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Introduction

Since the discovery of ferrocene in 1951, 1 the quest for novel sandwich complexes have been a significant area of study in the field of organometallic chemistry due to their fascinating physical and chemical characteristics as well as their distinctive structural features. 2 Syntheses of metallocenes with the increasing number of rings and metals led to triple-and multi-decker sandwich complexes which contain heterocyclic rings simultaneously bonded to two or more oppositely lying transition-metals. 3 Triple-decker complexes comprising a planar or bent middle ring are extremely versatile and exhibit significant unpaired electron delocalization between metal centers. [START_REF]ESI-MS (ESI + ): m/z calc. for [C20H32B2Co2S2CuBr-Br+CH3CN[END_REF][START_REF]ESI-MS (ESI + ): m/z calc. for [C20H32B2Co2Se2CuBr-Br+CH3CN[END_REF][6][7] The possibility of the existence of a triple-decker sandwich complex was first pointed out by Salzer and Werner in 1972 after the discovery of [Ni2Cp3] + (Cp = η 5 -C5H5). 8 Grimes and coworkers have isolated the first structurally characterized triple-decker complex, [(CpCo)2RC2B3H4] (R = H/Me) (Chart 1, I). 9 However, compared to triple-decker complexes with carbocyclic ligand systems, such complexes with solely inorganic ring systems or heterocyclic ligands are still comparatively understudied due to a lack of effective synthetic methods. In 1982, Rheingold and coworkers reported the first triple-decker complex, [(CpMo)2(μ,η 4 -As5)] (II) having cyclo-As5 moiety in middle-deck. 10 Later, in 1986, Scherer and coworkers isolated [(CpCr)2(μ,η 5 -P5)] (III), the first triple-decker complex in which a cyclo-P5 unit was stabilized as middle-deck. 11 Fehlner and coworkers have isolated a triple-decker complex comprising open-B5 moiety as middle-deck [(Cp*ReH)2B5Cl5] (IV), which is the first example of a dimetallaborane fully chlorinated at boron. 12 Kudinov and coworkers have reported a few triple-decker complexes of iron, ruthenium, and molybdenum, such as [Cp*Fe(μ,η 5 :η 5 -P5)MCp*] + (M = Fe, Ru) and [(C7H7)Mo(μ,η 5 :η 5 -P5)FeCp*] + . 13 Scheer and coworkers have isolated several unique neutral triple-decker sandwich complexes having functionalized cyclo-P5 moieties as middle-decks by using [Cp*Fe(η 5 -P5)] as starting material. 14 Recently, the same group has reported a new highyielding synthetic method for triple-decker complex [Cp*Fe(μ,η 5 :η 5 -P5)Mo(CO)3] (V). 15 Very recently, Roesky and coworkers have reported trinuclear triple-decker complexes with P5 or As5 middle-decks and a planar lead containing heterocycle as a lower deck that disclosed the first heterotrimetallic Pb-Fe-Li triple-decker polypnictogenides. 16 However, the development of such heterometallic systems that incorporate main group elements, semi-metals, and transition metals in the middle-deck are still relatively unexplored due to the lack of efficient synthetic routes. Although several triple-decker complexes having homocyclic ring composed of carbon, boron, phosphorus, and arsenic as middle-decks are known in the literature, heterocyclic ring systems as middle-decks are still limited. 17 As a result, syntheses of triple-decker complexes having coinage metal (i.e., Cu) in the middle-deck became of interest.

Coinage metal complexes have attracted a lot of attention due to their striking structural features and find prospective uses in various fields, particularly in nanotechnology. 18 Among several metallic nanoclusters, group 11 coinage metals have drawn significant interest and show different physio-chemical properties like luminescence, non-linear optical response, and molecular chirality. 19 (Chart 1. near here)

As part of our research on such complexes, [20][21][22] we have recently synthesized and characterized triple-decker complexes [(Cp*M)2{B2H2E2Pd(Cl)2}] (E = S and Se; M = Rh, Co, or Ir) comprising {PdCl2} moiety in the middle-deck. 22 Very recently, we have isolated a triple-decker sandwich complex of titanium [(Cp*Ti)2(μ-η 6 :η 6 -B6H6)(μ-H)6] containing a nearly planar [B6H6] ring sandwiched between two {Cp*Ti} fragments. 20c As a result, the isolation of triple-decker complexes comprising planar middle-deck following a high-yielding synthetic route became appealing. In this article, we have revisited the chemistry of group 9 transition metal complexes, [(Cp*M)2{μ-B2E2H2}] (M = Co, or Rh; E = S or Se) containing chalcogen atoms at the open site, with [CuBr(SMe2)]. Herein, we have reported syntheses, structures, and bonding of triple-decker complexes having a planar heterocyclic 5-membered middle-deck.

