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ABSTRACT 
The reactivity of phosphorus pentasulfide (P2S5) in the presence of a series of phosphoryl chloride 
derivatives has been investigated using the M06-2X and B3LYP functionals in conjunction with the 
6-311þG(d,p) basis set. Our computations indicate that both the regioselectivity of P2S5 and the 
physical nature of the interaction in P2S5 complexes can be rationalized using conceptual DFT 
reactivity indices, natural bond orbitals (NBO) and symmetry-adapted perturbation theory 
(SAPT2þdMP2). The molecular electrostatic potential (MEP) of P2S5 exhibits r- and p-hole regions 
around the P¼ S bond: one hole is carried by the S atom and located along the P-S bond, while 
two others are found at both sides of the P atom. Unlike the P4S10 dimer whose reaction is 
obstructed by a huge activation energy, its monomeric form (P2S5) successfully yields a product 
following a reaction path with a low activation energy and involving metastable complex inter
mediates. The adducts formed along the P¼ S unit are less stable than those attacking the P¼ S 
bond perpendicularly. The process involves the concomitant weakening of the P���S bond of P2S5 

and reinforcement of the P¼O bond, turning P2S5 into P2S4O.
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1. Introduction

Phosphorus is an essential element for living organisms, 
playing an important role in biochemical reactions where it 
has no substitute.[1] Organophosphorus compounds are used 
as building blocks and are involved in many biochemical 
processes and may include both military grade nerve agents 
and organic pesticides.[2] Those containing the thiophos
phoryl group (P¼ S) are widely used in industrial and envi
ronmental applications such as pesticides, extractants for 
inorganic metal salts, lubricants additives, drugs, and com
plex-forming agents. Thio-compounds[3,4] are versatile and 

important intermediates in the synthesis of biologically 
active molecules. The thionation of a phosphoryl group, i.e. 
the conversion of a phosphoryl into a thiophosphoryl group, 
is known as the most efficient way to prepare thiophos
phoryl derivatives.[5,6] The synthesis of thionated com
pounds remains a challenge for synthetic chemists and 
many reagents have been proposed for thionation including 
diphosphorus pentasulfide (P4S10).[7] It is to be noted that 
when heated at high temperatures, P4S10 decomposes in a 
variety of PxSy compounds with P2S5 being the dominant 
species. Although P4S10 is widely used in organic synthesis, 
its thionating mechanism is not well documented. Most of 
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the computational mechanistic studies of thionation of car
bonyl function reported so far are based on the following 
mechanism: Scheme 1[7]

This mechanism proposes a decomposition of P4S10 in 
P2S5 (1) which attacks the carbonyl functional group (2) to 
form a four-membered ring (3) as an intermediate, that 
afterwards transforms into thioketone (4) and more stable 
compound comprising P¼O bond (5).

This study focusses on the chemical reactivity of P2S5 
and thionation mechanism of a phosphoryl group such 
as O5PCl2CH2CH2CH3 and attempts to identify key 
transition states and complexes as intermediates. The 
three-dimensional structures of P2S5-complexes involved as 
intermediates and P2S5 activated states are assumed to be 
maintained locally by weak non-covalent interactions which 
contribute to their cohesion.

Non-covalent interactions have gained more significance 
and are substantially employed in different domains. Among 
them, the hydrogen bonding[8] is the most investigated and 
relies on the electrostatic interactions along with induction 
and dispersion interactions. Studies on sulfur compounds 
revealed that the anisotropic distribution of the electron 
density around S is at the basis of their non-covalent bonds’ 
formation.[9] For instance, the electron deficient bivalent sul
fur in molecular system has two areas of positive electro
static potential located along the sigma covalent bonds 
involving S denoted as r-hole available for non-covalent 
interaction with electron donors. Unlike S atom which can 
bear a positive electrostatic potential in a chemical species 
along the covalent bond involving S, the electrostatic poten
tial on P atom can lie above and beside the molecular plane. 
These molecular regions of low electron density are referred 
as r- and p-holes when they are either in molecular plane 
or perpendicular to the planar portion of the molecular 
frameworks. The r-holes are also observed in halogen com
plexes stabilized by the interactions between halogen atoms 
and the lone pairs of electrons of Lewis bases. This non- 
covalent bond is referred to halogen-bonding and is located 
on the part of the surface associated with the halogen atom 
opposite to covalent halogen bond axis.[10]

