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ABSTRACT:

In the present work, four new Nill clusters with
nuclearities ranging between Ni4 and Na2Ni8 were

synthesized, employing the versatile ligand Q
o,

O Q
phenylphosphonate and 6-methylpyridylaldoximate 02
as the coligand. Crystallographic data O y d Q 3
show that the tetranuclear complex [ N14 (6 - \% o

MepaoH)4(PhP0O3)2(OH)2(MeOH)4](OH)2 (1)

consists of two dimers linked by phosphonate bridges, whereas [Cs2Ni6(6-
epao)6(PhPO3)3(0OH)2(H20)8] (2), Cs[Ni8(6-MepaoH)6(6-Mepao)6(PhP0O3)3](C104)5 (3), and
[Ni8Na2(BzO)6(6-Mepao) 6(PhPO3)3] (4) are built from phosphonato-linked {Ni3(6-Mepao)3}
metallacycles. The [9-MCNill(6-Mepao)-3] fragments in 2—4 show the unusual coordination of
additional Cs+, Na+, and/or Nill cations. Direct-current magnetic measurements were carried in the
300-2 K range. Analysis of the experimental data revealed a complex response with strong
antiferromagnetic interactions mediated by the oximato bridges and weak interactions mediated by the

phosphonate ones.
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INTRODUCTION

The syntheses and characterization of 3d or 4f metallic clusters are a continuously growing subject
because of their intrinsic interest and relevance in a variety of research fields such as bioinorganic
chemistryl or molecular nanomagnetism.2 The need of more examples of systems exhibiting single-
moleculemagnet (SMM) response has been one of the driving forces in the development of cluster
chemistry in the past decade, and the study of ligands potentially able to generate high-nuclearity or
high-spin systems is a continuous challenge for synthetic chemists.

Phosphonate ligands are able to link a large number of cations by employing their three potentially
bridging O-donor atoms, often allowing high-dimensional networks with interesting application as
porous metal—organic frameworks.3 In contrast, Nill molecular systems derived from these kinds of
ligands are scarce, and only in the past few years have synthetic strategies capable of restricting the
dimensionality of the resulting complexes been successfully developed. The most fruitful strategy
consists of the addition of adequate coligands to block some coordination positions of the metallic
centers, reducing the polymerization process and providing adequate solubility in common organic
solvents. Following this strategy, Winpenny et al. have reported a series of octa-, nona-, deca- and
dodecanickel clusters4 and heterometallic {MIII6Ni6} (MIII=Y, Gd, Dy)5 systems employing a RPO3
2—/pivalate blend of ligands.

Recently, other authors have characterized new molecular nickel systems from RPO3 2—/pivalate (Ni8
and Ni10)6 and RPO3 2—/calixarene (Ni8, Nil2, and Nil6) mixtures of ligands.7 Another successful
strategy has been the employment of functionalized8 phosphonates or its combination with
polyoxometallates. 9

Our previous recent research has been focused on the rich chemistry of first-row transition-metal
clusters derived from 2- pyridyloximes, and we have reported a large number of nickel clusters with
nuclearities comprised between Ni3 and Nil4.10 In addition to its ability as an efficient superexchange
pathway, inducing moderately strong antiferromagnetic coupling, the oximate function tends to generate
polynuclear systems employing a variety of coordination modes that can link up to four cations.11 To
our knowledge, only two Ni2 and Ni3 mixed oximate/FPO3 2— complexes have recently been reported
by one of the authors.12 The oximate ligands in these compounds are neutral, and they contain
exclusively fluorophosphate bridges.

On these premises, we decided to combine both kinds of ligands and to explore the 2-
pyridyloximate/phosphonate blend with Nill cations, in order to try to generate molecular phosphonate
clusters with new topologies and, for the first time, both kinds of bridges. Selected ligands were phenyl-
phosphonate (PhPO3 2—) and 6-methyl-2-pyridylaldoxime (6- MepaoH) (Chart 1).

This synthetic strategy successfully yielded several molecular clusters with the formulas [Ni4 ( 6 -

MepaoH)4(PhPO3)2(0OH)2(MeOH)4](OH)2-3MeOH (1-3MeOH), [Cs2Ni6(6-
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epao)6(PhPO3)3(OH)2(H20)8]-7H20 (2-7H20), Cs[Ni8(6-MepaoH)6(6-Mepao)6(PhPO3)3]-
(C104)5-MeOH (3-MeOH), and [Ni8Na2(Bz0)6(6-Mepao) 6(PhPO3)3]-6H20 (4-6H20).

