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Abstract
For this work, we have selected two reactions for the formation of (2,2)dichloro (ethyl) Arylphosphine and bis (2,2)-dichloro(ethyl)arylphosphine
compounds by hydrophosphination. Global and local reactivity parameters,
thermodynamic parameters of reactions, Transition states, the Fukui function,
the local softness, the local electrophility index, and nucleophility index,
Natural population analyses (NPA) and Mulliken (MK) were calculated with
DFT method at B3LYP/6-311+G(d, p) level. The analysis of potential energy
surfaces and the nature of the reaction mechanism have been determined. The
various results obtained revealed that the addition of Arylphosphine is
regiospecific. The phenylphosphine is more stable than the thiophenylphosphine. The theoretical results are consistent with experience.

Keywords
Hydrophosphination, Phosphine, HOMO, LUMO, Fukui Index,
Transition State
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1. Introduction
Organophosphorus compounds have enormous potentialities in various domains, including agriculture [1], medicine [2] [3], pharmacy, polymer sciences
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[4], asymmetric catalysis [5] [6] [7] [8] [9], chemical and agro-food industries,
but their strong odor, their toxicity, their great sensitivity to air and their great
instability make these compounds difficult to manipulate. Predicting their stability is therefore a major challenge for the synthesis of new optically active
compounds. It is to this concern that the theoretical study of the reaction of hydrophosphination of free phosphines comes to answer. The aim of this work is
to determine by means of theoretical chemistry the transition states and the
reaction mechanism of two free phosphines synthesized by Benié et al. [10]. Experimentally, these authors found that the addition of primary phosphine to 1,
1-dichloroethylene is regioselective [10] (Anti-Markovnikov).

2. Computational Details
2.1 Calculation Level
All the calculations, i.e. optimization of reactants and products, as well as
calculations of vibration frequencies, were carried out with the Gaussian 03
software [11]. The calculations in blank and in the solvent were carried out with
the basis set 6-31G(d, p) for the determination of the reaction pathway, and the
basis set 6-311+G(d, p) for the determination of global and local reaction index.
The calculations were performed using the gradient corrected functional of the
Becke, Lee, Yang and Parr (B3LYP) [12] exchange and correlation derived from
the functional density method [13]. The consideration of diffuse and polarization functions is important in the case of intermolecular interactions [14].
Polarization orbitals are very useful for locating transition states [14].
This is reflected in supprimer cette ligne de l’introduction below.

2.2. Thermodynamic Reaction Parameters
The knowledge of the variations of the energy contributions to the internal
energy at 0 K and at 298 K between the products and the reactants contributes to
the energy characterization of a chemical reaction (Figure 1). For a given energy
parameter X, its variation is determined according to relation:
=
∆X

∑ X ( products ) − ∑ X ( reactants )

Figure 1. Addition reaction of free phosphine to dichloroethylene.
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The variation of the internal energy at 298 K, constitutes a sum of the different contributions Electronic, translation, rotation, vibration and internal energy
at 0K according to the relation:
0
0
0
0
∆E = ∆Eelectronic
+ ∆Erotation
+ ∆Etranslation
+ ∆Evibration
+ ∆E0 K

(2)

E0 K commonly referred to as Zero Point Vibrational Energy (ZPVE) trans-

lates the vibrational energy at the zero point induced by the 3N − 6 (respectively
3N − 5) normal vibration modes of frequency νi of the N cores of a non-Linear
(or of a linear molecule) to 0 K. It is defined by the following relation:
ZPVE =

1 3 N −6 hν i
R∑
2 i =1 k

(3)

k the Boltzmann constant; h the Planck constant; R the perfect gas constant).
As for the contributions of rotation and translation, they are derived from the
approximation of perfect gases by the relation:

3
0
0
∆Etranslation
=
∆Erotation
=
− RT
2

(4)

To obtain the corresponding energy at 298 K, it is necessary to take into account the additional energy due to the population of the vibration levels during
the temperature rise from 0 to 298 K, defined by the relation:
hν i k

3 N −6

o
Evib,thermal
=R∑
i

e

( hν i

298K )

−1

(5)

