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a b s t r a c t
The use of the 2-pyridyl oxime ligands (LH) 2-pyridinealdoxime, methyl 2-pyridyl ketone oxime and phenyl 2-pyridyl ketone oxime in Co chemistry has been investigated and led to two families of compounds.
The ﬁrst family includes the mononuclear octahedral, low-spin complexes [CoIII(L)3], while the second
family consists of the trinuclear, mixed-valent linear clusters [CoIII 2 CoII(L)6]X2 (X = ClO4  , PF6  ). The latter
are prepared by the reactions of the former with an appropriate CoII source. The structural, physical and
spectroscopic properties of the complexes are described.
Ó 2008 Elsevier Ltd. All rights reserved.

1. Introduction
The cluster chemistry of 3d metals at intermediate oxidation
states has been attracting intense interest during the last several
years [1]. This is due to the combination of the aesthetically pleasing structures that many such molecular clusters possess and the
often unusual and even novel magnetic properties that some of
them display. In particular, some of these clusters have been found
to be single-molecule magnets (SMMs), which are individual molecules capable of functioning as nanoscale magnetic particles and
which thus represent a molecular approach to nanomagnetism
[2]. The magnetic behaviour of SMMs results from the combination
of a large ground spin state (S) with a large and negative Ising (or
easy-axis) type of magnetoanisotropy, as measured by the axial
zero-ﬁeld splitting parameter D [2]. Most of the known SMMs
are Mn clusters containing at least some MnIII centers. Cobalt(II),
which has a large single-ion anisotropy due to the orbitally degenerate ground state, may be a good candidate for making SMMs, and
few polynuclear Co(II) complexes that show SMM properties have
been reported [3].
The present results were obtained as part of our continuing
efforts in Co cluster chemistry [4] and have now led to mixedvalent Co2 III CoII complexes, which were prepared by using both
the ‘‘metal complexes as ligands” strategy [5] and ‘‘one-pot” pro-
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cedures. The ligands used in our efforts are the 2-pyridinealdoxime (paoH), methyl 2-pyridyl ketone oxime (mpkoH) and phenyl
2-pyridyl ketone oxime (ppkoH), see Scheme 1. These ligands
belong to the family of 2-pyridyl oximes [6] and their anionic
forms have been used to prepare SMMs [7] and single-chain
magnets [8].
We herein describe the syntheses, crystal structures and physical characterization of CoIII 2 CoII clusters and their mononuclear
CoIII precursors, all featuring the deprotonated ligands pao,
mpko and ppko. Portions of this work have been previously
communicated [9].
2. Experimental
2.1. General and physical measurements
All manipulations were performed under aerobic conditions
using materials (reagent grade) and solvents as received. mpkoH
was prepared as described elsewhere [10]. WARNING: Perchlorate
salts are potentially explosive; such compounds should be synthesized and used in small quantities, and treated with utmost care at
all times.
Microanalyses (C, H, N) were performed by the University of
Ioannina (Greece) Microanalytical Laboratory using an EA 1108
Carlo Erba analyser. IR spectra (4000–450 cm1) were recorded
on Perkin–Elmer 16 PC and Nicolet 520 FTIR spectrometers with
samples prepared as KBr pellets. Solid-state (diffuse reﬂectance,
28.5–12.5 kK) electronic spectra were recorded on a Varian Cary
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Scheme 1. The 2-pyridyl oxime ligands used in this work.

