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ABSTRACT: 35 

  36 

New chiral FeIII 4 star-shaped complexes have been synthesized starting from enantiomerically pure 37 

Schiff bases and chiroptically and magnetically characterized. The structural and magnetic properties of 38 

the complete family of 40 Fe4 complexes reported in the literature have been analyzed in the search for 39 

synthetic and magnetostructural correlations 40 

41 



INTRODUCTION 42 

 43 

Fe4 star shaped clusters comprise an aesthetically pleasant family of complexes that show moderately 44 

strong antiferromagnetic interaction between the central and the three peripheral FeIII cations with an 45 

overall ferrimagnetic response and a well isolated S = 5 ground state. In spite of the 6S ground term of 46 

the high spin FeIII cations, they become moderately anisotropic by the distortion of the coordination 47 

polyhedron and usually exhibit slow relaxation of the magnetization. The starshaped topology has been 48 

reported from the employment of substituted tris(hydroxymethyl)ethane,1–13 alkoxides,14,15 N-49 

methyldiethanolamine,16–18 Schiff bases19–25 and one isolated case from the tartrate ligand.26 50 

After the discovery of the single molecule magnet (SMM) phenomenon in 1993,27–29 the complex 51 

[Fe4(MeO)6(dpm)6] (dpm = dipivaloylmethane) was studied early in 1999 by Gatteschi et al.14 and 52 

from the characterization of the [Fe4(thme)2(dpm)6] complex,1 in which dpm is the deprotonated form 53 

of the tripodal ligand tris(hydroxymethyl)ethane, a large number of [Fe4(R-thme)2(dpm)6] clusters (R-54 

H3thme = substituted tris(hydroxymethyl)ethane) were synthesized and magnetically studied, becoming 55 

one of the most well-known families of SMMs. Fe4 complexes built from Schiff bases obtained by 56 

condensation of salicylaldehyde and 1,2-aminoethanol or their substituted derivatives have been 57 

reported more recently by S. Gao et al.21–23 58 

These types of complexes with the formula [Fe4L6] become of interest because in addition to having 59 

similar magnetic properties and SMM response, they allow the possibility to modify the different 60 

substituents either on the aromatic ring or on the aliphatic C-atoms of the hydroxyethyl fragment. In the 61 

latter case, monosubstituted carbon atoms become chiral centres that open the possibility of 62 

incorporating optical properties or the study of chiral supramolecular effects.30–32 63 

The employment of o-vanillin instead of salicylaldehyde remains unexplored with the exception of the 64 

Fe4 complex with the formula [Fe4(L)4(MeO)2Cl2] prepared with the Schiff base derived from 1,3-65 

aminopropanol which yielded a very asymmetric complex, probably due to the large bite and steric 66 

hindrance of the propyl fragment.25 With this idea in mind, we decided to prepare enantiomerically pure 67 

Schiff bases derived from the condensation of o-vanillin and several chiral derivatives of 1,2-68 

aminoethanol. Positive results were obtained for the ligands H2L1 (derived from (R)- or (S)-69 

phenylglycinol) and H2L2 (derived from (1R,2S)-diphenylaminoethanol), Scheme 1, that allowed the 70 

characterization of a pair of starshaped enantiomers with the formula [Fe4(L1)6] (1R and 1S) and one 71 

mononuclear derivative of H2L2 with the formula [Fe(L2)(HL2)] (2RS). The tetranuclear systems have 72 

been characterized by electronic circular dichroism and static and dynamic susceptibility measurements. 73 

Bibliographic data show that the coordination polyhedral around the FeIII cations can vary from 74 

octahedral to trigonal prismatic; on the one hand, we have analyzed all the reported structures of the Fe4 75 

complexes with star topology using SHAPE software and the continuous shape measures (CShM) as a 76 

tool to study the relationship between the ligands and the distortion of the coordination polyhedra 77 

around the FeIII cations and, on the other hand, have examined whether there is a correlation between 78 



the aforementioned distortion of the coordination environment of the cations and the main magnetic 79 

parameters J and D or their SMM response. 80 

 81 

82 



EXPERIMENTAL 83 

 84 

Materials and methods 85 

IR spectra (4000–400 cm−1) were recorded using a Bruker IFS-125 FT-IR spectrometer with samples 86 

prepared as KBr pellets. Variable-temperature magnetic studies were performed using an MPMS5 87 

