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ABSTRACT:  

Treatment of the dinuclear compound [{Ti(5-C5Me5)Cl2}2(-O)] with allylmagnesium chloride 

provides the formation of the allyltitanium(III) derivative [{Ti(5-C5Me5)(-C3H5)}2(-O)] (1), 

structurally identified by single-crystal X-ray analysis. Density functional theory (DFT) calculations 

confirm that the electronic structure of 1 is a singlet state, and the molecular orbital analysis, along with 

the short Ti-Ti distance, reveal the presence of a metal-metal single bond between the two Ti(III) centers. 

Complex 1 reacts rapidly with organic azides, RN3 (R = Ph, SiMe3), to yield the allyl -imido derivatives 

[{Ti(5-C5Me5)(CH2CH=CH2)}2(-NR)(-O)] [R = Ph(2), SiMe3(3)] along with molecular nitrogen 

release. Reaction of 2 and 3 with H2 leads to the -imido propyl species [{Ti(5-

C5Me5)(CH2CH2CH3)}2(-NR)(-O)] [R = Ph(4), SiMe3(5)]. Theoretical calculations were used to gain 

insight into the hydrogenation mechanism of complex 3 and rationalize the lower reactivity of 2. 

Initially, the -imido bridging group in these complexes activates the H2 molecule via addition to the 

Ti-N bonds. Subsequently, the titanium hydride intermediates induce a change in hapticity of the allyl 

ligands, and the nucleophilic attack of hydride to the allyl groups leads to metallacyclopropane 

intermediates. Finally, the proton transfer from the amido group to the metallacyclopropane moieties 

afford the propyl complexes 4 and 5.  
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INTRODUCTION 

The first studies about transition metal allyl complexes dates to the late 1950’s when Smidt and Hafner 

synthesized the dinuclear allyl complex [PdCl(3-C3H5)]2 by reaction of palladium(II) chloride with 

allylic alcohol.1 Since this initial report, numerous metal allyl complexes have been reported,2 including 

f-block3 and main group elements.4 In spite of dinuclear allyl complexes were first synthesized and 

structurally characterized, most of the initial research focused largely on mononuclear allyl species, 

especially of palladium, which revealed as crucial intermediates in a wide range of organic processes.5  

In the last years, dinuclear complexes bearing the bridging 3-allyl moiety have attracted increasing 

attention because the unsaturated hydrocarbon bridging ligand prevented the cleavage to mononuclear 

complexes. The number of known allyl complexes comprising this chelate-bridging fragment is almost 

solely limited to middle-late transition metals (groups 6, 8, 9 and 10)5c,6 with M-M bonding interaction.  

Within group 4, the only crystallographically characterized -3-allyl complex is the paramagnetic 

titanium complex, [Ti2(-Cl)2Cl2(dmpe)2(-3-C3H5)], reported by Cotton and coworkers.7 We report 

here the synthesis of a dinuclear bridging bis-allyl titanium complex and a detailed computational 

analysis of its electronic structure. In addition, we have examined the synthesis of allyl -imido 

derivatives and their subsequent hydrogenation reactions both experimentally and computationally. 
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EXPERIMENTAL SECTION 

General Considerations. All manipulations were carried out under a dry argon atmosphere using 

Schlenk-tube and cannula techniques or in a conventional argon-filled glovebox. Solvents were carefully 

refluxed over the appropriate drying agents and distilled prior to use: C6D6 and hexane (Na/K alloy), 

tetrahydrofurane (Na/benzophenone) and toluene (Na). Starting material [{Ti(5-C5Me5)Cl2}2(-O)] 

was prepared following reported procedure.8 Allylmagnesium chloride (2 M in thf) and RN3 (R = Ph, 

SiMe3) were purchased from Aldrich and were used without further purification. Microanalyses (C, H, 

N, S) were performed in a LECO CHNS-932 microanalyzer. Samples for IR spectroscopy were prepared 

as KBr pellets and recorded on the Perkin-Elmer IR-FT Frontier spectrophotometer (4000-400 cm-1). 1H 

and 13C NMR spectra were obtained by using Varian NMR System spectrometers: Unity-300 Plus, 

Mercury-VX and Unity-500, and reported with reference to solvent resonances. 1H-13C gHSQC were 

recorded using the Unity-500 MHz NMR spectrometer operating at 25 °C. 

