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Iron(@) Semiquinonate Complexes in the Solid State and in Solution
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Abstract: The reaction of iron(l) per-
chlorate with the tetraazamacrocyclic
ligand  N,N’-dimethyl-2,11-diaza[3.3]-
(2,6)pyridinophane (L-N,Me,) and 3,5-
di-tert-butyl-1,2-benzoquinone in 96 %
ethanol yields the blue compound
[Fe(L-N,Me,)(dbsq)](ClO,),-2.5H,0

(3a, dbsq™ =3,5-di-tert-butyl-1,2-benzo-
semiquinonate). On the basis of struc-
tural, Mossbauer spectroscopic, and
magnetic evidence, this compound was
identified as a low-spin iron(il) semi-
quinonate complex, the first of its kind,
in which the unpaired electron of the
coordinated semiquinonate radical is
strongly antiferromagnetically coupled
with the unpaired electron of the low-
spin iron(111) ion. In acetonitrile solution,
[Fe(L-N,Me,)(dbsq) J** (3) is in equili-
brium with uncoordinated dbq and with
the low-spin iron(i)) complex [Fe(L-
N,Me,)(MeCN),]** (5), as demonstrated

by NMR, Mossbauer, and UV/Vis spec-
troscopic data, as well as by the electro-
chemical results. The equilibrium con-
stant for the reaction 3+2MeCN=
dbq+5 was determined to be 7.97 x
10-°m~! at 25°C, and the pseudo-first-
order rate constant for the forward
reaction k=k/[MeCN]* to be 2.85s7!
by NMR spectroscopy and electrochem-
ical methods, respectively. This equili-
brium constant and the redox potentials,
determined for the involved species,
were used to calculate the formation
constants for the complexation of dbsq~
and 3,5-di-tert-butylcatecholate (dbc?)
by [Fe(L-N,Me,)(MeCN),]**3* ions.
Solutions of complex 3 in acetonitrile

Keywords: iron - macrocyclic li-
gands - radical ions - redox chem-
istry - semiquinonate ligands

are found to be stable towards molecular
oxygen. In addition, the reaction of the
iron(11)) semiquinonate complex 3 with
superoxide quantitatively yields the cor-
responding iron(1) catecholate complex
[Fe(L-N,Me,)(dbc) ]t (2). Therefore, the
reactivity of 3 with molecular oxygen
and with superoxide demonstrates that
the correct oxidation states of both the
metal ion and the coordinated dioxolene
unit are required for the occurrence of
the well-established cleavage of the
intradiol C-C bond of 3,5-di-tert-butyl-
catecholate ligand coordinated to the
iron(111) ion in 2 by molecular oxygen
and that the cleavage reaction does not
occur through an initial electron-trans-
fer step, resulting in the formation of an
iron(111) semiquinonate as intermediate,
but instead by the direct attack of the
oxygen molecule on the iron(iir) cate-
cholate moiety.

Introduction

Ligand radicals coordinated to metal ions are gaining in
importance within the discussion of the reactivity and
structural and electronic features of active sites in metal-
loproteins; recently it was recognized that the mononuclear
copper site in the oxidized form of the enzyme galactose
oxidase consists of a copper(il) center coordinated to a
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phenoxyl radical and not a copper(ii) ion as had been
previously presumed.! Since that discovery substantial effort
has focussed on investigating the coordination of phenoxyl
radicals to metal ions.”l It has already been established that
the formally pentavalent iron ion in the active sites of
cytochrome P450 and horseradish peroxidase is actually an
iron(iv) oxo species bound to a cationic porphyrin radical.?!
Furthermore, the unusual reactivity of molecular oxygen with
the iron(ii)) catecholate complex of intradiol-cleaving cat-
echol dioxygenases has been attributed to a partial transfer of
electron density from the coordinated catecholate to the
metal ion, whereby the active site is endowed with a partial
iron(i1) semiquinonate character, which is thought to be
responsible for the reactivity.[*

We have recently reported® on the synthesis and reactivity
of the iron(im) catecholate (cat’”) and 3,5-di-fert-butylcate-
cholate (dbc?>”) complexes 1 and 2, which contain the
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tetraazamacrocycle N,N'-dimethyl-2,11-diaza[3.3](2,6)pyridi-
nophane (L-N,Me,) as a coligand. In the reaction with
molecular oxygen, the aromatic ring of the coordinated

= +
[Fe(L-NsMep)(cat)]
.
N 1
MeN NMe [Fe(L—N,Me,)(dbc)]
N
= 2
A [Fa(L—N Me)(dbsq)P*
L-N;Me, 3

catecholate moiety in these complexes was shown to be
oxidatively cleaved at the intradiol C—C bond in quantitative
yields. In addition to the stoichiometric reaction, complex 2
acts as an efficient catalyst in the conversion of dbcH, to 3,5-
di-tert-butylmuconic anhydride. Thus, with complex 2, we
introduced a well-defined, stoichiometrically functioning, and
highly catalytic biomimetic model system for the reactivity of
intradiol-cleaving catechol dioxygenases.

By virtue of belonging to the class of dioxolenes, coordi-
nated catecholates are prone to behave like non-innocent
ligands,[ a property which may, as previously mentioned, be
pertinent to the reactivity of catechol dioxygenases. Since in
most complexes the metal d orbital and the m-molecular
orbital of the dioxolene are of comparable energies, valence
tautomerism can occur. Thus, if the concept of formal oxidation
states is used—although it may not always be appropriate—
the electron distribution in a given metal — dioxolene complex
could be described by any one of the three depicted redox
isomers: a catecholate, a semiquinonate, or a quinone
complex. Which of these redox states is actually the most

/O /o~, /O
M2 M. 2 M
N N\ 2 N\
(@] [¢] ¢]

applicable description for a coordinated dioxolene unit, is
determined by the covalency of the metal —oxygen bonds—
which again depends on the relative energies, the symmetries,
and the overlap of the involved metal d orbitals and the -
molecular orbitals on the dioxolene unit. Since redox
reactions can involve the metal ion as well as the ligand, a
rich redox chemistry is associated with this class of complexes.

Within the context of our studies on functional biomimetic
complexes that model the reactivity of intradiol-cleaving
catechol dioxygenases, we were also interested in the complex
[Fe(L-N,Me,)(dbsq) ]** (3; dbsq~ = 3,5-di-tert-butyl-1,2-ben-
zosemiquinonate), which is the one-electron oxidation prod-
uct of 2. The finding that the reaction of complex 2 with
molecular oxygen indeed affords high yields of intradiol-
cleavage products, and the previously mentioned working
hypothesis that the coordinated dioxolene unit in 2 needs
some semiquinonate radical character in order to be reactive
with molecular oxygen, prompted us to investigate the
reaction chemistry of the radical ligand 3,5-di-tert-butylsemi-
quinonate coordinated to a (diazapyridinophane)iron(iir)
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fragment. Here we report on the structural and electronic
properties as well as the reactivity of 3, which, to our
knowledge, is the first low-spin iron(i11) semiquinonate com-
plex ever reported.

