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The tris-bidentate ligand 1,3,5-tris(5'-tert-butyl-3',4'-dihydroxyphenyl)benzene ((TBCat)sPh) was synthesized. The
reaction of this molecule in basic solution with two paramagnetic acceptors, i.e., a nickel(ll)-tetraazamacrocyclic
ligand complex (Ni(CTH)) (CTH = dI-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane) and manganese-
(I—hydrotris[3-(4'-cumenyl)-5-methylpyrazolyl]borate (Mn(Tpc™Ve)), yielded two complexes whose analytical formulas
are consistent with those of trinuclear complexes. Spectroscopic and magnetic measurements suggest that these
derivatives contain divalent metal ions coordinated to the tris(semiquinone) form of the ligand. Analysis of the
magnetic data shows that the sz-connectivity of the ligand enforces ferromagnetic coupling between the three
semiquinone units of the molecule, giving rise to complexes with S = 9/2 (M = Ni") and S = 6 (M = Mn") ground
states. The coupling within the tris(semiquinone) unit is quite large (J = =26 cm~* for the nickel(ll) derivative and
J = —40 cm™* for the manganese(ll) one, using the general exchange Hamiltonian H = 5 J;S;S)), and it is of the
same order of magnitude as that observed in an analogous series of bis(semiquinone) complexes that we recently
reported.

Introduction We are currently attempting the design of appropriate

I . ) molecular systems with the final goal of obtaining a
The possibility to modulate a physical property following yigimensional network of paramagnetic centers. Our ap-

a predetermined strategy is of central importance for the proach exploits the peculiar electronic properties of metal

development of molecular science. In this sense the Iessonsemiquinone complexésThe nature of magnetic coupling

we may learn from the synthesis of small molecules is an j, .ompjexes formed by 3d and more recently 4f metal ions
important step for a future rational design of a multidimen- and paramagnetio-semiquinone ligands is quite well

sional collection of mutually interacting molecular systems understood:#We thought that molecules exhibiting designed
having desirable properties. Molecules that are characterizeqqigh_spin electronic ground states could be prepared, pro-
by high-spin electronic ground states are actively investigatedvided that appropriate polg-dioxolene ligands are us&dts

as possible building blocks for molecular magnets since they
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Metal Complexes with a Tris(semiquinone) Ligand

On the basis of simple molecular orbital considerations,

tography (SiQ, 20% ether/petroleum ether). The product was

it is expected that the 1,3,5-trimethylenebenzene moleculecollected as a fluorescent fraction that weighed 270 mg (94%) after
should be characterized by a quartet electronic ground evaporation. Anal. Calcd for GHs.Os: C, 77.03; H, 8.31. Found:

state!> 18 Bearing this in mind, the potentially tris-bidentate
ligand 1,3,5-tris(34'-dihydroxy-3-tert-butyl-phenyl)benzene
((TBCatxPh) was synthesized with the aim of isolating a

C’)H

HO\©/t—Bu
t-Bu, S~ X OH
OH

t+Bu

tris(semiquinone) (TBSgfpPh) derivative in which, according

C, 76.77; H, 8.23'H NMR (CDCl): 6 7.64,s (3 H); 7.21,d] =
1.8 Hz (3 H); 7.10, dJ = 1.8 Hz (3 H); 3.95, s (9 H); 3.92, s (9
H); 1.44, s (27 H)13C NMR (CDCk): ¢ 153.52, 148.41, 143.68,
142.83, 136.25, 125.11, 118.16, 110.16, 60.49, 55.98, 35.32, 30.63.
1,3,5-Tris(8-tert-butyl-3',4'-dihydroxyphenyl)benzene 1,3,5-
Tris(5-tert-butyl-3,4'-dimethoxyphenyl)benzene (150 mg, 230
umol) was dissolved in anhydrous methylene chloride (10 mL) and
cooled to—78 °C. Boron tribromide (26Q«L, 2.75 mmol, ca. 12
equiv) was added via syringe, and the solution was allowed to
slowly warm to room temperature overnight. The pink solution
containing precipitate was poured onto ice, washed with saturated
aqueous NacCl, dried with N8O, filtered, evaporated, and
subjected to radial chromatography (gi@ther), to yield 130 mg
of an off-white solid that was used directly in the next step. Anal.
Calcd for GgH206: C, 75.76; H, 7.41. Found: C, 75.62; H, 7.36.
IH NMR ((CDj3),CO): 6 8.73, br s (3 H, OH); 7.55, s (3 H); 7.21,

