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Computational Details 

 Method. All calculations have been performed with the program package TURBOMOLE[1] using density 

functional theory (DFT). The local exchange-correlation potential by Slater[2a,b] and Vosko et al.[2c] was 

augmented with gradient-corrected functionals for electron exchange according to Becke[2d] and correlation 

according to Perdew[2e] in a self-consistent fashion. This gradient-corrected density functional is usually 

termed BP86 in the literature and was shown to be able to describe both energetic and structural aspects of 

organolanthanide compounds reliably.[3] The suitability of the BP86 functional for the reliable determination 

of the energy profile for organolanthanide-supported catalytic transformations has been demonstrated in 

previous studies,[4] and this allows mechanistic conclusions having substantial predictive value to be drawn. 

In view of the fact that all species investigated in this study show a large HOMO−LUMO gap, a spin-

restricted formalism was used for all the calculations. 

 Two different basis set levels (basis set A, B) were adopted throughout the present investigation, 

employing the same description of the lanthanide atom. For Nd we used the Stuttgart−Dresden 

quasirelativistic effective core potential (SDD) with the associate (7s6p5d)/[5s4p3d] valence basis set 

contracted according to a (31111/3111/311) scheme.[5] This ECP treats [Kr]4d104f3 as a fixed core, whereas 

5s25p66s25d16p0 shells are taken into account explicitly. First, as far as basis set A is regarded, all other 

elements were represented by Ahlrichs' split-valence SV(P) basis set[6a] with polarization functions on heavy 

main group atoms, but not on hydrogen; namely, for carbon and nitrogen a 7s/4p/1d set contracted to 

(511/31/1) and for hydrogen a 4s set contracted to (31). The second more accurate basis set B, consists of 

Ahlrichs' valence triple-ζ TZVP basis set[6b] with polarization functions on all main group atoms; namely, 

for carbon and nitrogen a 11s/6p/1d set contracted to (62111/411/1) and for hydrogen a 5s/1p set contracted 

to (311/1).  

 Stationary Points. The geometry optimization and the saddle-point search were carried out by utilizing 

analytical/numerical gradients/Hessians according to standard algorithms. No symmetry constraints were 

imposed in any case. The stationary points located by using basis set A were identified exactly by the 

curvature of the potential-energy surface at these points corresponding to the eigenvalues of the Hessian. 

This level of basis-set quality has been identified as a reliable tool for the assessment of structural parameters 

and vibrational frequencies.[7] All reported transition states possess exactly one negative Hessian eigenvalue, 



while all other stationary points exhibit exclusively positive eigenvalues. Each transition state was further 

confirmed by following its imaginary vibrational mode downhill on both sides from slightly distorted TS 

structures, yielding to the reactant and product minima presented on the reaction profile for the individual 

steps. Visual inspection of imaginary vibrational modes was performed with the STRUKED program.[8] The 

many isomers that are possible for each of the investigated species were carefully explored. The reaction and 

activation enthalpies and free energies (∆H, ∆H‡ and ∆G, ∆G‡ at 298 K and 1 atm) were evaluated according 

to standard textbook procedures[9] using harmonic frequencies that were computed at basis set A level. To 

obtain more accurate energy profiles, all key species were fully located by employing basis set B.  

 It has been explicitly scrutinized for each of the individual steps in Scheme 2 whether a specific reactant 

species, which are always available in excess,[10] is likely to facilitate the elementary process. Furthermore, 

the influence of nonspecific solute−solvent interactions[11] on the energy profile of individual steps has been 

estimated for benzene[10] (dielectric constant ε = 2.247 at 298 K)[12] by employing the conductor-like 

screening model (COSMO) due to Klamt and Schüürmann[13] as implemented in TURBOMOLE.[14] 

Nonelectrostatic contributions to solvation were not considered. The solvation effects were included 

selfconsistently in the calculations, and all key species were fully optimized including solvation at the BP86 

basis set B level. The optimized atomic COSMO radii (rH = 1.3 Å, rC = 2.0 Å, rN = 1.83 Å, rSi = 2.46 Å)[15] 

have been used, in combination with the non-optimized radius of 2.22 Å for Nd.  

 Energetics (BP86(COSMO)/basis set B) on the ∆H(298 K) surface were reported as ∆E plus zero point 

energy correction at 0 K plus thermal motion corrections at 298 K plus solvation correction. The Gibbs free-

energies were obtained as ∆G298 = ∆H298 − T∆S at 298 K and 1 atm. The T∆S contribution of about 11−13 

kcal mol-1 (under standard conditions) calculated for butadiene and amine substrate coordination in gas 

phase certainly does not reflect the real entropic cost for substrate association/dissociation processes under 

actual catalytic conditions.[10] The difference in the reaction entropy for the Me2SiCp'2LnR + 1 → 

Me2SiCp'2LnR−1 substrate uptake process taking place in the gas and condensed phases is mainly due to the 

substrate solvation, since the solvation entropies of the Me2SiCp'2LnR species and the Me2SiCp'2LnR−1 

adduct can be regarded as being similar. The solvation entropy of ethylene is about 16 cal mol-1 K-1 in 

typical aromatic hydrocarbon solvents,[16] which can reasonably be adopted as a rough estimate for 

butadiene and amines as well. This reduces the entropic costs for substrate complexation by about 4.8 kcal 



mol-1 (298.15 K); thus to about two-thirds of the gas-phase value. This estimation agrees reasonably well 

with the findings of a recent theoretical study, where it was shown that for polar solvents the entropies in 

solution decrease to nearly half of the gas-phase value.[17] Therefore, the solvation entropy for substrate 

association and dissociation was approximated as being two-thirds of its gas-phase value, which the author 

considers as a reliable estimate of the entropy contribution in the condensed phase.  

