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Synopsis: 

Half-sandwich titanium(III) dihalide complexes with a dimeric structure [{Ti(5-

C5Me5)X(-X)}2] (X = Cl, Br, I) have been structurally characterized. The chloride 

compound reacts with isocyanides to form dinuclear titanium(III) adducts with long Ti–Ti 

distances and weak antiferromagnetic coupling of the d1 titanium centers. Subsequently, the 

tert-butylisocyanide ligands of the dinuclear adduct undergo a reductive coupling reaction 

to give a titanium(IV) iminoacyl derivative. 
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Abstract: 

The synthesis, crystal structure, and reactivity of a series of half-sandwich titanium(III) 

dihalide complexes [Ti(5-C5Me5)X2] (X = Cl, Br, I) and several of its Lewis base 

derivatives have been investigated. The reaction of the trihalides [Ti(5-C5Me5)X3] (X = Cl 

(1), Br (2), I (3)) with LiAlH4 (≥1 equiv) in toluene at room temperature results in the 

formation of the halide-bridged dimers [{Ti(5-C5Me5)X(-X)}2] (X = Cl (4), Br (5), I (6)). 

The treatment of 4 with [Li{N(SiMe3)2}] (≥2 equiv) at room temperature affords the 

precipitation of the amido titanium(III) complex [{Ti(5-C5Me5)(-Cl){N(SiMe3)2}}2] (7), 

but analogous reactions of 4 with other lithium reagents [LiR] (R = Me, CH2SiMe3, NMe2) 

lead to disproportionation into titanium(IV) [Ti(5-C5Me5)R3] and presumably titanium(II) 

derivatives. Similarly, complex 4 in solution at temperatures higher than 100 ºC undergoes 

disproportionation as demonstrated by its reactions with cobaltocene and N-(4-

methylbenzylidene)aniline yielding the ionic paramagnetic compound [Co(5-

C5H5)2][Ti(5-C5Me5)Cl3] (8) and the diamagnetic diazatitanacyclopentane [Ti(5-

C5Me5)Cl{N(Ph)CH(p-tolyl)}2], respectively. Treatment of complex 4 with 2 equiv of 2,6-

dimethylphenylisocyanide or tert-butylisocyanide in toluene at room temperature affords 

the paramagnetic titanium(III) dinuclear adducts [{Ti(5-C5Me5)Cl(-Cl)(CNR)}2] (R = 

2,6-Me2C6H3 (9), tBu (10)). Magnetic studies for polycrystalline 9 show that it displays a 

weak intramolecular antiferromagnetic coupling between the Ti ions, which is consistent 

with the long Ti‒Ti distance of 3.857(1) Å determined by X-ray diffraction. The isocyanide 

ligands in complex 10 undergo a reductive coupling reaction in toluene to give the 

titanium(IV) iminoacyl derivative [{Ti(5-C5Me5)Cl2}2(-2:2-tBuN=C-C=NtBu)] (11). 

Whereas an analogous dinuclear structure was found in the aqua titanium(III) complex 

[{Ti(5-C5Me5)Cl(-Cl)(OH2)}2] (12), resulting from the reaction of 4 with adventitious 
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amounts of water, compound 4 reacts with excess ammonia to give a mononuclear adduct 

[Ti(5-C5Me5)Cl2(NH3)2] (13) with a robust layered pattern in the solid-state. 
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Introduction 

Low-valent early transition-metal complexes are receiving increasing attention due to 

their implication in bond-forming reactions useful in synthesis and catalysis.1 Traditionally, 

the preparation of these highly-reactive compounds involves the reduction of high-valent 

metal halides with a variety of reducing agents, such as alkali/alkaline-earth metals or their 

derivatives (e.g., KC8, NaC10H8), zinc or manganese in ethereal solvents. However, salt-

free reduction methods exhibit clear advantages such as the easier removal of the by-

products or the use of non-coordinating solvents, which are critical for productive 

chemistry of the reduced compounds.2 In particular, titanium(III) species are frequently 

used in catalytic single-electron transfers for organic synthesis and small-molecule 

activation.1 Over the last decades, the Nugent-RajanBabu reagent 

(bis(cyclopentadienyl)titanium(III) chloride derivative [Ti(5-C5H5)2Cl]) has become a 

common reagent for promoting single-electron transfers in organic synthetic 

transformations.3,4 This compound and its derivatives with small R substituents on the 

cyclopentadienyl rings show a chloride-bridged dimeric structure [{Ti(5-C5H5-nRn)2(-

Cl)}2],
5 and exhibit some degree of antiferromagnetic coupling between the titanium atoms. 

In solution, both dimeric [{Ti(5-C5H5-nRn)2(-Cl)}2] and monomeric [Ti(5-C5H5-nRn)2Cl] 

derivatives are involved in a solvent-assisted equilibrium in which half-open dimeric 

systems [{Cl(5-C5H5-nRn)2Ti}(-Cl){Ti(5-C5H5-nRn)2}] are acting as intermediates.6 

There are fewer examples of applications of monocyclopentadienyltitanium(III) 

halides [Ti(5-C5R5)X2], but these compounds are attracting considerable interest as 

catalysts in organic synthesis.7 For instance, [Ti(5-C5Me5)Cl2] has been recently suggested 

to be the active species in radical chemistry of catalyzed organic transformations wherein 

the Nugent–RajanBabu reagent or its derivative [Ti(5-C5Me5)2Cl] were substantially less 
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reactive.7c While the synthesis of these half-sandwich derivatives was described several 

decades ago, their structures and properties remain poorly described in the literature.8 In 

1961, Bartlett reported the precipitation of [Ti(5-C5H5)Cl2] from the reaction mixture of 

[Ti(5-C5H5)2Cl2] with [Al(iBu)2Cl] in a toluene-heptane solution.9 In rational procedures, 

[Ti(5-C5H5)X2] (X = Cl, Br, I) complexes were obtained by dissolving the 

cyclopentadienyltitanium(IV) trihalides in tetrahydrofuran and using zinc as reductant.10 

Later, adducts [Ti(5-C5H5)Cl2(thf)n] (n = 1, 2)11 were prepared by reaction of [Ti(5-

C5H5)Cl3] with Li3N
12 or K[H2BC8H14]

13 in tetrahydrofuran. The physical properties of the 

dihalide complexes [Ti(5-C5H5)X2] (X = Cl, Br) suggested an oligomeric structure but the 

compounds are paramagnetic with magnetic moments consistent with one unpaired electron 

per titanium atom, and no decrease of the magnetic moment with decreasing temperature 

was observed in the 100‒300 K range.10 

The reduction of the pentamethylcyclopentadienyl trichloride complex [Ti(5-

C5Me5)Cl3] with zinc,14 manganese,15 or KPPh2
16 in tetrahydrofuran affords the analogous 

derivatives [Ti(5-C5Me5)Cl2(thf)] and [Ti(5-C5Me5)Cl2]. In a seminal contribution, 

Mashima and co-workers used electron-rich organosilicon compounds as salt-free 

reductants for generating group 4-6 species, including [Ti(5-C5Me5)Cl2] and [Ti(5-

C5Me5)Cl2(thf)].17 We have recently reported that thermolysis or hydrogenolysis of [Ti(5-

C5Me5)Cl2Me] in hydrocarbon solvents leads to the clean formation of half-sandwich 

titanium(III) dichloride species [Ti(5-C5Me5)Cl2] along with volatile by-products.18 

Dimeric [{Ti(5-C5Me5)Cl(-Cl)}2] and trimeric [{Ti(5-C5Me5)(-Cl)2}3] complexes were 

characterized by means of X-ray diffraction determinations, and the electronic structures 

and stabilities of several aggregates were established by computational calculations. Since 

these salt-free routes provide the dichloride complex in good yield and high purity, we 



 7 

decided to explore the reactivity of this titanium(III) species. Here also are described the 

syntheses and crystal structures of the bromide and iodide titanium(III) analogues [{Ti(5-

C5Me5)X(-X)}2]. 
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Results and Discussion 

Synthesis and characterization of [{Ti(5-C5Me5)X(-X)}2] (X = Cl, Br, I) complexes. 

The treatment of titanium(IV) halides [TiX4] with 1 equiv of 

pentamethylcyclopentadienyltrimethylsilane [Si(C5Me5)Me3] in toluene afforded the 

trihalide derivatives [Ti(5-C5Me5)X3] (X = Cl (1), Br (2), I (3)) via [SiMe3X] 

elimination.19 Given the absence of structurally documented examples of 

cyclopentadienyltitanium triiodide species, an X-ray diffraction study was undertaken for 

red single-crystals of 3. The molecular structure reveals a three-legged piano-stool 

disposition for monocyclopentadienyltitanium(IV) complexes (Figure S1 and Table S3 in 

the Supporting Information) similar to that found in the chloride complex [Ti(5-

C5Me5)Cl3].
20 Despite the larger steric bulk of the iodide ligands, the separation between 

titanium and the centroid of the cyclopentadienyl ring (2.029 Å) in 3 is very similar to that 

of the chloride analogue (2.021 Å). 

The treatment of complexes 1-3 with lithium tetrahydridoaluminate(III) (≥ 1 equiv) in 

toluene at room temperature led to green solutions from which the dinuclear titanium(III) 

dihalide derivatives [{Ti(5-C5Me5)X(-X)}2] (X = Cl (4), Br (5), I (6)) were obtained 

(Scheme 1). Compounds 4-6 were isolated after workup in 40-66% yields as highly air-

sensitive green solids, which exhibit a good solubility in aromatic hydrocarbon solvents but 

are poorly soluble in hexane. We have recently described the synthesis of crystals of the 

chloride complex 4 in higher yield (90%) by thermolysis of [Ti(5-C5Me5)Cl2Me] in 

hexane.18 Crystals of compounds 5 and 6 were isolated after recrystallization in hot toluene 

and those samples were used for X-ray crystal structure determinations and magnetic 

measurements. 
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Scheme 1. Synthesis of dinuclear titanium(III) complexes 4-6. 

The molecular structure of 6 is shown in Figure 1, whereas that of 5 is presented in 

Figure S2 of the Supporting Information. Selected distances and angles of complexes 4-6 

are compared in Table 1. The crystal structures of complexes 4-6 show dimers with two 

[Ti(5-C5Me5)X] units linked by two bridging halide ligands. The 5-C5Me5 ligands are 

disposed in a transoid mode about the central Ti2(-X)2 core. A three-legged piano-stool 

geometry is defined around each titanium, with one terminal halide and two bridging halide 

ligands at the legs. Within each molecule, the titanium–halide bond distances of the 

terminal ligands are ca. 0.1 Å shorter than those related with the bridging ligands. 

 

Figure 1. ORTEP diagram (thermal ellipsoids at the 50% probability level) of 6. Hydrogen 

atoms are omitted for clarity. Symmetry code: (i) x, 1/2 – y, z. 
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Table 1. Selected Averaged Lengths (Å) and Angles (deg) for Complexes 4-6 

 4 (X = Cl)18 5 (X = Br) 6 (X = I) 

Ti‒Ti 3.266(1) 3.407(1) 3.592(2) 

Ti‒Xterminal 2.274(1) 2.430(5) 2.659(7) 

Ti‒Xbridging 2.392(4) 2.534(3) 2.732(5) 

Xbridging···Xbridging 3.495(2) 3.750(1) 4.118(1) 

Ti‒Cma 2.004(1) 2.008(1) 2.016(1) 

Xbridging‒Ti‒Xbridging 93.9(1) 95.5(1) 97.8(3) 

Ti‒Xbridging‒Ti 86.1(2) 84.5(1) 82.2(1) 

a Cm = Centroid of cyclopentadienyl carbon atoms 

 

The titanium–titanium distance increases from 3.266(1) Å in the chloride complex 4 

to 3.407(1) Å and 3.592(2) Å in the bromide and iodide analogues 5 and 6, respectively. 

