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Abstract: Phosphines having a high degree of instability in their syntheses, it is necessary to find conditions for obtaining
stable products in order to propose new stable and active compounds. It is this concern that responds to the theoretical study of
stability and selectivity. This theoretical study of chemical reactivity was carried out using the Density Functional Theory
(DFT) method, at the B3LYP/6-31G (p) calculation level. The use of the Frontier Molecular Orbital (FMO) theory, with the
Single Orbital Molecular Orbital (SOMO) cation model, made it possible to study the stability of some isomers formed during
the addition of free phosphines to the carbon-carbon triple bond. The analysis of these reactivity quantities allowed us to
conclude that the presence of halogens on acetylene influences the stability of the stereoisomers during their formation. This
stability increases as the electronegativity of the halogen decreases. The large number of π conjugation favors the formation of
Cis isomers and the lack or small amount of π conjugation orients the formation of Trans isomers. The nature of the aryl
substituent and the number of low electronegativity halogen on the phosphine are capable of promoting the production of
stable products.
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1. Introduction
Among the common approaches to controlling absolute
stereochemistry, phosphine synthesis offers significant
advantages. In fact, phosphines are very versatile precursors
in synthesis [1]. They allow access to a range of molecules
that are otherwise inaccessible or difficult to reach. These
compounds have been used as starting materials in the fields
of asymmetric catalysis [2], medicinal chemistry [3] and
materials science with the realization of organic
semiconductors [4]. They effectively catalyze innumerable
reactions and have been essential to progress in cross-

coupling and hydrogenation. Despite these diverse
applications, there is still a limited amount of work on this
compound family, in part because of its instability during its
synthesis. With the development of computer techniques and
computational chemistry, quantum chemistry gives insight
into the electronic structures of molecules and propels the
development of traditional experimental chemistry [5].
Currently, the method of functional density theory (DFT) has
been accepted as a popular approach to calculate the
structural characteristics and energies of molecules by the
scientific community [6-9]. Its efficiency and accuracy in the
evaluation of a number of molecular properties [10] have
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been recognized by all. Moreover, the examination and
proper exploitation of frontier orbital energies (SOMO)
guided the understanding of the chemical reactivity of free
and complexed phosphines by Lee et al. by manipulating the
electronic density as a fundamental quantity [11-13]. This
work is part of the design and synthesis of new series of
phosphine-based organic semiconductors. The objective of
this work is to determine, by means of theoretical chemistry,
the conditions for obtaining stable products during a
hydrophosphination reaction.
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is possible to carry out calculations in the gas phase or in the
condensed state, in the ground state or in the excited state. It
is a powerful tool for exploring the effects of substituents, the
potential energy surface and excitation energies. Calculations
were performed in vacuum, by the DFT method with the
functional B3LYP [15, 16] with 6-31G (p) basis set. This
Hybrid functional gives better energies and is in line with
high-level ab initio methods [17, 18]. Consideration of the
polarization functions is important especially because of the
non-binding phosphorus pairs.
2.2. Frontier Molecular Orbital (FMO) Theory

2. Material and Methods

Radical activation is a process often used for the
hydrophosphination of single alkenes or alkynes. The
formation reaction of free phosphines has been studied as a
radical reaction. The mechanism involves the formation of a
phosphoryl radical that adds to the unsaturated C-C bond [19,
20]. Thus, the reaction of a P-H bond in the presence of a
radical initiator and an olefin will lead to an addition on the
double bond according to Figure 1 below:

2.1. Level of Theory
Chemical species studies were performed using the
theoretical Spartan 14 chemistry software [14]. The aim is to
make a comparison with existing data in the literature. It
allows the direct prediction of several molecular properties.
The software gives access to several choices of methods such
as Hartree-Fock, Post Hartree-Fock, DFT, semi-empirical. It

Figure 1. Mechanism of hydrophosphination initiated by radicals.

In radical reactions, the SOMO plays the role of a HOMO, or a LUMO, or both. SOMO energies have been specifically used
by Lee Higham's group [21] to predict the reactivity of primary phosphines to oxygen in the air. This quantum parameter can
foretell the reactivity of free phosphines with great accuracy.

3. Results and Discussion
3.1. Theory of HOMO Frontier Orbitals in the Rationalization of the Reactivity of Free Phosphines
According to Fukui's theory [22] of frontier orbitals, the electron density associated with HOMO electrons should explain
reactivity and selectivity. In a family of molecules, the stability is even greater than this value is high. The energetic values of
these descriptors for an addition of some free phosphines to dichloroethylene at B3LYP / 6-31G (p) level are shown in table 1
below.
Table 1. Energy of HOMO and LUMO orbitals of the studied phosphines.

