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Preface

The works in this thesis have been carried out under the
guidances of Professor Tbshiyuki Shono and Emeritus Professor
Koichiro Shinra at Faculty of Engineering, Osaka University,
since 1964.

The object of this thesis is to clarify the reactions of the
first-row transition metal Schiff base complexes with molecular
oxygen and related species. The author expects that the findings
obtained from these studies would serve for understanding the

functions of metalloenzymes in the biological oxygen cycle.

May, 1983 Takayuki Matsushita
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INTRODUCTION

The earth was environed with reducing atmosphere such as
hydrogen, ammonia, and methane at least 109 years ago. Since
green-algae and green plants generated and evolved molecular
oxygen (02) by the photosynthetic water oxidation, substantial
amounts of free 0, have accumulated gradually in our atmosphere.
Anaerobic organisms have evolved to aerobic organisms which utilize
o, for their survival. At the present stage, 0, is essential for
life of aerobic organisms: 0, is uptaken by respiration, stored,
transported, and consumed for oxidation of substrates at appropriate

sites. On the other hand, it has been found that O, with high

2
concentration and its reduction products are toxic to the organisms:
O2 is toxic not because of its own reactivity but rather because
its reactive reduction intermediates such as superoxide radical (02_),
hydrogen peroxide (H202), and hydroxyl radical (HO+), which are
generated naturally by a series of single electron transfers from
O2 to water. It has been found two decades ago that organisms
which utilize O2 have the defence mechanisms for the oxygen toxicity,
such as superoxide dismutases and catalase.

Such a biological oxygen metabolism is represented according

to Hill as follows.l)

5, —> Biosynthesis

H202 ——> Biosynthesis

A schematic representation of the biological oxygen cycle.l)



In these systems, the following many metalloenzymes play a
significant role and function specifically.

(a) various enzymes; Xanthine oxidase, Indoleamine-2,3-dioxygenase,

Enzymes in chloroplast.

(b) Superoxide dismutases (SOD).

(c) Catalase.

(d) Cytochrome oxidase.

(e) various enzymes; Aminoacid oxidases.

(£) Enzymes in chloroplast.

Recently, the structures of the metalloenzymes and their
functions have been elucidated considerably by the development of
the physicochemical methods (X-ray analysis, NMR, ESR, and so on).
They are, however, so complex that many unresolved problems have
remained; the bonding type of O2 to iron(II) atom in hemoglobin

and myoglobinz), structures of Fe-SOD and Mn-SOD3),

and manganese-
containing enzymes in chloroplasts which play an important role
for 0, generation by the photosynthetic water oxidation in green

4,5)

plants. Thus, many metal complexes with various ligands have

been investigated so far in order to elucidate the active sites of

metalloenzymes, such as oxygen-carrying cobalt (ITI) complexes6’7)

8)

and modified iron(II) porphyrin complexes. These studies have
served considerably for understanding the specific functions of
metalloenzymes.

The author has aimed to clarify the unrevealed functions of
the metalloenzymes, hemoglobin and myoglobin, Fe-SOD and Mn-SOD,
and Mn-enzymes in chloroplasts, using the metal Schiff base complexes
which are considered as models for their active sites.

In this thesis, the preparation and characterization of the

first-row transition metal complexes (chiefly manganese complexes)

-2=



of the Schiff base ligands and their reactions with 02, 02_, and
water will be described.

In Chapter I, the reactions of 0, with the manganese(II) Schiff
base complexes, the iron(II) Schiff base complexes, and the latter
supported on polystyrene have been investigated.

In Chapter II, the adducts of the bis (B~diketonato)manganese (II)
complexes with N,N-dimethylformamide, dimethyl sulfoxide (DMSO), and
pyridine are isclated and characterized.

In Chapter III, the reactions of superoxide ions (0, ) with

2
a series of mononuclear, binuclear, and polynuclear manganese (III)
Schiff base complexes in DMSO have been investigated in connection
with Mn=-SOD. In Chapter IV, the reactions of 02— and a series of
mononuclear, binuclear, and polynuclear iron(III) Schiff base
complexes in DMSO have been investigated.

In Chapter V, a series of novel dichloromanganese(IV) Schiff
base complexes has been prepared and fully characterized.

In Chapter VI, the reactions of the dichloromanganese (IV)
Schiff base complexes with water have been investigated in
connection with the photosynthetic water oxidation in green plants.

In Chapter VII, the oxidative dehydrogenation of copper (II)
complexes with salicylideneamine and its analogs by O2 in pyridine
has been investigated.

The results obtained in this study should provide good
information concerning the functions of metalloenzymes, especially

the biological redox processes involving o, and related species,

which have not yet been elucidated so far.
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Chapter I
I -1 Peroxo-, Oxo-, and catena-Oxo-Manganese Complexes with

N,N'-Disalicylideneethylenediamine Analogs

Introduction

The MnII(salen)l

II1I

) )

was first reported by Tsumaki2 to react with

(salen)OH, for which Lewis et aZ.3) later
IIT

oxygen to yield Mn

proposed a polymeric structure including unitary Mn (salen)-0-

MnIII(salen)-HZO on the basis of the magnetic property. Recently,

)

Johnson et aZ.4) have reported that MnII(salpn)l takes up molecular

oxygen in a benzene solution.

In this Chapter, three types of complexes involving MnIII—O -

2
III v I

Mn R —(-MnI —O-)ﬁ, and Mn V=O bonds respectively are shown to

be obtainable upon reacting the MnII(salen) and its analogs with

molecular oxygen in organic solvents.

Experimental

Manganese(II) Complexes. The preparation of MnII(salen) and

1)

MnII(3-MeOsalen)'H20 was carried out in a nitrogen atmosphere

3)

according to a modification of the procedure of the literature.

)

MnII(S-NO salen)l was obtained by allowing the pyridine adduct,

2
MnII(S-Nozsalen)-Zpy, which had been prepared by the reaction of
5-N02sa1enH2 with MnC12-4H20 in a ea. 50% aqueous pyridine solution,
to stand in vacuo at %0 — 100 °c for 12 h. The compounds were
confirmed by elemental analyses.

Peroxo-, Oxo-, and catena-Oxo-Manganese Complexes. u-Peroxo-
bis[N,N'-disalicylideneethylenediaminatomanganese(III)],

I

[Mn II(saZen)]20 MnII(salen) (2.0 g) was dissolved in DMSO

2:
(150 cm3) in a nitrogen atmosphere and then the solution was

kept in oxygen (1 atm) at room temperature for about 12 h.

-5-



Two grams of precipitates were thus separated. The precipitates
were extracted with CH2C12 (1 L), and then the solvent was
evaporated to ca. 50 cm3 to leave reddish brown crystals. They
were separated by filtration and then dried <im vacuo at 50 °c for
6 h. Yield: 0.2 g. When the solution of MnII(salen) was kept in
a nitrogen atmosphere which contained about 2.0 vol% of oxygen,

the crystals of the p-peroxo complex could be obtained in a ca.

90% yield. The u-peroxo complex is soluble in CH2C12 (ca. 0.4 g/L)
and is slightly soluble in DMSO and DMF.

Oxo[N,N'-di(3-methcaysalicylidene)ethylenediaminato]-
manganese (IV) Methanol Adduct, O=MnIV(3—MeOSaZen)'2MeOH: MnII(3-MeO-
salen)-H20 (2.0 g) was suspended in absolute MeOH (200 cm3), and
then oxygen gas was bubbled through the mixture while it was being
stirred for ca. 20 h. The solution turned greenish brown, and
dark green, crystalline needles were separated. The crystals were
filtered and dried <»m vacuo. Further crystals were obtained by
concentrating the filtrate. Yield: 1.4 g. The complex was
recrystallized from methanol.

Poly, catena-oxo (N,N'-disalicylideneethylenediaminato)} -
manganese(IV), -[-MnIV(saZen)-O-]ﬁ: MnII(salen) (1.0 g) was
dissolved in pyridine (100 cm3) under a nitrogen atmosphere, and
then the solution was allowed to stand for about 20 h in dry oxygen
(1 atm). The brown precipitates thus separated were centrifuged,
washed with MeOH, and then dried im vacuo. Yield: 0.95 g.

Poly, catena-oxo[N,N'-di(3-methoxysalicylidenel)ethylenedi-
aminatolmanganese (IV), -[—MnIV(S—MeOsaZen)—O-]iz The complex was
obtained from MnII(3—MeOsalen)°H2O in the way described above.
Yield: 93%.

Poly, catena-oxo[N,N'-di(5-nitrosalicylidene)ethylenediaminato)-

-6~



manganese (IV) Dimethylformamide Adduct, -[—MnIV(5-N023aZen)-O—]ﬁ-
(DMF)n: The complex was prepared by a similar reaction of
MnII(S—Nozsalen) in a DMF solution. Yield: 90%.

These catena-oxo complexes are amorphous, and they are insoluble
in water and in common organic solvents.

Measurements. The oxygen uptake was measured by using a
Warburg manometer. The infrared spectra were obtained in Nujol

mulls using a JASCO IR-L spectrophotometer in the 400 — 4000 cm_l

region, and a Hitachi EPI-L spectrophotometer in the 200 — 700 cm_1
region. The .electronic spectra were recorded on a Hitachi EPS-3
spectrophotometer. The magnetic susceptibility was measured for

a powder sample by the Faraday method, using a torsion balances)
over the temperature range from 77 to 293 K, and by the Gouy method
at room temperature. The equipment was calibrated using a standard
nickel chloride solution. Thermogravimetric and differential
thermal analyses were carried out using a Rigaku Denki DG-CIH

Thermoflex, at a heating rate of 5 oC/min or 2.5 oC/min, and under

a nitrogen stream.

Results and Discussion

As is shown in Table 1, the analytical data of the aerial

Table 1. Analytical data

Found (%) Calcd (%)
Complex c H N Mn c H N  Mn
I [MnIII(salen)]zoz 56.00 4.04 8.13 16.60 57.00 4.19 8.31 16.29
11 -[-Mn"V(salen)-0-1 56.12 4.04 8.26 16.47 57.00 4.19 8.31 16.29
111 -[-Mn'V (3-MeOsalen)-0-]= 53.50 4.65 6.84 13.63 54.41 4.57 7.05 13.76

v '[-MnIV(S—NO salen)—O-]E-(DMF)n 45.39 3.77 13.77 10.89 45.60 3.84 14.00 10.98

2
v o=Mn'V(3-MeOsalen) - 2MeOH 51.75 5.93 5.76 12.13 51.85 5.63 6.04 11.85




IT

oxidation products of Mn" - Table 2. oOxygen uptake of MnII(Xsalen)a)
. . _ Molar ratio: Time®’
(Xsalen) are in fair agree Complex solvent
02/complex min
ment with the Mn(Xsalen)O
II
Mn™ "~ (salen) DMSO 0.53 30
formula. The data of the
DMF 0.46 S
manometric measurements
MeOH 0.30 1440
shown in Table 2 indicate MnII(B—MeOSalen)-HZO DMSO 0.48 40
that the Mn'T (Xsalen) MeOR 0.40 1200
mn't (5-NO,salen) -2py DMF 0.40 2160

uptake oxygen in a Mn : 0,

. . a) Measurements were carried out at 20 °c.
molar ratio of 1 : 0.5 is ¢

b) The time needed for attaining equilibrium.
consistent with the above
results. However, as will be discussed below, these products can

be classified into three types of complexes, including MnIII-Oz-

MnITT (Y v

—O-)B, and Mn™ =0 bonds respectively, on the basis of
their physicochemical data.

Solubility. Complex I (ef. Table 1) is slightly soluble in
such organic solvents as CH2C12, DMF, and DMSO, while Complexes II
and IITI are insoluble in these solvents. Complex IV is soluble in
DMSO, but sparingly so. It should be noted that Complex V is
soluble in MeOH without decomposition, whereas in a py, DMF, DMSO,
or CH2C12 solution it is converted to an insoluble Complex III, in
an almost quantitative yield.

Thermogravimetric Analyses. Complexes II, III, and IV
show a similar pattern in the TGA curves (Fig. 1), decreasing in
weight in the 200 — 225 °c range and with subsequent decomposition.
These weight losses correspond to that caused by the release of
0.5 mole of oxygen per manganese atom.

Though Complex I shows a similar weight loss at 198 °c which

is thought to be caused by the liberation of 0.5 mole of oxygen

per manganese atom (observed, 4.6%; calcd, 5.3%), no other

-8-



remarkable decomposition is, in

this case, observed to occur __;—_____‘\\-___\\\\\

until ea. 250 oC. It should be IS%

noticed that, upon heating at

about 200 °C for 1 h in vacuo,

Weight loss, %
<

the complex was converted to the

MnII(salen) in an 85% yield.

Complex V decreases in

1 | 1
100 200 300

Temperature, °C

weight corresponding to the

Fig. 1. TGA curves.
I: [MnIII(salen)lzoz, II: -[—MnIv(salen)-O-la,
111: -[-MnTV(3-Me0salen)-0-1z, 1v: - [-Mn'V(5-
NO,salen)-0-13, V: o=Mn'V (3-MeOsalen) - 2MeOH.

release of two moles of MeOH per
manganese atom between 70 and
140 oC, and then it decomposes.
Magnetic Properties. Lewis et aZ.3) have reported that
polymeric [Mn(salen)-O-Mn(salen)]-H20 shows a room-temperature
magnetic moment of 2.03 — 1.92 BM, and that there exists a large

1

antiferromagnetic interaction with J=-90 cm — for a binuclear cluster

(5=2, ¢g=2.00, and Na=0or S=1, g=2.05, and No=0). Complex I in the
present study shows 1.96 BM (Table 3) at room temperature, a value

which is considerably lower than those (4.96 — 4.98 BM) found for

IIT

the Mn (salen) X-

type complexes .
Table 3. Magnetic mometns and characteristic IR bands
a)

where X is Br or

Complex Heff IR band
- 6 -1
-9 Moreover, a T BM b)cm
Mn~ " (salen) 5.28 (5.27)
significant deviation MnII(B—MeOSalen)-HZO 5.92
from the Curie-Weiss 1 mn™I1(salen) 1,0, 1.96 645, 631
v

law is observed over I ~I-Mn"'(salen)-0-]z 1.99 662, 602

111 -[-Mn’V(3-MeOsalen)-0-]1; 1.58 655, 609
the temperature v

v O=Mn" " (3-MeOsalen) - 2MeOH 3.81 840

range fro
g rom 77 to a) Measured at 296 K. b) Taken from ref. 3.

296 K (Fig. 2).



Below cq. 130 K, the data fit

fairly well a curve calculated

by assuming a binuclear cluster

Mn-0,-Mn, with J=-85 cm_l,

5=1, ¢g=2.00, and Noa=0.

Xmn X 108

However, at higher temperatures

they deviate from the curve x}w
and fit, rather, one calculated . x/

for J=-90 cm T, S=2, g=2.00, 00|

1 L
100 200 300

and Na=0. These magnetic data
Temperature, K

can be understood by taking into Fig. 2. Magnetic susceptibilities.

. III
. . : Experimental results for [Mn (salen)],0,.
consideration the thermal ©: Exp , 272
——: calculated for a binuclear cluster $=1,

1

equilibrium between spin-free J=—85cm ~, ¢g=2.00, Na=0. ---: cal.zl:ulated for
a binuclear cluster $=2, J=-90 cm ~, g=2.00,

and spin-paired configurations ¥a=0. x: Experimental results for -{-tn''(3-
MeOsalen)-o-]x-‘. -++: calculated _f‘?r a bi-

in the complex. As for nuclear cluster §=3/2, J=-125 cm ~, ¢g=2.00,
Na=0.

Complexes II and III, their

room-temperature magnetic moments are lower than that (3.75 BM) of
the spin-only value expected for the octahedral Mn(IV) complexes.
Moreover, the magnetic susceptibilities deviate from the Curie-
Weiss law (Fig. 2); this deviation is probably caused by antiferro-
magnetic interaction between manganese atoms bridged by the oxygen
atom. Kubo et aZ.7) have reported that the magnetic susceptibili-
ties of ammonium pentafluoromanganate(III), which has a linear
chain structure, fit the curve calculated for a one-dimensional
array of Ising spins S=2 above 80 K, assuming a "reduced" spin
magnetic moment. The data for Complexes II and III do not fit the
curve calculated assuming Ising spins $=3/2. As is shown in Fig. 2,
the data fit, rather, the curve calculated by assuming a binuclear

cluster including Mn-O-Mn bonding with S=3/2. Moreover,

=10~



==-95 cm-l and -125 cm_l are proposed Complexes II and III respect-
ively. As for Complex V, the room-temperature magnetic moment,

3.81 BM, is consistent with that expected for a high-spin Mn(IV).

In this case, the magnetic susceptibilities fit the Curie-Weiss

law well.

Infrared Spectra. Complexes I-IV show IR spectral frequencies

which are comparable with those of the corresponding MnII(Xsalen)

in the 700 — 4000 cmnl region. On the other hand, as is shown in

Fig. 3 and Table 3, the spectra of the complexes in the 600 — 700

cm_l region are characterized by two intense absorption bands.

3)

The p-oxo, [Fe(salen)]zo, and u-peroxo, [[Co(NH3)5]202](NO3)4,

including a metal-oxygen bond, show similar bands at 820 and 560

cm respectively. 1In the case of Complex V, a new band is observed

at 840 cm_l. In view of the fact that the [O=Mn(salen)]202 complex,

which is considered to involve both Mn=0 and Mn—02-Mn bonds, shows

a b
it
1
w
n
L
Ji v
/
i | 1. 1
. i o4 20 30 40
800 700 600 800 700 600 Wave number, 103 cm-t
Wave number, cm -1 Wave number, cm -1

Fig. 3. IR spectra (in Nujol mulls). Fig. 4. Electronic spectra.

a: MnII(salen), I: [MnIII(salen)lzoz,
II: —[-MnIV(salen)—O-]ﬁ, b: Mnil(3-
MeOsalen) -H,0, III:-[-n'V(3-MeOsalen)-
0-15, V: o=mn'V(3-Me0salen) - 2Meon.

a: Mn'T(salen) in pyridine, I: [MnT1T-

(salen)]zo2 in dichloromethane, V:
O=MnIv(3—MeOsalen)'2MeOH in methanol.

-11-



the characteristic band at 884 cm“l referred to the Mn=0, and
those at 640 and 623 cm © referred to Mn-O bonds,g) it is likely
to ascribe the above bands in the 600 — 700 cm ® to the Mn-O bond,
and the band at 840 cm_l, to the Mn=0 bond.

Electronic Specira. The electronic absorption spectra of
the MnII(salen) and Complexes I and V in solution are represented
in Fig. 4. The absorption bands appearing in the wave-number region
higher than 25000 cm—l are thought to be associated mainly with
the ligand transitions. As may be seen in Fig. 4, the MnII(salen)
shows no intense absorption band in the visible region. Information
concerning the structure of the oxygenated complexes may be obtained
by inspecting the visible spectral features. It has been reported
that the spin-free manganese(III) complexes with an octahedral

configuration give rise to a d-d transition band (SEg -> 3

log €=2.5 around 20000 cm_l.g) On the other hand, the spin-free

ITI

ng) with
penta~coordinate Mn (salen) X, where X is Br or I-, shows two
absorption bands, around 20000 cm-l with log €= 3.0 and around
25000 cm_1 with log €=3.5; these have been described by Prabhakaran

et aZ.G)

as a d-d transition and a charge-transfer band respectively.
As can be seen in Fig. 4, the spectral pattern of Complex I with

two absorption bands at ea. 20000 and ca. 23200 cm_l resembles

that of the penta-coordinate manganese(III) complexes. Thus, as

for Complex I, the visible and the IR spectral properties, as well
as the thermal property, which indicates a reversible release of
oxygen, led the author to conclude that Complex I includes a u-
peroxo bond and that the structure can be depicted as is shown in
Fig. 5-(a). As has been mentioned, the magnetic moment, 1.96 BM,

of Complex I (e¢f. Table 3), lower than that expected for the

penta-coordinate manganese(III) complexes with a square-~pyramidal

-12-
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Fig. 5. Schematic structures for the complexes.

structure, can be explained in terms of an antiferromagnetic exchange

which may be caused by the formation of a binuclear structure through

the u-peroxo bond. The magnetic moment, 3.81 BM, of Complex V

(ecf. Table 3) agrees with the assumption that the complex includes

a spin-free Mn(IV). The visible electronic spectrum of Complex V,

unlike that of Complex I, shows only one peak, at 23200 cm-l. This

spectral feature is not inconsistent with those of such spin-free,

octahedral manganese(IV) complexes as [MnF6]2- and [MnC16]2-, which

show absorption maxima at 21800 and 17900 cdd'respectively.lo)

On the basis of these facts, a proposed structure for Complex V is

shown in Fig. 5-(c). The insolubility of Complexes II, III, and

IV did not allow measurements of the electronic spectra in solution.

However, the magnetic properties and the IR spectral data, as well

as the fact they are obtained from the oxo complexes, led the author

to propose the structure for the complexes shown in Fig. 5-(b).
Effects of Oxygen Partial Pressure, Solvent, and Substituent

on the Oxidation Reaction. As has been discussed above, three

types of complexes containing a p-peroxo, catena-oxo-, or oxo-bond

were isolated in the reactions of the MnII(Xsalen) with oxygen in

organic solvents. The effects of the oxygen partial pressure and

of the nature of the solvents and substituents, X, on the complex

formation will be considered.
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As has been described in Experimental, the MnII(salen) yielded,
upon reaction with oxygen in a DMSO solution, the p-peroxo complex
as a precipitate plus precipitates of the catena-oxo complex. As
can be seen in Table 4, the amount of the u-peroxo complex of the
above precipitates increases with a decrease in the partial pressure
of oxygen applied in the reaction system; it increases up to 86%
when oxygen diluted to 1.7 vol% by mixing with nitrogen is used.

It can be noticed that, in py and DMF solutions, the reaction using
dilute oxygen gave the p-peroxo complex, although the reaction
using pure oxygen only afforded the catena-oxo complex.

The results (c¢f. Table 4) Table 4.

The effects of oxygen partial pressure
I1X

. and solvents on the formation of (Mn (salen)],0,
suggest that the formation ami-bmﬁvmaunroqa”
of the p-peroxo complex is Yield®!
Py, (vol%)»
favored in the solvents in DMSO DAIF Py
1.7 86 82 21
the following order; py ¢ 10 — 50 —
20 — 16 0
DMF ¢ DMSO, and that it is 100 10 0 Y
a) The reactions were carried out using Mnll(salen) (1 g)
also favored when oxygen and solvent (50 ml), at room temperature for 15 hr..

[Mn!llisalen)];O, was separated as soluble part by
extraction with CH,Cl,.
b) Represented in volume 9, of O, in mixed O, + N, at
atmospheric pressure and room temperature.
pressure is allowed to react. ¢) Corresponds to
[Mn!H(salen)],0,
[Mn!!isaleni],0; + -[~MnlV{salen)-O-]-4

with a lower partial

X 100 in gram.

As for the MnII(B—MeO—
salen)-HZO and MnII(S-Nozsalen)-Zpy complexes, the corresponding
u-peroxo complex could not be obtained even if the reaction was
carried out in a DMSO solution using dilute oxygen of 1.7 vols.

The oxo complex, O=MnIV(3—MeOsalen)~2MeOH, was successfully
isolated only for the 3-methoxy substituted complex in a MeOH
solution. Further, it is of importance that, in a DMF, DMSO, or

py solution, the oxo complex is transformed to the insoluble
catena-oxo complex, —[-MnIV(3-MeOsalen)-O-]5, almost quantitatively,

indicating that the reaction forming the catena-oxo complex proceeds

=14~



via the oxo complex. The low solubility of the catena-oxo and
u—-peroxo complexes did not allow kinetical measurements. However,
in view of the results obtained in the present study, it can be

interpreted by assuming that the reactions proceed as follows:

s-(mntly-s + 0, —Eie S-(MnIII)-Oz + s (1)
s-(m™h-0, + 0,- n™TT)-s —539 2s- (' TT)-0- + o, (2)
s-(ntily 0. — 5 s-mlV)=0 (2-1)
nis- Mn'V)=0] — -[-Mn™V)-0-1= + n-s (2-2)
s-mn -0, + s-un'T)-s R s-(n'th-0,- (T -s  (3)

((Mn) represents a parent complex, MnII(Xsalen).)

As is illustrated in Fig. 4, the MnII(salen) shows an
electronic absorption maximum at 27000 cm_l (log €=4.5); this
maximum is shifted to a lower frequency with the solvents in the
order of MeOH (28700 cm 1)> DMF (27700 cm )> DMSO (27600 cm 1)>
py (27000 cm_l). Similar spectral behavior is observed for the
substituted MnII(Xsalen). These results seem to indicate that
the complexes are coordinated with the solvent in solutions.

In fact, an adduct with a solvent, e.g., MnII(S—NO salen).2py, is

2
isolated. Hence, the reaction of the manganese(II) complexes with
oxygen could be initiated by replacing a coordinated solvent
molecule with oxygen, thus forming an intermediate superoxo complex,
as is represented in Eg. 1. When assuming that the unstable
superoxo complex thus formed undergoes reactions to yield both

oxo- and u-peroxo complexes, following Egs. 2 and 3, respectively,

the reaction rate in respect to the superoxo complex can be given as:

-15~-



d[S—(MnIII)—Ozl/dt = kl[02][S—(MnII

II1

)-5]

- kyls-m™h)-0,1% - & [s- (Mn'T)-s] [s- "Iy -0,1  (4)

where kl, k2, and k3 are the rate constants in Reactions 1, 2, and

3 respectively.ll)

Reactions 2-1 and 2-2 are thought to follow
Reaction 2 very rapidly in DMF, DMSO, and py solutions. 1In view

of the fact that the catena-oxo, and u-peroxo complexes were
separated out of the reaction system as precipitates, the concentra-

tion of the superoxo complex involved in solution must remain

approximately constant during the reaction; that is,
dals- ' TT)-0,1/at = o (5)

Thus, the ratio of the yield of the catena-oxo complex to the

u-peroxo complex can qualitatively be described as:ll)

catena-oxo complex kik [0,]
oc 12, 2
u-peroxo complex k32 [s- (MnTT)-s]

(6)

proportinal to the ratio of [02] to [S—(MnII)—S]. This relation
can explain the experimental finding (e¢f. Table 4) that the yield
of the catena-oxo complex decreases with a decrease in the oxygen
concentration.

In a solvent such as pyridine, which tends to coordinate with
a stronger affinity toward the central manganese ion, it is not
unreasonable to expect a smaller kl than in another solvent. Hence,
the higher yield of the catena-oxo complex by the reaction in the
pyridine solution implies smaller k3 and kl values. The failure to

obtain the p-peroxo compound of the MnII(3—MeOsalen)-H O may be

2
attributed mainly to a larger kl caused by the electron-donating

methoxy group, which weakens the bonding of the central manganese
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ion with the solvent. The fact that the MnII(S—Nozsalen)-Zpy
yielded the catena-oxo complex, even in the DMSO solution, can be
explained in terms of a stronger bonding with the solvent due to

the electron-withdrawing nitro group.

The author wishes to thank Associate Professor C. Miyake for
the use of equipment for magnetic susceptibility measurements by

means of the Faraday method.

Summary

By the reaction of MnII(salen) and its analogs with molecular
oxygen in organic solvents, three types of complexes including as
structural units the MnIII-Oz—MnIII, —(—MnIV—O—)H, and MnIV=0
bonds respectively, have been obtained, and characterized by
means of their electronic and infrared spectra, by thermogravimetric
analysis, and in terms of their magnetic properties. The lower

magnetic moments for [MnIII

(salen)],0, and -[-MnY(salen)-0-1=

272 n
than those expected have been interpreted in terms of antiferro-
magnetic interactions. The oxo complex was found to give the
catena-oxo complex quantitatively in a DMF, DMSO, or py solution.
The effects of the oxygen partial pressure and the nature of the
substituent in the organic part on the complex formation were
investigated. A lower partial pressure of oxygen has the advantage

of yielding the u-peroxo complex in a higher yield. The reaction

mechanism is discussed.
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11) From Egs. 4 and 5, concentration of superoxo complex is given

as follows:
I

I B
[S=(Mn™")-S}
[s-(mn*TT)-0,1 = x (—k3+—\/k32+4k1k2[02]/[S—(MnII)~-S])
2k
2 .
(1)
And, the rate equation respect to catena-oxo, and y-peroxo
complexes are given by Egs. (ii) and (iii), respectively:
at- (- ™) -o-)=1/at = (1/n)-ats-(n'TH)-0-1/at
= (ky/m) [s- (" Ty -0,12 (i1)
ats- -0 - 1) -sj/at = kyis- ™11y 0,1 [s- (n™T)-s] (iii)

Then, from the Egs. (i), (ii), and (iii) the ratio of reaction
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rate for catena-oxo complex to that for u-peroxo complex is

derived as,

at- (- n™y-0-)z1/at k,[s- (" TT) -0, ]
T11 I1i1 =

ats-(Mn* Tty -0,- (™) -s)/at nk3[S-(MnII)—S]

5 [0,] )
= (a/2n)| -1 V1 + (4kgk,/k5%) (iv)

(s- (Mn1I) -s)

Eg. (iv) can be gualitatively transformed as shown by Egq. 6.
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I - 2 Preparation of Iron(II) Schiff Base Complexes Supported

on Polystyrene and Their Oxygenation in Solution

Introduction
It is well known that reversible oxygenation of hemoglobin

and myoglobin can be accompolished by the steric and hydrophobic

1)

effects of globin proteins. Wang has reported a synthetic model

which was made by embeding molecules of the diethyl ester of hemes
in a hydrophobic matrix of polystyrene and 1-(2-phenylethyl)-
)

imidazol.2 These embeded heme groups have been found to combine

with O, reversibly even in the presence of water. Recently, iron(II)

2
complexes with modified porphyrins such as "picket—fence"3) and
"capped"4) porphyrins have been synthesized as models for myoglobin
and found to combine with 0, reversibly to form 1 : 1 superoxo

complexes at or near room temperature.
In this section, the preparation and oxygenation of iron(II)
Schiff base complexes which are bonded covalently to polystyrene

(shown below) will be described.

gl

CH,Cl  CH
2 r M2
0
¢=0
H Q H
C=N_ N=C

Fe(Pst-salphen)
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Experimental

Measurements. IR spectra were recorded on a Hitachi 215
grating spectrophotometer. UV and VIS spectra were recorded on a
Hitachi 340 recording spectrophotometer. Polarograms were measured
with a Yanagimoto P-8 polarograph. Magnetic susceptibilities were
determined by the Gouy method. Oxygen uptakes were measured by
use of a Warburg manometer.

Materials. All the reagents were of reagent grade. Solvents
were purified by a usual manner. Polystyrenes having molecular
weights 2500 (highmer-Sleo) and 1400 (highmer-STgs) which were
obtained from Sanyo Chemical Ind. Co. were used without further
purification.

Preparation of Chloromethylated Polystyrene. Chloromethylated
polystyrenes were prepared by the following modified method described

5)

in the literature. Zinc chloride (4.5 g) was added to a chloro-
methyl ethyl ether (200 cm3) solution of polystyrene with MwW=1400
(28.5 g). The mixture was warmed in a water-bath kept at 49 - 50 °c
for 70 min. After a dioxane solution (75% wt/wt) of water equimolar
to the ZnCl2 had been added, an equivolume amount of watér to the
dioxane solution was added to separate two phases. The upper phase
solution was separated, followed by evaporation to remove the
chloromethyl ethyl ether under reduced pressures yielding a gel
product. This was dissolved in dioxane (20 cm3). The solution was
filtered, and the filtrate was poured into a large volume of methanol
(300 cm3) to produce a white precipitate. It was reprecipitated
from a mixture of tetrahydrofuran (THF) and methanol. The yield

was 13.6 g. The extent of chloromethylation was calculated to be

ca. 26% from the content of chlorine (7.98%).
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The chloromethylated polystyrene using polystyrene with
MW=2500 was obtained in a similar manner. The extent of chloro-
methylation was calculated to be ca. 32.7% from the content of
chlorine (9.67%).

Preparation of a Schiff Base Ligand; N,N'-disalicylidene-

4-carboxy-1,2-phenylenediamine, 4'-CO00H-galphenH To a THF

9°
(150 cm3) solution of 3,4-diaminobenzoic acid (4.56 g, 0.03 mol)
was added salicylaldehyde (14.4 g, 0.12 mol). The mixture was
refluxed for 1 h and filtered. The filtrate was evaporated to
dryness under reduced pressures. Ether (100 cm3) was added to
this to give an orange-yellow precipitate. It was collected on
a glass filter, washed with ether, and dried in vacuo. Yield :
8.7 g. mp, 199.5-201.5 ©°c. Found: C, 69.54; H, 4.38; N, 7.71%.

Calcd for C C, 69.99; H, 4.48; N, 7.77%.

21816N29%:¢
Preparation of Schiff Base Ligands Supported on Polystyrene;
Pst—sathenHz-(I). To a dioxane solution (150 cm3) of the
chloromethylated polystyrene (4.0 g) which was obtained from
polystyrene with MW=1400 were adaed 4'—COOH-—salphenH2 (3.0 g)
and triethylamine (2.0 g). The mixture was refluxed for 3 h and
then evaporated under reduced pressures to give a yellow solid.
It was dissolved in N,N-dimethylformamide (DMF, 20 cm3), and the
solution was poured onto a large volume of water (500 cm3). The
resulting yellow product was collected on a glass filter, washed
with methanol several times, and dried in vacuo. The yield was
4.0 g. The content of the Schiff base was calculated to be
0.47 mmol/g from the elemental analysis. Another Pst—salphenHz—

(II) was obtained in a similar manner by use of the chloromethyl-

ated polystyrene which was prepared from polystyrene with MW=2500.
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This contained the Schiff base ligand of 0.41 mmol/g. The
analytical values obtained for the two polymers indicate the
inclusion of one molecular unit of the Schiff base per a polymer
chain.

Preparation of the Iron(II) Complex; [Fe(4'—COOH—sathen)-H20].

To a THF (30 cm3) solution of 4'—COOH-—salphenH2 (1.0 g) were
added Mohr's salt, Fe(SO4)(NH4)2SO4-6H20, (1.07 g) and a mixture
of pyridine (2 cm3) and water (11 cm3). The resulting solution
was kept at 50 °c for 20 min, followed by the addition of water
(100 cm3) to give an olive precipitate. It was filtered, washed
with water and then ether, and dried in vacuo. All the procedures
were carried out under nitrogen atmosphere. The yield was 1.1 g.
Found: €, 57.28; H, 3.31; N, 6.65; Fe, 11.97%. Calcd for
Fe(C21H14N204)(H20): C, 58.36; H,3.73; N, 6.48; Fe, 12.92%. This
complex was stored in an evacuated tube to avoid aerial oxidation.

