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The mixed-ligand complexes [Co"(tpy)(Cat-N-SQ)]Y and [Ni'(tpy)(Cat-N-BQ)]PF¢ (tpy = 2,2":6',2""-terpyridine;
Cat-N-BQ, Cat-N-SQ = mononegative and radical dinegative Schiff base diquinone ligand; Y = PFg, BPh,) were
prepared. Structural and spectroscopic data support the different charge distribution of the two compounds. The
temperature-dependent electronic and spectral properties of solutions containing the [Co'"(tpy)(Cat-N-SQ)]* suggest
that this compound undergoes a thermally driven valence tautomeric interconversion to [Co"(tpy)(Cat-N-BQ)]* complex,
the metal ion being in high-spin configuration. The comparison of the electrochemical properties of the cobalt and
nickel derivatives supports the observed behavior. The same interconversion process was found to occur also in

the solid state with a significant higher T, value than in

solution. It was found that the previously reported

[Co'(Cat-N-BQ)(Cat-N-SQ)] shows a similar behavior. The large difference between the interconversion T, in the
solid state and in solution is suggested to come from the entropy changes associated with the modifications of

vibronic interactions.

Introduction several 3d metaldioxolene complexes ions are characterized
by this unusual property, there is no doubt that cobalt
derivatives are the most interesting ones, due to the changes

of magnetic properties associated to the changes in charge

Metal—dioxolene complexes undergoing valence tautom-
erism provide an important class of compounds for under-
standing the details of the intramolecular electron-transfer
processes involving a transition metal ion and a coordinated
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Cobalt-Schiff Base Diquinone Complexes

distribution. Indeed in all of the examples reported to date negative Cat-N-BQ or dinegative Cat-N-SQ radical, as men-
for this metal ion the interconversion involves an intramo- tioned above. However it should be mentioned that, as

lecular electron transfer from a coordinated catecholato ligandevidenced by Wieghardt and Chaud®rithis ligand may

to a six-coordinate diamagnetic Co(Illx§{(Oy)), yielding

a Co(ll)y-semiquinonato species. In this species the metal

ion is in the high-spin electronic configurationge,?, S=
3/2). As observed for spin-crossover systeéfithie process
is essentially entropy driven, the Co(Hatecholato species
being favored at low temperatures and the Ce{§@mi-

exhibit sometimes a more complicated behavior.

The formulation of the cobalt complex as mixed-ligand
Cd"(Cat-N-BQ)(Cat-N-SQ) derivative on the basis of the
structural parameters is consistent with the spectroscopic and
magnetic properties of the solid compoufidndeed the
observed constagiy T value of 0.4 emu K mot in the range

quinonato at high temperatures. It is well established that 4—300 K and the single line @& = 2.00 in its powder EPR

the transition between the two forms can be also induced byspectrum well agree with the existence of a radical ligand
pressure changes or by continuous optical irradiation, thuscoordinated to a diamagnetic® tbw-spin Co(lll) ion. In
making these compounds potential candidates for bistableaddition the IR and RR spectra indicate the presence of
molecular switches. Recent studies have shown the possibilitydifferent C-O, C=0, and G=N stretching mode& This

of inducing reversible optical electron transfer with the suggests that at room temperature the electron-transfer
formation of long-lived products at very low temperatures process between the two coordinated ligands is slow on the
by using appropriate irradiating souré&s?® These pioneer-  vibrational time scale, thus indicating a class | character for
ing experiments were carried out on solid samples of cebalt this mixed valence compound. However the temperature
dioxolene complexes undergoing valence tautomeric transi-dependence of the spectral and magnetic properties of

tions in the solid state.
All the cobalt complexes which exhibit valence tautom-

solutions of this compound in nonpolar solvents suggests
the existence of the valence tautomeric equilibrium

erism in condensed phase are molecular dioxolene complexes

of general formula Co(N-N)(diox)(N-N = diazine ligand;
diox = 3,5- and 3,6-diert-butylcatecholato or the parent
semiquinonato) or related polynuclear complexes formed
by tetraoxolene ligands acting as bis-bidenfat€he ionic
Co(CTH)(diox)Y complexes (CTH= tetraazamacrocycle;
diox = catecholato or semiquinonato forms of 9,10-dioxy-
phenanthrene; ¥= |, PR;, BPhy) display similar behaviof?

In this framework it seems highly desirable to enlarge the
families of cobalt-dioxolene type derivatives showing

valence tautomerism in the solid phase by increasing the

number of ligands which can be used for complexation.
Bearing this in mind, we have reconsidered the cobalt
complexes formed by the monoanion of the tridentate ligand
2-((2-hydroxy-3,5-ditert-butylphenyl)imino)-4,6-diert-bu-
tylcyclohexa-3,5-dienone (Cat-N-BQ){ as well as by its
dianionic semiquinonato radical analogue (Cat-N-3Q)(

