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Abstract: RhC, in the presence of several equivalents of &hd I” ions, catalyzed the direct formation of methanol
and acetic acid from methane, carbon monoxide, and dioxygen-a880C in a 6:1 mixture of perfluorobutyric
acid and water (approximate turnover rate: 2.9/h based on Rh). It was possible to selectivedjtfierrmethanol

or acetic acid by a simple change in the solvent system. As might be anticipated, ethane was more reactive than
methane, and under similar reaction conditions formezthanol ethanol, and acetic acid (approximate turnover
rate: 7.5/h based on Rh). For both methane and ethane, the product alcoholessezactive than the starting
alkanes. Methyl iodide was aldessreactive than methaneMost significantly, for ethane and higher alkanes
products deried from C-C cleavage dominated «er those deried from C-H cleavage on a per bond basis.
Indeed, C-C cleavage products wergtually all that were observed with butane, isopentane, and 2,3-dimethylbutane.
While the mechanism of the-€H and C-C cleavage steps remains to be elucidated, preliminary indications are
that outer-sphere electron transfer or bond homolysis resulting in the formation of alkyl radicals did not occur.

This report encompasses the highly catalytic, low temperaturetwo of the highest volume functionalized organics produced
hydroxylations and hydroxycarbonylations of-& and C-C commercially are methanol and acetic acid whose 1993 U.S.
bonds in lower alkanes with dioxygen as the oxidarithe productions were 10.5 1(° and 3.7x 1 Ibs, respectively.
simultaneous cleavage of-@ and G-C bonds of alkaness The current technology for the conversion of alkanes to these
well asO; activation, has been achieved. We are unaware of products involvesnulti-stepprocesses: (a) the high-temperature-
any report of such a highly catalytic system for the direct steam reforming of alkanes to a mixture of &hd CO’ (b) the
functionalization of methane and ethane by dioxygen at low to high-temperature conversion of the mixture of &hd CO to
moderate temperatures {00 °C) although the use of other methanof, and (c) the carbonylation of methanol to acetic &cid,
oxidants has been reported under these condifioMdost mainly through the “Monsanto proces”Clearly, thedirect,
significantly, our observations constitute the first examples of low temperature conversion of the lower alkanes to methanol
metal catalyzed oxidative functionalization of-C bonds of and acetic acid would be far more attractive from an economical
simple alkanes in solution although several instances-6€C  standpoint. Of particular interest would be the formation of
cleavage by metal complexes have been reported previdusly. the sameend product(s) from different starting alkanes, thus

The lower alkanes, such as methane and ethane, are the leastbviating the need to separate the alkanes. For example, natural
reactive and most abundant of the hydrocarbon family with gas is principally methane with-5L0% ethane. A system that
known reserves equal to that of petroletinthus, the selective ~ converts both methane and ethane to the sapp&uct, such
oxidative functionalization of these alkanes to more useful as methanol, would not require the prior separation of the

chemical products is of great practical interegtor example,
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1.0 7 o  Me-ester (M) back to the acid and methanol, it should be possible to design
+ AcOH (M) a system where the acid is recycled and methanol is the end
product. With respect to product stability, control experiments
using methanol (initial concentration: 0.45 M) and acetic acid
0.8 1 (initial concentration 0.30 M) as substrates indicated that they
4 were quite stable under the reaction conditions (14% of methanol
reacted in 44 h; 5% of acetic acid reacted in 72 h). Furthermore,
when2CH, and13CO were employed, an analysis of the gas
°~6W phase revealed only a trace’8€O, (:3C0,:12C0O, = 20). The
1 ° relative rate of methane versus methanol oxidationthe
T presence of the formas given below.

A close examination of Figure 1 reveals that the methyl ester:
acetic acid ratio decreased with time. One explanation for this
1 ° trend would be that the methanol derivative was the initial
! product and that this was being carbonylated to acetic acid (the
catalyst system consisting of a mixture of Rp@hd I ions
resembles the “Monsanto system” for the carbonylation of
methanol to acetic acl However, as in the agueous systeém,
we were able to rule out this possibility through the following
00 i ‘ experiment. A 6:1 mixture (v/v) of perfluorobutyric acid and

S0 20 40 60 80 100 water was made 0.50 M iA3CHs;OH (90% of which was
converted to the methyl ester) and the methane functionalization
i ) _ reaction was run under conditions identical to those given in
Figure 1. Plots of products formed from methane versus time. Reaction pq caption of Figure 1. The products observed after 36 h were
ci)ndltlons: RhQJ-SHZO (5 mg, 0.095 M), Kl (10 mg, 0.017 M), NaCl CsF,CO,12CHs + 2CH5OH (0.13 M), 12CH,COH (0.22 M),

