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Abstract: The reactivity and mechanism of the nucleophilic addition reaction of diethylamine 1 and 1-cyano-2-

phenyl vinyl methane sulfonate 2 have been studied for a systematic understanding of this relevant organic 

transformation, using DFT calculations method at the B3LYP/6-311G(d,p) computational levels. Analysis of the 

conceptual DFT reactivity indices allows explaining the reactivity, and the calculated nucleophilic and 

electrophilic Parr functions at the reactive sites of reagents 1 and 2, respectively, allows explaining correctly the 

regioselectivity observed experimentally. The study has also been applied to predict the mechanism of the amine 

with an alkene. Interestingly, the study predicts a switch to a two-step mechanism due to the higher polar character 

of this zw-type nucleophilic addition reaction. 
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Introduction 

 

 Nucleophilic addition of N-H bond of an amine to 

carbon-carbon multiple bonds of an alkene, alkyne, 

diene, or allene 1,3, in the case of the reaction between 

alkene and amine occurs in two steps. The first step 

involves the nucleophilic addition of the amine 

compound on the carbon double bonds of an alkene, 

which results in the zwitterionic intermediate. The 

second one is intramolecular proton transfer from 

amine moiety to negatively charged carbon leads to 

corresponding product 1. Usually, the addition of 

amines to ethylenic compounds has been performed 

under the solvating system (dichloroethane or 

acetonitrile) 4.  

 In particular, the nucleophilic addition of 

diethylamine on the 1-cyano-2-phenyl vinyl 

methanesulfonate 2 could lead to a product P named 

1-cyano-2-diethylamino-2-phenylethyl 

methanesulfonate (Scheme 1), this product presents 

three functional groups such as methanesulfonate, 

cyano and amine which are considered in the organic 

chemistry literature as a versatile route for the 

synthesis of an excellent intermediates to synthesize 

numerous products with a wide range of biological  

activity 5,7. Our main goal in this work is to give a  

theoretical study of the reaction between 1-cyano-2-

phenyl vinyl methanesulfonate (2) and diethylamine 

(1) using density functional theory (DFT) 8, and this 

allows to explain quantitatively some chemical and 

physical properties related to this reaction, such as 

chemical reactivity, chemical kinetics, global electron 

density transfer (GEDT) in the transition state, etc. 

Then, the knowledge of its properties is necessary for 

an experimental chemist in the prediction of the 

reaction feasibility. In this context, a computational 

study has become necessary to compare the 

theoretical results with those obtained experimentally 

and sometimes to complete experimental 

measurements or even to supplement them when they 

cannot be realized. 

 

Computational methods 

 

All stationary points involved in the nucleophilic 

addition reaction were optimized using the B3LYP 

functional 9,10 together with the standard 6-311G(d, p) 

basis set 11. Frequency computations characterized the 

stationary points in order to verify that TSs have only 

one imaginary frequency 12.  

Acetonitrile solvent was implicitly modelled 
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 using the conductor-like polarizable continuum 

model (CPCM) developed by Tomasi 13,14 in the 

framework of the self-consistent reaction field 

(SCRF) 15,16. The global electron density transfer 

(GEDT) 17 at the TSs was computed by the sum of the 

natural atomic charges, obtained through a natural 

population analysis (NPA) 18 of the atoms belonging 

to either the nucleophilic or electrophilic framework. 

All computations were carried out with the Gaussian 

09 suite of programs 19.  
  

 

Scheme 1. Nucleophilic addition of diethylamine on the 1-cyano-2-phenyl vinyl methanesulfonate.  

 

The global electrophilicity index, ω, is given by 

the following expression, ω = (µ2/2η) 20, in terms of 

the electronic chemical potential, μ, and the chemical 

hardness, η. Both quantities may be approached in 

terms of the one-electron energies of the frontier 

molecular orbitals HOMO and LUMO, εH and εL, as 

µ ≈ (εH+εL)/2 and η=(εL−εH), respectively 21,22. The 

empirical (relative) nucleophilicity index N, based on 

the HOMO energies obtained within the Kohn–Sham 

scheme is defined as N = εHOMO(Nu)−εHOMO(TCE) 
21,22, where tetracyanoethylene (TCE) is the reference 

because it presents the lowest HOMO energy in a long 

series of molecules already investigated in the context 

of polar organic reactions. Nucleophilic 


kP and 

electrophilic 
k

P  Parr functions were obtained through 

the analysis of the Mulliken atomic spin density 

(ASD) of the radical cation and anion, respectively 23. 

