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Two neutral complexes [(Lg*4M)Fe,Cly]-2H,0-2CHCl; (1)
and [(Lg24M)Mn,Cl,]-CH3;CN (2) have been synthesized
{Lg*4M = N,N,N',N'-tetrakis[ (6-methyl-2-pyridyl)methyl]pro-
pane-1,3-diamine} and their molecular structures established
by X-ray crystallography. Both structures are similar, with
each metal center in a trigonal-bipyramidal environment. No
magnetic coupling is observed between the metal centers.
UV/Vis spectra and cyclic voltammograms were recorded in
CH,Cl, and CH3CN solutions. Both complexes are stable in
CH,Cl,, whereas only 2 is stable in CH3CN. On the contrary,

1 is in equilibrium with another Fel species in CH;CN. When
this last solution is aerated, monocrystals of the neutral linear
tetranuclear complex [(Lg*4M)Fe4(n-0)3Clg]-2CH3CN (3) can
be isolated. Its structure is unusual with two Fe'' ions penta-
coordinate and the two others tetracoordinate with only
chloro ligands and oxo bridges. The magnetic properties re-
veal that two consecutive metal centers are strongly antifer-
romagnetically coupled.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Much of the interest in the coordination chemistry of
iron and manganese ions has been driven by their involve-
ment in a number of biological systems, and in particular
in the active sites of catalytic systems. Dioxygen interaction
with heme- or nonheme-iron enzymes is of fundamental im-
portance in aerobic life processes!!l, including metab-
olism.[>3] Whatever the system considered, interaction be-
tween dioxygen and an Fe'l ion leads to a superoxo adduct
to Fe''', In dioxygen fixation, this reaction is reversible. For
substrate oxidations, reduction of the superoxo group leads
to a peroxo form which evolves toward a high-valent
iron—oxo entity. Often, complexes synthesized with various
amine/polypyridine-, amine/polyimidazole- or polypyra-
zole-based ligands can reproduce the reactivity and transi-
ent peroxo motifs observed in the catalytic cycles of natu-
ral systems. ¢
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To synthesize iron complexes, which are functional or
spectroscopic models of the transient species formed during
the catalytic cycle of natural systems for alkane hydroxyl-
ation, we have used a series of amine/pyridine ligands with
variable length and a number of functions.[” We report here
the synthesis and structure of a dinuclear Fe'' complex
[(Lg*4M)Fe,Cl4]-2H,0-2CHCl; (1) with the new hexaden-
tate ligand N,N,N’,N’-tetrakis[(6-methyl-2-pyridyl)methyl]-
propane-1,3-diamine (Ls*4M; Figure 1), which upon reac-
tion with O, leads to a linear tetranuclear Fe'' complex
[(Le*4M)Fe,(1-0);Clg]:2CH5CN, (3). Magnetic data in the
solid state, and UV/Vis and electrochemical characteriza-
tions in solution are also reported.
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&

Figure 1. Structure of the ligand N,N,N’,N’-tetrakis[(6-methyl-2-
pyridyl)methyl]propane-1,3-diamine (L6 4M

L634M

Given the importance of Mn!!! tetranuclear complexes in
relation with the oxygen-evolving center®?! the previous
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result prompted us to prepare the analogous Mn complexes.
Indeed, we have prepared [(Ls*4M)Mn,Cly-CH;CN (2).
Nevertheless, due to the higher oxidation potential for
Mn"™/Mn", no reaction was observed with O,. Electro-
chemical properties of 1 are presented and compared to
those of 2.

Results and Discussion

X-ray Crystal Structures

The structures of complexes 1 and 2 are analogous, as
shown in Figures 2 and 3, respectively. The crystallographic
data are reported in Table 4.

