Organic Process Research & Development 2003, 7, 754-757

A Novel Method for the Direct Sulfonation of CH, with SO; in the Presence of

KO, and a Promoter

Sudip Mukhopadhyay and Alexis T. Bell*

Department of Chemical Engineering, University of California, Berkeley, California 94720, U.S.A.

Abstract:

Direct sulfonation of methane with SG; to methanesulfonic acid
(MSA) is accomplished in sulfuric acid in the presence of a small
amount of KO, as the free radical initiator and a metal chloride.
Of the several metal chlorides examined, RhGlwas found to
be the most effective promoter. While KG alone can activate
methane, the conversion of S@to MSA increases 2.3-fold when
KO, and RhCl; are both present in the reaction mixture. The
effects of different process parameters such as temperature, 30
concentration, methane pressure, KQconcentration, and RhCk
concentration have been examined on the rate of reaction. The
reaction is optimized at a KO,-to-RhCl; molar ratio of 3.16.
Strongly acidic solvents such as k5O, or CF3SO;H are
necessary for the reaction. No MSA was formed when the
reaction was carried out in DMSO. A mechanism is proposed
to explain the activation of CH, to form MSA. A critical part

of the sequence is in situ formation of a metatperoxo species
via the reaction of KO,, acid solvent, and RhC}.

Introduction

Selective functionalization of methane to value-added
products is a subject of considerable contemporary intéfest.

tion of methylmercaptah® While this process is highly
productive, it produces six moles of HCI per mole of MSA,
resulting in a coupling of the demand for the primary product
and the byproduct. As an alternative it is interesting to
consider the direct sulfonation of methane using 850,

and Q as the sulfonating agehtit has been shownthat
methane can be sulfonated with 8@ strong acids using

a free radical initiatot® The free radical initiators used in
this reaction are often highly expensive potassium persulfate
or phosphate salts or highly reactive metal peroxides which
are difficult to handle in case of a bulk production scale.
Since aqueous #, is only minimally active, it is worth
considering alkali superoxides. In this communication, we
show that methane will undergo liquid-phase sulfonation with
SG; in sulfuric acid to form MSA, using K@as free radical
initiators in conjunction with RhGl To the best of our
knowledge, this is the first example of using potassium
superoxide in the liquid phase to activate methane.

Results and Discussion

In a typical reaction (see Experimental Section),,@Hd
SGO; were reacted in fuming sulfuric acid in a high-pressure
autoclave. Small amounts of k@nd a metal chloride were
added to the liquid phase. Reactions were carried out for 18

Because of favorable thermodynamics, considerable efforth at 95 °C, and the MSA thus formed was identified and
has been devoted to the oxidation and oxidative carbonylationquantified by*H NMR.82

of methané.By contrast, the sulfonation of methane hasnot ~ Table 1 shows the effect of different promoters on the
received as much attention despite its commercial impor- rate of methane sulfonation. Notably, using K& the free
tance? The current commercial process for the synthesis of radical initiator in the absence of any promoters leads to a

methanesulfonic acid (MSA) occurs via the chlorine oxida-

* Author for correspondence. E-mail: bell@cchem.berkeley.edu. Fax: (510)
642-4778.

(1) (a) Hill, C. L. Activation and Functionalization of Alkang®/iley: New
York, 1989. (b) Axelrod, M. G.; Gaffney, A. M.; Pitchai, R.; Sofranko, J.
A. Natural Gas Conersion II; Elsevier: Amsterdam, The Netherlands,
1994; p 93. (c) Starr, C.; Searl, M. F.; Alpert, Sciencel992,256, 981.
(d) Shilov, A. E.Activation of Saturated Hydrocarbons by Transition Metal
Complexes; D. Reidel: Dordrecht, The Netherlands, 1984. (e) Olah, G.
A.; Molnar, A. Hydrocarbon Chemistry; Wiley: New York, 1995. (f) Lin,
M.; Sen, A.Nature1994,368, 613. (g) Sen, AAcc. Chem. Re$998,31,
550. (h) Labinger, J. AFuel Process. Technal995,42, 325. (i) Crabtree,
R. H. Chem. Re»1995,95, 987. (j) Shilov, A. E.; Shul'pin, G. BChem.
Rev. 1997 97,2879. (k) Dyker, GAngew. Chem., Int. EA.999 38,1698.
() Gesser, H. D.; Hunter, N. RCatal. Today1998,42, 183.

(2) (a) Arndtsen, B. A.; Bergman, R. Gciencel995 270 1970. (b) Bromberg,
S. E.; Yang, W.; Asplund, M. C.; Lian, T.; McNamara, B. K.; Kotz, K. T;
Yeston, J. S.; Wilkens, M.; Frei, H.; Bergman, R. G.; Harris, CSBience
1997,278, 260.