 

Results and Discussion 

 

Global and local reactivity analysis of the 

reagents 

 Numerous theoretical studies have shown that the 

analysis of the reactivity indices defined within the 

conceptual DFT (CDFT) 24 is a powerful method to 

understand the reactivity in polar reactions. 

Consequently, the global CDFT indices, namely, the 

electronic chemical potential, µ, chemical hardness, η, 

electrophilicity, ω, and nucleophilicity, N, of 

diethylamine 1 and the 1-cyano-2-phenyl vinyl 

methanesulfonate 2 are given in Table 1.  

 

Table 1. B3LYP/6-311G(d,p) electronic chemical potential µ, chemical hardness η, global electrophilicity ω and 

global nucleophilicity N, in eV, of amine 1 and alkene 2.  

 µ η ω N 

1 -3.74 5.03 1.39 2.18 

2 -4.61 4.46 2.38 2.72 

         
 

The electronic chemical potential of 1, µ= -3.74 

eV, is higher than that of 2, µ= -4.61, indicating that 

along with a polar reaction the global electron density 

transfer (GEDT) will take place from the 

diethylamine 1 to the 1-cyano-2-phenyl vinyl 

methanesulfonate 2. In good agreement with the 

GEDT computed at the TSs (see later). The 

diethylamine 1 is classified as a moderate 

electrophile ω = 1.39 eV, and a moderate 

nucleophile, N = 2.18 eV within the ω and N scale 25. 

The 1-cyano-2-phenyl vinyl methanesulfonate 2 has 

an electrophilicity ω index of 2.38 eV, is classified as 

a strong electrophile, and a nucleophilicity index of 

2.72 eV, is classified as a moderate nucleophile 25. 
 

 The high electrophilic character of 1-cyano-2-

phenyl vinyl methanesulfonate 2 and the high 

nucleophilic character of diethylamine 1 make that 

alkene will act as the electrophile and amine as the 

nucleophile in this reaction with a large polar 

character. 

 Along with a polar reaction involving the 

participation of non-symmetric reagents, the most 

favourable reactive channel is that involving the 

initial two-center interaction between the most 

electrophilic center of the electrophile and the most 

nucleophilic center of the nucleophile. Recently, 

Domingo proposed the electrophilic 
k

P and 
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nucleophilic 


kP  Parr functions as powerful tools in 

the study of the local reactivity in polar processes. 

Hence, in order to characterise the most nucleophilic 

and the most electrophilic centers of the species 

involved in this nucleophilic addition reaction, and, 

thus, to explain the regioselectivity experimentally 

observed, the electrophilic 
k

P  Parr functions of         

1-cyano-2-phenyl vinyl methanesulfonate 2, and the 

nucleophilic


kP  Parr functions of diethylamine 1 

were analysed (Figure 1). 

 
 

Figure 1. 3D representation of the Mulliken ASD of radical cations of pyrazoles and the radical anion of an 

alkene, including the nucleophilic 


kP  Parr functions of amine 1, and the electrophilic 
k

P  Parr functions of 

alkene 2. 

 

Analysis of the nucleophilic 


kP  Parr functions of 

diethylamine 1 indicates that the amine N1 nitrogen, 

k

P  = 0.82 (NN1 = 1.78 eV) is the most nucleophilic 

center of this species. On the other hand, analysis of 

the electrophilic 
k

P  Parr functions of            1-cyano-

2-phenyl vinyl methanesulfonate 2 indicates that the 

C1 carbon, 
k

P  = 0.32 (ωC1 = 0.76 eV) is also the most 

electrophilic center. Consequently, the most 

favourable nucleophilic/electrophilic two centres 

interaction along C-N single bond formation will take 

place between the N nitrogen atom of amine and the 

C1 carbon atom of the alkene.  
       