In the P2S5-OPCl2R complexes, considered as key inter
mediate complexes in thionation of OPCl2R by P2S5, the 
P, S and Cl elements can create competing r-/p-holes that 
require a thoroughly investigation. r-hole, p-hole, and halo
gen bonds have been subject of study for almost more than 
two decades. To the best of our knowledge, so far, no stud
ies have been reported on the intermediates formed between 
P2S5 and OPCl2R based on r-hole, p -hole, and halogen 
bonds. The chemical bonding analysis of the P2S5���OPCl2R 
intermediate complexes is useful in understanding the 

nature of non-covalent bonding interactions involving Cl, P 
and S atoms.

The mechanism underlying the formation of non-cova
lent interactions based on r- and p -hole concept is well 
explained by Politzer and Murray.[11] According to these 
authors, the electron of half-filled atomic p orbital tends to 
form a covalent bond in between nuclei, thereby reducing 
the electron density of the outer lobe of the orbital, sitting, 
either in a covalent bond (r-hole), or above the covalent 
bond perpendicular to an atom of a planar molecule 
(p-hole). Recently, Moradkhani et al.[12] investigated the 
competition between r-hole bond, p-hole bond, halogen 
bond and hydrogen bond in COCl2���OCY complexes with 
Y¼S, Se, Te and reported the mechanism behind the forma
tion of chalcogen-halogen bonding with OCY as electron- 
donating species. According to the authors, the strengths of 
the chalcogen-halogen bond are significantly increased by 
the r-holes compare to p-holes. Despite the fact the P2S5 is 
extensively used for thionation of inorganic and organic 
compounds, the regioselectivity of this thionating agent on 
phosphoryl group remains uninvestigated. Specifically, this 
paper explores the competition between r-hole, p-hole, 
halogen and hydrogen bonded interactions in the stabiliza
tion of OPCl2R���P2S5 complexes (R¼H, CH2CH2CH3) and 
attempts to elucidate the reaction mechanism of thionation 
of OPCl2CH2CH2CH3 by P2S5.

There is no unique method or procedure to follow in the 
search for plausible mechanism. This task requires imagin
ation and rigor and the literature abounds with examples of 
reactions whose mechanisms are considered as well estab
lished for many years and have been revised based on quan
tum chemical methods.[13–16] Ab initio calculations are 
widely used to explore the nature of non-covalent interac
tions and their influence on the relative stability, molecular 
physical properties and chemical reaction mechanism of 
complexes and supramolecular compounds.

2. Results and discussion

2.1. Interactions between P2S5 and phosphine oxide 
derivatives OPR3 (with R 5 H, CH3, F, Cl, Br)

2.1.1. Reactivity descriptors based on conceptual DFT
At elevated temperature, P4S10 quickly transforms in mono
meric P2S5unit according to:

P4S10 ! 2 P2S5 

The optimized geometries of P4S10 and P2S5 are given in 
Figure 1. Their computed IR spectra are compared to their 
experimental ones in Table 1.

Scheme 1. Thionation mechanism of P4S10.[7]
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To understand the global reactivity of P2S5 and P4S10, 
global reactivity descriptors such as electronegativity (vÞ;
chemical potential (m), hardness (g), electron donor ability 
(x-) and electron acceptor properties (xþ) of P2S5 and P4S10 
were evaluated at B3LYP and M06-2X theory levels. These 
conceptual DFT based reactivity descriptors were computed 
by considering the Koopman’s theorem approach where the 
negative HOMO and LUMO energies (eH and eL) are 
approximated as ionization energy (I) and electron affinity 
(A), respectively, as:

v ¼ −l ¼ 1=2 eL þ eHð Þ (1) 

g � eL–eHð Þ (2) 

x ¼ eL þ eHð Þ
2=2 eL–eHð Þ (3) 

x− ¼ 3 I þ Að Þ
2
=16 I – Að Þ (4) 

xþ ¼ I þ 3 Að Þ
2
=16 I – Að Þ (5) 

