Inorg. Chem.2001,40, 4157-4166 4157

Molecular and Electronic Structure of Octahedral o-Aminophenolato and
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The coordination chemistry of the ligands 2-anilino-4,&eti-butylphenol, H[AP], and N,N"'-bis{ 2-(4,6-di-
tert-butylpheno} diethylenetriamine, BH(LAP)N(LAP)], has been studied with the first-row transition metal ions

V, Cr, Fe, and Co. The ligands are noninnocent in the sense that the aminophenolato fgrtsarfid [LAP—

H]?~, can be readily oxidized to thew-iminobenzosemiquinonato, 9, and o-iminobenzoquinone, [E8],

forms. The following neutral octahedral complexes have been isolated as crystalline materials, and their crystal
structures have been determined by X-ray crystallography at 100 K ([(59)5] (1), [FE"(L'SQ)3] (2), [Ca"-

(L'S9s] (3), [VV(LSY(LAP=H)2] (4), [VY(LAP=H)2(LAP)] (5), and [V/Of (LAP)N(LAP—H)}] (6). From variable-
temperature magnetic susceptibility measurements and X-band EPR spectroscopy it has been established that
they possess the ground statek: S = 0; 2, S=1;3, S= 9, 4, S= 155 S=0;6 S= 0. The
o-iminobenzosemiquinonato radica§44 = /) couple strongly intramolecularly antiferromagnetically to singly
occupied orbitals of the4 subshell at the respective metal ion but ferromagnetically to each otBeraintaining

a Cd" ion with a filled t® subshell. It is demonstrated that the oxidation level of the ligands and metal ions can

be unequivocally determined by high-quality X-ray crystallography in conjunction with EPRyVi8/ and
Mossbauer spectroscopies. The spectro- and electrochemistry of these complexes have also been studied in detail.
Metal- and ligand-based redox chemistry has been observed. The molecular and electronic structures are compared
with those of theiro-semiquinonato analogues.

Introduction can bind aso-aminophenolate, #F)~, or in its O- and
N-deprotonated amidophenolate formA{=H)2-, but it can
also be oxidized and bind asiminosemiquinonate monoanion,
which is a radical (59)*~. From high-quality low-temperature
X-ray structure determinations, it has been established that
neutral square-planar complexes [Ni®2] (M = Cu', Ni", Pd',

Pt') contain twoO,N-coordinatedo-iminosemiquinonato(®)
ligands. Thus the diamagnetic 'NiPd', P{' complexes are
diradicals with a singlet ground statén contrast, in octahedral
[Co(L'SQ)] the three radical ligands couple intramolecularly
ferromagnetically yielding aB= 3/, ground staté.Importantly,

the above geometric features i, ii, and iii forsemiquinonato
complexes are very similar for compounds containing the
o-iminobenzosemiquinonato radical ligand.

o-Catecholates are probably the archetypal noninnocent
ligands in coordination chemisth? They exist in three distinctly
different oxidation levels in complexes: they bind in @O
bidentate fashion, as catecholato dianioBs=(0), aso-semi-
guinonato monoanion$ /), or as neutrab-benzoquinones
(S= 0). It has been firmly established by X-ray crystallography
that the geometries of these ligands differ in a systematic man-
ner depending on the respective oxidation level. Three param-
eters serve as markers: (i) the average of the twd@®ond
distances in the ortho-position shrinks from1.35 A in
catecholates to~1.30 A in semiquinonates te-1.24 A in
benzoquinones, (i) concomitantly, the sum of the six@
distances of the ring increases with increasing oxidation level : )
and, in addition, (iii) these six €C bond distances are nearly Here we report the synthesis, the electronic and molecular
equivalent in catecholates, but display a pattern of sHortg— structure (_)f aseries of octahedra_l comple_xes of V, Cr, Fe, and
short C-C distances in semiquinonates (quinoid structure) and €0 _containing three O,N-coordinated ligands of the type
more pronounced so in quinones. Similar observations have (L*"—H)?", (A7), or (L'S9~. Animportant aspect of this work
been reported foo-phenylenediamides and their two oxidized relates to the question of whether it is POSSIb|e to discern from
forms, namely, theo-diiminobenzosemiquinonates angt strgctgral parameters be_tween a coordlnat_eql monoanf&)r(L
diiminoquinones a dianion (IﬁPfH)Z‘, and its qne-elect_ron oxidized form'$R)—

We have recently begun to study the coordination chemistry OF not. We will show that high-quality X-ray crystallography
of o-aminophenols which may be viewed as a hybrid of the I conjunct_lon with spe_ctroscopy allows in aII_cases investigated
two above ligand systenfsThe ligand 2-anilino-4,6-diert an unambiguous assignment of the oxidation level (state) of

butylphenol (Scheme 1) has been shown to be noninnocent; itthe ligands and metal ion in a given compound.
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Scheme 1. Ligands and Complexes

P P i
N—H N—H Ni©
H* H*
OH o® o®
HILAP) LAP™ [LAP.%
l-e
Ph
I
N
OG
[USQ} oi-
NH NH N:©
(, = O, o C
[NH (NH —_— [NH
NH NH NH
OG

H(LAPIN(LAP)  [(LAPINLAPYE  [(LAPIN(LAP. 1)

Complexes: [Cr"(L®%),] 1
[Fe"(L®%),] 2-
[Co"(L*),1 3
VL) (LY-H),l 4
V(L"-H), (L)) 5
IV'O{L™IN(L**-H)} 6

We also describe the synthesis of a new pentadentate lig-
and N,N"-bis{2-(4,6-ditert-butylpheno} diethylenetriamine,
Ho[(LAP)N(LAP)], shown in Scheme 1, and its complex
[VVO{ (LAP)N(LAP=H)} ].

Experimental Section

The ligand 2-anilino-4,6-diert-butylphenol, H[X"], has been
prepared according to published procedures.

Preparation of N,N'"'-Bis{2-(4,6-di-tert-butylphenol)} diethy-
lenetriamine, Hz[(LA?)N(LAP)]. To a solution of 3,5-dtert-butylcat-
echol (2.25 g; 10.1 mmol) in warm-heptane (30 mL) was added
diethylenetriamine (0.76 mL; 7.0 mmol) and triethylamine (1.0 mL).
After being heated to reflux for 30 min, the solution was cooled to 20
°C and stored at OC overnight. A colorless precipitate was isolated
by filtration and washed with small amounts of coldeptane:. yield,
2.2 g (86%); mp (uncorrected), 15159 °C. '"H NMR (250 MHz,
CDCl;, 300 K): 6 1.25 (s, 18H), 1.39 (s, 18H), 2.69 (s, 2H), 2.84 (s,
2H), 3.77 (s, 4H), 6.686.81 (m, 4H).*3C {H}NMR (100.6 MHz,
CDCls, 300 K): ¢ 29.84, 31.64, 34.27, 34.86, 40.98, 51.30, 110.61,
115.13, 135.46, 141.61, 141.67, 143.41. Anal. Calcd #9HEN;0s:

C, 75.10; H, 10.34; N, 8.21. Found: C, 75.3; H, 10.1; N, 8.0.
[Cr'"(L'S9Y;] (1). To a solution of [CH(THF);Cl3] (0.38 g; 1.0 mmol)
(THF = tetrahydrofuran) and triethylamine (0.9 mL) in acetonitrile
(30 mL) was added the ligand H{E] (0.90 g; 3 mmol). The mixture
was heated to reflux with stirring fd2 h in thepresence of air and
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then cooled to 20C. After adding an additional amount of NEO.45

mL), the dark reddish solution was allowed to stand in an open vessel
in air. A dark red-black powder formed which was collected after 5
days: yield, 0.49 g (52%). Recrystallization of this material from a
saturated acetone solution at ambient temperature afforded black single-
crystals suitable for X-ray diffractiofrH NMR (250 MHz, acetone-

ds, 300 K): 6 1.03 (s, 9H), 1.11 (s, 9H), 1.25 (s, 9H), 1.32 (s,sh, 18H),
1.48 (s, 9H); 3.52 (d, 1H), 3.61 (s,br, 1H), 5:28.43 (m, 9H), 6.65

(m, 5H), 7.38 (s,br, 2H), 7.80 (s,br, 2H), 8.27 (s,br, 1H). EI mass
spectrum: m/z = 938 {M}*, 642 {M — L}*. Anal. Calcd for
CsoH7sN30sCr: C, 76.72; H, 8.06; N, 4.47, Cr, 5.54. Found: C, 76.7;
H, 7.9; N, 4.4; Cr, 5.6.

