Polyhedron 30 (2011) 2987-2996

Contents lists available at ScienceDirect

Polyhedron

@

POLYTIEDRON

journal homepage: www.elsevier.com/locate/poly =

The search for cobalt single-molecule magnets: A disk-like Co"'Co"s cluster
with a ligand derived from a novel transformation of 2-acetylpyridine

Alexandros A. Kitos?, Constantinos G. Efthymiou ®P, Constantina Papatriantafyllopoulou®,
Vassilios Nastopoulos ?, Anastasios ]. Tasiopoulos ¢, Manolis ]. Manos ¢, Wolfgang Wernsdorfer ¢,

George Christou”*, Spyros P. Perlepes ®*

2 Department of Chemistry, University of Patras, 26504 Patras, Greece
b Department of Chemistry, University of Florida, Gainesville, Florida 32611-7200, USA
€ Department of Chemistry, University of Cyprus, 1678 Nicosia, Cyprus

dInstitut Louis Néel, CNRS and Universite J. Fourier, BP 166, 38042 Grenoble, Cedex 9, France

ARTICLE INFO

ABSTRACT

Article history:

Received 13 December 2010
Accepted 9 February 2011
Available online 16 February 2011

Keywords:

Cobalt single-molecule magnets
Crossed-aldol reaction

Heptanuclear Co"Co"s clusters
Ligands’ transformations

Magnetic properties
2-(Pyridine-2-yl)pentane-2-olate-4-one
ligand

The initial employment of 2-acetylpyridine, (py)(Me)CO, in Co cluster chemistry is reported, and the syn-
thesis, crystal structure, and full magnetic study of [Co;(OH)g(L)s](ClO4)3-1.6H,0 (1-1.6H,0) are
described; L™ is the anion of 2-(pyridine-2-yl)pentane-2-ol-4-one, (py)(Me)C(CH,COCH3)(0)~, formed
in situ through a crossed-aldol reaction in acetone under strongly basic conditions. The reaction of
Co(Cl04),-6H,0, (py)(Me)CO and NBu",OMe (1:1:1.2) in acetone at room temperature under aerobic con-
ditions affords 1-1.6H,0 in 35% yield. The mixed-valent cation possesses a wheel-shaped (or disk-like)
structural motif comprising a central octahedral Co" atom linked to six peripheral distorted octahedral
Co'" atoms by six p3-OH™ groups; the six Co" atoms on the rim are held together by six n':n:n':p,-L~
ligands and the oxygen atoms of the hydroxo groups. Variable-temperature, solid-state dc and ac mag-
netic susceptibility studies were carried out on 1. The dc magnetic study of 1 shows a decline in the prod-
uct yyT with decreasing T. The observation of out-of phase ()”y) ac susceptibility signals below ~4 K
suggests that the Co"'Co''s complex may be a single molecule magnet, and this was confirmed by
single-crystal magnetization vs. dc field sweeps down to 0.04 K that exhibited hysteresis. The study
reveals that each complex cation is a weak single-molecule magnet, but that there are also intermolecular
interactions (also confirmed crystallographically) to create a 3D ordered lattice; this still gives some

hysteresis at 5 K.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Molecular 3d-metal cluster chemistry has been attracting
intense interest from many groups around the world [1]. There
are diverse reasons for this, including the esthetically pleasing
structures that many such molecular clusters possess [2]. However,
the two main reasons are the relevance of this area to bioinorganic
chemistry [3] and to nanoscale magnetic materials. Restricting fur-
ther discussion to the latter, the field involves the synthesis, among
other compounds, of single-molecule magnets (SMMs) [4], also
referred to occasionally as molecular nanomagnets. SMMs are
molecular transition metal and/or lanthanide clusters that retain
their magnetization below a blocking temperature in the absence
of an applied magnetic field. This area thus represents a molecular,
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“bottom-up” approach to nanoscale magnets, complementary to
the standard “top-down” approaches to nanoparticles of tradi-
tional magnetic materials, e.g. Fe, Fe304, CrO,, which are atom
based with d- (or f-) spin sites and with extended network bonding
on the three dimensions. Due to their small size, SMMs straddle
the classical/quantum interface in also displaying quantum tunnel-
ing of magnetization (QTM) [5], quantum phase interference [6]
and exchange biasing [7], which are properties of the microscale.
SMMs have been proposed for several potential applications [8].
The magnetic behavior of SMMs results from the combination of
two intramolecular properties, a large ground spin state (S) with
a large and negative Ising (or easy-axis) type of magnetoanisotro-
py, as measured by the axial zero-field splitting parameter D [4].
Many different classes of 3d-metal based SMMs are now known
[4], and the majority continue to be in Mn polynuclear complexes
containing at least some Mn" centers, since the Jahn-Teller distor-
tion of this high-spin 3d* ion in octahedral geometry is a source of
significant single-ion anisotropy of the easy axis type and thus of
resulting anisotropy for the molecular cluster; in addition, Mn
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clusters will often possess large ground state S values, the other
requirement for a SMM.

In the weak-exchange limit [9], the magnetic anisotropies on
metal sites are much stronger than the exchange interactions be-
tween the sites. In this limit, the below equation is not applicable
to the description of the energy barrier for reversal of magnetiza-
tion, since it involves the total spin of the molecule, which is no
longer a good quantum number. Such a situation is encountered
in complexes involving 3d-metal ions with strong magnetic aniso-
tropies, such as Co'. In such complexes, the single-ion anisotropy
and the exchange interaction can both contribute to the height of
the barrier for reversal of magnetization [10]. Generally, however,
the origin of SMM behavior of complexes in the weak-exchange
limit is difficult to elucidate. Thus, octahedrally coordinated Co",
which has a large single ion anisotropy due to the orbitally degenerate
4T1g ground state, may potentially be a promising candidate for pre-
paring SMMs, and there are few reports in the literature of Co'-
based SMMs [11,12]. However, some examples demonstrate the
difficulty in proving the SMM behavior as they do not show all
the features observed in more clear-cut SMMs.

U = |D|$?