The global reactivity descriptors of P2S5 and those of its 
dimer P4S10 computed at B3LYP and M06-2X levels of 

theory are provided in Table 2. The absolute values of the 
electronegativity, chemical hardness, electrophilicity, chem
ical potential, and electron donating and electron accepting 
powers computed at B3LYP and M06-2X levels of theory 
predict P2S5 to be more reactive than its dimer P4S10 with 
an electron affinity and an electron donating power of 4.11 
and 12.94 eV, respectively (4.69 and 19.63 eV at M06-2X). 
P2S5 has a propensity of receiving and donating electrons. 
The electron accepting and electron donating power energy 
difference of P2S5 computed at B3LYP level of theory 
amounts to −5.88 eV (Dx ¼ −5.05 eV at M06-2X level of 
theory). This character is even higher in P2S5 than in P4S10, 
the former being harder than the latter.

To check the regioselectivity of these compounds local 
reactivity descriptors, namely frontier molecular orbitals, 
and molecular electrostatic potentials were computed at 
M06-2X/6-31þG(d,p). The results obtained are depicted in 
Figure 2. The HOMO suggests that S is the preferred site 
for electrophilic attacks while the LUMO prefers nucleo
philic attacks on both sites (S and P). The MEP shows that 
the electron density is higher in the surrounding of sulfur 
atoms while electron-poor regions are observed along the P- 
S axis on S and above the molecular plane on P. In accord
ance with the literature, these electron deficient sites are 
denoted in the present paper as r- and p-holes, respectively, 
indicating that both sites can interact in a highly directional 
manner with electron-rich species, such as OPCl2CH2CH2Cl. 
The locations of the minima and extrema on the molecular 
electrostatic potential of P2S5 and their values computed 
using FWA program[18] are given in Figures 3 and S1 and 
Tables 3 and S1.

The values of the electrostatic potential of P2S5 on the 
map depicted in Figure 3 show regions where the electron 
density either diminishes or increases. These regions are 
predicted to interact favorably with negative or positive sites 
of OPCl2R molecule.

The maxima are localized mostly on phosphorus 
(Vs,max¼ 3.97 eV) while the minima are on sulfur 
(Vs,min¼−0.03 eV). The positive p-hole region located on P 
is much lower in electron density than the r-hole on S 
(Vs¼ 2.12 eV). According to the location of stationary 
points on the landscape of P2S5 MEP, it was anticipated that 
electrophilic fragments would attack the sulfur atom through 
the sites 3, 4 or 1, 2. These two different orientations are 

Figure 1. Optimized geometries of P2S5 (a) and P4S10 (b).

Table 1. Band assignments of vibrational modes in cm−1 for P4S10 and P2S5 

computed at M06-2X/6-31þG(d,p) level of theory and corrected by a scaling 
factor of 0.9522.[25] The experimental data from Ref.[17] are given in 
parentheses.

P2S5 P4S10 Assignments

782 (690) 686 P¼S stretching (t2 symm)
571 (533) 515 P–S–P stretching symmetric (s) (t2 symm)
407 (379) 377 P–SP stretching asymmetric (a) (t2 symm)
220 (264) 258 P–S–P bending (s) (a1 symm)

(a) and (s) stand for asymmetric and symmetric, respectively.

Table 2. Global reactivity descriptors in eV of P2S5 and its dimer P4S10 com
puted at B3LYP and at M06-2X in parenthesis with 6-311þG(d,p) level of 
theory.