Results and discussion

Syntheses and characterization of triple-decker complexes, 4-6. Cluster expansion reactions of preformed metallaheteroboranes and metallaboranes by incorporating main group and metal fragments afforded clusters of both unusual shape and electron count. [23][24][25] However, syntheses of triple-decker complexes with planar middle-decks consisting of transition metals or main group elements are rare besides a few instances, including the first complex [(Cp*Re)2{μ-η 6 :η 6 -B4H4Co2(CO)5}]. 4b,25e As a result, we have studied the reactivity of open-core triple-decker

complexes nido-[(Cp*M)2{μ-B2H2E2}], 1-3 (1: E = S, M = Co; 2: E = Se, M = Co; 3: E = Se, M = Rh) with [CuBr(SMe2)].
As shown in Scheme 1, the reactions of 1-3 with [CuBr(SMe2)] at room temperature yielded 4-6, respectively. Immediately after the addition of [CuBr(SMe2)] with 1 and 2, the reaction mixtures changed to green due to the formation of 4 and 5. In contrast, the reaction mixture changed to red for 6. Note that all the complexes have been isolated as a single-product in good yields. The formation of 4-6 from 1-3 may be described as metallo-ligand approach, in which 1-3 act as a ligand to the {CuBr} unit. From the reaction mixtures, SMe2 was removed by washing with hexane, and products were characterized without further purification. Although the reactions of [Ag(PPh3)Cl] and[AuCl(SMe2)] with 1 and2 5), and C20H32B2Rh2Se2CuBr (6)]. All the spectroscopic data, along with mass spectrometric data, suggest comparable structures for 4-6. Finally, the single-crystal X-ray diffraction analyses were performed to determine the solid-state structures of 5 and 6.

(Fig. 1. near here)

The single-crystals of 5 and 6 were grown by slow evaporation of CH2Cl2 solution of the complexes at -5 °C. Unfortunately, we are not able to get good quality single crystals for 4. The solid-state structures of 5 and 6, shown in Fig. 1, correspond to triple-decker complexes where group 9 metals (Co/Rh) are sandwiched between five-membered [B2E2Cu] ring and Cp* ligands.

Middle-decks in 5 and 6 have slightly deviated from coplanarity with a dihedral tilt angle stretched from 1.95°-5.02° (Fig. 2), in which the deviation is maximum for 6. The bridging ligands in 5 and 6 contain a five-membered [B2E2Cu] ring in which Cu(I)Br unit bind through chalcogen atom with a bite angle of 96°. Interestingly, the bromine atom and chalcogen atoms in 5 and 6 are in a trigonal planar arrangement with Cu(I), while the axial group 9 metals are weakly coordinated with Cu(I). The B-B bond distance of 5 (1.69( 2) Å) and 6 (1.680(13) Å) are shorter than that of nido-2 (1.726( 7) Å) 26 and nido-3 (1.739(4) Å), 27 respectively (Table 1). While the average B-Se distances of 5 (1.993 Å) and 6 (2.001 Å) are longer than that of nido-2 (1.985( 6) Å], 16 and nido-3 (1.983(3) Å) 27 . The average Cu-Se distances of 5 (2.376 Å) and 6 (2.381 Å) are compared to that of {Cu[Se (2,4,6-i Pr3C6H2)]}6 (2.370(2) to 2.412(2) Å). 28 The average Co-Cu distance in 5

(2.676(2) Å) is considerably longer (0.3 Å) as compared to binuclear Cu-Co complex, [(tmed)CuCo(CO)4] (dCu-Co = 2.379 (1) Å; tmed = N,N,N',N'-tetramethylethylenediamine). 29 Similarly, the average Rh-Cu distance in 6 (2.777(2) Å) is longer as compared to Rh-Cu complex, [RhCu(PPh3)(cod)(η 5 -7,8-C2B9H9Me2)] (dRh-Cu = 2.633(2) Å, cod = cycloocta-1,5-diene). 30 Complexes 4-6 can be described as 60 cluster valance electrons (CVE) and 8 SEP: (Fig. 2. near here) (Table 1. near here)