Results and Discussion

Synthesis and structure: Analogous to the preparation of
previously reported iron(i) semiquinonate complexes,!’]
[Fe(L-N,Me,)(dbsq)](ClO,),-2.5H,0 (3a) was synthesized
by addition of 3,5-di-tert-butyl-1,2-benzoquinone (dbq) to an
ethanolic solution containing equivalent amounts of ferrous
perchlorate and the tetraazamacrocyclic ligand L-N,Me,. The
presence of 2.5 molecules of water per molecule of complex is
supported by elemental analysis as well as by an X-ray
structure determination of single crystals obtained by recrys-
tallization of the dark blue compound from hot 96 % ethanol.
Unfortunately the quality of the single crystals of 3a was poor
due to some severe disorder in the crystal lattice; therefore,
for the sole purpose of obtaining suitable crystals, the complex
was additionally prepared as the hexafluorophosphate salt
[Fe(L-N,Me)(dbsq) ](PFe), (3b).

A perspective view of 3 with the atom numbering scheme is
shown in Figure 1. A comparison of some selected distances

Ci2
C28)  Cr9

BB

Figure 1. Perspective view of the structure of [Fe(L-N,Me,)(dbsq) |** in 3a
showing thermal ellipsoids at 50 % probability and the atom-numbering
scheme.

and angles of the complex with those of the ferric catecholate
complexes 1 and 268 is given in Table 1.

As in the iron(in) catecholate complexes, a distorted cis
octahedral coordination geometry is also found around the
iron ion in 3; the dioxolene moiety is coordinated in the
equatorial plane to the metal ion in a bidentate fashion. The
average Fe — N, and Fe —N,,, bond lengths of 2.026 £ 0.004
and 1.894+£0.002 A, respectively, are considerably shorter
than those found in the iron(i) catecholate complexes or in
all previously investigated octahedral high-spin iron(i) com-
plexes with L-N,Me, in their ligand spheres (Fe—N,i.:
2.223-2.243 A and Fe-N,,: 2.106-2.152 A).1>*) Compared
to the commonly observed Fe—N bond lengths in octahedral
high-spin iron(111) complexes, the substantial difference in the
bond lengths (about 0.2 A) could indicate that upon addition
of o-benzoquinone to the iron(if) complex either the metal ion
is oxidized by two electrons to an iron(1v) ion, or a low-spin
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Table 1. Selected bond lengths [A] and angles [°] in 1-3.

1 2 3
Fe(1)-O(1) 1.903(3) 1.895(5) 1.883(3)
Fe(1)-0(2) 1.915(3) 1.911(5) 1.885(3)
Fe(1)-N(1) 2.222(3) 2.241(6) 2.022(4)
Fe(1)-N(2) 2.105(3) 2.121(6) 1.892(4)
Fe(1)-N(3) 2.223(3) 2.235(6) 2.030(4)
Fe(1)-N(4) 2.106(3) 2.115(6) 1.895(4)
0(1)-C(17) 1.353(5) 1.344(8) 1.284(5)
0(2)-C(18) 1.329(5) 1.368(8) 1.296(5)
C(17)-C(18) 1.415(7) 1.411(10) 1.450(7)
C(17)-C(22) 1.385(7) 1.380(10) 1.403(7)
C(18)-C(19) 1.394(6) 1.409(10) 1.425(7)
C(19)- C(20) 1.369(8) 1.396(10) 1.370(7)
C(20)-C(21) 1.369(9) 1.399(10) 1.438(7)
C(21)-C(22) 1.427(8) 1.393(10) 1.360(7)
O(1)-Fe(1)-0(2) 85.6(1) 85.1(2) 83.7(1)
O(1)-Fe(1)-N(1) 97.7(1) 105.1(2) 97.4(2)
O(1)-Fe(1)-N(2) 100.4(1) 95.4(2) 89.7(2)
O(1)-Fe(1)-N(3) 107.3(1) 98.3(2) 99.0(2)
O(1)-Fe(1)-N(4) 174.7(1) 174.1(2) 176.0(2)
0(2)-Fe(1)-N(1) 103.7(1) 104.4(2) 100.1(2)
0(2)-Fe(1)-N(2) 173.7(1) 1782(2) 1733(2)
0(2)-Fe(1)-N(3) 99.0(1) 100.8(2) 96.6(2)
O(2)-Fe(1)-N(4) 93.0(1) 99.5(2) 92.3(2)
N(1)-Fe(1)-N(2) 77.4(1) 772(2) 81.3(2)
N(1)-Fe(1)-N(3) 147.3(1) 146.8(2) 157.7(2)
N(1)-Fe(1)-N(4) 77.6(1) 77.6(2) 832(2)
N(2)-Fe(1)-N(3) 77.6(1) 77.4(2) 83.7(2)
N(2)-Fe(1)-N(4) 81.1(1) 79.9(2) 94.4(2)
N(3)-Fe(1)-N(4) 77.9(1) 773(2) 81.5(2)

iron(11) ion is present in complex 3. The first possibility, which
would have been unprecedented in the literature, can be
excluded on the basis of the structural parameters of the
coordinated dioxolene ligand and on the basis of the spectro-
scopic evidence (vide infra). In fact the Fe — N bonds are quite
similar to those in [Fe(L-N,Me,)(bipy) ]**, which also contains
a low-spin iron(ii)) ion (Fe—N,pi: 2.044 A and Fe—-N,,:
1.902 A).1

A comparison of the C—O and C—C bond lengths (Table 1)
with those of the iron(ill) catecholate complexes clearly
attributes semiquinonato character to the dioxolene ligand.
Thus, upon oxidation of 2, the C— O bond lengths significantly
decrease to 1.284 and 1.296 A, thereby falling into the range
commonly observed for coordinated semiquinonato radi-
cals.l> % 19 While the more or less equal lengths of the C-C
bonds within the catecholate ligands of 1 and 2 are consistent
with an aromatic ring system with delocalized m bonds, an
inspection of the C—C bonds in 3 reveals the more localized
n-bonding pattern of an ortho-semiquinone. Therefore, short
bond lengths of 1.36—1.37 A are observed for the C(19)—C(20)
and C(21) - C(22) bonds. On the other hand, the C(17) — C(18)
and C(20)-C(21) bonds are considerably lengthened (1.44 -
1.45 A). Considering that the dioxolene moiety can be
unambiguously identified as a semiquinonate, the short Fe—N
bonds must therefore result from the low-spin state of the
iron(i11) ion. The effect of the low-spin state is also expressed
in the extremely short Fe—O bonds (1.883 and 1.885 A),
whereas all reported high-spin iron(i11) semiquinonate com-
plexes display Fe — O bond lengths between 2.0 and 2.1 A.[" 1]
A theoretically possible assignment of complex 3 as a low-spin
iron(11) quinone complex was excluded from further consid-
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eration on the basis of the C-O bond lengths and, more
importantly, on the basis of the Mdssbauer data (vide infra).

