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    Reactions of Distibanes with [Fe2(CO)9]: Synthesis, Structure and DFT calculations of [(Et2Sb)4Fe4(CO)14], [(n-Pr2Sb)4Fe3(CO)10], [{(Me3SiCH2)2Sb}4Fe2(CO)6], and [2-(Me2NCH2)C6H4SbFe2(CO)8]

Introduction

In a previous investigation we found that the tetraorganodistibanes R 2 Sb-SbR 2 (R = Et, t Bu, Ph) react with Fe 2 (CO) 9 with elimination of Fe(CO) 5 and CO and formation of R 2 Sb-SbR 2 Fe(CO) 4 (A), (CO) 4 FeR 2 Sb-SbR 2 Fe(CO) 4 (B) or (CO) 3 Fe(R 2 Sb) 2 Fe(CO) 3 (C) [1]. These results were not surprising and analogous phosphorus or arsenic compounds are also well known [2][3][4]. The complexes A-C were characterized by mass spectra and 1 H-NMR-and IR-measurements [1]. In the present second study with focus on crystal structure determinations we used 4). 1-4 represent novel types of compounds in the chemistry of iron complexes with pnicogen ligands. The closest related compounds are dimethylarsenic bridged iron complexes [5]. 4 is a stibinidene complex [6] stabilized by intramolecular coordination of the pendant dimethylamino group. Related to 4 is the tungsten complex RSb[W(CO

) 5 ] 2 [R = 2- (Me 2 NCH 2 )C 6 H 4 ] [7].
The formation of 1-3 can be explained by addition of distibane, or of the previously described distibane complexes of the types A and B to the central Fe-Fe-bond in an antimonido complex of type C. The formation of 1 and 2 can however also result from reactions of Fe 2 (CO) 9 with analogues of 3. The complexes 1 and 3 were isolated in about 50 % yield. A small crop of crystals was obtained in the case of 2 and 4. Only in the case of 3 the composition of the product represents the initial stoichiometry of the reagents. For The Fe-Sb bond lengths in 1-3 despite the different nature of the bonds lie in the relatively small range between 2.53 and 2.61 Å. Similar values were found for Ph 3 SbFe(CO) 4 (Sb-Fe 2.472(1) Å [11]) or Fe 2 (CO) 8 SbCH(SiMe 3 ) 2 (Sb-Fe 2.641(1), 2.663(1) Å [12]). Theoretical calculations were carried out on compound 1 using ADF2008.1e software package [14][15][16]. The starting geometries used were those found by X-ray diffraction. The optimizations were done using the BLYP functional and TZ2P basis set, using a medium frozen core. The geometry optimization was performed using the C i point group symmetry, as found in the crystal structure. The energy minimum of the calculated geometries was confirmed by frequency calculations. Further information regarding the DFT calculations can be found as ESI.

In order to benchmark the results of the calculated structure of 1 a geometry optimization and a frequency calculation were carried out on the well studied Fe(CO) 5 . The results compare well with experimental and theoretical results performed with different functionals and basis sets (ESI, Table S2 and ESI, Table S3) [17][18][19]. Our calculations with BLYP functional and TZ2P basis set on Fe(CO) 5 gave bond lengths with deviations between 1.8 -3.0 % with respect to the values found by X-ray diffraction on single crystal [19]. This result is consistent with calculations reported before [17,18]. The vibrational frequencies calculated for the CO stretching vibrations have errors ranging from 2.1 to 2.6 %, compared to experimental values [19]. These errors are comparable to those reported by Schaefer III et al. [17], and by Jonas and Thiel [18].

In the calculated structure of 1 the Sb-Fe bond lengths are in the range 0.14 to 0.20 Å longer than those found by X-ray diffraction. The calculated C-Sb-C and Sb-Fe-Sb bonding angles are less than 1° different from the measured values. A large difference (1.67°) between measured and calculated values was found for the Fe1-Sb2-Fe2 bond angle. The CO bond lengths of the Fe(CO) 3 fragment have deviations ranging from 0.3 to 4.4 %, whereas those of the Fe(CO) 4 fragment range from -1.2 to 1.7 %. The Fe-C bond lengths display deviations between the theoretical and experimental spectrum ranging from 0.6 to 4.4 %. Both, the Fe-C and CO bonds have relative errors on larger domain than those found for Fe(CO) 5 , indicating that for complex 1 the geometry is not so well described. 

Conclusions

The present study that had aimed at a crystallographic confirmation of our earlier results revealed that reactions between distibanes (and probably also other dipnictides) are more versatile than we knew before and unexpected new complexes were obtained. Nevertheless the formation of the novel multinuclear complexes 1-3 can easily be explained by reactions between previously reported compounds, i.e. distibanes or distibane complexes with antimonido complexes (CO) 3 Fe(SbR 2 ) 2 Fe(CO) 3 . Although new products obtained from the system Fe 2 (CO) 9 / R 2 SbSbR 2 (R = alkyl) are presented here, still many questions are open and for a full understanding of this chemistry more detailed studies are required. Of particular importance in this context are studies of the behaviour of 1-3 in solution and the unambiguous characterization including crystallography of a complex of the type (CO) 3 Fe(SbR 2 ) 2 Fe(CO) 3 . With view on the present results we cannot exclude that our previously reported (CO) 3 Fe(SbEt 2 ) 2 Fe(CO) 3 was in fact complex 1. 

