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Abstract

:

Novel synthesis of 2,5-bis[(1,3-thiazol-2-ylmethyl)amino]methyl-1,3,4-oxadiazole (LThiazole) is reported, along with the preparation of three new dinuclear Fe(II) complexes with different counterions [FeII2(μ2-LThiazole)2](BF4)4·2CH3CN (1), [FeII2(μ2-LThiazole)2](ClO4)4 (2) and [FeII2(μ2-LThiazole)2](CF3SO3)4·2CH3CN (3). The obtained complexes were characterized by single-crystal X-ray crystallography, SQUID magnetometry and IR spectroscopy. The structure of the crystalline material was determined at 120 K for 1 and 3. The magnetic properties of all three complexes (1–3) were measured between 2–300 K and clearly show that all three complexes stay in the high-spin state over the measured temperature range.
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1. Introduction


The chemistry of first-row transition metals is fascinating because of their plethora of very interesting properties. The most interesting of all is possessing partially populated d-orbitals, which lead to their different oxidation and spin states [1,2]. The ambiguity around the spin states of the metals is not as thoroughly understood as the oxidation state. In theory, controlling the spin state of the transition metal is straightforward through ligand design. Molecular complexes containing d4 to d7 electronic configuration can have two different spin states which can be switched by applying an external stimulus. This is still fascinating and has potential for applications in sensors, displays and data storage devices [3,4,5,6,7]. In addition to this, spin state plays a very important role in metalloenzymatic reactions, biological activities and in catalysis involving organometallic compounds where different reactions take place via different spin states [8,9,10,11]. The phenomenon by which the compounds can switch their spin state from low spin (LS) to high spin (HS) with an external stimulus such as heat [12,13], pressure [14,15,16], light [17,18] or magnetic field [19] is called spin crossover (SCO). This phenomenon was first discovered in Fe(III) [20,21] but more commonly studied in Fe(II) [22,23,24,25] because the spin-state transition is between a diamagnetic low-spin (LS) state (S = 0) to a paramagnetic high-spin (HS) state (S = 2). This phenomenon is also rarely studied in Co(II) [26,27] and more rarely studied in Mn(III) [28,29,30,31] and Cr(II) [32,33,34]. In the case of the Fe(II) SCO complexes, the N-6 ligand donor set is commonly preferred [35]. The SCO phenomenon in solid state is sensitive to the effect of crystal packing [36,37,38], choice of counterion [39,40], presence of lattice solvents [41,42,43], and the choice of coligands [44,45]. In this quest of finding the right ligand field strength for the central metal ion to exhibit bistability of its spin state, various ligands have been explored and the ligands were designed to fine-tune the switching temperature.



Complexes based on 1,3,4 oxadiazole are seldom studied in SCO literature. Our recent advances have shown that the ligand design using (PMOD = 2,5-bis{[(2-pyridyl-methyl)amino]methyl}-1,3,4-oxadiazole) [46] together with Fe(II) leads to the formation of [Fe2(μ2-PMOD)2](X)4-type complexes where X = BF4, ClO4 and CF3SO3 [46]. The complex with the BF4− counterion stays in HS over the temperature range measured, while the complexes with the ClO4− and CF3SO3− show SCO behavior with a T1/2 = 150 K [46]. So far, to our best of our knowledge these are the only two 1,3,4-oxadiazole complexes reported that show SCO behavior. To explore this further, the ligand designed is altered by changing the axially coordinated six-membered pyridine rings with a five-membered thiazole ring with a sulfur as a heteroatom, to learn its influences on the SCO behavior of the dimeric Fe(II) complexes, which from the literature is known to reduce the ligand field. It is worthy to note that Fe(II) dimeric complexes with a very similar ligand based on 1,2,4-thiadiazole, reported earlier by some of us, was also SCO active [47]. Since the SCO phenomenon in solid state is highly dependent on the counterion, three different commonly used counterions (BF4−, ClO4− and CF3SO3−) have been selected and the results are shown here.




2. Materials and Methods


All chemicals were used without further purification and were purchased from Alfa Aesar, Acros Organics and Fisher Chemicals. The C, H and N elemental analyses were carried out on a Foss Heraeus Vario EL (Elementar Analysensysteme GmbH, Langenselbold, Germany) at the microanalytical laboratories of the department of chemistry at Johannes Gutenberg University Mainz. The infrared absorption spectra were collected at room temperature in a range of 3000–450 cm−1 on a Thermo Fisher NICOLET Nexus FT/IR-5700 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with Smart Orbit ATR Diamond cell (Thermo Fisher Scientific, Waltham, MA, USA). X-ray diffraction data for the structure analysis were collected from suitable single crystals at 120 K with a STOE IPDS 2T at Johannes Gutenberg University Mainz. The structures were solved with ShelXT [48,49,50] and refined with ShelXL [49,50,51] implemented in the program Olex2 [52]. Magnetic data of a microcrystalline sample were collected using a Quantum Design SQUID magnetometer MPMSXL in a temperature range between 2–300 K with an applied field of 1 kOe (0.1 T). The magnetic contribution from the holder was experimentally determined and subtracted from the measured susceptibility data. The contribution from underlying diamagnetism was corrected using the estimation in equation χdia = kM∙10−6 cm3 mol−1 [53]. In this equation, M is the molecular weight of the compound and k is equal to 0.5.