Compared to high-spin iron(ir) complexes with the ligand
L-N,Me,, the unusually short Fe—N bonds cause the metal
ion to be drawn into the cavity of the macrocycle to a larger
extent, thereby increasing the N,pi.-Fe-Nyni.. and the
N,,-Fe-N,, angles from 147° to 158° and from 80° to 94°. As
in all complexes with L-N,Me, ligands,!!] the interplanar
angle included by the least-squares planes of the pyridine
rings is smaller than the N,-M-N, angle; however, in 3 this
angle is 82°, which is one of the largest observed in complexes
containing L-N,Me,. Thus, the metal ion is considerably less
displaced from the least-squares planes of the pyridine rings.
These findings serve as evidence that the tetraazamacrocyclic
ligand still provides sufficient flexibility to accommodate the
individual electronic requirements of the respective coordi-
nated iron ion, in spite of the steric rigidity induced by the
pyridine rings.

Properties of the iron(i1)) semiquinonate complex in the solid
state: The Mossbauer spectrum (Figure 2) of solid 3a,
recorded at 4.2 K, consists of a doublet with an isomer shift
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Relative Transmission
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Figure 2. Mdssbauer spectra (recorded at 4.2 K) of [Fe(L-N,Me,)(dbsq) |**
as a solid (top), [*Fe(L-N,Me,)(dbsq) ]** electrochemically generated in
acetonitrile solution (2mM, middle), and [Fe(L-N,Me,)(MeCN),]** (bot-
tom), generated in situ, in acetonitrile.

0 =0.18 mms~! and a quadrupole splitting AE,=2.32 mms~".
Compared to the wusually observed range of 0=0.4-
0.6 mms~! for other six-coordinate high-spin iron(ir) com-
plexes containing this tetraazamacrocyclic ligand, the present
value for 0 is significantly reduced. Also taking into account
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the relatively high value for AE,, the Mossbauer data confirm
the low-spin Fe!!l state which was established earlier by the X-
ray structure analysis. An additional measurement of 3a at
4.2 K with an applied field of 6.1 T Ly (not shown) clearly
attributes a diamagnetic ground state to the complex.
Furthermore, it reveals a negative sign for the electric field
gradient. The diamagnetism of the complex indicates a strong
intramolecular antiferromagnetic coupling between the §; =
1/2 spin of the low-spin iron(i) ion and the S,=1/2 spin
located on the coordinated semiquinone radical. By using a
spin Hamiltonian H=—2JS,S, for the interaction between
the two electron spins S; and S,, a magnetic exchange
coupling constant of |—J|>250 cm™! can be estimated from
the measurements of the magnetic susceptibility of solid 3a in
the temperature range 2K < 7<293K by using a SQUID
magnetometer. It is noteworthy that complex 3 is, to our
knowledge, the first low-spin iron(iir) semiquinonate complex
ever isolated and structurally characterized; all other pre-
viously reported iron(i11) semiquinonate complexes contain a
high-spin iron(irr) ion.[* 1%

Properties of dissolved iron(ii)) semiquinonate complexes:
The spectroscopic and the electrochemical properties of 3 in
acetonitrile were investigated. These properties were com-
pared with those of an analogous complex [Fe(L-N,Me,)
(sq)J** (4), which contains the unsubstituted o-benzosemi-
quinonate (sq~) ligand. Complex 4 was generated electro-
chemically from 1 in acetonitrile, these solutions were
generally handled only at low temperatures because of the
instability 4.

NMR spectroscopic investigations: "H NMR spectra of 10mm
solutions of 3a were recorded at different temperatures in
deuterated acetonitrile. The NMR signals lie between 1 and
9ppm and display small linewidths at low temperatures,
which indicates that only diamagnetic compounds are present.
As the temperature was increased, some of the signals
broadened and shifted. This could result from the appearance
of a paramagnetic species at higher temperatures or it could
be caused by some dynamic process(es).

From the changing intensities of the signals with varying
temperature, it is concluded that the overall NMR spectrum
originates from three different compounds: these have been
unambiguously identified as 3, [Fe(L-N,Me,)(MeCN),]** (5),
and unbound dbq. Analogously, the NMR signals in the
spectrum of an electrochemically generated sample of 4 are
attributed to uncoordinated 1,2-benzoquinone (q) and to
complexes 4 and 5. The spectrum of 3a in acetonitrile
(recorded at —30°C) is displayed in Figure 3, and the
assignments of the individual NMR signals in the spectra of
3 and 4 in acetonitrile are listed in Table 2.

The subspectrum corresponding to 3 is consistent with the
S§ =0 spin state, which has been previously discussed for the
solid ferric semiquinonate complex. As in the spectra of other
diamagnetic complexes containing the ligand L-N,Me, "l the
low-field shift of the 'H NMR signals of the pyridine protons
(compared to those of unbound ligand) and the appearance of
the characteristic AB coupling pattern for the diastereotopic
methylene protons show that, as the complex 3 dissolves, the
tetraazamacrocyclic ligand continues to be coordinated
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Figure 3. '"H NMR spectrum of 3a in deuterated acetonitrile (recorded at
—30°C with [3a], = 10mwm). The individual NMR signals corresponding to
3, 5, dbq, deuterated acetonitrile (S), and water (W) are marked.

Table 2. '"H NMR data (360 MHz) of dbq, 3-5, and 1,2-benzoquinone (q)
in deuterated acetonitrile.

Com- Tempera- Chemical shift [ppm]
pound ture [°C]

dbq 25

1.22 (s, 9H, C(CHa);), 1.25 (s, 9H, C(CHs);), 6.16 (d,
1H, ArH, 2.3 Hz), 7.01 (d, 1H, ArH, 2.3 Hz).

1.25 (s, 9H, C(CHs;);), 1.32 (s, 6H, NCHj,), 1.41 (s, 9H,
C(CH;);), 4.45 (d, 2H, -CH,-, A-part of the first AB
system, 17.0 Hz), 4.47 (d, 2H, -CH,-, A-part of the
second AB system, 17.1 Hz), 4.81 (d, 2H, -CH,-, B-part
of the second AB system, 17.1 Hz), 4.90 (d, 2H, -CH,-,
B-part of the first AB system, 17.0 Hz), 7.48 (s, 1 H,
ArH), 7.69 (two d, 4H, 3,5-py-H, 7.9 Hz), 8.15 (t, 1H,
4-pyH, 7.9 Hz), 8.16 (t, 1 H, 4-pyH, 7.9 Hz), 8.95 (s,
1H, ArH).

1.32 (s, 6H, NCH,), 4.45 (d, 4H, -CH,-, A-part of a AB
system, 16.9 Hz), 5.01 (d, 4H, -CH,-, B-part of a AB
system, 16.9 Hz), 7.71 (d, 4H, 3,5-py-H, 7.6 Hz), 7.82
(m, 2H, ArH, AA'BB’ system, Jo» =1.6 Hz, J,5 =
7.7 Hz, Jog =2.9 Hz), 8.16 (t,2H, 4-pyH, 7.6 Hz), 9.23
(m, 2H, ArH, AA'BB’ system, Jgg =1.6 Hz, J,5 =
7.7 Hz, J,5=2.9 Hz).