P2S5 P4S10

I 7.64 (6.60) 7.31 (6.25)
A 4.11 (4.69) 2.78 (3.26)
m −5.88 (-5.65) −5.05 (−4.76)
H 3.53 (1.91) 4.53 (2.99)
X 4.89 (8.34) 2.81 (3.78)
x− 12.94 (19.63) 8.42 (10.13)
xþ 7.06 (13.98) 3.38 (5.37)
A/I 0.54 (0.71) 0.38 (0.52)
Dx −5.88 (−5.05) −5.65 (−4.76)
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referred to in this work as anti- (Figures 4(a and b)) and syn- 
attack (Figures 4(c and d)). The most favorable site for elec
trophilic attack is predicted to be on site 3 assuming that the 
potential in this local region is the lowest (global minimum) 
controlled by S and indicates the most negatively charged 
local site.

On the other hand, nucleophilic entities are likely to bind 
onto the r- and p-holes (Vs,max ¼ 2.12; 3.97 eV), which cor
respond to the maxima electrostatic potentials on S and P 
atoms. To probe the chemical regioselectivity of different 
reactive sites predicted by conceptual DFT descriptors, the 

Figure 2. Frontier molecular orbitals, and molecular electrostatic potentials of the P2S5 and dimer P4S10 computed at M06-2X/6-31þG(d,p) level of theory. In this 
map, red and blue represent the maximum positive and minimum potential, which varies in the following order: red> yellow> green> blue.

Figure 3. Values of the maxima (red) and minima (blue) of the electrostatic 
potential of P2S5 computed at M06-2X/6-31þG(d,p) level of theory.

Table 3. The number of minima (Vs,min in blue) and maxima (Vs,max in red) of 
the electrostatic potential surface and their values in eV.

# sites Vs,min Vs,max # sites

1 0.18 –
2 0.03 –
3 −0.03 –
4 0.35 –
5 – 2.12
6 – 3.97
7 0.62 3.86

4 P. OSOMBA LOHOHOLA ET AL.



binding energies of the complexes formed between P2S5 
with XH3, POX2H, and POCl2CH2CH2CH3 (X¼N, P) were 
computed at M06-2X/6-311þG(d,p) level of theory. The 
initial geometries showing different modes of interactions 
considered in the present work, based on conceptual DFT 
predictions, are shown in Figure 4.

2.1.2. Binding energies between P2S5 and phosphine 
oxide derivatives (OPR3)

The hydrogen-, halogen- and chalcogen-bonded interaction 
between P2S5 with both electron donor (NH3, PH3, OPCl2H 
and OPCl2CH2CH2CH3) and acceptor (HCl) are chosen to 
probe the reactivity of P2S5. The optimized geometries of X- 
P2S5 (X¼HCl, NH3, PH3, OPCl2H, OPCl2CH2CH2CH3) 
complexes are shown in Figure 5 and Figure S1. Their bind
ing energies computed as electronic energy differences 
between the complexes and their components including 
zero-point energies and basis set superposition errors correc
tions along with the interaction energies are listed in 
Table 4.

The S-P-S-P torsional angle in 1-HCl- and 2-HCl- 
complexes is nearly ± 30�, and tends to ± 90� in 3-HCl- and 
4-HCl-complexes. The intermolecular S���H-Cl bond in 
1-HCl-complex and 2-HCl-complex is estimated to about 
2.63 Å, which is 0.05 Å longer than that in 3-HCl-complex 
and 4-HCl-complex. The 7-HCl-complex is not viable and 
relaxed toward 3-HCl-complex or 4-HCl-complex. The 
6-NH3-P2S5 and 6-PH3-P2S5 optimized geometries are 

characterized by a N���P and P���P intermolecular bonds of 
1.94 and 2.50 Å, which are 1.16 and 1.28 Å shorter than that 
of 5-NH3-P2S5 and 5-PH3-P2S5. All the optimized geome
tries of these complexes are provided in Figure S1. Figure 5
depicts the equilibrium geometries of P2S5-OPCl2R com
plexes (with R¼H, CH2CH2CH3). The optimized geome
tries of OPCl2H-P2S5 complexes show that OPCl2H tends to 
form short SP���O intermolecular bonds of � 1.95 Å, while 
the S¼P���Cl and P¼ S���H bond distances are ranged 
around 3.51 and 2.86 Å. The OPCl2H-P2S5 complex tends to 
combine both p -hole on P and hydrogen bond. It is to be 
noted that the S¼P���Cl bond distance in OPCl2H-P2S5 
complex is �0.1 Å shorter than the sum of the van der 
Waals radii of P and Cl atoms (3.6 Å)[19], indicating the for
mation of a weak complex.

