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ABSTRACT:

The systematic exploration of the reactivity of [Mn(hfacac)2] with R-salicyloximes (R-saloxH2: R = H,
Me, Et) yielded a family of clusters with nuclearities ranging from Mn4 to Mn12. The compounds with
formula [Mn6(0)2(salox)6- (CF3COO0)2(EtOH)4] (1) and [Mn12(salox)12(0)4(N3)4(H20)2-
(MeOH)6] (4) show two or four linked {Mn(u3-O)(salox)3}+ triangular subunits. Magnetic
measurements revealed spin ground states of S =4 for 1 and S = 8 for 4, as well as singlemolecule
magnet responses and magnetic hysteresis above 2 K. The cubic [Mn4(Mesalox)4(MesaloxH)4] (2), the
hexanuclear [Mn6(Etsalox)6(0)2(MeO)4(MeOH)2] (3) and the octanuclear
[Mn8(Mesalox)6(0)2(N3)6(MeOH)8] (5) are polymorphs of previously reported systems. Small

structural changes allows an S = 11 ground state for 3.
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INTRODUCTION

The discovery of the single-molecule magnet (SMM) response of the hexanuclear complex
[Mn6(0)2(salox)6(MeCOO)2] (saloxH2 = salicylaldoxime, Scheme 1) and its benzoate analogue [1]
was the starting point for the systematic study of a large family of [Mn6] SMMs exhibiting a wide
variety of magnetic responses and spin ground states. These systems are characterized by the
hexanuclear core consisting of two {Mn3(O)(oximate)3 }+ triangles linked by two n1:n1:n3:u3 oximate
bridges and usually capped by two monovalent anions on the opposite triangular faces. A large number
of related hexanuclear clusters have been synthesized by varying the R substituent on the oximate group
(R =H,[2] Me,[2¢,2g,2j,3] Et,[2b—d,2f,2g,2j,3a,4] Ph,[2j,5] NH2,[6] NMe2,[7] NEt2 [7]). Charge
balance in these hexanuclear clusters is achieved usually with coordinated carboxylate anions but in a
few cases with other anionic ligands,[2h,2j,3a,6¢,6¢] cationic clusters being exceptional.[6d] Brechin
and co-workers modulated the value of the spin ground state of these hexanuclear cores, reaching the
largest possible value of S = 12. On the basis of the experimental data and DFT calculations, the
structural features that control the coupling inside the triangular units were elucidated, and it was
concluded that the sign of the interaction is dependent on the Mn—N—O—-Mn torsion angles, placing the
border between ferromagnetic and antiferromagnetic coupling at around 31°.[2¢,4c]

Moreover, the ability of R-saloxH2, R-saloxH— and R-salox2— to adopt different coordination modes
and their combination with additional donors such as oxo, hydroxo or methoxo have generated a variety
of interesting magnetic systems (often with SMM responses), for example, cubanes,[8] Mn5
metallacrowns,[9] bicapped| 10] or fused triangles,[11] Mn6 defective cubane[3a] or other
topologies,[5,12] Mn7,[13] Mn§,[14] Mn9,[15] Mn12 [16] or even impressive Mn32 rings.[17]

The challenge to enlarge the known topologies and nuclearities derived from manganese and R-saloxH2
ligands lies in the design of new synthetic conditions. The hexafluoroacetylacetonate (hfacac) ligand
shows an extremely low affinity for manganese cations in high oxidation states and thus, after the
oxidation of [Mn(hfacac)2]/R-saloxH2 mixtures, the intentional lack of coordinating anions could be an
approach to stabilizing neutral systems other than the well-known [Mn6] clusters.

Following from this, we have systematically explored the [Mn(hfacac)2]/R-saloxH2 system and its
response to the presence of sodium azide. In this work we report the clusters
[Mn6(0)2(salox)6(CF3COO0)2(EtOH)4]-Et20 (1-Et20), [Mn4-(Mesalox)4(MesaloxH)4] (2),
[Mn6(Etsalox)6(0)2(MeO)4(MeOH)2]- MeOH (3-MeOH),
[Mn12(salox)12(0)4(N3)4(H20)2(MeOH)6]- 4MeOH-2H20 (4:4MeOH-2H20) and [Mn8(Mesalox)6-
(0)2(N3)6(MeOH)8]-4MeOH (5-4MeOH). Complex 1 is a new member of the [Mn6] family of clusters
and 4 provides a unique Mn12 topology with SMM response (previously reported in a
communication).[16b] Noteworthy, compounds 2, 3 and 5 are polymorphs of the previously reported
complexes 2a-3.5MeCN, 3a-MeOH and 5a-10MeOH with different hydrogen-bonding patterns or

solvent content, resulting in some cases in drastic differences in their magnetic response.
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RESULTS AND DISCUSSION

Structural Description
The charge balance and manganese oxidation states of the metallic atoms of complexes 1-5 were
determined from their coordination sphere parameters and the results of bond valence sum (BVS)

calculations (Table 1).

[Mn6(0)2(salox)6(CF3COO0)2(EtOH)4]-Et20 (1-Et20)

The centrosymmetric structure of 1 consists of two linked u3-O-centred triangles (Figure 1). One
oximate bridging ligand is placed at each edge of the triangle, two of them in the n1:n1:n1:u2 mode and
the third one in the n2:n1:m1:u3 mode, linking the axial position of the neighbouring triangle. One
synsyn trifluoroacetate ligand, coordinated to each triangular face, and two ethanol molecules
coordinated to Mn(3) complete the coordination environment of the triangular units. The bond
parameters of 1 (Table 2) are similar to those of other members of the [Mn6] series and therefore only
the relevant parameters will be discussed. The torsion angles Mn—N—O-Mn in the triangular units are
4.8(3), 14.2(3) and 21.4(2)°, the larger torsion corresponding to the N(1)-O(3) oxime involved in the
n2:nl:nl:p3 linkage. The inter-triangle Mn(1a)—O(3)—N(1)-Mn(2) torsion angle is 91.1(2)°.