The reported complexes join the scarce number of discrete Nill clusters containing phosphonate ligands
and prove their ability to generate new systems with unusual architectures and new cores. Complexes

2—4 contain interesting metallacrown fragments that become determinant in their magnetic response.
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EXPERIMENTAL SECTION

6-Methylpyridinecarboxaldehyde was purchased from TCI Chemicals, and hydroxylamine
hydrochloride and the nickel salts were purchased from Sigma-Aldrich Inc. and used without further
purification. The Ni(BzO)2-xH2O starting salt was synthesized by dissolving equimolar amounts (40
mmol) of benzoic acid and sodium hydroxide in 40 mL of water, filtering, and mixing the final solution
with a commercial source of Ni(NO3)2-6H20 (20 mmol) in 20 mL of water. After cleaning with water
to remove soluble anions, the resulting nickel salt was obtained as a green powder in high yield (>80%).
The 6-MepaoH

ligand was synthesized as previously reported.10f In all cases, after mixing of the reactants, a large
amount of unidentified greenish powder precipitates (probably polymeric products). Consequently, the
yields for 1-4 were low, with values of around 15% of well-formed crystals that were employed in the
instrumental measurements.

[Ni4(6-MepaoH)4(PhPO3)2(OH)2(MeOH)4](OH)2-:3MeOH (1- 3MeOH). 6-Methyl-2-pyridylaldoxime
(6-MepaoH; 0.136g, 1 mmol), Ni(BF4)2:-:6H20 (0.340 g, 1 mmol), Et3N (0.202 g, 2 mmol), and
H2PhPO3 (0.4 g, 0.25 mmol) were dissolved in 30 mL of methanol (MeOH). The mixture was stirred
for 2 h and then filtered. Crystals were obtained by layering the final solution with 15 mL of diethyl
ether. Green crystals adequate for X-ray diffraction formed after 3 weeks. Anal. Calcd for
C47H74N8Ni4021P2 (1-:3MeOH): C, 40.79; H, 5.39; N, 8.10. Found: C, 40.3; H, 5.6; N, 8.3. Relevant
IR bands (cm—1): 3508 (br), 2584 (br), 1648 (m), 1604 (m), 1519 (m), 1135 (m), 1086 (s), 1048 (s),
1009 (s), 984 (s), 527 (m).

Cs2[Ni6(6-Mepao)6(PhPO3)3(OH)2(H20)8]-7H20 (2:-7H20). A total of 30 mL of MeOH was poured
over 6-MepaoH (0.136 g, 1 mmol), Ni(bzO)2-xH20 (0.301 g, 1 mmol), H2PhPO3 (0.8 g, 0.5 mmol),
and CsOH (0.34 g, 2 mmol). The mixture was stirred for 2 h, then filtered, and finally layered with 15
mL of diethyl ether. Brown crystals were collected after 1 month. Anal. Calcd for
C60HI91N12Cs2Ni6032P3 (2:7H20): C, 32.74; H, 4.08; N, 7.64. Found: C, 32.2; H, 3.9; N, 7.3.
Relevant IR bands (cm—1): 3396 (br), 1602 (s), 1539 (s), 1462 (m), 1124 (s), 1090 (s), 1048 (s), 974 (s),
706 (m), 665 (m), 561 (m), 550 (m).

