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To study long-range magnetic interactions between ex-
change-coupled metal centers and a radical moiety coordi-
nated through a peripheral group, three new homodimetallic
complexes with Mn", Co", and Zn" bridged by a nitronyl ni-
troxide (NIT) substituted benzoate ligand with the structure
[(NIT-CgH4-COO)M,(LR)](C1Oy4), (M = Mnll, Co', and Zn';
NIT = nitronyl nitroxide and LR = N,N,N’,N'-tetrakis(2-benz-
imidazolylalkyl)-2-hydroxy-1,3-diaminopropane} have been
prepared and studied by X-ray crystallography, magnetic
susceptibility measurements, EPR spectroscopy, and density
functional theory calculations. For comparison, related com-
plexes with Mn'" and Co" bridged by a diamagnetic nitro-
benzoate ligand were investigated by using the same meth-
ods. In all complexes, the metal centers have a trigonal-bipy-
ramidal N3O, coordination sphere, with the exception of the
Mn!-nitrobenzoate, where one of the two manganese centers
is in a distorted octahedral environment due to the presence

of an additional coordinated acetonitrile molecule. Magnetic
susceptibility measurements on powdered samples revealed
a dominant antiferromagnetic interaction between the metal
ions. For the nitrobenzoate compounds, values of Jypnvm =
-5.8cm™ and Jeo_co = —12.0 cm™! are found. Replacement of
the bridging ligand by a NIT-substituted benzoate group
leads to very similar antiferromagnetic metal-metal interac-
tions with Jymovn = -7.2cm™ and Jeo co = —12.0cm™, A
metal-radical interaction could not be observed. CW-X-band
EPR measurements at low temperature show the anisotropic
NIT signal. This confirms that the radical behaves like an
isolated spin center and has no influence on the metal-metal
interaction. These experimental data could be confirmed by
DFT calculations at the UB3LYP level.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Stable organic radicals are important building blocks for
novel molecular magnetic materials. When coordinated to
open-shell transition metals or lanthanides, they can help to
overcome the problem of diminishing exchange interaction
between the metal-centered spins, which is normally en-
countered in systems with an extended diamagnetic ligand
framework. A large number of nitroxide, nitronyl ni-
troxide,l'-¢1 semiquinonate,”-!? verdazyl,['3-16] thiazyl,['7-2°
and other radicals are known to form discrete metal com-
plexes as well as extended 1D, 2D, and 3D structures in
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the solid state, depending on the substitution pattern and
presence of coligands.?!! Some of these systems exhibit
interesting magnetic properties like the chain compound
[Co(hfac),NIT-CcH40-R].. recently reported by Ishida et
al., which shows magnetic ordering below 4.5 K and a very
large coercive field.[?>23 Usually, a close proximity between
the metal center and the spin-bearing moiety of a radical
is needed to ensure strong exchange interactions. To build
extended 2D and 3D metal-radical structures, it is, how-
ever, necessary to introduce additional functionalities at the
periphery of the radical ligands, and thus weak exchange
interactions through such sites of low spin density need to
be taken into account to fully rationalize the magnetic be-
havior of these systems.?*! In addition, long-range exchange
interactions between radical centers and open-shell metal
ions or clusters play an important role in enzymatic cataly-
sis by a number of metalloenzymes.[>>261 The interaction
between the Y, phenoxy radical and the water-oxidizing
manganese cluster in photosystem II is probably the most
prominent example, to mention just one.?”-?% Initial studies
in this field from our group have focused on the coupling
between a single paramagnetic metal ion and two function-
alized NIT radical ligands coordinated through peripheral
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phenolate groups.?*! To investigate the inverse situation, the
competitive coupling between two metal centers and a sin-
gle radical ligand through an alternative carboxylate linker,
we have now prepared homodimetallic manganese(II), co-
balt(IT), and zinc(IT) complexes held together by the chelat-
ing ligand N,N,N',N'-tetrakis(2-benzimidazolylalkyl)-2-hy-
droxy-1,3-diaminopropane, with the two metal centers ad-
ditionally bridged by a NIT-substituted benzoate group
through the peripheral carboxyl group. The series of com-
pounds prepared was fully characterized by methods in-
cluding X-ray crystallography for all compounds to allow a
correlation of their magnetic properties with the molecular
structure. Magnetic susceptibility measurements were com-
plemented by DFT calculations to allow a complete under-
standing of the exchange interaction pathways present in
these molecules.”®! In addition, model compounds in which
nitrobenzoate serves as a diamagnetic substitute of the NIT
benzoic acid were prepared to study the metal-metal ex-
change interaction.

Results and Discussion

Dinuclear manganese(II), cobalt(Il), and zinc(I) com-
plexes 1, 2, and 3 chelated by deprotonated ligand
N,N,N’',N’-tetrakis(N-propyl-2-benzimidazolyl)-2-hydroxy-
1,3-diaminopropane (L") and bridging NIT-C4H,-COO~
were prepared by mixing the constituents in methanol fol-
lowed by recrystallization of the precipitated crude product
from acetonitrile/diethyl ether.