The two ethanol molecules coordinated to Mn(3) allow the formation of intra- and intermolecular
hydrogen bonds involving the ethanol molecules and the O atoms of the salox2— ligands: O(11) interacts
with O(3a) with an O---O distance of 2.920(3) A, whereas O(10) interacts with the neighbouring [Mn6]
molecule by means of O(10)---O(6) interactions [O---O distance 2.809(3) A]. These latter hydrogen
bonds promote a monodimensional arrangement of hexanuclear complexes linked by double hydrogen

bonds (Figure 2).

[Mn4(Mesalox)4(MesaloxH)4] (2)

The molecular structure of the tetranuclear complex 2 is shown in Figure 3 and selected bond parameters
are reported in Table 3. The structure of this compound is a polymorph of the 2a-3.5MeCN complex
reported by Brechin and co-workers[8a,8¢c] and is closely related to the chloroform- or methanol-
solvated clusters bearing the salicylaldoximato ligand.[8b,8d] The structure consists of four MnlII
cations that form a pseudo-cubane cage in which each pentagonal face is defined by one Mn—N—O-Mn
and one Mn—O—Mn linkage. Each MnllII cation links one MesaloxH—and one Mesalox2— ligand and
exhibits a hexacoordinated environment. The bond parameters inside the cage are very similar to those

reported for the complex 2a and will not be further discussed.
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[Mn6(Etsalox)6(0)2(Me0)4(MeOH)2]-MeOH (3-MeOH)

The mixed-valent MnllIl 4MnlV 2 hexanuclear complex 3 is also a polymorph of the 3a-MeOH complex
reported by Brechin and co-workers.[3a] A plot of the structure is shown in Figure 4 and some selected
bond parameters are reported in Table 4. The complex can be described as two pu3-O(1)-centred Mnlll
2MnlV triangles linked exclusively through the trivalent metallic atoms by four methoxo bridges. Each
triangular subunit contains three nl1:nl:n1:u2 Etsalox2— ligands, two of them linked to the tetravalent
Mn(1) atom and the third one to Mn(3). The Mn(2) cation completes its MnO6 coordination sphere with
six O atoms from bridging oxime, methoxo and oxo ligands. The methanol solvate molecule is linked by
means of two hydrogen bonds to the coordinated O atoms of one methanol ligand and one salicyl group
with O(10)---O(1w) and O(1w)---O(6) distances of 2.550(5) and 2.823(5) A, respectively.
Intermolecular hydrogen bonds were not found. The main difference between 3 and the 3a-MeOH
polymorph reported by Brechin and co-workers lies in the hydrogen bonds promoted by the solvate
methanol molecules, which in that case involves only O-phenolic atoms. As will be discussed in the

magnetic section, these small structural changes modify drastically its magnetic response.

[Mn12(salox)12(0)4(N3)4(H20)2(MeOH)6]-4MeOH-2H20 (4)

A partially labelled plot of the centrosymmetric structure of 4 is shown in Figure 5 and the main bond
parameters are listed in Table 5. The structure contains 12 MnllI cations as a result of the linkage of four
{Mn3(u3-O)(salox)3}+ subunits giving the [MnlIl 12(u3-0)4(u-N3)4(u-OR)4]20+ core. Eight salox2—
ligands show the nl:n1:n1:p2 coordination mode linking two Mnlll ions in the triangles whereas four
salox2— ligands in the n2:n1:m1:u3 coordination mode form inter-triangle bridges. Four end-on azido
bridges complete the linkage between the central Mn6 unit and the external triangles. The inner triangles
[Mn(1,2,3) and symmetry related, bridged by the oximato oxygen atoms O7 and O7'] give a fragment
fully comparable to the classical [Mn6] core and thus the structure can be described as a [Mn6] cluster
bicapped by two [Mn3] triangles.

The Mn—N—-Mn bond angles involving the azido bridges, that is, Mn(1)-N(4)-Mn(4) and Mn(3)-N(7)-
Mn(5), are relatively large with values of 131.87(8) and 126.76(8)°, respectively. The Mn— N-O-Mn
torsion angles are 13.4(2), 16.9(2) and 33.2(2)° for the Mn(1,2,3) inner triangles and 12.0(2), 23.1(2)
and 38.5(1)° for the Mn(4,5,6) external triangles. The Jahn—Teller elongation axes of the Mnlll ions are
roughly perpendicular to the main planes of the triangles in all cases. The azido bridges promote a larger
intermetallic distance than the oximato bridge and as consequence the mean planes defined by the
Mn(1,2,3) and Mn(4,5,6) atoms are tilted at 41.38(1)°.

The coordinated water molecules, methanol and the crystallisation solvent molecules and O salox atoms
promote intra- and intermolecular hydrogen bonds. Intramolecular hydrogen bonds link the methanol
molecule coordinated to Mn(6) with one azido ligand [O(17)---N(7) distance 2.804 A], whereas the
solvate methanol molecules form several hydrogen bonds with the methanol molecules coordinated to

Mn(5), Mn(6) and the pu3-O(9) atom.
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The most relevant intermolecular interactions are the double hydrogen bonds established between the
water molecule coordinated to Mn(6) and the O-phenoxo atom of the neighbouring [Mn12] cluster [also
coordinated to the Mn(6') atom] with an O(14)---O(18") distance of 2.764(2) A, which leads to a chain
of [Mn12] clusters (Figure 6).