Mechanistic study of the nucleophilic addition 

reaction of diethylamine 1 with 1-cyano-2-phenyl 

vinyl methanesulfonate 2 
 

 Analysis of the stationary points involved in the 

reaction between 1-cyano-2-phenyl vinyl 

methanesulfonate and diethylamine in acetonitrile as 

solvent indicates that this nucleophilic addition 

reaction takes place through a stepwise mechanism, 

two TSs, TS1 and TS2, and one intermediate, IN, have 

been located and characterized (Figure 2). In the first 

step of this mechanism is a nucleophilic attack to the 

carbon atom of alkene via the nitrogen atom of amine, 

forming an intermediate, IN. The calculated barrier is 

10.67 kcal mol-1. Whereas the formation of the 

zwitterionic intermediate IN is located 1.06 kcal/mol 

below than TS1. In the second step, the C2 carbon of 

the alkene in IN rips off the ammonium proton, 

forming the corresponding product. The calculated 

barrier is 38.66 kcal mol-1. This step corresponds to 

the rate-determining step of the stepwise process. 

The geometries of the TSs associated with the 

nucleophilic addition reaction between 1-cyano-2-

phenyl vinyl methanesulfonate and diethylamine are 

given in Figure 3. The lengths of the C–N forming 

bonds at the TSs are: 1.708 (C1–N) Å at TS1 and 

1.551 (C1–N), 1.313 (N–H) and 1.474 (C2–H) Å at 

TS2. 

 Numerous studies have shown a strong 

relationship between the polar character and the 

feasibility of organic reactions; the larger the GEDT 

at the TS is, the more polar and thus, faster, the 

reaction. In order to evaluate the electronic nature, i.e. 

polar or non-polar of the nucleophilic addition 

reaction between 1-cyano-2-phenyl vinyl 

methanesulfonate and diethylamine, the GEDT at the 

TSs was analysed. The resulting values are reported 

in Figure 3. The natural charges at the TSs appear to 

be shared between the 1-cyano-2-phenyl vinyl 

methanesulfonate and diethylamine. The GEDT, 

which fluxes from amine to alkene at the TSs, is 0.45e 

at TS1 and 0.43e at TS2. These very high values 

indicate that these TSs have a polar character, in 

agreement with the high electrophilic character of        

1-cyano-2-phenyl vinyl methanesulfonate and the 

high nucleophilic character of diethylamine. 
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Figure 2. Schematic representation (energy vs reaction coordinate) of the nucleophilic addition reaction between 

1-cyano-2-phenyl vinyl methanesulfonate and diethylamine in acetonitrile. 

  

 

 
 

Figure 3. Transition states of the reaction between 1-cyano-2-phenyl vinyl methanesulfonate and diethylamine. 

The lengths are given angstroms. 

 

Conclusion 

 The reactivity and regioselectivity of the 

nucleophilic addition reactions of 1-cyano-2-phenyl 

vinyl methanesulfonate with diethylamine leading to 

1-cyano-2-diethylamino-2-phenylethyl methane 

sulfonate have been theoretically studied within the 

DFT calculations at the B3LYP/6-311         G(d, p) 

computational level. 

 Analysis of the CDFT reactivity indices of the 

amine and alkene allows characterizing the 

electrophilic/nucleophilic behaviours of these species. 

Analysis of the nucleophilic 


kP  and electrophilic 



kP Parr functions indicates that the most favourable 

nucleophilic/electrophilic two-center interaction 

along an asynchronous C1-N  

TS2 TS1 

d(C1-N) = 1.551 

d(C2-H) = 1.474 

d(N-H) = 1.313 

 

   

GEDT = 0.433 e 

e 

 

   

GEDT = 0.546 e 

e 

 

   

d(C1-N) = 1.708 
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single bond formation will take place between the 

nitrogen atom of the amine and the C1 carbon of the 

alkene. Formation of the 1-cyano-2-diethylamino-2-

phenyl ethyl methane sulfonate present high 

activation energies and takes place through a 

zwitterionic mechanism with formation of an 

intermediate. 
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