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Metal Coordinated Tri-and Tetraborane Analogues
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A series of triborane and tetraborane analogues have been isolated and structurally characterized utilizing chalcogenatoborate ligands Li[BH3(EPh)] (E = S or Se). Thermolysis of [Cp*TaCl4] in the presence of Li[BH3(SPh)] afforded bimetallic tantallaheteroborane [(Cp*Ta)2(µ-η 3 :η 3 -B2H4S)(µ-η 2 :η 2 -SBH3)] (1) and hexasulfido trimetallic complex [(Cp*Ta)3(µ-S)4(µ-SPh)2] (2). Compound 1 is a fused ditantallaheteroborane, in which both di-and triborane analogues are stabilized by two tantalum atoms. In an attempt to synthesize the selenium analogues of 1 and 2, roomtemperature reaction of [Cp*TaCl4] with Li[BH3(SePh)] was carried out, which afforded bimetallic tantallaheteroborane [(Cp*Ta)2{µ-η 3 :η 3 -B3H6(SePh)}{µ-SePh}2] (3), monometallic tantallaheteroboranes [Cp*Ta(SePh)2{B4H8-n(SePh)n}] (4: n = 0, 5: n = 1), and trimetallic species [(Cp*Ta)3(µ-Se)4{µ-Se2(Se)}] (6). Compound 3 is the rarest example of triborane analogue {B3H6(SePh)} in the coordination sphere of two tantalum atoms. Whereas compounds 4 and 5 are examples of unsaturated metallaheteroboranes, in which the tetraborane analogues are stabilized in the coordination sphere of tantalum. One of the unique features of 3 and 5 is the presence of terminal B-SePh. Compound 6 has similar Ta3Se6 trisbutterfly core as that of 2 with additional bridging selenide unit. All the compounds have been characterized by NMR spectroscopy, mass spectrometry, IR spectroscopy and single-crystal X-ray diffraction studies.

10.

Introduction

Lower boranes, such as diborane, triborane, and tetraborane are very special because of their unique bonding, abnormal structure, and unusual reactivities. 1,2 Some of them have significantly been employed in many organic syntheses, such as, catalytic diboration and borylation reactions. 1b-c,2 Most of the triboranes and tetraboranes are typically isolated in ring form. 1a Interestingly, the chain forms of them are not very usual as with the increase of boron atoms they tend to form clusters. 3 However, utilizing transition metal templates these smaller boranes have been isolated both in chain and ring forms (Scheme 1). [4][5][6][7][8][9] In this connection, one suitable approach was developed by Fehlner and co-workers 10 employing cyclopentadienyl metal chlorides and monoborane reagents that led to the isolation of metal(s) coordinated smaller borane molecules. For example, recently we have isolated a classical [B2H5] -species in the coordination sphere of tantalum template. 9a Likewise, the triborane species I and II were stabilized in the coordination spheres of dicobalt and dimolybdenum, respectively. 4,5c The tetraborane IV, shown in Scheme 1, is stabilized at dichromium template. 6a-c Recently, Braunschweig, Marder, and co-workers have isolated a tetraborane species V which is stabilized at diruthenium template. 8a Apart from distinctive structural and bonding features, these metallaboranes, comprising of lower boranes, have a wide range of applications in catalysis, cyclotrimerization, borylation, etc. However, the development in this field found out to be very slow due to lack of alternative synthetic strategy and thus, search for an alternative synthetic strategy became essential. Interestingly, the progress in this field was significantly enhanced by the discovery of isolobal analogy 12 and electroncounting rules [13][14][15] that provided the basis for understanding the interrelationships among structures and compositions. Indeed, the replacement of one/two boron atoms of these smaller boranes with chalcogen atoms led to the stabilization of these species. 16,17 For example, we have recently explored the reactivity of Li[BH3(EPh)] (E = S or Se) with [Cp2VCl2] that yielded chalcogen included divanadaboranes having similar structural features with that of [B2H6] complexes. 16 On the other hand, treatment of Li[BH3(EPh)] (E = S or Se) with [CpNbCl4] yielded chalcogen incorporated triborane analogue III. 16 As a result, with an objective of isolating triborane and tetraborane analogues, we have explored the chemistry of [Cp*TaCl4] with chalcogen containing ligands, Li[BH3(EPh)] (E = S or Se) under diverse reaction conditions. Herein, in this article, we report the synthesis and characterization of several tantallaheteroboranes, which are analogues of triborane and tetraborane species.

Results and Discussion

Reactivity of [Cp*TaCl4] with Li[BH3(EPh)] (E = S or Se).

In an attempt to synthesis smaller boranes in the coordination sphere of tantalum, the reaction of [Cp*TaCl4] with four equivalents of Li[BH3(SPh)] was carried out at elevated conditions. The reaction afforded fused ditantallaheteroborane 1 (9% yield, Rf = 0.89) and fused trimetallic hexa-sulfido complex 2 (10% yield, Rf = 0.62) (Scheme 2). When the reaction was carried out with Li[BH3(SePh)] at room-temperature, it yielded ditantallaheteroborane 3 (12% yield, Rf = 0.28), monometallic tantallaheteroboranes 4 (20% yield, Rf = 0.34) and 5 (8% yield, Rf = 0.32), and fused trimetallic heptaselenido complex 6 (10% yield, Rf = 0.24) (Scheme 2). The formation of these metallaheteroboranes and chalcogen-ligated metal complexes is the concurrence of several reactions in one pot that vary from the binding of the anionic ligands, salt elimination, B-B formation, BH3-EPh cleavage, etc. The detailed characterizations of these molecules are described below.