2.45 (s, 6H, NCH;), 4.02 (s, 8H, -CH,-), 7.19 (d, 4H,
3,5-py-H, 7.7 Hz), 7.67 (t, 2H, 4-pyH, 7.7 Hz)

25 2.63 (s, 6H, NCH,;), 4.03 (d, 4H, -CH,-, A-part of a AB
system, 16.5 Hz), 4.18 (d, 4H, -CH,-, B-part of a AB
system, 16.5 Hz), 7.30 (d, 4H, 3,5-py-H, 7.8 Hz), 7.70
(t,2H, 4-pyH, 7.8 Hz).

6.35 (m, 2H, ArH, AA'BB’ system, J,, =1.8 Hz,

Jag =88 Hz,Joy =3.1Hz),7.12 (m,2H, ArH, AA'BB’
system, Jgg = 1.8 Hz, J,5 =8.8 Hz, J,5 =3.1 Hz).

3 -30

through all four nitrogen donor atoms to the iron ion. A
similar conclusion is reached for the coordination mode of the
macrocyclic ligand in 4. The introduction of two fert-butyl
substituents at the 3- and S-positions of the semiquinonate
ring reduces the symmetry of the complex from C,, in 4 to C;
in 3. Thus, in contrast to 4, where only one AB signal is
observed in the 'H NMR spectrum, the presence of two
slightly different AB signals in the spectrum of 3 reflects the
lower symmetry of the coordinated dbsq~ moiety.

Based on the low-field shifts of the NMR signals of the
pyridine protons, the subspectrum attributed to complex 5
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(Table 2) reveals that the iron ion is coordinated to the
tetraazamacrocyclic ligand L-N,Me,. At —30°C, only a
singlet at 4.03 ppm is observed for the diastereotopic meth-
ylene protons. However, when the temperature is raised, this
accidental isochronicity of both protons is lifted and the
expected AB signal appears. This provides unambiguous
proof that the L-N,Me, in this complex is also bound to the
metal ion by all four nitrogen donor atoms. The relatively
narrow linewidths at —30°C and the occurrence of the NMR
signals between 1 and 9 ppm indicate that this iron complex is
diamagnetic. At higher temperatures, however, the signals
shift considerably and the linewidths increase to some extent.
The NMR spectra of an equimolar mixture of ferrous
perchlorate and L-N,Me, in acetonitrile over the entire
investigated temperature range showed identical chemical
shifts and linewidths very similar to those observed in the
subspectra corresponding to complex 5. In contrast to acetoni-
trile solutions, the NMR spectrum of an equimolar mixture of
ferrous perchlorate and the macrocyclic ligand in methanol
indicates the formation of a paramagnetic complex. From this
evidence, and taking into account that L-N,Me, has a decisive
tendency to form octahedral complexes, the composition of
complex 5 is deduced to be [Fe(L-NMe,)(MeCN),]**, in
which, in addition to the macrocycle, two acetonitrile
molecules are coordinated to a low-spin iron(i1) ion. While,
at —30°Cin acetonitrile, complex 5 is essentially diamagnetic,
the noticeable shifting of the NMR signals serves as evidence
that, although the §=0 spin state still predominates, a small
paramagnetic contribution, presumably due to the onset of a
spin-crossover, is present at higher temperatures.

The third component in the mixture resulting from the
dissolution of solid 3a in acetonitrile is unequivocally
identified as dbq by comparison of the NMR spectrum
with that of an authentic sample in acetonitrile. Accordingly,
in an electrochemically prepared solution of 4, un-

bound o-benzoquinone (q) is found in addition to complexes
4 and 5.

5 dbq

At all temperatures, compounds dbq and 5 are present in
stoichiometrically equal amounts. From this it is inferred that
3 exists in an equilibrium with dbq and 5 [Eq. (1)]. From the
intensities of the NMR signals, the equilibrium constant K is

Chem. Eur. J. 1998, 4, No. 7
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determined to be 1.38 x 10~®m~! and 7.19 x 10-*m~! at —30°C
and at 20°C, respectively. The temperature dependence of K;
suggests that this reaction is endothermic and, from the
stoichiometry of the reaction, a decrease in entropy is
expected. Assuming that AH and AS are constant within the
investigated temperature range (243 to 313K in 10K
intervals), a plot of InK; against 1/T yields AH, =
+20.0 kJmol~! and AS; = —30.5 JK~! mol~! for Equation (1).
At 25°C, an equilibrium contant of K; =797 x 10-m~! was
calculated.

As previously stated, the NMR signals attributed to 5 are
shifted considerably when the temperature is changed. In
contrast, the positions of the NMR signals of complex 3 are
only slightly dependent on the temperature. The linewidths of
the NMR signals of pure 5 and of 5 in the equilibrium mixture
are very similar; therefore the noticeable line broadening of
the NMR signals of 3 at higher temperatures (>50°C) is
judged to be due almost exclusively to the increasing para-
magnetic contribution of 5 and not to a dynamic effect
connected with the equilibrium reaction.

Since distinctive NMR signals are observed for each species
at all temperatures, the intermolecular exchange processes of
the protons due to the reaction in Equation (1) are in the slow
exchange domain, which permits an estimate on the upper
limit for the pseudo-first order rate constant k=k/
[MeCN]? <20 s7%. The occurrence of an equilibrium reaction
is demonstrated further by two-dimensional exchange spec-
troscopy (EXSY) (not shown), with a mixing time #,; of 0.2 s at
room temperature. The resulting spectrum not only gives
further evidence for the correct assignment of the NMR
signals, but also yields an approximate estimate for the rate
constant k=0.5-5s7".

For the electrochemically generated solution of 4, an
analogous equilibrium reaction is detected. Considering the
well-known pervasive tendency of 1,2-benzoquinone to de-
compose at room temperature, this equilibrium reaction
explains the difficulties experienced and the failure to
synthesize and isolate 4 as a pure compound.

Méssbauer spectroscopic investigations: Maossbauer
measurements were performed on solutions of 3a in
acetonitrile with initial concentrations between 0.4 and
20mM as well as on a solution of 4 which was
electrochemically generated from a 1.9mwm solution of
¢y  1in acetonitrile. Figure 2 shows a comparison of the
spectrum of a solution of 3a (2mm) with that of solid
3a, and that of § generated in situ in acetonitrile. The
experimental results are listed in Table 3. The spectra
tBu  confirm that an equilibrium reaction occurs in solutions
containing the iron(i1r) semiquinonate complexes. The
rather similar Mossbauer parameters of 3 and 4
indicate similar structures for both complexes.

As expected, as the initial concentration of 3a
decreases, the equilibrium shifts to the side of the
dissociation products. The equilibrium constant K; for

the reaction in Equation (1), determined by Maossbauer
spectroscopy, is slightly smaller than that obtained from the
NMR data at 25°C. This is undoubtedly due to the fact that,
during the short time required to rapidly freeze the samples,
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Table 3. Mossbauer parameters for 3a, 4, and 5.

