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This study reports on the kinetics of the early steps that mediate the reactions of substituted
1,2-dihydroxybenzenes (1,2-DHB) with Fe®*. The rate constants of the three processes identified by
means of the stopped-flow technique are affected by the electron-withdrawing or electron-donating
abilities of the substituent. The fastest process is assigned to the formation of a 1:1 complex between

Received 20th April 2017, Fe®* and the 1,2-DHB, which is accompanied by proton loss. The second process involves the inner-

Accepted 11th September 2017 sphere electron transfer from the ligand to Fe** and the slowest step is related to the deprotonation of

DOI: 10.1039/c7nj01322a one of the oxygen atoms bonded to the metal. A reaction mechanism is proposed on the basis of the

experimental data and density functional theory (DFT) calculations on mono- and bidentate species with

rsc.li/njc different degrees of protonation.

1. Introduction

Siderophores are ferric ion-specific chelating compounds produced
by bacteria and fungi growing under the limited availability of iron.
They are low molecular weight compounds (600-1500 Daltons),
which chelate ferric iron with an extremely high affinity, and the
complex is actively transported for instance across the outer and
inner membranes of Gram-negative bacteria.' There are two main
classes of siderophores: catechols and hydroxamates. Catechol-
type siderophores chelate ferric iron via hydroxyl groups, and
hydroxamate-type siderophores chelate ferric iron via a carbonyl
group with an adjacent nitrogen. After complexation only catechol-
type siderophores can reduce Fe** to Fe®" at acidic pH.>*

In the microorganisms present in some plants, such as rot
fungi, it was shown that oxalic acid is produced for sequestration
of Fe*" and lowering of pH in a region close to the hyphae.* These
rot fungi are also able to produce catechol-type ligands, which
uptake the Fe** sequestered by oxalic acid and reduce it to Fe*".
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These ions further react with enzymatically produced H,0,>® to
yield *OH radicals (Fenton reaction), which degrade the wood
and the byproducts generated are taken up by the fungi.”® In
addition, some neurodegenerative diseases, such as Alzheimer
and Parkinson, are related to the presence of Fe** and catechol-
amines like dopamine, epinephrine, and norepinephrine,®™*
highlighting the relevance of understanding the interactions
between catechol-like ligands and Fe®",

Much effort has been devoted to study the process of Fe**
reduction by polyphenols. The model compounds most investigated
were catechol derivatives.”>™'® Several mechanisms have been
proposed in the literature to account for the Fe*" reduction by
1,2-dihydroxybenzene (1,2-DHB). The most accepted mechanism is
shown in Scheme 1. In the first reaction step the catechol forms a
1:1 complex with Fe** (species I). This type of bidentate complex
was proposed by Hider et al'” for catechol and by Kristinova
et al.™ for three carboxylic acids derived from catechol: caffeic,
ferulic, p-coumaric acids. The complexes further suffer deprotona-
tion to yield species II. This process is followed by an inner-sphere
electron transfer from ligand to metal leading to formation of the
semiquinone-Fe** complex, i.e., a hydroxyphenoxyl radical (species
1V), as proposed by Kristinova et al. for the carboxylic acids and by
Hynes and O’Coinceanainn.’® The reaction then proceeds again by
deprotonation to yield an ortho-semiquinone radical V.'® This
reactive radical finally loses Fe®" leading to species VII and is
oxidized either by Fe*"'>'® or oxygen in one or more steps' to
yield the biradical VIII, in equilibrium with quinone IX.

A reaction intermediate with an absorption maximum at
around 700 nm was detected and assigned by some authors to
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Scheme 1 Proposed mechanism for the reduction of Fe** by 1,2-DHB.

species IT">'®7>° and by others to species IV.'7'*?" Although not

considered in the literature, deprotonation of species I could
lead to a monodentate complex of Fe*" (species III). Similarly,
the monodentate complex between Fe** and the semiquinone
(species VI) could be formed upon deprotonation of species IV.

The stability constants of the complexes of transition metals
with 4-substituted catechols were shown to depend on the electron
withdrawing ability of the substituent.>* In particular, Nurchi
et al.*® investigated the equilibria of iron(u) with catechol and
its 4-nitro derivative by potentiometry, spectrophotometry, and
NMR spectroscopy. These authors found that the inductive
and resonance properties of the nitro substituent led to a
general decrease in the complex formation constants. This
background motivated us to make a systematic study of
the substituent effect of the reaction between 4-substituted
catechols and Fe** in acid medium. To this purpose we obtained
kinetic and spectroscopic information on these reactions by
means of the stopped-flow technique. A reaction mechanism is
proposed with the aid of the effect of the electron-withdrawing
ability of the substituent on the rate constants of the three
observed processes. Density functional theory (DFT) calculations
of molecular structures, vibrational frequencies, thermodynamic
properties and absorption spectra of the relevant species
proposed in the reaction mechanism helped us to understand
the participation in the reaction mechanism of mono- and
bidentate species with different protonation degrees.

