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A density functional theory (DFT) investigation on the formation of Ta(=NSiMe3)(NMe2)3 (B) 

and Me3SiNMe2 (C) from Ta(NMe2)4[N(SiMe3)2] is reported. Three different ground-state 

minima are computed for Ta(NMe2)4[N(SiMe3)2], and of these only the stereoisomer based on 

a square pyramid (A2) with an apical N(SiMe3)2 group undergoes α-elimination to give 

Ta(=NSiMe3)(NMe2)3 (B) and Me3SiNMe2 (C). The barrier computed for the concerted α-

elimination is in agreement with the results from our earlier experimental study. The 

thermodynamics for the monomer-dimer equilibrium involving Ta(=NSiMe3)(NMe2)3 (B) has 

been computationally evaluated, and the preference for the dimeric form of the compound is 

discussed relative to the Nugent imide derivative Ta(=NCMe3)(NMe2)3, which exists as a 

monomer. The trapping of the intermediate B by the heterocumulene MeN=C=NMe has been 

modeled, and the mechanism involved in the formation of the guanidinate-based insertion 

products Ta(NSiMe3)(NMe2)2[MeNC(NMe2)NMe] (G1) and 

Ta(NSiMe3)(NMe2)[MeNC(NMe2)NMe]2 (I) is presented. 

 

 

Introduction 

Transition metal imide complexes contain metal-nitrogen multiple 

bonds. They are typically prepared by intermolecular and 

intramolecular imidations.1-27 Intermolecular imidations, which are 

more common, involve reactions with primary amines, imines, 

nitriles, and other nitrogen-containing compounds.1-21 For example, 

reactions of OsO4 with tBuNH2, MoOCl2(S2CNEt2)2 with 

PhN=PPh3, and ReOCl3(PPh3)2 with PhN=CHNHPh yield 
tBuN=OsO3,

18 PhN=MoCl2(S2CNEt2)2
19 and PhN=ReCl3(PPh3),

20 

respectively.  In intramolecular imidation, 1,2–Me3SiCl elimination 

or interligand transfer (Scheme 1) gives the imide ligand in the 

complexes.1-18,22,23 Me3SiN=TiCl2(py)2 has been prepared through α-

SiMe3 abstraction by a chloride ligand in the reaction of pyridine 

with TiCl3[N(SiMe3)2].
21 When 3 equiv of NaN(SiMe3)2 reacts with  

VOCl3, SiMe3 migration to the oxo ligand affords the imide 

Me3SiN=V(OSiMe3)[N(SiMe3)2]2.
22 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Intramolecular imidation reactions.1 
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 Intramolecualr imidation through α-SiMe3 abstraction by an 

amide ligand is rare. Herrmann and Baratta have reported that, 

when the Nb and Ta complexes 1a-b were irradiated at ambient 

temperature with a mercury lamp for 12 and 10 h, respectively, 

the cleavage of the Si-N bonds in the complexes occurred 

(Scheme 2), yielding the imide complexes 2a-b.26 Xue and 

coworkers recently reported that the amide complex 

Ta(NMe2)4[N(SiMe3)2] undergoes spontaneous, thermal α-

SiMe3 abstraction by an amide ligand yielding Me3SiNMe2 (C) 

and the imide B which was observed as its dimer D (Scheme 

3).27,28 Kinetic studies of the thermal α-SiMe3 abstraction in 

Ta(NMe2)4[N(SiMe3)2] showed that it follows first-order 

kinetics, probably through a cyclic transition state, with the 

activation parameters: ∆H≠ = 21.3(1.0) kcal/mol, ∆S≠ = -17(2) 

eu and ∆G≠
343K = 27.1(1.7) kcal/mol.27 In the presence of 

carbodiimides RN=C=NR (R = Cy, iPr), B was trapped as 

guanidinate imides such as 

Ta(NMe2)2(=NSiMe3)[CyNC(NMe2)NCy] (3) and 

Ta(NMe2)(=NSiMe3)[CyNC(NMe2)NCy]2 (4).  Since the 

formation of B is a rare example of the α-SiMe3 abstraction by 

an amide ligand to give an imide, we have conducted DFT 

calculations to study the reaction and subsequent capture of B 

in Scheme 3.  The model compound MeN=C=NMe (E) was 

used in the capture reactions to form the guanidinate imides 

Ta(NSiMe3)(NMe2)2[MeNC(NMe2)NMe] (G1) and 

Ta(NSiMe3)(NMe2)[MeNC(NMe2)NMe]2 (I). Our results are 

reported here 

 

 

 

 

 

 

 

 