[Mn8(Mesalox)6(0)2(N3)6(MeOH)8]-4MeOH (5-4MeOH)

The octanuclear mixed-valent Mnll 2Mnlll 6 complex 5 is a polymorph of the 5a-10MeOH complex
reported by Brechin and coworkers.[14] A plot of the asymmetric unit is shown in Figure 7 and the main
bond parameters are summarized in Table 6. The system consists of a [Mn6] cluster capped by two
{MnlI(MeOH)3} fragments that are linked to the corresponding triangles by means of three end-on
azido bridges with large MnII-N-MnlII bond angles in the range 117.0-119.4°. The Mn—N-O-Mn
torsion angles show values in the range 35.3—42.3°.

The u3-0 atom is located exactly in the Mn3 main plane and consequently the Mn—O(4)-Mn bond
angles are very close to 120°. The Mn(2) cation shows a square-pyramidal environment, weakly
interacting with the phenoxo O(9’) atom of the neighbouring triangle. The remaining bond parameters
and general shape are close to those of the previously reported analogous complex, the main differences
lying in the inter-cluster interactions mediated by the methanol molecules in 5. The interaction between
N(3) of one azide ligand and O(2) from a coordinated molecule of methanol in a neighbouring molecule

leads to 2D chains of clusters (Figure 7).

Comments on the Syntheses

Analysis of the structural data of the neutral [Mn6]2+ clusters reported until now shows that monovalent
anions acting as monodentate ligands (carboxylates and halides) or bidentate ligands (typically syn-syn
carboxylates) help to stabilize the neutral clusters through links to opposite triangular faces occupying
the axial coordination sites. The target of this work was to try to obtain related new topologies by
suppressing the axialcoordinated anions, that is, by the synthesis of clusters without participation of the
anions of the starting MnlIX2 salts. The hexafluoroacetylacetonate ligand is a well-known ligand in
MnlI chemistry whereas its coordination to MnlILIV cations is strongly unfavoured. Therefore, starting
from [Mn(hfacac)2] and after the oxidation of the manganese atoms, we can dispose of a reaction
medium without anions other than the R-saloxH— or Rsalox2— ligands and eventually the added azide
anion or oxo, hydroxo or alkoxo ligands generated by the basic medium. The reactions of R-saloxH2
and [Mn(hfacac)2] effectively generated the neutral complexes 2 (containing only anionic MesaloxH—
and Mesalox2—) and 3 (containing only anionic Etsalox2—, methoxo and oxo ligands). Under the same
conditions we also obtained complex 1, which shows the typical [Mn6] core capped by trifluoroacetate
anions. The formation of the trifluoroacetate anions is not surprising because it is well known that retro-

Claisen condensation reactions of [ -diketones produce the ketone and the corresponding carboxylate in
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basic medium.[18] Thus, the formation in good yield of pure compound 1 indicates extensive and rapid
breaking of the hfacac—reagent.

In the light of these results, our strategy was to combine [Mn(hfacac)2] and R-saloxH2 with sodium
azide in the reaction medium. If the coordination of hfacac— is excluded, the potentially bridging azido
ligand becomes the only available anion in solution and the possibility of obtaining azido-linked [Mn6]
cages or other topologies may be favoured. This strategy yielded the [Mn12] complex 4 consisting of
four oximate/azidolinked triangular subunits and the octanuclear system 5, which can be envisaged as a
[Mn6] cage bicapped by additional Mnll ions involving in the two cases end-on azido bridges.

The apparently simple [Mn(hfacac)2]/R-saloxH2 and [Mn(hfacac)2]/R-saloxH2/NaN3 mixtures result in
a complicated set of interlocked reactions, summarized in Scheme 2, which are more complicated than
the conventional “one-pot” reaction that usually only yields one stable compound. The reaction of
saloxH2 with [Mn(hfacac)2] yields only compound 1 containing trifluoroacetate anions. The same
reaction in the presence of sodium azide gives the dodecanuclear complex 4 but if the solution
containing crystals of 4 is left undisturbed for some weeks, the crystals of the [Mn12] complex slowly
redissolve and big crystals of complex 1 can be collected. In contrast, the analogous [Mn(hfacac)2]/R-
saloxH2 (R = Me, Et) reactions produce complexes 2 and 3 without the presence of trifluoroacetate.
More surprising was the reaction of MesaloxH2 with [Mn(hfacac)2] in the presence of sodium azide,
which initially yields pure tetranuclear complex 2 (without coordinated azide) as well-formed crystals in
1-2 days. If the solution is left undisturbed to crystallize for some additional days, the crystals of 2
redissolve and then the pure octanuclear complex 5 (containing azido bridges) starts to crystallize
(Scheme 2).

It should be emphasized that complexes 2, 3-MeOH and 5-4MeOH are pseudo-polymorphs of the
previously reported clusters 2a-3.5MeCN, 3a-MeOH and 5a-10MeOH, respectively. Although the
structural parameters of the cluster cores are very similar, they crystallize in different space groups and
the hydrogen bonds promoted by the solvents are also logically different. As is described below, the
magnetic responses of 2 and 5 are similar to those reported for their polymorphs whereas for compound

3-MeOH the magnetic response is drastically different.