2. Experimental
2.1 Materials and methods

Catechol, 4-methylcatechol, 4-ethylcatechol, 4-tert-butylcatechol,
3,4-dihydroxybenzonitrile and ferric nitrate (Fe(NO3);-9H,0) were
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purchased from Sigma-Aldrich; whereas 3,4-dihydroxybenzoic
acid, 3,4-dihydroxybenzaldehyde, 4-nitrocatechol, and nitric acid
(HNOs) were purchased from Merck. All solutions were prepared
with deionized water, under an Argon atmosphere. Besides, all
reactions were carried out at an ionic strength of 0.50 M KNO;.
The pH of each solution used was adjusted using a 3 Start
Thermo Orion pH meter.

2.2 Kinetic studies

A Hi-Tech Scientific SFA-20 Rapid Kinetics stopped-flow accessory
was employed. The absorbance was measured with a sensitive
detection system used for flash-photolysis experiments.>* Briefly,
the analysis light from a 150 W Xe arc lamp was passed through a
monochromator (PTI 1695) and detected by a 1P28 PMT photo-
multiplier. A 10 mm path length quartz cuvette was employed.
Decays typically represented the average of 5 signals and were
digitized by and stored in a 100 MHz Rigol DS1102E oscilloscope.

2.3 Quantum-chemical calculations

The equilibrium structures, harmonic vibrational frequencies,
total electronic energies, Gibbs free energies and electronic
transitions of the radical and radical cation intermediates were
calculated at the O3LYP/6-311++G(d,p) level of the DFT.>* This
hybrid three-parameter functional is formed by the local
exchange functional OPTX*® and the well-known correlation
functional LYP.?” Solvent effects were accounted for by using
the conductor-like polarizable continuum model, CPCM,® with
a relative permittivity for water of 78.3553. The time-dependent
density functional theory (TD-DFT) was employed to estimate
the vertical excitation energy and the oscillator strength f for
each transition. This last magnitude provides information on
the band intensity and depends on electronic, Frank-Condon
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and spin factors. Up to forty electronic transitions were
required to cover the experimental absorption spectra of the
species investigated. The oscillator strength was estimated for
1I, III, IV, V, VI, VII and VIII species (Scheme 1). Note that
species II and IV cannot be distinguished in the calculations
because they only differ by an internal charge transfer, i.e., they
have the same charge and multiplicity. For all calculations the
Gaussian 09 package was employed.>®

3. Results and discussion

3.1 UV-visible absorption spectra

The substituted 1,2-DHB studied here are shown in Scheme 2.

Solutions of Fe** containing 1,2-DHB with electron donating
substituents (EDS) show immediately after the mixture an
absorption band at around 700 nm and an additional band at
around 400 nm very likely assigned to the formation of quinones
(see Fig. 1a for 4-tert-butylcatechol). After 1 minute the absorption
band at around 700 nm disappears and the band around 400 nm
increases. The absorbance changes observed during the first
minute after mixing Fe** and catechol are also similar (Fig. S1,
ESIT). However, in the absorption spectra of mixtures of Fe** with
1,2-DHB with electron withdrawing substituents (EWS), the
absorption bands at around 400 nm and 700 nm almost remain
unchanged during the first minute (see Fig. 1b for 3,4-dihydroxy-
benzonitrile).

To obtain information on the evolution of the fast reactions
between Fe*" and 1,2-DHB, the kinetics was studied with the aid
of a stopped-flow accessory coupled to a spectrophotometer.

3.2 Stopped-flow experiments

The absorbance changes (AA) detected in the stopped-flow
assays are relative to the final mixture of the reactants. Two
different kinetic profiles were observed. For the 1,2-DHB with
EDS and catechol above a certain substituent-dependent wave-
length, the typical kinetic profiles show a fast increase in
absorbance followed by a slower decay (see Fig. 2a for 4-tert-
butylcatechol at 720 nm, black line). This behavior can be
associated with the formation of an intermediate presenting a

H H,C

: 3 CHj;

: HO HO.