This is primarily due to the increase of the Ti–Xbridging bond lengths from 2.392(4) Å in 4 to 

2.534(3) Å in 5 and 2.732(5) Å in 6. However, within the central Ti2(-X)2 cores, the Ti–

X–Ti angle decreases and the X–Ti–X angle increases from complex 4 to complexes 5 and 

6, which could be attributed in part to the larger van der Waals radius of the halogen atoms 

causing halogen–halogen repulsion. Similar trends in structural features have been found in 

the crystal structures of the bis(cyclopentadienyl)titanium(III) derivatives [{Ti(5-

C5H4Me)2(-X)}2] (X = Cl, Br) and rationalized by X···X repulsions.5a Additionally, these 

structural trends could be the result of the resistance of the titanium atoms to get away from 

each other, because of a direct Ti–Ti orbital interaction. 

Computational studies for the chloride-bridged dimer 4 showed a singlet ground state 

and a relatively large singlet–triplet energy gap.18 In accord with this strong 

antiferromagnetic interaction, diamagnetism is expected in the NMR spectra of complex 4 

in a fashion similar to those suggested by NMR and EPR spectroscopies in solution for the 
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analogous dimeric complexes [{Ti(5-C5Me4Ph)Cl(µ-Cl)}2] and [{Ti(5-C5(CH2Ph)5)Cl(µ-

Cl)}2], which show slightly longer Ti–Ti distances (3.335(1) and 3.374(2) Å, 

respectively).21 However, the 1H NMR spectrum at room temperature of a solution of 

crystals of the chloride complex 4 in benzene-d6 revealed one broad resonance at  = 6.88 

(1/2 = 24 Hz) and one sharp resonance signal at  = 2.09 in a 40:60 intensity ratio.18 1H 

NMR spectra at different temperatures and concentrations, along with DFT calculations for 

several [{Ti(5-C5Me5)Cl2}n] aggregates, led us to suggest that the diamagnetic dimer 4 

and a paramagnetic tetramer [{Ti(5-C5Me5)(-Cl)2}4] are in equilibrium in solution. 

Indeed, the magnetic moment of 4, determined in a benzene-d6 solution by the Evans 

Method22 (eff = 1.37 B per dimer), is consistent with the presence of an additional 

paramagnetic compound in solution. 

In contrast, the 1H NMR spectra of complexes 5 and 6 in benzene-d6 at room 

temperature are very simple and only show a singlet resonance signal at  = 2.21 and 2.47, 

respectively. The 13C{1H} NMR spectra at room temperature show two sharp resonance 

signals for the 5-C5Me5 ligands at  = 139.8 and 16.2 for 5 and at  = 143.6 and 19.5 for 6. 

These resonances are only slightly shifted downfield with respect to those found in the 

parent titanium(IV) compounds [Ti(5-C5Me5)X3] (X = Br (2), H = 1.95 and C = 138.2 

and 15.4; X = I (3), H = 2.09 and C = 138.9 and 18.0) in benzene-d6. However, the 

magnetic moment measurements for complexes 5 and 6 in benzene-d6 at ambient 

temperature by the Evans Method gave eff = 1.30 and 1.50 B per dimer, respectively. We 

suggest that other paramagnetic aggregates could be present in solutions of 5 and 6, but the 

broadening of the signals of these species precludes their detection in the NMR spectra. 

The magnetization towards temperature of polycrystalline compounds [{Ti(5-

C5Me5)X(-X)}2] (X = Cl (4), Br (5), I (6)) has been measured at 1 T between 2 and 300 K. 
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The plots of the magnetic susceptibility versus temperature for complexes 4 (Figure 2), 5 

and 6 (Figures S7 and S8 of the Supporting Information, respectively) are similar. In all 

cases, a continuous increase in susceptibility as the temperature decreases is observed. 

However, the curves for derivatives 4 and 5 show a decrease at very low temperature 

(maximum in susceptibility at 6.4 K and 5.0 K, respectively), whereas in that for complex 6 

the inversion point is absent (Figure S8). 

The representation of magnetic moment versus temperature for complexes 4 and 5 

remains almost constant from room temperature until about 75 K and then a sudden 

decreasing is observed giving a final magnetic moment close to zero. The representation for 

compound 6 is slightly different, showing a continuous decrease from 300 K to very low 

temperature (Figure S8). The magnetic moments at 300 K are 1.13, 0.98 and 1.10 B for 4, 

5 and 6, respectively. These magnetic moments are significantly lower than the expected 

(2.45 B) for a dimer with two magnetically isolated Ti(III) ions (S = 1/2), whereas at 2 K 

the compounds are almost diamagnetic. 

 

Figure 2. Temperature dependence of the molar magnetic susceptibility M (o) and eff () 

in crushed crystals of 4. 
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The low magnetic moment from 300 to 2 K and the decrease with temperature in 4–6 

compounds could be due to a strong intramolecular antiferromagnetic interaction in 

accordance with the short Ti–Ti distance that favors the direct magnetic interaction between 

the titanium ions. However, the magnetic interaction through the bridging halide must be 

also important. Thus, the better magnetic communication through the iodide bridging 

ligand respect to the chloride and bromide ligands could explain the different profile 

observed in the magnetic moment curve. 

The magnetic properties of the analogous bis(cyclopentadienyl)titanium(III) dimers 

[{Ti(5-C5H5)2(-X)}2] (X = F, Cl, Br, I) were initially measured to liquid nitrogen 

temperatures, and the existence of a strong antiferromagnetic coupling between the Ti(III) 

atoms was suggested.23 Later, Stucky and co-workers measured the magnetic susceptibility 

to liquid helium temperature, and calculated the magnetic data of complexes [{Ti(5-

C5H4R)2(-X)}2] (R = H, X = Cl, J = ‒111 cm-1; R = Me, X = Cl, J = ‒160 cm-1; R = H, X 

= Br, J = ‒138 cm-1).5a Other similar dinuclear titanium(III) complexes such as 

[PPh4][Ti2Cl4(-Cl)3(PEt3)2]·2CH2Cl2 (J = ‒552 cm-1),24
 and [(5-1,3-(tBu)2C5H3)2Ti(-

N2)Ti(5-1,3-(tBu)2C5H3)2]
25 (J = ‒105 cm-1) also show strong antiferromagnetic 

interactions. The magnetic data of all these complexes were fitted using the Hamiltonian H 

= -2JS1·S2 (S1 = S2 = ½) and the following expression of the molar magnetic susceptibility 

derived by Bleaney and Bowers (equation 1), where N, β, k, and T have the usual meanings 

and J represents the singlet–triplet separation.26 

 )/exp(3

β g 2N
=χ

22

M
kTJkT 

  (1) 
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However, the fit of the magnetic data of complexes 4–6 with equation 1 has not been 

possible or leads to unacceptable magnetic parameters. The inclusion of a term 

corresponding to the temperature independent paramagnetism (TIP) and another one due to 

the presence of a paramagnetic impurity did not improve the fit. Thus, X-ray powder 

diffraction studies for the halide complexes 4–6 were carried out to check the purity of the 

samples. The experimental diffractograms of the crystalline materials 4–6 used in the 

magnetic measurements are very similar to those calculated in the single crystal studies (see 

Figures S9–S11). As a consequence, the samples used in the magnetic measurements seem 

to be pure compounds although the presence of an amorphous paramagnetic compound or 

the existence of two magnetic different phases in these complexes cannot be ruled out. In 

fact, the curved baseline of the experimental diffratograms of 5 and 6 strongly suggests the 

presence of amorphous substances. 

The impossibility of fitting the magnetic data of 4–6, which should have a simple 

magnetic behavior similar to those found in the dimers aforementioned, could be consistent 

with the sample containing other paramagnetic species different from the dimer complexes. 

Thus, this magnetic study could be compatible with the diamagnetic nature of dimeric 

complexes 4–6 and the presence of some additional paramagnetic species as the tetramer 

proposed above in the NMR studies of 4. However, all attempts to fit the magnetic data 

using a mixture of the diamagnetic complexes 4–6 and the paramagnetic compounds were 

unsuccessful. 
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Reactivity of [{Ti(5-C5Me5)Cl(-Cl)}2] (4) 

The replacement of chloride ligands of complex 4 by reaction with 1:4 molar ratios of 

conventional lithium reagents LiR (R = Me, CH2SiMe3, NMe2) in toluene at room 

temperature led to solutions containing the known titanium(IV) derivatives [Ti(5-

C5Me5)R3] as the only diamagnetic compounds determined by 1H NMR spectroscopy.27,28 

Apparently, disproportionation occurred into the titanium(IV) complexes and an unknown 

titanium(II) species. Analogous results on the preparation of 

monocyclopentadienyltitanium(III) alkyl species has been noted by Green and Lucas,29 

while Teuben and co-workers were able to isolate the bis(allyl) [Ti(5-C5R5)(C3H5)2] (R = 

H, Me) and benzyl [Ti(5-C5H5)(CH2Ph)2] derivatives.14 In contrast, treatment of 4 with 

[Li{N(SiMe3)2}] (≥2 equiv) in toluene at room temperature led to the precipitation of the 

amido titanium(III) complex [{Ti(5-C5Me5)(-Cl){N(SiMe3)2}}2] (7) (Scheme 2). 

Compound 7 was isolated in 95% yield as purple crystals, which are not soluble in 

unreactive solvents hampering the characterization of complex 7 by NMR spectroscopy. 

Most likely, the lack of solubility of complex 7 in the reaction solvent along with the steric 

bulk of the bis(trimethylsilyl)amido ligands prevent further substitution of chloride groups 

and no disproportionation was observed. 
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Scheme 2. Reactivity of complex 4. 

 

The X-ray crystal structure of 7 reveals two independent molecules in the asymmetric 

unit with no significant differences between them. The structure of one of them is shown in 

Figure 3. Molecules of 7 lie on an inversion center in the midpoint between the titanium 

atoms. Each molecule contains a central Ti2(-Cl)2 core with the 5-C5Me5 ligands in a 

transoid fashion similar to that of the parent complex 4. However, the presence of the bulky 

bis(trimethylsilyl)amido ligands bonded to the titanium atoms produces a significant 

lengthening of the Ti–Ti and Ti–Clbridging distances (averaged 3.853(4) and 2.482(13) Å, 

respectively) when compared with those found in 4 (averaged 3.266(1) and 2.392(4) Å) and 

the analogous hydroborate complex [{Ti(5-C5Me5)(BH4)(-Cl)}2] (3.452(1) and 2.440(2) 

Å).30 Thus, complex 7 exhibits narrower Cl–Ti–Cl and wider Ti–Cl–Ti angles than those 

found in the aforementioned chloride-bridged dimers. The Ti–N bond length of averaged 
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1.983(4) Å is characteristic for bis(trimethylsilyl)amido ligands bonded to titanium(III) 

centers.31 

 

Figure 3. ORTEP diagram (thermal ellipsoids at the 50% probability level) of one of the 

two cristallographically independent molecules of complex 7. Hydrogen atoms 

are omitted for clarity. Selected averaged lengths (Å) and angles (deg): Ti‒Ti 

3.853(4), Ti‒Cl 2.482(13), Ti‒N 1.983(4), Cl‒Ti‒Cl 78.2(1), Ti‒Cl‒Ti 101.8(1), 

N‒Ti‒Cl 108(2). Symmetry code: (i) 1 – x, –y, –z. 