Magnetic Measurements and Modelling

The room-temperature  MT value for compound 1 is 15.73 cm3 mol-1 K, lower than the expected
value for six S = 2 centres (18.0 cm3 mol-1 K). On cooling, the MT product gradually decreases down
to 15 K (5.89 cm3 mol-1 K). Below this temperature the MT product abruptly decreases, tending to
zero at low temperatures (Figure 8). The M plot exhibits a maximum susceptibility at 4 K (Figure 8,
inset). The susceptibility plot clearly shows two kinds of interactions: in the 300-15 K range, the
observed decay of the MT product corresponds to intracluster coupling, whereas the low-temperature
region reflects strong intercluster interactions mediated by the double hydrogen bonds involving Mn(3)

(Figure 2). Both isolated clusters and systems in which the [Mn6] units are connected by hydrogen
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bonds involving coordinated and crystallization solvent molecules exhibit a minimum at around 20-25
K or small decays of MT below this temperature. In contrast, compound 1 provides an unusual case of
strong 1D intercluster interactions that lead to a collapse of the local [Mn6] S = 4 spins for the whole
solid. Thus, the experimental susceptibility data for the two kinds of interactions have been analysed
separately.

The experimental data for the intracluster interactions were fitted in the 25-300 K range by using the
PHI program[19] on the basis of the coupling pattern shown in Scheme 3 (A). Previous fits taking into

account all the coupling constants applying the Hamiltonian in Equation (1)

H=-J1(S1S4) — J2(S1S3 + S4S6) — J3(S2S3 + S586) — J4(S1S2 + S4S5)
—J5(S384 + S1S6) (1)

show a negligible value for J5 and similar values of —11.7 and —13.0 cm—1 for J3 and J4. In the light of
this result we decided to fit the system by using the simplified 3-J Hamiltonian in Equation (2)

H=-J1(S1S4) — J2(S1S3 + S4S6) — J3(S2S3 + S5S6 + S1S2 + S4S5) )

in which we have assumed that J5 = 0 in Equation (1) and that there are only two coupling constants
inside the triangles (Scheme 3, B). The best-fit parameters were J1 =+14.8 cm—1,J2=-5.5cm-1, J3 =
J4=-13.0 cm—1 and g = 2.063. The antiferromagnetic (AF) interactions inside the triangular units
(negative values for J2, J3 and J4) are in good agreement with the Mn—O—N—Mn torsion angles, clearly
below the ferro/anti-ferromagnetic border of 31° and thus the spin ground state for complex 1 is the
conventional S = 4.

Magnetization experiments performed in an external field up to 5 T show a sigmoid shape of the
magnetization plot and an unsaturated value equivalent to only six electrons under high field (Figure 9).
The first derivative of the magnetization plot shows a maximum at around 1.1 T and therefore the
intercluster interaction can be evaluated to be approximately 1 cm—1.

As was expected from the strong intercluster interactions, ac susceptibility measurements did not show
complete out-ofphase peaks and only very weak tails of the M"’ signals were observable.

The room-temperature  MT value for compound 2 is 12.17 cm3 mol-1 K, close to the expected value
of 12.0 cm3 mol-1 K for four non-interacting S = 2 spins (Figure 10). On cooling, the value of MT
increases monotonically up to a maximum of 26.8 cm3 mol-1 K at 4 K, which suggests ferromagnetic
interacttions and a spin ground state of S = 8. The experimental data were fitted by applying the
Hamiltonian in Equation (3) derived from the coupling pattern in Scheme 3 (C) assuming J1 = J2 to

compare with the fit of its pseudo-polymorph 2a-3.5MeCN.

H=-J1(S1S2 + S284 + S4S3 + S3S1 + S1S4 + S283) 3)
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The best fit of the experimental data gives J =+ 0.8 cm—1 and g = 1.96, in agreement with the values
reported for compound 2a and its Etsalox2— analogue.[8a] The magnetization data and the tails of the
out-of phase signal found in the ac measurements are also very similar to those of compound
2-3.5MeCN and will not further be discussed.
The room-temperature MT value for compound 3 is 16.02 cm3 mol-1 K, slightly larger than the
expected value for four S =2 and two S = 3/2 centres (15.75 cm3 mol-1 K; Figure 10). On cooling,
MT increases continuously up to a maximum value of 71.07 cm3 mol-1 K at 2 K. The continuous
increase of MT and its value at low temperature suggest a fully ferromagnetic coupling with a spin
ground state of S = 11. The coupling pattern of interactions for 3 shows nine super-exchange pathways
mediated by different kinds of bridges, which implies five J coupling constants. The fit of the
experimental data in the 300—10 K range applying the Hamiltonian in Equation (4)

H = -J1(S5S6) — J2(S3S6 + S4S5) — J3(S3S5 + S4S6) — J4(S1S5 + S256)
_J5(S1S3 + S254) ()

fast saturation of the magnetization with a final quasi-saturated value equivalent to 20.6 electrons under
the maximum external field, which is very close to the proposed S = 11. The magnetization plot for S =
11 gives an excellent fit for the parameters D =+0.24 cm—1 and g = 2.00 (Figure 10, inset). The easy-
axes of the Mnlll ions are far from parallel and are directed towards the u3-OMe donors. This
unfavourable arrangement of the easy-axesand the positive sign of D preclude an SMM response and
effectively AC experiments do not show any out-of-phase signals.

Our results indicate a higher ground state than that obtained for the polymorph 3a previously reported by
Brechin and coworkers. In that case the MT plot increased continuously from the lower value of 14.4
cm3 mol-1 K up to a maximum value of 23.49 cm3 mol-1 K with a proposed spin ground state of S = 6.
The modelling of 3a was unsuccessful. The reason for the different magnetic responses cannot be
attributed to the Mn—O—Mn bond angles, which are identical within the margin of error of £1°. In
contrast, the subtle differences induced by the hydrogen bonds become important for the most easily
deformable Mn—N—O-Mn torsion angles, the MnIV(1)-O(3)-N(1)-MnlII(3) torsion being the most
significant, increasing from 34.3° in the case of 3a to 47.0(1)° for 3.