Preparation of Polymeric Iron(II) Complexes; [Fe(Pst-salphen)]-
(1). To a DMF (20 cm3) solution of Pst—salphenHz—(I)(l.O g)
was added dropwise a methanol solution (20 cm3) of triethylamine
(0.3 g) with stirring. An aqueous solution (5 cm3) of Mohr's
salt (0.12 g) was added to the solution with stirring. After
allowing to stand for 20 min, the resulting pale brown solid
was filtered, washed with water, a mixture of water and methanol
(1 : 1), and then methanol, and dried in wvagceuo. All the
procedures were carried out under nitrogen atmosphere. The yield
was 0.8 g. The content of iron atom in this polymeric complex
was determined to be 1.9%.

[Fe(Pst-salphen)]-(I1I). This complex was prepared in a

manner similar to that described above, using the Pst~sa1phenH2—(II)
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which was obtained from polystyrene with MW=2500. The content of

iron atom in this polymeric complex was determined to be 1.2%.

Results and Discussion

The purpose of this work is the preparation of iron(II)
Schiff base complexes supported on polystyrene which are soluble
in organic solvents. Thus, polystyrenes having relatively low
molecular weights (1400 and 2500) were chosen as starting materials.
The degree of chloromethylation of these polystyrenes was controlled
to be ca. 30%, avoiding formation of cross-linked polymers.
By controlling fhe reaction conditions the contents of Schiff base
ligand bonded to the polystyrene were regulated to be
0.5 mmol ligand/g or less than that. In these polymers the Schiff
base group is involved its one molecular unit per a polymer chain.
The polymeric iron(II) complexes, [Fe(Pst-salphen)]-(I) and (II),
are soluble in DMF and in pyridine.

Table 1 summarizes the magnetic moments of the monomeric and
polymeric iron(II) complexes at foom temperature and their oxygen
uptakes. The values of magnetic moments are not contradict with
that expected for complexes with d6 high-spin electron configuration.
The oxygen uptake of [Fe(4'-COOH-salphen)-HZO] shows the ratio
of 02 to Fe nearly equal to 0.25, indicating the formation of
uy-oxo dimers. On the other hand, the polymeric iron(II) complexes
show the oxygen uptake beyond 0.5 (Oz/Fe). This is suggestive
of the formation of 1 : 1 adducts with dioxygen.

Figures 1 A and 1 B show the changes in the polarograms of
[Fe(4'-COOH-salphen)-HZO] and [Fe(Pst-salphen)]-(I), respectively,

in the course of the reaction with O2 in DMF. The monomeric
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Table 1. Magnetic moments and oxygen uptake of iron(II)

Schiff base complexes

u a) Oxygen uptake

eff
Complex

BM OZ/Fe
[Fe (4'-COOH-salphen) -H,0] 5.31 0.272)
[Fe (Pst-salphen)]-(I) 5.19 0.77%)
[Fe (Pst-salphen)]=-(II) 5.46 0.62c)

a) Measured at room temperature. b) Measured in DMF at 25 Cc.

c¢) Measured in DMF at 0 °c.

iron(II) complex shows the cathodic wave at -1.50 V due to the
reduction of Fe(II) to Fe(0) under nitrogen (NZ) atmosphere as
shown in curve 1. The cathodic waves are observed at -0.32 and
-0.80 V by introducing O2 to the solution. When N2 was bubbled

to the solution again, the former remains without change but the
latter wave disappears. Thus, the cathodic waves at -0.32 and
-0.80 V can be assigned to the reductions of Fe(III) to Fe(II)

and of free 02 in solution, respectively, on the basis of the
reduction potentials. This indicates that the monomeric iron (II)
complex is oxidized to iron(III) complex irreversibly by 02.

On the other hand, the polarograms of [Fe(Pst-salphen)]-(I) show
a behavior different from those for the monomeric iron(II) complex.
The cathodic wave at -0.28 V observed by introducing O2 disappears

by passing N, through the solution showing curve 2 in Fig. 1 B.

2
Such a cycle can be repeated at least three times without change in
the polarograms. The polarogram observed after allowed to stand

for 24 h undér dry air shows the cathodic wave at -0.08 V as shown

in curve 3. This wave can be assigned to the reduction of Fe(III)
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(3)

Current/vA
Current/uA

1 - 1 1 1
0.0 -1.0 0.0 - -1.0
(E vs. Hg pool}/V (E vs. Hg pool)/V

Fig. 1. Polarograms of [Fe(4'-C00H-salphen)-HZO] (A) and
[Fe (Pst-salphen) ]-(I) (B) in the course of the reaction

with 0, in DMF at 25 ©c.

(A): (1), under N2; (2), under 02; (3), after bubbled N2

into the solution shown in curve 2. . (B): (1), under Nz;

(2), under 02; (3), after allowed to stand for 24 h under

dry air.

Current/uA
Current/uA

(8)

—L 1
0.0 -1.0 0.0 -1.0
(E vs. Hg pool)/V (E vs. Hg poo!)/¥

Fig. 2. Polarograms of [Fe(Pst-salphen)]-(I) in the course of

the reaction with o, in pyridine (A) and in a mixture of
pyridine and water (99/1 in v/v) (B) at 25 °cC.
(A) and (B): (1), under NZ; (2), under 02; (3}, after allowed

to stand for 24 h under dry air.
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to Fe(II), indicating that the polymeric iron(II) complex was
oxidized to iron(III) complex gradually by 02. Therefore, the
cathodic wave at =-0.28 V can be assigned to the reduction of the
oxygenated complex, probably the 1 : 1 adduct with dioxygen.

Such reversible oxygenations have been found to occur in a
pyridine solution and even in a mixed solution of pyridine and
water (99/1 in v/v) of [Fe(Pst-salphen)]-(I), as shown in Figs.

2 A and 2 B, respectively. The same behavior was observed in
polarograms of [Fe(Pst-salphen)]-(II) in the course of the reaction
with 0,- These results indicate that the reversible oxygenation

may take place in the iron(II) complexes supported on polystyrene.
This may be caused by the polystyrene matrix which protects the
iron(II) complexes from the irreversible oxidation viq dimerization
and viq nucleophilic attack of water molecules by the steric
hindrance and hydrophobic effects.

Unfortunately, the UV and VIS absorption spectra accompanied
by the oxygenation of the polymeric iron(II) complexes have not
been observed clearly owing to disturbance of intense absorption
bands of the Schiff base ligand bonded to the polymers. Furthermore,
oxygenated products of the polymeric iron(II) complexes have not
been characterized by other physicochemical methods in this work,
because of the instability of oxygenated iron complexes which

formed in solution.

Summary
The iron(II) Schiff base complexes supported on polystyrene

combine with O. reversibly in solution, although the corresponding

2

monomeric complex is oxidized to the iron(III) complex irreversibly.
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Chapter II

Adducts of Bis(B~diketonato)manganese(II) with N,N-Dimethyl-

formamide, Dimethyl Sulfoxide, and Pyridine

Introduction

The manganese (II) complex of acetylacetone Mn(acac)z, first
prepared by Emmert,z) has been reported to form the adducts with
formulas Mn(acac)2B2 where B is HZO’ NH3, pyridine derivatives,
guinoline, isoquinoline, or primary amines; and Mn(acac)zB where
B is pyridine derivatives, pyrazine, or allylamine.2 -7
Recently, Koda et aZ.B) have revealed by X-ray study that crystalline
Mn(acac)2(NH2-CH2—CH=CH2) has a dimer structure containing
six-coordinate manganese ions and two moles of acetylacetonate
groups as bridging ligand. Graddon et aZ.4) have shown on the
basis of the molecular weight measurements that Mn(acac)2B2 and
Mn(acac)zB, where B is pyridine and its analogs, tend to dissociate
the axial bases and form a dimer and/or a trimer complexes in the
non-coordinating solvents such as benzene and triphenylmethane.
Hudson et ql. pointed out by inspection of the ESR spectra that
anhydrous Mn(acac)2 is monomeric in a DMF solution, dimeric in a
mixed ether-pentane-ethanol solution, and trimeric in an ortho-
terphenyl solution.g)

In the course of the study on the reaction of the transition
metal complexes with molecular oxygen in organic solvents such as
DMF, DMSO, or pyridine, it was found that the reaction of the
manganese (II) complexes depends remarkably upon the nature of the
solvents, as described in section I-1l. This prompted the author

to investigate the adduct formation of MnII(B—diketonato)2 with

these solvents.
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ExXperimental

Measurements. The IR spectral measurements, thermogravi-
metric analyses, and magnetic susceptibility measurements were
carried by using instruments described in section I-1.

Materials. All reagents were of reagent grade. Solvents

were purified in a usual manner. Mn(acac)22H O and Na[Mn(acac)3]

4)

2

were prepared by the method in the literature. Mn(bzac)22H o,

2
2O, and Mn(tfac)22H20 were obtained by a similar way

Mn(dbm)22H
to the above.

Preparation of the Adducts. Mn(acac)zpy and Mn(acac)22py
were prepared by the 1iterature.4)

[Mn(acac)Z]ZDMF: Mn(acac)22H20 (2.0 g) was dissolved in an
oxygen free, anhydrous DMF (30 cm3). The solution was evaporated
very slowly in a desiccator under reduced pressure at room
temperature until crystals began to separate. Ivory colored
crystals separated were collected on a filter, and washed with a
small amount of anhydrous ether, and then dried in vacuo. Yield:
1.7 g.

Mn(acac)ZDMSO: The complex was obtained similarly from a
DMSO solution of Mn(acac)22H20 by evaporating the solution to
dryness. The adduct was kept on a filter paper in a desiccator.
Yield: 1.4 g. Washing with ether caused a decomposition of the
adduct.

The adducts with DMF, DMSO, and py obtained in a similar way

are listed in Table 1.

Results and Discussion
Table 1 includes the analytical data of the adducts. These

data indicate a Mn(acac)2 to DMF molar ratio of 2 : 1, and a
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Table 1. Melting points, color, and analytical data of the

adducts
M.P. Analysis (%)
Compounds " ©oc  Color Found (Calcd)
C H N Mn

IMn(acac)zlzDMF decomp. ivory 47.57 6.04 2.37 19.22
(47.68) (6.09) (2.42) (18.97)
Mn(acac)zDMSO decomp. ivory 43,22 5.93 16.45
(43.51) (6.08) (16.58)
Mn(bzac)ZZDMF 70-71 yellow 59.81 6.39 5.59 10.91
(59.66) (6.16) (5.35) (10.49)
Mn(bzac)ZZDMSO 109-110 orange 53.93 5.66 10.49
(54.03) (5.67) (10.30)

Mn(bzac)22py 98.5-99.5 wine red 67.06 5.29 5.03 10.80
(67.54) (4.91) (5.25) (10.30)

Mn(dbm)22DMF 222-223 wine red 66.94 5.47 4.32 8.70
(66.77) (5.60) (4.33) (8.48)

Mn(dbm)ZZDMSO 251-252 wine red 62.16 5.18 8.82
(62.09) (5.21) (8.35)

Mn(dbm)22py 234-235 wine red 72.51 4.99 4.18 8.60
(72.83) (4.89) (4.25) (8.33)

Mn(tfac)22DMSO 109 vellow 10.66
(10.62)

Mn(tfac)22pya) 98-98.5 yellow 10.85
(10.60)

a) py; Found: 30.2%, Calcd: 30.4%. Pyridine content was analyzed

by a modificationlo) of Kieldahl method.

Mn(acacb to DMSO molar ratio of 1 : 1. Whereas, in the cases of
the other B-diketonate complexes, only bis-adducts with DMF, DMSO,
or py could be obtained.

As shown in Fig. 1, the TGA curves of DMF, DMSO, and py
adducts of acetylacetonate clearly show a weight loss in the
90 - 160 °c range corresponding to the release of the bases. The
bis-adducts of the other R-diketonates do not show a clear thermal

dissociation of the additional bases.
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DMF Adducts: It is well

established that the coordination
of DMF to the transition metal ions
through the oxygen results in a
shift of the C=0 stretching band to

a lower frequency than that of free
11 - 13)

Weight loss, %

DMF The spectrum of

[Mn(acac)2]2DMF in Nujol mulls shows

a new band comparing with that of

1 1 I
100 200 300
Mn(acac),. at 1656 em ! which can be Temperature. ¢

. . Fig. 1. TGA curves measured at a
ascribed to the oxygen-coordinated g v °

heating rate of 2.5 "C/min under
a nitrogen stream.

DMF (c¢f. Table 2). While in the

. 1: Mn(acac)z, 2: [Mn(acaclzszMF,
cases of Mn(bzac),2DMF and Mn(dbm),- 3: Mn(acac),DMSO, 4: Mn(acac),py.
2DMF, it is noticed that newly two

bands are observed in the above region, Z.e.,at 1669 and 1641 cm—l

in the former; at 1664 and 1642 cm_'l in the latter (e¢f. Table 2 and

Figs. 2 and 3). These facts suggest different two molecules of

DMF being bonded

in the compounds.

As is seen in !
Fig. 2, in a 1,2~
dichloroethane

solution, above

Y
\
1
1
1
1
[}
i
)
]
1
{
]
1
[}
i
1
1
1
1
)
. 3 k)
characteristic two 4

X
bands disappeared,

" '
and an intense 1700 1600 1700 1600

- -1
Wave number, cm ! Wave number, cm

band appeared at Fig. 2. IR spectra of

Fig. 3. IR spectra of
1678 cm--l which Mn(bzac) ,2DMF; in Mn (dbm) ,2DMF; —— in
Nujol, --- in C2H4Clz- Nujol, --- in C2H4C12.
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Table 2. Characteristic IR-bands,?! (cm™ )

Compound v (C=0) v (S=0) CH3 rocking

pMFP) 1678

[Mn (acac),],DMF 1656

Mn(bzac)22DMF 1669, 1641

Mn(dbm)ZZDMF 1664, 1642

DMSOb) 1065 950

Mn(acac)zDMSO 1064 60

Mn(bzac)22DMSO 1020 956

Mn (dbm) ,,2DMSO 1043 931
1015 960

Mn(tfac)22DMSO

Measured, a) in Nujol mulls and b) in C2H4C12.

quite agrees withthat of free DMF in a 1,2-dichloroethane solution.
A shoulder band at ca. 1660 cm'-1 was not observed in a diluted
solution. Similar spectral behavior is also observed as for
Mn(dbm)22DMF (ef. Fig. 3). These results are thought to indicate
that the DMF adducts dissociate the DMF in the solution. And the
apparent degree of the dissociation has been evaluated as shown in
Table 3, on the basis of the IR spectral change.

DMSO Adducts: The DMSO molecule coordinated through the oxygen
to the first-row transition-metal ions is known to be characterized

by the infrared S=0 stretching band observed in the 985 - 1025 cm.-1

region, being shifted to a lower frequency than that of free DMSO.14)
As shown in Figs. 4 and 5, the characteristic S=0 band can also
be visualized in the spectra of the present DMSO adducts. The
numerical data are listed in Table 2. In a 1,2-dichloroethane
solution, this band apparently disappeared and an intense band is
observed at 1065 cm_l which agrees with that of free DMSO, indicating
that the adducts dissociate the DMSO in the solution (ef. Figs. 4

and 5). Further, it is noticed that the band observed at around
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955 cm-l for DMSO adducts in Nujol mulls, which may be ascribed
predominantly due to the CH; rocking mode of the DMSO, is realized
to appear at 950 cm—1 in a 1,2-dichlorcethane solution which
farely corresponds to the free DMSO. And the degree of the

dissociation is evaluated as given in Table 3.

1100 1000 1100 1000

Wave number, cm ™ Wave number, em”™

Fig. 4. IR spectra of Fig. 5. IR spectra of

Mn (bzac) ,2DMS0; —— in Mn (dbm) ,2DMSO; —— in
Nujol, --- in C,H,Cl,, Nujol, --- in CyH,CL,,
and of Mn(bzac),2H,0; and of Mn(dbm),2H,0;
--- in Nujol. -+=- in Nujol.

Table 3. Degree of dissociation of the adducts

in 1,2-dichloroethane

Concentration of Degree of

Compound -3 ) i . a)
adduct/ mol dm dissociation/ %
Mn(bzac)22DMF 0.031 80.7
Mn(dbm)22DMF 0.031 62.3
Mn(bzac)22DMSO 0.028 73.5
Mn(dbm)22DMSO 0.035 72.3

a) The degree of dissociation was evaluated by using
the concetration of free DMF or DMSO in solution
determined from the optical density of the band
at 1678 cm ' for DMF adduct, or 1065 em 1 for DMsO

adduct, on the basis of the calibration curve.
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The IR spectra of DMF, DMSO, and py adducts of Mn(_acac)2 in

the 300 - 700 cm—1 region are shown in Fig. 6. The absorption

1

bands observed for [Mn(acac),],DMF at 356, 375, and 673 cm —, and

for Mn(acac)zDMSO at 317 and 332 cm_l can be assigned due to the

MF16) and DMSOl7), respectively. In the region of 400 - 500 cm

18, 19)

-1

where metal-oxygen vibration are expected to appear,

anhydrous Mn(acac)2 shows two intense bands at 399 and 449 cm-l,

while Mn(acac)22H20 shows only one intense band at 412 cm_l.

As for the pyridine adducts, the spectral feature around 400 cm‘-l
appears to be complicated comparing with that of Mn(acac)22H20.
However, it is considered to be caused by mixing with the absorption
bands of pyridine in this region; and spectral pattern may be
interpreted as being in analogy to that of Mn(acac)22H20 with one

intense band. The difference in the spectral pattern described

700 600

N Ve
Wy Y
W
V
vl
R

<<'S

7 << <:::

YV
YW
sb/ V\/\/ v\{\nf

Y
°°°° Y WV \/

400
-1

z

LN

=
= <

6

Wave number, cm

Fig. 6. IR spectra (in Nujol) Fig. 7. IR spectra(in Nujol)

1: [Mn(acac)z]zDMF, 1: Mn(tfac)QZDMSO, 2: Mn(tfac)22py,
2: Mn(acac),DMSO, 3: Mn(acac), 3: Mn(tfac),2H,0, 4: Mn(bzac),2DMF,
4: Mn(acac)ZZHZO, 5: Mn(acac)zpy, 5; Mn(bzac)22DMSO, 6 Mn(bzac)22pyl
6: Mn(acac)ZZpy. 7: Mn(bzac)ZZHZO.
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above would arise from the following difference in the structures
of the compounds. As described before, Mn(acac)2 is considered
to have a trimeric structure in a solid state in view of the results

of molecular weight determination41 2

and ESR spectral investigation.
On the other hand, Mn(acac),2H,0 as well as Mn(acac),2py might
have a monomeric, six-coordinate structure with two molecules of
axial ligands. Thus, the absorption band observed at 449 cm_l for
Mn(acac)2 may be ascribed to a structure which includes acetyl-
acetonato ligands arrayed octahedrally around the manganese ion.
Different metal-oxygen vibration modes in above two types of the
complexes would caused the different features in the spectra. The

spectra of Na[Mn(acac)3] with two intense bands at 400 and 423 cm_l,

and of MnIII -12h

(acac)3 with three bands at 409, 432, and 460 cm
are not thought to be inconsistent with above assumption. Further,
it is suggested from the following facts that the spectra in

22)

400 - 500 cm_l region of tetrameric [Co(acac)2]4 and of trimeric

[Ni(acac)2]320)

which include bridged acetylacetonato ligands
show three absorption bands at 407, 420, and 443 cm_l and at 412,
420, and 443 cm—l, respectively: on the other hand, dihydrate
complexes, Co(acac)22H2O and Ni(acac)22H20 have only one intense
band at 422 and 427 cm I, respectively.

As shown in Fig. 6, the spectra of [Mn(acac)2]2DMF and
Mn(acac)zDMSO in this region are composed of two bands at 404 and
447 cm_l in the former, and at 406 and 448 cm_l in the latter,
suggesting an octahedral configuration of acetylacetonato ligands.
On the basis of these results, a probable structure of

[Mn(acac)z]zDMF can be drawn as depicted in Fig. 8, having a

unitary structure of octahedrally arrayed acetylacetonato ligands.
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It is of significance to note that

the spectrum of Mn(acac)z(allylamine) 0’“\\

D/"Ip
. . . . . . O —_ -0
with dimeric structure including bridged / J //7/\ 7/:
~o
acetylacetonato ligands does not / /
. 0_4_-—0\ /
clearly show the band which can be j//i\ /
~0
comparable with the characteristic
one at 447 cm—'.L for [Mn(acac)z]zDMF Fig. 8. A proposed structure

-1 for [Mn(acac)z]zDMF.
or at 448 cm for Mn(acac)zDMSO.

It is conceivable since the dimeric
structure of the allylamine adduct does not involve a unitary
octahedral arrangement of acetylacetonato ligands around the
manganese ion.s) As for Mn(acac)zDMSO, a similar structure to
trimeric Mn(acac)2 would be preferable, since the fixation of the
DMSO can not be thought to occur through coordination to the
central manganese ion judging from the shift of the S=0 band upon
the adduct formation (ef. Table 2) and from an instability of the
adduct, Z.e., at easy substitution with HZO in a wet air or easy
release of DMSO in a dry air.

The spectra of bis-adducts of the other B-diketonates in the
300 - 700 cm_1 region were only made of those of the parent

I(B—diketonato)ZZHZO and of the additional bases, as is exem-
plified in Fig. 7, suggesting monomeric structure of the adducts
with axially coordinated bases.

As represented in Table 4, bis-adducts have magnetic moments

in the range of 6.01 - 6.13 BM, which correspond to the spin-only

4) that

value, 5.92 BM. It has been pointed out by Graddon et al.
magnetic moment of Mn(acac)2 (5.68 BM) is lower than that of
Mn(acac)22H20 (6.02 BM). Slightly lower magnetic moments of

[Mn(acac)z]zDMF and Mn(acac)zDMSO than that of Mn(acac)22H20 is
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Table 4. Magnetic moments®

Compound ;ﬁfﬁ Compound ;ﬁff
Mn(acac)22H20 6.17 Mn(bzac)22DMSO 6.12
Mn(acac)2 5.93 Mn(bzac)22py 6.08
[Mn(acac)z]zDMF 5.97 Mn(dbm)22DMF 6.13
Mn(acac)zDMSO 6.03 Mn(dbm)ZZDMSO 6.10
Mn(bzac)22H20 6.09 Mn(dbm)22py 6.01

a) Measured at room temperature by Gouy method:

was calculated by Heff = 2.83VX x T.

Uefs corr

not inconsistent with assumed polymeric structure for these adducts.

Summary

A series of the adducts of MnII(B—diketonato)2 with N,N-
dimethylformamide, dimethyl sulfoxide, or pyridine has been prepared.
Acetylacetonate complex forms the adducts with formula [Mn(acac)z]z—
DMF and Mn(acac)zDMSO, while, in the cases of the Mn(II)-complexes
with B-diketonato other than acetylacetonato, only bis-adducts,
Mn(B—diketonato)2B2 could be isolated, where B is DMF, DMSO, or py
and B-diketonato is benzoylacetonato, dibenzoylmethanato, or
trifluoroacetylacetonato ligand. These adducts readily dissociate
additional bases in 1,2-dichloroethane. IR spectra of [Mn(acac)2]2-
DMF, Mn(acac),DMSO, and Mn(acac), in the 300 - 700 em 1 region are
characterized by an intense band around 450 cm—1 as compared with
that of Mn(acac)22H20. These bands are taken as an indication of
the structure where manganese ion is surrounded octahedrally by
acetylacetonato ligands. A probable structure of [Mn(acac)z]zDMF
is thus drawn to be a dimer with bridged acetylacetonato ligands.

The structure of Mn(acac)zDMSO is essentially identical with that
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of Mn(acac)z, and the DMSO molecule may be included as a
crystalline solvent. The bis-adducts can be described as having

additional bases at the trans-positions.

1) The following abbreviations are used in this Chapter: DMF =
N,N-dimethylformamide; DMSO = dimethyl sulfoxide; py = pyridine;
acacH = acetylacetone; bzacH = benzoylacetone; dbmH = dibenzoyl-

methane; tfacH = trifluoroacetylacetone.

References
2) B. Emmert, H. Gsottschneider, and H. Stanger, Chem. Ber., 69,
1319 (193e6).
3) E. P. Dwyer and A. M. Sargeson, J. Proc. Roy. Soe. N. S. W.,
90, 29 (1956).
4) D. P. Graddon and G. M. Mockler, Aust. J. Chem., 17, 1119 (1964).
5) Das, Asoke K. and Rao, D. V. Raman, Curr. Sei., 39, 60 (1970).
6) Y. Nishikawa, Y. Nakamura, and S. Kawaguchi, Bull. Chem. Soec.
Jpn., 45, 155 (1972).
7) F. Cariati, D. Galizzioli, F. Morazzoni, and L. Naldini,
Inorg. Nucl. Chem. Lett., 9, 743 (1973).
8) S. Koda, S. Ooi, H. Kuroya, Y. Nishikawa, Y. Nakamura, and
S. Kawaguchi, Inorg. Nucl. Chem. Lett., 8, 89 (1972).
9) A. Hudson and M. J. de G. Kennedy, Inorg. Nucl. Chem. Lett,,
7, 333 (1971).
10) I. Masuda, Nippon Kagaku Zasshi, 82, 125 (1961). (in Japanese)
11) J. Archambault and R. Rivest, Can. J. Chem., 36, 1461 (1958).
12) J. Archambault and R. Rivest, Can. J. Chem., 38, 1331 (1960).
13) G. Matsubayashi, T. Tanaka, and R. Okawara, J. Inorg. Nucl.

Chem., 30, 1831 (1968).

-39~



14)

15)

1e6)

17)

18)

19)

20)

21)

22)

K. Nakamoto, "Infrared Spectra of Inorganic and Coordination

Compounds," 2nd. Wiley-Interscience, a Division of John Wiley
& Sons. p. 210 (1970) and the references cited therein.

R. 5. Drago and D. Meek, J. Phys. Chem., 65, 1446 (1961).

J. E. Katon, W. R. Feairheller, Jr., and J. V. Pustinger, Jr.,
Anal. Chem., 36, 2126 (1964).

T. Tanaka, Inorg. Chim. Acta, 1, 217 (1967).

K. Nakamoto, Y. Morimoto, and A. E. Martell, J. Phys. Chem.,
66, 346 (1962).

M. Mikami, I. Nakagawa, and T. Shimanouchi, Spectrochim. dcta,
23, 1037 (1967).

G. J. Bullen, R. Mason, and P. Pauling, Inorg. Chem., 4,

456 (1965).

J. P. Dismukes, L. H. Jones, and J. C. Bailar, Jr., J. Phys.
Chem., 65, 792 (1961).

F. A. Cotton and R. C. Elder, Inorg. Chem., 4, 1145 (1965).

-40-



Chapter III
III - 1 Reactions of Manganese(III) Schiff Base Complexes with

Superoxide Ion in Dimethyl Sulfoxide

Introduction

Manganese complexes have been of interest in connection with
the biological redox processes including catalytic disproportiona-
tion of superoxide ion, 02_. Examples are the manganese-containing
superoxide dismutases (Mn-SOD) and the oxygen evolving photosystem

1) In the Mn-SOD process, a manganese ion may

2,3)

II in green plants.
exist in the oxidation state of +III. Recently, McAdam et al.
have reported that the reaction of the Mn-SOD with 02- depends on
a ratio of 02_ concentration to the enzyme and that at high ratios
(> 15) it can not be explained by the simple two-step mechanism
proposed for the Cu-SOD. Thus, they have postulated a kinetic
model including a form of tﬁe enzyme, EC, as follows:

E + 02 —> E + 02

A B
- 2t
EB + O2 - EA + H202
EB + 02 —_— EC

Ec > Epr

where Ep represents a native oxidized enzyme, E
and EC an enzyme unreactive toward 02-.4)

Howie et al. have reported that the reaction of the manganese(II)

s reduced enzyme,

and -(III) 8-quinolinol complexes with 02 in dimethyl sulfoxide

(DMSQO) can be considered as a redox model for the Mn—SOD.S)

III(tpp)Cl reacts with 02—

DMSO to give MnII(tpp); here tpp denotes tetraphenyl porphyrin

) Recently, Stein et gl. have reported that MnIII(cydta)_

Valentine ¢t al. have found that Mn in

. . 6
dianion.

III

and Mn (edta)  react with 02— in DMSO to give MnII(cydta)z_ and

MnII(edta)z_, respectively, where H4cydta and H4edta denote
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1l,2~cyclohexanediamine-N,N,N',N',-tetraacetic acid and ethylene-

diaminetetraacetic acid, respectively.

In this Chapter,

7)

the reactions of a series of the chloro-

manganese (III) Schiff base complexes (Fig. 1) with O2 in DMSO
will be described.
R, R, L
H CH,CH, salen
5-CH. CH.CH, 5-Mesalen
H B> H 3 2
c=, §N=c 5-Br CH,CH, 5-Brasalen
&@o/ M”\o@ Ry 5-NO, CH,CH, 5-NO,salen
Cll 5,6-Benzo CH.,CI, 5,6-Benzosalen
3-OCH, CH,Cl, 3-McOsaien
H C.H, salphen
CH3\C=N/R2\_ /CH3 H CH,,p salchxn
HC/ \Mn _C\CH H CH(CH,)CH, salplu
Ny
20" | No—¢? CH, CH,Cl, acacen
R of} N\ R, Gl CH,CIH, bzacen
CH, CH(CH,)CH, acacpln
R C.H; CH(CH,)CH, bzacpln
E.__h'l\ R L
@o/ Mn /O@ C,H; N-Prsai B
[ Nh=c C,H, N-Busai
¢t gH CoHy, N-c-Hxsai
Fig. I.  Manganese(I1I) Schilf base complexes studiced.

Experimental

Preparation of Chloromanganese(II1I) Schiff Base Complezxes.

All the chloromanganese (III) Schiff base complexes were prepared

by the following method, adapted from the literature.

8,9)

Chloro[N,N'-bis(2-benzoyl-1-methylethylidene)ethylenediaminato]~-

manganese (III), Mn(bzacen)Cl:

To a dichloromethane (50 cm3) -

methanol (50 cm3) solution of N,N'-bis(2-benzoyl-l-methylethylidene)-

ethylenediamine (3.47 g) was

Mn (CH,CO0) 5+ 2H,0 (2.68 g) .

2

added manganese(III) acetate dihydrate,

The mixture was allowed to stand at

40 °c for 30 min, and then lithium chloride (0.6 g) was added.

After having been stirred for 1 h, the solution was concentrated to
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ca. 20 cm3 under reduced pressure. Ether (200 cm3) was then added
to precipitate brown solids. They were collected on a glass filter,
washed with small volumes of water, 2-propanol, and then ether, and
then dried inm vacuo. They were recrystallized from dichloromethane.
The yield was ca. 60%. The analytical data and the magnetic moments
of some manganese(III) complexes are given in Table 1.

Isolation of Oxygenated Complexes. [Mn(salen)]202, Complex 1
and [Mn(salen)O]n, Complex 2: To a DMSO solution of Mn(salen)Cl-
HZO (0.7 g) and 18-crown-6 (0.5 g) was added potassium superoxide,

KO, (0.15 g) in a nitrogen atmosphere at room temperature. After

2
having been stirred for 2 h, the solution was evaporated to remove
DMSO under reduced pressure. The reddish brown solids which separated
were collected on a glass filter, washed with water, methanol, and
then ether, and then dried iIn vacuo. They were extracted with
dichloromethane (500 cm3). The dichloromethane solution was
evaporated under reduced pressure to give reddish brown needles,
complex 1, which was identified to be [Mn(salen)]202 by the infrared
spectrum and the magnetic susceptibilities. On the other hand, the
insoluble product in dichloromethane was identified to be
[Mn(salen)O]n' complex 2. The yields of complexes 1 and 2 were

0.21 and 0.43 g, respectively. When the reaction of Mn(salen)Cl-H20

with KO, in DMSO was carried out in the absence of 18-crown-6, the

2
yields of complexes 1 and 2 were 0.03 and 0.50 g, respectively.

TasLe |. ELEMENTAL ANALYSES AND MAGNETIC MOMENTS OF MANGANESE (I1I) COMPLEXES
Found (%) Caled (% O pg®
Complex —_—— —_ A
C H N Mn C H N Mn :

Mn(acacen)Cl- (H,O)g 5 44.81 5.95 8.71 16.92 45.02 5.72 8.97 17.08 4.96
Mnu(acacpln)}Cl. (H,O)g. 3 46.98 6.22 8.51 16.40 46.93 6.21 8.42 16.51 4.77
Mn(bzacen)Cl 60.20 4.91 6.23 12.35 60.49 5.08 6.41 12.53 4.91
Mn(bzacpln)Cl 61.75 5.60 6.08 12.02 61.27 5.37 6.21 12.19 4.81
Mn(5,6-Benzosalen)Cl 62.80+ 3.96 5.93 11.89 63.10 3.97 6.13 12.03 4.97

a) Measured at room temperature.
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The oxygenated manganese complexes, Mn(salchxn)O-HZO and

Mn(5,6—Benzosalen)O-H20 were obtained by the reactions of the

corresponding chloromanganese(III) complexes with KO, in DMSO and

2

benzene, respectively. These complexes were reddish brown powders
and were insoluble in common organic solvents. Therefore, further

purification could not be performed. Mn(salchxn)O*H,0: Found:

2

C, 58.70; H, 4.98; N, 6.98; Mn, 13.23%. Calcd for Mn(C20H22N204):
C, 58.69; H, 5.42; N, 6.84; Mn, 13.42%. IR: 650 and 618 cm_l

(vMn-0). Magnetic moment at room temperature: 1.89 BM.

Mn(5, 6-Benzosalen)0-*H,0: Found: C, 63.93; H, 3.99; N, 6.23; Mn,

2

12.25%. Calcd for Mn(C C, 63.31; H, 4.43; N, 6.15;

24Hp N0 )
Mn, 12.06%. IR: 653 and 603 cm T (VMn-0). Magnetic moment at
room temperature: 2.90 BM.

To a benzene solution (200 cm3) of

[Mn(bzacen)O]-(CHzcl )

2°0.3°
Mn(bzacen)Cl (0.7 g) and 1l8-crown-6 (0.5 g) was added KO2 (0.15 qg)
in a nitrogen atmosphere. The solution turned the color from brown
to reddish brown gradually on stirring for 2 h. The mixture was
filtered and the filtrate was evaporated under reduced pressure.

The precipitated solids were collected on a filter, washed with
small volumes of water and methanocl and then thoroughly with ether,
and then dried i»m wacuo. On recrystallization from dichloromethane,
reddish brown needles were obtained. The yield was ca. 0.2 g.

The complex is soluble in dichloromethane and slightly soluble in
DMSO. Found: C, 60.07; H, 5.16; N, 6.10; Mn, 12.39%. Calcd for

Mn (C

03)(CH2C1 C, 60.48; H, 5.14; N, 6.33; Mn, 12.40%.