Figure 3. Crystal structure of 2 (CH3CN not shown)

1226 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The metal/ligand ratio is 2:1 for both complexes and they
exhibit two similar coordination sites. Each metal ion is sur-
rounded by three nitrogen atoms from the ligand and two
chloride ions. The geometries at the metal centers can be
described as distorted trigonal bipyramids with the amino
nitrogen atom, the metal center and the two chloro ligands
defining the equatorial plane. Complexes containing penta-
coordinate Fe!' ions with a similar geometry have been re-
cently reported by Britovsek et al. with imine/pyridine li-
gands.[']

The bond lengths and angles for 1 and 2 are reported
in Table 1. For both complexes, the two coordination sites
present small variations of the bond lengths and angles. The
metal—N distances, 2.2 A for Fell and 2.3 A for Mn"., are
indicative of a high-spin state for each metal.l'’~13 For
complex 2 the shortest Mn—N distance occurs with the

Table 1. Selected bond lengths [A] and angles [°] for complexes 1
and 2

1 2
M1—Cll 2.3197(11) 2.3784(14)
M1-CI2 2.3145(11) 2.3899(14)
M2-CI3 2.2962(10) 2.3817(16)
M2-Cl4 2.3243(12) 2.3788(15)
MI1-N1 2.188(3) 2.302(4)
MI1-N2 2.253(3) 2.267(4)
MI1-N3 2.217(3) 2.280(4)
M2-N4 2.192(3) 2.320(4)
M2-N5 2.256(3) 2.297(4)
M2-N6 2.230(3) 2.278(4)
Cll-M1-CI2 126.10(4) 123.61(6)
CI3-M2—Cl4 128.93(4) 120.93(6)

pyridine nitrogen atom, as for complexes with similar
aminopyridine ligands,['*!3] which accords with a better -
acceptor character of the pyridines. The correlation be-
tween the bond lengths and the m-acceptor character of the
ligand indicates minimal steric congestion at the metal
center. Coordination of the ligand is therefore governed by
electronic interactions. Surprisingly, this effect is not ob-
served with the Fe!' complex 1. The Fe—N,in, bonds (ca.
2.19 A) are shorter than the Fe—Nj igine Ones (between
2.21 and 2.26 A). This can be related to an enhanced steric
hindrance at the metal centers in 1. Indeed, contraction of
the metal ion from Mn!! to Fe!! shortens the metal—ligand
distances. However, the steric hindrance provided by the
methyl groups on the pyridines lengthens the Fe—pyridine
bonds.

The same conclusion is suggested by the Cl-M—CI
angles. For 1, these are 128.93 and 126.10°, which are very
similar to those of complexes with related structures.['”]
Compared with 1, the diminution of the angles observed
for the Mn complex 2 (123.61 and 120.93°) is accompanied
by elongation of the M—CI bond lengths, which minimizes
the repulsion between both chloride ions. Those Mn''—Cl
distances (around 2.38 A) are shorter than those usually
found (around 2.42 A) for hexacoordinate Mn'' complexes
containing at least one chloride ion. For a pseudo-square-
pyramidal high-spin Mn'" complex containing one chloride
ion, Bucher et al.l'*l observed an even shorter Mn—Cl dis-
tance (2.331 A). Therefore, the diminution of the Mn—Cl
distance can be related to both the diminution of the metal
coordination number and the steric hindrance around the

metal center. The structure of complex 3 is represented in
Figure 4.

Figure 4. Crystal structure of 3 (2 CH3CN not shown)
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Table 2. Selected bond lengths [A] and angles [°] for complex 3

Fel—02 1.765(9) Fel-N1 2.203(11)
Fel—03 1.811(9) Fel—N2 2.195(11)
Fel—-N3 2.176(10)
Fe2—01 1.749(9) Fe2—N4 2.150(11) Fe2—Cll 2.251(4)
Fe2—N5 2.171(11)
Fe2—N6 2.159(10)
Fe3—02 1.788(9) Fe3—C12 2.260(4)
Fe3—01 1.812(9) Fe3—CI3 2.246(4)
Fed—03 1.736(9) Fed—Cl4 2.256(4)
Fed—Cl5 2.243(4)
Fed—Cl6 2.248(4)
Fel—02—Fe3 157.3(5)
Fel—03—Fed 144.7(6)
Fe2—Ol1—Fe3 151.4(5)

The molecule is a neutral tetranuclear Fe'" complex, cor-

responding to the formula [(Lg*4M)Fe4(u-O);Clg]. The Fe™
ions are in a linear configuration with three single oxo
bridges. Selected bond lengths and angles are listed in
Table 2.