EYAREN

Cat-N-BQ
o

Cat-N-SQ
aIn

Though the molecule may in principle exist in five dif-
ferent oxidation states, it is usually coordinated as mono-
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Cd"(Cat-N-BQ)(Cat-N-SQ¥y= C0o' (Cat-N-BQ),
S=1/2 S=3/2

with interconversion temperatuilg, determined by the ratio
between the enthalpy and the entropy changes, equal to 300
K. Since no evidence of this process was found in the solid
state in the 4300 K range, it has been suggested to
reconsider this interpretation by taking into account intramo-
lecular cyclization processéSpeier and Pierpont have found
that this molecular rearrangement yields the phenoxylazi-
nylate radical ligand which may also give rise to electron-
transfer reaction® Although this doubt has reasonable
chemical grounds, we believe that in the solid statenay

be simply shifted to higher temperatures due to the formation
of the lattice. This hypothesis has been recently supported
by the results on C§Cat-N-BQ)BF,.2* The spectral proper-
ties of the solutions of this compound suggest the existence
of the equilibrium

Cd"(Cat-N-BQ)," = cd'(Cat-N-BQ)(Cat-N-SQ)

but there is no evidence of such a process in the solid state.
To test our hypothesis, we measured magnetization at higher
temperatures than 300 K. We also investigated the possibility
to induce electron transfer by appropriate irradiation at low
temperatures. The results of these investigations are reported
below.

To reach a better description of the cobaltquinone
moiety, the synthesis of metal complexes containing a single
chelated redox-active tridentate ligand was also attempted.
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Notwithstanding the expectations, six-coordinated Co(lll) Table 1. Crystal Data and Structure Refinement for
complexes of formula Co(tpy)(Cat-N-SQ)Y (¥ PF;, BPhy) [Co(tpy)(Cat-N-SQ)]BPh
were obtained using the 2;@,2"-terpyridine (tpy) as an- fw 1034.02

cillary ligand. The crystal structure and the physical proper- f/‘jg‘/glength 21925121);8 A
ties of these compounds are here reported and compared with  ¢ryst system, space group ‘orthorhomlor2
those of the Ni(ll) analogue. unit cell dimens a=41.396(2) A

b=14.383(1) A

Experimental Section c=20.626(1) A

a = 90.000(2)
Synthesis The Co(Cat-N-SQ)(Cat-N-BQ) complex was prepared p= 38888(?
according to the previously reported proceddr&ghe complexes vV {2_281('2) Ag( )
of general formula Co(tpy)(Cat-N-SQ)Y (¥ PR, BPh) and z 8
Ni(tpy)(Cat-N-BQ)PFk were prepared by mixing solutions of the calcd density 1.119 mg/n
appropriate metal(ll) chloride (1 mmol), 2:&@,2"-terpyridine (1 abs coeff 2.528 mmt
mmol), and 3,5-diert-butylcatechol (2 mmol) in ethanoh 1 mL EI’()(/)SOtOS)ize %3230 4% 02 mm
volume of aqueous concentrated ammonia was then added to the g range for data collcn 2135049
resulting suspension. The mixtures were stirr¢ h at room limiting indices —-41<h=39
temperature and then filtered to remove small quantities of —;gi :<<52151
Co(Cat-N-SQ)(Cat-N-BQ) or Ni(Cat-N-B@)Solid microcrystaline reflcns collcd/unique 27 821/11 803 [R(ir 0.0682]
compounds were obtglned by addition of an aqueous solution of completeness t6 50.49 98.0%
KPFs or acetone solution of NaBRhThey were filtered out and refinement method full-matrix least squaresFén
then recrystallized from methanol or dichloromethane/pentane  data/restraints/params 11803/1/1321
mixtures. (Anal. Found for Co(tpy)(Cat-N-SQ)PFC, 59.68; H, GooF onF? 1.039
5.81; N, 6.74. Calcd for §Hs:CoRsN,O.P: C, 60.05; H, 5.98; N, final R indices [ = 20(1)] R1=0.0700
51 wR2=0.1081
6.52. Found for Co(tpy)(Cat-N-SQ)BRhC, 77.24; H, 6.95; N, R indices (all data) RE 0.1277

5.40. Calcd for GH7,1BCoN,O,: C, 77.79; H, 6.92; N, 5.42. Found

for Ni(tpy)(Cat-N-BQ)Pk: C, 59.72; H, 6.01; N, 6.68. Calcd for  a platinum disk, and the reference electrode was a calomel electrode

CuaHs1FsN4NIOLP: C, 60.12; H, 5.99; N, 6.53.) in aqueous saturated KCI (SCE). All potentials are reported for
Physical MeasurementsX-ray data collection was performed ~ cyclic voltammograms of 16 M 1,2-dichloroethane solutions of

on a CCD-1K three-circle Bruker diffractometer equipped with Cu the complexes as referenced vs ferrocenium/ferrocene couple. Under

Ka radiation and Gbel mirrors monochromator using SMART  the experimental conditions used (26, 0.1 M NBuPF) this

5.625 software. Intensities were corrected for absorption (SAD- couple lies at+0.455 V vs SCE. Temperature-dependent elec-

ABS). The structure was successfully solved by direct methods tronic spectra were recorded on a Shimadzu 2101 PC spectropho-

(SIR97¥° which gave the position of all non-hydrogen atoms but tometer.

