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ABSTRACT: The electrophilic sulfonation of several arenes with SO5 was
examined by electronic structure computations at the M06-2X/6-311
+G(2d,2p) and SCS-MP2/6-311+G(2d,2p) levels of theory. In contrast H
to the usual interpretations, the results provide clear evidence that in
nonpolar media and in the absence of catalysts the mechanism of aromatic
sulfonation with a single SOj; is concerted and does not involve the concerted TS
conventionally depicted 1:1 0 complex (Wheland) intermediate. Moreover,
the computed activation energy for the 1:1 process is unrealistically high;
barriers for alternative 2:1 mechanisms involving attack by two SOj
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molecules are 12—20 kcal/mol lower! A direct 2:1 sulfonation mechanism, involving a single essential transition state, but no
Wheland type intermediate, is preferred generally at MP2 as well as at M06-2X in isolation (gas phase) or in noncomplexing solvents
(such as CCl, or CECly). However, in polar, higher dielectric SO3-complexing media, M06-2X favors an SgAr mechanism for the 2:1
reaction involving a Wheland-type arene-(SO;), dimer intermediate. The reaction is slower in complexing solvents, since the
association energy, e.g., with nitromethane, must be overcome. But, in accord with the experimental kinetics (second-order in SO3),
attack by two sulfur trioxide molecules is still favored energetically over reaction with a single SO in CH3NO,. The theoretical
results also reproduce the experimental reactivity and regioselectivity trends for benzene, toluene, and naphthalene sulfonation

accurately.

B INTRODUCTION

The electrophilic sulfonation of aromatic compounds is an
exceptionally important organic transformation.' ® Many re-
agents, such as sulfuric acid, fuming sulfuric acid, sulfur trioxide,
and chlorosulfonic acid, can be utilized.'™"* Although detailed
mechanistic studies have revealed many complexities depending
on the reaction conditions (including reversibility and the actual
electrophile), SO, as a free species or complexed to a carrier, is
generally considered to be the sulfonating agent (however, see ref
13). It is important to keep in mind that benzene itself is too
reactive to study kinetically. But as the sulfonation of 1,3,5-
CeH;3D; does not exhibit a primary intramolecular deuterium
isotope effect, ipso C—H bond cleavage does not occur in the
rate-determining step. Taking advantage of the much lower
reactivity of 1,4-dichlorobenzene, Cerfontain'"'? found that
the kinetic order of its sulfonation depends on the solvent: it
was first-order in SO; in noncomplexing CFCl; solution, but it
was second-order in SO3 in CH3NO,. Only second-order kinetics
in SO; were reported for the sulfonation of a few other aromatic
substrates in complexing solvents such as CH;NO,, PhNO,, and
1 ,4—dioxane.6’1 Y12 Cerfontain summarized his interﬁpretation of the
reaction sequences under various conditions' by means of
Scheme 1.7 This classic SgAr mechanism involves a 1:1 Wheland-
type arenium zwitterion, ArH'SO; ", as the key intermediate.
Either the formation of this 0 complex or its further reaction might
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Scheme 1. Reaction Sequence for SO;—Arene Sulfonation
Proposed by Cerfontain’
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be rate limiting, according to Cerfontain, but the reversible
character of SgAr sulfonation also may be important in determining
the kinetics. A 2:1 ArH"(SO3),~ 0 complex also was postulated.
Cerfontain’s postulated mechanism in CFCl; solution, invok-
ing attack by a single SO3 molecule in the rate-determining step
to give a zwitterionic 0 complex (Wheland-type) intermediate
(ArH'SO;7) (Scheme 1),” was based on first-order kinetics
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Table 1. Relative Energies and Free Energies (in kcal mol ! at 298.15 K, vs SO; + benzene) of Critical Structures along the
Reaction Paths for the Sulfonation of Benzene with a Single SO; in the Gas Phase and in Simulated CCl, and CFClj; Solutions at
M06-2X/6-311+G(2d,2p) and in the Gas Phase and in Simulated CH;NO, Solution at SCS-MP2/6-311+G(2d,2p)

gas phase M06-2X CCl, solvent” M06-2X CFCl, solvent’ M06-2X gas phase MP2 CH;NO, solvent” MP2
benzene AE AG AE AG AE AG AE AG AE AG
reactant complex —7.14 0.42 —6.56 0.95 —7.20 0.34 —6.03 1.73 —4.53 5.04
TS 31.08 40.87 28.14 37.81 28.15 37.88 38.90 48.51 31.79 43.86
sulfonic acid —26.64 —17.02 —=27.75 —18.00 —27.60 —17.84 —19.83  —10.30 —22.19 —10.82

