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Propene complexes of molybdenum and tungsten stabilized by intramolecular coordination of 1-(quinol-8-yl)indenyl ligand
Ondřej Mrózek,[a] Libor Dostál,[a] Ivana Císařová,[b] Jan Honzíček * [c] and Jaromír Vinklárek * [a]
We report herein a new class of mixed propene-indenyl complexes of molybdenum and tungsten stabilized by strong N→M intramolecular coordination. The complexes [{η5:κN-1-(C9H6N)C9H6}(η2-C3H6)M(CO)2][BF4] (M = Mo, W) were obtained in nearly quantitative yields by protonation of η3-allyl ligand in compounds [(η3-C3H5){η5-1-(C9H6N)C9H6}M(CO)2] (M = Mo, W). In contrast to known η2-alkene molybdenum and tungsten compounds, here presented species are easily isolated in the solid state. The tungsten compound [{η5:κN-1-(C9H6N)C9H6}(η2-C3H6)M(CO)2][BF4] is stable at room temperature and its structure was unambiguously confirmed by X-ray diffraction. The reactivity of both propene complexes toward several monodentate donors was examined. In case dimethyl sulfide, ligand exchange reaction takes place to afford [{η5:κN-1-(C9H6N)C9H6}M(CO)2(SMe2)][BF4] (M = Mo, W) while acetonitrile induces haptotropic η5 → η3 rearrangement to give [{η3:κN-1-(C9H6N)C9H6}M(CO)2(NCMe)2][BF4] (M = Mo, W).
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Introduction
In 1985, Cutler et al. demonstrated that η3-allyl ligand in complex [(η3‑allyl)(η5‑Cp)Mo(CO)2] could be efficiently cleaved with fluoroboric acid and exchanged by monodentate (PPh3) or bidentate σ-donors (PPh2CH2CH2PPh2).1 Subsequently, the allyl-cleavage reactions from the [(η3‑allyl)(η5‑Cp)M] fragment were found to be a crucial step of syntheses of numerous molybdenum and tungsten compounds with various usage. For example, intermediates appearing upon the allyl protonation were found to be strong dienophiles suitable for assembly of CpCp’M.2–4 Reaction of [(η3‑allyl)(η5‑Ind’)Mo(CO)2] with gaseous HCl gives dimeric species [{(η5‑Ind’)Mo(CO)2(μ‑Cl)}2], which represents convenient precursor for [(η5‑Cp’)(η3‑Ind’)Mo(CO)2].4,5 In case of this mixed Cp’-Ind’ compounds, the hapticity of the indenyl changes within a two-electron redox reaction 6 providing an excellent system for studying of the indenyl effect.7 Poli et al. demonstrated that the relative configuration of allyl and butadiene in complex [(η5-Cp)(η3-allyl)(η4-C4H6)Mo] highly affects the product of allyl cleavage reactions.8,9 This is attributed to variable transfer of electron density form allyl to central atom for different conformers.8 Another important compounds, available through allyl-protonation, are complexes of the type [(η5-Cp’)Mo(CO)2(N,NL)][BF4], where Cp’ is cyclopentadienyl or its congeners and N,NL is N,N-chelate. These complexes were found to be highly active anti-cancer agents.10–13 Despite the aforementioned importance of allyl-cleavage reaction, the appropriate intermediates are not usually isolated and characterized. This might be attributed to large thermal instability, which was reported in the initial study.1 For the reaction of [(η3‑allyl)(η5‑Cp)Mo(CO)2] with HBF4 in a non-coordinating solvent, Cutler et al. described the formation of labile [(η5‑Cp)(η2‑C3H6)Mo(CO)2(FBF3)] species. Nevertheless, even attempts to isolate this η2-propene intermediate in the solid state were unsuccessful due to “facile decomposition to an insoluble black residue”.1 Despite of that, the η2-alkene complexes of early transition metals with η2-coordinated alkene are intensively studied. For example, labile η2-cyclopropene complexes of Zr and Nb are formed within the intramolecular β-H abstraction process.14,15 These species are able to activate not only various unsaturated systems including benzene,15 xylene,16 thiophene, furane 14 and pyridine 17 but also saturated hydrocarbons.18,19 In terms of aliphatic C–H bond activation, half-sandwich complexes of tungsten are highly efficient. For example, compounds of formula [(η5‑Cp*)(η3‑allyl’)W(NO)(CH2CMe3)] liberate neopentane at room temperature to afford η2-diene intermediates, which selectively activates aliphatic hydrocarbons in the terminal position tolerating amine, halogen and ether functions.20–24 Analogous system was recently used for methane and other simple hydrocarbons functionalization with the η2-intermediate recognized during the synthetic cycle.25,26 Herein, we show that strong N→M intramolecular interaction from rigid quinolyl substituted indenyl stabilizes η2‑propene complexes of molybdenum and tungsten. Furthermore, preliminary reactivity of the new propene species is described as well.

Results and discussion
Synthesis of allyl molybdenum precursors
The quinol-8-yl substituted mixed allyl-indenyl complexes [(η3-C3H5){η5-1-(C9H6N)C9H6}M(CO)2] (1: M = Mo; 2: M = W) are readily accessible by pronounced reaction of [(η3-C3H5)M(CO2)(NCMe)2Cl] (where M = Mo or W) with substituted indenyl lithium.5 The characterization using 1H and 13C NMR spectroscopy revealed two isomeric complexes with supine- and prone-allyl in solution easily distinguished by considerable upfield shifted protons of the allyl due to the indenyl diatropic ring current effect, which is characteristic for the complexes of type [(η5-Ind’)(η3-allyl)M(CO)2].5,27 Molecular structures of 1 and 2 are depicted in Fig. 1. The central metals in formal oxidation state II are four-coordinated providing a distorted tetrahedral configuration. Geometrical parameters of 1 and 2 are in line with those described for indenyl complexes bearing pyrid-2-ylmethyl group in the side chain.27
[image: ]
Fig. 1 Molecular structure of 1 (left) and 2 (right). Thermal ellipsoids set to 30% probability; only isomeric complexes with prone-conformation of allyl are shown for clarity. Selected bond lengths (Å) and angles (°) for 1: Mo–Cg(C1-C5) 2.0293(12), Mo–C19 1.933(2), Mo1–C20 1.952(3), C19–Mo1–C20 81.32(10); 2: W–Cg(C1-C5) 2.028(2), W–C22 1.943(5), W1–C23 1.951(5), C22–W1–C23 80.8(2).