to its topology, the three unpaired electrons are expected tos: (3 H, OH); 7.14, s (6 H}'3C NMR (CDCL): 6 145.64, 144.96,

couple ferromagnetically to each other. We thought, there-
fore, that this topologically predetermined ferromagnetic
coupling within the triradical might enforce a high-spin

electronic ground state in certain metal complexes of
paramagnetic metal ions. To facilitate the analysis of the

143.64, 136.92, 132.78, 124.03, 117.82, 112.49, 35.46, 29.97. IR
(film): 3245 cnT? (vou, Strong).

Ni3(CTH) 3((TBSQ)sPh)(PFe)s+1.5H,0. The nickel complex was
prepared using the same procedure previously described for the
DBSQ derivative’® A solution of Ni(CTH)(PF)2 (0.6 mmol) in
methanol was mixed with a solution of 1,3,5-trisért-butyl-3,4'-

magnetic _data’ we have selected two param_agnetic metal ion%jihydroxyphenyl)benzene (0.184 mmol) in the same solvent under
characterized by nondegenerate electronic ground stateSap argon atmosphere, and then solid KOH (1.2 mmol) was added.

Following our previous studi€st® we used as metal accep-
tors the nickel(Il}-tetraazamacrocycle (Ni(CTH), CTH =

The resulting solution was gently warmed for 0.5 h, filtered in the
presence of air, and then mixed with an aqueous solution ogKPF

dl-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetrade-The crude product was recrystallized from dichloromethane/hexane

cane) and the manganese{lhydrotris[3-(4-cumenyl)-5-
methylpyrazolyllborate (Mn(Tg'™M9*) complexes. With
these acceptors we found that the trianion (TBsRQ)acts

mixtures. Anal. Calcd for @Hq14F1sN1oNizO75Ps: C, 49.06; H,
7.21; N, 8.17. Found: C, 49.36; H, 7.12; N, 7.86.

Mn z(TpCumMe5((TBSQ)sPh). MnCl,-4H,O (72.8 mg, 0.37 mmol)

as trls_bldentate ||gand These Complexes were |Solated inWaS dissolved in 10 mL of methanol. To this solution was added

the solid state and spectroscopically and magnetically
characterized.

Experimental Section

General Procedures Solvent distillations, synthetic procedures,

K(TpCumM§20.21239 mg, 0.37 mmol) dissolved in 5 mL of
methanol, and 1,3,5-trisfgert-butyl-3,4' -dihydroxyphenyl)benzene
(70 mg, 0.123 mmol) dissolved in 30 mL of GEl,. The solution
was purged with nitrogen, and KOH (21 mg, 0.037 mmol) was
added. After being stirred for 15 min, the reaction mixture was
filtered, exposed to air, and stirred for an additional 48 h. After

and electrochemistry were carried out under an argon atmOSphEI’Ethis time, the red-brown solid was filtered off, washed twice with

