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Os complexos 2-mercaptobenzoxazol pentacianoferrato(l1/111), [Fe""(CN),(bzoxs)]**%, foram
preparados em sol ugéo (misturaMeOH/H, 0 75:25%) e caracterizados por técni cas espectroscopicas
UV-Vis, M ésshauer, ressonancia paramagnéricael etronica (epr) e el etroquimica-voltametriaciclica.
Os espectros de absor¢do no UV-Vis e de epr, juntamente com o comportamento eletroquimico
sugeriram acoordenagdo do ligante polifuncional N,S,0-doador, bzoxs, através do atomo de enxofre
ao ion de ferro(l11). Os parémetros de campo cristalino (D, e D)) calculados para o complexo de
ferro(l1) e areversibilidade do processo redox: Fe'-bzoxs + € ® Fe'-bzoxs, também apontaram
para a coordenagdo de bzoxs via aomo de enxofre. Os resultados foram complementados pelo
estudo comparativo das propriedades de complexos pentacianoferrato contendo outros ligantes
monodentados N-, S- e O-doadores. Calculosem nivel ab initio fornecem acomposicdo dosorbitais
de fronteira do ligante bzoxs e estédo de acordo com o modo de ligagdo proposto a partir dos
resultados experimentais.

2-Mercaptobenzoxazole pentacyanoferrate(l1/111) complexes, [Fe""(CN) (bzoxs)]**, were
prepared in MeOH/H, O 75:25% solutions and characterized by spectroscopic UV-Vis, Mdsshauer,
€l ectron paramagneti c resonance (epr) and el ectrochemical-cyclic voltammetry- techniques. UV-Vis
and epr spectra along with the electrochemical behavior suggested the coordination of the muilti-
functional N,SO- donor ligand, bzoxs, toiron(l11) through the sulfur atom. Thecrystal field parameters,
D, and D, calculated for theiron(ll) complex, in addition to the reversible redox process Fe''-bzoxs
+ e ® Fe'-bzoxsalso pointed to coordination via the sulfur atom. The results were compared with
thechemical properties of pentacyanoferrate compl exes containing other monodentate N-, S- and O-
donor ligands. Abinitio cal culationsreveal ed the composition of thefrontier orbitalsof bzoxsand are
in agreement with the mode of coordination proposed from the experimental data.

Keywords: 2-mercaptobenzoxazole, pentacyanoferrate, spectroscopy, crystal field parameters,
abinitio calculations, electrochemistry

I ntroduction

Substituted pentacyanoferrate(l1/111) complexes,
[Fe(CN),L]™, have been studied extensively over the past
decades.* These low-spin complexes are useful synthetic
modelsfor biologica systemsand have been used to probe
specific binding sites in amino acids,? multi-functiona
ligands® and redox metalloproteins.*

The coordination of 2-mercaptobenzoxazole (bzoxs)

* e-mail: fsnunes@quimica.ufpr.br

to transition-metal ions is of specia interest because of
the efficiency of this ligand as a corrosion inhibitor, an
important regulator of plant growth, showing a marked
bacteriostatic and fungicidal activity.® Proteins containing
thiol groupsthat undergo nitrosation may modulate cellular
functions and thiolate-complexes such as the
[FE(CN),N(O)SR]* (SR = mercaptosuccinate) have been
investigated for possiblein situ generation of biologically
important NO species.® Bzoxs is structurally related to
biological important bases, having more than one donor
atom to bind transition-metal ions (Scheme 1).” Both in
the solid state and in polar solventsit exists as the thione
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thione thiol
Scheme 1.

tautomer with the protonated N-atom.”® Most of the
electron density of the oxygen is in resonance with the
aromatic ring making it apoor donor atom. Although S« N
linkage isomerism in bzoxs complexes is possible, no
evidence has ever been published. Previousreportsfocused
on the iron(Il) form of the pentacyanoferrate ion,
[Fe"(CN).L]™, with little effort devoted to the
characterization of the oxidised form.*® We have now
observed that bzoxs reacts with [Fe'(CN),(H,0)]* and
[Fe"(CN)(H,0)]* giving solutions which are yellow and
green, respectively. The complexeswere characterized in
detail by UV-Vis, epr, Mdssbauer, cyclic voltammetry and
theoretical calculations.