The binding energies corrected by zero-point energies 
and basis set superposition error energies of these complexes 
are listed in Table 4. According to the binding energies of 
HCl, the syn orientation is more preferential for electrophilic 
attacks than the anti-orientation as referred to their relative 
stability of nearly 2.4 kcal/mol compared to anti-HCl-P2S5 
complexes. In contrast, the r-hole interaction with NH3 is 
weaker than the p-hole interaction and amounts, respect
ively, to −1.42 and −18.04 kcal/mol. The P site is confirmed 
to be a hard site as it establishes a stronger interaction with 
NH3 as compared to PH3. The BSSE corrections in HCl- 
P2S5 complexes are smaller as compare to those of NH3- 
P2S5 and PH3-P2S5 complexes. The regioselectivity of P2S5 
was also probed using O¼ PCl2H and 4-OPCl2CH2CH2CH3. 

Figure 4. Different modes of interactions (sites identified by labels 1–6) were employed in the present paper illustrating H-bond, r- and p-hole bonds based on 
conceptual DFT predictions.
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Note that both compounds can bind to P2S5 through various 
modes, depending on the orientation and electronic charac
ter of the atoms involved in the interaction.

Electronegative atoms such as sulfur can act as positive 
r-hole pair interactions. The optimized geometries and the 
binding energies including BSSE and ZPE corrections of 

O¼ PCl2H and O¼PCl2CH2CH2CH3 complexes are given 
in Figure 5 and Table 5. The p-hole located on the phos
phor site of P2S5 is more reactive as illustrated by its bind
ing energy with OPHCl2 of −8.87 kcal/mol compared to 
r-hole interaction on S (BE¼−3.90 kcal/mol), halogen 
bonding interaction (BE¼−4.80 kcal/mol) and hydrogen 
bond (BE¼−2.51 kcal/mol). As OPHCl2 plays the role of 

Figure 5. Optimized geometries of OPHCl2-P2S5 and OPCl2CH2CH2CH3-P2S5 complexes computed at M06-2X/6-311þG(d,p) levels of theory.

Table 4. Binding energies of complexes (BE) between P2S5 with HCl, NH3 and 
PH3 computed at M06-2X and at 6-311þG(d,p) level of theory and the inter
action energies (IE) including the basis-superposition errors (BSSE) and zero- 
point energies (ZPE) corrections in kcal/mol.

Complexes BE BEþBSSE BEþBSSEþZPE BEþZPE BSSE IE

1-HCl-P2S5 −2.84 −2.18 −1.24 −1.89 0.65 −2.25
2-HCl-P2S5 −2.85 −2.18 −1.24 −1.89 0.65 −2.25
3-HCl-P2S5 −5.49 −4.39 −3.59 −4.69 1.11 −4.60
4-HCl-P2S5 −5.06 −4.39 −3.59 −4.26 0.68 −4.60
5-NH3-P2S5 −2.78 −2.03 −1.42 −2.16 0.74 −2.12
6-NH3-P2S5 −26.34 −21.87 −18.04 −22.52 4.47 −30.48
5-PH3-P2S5 9.93 10.44 10.27 9.77 0.51 −0.64
6-PH3-P2S5 −8.32 −5.53 −3.79 −6.58 2.79 −16.24

The modes of interactions are identified by labels 1-6.

Table 5. Binding energies (in kcal/mol) of OPHCl2-P2S5 and OPCl2CH2CH2CH3- 
P2S5 complexes.

