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Dinuclear iron(II, II) complexes, [Fey(L-py)(RCOO),]BF,-nH,O (RCOO: CH3COO (1a) and C¢H;COO
(2a)), and two types of dinuclear mixed valence iron(Il, III) complexes [Fey(L-py)(RCOO),l(BF,),-nH,O
(RCOO: CH3COO (1b) and C¢H;COO (2b)) and [Fey(L-py)(CH3;COO)(OH)](BF,), - 2H,0 (3) were prepared,
where L-py represents 2,6-bis[bis(2-pyridylmethyl)aminomethyl}-4-methyl-phenolate(1—). Only one of the two
iron(Il) ions in the iron(Il, II) complexes is easily oxidized with molecular oxygen in methanol to form the
mixed valence complexes, [Fey(L-py(RCOO),}(BF,), - nH,0, which were characterized by chemical analyses and
Mdssbauer measurements. Magnetic susceptibility measurements over the temperature range 80—300 K revealed
that high-spin iron(II) and iron(III) ions are antiferromagnetically coupled with the spin-exchange coupling
constants J=—3——8cm™!. The complexes exhibited an ESR signal of g.~~1.7 near liquid helium temperature.
Such an ESR signal arises from an antiferromagnetically spin-coupled high-spin iron(Il, III) dimer. An inter-
valence charge-transfer transition was observed in the region 7000—8500 cm™!. The electron delocalization
parameter « is estimated to be ca. 0.08, which corresponds to the class II mixed valence type in the classification
of Robin and Day. Cyclic voltammogram of the complex 2b in acetonitrile showed two reversible couples at
+0.05 and +0.73 V (vs. SCE), which were assigned to the redox reactions of Fe(Il, III)/Fe(Il, II) and Fe(III,
I11)/Fe(11, III), respectively. The comproportionation constants of 1b and 2b at 20 °C are 1.6X10!2 and 5.0X10!!,
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respectively, implying that the present mixed valence complexes are significantly stabilized.

Dinuclear iron(II, III) mixed valence centers have
been found to exist in iron proteins such as semi-
methemerythrin,=3 pink uteroferrin,*~® and the re-
duced form of bovine spleen acid phosphatase.*59
They exhibited an ESR signal with g..<2.0 observable
only near liquid helium temperature. Such an ESR
signal has been interpreted in terms of antiferromag-
netic superexchange interaction between high-spin
iron(II) and high-spin iron(III) ions.1® Spin-exchange
coupling constants for pink uteroferrin®” and the
reduced form of bovine spleen acid phosphatase® are
~—10 and =—50 cm~1, respectively. From these data, it
was suggested that the former protein had u-hydroxo
bridge® and the latter u-oxo bridge?. Recent EXAFS
study of the latter protein also suggested the presence
of additional bridges such as carboxylato group.!? For
these proteins, phenolato and imidazole groups of tyr-
osine and histidine residues were proposed as addi-
tional coordinating groups;%!? possible ligating
groups for irons in semi-methemerythrin are imid-
azole group of histidine residue, and carboxylato
groups of aspartic and glutamic acid residues. How-
ever, details of structure and function of metal center
of these proteins still remain ambiguous.

Synthetic dinuclear mixed valence iron(II, III) com-
plexes with biologically relevant ligands such as imid-
azole group, carboxylato, and phenolato groups are
useful for further elucidation of structure and function
of the iron(II, III) centers in the above proteins. In the
previous communication, we reported the synthesis
and characterization of a mixed valence complex

[Fey(L-Bzim)(CgHsCOO), )(BF,), - 2H,0 (L-Bzim=2,6-
bis[bis(2-benzimidazolylmethyl)aminomethyl]-4-meth-
ylphenolate (1-)) and proposed a dinuclear structure of
iron(II) and iron(III) bridged triply by a phenolate and
a couple of carboxylato groups.!® Recently we found a
similar triply bridging unit in an analogous dinuclear
mixed valence manganese(Il, III) complex [Mny(L-
pY)(CgHsCOO)Z](ClO4)2'H20,14) where L-py is 2,6-
bis[bis(2-pyridylmethyl)aminomethyl]-4-methyl-phe-
nolate(1—) (Fig. 1). Reported herein are the syntheses
and various physicochemical properties of the two
types of dinuclear mixed valence complexes with the
dinucleating ligand, L-py, and carboxylate ion(s),
[Fex(L-py)(RCOO),](BF,), - nH,0 (RCOO=CH3;COO
or CgHsCOO) and [Fey(L-py)(CH3COO)(OH)](BF,); -
2H,0. The L-Bzim and L-py complexes are the first
examples of synthetic dinuclear mixed valence high-
spin iron(II, III) complexes.