Experimental
Materials

Na[Fe(CN),(NH,)]-3H,0 (20 g) was prepared from
sodium nitroprusside by a standard procedure.! It was
recrystallized three times by saturating an aqueous
solution containing 3 mol L* NH,, at room temperature,
and cooling overnight at —15 °C. The pure solid was
collected on afilter, washed many timeswith 90% ethanol
and dried under vacuum. The yellow product was stored
in the dark at —15 °C. Anal. Calcd. for Na,[Fe(CN),
(NH,)]-3H,0: C, 18.4; H, 2.8; N, 25.8%. Found C, 18.0; H,
2.1;N, 24.6 %.

The high purity of bzoxs (Aldrich) was confirmed by
elemental analysis. Calcd. for CH.NNOS: C, 55.6; H, 3.3;
N, 9.3%. Found C, 56.1; H, 3.3; N, 8.9 %. 2-merpatopyri-
dine N-oxide (shpyNO) and benzoxazole (bzox) both
Aldrich grade reagents were used as supplied.

Solutions of the aguopentacyanoferrate(ll) complex
were always freshly prepared, using Schlenk techniques,
by dissolving Na[Fe(CN) (NH,)]-3H,O in nitrogen-
saturated water. The mixture with amethanolic solution of
bzoxs yielded final MeOH/H_,O (75:25%) solutions with
total iron concentration usually smaller than 10 mol L,
except for the cyclic voltammetry measurements (see
below) and aligand to iron ratio of ca. 20-40 times.

Solutions of the aquopentacyanoferrate(l11) complex
were freshly prepared by oxidizing [Fe'(CN)(H,0)]*
(obtained from the aquation of [Fe'(CN),(NH,)]*) with
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PbQ, in nitrogen-saturated water. After removal of the
excess of PbO,, it was mixed with amethanolic solution of
bzoxs affording a clear deep-green solution.

Measurements

Electronic spectrain the UV-Vis range (190-820 nm)
were obtained on aHewlett-Packard Model 8452A diode-
array or on a Shimadzu 2401-PC spectrophotometer in
MeOH/H,0O (75:25%) solutions.

Infrared spectrawere obtained with aBomen Hartmann
& Braun MB series spectrophotometer in the region 4000-
400 cm™ as nujol mulls spread on KBr windows.

Determination of pK , values of 2-mercaptobenzoxazole
weredone by spectrophotometry with an acid-basetitration
of an aqueous solution of the ligand (1x10° mol L*) at
0.10 mol L* KCl. The experimental results for a single
titration was expressed by the classical Henderson-
Hasselbach equation: pH = pK_ —log([HL*]/[L]), where
[HL*] and [L] are the equilibrium concentrations of the
protonated and deprotonated species, respectively. A plot
of pH vs log([HL*]/[L]) gives a straight line with slope
close to unity. The pH values of the solutions were
measured using aVWR Scientific pH meter Model 34100
632 with acombined glass electrode.

X-band el ectron paramagnetic resonance (epr) spectra
were recorded on a Bruker ESP300-E instrument from
frozen MeOH/H, O (75:25%) solutions (1x10° mol L) at
77K.

M Gsshauer datawere recorded from frozen MeOH/H,O
(75:25%) solutions at 77 K using an ES-Technology
MS105 spectrometer with a 25 mCi Co source in a
rhodium matrix. Spectrawere referenced against iron foil
at 298 K.

Cyclic voltammetry was carried out with a Princeton
Applied Research Potentiostat model 273A. A platinum
disc electrode was employed for the measurements at | =
0.5 mol L* kept constant with TBABF,
(tetrabutylammonium tetrafluoroborate). A Ag/AgNO,
([Ag'] =0.01 mol L*inan MeCN solution of TBABF, 0.1
mol L) along with aplatinum wirewere used asreference
and auxiliary electrodes, respectively. Typica experiments
were conducted with a 2.5x10° mol L-* complex
concentration in MeOH/H,O (75:25%) solutions at
ambient temperature.

Molecular modeling were carried out for 2-
mercaptobenzoxazole in both the thione and thiol
tautomers. Ab initio calculations using Hartree-Fock
method and bases 6-311(d,f) were done using the Gaussian
94 program running under the UNIX FreeBSD 2.1.5
operational system in apersonal computer.



