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Abstract

A strong σ-donating cyclic (alkyl)(amino) carbene (cAAC) triggers rearrangement of the 

silyl(aryl) amido ligand –N(SiMe3)Dipp (Dipp = 2,6-diisopropylphenyl) in the coordination 

sphere of titanium(III) to afford a novel zwitterionic titanium imido complex with a 

TiCH2SiMe2[cAAC] linkage. Reduction of this species produces a new DippN=Ti imido complex 

containing a cAAC-centered radical species, characterized by single crystal diffraction analysis 

and electron paramagnetic resonance spectroscopy.

Graphical Abstract

Herein we present the synthesis of a zwitterionic Ti(IV) imido complex and the isolation of a 

cAAC-centered radical by its single electron reduction

Keywords

titanium; imido; silyl; radical; cAAC

Introduction

Terminal imido transition metal complexes containing metal-nitrogen multiple bonds have 

been the focus of intense research because of their unique coordination and electronic 

properties,1 as well as their involvement in catalysis and organic synthesis.2 The formally 
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dianionic (NR)2− ligand is isolobal with the cyclopentadiene anion,3 and can act as a robust 

supporting ligand or as an active site in catalysis. While the imido chemistry of Group 5–8 

transition metals was intensely studied in the 1980s,4 the first well defined and structurally 

characterized terminal titanium imido complexes were independently reported in 1990 by 

Roesky et al.5 and Rothwell et al.6 Since then, titanium imido complexes have been shown 

to contain reactive M=N–R groups that can engage in catalysis (e.g. hydroamination7 and 

ethylene polymerization8), and activate relatively inert bonds (e.g., alkyl and aryl C–H9 and 

H–H bonds9c,10). In contrast to neutral σ-donor, π-acceptor ligands such as CO, which 

support metal centers in low to medium oxidation states, dianionic σ- and π-donating imido 

complexes are generally in high oxidation states.

Inspired by recent advances in the utilization of strong σ-donating and π-accepting cyclic 

(alkyl)(amino) carbenes (cAACs)11 as ligands to stabilize highly reactive main group 

species, such as phosphorous and boron-based radicals, borylene (:BH), and the B≡B 

fragment,12 and unusually low-coordinate complexes M(cAAC)2 (M = Au, Cu, Co, Fe, Ni, 

Mn, Zn),13 attempts were made to synthesize low-valent titanium imido complexes 

supported by cAAC ligands.

In this context, two cAAC-triggered silylamido-to-imido transformations can be envisioned, 

namely a 1,2-elimination of halotriorganylsilanes (A in Scheme 1), which has been applied 

to create M-E multiple bonds,14 and a N–Si bond cleavage resulting from attack of cAAC at 

silicon15 (B in Scheme 1). The –N(SiMe3)Dipp (Dipp = 2,6-diisopropylphenyl) ligand was 

chosen for stabilization of a low coordination number at titanium,16 as well as for generation 

of a sterically protected Ti=N-Dipp fragment. Here, we report the synthesis and 

characterization of an unusual zwitterionic titanium imido complex (3 in Scheme 2) upon 

reaction of a titanium(III) bis(amido) complex with cAAC (2, Scheme 1) via an unusual C–

H activation process. The latter complex undergoes reduction to an alkyl complex containing 

a cAAC-centred radical (4, Scheme 2).

Results and Discussion

The Ti(III) bis(amido) ate complex 1 was prepared as pale grey crystals in 41% yield from 

reaction of TiCl3(THF)3
17 with 2 equivalents of LiN(SiMe3)Dipp in toluene. To generate a 

Ti(III) imido species, 1 was further treated with an equimolar amount of cAAC (2)18 in 

toluene. A gradual color change from pale yellow to deep orange was observed over a period 

of 24 hours and then orange crystals were obtained upon workup of the reaction mixture. 

Notably, the 1H NMR spectrum displayed peaks in the range of 0–7.5 ppm, suggesting that 

the isolated orange species contains diamagnetic Ti(IV) rather than paramagnetic Ti(III) (see 

SI).

Single crystals suitable for X-ray diffraction analysis were obtained upon recrystallization 

from toluene/pentane or THF/pentane. The molecular structure of this product (3; 17% 

yield) consists of an imido ligand with a nearly linear geometry at the N1 atom (∠Ti-N1-C6 

= 175.9(1)°) and a distinctly shortened Ti–N1 bond of 1.725(1) Å (cf. the Ti–N2 bond 

distance of 1.967(1) Å). This zwitterionic, formally Ti(IV) complex also contains chloride 
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and –N(SiMe3)Dipp ligands and a highly unusual, formally cationic alkyl ligand bearing a 

pyrrolium group (Scheme 2, Figure 1).