Dinuclear metal complexes with metal ions in steri-
cally and electronically controlled environment are
expected to reversibly bind molecular oxygen.

H3

(cuz_(Q)z '

Fig. 1. Dinucleating ligand (HL-py): 2,6-bis[bis(2-
pyridylmethyl)aminomethyl]-4-methylphenol.
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Recently, we have demonstrated that dinuclear co-
balt(II, II) complexes [Coy(L-py)(RCOO),]* and
[Coy(L-py)(RCOO)P* react reversibly with molecular
oxygen to form u-peroxo complexes [ Coy(L-py)(RCOO)-
(Oy))?+.19) The irreversible oxidation of cobalt ion was
much suppressed in the above dioxygen complexes.
Such stabilty of the dioxygen complexes must stem
from a geometry and donor properties of the ligands.
In this study, we also prepared the dinuclear iron(II,
IT) complexes with L-py and carboxylate ions, [Fey(L-
py)(RCOO),]BF,-nH,0, and their reaction with
molecular oxygen was investigated.

Experimental

Materials. HL-py was synthesized as previously de-
scribed.’® Iron(Il) tetrafluoroborate hexahydrate was pre-
pared according to the method of literature.!® Other chemi-
cals used were of reagent grade.

Preparation of Iron(Il, II) Complexes. [Fex(L-py)(RCOO),}-
BF4°nH;0 (RCOO: CH3COO (1a) or CéH;COO (2a)): The
complexes were prepared by ordinary Schlenk techniques in
an inert atmosphere. A solution of Fe(BF,),: 6H,0 (1 mmol)
in 20 cm?® of ethanol was added to a solution of HL-py (0.5
mmol), RCOOH (1 mmol), and triethylamine (1 mmol) in

20 cm?® of ethanol with stirring. The reddish yellow solution .

was concentrated to a half of the original volume by vacuum
evaporation and allowed to stand overnight at 0 °C. Orange-
yellow crystals formed were collected by filtration, washed
with ethanol and ether, and dried in vacuo.

Preparation of Iron(Il, III) Complexes. [Fez(L-py)-
RCOO)2)(BF4)2 - nH20 (RCOO: CH3COO (1b) or CsH;COO
(2b)): A solution of Fe(BF,),-6H,0 (1 mmol) in 40 cm3 of
ethanol was added to a mixture of HL-py (0.5 mmol),
RCOOH (1 mmol), and triethylamine (1 mmol) in 20 cm3 of
methanol with stirring under a nitrogen atmosphere. The
reddish yellow solution was then exposed to an oxygen
atmosphere at 10 °C with stirring to cause an instanteneous
color change to dark green. The solution was kept at 0 °C for
several hours. Dark green crystals thus obtained were col-
lected by filtration, washed with ethanol and ether, and dried
in vacuo; they were recrystallized from methanol under a
nitrogen atmosphere. The crystals are stable in the open
atmosphere. Single crystals suitable for X-ray analysis have
not yet been obtained.

[Fex(L-py)(CH3;COO)(OH)](BF4)2 - 2H20 (3): A solution
of Fe(BF,), - 6H,0 (1 mmol) in 20 cm?® of ethanol was added
to a solution of HL-py (0.5 mmol), CH;COOH (0.5 mmol),
and triethylamine (1 mmol) in 20 cm3 of ethanol under a
nitrogen atmosphere. The resulting pale yellow solution
was exposed to an oxygen atmosphere with stirring at 10°C
to cause an instanteneous color change to dark blue. The
dark blue solution was cooled to 0°C and allowed to stand
for one hour to yield dark blue microcrystalline powders.
They were collected by filtration, washed with ethanol and
ether, and dried in vacuo. The product is stable in the open
atmosphere.