\\\\\\\
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Complexes 4 and S, in which the nitrobenzoate serves
as a diamagnetic substitute of the NIT benzoic acid, were
prepared in a similar way as 1, 2 and 3 to study the metal-
metal exchange interaction. All five complexes gave satis-
factory elemental analyses and could be characterized by
X-ray crystallography. Relevant data for compounds con-
taining the NIT radical are collected in Table 2.

Crystal and Molecular Structure of [Mn,(L""")-
(O,CPhNIT)](Cl104),-Et,0-1.5H,0 (1)

Complex 1 with the NIT-substituted benzoate ligand fea-
tures two pentacoordinate Mn' centers with a N;O, ligand
set each (Figure 1). Both metals have a trigonal-bipyrami-
dal coordination environment, with 7 values® of 0.89 and
1.00 for Mn(1) and Mn(2), respectively. The six-membered
ring formed by the two manganese(Il) ions, the alkoxide
oxygen atom, and the three atoms of the carboxylate group
1496
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has a boat conformation, in which Mn(1), O(1), O(3), and
C(48) are essentially coplanar, while Mn(2) and O(2) are
above the plane by 0.237 and 0.174 A, respectively. The
phenyl ring of the NIT ligand is tilted relative to the carbox-
ylate group by an angle of 24.0°, which is comparable to
the other compounds. All parameters of the imidazolidine
ring are close to those of other NIT radicals and virtually
identical to those of the free ligand. The tilt angle between
the phenyl ring and the mean plane of the NIT group is
46.2°, which compares well to the values found for other
NIT benzoate complexes.[?8-31-32]

Figure 1. Molecular structure of 1; counterions, hydrogen atoms
and solvate water, as well as diethyl ether molecules, are not shown.
Ellipsoids are drawn at the 50% probability level.

For an interpretation of the magnetic susceptibility mea-
surements carried out on solid samples, it is important to
check for close intermolecular contacts between the spin-
bearing moieties. While the two manganese ions are well
isolated from neighboring molecules buried in the L"Pr
binding pocket, both N-O groups from the NIT moiety
show some notable intermolecular contacts. First of all,
there is an antiparallel arrangement of O(5)-N(11) and
O(5B)-N(11B) with two identical intermolecular N---O dis-
tances of 4292 A (B = —x, -y + 1, —z). In addition, O(6)
shows close contacts to H(2aC) and H(3bC) from the 2-
hydroxypropane-1,3-diamine group of a neighboring mole-
cule at 2.585 and 2.473 A, respectively (C = x — 1, x, 2).
Though the former contact is between NIT N-O groups,
which carry considerable spin density,1*? the distance is too
long to give rise to a notable intermolecular exchange inter-
action.[?3! The latter, on the other hand, is close, but the
alkyl backbone of the L"P* ligand is not expected to bear
any significant spin density. Thus, the molecules can be con-
sidered as magnetically isolated in the solid state.

Crystal and Molecular Structure of [Coy(L""")-
(0,CPhNIT)|(CIO,),-0.5Et,0 (2)

Cobalt complex 2 has a structure bearing great similarity
to that of manganese compound 1 (see Supporting Infor-
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mation). The two cobalt(Il) centers have a trigonal-bipyr-
amidal coordination environment with 7 = 0.92 for Co(1)
and 7 = 0.97 for Co(2), which is smaller than that in com-
plex 1. The Co(1)-O(1)-Co(2) angle, which is important for
interpretation of the magnetic susceptibility data, is
126.0(3)° and thus slightly larger than that in manganese
compound 1. Both carboxylate oxygen atoms and the
amine nitrogen atoms from L"P" are in the apical positions
of the trigonal bipyramid, as in the other compounds. The
phenyl ring is tilted relative to the carboxylate group by an
angle of 21.5°, which is comparable to the other com-
pounds. The tilt angle between the phenyl ring and the
mean plane of the NIT group is 45.1° and thus essentially
identical to that in manganese complex 1. Short intermo-
lecular contacts between spin-bearing moieties are also ab-
sent in 2. The closest distances (< 3 A) of the NO groups
from the NIT involve only the diamagnetic ligand frame-
work. Thus, the complex can be considered as magnetically
isolated in the solid state.

