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The interaction of (phthalocyaninato)iron(II) with molecular oxygen leads to the formation of two different crystalline
forms of a dimeric u-oxo species containing an Fe-~O—Fe system. Infrared and visible (reflectance and solution) spectra,
X-ray powder patterns, magnetic measurements, and chemical behavior suggest that the two crystalline forms differ in
the Fe—~O-Fe bond angles as well as in the relative arrangement of the two phthalocyanine subunits within the dimeric
molecule, ultimately resulting in different crystal lattice arrangements. These two u-0xo forms appear to be the first
well-characterized Fe(III) complexes derived from the phthalocyanine molecule. The redox behavior of the Fe(II) and
Fe(III) derivatives of phthalocyanine is discussed in terms of the donor basicity of the axially ligated solvent molecules

and of the =-bonding properties of the phthalocyanine ring.

Introduction

The interaction of molecular oxygen with the bivalent
first-row transition metal ion phthalocyanines of formula
Cy,H(NgM (M = Cr!,2 Mnl! %3 Fell ¢ Col!%) (Figure 1a) and
their water-soluble tetrasulfonate analogues of formula
(503_)4C32H12N8M (M = Mnn,6 Feu,7 COIl 8) (Figure lb) has
attracted a great deal of interest owing to the porphyrin-like
structure of these molecules. Often, however, some difficulty
has been encountered in the exact formulation of the resulting
oxygen-containing species, studied either in the solid state or
in solution. Examination of the literature indicates that
considerable additional chemical and physical work is required
for the unambiguous identification of the oxygenated or ox-
idized species, since their elemental analyses are often inad-
equate to solve the problem, whereas X-ray crystallographic
work can only rarely be carried out because of the difficulty
in obtaining suitable single crystals.

Iron(II) phthalocyanine compounds are an important ex-
ample of this general situation. Iron(II) tetrasulfophthalo-
cyanine (Figure 1b, M = Fe) was reported by Weber and
Bush® to act as a reversible carrier of molecular oxygen in
the solid state and to be oxidized in aqueous solution. In
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contrast with these results, Fallab et al.”" described iron(II)
tetrasulfophthalocyanine as a reversible dioxygen carrier in
H,0. The interaction of this complex with O, was more
recently reexamined by McLendon and Martell,”® who con-
cluded that iron(II) tetrasulfophthalocyanine is irreversibly
oxidized by air and that an oxygenated species is not formed,
in substantial agreement with the conclusions of Weber and
Bush.”

In 1969 Dale’ reported that solutions of iron(II) phthalo-
cyanine (Figure 1a, M = Fe; hereafter abbreviated as FePc)
in dimethy! sulfoxide (Me,SO) were unstable in contact with
air, producing a precipitate that was not investigated further.
Later Jones and Twigg!? observed that 10~° M solutions of
FePc were unstable in air or in the presence of pure oxygen.
A few years ago we undertook a systematic investigation of
the interaction of FePc with dioxygen** and identified the
conditions for the reversible interaction between the two species
in concentrated H,SO, (96%).*® In a short report we have
recently described the synthesis and characterization of a solid
u-oxo dimer found by the interaction of FePc with O, in
dimethylformamide (DMF) and in other solvents.** We
present here a complete study of this solid dimer, isolated in
two different crystalline forms.

Experimental Section

(Phthalocyaninato)iron(II). The purity of this complex (Eastman
Kodak Co.) was checked by elemental analyses; the experimental C,
H, and N percentages were usually slightly lower than the calculated
values (C about 1%). Oxygen content was found to be between 0.5
and 1.0%. Except for special purposes, the compound was used without
further purification. When accurate characterization of our newly
synthesized products required a highl: purified FePc, the starting
material was repeatedly sublimed under vacuum (400 °C, 107-107
mm) before use and its magnetic moment at room temperature was
compared to that reported in the literature (u = 3.87 up).!' Both
the commercial and the sublimed FePc samples exhibited the 3-
crystalline modification (Figure 2A).

(Phthalocyaninato)manganese(II), [MnPc). This complex was
prepared from phthalodinitrile and metallic manganese;!? it was
purified by sublimation under vacuum (400 °C, 1072-10"° mm).

(u-Oxo0)bis((pyridine) (phthalocyaninato)manganese(III)),
[pyMnPc],0. This compound was prepared according to the litera-
ture.!* Elimination of pyridine from [pyMnPc],O to give (u-0xo)-
bis((phthalocyaninato)manganese(11I)), [MnPc],O, was obtained by
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Figure 2. Infrared spectra (Nujol mulls) of (A) Fe-8-Pc, (B) u-oxo(1),
and (C) u-o0x0(2).

heating the solid compound at 100 °C under vacuum (102~107* mm)
for 2 h.

