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Propargylamines are flexible building blocks for organic 
synthesis and key structures of some natural products and drugs. 
Moreover, propargylamines are currently employed in the 
synthesis of numerous synthetically and pharmaceutically 
valuable heterocycles.1 

Recently it has been found that arylacetylenes are capable of 
fast nucleophilic addition to imines in the ButOK/DMSO 
superbase system under mild conditions (40 oC, 10 min) affording 
propargylamines in good to excellent yields (Scheme 1, right).2 

In this process, acetylenic carbanions add to the C=N bond, 
thereby formally featuring an aza type of the Favorsky reaction 
and opening new possibilities for organic synthesis. However, 
due to the dual electrophile–nucleophile reactivity of acetylenes, 
typically manifested in the superbase medium,3 an alternative 
nucleophilic addition of imines as CH-acids to acetylenic CºC 
bond, termed C-vinylation, is not excluded (Scheme 1, left), 
though the corresponding products have not been observed 
experimentally so far.

In this work, we used quantum chemical modeling of the two 
competing reactions of acetylenes with imines, namely the 
discovered ethynylation and possible C-vinylation, and evaluated 
computationally their kinetic and thermodynamic characteristics. 

The quantum chemical calculations were carried out here in 
terms of the anionic model for the reaction of (E)-N,1-
diphenylethanimine 1 with phenylacetylene 2. The use of this 
model for another superbase catalyzed reaction allowed us 

earlier to estimate the competition between ethynide ion and 
ketone carbanion for the nucleophilic addition to the C=C bond 
of α,β-unsaturated ketones.4 Here, the structural parameters as 
well as the vibrational corrections to enthalpies and Gibbs free 
energies of the investigated systems were calculated using 
B3LYP/6-31+G* approach.5–7  Further, the energies at the 
stationary points were refined using the double hybrid functional 
B2PLYP/6-311+G**.8 The above B2PLYP//B3LYP approach 
was also used for the calculation of the carbonyl group 
ethynylation and the ketone carbanion C-vinylation.9 In this 
work, we checked as well the wave function stability for both 
ethynylation and C-vinylation transition states under the 
perturbations occurred. According to the calculations, the 
dispersion correction effect leads to the change in the relative 
thermodynamic stability for the starting compounds only by  
0.4 kcal mol–1 and as well results in minor increase in the 
activation barriers with the difference up to 1.4 kcal mol–1 
(Table S1, see Online Supplementary Materials). The solvation 
energy in DMSO medium was calculated additionally by the 
polarizable dielectric model using the integral equation 
formalism version of the Polarizable Continuum Method 
(IEFPCM).10 To estimate activation free energy in solution, we 
used an approach based on the known results11 and applied 
earlier to DMSO medium.12 The calculations were carried out 
using the GAUSSIAN 09 program package13 (for details, see 
Online Supplementary Materials).
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The kinetic (free activation energies) and thermodynamic 
factors, which ensure mild conditions for the ethynylation of 
imines with acetylenes, have been established by quantum 
chemical calculations using B2PLYP/6-311+G**//B3LYP/ 
6-31+G*. According to the calculations, the alternative route 
of superbase catalyzed C-vinylation requires harsher 
reaction conditions as compared to the ethynylation one.
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At the first stage of the reaction investigated, the deprotonation 
of both imine 1 and phenylacetylene 2 can occur under the action 
of the superbase (Scheme 2). 

According to our calculations, the proton transfer from the 
methyl group of imine 1 towards ButO– anion proceeds through 
the transition state TS1→3 with an activation barrier ∆G‡ =  
= 10.2 kcal mol–1, generating imine carbanion 3 with the change 
in the system enthalpy ∆H = –0.4 kcal mol–1 (Figure 1). However, 
this deprotonation does not affect the free energy, ∆G =  
= 0.0 kcal mol–1. Considering the deprotonation of acetylene 2 
under the action of ButO– anion, it occurs without an activation 
barrier and leads to phenylethynide ion 4 with a decrease in 
enthalpy by 7.6 kcal mol–1 and in free energy by 2.1 kcal mol–1 
(see Figure 1). Such an easy and thermodynamically favorable 
formation of anion 4 ensures its high concentration in the reaction 
medium, which further facilitates the ethynylation route.

Next, a nucleophilic addition of phenylethynide ion 4 to the 
imino carbon atom of compound 1 occurs through a transition state 
TS4→5 (see Figure 1), affording nitrogen centered propargylamine 
anion 5. The formation of intermediate 5 has the activation barrier 
∆G‡ = 20.9 kcal mol–1 and is accompanied by the change in 
enthalpy ∆H = –9.9 kcal mol–1 (∆G = –1.2 kcal mol–1) relative to 
the starting compounds. 

