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Tailoring heterometallic cluster functional building blocks: synthesis, separation, structural and DFT studies of [Re 6-x Mo x Se 8 (CN) 6 ] n- V.K. Muravieva, [a,b] Y.M. Gayfulin, [a] C. Prestipino, [b] P. Lemoine, [b] M.R. Ryzhikov, [a,c] V.V. Yanshole, [c,d] S. Cordier * [b] and N.G. Naumov *[a,c] Abstract: Influence of the metal core composition and geometry on the structure, spectroscopic properties and redox potentials was investigated for the first time for heterometallic (Re/Mo)6 octahedral clusters. The discrete anionic clusters [Re6-xMoxSe8(CN)6] n-(x = 2, 3; n = 4, 5) were obtained as individual salts. Their isomeric composition and bond lengths distribution were inspected using a combination of single-crystal X-ray structure analysis, NMR, EXAFS and DFT calculations.

Octahedral cluster chalcogenides {M6Q8} (M = Mo, W, Tc, Re, Q = S, Se, Te) represent an important class of inorganic compounds containing metal-metal bonds. Their structures are based on rigid M6Q8 core composed of the metal octahedron M6 coordinated by the face-capped chalcogenide ligands. The M6Q8 moiety is additionally coordinated by apical ligands subjected to soft chemical modification. Rhenium and molybdenum clusters of this type were intensively investigated over the last decades due to the rich chemistry, structural diversity and functional properties in the solid state and in solution. Most prominent examples are: superconductivity of solid-state phases based on [Mo6Q8] (Chevrel phases), [1] photoluminescence of discrete rhenium clusters [Re6Q8L6] n , [2] radiopacity, [3] and redox chemistry. [4] Numerous theoretical investigations showed that frontier molecular orbitals of the cluster core consist of the atomic orbitals of all metal atoms and (to a less extent) inner ligands. [5] Consequently, the cluster core can be considered as a chemically stable "superatom", whose composition and geometry determines the electronic structure and drives physicochemical properties of compounds. [6] Since the orbitals of each metal atom make a decisive contribution to the electronic structure of the whole cluster complex, the intrinsic properties of cluster compounds significantly depend on the nature of metals forming metallocluster. One of the most intriguing and poorly explored possibilities that cluster complexes provide is the ability to gradually "substitute" a different number of metal atoms in a cluster core for atoms of another type, thus obtaining heterometallic cluster-based superatoms. This approach is the only practical way to investigate a gradual change in the properties of clusters at a fundamental level of structure-properties correlations during the transition from {M6Q8} to {M′6Q8} cores. The main difficulty of this approach is that chalcogenide clusters are synthesized by a high-temperature synthesis, and the post-synthetic modification of the octahedral metal core is unachievable without its reassembling. This feature emphasizes the importance and the need of development of experimental procedures for synthesis and separation of cluster compounds based on heterometallic cores. The modulation of the cluster valence electron (CVE) count by a metal substitution was first applied in heterometallic Chevrel phases in 1978 with the preparation of [Mo2Re4Q8] (Q = S, Se) compounds. [7] The aforementioned study was then followed by the preparation and investigation of other substituted Chevrel phases: {Mo6-xMxQ8} (M = Re, Q = Te, x = 2; M = Ru, Q = Te, 0 ≤ x ≤ 2, Q = Se, x = 2; M = Rh, Q = Te, x = 0.5, 1.33). [8] In contrast with polymeric phases of constant composition, the first attempt to synthesize the discrete chalcogenide clusters based on Re/Mo heterometallic cores by a high-temperature synthesis has resulted in the formation of water-soluble salts Cs5[Re6-xMoxSe8(CN)6]•nH2O, x = 1.64 or 1.79. [9] Our recent study has revealed that the formation of cluster cores with different ratio of metals in the melt of KCN occurs even at the optimized reaction temperature. [10] Herein, we report the first detailed study of the discrete anionic clusters [Re4Mo2Se8(CN)6] n-and [Re3Mo3Se8(CN)6] n-as individual species. A practical method for their separation from reaction mixtures was developed. Isomerism and cluster distortion of metal cores in the solid