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Methane C—H functionalization by radical pathways is often unselective and not desirable. Transition metal
catalyzed C—H functionalization of methane to methanesulfonic acid (sulfonation) in sulfuric acid has
generally been interpreted as resulting from a radical mechanism whereas functionalization to methyl
bisulfate (oxygenation) has been proposed to occur by both radical and non-radical pathways. For Hg"
and Au"' catalysis, formation of either methanesulfonic acid or methyl bisulfate depends on whether 98%
sulfuric acid or oleum (SOs added) is used. Here we report new experiments combined with density
functional theory calculations that have revealed that selectivity is determined by non-radical pathways
where a Hg'/Au"-methyl intermediate can undergo either an electrophilic substitution pathway (S¢2)
with SO3 to form methanesulfonic acid or a nucleophilic substitution pathway (Sy2) with bisulfate to
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Accepted 10th April 2026 form methyl bisulfate. The favored pathway is determined by the electrophilicity/reduction potential of
the metal and the sulfuric acid to SOz/H,O equilibrium. Overall, this new selectivity model provides
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Introduction

Functionalization of light alkane C-H bonds, especially methane,
remains an important and unsolved catalysis challenge.’”® There
are only a few homogeneous transition metal’*** and main
group>" systems that have been reported to catalyze or promote
direct methane conversion to a C-H functionalized product. The
most highly efficient catalysts operate in concentrated sulfuric
acid, either in 98% sulfuric acid or in oleum (SOz-added to
sulfuric acid). While sulfuric acid provides a solvent suitable for
high reactivity, sulfonation functionalization to methanesulfonic
acid (CH3SO;H) or oxygenation functionalization to methyl
bisulfate (CH;0SO;H) depends on the metal center, the exact
solvent formulation, and reaction conditions (Fig. 1, Panel A).
There is currently no unifying mechanistic model that provides
the origin of sulfonation versus oxygenation selectivity for
different metals and different formulations of sulfuric acid
solvent. Also, it has often been proposed that methane C-H
functionalization to methanesulfonic acid occurs through
a radical reaction pathway where SO; captures a methyl radical
intermediate (Fig. 1, Panel B)."*2°
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We decided to experimentally and computationally examine
and compare Hg" and Au™ because these metals give different
product selectivity in sulfuric acid, and the selectivity depends on
the exact sulfuric acid formulation. Periana reported that Hg"(SO,)
in 98% sulfuric acid, which transforms to Hg"(HSO,),, catalyzes
conversion of methane to methyl bisulfate (oxygenation) at 180 °
C.”* In contrast to the 98% sulfuric acid conditions, methane
reactions conducted by Sen and coworkers with Hg"(SO,) in
oleum at 160 °C resulted in methanesulfonic acid (sulfonation)
being the major product and methyl bisulfate as a minor
product.'***** At 90 °C Sen found that only methanesulfonic acid
was formed, indicating this is the kinetic product in oleum, and
this result and similar results have been generally interpreted as
evidence for a radical functionalization mechanism.

For Au™, Au,0; dissolved in 98% sulfuric acid at 180 °C
catalyzed conversion of methane to methyl bisulfate.* Au™
catalysis has never been examined at lower temperatures, such
as 90 °C, and so it is unknown whether methanesulfonic acid or
methyl bisulfate is the kinetic product. Also, while reactions
with Au® have been examined in SO; added sulfuric acid, there
has previously been no report of reactions of Au,O; with
methane in significant quantities of SO3, such as 20% weight in
H,S0,.

With this experimental background, we decided to complete
the low temperature and oleum experiments with Au™". Here we
report that at lower temperatures in both 98% sulfuric acid and
oleum, Au™ led to the exclusive formation of methyl bisulfate.
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Fig.1 Panel (A) outline of methane C—H functionalization products, which depends on the metal center, the sulfuric acid solvent formulation
(98% or oleum), and reaction temperature. Panel (B) outline of the previously proposed radical pathway leading to methanesulfonic acid and the
new selectivity model showing that from the metal—-methyl intermediate there is competition between Sy2 and Sg2 functionalization pathways.