228222 200.3°

IR: 650 cm_l (VMn-0). Magnetic moment at room temperature: 2.55 BM.
The oxygenated complex, Mn(bzacpln)O-(CH2C12)0 4 Was obtained

in a similar manner. Found: C, 60.45; H, 5.25; N, 6.02; Mn, 11.84%.

Calcd for Mn(C 03)(CH2C12)0.4: C, 60.40; H, 5.37; N, 6.02;

23H24N,
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1

Mn, 11.81%. 1IR: 644 cm - (VMn-0). Magnetic moment at room
temperature: 1.87 BM.
Reagents. All reagents were of reagent grade. Potassium

superoxide, KO,, was purchased from Alfa products Inc. (Above 96.5%).
Dimethyl sulfoxide was distilled twice under reduced pressure prior
to use. Benzene was distilled over sodium. Acetonitrile was
refluxed over diphosphorus pentaoxide and distilled twice prior
to use. Dichloromethane was distilled over calcium chloride.
Preparation of DMSO Solution of K02. A DMSO solution of
KO2 (ca. 10-2 M, 1 M=1mol dm-3) was prepared by dissolving ko,
(18.7 mg) into DMSO (25 cm3) in the presence of 18-crown-6 (0.1 g).
The 02_ concentration of the solution was determined by spectro-
photometry.lo)

Reaction of Manganese(III) Complexes with KO The reactions

Py
of the manganese(III) complexes with 02- were carried out under
nitrogen atmosphere.

Measurements. The UV, VIS, and NIR spectra were recorded
on Hitachi EPS-3 and Hitachi 340 recording spectrophotometers. The
IR spectra in the 4000 -~ 650 and 700 - 250 cm-l regions were recorded
on a Hitachi 215 and on a Hitachi EPI-L grating spectrophotometer,
respectively. Polarograms were obtained by using a Yanagimoto
P-8 polarograph. A dropping mercury electrode and a mercury pool
were used as the working and the reference electrode, respectively,
this avoided any effect of water on the reaction systems that would
occur if a saturated calomel electrode was used. Tetrabutylammonium
perchlorate, Bu4NClO4, was used as the supporting electrolyte and
Triton-X 100 as the maximum suppressor. Magnetic susceptibilities

were measured by a Gouy method at room temperature.
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Results and Discussion

It is supposed that in the native Mn-SOD the nitrogen and/or
oxygen atoms of the amino acid residues of the protein are coordi-
nated with manganese ions, although the details of coordiantion
structure have not yet been clarified. Recently, the manganese
ion in the native Mn-SOD has been found to be in the oxidation

2,3)

state +III. The reactions of the manganese(III) Schiff base

complexes with 0, investigated here afford information in connec-
tion with the catalytic disproportionation of 02_ by the Mn-SOD.
Visible Absorption Spectra. Figure 2 shows the spectral
changes of Mn(salen)Cl-HZO in the DMSO solution caused by the
addition of KO2 in different molar ratios. The spectra changed
remarkably, showing an isosbestic point at 390 nm. And a broad
absorption band which appeared for the first time around 480 nm

increased in intensity on the addition of KO2 up to [KOZ]/[complex]

= 4; further amounts of KO2 caused a decrease in the intensity

£

Absorbance
Absorbance

0.5

400 500

Wavelength/nm

Wavelength/nm

Fig. 2. Spcctral changes of a DMSO solution of Mn-
(salen)Cl.H,O, 2x10-% M, caused by the addition

of KO,. 1y: No addition, 2} : [KO,}/[complex]=3, 3): G, 4): 10.

Fig. 3. Spectral changes of a DMSO solution of [Mn-
(salen)],0s, 8 X 103 M, caused by the addition of KO,.

1): No addition, 2): {KO,]/{complex]=2, 3): 4,4): 6,
5): after passing O, through the solution shown by curve
4. Cell length: 1 cm.

Cell length: [ cm.
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and the appearance of an absorption band at 364 nm. These spectral
changes can be interpreted as follows. The absorption band around
480 nm may be due to the formation of the oxygenated complex. This
is supported by the fact that the oxygenated complex, [Mn(salen)]zoz,

II(salen) with molecular oxygen in

obtained by the reaction of Mn
DMSO is characterized by an intense absorption band in the same
range, as described in Chapter I-1. The spectral changes
observed on the further addition of KO2 are considered to be due to
a reaction of the oxygenated complex formed in solution with an
excess amount of 02_ to yield the manganese(II) complex, MnII(salen).
This is confirmed by the facts that the absorption spectrum shown
by curve 4 is in agreement with that of MnII(salen) in DMSO, and
that by introducing molecular oxygen (02) into this solution it
comes to show an absorption curve similar to that of the oxygenated
complex, [Mn(salen)]zoz; this complex again reacts with 02_, showing
similar spectral changes, as seen in Fig. 3.

Figure 4 shows the spectral changes for the complex Mn(acacpln)-
Cl by the addition of KO,. These are similar to those observed for

the complex Mn(salen)Cl-HZO.

This indicates that the oxygena-

tion of Mn(acacpln)Cl occurs Lol

because of the reaction with

O2 .

Absorbance
I

Figure 5 shows the spectral

changes for the complex Mn(S—NOZ—

salen)Cl. Unlike the above two on -

Wavelength/nm

com es, the intensity of the
plexes, y Fig. 4. Spectral changes of a DMSO solution of Mn-

. acacpln)Cl. (H,O)¢ 3, 2x10-* M, caused by the
weak absorption band around 500 immiuLfKom o
1}: No addition, 2): [KO,)/[complex]=1.5, 3): 2,
nm decreases with increasing 4):2.5. Celllength: ! cm
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intensity of a new absorption
band at 402 nm. The final absorp-
tion curve shown by curve 4 in Fig.
5 is coincident with that of
mn'!(5-NO,salen) in DMSO. This
indicates that Mn(S-Nozsalen)Cl

is reduced with 02‘ to form the
manganese (I1) complex. The
spectral changes for the complex
MnIII(3—MeOsalen)Cl‘H20 are

shown in Fig. 6. The author
previously reported that MnII(3—
MeOsalen)-H20 was readily oxidized
by O2 in common organic solvents
to give the oxidized complex.

It is clearly evidenced in Fig. 6

IIT

that Mn (3—MeOsalen)Cl'H20 is

reduced with 02_ to the manganese-
(II) complex. Bubbling 0, into
the solution including [KOZ]/

[complex] = 3 and showing absorp-

Absorbance

100 500

Wavelength/nm
Fig. 5. Spectral changes of a DMSO solution of Mn(5-
NO,salen)Cl, 4x10% M, caused by the addition of
KO,.
1): No addition, 2): [KO,}/[complex]=1, 3):2,4): 3.
Cell length: I em.

Absorbance

RIS

Wavelength/nm
Fig. 6. Spectral changes of a DMSO solution of Mn(3-
MeOsalen)Cl.H,0, 1.0x 104 M, caused by the addi-
tion of KO,.
1): No addition, 2): [KO,]/[complex]=1, 3): 2,4): 3,
5): alter passing O, through the solution shown by
curve 4. Cell length: 1 em.

tion curve 4 results in the change of the absorption to curve 5,

which is quite like that observed in the reaction of MnII(3—MeO—

salen)-Hzo with O, in DMSO.

2

Polarograms. The polarograms of the manganese(III)

complexes show one cathodic wave around -0.2 V and one- or two-

step cathodic waves in the -1.5 - -2.0 V range. The polarogram

of Mn(S—Nozsalen)Cl in DMSO is shown by curve 1 in Fig. 7. The

first cathodic wave can be assigned to the reduction of Mn(III) to

-48-



Mn(II) and the second and third waves may involve the reductions of

the coordinated Schiff base ligand.ll’ 12) An addition of KO, to

the solution of the complex ([K02]/[complex] = 2) caused a decrease
in the height of the first cathodic wave and the appearance of a

new cathodic wave at a half-wave potential of -0.6 V. With increas-
ing amounts of K02, the wave height of the former decreased and

that of the latter increased. The above new cathodic wave can be
easily assigned to the reduction of free 0, in the solution, because
the half-wave potential is nearly equal to that observed for dissolv-
ed O2 and the wave would disappear readily if nitrogen gas was
passed through the solution. The solution obtained after passing
nitrogen gas has a polarogram which resembles that of MnII(S—Noz-
salen). These results indicate that Mn(S—Nozsalen)Cl is reduced
with 02_ to yield the manganese(II) complex and O,, mnTIit 4 o0~

2

2¢ where L denotes 5—Nozsalen. This is consistent

with the results observed in the absorption spectral changes.

—> Mt + o

g g

[ -

5 3

3 S

71 ) ) 1
0.0 -0.5 S0 -1 0.0 -0.5 -1.0 L3
(E vs. Hg pool)/V (£ vs. Hg pool)/V
Fig. 7. Changes in polarograms during the reaction of Fig. 3. Changes in polarograms during the reaction of

Mn(5-NOgsalen)Cl, 2x 10~* M, with KO, in DMSO. Mn(bzacen)Cl, 2 x 10-# M, with KO, in DMSO.
1): No addition of KO,, 2): [KO,}/[complex]=2, 1} : No addition of KQ,, 2): [KO,]/[complex]=1, 3): 2,
3): 4, 4): after passing N, through the solution shown 4): 4, 5): after passing N, through the solution shown by
by curve 3. curve 4.
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The polarogram of Mn(bzacen)Cl shown in Fig. 8 exhibits three
cathodic waves at the half-wave potentials of -0.3, -1.6, and -1.8 V.
The first cathodic wave is due to the reduction of Mn(III) to Mn(II).
By the addition of K02, the cathodic wave due to free O2 barely
appeared in the solution composed with [KOZ]/[complex] = 2, though
the wave height around -0.3 V was observed to increase. Further
addition of KO2 ([KOZ]/[complex] = 4) caused a decrease in this

wave height and an increase in the wave height due to free O The

2
polarogram cbtained after passing nitrogen gas through the solution
(shown by curve 4 in Fig. 8) exhibits only a small wave height at
~0.3 V; this may be due to the residue of the manganese(III) complex.
From these polarographic observation, the reaction of Mn{bzacen)Cl
with 02_ can be explained as follows. The increase in the wave
height at -0.3 V observed at the molar ratio change from 1 to 2

may be caused by the formation of the oxygenated complex, hence

the cathodic wave due to O2 is slightly observed. At the molar

ratio of 4 the oxygenated complex reacts with O2 to give the

manganese (II) complex and O,. TasLE 2. REDUCTION POTENTIALS OF MANGANESE(IIT)
2 COMPLEXES AND REACTIVITY TOWARD O,
Reactivity toward 02_. —E,,® vs. Hg pool

Complex v Reactivity
In view of the reactivity toward ﬁﬁ&ﬁ§* foward s
0.  observed in the spectral and Ma(acacen)Cl- (H,O), 5 0.39 Oxygenation
2 Mn(acacpln)Cl- (H.O), 5 0.33 Oxygenation
: . Mn(bzacen)Cl 0.32 Oxygenation
polarographic behavior, the Mn(bzacpln)Cl 0.30 Oxygenation
. Mn(salchxn)Cl 0.21 Oxygenation
chloromanganese(III) Schiff base Mn(5-Mesalen)Cl 0.90 Oxygenation
X .. Mn(5,6-Benzosalen)Cl 0.19 Oxygenation
complexes investigated here can Mn(salen)Cl. H,O 0.19 Oxygenation

Mn({salpln)Cl 0.18 Reduction

be classified into two types: Mn(3-MeOsalen)Cl-H,O 0.15 Reduction

Mn(5-Brsalen}Cl 0.15 Reduction

one involving the complexes which  Mn(salphen)Cl 0.08 Reduction

Mn(5-NO;salen)Cl 0.03 Reduction

‘ ' ; A i .02 Reduction

form the oxygenated complex in Mn(N-Busai),Cl 0 i
Yg P Mn(AN-Prsai).Cl 0.02 Reduction
. .. X [-c-Hxsai),Cl 0.00 Reducti

the solution containing KO, in Mn(N-c-Hxsal)e : cluction

2 a) Measured in acctonitrile containing 0.1 mol dm-?

(Bu),NC1O, at 25 °C.
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the molar ratio of [KOZ]/[complex] < 2 - 3, and the other involving
the complexes which are only reduced to the corresponding manganese-
(II) complexes with the evolution of molecular oxygen. These
results are summarized in Table 2, along with the half-wave
potentials for the reduction of Mn(III) to Mn(II). The reactivity
toward 02— is clearly correlated with the reduction potentials of

the complexes. That is, the complexes having more negative

potentials than that of Mn(salen)Cl.-H.,0 form the oxygenated complex-

2
es, whereas the complexes having more positive potentials than that
of Mn(salpln)Cl are reduced to the manganese(II) complexes.

Isolation and Characterization of the Oxygenated Complexes.
Several oxygenated manganese complexes were isolated by the reactions
of chloromanganese (III) Schiff base complexes with KO, in DMSO or

benzene. 1In the case of Mn(salen)Cl-H.,0, two types of the oxygenated

2
complexes, [Mn(salen)]202 and [Mn(salen)O]n, were isolated. The
former complex shows an intense broad absorption band around 480 nm.
In the IR spectrum the former complex shows a strong band assignable
to the Mn-O stretching vibration at 645 cm—l, while the latter,
which is insoluble in common organic solvents, shows two strong
bands due to the Mn-O stretching vibrations at 665 and 605 cm_l.
The effective magnetic moments of [Mn(salen)]202 and [Mn(salen)o]n
were 2.16 and 2.04 BM, respectively. These values are lower than
the spin-only one which is expected for a complex with the d4 or

3

d” high-spin configuration; they may be caused by the antiferro-

magnetic interactions observed for the complexes where the manganese
atoms are probably linked by the oxygen atoms: MnIII—OZ—MnIII and
E-MnIV-Oi-n, as described in Chapter I-l.

The other oxygenated manganese complexes obtained in this

study also show lower magnetic moments. The IR spectra of the
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oxygenated complexes, Mn(salchxn)O

and Mn(5,6-Benzosalen)0O, which are
insoluble in common organic solvents,
show two strong bands in the 700 to
600 cm * region. Therefore, these

complexes may have a structure

similar to that of [Mn(salen)O] . 3 . ,

On the other hand, the IR spectra of Wave number/10? cm™1

Tig. 9. Elcctronic spectra.
: Mn(bzacen)O-(CH,Cl.), ; in dichloromethane,
------ : Mn(bzacen)Cl in DMSO.

the oxygenated complexes,
Mn (bzacen)0O and Mn(bzacpln)0, which
are soluble in dichloromethane, show one strong band in the 700 to
600 cm_l region. Moreover, the electronic spectrum of Mn(bzacen)O
in dichloromethane shows an intense absorption band around 500 nm,
as shown in Fig. 9. These results suggest that the oxygenated
complexes may have a structure similar to that of [Mn(salen)]202.
Since the manganese(II) complexes with the Schiff bases derived
from B-diketones and diamines have not been isolated due to the
instabilities, there has been no attempt to prepare their oxygenated
complexes by reacting them with 02.

Among the oxygenated manganese-Schiff base complexes, the
compounds with such unitary groups as oxo (Mn=0), pu-oxo (Mn-0O-Mn),

catena-y-oxo (- Mn—OﬁB ), u-peroxo (Mn-0-O-Mn), and di-u-oxo

O\ 1b)
(Mn’ /Mn) have so far been reported.
No

However, these structures
have been determined only by the elemental analyses and the conven-
tional physicochemical measurements, with the exception of the
oxygenated product of MnII(salpn)°H20. This has been revealed by

OH<

X-ray structural analysis to be a di-u-hydroxo structure (Mn\ )Mn),
OH

where salan2 denotes N,N'-disalicylidene-1,3-propanediamine. 13)

The reactivity of Ko, with the present manganese(III) complexes
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will open a new route for synthesis and will provide a method of

characterization for the oxygenated complexes.

Summary
The reactions of the chloromanganese(III) complexes of the
Schiff bases derived from salicylaldehydes or B8-diketones and

diamines or monoamines with superoxide ion, O in DMSO were

2 r
investigated. The complexes are found to react to give either the
oxygenated manganese Schiff base complexes or the reduced manganese-

(II) Schiff base complexes. The difference in the reactivity toward

0,

corresponding to the reduction of Mn(III) to Mn(II) of the complexes.

can be correlated with the polarographic half~wave potentials

Some oxygenated complexes are isolated and characterized.
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III - 2 Reactions of Polymeric Chloromanganese (III) Schiff Base

Complexes with Superoxide Ion in Dimethyl Sulfoxide

Introduction
In the previous section,

. H /RN
the monomeric manganese (III) OHC c=N, _N=c CHO
_Mn
HO‘O{CHZO‘O | ~O CHZOOH
ol n

Schiff base complexes are

R

classified into two types ' H
N=C

y R
c=N - CHZQOH
according to their reactivity HO C%K:§@;/W=c C=N
| H ot
R n R

toward O, : one gives the oxy-

2 R Abbreviation
genated complexes and the other CH(CH,)CH, Mn(p-salpln)Cl
Cg¢H,, Mn(p-saichxn)Cl
is reduced to the manganese(II) (CH.),NH(CH,), Mi(p-saldpt)Cl
(CH,),N(CH,)(CH,), Mn(p-salMedpt)Cl
complexes. This behavior can n-C,H, Mn(N-Prdisai)Cl
n-CH, Mn(N-Budisai)Cl
be correlated with the polaro- -CeHuy Mn(N-c-Hxdisai) Cl
graphic half-wave potentials for Polymeric manganese (I1I)

. complexes.
the reduction of Mn(III) to Mn(II).

In this section, the reactions of the polymeric manganese (IIT)

Schiff base complexes (shown above) with O2 in DMSO will be

described.

Experimental

The monomeric manganese(III) complexes, Mn(saldpt)Cl and
Mn(salMedpt)Cl, were prepared by a modification of the method
described in section III-1l, where saldptH2 and salMedptH2 denote
bis[3-(salicylideneamino)propyllamine and bis[3-(salicylidene-
amino)propyl]lmethylamine, respectively.

Preparation of Polymerie Schiff Bases. The polymeric Schiff
base, p—salplnHz, was obtained by the polycondensation of 5,5'-

methylenedisalicylaldehyde (disale) with propylenediamine in
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dichloromethane. This was reprecipitated from dichloromethane and

ether. The other polymeric Schiff bases, p-salchxnH p-saldptH

27 27
and p—salMedptHZ, were obtained in a similar manner. The analytical
data, specific viscosities (Table 1), and 1H NMR data (Table 2)

Table 1. Elemental analyses and specific viscosities of Schiff bases

_ Found (%) caled (%) nspc)
Ligand c H N c H N
p-salplnil, 72.40 6.22 7.95 72.89 5.91  7.82%) 0.049
p-salchxnH,  74.44 6.75 8.25 74.60 6.32 7.03% 0.057
p-saldptH, 71.76 7.28 9.44 71.54 6.79 10.11% 0.028
p-salMedptH, 71.91 7.04 9.35 71.92 6.93 9.32° 0.035
N-Prdisail,  74.59 7.70 8.18 74.53 7.74 8.28
N-BudisaiH 75.19 8.26 7.67 75.38 8.25 7.64

2
N—c—deisaiH2 77.28 8.17 6.40 77.48 8.19 6.69

a) Calculated as a tetramer. b) Calculated as a trimer. c) Measured

in chloroform (0.40 g/100 cm’) at 25%0.1 °c.

Table 2. lH NMR data of the polymeric Schiff bases ligands
§ in CDCl3

Proton p—salplnH2 p—salchan2 p-—saldptH2 p—salMedptH2
OH 12.8(br) 13.0(br) 13.0(br) 13.3(br)
CHO 9.75(s) 9.78(s) 9.82(s) 9.78(s)
CH=N 8.24(4) 8.24(s) 8.24 (s) 8.21 (s)
¢ eca. 7{(m) ca. 7{(m) ca. 7(m) ca. 7(m)
¢=CH,-¢ 3.78(s) 3.76 (br) 3.84(4) 3.79(s)
CH, \N= 3.70(4) 3.52 (br) 3.58(t) 3.56(t)

@ 3.28
CHZ—N 2.65(t) 2.37(t)
—CH2— 1.60(m) 1.82(m) 1.80(m)
CH3 1.36(m) 2.17(s)

Peak intensity ratio

M 24 20 1.20 1.32

CH=N L. L ) )
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indicate that these polymeric Schiff bases are oligomers whose
aegrees of condensation (n) are within a range of three to five.
N,N'-Dibutyl-5,5"-methylenedisalicylideneamine, N-BudisaiHZ:
This was obtained by the condensation of disalH2 with n-butylamine
in tetrahydrofuran. This was recrystallized from a mixture of
of ether - petroleum ether. The other Schiff base ligands,
N-PrdisaiH2 and N—c—deisaiH2 were obtained in a similar manner.
Their analytical data are given in Table 1.
Preparation of Polymeric Manganese(III) Complexes. The
polymeric manganese(III) complex, Mn(p-salpln)Cl was obtained by

reacting p—salplnH2 with Mn(CH3COO)3-2H 0 and LiCl in a mixed

2
solvent of dichloromethane and methanol. It was reprecipitated
from methanol and ether. The polymeric complexes, Mn(p-salchxn)Cl,
Mn (p-saldpt)Cl, and Mn (p-salMedpt)Cl were obtained in a similar
manner. The other polymeric complexes, Mn(N~Rdisai)Cl (R=Pr, Bu,
and c-Hx) were obtained in a manner similar to that used for
Mn(p-salpln)Cl, and were reprecipitated from dichloromethane and
ether. These polymeric complexes are soluble in methanol and
in DMSO. The analytical data and specific viscosities (Table 3)
indicate that they are oligomers whose degrees of condensation
are within a range of three to five.

Measurements. JTiNMR spectra were taken on a JEOL JNM-PS 100
spectrometer using TMS as the internal standard. The specific

Oc

viscosities were determined using an Ostwald's viscometer at 25%0.1
(0.40 g/solvent 100 cm3). Other physical measurements were carried
out by the method described in section III-1.

The reactions of the manganese(III) complexes with KO2 in DMSO

were made by the procedure described in section III-1.
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Table 3. Elemental analyses and specific viscosities of the polymeric manganese (111)

Schiff base complexes

Found (%) Calcd (%) n d)
Complex sp
C H N Mn C H N Mn
Mn (p-salpln)Cl 58.05 3.90 5.78 12.78 58.47 4.29 6.27 12.30a) 0.051
Mn(p—salchxn)Cl'HZO 58.60 4.40 5.52 10.77 58.88 3.99 5.55 10.883) 0.058
Mn(p—saldpt)Cl'HZO 58.23 4.94 7.62 10.09 58.26 5.58 8.31 10.863) 0.033"
Mn(p—salMedpt)Cl-HZO 57.65 5.46 7.28 8.85 58.19 5.61 7.54 9.86b) 0.044e)

Mn(N-Prdisai)Cl'(H20)0 5 57.96 5.59 6.21 11.84 57.87 5.78 6.45 12.61C) 0.028e)

Mn (N-Budisai)Cl 61.73 6.30 5.73 12.00 60.73 6.20 6.16 12.08c) 0.028f)

Mn (N-c-Hxdisai)Cl+ (H,0), 60.33 6.24 4.98 10.01 59.73 6.68 5.16 10.12°)  o0.0207)

a) Calculated as a tetramer. b) Calculated as a trimer. c¢) Calculated as these

complexes comprised of a Schiff base ligand per manganese atom. d) Measured in

o

DMSO (0.40 g/100 cm3) at 25¥0.1 C. e) Measured in methanol. f) Measured in

chloroform.

Results and Discussion

As described in the preceding section, the absorption spectral
and polarographic measurements can be used to distinguish clearly
either the formation of oxygenated complexes or the reduction of
Mn (III) to Mn{(II) in the course of the reactions of the manganese-
(I11) Schiff base complexes with 02— in DMSO. Figure 1 shows the
spectral changes of a DMSO solution of Mn(p-salpln)Cl caused by
the addition of KO, . A broad absorption band appears around 500 nm
at the [KOZ]/[Mn] = 3, indicating the formation of the oxygenated
complex. The other polymeric manganese(III) complexes investigated
here show spectral changes similar to the above.

Figures 2-A and -B show the changes in polarograms during the
reactions of 02— with the monomeric Mn(N-Prsai)2C1 and polymeric
Mn (N-Prdisai)Cl in DMSO, respectively. In the former case, as the

ratio [KOZ]/[Mn] increases, the wave height at -0.03 V, which
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is due to the reduction of

o

Mn(III) to Mn(II), decreases
and a new cathodic wave appears
at -0.55 V; this can be assigned

to the reduction of free

o
wn

Absorbance

molecular oxygen. The results

indicate that Mn(N-Prsai)ZCl is
400 500
Wavelength /nm

reduced to the manganese(II)

complex and O2 is oxidized to

a new

0 In the latter case,

2°
. . Fig. 1. Spectral changes of a DMSO solution of
cathodic wave is observed g

Mn (p-salpln)Cl (1x10™¢ unit mol am™3) caused

at ea. -0.25 V by the by the addition of KO,, cell length 1 cm.
1l): No addition, 2): (kO,]/[Mn] = 1, 3): 3.

addition of KO,

([KO,1/[Mn] = 1 — 3),

indicating the
formation of the
oxygenated complex.

The other polymeric

Current/pA

manganese (I1I)

complexes show polaro-

grams similar to the
above. These results
indicate that all the
polymeric manganese-

(III) complexes react
with 02_

oxygenated complexes,

to give the

although the corres-

ponding monomeric

(A)

1

(B)

i

(E vs.

Fig. 2.

(A); 1):

00 -05 -10 -1

.5
Hg pool)/V

4

00 -05 -10 -1
(Evs. Hg pool)/V

5

Polarograms in the course of the reactions
(A) Mn(N-Prsai),Cl (2x10°
Mn (N-Prdisai)Cl (2x10

in DMSO containing 0.1 mol dm-3

4 mol dm-3) and (B)

unit mol dm >) with X0,

Bu,NC10, at 25 °c.

4 4

no addition, 2): [KOZ]/[Mn] =1, 3): 3,

4): 6, 5): after passing N2 through the solution

shown by curve 4.

(B);

1): no addition, 2): [KOZ]/

[Mr] =1, 3): 2, 4): 3, 5): 4, 6): after passing N2
through the solution shown by curve 5.
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Table 4. Magnetic moments, absorption maxima, and reduction potentials of
the polymeric manganese(III) complexes, Mn(p-L)Cl and Mn(N-Rdisai)Cl,

and of the corresponding monomeric complexes, Mn(L)Cl and Mn(N-Rsai)zcl

Complex ueffa) Amax —El/2 vs. Hg poolb)
L or R BM bMso solid Mn(III)Va Mn (II)
salpln 4.92 (5.03) 620 sh (605) 630 sh (618 sh) 0.07 (0.18)
salchxn 4.97 (4.96) 605 (588) 628 sh (612 sh) 0.00% (0.21)
saldpt 4.96 (5.14) 595 (584) 618 (610) 0.01 (0.05)
salMedpt  5.10 (4.77) 592 (570) 616 (608) -0.01 (0.16)
Pr 5.04 (4.86) 596 (580) 670 (666) 0.02% (0.05)
Bu 4.94 (5.03) 596 (580) 670 (658) 0.02 (0.02)
c-Hx 5.06 (4.89) 566 (572) 636 sh (679) 0.02 (0.00)

a) Measured at room temperature and calculated from manganese content for the

polymeric complexes. b) Measured in acetonitrile containing 0.1 mol dm_3

Bu4NC104 at 25 °c. c) Measured in DMSO. Values in parenthesescorrespond to the

monomeric complexes.

manganese (III) complexes are reduced by O2 to the manganese (II)
complexes, with the exception of Mn(salchxn)Cl which gives the
oxygenated complex as described in section III-1.

The polymeric complexes showed slightly positive reduction
potentials compared with those for the monomeric complexes (Table 4).
Nevertheless, the oxygenated complexes are found to be formed in
the polymeric complexes. This may be caused by a polymeric
structure in which the central manganese atom is not isolated
from the surroundings, unlike the monomeric complexes. In such an
environment, interaction between DMSO molecules and the central
manganese atom may be weakened by steric repulsion and thus the
oxygenated complex may be protected from dissociation into the

manganese (I1I) complex and 02, because the dissociation should
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proceed via displacement of coordinated dioxygen with DMSO molecules.
This consideration is not contradict with the spectral data (Table

4): The ligand field bands assignable to the d

A
xy 2 dx2_y2 transition

are observed at longer wavelengths in the polymeric complexes than

those in the monomeric complexes.

Summary

The polymeric manganese(III) Schiff base complexes react with
02_ in DMSO to give the oxygenated complexes, while the corresponding
monomeric manganese (III) complexes are reduced by 02_ to the

manganese(II) complexes. This may be ascribed to the polymeric

structure.

References
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III - 3 Preparation of Binuclear Manganese(III) Schiff Base
Complexes and Their Reactions with Superoxide Ion

in Dimethyl Sulfoxide

Introduction
In the previous sections III-1 and -2, the reactions of
monomeric and polymeric manganese(III) Schiff base complexes with

02- in DMSO have been studied in connection with the disproportiona-

tion of 02— 1,2)

In the monomeric complexes, two types of the reaction pathways

by Mn-containing superoxide dismutases (Mn-SOD).

have been found to occur; the oxygenation of the complex and the
reduction of Mn(III) to Mn({II) of the complex. The reactivity of

the monomeric complexes toward O., can be correlated with their

2
polarographic reduction potentials from Mn(III) to Mn(II). In the
polymeric complexes, their oxygenation has been found to occur.
These reactions can be distinguished by measuring the visible
absorption spectral and polarographic changes in the course of the
reactions.

In this section the preparation of binuclear manganese (III)

Schiff base complexes shown below and their reactions with 02_ in

DMSO will be described.

H H,
BrN" R Br
AN

/
HC= N HC=N N=CH

e —@* - /M”\@
o/ \0 0] 0

R= n=2 an(B-o-x-X saidien-ZHBr)Clz

Ch, Chy X=H, 5-Br , 3-MeO
n=3  Mny(B-0-x-X saldpt-ZHBr)Cly
X =H, 5-Br, 3-MeO, 5,6-Benzo

Binuclear manganese(III) Schiff base complexes.
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Experimental

Preparation of Schiff Base Ligands with Bifunctional Chelating
Groups, 0,0'-bis[bisl3-(salicylideneamino)propyllammoniol-o-xylene
dibromide, (B—o—x—sadetHg-ZHBr). To a tetrahydrofuran (THF)
solution (100 cm3) of a,o0'-dibromo-o-xylene (1.32 g, 5 mmol) was
added a THF solution (30 cm3) of bis[3-(salicylideneamino)propyl]-
amine (saldptHz, 3.39 g, 10 mmol). The mixed solution was refluxed
for 2 h with stirring. The resulting yellow precipitate was collected
on a glass filter, washed with a small amount of THF and then ether,
and dried in vacuo. It was recrystallized from acetonitrile.
Other Schiff base ligands were prepared in a similar manner. Their
analytical data are given in Table 1, along with their melting points.

Preparation of Binuclear Manganese(III) Schiff Base Complexes,
MnZ(B-o—x—sadet-ZHBP)CZZ. To a mixed solution of methanol (50 cm3)
and dichloromethane (50 cm3) containing B—o—x—saldptHz-ZHBr (4.71 g,
5 mmol) were added manganese (III) acetate dihydrate (2.68 g, 10 mmol)
amd lithium chloride (0.84 g, 20 mmol). The mixture was allowed
to stand at 45 °C for 1 h with stirring, and then evaporated to
dryness under reduced pressure. The resulting olive-green solid
was collected on a glass filter, washed with a small amount of
methanol and then ether, and dried im vacuo. It was reprecipitated
twice from methanol and ether. Other binuclear manganese (III)
complexes were prepared in a similar manner. Their analytical data
are given in Table 2. These complexes are soluble in methanol,
DMSO, and pyridine, but are insoluble in benzene and ether.

All the mononuclear manganese(III) complexes investigated here
were prepared by the modified method described in section III-l.
They were abbreviated as follows. Mn(Xsaldpt)Cl: Chlorobis[[3-

(substituted salicylideneamino)propyl]aminato}manganese (II1I), where
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X can be 5-Br, 3-MeO, and 5,6-Benzo groups. Mn(Xsaldien)Cl: Chloro-
bis[[3-(substituted salicylideneamino)ethyl]aminato]lmanganese (III),
where X can be 5-Br and 3-MeO groups.

Reaction with 02'. The reactions of the manganese (III)
complexes with KO, in DMSO were made by the procedure described in
section III-1.

Measurements. All physical measurements were carried out
by the methods described in section III-1.

Materials. All reagents were of reagent grade. Solvents

were purified by a usual manner.

