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Reactivity of Electrophilic Chlorine Atoms Due to σσσσ-holes. A 

Mechanistic Assessment of the Chemical Reduction of the 

Trichloromethyl Group by Sulfur Nucleophiles 

Guillermo Caballero-García,
a,b

 Moisés Romero-Ortega
b
 and Joaquín Barroso-Flores

a* 

σ-holes are shown to promote an electrophilic behavior on chlorine atoms in a trichloromethyl group when bound to an 

electron-withdrawing moiety. A halogen bond-type non-covalent interaction between a chlorine atom and a negatively 

charged sulfur atom takes place, causing the abstraction of such chlorine atom while leaving a carbanion, subsequently 

driving the chemical reduction of the trichloromethyl group to a sulfide in a stepwise process. The mechanism for the 

model reaction of trichloromethyl pyrimidine 1 with thiophenolate and thiophenol to yield phenylsulfide 4 was followed 

through 
1
H-NMR and studied with DFT transition state calculations, the energy profile for this transformation is fully 

discussed. MP2 claculations of the electrostatic potential were performed for a series of trichloromethyl compounds in 

order to assess the presence of σ-holes and quantify them by means of the maximum surface electrostatic potential. Such 

calculations showed that the chlorine atoms behave as electrophilic leaving groups toward a nucleophilic attack, opening a 

new possibility in the synthetic chemistry of the trichloromethyl group. 

Introduction 

A σ-hole,
1–3

 is conceived as a region of positive molecular 

electrostatic potential, which causes that seemingly negatively 

charged atoms interact with Lewis bases. In some cases, 

halogens -which are generally regarded to be negatively 

charged atoms, present an anisotropic electron density 

distribution- thus exhibiting a σ-hole, whose intensity depends 

on two main factors: the polarizability of the halogen atom 

(F<Cl<Br<I) and the electron-withdrawing power of the moiety 

to which the halogen is attached. An important consequence 

of this feature is the formation of halogen bonding,
4–11

 which is 

generally regarded to be caused by the formation of a σ-

hole.
12,13

 

The σ-hole is located on the region of positive electrostatic 

potential opposite to the electron-withdrawing group (EWG) 

and along the EWG-X bond, i.e. over the halogen atom and 

opposite to the σ-bond. Not only halogens are capable of 

interacting with nucleophiles through σ-holes, but other atoms 

from groups III-VI as well.
14–19

 

Among synthetic chemistry, the number of reactions, as 

well as theoretical studies, where halogen bonding is used as a 

driving force is increasing.
20–29

 As an example, Huber et al. 

reported that a C-X (X=Br, Cl) cleavage was driven by a halogen 

bond formation using electron-deficient iodine atoms and a 

Lewis base.
30,31

 These and other methodologies induce C-X 

bond cleavage where the halogen atom leaves as the 

corresponding halide.
32–37

 To our knowledge, just few cases 

are reported,
38

 albeit not fully discussed, where the halogen 

atom actually cleaves as a halonium-type leaving group 

yielding a carbanion, which is the case we herein discuss for a 

trichloromethyl group (Scheme 1). Moreover, chloronium-like 

abstraction is driven by the attack of a negatively charged 

sulfur atom rather than being promoted by a halogen-Lewis 

base complex. 

 

 

Scheme 1. Chloronium abstraction induced by the negatively charged sulfur atom in 

thiophenolate. 
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Scheme 2. Reactivity of trichloromethyl group with sulfur nucleophiles i.e. thiophenol 

and sodium thiophenolate. 

Trichloromethyl group has been employed as a versatile 

synthetic tool, whether as a leaving group or as a chemical 

precursor for a variety of functional groups,
39–45

 but when this 

group is bound to an electron-withdrawing system presents an 

unexpected behavior when reacts with sulfur nucleophiles. 

Previously, we reported that reaction of 

trichloromethylpyrimidine 1 (Scheme 2) with an excess of 

thiophenol and sodium thiophenolate yielded phenylsulfide 4 

quantitatively under mild and straightforward conditions,
46,47

 

obtaining diphenyldisulfide as the only reaction by-product. 