Quantum Design magnetometer operating at 0.03 T in the 300–2.0 K range. Diamagnetic corrections 88 

were applied to the observed paramagnetic susceptibility using Pascal’s constants. The fit of the 89 

experimental data was performed with the PHI program.33 The quality factor was parametrized with the 90 

parameter R = (χMTexp − χMTcalc)2/(χMTexp)2. EDC spectra were recorded in dichloromethane 91 

solution in a Jasco-815 spectropolarimeter. 92 

 93 

Single-crystal X-ray crystallography 94 

Red prism-like specimens of dimensions 0.055 mm × 0.130 mm × 0.213 mm (1R), 0.111 mm × 0.201 95 

mm × 0.202 mm (1S) or 0.058 mm × 0.113 mm × 0.195 mm (2S) were used for X-ray crystallographic 96 

analysis. The X-ray intensity data were obtained on a D8 Venture system equipped with a multilayer 97 

monochromator and a Mo microfocus (λ = 0.71073 Å). 98 

The frames were integrated with the Bruker SAINT software package using a narrow-frame algorithm. 99 

The final cell constants were based upon the refinement of the XYZ-centroids of reflections above 20 100 

σ(I). The structure was solved and refined using the Bruker SHELXTL software package. Details of the 101 

crystal data, collection and refinement for 1R, 1S and 2RS are summarized in Table 1. 102 

 103 

Synthetic procedure 104 

[Fe4(L1)6]·solvents (1R·2CH2Cl2 and 1S·2MeCN). Complex 1S·2MeCN was accidentally crystallized 105 

in very low yield from a methanol/acetonitrile solution of FeCl2, LnCl3 and H2L in a basic medium 106 

during the trials to synthesize mixed iron/lanthanide complexes. In light of the structure, the direct 107 

synthesis was optimized to obtain complex 1R·2CH2Cl2 in a high yield. A solution of 0.5 mmol (0.069 108 

g) of the corresponding (R) or (S)-phenylglycinol and 0.5 mmol (0.076 g) of o-vanillin in 15 mL of 109 

methanol was heated for 30 minutes at 80° in a microwave furnace. The yellow solution of the H2L 110 

ligand was added to 0.101 g (0.25 mmol) of Fe(NO3)3·9H2O dissolved in 10 mL of acetonitrile. The 111 

color of the solution turned to deep blue and changed immediately to dark red after the addition of 0.101 112 

g (1.0 mmol) of Et3N. The mixture was stirred for 30 minutes and filtered to collect the complex as a 113 

brown microcrystalline powder in a practically quantitative yield. The crude complex was dissolved in 114 

10 mL of dichloromethane and diffused with a vapour of diethyl ether. Well-formed crystals were 115 

collected after three days in 70% yield. IR spectra are shown in the ESI, Fig. S1.† Elemental analysis for 116 

1R as a solvent free complex: calc. C, 62.69; N, 4.57; H, 4.93%. Found: C, 62.1; N, 4.4; H, 5.1%.  117 

[Fe(L2)(HL2)2]·solvents (2RS). The ligand was prepared following the same procedure as that of H2L1 118 

but starting from (1R,2S)-2-amino-1,2-diphenylethanol instead of phenylglycinol. To a methanolic 119 



solution of 0.5 mmol of H2L2 were added 0.032 g (0.25 mmol) of anhydrous FeCl2 and 0.101 g (1 120 

mmol) of Et3N. Slow evaporation of the final dark red solution gave crystals useful for X-ray diffraction 121 

in a few days. Elemental analysis for 2RS: calc. C, 70.69; N, 3.75; H, 5.26%. Found: C, 70.3; N, 4.0; H, 122 

5.3%. 123 

124 



RESULTS AND DISCUSSION 125 

 126 

Structural description 127 

[Fe4(L1)6]·solvents (1R·2CH2Cl2 and 1S·2MeOH). The two enantiomers were obtained with two 128 

molecules of different solvents, but the crystallization molecules are placed in the same voids in the 129 

network, and the two samples are isostructural, Table 1. The molecular structures of the tetrameric 130 

complexes show minor differences in their bond parameters, and thus to avoid repetitive descriptions, 131 

the following data refer to 1S.  132 

The tetranuclear clusters consist of three peripheral [Fe(L1)2]− fragments that act as bidentate complex-133 

as-ligand linking the central FeIII cation to form a star-shaped cluster, Fig. 1. The central FeIII ion is 134 

hexacoordinated by six bridging alkoxide donors that define a coordination polyhedron close to a 135 

trigonal prism, whereas the peripheral cations are placed in a distorted octahedral [FeN2O4] 136 

environment. A detailed analysis of the coordination polyhedron for the two environments is provided in 137 

the following sections. The Fe–O distances (range 1.924–2.075 Å) are shorter than the Fe–N distances 138 