100 instrument. Magnetic susceptibility measurements were performed at room temperature by the Faraday method using a
Cahn-Ventron RM-2 balance standardized with HgCo(NCS)4. Pascal’s constants were used to estimate the diamagnetic corrections
which were subtracted from the experimental susceptibilities to
give the corrected molar magnetic susceptibilities. The variabletemperature magnetic susceptibility properties of complex 2 were
investigated using a M600 SQUID magnetometer.
2.2. Compound preparation
2.2.1. [Co(pao)3] (1)
Method A. A pink suspension of Co(O2CMe)2  4H2O (0.13 g,
0.50 mmol) in MeCN (25 ml) was treated with solid paoH (0.18 g,
1.50 mmol). The resulting orange slurry was reﬂuxed for 2.5 h, during which time the solids dissolved and the colour of the solution
turned to dark red. The solution obtained was stirred at ambient
temperature for a further 1 h, during which time a dark orange
microcrystalline solid rapidly precipitated. The solid product was
isolated by ﬁltration, washed with cold MeCN (2  3 mL) and
Et2O (2  5 mL), and dried in air for 1 h. Dissolution of the solid
in MeOH (20 mL) and slow evaporation of the resulting ﬁltrate at
room temperature gave dark orange crystals of 1 after 8 days.
The crystals were collected by ﬁltration, washed with cold MeOH
(1  2 mL) and Et2O (2  5 mL), and dried in air. Yield 60% (based
on the ligand). Anal. Calc. for C18H15CoN6O3: C, 51.19; H, 3.59; N,
19.91%. Found: C, 51.06; H, 3.52; N, 19.88%. Selected IR data (KBr
pellet, cm1): 1602s, 1484vs, 1426s, 1348s, 1298w, 1224m,
1180m, 1148m, 1022w, 890w, 806m, 764m, 676m, 580w, 452w.
Method B. Solids Co(O2CMe)2  4H2O (0.13 g, 0.50 mmol) and
paoH (0.18 g, 1.50 mmol) were dissolved under reﬂuxing conditions in a solvent mixture comprising MeCN/DMF (20 ml, 1:1 v/v)
to give a dark red solution. The obtained solution was allowed to
stand undisturbed at room temperature for 10 days, during which
time well-formed, X-ray quality dark orange crystals of 1 appeared.
The crystals were collected by ﬁltration, washed with cold MeCN
(1  3 mL) and Et2O (2  5 mL), and dried in air. Yield 40% (based
on the ligand). The identity of the product was conﬁrmed by elemental analyses (C, H, N) and IR spectroscopic comparison with
authentic material from Method A.
2.2.2. [Co3(pao)6](ClO4)2 (2)
Method A. An orange suspension of 1 (0.42 g, 1.00 mmol) in
MeCN (30 ml) was treated with solid Co(ClO4)2  6H2O (0.19 g,
0.50 mmol). The resulting orange-red slurry was reﬂuxed for
12 h, during which time the solids dissolved and the colour of
the solution turned to dark red. The solution was ﬁltered, and
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the ﬁltrate left undisturbed at room temperature to concentrate
slowly by evaporation. After 5 days, dark red crystals of 2 were collected by ﬁltration, washed with cold MeCN (2  2 mL) and Et2O
(2  5 mL), and dried in air. Yield 80%. Anal. Calc. for C36H30Co3N12O14Cl2: C, 39.22; H, 2.75; N, 15.25. Found: C, 39.26; H, 2.90;
N, 15.28%. Selected IR data (KBr pellet, cm1): 1606s, 1564m,
1522s, 1476m, 1438m, 1350m, 1232s, 1205m, 1148vs, 1112m,
1086vs, 902m, 770m, 678m, 628m, 590m, 466m.
Method B. A pink solution of Co(ClO4)2  6H2O (0.19 g,
0.50 mmol) in MeOH (20 mL) was added to a colourless solution
of paoH (0.12 g, 1.00 mmol) and Me4NOH  5H2O (0.18 g,
1.00 mmol) in the same solvent (10 mL). The resulting dark red
solution was stirred for 20 min, ﬁltered, and the ﬁltrate left undisturbed at room temperature to concentrate slowly by evaporation.
After 2 days, dark red crystals of 2 were collected by ﬁltration,
washed with cold MeOH (2  2 mL), and dried in air. Yield 50%
(based on the ligand). The identity of the product was conﬁrmed
by elemental analyses (C, H, N) and IR spectroscopic comparison
with authentic material from Method A.
2.2.3. [Co(ppko)3]  0.25H2O (3  0.25H2O)
A pink suspension of Co(O2CMe)2  4H2O (0.13 g, 0.50 mmol) in
MeCN (30 ml) was treated with solid ppkoH (0.30 g, 1.50 mmol).
The resulting orange slurry was reﬂuxed for 1.5 h, during which
time the solids dissolved and the colour of the solution turned to
dark red. The solution obtained was stirred at ambient temperature for a further 30 min, during which time a dark orange microcrystalline solid rapidly precipitated. The solid product was
isolated by ﬁltration, washed with cold MeCN (2  3 mL) and
Et2O (2  5 mL), and dried in air for 1 h. Dissolution of the solid
in DMF (15 mL) and slow evaporation of the resulting ﬁltrate at
room temperature gave dark orange crystals of 3  0.25H2O after
12 days. The crystals were collected by ﬁltration, washed with cold
DMF (1  2 mL) and Et2O (2  5 mL), and dried under vacuum.
Yield 40% (based on the ligand). The dried sample analyzed as solvent-free (3). Anal. Calc. for C36H27CoN6O3: C, 66.46; H, 4.19; N,
12.92. Found: C, 66.44; H, 4.12; N, 12.88%. Selected IR data (KBr
pellet, cm1): 1598m, 1522m, 1464vs, 1438s, 1222m, 1146m,
1030w, 976w, 780m, 748m, 708s, 614m, 470m.
2.2.4. [Co3(ppko)6](PF6)2  6MeCN (4  6MeCN)
Method A. An orange suspension of 3 (0.65 g, 1.00 mmol) in
MeCN (30 ml) was treated with a pink aqueous solution (5 mL)
of CoCl2  6H2O (0.12 g, 0.50 mmol) and NaPF6 (0.17 g, 1.00 mmol).
The resulting orange-red slurry was reﬂuxed for 5 h, during which
time the solids dissolved and the colour of the solution turned to
dark red. The solution was ﬁltered, and the ﬁltrate left undisturbed
at room temperature to concentrate slowly by evaporation. After 6
days, dark red crystals of 4  6MeCN were collected by ﬁltration,
washed with cold MeCN (2  2 mL), and dried under vacuum. Yield
65%. The dried sample analyzed as solvent-free (4). Anal. Calc. for
C72H54Co3N12O6P2F12: C, 46.61; H, 2.94; N, 9.06. Found: C, 46.54;
H, 2.92; N, 9.18%. Selected IR data (KBr pellet, cm1): 1598m,
1524m, 1464vs, 1438m, 1358w, 1216m, 1146m, 1030w, 977w,
842vs, 776m, 746m, 706s, 658w, 612w, 558m, 466m.
Method B. Solids Co(O2CMe)2  4H2O (0.13 g, 0.50 mmol),
ppkoH (0.30 g, 1.50 mmol) and NaPF6 (0.17 g, 1.00 mmol) were
dissolved under reﬂuxing conditions in MeCN (30 ml) to give a
dark red solution. The obtained solution was stirred for a further
15 min, ﬁltered, and the ﬁltrate was layered with Et2O (60 mL).
After 4 days, dark red crystals of 4  6MeCN were collected by ﬁltration, washed with cold MeCN (2  2 mL) and Et2O (2  5 mL),
and dried under vacuum. Yield 70% (based on the ligand). The
identity of the product was conﬁrmed by elemental analyses
(C, H, N) and IR spectroscopic comparison with authentic material from Method A.
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Method C. A pink solution of CoCl2  6H2O (0.12 g, 0.50 mmol)
and NaPF6 (0.17 g, 1.00 mmol) in MeOH (10 mL) was added to a
pale yellow solution of ppkoH (0.20 g, 1.00 mmol) and Me4NOH5H2O (0.18 g, 1.00 mmol) in MeCN (20 mL). The resulting
dark red solution was stirred for 30 min, ﬁltered, and the ﬁltrate
left undisturbed at room temperature to concentrate slowly by
evaporation. After 3 days, dark red crystals of 4  6MeCN were collected by ﬁltration, washed with cold MeCN (2  2 mL), and dried
under vacuum. Yield 55% (based on the ligand). The identity of the
product was conﬁrmed by elemental analyses (C, H, N) and IR spectroscopic comparison with authentic material from Method A.
2.2.5. [Co(mpko)3]  3MeNO2 (5  3MeNO2)
Method A. A pink suspension of Co(O2CMe)2  4H2O (0.13 g,
0.50 mmol) in MeNO2 (30 ml) was treated with solid mpkoH
(0.20 g, 1.50 mmol). The resulting orange slurry was reﬂuxed for
3 h, during which time the solids dissolved and the colour of the
solution turned to dark red. The obtained solution was stirred for
a further 30 min, ﬁltered, and the ﬁltrate was layered with a solvent mixture comprising Et2O/n-hexane (60 mL, 1:1 v/v). After 5
days, dark orange crystals of 5  3MeNO2 were collected by ﬁltration, washed with cold MeNO2 (1  3 mL) and Et2O (2  5 mL),
and dried under vacuum. Yield 50% (based on the ligand). The dried
sample analyzed satisfactorily as 5  3MeNO2. Anal. Calc. for
C24H30CoN9O9: C, 44.51; H, 4.68; N, 19.47. Found: C, 44.42; H,
4.62; N, 19.58%. Selected IR data (KBr pellet, cm1): 3056w,
2964w, 1636w, 1600s, 1472vs, 1430s, 1302m, 1228vs, 1156m,
1118m, 1084w, 986w, 768s, 692m, 504w, 454w.
Method B. A pink solution of CoCl26H2O (0.12 g, 0.50 mmol)
in MeOH (5 mL) was added to a colourless solution of mpkoH
(0.20 g, 1.50 mmol) and Me4NOH  5H2O (0.27 g, 1.50 mmol) in
MeNO2 (20 mL). The resulting dark red solution was stirred for
45 min, ﬁltered, and the ﬁltrate left undisturbed at room temperature to concentrate slowly by evaporation. After 10 days, dark
orange crystals of 5  3MeNO2 were collected by ﬁltration,
washed with cold MeNO2 (1  3 mL) and Et2O (2  5 mL), and
dried under vacuum. Yield 35% (based on the ligand). The identity of the product was conﬁrmed by elemental analyses (C, H,
N) and IR spectroscopic comparison with authentic material
from Method A.