The dark red solution is formed upon treatment of 1 and 2 with HBF4·Et2O in CH2Cl2 at –30°C, which is a typical color change within the allyl-cleavage reaction for complexes [(η5‑Cp’)(η3-allyl)M(CO)2].1 Upon slow warming to room temperature, significant darkening of the reaction mixtures was observed and 1H NMR chemical shift of appeared signals matches well with values reported for free propene (δ = 1.69, 4.89, 5.79 ppm).28 Nevertheless, slow precipitation with Et2O (also pre-cooled to –30°C) affords orange crystals of complexes [{η5:κN-1-(C9H6N)C9H6}(η2‑C3H6)Mo(CO)2][BF4] (3: M = Mo, 4: M = W; Scheme 1) in excellent yield (~95%). In case of tungsten complex 4, the crystals could be stored for few weeks at room temperature but molybdenum analogue 3 is less stable and must be kept at low temperature even in the solid state.
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Scheme 1. Synthesis of propene complexes 3 and 4.
The compounds 3 and 4 were characterized by multinuclear NMR (measured at –30°C) as their CD2Cl2 solutions. The 1H NMR spectrum revealed one set of sharp signals. Particular attention was given to the upfield area of the spectra displaying three signals with the integral intensity ratio of 2:1:3. The signals are up to 3 ppm upfield shifted compared to free propene suggesting the formation of the bond between the alkene and transition metal. 13C chemical shifts of propene carbons are even more appreciable as CH carbon is up to 80 ppm upfield shifted. The 19F NMR and 11B NMR spectra revealed sharp signals at around –151.0 and –1.4 ppm, respectively. These values are typical for symmetrical BF4– anion. Thus, in case the of 3 and 4, the NMR spectroscopy clearly exclude M←F–BF3 interaction, which was previously suggested for [(η5-Cp)(η2-C3H6)Mo(CO)2(FBF3)].1 This observation is further supported by IR spectrum displaying B–F stretching as a relatively narrow, symmetrical bands at 1056 (3) and 1059 cm–1 (4), which is also typical for tetrahedral BF4– counter anion. Considerably upfield shifted resonances (~110 ppm) of indenyl carbons C3a and C7a reveal η5-coordination mode of the indenyl, which well correlates with 1H NMR pattern of protons H2 (~6.0 ppm) and H3 (~6.5 ppm). We note that intramolecular N→M interaction is expected for 3 and 4 as group 6 metal carbonyl complexes usually satisfy 18e valence rule.
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Fig. 2 Molecular structure of 4 (left) and 5 (right). Only complex cations are shown for clarity. Selected bond lengths (Å) and angles (°) for 4: W–Cg(C1-5) 2.010(1), W–N 2.274(7), W–C19 1.994(10), W–C20 2.044(9), W–C21 2.287(8), W–C22 2.280(10). W–Cg(C21,C22) 2.172(10); 5: Mo–Cg(C1-C5) 2.0094(9); Mo–N 2.252(2), M–S 2.5118(6), Mo–C21 1.937(2), Mo–C22 2.034(2), C21–Mo–C22 82.03(9).
In case of 4, the proposed structure was confirmed by single-crystal X-ray diffraction analysis (Fig. 2). The coordination sphere of tungsten atom adopts a distorted square pyramidal geometry. The apical position is occupied by η5-indenyl whereas basal plane contain two carbonyls in cis arrangement, nitrogen atom from quinoline and η2-coordinated propene. The benzannulated moiety of indenyl is not located trans to carbonyl ligands as usual for the complexes containing [(η5-Ind)M(CO)2] fragment 5,12,27,29–31 but above propene ligand and neighboring carbonyl. Such unprecedented structure motif is enforced by rigid N→W intramolecular coordination. The η5-coordination mode in conjunction with intramolecularly coordinated nitrogen atom is also noteworthy since such type of interaction usually stabilizes η3‑indenyl coordination mode as suggested previously on species bearing intramolecularly coordinated pyrid-2-ylmethyl group.27 The propene C=C bond, with the interatomic distance of 1.409(16) Å, is significantly longer compared to free ethylene 1.337(2) Å.32 The elongation, rising up due to donation fromπb and into πa of the propene, is considerably greater than described for Zeise’s salt but is rather typical for low-valent or electron-rich alkene complexes of early and middle transition metals such as [(η5-Cp’)2(η2‑C2H4)Ti], [(η5-Cp)(η2-C2H4)Nb(C2H5)] or [(η2-C2H4)2Mo(PDI)], where DPI is 2,6-(2,6-(iPr)2C6H3N=CMe)2C5H3N.33,34 It could be noted that methyl group of η2-propene is displaced out of double bond plane by 24.5(11)°, which further supports a considerable contribution of π-back donation and the overall structure could be rather described as a metallacycle.
Table 1. Wavenumbers (in cm–1) of characteristic infrared bands.