(range of 2.114–2.159 Å), and thus the peripheral FeIII ions are slightly elongated along the N–Fe–N 139 

axis. The Fe–O–Fe bond angles are different for each peripheral cation, being shorter for Fe2–O–Fe3 140 

(104.1/104.8°), larger for Fe2–O–Fe4 (108.0/109.0°) and intermediate for Fe2–O–Fe1 (104.4/107.3°). 141 

The four iron cations are placed in the same plane. The angles between the mean iron plane and the 142 

planes determined by the Fe–(O)2–Fe atoms (helical pitch) range between 77.2 and 83.9°. The main 143 

planes of the L12− ligands form a mean angle of around 56° with the Fe4 plane determining the 144 

propellershape of the cluster. Main bond parameters are summarized in Table 2. 145 

[Fe(L2)(HL2)]·2MeCN·MeOH (2RS·2MeCN·MeOH). The mononuclear complex 2RS shows an FeIII 146 

cation in a distorted [FeN2O4] octahedral environment, coordinated by one deprotonated L22− and one 147 

monodeprotonated HL2− ligand, Fig. 2. Fe–O bond distances to the deprotonated O-donors are between 148 

1.900 and 1.963 Å and are shorter than the distance to the protonated alkoxide (Fe–O4, 2.206 Å). As is 149 

usual for this type of ligands, the Fe–N distances are larger than 2.1 Å. The crystallization methanol 150 

molecule establishes a strong O1w⋯H4–O4 H-bond with an O4⋯O1w distance of 2.618 Å. Selected 151 

bond parameters are summarized in Table S1.† 152 

 153 

Synthetic aspects 154 

The reaction of H2L1 with iron nitrate in a basic medium yielded compounds 1R/1S, and in light of 155 

these results, similar reactions under the same conditions were tried with the Schiff bases derived from 156 

the condensation of o-vanillin and 2-amino-1-butanol or phenylalaninol. In contrast with compounds 157 

1R/1S, the final products were soluble in the mother liquor, and no solid product was obtained upon 158 

layering with diethyl ether. All trials to obtain the solid complexes in a variety of solvents (methanol, 159 

acetonitrile, and dichloromethane) and by diffusion of diethyl ether or hexane gave oils. Susceptibility 160 

measurements performed on the crude product obtained by removing the solvent of the mother solution 161 



show the typical shape expected for an Fe4 star but with a lower g value that evidences logical 162 

impurities. 163 

The complexes derived from L12− exhibit a sand-glass shape with two cavities above and below the Fe4 164 

plane, Fig. 3. The walls of the cavity are formed by the aromatic rings and the methoxide functions of 165 

the o-vanillin fragments with the aliphatic ethoxide bridging arm placed inside the cavity. This 166 

arrangement evidences that the –CH2– fragment fits inside the cavity but substitution of the H-atoms by 167 

a larger function must lead to a loss of the stability of the structure. The reaction with H2L2 with one 168 

phenyl group in this position effectively makes the Fe4 structure impossible, and the simple 169 

mononuclear complex was obtained, showing that this type of structure can be obtained with any 170 

substituent on the C-atom adjacent to the imine and that the aforementioned structures become 171 

impossible when the substitution is on the carbon adjacent to the O-donor. 172 

Comparison with the structure of the related complex with the Schiff base without the methoxide group 173 

(L32−) (reported by S. Gao, CCDC code UVIPUL)21 shows that this substituent is not innocent. For 174 

this complex with the [Fe(L3)6] formula, there is enough free space to rotate the ligands giving a 175 

quasiperfect trigonal prism environment for the central FeIII cations, with a mean helical pitch of 88.5°. 176 

The steric hindrance produced by the methoxide substituent reduces the helical pitch to a mean value of 177 