Ditantallaheteroborane 1. Compound 1 was isolated as yellow solid in 9% yield. The 11 B{ 1 H} NMR of 1 exhibits three resonances, appeared at δ = 31.8, -12.0, and -22.6 ppm with equal intensity. The peaks in the negative region indicate boron attached to electronegative sulfur atom. The resonance at δ = 2.09 ppm in the 1 H NMR spectrum suggests the existence of one kind of Cp* environment. Further, the 1 H NMR spectrum of 1 displays peaks at δ = -7.99 and -10.19 ppm, which indicate the presence of bridging Ta-H-B protons. The mass spectrum of 1 displays a molecular ion peak at m/z 753.1644 [(M-H) + NH4] + . All these spectroscopic data were not enough to reveal the structure of 1. As a result, we have carried out a single-crystal Xray analysis on a suitable crystal of compound 1.

The solid-state X-ray structure of 1, shown in Figure S1, evidently shows the core geometry as an edge-fused tantallaheteroborane [(Cp*Ta)2(µ-η 3 :η 3 -B2H4S)(µ-η 2 :η 2 -SBH3)]. The spectroscopic data nicely corroborate with the solid-state structure of 1. For example, the 11 B{ 1 H} chemical shifts of 1 for the sulfur-connected boron atoms appeared in the upfield region. The 11 B{ 1 H} resonances of 1 at δ = 31.8, -12.0, and -22.6 ppm are assigned to B1, B2, and B3, respectively, by means of calculated 11 B NMR. [START_REF]The calculated 11 B chemical shifts of 3 appeared at δ = 23[END_REF] The Ta-Ta bond distance of 2.763(6) Å in 1 is significantly shorter as compared to the Ta-Ta bond distances of [(TaCp*)3(μ3-S)3(μ-S)3B(SH)] [START_REF] Kar | [END_REF] (c.a. 3.106 Å) and [(TaCp*)2(μ-H)(B2H5) (SCH2S)2] 9a (3.2903(8) Å). However, it is comparable with those of [(TaCp*)2(μ-Se){B3H6(SePh)}] 16 (2.815(1) Å) and [(Cp*TaBr)2(B2H6)] 20 (2.83 Å). Further, the WBI 21 value of 0.85 for Ta-Ta bond along with the contour line diagram 22 of Laplacian of electron density of 1 support a strong Ta-Ta bonding interaction (Figure 1b). As shown in Figure S1, the geometry of 1 can be considered as the fusion of two clusters, trigonal bipyramidal {Ta2B2S} and tetrahedron {Ta2BS}. The {Ta2B2S} fragment of cluster 1 has trigonal bipyramidal geometry, which is structurally identical to [{NbCp(EPh)}2{B2H4E}] 16 (E = S or Se) and [(Cp*MoCl)2 B3H7]. 4 The other part of cluster 1, i.e., tetrahedron {Ta2BS}, has similar structural features as that of diborane(6) species in bimetallic template. Therefore, compound 1 can also be viewed as a fused cluster where the triborane analogue and diborane analogue are stabilized in a ditantalum coordination sphere. 10.1002/ejic.202100687
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European Journal of Inorganic Chemistry Triborane analogue 3. Compound 3 was isolated as purple solid in 12% yield. The 11 B{ 1 H} NMR spectrum of 3 shows three equivalents chemical shifts at δ = 24.5, 17.2, and 11.3 ppm. The 1 H chemical shift at δ = 2.20 ppm suggests the existence of one kind of Cp* protons, which is further confirmed by 13 C{ 1 H} NMR. Further, the 1 H NMR spectrum shows peaks at δ = -7.00 and -7.76 ppm with a ratio of 2:2 that indicates the existence of four Ta-H-B bridging protons. The 1 H{ 11 B} NMR spectrum shows peaks at δ = 6.38 and 6.07 ppm with a 1:1 ratio, which may be due to the terminal B-H protons. The mass spectrum of 3 displays a molecular ion peak at m/z 1140.0769 [M] + . All these spectroscopic data were not adequate to predict the identity of 3 until a single-crystal X-ray diffraction analysis was carried out.

The solid-state X-ray structure of 3 displays a bimetallic metallaheteroborane [(TaCp*)2{µ-η 3 :η 3 -B3H6(SePh)}{µ-SePh}2] (Figure 2). The geometry of 3 is trigonal bipyramidal, in which one of the boron atoms and two tantalum atoms are in the equatorial positions, whereas the other two boron atoms are in the axial positions. The Ta-Ta bond is bridged by two {SePh} ligands and is slightly longer (2.7917(4) Å) than that of 1. Further, the contour line map along the Ta1-Ta2-Se2 plane of 3 presents BCP and the bond path between Ta centers (Figure S27). The WBI of 0.83 between the Ta centers of 3 additionally supports the presence of strong Ta-Ta bonding interaction. The tantalum centers of 3 are at +4 oxidation state. On the other hand, the av. B-B bond distance of 3 (1.66 Å) is somewhat shorter than the B-B bond distances in other metallaboranes and metallaheteroboranes. 9a,16 In order to assign the boron atoms, we have calculated 11 B NMR chemical shifts for 3. The calculated chemical shifts at δ = 17.7, 12.2, and 7.8 ppm correspond to B2, B3, and B1, respectively, that corroborate with the experimental 11 B{ 1 H} NMR with an error range of 3.5-7 ppm. One of the key features of 3 is the activation of one of the B-H bonds and the formation of the B-Se bond.