As a result of the interest in SMMs, there is continuing demand
for new synthetic methods that can yield new 3d-metal clusters
and new SMMs with improved properties [13]. In the development
of new synthetic routes to metal clusters, the choice of the ligands
is always a key issue [14]. We and others have explored a wide
variety of ligands that can simultaneously bridge and chelate,
and might foster the formation of high nuclearity products. A pop-
ular such ligand is di-2-pyridyl ketone, (py),CO (Scheme 1) [15].
There is a chemical characteristic that makes this molecule special
as ligand; this is its carbonyl group. Water and alcohols (ROH),
among other [16] nucleophiles, have been shown to add to the
carbonyl group upon coordination of the carbonyl oxygen and/or
the 2-pyridyl rings, forming the ligands (py),C(OH), [the gem-diol
form of (py),CO] and (py),C(OR)(OH) [the hemiketal form of
(py)2CO], respectively (Scheme 1). The immense structural diver-
sity displayed by the hundreds of clusters reported stems, in part,
from the ability of (py),C05%~, (py)>C(OH)(0)~ and (py)-C(OR)(0)~
to exhibit no less than ten distinct bridging modes ranging from 1,
to us [15]. Employment of carboxylates and/or inorganic anions
(Cl-, NO5~, N5~, NCO~, SO427, ...) as ancillary ligands in the reac-
tion mixtures gives an extraordinary structural flexibility in the
mixed-ligand systems, allowing the synthesis of a variety of 3d-
metal clusters with nuclearities ranging from 3 to 26 [15,17] and
with interesting magnetic properties, including SMM behavior
[17c,f].
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As part of our continuing search for new preparative routes to
polynuclear species, we have recently turned our attention to poly-
dentate ligands that present a structural similarity to (py)>CO. Our
goals are to investigate to what extent the use of such ligands
might affect the identity of the obtained products compared with
(py)2CO and to what extent this might thus prove to be a route
to new cluster types. We have decided to start our efforts with
the simple ligand 2-acetylpyridine, (py)(Me)CO (Scheme 1). This
ligand, which has been widely used in coordination chemistry
[18], is less bulky than (py),CO and it lacks the second nitrogen
atom. We were particularly interested in investigating whether (py)(-
Me)CO would be capable of undergoing reactivity towards nucleo-
philes in the presence of metal ions. For example, nucleophilic
attack of H,O and alcohols on the carbonyl carbon in the presence
of metal ions could generate the anionic ligands (py)(Me)CO,2~,
(py)(Me)C(OH)(O)~ and (py)(Me)C(OR)(O)~ [analogous to well ex-
plored ligands (py),CO.*", (py)2C(OH)(0)" and (py),C(OR)(O),
respectively] and yield clusters with new structural motifs. We
were skeptical about this possibility. The reason is that there is
electron attraction from one side of the carbonyl group by the 2-
pyridyl heterocycle, but simultaneously there is electron release
from the other side of the carbonyl group by the methyl group.
The high reactivity of coordinated (py),CO is generally attributed
[15] to the electron-withdrawing character of both substituents
on the carbonyl C atom, and thus the polarization of the C-C ¢
bonds connecting the 2-pyridyl groups to the central C atom is suf-
ficient to increase its electrophilic nature and activate it for further
reaction.

We herein report our first results on a new project which can be
considered as an amalgamation of the two above discussed, itali-
cized aspects. We describe the synthesis, crystal structure and
physical characterization of a Co"!Co''s SMM possessing an organic
ligand that has derived from an impressive transformation of the
initially used (py)(Me)CO. This work is a part of our continuing ef-
forts on Co cluster chemistry [17i,19] and in the area of reactivity
of coordinated ligands [15¢,20].

2. Experimental
2.1. General and physical measurements

All manipulations were performed under aerobic conditions
using materials (reagent grade) and solvents as received. Warning:
Although no such behavior was observed during the present work,
perchlorate salts are potentially explosive; such compounds

should be used in small quantities, and treated with utmost care
at all times.

L
= C/O
" HO/ \OR "

(py), C(OH),; R=H

(py)> C(OR)(OH); R = Me, Et, ...

Scheme 1. Some of the ligands discussed in the text. Note that (py),C(OH),, (py).C(OR)(OH) and their anions do not exist as free species but exist only in their respective
metal complexes. The ligand used in this work is (py)(Me)CO. M™ is a metal ion and n is normally 2 or 3.
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Microanalyses (C, H, N) were performed by the in-house facili-
ties of the Chemistry Department at the University of Florida. IR
spectra (4000-400 cm™!) were recorded on a Perkin-Elmer 16 PC
FT-spectrometer with the sample prepared as KBr pellet.
Variable-temperature dc and ac magnetic susceptibility data were
collected on an air dried sample of the Co"'Co" cluster (vide infra)
using a Quantum Design MPMS-XL SQUID susceptometer equipped
with a 7 T magnet and operating in the 1.8-300 K range (University
of Florida). The sample was embedded in solid eicosane to prevent
torquing. Pascal’s constants [21] were used to estimate the dia-
magnetic correction, which was subtracted from the experimental
susceptibility to give the molar susceptibility. Low-temperature
(<1.8 K) hysteresis studies were performed at Grenoble using an
array of micro-SQUIDs [22]. The high sensitivity of this magnetom-
eter allows the study of single crystals of SMMs of the order of 10—
500 pum. The field can be applied in any direction by separately
driving three orthogonal coils. Crystals were maintained in mother
liquor to avoid possible degradation and were covered with grease
for protection during transfer to the micro-SQUID and subsequent
cooling.

2.2. Compound preparation

2.2.1. [Co7(OH)g(L)s](ClO4)3-1.6H>0 (1-1.6H50), where L™ is the anion
of 2-(pyridine-2-yl)pentane-2-ol-4-one

To a stirred solution of (py)(Me)CO (0.056 mL, 0.5 mmol) in ace-
tone (15 mL) was added a 20% (w/v) solution of NBu",OMe in MeOH
(0.84 mL, 0.6 mmol). The obtained solution was stirred for 15 min to
obtain a pale yellow color and then solid Co(ClO,4),-6H,0 (0.183 g,
0.5 mmol) was added under vigorous stirring, which caused a color
change to brown. The solution was stirred for a further 1 h, filtered
and the filtrate was left undisturbed in an open flask. Slow evapora-
tion of the solvent at room temperature gave pale green crystals of
the product which were collected by filtration, washed with cold
Me,CO (3 x 2 mL) and dried in air. Yield: ~35%. The solid analyzed
as 1:3Me,CO. Anal. Calc. for CggHosNgC0,03,Cl3 (2056.42): C,
40.29; H,4.71; N, 4.09. Found: C,40.58; H, 4.25; N, 4.32%. IR (KBr pel-
let): v=3454sb, 2970w, 2923w,1678s, 1636m, 1602m, 1570m,
1508sh, 1436m, 1366m, 1298w, 1238w, 1144sh, 1120s, 1090sb,
1008w, 950w, 776m, 690m, 626m, 576m, 536m, 453w cm ™.