 

Since disproportionation at room temperature was observed in solutions of the 

putative titanium(III) alkyl species, we decided to explore the possibility of an analogous 

process in the chloride complex 4. We speculated that the asymmetric rupture of the dimer 

may lead to formation of titanium(IV) [Ti(5-C5Me5)Cl3] and titanium(II) [Ti(5-

C5Me5)Cl] species. Thus, we performed several reactivity studies with solutions of 4 in 



 18 

hydrocarbon solvents. The treatment of a toluene solution of 4 with 1 equiv of cobaltocene 

[Co(5-C5H5)2] at 110 ºC for 3 days gave green crystals of the ion pair [Co(5-

C5H5)2][Ti(5-C5Me5)Cl3] (8) in 20% isolated yield (Scheme 2). The crystal structure 

consists of well-separated cobaltocenium [Co(5-C5H5)2]
+ and titanate [Ti(5-C5Me5)Cl3]

‒ 

ions (Figure S4 and Table S7 in the Supporting Information). The bond lengths and angles 

in the titanate anion of 8 are essentially identical to those reported for the chromocenium 

analogue [Cr(5-C5Me5)2][Ti(5-C5Me5)Cl3].
32 Likewise, the cation of 8 is also similar to 

those found in several crystal structures containing this fragment,33 including [Co(5-

C5H5)2][Ti(5-C5H5)Cl3].
34 Compound 8 is only slightly soluble in chloroform-d1 and its 1H 

NMR spectrum shows two broad resonances at  = 8.1 (1/2 = 313 Hz) and 6.5 (1/2 = 45 

Hz) assignable to the 5-C5Me5 and 5-C5H5 ligands, respectively. Compound 8 was 

prepared independently in higher yield (76%) by the direct reaction of [Ti(5-C5Me5)Cl3] 

(1) with [Co(5-C5H5)2] (1 equiv) in toluene at room temperature. Cyclic voltammetry of 

[Ti(5-C5Me5)Cl3] in thf at 22 ºC revealed one chemically reversible redox event at ‒1.20 V 

vs. ferrocene/ferrocenium (Fc/Fc+) (Figure S12 in the Supporting Information),35 which 

was assigned to the [Ti(5-C5Me5)Cl3]/[Ti(5-C5Me5)Cl3]
‒ couple. This value is in 

agreement with the electron transfer reaction between the mild reducing agent [Co(5-

C5H5)2] (E ≈ ‒1.3 V)36 and [Ti(5-C5Me5)Cl3]. 

While the reaction of authentic [Ti(5-C5Me5)Cl3] with cobaltocene in benzene-d6 is 

immediate at room temperature to give the precipitation of 8, the analogous treatment of a 

solution of 4 in benzene-d6 with [Co(5-C5H5)2] is slow and requires an excess of reducing 

agent and high temperatures (120 ºC for 2 days) for the complete consumption of the 

resonance signals assignable to the equilibrium of 4 in the 1H NMR spectrum. After 

filtration to remove the green solid of 8 of the NMR tube, the spectrum of the resultant 
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solution showed only a broad resonance assignable to cobaltocene ( = ‒51.39, 1/2 = 99 

Hz) by comparison with the spectra of authentic [Co(5-C5H5)2] material in benzene-d6, 

and the data reported in the literature in other solvents.37 Excess of [Ti(5-C5Me5)Cl3] was 

added to this solution at room temperature until the cobaltocene signal disappeared of the 

spectra. The solution was filtered to eliminate 8, and the 1H NMR spectrum showed the 

signals characteristic of 4 in solution,  = 6.88 (broad) and  = 2.09, along with the 

resonance at  = 1.87 due to the [Ti(5-C5Me5)Cl3] excess. 

Since we could not observe any resonance signal attributable to the titanium(II) 

species [Ti(5-C5Me5)Cl], we decided to study its conversion to a known diamagnetic 

product as a diagnostic evidence. Beckhaus and co-workers have reported on the formation 

of a broad range of titanaaziridines and larger titanacycles by C‒C coupling reaction of 

imines in low-valent titanium cyclopentadienyl species generated in situ.38 In particular, the 

authors described the formation of the diamagnetic diazatitanacyclopentane [Ti(5-

C5Me5)Cl{N(Ph)CH(p-tolyl)}2] by reduction of [Ti(5-C5Me5)Cl3] with magnesium in the 

presence of N-(4-methylbenzylidene)aniline. Indeed, addition of this imine to a benzene-d6 

solution of 4 led to the formation of [Ti(5-C5Me5)Cl3] and [Ti(5-C5Me5)Cl{N(Ph)CH(p-

tolyl)}2] complexes in a 1:1 ratio according to 1H NMR spectroscopy (Scheme 2). The 

reaction is slow at room temperature (ca. 25% conversion after 6 days) and the complete 

consumption of the resonances due to 4 in solution was only observed after heating the 

NMR tube at 100 ºC for 12 days. The characteristic NMR spectroscopic data in benzene-d6 

for the N-CH unit of the diazatitanacyclopentane ring (H = 5.88 and C = 73.8) were found 

in the 1H and 13C{1H} NMR spectra as reported in the literature.38 

On the basis of experimental evidences obtained from the reactions of [Co(5-C5H5)2] 

and N-(4-methylbenzylidene)aniline with solutions of 4 in aromatic hydrocarbon solvents, 
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we suggest that disproportionation of the titanium(III) complex 4 in solution occurs at high 

temperatures to formally give monomeric titanium(IV) [Ti(5-C5Me5)Cl3] and titanium(II) 

[Ti(5-C5Me5)Cl] species. 

Since we have already reported that the dimeric complex 4 readily dissolves in 

tetrahydrofuran to give the mononuclear adduct [Ti(5-C5Me5)Cl2(thf)],18 we decided to 

study the reactivity of 4 with other donor molecules (Scheme 3). Treatment of complex 4 

with 2 equiv of 2,6-dimethylphenylisocyanide or tert-butylisocyanide in toluene at room 

temperature affords the titanium(III) dinuclear adducts [{Ti(5-C5Me5)Cl(-Cl)(CNR)}2] 

(R = 2,6-Me2C6H3 (9), tBu (10)) (Scheme 3). Compounds 9·C7H8 and 10 were isolated as 

air-sensitive green solids in 76 and 60% yields, respectively. While complex 9·C7H8 

dissolves poorly in hydrocarbon solvents, the tert-butylisocyanide adduct 10 shows a good 

solubility in hexane and toluene. 

 

Scheme 3. Reactions of 4 with Lewis bases. 
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Complexes 9 and 10 were characterized by spectroscopic and analytical methods, and 

crystals of 9·C7H8 suitable for an X-ray crystallographic determination were obtained by 

cooling a toluene solution at ‒35 ºC. The molecular structure reveals that 9 forms a dimer 

with two {Ti(5-C5Me5)Cl(CNC6H3Me2)} units connected by two bridging chloride ligands 

(Figure 4). Molecules of 9 lie on an inversion center in the midpoint between the titanium 

atoms. A distorted four-legged piano-stool arrangement is defined around each titanium, 

with one terminal chloride, the sp-carbon atom of one isocyanide group, and two bridging 

chloride ligands at the legs. The titanium–chlorine bond distances of the terminal ligands 

(Ti(1)‒Cl(1) 2.377(1) Å) are shorter than those related with the bridging ligands (Ti(1)‒

Cl(2) 2.466(1) Å and Ti(1)‒Cl(2)i 2.520(1) Å, symmetry code: (i) 2 ‒ x, 1 ‒ y, ‒z). The 

planar central Ti2(-Cl)2 core shows Cl(2)‒Ti(1)‒Cl(2)i and Ti(1)‒Cl(2)‒Ti(1)i angles of 

78.6(1) and 101.4(1)º, respectively. When compared with 4, coordination of the isocyanide 

ligands to the titanium(III) atoms produces a significant lengthening of the titanium–

chlorine and the titanium–titanium distances similar to those cited above for the amido 

complex 7. Thus, the Ti–Ti length of 3.857(1) Å is almost identical to that of 7 (averaged 

3.853(4) Å) and is 0.59 Å longer than that found in 4. The Ti(1)‒C(1) of 2.204(3) Å is 

similar to those found in the titanium(III) complex [Ti(5-C5H5)(CNC6H3Me2)2I2] 

(averaged 2.183(3) Å).39 The isocyanide ligand is linear with a Ti(1)‒C(1)‒N(1) angle of 

178.7(3)º and possesses a normal C≡N bond length (1.156(4) Å),40 very similar to that 

found in the free 2,6-dimethylphenylisocyanide (1.163(3) Å).41 
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Figure 4. ORTEP diagram (thermal ellipsoids at the 50% probability level) of 9·C7H8. 

The toluene solvent molecule and hydrogen atoms are omitted for clarity. 

Selected lengths (Å) and angles (deg): Ti(1)–Ti(1)i 3.857(1), Ti(1)‒C(1) 

2.204(3), Ti(1)‒Cl(1) 2.377(1), Ti(1)‒Cl(2) 2.466(1), Ti(1)‒Cl(2)i 2.520(1), 

C(1)‒N(1) 1.156(4), Cl(2)‒Ti(1)‒Cl(2)i 78.6(1), Ti(1)‒Cl(2)‒Ti(1)i 101.4(1), 

Ti(1)‒C(1)‒N(1) 178.7(3). Symmetry code: (i) 2 ‒ x, 1 ‒ y, ‒z. 

 

The magnetic susceptibility of complex 9·C7H8 measured at 1 T shows a continuous 

increase as temperature is reduced, which is typical of paramagnetic compounds (Figure 5).  
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Figure 5. Temperature dependence of the molar magnetic susceptibility M (o) and µeff () 

for 9·C7H8. Solid lines result from least-squares fits using the model described in 

the text. 

 

The magnetic moment of 9·C7H8 at 300 K is 2.46 μB, as expected (2.45 μB) for a 

dimer with two magnetically isolated Ti(III) ions. The representation of magnetic moment 

versus temperature remains almost constant from 300 to 50 K, whereas a sharp decrease 

appears at very low temperatures to give a final value at 2 K of 1.50 μB. This sharp decrease 

could be ascribed to an antiferromagnetic coupling between the titanium centers of each 

dimer molecule. However, the shape of this curve at very low temperature also suggests the 

existence of additional interdimer antiferromagnetic interactions. Thus, the magnetic data 

of complex 9·C7H8 have been fitted using the Bleaney-Bowers equation (equation 1) 

including a term with the temperature independent paramagnetism (TIP). The additional 

intermolecular interaction (zJ’) has been introduced as a perturbation of the molecular field 

approximation (equation 2).26 
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Using this model, a good agreement between the experimental and calculated values 

for the magnetic moment and the molar magnetic susceptibility is observed (Figure 5). The 

refined parameters are: g = 1.92, J = ‒7.5 cm-1, zJ’ = ‒4.1 cm-1 and TIP = 1.4 × 10-4 emu 

mol-1. The agreement factor calculated as 2 = (eff. calc.-eff. exp.)
2 / eff. exp.

2 is σ2 = 8.5 × 

10-4. The intradimer J value indicates a weak antiferromagnetic coupling between the Ti 

ions compared with compound 4 and with other similar [{Ti(5-C5H4R)2(-Cl)}2] 

compounds.5a As above described, the incorporation of one isocyanide ligand to the 

environment of each titanium atom produces a significant lengthening of the titanium–

titanium distance, which is consistent with a strong decrease, or even disappearance, of the 

direct magnetic interchange and bond between the titanium atoms. Thus, the magnetic 

interaction could take place by a super-exchange mechanism through the bridging chloride 

ligands.42,43 The g and TIP values are typical of titanium(III) complexes.5 The 

intermolecular magnetic coupling zJ’ = ‒4.1 cm-1 is also similar to those found in other 

molecular complexes. In summary, the magnetic properties of compound 9 are consistent 

with the existence of inter- and intramolecular antiferromagnetic coupling. 