It follows that the internal energy variation at 298 K can be written as:
0
0
∆E298K
= ∆Eé0lec + ∆ZPVE + ∆Evib,thermal
− 3RT

From this relationship, the enthalpy of reaction at 298 K is deduced. It corresponds to the variation of the corrected internal energy of the term Δ(PV), either ΔnRT (Δn being the change in the number of gaseous moles during the
reaction):
0
0
∆H 298K
= ∆E298K
+ ∆nRT

(7)

The entropy contributions of translation, rotation and vibration of a given
species to 298 K are grouped in the total entropy term S. The entropy of the
reaction is determined according to the relation:
=
∆S

∑ S ( products ) − ∑ S ( reactants )

(8)

The Gibbs energy at 298 K, related to the reaction, is simply obtained by the
relation:
0
0
0
∆G298K
=∆H 298K
− T ∆S298K

(9)

2.3. Conceptual DFT Reactivity Parameters
2.3.1. Global Reactivity Descriptors
According to Parr, the electronic chemical potential (μ) can be defined from the
Lagrange multiplier [13]. This definition is exactly the same deduced by Pearson.
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 ∂E 

(10)

µ= 
 = −χ
 ∂N v( r )

The electronic chemical potential μ can be calculated from the energies of the
frontier molecular orbitals EHOMO and ELUMO as follows

1
( ELUMO + EHOMO )
2

=
µ

(11)

Other parameters of global reactivity called global hardness (η) and overall
softness (S) were introduced from the variation of energy from one stationary
state to another. These parameters are given by:

=
dE µ dN + ∫ ρ ( r ) δν ( r ) dr

(12)

With µ: chemical potential, ρ(r): electron density, ν(r): external potential of
the system.
The first partial derivative of μ with respect to N (the total number of electrons) is defined as the overall hardness η of the system [15] [16]. It is related to
the quantity S which is the global softness of the system.

 ∂2 E  1
 ∂µ 
=
2η  =
=


2
 ∂N ν ( r )  ∂ N  S

(13)

The global hardness η can also be calculated from the energies of the frontier
molecular orbitals EHOMO and ELUMO as follows
=
η

( ELUMO − EHOMO )

(14)

From the chemical hardness, a further parameter of reactivity is determined in
order to define the energy stability due to the charge transfer. Global electrophilicity index (ω) [17] which is linked to the chemical potential by the following
relation

ω=

µ2
2η

(15)

It should be noted that the nucleophilic index cannot be defined by a variational procedure, because there is no molecular electronic stabilization along the
subtraction of the electron density of a molecule. In lack of a nucleophilic descriptor, Domingo et al. [18] proposed that the hypothesis that a weakly electrophilic molecule is systematically highly nucleophilic is true only for simple
molecules. High values of nucleophilic correspond to low values of ionization
potential and vice versa. Domingo et al. used the energy of the Highest Occupied
Molecular Orbital (EHOMO) obtained by the Kohn-Sham method [18]. The empirical (relative) nucleophilic index (N) [19] is defined as follows:
=
N

(ε

HOMO( Nucleophile )

− ε HOMO( TCE )

ε HOMO( TCE ) : Energy of tetracyanoethylene (TCE)

)

(16)

Here, tetracyanoethylene is taken as the reference in the nucleophilicity scale,
because it presents lowest HOMO energy.
The maximum charge transfer ( ∆N max ) represents the maximum load pro116
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portion a system can acquire from its environment [20]. It is defined as follows:
∆N max =
−µ η

(17)

Electrophilicity gap (Δω) between the reactants makes it possible to predict
the polarity of the reaction [21]. This descriptor is defined by:

=
∆*ω

(ω ) phosphine − (ω ) dichloroethene

(18)

The last descriptor of the reactivity studied, the HOMO-LUMO energy gap
which is a parameter which makes it possible to predict the global reactivity of
an electron acceptor.
2.3.2. Local Reactivity Descriptors
Fukui functions ( f k ) corresponding to the site k of a molecule is defined as the

first derivative of the electronic density ρ ( r ) of a system with respect to the
number of electrons N to a constant external potential ν ( r ) [22].
 δµ 
 ∂ρ ( r ) 
=
f k =



 ∂N ν ( r )  δν ( r )  N

(19)