Cs[Ni8(6-MepaoH)6(6-Mepao)6(PhP03)3](C104)5-MeOH (3- MeOH). 6-MepaoH (0.136 g, 1 mmol)
was dissolved in 30 mL of MeOH with Ni(C104)2-6H20 (0.365 g, 1 mmol), H2PhPO3 (0.4 g, 0.25
mmol), and CsOH (0.25 g, 1.5 mmol). The mixture was stirred for 2 h and filtered. Green crystals
adequate for X-ray diffraction appeared after 2 weeks of layering of the solution with 15 mL of diethyl
ether. Anal. Calcd for C103H109CI5SCsN24Ni8042P3 (3-MeOH): C, 38.33; H, 3.40; N, 10.41. Found:
C, 38.0; H, 3.6; N, 10.7. Relevant IR bands (cm—1): 3417 (br), 3076 (br), 1609 (s), 1557 (s), 1509 (s),
1467 (m), 1335 (m), 1052 (s), 1005 (s), 956 (m), 792 (m), 668 (m), 656 (m), 624 (m), 574 (m), 548 (m).
[Ni8Na2(6-MepyCNO)6(PhPO3)3(Bz0)6]-6H20 (4-6H20). 6-MepaoH (0.136 g, 1 mmol) was
dissolved in 30 mL of MeOH with Ni(bzO)2 (0.301 g, 1 mmol), Na(bzO) (0.089 g, 0.5 mmol),
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H2PhPO3 (0.8 g, 0.5 mmol), and NEt3 (0.202 g, 2 mmol). The mixture was stirred for 2 h and then
filtered. Crystals were obtained by layering the final solution with 15 mL of diethyl ether. Crystals were
collected after 1 month. Anal. Calcd for C102H97N12Na2Ni8016.5P3 (4-6H20): C, 46.63; H, 3.72; N,
6.40. Found: C, 46.2; H, 3.9; N, 6.2. Relevant IR bands (cm—1): 3418 (br), 1600 (m), 1594.32 (w), 1556
(m), 1532 (m), 1107 (s), 1088 (s), 726 (m), 554 (m).

Physical Measurements. Magnetic susceptibility measurements were carried out on polycrystalline
samples with a MPMS5 Quantum Design susceptometer working in the range 30—300 K under an
external magnetic field of 0.3 T and under a weaker field of 0.03T in the 30—2 K range to avoid
saturation effects. Diamagnetic corrections were estimated from Pascal Tables. IR spectra (4000—400
cm—1) were recorded from KBr pellets on a Bruker IFS-125 FT-IR spectrophotometer.

X-ray Crystallography. Details of crystal data, data collection, and refinement for 1—4 are given in Table
1. Collection of the data for compounds 1—4 was made on a Bruker D8 Venture system equipped with a
multilayer monochromator and a Mo microfocus (A = 0.71073 A). All structures were solved using the
Bruker SHELXTL software package and refined with the SHELXL computer program.14 Data were
corrected for absorption effects using the multiscan method (SADABS).

All data can be found in the supplementary crystallographic data for this paper in CIF format as CCDC
1434930—1434933 (Supporting Information). These data can be obtained free of charge from The

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/ data_request/cif.

Plots for publication were generated with ORTEP3 for Windows and plotted with Pov-Ray programs.15
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RESULTS AND DISCUSSION

Description of the Structures. 1-:3MeOH. A view of complex 1 is illustrated in Figure 1. Selected
interatomic distances and angles for 1 are listed in Table 2. The core of the tetranuclear cationic
compound can be described as two {Ni2(6-MepaoH)2(OH)(MeOH)2}3+ dimers linked by two 4.211
phosphonate ligands. Each Nill cation is coordinated by the two N atoms of one neutral 6-MepaoH, one
MeOH molecule, one bridging hydroxo ligand, and three O atoms from two phosphonates, resulting in a
NiN204 environment. The Ni cations in each dinuclear unit are linked by one p-OH ligand
[Ni(1)—O(1)—Ni(2) 105.3(2)°], one O phosphonate [Ni(1)—O(6")—Ni(2) 93.4(1)°], and one additional
phosphonate bridge. Four strong intramolecular hydrogen bonds between the neutral oximes and O(4)
and O(5) contribute to stabilizing the tetranuclear unit.

Charge balance is achieved by means of two hydroxo anions, which give a set of intermolecular
hydrogen bonds involving the coordinated MeOH molecules, resulting a one-dimensional (1D)
arrangement of tetranuclear clusters.

2-7TH20. The core of compound 2 can be envisaged as two pu3-OH-centered triangular {Ni3(6-
Mepao)3(OH)} 2+ subunits linked by three phosphonate ligands (Figure 2). Selected interatomic
distances and angles for 2 are listed in Table 3.