R

R’
HOMO (eV)
LUMO (eV)
Gap (LUMO/HOMO)

H

H

H

H

H

H

(1a)
-6.835
-1.166
5.669

(1b)
-6.936
-1.392
5.544

(1c)
-6.647
-0.733
5.914

(1d)
-6.797
-0.755
6.042

(1 e)
-8.293
-1.406
6.888

(1 f)
-8.205
-1.305
6.900

(1g)
-6.404
-1.212
5.192
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The values of the HOMO energies allow to establish the
following sequence in order of increasing energy:
E(HOMO): 1e < 1f < 1b < 1a < 1d < 1c < 1g
According to the frontier orbitals theory, the compound 1g
which has the highest value of the HOMO energy is the most
stable and the compound 1e is the least stable. Also, 1a is more
stable than 2b. These results are in agreement with the
experimental results published by Bénié et al. [23]. Indeed,
according to these results, the compounds 1a and 1b were less
sensitive to the oxidation of the air than the compounds 1d and
1c. This is not true on this classification scale. The HOMO and
LUMO boundary orbitals do not allow to accurately rationalize
the overall reactivity of free phosphines. In addition, the

smaller the Gap (LUMO / HOMO), the more reactive the
compound is [24, 25]. Thus, the compound 1g is more reactive
and therefore less stable. These parameters therefore do not
correctly reflect what has been obtained experimentally. We
used the HOMO orbitals of SOMO cations according to the
Lee et al model [21] for our study because of the match
between theory and experiment.
3.2. Lee Higham et al’s Model
A study of the stability of phosphines synthesized by
Bénié et al. was performed at B3LYP / 6-31 (p) level. The
values of the energies of the molecular orbitals SOMO
obtained are represented by Figure 2 and Figure 3:

Figure 2. Histogram of the SOMO energies of the primary phosphines and the line "threshold of stability in the air"at -10 eV.

Figure 3. Graph showing the SOMO energies of the primary phosphines and the line s"tability threshold in the air"at -10eV.
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The histogram reveals that diphenylphosphine (2g) has
the highest energy and pentafluoro Cyclohexylphosphine
(2e) has the lowest energy SOMO. This energy exceeds
the stability threshold proposed by Lee (E somo> −10 ).
The results of previous papers revealed that the stability
of phosphines is highly dependent on heteroatoms, the
possibility of delocalization of π electrons in their
structure and also their class. Thus, in the list examined,
diphenylphosphine has a good stability due to its class
and π electrons which are in its structure.
Diphenylphosphine is a secondary phosphine unlike
perfluophosphine which is primary. The two aryl groups
also increase its stability. This justifies the value of its
energy (E SOMO > -10eV). This result is in perfect
agreement with the experience.
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3.2.1. Influence of Halogen on the Stability of Phosphines
A study of the stereoselectivity of some phosphines
synthesized by Bénié et al. was conducted from Lee
Higham's model. The values of the SOMO energies are given
in Table 2 below. In this table, whatever the phosphine, we
can establish the sequence of evolution of the SOMO values
in descending order of energy for these three halogens
studied as follows: ESOMO: Br> Cl> F. This evolution
follows the increasing order of the electronegativity of these
halogens. Thus, the electronegativity of halogens influences
the stability of the phosphines formed. Moreover, the results
show that Cis isomers are more stable than their Trans
counterparts. It is furthermore noted that only
diphenylphosphine favors stable products with (ESOMO> 10eV). In addition, the stability of the products evolves in the
same direction as that of the reagents.

Table 2. Values of SOMO energies of some free phosphines.

Phosphines
(2a)

(2b)

(2c)

(2d)

(2e)

(2g)

SOMO (eV)
Cis
-10.46
-10.29
-10.17
-10.98
-10.97
-10.79
-11.51
-11.22
-11.00
-11.24
-11.04
-10.81
-12.50
-12.00
-11.84
-9.49
-9.48
-9.41

Isomer (X)
F
Cl
Br
F
Cl
Br
F
Cl
Br
F
Cl
Br
F
Cl
Br
F
Cl
Br

A study of the stability of some phosphines of the same
class and having the same nucleus, but different only by the
type of halogen was conducted from the model of Lee
Higham. The values of the SOMO energies are gathered in
Table 3 below: In this table, it is found that the SOMO values

Trans
-10.45
-10.36
-10.26
-11.09
-11.07
-10.85
-11.60
-11.40
-11.07
-11.24
-11.04
-10.86
-12.26
-12.01
-11.85
-9.48
-9.52
-9.46

increase when less electronegative halogens are substituted
for the phenyl. Thus, the stability of the free phosphines is a
function of the electronegativity of the halogens used. It
increases with decreasing electronegativity.

Table 3. SOMO energies values of some free phosphines as a function of halogens.

