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In mixtures of trichloroacetate ion and trichloroacetic acid in acetonitrile, trichloromethyl radicals are pro-
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duced as a result of the redox reaction between the acid and its conjugate base. The reaction follows

a loop mechanism in which the trichloroacetic acid is slowly consumed by proton reduction while the tri-
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Introduction

The anodic oxidation of carboxylates (RCOO™) is an old reac-
tion that allows the synthesis of a great variety of products
derived from radical or carbocation chemistry (Scheme 1)."
The radical pathway (Kolbe reaction) is mainly focused on the
synthesis of symmetric and unsymmetric dimers and radical
coupling products derived from addition to double bonds.
Alternatively, depending on the electrolysis conditions, the car-
bocation pathway (non-Kolbe reaction) can be triggered to
prepare products derived from reactions with nucleophilic
species, which allow the formation of compounds such as
alcohols, ethers, esters, acetamides etc. More recently the
covalent grafting of organic moieties on carbon surfaces by
direct and mediated oxidation of carboxylates has also been

Kolbe reaction

- —e . —-CO . =l
RCOO RCOO R" =—= R*
non-Kolbe reaction
Scheme 1 Electrochemical oxidation of carboxylates.

“Departamento de Quimica del Centro de Investigacion y de Estudios Avanzados del
LPN., Av. IPN 2508, Col. San Pedro Zacatenco, 07360 Distrito Federal, Mexico.
E-mail: fgonzale@cinvestav.mx; Fax: +52 55 57477113; Tel: +52 55 57473728
bDepartamento de Quimica de la Universidad Autonoma Metropolitana-Iztapalapa,
San Rafael Atlixco 186, Col. Vicentina, 09340 Distrito Federal, Mexico

TElectronic supplementary information (ESI) available. See DOI: 10.1039/
c20b26961a

318 | Org. Biomol. Chem., 2013, 11, 318-325

chloroacetate ion is oxidized like in an electrochemical Kolbe reaction. The hydroquinone-trichloroacetate
complex was a good sensor of this unexpected self-decarboxylation redox reaction.

considered between the main applications of the carboxylate
oxidation reaction.’

Although most of the mechanistic studies of this reaction
were based on the analysis of electrolysis products, recent
studies indicate that the first electron transfer uptake gives
rise to a transient acyloxy radical (RCOO ") which is immedi-
ately decomposed into a free radical (R ") and carbon dioxide.?
Due to the instability of acyloxy radicals,* and the high stability
of both carbon dioxide and the products of the radical and/or
carbocation coupling, the decarboxylation reaction represents
an important driving force of either the Kolbe or non-Kolbe
overall mechanisms. In this framework, it can be proposed
that the interaction between carboxylates and molecules
having the ability to gain electrons through a redox reaction
represents a good option to initiate chemically any of the reac-
tion pathways mentioned above.

On the other hand, it is well known that the acidity of
carboxylic acids is sensitive to the presence of substituents in
the molecular structure of the acid. Thus, electron-releasing
groups contribute to decrease the acidity while electron-with-
drawing groups contribute to increase this property. From the
electrochemical point of view, the presence of substituents in
the acid structure is also manifested through differences in
the reduction potential of the acidic proton, such as was
demonstrated in some studies about the reduction of organic
compounds possessing acidic functional groups on platinum
electrodes.’ In this way, the higher is the acidity of the acid,
the lower is its reduction potential.

Considering both the oxidation features of carboxylates
and the redox reduction features of the acidic proton of the
corresponding acids, in this work it is proposed that mixtures
of carboxylates derived from strong carboxylic acids can be
involved in an intermolecular electron transfer reaction
leading to an overall self-decarboxylation process. In order to
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demonstrate this hypothesis the behaviour of mixtures of
trichloroacetate ions (Cl;CCOO™) and trichloroacetic acid
(CI3CCOOH) in acetonitrile was analysed by cyclic voltamme-
try, spectroscopy and theoretical calculations to evaluate the
electron exchange between these two species.