Crystal and Molecular Structure of [Zn,y(L""")-
(OzCPhNIT)](ClO4)2'Et20‘1.5H20 (3)

In zinc compound 3, both metal centers also have a tri-
gonal-bipyramidal coordination geometry, although it devi-
ates a little more from the ideal value for Zn(1) with 7 =
0.86 relative to that for Zn(2) with = 0.97, which is similar
to the deviation in complex 1. The Zn(1)-O(1)-Zn(2) angle
is 124.4(5)°, which is essentially identical to that found for
the other four complexes (see Supporting Information). The
rest of the structure is also very similar to those of the other
two NIT compounds. At 18.9°, the tilt between the coordi-
nated carboxylate and the phenyl ring is a little smaller,
but the phenyl-imidazolidine angle of 42.1° is in the range
expected for NIT compounds. No close intermolecular con-
tacts between the paramagnetic NIT groups are found in
this compound. In addition to 1, 2, and 3, incorporating
a bridging paramagnetic NIT-PhCOO™ nitrobenzoate, the
manganese(Il) and cobalt(Il) complexes 4 and 5 with a dia-
magnetic nitrobenzoate ligand could be crystallized. Infor-
mation on the data collection and structural refinement is
given in Table 3.

Crystal and Molecular Structure of [Mn,(L""")-
(0,CPhNO,)(CH3CN)|(C1Oy), (4)

Manganese complex 4 shows the expected binding mode
of ligand L""", in which each of the metal centers is coordi-
nated by a tertiary amine nitrogen and two benzimidazole
groups (Figure 2). In addition, the Mn"' atoms are bridged
by the alkoxide group from L"P" and the carboxylate moiety
of the nitrobenzoate. However, while Mn(1) is in a N50,
coordination environment, an additional acetonitrile mole-
cule is bound to Mn(2), which thus has a N4O, ligand
sphere. With an O(2)-Mn(1)-N(4) angle of 179.34(12)° and
7 = 1.01, the pentacoordinate Mn(1) is in an almost perfect
trigonal-bipyramidal coordination mode, in which the tri-
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gonal is plane formed by O(1), N(5), and N(6). In contrast,
Mn(2) has a significantly distorted octahedral ligand envi-
ronment, in which especially the O(1)-Mn(2)-N(2) angle is
compressed to only 144.93(12)° while N(3)-Mn(2)-N(12)
and O(3)-Mn(2)-N(1) are somewhat closer to linearity at
169.60(13)° and 167.56(12)°, respectively. Thus, the coordi-
nation sphere of one manganese ion is different from that
in manganese complex 1, which can be explained by pack-
ing effects and is also known from studies on similar com-
plexes.’¥ The two manganese(I]) ions, the alkoxide oxygen,
and the three atoms of the carboxylate group form a six-
membered ring with a boat conformation, in which O(1),
Mn(2), O(2), and C(48) are essentially coplanar while both
Mn(1) and O(3) are located above the mean plane at 0.606
and 0.203 A, respectively. The Mn(1)-O(1)-Mn(2) angle is
116.71(12)°. While the nitro group is essentially coplanar
with the phenyl ring, the latter is tilted relative to the car-
boxylate group by 24.8°.

Figure 2. Molecular structure of 4; counterions and hydrogen
atoms are not shown. Ellipsoids are drawn at the 50% probability
level.

Crystal and Molecular Structure of [Co,(L"F")-
(O2CPhNO,)|(PFg); (5)

In cobalt complex 5, ligand L"P* shows a similar binding
mode, but both metal centers are now in a pentacoordinate
N30, ligand environment (Figure 3). With 7 values of 0.99
and 0.97 for Co(1) and Co(2), respectively, both cobalt ions
have an almost perfect trigonal-bipyramidal coordination
sphere in which the axis perpendicular to the trigonal plane
points from the carboxylate oxygen atom towards the amine
nitrogen of L"P%, as in the related manganese complex, but
the Co(1)-O(1)-Co(2) angle of 122.47(10)° is a little larger,
but very close to that in manganese NIT complex 1. The
two cobalt(Il) ions, the alkoxide oxygen, and the three
atoms of the carboxylate group also form a six-membered
ring, but now with an envelope conformation, in which
Co(1) and Co(2) as well as O(1) and O(2) are coplanar,
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while O(3) and C(48) are above the plane by 0.609 and
0.385 A, respectively. In the cobalt complex, the phenyl ring
is also tilted relative to the carboxylate group, although the
angle, at 21.9°, is slightly smaller.

Figure 3. Molecular structure of 5; counterions and hydrogen
atoms are not shown. Ellipsoids are drawn at the 50% probability
level.