Besides the existence of B3H8-metal complexes, the number of structurally characterized triboranes at the coordination sphere of metals is very limited. 4,5 Compound 3 can be viewed as the triborane analogue stabilized in the coordination sphere of two tantalum atoms and is one of the potential entries to the limited series of transition metal coordinated triboranes. The 4), Ta1-B2 2.392( 7), Ta1-B3 2.429( 7), Ta2-B2 2.397( 7), Ta2-B1 2.423( 7), Ta2-Se2 2.7064(6), B1-B2 1.654(10), Se3-B2 2.024( 7); Ta2-Se2-Ta1 62.012( 15), Ta2-B1-Ta1 70.09( 18), B1-B2-B3 132.5(6).

Electronic structure analyses of 1 and 3. As bimetallic 1 comprises of diborane and triborane analogues and bimetallic 3 consists triborane analogues, a theoretical investigation of their electronic structure and bonding became necessary. Computational analyses of 3 show a large HOMO-LUMO gap for 1 (3.509 eV) than that of 3 (3.037 eV). The HOMO-1 of both 1 (Figure 1b) and 3 (Figure 3b) depict the d orbital overlap of two Ta centers, which along with WBI and contour line diagram of Laplacian of electron density (Figures 1b andS27) support the strong Ta-Ta bonding in 1 and 3. The contour map of 1 perpendicular to Ta1-Ta2 bond (Figure 1c) shows BCPs and the bond path between B1-B2 and B2-S1 (represent triborane analogue) and between B3-S2 (represent diborane analogue). The contour map of 3 along B1-B2-B3 plane represents BCPs and the bond path between all these boron centers, which represent triborane analogue (Figure 3c). Further, the HOMO of 3 signifies the delocalized orbitals over one of the Ta-B-Ta bonds and localized p orbital on the Se atom of B-Se bond (Figure 3a). The NBO analysis 23 of 1 and 3 shows that all the boron and tantalum centers have negative natural charges, whereas all the sulfur atoms (for 1) and selenium atoms (for 3) have positive natural charges (Table S1). The natural charge analysis and natural valence population analysis of 1 and 3 indicate that the tantalum and boron centers are acting as acceptors, whereas sulfur/selenium atoms are behaving as donors.

10.1002/ejic.202100687
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European Journal of Inorganic Chemistry Tetraborane analogues, 4 and 5. Compounds 4 and 5 were isolated as yellow solids in 20% and 8% yields, respectively. The 1 H NMR of 4 and 5 show one Cp* environment at δ = 2.02 and 1.98 ppm, respectively. In addition, compound 4 show three 1 H chemical shifts in the negative region at δ = -0.28, -2.03, and -3.04 ppm with 2:2:2 ratio, which may correspond to terminal B-H, bridging B-H-B or Ta-H-B hydrogens, respectively. In addition, 1 H{ 11 B} spectrum of 4 show two chemical shifts at δ = 3.12 and 4.2 ppm, which may correspond to terminal B-H. Whereas compound 5 shows two additional chemical shifts at δ = -0.90, and -2.62 ppm with 2:2 ratio, which correspond to bridging B-H-B or Ta-H-B hydrogens. The 11 B{ 1 H} NMR of 4 and 5 show three resonances at δ = 7.9, 3.3, and -2.8 ppm; and δ = 11.4, 5.0, and -5.2 ppm, respectively with 2:1:1 ratio. The mass spectrum of 4 displays a molecular ion peak at m/z 566.1468 [(M-SePh) + CH3CN] + . However, these spectroscopic data were not enough to identify the core geometry of 4 and 5.