The fundamental aspects of the problem analyzed here are
of relevance to the understanding of the mechanisms of
decomposition of haloacetic acids, which are found between
the main halogenation products of drinking water.®

Results and discussion

The origin of the problem here discussed arises from a
preliminary study about the two-electron reduction of 1,4-ben-
zoquinone (Q) in the presence of proton donors such as tri-
chloroacetic acid (Cl3CCOOH) in acetonitrile. The overall
reaction stoichiometry of this electrochemical reaction shows

that hydroquinone (QH,) and trichloroacetate ions
(C1,€CO07) are formed in a 1: 2 molar ratio (eqn (1)).
Q +2e” + 2Cl3;CCOOH = QH, + 2Cl3CCOO0™ (1)

This process presents a typical voltammetric pattern which
is shown in Fig. 1. Curve “A” corresponds to the behaviour of
the 1,4-benzoquinone in the absence of Cl;CCOOH. In this
figure, peaks Ic-Ia and Ilc-IIa correspond respectively to the
quinone/semiquinone (Q/Q°~) and the semiquinone/dianion
(Q"7/Q*") reversible redox couples.” On the other hand, when
an excess of CI;CCOOH is added to the solution of 1,4-benzo-
quinone, the curve “B” is obtained. Under these conditions,
the chemically irreversible peak Illc is related to the two-elec-
tron global process depicted by eqn (1), while the oxidation
peak Illa is related to the oxidation of a hydrogen bonding
association complex between hydroquinone and trichloroace-
tate ions. The 1:2 complex is yellow and its anodic peak
potential at a scan rate of 0.1 V s~ (0.695 V/SCE) is lower than
that of pure hydroquinone (0.982 V/SCE) (curve “C”, peak IVa).
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Fig. 1 Cyclic voltammetry in acetonitrile +0.1 M n-BusNPFg on a glassy carbon
electrode (3 mm diameter) at 0.1 V s~'. (A) 1,4-benzoquinone 2 mM; (B) 1,4-
benzoquinone 2 mM + HTCA 20 mM; (C) hydroquinone 2 mM.

This journal is © The Royal Society of Chemistry 2013

View Article Online

[\

+ 1Hour + Cl,CCOOH

Scheme 2 The hydroquinone as a chemical sensor.

Under the experimental conditions of Fig. 1B, the reaction stoi-
chiometry is described by eqn (1), the excess of HTCA deter-
mining potential peak IIla. Until now, the results described
above have been satisfactorily understood from previous
work,® however, several problems of solution instability
were found when the mixture QH,:Cl;CCOO™ : Cl;CCOOH
(2:4:20) was prepared in order to emulate approximately the
interfacial conditions existing at the beginning of oxidation of
the association complex during the reverse scan of curve “B”
(peak IIIa). The problems here suggested can be described
in terms of Scheme 2, which shows several pictures of the
electrochemical cell under different conditions of chemical
composition.

Scheme 2A shows the appearance of the initial colourless
solution of hydroquinone 2 mM. When 4 mM of Cl;CCOO™
are added to this solution, it becomes yellow, indicating that a
hydrogen bonding QH, CI;CCOO~ complex is formed
(Scheme 2B). After addition of 20 mM of HTCA, the solution of
Scheme 2B becomes immediately colourless (Scheme 2C),
however the yellow colour is spontaneously recovered after 1 h.
The loop process indicated in Scheme 2 can be performed an
indefinite number of times, which suggests that hydroquinone
is never consumed and it acts only as a chemical sensor of an
unexpected reaction that involves only the trichloroacetate ion
and the respective trichloroacetic acid.