The magnetic response of compound 4 was discussed in depth in the previous communication[16b] and
thus only a brief description will be given here. The room-temperature MT value for compound 4 is
31.8 cm3 K mol-1, slightly lower than the expected value for 12 non-interacting S = 2 spins (36.0 cm3
K mol-1; Figure 10). On decreasing the temperature the value of MT decreases continuously with a
higher rate of decay below 15 K, probably due to intermolecular hydrogen bonds, with a value of 6.8
cm3 K mol-1 at low temperature. The large number of interactions and the size of 4 exclude a
conventional fit of the experimental data. However, an analysis of its structural parameters permits a

good estimation of its magnetic response. The Mn—N—O—Mn torsion angles in the triangular subunits are
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quite similar with values of 13.4, 16.9 and 33.2° for the Mn(1,2,3) triangles and 12.0, 23.1 and 38.5° for
the Mn(4,5,6) triangles. According to the well-stablished rules for these kinds of systems,[2c,4c] a local
S = 2 should be expected for all the triangular subunits. For a centrosymmetric compound such as 4, the
only possibilities for describing the inter-triangle interactions are AF/AF/AF, AF/FM/AF, FM/AF/FM or
FM/FM/FM. All combinations containing at least one AF interaction lead to an S = 0 ground state,
which is incompatible with the experimental data, whereas ferromagnetic interactions between the
triangles give an S = 8 spin ground state as the only possibility.

Magnetization experiments showed a quasi-saturated value of around 12 electrons under an external
field of 5 T, which is compatible with an anisotropic S = 8 ground state. The fit of the reduced
magnetization did not give consistent results due to the effect of the intermolecular hydrogen bonds and
the low-lying excited states. However, the large gaps between the magnetization plots unambiguously
suggest a relatively large anisotropic ground state. The ac measurements under an oscillating field of 4
G were performed in the frequency range 1300-50 Hz (Figure 11), and out-of-phase frequency-
dependent signal were found with maxima in the 4.09-3.47 K range. A fit to was satisfactory for the
values of J1 =+4.2 cm-1,J2 =+4.8 cm-1,J3=+2.0cm-1,J4 =458 cm-1,J5=+3.2cm-1 and g =
1.97. Equally satisfactory was the fit assuming only three J coupling constants, one for the double
methoxo bridges between Mnlll atoms (J1 = J2), one for the oxo-methoxo bridges between the Mnlll
atoms (J3) and finally a common J4 = J5 for the four interactions between MnlIl/MnlV centres. Under
these conditions the best-fit values of J1 =J2 =4+4.6 cm—1,J3=4+2.0cm-1,J4=J5=+44 cm-1 and g
= 1.98 were obtained. The coupling constants calculated for a ferromagnetic system with such a large
number of interactions is poorly reliable but the magnitudes and signs of the constants indicate a
moderately ferromagnetic (FM) system supporting the maximum S = 11 spin ground state. This
assumption was also confirmed by the magnetization experiment performed up to 5 T, which showed
the characteristic the Arrhenius equation gives an Ueff value of 51 cm—1 and a D value of 0.80 cm—1
assuming S = 8. The magnetization hysteresis cycle measured with a coercive field of around 1000 G at
2 K confirmed SMM behaviour with a blocking temperature T greater than 2 K (Figure 11, inset).

The room-temperature MT value for compound 5 is 20.38 cm3 mol-1 K, lower than the expected
value for six S = 2 and two S = 5/2 centres (26.75 cm3 mol-1 K; Figure 10). On cooling, the MT plot
decreases to a minimum value of 14.64 cm3 mol-1 K at 25 K and then increases up to a maximum value
of 16.21 cm3 mol-1 K at 7 K. This shape is characteristic of ferrimagnetic interactions resulting from
ferromagnetic interactions inside the MnlllI 6 core with the three Mn—N—O—Mn torsion angles clearly
larger than 31° (local spin for the Mn6 unit S = 12) and the anti-ferromagnetic coupling with the two
MnlI cations mediated by the MnII-N-MnlII bond angles,[20] resulting in the ground state S = 12 — 5/2
—5/2 ="7. The shape and values of the MT plot and the magnetization data are in agreement with its

polymorph 5a and will not be discussed further.
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CONCLUSIONS

The reactions of [Mn(hfacac)2] with R-saloxH2 ligands (R = H, Me, Et) have yielded five clusters
Mnlll6 (1), Mnlli4 (2), MnllI4MnIV2(3), Mnlll12 (4) and MnlI2MnlII6 (5). Some of them are new
compounds, such as 1 and 4, whereas 2, 3 and 5 are polymorphs of previously reported systems. As
expected, the hfacac ligands do not participate in the final complexes with high-valent manganese
atoms, but they can play a role after solvolysis, as in complex 1, which contains CF3COO- anions.
Dodecanuclear complex 4 is an example of this synthetic strategy, exhibiting a SMM response and a
large energy barrier of magnetization. Complex 3 is a good example of how small structural changes can

modify the spin ground state, in this case reaching the maximum value S = 11.
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EXPERIMENTAL SECTION

Physical Measurements: Magnetic susceptibility measurements were carried out on polycrystalline
samples with a MPMSS5 Quantum Design susceptometer in the range 30—300 K at a magnetic field of
0.3 T and in the range 30-2 K at a field of 0.03 T to avoid saturation effects at low temperatures.
Diamagnetic corrections were estimated from Pascal Tables. IR spectra (4000400 cm—1) were recorded
in KBr pellets with a Bruker IFS-125 FT-IR spectrophotometer.