(15 mg, 0.073 M) in a 3.5 mL 6:1 (v/v) mixture of £,CO,H and 1 1 13
. : : : H2CO,H (0.02 M) and GF,CO,13CH;3 + 13CH30H (0.44 M),
D,0, CH, (1000 psi), CO (300 psi), £(100 psi), 80°C. The reaction 13G .
was run in a 125-mL stainless steel bomb equipped with a glass liner. H"CO2H (0.02 M). Clearly, methanol or its ester wastan
intermediate in the formation of acetic acid from methane since

in petroleum cracking and a “one-pot” system for both cracking N0 **CHsCO.H was formed. Note that at 1000 psi of pressure,

and subsequent oxidation of the light residues is of great interestth® concentration of methane in pure water is 0.055 M. While
in the context of the need for oxygenates in clean-burning the solubility of methane in a 6:1 mixture (v/v) of perfluorobu-

products (M)

time (h)

gasolinel® tyric acid and water is expected to be higher, it is not likely to
significantly exceed 0.5 M, the concentration of add&cH;-
Results and Discussion OH. Finally, the complementary labeling experiment was

_ performed using 0.21 M2CH3;OH and 180 psi of3CH,4, 100

1. Catalyst. The catalyst system consists of Rp@long psi of 2CO, 50 psi of @, and 170 psi of M After 18 h, the
with several equivalents of Cland I ions dissolved in an acidic  organic products observed in solution werg=CO,12CH; +
solvent, and the alkane functionalizations were carried out in 12CH;0H (0.21 M), H2CO,H (0.05 M) and GF,CO,13CH; +
the presence of &and CO at 86:85°C. The use of this system  13CH;0H (0.06 M),23CH;CO;H (0.01 M), H3CO,H (0.04 M),
for the direct conversion of methane to acetic acid in aqueous thus confirming (a) that the products, methanol and acetic acid,
medium was previously reported in a brief communication.  ere derived from methane and (b) that methane was signifi-

2. Functionalization of Methane. The principal problem cantly more reactive than methanol or its ester.
when water was used as the solvent was the low turnover rates  a gecond interesting result came out of the first of the two
(app.ro.xmatelly 0.1 turnov.er/.h. based_ on Rh)Ve now f!nd experiments described above that was run under standard
that itis possible to both significantly increase the reaction rate 4 gitions. There was switchin product selectivity upon the
and change the product specificity from acetic acid to methanol 4qgition of methanol to the solvent mixture: acetic acid rather
by the choice of appropriate solvents. Our results for the {han the methanol derivative was now the principal product and
functionalization of methane in a 6:1 mixture (v/v) of perfluo- s was fully consistent with the gradual decrease in methyl
robutyric acid and water as the solvent are summarized in Figure ggter-acetic acid ratio with time that is seen in Figure 1.

1. Formic acid was the only significant byproduct observed. g mising that acetic acid became the favored product when
Starting with pure water as solvent, the reaction rate was found perfluorobutyric acid present in the solvent mixture was
to increase steadily with increasing concentration of added ¢,nyerted to its ester, the methane functionalization was rerun
perfluorobutyric acid. However, water was essential for the j, 5 g5vent mixture in which part of the perfluorobutyric acid
reaction since product formation was not observed in pure |, .o replaced by 1,1,1,3,3,3-hexafluoro-2-propanol which would
perfluorobutyric acid. For methane, when a 6:1 mixture (V/V) pe expected to form an ester with the remaining acid. Indeed,

of perfluorobutyric acid and water was used as the solvent, the acetic acid again became the predominant product. Thus, when
total concentration of acetic acid and methanol (and its ester)a 4:2:1 (viviv) mixture of perfluorobutyric acid, 1,1,1,3,3,3-

formed und%r Leici'?\;] cf?ndlﬂons similar to that :‘Jsegowr]] pur8eo hexafluoro-2-propanol, and water was used as the solvent the
water exceeded 1. aiter the reaction was run for at products obtained after 34 h under the same conditions were

°C (approximate turnover rate: 2.9/h based on Rh). Along with CsF,CO,CHs + CHsOH (0.09 M), CHCO.H (0.22 M), and
an increase in rate, the product selectivity for methane func- HCO:H (0.02 M). ' ’

tionalization was found to change from virtually all acetic acid
to one in which the methanol derivative dominated. Since
methyl perfluorobutyrate is both volatile and easily hydrolyzed

While the detailed mechanism remains to be elucidated, the
ratio of alcohol derivative to the corresponding higher acid may
be assumed to be a function of the relative rates of nucleophilic
(10) Unzelman, G. HOIl Gas J.1991, 89, 44, 62. attack versus carbon monoxide insertion into a common Rh
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° Figure 3. H-NMR spectrum obtained after the following reaction
+ conditions: RhG3H,O (5 mg, 0.005 M), KI (10 mg, 0.017 M), NaCl
° (15 mg, 0.073 M)}PCH3;CH,OH (0.40 M) in a 3.5 mL 6:1 (v/v) mixture
of CsF7,COH and DO, CGHe (550 psi), CO (150 psi), (75 psi), 80
0.0 — T T T T 1 °C, 20 h. A capillary containing a mixture of M80O and RO was
0 20 40 50 80 used as the internal standard.
time (h)

) ) _trace of propionic acid was formed from ethane in a 6:1 mixture

Figure 2. Plots of products formed from ethane versus time. Reaction (vIv) of perfluorobutyric acid and water. The generally lower

conditions: RnG3H,0 (5 mg, 0.005 M), KI (10 mg, 0.017 M), NaCl o1t of hydroxycarbonylation observed for ethane may be