The two triangular subunits are similar but not identical: coordination of the u3-OH and oximate ligands
gives a inverse [9-MCNill(6-Mepao)-3] metallacrown with similar bond parameters on both sides of the
molecule, but the two remaining coordination sites of each Ni(1,2,3) are fulfilled by O atoms from two
different phosphonates, whereas for Ni(4,5,6), they are occupied by one O phosphonate atom and one
water molecule, resulting in a common NiN204 environment. The water molecules linked to Ni(4,5,6)
establish strong hydrogen bonds, with the O atoms of the phosphonate anions stabilizing the cage
(Figure 2).

Ni—O—N—Ni torsion angles are between 16.2(5) and 31.3(5)°, being larger in the Ni(4,5,6) unit than in
the Ni(1,2,3) unit. Ni-O—Ni bond angles involving the p3-OH donors are in a short range around
111.5(2)—114.9(2)°. All Ni---Ni distances are very close to 3.4 A. Each inverse metallacrown links in a
direct fashion one Cs+ cation by means of the O oximate atoms, resulting in an octanuclear Cs2Ni6
cluster.

Coordination around the Cs+ cations is completed by four water molecules, which act as bridges with
the neighboring Cs+ cations, giving a 1D {Cs2Ni6}n chain of clusters (Figure 3). Coordination around
the Cs+ ions consists of four bridging water molecules and three O oximate atoms.

3-MeOH. Compound 3 can be described as two {Ni4(MepaoH)3(Mepao)3}5+ tetrahedral subunits
linked by means of three 4.211 phenylphosphonates (PhPO3 2—), as shown in Figure 4. Selected
distances and angles for 3 are listed in Table 4. As occurs in compound 2, three deprotonated oximes
and three Nill cations form a [9-MCNIill(6-Mepao)-3] metallacrown, which coordinates one Nill cation,

giving the two Ni(1,1,1",3) and Ni(2,2',2",4) tetrahedral subunits. The 6-Mepao— ligands employ a
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3.211 coordination mode. The neutral 6-MepaoH ligands are coordinated to Ni(1,2) and symmetry
equivalents in its 1.011 mode, acting as a chelate with their N-atom donors. The neutral oxime group
establishes a strong hydrogen bond with one of the O phosphonate atoms, helping to stabilize the cluster
cage. Both Ni4 moieties are linked by means a triple O phosphonate bridge between the central Ni(3)
and Ni(4) ions and three anti—anti phosphonato bridges between the Ni(1) and Ni(2) cations (Figure 4).
Thus, each phosphonate ligand coordinates four Ni cations. The charge balance is fulfilled by five
perchlorate counteranions and one Cs+ cation.

[Ni8Na2(6-MepyCNO)6(PhP0O3)3(Bz0)6]-6H20 (4:6H20). The octanuclear
{Ni8(PhPO3)3(Mepao)6} 6+ core of the structure of 4 is identical with the above-described complex 3.
Selected distances and angles for 4 are listed in Table 5, and a view of the complex is given in Figure 5.
The differences between the two compounds lie in substitution of the neutral MepaoH ligands in 3 by
six benzoates in 4, resulting in a NiN30O3 environment for Ni(2) and symmetry-related cations.

The O(2) benzoate atoms and O(1) oximate donors link one Na+ cation, resulting in a decanuclear
{Na2Ni8} cluster. Ni-O— N—Ni torsion angles and Ni---Ni distances are also very similar to the above
compound. In this case, the six benzoates and two Na+ cations fulfill the charge balance, resulting in a
neutral cluster.

Comments on the {Ni3(Mepao)3}3+ Metallacrowns. Oximate ligands are some of the classical ligands
capable of generating metallacrowns, with the {—M—N—O—}n fragment as the repeating unit.16 The O
atoms of the oximate ligands can coordinate additional cations, and for n =4 or 5, a large number of
compounds have been reported with one cation in the center of the ring (Chart 2). According to the size
of the metallacycle, transition cations are preferred when n = 4 and lanthanides when n =5.15

In contrast, for n = 3, the most common situation (more than 300 CCDC entries) is the inverse
metallacrown, in which the center of the triangle is occupied by one anionic group, typically oxo,
hydroxo, alkoxo, or halides in some cases (Chart 2), with the coordination of cations being extremely
unusual. The only available examples of the coordination of additional cations are given for one
homometallic tetranuclear system in which one Felll cation is coordinated by one [9-MCFelll(NO)-3]
metallacrown, 17 one heterometallic tetramer showing one CrllI cation linked by one [9-MCMnlIII(NO)-
3] metallacrown, 18 or one sandwich-like heptanuclear system with one MnlI linked by two (u3-O)[9-
MCMnIII(NO)-3] inverse metallacrowns.19