[FE"(L'SY3] (2). To a solution of H[IAP] (1.58 g; 5.3 mmol) in
methanol (40 mL) was added Fe@H,O (0.18 g; 0.9 mmol) and NEt
(0.8 mL). This mixture was heated to reflux in the presence of air for
1 h. From the filtered solution a dark green, crystalline precipitate
formed upon slow cooling to room temperature. Yield: 0.49 g (57%).
A single-crystal suitable for X-ray diffraction was selected from the
crude product. ElI mass spectrum/z = 941{M}*, 646{M — L},
297{M —2L — Fe}*. Anal. Calcd for GoHzsN3OsFe: C, 76.49; H,
8.02; N, 4.46. Found: C, 76.3; H, 8.1; N, 4.4.

[Co"(L'SQ)g] (3). This complex was prepared as described in refs 4
and 5.

[VV(LAP—=H)2(L'S9)] (4). To a solution of H[IA"] (0.90 g; 3 mmol)
in CH;CN (30 mL) was added V(THECI; (0.37 g; 1.0 mmol), NEt
(0.70 mL), and triphenylphosphine (0.26 g; 1.0 mmol). The mixture
was heated to reflux in the presence of air for 1 h. The dark blue solution
was allowed to stand in an open vessel for 24 h after addition of 0.5
mL of NEts. A dark blue-black microcrystalline precipitate formed
which was collected by filtration: yield, 0.51 g (55%). Single-crystals
suitable for X-ray crystallography were obtained from a saturated
acetone solution by slow evaporation of the solvent. EI mass spec-
trum: m'z=936{M}", 641{M — L}*, 468{M}?". Anal. Calcd for
CeoH7sN3O3V: C, 76.89; H, 8.07; N, 4.48. Found: C, 76.8; H, 8.1; N,
4.4.

[VV(LAP—H),(LAP)] (5). To a solution of the ligand H[t"] (0.89 g;

3.0 mmol) in acetonitrile (30 mL) under an argon atmosphere was added
VO(SOy)+5H,0 (0.25 g; 1.0 mmol) in small amounts. Upon addition
of NEt; (1.0 mL) the color of the solution turned to dark green. After
being heated to reflux for 1 h, the then dark blue solution was allowed
to stand at ambient temperature in the presence of air. Small crystals
precipitated which were collected by filtration: yield, 0.26 g (26%).
H NMR (500 MHz, CDC}, 300 K): 6 0.89 (s, 9H), 0.97 (s, 9H),
1.11 (s, 9H), 1.17 (s, 9H), 1.28 (s, 9H), 1.32 (s, 9H)673L (M, 21H).

El mass spectrumm/z = 937{M}*, 641{M — L}*, 626{M — L —
CHg}*, 295{M — 2L — V}*. Anal. Calcd for GoH7eN3OsV: C, 76.81;

H, 8.17; N, 4.48; V, 5.43. Found: C, 76.7; H, 7.9; N, 4.4; V, 5.4.

[VYO{(LAP)N(LAP~H)}] (6). Under an argon blanketing atmosphere
the ligand H[(LAP)N(LAP)] (0.51 g; 1.0 mmol) was dissolved in
acetonitrile (30 mL) at 40C. To this clear solution was added a solid
sample of [N(ERQ][VOBr,] (0.52 g; 1.0 mmol) in small amounts. Upon
addition of NEg (1.0 mL) the color of the solution changed to dark
violet. After being heated to reflux for 1 h, the solution was cooled to
ambient temperature and filtered. From this solution violet crystals of
X-ray quality precipitated, which were collected by filtration: yield,
0.27 g (47%). IR (KBr disk): 315%(N—H), 916 »(V=0). 'H NMR
(500 MHz, CDCH, 300 K): 6 0.97 (s, 9H), 1.17 (s, 9H), 1.32 (s, 9H),
1.50 (s, 9H), 2.22 (m, 1H), 2.41 (m, 1H), 2.78 (m, 1H), 2.87 (m, 1H),
3.00 (m, 1H), 3.40 (m, 1H), 4.48 (m, 1H), 4.80 (m, 1H), 5.02 (m, 1H),
6.00 (b, 1H), 6.26 (d, 1H), 6.68 (d, 1H), 6.76 (d, 1H), 7.05 (d, 1H).
(131.55 MHz, CDJ, 300 K): 6 235.26.52V NMR (CDsCN, 300 K):

0 195.19. (VOC} standard).ESI mass spectrum (pos. iomjz = 576
{M + H}*. Anal. Calcd for G;HsoN3OsV: C, 66.76; H, 8.75; N, 7.30;
V, 8.85. Found: C, 66.8; H, 8.6; N, 7.3; V, 8.8.

Physical MeasurementsElectronic spectra of the complexes and

spectra of the spectroelectrochemical investigations were recorded on

(6) (a) Maslovskaya, L. A.; Petrikevich, D. K.; Timoshchuk, V. A,;
Shadyro, O. IRuss. J. Gen. Chert996 66, 1842. Translated from:
Zh. Obsh. Khim1996 66, 1893. (b) FRG Patent no. 1104522; 1959;
Chem. Abstr1962 56, 5887.
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Table 1. Crystallographic Data

1 2 4 5 6
empirical formula G0H75CrN303 C50H75F8N303 C60H75N303V CeoH75N303V C32H50N303V
FW 938.23 942.08 937.17 938.18 575.69
space group P2,2:21, No. 19 P2,2,2;, No. 19 P2:2:21, No. 19 P1, No. 2 C2/c, No. 15
a A 12.9544(8) 12.9898(14) 12.9697(9) 15.165(2) 34.225(5)
b, A 17.7004(12) 17.483(2) 17.748(2) 18.128(2) 6.7592(8)

c, A 23.295(2) 23.634(3) 23.101(2) 21.961(2) 28.552(3)

o, deg 90 90 90 93.41(2) 90

f, deg 90 90 90 97.10(2) 105.33(2)

y, deg 90 90 90 112.67(2) 90

v, A 5341.5(7) 5367.3(11) 5317.5(8) 5490.2(12) 6370.0(14)
z 4 4 4 4 8

T, K 100(2) 100(2) 100(2) 100(2) 100(2)

Pealcs § CNT 3 1.167 1.166 1.171 1.135 1.201

reflens collected/@nmax 28 246/60.0 22 449/45.0 19 609/56.0 43 486/50.0 23 229/50.0
unique reflnd/ > 20(1) 15071/12787 7004/4709 12 058/9674 18 784/11630 5539/3880
no. of params/restr 622/0 604/3 624/132 1283/6 352/0
u(Mo Ka), cmt 2.60 3.27 2.33 2.25 3.46