Tetrahydrofuran was distilled from sodium benzophenone ketyl
prior to use. Methylene chloride was distilled from calcium hydride.
NMR spectra were recorded on a Varian 300 MHz spectrometer
using deuteriochloroform as solvent, and referenced to protiochlo-
roform at 7.26 ppm fofH spectra and 77.0 ppm fdfC spectra.
1,3,5-Tris(B-tert-butyl-3',4'-dimethoxyphenyl)benzeneTo the
boronic acid (400 mg, 1.69 mmol) were added ethanol (5 mL),
aqueous N#CO; solution (2 M, 1.68 mL), 1,3,5-tribromobenzene
(140 mg, 440umol), and palladium tetrakis(triphenylphosphine)
(58 mg, 50umol). Distilled toluene (15 mL) was added, and the
mixture was refluxed overnight under nitrogen. The cooled reaction
mixture was concentrated, and run through a plug of silica gel.
Following evaporation, the residue was purified by radial chroma-

(15) Shultz, D. A. InMagnetic properties of organic materialsahti, P.,
Ed.; Marcel Dekker: New York, 1999.

(16) Dougherty, D. AAcc. Chem. Red.991 24, 88.

(17) Rajca, A.Chem. Re. 1994 94, 871.

(18) 1,3,5-Trimethylenebenzene is computed to have a quartet ground

state: Kemnitz, C. R.; Squires, R. R.; Borden, W.JT Am. Chem.
Soc.1997 119, 6564.

(19) Benelli, C.; Dei, A.; Gatteschi, D.; Pardi, lnorg. Chem 1988 27,
2831.

methanol, and air-dried. Anal. Calcd foiggH17483N1gMn30g: C,
71.82; H, 6.85 N, 9.85. Found: C, 70.85; H, 6.77 N, 9.77.

Physical Measurementslinfrared spectra were recorded on a
Perkin-Elmer BX spectrometer. Electronic spectra were recorded
in the range 500030000 cm?! on a Perkin-EImer Lambda
spectrophotometer. The electrochemical analysis by cyclic volta-
mmetry was carried out by using an electrochemical unit (Amel
model 553 potentiostat equipped with Amel 860, 560, and 568
elements) and a classical three-electrode cell. The working electrode
was a platinum microsphere, the auxiliary electrode was a platinum
disk, and the reference electrode was a calomel electrode in aqueous
saturated KCI (SCE). Before each experiment the solution was
carefully deaerated with an argon flow. All potentials are reported
as referenced versus a ferrocinium/ferrocene couple. Under the
experimental conditions used this couple lies-at455 V vs SCE.

Magnetic Measurements.The magnetic susceptibility of poly-
crystalline powder samples of the complexes was measured between

(20) Ruf, M.; Vahrenkamp, Hinorg. Chem.1996 35, 6571.
(21) Ruf, M.; Noll, B. C.; Groner, M. D.; Yee, G. T.; Pierpont, C. I8org.
Chem.1997, 36, 4860.
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2 and 300 K at an applied magnetic field of 0.1dah T using a
Cryogenic S600 SQUID magnetometer. Data were corrected for

the magnetism of the sample holder that was determined separately

in the same temperature range and field, and the underlying

diamagnetism of the samples was estimated from Pascal’s constants.
Magnetization measurements were performed on the same samples

with the same instrument at 2.5 and 4.5 K with a field upto 6.5 T.
Finally, the susceptibility data were fitted by minimizing the sum
of the squares of the deviation of the compugddvalues from the
experimental values, using a Simplex minimization procedure. The
theoretical susceptibilities were calculated employing CLUMAG,
except when stated otherwise.

Results and Discussion

Synthesis.Following a synthetic procedure for obtaining
related polyoxolene molecules, the tris(catech®lwas
prepared according to Schemé*Buzuki coupling ofL and
commercially available 1,3,5-tribromobenzene provided
Deprotection of the methyl ethers using BEjave the tris-
(catechol) in excellent yield.

Once deprotonated, this molecule is part of a seven-
component ((dioxgPh) redox chain, the trinegative anion
being expected to behave as tris(semiquinone) (TBSIQ)
Since in the past it was shown that the Ni(CTH)(DBSQ)Y
complex (DBSQ= 3,5-ditert-butylsemiquinone; ¥= CIQ,,

OMe

MeO. ! t-Bu

2 (93%)

Caneschi et al.