The condensed form of Fukui functions in a molecule with N electrons has
been proposed by Yang et al. [23] by:
+
f=
qk ( N + 1) − qk ( N ) for nucleophilic attack
k

(20)

f k− = qk ( N ) − qk ( N − 1) for electrophilic attack

(21)

=
f k0 1 2  qk ( N + 1) + qk ( N − 1)  for radical attack

(22)

with

qk ( N ) : Electronic population of the atom k in the neutral molecule

qk ( N + 1) : Electronic population of the k atom in the anionic molecule
qk ( N − 1) : Electron population of the k atom in the cationic molecule

The product of the global electrophilic index ω and the electrophilic Fukui
index f k+ make it possible to identify the most electrophilic site. This site is
identified by the determination of the local electrophilic index ( ωk ) [24], defined as:

ωk = ω f k+

(23)

Similarly, the most nucleophilic site can be identified by the local nucleophilic
index, N k [25]; Defined as the product of the global nucleophilic index N and
the nucleophilic Fukui index f k− .
N k = Nf k−

(24)

According to Domingo et al., The local electrophile ωk and local nucleophilic
index N k are reliable descriptors for the prediction of the most favorable nucleophilic-electrophilic interaction for the formation of a chemical bond between two
atoms [26]. This chemical bond takes place between the nucleophilic site (characterized by the highest N k value) of the nucleophilic molecule and the electrophilic
site (characterized by the greater ωk value) of the electrophilic molecule.
The condensed Fukui Functions f k∓ and the global softness S also make it
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possible to determine the local softness Sk [27], defined by:
 ∂ρ ( r ) 
 ∂ρ ( r )   ∂N 
Sk =
Sf k
=
=


 
 ∂µ ν ( r )  ∂N   ∂µ ν ( r )

(25)

The condensed local softnesses Sk∓ can be calculated from the following expressions:
(26)

0
+
−
−
=
Sk+ Sf=
Sf
=
Sf k0
k ; Sk
k ; Sk

where +, −, and 0 signs show nucleophilic, electrophilic, and radical attack, respectively.
According to the rule of Gazquez-Mendez [28], Two chemical species interact
through the atoms having equal or neighboring softnesses.

3. Results and Discussion
3.1. Thermodynamic Parameters
0
0
The standard internal energy ( ∆ r E298
), the standard entropy ( ∆ r S298
), the stan0
0
dard enthalpy ( ∆ r H 298
) and the standard free enthalpy ( ∆ r G298
) characterizing

the hydrophosphination reaction of the primary phosphines (1a, 1b) on dichloroethylene (R2) are summarized in Table 1.
Table 1. Thermodynamic parameters characterizing the hydrophosphination reaction of
compounds 1a and 1b on R2 calculated at B3LYP 6-311+G(d, p).
0
∆ r E298

0
∆ r H 298

0
∆ r S298

0
∆ r G298

(kcal)

(kcal/mol)

(cal/K·mol.)

(kcal/mol)

2a

−19.135

−19.709

−39.870

−7.822

2a + R2

3a

−36.688

−37.838

−80.466

−13.847

1b+ R2

2b

−19.356

−19.925

−40.022

−7.992

2b +R2

3b

−36.986

−38.135

−80.370

−14.173

REACTANTS

PRODUCTS

1a + R2

All the values of the standard thermodynamic reaction parameters of the molecules are negative. These negative values of enthalpy and free enthalpy, respectively, translate an exothermic and spontaneous reaction under the conditions of
the study. Negative values of internal energy reflect the formation and existence
of products 2a, 2b, 3a and 3b. As far as entropy is concerned, all negative values
reflect a decrease in disorder. Considering the free enthalpies of reaction, the
order of decreasing stability of the products is deduced as follows: the tertiary
phosphines 3a and 3b formed are more stable than the secondary phosphines 2a
and 2b either (3a) more stable than (2a) and (3b) more stable than (2b).