Results and Discussion

Table 3 summarizes the properties of binuclear and mononuclear

2
The magnetic moments of the binuclear complexes fall within the

manganese (III) complexes and their reactivities toward O in DMSO.
range of 4.80 to 5.10 BM, which is consistent with the value expected
for the complex with d4 high-spin electron configurations. The
mononuclear complexes Mn(3-MeOsaldien)Cl and Mn(5,6-Benzosaldpt)Cl
exhibit slightly lower magnetic moments which suggest that there

may be magnetic interactions in these complexes. No further study

on magnetic properties has been made. All the complexes in methanol
and DMSO exhibit an absorption maximum due to ligand field transitions
in the 500 to 700 nm range. The absorption band is shifted to high
energy in the spectra of methanol and DMSO solutions compared with
that in the solid reflectance spectra (Table 3). This indicates

that these complexes may assume a six-coordinate configuration in
solution where the solvent molecules are coordinated to the central

3,4)

manganese atom. The polarograms of the complexes show the

cathodic wave due to the one-electron reduction from Mn(III) to
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Table 1. Melting points and analytical data for B-o-x-LH,-2HBr

Ligand M.P. Found (%) Calcd (%)
Iu, °c c H N c H N
saldptH2 133-135 60.92 6.10 8.87 61.51 6.20 8.91
saldienH2 145-151 59.54 5.59 9.40 59.51 5.70 9.50
5—BrsaldptH2 153-155 45.63 4.21 6.83 45.81 4.33 6.68
5-BrsaldienH2 128-135 43.90 3.87 7.08 43.95 3.86 6.99
3-MeOsaldptH, 79- 80 58.58 6.26 8.08 58.76 6.26 7.91
3-MeOsaldienH2 93- 94 56.63 6.00 8.81 57.26 5.81 8.35

5,6-BenzosaldptH2 199-201 66.34 5.59 7.29 67.25 5.82 7.35

Table 2. Analytical data for an(B-o—x—L-ZHBr)Cl2

Complex Found (%) Calcd (%)

L C H N Mn C H N Mn
saldpt 51.88 4.92 7.49 9.68 52.24 4.93 7.62 9.96
saldien 50.41 4.63 8.06 9.75 49.69 4.36 7.90 10.33
5-Brsaldpt 40.26 3.74 6.13 7.26 40.17 3.51 5.86 7.66
5-Brsaldien 38.82 3.47 6.29 7.37 38.32 3.07 6.09 7.97

)

3-MeOsaldpta 49.50 5.00 6.65 8.22 48.96 5.20 6.59 8.61

)

3-MeOsaldien? 47.40 4.70 7.46 9.14 47.27 4.79 6.89 9.00

5,6-Benzosaldpt 58.93 4.79 6.14 8.22 58.24 4.73 6.37 8.32

a) These complexes include two molecules of HZO'

Mn(II) around ~-0.05 V. There is little difference between the
potentials of the mononuclear and binuclear complexes.
Figure 1 shows the absorption spectral changes of the DMSO

solutions of Mn2(B—o—x—S—Brsaldien-ZHBr)Cl (A) and an(B—o-x—

2

5,6-Benzosaldpt-2HBr)Cl., (B) caused by the addition of KO

2 2°

-65~



Table 3. Properties of an(B—o—x—L‘ZHBr)Cl2 and Mn(L)Cl and their reactivities toward 02-

a) b)

Complex Hafsf Amax -21/2 vs. Hg. pool Reactivity
L TBM S Tham v toward 0,” el
MeOH DMSO Solid Mn(III) > Mn{(II)
saldien 4.80 534 sh 590 sh 620 sh 0.02 Redn
(4.83) (552 sh) (592 sh) (630 sh) (0.15) (Oxygn)
5-Brsaldien 4.91 520 sh 620 sh 626 sh 0.03 Redn
(4.98) (560 sh) (590 sh) (640 sh) (0.03) (Redn)
3-MeOsaldien 4.87 518 sh 620 680 sh 0.01 Redn
(4.56) (508 ) (632 sh) (680 sh) (0.00) (Redn}
saldpt 4.83 592 572 602 0.02 Redn + Oxygn
(5.14) (587) (564) (572) (0.06) (Redn)
5-Brsaldpt 4.99 591 556 608 0.01 Redn
(4.76) (592) (580) (608) (0.05) (Redn)
3-MeOsaldpt 5.10 636 588 sh 636 0.01 Redn + Oxygn
(4.72) (604) (594) (608) (0.09) {Redn + Oxygn)
5,6-Benzosaldpt 4.98 592 sh 592 sh 616 sh 6.10 Oxygn
(4.50) (590 sh) (598 sh) (600} (0.13) (Oxygn)

Values and reactivity in the parentheses are those for the mononuclear complexes.

a) Measured at room temperature. b) Measured in DMSO containing 0.1 M Bu4NC104 at 25 °c.

¢) Redn and Oxygn represent the }eduction and oxygenation of the complexes, respectively.

In the former complex, as the ratio [KOZJ/[Mn] increases, the
intensity of a newly appeared absorption band at 380 nm increases
remarkably and the intensity around 480 nm decreases (Fig. 1 A).

Such spectral changes indicate that the manganese(III) complex is

2
the previous sections III-1 and -2. On the contrary, in the latter

reduced by O to give the manganese (II) complexes as discussed in
complex, the intensity around 450 nm increases slightly with
increasing the ratio [KOZ]/[Mn] (Fig. 1 B). This indicates that
the oxygenation of the complex occurs.

Figure 2 shows the changes of the polarograms of an(B—o—x—
5—Brsaldien-2HBr)Cl2 (A) and an(B—o—x-5,6—Benzosaldpt-2HBr)Cl2

(B) in the course of the reactions with O2 in DMSO. 1In the former
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case, as the ratio [KOZ]/[Mn] increases, the wave height at -0.3 Vv
due to the reduction from Mn(III) to Mn(II) decreases and a new
cathodic wave appears at -0.55 V, which can be assigned to the

reduction of free molecular oxygen. This indicates that the .

2 *
wave height at -0.20 V increases by the addition of KO, ([K02]/[Mn]

manganese (III) complex 1is reduced by O In the latter case, the
= 1 - 2), indicating the formation of the oxygenated complex.
These results are consistent with those obtained from the absorption
spectra.

The reactivities of the mononuclear and binuclear manganese (III)
complexes toward 02- (Table 3) are found to be correlated with their
polarographic reduction potentials as described in section III-1.

The complexes Mn(5,6-Benzosaldpt)Cl, Mn(saldien)Cl, and MnZ(B—o—x—

5,6-Benzosaldpt-2HBr)C12, which are reduced at more negative

2
oxygenated complexes. On the other hand, the other complexes

potentials than other complexes, react with O to give their

2
three complexes, Mn(3-MeOsaldpt)Cl, Mn2(B—o-x—saldpt-ZHBr)Clz,

are found to be reduced by O to the manganese (II) complexes except
and Mn2(B-o—x—S,6—Benzosaldpt-2HBr)C12. These complexes exhibit
that the both reduction and oxygenation may occur simultaneously

in the reaction with 02- ([KOZ]/[Mn] =1 - 7), judging from the

changes in the absorption spectra and polarograms (not shown in

Figure). Thus, they are considered as a possible model for Mn-SOD.

Summary
The binuclear chloromanganese (III) Schiff base complexes have

been synthesized and their reactions with 0, in DMSO have been

compared with those for the corresponding mononuclear complexes.
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In both mononuclear and binuclear complexes, three different types
of the reactions are found to occur; the reduction from Mn(III) to
Mn(II), simultaneous reduction and oxygenation, and oxygenation.
These reactivities toward 02— are found to be correlated with their

polarographic half-wave potentials corresponding to the reduction

from Mn(III) to Mn(II).
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Chapter IV
IV - 1 Reactions of Chloroiron(III) Schiff Base Complexes with

Superoxide Ion in Dimethyl Sulfoxide

Introduction

The reactions of iron complexes with superoxide ions, 02-, are
of interest in connection with the biological processes: the
disproportionation of 02_ by the iron-containing superoxide dismutases
(Fe-sSOD) and the catalytic utilization of molecular oxygen by the
hemoproteins.

Hill ét al. reported that FeIII(ppde)ClO4l) reacts with 02_ in
N,N-dimethylformamide (DMF) to give Fe(ppde)—O2 at low temperature

2)

(-50 oC). McClune etal. proposed the formation of the peroxo

111 IIT (eata)]” with

3)

complex, [Fe (edta) O ] , by the reaction of [Fe
02- in water on the basis of a stopped-flow spectrophotometry.
Recently, McCandlish et al. have reported that four different

reaction pathways occurred in the reactions of 02- with iron

porphyrins, as follows:

FeIII(por)+ + 02_ R FeII(por) + 02
2FeIII(por)+ + 02_ _—> [FeIII(por)]zo
FeIII(por)+ + 02_ —_— Fe(por)(o )

T (por) + 0, —> Fel™ (por) (o, 27y,

These reactions depend on conditions such as the solvent, the
concentration, the presence or absence of water, and the temperature.4
In Chapter III, the reactions of the monomeric and polymeric

chloromanganese (III) Schiff base complexes with 02_ in dimethyl
sulfoxide (DMSO) have been described. With the monomeric complexes,
they can be classified into two types in the reactivity toward 02—:
one gives the oxygenated complexes and the other is reduced to the

corresponding manganese(II) complexes. The reactivities toward 02-
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are found to be correlated with the polarographic half-wave potential
corresponding to the reduction from Mn(III) to Mn(II). In the
reactions of the polymeric complexes, the formation of their oxygenate
complexes has been found.

the reactions between 0,  and the monomeric

2

and polymeric chloroiron(III) Schiff base complexes shown below

In this Chapter,
in DMSO will be described. Some of the polymeric complexes show
a clearly different behavior in the changes of the absorption spectra
and polarograms during the reactions with 02_, as compared with
those observed for the monomeric complexes which react with 02_

to give p-oxo dimers.

R Abbreviation of
ligands
CH.,CH, salen
H_ R~ H C:H, salphen
C—N\ N=C CH(CH,)CH, salpln
@» o— Fe C:H,, salchxn
| (CH,),NH(CH,), saldien
Cl (CH,),NH(CH,}), saldpt
(CH.);N(CH,)(CH,), salMedpt
CHy, CHZCHZ\ /CH
AN AN=C 3
HC_ Fe CH CH, acacen
\C o l ~o- C/ CsH; bzacen
R
H /R\ H
OHC CHO
@(CH@'O/F‘*\O@CH@OH
Abbreviation Abbreviati
R ; Abbreviation
of ligands R of ligands
CH.CH, p-salen (CH,),NH(CH,), p-saldien
C.H, p-salphen (CH.,),NH(CH,), p-saldpt
CH(CH,;)CH, p-salpin (CH,);N(CH,;)(CH,), p-salMedpt
Ce¢Hy, p-salchxn
Monomeric and polymeric iron(III) Schiff base complexes.
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Experimental

Preparation of Monomerie Chloroiron(III) Schiff Base Complexes.
Chloro(N,N'~disalicylideneethylenediaminato)iron(III), Fe(salen)CL:
This complex was obtained by a modified method described in the

5)

literature as follows. Anhydrous iron(III) chloride {0.81 g) was
added to an absolute ethanol solution (100 cm3) containing salenH2
(1.34 g) and triethylamine (1.01 g). The mixture was stirred at

70 OC for 1 h, and then allowed to stand overnight in a refrigerator.
The resulting precipitate was collected on a glass filter, washed
with ethanol and ether, and then dried iz vacuo. It was recrystal-
lized from dichloromethane. The yield was 1.1 g.

The other monomeric chloroiron(III) Schiff base complexes were
prepared in a similar manner. The analytical data for some of the
complexes are given in Table 1.

Preparation of Polymeric (0ligomeric) Schiff Base Ligands.

The oligomers of the Schiff bases were prepared by the polycondensa-
tion of disalH2 with diamines or triamines under the controlled
conditions: the molar ratio of disale to amines was maintained at
1.25; the temperature was kept below 20 oC; the reaction was stopped
within 5 min; a dichloromethane was used as a reaction solvent.

Polymeric Scehiff Base, p-saldienH A dichloromethane solution

9t
(20 cm3) of bis(2-aminoethyl)amine (1.4 g, 0.016 mol) was added to
a dichloromethane solution (50 cm3) of disalH2 (5.2 g, 0.02 mol)
with stirring below 20 ©c. After the solution had been stirred for
5 min, it was poured into a large volume of ether (300 cm3) with
vigorous stirring. The resulting yellow precipitate was collected

on a glass filter, washed with ether, and dried in vacuo. It was

reprecipitated twice from dichloromethane and ether. Yield: 3.1 g.
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Found: C, 69.95; H, 6.40; N, 11.63%. Calcd for a hexamer: C, 70.54;
H, 6.33; N, 11.458. 'H NMR (CDC1;) 6 = 12.2 (br, OH), 9.70 (s, CHO),
8.27 (s, CH=N), ca. 7 (m, ¢), 3.80 (s, ¢-CH,~¢), 3.65 (t, CH2N=),
2.95 (t, CHZN-). The specific viscosity (nsp) measured in
chloroform (0.4 g/100 cm>) at 25%0.1 °C.was 0.037. The degree of
condensation (n) was estimated to be six from the analytical data,
the ratios of the peak intensities in the lH NMR spectra, and the
specific viscosity.

The polymeric Schiff bases, p-salplnHz, p—salchanz, p-saldptHz,
and p—salMedptHz, described in the previous Chapter III-2, were
used. They are found to be oligomers (n = 3 to 5) on the basis of
the above measurements. The other polymeric Schiff bases, p-salenH2
and p-salphenHz, were prepared in a similar manner. However, their
NMR spectra and viscositites could not be measured owing to their
poor solubility in organic solvents.

Preparation of Polymeric Chloroiron(III) Schiff Base Complexes.
Fe(p-saldien)Cl: To a dichloromethane (50 cm3)—methanol (20 cm3)
solution containing p—saldienH2 (1.1 g) and triethylamine (0.6 g)
was added anhydrous iron(III) chloride (0.5 g) with stirring at
room temperature. The precipitated wine-red solid was collected
on a glass filter, washed with water, ethanol, and then ether, and
then dried in vacuo. It was partly soluble in DMSO or DMF and was
insoluble in dichloromethane or methanol. It was extracted with
DMF (300 cm3). The DMF solution was concentrated to ca. 30 cm3
under reduced pressure, and poured into methanol (200 cm3). The
precipitate was collected on a glass filter, washed with ether,
and dried imn vacuo. The yield was 0.2 g. .

The other polymeric iron(III) complexes were prepared in a

similar manner. They are slightly soluble in DMSO or DMF
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{(ca. 0.1 g/100 cm3) and are insoluble in methanol or dichloromethane.
Therefore, the viscosity for them could not be measured. The
infrared spectra of the polymeric complexes indicate that the
Schiff base ligands coordinate to iron ions in the same features
as the corresponding monomeric complexes. The magnetic moments
of the polymeric complexes were determined on the basis of their
iron contents.

Isolation of the Reaction Products of Monomeric Complexes
with KOZ' [Fe(acacen)]ZO: To a dichloromethane solution (50
cm3) containing Fe(acacen)Cl (0.63 g, 0.002 mol) and 18-~crown-6
(0.56 g, 0.002 mol) was added potassium superoxide, KO2 (0.22 g,
0.003 mol). The mixture was stirred for 1l h at room temperature.
The wine-colored solution turned gradually orange. The mixture
was filtered, and the filtrate was evaporated under reduced
pressure to yield an orange solid. It was collected on a glass
filter, washed with a small volume of water and methanol, and then
ether, and dried in vacuo. It was recrystallized from dichloro-
methane to give orange crystals. The yield was 0.3 g. Found:
Cc, 50.20; H, 6.37; N, 9.84; Fe, 19.23%. Calcd for Fe2C24H36N4 5%
c, 50.37; H, 6.34; N, 9.79; Fe, 19.52%.

The reaction product of Fe(bzacen)Cl with KO2 was obtained
in a similar manner. The reaction products of the other monomeric
complexes with KO2 were obtained similarly, using DMSO in place of
dichloromethane as a reaction solvent.

Preparation of a KO, DMSO Solution. A DMSO solution of

a
-2

KO, (ca. 10 M, 1 M=1mol dm_3) was prepared by dissolving KO,

2
(0.018 g) into dry DMSO (25 cm3) in the presence of 18-crown-6

(0.10 g). The 02- concentration of the KO2 DMSO solution was

6)

determined by spectrophotometry. The reactions of the iron(III)
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complexes with Ko, in DMSO were carried out in a nitrogen atmosphere.
Materials. Iron(III) chloride was of reagent grade.
Potassium superoxide, KOZ’ was purchased from Alfa products Inc.
(above 96.5%). Dimethyl sulfoxide was distilled twice under reduced
pressure prior to use. Other solvents were purified by a usual
method.
Measurements. All the physical measurements were made by

the methods described in Chapter III.

Results and Discussion

The monomeric and polymeric chloroiron(III) Schiff base
complexes were synthesized and their reactions with 02_ in DMSO
were investigated. The degree of the condensation (n) of the
polymeric iron(III) complexes could not be determined by the
molecular weight and the viscosity measurements owing to their
poor solubility. However, they are considered to be oligomers
(n = 3 to 6) from the degree of the condensation of the polymeric
Schiff base ligands.

Table 2 includes the magnetic moments, the absorption maxima
in the visible region, and the polarographic half-wave potentials
corresponding to the reduction from Fe(III) to Fe(II). The magnetic

moments of the monomeric complexes fall within the range of 5.29

to 6.05 BM, indicating that these complexes have a d5 high-spin

TasLE |. ELEMENTAL ANALYSES OF IRON(III) SCHIFF BASE COMPLEXES
Found (%) Caled (%)
Complex -
C H N Fe C H N Fe
Fe(salchxn)Cl 57.84 5.07 6.94 13.35 58.35 4.90 6.80 13.57
Fe(bzacen)Cl 59.77 5.13 6.49 12.62 60.37 5.07 6.40 12.76
Fe(acacen)Cl 45.65 5.89 8.81 18.34 45.96 5.79 8.93 17.81
Fe(saldien)Cl-H,O 51.68 4.80 10.23 14.43 51.64 5.06 10.05 14.44
Fe(saldpt)Cl- (H,0)q 5 54.88 5.30 9.73 13.03 54.88 5.53 9.60 13.06
Fe(salMedpt)Cl- (CH,Cl.),,4 50.73 5.26 8.11 10.97 50.67 5.20 8.09 10.76
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TABLE 2. PHYSICAL PROPERTIES OF IRON(III)} SCHIFF BASE COMPLEXES

Hoer” A —£,,% vs. Hg pool
Ligand BM nm v
—_——— o e ——

Monomer Polymer Monomer Polymer Monomer Polymer
salen 5.29 5.25 482 506 0.20 0.22
salphen 5.64 5.72 560 572 0.11 —0.01
salpln 5.49 5.73 486 510 0.24 —0.03
salchxn 5.41 5.38 482 510 0.21 -0.04
saldien 5.99 5.82 502 524 0.25 —0.03
saldpt 6.05 5.17 496 512 0.06 —0.02
salMedpt 5.57 5.56 516 528 0.03 —0.01
acacen 5.92 510 0.28
bzacen 5.99 512 0.21

a) Measured at room temperature. b)-Measured in DMSO. ¢) Measured in DMSO
containing 0.1 M Bu,NCIO, at 25 °C.

electron configuration.5'7)

The magnetic moments of the polymeric
complexes also fall within the range of 5.17 to 5.85 BM. The low
value (5.17 BM) observed for the Fe(p-saldpt)Cl complex may be
caused by antiferromagnetic interactions between iron atoms in the
complex. No further investigation on the magnetic properties was
made in the present study.

The absorption spectra of the monomeric and polymeric complexes
in DMSO show an intense absorption band (¢ = 4000) around 500 nm,

8) The

which can be assigned to a charge-transfer transition.
absorption maxima of the polymeric complexes are observed at lower
energies than those of the corresponding monomeric complexes.

Similar behavior was observed for the monomeric and polymeric
chloromanganese(III) Schiff base complexes, as described in

section III-2. The monomeric chloroiron(III) complexes with the
qguadridentate ligands (NZOZ) in DMSO may have a weak six~coordinate
structure by coordination of a DMSO molecule to the central iron
atom. It was reported that the Fe(salen)Cl complex is nonelectrolyte

in pyridine (py) and has a six-coordinate structure of Fe(salen)Cl-

py.7) The monomeric chloroiron(III) complexes with the quinquedentate
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ligands (N302) may have a six-coordinate structure of a donor set

of N302C1 in DMSO. Wilson et al. have reported that the Fe(saltrien)+
cation has a six-coordinate structure (N402) and that the solvent
effect on its spin-equilibrium in solution can be attributed to

the hydrogen-bonding interactions between the NH groups of the
saltrien and solvents, where saltrien denotes the dianion of N,N'-

disalicylidenetriethylenetetramine.8'9)

On the other hand, the
coordination featuers of the polymeric chloroiron(III) complexes
are considered to be similar to those of the monomeric complexes.
However, the coordination or interaction of DMSO with the polymeric
complexes may be weaker than that of the monomeric complexes,
because the iron atoms in the former complexes are not so isolated
from the surroundings as are the latter complexes. This may be
one reason why the lower energy shifts are observed in the polymeric
complexes.

The polarograms of the chloroiron(III) Schiff base complexes
in DMSO show the cathodic wave at the half-wave potential around
-0.1 V (vs. Hg pool) in Table 2, which can be assigned to the one-

10) The reduction of the

electron reduction of Fe(III) to Fe(II).
polymeric complexes occurred at more positive potentials than
those for the corresponding monomeric complexes. These results are
consistent with the absorption spectral data mentioned above on
the basis of the electron density in the central iron atoms of
the complexes.

Visible Absorption Spectra. Figure 1 shows the absorption
spectral changes of a DMSO solution of Fe(salen)Cl caused by the
addition of a KO, DMSO solution in different molar ratios. As the

molar ratio of KO2 to the complex increases, the intensity of the

absorption band at 490 nm decreases, showing an isosbestic point
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at 458 nm. The absorption spectrum at the [K02]/[complex] = 3 is
almost the same as that of the p-oxo dimer, [Fe(salen)]zo. This
indicates that Fe(salen)Cl reacts with 02_ in DMSO at room temper-
ature to give a p-oxo dimer. All the monomeric chloroiron(III)

complexes investigated here showed similar spectral changes to

those observed for the above Fe(salen)Cl complex.

Figures 2 and 3 show the
comparison of the spectral changes

caused by the addition of the KO2

-3

DMSO solution to the DMSO solutions g

of Fe(saldien)Cl and Fe(p-saldien)Cl, é

respectively. The spectral changes éoj

for Fe(saldien)Cl are similar to

those for Fe(salen)Cl, indicating .

the formation of the p-oxo dimer. Wavelength/nm

Fig. I. Spectral changes on the addition of KO, to a
DMSO solution of 6x 10-% M Fe(salen)Cl in different
molar ratios.

1): No addition, 2): [KO,]/[complex]=1, 3): 2, 4): 3,
5): spectrum of 3x 103 M [Fe(salen)],O in DMSO.
Cell length: 1.0 cm.

On the other hand, the spectral

1.0 1.0
o
g
@
£ v
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:
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< o 'g 0.5
B
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0 0
100 500 600 460 500 600
Wavelength/nm Wavelength/nm
Fig. 2. Spectral changes on the addition of KO, to a Fig. 3. Spectral changes on the addition of KO, to a
DMSO solution of 1 x 10-* M Fe(saldien)Cl in different DMSO solution of 1x 107* unit M Fe(p-saldien)Cl in
molar ratios. different molar ratios.
1): No addition. 2}: [KO.}/[complex]=1, 3}: 2, 4): 4. 1): No addition, 2): [KQO,]/[Fe]=2, 3): 3,4): 5. Cell
Cell length: 1.0 cm. length: 1.0 cm.
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changes for the polymeric complex, Fe(p-saldien)Cl, are clearly
different from those for the monomeric complex, Fe(saldien)Cl.

At the [KOZ]/[Fe] = 2, the absorption maximum is shifted to higher
energy from 524 to 516 nm and the intensity increases slightly.

At the [K02]/[Fe] = 3, the absorption maximum is shifted to 492 nm
and its intensity increases even more. By the further addition of
KO2 ([KOZ]/[Fe] = 5), the intensity of the absorption band at

492 nm decreases and a new absorption band appears around 420 nm.
This new absorption band at 420 nm can be assigned to the anion of
the Schiff base ligand. This is confirmed by the absorption spectrum
of p—saldienH2 in a KOH-DMSO solution. These spectral changes can
be explained as follows. The Fe(p—-saldien)Cl reacts with 02- in

the DMSO soclutions ([KOZ]/[Fe]< 3) to give the oxygenated complex,
probably a aioxygen adduct, and it reacts with 02_ added in excess
over the complex ([Koz]/[Fe]> 3) to decompose with some dissociation
of the Schiff base ligand.

The polymeric iron(III) complexes of Fe(p-saldpt)Cl and
Fe(p-salMedpt)Cl showed similar spectral changes to the above
Fe(p-saldien)Cl complex. However, the other polymeric complexes,
Fe(p-salen)Cl, Fe(p-salphen)Cl, Fe(p-salpln)Cl, and Fe(p-salchxn)Cl
showed the spectral changes similar to those observed for the
corresponding monomeric complexes. These results may be attributed
to the configurations of the reaction sites in the complexes.

As discussed above, the former complexes may have a six-coordinate
configuration, while the latter complexes may be taken to have
essentially a five-coordinate configquration by neglecting the weak
interaction between DMSO molecules and central iron atoms in these
polymeric complexes. /

Polarographic Measurements. Figure 4 shows the changes in
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the polarograms during the reaction of Fe(salen)Cl with KO2 in DMSO
at 25 °c. At the molar ratio of [KOZJ/[complex] = 1, the wave
height at -0.20 V due to the reduction of Fe(III) to Fe(II)
decreases and a new cathodic wave appears around -0.8 V. By the
further addition of KO2 ([K02]/[complex] = 2), the first cathodic
wave disappears and the wave height at -0.8 V increases. The half-
wave potential of this cathodic wave is nearly equal to that (-0.89
V) of the py-oxo dimer, [Fe(salen)]zo. These results indicate that
the reaction of Fe(salen)Cl with ko, in DMSO at 25 ©c produces the
u—oxo dimer. The polarographic observations are consistent with
those obtained in the absorption spectra mentioned above. Similar
polarographic behavior was observed for all the monomeric iron(III)
complexes investigated here.

It was reported that the dioxygen adduct of iron(II) porphyrin
complexes can be stabilized at low temperature.ll) Thus, the

reaction of Fe(salen)Cl with KO2 was made in DMF at -25 OC.

<
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g i
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5 z

=] [

© g

<
. L 1 1 [
! 1 1
0.0 0.8 1.0 s 9.0 we.s ie s
(E vs. Hg pool)/V (E vs. Hg pool)/V
Fig. 4. Polarograms during the reactions of Fe(salen)Cl Fig. 5. Polarograms during the reactions of Fe(salen)Cl

(5% 10~* M) with KO, in DMSO at 25 °C. (5% 10~4 M) with KO, in DMF at —25 °C.
1): No addition, 2): [KO,}/[complex]=1, 3): 2, 1): No addition, 2): {KO.]}/[complex]=0.5, 3): 1.
4): polarogram of [Fe(salen)],O (2.5x 10-#A[) in
DMSO.
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Figure 5 shows the changes in the polarograms of Fe(salen)Cl in

DMF at -25 °C caused by the addition of a KO2 DMSO solution. The
half-wave potential (-0.19 V) of the first cathodic wave due to

the reduction of Fe(III) to Fe(II) is nearly equal to that (-0.20 V)
6bserved in DMSO at 25 °C. At the molar ratio of [K02]/[complex]

= 0.5, two new cathodic waves appear at the half-wave potentials

of -0.48 and -0.88 V and the height of the first cathodic wave
decreases. By the further addition of KO2 ([K02]/[complex] =1),
the wave heights of both the first and the second waves decrease
and the third cathodic wave height increases. The secoﬁd cathodic

wave observed at ~0.48 V may be attributed to the reduction of the

oxygenated compléx, Fe(salen)-o2 or Fe(salen)—Oz'—Fe(salen), formed

2

u-oxo dimer. Similar polarographic behavior was observed in the

in the solution. This may further react with O to give the

reaction of Fe(salphen)Cl with KO, in DMF at -25 °C. From the

available data the following scheme is proposed for the reaction

of Fe(salen)Cl with O2 :

FelLCl + O, —— FeL-0, + Cl

2 2
Fel-0, + FeLCl —— FeL-0, -FeL + c1”
FeL—O2 ~Fel. + 02 _ FeL—Oz-FeL + O2
FeL—Oz—FeL —> FeL-0-Fel,

where L denotes the dianion of N,N'-disalicylideneethylenediamine.
Recently, Chin et gl. have reported on the mechanism of autoxidation
of FeII(por) and proposed that the intermediate (por)Fe—Oz—Fe(por)
can be stabilized at low temperature (-50 OC). This oxygenated
complex reacts with FeII(por) to give (por)Fe-O-Fe(por) or decomposes
thermally to (por)Fe—O—Fe(por).via iron(IV) complex, (por)FeIV=O,

in the absence of FeII(por).lz)
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Figures 6 and 7 show the changes in the polarograms during the
reactions of Fe(p-saldien)Cl with KO2 in DMSO. 1In the former case,

the KO,-DMSO solution was added successively to the DMSO solution
of the complex, whereas in the latter case, it was added step by
step after passing nitrogen gas through the mixed solutions. The
changes in the polarograms (in Fig. 6) are clearly different from
those observed for Fe(salen)Cl (in Fig. 4). The cathodic wave at
the half~wave potential of +0.01 V is due to the reduction of Fe(III)
to Fe(II). The addition of KO2 ([KOZ]/[Fe] = 1) causes the
appearance of a new cathodic wave around -0.3 V. At the [KOZ]/[Fe]
= 2, this wave height decreases slightly and a new cathodic wave
appears at the half-wave potential of -0.6 V; this new wave can be

assigned to the reduction of free molecular oxygen liberated during

the reaction on the basis of its potential. At the [K02]/[Fe] = 3,

5
<
3 I
= E
z C
O
1 L L 1 )] L 11 ]
0.0 -0.5 -0 -1.5 0.0 -0.5 -1.0 -1.5
(E vs. Hg pool)/V (E vs. Hg pool)/V ) ) /
Fig. 6. Polarograms during the reactions of Fe(p- Fig. 7. Polarograms during the reactions of Felp-
saldien)Cl (5% 10=% unit M) with KO, in DMSO at “saldien)Cl (5:< 10~* unit M) with KO, in DMSO at
25 °C. 25°C. ~ .
1}: No addition, 2): [KO,]/[Fel=1, 3): 2, 4): 3, 5): 1}: No addition. 2}: [KO.]/[Fe]=1.4):2,6): 4, 3),' 5).
after passing nitrogen gas through the solution shown and 7)1 alter passing nitrogen gas through the solutions
by the curve 4. shown by the curves 2, 4, and 6, respectively.
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the wave height around -0.3 V decreases and the wave height around
-0.6 V increases. By passing nitrogen gas through the mixed solution,
both cathodic waves disappear. The cathodic wave which appeared
around -0.3 V may be due to the oxygenated complex, Fe(p-saldien)—oz.
This is confirmed by the observations shown in Fig. 7. The polaro-
gram observed at the [Koz]/[Fe] =1 1is identical to that shown
by curve 2 in Fig. 6. By passing nitrogen gas through the solution,
the wave height around -0.3 V decreases. Such a cycle {(adding KO2
and passing N2) was made three times. The polarograms shown by
curves 2, 4, and 6 in Fig. 7 did not show cathodic wave at the half-
wave potential around -0.6 V. Moreover, the degree of increase in
the wave height around -0.3 V lowered gradually by repeating the
cycle. These results indicate that the oxygenated complex,
Fe(p-saldien)—oz, may decompose to FeII(p—saldien) and molecular
oxygen by passing nitrogen gas through the mixed solutions.
Similar polarographic behavior was observed for the polymeric
complexes, Fe(p-saldpt)Cl and Fe(p—salMedpt)Cl.

From the observations in the absorption spectra and the polaro-
graphic measurements, the reactions of the polymeric iron(III)

complexes with 02 may occur as follows:

(p-L)FeCl + 0., —> (p-L)Fe-0, + C1~ ([KO,1/[Fe] < 2)

2 2
(p-L)Fe-0, + 02_ —> (p-L)Fe-0, + 0, ([KO,]/[Fe] >2)

2
(p-L)Fe~ —> Decomposition,

(p-L) Fe-0 —> (p-L)Fe" + 0,

where (p-L) denotes the dianion of the polymeric Schiff base ligands.
The reversible oxygenation of the iron(II) porphyrin complexes

can be established by preventing the formation of p-peroxo diiron

complex in one or more of the following ways: (1) steric effects,
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(2) immobilization in rigid surfaces, and (3) low-temperature

measurements. In addition, it has been proposed that (4) a five-
coordinate structure and (5) a nonpolar, hydrophobic environment
around iron(II) complex play an important role for the synthesis

11) Recently, Niswander et al.

14)

of iron(II) porphyrin dioxygen adduct.

have reported that FeII(salen)mpyli) and FeII(S—NO saldpt) react

2
with molecular oxygen to give only the corresponding p-oxo dimers.

In the present study, the monomeric chloroiron(III) Schiff
base complexes react with 02- to give only the p-oxo dimers.

On the other hand, the polymeric complexes of Fe(p-saldien)Cl,

Fe (p-saldpt)Cl, and Fe(p-salMedpt)Cl form the dioxygen adduct in

DMSO solution at room temperature by the reaction with 02_. Such
behavior suggests that these polymeric complexes may satisfy the

above requirements (1), (2), and (4).

Reaction Products of the Iron(III) Complexes with KO0,. The
reaction products of the monomeric iron(III) complexes, Fe(acacen)Cl,
Fe(bzacen)Cl, Fe(salen)Cl, Fe(salphen)Cl, Fe(salpln)Cl, and
Fe(salchxn)Cl, were confirmed to be their u-oxo dimers from the
analytical data and physicochemical properties (in Table 3).

However, for the other monomeric complexes, Fe(saldien)Cl, Fe(saldpt)-

Cl, and Fe(salMedpt)Cl, their u-oxo dimers could not be characterized.

On the other hand, the reaction )
TaBLE 3. PHYSICAL PROPERTIES OF THE REACTION

PRODUCTS OF THE MONOMERIC IRON(III)

products of the polymeric iron- coMPLEXES WITH KO, 1v DNSO
8y ./ O _EF® .
(III) complexes have not been Formula fore”’ (FezO-Te) —E s.Hg pool
BN cm-?! A%
identified with their oxygenated  [Fe(salen)].O 1.91 825 0.89
[Fe(salphen)].O  2.05 820 0.86
complexes by the analytical data  [Fe(salpinl.O 2.02 815 0.97
[Fe(salchxn)],O 1.87 820 0.98
. . _ [Fe(acacen)],O® 1.88 838 1.18
and the physicochemical measure [Fe(bzacen)LO®  2.50 820 129

a) Measured at room temperature. b) Measured in
DMSO containing 0.1 M Bu,NCIO, at 25 °C. ¢) In
dichloromethane.

ments. This may be caused by the
instability of the oxygenated

complexes.
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Summary

A series of monomeric chloroiron(III) complexes with the
quadridentate or quinguedentate Schiff bases such as N,N'-di-
salicylideneethylenediamine or bis[3-(salicylideneamino)propyljamine
, + in dimethyl sulfoxide to give

the corresponding p-oxo dimers. The polymeric chloroiron(III)

reacts with superoxide ions, O

complexes with the polymeric (oligomeric) Schiff bases derived
from 5,5'-methylenedisalicylaldehyde and triamines react with 02- in
DMSO to give the.oxygenated complexes, probably a dioxygen adduct,

SIII_

F 02_. This is suggested by the absorption spectra and the

polarographic measurements.
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IV - 2 Preparation of Binuclear Iron(III) Schiff Base Complexes

and Their Reactions with Superoxide Ion in Dimethyl Sulfoxide

Introduction

In section IV-1, the reactions of 02— with the monomeric and
polymeric chloroiron(III) Schiff base complexes in DMSO have been
investigated in connection with the disproportionation of 02_ by
Fe-containing superoxide dismutases (Fe~SOD). The polymeric
iron(III) complexes have been found to give their oxygenated

complexes by the reaction with O, while the monomeric complexes

2
to give the corresponding u-oxo dimers.
In this section the preparation of binuclear chloroiron{(III)

Schiff base complexes shown below and their reactions with 02- in

e

CHy CH2~\\N Br

e
(CHn (CHZ) (CHZ) (CHZ)
N=CH

|
HC=N X X
ooy @o»e\o@

n=2; FgéB-o-x-XscldierPZHBr)Cb

DMSO will be described.

_H.
BrN -

n=3; Fez(B-o—x-X saldpt: ZHEH')C[2
X=H, 5-Br, 3-MeO.

Binuclear iron(III) Schiff base complexes.

Experimental
Preparation of Binuclear Iron(III) Schiff Base Complexes.