The reaction to form 3 represents an example of pathway B in Scheme 1. A possible 

mechanism for this process (Scheme S1) involves Me3Si-transfer to the strong cAAC donor 

to generate the ion pair [Me3Si-cAAC]+{[Dipp(Me3Si)N](Cl)Ti=NDipp}−. Presumably, this 

transient, anionic Ti(III) imido species is quite reactive, and undergoes a C–H activation 

process by addition of a C–H group in the cation across the Ti=N bond. The resulting 

zwitterionic Ti(III) anilido alkyl complex, [Dipp(Me3Si)N](Cl)Ti(NHDipp)

{CH2SiMe2[cAAC]}, then loses a hydrogen atom to produce the final, Ti(IV) imido product 

3. Note that analogous sp3-hybridized C–H bond activations have been observed for 

transient Ti(IV) imido species (tBu3SiO)2Ti=NSitBu3 in the activation of methane.9b In 

addition, Mountford and co-workers have proposed a methyl C–H activation of MeC≡CR (R 

= Me or Ph) by the Ti=N bond in Ti(NtBu)(κ3-N2Npy)(py) (N2Npy = (2-

C5H4N)CMe(CH2NSiMe3)2) as the key step in formation of a four-membered 

azatitanacycle.19 The loss of a hydrogen atom from the Ti(III)–NH(Dipp) unit is perhaps 

analogous to the oxidatively-induced α-hydrogen abstraction utilized by Mindiola and 

coworkers in the synthesis of a Ti(IV) imido complex from a Ti(III) anilido precursor.20 The 

nature of the hydrogen-transfer process is currently unknown, but the presence of 

hydrogenated free carbene, [cAAC]H2, suggests that 2 is an H-acceptor in this process. The 

observation of DippNH2 as an additional side product suggests the operation of a competing, 

intermolecular H-transfer.

To further probe the nature of this reaction, the ratio of reactants 1 and 2 was varied from 1:1 

to 1:2. These experiments showed that more than 1 equivalent of 2 is consumed, and the best 

yield (44%) was achieved at a ratio of ca. 1:1.5. The DippNH2 and [cAAC]H2 side products 

were identified by GC/MS analysis of the reaction mixture.

In addition to their established stabilizing effects, cAACs are of interest as redox-active 

ligands, resulting from their increased π-acidity in comparison with N-heterocyclic carbenes 

(NHCs). Thus, cAACs may accept an electron, intramolecularly from a low-valent center 

such as Si(0)21 or Cl2Si22 to assume diradicaloid character in the resulting bis(cAAC) 

adducts (I and II in Scheme 3), or upon chemical reduction to allow isolation of stable 

ligand-centered carboxy23 and pyridyl24 radicals. From these perspectives, the zwitterionic 

complex 3 possesses two redox active sites, the cAAC ligand and the Ti(IV) metal center. 

Thus, the reduction of 3 might be expected to result in one of two types of structures, 

resulting from reduction of Ti(IV) or cAAC.

A THF solution of 3 was treated with an equimolar amount of sodium naphthalenide 

(NaC10H8) at room temperature. After evaporation of the solvent under vacuum and 

extraction of the residue by pentane, red crystals of 4 suitable for X-ray diffraction analysis 

were obtained upon recrystallization from pentane/THF at −35 °C. As depicted in Figure 1, 

the overall tetrahedral geometry as well as the bond lengths around the Ti center, (i.e. Ti–N1, 

4: 1.736(2), 3: 1.725(1) Å; Ti–N2, 4: 1.963(2), 3: 1.967(1) Å; Ti–C1, 4: 2.150(2), 3: 

2.178(2) Å), are nearly identical to those of the precursor 3, while the geometry about the 

carbene carbon centre C2 is notably affected by reduction. For example, the C2–N3 bond 
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distance is ca. 11 pm longer than the corresponding distance in 3, while the C2–Si2 distance 

is decreased by ca. 11 pm. The C2–Si2 (1.872(2) Å) and C2–N3 (1.405(3) Å) bond distances 

are comparable to those of I and II. Moreover, the sum of angles about the C2 (357.0°) and 

N3 (356.7°) atoms resemble comparable parameters in I and II (Scheme 3), which indicates 

a slight deviation from trigonal-planar geometry and strongly suggests the presence of the 

C2-centered radical species 4 rather than a zwitterionic isomer with a Ti(III) center.

To probe the electronic structure of 4, variable temperature X-band (9.6 GHz) electron 

paramagnetic resonance (EPR) spectroscopy measurements were performed on samples 

dissolved in toluene. The experimental EPR spectrum of 4 at room temperature (Figure 2; 

black trace) displays an isotropic signal centered at a g value of 2.00333 with pronounced 

line shape splittings due to the presence of electron-nuclear hyperfine interactions.