2.3. Single-crystal X-ray crystallography

A crystal of 1.1.6H,O with appropriate dimensions 0.14 x
0.13 x 0.08 mm was attached to a glass fiber using silicone grease.
Data were collected on an Oxford Diffraction Xcalibur-3 diffrac-
tometer, equipped with a Sapphire CCD area detector, at 100 K
using a graphite monochromated Mo Ko radiation. Complete crys-
tal data and parameters for data collection and processing are
listed in Table 1.

Several crystals of the compound were tested on the X-rays at
100 K. The diffraction quality of the crystals has proven to be mod-
erate and structure determination was eventually carried out by
means of the best data set collected. As a necessary compromise
between resolution and data completeness we have used data up
to 50° with a completeness of 99.4%.

The structure was solved by direct methods using SIR92 [23]
and refined by full-matrix least-squares techniques on F?> with
sHELXL-97 [24]. The non-hydrogen atoms were refined anisotropi-
cally. Some hydrogen atoms (including the hydrogen atoms of
the OH™ ligands) were located from a difference Fourier map and
refined isotropically, while the remaining were placed in calcu-
lated ideal positions and refined as riding on their respective
carbon atoms. The C(20) methyl group is disordered and has been
modeled over two orientations with a domain ratio of 65:35 after
competitive refinement. The CI(2)0(14)0(15)0(16)0(17) perchlo-

Table 1
Crystallographic data for complex 1.1.6H,0.

Formula CeoHs1.20N6C07031.60Cl3
Formula weight 1910.97

Color, habit pale green prisms
Crystal system triclinic

Space group P-1

a(A) 12.687(2)

b (A) 13.1673(17)
c(A) 13.733(2)

o (9) 92.069(11)
B(°) 98.328(13)

7 () 109.218(13)

V (A3) 2134.7(5)

V4 1

Pcalc (g Cm73)u 1.486
Radiation, 4 (A) Mo Ko, 0.71073
u (mm~1) 1.499

T (K) 100(2)

Ranges h -15-15

k -15-15

1 —-16 - 16
Measured reflections 28385

Unique reflections (Rin) 7495 (0.161)
Reflections used (I > 2a(I)) 2532
Parameters refined 534
Goodness-of-fit (GOF) (on F?) 0.820

R (I>2a(I)) 0.0595

WR,® (I>2a(I)) 0.1058
(AP)maxl(AP)min (€ A~3) 1.054/-0.529

* Ry =Z(|Fo| — [F)/Z(|Fol)-
® WRy = {E[W(F* — F21IZIw(Fo* )12,

rate counterion exhibits orientational disorder; the Cl(2) atom lies
on an inversion center, and the ion is distributed over two orienta-
tions (50:50) sharing a common center of gravity. The programs
used were CrysAlis CCD [25] for data collection, CrysAlis RED
[25] for cell and data refinement, WINGX [26] for crystallographic
calculations, and MERCURY [27] and DIAMOND [28] for molecular
graphics.

3. Results and discussion
3.1. Synthetic comments and IR spectrum

One of our synthetic approaches to activate the proligand 2-ace-
tylpyridine, (py)(Me)CO (Scheme 1), for further reactivity in cluster
chemistry was to treat a cobalt(Il) salt with (py)(Me)CO under
strongly basic conditions in a protic solvent (H,O or alcohols). We be-
lieved that the nucleophile (OH~ or RO~) would add to the partially
positive carbonyl C atom to eventually give one or possibly more of
the coordinated ligands (py)(Me)CO,%~, (py)(Me)C(OH)(O)~ or/and
(py)(Me)C(OR)(O) . The results of this investigation will be reported
in a forthcoming paper [29]. What we describe here is a product from
this reaction system in acetone. This solvent was previously respon-
sible for an impressive reactivity of coordinated (py),CO that has led
to structurally and magnetically interesting Ni'; and Ni'ls clusters
[15c].

Treatment of Co(ClO4),-H,O with a pale yellow solution con-
taining (py)(Me)CO and NBu";OMe (1:1:1.2) in Me,CO at room
temperature under aerobic conditions gave a brown solution from
which the pale green cluster [Co;(OH)g(L)s](ClO4)s (1) was subse-
quently isolated in moderate yield. We were happy to see that a
structurally interesting mixed-valent Co"Co'"s complex had been
isolated. At the same time we were surprised to realize that the li-
gand involved in the cluster was not one of the anticipated
(py)(Me)CO,%~ or (py)(Me)C(OH)O)", but instead the anion of
2-(pyridine-2-yl)pentane-2-ol-4-one, (py)(Me)C(CH,COCH3)(0)™,
abbreviated as L~ (Scheme 2). Assuming that the only product from
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Scheme 2. The proposed simplified mechanism that leads to L™, which is present as a ligand in cluster 1.

this reaction system (most probably this is not the case here) is the
Co"Co"s, the formation of 1 can be summarized in Eq. (1).