2.1. Ligand Synthesis


	
1,2-Bis(Chloroacetyl)hydrazide






This was prepared by using a modified procedure from the literature [46]. Hydrazine hydrate (25.03 g, 0.50 mol, 1 eq) was dissolved in 200 mL diethyl ether. To this solution, chloroacetyl chloride (56.47 g, 0.50 mol, 1 eq), which was dissolved in 150 mL diethyl ether, was added under cooling and vigorous stirring, such that the temperature did not exceed 35 °C. A colorless suspension formed, which was stirred for 30 min after the complete addition of the chloroacetyl chloride, then 100 mL of deionized water was added followed by the slow addition of sodium carbonate (53.10 g, 0.50 mol, 1 eq). Afterwards, another equivalent of chloroacetyl chloride (56.47 g, 0.50 mol, 1 eq), again dissolved in 150 mL diethyl ether, was slowly added. After stirring at room temperature for 12 h, the colorless solid was filtered, washed with cold diethyl ether and recrystallized in ethyl acetate. 1,2-Bis(Chloroacetyl)hydrazide was isolated as a colorless powder in moderate yields (45.13 g, 0.24 mol, 48%). 1H-NMR (400 MHz, DMSO, δ (ppm)): 10.47 (s, 2H, NH), 4.15 (s, 4H, CH2). 13C-NMR (101 MHz, DMSO, δ (ppm)): 165.09 (O=C), 41.25 (CH2). FT-IR:    υ ∼    (cm−1) = 3176, 3034, 2979, 2956, 2891, 1701, 1606, 1491, 1437, 1405, 1306, 1252, 1222, 1112, 1007, 934, 918, 792, 713, 639, 577, 538, 490, 460. EA (%): Calc. (found) C 25.97 (25.90), H 3.27 (3.01), N 15.14 (15.43).



	
2,5-Bis(chloromethyl)-1,3,4-oxadiazole






This was prepared by using a modified procedure from the literature [46]. Perchloric acid (60%, 8.75 g) and chloroacetyl chloride (30.00 g, 270.25 mmol, 5 eq) were added and heated at a temperature of 60 °C until a uniform phase was formed. 1,2-Bis(Chloroacetyl)hydrazide (10.00 g, 54.05 mmol, 1 eq) was then added in small portions with stirring; when it dissolved completely, the reaction mixture was allowed to stir vigorously for 24 h. The yellow solution was then added to a 150 mL ice-water mixture and the pH was adjusted to 9.0 with a saturated sodium-carbonate solution. The reaction mixture was extracted three times with 100 mL of diethyl ether. The combined extracts were washed with a 10% sodium-carbonate solution, dried over sodium sulfate and taken to dryness under reduced pressure, yielding a bright yellow oil. 2,5-Bis(chloromethyl)-1,3,4-oxadiazole was isolated from the crude product by column chromatography (SiO2, cyclohexane/ethyl acetate (3:1), Rf = 0.3) as a colorless oil (8.38 g, 50.18 mmol, 93%). 1H-NMR (400 MHz, CDCl3, δ (ppm)): 4.68 (s, 4H, CH2). 13C-NMR (101 MHz, CDCl3, δ (ppm)): 163.70 (CODA), 32.75 (CH2). FT-IR:    υ ∼    (cm−1) = 3029 (w), 2969 (w), 1582 (s), 1565 (s), 1427 (s), 1382 (s), 1269 (m), 1233 (s), 1154 (m), 1038 (m), 989 (s), 968 (m), 918 (w), 886 (w), 780 (vs), 760 (vs), 719 (s), 654 (vs), 616 (s). EA (%): Calc. (found) C 28.77 (28.70), H 2.41 (2.79), N 16.78 (16.76).