Complexes Bond type BEþBSSE
BEþZPE 
þBSSE BSSE

3- OPHCl2-P2S5 H-bond (syn) −2.69 −2.51 2.17
3-OPHCl2-P2S5 halogen-bond (syn) −5.24 −4.80 3.11
5- OPHCl2-P2S5 r-hole bond −4.34 −3.90 2.62
6-OPHCl2-P2S5 p-hole bond −9.45 −8.87 3.79
6-OPCl2CH2CH2CH3-P2S5 p-hole bond(a) −11.34 −10.63 5.66
6-OPCl2CH2CH2CH3-P2S5 p-hole bond (b) −10.13 −8.94 4.96

In which a and b refer to structures of complexes depicted in Figure 5(e and 
f), respectively.
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electron-donating entity, substituting H by the CH2CH2CH3 
group increases its donating power (BE¼−10.63 kcal/mol). 
The relative stabilities of these complexes based on the com
puted binding energies are in good agreement with the cal
culated intermolecular bond lengths of the optimized 
geometries of complexes.

2.2. Chemical bonding and energy decomposition 
analysis

2.2.1. Chemical bonding analysis via natural bond 
orbitals

Second-order perturbation theory analyses of the Fock matrix 
in terms of natural bond orbital (NBO) basis were performed 
for the most stable OPHCl2-P2S5 and OPCl2CH2CH2CH3-P2S5 
complexes. The results summarized in Table 6 suggest that 
the p-hole bonded OPHCl2-P2S5 complex experiences a charge 
transfer of 0.154 e−, an observation that aligns with the strong 
asymmetry of the bidirectional orbital interactions between the 
two fragments. Indeed, transitions originating from donor 
NBOs located on OPHCl2 are up to an order of magnitude 
more intense than those stemming from NBOs of P2S5 donor. 
Furthermore, the fact that the overall loss of electron density 
occurs on the OPHCl2 fragment corroborates the higher 
nucleophilic character of this moiety as compared to P2S5. It 
is worth highlighting that the strongest interaction between 
donor and acceptor NBOs was associated with an E(2) value of 
�106 kcal/mol and involved the lone pairs of O8 and the anti
bonding r� (P-S) NBO.

Similarly, complex OPCl2R-P2S5 (Figure 5(f)) also experien
ces a charge transfer as large as 0.162 e−, which flows overall 
from OPCl2R to P2S5. The excess density of 0.008 e− reflects 
the higher donating power of OPCl2R as compared to 
OPHCl2 caused by the substitution of the H atom by the ali
phatic -CH2CH2CH3 group. The interaction between the 
donor NBO lone pairs of O8 and the antibonding r� (P2-S4) 
orbital is once again found to be the strongest with an E(2) 

estimated at 103 kcal/mol. Several orbital interactions involving 
the R group were also observed. Despite being relatively weak, 
these transitions must have contributed to the pronounced 
stability of OPCl2R-P2S5 as compared to OPHCl2-P2S5.

2.2.2. Symmetry adapted perturbation theory 
(SAPT2þ dMP2) analysis

The data in Table 7 suggest that the 6-OPHCl2-P2S5 com
plex is mainly stabilized by electrostatic interactions, which 
are assisted by non-negligible inductive and dispersive 

effects. The significant contribution of the previous non- 
electrostatic effects on the overall stability of the complex is 
consistent with NBO calculations which indicated a signifi
cant charge transfer (>0.15 e−) between occupied and 
unoccupied natural bond orbitals of the constituting frag
ments. Despite the large exchange repulsion of �158 kcal/ 
mol, which tends to destabilize the system, the overall inter
action energy is attractive and estimated at �12 kcal/mol.