(15 mg, 0.073 M) in a 3.5 mL 6:1 (v/v) mixture ofd&,COH and due to a higher rate of nucleophilic attack on the-RH,CH

DO, C:Hs (550 psi), CO (150 psi), ©(50 psi), 80°C. The reaction : 9 P : 2113

was run in a 125 mL stainless steel bomb equipped with a glass liner. spt_aues When_com_pared to the _correspondlngeng spe_C|es.
This observation finds parallel in the rate of hydrolysis of the

alkyl bond (i.e.,kno/kco, see eq 1). While, to a first-order analogous Pt(IV) compounds [Bit—C;Hs]?~ and [ChPt—

CHg]?~, which can be synthesized through the reactions of

o R—Nu PtCL2~ with the corresponding alkyl iodid€. In pure water
" at ambient temperature, [§Bit—C,Hs)2~ was hydrolyzed within
L,Rh—R — hours to ethanol whereas BBit—CHz]2~ was stable for days.
On a per bond basis, the ratio of products formed through
%Lth—CORLRCO—Nu C—H versus C-C cleavage of ethane was 0.6. Control
experiments indicated that neither acetic acid nor ethanol was
(Nu = OH, C3F7CO,) @) the source for the Oproduct, methanol. This is shown by the

o . _ 'H NMR spectrum obtained when botfCHs'?CH,OH (0.4 M)
approximationkco is likely to be independent of the solvent,  and12c,Hs (550 psi) were present in the reaction mixture (Figure
knu will depend on the nature of the nucleophile derived from 3)  clearly, the labeled group of ethanol wast the source
the solvent. Presumably, the perfluorobutyrate ion is a better for ejther the methanol derivative or the acetic acid. Note that
nucleophile than water since more of the alcohol derivative was at 550 psi of pressure, the concentration of ethane in pure water
formed in a perfluorobutyric acigwater mixture than in pure s 0.03 M. While the solubility of ethane in a 6:1 mixture (v/
water. This also explains why acetic acid was once again they) of perfluorobutyric acid and water is expected to be higher,
major product when the perfluorobutyrate ion was tied up as it js likely to be lower than 0.4 M, the concentration of added
the ester. In principle, nucleophiles stronger than tf&CO, 13CH;!2CH,0OH. In order to confirm that the observed methanol
ion should be able to compete with the latter when added to gerjvative was not formed in some way by CO hydrogenation,
the reaction mixture. However, the addition of 7 equiv of the ethane oxidation was repeated us#@yHs and3CO. No
acetate ion strongly retarded the reactigossibly due to  13c_containing organic products were observed except in acetic
coordination to the metal center. In the same vein, the acig which was an approximate 4:1 mixture 8€H32COH
substitution of acetic acid for perfluorobutyric acid in the usual and12CH,13CO,H. Thus, the experiment also confirmed that
solvent mixture resulted in a drastic reduction in reaction rate the majority of the acetic acid was derived from straightforward
(<10% of the original rate). Finally, consistent with the ethane oxidation rather than through—C cleavage and
mechanistic scenario shown in eq 1 was also the observationcarhonylation of a resultant RICH; species. Interestingly, the
that the ratio of acetic acid to methanol derivative formed from egyits from the two labeling studies taken together showed that
methane increased with increasing pressure of CO although theethanol was not even an intermediate in the conversion of ethane
overall reaction was sharply inhibited at high CO pressures. g that fraction of acetic acid not formed via-C cleavage.

3. Functionalization of Ethane. As might be anticipated,  Finally, in order to conclusively demonstrate that ethane was
ethane was more reactive than methane and a higher reactionndeed the source for methanol (and its estéif,Hs was
rate was observed for the conversion of ethane (Figure 2). employed as the substrate (gas pressutiiHs, 100 psi; CO,
Under similar reaction conditions, the total concentration of 200 psi; @, 100 psi: N, 800 psi) resulting in the exclusive
acetic acid, ethanol, angiethanol(and their esters) exceeded formation of GF,CO,13CH; + 13CHZOH.

2.4 M after 66 h (approximate turnover rate: 7.5/h based on

Rh) (11) (a) Sen, A.; Lin, M.; Kao, L.-C.; Hutson, A. Q. Am. Chem. Soc.
L . . 1992 114, 6385. (b) Luinstra, G. A.; Labinger, J. A.; Bercaw, JJEAm.