	
2,5-Bis(azidomethyl)-1,3,4-oxadiazole






2,5-Bis(chloromethyl)-1,3,4-oxadiazole (19.68 g, 118.00 mmol, 1 eq), sodium azide (41.49 g, 638.00 mmol, 5.4 eq), and 18-crown-6 (2.81 g, 11.00 mmol, 0.09 eq) were suspended in 200 mL of acetone and stirred at room temperature for 18 h. The suspension was filtered and the solvent removed under reduced pressure, yielding a yellowish crude product. 2,5-Bis(azidomethyl)-1,3,4-oxadiazole was isolated as a colorless oil by column chromatography (SiO2, dichloromethane/diethyl ether (4:1), Rf = 0.6) in good yield (18.42 g, 102.26 mmol, 87%). 1H-NMR (400 MHz, CDCl3, δ (ppm)): 4.75 (s, 4H, CH2). 13C-NMR (101 MHz, CDCl3, δ (ppm)): 162.95 (CODA), 44.18 (CH2). FT-IR:    υ ∼    (cm−1) = 3004 (w), 2941 (w), 2858 (vw), 2180 (sh, s), 2093 (vs), 1585 (m), 1566 (m), 1435 (m), 1394 (m), 1333 (m), 1257 (s), 1181 (s), 1043 (w), 980 (m), 944 (m), 889 (m), 789 (m), 687 (m), 649 (m), 555 (m). EA (%): Calc. (found) C 26.67 (26.71), H 2.24 (2.23), N 62.21 (61.82).



	
2,5-Bis(aminomethyl)-1,3,4-oxadiazole






2,5-Bis(azidomethyl)-1,3,4-oxadiazole (5.00 g, 27.76 mmol, 1 eq) was dissolved in 250 mL tetrahydrofuran and triphenylphosphine (17.47 g, 66.62 mmol, 2.4 eq) was added in portions while stirring. After completing addition and gas evolution, 17 mL of deionized water was added to the solution. The reaction was stirred at room temperature for 18 h. The solvent was then removed under reduced pressure to yield a yellow solid as crude product. 2,5-Bis(aminomethyl)-1,3,4-oxadiazole was isolated as a brown solid in yields (3.44 g, 26.85 mmol, 97%) by column chromatography with discontinuous gradient elution (SiO2, chloroform/methanol (4:1) → chloroform/methanol/triethylamine (80:20:1) → chloroform/methanol/triethylamine (67:33:1)). 1H-NMR (400 MHz, CDCl3, δ (ppm)): 4.05 (s, 4H, CH2), 1.64 (s, 4H, NH2). 13C-NMR (101 MHz, MeOD, δ (ppm)): 167.57 (CODA), 35.90 (CH2). FT-IR:    υ ∼    (cm−1)= 3373 (s), 3304 (s), 3067 (m), 2967 (m), 2927 (m), 2848 (m), 2555 (w), 1663 (s), 1606 (s), 1572 (vs), 1550 (vs), 1438 (s), 1374 (m), 1339 (s), 1219 (m), 1176 (s), 1094 (s), 1005 (w), 980 (s), 960 (m), 899 (s), 871 (vs), 772 (m), 697 (w), 661 (w), 625 (w), 497 (w), 486 (w), 440 (w). EA (%): Calc. (found) C 37.49 (37.05), H 6.29 (7.21), N 43.73 (42.12).



	
2,5-Bis[(1,3-thiazol-2-ylmethyl)amino]methyl-1,3,4-oxadiazole (LThiazole)






To a solution of 2,5-Bis(aminomethyl)-1,3,4-oxadiazole (2.52 g, 19.7 mmol, 1 eq), thiazole-2-carbaldehyde (4.70 g, 41.55 mmol, 2.1 eq) and acetic acid (2.37 mL, 2.49 g, 41.55 mmol, 2.1 eq) in 1000 mL methanol was added sodium cyanoborohydride (6.19 g, 98.50 mmol, 5 eq) slowly in portions. Afterwards, the reaction mixture was refluxed for 24 h. The solvent was removed under reduced pressure, yielding a brown oil as crude product. LThiazole was isolated as brown oil in moderate yields (3.82 g, 11.84 mmol, 60%) by column chromatography (SiO2, chloroform/methanol (19:1)). 1H-NMR (400 MHz, CDCl3, COSY, δ (ppm)): 7.73 (d, 2H, HC=CH), 7.29 (d, 2H, HC=CH), 4.23 (s, 4H, TA-CH2), 4.12 (s, 4H, ODA-CH2). 13C-NMR (101 MHz, CDCl3, HSQC, HMBC, δ (ppm)): 169.84, 165.39, 142.6, 119.30, 49.97, 43.06. FT-IR:    υ ∼    (cm−1) = 3277, 3109, 3079, 2913, 2838, 1670, 1587, 1502, 1468, 1427, 1337, 1315, 1238, 1185, 1138, 1054, 979, 875, 804, 771, 731, 677, 601, 499. FD-MS: m/z = 323.08 (100.00%), 324.08 (15.63%), 325.07 (9.37%).