2.2.6. [Co3(mpko)6](PF6)2 (6a)
An orange suspension of 5  3MeNO2 (0.65 g, 1.00 mmol) in
MeCN (30 ml) was treated with a pink aqueous solution (5 mL)
of CoCl26H2O (0.12 g, 0.50 mmol) and NaPF6 (0.17 g, 1.00 mmol).
The resulting orange-red slurry was reﬂuxed for 7 h, during which
time the solids dissolved and the colour of the solution turned to
dark red. The solution was ﬁltered, and the ﬁltrate left undisturbed
at room temperature to concentrate slowly by evaporation. After 4
days, a dark red microcrystalline solid appeared, which was collected by ﬁltration, washed with cold MeCN (2  2 mL) and Et2O
(2  3 mL), and dried under vacuum. Yield 55%. The dried sample
analyzed as solvent-free (6a). Anal. Calc. for C42H44Co3N12O6P2F12:
C, 39.48; H, 3.32; N, 13.16. Found: C, 39.44; H, 3.42; N, 13.18%. Selected IR data (KBr pellet, cm1): 1601m, 15548w, 1495s, 1434m,
1417w, 1223w, 1088vs, 948s, 843vs, 782m, 695w, 629s, 559m,
461m.
2.2.7. [Co3(mpko)6](ClO4)2 (6b)
An orange suspension of 5  3MeNO2 (0.65 g, 1.00 mmol) in
MeCN (30 ml) was treated with solid Co(ClO4)2  6H2O (0.19 g,
0.50 mmol). The resulting orange-red slurry was reﬂuxed for
10 h, during which time the solids dissolved and the colour of
the solution turned to dark red. The solution was ﬁltered, and
the ﬁltrate left undisturbed at room temperature to concentrate
slowly by evaporation. After 6 days, a dark red microcrystalline solid appeared, which was collected by ﬁltration, washed with cold
MeCN (2  2 mL) and Et2O (2  3 mL), and dried under vacuum.
Yield 60%. The dried sample analyzed as solvent-free (6b). Anal.
Calc. for C42H44Co3N12O14Cl2: C, 42.50; H, 3.57; N, 14.17. Found:
C, 42.54; H, 3.62; N, 14.38%. Selected IR data (KBr pellet, cm1):
1602m, 1554w, 1490s, 1438m, 1414w, 1222w, 1088vs, 948s,
782m, 696w, 624s, 460m.
2.3. Single-crystal X-ray crystallography
The crystallographic data and structure reﬁnement details for
the ﬁve, structurally characterized complexes are summarized in
Table 1. Selected crystals of 1 (0.12  0.16  0.22 mm), 2
(0.15  0.16  0.20 mm), 4  6MeCN (0.05  0.10  0.55 mm) and
5  3MeNO2 (0.30  0.40  0.50 mm) were mounted in capillary,