Synthesis of [Ti2(5-C5Me5)2(-CH2CHCH2)2(-O)] (1). A 100 mL J-Young Carious tube was 

charged with [{Ti(5-C5Me5)Cl2}2(-O)] (1.00 g, 1.91 mmol) and filled up with 50 mL of thf. The 

resulting orange solution was cooled to -78 °C. A solution of 4 mL (8 mmol) of allylmagnesium chloride 

in 10 mL of thf was added to the reaction solution. The reaction mixture was stirred and warmed at room 

temperature for 2 h, and slowly the color changed from orange to dark blue. The solvent was removed 

under reduced pressure and the solid was extracted with hexane. The filtrated was concentrated to half 

volume and cooled at -20 °C to give dark blue crystals identified as 1 (Yield: 0.81 g, 91%). IR (KBr, 

cm-1):  = 2963 (m), 2939 (m), 2902 (s), 2653 (m), 1492 (w), 1432 (m), 1375 (m), 1262 (m), 1206 (m), 

1097 (m), 1023 (m), 944 (m), 786 (vs), 634 (s), 615 (s). 1H NMR (C6D6, 500 MHz, 298 K): δ = 1.05, 

1.67 (overlap.) (A2M2X syst. bs, 8H, CH2CHCH2), 1.67 (s, 30 H, C5Me5), 6.16 (A2M2X syst., 2H, 

CH2CHCH2). 13C{1H} NMR (C6D6, 125 MHz, 298 K): δ = 10.9 (C5Me5), 72.8 (CH2CHCH2), 109.9 

(CH2CHCH2), 116.0 (C5Me5). Elemental analysis (%) calcd. for C26H40OTi2 (464.33): C, 67.25; H, 8.68; 

found: C, 66.86; H, 8.03. 

Preparation of [Ti2(5-C5Me5)2(C3H5)2(-NPh)(-O)] (2). To a solution of 1 (0.40 g, 0.86 mmol) 

in hexane (50 mL) was added 175 L (0.86 mmol) of PhN3. After stirring for 30 minutes, the reaction 
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mixture was filtered, and the solvent was removed under reduced pressure to give an orange crystalline 

foam (0.35 g, 73%) identified as 2. IR (KBr, cm-1):   = 2909 (s), 1601 (m), 1583 (w), 1498 (w), 1476 

(m), 1431 (w), 1376 (m), 1262 (s), 1023 (m), 786 (vs), 659 (s), 525 (m). 1H NMR (C6D6, 500 MHz, 298 

K): δ = 1.85 (s, 30H, C5Me5), 3.81 (A4X syst., 8H, J = 11 Hz, CH2CHCH2), 6.53 (A4X syst., 2H, J = 11 

Hz, CH2CHCH2), 6.2-7.5 (m, 5H, NPh). 13C{1H} NMR (C6D6, 125 MHz, 298 K): δ = 11.5 (C5Me5), 

85.0 (CH2CHCH2), 122.9 (C5Me5), 121.5, 122.8, 128.4. 156.2 (NPh), 143.4 (CH2CHCH2). MS (EI, 70 

eV), m/z (%): 514 (100) [M-C3H5]+, 473 (52) [M-2C3H5]+. We were unable to obtain satisfactory 

elemental analysis for this complex. 

Preparation of [Ti2(5-C5Me5)2(C3H5)2(-NSiMe3)(-O)] (3). In a similar fashion to complex 2, 

the reaction between 1 (0.50 g, 1.08 mmol) and Me3SiN3 (138 L, 0.118 g, 1.08 mmol) in 50 mL of 

hexane gives compound 3 as an orange reddish solid in good yield (0.54 g, 91%). The 1H NMR revealed 

the presence of a mixture of two isomers in ca. 1:3 ratio. IR (KBr, cm-1):   = 2955 (m), 2910 (s), 1603 

(s), 1494 (w), 1434 (m), 1377 (m), 1246 (s), 1177 (m), 1022 (m), 920 (vs), 831 (s), 754 (s), 661 (s), 607 

(m). 1H NMR (C6D6, 500 MHz, 298 K): Major isomer: δ = 0.03 (s, 9H, NSiMe3), 1.97 (s, 30H, C5Me5), 

3.95 (A4X syst., 8H, J = 11 Hz, CH2CHCH2), 6.58 (A4X syst., 2H, J = 11 Hz, CH2CHCH2). Minor 

isomer: δ = 0.13 (s, 9H, NSiMe3), 1.99 (s, 30H, C5Me5), 3.69 (A4X syst., 8H, J = 11 Hz, CH2CHCH2), 

6.33 (A4X syst., 2H, J = 11 Hz, CH2CHCH2). 13C{1H} NMR (C6D6, 125 MHz, 298 K): Major isomer: δ 

= 5.0 (NSiMe3), 12.1 (C5Me5), 84.8 (CH2CHCH2), 122.5 (C5Me5), 144.9 (CH2CHCH2). Minor isomer: 

δ = 5.4 (NSiMe3), 12.5 (C5Me5), 87.8 (CH2CHCH2), 122.2 (C5Me5), 143.6 (CH2CHCH2). Elemental 

analysis (%) calcd. for C29H49NOSiTi2 (551.52): C, 63.15; H, 8.95; N, 2.54; found: C, 62.94; H, 8.38; 

N, 3.37. 