Also, new low-temperature experiments with Hg" in 98%
sulfuric acid showed only methyl bisulfate as the kinetic
product, while in oleum there was no detectable formation of
methyl bisulfate. This means that Au™ and Hg" have funda-
mentally different kinetic product selectivity for C-H function-
alization. Density functional theory (DFT) calculations were
then used to determine the origin of oxygenation versus sulfo-
nation selectivity. In contrast to previous proposals where
a radical mechanism has been used to rationalize sulfonation
selectivity,’**® our DFT calculations indicate that selectivity
arises from closed-shell reactivity differences between Hg"-CH;
and Au™-CHj; intermediates (Fig. 1, Panel B). For Hg"-CH3, the
electrophilic Sg2 substitution transition state with SO; is
inherently lower in energy than the nucleophilic Sx2 substitu-
tion transition state with bisulfate. Therefore, in oleum,
methanesulfonic acid is the kinetic product. In contrast, in 98%
sulfuric acid, the ground state sulfuric acid to SO;/H,O equi-
librium disfavors the Sg2 pathway, resulting in a lower energy
Sx2 kinetic pathway to methyl bisulfate. For Au™-CHj, the
inherent transition state energies are reversed, and the Sy2
reaction pathway is always lower in energy than the Sg2
pathway, resulting in only methyl bisulfate product formation.

Results and discussion
Overview of previous Hg" and Au™ reactions

To maximize reactivity and minimize overoxidation, the most
effective homogeneous transition metal and main-group metal
methane C-H functionalization catalysts use concentrated
sulfuric acid as the solvent, either 98% sulfuric acid or oleum,
which has added SOs;. Perhaps the most catalytically efficient
system is Hg" in 98% sulfuric acid. Periana and coworkers re-
ported that Hg"(SO,) catalyzes conversion of methane to methyl
bisulfate at 180 °C with a turnover frequency of about 107° s
with minimal generation of CO, and other over-oxidized prod-
ucts.”* Experimental measurements by Periana, which included
deuterium isotopologue incorporation studies, and more recently
our DFT calculations,* led to the proposed catalytic cycle outlined
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in Fig. 2 (Panel A). In this cycle, a non-radical C-H activation/
metalation reaction step (also called electrophilic substitution),
generates a Hg"-CHj; intermediate, which upon reductive func-
tionalization gives methyl bisulfate. Similar to Hg", Au,0; di-
ssolved in 98% sulfuric acid at 180 °C converts methane to methyl
bisulfate. The proposed mechanism for Au™ also involves initial
C-H activation to give a Au""-CH; intermediate that is subse-
quently functionalized, which is very similar to the Hg" cycle.
While the catalytic cycle in Fig. 2 is consistent with experimental
and computational data in 98% sulfuric acid, it does not readily
rationalize products observed in oleum. In contrast to the 98%
sulfuric acid conditions, reactions conducted by Sen for methane
C-H functionalization with Hg"(SO,) in oleum at 160 °C resulted
in a ~3: 2 ratio of methanesulfonic acid to methyl bisulfate.*****
At 90 °C there was only the formation of methanesulfonic acid,
indicating this was the kinetic product. As discussed later,
methanesulfonic acid can be converted to methyl bisulfate by
heating >150 °C in oleum. Because known radical initiators can
functionalize methane to produce methanesulfonic acid at low
temperatures (90 °C or lower), it was proposed by Sen that with
Hg" in oleum methanesulfonic acid is generated by a radical
functionalization mechanism,'** which is outlined in Fig. 2 Panel
B. Often inferred by the radical functionalization mechanism, but
never evaluated, is that in 98% sulfuric acid methanesulfonic acid
is first produced as the kinetic product and then methyl bisulfate
is subsequently produced as the thermodynamic product.

While lower temperatures have been examined for Hg" reac-
tions, Au™ reactions have never been examined at lower temper-
atures, such as 90 °C, and therefore it is unknown whether methyl
bisulfate or methanesulfonic acid is the kinetic product. Also,
while reactions with Au® have been examined only in 2% weight of
SO; in sulfuric acid there has previously been no test of reactions
of Au,0; with methane in 20% weight of SO; in sulfuric acid.

New experiments demonstrating Hg" and Au™ reaction
selectivity

We decided to perform new experiments because it was
unknown what the kinetic product was with Hg" at lower

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Panel (A) previously proposed Hg catalytic cycle for forming methyl bisulfate using 98% sulfuric acid. Panel (B) outline of previously

proposed mechanism for methanesulfonic acid formation in oleum.

temperatures in 98% sulfuric acid. Also, we decided to complete
the low temperature and oleum experiments with Au™. There-
fore, to begin our experimental effort, we examined Hg" catal-
ysis with methane in 98% H,SO, and oleum. This was done by
preparing a 67 mM solution of Hg"(SO,) in 98% H,SO, (or
D,S0,) and in oleum (sulfuric acid, fuming, 20% as free SO3), in
a 10 mL glass insert that was loaded into a stainless-steel
pressure reactor pressurized with 500 psig of methane (see
the SI for full details). A similar process was completed for Au™
reactions using a 66 mM solution generated by dissolving Au,0;
in 98% H,SO, (or D,SO,) or in oleum.