state and in solution were investigated using a combination of single-crystal X-ray structure analysis, NMR, EXAFS and DFT calculations. In addition, spectroscopic properties and redox potentials of the heterometallic clusters were elucidated and found to be strongly correlated with the metal core composition. The reaction between MoSe2 and ReSe2 in KCN melt at high temperature results in the formation of the polymeric phase K6[Re6-xMoxSe8(µ-CN)(CN)4] with variable composition. This phase crystallizes in tetragonal space group I4/m and displays polymeric structure based on 1D chains composed of cluster It was found previously that reaction at 630°C resulted in formation of the polymeric phase with x = 3. [10] Here we report that the increase of the synthesis temperature up to 800°C led to formation of isostructural polymeric phase with x varied from 2.4 to 3.0. A non-integer metal ratio in the obtained compounds indicates that these salts are composed of mixture of several discrete cluster anions, probably, [Re2Mo4Se8(CN)6] n-, [Re3Mo3Se8(CN)6] n-and [Re4Mo2Se8(CN)6] n-. To prove this assumption, several samples of the polymeric phase K6[Re6-xMoxSe8(µ-CN)(CN)4] were synthesized at different temperatures and transformed to the soluble salts with Ph4P + . The CH3CN/DMF solutions of these salts were investigated using a high-resolution electrospray mass-spectrometry. It was found that the polymer prepared at 630°C yielded the salt composed of [Re3Mo3Se8(CN)6] 4- anion with minor amount of [Re4Mo2Se8(CN)6] 4-and [Re2Mo4Se8(CN)6] 4-anions (Figure 1, a, Figure S4). The increase of the temperature up to 700°C and 800°C led to significant increase of the fraction of [Re4Mo2Se8(CN)6] 4-anion (Figure 1, b, c, Figures S5, S6). It is worth noting that the ReSe2/MoSe2 ratio in the pre-loaded reaction mixture does not affect the composition of the resulting cluster phase. 
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The phase K6[Re3.6Mo2.4Se8(µ-CN)(CN)4] (1) synthesized at 800C was structurally characterized (Tables S1 andS2 One can see that the selective one-electron oxidation of [Re4Mo2Se8(CN)6] 5-anion by air oxygen and the formation of insoluble salt 4 in water are the driving forces of the separation process. Examination of redox properties of [Re4Mo2Se8(CN)6] 4- anion in electrochemical conditions displayed two quasireversible redox waves characterized by E1/2 values of -0.476 V and -1.294 V vs Ag/AgCl (Figure 3, Table 1). These processes correspond to the reduction of [Re4Mo2Se8(CN)6] 4-cluster with 22 CVE and consequent formation of [Re4Mo2Se8(CN)6] 5-anion with 23 CVE and [Re4Mo2Se8(CN)6] 6-anion with 24 CVE, respectively. CV curve of [Re3Mo3Se8(CN)6] 5-anion (compound 5 in CH3CN, Figure S10) showed three successive steps of reduction forming [Re3Mo3Se8(CN)6] 5-/6-/7-anions (22, 23 and 24 CVE, respectively). Half-wave potentials of these processes in CH3CN were -0.202 V, -0.870 V and -1.270 V, respectively. It is important to note that the increase of Mo content within the cluster core causes significant negative shift of potential corresponding to oxidation process from 24 to 23 CVE and to the appearance of further oxidation from 23 to 22 and from 22 to 21 CVE redox pairs (Table 1). Therefore, a non-isovalent substitution of metal atoms in the cluster core is a powerful tool for tuning of the redox properties of cluster compounds. The difference of electrochemical potentials of [Re3Mo3Se8(CN)6] 5- and [Re4Mo2Se8(CN)6] 5-anions (Table 1) allowed the selective oxidation of the latter. Complete oxidation of [Re4Mo2Se8(CN)6] 5- anion and precipitation of 4 occur at pH 7-9, while [Re3Mo3Se8(CN)6] 5-anion remains in solution. It is obvious, that {Re3Mo3Se8} and {Re4Mo2Se8} cores can also exist in two isomeric forms each (Figure 4). According to our crystallographic data, high symmetry of the lattice results in shared occupancy of Re and Mo atoms in metal sites, that does not allow to distinguish these forms due to their co-crystallization and orientational disorder. In order to shed light on the isomeric composition of obtained clusters, 77 Se NMR spectra of diamagnetic 22 CVE cluster salts 4 and 6 were recorded in acetone and H2O, respectively. To analyze the optimized geometry and electronic structure of novel heterometallic cores {Re4Mo2}, DFT calculations were performed for both