few carbon atoms of theert-butyl groups, which where later Photomagnetism experiments were performed using a 75 W
identified by successive Fourier difference syntheses using xenon lamp as light source (Mer Elektronik Optik XH100), in
SHELXL97 26 The structure was refined agaifStwith full-matrix combination with suitable broad-band interference filters. The light

least-squares refinement. Hydrogen atoms were added in calculatedvas guided by a large core (100@n) optical fiber (Fort Fiber
positions by assuming idealized bond geometries. Anisotropic Ottiche HCP M1000T) into a Cryogenic S600 SQUID magnetom-
thermal factors were used for all non-hydrogen atoms. Details of eter or an EPR spectrometer. In the former case a few milligrams
data collection and structure refinement are given in Table 1. of compound were pressed onto a premade 5 mm KBr pellet. In
The magnetization measurements at low temperatures and at higtihe latter, the loose ground powder was used.

temperatures have been performed with an Oxford Instruments
vibrating-sample magnetometer (VSM) working between 0 and 12
Tand in the 1.51000 K temperature range. The high temperatures  The compounds of general formula [M(tpy)(L)]Y (M
measurements were carried'out with a furnace insert th_at operatesCo, Nj: L = Cat-N-BQ or Cat-N-SQ; Y= PR, BPhy) were
between SOQ and 1000 K while belqw room temperatL.Jre.lt has beenprepared by mixing solutions containing the appropriate
{nezasurde(i vath a Iowt'.teTp?stu;? Insert V‘;'_th magn;s_tuc f'ilds egual metal salt, the terpyridine ancillary ligand, and 3,5t

0 <an ; FESPECtively. T Ne diamagnetic corrections ave bEEN .iechol in stoichiometric ratio 1:1:2 followed by the addition

evaluated with the help of Pascal’s tables. f trated ia. The additi f soluti
EPR spectra were recorded with a Varian E-9 spectrometer0 agueous concentrated ammonia. 1he addition of Solutions

working at X-band frequency equipped with an Helium flux cryostat CONtaining the appropriate counteranion allowed the precipi-
ESR9 from Oxford Instruments. Room-temperature electronic tation of the mixed ligand complex cation in high yield
spectra were recorded in the range 5680 000 cnt! on a Perkin- (>80%). This procedure does not hold if copper, iron, or
Elmer Lambda 9 spectrophotometer. The electrochemical analysismanganese salts are used. In this case the precipitation of
by cyclic voltammetry was carried out by using an electrochemical the [M(L).] species occurs.

unit (Amel model 553 potentiostat equipped with Amel 860, 560,  The isolation of these cobalt and nickel complexes is rather

and 568 elements) and a classical three-electrode cell. The workingsyrprising. As a matter of fact, it is reasonable to expect that
electrode was a platinum microsphere, the auxiliary electrode wasjy methanol the equilibrium

Results

(34) Girgis, A. Y.; Balch, A. L.Inorg. Chem.1975 14, 2724. + 2+

(35) Kahn, O.Molecular MagnetismVCH: Weinheim, Germany, 1993. 2M(tpy)(L) M(tpy);"" + M(L), @)

(36) Simpson, C. L.; Boone, S. R.; Pierpont, C.IGrg. Chem1989 28, . . . .
4379. should be shifted to the right, according to the low solubility
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) a7 o2 Table 2. Selected Bond Lengths (A) for [Co(tpy)(Cat-N-SQ)]BPh

€304 Co(1)-N(1) 1.922(7) Co(2>N(9) 1.971(6)
c305 con e300 Co(1)-N(2) 1.886(8) Co(2)N(10) 1.845(10)

‘,cm coos con - Co(1)-N(3) 1.912(7) Co(2)0(4) 1.880(5)
Co(1)-N(4) 1.834(8) Co(3¥N(5) 1.806(13)

c301 Co(1)-0(1) 1.879(5) Co(3)N(6) 1.943(8)

Co(1)-0(2) 1.879(5) Co(3¥N(7) 1.882(12)

coos 0O(1)-C(001) 1.331(9) Co(3)0(3) 1.910(6)
0(2)-C(012) 1.329(8) O(3)YC(41) 1.310(10)

C(001)-C(006) 1.439(10) 0(4)C(42) 1.336(9)
C(007)-C(012) 1.453(10) N(5¥C(33) 1.360(13)
e N(1)—C(023) 1.381(11) N(6C(28) 1.347(12)
08 N(1)—C(027) 1.308(11) N(6YC(32) 1.354(12)
N(2)—C(018) 1.316(10) N(?C(36) 1.387(11)
o - N(2)—C(022) 1.339(9) N(8)YC(53) 1.354(10)
pey N(3)—C(013) 1.266(10) N(9)YC(48) 1.346(10)
N(3)—C(017) 1.387(11) N(9YC(52) 1.351(11)

o o3 N(4)—C(006) 1.371(10) N(16)C(47) 1.379(9)
con N(4)—C(007) 1.384(10) C(006)C(001) 1.439(10)
C(018)-C(017) 1.490(11) C(33)C(32) 1.481(14)
el a4 C(022)-C(023) 1.434(11) C(4AC(42) 1.392(10)

s Co(2)-N(8) 1.818(11)