14C0(Cl0,), - 6H,0 + 12(py)(Me)CO + 1/20,
+ 22NBu!OMe + 12CH;COCH;

— 2[Co"Cog{(py)(Me)C(CH,COCH3)(0)}](Cl04),
+ 22NBujCl0O,4 + 22MeOH + 73H,0 (1)

With hindsight we can propose a simplified mechanism for the
formation of L~ in Scheme 2. The C-H bonds adjacent to the car-
bonyl group of acetone are polar and important reaction sites
[30]. The pK, of a typical «-hydrogen (hydrogens on a carbon di-
rectly attached to a carbonyl are referred to as «-hydrogens) of a
ketone is around 20; this makes it much more acidic than alkane
C-H bonds (pK, around 50), but much less acidic than alcohols
(pK, around 17) or carboxylic acids (pK, around 4). The carbon-
oxygen double bond of acetone is a strong electron withdrawing
group and polarizes the adjacent C-H bonds, making «-hydrogens
weakly acidic. Strong bases, such as MeO™ used here, can abstract
an o-hydrogen, forming an equilibrium with the corresponding
carbanion [30]. Once formed, the carbanion is resonance-
stabilized. Then the ligand L~ forms through a mixed (or crossed)-
aldol-reaction-type mechanism [30]. Once the carbanion
CH3COCH,™ is formed, it attacks the positive carbonyl carbon of
(py)(Me)CO by a nucleophilic addition mechanism in an effort to
neutralize itself. As the carbanion forms the C-C bond, the =
electrons of the carbonyl group of (py)(Me)CO are transferred com-
pletely to the oxygen, forming an alkoxide ion. We want to empha-
size that the reaction that leads to L™ is not an aldol condensation
[30]. In organic chemistry the products of the described reactions
(aldols) are easily dehydrated, because the resulting double bond
is conjugated with the carbonyl group, which creates an extended
system of overlapping p orbitals, i.e., a resonance-stabilized struc-
ture. Possible reasons for the non-condensation of L~ are the
strongly basic medium which does not permit the existence of a
neutral alcohol function andjor its stabilization by the Co" ion.

Since both the ligand and the solvent have a-hydrogens, the
formation of all four possible anionic ligands namely L,
Me,C(CH,COCH3)(0)~ (from the aldol-type reaction of acetone
with itself, Scheme 3), (py)(Me)C{CH,CO(py)}(O)~ (from the al-
dol-type reaction of 2-acetylpyridine with itself) and
(Me),C{CH,CO(py)}(O)~ (from attack of the (py)COCH, ™ carbanion
on the carbonyl carbon of acetone) is possible, in principle,
depending on the reaction conditions. The fact that pale green 1
is precipitated from a brown solution and the moderate yield of
its preparation may suggest the existence of other Co species in
solution. Note that the ligand Me,C(CH,COCH3)(O)~ (Scheme 3)
has formed in situ through a Lewis acid-catalyzed reaction and
has crystallographically identified in Ta¥ complexes [31]. We are

CH,
|
HG~—_ |0~ _—cH;

o

Me, C(CH, COCH;)(0) ~

Scheme 3. The diacetone alcoholate ligand formed in situ through a Lewis acid-
catalyzed aldol reaction and crystallographically identified in TaV complexes [31].

studying this possibility trying to isolate other products from the
general Co"/(py)(Me)CO/MeO~ or OH™ reaction system in acetone.
A few years ago, Drew, Datta and coworkers [18c] observed an-
other transformation of (py)(Me)CO upon its reaction with Cu
sources. They attempted to grow single crystals of [Cu'{(py)(Me)-
C0},](Cl04); by allowing Et,0 diffusion into its reddish solution
in MeOH. They obtained dark green crystals of [Cu™"(L'),](ClO4),
instead, where L'~ is the anionic ligand shown in Scheme 4; the
Cu'™, complex can also be prepared by oxidizing the mononuclear
Cu' precursor with H,0, in MeOH. The proposed mechanism in-
volves attack of the generated, coordinated (py)COCH,~ carbanion
on the carbonyl carbon of another coordinated (py)(Me)CO mole-
cule, followed by nucleophilic attack of MeOH on the carbony]l car-
bon that formerly belonged to the carbanion [18c]. The presence of
L™ in 1 and L'~ in [Cu™"5(L"),](Cl04), suggests a rich reactivity po-
tential for (py)(Me)CO.

Another question we tried to answer is whether the formation
of L™ is metal-ion promoted (or assisted). With only the structure
of 1 available, the answer is difficult. We tried to synthesize LH
by the reaction of (py)(Me)CO and acetone in the presence of
NBu"4OMe and in the absence of Co" under several reaction condi-
tions (reaction times, temperatures and reactant ratios), but to
date we have obtained oily materials difficult to characterize. We
have also failed to isolate the free ligand LH by treatment of 1 with
dilute hydrochloric acid. Note that this compound is not known in
organic chemistry.

Scheme 4. The ligand identified in the dinuclear complex [Cu™", (L'),](Cl04),; the
complex was prepared by oxidation of the mononuclear precursor [Cu'{(py)(Me)-
C0},](Cl04), with H,0, [18c].



A.A. Kitos et al./Polyhedron 30 (2011) 2987-2996 2991

The IR spectrum of 1 exhibits a strong band at 3454 cm ™' assign-
able to v(OH)oy;~ [32]. The broadness and relatively low wavenum-
ber of this band are both indicative of hydrogen bonding. A strong
band at 1678 cm™' is assigned to the v(C=0) band of lattice acetone
that is present in the analytically pure sample 1-3Me,CO, which was
also used for IR spectroscopy; this band completely disappears when
the sample is dried under vacuum for 3 h. We thus assign the band at
1636 cm™! to the v(C=0) mode of the coordinated L~ [33]. The in-
plane deformation of the 2-pyridyl ring appears at 626 cm™!; its
presence above 620 cm™! indicates the involvement of the ring-N
atom in coordination [34]. The spectrum of 1 exhibits a strong band
at 1090 cm~! and a medium intensity band at 626 cm™!, due to the
v3(F2) [va(ClO)] and v4(F) [84(OCIO)] modes, respectively, of the
uncoordinated T4 Cl104~ ions [35]; the broad character and splitting
of the band at 1090 cm™~! (manifested by the appearance of a band at
1120 cm™ ' and a shoulder at 1144 cm™') indicates the involvement
of ClO4~ ions in hydrogen bonding [36], also established by X-ray
crystallography (vide infra).

3.2. Description of structure

A partially labeled plot of the [Co;(OH)s(L)g]>* cation that is
present in complex 1 is shown in Fig. 1. Selected interatomic dis-
tances and angles are listed in Table 2.

