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ABSTRACT: 30 

  31 

The employment of enantiomerically pure Schiff bases in manganese chemistry is revealed to be an 32 

excellent method to obtain chiral single-molecule magnets and has allowed the characterization of 33 

several pairs of enantiomers, for which the magnetic properties were investigated. The reported systems 34 

consist of MnIII–MnII–MnIII linear trimers or MnIII 3 cations in a triangular arrangement including the 35 

first example of a μ3-Cl bridge in an isolated manganese triangle. 36 

 37 

  38 



INTRODUCTION 39 

 40 

Research on coordination clusters of paramagnetic 3d or 4f cations has been key in the search for single-41 

molecule magnets (SMMs) or single-ion magnets (SIMs)[1] and more recently for their catalytic,[2] 42 

bioinorganic,[3] and optical[4] properties. The exploration of molecular systems that crystallize in chiral 43 

space groups is still an emerging field, and the possible chiral organization of magnetic moments can 44 

produce quite exotic properties such as the predicted skyrmions[5] or chiral solitons.[6] The 45 

spontaneous crystallization of nonchiral components in chiral groups or the resolution of racemic 46 

mixtures are unusual[7] or experimentally difficult; therefore, syntheses with enantiomerically pure 47 

chiral ligands have become the optimal method to reach systems of this kind.[8] 48 

The condensation of salicylaldehyde and 1,2-aminoethanol yields the Schiff base 2-[(2-49 

hydroxyethyl)iminomethyl]phenol (H2sae, Scheme 1). H2sae is a popular ligand and has been employed 50 

widely in transition-metal and lanthanide coordination chemistry (around 110 entries in the CCDC) 51 

owing to its good chelating properties and its ability to generate polynuclear systems through the 52 

potentially bridging O-phenolate and O-alkoxido donors. 53 

The chemistry of manganese with nonchiral Schiff bases such as H2sae or their substituted analogs has 54 

been partially explored in the recent past to yield a variety of systems such as neutral mononuclear 55 

MnIV complexes,[9] one MnIII 1D system,[10] and several homometallic MnIIMnIII2,[11] MnIII4 56 

(ring),[12] MnIII 4 (butterfly),[12c,13] MnIII6, MnII2MnIII4, and MnIII8 clusters[13,14]as well as 57 

heterometallic[15] CuII 3MnIII and NiII2MnIII2 clusters. Among them, the magnetic properties of the 58 

tetranuclear cyclic systems with general formula [MnIII4X4L4] (X = Cl, Br) have been the most 59 

interesting, as they display ferromagnetic interactions and SMM responses.[12b] 60 

The substitution on the aromatic ring or the C atoms of the ethyl fragment can increase the number of 61 

Schiff bases enormously, and chirality can be induced if the substitution occurs at the 1- or 2-position of 62 

the hydroxyethyl group (Scheme 1). Following our work in this field, we have explored the reactivity in 63 

manganese chemistry of the enantiomerically pure ligands (R)- and (S)-2-[(2-hydroxy-1-64 

phenylethyliminomethyl)- phenol] (H2L1) and (R)- and (S)-2-[(3-hydroxy-1-65 

phenylpropyliminomethyl)phenol] (H2L2, Scheme 2). 66 

The reactions of these ligands with different manganese salts under appropriate reaction conditions 67 

allowed the characterization of the first polynuclear derivatives of H2L1/H2L2 consisting of three pairs 68 

of trinuclear chiral clusters with formulas [Mn3(L1)2(PhCOO)4(MeOH)] [(R)-1·MeOH and (S)-69 

1·MeOH], [Mn3(L2)2(PhCOO)4] [(R)-2·5H2O and (S)-2·2MeCN·MeOH· 1.5H2O], and 70 

(Phgly)[Mn3(L1)3(μ3-Cl)(Cl)3] [(R)-3·0.5MeCN· 0.25MeOH·0.5H2O and (S)-3·0.5MeCN·0.5H2O; 71 

Phgly = phenyl glycinate]. Complexes 1 and 2 have linear {MnIIMnIII 2(μ-O)2-(RCOO)4} cores, 72 

whereas 3 has a triangular arrangement with an unprecedented {MnIII3(RO)3(μ3-Cl)} linkage and 73 