3.2. Prediction of Electrophilic and Nucleophilic Character
of Reactant
The values of the global descriptors of reactivity of reactants 1a, 1b and R2 are
given in Table 2 below.
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Table 2. Global descriptors of chemical reactivity of reactants 1a, 1b and R2 at B3LYP/
6-311 +G(d, p).
EHOMO

ELUMO

µ

χ

η

(eV)

(eV)

(eV)

(eV)

(eV)

(eV−1)

(eV)

1a

−6.963

−0.964

−3.964

3.964

6.000

0.166

R2

−7.497

−0.990

−4.244

4.244

6.507

1b

−6.745

−1.100

−3.923

3.923

R2

−7.497

−0.990

−4.244

4.244

S

ω

N

∆N max

1.309

2.525

0.661

0.154

1.384

1.992

0.652

5.645

0.177

1.363

2.744

0.695

6.507

0.154

1.384

1.992

0.652

∆*ω

0.075

0.021

EHOMO(TCE) = −9489 eV at Level B3LYP/6-311+ G(d, p).

The analysis of the chemical reactivity parameters Table 2 shows that, the
chemical potential μ of the compound 1a (μ = −3.964 eV) is found on an energy
level higher than that of the compound R2 (μ = −4.244). This observation shows
that the transfer of electrons will take place from compound 1a to compound R2.
Regarding the nucleophilic index, compounds 1a (N = 2.525) and 1b (N = 2.744)
have values significantly greater than compound R2 (N = 1.992). This means that
the compounds 1a and 1b are nucleophiles while the compound R2 is an electrophile. This trend is confirmed by the analysis of the electrophilic index values
(ω) with the larger values for the compound R2. The hardness η shows that the
free phosphines 1a and 1b having 6.000 eV and 5.645 eV values respectively are
lower than that of dichloroethylene R2 (6.507 eV). This means that the free
phosphines 1a and 1b maintains their electrons weak in their environment, unlike the dichloroethylene R2 which maintains them in its environment. Therefore
electron transfer takes place from the phosphine to the dichloroethylene.
Global electrophilicity gap parameter of the two reactants (1a/R2 and 1b/R2) is
less than 1. This indicates a weak polar character for this addition. The last parameter studied is the HOMO-LUMO energy gap of the reactants 1a/R2 and
1b/R2 (Figure 2).
On the HOMO-LUMO energy analysis (Figure 2), the energy gap HOMO
(1a)-LUMO (R2) which is 5.973 eV is less than that in the HOMO (R2)-LUMO
(1a) gap which is 6.533 eV. Similarly, the energy gap HOMO (1b)-LUMO (R2) is
less than that corresponding to the gap HOMO (R2)/LUMO (1b), which shows
that the phosphines behave here as electron donors and Dichloroethylene as an
electron acceptor. These results confirm the nucleophilic character of the free
phosphines studied and the electrophilic character of dichloroethylene. Moreover,
the energy gap HOMO (1b)-LUMO (R2) which is 5.755 eV is less than the
energy gap HOMO (1a)-LUMO (R2) which is 5.973 eV. This shows that
thiophenylphosphine is more reactive than phenylphosphine and therefore less
stable than phenylphosphine. Moreover, the isodensity map of the energy of the
Highest Occupied Molecular Orbital of the phosphines 1a and 1b (Figure 2)
shows that the molecular orbital HOMO is very condensed at the level of the
phosphorus atom, so that the electron transfer takes place at level of that atom.
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Figure 2. Highest occupied molecular orbital, lowest unoccupied molecular orbital and energy gap HOMO-LUMO
for the two possible combinations.

3.3. Prediction of Local Descriptors of Reactant
3.3.1. Prediction Using the Domingo Model
The values of the local reactivity descriptors, in this case the Fukui function ( f k+ ,
f k− ), the local softness ( S k– , S k+ ), the local electrophile power ( ωk ), and the
dual descriptors ( N k ) of the reactivity have been determined. These values of the
local descriptors on the atoms P1, P2, C1 and C2 of the reactants 1a, 1b and R2
calculated according to the model of Domingo et al. With the Natural Population Atomic (NPA) [29] [30] [31] and Mulliken (MK) [31] approaches at
B3LYP/6-311+G(d, p) are reported in Table 3.
On analysis of the values in Table 3, phosphines 1a and 1b have the highest
values of the local nucleophilic indices N k . Similarly, the carbon C1 of the
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compound R2 has the highest value of the local electrophilic index ( ωk ). This
shows that the most favored interaction takes place between the P1 atom of the
compound 1a and the C1 atom of the compound R2 for the first reaction, and
between the P9 and C1 atoms for the second reaction. Therefore, the formation of
experimentally observed P1-C1 and P2-C1 bonds are correctly predicted by the
Domingo model with the Mulliken and NPA approaches.
Table 3. Local reactivity descriptors on the P1, P2, C1 and C2 atoms of reactants 1a, 1b and
R2 using NPA and Mulliken population analyzes at B3LYP/6-311 + G(d, p).
Reactants