IR spectra (KBr) of complexes 9 and 10 show (C≡N) stretching vibrations at 2158 

and 2185 cm-1, respectively. Those values are higher than those found for the free 2,6-

dimethylphenylisocyanide (2122 cm-1) or tert-butylisocyanide (2138 cm-1), indicating 

principally -type Ti-CNR interactions.39,44 1H NMR spectra of complexes 9 and 10 are 
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silent according to their paramagnetic nature and only a broad resonance at  = 2.48 (1/2 

= 190 Hz) could be tentatively assigned to the tert-butyl group in the spectrum of 10. The 

magnetic moment measurements in pyridine-d5 or benzene-d6 at room temperature by the 

Evans Method gave eff = 2.33 B for 9 and eff = 2.38 B for 10 per dimer. The effective 

magnetic moment for 9 in solution at 295 K is in good agreement with the solid-state data 

obtained by SQUID magnetometry (eff = 2.46 B, 300 K). 

Complex 9 appears to be stable in benzene-d6 solutions at temperatures below 120 ºC 

according to 1H NMR spectroscopy, while resonances assigned to [Ti(5-C5Me5)Cl3] were 

found in the spectra of the sample heated at higher temperatures. In contrast, a benzene-d6 

solution of 10 turned from green to orange color after 3 days at room temperature. The 1H 

NMR spectrum of the resultant solution showed a new set of sharp resonances assignable to 

the titanium(IV) iminoacyl derivative [{Ti(5-C5Me5)Cl2}2(-2:2-tBuN=C-C=NtBu)] 

(11) (Scheme 3). The formation of compound 11 is the result of the reductive C‒C coupling 

of the two isocyanide ligands and the generation of the bridging N,N´-di-tert-butyl-1,4-

diaza-1,3-butadiene-2,3-diyl ligand between the two titanium centers. The conversion of 

compound 10 to 11 is faster in solutions heated at 55 ºC, but at temperatures higher than 60 

ºC the NMR spectra showed resonance signals due to [Ti(5-C5Me5)Cl3]. Thus, complex 11 

was isolated as an orange solid in 65% yield upon heating at 55 ºC a toluene solution of 10 

for 4 days. In contrast to compounds 9 and 10, complex 11 is stable in chloroform-d1 

solutions and shows decreased air-sensitivity as expected for a titanium(IV) derivative. 

Complex 11 was characterized by spectroscopic and analytical methods, and its 

structure was elucidated by a single-crystal X-ray diffraction experiment. The molecular 

structure shows two {Ti(5-C5Me5)Cl2} moieties held together by one {-2:2-tBuN=C-

C=NtBu} ligand (Figure 6). Molecules of 11 present a C2 axis which crosses the midpoint 
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of the C(1)‒C(1)i bond (symmetry code: (i) ‒x, y, 1/2 ‒ z). The titanium atoms exhibit 

distorted four-legged piano-stool geometries with two terminal chloride and the carbon and 

nitrogen atoms of one iminoacyl group at the legs. The titanium‒chlorine bond distances of 

2.290(1) and 2.320(1) Å are comparable to those determined in the acyl derivatives [Ti(5-

C5Me5)Cl2(
2-COMe)]45 and [Ti(5-C5Me5)Cl2(

2-COCHPPh3)].
46 The 1,4-

diazabutadiene-2,3-diyl ligand of complex 11 is coordinated in an 2-fashion to each metal 

center through the carbon and nitrogen atoms. While several examples of 1,4-

diazabutadiene-2,3-diyl ligands bridging two metal centers have been reported before,47,48,49 

the symmetric coordination mode of this moiety in complex 11 is unprecedented. The 

C(1)‒Ti(1)‒N(1) angle of 35.6(1)º along with the Ti(1)‒C(1) and Ti(1)‒N(1) bond lengths 

of 2.122(3) and 2.034(2) Å respectively, compare well with those observed in other 

organotitanium iminoacyl complexes.50 Within the 1,4-diazabutadiene ligand, the C(1)‒

C(1)i and C(1)‒N(1) distances of 1.414(5) and 1.274(3) Å are indicative of single- and 

double-bond character, respectively.47 Thus, the C‒N distance in 11 is clearly longer than 

that determined for the C≡N fragment of the isocyanide ligand in complex 9 (1.156(4) Å). 

Finally, the sum of angles subtended at the C(1) and N(1) atoms, 359.8 and 359.3º 

respectively, are consistent with an sp2 hybridization of both atoms. 
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Figure 6. ORTEP diagram (thermal ellipsoids at the 50% probability level) of 11. 

Hydrogen atoms are omitted for clarity. Selected lengths (Å) and angles (deg): 

Ti(1)‒Cl(1) 2.290(1), Ti(1)‒Cl(2) 2.320(1), Ti(1)‒C(1) 2.122(3), Ti(1)‒N(1) 

2.034(2), C(1)‒N(1) 1.274(3), C(1)‒C(1)i 1.414(5), C(1)‒Ti(1)‒N(1) 35.6(1). 

Symmetry code: (i) ‒x, y, 1/2 ‒ z. 

 

The IR (KBr) spectrum of 11 shows the (C=N) stretching vibration at 1611 cm-1, a 

value characteristic of the dihapto coordination mode of the iminoacyl ligands to the 

metallic atoms.45,50 The 1H NMR spectra of 11 in benzene-d6 or chloroform-d1 at room 

temperature show two singlet resonances for the 5-C5Me5 and CMe3 groups in accordance 

with the C2 symmetry determined in the solid-state. The 13C{1H} NMR spectrum in 

chloroform-d1 displays one resonance at = 214.0, which can be attributed to the C=N 

carbon of the 1,4-diazabutadiene ligand. This value is slightly shifted to higher field 

compared to those observed for other 2-iminoacyl ligands bound to titanium(IV) centers 

(= 230.5‒245.0).45,50 
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A molecular structure similar to that of 9 was also determined for the aqua 

titanium(III) complex [{Ti(5-C5Me5)Cl(-Cl)(OH2)}2]·2C4H8O (12·2C4H8O) (see Figure 

S5 and Table S10 in the Supporting Information). The Ti–Ti separation of 3.851(1) Å and 

the Ti2(-Cl)2 core are essentially identical to those of 9. The Ti–O bond length (2.083(2) 

Å) is analogous to that found in complex [{Ti(5-C5Me5)Cl2(thf)],16,18 and those 

determined in the dinuclear titanium(III) complex [Ti2Cl4(-Cl)2(thf)4] (2.082(4) and 

2.099(6) Å).51 A few green crystals of this aqua complex were isolated in the treatment of 

[Ti(5-C5Me5)Cl3] with zinc powder in tetrahydrofuran at room temperature and 

subsequent slow evaporation of the solvent. The OH2 ligands in complex 12 most likely 

come from adventitious water occluded in the zinc powder. Treatment of solutions of 4 

with water in different molar ratios afforded complicated mixture of products and a rational 

synthesis of 12 could not be obtained. In contrast, when a benzene solution of 4 was 

exposed to NH3 (1 atm) at room temperature, precipitation of the mononuclear ammonia 

adduct [{Ti(5-C5Me5)Cl2(NH3)2]·0.5C6H6 (13·0.5C6H6) occurred (Scheme 3). Compound 

13·0.5C6H6 was isolated in 78% yield as a blue green powder, which is not soluble in 

common organic solvents. The IR spectrum (KBr) of 13 shows several bands for the NH 

vibrations, between 3358 and 3168 cm-1, and a very strong absorption at 1604 cm-1 

assignable to the NH3 bending mode.52 Crystals of 13·0.5C6D6 were obtained by slow 

cooling at room temperature of a benzene-d6 solution heated at 100 ºC. Compound 13 

shows a monomeric structure with a four-legged piano-stool disposition with a mirror plane 

passing through the Ti and N atoms and the carbon atoms C(11) and C(16) of the 5-C5Me5 

ligand (Figure S6). The titanium–chlorine bond length of 2.444(1) Å is slightly longer than 

that found for the monomeric titanium(III) derivative [Ti(5-C5H5)Cl2(methylimidazol)2] 

(2.407(2) Å),53 whereas the titanium–nitrogen distances of 2.215(4) and 2.222(4) Å are 
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similar to those found in the ammine titanium(III) complexes [Ti(5-C5Me4SiMe3)2(NH3)]
+ 

(2.208(3) Å),54 and [Ti(5-C5H5)2(NH3)2]
+ (2.197(2) and 2.221(2) Å).55  Ammine and 

chloride ligands of 13 participate in the building of a robust layered pattern with N–H···Cl 

hydrogen bonds, whilst the layers are connected by the benzene molecules through C–

H···Cl interactions (Figure 7 and Table S12). The strong intermolecular interactions may 

explain the insolubility of 13 even in donor solvents (i.e., pyridine-d5, tetrahydrofuran-d8), 

precluding its characterization by NMR spectroscopy. 

 

 
 

Figure 7. Perspective view of a layer in 13·0.5C6D6 constituted by N–H···Cl hydrogen 

bonds (drawn in orange). C–H···Cl interactions connecting layers are drawn in 

purple. Hydrogen atoms of methyl fragments are omitted for clarity. Symmetry 

code: (i) x, y, 1 ‒ z; (ii) 1/2 – x, 1/2 + y, 1/2 – z; (iii) 1/2 – x, –1/2 + y, 1/2 – z. 
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Conclusions 

Halide-bridged dimeric structures [{Ti(5-C5Me5)X(-X)}2] (X = Cl, Br, I) have been 

structurally characterized for monopentamethylcyclopentadienyltitanium(III) dihalides. The 

chloride compound [{Ti(5-C5Me5)Cl(-Cl)}2] reacts with lithium reagents [LiR] via 

metathesis of chloride ligands and subsequent disproportionation, and only by using the 

bulky group N(SiMe3)2 the titanium(III) species [{Ti(5-C5Me5)(-Cl){N(SiMe3)2}}2] 

could be isolated. Similarly, the dimeric dichloride titanium(III) complex in aromatic 

hydrocarbon solutions at temperatures higher than 100 ºC undergoes disproportionation 

into titanium(IV) [Ti(5-C5Me5)Cl3] and titanium(II) [Ti(5-C5Me5)Cl] species, as 

demonstrated by its reactions with cobaltocene and N-(4-methylbenzylidene)aniline. 

Complex [{Ti(5-C5Me5)Cl(-Cl)}2] reacts with Lewis bases (ammonia, water or 

isocyanides) to give mononuclear species [Ti(5-C5Me5)Cl2(NH3)2] or dinuclear adducts 

[{Ti(5-C5Me5)Cl(-Cl)(L)}2] (L = H2O, CNR) with long Ti–Ti separations. The titanium 

centers in the arylisocyanide dimer [{Ti(5-C5Me5)Cl(-Cl)(CNC6H3Me2)}2] are weakly 

antiferromagnetically coupled as determined by magnetic susceptibility measurements at 

different temperatures. The tert-butylisocyanide titanium(III) adduct undergoes a reductive 

C‒C coupling of the two isocyanide ligands with generation of a bridging N,N´-di-tert-

butyl-1,4-diaza-1,3-butadiene-2,3-diyl ligand between the two titanium(IV) centers. The 

simple and clean syntheses of monopentamethylcyclopentadienyltitanium(III) dihalides 

may allow the study of challenging organic transformations with unsaturated substrates. 
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Experimental Section 

General Comments. All manipulations were carried out under argon atmosphere using 

Schlenk line or glovebox techniques. Toluene, benzene, and hexane were distilled from 

Na/K alloy just before use. Tetrahydrofuran was distilled from purple solutions of sodium 

benzophenone just prior to use. NMR solvents were dried with Na/K alloy (C6D6) or 

calcium hydride (CDCl3, C5D5N) and vacuum-distilled. Oven-dried glassware was 

repeatedly evacuated with a pumping system (ca. 1 × 10-3 Torr) and subsequently filled 

with inert gas. Thermolyses in solution at high temperatures were carried out by heating 

flame-sealed NMR or Carius tubes in a Roth autoclave model III. [Co(5-C5H5)2] was 

purchased from ABCR and used as received. Electronic grade ammonia (purity > 99.995%, 

O2 < 2 ppm, and H2O < 10 ppm) was purchased from Sociedad Española del Oxígeno, and 

used as received. Lithium tetrahydridoaluminate(III) (LiAlH4, 95%), lithium 

bis(trimethylsilyl)amide [Li{N(SiMe3)2}], N-(4-methylbenzylidene)aniline, and tert-

butylisocyanide were purchased from Aldrich and used as received. 2,6-

Dimethylphenylisocyanide was purchased from FLUKA and sublimed under vacuum prior 

to use. [Ti(5-C5Me5)X3] (X = Cl, (1), Br (2), I (3)),19 and [{Ti(5-C5Me5)Cl}2(-Cl)}2]
18 

(4) were prepared according to published procedures. 