Table 1
Crystallographic data for complexes 1, 2, 3  0.25H2O, 4  6MeCN and 5  3MeNO2.
Parameter

1

2

30.25H2O

46MeCN

53MeNO2

Formula
Formula weight
Crystal system
Space group
a (Å)
b (Å)
c (Å)
a (°)
b (°)
c (°)
V (Å3)
Z
qcalc (g cm3)
Radiation, k (Å)
Temperature (K)
l (mm1)
Data collected/unique
(Rint)
Data with I > 2r(I)
R1 (I > 2r(I))a
wR2 (I > 2r(I))b

C18H15CoN6O3
422.29
orthorhombic
Pbca
15.8383(8)
12.5001(7)
17.2242(8)
90
90
90
3410.1(3)
8
1.645
Mo Ka, 0.71073
100
1.042
33131/5658
(0.0641)
3896
0.0439
0.1303

C36H30Co3N12O14Cl2
1102.44
hexagonal

R3

C36H27.5N6CoO3.25
655.07
monoclinic
P21/c
9.980(10)
10.810(10)
27.98(3)
90
94.98(4)
90
3007(5)
4
1.447
Mo Ka, 0.71073
298
0.620
3086/3009
(0.0291)
2283
0.0529
0.1311

C84H72Co3N18O6P2F12
1896.32
triclinic

P1

C24H30CoN9O9
647.50
hexagonal

R3

13.909(8)
15.61(1)
10.793(7)
89.98(2)
82.71(2)
73.31(2)
2225(2)
1
1.415
Mo Ka, 0.71073
298
0.675
8284/7832
(0.0155)
5537
0.0620
0.1650

15.415(6)
15.415(6)
21.249(8)
90
90
120
4373(3)
6
1.475
Mo Ka, 0.71073
298
0.655
3645/1723
(0.0259)
1559
0.0425
0.1164

a
b

R1 = R(|Fo|  |Fc|)/R(|Fo|).
P
P
wR2 ¼ ½wðF 2o  F 2c Þ2 = ½wðF 2o Þ2 1 =2.

14.213(5)
14.213(5)
19.992(8)
90
90
120
3497(2)
3
1.570
Mo Ka, 0.71073
298
1.245
2906/1368
(0.0274)
1214
0.0353
0.0957
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whereas a selected crystal of 3  0.25H2O (0.08  0.15  0.40 mm)
was mounted in air. Diffraction measurements were made on a
Crystal Logic Dual Goniometer diffractometer using graphitemonochromated Mo radiation. Unit cell dimensions were determined and reﬁned by using the angular settings of 25 automatically centered reﬂections in the range 11 < 2h < 23°. Intensity
data were recorded using a h  2h scan to a maximum 2h value
of 50°. Three standard reﬂections monitored every 97 reﬂections
showed less than 3% variation and no decay. Lorentz, polarization
corrections were applied using Crystal Logic software. All ﬁve
structures were solved by direct methods using SHELXS-86 [11a]
and reﬁned on F2 by full-matrix least squares techniques with SHELXL-97 [11b]. All H atoms were located by Fourier difference maps
and reﬁned isotropically, except those on the solvent molecules
(3  0.25H2O, 4  6MeCN and 5  3MeNO2) which were introduced
at calculated positions as riding on bonded atoms. All non-H atoms
were reﬁned anisotropically.
3. Results and discussion
3.1. Brief synthetic comments and IR spectra
Aerobic reactions of Co(O2CMe)2  4H2O with the appropriate 2pyridyl oximes in an 1:3 ratio in various solvents under reﬂux gave
dark red solutions, from which were subsequently isolated the orange mononuclear CoIII complexes 1, 3 and 5, upon conventional
workup. The formation of the representative compound 1 can be
represented by Eq. (1)
II