In 98% H,S0, at 150 °C, both Hg"(SO,) and Au,0j; reactions
with methane generated the oxygenation functionalized
product methyl bisulfate in near quantitative yields after 3.5
hours (see SI). In the reaction of Hg(SO,) with methane, the C-H
activation/metalation intermediate (HSO,)Hg"-CH; (Fig. 3 peak
at 1.06 ppm, ZjlggHg,iH = 264 Hz) was also observed in ~20%
yield. In the Au,0; reaction, no Au-CH; intermediate was
observed. With observation of the expected products at 150 °C
we then examined these 98% H,SO, reactions at a lower
temperature of 90 °C. This was done because if the sulfonation
functionalization product methanesulfonic acid is generated, it
is known to be thermally unstable at high temperatures. For the
reaction of Hg"'(SO,4) at 90 °C only traces (~1%) of (HSO,)Hg"-
CH; was observed after three hours. No methanesulfonic acid or
methyl bisulfate was observed (Fig. 3, spectrum 3).

The concentration of (HSO,)Hg"-CH; doubled when the
reaction was run for six hours. For Au™ reactions, under the
same 98% H,SO, experimental conditions generated only
methyl bisulfate in ~2% yield (Fig. 3, spectrum 1). As antici-
pated, the Hg" reaction is very different in oleum.*** In oleum,
the Hg"(SO;) reaction with methane at 90 °C generated
methanesulfonic acid in about 65% yield and (HSO4)Hg"-CH,
in about 31% yield after one hour. Methyl bisulfate was
observed only in trace amounts (Fig. 3, spectrum 4). Regardless
of the mechanism for formation of the Hg"'-CH; bond, obser-
vation of this intermediate is consistent with the idea that
functionalization selectivity occurs through it (see later
computational results). At 150 °C the same reaction generated

© 2026 The Author(s). Published by the Royal Society of Chemistry

methanesulfonic acid (359% yield), methyl bisulfate (256%
yield), and bis-functionalized product, methanedisulfonic acid,
CH,(SO3H), (102% yield). The intermediate (HSO,)Hg"-CH;
was generated in about 7% yield.

In contrast to Hg", methane functionalization reactions in
oleum with Au™ at 90 °C, generated only methyl bisulfate (41%
yield) after 90 minutes (Fig. 3, spectrum 2). No sulfonation
functionalization product was observed. Au™ also functional-
ized methane at room temperature in oleum to generate
approximately 5% of methyl bisulfate after 2.5 days (see SI). At
a temperature of 150 °C, methylenedisulfuric acid, CH,(OSO;-
H),, started to form due to further functionalization of methyl
bisulfate, albeit in traces (~3%) after one hour (see SI).

Overall, these experiments provide compelling evidence that
Au™ and Hg" have fundamentally different kinetic product
selectivity for C-H functionalization. Kinetically, Au™ only
forms methyl bisulfate while Hg" either forms methanesulfonic
acid or methyl bisulfate depending on the sulfuric acid
formulation. Consistent with this conclusion, control experi-
ments without Hg" or Au'™ revealed that methanesulfonic acid
is thermally unstable at higher temperatures and converts to
methyl bisulfate. At temperatures over 120 °C, in the presence of
SO;, methanesulfonic acid further functionalized to generate
methylenedisulfuric acid, and eventually to CO, after prolonged
heating (see SI). In contrast, methyl bisulfate was found to be
thermally stable in oleum in the absence of Hg" or Au'™" at 150 ©
C with more than 97% recovery after 60 minutes.

Computational evaluation and selectivity model

With the experimental detection of a (HSO,)Hg"-CH; inter-
mediate in both 98% sulfuric acid and oleum conditions, and
the new experimental measurements at a lower temperature
indicating that methyl bisulfate is the kinetic product at low
temperatures, we decided to computationally evaluate Hg"
pathways leading from this intermediate to both methane-
sulfonic acid and methyl bisulfate. The calculations were
carried out with M06/def2-TZVPD//M06/def2-SVP using both an
implicit solvent model that mimics sulfuric acid and with

Chem. Sci.
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Fig. 3 Overlay of *H NMR spectra of crude reaction mixtures (reactions shown in the top left corner) of methane functionalization reactions
carried out at 90 °C. *H NMR spectra were recorded after diluting reaction mixtures with D,O. Spectrum (1): with Au,O3 in 98% H,SO, after three
hours. Spectrum (2): with Au,Os in oleum after 90 minutes. Spectrum (3): with Hg' in 98% H,SO, after three hours. Spectrum (4): with Hg" in
oleum after 60 minutes. MSA = methanesulfonic acid. MBS = methyl bisulfate. AcCOH = acetic acid. Note: observed methanol in the *H NMR
spectra are due to the hydrolysis of methyl bisulfate (MBS) by added water.

explicit solvent (see the Computational Methods section for
details).

