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The preparation and characterization of three new spin-crossover ferric complexes with the composition
[Fe(5-Br-Salmeen),] ClO4 (1), [Fe(5-Br-SalEen),] PFs.CH.Cl; (2), and [Fe(3-OCHs-Sal pen),] PFe (3), where
substituted Salmeen, SalEen, and Salpen result from the Schiff-base condensation of substituted salicyl-
aldehyde with N-methylethylenediamine, N-ethylethylenediamine, and N-methylpropylenediamine, respec-
tively. The structural determinations reveal that complexes 1-3 cations possess the same general structure
with the N4O, donor atom set from two tridentate ligands forming a distorted octahedron about the Fe(I11) ion.
Complexes 1-3 have been shown by variable-temperature magnetic susceptibility (2-300 K) and *’Fe
M Ossbauer spectroscopy to be (low-spin, S=1/2) < (high-spin, S = 5/2) spin-equilibrium compoundsin the
solid state. The H,O, disproportionation of complexes 1-3 in methanol at 25 °C show the rate law of

kobs] H202][complex].

INTRODUCTION

Catal ases catalyze the disproportionation of hydrogen
peroxide to dioxygen and water, H,O, — H,0 + 1/2 Oy, pro-
tecting cells against damage. Although most catal ases con-
tain the heme type mononuclear iron(l11)-protoporphyrin I X
prosthetic group,® recently, several synthetic oxo-bridged
diiron(I11) complexes showed catal ase-like and oxygenation
activity,>*inwhich it has been assumed that an active species
may be a p-oxo diiron(l11) species in these catalase-like ac-
tivities of binuclear iron(l11) compounds. Recently, we have
reported that oxo-bridged binuclear iron(I11) complexes with
substituted salicylaldimine ligands have shown high catalase-
activity with a reaction rate of k[H,0]? [complex].* To ex-
tend our research vision on the model metal-complexes hav-
ing catalase-activity, here we deal with the mono nuclear
iron(I11) complex with substituted salicylaldimine ligands
(see Scheme I). The mono nuclear Iron(l11) complexes with
substituted salicylaldimine ligands have been investigated as
model catechol dioxygenases; however, they have not been
dealt with as a catalase-like model complex.

It is well known that several mono nuclear iron(l11)
complexes with substituted salicylaldimine ligands exhibit
properties characteristic of “spin-equilibrium or spin cross-
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over” complexes, where ahigh-spin (S=5/2) excited stateis
within the thermal energy of the low-spin (S = 1/2) ground
state.*! The situation of spin crossover is dependence of the
ligand field strength of iron(111) complexes, in which the
substituent in salicylaldimine ligand plays an important role
ontuning theligand field strength. We chose these spin cross-
over iron(I11) complexeswith salicylaldimine ligandsfirst to
deal with their catalase-like activity in methanol solution.
Here we prepared new four iron(l11) complexes, [Fe'" (5-Br-
Salmeen),] ClO, (1), [Fe'"'(5-Br-Sal Een)2] PFs.CH,Cl, (2),
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and [Fe'"'(3-OCH3-Sal pen),] PFs (3) where substituted 5-Br-
Salmeen, 5-Br-SalEen, and 5-Br or 3-OCH3;-Sal pen result
from the Schiff-base condensation of substituted salicyl-
aldehyde with N-methylethylenediamine, N-ethylethylene-
diamine, and N-methylpropylenediamine, respectively. The
X-ray crystallographic analysis, *’Fe-M6ssbauer, Uv-vis,
EPR, magnetic susceptibility, and H,O, decomposition for
complexes 1-3 areinvestigated.

EXPERIMENTAL

The ligands used in this study result from the Schiff-
base condensation of substituted salicylaldehyde with N-
methylethylenediamine, N-ethylethylenediamine, and N-
methylpropylenediamine in methanol; they are abbreviated
as 5-Br-Salmeen, 5-Br-SalEen, or 5-Br-Sal Een, respectively
(see Schemel).