H CH;
H CHj5

I HO HO

4-Ethylcatechol
@

4-Tert-butylcatechol
1

Scheme 2 Structure of the substituted 1,2-DHB investigated in this work.
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higher absorbance than the final products within the first
hundreds of microseconds. This species decays in the seconds
time-scale. The kinetic profiles at two different wavelengths for
1,2-DHB with EWS in the whole wavelength range and for
1,2-DHB with EDS and catechol at shorter wavelengths show
an initial fast decrease of absorbance, followed by an increase
and then a slower decay (see Fig. 2a for 4-tert-butylcatechol at
500 nm, yellow line and Fig. 2b for 3,4-dihydroxybenzonitrile at
680 nm). The spectral kinetic profiles for all the 1,2-DHB are
shown in Fig. S2 (ESIY).

The kinetics profiles in the 300-800 nm wavelength range
were adjusted to eqn (1).

AA = am(exp’bt) + c(;v)(exp’dt) + ew(exp’ﬁ] €))

where the pre-exponential factors a(y, ¢(;), and ey, are wavelength-
dependent and the apparent rate constants b, d, and f are
wavelength-independent.

To investigate the substituent effect on the apparent rate
constants b, d, and f, the Hammett eqn (2) was used.

lo kx—a
gko—ﬂ

where kyx is the rate constant for substituent X and k° is the
corresponding rate constant for X = H (catechol in our case).
The ¢ parameters are a measure of the electron-withdrawing
ability of the substituent on the aromatic ring. For the 1,2-DHB
the o parameters were obtained by adding reported values in
meta (6,,) and para (o,) position.’® The reaction constant (p)
measures the sensitivity of the reaction to the electronic effect.
This constant is independent of the substituent.**

Fig. 3 shows the Hammett plots for the rate constants b (first
process), d (second process), and f (third process).

The slope of the straight line in Fig. 3a, p = 0.036 £+ 0.002
(r = 0.970), indicates a slight substituent effect, being the
reaction favored for those 1,2-DHB with EWS. Ishida et al.®*
showed that the first pK, value for substituted catechols corre-
late with Hammett parameters, and that electron-withdrawing
substituents significantly stabilize the monoanionic species of
free catechols. Thus, if the same behavior is valid for the Fe*"
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Fig. 1 UV-visible absorption spectra of the mixtures of 1 x 10~* mol L™ of Fe3* and 1 x 1072 mol L™ of: (a) 4-tert-butylcatechol and (b) 3,4-
dihydroxybenzonitrile. Solid lines (—) indicates the UV-visible absorption spectra taken immediately after the mixture and dashed lines (- - -) show the

spectra 1 minute after the mixture.
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Fig. 2 Kinetic profile obtained for the mixture at pH = 3.0 of 1 x 10~* mol L~ of Fe*>* and 1 x 102 mol L™ (a) 4-tert-butylcatechol at 720 nm (black line)
and 500 nm (yellow line), (b) 3,4-dihidroxybenzonitrile at 680 nm.

complexes of 1,2-DHB; the first process could be associated with a
deprotonation step. Our data seem to indicate that deprotonation
either takes place simultaneously with formation of the iron(ur)

complex or that it is a much faster event.

The slope of the Hammett plot in Fig. 3b is p = —0.15 & 0.01
(r = 0.975), which means that the process is sensitive to the
substituent and that it is faster for 1,2-DHB with EDS, where the
electronic density on the —OH groups is higher. This result

(b) 0.45

040 4. § 3

035 { &y g
030 * T

log(d)

025 T

0.20 4 ii ‘

5 7
0.15 4 4

0.10 T T T T T T T T T
-0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

Yo

1.04
a
(a) 1.03 ]
1.02
1.01 ] 5 e $
S 1.00 4 § .........
BeRaad 00
L ¥
= 0.8 1 4
097 41 §3.. &
096 .9
0951 €2
094 +—7—"———"—"——————————
-0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00 120 1.40 1.60
Yo
1.78
(©) 7]
1.74
1.72
7]
%0 1.68
= 1.66 1
1.64
16241 2 .
1.60 §§3
1.58

-0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

Xo

Fig. 3 Hammett plots for rate constants: (a) first process, (b) second process, and (c) third process for 1: 4-tert-butylcatechol, 2: 4-ethylcatechol, 3:
4-methylcatechol, 4: catechol, 5: 3,4-dihydroxybenzaldehyde, 6: 3,4-dihydroxybenzoic acid, 7: 3,4-dihydroxybenzonitrile, and 8: 4-nitrocatechol.
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makes us assign the process to the intramolecular electron step
from (II) to (IV).

