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Chemistry of Triple-Decker Sandwich Complexes Containing Four-Membered Open B 2 E 2 Ring (E = S or Se)
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Building upon our earlier studies on cobaltaheteroboranes, we explored the chemistry with heavier group 9 metals. Reaction of [Cp*M(µ-Cl)Clx]2 (Cp* = ɳ 5 -C5Me5; M = Co, x = 0; M = Rh or Ir, x = 1) with [LiBH4•THF] followed by thermolysis with excess of chalcogen powders (S or Se) afforded dimetallaheteroboranes nido-[(Cp*M)2B2H2E2], 1-4 (1: E = S, 2: E = Se, M = Co; 3-4: E = Se, M = Rh and Ir) in moderate to good yields. The solid state X-ray structures of these compounds show open-cage triple decker clusters. Attempts to isolate the Te analogue was failed, however, in case of cobalt, we have isolated an 11 sep nido-[(Cp*Co)2B5H5Te2], 5. The X-ray structure of 5 shows mono-capped square antiprism geometry having two Te atoms in the core. In order to close the central four-membered B2E2 open ring of nido-1 and nido-2, we have performed the reaction with [Ru3(CO)12] that led to the formation of closo-[(Cp*Co){µ-η 5 :η 5 -B2H2E2M}M{µ-Ru(CO)4}], 6-7 (6: E = S, 7: E = Se; M = Ru(CO)2). In contrast, the reactions of nido-2 and nido-3 with [Fe2(CO)9] resulted heterometallic clusters nido-[(Cp*M)Fe(CO)3B2H2Se2], 8-9 (8: M = Co; 9: M = Rh), [(Cp*Co)Fe3(CO)8Se2], 10 and [(Cp*Co)Fe2(CO)7Se], 11. As nido-8 also contains a four-membered open ring B2Se2, we treated this with [Ru3(CO)12] that yielded closo-[(Cp*Co){µ-η 5 :η 5 -B2H2Se2M}M{µ-Fe(CO)4}], 12 (M = Ru(CO)2), analogous to that of 7. In addition, we have analyzed the divergence in reactivity of nido-[(Cp*M)2B2H2E2], 2-4 with the help of density functional theory (DFT) calculations.

Introduction

The chemistry of metallaheteroboranes traditionally achieved by the reaction of polyhedral heteroborane anions with metal fragments or the incorporation of heteroatom into metallaborane clusters. [1][2][3][4][5] The developments towards the large numbers of metallaheteroborane have gained pronounced deal of interest owing to their utility in the preparation of high-nuclearity clusters. [6] Among them, group 9 metallaheteroboranes have received significant attention due to their applications in catalysis. [7][8] For example, nido-rhodathiaborane [8,8,8-(PPh3)2H-9-(NC5H5)-nido-8,7-RhSB9H9] acts as a catalyst for the isomerization and hydrogenation of alkenes. [8c] Although, metallaheteroboranes comprised of thia [3,4,7,8] and aza [4b] ligands have been explored, compounds that contain heavier heteroatoms such as selenolato [9] and tellurolato [10] ligands are relatively limited. As a result, we [5a-c,11] and others [6][7][8][9][10] have synthesized interesting metallaheteroborane clusters containing selenium and tellurium that illustrate different reactivity and structural patterns as compared to sulfide clusters. [12] In the past several years, we have been actively involved in the synthesis of metallaheteroboranes containing heavier chalcogen atoms that enabled us to synthesize a series of group 5, [11b,13] 6 [5c-e,11c,12a-b,14] and 8 [5a-b,15] metallaheteroboranes through the activation of diorganyldichalcogenide ligands or chalcogen powders. For example, group 6 dimetallaheteroboranes [(Cp*Mo)2B4H5+mClnE] [11c,12a] (E = Te, m = 0, n = 1; E = S or Se, m = 1, n = 0) show diverse reactivity patterns towards many metal carbonyls yielding metallaheteroboranes containing sixmembered middle ring. [14d,16] Grimes reported the first neutral and air stable cobalt triple decker compounds [(CpCo)2RC2B3H4] (R = Me/H), inclosing a central [RC2B3H4]4 ring. [17] Recently, we have also reported various triple-decker compounds [(Cp*Mo)2{µ-η 6 :η 6 -B4H4ERu(CO)3}] from the reaction of [(Cp*Mo)2B4H6E] (E = S and Se) and [Ru3(CO)12]. [16] Synthesis of [(CpCo)2B2H2S2] by Sneddon [18] and our recent studies on [(Cp*Co)2B2H2E2] (1: E = S; 2: E: Se) [19,20] led us to explore the chemistry of heavier group 9 metals. Thus, analogous the rhodium and iridium systems became of interest. In this report, we describe the synthesis and chemistry of group 9 triple decker sandwich metallaheteroboranes containing four-membered open B2E2 central ring (E = S or Se).