Samples for infrared spectroscopy were prepared as KBr pellets, and the spectra were 

obtained using an FT-IR Perkin-Elmer SPECTRUM 2000 spectrophotometer. 

Microanalyses (C, H, N) were performed in a Heraeus CHN-O Rapid or a Leco CHNS-932 

microanalyzer. 1H and 13C{1H} NMR spectra were recorded on a Varian Unity-300, 

Mercury-300, or Unity-500 Plus spectrometers. Chemical shifts () in the 1H and 13C{1H} 

NMR spectra are given relative to residual protons or to carbon of the solvent, C6D6 (
1H:  

= 7.15; 13C: = 128.0) or CDCl3 (
1H:  = 7.24; 13C: = 77.0). The effective magnetic 
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moments in solution were determined by the Evans NMR method at 295 K (using a 300 

MHz instrument with a field strength of 7.05 Tesla).22 

The variable-temperature magnetization data were acquired on polycrystalline 

samples obtained from crushed crystals with a Quantum Design MPMSXL SQUID 

(Superconducting Quantum Interference Device) magnetometer over a temperature range 

of 2 to 300 K at the constant field of 1 T. Gelatin capsules were charged with the samples in 

an argon-filled glovebox and were handled under argon atmosphere until inserted in the 

magnetometer. Each raw data set was corrected for the diamagnetic contribution of both the 

sample holder and the complex to the susceptibility. The molar diamagnetic corrections 

were calculated on the basis of Pascal´s constants.22c 

The cyclic voltammograms were taken with a potentiostat/galvanostat CH 

Instruments CHI620E. All experiments were carried out using a conventional three 

electrode cell. Platinum was used as working electrode, a platinum wire as counter 

electrode, and a silver wire as pseudo reference electrode. Potentials were internally 

referenced to the ferrocene/ferrocenium redox couple at 0 mV. Measurements were made 

under a purified argon atmosphere in a glovebox using tetrahydrofuran solutions of 

[nBu4N][PF6] (0.1 M). 

Synthesis of [{Ti(5-C5Me5)Cl(-Cl)}2] (4). A 150 mL Schlenk tube was charged with 

[Ti(5-C5Me5)Cl3] (0.60 g, 2.07 mmol), LiAlH4 (0.08 g, 2.07 mmol), and toluene (30 mL). 

The reaction mixture was stirred at room temperature for 3 days. After filtration, the 

volatile components of the resultant brown solution were removed under reduced pressure 

to give 4 as a green solid (0.21 g, 40%). 1H NMR (300 MHz, C6D6, 20 C, ): 6.88 (s br., 

1/2 = 24 Hz; C5Me5), 2.09 (s; C5Me5). 
13C{1H} NMR (75 MHz, C6D6, 20 C, ): 136.5 

(C5Me5), 90.5 (br.; C5Me5), 48.0 (br.; C5Me5), 14.5 (C5Me5). The effective magnetic 



 33 

moment of 4 was determined to be 1.37 B (based on a unit formula of C20H30Cl4Ti2) on a 

C6D6 solution.18 

Synthesis of [{Ti(5-C5Me5)Br(-Br)}2] (5). In a fashion similar to the preparation of 4, 

[Ti(5-C5Me5)Br3] (0.60 g, 1.42 mmol) and LiAlH4 (0.057 g, 1.42 mmol) were reacted in 

toluene (60 mL) for 20 h to give 5 as a dark-green solid (0.27 g, 56%). IR (KBr, cm-1): ν ̃

2959 (m), 2908 (vs), 2861 (m), 1485 (w), 1429 (m), 1377 (s), 1260 (w), 1022 (s), 800 (w), 

728 (w), 618 (w), 424 (s). 1H NMR (C6D6, 20 ºC, ): 2.21 (s; C5Me5). 
13C{1H} NMR 

(C6D6, 20 ºC, ): 139.8 (C5Me5); 16.2 (C5Me5). Anal. Calcd for C20H30Br4Ti2 (Mw = 

685.81): C 35.03, H 4.41. Found: C 35.41, H 4.30. The effective magnetic moment of 5 

was determined to be 1.30 B (based on a unit formula of C20H30Br4Ti2) on a C6D6 solution. 

Synthesis of [{Ti(5-C5Me5)I(-I)}2] (6). In a fashion similar to the preparation of 4, 

[Ti(5-C5Me5)I3] (0.60 g, 1.06 mmol) and LiAlH4 (0.042 g, 1.06 mmol) were reacted in 

toluene (30 mL) for 2 days to afford 6 as a green solid (0.30 g, 66%). IR (KBr, cm-1): ν ̃

2976 (m), 2952 (m), 2904 (s), 2854 (w), 1482 (m), 1451 (m), 1424 (m), 1378 (s), 1261 (w), 

1066 (m), 1022 (vs), 802 (w), 730 (w), 546 (w), 418 (m). 1H NMR (C6D6, 20 ºC, ): 2.47 

(s; C5Me5). 
13C{1H} NMR (C6D6, 20 ºC, ): 143.6 (C5Me5); 19.5 (C5Me5). Anal. Calcd for 

C20H30I4Ti2 (Mw = 873.79): C 27.49, H 3.46. Found: C 27.64, H 4.01. The effective 

magnetic moment of 6 was determined to be 1.50 B (based on a unit formula of 

C20H30I4Ti2) on a C6D6 solution. 

Synthesis of [{Ti(5-C5Me5)(-Cl){N(SiMe3)2}}2] (7). A toluene solution (10 mL) of 

[Li{N(SiMe3)2}] (0.33 g, 1.97 mmol) was carefully added to a solution of 4 (0.50 g, 0.98 

mmol) in toluene (20 mL). The mixture was allowed to react without any stirring at room 

temperature for 3 days to give the precipitation of huge purple crystals of 7 and a fine white 

powder. After elimination of the solution by decantation, the crystals were rinsed with 
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several portions of toluene to remove the powder and characterized as 7 (0.66 g, 95%). IR 

(KBr, cm-1): ν̃ 2955 (m), 2910 (m), 1437 (w), 1403 (w), 1378 (m), 1259 (s), 1248 (vs), 

1024 (w), 891 (vs), 853 (vs), 837 (vs), 792 (s), 760 (m), 709 (m), 670 (m), 636 (w), 421 

(m). Anal. Calcd for C32H66Cl2N2Si4Ti2 (Mw = 757.87): C 50.71, H 8.78, N 3.70. Found: C 

50.71, H 9.00, N 3.69. 

Synthesis of [Co(5-C5H5)2][Ti(5-C5Me5)Cl3] (8). Method A: A 100 mL ampule (Teflon 

stopcock) was charged with 4 (0.30 g, 0.59 mmol), [Co(5-C5H5)2] (0.11 g, 0.58 mmol), 

and toluene (20 mL). The reaction mixture was heated at 110 ºC for 3 days. The resultant 

solution was allowed to cool to ambient temperature to afford green crystals of 8 (0.055 g, 

20%). Method B: A 100 mL Schlenk tube was charged with 1 (0.20 g, 0.69 mmol), [Co(5-

C5H5)2] (0.13 g, 0.69 mmol), and toluene (25 mL). The reaction mixture was stirred at room 

temperature for 16 h to give a green solution and a green solid. The solid was isolated by 

filtration onto a glass frit and vacuum-dried to afford 8 as a green powder (0.25 g, 76%). IR 

(KBr, cm-1): ν ̃ 3094 (vs), 2968 (m), 2946 (m), 2909 (s), 1493 (w), 1414 (vs), 1375 (m), 

1114 (w), 1069 (w), 1009 (s), 880 (m), 864 (vs), 821 (w), 804 (w), 756 (w), 503 (m), 464 

(vs), 422 (vs). 1H NMR (CDCl3, 20 C, ): 8.1 (s br., 1/2 = 313 Hz, 15H; C5Me5), 6.5 (s 

br., 1/2 = 45 Hz, 10H; C5H5). Anal. Calcd for C20H25Cl3CoTi (Mw = 478.57): C 50.19, H 

5.27. Found: C 50.32, H 5.28. 

Synthesis of [{Ti(5-C5Me5)Cl(-Cl)(CN-2,6-Me2C6H3)}2] (9). A 100 mL Schlenk tube 

was charged with 4 (0.30 g, 0.59 mmol), 2,6-dimethylphenylisocyanide (0.15 g, 1.14 

mmol), and toluene (20 mL). The reaction mixture was stirred at room temperature for 1.5 

h. The volume of the resultant brown suspension was reduced under reduced pressure to ca. 

10 mL to give a green solid and a brown solution. The solid was isolated by filtration onto a 

glass frit and vacuum-dried to afford 9·C7H8 as a green powder (0.37 g, 76%). The toluene 
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filtrate was cooled to ‒35 ºC for 7 days to give a few suitable single crystals for X-ray 

diffraction of complex 9·C7H8. IR (KBr, cm-1): ν̃ 3025 (w), 2979 (m), 2952 (m), 2904 (s), 

2158 (vs), 1603 (w), 1495 (m), 1474 (m), 1449 (m), 1381 (m), 1264 (w), 1175 (w), 1166 

(w), 1083 (w), 1023 (m), 783 (s), 742 (s), 720 (w), 699 (w), 468 (w), 418 (m). Anal. Calcd 

for C45H56Cl4N2Ti2 (Mw = 862.48): C 62.67, H 6.54, N 3.25. Found: C 62.50, H 6.64, N 

3.72. The effective magnetic moment of 9·C7H8 was determined to be 2.33 B (based on a 

unit formula of C45H56Cl4N2Ti2) on a C5D5N solution. 

Synthesis of [{Ti(5-C5Me5)Cl(-Cl)(CNtBu)}2] (10). The reaction mixture of 4 (0.15 g, 

0.30 mmol) and tert-butylisocyanide (0.050 g, 0.60 mmol) in toluene (20 mL) was stirred 

for 45 min at room temperature to give a dark green solution. The volatile components of 

the solution were removed under reduced pressure to afford 10 as a green powder (0.12 g, 

60%). IR (KBr, cm-1): ν̃ 2976 (s), 2909 (s), 2185 (vs), 1475 (s), 1456 (s), 1373 (s), 1202 (s), 

1069 (w), 1029 (s), 858 (m), 761 (m), 715 (m), 517 (w), 415 (s). 1H NMR (300 MHz, C6D6, 

20 C, ): 2.48 (s br., 1/2 = 190 Hz; CMe3). Anal. Calcd for C30H48Cl4N2Ti2 (Mw = 

674.26): C 53.44, H 7.18, N 4.16. Found: C 53.93, H 6.93, N 4.17. The effective magnetic 

moment of 10 was determined to be 2.38 B (based on a unit formula of C30H48Cl4N2Ti2) 

on a C6D6 solution. 