Complex 1 crystallizes in the triclinic space group P1. The struc-
ture consists of heptanuclear [Co;(OH)g(L)s]** cations, ClO4~ coun-
terions and solvate H,O molecules; the latter two will not be
further discussed. The cation possesses a wheel-shaped structure
comprising a central Co™ atom [Co(1)], linked to six peripheral Co"
atoms by O atoms provided by the 13-OH™ groups. Co(1) is located
on an inversion center and there are thus four crystallographically
independent Co centers. The six metal ions on the rim are held to-
gether by six n':n%:n!:p,-L” ligands (Scheme 5) and six hydroxo
oxygen atoms. The multiple n value indicates the hapticity of the
alkoxide oxygen donor atom, that is, the number of metal ions to
which this donor atom is attached. Each p3-OH™ group bridges
the central Co' atom with two peripheral Co" atoms and also a pair
of Co' atoms on the rim. The metallic skeleton describes a cen-
tered, almost perfect hexagon of six edge-sharing triangles with

Fig. 1. Partially labeled plot of the cation present in [Co;(OH)e(L)s](ClO4)3-1.6H,0
(1-1.6H;0). Primed and unprimed atoms are related by the crystallographic
inversion center. O(7), O(8), O(9) and their symmetry equivalents are the hydroxo
oxygen atoms. O(1), O(3), O(5) and their symmetry equivalents are the alkoxide
oxygen atoms of the L™ ligands. O(2), O(4), O(6) and their symmetry equivalents are
the ketone-type oxygen atoms of the L ligands.

Table 2

Selected interatomic distances (A) and angles (°) for 1-1.6H0.
Distances
Co(1)---Co(2) 3.116(1) Co(2)-0(7) 2.146(6)
Co(1)---Co(3) 3.120(1) Co(2)-0(8") 2.115(5)
Co(1)---Co(4) 3.130(1) Co(2)-N(1) 2.118(7)
Co(2)---Co(3) 3.110(2) Co(3)-0(1) 1.970(5)
Co(3)---Co(4) 3.124(1) Co(3)-0(2) 2.182(6)
Co(2)---Co(4') 3.133(2) Co(3)-0(3) 1.997(5)
Co(2)---Co(2') 6.232(2) Co(3)-0(8") 2.142(5)
Co(3)---Co(3") 6.240(2) Co(3)-0(9) 2.115(6)
Co(4)- --Co(4') 6.261(2) Co(3)-N(2) 2.122(8)
Co(1)-0(7) 1.924(5) Co(4)-0(3) 1.963(6)
Co(1)-0(8) 1.927(6) Co(4)-0(4) 2.194(6)
Co(1)-0(9) 1.921(5) Co(4)-0(5") 1.987(5)
Co(2)-0(1) 1.989(5) Co(4)-0(7') 2.133(5)
Co(2)-0(5) 1.984(5) Co(4)-0(9) 2.141(5)
Co(2)-0(6) 2.191(6) Co(4)-N(3) 2.113(6)
Angles
0(7)-Co(1)-0(9) 95.8(2) Co(1)-0(1)-Co(2) 99.8(2)
0(8')-Co(1)-0(9) 84.2(2) Co(1)-0(8")-Co(2) 100.8(2)
0(7)-Co(1)-0(8) 95.4(2) Co(1)-0(8')-Co(3) 100.0(2)
0(1)-Co(2)-0(5) 174.4(2) Co(1)-0(9)-Co(3) 101.1(2)
0(6)-Co(2)-0(7) 158.4(2) Co(1)-0(7")-Co(4) 100.9(2)
0(8')-Co(2)-N(1) 155.0(2) Co(1)-0(9)-Co(4) 100.7(2)
0(1)-Co(3)-0(3) 175.0(2) Co(2)-0(1)-Co(3) 103.5(2)
0(2)-Co(3)-0(8") 157.7(2) Co(2)-0(8')-Co(3) 93.8(2)
0(9)-Co(3)-N(2) 154.6(3) Co(3)-0(3)-Co(4) 104.2(3)
0(3)-Co(4)-0(5") 175.3(2) Co(3)-0(9)-Co(4) 94.5(2)
0(4)-Co(4)-0(9) 161.0(2) Co(2)-0(5)-Co(4') 104.2(3)
0(7')-Co(4)-N(3') 155.3(3) Co(2)-0(7)-Co(4’) 94.1(2)

Primed atoms are related to the unprimed ones by the symmetry operation 2 — x,
2-y,2-z

| N CH,
H, CH
(0) (0]
Co' / \Co”,

Scheme 5. The coordination mode of the anion of 2-(pyridine-2-yl)pentane-2-ol-4-
one (L) in cluster 1.

the Co™ atom at the center; the Co™Co-Co" “angles” involving
neighboring metal ions are in the 119.5(1)-120.3(1)° range. The
skeleton can be also regarded as six defective cubanes arranged
in a circular manner, each sharing two faces. The cation is disk-like
with the seven Co centers nearly coplanar [maximum deviation of
0.0162 A by Co(3)], see Fig 2. The p3;-OH™ groups serve as the
“bottom” for the formation of the disk-like structure. The core is
{Co™Co"g(ps-OH)g(2-OR )6 }>*, where RO~ is L.

The [Co;(OH)s(L)s]** cation is mixed-valent. Charge consider-
ations, inspection of the metric parameters and BVS calculations
[37] identify Co1 as the Co"™ atom and the others as Co" atoms. The
central Co(1) center has all Co-O distances practically the same
(~1.93 A); such bond lengths are indicative of a low-spin octahedral
Co™ atom [10,19b,c]. The Co(2,3,4)-0O [average 2.083(6)A] and
Co(2,3,4)-N [average 2.118(8) A] bond distances are characteristic
of high-spin octahedral Co" centers [10,17i,19]. The short bonds
between Co" and the alkoxide oxygens [Co"-0(1,3,5) = 1.963(5)-
1.997(5) A] and the rather long bonds to the ketonic oxygens [Co'-
0(2,4,6) = 2.182(6)-2.194(6) A] are noteworthy. BVS calculations
for the peripheral Co(2), Co(3) and Co(4) ions give the values of
2.09, 2.10 and 2.11, respectively, confirming their +II valence state.
Distinguishable C-0 single [C-0(1,3,5) = 1.370(8)-1.403(9) A] and
C=0 double bonds [C-0(2,4,6)=1.227(12)-1.243(10) A] are also
evident, confirming the description of L™ as containing one single
and one double carbon-oxygen bond (Scheme 2).
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Fig. 2. An unlabeled view of the cation [Co;(OH)s(L)s]** of complex 1 emphasizing
the coplanarity of the seven metal ions.