Scheme 2. Formation of imides 2a-b via photochemical 

cleavage of Si-N bonds.26 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3. Formation of the imide complex D and guanidinate 

imides 3 and 4.27 

Experimental Section 

Computational Methodology and Modeling Details 

All calculations were performed with the hybrid meta DFT 

functional M06, as implemented by the Gaussian 09 program 

package.29 This functional provided the best agreement of theory 

with the available crystal structures and experimental data.30 B3LYP 

calculations31 were also performed, but these calculations did not 

accurately reproduce the equilibrium between monomer B and dimer 

D. The B3LYP data have been deposited as electronic 

supplementary information (ESI).  The Ta atoms were described by 

Stuttgart-Dresden effective core potentials (ecp) and SDD basis set, 

while the 6-31G(d’) basis set was employed for the remaining atoms. 

 The input data for compounds [Ta(NMe2)3(µ-NSiMe3)2]2 

(D) and Ta(NSiMe3)(NMe2)[MeNC(NMe2)NMe]2 (I) were 

taken from the X-ray diffraction structures. While 

CyN=C=NCy was employed as the carbodiimide in the initial 

study, the cyclohexyl groups were replaced by methyl groups 

here in order to facilitate the geometry optimizations. All 

reported geometries were fully optimized and evaluated for the 

correct number of imaginary frequencies through calculation of 

the vibrational frequencies, using the analytical Hessian. Zero 

imaginary frequencies (positive eigenvalues) correspond to an 

intermediate or minimum, and species having an imaginary 

frequency (negative eigenvalue) designate a transition state. All 

transition states on the potential energy surface were evaluated 

by IRC calculations, in order to establish the reactant and 

product species associated with each transition-state structure. 

The computed frequencies were used to make zero-point and 

thermal corrections to the electronic energies, and standard-

state corrections were added to all species to convert 

concentrations from 1 atm to 1 M, as outlined in the treatise by 

Cramer.32 The Wiberg bond indices were computed using 

Weinhold’s natural bond orbital (NBO) program, as executed 

by Gaussian 09.33,34 The geometry-optimized structures have 

been drawn with the JIMP2 molecular visualization and 

manipulation program.35 

 

Results and Discussion 

Geometry Optimization of Ta(NMe2)4[N(SiMe3)2] and 

Stereospecific αααα-Elimination 

The mixed amide complex Ta(NMe2)4[N(SiMe3)2] is prepared 

from the reaction of TaCl(NMe2)4 with LiN(SiMe3)2, and the 

product has been characterized by NMR spectroscopy and 

combustion analysis.27 Unfortunately, the molecular structure 

of Ta(NMe2)4[N(SiMe3)2] remains unknown due to its limited 

stability and the inability to grow single crystals suitable for X-

ray diffraction analysis.28 Ta(NMe2)4[N(SiMe3)2] may be 

viewed as an ML5 compound with a Ta(V) center. Such d0 

compounds are highly fluxional in solution as a result of low-

energy Berry pseudorotations,36 and this fluxionality hinders 

the identification of the preferred ground-state structure in this 

genre of tantalum compounds. Accordingly, the relative 

stability of the different possible trigonal-bipyramidal and 

square-pyramidal isomers available to Ta(NMe2)4[N(SiMe3)2] 

were evaluated by DFT calculations. Figure 1 shows the 

optimized structures for the three different minima computed 
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A3
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A2
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TSA2BC
26.9

B + C
-7.3

for Ta(NMe2)4[N(SiMe3)2]. Of these minima, species A1 is 

thermodynamically favored. A1 exhibits a trigonal-bipyramidal 

(tbp) geometry with the larger N(SiMe3)2 ligand occupying one 

of the equatorial sites in keeping with the tenets of valence shell 

electron pair repulsion (VSEPR) theory.37 The related tbp 

isomer with an axially disposed N(SiMe3)2 group lies 4.7 

kcal/mol above A1. Of the two possible square-pyramidal 

isomers, the one having an apical N(SiMe3)2 group, species A2, 

was computed as a stable minimum. The alternative isomer 

based on a square pyramid with a basal N(SiMe3)2 ligand is 

prohibitively crowded, and the DFT optimizations either failed 

or collapsed to A1. 

 

 

 

 
 
 
 
 
 
 
 

 

 
Figure 1. M06-optimized structures and ground-state energy 

ordering for the Ta(NMe2)4[N(SiMe3)2] stereoisomers. The free 

energy values are in kcal/mol relative to species A1. 