cis-and trans-isomers of [Re4Mo2Se8(CN)6] n- anion (n = 4-6, CVE count from 22 to 24). Molecular orbital (MO) diagrams for [Re4Mo2Se8(CN)6] n-isomers are shown in Figure 6. Orbitals of 24 CVE clusters have mixed bonding-antibonding character relative to metal-metal interactions below Fermi energy level (HOMO, HOMO-1 and etc.) and anti-bonding above the Fermi energy level (LUMO, LUMO+1 and etc.). The HOMO and HOMO-1 are composed mostly of rhenium and molybdenum atomic orbitals with some contribution of selenium atomic orbitals (about 25%). The MO disposition demonstrates the presence of relatively large HOMO-LUMO gap of ~2 eV and smaller gap of 0.6-0.7 eV between HOMO-1 and HOMO-2 (for 23 and 24 CVE cluster anions). The calculated mean M-M distances for isomers of [Re4Mo2Se8(CN)6] 4-anion are listed in Table 2. The attentive analysis of optimized geometries reveals that both cis-and transisomers of 24 CVE {Re4Mo2} cores are barely distorted, with close metal-metal distances. Removal of two valence electrons from HOMO level causes strong distortion of metal cores in both cis-and trans-isomers (Figure 7a). The octahedral distortion leads to the loss of the Oh symmetry by axial distortion to D4hsymmetrized trans-isomer. Elongation of the metal bond in the case of cis-[Re4Mo2Se8(CN)6] 4-anion leads to C2V point symmetry (Figure 7b). The difference between the shortest and the largest M-M bonds of 22-electron [Re4Mo2Se8(CN)6] 4-anion has the remarkable values of 0.197 and 0.091 Å for cis-and trans-isomer, respectively. In both cases the distortion is provided by the preference of molybdenum to form longer and rheniumshorter distances with the surrounding atoms (Table 2). Mo-Se and Re-Se distances are close and do not show the similar consistency as metal distances (Table S5). It is worth noting that average M-M bond distances are practically equal for both isomers and all CVE counts (Figure 7a), and are close to the data of single-crystal X-Ray structural analysis. 6) both having 22 CVE, which have the most significant distortion of metal core according to DFT calculations. The experimental data obtained for Re and Mo have been simultaneously fitted by the model containing pure isomeric atom arrangement. The final theoretical functions for both isomers in the case of {Re4Mo2} agree well with the experimental spectra (Figure 8, Figure S12). The final fitting parameters can 10.1002/chem.201903321
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Chemistry -A European Journal be found in Table S3. The resulted metal-metal distances obtained by the fitting of the EXAFS spectra and respective octahedron distortion were found to follow the same trend as DFT optimized geometries (Table 2). Both fits revealed visibly enlarged Mo-Mo and shortened Re-Re distances comparing to crystallographic data of 4. Fitting of the data obtained for K5[Re3Mo3Se8(CN)6]•11H2O (6) salt reveals that, although only slightly smaller reliability factors, the mer-isomer model presents a set of final parameters more consistent than fac-one (see σ 2 Mo-Mo Table S4 ; Figure S11) in agreement with the results of NMR spectroscopy. DFT optimized geometry for [Re3Mo3Se8(CN)6] 5-discussed in our previous study [10] and geometry resulted from EXAFS fitting in present work were found to correlate similarly as it was found for [Re4Mo2Se8(CN)6] 4-also comprising elongated Mo-Mo and shortened Re-Re distances (Table S6). formed in high temperature synthesis due to the difference in redox behavior of anions with different Re/Mo ratio. Thus, it was shown that the substitution of metal atoms in cluster core and the variation in the ratio of metals is a powerful tool for changing the electronic structure and, as a consequence, the redox properties, UV-Vis spectra and color of octahedral cluster solutions and crystals. The discovered possibility to isolate these redox-active anions pave the way for the further engineering of cluster building blocks and new cluster materials with tailored physicostructural properties through ligand exchange reactions and formation of cluster solids by assembling of cluster building blocks via covalent and supramolecular interactions. 
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  Scheme 1. A general way for preparation of soluble clusters from polymer phases K6[Re6-xMoxSe8(µ-CN)(CN)4] x = 2.4-3.