R 2

 2 SbSbR 2 (R = Et, n-Pr, Me 3 SiCH 2 , 2-(Me 2 NCH 2 )C 6 H 4 ) for the reactions with Fe 2 (CO) 9 and report here on novel antimony iron clusters: [(Et 2 Sb) 4 Fe 4 (CO) 14 ] (1), [(n-Pr 2 Sb) 4 Fe 3 (CO) 10 ] (2), [{(Me 3 SiCH 2 ) 2 Sb} 4 Fe 2 (CO) 6 ] (3), and [2-(Me 2 NCH 2 )C 6 H 4 SbFe 2 (CO) 8 ] (

1 and 2

 2 the stoichiometry corresponds to excess Fe 2 (CO) 9 . The formation of 4 probably results from the elimination of R 3 Sb from the corresponding distibane complex B. 1-3 are obtained as red air sensitive crystals. The colour of 4 is orange and the crystals are stable in air. The structures of 1-4 were determined by single crystal X-ray diffractommetry. They are shown in the Figures 1-4. A common feature of 1-3 is the central framework with two bridging R 2 Sb groups between Fe(CO) 3 SbR 2 fragments. In 1 and 2 the external R 2 Sb groups are coordinated to Fe(CO) 4 groups. The central Fe 2 Sb 2 ring and also the antimony atoms in the periphery lie in a plane. The four coordinate antimony atoms in the center and in the periphery of 2 and 3 have tetrahedral environments. The antimony centers of the R 2 SbFe units are pyramidal. The central iron atoms have octahedral environments with the ligands in meridional positions. The coordination of the iron atoms is trigonal bipyramidal with the antimony atoms in axial positions. The trans-annular Fe-Fe distances in 1-3 range between 3.95 and 3.99 Å. These values are much longer than Fe-Fe bonds in analogues of type C complexes like (CO) 3 Fe(AsMe 2 ) 2 Fe(CO) 3 (Fe-Fe 2.73 Å) [8] and prove the absence of bonds between the iron atoms. In contrast the transannular Sb•••Sb distances in 1-3 with values in the range 3.28 -3.29 Å correspond to relatively close interactions. They lie between the values for the sum of van der Waals radii of two antimony atoms (4.4 Å [9]) and a true Sb-Sb single bond (e.g. Me 2 Sb-SbMe 2 Sb-Sb, 2.862 (2) Å [10]).

Figure 1 .

 1 Figure 1. Molecular structure of [(Et 2 Sb) 4 Fe 4 (CO) 14 ] (1). The thermal ellipsoids are represented in 50% probability. The Hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): Fe(1)-Sb(1) 2.5577(13), Fe(1)-Sb(2) 2.5946(13), Fe(1)-Sb(1') 2.6122(15), Fe(2)-Sb(2) 2.5288(14), Sb(1)•••Sb(1') 3.2891(10), C(10)-Sb(1)-C(8) 101.9(4), Sb(1)-Fe(1)-Sb(2) 178.91(6), Sb(1)-Fe(1)-Sb(1') 79.01(4), Sb(2)-Fe(1)-Sb(1') 101.31(5), Fe(1)-Sb(1)-Fe(1') 100.99(4), Fe(1)-Sb(1)-Sb(1') 51.23(3), Fe(1')-Sb(1)-Sb(1') 49.76(3), C(14)-Sb(2)-C(12) 96.3(4), Fe(2)-Sb(2)-Fe(1) 119.56(5), Sb(2)-Fe(1)-Sb(1)-Fe(1') 178.9(1), Sb(1')-Fe(1)-Sb(1)-Fe(1') 0, Sb(1)-Fe(1)-Sb(2)-Fe(2) 7(3), Sb(1')-Fe(1)-Sb(2)-Fe(2) 99.50(5).

Figure 2 . 2 .

 22 Figure 2. Molecular structure of [(n-Pr 2 Sb) 4 Fe 3 (CO) 10 ] (2). The thermal ellipsoids are represented in 25% probability. The hydrogen atoms were omitted for clarity. Selected bond lenghts (Å) and angles (°): Fe(1)-Sb(1) 2.551(4), Fe(1)-Sb(2) 2.626(3), Fe(1)-Sb(3) 2.584(4), Fe(2)-Sb(2) 2.537(4), Fe(2)-Sb(1) 2.567(3), Fe(2)-Sb(4) 2.659(4), Fe(3)-Sb(3) 2.537(3), Sb(1)-Sb(2) 3.2848(16), Sb(1)-Fe(1)-Sb(2) 78.75(10), Sb(1)-Fe(1)-Sb(3) 177.65(14), Sb(2)-Fe(1)-Sb(3) 101.24(11), Sb(1)-Fe(2)-Sb(2) 80.13(10), Sb(2)-Fe(2)-Sb(4) 170.72(13), Sb(1)-Fe(2)-Sb(4) 90.67(11), Fe(1)-Sb(1)-Fe(2) 100.95(11), Fe(1)-Sb(1)-Sb(2) 51.64(7), Fe(2)-Sb(1)-Sb(2) 49.53(8), Fe(1)-Sb(2)-Fe(2) 99.72(10), Sb(1)-Sb(2)-Fe(2) 50.34(7), Fe(1)-Sb(2)-Sb(1) 49.60(8), Fe(3)-Sb(3)-Fe(1) 119.77(11).