Reaction of [Ti2(5-C5Me5)2(C3H7)2(-NPh)(-O)] (4). A J-Young NMR tube was charged with 20 

mg (0.036 mmol) of 2 dissolved in ca. 1.0 mL of C6D6. The solution was subsequently placed under 1.5 

atm H2 gas, and was left at room temperature for a week to give 4 as unique product. This complex was 

characterized by NMR spectroscopy in situ without isolation. 1H NMR (C6D6, 500 MHz, 298 K): δ = 

0.75-2.50 (CH2CH2CH3), 1.87 (s, 30H, C5Me5), 6.21-7.10 (m, 5H, NPh). 13C{1H} NMR (C6D6, 125 

MHz, 298 K): δ = 11.2 (C5Me5), 21.4 (CH2CHCH3), 25.3 (CH2CH2CH3), 63.7 (CH2CH2CH3), 121.7 

(C5Me5), 122.0-155.9 (NPh).  
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Preparation of [Ti2(5-C5Me5)2(C3H7)2(-NSiMe3)(-O)] (5). A 100 mL Carius tube was charged 

with 3 (0.50 g, 0.91 mmol) and 25 mL of hexane. The solution was subsequently placed under 1.5 atm 

H2 gas, and was left stirring at room temperature for two days. After that, the Carius tube was opened 

in a glove-box, the solution was filtered and then the solvent was removed in vacuum to yield a yellow 

greenish solid identified as 5 (0.48 g, 95%). The 1H NMR revealed the presence of a mixture of two 

isomers in a 1:5 ratio. IR (KBr, cm-1):   = 2950 (s), 2913 (s), 2859 (s), 1495 (w), 1447 (m), 1376 (s), 

1024 (m), 926 (vs), 832 (vs), 753 (s), 660 (vs), 611 (m). 1H NMR (C6D6, 500 MHz, 298 K): Major 

isomer: δ = 0.12 (s, 9H, NSiMe3), 1.17 (t, 6H, J = 7 Hz, CH2CH2CH3), 1.46 (m, 4H, J = 12 Hz, 

CH2CH2CH3), 1.74 (m, 4H, J = 7, 12 Hz, CH2CH2CH3), 2.01 (s, 30H, C5Me5). Minor isomer: δ = 0.05 

(s, 9H, NSiMe3), 1.22 (t, 6H, J = 7 Hz, CH2CH2CH3), 1.25-1.80 (CH2CH2CH3), 1.98 (s, 30H, C5Me5). 

13C{1H} NMR (C6D6, 125 MHz, 298 K): Major isomer: δ = 5.4 (NSiMe3), 12.0 (C5Me5), 21.3 

(CH2CHCH3), 25.8 (CH2CH2CH3), 64.5 (CH2CH2CH3), 121.4 (C5Me5). Minor isomer: δ = 4.9 (NSiMe3), 

12.3 (C5Me5), 21.5 (CH2CH2CH3), 26.9 (CH2CH2CH3), 70.0 (CH2CH2CH3), 121.0 (C5Me5). Elemental 

analysis (%) calcd. for C29H53NOSiTi2 (555.55): C, 62.70; H, 9.62; N, 2.52; found: C, 62.97; H, 9.98; 

N, 3.26. 

Crystal structure determination of complexes 1, 2 and 5. Crystals of 1, 2 and 5 were obtained by 

slow cooling at -20 °C of the corresponding hexane solutions. Single crystals were coated with mineral 

oil, mounted on Mitegen MicroMounts with the aid of a microscope, and immediately placed in the low 

temperature nitrogen stream of the diffractometer. The intensity data sets were collected at 200 K on a 

Bruker-Nonius KappaCCD diffractometer equipped with graphite-monochromated Mo Kα radiation (λ 

= 0.71073 Å) and an Oxford Cryostream 700 unit. Crystallographic data for all complexes are presented 

in Table S1 in the Supporting Information.  

The structures were solved, by using the WINGX package,9 by direct methods (SHELXS-2013)10 

and refined by least-squares against F2 (SHELXL-2014).9 Compound 5 crystallized with two 

crystallographically independent molecules. All non-hydrogen atoms were anisotropically refined, 

while hydrogen atoms were placed at idealized positions and refined using a riding model, except 

hydrogen atoms of the allyl ligands in complex 1, that were located in the difference Fourier map and 

isotropically refined. Molecules of 2 presented disorder in the terminal carbon atoms of the allyl ligands 
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(C43 and C53); two sites were found for each carbon atom with optimized occupancies of 64% and 36% 

respectively. C31-C36 of the phenyl ring in 2 were slightly disordered and EADP9 restraints were 

applied to obtain a sensible chemical model. 

Computational Details. Calculations were performed with Gaussian16 program package11 within 

the framework of the density functional theory (DFT)12 using the B3LYP functional13 for the general 

study. The basis set for titanium and silicon atoms was associated with a pseudopotential,14 with a 

standard double-ξ LANL2DZ contraction, and the basis set was supplemented by f and d shells, 

respectively.15 The rest of atoms were described with a standard 6-31G (d, p) basis set.16 The stationary 

points were located without any restriction. Transition states were characterized by a single imaginary 

frequency, whose normal mode corresponded to the expected motion. We also applied a GD3 dispersion 

correction17 and a correction on ΔG values of 1.89 kcal·mol-1 to change the reference state from the ideal 

gas standard state of 1 atm (0.041 mol·L-1) to 1 mol·L-1 in liquid solution (see Supporting Information 

for further details). The natural bond orbital (NBO) method was used to compute atomic charges.18 
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RESULTS AND DISCUSSION 