Magnetic Properties of the Complexes

For the determination of the exchange coupling between
the two metal ions without interference from the NIT radi-
cal, the temperature dependence of the molar magnetic
susceptibility for 4 and 5 was measured in the temperature
range 2 to 300 K. The y,,T values steadily decrease upon
lowering the temperature for both 4 and 5 from 4.23 and
7.24 cm3 K mol ™! respectively at 300 K to zero at the lowest
attainable temperature of 2 K (Figure 4). This is indicative
of a strong intramolecular antiferromagnetic exchange in-
teraction. The temperature dependence of the molar mag-
netic susceptibility was modeled by using a fitting pro-
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Figure 4. Temperature dependence of the molar magnetic suscep-
tibility for 4 (O) and 5 (A); solid lines: simulation of the experimen-
tal data, see text for parameters.
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cedure to the appropriate Heisenberg—Dirac—Van Vleck
(HDVV) spin Hamiltonian!*>-3°! for isotropic exchange
coupling [Equation (1)].137]

A= —2J’SM|S'M2 (1)

A reasonable fit was obtained for the dimanganese com-
plex 4 with gy, = 2.0, which is expected for manganese(II)
ions in the high-spin S = 5/2 state, where contributions from
the angular momentum are absent. The exchange param-
eter was determined as Jyn, mn = —5.8 cm™!. For dicobalt
compound 5, a reasonable fit was obtained with the follow-
ing parameters: gco = 2.3, Jeo_co = —12.0 cm™! (Table 1).

Table 1. Comparison of experimental and calculated exchange
coupling parameters J and J' for compounds 1, 2, 4, and 5.

Compound Jop fom™ Jop fem? Joge femt S fom!
Mn-Mn-NIT 1 0.0 (fixed) -7.2 +1.9 -10.1
Co-Co-NIT 2 0.0 (fixed) -12.0 0.1 -154
Mn-Mn 4 - -5.8 - -10.1
Co-Co 5 - -12.0 - -154

Plots of the molar magnetic susceptibility vs. temperature
for the metal-radical complexes 1 to 3 are shown in Fig-
ure 5. The y,,T values of 1 and 2 steadily decrease upon
lowering the temperature to a value of 0.35 cm®*Kmol™! at
2 K, which corresponds to the spin-only value of an isolated
unpaired electron. The y,,7 vs. T plot for complex 1 was
simulated by using the following parameters: gy, = gnir =
2.0 and Jyn v = —7.2cm !, while the metal-radical ex-
change interaction was fixed at zero. This assumption dif-
fers from a previous study,®® in which a weak antiferro-
magnetic interaction of —1(+1) cm™! was extracted from the
temperature magnetic data for the coupling between the
NIT radical and a mixed-valent Mn""!V dimer bearing a
spin ground state different from zero. For complex 2, sim-
ilar results were obtained with gc, = 2.3, gnir = 2.0, and
Jeoco = —=12.0cm™!. Also here, Joo_niT Was set to zero. In
the case of zinc(IT) complex 5, the expected paramagnetic
behavior of NIT in the absence of intermolecular exchange
interactions was observed (Figure 5).
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Figure 5. Temperature dependence of the molar magnetic suscep-

tibility for 1 (A), 2 (O), and 3 ([J); solid line: simulation of the
experimental data, see text for parameters.
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EPR Spectroscopy

At high temperature, no signal assignable to the metal
centers was observed. For 1-3 the data at 10 K show the
anisotropic signal typical for the NIT radical (Figure 6).
The EPR signal of 2 is broader and can be simulated with
the same g and 4 parameters (see Supporting Information).

a) 103 K b)
e e ]

103K

EPR signal /a. u.

342 345 348 351 354 342 345 348 351 354
Magnetic Field /mT

Figure 6. Temperature dependence of the CW-X-band EPR signal
of a solution of (a) 1 and (b) 3 [2 mmol in acetonitrile/toluene (1:1)
for 10, 20, and 50 K; 2 mmol in acetonitrile for 103 K]. The solid
lines represent the experimental data at various temperatures. The
dotted line represents the simulation of the spectra (g, = 2.0095,
g| = 2.0015; A, = —0.45 mT, A“ =1.75 mT).

The absence of metal signals in all EPR spectra is the
direct consequence of the antiferromagnetic coupling be-
tween the metal ions. This exchange coupling causes a fast
relaxation of the excited states and could not be avoided by
cooling to very low temperatures, since at low temperature
the metal dimer populates a diamagnetic ground state, as
observed also by magnetic susceptibility measurements for
4 and 5. The non-zero spin ground state of 1-3, as observed
by magnetic measurements, could be identified by EPR
spectroscopy as S = 1/2, which is almost exclusively located
on the NIT moiety and not on the metal ions. The hyperfine
pattern of 1 to 3 proves that the unpaired electron is still
located in the n* MO of the N-O bonds. The angular mo-
mentum operator in z direction, Ly, causes an additional
spin—orbital contribution for gy = gy = g, but not for g,
= g|» which leads to the observed values g, > g| = g.. The
spin density in the singly occupied molecular orbital has
also a stronger interaction with the nuclear spin of the ni-
trogen atom in the z direction than that in the xy direction,
which leads to 4, < 4.