“IEF-PCM computations.”® b Onsager model computations.*

(in SO;) observed only for a single case, 1,4-dichlorobenzene,
but not for benzene or any other arene. (As detailed below, we
have NOT been able to locate any minimum corresponding to
this 0 complex computationally.) Cerfontain supposed than this
ArH"SO; " species could survive long enough to react with a
second SOj; (step 2) to give another Wheland intermediate of 2:1
composition (ArH'S,04 ), leading to the final arenepyrosulfonic
acid product (ArS,0¢H) (step 3). The second-order (in SO;)
sulfonation kinetics of 1,4-dichlorobenzene in complexing sol-
vents, nitromethane and 1,4-dioxane,®””'> were consistent with
step 2 being rate-controlling. Intramolecular primary deuterium
isotope effects (i.e., ca. 4 or more) for the sulfonation of a few
crowded arenes (such as 1,2,4,5-tetramethylbenzene-3-D) in
polar solvents suggested that step 3 (which involves C—H(D)
bond cleavage ) was rate-limiting in such special cases.” However,
most of the measured intramolecular deuterium isotope effects
(including 1,3,5-deuterated benzene) are secondary (i.e., close to 1),°
indicating minimal C—H(D) bond elongation in the TS. Our
computed very low activation barrier (see the Supporting
Information) rules out the reaction of benzenesulfonic acid with
SOj; to give benzenepyrosulfonic acid (shown on the right side of
Scheme 1) as a possible rate-controlling stage.

We stress that both the experimental>®”'! and the prior
theoretical (computational) studies of the sulfonation of aro-
matic compounds'*~"® were based on the classic SpAr mechan-
istic interpretation (Scheme 1), where at least the first step
involved formation of o complex (Wheland) intermediates
having a tetrahedral ring carbon. In contrast, our work essentially
rules out the existence of such 1:1 SO;—arene sulfonation
intermediates. Although our computations located alternative,
concerted 1:1 SO;—arene reaction mechanisms with 1:1 transi-
tion states (but not intermediates), all the barriers for such
aromatic sulfonation pathways with a single sulfur trioxide
molecule in isolation (gas phase) or in noncomplexing solvents
are too high to account for the rapid reactions observed
experimentally at low temperatures. Thus, 1:1 transition states
are ruled out as realistic alternatives as well.

Instead, viable mechanisms involve attack by two SO; mol-
ecules; our M06-2X theoretical results reveal two alternative
reaction pathways for sulfonation under different conditions. In
isolation (gas phase) or in nonpolar solvents, such 2:1 reactions
follow a concerted pathway involving a single essential transition
state (TS) but no Wheland type intermediate. However, in polar,
higher dielectric SO3-complexing media, the courses of the 2:1
reactions are different; the classic SgAr mechanism involving
Wheland intermediates does dominate the process. Such sol-
vents are expected to have opposing effects; the sulfonation rates
should be raised due to the higher dielectric constants but
lowered due to the energy needed to disrupt sulfur trioxide—solvent

19095

complexes (cf. Table 4 for representative data for the association
of SO; with one or two CH3;NO,’s)."” Despite the latter effect,
the rate is still fast enough to account for the experimental
observations.