1a

1b

Atoms

P1

P2

f

+
k

f k−

Mulliken

0.325

f

f

NPA

0.821

0.423

0.316

0.859

0.543

0.474

0.189

0.656

0.262

0.301

ωk
Nk

0.621

0.672

+
k

−
k

C2

0.245

ωk
Nk

R2
C1

1.068

0.823

3.3.2. Prediction Using the Gazquez-Mendez Model
The prediction according to the Gazquez-Mendez model presents values of the
Fukui function ( f k+ , f k− ), local softness Sk+ for reactants R2 and local softness
S k− for reactants 1a or 1b. These values of the local descriptors on the atoms P1,
P2, C1 and C2 of the reactants 1a, 1b and R2 were calculated according to the
Gazquez-Mendez model with the NPA population analyzes and MK at the
B3LYP 6-311+G level (d, p) are given in Table 4.
Examination of the values in Table 4 indicates that the phosphines 1a, 1b and
dichloroethylene R2 have similar values of local softnesses ( Sk– , Sk+ ) respectively on P1, P2 and C1 atoms by the approach of Mulliken. This observation shows
Table 4. Values of Fukui Functions ( f k+ , f k− ), local softnesses S k+ for reactants R2 and
local softness S k− for reactants 1a and 1b calculated by NPA, MK.
Reactants
Atomes

Mulliken

f

+
k

f

−
k

S

−
k

f

+
k

f

−
k

S

1b

P1

P2

0.325

0.093

0.423

S

0.068

C1

C2

0.621

0.316

0.092

0.047

0.474

0.189

0.069

0.028

0.094

0.301

+
k
−
k

R2

0.245

+
k

S

NPA

1a

0.053

121

K. V. Bohoussou et al.

that the most favored interaction takes place between the P1 atom of the compound 1a and the C1 atom of the dichloroethylene for the first reaction and the
P2 atom of the compound 1b and the C1 atom of the dichloroethylene for the
second reaction. Also in Table 4, with the NPA approach, the values of the local
softnesses Sk– of the phosphines 1a and 1b on the atoms P1 and P2 are closer to
the values of the local softnesses Sk+ The C1 atom of the compound R2 compared to the C2 atom, which also confirms the interaction between the phosphors of the various phosphines and the least substituted carbon.

3.4. Potential Energy Surfaces and Prediction of the Reaction
Mechanism
3.4.1. In the Gas
In order to elucidate the reaction mechanism and compare the stability of the
formed phosphines, the values of the reactant energies, the energies of the products, the energies of the transitions states and the activating energies are presented in Table 5 below.
Table 5. The energies of the transition states (ETS), activation (Ea) and reactants corresponding to the formation of products 2a and 2b calculated at the B3LYP/6-31G(d, p).
Eproducts
(Hartree)

Ereactants
(Hartree)

ETS
(Hartree)

Ea
(Kcal/mol)

TS1 (Pathway 2a)

−1572.02164

−1572.02164

−1572.02158

0.03765

TS2 (Pathway 2b)

−1892.770

−1892.772

−1892.725

29.4925

From Table 5, it can be seen that the activation energy found by the reaction
pathway give a value of 0.03765 kcal/mol. This value is inferior to what has been
found by the reaction pathway through 2b (29.4925 kcal/mol). The phosphine 2a
is more stable than that of 2b.
In order to show that the transition states (TS) are well connected to minima
(reactants and products), the calculation of the Intrinsic Reactions Coordinates
(IRC) and the curves of the reaction pathway, E = f (RC) are shown in Figures 3-5.