Unlike methane, little hydroxycarbonylation was observed cnem. S0c1993 115 3004. () Kusch, L. A.; Lavrushko, V. VV.: Misharin,

for ethane and higher alkanes. For example, no more than avu. S.; Moravsky, A. P.; Shilov, A. ENow. J. Chim.1983 7, 729.
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A. C3F7CO2CH2CH3 cleavage. Two reasons are usually cited for the general lack

B. CH3CO2H of C—C cleavage compared to correspondingH cleavage

C. C3F/COZCHS DMSO (CAP) in reactions mediated by metal complexes in solutforkirst,

D. HCOZH C—C bonds are sterically less accessible to transition metal
centers surrounded by bulky ligands. Second, meatatbon
bonds tend to be weaker than methlydrogen bonds, again

B due to steric repulsions between the ligands surrounding the

¢ metal and the alkyl group bound to it. C cleavage is,

A however, commonly observed in the interaction of bare metal

b A cations with alkane® In this case, there is no steric hindrance

and the metatcarbon and metalhydrogen bond strengths are
comparable (approximately 60 kcal/méfy.b14
Before a case is made for the cleavage efCand C-H

Figure 4. 'H-NMR spectrum obtained after the following reaction  bonds mediated by the metal center in the present instance, it

conditions: RhG3H,0 (5 mg, 0.005 M), KI (10 mg, 0.017 M), NaCl s necessary to rule out alternative pathways. The possibility

(Cl?: rg%z 3-2:% '\é)ogég ((5380%2;)')&1% g-zsfiT)‘L I\iéé‘g‘gs’i‘)"ggg of  that a variation of oxychlorinatidf may be occurring in the

37 ’ ’ ’ y ’ i H
681 A calayConaing a s of B0 and DOvas s s S5 2 24, 2 can be i oty e follwing soerimert
the internal standard. . :
dissolved Rh salt, but in the presence of the promoters (KI,
The C—C cleavage of ethane was also observed when pure  NaCl), and a large excess of dissolved ;Gthe solvent was
water was used as the solventFor example, an approximate  saturated with Glprior to reaction). Such a reaction condition

3:1 mixture of3CH3COH and!3CH;'“CO,H was also formed  would be particularly favorable for oxychlorination since all

in water starting with'*C;Hs, *2CO, and Q (gas pressures:  the ingredients (G) HCI, and Q) were present. No product

13C,He, 100 psi; CO, 200 psi; & 100 psi; N, 600 psi). The  formation was observed. Also note that in view of the inertness
complementary experiment witiC,Hs, 13CO, and Q gave a  of CHsl (see below) it is most unlikely that G, if formed,

3:1 mixture of!?CH;!?CO,H and!*CH3!3CO,H. would convert to the observed products. Finally, simple alkyl

4. Functionalization of Higher Alkanes. When propane  radicals do not undergo-€C cleavage reactions.
was used as the substrate, a mixture-oénd isopropyl esters

C3F7CO2H

T T T T T T T T T T T T T T T T T
a5 80 7.5 7.0 6.5 5.0 55 5.0 &3 40 35 30 25 20 45 10 5
2

and acetone were formed with a 5:1 preference for attack on 2CH, + Cl, + 1/202 — 2CH,Cl + H,0 (2)
the secondary €H bond (on a per hydrogen basis). Thus, the
reaction rate increased with decreasingtChond dissociation Another possibility is that a radical cation may form from
energy. In addition, significant quantities of acetic acid, ethanol, {he glkane by outer-sphere electron transfer and this species, in
and methanol derivatives were formed throughCcleavage. turn, would fragment some of the time by-C cleavage (cf

A particularly striking example of catalytic-©C function- eq 3). For example, the Teoxidation of ethane leads to a
alization was obtained with-butane. As shown in Figure 4,
virtually all the products were derived through-C cleavage! e _H

CoHg — [CoHe™] CoHs Cy-products

Especially noteworthy was the formation of ethanol derivative.
Starting with 0.61 mmol of butane, the organic products
observed after 20 h were;5CO,CH,CH3; + CH3;CH,OH (0.18
mmol), CHCO,H (0.34 mmol), CHCHO (0.04 mmol), GF+-
CO,CH; + CH;OH (0.17 mmol), HCGH (0.63 mmol), along CHg" + CHg" ———— Cy-products ®
with unreactedh-butane (0.05 mmol). The overall yield was ) ]
85.0% based on carbon content mbutane. Note that the  Substantial weakening of the<C bond (from 90 to 4537
butane concentration was much higher for the reaction shownkcal/mol) resulting in fragmentation to GH+ CHs*.1® The
in Figure 4 and resulted in a slightly different product distribu- direct experimental precedent for such a step is Olah’s observa-
tion. Finally, control experiments indicated that, like ethane, tion of CHiNO, as the principal product in the reaction of ethane
neither 1- or 2-butanol was the source of ethanol in the above With NOz"PFs™ in aprotic solvents (although the products may
reaction. also arise from the direct attack of the electrophile on thecC

As with butane, products derived from-C cleavage were bond)_.17 Additionally, we hav_e shown _that in 98% sulfuric acid,
virtually all that were observed with 2-methylbutane (isopen- @ variety of 1e and 2e oxidants will oxidize ethane to a
tane). Starting with 0.42 mmol of substrate, the organic products Mixture of G and G derivatives through a similar electron
observed after 20 h weres§CO,CH(CHg), + (CH3),CHOH transfer pathway at 18C.'8