Bl COMPUTATIONAL METHODS

The geometries of the reactants, reactant complexes, intermediates,
transition states, and products for the SO; sulfonation of benzene, 1,4-
dichlorobenzene, toluene, and naphthalene were fully optimized using
the M06-2X hybrid functional,”® combined with the standard 6-311
+G(2d,2p) basis set.”** The M06-2X hybrid functional gives reliable
energies for a variety of chemical applications.”® As further validation of
the theoretical results, the geometries of the critical structures along the
reaction paths for the SO; sulfonation of benzene for processes in
isolation, in noncomplexing and complexing solvents, were optimized at
the SCS-MP2/6-311+G(2d,2p) ab initio level.** Harmonic vibrational
frequency computations characterized the optimized structures. The
zero-point vibrational energy corrections employed scaling factors of
0.967>° for the M06-2X/6-311+G(2d,2p) and 0.951*° for SCS-MP2/
6-311+G(2d,2p). Intrinsic reaction coordinate (IRC) computations”” of
the transition structures verified the reactants, intermediates, and
products on the PES. Bulk solvation effects were simulated by the
IEFPCM method®® (except for CECls, where the Onsager treatment®’
was used). Cartesian coordinates and total energies for all optimized
geometries are tabulated in the Supporting Information. All computa-
tions employed the Gaussian 09 program®” and assumed 298.15 K as the
standard temperature. H/D kinetic isotope effects (KIE’s) were esti-
mated theoretically following Skokov and Wheeler’s*! procedure (based
on Bell’s formulas).>* The KIE values, deduced from energy and
frequency computations for both C4Hg and 1,4-C¢H,Cl, reactants (as
well as their deuterated derivatives) in simulated nitromethane solvent
for the rate-determining TS2 transition states of the stepwise mechanism,
agreed well (see below) with the experimental data in nitromethane.”'>

Since the entropies of association and complexation are unfavorable,
the free energies computed in isolation for the reactant complexes,
explicit solvation complexes, etc. (see Tables 1—5) also are unfavorable
(even though their enthalpies often are appreciably negative). The same
is true for the computed energies and free energies when bulk solvation
effects were simulated using the standard methods implemented in the
Gaussian 09 program. However, such treatments do not estimate the
free energy of association in solution suitably. Accurate modeling of such
processes is hampered by the well-known, but hard to overcome,
difficulties in estimating free energies for processes in solution theore-
tically (see, e.g, refs 33 and 34). When the partially compensating
entropy contributions to AG for solute—solvent interactions are not
considered, computations generally overestimate free energies in solu-
tion. Thus, “standard” (gas phase) estimates of the free energies of
SO;—nitromethane complexation give positive AG values (Table 4) due
to the large entropy loss. But this disadvantage is expected to be far less in
solution, where solvent molecules are readily available to interact with
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Table 2. Relative Energies and Free Energies (in kcal mol ! at 298.15 K) of Critical Structures along the Reaction Paths for the
Sulfonation of Benzene (See Figure 2) and 1,4-Dichlorobenzene with Two SO5’s in the Gas Phase and in Simulated CFCl; and
CCl, Solutions (Concerted Mechanism) and in Simulated CH;NO, Solution (Classic SzAr Mechanism) at M06-2X/6-311

+G(2d,2p)
benzene 1,4-dichlorobenzene
AE AG AE AG
gas phase” reactant complex —13.16 5.07 —12.53 6.57
TS 1.28 23.34 8.33 31.21
pyrosulfonic acid —46.10 —24.17 —36.13 —13.10
CFCl, solvent™” & = 2.0 reactant complex —13.29 4.83 —12.55 6.57
TS -5.97 16.34 S.17 28.18
pyrosulfonic acid —46.87 —24.84 —36.62 —13.58
CCl, solvent™ & = 2.228 reactant complex —11.64 6.78 —11.01 8.00
TS -3.01 19.38 S5.71 28.76
pyrosulfonic acid —45.65 —23.81 —35.38 —12.46
CH;3NO, solvent™ & = 36.562 reactant complex —9.76 837 —9.20 945
TS1 -8.74 11.57 -3.10 18.78
o complex —10.34 10.61 —2.97 18.21
TS2 -10.40 12.13 (12.63)" 0.76 23.79 (24.35)"
pyrosulfonic acid —44.91 —23.29 —34.42 —11.54

“ Relative to benzene and two SO5’s molecules. ” Onsager model computations.” * IEF-PCM computations.*® 4Values for the deuterated isotopomers in

parentheses. The KIE’s were evaluated by employing eqs 1 and 2 in ref 31.