Fe2(B—o—m—saZdien-2HBr)CZz: The Schiff base ligands with bifunctional
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chelating groups, which had been described in section III-3, were
used. To a methanol solution (50 cm3) of B—o-x-saldienHz-ZHBr
(2.21 g, 2.5 mmol) and triethylamine (1.0l g, 10 mmol) was added
anhydrous iron(III) chloride (0.8l g, 5 mmol). The mixture was
stirred at room temperature for 3 h, and then concentrated under
reduced pressure to yield a brown precipitate. It was filtered,
washed with 2-propanol and then ether, and dried in vacuo. No
further purification has been made. Other binuclear iron(III)
complexes were prepared in a similar manner. Their analytical data
are given in Table 1. These complexes are soluble in methanol,
DMSO, and pyridine.

Preparation of Mononuclear Iron(III) Complexes. All the
mononuclear iron(III) complexes were prepared by the modified method
described in section IV-1l. These complexes were abbreviafed as
follows: Fe(Xsaldien)Cl, Chlorobis[[2-(substituted salicylidene-
amino)ethyl]aminato]iron(III); Fe(Xsaldpt)Cl, Chlorobis[[3-

(substituted salicylideneamino)propyl]aminatoliron(IITI).

Reactions with 02-. The reactions of the iron(III) complexes
with KO2 in DMSO were made by the procedure described in section IV-1l.
Measurements. All physical measurements were carried out

by the method described in section IV-1.
Materials. All reagents were of reagent grade. Solvents

were purified by a usual manner.

Results and Discussion

Table 2 summarizes the properties of binuclear and mononuclear
iron(III) Schiff base complexes and their reactivities toward 02—
in DMSO. Magnetic moments of the complexes fall within the range

from 5.34 to 6.05 BM, indicating that these complexes may adopt
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Table 1. Analytical data for Fez(B—o-x—L'ZHBr)Cl2

Complex Found (%) Calcd (%)

L C H N Fe C H N Fe
saldpt? 50.61 5.23 7.32 10.30 50.51 5.12 7.36 9.79
saldien 50.24 4.74 7.74 11.07 49.61 4.35 7.89 10.48
5-Brsaldpt 40.12 3.64 5.64 7.73 40.12 3.51 5.85 7.77
5-Brsaldien 39.12 3.62 6.23 9.22  38.27 3.07 6.09 8.09

)
a)

3-MeOsaldpta 47.69 5.09 6.80 9.07 48.89 5.05 6.58 8.74

3-MeOsaldien 46.18 4.80 7.45 9.64 47.20 4.79 6.88 9.14

a) These complexes include two molecules of HZO'

Table 2. Properties of Fe2(B—o-—x-L'2HBr)C12 and Fe(L)Cl and their

reactivities toward 02_ in DMSO

Complex ueffa) max —El/2 vs. Hg poolb)Reactivitzc)
BM nm \Y toward 02
L DMSO py MeOH Fe(III) - Fe(II)
saldien 5.64 504 508 528 0.30 Oxygn
(5.99) (502) (508) (520) (0.25) (u-oxo)
5-Brsaldien 5.65 515 534 542 0.00 Redn
(5.75) (506) (510) (520} (0.23) {(p-oxo)
3-MeOsaldien 5.98 538 536 559 0.30 Oxygn
(5.86) (537) (532) (554) (0.27) (u-oxo)
saldpt 5.35 512 517 523 0.13 Oxygn
(6.05) (496) (514) (510) (0.06) (u-oxo)
5-Brsaldpt 5.34 514 520 538 0.00 Redn
(5.99) (506) (516) (519) (0.08) (u-oxo)
3-MeOsaldpt 5.66 549 560 566 0.16 Oxygn
(5.95) (542) (550) (550) (0.15) (p-oxo)

Values and reactivity in the parentheses are those for the mononuclear
complexes. a) Measured at room temperature. b) Measured in DMSO
containing 0.1 M Bu4NClO4 at 25 oC. c) Oxygen, Redn, and p-oxo
represent the oxygenation, the reduction, and the formation of

pu-oxo dimers, respectively.
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d5 high-spin electron configurations. The visible absorption spectra
show an intense absorption band around 500 nm, which can be assigned

1)

to a charge-transfer transition. The absorption maximum of the
binuclear complexes is observed at slightly lower energy than that
of the mononuclear complexes. The absorption maximum is shifted

to high energy in the order DMSO> py > MeOH. These results indicate
that the complexes may assume six-coordinate configurations in
solution where the solvent molecules are coordinated to the central
iron atom. The polarograms of the complexes show the cathodic wave
due to one-electron reduction from Fe(III) to Fe(II) around -0.1 V.2)
There is little difference between the potentials of the binuclear
and mononuclear complexes, with the exception of the 5-bromo
substituted complexes; the binuclear 5-bromo substituted complex
is reduced at more positive potentials than the corresponding
mononuclear complex (Table 2).

Figure 1 shows the absorption spectral changes of DMSO
solutions of Fe(3-MeOsaldien)Cl (A) and Fe2(B—o-x—3—MeOsaldien-2HBr)—
Cl2 (B) caused by the addition of K02. In the former case, the
intensity of the absorption band at 537 nm decreases remarkably with
the isosbestic point at 480 nm as the molar ratio [K02]/[Fe]
increases (Fig. 1 A). Such spectral changes are similar to those
observed for Fe(salen)Cl as shown in Fig. 1 in section IV-1,
indicating the formation of the p-oxo dimer. On the other hand,
in the latter binuclear complex, the absorption maximum is shifted
from 538 to 530 nm with increasing in intensity at [KOZ]/[Fe] = 1.
The intensity of the absorption band (530 nm) decreases as the molar
ratio [KOZ]/[Fe] increases. These spectral changes are similar
to those observed for Fe(p-saldien)Cl (ef. Fig. 3 in section IV-1),

indicating the formation of the oxygenated complex.
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Fig. 1. Spectral changes of (A) Fe(3-MeOsaldien)Cl (5 x 10"4 mol dm—3)
and (B) Fe, (B-o-x-3-MeOsaldien-2HBr)Cly (5 x 107> mol dn )

caused by the addition of KO2 in DMSO, cell length 1 cm.
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Fig. 2. Polarograms in the course of the reactions of (A)

4

Fe (3-MeOsaldien)Cl (5 x 10  ° mol dm-3) and (B) Fez(B~o—x—

4

3-MeOsaldien-2HBr)Cl, (5 x 107 mol am™>) with KO, in DMsO

containing Bu4NC104 (0.1 mol dm_3) at 25 °c.
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Figure 2 shows the changes of polarograms of Fe(3-MeOsaldien)Cl

(A) and Fe2(
addition of K02. In the former complex, as the molar ratio

[KO2]/[Fe] increases, the wave height at -0.27 V due to the

B—o-x-3-MeOSaldien-2HBr)C12 (B) in DMSO caused by the

reduction from Fe (III) to Fe(II) decreases and two cathodic waves
appear at -0.55 and -1.20 V. These waves can be assigned to the
reductions of free molecular oxygen (02) and of the py-oxo dimer
as described in section IV-1. In the latter complex, the wave
height at -0.30 V is the largest at [K02]/[Fe] = 1, and decreases
with increasing the molar ratio [K02]/[Fe], accompanying with
appearance of the cathodic wave at -0.55 V. Moreover, no cathodic
wave 1is observed around -1.0 V, suggesting that u-oxo complex is
not formed in the solution. These polarographic changes (Fig. 2 B)
are similar to those observed for Fe(p-saldien)Cl (ef. Fig. 6 in
section IV-1)

The observations in the absorption spectra and polarograms
lead the author to the conclusion that the mononuclear complex,
Fe (3—-MeOsaldien)Cl, reacts with 02- to give the p-oxo complex
exclusively and the binuclear complex, Fez(B—o—x—3—MeOsaldien-—

2HBr)C12, to form the oxygenated complex. Other mononuclear

2
as the case of Fe(3-MeOsaldien)Cl, indicating the formation of the

complexes exhibited the same behavior in the reactions with O

p-oxo dimers. On the other hand, the binuclear complexes except
the 5-bromo substituted complexes exhibited the same behavior in

the reactions with 02_ as the case of Fez(B-o—x—3—MeOsaldien-2HBr)—

Clz, indicating the formation of the oxygenated complexes. The

polarograms of the 5-bromo substituted complexes during the reactions

with K02 in DMSO suggest that they are reduced by O2 to the

iron(II) complexes (not shown in Figure). These results are not
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contradict with the fact that the complexes have the most positive

reduction potentials compared with any others (Table 2).

Summary
The binuclear chloroiron(III) Schiff base complexes have been
prepared and their reactions with 02—

comparison with the corresponding mononuclear complexes. Some of

have been investigated in

2

complexes, while all the mononuclear complexes react with O

the binuclear complexes react with O to form their oxygenated

2tO

give the u-oxo dimers.
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IV - 3 Preparation of Monomeric and Polymeric Iron(III) Complexes
with Bidentate Schiff Base Ligands and Their Reactions

with Superoxide Ion in Dimethyl Sulfoxide

Introduction

In the previous sections IV-1 and -2, the reactions of 02_ with
a series of monomeric, binuclear, and polymeric chloroiron(III)
complexes of quadridentate and quinquedentate Schiff bases in DMSO
have been described. The monomeric iron(III) complexes have been
found to give their p-oxo dimers exclusively, while some of the
binuclear and polymeric iron(III) complexes have been found to give
their oxygenated complexes.

In this section the preparation of the monomeric and polymeric
chloroiron(III) complexes of the bidentate Schiff bases shown below

and their reactions with O,  in DMSO will be described.

2
H R
C=N
X @ o— fe:o@ X
N=C

Fe(N-R-X sai),Cl

H R
§"N\F _0
_Fe
Ckb 0 /‘\N=C n
Cl F'? H

Fe(N-Rdisai)Cl

R=n-C,Hg(Bu), n-CgH;(Oct),
n-CyoHx(Dod), CHyCgHg (B2),
X=H, 5-N02 for R=Bz,

Monomeric and polymeric Fe(III) Schiff base complexes.
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Experimental

Preparation of Monomeric Chloroiron(III) Schiff Base Complexes.
Bidentate Schiff base ligands used in this section were obtained by
the condensation of salicylaldehydes with alkylamines in THF.

Chlorobis(N-octylsalicylideneaminato)iron(III), Fe(N-Octsai)ZCZ:
To a THF solution (50 cm3) of N-octylsalicylideneamine (N-OctsaiHl,
2.33 g, 10 mmol) and triethylamine (1.01 g, 10 mmol) was added
anhydrous iron(III) chloride (0.81 g, 5 mmol). The mixture was
stirred for 2 h and then allowed to stand overnight. The resulting
precipitate was collected on a glass filter and dried Zn vacuo. It
was recrystallized from ether to give the title complex as wine red
crystals. Other monomeric iron(III) complexes were obtained in a
similar manner. Fe(N-Busai),Cl and Fe (N-Bzsai) ,Cl were recrystallized
from acetone. Fe(N—Dodsai)2C1 was recrystallized from petroleum
ether. Their analytical data are given in Table 1.

Preparation of Polymeric Chloroiron(III) Schiff Base Complexes.
The Schiff base ligands with bifunctional chelating groups were
prepared by the condensation of 5,5'-methylenedisalicylaldehyde
(disale) with alkylamines as follows.

N,N'-Dioectyl-5,5"-methylenedisalicylideneamine, N-OctdisaiHZ:

To a THF solution (20 cm3) of disalH2 (2.7 g, 10 mmol) was added a
THF solution (20 cm3) of n-octylamine (2.6 g, 20 mmol). The resulting
solution was refluxed for 30 min and then evaporated to dryness under
reduced pressure. A yellow solid obtained was recrystallized from
acetone. The yield was 5.0 g. Other Schiff base ligands (N-Budi-
sain, N—Doddisain, and N-Bzdisain) were prepared in a similar
manner. Their melting points and analytical data are given in
Table 2.

Fe(N-0Octdisail)Cl: To a mixed solution of dichloromethane
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(100 cm3) and ethanol (30 cm3) containing N—OctdisaiH2 (4.0 g) and
triethylamine (1.7 g) was added anhydrous iron(III) chloride (1.4 g).
The mixture was stirred for 20 min at 40 OC, and then the solution
was concentrated to ca. 50 cm3 under reduced pressure and filtered.
The filtrate was poured into ethanol (200 cm3) to give a wine red
precipitate. It was collected on a glass filter, washed with
ethanol, dried Zn vacuo, and reprecipitated from dichlromethane and
ethanol. Other polymeric iron(III) complexes were prepared in a
similar manner. The iron contents of the complexes were analyzed.
Fe (%): 10.58 for Fe(N-Budisai)Cl, 9.04 for Fe(N-Octdisai)Cl, 7.06
for Fe(N-Doddisai)Cl, and 9.07 for Fe(N-Bzdisai)Cl. The magnetic
moments determined at room temperature were calculated from the
iron contents (Table 3).

Isolation of Reaction Product of Fe(N-Octdisail)Cl with KO,.
To a DMSO solution (100 cm3) of Fe(N-Octdisai)Cl (120 mg) was added
a DMSO solution of KOﬁl? mg, equimolar amount to the unit mole of the
complex) and 18-crown-6 (90 mg) at room temperature. A reddish
brown solid immediately precipitated was collected on a glass filter,
washed with 2-propanol and then diethyl ether, and dried in vacuo.
No chlorine was detected in this product by ignition test. Analytical
data, Found: C, 64.78; H, 7.74; N, 4.61; Fe, 10.04%. The parent

complex, Fe(N-Octdisai)Cl, Found: C, 63.90; H, 7.65; N, 4.49;

Fe, 9.04%.

Reactions of Iron(III) Complexes with K0,. The reactions of
the iron(III) complexes with KO2 were made by the procedure described
in section IV-1.

Materials. All reagents were of reagent grade. Solvents

used were purified in usual manners. DMSO was distilled twice under

reduced pressure prior to use.
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Measurements. All physical measurements were carried out

by the methods described in section IV-1.

Table 1. Analytical data for the monomeric iron(III) complexes

Found (%) Calcd (%)
Complex C H N Fe C H N Fe
Fe(N—Busai)2Cl 59.17 6.37 6.33 11.96 59.64 6.36 6.31 12.58
Fe(N—Octsai)2Cl 64.75 7.80 5.00 9.81 64.81 7.98 5.04 10.04
Fe(N—Dodsai)ZCl 67.81 9.15 4.22 8.70 68.31 9.05 4.19 8.36
Fe(N-stai)2Cl 65.54 5.03 5.43 10.81 65.71 4.73 5.47 10.91

Fe (N-Bz-5-NO sai)z(OH) 57.57 3.80 9.57 8.94 57.65

2

3.97 9.60 9.57

Table 2. Melting points and elemental analyses of the Schiff
base ligands
Schiff base M.P. Found (%) Calcd (%)
ligand °c C H N c H N
N—BudisaiH2 38.5 - 39. 75.19 8.26 7.67 75.38 8.25 7.64
N-OctdisaiH2 51 - 52 77.61 9.68 5.67 77.78 9.69 5.85

N-DoddisaiH

N-BzdisaiH

2 145 ~146 80.12 5.94 6.36 80.16

5 60.5 - 61 79.31 10.66 4.80 79.27 10.58 4.74

6.03 6.45

Results and Discussion

The polymeric chloroiron(III) complexes with bifunctional

chelating Schiff bases were synthesized and their reactivities

toward 02_ in DMSO were compared with those for the corresponding

monomeric iron(III) complexes by. the use of absorption spectra and

pclarographic measurements.

Table 3 summarizes magnetic moments, absorption maxima in the
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visible region, and half-wave potentials corresponding to the
reduction from Fe(III) to Fe(II) for the both monomeric and polymeric
iron (III) complexes investigated here. The magnetic moments fall
within the range of 5.80 to 6.04 BM, indicating that the complexes
may assume d5 high-spin electron configurations. Those complexes
exhibit an intense absorption band (e = 4000) around 500 nm in the
visible region, which can be assigned to a charge-transfer transition
on the basis of its intensity. The band for the polymeric complexes
is observed at a longer wavelength than that for the corresponding
monomeric complexes. This may be caused by a difference in inter-
action of the solvent molecule (DMSO) with the central iron atom
between the monomeric and polymeric complexes. The monomeric
complexes may adopt an octahedral configuration by coordination of

1)

solvent DMSO to the iron atom. On the other hand, the interaction
of DMSO with the central iron atom in the polymeric complexes is
considered to be weaker than that in the monomeric complexes,
because the central iron atom in the former is not isolated from
the surroundings owing to polymeric structures. Both monomeric and
polymeric complexes show a cathodic wave at half-wave potentials
around -0.15 V (vs. Hg pool). This can be assigned to the one-
electron reduction from Fe(III) to Fe(II). The polymeric complexes
are found to be reduced at slightly more positive potentials than
those for the corresponding monomeric complexes. The results can
be explained by the stronger interaction of DMSO molecules with
the central iron atom in the monomeric complexes than the polymeric
complexes, as described above.

Absorption Spectral Changes. Figure 1 shows the absorption
spectral changes of DMSO solutions of Fe(N—Octsai)ZCl (a) and

Fe (N-Octdisai)Cl (B) caused by the addition of various amounts of
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Table 3. Properties of the monomeric and polymeric iron(III)

complexes
Complex ueffa) xmaxb) —El/2 ve. Hg poolc)
BM ~.nm v
Fe(N-Busai)ZCl 5.96 513 0.21
Fe (N-Budisai)Cl 5.82 530 0.18
Fe(N-Octsai)2C1 5.93 510 0.20
Fe (N-Octdisai)Cl 5.83 529 -0.02
Fe(N-Dodsai)ZCl 5.88 516 0.20
Fe (N-Doddisai)Cl 5.92 522 0.12
Fe(N-stai)zcl 5.91 517 0.18
Fe (N-Bzdisai)Cl 5.80 528 0.18
Fe(N—Bz—S—NOzsai)z(OH) 6.04 492 0.11

a) Measured at room temperature. b) Measured in DMSO. c¢) Measured

in DMSO containing Bu NClO4 (0.1 mol dm_3) at 25 .

4

K02. In the former complex, the absorption band at 510 nm decreases

in intensity with increasing the molar ratio of KO, to the complex

2
with an isosbestic point at 438 nm (Fig. 1 A). 1In the near
ultraviolet region, the absorption band at 324 nm is shifted to 332 nm
with slightly increasing intensity at the [KOZ]/[Fe] =1- 2. By

further addition of KO ([K02]/[Fe] = 5), its intensity decreases

2
and anew absorption band appears at 392 nm (curve 4 in Fig. 1 a).
By bubbling O2 through the solution including K02 ([K02]/[Fe] = 5)
and showing the absorption curve 4, the absorption band at 392 nm
disappears and the absorption band at 332 nm is shifted to 318 nm.
These spectral changes can be explained as follows: Fe(N-Octsai)ZCl

is reduced by O, to give an iron(II) complex, probably Fe(N-Octsai)z,

2
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which is characterized by the absorption band at 332 nm, and the

iron(II) complex further reacts with additional KO, to give an

2
oxygen-sensitive complex having the absorption band at 392 nm.

This complex is tentatively assigned to FeII(N—Octsai)z—O All

5 -
the monomeric complexes exhibit absorption spectral changes similar
to those for Fe(N—Octsai)ZCl. On the other hand, the spectral
changes of the latter polymeric complex (Fig. 1 B) are clearly
different from those of the former, and are similar to those
observed for the polymeric complex Fe(p-saldien)Cl, which has been
found to give the oxygenated complex, as already described in
section IV-1l. In the course of the reaction of Fe(N-Doddisai)Cl

with KO, in DMSO, spectral changes similar to those for Fe(N-Octdisai)-

2
Cl are observed, indicating the formation of the oxygenated complex.

However, other polymeric complexes, Fe(N-Budisai)Cl and
Fe (N-Bzdisai)Cl, exhibit the spectral changes similar to those for

the monomeric complexes, suggesting that these polymeric complexes

2

a difference in the reactivities of the polymeric complexes toward

are reduced by O to give iron(II) complexes. It is thought that

0,

imino nitrogen atoms; the oxygenated complexes can be stabilized

may result from the effects of alkyl groups attached to the

by the long-chain alkyl groups such as xn-octyl and n-dodecyl groups.
Polarographic Measurements. Figure 2 shows the changes of
polarograms of Fe(N—Octsai)ZCl (A) and Fe (N-Octdisai)Cl (B) in the
course of the reactions with KO2 in DMSO. In the former complex,
the wave height at -0.20 V due to the reduction from Fe(III) to
Fe(II) decreases and a new cathodic wave appears at -0.6 V when KO2

is added successively, [KOZ]/[Fe] =1 - 3,(Fig. 2 A). The cathodic

wave at -0.6 V can be assigned to the reduction of molecular oxygen
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Fig. 1. Spectral changes of (A) Fe(N—Octsaichl (1 x 10_4 mol dm-3)
and (B) Fe(N-Octdisai)Cl (1 x 10_'4 unit mol dm-3) caused
by the additionof KO, in DMSO, cell length 1 cm.
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Fig. 2. Polarograms in the course of the reactions of ()

Fe (N-Octsai) ,C1 (5 x 1077 mol am 3) and (B)
Fe (N-Octdisai)Cl (5 x 1074 unit mol &m °) with KO,

o

in DMSO containing Bu,NC10, (0.1 mol am~3) at 25 °c.
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which was liberated during the reaction. These results indicate
that Fe(N-Octsai)ZCl is reduced by 02_ to give iron(II) complex
according to the following equation:

eIII(N—Octsai)ZCl + 02_-——9FeII(N—Octsai)2 + 02.

F
Other monomeric iron(III) complexes and the polymeric complexes,
Fe (N-Budisai)Cl and Fe(N-Bzdisai)Cl, exhibited the polarographic
changes similar to those for the above complex, indicating that
these complexes are reduced by 02— to give iron(II) complexes.

On the other hand, in the latter complex, Fe(N-Octdisai)Cl,
the polarographic changes (Fig. 2 B) are clearly different from
those for the former monomeric complex. The cathodic wave due to
the reduction from Fe(III) to Fe(Il) is observed at -0.14 V as an
ill-defined wave, which may be caused by its polymeric structure.

By the addition of KO2 ([KOZ]/[Fe] = 1) the wave height of the
cathodic wave at about -0.2 V is increased. A successive addition
of KO2 ([KOZ]/[Fe] = 4 - 6) results in a marked increase in the
wave height around -0.3 V. These polarographic changes are similar
to those observed for Fe(p-saldien)Cl (e¢f. Figs. 6 and 7 in section
Iv-1), indicating the formation of the oxygenated complex. Similar
polarographic behavior is observed for Fe(N-Doddisai)Cl. These
results are consistent with those obtained from the absorption
spectral data.

When the polymeric complex, Fe(N-Octdisai)Cl is allowed to react
with K02 in DMSO at high concentration, a reddish brown precipitate
forms immediately, which is insoluble in common organic solvents and
does not contain chlorine atom. Its magnetic moment (4.52 BM)} is
found to be lower than that (5.83 BM) of the parent complex, although

a significant difference between them are not observed in the infrared
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and diffused reflectance spectra. These results suggest that the
product may be a cross-linked polymeric structure where iron atoms

of the polymeric complex are bridged through coordination of dioxygen;
- [-Fe (N-Octdisai)-0,-];. The analytical data are consistent with

the above formula.

Summary
The monomeric and polymeric chloroiron(III) Schiff base

complexes, Fe(N—Rsai)ZCl and Fe(N-Rdisai)Cl respectively, have been

2

gated, where R can be n—C4H9 (Bu), n—C8H17 (Oct), n-ClZH25 (Dod) ,

and CH,C Hg (Bz). All the monomeric complexes are found to be

synthesized and their reactions with O in DMSO have been investi-

2
complexes (R = Oct and Dod) are found to give their oxygenated

reduced by O to give the iron(II) complexes. The polymeric
complexes, whereas the polymeric complexes (R = Bu and Bz) are
found to be reduced like the case of the monomeric complexes.

The reactivities different between these polymeric complexes toward
02_ may be ascribed to the effect of the alkyl groups attached to
the imino nitrogen atoms; the long-chain alkyl groups (Oct and

Dod) are considered to stabilize an oxygenated complex.
References
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Chapter V
V - 1 The Preparation and Characterization of Dichloromanganese (IV)

Schiff Base Complexes

Introduction

The manganese ion plays an important role in biological redox
systems, which are comprised of the oxygen-evolution process of the
photosystem II in green plants and the disproportionation of the
superoxide ion, 02“, by manganese-~containing superoxide dismutases.
In these systems, the oxidation states of manganese(II), (III),

1)

and/or (IV) are believed to be involved. In relation to its

function, manganese complexes with higher oxidation states, such as

+III and +IV, have been investigated.2 - 6)

Although manganese(III)
complexes with various ligands have thus been synthesized and
characterized, few manganese(IV) complexes have been isolated so
far, for the manganese (IV) ion is a strong oxidant and its complexes
are very unstable.7'8)
The author has been found that some chloromanganese(III) Schiff
base complexes react with hydrogen chloride to give the corresponding
manganese (IV) complexes as deep green crystals. In this Chapter,

the preparation and characterization of a series of novel dichloro-

manganese (IV) Schiff base complexes will be described.

Experimantal

Preparation of Manganese(III) Complexes. The gquadridentate
Schiff base ligands were prepared by the condensation of salicyl-
aldehydes with diamines. They were recrystallized from ethanol
or appropriate organic solvents. The bidentate Schiff base ligands
were prepared by the condensation of the salicylaldehydes with

butylamine. The 5-nitro, 5-bromo, and 5,6-benzo derivatives were
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recrystallized from ethanol. All

, H /%\ H
the manganese(III) Schiff base R =N Ry
1®O/Mn\oo
complexes (shown in Fig. 1) were
o : R, R, L
prepared by a modification of the o CHLCH, <alen
. R H CH,o salchxn
method described in the 5-NO, CH,CH, 5-NO,salen
9 12) 5-CH, CH.CH, 5-Mesalen
literature. To a methanol 5-Br CH,CH, 5-Brsalen
5-Br CH(CH,)CH,  5-Brsalpln
. . . 5-B CH,CH.CH, 5-Busal
solution of a quadridentate Schiff i e
R
. R
base ligand was added an equimolar R sz\m/°“§>
(€§0/
/
amount of manganese (III) acetate ‘ :
. R R, L
dihydrate, Mn(CH,COO) ,-2H,0 a ! 2
Y ' ( 3 ) 3 2 ( H C,H, N-Busai
. . 5-NO, CH N-Bu-5-NO sai
half molar of it when the Schiff 5B CiH, N-Bu-5-Brsai
5,6-Benzo C H, ~N-Bu-5,6-Benzosai

bases were bidentate ligands). Fic

&

1. Manganese(IIT) Schiff base complexes.

[

The solution was warmed at 60 OC

for 1 h, and then a 1l.5-molar-fold quantity of lithium chloride over
the manganese acetate was added to this solution, which was
subsequently further warmed at 60 ©C for 1 h. The solution was
then concetrated under reduced pressure and cooled. The resulting
precipitates were collected on a glass filter, washed with a small
volume of water and methanol, and then with ether, and dried in
vacuo. They were recrystallized from methanol or dichloromethane.
The yields were 60 — 80%. The elemental analyses of the
manganese (III) complexes are given in Table 1, along with their
magnetic moments measured at room temperature. The magnetic
moment of Mn(N—Bu—S—Nozsai)zcl was found to be lower than those of
the other manganese (III) complexes. This may be caused by the
magnetic-exchange interaction in this complex.

Preparation of Dichloromanganese(IV) Schiff Base Complexes.
Dichloro(N,N'-disalicylideneethylenediaminato)manganese(IV) Di-

c¢hloromethane Adduct, Mn(saZen)CZz-(CHZCZZ)O 5} Into an acetone
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solution (200 cm®) of Mn(salen)Cl.H,0 (0.5 g) was added, drop by
drop, a two-molar—fold portion of a methanol solution of HC1l over
the complex at room temperature. The solution turned brown to

deep green. After the solution had been filtered, the filtrate
was concentrated to about 20 cm3 under reduced pressure. Anhydrous
ether (200 cm3) was then added to this solution. The resulting
green precipitates were collected on a glass filter, washed with
ether, and dried im vacuo. They were recrystallized from dichloro-
methane to give the above complex as deep green crystals. The
yield was ca. 30%.

The other dichloromanganese(IV) Schiff base complexes were
obtained in a similar manner. The elemental analyses of the
manganese (IV) complexes obtained are given in Table 2, together
with their magnetic moments measured at room temperature. These
deep green complexes are soluble in dichloromethane, acetone, and
acetonitrile. The solutions were stable in these solvents if
kept without contact with moisture. They were soluble in donating
solvents, such as pyridine, N,N-dimethylformamide, and methanol,
but these solutions gradually turned brown.

Reagents. All the reagents were of a reagent grade. The
solvents were purified by refluxing over sodium (ether), calcium
chloride (dichloromethane, acetone), or magnesium (methanol), and
then distilled. The acetonitrile was distilled twice from
diphosphorus pentaoxide prior to use.

Measurements. The UV, VIS, and NIR spectra were obtained
from Hitachi EPS-3 and 340 spectrophotometers. The IR spectra
were recorded on a Hitachi EPI-215 grating spectrophotometer in the
700 to 4000 cm_l regions and on a Hitachi EPI-L grating spectro-

photometer in the 200 to 700 cmm1 regions. All the spectra were
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measured in Nujol mulls or in a KBr disc. The magnetic suscepti-
bilities were measured by the Gouy method at room temperature and
by the Faraday method, using a Shimazu MB 11 apparatus for the
temperature range from 77 to 300 K. The conductivities were
determined on a Yanagimoto MY-7 conductivity outfit. The cyclic
voltammetry was performed with a Yanagimoto P-8 polarograph
connected with a Yanagimoto P-8-PT potentiostat. The working
electrode was a platinum-inlay electrode, while the auxiliary
electrode was a platinum wire. The reference electrode was a
saturated calomel electrode which was inserted in an aqueous
solution of 1 M (1 M = 1 mol dm °) KC1 in a 100-cm’> beaker

connected with a conventional brown H-type cell by means of a

TasLE . ELEMENTAL ANALYSES AND MAGNETIC MOMENTS OF MANGANESE(III) coMPLEXES
0 o/
Complex Found (o) Calei e Mot
C H N Mn c H N Mn BM
Mn(salen)Cl-H,O 50.61 3.96 7.35 14.28 51.29 4.30 7.48 14.66 4.90
Mn(5-Brsalen)Cl 36.30 2.61 5.20 10.60 37.21 2.73 5.42 10.64 4.88
Mn(5-NQ,salen)Cl 41.00 2.96 11.74 11.60 41.18 3.46 12.00 12.24 5.01
Mn(5-Mesalen)Cl 56.68 4.76 7.28 14.26 56.19 4.72 7.28 14.28 5.02
Mn(salchxn)Cl 57.98 4.82 6.90 13.60 58.48 4.91 6.82 13.37 4.96
Mn (5-Brsalpln)Cl 38.64 2.76 5.59 10.37 38.63 2.67 5.30 10.39 4.88
Mn(5-Brsalpn)Cl-H,O 37.01 2.91 5.08 9.51 37.36 2.95 5.12 10.05 5.04
Mn(N-Busai),Cl 58.80 6.32 6.21 12.53 59.67 6.37 6.33 12.40 5.03
Mn(N-Bu-5-NO,sai),Cl 49.53 5.11  10.23 10.37 49.59 4.92  10.51 10.31 4.37
Mn(N-Bu-5,6-Benzosai),Cl 66.33 6.13 4.85 10.10 66.36 5.94 5.16 10.12 4.92
Mn(¥-Bu-5-Brsai),Cl 43.77 4.52 4.80 9.17 43.97 4.36 4.66 9.15 5.01
a) Measured at room temperature.
TABLE 2. ELEMENTAL ANALYSES AND MAGNETIC MOMENTS OF MANGANESE(IV) COMPLEXES
Found (%) Caled (%) foce®
Complex -
C H N X  Mn ¢ H N X Mn BM
Mn(salen)Cl, - (CH,Cl,)4.5 45.17 3.55 6.49 24.86 12.80 45.60 3.48 6.45 24.47 12.68 3.91
Mn(5-Brsalen)Cl, 34.82 2.28 5.00 41.99 9.77 34.82 2.56 5.08 41.80 9.95 3.94
Mn(5-NO,salen)Cl, 39.97 2.52 11.5+ 14.26 11.05 39.69 2.91 11.57 14.65 11.35 3.98
Mn(5-Mesalen)Cl, - (CH,Cly)y..s 49.70 4.25 6.28 20.58 12.67 49.66 4.22 6.35 20.08 12.45 3.97
Mn(salchxn)Cl, - (CH.ClL),.¢ 49.96 4.21 5.66 22.8+ 10.90 49.76 4.30 5.69 22.82 11.05 4.0+
Mn(5-Brsalpln)Cl, - (CH,Cl.),.s 34.34 2.5+ 4.66 42.97 9.09 34.66 2.49 4.62 43.88 9.06 +.00
'Mn(S-Brsalpn)Cl._‘ 35.77 2.52 +4.82 41.63  9.96 36.21 2.59 4.97 40.91 9.74 4.02
Mn(¥-Busal),Cl, 54.79 5.76 5.70 15.47 12.03 55.2+ 5.90 5.86 14.87 11.49 4.10
Mn(N-Bu-5-NO,sai),Cl, 46.32 4.56 9.85 12.33 9.72 46.49 4.61 9.86 12.48 9.67 3.90
Mn(¥-Bu-5,6-Benzosai),Cl, 62.03 5.60 +.67 12.87 9.39 62.29 '5.58 4.87 12.26 9.50 +.07
Mn(N-Bu-5-Brsai),Cl, 40.95 4.00 4.19 35.22 8.54 41.5+ 4.12 4,40 36.30 '8.64 4.09

a) Measured at room temperature.
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4% agar-saturatedKCl gel bridge. Tetrabutylammonium perchlorate,
Bu4NClO4, was used as the supporting electrolyte. The dissolved
oxygen was removed by passing nitrogen gas through a sample solution

for 20 min.

Results and Discussion

Figure 2 shows the spectral

1.0

changes on the addition of HCl to
an acetone solution of Mn(salen)-
Cl»HZO in different molar ratios.

The spectra change remarkably on

Absorbance

the addition of HCl, and a new

absorption band appears around

630 nm. Its intensity increases 200 500 600 700 500
Wavelength/nm
as the molar ratio of HCl to the Fig. 2. Spectral changes on the addition of HCI to
an acctone solution of 2:x< 10~ M Mn(salen)Cl-H,O

complex increases to 4. The in different molar ratios.

(1): [HCI)/[complex]=0, (2): I, (3}: 2, (4): 4
further addition of HCl1l leads to
the decolorization of the solution, with the formation of white
precipitates, which may consist of hydrogen chloride salts of the
ligand. This was confirmed by a comparison of the IR spectra of
the white precipitates and of the authentic compound obtained by

the reaction between salenH, and HCl in ether.