R12 0.0472 0.0518 0.0699 0.0517 0.0714
WR2 (I > 20(1)) 0.1035 0.0844 0.1467 0.1180 0.1678

2 Observation criterionl > 20(1). R1= Z||F,| — |Fc||/Z|Fo|. " WR2 = [E[W(Fo? ~ F)/Z[W(F,?)?Y2, wherew = 1/0%(F?) + (aP)? + bP, P =
(Fo2 + 2F2)/3.

a HP 8452 A diode array spectrophotometer (range:—22@0 nm). riding atoms with isotropic displacement parameters. Split atom models
Cyclic and square-wave voltammograms and Coulometric experimentswere used to account for disorderteft-butyl groups in complexe$
were performed using an EG&G potentiostat/galvanostat. Variable- and5. The two positions were refined with restraineeC distances
temperature (2298 K) magnetization data were recorded on a SQUID being equal within errors using the SADI instruction in SHELXL.
magnetometer (MPMS Quantum design) in an external magnetic field

of 1.0 T. The experimental susceptibility data were corrected for Results

underlying diamagnetism by the use of tabulated Pascal’'s constants.

X-band EPR spectra were recorded on a Bruker ESP 300 spectrometer. Syntheses and Characterization of Complexe®reparations
The spectra were simulated by iteration of the (an)isotrgpialues, of mononuclear complexes containing three O,N-coordinated,
hyper_fine cogpling constan_ts, apd line widths. We thank DI’.. F. Neese pidentate ligands derived from HfE] have been performed in
(Abteilung Biologie der Universitakonstanz) for a copy of his EPR g straightforward fashion in methanol or acetonitrile solutions.
simulation program. NMR experiments were carried out on Bruker ARX The reaction of a suitable starting material like [CFHF)s-

250, 500 spectrometers (250, 500, and 63 MHz fdr and **C
NMR, respectively). The internal shift reference fét NMR, with Clg], Fe'Cly»4H;0, [V(THF)sCl3], VO(SQu)-5H;0, or [NEU]-

CHD,CN, is 0y = 1.94; the internal shift reference fC NMR, with [VOBr,] with 3 equiv of H[LA.P] and a suitable base like NEt
CD:CN, is c = 118.3. The5Fe Missbauer spectrum was mea- and PPRin the presence of air at elevated temperatures afforded
sured on an Oxford Instruments kbauer spectrometer in zero-field.  in all cases highly colored microcrystalline materials which were
5’Co/Rh was used as radiation source. The temperature of the samplerecrystallized and analyzed by elemental analysis, El and ESI
was controlled by an Oxford Instruments Variox Cryostat. Isomer shifts (pos. ion) mass spectrometry. The following complexes have
were determined relative to-iron at 300 K. The minimum experimental  peen obtained (Scheme 1): INL'SQ3] (M = Cr (1), Fe @),
line width was 0.24 mm $- _ . Co (3)4,5)’ [\/V(LAP—H)Z(L'SQ)] (4), and [\/‘/(LAP—H)Z(LAP)] (5).
X-ray Crystallographlc Data Collection and Refinement of the The reaction of 2 equiv of 3,5-dert-butylcatechol with 1
Structures. Dark red single crystals df and5, a black crystal oR, a S ST . .
equiv diethylenetriamine im-heptane in the presence of air

deep blue crystal of, and a dark violet specimen 6fwere fixed with . o : . -
perfluoropolyether on glass fibers. Crystalslop, and4 were mounted  Yi€ldedN,N"-bis{2{4,6-diert-butylphend} diethylenetriamine,

on a Nonius Kappa-CCD diffractometérand6 were measured on a Ha[(LAP)N(LAP)] in 86% yield. This ligand reacted under an
Siemens SMART system. Both diffractometers were equipped with a argon atmosphere with [NEEVOBr 4] (1:1) in CHCN in the
cryogenic nitrogen cold stream operating at 100(2) K. Graphite presence of NEtto afford purple crystals of [VO{(LAP)-
monochromated MeKa radiation ¢ = 0.71073 A) was used.  N(LAP—H)}] (6).

Crystallographic data of the compounds are listed in Table 1. Final  grom variable-temperature{300 K) magnetic susceptibility
cell constants were obtained from a least-squares fit of the setting anglesmeasurements it was established that compléxBsand6 are

of several thousand strong reflections. Intensity data were CorreCteddiamagnetic$ = 0 ground state). It is noted that all of these

for Lorentz and polarization effects. Intensity datalond 4 were . ianifi tt ¢ ind dent
corrected for absorption using the program MulScanAbs embedded in SPECIES POSSESS significant temperature-independent paramag-

the PLATON99 program suit. The program SADAB® was used ~ Netism. We have recorded théi NMR spectra of these

for absorption correction d. The crystal faces o8 were determined ~ compounds (see Experimental Section). In agreement with the
and a Gaussian type correction via XPRERs used here, while the ~ X-ray structure determinations complexieand5 display each
data set of2 was left uncorrected. The Siemens ShelXEoftware six proton signals for six nonequivaletetrt-butyl groups in the
package was used for solution, refinement, and artwork of the structuresranged = 0.89-1.48, indicatingC,; symmetry for both pseudo-
and neutral atom scattering factors of the program were used. All gctahedral molecules. Similarly, f& we observed four such

structures were solved and refined by direct methods and difference signgls, indicating that the two aminophenol parts of the
Fourier techniques. Non-hydrogen atoms were refined anisotropically. coordin’ated ligand are not equivalent

Hydrogen atoms were placed at calculated positions and refined as . . .
yareg P P Figure 1 displays the temperature dependence of the effective

(7) (a) Spek, A. L. University of Utrecht, The Netherlands, 1999. (b) magnEtlc momentgfe, of 1, 2, and4. ('quple521possesses
SADABS, Sheldrick, G. M. UniversitaGottingen, 1994, an S = 1 ground state, whereas fdrit is S = /5. In the
(8) ShelXTL Version 5; Siemens Industrial Automation; Inc.: 1994. temperature range 3020 K these compounds display nearly
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Figure 1. Temperature dependence of the magnetic momeptof
complexesl, 2, and4. The solid lines represent fits; for parameters
see text.

temperature-independent spin-only values typical for their
respective ground state: f@rit is 2.85-2.90ug, and for4 it

is 1.70-1.75ug. Above ~120 K the magnetic moments &f

2, and 4 increase monotonically: At 300 K the magnetic
moment for4 is about 4% larger than that at 120 K, but fr

it is 14%. Strong intramolecular antiferromagnetic coupling
between a high-spin ferric ion {din 2, and a C¥ ion (cf) in

1 with three organic radical ligands '89)°~ prevails yielding
the observed ground states®¥ 0 (1) and 1 @). It is possible

Chun et al.
g-values
21 2 1.9
T T T
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dB
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Figure 2. X-band EPR spectra recorded at 60 K in frozen,CH
solutions (0.10 M [TBA]PE) of 4 (top), its electrochemically 2e reduced
form (middle), and its simulation (bottom). Experimental conditions:
frequency, 9.4358 and 9.4371; microwave power, 0.2 and 0.1 mW;
modulation amplitude, 0.99 and 1.25 mT fdr and its dianion,
respectively. Simulation parametergy = 1.963,gy = 1.967,9, =
1.984;W, = 19.1,W, = 10.3,W, = 29.3 G;A = 50.8,A, = 129.7 A,

to fit this temperature dependence by using antiferromagnetic = 7.2 G £*V; | = "/, 100%).

coupling constants for the coupling between the paramagnetic

metal ion and three semiquinonate ligand radicals. The fits in
Figure 1 were obtained by using the following parametdis:

= Ji3=Jiu= —436 cnrl, g = 2.0 (fixed), TIP=0.13x 1073

cm® mol~1, paramagnetic impurity 1%S(= 3/,) for 1; andJ;»

= Ji3= Jis = —120 cn1%, g = 2.04 for2. The conventiorH

= —2JS; x S, is used here.