SMM response. 74 

.  75 



RESULTS AND DISCUSSION 76 

 77 

Structural Descriptions 78 

Each pair of enantiomers is very similar; therefore, a common structural description is provided for the 79 

corresponding R enantiomer. The oxidation states of the manganese atoms have been assigned on the 80 

basis of structural considerations and bond valence sum (BVS) calculations. The bond parameters for 81 

each pair of enantiomers are summarized in Table S2 for (R)-1 and (S)-1, Table S3 for (R)-2 and (S)-2, 82 

and Table S4 for (R)-3. Some significant bond parameters for (S)-3 are also provided in Table S4. 83 

 84 

[Mn3(L1)2(PhCOO)4(MeOH)]·MeOH [(R)-1·MeOH and (S)-1·MeOH] 85 

Compounds (R)-1 and (S)-1 can be described as linear trinuclear MnIII2MnII systems, in which the 86 

MnII cation is in the central position and linked to both MnIII cations by two syn–syn carboxylate 87 

bridges and one alkoxido bridge. A view of the complex is shown in Figure 1, and the main bond 88 

parameters are summarized in Table S2. The trinuclear system is almost linear [the 89 

Mn(1)···Mn(2)···Mn(3) angle is close to 178°]. The divalent Mn(2) cation shows an MnO6 octahedral 90 

environment, whereas the trivalent Mn(1) cation exhibits an octahedral MnO5N coordination with the 91 

elongated Jahn–Teller axis directed toward the O(5)-carboxylato atom and the coordinated methanol 92 

molecule, and Mn(3) shows a square-pyramidal MnO4N environment with the apical position occupied 93 

by the O(8) donor from one of the carboxylate groups. 94 

The angle between the main O10–O11–O12–N2 and O1–O2– O3–N1 planes is 6.2°; thus, the easy axes 95 

of the two MnIII cations, defined by the Mn3–O8 and O5–Mn1–O1w directions, are approximately 96 

parallel. 97 

The crystallization methanol molecule establish two H bonds with the coordinated methanol molecule 98 

and the O(11) alkox-ido atom of the neighboring clusters to afford a 1D arrangement of trimers. The 99 

O(1w)···O(2 W) and O(1w)···O(11) distances are 2.764 and 2.984 Å, respectively. 100 

 101 

[Mn3(L2)2(PhCOO)4(MeOH)]·Solvent [(R)-2·5H2O, (S)-2·2MeCN·MeOH·1.5H2O] 102 

The trinuclear compounds (R)-2 and (S)-2 show the same general formulas and connectivities as (R)-1 103 

and (S)-1 but significant differences in the manganese coordination spheres and the arrangement of the 104 

ligands. A view of the complex is shown in Figure 2, and the main bond parameters are summarized in 105 

Table S3. 106 

For 2, the two moieties of the complex are related by one C2 axis, which results in a more symmetrical 107 

molecule than 1. In this case, the trinuclear complex has a Mn(1)···Mn(2)···Mn- (1′) angle of 135°, and 108 

the carboxylate ligands are placed on the same side of the mean trimer plane. Mn(1) and 109 

symmetryrelated Mn(1′) are pentacoordinate with MnO4N square-pyramidal environments, whereas the 110 

divalent Mn(1) cation is octahedrally coordinated. 111 



The angle determined by the mean planes that define the base of the square pyramids (O1–O2–O3–N1 112 

and the symmetryrelated counterpart) is 44.6°; consequently, the angle between the easy axes of the 113 

MnIII cations is also close to 45°.  114 

 115 

(Phgly)[Mn3(L1)3(μ3-Cl)(Cl)3]·0.5MeCN·0.5H2O·0.25MeOH [(R)-116 

3·0.5MeCN·0.5H2O·0.25MeOH] 117 

Complex (R)-3 can be described as a triangular arrangement of three MnIII ions linked by O-alkoxido 118 

donors and one μ3-Cl bridge. A view of the complex is shown in Figure 3, and the main bond 119 

parameters are summarized in Table S4. The MnIII cations are octahedrally coordinated with a 120 

MnCl2O3N environment. One L12– Schiff base is coordinated to each manganese atom through their 121 

three donor atoms and acts as an O-alkoxido bridge to the neighboring cation. The coordination sphere 122 

is completed by two chlorido ligands in trans positions, one of which acts as a μ3-Cl bridge. The easy 123 

axis corresponding to the elongated axis of the octahedron follows the Cl–Mn–Cl direction, and the 124 

mean O3N planes of the MnIII cations are tilted by ca. 58° as consequence of this arrangement. 125 