2
The deep green complexes isolated by the reactions between

chloromanganese (III) Schiff base complexes and HCl are given in

Table 2. Their analytical data are consistent with the empirical

formula of MnLCl2 or MnL'2Cl where L denotes a dianion of

2’
quadridentate Schiff base ligands, and L', a monoanion of bidentate

Schiff base ligands. Some of them include dichloromethane as a

crystalline solvent.
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Magnetic Properties. The

room-temperature magnetic moments
for these complexes (given in

Table 2) fall within the range of
3.9 to 4.1 BM, consistent with a

calculated spin-only value

expected for a complex with a d° yd

’\) Joo 200 300

high-spin configuration. /K

. . . i ie-Wei Mnu(salen)Cl, - (CH,.Cl,)g.5-
Figure 3 shows the Curie-Weiss Fig. 3. Curie-Weiss plot for Mn(salen)Cl, - (GH.Cl,),.

plot for Mn(salen)Clz-(CH2C12)0.5

TaBLE 3. VWEISS CONSTANTS OF MANGANESE(IV)

over the temperature range from
COMPLEXES

77 to 300 K. The magnetic Weiss constant
Complex ~—-0/T——
susceptibilities obey the Curie-
Mn(salen)Cl, - (CH,CL),.5 6
Weiss law, x, = C/(T + 8). The Mn(5-Mesalen)Cl, - (CH,Cl,)q. 05 3
A Mn(V-Bu-5-NO,sai),Cl, 9

same behavior was observed for

the complexes of Mn(5—Mesa1en)C12-(CH2C12)0'25 and Mn(N—Bu—S-NO2-
sai)zclz. Their Weiss constants are given in Table 3. These values
were obtained from an extrapolation of the plot of the reciprocal
of the molar susceptibilities, Xar against the absolute temperature.
These small 6 values indicate that there are very small magnetic
interactions in these complexes. These results suggest that the
oxidation state of the central manganese ion in the complexes is
+IV.

Conductivities. The molar conductivities for several
manganese (ITII) and manganese(IV) complexes are summarized in Table
4. These values indicate that they are essentially nonelectrolytes
in acetonitrile. The slightly large value observed for the

Mn(N—Busai)2C12 complex may be caused by its lowexr solubility

in acetonitrile. On the other hand, in methanol the molar
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conductivity for Mn(salen)Cl-Hzo

Table 4. MOLAR CONDUCTIVITIES OF MANGANESE(III)

was found to be 71 S cmzmol_l AND MANGANESE(IV) COMPLEXES IN ACETONITRILE
?
A
and that for Mn(salen)Cl,- Complex S omt ol
(CH,C1,), =, to be 191 § cm’mol™1. Mn'(alen)Cl.H,0 2.38
277270.5 Mn' (salen)Cl, - (CH,CL,), 5 3.48
These values indicate that both MatH(V-Busai), Cl 8.35
Mn! (¥-Busai),Cl, 25.28%
. Mn"(N-Bu-5-NO,sai),Cl 10.22
complexes undergo considerable Aln'™ (N-Bu-5-NO,sai) Cl, 3.70
dissociation in methanol. a) Measured at 25°C. The concentration of the

complexes was 10-3 M. b) The concentration of the

2 complex 5x 10-4 ML
Electronic Spectra. omplex was

Figure 4 shows the electronic

spectra of Mn(salen)Cl-HZO and
Mn(salen)Clz-(CHzclz)O.5 in
dichloromethane. 1In the visible

region, the spectrum of the 5o

loge

manganese (III) complex shows

three absorption bands, at 2.0

15600, 20800, and 23800 cm 1.

] !
10 20 30 40

‘Wave number/10% cm-?

They have been previously assigned

to the ligand-field transitions . . L
Fig. 4. Electronic spectra in dichloromethane.

(=—): Mn!¥(salen)Cl,- (CH,Cly),.5, (——-): Mnll.
Cl-H,0.
of dxye dxz_yz and of dyz'dxzq (salen) 20
*
dx2_y2, and to the charge-transfer transition of dn(Mn) to =

12,13)  4n the other hand, the spectrum

(azomethine), respectively.
of the manganese (IV) complex shows two absorption bands, at 15400
and 23000 cm-l. The lower-energy band is very intense compared
with that of the manganese(III) complex. Therefore, it seems to
be due to a charge-transfer transition.

Moews has reported on the absorption spectrum of K2MnIVCl6 in
fluorocarbon grease mulls; it shows two absorption bands, at

15400 (very strong) and 27400 cm-l (strong) in the visible region.8d)
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The lower-energy band has been assigned to a charge-transfer
transition of chlorine to manganese. Later, Jeiowska-Trzbiatowska

et aql. claimed that the absorption spectrum of the same complex in

3 HC1l does not agree with that observed by Moews in the

4)

intensities on these bamds.1

12 mol dm
However, as was pointed out by Moews,
hexachloromanganate (IV) salts are rapidly converted to the corre-
sponding aguapentachloromanganate(III) salts on standing in moist
air. Therefore, it is uncertain as to whether or not K2MnIvCl6

3

exists as the Mn1VC1.2” ion in 12 mol dm > HCI.

6
The spectral data for the manganese(IV) complexes are summarized

in Table 5. All the complexes show two intense bands around 16000
and 23000 cm—l in the visible region. It can be seen that the
absorption maxima of the lower-energy bands are affected by the
Schiff base ligands. In the complexes of the salen type, the
absorption maxima are shifted to higher energies in the order of

the substituents of 5-Me ( S—Br'<}{<5-N02. In the complexes of the
N-butylsalicylideneamine type, similar shifts are observed in the

order of the substituents of 5,6~Benzo < 5-Br <H K 5—N02. Further-

more, the absorption maxima of the former complexes are observed

TABLE 5, SPECTROSCOPIC DATA FOR MANGANESE(IV) cOMPLEXES

] v(Mn-CI

Complex 1—0?2:;:—1 (log &)™ %-2—
Mn(5-Mesalen) Cl, - (CH,CL)g 2 14.9 (3.60) 22.8 (3.81) 323
Mn(5-Brsalen) Cl, 15.3 (3.59) 23.1 (3.69) 337
Man(salehxn)Cl, - (CH,Cla)o.o 15.6 (3.62) 23.7 (3.74) 350
Mn(salen)Cl, - (CH,CL), 15.4 (3.60) 23.0 (3.78) 341
Mn(5-NO,salen)Cl, 16.7 (3.40) 24.4sh 356
Mn(5-Brsalpln) Cl, - (CH,Cly)q.5 15.3 (3.60) 24.1 (3.78) 339
Mn(5-Brsalpn)Cl, 14.8 (3.63) 24.1 (3.83) 367
Mn(N-Busai),Cl, 16.0 (3.52) 22.0sh 346
Mn (N-Bu-5-NO,sai),Cl, 17.2 (3.80) 23.4sh 350, 342
Mn(N-Bu-5-Brsai),Cl, 15.5 (3.76) 22.7sh 333
Mn(N-Bu-5,6-Benzosai),Cl, 14.6 (3.71) 23.0sh 334

a) ‘Measured in dichloromethane.
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at lower energies than those of the latter complexes.

These

results imply that the lower-energy bands may be assigned to a

charge~transfer transition of Cl(pm) to Mn{dm).

The absorption

bands due to the ligand-field transitions expected for the

manganese (IV) complexes may be obscured by these intense bands.

Infrared Spectra.

In the region from 4000 to 500 cm

1 the

infrared spectra of the manganese(IV) complexes are almost the

same as those of the corresponding manganese(III) complexes,

except around 1290 cm_l, where the absorption band due to v (C-0)

should be observed.

This indicates that there is no change in the

coordination features of the Schiff base ligands in either

manganese (III) or manganese(IV) complexes.

lower-energy shifts of about
10 cm_l were observed on going
from the manganese(III) complexes
to the manganese (IV) complexes;
they may be caused by the change
of the oxidation state of the
central manganese ion from +III
to +IV. In the region from 200
to 500 cm-l, the spectra of the
manganese {1V) complexes show
the strong absorption bands

at about 340 cm—l, unlike

those of the corresponding
manganese (III) complexes.
Figure 5 a shows the spectra of

v
Mn (salen)Clz-(CHZClz)o.5 and

I11

Mn (salen)Cl-HZO.
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In the Vv (C-0) region,

s

[ 1

500 400 )

Wave number/cm~t

Infrared spectra (in Nujol mulls).

Yt Mn!¥(salen)Cl,- (CH,CL)g 55 (-—=): Nn'l-
(salen)Cl-H.O, b) ( ): Mn!V(N-Busai),Cly; (- —-):
Mn!(N-Busai),Cl, ¢) ( V1 MnI¥(N-Bu-3-NO.-
sai)yCly; (——-): Mn'"(N-Bu-5-NO,sai),Cl.

Fig. 5.
a) (




1

The band observed at 341 cm — for the manganese (IV) complex may be

assigned to v(Mn-Cl). Figure 5 b shows the spectra of MnIV(N-Bu—
sai)2C12 and MnIII(N—Busai)2Cl. The band observed at 348 cm-1

for the manganese(IV) complex may be assigned to v (Mn-Cl). On the
other hand, as is shown in Fig. 5 ¢, the spectrum of MnIV(N—Bu—
5—NOzsai)2Cl2 exhibits two strong bands, at 364 and 333 cm—l, which
may be assigned to v(Mn-Cl). The frequencies of the characteristic
bands assigned to v(Mn-Cl) for the managnese(IV) complexes are
summarized in Table 5. In the complexes of the salen type, one
band assignable to v (Mn-Cl) was observed, whereas in the MnIV(N-Bu-
5—Nozsai)2Cl2 complex, two bands were observed. For the octahedral
complexes of the MA4C12 type (A denotes unidentate ligands such as
ammonia), one band due to v (M-Cl) should be observed in the case
of a trans-configuration, whereas two strong bands should be

15) These results

observed in the case of a ceis~-configuration.
suggest that the manganese(IV) complexes of the salen type may have
an octahedral trams-configuration, while in the manganese (IV)
complexes of the bidentate Schiff bases, octahedral tragns- and cis-
configurations may be probable.

Electrochemical Properties. Figure 6 shows some typical

II1

current-potential curves of Mn (salen)Cl+-H,0 and MnIV(salen)Clz-

2

(CH2C1 measured in acetonitrile. In the manganese (III) complex,

2)0.5
one cathodic wave is observed at -0.38 V(vs.SCE); it can be assigned
to the reduction of Mn(III) to Mn(II). On the other hand, in the
manganese (IV) complex, two cathodic waves are observed, at +0.76

and -0.37 V(vs.SCE), with similar wave heights; they can be assigned
to the reductions of Mn(IV) to Mn(III) and of Mn(III) to Mn(II)

respectively. The separation of the peak potentials between the

cathodic wave and the corresponding anodic wave for both redox
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TaBLE 6. REDUCTION POTENTIALS FOR MANGANESE(IV)
COMPLEXES

E,/y vs. SCE®
Complex v
MnlV—Mn!l  Mni N nH

Mn(salen)Cl,- (CH,ClL), s  0.76 —0.37 (—0.38)®

-
= Mn(5-Brsalen) Cl, 0.85 ~0.16 (4+0.00)
g Mn(5-NO,salen)Cl, 0.90 —0.01 (+0.11)
z Mn(5-Mesalen)Cl, -
© (CH,CL,) g a5 0.85 —0.34 (—0.32)
Mn(salchxn)Cly+ (CH,CL),,  0.83  —0.29 (—0.32)
Mn(3-Brsalpln)Cl, -
(CH,Cly)y.5 1.00  -0.09 (-0.14)
Mn(5-Brsalpn)Cl, 0.88 —0.05 (—0.02)
\ , | | Mn(N-Busai),Cl, 0.8¢ —-0.11 (-0.08)
10 0.5 0.0 -a.s Mn(N-Bu-5-Brsai),Cl, 0.94 +40.01 (--0.12)
(E vs. SCE)/V Mn(N-Bu-5-NO,sai),Cl, 0.98 +0.08 (+0.24)
Fig. 6. Current potential curves in  acctonitrile. a) Measured in acctonitrile at 25°C. b) Half-peak
( )i Mn™(salen)Cly- (CH.ClLy)g 55 (—-—): Mn'- potentials observed for the corresponding manganese-
(salen)Cl- H,O. (ITI) complexes.

waves are larger than the 57 mV expected for a reversible one-
electron redox wave, so these electrode reactions may be irreversible.

All the manganese(IV) complexes show two cathodic waves around
+0.85 V and -0.20 V. The half-peak potentials for the reductions
of the manganese(IV) complexes are summarized in Table 6, together
with those of the corresponding manganese(III1) complexes. As has
been discussed in connection with the electronic spectra, the
potentials for both reductions are also affected by the Schiff base
ligands. The reduction potentials are shifted to more positive
values upon the introduction of an electron-withdrawing substituent
such as the 5—NO2 group in both types of the complexes. Further-
more, the reduction potentials for the complexes of the N-butyl-
salicylideneamine type are observed at more positive values than
those for the complexes of the salen type. These shifts can be
explained in terms of the electron density on the central manganese
ion in the complexes.

Reactions. These manganese (IV) complexes have reduction

potentials high enough to oxidize water. Thus, their reactions
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with water have been attempted.

2. 0f
Figure 7 shows the spectral

changes on the addition of water

to an acetonitrile solution of

Absorbance
-
>

Mn(salen)Clz'(CHzClz)o.5 in

different molar ratios. The

intensity of the characteristic

absorption band at 624 nm

Wavelength/nm

decreased with an increase in the Fig. 7. Spectral changes on the addition of H.O to
an acetonitrile solution of 4x 10~ M Mn(salen)Cl,-

(CH,Cly),.s in different molar ratios.

molar ratio of water to the (1): [H:O)/[complex]=0, (2): 10, (3): 20, (4): 40.

complex. The final absorption

spectrum is almost identical with that of the corresponding
manganese (III) complex in the acetonitrile and water mixture,
indicating that water reduced the manganese(IV) complex to the
manganese (III) complex. The author has also succeeded in detecting
free "molecular oxygen" liberated during the reactions of the
manganese (IV) complexes with water by means of the spectrophotometry
of an alkaline pyrogallol solution and a dissolved oxygen probe,

as will be described in Chapter VI.

Some novel dichloromanganese(IV) Schiff base complexes have
been prepared and characterized. The higher oxidation state of the
manganese ion may be stabilized by charge neutralization with
chloride ions. The mechanism for the reaction of the manganese(III)
complexes with HCl1l has not been clarified in this study. However,
some experimental evidence suggests that the manganese (IV) éomplexes
may result from a disproportionation of the manganese(III) complexes:
manganese (II) compounds are often formed as contaminants in the
preparation of the manganese(IV) complexes, and their yields are

always 50% or below.
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Summary

Some chloromanganese(III) Schiff base complexes react with
hydrogen chloride to give deep green complexes with the empirical
formula of MnLCl, orAMnL'ZClz, where H,L denotes guadridentate
ligands such as N,N'-disalicylideneethylenediamine and its analogs,
and where HL' denotes bidentate ligands such as N-butylsalicylidene-
amine and its analogs. These complexes are nonelectrolytes in
acetonitrile. Their magnetic moments at room temperature fall
within the range of 3.9 to 4.1 BM, and the magnetic susceptibilities
obey the Curie-Weiss law with small 6 values over the temperature
range of 77 to 300 K, indicating that the oxidation state of the
manganese ion in these complexes is +IV. The electronic spectra

show an intense band around 16000 cm_l

which can be assigned to a
charge~transfer transition. In the cyclic voltammograms, two
cathodic waves are observed at half-peak potentials around +0.9
and -0.2 V(vs.SCE); they can be assigned to the reductions of
Mn(IV) to Mn(III) and of Mn(III) to Mn(II) respectively. The

probable configurations of the complexes are discussed on the basis

of the infrared spectra.
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V - 2 Preparation and Characterization of Dichlorobis (N-alkyl-

salicylideneaminato)manganese (IV) Complexes

Introduction

In the preceding section V-1, the dichloromanganese (IV)
complexes with the Schiff bases derived from substituted salicyl-
aldehydes and diamines or butylamine have been described. These
complexes are unstable toward moisture even in the solid state and
decompose to the reduced manganese complexes. This may be caused
because the coordinated chlorine atoms are displaced by water
molecules. Thus, the author has aimed to obtain manganese (IV)
complexes which are stable toward water.

In this section, the preparation and characterization of a
series of dichloromanganese (IV) complexes with the bidentate Schiff
bases derived from salicylaldehyde and primary monoamines (Fig. 1)
will be described. Their reactivity toward water is found

to decrease as the chain length of the alkyl groups increases.

H |
Experimental <:§‘ \J_/04§:>
|

Preparation of Manganese(III)

Complexes, Mn(N-Rsai),Cl. All R L R L

. n-C;H, N-Prsai n-CgH,, N-Octsai

the manganese(II11) Schiff base n-C,d,  N-Busai 1-Call; V-Dodsai
. -C,H, N-i-Busal n-CigHy, N-Octdsai

complexes were obtained by a wCyH,,  N-Hxsai CH,C,H, N-Bzsai

-Gy, N-¢-Hxsai CH,CH,C;H; N-PEsai
modification of the method - e : - —
Fig. 1. Mlanganese(IV) Schiff base complexes, NMn{V-

Rsai),Cla.

described in section V-1.

Chlorobis(N-hexylsalicylideneaminato)manganese (III), Mn(N-Hxsai)ZCZ
A tetrahydrofuran (THF) solution (50 cm3) containing salicylaldehyde
(2.44 g) and hexylamine (2.02 g) was refluxed for 1 h and then

evaporated under reduced pressure. The resulting yellow oily
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residue was dissolved in a mixture of dichloromethane (30 cm3) and
methanol (30 cm3). Manganese (I1I) acetate dihydrate (2.68 g) and
lithium chloride (0.63 g) were added to the solution. The mixture
was refluxed for 1 h and then evaporated under reduced pressure to
yield an olive~green solid. It was collected on a glass filter,
washed with 2-propanol and ether, and dried in vacuo. It was
recrystallized from dichloromethane. The yield was 3.2 g.

The other manganese(III) complexes were prepared in a similar
manner. These complexes are soluble in dichloromethane, acetone,
and acetonitrile. The analytical data are given in Table 1, together
with the magnetic moments determined at room temperature.

Preparation of Manganese(IV) Complezes, Mn(N—Rsai)ZCZZ.
Dichlorobis(N-hexylsalicylideneaminato)manganese (IV), Mn(N—Hxsai)ZCZZ:
To a mixed solution of dichloromethane (20 cm3) and 2-propanol

(50 cm) of Mnlll

(N—Hxsai)zcl (1.0 g) was added drop by drop a
2-propanol solution of HC1l (1.5 molar-folds over the complex) with
stirring at room temperature. The solution changed from greenish-
brown to deep green with precipitationof deep green crystals. The
mixture was cooled to 0 °C and allowed to stand for 3 h. The
crystals precipitated were collected on a glass filter, washed with
2-propanol and ether, and then dried <n vacuo. The yield was ca.
0.4 g. Further purification was not carried out.

The other manganese(IV) complexes (Fig. 1) were obtained in
a similar manner. The analytical data are given in Table 2, together
with the magnetic moments determined at room temperature. All the
complexes are soluble in dichloromethane and the solutions show no
noticeable change for an hour if kept isolated from contact with
moisture. The complexes with R = Pr, Bu, i-Bu, Hx, e-Hx, Oct, Dod,

Bz, and PE are soluble in acetone and acetonitrile; the complex
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with R = Octd is slightly soluble in the above solvents. All the

complexes are soluble in coordinating solvents such as dimethyl

sulfoxide and pyridine, but the solutions change rapidly from deep

green to yellow-brown. The complexes with R = Dod and Octd have

been found to be unreactive toward water in the solid state.
Reagents. All reagents were of reagent grade. Solvents

were purified by the method described in section V-1.
Measurements. All physical measurements were made by the

methods described in section V-1.

TapLe |. ELEMENTAL ANALYSES AND MAGNETIC MOMENTS OF MANGANESES(III) compLEXES

Found (%) Caled (%) )
Complex - e
c H N Mn C H N Mn BM
Mn(N-Prsai),Cl 57.68 5.84 6.41 13.12 57.91 5.85 6.75 13.2¢ 4.86
Mn(N-Busai),Cl 58.8 6.32 6.21 12.53 59.67 6.37 6.33 12.40 5.03
Mn(N-¢-Busai),Cl 59.39 6.28 6.28 12.63 59.67 6.37 6.33 12.40 +4.87
Mn(N-Hxsai),Cl 63.21 7.28 5.47 10.82 62.59 7.27 5.61 11.01 5.00
Mn(N-¢-Hxsai),Cl- (H.O),s  61.50 6.59 5.61 11.28 61.96 6.60 5.55 10.90 4.89
Mn(N-Octsai),Cl 64.59 8.15 4.98 9-89 64.91 7.99 5.05 9.90 4.93
Mn(N-Dodsai),Cl 67.84 9.52 4.14 7.96 68.40 9.06 4.20 8.23 4.98
Mn(N-Octdsai),Cl 71.04 10.50 3.27 6.33 71.82  10.13 3.35 6.57 4.92
Mn(N-Bzsai),Cl 65.33 5.16 5.38 10.73 65.83 4.73 5.48 10.75 4.26
Mn(N-PEsai),Cl 66.88 5.21 5.20 10.20 66.86 5.24 5.20 10.19 4.85
a) Measured at room temperature.
TaBre 2. ELEMENTAL ANALYSES AND MAGNETIC MOMENTS OF MANGANESE(IV) COMPLEXES
Found (% Caled (9% a)
Complex Mo
C H N C M ¢ H N C Mn BM
Mn(N-Prsai),Cl, 53.15 5.3¢ 6.17 15.76 12.50 53.35 5.37 6.22 15.75 12.20 3.96
Mn(N-Busai),Cl, 55.12 5.95 5.80 15.35 11.32 55.24 5.90 5.86 -14.82 11.49 4.06
Mn(N-i-Busai),Cl, 55.18 5.39 5.83 14.50 11.70 55.24 5.90 5.86 14.82 11.49 3.84
Mn(N-Hxsai),Cl, 58.33 6.93 5.21 13.50 10.15 58.43 6.79 5.24 13.27 10.28 4.09
Mn(N-c-Hxsai),Cl, 59.28 6.36 5.14 12.48 10.05 53.88 6.08 5.28 13.37 10.36 4.07
Mn({N-Octsai),Cl, 60.90 7.53 4.64 11.20 9.31 61.02 7.51 4.74 12.01 9.30 3.92
Mn(N-Dodsai) CI._ 64.90 8.70 3.95 9.90 8.02 64.95 8.61 3.99 10.09 7.82 3.93
Mn(N-Octdsai),Cl, 68.75 9.55 3.19 8.90 6.07 68.94 9.72 3.22 8.14 6.31 4.08
Mn(N-Bzsai),Cl,- CH,Cl, 55.35 4.25 4.39 21.01 8.53 55.18 4.87 4.82 22.46 8.70 3.99
Mn(N-PEsai),Cl, 62.85 4.7 4.82 12.13 9.19 62.73 4.91 4.83 12.3¢ 9.56 3.95
a) Measured at room temperature.
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Results and Discussion

The analytical data for the manganese(III) and manganese (IV)
complexes are in agreement with the empirical formulas of MnL2C1
and MnL2C12, respectively; here L denotes moncanion of N-alkyl-
salicylideneamines (Tables 1 and 2).

In general, most of the manganese (IV) compounds are not stable
and are thus readily hydrolysed and reduced. The dichloromanganese-
(IV) complexes such as MnIV(salen)Cl2 are unstable in a moist air
even in the solid state. Therefore, many difficulties arose in the
syntheses of these complexes. In order to obtain water-resistant
manganese (IV) complexes, a series of dichloromanganese(IV) Schiff
base complexes (Fig. 1) has been prepared. This idea is based on
the hope that the long-chain alkyl groups such as n—Cle25 and
n—ClsH37 may protect against the attack of water molecules on the
central manganese atom of the complex.

Figure 2 shows the absorption spectral changes on the addition

of water to an acetone solution of Mn(N—c—Hxsai)zclz. The intensity

of the characteristic absorption band at 600 nm for the manganese (IV)

1.0

1 (616 nm)

Absorbance
°
o

o
4

Absorbance
o
“

Tine/min

Fig. 3. Time courses of absorbances at absorption

. Wavelength / nn maxima of acctone solutions of Mn(IV) complexes

Fig. 2. Spectral changes on the addition of water (1.6:¢10-* M, 5cm?) caused by the addition of
(0.05 cm?®) to an acetone solution of 1.6x10-% N water (0.05 cm3).

MnlV(N-¢-Hxsai),Cl, (5 cm3). I: Mn(V-Dodsai),Cl,, 2: Mn(N-Octsai},Cly, 3: Mn-

1: No addition, 2: 7.5 min after addition of water, (N-Prsai),Cl,, 4: Mn(N-c-Hxsai),Cl,. Cell length:

3: 17.5 min, 4: 42.5 min. Cell length: 1 cm. 1 em.
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complex decreased with time. The final absorption spectrum is

almost the same as that of MnIII

(N-c—Hxsai)ZCl in a mixture of
acetone and water, indicating that water resulted in the reduction
of the manganese(IV) complex. Figure 3 shows the time courses of
the absorbances in the characteristic absorption bands for the
complexes: Mn(N—Prsai)ZCl

Mn(N—c-Hxsai)2C1 Mn(N-Octsai)2Cl

27 2 2’

and Mn(N—Dodsai)zclz, when water was added to these acetone solutions.
It is apparent that their reactivity with water depends on the

alkyl groups and decreases in the order of R = Dod < Oct < Pr £ e-Hx.
The most rapid change in absorbance observed for Mn(N—e—Hxsai)2C12
may be caused by the instability of the complex due to steric
hindrance of the cyclohexyl group. In the case of Mn(N—Octdsai)zclz,
such spectral changes could not be measured owing to its solubility
restriction in acetone. However, this complex may be more water-
resistant than the others investigated here, because that it showed
no significant change on washing with water.

Magnetic Properties. The magnetic moments of the manganese-
(III) complexes fall within the range of 4.85 to 5.03 BM, with the
exception of Mn(N-stai)zcl (Table 1). This indicates that these
complexes may have a d4 high-spin electron configuration. The low
value (4.26 BM) observed for the above complex may be caused by
magnetic exchange interactions due to the formation of a binuclear

complex in the solid state like Fe(salen)Cl.l)

Further investiga-
tion on the complex was not made in this study. On the other hand,
the magnetic moments of the manganese (IV) complexes fall within the
range of 3.84 to 4.08 BM; such moments are consistent with the
spin-only value expected for a complex with a d3 high-spin electron

configuration.

Electronic Spectra. Figure 4 shows the electronic spectra
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of the complexes MnIII(N—Octsai)ZCl

and MnIV(N-Octsai)ZCl2 in dichloro-
methane. In the manganese(III)

complex, three absorption bands

are observed in the visible region: %

at 15200, 21300 sh, and 26300 cm L.

On the other hand, the electronic

spectrum of the manganese (IV)

1 !
10 20 30 a0

Wave number/10° cm—

complex shows an intense absorption

1 (log € = 3.62) Fig. 4. Electronic spectra in dichloromethane.

band at 16000 cm ——: Mn!V(N-Octsai),Cl,, —---: Mn™(N-Octsai),Cl.

The frequencies of the absorption
maxima for the manganese(III) and -(IV) complexes are summarized
in Table 3. It is apparent from the Table that the alkyl groups
of the Schiff base ligands have little effect on the frequencies for
either manganese(III) or manganese(IV) complexes. These results
suggest that the manganese(III) and manganese {(IV) complex pairs
may have similar configurations.
Recently, Boucher et al. have reported the absorption spectra

IIT III1 3)

of Mn (X—salen)Clz) and Mn (acacen)Cl in noncoordinating

solvents; here X-salen and acacen denote dianions of

TaBLE 3. SpecTrROscopic DATA FOR MANGNESE(III) AND MANGANESE(IV) COMPLEXES

Ma™( ¥-Rsai),Cl Mal¥(¥-Rsai),Cly

R e »(Mn-Cl mas »(Mn-Cl)

103 c;n-1 (log &) (cm-i—L 102 cm-! (log )® (cm-1 '
Pr 15.1 (2.59) 21.3sh 26.3 (3.74) 29 16.1 (3.63) 23.7sh 31.2 (+.33) 351
Bu 15.2 (2.62) 21.3sh 26.5 (3.74) 315 16.1 (3.66) 23.6sh 31.3 (4.36) 347
i-Bu 15.2 (2.64) 21.3sh 26.5 (3.75) 327 15.9 (3.63) 23.5sh 31.4 (4.33) 354
Hx 15.2 (2.48) 21.3sh 26.7 (3.67) 314 16.1 (3.62) 23.5sh 31.6 (4.40) 348
o-Hx 15.2 (2.54) 21.3sh 25.9 (3.71) 317 16.6 (3.55) 23.5sh 31.8 (4.31) 351
Oct 15.2 (2.60) 21.3sh 26.3 (3.73) 317 16.0 (3.62) 23.6sh 31.3 (4.32) 348
Dod 15.1 (2.62) 21.3sh 26.5 (3.75) 321 16.1 (3.59) 23.6sh 31.6 (4.44) 348
Octd 15.2 (2.61) 21.3sh 26.5 (3.74) 322 16.2 (3.53) 23.6sh 31.6 (4.35) 348
Bz 15.1 (2.64) 21.3sh 26.3 (3.73) 318 16.2 (3.55) 22.7sh 31.6 (4.30) 350
PE 15.1 (2.60) 21.3sh 26.3 (3.75) 305 16.1 (3.53) 22.4sh 31.4 (4.26) 347

a) Measured in dichloromethane.
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N,N'-di (substituted salicylidene)ethylenediamine and N,N'-bis (2~
acetyl-l-methylethylidene)ethylenediamine, respectively. The X~-ray

structural analysis of the latter complex has revealed that its

3)

coordination polyhedron approximates an idealized C symmetry.

4v
They have assigned the three absorption bands observed for

Mn(acacen)Cl in chloroform as follows; the band at 16400 cm_l

1

(log e = 2.31) to d_ > d .2 2, the band at 22400 cm =~ (3.23) to

Yy Yy

*
dxy» T (azomethine) involving dyz’dzx > dX2_y2 as a lower energy
1 *

shoulder, and the band at 26200 cm = (3.81) to dypryy > T
(azomethine). The absorption spectra of the present manganese(III)
complexes are similar to that of the above complex, suggesting
that these manganese(III} complexes may have a five-coordinate
structure (::C4v) in dichloromethane. Therefore, the absorption

1

bands near 15200 cm ~ can be safely assigned to the ligand field

transition due to d . »d 2_ 2.

Yy Y
On the other hand, the intense absorption bands near 16000 cm

1
observed for the manganese(IV) complexes can be assigned to the
charge-transfer transition due to Cl to Mn on the basis of the
intensities, as described in section V-1. The ligand field
transitions which are expected for a complex with a d3 high-spin
configuration may be obscured by the intense charge-transfer band.
Therefore, the absorption bands near 23600 cm-l cannot be easily
assigned.

Infrared Spectra. The IR spectra of the manganese (IV)
complexes are almost the same as those of the corresponding
manganese (III) complexes in the 4000 to 500 cm_l region, indicating
that the Schiff base ligands coordinate with manganese ions by the
1

same fashion in both complexes. However, in the 500 to 250 cm

region, the IR spectra of the manganese(III) and manganese (IV)
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complexes differ markedly, especially in the region sensitive to

the v(Mn-Cl). The absorption bands observed at 310 cm—l for

1 ) 1

Mn(N—Prsai)2C14), at 290 cm — for Mn(acac)2C1,5 and at 279 cm
for Mn(acacen)Cl3) have been assigned to the v(Mn-Cl); here acac
denotes the monoanion of acetylacetone. 1In the present manganese-
(ITI) complexes, strong bands were observed around 310 cm_l;
these may be assigned to the v(Mn-Cl). The band positions are
listed in Table 3. On the other hand, the IR spectra of the

manganese (IV) complexes showed strong bands around 350 cm_l. The

absorption band observed at 358 cm_1 for KZMnIVC16 has been assigned

to the v(Mn—Cl).G)

It is expected that the band due to the v (Mn-Cl)
may be shifted to higher frequencies on going from Mn(III) to
Mn (IV), since the manganese(III) complexes have a five-coordinate
structure, while the manganese(IV) complexes have a six-coordinate
structure. The absorption bands observed around 350 cm_1 for the
manganese (IV) complexes are assigned to the v(Mn-Cl). The band
positions are listed in Table 3. In the preceding section, it
has been pointed out that the dichloromanganese (IV) complexes with
the bidentate Schiff base ligands may have a c¢is- or trans-octahedral
configuration; with the complexes in which two chlorine atoms
coordinate with manganese ion in a eis-~form two absorption bands
due to the v (Mn-Cl) would be observed, while there is only one band
in a trans-form. In the present manganese(IV) complexes, one
strong band assignable to the v(Mn-Cl) was observed, suggesting
that two chlorine atoms may coordinate with manganese ion in a
trans—-form.

The coordination features of the bidentate Schiff base ligands
cannot be determined from the available data. However, the

structures of the nickel(II) complexes with the N-alkylsalicylidene-
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amines have been investigated and explained as follows. The
complexes with n-alkyl groups have a trans-planar configuration.
If the alkyl chain is branched at the f-carbon, as in the Ni(N-<-
Busai)z, the steric situation is very similar to the n-alkyl case

)

and no tetrahedral form is observed.7 In this study, attepmts

to isolate MnIV(N—Rsai)zcl2 (R = i-C3H7 and s—C4H9) were unsuccessful,
perhaps because of the instability due to the steric hindrance of
these groups. These results suggest that the present manganese (IV)
complexes are in a trans, six—-coordinate configuration, as shown

in Fig. 1, but the Schiff base ligands may deviate from planarity

to varying degrees.