2.2. Complex Synthesis


	
[Fe2(μ2-LThiazole)2](BF4)4·2CH3CN






LThiazole (32 mg, 0.1 mmol, 1 eq) was dissolved in 2 mL of acetonitrile. To this solution, Fe(BF4)2·6H2O (34 mg, 0.1 mmol, 1 eq), dissolved in 2 mL acetonitrile, was added dropwise and stirred for an hour. The reaction mixture was set for vapor diffusion against diethyl ether and kept undisturbed at room temperature. After three days, colorless block-shaped crystals suitable for X-ray structure analysis were obtained. The crystals were collected by filtration in moderate yields (23.79 mg, 0.022 mmol, 22%), washed with diethyl ether and air-dried. FT-IR:    υ ∼    (cm−1) = 3442 (m), 3333 (s), 3101 (m), 2935 (w), 1619 (m), 1589 (m), 1516 (m), 1459 (w), 1421 (m), 1384 (w), 1296 (w), 1235 (w), 1159 (s), 1084 (vs), 1037 (vs), 901 (w), 884 (w), 786 (w), 762 (m), 655 (w), 617 (w), 594 (w), 522 (w). EA (%): Calc. (found) C 26.12 (26.18), H 2.56 (2.35), N 15.23 (15.33).



	
[Fe2(μ2-LThiazole)2](ClO4)4






LThiazole (32 mg, 0.1 mmol, 1 eq) was dissolved in 2 mL of acetonitrile. To this solution, Fe(ClO4)2 × H2O (27 mg, 0.1 mmol, 1 eq), dissolved in 2 mL acetonitrile, was added dropwise and stirred for an hour. The reaction mixture was set for vapor diffusion against diethyl ether and kept undisturbed at room temperature. After three days, colorless microcrystalline needles were obtained. The compound was collected by filtration in low yields (17.76 mg, 0.015 mmol, 15%) and washed with diethyl ether and air-dried. FT-IR:    υ ∼    (cm−1) = 3422 (s), 3307 (vs), 3125 (m), 3097 (m), 2938 (w), 1617 (m), 1513 (m), 1451 (m), 1429 (m), 1384 (m), 1282 (m), 1233 (m), 1146 (vs), 1115 (vs), 1088 (vs), 974 (w), 897 (m), 884 (m), 637 (s), 626 (vs), 593 (w). EA (%): Calc. (found) C 24.97 (25.01), H 2.45 (2.40), N 14.56 (14.63).



	
[Fe2(μ2-LThiazole)2](CF3SO3)4· 2CH3CN






LThiazole (32 mg, 0.1 mmol, 1 eq) was dissolved in 2 mL of acetonitrile. To this solution, Fe(CF3SO3)2 (35 mg, 0.1 mmol, 1 eq), dissolved in 2 mL acetonitrile, was added dropwise and stirred for an hour. The reaction mixture was set for vapor diffusion against diethyl ether and kept undisturbed at room temperature. After one week, colorless block-shaped crystals suitable for X-ray analysis were obtained. The crystals were collected by filtration in low yields (22.54 mg, 0.017 mmol, 17%), washed with diethyl ether and air-dried. FT-IR:    υ ∼    (cm−1) = 3509 (m), 3277 (s), 3138 (w), 3106 (m), 2967 (w), 2930 (w), 2850 (w), 2359 (w), 2258 (w), 1618 (s), 1513 (m), 1454 (m), 1429 (s), 1384 (w), 1277 (vs), 1255 (vs), 1227 (vs), 1158 (vs), 1086 (s), 1029 (vs), 979 (w), 886 (m), 786 (w), 770 (m), 759 (m), 7435 (m), 639 (vs), 594 (w), 574 (m), 518 (s). EA (%): Calc. (found) C 26.79 (26.42), H 2.39 (2.05), N 13.67 (13.54).