(u-Oxo)bis((phthalocyaninate)iron(III)), [FePc),O (u-Oxo(1)).
This crystalline modification of (u-oxo)bis({phthalocyaninato)iron(III))
was prepared by exposure to air of a suspension of FePc in DMF.
After the mixture was stirred for 24—48 h, the resulting crystalline
complex that formed was filtered, washed with CH;OH, and dried
under vacuum at room temperature. Traces of DMF retained in the
crystal lattice of u-oxo(1) can be eliminated by heating under vacuum
(1072-107% mm) at 150-160 °C for 2-3 h.

The same species is obtained when DMF is replaced by di-
methylacetamide (DMA), tetrahydrofuran (THF), or dioxane. When
DMA was used, however, heating under vacuum (10--10"* mm,
140-150 °C) was required to eliminate small amounts of occluded
solvent. No residual traces of solvent were found after u-oxo(1),
obtained from THF or dioxane, was kept for 1-2 h under vacuum
(1072-10"% mm) at room temperature.

In addition to the spectral variations observed in the 900-800-cm™
region (vide infra), other minor IR spectral changes accompany the
formation of u-oxo(1) from Fe-3-Pc: (a) new weak bands appear at
1685 (in samples from DMF), 635, and 280 cm™, (b) some absorptions
shift toward lower frequencies by 5-20 ¢cm™, and (c) the bands
characteristic of the 8-crystalline modification of FePc (1173, 877,
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and 780 cm™)'® disappear. The weak band found at 1685 cm™ in
samples obtained from DMF indicates the presence of traces of this
solvent (uncoordinated), which can be eliminated as described above.
A similar weak solvent band, at 1650 cm™, is found in the IR spectrum
of u-oxo(1) prepared from DMA; no absorptions attributed to the
solvent have been found in the IR spectrum of u-oxo(1) obtained from
THF or dioxane.

Elemental analyses (C, H, and N) of u-oxo(1) were usually in good
agreement with the expected values (Anal. Caled: C, 66.68; H, 2.80;
N, 19.45. Found: C, 66.32; H, 2.92; N, 19.01). However, the oxygen
content (2.0-2.5%) was always found to be higher than the calculated
value (1.4%). It should be noted that even pure FePc, accurately
purified by sublimation, often gave non-zero values for oxygen (usually
0.5-1.0%). Accordingly, elemental analyses alone were not considered
reliable in determining the exact iron-to-oxygen ratio and gas-volu-
metric or other measurements were used. The quantitative uptake
of dioxygen by FePc suspended in DMF was followed by performing
the experiments in a gas absorption apparatus under an atmosphere
of pure O,, at room temperature and normal pressure. The samples
ranged between 0.6 and 3.0 g of FePc and the volumes of gas absorbed
varied from ca. 6 to 30 mL, measured with an error of £0.01 mL
(10-mL buret) or £0.1 mL (50-mL buret). In about 20 experiments
the volume of gas absorbed was always between 90 and 100% of the
value expected for a 2:1 iron-to-oxygen ratio.

u-Oxo(1) is obtained as a deep blue microcrystalline powder. It
is stable to air and can be heated up to ca. 300 °C under vacuum
(1072-10"% mm) without appreciable decomposition. Higher tem-
peratures (330-340 °C) produce partial degradation of the compound
and the formation of white sublimed crystals consisting mainly of
phthalimide. A thermogravimetric analysis, carried out at a heating
rate of 5 °C/min under N, revealed no weight loss below 300 °C;
the deep blue residual material could be recovered practically un-
changed and was shown to be the u-oxo(1) compound by its sub-
stantially unmodified IR spectrum.

u-Oxo(1) is completely insoluble in nondonor solvents and also in
weakly donating solvents such as DMF or Me,SO. It dissolves
sparingly in pyridine, in which it changes to the bisadduct of FePc,
i.e. FePc(py),. In the presence of volatile N-bases (1-propylamine,
1-n-butylamine) u-oxo(1) dissolves in Me,SO and in chloro-
naphthalene; evaporation of the N-bases produces a precipitate of
either deep blue crystals of u-oxo(1) or, under certain conditions, of
u-0x0(2) (see below). Slow evaporation of the volatile N-bases may
also result in the formation of bisadducts, e.g. FePc(N-base),.

Preparation of crystals of u-oxo(1) suitable for an X-ray investi-
gation was attempted from n-butylamine; however, the crystals ob-
tained were too small. Furthermore, these crystals probably contain
interstitial molecules of solvent, which are readily lost in air, with
consequent degradation of the crystalline structure.'