Measurements. The electronic spectra in acetonitrile
solution were measured on a Jasco UVIDEC 505 UV/VIS
recording digital spectrophotometer and a Hitachi 323
recording spectrophotometer. Infrared spectra were obtained
by a KBr-disk method and a Nujol mull method with a Jasco
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A-3 infrared spectrophotometer. Magnetic susceptibilities
were measured with a Shimadzu torsion magnetometer MB-
2. The apparatus was calibrated by the use of Hg-
[Co(NCS),]. Diamagnetic corrections were made by using
Pascal’s constants.!”” Molar conductivities were measured in
N,N-dimethylformamide or acetonitrile solution (1X1073
mol dm™3) at 25 °C with a Yokogawa Universal Bridge Type
BUZ-10A. Mossbauer spectra were measured at 77 K against
a 57Co(Pt) source moving in a mode of constant acceleration
at room temperature. Velocity calibration was carried out by
the resonance lines of metallic iron, and isomer shifts were
given relative to iron metal at room temperature. Cyclic
voltammograms were measured with a Yanagimoto P-900 in
a cell containing a glassy carbon working electrode, auxil-
iary electrode, and a saturated calomel electrode. Applied
voltage was measured with a Takeda Riken TR-8651 elec-
trometer. Acetonitrile was used as the solvent and tetrabutyl-
ammonium perchlorate as the supporting electrolyte.
Ferrocene was added for an internal check on redox potential
and reversibility. E) of ferrocene was 0.39 V (vs. SCE) with
a peak-to-peak separation of 70 mV. ESR spectra above 10 K
were measured on a JEOL JES-FE2XG ESR spectrometer
(X-band microwave unit, 100 kHz field modulation)
equipped with an Air Product LTD-3-110 liquid helium
transfer system. The microwave frequency was measured
with a Takeda Riken TR5212 microwave counter, and the
resonance magnetic field values of the signals were measured
with an NMR field meter (ECHO Electronics Co., Ltd.).
ESR spectra at 6 K were recorded on a Varian E-112 spec-
trometer (X-band microwave unit, 100 kHz modulation)
equipped with an Oxford cryostat.

Analyses of Iron(II) and Iron(III) Ions. The contents of
iron(II) and iron(III) ions in the mixed valence complexes
were determined colorimetrically.’®® A weighted quantity of
the complex (ca. 40 mg) was dissolved into a solution of
1,10-phenanthroline (200 mg) in 20 cm® N,N-dimethylform-
amide under nitrogen atmosphere. The solution was stirred
for 1 min and treated with an aqueous suspension (20 cm3) of
excess Hyedta (ca. 100 mg) for preventing the reduction of the
iron(IIl) and masking iron(III)-phenolato complexes.!®
The mixture was diluted to ca. 250 cm3 with water and the
pH of the solution was adjusted to ca. 4 with acetic acid.
The volume of the resulting solution was adjusted to 500
cm®.  After filtration, the iron(II) content was determined
spectrophotometrically at 510 nm as [Fe(phen); 2+ (¢=11300
mol~! dm®cm™!). Total content of iron(II) and iron(III) ions
was determined in a similar way after the iron(IIl) ion had
been reduced to divalent state. The iron(III) content was
known from the difference. The analytical data are given in
Table 1 together with the magnetic moments.

Results and Discussion

Characterization of Complexes. The effective
magnetic moments of 1b and 2b are 7.7 and 7.3 B.
M./Fe,, respectively, indicating that both iron(II) and
iron(IIl) ions are in high-spin state. The infrared spec-
tra of the complexes in the region of 600—4000 cm™!
are almost the same as those of the corresponding
manganese(ILIII) complexes [Mny(L-py)(RCOO),]-
(ClOy); - nH,0,' except for the stretching vibration
region of perchlorate and tetrafluoroborate ions.
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Table 1. Analytical Data and Effective Magnetic Moments of Complexes