Syntheses: [Mn(hfacac)2] and saloxH2 ligand were purchased from Sigma—Aldrich Inc. and used
without further purification. MesaloxH2 and EtsaloxH2 were prepared following previously reported
methods.[21]

Synthesis of [Mn6(0)2(salox)6(CF3COO0)2(EtOH)4]-Et20 (1-Et20), [Mn4(Mesalox)4(MesaloxH)4]
(2), [Mn6(Etsalox)6(0)2(MeO)4-(MeOH)2]-MeOH (3-MeOH), [Mn12(salox)12(0)4(N3)4(H20)2-
(MeOH)6]-4MeOH-2H20 (4:4MeOH-2H20) and [Mn8(Mesalox)6-(0)2(N3)6(MeOH)8]-4MeOH
(5:4MeOH): Specific synthetic conditions are summarized in Table 7. The five complexes were
synthesized following very similar experimental procedures. The R-salicyloxime ligand (1 mmol) and
the appropriate base (1 mmol) were added to a solution of [Mn(hfacac)2] (0.526 g, 1 mmol) in the
corresponding solvent (20 mL). For 4 and 5, sodium azide (0.63 g, 1 mmol) was also added. The
mixtures were stirred for 30 min in the open air and the resulting dark-green solutions were filtered.
Well-formed dark-green crystals were obtained in yields of around 40 % after a few days of layering the
final solutions with diethyl ether. These crystals were employed for the instrumental measurements. As
mentioned above, if after the crystallization of 2 and 4 their solutions were left undisturbed, they
evolved to compounds 5 and 1, respectively.

C54H54F6Mn6N6022 (1): caled. C 40.98, H 3.44, N 5.31; found C 39.4, H 3.6, N 5.1.
C64H60Mn4N8O16 (2): calcd. C 54.25, H 4.27, N 7.91; found C 53.8, H 4.3, N 7.8.
C61H78Mn6N6021 (3): caled. C 46.94, H 5.04, N 5.38; found C 47.3, H4.9, N 5.2.
C94H108Mn12N24042 (4): caled. C 38.86, H 3.75, N 11.57; found C 39.3, H 3.64, N 11.2.
C60H90Mn8N24026 (5): caled. C 35.97, H 4.52, N 16.78; found C 36.4, H4.2, N 17.2.

Intense IR bands (KBr): 1: v = 1654, 1599, 1584, 1542, 1441, 1327, 1201, 1149, 1028, 918, 681, 466
cm—1; 2: vi = 1597, 1435, 1310, 1290, 972, 783, 667, 645, 682, 616 cm—1; 3: v7 = 1593, 1565, 1435,
1305, 1139, 1095, 1004, 942, 754, 680, 542 cm—1; 4: v = 2056, 1598, 1539, 1439, 1286, 1203, 1029,
916, 753, 668 cm—1; 1: v = 2069, 1596, 1436, 1304, 1233, 1042, 961, 861, 683 cm—1.

Single-Crystal X-ray Structure Analyses: Data for compounds 2, 4 and 5 were collected with a Bruker
APEX II CCD diffractometer on Advanced Light Source beam line 11.3.1 at Lawrence Berkeley
National Laboratory using a silicon 111 monochromator (T = 100 K, A = 0.7749 A). The structures were
solved by direct methods and the refinement on F2 and all further calculations were carried out by using

the SHELXTL suite.[22] All non-hydrogens were refined anisotropically. Hydrogen atoms were refined
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by placing them geometrically on their carrier atom and using a riding model except in the cases of 4
and 5. In 4 the hydrogen atoms of the water molecules and of the hydroxy groups of the methanol
molecules, both coordinated and in the lattice, were found in a difference Fourier map and refined freely
with their thermal parameter 1.5 times that of their carrier oxygen and a distance restraint. In 5 the
hydrogen atoms on the coordinated methanol molecules (01, O2, O3, O11) could not be found in
difference Fourier maps nor fixed and are thus not included in the structural model.

Data for compounds 1 and 3 were collected with a MAR345 diffractometer using an image plate
detector. The structures were solved by direct methods using the SHELXS computer program and
refined by full-matrix least-squares methods with SHELX97 computer program.[23] Two hydrogen
atoms were located from a difference synthesis in 3 and all hydrogen atoms were computed and refined
by using a riding model with an isotropic temperature factor equal to 1.2 times the equivalent
temperature factor of the atom to which they are linked.

The crystallographic details for 1-5 are summarized in Table 8.

CCDC 1438011 (for 1), 1438012 (for 2), 1438013 (for 3), 804307 (for 4), and 1438014 (for 5) contain
the supplementary crystallographic data for this paper. These data can be obtained free of charge from

The Cambridge Crystallographic Data Centre.
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Legends to figures

Scheme 1. R-saloxH?2 ligands employed in this work and the modes of coordination of R-saloxH— and

R-salox2— in compounds 1-5.

Figure 1. Left: view of the hexanuclear compound 1 (ethanol molecules omitted for clarity). Right:
labelled plot of the asymmetric unit of 1. Colour key for all figures: Mnll, orange; MnllII dark green;
MnlV, firebrick; O, red; N, navy blue; C, black; F, light green.

Figure 2. Hydrogen bonds promoted by the coordinated ethanol molecules in compound 1 (shown as

light blue bonds).

Figure 3. Labelled plot of complex 2. For clarity, the coordinated Mesalox2—and MesaloxH- ligands are

shown only for one of the manganese atoms.

Figure 4. Labelled plot of the core of complex 3. Hydrogen bonds involving

the methanol solvate molecule are indicated as dashed bonds.

Figure 5. Top: view of complex 4. Bottom: labelled plot of the core of complex 4.