We previously reported the transition structure for bisulfate
reacting with (HSO,)Hg"-CH; through an Sy2 type reaction
mechanism (TS1, Fig. 4).>* In this transition structure the
bisulfate forms the new methyl bisulfate C-O bond with
simultaneous cleavage of the Hg—C bond. We examined explicit
solvent hydrogen bonding to the bisulfate nucleophile and the
weakly coordinating bisulfate anion coordinated to the Hg
center. Here, using both a continuum solvent model and an
explicit H,SO, solvent the activation enthalpy (AH*) for TS1 is
35 keal mol ' and the activation Gibbs energy (AGY) is
33 keal mol ™', and this is very close to our previous estimate
using a slightly different chemical model where AG* was eval-
uated to be 34 kcal mol .

We also located transition structures for SO; reaction with
(HSO4)Hg"-CH; using explicit and continuum solvent. We
identified two different transition structures. A frontside and
a backside Sg2 transition structure, and the latter is shown as
TS2 in Fig. 4. The backside Sg2 transition structure was found to
be 8 kcal mol " lower in energy than the frontside Sg2 transition
structure. The backside Si2 transition structure features a linear
arrangement of the Hg-C-S atoms. There is explicit hydrogen
bonding with the SO; portion of the transition structure, which
enhances the electrophilicity of SO;. The formal product of this
Sg2 transition structure is an ion pair that with almost no
barrier undergoes proton transfer to generate methanesulfonic
acid. In this process the Hg center is not formally reduced and
remains at Hg". The backside Sg2 transition structure TS2 has
a AH* value of 6 kcal mol™" and AG* value of 21 kecal mol ™,

Chem. Sci.

which is 12 keal mol™" lower in Gibbs energy than the methyl
bisulfate forming Sy2 transition structure. The lower energy TS2
compared to TS1 is perhaps surprising since in 98% sulfuric
acid methyl bisulfate is the major kinetic product. It is useful to
note that TS2 is significantly lower in energy than the Hg-C
bond energy in (HSO,)Hg-CHj;, which has a AH value of
42 kcal mol ™! and AG value of 31 kcal mol . Therefore,
methanesulfonic acid is not generated through a radical, open-
shell mechanism stimulated by Hg-C bond homolysis.

As shown in Fig. 4 (middle and bottom panel), an analysis of
the intrinsic bond orbitals (IBO)** along the intrinsic reaction
coordinate (IRC)* of TS1 and TS2 illustrates the electron flow
direction in Sy2 and Sg2 mechanisms. For the Sy2 pathway, the
oxygen lone pair in the SO;H™ abstracts the CH;" and reduces
the Hg" to Hg®. For the Sp2 pathway, electron density from the
Hg-CH; bond is transferred to the SO; to make the new C-S
bond and to further oxidize the metal to Hg" species. Natural
bond orbital (NBO)*” charges of Hg (qi,) and the transferring
methyl group (gcus) along the IRC pathway shows that the Sy2
mechanism requires the reduction of Hg" to Hg® whereas for
the Sg2 pathway Hg is fully oxidized to Hg" (gug = 1.98¢").

With calculations showing that the SO; Sg2 reaction pathway
via TS2 is significantly lower in energy than the Sy2 reaction
pathway, it becomes important to evaluate why in 98% sulfuric
acid the kinetic product with Hg" is methyl bisulfate and not
methanesulfonic acid. This means that in 98% sulfuric acid, as
is well known, there is only a small amount of SO; at equilib-
rium. Therefore, this equilibrium and the energy difference
must be determining the overall oxygenation versus sulfonation
functionalization selectivity. While there are several possible

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Top: outline of DFT calculated reaction pathways involving Sn2,
and Sg2 transition structures for Hg"-CHjs functionalization models.
Relative enthalpy and Gibbs energy values (in kcal mol™) were
calculated with M06/def2-TZVPD//M06/def2-SVP level of theory.
Middle and bottom: geometrical features of TS1 and TS2 with IBO and
NBO analyses along their IRC pathways.

approaches to calculating the energy of an equilibrium in
strong acid, we decided to use a solvent sphere of explicit
solvent without any constraints. While this means that the outer
edges of the solvent sphere are not treated exactly as bulk
solvent, this provides a very reasonable evaluation for explicit
solvation effects of H,SO, and its conversion to SO; and H,O
within the solvent sphere. Fig. 5 shows the fully optimized
H,SO, solvent shell surrounding H,SO, and SO;/H,0. These
optimized structures were generated by using a cluster growth
algorithm where a single H,SO, was sequentially added until