From the positive value of the slope of the Hammett plot
shown in Fig. 3c for the slowest step, p = 0.085 + 0.003 (r =
0.985), we can conclude that this process is moderately favored
for 1,2-DHB with EWS. Thus, since the Fe-O bond is expected to
be weaker in 1,2-DHB with EWS, the rate-determining step of
the slowest process should be the transformation of species (IV)
into (VI). This step also involves a deprotonation, and the
dependence of its rate on Hammett parameters is in line with
that reported by Ishida et al®> for the first pK, value of
substituted catechols.

According to the previous discussion, the highest con-
centration of species (II) is expected to be present at the times
corresponding to the minimum (ty;,) or maximum (¢yax) of
those profiles with the shapes of Fig. 2a or b, respectively. The
maximum concentration of species (IV) should occur at the ¢,.x
for those kinetic profiles with the shape of Fig. 2a. Fig. 4 shows
the absorbance of species (II) and (IV) relative to the absorption
spectra of the final mixtures at the times of their highest
concentrations obtained from the kinetic profiles for a typical
1,2-DHB with an EDS substituent (Fig. 4a), catechol (Fig. 4b),
and a typical 1,2-DHB with an EWS substituent (Fig. 4c).

3.3 Oscillator strengths of the species involved in the reaction
mechanism

To obtain theoretical information related to the experimental
absorption spectra the oscillator strengths ( f) of several species
present in the reaction mechanism were calculated. As mentioned
above, species II and IV cannot be distinguished in the

Paper

calculations. All the calculated oscillator strengths are shown
in Table S1, ESL.{

From the theoretical data, it is possible to assign the
wavelength region where the species involved in the reaction
mechanism mainly absorb. We can observe that species number
(VD), (VII), and (VIII), and in a much lesser magnitude species
(I11) (see Table S2 and Fig. S3, ESIt for the oscillator strengths
and wavelengths regions where the species mainly absorb,
respectively) absorb above 520 nm. This means that species
(VI)-(VII) are mainly responsible for the absorbance in this
wavelength range over the first minute after mixing the reactants
(see Fig. 1). It is also observed in Fig. 1 that 1,2-DHB with EWS
absorbs more that those with EDS or catechol itself, in excellent
agreement with the much higher oscillator strengths calculated
for species (VI)-(VII) of the 1,2-DHB with EWS.

The theoretical data show that the oscillator strengths for
species II (or IV) formed with 1,2-DHB containing EDS and
catechol are lower than those containing EWS. This result is
also in agreement with the experimental data because we
should keep in mind that the absorption spectra shown in
Fig. 4 are relative to the absorbance of the final mixture.

3.4 Structure of reaction intermediates

Theoretical calculations were performed to investigate whether
open (monodentate) or cyclic (bidentate) intermediates are more
likely to participate in the reaction mechanism. The optimized
geometries of the cyclic and open complexes of Fe** and Fe** with
4-methylcatechol are shown in Fig. 5. From the difference in
Gibbs free energies between the cyclic and open forms of the
complexes (see Table 1) we conclude that monodentate Fe**
complexes are clearly more stable than the bidentate ones,
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Fig. 4 Absorption spectra obtained from the kinetic profiles of the reactions of Fe*" at pH = 3 with: (a) 4-tert-butylcatechol at t = 32 (t,n) and 372 ms
(tmax). (b) catechol at t = 28 (tmin) and 388 ms (tmax), and (c) 3,4-dihydroxybenzonitrile at t = 28 (tmn) and 384 ms (tnax). The calculated oscillator strengths
are also shown for: species Il or IV (green), species Ill (purple), species V (blue), species VI (light blue), species VII (red), and species VIII (grey).
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Cycle-CH;-C,H;(OH)Fe(0)** CH;-C,H;(OH)Fe(0)*

Cycle-CH;-C,H;(O)Fe(0)'* CH;-C,H;(0)Fe(0)"*

"L

Fig. 5 Optimized geometries of the bidentate and monodentate com-
plexes of Fe?* and Fe* with 4-methylcatechol.

whereas the opposite is found for the Fe*" complexes. Thus, it
seems reasonable to propose the formation of an Fe** monodentate
complex, which upon reduction yields a bidentate Fe** complex.

However, the previous calculations do not take into account
that under our experimental conditions (pH = 3), since the pK,
of the first —OH group of these molecules is within the range
6-9,** both —~OH groups of the catechol moiety should be
protonated. Thus, calculations were also done for species I and
1I taking 3,4-dihydroxybenzaldehyde as an example of 1,2-DHB
with EWS, 4-methylcatechol as representative of 1,2-DHB with
EDS, and for the unsubstituted catechol. The optimized geometries
of the Fe*" complexes are shown in Fig. 6.

