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Abstract
A systematic investigation of the [Cr3O(O2CCMe3)6(H2O)3](O2CCMe3)/(py)2CNOH [(py)2CNOH = di-2-pyridyl ketone oxime] reaction system is described, involving the determination of the inﬂuence of the CrIII:(py)2CNOH ratio, the temperature and the presence of
counterions on the identity of the reaction products. As a consequence, complexes [Cr2{(py)2CNO}4] Æ 2H2O (1 Æ 2H2O), [Cr3OCl(O2CCMe3)4{(py)2CNO}2] Æ 2Me2CO (2 Æ 2Me2CO) and [Cr3O(O2CCMe3)4{(py)2CNO}2(H2O)](NO3) Æ H2O Æ 0.5Me2CO (3 Æ H2O Æ 0.5Me2CO)
have been isolated and structurally characterized by single-crystal X-ray studies. (py)2CNO behaves as a N,N 0 -bidentate chelating
and/or N,N 0 ,O-tridentate bridging ligand binding through one 2-pyridyl and the oximate nitrogen atoms, and/or the oximate oxygen
atom. 1 is a relatively stable air-stable dinuclear Cr(II) complex with no metal–metal bonding arising, from the ligand-assisted reduction
of the ‘basic carboxylate’ Cr(III) triangle. The structures of 2 and 3 consist of similar neutral and cationic triangles of CrIII ions, respectively, centered by a triply bridging oxo ligand and with two edge-bridging oximate groups from the two 2.1110 (py)2CNO ligands.
Variable-temperature magnetic susceptibility studies and EPR data for 2 reveal an antiferromagnetically-coupled system with an
ST = 3/2 ground state. Solid-state IR and ligand ﬁeld spectra of 2 are brieﬂy discussed in terms of its structure.
 2006 Elsevier B.V. All rights reserved.
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1. Introduction
There is currently a renewed interest in the coordination
chemistry of oximes [1]. The research eﬀorts are driven by a
number of considerations. These include the solution of
pure chemical problems [2–4], the desire to provide useful
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bioinorganic models (oximes may be considered to be reasonable models for the biologically signiﬁcant imidazole
donor group of the amino acid histidine) [5], the design
of Ca2+- and Ba2+-selective receptors based on site-selective transmetallation of multinuclear polyoxime–zinc(II)
complexes [6], the development of new oxygen activation
catalysts based on nickel(II)–polyoximate complexes [7],
the application of metal ion/oxime systems as simple and
eﬃcient catalysts for the hydrolysis of organonitriles [8]
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group and thus are named 2-pyridyl oximes, (py)C(R)NOH (Scheme 1). The anionic forms, (py)C(R)NO, of
these molecules are versatile ligands for a variety of
research objectives, including l2 and l3 behaviour [1a,12].
Di-2-pyridyl ketone oxime [IUPAC name: di-pyridin-2-ylmethanone oxime, (py)2CNOH, Scheme 1] occupies a special position amongst the 2-pyridyl oximes because the R
group is also a 2-pyridyl group; the compound is thus a
bis(2-pyridyl) oxime. One area to which the anionic ligand
(py)2CNO is relevant is the chemistry of metallacrowns
(MCs) [17]. Another attractive aspect of (py)2CNO is its
great coordinative ﬂexibility and ability to coordinate to
metal ions through either one, or both pyridyl groups, acting as chelating or bridging ligand (Scheme 2), characteristics that have led to polynuclear 3d-metal complexes
(clusters) with impressive structures and interesting magnetic properties [12,15,18]. A last interesting chemical feature is the activation of (py)2CNOH by 3d-metal centers,
which appears to be a fruitful area of contemporary synthetic inorganic chemistry. Examples of this activation
are the Mn-assisted transformation of (py)2CNOH into
the coordinated dianion of the gem-diol form of di-2-pyridyl ketone through NO3  generation [20a] and the
in situ transformation of (py)2CNOH into the coordinated
ligands di-2-pyridylimine, (amino)di-2-pyridylmethyl ethyl
ether and (amino)di-2-pyridylmethyl methyl ether upon
its reaction with [VIIICl3(THF)3] in various solvents [20b].
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Scheme 1. Structural formulae and abbreviations of the 2-pyridyl oxime
ligands discussed in the text (R = H, Me, Ph, etc.).