— [H,80, —> S0; + H,0

7N AH=215

{ are=227

Fig. 5 DFT optimized structures of H,SO,4 (left-hand side) and SOs/
H,O (right-hand side) within a solvent sphere of 16 H,SO,4. Solvent
H,SO, are faded for visual clarity. Distances reported in A and energies
(M06/def2-TZVPD//M06/def2-SVP) are in kcal mol ™.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a total of 16 H,SO, were added. At each addition of a sulfuric
acid the solute was frozen and 10 different solvent locations
were optimized with DFT and only the lowest energy structure
was used for a subsequent solvent addition. With these solvent
clusters the energy for H,SO, — SO; + H,O was calculated to
have AH of 21.5 keal mol™* and AG of 22.7 kcal mol . While it
is possible that this energy is overestimated, it is significantly
higher than the energy difference between oxygenation and
sulfonation pathways (i.e. the Gibbs energy difference between
TS1 and TS2). In contrast, in oleum, there is essentially no
energy required to generate SO; and therefore the direct energy
difference between TS1 and TS2 determines selectivity, with
sulfonation being the lowest energy pathway. Importantly, this
establishes that an electrophilic Sg2 mechanism can generate
methanesulfonic acid.

After establishing that there is an inherent transition state
preference for sulfonation functionalization with (HSO,)Hg"-
CH3;, we wanted to examine the selectivity for (HSO,),Au""~CH;
functionalization. The experiments showed that only methyl
bisulfate is formed as the kinetic product for both 98% sulfuric
acid and oleum conditions. Therefore, we hypothesized that the
Au™ inverts the relative energies of Sy2 and Sy2 transition
states. Previous calculations by Goddard and Periana showed
that Au™ is capable of electrophilic substitution with methane
to generate a Au™-CH, intermediate that can be functional-
ized.”® Goddard also previously proposed that functionalization
occurs through the overall anionic [(HSO,);Au™-CH;]~ inter-
mediate.”® Therefore, we examined functionalization using this
anionic model with an added explicit H,SO, solvent as well as
the neutral complex (H,SO4)(HSO,),Au"-CH;. We also
considered the possibility that functionalization occurs though
Au™-Au"" bridged species, but these barriers were similar to the
mononuclear barriers. It is also important to note that as the
Au-methane reaction progresses there is formation of Au' and
that this species can also react with methane to generate a Au'-
CH; intermediate. However, if significant C-H activation reac-
tivity occurs between Au' and methane to generate a Au'-CH;
intermediate, our calculations suggest that there would be rapid
methyl transfer to Au™ for the functionalization. As an example,
ligand exchange for Au™(HSO,); + Au'-CH; — (HSO,),Au"™-
CH; + Au'(HSO,) is exergonic by 31 kcal mol .

Fig. 6 and 7 outline the functionalization results for (H,-
$0,)(HSO,),Au™-CHj and [(HSO,);Au™-CH;] . Not shown, but
as expected, the Au™-CHj; bond in (HSO,),Au™-CHyj is stronger
than the Hg"'-CH; bond in (HSO,)Hg"~CH; (AH > 50 kcal mol "
for both neutral and anionic models) therefore, homolysis-
driven functionalization is very unlikely. For the neutral
system the transition structure for methyl bisulfate formation
by a Sx2 type reaction mechanism (TS3, Fig. 6) has a AH* value
of 26 kcal mol " and AG* value of 26 kcal mol . For the anionic
system, (TS3_anionic, Fig. 7) has a AH* value of 14 kcal mol ™
and AG* value of 15 kcal mol *. The neutral and anionic
transition structure TS3 is similar to the structure previously
reported by Goddard and Periana and very similar to the Hg
transition structure where it features a linear arrangement of
the bisulfate oxygen, the methyl group carbon, and the Au
center.
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Fig. 6 Top: outline of DFT calculated Sy2 and Sg2 transition structures
for neutral Au—CHs functionalization models. Enthalpies and Gibbs
energies reported refer to M06/def2-TZVPD//M06/def2-SVP (kcal
mol™Y). Middle and bottom: geometrical features of TS3 and TS4 with
IBO and NBO analyses along their IRC pathways.

Fig. 6 and 7 also give the transition structure energies for
functionalization of the Au™-CH; bond with SO;. For the
neutral system, this involves a frontside SO; Sg2 type transition
structure (see 3D structure; TS4). Despite significant searching,
we were unable to locate the backside Sg2 transition structure.
For the neutral system, the AH* value for TS4 is 35 kcal mol *,
and this is 9 keal mol™" higher in energy than TS3. For the
anionic system, the AH* value for TS4_anionic is 42 kcal mol?,
and this is 28 kcal mol ™" higher in energy than TS3_anionic.
Analysis of the Gibbs energies also shows the same preference
and lower energy pathway involving TS3.