Table 3. Relative Energies and Free Energies” (in kcal mol ™ Y
at 298.15 K) of Critical Structures for the Sulfonation of
Benzene with Two SOj‘s in the Gas Phase and in Simulated
CCl, and CH3NO, Solutions (Concerted Mechanism; See
Scheme 2) at SCS-MP2/6-311+G(2d,2p)

gas phase CCl, solvent ~ CH3NO, solvent

AE AG AE AG AE AG

reactant complex —11.88 552 —1049 7.83 —8.52 11.31

TS 14.33 36.19 1045 33.72 3.62 28.86

benzenepyrosulfonic —28.73 —7.71 —30.69 —7.74 —29.86  —S.55
acid

“Relative to benzene and two separated SO; molecules.

solutes and products. Thus, it may be preferable to consider the relative
energy (AE) values of SO; complexation, rather than AG values based
on gas phase computations.

B RESULTS AND DISCUSSION

Concerted Mechanism of Sulfonation with Sulfur Trioxide
in Isolation and in Noncomplexing Solvents. The Nonexis-
tence of a 1:1 Whelend Intermediate. Our theoretical model-
ing of the inherent (ie, uncatalyzed and noncomplexed)
sulfonation with SOj; in isolation (gas phase) or in simulated
noncomplexing solvents (CCl,, CFCl;) revealed that the general
mechanism followed an unexpected pathway. We first examined
the reaction between a single SO; and benzene, which was too
fast to be studied experimentally. Cerfontain’s®”"" first-order
kinetics (in SO3) were reported only for the sulfonation of the
less reactive 1,4-dichlorbenzene in the noncomplexing CFCl;
solvent. Contrary to expectations based in Scheme 1, only a
concerted, single-step process was found. No intermediate of the
Wheland type (or any other intermediate) in the key step could

be located at our DFT and correlated levels of theory. Instead,
the transition state for this 1:1 process (Figure 1) involves near in-
plane SO; attack concerted with simple, direct transfer of the
ipso-H to the nearby SO; oxygen. However, the very high
transition state energies both in the gas phase and in simulated
CCly and CECl; solutions given in Table 1 rule out such processes,
as they are inconsistent with the high rates of the experimental
reaction at low temperatures (—20 °C or below).

Although Morley et al.'® reported a putative toluene—SOj
Wheland intermediate at the modest HF/4-31G/S* theoretical
level (but did not give its structure details), they considered it
“unlikely to occur under mild sufonation conditions” because of its
high energy. We have searched for such an intermediate exhaus-
tively but were only able to locate minima at HF levels in simulated
polar media (but not in isolation at any level). This HF minimum
starting geometry could not be reoptimized at a variety of DFT,
MP2, and other correlated levels in simulated media or in the gas
phase; dissociation occurred instead. Single point computations on
the HF minimum geometry at all levels gave unrealistically high
energies (in agreement with Morley et al’s's findings). We also
failed to locate a 1:1 SOj-1,4-dichlorobenzene Wheland-type
intermediate and, hence, were unable to verify Cerfontain’s pro-
posed mechanism (Scheme 1) (see ref 13). We are not able to
account for Bosscher and Cerfontain’s reported first-order kinetics
in both 1,4-dichlorobenzene and SO; in CFCl; solution,'' the
unique example of such behavior we have found in the literature.

In addition to this 1:1 process (Table 1), Cerfontain’s Scheme 1
considers the involvement of more than one sulfur trioxide in
sulfonation reactions in complexing solvents®”'> where second-
order (in SO;) kinetics and 2:1 consumed molar ratios of SO5 to
arene are observed experimentally. Our investigation provides
further evidence for mechanisms involving the participation of two
sulfur trioxide molecules in the rate-determining stage in isolation
and in noncomplexing solvents. Morley et al’s'® Hartree—Fock
theoretical study of toluene favored such a process, but solvation
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Table 4. Relative Energies and Free Energies (in kcal mol ' at 298.15 K) at M06-2X/6-311+G(2d,2p) for SO; Complexation with
SO; and CH;3NO, in Isolation and in a Simulated CH;NO, Solution

gas phase
SO3 complexes AE
SO5- - -SO; (dimer) —4.23
CH,NO, - - -S04 ~822
2CH;NO, - - -S04 1262

—14.19 (—9.97)*
—23.62 (—19.39)¢

CH;NO, . - -2505%"
2CH;NO, - - -280;*

CH;NO, solvent
AG AE AG
3.09 —3.16 375
1.59 823 2.58
8.51 —11.97 9.90
6.25 (3.16)° —13.46 (—10.30)* 7.84 (4.09)*
8.93 (5.83)¢ —18.62 (—15.46)" 13.77 (10.03)*

“ Complexes with explicit CH;NO, molecules.  Energy and free energy are relative to CH;NO, and two separated SO5’s.  Energy and free energy are
relative to two CH3;NO, molecules and two separated SOj’s. dEnergy and free energy given in parentheses are relative to CH3;NO, and the

(SO;), dimer.