	Complex
	νa(CO)[a]
	νs(CO)[a]
	ν(BF)[a]

	3
	2022
	1945
	1059

	4
	2021
	1942
	1056

	5
	2003
	1869
	1056

	6
	1941
	1854
	1066

	7
	1990
	1920
	1058

	8
	1988
	1917
	1055


In addition, infrared spectra of 3 and 4 (Table 1) revealed two carbonyl stretching bands shifted about 50 cm–1 to higher energy compared to complexes of the type [(η5‑Ind’)M(CO)2(NCMe)2][BF4],12,29 which gives another strong evidence for relevant π-back donation into πa orbital of the alkene. The unsymmetrical nature of coordinated propene implies the possible existence of up to four conformers with different position of the methyl group of the propene. Nevertheless, the aforementioned 1H and 13C NMR spectra of 3 and 4 show only one set of sharp resonances. Since alkene ligands usually exhibit low values of rotational barriers 35–37 the simplicity of NMR spectra is probably related to rapid dynamic process that averages the resonances. This hypothesis was further supported by 1H NMR spectra of 4 measured at –80 °C (the lowest temperature allowing the measurement in CD2Cl2) as it has the same character as the one measured at room temperature with no signs of signal shifts or broadening.
 
[image: ]
Scheme 2. Syntheses of dms complexes 5 and 6.
In order to examine a possible exchange of the coordinated propene, the reactivity of 3 and 4 toward various monodentate ligands was studied. The complexes react with dimethyl sulfide (dms) to afford dark red solutions giving after work up bright red crystals of [{η5:κN‑1-(C9H6N)C9H6}M(CO)2(SMe2)][BF4] (5: M = Mo, 6: M = W; Scheme 2). The successful propene exchange was evidenced by multinuclear NMR spectroscopy. The upfield part of 1H NMR spectrum displays a new signal with chemical shift 2.08 ppm, which was assigned to one molecule of coordinated dms. The downfield area shows a very similar pattern as described for 3 and 4 implying η5-coordination mode of the indenyl.
The propene exchange was also confirmed by infrared spectra as the carbonyl stretching bands are shifted to lower wavenumbers compared to 3 and 4 (Table 1). Despite significant shift, the stretching bands of 5 and 6 have still relatively high energy. This could be attributed to ability of Me2S to act as the π-acid, which is a property previously described for several organosulfur ligands including thioethers.31,38 In the case of 5, the slow diffusion of Et2O into a saturated CH2Cl2 solution gives single-crystals suitable for X-ray diffraction analysis (Fig. 2). The coordination polyhedron adopts distorted square pyramidal geometry, similarly as in case of 4, with η5-indenyl in apical position and carbonyls, nitrogen and sulfur donors in the basal plane. The dimethyl sulfide is bonded to molybdenum through one of the lone pairs leading to low values of C–S–Mo angles [109.29(10), 113.50(8) Å], which is typical for dms complexes of late transition metals.39 On the other hand, the Mo–S bond length [2.5118(6) Å] is significantly longer than reported Pt–S bonds (typically ~2.25 Å). This seems to be a consequence of the lower thiophilic character of the molybdenum(II) compared to late transition metals. Weaker M–S bond is also evident from slightly shorter (~0.01 Å) S–C bonds as the smaller contribution of π-back donation is related with lower occupation of the σ-orbitals antibonding to C–S bonds.
[image: ]
Scheme 3. Reaction of propene complexes 3 and 4 with acetonitrile.
The propene complexes 3 as 4 readily react with acetonitrile to afford [{η3:κN‑1‑(C9H6N)C9H6}M(CO)2(NCMe)2][BF4] (7: M = Mo, 8: M = W; Scheme 3). Although the reaction is not accompanied by significant color change, our NMR experiments in CD3CN proved full conversion within a few minutes even at –30°C. The propene exchange is accompanied with coordination of second acetonitrile molecule inducing haptotropic η5 → η3 rearrangement of the indenyl ligand as confirmed by multinuclear NMR spectroscopy. The η3-coordination mode of the indenyl ligand is recognized from downfield shifted carbons C3a/7a and protons H2 (~150 ppm in 13C and 7.52, 6.73 ppm in 1H NMR) compared to 3 and 4. The cleavage of π-acidic alkene was also confirmed by infrared spectroscopy since CO stretching bands are ~30 cm–1 shifted to lower energies due to considerably weaker π-accepting properties of MeCN ligands. Such spectral data well matches to X-ray diffraction analysis of 8 that confirms the distorted octahedral structure with η3:κN-bonded 1-(quinol-8-yl)indenyl, two cis-coordinated carbonyls and two cis-coordinated acetonitrile ligands (Fig. 3).
[image: ]
Fig. 3 Molecular structure of 8. Only one of four crystallographically independent cations is shown for clarity. Selected bond lengths (Å) and angles (°): W–Cg(C1-C3) 2.071(11), W–N1 2.247(8), W–N2 2.137(9), W–N3 2.217(11), W–C19 1.946(12), W–C20 1.966(12), Cg(C1-C3)–W–N2 173.8(4), C19–W–C20 79.3(5).
Conclusions

We have unambiguously confirmed the formation of η2-propene complexes during the protonation of allyl ligand in complexes of type [(η5-Cp’)(η3-allyl)M(CO)2], where M = Mo, W. Although these intermediates usually exhibit poor thermal stability, we have demonstrated that strong intramolecular coordination from the π-ligand periphery stabilizes these species allowing their full characterization and isolation in solid state. Moreover, preliminary reactivity study revealed not only the ability to undergo η2-propene exchange but also a potential to slip indenyl moiety into lower hapticity. This intrinsic hemilability of indenyl might be of particularly importance for future research since η2-alkene complexes are often able to insert unsaturated systems to form various metallacycles. The great advantage of the described method for the syntheses of η2-propene complexes is nearly quantitative isolated yield, which makes the compounds even more attractive for future studies. 