Found (Calcd)/%

No. Complex ett/ B.M.®
C H N Fe(Il)  Fe(Ill)
la  [Fey(L-py)(CHsCOO)s)- 52.02 4.62 9.65 7.4
BF:-0.5H:0 (51.92)  (471)  (9.82)
2a  [Fey(L-py)(CeHsCOO)z]- 54.99 4.47 8.20 7.2
BF-3Hz:0 (55.10)  (4.82)  (8.20)
b  [Fey(L-py)(CHsCOO)s]- 47.10 4.32 8.90 5.6 5.9 7.7
(BFa)e* H.O (46.70)  (4.34) (8.84)  (5.87)  (5.87)
2b  [Fey(L-py)(CeHsCOO)z]- 51.73 413 7.60 49 5.2 7.3
(BFa)2* 2H20 (52.07)  (4.28)  (7.75)  (5.11)  (5.11)
3 [Fes(L-py)(CHsCOO)OH)]-  44.89 4.22 9.16 5.9 6.0 7.4
(BF4)z+ 2H20 (45.35)  (4.46)  (9.07)  (6.03)  (6.03)
a) At room temperature.
100
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Fig. 2. Possible structure of [Fes(L-py)(RCOO):]* 50 }
(m=2 and n=2) and [Fez(L-py)(RCOOQ):]2* (m=2
and n=3).
2b
From the IR spectral data, both the mixed valence iron {stm(coo‘)
and manganese complexes seem to have the same
structure. The crystal structure of [Mny(L-py)(CsHs- A
CO0);](C10y); - H,O"Y showed that manganese(II) ¥ymm(C007)
and (III) ions are bridged by phenolate and two car-
boxylate oxygens to form a cofacial bi-octahedral 0 1600 1500 1500 13'00
structure. Such triply bridging structure has been /em}
found for some dinuclear manganese and iron com- Fig. 3. Infrared spectra of [Fex(L-py)(CsHsCOO):]-

plexes with bridging groups composed of two carbox-
ylato groups and oxo, hydroxo, or phenolato
group.?0-23 A possible structure of 1b and 2b is shown
in Fig. 2.

Infrared spectra of 2a and 2b in the »(COO~)
stretching vibration region (Fig. 3) showed that the
Vsymm (COO™) of 2b splits into two bands at 1395 and
1362 cm™1, suggesting the presence of two types of car-
boxylato groups. A similar splitting of vsymm (COO™)
was also observed in manganese(ILIII) complex
[Mny(L-py)(CeHsCOO);J(Cl104), - H,OY in which two
bridging benzoato groups are not equivalent: one
symmetrically bridges manganese(II) and (III) ions,
and the other unsymmetrically. The Mn(III)-O and
Mn(II)-O bond distances, and two C-O bond distances
of unsymmetrically bridging benzoato group consid-
erably differ from each other. It has been suggested
that Ap (COO~) value (Vagymm (COO™) — Veymm (COO7))
is diagnostically useful for elucidating coordination
mode of carboxylato group; a symmetrically bridging

BF4.3H20 (2a) and [Fez(L-py)(CeHsCOO):](BF4)2-
2H20 (2b).

carboxylato group gives AV smaller than 200 cm™!,
whereas an unsymmetrically bridging group a larger
AV.24 The AV values are 150 and 200 cm™! for 1b, and
173 and 206 cm™! for 2b. Thus the larger AV values
correspond to an unsymmetrically bridging carbox-
ylato group and the smaller values to a symmetrically
bridging one. '
The complex 3 is air-stable in the solid state, but
easily oxidized with molecular oxygen in various sol-
vents at room temperature. Its effective magnetic
moment is 7.4 B.M./Fe, at room temperature, indicat-
ing that iron(II) and iron(III) ions are in high-spin
state. The molar conductivity (137 Q7! cm? mol™!) in
DMF indicates that the complex is a 2:1 electrolyte.
From the molar conductivity measurement and ele-
mental analysis, the coordination of hydroxide ion is
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Fig. 4. A possible reaction scheme of oxidation of [Fex(L-py)(RCOO)]* (la

and 2a).

plausible and the complex 3 may be formulated as
[Feo(L-py)(CH3COO)(OH)](BF,), - 2H,0.

The effective magnetic moments of 1a and 2a are 7.4
and 7.2 B.M./Fe,, respectively, indicating that iron(II)
ions are in high-spin state. The infrared spectra of la
and 2a are almost identical to those of the correspond-
ing Co''-Co" complexes, [Coy(L-py)(RCOO),]BF,-
nH,0,! in which cobalt ions were shown to adopt a
six-coordinated structure on the basis of their reflec-
tance spectra. On the analogy with the cobalt com-
plexes, the present complexes seem to have six-
coordinated structure. This may also be supported by
the reactivity of the complexes with molecular oxygen
in various solvents (vide infra). A possible structure is
shown in Fig. 2.

The complexes 1a and 2a are relatively stable for a
day in acetonitrile and dichloromethane under an
oxygen atmosphere, whereas they rapidly react with
molecular oxygen in methanol and N,N-dimethyl-
formamide to form dark brown solution. Addition of
tetraethylammonium tetrafluoroborate and ethanol to
the above dark brown solution gave the mixed valence
complexes 1b and 2b.