(metal ions can behave as extremely strong activators of
RCN towards nucleophilic attack by OH/H2O), the
mechanistic study of corrosion inhibition by Acorga
P5000 (a modern corrosion inhibitor comprising 5-nonylsalicylaldoxime as a mixture of carbon-chain isomers)
on iron surfaces [9] and the employment of oximate ligands
in the synthesis of homometallic [1,10–12] and heterometallic [1,12,13] clusters and coordination polymers [14] with
interesting magnetic properties, including single-molecule
magnetism [11,15] and single-chain magnetism [14,16]
behaviours.
Ligands containing one oxime group and one pyridyl
group, without other donor atoms, are popular in coordination chemistry. Most of these ligands contain a 2-pyridyl
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Scheme 2. The crystallographically established coordination modes of (py)2CNO in metal complexes, and the Harris notation [19] that describes these
modes.
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Although the published coordination chemistry of (py)2CNOH and (py)2CNO is rich [1a,12], chromium(II) or
chromium(III) complexes bearing (py)2CNOH or
(py)2CNO ligands have not been reported so far.
We have been exploring ‘‘ligand blend’’ reactions involving carboxylates and the anions of 2-pyridyl oximes
(Scheme 1) as a means to high-nuclearity 3d-metal species
[12,20a,21–24]. Our results with Mn [20a,21,23b], Co [22],
Ni [23] and Cu [24] have been very encouraging. For example, the use of methyl 2-pyridyl ketone oxime (Scheme 1,
R = Me) in Mn carboxylate chemistry has yielded a new
7þ
family of triangular fMnIII 3 ðl3 -OÞg
core-containing
products; the products are very unusual in being ferromagnetically coupled with a resultant S = 6 ground-state spin
and are the ﬁrst triangular single-molecule magnets [21e].
We have thus decided to extend the exploration of the
general carboxylate/2-pyridyloximate ‘‘ligand blend’’ in
chromium(III) chemistry, and we can now report that di2-pyridyl ketone oxime [(py)2CNOH, Scheme 1] has yielded
7þ
new triangular products possessing the fCrIII 3 ðl3 -OÞg
core and a remarkable carboxylate-free dichromium(II,II)
complex with no metal–metal bonding, arising from the
reduction of the chromium(III) starting material by the
ligand in air. The crystal structure of the latter compound
has been very recently communicated [25]. Oxo-centered,
triangular chromium(III) complexes are valuable precursors for the synthesis of higher nuclearity clusters exhibiting
interesting magnetic and EPR properties [26].
2. Experimental
2.1. Reagents and physical measurements
All manipulations were performed under aerobic
conditions using materials as received (Aldrich Co). All
chemicals and solvents were of reagent grade. [Cr3O(O2CCMe3)6(H2O)3](O2CCMe3) was synthesized as previously described [27].
Microanalyses (C, H, N) were performed by the University of Ioannina (Greece) Microanalytical Laboratory
using an EA 1108 Carlo Erba analyzer. IR spectra (4000–
500 cm1) were recorded on a Perkin–Elmer 16 PC FT
spectrometer with samples prepared as KBr pellets. Solidstate (diﬀuse reﬂectance) spectra in the 200–800 nm range
were recorded on a Varian Cary 3 spectrometer, at the
in-house facilities of the Chemistry Department of the University of Patras, equipped with an integration sphere.
Magnetic susceptibility measurements in the range
2–300 K and magnetization measurements (2–4 K) in the
ﬁeld range 0.1–5 T for complex 2 Æ 2Me2CO were performed with a Quantum Design SQUID magnetometer at
the Magnetochemistry Service of the University of Barcelona (Spain). All measurements were performed on polycrystalline samples. Data were corrected for diamagnetic
contributions calculated from Pascal’s constants. EPR
spectra were recorded with a Bruker ES200 spectrometer
at X-band frequency.
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2.2. Compound preparation
2.2.1. [Cr2{(py)2CNO}4] Æ 2H2O (1 Æ 2H2O)
2.2.1.1. Method A. A green slurry of [Cr3O(O2CCMe3)6(H2O)3](O2CCMe3) (0.093 g, 0.10 mmol) in MeCN
(30 mL) was treated with solid (py)2CNOH (0.060 g,
0.30 mmol). The resulting green solution was reﬂuxed for
12 h during which time the colour of the solution turned
to dark brown. The solution obtained was further stirred
at ambient temperature for 3 h, ﬁltered and layered with
Et2O. After 3 weeks, brownish red crystals of the product
were formed which were collected by ﬁltration, washed
with MeCN (2 · 5 mL) and Et2O (2 · 5 mL), and dried in
air. Yield: 25% (based on the oxime). The air-dried solid
was analyzed as 1 Æ 2H2O. Anal. Calc. for C44H36N12O6Cr2:
C, 56.64; H, 3.90; N, 18.02. Found: C, 56.38; H, 3.75; N,
18.24%. IR spectral data (KBr, cm1): 3388 sb, 3055 w,
1594 vs, 1559 m, 1461 vs, 1380 m, 1270 m, 1213 m, 1130
vs, 1105 w, 1055 w, 1025 m, 975 m, 788 s, 742 s, 705 m,
637 m, 522 m, 495 w.
2.2.1.2. Method B. Treatment of a stirred, white slurry of
[Cr(CO)6] (0.044 g, 0.20 mmol) in MeCN/H2O (30 mL,
1:1 v/v) with solid (py)2CNOH (0.120 g, 0.60 mmol)
resulted in a pale-yellow suspension, which, upon reﬂuxing
for 5 days, gave a brown solution due to slow oxidation of
Cr0 under aerobic conditions. The brown solution soon
deposited a brownish red microcrystalline solid, which
was collected by ﬁltration, washed with MeCN
(2 · 5 mL) and Et2O (2 · 5 mL), and dried in vacuo over
silica gel. Yield: 55% (based on the total available chromium). The dried solid analyzed satisfactorily as
1 Æ 2H2O. The identity of the product was further conﬁrmed by IR spectroscopic comparison with the authentic
sample prepared by method A.
2.2.2. [Cr3OCl(O2CCMe3)4{(py)2CNO}2] Æ 2Me2CO
(2 Æ 2Me2CO)
Complex 2 Æ 2Me2CO was synthesized under solvothermal techniques. A mixture of [Cr3O(O2CCMe3)6(H2O)3](O2CCMe3), (py)2CNOH and CH2Cl2 at a ratio
of 1:2:700 was sealed in a Teﬂon-lined autoclave, heated
to 150 C for 3 days, and cooled to room temperature with
a rate of 2 C h1. The resulting dark brown solution was
evaporated to dryness under reduced pressure and the residue was dissolved in Me2CO (10 mL). The solution was
allowed to slowly evaporate at room temperature. After 2
days, dark brown crystals of the product formed which
were collected by ﬁltration, washed with Me2CO
(2 · 3 mL) and Et2O (2 · 5 mL), and dried in air. Yield:
72% (based on CrIII). The air-dried solid analyzed as solvate-free. Anal. Calc. for C42H52N6O11ClCr3: C, 50.02; H,
5.21; N, 8.34; Cl, 3.52. Found: C, 49.88; H, 5.15; N, 8.44;
Cl, 3.50%. IR spectral data (KBr, cm1): 3400 w, 2962
m, 2930 w, 1588 vs, 1484 m, 1462 m, 1420 vs, 1378 w,
1361 w, 1227 m, 1124 m, 1101 m, 1035 w, 972 w, 797 m,
742 m, 712 w, 660 w, 617 m, 531 w, 477 m.
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2.2.3. [Cr3O(O2CCMe3)4{(py)2CNO}2(H2O)](NO3) Æ
H2O Æ 0.5Me2CO (3 Æ H2O Æ 0.5Me2CO)
2.2.3.1. Method A. To a dark brown solution of 2 (0.100 g,
0.10 mmol) in Me2CO (7 mL) was slowly added a colourless solution of NaNO3 (0.026 g, 0.30 mmol) in H2O
(10 mL). The resulting brownish suspension was kept
under stirring for 30 min, ﬁltered and the ﬁltrate was
allowed to slowly evaporate at room temperature. After 3
days, pink crystals of the product formed which were collected by ﬁltration, washed with H2O (1 · 3 mL), and dried
in vacuo over silica gel. Yield: 20% (based on CrIII). The
dried solid analyzed as solvate-free. Anal. Calc. for
C42H54N7O15Cr3: C, 47.90; H, 5.18; N, 9.31. Found: C,
47.68; H, 5.25; N, 9.34%. IR spectral data (KBr, cm1):
3370 mb, 2963 m, 2928 w, 1585 vs, 1484 m, 1462 m, 1421
s, 1385 vs, 1227 m, 1124 m, 1101 m, 1031 w, 975 w, 791
m, 742 m, 709 w, 684 s, 659 w, 617 m, 472 m.
2.2.3.2. Method B. A green solution of [Cr3O(O2CCMe3)6(H2O)3](O2CCMe3) (0.093 g, 0.10 mmol) in Me2CO
(20 mL) was treated with solid (py)2CNOH (0.040 g,
0.20 mmol). The resulting green solution was reﬂuxed for
30 min during which time the colour of the solution turned
to dark brown. A colourless solution of NaNO3 (0.026 g,
0.30 mmol) in H2O (5 mL) was slowly added to the dark
brown solution. The resulting brown slurry was further
stirred at ambient temperature for 30 min, ﬁltered and left
undisturbed to slowly evaporate at room temperature.
After 3 days, pink crystals of the product formed which
were collected by ﬁltration, washed with H2O (1 · 3 mL)

and cold Me2CO (2 mL), and dried in vacuo over silica
gel. Yield: 34% (based on CrIII). The dried solid analyzed
satisfactorily as 3. The identity of the product was further
conﬁrmed by IR spectroscopic comparison with the
authentic sample prepared by method A.
2.3. Single-crystal X-ray crystallography
Complete crystal data and parameters for data collection and processing are listed in Table 1. Diﬀraction measurements for compound 1 Æ 2H2O were performed on a
Crystal Logic Dual Goniometer diﬀractometer using
graphite-monochromated Mo Ka radiation, while for compounds 2 Æ 2Me2CO and 3 Æ H2O Æ 0.5Me2CO, the data collection was performed on an Oxford Diﬀraction CCD
instrument using graphite-monochromated Mo Ka radiation. Unit cell dimensions for complex 1 Æ 2H2O 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.
Three standard reﬂections monitored every 97 reﬂections
showed less than 3% variation and no decay. Lorentz,
polarization and W-scan absorption corrections were
applied. Unit cell dimensions for complexes 2 Æ 2Me2CO
and 3 Æ H2O Æ 0.5Me2CO were determined and reﬁned by
using 37 414 (3.13 6 h 6 25.00) and 61 658 (3.13 6
h 6 25.00) reﬂections, respectively. Empirical absorption
corrections (multiscan based on symmetry-related
measurements) were applied using CrysAlis RED software
[28].