The reaction of the -oxo tetrachloro dititanium complex [{Ti(5-C5Me5)Cl2}2(-O)]8 with 4 

equivalents or excess of allylmagnesium chloride in hexane at -78 ºC for 2 h afforded the bis-allyl 

derivative [{Ti(5-C5Me5)(-C3H5)}2(-O)] (1) in high yields (> 90 %) (Scheme 1). This reaction is 

accompanied by a dramatic change color from bright orange to dark blue. Compound 1 is quite soluble 

in common solvents such as benzene, toluene or tetrahydrofuran, and scarcely soluble in hexane, and it 

should be stored at low temperature under inert conditions to prevent its decomposition in solution. 

Fortunately, its nature could be determined by a single crystal X-ray diffraction analysis.  

 

Scheme 1. Synthesis of the -allyl titanium complex 1. 

Crystal structure of 1 is shown in Figure 1 and consists of a dinuclear species comprising two Ti(η5-

C5Me5) units bridged by one oxygen atom and two allyl ligands, where the geometry around both 

titanium atoms is close to a three-legged piano stool arrangement. The allyl groups and the oxo bridge 

optimize the available space and, therefore, the two pentamethylcyclopentadienyl rings form angles of 

~60° with the plane defined by O1, C32 and C42.  

The most remarkable feature of 1 is the presence of the two bridging allyl groups. The allyl bridges 

are highly symmetrical with C31, C33, C41 and C43 being almost equidistant to Ti1 and Ti2 (Ti–C, 

2.165(3)-2.191(3) Å). These distances are longer than those found in Ti(IV) derivatives comprising three 

bridging ligands, such as [Ti2(η5-C5Me5)2(µ-CH2SiMe2CH2)2(µ-O)] (Ti-C = 2.104(9)Å),19 but quite 

similar to that found in Cotton’s (2.154(6) Å).7 Additionally, the central carbon atoms, C32 and C42, 

are significantly farther but equidistant from the two titanium atoms with distances (av. 2.636(9) Å) 

significantly longer than that found in Cotton’s (2.430(6) Å). The C–C–C angle of 125° in the allyl 

group is quite normal. There is a little increase in carbon–carbon bond distances within the allyl ligand 

upon coordination (av. 1.416(2) Å), although still in the same range that values found in mononuclear, 
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[TiCl(depe)(η3-C3H5)2] (C-C = 1.362(4)-1.397(4) Å)7 and [Ti(5-C5H5)(η5-C5Me5)(3-allyl)] (C-C = 

1.38(1) Å),20 or dinuclear with two bridged allyl ligands, [Ti2(µ-Cl)2Cl2(dpme)2(µ-η3-C3H5)] (C-C= 

1.433(1) Å),7 and [W2(µ-C3H5)2(NMe2)4] (C-C = 1.47(1) Å)21 derivatives. 

 

 

Figure 1. Molecular structure of 1 (top) and simplified view of the core (bottom). 

Additionally, the central carbon atoms of the bridging allyl ligands are canted toward the Ti centers. 

As a result, the dihedral angle between each bridging allyl plane and the plane containing the two Ti 

atoms and the two terminal carbon atoms of the bridging allyl ligand is ~84°. Finally, the existence of 

the three bridging groups shortens significantly the distance Ti1···Ti2 (2.905(1) Å) in comparison with 

the starting complex [{Ti(5-C5Me5)Cl2}2(-O)] (3.604 Å) and other dinuclear Ti(IV) compounds,19 but 

comparable to that found in Cotton’s (2.908(1) Å). Accordingly, we can observe that the narrow Ti1-O-

Ti2 angle (104.4(1)°) is comparable to other known titanium dinuclear -oxo compounds with additional 

bridge ligands.19 The Ti-O bond lengths (av. 1.838(1) Å) are in the same range of values found for other 

di-, tri- or tetranuclear titanium species.8,22 

The 1H and 13C NMR spectra of compound 1 revealed a diamagnetic behavior in solution, in contrast 

to the paramagnetism found in Cotton’s derivative. These spectra show the equivalence of the 5-C5Me5 

ligands, with only one signal in the 1H NMR spectrum ( = 1.67) and two in the 13C{1H} NMR spectrum 
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( = 10.9 C5Me5; 116.0 C5Me5), significantly shifted of the usual region for high valent dinuclear 

pentamethylcyclopentadienyl -oxo titanium complexes.19,23 The allyl ligand displays a broad doublet 

centered at  1.05 for the anti/syn protons. A peak found at  1.67 was assigned to the anti/syn proton 

of the allyl group, but it is overlapped by the resonance for the ring methyl protons. In the 13C NMR 

spectrum the terminal allylic carbons were located at  72.8 and the resonance at  109.9 was assigned 

to the internal allylic carbons. 