80.1°, distorting the environment of the FeIII cations and, as is explained in the following sections, has 178 

influence on its magnetic response. 179 

 180 

Chirality transfer and electronic circular dichroism 181 

The employment of chiral ligands in coordination chemistry usually induces the phenomenon of 182 

chirality transfer which produces structures with pre-determined supramolecular chirality that can be 183 

observed at several hierarchical levels, from the Λ/Δ absolute configuration of the coordination sphere 184 

of the cations to the arrangement of the molecule or the whole network.30–32 185 

In our case, the transference of chirality in 1R/1S can be observed on the central cation that, in spite of 186 

its small deviation from the trigonal prism topology, shows the opposite distortion sense for each 187 

enantiomer, Fig. 4, top. The same feature occurs for the peripheral FeIII cations which show an 188 

octahedral environment and opposite configurations for the two enantiomers, Fig. 4, middle. The tilted 189 

planes of the L12−ligands with a main Fe4 plane determine, as was described above, the propeller-shape 190 

of the cluster which also shows opposite helicity for 1R and 1S, Fig. 4, bottom, resulting in a 191 

supramolecular helicate arrangement. The sense of the molecular helicity and the environments of the 192 

central and the three peripheral FeIII cations show a Δ configuration for 1R, whereas Λ is the 193 

configuration for the enantiomer 1S. 194 

Electronic circular dichroism confirms the enantiomeric nature of 1R and 1S. The spectrum of 1R 195 

collected in dichloromethane solution exhibits positive Cotton effects at λmax = 244 and 398 nm and 196 

negative Cotton effects at 272, 312, 451 and 560 nm, whereas 1S shows a mirror image at the same 197 

wavelengths and with opposite sign, Fig. 5. 198 



Several enantiomeric pairs of Fe4 clusters have been reported, but the dichroism studies are rare. S. Gao 199 

et al.21 reported the DFT simulation for several related [Fe4L6] complexes (L2− = Schiff bases derived 200 

from salicylaldehyde and phenylglycinol) as the sum of the contribution of L2− and the chirality transfer 201 

to the coordination spheres of the central and the peripheral FeIII cations, confirming that the intense 202 

absorptions below 300 nm are attributable to the chiral ligand, whereas the absorptions with the opposite 203 

Cotton effect around 300 and 400 nm have a main contribution from the central FeIII, and the bands 204 

above 450 nm are due to the peripheral cations and are attributed to d–d transitions and ligand to metal 205 

charge transfer. The close similitude above 300 nm of the spectra of 1R/1S with those previously 206 

reported gives a clear signature for this type of cluster with Schiff bases and the trigonal prism (central 207 

cation) and octahedral (peripheral cations) environments. 208 

 209 

Magnetic properties 210 

The χMT vs. T plot for complex 1R shows a room temperature value of 13.05 cm3 K mol−1, lower than 211 

the expected value of 17.50 cm3 K mol−1 for four non-interacting FeIII cations, each one with S = 5/2. 212 

On cooling, the χMT value decreases down to a minimum of 12.12 cm3 K mol−1 at 150 K and, below 213 

this temperature, increases up to a maximum value of 14.99 cm3 K mol−1 at 16 K and decreases to a 214 

final value of 13.96 cm3 K mol−1 at 2 K, Fig. 6. The shape of the plot and the χMT values indicate a 215 

ferrimagnetic-like behavior as a consequence of an anti-ferromagnetically coupled system without a full 216 

compensation of the spins. 217 

The χMT decay at low temperatures can be either due to the anisotropy of the cations (zero field 218 

splitting in the S = 5 ground state) or antiferromagnetic intercluster interactions, which usually are 219 

strongly correlated in the fitting procedure. 220 

On the basis of the coupling scheme shown in Fig. 6 (inset), in which J1 corresponds to the interaction 221 

between the central and peripheral FeIII cations and J2 parametrizes the weak interaction between the 222 

external cations and the derived Hamiltonian: 223 

 224 

 225 

 226 

two independent fits were performed to simulate the experimental data, assuming that Dion = 0 and 227 

variable zJ intercluster interactions or variable Dion and zJ = 0. The fit neglecting the zero field splitting 228 

effect gave the best fitting values J1 = −9.6 cm−1, J2 = +1.3 cm−1, g = 2.01, and zJ = −0.0026 229 

cm−1,whereas the fit assuming a D value different from zero and neglecting zJ yields gave the values J1 230 

= −9.5 cm−1, J2 = +1.4 cm−1, g = 2.00, and D = 0.39 cm−1. The two fits were equally good and the fit 231 

curves were superimposable (R quality factors, 1.35 × 10−5 vs. 1.06 × 10−5), confirming that in this 232 

case, the fit of the susceptibility plot gives reliable values for the superexchange interactions but, in any 233 

case, can be applied to obtain an unambiguous approach to the D/zJ values. 234 



To elucidate which is the dominant effect of the low temperature χMT decay, reduced magnetization 235 

experiments were performed, Fig. 7. In this case, the magnetization should be sensitive to the zero field 236 

splitting whereas, at medium-high fields, it becomes insensitive to very small intercluster zJ interactions. 237 