Experimental
Methods and materials
All operations were performed under an argon atmosphere by using conventional Schlenk-line techniques. 1.6M hexane solution of nBuLi, HBF4﻿·Et2O, Me2S, CH2Cl2, CD2Cl2, C6D6, Et2O, hexane, CH3CN and CD3CN were purchased from Merck or Acros Organics. The solvents were purified and dried by standard methods.40 Starting compounds 3-(C9H6N)C9H7, [(η3-C3H5)Mo(CO2)(NCMe)2Cl] and [(η3-C3H5)W(CO2)(NCMe)2Cl] were prepared according literature.41,42 Infrared spectra were recorded in the 4000–400 cm–1 region with a Nicolet iS50 FTIR spectrometer using a diamond smart orbit ATR. 1H and 13C{1H} APT, 19F and 11B NMR spectra were measured at 300 K on a Bruker 400 Avance and a Bruker 500 Avance spectrometer. The 1H and 13C resonances were assign using 2D techniques including 1H-1H COSY, 1H-13C HSQC or 1H-13C HMBC. The chemical shifts are given in ppm relatively to residual signals of the solvent [1H, 13C: C6D6 (7.16, 128.39 ppm); CD2Cl2 (5.32, 54.00 ppm), CD3CN (1.94, 118.69 ppm)] or external standard [11B: B(OMe)3, 18.10 ppm; 19F: CFCl3, 0.00 ppm]. The quinolyl substituted indene 3-(C9H6N)C9H7 is readily accessible by the well-known reaction of the 8-lithioquinoline with 1-indanone following by acid‑catalyzed dehydration.41
Synthesis of [(η3-C3H5){η5-1-(C9H6N)C9H6}Mo(CO)2] (1)
A solution of 3-(C9H6N)C9H7 (2.00 mmol, 486 mg) in 15 mL of THF was cooled to –70°C and 1.6M solution of nBuLi (2.00 mmol, 1.25 mL) was added dropwise. The mixture was stirred for two hours at 70°C and then transferred into solution of [(η3-C3H5)Mo(CO2)(NCMe)2Cl] (2.00 mmol, 621 mg) in 10 mL of THF also pre-cooled to 70°C. The resulting mixture was slowly allowed to warm to room temperature and stirred overnight. After that, the solvents were vacuum evaporated and remaining crude product was extracted three times with 15 mL of hot hexane (60°C). The mixed hexane solution was vacuum evaporated to final volume of 5 mL and 1 mL of Et2O was added. This solution was cooled to 0°C and stirred for two hours during which the yellow powder was precipitated. The supernatant was filtered off and powder was vacuum dried to afford 548 mg of 1 (1.25 mmol, 63%). Calcd for C23H17O2NMo: C, 63.46; H, 3.94; N, 3.22. Found: C, 63.79; H, 4.01; N, 3.27. 1H NMR [500.00 MHz, benzene-d6, 3.5:1 mixture of 1a (exo-C3H5) and 1b (endo-C3H5)]: δ = 0.66 and 0.27 [2  (d, 3J(1H,1H) = 10.8 Hz, 1H of b, Hanti, C3H5)], 0.46 (tt, 3J(1H,1H) = 10.8 Hz, 3J(1H,1H) = 7.4 Hz, 1H of a, Hmeso, C3H5), 0.98 and 1.11 [2  (d, 3J(1H,1H) = 11.0 Hz, 1H of a, Hanti, C3H5)], 2.12 and 2.61 [2  (d, 3J(1H,1H) = 7.4 Hz, 2H of a, Hsyn, C3H5)], 3.29 (m, 1H of b, Hmeso, C3H5), 3.42 and 3.56 [2  (d, 3J(1H,1H) = 6.3 Hz, 2H of b, Hsyn, C3H5)], 5.67 (m, 1H of b, 1H, H2, C9H6), 5.68 (d, 3J(1H,1H) = 2.7 Hz, 1H of a, 1H, H2, C9H6), 6.15 (d, 3J(1H,1H) = 2.7 Hz, 1H of a, H3, C9H6), 6.28 (d, 3J(1H,1H) = 2.6 Hz, 1H of b, H3, C9H6), 6.596.52 (m, 3H of a, H5,6,4/7, C9H6; 2H of b, H5,6, C9H6), 6.66 (m, 1H of b, H4/7, C9H6), 6.76 (m, 1H of b, H3, C9H6N), 6.74 (dd, 3J(1H,1H) = 8.3 Hz, 3J(1H,1H) = 4.1 Hz, 1H of a, H3, C9H6N), 6.95 (m, 1H of a, H4/7, C9H6, 1H of b, H4/7, C9H6), 7.31 (t, 3J(1H,1H) = 7.3 Hz, 1H of a, H6, C9H6N), 7.35 (m, 2H of b, H6,5/7, C9H6N), 7.39 (dd, 3J(1H,1H) = 7.3 Hz, 4J(1H,1H) = 1.4 Hz, 1H of a, H5/7, C9H6N), 7.53 (dd, 3J(1H,1H) = 8.3 Hz, 4J(1H,1H) = 1.7 Hz, 1H of a, H4, C9H6N), 7.56 (m, 1H of b, H4, C9H6N), 8.16 (dd, 3J(1H,1H) = 7.3 Hz, 4J(1H,1H) = 1.4 Hz, 1H of a, H5/7, C9H6N), 8.38 (d, 3J(1H,1H) = 6.5 Hz, 1H of b, H5/7, C9H6N), 8.59 (dd, 3J(1H,1H) = 4.1 Hz, 4J(1H,1H) = 1.7 Hz, 1H of a, H2, C9H6N), 8.64 (m, 1H of b, H2, C9H6N). ﻿IR (ATR): ﻿ 1933 vs [νa(CO)], 1854 vs [νs(CO)]. Single crystals of 1 suitable for X-ray diffraction analysis were prepared by slow cooling of saturated solution of 1 in hexane.
