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ABSTRACT: The molecular structure of the unsubstituted iron(IlI) phthalocyanine p-oxo(1) dimer
((PcFe),0) was determined by single crystal X-ray diffraction. In agreement with the earlier speculations,
the dimer has a bent (Fe-O-Fe angle is 152.4°) structure. The interplay between the ©t-1 interactions and
steric hindrances caused by the isoindole units led to the observed staggering angle of ~24° between two
phthalocyanine ligands. The high-spin iron(I1I) centers are located significantly above the phthalocyanine
N4 planes (0.57-0.58A). Several DFT exchange-correlation functionals were used to calculate the
absolute value and sign of the Mdssbauer quadrupole splitting and antiferromagnetic coupling constant
for X-ray determined geometry of (PcFe),0. It was demonstrated that the hybrid functionals provide the
correct sign of the electric field gradient and the magnitude of the antiferromagnetic coupling constant

compared to the pure functionals.
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INTRODUCTION

Iron phthalocyanines are a very interesting class of
compounds that have diverse coordination, redox, and
spin states [1]. In particular, iron(IIl) phthalocyanines
form low-spin (s=1/2) hexacoordinated complexes [2],
spin-admixed (s=3/2-5/2) pentacoordinated complexes
[3], and penta- and hexacoordinated p-oxo [4], W-nitrido
[5], and p-carbido [6] dimers (Fig. 1). It has been shown
that the pentacoordinated p-oxo [7] and U-nitrido [8]
dimers can catalyze a large array of oxidative C-H trans-
formations in the organic substrates including methane
oxidation. It is known that the [1-oxo dimers of the general
formula (Pc*"Fe),0 exist in two different isomer forms:
p-oxo(1) and p-oxo(2) [4, 7, 9]. The crystal structures of
the n-oxo(2) form are known for unsubstituted phthalo-
cyanine (refined from the powder ADXD/EDXD X-ray
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diffraction data and reported by Ercolani and co-work-
ers) [10] and fluorinated phthalocyanine, Pc*“F%Fe),0,
reported by Gorun and co-workers [11] (Fig. 1). In both
cases, the linear Fe-O-Fe arrangement of the central core
was observed. The electronic structures of the p-oxo(1)
and p-oxo(2) isomers were probed by UV-Vis, 'H NMR,
IR, Mdssbauer, and UV-Vis spectroscopy as well as mag-
netochemistry [4, 7, 9]. Recently, we have explored the
solution chemistry and redox properties of the soluble
(Pc'®**Fe),0 complex and shown that p-oxo(1) is the only
stable isomer in non-coordinating solvents [12]. Despite
the recent progress in the chemistry and electronic
structure of the [-oxo species that have been known for
more than 40 years, there are no crystal structures of the
p-oxo(1) species are known and thus, the bent structure
of the n-oxo(1) dimer remains speculative. Thus, in this
paper, we report the first example of the X-ray structure of
the unsubstituted p-oxo(1) complex and use DFT calcula-
tions to confirm its Mdssbauer quadrupole splitting sign
and amplitude as well as the magnitude of the antiferro-
magnetic coupling between two iron centers.
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FINALLY: THE X-RAY CRYSTAL STRUCTURE
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Fig. 1. Representative examples of crystallographically characterized (including this work) pi-oxo dimers of iron(IIT) phthalocyanines.

EXPERIMENTAL

X-ray crystallography

Single crystals of the p-oxo(l) isomer of (PcFe),O
complex were accidentally obtained during the attempt
to grow crystals of the PcFe(NH,NH-2Py), complex
(where NH,NH-2Py=2-hydrazinopyridine) from DCM/
hexanes solution. X-ray data were collected with a Mo
micro source on a Bruker D8 Venture diffractometer

Copyright © 2024 World Scientific Publishing Company

at 100K using an Oxford Cryostream low-temperature
apparatus. Experimental data sets were reduced with
Bruker SAINT. Absorption correction was done using
SADABS [13]. The structure was solved using Superflip
and refined using the SHELXTL program [14]. Disor-
dered, partially occupied CH,CI, solvent observed in the
pores of (PcFe),O complex was eliminated with PLA-
TON SQUEEZE [15] command. Complete structural
data on the p-oxo(1) isomer of (PcFe),0 complex can be
accessed using CCDC reference number 2355475. They
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are also available in the Supporting Information. In gen-
eral, the small crystal size and its poor quality, does not
allow us to reduce the R-factor below 10%.