Therefore, we have performed the single-crystal X-ray diffraction analysis on the suitable crystal of 4 and 5. As presented in Figure 4 S1). This may be due to the higher electronegativity of Cl compared to that of Se. Thus, we believe that the Ta in 4 and 5 acts as an acceptor, whereas it is a donor in [Cp*TaCl2{B4H8}]. 18), Ta2-Se3 2.5870 (19), B7-B8 1.84(3), B6-B8 1.75(3); B8-B7-Ta2 98.6(10), B5-Ta2-B7 62.8( 7), B5-B8-B7-93.8(13); 5: Ta1-B1 2.508(11), Ta1-B2 2.277( 12), Ta1-Se1 2.5499(11), Ta1-Se2 2.5608(10), B1-B2 1.723( 16), B2-B3 1.663( 16), B2-B4 1.689( 16), B4-Se3 1.969(11); B3-Ta1-B1 63.7( 4), B2-B1-B4 57.5(6), B3-B2-B4 64.3 (7), B3-B2-B1 102.1(8), B1-B2-Ta1 76.3(6).
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European Journal of Inorganic Chemistry Trimetallic polychalcogenide, 2 and 6. Both complexes 2 and 6 were isolated as green solids. The 1 H NMR spectrum of 2 shows peaks at δ = 2.24, and 2.11 ppm in 2:1 ratio. On the other hand, the 1 H NMR spectrum of 6 shows chemical shifts at δ = 2.34, and 2.24 ppm in 2:1 ratio. The 1 H NMR of 2 and 6 reveal the presence of dissimilar Cp* protons, which is further confirmed by 13 C{ 1 H} NMR spectra. Although all their spectroscopic data have similar pattern, 1 H NMR spectrum of 2 has peaks in the phenyl region. The mass spectra of 2 and 6 show molecular ion peaks at m/z 1294.1066 [M] + , and 1502.6188 [M+H] + , respectively. All the spectroscopic data were not adequate to envisage the identity of 2 and 6. A clear explanation eluded us until the solid-state X-ray structure analysis of 2 and 6 were carried out. The solid-state X-ray structures of 2 and 6, shown in Figure 6, show that both the molecules are consist of a Ta3 triangular core that can be viewed as fused trisbutterfly. In the case of 2, four monosulfide and two {SPh} ligands bridged the edges of the Ta3-triangular framework. Whereas four monoselenide and one triselenide ligand bridged the edges of the triangular Ta3 framework of 6. One of the interesting features of 6 is the existence of an extra selenide unit above the Ta3Se6 core. This additional selenide unit is not coordinated to any metal, instead bonded to two of the selenium atoms of fused trisbutterfly Ta3Se6 core. Two of the Ta-Ta bond distances in both 2 and 6 differ significantly from the other one. Although the observed Ta1-Ta1 distance of 2 (2.9622( 15) Å) and Ta2-Ta2 distance of 6 (3.0865( 19) Å) are consistent with normal Ta-Ta bond length, Ta1-Ta2 bond lengths of 2 (3.2192( 12) Å) and 6 (3.3311(15) Å) are slightly higher. [START_REF] Kar | [END_REF]24 This may be due to the presence of phenyl rings and an additional selenide group in 2 and 6, respectively.

Table 1. Selected structural parameters of trimetallic polychalcogenide complexes of group 5 metals.

Compounds

Av. dM-M (in Å) [a] Av. dM-E (in Å) [b] Ref. Note that there are few examples of these types of fused trisbutterfly complexes in the literature (Table 1). 24,25 For example, recently utilizing Li[BH2Se3] we have isolated the polychalcogenide trimetallic complexes having Ta3Se6 and Ta3Se8 core. But the earlier attempts to isolate their S analogues utilizing Li[BH2S3] were failed. Now, utilizing phenyl incorporated chalcogenatoborate ligand Li[BH3(SPh)], we are able to isolate the Ta3S6 core (2). On the other hand, heptaselenide 6 is the only example of its type after [Cp + Nb3S7] (Cp + = C5Me4Et). 25 The MO analysis shows that HOMO-LUMO energy gaps of 2 (2.48 eV), and 6 (2.50 eV) are quite higher. Both the HOMOs of 2 and 6 show that d orbitals of each Ta atoms are overlapped with each other and delocalized to form the Ta3 triangular skeleton (Figures S30a andS30b). Also, we have checked the Laplacian plot of electron density along the Se1-Se3-Se1 plane of 6, which displayed BCPs and bond path between all these Se atoms (Figure S30c).

UV-vis absorption studies of complexes 1-6. The UV-vis absorption spectroscopy was very helpful to modulate the optical properties of complexes 1-6. The UV-vis spectra of them reveal multiple bands around 280-700 nm (Fig. 7). The high-energy absorption bands around 280-290 nm point out the π-π* transition of Cp* ligands, and that is characteristic of most of the Cp* based-metal complexes. The low-energy bands around 311-627 nm have been assigned to charge transfer bands. In order to get information about the electronic transitions, time-dependent DFT calculations were carried out (Figures S31-S42 and Tables S2-S7). The molecular orbitals related to the most intense electronic transitions of 1-6 are shown in Fig. S37-S42. The absorption bands around 311-420 nm of complexes 1-6 may correspond to the intramolecular MLCT transitions. In complexes 1, 3, 4, and 5, the absorptions around 445-495 nm may be assigned to the electronic transitions corresponding to HOMOLUMO. The HOMOs of 1, 3, 4, and 5 are mostly centred on ligands and the LUMOs are localized on d orbitals of Ta with very little contribution from ligand. The absorptions around 445-495 nm, obtained from TD-DFT calculations, may be assigned to intramolecular LMCT transitions. The low-intensity absorptions near 603 and 627 nm for complexes 2 and 6, respectively, may be due to intramolecular LMCT transitions. They correspond to HOMO-1LUMO transition in which the HOMO-1 is largely localized on the chalcogen atoms S and Se for complexes 2 and 6, respectively. Both the LUMOs are centered on the d orbitals of Ta with very little contribution from the ligand.

Conclusion

In summary, we have synthesized and structurally characterized several tantallaheteroborane species, which can be viewed as the result of heteroborane fragment "growth" around a Ta-Ta bond. For example, triborane analogue and diborane analogue are stabilized around the Ta-Ta bond in 1. In 3, triborane analogue stabilized around Ta-Ta bond. On the other hand, tetraborane analogues are stabilized in the coordination sphere of Ta. Thus, the isolation and characterization of these unique metallaheteroborane species established a new methodology for the stabilization of diborane, triborane, and tetraborane type species utilizing metal coordination spheres. Further, the theoretical studies revealed that tetraborane species 4 and 5 have reactive Se centers, which can undergo coordination/cluster growth reaction. The reactivity study with metal carbonyls and alkynes is underway.