Synthesis of [(η3-C3H5){η5-1-(C9H6N)C9H6}W(CO)2] (2)
The reaction was performed as described for compound 1 but with starting complex [(η3-C3H5)W(CO2)(NCMe)2Cl] (2.00 mmol, 797 mg). Yield: 617 mg (1.18 mmol, 59%). Calcd for C23H17O2NW: C, 52.79; H, 3.27; N, 2.68. Found: C, 52.84; H, 3.31; N, 2.75.1H NMR [500.00 MHz, benzene-d6, 3.5:1 mixture of 1a (exo-C3H5) and 1b (endo-C3H5)]: δ = 0.68 and 0.38 [2  (d, 3J(1H,1H) = 10.0 Hz, 1H of b, Hanti, C3H5)], 0.20 (tt, 3J(1H,1H) = 10.6 Hz, 3J(1H,1H) = 7.1 Hz, 1H of a, Hmeso, C3H5), 1.36 and 1.48 [2  (d, 3J(1H,1H) = 10.6 Hz, 1H of a, Hanti, C3H5)], 2.19 and 2.58 [2  (d, 3J(1H,1H) = 7.1 Hz, 2H of a, Hsyn, C3H5)], 3.37 and 3.49 [2  (d, 3J(1H,1H) = 6.3 Hz, 2H of b, Hsyn, C3H5)], 3.55 (tt, 3J(1H,1H) = 10.0 Hz, 3J(1H,1H) = 6.3 Hz, 1H of a, Hmeso, C3H5), 5.59 (d, 3J(1H,1H) = 2.3 Hz, 1H of b, 1H, H2, C9H6), 5.71 (d, 3J(1H,1H) = 2.7 Hz, 1H of a, 1H, H2, C9H6), 6.04 (d, 3J(1H,1H) = 2.7 Hz, 1H of a, H3, C9H6), 6.36 (d, 3J(1H,1H) = 2.3 Hz, 1H of b, H3, C9H6), 6.44 (m, 1H of a, H4/7, C9H6, 1H of b, H4/7, C9H6), 6.566.50 (m, 2H of a, H5,6, C9H6; 2H of b, H5,6, C9H6), 6.72 (dd, 3J(1H,1H) = 8.2 Hz, 3J(1H,1H) = 4.1 Hz, 1H of a, H3, C9H6N), 6.75 (dd, 3J(1H,1H) = 8.2 Hz, 3J(1H,1H) = 4.1 Hz, 1H of b, H3, C9H6N), 6.82 (m, 1H of a, H4/7, C9H6, 1H of b, H4/7, C9H6), 7.32 (t, 3J(1H,1H) = 7.7 Hz, 1H of a, H6, C9H6N), 7.387.34 (m, 3H of b, H5,6,7, C9H6N), 7.40 (dd, 3J(1H,1H) = 7.7 Hz, 4J(1H,1H) = 1.3 Hz, 1H of a, H5/7, C9H6N), 7.52 (dd, 3J(1H,1H) = 8.2 Hz, 4J(1H,1H) = 1.7 Hz, 1H of a, H4, C9H6N), 7.54 (m, 1H of b, H4, C9H6N), 8.19 (dd, 3J(1H,1H) = 7.7 Hz, 4J(1H,1H) = 1.3 Hz, 1H of a, H5/7, C9H6N), 8.34 (d, 3J(1H,1H) = 6.7 Hz, 1H of b, H5/7, C9H6N), 8.55 (dd, 3J(1H,1H) = 4.1 Hz, 4J(1H,1H) = 1.7 Hz, 1H of a, H2, C9H6N), 8.61 (d, 3J(1H,1H) = 4.1 Hz, 1H of b, H2, C9H6N).﻿ IR (ATR): ﻿ 1927 vs [νa(CO)], 1844 vs [νs(CO)]. Single crystals of 2 suitable for X-ray diffraction analysis were prepared by slow cooling of saturated solution of 1 in hexane.
Synthesis of ﻿[{η5:κN-1-(C9H6N)C9H6}(η2-C3H6)Mo(CO)2][BF4] (3)
A solution of 1 (800 μmol, 350 mg) in 8 mL of CH2Cl2 was cooled to 30°C and 110 μL of HBF4﻿·Et2O (0.80 mmol) was added dropwise. The mixture was stirred overnight still and 30°C. After that, the solution was vacuum evaporated to ¼ of the total volume. Then, 10 mL of pre-cooled (30°C) Et2O was added to precipitate light-orange powder. Finally, the product was vacuum dried to afford (750 μmol, 392 mg, 94%). The sample must be stored and handled with at 30°C. Calcd for C23H18O2NMoBF4: C, 52.80; H, 3.47; N, 2.68. Found: C, 53.27; H, 3.55; N, 2.74. 1H NMR (500.00 MHz, CD2Cl2): δ = 1.16 (d, 3J(1H,1H) = 5.6 Hz, 3H, CH2CHCH3), 2.76 (ddq, 3J(1H,1H) = 14.5 Hz, 3J(1H,1H) = 9.1 Hz, 3J(1H,1H) = 5.5 Hz, 1H, CH2CHCH3), 2.87 (dd, 3J(1H,1H) = 9.1 Hz, 2J(1H,1H) = 4.8 Hz, 1H, CH2CHCH3), 3.32 (dd, 3J(1H,1H) = 14.5 Hz, 2J(1H,1H) = 4.8 Hz, 1H, CH2CHCH3),- 5.80 (d, 3J(1H,1H) = 3.1 Hz, 1H, H2, C9H6), 6.76 (d, 3J(1H,1H) = 3.1 Hz, 1H, H3, C9H6), 7.17 (d, 3J(1H,1H) = 7.7 Hz, 1H, H4/7, C9H6), 7.26 (d, 3J(1H,1H) = 7.7 Hz, 1H, H4/7, C9H6), 7.37 (t, 3J(1H,1H) = 8.3 Hz, 1H, H3, C9H6N), 7.55 (m, 2H, H5,6, C9H6), 7.89 (t, 3J(1H,1H) = 7.6 Hz, 1H, H6, C9H6N), 8.10 (d, 3J(1H,1H) = 8.3 Hz, 1H, H4, C9H6N), 8.15 (m, 2H, H5,7, C9H6N), 8.54 (d, 3J(1H,1H) = 8.3 Hz, 1H, H2, C9H6N). 11B NMR [160.42 MHz, CD2Cl2]: 1.09 (s, BF4). 19F NMR [470.39 MHz, CD2Cl2]: 151.62 (s, BF4). IR (ATR): 2021 vs [νa(CO)], 1942 vs [νs(CO)], 1056 vs, br [ν(BF)].