(0.03 mmol), (CH)>CO (0.07 mmol), gFCO,CH,CHs + CHs- Several observations appear to rule out the involvement of
CH;OH (0.07 mmol), CHCO,H (0.20 mmol), GF,CO,CHs + free radicals formed by simple bond homolysis that would
CH3OH (0.14 mmol), HCGH (0.50 mmol), along with unre- (12) (a) Halpern, Jinorg. Chim. Acta1985 100, 41. (b) Halpern, J.
acted alkane (0.04 mmol). The overall yield was 87.2% based Acc. Chem. Re<.982 15, 238.

on carbon content of 2-methylbutane. (13) Reviews: (a) Armentrout, P. B. Belectie Hydrocarbon Oxidation

; . : d FunctionalizationDavies, J. A., Watson, P. L., Greenberg, A., Liebman,
Finally, the hindered €C bond of 2,3-dimethylbutane was 3™ Eiq VCH:  New York, 1990, p 467, (b) Armentrout, P. B

also cleaved by the present system. Starting with 1.16 mmol Beauchamp, J. LAcc. Chem. Resl989 22, 315. (c) Schwarz, HAcc.
of substrate, the organic products observed after 40 h wgie C Chafzj 5_931989J22A ZISIZ- Beauch J.Chem. Re. 1990 90, 629
Imoes, J. A. M.; beauchamp, J. em. Re. A .
E%g;"(g:&égég*g?g%%‘; (g;égzgal)’iccﬁzgg égg;' 58%?1) Review: Treger, Yu. A.; Rozanov, V. NRRuss. Chem. Re1989
y . ’ 7 3 3 . 3 .

mmol), and HCGH (0.48 mmol). The overall yield was 40.0% (16) Lathan, W. A.; Curtiss, L. A.; Pople, J. AMol. Phys.1971 22,
based on carbon content of 2,3-dimethylbutane. 10*(31% Olah, G. A: Lin. H. C.J. Am. Chem. Sod971 93, 1259

5. Mechanistic Considerations. The most significant aspect (18) Sen, A.: Benvenuto, M. A.: Lin. M.: Hutson, A. C.: Basickes JN.
of the work described above is the observation of alkar€€C ~ Am. Chem. Sod 994 116 998.
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Figure 5. H-NMR spectrum obtained after the following reaction
conditions: RhG+3H;O (5 mg, 0.005 M), Kl (10 mg, 0.017 M), NaCl
(15 mg, 0.073 M)BCHgl (0.22 M) in a 3.5 mL 6:1 (v/v) mixture of
C3FCO;H and DO, CH, (1000 psi), CO (300 psi), £(100 psi), 80
°C, 20 h. A capillary containing a mixture of M8O and RO was
used as the internal standard.

follow electron transfer from the alkane. First, when the
methane functionalization reaction was run under conditions
identical to that shown in Figure 1 except that the reaction
mixture was 0.22 M if3CHjl, the products observed wergfG-
COx12CH;3 + 12CH3OH (*3CHsl remained unchanged) (Figure
5), i.e., the significantly stronger GHH bond (105 kcal/mdP3

was being broken in preference to the weaks€Hbond (57
kcal/mol®d; the ionization potential of Chllis also significantly
lower than that of methane (9.5 vs 11.5%8%. The unusual
reactivity pattern was further confirmed by the complementary
labeling experiment involving?CHsl and3CH,4 which resulted

in the formation of GF,CO,13CHj; + 13CH3;OH only. Second,

in the reaction run in the presence '8CH;OH (vide supra),
0.21 mmol of'3CH;0OH was oxidized at the same time as 1.23
mmol of 12CH, was converted to §£,CO,*2CH; + 2CH;OH

+ 12CH,CO,H. Thus, methane waat least 5 times more
reactive than methanol and its derivative (note that an even
higher selectivity for methane oxidation was observed in the
reaction involving*CH, and'2CHz;OH) although the homolytic
C—H bond energy in the latter is 10 kcal/molver. However,
this does not take into account the increase in theHond
energy when methanol is converted to the ester (the following
C—H bond-energy data illustrate the point—&H,OH, 94 kcal/
mol; H—CH,OCOGHs, 100.2 kcal/mdP9. Finally, using a
1:1 mixture of GHg and GDs (250 psi each), a primary isotope
effect ku/kp) of 2.65(5) was observed for the formation of ethyl
heptafluorobutyrate. This is inconsistent with the mechanism

Lin et al.

conditions, we examined the reaction of08*~ with methane

and ethane. We had earlier demonstrated that in pure water,
S,0¢?~ functionalized these alkanes through a hydrogen-
abstraction step resulting in the formation of the corresponding
alkyl radical as the intermediate (eq%®) Additionally, we have
shown that at 180C in 98% sulfuric acid, the g2~ ion will
oxidize ethane to a mixture ofiGnd G derivatives through

an electron transfer pathwa§. However, under the reaction
conditions shown in Figure 1 except with$0Og replacing the
Rh-based catalyst system, no product was formed from methane
after 20 h. When ethane was used as the substrate (gas
pressures: &, 550 psi; CO, 150 psi; £50 psi), the following
products were observed after 48 h: £HD,H (0.01 mmol),
CH3CHO (0.15 mmol), HOCHKCH,OH and its mono- and
diesters (0.13 mmol). Ethene, presumably formed by the
deprotonation of the ethyl cation (see eq 4), may be an
intermediate in the formation of the diol and its derivatives.
This was demonstrated by replacing ethane by ethene (550 psi)
in the above reaction, resulting in the formation of 0.71 mmol
of HOCH,CH,OH and its mono- and diesters in 20 h.