Note that for 3,4-dihydroxybenzaldehyde, the compound
taken as example of 1,2-DHB with EWS, the monodentate is
6.1 kcal mol ' more stable than the bidentate complex. In
contrast, Table 1 shows that the bidentate complex of Fe** is
more stable than the monodentate when one of the -OH groups
is deprotonated. These results indicate that the relative stability
of the Fe*" complexes strongly depends on the protonation of
the catechol —OH groups.

Energy calculations (Scheme 3a for catechol and 4-methyl-
catechol and Scheme 3b for 3,4-dihydroxybenzaldehyde) show
that: (i) there is a stabilization of ca. 140-150 kcal mol " upon

Table 1 Relative Gibbs free energies at 298 K (in kcal mol™) for different
R-1,2-DHB-Fe complexes

Cycle-R-C,H;(OH)Fe™(0)*"-  Cycle-R-C,H;(OH)Fe(0)"-

R R-C,H;(OH)Fe"(0)** R-C,H;(OH)Fe"(0)"
-C(CHs); 2.9 -12.0
-C,H; 10.9 -13.2
-CH, 11.5 —23.2
-H 2.5 —23.4
-C(O)H 15.5 -11.3
-C(0)OH 7.6 —11.4
-CN 12.4 —12.4
-NO, 14.1 —22.6

12690 | New J. Chem. 2017, 41, 12685-12693
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Fig. 6 Optimized geometries of the Fe®* complexes. The distances are
given in A.

formation of the complexes between Fe** and 1,2-DHB, (ii) the
more stable complex is cyclic for catechol and 4-methylcatechol,
but open monodentate for 3,4-dihydroxybenzaldehyde, and
(iii) there is an increase of AG° upon deprotonation of the
complexes in all cases. From these results, it should be very
unlikely that once the Fe** complex is formed the reactions go
uphill about 100 keal mol * to yield the deprotonated complexes,
as proposed in the literature for catechol and its derivatives.">"”
Thus, complexation should not occur before deprotonation and it
would be feasible that a concerted mechanism takes place, ie.,
formation of the Fe-O bonds and proton loss occur in a single
step without involving the participation of complex (I), in com-
plete agreement with the stopped-flow data.

Our DFT data also show that bidentate deprotonated Fe*
complexes are more stable than monodentate complexes. Thus,
the second observed kinetic step in the stopped-flow experiments
(electron transfer) should be accompanied by a cyclization process
in the case of 1,2-DHB with EDS, as shown in Scheme 4.

The slowest observed kinetic step corresponds to deprotonation
of the Fe*" complex (Scheme 4).

DFT calculations were performed in order to obtain energetic
information about possible final steps of the reaction. The
oxidation of the deprotonated complex by the excess of Fe**
leading to formation of quinones was considered as a possible
end step. DFT calculations support the feasibility of this reaction
route (see the calculated Gibbs energy for 4-methylcatechol and
3,4-dihydroxybenzaldehyde in Scheme 5).

4. Conclusion

The kinetics of the reaction of Fe*" with 1,2-DHB is strongly
dependent on the substituent. The absorbance changes could
be well fitted to the sum of three exponential terms, these being
the rate constants associated with the processes affected by the
electron-withdrawing ability of the substituent. It was possible

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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to obtain the absorption spectra of the deprotonated Fe**

intramolecular charge transfer.

and 4-methylcatechol,

(b) 3.4-
complexes, as well as those of the Fe*" complexes formed by different degrees of protonation helped us to evaluate their

DFT calculations on mono- and bidentate species with

contribution to the reaction mixture.
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Scheme 4 Electron transfer and deprotonation steps according to the DFT results.
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Scheme 5 End step of the reaction of Fe>* with the 1,2-dihydroxybenzenes in the presence of excess Fe**.

Energy calculations show that the more stable complex between
Fe®" and DHB is cyclic for catechol and 4-methylcatechol, but open
monodentate for 3,4-dihydroxybenzaldehyde. These results
indicate that the oxidation of catechol by Fe** should involve
different intermediates depending on the substituent. Note that
the participation of open monodentate complexes was not
considered in the literature.">'”'® From the large increase in
AG° upon deprotonation, it should be very unlikely for the
reaction of species I to yield species III, as proposed in the
literature for catechol and some of its derivatives.'>*” Thus, we
conclude from the experimental and theoretical data obtained
here that formation of the Fe-O bonds and proton loss occurs in
a single step.

Additionally, our DFT data also show that, since bidentate
deprotonated Fe*" complexes are more stable than monodentate
complexes, the electron transfer process should be accompanied by
a cyclization process in the case of 1,2-DHB with EDS.
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