(u-Oxo)bis((phthalocyaninato)iron(IIl)), [PcFe],0 (u-Oxo(2)).
This compound can be obtained as follows: u-oxo(1) (400 mg) was
suspended in chloronaphthalene (ca. 30 mL), to which 2-propylamine
(1.5 mL) was added. the solution was rapidly filtered and continuously
stirred until all the N-base completely evaporated. The solid that
precipitated was washed with methanol and dried under vacuum at
room temperature for 1-2 h. Elemental analyses indicated no change
in the composition compared to that of the starting material. (Anal.
Caled: C, 66.68; H, 2.80; N, 19.45; O, 1.39. Found: C, 66.43; H,
2.80; N, 19.15; O, 2.15). The compound, however, had different X-ray
powder pattern, infrared spectrum, and magnetic properties (vide
infra). u-Oxo(2) can also be obtained directly by bubbling O, into
a solution of FePc in concentrated H,SO, (96%) for the time required
for the oxygenation step (ca. 20 min).*® Precipitation of u-oxo(2)
takes place by carefully pouring the H,SO, solution into cold (5 °C)
air-saturated water. However, although this method gives u-oxo(2)
reproducibly, the u-oxo(1) — u-o0xo(2) conversion in chloronaphthalene
is to be preferred, since the product precipitated from H,SO, must
be repeatedly washed and filtered to remove all traces of acid.

The X-ray powder spectrum of u-oxo(2) is identical with that
previously reported for an a-form of FePc (Fe-all-Pc),* prepared
by a very similar procedure.!’ Since the previously prepared sample
of Fe-all-Pc was still available in our laboratory, its X-ray powder
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Table I, Infrared, Magnetic, and X-ray Data on M-O-M Species?®

Ercolani et al.

X-ray data
pegg(room

compd v, in the 900-800-cm™' region temp), ug M-0-M, deg M-Ct, A ref
[Cl,Ru-O-RuCl, }* 888 180 19-22
[Cl;Re-0-ReCl, |*~ 8535 180 19-21,23
[Br,Ru-O-RuBr,]*" 860 supposed linear 19-21
[Cl,0s-0-0sCl; 4~ 848 supposed linear 19-21
[M00,(C,0,)H,0],0 860 supposed linear 24
[Fe(HEDTA)],0%" 868 (sh), 838 (s) 1.92 165 0.36 27,28
[Fe(EDTA)], 0% 868 (sh), 851 (s) 1.90 27
dimeric haemin 903 36
[Fe(salen)],0-CH,Cl, 1.99 142.2 0.56 25,26
[Fe(salen)],O-2py 1.90 139 0.56 29, 30
[Fe(TPP)],0 892 (m), 878 (s), 885 (m), 870 (s} 1.8-1.9 174.5 0.50 31~33
[Fe(TH-dioxo-TBTNCTD)],0 157 (1) 0.64 34
[Fe(C,,H,,N,)],0-CH,CN 1.96 142.8 0.70 35
[py-PcMn],O not obsd diamag (?) 178 0 3a,b
u-oxo(1) 854 (5)~-820 (s) 2.10 departure from 180 this paper
w-ox0(2) not obsd 1.4-1.6 close to 180 (?) close to 0 (?)  this paper

@ Abbreviations: sh, shoulder; m, medium;s, strong.

spectrum was determined and found to be identical with that previously
published® and also with that of u-0x0(2). Also, the visible absorption
spectrum of the old sample in concentrated H,SO, (96%) was identical
with that of u-oxo(2) in the same medium. The above data indicate
unequivocally that the species reported to be an a-polymorph of FePc
is instead its corresponding oxidized species, i.e. u-oxo(2). This
definitely establishes that FePc cannot be obtained in its a-form by
precipitation from air-saturated H,SO,.!*

Formation of u-0x0(2) has been observed also when FePc is dissolved
in anhydrous Me,SO ([FePc] = 10~ or higher) and O, is bubbled
into the solution. In several experiments of this kind u-oxo(2) pre-
cipitated when the volume of solvent was ca. 200 mL (amount of
u-0x0(2) formed: 15-20 mg). In one experiment with 400 mg of
FePc dissolved in ca. 3 L of Me,SO at 35 °C, the precipitate formed
was essentially u-oxo(1). The solvent recovered from this experiment
was then used to dissolve an additional sample of FePc (400 mg). The
solution was filtered under N,, and O, was bubbled in for 2 h. The
solid, which was separated, washed with CH;OH, and brought to
constant weight under vacuum for 1-2 h, was identified as u-0x0(2).
This experiment demonstrates that the formation of either u-oxo(1)
or u-oxo0(2) in Me,SO depends upon subtle changes in the experimental
conditions used and it is difficult to direct the oxidation process toward
the formation of either species.