DFT and TDDFT calculations

All calculations were run using Gaussian 16 [16].
BPWO1 (pure GGA functional with 0% of Hartree-Fock
exchange, [17]), TPSS (meta-GGA functional with 0% of
Hartree-Fock exchange, [18]), TPSSh (hybrid functional
with 10% of Hartree-Fock exchange, [18]), MPWLYP
(hybrid functional with 5% of Hartree-Fock exchange,
[19]), B3LYP (hybrid functional with 20% of Hartree-
Fock exchange, [20]), and MO0S5 (hybrid functional with
28% of Hartree-Fock exchange, [21]) exchange-correla-
tion functionals were used in DFT calculations. Wachter’s
full-electron basis set [22] for iron and the 6-311G(d)
basis set [23] for the other atoms were used for calcu-
lations. In all the DFT calculations stable=opt keyword
was used to ensure the stability of the final wavefunction.

RESULTS AND DISCUSSION

Table 1 provides the information for the reported in
the CCDC database p-oxo dimers of iron(I1l) phthalo-
cyanines. As it can be seen from Table 1, most of the
reported systems have linear or nearly linear M-O-M
geometries with the exceptions of reported here [1-oxo(1)
dimer (PcFe),0 and (TAP™®Fe),0 [24] complexes. As we
have recently shown using Mossbauer spectroscopy and
DEFT calculations [12], the p-oxo(1) isomer of (PcFe),O
complex is a more thermodynamically stable species
in non-coordinating solvents, while the p-oxo(2) iso-
mer of (PcFe),0 complex can be stabilized and isolated
in the solid state. Single crystals of p-oxo(1) isomer of
(PcFe),O complex were obtained as one of the reaction
products between PcFe(Il) and 2-hydrazinopyridine,
which is indicative of the oxidation of the PcFe(Il) by the

molecular oxygen during the catalytic cycle. The molec-
ular structure of p-oxo(1) isomer of (PcFe),O complex is
shown in Fig. 2.

It is commonly accepted that the degree of deviation
of the transition-metal center from the N4 plane of por-
phyrin, phthalocyanine, or their analogs can be used to
elucidate the spin state of such metal [28]. In the case
of the p-oxo(1) isomer of (PcFe),O complex, the devia-
tions from the N4 plane of the phthalocyanine ligand
were calculated as 0.583 and 0.567A for Fe(1) and Fe(2)
centers, respectively. These values are the largest for the
phthalocyanine series and are indicative of the high-spin
nature of the iron centers in this compound (Table 1).
This observation agrees well with our recent DFT cal-
culations on the same molecule according to which two
iron(III) centers in the p-oxo(1) isomer of (PcFe),0 com-
plex are high-spin [12]. The closest analogs of p-oxo(1)
isomer of (PcFe),0 complex ((TAP"™Fe),O reported
by Sorokin and co-authors [24] and perfluorinated
(Pc!®C8Fe),0 reported by Gorun and co-authors [11])
have significantly smaller deviations of the iron centers
from N4 plane (Table 1). The experimentally observed Fe-
O-Fe angle in the p-oxo(1) isomer of (PcFe),O complex
(152.44°) is also the smallest among known transition-
metal phthalocyanine p-oxo dimers with (TAP™®Fe),0
complex having ~6° larger angle [24]. As we have dem-
onstrated recently based on the DFT calculations, this
might be reflective of the desire of two phthalocyanine
ligands to maximize the m-m overlap between the indi-
vidual m-systems, which would require a bent Fe-O-Fe
structure [12]. The observed staggering angle between
two phthalocyanine macrocycles (~24°) also supports
this hypothesis. This angle is close to that reported for
(TAPP®Fe),0 system [24]. The competition between the
steric strain caused by the bulky phthalocyanine ligands
and the maximum overlap between m-clouds has already
been discussed in detail [12]. On the other hand, bulky
perfluorinated substituents in (Pc*“*%#Fe),0 complex

