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studied at the B3LYP/aug-cc-pVTZ level. The participation of a pentacoordinate sulfur intermediate (in
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Introduction

Sulfonate esters constitute a family of powerful alkylating
reagents." Although such reactants have been typically prepared
from sulfonyl chlorides and alcohols, increasing interest has
been paid to the reaction of sulfonic acids with alcohol
precursors (orthoesters,? diethyl carbonate,® and dialkyl acyl-
fosfonates)* in anhydrous conditions. In fact, sulfonate esters
are a matter of concern in the pharmaceutical industry because
of their undesired formation from sulfonate salts when alcohols
are used as crystallization solvents.” Recently, our research
group turned its attention to this process because of the unex-
pected esterification of sulfonated hydrothermal carbon by
methanol.® As a result of our interest in such a process, the first
theoretical study on the sulfonic acid + alcohol esterification
reaction is presented here.

Several alternative mechanisms can be envisaged for such an
esterification process (shown in Scheme 1 for the benzene-
sulfonic acid + methanol reaction).”® Thus, two addition-elim-
ination (Ad-E) pathways taking place through pentacoordinate
sulfur intermediates’ in either neutral or protonated forms can
be firstly regarded. As an alternative, an Sy1 reaction through
a sulfonylium cation intermediate (identical to those formed
from sulfonyl chlorides in the presence of Lewis acids)® can take
place. Finally, an Sy2 reaction involving methyl transfer from
protonated methanol to a sulfonate anion (as proposed for the
methyl methanesulfonate + methanol reaction)® is considered
here.

The mechanism of the benzenesulfonic + methanol reaction
was studied as a model for the sulfonic acid + alcohol esterifi-
cation. All aforementioned pathways have been regarded,

Instituto de Sintesis Quimica y Catdlisis Homogénea (ISQCH), CSIC-Universidad de
Zaragoza, Pedro Cerbuna 12, E-50009 Zaragoza, Spain. E-mail: Isalvate@unizar.es
+ Electronic supplementary information (ESI) available: Discussions on the
relative stability of 5 and related pseudorotamers, the role of methanol
assistance on neutral and acid-catalyzed Ad-E pathways, and energies and
Cartesian coordinates of all structures (PDF). See DOI: 10.1039/c7ra09833b

3828 | RSC Adv., 2018, 8, 3828-3832

results show a low activation barrier for the Syl pathway (through a sulfonylium cation intermediate) and
a moderate barrier for the Sy2 path (involving protonated methanol as an alkylating reagent).

though benzenesulfonate anion has been replaced by water in
the Sy2 pathway. The possible assistance of methanol mole-
cules has been discussed in the ESL{

Computational methods

B3LYP density functional was chosen because of its good
performance on related systems (sulfonic esters,'® benzene-
sulfonic acid," protonated phosphoric acid,’* phosphonium
ions).” The aug-cc-pVTZ basis set was used because of its good
description on the hydration reaction of metaphosphoric acid**
and the sulfuric acid-methanol-water system.” The resulting
B3LYP/aug-cc-pVTZ method has provided good results on
geometries and energetics of the hydrogen-bonded HCI-HNO;-
H,SO, cluster.*®

Calculations were carried out by means of the Gaussian 09
software package.'” All stationary points were characterized by the
correct number of imaginary frequencies (0 for minima, 1 for
transition states, TS's). Basis set superposition error (BSSE)
corrections were not considered in this work since those effects
are typically negligible in studies using large basis sets (such as
aug-cc-pVTZ)." Free energies at 25 °C in gas phase and methanol
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neutral Ad-E  acid-catalyzed Ad-E ~ Sy1 Sn2
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Scheme 1 Alternative mechanisms.
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solution (by means of the IEF-PCM continuum model) for the
most stable conformation of every structure were used for the
discussion of the results throughout the paper. Relative Gibbs free
energies for the calculated structures in gas phase (in parenthesis)
and methanol solution (in square brackets), shown in figures,
have been calculated by comparison with stabilities of the non-
interacting starting reactants for every mechanistic pathway.
Figures were generated by using CYLView."®

Results and discussion
Neutral Ad-E pathway

Results on the neutral Ad-E path are shown in Fig. 1. Benze-
nesulfonic acid (1) shows a nearly orthogonal S-O bond/phenyl
group arrangement as well as an O=S-O-H sp conformation (as
computed for some substituted benzenesulfonic acids).” The
possible hydrogen bond donation from methanol (2) was
considered, though the resulting complex (3) is disfavored in
Gibbs free energy terms.