Table 1
Crystallographic data for complexes 1 Æ 2H2O, 2 Æ 2Me2CO and 3 Æ H2O Æ 0.5Me2CO
Parameter

1 Æ 2H2O

2 Æ 2Me2CO

3 Æ H2O Æ 0.5Me2CO

Empirical formula
Formula weight
Crystal system
Space group
a (Å)
b (Å)
c (Å)
b ()
V (Å3)
Z
Dcalc. (g cm3)
T (K)
ka (Å)
l (mm1)
h Range ()
Collected reﬂections
Unique reﬂections (Rint)
No. of reﬁned parameters
Observed reﬂectionsb
R1c, wR2d [I > 2r(I)]
Goodness-of-ﬁt (on F2)
(Dq)max, (Dqmin) (e Å3)

C44H36Cr2N12O6
932.92
monoclinic
C2/c
23.692(5)
11.306(3)
19.231(5)
125.308(9)
4203.7(18)
4
1.474
298
0.71073
0.582
2.09–25.00
3825
3699 (0.0219)
300
2815
0.0527, 0.1353
1.067
0.729, 0.408

C48H64Cr3N6ClO13
1124.63
monoclinic
P21/c
14.2300(10)
21.924(2)
23.0080(10)
128.200(2)
5640.9(7)
4
1.324
100(2)
0.71073
0.677
3.51–25.00
36 651
9560 (0.0483)
751
6635
0.0523, 0.1329
1.039
0.669, 0.748

C43.5H60.5Cr3N7O16.5
1101.61
monoclinic
P21/a
19.6419(11)
26.3508(13)
20.2109(13)
93.435(5)
10442.0(10)
8
1.399
100(2)
0.71073
0.686
3.13–25.00
61 658
18271 (0.0698)
1319
10 706
0.0631, 0.1403
1.031
0.992, 0.640

a
b
c
d

Mo Ka radiation.
I > 2r(I).
P
P
R1 = (jFoj  jFcj)/ (jFoj).
P
P
2
wR2 ¼ f ½wðF o  F 2c Þ2 = ½wðF 2o Þ2 g1=2 .
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of synthetic parameters, i.e. the CrIII/(py)2CNOH ratio,
the temperature, the solvent and the presence/absence of
counter-anions.
Reaction of [Cr3O(O2CCMe3)6(H2O)3](O2CCMe3) with
three equivalents of (py)2CNOH in MeCN under aerobic
conditions and reﬂux for 12 h gave a dark brown solution,
from which brownish red crystals of the dichromium(II,II)
complex [Cr2{(py)2CNO}4] Æ 2H2O (1 Æ 2H2O) were isolated
in low (25%) yield. It was apparent that an unusual
reduction of chromium(III) to chromium(II) in air had
taken place. The solvent or solvent impurities cannot be
responsible for the chromium(III) reduction; upon reﬂuxing green slurries of [Cr3O(O2CCMe3)6(H2O)3](O2CCMe3)
in MeCN at various ‘‘concentrations’’ under aerobic conditions for 12–24 h, with or without Et2O (the precipitating
solvent in the preparation of 1 Æ 2H2O), we noticed no obvious (e.g. dissolution or colour change) signs of reduction.
The possibility that the reducing agent might be a decomposition product of (py)2CNOH was also ruled out,
because this ligand maintains its chemical integrity upon
dissolution in reﬂuxing MeCN under aerobic conditions
(NMR evidence). Thus, we do believe that the reducing
reagent is an amount of the ligand itself, with its unidentiﬁed oxidation product(s) remaining in the solution. In
accordance with our proposal, the reaction of
[Cr3O(O2CCMe3)6(H2O)3](O2CCMe3) with an excess of
the ligand, i.e. CrIII 3 : ðpyÞ2 CNOH ¼ 1 : 9, gives the same
CrII;II 2 product but in higher yield (>45%). Metal-ion
assisted oxidations of oximes have been reported [31].
Reduction reactions of Cr(III) starting materials in air with
ligands which act as reductants – and simultaneously
appear intact in the Cr(II) products – are very rare [32].
Complex 1 Æ 2H2O was also prepared by the reaction of
[Cr(CO)6] with an excess of the ligand in MeCN/H2O
under reﬂuxing aerobic conditions; the yield is satisfactory, higher than 50%, based on the totally available
chromium.

The structures were solved by direct methods using
SHELXS-86 [29] and reﬁned by full-matrix least-squares techniques of F2 with SHELXL-97 [30]. For complexes 1 Æ 2H2O
and 3 Æ H2O Æ 0.5Me2CO, all H atoms were introduced at
calculated positions as riding on bonded atoms. For complex 2 Æ 2Me2CO, all methyl hydrogen atoms were introduced at calculated positions as riding on bonded atoms,
while the H atoms of the (py)2CNO ligands were located
by diﬀerence maps and reﬁned isotropically. All non-H
atoms were reﬁned with anisotropic thermal parameters.
3. Results and discussion
3.1. Syntheses
As stated in Section 1, we have a longstanding interest in
the use of anionic 2-pyridyl oximes (Scheme 1) for the preparation of 3d-metal clusters [12]. Although a variety of
homometallic 3d-metal 2-pyridyloximate clusters have
been reported [1a,12], no Cr(II) and/or Cr(III) complexes
have been structurally characterized. As a starting point,
we decided to investigate the chromium(III)/carboxylate/
di-2-pyridyl ketone oximate [(py)2CNO, Scheme 1]
chemistry. We selected the oxo-centered, triangular chromium(III) carboxylate cluster [Cr3O(O2CCMe3)6(H2O)3](O2CCMe3) [27] as the starting material. Obviously
(py)2CNOH can be deprotonated by O2 or O2 =Me3
CCO2  ; we anticipated that interesting types of CrIII =
Me3 CCO2  =ðpyÞ2 CNO species might result, as long as
the Me3 CCO2  : ðpyÞ2 CNOH ratio was high enough to
leave an amount of non-protonated carboxylate ions in
the reaction mixtures, given the fact that both
Me3 CCO2  and (py)2CNO ligands can potentially adopt
a great variety of terminal and bridging modes. As shown
in Scheme 3, the chemical and structural identity of the
products from the [Cr3O(O2CCMe3)6(H2O)3](O2CCMe3)/
(py)2CNOH general reaction system depend on a variety

[Cr2{(py)2CNO}4]
1
MeCN / T

+ 3-9 (py)2CNOH

[Cr3O(O2CCMe3)6(H2O)3](O2CCMe3)

+ 2 (py)2CNOH

Cl 2
2
CH

-M

2

Me
2 CO
-H
+N
2O
aN
O

O
e 2C
T
P,

[Cr3OCl(O2CCMe3)4{(py)2CNO}2]
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3