2.3. Kinetic analysis of the formation of 
SPCl2CH2CH2CH3

The transformation of OPCl(CH2)2CH3 in SPCl(CH2)2CH3 
through P4S10 takes place in multiple steps. First, the P4S10 
dimer is converted by heating into P2S5 monomer. Next the 
OPCl2(CH2)2CH3 attacks the P2S5 and forms an intermedi
ate complex (I1) laying 11.47 kcal/mol above the reagents 
via a high energy transition state (TS1) located at 14.62 kcal/ 
mol. Then, the I1 complex passes through an unstable struc
ture, a barrier-less transition state (TS2), situated at 
11.62 kcal/mol that transforms without activation energy in 
the intermediate complex I2 that immediately transforms 
finally into OP2S4 and SPCl2(CH2)2CH3:

P2S5 þ OPCl2 CH2ð Þ2CH3 ! TS1 14:62ð Þ ! I1 11:47ð Þ

! TS2 11:62ð Þ ! I2 8:24ð Þ ! OP2S4 þ SPCl2 CH2ð Þ2CH3 

The relative energies and geometries of the transition states 
and intermediates involved in the reaction mechanism of the 
conversion of OPCl2(CH2)2CH3 in SPCl2(CH2)2CH3 are shown 
in Figure 6. The imaginary vibrational modes of the transition 
states (TS1 and TS2) and the intrinsic reaction coordinate 
scan graphs illustrating the connection of TS1 and TS2 states 
with the I2 and the final product computed at M06-2X/6- 
311þG(d,p) levels of theory are shown in Figure S2.

The first step is kinetically determinant. The theoretical 
data of the reaction mechanism showed that P4S10 cannot 
react in its dimeric form due to the large energy barrier that 
must be overcome (around 254 kcal/mol). The product is 
thermodynamically 8.2 kcal/mol less stable than the reactants 
but it is predicted kinetically to be formed faster due to the 
small barrier between the I2 and TS2. This result is in good 
agreement with our experimental findings.

2.4. Experimental NMR data for propylthiophosphonic 
dichloride (SPCl2(CH2)2CH3)

After reaction, the SPCl2(CH2)2CH3 product was isolated as 
colorless liquid in 61% yield with the following features: 1H 

Table 6. Natural bond orbital analysis of various systems of interest. The over
all charge transfer (CT) between the two fragments is expressed in electrons, 
while second-order perturbation energies are given in kcal/mol. Only interac
tions with E(2) greater than 1 kcal/mol are reported.

System Orbital interaction Direction E(2) CT

LP(O8) ! r�(P2-S4) OPHCl2 ! P2S5 105.6
OPHCl2 LP(O8) ! r�(P1-S2) OPHCl2 ! P2S5 16.26 0.154

LP(O8) ! r�(P2-S7) OPHCl2 ! P2S5 4.66
LP(O8) ! r�(P2- S1) OPCl2R ! P2S5 17.96

OPCl2R-P2S5 LP(O8) ! r�(P2-S4) OPCl2R ! P2S5 103.41 0.162
LP(O8) ! r�(P2-S7) OPCl2R ! P2S5 2.93

R¼ CH2CH2CH3.

Table 7. SAPT2þ dMP2 energy analysis of the interaction energy of the com
plex between OPHCl2 and P2S5. All energy terms are given in kcal/mol and 
were computed at the SAPT2þ dMP2/aug-cc-pVDZ level of theory as imple
mented in the Psi4 python package.

Energy terms Nature Value

Electrostatic Attractive −85.27
Induction Attractive −53.33
Dispersion Attractive −30.92
Exchange Repulsive 157.66
Total Attractive −11.86
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NMR (400 MHz, CDCl3): d ¼ 1.13 (m, 3H), 1.95 (m, 2H), 
2.72 (m, 2H).13C NMR (100 MHz, CDCl3): d ¼ 14.2, 17.9, 
52.0.31P NMR (162 MHz, CDCl3): d ¼ 91.3.

