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ABSTRACT

In this study we used DFT B3LYP/6-31G(d) to deteendertain thermodynamic properties, transitiontesa
energies of the highest occupied molecular ort®O) and lowest unoccupied molecular orbits (LUM@)e
difference between the two energiesUMO-HOMO), global indices and chemical potentials o tteaction
between tetrachloromethane and triethyl phosph{@HR),. Our results show that triethyl phosphite behaass
nucleophile, while tetrachloromethane behaves aslaatrophile. The nucleophilic attack takes placeferentially
at the chlorine atom of the tetrachloromethane eatthan at the carbon atom. The reaction is exattierand
regioselective, and the reaction mechanism is ottt by charge transfer.

Key words: Charge transfer, exothermic, global indices, regj@xgivity, transition state.

INTRODUCTION

Phosphorus is not widely present in nature, beound essentially in the form of phosphate (Gn apatite
deposits (C&(PQ)s). It is extremely important for life, as adenosingphosphate (ATP) is the vehicle which
transports chemical energy within cells. Togethéthwitrogen (N) and potassium (K), it is one ok tthree
fundamental elements needed for plant development.

Phosphorus chemistry is a very active sector ofctiemical industry, particularly in the productioffertiliser,
insecticides and detergents, and in the treatnfanetals.

On the academic side, phosphorus has been usedaetod numerous molecules with high synthetic pitsgrsuch
as the Wittig reagents which are the precursochofce for the preparation of olefins.

In recent decades, phosphorus chemistry has degtlopnsiderably, with regard to both synthesis ra@adttivity.
Bibliographic research shows that the reactionhef trivalent phosphorus derivates [(B®) (RO}P-R,...] with

certain polyhalogenoalkanes (GQBrCCk,...) leads to the formation of a number of prodiizt?] some of which
have numerous applications in industry [3, 4, 5] biology [6].

The reactivity of trivalent phosphorus with regaodpolyhalogenomethanes in general and tetrachletioame in
particular has already been the subject of sewtudies [7, 8]. This reactivity varies accordinghe nature of the
substituents carried by the phosphorus atom andases as its electropositivity increases.

(i-PrOYP > (EtO)P > (MeO)P > (EtO),POPh> (PhO)POEL > (PhO}P
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A variety of reaction mechanisms have been propdsedescribe these reactions [7, 9, 10, 11]. Initenfd a
number of theories have been put forward to exptaEmical reactivity. The most widely used are sitdon state
theory [12] and frontier molecular orbital theoBMO) [13]. Recently new chemical concepts and reigtindices
derived from density functional theory (DFT) haveexged as powerful tools for the prediction of te&csites in
molecular systems [14, 15]. Some of these concemsalready familiar to chemists, e.g. electrortierical
potentialp and electronegativity. New concepts such as electrophiliciiyand chemical hardnesshave been
derived from the fundamental equations of DFT.

Our aim in this work was to carry out a theoretisaldy, using DFT B3LYP/6-31G(d), of the reactivif CCl,
with triethyl phosphite in order to determine wtestlthe phosphorus attacks the carbon or the clelavinthe
tetrachloromethane (Figure 1).
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0
1 2 Ie™ c1—p(OEt), + EtCCly
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Figure 1. Reaction between tetrachloromethane (C@land triethyl phosphite (EtO);P
MATERIALS AND METHODS

The mechanism and the equilibrium geometries ofréaetion between tetrachloromethane and triethgkphite,
as well as the transition states correspondinghéottvo approaches at./And A,, were studied using density
functional theory (DFT) with base B3LYP/6-31G (d)6] 17]. Transition states were localised and thgistence
confirmed by the presence of a single imaginargudesncy in the Hessian matrix. The Intrinsic React@mordinate
(IRC) was calculated [18] and plotted in order how that the transition state is indeed linkedh® two minima
(reactants and products). Values of enthalpy, emtrand free energy were calculated using standitistical
thermodynamics. All calculations were carried oithwsaussian 09 software [19] using DFT B3LYP/6-30%k

In order to demonstrate the electrophilic/nuclebpliharacter of the reactants, we calculated edaat chemical

potentialp and global hardness These two values can be calculated from the @®f the HOMO and LUMO
frontier molecular orbitals ag= (eqomo + €Lumo)/2 andn = (sLumo — €Homo) respectively [20]. The global
electrophilicity indexo = (u*2n) is also defined as the energy stabilisation dughtirge transfer [21].