Preparation of u-Oxo(1) and u-Oxo(2) Containing 30, Isotopically
enriched O, was purchased from Prochem (London) in 100-mL
break-seal flasks. Dioxygen containing 70% or 99% of %0 was used.
The following procedure was used for the preparation of u-oxo(1)
from FePc and enriched O,: the 100-mL break-seal flask containing
180 was sealed to a vacuum line having on its left-hand side a bent
small arm containing a Teflon-coated iron bar and on its right-hand
side a vacuum manifold. In a 100-mL flask connected to the vacuum
manifold were introduced first 25 mL of DMF deoxygenated with
N, and then 500 mg of FePc. The resulting suspension was evacuated
for 15-20 min with stirring. The vacuum pump was then disconnected,
the capillary tube of the flask containing enriched dioxygen was broken,
and the contact between the gas and the suspension was maintained
for 48 h (the gas pressure in the reaction vessel was calculated to be
ca. 380 mm). The flask was detached from the vacuum line, and the
suspended solid was filtered, washed with CH;OH, and dried under
vacuum (1072-1073 mm) at 150-160 °C.

Oxygen-18-enriched samples of u-0xo(2) were prepared from the
corresponding samples of u-oxo(1) by dissolving the latter in chlo-
ronaphthalene and 2-propylamine, as described above.

Physical Measurements. IR spectra were recorded in the region
4000-250 cm™ with a Perkin-Elmer 621 spectrophotometer, with use
of Nujol mulls supported between NaCl or CsI windows. Visible
transmission spectra of solutions were obtained with a Cary 14
spectrophotometer; diffuse-reflectance spectra were recorded with a
Beckman DK 2 instrument equipped with a reflectance accessory.
X-ray powder photographs were obtained with a Debye powder camera
(114.6 mm in diameter) with Cr Ka radiation (A = 2.2909 A).
Magnetic susceptibility measurements were carried out on a Gouy
balance, having a magnetic field of ca. 7000 G, with a NiCl, solution
as calibrant.!® The variation of the magnetic moment with the

temperature (300—-80 K) was measured with an apparatus described
previously.!” Thermogravimetric analyses were performed with a
Dupont 950 thermogravimetric analyzer under a stream of N, (0.5
L min™).

Results and Discussion

We have recently given a brief description® of a solid
crystalline species formed by the interaction of molecular
oxygen with FePc suspended in DMF or in other solvents. On
the basis of chemical and physical evidence, the compound was
formulated as a dimeric u-oxo complex, [FePc],O, containing
a bridging iron-oxygen—iron moiety. The complex showed
antiferromagnetic behavior, and its IR spectrum had char-
acteristic »(Fe—O-Fe) absorptions in the 900-800-cm™ region.
Two distinct crystalline modifications of such an oligomer are
now known and are described here: the species previously
reported, indicated as u-0xo(1), and a second form indicated
as u-0x0(2), easily distinguishable from the former by its X-ray
powder pattern.

The x-Oxo(1) Crystalline Isomer. The formulation of u-
oxo(1) as an oxo-bridged dimer is consistent with all experi-
mental evidence available for this compound. Especially
significant are the gas volumetric oxidation experiments de-
scribed in the Experimental Section, the infrared spectral
studies including the isotopic labeling, and the magnetic
measurements.

(a) Infrared Spectra. The most significant IR spectral
change accompanying the formation of u-oxo(1) from Fe-3-Pc
is the appearance of two new strong absorptions at 852 and
824 cm™ (Figure 2A,B) in a region that is uncluttered by the
phthalocyanine absorptions.!® It is well-known that the an-
tisymmetric stretching mode (v;) of a linear or quasi-linear
M-0-M system (M = Ru, Re, Os, Mo) usually occurs in the
900-800-cm™" region (Table I),'%?! and an absorption in this
region has been observed for a number of Fe—O-Fe systems
(Table I). Thus, the 852- and 824-cm™! absorptions of u-

(16) H. R. Nettleton and S. Sugden, Proc. R. Soc., London, Ser. A, 173, 313
(1939).

(17) B. N. Figgis and R. S. Nyholm, J. Chem. Soc., 331 (1959).

(18) A. N. Sidorov and I. P. Kotlyar, Opt. Spektrosk., 11, 175 (1961).

(19) F. A, Cotton and R. M. Wing, Inorg. Chem., 4, 867 (1965).

(20) D. J. Hewkin and W. P. Griffith, J. Chem. Soc. A, 472 (1966).

(21) W. P. Griffith, J. Chem. Soc. A, 211 (1969).