In this framework, the next results were focused on demon-
strating the nature of the reaction between the acid and its
conjugate base. Thus, it was considered that the mixture of
tetrabutylammonium trichloroacetate plus trichloroacetic acid
in acetonitrile can be analyzed by cyclic voltammetry. The tri-
chloroacetate ion can be detected through its oxidation wave
while the acidic proton of the carboxylic acid can be detected
through its respective reduction wave. The oxidation process is
generally carried out on glassy carbon electrodes, however, due
to the fact that the cathodic reduction of protons is electro-
catalyzed on platinum and not on glassy carbon,’ all the
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Fig. 2 Cyclic voltammetry in acetonitrile +0.1 M n-BusNPFg on a Pt electrode
(1 mm ¢) at 0.1 V s™". (A) Cl3CCOO~ 1 mM; (B) CI3CCOO~ 1 mM + ClsCCOOH
5mM att=0min; (C) at t =20 min; (D) at t = 120 min.

subsequent electrochemical experiments were performed by
using this metallic electrode.

Fig. 2A shows the voltammetric behaviour of trichloroace-
tate ions (1 mM), which is characterized by the lack of any
reduction signal, that is, capacitive current is only observed.
When trichloroacetic acid is added in excess (5 mM), a single
cathodic peak (E,. = —0.6 V/SCE at 0.1 V/SCE), attributed to
reduction of acidic protons of the carboxylic acid, is obtained
(Fig. 2B). At this stage, the current intensity is a maximum,
however, it decreases slowly until the starting capacitive
current is recovered after 2 h approximately (Fig. 2C and D).
This behaviour is indicative that the carboxylic acid is con-
sumed slowly during the reaction.

In order to know about the behaviour of trichloroacetate
ions in the previous mixture, the same experiment was
repeated, but in this case by registering the oxidation signal of
trichloroacetate ions (Fig. 3).

Fig. 3A corresponds to the initial voltammogram of tri-
chloroacetate oxidation in the absence of trichloroacetic acid,
which shows a chemically irreversible anodic peak (E, = 1.249
V/SCE). Such as was previously analyzed on glassy carbon
electrodes for other substituted and non-substituted aliphatic
carboxylates,'® the main peak is related to a non-Kolbe
carboxylate oxidation while the prepeak is related to the
adsorption of this anion on the platinum electrode.'® In the
presence of 5 mM of trichloroacetic acid, some features of
the voltammogram were modified (Fig. 3B). For example, the
main peak was shifted towards less positive values while
the prepeak disappearance was observed. Additionally,
the peak current intensity was slightly decreased, reaching the
minimum value after approximately 20 minutes. After
50 minutes the current intensity is increased (Fig. 3C) and
finally the starting voltammogram is recovered after 2 hours
(Fig. 3D). Due to the fact that in this experiment the current
intensity was in the same order of magnitude, it can be pro-
posed that the concentration of trichloroacetate ions was
essentially constant. However, the small difference in current
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Fig. 3 Cyclic voltammetry in acetonitrile +0.1 M n-BusNPFg on a Pt electrode
(1T mm ¢) at 0.1V s~1. (A) CI5CCOO™ 1 mM at t = 0 min; evolution in the time
after addition of CI3CCOOH 5 mM; (B) t = 20 min, (C) t = 70 min, (D) t = 120 min.

between curve 3A and 3B can be explained in terms of the
occurrence of a hydrogen bonding association process
between the carboxylate and the carboxylic acid, which yields
an association complex ClzCCOO™---[HOOCCCl;], whose stoi-
chiometry could be higher than 1: 1, probably 1:2. Thus, con-
sidering the direct proportionality between the peak current
and the diffusion coefficient,"* the decrease in current of vol-
tammogram 3B is explained by the fact that the complex is a
more voluminous species that diffuses slowly with respect
to the free carboxylate. In agreement with this proposal of
association, the blocking of the negative carboxylate function
explains also the disappearance of the prewave attributed pre-
viously to adsorption of the free anionic carboxylate. With the
passage of time, the concentration of carboxylic acid decreases
as shown in Fig. 2, and therefore the stoichiometry of the
association complex diminishes from 1:2 to 1:1. In this
way, the modification in the association equilibrium results in
the increase of the peak current, such as was observed in
Fig. 3C. Finally, the original behaviour is recovered after the
total consumption of trichloroacetic acid.

From the results described above, it is concluded that
trichloroacetic acid and trichloroacetate ion in acetonitrile are
involved in a reaction in which the carboxylate concentration
remains constant while the concentration of the acid decreases
with time.