Table 5. Relative Energies and Free Energies (in kcal mol ', at 298.15 K) of Critical Structures for the Concerted Sulfonation
Mechanism with Two SO5‘s of Benzene, Toluene, and Naphthalene in the Gas Phase and in Simulated CCl, Solution (Concerted

Mechanism) at M06-2X/6-311+G(2d,2p)

compd, position of substitution

benzene reactant complex
TS
pyrosulfonic acid
toluene-2 reactant complex
TS
pyrosulfonic acid
toluene-3 reactant complex
TS
pyrosulfonic acid
toluene-4 reactant complex
TS
pyrosulfonic acid
naphthalene-1 reactant complex
TS
pyrosulfonic acid
naphthalene-2 reactant complex
TS

pyrosulfonic acid

gas phase CCl, solvent

AE AG AE AG
—13.16 5.07 —11.64 6.78
1.28 23.34 -3.01 19.38
—46.10 —24.17 —45.65 —23.81
—14.64 5.36 —13.06 7.05
-3.25 20.92 -7.33 17.14
—46.60 —22.26 —45.93 —21.58
—13.94 6.50 —12.35 8.17
-0.33 23.29 -4.76 19.47
—44.15 —20.96 —46.14 —22.44
—13.80 6.66 —12.02 891
-2.92 20.74 -8.59 15.38
—46.96 —23.08 —46.43 —2243
—14.75 3.90 —13.01 6.24
-4.30 18.71 -9.12 14.12
—42.39 —19.58 —42.15 —19.34
—13.76 4.57 —12.45 545
-2.26 20.35 -7.08 16.26
—46.72 —23.95 —46.13 —23.36

p o

1.394 1.407 1.262

OE% . O 064
%.33

1,407
Figure 1. Computed transition structure (C, symmetry) for the SgAr
sulfonation of benzene with a single SO3 at M06-2X/6-311+G(2d,2p) in
isolation (unsolvated).

S

effects were not considered and only limited data were reported.
Our findings at both M06—2X/6-311+G(2d,2p) and SCS-MP2/
6-311+G(2d,2p) levels (Tables 2 and 3), which included forward
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Scheme 2. Direct Mechanism of Sulfonation of Benzene with
Two SO; Molecules in Isolation (Gas Phase) or in Nonpolar
Media

1
OGS
2580 ; N
@ : /é © @SOSSOSH
S
d o Arenepyrosulfonic Acid

Transition State

and backward IRC checks of the optimized transition states (see
Figure S3 of the Supporting Information), clearly establish a
concerted mechanism for the reaction of two SO3; molecules with
arenes (benzene, toluene, naphthalene, and 1,4-dichlorobenzene)
in isolation and in noncomplexing solvents. Onsager SCRS
computations® modeled the CFCly solvent (with M06—2X),
while standard IEFPCM computations™® were employed for CCl,
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Figure 2. M06-2X/6-311+G(2d,2p) structures of (A) the reactant complex and (B) the transition state for the concerted SgAr sulfonation of benzene
with two SO; molecules in isolation. (See Table 2 for data and Figure 4 for the structures in simulated CH3;NO, solution.)

simulations. In nice accord with experimental findings,'" the
resulting reaction barriers for sulfonation with two SO3 molecules
(Table 2) had much lower energies. The activation free energy for
benzene in CFCl; was only 16.34 kcal/mol. As expected, all the
computed reaction barriers for 1,4-dichlorobenzene are much
higher than those for benzene.