(22) A. M. Mathieson, D. P. Mellor, and N. C. Stephenson, 4Acta Crystal-
logr., 5, 185 (1952).

(23) J. C. Morrow, Acta Crystallogr., 15, 851 (1962).

(24) F. A. Cotton, S. M. Morehouse, and J. S. Wood, Inorg. Chem., 3, 1603
(1964).
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Figure 3. Infrared spectra (Nujol mulls) of u-oxo(1): (A) '¢O, (B)
70% 180, (C) 99% '20.

oxo(1) indicate the existence of an Fe—O-Fe bond system in
this compound. This was further supported by previously
reported results* on the isotopic substitution of 160 with !0
by using isotopically enriched O, (70% in '80). In the partly
180-substituted compound, the intensity of both the 852- and
the 824-cm™! bands was markedly reduced, while a new ab-
sorption of medium intensity appeared at 803 cm™ and all
other features of the spectrum remained unchanged (Figure
3A,B). Definitive results have now been obtained by labeling
with O, 99% enriched in '8Q. In these experiments, both the
852- and the 824-cm™! bands completely disappeared, while
a new strong absorption appeared in the lower energy region,
with its maximum centered at 806 cm™! (Figure 3C).
These results clearly show that both the 852- and 824-cm™
bands must be associated with the antisymmetric Fe-O-Fe
stretching vibration (v;) (the decrease in intensity of the
824-cm™! band had previously been thought* to arise from the
fact that this band lies partly on the tail of the 852-cm™ band).
The observed isotopic shifts, taken as the difference between
838 cm™! (average of the two components of », in unlabeled
u-0x0(1)) and 806 cm™! (value in #O-substituted sample) is
then calculated to be 32 cm™. This value agrees well with
those found for dimeric haemin®® (45 cm™) and for other
M-X-M systems (M being a heavy transition metal ion), i.e.
45 ¢cm™! for the complex K4[RuOCl,(]-H,0% (Ru-O-Ru

(26) J. Lewis, F. E. Mabbs, and A. Richards, J. Chem. Soc. A, 1014 (1967).

(27) H.J. Schugar, G. R. Rossmann, C. G. Barraclough, and H. B. Gray,
J. Am. Chem. Soc., 94, 2683 (1972).

(28) S.I. Lippard, H. J. Schugar, and C. Walling, Inorg. Chem., 6, 1825
(1967).
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bridge) and 37 cm™ for [Os,N(NH;)gBr,]Br; (Os—N-Os
bridge).2? The occurrence in the unlabeled u-oxo(1) of two
conjugated bands associated with v, most likely arises from
Fermi resonance®’ of this vibration with the second overtone
of the 433-cm™ band assigned to a symmetry-adapted out-
of-plane vibration of the phthalocyanine ring. The shift un-
dergone by v, as a result of 0 isotopic substitution breaks
down the resonance, so that only one band appears at 806 cm™
in the labeled compound. In the low-energy region below 600
cm™, no appreciable shifts are observed in going from u-oxo(1)
to its corresponding '*O-enriched sample. Even the weak band
at 280 cm™!, absent in Fe-B3-Pc, remains unshifted; hence, it
cannot be assigned as the symmetric counterpart (v;) of the
Fe—O-Fe mode. In a linear system v, should be IR inactive,
but it might be activated by the loss of the center of symmetry
due to a slightly bent Fe-O-Fe moiety or even by crystal
effects. We are aware of only one similar case, i.e. [TPP-
Fe],0,% in which the symmetric stretching mode », has been
identified (363 ¢cm™) by Raman spectroscopy.

The complete disappearance of the 852- and 824-cm™ bands
and the simultaneous appearance of the 806-cm™ band upon
130 substitution also points out that the Fe-'O-Fe system
must transform into Fe-'%0-Fe by a mechanism involving
oxygen atoms provided exclusively by dioxygen. Thus, the
solvent or any impurity present in the solvent may be ruled
out as the source of bridging oxygen atoms, a conclusion which
is especially important because most gas volumetric mea-
surements, as well as isotopic substitution reactions, were
carried out in oxygen-containing solvents such as DMF.

In an evaluation of the evidence just discussed, it should be
kept in mind that the compound we formulate as u-oxo(1) in
the present paper has been previously assigned,*® on the basis
of elemental analyses alone, a u-dioxo structure of the type
Fe—O,~Fe. Species containing Fe—O,~Fe bridges are rare in
the literature. We are aware of (a) a synthetic compound of
formula [(SCN),(bt),Fe—O,—Fe(bt),(NCS),] (bt = 2,2'-bi-
2-thiazoline),* which has yet to receive confirmation, (b) the
compounds of formula (P)Fe-O,-Fe(P) (P = a porphyrin
dianion),*! which are stable only at very low temperatures and
change to the corresponding u-oxo compounds when brought
to room temperature, and (c) oxyhemerythrin, which has been
studied by Raman spectra® and by isotopic O, substitution
(58% in 130).