In order to establish the nature of reaction products
and therefore the mechanism, '"H and "*C NMR experiments
in acetonitrile under an argon atmosphere were performed.
In this experiment, 3 mL of a concentrated solution of
Cl3CCOOH (0.317 mmol) was mixed under an argon atmo-
sphere with 3 mL of another solution containing 0.322 mmol
of tetrabutylammonium trichloroacetate n-Bu,N'Cl;CCOO™.
Once the initial CI;CCOOH was consumed after 24 h of
reaction, 0.224 mmol of CI;CCOOH, dissolved in 1.8 mL of
deuterated acetonitrile, were also added to increase the con-
centration of the reaction products. In order to ensure the
total consumption of Cl;CCOOH, the reaction time for this

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Nuclear Magnetic Resonance of the mixture of trichloroacetic acid + tet-
raethylammonium trichloroacetate in deuterated acetonitrile. (A) "H NMR, (B)
13

CNMR.

mixture was about 48 h. After this time, a 150 pL sample of
this reaction mixture was placed in an NMR tube containing
450 pL of deuterated acetonitrile.

Fig. 4A shows the 'H NMR spectra, which present the
signals corresponding to the hydrogen atoms of acetonitrile
(1.94 ppm), water (3.26) and chloroform (7.59 ppm). On
the other hand, in the ">C NMR spectra (Fig. 4B), the signal for
the carbon atom of acetonitrile (117.7 ppm), trichloroacetate
ion (91.2 and 162.9 ppm) and chloroform (78.2 ppm) was
obtained.

Due to the presence of chloroform as a product of the reac-
tion between trichloroacetate ions and trichloroacetic acid, the
mechanism depicted in Scheme 3 can be proposed.

In this mechanism, the carboxylate and its corresponding
conjugate acid generate an association complex (Cl3CCOO™---
HOOCCCI;), which is the precursor of the redox reaction
between both species. That is, one electron from the carboxy-
late CI3CCOO™ is transferred to the proton of the acid
Cl;CCOOH inside the coordination sphere of the association
complex, giving rise to H", the acyloxy radical Cl;CCOO ", and
allowing the regeneration of the carboxylate CI3CCOO™. Due to
the fact that acyloxy radicals are highly unstable,” CI;CCOO" is
rapidly cleaved into CO, and the free radical Cl;C ", which can
react with H™ to generate chloroform CI;CH. Although this

This journal is © The Royal Society of Chemistry 2013
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Scheme 3 Redox mechanism of self-decarboxylation.

compound was detected as the sole reaction product, the
formation of the radical coupling product Cl;CCCl; cannot be
discarded, as it is a volatile gas that could be easily removed
during the bubbling of the solutions with argon.

The redox reaction implicit in the loop mechanism
depicted in Scheme 3 is equivalent to a self-decarboxylation
of trichloroacetic acid redox catalyzed by trichloroacetate ions
(eqn (2)), in a global sense. The presence of chloroform as a
reaction product as well as the presence of a broad signal at
3450 Gauss in ESR experiments support the proposal that the
global self-decomposition mechanism involves in fact radicals
(see ESIY).

Cl;CCOOH + Cl;CCO0~ = Cl;CH + CO, + Cl;CCO0~  (2)

Another interesting observation about this reaction consists
in the fact that by decreasing the number of chlorine atoms in
the structures of the acid and carboxylate, the self-decarboxyl-
ation tends to be suppressed, which suggests that a high
acidity of the acid or a low reduction potential of this one is
essential for the occurrence of this phenomenon.

It is worth mentioning that the radical mechanism pro-
posed here contrasts with that assumed in aqueous media, in
which the decarboxylation was deemed to be the result of an
intramolecular electron transfer from the carboxylate group
towards the halogenated moiety.**

In order to know more about the nature of the complex
acid-carboxylate that is the precursor of the self-decarboxyl
ation process, electronic structure calculations were performed
in order to determine the thermochemical viability of reaction
(3) as well as that corresponding to eqn (2). Chloroacetic
acids-chloroacetate pairs with 1 to 3 chlorine atoms were
considered.