2Co ðO2 CMeÞ2  4H2 O þ 6paoH þ 1=2O2
III

! 2½Co ðpaoÞ3  þ4MeCO2 H þ 9H2 O

ð1Þ

The MeCO2  ions act as a base deprotonating the two-thirds (2/
3) of the amount of the organic ligand. Note that 1 and 3 have the
trans (or mer) conﬁguration, whereas complex 5 is the cis (or fac)
isomer (vide infra). The three complexes can be also prepared by
the 1:3 aerobic reactions between CoCl2  6H2O and the oximes in
various solvents in the presence of a base, see Eq. (2). A typical such
preparation is reported in Section 2.2.5 (Method B)

2CoII CI2  6H2 O þ 6mpkoH þ 4Me4 NOH þ 1=2O2
ð2Þ

5

Since 1, 3 and 5 each possesses three free, i.e. uncoordinated,
oximate oxygen atoms, we suspected that these mononuclear CoIII
complexes could act as ‘‘ligands” (the so-named ‘‘metal complexes
as ligands strategy” [5]) and would further react with CoII sources
leading to mixed-valent CoII/CoIII clusters; such clusters are of great
current magnetochemical interest [12]. This, indeed, turned out to
be the case and led to the trinuclear Co2 III CoII clusters 2, 4, 6a and
6b; typical preparations are illustrated by Eqs. (3) and (4). The
three oximate oxygen atoms that had been free in the

2½CoIII ðpaoÞ3  þCoII ðCIO4 Þ2  6H2 O
1

! ½CoIII 2 CoII ðpaoÞ6 ðCIO4 Þ2 þ 6H2 O

ð3Þ

2

2½CoIII ðppkoÞ3  þCoII CI2  6H2 O þ 2NaPF6
3

! ½CoIII 2 CoII ðppkoÞ6 ðPF6 Þ2 þ 2NaCI þ 6H2 O

3CoII ðCIO4 Þ2  6H2 O þ 6paoH þ 4Me4 NOH
þ 1=2O2 ! ½CoIII 2 CoII ðpaoÞ6 ðCIO4 Þ2 þ 4Me4 NCIO4 þ 23H2 O ð5Þ

1

! 2½CoIII ðmpkoÞ3  þ4Me4 NCI þ 17H2 O

(PF6  ). The trinuclear clusters have the three oximate groups of each
corresponding CoIII metalloligand in a fac conﬁguration around the
CoII center (vide infra). Since the oximate disposition is different in
1, 3 and 5 (mer versus fac), we anticipated different products from
the reactions of the metalloligands 1 and 3 with the CoII source compared with the product from the reaction of 5 with CoII. In a sense,
complexes 1 and 3 can be considered as bidentate-monodentate
bridging ‘‘ligands” (due to the mer geometry of the three, free oximate
oxygens), whereas complex 5 can be viewed as a tridentate chelating
‘‘ligand” (due to the fac geometry of the three, free oximate oxygens).
Somewhat to our surprise, however, the molecular structures of the
trinuclear cations seem to be very similar. This means that the geometry of 5 only is preserved in the trinuclear cluster cation (6a and 6b).
The mer isomers 1 and 3 are also converted to mixed-valent, trinuclear cations (2 and 4) that contain the fac-[CoIII(pao)3] and fac[CoIII(ppko)3] metalloligand units, respectively. This may suggest
the occurrence of an equilibrium between mer and fac mononuclear,
1:3 CoIII species in solution (at least for 1 and 3), which shifts to the fac
isomer upon addition of external CoII.
Complexes 2, 4, 6a and 6b can be also prepared under aerobic
conditions by ‘‘one-pot” procedures involving the appropriate
reaction mixture of a CoII starting material, counteranion and 2pyridyl oxime, in the presence (when the inorganic anions present
are ClO4  , Cl-/ClO4  or Cl-/PF6  ) or absence (when MeCO2  ions are
present) of external OH- ions. Typical preparations are reported in
Sections 2.2.2 (Method B) and 2.2.4 (Methods B and C) and illustrated by Eqs. (5) and (6)