At the suggestion of a reviewer, we also employed the SCS-
MP2/6-311+G(2d,2p) level (as in Table 1) to compute data for
the sulfonation of benzene with two SOj’s in isolation and in
simulated CH3NO, (Table 3). Comparison with the M06-2X/
6-311+G(2d,2p) findings (Table 2) confirms our most important
conclusion: that the 2:1 sulfonation is much preferred energetically
over the 1:1 alternative. The gas phase 1:1 MP2 TS free energy
(48.51 kecal/mol Table 1) is over 12 kcal/mol higher than the
36.19 kcal/mol free energy for the 2:1 TS (Table 3). At SCS-MP2,
the computed 1:1 concerted TS free energy in simulated CH;NO,
(43.86 kcal/mol; Table 1) is 15.0 kcal/mol higher than the AG =
28.86 kcal/mol (Table 3) for the concerted 2:1 process.

However, there are significant differences in detail between the
MP2 and MO06-2X results. MP2 only follows the concerted
mechanism (Scheme 2), both in the gas phase and in simulated
CH;NO, solution. As in Table 1 (for the 1:1 sulfonation), the
MO06-2X TS energies (Table 2) are lower than those at MP2
(Table 3) for the 2:1 process, but we note that adding the SCS
correction to MP2 raises the TS energies by about 5—7 kcal/mol.
Higher levels of theory are needed to decide whether MP2 or
MO06-2X provides more reliable results.

Since benzene reacts too rapidly, Cerfontain’s'" experimental
sulfonation kinetics were measured on deactivated arene deriva-
tives, such as 1,4-dichlorobenzene. Indeed, our theoretical TS
energies of the latter are at least 7—8 kcal/mol higher than those
for benzene (Table 2). Scheme 2 depicts the concerted mechan-
ism of benzene sulfonation by two SO3 molecules computed in
isolation or in nonpolar solvents. This pathway is included in
Figure 3.

The formation of 7 (reactant) complex (A, Figure 2) is not
included in Scheme 2, since it is unessential. Its positive free
energy at 298.15 K is unfavorable at M06-2X/6-311+G(2d,2p)
(Table 2). Contrary to Cerfontain’s Scheme 1, formation of a
0 complex intermediate does not occur in isolation (gas phase).
The sulfonation of benzene with two SO; molecules in the gas
phase proceeds to a transition state (the M06-2X/6-311+G-
(2d,2p) TS geometry is shown as B in Figure 2) and then directly

to the benzenepyrosulfonic acid product without any intermediate
(Scheme 2). The TS structures for the arene sulfonations in
simulated CFCl; and CCl; media, shown in the Supporting
Information, are quite similar.®®

In accord with Scheme 2, benzenepyrosulfonic acid was found to
be the principal reaction product experimentally in the noncom-
plexing CFCl; solvent,”'! but it transforms further easily into
other sulfonation derivatives (Scheme 1). Additional reactions are
possible following the principal stage of the sulfonation®”' due to
the reversible character of aromatic sulfonation and the high
reactivity of reactants and products.®” Thus, the arenepyrosulfonic
acid may react with the arene to form arenesulfonic acid. Two
arenepyrosulfonic acid molecules may form the anhydride of the
arenepyrosulfonic acid and pyrosulfuric acid.*”""

Mechanism of Sulfur Trioxide Sulfonation in Complexing
Solvents. The second-order kinetics (in SO3) found experimen-
tally by Cerfontain®”'? for the sulfonation of 1,4-dichloroben-
zene and several other arenes in complexing solvents (e.g.,
nitromethane and 1,4-dioxane) established the participation of
two SO3 molecules in the rate-controlling stage of sulfonation.
Morley et al’s'® HF/4-31G/S* theoretical study suggested that
two SO; molecules participate in the sulfonation of toluene,
which starts from a toluene—S,0¢ 7T complex and proceeds via a
Wheland intermediate to the pyrosulfonic acid product.