 Heating Ta(NMe2)4[N(SiMe3)2] in the absence of a trapping 

agent gives the imide-bridged dimer [Ta(NSiMe3)(NMe2)3]2 

(D) and Me3SiNMe2 (C); the molecular structure of the former 

product has been established by X-ray diffraction analysis and 

presumably results from the dimerization of the intermediate 

imide complex Ta(NSiMe3)(NMe2)3 (B).27 DFT analysis of this 

reaction has confirmed that the α-elimination is a concerted 

process and is stereospecific, insomuch as only A2 reacts to 

give the expected products Ta(NSiMe3)(NMe2)3 (B) and 

Me3SiNMe2 (C). Species A1 and A3 do not allow the reacting 

amido groups to achieve the requisite orientation for the 

formation of the critical cyclic transition state associated with 

the transfer of the Me3Si group to the adjacent Me2N acceptor 

ligand. Figure 2 shows the reaction surface for the elimination 

process and the optimized structures for the TSA2BC and B. 

The computed free energy barrier for the reaction is 26.9 

kcal/mol, and the barrier for A1→TSA2BC is in excellent 

agreement with the experimentally determined ∆G≠ of 27.1(1.7) 

kcal/mol. The α-elimination is thermodynamically favored 

based on an overall ∆G = -7.3 kcal/mol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. M06-optimized structures and potential energy 

surface for the α-elimination in A2 to give B and C. Energy 

values are ∆G in kcal/mol with respect to A1. The optimized 

structure for the liberated Me3SiNMe2 (species C) that 

accompanies species B is not shown. 

Dimerization Thermodynamics in Ta(NR)(NMe2)3 (where R = 

SiMe3, CMe3) 

In the absence of a trapping agent, Ta(NSiMe3)(NMe2)3 (B) has 

been shown to dimerize to D. Eq 1 shows the operative 

equilibrium. The optimized structure of D, which is shown 

below, reveals an excellent correspondence to the reported X-

ray diffraction structure. The computed internuclear Ta···Ta 

distance of 3.191 Å, which is slightly longer (0.028 Å) than that 

distance found in the solid-state structure,27 argues against any 

significant bonding between the two metal centers.38 The 

Wiberg index of 0.14 for the Ta-Ta vector in D underscores this 

assertion. As a point of comparison, the benchmark tantalum 

compounds (Cp*Ta)2B5H11 and Ta2(PMe3)4Cl4(µ-H)2,
39 which 

have been optimized under identical conditions and contain a 

formal Ta-Ta and Ta=Ta bond, respectively, exhibit Wiberg 

indices of 0.91 and 2.01. The asymmetry found in the distances 

of the bridging Ta-N(imide) bonds in the solid-state structure of 

[Ta(NSiMe3)(NMe2)3]2 are similarly reproduced in the DFT 

structure using M06 as a functional. 
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 The thermodynamics for the equilibrium depicted in Eq. 1 

was computationally evaluated, and the reaction is exergonic 

with ∆G = -10.3 kcal/mol in accord with the reported 

experimental data. B3LYP computations failed to model this 

dimerization accurately and gave a highly endergonic value of 

∆G = 29.8 kcal/mol. The M06 computed values of ∆H and ∆S 

for this reaction are -37.4 kcal/mol and -91 eu, respectively, and 

these data indicate that D is entropically disfavored relative to 

B. The isolation and crystallographic characterization of 

[Ta(NSiMe3)(NMe2)3]2 (D) in the preparative reactions reflect 

the enthalpic preference for the the dimer vis-à-vis the 

monomer Ta(NSiMe3)(NMe2)3. Other tantalum-based systems 

that exhibit this monomer-dimer phenomenon include 

TaCl2(NMe2)3 and Ta(NMe2)4(N3).
27,28,38,40 

 Closely related to Ta(NSiMe3)(NMe2)3 is the well-known 

Nugent imide derivative Ta(NCMe3)(NMe2)3 that exists as a 

monomer in solution and the solid state.23,25a,41,42 DFT 

calculations on Ta(NCMe3)(NMe2)3 (monomer and dimer) were 

performed to better understand the molecularity conundrum in 

the isostructural Ta(NEMe3)(NMe2)3 (where E = C, Si) 

compounds. The optimized structures of Ta(NCMe3)(NMe2)3 

and [Ta(NCMe3)(NMe2)3]2 (not shown) are unexceptional 

compared to the NSiMe3-substituted derivatives B and D. 

Dimerization of Ta(NCMe3)(NMe2)3 is only slightly 

unfavorable based on a ∆G = 3.1 kcal/mol, and the computed 

values for ∆H and ∆S are -24.0 kcal/mol and -91 eu, 

respectively. Since the entropic contribution to both 

dimerization reactions is identical, the controlling factor in 

these two dimerizations rests firmly with the enthalpy. The 

dimerization of the Si-based imide complex is favored by 13.4 

kcal/mol (∆G) over the analogous C-based imide complex, a 

feature that we attribute to the larger Si atom and its ability to 

facilitate the formation of the needed Ta-N(imide) bonds in the 

dimer. Dimerization of Ta(NCMe3)(NMe2)3 is clearly 

prevented by the smaller tertiary C atom in the imide NCMe3 

moiety. 