313
< rameters of the coordinated Schiff base diquinone are
Figure 1. Molecular structure of [Co(tpy)(Cat-N-SQ)] Hydrogen . consistent with the Cat-N-SQ radical character. Indeed the
gﬁg?;biﬁtr; omitted for clarity. Thermal ellipsoids are shown at 20% average CeN and Co-O bond distances are 1.93 and 1.89
A, respectively, and well agree with the expectations for a
of the neutral M(L) species and to the difference of solvation tripositive low-spin metal acceptor. The same bond distances
free energies of the two ionic species which is expected to in the [Co(Cat-N-BQ)" complex were found to be 1.85
depend on the squared ionic charge. Therefore, the precipitaand 1.92 A2t whereas in the [Co(Cat-N-BQ)(Cat-N-SQ)]
tion of the neutral species when copper, iron, or manganesecomplex were found to be 1.87 and 1.90 A (average) for
salts are used appears an obvious experimental result. Instead;o—N and Co-O, respectively! The observed difference
as it will be shown below all the physical properties of the is explained by reminding that in the [Co(Cat-N-BfJ)the
cobalt and nickel complexes support the mixed-ligand ligand has a different oxidation state, whereas in the [Co-
character of the isolated compounds. (Cat-N-BQ)(Cat-N-SQ)] complex the two Schiff base diquino-
Crystal Structure of Co(tpy)(Cat-N-SQ)BPh,. All at- ne ligands have different oxidation states and the observed
tempts to obtain a single crystal of [Co(tpy)(Cat-N-SQYPF structural parameters are averaged. The larger value of the
suitable for X-ray diffractometric analysis were unsuccessful. Co—N distance reflects a lower donor power of the nitrogen
Good quality crystals were instead obtained on replacing theatom, as expected from the electronic properties of the Cat-
PR~ counterion with BPlr. [Co(tpy)(Cat-N-SQ)]BPh N-SQ ligand. The observed-@ bond lengths£1.33 A)
crystallizes in the orthorhombid®?nr2 space group. The in the [Co(tpy)(Cat-N-SQ)] are well consistent with the
crystallographic symmetry is lower than that of the cation dinegative radical nature of the Schiff base diquinone ligand.
because of the presence of the BRhion in the unit cell. Again this value falls in the expected range once compared
The crystal structure is shown in Figure 1, while selected with those observed for [Co(Cat-N-B£} and [Co(Cat-N-
bond distances are reported in Table 2. The compoundBQ)(Cat-N-SQ)] (1.30 and 1.31 A, respectively). Similar
consists of a [Co(tpy)(Cat-N-SQ@)]cation, the metal ion  conclusions can be obtained from the inspections of th&lC
adopting a pseudooctahedral geometry, and;BRions. The bond lengths which average 1.38 A (1.36 A in [Co(Cat-N-
two ligands, tpy and Cat-N-SQ, act as tridentate ligands andBQ)(Cat-N-SQ)] and 1.35 A in [Co(Cat-N-Bg))). Signifi-
are coordinated in a meridional configuration with the two cant differences are observed in the-C ring bond dis-
planes nearly perpendicular to each other. The coordinationtances which, on average, are shorter between carbon atoms
geometry around the Co(lll) ions deviates from a regular at 3-4 and 5-6 positions, as indeed observed on the
octahedron due to the small bite angle of the terpyridine [Co(Cat-N-BQ)(Cat-N-SQ)] compound, indicating a local-
ligand which forces the NCo—N angle with the terminal  ized electronic structure. Finally, a significant twist of the
N atoms to be smaller than 18@the average value is phenyl ring planes was observed for at least two of the
164.7). Also the O-Co—0O angles are smaller than 180 three ligands in the asymmetric unit: the twist angles are in
being between 172.95(5)Co(2)) and 170.23(8)(Co(3)). fact 15.9 and 5.8for the ligands coordinated at Co(3) and
Three different crystallographic sites can be distinguished Co(1), respectively, while it is only 1°7for the ligand
for the Co ions: Co(1) is located on a general position while coordinated at Co(2).
Co(2) and Co(3), together with the central nitrogen atoms  Spectroscopic, Magnetic, and Electrochemical Char-
of the two ligands coordinated to both atoms (N(5), N(7), acterization. On the basis of the magnetic and spectral
N(8), and N(10)), lie on two different binary axes and properties, we can postulate that the nickel derivative contains
therefore have an occupation factor of 1/2 so that only 2 the pseudooctahedral [Nipy)(Cat-N-BQ)}". The compound
molecules/asymmetric unit are present. The structural pa-is paramagnetic, and ijg,T value of 1.05 emu K mot at

Inorganic Chemistry, Vol. 42, No. 20, 2003 6435
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10000 15(')00 20(')00 25600 30600 Figure 4. Variable-temperature electronic absorption spectrum of 1,2-
-1 dichlorobenzene solutions of [Co(tpy)(Cat-N-SQ)jHfom 294 K (A) to
. . oo - 346 K (B).
Figure 2. Electronic absorption spectrum of an acetonitrile solution of

[Ni(tpy)(Cat-N-SQ)IPF. (PRs) complex (Figure 4) shows the existence of an equi-
librium involving two chromophores as indicated by the
presence of three isosbestic points. The observed behavior
is quite analogous to that observed for the Co(Cat-N-BQ)-
(Cat—NSQ) complex® The intensities of the absorptions at
800, 720, and 430 nm increase with the temperature, those
bands being attributed to the Cat-N-BQ@hromophore,
whereas the intensity of the band at 385 nm associated with
the Cat-N-S@ ligand decreases. Unfortunately the low
solubility of this compound in nonpolar solvents has pre-
cluded the possibility of determining the magnetic suscep-
tibilities using the Evans method. On the other hand'tte