Compounds 2—4 exhibit {—-M—N—0—}3 metallacycles in three different situations (Figure 6). In
complex 2, the inverse (u3-OH)[9-MCNill-3] links one Cs+ cation in a direct fashion. The OH— ligands
are placed 0.492 and 0.570 A out of the main Ni(1,2,3) or Ni(4,5,6) planes, respectively, whereas in the
opposite sense, the O oximate donors link the Cs+ ion. The oximato ligands are strongly displaced from
the metal planes, as shown by the distances between the mean O oximato and Ni planes, which reach
1.545 and 1.460 A. The Cs+ ions are placed 2.281 and 2.225 A, respectively, from the centroid of the

Oatom donors.
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In complex 3, the metallacrowns link one Nill cation, placed 1.77 A from the centroid of the ring. The
distance between Ni and O oximato mean planes is 0.582 A. Each [9-MCNill-3] ring in complex 4 links
one Nill cation with bond parameters very similar to those in 3, but in this case, the metallacrowns also
link one Na+ cation in the opposite face of the cycle, resulting in a unique case of the simultaneous
linkage of two cations at both sides of the {Ni—O—N—}3 metallamacrocyclic unit.

As could be expected, the {Ni—O—N-}3 rings in complexes 3 and 4 are flattened in comparison with the
inverse metallacrown in 2 (Figure 6).

Magnetic Measurements and Modeling. The numbering of all of the spin carriers in the applied
Hamiltonians and in the subsequent discussion for 1—4 is provided in Chart 3. The fit of the
experimental data was made for all complexes using the PHI program20 and applying the Hamiltonians
derived from the corresponding interaction scheme. The quality of the fits is parametrized as the factor
R = (yMTexp — yMTecalc)2/ (yMTexp)2.

The room temperature yMT value for 1 is 4.79 cm3 K mol—1, slightly larger than the expected value for
four isolated S = 1 local spins. This value remains practically constant in the 300— 75 K range, and
below this temperature, it decreases continuously to 0.42 cm3 K mol—1 at 2 K (Figure 7). The
susceptibility plot exhibits a maximum at 8 K, indicating dominant antiferromagnetic interactions and an
S =0 ground state.

The system shows six interaction pathways that can be modeled with two coupling constants tending to
the kinds of bridges and the symmetry of the cluster: one constant for the double-oxo/phosphonate
bridges (J1) and a second one for the four single phosphonate bridges (J2). The corresponding

Hamiltonian was

H=—](5-5, + 5-5) — L(5/5 + 5§, + 55,

The best-fit parameters were J1 =+3.1 cm—1,J2 =-3.0 cm—1, and g =2.22, with R =1.70 x 10-5.
Calculation of the energy of the lower spin states indicates an S = 0 ground state, followed by one S = 1
and one S = 2 with gaps of 2.96 and 8.87 cm—1, respectively. Magnetization experiments show a
nonsaturated value equivalent to 2.55 electrons, consistent with the partial population of the S =1 and 2
low-lying ground states under high fields. Magnetic measurements on previously reported systems
containing solely Ni-O—P—O—Ni bridges show weak antiferromagnetic coupling in good agreement
with the sign and magnitude of J2.12

Compound 2 shows a room temperature yMT value of 6.37 cm3 K mol—1, which decreases continuously
upon cooling and tends to zero at low temperature (Figure 7). The core of 2 is very irregular, with six
similar but not identical Ni-N—O—Ni torsion angles and two phosphonate pathways. To avoid

overparametrization, a very simplified scheme with only two coupling constants was assumed, J1
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corresponding to the six Ni—-N—O—Ni interactions and J2 = J3 common to all phosphonate bridges.

According to Chart 3, the fit was performed by applying the Hamiltonian

H=—J(S:5; + 5.5, + 5;-5, + 5,5 + 5,5 + 5.5

— LS8, + 5;-5; + 5,5, + 5;-5 + 5,5, + 5;-55)

The best-fit parameters were J1 =—25.8 cm—1, J2 =—-0.9 cm—1, and g = 2.22, which in spite of the
reduced model give a good fit of the experimental data with R = 9.0 x 10—4. Density functional theory
calculations on triangular nickel oximato complexes with a central p-OH ligand previously reported by
us show little dependence on the antiferromagnetic interaction with the Ni—O—N—Ni torsion angle and a
strong dependence on the Ni—“O—Ni bond angle, with the maximum for planar systems being the 120°
angle.10g The obtained J1 = —25.8 cm—1 value agrees with the expected range of values for moderate
bond angles of 111.5-114.9°.