To elucidate the electronic structure and the nature of bonding in complex 1 between the allyl 

bridging ligands and the two titanium centers, we performed a DFT study. Using the X-ray structure as 

starting point, geometry optimizations were performed for two spin states: singlet and triplet. The 

different structures are shown in Figure 2, and in order to compare experimental and calculated 

structures some important geometric parameters are shown in Table 1.  

 

Figure 2. Comparison of X-ray and computed molecular structures at different spin states for 1. 

Table 1. Selected geometrical parameters of experimental and calculated structures for two spin states 

(singlet and triplet) of complex 1. Distances in Å and angles in deg. 

 Experimental Singlet Triplet 

Ti-Ti 2.905(1) 2.881 3.219 

Ti-Cα 2.165(3)-2.191(3) Å) 2.168 2.338 

Ti-Cβ 2.636(9) 2.626 2.947 

Ti-O-Ti 104.4(1) 104 125 

 

The DFT calculations reveal that the singlet structure is favored respect the triplet one by 6.2 

kcal·mol-1, in agreement with the diamagnetic behavior observed in solution for complex 1. 
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Furthermore, the geometrical features are in good agreement with those of X-ray. To gain further 

information about the electronic structure, we performed a molecular orbitals analysis of complex 1 at 

the singlet spin state (11). The Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied 

Molecular Orbital (LUMO), are shown in Figure 3. The HOMO consists of bonding combination of 

atomic d-type orbitals centered at both titanium centers, which is a clear indication of σ Ti-Ti bonding 

between two Ti(III) centers. The LUMO is a non-bonding molecular orbital formed by two dz2–type 

atomic orbitals centered at both titaniums. The very large energy gap between the HOMO and LUMO, 

 ̴3 eV, further supports the experimental diamagnetic behavior. 

 

Figure 3. Frontier Molecular Orbitals of singlet state of complex 1. 

In an attempt to investigate the chemical behavior of the allyl complex 1, we decided to displace the 

bridging allyl ligands preserving the nuclearity of complex 1. Addition of equimolecular amounts of 

commercially available azides RN3 (R = Ph, SiMe3) to a hexane solution of 1 rendered the allyl-imido 

complexes [Ti(5-C5Me5)(CH2CH=CH2)]2(-NR)(-O) [R = Ph(2), SiMe3(3)] and liberated molecular 

nitrogen, according to Scheme 2. The confirmation of their molecular structures came from the X-ray 

diffraction analysis for compound 2.  
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Scheme 2. Reactions of 1 with azides, RN3 (R = Ph, SiMe3). 

In the formation of the -imido complexes 2 and 3, a possible pathway is considered in Scheme 2. 

Initially, the reaction would begin with the coordination of the azide to both metal centers prior to 

dinitrogen extrusion. It is known the zwitterionic character of the linear RNNN moiety (Figure 4), 

where the major basicity on the N (form B) and N (form A), suggests the most likely binding sites for 

coordination to the titanium centers. Subsequently, the triazaoxodimetallacycle intermediate would 

proceed by loss of dinitrogen to give the -imido complexes 2 and 3. The formation of an analogous 

intermediate was tentatively proposed in the literature for other dinuclear compounds.24 

 

Figure 4. Resonance forms of organic azides. 

Upon slow cooling at -20 °C for several days, single crystals of 2 precipitated from a saturated hexane 

solution. The molecular structure is shown in Figure 5 and selected data are listed in Table 2. Complex 

2 consists of two [Ti(5-C5Me5)C3H5] units bridged by an oxygen atom and an imido moiety, in which 

the pentamethylcyclopentadienyl rings are placed in the trans-position relative to the [Ti2NO] core. The 

geometry around each titanium atom corresponds to the common three-legged piano stool arrangement. 

The Ti-O bond lengths of av. 1.853(2) Å are in the range found for other di-, tri- or tetranuclear 

oxotitanium species.8,19,22,23 Additionally, the Ti-N bonds of av. 1.89(3) Å are slightly shorter than those 

found for the titanium-imido -oxo complex, [{Ti(5-C5Me5)(-O)}3(CH=CHPh)(-NPh)] (1.957(6)-

1.948(6) Å),25 but close to those reported for dinuclear titanium-imido compounds such as [Ti(5-

C5H5)(CH2SiMe3)(-NAr)]2 (Ar = 3,5-Me2C6H3) (av. 1.86-2.07 Å)26 and [{(Ti(5-C5Me5)Cl)(-N(4-

ClC6H4))}2] (1.911(2) Å).27 The Ti-C (av. 2.16(2) Å) bond lengths are in the expected range for a 
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Ti(IV)-C(sp3)28 bond, and the distances C-C (av. 1.32(8) Å) are assignable to carbon-carbon double 

bonds. The presence of the -imido fragment shortens significantly the distance Ti1···Ti2 (2.782(2) Å), 

in comparison with 1 (2.905(1) Å) or another related compounds.25,26,27 

 

Figure 5. Molecular structure of complex 2 with 40% thermal ellipsoids. 

Table 2. Selected averaged lengths (Å) and angles (°) for compounds 1, 2 and 5. 