OH
HO. O t-Bu
J - .
OH
OH t-Bu

3 (97%)

BBr3
———

:' OMe
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-1000 -500 0
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Figure 1. Cyclic voltammogram of the N{CTH)3((TBSQ)Ph)(PFk)s
complex in 1,2-dichloroethane and 0.1 M NP at 25°C.

500 1000

the S=5/2 metal ion and the radical ligarid? On the basis
of previous results for Zh Cu', and Cd,%* we believe that
Mn3(TpCumMe,((diox)s)Ph) (5) contains five-coordinated
manganese cations bridged by this dioxolene ligand.

All attempts at obtaining crystals suitable for structural
analysis were unsuccessful. However, the formulation of the
obtained compound as a metal{t§emiquinone derivative
is clearly indicated from its electronic spectrum, electro-
chemical properties, and magnetic data discussed below.

PFs) was characterized by a quartet electronic ground state  gjgcronic Spectra and Electrochemistry. The features

arising from a strong ferromagnetic coupling between the
metal ion and the radical ligadwe have prepared the Ni-
(CTH) adduct of3 to characterize the magnetic properties
of solid compounds containing the J{CTH)3(TBSQ)xPh}*
cation. The reaction o8 with a stoichiometric amount of
Ni(CTH)(PFs) in basic methanol under argon followed by
aerial oxidation gave a brown microcrystalline powder of
analytical formula Nj(CTH)s(tris(diox)Ph)(P)s-1.5H0 (4).
We postulate that this compound contains three six-
coordinate nickel(ll) cations bridged by the tris-bidentate
dioxolene ligand.

In a similar fashion the Mn(Tp™M9 adduct of3 was

of the electronic spectrum of the nickel compléxwhich
shows bands at 12300, 20200, and 26300'care the same

as those observed for the mononuclear Ni(CTH)(DBSQ)Y
and some related complex®¥. The bands at 12300 and
26300 cn1t can be assigned as internal semiquinone transi-
tions, whereas the band at 20200 ¢man be assigned as a
metal-to-ligand charge-transfer transition. The cyclic volta-
mmogram of a deaerated 1,2-dichloroethane solution of this
compound (Figure 1) shows three sequential one-electron
reversible redox processes -afl..08, —0.97, and—0.86 V

and one irreversible redox processtd.1 V vs a ferroce-
nium/ferrocene reference couple. In agreement with the

synthesized since it has been previously found that l;[he triS- electrochemical properties of the mononuclear and dinuclear
(pyrazolyl)borate Ilgagg may allow the isolation of'M analogu@derivatives, the three reversible processes can be
semiquinone adduct$** These complexes are expected 10 5gsigned to the semiquinone/catecholate couple whereas the

be five-coordinated on the basis of steric constraints of the jeyersible one can be assigned to the quinone/semiquinone
ligand and characterized by a quintet electronic ground Statecouple. It is rather clear from these data that the species

arising from a strong antiferromagnetic coupling between qpained working under aerobic conditions is the suggested
tris(semiquinonato) one. As a further consideration, it is also

(22) Gatteschi, D.; Pardi, LlGazz. Chim. Ital1993 123 231.
(23) Ruf, M.; Lawrence, A. M.; Noll, B. C.; Pierpont, C. Giorg. Chem.
1998 37, 1992.

(24) Caneschi, A.; Dei, AAngew. Chem., Int. EA.998 37, 3005
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Metal Complexes with a Tris(semiquinone) Ligand
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Figure 2. %TvsT curve for the complex MgTpCumM3(TBSQ) (empty

triangles). The continuous line is the result of the best fit obtained with Figure 3. Reduced magnetization data for MApU™M33(TBSQ),

both the models described in the text, which yielded superimposable curves.measured at 2.5 K (full triangles) and 4.5 K (empty squares), respectively.