The complexes [Fe(5-Br-Salmeen);] ClO4 (1), [Fe(5-
Br-Sal Een),] PFs.CoH2Cl> (2), and [Fe'"' (3-OCH3-Sal pen) ] PFs
(3) were obtained according to the general methods.”” A
methanol solution containing anhydrated FeCls, NaClO4 or
NaPFs, and the ligand was refluxed for 1-2 h and the desired
iron(l11) complexes of 1, 2 , and 3 were obtained and filtered
off. The products were recrystallized from CHCl, to give
single crystals of complexes 1-3 suitable for X-ray crystallo-
graphic analysis. Anal. Calc.: for CH2,CIBrFeN,Og (1): C,
35.14; H, 3.54; N, 8.19. Found: C, 35.30; H, 3.63, N, 8.17%.
IR (KBr disc): v(C=N), 1626(s) cm™. Calc.: for C»3H2sCl>
BroFsFeN,O,P (2): C, 32.86; H, 3.59; N, 6.65. Found: C,
32.70; H, 3.63, N, 6.88%. IR (KBr disc): v(C=N) 1629 cm™.
Calc.: for CxHasFsFeN4O4 P (3): C, 41.99; H,4.48; N, 8.90.
Found: C, 41.67; H, 4.57; N, 8.74%. IR (KBr, disc): v(C=N),
1624 (s) cm™.

Physical Measurements

IR spectrawere recorded on a Bio-Rad FTS-40 FTIR
spectrophotometer as KBr pellets in the 4000-400 cm™ re-
gion. UV-VIS absorption spectra were recorded on a Cintra
20 spectrophotometer, X-band ESR spectraat 78 K for the
complexes as powders on a Bruker ESC-106 spectrometer.
M dssbauer effect measurements were carried out using an
ASA-600 spectrometer with °’Co(Rh) source. All velocity
scales and isomer shifts refer to iron foil at 298 K. The tem-
perature dependence of magnetic susceptibility was mea-
sured on aMPM S Quantum Design SQUID magnetometer in
the range 2-300 K. Diamagnetic corrections were made using
Pascal constants.'?

Wang et al.

X-ray Crystal Structure Analysis

Crystallographic data at 150 K of compounds 1-3 were
collected on an Enraf-Nonius CAD4 four-circle diffracto-
meter, and at 293 K for compounds 2 on a Siemens P4
diffractometer with graphite-monochromatized Mo K, radia-
tion (A = 0.7107 A), 26-8 scan mode. The N independent re-
flections and N, with 7 > 2.0 o(/) were observed. The struc-
tures were solved by direct method and refined (based on F?)
by a full-matrix least-squares method using the SHEL XTL
software package;® the function minimized was Sw(|Fo| -
|F¢))? and unit weights were used. All non-hydrogen atoms
were readily located and refined with anisotropic thermal pa-
rameters; Ry = Y|Fo-Fc| | X|Fo| and wR2 = (Z(w |Fo? - F2))?l
IS w|Fo?),Y? respectively. The summary of the crystal and
diffraction data obtained at 150 K are given in Table 1, and
the crystallographical data and experimental conditions of 2
at 293 K are deposited as supplementary. The selected bond
distances and angles are given in Tables 2-3.

Hydrogen Peroxide Decomposition

The H,0, dismutation activity and turnover were car-
ried out by measuring the dioxygen evolution in methanol
with a complex: H.O; ratio of 1:400. All reactions were car-
ried out at 25 °Cina25 cm?® reactor with stirring bar under air.
Methanol (10 cm® was added to the complex (25 umol, 0.2
mmol dm™) and pyridine (1 cm?), then the flask was closed
with a rubber septum. Hydrogen peroxide (1 cm®, 30w/w
(water) 10 m mol, 0.9 mmol dm™) was injected through the
septum with asyringe. The reactor was connected to agradu-
ated burette filled with water and dioxygen evolution was
measured at time intervals during 10 s. by volumetry. The
turnoversof thereaction at thefirst 60 min of complexes1, 2,
and 3 are 62, 71, and 56, respectively. Observed initial rates
were expressed asmol dm™ s by taking the volume of the so-
lution into account and cal culated from the maximum slope
of curves describing evolution of O, versustime. Plots of the
initial rates versus the concentrations of H,O, and iron(111)
complexes 1-3 allowed determination of the reaction orders
in both reactants. It should be noted that in the absence of
pyridine the complexes were practically low active towards
peroxide.