Density Functional Calculations

To verify the exchange coupling parameters determined
from the fitting of the magnetic susceptibility data, we car-
ried out density functional theory calculations of the ener-
gies of the different spin states of compounds 1, 2, 4, and 5
at the UB3LYP level. By using the coordinates from the X-
ray structure determinations without any geometric relax-
ation and very strict convergence, semiquantitative results
can be obtained. For the nitrobenzoate complexes 4 and 5,

Eur. J. Inorg. Chem. 2009, 1495-1502

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

both the high-spin (HS) and the broken-symmetry (BS)
open-shell singlet states were converged. In both NIT com-
pounds 1 and 2, a total of four spin states were studied for
each molecule: (a) all spins parallel, (b) the spin of the or-
ganic radical moiety antiparallel to the ferromagnetically
coupled dimetal unit, and (c) two states in which the metals
are antiferromagnetically coupled and the radical spin is
parallel to one or the other metal center. These latter two
states were found to be nearly degenerate, and thus these
systems were treated as symmetrical triangular by using the
Hamiltonian

H = 2J(SviSraa + SmaSraa) — 27" (Svir*Sw2)
with

S = Svi + Sw
and
S=8+Sua

one then obtains for the energies of the spin states in zero
field

ES,S) = JS(S+ 1) (J — DHS'(S' + 1).

For the manganese(Il) radical system, the relative ener-
gies of the states thus are

E(1/2, 0) = —6J + 30J’
E(9/2,5)=0
E(1172, 5) = —11J.

The corresponding expression for the related cobalt(II)
radical compound is

E(1/2,0) = 4] + 120"
E(5/2,3) =0
E(712,3) = 7J.

All states could be converged starting from the electron
density of the high-spin state and gave spin density distribu-
tions in accordance with the expected open-shell HS or BS
states. Calculated exchange coupling parameters J and J’
are compared to the experimental ones in Table 1.

With a mean deviation of 3.5 cm™! between the experi-
mental and calculated exchange parameters J', there is se-
miquantitative agreement between the susceptibility mea-
surements and the DFT calculations. Although the sign is
correctly reproduced in all cases, DFT overestimates the ab-
solute values by 130 to 170%. The calculated metal-radical
couplings of |J] < 2 cm™! are too small to be determined by
susceptibility measurements and thus have not been in-
cluded in the fit to the experimental data. Nonetheless the
DFT calculations show that a weak long-range spin-ex-
change interaction between the NIT radical and the metal
ions is still possible.

Conclusions

Three new homometallic manganese(II), cobalt(Il), and
zinc(Il) complexes, with the dimetallic center each bridged
by a NIT-substituted benzoate, have been synthesized and
fully characterized by methods including X-ray structure
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determinations for all compounds. In addition, the related
Mn and Co complexes with a diamagnetic nitrobenzoate
ligand have been prepared and characterized. In the solid-
state structures, no significant short intermolecular contacts
were found, and thus the compounds can be considered as
also magnetically isolated. The susceptibility measurements
show dominant antiferromagnetic interactions in the
metal-radical compounds that can be attributed to a spin
exchange only within the dimetallic unit. Evidenced by
comparison with the analogous nitrobenzoate-bridged
manganese(Il) and cobalt(IT) model compounds no metal—
radical interaction could be observed. EPR measurements
support the observation that the spin ground state has only
radical character, as indicated by the anisotropic signal of
NIT. No exchange between the ONCNO group and the
paramagnetic metal ions over the benzoate group is ob-
served, as in principle would be possible by the interaction
of the n* orbital with the delocalized & system of the phen-
ylene ring through the spin-polarization mechanism. In
fact, only small contributions to the magnetic interaction
would be expected through the carbon substituent, since
NIT bears a nodal plane on the carbon atom linking the
substituent. Experimental data show that the NIT here be-
haves as an isolated spin center of S = 1/2, which could be
further confirmed by DFT calculations. In summary the
coordination of the NIT-benzoate ligand to a antiferromag-
netically coupled homometallic metal dimer only leads to a
shift of the spin ground state but has no observable effect
on the exchange interaction. In order to observe a radical—
metal interaction, it is necessary to synthesize coordination
compounds in which high-spin ground states are populated.
This could be achieved, for example, in heterometallic or
mixed-valence systems or ferromagnetically coupled metal
dimers.

Experimental Section

General: All chemicals were reagent grade and used as received
without further purification. C, H, and N analysis was performed
with a Foss Heraeus Vario EL elemental analyzer. Molecular
weights and formulas were calculated without solvent molecules
unless explicitly stated.