The six-coordinate Co™ atom, which is coordinated by six

hydroxo oxygen atoms, possesses a slightly distorted octahedral
geometry; the cis O-Co(1)-O angles are in the 84.2(2)-95.8(2)°
range. The ring Co" ions exhibit identical Co"OsN chromophores
and display a distorted octahedral geometry, the largest and small-
est trans coordination angles having a difference of 19.4(2), 20.4(3)
and 20.0(3)° for Co(2), Co(3) and Co(4) respectively. The bridging
C0™-Ohydroxo—C0", C0"-Ohydroxo—C0" and C0"-Ogkoxide—Co™ bond
angles are in the ranges of 99.8(2)-101.1(2), 93.8(2)-94.5(2) and
103.5(2)-104.2(2)°, respectively.

The crystal structure of 1.1.6H,0 is stabilized by strong hydrogen
bonds involving the hydroxo groups [O(7), O(8), O(9), O(7’), O(8"),
0(9')] as donors and three oxygens of each symmetry-related ClIO4~
anion [0(10), O(11), O(13), 0(10’), 0(11"), O(13")] as acceptors. The
fourth oxygen atom [O(12), O(12')] of this perchlorate is involved
in a non classical hydrogen bond [38] with a methyl group [C(27)]
of a neighboring Co, cation. Thus the CI(1)0(10)0(11)0(12)0(13)
anion participates in four hydrogen bonding interactions (Scheme
6). Metric parameters are summarized in Table 3. O(12) also
participates in weaker supramolecular interactions with two
pyridyl carbon atoms [C(2)---0(12) (1-% 1-y, 2-2)=
3.513(3)A, C(24)---0(12) (1 -x, 1—y, 2—2z)=3.554(3)A], not
listed in Table 3 and not shown in Scheme 6. All these interactions
create a 3D network.

Complex 1 is a new member of a relatively large family of dis-
crete, non organometallic Co; clusters [10,12,39,40]. Few of the Co

T
H—C——
AN
. H
0(12)
CI(1)
~ \\0(1 3)
O(10) \
, o) N\
III i H
H H |
| \ 0@
0(8) o)

Scheme 6. The participation of the CI(1)0(10)0(11)0(12)0(13) anion in four
hydrogen bonding interactions in the crystal structure of 1-1.6H,0.

clusters have a wheel-shaped (or disk-like) metal topology similar
to that found in 1. The metal oxidation levels in these complexes
are Co''; [12a,c,12d,40a,b,d,f], Co"sCo™ [40c], Co"5Co™, [10] and
Co"4Co'"; [12b,40e]. Thus complex 1 is becoming the third member
of this subfamily with the Co"sCo™ oxidation level; the first two
ones are salts of the anions [Co"'Co''g(thme),(0,CCMe;)gBr,]~ and
[Co™Co"g(thme),(0,CMe)s(H,0)4]~, where thme>~ is the trianion
of 1,1,1-tris(hydroxymethyl)ethane [40c]. Most of the Co; clusters
with the wheel-shaped topology have been recently reported; we
have listed the structurally and magnetically characterized com-
plexes of this type in Table 4 for a convenient comparison of their
formulae and pertinent magnetic data; an analogous summary has
been just reported by Kurmoo and coworkers [12d]. It should be
mentioned at this point that the wheel-shaped or disk-like struc-
tural motif observed in 1 is not confined to Co chemistry; it has
been also observed in other heptanuclear 3d-metal clusters, most
of which are mixed-valent [15b,41], but also as a structural subunit
in an 1D {Co"5Co"'5}, coordination polymer [42].

3.3. Magnetic properties

Variable-temperature dc magnetic susceptibility studies were
performed on a powdered polycrystalline sample of dried complex
1ina 0.1T field and in the 5.0-300 K range. The data are shown as
a ywmT versus T plot in Fig. 3. The y\T product gradually decreases
from a value of 17.31 cm® mol~! K at 300 K to 13.80 cm® mol~! K at
50K, before a further rapid fall below 50K to reach
4.63 cm®> mol 'K at 5.0 K. The unpaired electrons of the cation
are on the six, high-spin Co" centers, because the central Co™ ion
is low-spin diamagnetic (tz° S =0).

Explanation of the magnetic behavior of Co" complexes is al-
ways difficult, due to the orbitally degenerate ground state of the
ion when six-coordinate. For this reason, derivation of the magni-
tude of the exchange interactions between the Co" centers is very
difficult.

The observed value of yuT at 300 K corresponds to that for six
noninteracting Co" (S =3/2) centers with g =2.48, the latter value
indicating a significant orbital contribution. The decrease in yuT
observed for 1 as T decreases can be attributed to the depopulation
of the split *T;; ground state of the octahedral Co" single ions
[11e,40c,42], combined with the large single-ion zero-field split-
ting of each octahedral Co" and/or intermolecular antiferromag-
netic coupling at very low temperatures. Fig. 3 clearly suggests
that the ground state is not S = 0. A possible explanation for the ob-
served behavior is that the compound is weakly ferromagnetic
with each Co" having an effective S’ = 1/2 spin at low temperatures
[10,11h]. Magnetization studies do not help; no saturation is seen
up to 5T (50 kG) at 2 K (Fig. 4). Given the high anisotropy of the
ions present and the relatively high nuclearity of the cluster, this
is unsurprising [11e].

Alternating current (ac) studies were performed for 1 in the
1.8-16 K range using a 3.5 G ac field oscillating at frequencies (v)
in the 5-1000 Hz range. If the magnetization vector can relax fast
enough to keep up with the oscillating field, then there is no
imaginary (out-of-phase) susceptibility signal (y\”) and the real
(in-phase) susceptibility (') is equal to the dc susceptibility at
a given temperature. However, if the barrier to magnetization
relaxation is significant compared to the thermal energy (kT), then
xw' decreases and there is a non-zero yy,"; in addition, y\" will be
frequency-dependent. Such frequency-dependent y\,” signals are a
strong evidence of superparamagnetic-like properties of a SMM,
but by themselves do not prove the SMM behavior [17e,43] be-
cause intermolecular interactions and phonon bottlenecks can also
give such signals. Ac data for complex 1 are shown in Figs. 5 and 6.

xm'T decreases with decreasing temperature below 15 K, reach-
ing a near-plateau value of ~4.8 cm® mol~! K at ~5 K, in agreement
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Table 3
Hydrogen bonding interactions in the crystal structure of 1-1.6H,0.