A very high energy barrier (gas phase: 225.6 k] mol; solu-
tion: 245.6 k] mol ') has been calculated in this work for the
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Fig. 1 Neutral Ad—E mechanism. Relative Gibbs free energies (kJ
mol™) in gas phase (in parenthesis) and solution (in square brackets) of
all involved structures are shown.
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methanol addition (TS 4), similarly to the very high activation
energy for the methanesulfonyl chloride + methanol addition
previously reported (263.6 k] mol™" at HF/6-31G* level in gas
phase).?

Methyl dihydrogen benzeneorthosulfonate (5), bearing
a pentacoordinate sulfur atom, is thus formed. Such a species
can be regarded as an analogue to tris(p-tolyl) tolueneortho-
sulfonate, which has been detected by "H-NMR.>* Although all
possible pseudorotamers of 5 were studied, the structure
bearing both phenyl and oxo groups in equatorial positions is
clearly favored by at least 16.4 k] mol " (see the ESIf). The
equatorial preference of the oxo group in that sulfur compound
is analogous to the well-known low apicophilicity of m-donor
substituents in pentacoordinate phosphorus derivatives.??
Nevertheless, even for the most stable pseudorotamer, the
pentacoordinate sulfur species 5 shows a very high energy (gas
phase: 215.1 k] mol™'; solution: 233.6 k] mol ™ %).

The subsequent water elimination step can readily proceed
through TS 6 (activation barrier: 10.1 k] mol™" in gas phase;
10.2 kJ mol ' in solution) to yield a hydrogen-bonded methyl
benzenesulfonate + methanol complex (7). Such a complex can
dissociate to yield methyl benzenesulfonate (8) (in O=S-O-C sp
conformation, consistently with X-ray diffraction data)*® and
water (9) as the final products.

The energy profile for the neutral Ad-E pathway shows the
occurrence of a reaction intermediate (5) presenting a prohibi-
tive energy, which precludes the feasibility of such a mecha-
nism. This outcome contrasts with the major role of anionic
pentacoordinate sulfur intermediates in alkaline conditions for
some related reactions (intramolecular sulfuryl transfers,*
hydrolysis of aryl sulfonates).””® The unstability of 5 can be
attributed to the protonation of an equatorial oxygen.

The overall process is slightly favored in both gas phase
(—6.3 k] mol™") and solution (—8.5 k] mol™!) in Gibbs free
energy terms. However, thermodynamic data from equilibria
involving methyl methanesulfonate reactions in solution (basic
hydrolysis®® and pK,),”” allows inferring a +23.4 k] mol~" Gibbs
free energy for the corresponding esterification reaction (hence,
a disfavored process). No significant solvent effects are observed
for the Ad-E mechanism according to the close values for
relative Gibbs free energies for every structure in gas phase and
solution.

Acid-catalyzed Ad-E pathway

Results on the acid-catalyzed Ad-E mechanism are shown in
Fig. 2. The interaction between benzenesulfonic acid (1) and
protonated methanol cation (10) leads to the formation of
a hydrogen-bonded complex (11), which is favored in gas phase
(—119.3 kJ mol ") and solution (—5.2 kJ mol™*). A huge activa-
tion barrier in the methanol addition step (through TS 12) from
11 (gas phase, 256.9 k] mol '; solution, 260.1 kJ mol ") is
found. The resulting protonated methyl dihydrogen benze-
neorthosulfonate cation (13) is rather unstable (100.6 k] mol "
in gas phase; 216.5 k] mol ™" in solution).

The subsequent elimination step (through TS 14) leads to the
formation of the hydrogen-bonded complex 15, which can

RSC Adv., 2018, 8, 3828-3832 | 3829
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finally dissociate to yield methyl benzenesulfonate (8) and
oxonium cation (16).

The acid-catalyzed Ad-E mechanism can thus be discarded
because of the prohibitive activation barrier involved in the
addition step, hence refuting the previously assumed path for
the esterification of sulfonated hydrothermal carbon.® The lack
of a protonated pentacoordinate sulfur intermediate in this
reaction is consistent with the lack of sulfonyl oxygen exchange
for phenyl benzenesulfonate in 10 M HCL.*®

The possible methanol assistance in both neutral and acid-
catalyzed Ad-E mechanisms (detailed in the ESIf) cannot
avoid the high energy of the pentacoordinate sulfur interme-
diate (in either neutral or protonated forms), precluding thus
the feasibility of such pathways. Such a conclusion contrasts
with experimental studies on acid-catalyzed reactions of sulfinic
acid derivatives (transesterification of sulfinates,* hydrolysis of
sulfinamides)® showing the participation of hypervalent sulfu-
rane intermediates.