3100 3200 3300 3400 3500

H/G . . . .
Figure 3. Temperature dependence of the X-band EPR spectra of NMR spectra show that _SOIVOIySIS and ligand dlsprop_ort|on-
[Co(tpy)(Cat-N-SQ)]PEin 1,2-dichlorobenzene solution. ation processes occur if polar solvents such as dimethyl

sulfoxide are used.
room temperature is consistent with a triplet electronic  The results from both EPR and electronic spectra well
ground state as expected for a six-coordinatéthdetal ion.  agree with the existence of an entropy driven interconversion
Its electronic spectrum in 1,2-dichloroethane is shown in equilibrium
Figure 2 and is rather similar to that of the [Ni(Cat-N-B[Q)
and [Zn(Cat-N-BQ)],3234thus indicating that the spectrum [Co" (tpy)(Cat-N-SQ)I = [Co' (tpy)(Cat-N-BQ)] (2
is dominated by the internal transitions of the Schiff base
diquinone ligand.

In addition to its structural properties the formulation of
the cobalt analogue at room temperature as"[@xy)(Cat-
N-SQ)J* is well supported by its magnetic and spectro-
scopic properties. The EPR powder spectra of both the PF
and BPh complexes show a signal @ = 2.00 in the
4—300 K range as expected for a compound containing a
radical ligand coordinated to a diamagnetic metal ion. Its
reflectance spectrum in the range 56@®D 000 cn® shows
the same internal ligand transitions which characterize all

involving a Iscobalt(lll) complex of a radical ligandS(=

1/2) species which yields an high-spin cobalt(ll) metal
complex of a closed-shell ligand. The possibility of a spin-
crossover equilibrium involving Is- and hs-cobalt(ll) species
is clearly ruled out by the observed pattern of electronic
transitions, which are typical of the Cat-N-8Qligand at

low temperature and of the Cat-N-BQ@t high temperature,
and by the EPR parameterg € 2.00), which are not
consistent with the presence of a sabbalt(ll) complex.
The temperature behavior of the EPR spectra is consistent
with the formation of a paramagnetic species, characterized

the [M(Cat-N-SQj)] complexes (M= Ti, Ge, Sn)¥? The ; SN )
solutions of [C (tpy)(Cat-N-SQ)} in nonpolar solvents byave.ry short Qlectronlc relaxation tllme.. Such fa}st electrpnlc
relaxation time is usually observed in six-coordinated high-

such as 1,2-dichlorobenzene do not show any EPR spec- pin Co(ll) derivatives. It is rather obvious that if a fast

trum at room temperature. Indeed temperature-dependenmterconversion equilibrium involves two paramagnetic spe-
EPR spectra show that the hyperfine split resonance absorp- q b 9 P

tion centered ag = 2.00 disappears at 200 K (Figure 3). A cies A and B characterized by electronic relaxation times

similar behavior was observed for nonpolar solutions of Teice&:]ng Tes, the total relaxation time of the system, is

[Co(Cat-N-BQ)(Cat-N-SQ)}¢ In the present investigation 9 y

\;vg Eave found that for this compound the signal vanishes at Uty = XpJTop + (1 — X3)/Teg (3)
The variable-temperature electronic absorption spectrumwherex, and 1— X, are the molar fractions of A and B,

of 1,2-dichlorobenzene solutions of the'Gtpy)(Cat-N-SQ)- respectively. It is important to stress out thatdg is much
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1.4 - - electronic configuration. WhepTsq = 0.375 andym Ths-coq)

= 3.2 emu K mol? are fixed, the least-squares fitting of
xm T with (4) gives a fairly good agreement witkH = 24.3

kJ mol! andAS= 41.3 J K mol™* (T, = AH/AS = 588

K). It is important to keep in mind that this model is valid
only if (i) there are no interactions between the molecules
and (i) ymThs-coqny IS temperature independent above 250
K. Surprisingly it is not possible to observe any thermally
induced valence tautomeric interconversion for the tetra-
phenylborate analogue [Co(tpy)(Cat-N-SQ)](BPé&t lower
temperatures than the decomposition of the mateyial;

X T / emu K mol

0 200 400 600 remains equal to 0.37 emu K miélin the investigated range
Temperature / K 4—400 K.
The same measurements were also performed for [Co-

Figure 5. xuT vs T plot for [Co(tpy)(Cat-N-SQ)]PF (circles) and - .
[Co(Cat-N-BQM)(Cat-N-SQ)] (squares). (Cat-N-BQ)(Cat-N-SQ)] in the solid phase. The thermal

variation ofyuT is shown in Figure 4. The magnetic behavior

shorter thanex, 7eis controlled byres, even if Ais the dom-  of this material is very similar to that of [Co(tpy)(Cat-N-
inant species. The electronic relaxation time of [Qpy)- SQ)]Pk. It shows a thermally induced valence tautomeric
(Cat-N-SQ)]' is expected to be much slower than that of interconversion at a temperature slightly higher than for
the valence tautomer [C(ipy)(Cat-N-BQ)J" if the metal  [Co (tpy)(Cat-N-SQ)]PE, and again the material decom-
ion adopts a high-spin electronic configuration. Thus, the poses before the conversion is completed. The fitting of the
observed experimental data could be consistent with thedqata assuming the sam@T values used for the previously
existence of the above shown valence tautomeric equilibrium giscussed complex gives an excellent agreement with
2). = 44.4 kJ mot! andAS= 74.4 J K mol! (T, = AH/IAS