The best fit parameters for the two models are reported in the text. The presence of only a small zero-field splitting is evidenced by the almost
perfect coincidence of the two curves.

clear that it is not possible to characterize species containing ) ) ]
mixed-valent forms of the ligand, i.e., one catecholate and this temperature. This behavior suggests the existence of a

two semiquinones or two semiquinones and one catecholate férromagnetic coupling between paramagnetic centers. The

without a significant presence of its reduced and oxidized OPServed(T value is consistent with a8 = 6 ground state
species. In fact the comproportionation constant for the (theoretical value 21 emu K mof), and the low observed
equilibrium value can be again explained by assuming an incomplete

population of the ground state, even at low temperature. This
Ni CTH,((SQ)(Cat)Ph}" + Ni,CTH,((Cat),Ph)— interpretation is confirmed by thél vs H curves at |'0WT'
. n (2.5 and 4.5 K, shown as reduced magnetization in Figure
2NizCTH;((SQ)(Cat)Ph) 3), which a4 6 T are almost saturated to the expected value
of 12 ug. The plot ofM vs H/T clearly shows that the two
curves are almost perfectly superimposed, and this suggests
that only a very small zero-field splitting exists in this
complex. This result is in agreement with the presence in
the system of very isotropic species, namely,"NmfSion)
and semiquinone radicals. Interestingly, the X-band EPR
spectra show the presence of a fine structure due to a small
zero-field splitting: preliminary interpretation of the HF-
EPR spectra confirms thie= 6 ground state and a value of

is about 33, according to the electrochemical data. Similar
considerations hold for the comproportionation constant of
the formation of the second intermediate species, namely,
NisCTHs((SQR(Cat)Ph}*. These data show that the energies

of the frontier orbitals of the three dioxolene fragments of

the ligand are the same, taking into account the differences
in the solvation free energy changes and statistical factors.

The electronic spectrum of the manganese derivéiive

shows a pattern of transitions in the red region of the D < 0.1 cnrt
spectrum (11600, 12900, and 14200 éhwhich are usually : )

found to characterize the semiquinone ligands. The shoulder Following this preliminary interpretation, two fits of the
. . T T data were attempted. We assuntggdsymmetry for the
at 24100 cm* could be also consistent with a semiquinone x P Y y

. . . ) exchange interactions, which, given the lack of a crystal
ligand-centered transition. A strong absorption is also g g Y

detected at 21300 crhand can probably be assigned to a structure, cannot be experimentally confirmed. However, the

charae-transfer transition. The features of the s ectrum1‘oIIowing discussion will show that even with the use of a
9 . " ) P reduced number of parameters we could get a very reasonable
therefore are consistent with the formulation of this man-

anese compound as fris(semiouinane) derivativesMn explanation of the observed magnetic properties of the-Mn
9 P (semiq ) NN (Tpcummy,((TBSQ)Ph) complex.

(TpmM95((TBSQ)Ph).

Magnetic Properties The yT vs T curve for the Mg-
(TpCumMe,((TBSQXPh) complex is shown in Figure 2. At
room temperature (300 K) the experimental value/ ofis
9.07 emu K mot?, and its tendency is to slowly increase
with decreasing temperature. This value is much lower than
that expected for three spins of 5/2 and three spins of 1/2
uncorrelated fTineor = 14.25 emu K mol?), while it is in

In the first simple model we assumed the manganese(ll)
semiquinone antiferromagnetic coupling to be so strong to
consider the system as virtually built up by thr8e= 2
ferromagnetically interacting spins, and we then employed
only one J value to analyze the data. The exchange
Hamiltonian describing the system is then that of a regular
triangular spin structure:

perfect agreement with what is expected for thiee 2 H=1] + + 1
centers withg = 2.00 (3x 3.00 emu K mot?). This is then B5TS5+5S) @)
a clear indication that each Mris strongly antiferromag- In this approach, the energy of each state is a function of

netically coupled to each semiquinone radical, while the tota| spin only:

interaction between the radicals is not evident at this

temperature. On lowering, xT increases, and at low E(S) = (J2)S(S; + 1) 2
temperature (2 K), it reaches a value of 19.7 emu Kthol