 

 

 

 

 

The titanium imido complexes 2 and 3 display 1H and 13C NMR spectra consistent with symmetrical 

structures, with one binary axis passing through the bridging oxygen and nitrogen atoms. Moreover, 

complex 3 exists as a mixture of isomers as revealed by its NMR spectra. Thus, the spectra show the 

equivalence of the 5-C5Me5 ligands, with only one signal in the 1H NMR spectra [ = 1.85 (2), 1.97/1.99 

(3)] and two in the 13C{1H} NMR spectra [ = 11.5 (2), 12.1/12.5 (3) C5Me5; 122.9 (2), 122.5/122.2 (3) 

C5Me5). The allyl resonances exhibit the well-known 1-3 isomerization on the NMR timescale at room 

temperature, and the equivalence of the all methylene protons is observed [ 3.81 (J = 11 Hz) (2),  

3.95/3.69 (J = 11 Hz) (3)], as result of an A4X coupling pattern. The chemical shifts of the methine 

protons are recorded at  6.53 (J = 11 Hz) (2) and  6.58/6.33 (J = 11 Hz) (3). The resonances for the 

Complexes 1 2 5 

Ti···Ti 2.905(1) 2.782(2) 2.759(3) 

Ti-C 2.18(1) 2.16(2) 2.129(3) 

C-C 1.417(2) 1.46(3) 1.515(5) 

C-C 1.419(1) 1.32(8) 1.520(5) 

Ti-O-Ti 104.4(1) 97.3(5) 98.2(1) 

Ti-N-Ti --- 94.5(5) 90.4(1) 
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methine and methylene carbons appear at  85.0 and 143.4 (2) and  84.8/87.8 and 144.9/143.6 ppm (3) 

respectively. The low-temperature 1H NMR spectra of 3 performed between room temperature and -90 

°C does not show the split of the doublet; only a progressive broadening of the methylene protons signal 

that practically disappears into the base line, whereas the methine proton resonance remains sharp (see 

Figure S9). Additionally, the IR spectra (KBr pellets) show moderate absorptions at 1603 (2) and 1601 

(3) cm-1 that can be assigned to the asymmetric stretching vibration of 1-allyl ligands,4 in agreement 

with the single-crystal X-ray diffraction analysis for compound 2. 

We have evaluated computationally the possible structural isomers for complexes 2 and 3, in which 

the pentamethylcyclopentadienyl rings can be placed in the trans- or cis-position relative to the [Ti2NO] 

core, in a similar manner to those found for the dinuclear tantalum complexes, [Ta2(η5-C5Me5)2R2(μ-

S)2] ( R = Me, CH2Me), previously published in our research group29. Figure 6 shows the molecular 

structures of the two possible isomers for each complex and their relative free energies. For complex 2, 

in which the substituent of imido moiety is a phenyl group, the trans-isomer is clearly favored respect 

to the cis one by 4.0 kcal·mol-1, in agreement with the experimental observation of a single isomer. In 

2-cis isomer, we identified a repulsive steric interaction between the two 5-C5Me5 ligands, while in 2-

trans isomer, the two rings are apart to each other and a weak stabilizing interaction between the 

aromatic phenyl rings and the C-H bonds of the methyl groups can take place. Replacing the phenyl 

substituent of the imido ligand by a hydrogen, we switch off the stabilizing C-H···phenyl interaction 

and the energy difference between the two isomers reduces from 4.0 to 1.7 kcal·mol-1. This means that 

the destabilization of isomer 2-cis by 4 kcal·mol-1 can be attributed to the loss of two weak C-H···phenyl 

interactions (1̴.1 kcal·mol-1 each) and to the steric repulsion between 5-C5Me5 units (1̴.7 kcal·mol-1). 

On the other hand, the repulsive interaction between the 5-C5Me5 ligands in 3-cis isomer is 

compensated by the repulsive interaction of trimethylsilyl substituent of the imido group with the 5-

C5Me5 ligands in 3-trans (see Figure 6), resulting in two isoenergetic structures that can be found 

experimentally. Accordingly, the replacement of SiMe3 by model SiH3 substituent breaks the 

degeneracy favoring the trans-isomer by 2.2 kcal·mol-1. 
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Figure 6. DFT structures of the trans- and cis-isomers of complexes 2 and 3. Relative free-energies 

in kcal·mol-1. 

Reactivity of complexes 2 and 3 was examined by exposure of these species to H2, and while no 

reaction was observed in case of complex 2 at p < 1 atm, compound 3 undergoes the corresponding 

hydrogenation process of the allyl fragments. Upon monitoring the reaction of complex 3 with 

dihydrogen (p < 1 atm) in an NMR tube in benzene-d6 at room temperature, the presence of the -imido 

propyl derivative [{Ti(5-C5Me5)(CH2CH2CH3)}2(-NSiMe3)(-O)] (5), as a unique reaction product, 

was identified. A yellow greenish crystalline solid is obtained in 95% yield upon workup (Scheme 3). 

However, when the reactions took place at p ≈ 1.5 atm H2 gas, a significant decrease of the reaction time 

was observed in case of 3 (two days), while complex 2 reacts cleanly to provide the corresponding -

imido propyl derivative 4 after one week at room temperature (Scheme 3).  