Spectroscopy: CW-X-band EPR spectra in the temperature range
10 to 100 K were recorded with a Bruker Elexsys 580 cw/pulse EPR
spectrometer (v = 9.772 GHz) having a dielectric resonator
(MD4EN, overcoupled to Q values of typically 100). The tempera-
ture was controlled by cooling with liquid helium by using an Ox-
ford cryostat and cooling system. The measurements above 100 K
were measured with a Magnettech Miniscope MS200 benchtop
CW EPR spectrometer (v = 9.335 GHz), with a variable-tempera-
ture cooling/heating finger. The EPR parameters were obtained
from spectral simulations by using the program package Easyspin
2.7.1.3831 NMR spectra were recorded by using a Bruker DRX
400 spectrometer. Infrared spectra were recorded in the 400-
4000 cm ™! range with a Jasco FT/IR-4200 spectrometer. The IR
measurements were carried out by using the pellet technique with
KBr as embedding medium.

Synthesis of Ligand HL""": The ligand was synthesized according
to a published method.*” 1 3-Diamino-2-hydroxypropane-

1500

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

N,N,N',N’-tetraacetic acid (43.0 g, 0.14 mol) and 1,2-diaminoben-
zene (60.7 g, 0.56 mol) were suspended in ethylene glycol (250 mL)
and heated to 180 to 190 °C for 3 h. After being cooled to room
temperature, the solution was poured into water (2 L), leading to
the formation of a light blue precipitate. The water was decanted,
and the remaining solid was washed with hot acetone (2 X 250 mL).
The product was then collected by filtration to obtain N,N,N',N'-
tetrakis[(2-benzimidazolyl)methyl]-1,3-diaminopropane (HL) as a
light blue solid (48.5 g, 57% yield). This product was immediately
used without characterization in the following alkylation, which
was performed according to a method described in the literature.[*!]
Thus, N,N,N',N’-tetrakis[(2-benzimidazolyl)methyl]-1,3-diamino-
propane (48.5 g, 0.08 mol) was added to a suspension of powdered
potassium hydroxide (60.0 g) in dimethyl sulfoxide (300 mL). Then,
1-bromopropane (59.0 g, 0.48 mol) was added, and the mixture was
stirred for 1 h at room temperature. Afterwards, the reaction mix-
ture was poured into water (2 L), leading to the formation of a
precipitate. The water was decanted, and the precipitate was redis-
solved in chloroform (250 mL). The organic layer was separated,
washed with water (2 X 100 mL), and then dried with magnesium
sulfate. The solvent was removed under reduced pressure to give
N,N,N',N'-tetrakis[(1-n-propylbenzimidazol-2-yl)methyl]-1,3-di-
aminopropane (HLPY) as a beige solid (54.1 g, 85% yield). 'H
NMR (CDCly): 6 = 0.62 (t, 3 H), 1.50 (q, 4 H), 2.65 (m, 4 H), 3.72
(m, 1 H), 3.90 (q, 8 H), 4.00 (dd, 8 H) 7.18 (m, 12 H), 7.66 (m, 4
H) ppm. '*C NMR (CDCls): 6 = 10.9, 22.7, 44.7 51.8, 59.9, 68.7,
109.5, 119.2, 121.7, 122.3, 135.1, 142.0, 151.5 ppm. IR: ¥ = 3410
(sh) m, 3052 (m), 2963 (m), 2931 (m), 2839 (m), 1614 (w), 1510
(m), 1481 (s), 1418 (s), 1361 (m), 1331 (s), 1286 (m), 1250 (w), 1115
(m), 1061, 768 (w), 741 (s) cm!. FD-MS: m/z = 778.5 [M"].

Synthesis of NIT-PhCOOH and Its Sodium Salt: NIT-C4H,-COOH
was prepared according to the literature.[*”) To convert the NIT-
benzoic acid to the sodium salt, NIT-PhCOOH (10.0 g, 36 mmol)
was suspended in water (200 mL). Then, sodium hydroxide (1.4 g,
35 mmol) was added, and the mixture was stirred until a clear blue
solution was obtained. The water was then removed under reduced
pressure to give a blue solid. This was washed with acetonitrile,
filtered, and dried in air, to give NIT-CqH4-COONa (10 g, 92%
yield).

Synthesis of the Metal Complexes

[Mn,(L"P)(0,CPhNIT)|(ClO,),-Et,0-1.5H,0 (1): HL™ (0.78 g,
1.0 mmol) was dissolved in methanol (40 mL), and then a methanol
solution of manganese(I) perchlorate hexahydrate (0.75g,
2.0 mmol) was added while stirring at room temperature until a
slurry appeared. Then, NIT-C¢H4-COONa (0.4 g, 1.5 mmol) was
added as a solid, and the resulting suspension was stirred at room
temperature for 1 h. The blue precipitate formed was filtered off
and dried in air. The crude product was dissolved in acetonitrile
and filtered again. Vapor diffusion of diethyl ether into an acetoni-
trile solution gave 1.06 g (73 % yield) dark blue-green crystals of 1.
C1H73C1bMn,N1,043 + Et,0 + Hy0 (1455.22): caled. C 53.65, H
5.89, N 11.55; found C 53.76, H 5.33, N 11.63. IR: ¥ = 3458 (sh)
m, 3080 (vw), 2988 (w), 2935 (w), 2877 (w), 1589 (m), 1544 (m),
1486 (m), 1453 (m), 1407 (m), 1361 (m), 1293 (m), 1255 (m), 1092
(s), 982 (w), 939 (w), 898 (w), 748 (m), 622 (m), 507 (vw), 437 (vw)
cm !, ESI-MS: m/z = 1262.2 [M — ClO, ], 581.8 [M - 2Cl0O,]