Reactivity of the Iron(ILII) Complexes with Molec-
ular Oxygen. The effect of solvents on the reactivity
of the dinuclear iron(ILII) complexes 1la and 2a with
molecular oxgyen is quite similar to that of the cor-
responding cobalt(IL,LII) complexes [Coy(L-py)-
(RCOO);]*.1® Both cobalt and iron complexes readily
react with molecular oxygen in methanol and N,N-
dimethylformamide but to a much lesser extent in ace-
tonitrile and dichloromethane. The cobalt complexes
give reversible oxygenation in the former two solvents
to give u-peroxo complexes, whereas the iron com-
plexes form the mixed valence complexes 1b and 2b as
mentioned in the preceding section. We suggested that
the oxygenation of the cobalt complexes proceeds via a
five-coordinated species: one of two carboxylato
groups dissociates in the former solvents, but not in
the latters. In fact, the five-coordinated complexes
[Coy(L-py)(RCOO)?* react reversibly with molecular
oxygen both in methanol and acetonitrile as well as in
the solid state. This is also the case for the oxidation of
iron(ILII) complexes: the oxidation of iron complexes
seems to take place in a five-coordinated species. A
possible reaction scheme is given in Fig. 4. It is proba-

100 [ fmaiuiisssy
99
98

97
~ 100

%

99
98
97

100 :.'5'-".,:"-" '."".‘“-;;', i,

Relative transmission

99

B8

Velocity/mm s71

Fig. 5. Mossbauer spectra of [Fez(L-py)(CHsCOO):]-
(BF4)2-H20 (1b), [Fez(L-py)(CeHsCOO)z](BF4)2-
2H20 (2b), and [Fes(L-py)(CH3COO)(OH)](BF4)2-
2H20 (3) at 77K.

ble that one of two bridging carboxylato groups (a in
Fig. 4) dissociates to form a species containing five-and
six-coordinated irons and then five-coordinated moiety
reacts with molecular oxygen to form a hyperoxo
complex as a transient intermediate. This hyperoxo
complex is unstable and irreversibly oxidized to form
mixed valence complex. In the cobalt complex, how-
ever, the hyperoxo complex is relatively stable and the
coordinated hyperoxide ion displaces the unidentate
carboxylate ion to form a u-peroxo complex.
Mossbauer Spectra. Mossbauer spectra of the
mixed valence complexes are shown in Fig. 5 and their
parameters are listed in Table 2. All the spectra were
analyzed with a least square fitting program of
Lorenztian functions into two sets of quadrupole dou-
blets, each of which was fitted with an equal line
width and intensity. The calculated quadrupole split-
tings AE (isomer shifts §) in mm s~! are 2.06—3.38
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Table 2. Mdssbauer Parameters of the Mixed Valence Complexes at 77 K®
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FC(H) FC(HI) A(FC(HI)
No. Complex 6b) AE rexp ab) AE rexp /Fe(ll))C)
1b [Fez(L-py)(CH3COO)z]- 1.16 2,42 0.41 0.47 0.51 0.33 1.03
(BF4)2- H20 )
2b [Fex(L-py)(CsH5COO):]- 1.15 2.06 0.56 0.56 0.47 0.28 1.00
(BF4)2:2H20
3 [Fez(L-py)(CHsCOO)OH)]- 1.19 3.38 0.34 0.48 0.42 0.43 1.12
(BF4)2:2H20
Pink unterrofrin® 124 268 028 053 184 043

a) All data in mm s~! except for A(Fe(III)/(Fe(II)). b) Isomer shift, §, relative to iron metal. ¢) Ratios of areas of

Fe(III) to Fe(II). d) Data at 60K from Ref. 8.

1
2b
6K
3
i 1 1 1 L 1
0.1 0.2 0.3 0.4 0.5 0.6

H/T

Fig. 6. ESR spectra of [Fes(L-py)(CeHsCOO)2]2+ (2b)
and [Feg(L-py)(CH3COO)(OH)]?* (3) in acetonitrile
at 6 and 12K.

(1.16—1.19) and 0.42—0.51 (0.47—0.56), which are
assigned to those arising from the high-spin iron(II)
and iron(III) moieties, respectively.?® The presence of
iron(II) and iron(IIl) ions in equimolar ratio is evi-
denced from the fact that the ratios of areas of two sets
of quadrupole doublets are nearly unity (the last
columm in Table 2), which is in good agreement with
the results of the chemical analyses as described in the
Experimental section.