For a Fe-O,—-Fe dioxo species, three IR absorptions should
appear*? in the 860-800-cm™! region upon isotopic labeling
with O, 70% enriched in 30: one at highest energy due to
-160-150—, one due to —'90-1830~ (-1!0-160-) (medium en-

(29) M. Gerloch, E. D. McKenzie, and A. D. C. Towl, Nature (London),
220, 906 (1968).

(30) M. Gerloch, E. D, McKenzie, and A. D, C. Towl, J. Chem. Soc. A4, 2850
(1969).

(31) L A. Cohen, J. Am. Chem. Soc., 91, 1980 (1969).

(32) A. B. Hoffmann, D. M. Collins, V. W. Day, E. B. Fleischer, T. S.
Srivastava, and J. L. Hoard, J. Am. Chem. Soc., 94, 3620 (1972).

(33) E. B. Fleischer and T. S. Srivastava, J. Am. Chem. Soc., 91, 2403,
(1969).

(34) S. Gozen, R. Peters, P. G. Owston, and P. A. Tasker, J. Chem. Soc.,
Chem. Commun., 1199 (1980).

(35) M. C. Weiss and V. L. Goedken, Inorg. Chem., 18, 819 (1979).

(36) S. B. Brown, P. Jones, and I. R. Lanzke, Nature (London), 223, 960
(1969).

(37) G. Herzberg, “Molecular Spectra and Molecular Structure”, Vol. 2, Van
Nostrand, Princeton, NJ, 1966, Chapter 5, p 215.

(38) J. M. Burke, J. R. Kincaid, and T. G. Spiro, J. Am. Chem. Soc., 100,
6077 (1978).

(39) I Collamati, Inorg. Chim. Acta, 35, L303 (1979).

(40) V. McKee and S. M. Nelson, J. Chem. Soc., Chem. Commun., 225
(1976).

(41) D. Chin, G. N. La Mar, and A. J. Balch, J. Am. Chem. Soc., 102, 4344
(1980).

(42) (a) J. B. R. Dunn, D. F. Shriver, and 1. M. Klotz, Proc. Natl. Acad.
Sci. US.A., 70, 2582 (1973); (b) D. M. Kuts, Jr., D. F. Schriver, and
1. M. Klotz, J. Am. Chem. Soc., 98, 5033 (1976).



2588 Inorganic Chemistry, Vol. 22, No. 18, 1983

Table II. Magnetic Susceptibility Data on u-oxo(l)
and p-oxo0(2)%

u-oxo(l) u-0x0(2)

“efgs “efgs
T.K 10%xpe LB T, K 105xpe 1B
297.5 1834 2.09 292 919 1.47
279.5 1909 2.06 280 551 1.11
258.5 1909 1.99 260 459 0.98
244.5 1942 1.95 226.5 367 0.81
227.5 1845 1.83 211 367 0.78
210 1909 1.79 195 184 0.42
194 1942 1.73 179.5 91 0.32
177 1942 1.65 142 92 0.32
160.5 1942 1.57 123 183 0.42
140 1942 1.47

123.5 1877 1.36
101.5 1845 1.22

% The diamagnetic correction per phthalocyanine molecule was
assumed to be 4.35 X 107 cgsu. The magnetic moments are cal-
culated per iron. Y Calculated from the formula uegs =
2.84(x, T,

ergy absorption expected to appear at ca. 820 cm™), and one
arising from —'80-180- (lowest energy absorption). These
absorptions should furthermore appear with area ratios (1 -
a)%2a(l — a):a? (where « is the atom fraction of '20), i.e.
0.09:0.42:0.49. For the labeled sample the higher energy 852-
and 824-cm™ bands should be extremely weak, while an in-
termediate absorption of area comparable to that of the lowest
energy band at 803 cm™ should appear at ca. 820 cm™. These
expected features are in obvious contrast with the observed
spectral pattern. In conclusion, the hypothesis of a dioxo
structure®® is not only in striking contrast with our gas volu-
metric measurements but is also totally incompatible with IR
spectral observations and the chemical behavior discussed
below.