Results and Discussion

Syntheses of group 9 open cage triple decker compounds

As shown in Scheme 1, the reaction of [Cp*M(µ-Cl)Cl]2 (M = Rh or Ir) and [LiBH4•THF] followed by thermolysis in presence of Se powder yielded corresponding dimetallaheteroboranes nido-[(Cp*M)2B2H2Se2], (3: M = Rh, 4: M = Ir) in moderate yields. [21] The identity of these dimetallaheteroboranes was unambiguously established by multinuclear NMR spectroscopy, HR-MS, FT-IR, X-ray crystallography and computational analysis (DFT). The 11 B{ 1 H} NMR spectrum of 3 reveals a sharp signal at δ = 23.9 ppm which is downfield shifted as compared to 4 (δ = 7.3 ppm) but upfield shifted as compared to 1 (δ = 33.5 ppm). The 1 H{ 11 B} spectra of 3 and 4 display resonaces at δ = 4.50 and 2.98 ppm respectively for B-Ht. Further, the 1 H{ 11 B} and 13 C{ 1 H} NMR support the presence Cp* ligand. The mass spectra of 3 and 4 show molecular ion peaks (ESI + ) at m/z 682.8986 and 841.0363 respectively. These spectroscopic data validate the existence of C2 symmetry in these molecules. 1). The vertical mirror plane along the C2 axis, bisects the B1-B2 bond which provides a C2v symmetry in the molecule. Alternatively, this geometry can be described as pentagonal bipyramid, in which one of the atoms is missing at the equatorial plane. According to the Wade-Mingos electron counting rule, [22] this nido open-cage geometry consistent with 8 sep, [2(Cp*M) X 2 + 2(μ3-Se) X 4 + 2(BH) X 2 /2] (M = Rh or Ir). As shown in Figure 1, overall the structures of 3 and 4 are similar to that of [(Cp*Co)2B2H2Se2] [20] . The two Ir atoms in 4 are separated by 3.465 Å, which is comparatively longer as compared to Rh-Rh (3.416 Å) and Co-Co (3.144 Å) distances. Similarly the B-Se distance of 1.998(8) Å in 4 is relatively longer as compared to 3 (1.983(3) Å) and 2 (1.985(6) Å). Although the B1-B2 distances of 1.746(10) Å for 4 and 1.739(4) Å for 3 fall within the standard range, [20,23] the M-B (M = Rh or Ir) bond lengths are comparatively shorter as compared to those of related metallaborane clusters. [23b-d] Density functional theory (DFT) calculations were used to probe the reactivity patterns of 2-4 at the PBE0/Def2-TZVP level of theory. The bond lengths and the NMR chemical shift values of 2-4 closely matched with those of the experimental values (Tables S1 andS2). The molecular orbital study of 2-4 shows that the HOMO-LUMO energy gap increases in the order of 2<3<4 (Figure 2, Table S3) which is consistent with their thermodynamic stability. In addition, a significant destabilization of HOMO of 2, suggests a higher reactivity compared to 3 and 4. Inspection of electron density of the FMOs of 2-4 reveals that HOMOs are predominantly localized on metal and Se atoms. Further, the shapes of HOMO-3 and LUMO+3 of 2-4 disclose the bonding and anti-bonding interactions between the boron and metal centers (Figure S30). The B-B and M-Se Wiberg bond indices for 2-4 were found to be close to 0.7 and 1.04 respectively in all cases. However, the M-M Wiberg bond indices for 2-4 were close to 0.07 that indicate absence of bonding interaction between two metal centers (Table S4). ).

Examples of metallaheteroborane clusters with heavier group 16 elements, especially Te atom are limited. [14d,16] Thus, to isolate tellurium analogue of nido-1, we have performed the reaction of [Cp*CoCl]2 and [LiBH4•THF] followed by thermolysis with Te powder. In contrast to the earlier results, this reaction led to the formation of a nido-[(Cp*Co)2B5H5Te2], 5 and [(Cp*Co)2B4H6] [24] (Scheme 2). All of our attempts to isolate the Rh and Ir analogues of 5 were failed. The reaction yielded all known clusters, such as [(Cp*Rh)2B3H7] [25] and [Cp*IrH4] [26] in low yields respectively. Compound 5 was isolated as violet crystals and characterized by the NMR spectroscopy, mass spectrometry, X-ray diffraction and DFT studies. Compound 5 crystallizes in monoclinic C2/c space group in which the asymmetric unit consists of two Co atoms each ligated to Cp* ligand, two B-H units and two µ4-Te atoms. The molecular structure of 5, shown in Figure 3, shows that the cage geometry is mono-capped square antiprism comparable to that of [Ni9C(CO)17] 2- [27] having an interstitial carbon atom at the center. According to the cluster electron-counting rules, [22] 3). Although the B-B and Co-B bond distances fall in the range observed for other characterized cobaltaboranes, [19,20,24] the Co-Te bond distance of 2.5019(6) Å is marginally shorter than the corresponding single bond that ranges between 2.575(5)-2.614(5) Å. [28] The B-Te bond distance of 2.347(5) Å is significantly longer as compared to other telluraboranes, e.g., [(CpMo)2B4H4Te2] (dB-Te = 2.033(11) [14a] and 2.299(13) Å) and [(Cp*Mo)2{µ-η 6 :η 6 -B3H3TeCo2(CO)5}] (dB-Te = 2.238(7) Å). [14d] Consistent with the solid state X-ray structure determination, the room temperature 11 B{ 1 H} NMR spectrum reveals two types of boron chemical shifts at δ = -3.6 and -8.5 ppm in 4:1 ratio. The 1 H{ 11 B} NMR spectrum shows two singlet peaks that correspond to two types of B-H terminal protons appeared at δ = 6.00 and 2.96 ppm. The combination of 1 H{ 11 B} NMR and 13 C{ 1 H} NMR spectra infer the presence of Cp* ligand. These spectroscopic data also reflects the presence of symmetry in the molecule.