Pink uteroferrin® also shows two sets of quadrupole
doublets. The reported values are listed in Table 2.
The quadrupole splitting of the iron(III) moiety in
pink uteroferrin is much larger than those of the pre-
sent complexes. This fact reflects a remarkable struc-
tural difference in iron(III) moieties between the pro-
tein and the present complexes. It is well-known that
u-oxo dinuclear iron(IILIIT) complexes tend to exhibit
larger quadrupole splittings.?52®  However, u-oxo
bridging seems unlikely to occur in pink uteroferrin
from its magnetism.” Therefore, iron(III) moiety in

pink uteroferrin may have a distorted five-coordinated
structure which shows a larger quadrupole splitting
because of the larger electric field gradient at
nucleus.?27

ESR Spectra. ESR spectraof 2band 3at6and 12K
are shown in Fig. 6. Both complexes exhibit two sig-
nals centered at g=1.7 and 4.3, which are quite similar
to those observed in the mixed valence iron proteins
such as bovine spleen acid phosphatase.” The g=4.3
signal can be assigned to that arising from mononu-
clear rhombic high-spin iron(III) ion present as
impurity which may be produced by a slight decompo-
sition of the complex. The g=1.7 signal is observable
only near liquid helium temperature and almost dis-
appears above 12 K as shown in Fig. 6. Such an ESR
signal with g.{2.0 has been interpreted in terms of
antiferromagnetic superexchange interaction between
high-spin iron(II) (§=2) and high-spin iron(III)
($=5/2) ions.!® In contrast to the iron proteins, the
present complexes exhibited only a broad isotropic
signal even at 6 K, which suggests a rapid electron
spin-lattice relaxation.

Magnetic Susceptibilities. The antiferromagnetic
interaction was confirmed by the temperature depend-
ence of magnetic susceptibilities. Magnetic suscepti-
bilities of the mixed valence complexes were measured
over the temperature range 80—300 K. The results
were analyzed by the usual spin-spin interaction
model based on the exchange Hamiltonian H=—2]S§, -
S,. The molar susceptibility (xa) of $=2—8,=5/2 spin
exchange coupling dimer is given by Eq. 1,

Npg?
4kT
x4+ 10x%' + 35x16 + 84x9 + 165
x%+2x21+ 3x16+4x%+ 5

where x=exp(—J/«T) and the symbols have their usual
meanings. The magnetic susceptibilities of the com-
plexes were well interpreted in terms of the above
equation. Figure 7 shows temperature dependence of
magnetic susceptibilities of 2b. The solid line is the
calculated curve by using the parameters listed in
Table 3. The g value used in the fit for magnetic
susceptibilities is 2.10, which differs significantly from

XA=

Na (1)
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Table 3. Magnetic Parameters of the Mixed Valence Complexes
No. Complex J/em™1 g Na /1078 cgs mol-!?
1b [Feo(L-py)(CH3COO)2](BF4)2: H20 -3.2 2.10 0
2b [Fea(L-py)(GsHsCOO)2)(BFs)2: 2H20 —8.0 2.10 0
3 [Fea(L-py(CH3COO)(OH))(BF4)2: 2H20 —6.5 2.10 0
Pink uteroferrin® —10
Reduced form of bovine spleen acid phosphatase® —50
a) Refs. 6 and 7. b) Ref. 9.
Table 4. Electronic Spectral Data of the Mixed Valence Complexes®
Pmax/cm~! (¢/mol-tdm3cm™?)
No. Complex CT band IT band
1b [Fez(L-py)(CH3COO)z2](BF4)2* H:O 18000(900) 7700(290)
2b [Fea(L-py)(CeHsCOO)2](BF4)2: 2H20 17400(970) 7400(290)
3 [Fea(L-py)(CH3COO)(OH)](BF4)2* 2H20 20200(740) 8500(100)
a) In acetonitrile under a nitrogen atmosphere.
n
E
s - 3000
S u.0F
> €
~N
|S -
* 's - 2000
2.0F "B 300}
i
| 1L 1 )
100 200 300 g 200 /\/ 7 1000
T/K w
. . 100 T—
Fig. 7. Temperature dependence of magnetic suscep-
tibilities of [Fez(L-py)(CGHSCOO)z](BF4)2~2H20 1 ! 1 1 2

(2b).