Heterocumulene Trapping of Ta(NSiMe3)(NMe2)3 

The last phase of this work concerns the trapping of the imide 

species B by the carbodiimide MeN=C=NMe (E).43 Figures 3 

and 4 show the optimized structures and free-energy profile for 

the formation of the mono- and bisguanidinate-substituted 

products Ta(NSiMe3)(NMe2)2[MeNC(NMe2)NMe] (G1) and 

Ta(NSiMe3)(NMe2)[MeNC(NMe2)NMe]2 (I). The reaction 

between B and MeN=C=NMe (E) may be viewed as a pseudo 

[2+2] cycloaddition process that proceeds by transition state 

TSBEF. Product F exhibits a square-pyramidal geometry 

where the imide group occupies the apical position, and this 

minimum lies 11.2 kcal/mol below the corresponding reactants 

B and E. The coordination of the dimethylamino and amide-

nitrogen atoms of the chelate ring to the tantalum atom in F 

confirms the asymmetrical bonding mode of the guanidinate 

ligand.44 The conversion of F to species G1 occurs via TSFG1, 

and this transformation is initiated by the opening of the chelate 

ring in F through dissociation of the dimethylamino moiety. 

Relative to F, isomeric G1 is thermodynamically favored by 

6.5 kcal/mol. The optimized structure of G1 consists of a 

square pyramid and closely resembles that of F, except for the 

disposition of the symmetrically bound guanidinate ligand.45 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. M06-optimized structures for the intermediates F 

through I and the corresponding transition states. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Potential energy surface for the conversion of B and E 

(two equivs) to give I. Energy values are ∆G in kcal/mol with 

respect to A1 + 2E → C + I. 

 The final guanylation reaction between G1 and the second 

equivalent of E proceeds by a nucleophilic attack of an amido 

nitrogen on the central carbon of the carbodiimide ligand, and 

the transition state TSG1EH shows the developing interaction 

between the participant groups. This is the highest barrier (26.6 
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kcal/mol) on the guanylation reaction surface and accounts for 

the observation of both mono- and bisguanidinate-substituted 

products in those trapping reactions monitored by NMR 

spectroscopy.27 The insertion product H is nominally six-

coordinate and contains an asymmetrically bound guanidinate 

ligand that exhibits a strong Ta-N(amide) bond and a weaker 

Ta-N(dimethylamino) bond. The latter moiety is situated 

pseudo-trans to the imide group and reveals an N-Ta-N angle 

of 155º. The computed Wiberg indices for the Ta-N(amide) and 

Ta-N(dimethylamino) vectors in the newly formed chelate are 

0.65 and 0.23, respectively, confirming the former bond as the 

stronger of the two in this chelate ring. Wiberg indices of 0.90 

and 0.50 were computed for the Ta-N vectors associated with 

the remaining amido moiety and the average of the two Ta-N 

bonds in the symmetrically bound guanidinate ligand in H. The 

transformation of H to the final product I is facilitated by 

dissociation of the axial dimethylamino group (TSHI) and ring 

closure of the pendant MeN imine moiety in the η1 guanidinate.  

Interestingly, in this ring closure the initially coordinated amide 

moiety ends up trans to the imide group. The thermodynamics 

for the overall reaction (A1 + 2E → C + I) is exergonic with a 

net energy release of 42.5 kcal/mol. 

Conclusions 

We have computationally modeled the rare α-elimination in 

Ta(NMe2)4[N(SiMe3)2] (A2) to give Ta(NSiMe3)(NMe2)3 (B) 

and Me3SiNMe2 (C), and the DFT data are in good agreement 

with the experimentally determined activation parameters. 

Among three different Ta(NMe2)4[N(SiMe3)2] stereoisomers 

computed by DFT, only the square pyramid with an apical 

N(SiMe3)2 group (A2) undergoes α-elimination to give 

Ta(=NSiMe3)(NMe2)3 (B) and Me3SiNMe2 (C). The 

thermodynamics for the monomer-dimer equilibrium involving 

the imide product Ta(NSiMe3)(NMe2)3 (B) has been evaluated 

and found to favor the dimer when the functional M06 is 

employed. The potential energy surface for the reaction of 

carbodiimide with Ta(NSiMe3)(NMe2)3 (B) has been mapped 

out, and a mechanism involving a cycloaddition-type 

interaction between a Ta-NMe2 moiety and the carbodiimide 

verified. 
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