Experimental Section

General Procedures and Instrumentation. All syntheses were carried out in flame-dried glassware under an argon atmosphere using conventional glovebox or standard schlenk line techniques. Solvents were distilled underneath of Ar atmosphere using standard methods.

[Cp*TaCl4] 26 and Li[BH3(EPh)] 27,28 (E = S and Se) were synthesized according to the literature methods, while other commercial reagents such as [LiBH4•THF], Ph2S2, Ph2Se2 powder were used as received (Aldrich) without further purification. The reaction mixture was separated into pure compounds using thin layer chromatographic techniques on 250-µm diameter aluminum supported silica gel TLC plates (MERCK TLC Plates). Note that the reactions, extractions, and work-up were done under Ar-atmosphere, and during all these processes properly distilled solvents were used. In particular, we have done separation using TLC plates inside beakers which were filled with Ar before and after filling with eluting solvents. All the NMR spectra were recorded on Bruker 400 MHz and Bruker 500 MHz FT-NMR spectrometers. 1 H and 13 C{ 1 H} shifts are referenced to residual 1 H and 13 C{ 1 H} signals in the deuterated solvent, while 11 B{ 1 H} resonance is referenced to the external standard of a sealed tube that contained [Bu4N(B3H8)] in [D6] benzene (δB = -30.07 ppm). 29 Infrared spectra were recorded on a PerkinElmer Spectrum 400 FT-IR spectrometer. ESI mass spectra were acquired on a Bruker MicroTOF-II mass spectrometer. UV-vis absorption spectra were recorded on a Thermo Scientific (Evolution 300) UV-vis spectrometer. Note that, because of low yields and higher sensitivity, elemental analysis of the compounds could not be performed. The solvent was removed in vacuo, and the residue was extracted with n-hexane and filtered through a frit using 3 cm of celite. After removing the solvent from the filtrate, the crude materials were subjected to chromatographic work-up on TLC plates (20% CH2Cl2 in hexane) which yielded yellow 1 (0.015 g, 9%) and green 2 (0.019 g, 10%). The reaction mixture was allowed to come to room temperature over 1 hour under the stirring condition and continued for 24 h. The solvent was removed in vacuo, and the residue was extracted with n-hexane and filtered through 3 cm of celite. After removal of the solvent from the filtrate, the crude materials were subjected to chromatographic work-up on TLC plates (20% CH2Cl2 in hexane which yielded purple 3 (0.030 g, 12%), yellow 4 (0.059 g, 20%), yellow 5 (0.029 g, 8%), and green 6 (0.022 g, 10%). X-ray Structure Determination. Crystal data for 1 was obtained using Bruker AXS Kappa APEX-II CCD diffractometer with graphitemonochromated MoKα (λ = 0.71073 Å) radiation at 150 K. The crystal data for 2, and 4-6 were collected and integrated Bruker AXS Kappa APEX-III CCD diffractometer with graphite-monochromated MoKα (λ = 0.71073 Å) radiation at 296 K. The crystal data for 3 was collected and integrated using a D8 VENTURE Bruker AXS diffractometer with graphite-monochromated MoKα (λ = 0.71073 Å) radiation at 150 K. The structures were solved by heavy atom methods using SHELXS-97 or SIR92 [START_REF] Sheldrick | SHELXS-97[END_REF] and refined using SHELXL-2018. [START_REF] Sheldrick | [END_REF] Olex2 is utilized to draw the structures. 32 Crystallographic data have been deposited with the Cambridge Crystallographic Data Center as supplementary publication no. 2008774 (1), 2082990 (2), 1914732 (3), 2083518 (4), 2045971 (5), and2082991 (6). These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif. Computational Details. All molecules were fully optimized using b3lyp functional 33 in conjunction with the 6-31g(d)-sdd basis set using the Gaussian 09 [START_REF] Frisch | Gaussian 09, Revision C.01[END_REF] program. For the optimization of all molecules, multiplicity = 1 is considered. All compounds were fully optimized in gaseous state using their X-ray crystallographic coordinates. NBO analyses were carried out with the NBO partitioning scheme 24 as employed in the Gaussian 09. Note that significant algorithmic differences between NBO3 and NBO5 are particularly apparent in details of natural population analysis for transition metals and rare-earth species. [START_REF] Weinhold | Discovering Chemistry with Natural Bond Orbitals[END_REF] Wiberg bond indexes (WBI) 22 were obtained on NBO analysis. The QTAIM analysis 23 was performed utilizing Multiwfn V.3.6 package. [START_REF] Lu | [END_REF] The 11 B NMR chemical shifts were calculated with respect to B2H6 (B3LYP B shielding constant 93.5 ppm) and converted to the usual [BF3.OEt2] scale using the experimental 11 B chemical shift of B2H6, 16.6 ppm. All the optimized structures and orbital graphics were produced using the Gaussview 37 and Chemcraft [START_REF] Zhurko | [END_REF] .

Synthesis of [(
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Scheme 1 .

 1 Scheme 1. Various types of metal-coordinated tri-and tetraboranes (For clarity, two µ-EPh units attached to Nb-Nb bond are omitted in III; VI: Dur = 2,3,5,6-tetramethylphenyl).

  Scheme 2. Syntheses of ditantallaheteroboranes (1 and 3), tantallaheteroboranes (4 and 5) and trimetallic polychalcogenide complexes (2 and 6).