However, it is not clear how the two SO; molecules become
involved. Our work shows that Cerfontain’s interpretation
(attack by a second SO; on a 1:1 Wheland intermediate; see
Scheme 1) does not appear to be viable. Cerfontain discounted
(SOj3), dimer as a possible electrophile, since, as he stated, “A
Raman spectral study has given evidence that, at concentrations
of 10 mol % or less in solvents such as halogenated alkanes, sulfur
trioxide is present mainly in its monomeric form.”*® Could the
SOj; dimer, stabilized relative to two SO monomers in complex-
ing solvents such as nitromethane, be a potential electrophile in
such high dielectric media? Cerfontain’s experimental rates of
sulfonation in complexing solvents were considerably lower than
those in noncomplexing solvents, despite the expected dielectric
effect. Evidently, solvation stabilizes the SO; monomer or dimer
reactants and inhibits reaction with the arene.

Table 4 shows that the energies (AE) of complexation of a
single SO3 with one or two CH3NO, molecules are appreciable.
Although positive, the AG values probably are overestimated
significantly. As discussed above, the free energies (AG) for specific

19098 dx.doi.org/10.1021/ja201866h |J. Am. Chem. Soc. 2011, 133, 19094-19101



Journal of the American Chemical Society

solute—solvent complexation interactions, such as those between
SO; and CH3NO,, are particularly hard to model accurately
theoretically in bulk solvent media. Hence, it may be preferable to
consider such association phenomena in terms of energy changes
(AE), even though these are not fully representative either. Since
the dimerization and association energies (Table 4) of SO; are
appreciable, their electrophilic sites may be blocked. The computed
structures of the association complexes of SO; with CH;NO, are
shown in Figure S2 of the Supporting Information.

5 TS sulfonation with a single SO,
E 37.88
% TS — CFCl; Solvent
<]
- CH3NO; Solvent
Benzenepyrosulfonic Acid

2329 (50,5034

-24.84

reactants: benzene and sulfur trioxide
Reaction Coordinate

Figure 3. M06-2X/6-311+G(2d,2p) potential free energy surface pro-
files comparing the sulfonation of benzene with one SO; (unfavorable,
concerted, in a simulated CFCl; medium; see Table 1) and the
energetically more favorable alternative pathways with two SO;’s (see
Table 2). The concerted pathway for two SOj3’s in nonpolar CFCl; is
contrasted with the stepwise SgAr pathway in the simulated highly polar
CH;NO,. Note that the free energy profile of the latter does NOT take
the explicit solvent complexation into account, because of the difficulties
in modeling its free energies accurately in solution. Note the two
important comparisons: (1) between one and two SO3’s as well as (2)
between the bulk solvent effects of CFCl; vs CH3;NO,.

Our M06-2X/6-311+G(2d,2p) computations of the reaction of
benzene with two SOz molecules failed to locate a Wheland-type
intermediate in isolation. Instead, this model reaction is concerted in
the gas phase and in noncomplexing solvents and proceeds via the
transition state illustrated in Figure 2B. Notably, the barrier height
(19.38 kcal mol !, CCl, solvent; Table 2) for this process is much
lower than that (AG = 37.81 kcal mol ") for the sulfonation with a
single SO; molecule discussed earlier (see Table 1).

However, the complexing CH;NO, solvent has a very large
additional effect. The computational details for the sulfonation of
benzene with two SOz molecules in the gas phase are quite
different from those in simulated nitromethane solvent, which
follows a stepwise mechanism with formation of a ArH*(SO3),~
Wheland 0 complex intermediate in the first stage! Figure S4
depicts the results of IRC computations on the transition
structures TS1 and TS2. Figure 4 shows their geometries and
that of the Wheland-type ¢ complex intermediate (see Table 2
for the energies). According to the NBO*”** charges, the
aromatic ring of the o complex transfers 0.68 electron to the
(SO3), moiety. The comparison of the benzene sulfonation
energetics in noncomplexing solvent and in simulated CH3;NO,
solution in Figure 3 emphasizes the remarkably large qualitative
and quantitative effect of the polar medium. The CH3;NO, pathway
is stepwise, and both TS’s as well as the intermediate have greatly
lowered energies. Experiment has shown that the sulfonation of
benzene in CH3;NO, does not involve an intramolecular primary
deuterium isotope effect.’ This is consistent with the small elonga-
tion (and degree of breaking) of the ipso C—H bond in TS2 (to
1.184 A, Figure 3). The theoretically computed®"** kyy/kp kinetic
isotope effects (KIEs) for TS2 in simulated nitromethane,
1.01 (at 25 °C) for benzene and 1.02 (at 25 °C) for 14-
dichlorobenzene, are in line with the secondary character of
the experimental intramolecular KIE’s for the sulfonation of both
benzene (kyy/kp = 1.3 & 0.1 at 20 °C)* and 1,4-dichlorobenzene
(kui/kp = 1.2 £ 0.09 at 20 °C)”"? in nitromethane.
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Figure 4. M06-2X/6-311+G(2d,2p) structures of (A) transition state TS1, (B) the o (Wheland-type) complex, and (C) TS2 for the SgAr sulfonation of
benzene with the two SO5’s in simulated CH3NO, solvent. The total NBO charge of the benzene moiety of part B is +0.68.
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In contrast, the model reaction of a single SO; molecule with
benzene in a simulated nitromethane medium (without explicit
complexation) follows a concerted pathway (see the Supporting
Information). Not only is the computed energy unrealistically
high, but this process also does not correspond to the experi-
mental kinetics, second-order in SOs, for sulfonation of 1,4-
dichlorobenzene in complexing solvents.””'> (Recall that the
kinetic order could not be established experimentally for the
sulfonation of benzene itself.)""