Figure 6. View of the hydrogen bonds involving Mn(6), which promotes the 1D arrangement of [Mn12]

clusters for complex 4.

Figure 7. Top: view of complex 5 and a labelled plot of its asymmetric unit. Bottom: view of the

intermolecular hydrogen bonds (blue bonds).

Scheme 2. Reaction scheme for the syntheses of complexes 1-5. Colour key: Mnll, orange; Mnlll, dark

green; MnlV, firebrick; O, red; N, blue; C, gray; F, light green.

Figure 8. Plot of the MT product vs. T for compound 1. The solid line shows the best fit of the
experimental data in the 25-300 K range. Dotted line below 25 K shows the low temperature theoretical

simulation. Inset: plot of M vs. T below 100 K showing the unusual maximum of susceptibility.y.

Scheme 3. Coupling schemes for compounds 1 (A and B), 2 (C) and 3 (D).
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Figure 9. Magnetization plot for complex 1 (®). The solid line shows the first derivative of the

magnetization.
Figure 10. Plot of the MT product vs. T for compounds 2 (red circles), 3 (blue squares), 4 (black
diamonds) and 5 (green triangles). Inset: magnetization plot for 3. Solid lines show the best fits of the

experimental data for 2 and 3.

Figure 11. Plot of the AC M" for compound 4. Inset: hysteresis cycle measured at 2 K.at 2 K..
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668  Table 1 BVS data for the oxidation states of the metallic atoms of compounds 1-5.
669

Comipownd B Valancs Compownd By Walemica
1 4
Mnri1) 203 +2 K1) 20 =3
M) 203 +2 M Z) 2 3
Mni3) 205 +3 Mz 293 +3
2 Mirs 268 #32
Mni1) eda -] +2 Knds) 2m =2
Mniz) 204 +3 M) I 3
Mni¥) 208 +2 [
Mni4) 208 +2 Knd 1) k- ]
3 Mind ) 2N 3
Mri1] 257 +4 M7 EX -] 2
MniZ) 14 +3 M) I +3
M) a7 +3
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Table 2 Selected distances [A] and angles [°] of the core of compound 1.

Mind -1}
Mind 1-042)
Min{ 1043
Mnd - OE)
nd - 02y
Mn{1}-NG2)
Mn{2}-0n)
Min{2}-00z)
Mn{23-0(7)
{2} 0i=)
Min{2}- N1}
Min{2}-0d1)
Mind2 - Od5)

18637
135837
12837
218457
24157

1LE7HT
1LE53F
1EERT
LI5TE
155443
1E78E
13087

Mini2{-0x6)
Mn(-010]
Mniz-4171)
Min(33-Hiz)

Mini1j-041)-Min{Z
Mini1-001)—Mni 3
Min(2-0{1)-Mn(3)
Mini1-CE=-Mni1a)

Mni 10N - Minz)
Mini2-C¢ N2 - M)
Mn(3-05)-Niz-Mni1]
MiniTal-003-M-Mni2)

1.85007]
238403
23850
20033

TIBHT]
1200 1]
121.371]
1O TE]
21.4§3)
1433
487
51.1{3]
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Table 3. Selected distances [A] and angles [°] of the core of compound 2.

Mn{1-0{1]
Mn13-012]
Mn{1-0410)
Mn{1-014)
Mnin-Min)
Mni1}-M(3)
Mniz-0i2)
Mniz}-0i5)
Mn(z)-0(7)
Mniz)-0{14]
Mniz)-Mi3)
Mn(z)-Mid)
Mn(3)-02)
Mn(z-046)
Mniz-0i5)
Mniz0011)
Mn(3}-Mi5)
Mn(z)-Mis)

1.B68{5]
1.B87{5]
22416
1.5475]
10a3e
2254{7)
1.575(5]
1.860{5]
1.B87(6
2230
2002{8}
222308
2226{5]
1.5715]
1E715]
18385}
25T
12z68]

Wi ) -OH s
Mindg-0{ 10
M) -0{17)
il &3-0415]
M d)-N(7)
Mri N8|

M 13-0{14)-Mniz)

M 130 104—Mnd4)

M 21021 M=)

M Z)-0{ el Mnd &)
Mndz)-0{2-NiT}-Mn[1]
Mn{21-0{14)-N(71-Mnis)
Mg 110 14} -N{ 7} M 4]
Mn{z1-0{2 - NiT}-Mn[1]
Mn{11-0{10-N{5}-Mniz)
Mnd-0ie-NE-Mn(z]
Mg - - W - {2
M €101 01-N{51-Mni3)

2224{5]
15405
1B57(8]
1.835(5]
1.530{7]
2868

114.8{7]
M57(E]
115.8{2]
11253
245}
TE0{5)
59.5(5)
592(5)
T
FaB{5)
5T72(5)
LS
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Table 4. Selected distances [A] and angles [°] of the core of compound 3.

Min{1-0¢1)
Mn{1-0¢3)
Min{1-064)
Min{1-00e)
Min{1-MNG2)
Mn{1-NG)
Min{23-0¢1)
Min{23-0s)
Mn{2-0¢7)
Min{23-02)
Min{2)- 03]
Min{2)-Diza)
Min{23-0d1)
Min{2-0)
Min{z- 0103

1.8631)
1.8231)
1.855(1)
1.885(1)
20243
20031}
1.321(1)
1.903{1)
21371}
1.925{1)
1.9281)
22p8(1)
1.925(1)
1.B65(2)
2320070

Mndz)-Diez)
Mne3}-0)5a)
Mnd2)-Mi1)

M1 )-0 1 }-MndT)

b 1)-0H 1}-Mnd =)
Mrez -0 1}-Mnd2)
Mraz|-OHE}-Mind 2a)
Mz 04 51-Mnd 22}
Mnez)-0HE}-Mnd2a)
Mnz)-0Ba)-Mni3)
Mre{1]-04=-Ni1 - M=)
MraZ|-051-Ni2)-Mni1)]
Mnz)-NT1-NE-Mni 1)

23051}
1922010
1.555(2)

TOEAB{E
ARE-Toalo]
T1ZIB{%
97 .05(5)
10727
382045)
BHAT[S)
aT.0{1)
G4
21.0{1])
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Table 5. Selected distances [A] and angles [°] of the core of compound 4.