S0s — SO

SO, SO,
CHg— CHy —— C,Hs"

CH,=CH, — C,-products (4)

—H+

—

A comparison of the reactivity pattern of the Rh-based catalyst
system with that of KS,Og further supports the proposition that
the former does not simply function as an~lexidant or a
H-atom abstractor vis-vis alkanes. Clearly further studies are
needed to elucidate the nature of thel€@and C-C cleavage
steps. One should note that none of the experimestiblish
that the metal center is directly responsible forC cleavage.

It is possible, for example, that the metal ion forms an alkyl
species through €H activation and that the €C cleavage
products are formed through a subsequgalkyl abstraction
step. Such a sequence of steps has been reported in the reactions
of bare metal cations with alkanés.Still another possibility

is that a metal alkoxide is formed initially from the alkane
through a nonradical pathway and that a subsequent bond
homolysis generates the alkoxy radical which then undergoes
known fragmentations through-€C cleavagé? the fact that
alcohols are unreactive in our system (see above) does not
necessarily rule out this scenario.

The role of carbon monoxide in the rhodium-catalyzed alkane
functionalizations is curious. Without CO there was no reaction
even when the product was simply an alcohol derivative and,
therefore, CO was not required by stoichiometry. One role of
CO may simply be to serve as a stabilizing ligand, especially

shown in eq 3 since electron transfer, which is expected to be for Rh(l). Indeed, Rh(I) carbonyl complexes are formed under

the rate-limiting step, should exhibit only a very modest
secondary isotope effect. Thus direct-B bond cleavage
within the coordination sphere of the metal is indicated. It
should be noted that, due to the presence of excemk in

the reaction conditions. However, it is likely that there is a
second, more important, role of CO in the system. CO is also
an essential reagent in a metallic palladium-catalyzed system
for alkane functionalization that we reported earfierOur

the system, it is possible to have neither a radical more reactivestudies on that system showed that CO participates in the water-

than P nor an oxidant stronger thaa. | Since neither of these

gas shift reaction to generate Hogether with C@) which, in

species is capable of reacting with methane, this provides turn, reacts with @to form HO,, the real oxidant involved in

additional support that the alkane functionalization is occurring
within the coordination sphere of the metal.
In order to further delineate the reaction pathway followed

alkane functionalization. It is tempting to postulate a similar

(20) Lin, M.; Sen, A.J. Chem. Soc., Chem. Commuad892 892.
(21) Specific recent example: van Koppen, P. A. M.; Bowers, M. T;

by an 1e oxidant/H-atom abstractor under the present reaction Fisher, E. R.; Armentrout, P. B. Am. Chem. S0d.994 116, 3780.

(19) CRC Handbook of Chemistry and Physit&le, D. R., Ed.; CRC
Press: Boca Raton, 1991; (a) p-921, (b) p 16-213, (c) p 9-114.

(22) Review on fragmentation of alkoxy radicals: Kochi, J. KArmee
Radicals Wiley: New York, 1973; Vol. Il, p 665.
(23) Lin, M.; Sen, A.J. Am. Chem. S0d.992 114 7307.



Catalytic C-C and C-H Bond Cleaage in Lower Alkanes J. Am. Chem. Soc., Vol. 118, No. 19, 19589

role for CO in the present rhodium-based system. Indeed, Rhemployed to generate a high-energy oxygen species, such as a
salts in the presence of ion as promoter have been shown to metal-oxo complex, from the second oxygen atom (ec®5).

be active catalysts for the water-gas shift reactfoMoreover, The “Gif” system of Barton is also designed on this prenifse.

as with the metallic palladium based system, alkane function- In at least the metallic Pd-based syst&mhe coreductant,
alization does not occur if water is absent from the solvent carbon monoxide, is employed to generate dihydrogen (eq 6),
mixture. Additionally, we observed the conversion CO to,CO the latter being formally equivalent to ZH+ 2e that is

in parallel with the alkane functionalization (see section 2 employed in the biological systems (cf eqs 5 and 7).

above). However, bD,, if formed subsequent to the water-

gas shift reaction, would be expected to react rapidly with the 0,+2H" + 2 —H,0+[O] (5)
added T ions to generate) a species that is thermodynamically

not competent to react with methane or ethane. Nevertheless, CO+H,0—CO,+H, (6)
we examined the effect of replacing @ our system with a

number of O-atom donor oxidants, such agbl m-CICgH.- 0, + H,— H,0 + [O] (7)