Several reported tetranuclear Fe'"' complexes with similar
ligands!!'®—2% all exhibit closed structures with hexacoordi-
nate Fe'" ions bridged by oxo and carboxylato groups.
With the new ligand L¢*4M, the tetranuclear complex is
linear and only two iron centers, Fe(1) and Fe(2), are coor-
dinated to the ligand. As for 1 and 2, the geometry at those
metal centers can be considered as distorted trigonal-bipy-
ramidal since Fe(1) and Fe(2) are surrounded by only three
nitrogen atoms from the ligand and two exogeneous li-
gands: two oxo bridges for Fe(1) and one oxo bridge and
one terminal chloride ion for Fe(2). Fe(3) and Fe(4) are not
coordinated to the ligand and have tetrahedral geometries.
Fe(3) is surrounded by two chloride ions and two bridging
oxygen ligands, and Fe(4) by three chloride ions and one
bridging oxygen ligand. The Fe(1)/Fe(4) fragment is remi-
niscent of unsymmetrical diiron(i) complexes.?! =25 As
indicated in Table 2, all the Fe—O bond lengths are around
1.8 A, which is typical of p-oxo bridges for symmetrical as
well as unsymmetrical units.?! The Fe—O—Fe angles are
around 150°, as observed for the other unsymmetrical (-
oxo)diiron(mr) complexes?! 724 with the exception of that
reported recently by Raffard—Pons y Moll et al. (ca.
180°).1231

An unsymmetrical structure, similar to the one of 3, has
been obtained for an Fe™—Ni" complex with diphenyl-
phosphate as bridging and terminal ligands.*”! Thus, the
four inorganic centers are the Fe', the Nil and the P
atoms. However, the structure given here for 3 is, as far as
we know, the first reported tetranuclear unsymmetrical unit
with only Fe''! ions.

111

Magnetic Properties

The temperature dependence of the magnetic suscepti-
bility was measured for the three complexes in the range
300-5 K.

For complexes 1 and 2 y\7 vs. T curves follow a Curie
law, indicating no coupling between the metal ions, in agree-

1228 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2

3 -1

T/cm™.K.mol

X

0650 160 150 200 250 300
TIK

Figure 5. ymT vs. T for 3 (the solid line represents the best fit and
the dots represent the experimental data)

ment with the two independent coordination sites. At room
temperature yy7 is 6.7 cm*Kemol™! for 1 and 8.9
cmK-mol~! for 2. The value obtained for 1 is character-
istic of two independent S = 2 Fe' ions with g = 2.11.
For 2, the two Mn'" ions are high spin (S = 5/2) with a g
of 2.02.

The magnetic susceptibility of the tetranuclear complex
3 as a crystalline powder material was recorded. Exper-
imental data are represented as yy7 vs. T in Figure 5, to-
gether with the fit.

The data were fitted to the Van Vleck formula,”®! as-
suming three identical oxo bridges, with full diagonalization
of a 6* X 6* matrix. The y\T at 0 K differs from the zero
expected and corresponds to a paramagnetic impurity, and
the usual Curie—Weiss expression adapted to the high-spin
Fe!' complex 1 was used to account for this low temperature
data. The strong antiferromagnetic coupling obtained is
J = —241 cm™! and the amount of impurity is 2%. At-
tempts to fit the curve with three different J values have
been made. The quality of the fits obtained was similar to
the one reported here. Furthermore, the three J values ob-
tained were of the same order and similar to that found
when only one J was considered.

The high antiferromagnetic coupling is quite usual for
single oxo-bridged unsymmetrical dinuclear Fe™[>1 =231 and
is reminiscent of the linear tetranuclear Mn!Y we obtained
previously.*) When the two central ions (b,c) are strongly
antiferromagnetically coupled, the two terminal spins (a,d)
appear to be coupled by an antiferromagnetic (AF) effective
interaction. In this present case we found that if 1J,./
Joe I << 1 there is an effective Jog¢ = 2.5Ja2/Je. The lowest
spin states are then predicted to be those of an S, = 5/2
pair: § = 0—5. The constants obtained here led to first
statesof S=0(E=0cm™ '), S=1(E=114cm™ ), S =
2(E=1360cm™!), S =3 (E=760cm ). The next state
isnot S =4butS=1at 1014 cm™'; S = 4 is found at
E = 1372 cm™ L. The first states thus obey, qualitatively, the
idea proposed, but the agreement is not quantitative since
the individual J values do not obey the condition for the
validity of the perturbation theory. Qualitatively, we can re-
tain the idea that the two external spins are AF-coupled
through an almost diamagnetic system, as explained by
Philouze et al.*]
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EPR