In contrast, for3 containing a low-spin cobalt(lll) ion with a
filled to¢ subshell, we have previously shown that intramolecular
ferromagneticcoupling yields ar§= 3/, ground stateuen(15K)
=37 /’LB)-S

The iron containing specigscontains a high-spin ferric ion
(d® as was clearly established by its zero-field $dbauer
spectrum recorded at 80 K, which is shown in Figure S1 of the
Supporting Information. An isomer shif,, of 0.54 mm s?
and a quadrupole splitting parametgiEq|, of 1.035 mm st
are diagnostic for octahedral high-spin ferric speéies.

The X-band EPR spectrum dfin frozen CHCI, solution at
60 K shown in Figure 2 (top) displays a nearly isotropic signal
at g = 2.0045 confirming theS = 1/, ground state o#. No
resolved®V hyperfine splitting has been observed, but from
the width of the signa®\(®V) cannot be larger than5 G. These
parameters rule out the descriptiondodis a V(IV) (d) species
with three diamagnetic ligands. Rather, it is characteristic of a
coordinated ligand radicaag = >, weakly coupled to the
51V nuclear spin of’/,. This would be compatible with charge
distributions [V"(L'SQ)3], where two radical spins couple
antiferromagnetically to a4 configurated V(Ill) center, or
[VIV(L'SQoLAP—H)], or [VVY(L'SQ(LAP—H),]. As we show
below, the structural data are indicative of the last formulation,
with a ligand-centered radical and a diamagneticigh.

Crystal Structure Determinations. The crystal structures
of complexesl, 2, and4—6 have been determined by single-

(9) Snodin, M. D.; Ould-Moussa, L.; Wallmann, U.; Lecomte, S.; Bachler,
V.; Bill, E.; Hummel, H.; Weyherriller, T.; Hildebrandt, P.;
Wieghardt, K.Chem. Eur. J1999 5, 2554.

Figure 3. Structure of the neutral molecule in crystals2f

crystal X-ray crystallography at 100 K. Figures 3 show the
structures of the neutral molecules in crystals2pb, and 6,
respectively. The structure 8fhas been communicated previ-
ously® Figures S2 and S3 of the Supporting Information display
the structures of the molecules in crystals dfand 4,
respectively; these structures are very similar to that.of
Selected metal-to-oxygen and metal-to-nitrogen bond lengths
are summarized in Table 2; Table S26 of the Supporting
Information gives a compilation of €0, C—N, and C-C
distances of each of the coordinated aminophenol parts in
complexes1—6. All other bond distances and angles are
available in the Supporting Information.

We describe the structure &f (Figure 5) first, because it
allows the unambiguous assignment of the physical oxidation
level for the ligand and the central vanadium ion. The geometric
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Figure 4. Structure of the neutral molecule in crystals5fThe six (L")
tert-butyl groups have been deleted for the sake of clarity: the open ] ]
circle at N1 represents a hydrogen atom. Figure 6. Average bond distances in )~ and (L*°~H)?", and

(L'SQe~. The estimated error i20.015 A. The sum of the six ring
C—C bond distances in @F)~ is 8.375 A, in (IAP—H)2" it is 8.425 A,
and in (US9Q*" it is 8.473 A.

coordinated to the vanadium ion. The nitrogen N3 is three-
coordinate in a nearly planar geometry{$ybridization). In
contrast, N1 and N2 are four-coordinate andésybridized; the
two amine protons have been located in the final difference
Fourier map.

Since6 contains a single ¥O group where the terminal oxo
ligand occupies the sixth coordination site, the central vanadium
must be assigned an oxidation stafé (d°). The V=0 distance
in 6 resembles closely vanadium(V) complexes containing a
cis-dioxovanadium(V) moiety (VO ~ 1.65 A)101l The
vanadium-amido V—N3 bond at 1.946(3) is the shortestW
bond in6, and it is incis-position relative to the ¥O bond.

The O3-V—N3 bond angle at 103.5(@js significantly larger
than the ideal octahedral angle of*9¢he O3-V—N2 (amine)
bond angle is normal at 89.9¢1)n octahedral V(V) complexes
Figure 5. Structure of the neutral molecule in crystalséofThe open  With acis-VO, unit the O-V—0 bond angle is~107.** Thus
circles at N1 and N2 represent hydrogen atoms. thecisV(0O3)(N3) unit in6 is characteristic for a V(V) complex
with a c® electron configuration.

The above analysis necessitates the oxidation level of the two

Table 2. Summary of M-O and M—N Bond Distances in

Complexesl—6 di-tert-butyl ring systems of the ligand Bito be aromatic, i.e.,
[\Nz 05 an aminophenolate{d) and an amidophenolate( are present.
o o o o These two moieties exhibit significant structural differences
2 3> ‘\V/ 2 which are displayed schematically in Figure 6. The most striking
0 Ny Ny |\N3 difference is observed for the-NC aminophenyl bond lengths
| at 1.451(5) A in the aminophenolatef) part and at 1.368(5)
k_/N1 k/M A in the amidophenolate(?) part. In contrast, the €0

distances at 1.349(5) and 1.347(5) A are identical within
complex MO, M—-0, M—-0s M-N; M-N; M—Ns experimental error; they are typical for phenolates.

It is an important feature of both the amino- and amidophe-
% %gggg %:8%&; %:ggggg %8;3% g:gig% %:882% nolato parts ir6 that the six aminophenol-©C bond distances

3@ 1.878(1) 1.896(1) 1.889(1) 1.937(1) 1.946(1) 1.918(1) are within experimental error 6f0.015 A () identical. The

4 1.929(2) 1.945(3) 1.903(2) 2.004(3) 2.080(3) 1.975(3) average CC distance is 1.396 A for the aminophenolato and

5 1.921(2) 1.890(2) 1.920(2) 1.942(2) 2.225(2) 1.997(2) 1.402 A for the amidophenolato part. In the crystal structure of

6 1.924(2) 1.904(3) 1.629(3) 2.311(3) 2.133(3) 1.946(3) {ne uncoordinated ligand Hff], the average €C distance in

2Ref 5. the aminophenol part is 1.398 0.015 A% The C-0O bond
length is 1.357, and the-EN distance of the aminophenol part

details of6 will serve as a benchmark for the identification of
the (LAP)~ and (LAP—H)2~ oxidation level. The organic ligand ~ (10) Cornman, C. R.; Colpas, G. J.; Hoeschele, J. D.; Kampf, J.; Pecoraro,

i in i ianioni P AP__1)13— V. L. J. Am. Chem. S0d.992 114, 9925.
IS C.learly bour.]d In its trianionic form [(/L)N(L .H)] : On.e (11) (a) Schulz, D.; Weyheritler, T.; Wieghardt, K.; Nuber, Blnorg.
amine group is deprotonated at N3 rendering it a coordinated Chim. Actal995 240, 217. (b) Neves, A.; Walz, W.: Wieghardt, K.