Figure 3. IRC curve of reaction pathway 2a.
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Figure 4. IRC curve of reaction pathway 2b.

The evolution of the IRC curve (Figure 4), Indicates that the energy of the
product obtained (−1892.770 Hartree) is greater than that of the reactant
(−1892.772 Hartree) with thiophenyl as radical. This means that the compound
(2b) obtained is kinetically unstable. The product 2a is therefore more stable
than the product 2b, under the same conditions.
Figure 3 shows that the phosphorus carbon (P-C) bond is established in the
transition state on the most hydrogenated C1 carbon and the hydrogen of the
phosphorus then on the C2 carbon bonded to the chlorine. Similarly, the phosphorus carbon bond is established first on the most hydrogenated carbon during
the formation of the product 3a. In the transition state, the hydrogen carbon
bond is not yet established (Figure 5).

Figure 5. IRC curve of reaction pathway 3a.
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Reaction pathway therefore makes it possible to propose the following reaction mechanism Figure 6.

Figure 6. Proposed Mechanism for the Hydrophosphination of free phosphine with dichloroethylene.

The products 3a and 3b have been obtained after the formation of the products 2a and 2b.
Thus, during the addition of 1a to R2, respectively 1b to R2, two reactions occur in succession:

1a, b + R 2 → 2a, b then
2a, b + R 2 → 3a, b
This explains the stability of the products 3a and 3b obtained experimentally
and the fact that they are major products [10].
Products 3a and 3b are obtained in an excess of reactant (R2), unlike product
2a and 2b which require less reactant.
3.4.2. In the Solvent
The influence of the solvent on the getting of the product 2a was envisaged at
B3LYP/6-31G (d, p). The results are shown in Table 6 below.
Table 6. Energies of the transition states (ETS), activation (Ea) and reactants corresponding to the formation of product 2a in some solvents calculated at B3LYP/6-31G(d, p).

124

Solvants

E Products
(Hartree)

E Reactants
(Hartree)

E TS
(Hartree)

Ea
(kcal/mol)

Acetonitrile

−1572.081

−1572.080

−1572.076

2.636

DMSO

−1572.081

−1572.081

−1572.076

2.636

Méthanol

−1572.081

−1572.080

−1572.076

2.573

Nitro-methane

−1572.081

−1572.081

−1572.076

2.636

Diethyléthere

−1572.073

−1572.073

−1572.069

2.510

THF

−1572.077

−1572.077

−1572.072

2.573

K. V. Bohoussou et al.

The study of the addition reaction envisaged in the solvents gives satisfactory
results at the level of theory used. The activation barrier (Ea = 2.51 kcal / mol) is
the lowest when the diethylene is used as a solvent. The diethylene favors the
obtaining of a product kinetically more stable product. Consequently, the product 2a can be obtained optimally in diethylene. These theoretical predictions are
in agreement with the experimental studies carried out (Figure 7).

Figure 7. Double addition of free phosphine with dichloroethylene to obtain (2, 2)-Dichloro (Ethyl)
Arylphosphine.

4. Conclusion
The reaction mechanism and the transition states of the two free phosphines
were studied by the DFT method. Electrophilic and nucleophilic character, electrophilic and nucleophilic local indices, Fukui Functions, condensed local softness, thermodynamic quantities of the addition reaction of two arylphosphines
on dichloroethylene, localization of transition states, atomic electronic populations and reactivity indices calculated by means of natural population analyses
(NPA) and Mulliken (MK), and analysis of the potential energy surface have allowed us to conclude that: the most favored interaction takes place between the
phosphorus atom (P1) of the arylphosphine and the most hydrogenated carbon
(C1) of the dichloroethylene.
The majority product is obtained after a successive addition of the Arylphosphine to the dichloroethylene and then an addition of the product obtained (2,
2) dichloro (ethyl) Arylphosphine) to the dichloroethylene. 2, 2-dichloro (ethyl)
phenylphosphine can be obtained after a single step in the solvent (diethylether).
The addition reaction of Arylphosphine on dichloroethylene is regioselective
“anti-Markovnikov”. Phenylphosphine is more stable than thiophenylphosphine. The total energy values of the reaction are negative, which implies that
the reaction is exothermic.
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