Synthesis of [{Ti(5-C5Me5)Cl2}2(-2:2-tBuN=C-C=NtBu)] (11). A 100 mL ampule 

(Teflon stopcock) was charged with 4 (0.30 g, 0.59 mmol), tert-butylisocyanide (0.098 g, 

1.18 mmol), and toluene (20 mL). The reaction mixture was stirred at room temperature for 

1 h and the resultant dark green solution was heated at 55 ºC for 4 days to give an orange 

precipitate and a brown solution. The solid was isolated by filtration onto a glass frit and 

vacuum-dried to afford 11 as an orange powder (0.26 g, 65%). IR (KBr, cm-1): ν̃ 2988 (s), 

2909 (s), 1611 (s), 1545 (m), 1450 (s), 1369(s), 1226 (m), 1178 (vs), 1097 (w), 1066 (w), 
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1018 (m), 927 (w), 867 (w), 829 (w), 802 (w), 681 (m), 586 (w), 525 (s). 1H NMR (C6D6, 

20 C, ): 2.06 (s, ; C5Me5), 1.48 (s, ; CMe3). 
1H NMR (CDCl3, 20 C, ): 2.19 (s, 

; C5Me5), 1.53 (s, ; CMe3). 
13C{1H} NMR (CDCl3, 20 C, ): 214.0 (CN), 131.2 

(C5Me5), 69.1 (CMe3), 30.5 (CMe3), 14.3 (C5Me5). Anal. Calcd for C30H48Cl4N2Ti2 (Mw = 

674.26): C 53.44, H 7.18, N 4.16. Found: C 53.75, H 6.78, N 4.47. 

Synthesis of [Ti(5-C5Me5)Cl2(NH3)2] (13). A 25 mL ampule (Teflon stopcock) was 

charged with 4 (0.10 g, 0.20 mmol) and benzene (15 mL) to give a brown solution. The 

argon atmosphere was changed by ammonia, and the reaction mixture was allowed to react 

without any stirring for 3 d to give 13·0.5C6H6 as a blue-green powder (0.10 g, 78%). IR 

(KBr, cm-1): ν̃ 3358 (m), 3329 (s), 3255 (m), 3192 (w), 3168 (m), 2971 (w), 2950 (w), 2910 

(m), 2857 (w), 1604 (vs), 1496 (w), 1433 (m), 1410 (m), 1378 (m), 1234 (vs), 1068 (w), 

1027 (w), 792 (m), 731 (m), 606 (w), 465 (w). Anal. Calcd for C13H24Cl2N2Ti (Mw = 

327.12): C 47.73, H 7.39, N 8.56. Found: C 46.32, H 7.16, N 8.79. 

X-ray crystal structure determinations. Dark-red crystals of 3 and dark-green crystals of 

5 and 6 were obtained by slow cooling at room temperature of toluene solutions heated at 

100 ºC. Purple crystals of 7 were grown from the reaction mixture in toluene at ambient 

temperature as described above. Green crystals of 8 were obtained by slow cooling at room 

temperature of a toluene solution heated at 100 ºC as described in the Experimental 

Section. Green crystals of 9·C7H8 were obtained from a toluene solution as described 

above. Orange crystals of 11 were obtained by slow cooling at room temperature of a 

chloroform-d1 solution of the compound heated at 45 ºC in a NMR tube. Green crystals of 

complex 12·2C4H8O were obtained from a tetrahydrofuran solution as described above. 

Blue crystals of 13·0.5C6D6 were grown by slow cooling at room temperature of a benzene-

d6 solution heated at 100 ºC in a NMR tube. The crystals were removed from the Schlenk 
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or NMR tubes and covered with a layer of a viscous perfluoropolyether (FomblinY). A 

suitable crystal was selected with the aid of a microscope, mounted on a cryoloop, and 

immediately placed in the low temperature nitrogen stream of the diffractometer. The 

intensity data sets were collected at 150 or 200 K on a Bruker-Nonius KappaCCD 

diffractometer equipped with an Oxford Cryostream 700 unit. Crystallographic data for all 

the complexes are presented in Tables S1 and S2 of the Supporting Information. 

The structures were solved, using the WINGX package,56 by direct methods (7, 11 

and 13) (SHELXS-2013),57 or intrinsic phasing methods (the rest) (SHELXT),58 and 

refined by least-squares against F2 (SHELXL-2014/7).57 Compound 6 was refined as a two-

component inversion twin using TWIN and BASF instructions. The final value of the 

BASF parameter was 0.357. Crystals of complex 7 contained half of two independent 

molecules in the asymmetric unit, but there were no significant differences between them. 

Crystals of 8 presented disorder for the carbon atoms C(21)-C(25) and C(31)-C(35) 

of the cyclopentadienyl rings linked to cobalt. These disorders were conventionally treated 

by using the PART tool and allowing free refinement of the occupancy factors with the 

FVAR command of the SHELXL program. The final values were 73 and 27% for the atoms 

C(21)-C(25), and 66 and 34% for the atoms C(31)-C(35). Moreover, carbon atoms C(21)’-

C(25)’, C(31)-C(35) and C(31)’-C(35)’ of the disordered cyclopentadienyl ligands were 

restrained with DELU instructions. 

Compound 9 crystallized with a molecule of toluene, which was found in the 

difference Fourier map, but it was not possible to obtain a chemically sensible model for it, 

so the Squeeze59 procedure was used to remove its contribution to the structural factors. On 

the other hand, complex 12 crystallized with two molecules of tetrahydrofuran, whereas 13 

did it with a half molecule of benzene.  
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In all the crystallographic studies, all non-hydrogen atoms were anisotropically 

refined. Moreover all hydrogen atoms were included, positioned geometrically and refined 

by using a riding model, except those of the water molecules (H(1) and H(2)) in complex 

12, which were located in the difference Fourier map and refined isotropically. 

Additionally, SADI restraints were applied to the lengths O(1)-H(1) and O(1)-H(2) in 

refinement of compound 12. 
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The Supporting Information is available free of charge on the ACS Publications website at 
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These data can be obtained free of charge via www.ccdc.ac.uk/data_request/cif, or by 

emailing data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic 

Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033. 

 



 39 

Author Information 

Corresponding Authors 

*E-mail: carlos.yelamos@uah.es 

ORCID 

Estefanía del Horno: 0000-0001-8900-4371 

Reyes Jiménez-Aparicio: 0000-0002-1030-8194 

Miguel Mena: 0000-0001-7456-1212 

Adrián Pérez-Redondo: 0000-0002-0086-8825 

José Luis Priego: 0000-0002-5819-8502 

Carlos Yélamos: 0000-0003-0425-4799 

Notes 

The authors declare no competing financial interest. 

Acknowledgments 

This work was supported by the Spanish MCIU (PGC2018-094007-B-I00 and CTQ2015-

63858-P, MINECO/FEDER) and Universidad de Alcalá (CCG2018/EXP-008). E.d.H. 

acknowledges Universidad de Alcalá for a doctoral fellowship. 

  



 40 

References 

 

                                                 

(1) Beaumier, E. P.; Pearce, A. J.; See, X. Y.; Tonks, I. A. Modern Applications of Low-Valent 

Early Transition Metals in Synthesis and Catalysis. Nat. Rev. Chem. 2019, 3, 15‒34.  

(2) (a) Tsurugi, H.; Mashima, K. Salt-Free Reduction of Transition Metal Complexes by 

Bis(trimethylsilyl)cyclohexadiene, -dihydropyrazine, and -4,4´-bipyridinylidene 

Derivatives. Acc. Chem. Res. 2019, 52, 769‒779. (b) Tsurugi, H.; Mashima, K. A New 

Protocol to Generate Catalytically Active Species of Group 4–6 Metals by Organosilicon-

Based Salt-Free Reductants. Chem. Eur. J. 2019, 25, 913‒919. 

(3) For pioneering reports on the use of this reagent, see: (a) Nugent, W. A.; RajanBabu, T. V. 

Transition-Metal-Centered Radicals in Organic Synthesis. Titanium(III)-Induced 

Cyclization of Epoxy Olefins. J. Am. Chem. Soc. 1988, 110, 8561‒8562. (b) RajanBabu, T. 

V.; Nugent, W. A. Intermolecular Addition of Epoxides to Activated Olefins: a New 

Reaction. J. Am. Chem. Soc. 1989, 111, 4525‒4527. (c) RajanBabu, T. V.; Nugent, W. A.; 

Beattie, M. S. Free Radical-Mediated Reduction and Deoxygenation of Epoxides. J. Am. 

Chem. Soc. 1990, 112, 6408‒6409. (d) RajanBabu, T. V.; Nugent, W. A. Selective 

Generation of Free Radicals from Epoxides Using a Transition-Metal Radical. A Powerful 

New Tool for Organic Synthesis. J. Am. Chem. Soc. 1994, 116, 986‒997. 

(4) For reviews on the use of this reagent, see: (a) Gansäuer, A.; Bluhm, H. Reagent-Controlled 

Transition-Metal-Catalyzed Radical Reactions. Chem. Rev. 2000, 100, 2771‒2788. (b) 

Barrero, A. F.; Quílez del Moral, J. F.; Sánchez, E. M.; Arteaga, J. F. Titanocene‐Mediated 

Radical Cyclization: An Emergent Method Towards the Synthesis of Natural Products. Eur. 

J. Org. Chem. 2006, 1627‒1641. (c) Gansäuer, A.; Justicia, J.; Fan, C.-A.; Worgull, D.; 

Piestert, F. Reductive C–C Bond Formation after Epoxide Opening via Electron Transfer. 



 41 

                                                                                                                                                     

In (Krische M. J. Ed) Metal Catalyzed Reductive C–C Bond Formation. Topics in Current 

Chemistry, Vol. 279, Springer: Berlin, 2007, 25‒52. (d) Morcillo, S. P.; Miguel, D.; 

Campaña, A. G.; Álvarez de Cienfuegos, L.; Justicia, J.; Cuerva, J. M. Recent Applications 

of Cp2TiCl in Natural Product Synthesis. Org. Chem. Front. 2014, 1, 15‒33. (e) Castro-

Rodríguez, M.; Rodríguez-García, I.; Rodríguez-Maecker, R. N.; Pozo-Morales, L.; Oltra, 

J. E.; Rosales-Martínez, A. Cp2TiCl: An Ideal Reagent for Green Chemistry? Org. Process 

Res. Dev. 2017, 21, 911‒923. (f) Botubol-Ares, J. M.; Durán-Peña, M. J.; Hanson, J. R.; 

Hernández-Galán, R.; Collado, I. G. Cp2Ti(III)Cl and Analogues as Sustainable Templates 

in Organic Synthesis. Synthesis 2018, 50, 2163‒2180. 

(5) (a) Jungst, R.; Sekutowski, D.; Davis, J.; Luly, M.; Stucky, G. Structural and Magnetic 

Properties of Di--chloro-bis[bis(5-cyclopentadienyl)titanium(III)] and Di--bromo-

bis[bis(5-methylcyclopentadienyl)titanium(III)]. Inorg. Chem. 1977, 16, 1645‒1655. (b) 

Mach, K.; Varga, V.; Schmid, G.; Hiller, J.; Thewalt, U. The Dimeric Structure of Bis(1,3-

Dimethylcyclo-pentadienyl)titanium(III) Chloride. Collect. Czech. Chem. Commun. 1996, 

61, 1285‒1294. (c) Klahn, M.; Arndt, P.; Spannenberg, A.; Gansäuer, A.; Rosenthal, U. 