The index of nucleophilicity N is expressed witlference to the HOMO energy of tetracyanoethyler@)las N =
EHOMO(NU) — EHOMO(TCE) [22].

The reactivity indices were calculated from the HOMNd LUMO energies in the base state of the mideausing
DFT B3LYP/6-31G (d). The static local electrophtljcindex ok and local nucleophilicity index Ncan reliably
predict the most favoured electrophile/nucleophilieraction for the formation of a chemical bondveen two
atoms [23, 24]. The expressiong = ».P<" and N = N.P«- correspond respectively to the local electropitylic
index ok and the local nucleophilicity indexdNPx™ and R- are obtained by analysing the Mulliken atomic spin
density of the anion and the cation [25].

RESULTS AND DISCUSSION

1.1. Thermodynamic study

We studied the reaction of tetrachloromethane ,G@th triethyl phosphite P(OE{)(Figure 1) and used DFT
B3LYP/6-31G(d) to determine the variation in enerdsr, enthalpyAHr and free enthalpgGr in reactions Ic and
Il (Table 1).
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Table 1. Values calculated for the variation in engly AEr, enthalpy AHr and free enthalpy AGr (Kcal/mol)

Products | Reaction AHr AEr AGr
3+4 Ic -25.307 -25.915 -26.38
5+6 llc -46.571 -47.712 -46.11

As Table 1 shows, the variations in free enthal@r of reactionsd et Il are all negative. This means that these
reactions are possible and are thermodynamicaltyuieed. Furthermore, we noted that the variatiofiea enthalpy
AGr corresponding to the reaction of formation ofmpmunds 5 and 6 is greater in absolute value thanvthich
corresponds to the reaction of formation of compsud and 4. We can therefore conclude that commobrahd 6
are more thermodynamically stable than compoundsad34, showing that the attack on the chlorine aitotine
most favoured.

We found that the values of variation in enthalgyr and in free enthalppGr of the reactions of formation of
compounds 3 and 4, as well as of compounds 5 aack@egative, meaning that these reactions atbexxnic.

We also found that the value of the variation irergy AEr which corresponds to the reaction of formatidn o
compounds 5 and 6 is more important in absolutedehan that which corresponds to the reactiorhation of
compounds 3 and 4. This further confirms that tlstfavoured site for the attack is the chlorirmrat

1.2.Study of frontier orbitals
We used DFT B3LYP/6-31G(d) to calculate the LUMQ] &hOMO energies of tetrachloromethane and triethyl

phosphitg(Table 2).

According to frontier orbital theory, the orbitatsconsider in the interaction between two molesalee the HOMO

of one and the LUMO of the other, chosen in suelfag that the energy difference between thero — eromo) IS

as low as possible [26]. As Figure 2 shows, thetairdiagram gives a good qualitative indicationtloé reactivity

of the system. We note that the main interactiGrdgplace between the energy of the LUMO of tettmomethane
and that of the HOMO of triethyl phosphite. Tablet®ws that the LUMO-HOMO energy difference is deral
than the HOMO-LUMO energy difference, which exptaiwhy the reaction between tetrachloromethane and
triethyl phosphite is favoured.

Table 2. LUMO and HOMO energies of tetrachloromethae and triethyl phosphite (eV)

Reactant €LumMo €Homo €LuMO2 ~EHoMO1L €LumMo1 ~EHOMO2
1 1.051 -6.635
2 -2.110 -8.832 4525 9.883
A
LUMO
_ 1.051
S L
L
& LUMO
g 2110 T e
e
"""""""""""""""""""" HOMO
-6.635
HOMO
-8.832
CCl, (EtO);P

Figure 2. Orbital diagram of tetrachloromethane andtriethyl phosphite
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1.3.Predicting the nature of the reaction mechanism andhe electrophile/nucleophile character of the
reaction

In order to determine the nucleophile (electronador) or electrophile (electron acceptor) charactethe two
reactants, we calculated the HOMO/LUMO energy dsgis/een the two (Table 3).