The EPR spectrum of complex 2 was recorded as a
frozen solution in CH,Cl, at 4 K in the range 500—8000 G
(Figure 6). There are no hyperfine transitions, while the
broad resonances seen are typical of low-symmetry mono-
nuclear Mn'" complexes,!'3-3% which is consistent with the in-
dependence of the two metal centers. The main derivative
line at g = 4.2 indicates a rhombic symmetry with E/D close
to 1/3. According to this attribution, the spectrum is similar
to those obtained by simulation with D between 0.2 and 0.3
cm~ L.B As far as we know, 2 is the first trigonal-bipyrami-
dal complex with both X-ray structure and EPR charac-
terizations.
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Figure 6. EPR spectra of 2 recorded in CH,Cl, at 4 K at the fre-
quency of 9.38667 GHz

No signal could be detected (at 4 K) for 3 dissolved
CH;CN. The neutral structure characterized for 3 in the
solid state remains, therefore, intact in CH;CN.

UVI/Vis

UV/Vis spectra of both 1 and 2, recorded in CH,Cl,,
show an intense band at 268 nm that is attributed to pyri-
dine m—m* transitions.

The Fe' complex 1 shows two other bands, at 313 and
390 nm, corresponding to MLCT transitions from Fe'! to
pyridine n* orbitals. The calculated € values are 950 and
880 M~ '~cm ™!, respectively. The intensity of those bands is
usually around 1000 M~ !':em™! for high-spin Fe!' com-
plexes.[3?]

For complex 2, no bands other than the 268 nm one are
observed, except for a shoulder at 313 nm with an € of
400 M~ l-cm™ L.

The UV/Vis spectrum of 3 recorded in CH;CN (Figure 7)
presents three intense bands below 400 nm. The first at
262 nm is attributed to pyridine n—n* transitions with an
g of 29000 M~ 'scm~!. A large band with several compo-
nents is observed around 335 nm (¢ = 23000 M 'cm™'). In
this 320—350 nm area, intense Cl-—Fe! charge-transfer
bands are expected, as reported previously for dinuclear
complexes with —O—FeCl; fragments,[>>>°! and possibly
amine-to-metal charge transfer as well.?*3% The other in-
tense band (381 nm, ¢ = 20000 M~ '~cm™!) may be attri-

Eur. J. Inorg. Chem. 2004, 1225—1233 www.eurjic.org
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Figure 7. UV/Vis spectrum of the tetranuclear complex 3 in aceto-
nitrile; the extinction coefficients are calculated per one molecule

buted to an oxo—Fe'! charge-transfer transition.l3>3¢ The

spectral features reported for p-oxodiiron(i) complexes
with aminopyridine and chloro ligands, which present an
intense band around 320 nm and another at about 380
nm,B7-381 are also consistent with these assignments.

Electrochemistry

The electrochemical behavior in CH,Cl, of 1 (Figure 8)
reveals an oxidation wave at E, = 0.63 V. On the reverse
scan, two waves are observed, at 0.53 and 0.04 V. Based on
the peak height®*1 the wave at 0.63 V is attributed to a two-
electron oxidation corresponding to the simultaneous oxi-
dation of the two Fe! sites. The intensity of the cathodic
wave at 0.5 V is smaller than the anodic one, thus indicating
that the wave is not totally chemically reversible. Indeed, a
second cathodic wave is seen on the reverse scan at a less
positive potential (£, = 0.04 V). The cyclic voltammogram
of 1 can be compared with those reported for several com-
plexes obtained with tetradentate aminopyridine ligand and
two chloride ions. The electrochemical potentials for the
Fe''/Fe'" redox process are observed between 0 and 0.3
V.I'?I The much higher potential observed here is related to
the pentacoordinate geometry adopted by the iron center,
which destabilizes the Fe'! species.