The reduced magnetization shows non-coincident plots for the explored fields and temperatures, and a 238 

satisfactory fit for all fields was obtained for D (ground state) = −0.29 cm−1, g = 1.98 and R = 6.2 × 239 

10−5. 240 

In light of the above data, the ground state should be described as S = 5 derived from the strong J1 241 

interaction and with a moderately weak ground state anisotropy.  242 

Alternate field (ac) susceptibility measurements performed at zero field do not show out-of-phase 243 

signals above 2 K, but measurements at 1000 Hz under transverse fields between 0 and 4000 G exhibit a 244 

strong dependence of the applied field, ESI Fig. S2,† evidencing strong quantum tunneling of 245 

magnetization. From these data, the static field of 1500 G was selected to perform the ac measurements 246 

in the 1488–200 Hz frequency range which shows frequency dependence signals corresponding to peak 247 

tails with the maxima below the lower temperature limit of the instrument, Fig. 8. 248 

For well-defined signals for which the maxima of the peaks are not available and the Arrhenius law 249 

cannot be applied, the analysis of the data, assuming one relaxation process and one Ueff barrier, can be 250 

performed by means of the Debye relation:  251 

 252 

 253 

 254 

The fit of the experimental data for all frequencies except the lower one at 200 Hz that shows a too weak 255 

signal, Fig. 8, inset, gives a consistent set of values (ESI, Table S2†), and the mean parameters τ0 = 5.9 256 

× 10−7 s and Ueff = 15.4 K in good agreement with the normal values found for these types of 257 

complexes. 258 

 259 

Structural correlations 260 

Despite the simplicity of the [Fe4(μ-O)6] core, the coordination environment of the FeIII cations 261 

exhibits large variations that are strongly dependent on the linking properties of the ligands. Continuous 262 

shape measures (CShM), proposed by Avnir and others,34,35 provide a quantitative evaluation of the 263 

degree of distortion from a given ideal polyhedron and, if there are two defined polyhedra, can evaluate 264 

it along the minimal distortion pathway that connects the ideal regular polyhedra. Parametrization of the 265 

coordination environments has been performed by means of the SHAPE program,36 which compares 266 

the real shape with the coordinates of the ideal polyhedron P, corresponding the S(P) = 0 value to the 267 

full agreement of the problem and the ideal coordinates. 268 

The search in the CCDC database returns 40 Fe4 stars, but some of them correspond to pairs of 269 

enantiomers or structures measured at different temperatures, and thus the structural dataset was reduced 270 

to 35 independent structures. Shape measurements were performed for the central and peripheral iron 271 



cations and the only close shapes were the octahedron (Oh) and the trigonal prism (TPr), and thus the 272 

minimal distortion pathway between these structures was selected for the analysis, the extreme points 273 

being S(Oh) = 0 and S(TPr) = 16.737 for an ideal octahedron and S(Oh) = 16.737 and S(TPr) = 0 for the 274 

ideal trigonal prism. For the systems that follow the distortion path, the structure is intermediate between 275 

the ideal polyhedra, whereas deviations from the path indicate other distortions (elongation, 276 

compression, short or long bond angles as a consequence of the bite of the ligands, etc.). The 35 277 

structures have been classified into eight groups as a function of the ligands that are involved in the Fe–278 

O–Fe bonds. The S(P) values are summarized in the ESI, Table S3.† 279 

Practically one half of the Fe4 ferric stars (16 structures, type I) are built from the tripodal ligand 280 

tris(hydroxymethyl) ethane (H3thme) or a variety of the R-substituted ligand (R-H3thme) and 281 

acetylacetonate or dipivaloylmethane (R-acac) to fulfill the remaining coordination sites of the 282 

peripheral FeIII, with the general formula [Fe4(R-thme)2(R-acac)6], Scheme 2. 283 

Also, with acetylacetonate peripheral ligands we have the type II (one structure) with the formula 284 

[Fe4(R-thme)(EtO)3(Racac) 6] and type III (two structures) with the formula [Fe4(Meo)6(R-acac)6]. 285 

 Four complexes were derived from N-methyldiethanolamine (H2mdea) with the formula [Fe4(mdea)6] 286 

