Experimental condi-
tions:[(TMPS)Fe!"(OH)] = 7.5 x 107° M, A = 424 nm, T = 25 °C.
Inset: typical kinetic trace, [NO, ] = 3.5 x 107+ M.

Surprisingly, the reaction of (TMPS)Fe"(OH) with
nitrite is very fast compared to the reaction with NO.
Kinetic measurements were performed under pseudo-
first-order conditions up to a 300 fold excess of nitrite
over (TMPS)Fe'"'(OH). For this fast reaction the mixing
process in the stopped-flow apparatus seemed to have an
influence on the observed traces, and they were therefore
fitted to a two-exponential function to correct for this
complication. A linear plot of k.ps (kobs 1S the rate
constant determined from the kinetic traces following
complete mixing) versus [NO, ] obtained at 25 °C (see
Fi%ure 12) allowed the calculation of k,, = (1.82 + 0.05) x
10* M~ ' s and ko= 7.0 £ 0.6 s~ from the slope and
intercept, respectively. The overall equilibrium constant
was found to be Keq = kon/korr = (2.6 £ 0.3) x 10° M.
Unfortunately the viscosity of the ionic liquid, which
increases with decreasing temperature and increasing
pressure,* limits the applicability of the stopped-flow
method for fast reactions. Thus, as a result of the high rate
constants we were not able to determine the thermal and
pressure activation parameters for this reaction. How-
ever, we assume that binding of nitrite to (TMPS)-
Fe""(OH) occurs according to an associative mechanism
similar to the reaction with NO.

As demonstrated above, the kinetic observations in-
dicated the presence of an equilibrium between (TMPS)-
Fe'"'(OH) and (TMPS)Fe"(OH)(NO, ). Measurements
on the thermodynamic behavior of this equilibrium as a
function of temperature and pressure should enable the
determination of the standard reaction parameters AH®,
AS° and AV, respectively.*®

We first checked the kinetically determined equilibrium
constant by performing a spectrometric titration for the
reaction with nitrite by following the change in absor-
bance (AAbs) at 424 nm for the addition of various
concentrations of nitrite to (TMPS)Fe"'(OH) as shown

(45) Doldize, T. D.; Khoshtariya, D. E.; Illner, P.; van Eldik, R. J. Phys.
Chem. B 2008, 18, 2112-2114.

(46) Hamza, M. S. A.; Zou, X.; Banka, R.; Brown, K. L.; van Eldik, R.
Dalton Trans. 2005, 782-787.
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Fi?ure 13. Change in absorbance at 424 nm for the reaction of (TMPS)
Fe(OH) with NO,  in [emim][NTf,). Experimental conditions:
[(TMPS)Fe"(OH)] = 7.5 x 107 M, 1 = 424 nm T = 25°C.

in Figure 13. K, was calculated according eq 7, where 4,
and A.., represent the absorbance of (TMPS)Fe'''(OH)
and (TMPS)Fe'(OH)(NO, "), respectively, and A is the
absorbance at any nitrite concentration. From the data in
Figure 13, K.q was found to be (1.23 & 0.09) x 10°M™!
which is in close agreement with the kinetically deter-
mined value.

(Aoo _AO)Keq [NO2 _}

A, =4 - 7
: 0t + Kog[NO, ] ()

To determine the standard reaction parameters AH°
and AS°, the change in absorbance was followed at a
125 fold excess of nitrite ((NO> ] = 9.38 x 10~* M)
over (TMPS)Fe"(OH) in the temperature range 15—
40 °C. Figure 14 shows that the back reaction (see eq 6)
is favored on increasing the temperature. K., values
were calculated as a function of temperature using the
calibration curve in Figure 13. A linear plot of In
K.y versus 1/T (see Figure 14) enabled the calcula-
tion of AH® = —59 + 1 kJ mol ' and AS® = —141 +
3 J K" mol~' from the slope and intercept, respectively,
according to eq 8.

AH®
T

The pressure dependence of the equilibrium constant
was studied at pressures up to 150 MPa. As shown in
Figure 15, increasing pressure favors the binding of nitrite
and thus leads to a spectral shift of the Soret band toward
424 nm. According to eq 9, a linear fit of In K., versus
pressure obtained at 25 °C (see Figure 15) allows the
calculation of AV°=—32+ 1 cm® mol ™.