3. Results and Discussion


3.1. Synthesis


The first two steps of the ligand synthesis include the condensation reaction of hydrazine monohydrate and chloroacetyl chloride to 1,2-bis(chloracetyl)hydrazide, followed by the cyclization reaction to 2,5-bis(chloromethyl)-1,3,4-oxadiazole with slide modifications to the literature. [46] This is followed by the nucleophilic substitution reaction of 2,5-bis(chloromethyl)-1,3,4-oxadiazole with sodium azide, resulting in 2,5-bis(azidomethyl)-1,3,4-oxadiazole in good yields (87%). In the last step, the Staudinger reduction of 2,5-bis(azidomethyl)-1,3,4-oxadiazole with triphenylphosphine and water afforded 2,5-bis(aminomethyl)-1,3,4-oxadiazole in a very good yield (97%), which was reacted with thiazole-2-carboxaldehyde to form 2,5-bis[(1,3-thiazol-2-ylmethyl)amino]methyl-1,3,4-oxadiazole (LThiazole), in moderate yield (60%). The in situ-formed imine compound was reduced with sodium cyanoborohydride (LThiazole) to the desired amine. Reductive amination of 2,5-bis(aminomethyl)-1,3,4-oxadiazole with thiazole-2-carbaldehyde to yield LThiazole (Scheme 1), using sodium cyanoborohydride with catalytic amounts of acetic acid. The successful formation of the desired ligand was characterized by 1H-NMR, 13C-NMR and IR spectroscopy (Supplementary Materials, Figures S1–S9). Complexation reaction of LThiazole with three different appropriate iron salts in acetonitrile at inert atmosphere yielded pure crystalline complexes 1–3, which were characterized by elemental analysis, infrared spectroscopy, SQUID magnetometry and X-ray crystallography in the case of 1 and 3 at 120 K. Attempts to obtain crystals in the case of 2 suitable for X-ray was not successful, even after several attempts of recrystallization yielding colorless pure microcrystalline powder in all cases.




3.2. Crystallographic Discussion of 1 and 3


The X-ray crystal data collected for 1 and 3 at 120 K show that the two complexes are isostructural to each other and crystallize in a triclinic P space group (Appendix A). The crystallographic data and the selected bond lengths are tabulated in Table 1 and Table 2. The two iron(II) ions are bridged by the 1,3,4-oxadiazole moieties of two opposing ligands (Figure 1). The secondary amine functions of both ligands are also coordinating in the equatorial position, thus saturating the horizontal vertices of both octahedral coordination spheres. The axial position is filled by the thiazole moiety using the nitrogen donor. Both ligands coordinate in a cis-axial manner (Figure 1, left).



The asymmetric unit consists of one ligand coordinated to an iron(II) center, two perchlorate anions and one acetonitrile in the case of 1 (Figure 2). The complex cation is located on top of a center of inversion in the middle of both ab-planes of the unit cell. Thus, half of the complex cation points into the unit cell while the other half formally lies outside of the unit cell. One tetrafluoroborate and its symmetry-generated pendant lie between the two halves of the two complex molecules. The acetonitrile molecules are located between the thiazole rings above an oxadiazole unit (Figure S11). This BF4− anion is involved in hydrogen bonding, connecting the complex cations in a one-dimensional way (Figure S13). The amine function of one ligand and a fluorine atom of the tetrafluoroborate shows that N1-H1⋯F1 distance is equal to 2.01 Å, with an N1-H1-F1 angle of 165.5°. Two other fluorine atoms of the same BF4− anion form additional hydrogen bonds to a neighboring complex cation. The N4-H4⋯F4 distance is found to be 1.95 Å with an enclosed N4-H4-F4 angle of 165.5°, while the N4-H4⋯F3 distance is equal to 2.65 Å. The N4-H4-F3 angle appears to be 129.9°. Due to the bridging nature of the BF4− counter ion, a one-dimensional chain of complex cation is formed via hydrogen bonds (Figure S13). Since the complex cation is inverse-symmetrical, the coordination spheres of both iron(II) centers are equivalent (Figure 2, right). Thus, only the coordination environment of Fe1 will be discussed. The mean distance between Fe1 and a secondary amine function [(Fe-NAmine) = (d(Fe1-N1) + d(Fe1-N4))/2] is found to be 2.34 Å, which represents the longest Fe-N bond type. The next smaller average bond length can be found between the iron(II) ion and the oxadiazole nitrogen atom [(Fe-NODA) = (d(Fe1-N2) + d(Fe1-N3))/2 = 2.14 Å]. With an average value of (Fe-NTA) = (d(Fe1-N5) + d(Fe1-N6))/2 = 2.13 Å, the bonds between the metal center and the thiazole ring are the shortest. While the amine function only offers σ-bonding, the metal ligand bonds to the oxadiazol and thiazole moieties can have further π-back bonding character [54]. Therefore, the bond distances between Fe1 and the heteroaromatic compounds are shorter than those to the amine groups.



The average Fe-N distance in the complex 1 is found to be (Fe-N) = 2.21 Å. This value suggests a [HS-HS] state of the complex at 120 K. The octahedral distortion parameter (FeN6) is equal to 123.9°, displaying a very strong deviation of the ideal coordination octahedron. This is further confirmed by continuous shape measurement, resulting in a value of CShM(Oh) = 4.09 (Figure 3). Selected bond lengths are tabulated in Table 1. It is known by literature that high-spin iron(II) complexes have a larger distortion than low-spin complexes. Thus, the octahedral distortion parameter for LS complexes is usually less than 80°, while it is greater than 100° for HS complexes [54]. This can be explained by the asymmetric electron configuration of the iron(II) ion in the high-spin state, compared to the symmetric population of the t2g-orbitals of the low-spin species.