Electrochemical Properties. The current-potential curve of
the complex MnIV(N—i-Busai)2Cl2 is shown in Fig. 5. Two-step
cathodic waves with a similar wave height were observed at the
half-peak potentials of +0.81 and -0.18 V(ve.SCE); these can be
assigned to the reductions of Mn(IV) to Mn(III) and Mn(III) to
Mn(II), respectively. The reduction potentials for the manganese-

(IV) complexes are given in Table 4, together with those for the

TaBLE 4. REDUCTION POTENTIALS FOR MANGANESE(IV)

COMPLEXES
E,/; vs. SCE®
Complex v
MnV—-Mnll Mn™—Mn!!
= Mn(N-Prsai),Cl, 0.84 Z0.12(~0.18)®
= Mn(N-Busai),Cl, 0.84 —0.17(-0.13)
z Mn(N-i-Busai),Cl, 0.51 —0.18(—0.15)
G Mn(N-Hxsai),Cl, 0.8 —0.12(~0.13)
Mn(N-c-Hxsai),Cl, 0.75 —0.21(~0.15)
+ Mn(N-Octsai),Cl, 0.83 —0.12(—0.16)
Mn(N-Dodsai);Cl,® 0.79 —0.17(=0.15)
Mn(N-Octdsai),Cl,® 0.75 —0.11(~0.16)
! 4 . ’ Mn(V-Bzsai),Cl,- CH,Cl,  0.87 —0.03(—0.12)
be 0 %; \[“5 Mn(N-PEsai},Cl, 0.84 —0.11(—0.13)
E gs. SCE . -
( .0: / WA . a) Measured in acetonitrile containing 0.1 M Bu,NCIO,
Tig. 5. Cm'rcnt-po(cnizm‘l curvc‘ofg\‘ln ‘(1\'-1-Busm)._.(.l._. At 25°C. b) Half-peak potentials for the corresponding
measurced in acetonitrile  at 25 °C. Scan rate was mangancse(I111)  complexes. ¢) Measured in accto-
0.06 V' s7% nitrile-dichloromethanc (2/1 volume ratio).
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manganese (III) complexes. The potentials for both reductions are
not much affected by the alkyl groups of the Schiff base ligands.

These results are consistent with the spectroscopic data.

Summary

The chlorobis{(N-alkylsalicylideneaminato)manganese (III)

complexes, MnIII(N—Rsai)2Cl, react with hydrogen chloride to give

the corresponding dichloromanganese(IV) complexes, MnIV(N—Rsai)2C12,

as deep green crystals; R can be n-C3H7, n-C4H9, z-C4H9, n—CGH

c—C6Hll, n-C8H17, n—C12H25, n-C18H37, CH2C6H5, or CH2CH2C6H5.

These complexes were characterized by the magnetic susceptibilities,

13’

electronic spectra, infrared spectra, and cyclic voltammograms. The

complexes (R = n—C12H25 and n-C H37) are found to be stable toward

18
water in the solid state. A trans, six-coordinate configuration
is proposed for the manganese(IV) complexes on the basis of the

infrared spectra.
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V - 3 Preparation and Characterization of Dichlorobis (N-alkyl-

substituted salicylideneaminato)manganese (IV) Complexes

Introduction

In the previous sections, V-1 and V-2, the preparation and
characterization of a series of dichloromanganese (IV) Schiff base
complexes have been described. These manganese(IV) complexes are
not stable toward water even in the solid state and decompose
gradually to their reduced manganese(III) complexes. In the

complexes of the bidentate Schiff bases, Mn(N—Rsai)2C12, the

complexes with R = n-Cle25 and H R o
[
n—ClsH37 are found to be more X C::N\ /,,—O
stable toward water than those ?iij}-O”yQ\N X
=C
. _ _ Cl !
with = C3H, and n-C,Hg. R H
In this section, the Mn(N-R-X Sﬂi)ZClz
preparation and characterization R X

n-CgHy7 (Oct)  5-Br
n-CyoHys(Dod)  5,6-Benzo
n-CygHg7 (Octd) 5-NO,
Fig. 1 will be described. CHZCGHS(BZ)

of new dichloromanganese(IV)

Schiff base complexes shown in

Fig. 1. Mn(IV) complexes.
Experimental

Preparation of Manganese(III) Sehiff Base Complexes, Mn(N-R-X-
sai)2CZ. Chlorobis(N-dodecyl-5-bromosalicylideneaminato)manganese-
(III1), Mn(N—Dod—5—Brsai)202: N-Dodecyl-5-bromosalicylideneamine
(N-Dod-5-BrsaiHl) was prepared by the condensation of 5-bromo-
salicylaldehyde and equimolar dodecylamine in tetrahydrofuran (THF).
This was recrystallized from ether. The other bidentate Schiff
bases were prepared in a similar manner. Their melting points and

analytical data are listed in Table 1.
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To an ethanol solution (100 cm3) of N-Dod-5-BrsaiH (7.37 g,
0.02 mol) were added manganese (III) acetate dihydrate (2.68 g,
0.01 mol) and lithium chloride (0.84 g, 0.02 mocl). The mixture
was warmed at 60 °C for 1 h with stirring and then evaporated to
remove the solvent under reduced pressure. The resulting brown
solid was collected on a glass filter, washed with a small amount
of ethanol, and dried im vacuo. It was extracted with dichloro-
methane (150 cm3), and the solution was evaporated to give a
brown solid. It was recrystallized from acetonitrile.

The other manganese(III) complexes were prepared in a similar
manner. The solvents employed for recrystallization were aceto-
nitrile for Mn(N—Oct—5—Brsai)2Cl, Mn(N—Oct-S,G—Benzosai)2Cl,

Mn(N—Dod-S,G—Benzosai)2Cl, Mn (N-Oct-5-NO sai)ZCl, and Mn (N-Dod-5-

2
Nozsai)2Cl, acetone for Mn(N—Octd—S—Brsai)ZCl and Mn (Octd-5,6-
Benzosai)2Cl, dichloromethane for Mn(N—Bz—S—Brsai)2C1 and Mn (N-Octd-
5—N025ai)2Cl, methanol for Mn(N—Bz-S—Brsai)ZCl, and N,N-dimethyl-
formamide for Mn(N-Bz—S—NOzsai)on. These complexes are soluble

in dichloromethane, methanol, and acetonitrile, slightly soluble

in ether, and insoluble in water. The analytical data are given

in Table 2.

Preparation of Manganese(IV) Schiff Base Complexes, Mn(N-R-X-
sai)ZCZZ. Dichlorobis(N-dodecyl-5-bromosalicylideneaminato)
manganese(IV), Mn(N—Dod—S-Brsai)zclgz To a 2-propanol (70 cm3)
containing Mn(N-Dod—S—Brsai)2C1 (1.0 g) was added a 2-propanol
solution of hydrogen chloride (1.5 molar folds over the complex)
at room temperature. The mixture was stirred for 1 h to give
a deep green precipitate. It was collected on a glass filter,

washed with 2-propanol, and dried in vacuo. It was recrystallized

from benzene to give deep green crystals. The yield was ca. 0.2g.
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This complex is soluble in dichloromethane, benzene, and acetone
to give deep green color. These solutions show no measurable change
in color allowing to stand for 1 h in an aerial atmosphere. This
complex also is soluble in pyridine and methanol but these solutions
change in color from green to brown gradually.

The other dichloromanganese(IV) Schiff base complexes were
prepared in a similar manner. The analytical data for the
manganese (IV) complexes are given in Table 3.
Measurements. The melting points were determined by means
of a Yanagimoto MP-1 melting point apparatus and uncorrected. The
other physical measurements were carried out by the method described
in section V-1.

Materials. All reagents were of reagent grade. The solvents

were purified by a usual manner.

Table 1. Melting points and analytical data of Schiff base ligands
M.P. Found (Calcd) (%)

Ligand Oc c H N
N-Dod-5-Brsail 24 ~ 25 61.51(61.95) 8.30( 8.21) 3.83(3.80)
N-Octd-5-BrsaiH 50.5 - 51 65.98(66.36) 9.39( 9.36) 3.07(3.10)
N-Dod-5, 6-BenzosaiH 64.5 81.07(81.61) 9.80( 9.53) 4.20(4.14)
N-Octd-5, 6-Benzosail 82 - 82.5 82.25(82.41) 10.84(10.49) 3.37(3.31)
N—Dod—5—NO2saiH 93 - 93.5 67.97(68.23) 9.05( 9.04) 8.31(8.38)
N-Octd-5-NO.,saiH 99.5 - 100 71.69(71.73) 10.18(10.11) 6.78(6.69)

2
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Table 2.

Analytical data for manganese(III) Schiff base complexes

Mn(N—R—Xsai)zcl

Found (Calcd)

(%)

R X c H N Mn

Oct 5-Br 50.88(50.54) 6.08(5.94) 3.96(3.93) 7.62(7.71)
Dod 5-Br 55.33(55.32) 7.12(7.09) 3.32(3.40) 6.74(6.66)
Octd 5-Br 60.06(60.45) 8.30(8.32) 2.84(2.82) 5.59(5.53)
Bz 5-Br 50.30(50.29) 3.40(3.32) 4.07(4.19) 8.32(8.22)
Oct 5,6-Benzo 69.52(69.66) 7.44(7.38) 4.19(4.28) 8.46(8.38)
Dod 5,6-Benzo 72.31(72.00) 8.56(8.41) 3.71(3.65) 7.13(7.186)
Octd 5,6-Benzo 74.19(74.45) 9.40(9.48) 2.96(2.99) 6.02(5.87)
Bz 5,6-Benzo 70.61(70.77) 4.69(4.62) 4.54(4.58) 9.02(8.99)
Oct S-NO2 55.50(55.86) 8.60(8.69) 6.63(6.56) 8.45(8.52)
Dod 5—NO2 59.79(60.27) 7.77(7.72) 7.38(7.40) 7.11(7.25)
Octd 5—NO2 64.80(64.88) 9.07(8.93) 5.95(6.05) 5.92(5.94)
Bz 5—N02a) 57.96¢(57.64) 4.06(3.97) 9.54(9.60) 9.38(9.42)
a) Values for Mn(N—Bz-S-NOzsai)zoﬂ

Table 3.

Analytical data for manganese(IV)

Schiff base complexes

Mn (N-R-Xsai)

Cl

Found (Calcd)

(%)

2
R X Cc H N Cl Mn

Oct 5-Br 48.28(48.15) 5.82(5.66) 3.74(3.74) 30.55(30.84)3)7.33(7.34)
Dod 5-Br 53.12(53.04) 6.90(6.79) 3.28(3.26) 26.56(26.81)a)6.52(6.38)
Octd 5-Br 57.92(58.37) 8.18(8.03) 2.81(2.72) 22.91(22.53)3)5.31(5.34)
Bz 5-Br 47.96(47.76) 3.26(3.15) 3.95(3.98) 32.62(32.77)a)7.80(7.80)
Oct 5,6-Benzo 66.39(66.08) 7.11{7.01) 4.42(4.06) 10.75(10.27) 8.11(7.95)
Dod 5,6-Benzo 68.58(68.82) 8.09(8.03) 3.50(3.49) 8.67( 8.83) 7.05(6.84)
Octd 5,6-Benzo 71.44(71.73) 9.21(9.13) 2.91(2.88) 7.52( 7.30) 5.70(5.66)
Bz 5,6-Benzo 66.69(66.89) 4.41(4.37) 4.45(4.33) 11.10(10.97) 8.54(8.50)
Oct S—NO2 52.74(52.95) 6.23(6.22) 8.39(8.24) 10.00(10.42) 8.10(8.07)
Dod S-NO2 57.74(57.57) 7.53{(7.37) 7.05(7.07) 9.05( 8.94) 6.93(6.93)
Octd S--NO2 62.24(62.49) 8.78(8.50) 5.92(5.83) 8.34( 7.34) 5.69(5.72)
Bz S-NOZb) 50,19(50.42) 3.53(3.42) 8.22(8.25) 16.33(15.67) 8.56(8.09)
a) Cl1 + Br. b) Inclusion of (CHZC12)0.S as a crystalline solvent.
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Results and Discussion
Preparation. The dichlorobis (N-butyl-substituted salicyli-

deneaminato)manganese (IV) complexes, Mn(N-Bu—Xsai)2C1 (X = 5-Br,

2
5,6-Benzo, and S—NOZ), which have previously been obtained, are
decomposed gradually to the reduced manganese (III) complexes by
moisture allowing to stand in an aerial condition even in the solid
state. Thus, in order to obtain pure manganese(IV) complexes

much care should be taken to remove trace amounts of water in the
solvents used. As described in section V-2, the central

manganese ion of the dichloromanganese(IV) complexes with bidentate
Schiff bases can be protected from attack of water molecules by
incorporating long-chain alkyl groups such as n-—ClZH25 and n—C18H37.
These findings led the author to prepare a series of dichloro-
manganese (IV) Schiff base complexes having long-chain alkyl groups.
All the manganese(III) complexes have a composition of Mn(N—R—Xsai)z-

Cl, with the exception of Mn(N-Bz-5-NO sai)20H (Table 2). All

2
the manganese (IV) complexes have a composition of Mn(N-R-Xsai)2C12
{Table 3). The properties of the manganese(III) and manganese (IV)
complexes are summarized in Tables 4 and 5, respectively.

Melting Points. The manganese(III) complexes having the
long-chain alkyl groups showed low melting points without decom-
position. As seen in Table 4, the longer the alkyl groups the
lower melting points are obtained in the order of Bz> Oct > Dod > Octd.
As for the substituents on the aromatic ring the melting points
are lowered in the order of 5—N02> H>» 5-Br > 5,6~Benzo groups.

The melting points for Mn(N-Rsai)ZCl which were prepared in the
preceding study are 154 - 155, 129 - 130, 119.5 - 120, and 205 -

206 °C for R = Oct, Dod, Octd, and Bz, respectively. On the other

hand, the melting points of the manganese(IV) complexes are lower
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than those of the corresponding manganese (IIT) complexes, and they
decompose at near melting points, showing color changes from green
to brown (Table 5). As for the alkyl groups the melting points
are lowered in the same order as that for the manganese (III)
complexes, and as for the substituents on the aromatic ring they
are lowered in the order of 5—N02>-5—Br>f{>5,6—Benzo groups, with
the exception of Mn(N—stai)ZClz. The melting points of Mn (N-R-
sai)2C12 which were prepared in the preceding study are 106 - 107,
97.5 - 98.5, 94 - 95, and 112 - 113 °C for R = Oct, Dod, Octd, and
Bz, respectively.

Magnetic Moments. The magnetic moments of the manganese-

(IIT) complexes fall within the range of 4.82 - 4.95 BM, with the

Table 4. Properties of manganese{III) Schiff base complexes

Mn (N-R-Xsai) ,c1 M.P. peffa) Vox bl viMn-c1) ¢! E /zvs.SCEd)
R X °c BM  10° cm‘I(log ® om ™t Mn(I¥I)+Mn(II)
Oct 5-Br 141-145  4.95 14.97 (2.72) 306 0.08
Dod 5-Br 122-123  4.92 14.93 (2.75) 305 0.08
octd 5-Br 104-105  4.83 14.97 (2.75) 306 0.07
Bz  5-Br 229-230%)  4.91 14.86 (2.77) 330 0.08
oct 5,6~Benzo 136-137  4.91 15.11 (2.70) 306 -0.09
Dod 5,6-Benzo 109-110  4.83 15.15 (2.72) 305 -0.08
octd 5,6~Benzo  94-95 4.82 15.13 (2.71) 305 -0.06
Bz  5,6-Benzo 208-209%) 3.25 15.08 (2.70) 313 -0.07
oct 5-NO, 197-198  3.89 15.92 (2.84) 293 0.28
Pod  5-NO, 181-182  3.79 15.67 (2.70) = 294 0.25
octd 5-No, 179-180  3.53 15.72 (2.72) 293 0.30
Bz 5-NO, 220-222%)  4.20 15.82 (2.65) 293 0.28

a) Measured at room temperature. b) Measured in dichloromethane. c¢) Measured
in Nujol mulls. d) Measured in acetonitrile containing 0.1 M Bu4NClO4 at

25 OC, e) With decomposition.
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exception of Mn(N-Bz—S,G—Benzosai)ZCl and all the 5-nitro derivatives
(Table 4). These values are consistent with the spin-only value
expected for a complex having a d4 high-spin electron configuration.
The lower values observed for the above complexes may be caused by
antiferromagnetic interaction between manganese atoms due to a
binuclear structure in which they are bridged by two phenolic oxygen
atoms. No further investigation on magnetic properties for these
complexes has been made.

The magnetic moments of the manganese(IV) complexes fall
within the range of 3.87 - 4.10 BM (Table 5). These values are

consistent with the spin-only value expected for a complex having

Table 5. Properties of manganese(IV) Schiff base complexes

Mn (N-R-Xsai) ,C1, mep Bl PLoy c) vimn-c1) ¥ E /2 vs.sCE®)
log € —_—y——n

: . °c BM 10° Cm—l( 7 em Mn (IV)>Mn (IXI)»Mn(II)
Cct 5-Br 123-124 4.07 15.72 (3.72) 329 0.87 -0.12
Dod 5-Br 115-116 4.02 15.72 (3.73) 326 0.85 -0.10%)
octd 5-Br 111-112 4.07 15.67 (3.66) 337 0.85 -0.10%
Bz  5-Br 184-185 3.87 15.77 (3.55) 337 0.90 -0.03
0ét 5,6-Benzo 94-95 4.02 14.84 (3.68) 336 0.40 -0.13
Dod 5,6-Benzo 86-87 4.04 14.75 (3.77) 327 0.39 -0.13%)
Octd 5,6-Benzo 83-84 3.91 14.75 (3.75) 326 0.40 ~0.07%)
Bz 5,6-Benzo  148-149 3.90 14.83 (3.77) 326 0.41 -0.07
oct 5-NO, 190-193 3.93 16.98 (3.72) 358 0.93 0.06
Dod 5-NO, 185-190 4.06 17.01 (3.77) 354 0.92 0.06
octd 5-NO, 180-184 4.10 16.85 (3.74) 358 0.93 0.12%
Bz  5-NO 280 3.94 17.12 (3.74) 355 1.00 0.21

2

a) With decomposition. b) Measured at room temperature. c) Measured in dichloro-
methane. d) Measured in Nujol mulls. e) Measured in acetonitrile containing
0.1 M Bu4NClO4 at 25 °c. f) Measured in acetonitrile-dichloromethane (1/1

volume ratio).
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a d3 high-spin electron configuration.

Electronic Spectra. The electronic spectra of the
manganese (III) complexes measured in dichloromethane show the
absorption bands (log € = 2.7) around 15000 cm_l. These complexes
may have a five-—coordinate configuration around the central

1)

manganese ion in such a noncoordinating solvent. Therefore,
these bands can be assigned to a ligand field transition due to

dX - dX2_ 2. The absorption maxima are affected by the aromatic

Y Y

ring substituents and are shifted to higher energies in the order

of 5-N02> H> 5,6-Benzo > 5-Br groups (Table 4). The alkyl groups
attached to the nitrogen atoms have little effect on the absorption
maxima. On the other hand, the electronic spectra of the
manganese (IV) complexes measured in dichloromethane show the more
intense absorption bands (log € = 3.7) in the range of 14700 -~
17100 cm_1 than those for the manganese(III) complexes. These
bands can be assigned to a charge-transfer transition due to

Cl(pm) » Mn(dn) from their intensities as discussed in the previous
sections, V-1 and V-2. These absorption maxima are also affected
by the aromatic ring substituents and are shifted to higher energies
in the order of 5—N02> H > 5-Br > 5, 6-Benzo groups (Table 5). The
alkyl groups have little effect on the absorption maxima as well

as the manganese(III) complexes.

Infrared Spectra. The IR spectra of the manganese (IV)
complexes show almost the same pattern as those of the manganese (III)
complexes in the region from 500 to 4000 cm_l, but both spectra are
significantly different in the region from 200 to 500 cm_l. In
this region the absorption bands due to Mn-Cl stretching vibrations

2)

should be observed. Both manganese(III) and manganese{IV)

complexes showed one absorption band assignable to v(Mn-Cl)
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(Tables 4 and 5). The frequencies for the manganese(IV) complexes
are observed in higher energies than those for the corresponding
manganese (III) complexes. This may be caused by the change in the
oxidation state of the central manganese ion from Mn(III) to Mn(IV).
The results that one absorption band due to v (Mn~Cl) is observed
for the manganese(1IV) complexes imply that two chlorine atoms
coordinate to the manganese atom as a trans-—configuration. Thus,
a trans-octahedral configuration is proposed for the manganese (IV)
Schiff base complexes investigated here as shown in Fig. 1.
Electrochemical Properties. The cyclic voltammograms of the
manganese (II1I) and manganese (IV) complexes were measured in aceto-
nitrile. Some of the manganese(IV) complexes were measured in a
mixture of acetonitrile and dichloromethane (1/1 volume ratio)
owing to their poor solubility in acetonitrile. The current-
potential curves for the manganese(III) complexes showed the one
cathodic wave around 0.0 V (vs.SCE) in the +1.2 to -0.8 V range.
This can be assigned to the one-electron reduction from Mn(III) to

Mn(11) .2

Oon the other hand, the current-potential curves for the
manganese (IV) complexes showed the two-step cathodic waves around
+0.9 and 0.0 V with similar wave heights. These waves can be
assigned to the one-electron reductions from Mn(IV) to Mn(III) and
from Mn(III) to Mn(II), respectively. The separations of the peak
potentials between the cathodic wave and the corresponding anodic
wave for both redox waves are larger than the 57 mV expected for

a reversible one-electron redox wave, so these electrode reactions
may be irreversible. Thus, the half-peak potentials (Ep/z) of the
cathodic waves for the manganese(III) and manganese(IV) complexes

are summarized in Tables 4 and 5, respectively. The reduction

potentials for the manganese (I1I) complexes are affected by the
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aromatic ring substituents and are shifted to more positive
potentials in the order of 5-N02> 5-Br > 5,6-Benzo groups. And
they are little affected by the alkyl groups. On the other hand,
the reduction potentials for the manganese(IV) complexes are
significantly affected by the aromatic ring substituents and are
shifted to more positive potentials in the order of 5—N02> 5-Br >
5,6-Benzo groups. These potential shifts can be explained by the
electron-withdrawing ability of the substituent groups. And also
the alkyl groups have little effect on the reduction potentials.
These results are not inconsistent with those obtained in the

electronic and IR spectra.

Summary

A series of dichlorobis(N-alkyl-substituted salicylidene-
aminato)manganese (IV) complexes, Mn(N—R—xsai)zclz, was prepared
by the reaction of Mn(N-R—Xsai)2C1 complexes with hydrogen chloride,
where R can be n—CSH17 (Oct), n-C12H25 (Dod); n—C18H37(Octd), and
CH2C6H5 (Bz) and X can be 5-bromo, 5-nitro, and 5,6-benzo groups.

These complexes were characterized by the magnetic.: susceptibilities,

IR and electronic spectra, and cyclic voltammograms.
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Chapter VI

Reactions of Dichloromanganese(IV) Schiff Base Complexes with

Water as a Model for Water Oxidation in Photosystem II

Introduction
Manganese ions with higher oxidation states such as +III and/or

+IV have been believed to be involved in water oxidation process

of photosystem II in green plants.l -4 Several attempts and
assumption for this process have been published.5 - 8) However,
it has not yet been reported
that molecular oxygen is H R OZN
i
liberated by direct reactions C=N ICl 0
N -
of synthetic manganese complexes o~ r;AQ
=C
with water as a model for the Cl H
NO, R

primary event in photosystem II.

R = n-C3H, (Pr), n=C,Hy (Bu),

. . . n—C6Hl3 (Hx) , n—C8H17 (Oct),
preparation and characterization n—C12H25 (Dod) , CH2C6H5 (Bz) .

In this Chapter, the

of dichloromanganese(IV) Schiff

. Fig. 1. Manganese(IV) Schiff base
base complexes shown in Fig. 1

complexes, Mn(N—R-3—NOzsai)2C12.

and their reactions with water

will be described.

Experimental

Preparation of Chloromanganese(III) Schiff Base Complexes.
Chlorobis(N-octyl-3-nitrosalicylideneaminato)manganese(III),
Mn(N—Oct—3—N023ai)ZCZ: All the manganese(III) Schiff base complexes
were prepared by the following modification of the method described

in Chapter III-1. 3-Nitrosalicylaldehyde (3-NO
9)

2salH) was prepared

by the method described in the literature. The Schiff base ligands

were prepared by the condensation of 3-N025a1H with alkylamines,
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RNH2 (R = n—C3H7, n—C4H9, n-C6H13, n—C8H17, n-C12H25, and CH2C6H5)
in tetrahydrofuran (THF). They were recrystallized from appropriate
organic solvents such as ethanol and ether.

To a mixed solution of dichloromethane (50 cm3) and methanol
(50 cm3) containing N-octyl-3-nitrosalicylideneamine (N—Oct—3—N02-

saiH, 5.57 g, 10 mmol) were added Mn(CH3COO)3-2H O (1.34 g, 5 mmol)

2
and LiCl (0.32 g, 7.5 mmol). The mixture was refluxed for 30 min
with stirring and then evaporated to dryness under reduced pressures.
The resulting brown solid was recrystallized from dichloromethane
to give the title complex as brown crystals.

Other manganese(III) Schiff base complexes were prepared in
a similar manner. The analytical data are given in Table 1. These
complexes include dichloromethane as a crystalline solvent.

Preparation of Dichloromanganese(IV) Schiff Base Complexes.
Dichlorobis(N-oetyl-3-nitrosalicylideneaminato)manganese(IV),
Mn(N-Oct—S—Nogsai)ZCZZ: To a 2-propanol (50 cm3) containing
Mn(N—Oct—B—NOzsai)ZCl (0.5 g) was added dropwise a 2-propanol
solution of hydrogen chloride (1.5 molar folds over the complex)
with stirring at room temperature. The deep green crystals which
precipitated were filtered, washed with 2-propanol, and dried in
vacuo. The yield was ca. 0.2 g.

Other dichloromanganese (IV) complexes were obtained in a
similar manner. The analytical data are given in Table 2.

Determination of Molecular Ozxygen Liberated. In this study,
two methods were employed for detection and determination of molecular
oxygen which was liberated during the reactions between manganese(IV)
complexes and water. The method A was based on colorization of an
alkaline pyrogallol solution [pyrogallol (0.2 g) in an aqueous

3

KOH solution (9 mol dm , 4 cm3)] by the reaction with gaseous 02.
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The colorization was monitered by measuring the absorbance at 420 nm
with a spectrophotometer. An apparatus for spectrophotometric
determination is shown in Fig. 2. The gquantities of 0, liberated
were calculated from the calibration curve which was obtained by
using air under the same conditions. The method B was based on a
dissolved oxygen electrode. An EIL Model 8012-1 dissolved oxygen
probe connected with a Yanaco pH-7 pH meter was used. This was
calibrated with an air-saturated water and an aqueous solution of
Na2803 (5%). The buffer solutions were prepared by acetate and
phosphate buffer systems.

Measurements. 2All physical measurements were carried out
by the methods described in Chapter V.

Materials. All the reagents were of reagent grade. Solvents

were purified by a usual manner.

Table 1. Analytical data for the manganese(III) complexes,

Mn (N-R-3-NO,sai) ,C1
Complex®) Found (%) Calcd (%)
R C H N  Mn c H N  Mn
Pr 44.95 4.30 9.65 10.35 44.95 4.24 10.24 10.04
Bu 47.25 5.00 9.57 9.67 47.01 4.73 9.75 9.56
x> 47.57 5.43 8.47 8.59 48.12 5.38 8.31 8.15
octP! 50.32 6.59 7.78 7.94 51.01 6.08 7.67 7.52
Dod 58.54 7.57 7.09 6.88 57.82 7.44 7.01 6.87
Bz 53.47 3.95 8.41 8.63 53.24 3.61 8.71 8.55

Inclusion of dichloromethane as a crystalline solvent:

a) (CH2C12)0.5 and b) (CH2C12) per a complex.
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Table 2. Analytical data for the manganeée(IV) complexes,

Mn(N—R—3—N025ai)2Cl2
Complex Found (%) Calcd (%)
R C H N Cl Mn C H N Cl Mn
Pr 44.99 4.49 10.19 13.69 10.34 44.46 4.11 10.37 13.13 10.17
Bu 46.70 4.76 9.84 13.17 9.79 46.49 4.62 9.86 12.84 9.67
Hx 49.87 5.37 8.74 11.65 8.94 50.00 5.50 8.97 11.35 8.80

Oct 52.24 6.34 8.45 10.81 8.13 52.93 6.23 8.23 10.42 8.07
Dod 57.67 7.52 7.01 8.77 6.89 57.56 7.39 7.07 8.94 6.93

Bz 52.24 3.81 8.77 11.59 8.61 52.84 3.49 8.81 11.14 8.63

Results and Discussion

Characterization of the Manganese(III) and Manganese(IV)
Complexes. The analytical data for the manganese(III) complexes
are in agreement with an empirical formula of Mn(N-R—3—N025ai)2Cl-—
(CH2C12)n {n = 0.5 or 1) (Table 1). Dichloromethane was included
as crystalline solvents. The analytical data for the manganese (IV)
complexes are in agreement with an empirical formula of

Mn {N-R-3-NO sai)2Cl2 (Table 2). The magnetic moments of the

2
manganese (III) complexes are within the range of 4.85 to 4.95 BM,
with the exception of Mn(N-Bz—3—NOzsai)2Cl (Table 3). These values
indicate that the manganese(III) complexes may adopt a d4 high-spin
electron configuration. The low value (4.24 BM) of the above complex
may be caused by antiferromagnetic interaction due to a dimeric

structure where manganese ions are bridged by the phenolic oxygen

atoms. On the other hand, the magnetic moments of the manganese (IV)

complexes are within the range of 3.88 to 4.02 BM (Table 4). These

values are consistent with the spin-only value expected for a complex
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having a d3 high-spin electron configuration.
The electronic spectra of the manganese(III) complexes show

1 with moderate intensities in

an absorption band around 16000 cm
the visible region (Table 3). This can be assigned to the ligand
field transition. The band positions are little affected by the
alkyl groups. On the other hand, the electronic spectra of the
manganese (IV) complexes show an intense absorption band (log € =
3.7) around 17000 cm_1 in the visible region (Table 4). This can
be assigned to a charge-transfer transition from Cl(pw) to Mn{(dw)
as described in Chapter V-1. The band positions are little
affected by the alkyl groups as well as the manganese(III) case.

The cyclic voltammograms of the manganese(III) complexes
measured in acetonitrile show a cathodic wave around 0.2 V (vs. SCE)
(Table 3). This can be assigned to the one-electron reduction from
Mn(III) to Mn(II). The cyclic voltammograms of the manganese (IV)
complexes show two-step cathodic waves around 1.0 and 0.2 V (Table 4).
These waves can be assigned to the reductions from Mn(IV) to Mn{(III)
and from Mn(III) to Mn(II), respectively. The most positive
reduction potential is observed for Mn(N-Pr-3-NO

sai)ZCl among the

2 2
manganese (IV) complexes, although the reduction potentials for both
manganese (III) and manganese (IV) complexes are little affected by
the alkyl groups.

The infrared spectra of the manganese (IV) complexes exhibit
one absorption band assignable to Mn-Cl stretching vibration around
340 cm-l. This suggests that these manganese(IV) complexes have
an octahedral trans-configuration where two <chlorine atoms
coordinate to the central manganese atom by a trans-form. The same

behavior has been found for the dichlorobis(N-alkyl-salicylidene-

aminato)manganese (IV) complexes, Mn(N-Rsai),Cl, (ef. V-2).
2772

-142-



Table 3. Magnetic moments, absorption maxima, and reduciton

potentials of the manganese(III) complexes, Mn(N—R—B—NOzsai)2C1

a) b) c)
Complex Meff Vmax Ep/2 vs. SCE
3 —7(log €)
R BM 107 cm \"
Mn(III)-> Mn(II)
Pr 4.93 16.13 (2.43) 0.25
Bu 4.98 16.03 (2.57) 0.28
Hx 4.94 16.23 (2.62) 0.21
Oct 4.85 16.10 (2.43) 0.14
Dod 4.95 16.18 (2.53) 0.02
Bz 4.24 16.18 (2.42) 0.27

a) Measured at room temperature. b) Measured in acetonitrile.

3

c) Measured in acetonitrile containing 0.1 mol dm Bu4NClO4 at

25 ©c.

Table 4. Magnetic moments, absorption maxima, and reduction

potentials of the manganese(IV) complexes, Mn{N-R-3-NO sai)2C1

2 2
a) b) c)
Complex Meff Vmax ﬁg/Z ve. SCE
3 _l(log €)
R BM 107 cm v
Mn (IV)-> Mn(III)-» Mn(II)
Pr 3.96 17.01 (3.46) 1.04 0.28
Bu 3.99 17.06 (3.42) 0.99 0.25
Hx 4.02 17.30 (3.43) 0.98 0.18
Oct 3.88 17.04 (3.73) 0.98 0.11
Dod 3.97 17.18 (3.47) 0.96 0.15
Bz 4.01 16.95 (3.41) 0.98 0.22

a) Measured at room temperature. b) Measured in acetonitrile.
c) Measured in acetonitrile containing 0.1 mol dm-3 Bu4NC104 at

25 c.
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Reaction of the Manganese(IV) Complexes with Water. As
mentioned above, the reduction potentials of the first cathodic
wave of the manganese (IV) complexes match with the redox potential
for the couple of OZ/HZO (Eé = 0.81 V vs. NHE) at neutral pH.
Therefore, these manganese(IV) complexes can oxidize water to
liberate molecular oxygen (02). In this study, the detection and
determination of O2 have been examined which may be liberated by the

reactions of the manganese (1IV)

J_ b o xI

T T T T (___Nz
complexes with water. Figure 2 4
shows an apparatus for the

. . . Pyrogallol Compl
spectrophotometric determination Y ?0.2 g) plex
of small quantities of gaseous 9 M KOH aQ-3 Reaction
. soln. (4 cm™)

O, by use of an alkaline solvent

2
pyrogallol solution. The

Absorption cell Stir bar

. . Fig. 2. Apparatus f trophotmetri
concentration of O2 liberated g PP v or spectrophotmetric

measurements.
in the system can be measured
indirectly by absorption
spectrophotometry of the
oxidation product of

10) In this study,

pyrogallol.
a diffusion system was chosen

because a flow system may

Absorbance at 420 nm
»

0 L 1
suffer a disadvantage in 100 200

effenciency of 0, absorption Time/min

by pyrogallol solution. Fig. 3. Changes in absorbance of pyrogallol

solution during the reaction of Mn(N-Pr-3-

NO
2 ) 3

solvent of acetonitrile (5 cm”™) and water

(5 cm3)‘

Figure 3 shows a time course sai)2C12 (0.2 g) with water in a mixed
of absorbance of the
pyrogallol solution at 420 nm

during the reaction of
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Mn(N-Pr-3—Nozsai)2C12 with water in a mixed solvent of acetonitrile

and water. As time elapsed, the solution of the complex turned

green to dark yellow and an increase in absorbance of the pyrogallol

solution was clearly observed. From the increase of absorbance
observed after 200 min, the quantity of 0, liberated out of the

reaction system was estimated to be 0.068 mole of O2 per one mole

of complex on the basis of the calibration curve. However,

dissolved oxygen in the solution of the complex could not be measured
in this method. Thus, measurements of dissolved oxygen were made
by using a dissolved oxygen probe. Large decreases in pH of the
solutions were found to occur in the reactions of the dichloro-

manganese (IV) complexes with water so buffer solutions were employed
for the reaction solvent.