The magnetic behavior of [Ctpy)(Cat-N-SQ)IPEas a = 597 K) (see Figure 4). Once compared with the thermo-
xmT vs T plot is shown in Figure 5, whergy is the molar  dynamic quantities obtained for the same process in toluene
magnetic susceptibility an@ the temperature. In the tem-  go|ution, AH = 42 kJ mof! and AS = 140 J K-t mol1,16

perature range 10200 K theywT value is nearly equal to it appears that thd. difference is essentially due to the
what is expected for one spin 1/2, which corresponds to a entropy factor.

single unpaired electron on the semiquinonato ligand, with  The possibility of inducing the valence tautomeric inter-
s = 2.00 (0.375 emu K mol). The decrease ofuT at conversion of [Co(tpy)(Cat-N-SQ)]REnd [Co(Cat-N-BQ)-
lower temperatures might be ascribed to saturation effectS(Cat_N_SQ)] by irradiating at low temperatures the solid
and/or intermolecular interactions. The most interesting complexes and their solutions in organic polymers was also
feature appears above 200 K. IndegdT increases with  jnyestigated. The compounds were irradiated in situ at 400
temperature and reaches 1.1 emu K Thait 490 K. These  nm using a 50 nm fwhm interference filter at 5 K. No
changes iywT are consistent with the thermally induced  changes in magnetic moments were observed. The same ex-
valence tautomeric interconversion (2). If the transition were periments were repeated using an EPR spectrometer. How-
complete, we would expect the paramagnetism of hs-cobalt-eyer, neither diminution of thg = 2.00 radical signal nor a

(I1) in the high-temperature limit which, because of the spin  sijgnal attributable to Co(ll) species could be observed. In
orbit coupling in the ground statd >, would correspond to  symmary, irradiation of the complex does not lead to the
xmT ~ 3 emu K mot*.% Unfortunately, the material starts  glence tautomeric state or its lifetime is too short to reach
to decompose at 490 K, long before the transition is 5 photostationary state in which it is significantly present.
completed and even before we observe the inf!ection point. Electrochemistry. Cyclic voltammetry experiments of
Nevertheless, one may track the thermodynamic parametergyegerated 1,2-dichloroethane solutions of [Ni(tpy)(Cat-N-

of the transition in writingyuT as BQ)]PR; show three redox couples at0.35, —0.90, and
. —1.60 V vs ferrocenium/ferrocene couple, respectively. The
T = 2 Tsq T Vhs—conOm Ths—comy ~ mTs@  (4) first and the third process are not reversible. It can be rea-
with sonably suggested that all the processes are ligand centered,
the first two involving the coordinated Schiff base diquinone
1 ligand. Indeed the one electron oxidation of mononegative
Vhs—Co(lly = AH A Cat-N-BQ yields the neutral SQ-N-BQ radical, which is
X RT R +1 expected to be a weak Lewis base. The resulting Ni(tpy)-

(SQ-N-BQY" species is expected to be unstable, and dis-
wherey Ths coqiy @andy Tsq are they T values for isolated high-  sociation follows the oxidation proce¥sThis behavior is
spin cobalt(ll) and low-spin cobalt(lhysemiquinonato, usually observed for all the metadjuinone/metatsemiquin-
respectively.yns-coqy iS the molar fraction of high-spin  onato couples we have investigated in the past, unless the
cobalt(ll). AH andAS are respectively the enthalpy and the electronic properties of the metal ion would determine a slow
entropy changes associated with the rearrangement of thedissociation rate mechanisthThe second process (revers-
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Figure 6. Cyclic voltammogram at room temperature of a 1,2-dichloro-
ethane 0.1 M [NBWPFs solution of [Co(tpy)(Cat-N-SQ)]PF In our
experimental apparatus the'#€c couple is at-0.455 V vs the standard
calomel electrode (SCE).
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ible) occurring at—0.90 V can be reasonably assigned to
the [Ni(tpy)(Cat-N-BQ)/[Ni(tpy)(Cat-N-SQ)] couple. It
should be stressed that the same process for the neutral [Ni
(Cat-N-BQ}] occurs® at —1.20 V and there is no evidence
of it in our cyclic voltammogram. This finding strongly
supports the fact that for this compound equilibrigiy is
strongly shifted to the left. The third process (irreversible)
occurring at—1.60 V is rather difficult to assign. It could
involve either the Schiff-base diquinone ligand or the
ancillary tpy ligand. The occurrence of a redox process at a
similar potential in the voltammogram of the cobalt complex
suggests that the metal ion is probably not involved in this
couple.