RESULTS AND DISCUSSION

Crystal Structures Description
The X-ray crystal structures determined at 150 K (with-
out the solvent molecules and the anions) and atom number-
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Table 1. Crystallographic Datafor Complexes 1-3

1 2 3

Formula CxoH2CIBroFeN,Og  CysHogClo BroFg FEN4OLP CooHosFsFeN,O4P
M 665.54 824.03 611.29
Crystal system monoclinic monoclinic triclinic
Space group P 2i/n P 2,/c P1
Unit cell dimensions

a(A) 10.9492(2) 10.8379(2) 9.4485(2)

b @A) 24.9253(6) 28.6980(1) 10.5450(4)

c(A) 18.7782(4) 11.0486(1) 13.1338(5)

) 80.630(1)

B 115.346(1) 79.979(2)

v (© 79.812(1)
VA 8 4 2
Deac (g cm™) 1.754 1.762 1.616
Crystal size (mm) 0.40 x 0.05 x0.03 0.37 x0.15 x 0.06 0.25 x0.06 x 0.01
Ry 0.0524 0.0933 0.1089
WR, 0.0934 0.2009 0.2414

Teble2. Sdected Bond Distances (A) and Angles (°) for Complex 1

High-spin 1a Low-spin 1b

Fe-O(1) 1.934(4) Fe'-O(1') 1.886(4)
Fe-O(2) 1.942(4) Fe'-0(2') 1.896(4)
Fe-N(1) 2.207(5) Fe'-N(1') 2.065(4)
Fe-N(2) 2.123(4) Fe-N(2') 1.957(5)
Fe-N(3) 2.209(5) Fe-N(3') 2.056(4)
Fe-N(4) 2.124(4) Fe'-N(4") 1.952(4)
O(1)-Fe-N(1)  163.57(16) O(1')-Fe-N(1')  174.72(17)
O(2)-Fe-N(3)  163.40(16) 0O(2')-Fe'-N(3) 174.40(17)
N(2)-Fe-N(4)  175.17(18) N(2')-Fe-N(4')  178.05(19)
O(1)-Fe-O(2)  96.84(18) O(1')-Fe-0O(2) 95.28(17)
O(2)-Fe-N(2)  95.73(16) O(2')-Fe-N(2') 87.13(17)
O(1)-Fe-N(2)  85.88(17) O(1')-Fe-N(2')  92.73(18)
O(1)-Fe-N(4)  98.34(17) O(1')-Fe'-N(4')  85.32(17)
O(2)-Fe-N(1)  89.50(17) O(2')-Fe-N(1')  87.74(17)
O(1)-Fe-N(3)  89.80(18) O(1')-Fe-N(3')  87.99(17)
N(2)-Fe-N(3)  99.92(17) N(2')-F€-N(3') 97.27(18)
N(1)-Fe-N(3)  88.27(17) N(1')-Fe'-N(3')  89.35(18)

ing schemesfor complexes1, 2, and 3 areshowninFigs. 1, 2,
and 3, respectively, while selected bond lengths and angles
are listed in Tables 2-3. All of the structures illustrated that
three cations possess the same general structure with an N,O;
donor atom set from two tridentate ligands forming a dis-
torted octahedron about the Fe(l11) ion. In each case the ter-
minal oxygen atoms occupy cis positions and the remaining
four nitrogen atoms, two cis amines and two trans imines,
complete the coordination sphereiron.

Asshownin Fig. 1, two crystallographically independ-
ent [Fe(3-OCHs;-Salpen),]” cations, characteristic of low-
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Table 3. Selected Bond Distances (A) and Angles (°) for 2 and 3

at 150K

Complex 2

Fe-O(1) 1.912(6) Fe-O(2) 1.914(7)
Fe-N(1) 2.116(8) Fe-N(2) 1.991(8)
Fe-N(3) 2.126(7) Fe-N(4) 1.999(7)
O(1)-Fe-N(1) 172.6(3) O(2)-Fe-N(3) 172.9(3)
N(2)-Fe-N(4) 179.5(3) O(1)-Fe-O(2) 94.6(3)
O(1)-Fe-N(2) 91.9(3) O(2)-Fe-N(2) 88.3(3)
O(1)-Fe-N(4) 88.3(3) O(2)-Fe-N(4) 92.2(3)
0O(2)-Fe-N(1) 89.1(3) O(1)-Fe-N(3) 88.8(3)
N(2)-Fe-N(1) 81.8(3) N(1)-Fe-N(3) 88.2(3)
N(2)-Fe-N(3) 97.9(3) N(3)-Fe-N(4) 81.7(3)
Complex 3