The trinuclear entity is monoanionic, and charge balance is provided by one protonated phenylglycinate 126 

cation [(R)- or (S)- Phgly+ for (R)-3 or (S)-3, respectively], which is linked to the three terminal 127 

chlorido ligands and the O-alkoxido atoms through six H bonds promoted by the RNH3 + fragment. No 128 

relevant intermolecular interactions were found. 129 

It should be emphasized that complexes 3 are the only examples of discrete triangular MnIII systems 130 

with one μ3-Cl bridge. This kind of bridge has been reported previously for cubanes with {Mn4O3Cl} 131 

cores in which one corner[16] is occupied by the chlorido ligand or as a fragment of a larger cluster. 132 

 133 

Comments on the Syntheses The reactions of H2L1 and H2L2 with manganese carboxylates yielded 134 

the trinuclear MnIIMnIII 2 systems 1 and 2, which show the very stable {MnIIMnIII 2(μ-O)2(RCOO)4} 135 

core. This kind of complex is well known for most transition-metal cations; for manganese, they often 136 

form from the reactions of manganese carboxylates with bi- or tridentate ligands. Notably, the cores of 1 137 

and 2 are closely related, and the main difference lies in the rotation of one of the moieties by ca. 60° 138 

(Figure 4).  139 

More interesting are the reactions of H2L (H2sae or substituted derivatives) with MnCl2 (Scheme 3). 140 

Tetranuclear rings with four μ-O and four μ-Cl bridges formed through the reactions of MnCl2 and the 141 

Schiff base (1:1) in ethanol followed by recrystallization in acetonitrile/diethyl ether.[12a,12b]  142 

In that case, the deprotonation of the ligand was induced by the trivalent manganese centers because no 143 

base was added. The same core was also formed through the reaction of MnCl2, the Schiff base, and 144 

sodium benzoate (in a 4:2:1 ratio) in hot acetonitrile.[12c] In contrast, a hexanuclear MnII 2MnIII 4 core  145 

was obtained through the reaction of MnCl2, the Schiff base, and triethylamine (in a 1:1:2 ratio) in 146 

methanol.[14] In our case, (R)-3 and (S)-3 were obtained through the reaction of MnCl2, the chiral 147 

Schiff base, and sodium benzoate (in a 1:1:1 ratio) in acetonitrile under reflux. 148 



The deprotonation of the H2L ligands occurs in neutral and basic media, and a comparison of the 149 

reaction conditions suggests that it is hard to extract any justification for the different nuclearities. The  150 

most probable factor that allows the formation of triangular systems 3 is the partial breaking of the  151 

ligand during the heating of the reaction mixture under reflux to regenerate the Phgly+ cation, which 152 

helps to stabilize the structure. The only conclusion is that these systems are very sensitive to small 153 

changes in the synthetic procedures, and a rich cluster chemistry can be advanced by the systematic 154 

study of reactions with the variation of the strength of the basic medium, the H2sae substituents, or the 155 

solvent.  156 

 157 

Electronic Circular Dichroism Spectra 158 

Electronic circular dichroism (ECD) spectroscopy represents a crucial tool in structural studies of chiral 159 

coordination compounds.[ 17] Generally, the chirality in such systems may be induced by a chiral 160 

ligand, by the intrinsic chirality of metal coordination, or both. The ECD and absorption (UV/Vis) 161 

spectra of the complexes in solution (CH3CN) and in the solid state (KCl pellets) were measured. The 162 

solid-state ECD spectra of both enantiomers of 1–3 (Figure 5) and those recorded in acetonitrile solution 163 

for both enantiomers of 2 and 3 are perfect mirror images of each other (see Supporting Information, 164 

Figures S1 and S2); this confirms the enantiomeric purity and also artefactfree character of the solid-165 

state spectra. The solid-state ECD spectra again showed some regularities. For (S)-1 and (S)-3, there is a 166 

common sequence of ECD bands: negative in the range λ = 650–800 nm, positive at λ ≈ 550 nm, and 167 

negative at λ ≈ 400 nm [also present for (S)-2]. Owing to the low solubility of 1, the acetonitrile solution 168 

was prepared by heating for several minutes, and we noticed that the spectra for the two enantiomers 169 

were not exact mirror images (Figure S3). The sum of the two ECD spectra should give zero or, for 170 

different enantiomeric purity, a spectrum identical to that of one of the two enantiomers. This is not the 171 

case, as shown in Figure S4; therefore, some inequivalent decomposition occurs during the heating 172 

process. 173 

All of the absorption spectra of the complexes in acetonitrile solution are fairly similar to each other (see 174 