S S SV TN SO VA [T SN ST WU (MU ST ST WSO OT ST S W W |

-1 0.5 0 0.5 1 1.5
potential (V) vs SCE

Figure 8. Cyclic voltammogram recorded in CH,Cl, (- - -) and
CH;CN (———) under argon for 1; concentration 1 mm, scan rate
100 mV s™!, temperature 20 °C
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The cyclic voltammogram recorded at 100 mV-s~! on a
CH,Cl, solution of 2 (Figure 9) shows two oxidation waves,
at 1.15 and 1.65 V. Reversing the potential scanning at 1.35
V allows the reversibility of the first wave to be observed
(Eip = 1.1V; AE, = 100 mV). The intensity of the peak
indicates a two-electron process, attributed to the oxidation
of the two Mn!! ions. The characteristic oxidation peak of
the free chloride ion at 1.3 V is, notably, not observed, indi-
cating that the two chloride ions both remain coordinated
to the Mn'! ion and to the generated Mn'" center. The se-
cond oxidation wave (1.65V) is totally irreversible, even
when the scan rate is increased to 5 V s~ !. This second oxi-
dation is attributed to the generation of an Mn'V species
— a strong oxidant that readily reacts with any trace of
nucleophilic impurity in the solvent — and, therefore, no
reversibility of the oxidation wave is seen under the present
experimental conditions. Electrochemical data reported for
Mn complexes with chloro ligands are listed in Table 3.
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Figure 9. Cyclic voltammogram recorded in CH,Cl, for 2; concen-
tration 1 mM, scan rate 100 mV s~ !, temperature 20°C

The electrochemical potential for the Mn!/Mn! process
for 2 is much higher than those reported for mononuclear
hexacoordinate Mn!! with two chloride ions.*” However, it
is similar to that obtained for a pentacoordinate
monochloro—Mn!! complex for which E;,, = 1.14V.[3 It is
surprising that the E,, values are so close for both pentaco-
ordinate complexes as the number of chloride ions coordi-
nated is different.

In the electrogenerated [2]*>" species the manganese ion
is pentacoordinate with two chloride ions. This species was
found to be more stable than the pentacoordinate
monochloro—Mn'" complex obtained by Bucher.['¥] In-
deed, Bucher et al. observed a reorganization of the Mn!!!
species, leading to an hexacoordinate complex. Moreover,
the pentacoordinate [2]** species is oxidized at a higher po-
tential (1.65V) than the hexacoordinate dichloro—Mn'!
complex obtained by Hubin et al.*! (1.33 V) and lies in
the same range as the hexacoordinate monochloro—Mn'!!
complex reported by Brudenell et al. (1.56 V).['¥ Complex 2
was also studied in CH;CN. The cyclic voltammetry shows
potentials identical to the one in CH,Cl, solution.

Conversion of Complex 1 into Complex 3

Complex 1, which is stable in aerated CH,Cl,, reacts
upon O, exposure in CH3CN to form complex 3. To under-
stand the chemical or structural modifications allowing this
reactivity, complex 1 was studied in CH3CN by cyclic vol-
tammetry. Under argon, two anodic signals were observed,
at 0.46 and 0.60 V (denoted | and 2 in Figure 8). The re-
verse scan showed three cathodic waves, at 0.5, 0 and
—0.15 V. Increasing the scan rate led to the disappearance
of wave 1 and the increase of wave 2 (not shown). The
intensity of the resulting unique oxidation wave was ident-
ical to that observed in CH,Cl, This behavior indicates that
the two oxidation waves correspond to two Fe!l species in
equilibrium. By analogy with the study in CH,Cl,, wave 2
is attributed to a two-electron oxidation of the neutral com-
plex 1 and is therefore correlated to the two reduction peaks
at 0.5 and 0 V. The first oxidation signal (0.46 V) is com-
pletely irreversibile. The relative intensity of waves 1 and 2
indicates that the amount of Fe!! species responsible for the
anodic process at 0.46 V is very low in solution. Neverthe-
less, it is very likely that this Fe!' species, which forms only
in CH;CN, is responsible for the reactivity of 1 with O, in
the same solvent. Similar behavior has been observed with
a parent Fe!! complex,l’-?*! for which the reactivity with O,
was related to its slight instability in CH;CN.