(b) Magnetic Susceptibility Measurements. The magnetic
behavior of solid u-0xo(1) was investigated in the temperature
range 300-100 K; the data are summarized in Table IL
u-Oxo(1) exhibits a room-temperature magnetic moment of
2.10 pg, which is markedly quenched by lowering the tem-
perature. This is indicative of antiferromagnetic interactions
between the iron atoms of the dimer. The magnetic behavior
of p-oxo(1) is thus very similar to that of other Fe!'! u-oxo
dimers.2627:3% For some of these dimers, X-ray studies (Table
I) have shown the Fe-O—Fe moieties to be nonlinear, with the
Fe atoms located out of the planes of the respective tetraco-
ordinating ligands. Similar features might be present in the
structure of u-oxo(1), although the large variations in the
Fe-O-Fe angles and Fe—O distances observed in other Fe~
u-oxo species (Table I) show that departure from linearity of
the Fe—O-Fe system as well as out-of-plane displacement of
the Fe atoms from the phthalocyanine ring cannot be easily
correlated to either IR or magnetic data. An X-ray investi-
gation has been undertaken on single crystals of u-oxo(1)
obtained from n-butylamine.’ Data so far available are as
follows: a = 19.171 (9), b = 44.907 (21), ¢ = 25.668 (5) A;
a = =+ = 90° space group C,,. Attempts are in progress
to isolate larger crystals suitable for a complete solution of
the structure, which is made difficult by the larger cell di-
mensions and the many independent atoms present in the
asymmetric unit.

The u-Oxo0(2) Crystalline Isomer, The formulation of this
stable solid species is based on analytical, spectroscopic, and
chemical evidence. First, the analytical composition is identical
with that of u-oxo(1). Second, the visible reflectance spectra
of powdered samples of u-oxo(1) and u-oxo(2) (Figure 4) are
practically superimposable, consisting of an intense maximum
at 695 nm and a lower intensity absorption at 365 nm. This
absorption pattern is similar to, but not identical with, that
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Figure 4. Visible (diffuse-reflectance) spectra of (A) Fe-3-Pc, (B)
u-oxo(1), and (C) u-oxo(2).

of solid Fe-8-Pc. The two u-oxo species give also the same
spectrum when dissolved in 96% H,SO,; this spectrum coin-
cides with that obtained when FePc is allowed to react with
O, for the time required for the first reversible oxygenation
process.**® As previously reported,*® this first oxygenation in
H,S0, is followed by the irreversible oxidation of the
phthalocyanine molecule;* solutions of u-oxo(1) and u-0x0(2)
in this medium follow the same behavior: i.e., both are irre-
versibly oxidized by bubbling in O,. Conversely, the spectrum
of FePc is restored by bubbling in N, as expected.*®

The close relationship between u-oxo(1) and u-0xo0(2) is
further shown by their behavior toward pyridine. Both isomers
give the same spectrum when dissolved in pyridine, with the
most intense visible absorption located at 620 nm; this spec-
trum changes gradually with time, finally giving the typical
absorption pattern of FePc(py),.’ Interaction with pyridine
is also observed when solid u-oxo(1) or u-o0xo(2) are exposed
to vapors of this N-base. When p-oxo(1) is left in air saturated
with pyridine for several days, it changes to FePc(py),
(identified by visible and infrared spectra and X-ray powder
pattern). However, if contact with pyridine vapors is main-
tained for only 20 h, a well-defined new pyridine adduct, I,
is formed. Exactly the same pyridine adduct I is produced
under the same experimental conditions from u-oxo(2). The
visible spectrum of I in pyridine is identical with that obtained
immediately after dissolution of either u-oxo(1) or u-oxo(2)
in the same solvent and shows the same changes with time.
This indicates that I still has a u-oxo structure and may
therefore be tentatively formulated as a bis(pyridine)adduct
of the type [py-PcFe—O-FePc-py]. This formulation is further
supported by the fact that I can be desolvated by heating under
vacuum (1072 mm, 100 °C) with loss of the two pyridine
molecules. Thus, the species obtained, PcFe—~O-FePc, is al-
ways u-0xo(2). The overall process can be summarized as

Py

oy days FePc(py)2
2o+ [py+PcFe-0-FePc-py]
1 p-oxo(2)

~PY

p-oxo(1)
p-oxo(2)

A manganese analogue of 1, i.e. [py-PcMn],0, has been
described elsewhere.!*> We prepared this compound by bub-
bling in O, through a pyridine solution of MnPc until the
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solvent had completely evaporated; the residual solid was then
kept under a stream of O, for several hours at room tem-
perature. The complex obtained gave the expected visible
spectrum in pyridine solution!? with a maximum at 620 nm
characteristic of the u-oxo species. When heated under vac-
uum (102 mm, 100 °C) for 2 h, [py-PcMn],O gives the
corresponding u-oxo compound, i.e. PcMn—-O-MnPc. Com-
parison of the X-ray powder spectrum of this species with that
of u-0xo0(2) shows that they are isomorphous, giving additional
support to the structure assigned to u-0xo(2).