Figure 1 .

 1 Figure 1. (a) HOMO-1 of 1 depicts Ta-Ta bonding interaction; (b) and (c) Contour line diagrams of the Laplacian of electron density along the Ta1-S2-Ta2 and a plane perpendicular to Ta1-Ta2 bond planes of 1, respectively.

  [Ta2B3] core of 3 possesses trigonal bipyramidal geometry, which is geometrically identical to that of electronically unsaturated transition metal coordinated triborane species [(Cp*MoCl)2B3H7]. 4 Although several M2B3 cores are known with open geometry, to the best of our knowledge 3 is the second example with closo-geometry after [(Cp*MoCl)2B3H7]. According to Wade's skeleton electron counting rule, 13 the number of skeletal electron pairs (SEP) required for the trigonal bipyramid is six (CVE = 42). Compound 3 has six skeletal electron pairs (CVE = 42); thus, it is electronically saturated.

Figure 2 .

 2 Figure 2. Molecular structure of 3. Note that hydrogen atoms of phenyls are not shown for clarity. Selected bond lengths (Å) and angles (°) of 3: Ta1-Ta2 2.7917(4), Ta1-B2 2.392(7), Ta1-B3 2.429(7), Ta2-B2 2.397(7), Ta2-B1 2.423(7), Ta2-Se2 2.7064(6), B1-B2 1.654(10), Se3-B2 2.024(7); Ta2-Se2-Ta1 62.012(15), Ta2-B1-Ta1 70.09(18), B1-B2-B3 132.5(6).

Figure 3 .

 3 Figure 3. (a) HOMO and (b) HOMO-1 of 3; (c) Contour line diagram of the Laplacian of electron density of 3 along the B1-B2-B3 plane of 3.

  , the solid-state X-ray analysis reveals compound 4 as [Cp*Ta(SePh)2{B4H8}] and compound 5 as [Cp*Ta(SePh)2{B4H7(SePh)}]. Compounds 4 and 5 can be viewed as tetraborane analogues stabilized in the coordination sphere of one tantalum that represent a square pyramidal TaB4 core, where the tantalum atoms are attached to Cp* and two {SePh} ligands. The only difference between 4 and 5 is the presence of terminal B-SePh in 4. Both 4 and 5 have 6 SEPs (CVE = 32), however, the square pyramid core needs 7 SEPs for electronic saturation. Thus, compounds 4 and 5 can be viewed as electronically unsaturated species, isoelectronic with earlier reported [Cp*TaCl2{B4H8}]. 7 In 4 and 5, and [Cp*TaCl2{B4H8}], the tantalum atoms are at +5 oxidation state. Although there are many examples of tetraborane stabilized in the coordination sphere of two metals, 6,9a monometal stabilized tetraborane species are very few. To investigate the effect of substitution of Cl by {SePh} ligand, we have carried out computational analyses of [Cp*TaCl2{B4H8}], 4, and 5. The HOMO-LUMO energy gap for 4 (3.49 eV) and 5 (2.98 eV) are smaller as compared to that of [Cp*TaCl2{B4H8}] (4.12 eV) (Figure 5). The MO analyses reveal that HOMO of 4 is localized on the Se atom (p orbital) of SePh unit attached to the metal center, whereas the HOMO of 5 is centered on the SePh unit attached to boron. On the other hand, the LUMOs of 4 and 5 are mostly centered on tantalum atom (dorbital) along with a little contribution from the Se atom (p orbital) of SePh unit attached with the metal center. The NBO analysis shows that the tantalum atom has a negative natural charge in 4 and 5, and it is positive in [Cp*TaCl2{B4H8}] (Table

Figure 4 .

 4 Figure 4. Molecular structure of 4 (left) and 5 (right). Selected bond lengths (Å) and angles (°) of 4: Ta2-B5 2.47(2), Ta2-B6 2.296(18), Ta2-Se3 2.5870(19), B7-B8 1.84(3), B6-B8 1.75(3); B8-B7-Ta2 98.6(10), B5-Ta2-B7 62.8(7), B5-B8-B7-93.8(13); 5: Ta1-B1 2.508(11), Ta1-B2 2.277(12), Ta1-Se1 2.5499(11), Ta1-Se2 2.5608(10), B1-B2 1.723(16), B2-B3 1.663(16), B2-B4 1.689(16), B4-Se3 1.969(11); B3-Ta1-B1 63.7(4), B2-B1-B4 57.5(6), B3-B2-B4 64.3(7), B3-B2-B1 102.1(8), B1-B2-Ta1 76.3(6).

Figure 5 .

 5 Figure 5. Frontier molecular orbitals of [Cp*TaCl2{B4H8}], 4, and 5.

Figure 6 .

 6 Figure 6. Molecular structure of 2 (left) and 6 (right). Note that Cp* and hydrogens of phenyl groups are not shown for clarity. Selected bond lengths (Å) and angles (°) of 2: Ta1-Ta1 2.9622(15), Ta1-Ta2 3.2192(12), S1-Ta1 2.427(4), S2-Ta1 2.628(4), S3-Ta1 2.427(4); Ta2-S1-Ta1 84.26(15), Ta2-S2-Ta1 77.24(12); 6: Ta1-Ta2 3.3311(15), Ta2-Ta2 3.0865(19), Se1-Ta1 2.632(3), Se2-Ta1 2.463(2), Se1-Se3 2.385(4);Se3-Se1-Ta1 95.83(11) 

Figure 7 .