A spectral simulation of an unpaired electron spin (S = ½) with electron-nuclear hyperfine 

interactions with single 14N (nuclear spin I = 1), 29Si (I = ½) and 13C (I = ½) atoms provided 

an excellent fit (Figure 2; red trace, RMSD: 1.69%) of the experimental EPR spectrum of 4 
at room temperature. Numerical simulation indicated that the intense peaks in the center of 

the EPR spectrum arise from the interaction of the electron spin (S = ½) with the 14N (I = 1) 

atom of 4 with a hyperfine coupling constant of 0.3772 mT. Moreover, the simulation 

indicated that the weaker peaks in the wings of the EPR spectrum (inset of Figure 2) result 

from interaction of the electron spin (S = ½) with the 29Si and 13C atoms of 4, with 

hyperfine coupling constants of 1.1386 mT and 2.7994 mT, respectively. The weaker 

intensity of the hyperfine peaks in the wings of the EPR spectrum is consistent with the 

lower natural abundance of 29Si (I = ½) and 13C (I = ½), 4.68% and 1.07%, respectively. 

Together, location of the EPR signal at g = 2.00333 and the estimated hyperfine coupling 

constants strongly suggest that the unpaired electron is primarily ligand-centered, in 

agreement with analysis of the single crystal structure.

Similar EPR spectra were also obtained for a frozen solution of 4 in toluene. Variable 

temperature EPR spectra of 4 between 90 K and 160 K (Figures S1, S2) provide no evidence 

of reduction at the titanium center. While Ti(IV) is diamagnetic, Ti(III) is paramagnetic with 

a d1 electronic state that can often be observed by EPR spectroscopy, with signals usually 

located between g ~ 1.7 and 2.0.25 The observation of a broadened resonance that remains at 

g ~ 2, with no additional hyperfine detail such as coupling to spin-active Ti nuclei, further 

suggests that upon reduction of the zwitterionic complex 3 the electron is localized on the 

cAAC ligand.

Conclusions

In summary, zwitterionic titanium imido complex 3 has been synthesized from a cyclic 

alkyl(amino) carbene-triggered rearrangement of a silyl(aryl) amido ligand in the 

coordination sphere of Ti. Furthermore, it is demonstrated that the zwitterionic species 3 
would appear to possess two redox active sites but is reduced by an equimolar amount of 

sodium naphthalenide to afford the neutral cAAC-centered radical 4, confirmed by the single 

crystal X-ray structure and X-band EPR spectroscopy.
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Crystallographic data have been deposited with the Cambridge Crystallographic Data Center 

as supplementary publication no. CCDC-1491276 (1), CCDC-1491277 (3) and 

CCDC-1491278 (4). These data can be obtained free of charge from The Cambridge 

Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Molecular structure of 3 and 4 in the solid state (ellipsoids set at 50% probability. Hydrogen 

atoms, solvent molecules and some carbon ellipsoids are omitted for clarity. Selected bond 

lengths [Å] and angles [°]: For 3: Ti–N1 1.725(1), Ti–N2 1.967(1), Ti–C1 2.178(2), C1–Si2 

1.825(2), Si2–C2 1.984(2), C2–N3 1.295(2), N3–C5 1.550(2), C5–C4 1.523(3), C4–C3 

1.543(2), C3–C2 1.525(2), N2–Si1 1.733(1), N1–C6 1.380(2); T1–N1–C6 175.86(12), Ti–

C1–Si2 118.65(9), C1–Si2–C2 110.62(7). For 4: Ti–N1 1.736(2), Ti–N2 1.963(2), Ti–C1 

2.150(2), Ti–O 2.062(2), C1–Si2 1.859(3), Si2–C2 1.872(2), C2–N3 1.405(3), N3–C5 

1.493(3), C5–C4 1.532(4), C4–C3 1.549(4), C3–C2 1.533(4), N2–Si1 1.737(2), N1–C6 

1.387(4); T1–N1–C6 175.43(18), Ti–C1–Si2 121.35(13), C1–Si2–C2 114.83(11).
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Figure 2. 
Experimental X-band EPR (9.6 GHz) EPR spectrum of 4 (black) in toluene solution at 298 

K. In the simulation (red), the 14N, 29Si and 13C hyperfine interactions are considered.
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Scheme 1. 
Two proposed synthetic routes to titanium imido complexes via reactions of titanium 

silylamido complexes with cAACs.

Ye et al. Page 9

Eur J Inorg Chem. Author manuscript; available in PMC 2018 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 2. 
Synthesis of 3 and 4.
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Scheme 3. 
Structurally characterized, neutral cAAC-stabilzed low-valent silicon species with ligand-

centered radical or biradical character. I represents a significant resonance contributor to the 

siladicarbene structure. Both the singlet and triplet biradical of II were isolated as two 

polymorphs.
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