Co

To gain insight into the electronic structure and bonding of 5, we have carried out geometry optimization of 5' (Cp analogue of 5) by DFT methods (Figures 4a-b). The calculated Co1-Co1 and Te1-Te1 distances of 3.638 and 3.442 Å respectively are in good agreement with the experimental data obtained from the solid state X-ray structure (dCo1-Co1 = 3.645 and dTe1-Te1 = 3.406 Å). Accordingly, the computed distance of 2.321 Å for B1-Te1 bond is very close to the experimental data of 2.347(5) Å. The topological analysis of the electron density of Co1-Te1-Co1-Te1 plane indicates the occurance of BCPs along the Co-Te bond paths (Figure 4c). As expected, no BCPs were observed for Co1-Co1 and Te1-Te1 atom pairs indicating 5' with no direct bonds between two Co atoms and two Te atoms. Thus, compound 5 unveils a nido cluster that can be accessed from a 10 vertex bicapped square antiprism by removing one of the capped vertices. [30] and [(Cp*Re)2{µ-η 6 :η 6 -B4H4Co2(CO)5}] [31] respectively that contain six-membered ring as the middle-deck. In a similar fashion, Barton has synthesized closo-[B5H4PPh3 {Fe(CO)3}{Ir(CO)2PPh3}] from the reaction of nido-[B5H8{Ir(CO)(PPh3)2}] and [Fe2(CO)9]. [32] In order to confirm the spectroscopic assignments and to define the solid state X-ray structure, an X-ray structure analysis was undertaken. The solid-state structure of 7, shown in Figure 5a, is consistent with the spectroscopic data. The core geometry of 7 is pentagonal bipyramid in which one exo-polyhedral Ru(CO)4 moiety is bonded with two Ru atoms of 7 (Figure 5a). The molecule possesses a planer five-membered {B2Se2Ru} ring, which is sandwiched between Cp*Co and [Ru(CO)2{µ-Ru(CO)4}] moeties (the mean plane deviation is 0.18 Å and sum of internal angles 539.25°). Within the ring, the B-B distance of 1.673(7) Å 8), Ru2-Fe5 2.6739(9), Co1-B1 2.152( 6), Co1-Se1 2.3966( 7), Co1-Se2 2.4058( 8), Ru2-Se1 2.5183( 6), Ru1-B1 2.301( 6), Se2-B1 2.010( 6), B1-B2 1.647(9); B2-B1-Se2 117.9(4), Ru1-Fe5-Ru2 64.63(2). is shorter as compared to nido-2 (dB-B = 1.726( 7) Å. [20] Compound 7 features a triangular trimetallic unit (Ru1-Ru2-Ru3) connected to the parent pentagon [Ru2B2Se2Co] by means of Ru1-Ru2 bond {∠Ru1-Ru3-Ru2 = 63.423(12), ∠Ru1-Ru2-Ru3 = 58.522(12), ∠Ru2-Ru1-Ru3 = 58.055(12)}. Alternatively, compound 7 may be considered as a fused cluster generated by the condensation of closo-[(Cp*Co)B2Se2Ru2(CO)4] (pentagonal bipyramid) and {Ru3(CO)8} (triangle) through a common Ru-Ru bond. Total valence electron counts of 74 can be described by Mingos fusion formalism. [22] The total valence electron pair (TVEP) for this molecule can also be described using Jemmis mno rule [33] To provide further insight into the bonding situation of the central ring of 7, the DFT calculations were carried out. Although the experimental bond distances of Ru2-Se1 and Ru2-Se2 of 2.5141( 6) and 2.526(5) Å respectively are longer than that of normal Ru-Se single bond, there is a significant bonding interaction (Wiberg bond index (WBI) of 0.59) that parallels to nearly complete coupling of the Ru and Se atoms (Figure 6b, Table S1 in Supporting Information). The topological analysis [START_REF]The topological parameters calculated for the Ru2-Se1, Ru2-Se2, B1-B2, B1-Se1 and B2-Se2 bond paths in Ru2-Se1-B1-B2-Se2 plane i.e., the electron density ρ at the bond critical points (BCPs (3,-1))[END_REF] reveals bond critical points (BCPs) along the Se1-Ru2 and Se2-Ru2 bonds that are characterized with positive ρ and ∇ 2 (ρ) values indicating donor acceptor interactions (Table S5). [START_REF] Flierler | [END_REF] Further, the existence of BCPs has been observed for B1-B2 [ρ(0.142 a.u.) and ∇ 2 ρ(r) (-0.244 a.u.)], and B˗Se [ρ(0.109 a.u.) and ∇ 2 ρ(r) (-0.136 a.u.)] bond paths (Figure 6a, Table S5). In addition to the bonding of the central ring, the molecular orbital analysis predicts the existence of significant bonding interaction among the Ru atoms in [Ru3] motif (HOMO-17) (Figure 6c). The σ-bonding interaction between Ru1 and Ru2 atoms by the overlap of dz 2 orbitals can be seen in HOMO-17 (Figure 6d). The frontier orbitals HOMO and LUMO envisage the σ-bonding interaction between the boron centers and an anti-bonding interaction between the Ru2 and Ru3 atoms (Figure 6e-f), respectively.

Reactivity of nido-2 and nido-3 with [Fe2(CO)9]

Metallocenes and cyclophanes are some of the most systematically studied sandwich molecules in organometallic and organic chemistry. [36,37] The precedence of structurally characterized sandwich molecules in metallaborane and metallahetroborane chemistry are rare. Thus, in order to afford the iron analogue of 11. Interestingly, compound 9 is considered to be an analogue of 8. [20] Compound 9 is fully characterized by mass spectrometry and mutilnuclear NMR spectroscopy. The 11 B{ 1 H} NMR spectrum of S1 andS2) confirm the existence of plane of symmetry in 9.

The X-ray quality crystals of 9 were obtained from hexanelayered CH2Cl2 solution at 3 °C. The solid-state X-ray structure of 9, shown in Figure 7, features pentagonal bipyramidal geometry with a missing equatorial vertex. Although the Fe-B bond distance is shorter (2.199(6) Å) as compared to 8, the B-B and B-Se bond lengths fall within the range. [19,20] In parallel to the formation of 8, reaction of nido-2 with [Fe2(CO)9] yielded compounds 10 and 11, isolated as air stable green and brown solids in low yields (Scheme S1, Supporting information). Note that reaction of nido-3 with [Fe2(CO)9] led to the formation of 9. Compounds 10 and 11 were characterized by the 1 H, 13 C{ 1 H} NMR spectroscopy, mass spectrometry and Xray crystallography. The 1 H NMR spectra of 10 and 11 display one type of Cp* protons. Further, presence of Cp* ligands have also been supported by 13 C{ 1 H} NMR spectra. The solid state X-ray structure of 10, shown in Figure S1, confirms the structural inferences made on the basis of the spectroscopic results. The molecular structure of 10 represents a new heterometallic chalcogenide cluster where the prime cluster constituents are Co, Fe and Se atoms. The asymmetric unit of 10 consist of one Co atom bonded to a Cp* ligand and three {Fe(CO)2} moieties which are connected through two µbridging CO ligands. The Co1-Fe2-Fe1-Fe3 ring bonded with two µ4-Se atoms (Figure S1, supporting information). Overall, the core geometry of 10 can be visualized as an octahedral geometry with two bridging CO units. Compound 11 crystallizes in the monoclinic C2/c space group with the asymmetric unit consisting of one Co atom bonded to a Cp* ligand (Figure S2). The core geometry of 11 can also be well visualized as a trigonal bipyramid where the equatorial plane consists of [CoFe2] trimetallic unit. 6), Rh-Se2 2.4792( 6), Fe1-B1 2.206(5), Fe1-B2 2.199( 6), Fe1-Se1 2.4535(9), B1-B2 1.699( 7), B2-Se1 1.968( 6), B1-Se2 1.972(5); Rh-B1-Fe1 98.8(2), Rh-B2-Fe1 99.1(2), Rh-Se1-Fe1 86.14(2), Rh-Se2-Fe1 86.28(2), B2-B1-Se2 114.9(3), B1-B2-Se1 115.6(3).