RIn Ky = — +AS° (8)

P
In Keq = _ﬁAVO (9)
In summary, Figures 14 and 15 show that increasing
temperature and pressure have opposite effects on the
binding of nitrite to (TMPS)Fe'"'(OH). The temperature
dependence clearly illustrates that the overall equilibrium
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Figure 14. Temperature dependence of UV—vis spectra and Gibbs—
Helmholtz plot. Experimental conditions: [(TMPS)Fe'"(OH)] = 7.5 x
107 M, [NO, ] = 9.4 x 107* M, T = 15—40 °C.

(eq 6) is shifted in the backward direction on increasing
the temperature, that is, according to an exothermic
reaction for which AH°® has a negative value (see Table 2).
On the contrary, an increase in pressure leads to a forward
shift of equilibrium (eq 6) and favors the formation of
(TMPS)Fe'(OH)(NO, ). This can be explained by a
significant decrease in the partial molar volume of the
product on the coordination of nitrite (AV° = —32 cm®
mol ™ !). The relatively large negative values of AS® and
AV? can be ascribed to the coordination of nitrite and an
increase in electrostriction of the solvent shell by the
product species. Similar values are also reported for the
binding of NO to other 5-fold coordinated iron(III)
porphyrins.*’ Therefore, AV° is more negative than the
partial molar volume of nitrite (i.e., 26 cm® mol™").*8
This indicates that charge concentration and intrin-
sic bond formation lead to a significant decrease in
partial molar volume during the formation of (TMPS)-
Fe""(OH)(NO, ).

(47) Franke, A.; Hessenauer-Ilicheva, N.; Meyer, D.; Stochel, G.;
Woggon, W.-D.; van Eldik, R. J. Am. Chem. Soc. 2006, 128, 13611-13624.

(48) Millero, F. J. In Water and Aqueous Solutions: Structure, Thermo-
dynamics and Transport Processes; Horne, R. A. Ed.; Wiley-Interscience:
London, 1972; Chapter 13.
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Figure 15. Pressure dependence of UV—vis spectra and plot of In K
versus pressure. Experimental conditions: [[TMPS)Fe'(OH)] = 7.5 x
107 M, [NO, ] = 9.38 x 107 M, p = 5—150 MPa, T = 25°C.

Table 2. Equilibrium Constants and Standard Reaction Parameters for the
Binding of NO, ™ to (TMPS)Fe'"'(OH) in [emim][NTF;]

Equilibrium Constants and Standard Reaction Parameters

K., (kinetic at 25°C) (M™")

(2.6 +£0.3) x 10°
K.q (thermodynamic at 25 °C) M™h

(1.2£0.1) x 10°

AH® (kJ mol™ ") —59 41
AS° (JK "mol™") —141+3
AV® (cm® mol ™) —32+1

Conclusions

The results obtained demonstrate clearly that a wide range
of research techniques can be applied in the study of ionic
liquids as done for conventional molecular solvents. For the
very first time, we were able to perform high pressure
stopped-flow kinetic measurements on a reaction in an ionic
liquid and to confirm mechanistic conclusions based on the
interpretation of thermal activation parameters. As could be
seen from the reaction with nitrite, the investigation of very
fast reactions unfortunately is limited by the viscosity of the
ionic liquid, and therefore other research methods have to be
considered. However, our results also revealed two funda-
mental problems. On the one hand, many reactions that are
well understood in conventional solvents are performed in
ionic liquids, although it is completely unclear if the catalytic
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active species react according to the same mechanism or how
the ionic liquid really influences the system. The binding of
nitrite to (TMPS)Fe"'(OH) is an example for a reaction that
occurred in an ionic liquid without being observed in aqueous
solution. Such unknown reactions could be very problematic
and have a large influence on a system. On the other hand,
trace impurities can also interact with a catalytically active
species and therefore accelerate or decelerate a reaction,
or even change its mechanism. As could be seen from the reac-
tion of (TMPS)Fe'"(OH) with NO, the purity of the ionic
liquid is of crucial importance for all investigations performed
in ionic liquids, and even traces of impurities, which could be
extremely difficult to detect, could have remarkable effects on
the rate and mechanism of the studied reaction. Thus, many
more attempts have to be undertaken to quantify and remove
impurities to clarify exceptional results in ionic liquids.
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