 Labeling of the Molecules. Important species of the catalytic cycle were labeled with the Arabic numbers 

given in Scheme 2. Please note that the diene-amido−Ln active catalyst complex 4 is omitted in Scheme 2. In 

addition to the various regio- and stereoisomeric pathways for each of the individual steps shown in Scheme 

2, it was explicitly scrutinized, which of the two enantiofaces (re/si)[18] of the prochiral 1,3-butadiene is 

involved along the minimum-energy path for insertion and subsequent protonolysis. In general, the two 

stereoisomers related to the different diene enantiofaces were found to be close in energy for each of the 

species. Herein, however, only the favorable one was reported. 
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Scheme S1. Condensed enthalpy profile [kcal mol-1] of the intermolecular hydroamination of 1,3-butadiene 
and n-propylamine 1 mediated by Me2SiCp'2NdCH(TMS)2 precatalyst 2. The most feasible pathways for 
individual steps are drawn by solid lines, while alternative, but unfavorable pathways are represented by 
dashed lines. Activation enthalpies (∆H‡) for individual steps are given in kilocalories per mole relative to 
the respective precursor. Aminoalkene displacement through 7a/7b/7c/7d + 1 → 3-AS + 9a/9b/9c/9d is 
included. 
 



 
 
 

 
 
Scheme S2. Condensed Gibbs free-energy profile [kcal mol-1] of the intermolecular hydroamination of 1,3-
butadiene and n-propylamine 1 mediated by Me2SiCp'2NdCH(TMS)2 precatalyst 2. The most feasible 
pathways for individual steps are drawn by solid lines, while alternative, but unfavorable pathways are 
represented by dashed lines. Activation enthalpies (∆G‡) for individual steps are given in kilocalories per 
mole relative to the respective precursor. Aminoalkene displacement through 7a/7b/7c/7d + 1 → 3-AS + 
9a/9b/9c/9d is included. 
 



 
 

 

 

 TS[2+1-MeNH2−3+CH2(TMS)2]  
 
Figure S1. Selected geometric parameters [Å] of the optimized transition-state structure for 1 + 2 → 3 + 
CH2(TMS)2 activation of precatalyst 2 through protonolysis by amine 1 that is assisted by methylamine 
model substrate acting as a 'proton shuttle'. The cutoff for drawing Nd−C bonds was arbitrarily set to 3.1 Å. 
The hydrogen atoms on the methyl groups of the catalyst backbone are omitted for the sake of clarity. 
 
 

   
4-1,2c TS[4-1,2c−6c] 6c 

   
4-1,2t TS[4-1,2t−6t] 6t 

 
Figure S2. Selected geometric parameters [Å] of the optimized structures of key species for the 
stereoisomeric cis-1,2- (top) and trans-1,2-insertion (bottom) pathways. The cutoff for drawing Nd−C bonds 
was arbitrarily set to 3.1 Å. The hydrogen atoms on the methyl groups of the catalyst backbone are omitted 
for the sake of clarity. 



  

TS[4-1,4t−5s]-AS 5s-AS TS[4-1,4c−5a]-AS 5a-AS 

  

TS[4-1,2t−6t]-AS 6t-AS TS[4-1,2c−6c]-AS 6c-AS 
 
Figure S3. Selected geometric parameters [Å] of the optimized structures of key species for the regioisomeric 
1,4- (top) and 1,2-insertion (bottom) paths to be assisted by amine substrate 1 (AS). The cutoff for drawing 
Nd−C bonds was arbitrarily set to 3.1 Å. The hydrogen atoms on the methyl groups of the catalyst backbone 
are omitted for the sake of clarity. 
 
 

   

5a-AS TSISO[5]-AS 5s-AS 
 
Figure S4. Selected geometric parameters [Å, °] of the optimized structures of key species for allylic 5s ⇄ 5a 
isomerization to be assisted by amine substrate 1 (AS). The cutoff for drawing Nd−C bonds was arbitrarily 
set to 3.1 Å. The hydrogen atoms on the methyl groups of the catalyst backbone are omitted for the sake of 
clarity. 
 



 

 

generation of 7a via 
protonolysis of butenyl-C1 in 5s 

 

 

generation of 7c via 
protonolysis of butenyl-C3 in 5s 

 

 

generation of 7b via 
protonolysis of butenyl-C1 in 5a 

 

 

generation of 7d via 
protonolysis of butenyl-C3 in 5a 

 TS[5-AS−7]-AS  TS[5-AS−7]-AS 
 
Figure S5. Selected geometric parameters [Å] of the optimized structures of key species for protonolysis of 
the η3-butenyl−Nd complex 5 by amine substrate 1 (AS) affording aminoalkene-amido−Nd compounds 7a-
7d along alternative pathways. The cutoff for drawing Nd−C bonds was arbitrarily set to 3.1 Å. The 
hydrogen atoms on the methyl groups of the catalyst backbone are omitted for the sake of clarity. Please note 
that several of the species are displayed in a truncated fashion. 