Me2CO - H2O
+ NaNO3

[Cr3O(O2CCMe3)4{(py)2CNO}2(H2O)](NO3)
3

Scheme 3. Reaction scheme summarizing the synthesis of compounds 1, 2, and 3.
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Since complex 1 is carboxylate-free and contains exclusively CrII atoms, our next goal was its preparation using
simpler reaction systems, i.e CrCl2 Æ 4H2O/(py)2CNOH at
diﬀerent pH values. Under the reaction conditions
employed (a variety of solvents, Et3N or NaOH, etc.), no
evidence of the formation of complex 1 was observed.
Instead, green insoluble, non-crystalline precipitates of
CrIII 2 O3 were seen as the main products of the reactions.
Crystals of 1 Æ 2H2O can be kept for weeks in the mother
liquor. Once they are isolated from solution and exposed to
air, they are slowly oxidized to a dark green-brown powder
containing Cr(III) as revealed by EPR spectroscopy. While
a very freshly prepared sample of the complex is EPR
silent, the room-temperature spectrum of the dark greenbrown powder displays an isotropic signal, whose intensity
increases with storage time, with g  2.1 at X-band frequency, indicative of a Cr(III) percentage.
The preparation of complex [Cr3OCl(O2CCMe3)4{(py)2CNO}2] Æ 2Me2CO (2 Æ 2Me2CO) can be achieved
exclusively by solvothermal techniques. Hydrothermal
and/or solvothermal methods can favour the formation of
metastable compounds [33] that are diﬃcult or impossible
to be obtained by the conventional coordination chemistry
techniques, i.e., solution chemistry under atmospheric pressure and at temperatures limited to the boiling points of
common solvents. Solvothermal techniques allow not only
the application of high temperatures to reactions in low boiling solvents, but they also oﬀer excellent crystallization conditions [34]. The possible formation of 2 under solvothermal
conditions can be summarized in the balanced Eq. (1).
2½Cr3 OðO2 CCMe3 Þ6 ðH2 OÞ3 ðO2 CCMe3 Þ þ 4ðpyÞ2 CNOH
CH2 Cl2 –Me2 CO

þ 2CH2 Cl2 ! 2½Cr3 OClðO2 CCMe3 Þ4
P;T

by Eqs. (3) and (4) deserve brief comments. First, the
metathesis reaction that leads to 3 (Eq. (3)) is accompanied
by the substitution of the terminal Cl ligand of 2 by a terminally-coordinated H2O molecule. Second, this reaction
needs also to be carried out in a solvent mixture containing
H2O to ensure non-contamination of the solid product
with NaCl. And third, the coordination of H2O instead
of a nitrato ligand in 3 may be due to the large excess of
H2O in the reaction mixture and to the satisfaction of crystal lattice requirements.
½Cr3 OClðO2 CCMe3 Þ4 fðpyÞ2 CNOg2  þNaNO3 þ H2 O
2
Me2 CO–H2 O

! ½Cr3 OðO2 CCMe3 Þ4 fðpyÞ2 CNOg2 ðH2 OÞðNO3 Þ
3

þ NaCl

ð3Þ

½Cr3 OðO2 CCMe3 Þ6 ðH2 OÞ3 ðO2 CCMe3 Þ
þ 2ðpyÞ2 CNOH þ NaNO3
Me2 CO–H2 O

! ½Cr3 OðO2 CCMe3 Þ4 fðpyÞ2 CNOg2 ðH2 OÞðNO3 Þ
T

3

þ NaO2 CCMe3 þ 2Me3 CCO2 H þ 2H2 O

ð4Þ

Under the reaction conditions employed for the isolation of complexes 2 and 3, the propensity of the second
pyridyl nitrogen atom of (py)2CNO towards coordination
has not been realized, whereas – under the same conditions
– the deprotonated oximate oxygen atom is coordinated
(vide infra). An excess of the metal ion in the reaction mixtures may favour the synthesis of higher nuclearity metal
clusters with both pyridyl nitrogens coordinated, a possibility that is currently under investigation in our
laboratories.
3.2. Description of structures

fðpyÞ2 CNOg2  þ 6Me3 CCO2 H þ ClACH@CHACl þ 6H2 O
ð1Þ
The presence of the terminally-coordinated Cl ligand is
intriguing, and can be attributed to the decomposition of
the dichloromethane solvent (Eq. (2)). This transformation
is presumably favoured by a combination of the presence
of the metal ion [35] and the high-temperature/pressure
conditions during the solvothermal procedure. Alkyl
halides are known to undergo elimination reactions in the
presence of Lewis bases (e.g. RCO2  ). Elimination occurs
under special circumstances and depends on the structure
of the alkyl halide and the basicity of the anion. When
ðMeÞ3 CCO2  reacts with CH2Cl2, a proton from the carbon of the latter is abstracted by the Lewis base, the carbon
atom that bears the leaving group is somewhat sterically
hindered, and elimination (E2) predominates over substitution [36].
base

2CH2 Cl2 ! 2Cl þ ClACH@CHACl þ 2Hþ

ð2Þ

The preparation of the trinuclear complex 3 was
achieved by two methods represented by the balanced
Eqs. (3) and (4). Three features of the reactions represented

Selected interatomic distances and angles for complexes
1 Æ 2H2O, 2 Æ 2Me2CO, and 3 Æ H2O Æ 0.5Me2CO are listed in
Tables 2–4, respectively. Partially labelled ORTEP plots of
these complexes are shown in Figs. 1–3.
Complex 1 Æ 2H2O crystallizes in monoclinic space group
C2/c. Its structure consists of isolated dinuclear
[Cr2{(py)2CNO}4] molecules and two solvate H2O molecules; the latter will not be further discussed. There is a
twofold crystallographic axis passing through the midpoint of the CrII  CrII axis. The CrII atoms are doubly
bridged by two g1:g1:g1:l2 (or 2.1110 using Harris notation [19]); each of these ligands chelates one CrII atom
forming a ﬁve-membered CrNCCN chelating ring, while
its oximate oxygen atom is terminally bound to the other
metal center. A chelating (g2 or 1.0110 [19]) (py)2CNO
ligand (Scheme 2) completes ﬁve-coordination at each
metal with the deprotonated oxime oxygen [O(1) and its
symmetry-related partner] being unbound to a CrII atom.
These ligands are in syn arrangement. Each oximate ligand
has an unbound 2-pyridyl nitrogen atom [N(3), N(13) and
their symmetry-related partners]. The bridging CrN(12)O(11)Cr 0 unit is not planar. The deviations of atoms Cr,
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Table 2
Selected interatomic distances (Å) and bond angles () for complex
1 Æ 2H2O
Cr–O(11 0 )
Cr–N(1)
Cr–N(2)
O(11 0 )–Cr–N(1)
O(11 0 )–Cr–N(2)
O(11 0 )–Cr–N(11)
O(11 0 )–Cr–N(12)
N(1)–Cr–N(2)

2.133(3)
2.022(4)
1.961(4)
123.02(15)
90.97(14)
100.80(15)
88.61(14)
81.37(15)

Cr–N(11)
Cr–N(12)
Cr  Cr 0
N(1)–Cr–N(11)
N(1)–Cr–N(12)
N(2)–Cr–N(11)
N(2)–Cr–N(12)
N(11)–Cr–N(12)

2.054(4)
1.972(4)
3.479(2)
136.13(16)
98.08(15)
101.39(16)
178.98(16)
79.60(15)

Symmetry code: 0 = x, y, z + 1/2.

Table 3
Selected interatomic distances (Å) and bond angles () for complex
2 Æ 2Me2CO
Cr(1)–O(21)
Cr(1)–O(31)
Cr(1)–O(41)
Cr(1)–O(61)
Cr(1)–N(1)
Cr(1)–N(2)
Cr(2)–O(22)
Cr(2)–O(32)
Cr(2)–O(51)
Cr(2)–O(61)
Cr(2)–N(11)
Cr(1)–O(61)–Cr(2)
Cr(1)–O(61)–Cr(3)
Cr(2)–O(61)–Cr(3)
O(21)–Cr(1)–O(31)
O(21)–Cr(1)–O(41)
O(21)–Cr(1)–O(61)
O(21)–Cr(1)–N(1)
O(21)–Cr(1)–N(2)
O(31)–Cr(1)–O(41)
O(31)–Cr(1)–O(61)
O(31)–Cr(1)–N(1)
O(31)–Cr(1)–N(2)
O(41)–Cr(1)–O(61)
O(41)–Cr(1)–N(1)
O(41)–Cr(1)–N(2)
O(61)–Cr(1)–N(1)
O(61)–Cr(1)–N(2)
N(1)–Cr(1)–N(2)
O(22)–Cr(2)–O(32)
O(22)–Cr(2)–O(51)
O(22)–Cr(2)–O(61)
O(22)–Cr(2)–N(11)
O(22)–Cr(2)–N(12)
O(32)–Cr(2)–O(51)