It should however be noted that the value is still growing at The derivation of the analytic expression of the Van Vleck

Inorganic Chemistry, Vol. 41, No. 5, 2002 1089
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Figure 4. xT vs T curve for the complex N{CTH)3((TBSQ)Ph)(Pk)s
(empty triangles). The continuous line is the result of the best fit obtained
with the parameters reported in the text.

equation is then straightforward:

T =
x Table 1. Difference in Energy between Subsequent Levels Obtained by
NofB? 5466™ + 660e™ + 540> + 336€* + 1506" + 18€ the Best Fit of the, T Data for MSQ; with Models 1 and 2

Kg  13&™+ 228 + 27d% + 28" + 25¢* + 9 + 1 AE (cmr) AE (cmY)
(3) model 1 model 2 model 1 model 2
S=6 ground state ground stat&=2—-S=3  3.36 3.5
_ : o S=5-S=6 6.72 6.5 S=1-S=2 224 23
wher_ex = J/kBT. The best fit (shown in Figure 2) was o4 oc o 3 o—0-s—1 112 115
obtained by using a value af of 1.12 + 0.05 cn1! and S=3-S=4 448 4.6

gave an agreement factoR = 1/(N — np)[> (Ycalcdl —

Yobsd )Y (xobsal)F Y2, of 6.7 x 1074, whereN is the number Finally, we introduced a lower symmetrC{) for the

of experimental points anak is the number of parameters. exchange pattern in both the models employed, but this did
The error on the calculated coupling constant is obtained not lead to an improvement of the fit, thus confirming that
assuming @&x = 90% and an error on the experimengal the assumption of a 3-fold symmetry for the exchange is
values equal to the square root of the mean quadratic®rror. completely justified.

Even if this fit is satisfactory and confirms our qualitative Given this result, we employed the same exchange pattern
analysis, it does not give us any indication about the value of Chart 1 for the interpretation of the magnetic data of the
of the “real” coupling between the semiquinones. To get an Niy(CTH)s((TBSQ)Ph)(PF)s complex, whosgT vs T curve
estimate of this parameter, we then turned to a more refinedis shown in Figure 4. The room-temperature value (6.25 emu
model and considered as variable parameters both theK mol=?) is higher than expected for three uncoupled nickel-
coupling constant between the radicals and Mn and the(Il) ions and three semiquinones (theoretical value 4.7 emu
coupling constant between each pair of semiquinones. TheK mol~t, assumingy = 2.2 for Ni ions). However, we point
Hamiltonian of the system is then the one describing the out that the mononuclear [Ni(CTH)(DBSQ)]fFeomplex
pattern of Chart 1: shows gT value of 2.28 emu K mot at 300 K° as a result

of a strong ferromagnetic interaction between the paramag-
H=J(SS,+ 55, + §5) + LSS+ 55+ 5.5 netic metal ion and the radical ligand. Thus, a value equal
(4) to 6.7-6.8 emu K mot? (3 x 2.28 emu K mot!) was
expected for the present trinuclear derivative if the coupling
between the metal and semiquinonato had not changed. The
observed value at room temperature then suggests that, while
there is a ferromagnetic coupling between nickel(ll) and the
semiquinonato which is effective even at room temperature,
this is smaller than in the mononuclear parent derivative.
On decreasing the temperature, the valugDbfincreases,
thus indicating that a ferromagnetic coupling is active
between the three semiquinone radicals, as found in our
manganese(ll) derivative. The curve passes through a
maximum of 10.53 emu K mot at 10 K, and then decreases.
It has to be stressed that the value of the maximum is
substantially lower than expected for a completely populated
'S = 9/2 state (13.6 emu K mol) but can be explained by
population of spin states with lower multiplicity. A magne-
tization measurement performed at low temperatures yielded
a value of 8.7Qug at 6.5 T and 2.5 K, where the sample is
(25) For more details on th®x definition, see: Numerical Recipes still unsaturated (Figure 5). This is again in agreement with
Cambridge University Press: Cambridge, 1986. a groundS = 9/2 spin state and near excited state of lower