When this reaction is carried out at -78 °C yields a mixture of 

the thioacetal 3 and the sulfide 4 (Scheme 2),
48

 presumably 

passing through intermediate 2 (vide infra). In order to obtain 

4, protic media is required, coming from thiophenol. If only 

thiophenolate is present, compound 3 becomes the major 

product. Despite the fact that 3 is an intermediate compound 

en route to sulfide 4, no explanation about the reaction 

mechanism has been reported. The versatility of the 

trichloromethyl group is, that not only sulfides are obtained 

from this reaction, but other compounds such as thioloesters, 

thioacetals or the dichloro compounds as well.
49–53

 

Modern chemistry requires a synergic contribution form 

experiment and theory, thus the broad application of 

computational chemistry plays an important role in the 

investigation of reaction mechanisms.
54–60

 Herein we prove 

that σ-holes located over the electronic isodensity surface of 

chlorine atoms in trichloromethyl compounds are a driving 

force to obtain sulfide 4 from trichloromethylpyrimidine 1. The 

intensities of σ-holes are quantified through the maximum 

surface electrostatic potential values, which are easily 

calculated, to get insights for the reactivity of trichloromethyl 

group when attached to electron-withdrawing groups. 

Moreover, a reaction mechanism supported by DFT transition 

state (TS) calculations is presented for compound 1 in order to 

show how σ-hole interactions trigger the entire reaction to 

yield sulfide 4. 

Computational details 

DFT calculations were performed with the Gaussian 09 Rev. 

D01 suite of programs.
61

 Gas phase geometry optimizations 

were done with the Boese-Martin for kinetics BMK functional
62

 

and the split valence 6-31G(d,p) basis set.
63,64

 This functional 

has been used for kinetic calculations, yielding good to 

excellent results for the study of organic reactions.
65–69

 

Frequencies at the aforementioned level of theory were 

calculated to verify that the optimized structures were energy 

minima or TSs. Only one imaginary frequency was found for 

the latter and none for the former. Temperature correction at 

-78 °C (195.15 K) is included in the thermochemical analysis, 

this is the temperature at which the experiments were 

performed. 

Cartesian coordinates for all calculated structures are 

presented in the Electronic Supplementary Information (ESI). 

The electrostatic potential was calculated at the MP2/cc-

pVQZ level of theory
70,71

 taking the previously optimized 

geometries in order to map it onto the isodensity surface. 

Dunning quadruple-ζ basis set
72–74

 has proved to give the best 

results when used with MP2 calculations.
75

 The values of 

maximum electrostatic potential over the isodensity surface 

were calculated with MultiWFN,
76,77

 as an approach to 

quantifying the σ-holes. 

Experimental 

Reaction of 1 with thiophenol (5 equiv.) and sodium 

thiophenolate (5 equiv.) was performed at -78 °C and 

quenched at different reaction times (1, 5, 10, 30 and 90 

minutes) in order to isolate any possible intermediate in the 

course of the reaction, after quenching, the products were 

jointly purified but isolated from thiophenol and 

diphenyldisulfide. Pyrimidine 1 was chosen as a model 

compound for this study because of the few NMR signals 

present, thus minimizing background noise or too much signal 

overlapping allowing us to use this tool for following the 

course of the reaction. Further details for the experimental 

procedures as well as NMR spectra are fully provided in the ESI 

(section S1). 

Results and discussion 

Before starting the reaction, spectrum of 

trichloromethylpyrimidine 1 was recorded as the reference for 

t = 0 (figure 1, black arrow at δ = 9.40 ppm). After one minute, 

it is observed that the aforementioned signal is gone, but two 

new peaks at 9.37 and 6.83 ppm are now present (figure 1, red 

arrows), indicating the formation of only one product. Such 

spectrum corresponds to the dichloromethylpyrimidine 2, 

whose full NMR characterization is given in the ESI. A plausible 

manner to explain the formation of 2 is through the immediate 

protonation of the corresponding carbanion, which may be 

formed by a direct attack of the sulfur atom in thiophenolate 

to an electrophilic chlorine atom. 
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Figure 1. NMR reaction following at -78 °C. Colored arrows indicate the peaks that were followed for each compound: Black for trichloromethylpyrimidine 1, red for 

dichloromethylpyrimidine 2, blue for thioacetal 3 and green for sulfide 4. Chemical shift is given in ppm. Times correspond to reaction time until quenching, not to real-time NMR 

following. 