amide; in addition, both phenol groups are deprotonated and Nuber, B.; Weiss, Jinorg. Chem.1988 27, 2484.
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is 1.430 + 0.015 A. They are identical to those of the Table 3. Comparison of the Calculated and Observed Sums of the
aminophenolato part iB. These results demonstrate that the C—C Bond Lengths of the Aminophenol Rings in Octahedral
ligand in6 is an aromatic trianion, and the compound is correctly Complexesl—6

described with a physical oxidation state afV for the | Czallcsd exptl
. . H overa

vanadium ion. _no. ofligands anionic d&-0)>  dE-c),

We now describe the structures of the neutral octahedral (L'SQe~ (LAP—H)>~ (LAP)~ chargé A A (complex)
complexesl—3, all of which contain three O,N-coordinated 3 0 0 3 25.434  25.391), 25.43 @),
o-iminobenzosemiquinonatofd) ligands, (I'S9)*~. Complexes X . 0 b o5 25.430)
1, 2, alr;g 2a|;94 crlysttzs]lhze |tr)1 Itthe orthlozgombltt: ﬁ_hwal space 1 ’ 0 iy 55 208 25274
group P2:2:2,; only the cobalt complex3 crystallizes in a 0 3 0 6 55 930
different monoclinic space group2:/n. The neutral molecules 0 2 1 5 25.200 25.18%), 25.21 )
in these compounds posseSs symmetry and exist in two 1 1 1 4 25.245

enantiomeric forms. Thus, fdk, 2, and4, spontaneous enan- aSince the octahedral species [Mlconsidered here are all neutral
tiomeric resolution is observed, whereas the unit cell3of  complexes, this number multiplied byl gives also the oxidation state
contains both enantiomers. We have not observed Ghe  of the respective metal iofi.The calculated values were obtained using
symmetric diastereomer of any of the above compounds. Figureaverage € C bond distances in {£9e~, (LA?)~, and (LAP—H)?" given
3 shows a representative structure of these molecules. in Figlj{f_ﬁ-_'rhe sum of the respective number 6fQe™, (LA"—H)>",

As pointed out previousl§? the three equidistant, short and ()" ligands is always 3.
Co—O distances at 1.88% 0.003 A together with three short
Co—N distances at 1.934 0.009 A in3 are only compatible
with a low-spin & configuration of a cobalt(lll) ion. Similarly,
the Cr—N and Cr-O distances irl summarized in Table 2 are
typical for Cr(lll), although it is noted that the three-€ and
three Cr-O bond lengths are not equidistant within our small
experimental error of onlyt0.006 A (). Interestingly, the
two Cr—O bonds in trans position relative to each other are the
longest and nearly equidistant and, similarly, the twe-Rr
bonds in trans position are significantly longer than the one in
trans position to an oxygen donor.

As shown above2 contains a high-spin ferric ion and,
consequently, the FeN and Fe-O bond lengths are the longest
of the whole series of complexes; the-H@ bond lengths are

of a short (1.367 A), along (1.430 A), and again a short (1.379
A) C—C bond and three adjacent long-C bonds. Thus this
ring adopts a quinoid-type structure.

In the following we also use a parameter which is obtained
from the sum of the six €C bond distances in the aminophenol
derived part of the ligand. For (€)™ this sum is 8.375: 0.03
A, for (LAP—H)2" it is 8.425+ 0.03 A, and for (IS~ it is
8.473+ 0.03 A. It is noted that this parameter for thhenyl
ring part of all three ligand types is constant at 8.322.03
A. Thus the attachment of an amino (or amido) and a phenolate
oxygen in the ortho-position (plus twiert-butyl groups) in
aromatic (A°)~ and (LAP—H)2~ enforces a slightbut significant-
expansion of the aromatic ring. The difference betwedf)(L
and (AP—H)?~ is at the limit of significance, but the latter

equidistant at 2.014- 0.009 A, whereas the Fd\l){jistances appears to be slightly more expanded than the former. Signifi-
are slightly different at 2.057, 2.149, and 2.091 A. We cannot cantly this sum is the largest for the iminosemiquinonate

offer an explanation for this observation. radicals, (IS~

Itis gratifying that the geometrical features of the three O,N-  The most difficult cases for the assignment of oxidation states
coordinateo-iminobenzosemiquinonatof) ligands are identical  (jevels) of the ligands and the central metal ion are the vanadium
within our small experimental error limits, and, furthermore, complexest and5. Complex4 crystallizes in the same chiral

these features do not vary appreciably with the nature of the space groupP2,2,2; as 1 and 3. Should we therefore de-
central metal ion (Cr, Fe, Co). To calibrate our data we have gcripe 4 as [WI(L'SQ)], or [VV(LAP—H)(L'SQ),], or even

summed up the six €C bond distances for each individual  [v(LISQ)(LAP—H),]?

aniline phenyl group in all complexes and determined the = |nspection of the data in Table S26 suggests that this species
average GC bond length to be 1.38 0.015 A. This part of  ¢ontains two ligands with identical oxidation level and a third,
the ligand is considered to be the most redox innocent one whichgiferent one. The latter displays the shortest@and G-N

is not affected by the actual oxidation level of the ligand or the gjstances of the three, and the six-C distances in the ring
nature of the coordinated metal ion. Within the small error limit gjsplay the typical shortlong—short pattern of a coordinated

all C—C distances of these phenyl rings are equidistant in all (1S9~ On the other hand, the other two rings closely, but

complexes-as expected. not fully, meet the requirements for coordinated*{=H)?".

In contrast, the iminobenzosemiquinonate part of these O,N- Inspection of the thermal parameters of the ring C aton# in
coordinated radicals exhibits significantly different-C bond reveals that they are on average-B0% larger than those in
distances in the ring. Using the data of the trigfinoben- all other structures. This may reflect a static or dynamic disorder

zosemiquinonato)metal complexes3 compiled in Table S26  in the structure o#. This effect is small and just outside our
of the Supporting Information, we can derive the respective |evel of significance.
average bond distances for the ligan®®@:~ as shown in Figure Therefore, we have calculated the expected sum of the
6. The average €0 and C-N bond lengths at 1.304 0.015 aminophenol ring &C distances over all three ligands 4n
and 1.349+ 0.015 A, respectively, are significantly shorter than which is 25.283 A. By using the data in Figure 6, we can
the corresponding bond lengths i)y~ or (LAP—H)2"; they calculate the same sum for threéS®*~ ligands to be 25.419
constitute the most significant structural parameters for the A, or for a combination of two (159~ and one (FP—H)2~ it
assignment of the oxidation level of a given ligand of this type is 25.371 A, or, alternatively, for a combination of onéS@)*~
in a coordination compound. Exactly the same parameters forand two (IAP—H)2~ it is 25.323 A (Table 3). Clearly, good
the (USQe~ ligands have been found in the square-planar agreement is observed for a ligand distribution’(MSQ)-
complexes [M(ISQ),] (M = Cu, Ni, Pd, Pty (LAP—H),] for 4. We stress again that our significance level
Furthermore, the six ring €C distances in the iminosemi-  does not haveper se-the resolution necessary to unambigu-
quinonate part are not equidistant. We observe a typical patternously support this conclusion.