Compound 0 [mms~1] AEy [mms™] I72 [mms™']
solid 3a
0.18 2.32 0.13
3albel 0.22 2.32 0.18 (43.3%)
0.44 0.30 0.14 (56.7%)
4iod 0.17 2.34 0.17 (34.6%)
0.42 0.30 0.13 (65.4%)
sibl 0.43 0.30 0.14

[a] I72=half-width of the lines. [b] As frozen solution in acetonitrile. [c]
[3a],=2.0mm. [d] [4],=1.9mMm.

the temperature of the solutions decreased before the frozen
state was reached and, therefore, the established equilibria
actually reflect temperature conditions lower than room
temperature. The Modssbauer parameters for 5, 6=
0.42 mms~! and AE,=0.30 mms~!, are consistent with a
low-spin iron(11) ion. In addition, the S=0 spin state was
confirmed experimentally by a measurement at 4 K with an
applied field of 6.1 T L y (not shown).

Electronic absorption spectroscopy: Due to the equilibrium in
Equation (1), the UV/Vis spectrum of a solution of 3a in
acetonitrile is composed of the electronic absorption spectra
of three contributing species. Therefore, in order to obtain the
electronic absorption spectrum corresponding exclusively to
3, the molar extinction coefficients were determined of
solutions of 5 (prepared in situ) and dbq in acetonitrile. The
molar extinction coefficients obtained (listed in Table 4), the
initial concentration of 3a, and the equilibrium constant for

Table 4. Electronic absorption data for the complexes 3 and 5 as well as for
dbq in acetonitrile.

Com-  Absorption maxima A,,,, [nm] (&y)

pound

3 351 (7620), 380 (sh, 5070), 600 (9360)

5 357 (4420), 381 (4510), 410 (sh, 2690), 475 (sh, 480), 580 (sh, 77.7)

dbq 401 (1730), 570 (45.8)

Equation (1) at 25°C (K,;=797 x10°m~!) were used to
calculate the electronic absorption spectrum of pure 3
(Table 4). The resulting molar extinction coefficients of pure
3, obtained from measurements at two different initial
concentrations of 3a (10 and 1mwm), correspond closely to
one another.

The spectrum shown in Figure 4 displays two intense
absorption bands at 600 and 351 nm and a shoulder at
380 nm. The almost identical appearance of the spectrum of
dissolved 3 to that of a solid sample supports the notion,
already suggested by Mossbauer spectroscopic results, that
the overall structure of the iron complex found in the solid
state is preserved in solution. The position of the dominating
transition at 600 nm does not show any marked solvent
dependency [A=611nm (solid state), 600 nm (MeCN),
595 nm (acetone), 604 nm (CH,Cl,), and 590 nm (EtOH)].
Because of the rather high intensity and the shift of this band
to 550 nm in the absorption spectrum of 4 in acetonitrile, this
band is tentatively assigned to a LMCT-transition. The rather
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Figure 4. Electronic absorption spectra of 3, 6, and dbq in acetonitrile.

broad linewidth of approximately 5180 cm~! indicates the
occurrence of extensive vibrations in the excited state, which
is consistent with the large reorganization energy associated
with the strong CT character of the band. The resonance
Raman spectrum of solid 3a (excitation by a laser beam at A =
514 nm), reveals strong features at v=>576, 604, 1373, and
1412 cm™!, of which the first two are tentatively attributed to
Fe - O stretching modes coupled to deformation vibrations of
a five-membered chelate ring,' and the latter two to C-O
and C-C stretching vibrations within the dioxolene moie-
ty.l?2. 131 This result supports the involvement of a dioxolene
ligand orbital in the CT transition at 600 nm.

UV/Vis spectra of iron(i1)-3,5-di-tert-butylsemiquinonate
complexes with a N,O, coordination environment are rare
and, to our knowledge, the only other case reported is that of
the electrochemically generated complex [Fe(SS-CTH)-
(dbsq)]** (6; SS-CTH=(S,5)-5,5,7,12,12,14-hexamethyl-
1,4,8,11-tetraazacyclotetradecane).'! Complex 6 does not
show an absorption band at around 600 nm; instead, an
absorption band was observed at 877 nm (ey =~ 1700M'cm™).
This transition has been attributed to an overlap of a CT
transition and an internal ligand n-rt*-transition (electronic
absorption bands at rather similar energies have been
observed for other metal complexes of the general stoichi-
ometry [M(SS-CTH)(dbsq)]** (with M = Ni**, Zn**, etc.)l"’]
as well as for electrochemically generated uncoordinated 3,5-
di-tert-butylsemiquinonate).'! For complex 3, no such tran-
sition could be discerned at around 880 nm. Unfortunately,
the spin state of 6 was not reported. However, we would like
to speculate that these surprising dissimilarities in the
absorption spectra of 3 and 6 might be the result of different
spin states of the iron ions in these complexes and that 6
actually contains a high-spin iron(i11) ion. In contrast, a quite
intense absorption band at a rather similar position has
been observed for [Ru(bipy),(dbq)]** (A=668 nm, &=
14100Mtem )7 and [Os(bipy),(dbsq) ** (4 =7558 nm).!!8!
Since a low-spin osmium(i1) ion is thought to be coordinated
to a semiquinonate in the osmium complex, the absorption
band was assigned to a LMCT transition. In contrast, based on
the fact that the ruthenium complex is regarded as containing
a low-spin ruthenium() ion coordinated to a benzoquinone,
the band at 668 nm was assigned to a MLCT transition.
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However, the astounding similarities between the electronic
absorption spectra of all three complexes with related N,O,
coordination spheres suggest that the transitions at around
600 nm may have the same origin. In default of a structure
determination, the assignments of the oxidation states of the
dioxolene ligand moiety and the ruthenium ion are, in our
opinion, still uncertain.

Electrochemical investigation: At the outset, the electro-
chemical properties of uncoordinated dbq and of complex 5 in
acetonitrile were determined by cyclic voltammetry. As
shown in Equation (2), free 3,5-di-tert-butylbenzoquinone is
reduced to the corresponding semiquinonate at a potential of
E,,=—-0.51V vs. SCE, which is consistent with a previous
investigation.') The cyclic voltammogram of complex 5,
generated in situ, demonstrates that an electrochemically
reversible oxidation occurs at the rather high potential of
E,,=+1.06 V vs. SCE (Equation (3)).