Figures S1–S3). The spectra show a very weak band at λ ≈ 470 nm (this band is not developed for 3), a 175 

moderately intense band at λ ≈ 390 nm, and two intense bands at λ = 270 and λ ≈ 230 nm. Similarly to 176 

the absorption spectra, the ECD spectra display a few common features, especially in the range λ = 300–177 

800 nm. All of the complexes with the S ligand configuration, that is, (S)-1, (S)-2, and (S)-3, show three 178 

negative bands: one in the range λ = 500–550 nm, the second at λ ≈ 400 nm, and the third one in the 179 

range λ = 300–350 nm. Furthermore, for (S)-1 and (S)-3, a weak positive broad band appears in the 180 

visible range centered at λ = 675 and 595 nm, respectively. As expected, this range is not readily 181 

detectable in the absorption spectra (in the concentration range 2.0–2.7 × 10–4 M) as the transitions 182 

have mainly d–d character. 183 

In summary, although the chiral complexes show very different structures, the presence of the 184 

aforementioned correlations support the hypothesis that the ECD spectrum is directed mainly by the 185 



chirality of the chelating ligands rather than the chirality of the manganese coordination sphere by itself. 186 

To obtain more evidence, we compared the solution and solid-state ECD spectra. Such comparisons will 187 

give a pronounced view into the differences between the molecular species in both states and shed more 188 

light on the origin of the transitions in such complex systems. For clarity, the comparisons were done for 189 

one enantiomer for each pair of compounds. 190 

For (S)-1, the solid-state and solution ECD spectra show significant variations (Figure S5); in particular, 191 

the signs of two bands in the visible region at λ ≈ 550 and 675 nm are opposite. This demonstrates that 192 

the solid-state ECD spectra are governed by intercrystalline interactions and the measured spectrum 193 

does not reflect the most stable conformer(s) in solution. 194 

Time-dependent DFT (TDDFT) calculations of high-spin coordination compounds are still very 195 

demanding and were not performed because of the complexity of the system as a result of the 196 

complicated relationship between the geometry and the electronic configuration.[18] 197 

In contrast to the previous case, complexes 2, which are more symmetric than 1 (as stated above), 198 

exhibits rather similar ECD spectra in both media (Figure 6). The only difference is the relative intensity 199 

of the band λ = 300 nm, which suggests that the dominant conformation in solution is similar to that in 200 

the solid state. Furthermore, one can notice that the intensity of the ECD bands (in solution) are the 201 

highest among the studied set of Mn complexes.  202 

It is apparent from Figure 6 that the spectra for (R)-3 in the solid state and solution are different. This  203 

suggests that the crystal structure is not close to the predominant structure(s) in acetonitrile solution, as 204 

could be expected from the weak Hbond interactions between the triangular cluster and the 205 

phenylglycinate counteraction, which could be broken readily by interactions with the solvent. 206 

We noticed that the studied complexes in solution and the solid state are characterized by several well-207 

developed ECD bands. In the solution spectra, ECD bands are good indicators of the absolute 208 

configuration of the ligand, both for linear (1 and 2) and triangular (3) Mn cores. The geometry of the 209 

most prevalent conformer(s) in solution is in good agreement with the solid-state structure only for 2. 210 

Additionally, significant differences between the ECD spectra of 1 and 3 in the two media suggest a 211 

strong overlap of electronic transitions between the manganese coordination spheres and the 212 

arrangement of the ligands. 213 

 214 

Magnetic Properties 215 

 The MT versus T plots for the pairs of enantiomers of 1–3 are shown in Figure 7. The room-216 

 temperature MT values for the enantiomers (R)-1 and (S)-1 are 8.62 and 8.41 cm3 mol–1 K 217 

respectively, clearly lower than the expected value of 10.375 cm3 mol–1 K for two MnII and one MnIII 218 

isolated cations  (g = 2.00). On cooling, the MT values decreases continuously to a plateau at 1.5 cm3 219 

mol–1 K at ca. 6 K. At very low temperatures, the decrease is more pronounced, probably because of a 220 

mixing of the intermolecular coupling mediated by H bonds, the D effect induced by the MnIII cations, 221 

or the weak interaction between the terminal MnIII ions. 222 



To avoid overparameterization, the fit of the experimental data was performed in the 300–15 K 223 

temperature range with the conventional isotropic Hamiltonian for a linear arrangement of three S = 2, 224 