(type IV) and from Schiff bases (H2Schiff) were derived from the condensation of salicylaldehyde with 287 

2-aminophenol (two structures, type V) or 2-aminoethanol or their 2-R-substituted analogues (six 288 

structures, type VI) with the [Fe4(Schiff)6] formula. Finally, one system with one reduced Schiff base 289 

with the same [Fe4(L)6] formula (type VII) and three complexes with very asymmetric cores (type VIII) 290 

complete the set of structures.  291 

The SHAPE analysis of the central FeIII cations shows a wide distribution of their coordination 292 

environments from the octahedral shape for type V to quasi-perfect trigonal prisms for the Schiff base 293 

derivatives, type VI, Fig. 9. The shape of the coordination polyhedra follows the Oh–TPr minimal 294 

pathway, revealing that this type of distortion becomes the most relevant for all the Fe4 stars. In 295 

particular, the most studied series I and VI fit quasi-perfectly on the pathway. Other distortions become 296 

relevant for the octahedral II–V and VII complexes, with very close shape characteristics for each kind 297 

of ligand.  298 

In particular, the steric hindrance promoted by the methoxide group in 1R/1S, Fig. 3, induces a larger 299 

distortion from the trigonal prism environment around the central cation for the type VI complexes. 300 

The same analysis for the peripheral FeIII cations shows that the distorted octahedron is the preferred 301 

environment in most of the cases, but with the exception of the type I–III complexes that follow the Oh–302 

TPr pathway, and the remaining systems show important distortions related with the donor properties of 303 

the coordinated ligands, Fig. 10. In fact, for type I, the two acetylacetonate ligands coordinated to the 304 

iron cations provide a comfortable bite angle (∼85°) that favors a low distorted octahedral arrangement, 305 

whereas, for types IV and VII, the fac-coordination of the tridentate ligands with bite angles ∼75–79° 306 

determine very distorted environments that are relatively close to the trigonal prism. 307 



It is worth noting that, for the two larger series I and VI, for which there are enough complexes to 308 

extract conclusions, we realize that the environment of the peripheral cations for type I is quasi-constant 309 

with an S(Oh) in the short range 0.79–1.31 for the complexes derived from the rigid Schiff bases (type 310 

VI), and there is a clear correlation between the degree of S(TPr) of the central cation and the distortion 311 

of the octahedral environment of the peripheral cations, that is to say, the more prismatic the central 312 

cation, the more octahedral the peripheral FeIII cations become, Table S3 and Fig. S3.† 313 

One of the most interesting conclusions of this analysis is that each type of ligand produces, either for 314 

the central or the peripheral cations, Fe4 stars with a well-defined environment, and that the 315 

coordination around the FeIII cations for new members of the aforementioned structural types can be 316 

effectively predicted with a low margin of surprise by the adequate selection of the ligands. 317 

Magnetic correlations. The main structural and magnetic parameters for the 30 complexes for which 318 

there is available information in the literature are summarized in Table 3. This series of complexes is 319 

specially adequate to analyze magnetostructural correlations because they are quite an unusual case in 320 

which the magnetic parameters are highly reliable: the value of the J coupling constants is a function, 321 

with low error margin, of the position of the minimum of χMT,and the D parameter has been determined 322 

in practically all cases from reduced magnetization or/and high field EPR. From these data, two 323 

independent correlations can be obtained, one for the J coupling constant between the central and 324 

peripheral cations and a second for their SMM response. 325 

The superexchange between FeIII cations mediated by oxo bridges shows a moderate dependence of the 326 

bond angle (larger interactions for larger angles) and a strong dependence of the Fe–O distances in the 327 

bridging region (larger interactions for shorter distances) and several empirical methods have been 328 

proposed to predict the magnitude of the FeIII–O–FeIII interaction.37,38 From these models, it can be 329 

seen that few degrees of difference (102–106° range as an example) in the Fe–O–Fe bond angle are 330 

poorly relevant and suppose an increment of less than 1.5 cm−1 in the J value whereas the magnitude of 331 

the interaction changes drastically in the 1.95–2.05 range for the Fe–O distance. On this basis, a simple 332 

inspection of Table 3 shows that complexes with similar bond parameters have different J values and 333 

that the larger interactions correspond to the systems with Fe–O bond distances larger than 2.0 Å, and 334 

thus the reported complexes do not follow these well-established correlations. In the same way, there is 335 

no correspondence between the S(Oh) (central or peripheral cations) and the J parameter, ESI, Fig. S4.† 336 