Figure 1 .

 1 Figure 1. ESI-MS spectra in negative mode of (Ph4P)4[Re6-xMoxSe8(CN)6] salts prepared from K6[Re6-xMoxSe8(µ-CN)(CN)4] synthesized at different reaction temperatures (top) and their calculated spectra (bottom). Signals corresponds to the adducts {(Ph4P)[Re2Mo4Se8(CN)6]} 2-(m/zcalcd = 942.031 Da), {(Ph4P)[Re3Mo3Se8(CN)6]} 2- (m/zcalcd = 987.554 Da) and {(Ph4P)[Re4Mo2Se8(CN)6]} 2-(m/zcalcd = 1033.077 Da, left to right, correspondingly).

  10.1002/chem.201903321 

  in Supplementary) and was used as precursor for the preparation of compoundsK5[Re3.6Mo2.4Se8(CN)6]•11H2O (2) and (Ph4P)4[Re3.6Mo2.4Se8(CN)6]CH3CN (3) as summarized in Scheme 1. Salts 2 and 3 contain comparable quantities of cluster anions [Re4Mo2Se8(CN)6] n-and [Re3Mo3Se8(CN)6] n- . We have found an easy and convenient method of separation of cluster anions [Re3Mo3Se8(CN)6] 5-and [Re4Mo2Se8(CN)6] 5-based on the difference of redox properties of these clusters. A crucial stage in the separation procedure is the addition of aqueous solution of n-Bu4NBr to the aqueous solution of 2 during stirring in air. Anion [Re4Mo2Se8(CN)6] 5-was found to be unstable toward oxidation in these conditions and this led to the precipitation of the salt (n-Bu4N)4[Re4Mo2Se8(CN)6] (4) as individual phase containing the anion [Re4Mo2Se8(CN)6] 4-(22 CVE) only. The remaining colored mother solution contains the [Re3Mo3Se8(CN)6] 5-anion, and further precipitation was not observed even after long exposure of the solution in air or addition of large excess of n-Bu4NBr. The extraction of [Re3Mo3Se8(CN)6] 5-from aqueous solution by CH2Cl2 was successful. Crystallization of the highly charged anion [Re3Mo3Se8(CN)6] 5-in organic solution was not achieved. One electron oxidation of [Re3Mo3Se8(CN)6] 5-was performed in order to reduce the charge of the cluster anion (Figure 2). Then diffusion of Et2O vapor into solution with oxidized cluster led to formation of crystalline salt (n-Bu4N)4[Re3Mo3Se8(CN)6] (5) containing the anion [Re3Mo3Se8(CN)6] 4-(21 CVE). Massspectrometry investigations confirm the selectivity of separation. The mass spectra of 5 in CH2Cl2 demonstrates the presence of [Re3Mo3Se8(CN)6] n-anion adducts only (Figure S8). The ESI-MS spectra of 4 in acetone demonstrates the signals for adducts of [Re4Mo2Se8(CN)6] 4- without noticeable admixtures of [Re3Mo3Se8(CN)6] 4-(Figure S7). [Re3Mo3Se8(CN)6] 5-anion can be also isolated from organic media as water soluble salt K5[Re3Mo3Se8(CN)6]11H2O (6) by means of metathesis reaction with KSCN.