5/2, 2 spins [Equation (1)]:  225 

 226 

 (1) 227 

 228 

The best fit parameters were J = –5.7 cm–1 and g = 2.00 with R = 1.53 × 10–5 for (R)-1 and J = –6.7 229 

cm–1 and g = 2.01 with R = 5.17 × 10–6 for (S)-1. 230 

As expected from their bond parameters, complexes (R)-2 and (S)-2 exhibit similar magnetic responses 231 

to that of 1, and the room-  temperature MT values are 8.19 and 8.09 cm3 mol–1 K, respectively. The 232 

fit of the experimental data was performed with the same Hamiltonian and conditions used for (R)-1 and 233 

(S)-1. The best fit parameters were J = –7.1 cm–1 and g = 2.00 with R = 2.95 × 10–4 for (R)-2 and J = –234 

8.1 cm–1 and g = 2.02 with R = 8.71 × 10–5 for (S)-2. The magnetization under the maximum field of 5 235 

T reached an unsaturated value close to 2.25 NμB for the four complexes. These values are in agreement 236 

with those reported previously for similar Schiff bases and carboxylate bridges.[11a] The small 237 

difference between the values for each pair of enantiomers must be attributed to the different solvent 238 

molecules in the structures. Complexes (R)-3 and (S)-3 show room-  temperature MT values of 10.03 239 

and 10.20 cm3 mol–1 K. respectively, higher than the expected value of 9.00 cm3 mol–1 K for three 240 

isolated MnIII cations. As the temperature  decreases, the MT products of both compounds increase to 241 

a maximum value of ca. 20 cm3 mol–1 K, which indicates a moderate intramolecular ferromagnetic 242 

coupling. 243 

As the Mn–Cl–Mn and Mn–O–Mn bond angles show minor differences, the system was modeled as an 244 

equilateral triangle. A first attempt to fit the experimental data isotropically in the 10–300 K temperature 245 

range was made with one J coupling constant with the Hamiltonian shown in Equation (2): 246 

 247 

H = –J(S1·S2 + S1·S3 + S2·S3)  (2) 248 

 249 

However, the experimental plots were not reproduced; thus, a Dion term was also taken into account. An 250 

excellent match to the experimental data was obtained under these conditions with the best fit 251 

parameters J = +1.6 cm–1, Dion = 3.5 cm–1, and g = 2.03 with R = 9.4 × 10–5 for (R)-3 and J = +1.5 252 

cm–1, Dion = 3.4 cm–1, and g = 2.03 with R = 1.3 × 10–4 for (S)-3. From these data, an S = 6 ground 253 

state can be proposed. 254 

Magnetization measurements performed at 2 K show a nonsaturated value of 10.6 NμB for (R)-3 and 255 

10.7 electrons for (R)-3 under the maximum field of 5 T. The fits of the magnetizations for an isolated S 256 

= 6 ground state were satisfactory for D = –0.42 cm–1 and g = 1.95 for both compounds (Figure S6). 257 

These data confirm the S = 6 state and indicate a significant ground-state anisotropy. 258 



A more precise determination of the D parameter was performed through reduced magnetization 259 

experiments (Figure 8). These measurements nicely confirmed the anisotropic character of the ground 260 

state, and excellent fits of the experimental data were obtained for D = –0.39 cm–1 and g = 1.93 for (R)-261 

3 and D = –0.37 cm–1 and g = 1.92 for (S)-3. 262 

In light of the above results, the SMM properties were explored. Alternating-current (ac) measurements 263 

at zero field only showed the tails of the out-of-phase signals, but measurements performed under a 264 

transverse magnetic field of 0.1 T broke the tunneling of the magnetization and allowed the observation 265 

of well-defined ac peaks above 2 K. The ac peaks for (R)-3 and (S)-3 were compared at the arbitrary 266 

frequency of 1000 Hz. They were exactly identical (Figure S7) and, thus, the complete set of 267 

measurements was performed for only one of the enantiomers [(S)-3, Figure 9]. The Arrhenius fit of the 268 

positions of the peak maxima gives a barrier for the reversal of the magnetization of Ea = 17.1 cm–1 and 269 

τo = 9.3 × 10–9. The D value of 0.48 cm–1 from the Ea = DS2 relationship is in agreement with the  270 

values obtained from the magnetization experiments.  271 

Among other factors, a parallel alignment of the easy axis of the MnIII cations contributes to the 272 

enhanced global anisotropy of the system and the SMM response. Low-temperature studies (0.04–2 K) 273 

of ferromagnetic tetranuclear [Mn4(sae)4Cl4] rings, which show a quasiperpendicular easy axes, 274 

revealed a weak anisotropy and energy barriers of ca. 5 cm–1. The triangular systems derived from 275 