12 Luiz et al.

Resultsand Discussion
Molecular modeling of bzoxs

The calculated energy for the thione tautomer is
-2.09x10° kamol, 28.3 kmol* more stable than thethiol
form. Thisisin accordance with the large N-H stretching
band at 3257 cm™ and the absence of the band at ca.
2500 cm™ typical of S-H stretching. The dominance of the
thione in polar solvents such as methanol, as proved by
N and °C experiments,® agrees with the dipole moment
of 6.47 D calculated for bzoxsin thiswork against 0.79 D
found for the thiol form.

The composition of HOMO showed a major
contribution of sulfur and nitrogen (S, 0.60; N, 0.50; and
O, 0.31 for thione and S, 0.38; N, 0.40; and O, 0.0 for
thiol). The smaller difference gap between the energies of
the HOMO and LUMO (0.39892 eV for thione versus
0.42349 eV for thiol) showsthat the thione is expected to
behave asasofter base. The HOMO of thione hasagreater
contribution from the sulfur atom, suggesting the ability
to stabilize soft ions while the LUMO orbital has the
necessary m-symmetry to undergo backbonding
interactionswithiron(ll).

The high negative Miilliken charges of the nitrogen
atomin both tautomers(N, -0.52; S, -0.25for thioneand N,
-0.44; S, 0.066 for thiol) indicate aharder character when
compared with those values for sulfur. Thisis consistent
with the pK  values of 10.50 and 5.1 determined for the
-NH and —SH groups, respectively, and should stabilize a
coordination of nitrogen to the hard iron(l11) Lewis acid.

Electronic spectra

The lowest energy band at 706 nm (e = 2x10° mol*L
cm™) in the spectrum of [Fe'"(CN),(bzoxs)]* isassigned to
ap, (S®d (Fe") charge transfer transition, which is
responsiblefor the deep-green color of the complex (Figure
1). Bands of this sort are not observed in the spectraof the
NH,**nor in the benzoxazole (bzox) complexes. However
they are prominent in the spectra of pentacyanoferrate(ll1)
complexes containing S-donor ligands such as, thiourea,
(595 nm)® 2-mercaptopyridine (670 nm),* 3-mercapto-
1,2,4-triazol (693 nm),® mercaptosuccinate (700 nm),
diethyldithiocarbamate (785 nm)® and 2-mercaptopyridine-
N-oxide (shpyNO) at 736 nm, as seen in Figure 1. The
bandsin the 432-362 nm region for theiron(l11) spectra of
bzoxs, shpyNO and bzox complexes were assigned to a
p,(CN)® d (Fe") charge-transfer as in the aguopenta-
cyanoferrate(l11) complex.®® Strong absorptions observed
below 300 nm are due to intra-ligand transitions z® zr*.
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Figure 1. UV-visible spectra of [Fe'"'(CN),(L)]** complexes, where
L = 2-mercaptobenzoxazole (bzoxs), benzoxazole (bzox) and 2-
mercaptopyridine-N-oxide (shpyNO).

In [F€'(CN),L]™ (d°) complexes of C, symmetry, two
transitions are expected. Thefirst ("A, ® *A)) isorbitally
forbidden with very small extinction coefficient and only
has been seen for the nitroprusside (NO*) complex at 330
nm (30.3 kK, e =40 L mol- cm*).*” The second transition
has higher intensity than thefirst and has been assigned as
'A,® 'E.**Incontrast to thefirst transition (whichisd,
® d,,) the'A® 'E, (d, d, ® d,) transition is
sengitiveto the nature of theligand L and has been reported
for a large number of pentacyanoferrate(ll) complexes
between 264 to 444 nm (Table 1).

Solutions of [Fe'(CN),(L)]* (L = bzoxsand bzox) are
yellow with absorption bands at 356 and 348 nm,
respectively, and these are assigned as ad (Fe')® p (L)
transition (Figure 1). A d-d ‘A ® 1E(1) transition was
tentatively assigned around 420 nm (for bzoxs) and 396
nm (for bzox). The very close proximity of this band with
the more intense MLCT band, makes a more accurate
attribution difficult. A strong absorptionisseen at 230 nm
dueto ad (Fe')® p (CN’) charge transfer transition and
overlapswiththex® 77* transitions of theligandsL (present
inexcess) a 210, 260 and 300 nm. In[Fe''(CN),(shpyNO)]*,
al d-d bands are completely masked by the MLCT band
at 434 nm.