whereS,, S5, andSs label the radical spins arfgh, S;, andS
indicate the metal centers.

The best fit parameters gave the following resulis=
2.00 (fixed),J; > 350 cn1?, in agreement with the predicted
strong antiferromagnetic coupling between Mn and the
semiquinone, and, = —40 cn%, with an agreement factor
R of 5.7 x 10“ Notwithstanding a certain systematic
deviation from the experimental value, the correlation
between the parameters is very small and the fit is very
stable. Varyingl; from 350 to 500 cm? results in a variation
of J, of less than 0.3 cmi, without an appreciable effect on
the calculated curve. It is also interesting to note here that
the two models yielded the same theoretical curve: indeed
a comparison of the energies of the low-lying spin levels
shows very good agreement between the two fitting models
(see Table 1).
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10, Then, if one assumego = 2.00, a globag of 2.14 implies
I I oni = 2.21, which is a well-established value for the nickel-
8 L (1) ion.28
T 6 o : v " It has to be noted that the nickel(Hsemiquinonato
:% - ferromagnetic coupling is strongly reduced with respect to
s 41 o that of the single-center systedisSuch a difference between
ov the metat-semiquinone interaction in a 1:1 adduct and the
29 av metal-polysemiquinone interaction has already been ob-
0 ?ZV ‘ ‘ ‘ served® and points out that while the qualitative behavior
0 2 4 6 of this metat-radical interaction can be easily predicted, its
H(T) intensity can vary largely on passing from one family to
Figure 5. Magnetization curves for the NCTH)3((TBSQ)xPh)(PF)s another.

complex, measured at 2.5 K (empty squares) and 4.5 K (empty triangles). The semiquinonatesemiquinonato coupling within the

spin multiplicity, whose population reduces the magnetization triradical is, as expected, ferromagnetic, and the value of
to a value lower than expected for &= 9/2 spin state  the coupling between the semiquinonato units of the radical
(theoreticalMsy value around 9.6¢z assumingg = 2.15; is the same of that reported for the homologous biradical.
see below). The picture emerging from the interpretation of A comparison of the obtained values for the coupling
the magnetic data is then consistent with our hypothesis of Petween radicals in the two derivatives shows that it is higher
anS= 9/2 ground spin state, due to the expected ferromag- in the manganese complex than in the nickel(ll) one, thus
netic coupling between nickel and the semiquinone and the Suggesting that a variation in the dihedral angle between the
smaller ferromagnetic coupling between the three unpairedPlane of the semiquinone is likely to occur on passing from
electrons of the ligand. the nickel(Il) complex to the manganese(ll) off&>*This

The fitting model in this case includes a correction to IS Probably due to the different diamagnetic ligands employed
account for the decrease il below 10 K, assuming In the two cases, which imply a pentacoordinated manganese-
intermolecular antiferromagnetic interactio%on = X'/(l (”) and a hexacoordinated n|Cke|(”) and then a different
— @y), with ©® = 22]/Ng?8.25 It has to be stressed here accommodation of the paramagnetic ligands as well.
that the use of a phenomenological molecular field correction
does not necessarily imply the presence of magnetic interac-