When the solution was open to air, the intensity of the
wave at —0.15V increased. This wave (—0.15 V) was also
observed when the potential was scanned from 0.25V
towards reduction potential, thus indicating the air oxi-
dation of the bulk solution. Concomitantly, UV/Vis spectra

Table 3. Cyclic voltammetry data for several Mn complexes; E},, given vs. SCE; for irreversible waves Ep only is given

/i /v (11,11)/ (111, 101) (1L, )/(1v,1v) Ref.
(Lg*4M)Mn,Cly (2) 1.1 1.65 (Ep) this work
[Mn(L,)Cl,]PF [ 0.34 1.1 (40]
[Mn(Lz)Clz]PFG (bl 0.16 . [40]
[Mn(dmptacn)CI|CIO, 0.71 1.33 (4
[Mn,(tmpdtnp)CL](ClO,), [ 0.82 1.56 (Ep) (141
[(tmc)MnCI|BF, [ 1.14 1.36 (131

[l L, = 4,11-dimethyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane. ! L, = 4,10-dimethyl-1,4,7,10-tetraazabicyclo[5.5.2]tetradecane. [
dmptacn = 1,4-bis(2-pyridylmethyl)-1,4,7-triazacyclononane. [ tmpdtnp = 1,3-bis[4,7-bis(2-pyridylmethyl)-1,4,7-triazacyclonon-1-yl]pro-
pane. [l tmc = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecanes.

1230 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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were recorded on the same CH5;CN solution of 1. The spec-
trum did not show any change under argon. On the con-
trary, two large absorption bands at 335 and 360 nm ap-
peared when the solution was exposed to air. These new
bands are tentatively attributed to the formation in CH;CN
solution of a polynuclear Fe™! species with Cl~ ligands and
oxo bridges.?>~2% Most likely, this species is responsible for
the cathodic wave at —0.15 V.

In the mass spectrum of a CH3CN solution of 1 under
air the peak seen at m/z= 836 is attributed, according to the
isotopic distribution, to the [(Lg*4M)Fe;(u-0),Cly] " cation
(Figure 10). A second peak, at m/z = 621.2, is attributed to
the Fe'' complex [(Lg*4MH)FeCl,]". It is attractive to pro-
pose that the UV/Vis spectrum with absorption bands at
335 and 360 nm as well as the —0.15 V reduction wave are
related to the cation [(Ls*4M)Fes(u-O),Cly]". The ultimate
entity isolated from this CH3;CN solution was the structur-
ally characterized tetranuclear complex [(Ls*4M)Fey(u-
0);Clg), and therefore [(Lg*4M)Fes(u-0),Cls]" can be con-
sidered as a precursor of the tetranuclear complex. A pos-
sible structure for [(Ls*4M)Fe;(n-0),Cly]*t is presented in
Figure 11.

100 836
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%
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o .M, IA)\llL‘. Ijlgig ; —m/z
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Figure 10. ESI-MS of [(Lg*4M)Fe;(u-0),Cly]™: (a) experimental
spectrum; (b) calculated spectrum

Figure 11. Possible structure for [(Ls*4M)Fes(u-0),Cly]*
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Conclusion

The neutral complexes 1 and 2 have been obtained and
characterized. They present identical structures: each con-
tains high-spin pentacoordinate metal centers in a trigonal-
bipyramidal environment. The metal centers are involved in
two different coordination sites and present no magnetic
coupling. Both complexes are stable in CH,Cl, solution and
their neutral structure is retained. However, in CH;CN, 2
is stable whereas 1 is unstable and transforms partially into
a new complex species that equilibrates with 1, as indicated
by cyclic voltammogram. This latter complex is probably
responsible for the reactivity of 1 with O, in CH;CN, which
leads to the formation of the linear tetradentate neutral
complex 3. The four metal centers are strongly antiferro-
magnetically coupled by single oxo bridges and exhibit dif-
ferent coordination sites: two are bound to the ligand and
pentacoordinate whereas the two others are only tetracoor-
dinate with chloro ligands and oxo bridges in their coordi-
nation sphere. This structure is uncommon and is, to the
best of our knowledge, the first reported linear tetraferric
complex.