 

Scheme 3. Hydrogenation processes of complexes 2 and 3.  
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Crystals of complex 5 proved to be useful for an X-ray structure analysis and revealed the structure 

depicted in Scheme 3. The solid-state structure is shown in Figure 7, and a selection of interatomic 

distances and angles data are listed in Table 2. Complex 5 shows some structural analogies with 

compound 2 and, therefore, it comprises a dinuclear species where the titanium atoms adopt a three-

legged piano stool arrangement with a -imido fragment, an alkyl group and an oxygen atom occupying 

the base positions and the C5Me5 ring in the apical vertex. Distances and angles around each titanium 

center are like those found in complex 2. As distinctive feature in compound 5, the bond distances C-

C (av. 1.520(5) Å) of the alkyl ligands are typical of carbon-carbon single bonds, as result of the 

hydrogenation process on the allyl fragments. 

 

Figure 7. Molecular structures of complex 5 with 50% thermal ellipsoids. 

Complexes 4 and 5 display a symmetrical structure in solution by NMR spectroscopy, in a similar 

fashion to compounds 2 and 3 respectively. As remarkable feature, the spectra of 5 revealed the presence 

of two isomers (see Experimental Section for the minor isomer of 5). The NMR spectra of 4 and 5 show 

the equivalence of the 5-C5Me5 ligands, with only one signal in the 1H NMR spectra at  = 1.87 (4), 

2.01 (5) and two in the 13C{1H} NMR spectra at  11.2 (4), 12.0 (5) (C5Me5) and  121.7 (4), 121.4 (5) 

(C5Me5). Distinguishing features of 4 and 5 are the resonances for the propyl ligands between 0.75-

2.50 (4) and 1.10-1.80 ppm (5) in the 1H NMR spectra, and the three signals at 21.4 (4)/21.3 (5), 25.3 

(4)/25.8 (5) and 63.7 (4)/64.5 (5) ppm in the 13C{1H} NMR, that evidence the hydrogenation process of 

the -allyl fragments.  
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To understand the observed hydrogenation processes and the differences in reactivity between 

complexes 2 and 3, we performed a detailed DFT study on the reaction mechanism. We focused on the 

hydrogenation of one of the allyl fragments, assuming that the hydrogenation at the other one proceeds 

in a similar way. Figure 8 shows the Gibbs free energy profile (see Supporting information for more 

details) of the full mechanism for the reactive complex 3 (R = SiMe3) and the first hypothetic step of the 

less-reactive compound 2 (R = Ph). Figure 9 collects the structures and main geometric parameters of 

key intermediates and transition states of complex 3.  

Initially, we evaluated the energy cost associated with the direct hydrogenation of the double bond 

in a -allyl fragment and the computed free-energy barrier too high large, 86 kcal·mol-1. Alternatively, 

the H2 molecule could be primarily added across the Ti-N bond, as it has been computationally proposed 

for the hydrogenation of dinitrogen by di- and tetra-titanium species.30,31 Similarly, we have shown that 

analogous polynuclear titanium complexes were able to activate strong bonds (N-H, C=O, or C-H) via 

addition across bridging Ti-X bonds (X = N, C).28a,32a-c Also, the C-H and N-H bonds can be activated 

by terminal imido-titanium complexes and their mechanism have been analyzed computationally.32d,e 

Thus, we propose that the reaction starts with the activation of H2 molecule by the -imido group in 

complex 3 leading to an -amido hydride complex. The reaction takes place through transition state TS1 

with a free-energy barrier of 33.7 kcal·mol-1 to give the intermediate I1, which is 19.7 kcal·mol-1 above 

reactants. In intermediate I1 the Ti-N bond elongates significantly at the Ti-hydride side, from 1.92 Å 

in 2 to 2.36 Å. We have also evaluated the addition of H2 across the Ti-O bond (see Supporting 

information Scheme S1) but the computed free-energy barrier is significantly higher, 41.8 kcal·mol-1, 

and the resulting intermediate lays 37.4 kcal·mol-1 above reactants. Thus, we can rule out the 

participation of the -oxo moiety in the H2 activation. 
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Figure 8. Gibbs free energy profile (kcal·mol-1) for the hydrogenation process of an allyl fragment 

in complex 3 (R = SiMe3, solid black line) and comparison of the initial step for complex 2 (R = Ph, 

dashed red line). 

Complex I1 evolves very rapidly to intermediate I2 via rearrangement of the amido moiety to form 

a terminal Ti-amido group (see Figure 8). The process involves also a rearrangement of the distorted 

trigonal bipyramidal titanium environment in I1 to a three-legged piano stool environment in I2. The 

transformation of I1 to I2 is exergonic by 12.5 kcal·mol-1 and its free energy barrier is very low by 0.1 

kcal·mol-1. This reaction step involves some additional, important structural changes (see Figure 9): i) 

the NH moiety of amido group forms a hydrogen bond with the Ti-hydride group (H··H distance is 

1.810 Å);33 ii) the allyl fragment changes its hapticity from η1 to η3, which occurred spontaneously 

during the optimization process. Both structural features have important implications on the reactivity 

of step. 
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Figure 9. DFT computed structures of the intermediates and transition states involved in the reaction 

mechanism of the hydrogenation of the allyl moiety of complex 3. Distances in Å. 