 7 Figure 7. Combined UV-vis spectra of 1-6 in CH2Cl2.

  In a flame-dried 50 mL Schlenk tube under Ar atmosphere, a toluene solution of [Cp*TaCl4] (0.200 g, 0.44 mmol, in 20 mL) was chilled to -78 ºC. Then a freshly prepared toluene solution of Li[BH3SPh] (4 equivalents, in 15 mL) was transferred to it through a cannula. The reaction mixture was allowed to come to room temperature over 1 hour under the stirring condition and refluxed at 80 °C for 24 h.

1:

  MS (ESI + ): m/z calculated for [(C20H37B3S2Ta2-H) + NH4] + : 753.1852, found: 753.1644. 11 B{ 1 H} NMR (160 MHz, [d8]-toluene, 22 °C): δ (ppm) = 31.8 (br, 1B), -12.0 (br, 1B), -22.6 (br, 1B); 1 H NMR (500 MHz, C6D6, 22 °C): δ (ppm) = 6.96 (br, B-Ht), 2.09 (s, 30H; 2×Cp*), -7.99 (d, 2H, Ta-H-B), -10.19 (d, 2H, Ta-H-B); 1 H{ 11 B} NMR (500 MHz, [d8]-toluene, 22 °C): δ (ppm) = 6.81 (s, 1H, B-Ht), 2.08 (s, 30H; 2×Cp*), 0.019 (s, 1H, 10.1002/ejic.202100687 Accepted Manuscript European Journal of Inorganic Chemistry B-Ht), 0.006 (s, 1H, B-Ht), -8.12 (d, 2H, Ta-H-B), -10.30 (d, 2H, Ta-H-B); 13 C{ 1 H} NMR (125 MHz, C6D6, 22 °C): δ (ppm) = 110.1 (s, C5Me5), 13.6 (s, C5Me5); IR (dichloromethane, cm -1 ): ṽ = 2453 (B-Ht); UV-Vis [CH2Cl2, λ, nm]: 343, 451. 2: MS (ESI + ): m/z calculated for [(C42H55S6Ta3)] + : 1294.1068, found: 1294.1066. 1 H NMR (500 MHz, C6D6, 22 °C): δ (ppm) = 6.87-6.86 (m, Ph), 2.24 (s, 30H; 2×Cp*), 2.11 (s, 15H; 1×Cp*); 13 C{ 1 H} NMR (125 MHz, C6D6, 22 °C): δ (ppm) = 136.9-126.8 (s, Ph), 119.1, 115.4 (s, C5Me5), 13.4, 13.2 (s, C5Me5); UV-Vis [CH2Cl2, λ, nm]: 311, 353, 420, 494, 603. In a flame-dried 50 mL Schlenk tube under Ar atmosphere, a toluene solution of [Cp*TaCl4] (0.200 g, 0.44 mmol, in 20 mL) was chilled to -78 ºC. Then a freshly prepared toluene solution of Li[BH3SePh] (4 equivalents, in 15 mL) was transferred to it via cannula.

3 : 4 :

 34 MS (ESI + ): m/z calculated for [C38H51Ta2B3Se3] + : 1140.0771, found: 1140.0769. 11 B{ 1 H} NMR (160 MHz, CDCl3, 22 °C): δ (ppm) = 24.5 (br, 1B), 17.2 (br, 1B), 11.3 (br, 1B); 1 H NMR (500 MHz, C6D6, 22 °C): δ (ppm) = 7.96-6.98 (m, Ph), 2.20 (s, 30H; 2×Cp*), -7.00 (s, 2H, Ta-H-B), -7.76 (s, 2H, Ta-H-B); 1 H{ 11 B} NMR (500 MHz, C6D6, 22 °C): δ (ppm) = 7.53-7.09 (m, Ph), 6.38 (t, 1H, B-Ht), 6.07 (t, 1H, B-Ht), 2.28 (s, 30H; 2×Cp*), -7.24 (s, 2H, Ta-H-B), -8.09 (s, 2H, Ta-H-B); 13 C{ 1 H} NMR (125 MHz, C6D6, 22 °C): δ (ppm) = 137.4-125.7 (s, Ph), 110.5 (s, C5Me5), 13.9 (s, C5Me5); IR (dichloromethane, cm -1 ): ṽ = 2448 (B-Ht); UV-Vis [CH2Cl2, λ, nm]: 335, 495. MS (ESI + ): m/z calculated for [(C22H33TaB4Se2 -SePh) + CH3CN] + : 566.1491, found: 566.1468. 11 B{ 1 H} NMR (160 MHz, C6D6, 22 °C): δ (ppm) = 7.9 (br, 1B), 3.3 (br, 1B), -2.8 (br, 2B); 1 H NMR (500 MHz, C6D6, 22 °C): δ (ppm) = 7.99-6.85 (m, Ph), 4.37 (br, B-Ht), 3.13 (br, B-Ht), 2.02 (s, 15H; 1×Cp*), -0.28 (s, 2H, B-Ht), -2.03 (s, 2H, B-H-B), -3.04 (s, 2H, Ta-H-B); 1 H{ 11 B} NMR (500 MHz, C6D6, 22 °C): δ (ppm) = 7.98-6.85 (m, Ph), 4.20 (s, 1H, B-Ht), 3.12 (s, 1H, B-Ht), 2.02 (s, 15H; 1×Cp*), -0.28 (s, 2H, B-Ht), -2.03 (s, 2H, B-H-B), -3.04 (s, 2H, Ta-H-B); 13 C{ 1 H} NMR (125 MHz, C6D6, 22 °C): δ (ppm) = 131.8-127.9 (s, Ph), 118.1 (s, C5Me5), 12.5 (s, C5Me5); IR (dichloromethane, cm -1 ): ṽ = 2548, 2442 (B-Ht); UV-Vis [CH2Cl2, λ, nm]: 372, 495. 5: 11 B{ 1 H} NMR (160 MHz, CDCl3, 22 °C): δ (ppm) = 11.4 (br, 2B), 5.0 (br, 1B), -5.2 (br, 1B); 1 H NMR (500 MHz, C6D6, 22 °C): δ (ppm) = 7.92-6.87 (m, Ph), 3.59 (br, B-Ht), 3.49 (s, B-Ht), 1.98 (s, 15H; 1×Cp*), -0.90 (s, 2H, B-H-B), -2.62 (s, 2H, Ta-H-B); 13 C{ 1 H} NMR (125 MHz, C6D6, 22 °C): δ (ppm) = 137.6-125.4 (s, Ph), 118.3 (s, C5Me5), 12.2 (s, C5Me5); IR (dichloromethane, cm -1 ): ṽ = 2545, 2440 (B-Ht); UV-Vis [CH2Cl2, λ, nm]: 381, 445. 6: MS (ESI + ): m/z calculated for [(C30H45Se7Ta3) + H] + : 1502.6247, found: 1502.6188. 1 H NMR (500 MHz, C6D6, 22 °C): δ (ppm) = 2.34 (s, 30H; 2×Cp*), 2.24 (s, 15H; 1×Cp*); 13 C{ 1 H} NMR (125 MHz, C6D6, 22 °C): δ (ppm) = 117.1, 114.3 (s, C5Me5), 14.9, 14.6 (s, C5Me5); UV-Vis [CH2Cl2, λ, nm]: 325, 374, 400, 627.