tions between neighboring molecules. The same effect may Our present results show that the 1,3,5-tris(dioxolene)-
in fact be due to zero-field splitting terms which were not penzene may be used to create a tris(semiquinone) ligand
included in the Hamiltonian, and that are likely to play a characterized by a quartet ground state. It should be stressed
nonnegligible role on the low-temperature part of $ie that the strategy based on the substitution of sorhesstical
curve, given the anisotropy of nickel(ll) ions. Unfortunately, carbons of a non-Kekuléydrocarbon with other radical
HF-EPR spectra only showed an uninformative very broad groups has been in general used for obtaining ferromagneti-
band aroundy = 2.2, thus not allowing the determination cally coupled biradical. As we have previously shown with
of the anisotropy of the system. It should be noted that in a bis(semiquinonatojn-xylylene-substituted analog§ehe
the case of our manganese(ll) derivative there was no neeccoordination of paramagnetic metal ions to the present ligand
for intermolecular interaction correction because the inter- enforces high-spin ground states in the resulting metal
molecular interactions are supposed to be reduced to acomplexes. Here the magnetic coupling induce$an9/2
minimum by the bulky ancillary ligand we used and that electronic ground state in the nickel(ll) complex andSan
system is virtually without zero-field splitting. 6 electronic ground state in the manganese(ll) complex
In addition to this phenomenological correction, we according to our expectations, thus showing how an ap-
assumed the presence of a small amount of paramagneti¢ropriate linker between the paramagnetic centers may
impurity, which is expected to play a relevant role in propagate the desired magnetic interactions. At this step there
agreement with the trinuclear nature of the system. The bestjs therefore the problem concerning the utility of these
fit curve (Figure 4, continuous line) obtained in such a way metat-polyoxolene complexes as building blocks for a
yielded the following parameters for the spin Hamiltonian: network coordination polymer. It has been suggested that to
Ji = —173 e}, J, = —26.5 cnt, g = 2.14, and® = achieve this goal the chemist should predetermine the
—0.25 K with a factorR of 3.9 x 10~*. With these values  structure of the network, and in this sense simpler units to
of the coupling constants, the lowest excited states are doublype assembled than those we propose should be redtired.
degenerat& = 7/2, 12 cm! higher in energy with respect
to the ground state. Thg value 2.14 is in agreement with  (27) Bencini, A.; Gatteschi, DEPR of Exchange Coupled Systems
what IS.eXpeCted for nickel(ll) and a sem|qumor_1ato ferro- (28) ?Beirflfri]tgl;frJ\./egé'?'heB?I'ngbrlyQ%(lz Transition Metal longCambridge
magnetically coupled. Indeed, for a system with such a University Press: Cambridge, 1961.

coupling scheme the globagl value may be related to the (29) \Il3vengin|{}I Ab' JG%LESChéhDh;n Tsa(gg'l%;z l\ii(()eé(zst'; McCleverty, J. A;
. . 26,27 ard, M. D.J. Phys. Che .

individual ones by the relatiog = (2/3)gni + (1/3)dse (30) Bencini, A.; Daul, C. A.; Dei, A.; Mariotti, F.; Lee, H.; Shultz, D. A.;
Sorace, LInorg. Chem.2001, 40, 1582.

(26) Connor, C. JProg. Inorg. Chem1982 29, 103. (31) Misiolek, A. W.; Jackson, J. E. Am. Chem. So@001, 123 4774.

Conclusions

Inorganic Chemistry, Vol. 41, No. 5, 2002 1091



Caneschi et al.

Acknowledgment. This work was supported in part by CHE-9910076) for financial support, and the Camille and
EC through the 3MD and MOLNANOMAG networks, Henry Dreyfus Foundation for a Camille Dreyfus Teacher-
Contract Numbers ERB 4061 PL 97-0197 and HPRN-CT- Scholar Award.

1999-00012. Also the financial support of CNR and MURST
is gratefully acknowledged. D.A.S. thanks the NSF (Grant 1C0106322

1092 Inorganic Chemistry, Vol. 41, No. 5, 2002