1.984(2)
1.986(3)
1.966(2)
1.853(2)
2.061(3)
2.023(3)
1.994(2)
1.976(3)
1.964(2)
1.858(2)
2.076(3)
122.11(12)
117.17(12)
116.51(12)
89.20(10)
172.36(10)
96.00(10)
84.18(11)
88.05(11)
90.32(10)
95.38(10)
98.78(11)
175.76(11)
91.64(10)
88.36(11)
91.97(11)
165.84(12)
88.12(11)
77.73(12)
89.10(10)
173.02(11)
96.10(10)
85.21(11)
88.15(10)
91.43(10)

Cr(2)–N(12)
Cr(3)–O(1)
Cr(3)–O(11)
Cr(3)–O(42)
Cr(3)–O(52)
Cr(3)–O(61)
Cr(3)–Cl(1)
Cr(1)  Cr(2)
Cr(1)  Cr(3)
Cr(2)  Cr(3)
O(32)–Cr(2)–O(61)
O(32)–Cr(2)–N(11)
O(32)–Cr(2)–N(12)
O(51)–Cr(2)–O(61)
O(51)–Cr(2)–N(11)
O(51)–Cr(2)–N(12)
O(61)–Cr(2)–N(11)
O(61)–Cr(2)–N(12)
N(11)–Cr(2)–N(12)
O(1)–Cr(3)–O(11)
O(1)–Cr(3)–O(42)
O(1)–Cr(3)–O(52)
O(1)–Cr(3)–O(61)
O(1)–Cr(3)–Cl(1)
O(11)–Cr(3)–O(42)
O(11)–Cr(3)–O(52)
O(11)–Cr(3)–O(61)
O(11)–Cr(3)–Cl(1)
O(42)–Cr(3)–O(52)
O(42)–Cr(3)–O(61)
O(42)–Cr(3)–Cl(1)
O(52)–Cr(3)–O(61)
O(52)–Cr(3)–Cl(1)
O(61)–Cr(3)–Cl(1)

2.020(3)
1.981(2)
2.002(2)
2.028(2)
2.020(2)
1.895(2)
2.328(1)
3.248(5)
3.199(2)
3.192(4)
95.61(10)
97.63(11)
174.97(12)
90.77(10)
87.83(11)
90.79(11)
166.72(11)
88.87(11)
77.94(12)
92.25(10)
90.41(10)
176.59(10)
89.48(10)
89.11(8)
177.34(10)
90.94(10)
91.03(10)
90.82(7)
86.40(10)
89.02(10)
89.19(7)
89.25(10)
92.07(7)
177.71(8)

O(11), N(12) and Cr 0 from the CrN(12)O(11)Cr 0 best mean
plane are 0.085, 0.210 Å below, and 0.224, 0.072 Å above
the plane, respectively. Analysis of the shape-determining
bond angles using the approach of Reedijk and co-workers
[37] yields a value for the trigonality index, s, of 0.72 for
chromium(II) (s = 0 and 1 for perfect square pyramidal
and trigonal bipyramidal geometries, respectively). Thus,
the geometry about each CrII center can be described as
slightly distorted trigonal bipyramidal (tbp), with the api-
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Table 4
Selected interatomic distances (Å) and bond angles () for one of the two
crystallographically independent trinuclear cations present in the complex
3 Æ H2O Æ 0.5Me2CO
Cr(1)–Ox(1)
Cr(1)–O(21)
Cr(1)–O(23)
Cr(1)–O(25)
Cr(1)–N(1)
Cr(1)–N(2)
Cr(2)–Ox(1)
Cr(2)–O(22)
Cr(2)–O(24)
Cr(2)–O(27)
Cr(2)–N(11)
Cr(1)–Ox(1)–Cr(2)
Cr(1)–Ox(1)–Cr(3)
Cr(2)–Ox(1)–Cr(3)
Ox(1)–Cr(1)–O(21)
Ox(1)–Cr(1)–O(23)
Ox(1)–Cr(1)–O(25)
Ox(1)–Cr(1)–N(1)
O(21)–Cr(1)–N(2)
O(23)–Cr(1)–O(25)
Ox(1)–Cr(2)–O(22)
Ox(1)–Cr(2)–O(24)

1.856(3)
1.974(3)
1.958(3)
1.970(3)
2.071(4)
2.023(4)
1.859(3)
1.987(3)
1.971(3)
1.965(3)
2.060(4)
122.98(16)
116.67(16)
115.95(16)
93.89(13)
96.27(13)
92.13(13)
166.31(15)
176.92(15)
171.42(14)
91.90(13)
95.99(14)

Cr(2)–N(12)
Cr(3)–Ox(1)
Cr(3)–O(1)
Cr(3)–OW(1)
Cr(3)–O(11)
Cr(3)–O(26)
Cr(3)–O(28)
Cr(1)  Cr(2)
Cr(1)  Cr(3)
Cr(2)  Cr(3)
Ox(1)–Cr(2)–O(27)
Ox(1)–Cr(2)–N(11)
O(22)–Cr(2)–N(12)
O(24)–Cr(2)–O(27)
Ox(1)–Cr(3)–O(1)
Ox(1)–Cr(3)–OW(1)
Ox(1)–Cr(3)–O(11)
Ox(1)–Cr(3)–O(26)
O(1)–Cr(3)–O(28)
O(11)–Cr(3)–O(26)

2.026(4)
1.880(3)
1.982(3)
1.999(3)
1.971(3)
1.990(3)
2.008(3)
3.264(6)
3.180(5)
3.170(1)
90.52(13)
166.59(16)
177.38(15)
173.47(13)
90.65(13)
178.17(14)
92.44(14)
92.38(13)
173.87(13)
174.85(14)

cal sites of Cr occupied by an oximate nitrogen atom of
a bridging (py)2CNO ligand [N(12)] and an oximate nitrogen atom of a chelating (py)2CNO group [N(2)]. Two 2pyridyl nitrogen atoms [N(1), N(11)] arising from the chelating and bridging (py)2CNO ligands and one oxygen
atom [O(11 0 )] form the equatorial plane for Cr. Cr lies
0.025 Å out of the equatorial plane towards N(2). The
rather small N(1)–Cr–N(2) and N(11)–Cr–N(12) angles
[81.37(15) and 79.60(15), respectively] reﬂect the small bite
of the (py)2CNO ligands. The Cr  Cr 0 distance of
3.479(2) Å is essentially too long to invoke the existence
of a metal–metal bond [38].
The CrII atoms seem to be high-spin based on the Cr–O
bond length [2.133(3) Å] and Cr–N bond distances
[1.961(4)–2.054(4) Å]. These bond lengths are similar to
Cr–O [39] and Cr–N [40] distances in structurally characterized ﬁve-coordinate, high-spin chromium(II) complexes
with a distorted tbp coordination geometry.
The crystal structure of 1 Æ 2H2O is stabilized by two
crystallographically independent hydrogen bonds with the
solvate water oxygen atom as donor, and the uncoordinated oximate oxygen atom and the uncoordinated pyridyl
nitrogen atom N(13) as acceptors. Their dimensions are:
OW(1) [x, y + 1, z + 1/2]  O(1) 2.774 Å, HAOW(1)
[x, y + 1, z + 1/2]  O(1) 1.929 Å, OW(1) [x, y + 1,
z + 1/2]–HAOW(1)  O(1) 159.4 and OW(1) [x, y  1,
z + 1/2]  N(13) 3.004 Å, HBOW(1) [x, y  1, z + 1/
2]  N(13)
2.178 Å,
OW(1)
[x, y  1, z + 1/2]–
HBOW(1)  N(13) 157.2.
The dimers are stabilized by an intramolecular p–p
stacking interaction between the terminal (py)2CNO
ligands. The interaction involves the two coordinated
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Fig. 1. Partially labelled PovRay representation of complex 1. H atoms have been omitted for clarity. Primes are used for symmetry-related atoms.