Eyp=—051V

— dbsq )

dbgq + e

Eip=+1.06V

[Fe(L-N Meo(MeCN)o** + & m———= [Fe(L-N,Me)(MeCN),** (3)
Cyclic voltammograms of 3a dissolved in acetonitrile are
presented in Figure 5. The existence of 5 as a consequence of
the equilibrium in Equation (1) is demonstrated by the

1.03

I 0.29

0.39
c)
0.70
0.0
0.27
0.41
d)
0.63
-0.03
0.34

Figure 5. Cyclic voltammograms (50 mV s™!) of 3a at a Pt-foil electrode in
acetonitrile a) with [3a],=15mm (25°C), b) with [3a],=1.5mm before
(solid line) and after (dotted line) the addition of dbq ([dbq],=15mm
(25°C)), c) with [3a],=10mm (25°C), d) with [3a],=1.5mm (-30°C);
peak potentials in V vs. SCE are indicated.
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appearance of the oxidative response at £, =1.06 V (Figure
5a). Upon reduction, [Fe(L-N,Me,)(dbsq)]** is converted
into [Fe(L-N,Me,)(dbc)]* at a redox potential E;,, =0.35 V vs.
SCE (Figure 5b). A scan to even lower potentials revealed a
further peak potential at E;,=—0.53 V (not shown), which
corresponds to the reduction of uncoordinated dbq to dbsq.
With [3a],=1.5mM, a current ratio |i,/i,| of 0.63 was
observed for the redox couple [Fe(L-N,Me,)(dbsq) [**/[Fe(L-
N Me,)(dbc)]". As predicted by the equilibrium in Equa-
tion (1), the relative concentration of 3 in the equilibrium
mixture and with it the current ratio rises as uncoordinated
dbq is added to the reaction mixture or as the initial
concentration [3a], is increased. Thus, with [3a],=1.5mm
and [dbq],=15mwm (Figure 5b) and with [3a],=10mm (Fig-
ure 5c¢), the current ratios |i,/i, | are found to be 0.95 and
0.84, respectively. In agreement with the temperature depend-
ency of the equilibrium in Equation (1), already established
by NMR spectroscopy, the current ratio |iy/i,,| is also
increased as the temperature is lowered (Figure 5d). Similar
cyclic voltammograms are obtained for the redox reaction
of the redox couple of [Fe(L-N,Me,)(dbsq)]**/[Fe(L-
N, Me,)(dbc) ]* starting from 2 (see Figure 6).

s
@ o AN O

i (nA)

600 500 400 300 200

E (mV vs. SCE)

Figure 6. Experimental (solid line) and simulated (dotted line) cyclic
voltammograms of [Fe(L-N,Me,)(dbc)|(BPh,) (1.53mMm) at a Pt-disc
electrode (area=33.9 mm?) in acetonitrile at 25°C (scan rate from top to
bottom: 0.1-2.0 Vs1).

Cyclic voltammograms of 2 and 3a with different initial
concentrations and at various scan rates were simulated,
assuming identical diffusion coefficients for 2 and 3. The
diffusion coefficients of 2, dbq, and 5 were determined by
chronoamperometry.
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In Figure 6, a selection of cyclic voltammograms and their
corresponding simulations are displayed for the oxidation of
2. They show that the redox kinetics are consistent with the
E,C, mechanism shown by the reaction in Equation (4). Thus,

Eyp=+0.35V

[—
_—

[Fe(L—N4Mep)(dbe)]* [Fe(L-NsMe,)(dbsq)I?* + &~

- 2MeCN + 2MeCN @

[Fe(L-N4Me,)(MeCN)J** + dbq

by increasing the scan rate v in the cyclic voltammetric
experiment, the time scale of the experiment changes from a
domain in which the chemical reaction is fast with respect to
the electron transfer step (e.g. at v=0.1 Vs7!) to a range in
which the chemical reaction is comparatively slow; therefore,
the electron transfer reaction dominates the cyclic voltam-
metric response (e.g. at v>2Vs™). An optimal match
between simulated and experimental data is obtained by
using the pseudo-first-order rate constant for the chemical
reaction k = k/[MeCNJ>*=2.85s7!, which agrees with those
estimates acquired by NMR spectroscopy.

Electrolysis of complex 2 in acetonitrile at an applied
potential of 0.47 V consumed 0.97 electrons per molecule;
immediate re-reduction at 0.10 V, however, only accounted
for 94 % of the originally transferred charge. The addition of a
tenfold excess of dbq to the oxidized solution improved the
yields in re-reduction to 99 %. This finding is interpreted to
mean that the rate of electrolysis slowed considerably as the
reduction progressed because the rate of the electron
transfer depends on the actual number of molecules of
[Fe(L-N,Me,)(dbsq) >+ available at the electrode surface, and
because the back-reaction of the involved reversible chemical
reaction is bimolecular. Addition of a tenfold excess of free
dbq pushed the equilibrium of Equation (1) towards the side
of the iron(i11) semiquinonate complex, and, more important-
ly, thereby increased the rate of the back-reaction; therefore,
the reduction is more complete within a reasonable electrol-
ysis time.

Upon oxidation of 1 in acetonitrile at an applied potential
of 0.62V vs. SCE at —40°C, a small residual current was
observed after the passage of one electron per molecule. This
indicates the presence of some redox-active compound,
presumably generated by some decomposition reactions of
the unsubstituted 1,2-benzoquinone, which is known for its
instability. Immediate re-reduction of the solution oxidized by
exactly one electron per molecule of 1 resulted in the recovery
of 88 % of the originally transferred charge.

Determination of formation constants: The free energies (AG)
and formation constants (K) for the complexation reactions of
dbsq~ and dbc?~ by the iron(i) and iron(i) complexes [Fe
(L-N,Me,)(MeCN),]"* (n=2, 3) in acetonitrile can be calcu-
lated and are listed in Table 5. Thus, the redox potentials of
Equations (2) and (3) and the equilibrium constant of
Equation (1) can be used to determine the free energy

1262

[Fe(L-N4Meo)(MeCN), " + dbc®” =———==
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Table 5. Thermodynamic data for various reactions in acetonitrile at 25°C.

Reactionl?! AG [kImol™] K

1 29.1 7.97 x 10-°m~!
5 —180.6 4.37 x 10°'m

6 —1121 4.36 x 10M

9 —322.4 3.04 x 10%°m
10 —160.3 1.21 x 10%m

[a] Each of the given reactions refers to that in the corresponding Equation
in the text.

AG=-180.6kJmol~! and the corresponding forma-
tion constant K =4.37 x10%m for the reaction given
in Equation (5) in acetonitrile at 25°C. The major driving
force for this reaction appears to be the large difference
in redox potentials of the reactions in Equations (2)
and (3).

[Fe(L—N4Me2)(MeCN)2]3+ + dbsqm —= [Fe(L—N4Me2)(dbsq)]2+ +2 MeCN

[Fe(L—N4Me2)(MeCN)2]2++ dbsq” =————== [Fe(L-NsMe,)(dbc)]*+ 2 MeCN

Eip=—1.12V

dbsq” + & =——== dbc®"

Eip=-062V

[Fe(L-NsMey)(dbe)]* + &7 =—=~ [Fe(L-NsMep)(dbc)]

[Fe(L-NMeo)(MeCN),[** + dbc?™ =m==—=—=== [Fe(L-N,Meo)(dbc)]* + 2 MeCN

[Fe(L-N4Me,)(dbc)] + 2 MeCN

The free energy of the reaction in Equation (6) can be
calculated with the potentials for the [Fe(L-N,Me,)(dbsq) ]**/
[Fe(L-N,Me,)(dbc)]* (E;,=035V vs. SCE) and [Fe
(L-N,Me,)(MeCN),]**?* redox pairs. It is interesting to note
that the formation constants for the complexation of dbsq~ by
the iron(i) and iron(1n) complexes [Fe(L-N,Me,)(MeCN),]"**
(n=2, 3) in acetonitrile are several orders larger than those
determined for several hydrated di- and trivalent metal ions in
dimethylformamide.['"!