IBO analysis along the IRC path presented in Fig. 6 and 7
(middle and bottom panel) establishes the characteristics of Sy2
and Sg2 mechanisms for Au, which are similar to that observed in
Hg reactions. The NBO charge analysis of the TS3 and TS4 in both
neutral and anionic states establishes the reluctance of Au to be
further oxidized during the Sg2 mechanism where the methyl
anion is transferred. Overall, this confirms that the effective
electrophilicity of Au™
inverts the reaction pathway preference. Specifically, for Au™
with the bisulfate nucleophile (neutral pathway), the Sx2 transi-
tion structure is about 9 keal mol™" lower in enthalpy than the
Hg" transition structure. This is readily rationalized by Au™
being a much better leaving group with a larger Au™ to Au'
reduction potential compared to the Hg" to Hg° reduction

compared to the less electronegative Hg"
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Fig.7 Top: outline of DFT calculated Sy2 and Sg2 transition structures
for anionic Au—CHzs functionalization models. Enthalpies and Gibbs
energies reported refer to M06/def2-TZVPD//M06/def2-SVP (kcal
mol ™). Middle and bottom: Geometrical features of TS3_anionic and
TS4_anionic with IBO and NBO analyses along their IRC pathways.

potential. The selectivity is also influenced by a Sg2 transition
structure where the Au™ version is destabilized relative to the
Hg"" version. The neutral TS4 is nearly 30 kcal mol™" higher in
energy than TS2.

Experiments that support
computational-based selectivity model

With calculations indicating that a closed-shell reaction
mechanism provides adequate explanation for kinetic product
selectivity with Hg" and Au™, and that there is no need to
invoke a radical functionalization mechanism, we decided to
test this prediction experimentally. Therefore, additional
methane reactions with Hg" and Au™ were carried out in both
98% H,SO, and oleum under an oxygen atmosphere. Oxygen is
a well-established radical scavenger for alkane functionaliza-
tion reactions and is known to suppress radical pathways.”**®
Reactions conducted in the presence of 14.7 psi (1 atm) of O,
and 485.5 psi CH, showed no change in product selectivity,
suggesting that no significant concentration of metal and
carbon radicals are involved in the functionalization reactions.

Also, the implication of the calculated pathways is that if
Hg"-CHj; and Au™-CHj; intermediates are synthesized and then
subjected to sulfuric acid solvent environments there will be

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc01628f

Open Access Article. Published on 23 April 2026. Downloaded on 4/24/2026 6:00:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

predictable product selectivity. Therefore, we carried out several
reactions with different solvent environments and where Hg"'-
CH; was first synthesized and then subjected several function-
alization reaction conditions, including with Au™ where we
hypothesized that Hg-to-Au methyl group transfer would be very
fast.

The first reaction carried out was in a 1:1 mixture of 98%
H,S0, to oleum (containing 20 weight% free SO3), resulting in
an effective free SO; concentration of approximately 6 weight%.
Methane functionalization using Hg"(SO,) in this acid solvent
mixture generated methanesulfonic acid as the primary
product, with a yield of ~21% when the reaction was conducted
at 90 °C for 3 hours (see the SI). A similar product distribution
was observed at 110 °C after 1 hour, where methanesulfonic
acid remained the dominant product (~27% yield after 1 hour),
and only trace amounts of methyl bisulfate were detected (see
the SI). These results suggest that methanesulfonic acid is the
favored initial product in the presence of free SO3, despite the
abundance of bisulfate anions in the reaction medium that
could otherwise facilitate the formation of the alternative
methyl bisulfate product, and this is consistent with the
calculated reaction selectivity. No methane functionalization
experiments were conducted with Au,O; in this medium
because as stated above Au™ only produced methyl bisulfate as
the initial product in both neat 98% H,SO, and oleum (20
weight% SO; in H,S0,), regardless of temperature.

To further understand the difference in solvent dependent
product selectivity with Hg"" and Au™, we performed methyl
transfer reactions between separately synthesized (HSO4)Hg"~
CH; and Au™ in 98% H,SO,, in oleum, and in a mixture of 98%
H,S0, and oleum (Scheme 1). The intermediate (HSO,)Hg"~
CH; was prepared in 98% H,SO, following the procedure
described above by reacting methane with HgSO, at 110 °C for
five hours (reaction a in Scheme 1 and Fig. 8, spectrum 1). Then
in a Schlenk bomb flask at 0 °C, ~0.01 mmol of the (HSO4)Hg"~
CH; made through reaction a was mixed with oleum, making

CH30SO03H (trace)
CH3SO3H (trace)

b) | Oleum + H,SO, (98%) (3:1)
RT, 2 hrs

@ (HSO4)Hg-CHs ©
c
CH CH30S03H (trace) > CH0S0sHQuant)

Hg(SO4) AU, H,S04 (98%)
H2S04 (98%) RT, 2 hrs
110 °C, 5 hrs '
()| Au'", Oleum + HSO, (98%) (3:1)
Hg(SO04) h RT, 1.5 hrs
9 Oleum
90°C, 1 hr
CH30S03H (quant.)
(HSO4)Hg-CHs @ CH30SO0;3H (quant.)