that derived from ESR measurement (g=1.7). These
two g values are not recessarily the same: the former is
the average value derived from the energy separations
(gBH) in the five spin states ($=1/2, 3/2,5/2,7/2, 9/2),
whereas the latter is that in the $=1/2 ground state.
The results indicate that high-spin iron(II) and high-
spin iron(III) ions are antiferromagnetically coupled
to yield the $§=1/2 ground state. The corresponding
manganese complexes [Mny(L-py)(RCOO),;])(C10y), -
nH,0 also exhibited weak antiferromagnetic interac-
tion (J=—6 cm™1).1¥ Recently such triply bridging
units consisting of two carboxylato groups and oxo,
hydroxo, or phenolato group have been found for sev-
eral iron and manganese complexes.?=28 The magni-
tude of spin-exchange interaction in dinuclear
iron(IILIII) complexes having a triply bridging unit
is highly dependent on the nature of the bridging
groups. In general, u-oxo bridged complexes exhibit
much stronger antiferromagnetic interaction than u-
hydroxo and u-phenolato bridged ones.?%:22,28)

The ] values of the present complexes are compara-
ble to that for pink uteroferrin (J=—10 cm™1),%7 but
much smaller than that for the reduced form of bovine

10000 15000 20000 25000
vrem1

5000

Fig. 8. Electronic spectrum of [Fey(L-py)(Ce¢Hs-
COO)2](BF4)2-:2H20 (2b) in acetonitrile under
nitrogen atmosphere.

spleen acid phosphatase (J=—50 cm™).?) The oxidized
forms of both proteins have been suggested to have a
p-oxo bridge on the basis of their strong antiferro-
magnetic interactions. The presence of u-oxo bridge is
also suggested in the reduced form of bovine spleen
acid phosphatase. A much weaker exchange coupling
for pink uteroferrin as compared with that for the
reduced form of bovine spleen acid phosphatase may
reflect a change in the bridging groups. Lauffer et al.”
proposed a possibility of hydroxo bridge in pink ute-
roferrin. Itis needed to study extensively the dinuclear
iron(ILIII) complexes with a wp-oxo or w-hydroxo
bridge for further elucidation of the structure of these
proteins.

Electronic Spectra. All the mixed valence com-
plexes exhibit absorption band in the near infrared
region (¢=300—100 mol~! dm?®cm~!/Fe,) in acetoni-
trile (Fig. 8 and Table 4). Neither iron(II) nor iron(III)
complexes in high-spin state has such intense band in
this region,?? and the band is undoubtedly assigned to



October, 1987]

the intervalence charge transfer transition (IT) of the
type
[Fe"-Fem] hy [Fem-Fe"]*

The complexes also give an band in the visible region
(e=700—1000 mol~! dm3 cm~!/Fe'). This is the band
characteristic of iron(III)-phenolato complexes3® and
is assigned to charge transfer transition from p= orbi-
tal of bridging phenolato group to half filled d=* orbi-
tal of iron(III) ion. The ligand field bands may be
obscured under the above CT band.

According to Hush,3! the delocalization coefficient,
a?, a measure of mixing of oxidation states, can be
calculated by using Eq. 2
. (4.24X1074) * Emax * AD1s2

Vimax + d?

The o? value calculated for 2b is 6.8X10™2 assuming
Imax=7300 cm™1, AD,,=5000 cm~!, £mx=290 mol™!
dm3cm~! and d=3.5 A. The metal-metal distance (d)
is estimated from the corresponding manganese(I1, IIT)
complex.*® The o? value implies that delocalization
of electron between iron(II) and iron(III) moieties is
relatively small and the complex belongs to so-called
class II mixed valence system.3? This is compatible
with the results of Mdssbauer spectra: all the mixed
valence complexes show two sets of quadrupole dou-
blets arising from iron(II) and iron(III) moieties (Fig. 5
and Table 2), indicating that the thermal electron-
transfer rate between iron(II) and iron(IIl) ions are
slower than 107 s™! (M&ssbauer life time).

Loehr et al.?® reported the electronic spectrum of
semi-methemerythrin (semi-met)rHr, where no IT
band is detected in the visible and near infrared
regions. The absence of IT band in the visible and
near infrared regions implies that delocalization of
electron in (semi-met)rHr is less than that in the pres-
ent complexes, and that iron(II) and iron(III) valences
in (semi-met)rHr are firmly trapped. It has been sug-
gested that two iron moeities are not equivalent in
deoxy- and metHr.?® Such an unsymmetry of two
coordination moieties may be responsible for this
trapped valence state.