 

N

NCl3C

CO2Me

CO2Me N

N

CO2Me

CO2Me

Cl

Cl

PhS-Na+

PhSH, THF

-78 °C
1 2

PhS-Na+

PhSH, THF

-78 °C

N

N

CO2Me

CO2Me

SPh

PhS

3

PhS-Na+

PhSH, THF

-78 °C

N

N

CO2Me

CO2Me

SPh 4
 

t /min % 2 % 3 % 4 

1 100 0 0 

5 43 57 0 

10 0 45 55 

30 0 33 67 

90 0 0 100 

 
Table 1. Percentage of compounds formed at 1, 5, 10, 30 and 90 minutes of reaction. Percentages were estimated from the NMR integrals. Times correspond to reaction time until 

quenching. 

 

 

Subsequently, at t = 5 min, peaks in the aromatic region 

appear indicating that thiophenolate has incorporated to the 

compound. Two more signals appear at 9.18 ppm and 5.69 

ppm corresponding to the formation of thioacetal 3 (figure 1, 

blue arrows). An approximately 1:1 ratio of 2 and 3 is observed 

at this time, suggesting that dichloro compound 2 reacts with 

the excess of sodium thiophenolate to yield thioacetal 3. This 

suggests that 2 is the direct precursor of 3. 

After ten minutes, the peaks for 2 are no longer observed 

and one singlet integrating for two protons at 4.41 ppm, 

stating for a methylene moiety, indicates that sulfide 4 has 

appeared in the reaction media (figure 1, green arrows). A 1:1 

mixture of thioacetal 3 and sulfide 4 is isolated. At 30 minutes, 

this ratio changes in favor of 4 (2:1). The percentage of each 

product in function of reaction time was estimated from the 

NMR integrals and are presented in table 1 with the suggested 
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sequence of intermediates. If the reaction is left at -78 °C for a 

longer reaction time (90 minutes), only sulfide 4 is isolated. 

For compound 2 to be formed, a direct attack on a chlorine 

atom should be the first step of the reaction mechanism so the 

chlorine atoms behave as electrophiles when the 

trichloromethyl group is attached to an electron-withdrawing 

system. In order to test this hypothesis and assess if this 

mechanism can be extended to other trichloromethyl 

compounds, ab initio electrostatic potential calculations were 

performed at the MP2/cc-pVQZ level of theory for the 

analogous compounds shown in chart 1 (taken from the 

literature
47

) in order to assess the electrophilic character of 

chlorine atoms. The surface potential VS(r) was calculated at 

0.001 au (e Bohr
-3

) contour value as suggested by Bader et al.
78

 

since that one encompasses most of the molecule’s van der 

Waals radii. We will focus in the most positive values of VS(r) 

located over the chlorine atoms, labeled VS,max, to quantify the 

region of positive potential. 

 

 

Chart 1. Trichloromethyl group bound to electron-withdrawing systems for which the 

VS,max was calculated. 

In figure 2, the electrostatic potential mapped onto the 

isodensity surface (0.001 au) shows the presence of a σ-hole 

for each of the three chlorine atoms, including the calculated 

values for VS,max over each σ-hole. For these compounds, the 

VS,max values are positive, indicating the possibility to form 

halogen bonds with Lewis bases. Such interaction with 

negatively charged sulfur nucleophiles promotes an attack on 

the chlorine atom. This reaction only proceeds when the 

trichloromethyl group is bound to an electron-withdrawing 

moiety, otherwise, the starting materials are recovered 

unreacted; compounds in figure 2 are known to yield the 

corresponding sulfides when treated under the same reaction 

conditions as presented in scheme 2.
47

 

In order to assess if other factors aside from σ-holes 

promote this reaction, we conducted a transition state-based 

mechanistic investigation on the transformation of compound 

1 into 4 (Scheme 3). 

In the first stage of the mechanism, a chlorine atom in 1 is 

nucleophilically attacked by a thiophenolate anion due to the 

presence of a σ-hole, yielding phenylsulfenylchloride and 

carbanion 6. Due to the excess of sodium thiophenolate, 

phenylsulfenylchloride is attacked to form diphenyldisulfide. 

Intermediate carbanion 6 is immediately protonated by 

thiophenol yielding dichloromethylpyrimidine 2. For this stage, 

TS 1-6 (figure 3) the activation free energy was calculated to 

be 3.51 kcal mol
-1

 for the nucleophilc attack on the chlorine 

atom in order to form carbanion 6. 