The DFT analyses of 5 and 6 have been carried out using the Gaussian 16 program at the BP86/def2-TZVP level of theory to understand the structures and bonding of such triple-decker complexes. The optimized geometrical parameters of 5 and 6 are in accordance with their solidstate structural parameters (Table S1). Additionally, the GIAO-DFT (gauge-including atomic orbitals-density functional theory) calculated 11 B chemical shift values of 5 and 6 are also in good agreement with the values observed experimentally (Table 1). The frontier molecular orbital analyses of 5 and 6 display a lower HOMO-LUMO gap in 5 ( 1.269 eV) compared to 6 (1.379 eV). This may be due to the presence of different axial metals (Co or Rh) in their framework. The HOMOs of 5 and 6, shown in Fig. 3, are significantly concentrated over the axial metals (Co or Rh; d-orbitals), Se (p-orbitals), Cu (d-orbitals), and Br (p-orbital) atoms. In contrast, the LUMOs are mainly localized on the axial metals (d-orbitals) and Se atoms (p-orbitals). Further, the HOMO-12 of 5 and HOMO-14 of 6 (Fig. 3) show  bonding interactions between the axial metals and Cu the absence of a bonding interaction between two axial metal centers (Table S1). The natural charges obtained from NBO (natural bond orbital) analyses, shown in Table S3, display positive and negative charges on selenium and boron atoms, respectively, that indicate their donating nature towards metals.

(Fig. 3. near here)

The topological analyses of 5 and 6 were carried out using QTAIM method to reveal the interaction of the axial group 9 transition metals (Co/Rh) with the middle-deck. The positive value of ∇ 2 ρ(r) (Laplacian of the electron density) at the bond critical points of M-Se, Cu-Br, and M-B, reveal electron-donating nature of these ligands towards metals (Table 2). Additionally, the topological properties show that the Cu-Se bonds are more electrostatic than the Co-E or Rh-E bonds (E = S or Se). Furthermore, the electron localization function (ELF) values, negative ∇ 2 ρ(r), and negative H(r) values along the B-B and B-Se bonds suggest the pure covalent character of these bonds. These variations are observed in the contour map of the ∇ 2 ρ(r), shown in Fig. 4(a), in the [CuB2Se2] middle-deck for 5. For instance, the electron concentration is higher between Se1-B1-B2-Se2 bonds, while the electron density is lower between Cu-Se bonds. In addition, the topology analysis for 5, shown in Fig. 4 (b), suggests the 3c-2e interaction between the axial metals and B-B bond.

(Table 2. near here) (Fig. 4. near here)

Conclusion

In summary, we have isolated and structurally characterized triple-decker sandwich complexes of group 9 metals having planar 5-membered [CuB2Se2] ring in the middle-deck. The reported methodology is an efficient route for the generation of heterometallic triple-decker complexes with high yields. Interestingly, complexes 4-6 are the first examples of triple-decker complexes comprising coinage metal in the middle-deck. Further, theoretical calculations gave insight into the bonding of such complexes, in which the middle-deck is strongly bonded with the axial metals through the [B2E2] fragment. In contrast, a weak bonding interaction was observed between Cu and the axial group 9 metals. Besides the syntheses of such heterotrinuclear triple-decker complexes, the usefulness of these complexes is under investigation.

Experimental section

General procedures and instrumentation. All the syntheses were executed under Ar atmosphere by using standard Schlenk line techniques. Tertrahydofuran, toluene, DCM (dichloromethane) and hexane were distilled under an argon atmosphere. All reagents, such as Cp*H, RhCl3, CoCl2, n-BuLi in hexane, [LiBH4•THF] were purchased from Sigma Aldrich and used without purification.