Menthyl-Substituted Group 4 Metallocene Dihalides. Organometallics 2008, 27, 5846‒

5851. (d) Krizan, M.; Honzicek, J.; Vinklarek, J.; Ruzickova, Z.; Erben, M. Titanocene(III) 

Pseudohalides: An ESR and Structural Study. New J. Chem. 2015, 39, 576‒588. 

(6) (a) Daasbjerg, K.; Svith, H.; Grimme, S.; Gerenkamp, M.; Mück‒Lichtenfeld, C.; 

Gansäuer, A.; Barchuk, A.; Keller. F. Elucidation of the Mechanism of Titanocene-

Mediated Epoxide Opening by a Combined Experimental and Theoretical Approach. 

Angew. Chem., Int. Ed. 2006, 45, 2041‒2044. (b) Gansäuer, A.; Barchuk, A.; Keller, F.; 

Schmitt, M.; Grimme, S.; Gerenkamp, M.; Mück-Lichtenfeld, C.; Daasbjerg, K.; Svith, H. 



 42 

                                                                                                                                                     

Mechanism of Titanocene-Mediated Epoxide Opening through Homolytic Substitution. J. 

Am. Chem. Soc. 2007, 129, 1359‒1371. 

(7) (a) Hao, W.; Wu, X.; Sun, J. Z.; Siu, J. C.; MacMillan, S. N.; Lin, S. Radical Redox-Relay 

Catalysis: Formal [3+2] Cycloaddition of N-Acylaziridines and Alkenes. J. Am. Chem. Soc. 

2017, 139, 12141‒12144. (b) Hao, W.; Harenberg, J. H.; Wu, X.; MacMillan, S. N.; Lin, S. 

Diastereo- and Enantioselective Formal [3+2] Cycloaddition of Cyclopropyl Ketones and 

Alkenes via Ti-Catalyzed Radical Redox-Relay. J. Am. Chem. Soc. 2018, 140, 3514‒3517. 

(c) Wu, X.; Hao, W.; Ye, K.-Y.; Jiang, B.; Pombar, G.; Song, Z.; Lin, S. Ti-Catalyzed 

Radical Alkylation of Secondary and Tertiary Alkyl Chlorides Using Michael Acceptors. J. 

Am. Chem. Soc. 2018, 140, 14836‒14843. (d) Okamoto, S.; Yamada, T.; Tanabe, Y.; Sakai, 

M. Alkyne [2 + 2 + 2] Cyclotrimerization Catalyzed by a Low-Valent Titanium Reagent 

Derived from CpTiX3 (X = Cl, O-i-Pr), Me3SiCl, and Mg or Zn. Organometallics 2018, 37, 

4431‒4438; and references therein. 

(8) (a) Wailes, P. C.; Coutts, R. S. P.; Weigold, H. Organometallic Chemistry of Titanium, 

Zirconium and Hafnium; Academic Press: New York, 1974. (b) Poli, R. 

Monocyclopentadienyl Halide Complexes of the d- and f-Block Elements. Chem. Rev. 

1991, 91, 509‒551. 

(9) Bartlett, P. D.; Seidel, B. Monocyclopentadienyltitanium Dichloride. J. Am. Chem. Soc. 

1961, 83, 581‒584. 

(10) (a) Canty, A. J.; Coutts, R. S. P.; Wailes, P. C. The Magnetic Properties of the 

Cyclopentadienyltitanium(III) Derivatives, cpTiCl2, cp2TiCl, and cp3Ti. Aust. J. Chem. 

1968, 21, 807‒810. (b) Coutts, R. S. P.; Martin, R. L.; Wailes, P. C. 

Monocyclopentadienyltitanium(III) Compounds. Aust. J. Chem. 1971, 24, 1079‒1080. (c) 

Coutts, R. S. P.; Martin, R. L.; Wailes, P. C. Monocyclopentadienyltitanium(III) 



 43 

                                                                                                                                                     

Compounds I. Halides and Their Tetrahydrofuran Complexes. Aust. J. Chem. 1971, 24, 

2533‒2540. 

(11) Gambarotta, S.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. 

Cyclopentadienyldichlorotitanium(III): A Free-Radical-like Reagent for Reducing –N=N– 

Multiple Bonds in Azo and Diazo Compounds. J. Am. Chem. Soc. 1983, 105, 7295‒7301. 

(12) (a) Kilner, M.; Parkin, G.; Talbot, A. G. Synthetic Use of Lithium Nitride, an Unusual 

Reducing Agent. Formation of Ti4 and Ti6 Complexes. J. Chem. Soc., Chem. Commun. 

1985, 34‒35. (b) Kilner, M.; Parkin, G. Lithium Nitride Reduction of Cp2TiCl2 and 

CpTiCl3: The Synthesis of (Cp2TiCl)2, (CpTiCl2)n, Cp2Ti(CO)2 and Chlorotetratitanium and 

Nitridohexatitanium Complexes. J. Organomet. Chem. 1986, 302, 181‒191. 

(13) Hamilton, E. J. M.; Park, J. S.; Chen, X.; Liu, S.; Sturgeon, M. R.; Meyers, E. A.; Shore, S. 

G. -Agostic Interactions in 15-Valence-Electron 9-BBN Hydroborate Half-Sandwich 

Titanium(III) Complexes. Organometallics 2009, 28, 3973‒3980. 

(14) Nieman, J.; Pattiasina, J. W.; Teuben, J. H. Synthesis and Characterization of Bis-Benzyl 

and Bis-Allyl Complexes of Titanium(III) and Vanadium(III); Catalytic Isomerization of 

Alkenes with CpV(3-C3H5)2. J. Organomet. Chem. 1984, 262, 157‒169. 

(15) Williams, E. F.; Murray, M. C.; Baird, M. C. Oxidation State(s) of the Active Titanium 

Species during Polymerization of Styrene to Syndiotactic Polystyrene Catalyzed by 

Cp*TiMe3/B(C6F5)3, Cp*TiMe3/[Ph3C][B(C6F5)4], and Cp*TiCl2,3/MAO. Macromolecules 

2000, 33, 261‒268. 

(16) Oswald, T.; Schmidtmann, M.; Beckhaus, R. Crystal Structure of (5-

pentamethylcyclopentadienyl)titanium(III)dichloride (THF), C14H23Cl2OTi. Z. Kristallogr. 

NCS 2016, 231, 637‒639. 



 44 

                                                                                                                                                     

(17) Saito, T.; Nishiyama, H.; Tanahashi, H.; Kawakita, K.; Tsurugi, H.; Mashima, K. 1,4-

Bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadienes as Strong Salt-Free Reductants for 

Generating Low-Valent Early Transition Metals with Electron-Donating Ligands. J. Am. 

Chem. Soc. 2014, 136, 5161‒5170. 

(18) García-Castro, M; García-Iriepa, C.; del Horno, E.; Martín, A.; Mena, M.; Pérez-Redondo, 

A.; Temprado, M.; Yélamos, C. The Puzzling 

Monopentamethylcyclopentadienyltitanium(III) Dichloride Reagent: Structure and 

Properties. Inorg. Chem. 2019, 58, 5314‒5324. 

(19) Hidalgo Llinás, G.; Mena, M.; Palacios, F.; Royo, P.; Serrano, R. (C5Me5)SiMe3 as a Mild 

and Effective Reagent for Transfer of the C5Me5 Ring: An Improved Route to 

Monopentamethylcyclopentadienyl Trihalides of the Group 4 Elements. J. Organomet. 

Chem. 1988, 340, 37‒40. 

(20) Pevec, A. Crystal Structures of (5-C5Me5)TiCl3 and (5-C5Me4H)TiCl3. Acta Chim. Slov. 

2003, 50, 199‒206. 

(21) Schmid, G; Thewalt, U.; Sedmera, P.; Hanus, V.; Mach, K. Dimeric Structures of Cp´TiCl2 

Compounds with Bulky Substituents at the Cyclopentadienyl Rings. Collect. Czech. Chem. 

Commun. 1998, 63, 636‒645. 

(22) (a) Evans, D. F. The Determination of the Paramagnetic Susceptibility of Substances in 

Solution by Nuclear Magnetic Resonance. J. Chem. Soc. 1959, 2003‒2005. (b) Sur, S. K. 

Measurement of Magnetic Susceptibility and Magnetic Moment of Paramagnetic 

Molecules in Solution by High-Field Fourier Transform NMR Spectroscopy. J. Magn. 

Reson. 1989, 169‒173. (c) Bain, G. A.; Berry, J. F. Diamagnetic Corrections and Pascal´s 

Constants. J. Chem. Educ. 2008, 85, 532‒536. 



 45 

                                                                                                                                                     

(23) (a) Martin, R. L.; Winter, G. The Metal-Metal Bond in Binuclear Di--

cyclopentadienyltitanium(III) Chloride. J. Chem. Soc. 1965, 4709‒4714. (b) Coutts, R. S. 

P.; Wailes, P. C.; Martin, R. L. Dimeric Dicyclopentadienyltitanium(III) Halides. J. 

Organomet. Chem. 1973, 47, 375‒382. (c) Coutts, R. S. P.; Martin, R. L.; Wailes, P. C. The 

Metal-Metal Interaction in Binuclear Bis(cyclopentadienyl)titanium(III) Halides. Aust. J. 

Chem. 1973, 26, 2101‒2104. 

(24) Chen, L.; Cotton, F. A.; Dunbar, K. R.; Feng, X.; Heintz, R. A.; Uzelmeir, C. Preparation, 

Molecular and Electronic Structures, and Magnetic Properties of Face-Sharing Bioctahedral 

Titanium(III) Compounds: [PPh4][Ti2(-Cl)3Cl4(PR3)2]. Inorg. Chem. 1996, 35, 7358‒

7363. 

(25) Walter, M. D.; Sofield, C. D.; Andersen, R. A. Preparation and Reactions of Base-Free 

Bis(1,3-di-tert-butylcyclopentadienyl)titanium, Cp´2Ti, and Related Compounds. 

Organometallics 2008, 27, 2959‒2970. 

(26) Bleaney, B.; Bowers, K. D. Anomalous Paramagnetism of Copper Acetate. Proc. Roy. Soc. 

(London) Ser. A 1952, 214, 451‒466. 

(27) Mena, M.; Royo, P.; Serrano, R.; Pellinghelli, M. A.; Tiripicchio, A. Electron-Deficient 

(Pentamethylcyclopentadienyl)titanium Trialkyls: Evidence of Ti···H‒C and Ti···C‒C 

Interactions. Crystal and Molecular Structure of -[o-(CH2)2C6H4]{(5-C5Me5)Ti[o-

(CH2)2C6H4]}2. Organometallics 1989, 8, 476‒482. 

(28) Martín, A.; Mena, M.; Yélamos, C.; Serrano, R.; Raithby, P. R. Dialkylamido Derivatives 

of [(5-C5Me5)TiCl3], [{(5-C5Me5)TiCl2}2(-O)] and [{(5-C5Me5)TiCl}3(-O)3]: X-Ray 

Crystal Structure of [(5-C5Me5)Ti(NMe2)3]. J. Organomet. Chem. 1994, 467, 79‒84. 

(29) Green, M. L. H.; Lucas, C. R. Some d1--Cyclopentadienyltitanium Compounds with 

Halogen, Alkyl and Phosphine Ligands. J. Organomet. Chem. 1974, 73, 259‒264. 



 46 

                                                                                                                                                     

(30) Kim, D. Y.; You, Y.; Girolami, G. S. Synthesis and Crystal Structures of Two 

(Cyclopentadienyl)titanium(III) Hydroborate Complexes, [Cp*TiCl(BH4)]2 and 

Cp2Ti(B3H8). J. Organomet. Chem. 2008, 693, 981‒986. 

(31) (a) Putzer, M. A.; Lachicotte, R. J.; Bazan, G. C. Synthesis and Crystal Structure of 

Titanium(III) Boratabenzene and Titanium(III) Fluorenyl Complexes. Inorg. Chem. 