Coordination of H[IAP] and H[(LAP)N(LAP)] Inorganic Chemistry, Vol. 40, No. 17, 2004163

Table 4. Redox Potentials of Complexes from Cyclic Voltammeétry  Table 5. Electronic Spectra of Complexes in @i, Solutions
and Coulometry

complex A, nm €, L mol~tcm™?)
redox potentials
' 1 239 (4.5x 109, 297 (1.9x 10%), 526 (1.7x 10%),
V vs Fct/Fc couple 746 (4.1x 109)
complex 2 2 3 4 5 6 T,°C 2 231 (4.4x 10%, 306 (2.0x 10%, 423 (6.0x 10%),
746 (8.4x 10°)
1Cr 1.10 0.64 -0.10 —-1.26 —-1.77 20
>Fe 027 —035 —112 —131 —151* —40 3 233 (5.2x 107, 283 (2.3x 10%, 675 (1.3x 104,
3Co 020 —0.34 —099 —1.31 20 901 (1.6x 109
av 010 —-089 —-166 —213 ) 4 238 (3.7x 10%, 279 (2.2x 104, 598 (2.3x 104,
' ' ' ' 929 (7.1x 10°)
aConditions: CHCI, solution containing 0.10 M [TBA]P§&sup- 6° 353 (5.1x 10°), 470 sh, 530 (5.5 10%),
porting electrolyte; glassy carbon working electrode; ferrocene internal 1047 (5.2x 10°)

standard;~1 mM [complex].? 1, [M(L'BQ)5(L'SQ]2H/[M(L 'BR)(L'SQ),];

2, [M(L®B(L'SY]/[M(L '59)]% 3, IM(L'SQ3]Y[(LAP—H)(L'S)]~; 4,
[M(LAP—=H)(L'S9)2] /[M(L AP=H)o(L'S9)]>™; 5, [M(LAP=H)(L'S9)]*7/
[M(LAP—H)3)%™; 6, [MY(LAP—H)3)/[M " Y(LAP—H)3]* for complexes
1-3. ¢ Value marked with an asterisk is from an irreversible process;
Epredis given.

aMeasured in THF.

5 uA

The problem for compleX is less difficult, because the
presence of an @&F)~ ligand is readily detected in the structure
by its spg-hydrized nitrogen donor which carries a proton. In
principle, we have to discern between the following charge
distributions: [V!'(LAP)(L'SQ),], [V V(LAP)(LAP—H)(L'SQ)], and e e L
[VV(LAP)(LAP—H),]. The situation is complicated by the fact
that there are two crystallographically independent neutral
molecules in the unit cell, but these two are within experimental
error identical with the exception that the phenyl rings of one
of the coordinated (R"—H)2~ ligands possess two different
orientations relative to the amidophenolato ring; this is shown
in Figure S4 of the Supporting Information. The dimensions of
the protonated ligands (€)™ in 5 are identical to those given
in Figure 6. Thus, we have to consider the following charge : ' PN P S L
distributions for the remaining two ligands in molecule 5f 1.0 05 00 05 -1.0 1.5 -2.0
two (L'S9~ vs two (LAP—H)2~ or a statistical distribution of E (V) vs Fc/Fc*
one (LAP—H) and one (L9 If we calculate the sum of the  Figure 7. Cyclic voltammograms ofl (top) and 3 (bottom) in
ring C—C distances using data from Figure 6 for these three CH,Cl, (0.10 M [TBA]PR;) at 20°C and a scan rate of 200 mV'’s
possibilities, we obtain 16.946, 16.850, and 16.898 A, respec-
tively. Experimentally, we find 16.804 and 16.825 A for the
two independent molecules i, which indicates a charge
distribution as in [W(LAP)(LAP~H),]. The observed average te te
C—0 and C-N distances for (E)~ in the two molecules are [Cr (L) — [Cr(L=Y(L"),)* —
in excellent agreement with this assignment. The same is true My 1S IBOyq _T€
for the average €0 and C-N distances for both #P—H)2~ [CriL Q)Z(L N =1 @)
ligands in both molecules at 1.330, 1.335 A and 1.385, 1.387 o e
A, respectlvely 1 f [CI’”I (L|SQ)2(LAP_H)]— f [CI’”' (LISQ)(LAP_H)] 2—

Spectro- and Electrochemistry.Cyclic and, in some cases, (2)
square-wave voltammograms have been recorded igCGH
solutions of complexes containing 0.10 M [TBAJP&s sup-

orting electrolyte at a glassy carbon working electrode and a = . .
b g y glassy g Similarly, the cv of3 displays two reversible one-electron

AG/AgNQ; reference electrode. Ferrocene was used as anoxidation waves and two successive one-electron reduction
internal standard, and potentials are referenced versus the

ferrocenium/ferrocene couple (F&c). Table 4 summarizes waves which we assign as

5 pA

behavior, where (R)° represents th@-iminobenzoquinone
oxidation level.

The fully reduced [CH(LAP—H)]3~ form is not accessible even
at—2.0 V.

these results; the electronic spectra of complédxeSare given
in Table g ICSp p giv [COIII(LISQ)(LIBQ)Z]2+ ir=: [CO|||(L|SQ)2(L|BQ)]+ 1“::
Figure 7 shows the cyclic voltammograms (cvs)laind 3. [CO“I(LISQ)3] 3)

We present these data first becaus# @nd low-spin C8 ions

are expected to be redox-inert and all observed redox activity ~ i, 1sQ, 1 & 1) AP__ ISQy 1— £&

can, therefore, be ascribed to ligand-based processes. The C\LCO (L Q)3] Te [Com(L H)(L 0)2] Te

of 1 displays five reversible one-electron-transfer waves in the [Co" (LAP—H)Z(L'SQ)]Z‘ (4)
range +1.5 to —2.0 V. From coulometric measurements at

appropriately fixed potentials it was established that three wavesin this instance both the fully oxidized form [@¢L'BQ)3]3*+

at 1.10, 0.64, ane-0.10 V correspond to one-electron oxidations and the fully reduced form [CHLAP—H)3]%~ are electrochemi-
of [Cr'(L'SQ)3] and the waves at1.26 and—1.77 V correspond  cally not accessible. We note that it is more difficult to oxidize
to two successive one-electron reductions lof Thus, the 1 than3 by 400 mV for the second oxidation step and by 220
sequences shown in egs 1 and 2 summarize the electrochemicahV for the first. Chromium(lll) is a stronger Lewis acid than
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4+ l“. A VILAP-H) 1
34 VY(LAP-H),(L'S%] 4
20 pA . [VV(LAP_H)Z(LIBQ)r
24 i
_ [V AP-H)
e 4l
&)
'% (VV(LAP-H) g2
E 0 [\ T T T T T ”'-‘
- 1
1 1 1 1 " — % :l Cr (1)
1.0 0.5 0.0 -0.5 1.0 15 z B Fe (2)
w 2440 e Co (3)
E (V) vs Fc/ Fe* WAL
Figure 8. Cyclic voltammograms o2 at —40 °C in CH,Cl, solution
(0.10 M [TBA]PF;) and a scan rate of 400 mV'’s 14
1
..' 0+ T T 4 T T T
o 400 600 800 1000

WA A (nm)
Figure 10. Electronic spectra of and its electrochemically generated
monocation, mono-, di-, and trianion in @El, solution (0.10 M [TBA]-

PFs) at —20°C (top). Bottom: Electronic spectra @f-3 in CH,Cl, at
20°C.

must be considereeeven [ (LAP—H)(L'SQ),] ~ is a possibility.
Similarly, for the dianions and trianions produced after the
. . . ' \ ! second and third reductions, respectively, species with differing
60 05 10 15 20 25 charge distributions must be considered.