Complexes 3 and 4 show a common core from a magnetic point of view, and their description and fits
can be performed by applying the same interaction scheme (Chart 3, bottom). The yMT products at
room temperature for compounds 3 and 4 are 7.93 and 7.55 cm3 K mol—1, respectively. These values
are slightly lower than those expected for eight noninteracting S = 1 local spins. Upon cooling, both
plots decay monotonically and tend to zero at low temperatures. The presence of a rounded
susceptibility maximum at 35 K for 3 and 45 K for 4 confirms an S = 0 ground state and overall
moderately strong antiferromagnetic interactions (Figure 7).

Analysis of the structures of 3 and 4 reveals 22 superexchange pathways that can be described as 5
different interactions: the central spin carriers S4 and S5 are bridged by three oxo bridges from
phosphonate donors (J1), each triangular subunit is linked by means of oximato bridges to the central S4
or S5 with large Ni“O—N—N:i torsion angles (J2), the two triangular S1/S2/S3 and S4/S5/S6 subunits are
linked by identical oximate bridges (J3), and finally the phosphonate anions link both triangular subunits
between them (J4) and S1/ S2/S3 and S4/S5/S6 subunits with S5 and S4, respectively (J5), summarizing

up to 22 superexchange pathways. From this scheme, a five-J Hamiltonian can be built:

H = —}(5,-5) — (S8 + 555 + 5,5, + 5.5 + 5.5,
+ 5.:8) = L{5:8, + 5;:5, + 5.5, + 55, + 55,
+ 5-8g) — (515 + 5257 + 53-55)

+ LI585 + 5,-5 + 5.-5, + 5,-5; + 5,-5. + 5,-5;)

Very good fits could be obtained for a number of sets of J1-J5 values when the complete Hamiltonian

was applied, evidencing overparametrization. However, all performed fits showed some constant trends:
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as expected, interactions mediated by oximato bridges were always antiferromagnetic and much larger
than the interactions mediated by the phosphonate bridges in all fits ([J2, J3| > |J1, J4, J5|). This fact
confirms that J1, J4, and J5 are only operative at low temperatures.

To reduce the overparametrization and taking into account the low values of J obtained for the
Ni—OPO—Ni pathways in compounds 1 and 2, the fit of the experimental data was performed by
discarding the J4 and J5 interactions. Excellent fits for the complete range of temperatures were obtained
for the parameters J1 =—11.0 cm—1,J2=-33.6 cm—1,J3=-51.0cm—1,and g=2.45 for 3and J1 =
-122 ecm—1,J2=-35.0cm—1,J3=-51.2 cm—1, and g =2.39 for 4 with R =1.5 x 10—5 and 8.2 x
10-5, respectively.

Previously reported phosphonato clusters with higher nuclearities have a large number of potential
superexchange pathways, and often a fit of the experimental data has not been reported because
overparametrized Hamiltonians tend to give good fits for different sets of coupling constants, resulting
in poorly reliable J values. However, in our case, the reported clusters contain two very different kinds
of bridges: oximato ligands give equilateral triangular Nill 3 subunits for 2 and tetrahedral Ni4 subunits
for 3 and 4 further linked by a complex set of phosphonate linkages. The interaction mediated by the
oximate pathways, with moderate Ni-N—O—Ni torsion angles,10e is always strongly antiferromagnetic,
and the ground state for the equilateral triangular or tetrahedral Nill topologies must be a local S = 0. In
contrast, the interactions mediated by the phosphonate bridges are always weak (ferromagnetic or
antiferromagnetic), being only relevant at low temperature, and thus it becomes difficult to calculate
when the system is close to diamagnetism.