ð4Þ

4

mononuclear precursors 1, 3 and 5 were indeed coordinated to the
CoII center in 2, 4, 6a and 6b. Two Co centers are in the oxidation state
III and the products are thus cationic. Therefore, an appropriate
counteranion should be present in the reaction mixture, either as
the inorganic anion of the CoII source (ClO4  ) or added externally

2

3CoII ðO2 CMeÞ2  4H2 O þ 6ppkoH þ 2NaPF6
þ 1=2O2 ! ½CoIII 2 CoII ðppkoÞ6 ðPF6 Þ2 þ 2NaCO2 CMe
4

þ 4MeCO2 H þ 13H2 O

ð6Þ

The IR spectra of complexes 2 and 6a exhibit bands near 1090
and 625 cm1, due to the m3(F2)[md(ClO)] and m4(F2)[dd(OClO)]
modes of the uncoordinated Td ClO4  ions, respectively [13]. A
strong band at 840 cm1 and a medium-intensity band at
560 cm1 in the spectra of 4 and 6b are assigned [13] to the
m3(F1u)[m(PF)] and m4(F1u)[d(FPF)] vibrations of the Oh PF6  ion, conﬁrming its ionic nature. Two bands, one of variable intensity at
1228–1205 cm1 assigned to m(N–O) and one of medium to strong
intensity at 1606–1598 cm1 assigned to m(C@N)oximate, are common in the spectra of all the prepared complexes [14]; the higher-wavenumber band most probably overlaps with a 2-pyridyl
stretch. The m(N–O) band is located at a slightly lower wavenumber
in 2, 4, 6a and 6b than for their corresponding metalloligand CoIII
complexes 1, 3 and 5, respectively, consistent with the oximate
O-coordination in the trinuclear clusters. The in-plane deformation
bands of the 2-pyridyl ring of the free paoH, ppkoH and mpkoH ligands at 620–650 cm1 shift upwards (708–676 cm1) in the spectra of the mononuclear and trinuclear compounds, conﬁrming the
involvement of the ring-N atom in coordination [15]. The similar
spectral behaviour of 6a and 6b (we could not grow single crystals
of these complexes suitable for their X-ray structural characterization) in the regions of the m(C@N)oximate, m(N–O) and d(Py) vibrations, compared with that of the structurally characterized
trinuclear complexes 2 and 4, is a strong evidence that the cations
of the former are structurally analogous to the cations of 2 and 4.
3.2. Description of structures
The molecular structures of the mononuclear complexes 1, 3
and 5 are depicted in Figs. 1–3, respectively. Selected interatomic
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Fig. 1. Molecular structure of complex 1 with selected atom labelling. H atoms have
been omitted for clarity. Colour scheme: CoIII, orange; O, red; N, green; C, gray.

Fig. 3. Partially labelled plot of complex 5; colour scheme as in Fig. 1. H atoms have
been omitted for clarity.

Table 2
Selected bond lengths (Å) and angles (°) for complexes 1, 30.25H2O and 53MeNO2.
Parametera

Fig. 2. Partially labelled plot of complex 3; colour scheme as in Fig. 1. H atoms have
been omitted for clarity.

distances and angles for the same compounds are listed in Table 2.
Partially labelled representations of the cations of complexes 2 and
4 are shown in Figs. 4 and 5, respectively, while their selected
interatomic distances and angles are listed in Table 3.
Complex 1 crystallizes in the orthorhombic space group Pbca.
Its structure consists of well-separated [Co(pao)3] molecules. The
CoIII ion is coordinated by three N,N0 -bidentate chelating (or
1.011 [16]) pao- ligands. The pao donor atoms are the nitrogen
atoms of the deprotonated oxime and the 2-pyridyl groups. The
six-coordinate molecule is the mer (or trans) isomer. Complex
3  0.25H2O crystallizes in the monoclinic space group P21/c and
its structure comprises mononuclear [Co(ppko)3] units and solvate
H2O molecules; the latter will not be further discussed. The sixcoordinate CoIII ion possesses a distorted octahedral geometry
and is (similarly to 1) the mer isomer. The coordination sphere of
the CoIII atom in 3  0.25H2O consists of three N,N0 -bidentate chelating (or 1.011 [16]) ppko- ligands. The molecular structures of 1
and 3 are very similar, and the replacement of the H atom by the

Parameter

1
Co(1)–N(1)
Co(1)–N(2)
Co(1)–N(3)
Co(1)–N(4)
Co(1)–N(5)
Co(1)–N(6)

1.921(2)
1.909(2)
1.958(2)
1.943(2)
1.931(2)
1.941(2)

N(1)–Co(1)–N(3)
N(1)–Co(1)–N(5)
N(2)–Co(1)–N(3)
N(2)–Co(1)–N(4)
N(2)–Co(1)–N(6)
N(3)–Co(1)–N(5)
N(4)–Co(1)–N(6)

94.2(7)
175.3(7)
174.6(7)
92.4(7)
90.0(7)
88.7(7)
176.5(7)

3  0.25H2O
Co–N(1)
Co–N(2)
Co–N(11)
Co–N(12)
Co–N(21)
Co–N(22)