2993

Interaction D---A(A) H---A(A) D-H---A (°) Symmetry operator of A
0(7)-H(7)---0(11) 2.973(3) 2.19(1) 156.3(1) 2-x1-y,2-2
0(8)-H(8)---0(10) 3.001(3) 2.18(1) 174.7(1) 2-x1-y,2—
0(9)-H(9)- - -0(13) 2.928(3) 2.09(1) 172.8(1) 2-x1-y,2-2
C(27)-H(27)- - -0(12) 3.377(3) 2.46(1) 160.2(1) 1-x1-y,2-2

A = acceptor atom; D = donor atom.

Table 4

Chemical formulae, selected structural features and magnetic summary for wheel-shaped or disk-like Co; clusters comprising a central Co ion (Cog + Co).
Complex? ns-X bridge® 0-(p3-X)-Co (°) Co-(pa-W)-Co%4 (°) Magnetic behavior Ref.
[Co";(OMe)s(N3)o(bzp)s]** MeO™, N3~ 93.2-95.3 99.1 F/SMM [12a]
[Co"; (N3)s(hdeo)s]** N3~ 96.2-98.6 107.5 F/SMM [12c]
[Co",(OMe)s (immp)s]** MeO~ 95.4-99.0 102.9 F [40f]
[Co";(OH)g(L1)s]?* OH~ 96.4-98.6 102.6 F [12d]
[C0"7(0Me) LYs]** MeO~ 94.4-98.2 102.7 F [12d]
[Co"( Ng)G(L1 6] I\ Py 94.9-98.8 104.2 F/SMM [12d]
[Co'II Co''¢(thme)g(0,CCMes )sBr, ]~ RO~ 95.2-101.2 85.1 F [40c]
[Co™ Co"(OH)s(L)s]** OH™ 93.8-101.1 104.0 F/SMM This work
[Co"s (:o"‘4(OMe)6 L)) RO~ 89.4-101.5 103.9 F [10]
[Co"4 Co™3(HL?)s(NO3)3(H,0)3]* RO~ 95.3-97.7 105.2 F/SMM [12b]
[Co"4 Co™5(dea)s(dea)s(0,CMe);]** RO~ 94.4-97.9 106.8 F [40e]

Abbreviations: AF, antiferromagnetic exchange interactions, bzp, 2-benzoylpyridine, Hodea, diethanolamine, F, ferromagnetic exchange interactions, Hdeo, 2-hydroxy-
[1,2-di(pyridinyl)]ethane-1-one, Himmp, 2-iminomethyl-6-methoxy-phenol, HL, 2-(pyridine-2-yl)pentane-2-ol-4-one, HL!, 2-methoxy-6-[(methylimino)methyl]phenol,

H,L2,
tris(hydroxymethyl)ethane.

2 Counteranions and solvate molecules have been omitted.

b R is part of the polydentate organic ligand.

¢ Mean value.

4 W is most often a donor atom coming from the polydentate ligand.
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Fig. 3. xmT vs T plot for 1 in a 0.1 T dc field.

with the dc data of Fig. 3; however, there is a rapid frequency
dependent decrease below ~4K. The frequency-dependent
decrease in y\'T is accompanied by the appearance of frequency-
dependent y\" signals below ~4 K. Only the tails of peaks are
visible above 1.8 K (the operating limit of our SQUID magnetome-
ter); except for the 1000 Hz signal, the peak maxima clearly lie at
lower temperatures. This is suggestive of the slow magnetization
relaxation of a SMM.

To confirm a possible SMM behavior for 1, magnetization vs. dc
field sweeps were carried out at temperatures below 1.8 K to look
for magnetization hysteresis, the diagnostic property of a magnet.
Studies were performed on single crystals of 1-1.6H,0 at tempera-
tures down to 0.04 K using a micro-SQUID apparatus [22]. The
obtained magnetization vs. applied dc magnetic field responses

1,1,1-trifluoro-7-hydroxy-4-methyl-5-aza-hept-3-en-2-one, HsL?, 2-amino-2-(hydroxymethyl)propane-1,3-diol, SMM, single-molecule magnet, Hsthme, 1,1,1-
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Fig. 4. Plot of reduced magnetization vs. H/T for complex 1 at 2K and in the
magnetic field range 0.1-5.0 T.

are shown in Fig. 7, which include both a temperature dependence
at a constant field sweep rate of 0.002 T/s and a field sweep rate
dependence at a constant temperature of 0.04 K. The former
(Fig. 7, top) shows hysteresis loops becoming evident in the scans
at 5K, but they have a rather small coercivity. The latter (Fig. 7,
bottom) shows that at 0.04 K there is both a small scan-
rate-independent and scan-rate-dependent coercivity, the latter
increasing with increasing field sweep rate, as expected for the
superparamagnet-like properties of a SMM below its blocking tem-
perature (Tg). The loops thus confirm that complex 1-1.6H,0 is a
new addition to the family of Co"-based SMMs [11,12] and that
are also intermolecular interactions to give an ordered network.
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Fig. 5. In phase ac susceptibility (x},) signals, plotted as yj,T vs. T, for complex 1 in
a 3.5 G field oscillating at the indicated frequencies.
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Fig. 6. Out-of-phase ac susceptibility (j},) signals vs. T for complex 1in a 3.5 G field
oscillating at the indicated frequencies.

The most dominating feature of the hysteresis loops in Fig. 7 is
the large step at zero-field due to QTM through the anisotropy bar-
rier. The large zero-field step indicates that QTM in zero field is
fast. It is also evident that there are intermolecular interactions
(also confirmed by the crystal structure of the compound, vide su-
pra) to give a 3D-ordered lattice, which still gives some hysteresis
even at 5 K. It is thus likely that the overall behavior of 1 is due to a
combination of a small intrinsic barrier to magnetization relaxa-
tion for each Co cation and relatively strong exchange interactions
between the neighboring Co; cations mediated through the ClO4~
ions [43]. We have noted in the past [44] that the latter half of this
statement does not contradict the former: no assembly of SMMs
molecules in a crystal can ever be completely free of all possible
interactions with neighbors, and the critical question is then ex-
actly how strong are these interactions from a magnetic point of
view. If they are weak, as for example they are in [Mn"gCe"(0,C-
Me);2(H;0)4] [44], then they are merely a perturbation of the
single-molecule magnetic properties, and such compounds can
be described as exchange-biased SMMs [7]. If antiferromagnetic
interactions are relatively strong, as they seem to be for 1, then
the crystal is best described as containing antiferromagnetically
ordered 1-, 2- or 3D extended networks.