Fig. 2. Partially labelled PovRay representation of complex 2. H atoms have been omitted for clarity.
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Fig. 3. A view of one of the crystallographically independent trinuclear cations present in complex 3 Æ H2O Æ 0.5Me2CO. H atoms of the (py)2CNO and
Me3 CCO2  have been omitted for clarity. The hydrogen between the aquo ligand and the nitrate counterion is also shown.

2-pyridyl rings that possess N(1) and N(1 0 ) (see Fig. 1), the
intercentroid distance ðCg    C0g Þ and the dihedral angle
being 3.645 Å and 9.5, respectively. The corresponding
perpendicular distance from Cg and C0g to the best leastsquares ring planes of the other stacking moieties is
3.540 Å. Given that there are only two bridging
(py)2CNO ligands and no metal–metal bonding, we
believe that the molecular structure of 1 is maintained by
the attractive aromatic ring stacking interaction. Furthermore, this interaction is most probably the reason for the
isolation of the isomer with the syn terminal (py)2CNO
ligands, and not of the isomer with the anti arrangement
(or a mixture of the two isomeric forms).
Compound 1 Æ 2H2O is the ﬁrst structurally characterized complex of chromium (at any oxidation state) with
(py)2CNOH or (py)2CNO ligands. The observed trigonal-bipyramidal coordination is extremely rare in divalent
chromium chemistry [39–41]; most ﬁve-coordinate Cr(II)
complexes that have been structurally characterized have
a square pyramidal geometry at the metal ion [38,42]. Complex 1 Æ 2H2O joins a very small family of structurally char-

acterized dichromium(II,II) complexes with no metal–
metal bonding [40,43]; it is well known that the chemistry
of the CrII;II 2 complexes is dominated by the presence of
Cr–Cr quadruple bonds [38,42].
The dichromium(II,II) complex 1 Æ 2H2O is isostructural
with the dicopper(II,II) analogue [Cu2{(py)2CNO}4] Æ
2H2O [44], in accordance with the general belief that
high-spin Cr(II) compounds are often structurally very
similar to copper(II) complexes [45].
Complex 2 Æ 2Me2CO crystallizes in the monoclinic
space group P21/c. Its structure consists of trinuclear
[Cr3OCl(O2CCMe3)4{(py)2CNO}2] molecules and acetone
solvate molecules; the latter will not be further discussed.
The complex does not possess any imposed symmetry element. The core of the complex consists of a near-equilateral CrIII 3 triangle capped by a central l3-O2 ion
[O(61)]. The l3-oxide atom is 0.223 Å above the Cr3 plane
and occupies the common vertex of the coordination octahedra around the three CrIII atoms. Each of the
Cr(1)  Cr(3) and Cr(2)  Cr(3) edges is further bridged
by one syn,syn-g1:g1:l2 (2.11 [19]) Me3 CCO2  group and
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one oximate group of a g1:g1:g1:l2 (or 2.1110 using Harris
notation [19]) (py)2CNO ligand, while the Cr(1)  Cr(2)
edge is further bridged by two syn,syn-g1:g1:l2 (2.11 [19])
Me3 CCO2  groups. A terminal chloro ligand completes
six coordination at Cr(3). The bridging oximate groups
and the carboxylate ligands deviate signiﬁcantly from planarity. As a representative example, the distances of Cr(1),
O(1), N(2) and Cr(3) from the Cr(1)O(1)N(2)Cr(3) best
mean plane are 0.048, 0.113 Å above, and 0.115, 0.046 Å
below the plane, respectively. The presence of two diatomic
oximato bridges [O(1)N(2), O(11)N(12)] between
Cr(1)  Cr(3) and Cr(2)  Cr(3) instead of the two ‘‘triatomic’’ carboxylate bridges [O(21)C(41)O(22), O(31)C(51)O(32)] between Cr(1)  Cr(2) causes the Cr3 triangle
to be virtually isosceles, with the Cr(1)  Cr(2) separation

(3.248 Å) being longer than the Cr(1)  Cr(3) (3.199 Å)
and Cr(2)  Cr(3) (3.192 Å) distances.
The coordination geometry at Cr(1), Cr(2) and Cr(3) is
distorted octahedral. The three chromophores are of the
Cr(1,2)(Ooxo)(Opivalate)3(Noximato)(N2pyridyl) and Cr(3)(Ooxo)(Opivalate)2(Ooximato)2Cl types. The main distortions
around the polyhedra of Cr(1) and Cr(2) arise from the
ﬁve-membered chelating rings of the (py)2CNO groups
with the narrow N(1)–Cr(1)–N(2) [77.73(12)] and N(11)–
Cr(2)–N(12) [77.94(12)] angles. The Cr–O(61)–Cr angles
are in the 116.51(12)–122.11(12) range. The CrIII atoms
have similar distances to the central oxygen atom, with
an average 1.869(2) Å. The Cr(1,2)-N2pyridyl and Cr(3)–
Cl(1) bonds are all trans to the oxo bridge; they are all relatively long [2.061(3)–2.328(1) Å] as a result of the trans

Table 5
Comparison of selected structural parameters for symmetric and asymmetric complexes containing the ½CrIII 3 ðl3 -OÞ7þ core
Complexa

Cr  Cr (Å)

Cr–O2 (Å)

Cr–O2–Cr ()

Ref.

[Cr3O(O2CMe)6(H2O)3]Cl

3.279(1)
3.281(1)
3.288(1)

1.885(3)
1.899(4)
1.902(4)

119.78(18)
120.05(18)
120.13(18)

[46h]

[Cr3O(O2CMe)6(na)3](PF6)

3.297(2)
3.300(2)
3.306(2)

1.889(6)
1.912(6)
1.917(6)

118.9(3)
120.3(3)
120.9(3)

[46j]

[Cr3O(O2CMe)6(py)3](ClO4)

3.313b
3.313b
3.313b

1.913(3)b
1.913(3)b
1.913(3)b

120.00(6)b
120.00(6)b
120.00(6)b

[27]

[C(NH2)3]2[Cr3O(O2CC2H5)6F3]

3.302(1)
3.308(1)b
3.308(1)b

1.908(4)
1.909(2)b
1.909(2)b

119.6(2)
120.2(1)b
120.2(1)b

[46d]

[Cr3O(O2CCMe3)6(H2O)3](O2CCMe3)

3.290b
3.290b
3.290b

1.900(4)b
1.900(4)b
1.900(4)b

120.0b
120.0b
120.0b

[27]

[Cr3O(O2CPh)6(MeOH)3](NO3)

3.266(1)
3.277(1)
3.287(1)

1.888(2)
1.893(2)
1.895(3)

119.5(1)
120.1(1)
120.4(1)

[46a]

Na[Cr3O(O2CPh)6(py)3](ClO4)

3.263(8)b
3.263(8)b
3.263(8)b

1.883(4)b
1.883(4)b
1.883(4)b

120.0b
120.0b
120.0b

[46e]

Na[Cr3O(nicH)6(H2O)3](ClO4)8

not reported

1.906(6)
1.906(6)
1.906(6)

120.0
120.0
120.0

[46b]