Schiff bases with one μ3-O ligand displaced from the Mn3 plane are scarce,[19] and an S = 6 ground 276 

state has been reported for only one of them.[19b] As in the above case, the easy axes of the MnIII 277 

cations are roughly perpendicular, the ground state was weakly anisotropic, and no SMM response was 278 

observed. In contrast, the easy axes for (R)-3 and (S)-3 are directed towards the μ3-Cl ligand and form a 279 

mean angle close to 65°, which allows a moderate total anisotropy and an appreciable Ea barrier. 280 

  281 



CONCLUSIONS 282 

 283 

The employment of enantiomerically pure Schiff bases is an excellent method to produce chiral clusters 284 

and chiral SMMs. The reported systems are the first polynuclear derivatives of the employed ligands, 285 

and a discrete triangular arrangement of MnIII cations linked by one μ3-Cl bridge was isolated for the 286 

first time and gives unambiguous evidence of its ferromagnetic response. Complexes 3 exhibit the 287 

largest energy barriers for this family of clusters. Electronic circular dichroism is a fundamental tool for 288 

the full characterization of these kind of compounds, and a comparison between the solid and solution 289 

spectra provided information about the stabilities of the complexes in different media. 290 

  291 



EXPERIMENTAL SECTION 292 

 293 

Materials and Methods: The IR spectra (ν˜ = 4000–400 cm–1) were recorded with a Bruker IFS-125 294 

FTIR spectrometer with samples prepared as KBr pellets. Variable-temperature magnetic studies were 295 

performed with a Quantum Design MPMS-5 magnetometer operating at 0.03 T in the 300–2.0 K range. 296 

Diamagnetic corrections were applied to the observed paramagnetic susceptibilities by using Pascal's 297 

constants. The analysis of the magnetic data was performed with the PHI program.[20] The qualities of 298 

the fits were parametrized  by the value of R = ( MTexp –    MTcalcd.)2/( MTexp)2. 299 

The ECD and UV/Vis spectra were recorded with a Jasco J-715 spectrometer at room temperature with 300 

samples in spectroscopygrade acetonitrile. Solutions in the concentration range 2.0–2.7 × 10–4 mol dm3 301 

(i.e., 1.33–1.50 mg of sample per 5 mL of acetonitrile) were measured in three quartz cells with 302 

pathlengths of 2 cm (λ = 850–450 nm), 1 cm (λ = 450–315 nm), and 0.1 cm (λ = 315–200 nm). In each 303 

case, a tiny amount of the sample would not dissolve. All spectra were recorded at a scanning speed of 304 

100 nm min–1, a step size of 0.1 nm, a bandwidth of 2 nm, a response time of 0.5 s, and averaged over 305 

four accumulations. The baselines of the spectra were corrected with the solvent (acetonitrile) spectrum 306 

recorded under the same conditions immediately before or after the sample measurement. The ECD 307 

spectra were normalized to the UV/Vis spectra. The solid-state ECD spectra were obtained by placing a 308 

pellet in a rotating holder as close as possible to the photomultiplier tube of a Jasco J-715 spectrometer. 309 

Freshly prepared pellets with KCl as a matrix were measured in the range λ = 240– 800 nm. In all cases, 310 

it was not possible to obtain a good quality spectrum below λ = 270 nm. The following measurement  311 

parameters were applied: scanning speed 100 nm min–1, step size 0.1 nm, bandwidth 2 nm, response 312 

time 0.5 s, and four scans. The backgrounds of the resulting spectra were corrected. In each case, several 313 

spectra were obtained for one pellet, for which the disk was rotated around the incident axis direction 314 

and then flipped. The spectra were very similar, and no major differences were observed on the variation 315 

of rotation angle; therefore, the absence of spectral artefacts from linear dichroism and birefringence 316 

was confirmed. 317 

Single-Crystal X-ray Crystallography: Prismlike specimens of the R and S enantiomers of 1–3 were 318 

used for the X-ray crystallographic analysis. The X-ray intensity data were measured with a Bruker D8- 319 

Venture system equipped with a multilayer monochromator and a Mo microfocus source (λ = 0.71073 320 