Fe-O(1) 1.876(6) Fe-O(2) 1.849(6)
Fe-N(1) 2.015(7) Fe-N(2) 1.911(7)
Fe-N(3) 1.992(8) Fe-N(4) 1.921(8)
O(1)-Fe-N(1) 177.1(3) O(2)-Fe-N(3) 176.0(3)
N(2)-Fe-N(4) 179.0(3) O(1)-Fe-O(2) 94.5(3)
O(1)-Fe-N(2) 93.3(3) O(2)-Fe-N(2) 86.6(3)
O(1)-Fe-N(4) 86.4(3) O(2)-Fe-N(4) 94.4(3)
0O(2)-Fe-N(1) 87.0(3) O(1)-Fe-N(3) 89.0(3)
N(2)-Fe-N(1) 84.2(3) N(1)-Fe-N(3) 89.6(3)
N(2)-Fe-N(3) 95.2(3) N(3)-Fe-N(4) 83.9(3)

spin Fe(l11) (1b) and high-spin Fe(l11) (1a) forms, respec-
tively, of complex 1 are present. The average bond distance
of Fe-N (imine) (2.124(4) A) of the high-spin Fe(I11) islonger
than that of Fe’-N’(imine) (1.955 (5) A) of the low-spin
Fe(l11) form. It is well known that the average iron-donor
atom distances in high-spin complexes are longer than those
in low-spin complexes.>***°
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Studies of the Schiff-base iron(I11) complexes have
shown that the metal to imine nitrogen bond distanceis sensi-
tive to the electronic spin state of the metal ion: the Fe-
N(imine) distances are in the range ca. 2.00-2.10 A for the
high-spin state and in the range ca. 1.93-1.99 A for the low-
spin case.™ In the structures of complexes 1-3 reported here
the Fe-N(imine) bond distances of 2.124 (4) for 1a at 150 K
and 2.089 (10) A for 2 at 293 K and 1.995 for 2 at 150 K, re-
spectively, suggest that the Fe(l11) ions are in a high-spin
state. The Fe-N(imine) bond distances of 1.955 (5) for 1b,
1.995 for 2 and 1.916 (8) for 3 at 150 K suggest that the
Fe(I11) ionsin the complexes are in the low-spin state, which
are consistent with the results of temperature-dependent

Fig. 2. Perspective view of complex 2 with the atom
numbering scheme. The solvent CH,Cl, and an-
ion PFg are omitted for clarity. Thermal ellip-
soids are drawn at 50% probability level.

Br(2))
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magnetic susceptibility and M 6ssbauer effect measurements
(see below).

The angles O(1)-Fe-N(1) and O(2)-Fe-N(3) for the
high-spin 1a (163.57(16)° and 163.40(16)°, respectively) de-
viate markedly from 180° for an ideal octahedral; however,
the angles O(1)-Fe-N(1) and O(2)-Fe-N(3) for the low-spin
Fe(l11) 1b at 150 K (174.72 (17)° and 174.40 (17)°, respec-
tively), for 2 at 150K (and 172.6 (3)° and 172.9 (3)°, respec-
tively), andfor 3 (177.1(3)°and 176.0 (3)°, respectively) are
closetoideal octahedral 180°.

Fig. 3. Perspective view of complex 3 with the atom
numbering scheme. The anion PFg is omitted
for clarity. Thermal ellipsoidsare drawn at 50%
probability level.

Fig. 1. Perspectiveview of complex 1 (1a is high-spin state and 1b islow-spin state) with the atom numbering scheme. The
anion ClO4 isomitted for clarity. Thermal ellipsoids are drawn at 50% probability level.
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Magnetic Susceptibility, ESR and Modssbauer Spectra

The temperature dependences of X7 for complexes
1-3 are shown in Fig. 4. The M 6ssbauer spectra measured at
78 K for 1-3 areshown in Figs. 5-7.