COOOH, GHslO, and IQ~, both in the presence and absence

of CO. In no case was product formation observed from oW general is this requirement for a coreductant (e.g., CO
methane. The role of CO must, therefore, await a more detailed or H,) in achieving “difficult” catalytic hydrocarbon oxidations

analysis of the system. _ N by dioxygen? Our work has provided two examples of catalytic
6. Comparison with the Monsanto System.Finally, it is systems, one homogeneous (this report) and the other hetero-

instructive to compare our reaction rates with that in the geneoug?that operate in this manner (i.e., as monooxygenase

“Monsanto system” for the carbonylation of methantie analogs). There have been other recent publications on catalytic

currently preferred commercial process for the manufacture of systems for the oxidation of hydrocarbons, including olefins
acetic acic®® In a 6:1 mixture (v/v) of perfluorobutyric acid  and aromatics, that also call for either CO op Hs the
and water the rate of formation of acetic agidnethanol from coreductan?® While, from a practical standpoint, it is more
methane was 3.% 10~* M/min at 80°C. In the Monsanto  desirable for both oxygen atoms of @ be used for substrate
process, the rate of formation of acetic acid from methanol is oxidation, there appears to be no known catalytic system that
384 x 10 M/min at 180°C.# Thus, the rate is 120 times  operates as an artificial “dioxygenase” under mild conditions
faster in the latter system. However, the substrate concentrationtoward “difficult” substrates, such as those possessing unacti-
in the Monsanto system is typically 5 M. On the other hand, vated primary G-H bonds.

at the 1000 psi pressure that we employ, the aqueous concentra-

tion of methane is approximately 0.05 MIf the solution Experimental Section

concgntratlons (more precisely, t.he a,Ct'V't'es) of methgng N&  General. The following chemicals were used as received: RhCI
6:1 mixture (v/v) of perfluorobutyric acid and water are similar, 31,0 (3ohnson Matthey); NaCl, KECHl, isopentane, 2,3-dimeth-
then under similar substrate concentrations our rate of methangyjputane (Aldrich); kS,0s (Fisher Scientific Co); methane, ethane,
conversion iscomparableto the rate of methanol conversion propanen-butane, nitrogen, oxygen, and carbon monoxide (Matheson);
in the Monsanto system (this does not take into account the DO, *3CO, C,Hes, and GDs (Isotec, Inc.); and*CH, (Cambridge
much higher reaction temperature employed for the latter). Isotopes). Reactions under pressure were carried out in Parr general
purpose bombs using glass linef$4-NMR spectra were recorded on
a Brucker AM 300 FT-NMR spectrometer using solvent resonance at
the appropriate frequency or an external standard consisting of a
We have discovered the firsatalytic system that simulta-  capillary tube containing LL of DMSO in 60 uL of D20 for lock,
neously cleaves €H and C-C bonds of simple alkanes, as referelc_e’ and a? g” '?teg;aé'g‘” Sta“iard- GC'MShwaS perfoc;me_ium‘r;g
well as activates dioxygen, under mild conditions. For most & combination of Carls gas chromatograph equipped with a
of the alkanes studied, products derived fromC cleavage & W Scientific DBS column (60 mx 0.255 mm) and a Kratos MS-25

. . mass spectrometer. In all cases, the products were identifiéti-by
dominated over those derived from-€i cleavage on a per bond NMR spectroscopy and confirmed by GC/MS and/or by comparison

basis. While the mechanism of the-& and C-C cleavage \ith authentic samples. The points in Figures 1 and 2 were generated
steps remains to be elucidatgueliminaryindications are that  py running a reaction for a certain time period, depressurizing,
outer-sphere electron transfer or bond homolysis resulting in examining the reaction mixture by NMR spectroscopy, adding the
the formation of alkyl radicals does not occur. reaction mixture back to the reactor, and resuming the reaction for the
A curious aspect of the previous metallicZPdnd now the next time period. ] ) )
homogeneous Rh-based systems is that, apart from their ability C@aution: Appropriate precautions should be taken while working
to activate both dioxygen and the alkane, both require awnh gases _u_nde_r hlgh pressures. Particular attention should be paid
. . .. to flammability limits of gas mixtures.
coreductant (carbon monoxide). Thus, there is a striking

. 2 . 1. Functionalization of Alkanes with a Rhodium-Based Catalyst
resemblance with monooxygenasesin nature, while the System. (&) Functionalization of Methane. RhCk3H,O (5.0 mg,

dioxygenases utilize the dioxygen molecule more efficiently, it .02 mmol), KI (10.0 mg, 0.06 mmol), and NaCl (15 mg, 0.26 mmol)
is the monooxygenases that carry out “difficult” oxidations, such were dissolved in 0.5 mL of fD in a glass container, 3 mL ofsE-

as alkane oxidations. In the latter, one of the two oxygen atoms COH was then added slowly, and a brownish mixture was formed.
of dioxygen is reduced to water in a highly thermodynamically The glass container was placed in a high-pressure bomb which was

favorable reaction and the free energy gained thereby is then sealed. The bomb was purged and pressurized to 300 psi with
CO, to 1300 psi with Cl then to 1400 psi with @ The contents

(24) Baker, E. C.; Hendriksen, D. E.; Eisenberg,JRAm. Chem. Soc. were stirred at 8685 °C for a certain time period. After venting, the