Table 1. Summary of the crystal structures of penta- and hexa-coordinated p-oxo iron(I1l) phthalocyanines.

Staggered

Compound CCDC Fe-0, A Fe-N(av), A* Fe-O-Fe,° Fe-N4, A® angle,’  Ref.
Penta-coordinated systems

(PcFe),0 p-oxo(1) NA 1.79; 1.78 2.04; 2.04 152.4 0.58; 0.57 24.0 twe
(PcFe),0 p-oxo(1) NA 1.79 2.07 [25]¢
(PcFe),0 p-oxo(2) NA 1.75 1.91 180 0.21 [10]¢
(TAPP®Fe),0 TOSGAL 1.76; 1.75 1.94; 1.94 158.5 0.34; 0.37 24.2 [24]
(Pc*CF3Fe),0 DOTHUQ 1.76; 1.77 2.04; 2.04 178.4 0.2 31.5 [11]
Hexa-coordinated systems

[(Mim)PcFe],0 KITPIM 1.75; 1.75 1.95; 1.95 175.1 0.02 425 [26]
(THF)PcFe-OFePc(Py) KAVSAC  1.78(Py); 1.65(THF) 2.01;2.01  178.8 0.04(Py); 0.33(THF)  38.6  [27]

*Average Fe-N bond distances for each iron center; “distance between the calculated N4 plane formed by the isoindole nitrogen
atoms and iron(I11) centers; °this work; “XANES/EXAFS analysis; ADXD/EDXD analysis.
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FINALLY: THE X-RAY CRYSTAL STRUCTURE

Fig. 2. X-ray crystal structure of [1-oxo(1) isomer of (PcFe),O complex: (a) general view; (b) side-view; (c) top view; (d) unit cell
packing. All figures have ellipsoids at 50% probability. In all cases, the hydrogen atoms are omitted for clarity.

[11] prevent bent structure formation and keep the Fe-
O-Fe angle close to 180° (Table 1). Distortions caused
by eight bulky CF; groups located at the o-positions of
the phthalocyanine ligand increased the staggering angle
to 31.5°. Interestingly, the staggering angle in the hexa-
coordinated p-oxo dimers are also larger (Table 1) [26,
27]. The bent structure of p-oxo(1) isomer of (PcFe),0
complex also elongates Fe-O bond distances, which
are the longest among currently known transition-metal
p-oxo dimers (Table 1). The average Fe-N bond dis-
tances in pl-oxo(1) isomer of (PcFe),O complex are close
to those observed in the perfluorinated (Pc“"5Fe),0
complex but a significantly longer compared to the other
similar compounds in which iron centers are closer to N4
planes (Table 1). This is reflective of the larger deviation
of the iron(III) centers from the N4 phthalocyanine plane.
Both phthalocyanine ligands have bowl-shaped confor-
mations with the center of the bowl pointing towards iron
centers. The calculated depth of the bowl was defined
as the interplanar distance between N4 planes and the
planes formed by the furthest Pc(Cp) atoms. The depths
were found to be 0.609 and 0.276A for the first and the
second phthalocyanine ligands, respectively.