(3) (a) Asadullah, M.; Kitamura, T.; Fujiwara, YAngew. Chem., Int. E@00Q
39, 2475. (b) Chepaikin, E. G.; Bezruchenko, A. P.; Leshcheva, A. A;;
Boyko, G. N.; Kuzmenkov, I. V.; Grigoryan, E. H.; Shilov, A. B. Mol.
Catal. A: Chem2001,169, 89. (c) Periana, R. A.; Taube, D. J.; Evitt, E.
R.; Loffer, D. G.; Wentrcek, P. R.; Voss, G.; Masuda,Sctiencel993,

259, 340. (d) Periana, R. A.; Taube, D. J.; Gamble, S.; Taube, H.; Satoh,

T.; Fuijii, H. Sciencel998,280, 560.

754« Vol. 7, No. 5, 2003 / Organic Process Research & Development
Published on Web 08/07/2003

6% conversion of SOto MSA. The presence of promoters
such as PtG] PdC}h, and RuC{ has a negative effect on
MSA synthesis. On the other hand, Cg®eCk, and HgC}
are moderately active as promoters, and RgQparticularly
effective under the reaction conditions investigated.
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Figure 2. Effect of RhCl; amount on the conversion of SQto

MSA. Reaction conditions:solvent, fuming sulfuric acid, 5.67
g; SO;,1.7 g (21.25 mmol) methane, 300 psig (84.9 mmol); KO
0.98 mmol; time, 18 h; temperature, 95°C.
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Figure 1. Effect of KO, concentration on the conversion of _
SO; to MSA. Reaction conditionssolvent, fuming sulfuric acid, T T T
5.67 g; SQ 1.7 g (21.25 mmol) methane, 300 psig (84.9 mmol); 0
KO, 0.98 mmol; RhCk, 0.31 mmol; time, 18 h; temperature, 50 60 70 80 90 100 110
95 °C. Temperature, °C

] ) . ) Figure 3. Effect of temperature on the conversion of S@to
The reaction was studied with different amounts of KO MSA formation. Reaction conditions:solvent, fuming sulfuric

but a fixed amount of Rh@l It is observed in Figure 1 that  acid, 5.67 g; SQ, 1.7 g (21.25 mmol) methane, 300 psig (84.9
the conversion of SQto MSA increases when the amount Mmol); KO, 0.98 mmol; RhCk, 0.31 mmol; time, 18 h.

of KO, in the reaction mixture is raised from 0 to 0.98 mmol.
However, a further increase in the amount of X@sults in

a decrease in the S@onversion to MSA.

The effect of the amount of Rhgadded to the reaction
mixture is shown in Figure 2. For a constant amount obKO
the conversion of S§Xo MSA increases from 4 to 14% after
18 h as the amount of Rhgk increased from 0.08 to 0.31
mmol. However, a further increase in the ratio of Kt®
RhCk is deleterious to the MSA yield. The highest conver-
sion of SQ to MSA is obtained with 0.31 mmol Rh&in
the presence of 0.98 mmol KOThus, the effective ratio of
KO, to RhCk is 3.16.

Figure 3 shows that the conversion of Sibserved after
18 h increases with increasing temperature up t0°G5
However, a decrease in the conversion to MSA is observed . . ) )
for temperatures higher than 9. our hypqthe3|s of a free radical mechanism. Ki®@adily

Figure 4 shows the effects of methane pressures on ther€acts with HSQ, to form HO, (2KO, + HaSQs —~ KoSQu

. . + H,O, + 0,).1* The HO, thus formed could react with
conversion of Sto MSA. The conversion of SQo MSA the promoter, RhGlto generate the active radical species,

increases from 1 to 24% when the methane pressure isl. which mav consist of a rhodiufoeroxo or hvdroperoxo
increased from 50 to 1000 psig. ’ y P yarop

The reaction rate a!so dgpends on the Ir.“tlal Cor_]centratlon(ll) Volnov, I. I. In Peroxides, Superoxides, and Ozonides of Alkali and Alkaline
of SG;. As shown in Figure 5, with increasing $0O Earth Metals; Petrocelli, A. W., Ed.; Plenum Press: New York, 1966.

concentration, the MSA conversion increases initially;

however, above an initial concentration of 39%, the conver-
sion of SQ to MSA decreases due to the formation of

methylbisulfate as a byproduct.

The sulfonation of Chirequires an acidic solvent.,HO,
is the most effective solvent (14% conversion in 18 h), triflic
acid is moderately active (7% conversion in 18 h), and
trifluoroacetic acid is the least effective (3% conversion in
20 h). No MSA was formed when DMSO was used as the
solvent.

The experimental results can be interpreted in terms of a
free radical mechanism. The appearance gflin the
autoclave headspace in the absence of 8@ the termina-
tion of the reaction in the presence of molecularsOpport
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Figure 4. Effect of CH,4 partial pressure on the conversion of
SO; to MSA. Reaction conditionssolvent, fuming sulfuric acid,
5.67 g; SQ, 1.7 g (21.25 mmol); KQ, 0.98 mmol; RhCk, 0.31
mmol; temperature, 95 °C; time, 18 h.
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Figure 5. Effect of SO; initial concentration on the conversion
of SO; to MSA. Reaction conditions:solvent, fuming sulfuric
acid; methane, 300 psig (84.9 mmol); K@ 0.98 mmol; RhCl,
0.31 mmol; temperature, 95°C; time, 18 h.

species?13The leabstracts hydrogen from Glib form Chge
radicals (reaction 1) which react with g@eaction 2) to
form CH;SOse radicals which in turn abstract hydrogen from
methane to form MSA according to reaction 3.