[Co,(L"P")(O,CPhNIT)](ClO,),-0.5Et,O (2): This complex was pre-
pared in the same way as 1 by using NIT-CcH,-COONa (0.4 g,
1.5 mmol). Vapor diffusion of diethyl ether into the acetonitrile
solution gave 1.11g (79% yield) violet crystals of 2.
C41H73C1L,Co,N 1,03 + 2H,0 (1407.11): caled. C 52.07, H 5.52, N
11.95; found C 51.91, H 5.43, N 12.03. IR: ¥ = 3427 (sh) m, 2966
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(W), 2931 (w), 2877 (w), 1589 (m), 1548 (m), 1493 (m), 1454 (m),
1404 (m), 1293 (m), 1084 (s), 980 (w), 943 (w), 900 (w), 747 (m),
624 (m), 527 (vw), 436 (vw) cm'. ESI-MS: m/z = 1270.2 [M —
ClO, 7, 585.8 [M - 2ClO, ]

[Zn,(L"P7)(O,CPhNIT)|(ClO4),-0.5Et,0-1.5H,0 (3): This complex
was prepared in the same way as 1 by using NIT-C4H4,-COONa
(0.4 g, 1.5 mmol). Vapor diffusion of diethyl ether into the acetoni-
trile solution gave 1.16 g (78% yield) blue-green crystals of 3.
Ce1H73CLLN|,03Zn, + 2H,0 (1420.02): caled. C 51.59, H 5.47, N
11.84; found C 51.73, H 5.26, N 11.97. IR: ¥ = 3470 (sh) m, 2965
(w), 2932 (w), 2876 (w), 1591 (m), 1549 (m), 1496 (m), 1455 (m),
1407 (m), 1361 (m), 1293 (m), 1090 (s), 943 (w), 898 (w), 748 (m),
623 (m), 439 (vw) cm™!. ESI-MS: m/z = 1284.2 [M — ClO4], 592.8
[M - 2Cl0O47]

[Mny(L"P")(0,CPhNO,)(CH;CN)|(Cl1O,), (4): HL"™"  (0.78 g,
1.0 mmol) was dissolved in methanol (40 mL), and then a methanol
solution of manganese(I) perchlorate hexahydrate (0.75g,
2.0 mmol) was added while stirring at room temperature until a
slurry appeared. Then, sodium nitrobenzoate (0.28 g, 1.5 mmol)
was added as a solid, and the resulting suspension was stirred at
room temperature for 1 h. The white precipitate formed was filtered
off and dried in air. The crude product was dissolved in acetonitrile
and filtered again. Vapor diffusion of diethyl ether into an acetoni-
trile solution gave 1.07 g (83% yield) light beige crystals of 4.
Cs4Hg;ClbMn,N ;O3 + 2H,0 (1420.02): caled. C 51.77, H 4.91,
N 12.30; found C 51.51, H 4.78, N 12.10. IR: ¥ = 3440 (sh) m,
3059 (vw), 2980 (w), 2938 (w), 2879 (w), 1576 (m), 1486 (m), 1453
(m), 1413 (m), 1344 (m), 1088 (s), 938 (w), 899 (w), 748 (m), 622
(m), 520 (w) cm™!. ESI-MS: m/z = 1152.2 [M — CH5CN - ClOy4],
526.98 [M — 2Cl10,7]

[Co,(L"P")(O,CPhNO,)|(PFs), (5): HL™* (0.78 g, 1.0 mmol) was
dissolved in methanol (40 mL), and then a methanol solution of
cobalt(Il) chloride hexahydrate (0.5 g, 2.1 mmol) was added while
stirring at room temperature until a slurry appeared. Then, sodium
nitrobenzoate (0.28 g, 1.5 mmol) and sodium hexafluorophosphate
(0.69 g, 4 mmol) were added in solid form, and the suspension was
stirred at room temperature for 1 h. The violet precipitate formed
was filtered and dried in air. The crude product was dissolved in
acetonitrile and filtered again. Vapor diffusion of diethyl ether into
the acetonitrile solution gave 1.16 g (86% yield) violet crystals of
5. Cs4Hg CoyF 5N 10OsP, (1351.93): caled. C 52.07, H 5.52, N
11.95; found C 48.16, H 4.71, N 11.53. IR: ¥ = 3434 (sh) m, 2970
(w), 2938 (w), 2889 (w), 1569 (m), 1493 (m), 1454 (m), 1408 (m),
1348 (m), 944 (w), 841 (s), 748 (m), 557 (m), 529 (w) cm'. ESI-
MS: m/z = 1206.0 [M - PF4], 530.9 [M - 2PFq7]