Determining the mode of coordination of bzoxs to Fe'
isnot so simple asfor the F€'"'-bzoxs system, asrevealed by
the el ectronic spectra. To solvethisproblem, we determined
D, and Dy based on a standard crystal field analysis.’® The
energies of the d-d transitions are directly proportional to
the ligand field strength and the values found suggest a
sulfur coordination of bzoxstoiron(l1) and arein accordance
with other thioamide S-bonded ligands like thicacetamide
(ta) and thiourea (tu) ® (Table 1).
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Table 1. Crystal field and Méssbauer parameters of pentacyanoferrate(ll) complexes

[Fe(CN),L]  donor group (donor atom) A® 1E(1) A® 1E(1) D2 D,? i.s q.s, ref.
L= A (M) Energy (kK) (kK) (kK) (mm st  (mm s?)

NO* nitrosyl (N) 264 37.9 -0.393 4.60 -0.257 1.71 19,21
CcO carbonyl (C) 303 33.0 -0.114 3.62 -0.136 0.37 21
CN- nitrile (C) 322 31.1 -0.003 3.23 -0.05 0.00 19
dmso sulfoxide (S) 352 28.4 0.148 2.70 0.0 1.10 19
mpz imine (N) 380 26.3 0.268 2.28 0.06 1.10 19
imidazole imine (N) 383 26.1 0.279 2.24 b b 21
pzCO, imino-carboxylate (N) 386 25.9 0.291 2.20 0.08 0.96 19
bzox secondary amine (N) 388 25.8 0.299 2.17 0.07 0.93 c
shpyNO imino-thione (S) masked masked b b 0.11 0.86 c
dms sulfide (S) 395 25.3 0.325 2.08 b b 21
dto thioamide (S) 395 25.3 0.325 2.08 b b 13
ta thioamide (S) 400 25.0 0.343 2.02 b b 13
tu thioamide (S) 407 24.6 0.367 1.93 b b 13
bzoxs thioamide (S) 420 23.8 0.411 1.78 0.09 0.78 ¢

dmso = dimethylsulfoxide; mpz = methylpyrazinium; pzCO, = pyrazine carboxilate; bzox = benzoxazole; shpyNO = 2-mercaptopyridine
N-oxide; dms = dimethylsufide; dto = dithiooxamide; ta = thioacetamide; tu = thiourea; bzoxs = 2-mercaptobenzoxazole; 2 Calculated according

to ref. 19; ® Not determined; ¢ This work.

Moving down in Table 1, D, values decrease as the
o+ donor capacities increase. This tendency shows the
smaller ability of the ligands (from top to the bottom) to
stabilize the & symmetry orbitals (d,, and dyz) relative to
that of o symmetry (d,,), while D >0 indicates that bzoxs
givesaxial elongation. Thefact that bzoxsisaweak ligand
as indicated by the low D does not mean the corres-
ponding [Fe'""" (CN), (bzoxs)]™ complexes lack stability.
On the contrary, formation constants for both oxidation
states have proven that bzoxs isindeed afair r-acceptor
and an even better o+ donor.®

Cyclic voltammetry

Cyclic voltammograms of [Fe(CN),(L)]™ (bzoxs and
bzox) show typical quasi-reversible behavior, consistent
with the existence of monomeric speciesin solution, with
formal reduction potentials E' = 0.190 and 0.284 V versus
SHE, respectively, and assigned to the F€" ® F€' redox
reaction (Figure 2). Considering the strong resemblance
between the structures of the ligands bzoxs and bzox, the
small but real difference between the reduction potentials
suggests, again, different modes of coordination.