 

 

 

Figure 2. Electrostatic potential mapped onto the isodensity surface (0.001 au) for compounds in chart 1. Numbers are the VS,max values and are given in kcal mol
-1

. Electrostatic 

potential was calculated at the MP2/cc-pVQZ level of theory taking the BMK/6-31G(d,p) optimized geometries. 
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Scheme 3. Proposed reaction mechanisms to explain the formation of 4 from 1. 

 

 

Figure 3. Energy profile for the transformation of 1 to 2. Numbers are free energy 

values and are given in kcal mol
-1

. Energies are relative to infinitely separated reagents 

for consistency on the total number of particles. 

The energy profile, presented in figure 3, indicates that the 

first step corresponds to the rate-determining elementary step 

for this same stage, whereas the protonation proceeds with a 

significantly lower activation free energy (1.34 kcal mol
-1

 

respect to 6). The free reaction energy was calculated to be -

5.96 kcal mol
-1

. Reversibility does not occur because of the 

acidity of the proton in the dichloromethyl group which cannot 

be removed by thiophenolate (pKa = 6). 

This stage from 1 to 2 passing through 6 resembles an 

electrophilic aliphatic substitution (SE1) promoted by the initial 

interaction of thiophenolate with the chlorine atom through a 

σ-hole present in 1. This interaction triggers the attack on the 

chlorine atom in order to form carbanion 6, which is highly 

stabilized by the electron-withdrawing heterocycle. Although 

the reaction is promoted by the σ-hole, the stability of the 

carbanion plays a crucial role, explaining why this reaction 

does not proceed if the trichloromethyl group is not bound to 

an electron-withdrawing moiety. 

The energy profile for the second stage of the mechanism 

is depicted in figure 4. Once 2 is formed it undergoes an SN2 

attack by a thiophenolate molecule to yield 7, this step 

requires an activation free energy of 8.56 kcal mol
-1

 (TS 2-7). At 

this point, the mechanism can follow two possible pathways: 

the first of which is simply another SN2 reaction to yield 

thioacetal 3 in another elementary step via TS 7-3 (6.57 kcal 

mol
-1

 relative to 7). We suggest the second pathway might be 

an SN1 reaction driven by chloride elimination assisted by a 

lone pair on the sulfur atom. The positively charged sulfur 

atom interacts with chloride forming an ionic pair as observed 

with the dotted line in TS 7-8 (44.18 kcal mol
-1

 relative to 7), 

followed by thiophenolate addition to 8 to yield 3 via TS 8-3). 

The former pathway, through TS 7-3, has a lower free 

activation energy, suggesting that this is the most favorable 

pathway. In this stage, the formation of 3 is exergonic (∆rG = -

17.70 kcal mol
-1

). 

 

 

Figure 4. Energy profile for the transformation of 2 into 3. Free energy values are given 

in kcal mol
-1

. Energies are relative to infinitely separated reagents for consistency on 

the total number of particles. 
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Figure 5. Energy profile for the transformation of 3 into 4. Free energy values are given 

in kcal mol
-1

. Energies are relative to infinitely separated reagents for consistency on 

the total number of particles. 

 

Figure 6. Electrostatic potential mapped onto the isodensity surface (0.001 au) for 

compound 3. Numbers are the VS,max values and are given in kcal mol
-1

.Electrostatic 

potential was calculated at the MP2/cc-pVQZ level of theory taking the BMK/6-

31G(d,p) optimized geometry. Red dots indicate the position of VS,max. 

The last stage of the mechanism en route to 4 is similar to 

the first one (figure 5). In order to reach TS 3-9 (9.28 kcal mol
-

1
) a thiophenolate molecule attacks a sulfur atom within the 

thioacetal moiety to yield carbanion 9 and another equivalent 

of diphenyldisulfide. Once the carbanion 9 is formed it is 

readily protonated by thiophenol (TS 9-4, 0.62 kcal mol
-1

) to 

finally yield sulfide 4. 

From the electrostatic potential mapped onto the 

isodensity surface for thioacetal 3 (Figure 6) it is suggested 

that the attack over a sulfur atom in thioacetal 3 may also 

promoted both by a σ-hole interaction with the sulfur atom in 

thiophenolate and the high stability of the forming carbanion. 