[CuBr(SMe2)], 31 and 1-3 26,32 were synthesized by following the literature procedures. All 1 H, 11 B{ 1 H} and 13 C{ 1 H} NMR spectra for the synthesized complexes were recorded on 500 or 400 MHz Bruker FT-NMR spectrometers. The residual solvent protons (CDCl3, δ = 7.26 ppm) and carbon (δ = 77.1 ppm, CDCl3) were employed as a reference for the 1 H and 13 C{ 1 H} NMR spectra, respectively. 11 B{ 1 H} spectra of all compounds were processed with a backward linear prediction algorithm to remove the broad 11 B{ 1 H} background signal of the NMR tube. 33 Qtof Micro YA263 HRMS and 6545 Qtof LC/MS instruments were used to record the mass of the compounds. IR spectra were recorded on a JASCO FT/IR-1400 spectrometer in dichloromethane solvent.

Syntheses of 4 and 5:

In a flame-dried Schlenk tube, the deep blue solution of [(Cp*Co)2B2H2S2], 1 (0.03 g, 0.06 mmol) and [CuBr(SMe2)] (0.012 g, 0.06 mmol) in toluene (10 ml) was stirred at room temperature. The reaction mixture was changed from blue to green within 1 min and allowed to stir at room temperature for an additional 1 h. After filtration, the solvent was dried under vacuum and the residue was purified by washing with hexane, yielded a green solid, 4

[(Cp*Co)2B2H2S2CuBr] (yield: 90-92% for a set of experiments). Single crystals were grown by slow diffusion of dichloromethane solution of 4 in dichloromethane at -5 ºC.

6: ESI-MS (ESI +

): m/z calculated for [C20H32B2Rh2Se2CuBr-Br+CH3CN] + : 763.8702, found: 763.8659; 11 B{ 1 H} NMR (CDCl3, 160 MHz, 22 °C, ppm): δ = 17.9 (s, 2B); 1 H{ 11 B} NMR (CDCl3, 500 MHz, 22 °C, ppm): δ = 1.77 (s, 30H, C5Me5), 5.7 (s, 2BHt ); 13 C{ 1 H} NMR (CDCl3,125 MHz,22 °C,ppm): δ = 90.8 (s, C5Me5), 10.4 (s, C5Me5); IR (dichloromethane, cm -1 ): ṽexp= 2510 (BHt); ṽcal = 2538 (BHt).

Computational details: All the triple-decker complexes were optimized using the Gaussian 16 34 program at the BP86 35 functional along with def2-TZVP basis set from EMSL [START_REF]EMSL Basis Set Exchange Library[END_REF] Basis Set Exchange Library. The complexes were fully optimized starting from X-ray coordinates in the gaseous state (no solvent effect). Frequency calculations were carried out for the verification of the nature of the stationary state and to confirm the absence of any imaginary frequency, which eventually confirmed the minima on the potential energy hypersurface for all structures. NMR chemical shifts were computed by employing the gauge-including atomic orbitals (GIAOs) method 37 using the BP86/def2-TZVP optimized geometries. Chemical shifts corresponding to 11 B NMR were computed in relation to B2H6 (BP86 shielding constant for 11 B NMR: 80.9 ppm) and were then transformed to the standard [BF3.OEt2] scale by adding 16.6 ppm (the experimental δ ( 11 B) value of B2H6) to the computed values. 38 Wiberg bond indices (WBI) 39 were generated from natural bond orbital analysis (NBO) 40 . All the optimized geometries and orbital pictures were drawn by Chemcraft 41 visualization programs. Laplacian electronic distribution plots and twodimensional electron density were generated using the Multiwfn package. 42 X-ray structure determination analysis details: Suitable X-ray quality crystals for 5 and 6 were grown by slow diffusion of a hexane-CH2Cl2 solution at -5 ºC. The X-ray data were collected and integrated using a APEXII Bruker-AXS diffractometer for 5, Bruker D8 VENTURE for 6, and with graphite monochromated Mo-Kα (λ = 0.71073 Å) radiation at 150(2) K (for 5), 296(2) K (for Chart 1.
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  yielded almost immediately blue color species, they converted back to starting materials 1 and 2 within two hours, respectively. As a result, we are not able to isolate and structurally characterize the Ag and Au analogues of 4 and 5, respectively. (Scheme 1. near here) All complexes 4-6 were characterized by NMR, ESI-MS, and IR spectroscopy. The 1 H NMR spectra of 4-6 show singlet chemical shifts at δ = 1.60, 1.77, and 1.77 ppm, respectively which are due to Cp* ligands. The presence of BH terminal protons were confirmed by 1 H{ 11 B} NMR spectra that showed chemical shifts at δ = 4-6 ppm. The 11 B{ 1 H} NMR spectra show one boron peak at δ = 20.0 ppm for 4, 18.1 ppm for 5, and 17.9 ppm for 6. Further, the presence of Cp* ligands for 4-6 were also confirmed by 13 C{ 1 H} NMR spectra. The IR spectra of all these complexes display peak for BHt in the region of  2511-2500 cm -1 . The ESI-MS spectra show isotopic patterns at m/z = 580.0348 [M-Br+CH3CN] + for 4, 675.9225 [M-Br+CH3CN] + for 5, and 763.8659 [M-Br+CH3CN] + for 6 [M = C20H32B2Co2S2CuBr (4), C20H32B2Co2Se2CuBr (