Reactivity of nido-8 with [Ru3(CO)12]

In Ru(CO)2{µ-Fe(CO)4}], 12 in 19% yield (Scheme 4). The 11 B{ 1 H} NMR spectrum of 12 displays one resonance at δ = 23.0 ppm, similar to 6 and 7. The IR spectrum of 12 features strong absorptions at 2054 and 1997 cm -1 corresponds to the terminal carbonyl groups. The mass spectrum of 12 shows molecular ion peaks (ESI + ) at m/z = 862.6298. In order to confirm the spectroscopic assignments and to determine the solid state structure of 12, the X-ray diffraction analysis was undertaken. The crystal structure corresponds to a pentagonal bipyramid core consisting of Ru and Fe atoms. The molecular structure, shown in Figure 5b, is fully consistent with the solution spectroscopic data. The core geometry of 12 is similar to that of 7 with a different exo fragment e.g., Fe(CO)4 moiety. The molecule possesses a planar [µ-η 5 :η 5 -B2H2Se2Ru{(CO)2] ring (mean plane deviation 0.20 Å), sandwiched between Cp*Co unit and [Ru(CO)2{µ-Fe(CO)4}] fragment.

Conclusions

In conclusion, we have described the synthesis and chemistry of metallaheteroboranes 

Experimental Section

General Procedures and Instrumentation: All the operations were conducted using standard Schlenk techniques under an Ar/N2 atmosphere. Solvents were predistilled under Argon. All other reagents Cp*H, CoCl2, n-BuLi in hexane, [LiBH4•THF], S, Se, Te powders, [Fe2(CO)9] and [Ru3(CO)12] (Aldrich) were used as received. [Cp*Co(µ-Cl)]2, [38] [Cp*Rh(µ-Cl)Cl]2, [Cp*Ir(µ-Cl)Cl]2, [39] nido-1, [19] nido-2, [20] nido-8, [20] and the external reference, [Bu4N](B3H8)], [40] for the 11 B NMR were synthesized by the literature methods. Thin layer chromatography was carried on 250 mm diameter aluminium supported silica gel TLC plates (MERCK TLC Plates). NMR spectra were recorded on 500 MHz Bruker FT-NMR spectrometer. Residual solvent protons were used as reference (δ, ppm, CDCl3, 7.26), while a sealed tube containing [Bu4N(B3H8)] in C6D6 ( 11 B, ppm, -30.07) was used as an external reference for the 11 B NMR. Mass spectra were recorded in a Bruker Micro TOF-II mass spectrometer in ESI ionization mode. Infrared spectra were recorded on Jasco FT/IR-1400 spectrometer.

Synthesis of 3:

In a flame-dried Schlenk tube, the brown solution of [Cp*Rh(µ-Cl)Cl]2 (0.100 g, 0.16 mmol) in toluene (12 mL), [LiBH4•THF] (0.8 mL, 1.6 mmol) was added via syringe at -78° C and allowed to warm slowly to room temperature and left stirring for one hour. Then Se powder (0.065 g, 0.81 mmol) was added to deep brown colour solution and the reaction mixture was allowed to stir at 90 °C temperature for 15 hours. The solvent was removed and the solid was extracted into hexane-CH2Cl2 (95:5 v/v) and passed through Celite. After removal of the solvent, the residue was purified on silica gel TLC plates. Elution with a hexane-CH2Cl2 (70:30 v/v) mixture yielded air stable orange compound, 3 (0.021 g, 19%) and known [(Cp*Rh)2(μ-Se)2(μ3-Se)4B2H2] [5a] (0.009 g, 6%).

Reaction of [Cp*Rh(µ-Cl)Cl]2 (0.100 g, 0.16 mmol), [LiBH4•THF] (0.8 mL, 1.6 mmol) and S powder (0.025 g, 0.81 mmol) following similar reaction conditions of 3 yielded known [(Cp*Rh)2B3H7] [25] and [(Cp*Rh)2(μ-S)2(μ3-S)4B2H2]. [5a] 3. HRMS (ESI + ): m/z calculated for C20H32B2Rh2Se2Na 682.9028 [M + Na] + found: 682.8986; 11 B{ 1 H} NMR (160 MHz, CDCl3, 22 °C): δ = 23.9 (s, 2B); 1 H{ 11 B} NMR (500 MHz, CDCl3, 22 °C): δ = 1.77 (s, 30H, Cp*), 4.50 (s, 2B-Ht); 13 C{ 1 H} NMR (125 MHz, CDCl3, 22 °C): δ = 95.6 (s C5Me5), 10.0 (s C5Me5); IR (DCM, cm -1 ): 𝜈𝜈 � = 2560 (BHt).

Synthesis of 4:

In a flame-dried Schlenk tube, the yellow solution of [Cp*Ir(µ-Cl)Cl]2 (0.100 g, 0.12 mmol) in toluene (12 mL), [LiBH4•THF] (0.6 mL, 1.25 mmol) was added via syringe at -78° C and allowed to warm slowly to room temperature and left stirring for one hour. Then Se powder (0.050 g, 0.62 mmol) was added to colourless colour solution and the reaction mixture was allowed to stir at 70 °C temperature for 18 hours. The solvent was removed and the solid was extracted into hexane-CH2Cl2 (95:5 v/v) and passed through Celite. After removal of the solvent, the residue was purified on silica gel TLC plates. Elution with a hexane-CH2Cl2 (70:30 v/v) mixture yielded air stable yellow compound, 4 (0.011 g, 10%).