Na[Cr3O(picH)6(H2O)3](ClO4)8

not reported

1.918(2)b
1.918(2)b
1.918(2)b

120.0(6)b
120.0(6)b
120.0(6)b

[46c]

[Cr3O(O2CPh)4(8-hqn)3]

2.909(1)
3.235(1)
3.466(2)

1.882(4)
1.890(4)
1.939(4)

98.9(2)
118.1(2)
130.2(2)

[46f]

[Cr3OCl(O2CCMe3)4{(py)2CNO}2]

3.192(4)
3.199(2)
3.248(5)

1.853(2)
1.858(2)
1.895(2)

116.51(12)
117.17(12)
122.11(12)

this work

[Cr3O(O2CCMe3)4{(py)2CNO}2(H2O)](NO3)

3.170(1)
3.180(5)
3.264(6)

1.856(3)
1.859(3)
1.880(3)

115.95(16)
116.67(16)
122.98(16)

this work

Abbreviations: na, nicotinamide; py, pyridine; nicH, nicotinic acid; picH, picolinic acid; 8-hqn, 8-hydroxyquinolinate(1).
a
Solvate molecules have been omitted.
b
Symmetry imposed.
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inﬂuence of the relatively short Cr–(l3-O) bond. The Cr–N,
Cr–O and Cr–Cl bond lengths lie in the expected range for
this metal and oxidation state [46,47].
The structure of complex 3 Æ H2O Æ 0.5Me2CO consists of
trinuclear [Cr3O(O2CCMe3)4{(py)2CNO}2(H2O)]+ cations,
nitrate counterions, and water and acetone solvate molecules; the latter two will not be further discussed. There are
two crystallographically independent trinuclear clusters in
the asymmetric unit with completely similar structural characteristics. The molecular structures of the cations of complex 3 are very similar to the structure of complex 2, with
the only diﬀerence being the presence of a terminal aquo
ligand in the former instead of the chloro ligand in the latter.
The resulting cationic units of 3 are counterbalanced by
NO3  counterions. The anion acts also as acceptor of a
strong hydrogen bond (Fig. 3), with the coordinated aquo
ligand acting as donor; the dimensions are: OW(1)–
Hw(1b)  O(62) = 2.645 Å,
Hw(1b)  O(62) = 1.790 Å,
OW(1)–Hw(1b)  O(62) = 165.06 [symmetry operator of
acceptor: x, y, z].
Complexes 2 Æ 2Me2CO and 3 Æ H2O Æ 0.5Me2CO are the
ﬁrst structurally characterized Cr(III)/(py)2CNO complexes. They also join a family of complexes containing
the (l3-oxo)trichromium(III) core, fCrIII;III;III 3 ðl3 -OÞg7þ .
Most of these complexes have the general formula
[Cr3O(O2CR)6L3]n+/0, where L is a monodentate ligand
and RCO2 is an anionic or neutral zwitterionic carboxylate
ligand. Remarkably, complexes 2 and 3 are the second and
the third, respectively, members of this family that contain
two types of l2 ligands, i.e. a mixed peripheral bridging
ligation, the ﬁrst reported example being complex
[Cr3O(O2CPh)4(8-hqn)3] [46f]. In Table 5 are compared
selected structural parameters for representative complexes
containing the {Cr3(l3-O)}7+ core. The existence of the
mixed l2-ligation aﬀects the Cr  Cr distances. Thus, the
distances spanned by a bridging carboxylate ligand and a
monoatomic ([Cr3O(O2CPh)4(8-hqn)3])/diatomic (2, 3)
ligand are the shortest, i.e. 2.909(1) Å in [Cr3O(O2CPh)4(8-hqn)3] [46f], 3.192(4) and 3.199(2) Å in 2, and
3.170(1) and 3.180(5) Å in 3. The unsymmetric nature of
the just mentioned three complexes is also emphasized by
the wide ranges (compared to the ‘‘symmetric’’ complexes)
of the CrIII–(l3-O)–CrIII angles [98.9(2)–130.2(2) in
[Cr3O(O2CPh)4(8-hqn)3],
116.5(1)–122.1(1)
in
2,
116.0(2)–123.0(2) in 3]. It should be also pointed out that
two CrIII–(l3-O) bond lengths in both 2 and 3 [1.853(2),
1.858(2) Å in 2 and 1.856(3), 1.859(3) in 3] are the shortest
observed in the family of ‘‘basic chromium(III) carboxylate’’ complexes; the CrIII atoms that form these very strong
bonds are bridged by two carboxylate groups and have 2pyridyl nitrogen donor atoms trans to the oxo group.
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of the solvate/coordinated water molecules [48]. The
broadness and the relatively low frequency of this band
are both indicative of strong hydrogen bonding [48].
Two bands, one very strong at about 1590 cm1 and
one of medium intensity at about 1220 cm1, are common in the spectra of 1–3; these bands are tentatively
assigned to the oximate m(C@N) and m(N–O) vibrational
modes [49], respectively, although the higher-wavenumber
band should also have aromatic and carboxylate stretch
characters.
The mas(CO2) and ms(CO2) strong bands are at 1588 (2),
1585 (3) and 1420 (2), 1421 (3) cm1, respectively. The difference D [D = mas(CO2)  ms(CO2)] is 168 cm1 for 2 and
164 cm1 for 3; these values are less than the D value for
NaO2CCMe3 Æ H2O (210 cm1), as expected for the bidentate bridging ligation of the four carboxylates [50]. The
medium intensity bands at about 2965 and 1460 cm1 are
assigned to the mas(CH3) and dd(CH3) vibrational modes
of the Me3 CCO2  ligands [51]. The presence of ionic
NO3  in 3 (established by crystallography) follows from
the spectrum of this compound through the appearance
of the m3(E 0 )[md(NO)] mode of the D3h ionic nitrate at
1385 cm1 [52].
A medium intensity band at 617 cm1 appears in the
spectra of 2 Æ 2Me2CO and 3 Æ H2O Æ 0.5Me2CO. This band
is absent from the spectrum of 1 Æ 2H2O and can be
assigned to the mas(Cr3O) vibration [46d,46e,53].
3.4. Electronic spectroscopy
From the solution electronic spectra, it is diﬃcult to
decide if the structures seen in the solid state persist in
solution; structural changes are possible in solvents of
high donor capacity (MeOH, DMF). The solid-state (diffuse reﬂectance) electronic spectra of the trinuclear complexes 2 and 3 are almost identical, as expected. The
visible spectra of pseudo-octahedral Cr(III) complexes
are expected to display two dominant d–d bands, corresponding to the spin-allowed 4A2g ! 4T2g and 4A2g !
4
T1g(F) transitions [54]; these bands appear at 585 and
435 nm, respectively, in the spectra of 2 and 3
[46c,46e,46g,54]. The third spin-allowed d–d transition
4
A2g ! 4T1g(P) is expected well in the UV region, but it
cannot be resolved from the (py)2CNO ligand transitions
[46e]. A series of 3–4 weaker transitions at longer wavelengths, corresponding to formally spin-forbidden transitions, result in weak bands in the 640–720 nm range
[46c,46e,54]. Of remarkable interest are two shoulders
for both complexes, appeared at 348 and 361 nm; such
features have been assigned [46e] to simultaneous pair
excitations, where a d ! d excitation occurs simultaneously at two CrIII atoms.