Figures 4 A and 4 B show the pH effects on the gquantities of

g ’,l’—*k\
S05F (A) (B) L
7’ L]
3 o \
3 ,,—O-~\ ,”/ \\
204t e R
_e /,/ \\‘ 5 ’., ‘\
2 Nl \
.803 2 /’ o L
, o |‘
< % ¢ \
. - [
0.2 2 ‘
c @ !
2 2 .
[} -
01
0 It 1 T L 0.20¢ . 1 1 L
4 5 6 7 8 4 5 6 7 8
pH pH
Fig. 4.

The pH effects on quantities of molecular oxygen liberated

during the reaction of Mn(N--Pr—B-Nozsai)ZCl2 with water.
(A) : Determined spectrophotometrically with an alkaline pyrogallol

solution; complex, 0.2 g; solvent, a mixed solution of acetonitrile
(5 cm’) and buffer solution (5 cm>).

(B): Determined with an oxygen electrode; complex, 0.02 g; solvent,

a mixed solution of 2-propanol (5 cm3) and buffer solution {20 cm3).

-145-



O2 liberated in the reactions of Mn(N—Pr—3—NOzsai)2Cl2 with water,
which were measured by the methods A and B, respectively. 1In both
cases, the maximal liberation of 02 is observed at neutral pH region.

This is of interest in connection with the natural chloroplast.

Table 5 summarizes the quantities of O, liberated in the

2
reactions of the dichloromanganese(IV) Schiff base complexes with
water. All the manganese (IV) complexes investigated here are found
to react with water to liberate 02. Among them, the maximal value
is observed for Mn(N-Pr—3—NOzsai)2C12, which has the most positive
reduction potential +1.04 V.

In the reactions of the manganese(IV) complexes with water,
the following facts were observed: (1) pH of the reaction mixtures
decreases largely, (2) free chloride ions are determined almost
guantitatively, and (3) manganese(II) complexes are isolated from

the reaction mixtures. These observations suggest that the present

reaction of the manganese (IV) complexes with water takes place as

Table 5. Quantities of molecular oxygen liberated during the
reactions of the manganese(IV) complexes (20 mg) with water
in a mixed solvent of water (20 cm3) and 2-propanocl (5 cm3)

which was adjusted to pH = 7 by a phosphate buffer

O, liberated a)
2
Complex
Mn
Mn(N—Pr—3—Nozsa1)2Cl2 0.27
Mn(N—Bu-B—Nozsa1)2Cl2 0.25
Mn(N-Hx—3—NOzsa1)2Cl2 0.14
Mn(N—Oct—3-NOzsa1)2Cl2 0.20
Mn(N—Dod—B-N025a1)2C12 0.12
Mn(N—Bz-B—N025a1)2C12 0.17

a) Determined with an oxygen electrode at 15 t 0.1 °c.
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follows,

+

2MnIv(L)2C1 + 2H,0 —> 2MnII(L)2 + o, + 4t + ac1”

2 2

where L denotes monoanion of the bidentate Schiff base ligands.

Summary

The dichloromanganese(IV) Schiff base complexes, Mn(N—R—3-N02—
sai)2Cl2 (R = Pr, Bu, Hx, Oct, Dad, and Bz) have been prepared and
characteriazed by the magnetic susceptibilities, electronic and
infrared spectra, and cyclic voltammograms. All the manganese(IV)
complexes are found to react with water to liberate molecular oxygen.
This is confirmed by means of a spectrophotometry with an alkaline
pyrogallol solution and by using a dissolved oxygen electrode.
The maximal liberation of 0, is observed at neutral pH region.
The following reaction scheme is proposed,

aunV(L) 01, + 28,0 — 2mn’T@), + o, + 4" + 4c1”.
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Chapter VII
Oxidative Dehydrogenation of Bis(salicylideneaminato)copper (II)

Complex in Pyridine and Formation of 2-Cyanophenolato Complex

Introduction
It is well known that copper(II) salts catalyze significantly
the oxidation of organic substances by molecular oxygen.l)
Brackman et aZ.z) have reported that the ammoxidation of alcohols
and aldehydes catalyzed by copper(II) salts gives the corresponding
nitriles in good yields, and have proposed that the imino function
(RCH=NH) which formed by condensation of aldehyde with ammonia
was oxidized to nitrile vig an intermediate of an imino radical
(RCH=N-), involving a Cu(II)/Cu(I) redox system. Misono et aZ.3)
have investigated the kinetics of the formation of benzonitrile
from benzaldehyde and ammonia catalyzed by some copper compounds,
and have proposed that benzilideneamine is an important intermediate.
They have reported that 2-~cyanophenol was formed by thermal
decomposition of bis(salicylideneaminato)copper (II1), [Cu(salam)z].4)
The oxidative dehydrogenation of amino and alkylamino groups

5) 6)

coordinated to metal ions has been reported. Diamond et al.

have found that pentaammine (benzylamine)ruthenium(II) ion reacts
with molecular oxygen to give pentaammine(benzonitrile)ruthenium
ion. Keene et aZ.7) have reported that the complexes,

2

[Ru(bpy)z(NHZCHzR)2]+ (NHZCH R = allylamine, benzylamine, and

2
butylamine) were oxidized chemically and electrochemically to give
the corresponding bis(nitrile) complexes, [Ru(bpy)z(NC—R)zl+2 and
proposed that the reactions proceed by initial oxidation of Ru(II)
to Ru(III), followed by a series of stepwise dehydrogenation

reactions which occur vig the imine intermediate. Recently, the

oxidative dehydrogenation of the coordinated secondary amine
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moieties to the copper atom has been reported for Cu(II)-4,4'-

8)

{ethane-1,2-diyldiimino)bis (pent-3-en-2-one) complex and

bi-Cu(I)-macrocyclic complex.g)
In this Chapter it will be described that [Cu(salam)z] reacts
with molecular oxygen to give quantitatively the 2-cyanophenoclato

complex. This reaction should afford good information on the

mechanism of the ammoxidation catalyzed by copper compounds.

Experimental

Preparation of Copper(II) Complexes with Salicylideneamine and
Its Analogs. All the complexes with the Schiff bases used in this
study were obtained by the method described in the literature.
They are abbreviated as follows: Bis(salicylideneaminato)copper(II):

10a)

[Cu(salam)Z] ; bis(substituted salicylideneaminato)copper (II):

10b)

[Cu(X—salam)z] , where X can be 5-Me, 3-Me, 3-MeO, 4-Cl, 5-Br,

5,6~-Benzo, and S—NOZ; bis[1- (o~hydroxyphenyl)ethylideneaminatol -

copper (II): [Cu(hpam)zlloc); bis (N-methylsalicylideneaminato) -

copper (II): [Cu(N-Mesalam)z]lOC).

Isolation of Oxidized Products. Oxidized Product of
[Cu(salam)2]: A pyridine solution (300 cm3) of [Cu(salam)z] (1.0 g)
was kept at 70 OC, with dried air bubbled through it. The green
solution turned brown gradually. The reaction was followed by
monitering the visible absorption spectra of small portions of the
solution at regular intervals. The spectral changes were no longer
observed after caq. 7 h; the resulting solution was evaporated under
reduced pressure. The brown solid was collected on a glass filter,
washed with hexane, and dried in vacuo. The yield was quantitative.

The product is soluble in pyridine (py), N,N-dimethylformamide (DMF),

and dimethyl sulfoxide (DMSO), slightly soluble in dichloromethane,
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methanol, and benzene, but insoluble in water. This was reprecipi-
tated from pyridine and ether.

The oxidized product of [Cu(salam)z] could be obtained from
the reaction between its pyridine solution and an aqueous solution
of hydrogen peroxide (30%) at room temperature. This was identified
to be the same product as the above. The reaction of [Cu(salam)z]
with molecular oxygen in dioxane was found to give the pale brown
product. This is soluble in pyridine, but insoluble in noncoordi-
nating solvents; its formula is [Cu(2-CNphO) (OH)], where 2-CNphOH
denotes 2-cyanophenol. All the reaction conditions are summarized
in Table 1, together with the empirical formulas of the products.
The analytical data for these products are given in Table 2, along
with their magnetic moments determined at room temperature and the
frequencies due to v(CN).

Isolation of 2-Cyanophenol from the Oxidized Product of
[Cu(saZam)gl. The oxidized product (0.1 g) of [Cu(salam)2] was
dissolved in pyridine (10 cm3). A solution (100 cm3) of 1 M (1 M=
1 mol dm_3) hydrochloric acid was added to it. Hydrogen sulfide
gas was passed through the solution for 10 min, followed by passing
nitrogen gas for 20 min. A black precipitate was filtered and
washed with ether (50 cm3). The filtrate was extracted with ether
(50 cm3). The ethereal washings and extract were combined and
dried over anhydrous sodium sulfate, and then evaporated under
reduced pressure to yield a pale yellow solid. It was recrystallized
from hexane to give white crystals. The yield was 0.04 g. This
was identified to be 2~cyanophenol from the elemental analysis,
infrared spectrum, and melting point (96.5 oC).

Preparation of 2-Cyanophenolato Complexes. Bis(2-cyano-

phenolato)bis(pyridine)copper(II), [Cu(Z—CNphO)Z(py)Z]: This
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complex was obtained by a modification of the method described in

11) To an aqueous solution (20 cm3) containing

the literature.
CuSO4-5H20 (0.75 g, 3 mmol) and pyridine (0.48 g, 6 mmol) was added
dropwise an aqueous solution (15 cm3) of 2-cyanophenol (0.72 g,
6 mmol) and sodium hydroxide (0.24 g, 6 mmol) with stirring.
An olive-green solid which precipitated was collected on a glass
filter, washed with water and then with small volumes of ethanol
and ether, and dried <n vacuo. This was recrystallized from
dichloromethane to give greenish brown crystals.
2,2’—Bipyridinebis(2—cyan0phenolato)copper(II),[Cu(Z-CNphO)Z(bpy)]:
This complex was obtained in a similar way to that used for the
above complex, using 2,2'-bipyridine in place of pyridine.

The analytical data for the 2-cyanophenolato complexes are
given in Table 2, together with their magnetic moments determined
at room temperature and the frequencies due to v (CN).

Materials. All reagents were of reagent grade. The solvents
were purified in the usual manner.

Measurements. The UV, VIS, and NIR spectra were recorded on
a Hitachi 340 recording spectrophotometer. The diffused reflectance
spectra were obtained by using the above instrument along with a
Hitachi R-10 A integrating sphere unit and a NIR integrating sphere
unit. The infrared spectra and magnetic susceptibilities were

obtained by the method described in Chapter III-1.

TABLE 1. OXIDATION CONDITIONS FOR COPPER(II) COMPLEXES AND THEIR PRODUCTS
; Reaction produdt
Complex Solvent® Tc:mp Time A:nos-

c h PRETC  yield/% Formula Color
[Cu(salam),] Pyridine 70 7 Air 95 [Cu(2-CNphO).(py),] Greenish brown
[Cu(salam),] Pyridine® 30 0.5 Air 90 [Cu(2-CNphO),(py).] Greenish brown
[Cu(salam),]} Dioxane 70 7 Air 60 [Cu(2-CNphO)(OH)] Pale brown
[Cu(hpam),]} Pyridine 80 10 Air 90 [Cu(2-CNphO).(py).] Greenish brown
[Cu(N-Mesalam),] Pyridine 110 100 0, No reaction

a) Complex: 3 mmol.

b) Solvent: 300 cm3. c) Addition of aqueous H,O, solution (30%, 6 mmol).
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Results and Discussion

A pyridine solution of [Cu(salam)zj has been found to change
the color from green to greenish brown on being allowed to stand
for a few days at room temperature under air. The author is
interested in the cause of such a color change.

Absorption Spectral Changes. Figure 1 shows the absorption
spectral changes of a pyridine solution of [Cu(salam)z] at 70 °c
under air. The absorption bands at 366 and 598 nm observed for the
original spectrum can be assigned to charge-transfer and ligand
field transitions, respectively. The absorption spectrum changes
remarkably with time, showing the isosbestic points at 351 and
408 nm; the absorption band at 366 nm decreases in intensity and
a new absorption band appears at 333 nm (Fig. 1 A), and the absorp-
tion band at 598 nm is shifted to lower energies with increasing
the intensity around 500 nm (Fig. 1 B). These spectral changes
indicate that a marked change occurs in the coordinated ligand and

the environment around the central copper atom.

Absorbance
Absorbance

Wavelenath/nm

Fig. 1. Absorption spectral changes of pyridine soluticns of
8x107° M (A) and Bx107> M (B) [Cu(salam),] at 70 °C
under air, cell length lcm.

(A): 1) Reaction time = 0; 2), 265; 3), 325; 4), 385 min.

(B): 1) Reaction time = 0; 2), 26; 3), 80; 4), 385 min.
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Characterization of the Reaction Product. The analytical
data for the reaction product of [Cu(salam)zl in pyridine are in
agreement with an empirical formula of [Cu(2—CNphO)2(py)2]. The
magnetic moment is 2.05 BM. The electronic spectrum measured in
pyridine shows an intense absorption band around 23000 cm—l and
a broad absorption band around 14000 cm_1 (Fig., 2). These bands
can be assigned to a charge-transfer transition between the phenolic
oxygen atom and copper atom and the ligand field transition from
2)

higher energies.l Figure 3 shows the infrared spectra of

4.0

3.0

logé

201

0 . L t A . s . .
10 20 30 3000 2500 2000 1300 1600
Wave number/10% enl wave number/ cm™!

L s L "
1400 J200 1000 800

Fig. 2. Electronic spectra Fig. 3. Infrared spectra of [Cu(salam),]
in pyridine (-~~) and its oxidized product (—)
—— idi t of
:+ Oxidized product o in Nujol mulls.
[Cu(salam),],

—: authentic complex,
[Cu (2~CNphO) 2 (py) 2] .

TaBLE 2. ANALYTICAL DATA, MAGNETIC MOMENTS, AND »(CN) FREQUENCIES
FOR 2-CYANOPHENOLATO COPPER COMPLEXES

Found (%) Caled (%) P »(CN)®
Complex CMJ\I—;——\N C/_..._,};———\N E ——
[Cu(2-CNphO)2(py)2]‘) 62.75 3.65 12.50 62.94 3.96 12.23 2.05 2220, 2205
[Cu(2-CNphOY(py):] 62.91 3.93  12.07 62.94 3.9  12.23  1.91 2220, 2205
[Cu(Q-CNphO)z(bpy)] 63.03 3.43 11.90 63.22 3.54 12.29 1.91 2220, 2208
[Cu(2-CNPhO)(OH)] 42.46 2.2 7.16 42.31  2.53  7.05  1.46 2238

a) Oxidized product. b) Measured at room temperature. c) Measured in Nujol mulls.
»(CN): 2237 cm? for 2-CNphOH; 2205 cm? for 2-CNphONa.
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[Cu(salam)2] and its reaction product. 1In the latter compound,
the absorption bands at 3280 and 1625 cm‘_l are due to v (N-H) and
v (C=N), respectively, which were observed for [Cu(salam)z],
disappear and new absorption bands are observed at 2220 and

1 and at 1221, 1072, and 691 cm Y. The bands at 2220 and

2205 cm
2205 cm°l can be assigned to the stretching vibrations of nitrile
group from their frequencies. The latter three bands can be
assigned to the characteristic bands of the coordinated pyridine.
These results indicate that the imino groups coordinated to the
copper atom are oxidized to the nitrile groups by the oxidative
dehydrogenation.

The authentic complex which was prepared by the reaction of
CuSO4, 2-cyanophenol, and pyridine has the same composition,
formulated as [Cu(2—CNphO)2(py)2], and shows the same infrared
spectrum as that for the oxidized product (Table 2). 1In the
electronic spectra, the absorption maxima for the oxidized product
are in agreement with those for the authentic complex (Table 3).
However, the intensities around 19000 cm—l are slightly higher in
the oxidized product than those in the authentic complex (Fig. 2).
This may be caused by the difference in orientation of the coordi-
nated 2-cyanophenolato ligands between these complexes as shown

below. A molecular model for them suggests that a free rotation

TaBLE 3. ELECTRONIC SPECTRAL DATA FOR 2-CYANOPHENOLATO COPPER COMPLEXES

Complex Solvent _T()VT::T;_—T (log £)
[Cu(2-CNphO)y(py)s] Pyridine 14.02.23)  23.2(3.10)  30.3(4.15)
DMF 12.4sh 14.4(1.86)  23.4(2.80)  30.3(3.38)  33.4(4.00)
Solid 12.7sh . 16.2 23.1 3.1 33.1
[Cu(2-CNphOY,(py)s]® Pyridine 14.4(2.20)  22.5(3.20)  30.5(4.11)
Solid 13.0sh 15.8sh 23.1 31.1 33.1
[Cu(2-CNphO),(bpy)] Solid 15.9 23.1 30.0 34.1

a) Oxidized product. sh: Shoulder.
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of the 2-CNphO at the Cu-0O bond is

restricted by the coordinated JI;:] J[;:
pyridine molecules. Therefore, N?C NZC

. o, .p
on the basis of steric repulsion, \CU Cu
/ A\ /A

the form (A) is a possible configu-
(A) (B)

ration for the authentic complex.

On the contrary, the form (B) may be maintained in the oxidized
product, because the original [Cu(salam)z] has a trans-planar
configuration. 1In this form, a planar configuration around the
central copper atom may distort to a tetrahedral configuration by
steric requirement. This is one reason why high intensities are
observed in the oxidized product.

The magnetic moment of the authentic complex is a slightly
lower wvalue (1.91 BM) than that of the oxidized product. This may
be caused by a slight differnece between configurations of the
authentic and the oxidized complexes, as mentioned above.

It should be noted that the doublet bands due to v (CN) are
observed for the 2-cyanophenolato complexes and both peaks are of
equal intensity. Moreover, the C-0 stretching vibrations of the
coordinated 2-cyanophenol are observed around 1320 cm_1 as doublet
bands. These results suggest that 2-cyanophenolato ligands coordi-
nate to the copper atom in two different fashions. It has been
reported that nitrile groups can coordinate to metal ions through

13) In the former case,

either nitrogen atom or m-bond of nitrile.
the v (CN) frequencies shift to higher energies than that of the

free ligand, whereas in the latter case, they shift to lower energies.
In the present copper complexes, the v(CN) frequencies are within

1

a range of 2237 cm - for 2-CNphOH to 2205 cm™ 1 for 2-CNphONa (Table 2)

This indicates that coordination of nitrile groups is not involved
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in these copper complexes. Therefore,

a binuclear structure shown in Fig. 4 <> (j
is proposed for [Cu(2-CNphO).,(py),] in do s
prop P 2\PY) 9 ‘ \Cu/
which the copper atoms are bridged by (:g//fgI\\\o_<:>
G

the phenolic oxygen atoms. This <;§—o lé’ 2::

_ ~ cu —
structure could be easily broken up in /L/// \\o
pyridine solution. The infrared spec- (:J (§:

e

tra taken on pyridine solutions of the
oxidized and authentic complexes showed Fig. 4. Proposed structure

-1 for [Cu(Z—CNphO)z(py)Z].
only one band due to v(CN) at 2212 cm ~.

Such a binuclear structure has been revealed by X-ray analysis of
[Cu(salen) ], where salen denotes dianion of N,N'-disalicylidene-
ethylenediamine, and its magnetic data (1.84 to 2.0 BM) are not

14) The facts that the

15)

inconsistent with the present results.
original complex, [Cu(salem)zl, has a trans-configuration and
that the two bands due to V(CN) are of equal intensity suggest

that a trans-form is probable for the oxidized complex, although
either a trans- or cis-configuration is possible for [Cu(2—CNphO)2—
(py) ;1. On the other hand, the complex, [Cu(2-CNphO), (bpy)l, may
have a cis-configuration and the infrared spectrum shows two
absorption bands due to Vv(CN). Thus, this complex also may have

a binuclear structure in the solid state.

Mechanism for Oxidative Dehydrogenation. In order to clarify
the mechanism for the oxidative dehydrogenation of [Cu(salam)Z] the
following effects on the oxidation were investigated.

Solvent Effects: The [Cu(salam)z] complex was allowed to react

with molecular oxygen in various solvents such as pyridine, dioxane,

ethanol, and benzene under these conditions: The concentration of

5

the complex was 8 x 10 ° M, at 70 °C, and under air. Absorption
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spectral changes were observed in the former three solvents, but no
spectral change was observed in benzene. The time required for the
oxidation increased in the order pyridine (4.5 h) ¢ dioxane (5 h)<
ethanol (20 h). The oxidized product could be obtained from the
dioxane solution of [Cu(salam)2] and was identified to be
[Cu(2~-CNphO) (OH) ], as mentioned in Experimental.

Effects of Added Bases:

The oxidative dehydrogena-

tion of [Cu(salam)z] in
dioxane has been found to
be accelerated by the

addition of organic aromatic

Absorbance ot 366 nm

bases such as 1,10-phenan-

throline(phen), 2,2'-bi-

pyridine (bpy), and pyridine 0 s oo 150

. . Reactlon time/min
as shown in Fig. 5. The

Fig. 5. Effects of added bases to dioxane
apparent reaction rates solutions of (Cu(salam),] (1074 M) on

oxidation at 70 °C under air, cell length

1 cm. Added bases: 1), none; 2), py (10~3 M) ;

phen> bpy > py, and increased 3), bpy (1072 M); 4), bpy (1072 m), 5),
1,10-phenathroline (10-3 M) .

increased in the order

with an increase in concen-
tration of the added base.

Concentration of Complex: The reaction of [Cu(salam)z] in

pyridine was made by varying the concentration from 8 x 10_5 M to

1.6 x 10_3 M. All the reactions showed some induction periods.

Thus, the maximal rate constants (k d) were calculated graphically

obs

from the constant slopes after the induction periods obtained
in the plots of 1lnl{a - x) ve. reaction time, where g and x are the

concentrations at time equal to ¢, and ¢, respectively, with

0

assumption of the following equation:
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kobsd

—
Py

[Cu(salam)2] + 0,

[Cu(2—CNphO)2(py)2] + 2H20. (1)

5.0l

A plot of log{k d) vs. log a shows a

obs

linear relation with a slope nearly

-1
109(kgpeg/ s

equal to unity, as shown in Fig. 6.

5.5F %
This indicates that the oxidative

1

dehydrogenation of [Cu(salam)z] depends -3.5 -3.0

log[Cutsalam),1/mol dm™3

on the first order of the complex
. . . . Fig. 6. A plot of log(k .
concentration. The induction periods o plot of log(kyygg) ve
log[Cu(salam)z].
are found to be decreased with an
increase in the complex concentration.
Effects of Substituents on Aromatic Ring: Figure 7 shows the
plots of the decreases in the complex concentration against reaction
time. The complex concentration was calculated according to the

following equation:

x = a(AO—At)/(AO-A“)
(2)

04 mol dm™3

o

where AO, At’ and 4,

_,'\_

-sotam) /1
—

represent the absorb-
ances at time equal to

to, t, and at the final

N
T

state, respectively.

Concentration of Cu(X

=1

o
o L
o

200 300 400
Reactlon time/min

Clearly, the induction

periods and the maximal
Fig. 7. Effects of substituents of the aromatic

-4
ring on oxidation of [Cu(x—salam)zl (8x10 M)

rate constants are
in pyridine at 70 °c under air.
1): X = 5—N02, 2): 4-Ccl, 3): 5,6-Benzo, 4): 5-Br,

substituents on the 5): 3-MeO, 6): H, 7): 5-Me, 8): 3-Me.

affected by the
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aromatic ring; the electron-

TaBLE 4. EFFECTS OF THE SUBSTITUENTS OF AROMATIC

donating groups accelerate the RING ON THE MAXIMAL RATE CONSTANTS AND THE
INDUCTION PERIODS FOR THE OXIDATIVE DEHYDROGENATION
reaction, whereas the electron- oF [Cu(X-salam),] v pYRIDINE AT 70 °C UNDER AIR
. . . - o rod
withdrawing groups retard it. Substituent Maxlmalkx::j constant Induc’l_};)mnepeno
. . X 1045t min
The maximal rate constants in-
5-Me 27.8 25
3 3-Me 15.2 8
creas in th d 5-M
ed e order e> H 13.5 40
- 3-MeO 8.8 50
3-Me > H > 3-MeO » 5-Br > 4-C1> 5Br 8.7 10
. . 4-Cl 2.8 180
5,6-Benzo ) 5-N02, as listed in 5.6.Benzo 2.1 95
5-NO, — —

Table 4. It should be noted

Concentration of complexes was 8x 10-* M.

that {Cu(5-NO salam)z] did not

2
show any spectral change under the same conditions.

Effects of Substituents on Nitrogen and Carbon Atoms of Imino
Groups: Several copper(II) complexes, [Cu(hpam)Z], [Cu(N—Mesalam)z],
[Cu(salen)], and [Cu(N-OHsalamE], were made to react in pyridine
at 70 °C under air, where N-OHsalamH denotes salicylaldehyde oxime.
Among them, the carbon atom-substituted complex, [Cu(hpam)zl, gave
the oxidized product, [Cu(2-CNph0)2(py)2], while the other nitrogen
atom-substituted complexes did not show any oxidation under the
above conditions. These results indicate that the oxidative
dehydrogenation of [Cu(salam)2] may be initiated by a splitting of
the N-H bond of the coordinated imino groups.

Effects of Addition of Hydrogen Peroxide: Figure 8 shows the
plots for the oxidation of [Cu(salam)Z] vs. reaction time when
various concentrations of hydrogen peroxide were added to the
pyridine solutions of the complex at 70 O¢ under air. With the
addition of an equimolar amount of hydrogen peroxide to the complex,
a nearly half-mole of the complex was oxidized within 5 min, and
the oxidation was completed within 100 min after showing a short

induction period (curve 1). With the addition of one-tenth amount
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of hydrogen peroxide, the

-3

N
n

initial induction period =
disappeared, but the reaction
rate retarded with time, and

a fast oxidation again

occurred after 50 min (curve

2). On the other hand, with

Concentration of CU(salczm)Z/lO‘l' mol dam
w
r —
N
=

the addition of one-hundredth

(=]

100 200 300

. Reactlon time/min
of hydrogen peroxide, the

reaction pattern (curve 3) Fig. 8. Effects of added hydrogen peroxide

on oxidation of [Cu(salam),] (2.6x10"%4 M)

was similar to the case of no in pyridine at 70 °C under air.

1): [H,0,] = 2.6x10"% M, 2): 2.6x107° M,

addition (curve 4). 3): 2.6x10°% M, 4): no additién.

The available results
suggest that the oxidative dehydrogenation of the coordinated imino

groups in pyridine may occur according to the following scheme:
c _ SN _pt _ (3)
u(II) (R-CH=NH) 2 <— Cu(I) (R-CH=NH ) (R-CH=NH)

Cu(I) (R-CH=NH') (R-CH=NH) + 0, —> Cu(II) (R-CH=N) (R-CH=NH)+ HO,- (4)

Cu(II) (R-CH=N) (R-CH=NH) + HO,+—> Cu(II) (R-CN) (R-CH=NH) + H,0, (5)

PY
Cu(II) (R-CN) (R-CH=NH) + H,0, —> Cu(II) (R-CN), (py), + 2H20. (6)

The initiation reaction is considered to be a thermal one-electron
transfer from the imino nitrogen atom to the copper atom, as shown
in Eq. 3. The induction periods observed in the oxidation investi-
gated here may be due to the back reaction in Eg. 3, which is the
oxidation of copper (I) to copper(II) by the imino radical. 1In the
presence of molecular oxygen, the reactions shown in Egs. 4 and 5

may occur in competetion with the above back reaction.
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The effects of the added aromatic bases (Fig. 5) can be
related to Eg. 3. That is, these bases can function as an acceptor
of proton(H+) liberated and as a promoter of electron transfer from
the imino group to the copper atom by coordination. Thus, the
increasing order of the apparent reaction rates (phen) bpy > py)
is not correlated with the order of the PK, values (py> phen> bpy).

The substituent effects that the electron-donating groups
on the aromatic ring accelerate the reaction rates and shorten the
induction periods can be explained by taking account of Egs -3 and
4; the electron-donating groups may facilitate the electron
transfers from the imino group to the copper atom (Eq. 3) and from
the copper atom to molecular oxygen (Eq. 4). Such a behavior has
been found in the autoxidation of the substituted phenylhydroxyl-

6)

amines.1 And also the autoxidation of phenylhydroxylamine has

been found to be accelerated by copper(II) ion.l7)
As described above, the oxidative dehydrogenation investigated
here proceeded rapidly after showing induction periods. This
indicates that the radical chain autoxidation may be involved in this
system. The chain reaction may propagate by the direct attack of
molecular oxygen to the imino radical and by the catalytic
decomposition of hydrogen peroxide with the copper complex.

A tentative scheme for the radical chain autoxidation is proposed,

as follows:
Cu(II) (R—CH=I:I) (R-CH=NH) + O2 —>5 Cu(II) (R-CN) (R-CH=NH) + HOz' (7)

Cu(II) (R-CN) (R-CH=NH) + HO,- —> Cu(II) (R-CN) (R-CH=N) + H,0, (8)

2

Cu(II) (R-CN) (R-CH=N) + O, —3 Cu(II) (R-CN), + HO," (9)
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Decomposition of hydrogen peroxide

Cu(IT) (R-CH=NH), + H,0, —> Cu(I) (R-CH=NH), + HO, + ut (10)

Cu(I) (R-CH=NH), + H,0, —> Cu(II) (R-CH=NH), + HO- + HO (11)

Cu(I) (R-CH=NH') (R-CH=NH) + H,0, —>

Cu(II) (R-CH=N) (R-CH=NH) + HO- + H,O (12)

followed by abstraction of hydrogen atom with HO, - and HO-. The
above reaction scheme is supported by the results that the reactions
of [Cu(salam)Z] with 02- 18) and HZOZ in pyridine occurred readily
at room temperature.

In the catalytic decomposition of hydrogen peroxide, Sigel
et al. have found that coordinatedly saturated copper (II) complexes

19) And

(four-coordinate complexes) are essentially inactive.
Kochi has pointed out that in the reaction of hydrogen peroxide
catalyzed by iron ion the reaction representedin Eq. 13 is more

facile than that represented in Egq. 14, because hydrogen peroxide

is a strong oxidizing agent but only a mild reducing agent.zo)
Fe'l + H,0, —> Fe''’ + HO* + HO™ (13)
Fe''T + H0, —> Fe'l + HO,- + H' (14)

Therefore, in the present oxidation, the reaction represented in
Eg. 12 is considered to be more important than those represented
in Egs. 10 and 1l1.

As shown in Fig. 8, the initial induction period was made to
disappear by the addition of an equimolar amount of hydrogen
peroxide to the complex, but a short induction period was observed

again after producing about a half oxidation of the complex.
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Furthermore, the catalytic amount of hydrogen peroxide ([Hzoz]
[complex] = 1 : 100) had no effect on the reaction. These results
indicate that the radical chain sequence induced by decomposition
of hydrogen peroxide may be not so long. These facts suggest that
the rate-determining step in the present oxidative dehydrogenation
of [Cu(salam)z] is the splitting of the N-H bond of the coordinated
imino group, along with the reduction of copper(II) to copper (1),
as shown in Eq. 3.

The author has also found that [Ni(salam)z] and [CoII(salam)z]
were oxidized by molecular oxygen in pyridine to give their
2-cyanophenoclato complexes. In the nickel complex, the severe
conditions were required to obtain the fully oxidized product:

for 120 h at 115 °C under 0, 1 atm. This suggests that the

2
oxidative dehydrogenation of [Ni(salam)2] may be initiated by the
electron transfer from the coordinated imino group to molecular
oxygen without change in the oxidation state of the nickel ion.
On the other hand, the oxidized product of [CoII(salam)Z] was
obtained in the conditions similar to the case of [Cu(salam)Z].
In the cobalt complex, the initial reaction is considered to be
the oxidation of Co(II) to Co(III) by molecular oxygen, followed

by the stepwise dehydrogenation of the coordinated imino groups

through a redox couple of Co(I1)/Co(III) as in the copper case.

Summary

The copper(II) complex of salicylideneamine reacts with
molecular oxygen in pyridine to give the 2-cyanophenolato complex,
[Cu(2-CNphO)2(py)2], in good yield. This complex was characterized
by the infrared and electronic spectra and by its magnetic suscepti-

bilities, and was compared with the authentic complex. The
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mechanism for the oxidation of the coordinated imino groups is

proposed.
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SUMMARY

The first-row transition metal complexes (chiefly manganese
complexes) with the Schiff base ligands have been synthesized and
their reactions with Y 02—, and H,0 have been investigated in
order to clarify the functions of metalloenzymes involved in the
biological oxygen cycle.

The conclusions obtained in the studies will be summarized

as follows.

1) By the reactions of the manganese(II) Schiff base complexes with
Oy the following three types of oxygenated and oxidized manganese
complexes are isolated and characterized; u-peroxo complexes
[Mn-0-0-Mn], catena-u-oxo complexes + Mn—O}h, and oxo complexes
[Mn=0]. The formation of these complexes is found to depend on
the solvents used, the oxygen partial pressure, and the
substituents on the aromatic ring.

The iron(II) Schiff base complexes supported on polystyrene are
found to combine with 0, reversibly in solution.

2) A probable structure of [Mn(acac)z]zDMF is drawn to be a dimer
bridged by two acetylacetonato ligands.

3) In the reactions of O, with a series of mononuclear manganese (III)

2
complexes, two different reaction pathways, of which one
involves the formation of the oxygenated complexes and the other
the reduction from the manganese(III) complex to manganese(II)
complex, are found to occur. The reactivity of the complexes
toward 02— can be correlated with polarographic half-wave
potentials corresponding to the reduction from Mn(III) to Mn(II)
complexes. With the binuclear manganese(III) complexes, both

the reduction and oxygenation are found to occur. On the other

hand, the oxygenation occurs in the polynuclear complexes.
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4) In the reactions of O

6)

7)

2 with a series of mononuclear, binuclear,
and polynuclear iron(III) complexes, three different reaction
pathways are found to occur; (a) the formation of py-oxo dimers,
(b) the formation of the oxygenated complexes, probably adducts
with dioxygen, and (c) the reduction from the iron(III) complex
to the iron(II) complex. The reactivity of the complexes can

be correlated with their steric configurations.

The novel dichloromanganese (IV) Schiff base complexes have been
synthesized and fully characterized. These complexes exhibit

an intense absorption band around 16000 cm—l, which can be
assigned to a charge-transfer transition from Cl(pm) to Mn({dm).
They show a redox potential high enough to oxidize water around
+0.9 V (vs. SCE). An octahedral trans-configuration is proposed
for these complexes on the basis of the IR spectra.

The dichloromanganese (IV) Schiff base complexes react with water

to generate free O indicating that they can function as a

27
model to the active sites of manganese-containing enzymes in
chloroplasts.

Bis (salicylideneaminato)copper (II) reacts with O2 to produce
the 2-cyanophenolato copper (II) complex quantitatively. The

reaction mechanism involving a radical chain autoxidation is

proposed.
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