Table 3. Difference between the two possible HOMOWMO combinations for triethyl phosphite and tetrachioromethane (eV)

Reactant €LUMO €HOMO €nomo-€Lumo (CCls) | €nomo (CCla)-gLumo
CCl, -2.110 -8.832 - -
(EtO)sP 1.051 -6.635 4.525 9.883

Our results show that thomo-eLumo(CCly) gap is less than thgono(CCly)-eLumo gap, and that therefore triethyl
phosphite behaves as a nucleophile while tetraghiethane behaves as an electrophile.

Theoretical study of the HOMO/LUM@nergy gapdetween P(OEf)and CCj enabled us to predict the NED
(Normal Electron Demand) or IED (Inverse Electroaniand) nature of the interaction between the tvactemts.
Global and local indices determined using conceddil are effective tools for studying the readfvof polar
interactions [14].

The static global properties, namely electronicnaical potentialy, chemical hardness, global electrophilicity
indexo and global nucleophilicity index N of triethyl pshite and tetrachloromethane are the chemicaleptiep
which we used to analyse reactivity at the variitess in the reactants (Table 4).

Table 4. HOMO and LUMO energies, electronic chemidgpotential p, chemical hardnesay, global electrophilicity o and global
nucleophilicity N of (EtO)sP and CCl, (eV)

€LUMO EHoMO 1 n [0 N Ao
CCly -2.110 -8.832 -5.471 6.721 2.226 0.2B7
(EtO)sP 1.051 -6.635 -2.792 7.686 0.50f 2.483 1.119

We can see from the data in Table 4 that tetrachiethane behaves as an electrophile (electron tacyeghile
triethyl phosphite behaves as a nucleophile (edaationor). Tetrachloromethane has a higher eleiiiofpy index
(o = 2.226 eV) and a lower nucleophilicity index (ND=287 eV). Furthermore, the electronic chemicaépbal of
P(OEt} (-2.792) is higher than that of tetrachloromethgrg.471eV). These results confirm that triethybpphite
is a nucleophile and that tetrachloromethane isebattrophile, implying that electrons are transdrrto
tetrachloromethane. We can conclude that in tlastien tetrachloromethane behaves as an electeophil

The difference between the electrophilicityp of tetrachloromethane and triethyl phosphite iaths that the
reaction has a highly polar NED character.

Localisation of the HOMO of triethyl phosphite ahtdMO of tetrachloromethane represented in Figurgh8ws
that the HOMO is extremely condensed around thepinarus atom whereas the LUMO belongs to both dhigon
and the chlorine atoms. This shows that the telibagimethane attack takes places mainly at the plosg atom.

Triethyl phosphite Tetrachloromethane

Figure 3. Isodensity map of the HOMO of triethyl pfosphite and LUMO of tetrachloromethane
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1.4.Predicting the nucleophile attack mode (&/Ac) by determining the indices of electrophilicity aml
nucleophilicity

According to Chattaraj's polar model, the localiptty indices (@, and N) can be used to reliably predict the most
favoured interaction between two polar centres §8], The most favourable attack is that whichssagiated with
the highest local electrophilicity index, of the electrophile and the highest local nuclélagpty index Ny of the
nucleophile. We calculated the valuegfbr triethyl phosphite anay for tetrachloromethane in order to predict the
most likely electrophile/nucleophile interactiomdgbghout the reaction pathway and so explain th@selectivity

of the reaction.

Triethyl phosphite Tetrachloromethane

Figure 4. Local nucleophilicity N of triethyl phosphite and
local electrophilicity ey of tetrachloromethane (eV)

Figure 4 shows that the carbon of ¢8lthe most electrophilic site and the phosphatosn of (EtOJP is the most
nucleophilic site. From this we can deduce thatrtheleophilic attack takes place preferentiallyret carbon atom
(Ac) rather than at the chlorine atomcA This is in agreement with experimental reswdis¢e only products 3 and
4 are formed during the reaction between (BRCgnd CCjat 80°C [11, 12]. However, as the chloride atones ar
large, this process is discouraged by the stendrhince around the carbon atom.

1.5.Kinetic study of the two modes of attack (A/Ac¢)

1.5.1.Determination of the kinetic parameters

In order to show that the phosphorus preferentiattgicks the chlorine atom rather than the cartv@ncalculated
the energy of the reactants and the products,ivelanergies, TS and TS transition state energy, energy
difference between the transition states in theti@as between Cgand (EtO)P and the K/K¢ ratio (Table 5).