This fact is not surprising because the magnitude of the superexchange interaction between the central 337 

and the peripheral cations of the Fe4 systems must be assumed as a complicated multifactor problem 338 

that, in addition to bond lengths and angles at the bridging region, includes the donor properties of each 339 

type of O-donor (alcoxo, phenoxo, etc.) and the extreme differences in the stereochemistry around the 340 

cations with the concomitant change of the atomic orbitals that participate in the superexchange 341 

pathway, from dx2 − y2/dz2 for an ideal octahedron (Oh, eg) to dxz/dyz for an ideal trigonal prism 342 

(D3h, e″) environments. 343 



However, some general conclusions can be drawn from the experimental evidence: (a) the J parameter is 344 

coherent and characteristic for each type of compound following the order of the AF interaction type I ∼ 345 

V < II ∼ III < VI ∼ VII. This means that the Schiff bases with alkoxo bridging arms promote larger 346 

interactions than the phenoxo ones and that the intermediate interactions correspond to the complexes 347 

with MeO− or EtO− bridges, Table 3. The only complex that does not follow this order is one type III 348 

system with a low J value attributable to the larger electronegativity of the fluorinated 349 

dipivaloylmethane ligands, and all type VIII complexes which show extreme asymmetric environments 350 

or even square pyramidal penta-coordination for the peripheral cations. 351 

The dependence of D with the structural distortion of the octahedral polyhedron was studied by 352 

Gatteschi et al., proposing that the trigonal compression of the octahedron along the C3 axis contributes 353 

to larger and negative D values and that the trigonal rotation (from Oh towards TPr) also contributes to 354 

negative D values.14,39 355 

Type I complexes have been exhaustively studied by R. Sessoli and others1–13 and the D parameter has 356 

been correlated to several distortion parameters such as the trigonal compression, trigonal rotation or the 357 

helical pitch defined as the dihedral angle between the main Fe4 and the Fe–(O2)–Fe planes. This latter 358 

parameter joins with the trigonal compression (larger pitch means lower compression) and trigonal 359 

rotation (larger pitch means larger rotation) and proved to be useful in a series of twelve type I 360 

complexes.7 For this type of complexes, with the same dipivaloylmethane ligands coordinated to the 361 

peripheral cations and a very similar Oh environment for the central FeIII cations placed on the 362 

distortion pathway (triangles in Fig. 9 and 10), the parameter S(Oh) joins both distortions and 363 

consequently yields to the same conclusion, it is to say, larger negative D for larger S(Oh), Fig. 11. 364 

The trial to extend the correlation obtained for the homogeneous series of type I complexes to types II 365 

and III fails as was pointed out by the same authors and others.7,25 If the relationship is extended to all 366 

Fe4 types, the lack of correspondence between both parameters becomes evident. This fact seems logical 367 

because, as occurs for the J parameter, the correlation fails due to multiple factors that can tune the D 368 

parameter as a consequence of the completely different coordination polyhedron for the central and/or 369 

the peripheral cations. In fact, larger D values (∼0.4 cm−1) are provided for type I complexes with 370 

intermediate/Oh environments for the central/peripheral cations and lower values (∼0.2 cm−1) with a 371 

similar environment for type III, whereas similar D values of around ∼0.3 cm−1 are found for 372 

completely different coordination polyhedra such as intermediate/Oh (type II), TPr/intermediate (type 373 

VI) or highly distorted as type VIII. On the other hand, it becomes evident that each type of complex 374 

possesses a characteristic D value. 375 

A final aspect concerns the SMM response and particularly the Ueff barrier calculated for these 376 

complexes. In a quasi-systematic fashion, type I complexes exhibit χ″M peaks at zero field and above 2 377 

K (typically between 2 and 3 K), whereas the other types, and in particular, those derived from Schiff 378 

bases (type VI) show peaks clearly below 2 K and, in some case even with the application of a static 379 

field to suppress the quantum tunneling of magnetization, do not overcome this temperature. In the same 380 



way, the Ueff values for type I agree in general terms with the DS2 value but much lower values have 381 

been reported for the other types measured at zero field, confirming the large tunneling of the 382 

magnetization. 383 

As a consequence of the steric restrictions for 1R/1S, the new compounds show larger distortion from 384 

the regular trigonal prism for the type VI complexes, showing low J and D values in comparison with 385 

the rest of the members of the family of [Fe(L)6] (L = Schiff base) complexes. 386 