As follows further from the calculations, the protonation of 
anion 5 by ButOH [Scheme 3, path (1)] gives propargylamine 6 
and ButO– anion with an increase in enthalpy and Gibbs free 
energy (∆H = 3.0 kcal mol–1, ∆G = 2.9 kcal mol–1). Indeed, the 
experimental acidity of aniline14 in DMSO is by 1.5 pKa units 
higher than the acidity of ButOH.15

However, anion 5 can also be protonated by phenylacetylene 
2 [Scheme 3 path (2)], whose acidity in DMSO is by 3.5 pKa 
units higher than that of ButOH.14,16 In this instance, the 
formation of propargylamine 6 is accompanied by the decrease 
in energy (∆H = –13.0 kcal mol–1, ∆G = –7.5 kcal mol–1) and the 
regeneration of phenylethynide ion 4, which maintains its high 
concentration. 

Thus, both the high concentration of the phenylethynide ion 4 
and a relatively low barrier of the addition of phenylethynide ion 
4 to the C=N bond of imine 1 (20.9 kcal mol–1) explains the mild 
experimental conditions for the ethynylation route.2 In addition, 
a high activation barrier for the decomposition of propargylamine 
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Figure  1  Profile of ethynylation and vinylation routes for the reaction of (E)-N,1-diphenylethanimine 1 with phenylacetylene 2, indicating the corresponding 
transition states TS4→5 and TS3→7 with the formed bonds as dotted lines, displacement vectors as arrows and imaginary frequencies i.
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6 (∆G‡ = 27.3 kcal mol–1, see Figure 1) ensures its stability with 
elevation of the temperature.

The competing C-vinylation reaction can occur through the 
transition state TS3→7 (see Figure 1), which corresponds to the 
nucleophilic addition of imine carbanion 3 to the triple bond of 
phenylacetylene 2. Quantum chemical modeling demonstrates 
that the transformation of phenylethynide ion 4 and imine 1 into 
phenylacetylene 2 and imine carbanion 3 proceeds via an 
activation barrier ∆G‡ = 12.3 kcal mol–1, which is significantly 
lower than the activation barriers for both ethynylation and 
C-vinylation routes. Therefore, the contribution of a particular 
reaction pathway to the whole process is determined by the 
Curtin–Hammett principle,17,18 i.e. exclusively by the relative 
energies of the corresponding transition states. As follows from 
the calculations, the free energy for the C-vinylation transition 
state TS3→7 is higher than that for the ethynylation transition 
state TS4→5 by 0.9 kcal mol–1 (see Figure 1). The dispersion 
correction leads to the additional increase in the difference of the 
activation barriers by 1.2 kcal mol–1, making the ethynylation 
process kinetically preferable.

Note that the phenylacetylene molecule in the transition state 
TS3→7 has trans-distorted configuration, which results in the 
formation of carbanion (Z)-7. Indeed, we demonstrated that 
vinylation by phenylacetylene occurs only through a transition 
state with a trans-distorted structure of the acetylene moiety.19 
According to our calculations, the formation of structure (Z)-7 
leads to the enthalpy lowering by 14.9 kcal mol–1 relative to isolated 
structures 1 and 2. Protonation of carbanion (Z)-7 by phenyl-
acetylene 2 is accompanied by significant decrease in enthalpy 
relative to initial compounds 1 and 2 (∆H = –32.7 kcal mol–1), 
leading to the formation of β,γ-unsaturated imine (Z)-8 and 
phenylethynide ion 4. 1,3-Prototropic rearrangement of imine (Z)-
8 via the intermediate anion (Z)-9 affords α,β-unsaturated imine 
(E)-10 with decrease in enthalpy by 2.7 kcal mol–1. The generation 
of the unsaturated imines (Z)-8 and (E)-10 is thermodynamically 
favorable compared with the formation of propargylamine 6 by 
19.7 and 22.4 kcal mol–1, respectively.

In summary, the quantum chemical modeling has revealed that 
the ethynylation of imine 1 with phenylacetylene 2 is associated 
with an activation barrier ∆G‡ = 20.9 kcal mol–1 and can be 
accomplished by protonation of the nitrogen centered anion 5 by 
phenylacetylene 2, resulting in the thermodynamically stable 
propargylamine 6 (∆G = –7.5 kcal mol–1) and phenylethynide ion 4, 
which in turn continues the ethynylation of imine 1. These factors 
ensure the discovered easy ethynylation of ketimines with 
acetylenes at 40 ºC for 10 min.2 On the contrary, the preferable 
formation of phenylethynide ion 4 compared with imine carbanion 
3 (∆G = 2.1 kcal mol–1) as well as a significant activation barrier 
(∆G‡ = 27.3 kcal mol–1) for the decomposition of propargylamine 6 
impede the thermodynamically favorable C-vinylation of imine 1 
by phenylacetylene 2. Thus, the quantum chemical calculations 
indicate that the base promoted C-vinylation of imines by 
arylacetylenes would become possible under harsher reaction 
conditions.
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