1.927(5)
1.920(5)
1.931(5)
1.907(5)
1.949(5)
1.934(5)

N(1)–Co–N(11)
N(1)–Co–N(21)
N(2)–Co–N(12)
N(2)–Co–N(22)
N(11)–Co–N(21)
N(12)–Co–N(21)
N(12)–Co–N(22)

172.7(2)
93.6(2)
92.2(2)
174.0(2)
93.6(2)
174.3(2)
92.7(2)

5  3MeNO2
Co(1)–N(1)
Co(1)–N(10 )
Co(1)–N(10 0 )
Co(1)–N(2)
Co(1)–N(20 )
Co(1)–N(20 0 )

1.946(2)
1.946(2)
1.946(2)
1.905(2)
1.905(2)
1.905(2)

N(1)-Co(1)–N(20 )
N(10 )-Co(1)–N(20 0 )
N(10 0 )-Co(1)–N(2)
N(1)-Co(1)–N(10 )
N(2)–Co(1)–N(20 )

176.1(8)
176.1(8)
176.1(8)
95.2(9)
93.9(9)

a
Unprimed, primed and doubly-primed atoms have the symmetry operators
(1 + x  y, 1  y, z), (x, y, z) and (1  x, 2  x + y, z), respectively.

Ph group has thus little structural effect. Complex 5  3MeNO2 crystallizes in the hexagonal space group R 3, with mononuclear
[Co(mpko)3] units and solvate MeNO2 molecules in general positions. The CoIII ion, which sits on a 3-fold axis of symmetry, is coordinated by three N,N0 -bidentate chelating (or 1.011 [16]) mpko
ligands. Surprisingly, and by contrast with 1 and 3, the six-coordinate complex 5  3MeNO2 is the fac (or cis) isomer. The Co-N bond
lengths agree well with values expected for low-spin CoIII in octahedral environments [4]. The observed, similar coordination modes
of the oximate ligands in complexes 1, 3 and 5 are interesting because the deprotonated oxygen atom remains uncoordinated.

T.C. Stamatatos et al. / Polyhedron 28 (2009) 1638–1645
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Fig. 4. Partially labelled representation of the mixed-valence(III/II/III) cation [Co3(pao)6]2+ present in complex 2. Identical numbers are used for atoms generated by
symmetry. H atoms have been omitted for clarity. Colour scheme: CoII, pink; CoIII, orange; O, red; N, green; C, gray.

Fig. 5. Molecular structure of the mixed-valence (III/II/III) cation [Co3(ppko)6]2+ present in complex 4.6MeCN with selected atom labelling; colour scheme as in Fig. 4. Primes
are used for symmetry-related (x, y, z) atoms. H atoms have been omitted for clarity.

The cations of 2 (Fig. 4) and 4 (Fig. 5) are structurally similar in
many aspects, except the nature of the coordinated 2-pyridyl oximate group (pao versus ppko) and the counteranion (ClO4  versus PF6  ), and thus only the structure of complex 2 will be
described in detail. The crystal structure of 2 reveals the formation
of a linear trinuclear cation. The central metal ion, Co(2), sits on a
3-fold inverse axis of symmetry, while the terminal metal ion,
Co(1), sits on a 3-fold symmetry axis. The central metal ion is octahedrally coordinated by six oxygen atoms [O(1), and its symmetryrelated partners] belonging to six pao ligands. The six coordina-

tion sites on each of the distorted octahedral, terminal Co ions
are occupied by the nitrogen atoms [N(1), N(2), and their symmetry-related partners] that belong to the ‘‘chelating” part of three
pao ligands, with the three oximate N atoms in the facial (or
cis) conﬁguration. The core for 2 (and 4) appears to be
[CoIICo2 III (l-ONR0 )6]2+. Charge considerations require a formal
2CoIII,CoII description of 2 (and 4), and the terminal metal ions
are clearly low-spin CoIII ions based on their Co–N bond lengths
(all <1.96 Å), which have lengths similar to CoIII–N bond lengths
in other structurally characterized cobalt(III) complexes with
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Table 3
Selected bond lengths (Å) and angles (°) for complexes 2 and 46MeCN.

4. Conclusions

Parametera

This work extends the body of results that emphasize the
ability of the anionic 2-pyridyl oximate ligands to form interesting structural types in 3d-metal chemistry. The initial use of
pao, ppko and mpko in Co non-carboxylate chemistry has
provided access to diamagnetic mononuclear CoIII complexes
and to paramagnetic mixed-valence Co2 III CoII clusters. The incorporation of only one CoII center in the trinuclear clusters precludes the observation of interesting magnetic properties as
these complexes behave as mononuclear CoII species. The ﬂexibility of the 2-pyridyl oximate ligands and some very recent results in our group let us believe that we have only seen the tip
of the iceberg in Co/2-pyridyl oximate chemistry and that some
new clusters with interesting magnetic properties await discovery. From the synthetic inorganic chemistry viewpoint, this work
demonstrates the utility of the ‘‘metal complexes as ligands” approach in transition metal cluster chemistry. Preliminary experiments show that the reactions of 1–3 with sources of other
divalent 3d metals lead to a variety of mixed-metal CoIII/MII
complexes (M = Fe, Mn, Ni, Cu).