Under similar reaction conditions, [Cp*Ir(µ-Cl)Cl]2 (0.100 g, 0.12 mmol), [LiBH4•THF] (0.6 mL, 1.25 mmol) and S powder (0.020 g, 0.62 mmol) yielded Cp*IrH4 as major product. [26] 4. HRMS (ESI + ): m/z calculated for C20H33B2Ir2Se2 841.0358 [M + H] + ; found: 841.0363; 11 B{ 1 H} NMR (160 MHz, CDCl3, 22 °C): δ = 7.3 (s, 2B); 1 H{ 11 B} NMR (500 MHz, CDCl3, 22 °C): 1.84 (s, 30H, Cp*), 2.98 (s, 2B-Ht); 13 C{ 1 H} NMR (125 MHz, CDCl3, 22 °C): δ = 90.3 (s, C5Me5), 9.8, (s, C5Me5); IR (DCM, cm -1 ): 𝜈𝜈 � = 2571 (BHt).

Synthesis of 5:

In a pre-dried Schlenk tube a brown [Cp*Co(µ-Cl)]2 (0.100 g, 0.218 mmol) was dissolved in dry toluene (10 mL). To that solution, [LiBH4•THF] (1.1 mL, 2.2 mmol) was added via a syringe at -78 °C and allowed to stay for half an hour and slowly warmed to room temperature. Then, Te powder (0.142 g, 1.1 mmol) was added to the red brown solution and the mixture was heated at 90 °C for 18 hours. The solvent was evacuated and the residue was extracted into hexane-CH2Cl2 (80:20 v/v) and passed through Celite. After removal of the solvent the resulting solid was separated by TLC on silica gel TLC plates. Elution with hexane-CH2Cl2 (60:40 v/v) yielded violet compound [(Cp*Co)2B5H5Te2], 5 (0.025 g, 16%), brown [(Cp*Co)2B4H6], (0.015 g, 16%) and yellow [(Cp*Co)3B4H4], (0.016 g, 12%).

Note that, the compounds [(Cp*Co)2B4H6] and [(Cp*Co)3B4H4] have been synthesized and characterized in comparison with the spectroscopic data reported earlier by Grimes et al. by the reaction of Cp*Li, CoCl2 with [B5H8] -. [24] 5. HRMS (ESI + ): m/z calculated for C20H35B5Co2Te2Na 730.9890, [M + Na] + found: 730.9910; 11 B{ 1 H} NMR (160 MHz, CDCl3, 22 °C): δ = -3.6 (s, 4B), -8.5 ppm (s, 1B); 1 H{ 11 B} NMR (500 MHz, CDCl3, 22 °C): δ = 1.79 (s, 30H, Cp*), 2.97 (s, 4B-Ht), 6.00 ppm (s, 1B-Ht); 13 C{ 1 H} NMR (125 MHz, CDCl3, 22 °C): δ = 92.5 (s, C5Me5), 10.9 ppm (s, C5Me5); IR (DCM, cm -1 ): 𝜈𝜈 � = 2497 (BHt).

Synthesis of 6 and 7:

In a flame-dried Schlenk tube, nido-[(Cp*Co)2B2H2S2], 1 (0.060 g, 0.126 mmol) was dissolved in toluene ( 6mL) and [Ru3(CO)12] (0.081 g, 0.126 mmol) was added to that solution. The reaction mixture was allowed to stir at 90 °C temperature for 7 hours. The solvent was removed and the solid was extracted into hexane-CH2Cl2 (95:5 v/v) and passed through Celite. After removal of the solvent, the residue was purified on silica gel TLC plates. Elution with a hexane-CH2Cl2 (70:30 v/v) mixture yielded air stable brown compound, 6 (0.028 g, 27%).

In a similar reaction conditions, the reaction of nido-2 (0.060 g, 0.105 mmol) with [Ru3(CO)12] (0.067 g, 0.105 mmol) led to the isolation of the green, 7 (0.031 g, 32%). Similar reaction work up and purification methods were employed for compound 7 as employed for the compound 6. 93.7 (s, C5Me5), 11.3 (s, C5Me5); IR (DCM, cm -1 ): 𝜈𝜈 � = 2539 (BHt), 2080, 2002, 1924 (terminal CO stretching).

HRMS (ESI

Synthesis of 9.

In a flame-dried Schlenk tube, nido-[(Cp*Rh)2B2H2Se2], 3 (0.060 g, 0.091 mmol) and [Fe2(CO)9] (0.066 g, 0.181 mmol) were dissolved in hexane (10 mL) and allowed to stir at room temperature for 3 hours. The solvent was removed under vacuum and the solid was extracted into hexane-CH2Cl2 (90:10 v/v) and passed through Celite. After the removal of solvent the resultant residue was chromatographed on silica gel TLC plates. Elution with a hexane-CH2Cl2 (80:20 v/v) mixture yielded air stable orange [(Cp*Rh)Fe(CO)3B2H2Se2], 9 (0.011 g, 21%). 9. HRMS (ESI + ): m/z calculated for C13H18B2RhFeO3Se2 562.8176 [M + H] + , found 562.8160; 11 B{ 1 H} NMR (160 MHz, CDCl3, 22 °C): δ = 22.2 (s, 2B); 1 H{ 11 B} NMR (500 MHz, CDCl3, 22 °C): δ = 1.78 (s, 15H, Cp*), 5.69 (s, 2B-Ht); IR (DCM, cm -1 ): 𝜈𝜈 � = 2571 (BHt), 2054, 1997 (terminal CO stretching).

Synthesis of 10 and 11:

In a flame-dried Schlenk tube, nido-[(Cp*Co)2B2H2Se2] 2 (0.10 g, 0.174 mmol) was dissolved in hexane (6 mL) and then it was allowed to react with [Fe2(CO)9] (0.13 g, 0.349 mmol) at room temperature for 3 hours. The solvent was removed under vacuum and the solid was extracted into hexane-CH2Cl2 (90:10 v/v) and passed through Celite. After the removal of solvent the resultant residue was chromatographed on silica gel TLC plates. Elution with a hexane-CH2Cl2 (80:20 v/v) mixture yielded air stable green [(Cp*Co)Fe3(CO)8Se2], 10 (0.018 g, 14%), brown [(Cp*Co)Fe2(CO)7Se], 11 (0.021 g, 20%) and known violet 8 [(Cp*Co)Fe(CO)3B2H2Se2] (0.28 g, 31%). = 2038, 1991, 1960 (terminal CO stretching).