Reactivity and Positional Selectivity. Our theoretical en-
ergies and free energies for the sulfonation of benzene, toluene,
and naphthalene with SO; in the gas phase and in simulated CCl,
solution are presented in Table S. Although all the TS energies
for benzene substitution are about the same as those at the
unactivated meta position of toluene, the ortho and para as well
as both naphthalene positions have lower TS energies.

Methyl hyperconjugation facilitates o- and p-toluene substitu-
tion. In accord with experiment,” the 1-position of naphthalene
is more reactive than the 2-position (due to better charge
delocalization in the TS) even though the less crowded 2-sulfonic
acid product is more stable.

Theory predicts 3—5 kcal mol " lower activation energies in
simulated CCl, media for all processes considered (Table S), but
the reactivity trends are the same as those in isolation.>®

B CONCLUSIONS

We reiterate the refutations”'® of the traditional, widely
disseminated “textbook-type” interpretations of aromatic sulfo-
nation mechanisms depicting Wheland-type “0 complex” arene
intermediates with a single SO; molecule. Extending earlier
studies on toluene,">'¢ our computations on benzene, toluene,
naphthalene, and 1,4-dichlorobenzene reveal that the inherent
(ie., in the absence of a catalyst or in noncomplexing solvent)
aromatic sulfonation mechanism with a single sulfur trioxide
molecule is concerted and does not involve the conventional
arenium nor any other 1:1 intermediate. However, the activation
barriers for direct sulfonation with only a single SO; are much too
high to account for the facile substitution or the 1:1 kinetics
observed experimentally. Instead, we have shown that the
participation of two SO3 molecules rather than only one reduces
the activation barrier considerably (by 12—20 kcal/mol), in good
accord with the experimentally established kinetics (second-
order in SOj for the reaction of 1,4-dichlorobenzene in complex-
ing solvents) leading to arenepyrosulfonic acid products. While
the sulfonation mechanism of benzene with two SO5; molecules
in nitromethane does follow the classic SgAr scheme involving a
2:1 SO;—arene Wheland intermediate, direct sulfonation with
two SO3’s along a concerted pathway is rate-controlling in
isolation and in noncomplexing solvents. Although the rate of
sulfonation in complexing solvents (e.g., nitromethane) is re-
duced by the need to dissociate the SO;—solvent aggregates, it is
increased by the higher polarity of the medium. We agree with
Cerfontain that arene sulfonation is in fact a far more compli-
cated process than commonly realized. Further experimental and
theoretical scrutiny is warranted to reconcile both approaches.

B ASSOCIATED CONTENT

© Ssupporting Information.  Potential energy surface (PES)
profiles for the sulfonation of benzene and of benzenesulfonic
acid with a single SO3; complete Gaussian 09 reference; optimized

structures for SO; complexes with SO3 and CH3NO,; IRC plots
for the sulfonation of benzene with two SO5’s in simulated CFCl,
and CH;3NO, solutions; and energies, Cartesian coordinates, and
structures of all optimized reactants, intermediates, transition
states, and final products. This material is available free of charge
via the Internet at http://pubs.acs.org.
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