Experimental Section

General Methods: All manipulations were carried out by using
standard Schlenk techniques. Starting materials were purchased
from Acros. Solvents were purchased from Merck and used without
further purification.

Physical Methods: Electronic absorption spectra were recorded
with a Varian Cary 5E spectrophotometer. FT-IR spectra were re-
corded with a Perkin—Elmer Spectrum1000 (s = sharp, i = intense,
m = medium, w = weak, b = broad). Magnetic data were recorded
with an MPMSS5 magnetometer (Quantum Design Inc.). The cali-
bration was made at 298 K using a palladium reference sample fur-
nished by Quantum Design Inc. EPR spectra were recorded with
an X-band Bruker ESP 300 E. Cyclic voltammograms were meas-
ured using an EGG PAR model M270 scanning potentiostat op-
erating at a scan rate of 10—1000 mV s~ !. Studies were carried
out under argon in acetonitrile or CH,Cl, solutions using 0.2 M
tetrabutylammonium perchlorate (puriss. grade, Fluka) as the sup-
porting electrolyte, and 1073 M of the complex. The working elec-
trode was a glassy-carbon disk (0.32 ¢cm?) polished with 1 pm pol-
ishing powder. The reference electrode was Ag/AgClO, (+0.3 V vs.
SCE), which was separated from the rest of the solution by a salt
bridge containing the solvent/supporting electrolyte, with a Pt wire
as an auxiliary electrode. All potentials are given vs. SCE electrode.
The E,, potentials are calculated as the mid-point between the
anodic and the cathodic peak potentials. The mass spectra of ions
formed by electrospray were acquired with a Quattro II (Micro-
mass, Manchester, UK) triple quadrupole mass spectrometer. Typi-
cal optimized values for the source parameters were: capillary
2.5 kV, counter-electrode 0.49 kV source temperature of 80°C, RF
lens 0.5 V, skimmer lens offset 0; cone voltage 20 V. Sample solu-
tions were prepared in CH;CN. All solutions were infused at a flow
rate of 10 pL min ~' by a Harvard Apparatus (Southnatic, MA,
USA) syringe pump. Crystallographic data were collected with a
Nonius Kappa CCD area detector diffractometer™! using graph-
ite-monochromated Mo-K,, radiation. The lattice parameters were
determined from ten images recorded with 2° -scans and later re-
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Table 4. Crystallographic data for complexes 1—3

1

Empirical formula C;3H44Cl, oFe,NgO,
Formula mass 1022.94
Crystal size [mm] 0.20 X 0.15 X 0.05

Temperature [K] 123

Crystal system monoclinic
Space group P2/c
a[A] 19.811(4)
b [A] 8.497(2)
c[A] 26.687(5)
o [°] 90

BI°] 103.94(3)
11 %0

VA3 4360(1)

Z 4

p [mm~1 1.316
F(000) 2088

A (Mo-K,,) 0.71073
20 range [°] 2.52,24.71
hmin. hma)n O: 23
kmin./kmax. O, 9
lmin./lmax, —=31, 30
No. of measured reflections 19700

No. of unique reflections 7199

No. of refined parameters 505
R1 [on F?, I > 25(])] 0.0708
wR2 (on F?) 0.1674

2 3

C33Hy4, ClsMn;, Ny C35H44ClgFesNgOs
787.41 1060.88
0.20 X 0.10 X 0.10 0.10 X 0.05 X 0.01
123 123
monoclinic triclinic
P2,/c Pl
15.893(3) 10.130(2)
15.408(3) 11.743(2)
16.796(3) 19.080(4)
90 87.21(3)
116.49(3) 83.50(3)
90 85.89(3)
3681(1) 2247.4(8)
4 2