Perusal of Table 4 shows that only five, out of the eleven struc-
turally and magnetically characterized Co; clusters, belonging to
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Fig. 7. Magnetization (M) vs. dc field hysteresis loops for a single crystal of 1.1.6H,0
at the indicated temperatures and a fixed field sweep rate at 0.002 T/s (top), and at
the indicated field sweep rates and a fixed temperature of 0.04 K (bottom). The
magnetization is normalized to its saturation value, Ms.

the wheel-shaped (or disk-like) group have SMM properties. These
complexes are characterized by, at least some, ferromagnetic
Co™..Co" exchange interactions. Perhaps more valid is the com-
parison between 1 and (NBu")[Co"Co"g(thme),(0,CCMes;)sBr>]
[40c], where Hsthme is 1,1,1-tris(hydroxymethyl)ethane, because
both complexes have a central Co"" atom and six Co"' atoms on
the rim. Examination of the core of the latter suggests the existence
of two distinct exchange pathways; the first involves two carbox-
ylates (one n':n':y, the other n':n?:p) and one alkoxide, and the
second involves one alkoxide and one bromide. The Co"-Z-Co" an-
gles (Z=0, Br) fall in the ranges 88.3-88.7° for Co"-0(0,CR)-Co",
81.7° for Co"-Br-Co" and 89.4-100.0° for Co"-0,xoxide—C0"; these
values are expected to lead to strong ferromagnetic exchange
coupling between the peripheral Co" atoms [40c,45]. The ymT
product (H=0.05T) of this complex decreases from a value of
18.8 cm® mol ' K at 300K, corresponding to six noninteracting
S=3/2 ions with a g value of 2.58, to a minimum at T=36 K and
then increases to reach a value of 28.3 cm®mol 'K at T=3K.
The ymT value at 3 K corresponds well to six effective §'=1/2
states, each with a g’ value of 4.34, interacting in a ferromagnetic
manner [40c]. In our complex, the corresponding Co"-Z-Co" angles
(z=0) fall in the ranges 93.8-94.5° for C0"-Opydroxo-Co" and
103.5-104.2° for Co"-0,jxoxice—Co". The largest Co"-Z-Co" angles
[12d], combined with the different nature of the monoatomic
bridges are most probably responsible for the weaker ferromag-
netic exchange interactions in 1. The absence of a blocking of the
magnetization in (NBu";)[Co™Co"(thme),(0,CCMes)sBr,] was
attributed [40c] to the presence of a rhombic (transverse)
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component of the anisotropy that induces a mixing of the
low-lying sublevels leading to a fast relaxation of the magnetiza-
tion; indeed, the complex possesses a principal 2-fold axis that lies
within the plane of the anion so that the transverse component of
the anisotropy tensor will be nonzero. Undoubtedly, Co'-based
clusters seem to show a much more complex magnetization
dynamics than clusters based on orbital non-degenerate metal
ions.

4. Conclusions and perspectives

It is difficult to conclude on a project which is still at its infancy.
We began this work asking two questions: (i) whether we could
contribute to the chemistry of Co'-based SMMs, and (ii) if the
replacement of one 2-pyridyl ring of di-2-pyridyl ketone [(py),CO]
by a methyl group would lead to reactivity towards nucleophiles in
the presence of metal ions and whether this would provide routes
to cluster types not available from di-2-pyridyl ketone itself; the
answer is clearly “yes” for both questions. The initial use of 2-ace-
tylpyridine [(py)(Me)CO] in Co chemistry under strongly basic con-
ditions has provided access to the new mixed-valence Co"'Co'g
cluster 1 with a wheel-shaped Co''s topology comprising a seventh
Co'" atom in the center; this cluster type is not known in (py),CO-
based metal cluster chemistry. It has been shown that (py)(Me)CO
is capable of undergoing an impressive reactivity in acetone which
is possibly due to the presence of a weakly acidic «-hydrogen in the
solvent and to the &+ character of the carbonyl carbon atom of
(py)(Me)CO; the anion of the B-hydroxy ketone formed bridges
two Co' atoms facilitating the formation of the cluster. In addition,
1 has proven to be a new Co'-based SMM, as confirmed by single-
crystal micro-SQUID studies. It seems that there are two parts in
the 0.04 K magnetization vs. dc field plot, the scan-rate-indepen-
dent coercivity and the scan-rate-dependent one. The former is
due to intermolecular interactions, and it is that that we can still
see at 5K, and the latter is the weak SMM behavior. However, in
search for new SMMs with higher blocking temperatures, further
detailed studies of the low-temperature dynamic behavior of the
magnetization of the Co(II) clusters are needed. It is clear that fur-
ther work is required in an attempt to create a database of exper-
imental results in order to better understand the magnetic
properties of Co' SMMs.

The combined results presented here have shown that substitu-
tion of a 2-pyridyl group of (py),CO by a non-donor R” group is a
good way to obtain new cluster types in 3d-metal chemistry and
to control the reactivity of organic molecules bearing a ketone
group. Variation of the size and electronic properties of the R”
groups may provide a systematic modification of products, even
though their exact structure can not be a priori predicted. We are
currently working on this idea using distinctly different R” groups,
and results will be reported in due course. In parallel, we have just
begun to realize the importance of acetone for cluster synthesis in
the presence of strong bases and recent work has unearthed the un-
ique clusters [Nig{(py)2C(CH,COCH3)(0)}4](Cl04)4 and [Nis{(py)2-
C(CH>COCH3)(0)H(py)2C02}{(py)2C(OH)0}4](Cl04)3 [15¢,46]; these
complexes contain the novel (py),C(CH,COCH3)(O) ligand, formed
in situ through a Ni'-assisted crossed-aldol reaction involving the
attack of the carbanion of acetone (CH;COCH, ") on the carbonyl
carbon atom of (py),CO.
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Appendix A. Supplementary data

CCDC 786388; contains the supplementary crystallographic data
for 1.1.6H,0. 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,
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