Å). The frames were integrated with the Bruker SAINT software package with a narrow-frame 321 

algorithm. The final cell constants were based upon the refinement of the xyz centroids of reflections 322 

above 20σ(I). The data were corrected for absorption effects by the multiscan method (SADABS). The 323 

structures were solved with the Bruker SHELXTL software package and refined with SHELXL.[21] 324 

Details of the crystal data, collection, and refinement for the pairs of enantiomers 1–3 are summarized in 325 

Table S1. The analyses of the structures and the preparation of the plots for publication were performed 326 

with the Ortep3[22] and POVRAY programs. 327 



The quality of the structure for (S)-3 was below the quality standard for publication; thus, the complete 328 

structural data are not included in the work but unambiguous characterization was provided by the cell 329 

parameters and space group (Table S1), which agree with those obtained for (R)-3, and the partial data 330 

of the cluster confirms an identical structure. 331 

CCDC 1492960 [for (R)-1], 1492961 [for (S)-1], 1492962 [for (R)-2], 1492963 [for (S)-2], 1492964 332 

[for (R)-3], and 1492965 [for (S)-3] contain the supplementary crystallographic data for this paper. 333 

These data can be obtained free of charge from The Cambridge Crystallographic Data Centre. 334 

Synthetic Procedures: Mn(PhCOO)2 was synthesized in high yield (>80 %) by mixing stoichiometric 335 

amounts of aqueous solutions of Na(PhCOO) and Mn(NO3)2. Mn(PhCOO)2 precipitated immediately 336 

as a white powder, which was washed with cold water to remove soluble ions and air-dried. (R)- and 337 

(S)-2-phenylglycinol and (R) and (S)-phenylalaninol were purchased from TCI chemicals and used 338 

without further purification. Each pair of enantiomers was prepared by the same procedure; thus 339 

common syntheses will be described. The yields for 1–3 were ca. 25 %, and well-formed crystals were 340 

obtained and employed for instrumental measurements. The samples for analysis were dried gently to 341 

remove volatile solvents.  342 

H2L1 and H2L2 Schiff Bases: Equimolar amounts of (R)- or (S)-2- phenylglycinol (for H2L1) or 343 

phenylalaninol (for H2L2) and salicylaldehyde were mixed in ethanol, and the mixture was heated under 344 

reflux for 1 h. The ligands were collected as yellowish solids in high yields after the concentration of the 345 

mother solutions. 346 

[Mn3(L1)2(PhCOO)4(MeOH)]·MeOH [(R)-1·MeOH and (S)-1· MeOH]: Mn(PhCOO)2 (0.5 mmol, 347 

0.167 g) and (R)- or (S)-H2L1 (0.5 mmol, 0.121 g) were mixed in MeOH/MeCN (1:1), and the mixture 348 

was stirred for 1 h at room temperature. The resulting dark brown solution was filtered and left to 349 

diffuse slowly with Et2O. Dark brown crystals suitable for XRD appeared after 24 h. 350 

C58H46Mn3N2O12: calcd. C 61.77, H 4.11, N 2.48; found [(R)-1/(S)-1] C 60.9/61.3, H 4.2/4.0, N 351 

2.3/2.3. IR: ν˜ = 3423.67 (br), 2925.21 (br), 1598.48 (s), 1565.85 (s), 1538.66 (m), 1445.84 (w), 1395.35 352 

(s), 1338.50 (m), 1287.31 (m), 1201.53 (w), 1147.38 (w), 1023.48 (m), 865.77 (s), 724.00 (m), 704.36 353 

(w), 675.43 (w), 630.21 (w), 584.37 (w), 549.39 (m), 452.23 (w) cm–1. 354 

[Mn3(L2)2(PhCOO)4]·Solvent [(R)-2·5H2O, (S)-2·2MeCN·MeOH· 1.5H2O]: Mn(PhCOO)2 (0.5 355 

mmol, 0.167 g) and (R)- or (S)-H2L2 (0.5 mmol) were mixed in MeOH/MeCN (1:1), and the mixture 356 

was stirred for 1 h at room temperature. The resulting solution was filtered and left to evaporate slowly. 357 

Dark brown crystals appeared after 24 h. C61H54Mn3N2O13: calcd. C 61.68, H 4.58, N 2.36; found 358 

[(R)-2/(S)-2] C 62.0/61.5, H 4.3/4.4, N 2.3/2.5. IR: ν˜ = 3434.23 (br), 3059.21 (w), 2930.64 (w), 359 