Synthesis of ﻿[{η5:κN-1-(C9H6N)C9H6}(η2-C3H6)W(CO)2][BF4] (4)
The reaction was performed as described for compound 3 but with starting complex 2 (418 mg, 800 μmol) and due to higher thermal stability the reaction and subsequent workup were carried up at 0°C. Yield: 450 mg (736 μmol, 92%). Calcd for C23H18O2NWBF4: C, 45.21; H, 2.97; N, 2.29. Found: C, 45.25; H, 2.33; N, 2.31. ﻿1H NMR (500.00 MHz, CD2Cl2): δ = 1.24 (d, 3J(1H,1H) = 5.6 Hz, 3H, CH2CHCH3), 1.99 (ddq, 3J(1H,1H) = 16.6 Hz, 3J(1H,1H) = 12.5 Hz, 3J(1H,1H) = 5.6 Hz, 1H, CH2CHCH3), 2.61 (dd, 3J(1H,1H) = 16.6 Hz, 2J(1H,1H) = 6.6 Hz, 1H, CH2CHCH3), 2.58 (dd, 3J(1H,1H) = 12.5 Hz, 2J(1H,1H) = 6.6 Hz, 1H, CH2CHCH3), 6.02 (d, 3J(1H,1H) = 3.0 Hz, 1H, H2, C9H6), 6.50 (d, 3J(1H,1H) = 3.0 Hz, 1H, H3, C9H6), 7.20 (d, 3J(1H,1H) = 7.7 Hz, H4/7, C9H6), 7.42 (d, 3J(1H,1H) = 7.7 Hz, H4/7, C9H6), 7.56 (t, 3J(1H,1H) = 8.2 Hz, 1H, H3, C9H6N), 7.62 (dd, 3J(1H,1H) = 7.4 Hz, 3J(1H,1H) = 5.4 Hz, H6, C9H6N), 7.70 (t, 3J(1H,1H) = 7.7 Hz, H5/6, C9H6), 7.91 (t, 3J(1H,1H) = 7.7 Hz, H5/6, C9H6), 8.07 (d, 3J(1H,1H) = 8.2 Hz, 1H, H4, C9H6N), 8.16 (d, 3J(1H,1H) = 7.4 Hz, 1H, H5/7, C9H6N), 8.23 (d, 3J(1H,1H) = 5.4 Hz, 1H, H5/7, C9H6N), 8.54 (d, 3J(1H,1H) = 8.2 Hz, 1H, H2, C9H6N). ﻿13C{1H} APT NMR (125.72 MHz, CD2Cl2): 19.2 (1C, C3,CH3CHCH2), 51.0 (1C, C2, CH3CHCH2), 63.4 (1C, C1, CH3CHCH2), 73.1 (1C, C2, C9H6), 89.6 (1C, C3, C9H6), 106.8, 112.5 (2  1C, C3a,7a, C9H6), 115.7 (1C, C1, C9H6), 123.8, 124.0 (2  1C, C4,7, C9H6), 124.8 (1C, C6, C9H6N), 128.1 (1C, C4a, C9H6N), 129.6 (1C, C5/6, C9H6), 130.2 (1C, C4, C9H6N), 130.7 (1C, C7a, C9H6N), 130.9 (1C, C5/6, C9H6), 132.4 (1C, C5/7, C9H6N), 135.3 (1C, C3, C9H6N), 141.4 (1C, C2, C9H6N), 154.6 (1C, C7, C9H6N), 158.6 (1C, C8, C9H6N), 216.6, 217.9 (2  1C, CO). 11B NMR [160.42 MHz, CD2Cl2]: 1.39 (s, BF4). 19F NMR [470.39 MHz, CD2Cl2]: 151.8 (s, BF4). IR (ATR): 2021 vs [νa(CO)], 1942 vs [νs(CO)], 1056 vs, br [ν(BF)]. Single crystals of 4 suitable for X-ray diffraction analysis were prepared by slow diffusion of Et2O into saturated solution of 4 in CH2Cl2 at 0°C.