CH3SOgH Au', Oleum CH3SO3H (unchanged)

RT, 1 hr

Scheme 1 Outline of methyl transfer reactions used to evaluate metal
and solvent dependent product selectivity. See Fig. 8 for the corre-
sponding *H NMR spectra.
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a 3:1 ratio of oleum and 98% H,SO, (reaction b in Scheme 1).
This reaction mixture was then gradually warmed to room
temperature and stirred at room temperature for two additional
hours. 'H NMR analysis of the resultant reaction mixture
showed only traces of methanesulfonic acid, indicating
a somewhat slow reaction of (HSO,)Hg"-CH; with SO, (Fig. 8,
spectrum 2). Similarly, reaction of ~0.01 mmol of (HSO,)Hg"-
CH; with 2 equivalents of Au™ solution prepared in 98% H,SO,
(reaction ¢ in Scheme 1) resulted in quantitative conversion of
(HSO,)Hg"-CHj; to methyl bisulfate (Fig. 8, spectrum 3).

We also investigated competitive methyl group functionali-
zation in the presence of both Au™ and SO;, where SO; was
present in ~67-fold excess relative to Au™ (reaction d in Scheme
1). In the first competition reaction a ~0.01 mmol solution of
(HSO,)Hg"-CH; prepared in 98% H,SO; was added to oleum
(see SI) at 0 °C. After stirring the mixture for 30 minutes, ~2
equivalents of Au™ (relative to (HSO,)Hg"-CHj;), prepared in
98% H,S0,, were introduced to achieve a final molar ratio of
[Au™]:[SO;] = 0.02:1.34. The reaction mixture warmed to room
temperature and then stirred for an additional 90 minutes at
room temperature (reaction d in Scheme 1). "H NMR analysis of
the resultant reaction mixture indicated generation of only the
oxygenation product methyl bisulfate in quantitative yields with
negligible amounts of the sulfonation product methanesulfonic
acid (Fig. 8, spectrum 4). The formation of only methyl bisulfate
can be interpreted by relatively fast and irreversible methyl
group transfer from Hg to Au followed by functionalization of
a Au™-CH; methyl species. Similarly, a second competition
reaction in oleum where there is a large excess of SO; compared
to Au™ was carried out. This involved the initial reaction of Hg"
with methane in oleum at 90 °C to generate both (HSO,)Hg"-
CH; and methanesulfonic acid (reaction e in Scheme 1 and Fig.
8, spectrum 5, also see the SI). Then at room temperature the
resultant oleum reaction mixture was treated with ~2 equiva-
lents of Au', with respect to the concentration of (HSO,)Hg"~
CH; (reaction fin Scheme 1). This second competition reaction
also generated exclusively methyl bisulfate, and the concentra-
tion of methanesulfonic acid was nearly unchanged, suggesting
that methanesulfonic acid was stable under these specific
reaction conditions (Fig. 8, spectrum 6). Again, this reaction
suggests that (HSO,)Hg"-CH; preferentially reacts with Au™
followed by functionalization to generate methyl bisulfate.
Importantly, control experiments showed that methanesulfonic
acid is stable in the presence of Au™ in oleum under these
reaction conditions used. As another confirmation of the Au™
functionalization selectivity, we treated tetramethyltin with
Au™ both in 98% H,SO, and oleum. Similar to the reaction
between (HSO,)Hg"-CH; and Au™, we observed methyl bisul-
fate in quantitative yields with respect to added Au™ both in
98% H,SO, and oleum. In oleum, we also observed methane-
sulfonic acid, due to the functionalization of methyltin species.
Control experiments in oleum with only tetramethyltin gener-
ated methanesulfonic acid along with methane in the absence
of any added Au™. In 98% H,SO, tetramethyltin did not
undergo any type of functionalization in the absence of Au™
other than protonation of methyl group to generate methane
under same reaction conditions. See SI for more details. These
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2. (a) + oleum_98% H,SO, (b) l
1. Hg(ll)+CH, _110 °C_98% H,SO, (a) «— CHs-Hg-(OSO;H)
l [ L | [ [ J [ [