The electrochemical behavior of [Co(tpy)(Cat-N-SQ}YPF
is rather different. Its cyclic voltammograms show two
reversible processes a.11 and—1.00 V and an irrevers-
ible one at—1.65 V vs F¢/Fc couple (Figure 6). The free

energy value and the reversible character of the process .

occurring at—0.11 V suggest that the process is rather
different from that—0.35 V observed for the nickel complex.
In addition the value of-1.00 V, altough not too different,
is significantly lower than the-0.90 V value found for the
nickel derivative. Indeed it is usually found in a family of
metal-polyoxolene complexes that if different metal ions

have the same oxidation number, the ligand-centered redox
processes are characterized by very similar free energy

values??26-38 Therefore, we suggest that the electron-transfer
process occurring at0.11 V is dominantly ligand centered
and should be attributed to the couple

[Co" (tpy)(Cat-N-BQ)f" + e = [Co" (tpy)(Cat-N-SQ)
(5)

whereas the one occurring atL.00 V should be associated
with the metal-centered redox process

[Cd" (tpy)(Cat-N-SQ)] + e” =[Co'(tpy)(Cat-N-SQ)] (6)

This assignment is supported by (i) the electronic spectra

(37) Benelli, C.; Dei, A.; Gatteschi, D.; Pardi, lnorg. Chem.1988 27,
2831.
(38) Dei, A.Inorg. Chem.1993 32, 5730.
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which show that at room temperature the cobalt{tdemi-
guinonato species is the dominant one and (ii) the reversible
character of process (5) as expected for a ligand-centered
redox process, like the one observed-#.90 V as ob-
served also for the nickel complex. The assignment of the
irreversible process occurring atl.65 V is rather tentative,

as mentioned above. Finally, it should be stressed out that
the cyclic electrochemical behavior of [Co(Cat-N-BQ)(Cat-
N-SQ)F¢ is totally different from the one observed for this
compound. Again this supports the suggestion that equilib-
rium (1) in this solvent is strongly shifted to the left.

Discussion

The charge-localized nature of the met&lchiff base
diguinone metal complexes under investigation clearly shows
up from the differences of the geometrical features of the
coordinated ligand%.3%-3236 The crystallographic charac-
terization of [Co(tpy)(Cat-N-SQ)]BRhwell supports the
proposed charge distribution. If this description is correct
and can be extended to the other derivatives, the one electron
oxidation of a not yet isolated [Mtpy)(Cat-N-SQ)] complex
may be considered to be (i) ligand centered, yielding the
[M"(tpy)(Cat-N-BQ)]" cation, or (ii) metal centered thus
affording the [M" (tpy)(Cat-N-SQ)] complex, according to
the following scheme:

[M" (tpy)(Cat-N-SQ) ]

\

I:M“'(tpy)( Cat-N-S Q)]‘ ValenceTautomerism [M”(tpy)(Cat-N—BQ)T
It is rather olvious that the process requiring less energy
ill be favored. Our experimental results show that for the
nickel complex the ligand-centered process occurs, whereas
the metal-centered one is dominant in the case of the cobalt
compound

The difference between the free energy changes associated
with the two redox processes defines the free energy change
of the valence tautomeric equilibrium. Since only one of the
two quantities can be experimentally measured, it is impos-

w

sible to calculate this difference using experimental data.
However, as mentioned above, the examination of the
electrochemical behavior of the [M(Cat-N-B{p)com-
plexeg?3¢suggests that the ligand-centered redox potentials
are approximately independent from the nature of metal ion
when metal ions with the same oxidation state are considered.
In fact, for the Ni(ll) and the Zn(ll) complexes two reversible
electron-transfer processes were found, which can be as-
signed to the equilibria

[M"(Cat-N-BQ)] + e = [M"(Cat-N-BQ)(Cat-N-SQ)]
and
[M"(Cat-N-BQ)(Cat-N-SQ)] + e = [M"(Cat-N-SQ)]*~

For the nickel derivative the two processes occut&t20



Cobalt-Schiff Base Diquinone Complexes

and—1.53 V vs F¢/Fc, whereas for the zinc one they occur reported show that to design these systems ligands other than
at—1.17 and—1.50 V vs F¢/Fc. The striking similarity of those containing only oxygen donor atoms can be considered.
the measured quantities can be explained taking into accountThis suggestion is supported by some recently reported
the basic electrostatic nature of the met8thiff base results on iminosemiquinonato metal complexes, whose
diquinone ligand interaction and the facts that the two metal structural and physical properties suggest a charge localized
ions are expected to have similar charge/radius ratios anddescription®-+3

that the solvation free energy changes are reasonably inde- QOne of the most relevant points of this investigation is
pendent from the nature of the metal i6fisf we translate the large difference betweéh in solution and in the solid
these considerations to our discussion, the free energy changetate. As mentioned above, this value was found equal to
associated with the couple [Ggpy)(Cat-N-BQ))/[CJ (tpy)- 300 K for [Co(Cat-N-BQ)(Cat-N-SQ)] in toluene solutiéh,
(Cat-N-SQ)]" would be similar to that of the nickel complex.  pyt the fit of magnetic data of the solid complex suggests
Indeed it should be considered that, concerning their thatT, is about 300 K higher. We were unable to obtain the
electronic configurations, the two complexes differ only in - thermodynamic parameters of the solution equilibrium
the presence of one electron in thgdrbitals, whose con-  jnyolving the [Co(tpy)(Cat-N-SQ}] cation, because of the
tribution to the bonding interactions in these complexes are |ack of the molar absorption coefficients of at least one of
negligible. Therefore, if this hypothesis holds, the free the two species undergoing the intramolecular electron-
energy change associated with the valence tautomeric equitransfer process. However it can be qualitatively anticipated