Mni13-041)
Mni1)-0yz)
Mni 13047
Mni1-M1)
Mni1)-Mia)
Mni1-047]
Mniz-0)
Mniz)-Diz|
Mtz 044
Mniz)-0ia)
Mniz-D10)
Mniz-ME
Mniz-00)
Mniz)- 5]
Mniz)- D6
Mniz-Mz)
Mniz-MNT)
Mnia)-0ig)
Mni4-D111)
Mni4)-D115]
Mnia)-Mi)
Mnid-Mio)

1.E77{1]
1.881{3)
1.5457)
1.588{7]
2196{1]
2.4601]
1.E74[1)
1.522(7)
1.862{1]
236047}
237111}
20023}
1.E7D0{2]
1.905{1]
1713
20041)
2226(]
1.e86{1]
1.E72[2]
1.207(1)
2332(7)
23327}

Mmis-Ore)
Mim|5}-0i10)
Mmi{5}-0012)
Mmi5)-0016)
Mmi{s]-MIT)
Mn(sl-N11]
Mmjti}-Ni5)
Mnjss}-Ors
MmiG-0i12)
Mnie}-0014)
Mmi6}-O018)
Mnjal-N[13]

Mm{1}-001)-Mn| 2}
M [2}-0(1)Mim| 7]
M (20K 13-Mn(3)
MmNl Ml d)
M2 ]-N[7)-Mini5)
Minja|-0-Mnis)
M8 }-005- M| )
P |50 )
Mim|5]-0(10)-Mn(z]

1.888{1}
1.5701]
1.860{1]
2.298{7]
2295(7]
22T
12801}
1.880{1]
1.892[3]
2264{7)
22143
2 004{3]

1210847}
119.5M7]
112.5M7T]
131878}
126 76{8]
112.82(7]
112.95([7]
T3027)
131.55{7]
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Table 6. Selected distances [A] and angles [°] for compound 5.

Mni 13001}
Mni13-04z2)
Mni13-04=]
Mn{1}-MiT)
Mni1}-Bid)
Mni1}-MiT)
Mniz- 0]
Mn{z-015]
Mniz}-0i9a)
Miniz}-0iB)
Mniz-Mi)
Mniz)-Nm
Mni(3)-Ois)
Mni3}-07]
Mniz-0no
Mniz-00 1]
Mn{3}-Mi4)
Mniz}-NT)

2I20FH
22405
230445
215210
FR LI
238219
12871N
18571N
25625
1912
23570109
196803
127715
128215
15280
232805
22900109
2004

Mndg-Dnay
bndg)-Diey
bndg)-s)
Mn£)-eal
Mndg)-MiT
Mndig-M2)

M 2104 Mndz]
Mni2)-0{4)-Mrdg)
Mniz)-0(4)-Mnid)

Mnd 13811 Mniz)

M 13- - Mn(3]

M 1)-Ni71-Mni4)

M )01 Mrdda)
Mni)-Ofe}-Nivo)-Mniz)
M )-O{10}-N[123- M)
M) D{B-NITT-Mniz)
My Oial-N1O-Mn(z)

1.855{7)
154870
185987}
LAZHEY
21T
Z008{5)

11224)
121.8{4)
112,84}
115,44}
117214
117004
M50
33.48)
I3/
423
S4B
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Table 7. Summary of the synthetic conditions for 1-5.

Sohant Ligaind Baze Nak
B0 EtDH SalkowH Et;M ]
] LA MezaloiH Ex;H o
3:MalH MalH EsaloxH Cs0H ]
&a8WelDH2HD  WalH SalkowH EtaM W
SaswiaH MelH M=l EtaM s




704  Table 8. Crystal data and data collection details for the X-ray structure determination of compounds 1—
705 5.

706
1 3 3 4 5

Formais CaHlF M MO CoqHooMn N 0y CoHhtn N Oy, CoaHiaghing Ny Oy CoHaMnghy 05
M, TE44.T0 1416596 1560.93 0532 00205
Sysbam tridinic monadinic Ericinic tridlinic tridinic
Space group Fi P32y Pi P A
a [&] T1.27T1i4) 124287} T1.25504) 122524{4] 118885
b [ 12.12163) 12715{4) 1244307 14,1267 }5] 12.286(5)
c _P\ 1413153 FI5I5(T 12.6703) 12.552216] 1545108
a1 BO.2N(T 0 B0 &5.300(1) SEEES)
AF 72,8337 0 ESART T NIREr ]
r Il Bi.85(T) 0 BE34T) o341 106 349(5)
¥ i) 1B29.003) ) 1747 .2(E) IIN29{3| 2052(1}
I 1 ] 1 1 1
TIKl Pl Ll ] 105{2) 100E) ooy
LiMo-iG) [A] [0y [ar ] 077450 [y [are ] Q77490 0TT430
[y |g|:l'l1'1| 1.493 1571 1853 1656 1818
MoK [mm-t] 1.093 1052 1135 1657 1614
R 00535 00542 Lol B ] 0028l 110 rk ]
ol L1663 DR eI onior 03530
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