387 



CONCLUSIONS 388 

 389 

Two new tetranuclear, star-shaped FeIII complexes derived from enantiomerically pure Schiff bases 390 

obtained by the reaction of o-vanillin and phenylglycinol have been characterized. EDC spectra confirm 391 

characteristic peaks and the sign for the systems with the central cation in a trigonal prism environment. 392 

Magnetic analysis reveals an SMM response with a moderate D value and large tunneling. The 393 

previously published Fe4 complexes with the same topology have been reviewed in light of continuous 394 

shape measures with SHAPE software for eight types of Fe4 clusters, concluding that there are 395 

predetermined coordination environments for the central and peripheral FeIII cations for each type of 396 

ligand reported to date. In the same way, the distortion parameter S(Oh) proved to be adequate to 397 

establish structural and magnetic correlations for these types of complexes and J and D values are 398 

strongly dependent on the employed ligands, showing characteristic values for each type of complex and 399 

allowing the design of future clusters with predetermined magnetic properties. 400 

401 
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Legends to figures 478 

 479 

Scheme 1. Structural formula of the Schiff bases employed in this work and the coordination mode for 480 

L12− in the star-shaped Fe4 complexes. Asterisks denote the chiral centres. 481 

 482 

Figure. 1 Partially labeled plot of complex 1S (common labels for 1R). 483 

 484 

Figure..2 Partially labeled plot of complex 2RS. The dotted line shows the H-bond between HL− and 485 

the crystallization methanol molecule. 486 

 487 

Figure.3. ECD spectra for complexes 1R (blue line) and 1S (red line). (Color online Left, axial view of 488 

complexes 1R or 1S showing the C-atoms of the methoxide functions (pink colour) and the C-atoms 489 

adjacent to the O-donor of the aliphatic arm (green color). Right, the same view for the analogous 490 

complex built from the related Schiff base without the methoxide substituent (CCDC: UVIPUL).. 491 

 492 

Figure.4 Chirality transfer to the central (top) and peripheral (middle) FeIII cations in complexes 1R 493 

(left) and 1S (right). The same Λ or Δ helicity is transferred to the whole complexes (bottom). 494 

 495 

Figure.5 Dichloromethane solution ECD spectra for the pair of Fe4 enantiomers (black line, 1R; red 496 

line, 1S). 497 

 498 

Figure.6 χMT vs. T plot for complex 1R. The superimposed red or green continuous lines show the best 499 

fit obtained simulating the low T decay from intermolecular interactions or D effect (see text). Inset, 500 

coupling scheme. 501 

 502 

Figure.7 Reduced magnetization plots in the 1.8–6.8 K range with 1 K increment for complex 1R. Solid 503 

lines show the best fit assuming an S = 5 ground state. 504 

 505 

Figure.8 Alternate current out-of-phase susceptibility plot vs. T for complex 1R. Inset, natural logarithm 506 

of χ’’/χ’ vs. 1/T for the indicated frequencies. 507 

 508 

Scheme 2 Structural types of the Fe4 stars reported in the literature as a function of the ligands that 509 

provide the Fe–O–Fe bridges. 510 

 511 



Figure.9 S(TPr) vs. S(Oh) for the central FeIII cation of the 35 Fe4 independent structures reported to 512 

date. (I)–(VIII) refer to the structural types described in Scheme 2. The distortion pathway between the 513 

octahedral and the trigonal prism is shown as a solid black line.  514 

 515 

Figure.10 S(TPr) vs. S(Oh) for the peripheral FeIII cations (mean values) of the 35 Fe4 independent 516 

structures reported to date. (I)–(VIII) refer to the structural types described in Scheme 2. The distortion 517 

pathway between the octahedral and the trigonal prism is shown as a solid black line. 518 

 519 

Figure.11 D vs. S(Oh) of the central FeIII cation for the I, II, III, IV and VI type complexes. The solid 520 

line shows the tendency for type I complexes. 521 
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FIGURE 4 548 
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FIGURE 10 581 
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FIGURE 11 586 
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Table 1 Crystal data, collection and structure refinement details for the X-ray structure determination of 591 

complexes 1R, 1S and 2RS 592 

 593 
594 



Table 2 Main bond distances (Å) and angles (°) for complex 1S 595 
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Table 3 Main coupling constant and range of structural parameters for the reported Fe4 complexes 599 

 600 
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