Synthesis of of ﻿[{η5:κN-1-(C9H6N)C9H6}Mo(CO)2(SMe2)][BF4] (5)
At 30°C, the compound 3 (200 μmol, 105 mg) was dissolved in 7 mL of CH2Cl2 and Me2S (400 μmol, 29.4 μL) was added. The solution was stirred and slowly allowed to warm to 0°C overnight. After that, the solvent was vacuum evaporated to ¼ of the total volume and 8 mL of Et2O was added to obtain red precipitate. Supernatant was filtered off and remaining powder was washed with 5 mL of Et2O and vacuum dried to afford 5 (173 μmol, 94 mg, 86.5%). Calcd for C22H18O2SNMoBF4: C, 48.64; H, 3.34; N, 2.58; S, 5.90. Found: 48.77; H, 3.41; N, 2.63; S, 5.98. 1H NMR (400.00 MHz, CD2Cl2): δ = 2.13 (s, 6H, S(CH3)2), 5.59 (d, 3J(1H,1H) = 2.9 Hz, 1H, H2, C9H6), 6.56 (d, 3J(1H,1H) = 2.9 Hz, 1H, H3, C9H6), 7.35 (m, 2H, H4/7, C9H6), 7.41 (dd, 3J(1H,1H) = 8.5 Hz, 4J(1H,1H) = 1.2 Hz, 1H, H4, C9H6N), 7.51 (m, 2H, H5/6, C9H6), 7.65 (dd, 3J(1H,1H) = 8.5 Hz, 4J(1H,1H) = 4.3 Hz, 1H, H3, C9H6N), 7.88 (dd, 3J(1H,1H) = 8.3 Hz, 3J(1H,1H) = 7.1 Hz, 1H, H6, C9H6N), 8.06 (dd, 3J(1H,1H) = 7.1 Hz, 3J(1H,1H) = 1.2 Hz, 1H, H5/7, C9H6N), 8.11 (dd, 3J(1H,1H) = 8.3 Hz, 3J(1H,1H) = 1.2 Hz, 1H, H5/7, C9H6N), 8.52 (dd, 3J(1H,1H) = 4.3 Hz, 3J(1H,1H) = 1.2 Hz, 1H, H2, C9H6N). 13C{1H} APT NMR (125.72 MHz, CD2Cl2): 25.7 (1C, S(CH3)2), 75.4 (1C, C2, C9H6), 94.9 (1C, C3, C9H6), 110.0, 114.3 (2  1C, C3a,7a, C9H6), 123.1 (1C, C1, C9H6), 123.5, 124.0 (2  1C, C4,7, C9H6), 124.4 (1C, C6, C9H6N), 128.7 (1C, C5/6, C9H6), 129.1(1C, C4, C9H6N), 129.6 (1C, C4a, C9H6N), 130.6 (1C, C5/6, C9H6), 130.9 (1C, C7a, C9H6N), 131.8 (1C, C5/7, C9H6N), 132.3 (1C, C3, C9H6N), 140.7 (1C, C2, C9H6N), 158.3 (1C, C8, C9H6N), 158.4 1C, C7, C9H6N), 231.3, 233.4 (2  1C, CO). 11B NMR [160.42 MHz, CD2Cl2]: 1.52 (s, BF4). 19F NMR [470.39 MHz, CD2Cl2]: 152.2 (s, BF4). IR (ATR): 2003 vs [νa(CO)], 1869 vs [νs(CO)], 1056 vs, br [ν(BF)]. Single crystals of 5 suitable for X-ray diffraction analysis were prepared by slow diffusion of Et2O into saturated solution of 5 in CH2Cl2 at 0°C.
Synthesis of ﻿[{η5:κN-1-(C9H6N)C9H6}W(CO)2(SMe2)][BF4] (6)
The reaction was performed as described for compound 5 but with complex 4 (200 μmol, 122 mg). Yield: 98 mg (155 μmol, 77.5%). ﻿ Calcd for C22H18O2SNWBF4: C, 41.87; H, 2.87; N, 2.22; S, 5.08. Found: C, 41.95; H, 2.94; N, 2.29; S, 5.12. 1H NMR (400.00 MHz, CD2Cl2): δ = 2.08 (s, 6H, S(CH3)2), 5.80 (d, 3J(1H,1H) = 2.6 Hz, 1H, H2, C9H6), 6.65 (d, 3J(1H,1H) = 2.6 Hz, 1H, H3, C9H6), 7.367.44 (m, 3H, H5/6,4,7, C9H6), 7.47 (dd, 3J(1H,1H) = 8.3 Hz, 4J(1H,1H) = 1.2 Hz, 1H, H4, C9H6N), 7.61 (dd, 3J(1H,1H) = 8.3 Hz, 4J(1H,1H) = 5.4 Hz, 1H, H3, C9H6N), 7.89 (t, 3J(1H,1H) = 8.7 Hz, 1H, H5,6, C9H6), 8.08 (m, 2H, H6,7, C9H6N), 8.49 (dd, 3J(1H,1H) = 8.3 Hz, 3J(1H,1H) = 1.0 Hz, 1H, H5/7, C9H6N), 8.63 (dd, 3J(1H,1H) = 5.4 Hz, 3J(1H,1H) = 1.2 Hz, 1H, H2, C9H6N). 13C{1H} APT NMR (125.72 MHz, CD2Cl2): 25.9 (1C, S(CH3)2), 76.2 (1C, C2, C9H6), 91.3 (1C, C3, C9H6), 109.0,113.3 (2  1C, C3a,7a, C9H6), 121.1 (1C, C1, C9H6), 122.9, 123.5 (2  1C, C4,7, C9H6), 124.1 (1C, C6, C9H6N), 128.3 (1C, C5/6, C9H6), 129.0 (1C, C4, C9H6N), 129.3 (1C, C4a, C9H6N), 130.8 (1C, C5/6, C9H6), 131.4 (1C, C7a, C9H6N), 131.9 (1C, C5/7, C9H6N), 132.6 (1C, C3, C9H6N), 140.1 (1C, C2, C9H6N), 155.2 (1C, C8, C9H6N), 155.2 1C, C7, C9H6N), 235.1, 237.8 (2  1C, CO). 11B NMR [160.42 MHz, CD2Cl2]: 1.47 (s, BF4). 19F NMR [470.39 MHz, CD2Cl2]: 152.8 (s, BF4). IR (ATR): 1941 vs [νa(CO)], 1854 vs [νs(CO)], 1056 vs, br [ν(BF)].