AsshowninFig. 4, thevaluesof XmTat 370K for 1 and
2 are 4.28 cm®*K mol™ (uer = 5.85 ps) and 3.68 cm® K mol ™
(et = 5.42 pg), respectively, lower than the spin only value
4.377 cm®*K mol ™ (per = 5.92 pg) for S=5/2. Asthe tempera-
tureislowered the XmT values are gradually decreased to the
value of 3.00 cm® K mol™ for 1 and 1.36 cm®K mol ™ for 2 at
150K, respectively. Thereisa“plateau” inthe (Xm7 valuevs.
Tintherange ca. 150-30 K for 1 and 130 K-20 K for 2; this
implies that the ratio of the mixed low-spin Fe(l11) and
high-spin Fe(l11) states are without changes in this tempera-
ture range; it finally decreases abruptly to 1.58 cm® K mol™
for 1 and 0.90 cm® K mol ™ for 2, respectively, at 2 K. Thisbe-
havior is unusual, because the Xm7T value vs. T curve shows
three magnetic processes (first 370-150 K, 150-30 K, and <
30K for 1, 370-150 K, 130-20 K, and < 20 K) and the spin
transition from high-spin to low-spin isincomplete in both
complexes 1 and 2. The fraction fis of the high-spin species
was cal cul ated at each temperature by using asimple additive
property of magnetic susceptibilities as fus = [XmT —
(X D)L/ [(XmT)us — (XmT)Ls]. Here the values of pure HS and

5

XT / cm3 K mol™!
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Fig. 4. Temperature dependence of XnT for complex 1,
2, and 3.
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LSforms, (XmT)nusand (XmT).s, aretaken from the experimen-
tal magnetic data. From this equation, the fus values of 0.55
for complex 1 at 150-30 K and 0.1 for complex 2 at 150-20 K
were calculated. Thevalue of XmT of complex 3 is2.07 cm®K
mol™ (pe = 4.07 pg) at 370 K, lower than that of the spin only
value 4.377 cm*K mol™ (uer = 5.92 ug) for S=5/2. Asthe
temperature is lowered the X7 values are rapidly decreased
to the values of 0.65 cm®K mol™ (uer = 2.28 ug) at 78 K and
0.35cm*K mol™ (uer = 1.65 pg) at 2 K, respectively. Thefis
iscalculated to be 0.10 at 78 K.

The ESR spectrum of 1 at 77 K showed two broad ab-
sorptionsaround 0.15 and 0.33 T, the former being character-
istic of high-spin Fe(l1l) species and the latter of low-spin
Fe(I11) species. ESR spectraat 77 K showed two absorptions
atg; =2.02,g,=218for2and g; = 1.98, g, = 2.19for 3, re-
spectively, characteristic of low-spin Fe(l11) species.

The broad M 6ssbauer absorption spectraat 300 K of 1
and 2 were observed which is characteristic of high-spin
Fe(I11) species; however, at 78 K the spectra (Figs. 5 and 6)

1.000
0.990

0.980

0.870

RELATIVE TRANSMISSION

VELOCITY (mm/sec)

Fig. 5. Mossbauer spectraat 78 K for complex 1. The
solid line is plot with the fitted parameters re-
ported in the text.

1.000

0.980

0.960

RELATIVE TRANSMISSION

VELOCITY (mm/sec)

Fig. 6. Mossbauer spectraat 78 K for complex 2.
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with two doublets were observed, where the outer larger
guadrupol e doubl et islow-spinisomer and the inside smaller
quadrupole doublet is high-spin isomer. The population of
high-spin isomer at 78 K was calculated to be 50% for 1 and
35% for 2 from the area of the Mdssbauer absorption. The
M 6ssbauer absorption spectraof 3 at 298 K and 78 K (seeFig.
7) showed two larger quadrupole doublets absorptions,
where the outer quadrupole doublet is |low-spin isomer and
the inside quadrupole doublet is high-spin isomer. In addi-
tion, the fus ca. 0.30 calculated from the area of the
M 6ssbauer absorption spectrum at 78 K for 3 is higher than
0.10 calculated from the magnetic susceptibilities measure-
ments, implying that the recoiless fraction of high-spin spe-
ciesisnot equivalent to that of the low-spin species.