[CI3CCOOH - - - 0O0CCCl;]~ = CI;CH + CO, + Cl;CCO0~  (3)

The fully optimized structures of the acid-carboxylate com-
plexes are shown in Fig. 5. It was found that as the number of
Cl atoms increases in these species, the distance between the
H and the donor O (OP), in the acid fragment, increases.
At the same time the distance between the H and the acceptor
0 (0%, in the anionic fragment, decreases. This indicates that
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Fig. 5 Fully optimized structures of the Cl, acetic acids—acetate complexes,
with x = 1 to 3. Distances are reported in A.

Table 1 Electronic charge density p and its Laplacian V?p, at the bond critical
points found for the H donor and the H acceptor sides

BCP at H donor side BCP at H acceptor side

pHD V2 pHD pHA V2 pH.A

C1 0.21206 —0.22863 0.12219 0.00771
C2 0.20806 —0.21518 0.12608 0.00296
C3 0.20283 —0.19673 0.13064 —0.00363

the strength of the hydrogen bonding (HB) increases in the
same direction (Cl=1<Cl=2 <Cl=3).

In order to quantify the strength of the HB interactions
leading to the complexes formation, Bader topological
analyses'” of the M05-2X/6-311++G(d,p) wave functions were
performed. Two relevant bond critical points (BCPs) were
identified in each case, one at the H donor side and the
other at the H acceptor side, taking the H atom as reference.
Their electronic charge density p and its Laplacian, V?p, are
reported in Table 1. The Laplacian values reported in the
table have the opposite sign than those directly produced by
the AIM2000 code to facilitate discussion.

The BCPs, which correspond to a maximum of p, can also
be represented as (3,—1) since they are characterized by two
negative values of the Hessian eigenvalues. The values in
Table 2 confirm that the critical points found in the present
case actually are BCPs. The presence of a BCP at the H acceptor
(anion) side confirms the existence of the intermolecular
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interaction for the studied complexes. Moreover the values of
p at these BCPs present a clear trend related to the number of
chlorine atoms. The p values increase with the chlorination
degree, which indicates that the strength of the interaction
between fragments increases in the same direction.
In addition the p values corresponding to the BCPs at the
H donor side decrease with the chlorination degree, which
indicates that the O-H bond in the acid becomes weaker
in the complex as the number of chlorine atoms increases.
Both behaviors support that the strength of the HB interaction
follows the order C1=1<Cl=2<Cl=3.

A more detailed analysis of the BCPs at the donor and
at the acceptor sides, based on the Hessian eigenvalues 4, 4,,
and 13, has also been performed to characterize the nature of
the BCPs. It has been established'? that the value of the ratio
|41|/45 allows classifying the interactions. Values of |44]/4; > 1
correspond to shared interactions, like those in covalent
bonds; while values of |4,]/A; < 1 correspond to closed-shell
interactions, such as in H bonds. According to the values in
Table 2 it can be established that the H-O™" bond in the acid
fragment retains the covalent bond character, while the H-0™
bond involving the acetate is systematically described as
closed-shell interactions, in line with the HB interaction
between the fragments. Even though this is the case for the
three studied complexes, as the chlorination degree increases
the covalent character of the H-O™” bond decreases, i.e. the
|21|/4; becomes closer to 1; while the value of |1,]/4; for the
H-O™ bond increases. This analysis also supports the order
Cl =1 <Cl=2 <l =3 for the strength of the interaction
between the fragments in the complexes. Negative values of
V?p are also characteristic of shared interactions, and positive
V?p values are indicative of closed-shell interactions.'® Accord-
ing to the values in Table 1, the analyses of the V?p values are
perfectly congruent with those based on |4,|/4; values.