In the case of complex 3, the asymmetric unit consists of one LThaizole coordinated to an iron(II) ion, one acetonitrile and two trifluoromethanesulfonate anions (Figure S15). Thus, one half of the unit cell is symmetry generated. The distance d(O1-N7) between the oxadiazole (O1) and the acetonitrile (N7) equals to 2.90 Å. On the other side of the oxadiazole motif a triflate anion is located with d(O1-S3) = 3.60 Å (Figure S15). Two distinguishable hydrogen bonds between an amine function of the ligand and a triflate anion are found in complex 3. The first one can be found between N3-H3⋯O4 with a distance of 1.97 Å and an N3-H3-O4 angle of 161°. Next to that, a second hydrogen bond N4-H4⋯O7 (2.05 Å) is formed, showing an N4-H4-O7 angle of 153° (Figure S16).



The bond lengths of the complex cation look very similar to 1, where the longest average Fe-N bond type is displayed by (Fe-NAmine) (2.36 Å), followed by (Fe-NODA) (2.14 Å) and (Fe-NTA) (2.11 Å). These bond distances result in a mean Fe-N bond distance of 2.21 Å. The octahedral distortion parameter ((FeN6) = 128 °) shows a larger distortion of the coordination sphere than found for 1, which is confirmed by continuous shape measurement (CShM(Oh) = 4.57).The bond lengths indicate that both iron centers stay in [HS-HS] state at the given temperature of 120 K. Selected bond lengths are tabulated in Table 1.




3.3. Infrared Spectroscopy


IR spectra of the isolated complexes are shown in Figure 4. All three compounds 1–3 show a blueshift of the symmetric N-H stretching frequency [νs(N-H)] compared to the free ligand LThiazole (3277 cm−1). Here, the biggest difference is found in 1 (3333 cm−1), followed by 2 (3307 cm−1) and 3 (3278 cm−1). In most cases, the coordination of a NHR2 group to transition metals results in a redshift of the symmetric N-H stretching frequency [56]. However, there are also reported cases of a shift towards higher wavenumbers [57]. The different shifts of the symmetric N-H stretching frequency can be caused by varying hydrogen bonds to the secondary NHR2 group of the ligand. The coordination of the oxadiazole-N results in a red shift of the corresponding C=N stretching mode, moving to lower wave numbers from a strong ν(C=N) stretching at 1667 cm−1 for the free ligand to less pronounced weak stretching around 1640 cm−1 as expected due to the weakening of the C=N bond when binding to the transition metal [58]. In addition to the νs(N-H) band, the counter ion-specific IR bands are also clearly visible. Hence, 1 shows very pronounced asymmetric B-F stretching bands νas(BF4) at 1084 cm−1, 1052 cm−1 and 1036 cm−1. The IR band at 762 cm−1 can be assigned to the symmetric stretching mode νs(BF4), while the bands at 522 cm−1, 506 cm−1 and 500 cm−1 display deformation vibrations δ(BF4) [58].



Complex 2 shows vibration bands at 1147 cm−1, 1115 cm−1 and 1086 cm−1, which result from asymmetric stretching vibrations νas(ClO4). In addition, an asymmetric bending mode δas(ClO4) at 625 cm−1 can be observed [58]. Based on the distinct N-H stretching vibration, the perchlorate-specific bands and the ligand-like fingerprint region in the IR spectrum of 2, a successful synthesis of 2 in the desired form of [Fe2(-LThiazole)2](ClO4)4 is verified. The IR spectrum of 3 clearly shows symmetric and asymmetric stretching vibrations of the free triflate anion in the region of approx. 1020–1300 cm−1 (νas(SO3): 1278 cm−1, νs(CF3): 1253 cm−1, νas(CF3): 1227 cm−1 and νs(SO3): 1029 cm−1). In addition, bending bands can be found at 639 cm−1 [δs(SO3)], 573 cm−1 [δas(CF3)] and 517 cm−1 [δas(SO3)] [58].