PPM 5.0 4.0 3.0 2.0 1.0 0.0

Fig.8 Overlay of 'H NMR spectra of reaction mixtures (a—f) outlined in Scheme 1. Spectrum (1): reaction of methane with Hg(SO4) in 98% H,SO,4
carried out at 110 °C for 5 hours (a). Spectrum (2): reaction of (HSO4)Hg—CHs from a with oleum at room temperature for two hours (b).
Spectrum (3): reaction of (HSO4)Hg—CHs from a with Au'" in 98% H,SO4 run for 1.5 hours at room temperature (c). Spectrum (4): reaction of
(HSO4)Hg—CHs from ¢ with Au" in a 1: 3 mixture 98% H,SO4 and oleum run for 1.5 hours at room temperature (d). Spectrum (5): reaction of

methane and HgSO,4 carried out in oleum at 90 °C for one hour (e). Spectrum (6): reaction of products from e with Au

" prepared in oleum (f).

Note: Observed methanol in the 'H NMR spectra are due to the hydrolysis of methyl bisulfate (MBS) by added water. MSA = methanesulfonic

acid.

competition experiments strongly argue against involvement of
any methyl radical species as they would be quickly trapped by
excess SO; to generate methanesulfonic acid. Instead these
reactions support a closed-shell, electrophilic methyl-transfer/
heterolytic functionalization sequence.

Conclusions

New experiments and calculations have revealed that the kinetic
products generated for methane C-H functionalization with
Hg" and Au™ catalysis in 98% sulfuric acid and oleum occur
through a non-radical, closed-shell mechanism. For Hg",
oxygenation to give methyl bisulfate occurs in 98% sulfuric acid
while sulfonation to give methanesulfonic acid occurs in oleum.
In contrast, Au™" only induces oxygenation functionalization of
methane in both 98% sulfuric acid and oleum. Experiments and
DFT calculations indicate that oxygenation versus sulfonation
selectivity occurs from the Hg"-CH; and Au™-CHj; intermedi-
ates. This selectivity model involves the competition between
a bisulfate Sy2 type mechanism (oxygenation pathway) and
a Sg2 mechanism (sulfonation pathway) with SO;. For the Hg"-
CH; intermediate the barrier for the Sg2 transition structure is
significantly lower than the barrier for the Sy2 transition
structure. This means that the sulfuric acid to SO3/H,0 equi-
librium controls Sy2 versus Sg2 selectivity. In 98% sulfuric acid
this equilibrium is highly unfavorable, which was estimated

Chem. Sci.

using a sphere of explicit solvent, and therefore the Sx2 pathway
is lower in energy. In contrast, in oleum with free SO; the Sg2
pathway is lower in energy. For Au'"-CHj, the selectivity of
transition structures is reversed and the Sy2 transition structure
is lower in energy than the Sg2 transition structure, and this
change correlates with the higher Au™ to Au' reduction poten-
tial compared to Hg" to Hg® reduction potential.

Computational methods

Calculations were mainly performed in Gaussian 16.> For
geometry optimizations M06 (ref. 30)/def2-SVP was used. The
use of larger basis sets, such as def2-TZVPD, to optimize
structures showed nearly identical geometries. Therefore, we
executed single point energies with the def2-TZVPD and the
reported energies are M06/def2-TZVPD//M06/def2-SVP. Addi-
tional single-point energies with alternative density functionals
and basis sets as a comparison were evaluated using ORCA?*'
and reported in the SI. All structures reported were confirmed as
a minima or a saddle point through vibrational frequency
calculations, which were also used to generate thermochemical
corrections at 298 K and 1 atm. All geometries were optimized
with a PCM?* solvent model with parameters that mimic 98%
sulfuric acid (EPS = 98.0, radius = 2.205). While the dielectric of
sulfuric acid decreases at high temperatures the exact value is
unknown. Test calculations that use an EPS keyword value

© 2026 The Author(s). Published by the Royal Society of Chemistry
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below 98.0 showed no significant difference for calculated
structures and energies. Importantly, all calculations included
at least one explicit H,SO, solvent molecule. Each structure
reported is the lowest energy of a set of configurations gener-
ated through manual searching as well as using CREST/x-TB.****
IBO calculations were performed using the IBOView software.*
Natural charges were obtained from NBO analyses as imple-
mented in Gaussian 16. For the explicit solvent evaluation of the
H,SO, — SO; + H,0 energy, 16 H,SO, molecules that were
added to each side of the reaction equation. Each explicit
solvent was sequentially added using CREST's QCG tool.** For
each sequential addition, the 10 lowest energy XTB structures
were optimized with DFT and then only the lowest energy DFT
structure was carried onto adding additional sulfuric acid
molecules.
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