Synthesis of 12:

In a flame-dried Schlenk tube, nido-[(Cp*Co)Fe(CO)3B2H2Se2], 8 (0.060 g, 0.116 mmol) was stirred in toluene (6 mL) with [Ru3(CO)12] (0.074 g, 0.116 mmol) at 90 °C temperature for 5 hours. The solvent was removed under vacuum and the residual solid was extracted into hexane-CH2Cl2 (95:5, v/v) and passed through Celite. After removal of the solvent, the residue was chromatographed on silica gel TLC plates. Elution with a hexane-CH2Cl2 (70:30, v/v) mixture yielded air stable brown [(Cp*Co)FeRu2(CO)8B2H2Se2], 12 (0.019g, 19%) and green [(Cp*Co)Ru3(CO)8B2H2Se2], 7 (0.016 g, 14%). X-ray crystal structure determinations. Crystal diffraction data of 3 and 7 were collected and integrated using a D8 VENTURE Bruker AXS diffractometer, with multilayer monochromated MoKα (λ = 0.71073 Å) radiation. The crystal data for 4, 5, 9-11 and 12, were collected on a Bruker APEXII AXS diffractometer, equipped with a CCD detector, using MoKα radiation (λ = 0.71073 Å). The structures were solved by direct methods using the SIR97 [41] program and then refined with full-matrix least-squares methods based on F 2 (SHELXL-2014) [42] with the aid of the WINGX program. All non-hydrogen atoms were refined with anisotropic atomic displacement parameters, except boron-linked hydrogen atoms that were introduced in the structural model through Fourier difference map analysis. Hydrogen atoms were finally included in their calculated positions. Crystal data for 12: CCDC 1560399, C18H17B2CoFeO8Ru2Se2, Mr = 857.77, monoclinic, P21/n, a = 8.7864(2) Å, b = 17.5214(4) Å, c = 17.3426(4) Å, β = 99.5134(10)°, V = 2633.17(10) Å 3 , Z = 4, ρcalcd = 2.164 mg/m 3 , μ = 5.088 mm -1 , F(000) = 1632, R1 = 0.0309, wR2 = 0.0654, 4639 independent reflections [2θ ≤ 50.00°] and 320 parameters, Goodness-offit on F 2 = 1.018.

HRMS (ESI

Crystal

Computational Details. Quantum chemical calculations using DFT methods were carried out on compounds 2-4, 5' and 7-9 (Cp analogue) as employed in the Gaussin09 package. [START_REF] Frisch | Gaussian 09, Revision C.01[END_REF] All the geometry optimizations were carried out in gaseous state without any symmetry constraints, (no solvent effect) using PBE0 functional [START_REF] Perdew | [END_REF] in combination with triple-ζ quality basis set Def2-TZVP. Computation of the NMR shielding tensors employed gauge-including atomic orbitals (GIAOs), [45] using the implementation of Schreckenbach, Wolff, Ziegler, and coworkers. [46] The projected 11 B chemical shift values, determined at the PBE0/Def2-TZVP level of calculations, were referenced to B2H6 (PBE0/Def2-TZVP, B shielding constant 80.03 ppm), and these chemical shift values (δ) were then converted to the standard BF3•OEt2 scale using the experimental value of +16.6 ppm for B2H6. 1 H chemical shifts were referenced to TMS (SiMe4). Natural bond orbital (NBO) analysis [47] within the Gaussian09 package was carried out at the same level of theory. Wiberg bond indexes (WBI) [48] values on some selected bonds were obtained on natural bond orbital (NBO) analysis. The Jmol package [START_REF] Jmol | An Open-Source Java Viewer for Chemical Structures in 3D[END_REF] was used for the visualizations. The two dimensions electron density and Laplacian electronic distribution plots were generated using Multiwfn package. [START_REF] Lu | [END_REF] 

Scheme 1 .

 1 Scheme 1. Synthesis of open cage triple decker metallaheteroboranes of group 9 metals.

Figure 1 .

 1 Figure 1. (a) Molecular structures of 3 and 4. Selected bond lengths (Å) and angles (º): (a) Rh1-B1 2.231(3), Rh1-B2 2.237(3), Rh1-Se1 2.5031(4), Rh2-B1 2.226(3), Rh2-B2 2.230(3), Rh2-Se1 2.5038(4), B1-Se1 1.983(3), B2-Se2 1.980(3), B1-B2 1.739(4), Rh1-B1-Rh2 100.08(11), Rh1-B2-Rh2 99.78(11), Rh1-Se1-Rh2 86.046(13), Rh1-Se2-Rh2 86.270(11); (b): Ir1-B1 2.217(7), Ir1-B2 2.211(8), Ir2-B1 2.235(7), Ir2-B2 2.226(6), Ir1-Se1 2.5053(7), Ir2-Se1 2.5026(7), B1-Se2 1.998(8), B2-Se1 1.985(7), B1-B2 1.746(10), Ir1-B1-Ir2 102.2(3), Ir1-B2-Ir2 102.7(3), Ir1-Se1-Ir2 87.55(2), Ir1-Se2-Ir2 87.31(2).

Figure 2 .

 2 Figure 2. Frontier molecular orbital diagram of 2-4 (contour value: ±0.05 [e/bohr 3 ] 1/2

  compound 5 possesses 11 skeletal electron pairs (sep) [2(Cp*Co) × 2 + 4(µ4-Te) ×2 + 2(BH) × 5)}/2] and thus it obeys Wade rules. Cluster 5 has C2v symmetry with two Co and two Te atoms in the open cage. Among the five boron atoms, one of the boron atoms is capped by four other boron atoms, which is in a plane of the mono-capped square antiprism. The molecule has no direct Co-Co (dCo-Co 3.645 Å) and Te-Te (dTe-Te 3.406 Å) bonds (Figure

Figure 3 .