Sn1 pathway

Results on the Sy1 mechanism are shown in Fig. 3. Thus,
protonation of 1 yields oxo-protonated benzenesulfonic acid

__12 (137.5) [254.9] __

=5

14 (119.3) [245.5]
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Fig. 2 Acid-catalyzed Ad—E mechanism. Relative Gibbs free energies
(kJ mol™) in gas phase (in parenthesis) and solution (in square
brackets) of involved structures are shown.
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cation 17, consistently with NMR** and X-ray diffraction®” data
of other protonated sulfonic acid cations.

Tautomerization of 17 yields OH-protonated benzene-
sulfonic acid cation (18), which is less stable (by 18.1 k] mol " in
gas phase; by 25.1 k] mol™" in solution). Interestingly, the
almost planar sulfur arrangement and the long S---O distance
(2.256 A in gas phase; 2.082 A in solution) indicates that 18
should be rather described as a weakly-bound water complex of
benzenesulfonylium ion (interaction: —23.7 k] mol " in gas
phase; +3.0 k] mol " in solution). The formation of such a sul-
fonylium cation in the sulfonic acid esterification is thus anal-
ogous to the mechanism of Friedel-Crafts sulfonylation
reactions.®*

Exchange of the water moiety in 18 by a methanol molecule
through the energy minimum 19 yields methanol-coordinated
benzenesulfonylium cation (20). Subsequent tautomerization

(0.0) [0.0]

(-6.3) [-8.4]

Fig. 3 Snl mechanism. Relative Gibbs free energies (kJ mol™?) in gas
phase (in parenthesis) and solution (in square brackets) of involved
structures are shown.
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yields oxo-protonated methyl benzenesulfonate cation (21),
which can deprotonate to yield methyl benzenesulfonate (8) as
the final product.

An inspection of the Sy1 reaction mechanism shows a very
low activation barrier by starting from 17 (18.1 k] mol " in gas
phase, 25.1 k] mol " in solution), thus indicating that sulfonic
esterification can easily proceed through a sulfonylium cation,
analogously to acid-catalyzed hydrolysis of B-sultams.**

The formation of a sulfonylium cation as a key intermediate
can thus explain the esterification of sulfonated hydrothermal
carbon in the presence of methanol® as well as the Friedel-
Crafts sulfonylation reactions between sulfonic acids and are-
nes by using Nafion-H as a catalyst.*®

Sn2 pathway

An Sy2 mechanism has been proposed for the esterification of
methanesulfonic acid with methanol (involving methyl transfer
from methyloxonium cation to the sulfonate anion).® In order to
avoid large solvation effects, benzenesulfonate anion was
replaced by a water molecule. No significant variations on the
energy profile should be expected*® for this replacement since
both species show an identical attacking atom (oxygen) and
close basicities (pK, values: benzenesulfonic acid, —2.8;” H;0",

—1.74).%
Results on the Sy2 mechanism (Fig. 4) show that the pre-
reactive  methyloxonium cation-water complex®*® (22)

undergoes an Sy2 reaction through TS 23 with a moderate gas
phase activation barrier (39.1 k] mol ' in gas phase,
62.9 k] mol™ " in solution). The affordable gas phase barrier is
consistent with experimental data showing the fast oxygen
exchange of methanol in acid solutions.* Since the benzene-
sulfonate anion is a somewhat poorer nucleophile than water
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Fig. 4 Sn2 mechanism. Relative Gibbs free energies (kJ mol™) in gas
phase (in parenthesis) and solution (in square brackets) of involved
structures are shown.
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value, a moderate activation barrier can be estimated for the
benzenesulfonate anion + methyloxonium cation reaction.

Conclusions

Both neutral and acid-catalyzed Ad-E mechanisms can be ruled
out on the basis of the high energy of the corresponding five-
coordinate sulfur intermediates. As an alternative, a readily
accessible path is found for the Sy1 pathway (through a sulfo-
nylium cation). The Sx2 path (involving methyloxonium cation
as an alkylating reagent) might also play a major role in the
sulfonic acid esterification.
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