As mentioned previously, all substituted p-oxo(1) and
p-oxo(2) dimers are diamagnetic at room temperature
[4, 12], while magnetism was studied for unsubstituted
analogs [9]. Such diamagnetism required a strong anti-
ferromagnetic coupling between two high-spin (con-
firmed by the X-ray crystallography discussed above)
iron(Ill) centers. In the case, of unsubstituted p-oxo(1)
and p-oxo(2) isomers, the experimentally determined
antiferromagnetic coupling constants were reported as

Copyright © 2024 World Scientific Publishing Company

J=-120 and -195cm™, respectively [29]. A significant
bending of the Fe-O-Fe fragment in the p-oxo(1) iso-
mer of (PcFe),0 complex reduces the efficiency of the
Fe(d,,)-O(p,)-Fe(d,,) magnetic superexchange pathway
and increases the role of the out-of-plane Fe(d,,.d,,)-
O(p,.py-px)-Fe(d,,.d,,) exchange pathways. In addition, as
discussed previously in detail, d,, and d,,,, MOs can mix
in the bent p-oxo dimers, and thus all possible exchange
pathways should be considered if one would like to esti-
mate the overall magnitude of the antiferromagnetic cou-
pling constant [30]. Although such a ligand-field-based
process is very tedious, fortunately, modern DFT meth-
ods can directly handle such calculations [31]. Thus, we
used the X-ray geometry of the p-oxo(1) complex and
several exchange-correlation functionals to estimate the
magnitude of the antiferromagnetic coupling constant
in this compound. First, in agreement with the previous
calculations on the optimized geometries of H-oxo(1)
isomer of (PcFe),0 complex, our calculations using six
different exchange-correlation functionals supported dia-
magnetic ground state (Table 2). The DFT-predicted low-
spin to high-spin energy gap varies between ~32.5 and
~9.2kcal/mol confirming the diamagnetic state of this
dimer at room temperature.

We used Yamaguchi’s formula [32] for the evaluation
of coupling constant J in p-oxo(1) isomer of (PcFe),0
complex as it covers both weak and strong coupling limit
and was successfully applied in modeling of a large array
of the dinuclear complexes using DFT methods: [33]

EHS _EBS
<S2>Hs _<S2>Bs
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Table 2. Results of the Broken Symmetry (BS;
antiferromagnetically couplet singlet states) versus High-Spin
(HS; 11-et) DFT calculations using six different exchange-
correlation functionals.

AE Spin Spin
(BS-HS), density  density
DFT method kcal/mol  J, cm’! (Fel) (Fe2)
BPWI1/BS 32.5 -407 2.13 -2.12
BPW91/HS 4.05 4.03
TPSS/BS 29.6 -373 2.20 -2.19
TPSS/HS 4.07 4.06
MPWLYP/BS 15.3 211 3.86 -3.84
MPWLYP/HS 4.04 4.03
TPSSh/BS 11.7 -162 4.02 -4.01
TPSSh/HS 4.16 4.15
B3LYP/BS 10.0 -138 4.06 -4.05
B3LYP/HS 4.16 4.15
MO5/BS 9.2 -128 4.12 -4.11
MOS5/HS 4.21 4.20
Experiment -1201

Where E,;; and Egg are DFT energies of the high-spin
and broken-symmetry calculations and (S?) values are the
total spin angular momenta expectation values for Kohn-
Sham determinants. The calculated values for the antifer-
romagnetic coupling constant decrease with the increase
of the percentage of the Hartree-Fock exchange used in
the exchange-correlation functional (Fig. 3). However,
this change is not linear. One interesting observation from
DFT calculations is that the DFT-predicted Miilliken spin
densities using hybrid exchange-correlation functionals
for the low-spin antiferromagnetically coupled states are
close to four, which is expected for the high-spin iron(III)
centers covalently bonded to the p-oxo oxygen atom and
extended m-system from the phthalocyanine ligand. This
is also the case for all DFT calculations for the high-spin
states (Table 2). However, in the broken-symmetry cal-
culations of the diamagnetic state using pure exchange-
correlation functionals, the Miilliken spin densities are
close to two electrons, which puts spin states of iron(III)
centers close to the intermediate spins (s=3/2). This con-
tradicts the X-ray-determined high-spin configuration
of the iron(IIl) centers in p-oxo(1) isomer of (PcFe),O
complex and thus, J-values obtained with the help of pure
DFT exchange-correlation functionals cannot be trusted.
In agreement with the previous DFT calculations [12],
it seems that the B3LYP and M0S5 exchange-correlation
functionals provide the closest agreement between the-
ory and experiment. However, the experimentally deter-
mined J-values also should be treated with a grain of
salt as unsubstituted pt-oxo(1) and p-oxo(2) isomers of
(PcFe),O complex are very difficult to purify and they