The weaker intensity of the σ-hole correlates well with the 

quite longer reaction time to finally yield 4. 

We also analyzed the possibility to obtain the fully reduced 

product from 1, reducing the trichoromethyl group to a methyl 

group using thiophenol and sodium thiophenolate, albeit this 

total reduction is reported to be carried out by means of 

catalytic hydrogenation. When the reaction was done at THF 

reflux temperature (ca. 50-65 °C) for 24 hours, sulfide 4 is 

isolated. Longer reaction time (7 days) at reflux yields about 

5% of methylpyrimidine 5 (Figure 7). This is inferred by 

observing a peak at 2.84 ppm in the 
1
H NMR spectrum (ESI, 

section S1). Despite the fact that the yield of this very last 

stage is low, the total reduction of a trichloromethyl to a 

methyl group is possible, although difficult under these 

reaction conditions. 

A mechanism with its corresponding energy profile, 

presented in figure 7, is also proposed from compound 4 to 

yield 5. The sulfur atom in 4 is attacked by a thiophenolate 

molecule to form carbanion 10, which protonates to afford 

methylpyrimidine 5. TSs for this mechanism were calculated to 

evaluate its feasibility. To reach TS 4-10 from 4, 19.03 kcal mol
-

1
 are needed, explaining the low yield for this transformation 

to occur, even when the protonation step is less energetic 

(0.40 kcal mol
-1

). 

To gain insight about the high barrier for TS 4-10, the 

electrostatic potential for 4 was calculated to see the presence 

or absence of a σ-hole that could trigger this attack (figure 8). 

No σ-hole is observed on the sulfur atom and the negative 

value of VS,max (-3.37 kcal mol
-1

) indicates that this sulfur atom 

behaves merely as a nucleophile, with no possibility of 

interaction with the negatively charged sulfur atom in a 

thiophenolate molecule. 

Taking everything into account, the full energy profile for 

the chemical reduction of 1 using thiophenol and 

thiophenolate is presented in figure 9. From the activation free 

energies, it is shown that the whole reaction from 1 to 4 is 

both thermodynamically favored and kinetically accessible. 

 

 

 

Figure 7. Energy profile for the transformation of 4 into 5. Numbers are free energy 

values and are given in kcal mol
-1

. Energies are relative to infinitely separated reagents 

for consistency on the total number of particles. 
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Figure 8. Electrostatic potential mapped onto the isodensity surface (0.001 au) for 

compound 4. Electrostatic potential was calculated at the MP2/cc-pVQZ level of theory 

taking the BMK/6-31G(d,p) optimized geometry. No σ-holes are observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Full energy profile for the chemical reduction of trichloromethyl pyrimidine 1 to phenylsulfide 4. Numbers are free energy values relative to the starting materials and are 

given in kcal mol
-1

. Energies are relative to infinitely separated reagents for consistency on the total number of particles. Rate constants are given in s
-1

. Only key structures are 

presented for simplicity. Mapped electrostatic potentials for compounds 1, 2, 3 and 4 are also shown. 

 

Conclusions 

DFT calculations indicate that the chemical reduction of 

trichloromethyl compounds with thiophenol and sodium 

thiophenolate proceeds via the mechanism suggested herein 

(scheme 3 and figure 9). The first nucleophilic attack proceeds 

over a chlorine atom in the trichloromethyl group further 

leading to the corresponding dichloromethyl compound, which 

undergoes two consecutive SN2 reactions to yield a thioacetal 

which continues reacting yielding a phenylsulfide. This reaction 
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proved to be both thermodynamically favored as well as 

kinetically accessible (highest ∆G
ǂ
 = 9.28 kcal mol

-1
). 

MP2 calculations suggest that the first step in the 

mechanism is promoted by a σ-hole over the chlorine atoms of 

the trichloromethyl group. The positive values of the 

calculated VS,max indicate that such chlorine atoms behave as 

electrophiles toward the nucleophilic sulfur atom in 

thiophenolate (figure 2). 

σ-holes can be used as an advantageous synthetic tool, for 

example, compound 2 is a possible target for developing a 

methodology to obtain it from a trichloromethyl group and use 

it as a carbene precursor. 
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