1598.78 (s), 1569.96 (s), 1540.78 (s), 1491.65 (w), 1469.41 (w), 1446.43 (s), 1374.50 (s), 1299.23 (m), 360 

1149.83 (w), 1051.26 (w), 1023.34 (w), 764.13 (w), 754.62 (w), 721.38 (m), 672.72 (w), 577.72 (m), 361 

453.71 (w) cm–1. 362 

(Phgly)[Mn3(L1)3(μ3-Cl)(Cl)3]·Solvent [(R)-3·0.5MeCN·0.25MeOH· 0.5H2O, (S)-363 

3·0.5MeCN·0.5H2O]: MnCl2·4H2O (0.5 mmol, 0.197 g), (R)- or (S)-H2L1 (0.5 mmol, 0.121 g), and 364 



Na(PhCOO) (0.5 mmol, 0.036 g) were dissolved in MeCN (20 mL), and the mixture was heated under 365 

reflux for 30 min. The solution was filtered and left to evaporate slowly. Dark brown crystals suitable 366 

for XRD appeared after two weeks. 367 

The same product was obtained from an attempt to introduce an azide ion into the cluster with 368 

Na(PhCOO) replaced with NaN3 (0.5 mmol, 0.033 g). C53H51Cl4Mn3N4O7: calcd. C 54.75, H 4.42, N 369 

4.81; found [(R)-3/(S)-3] C 55.1/55.4, H 4.1/4.5, N 4.9/4.6. IR: ν˜ = 3446.7 (br), 2926.72 (br), 1607.85 370 

(s), 1541093 (m), 1492.22(w), 1441.13 (m), 1384.07 (w), 1293.49 (m), 1149.25 (w), 981.56 (w), 757.49 371 

(m), 703.00 (m), 643.11 (w), 591.05 (m), 553.57 (s) cm–1.  372 

 373 

 374 
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Legends to figures 452 

 453 

Scheme 1. General structural formula for the H2sae ligand and its substituted derivatives. The variation 454 

of the R1 and R2 groups allows the synthesis of chiral ligands. 455 

 456 

Scheme 2. Structures of H2L1 and H2L2 ligands (top) and their crystallographically established 457 

coordination mode in complexes 1–3 (bottom). 458 

 459 

Figure. 1 Top: partially labeled plot of 1 [common labels for (R)-1 and (S)-1]. Bottom: 1D arrangement 460 

of trinuclear units linked by intermolecular H bonds (red dashed bonds). H atoms omitted for clarity. 461 

Color key: MnII orange, MnIII dark green, O red, N navy, C grey. 462 

 463 

Figure. 2  Partially labeled plot of 2 [common labels for (R)-2 and (S)-2].. 464 

 465 

Figure. 3 Left: partially labeled plot of (R)-3. The partial resolution of the structure confirmed the same 466 

core for (S)-3. Right: H bonds involving the trimeric complex and the protonated Phgly+ cation. Color 467 

scheme: MnIII dark green, O red, N navy, Cl violet, C grey, H pink 468 

 469 

Figure. 4 Figure 4. Cores of 1 (left) and 2 (right). 470 

 471 

Scheme 3. Tri-, tetra-, and hexanuclear cores of the clusters reported previously through the reactions of 472 

MnCl2 and H2sae (or substituted derivatives). All oxygen bridges are provided by the O-alkoxido atoms 473 

of the sae2– ligands. 474 

 475 

Figure. 5 Solid-state ECD spectra for the pairs of enantiomers of 1–3 (red lines, S enantiomers; blue 476 

lines, R enantiomers). 477 

 478 

Figure. 6 Comparison between the solid-state and solution ECD spectra for (R)-2 (top) and (R)-3 479 

(bottom). Note that the solid-state spectrum of (R)-2 is divided by 1.5 and that of (R)-3 is divided by 4. 480 

 481 

Figure. 7  Plots of MT versus T for (R)-1, (R)-2, (R)-3 (left) and (S)-1, (S)-2, (S)-3 (right). The solid 482 

lines are the fits of the data; see the text for the fit 483 

parameters. 484 

 485 

Figure. 8 Reduced magnetization plots for (R)-3 (left) and (S)-3 (right). The solid lines show the best 486 

fits of the data. 487 

 488 



Figure 9. Left: out-of-phase peaks for (S)-3 under a 0.1 T field at the indicated frequencies. Right: 489 

Arrhenius plot. 490 
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FIGURE 2 509 
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FIGURE 8 552 

 553 
 554 

 555 
  556 



FIGURE 9 557 
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