3.4. Magnetic Measurement of 1–3


Magnetic measurements of 1–3 were carried out in a temperature range from 300–2 K at 0.1 T. Therefore, the magnetic susceptibility was determined and plotted as χMT product versus the temperature (T) for each complex (Figure 5). [Fe2(μ2-LThiazole)2](BF4)4 ∙ 2CH3CN (1) and [Fe2(μ2-LThiazole)2](CF3SO3)4·2CH3CN (3) were measured as colorless block-shaped crystals, while [Fe2(μ2-LThiazole)2](ClO4)4 (2) was isolated and studied as microcrystalline powder. The χMT value of 2 at 300 K is equal to 7.28 cm3 mol−1 K. This value is higher than the spin-only value, which is 6 cm3 mol−1 K for two S = 2 spin centers with g = 2 (Figure 5). Below 50 K, the χMT product for 2 drops significantly to 0.62 cm3 mol−1 K at 2 K. The decline of χMT from high temperatures towards 2 K is caused by antiferromagnetic coupling between the oxadiazole-bridged iron(II) ions. Simulation with the spin-exchange Hamiltonian H = −2Jij ∑Si · Sj leads to a weak antiferromagnetic-exchange interaction parameter J = −0.66 (2) cm−1 with g = 2.217 (4), (Figure 5, blue solid line). The data were fitted with the PHI program [59]. High crystallographic anisotropy can lead to pronounced magnetic anisotropy, which in turn can cause the orientation of the crystals within the applied magnetic field. Since the crystals were measured in a nonblocked way, an alignment of the crystals with the magnetic field can occur. The resulting measured magnetic moment can therefore be formally higher than expected. For 1 and 3, in contrast, the χMT product increases with decreasing temperature, which is due to orientation effects of the single crystals. Both complexes show a constant χMT value of approx. 7 cm3 mol−1 K in the range of 300–150 K. Regardless of the magnetic coupling of both iron(II) centers, complexes 1–3 do not exhibit SCO activity. Thus, all three complexes 1–3 remain in the [HS-HS] state. The change of the six-membered pyridine group in the sidearms to the five-membered thiazole did not lead to the desired SCO-active dinuclear iron(II) compounds.





4. Conclusions


We report the synthesis and magnetic properties of three novel dinuclear Fe(II) complexes based on a new bridging 1,3,4-oxadiazole ligand bearing coordinating thiadiazole side arms. All three compounds are locked in the high-spin state [HS-HS]. The reason for this can be assigned to a combination of geometrical and electronic effects. From our earlier work where ligand field strength in imidazole-arm-containing thiadiazole-based [Fe2(μ2-I2MTD)2](X)4 complexes (I2MTD = 2,5-bis[(1H-imidazol-2-ylmethyl)amino]methyl1,3,4-thiadiazole) is lower than pyridyl-arm-containing thiadiazole-based complexes of type [Fe2(μ2-PMTD)2](X)4 (PMTD = 2,5-bis[(2-pyridyl-methyl)amino]methyl-1,3,4-thiadiazole), (X = BF4−, ClO4− and CF3SO3−) [46]. While the [Fe2(μ2-I2MTD)2](X)4-type complexes remain in the [HS-HS] state between 2–300 K, the compounds of type [Fe2(μ2-PMTD)2](X)4 stabilize the diamagnetic [LS-LS] state, showing only the start of an incomplete SCO above room temperatures. This is because of the different angles between the heteroaromatic ring and the adjacent methylene group. The angle α, formed by the pyridine ring, is approximately 120°, whereas the angle β, formed by a five-membered ring, is approximately 125°. Due to the steric effect of such ligand systems, the bigger angle β results in longer Fe-N-bonds favoring the high-spin state. The same arguments seem to apply for the analogous oxadiazole-based ligands LThiazole and PMOD. In addition to that, thiazole is considered to generate a weaker ligand field than pyridine, which we understand from the basic ligand-field arguments and literature.