The two isomers, u-oxo(1) and u-0xo(2), are easily inter-
changeable; u-oxo(1) can be transformed into u-oxo(2) in
chloronaphthalene in the presence of 2-propylamine (see Ex-
perimental Section). Conversely, u-oxo(2) may be changed
in part to u-oxo(1) by dissolving it in n-butylamine and then
rapidly evaporating off the solvent. The ease of interconversion
of the two forms by slightly varying the experimental condi-
tions, together with the observation that under certain cir-
cumstances either form may separate in a rather unpredictable
manner, suggests that the difference between the two forms
arises from different internal frameworks within the same
dimeric molecular structure.

The isomorphism of p-0x0(2) with PcMn-O-MnPc, in
which the Mn—O-Mn system is very nearly linear (Mn—-O-Mn
angle 178°,% Table I), may reasonably be considered to in-
dicate that a linear or quasi-linear Fe—~O-Fe bond system is
also present in u-oxo(2), if it is assumed that elimination of
pyridine leaves substantially unchanged the geometry of the
Mn—-0O-Mn moiety of [py-PcMn],0. A linear geometry of the
Fe-O-Fe bridge in p-oxo(2), expected to favor w-bonding
between the Fe and O atoms, would account for the significant
magnetic exchange displayed by the two antiferromagnetically
coupled iron atoms of the dimer (Table II).

The infrared spectrum of u-oxo(2) shows slight differences
from that of the parent Fe-3-Pc, with only a new weak band
appearing at 801 cm™ (Figure 2C). Isotopic labeling with O,
containing either 70% or 99% 80 does not cause appreciable
shifts for any of the bands of u-oxo(2), suggesting that the
antisymmetric stretching frequency, v,, is not observed. This
is surprising, for this band would be expected to be still IR
active as the metal-oxygen—metal system becomes more closely
linear.** It should be noted, however, that a similar absence
of absorptions unequivocally attributable to the Mn—O-Mn
antisymmetric vibration has been also reported for the closely
related species of formula [L-PcMn],O (L = N-methyl-
imidazole, 3-picoline, and piperidine),* including [py-
PcMn];0,%® and also for [PcMn],O.

Relative Stabilities of Fe(II) and Fe(III) Phthalocyanine
Complexes. Iron phthalocyanine complexes are much more
stable as Fel!l species than are the corresponding porphyrin
analogues, and characterization of well-defined Fe'! derivatives
has so far been generally unsuccessful. An exception are the
species FePcX, (X = Cl, Br),* which, however, contain the
phthalocyaninato radical anion Pc(1-). The compound
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FePcCl, prepared for the first time by Linstead et al. in
concentrated HCI,** has been repeatedly investigated*® with
contrasting conclusions. First formulated as an Fe'! chloride
species,*’ this compound was then proposed to be a hydro-
chloric acid derivative of FePc, i.e. FePc:-HCL.#’ Later, the
hypothesis was advanced* that it might be a mixture of Fe!
and Fe!" products, with composition depending upon the ex-
perimental conditions used for the preparation. More recently
the earlier formulation of a Fe!! species** has again been given
support by voltammetric studies in Me,SO and in DMF so-
lution.® Therefore, it appears that the u-oxo species described
in the present paper are among the first, if not unique,
well-authenticated solid Fe! derivatives of the phthalo-
cyaninato dianion.*

It has been shown electrochemically™ that the tendency of
FePc to form Fe!!! species can be strongly dependent upon the
nature of the solvent and the supporting electrolyte used and
that the following sequence of solvents can be given for the
ability of FePc to give Fe'l compounds: DMF ~ DMA >
Me,SO > py. We observed that the interaction of FePc with
0,, which also results in the formation of Fe!"! species, depends
on the nature of the solvent as well. In this respect, it is
difficult to differentiate between DMF and Me,SO because
of the heterogeneity of the systems used and precipitation of
the oxidized species. In fact, FePc suspended in either solvent
is quantitatively converted into the corresponding u-0xo species.
In pyridine, no reaction at all has been observed, a fact which
is in agreement with the highest redox potential found in this
solvent.®® The high redox potential in pyridine also explains
why no reaction could be observed for FePc dissolved in
Me,SO containing an excess of pyridine or for the complex
FePc(py), dissolved in toluene. In the solvent sequence given
above the stabilization of FePc and Fe!! species seems to in-
crease with an increase of the g-donor basicity of the axially
ligated solvent. This is apparently allowed by a shift of the
excess of electronic charge density from the Fe!l onto the
phthalocyaninato ring through a + mechanism, thus evidencing
the w-acceptor properties of the tetradentate planar chromo-
phore, 303!
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