 3 Figure 3. Molecular structure of 5. Selected bond lengths (Å) and angles (º): Co1-Te1 2.5019(6), Te1-B1 2.347(5), Te1-B2 2.347(5), Co1-B1 2.154(5), Co1-B2 2.149(5), B1-B2 1.824(8), B2-B1 2.015(6), B1-B3 1.680(6), B3-B2 1.680(6), B(1)-Co(1)-Te(1) 94.42(14), B(1)-Te(1)-B(2) 50.85(16), B(1)-B(3)-B(2) 73.7(3).

Figure 4 .

 4 Figure 4. (a) and (b) Illustration of optimized geometry of 5' in different orientations, (c): Contour line diagrams of the Laplacian of the electron density, ∇ 2 ρ(r) of Co1-Te1-Co1-Te1 in 5' that generated using the Multiwfn program package at the PBE0/Def2-TZVP level of theory.

  Scheme 3. Synthesis of seven vertex closo-6 and closo-7.

Figure 5 .

 5 Figure 5. Molecular structures of 7 and 12. Selected bond lengths (Å) and angles (º): (a) Ru1-Ru2 2.911(5), Ru1-Ru3 2.776(5), Co1-B1 2.151(5), Co1-Se1 2.4143 (7), Ru2-Se2 2.526(6), Ru1-B1 2.299(5), Se2-B1 2.032(5), B1-B2 1.673(7), B2-B1-Se2 116.9(3), Ru1-Ru3-Ru2 63.423(12); (b): Ru1-Fe5 2.7198(8), Ru2-Fe5 2.6739(9), Co1-B1 2.152(6), Co1-Se1 2.3966(7), Co1-Se2 2.4058(8), Ru2-Se1 2.5183(6), Ru1-B1 2.301(6), Se2-B1 2.010(6), B1-B2 1.647(9); B2-B1-Se2 117.9(4), Ru1-Fe5-Ru2 64.63(2).

  . The mno rule gives m = 2, n = 12 and o = 1, p = 1, x = 4, xs = 1, ns = 1, for m + n + o + p + 6x -xs/ns{3(m -1)} = 37 electron pairs, e. g., 74 cluster valence electrons (where m = number of polyhedra, n = number of vertices in the fused cluster, o = number of single vertex shared atoms, p = number of missing vertices, x = number of transition metals, xs = number of shared transition metals and ns = number of shared atoms).

6 and 7 ,

 7 we carried out the reactions of nido-2 and nido-3 with [Fe2(CO)9]. As shown in Scheme 4, room temperature reactions of them with [Fe2(CO)9] resulted in the formation of nido-[(Cp*M)Fe(CO)3B2H2Se2], 8-9 (8: M = Co; 9: M = Rh) and [(Cp*Co)Fe3(CO)8Se2], 10 and [(Cp*Co)Fe2(CO)7Se],

Figure 6 .

 6 Figure 6. (a): Contour line diagrams of the Laplacian of the electron density, ∇ 2 ρ(r) of central ring Ru2-Se1-B1-B2-Se2 in 7 that generated using the Multiwfn program package at the PBE0/Def2-TZVP level of theory; (b-f): Illustration of molecular orbitals showing various bonding interactions. Solid red lines indicate areas of charge concentration (-∇ 2 ρ(r) > 0), while dashed gray lines show areas of charge depletion (-∇ 2 ρ(r) < 0). Solid brown lines indicate bond paths and blue dots indicate BCPs.

  Scheme 4. Reactivity of dimetallaselenaboranes with group 8 metal carbonyl compounds.

Figure 7 .

 7 Figure 7. Molecular structure of 9. Selected bond lengths (Å) and angles (º): Rh-B1 2.232(5), Rh-B2 2.230(5), Rh-Se1 2.4821(6), Rh-Se2 2.4792(6), Fe1-B1 2.206(5), Fe1-B2 2.199(6), Fe1-Se1 2.4535(9), B1-B2 1.699(7), B2-Se1 1.968(6), B1-Se2 1.972(5); Rh-B1-Fe1 98.8(2), Rh-B2-Fe1 99.1(2), Rh-Se1-Fe1 86.14(2), Rh-Se2-Fe1 86.28(2), B2-B1-Se2 114.9(3), B1-B2-Se1 115.6(3).

  order to close the central open ring of nido-8, we treated it with [Ru3(CO)12] that indeed closed the central open ring to yield brown crystalline solid, closo-[(Cp*Co){µ-η 5 :η 5 -B2H2Se2Ru(CO)2}

  [(Cp*M)2B2H2E2] (M = Rh and Ir: E = Se), which are analogous of [(Cp*Co)2B2H2E2] (E = S, Se). Further, we have shown the utility of these molecules to generate tripledecker sandwich dimetallaheteroboranes upon reaction with [Ru3(CO)12]. In addition, we have isolated and structurally characterized a novel 9-vertex nido-[(Cp*Co)2B5H5Te2] that represents a new metallahetroborane containing heavier chalcogen (Te) atom.

  + ): m/z calculated for C18H18B2CoRu3O8S2 812.7092 [M + H] + , found: 812.7104; 11 B{ 1 H} NMR (160 MHz, CDCl3, 22 °C): δ = 19.9 (s, 2B); 1 H{ 11 B} NMR (500 MHz, CDCl3, 22 °C): δ = 1.71 (s, 15H, Cp*), 4.98 (s, 2B-Ht); 13 C{ 1 H} NMR (125 MHz, CDCl3, 22 °C): δ = 197.4, 186.1 (CO), 95.0 (s C5Me5), 11.2 (s, C5Me5); IR (DCM, cm -1 ): 𝜈𝜈 � = 2523 (BHt), 1997, 1934 (terminal C-O stretching).

7 .

 7 HRMS (ESI + ): m/z calculated for C18H17B2CoRu3O8Se2Na 930.5800 [M + Na] + , found 930.5797; 11 B{ 1 H} NMR (160 MHz, CDCl3, 22 °C): δ = 22.3 (s, 2B); 1 H{ 11 B} (500 MHz, CDCl3, 22 °C): δ = 1.66 (s, 15H, Cp*), 6.05 (s, 2B-Ht); 13 C{ 1 H} NMR (125 MHz, CDCl3, 22 °C,): δ = 197.1 (CO),

10.