Interestingly, the coordination of a 5-membered thiazole heteroaromatic ring in the apical positions (1–3) does not lead to longer axial bond lengths compared to the [Fe2(μ2-PMOD)2] (X)4-type complexes [46]. In contrast, all three complexes show smaller average Fe-N bond lengths to the axially coordinated aromatic heterocycle than the analogous iron(II) complexes of PMOD. It appears that the increased angle β (Figure 6) has more effect on the Fe-NAmine bonds. The fact that complexes 1–3 have shorter axial bond lengths and significantly longer Fe-NAmine distances than the [Fe2(μ2-PMOD)2] (X)4 complexes clearly shows the modification in the steric effect of the ligand. Most likely, stronger π-back bonding to the thiazole ring in 1–3 still cannot compensate for the sterically unfavorable constraint of the five-membered ring in the ligand side arm. Thus, the increased steric tension and the lower ligand-field strength of LThiazole lead to dinuclear iron(II) [HS-HS] complexes without any SCO behavior in all three cases.
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Scheme 1. Scheme showing multistep synthesis of LThiazole and three corresponding dinuclear Fe(II) complexes 1–3. 
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Figure 1. (Left): Labeling scheme for [Fe2(-LThiazole)2]4+ complex cations. Cis-axial coordination mode of the ligands is displayed by the colors red and blue. (Right): Symmetry equivalent moieties in all [Fe2(-LThiazole)2]4+ complex cations due to an intrinsic inversion center (yellow dot). The color scheme was adapted to the symmetry-equivalent units. 
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Figure 2. (Left): Molecular structure of 1 and its ideal coordination octahedron with front view and view onto the Fe-Fe axis (right), calculated with SHAPE [55]. Scheme: dark grey—C, grey—H, violet—N, red—O, yellow—S, orange—Fe. ORTEP representation with atomic displacement parameters set to 50% probability. 
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Figure 3. Molecular structure of 3 and its ideal coordination octahedron with front view (left) and view onto the Fe-Fe axis (right), calculated with SHAPE [55]. Color scheme: dark grey—C, grey—H, violet—N, red—O, yellow—S, orange—Fe. ORTEP representation with atomic displacement parameters set to 50% probability. 
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Figure 4. Comparison of IR spectra of LThiazole (black, top left) with 1 (red line, top right), 2 (blue, bottom left) and 3 (green, bottom right). All complex spectra are overlaid onto the ligand spectra (black line). 
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Figure 5. Temperature-dependent behavior of 1 (red open circles), 2 (blue open triangles) and 3 (green open squares) in form of the combined χMT vs. T plots. 
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Figure 6. Scheme of different coordination angles between a 6-membered ring (left) and 5-membered ring (right) in the ligand side arm. 
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Table 1. Selected bond lengths for complexes 1 and 3 at 120 K.
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120 K






	
Bond/Å

	

	




	
Fe-N1

	
2.3627 (11)

	
2.370 (3)




	
Fe-N2

	
2.1303 (11)

	
2.145 (3)




	
Fe-N3

	
2.1408 (11)

	
2.132 (3)




	
Fe-N4

	
2.3495 (12)

	
2.357 (3)




	
Fe-N5

	
2.1289 (11)

	
2.121 (3)




	
Fe-N6

	
2.1259 (11)

	
2.106 (3)




	
Fe-N

	
2.21

	
2.21




	
Distortion

	

	




	
∑○(FeN6)/°

	
123.9

	
128




	
CShM(Oh)

	
4.09

	
4.57
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Table 2. Crystallography data for complexes 1 and 3.
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	Compound
	1
	3





	Empirical formula
	C28H34B4F16Fe2N14O2S4
	C32H34F12Fe2N14O14S8



	Formula weight/g mol−1
	1185.87
	1434.91



	Crystal size/mm
	0.21 × 0.17 × 0.13
	0.61 × 0.373 × 0.14



	Crystal system
	triclinic
	triclinic



	Space group
	P1
	P1



	CCDC No.
	2152968
	2152969



	Unit cell dimensions
	
	



	a/Å
	10.0069 (4)
	10.4594 (8)



	b/Å
	10.5646 (5)
	10.5736 (8)



	c/Å
	11.9159 (5)
	12.6476 (10)



	α/°
	111.523 (3)
	103.871 (6)



	β/°
	89.855 (3)
	91.204 (6)



	γ/°
	107.989 (3)
	100.026 (6)



	Volume/Å
	1105.84 (9)
	1334.33 (18)



	Z
	1
	1



	ρcalc./g cm−1
	1.781
	1.786



	μ/mm−1
	0.962
	0.972



	F (000)
	596
	724



	Temperature/K
	120 (2)
	120 (2)



	Diffractometer
	STOE STADIVARI
	STOE IPDS 2T



	Radiation
	Mo-Kα
	Mo-Kα



	Θ—range for data collection/°
	2.157 < θ < 30.551
	2.502 < θ < 28.151



	Index ranges
	−14 < h < 14
	−12 < h < 13



	
	−14 < k < 14
	−14 < k < 13



	
	−16 < l < 16
	−16 < l < 16



	Collected reflections
	18186
	11758



	Independent reflections
	6053
	6440



	Completeness
	0.894
	0.988



	Max. and min. transmission
	0.8681 and 0.3816
	0.8776 and 0.6109



	Rint
	0.0207
	0.0521



	Rsigma
	0.0276
	0.0517



	Data/restraints/ parameters
	6053/0/317
	6440/0/371



	Goodness-of-fit on F2
	1.045
	1.047



	Final R1 [I ≥ 2σ(I)]
	0.0275
	0.0622



	Final wR2 [I ≥ 2σ(I)]
	0.0692
	0.1589



	Final R1 [alldata]
	0.0376
	0.0778



	Final wR2 [alldata]
	0.0717
	0.1743
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