Obviously, for such complicated systems, the absolute values of the coupling constants are only an
approach to the real values. However, all data for complexes 2—4 converge in the same general
conclusion: the main factor that determines the antiferromagnetic interactions is the interaction mediated
for the oximato bridges, which by itself (as occurs for equilateral triangles or tetrahedra) determines a S

= (0 ground state for the three complexes.
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CONCLUSIONS

Employment for the first time of a 6-MepaoH/PhPO32- blend of ligands with Ni2+ salts has led to four
new Ni4, Cs2Ni6, Ni8, and Na2Ni8 clusters with unprecedented cores. Complexes 2—4 have provided
rare examples of clusters built on linked metallacrowns and their coordination to Cs+, Na+, or Nill
cations.

Magnetic measurements carried out in the 300—2 K range revealed antiferromagnetic response for 1—4,
clearly dominated by the efficient oximato superexchange pathway. A blend of phosphonato ligands

with other coligands is a promising way to generate new cluster topologies with large nuclearities.
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Legends to figures

Chart 1. PhPO3 2— and 6-MepaoH Ligands and Their Coordination Modes Found in Compounds 1—4
(in Harris Notation13)

Figure 1. (Left) Partially labeled molecular structure of complex 1. (Right) View of the intermolecular
hydrogen bonds that determine the arrangement of molecules in the crystal. Color key: Nill, green; O,

red, N, navy blue; P, orange.

Figure 2. (Top) View of complex 2. (Bottom) Partially labeled plot of the Ni6 core of complex 2.

Intramolecular hydrogen bonds are plotted as red dashed lines.

Figure 3. 1D arrangement of Ni6 clusters linked by Cs+ cations in compound 2.

Figure 4. (Top) View of compound 3. (Bottom) Partially labeled plot of the core of complex 3.

Figure 5. (Top) View of the molecular unit of compound 4. (Bottom) Partially labeled plot of the

decanuclear core of complex 4, showing coordination of the Na+ cations.

Chart 2. Schematic Plot of the Most Common Inner Coordination for Oximate Metallacycles

Figure 6. (Top) View of the {Ni3(Mepao)3}3+ metallacrown present in compounds 2—4. (Bottom)
OH— and Cs+ (2), Nill (3), or Nill and Nal (4) ions linked to the metallacrowns.

Chart 3. Schematic of All of the Magnetic Interactions for Compounds 1 (Top, Left), 2 (Top, Right),
and 3 and 4 (Bottom) (See the Text for the Corresponding Hamiltonians)

Figure 7. Product of yM versus T (left) and yMT versus T (right) for compounds 1 (triangles, black), 2
(diamonds, green), 3 (dot-centered squares, blue), and 4 (dot-centered circles, red). Solid lines show the

best fits.
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Table 1. Crystal Data, Data Collection, and Structure Refinement Details for the X-ray Structure
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470  Table 2. Selected Interatomic Distances (A) and Angles (deg) for Compound 1

471
Hi[11—0{1) 1.963(4) M) —0{1]
Mi(1)—04) sl 4) MilX)—05)
Ni{1)—0(8"]) 1 136(4) Ni{)—0(8")
Hi(1)—0(7) LOBG(4) Hi(Z)—0(E)
Ni{1)-N(1) 2147(8) Ni(X)-N[3)
Mi(1)-H(x) Li7a(4) MilX)—H( 4]
O[3)-Ni4) 1575(6) B(1}-C(15)
X —N(Z) 1.377(8) P11—0i4]
Ni{1)—01)—Hi[2) 105.3(2) P(13-015)
M1 — 06" -] Fa4(1] P10
Intmmalemler Hydrogen Bands
D-H--A H--A D--A
O —H([2)--08) 181 2534(8)
472 O{E-H{3--004) L2 L1536(6)

473

15560 4]
] 4]
L144(3)
279 4)
160 4]
2063 4]
1.82a(8)
1579 4)

15300 4)
1553 4)

D-H-A
14610
1450
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Ml 10 1)
Ml 2)-0( 1]
Nl 3)-0(1)
Ni{4)-01(2)
Ni{ 5)-01(2)
M 8)-0(1)
Ca(1)-003)
Cs{1) 0]
Cs{1)—0(s)
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Table 3. Selected Interatomic Distances (A) and Angles (deg) for Compound 2
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478  Table 4. Selected Interatomic Distances (A) and Angles (deg) for Compound 3
479
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482  Table 5. Selected Interatomic Distances (A) and Angles (deg) for Compound 4
483
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