Table 5. Total energy B3LYP/6-31G (d) (E, in a.uand relative energyAE# (kcal/mol) for the stationary points in the reacton between
tetrachloromethane and triethyl phosphite

E (a.u.) AE# (Kcal/mol) | A(TSc —-TS;) Keal/mol KalKc
CCl, -1878.854 -
(Et0)sP -804.735 -
TSc -2683.497 57.730 20.08 3.83 10
TSa -2683.529 37.650

The potential energy surface (PES) correspondithganodes of attack at the chlorine and carbomsturing the
reaction between tetrachloromethane and triethgkphite (Figure 5) shows that the energy of thesiteon state
corresponding to the attack at the chlorine atoJis 0.032 a.u. (corresponding to 20.080 Kcal/mol) lothem
the energy of the transition state correspondinghéattack on the carbon atom ¢J.SThe activation energies
corresponding to the two modes of attack are 37k&50/mol for the attack at the Cl atom, and 57.R8@l/mol for
the attack at the C atom. This indicates that tteck at the chlorine atom is kinetically preferttedthat at the
carbon atom.
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1.5.2.Determination of the reaction pathway (IRC)

The reaction coordinate

Figure 5. Energy profile for the reaction betweerCCl, and (EtO)P (a.u.)

In order to check that the transition states areect, we determined the IRC (intrinsic reactiommbnate) at each
transition state of the two modes of attack:{Ac), by determining the reaction pathway and conngcthe
transition state to the minimum (product). The IREresponding to the two modes of attack in"fherward only

direction (towards the product) is shown in Figére

Total Energy along IRC
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We can deduce from this theoretical study that:
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Figure 6. IRC of the reaction between triethyl phophite and tetrachloromethane
calculated using DFT B3LYP/6-31G(d)

« Both modes of attack by P(OEtn CCL (Ac/Ac) are thermodynamically possible.
< Even though the local electrophilicity of carborgigater than that of chlorine, the Attack is discouraged by the

steric hindrance generated by the chlorine atoms.

» The A attack is kinetically impossible in view of theryéigh value of the ratio of the speed constafth® two
modes of attack (K/Kc).
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Aci
R .
(Et0);P: + Cl—CCly ——— (EtO);,PCLCCl4

- . -
(EtO)PCLCC, —— (EtO);PCCly,Cl —— (p,lo):ﬂ—cch + EtCl
3 4

In order to align these theoretical results with experimental results, we propose a reaction nmésimin which
the first step is a nucleophilic attack on the dnie in CCl (A¢) leading to formation of the ion pair (E¢PCI,”
CCl,. Since théCCl; carbanion is unstable, it exchanges rapidly witloiine to give the ion pair (EtgHCCL*, Cl
leading to formation of products 3 and 4 in reattig [9]. In order to demonstrate unambiguously that the
nucleophilic attack takes place at the chloring)father than at the carbond®atom we would have to select the
substituents carried by the phosphorus atogP)Rnd the type of polyhalogenomethane (X{ECI

CONCLUSION

In this work we used DFT (density functional théowijth the standard base 6-31G(d) and B3LYP fumatido
determine the variation in free enthalpies of reacAGr and show that these reactions are theoretipalsible
and involve an attack at the chlorine atom.

Calculation of the global indices of electrophifjciand nucleophilicity and chemical potential usitig same
method shows that the reactant (EfOpehaves as a nucleophile and that tetrachlorometh@haves as an
electrophile.

The variation in enthalpy in the reactiailr is highly exothermic for the formation of prodsi& and 6. It follows
that the reaction ¢lis most favoured since the products formed ardestaind their formation releases energy.

The energy difference between the LUMO of tetraaneethane and the HOMO of triethyl phosphite isatge
than 2 eV, showing that the reaction is controbgatharge transfer.

Calculation of the transition states shows thatkinetic products of the reaction between tetrachteethane and
triethyl phosphite (EtQP result from the attack on the chlorine atom.

We have proposed a reaction mechanism to expla@rexperimental results. This mechanistic propostlbe
refined in the future by choosing the substituaratgried by the phosphorus 48 and the polyhalogenomethane
(XCCly).
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