ComparedtothehighE\, _=0.85V vs SHE found for
[Fe""(CN),(dmso)]***,* (dmso = dimethylsulfoxide) other
thioamide S-bonded ligands (tu = thiourea: E, = 0.300 V
and ta = thioacetamide: 0.405V vs SHE) also showed low
values of reduction potentials.®®* Bzoxs behaves as a
moderate sz-acceptor aswell asastrong o+ donor ligand,
as it stabilizes both oxidation states of the
pentacyanoferrate complexes (K"~ =7.8x10°vsK "

f bzoxs f bzoxs

=8.6x108 L mol2).° The quasi-reversible electrochemical

E,.= 237 mV

=~ 15,

200 300 400 500

mVvs SHE

0 100

Figure 2. Cyclic voltammograms of [Fe'""'(CN)(L)]?"* complexes
(L = bzoxs and bzox). Conditions: [Fe™]»2 x10-® mol L; excess of
L (20 x) in MeOH/H,O (75/25% v/v). 1=0.5 mol L* (TBABF,)).

behavior observed for the redox couple
[Fe""(CN),(bzoxs)]*"* indicates no linkage isomerization
coupled to the redox reaction and is consistent with the
iron-sulfur bonding for both F€'" and Fe''.

Mossbauer data

The M&ssbauer spectraof the[Fe'(CN),L]*> complexes
are quadrupole split doublets as already seen in similiar
studies.’®? Table 1 presents isomer shifts (i.s.) and
guadrupole splitting (g.s.) parameters calcul ated from the
spectra, the dataarein accordancewith low-spiniron(l1).192

The quadrupole splitting measures the asymmetry of
the electric field at the nucleus, the extent of which is
closely related to the o and x metal-ligand bonding and
therefore is sensitive to the nature of the ligand L.
According to the datain Table 1, for those complexeswhich
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show axial elongation (D, > 0), asymmetry decreases
dightly in the order: L = dmso = mpz > pzCO, > bzox >
shpyNO > bzoxs. This is consistent with the ligand
spectrochemical series with bzoxs being a better donor
than an acceptor.

The isomer shift is also sensitive to the ligand (L)
o-donor and sz-acceptor ability asit changes the electronic
density at theiron nucleus. Thereisaclear tendency fori.s.
valuestoincreasefrom thetop (NO*) to the bottom (bzoxs)
of Table 1, although thedataare dlightly scattered. Thiscan
be easily rationalized when we consider that ligands with
sr-acceptor ability remove p-3d electron density from the
iron through a back-bonding mechanism, reducing the
shielding of the nucleus and causing an increase of the s
electron density at the metal. This causes adecreasein the
isomer shift. The s ligand-metal bonding, which is more
prominent for those ligands at the bottom of Table 1, also
hasthe same effect oni.s. asit increases the 4s popul ation.

Ontheother hand, theincreaseini.s. from NO* to bzoxs
suggeststhat i.s. depends more on the relative abilities of
the ligands to accept sz-electrons rather than by their
o-donor properties.

Electron paramagnetic spectra (epr)

The epr spectrum of the benzoxazole complex,
[Fe"(CN)(bzox)]*, at 77 K (Figure 3) shows broad lines
with strong overlapping. A similar behavior was observed
for NH,. When L = MeOH/H,O, atypical spectrum of iron
inrhombic symmetry isobtained, withg, =2.36,9,=2.18
and g,=1.92. In contrast, the spectraof [F€'"'(CN),(bzoxs)]*
and of [Fe"(CN)(shpyNO)]* are typically axial with
identical g, =1.96 and g,= 2.20 values (Figure 3). These
results strengthen our previous conclusion of bzoxsbeing
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Figure 3. Epr spectra of pentacyanoferrate(lll) complexes at 77 K.
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coordinated to iron(l1l) through the sulfur atom, as
suggested by the UV-Visdata.

Conclusions

Although the theoretical calculations for bzoxs have
indicated some nucleophilic character for the nitrogen
atom, the steric relief provided by the sulfur coordination
probably provides the driving force responsible for the
thermodynamic stability of both the Fe'" and Fe'"
pentacyanoferrate-bzox complexes. Moreover, spectros-
copic, electrochemical as well as thermodynamic and
kinetic® data altogether have given strong support for
preferential sulfur coordination.

The following spectrochemical order was obtained:
benzoxazole > 2-mercaptopyridine N-oxide >
dimethylsulfide > dithioxamide > thioacetamide > thiourea
> 2-mercaptobenzoxazol e, consistent with the presence of
the thioamide group in bzoxs and also showing that it
provides aweak ligand field.
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