The Gibbs energies of reaction (AG) are reported in Table 3,
for the global reactions (2) and (3). The AG values for the com-
plexation process (AG™™P'™) and for the rupture of the radical
species (AG™P") are also provided, as well as the adiabatic
electron affinities of the acids (EA*"**) and the adiabatic ioniz-
ation energies of the anions (IE*°"°"), in acetonitrile solution.
The thermochemical viability of the complexation process was
found to increase with the chlorination degree. The same
trend was found for the Gibbs energies of reactions (2) and (3),
as well as for the rupture of the radical species. Therefore all
the obtained data support that there is a direct relationship
between the number of chlorine atoms in the structures of the
acid/anion pairs and the facility of the self-decarboxylation
process, in agreement with the experimental evidence.

Since the postulated mechanism involves an electron trans-
fer from the carboxylate (electron donor, eD) to the proton of
the acid (electron acceptor, eA), the electron affinity of the
latter is expected to be significant to the global process, as well
as the ionization energies of the acetate ions. The values
in Table 3 show that the EA of the acid increases and the IE
of the anion decreases with the chlorination degree. Both
were in agreement with the trend found for feasibility of the

This journal is © The Royal Society of Chemistry 2013
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Table 2 Hessian eigenvalues, at the bond critical points found at the H donor and the H acceptor sides

BCP at H donor side

BCP at H acceptor side

Cc1 c2 c3 Cc1 c2 c3
2,1P —0.8623 —0.8366 —-0.8113 —0.3427 —-0.3615 —0.3836
2,1P —0.8500 —0.8240 —0.7891 —0.3353 —0.3536 —0.3754
;1P 0.7978 0.7999 0.8035 0.7089 0.7269 0.7444
[411/25 1.08 1.05 1.01 0.48 0.50 0.52

Table 3 Gibbs energies of reaction, in kcal mol~" at 298.15 K, for different pro-

cesses involving the Cl, systems (x = 1 to 3), and electron affinities of the acids
(eV)
x=3 x=2 x=1

AGeomPlex -7.36 -7.18 —4.27
AG?) ~19.60 -15.79 ~11.39
AG®) —12.24 -8.61 -7.12
AG™P* —40.09 —32.63 —24.93
EASobeA 3.98 3.62 3.27
IES°heP 6.82 6.56 6.24

Table 4 Hirshfeld charges on the atoms involved in the HB (O™°, H, 0™"%) in the
free fragments and in the complexes

x=3 x=2 x=1
Complex
o'P —0.248 —0.256 —0.257
H"® 0.104 0.100 0.095
o4 —0.292 —0.306 —0.314
Free fragments

HD —0.166 —0.174 —0.179
H'® 0.226 0.219 0.210
ofa —0.455 —0.472 —0.495

self-decarboxylation process. These trends are shown in Fig. S2
of ESLT

In addition, a direct relationship has also been found
between the AG of the self-decarboxylation processes and the
ratio between the electronic charge density of the BCP at the
H acceptor side and that of the BCP at the H donor side of
the complexes (Fig. S31). This trend suggests that the thermo-
chemical viability of the global self-decarboxylation processes
is related to the strength of the postulated complex.

The Hirshfeld charges on the atoms involved in the
formation of the H bonded complex are reported in Table 4.
These atoms are the oxygen atom in the acid fragment acting
as the H donor (0""), the H atom involved in the HB inter-
action (H™®), and the oxygen atom in the acetate fragment
acting as the H acceptor (O™). According to the values in this
table the positive charge of the H atom is significantly lower in
the complex, compared to that in the isolated acid. In addition
the charge on the O atom in the acetate fragment becomes
less negative in the complex, while that on the O atom (directly
bonded to the H) in the acid becomes more negative, also com-
pared to the isolated fragments. These results support the

This journal is © The Royal Society of Chemistry 2013

postulated electron transfer between the acid and carboxylate
fragments in the association complex.