  HRMS (ESI + ): m/z calculated for C18H16CoFe3O8Se2 746.6555 [M + H] + found: 746.6562; 1 H NMR (500 MHz, CDCl3, 22 °C): δ = 1.82 (s, 15H, Cp*); 13 C{ 1 H} NMR (125 MHz, CDCl3, 22 °C): δ = 210.9 (s, CO), 98.1 (s, C5Me5), 10.4 (s, C5Me5); IR (DCM, cm -1 ): 𝜈𝜈 � = 2060, 1986 (terminal CO stretching). 11. MS (ESI + ): m/z calculated for C17H16CoFe2O7Se 582.8091 [M + H] + found: 582.8085; 1 H NMR (500 MHz, CDCl3, 22 °C): δ = 2.24 (s, 15H, Cp*); 13 C{ 1 H} NMR (125 MHz, CDCl3, 22 °C): δ = 206.7 (s, CO), 97.1 (s, C5Me5), 12.8 (s, C5Me5); IR (DCM, cm -1 ): 𝜈𝜈 �

  + ): m/z calculated for C18H18B2FeRu2CoSe2 862.6287 [M + H] + ; found 862.6298; 11 B{ 1 H} NMR (160 MHz, CDCl3, 22 °C): δ = 23.0 (s, 2B); 1 H{ 11 B} NMR (500 MHz, CDCl3, 22 °C): δ = 1.65 (s, 15H, Cp*), 6.05 (s, 2B-Ht); 13 C{ 1 H} NMR (125 MHz, CDCl3, 22 °C): δ = 196.2 (CO), 94.1 (s, C5Me5), 11.3 (s, C5Me5); IR (DCM, cm -1 ): 𝜈𝜈 � = 2461 (BHt), 2054, 1997 (terminal C-O stretching).

  data for 3: CCDC 1586318, C20H32B2Rh2Se2, Mr = 657.81, monoclinic, P21/c, a = 11.0070(13) Å, b = 16.043(2) Å, c = 14.1958(18) Å, β = 112.055(4)°, V = 2323.3(5) Å 3 , Z = 4, ρcalcd = 1.881 mg/m 3 , μ = 4.556 mm -1 , F(000) = 1280, R1 = 0.0218, wR2 = 0.0493, 5302 independent reflections [2θ ≤ 50.48°] and 251 parameters, Goodness-of-fit on F 2 = 1.087. Crystal data for 4: CCDC 1586319, C20H32B2Ir2Se2, Mr = 836.39, monoclinic, C2/c, a = 20.4852(5) Å, b = 15.1280(4) Å, c = 16.3205(3) Å, β = 108.2660(11)°, V = 4802.9(2) Å 3 , Z = 8, ρcalcd = 2.313 mg/m 3 , μ = 14.105 mm -1 , F(000) = 3072, R1 = 0.0261, wR2 = 0.0526, 4234 independent reflections [2θ ≤ 49.994°] and 245 parameters, Goodnessof-fit on F 2 = 0.987. Crystal data for 5: CCDC 1560400, C20H35B5Co2Te2, Mr = 702.59, monoclinic, C2/c, a = 15.4187(12) Å, b = 8.1411(5) Å, c = 20.938(2) Å, β = 107.167(4), V = 2511.2(3) Å 3 , Z = 4, ρcalcd = 1.858 mg/m 3 , μ = 3.604 mm -1 , F(000) = 1352, R1 = 0.0249, wR2 = 0.0585, 2216 independent reflections [2θ ≤ 49.99°] and 132 parameters, Goodness-of-fit on F 2 = 1.060. Crystal data for 7: CCDC 1560396, C18H17B2CoO8Ru3Se2, Mr = 902.99, orthorhombic, P212121, a = 10.8925(10) Å, b = 14.0241(13) Å, c = 16.8780(13) Å, V = 2578.2(4) Å 3 , Z = 4, ρcalcd = 2.326 mg/m 3 , μ = 5.219 mm -1 , F(000) = 1704, R1 = 0.0195, wR2 = 0.0420, 5834 independent reflections [2θ ≤ 54.96°] and 319 parameters, Goodness-of-fit on F 2 = 1.079. Crystal data for 9: CCDC 1589292, C13H17B2FeO3RhSe2, Mr = 559.56, triclinic, P-1, a = 8.3383(4) Å, b = 9.8899(5) Å, c = 11.9936(6) Å, α = 81.201(2), β = 85.229(2)°, γ = 70.571(2)°, V = 921.20(8) Å 3 , Z = 2, ρcalcd = 2.017 mg/m 3 , μ = 5.638 mm -1 , F(000) = 536, R1 = 0.0293, wR2 = 0.0561, 3227 independent reflections [2θ ≤ 49.994°], 200 parameters and Goodness-of-fit on F 2 = 1.040. Crystal data for 10: CCDC 1560397, C18H15CoFe3O8Se2, Mr = 743.70, monoclinic, Cc, a = 17.1818(8) Å, b = 10.4178(5) Å, c = 14.2140(6) Å, β = 111.053(2)°, V = 2374.42(19) Å 3 , Z = 4, ρcalcd = 2.080 mg/m 3 , μ = 5.589 mm -1 , F(000) = 1440, R1 = 0.0311, wR2 = 0.0750, 3850 independent reflections [2θ ≤ 49.99°] and parameters, Goodness-of-fit on F 2 = 1.037. Crystal data for 11: CCDC 1560398, C17H15CoFe2O7Se, Mr = 580.88, monoclinic, C2/c, a = 19.2335(7) Å, b = 8.5091(3) Å, c = 27.0380(9) Å, β = 114.023(2)°, V = 4041.7(3) Å 3 , Z = 8, ρcalcd = 1.909 mg/m 3 , μ = 4.064 mm -1 , F(000) = 2288, R1 = 0.0407, wR2 = 0.0648, 4606 independent reflections [2θ ≤ 54.97°] and 258 parameters, Goodness-of-fit on F 2 = 1.029.
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FULL PAPER

Synthesis of group 9 triple decker sandwich metallaheteroboranes containing four-membered open B2E2 central ring (E = S or Se) has been described. Further, the reactivity of these molecules with group 8 metal carbonyl compounds has been carried out that yielded closo-polyhedral metallaheteroboranes.
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