Computational Details: All calculations were carried out as single-
point runs by using the coordinates available from the X-ray struc-
ture determinations with ORCA 2.6.35 on a Dell Optiplex 745
computer running Ubuntu 4.2.3 as the operating system.[*3] Coun-
terions and solvate molecules were removed to only treat the cat-
ionic unit. Alkyl substituents on the benzimidazolyl groups were
truncated to methyl groups, the hydrogen atom being placed along
the original C-C axis at an average distance. The unrestricted
B3LYP functional was used in the calculation of the spin density
distribution and energies, with a TZVP basis set on the metal and
radical centers as well as the donor atoms directly coordinated to
the metal.[*¥ For all other atoms, a DZ(P) basis was employed.[*’]
Because of the very small energy differences expected, a very tight
convergence criterion (option VeryTightSCF, energy change TolE
< 10°® Eh) together with a Lebedev-434 grid (option Grid5) was
used. Starting from the converged high-spin state, the other rel-
evant states could easily be obtained with the FlipSpin option. The
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orbital occupation and spin density distribution was inspected in
each case to verify convergence to the desired open-shell state.

X-ray Crystallographic Data Collection and Refinement of the Struc-
tures: Single crystals of 1 to 5 were coated with perfluoropolyether,
picked up with a glass fiber, and mounted on a SMART APEX II
CCD diffractometer equipped with a nitrogen cold stream op-
erating at 171(2) K. Graphite monochromated Mo-K, radiation (4
= 0.71069 A) from a fine-focus sealed tube was used throughout.
The crystallographic data of the compounds are listed in Tables 2
and 3. Cell constants were obtained from a least-squares fit of the
diffraction angles of several thousand strong reflections. The data
reduction was done with APEX2 v2.0,[4¢1 while SIR-971471 and
SHELXL-978 were used for the structure solution and for the

Table 2. Summary of the crystal structure data collection and re-
finement for 1, 2, and 3.

1 2 3
Fw. 1464.23  1408.13 148517 _
Space group triclinic P1  triclinic P1  triclinic P1
al 13.3011(12)  13.2564(7) 13.2357(18)
bIA 15.8449(14)  16.0426(8) 16.2046(18)
¢ 1A 19.2444(16)  19.1440(10)  19.045(2)
al° 109.917(6) 111.234(3) 110.725(8)
BI° 100.401(6) 99.343(3) 100.763(8)
y[° 97.440(7) 99.224(3) 99.101(8)
v IA3 3669.7(6) 3636.8(3) 3639.6(8)
Z 2 2 2
T/K 171(2) 171(2) 171(2)
Pealed. /gem 3 1.325 1.286 1.355
1(Mo-K,) lem™! 0.487 0.595 0.803
Reflections collected 54979 41410 38581
Unique refl. 17646/6407  17914/3943  5837/3289
[1>20(D)]
No. parameters 879 876 916
Oax 1° 28.11 28.34 19.00
R [1>26(D)] 0.069 0.094 0.090
wRA [I>26(D)] 0.170 0.227 0.226

[a] w = 1/[s*(F,?) + (xP)?] where P = (F,> + 2F.)/3, x = 0.1063 for
1, x = 0.1301 for 2, and x = 0.1726 for 3.

Table 3. Summary of the crystal structure data collection and re-

finement for 4 and 5.

4 5
Fow. 129397 1351.94
Space group triclinic P1 triclinic P1
alA 13.7472(9) 13.8477(10)
b IA 14.6674(9) 14.9032(10)
clA 16.8493(10) 17.7119(12)
al® 89.331(2) 100.662(4)
pr° 72.487(2) 110.746(4)
y/° 65.617(2) 113.886(4)
v IA3 2926.08(41) 2885.74(133)
zZ 2 2
T/K 171(2) 171(2)
Pealed. lgem™3 1.469 1.556
#(Mo-K,) lem™! 0.597 0.727
Reflections collected 30439 74022
Unique refl. [I>206(1)] 12037/5614 13805/7692
No. parameters 731 775
Onax 1° 26.45 28.13
R [1>26(D)] 0.058 0.048
wRA [I>26(D)] 0.115 0.096

[a] w = 1/[s*(F,?) + (xP)?] where P = (F,> + 2F.)/3, x = 0.0521 for
4, and x = 0.0466 for 5.
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refinement, respectively. No absorption correction was employed.
CCDC-699496, -699684, -699607, -699495, and -699494 (for struc-
tures 1, 2, 3, 4, and 5, respectively) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): ORTEP diagrams of 2 and 3 and the CW-X-band EPR spec-
trum of 2.
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