Commun. 1999, 2, 319‒322. (b) Bailey, B. C.; Basuli, F.; Huffman, J. C.; Mindiola, D. J. 

Terminal Titanium(IV) (Trimethylsilyl)imides Prepared by Oxidatively Induced 

Trimethylsilyl Abstraction. Organometallics 2006, 25, 2725-2728. 

(32) Varga, V.; Gyepes, R.; Pinkas, J.; Horáček, M.; Kubišta, J.; Mach, K. Ion Pairs from Redox 

Reaction of Decamethylchromocene with Cyclopentadienyl Trichlorides. Inorg. Chem. 

Commun. 2012, 19, 61‒65. 

(33) (a) Sens, V. I.; Ruhlandt-Senge, K.; Müller, U. Cobaltocenium-hydrogendichlorid, 

[CoCp2]HCl2. Acta Crystallogr., Sect. C 1992, 48, 742‒743. (b) Cotton, F. A.; Daniels, L. 

M.; Wilkinson, C. C. A Highly Disordered Cobaltocenium Salt. Acta Crystallogr., Sect. E 

2001, 57, m529‒m530. (c) Andrews, C. G.; Macdonald, C. L. B. Cobaltocenium 

Trifluoromethanesulfonate. Acta Crystallogr., Sect. E 2005, 61, m2103‒m2105. 

(34) (a) Hughes, D. L.; Jiménez-Tenorio, M.; Leigh, G. J. On the Existence of the Anion 

Trichloro(-cyclopentadienyl)titanate(1–). Crystal Structure of the Salt 

[Co(C5H5)2][Ti(C5H5)Cl3]. J. Chem. Soc., Dalton Trans. 1989, 2453‒2455. (b) Hughes, D. 

L.; Jimenez-Tenorio, M.; Leigh, G. J. Synthesis of [Co(5-C5H5)2][M(5-C5H5)Cl3] salts 

(M = Ti or V): Crystal structure of [Co(5-C5H5)2][Ti(5-C5H5)Cl3]. Polyhedron 1989, 8, 

1780‒1781. 

(35) An analogous value (–1.12 V) has been recently reported for [Ti(5-C5Me5)Cl3] in 

dichloromethane solution, see reference 7c. 



 47 

                                                                                                                                                     

(36) Connelly, N. G.; Geiger, W. E. Chemical Redox Agents for Organometallic Chemistry. 

Chem. Rev. 1996, 96, 877‒910. 

(37) Broad signals at  = ‒51 and  = ‒50.42 were ascribed to an equilibrium between [Co(5-

C5H5)2] and [Co(5-C5H5)2]
+ in acetone-d6 and tetrahydrofuran-d8, respectively. See: (a) 

Goldman, A. S.; Tyler, D. R. Nineteen–Electron Adducts in the Photochemistry of 

Cp2Fe2(CO)4 (Cp = 5-C5H5). Inorg. Chem. 1987, 26, 253‒258. (b) Lichtenberg, C.; Garcia 

Rubio, I.; Viciu, L.; Adelhardt, M.; Meyer, K.; Jeschke, G.; Grützmacher, H. A Low-Valent 

Iron Imido Heterocubane Cluster: Reversible Electron Transfer and Catalysis of Selective 

C–C Couplings. Angew. Chem., Int. Ed. 2015, 54, 13012‒13017. 

(38) Loose, F.; Schmidtmann, M.; Saak, W.; Beckhaus, R. Imines in the Titanium Coordination 

Sphere: Highly Reactive Titanaaziridines and Larger Titanacycles Formed by Subsequent 

C–C Coupling Reactions. Eur. J. Inorg. Chem. 2015, 5171‒5187. 

(39) Allen, J. M.; Ellis, J. E. Synthesis and Characterization of Titanium Tetraisocyanide 

Complexes, [CpTi(CNXyl)4E], E = I, SnPh3, and SnMe3. J. Organomet. Chem. 2008, 693, 

1536‒1542. 

(40) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D. G.; Taylor, R. Tables of 

Bond Lenghts Determined by X-Ray and Neutron Diffraction. Part 2. Organometallic 

Compounds and Co–ordination Complexes of the d– and f–Block Metals  J. Chem. Soc., 

Dalton Trans. 1989, S1‒S83. 

(41) Mathieson, T.; Schier, A.; Schmidbaur, H. Supramolecular Chemistry of Gold(I) 

Thiocyanate Complexes with Tiophene, Phosphine and Isocyanide Ligands, and the 

Structure of 2,6-Dimethylphenyl Isocyanide. J. Chem. Soc., Dalton Trans. 2001, 1196‒

1200. 

(42) Kahn, O. Molecular Magnetism; VCH Publishers: New York, 1993. 



 48 

                                                                                                                                                     

(43) Mabss, F. E.; Machin, D. J. Magnetism and Transition Metal Complexes; Chapman and 

Hall: London, 1973, p. 174. 

(44) Crabtree, R. H. The Organometallic Chemistry of the Transition Metals, 4th ed.; John 

Wiley & Sons: 2005, pp 94‒95. 

(45) Martín, A.; Mena, M.; Pellinghelli, M. A.; Royo, P.; Serrano, R.; Tiripicchio, A. Some 

Insertion Reactions into the Ti–Me Bond of [Ti(5-C5Me5)MeCl2]; Crystal Structures of 

[Ti(5-C5Me5)(
2-COMe)Cl2] and [{Ti(5-C5Me5)}2(-Cl)2{-4-CH2-(2,6-

Me2C6H3N)C=C(NC6H3Me2-2,6)CH2}]. J. Chem. Soc., Dalton Trans. 1993, 2117‒2122. 

(46) Liu, N.; Wang, A.; Sun, H.; Li, X. Simple Synthesis of 

(Triphenylphosphoniomethylidene)(pentamethylcyclopentadienyl)Titanium(IV) Dichloride 

and Its Reaction with Carbon Monoxide. Organometallics 2010, 29, 1996‒1996. 

(47) Cotton, F. A.; Duraj, S. A.; Roth, W. J. Reactions of Dinuclear Niobium(III) and 

Tantalum(III) Compounds with Alkyl Isocyanides To Give Dinuclear Products with 

Dimerized Isocyanides. J. Am. Chem. Soc. 1984, 106, 6987‒6993. 

(48) (a) Uhl, W.; Schütz, U.; Hiller, W.; Heckel, M. Umsetzung von Isothiocyanaten und 

Isonitrilen mit R2Al–AlR2 [R = CH(SiMe3)2]; ein‐ und zweifache Insertion von Isonitril in 

die Aluminium‐Aluminium‐Bindung. Chem. Ber. 1994, 127, 1587‒1592. (b) Uhl, W.; 

Hahn, I.; Schütz, U.; Pohl, S.; Saak, W.; Martens, J.; Manikowski, J. Twofold Insertion of 

Isocyanides into the Ga‒Ga Bond of Tetrakis[bis(trimethylsilyl)methyl]digallane(4). Chem. 

Ber. 1996, 129, 897‒901. (c) Ma, M.; Stasch, A.; Jones, C. Magnesium(I) Dimers as 

Reagents for the Reductive Coupling of Isonitriles and Nitriles. Chem. Eur. J. 2012, 18, 

10669‒10676. (d) Chen, W.; Zhao, Y.; Xu, W.; Su, J.-H.; Shen, L.; Liu, L.; Wu, B.; Yang, 

X.-J. Reductive Linear- and Cyclo-Trimerization of Isocyanides Using an Al‒Al-Bonded 

Compound. Chem. Commun. 2019, 55, 9452‒9455. 



 49 

                                                                                                                                                     

(49) Boyarskiy, V. P.; Bokach, N. A.; Luzyanin, K. V.; Kukushkin, V. Y. Metal–Mediated and 

Metal-Catalyzed Reactions of Isocyanides. Chem. Rev. 2015, 115, 2698‒2779. 

(50) (a) Chamberlain, L. R.; Durfee, L. D.; Fanwick, P. E.; Kobriger, L.; Latesky, S. L.; 

McMullen, A. K.; Rothwell, I. P.; Folting, K.; Huffman, J. C.; Streib, W. E.; Wang, R. 

Synthesis, Structure, and Spectroscopic Properties of Early Transition Metal 2-Iminoacyl 

Complexes Containing Aryl Oxide Ligation. J. Am. Chem. Soc. 1987, 109, 390‒402. (b) 

Amor, F.; Butt, A.; du Plooy, K. E.; Spaniol, T. P.; Okuda, J. Alkyl Complexes of Group 4 

Metals Containing a Tridentate-Linked Amido-Cyclopentadienyl Ligand: Synthesis, 

Structure, and Reactivity Including Ethylene Polymerization Catalysis. Organometallics 

1998, 17, 5836‒5849. (c) Martins, A. M.; Ascenso, J. R.; de Azevedo, C. G.; Dias, A. R.; 

Duarte, M. T.; da Silva, J. F.; Veiros, L. F.; Rodrigues, S. S. Insertion of Isocyanides into 

Group 4 Metal–Carbon and Metal–Nitrogen Bonds. Syntheses and DFT Calculations. 

Organometallics 2003, 22, 4218‒4228. (d) Wang, H.; Wang, Y.; Chan, H.-S.; Xie, Z. 

Synthesis, Structural Characterization, Reactivity, and Thermal Stability of [5:-

Me2C(C5H4)(C2B10H10)]Ti(R)(NMe2). Inorg. Chem. 2006, 45, 5675‒5683. 

(51) Sobota, P.; Ejfler, J.; Szafert, S.; Szczegot, K.; Sawka-Dobrowolska, W. New Intermediates 

for the Synthesis of Olefin Polymerization Catalysts: the Complexes [M2(-Cl)2Cl4(thf)4] 

(M = Ti or V, thf = tetrahydrofuran); Crystal Structures and Properties. J. Chem. Soc., 

Dalton Trans. 1993, 2353‒2357. 

(52) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination Compounds, 5th 

ed.; Wiley: New York, 1997. 

(53) Nadasdi, T. T.; Stephan, D. W. Radical Routes to Titanium(IV) Thiolate Complexes: 

Structure and Reactivity of (5-C5H5)TiIII and –TiIV Donor and Thiolate Derivatives. Inorg. 

Chem. 1993, 32, 5933‒5938. 



 50 

                                                                                                                                                     

(54) Pappas, I.; Chirik, P. J. Ammonia Synthesis by Hydrogenolysis of Titanium–Nitrogen 

Bonds Using Proton Coupled Electron Transfer. J. Am. Chem. Soc. 2015, 137, 3498‒3501. 

(55) Benda, C. B.; Waibel, M.; Fässler, T. F. On the Formation of Intermetalloid Clusters: 

Titanocene(III)diammin as a Versatile Reactant Toward Nonastannide Zintl Clusters. 

Angew. Chem., Int. Ed. 2015, 54, 522‒526. 

(56) Farrugia, L. J. WinGX and ORTEP for Windows: An Update. J. Appl. Crystallogr. 2012, 45, 

849‒854. 

(57) Sheldrick, G. M. Crystal Structure Refinement with SHELXL. Acta Crystallogr., Sect. C: 

Struct. Chem. 2015, 71, 3‒8. 

(58) Sheldrick, G. M. SHELXT – Integrated Space–Group and Crystal-Structure Determination. 

Acta Crystallogr., Sect. A: Found. Adv. 2015, 71, 3‒8. 

(59) Spek, A. L. PLATON SQUEEZE: a Tool for the Calculation of the Disordered Solvent 

Contribution to the Calculated Structure Factors. Acta Crystallogr., Sect. C: Struct. Chem. 

2015, 71, 9‒18. 

 