librium that T, should fall between 300 and 350 K, well below the
" . 588 K determined for the solid compound. This result stresses
[Co" (tpy)(Cat-N-SQ)] == [Co (tpy)(Cat-N-BQ)] the role of the medium effect as one of the determining

factors in these equilibria. As said above, following the
isoelectric character of the transitions, the enthalpy factors
are not expected to play an important réld@his is supported

by the fact that the enthalpy changes for the interconversion
equilibrium in solution and in the solid state are similar (44
and 42 kJ mol', respectively). Thd.'s shifts are therefore
due to the entropy changes which are expected to drastically
depend on the vibronic interactiofs!446 In this respect it
should be remembered that the unsolvated Co(phen)(DBSQ)-
(DBCat) does not show any transition in the temperature
range 4-300 K, whereas the toluene and chlorobenzene
solvates undergo to the transitions in the temperature range
200-260 K& The results we report here are in full agreement
with this observation.

can be calculated to be of the order of 10 kJ mait room
temperature. This means that the order of magnitude of the
molar fraction of the Co(ll) species in solution is about 0.02
in agreement with the electronic spectra. It should be
reminded that a similar assumption was found to work
reasonably in the correlation of the metal-to-ligand charge-
transfer spectra of 1:1 catecholato Fe(lll) complexes and their
electrochemical properti€s.

It is worth noting that for [Co(Cat-N-BQ)(Cat-N-SQ)] the
analogous equilibrium in toluene is characterized by a free
energy change (about 0.4 kJ mbl which is significantly
lower than that for [Co(tpy)(Cat-N-SQ)] Following the
isoelectric character of the interconversion equilibrium, the
different solvents are not expected to play a key role in these ™ ) .
free energy changes. Hence, the observed difference between Finally, as observed for the family of Co(CTH)(diox)Y
these quantities should reflect a greater stabilization of COMPlexes? it is found that the critical temperature of the
Co(lll) when it is coordinated to the tpy ligand than when it Interconversion is strongly affected by the nature of the
is coordinated to Cat-N-BQ. This result parallels the one counterion. Indeed we were unable to detect any transition
observed for [Co(N-N)(diox] complexes. Indeed it was PY replacing the hexafluorophosphate counterion with the
found that the critical temperatufe reflects the donor power  tétraphenylborate before the decomposition. It seems that
of the ancillary diazine ligand toward the metal foR.721239 the effect of the anion on the transition temperature is not
Thus, low donor Lewis bases are expected to less stabilizeONly governed by its volume but also by the Coulombic
Co(lll) than Co(ll), whereas the reverse is true with strong Intéractions. However, although it is rather obvious that
bases. This point might constitute an important empirical rule in the solid state the nature of the lattice interactions and
and should be considered when the design of a valenceth® packing effects play a key role, we are still far from an
tautomer is planned. However the available data show that
these considerations hold only in solution. (40) gﬁ;irghﬁ- Q‘é&ﬂegb %ﬁj%&éﬂ%@ermu”eﬂ H.; Wieghardt, K.;

To date all the cobalt complexes known to undergo valence 41y chaudhuri, P.; Verani, C. N.; Bill, E.; Bothe, E.; Weyéitay T.;
tautomerism in condensed phase were formed by simply Wieghardt, K.J. Am. Chem. So@001, 123 2213.
chelating o-dioxolene ligands. The reason is that this (42 Dei A Gatteschi, D Sangregorio, C.; Sorace, L.; Vaz, M. G. F.

. . . . Chem. Phys. Let2003 368 172.
Intriguing Interconversion process requires a low elec- (43) Dei, A.; Gatteschi, D.; Sangregorio, C.; Sorace, L.; Vaz, M. G. F.

i i7ati ithi i Inorg. Chem.2003 42, 1701.
.tronlc. del.ocahzatlon within th? mEta”ocyde fing. Our (44) Bhattacharya, S.; Gupta, P.; Basuli, F.; Pierpont, An@rg. Chem.
investigations show that despite the fact that the-W 2002 41, 5810.
chemical bond is more covalent than the—K, still we (45) Bersuker, I. B.; Polinger, V. 2Vibronic Interactions in Molecules

maintain the low electronic delocalization. The results here (g Hs Greon. b S IMbai-vaionty ystems: Applications. in

Chemistry, Physics, and Biologyrassides, K., Ed.; NATO ASI Series

(39) Jung, O.-S.; Jo, D. H.; Lee, Y.-A.; Sohn, Y. S.; Pierpont, CInGrg. C; Mathematical and Physical Science, Kluwer Academic: Dordrecht,
Chem.1998 37, 5875. The Netherlands, 1991; Vol. 343.

Inorganic Chemistry, Vol. 42, No. 20, 2003 6439



Cador et al.

even qualitative complete comprehension of these systemsedges the Brazilian Conselho Nacional de Desenvolvimento
in condensed phase. Cientifico e Tecnologico (CNPQ).

Acknowledgment. The authors wish to thank S. Ciattini Supporting Information Available:  CIF data file containing
for assistance in X-ray data collection. EU-networks 3MD crystallographic information. This material is available free of
and Molnanomag, CNR, and MIUR are gratefully acknowl- C€harge via the Internet at http:/pubs.acs.org.
edged for financial support. M.G.F.V. gratefully acknowl- 1C034210z

6440 Inorganic Chemistry, Vol. 42, No. 20, 2003