E (V) vs Fe / Fc* To obtain more information, we have recorded the electronic
spectra of the electrochemically oxidized and reduced species
by using an OTTLE cell. Figure 10 (top) exhibits these spectra.
Interestingly, the starting materidJ its monoanion and -cation
display very intenses > 1.8 x 10* M~1 cm™1, charge-transfer
(CT) absorption maxima in the visible in the range 5000
nm. These bands are not observed in [ILCAP—H)]°, [LCu'-
(L'S9]*, or [LCU"(L'BQ)]2+ and, therefore, cannot be assigned

The cv of the ferric comple® shown in Figure 8 has been  to intraligand CT processésThese transitions are typical for
recorded at-40 °C and fast scan rates because the reduced |igand-to-W CT bands (LMCT). We conclude that these spectra
and oxidized forms are quite labile. The cv is essentially imply the following charge distributions: [X(LAP—H),(L'SQ)]
identical to that oB—even the redox potentials are rather similar. jn the neutral specie&—in excellent agreement with its structure
A fifth irreversible wave at-1.51 V (not shown) may involve  and EPR spectrum (see abovgyV(LAP—H)(L'SQ),]*, and
a metal-centered reduction generating"{E€°—H)3].* [VV(LAP—H)3]~. The dianion must then contain a vanadium-

While the cvs ofLl—3 are quite similar and apparently involve  (IV) center; i.e., the reduction of the monoanion is metal-
the same ligand-centered processes at similar potentials, the c\centered producing [V(LAP—H)3]2".

Figure 9. Cyclic voltammograms o#t in CH.Cl, solution (0.20 M
[TBA]PF) at a scan rate of 200 mVsat —20 °C.

cobalt(lll). In contrast, it is more difficult to reduc&thanl by
~400 mV because the ligandsdrare electron richer than those
in 1 for the same reason.

of 4 is distinctly different. Figure 9 shows its cyclic voltam- To explore the correctness of this assignment, we have
mogram. Four reversible, one-electron-transfer waves are ob-recorded the X-band EPR spectrum of the electrochemically
served at—0.10, —0.89, —1.66, and —2.13 V. The first generated dianion. This spectrum and its simulation are shown

corresponds to a one-electron oxidatiompivhereas the latter  in Figure 2 (bottom). The X-band EPR spectrum recorded on a
three are one-electron reductions. The observation that the twofrozen solution of CHCI, of doubly reduced4 (~1.0 mM)
peaks at—1.66 and—2.13 V display a reduced peak current clearly reveals the V(IV) character of this dianion. A typical,
(by ~35%) compared to the peaks a0.10 and—0.89 V well-resolved®V(IV) (S = 1,, | = 7I,) hyperfine pattern is
probably relates to protonation effects of the highly nega- observed. The spectrum was simulated by using pringjpal
tively charged anions by trace amounts of water in our solvent valuesg; = 1.984,g, = 1.963,g3 = 1.967 anc®V hyperfine
CHyCl,. These protonated forms may then be reoxidized at tensor componentd; = 6.8 x 104 cm™1, A, = 47.4 x 1074
~—0.9 and—1.7 V as evidenced by very small peaks in the cm™?, A3 =121.2x 10~ cm™ L. Particularly the isotropic part,
square-wave voltammograms (swv) at these potentials. We didAs, = (1/3)Tr(A) = 64 x 1074 cm™1, is a perfect match with
not investigate this effect in more detail. the values reported for other vanadium(lV) compleXess,

Since the starting materia contains [V (LAP—H),(L'SQ)] = (59-80) x 107* cm™, including an example of a tris-
molecules, the one-electron oxidation must correspond to the -
generation of a monocation N —H)(L'=Q:] " whereasthe (12) (&) Artor, i, ¥ e, S et Shemi 978 12203, ()
first reduction produces a diamagnetic monoanion of unknown

-HUH T Trans. 198Q 1980. (c) Jezierski, A.; Raynor, J. B. Chem. Soc.,
charge distribution. [V(LAP—H)3]~ or [VIV(LAP—H)y(L'SQ)]~ Dalton Trans.1981, 1-7.
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catecholate compouft(Aiso = 76 x 1074 cm™1). We note that

Inorganic Chemistry, Vol. 40, No. 17, 2008165

forbidden transitiorfA,q — 2Eg4 corresponding to a spin flip in

these values are somewhat lower than those of vanadylthe ground state. This transition gains intensity by 3 orders of

complexes Aiso = (80—100) x 10~4cm™1). Hence, thes= 1/,
ground state of the dianion owes its origin basically to & 3d
electron configuration of V(IV).

magnitude by the strong antiferromagnetic exchange coupling
between the C ion and the three (B9~ radicals. This
transition has also been observed in tris(phenoxyl)chromium-

The nature of the orbital ground state is less clear than the (I1l) complexest’

metal character of the magnetic orbital. Thand theA tensors

[Co"'(SQ)] complexes are rare, but the structure of [Co

are both rhombic, and the values are neither close to the limit (3,6-SQ}] has been reporteld.It possesses ad = %/, ground

(G < OOy < 2,A;> ALA) norto @ ~ 2, g0y < 2; A, <
AA). The first case would be characteristic of ;g ground

state and displays an EPR spectrum at 77 K typical for a ligand
radical with a>°Co hyperfine coupling of 22.6 G. In contrast,

state in octahedral symmetry, whereas the second is expectedhas anS= 3, ground state. Thus, in [!(3,6-SQ}] the SQ-

for a d? state which typically arises from trigonal symmet?y3
Since allg values are significantly smaller than 2.002 and there
is only one largeA value (in the direction of a smadj value),

SQ coupling is antiferromagnetic, whereas3iit is ferromag-
netic. This behavior has been interpreted in ref 4. [Co(3,65SQ)
is not stable in solution, and, therefore, its electrochemistry has

we discard the d state. The ground state is best described as not been studied, in contrast & For 3, neither the fully

a d,y state with considerable orbital mixture due to a basically
octahedral symmetry with tetragonal and/or trigonal distortion.
The last reductive step must then generat¥ (VP—H)3]3".

Discussion

Having established the charge distribution in compleixe§
in a consistent manner by high-quality single-crystal X-ray

oxidized form [Cd'(L'BQ)]3* nor the fully reduced form [Cb-
(LAP—H)3]3~ are electrochemically accessible in the usual
potential range 0.5 te-2.0 V vs F¢/Fc.

[FE"(SQ)] complexes are spectroscopically and structurally
well-characterized?*1%-23 Al of them possess aB= 1 ground
state which is again attained via strong antiferromagnetic
coupling between the half-filledglevel of the ferric metal ion

crystallography and spectroscopy as well as magneto- andand three semiquinonate radicals. Excited stees 2—4) are

electrochemistry, we now discuss in detail similarities and
differences of octahedral catecholatejqCat.),o-semiquinon-
ato(1-) (SQ), and benzoquinonate (BQ) complexes of V, Cr,

populated at room temperature, giving rise to a temperature
dependence of the effective mométitMossbauer spectroscopy
has unequivocally shown that & donfigurated ferric ion is

Fe, and Co with those containing amino-, amidophenolato, and present#* Complex2 resembles in all aspects these features.

o-iminobenzosemiquinonato ligands studied here.

Itis only remarkable that the electrochemistry2dias allowed

In a series of seminal papers Pierpont, Raymond, Gatteschi,"€ generation of [FgLA"—H)s]*" at —1.51 V. [Fé/(Cat.p]*~
Hendrickson, and co-workers have reported on the amazingSPE€CIes have not been reported, but (trisphenolato)iron(ll)

variety of electronic structures of complexes containing unsub- COMplexes have been described; their redox potential for the

stituted catecholates (and their oxidized derivatives), tetrachlo-

rocatecholates, and, most pertinent for our purposes, 3¢¥di-
butylcatecholates and 3,6-ti¢t-butylcatecholates and of their
respective oxidized forms2We will focus on the coordination
chemistry of the latter two ligands, (3,5-Cat.) and (3,6-Cat.),
since they resemble most closely the present ligantfs(H)2,
(LAP)~, and (U'SQ)*~.