Conclusions

The self-decarboxylation process occurs in mixtures of trichloro-
acetic acid with tetraethylammonium trichloroacetate in
acetonitrile. This reaction involves the formation of a hydrogen
bonding association complex, which promotes intramolecular
one-electron exchange. In this reaction, the carboxylate lost an
electron, giving rise to a highly unstable acyloxy radical which
is rapidly decomposed into carbon dioxide and the trichloro-
methyl radical. The electron lost by the carboxylate is used to
reduce the acidic proton of the trichloroacetic acid, allowing
formation of monoatomic hydrogen and the regeneration
of the carboxylate. Although the coupling of trichloromethyl
radicals is possible, the sole reaction product detected
was chloroform, which is the result of the reaction between the
trichloromethyl radical and the monoatomic hydrogen. The
equivalent reactions with mixtures of acetate-acetic acid and
chloroacetate—chloroacetic acid were not possible, allowing
us to conclude that the self-decarboxylation mechanism is
possible because of the high acidity of the easily reducible
proton of trichloroacetic acid. Hydroquinone is a good mole-
cular sensor of this reaction because it permits one to observe
the regeneration of the carboxylate by forming an ionic-neutral
hydrogen bonding yellow complex.

Electronic structure calculations revealed that the strength
of the interaction between fragments increases with the degree
of chlorination. The low value of positive charge on the
H atom in the acid fragment of the complex as well as the low
value of negative charge on the O atom in the complementary
acetate fragment, with respect to the respective free species,
support the intramolecular electron transfer that activates the
self-decarboxylation mechanism. In agreement with this, the
energies of complex formation and complex cleavage indicate
that the global self-decarboxylation processes are also thermo-
chemically more favourable with the chlorination degree.

Experimental
Chemicals

Acetonitrile HPLC, distilled over phosphorous pentoxide, was
used as the solvent. Tetrabutylammonium hexafluorophos-
phate (98%) (n-BuyNPF), crystallized from ethanol, was the
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supporting electrolyte. The tetrabutylammonium trichloroace-
tate was prepared in dry methanol in a Schlenck tube by
mixing stoichiometric amounts of trichloroacetic acid (99%)
and tetrabutylammonium hydroxide 1 M-methanol. The water
produced in this reaction was eliminated under vacuum as a
water-methanol azeotrope.

Electrochemical instrumentation and electrodes

The electrochemical apparatus consisted in a potentiostat
DEA-332 (Radiometer Copenhagen) with positive feedback
resistance compensation. A conventional three electrode cell
was used to carry out the voltammetric experiments. The
working electrode was a 1 mm diameter platinum disk, which
was polished with 0.3 pm alumina powder and ultrasonically
rinsed with distilled water and ethanol before each experimen-
tal run. The auxiliary electrode was a platinum mesh and the
reference electrode a Saturated Calomel Electrode (SCE). A salt
bridge containing 0.1 M n-Bu,NPF," acetonitrile solution con-
nected the cell with the reference electrode. All the electroche-
mical experiments were performed at room temperature
(~25 °C).

Spectroscopic instrumentation

'H and *C NMR spectra were recorded on a JEOL EKA-500
spectrometer. X-band ESR spectra were collected using an
EMX Plus Bruker System and by using a Wilmad cell. The
samples were prepared under an argon atmosphere, in deuter-
ated acetonitrile. In all the cases, the experiments were per-
formed at room temperature.

Computational details

All the electronic calculations were performed with the Gaus-
sian 09 package of programs."® Geometry optimizations and
frequency calculations were carried out using the M05-2X func-
tional'* and the 6-311++G(d,p) basis set. They have been
carried out in solution, using the SMD continuum model
and acetonitrile as the solvent. The M05-2X functional has
been chosen for the task at hand because it has been proven
to be among the functionals with the best performance for
general purpose applications in thermochemistry, kinetics,
and noncovalent interactions involving nonmetals.'* It is also
among the best performing functionals for calculating reaction
energies involving free radicals.'® The SMD solvent model has
been chosen since its performance for describing solvation in
energies of both neutral and ionic species, in aqueous and
also in non-aqueous solvents, is better than that achieved with
other solvent models. Geometries were fully optimized without
imposing any restriction. Local minima were confirmed by the
absence of imaginary frequencies. Thermodynamic corrections
at 298.15 K were included in the calculation of relative ener-
gies. The Bader topological analyses'® of the wave functions
were performed with the AIM2000 code."”
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