The cyclic voltammogram of dbq in acetonitrile reveals that
the reduction of dbsq~ to dbc®~ [Eq. (7)] is electrochemically
irreversible with a peak potential at — 1.30 V.I'® Therefore, an
exact half-potential is not available. However, the reduction is
electrochemically reversible in tetrahydrofuran.["”] Assuming
that the separation between the potentials for the dbg/dbsq~
and the dbsq~/dbc?~ redox couples stays approximately the
same in acetonitrile and tetrahydrofuran, the redox potential
for Equation (7) can be estimated to be —1.12 V vs SCE. With
this value and the redox potential for the reduction of [Fe(L-
N:Me,)(dbo)]* to [Fe(L-N,Me,)(dbe)]  [Eq. (8), Eyp=
—0.62 V vs. SCE],®! the thermodynamics for the complex-
ation of dbc*~ by [Fe(L-N,Me,)(MeCN),]*"(n=2, 3) ions
[Egs. (9) and (10)] can be evaluated.

The equilibrium constants for the reactions in Equa-
tions (6) and (9) indicate that the catecholate ligand of
complex 2 remains coordinated in solution. This finding
suggests that neither uncoordinated dbsq~ nor uncoordinated

0947-6539/98/0407-1262 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 7

()

(6)

(©)

(10)



Iron(11) Semiquinonate Complexes

1255-1265

dbc?~ are very likely to play any significant role in
the intradiol cleavage reaction of 2 with molecular
oxygen. The thermodynamic data presented here,

tBu—|2+

/o
(L-NMe,)Fe".
AN

by
.

however, provide no insight into the question of {Bu 5 B
how easily the monodentate coordination mode of /0 s 2
the dioxolene moiety can be achieved in solution, (L—N4M92)Fe"'\ + Op 0 -1+
that is whether an open coordination site at the o tBu /0 tBu
octahedral iron ion is accessible so that a direct (L—N4Me2)Fe“'\.
attack of an oxygen molecule on the iron site is Oe

tBu

possible.

Reactivity with molecular oxygen and superoxide: Upon
exposing a solution of 3a in acetonitrile to air, the intensity
of the absorption band attributed to the iron(iil) semiquino-
nate species decreases to about 90 % of its original intensity
within the first 24 h and then stays approximately constant.
This behavior indicates that the semiquinonate coordinated to
an iron(111) ion, by itself, does not react with molecular oxygen,
while the reaction of complex 2 with air is essentially complete
within 3 h. On the other hand, the iron(11) catecholate complex
[Fe(L-N,Me,)(dbc)] obtained by the reduction of 2 reacts
immediately with air.[®l The electronic absorption spectrum of
the solution resulting from the reaction of the iron(i1) complex
[Fe(L-N,Me,)(dbc)] with oxygen reveals the immediate
formation of complex 2 in 47 % yield. It is noteworthy that,
in contrast to a recently reported iron(i1) monohydrogenca-
techolate complex by Que et al.,?% the iron(ii1) catecholate
complex 2 is not formed in 100% yield. These results
demonstrate that particular oxidation states of both the metal
ion and the coordinated dioxolene unit are crucial for the
occurrence of any cleavage of the intradiol C—C bond by
molecular oxygen.

In a further experiment, the addition of equivalent amounts
of potassium superoxide to a solution of the iron(i1) semi-
quinonate 3 in acetonitrile, through which a stream of
nitrogen is vigorously bubbled to expel any generated oxygen
in solution, afforded complex 2 in quantitative yields (based
on the electronic absorption spectrum). As expected on the
basis of the redox potentials (E;,(0,/O,”)=—0.87 V), the
equilibrium of the electron transfer in Equation (11) lies on

[Fe(L—NiMex)(dbs)2* + Oyf ———= [Fe(L-N Me)(dbo)]™ + O, (11)

the side of the iron(i11) catecholate complex 2 and molecular
oxygen. A similar reduction of an iron(iil) semiquinonate
complex by a superoxide anion has been observed for the
complexes [Fe(salen)(dbsq)] (H,salen = ethylenebis(salicy-
laldimine)) and [Fe(L)(dbsq)] (H,L = N,N'-bis((3-tert-
butyl-2-hydroxy-5-methylphenyl)methyl)-N,N'-bismethyl-1,2-
diaminoethane)!'®; however, it should be pointed out that, in
contrast to complex 2, the resulting iron(ii) catecholate
complexes [Fe(salen)(dbc) ]~ and [Fe(L)(dbc) ]~ do not react
at all with molecular oxygen.”

Thus, this finding provides evidence that the well-estab-
lished intradiol ring cleavage reaction of 2 with molecular
oxygenP! does not occur by an initial electron transfer step
[reverse of Equation (11)] to produce iron(i11) semiquinonate
3 or a ternary semiquinonato superoxo iron(Iir) complex as the
intermediate [Eq. (12) ], but instead by the direct attack of the
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oxygen molecule onto the iron(iin) catecholate moiety. This
conclusion is also supported by the finding that the spectro-
photometric investigation of the reaction of 2 with molecular
oxygen does not provide any indication for an absorption
band originating from an intermediary formation of 3. On the
other hand, under an anaerobic atmosphere, complex 3 and
the reaction in Equation (1) may be integral parts in a
mechanism for the iron-mediated oxidation of catechol
derivatives to o-benzoquinones by electron-oxidants.

Conclusion

We have synthesized and isolated the first (to the best of our
knowledge) low-spin iron(i1) semiquinonate complex [Fe(L-
N,Me,)(dbsq) ]** (3) in which the iron ion is bound to the
tetraazamacrocycle L-N,;Me, and to the bidentate 3,5-di-tert-
butylsemiquinonate radical in a pseudo-octahedral coordina-
tion geometry. The oxidation and spin states of the iron ion
and the dioxolene moiety were unambiguously established by
structural and Mossbauer spectroscopic evidence. The com-
plex is characterized by a strong antiferromagnetic coupling
between the §=1/2 spin of the coordinated semiquinonate
radical and the S =1/2 spin state of the low-spin iron(11) ion,
which yields a diamagnetic ground state. In acetonitrile,
complex 3 reacts within a reversible equilibrium to the low-
spin bis(acetonitrile)iron(i1) complex 5§ and uncoordinated 3,5-
di-tert-butylbenzoquinone [Eq. (1)]. The thermodynamics
and kinetics of this equilibrium reaction were thoroughly
investigated by NMR and electrochemical methods. The
determination of the equilibrium constant of Equation (1)
allows the calculation of the free energies for the complex-
ation reactions of dbsq~ and dbc> by [Fe(L-N,Me,)
(MeCN),]** 3+ ions. The reactivity studies of complex 3 with
molecular oxygen and with superoxide, respectively, show
that complex 3 is not involved in the reaction mechanism of
the respective iron(ii1) catecholate 2 with molecular oxygen,
and that the correct oxidation states of both the iron ion and
the dioxolene moiety are required in order for the biomimetic
oxygenation reaction of the coordinated catecholate to occur.