Parameter

2
Co(1)–N(1)
Co(1)–N(2)
Co(2)–O(1)

1.961(2)
1.899(2)
2.102(2)

N(1)–Co(1)–N(1)
N(1)–Co(1)–N(2)
N(2)–Co(1)–N(2)
O(1)–Co(2)–O(1)

93.6(8)
172.0(8)
91.2(7)
180.0(9)

46MeCN
Co(1)–N(1)
Co(1)–N(2)
Co(1)–N(11)
Co(1)–N(12)
Co(1)–N(21)
Co(1)–N(22)
N(1)–Co(1)–N(22)
N(2)–Co(1)–N(11)
N(12)–Co(1)–N(21)
N(1)–Co(1)–N(11)
N(1)–Co(1)–N(21)
N(11)–Co(1)–N(21)
N(2)–Co(1)–N(12)

1.945(4)
1.901(4)
1.955(4)
1.881(4)
1.955(4)
1.905(4)
169.1(2)
173.8(2)
173.8(2)
94.8(2)
92.1(2)
94.7(2)
92.5(2)

Co(2)–O(1)
Co(2)–O(10 )
Co(2)–O(11)
Co(2)–O(110 )
Co(2)–O(21)
Co(2)–O(210 )
N(2)–Co(1)–N(22)
N(12)–Co(1)–N(22)
O(1)–Co(2)–O(10 )
O(11)–Co(2)–O(110 )
O(21)–Co(2)–O(210 )
O(1)–Co(2)–O(11)
O(1)–Co(2)–O(21)
O(11)–Co(2)–O(21)

2.127(3)
2.127(3)
2.077(3)
2.077(3)
2.110(3)
2.110(3)
88.4(2)
92.0(2)
180.0(3)
180.0(3)
180.0(3)
90.6(1)
87.3(1)
91.2(1)

a

Primes are used for symmetry-related (x, y, z) atoms.

5. Supplementary data
N-ligation [4]. The central cobalt center [Co(2)] has all six Co–O
distances 2.102(2) Å indicating that this is a CoII ion [4]. The pao
ions in 2 (and the ppko groups in 4) function as g1:g1:g1:l ligands (or as 2.111212 ligands using Harris notation [16]); each ligand chelates one CoIII ion through the 2-pyridyl and the
oximate nitrogen atoms forming a ﬁve-membered chelating ring,
and bridges this metal center with the central CoII ion through
the terminally ligated, deprotonated oxygen atom. Complexes 2
and 4 join a handful of structurally characterized linear, valencetrapped CoIIICoIICoIII clusters [17].
3.3. Magnetochemistry and ligand-ﬁeld spectra
Complexes 1, 3  0.25H2O and 5  3MeNO2 are diamagnetic, as
expected. The room-temperature, effective magnetic moment (leff)
values of 2, 4, 6a and 6b are 4.81, 5.13, 4.99 and 5.07 B.M. per trimer, respectively; these values are consistent with the presence of
one high-spin CoII ion with octahedral stereochemistry [18].
The leff value of the representative trinuclear cluster 2 decreases gradually to 4.01 B.M. per trimer at 25 K and then drops
to 3.53 B.M. at 2.0 K. This behaviour may be understood as arising
from the combined effects of orbital degeneracy and zero-ﬁeld
splitting [17h].
The solid-state (diffuse reﬂectance) UV–Vis spectra of 1,
3  0.25H2O and 5  3MeNO2 are typical for low-spin CoIIIN6 chromophores [19]. The low-spin octahedral ground term is 1 A1g and
there are two relatively low lying spin allowed transitions, with
lower lying spin triplet partners, all derived from (t2g)5(eg). Under
this scheme, the bands in the spectrum of 5, for example, at
29.13, 21.35, 17.10 and 13.36 kK are assigned [19] to the
1
A1g ! 1 T 2g ; 1 T 1g ; 3 T 2g and 3 T 1g transitions, respectively. The spectra of the trinuclear CoIIICoIICoIII clusters exhibit bands at approximately the same energies with those of their corresponding
mononuclear CoIII complexes, and maxima characteristic of octahedral CoIIO6 chromophores [19]. For instance, the spectrum of 6a
shows bands/shoulders at 29.27, 21.55, 17.50 and 13.00 kK due
to its fac-[CoIII(mpko)3] units (and assigned as above), and additional bands at 19.23 and 15.80 kK due to its high-spin octahedral
CoII(Ooximato)6 unit and assigned (under Oh symmetry) to the
4
T 1g ! 4 T 1g ðPÞ; 4 A2g transitions, respectively [19]. The electronic
spectra of 2, 4 and 6b are very similar supporting similar
structures.

CCDC 264168, 264167, 264166, 264165 and 264169 contains
the supplementary crystallographic data for 1, 2, (3  0.25H2O),
(4  6MeCN), and (5  3MeNO2). These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.
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