3.3. IR spectroscopy
3.5. Magnetic and EPR studies of complex 2
The IR spectra of complexes 1 Æ 2H2O and 3 Æ H2O Æ
0.5Me2CO (dried samples) exhibit a medium to strong
band at 3380 cm1 assignable to the m(OH) vibration

Solid-state direct current (dc) magnetic susceptibility
(vM) data for the representative complex 2 were collected
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in the temperature range 2.0–300 K in an applied ﬁeld of
3 kG (0.3 T).
The vMT versus T plot is shown in Fig. 4. The vMT
product gradually decreases from 4.65 cm3 mol1 K at
room temperature to 1.74 cm3 mol1 K at 25.0 K and then
increases reaching a value of 1.91 cm3 mol1 K at 8.0 K
before dropping further to 1.71 cm3 mol1 K at 2.0 K.
The value of vMT at room temperature is lower than that
expected for a cluster of three non-interacting CrIII ions
(5.625 cm3 mol1 K for g = 2.0), indicative of antiferromagnetic exchange interactions even at 300 K. The drop
of vMT with decreasing temperature reﬂects the presence
of antiferromagnetic interactions within the cluster leading
to a small, but non-zero ground state. The 25.0 K value of
1.74 cm3 mol1 K is consistent with an ST = 3/2 ground
state and a g value slightly less than 2.0, as expected for
a Cr(III) complex; the spin-only (g = 2.0) value for an
ST = 3/2 state is 1.875 cm3 mol1 K.
In order to conﬁrm the ground state of complex 2, magnetization data were collected in the magnetic ﬁeld and
temperature ranges 0.5–50 KG and 2.0–4.0 K, respectively.
These measurements are plotted as M/Nb versus H in
Fig. 5. The magnetization at high ﬁelds tends to a saturation value consistent with three unpaired electrons, indicating an ST = 3/2 ground state.
This magnetic behaviour is in good agreement with the
response of an isosceles triangle of CrIII ions (equilateral
CrIII triangles are frustrated systems with ST = 1/2 ground
state exhibiting a lower vMT value close to 0.375 cm3
mol1 K). On the basis of the structural information, ﬁt
of the experimental data was performed by means of the
CLUMAG program [55] applying the Hamiltonian:
H ¼ J 1 ðS 1  S 2 þ S 1  S 3 Þ  J 2 ðS 2  S 3 Þ

ð5Þ

where the J1 coupling constant corresponds to the two
interactions involving the oximato/carboxylato ligands
and the J2 one to the interaction involving the two
carboxylato bridges, in addition to the interactions through
the common central oxo bridge. Best ﬁt parameters were
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Fig. 5. Magnetization M vs. applied magnetic ﬁeld H plot at 2 K for
complex 2. The solid, black line represents the theoretical Brillouin
function for an S = 3/2 system with g = 2.0.

J1 = 26.5 cm1, J2 = 9.1 cm1 and g = 2.06, R = 3.2 ·
103.
The l3-oxo centered chromium(III) triangles of the
[Cr3(l3-O)(RCOO)6L3]+ general type are well known from
the structural point of view, but their magnetic properties
have been measured only in few cases in spite of the fact
that [Cr3O(O2CMe)6(H2O)3]Cl Æ 6H2O was one of the earlier studied trinuclear systems [56]. Regular oxo-centered
chromium(III) triangles with a variety of bridging carboxylates and Cr–O–Cr bond angles very close to 120 and the
oxo ligand coplanar with the CrIII atoms give J values typically around 20 cm1 [46a,46i,56]. The only example
with a distorted triangle in which the oxo ligand is strongly
displaced from the plane deﬁned by the CrIII atoms gives a
J coupling constant of only 4.6 cm1 [46f]. Despite the
fact that this system is not fully comparable because the
bridges contain other ligands in addition to the carboxylates, the resulting loss of overlap between the chromium
atoms and the out-of-plane l3-oxo ligand should play an
important role in the decrease of the superexchange interaction. In complex 2, the oximato ligands introduce a
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Fig. 4. vMT vs. T plot for a polycrystalline sample of complex 2 in a 3 kG
ﬁeld. The solid, black line is the ﬁt of the experimental data to the
appropriate 2-J model; see the text for the ﬁtting parameters.

0

2000

4000

6000

8000

10000

H /G
Fig. 6. X-band EPR spectra of complex 2 recorded at room temperature
(dashed line) and 20 K (solid line).
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moderate distortion in the triangular {Cr3(l3-O)}7+ core
with the Cr–O–Cr bond angles deviating few degrees from
120 and the oxo ligand lying out of the plane deﬁned by
the three CrIII atoms. The distortion is intermediate
between the above mentioned regular and highly distorted
cores, and the intermediate J2 value of 9.1 cm1 for 2 is in
full agreement with the structural features. On the other
hand, there is only one example of an oxo-centered chromium(III) triangle with additional oximato bridges and a
comparable out-of-plane position of the l3-oxo ligand,
for which the reported J value is 28.4 cm1 [57]. Comparison of those previously reported coupling constants with
these calculated for compound 2 are in excellent agreement
with the expected values for these kind of bridges.
EPR spectra recorded at various temperatures (Fig. 6)
are consistent with a moderately anisotropic CrIII environment. The room-temperature spectrum displays a broad
band centered at g 2.06 which overlaps signals due to several populated spin levels. At temperatures lower than
20 K, the complex exhibits a more complicated spectrum
with intense bands at g = 4.88/2.07 and several broad
and weaker absorptions at g = 11, 3.0 and 1.08 attributable
to an anisotropic 3/2 spin level.
4. Conclusions and perspectives
The present work extends the body of results that
emphasize the ability of the monoanionic ligand
(py)2CNO to form interesting structural types in 3d-metal
chemistry. The use of di-2-pyridyl ketone oxime in reactions with [Cr3O(O2CCMe3)6(H2O)3](O2CCMe3) has provided access to three new complexes, one carboxylate-free
dichromium(II,II) (1) and two mixed-ligand triangular (2
and 3) containing the {Cr3(l3-O)}7+ core. In the case of
the dinuclear ½CrII 2 fðpyÞ2 CNOg4  compound, an intriguing
oximate-assisted Cr(III) ! Cr(II) reduction in air has
taken place. The triangular complex 2 possesses a terminally ligated Cl anion which arises from an elimination
reaction of the dichloromethane solvent in the presence
of the metal ion under solvothermal conditions. Complex
2 exhibits interesting magnetic and EPR features; the cluster has an ST = 3/2 ground state and its magnetic behaviour can successfully be modeled using a realistic 2-J
model. Complexes 1–3 are the ﬁrst structurally characterized chromium complexes with (py)2CNOH or (py)2CNO
ligands.
The terminal chloro and aquo ligands present in 2 and 3,
respectively, could have future utility as sites for facile
incorporation of other anionic or neutral monodentate
ligands by metathesis reactions or as means of accessing
higher-nuclearity species by using bis(monodentate) bridging inorganic ligands (e.g. l1;3 -N3  , l1;3 -NðCNÞ2  Þ or aromatic heterocycles (e.g. 4,4 0 -bipyridine, pyrazine). One of
our future synthetic goals is to try to realize the l3/l4
potential of (py)2CNO (not achieved in 1–3) in chromium(III) or/and chromium(II) chemistry by ‘‘forcing’’
the free 2-pyridyl nitrogen to bind a metal ion. Work in
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progress at the time of writing reveals that replacement
of (py)2CNOH by other, seemingly similar, 2-pyridyl oxime
ligands in otherwise analogous reaction systems has a dramatic eﬀect on the structural identity of the obtained dinuclear ½CrII 2 ðoximateÞ4  complexes in terms of the CrII  CrII
distance and the formation or not of a metal–metal bond.
In addition, the free coordination sites of the (py)2CNO
ligands of 1–3 makes these complexes very useful precursors for the synthesis of heterometallic 3d/3d 0 and 3d/4f
clusters using the ‘‘complexes as ligands’’ synthetic
strategy.
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