1:

  C20H37B3S2Ta2, Mr = 735.94, triclinic, space group P-1, a = 9.4502(9) Å, b =11.3156(10) Å, c = 12.0193(12) Å, α = 71.843(3)°, β = 88.776(4)°, γ = 85.061(3)°, V = 1216.7(2) Å 3 , Z = 2, ρcalc = 2.009 g/cm3, μ = 9.162 mm -1 , F(000) = 700.0, R1 = 0.0275, wR2 = 0.0563, 5527 independent reflections [2θ ≤ 54.968°] and 564 parameters. 2: C43H57Cl2S6Ta3, Mr = 1379.99, tetragonal, space group P42/n, a = 12.0855(16) Å, b =12.0855(16) Å, c = 30.920(4) Å, α = β = γ = 90°, V = 4516.2(13) Å 3 , Z = 4, ρcalc = 2.030 g/cm3, μ = 7.677 mm -1 , F(000) = 2656.0, R1 = 0.0768, wR2 = 0.1761, 3987 independent reflections [2θ ≤ 49.990°] and 315 parameters.

3 : 4 :

 34 C38H49B3Se3Ta2, Mr = 1136.98, monoclinic, space group P21/c, a = 20.0953(16) Å, b = 9.9318(7) Å, c = 19.6758(16), α = 90°, β = 105.574(3), γ = 90°, V = 3782.8(5)Å 3 , Z = 4, ρcalc =1.996 g/cm 3 , μ = 8.694mm -1 , F(000) = 2160.0, R1= 0.0364, wR2 = 0.0809, 8651 independent reflections [2θ ≤ 55.014°] and 311parameters C22H33B4Se2Ta, Mr = 679.59, monoclinic, space group P21/c, a = 9.7935(15) Å, b = 18.224(3) Å, c = 28.933(6) Å, α = 90.000(5)°, β = 90.02(2)°, γ = 90°, V = 5163.9(16) Å 3 , Z = 8, ρcalc = 1.748 g/cm 3 , μ = 7.083 mm -1 , F(000) = 2608.0, R1 = 0.0525, wR2 = 0.0914, 9094 independent reflections [2θ ≤ 50.074°] and 677 parameters 5: C28H37B4Se3Ta, Mr = 834.64, orthorhombic, space group Pbca, a = 20.3246(13) Å, b = 14.8799(8) Å, c = 20.6315(13) Å, α = β = γ = 90°, V = 6239.5(7) Å 3 , Z = 8, ρcalc = 1.777 g/cm 3 , μ = 7.039 mm -1 , F(000) = 3200.0, R1 = 0.0392, wR2 = 0.0650, 5493 independent reflections [2θ ≤ 49.998°] and 353 parameters. 6: C31.30H47.60Cl2.60Se7Ta3, Mr = 1611.42, orthorhombic, space group Pnma, a = 16.827(2) Å, b = 16.111(2) Å, c = 15.2247(19) Å, α = β = γ = 90°, V = 4127.6(9) Å 3 , Z = 4, ρcalc = 2.593 g/cm 3 , μ = 14.296 mm -1 , F(000) = 2946.0, R1 = 0.0828, wR2 = 0.1579, 3764 independent reflections [2θ ≤ 49.998°] and 252 parameters.
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