  [2{Cp*M} + 2{BH}+ 2{E} + {CuBr}] = [2{2} + 2{2} + 2{4} +{0}]2 = 8 SEP] triple-decker complexes with a pentagonal bipyramidal geometry.

  through d-orbitals. The M-Cu Wiberg bond indices (WBI) for 5 and 6 (0.14) suggest weak bonding interaction between group 9 metals and Cu. Further, the WBI suggests a weaker Cu-Se (0.36) bond as compared to the Cu-Br (0.71) bond. The WBI of B-B and B-Se in 5 and 6 indicate strong bonding interactions. However, the M-M Wiberg bond indices (0.06) for 5 and 6 indicate
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 2 Fig. 2.Dihedral angles between three different planes in 5 (left) and 6 (right).
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 3 Fig. 3.Selected molecular orbitals of 5 and 6. Isosurfaces are plotted at an isovalue of ±0.045 (e/bohr 3 ) 1/2 .
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 4 Fig. 4.Contour line diagrams of the ∇ 2 ρ(r), Laplacian of the electron density, of (a) Co2-
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Table 1 .

 1 Selected bond parameters (angles in deg and distance in Å) and 11 B NMR of 4

-6.

  

Table 2 .

 2 ∇ 2 ρ(r) (Laplacian of the electron density), energy density (H(r)), and ELF (electron localization function) values at the bond critical points (BCPs) computed at the BP86/ def2-TZVP level of theory of selected bonds in 5 and 6.

Table 1 .

 1 Table1. Selected bond parameters (angles in deg and distance in Å) and 11 B NMR of 4-6. d[B-B] a d(M-Cu) a dihedral angle b Expt. Calc. Average distance in Å, b Cp* and B2E2Cu ring, c data not available, d M = Co, e M = Rh

	Triple-decker		Structural Parameters	11 B NMR (δ, ppm)
	Complexes d[B-E] 4 -c	-c	-c	-c	20.0	16.0
	5	1.993	1.690	2.676 d	3.96, 1.95	18.1	24.1
	6	2.001	1.680	2.771 e	5.02, 4.19	18.3	16.3
	a						

a

Table 2 .

 2 

			5			6	
	bond	∇ 2 ρ(r)	H(r)	ELF	∇ 2 ρ(r)	H(r)	ELF
	B-B	-0.2280	-0.09167 0.9027	-0.2102	-0.0856 0.8992
	B-Se	-0.1467	-0.08170 0.7473	-0.1411	-0.0772 0.7588
	Se-Cu	0.1433	-0.0159 0.2531	0.1397	-0.0149 0.2497
	Cu-Br	0.2017	-0.0218 0.2291	0.2002	-0.0212 0.2272
	M-Cu a 0.0488	-0.0639 0.2324	0.0553	-0.0581 0.2127
	M-Se a	0.1250	-0.0146 0.2583	0.1234	-0.0128 0.2862
	B-B-M a 0.0906	-0.0230 0.4313	0.0781	-0.0237 0.4742

a M = Co for 5; M = Rh for 6

6

). The structures were solved using SHELXT-2014, SHELXS-97 43 , and refined using SHELXL-2017, SHELXL-2018, SHELXL-2014, 44 . X-ray structures were drawn using Olex2 45 . CCDC-2150288 (5) and2150289 (6 thanks the UGC for their research fellowships. The computational facility of IIT Madras is gratefully acknowledged.
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