Experimental Section

Physical methods: 'H NMR: Bruker AM360; UV/Vis: Varian Cary 5E;
IR: Perkin—Elmer 1700 X FT-IR and Perkin-Elmer 1720 FT-IR; reso-
nance Raman: Jobin Yvon Ramanon U1000. The spectra were recorded
with a rotating device at room temperature on ring-shaped powder pellets
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of the sample in a sodium sulfate matrix. The frequencies were calibrated
against the 992 cm~! Raman line arising from sodium sulfate. Mdssbauer
spectra were recorded with a conventional spectrometer in the constant
acceleration mode. Isomer shifts are given relative to a-Fe at room
temperature. The spectra obtained at low fields (20 mT) were measured in
a He bath cryostat (Oxford Instruments, HD 306), equipped with a pair of
circular permanent magnets. For high-field spectra a cryostat with a
superconducting magnet was used (Oxford Instrument). The spectra were
analyzed by least-squares fits and a Lorentzian line shape. Electrochem-
istry: PAR Model 270 Research Electrochemistry Software controlled
Potentiostat/Galvanostat 273A with the electrochemical cell placed in a
glovebox. Electrochemical experiments were performed on 1-2mm
acetonitrile solutions containing 0.2m (Bu,N)CIO, as the supporting
electrolyte; a higher than normal electrolyte concentration was applied
to minimize solution resistance. All potentials were measured vs. a SCE
reference electrode at 25 °C. The potentials were not corrected for junction
potentials. A Pt-foil electrode was employed as the working electrode.
Under these conditions, the potential for the ferrocene/ferrocenium ion
couple was 0.43 V. Coulometric experiments were performed with a Pt-
gauze electrode. The electrolyses at low temperatures were carried out in a
double-jacketed electrolysis cell connected to a Lauda Ultrakryomat
RUK90. Simulated cyclic voltammograms were calculated with the
program DigiSim 2.1. Magnetic susceptibilities: SQUID magnetometer
(MPMS, Quantum Design) at 2-295K in an applied field of 1T. The
values for the diamagnetic susceptibilities of the ligand L-N,Me, and of the
other components of the complexes were taken from the literature.?!]

Preparation of compounds: The tetraazamacrocyclic ligand L-N,Me, was
synthesized according to published procedures, but with some slight
modifications.”?l  The iron(i) catecholate complexes [Fe(L-N,Me,)
(cat)](BPh,) (1-BPh,) and [Fe(L-N,Me,)(dbc)](BPh,) (2-BPh,) were
prepared as described.F’! All other chemicals were obtained from commer-
cial sources and used without further purification. Acetonitrile was dried
over CaH, and freshly distilled prior to use in electrochemical experiments.

[Fe(L-N,Me,)(dbsq) ](C10,), - 2.5H,0 (3a): Under an atmosphere of pure
N,, a solution of L-N,Me, (134 mg, 0.5 mmol) in 96 % ethanol (20 mL) was
treated with an ethanolic solution (10 mL) of [Fe(H,0):](ClO,), (181 mg,
0.5 mmol). The mixture was heated to reflux temperatures and then cooled
again to room temperature to afford a yellow solution. Dropwise addition
of 3,5-di-tert-butyl-1,2-benzoquinone (110 mg, 0.5 mmol) in ethanol
(15mL) resulted in the immediate formation of a blue solution, which
was heated to reflux temperatures and then slowly cooled to room
temperature. The crystalline material obtained by storage of the solution at
—30°C for 1 d was collected under N, by filtration and then washed with
ether and dried in vacuo to give an analytically pure product. Yield: 331 mg
(78 %), dark blue crystals; IR (KBr) (strong bands only): 7=2961, 2871,
1663, 1606, 1583, 1478, 1447, 1424, 1375, 1278, 1242, 1095, 1028, 1000, 980,
876, 800, 760, 637, 626 cm™!; C3H,sCLFeN,O,,5 (788.46): caled C 45.70, H
5.75,N 711. found: C 45.73, H 5.74, N 7.15.

Warning: Perchlorate salts are potentially explosive and should be handled
with care.l?’!

[ (L-N,Me,)Fe(dbsq) ](PF), (3b): Compound 3b was prepared by a slightly
modified procedure starting with a methanolic solution of iron(i)
hexafluorophosphate, which was obtained by treatment of a solution of
FeCl,-4H,0 in methanol with silver hexafluorophosphate (2 equiv) under
exclusion of light and subsequent filtration of the resulting solution. To this
iron(11) hexafluorophosphate solution was added 3,5-di-fert-butylbenzoqui-
none, and the volume of the blue solution was then reduced. Subsequent
storage of the solution at —30°C afforded single crystals suitable for X-ray
structural investigations.

Preparation of the *’Fe-enriched samples: ’Fe,0; was converted to ¥FeCl; -
x H,O by treatment with concentrated HCI and subsequent evaporation to
dryness. “’Fe-enriched complex 3 was electrochemically prepared in
acetonitrile by oxidation of [*Fe(L-N,Me,)(dbc)](BPh,) (prepared from
SFeCl; - x H,O according to published procedures).!

Solutions of [Fe(L-N,Me,)(sq)]>** (4) in acetonitrile: Complex 4 was
prepared at —30 °C by electrochemical oxidation of a solution of 1-BPh, at
an applied potential of £E=0.62V vs. SCE. Solutions of “Fe-enriched 4
were analogously prepared from ’Fe-enriched 1-BPh,.

Crystal data of 3b: Formula C;H,F,FeN,O,P,; M, =834.45; crystal
dimensions: 0.1 x 0.1 x 0.6 mm; crystal system monoclinic; space group
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P2,/c (No.14); cell dimensions: a=14.868(4), b=10.117(2), c=
23.673(3) A, B=98.08(1)°; V=3526(1) A%; peyea=1.572gcm™3; Z=4;
F(000) = 1712, graphite-monochromated Cuy, radiation (1=1.54178 A);
u=>5192 cm™!; T=153 K; Enraf-Nonius CAD4 diffractometer; w-26
scans in the range 6 <26 <120°; 5235 unique reflections (3454 reflections
with F,>40(F,)); 594 variables (336 restraints); GooF on F? (F,>
40(F,))=1.150; extinction coefficient=0.00004(2); R (F,>40(F,))=
498% with R=X||F,|—|F.||/Z|F,|; wR? (F,>40(F,))=10.27% with
wR? = {Z[w(F? — F2)*|/IZ[w(F2)?]}"?; largest peak (hole) =0.32
(—0.33) e A-3. Empirical absorption correction on the data set was
performed with the program XEMP. The positions of the non-hydrogen
atoms were determined by SHELXS 86 and by Fourier difference maps
by the program SHELXL-93.2Y The structural parameters were refined
with the program SHELXL-93, which used F? of all symmetry-independent
reflections except those with very negative F? values. All non-hydrogen
atoms were refined anisotropically. The two hexafluorophosphate anions
are severely disordered and were modeled by two separate molecules for
each site. The P-F and F-F distances were restrained to yield ideal
octahedral geometries for these anions. Hydrogen atoms were assigned
idealized locations and their isotropic temperature factors were refined.

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-100827.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+ 44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).
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