Figure 2 .

 2 Figure 2. Evolution of UV-Vis spectra of [Re3Mo3Se8(CN)6] 5-/4-anions (compound 5) in DMF solution during redox titration by iodine solution. Purple line corresponds to the [Re3Mo3Se8(CN)6] 5-anion, blue lineto the [Re3Mo3Se8(CN)6] 4-one.

Figure 3 .

 3 Figure 3. Cyclic voltammogram of 4 in CH3CN under Ar, 25 mV•sec -1 scan rate.

Figure 4 .

 4 Figure 4. Isomerism of the octahedral metal cores {Re3Mo3} and {Re4Mo2}.

  Figure 5. 77 Se NMR spectra for a) 6 in D2O b) 4 in CD3COCD3, integrated intensities are shown in brackets.

Figure 6 .

 6 Figure 6. Molecular orbital diagrams of cis-(a) and trans-(b) isomers of [Re4Mo2Se8(CN)6] n-(n = 4-6 from left to right). On the insets: typical view of the HOMO-1, HOMO and LUMO for [Re4Mo2Se8(CN)6] 5-anion. The diagrams are lined on the HOMO-1 level.

Figure 7 .

 7 Figure 7. a) analysis of the DFT optimized geometries of the anions [Re4Mo2Se8(CN)6] n-n = 6-(24 electrons), 5-(23e -), 4-(22e -) b) octahedral distortion in 22-electron {Re4Mo2} metal cores.

Figure 8 .

 8 Figure 8. a) EXAFS measurements for the compound 4 (weighted by k 3 ) Mo Kedge, b) Fourier transform magnitudes. Model fits (fitting spacek) are reported as lines.

  (Please choose one layout) Layout 1: COMMUNICATION Excision reaction of polymeric phase K6[Re3.6Mo2.4Se8(m-CN)(CN)4] and selective oxidation afford the individual heterometallic redox-active [Re4Mo2Se8(CN)6] n-and [Re3Mo3Se8(CN)6] n-cyanoclusters. Electron deficient anions demonstrate significant metal core distortion determined by EXAFS and DFT calculations. V.K. Muravieva, Y.M. Gayfulin, C. Prestipino, P. Lemoine, M.R. Ryzhikov, V.V. Yanshole, S. Cordier, N.G

Table 1 .

 1 Redox

	Anion	20/21	21/22	22/23	23/24
	[Re6Se8(CN)6]				
	(CH3CN) [4]				

data for {M6Se8}-type clusters (M = Re, Mo; potentials are normalized vs Ag/AgCl/3.5 M KCl electrode). Redox pair charges are in brackets.

Table 2 .

 2 The comparison of the M-M distances and octahedron diagonals (Rd) for 22-electron {Re4Mo2} metal core obtained by theoretical and experimental techniques.

		cis-{Re4Mo2}	trans-{Re4Mo2}	SC XRD
		EXAFS	DFT	EXAFS	DFT	
		model	model	model	model	
	RMo-Mo	2.784	2.837	-	-	-
	RMo-Re	2.678	<2.685>	2.671	<2.711>	-
	RRe-Re	2.629	<2.648>	2.636	<2.620>	-
	RM-M	<2.667>	<2.682>	<2.659>	<2.681>	<2.646(14)>
	To evaluate the real geometry of {Re4Mo2} and {Re3Mo3} cluster
	cores, Extended X-Ray Absorption Fine Structure (EXAFS)
	measurements were carried out on Mo K-edge and Re L3-edge
	for	solids	(n-Bu4N)4[Re4Mo2Se8(CN)6]	(4)	and
	K5[Re3Mo3Se8(CN)6]•11H2O (			
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