Cyclic Voltammograms. Cyclic voltammograms of
the mixed valence complexes 2b and 3 in acetonitrile at
20°C are illustrated in Fig. 9 (Table 5). The complex
1b exhibits two redox couples at 0.68 and —0.03 V (vs.

2

a
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that these two redox couples correspond to one-
electron redox reactions attributable to Fe'-Fe'!/
Fe''-Fe'"! (+0.68 V) and Fe"-Fe'"/Fe''-Fe" (—0.03 V).
Peak-to-peak separations of these two waves are 70 mV
at a scan rate of 100 mV s~! and the ratios of the oxida-
tion currents (ipa) for the forward scan to the reduction
currents (i) for the reverse scan are close to unity for
the both couples. These two couples are fairly reversi-
ble since ferrocene present in this system as an internal
standard showed a peak-to-peak separation of 70 mV.
A similar cyclic voltammogram was observed for 1b.
The complex 3 also exhibits two redox couples at ca.
40.7 and —0.1 V (vs. SCE). However, these two cou-
ples are not reversible (Fig. 9). This irreversibility
suggests a significant structural change upon electron
transfer.

Stability of Mixed Valence Complexes. From the
separation of the redox potentials of E([II, III]/[I1, II])

0.5 0.0 0.5 1.0
E/V vs. SCE

Fig. 9. Cyclic voltammograms of [Fez(L-py)-
(CH3COO):2](BF4)2- H20 (1b) and [Fez(L-py)-
(CH3sCOO)(OH)](BF4)2-2H20 (3) in acetonitrile.

SCE). The constant potential coulometry revealed The scan rate is 100mVs—1,
Table 5. Cyclic Voltammetric Data of the Mixed Valence Complexes
Ey2® Ei2” o o
No. Complex 11/32/V (vs. SCE) vz (ipa/tpe)®  (ipa/ipc)® K.°
1b  [Fey(L-py)(CH3COO)z](BFs)2- H,O —0.03 +0.68 1.0 1.0 1.6X1012
2b  [Fey(L-py)(CeHsCOO)z](BFs)2* 2H20 +0.05 +0.73 1.0 1.0 5.0X101
3 [FeyL-py)(CH3sCOO)(OH)](BF4)z-2H20 —0.08% +0.67%

a) For Fe(II, IIT)/Fe(II, II) redox couple. b) For Fe(11l, IIT)/Fe(Il, III) redox couple. c) Comproportionation

constant at 20°C. d) Irreversible.
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and E,([III, III])/[II, III]), comproportionation con-
stants (K at 20 °C) of the following reaction are calcu-
lated by Eq. 3.

(Fem—Fem) +(Fe"—Fe") —_— 2(Fem—Fe")
E,—E,=RT/F-InK ®3)

The values obtained for 1b and 2b are 1.6X10!2 and
5.0X10!! (AG=—68 and —66 kJmol™!) respectively,
indicating that the present mixed valence complexes
are highly stabilized. Others have suggested that fac-
tors such as electron delocalization, electrostatic inter-
action, and steric interaction can contribute to the
magnitude of K.3¥ The electron delocalization energy
(E.) can be estimated by an analysis of the IT band.
The value was calculated to be 600 J mol~! for 2b by
using Eq. 4.

E.=q?2- 7.3%) (4)

Thus the electron delocalization energy for the present
system is too small to contribute significantly to its
stability. When the metal ions are in close proximity,
electrostatic interaction may play an important role. A
dinuclear metal(Il, IT) complex will be more readily
oxidized than a metal(1l, III) species from electrostatic
point of view. This will lead to a greater separation of
redox potentials and increase of stability of the mixed
valence state. In addition, a steric requirement arising
from binucleating ligand L-py and two bridging car-
boxylato groups seems to be important.

Very recently we found that the reaction of an
equimolar mixture of iron(III) and manganese(II) ions
with L-py and carboxylate ions yields a dinuclear het-
erometal manganese(II)-iron(III) complex [MnFe(L.-
py)(RCOO),?* in more than 70% yieid.3® The reac-
tion of iron(III) ion with a dinuclear manganese(II, II)
complex [Mny(L-py)(RCOO),]* also resulted in the
formation of the above dinuclear heterometal complex
with a slight contamination of dinuclear homometal
complexes.® Thus the present ligand system affords a
favorable coordination sites for dinuclear metal(II, III)
complexes.

The present work was supported by a Grant-in-Aid
for Scientific Research No. 61540443 from the Ministry
of Education, Science and Culture.
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