Copyright © 2024 World Scientific Publishing Company

always have some amount of the paramagnetic mono-
meric impurities.

Another spectroscopic method that can clearly dis-
criminate between the p-oxo(1) and p-oxo(2) isomers
of the (PcFe),0 complex is Mdssbauer spectroscopy.
Indeed, although the isomer (IS) shifts for p-oxo(1) and
p-oxo(2) isomers of (PcFe),0 complex are close to each
other (AIS ~0.09-0.11 mm/s) [29], their quadrupole split-
tings (QS) are quite different (-0.44 mm/s for p-oxo(1)
and +1.38 for p-oxo(2) isomers of (Pc™*“Fe),O com-
plex) [34]. Since the modern DFT methods can predict
the Mdssbauer quadrupole splittings with high accuracy
[35], we tested these methods towards the prediction of
the quadrupole splittings in (-oxo(1) isomer of (PcFe),0
complex using the same six exchange-correlation func-
tionals that we employed for the estimation of the anti-
ferromagnetic coupling constants in this compound. The
results of our calculations are listed in Table 3. Similar
to the antiferromagnetic coupling constant calculation,
all hybrid exchange-correlation functionals predict the
correct sign and magnitude of the quadrupole splitting
in the oxo(1) isomer of (PcFe),0O complex, while pure

Table 3. DFT-predicted Broken Symmetry (BS; anti-
ferromagnetically couplet singlet states) quadrupole splitting in
(PcFe),0 using six different exchange-correlation functionals.

QS (Fel), QS (Fe2), QS (average),
DFT method mm/s mm/s mm/s
BPWI1 +0.42 +0.43 +0.42
TPSS +0.33 +0.34 +0.33
MPWLYP -0.29 -0.36 -0.33
TPSSh -0.30 -0.39 -0.35
B3LYP -0.34 -0.44 -0.39
MO5 -0.38 -0.48 -0.43
Experiment -0.4484
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Fig. 3. DFT-predicted values for the antiferromagnetic cou-
pling constants and quadrupole splittings in oxo(1) isomer of
(PcFe),0 complex as a function of the Hartree-Fock exchange
in the exchange-correlation functional.
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DFT exchange-correlation functionals predict the incor-
rect sign of the quadrupole splitting. Interestingly, when
overlayed with each other, the DFT graphs for the antifer-
romagnetic coupling constants and quadrupole splitting
have very similar trends (Fig. 3) suggesting the impor-
tance of using the proper exchange-correlation functional
with the correct amount of the Hartree-Fock exchange in
the calculation of the spectroscopic properties of phtha-
locyanine dimers.

CONCLUSIONS

In this paper, we reported the structure of an illusive
p-oxo(1) isomer of the (PcFe),0 complex. The deviation
of the two iron(Ill) centers from N4 planes formed by
isoindole nitrogen atoms is indicative of their high-spin
states. The Fe-O-Fe angle is the smallest known iron(I1I)
phthalocyanine and tetraazaporphyrin p-oxo dimers
known so far. The DFT calculations on the p-oxo(1)
isomer of (PcFe),0 complex are indicative of the dia-
magnetic ground state. The antiferromagnetic coupling
constant and Mossbauer quadrupole splitting in p-oxo(1)
isomer of (PcFe),O complex are well reproduced by the
hybrid exchange-correlation functionals. In contrast, the
agreement between theory and DFT-predicted by the pure
exchange-correlation functional values is rather poor.
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