CH, + le — CHge + IH 1)
CHge + SO, — CH,SQy )
CH,SOy + CH, — CH,SOH + CH,e ®)

While the nature of the composition of has not been
confirmed, we have recently demonstrated that RhCI
combination with urea—bD; is a particularly effective free
radical initiator for the direct sulfonation of GHby SG; to
form MSA 8¢
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The observed lowering in the conversion of SOMSA
when more than 0.98 mmol of metal superoxide is used can
be attributed to an increase in the rate gff@mation. Since
0. is known to act as a free radical scavengétrwould be
expected to inhibit the formation of MSA. This interpretation
is consistent with the failure to observe any MSA when the
reaction was carried out in the presence of 40 psig of O

It is noted that KQ can initiate the reaction in the absence
of a promoter (Table 1, entry 1), suggesting thaOH
generated by the reaction of K@ith the acid solvent can
activate methane. Consistent with this observation, no
reaction was observed in a nonacidic solvent such as DMSO.
When RhC{ is added to the reaction mixture, the conversion
of SO; to MSA increases up to a maximum value and then
decreases, as shown in Figure 2. The rising portion of this
plot can be attributed to an increase in the amount of the
metal-peroxo species formed via the reaction of Rh@ith
H,0,. The decrease in the conversion to MSA for a KO
RhCk ratio of less than 3 might be associated with the
catalyzed decomposition of,8, by excess RhGl Two other
observations support the in situ formation of a mefsroxo
species. The first is that after reaction for 18 h in the presence
of RhCk and KG, (KO,/RhCk = 3), the addition of more
KO; resulted in an additional 11% conversion of SOMSA
after an additional 18 h of reaction. On the other hand, when
the same experiment was carried out in the absence o;RhCI
no additional MSA was observed after an additional 18 h of
reaction. These experiments suggest that a part of thesRhCI
may be recycled during the reaction. To examine whether
Rhy(SOy)s might have formed by the reaction of Rh@ind
H,SQ,, we performed a reaction with R$0Oy); as a
promoter instead of RhelIn this case, hardly any MSA
formation was observed. This suggests that during the
reaction RhGJdoes not dissociate completely in fuming-H
SO, and that the chloride anion is not replaced fully by
sulfate or bisulfate anions.

The decrease in SCronversion above 98C seen in
Figure 3 might be due to rapid decomposition gfd- and
the release of @ As noted above, the presence afi@the
reaction mixture inhibits the formation of MSA. This is
attributed to the formation of alkylperoxide species via the
reaction of methyl radicals with Qwhich are less active
for reaction with SQ@ than methyl radicals.

The effect of S@concentration on the conversion of SO
to MSA seen in Figure 5 can be explained as follows. Below
40 wt % SQ, the increase in conversion is attributed to the
increase in the driving force for reaction 2. However, for
higher SQ levels, MSA formation is reduced by the
formation of CHOSQH and CH(SG;).H. A similar effect
has been observed in several other reaction systems utilizing
a free radical initiator to produce MSA from Gldnd SQ.8
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Conclusions otherwise. Following reaction, the reactor was cooled in an
We have demonstrated a synthetic approach for the direct,ice bath to room temperature-Q.35 h), and the reactor was
liquid-phase sulfonation of methane with SOnder the best  vented. The gases exiting the reactor were passed through
suitable reaction conditions, 24% conversion oE&OMSA scrubbers containing NaOH and Carbusorb to remove sulfur

was achieved. Rhgkemerged as an effective promoter when (ll) compounds. The system was then purged wigtpitified

used with KQ serving as the radical initiator. It is proposed by passage through oxysorb, ascarite, and molecular sieve
that a rhodium—peroxo or hydroperoxo species is formed traps. The liquid product was removed from the glass liner
in situ, which is a more effective free radical initiator than and added slowly to 0.5 g of @ to convert any unreacted

KOs in activating methane. SG; to H,SOy. Reaction products were characterized'by
NMR. All spectra were acquired using a Bruker AMX-400
Experimental Section MHz FT-NMR spectrometer. A capillary containing® and

Reactions were carried out in a 100 Thigh-pressure  CH3;OH, immersed within the NMR tube containing the
autoclave (Parr Instruments: 3000 psig maximum) con- sample, was used as a lock, reference, and integration
structed of Hastelloy B. Unless otherwise stated, the fol- standard. All other chemicals were purchased from Aldrich
lowing procedure was used for all experiments. Typically, Chemical Co. and used without further purification. Products
0.98 mmol of KQ (Aldrich Chemical Co.) and 0.31 mmol  were identified by"H NMR. The chemical shift for methyl
of RhCk (Aldrich Chemical Co., 99.98%) were added to group of MSA was observed to be 2.9:07 ppm, depending
5.7 g of fuming sulfuric acid (Aldrich Chemical Co., 27 on the concentration of MSA in the reaction mixture.

33% SQ) taken in the glass liner containing a Teflon-encased
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