MS : m=z ¼ 176 Mþ½ �:

3. Computational and experimental details

3.1. Computational details

The B3LYP and M06-2X[20] functionals were utilized in con
junction with the 6-31þG(d,p) basis set[21] to investigate 
the mechanism of the reaction between CH3CH2CH2POCl2, 
and P2S5 in the gas phase, keeping in mind the fact that 
P4S10 is unstable at high temperature and decomposes in 
P2S5. The chemical regioselectivity of P2S5 was predicted 
based on conceptual density functional theory (CDFT) 
descriptors.[22] Note that these chemical species are intrigu
ing due to the presence of local sites (S and P) that can act 
as both nucleophiles and electrophiles. The molecular elec
trostatic potential was computed and visualized using the 
wave function analysis-surface suite (WFA-SAS) program[18] 

with no constrained symmetry and 6 d and 10 f Cartesian 
functions. The sites predicted by CDFT descriptors were 
then chosen to build and compute the binding energies of 
P2S5���XH3, P2S5���POX2H and POCl2CH2CH2CH3 com
plexes at M06-2X/6-311þG(d,p) levels of theory including 
basis set superposition (BSSE)[23] and zero point energies 

(ZPE)[24] corrections. To elucidate the thionation process of 
OPOCl2CH2CH2CH3 by P2S5 reagent, energy barriers and 
reaction energies were calculated at M06-2X/6-31þG(d,p) 
levels of theory. These analyses were complemented by natu
ral bond orbital (NBO)[25] and symmetry adapted perturb
ation theory (SAPT2þ dMP2/aug-cc-pVDZ)[26] calculations 
aimed at rationalizing the chemical bonding of reaction 
intermediates. All the species were optimized and their geo
metries were confirmed to be either minima or maxima on 
their respective potential energy surfaces through vibrational 
frequency calculations. All vibrational frequencies reported 
in the present study were corrected by a scaling factor of 
0.9522 as suggested by the computational chemistry com
parison and benchmark data base.[27] Gaussian 16 pro
gram[28] was used for the calculations. For visualization 
purposes, Gauss View 6.0 and Chemcraft software were 
employed.[29,30]

3.2. Experimental details

OPCl2CH2CH2CH3 was experimentally converted in 
SPOCl2CH2CH2CH3 employing P4S10 reagent at high tem
perature. The NMR spectra of POCl2CH2CH2CH3 and that 
of SPOCl2CH2CH2CH3 were recorded for their characteriza
tion. All reagents and solvents were used without further 
purification. The spectra were recorded with a Bruker 
Ascend 400 spectrometer[31] operating at 400 MHz, 100 MHz 

Figure 6. Relative energies and geometrical parameters of chemical species involved in the transformation of OPCl2R into SPCl2R with R¼ CH2CH2CH3 computed at 
M06-2X/6-31þG(d,p) levels of theory: (a,c) transition states and (b,d) intermediate and products.

8 P. OSOMBA LOHOHOLA ET AL.



and 162 MHz for 1H, 13C and 31P, respectively, in CDCl3 
using tetramethylsilane as internal reference. The values of 
chemical shifts are reported relative to tetramethylsilane and 
H3PO4 in ppm.

Conclusion

The chemical regioselectivity of P2S5, its non-covalent hole 
interactions ability, and its reaction mechanism of thiona
tion with OPCl2CH2CH2CH3 have been investigated using 
conceptual DFT descriptors, NBO and SAPT2þ dMP2. Our 
results show that P2S5 can react with both acid and base but 
has a higher propensity to receiving than donating its elec
trons. The MEP plot of P2S5 shows one r-hole on S and 
two p-holes at both sides of P indicating that both atoms 
can interact with nucleophiles. Acids prefer to interact with 
the S atom of P2S5 in syn orientation while hard bases prefer 
P forming more stable p-holes bonded complexes. The 
p-hole interaction stabilizes more OPRCl2-P2S5 complexes as 
illustrated by its binding energy with OPHCl2 of −8.87 kcal/ 
mol (−10.63 kcal/mol for OPCl2CH2CH2CH3-P2S5 p-hole 
bonded complex) compared to that of r-hole bond, halogen 
bond and hydrogen bond estimated to −3.90, −4.80 and 
−2.51 kcal/mol, respectively. Finally, the transformation of 
OPClCH2CH2CH3 in SPClCH2CH2CH3 through P4S10 takes 
place as follows: P2S5 þ OPCl2(CH2)2CH3 ! TS1 (14.62) !
I1 (11.47) ! TS2 (11.62) ! OP2S4 þ SPCl2(CH2)2CH3 (8.24).
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