Synthesis of ﻿[{η3:κN-1-(C9H6N)C9H6}Mo(CO)2(NCMe)2][BF4] (7)
At 30°C, the compound 3 (200 μmol, 105 mg) was dissolved in 7 mL of CH2Cl2 and MeCN (400 μmol, 21 μL) was added. The solution was stirred and allowed to warm to room temperature within one hour. The solvent was vacuum evaporated to ¼ of the total volume and 8 mL of Et2O was added to obtain orange precipitate. Supernatant was filtered off and remaining powder was washed with 5 mL of Et2O and vacuum dried to afford 7 (186 μmol, 105 mg, 93%). Calcd for C24H18O2N3MoBF4: C, 51.19; H, 3.22; N, 7.46. Found: C, 51.26; H, 3.29; N, 7.51. 1H NMR (CD3CN, 500.00 MHz): δ = 1.96 (s, 6H, NCCH3), 5.22 (d, 3J(1H,1H) = 3.8 Hz, 1H, H3, C9H6), 6.54–6.61 (m, 2H, H4/7;5/6, C9H6), 6.64 (t, 3J(1H,1H) = 7.3 Hz, 1H, H5/6, C9H6), 7.06 (d, 3J(1H,1H) = 7.1 Hz, 1H, H4/7, C9H6), 7.52 (d, 3J(1H,1H) = 3.8 Hz, 1H, H2, C9H6), 7.76 (t, 3J(1H,1H) = 7.8 Hz, H6, C9H6N), 7.97 (d, 3J(1H,1H) = 8.3 Hz, H5/7, C9H6N), 8.20 (d, 3J(1H,1H) = 4.9 Hz, H4, C9H6N), 8.23 (d, 3J(1H,1H) = 7.2 Hz, H5/7, C9H6N), 8.52 (d, 3J(1H,1H) = 8.4 Hz, H2, C9H6N). 13C{1H} NMR (CD3CN, 125.77 MHz): δ = 72.3 (1C, C3, C9H6), 104.8 (1C, C2, C9H6), 118.4 (1C, C4-7, C9H6), 118.5 (1C, C1, C9H6), 119.1 (1C, C4-7, C9H6), 124.1 (1C, C3, C9H6N), 126.1, 126.3 (2C, C4-7, C9H6), 128.3, 128.7, 128.9 (3C, C5,6,7, C9H6N), 130.2 (1C, C4a, C9H6N), 140.6 (1C, C2, C9H6N), 145.3 (1C, C7a, C9H6N), 148.24 (1C, C8, C9H6N), 153.1 (1C, C7, C9H6N), 248.8, 251.8 (2C, CO). IR (ATR): 1990 vs [νa(CO)], 1920 vs [νs(CO)], 1058 vs, br [ν(BF)].
Synthesis of ﻿[{η3:κN-1-(C9H6N)C9H6}W(CO)2(NCMe)2][BF4] (8)
The reaction was performed as described for compound 5 but with complex 4 (200 μmol, 122 mg). Yield: 116 mg (179 μmol, 89.5%). Calcd for C24H18O2N3WBF4: C, 44.27; H, 2.79; N, 6.54. Found: C, 44.32; H, 2.84; N, 6.59. 1H NMR (CD3CN, 500.00 MHz): δ = 5.13 (dd, 3J(1H,1H) = 4.0 Hz, 4J(1H,1H) = 0.6 Hz, 1H, H3, C9H6), 6.62 (m, 2H, H7,5/6, C9H6), 6.67 (m, 1H, H5/6, C9H6), 6.72 (d, 3J(1H,1H) = 4.0 Hz, 1H, H2, C9H6), 7.10 (dd, 3J(1H,1H) = 7.1 Hz, 4J(1H,1H) = 0.6Hz, 1H, H4, C9H6), 7.60 (d, 3J(1H,1H) = 8.3 Hz, 3J(1H,1H) = 5.2 Hz, 1H, H3, C9H6), 7.76 (dd, 3J(1H,1H) = 8.3 Hz, 3J(1H,1H) = 7.2 Hz, H6, C9H6N), 7.95 (d, 3J(1H,1H) = 8.3 Hz, 4J(1H,1H) = 1.3 Hz, H5/7, C9H6N), 8.25 (dd, 3J(1H,1H) = 7.2 Hz, 4J(1H,1H) = 1.3 Hz, H5/7, C9H6N), 8.48 (dd, 3J(1H,1H) = 5.2 Hz, 4J(1H,1H) = 1.4 Hz H4, C9H6N), 8.56 (dd, 3J(1H,1H) = 8.3 Hz, 4J(1H,1H) = 1.4 Hz, H2, C9H6N). 13C{1H} NMR (CD3CN, 125.77 MHz): δ = 62.6 (1C, C3, C9H6), 77.5 (1C, C1, C9H6) 97.6 (1C, C2, C9H6), 119.1 (2C, C4-7, C9H6), 124.4 (1C, C3, C9H6N), 125.4, 125.6 (2C, C4-7, C9H6), 127.5, 128.3, 129.1 (3C, C5,6,7, C9H6N), 130.5 (1C, C4a, C9H6N), 140.8 (1C, C2, C9H6N), 146.5 (1C, C7a, C9H6N), 151.1 (1C, C8, C9H6N), 153.1 (1C, C7, C9H6N), 214.6, 216.2 (2C, CO). IR (ATR): 1988 vs [νa(CO)], 1917 vs [νs(CO)], 1055 vs, br [ν(BF)]. Single crystals of 6 suitable for X-ray diffraction analysis were prepared by slow diffusion of Et2O into saturated solution of 6 in MeCN.
Crystallography
Crystallographic data were collected either on Nonius KappaCCD diffractometer equipped with Bruker APEX-II CCD detector by monochromatized MoKα radiation (λ = 0.71073 Å) (2 and 8) or on Bruker D8 VENTURE Kappa Duo PHOTON100 by IμS micro-focus sealed tube MoKα radiation (λ = 0.71073 Å) (1, 4 and 5). The structures were solved by direct methods (XP) 43 and refined by full matrix least squares based on F2 (SHELXL2018).44 The hydrogen atoms on carbon were fixed into idealized positions (riding model) and assigned temperature factors either Hiso(H) = 1.2 Ueq(pivot atom), or Hiso(H) = 1.5 Ueq(pivot atom) for methyl moiety. The refinement details: The crystal of 1 crystalized in non-centrosymmetric space group P21 however appears to be racemic twins with the 0.638:0.372 volume ratio. The structure determination of 8 is hampered by real structure, the crystal was refined as non-merohedral twin farther complicated by racemic twinning. The unit cell contains four symmetrically independent complexes, some of them with large displacement parameters. These packing leaves large voids filled by solved molecules, contribution of which was removed from diffraction pattern using Platon/Squeeze procedure. The refinement of 4 leads to unexceptional model with good precision of geometric parameters, however there are larger electron density peaks on final difference Fourier map in the vicinity of wolfram atom. They bear no chemical meaning and could be attributed either to unresolved twinning or disorder. 
CCDC 1914239–1914243 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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