PHOSPHINES

SOMO (eV)

-11.54

-11.03

-10.73

-9.62
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3.2.2. Influence of the Aryl Substituent on the Stability of
Phosphines
The results of the extension of the previous reaction with
reagents and theoretical products are shown in Table 4.
Table 4. Value of SOMO energies of phosphines with aryl radicals.
Substituent on
phosphorus

Isomers

(3a)

(3b)

(3c)

(3d)

(3e)

F
Cl
Br
F
Cl
Br
F
Cl
Br
F
Cl
Br
F
Cl
Br

SOMO (eV)
Cis
-10.46
-10.29
-10.17
-10.38
-10.26
-10.64
-9.35
-9.28
-9.20
-9.56
-9.54
-9.41
-9.77
-9.75
-9.67

Trans
-10.45
-10.36
-10.26
-10.39
-10.37
-10.17
-9.31
-9.29
-9.24
-9.67
-9.56
-9.52
-9.83
-9.79
-9.76

Analysis of the SOMO values reveals that
vinylphenylphosphine "Trans" has a higher SOMO energy
than the "Cis" form, when fluorine is used as halogen. In

fact, for large values of electronegativities of halogens and
for substituents having less space, the "Trans" form is
more stable. On the other hand, "Cis" stereoisomers have a
higher SOMO energy than their "Trans" counterparts for
large aryl substituents and for halogens with low
electronegativity values. The stereoisomers "Cis" are
therefore more stable than the "Trans", when the size of
the radicals on the phosphorus atom increases. The
selectivity of the phosphines thus depends on the nature of
the substituent on the phosphorus atom and the
electronegativity of the halogens. Also, regardless of the
stereoisomer "Cis" or "Trans", the stability of phosphines
increases with the size of the radicals on the phosphorus
atom. These results are in agreement with the
experimental results of Brynda [1]. This stability also
increases with the possibility of delocalization of the π
electrons. Which is in perfect agreement with the
theoretical and experimental results of Lee's team [21].
3.3. Comparison of the Global Stability of Free Phosphines
3.3.1. Influence of the Number of Halogen or Heteroatom
A study of the global stability of some tertiary
phosphines was conducted using Lee Higham's model.
The values of SOMO energies are shown in Table 5
below:

Table 5. Value of SOMO energies of some tertiary phosphines.
PHOSPHINES

SOMO (eV)

(4)

(5)

(6)

-9.44

-9.98

PHOSPHINES

SOMO (eV)

(10)

(11)

-10.39

-10.39

-10.81

(12)

-10.34

-10.53

(13)

-10.20

(8)

-10.41

(14)

-9.77

(9)

-10.53

(7)

(15)

-9.62
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The results reveal that in this list, the compound (4) and
(5) have a SOMO energy whose value is greater than the
threshold (-10 eV) proposed by Lee's model. The other
compounds have a SOMO energy that is below the threshold.
Thus, among these phosphines phosphine (4) is the most
stable compound. Moreover, one can observe that the SOMO
energies increase with the number of iodine atoms (halogen)
on phenyl or on ethylene. But the increase of this energy is
greater with ethylene substituted doubly with two hydrogen
phosphorus. Double substitution promotes more congestion
of phosphorus. The global stability of the free phosphines is
related to the number of hetero atoms that the phosphine
possesses. But also increases with the congestion of
phosphorus.
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increases as the size of the alkyl substituent increases E
(Hexadecanylphosphine) = -10 eV.
3.3.3. Influence of the Halo-Aromatic Radical: Case of the
Iodo-Aromatic
A study of the global stability of some phosphines free of
iodo-aromatic radicals was conducted from Lee Higham's
model. The hydrogen atom was substituted with an iodine
atom on the phenyl, naphthalene and indene group. The
values of the energies of the molecular orbitals SOMO
obtained are represented by Figure 6.

3.3.2. Influence of the Number of π Conjugation
A study of the global stability of some aryl and alkyl
radical free phosphines was conducted using Lee Higham's
model. The values of the energies of the molecular orbitals
SOMO obtained are represented by Figures 4 and 5.

Figure 6. Representation of SOMO energies according to a combination of
aryl radicals and iodine.

Figure 4. Representation of SOMO energies according to aryl radicals.

Examination of the graph reveals that the energy SOMO
increases when the iodine is substituted for a hydrogen atom
on phenyl, naphthalene, and on indene. This evolution of
SOMO energy indicates that the substitution of iodine for
aromatic radicals increases the stability of phosphines.
Biphenylphosphine, for example, had its SOMO energy
increase from -9.57 to -9.28 eV. An adequate combination of
halogens and aromatic radicals is a factor that increases the
stability of free phosphines.

4. Conclusion

Figure 5. Representation of SOMO energies as a function of alkyl radicals.

These graphs reveal that phosphines which possess aryl
radicals which favor a lot of π electron delocalization give
good stability according to the Lee criterion (ESOMO ≥ -10
eV). Alkylphosphines which do not have a SOMO energy of
less than -10 eV. It is also found that the energy SOMO

The use of the frontier molecular orbital (FMO) theory,
with the model of the SOMO cation, made it possible to
study the stability of some isomers formed during the
addition of free phosphines to the carbon-carbon double and
triple bonds. The analysis of these reactivity quantities
allowed us to conclude that the presence of halogens on
acetylene influences the stability of the stereoisomers during
their formation. This stability increases as the
electronegativity of the halogen decreases. The "Cis" form of
vinylphosphines is more stable than the "Trans" form. The
stability of free phosphines also increases when the
substituent on phosphorus generates more π-conjugations on
the aryl substituent. The nature of the aryl substituent and the
number of low electronegativity halogen on the phosphine
are capable of promoting the production of stable products.
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