[Fe" (phenolato)] [F€' (phenolato)] ~ couple has been reported
at—1.7 V vs Fc¢/Fc?

The coordination chemistry of vanadium with noninnocent
ligands is rather complicated and the actual charge distribution
in such species is often quite controverdfa®® For example,
there are two neutral vanadium complexes containing three
catecholate derived bidentate ligands reported, which are

The [CI"(3,5-SQ)] complex4is diamagnetic and undergoes describbed as [V(SQ)] species. The structurgs of [V(3,5-
in solution three successive ligand-based one-electron oxidationsSQX|**?and [V(CLSQ)]**2have not been established by X-ray

yielding the trication [CH (BQ)3]®" (S= 3¥/,) and, similarly, three

crystallography due to problems encountered by their oxygen

successive ligand-based one-electron reductions yielding Sensitivity and loss of solvent molecules of crystallization. A
[Cr!l(Cat.}]3 (S= ). The chemistry and electronic structures third species of this type [V(phenS)the ligand phenSQ

of the analogous series of complexes derived flofeqs 1 and
2) is very similar with the exception that the fQ{LAP—H)3]®~

is derived from 9,10-phenanthrenequinone by le reduction) has
also been describéd.Its structure has also not been reported,

species is electrochemically not accessible. The electronicPut an assignment as tris(semiquinonato)vanadium(lil) has been
structure and EPR properties of the individual members of the Suggested.

series have been elegantly described in ref 15. A completely

analogous description is valid farand its oxidized or reduced
derivatives. The ground state of these species is attained vi
very strong antiferromagnetic coupling between the half-filled
tog> subshell of the C't ion and one, two, or three ligand radicals.
Excited states are not populated at room temperature.

The electronic spectrum of displays the same unusual
features as [C(SQ)] speciest*? ¢ In agreement with Dei et
al. 1 we assign the intense peak bfat ~550 nm to a spin-

(13) Branca, M.; Micera, G.; Dessi, A.; Sanna, D.; Raymond, Kindrg.
Chem.199Q 29, 1586.

(14) (a) Pierpont, C. G.; Downs, H. H. Am. Chem. S0d.976 98, 4834.
(b) Buchanan, R. M.; Kessel, S. L.; Downs, H. H.; Pierpont, C. G.;
Hendrickson, D. NJ. Am. Chem. Sod978 100, 7894. (c) Sofen, S.
R.; Ware, D. C.; Cooper, S. R.; Raymond, K.INorg. Chem1979
18, 234. (d) Downs, H. H.; Buchanan, R. M.; Pierpont, C.I@rg.
Chem.1979 18, 1736.

(15) Dei, A.; Gatteschi, Dlnorg. Chim. Actal992 198-200, 813.

(16) Benelli, C.; Dei, A.; Gatteschi, D.; @el, H. U.; Pardi, LInorg. Chem.
1989 28, 3089.

a(17) Sokolowski, A.; Bothe, E.; Bill, E.; Weyheritier, T.; Wieghardt, K.

Chem. Commuril996 1671.
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1996 35, 1033.
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Scheme 2. Comparison of Species Accessible frenand In Scheme 2 we compare the redox chemistry afith that
[V(SQ)3] (or [VV(Cat.x(SQ)]) reported for [V (Cl,SQ)].2* Both species exist in five oxidation
V(L H) (L), ] [V'(Cat)(SQ),I Ievgls which differ s.uccessively by one electrpn. We.ha.ve
assigned the electronic structures of the mono-, di-, and trianions
-e“+ e ol ve of 5 as [W(LAP—H)~, [VV(LAP—H)J2-, and [V-
' (LAP—H)3]®~; i.e., the two reduction steps mono- to di-,
VILY-HLL @) [V'(SQ)] === [V'(Cat),(SQ)] and di- to trianion are metal-centered. Once theIstvel is
f reached at the [M{LAP—H)3]~ level, two one-electron oxidations
- e1l+ e -e '+ e are observed which are ligand-based. Thugnd the mono-
o cation [W(LAP—H)(L'SQ),]* are generated. The (L'SQ)3]2"
IVLT-H)) === [VI(LY-H),(L™)] [V'(Cat),] level is electrochemically not accessible in the potential range
" (5) J employed.
-eli+e -efl+e .
n ' Exactly the same scheme applies fo¥ {Zat.p(SQ)P, where
IVYL*-H) I [V¥(Cat),}" the mono2* di-, 26 and trianionié’ forms have been isolated as
salts and their structures have been determined by X-ray
- e“ +e - e‘ +e crystallography. They unambiguously correspond to the series
' [V(Cat.)s] =23 involving V¥ d°, VIV dt, and V' d?, respec-
V'(L*-H), I V"(Cat),]* tively. The EPR spectrum of [V(Cat.}]?~ has been reported;

it is similar to that reported here for [MLAP—H)3]%~ with the

The charge distribution as [MSQ)] has been inferred from  exception that has a ¢ ground state, whereas the'{{Cat.}]?~
the observation that the corresponding'{(3QJ], [Fe" (SQ)] species has alground state. The monoanion dfcan be
complexes are isomorphous; i.e., the three complexes crystallizereversibly protonated and the neutral complgxhas been
in the same space groépAlso, the similarity of the IR spectra  isolated. Its crystal structure unambiguously demonstrates a
of these species has been put forward as evidence for the [V charge distribution [V(LAP—H),(LAP)].

(SQ)] formulation. On the other hand, solution EPR spectra

conclusively show that these species with @ 1/, ground Acknowledgment. H.C. thanks the Alexander von Humboldt
state have the unpaired electron predominantly localized on oneFoundation for a fellowship, and C.N.V. is grateful for a Max-
semiquinonato ligarfd which requires a charge distribution  Planck stipend. We thank the Fonds der Chemischen Industrie
close to [W(Cat.x(SQ)]*2 This distribution is felt to be more  for financial support.

in agreement with the observed electrochemistry (see below).

Pierpont et al?*2on the other hand, interpret the electronic ~ Supporting Information Available: Figures showing the Mss-
structure of [V (SQ)] complexes in the solid state as arising bauer spectrum a2, the structures of and4, and an overlay of the
from “strong antiferromagnetic coupling between paramagnetic two molecules in _crystalg of, respectively, and tables sumr_narizing
radical ligands and the?dnetal ion”. They consider a distribu- crystal data, atomic coordinates, pond lengths and anglgs, displacement
tion [VV(Cat.p(SQ)] for the neutral species in solution. Thus Parameters, and hydrogen coordinates of compléxe Five X-ray
for the neutral complex [¥(CL:SQ)] two interconvertible redox crystallographlc files, in CIF fo.rmat. This material is available free of
. . charge via the Internet at http://pubs.acs.org.
isomers have been proposed to exist.

The electronic structure @fin the solid statandin solution IC010106A
is clearly [W(LAP—H),(L'SQ). Sincel, 2, and4 crystallize in
the same space group, the assignment 8f(8Q)] based on (26) Cooper, S. R.; Koh, Y. B.; Raymond, K. Bl. Am. Chem. S0d.982
the above crystallographic argument must be discarded. It is 104, 5092.
also noted that the IR spectra of all complexes reported here(@7) g“”sigégifz'pggnz’f G.; Haim, F. E.; Raymond, K. N.Am. Chem.
are similar and do not allow one to distinguish the differing (g, B?ghca’ M.: Micera, G.: Dessi, A.; Sanna, D.: Raymond, KInsirg.
oxidation levels of the ligands. Chem.199Q 29, 1586.