1.010 1.665
1624 1080
0.71073 0.71073
2.71,24.71 2.58,24.77
0, 18 0, 11

0, 15 —13, 13
-19, 17 -19, 19
22959 13975
5811 7078

415 505
0.0479 0.0970
0.1273 0.191

fined on all data. The data were recorded at 123 K. A 180° -range
was scanned with 2° steps with a crystal—detector distance fixed
at 30 mm. Data were corrected for Lorentz polarization. The struc-
tures were solved by direct methods with SHELXSM?! and refined
by full-matrix least squares on F? with anisotropic thermal param-
eters for all non-H atoms with SHELXL-97.1431 In complex 1, one
solvent molecule (CHCl;) was disordered on two sites with 0.5 oc-
cupancy. H atoms (except H atoms of solvent molecules, CH;CI
and H>O in 1, CH3CN in 2 and 3) were introduced at calculated
positions as riding atoms with isotropic displacement parameters
of 1.2 (CH, and CH,) or 1.5 (CHj;) times that of the parent atom.
Molecular plots were drawn with SHELXTL.#41 All calculations
were performed with a Silicon Graphics R10000 workstation.
CCDC-199949 (1), -199950 (3), -199951 (2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html
[or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; Fax: (internat.) + 44-1223/336-
033; E-mail: deposit@ccdc.cam.ac.uk].

Synthesis of Ls*4M: N,N,N’,N'-Tetrakis[(6-methyl-2-pyridyl)me-
thyl]propane-1,3-diamine. The ligand was synthesized as
N,N,N',N’-tetrakis(2-pyridylmethyl)ethane-1,2-diamine!**! using 2-
(chloromethyl)-6-methylpyridine hydrochloride (8 g) and propane-
1,3-diamine (835 puL) as starting materials. The product was recrys-
tallized from cyclohexane and obtained as a white powder (4.35 g).

Synthesis of [(Ls*4M)Fe,Cl4]-2H,0-2CHCI; (1): 1 equiv. of ligand
(100 mg) in THF (2 mL) was added to a solution of 2 equiv. of
FeCl,-2H,0 (66 mg) in THF (3 mL) under argon. The mixture was
then stirred at room temperature for 30 min and concentrated.
After removal of most of the solvent, a yellow solid precipitated,
which was filtered off (80 mg, 53% yield). C;;H33Cl4Fe;Ng'H,O
(766.21): calcd. C 48.60, H 5.26, N 10.97; found C 48.66, H, 5.22,
N 10.33. FT-IR: v = 1605 (s, i), 1577 (s, m), 1458 (s, i), 1043 (s,

1232 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

w), 1010 (s, m), 841 (s, w), 782 (s, m) cm~'. Crystals of 1 were
obtained by slow diffusion of zerz-butyl methyl ether into a solution
of the powder dissolved in CHCl;.

Synthesis of [(Ls*4M)Mn,Cly-2CH;CN (2): 1 equiv. of ligand
(50 mg) in THF (2 mL) was added to a solution of 2 equiv. of
MnCl,-4H,0 (40 mg) in THF (4 mL). The mixture was then stirred
at room temperature for 30 min, and the resultant white precipitate
was filtered off and collected (56 mg, 74% yield). C3;H33CI14Mn,Ng
(746.4): caled. C 49.88, H 5.13, N 11.26; found C 49.19, H, 5.17,
N 11.97. FT-IR: v = 1607 (s, 1), 1578 (s, 1), 1454 (s, 1), 1043 (s, w),
1010 (s, mi), 860 (s, m), 781 (b, m), 300 (b, m) cm~!. The white
powder was dissolved in CH3CN and crystals of 2 were obtained
by slow diffusion of zert-butyl methyl ether into the solution. All
characterizations of complex 2 were performed with crystals.

Synthesis of [(Ls*4M)Fe4(1-0);Clg]-2CH;CN (3): Complex 3 was
isolated after evolution of a solution of 1 in CH;CN in air; X-ray
quality crystals were obtained by slow evaporation of the solvent
CH;CN. In an alternative method a solution of 1 in CH;CN was
heated under air at 70°C for 24 h. Crystals of 3 were obtained after
an additional 24 h, when the solution was allowed to cool to room
temperature. C3;H33ClgFe4NgO5 (978.8): caled. C 38.04, H 3.91, N
8.58; found C 37.70, H 3.87, N 8.54. FT-IR: Vv = 1610 (s, i), 1578
(s, m), 1469 (s, 1), 1456 (s, 1), 854 (s, i), 818 (b, 1), 790 (s, 1), 352 (s,
i) cm~!. The three bands around 800 cm™! can be attributed to
Fe—O modes, by comparison with other (p-oxo)diiron(ir) com-
plexes.°!
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