Figure 3 .

 3 Figure 3. Molecular structure of [{(Me 3 SiCH 2 ) 2 Sb} 4 Fe 2 (CO) 6 ] (3). The thermal ellipsoids are represented in 30% probability. The hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): Fe(1)-Sb(1) 2.552(4), Fe(1)-Sb(1') 2.622(4), Fe(1)-Sb(2) 2.661(4), Sb(1)-Fe(1') 2.622(4), Sb(1)-C(4) 2.16(2), Sb(1)-C(8) 2.14(2), Sb(2)-C(12) 2.16(2), Sb(2)-C(16) 2.19(2), C(4)-Sb(1)-C(8) 97.9(8), C(12)-Sb(2)-C(16) 94.3(9), Fe(1)-Sb(1)-Fe(1') 99.56(12), Sb(1)-Fe(1)-Sb(2) 172.19(16), Sb(1')-Fe(1)-Sb(2) 91.92(13), Sb(1)-Fe(1)-Sb(1') 80.44(12).

  The calculated infrared spectrum of 1 contains seven signals for the valence vibrations of the Fe(CO) 3 and Fe(CO) 4 fragments. It reproduces only partially the experimental spectrum of a nujol emulsion of 1, where only six signals are visible and the intensities are different. Both spectra and a list of the IR frequencies with assignments based on the C i symmetry of 1 are presented as ESI. The assignments are based on the assumption that the calculated signal of lowest intensity is not observed in the experimental spectrum. The deviations between calculated and experimental frequencies range between 3.1 and 5.1 %. They are larger than the deviations found for Fe(CO) 5 . This is probably a consequence of the larger differences in bond lengths calculated for 1.

Figure 4 .

 4 Figure 4. Molecular structure of the isomer R N1 molecule 1 of [2-
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Experimental Section

The reactions and manipulations of the compounds were performed under an atmosphere of argon. All solvents were dried and freshly distilled prior to use. Fe 2 (CO) 9 , Et 4 Sb 2 , n-Pr 4 Sb 2 , and (Me 3 SiCH 2 ) 4 Sb 2 were prepared according to the literature [20][21][22][23][24][25]. The NMR spectra were recorded on Bruker AVANCE DPX-200 and the 1 H chemical shifts are reported in δ units (ppm) relative to the residual peak of solvent (C 6 D 5 H, 1 H, 7.15 ppm). Mass spectra were recorded on a Finnigan MAT 95 and the IR spectra were recorded from Nujol mulls on a Perkin-Elmer FT-IR SPEKTRUM 1000 spectrometer. Crystallographic data (excluding structure factors) for the structures reported in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 753157 -753160. Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax.: (internat.) + 44 1223/336-033; email: deposit@ccdc.cam.ac.uk].

[(Et 2 Sb) 4 Fe 4 (CO) 14 ] (1) 2.0 g (5.5 mmol) Et 4 Sb 2 in 20 ml n-hexane were added dropwise to 2.0 g (5.5 mmol) Fe 2 (CO) 9 in 80 ml n-hexane and the mixture was stirred at ambient temperature for 12 h. The red brown solution was filtered through a frit. The solution was concentrated at reduced pressure and kept at -28 °C when 0.9 g (49 %) red crystals of 1 (m.p. 105 -110 °C) formed. [(n-Pr 2 Sb) 4 Fe 3 (CO) 10 ] (2) 2.28 g n-Pr 4 Sb 2 (5.5 mmol) were added through a syringe to 2.0 g (5.5 mmol) Fe 2 (CO) 9 in 70 mL n-hexane. The mixture was stirred at ambient temperature for 16 h. After filtration and removal of the solvent 1.73 g (74%) of a red brown viscous liquid remained. Several air sensitive red crystals of 2 (m.p. 215 °C, dec.) formed when the liquid was kept for 3 months at -28 °C. [{(Me 3 SiCH 2 ) 2 Sb} 4 Fe 2 (CO) 6 ] (3) 0.81 g (1.37 mmol) [(Me 3 SiCH 2 ) 2 Sb] 2 in 10 mL n-hexane were added dropwise to 0.5 g (1.37 mmol) Fe 2 (CO) 9 in 50 ml n-hexane and the brown mixture was stirred 12 h at ambient temperature. After filtration and concentration at reduced pressure the remaining solution was stored at -10 °C for 1 d and 1.1 g (50 %) red crystals of 3 formed. 1 H-NMR (C 6 D 6 ): δ 0.12 (s, (CH 3 ) 3 Si), 1.9 (s, (CH 3 ) 3 Si), 0.5 -1.6 (m, CH 2 ); 0.17