In I2 the allyl ligand can insert into the Ti-H bond to give intermediate I3.34 The computed free 

energy barrier is very low (3.5 kcal·mol-1) in part because hydride transfer is assisted by hydrogen 

bonding from the amide group, as observed in the corresponding transition state TS3 (Figure 9). This 

step is exergonic by 4.1 kcal·mol-1. In the resulting intermediate I3, the titanium formally remains Ti(IV) 

resulting in a metallacyclopropane complex with the amido group bridging the two titanium centers. 

The formation of the metallacyclopropane moiety is confirmed by the long C-C bond distance, 1.45 Å, 

which is closer to the C-C single bond, 1.48 Å, than to the C-C double bond, 1.34 Å, in the -allyl 

ligand. Moreover, the two interacting carbon atoms deviate significantly from planar sp2 hybridization 

showing out-of-plane angles of 36º and 41º respectively. These geometric features are similar to those 

characterized in previous theoretical studies on titanacyclopropane complexes,35a,b and other transition 

metals.35c  



20 

 

The final step to complete the hydrogenation consists of the proton abstraction from the amido group 

by the -carbon of the metallacyclopropane complex moiety that has a larger nucleophilic character. 

The process takes place via transition state TS4, which is only 11.4 kcal·mol-1 above intermediate I3. 

The partially hydrogenated product I4 yields one propyl moiety and recovers the original bridging -

imido group, which can activate a second H2 molecule to hydrogenate the other Ti--allyl fragment. 

The whole transformation of 3 to I4 is exergonic by 20.3 kcal·mol-1 and its rate-determining step 

corresponds to the initial addition of the H2 across the Ti-N bond. The proposed rate-determining step 

is fully consistent with the fact that the reaction time reduces upon increasing H2 pressure. Importantly, 

the Ti--imido moiety of complex 3 plays a key role in the activation of H2 to hydrogenate the double 

bonds.  

Finally, in order to elucidate why there is no reaction with complex 2 (R = Ph) at p < 1 atm, we 

compute the H2 activation step on complex 2 (TS1b). The geometrical parameters of TS1b are quite 

similar than those on TS1 but the free energy barrier is 2.9 kcal·mol-1 higher, what can explain the need 

to increase the H2 pressure (p ≈ 1.5 atm) to observe the reaction in complex 2. Replacing the 

trimethylsilyl substituent of the amido group in 3 by the electron-withdrawing phenyl substituent in 2 

decreases the polarity of the titanium-imido bond reducing its ability to activate heterolyticallly H2 

molecule, as Cundari et al.32d and Sakaki et al.32e showed previously in the activation of C-H bonds by 

titanium-imido complexes. Accordingly, the comparison of charge distribution in complexes 2 and 3 

shows that the Ti-N bond in 3 is more polarized and the nitrogen supports a larger negative charge than 

in 2 (q(N) = -1.07 vs. -0.64 a.u., q(Ti) = +0.85 and +0.84 a.u. for 3 and 2 respectively). Consequently, 

the titanium-imido moiety of complex 3 is more reactive towards the incoming substrate.  

CONCLUSIONS 

We have synthesized and characterized a dinuclear -oxo titanium(III) complex comprising two 

bridging allyl ligands. The analysis of the electronic structure of this species by DFT methods confirm 

its closed-shell nature and reveals a metal-metal single bond between the two Ti(III) centers. This 

compound reacts promptly and quantitatively with organic azides (RN3, R = Ph, SiMe3) to afford the 

corresponding dinuclear -imido -oxo complexes in which the allyl ligands show different metal-allyl 
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bonding situations in solution and in the solid state. Furthermore, the treatment of the -imido complexes 

with hydrogen proceeds with hydrogenation of the allyl fragments. The theoretical study characterizes 

the reaction mechanism for the observed process. It consists of three main steps: i) addition of the H2 

across the Ti-N bond to form a dinuclear hydride amido complex, ii) hydride migration to the -allyl 

ligand yielding a metallacyclopropane complex, and iii) final proton transfer from the amido group to 

lead the propyl complex. Overall, the -imido moiety is able to activate the H2 molecules in the presence 

of substituents that enhance its nucleophilic character. Further studies on the reactivity of the bridging 

bis-allyl titanium(III) complex toward hydrogen as well as other small molecules are ongoing in our 

group.  
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A diamagnetic dinuclear bridging allyltitanium(III) derivative was synthesized, and DFT calculations 

on its electronic structure and nature of bonding were performed. The reactivity of this species towards 

organic azides has rendered a series of dimetallic -imido -oxo allyl complexes. Related to the latter, 

the hydrogenation processes of the allyl fragments were discussed both experimentally and theoretically. 
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