Electronic Spectra and H,Oz Disproportionation

The absorption of UV-vis spectra of the complexes1-3
measured at 300 K in methanol reveals the following transi-
tionsat 362, 548 and 680 nmfor 1, 365, 540 and 665 nm for 2,
and 347, 435, and 550 nm for 3, respectively. The representa-

RELATIVE TRANSMISSITN

RELATIVE TRANSMISSION
o

VELOCITY (mmisec)

Fig. 7. Mdssbauer spectraat 298 and 78 K for complex
3.
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tive absorption spectra with one pyridine added in the solu-
tion for 2 is shown in Fig. 8. The absorption bands are as-
signed to salen-Fe(l11) charge transfer transitions (LMCT)
from p, orbital of salento d,- and d- of iron, respectively.'®*
In addititon, it has been found that when pyridine was added,
after 30 min there was no significant change that occurred in
the electronic spectrum of the solution (see Fig. 8a). It should
be also noted here that after 30s (b), 3 min.(c) and 6 min (d)
the disproportionation of H,O,inthe methanol solution of the
complexes 1-3 caused drastic changes in the 347-680 nm
bands, the color of the solutions change to yellow, that isthe
disappearance of the LM CT bandswhich are characteristic of
the dissociation of phenolate-Fe(l11) bond.

Studies of H>O; Disproportionation

The dependence of initial rates of H,O, disproportiona-
tion was examined with varying concentration complexes
1-3. In the first experiment, the hydrogen peroxide concen-
tration was kept constant and the concentration of the com-
plex was varied. Plots of the initial rate vs. catalyst concen-
tration indicated that the reaction was first order in metal
complex concentration. In a second experiment the catalyst
concentration was kept constant and the H,O, concentration

2.07

0.5

T][ll}l!ll|l[|l|l||l|l]l’TT

300 400 500 600 700 800

Wavelength/nm

Fig. 8. Electronic spectrum for 2 in methanol solution
(1.5 x 10* M) a, without addition of H,O, b: 30
S.c: 3minandd: 6 min after H,O, (30%, 1 mL)
added.
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was varied. The initial rate depends linearly on the initial
H.0, concentration, asshownin Fig. 9. Intheratelaw (1) kobs
were calculated as 1.77 dm®*mol* s* for 1, 1.00 dm® mol*s?
for 2, and 1.23 dm®mol*s™ for 3.

rate = kobs [H202] [complex] 1)

The results of kinetics studies of catalase-like model
complexes 1-3 just described above are similar to these of
catalase-like hemerytherin model complexes with a [Fex(u-
0)(u-CH3CO5), ] core’® that theinitial rate of the reaction
was first order in [H20,] concentration. At this stage, al-
though the catalytic mechanism for interpretation for the
present system is not known, however, here we adopted a
possible catalytic cycle which is described as the known
heme-type catalase.?*?* In the heme catal ases the peroxide
reduction reaction H,O, + 2€ + 2H" — 2H,0 is accomplished
by an Fe(l11)-protoporphyrin I X center that generates com-
pound I, formulated as a ferryl porphyrin n-cation radical
(O=Fe(1V)™).2>?? This species catalyses the peroxide oxida-
tion reaction of H,O, — O, + 2€ + 2H" in the case of heme
peroxidases.”*

The observed stimulatory effects of electron-rich pyri-
dine on H,O, decomposition in the present system could be
explained by its general acid-base catalytic properties, which
would facilitate proton transfers, and favor homolysis of the
O-0 bond by reducing the activation energy.?

0.0018
0.0016
0.0014 ~
0.0012 |
0.0010 A

0.0008 -

V. /mol dm3s!

0.0006 -|

0.0004 -

0.0002

0.0000 T T T T T T T
00 02 04 06 08 10 12 14 16

[H,0,] /mol dm™

Fig. 9. Plotsof theinitial rate (7;) of O, evolution as a
function of [H,0O;] at 25° and pH = 7 in metha-
nol solution of complex 1 (e), 2 (0), or 3 (A).
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