Conclusion

198Q 102 1020. products were examined B-NMR spectroscopy.
(25) Hjortkjaer, J.; Jensen, V. Vihd. Eng. Chem., Prod. Res. Rd 976

15, 46. (27) Barton, D. H. R.; Doller, DAcc. Chem. Red.992 25, 504.
(26) Reviews: (a) Valentine, J. S. Bioinorganic ChemistryBertini, (28) Representative examples: (a) Otake Memtec995 No. 9 36.

l.; Gray, H. B.; Lippard, S. J., Valentine, J. S., Eds.; University Science (b) Miyake, T.; Hamada, M.; Sasaki, Y.; Oguri, Mppl. Catal. A: General

Books: Mill Valley, CA, 1994; p 253. (b) Mansuy, D.; Battioni, P. In 1995 131, 33. (c) Teranishi, T.; Toshima, N. Chem. Soc., Dalton Trans.
Bioinorganic CatalysisReedijk, J., Ed.; Marcel Dekker: New York, 1993; 1995 979. (d) Wang, Y.; Otsuka, K. Catal.1995 155 256. (e) Benvenuto,
p 395. M. A.; Sen, A.J. Chem. Soc., Chem. Commd®893 970.



4580 J. Am. Chem. Soc., Vol. 118, No. 19, 1996 Lin et al.

(b) Functionalization of Methane in the Presence of CHl. The and 100 psi of @at 85°C for 20 h. The products formed were &H
reaction was conducted as described above, except tit dB3CHs- CH;OH and ester (0.18 mmol), GBO,H (0.34 mmol), CHCHO (0.04
| (0.75 mmol) was added to the reaction mixture. The products formed mmol), CHOH and ester (0.17 mmol), HGA (0.63 mmol), along
were'?CH;OH and its ester (0.700 mmolfCH3?CO,H (0.140 mmol), with unreactedh-butane (0.05 mmol). The yield was 85.0% based on
H2CO,H(0.21 mmol), along with a trace ¢fCH;CO,H. carbon content of butane.

In the reverse labeling experimenty@ of *2CHsl (0.145 mmol) (9) Functionalization of n-Butane under*CO. The reaction was

containing?CHsOH (0.0026 mmol) was added to 1 mL of the reaction  conducted as described in procedure (f), except that 300 p3CGf
mixture. The bomb was then purged and pressurized to 250 psi with was used instead 81CO. OnlyC-containing products were formed.
*3CHj, to 350 psi with CO, to 450 psi with Nthen to 500 psi with @ (h) Functionalization of Isopentane. The reaction was conducted
At the end of 18 h, 0.004 mmol dfCH;OH and its ester were the 55 described in procedure (f), except that 0.420 mmol (0.120 M) of
only significant products observed; there was virtually no change in isopentane was used insteadngbutane. The products formed were
the amount of?CH;OH and its ester (0.0023 mmol) that was present 2-propanol and ester (0.03 mmol), GEDCH; (0.07 mmol), CHCH,-
initially. . N . OH and ester (0.07 mmol), GBOH (0.20 mmol), CHOH and ester

(c) Functionalization of Methane in the Presence of CkEDH. The (0.14 mmol), HCGH (0.50 mmol), along with unreacted isopentane

reaction was conducted as described in procedure (b), except that 73(0.039 mmol). The yield was 87.2% based on carbon content of
uL of 13CH;OH (1.75 mmol) was added to the reaction mixture instead isopentane.

of 3CHsl. The products observed weféCH;OH and ester (0.46
mmol), ?*CH;CO,H (0.77 mmol), H:COH (0.07 mmol),**CH;OH and
ester (1.54 mmol), and BCO,H (0.07 mmol).

In the reverse labeling experiment, & of 12CH;OH (0.21 mmol)
was added to 1 mL of the reaction mixture. The bomb was then purge
and pressurized to 180 psi wWithfCH,, to 280 psi with CO, to 450 psi
with N, then to 500 psi with @ After 18 h, the organic products
observed in solution weréCH;OH and ester (0.21 M), HCO,H (0.05

M) and *CH;OH and ester (0.06 M)XCH;COH (0.01 M), and 2. Functionalization of Alkanes with K;$,0s. (a) Functional-
H3COH (0.04 M). ' ' ization of methane. The reaction was conducted as described in

(d) Functionalization of Ethane. The reaction was conducted as  Procedure (a) in section 1, except that 272 mg g0, (1.0 mmol)
described in procedure (a) except that 150 psi of CO, 550 psitgg,Cc ~ Was used instead of Ri¢3HO and its promoters. No product
and 50 psi of @were added into the bomb. formation was observed after 20 h.

(e) Functionalization of Ethane in the Presence ofCH3CH,OH. (b) Functionalization of Ethane. The reaction was conducted as
RhCE+3H:0 (5.0 mg, 0.02 mmol), KI (10.0 mg, 0.06 mmol), NaCl  described in procedure (a), except that 150 psi of CO, 550 psitt§,C
(15 mg, 0.26 mmol), and*CHsCH,OH (80 uL, 1.4 mmol) were and 50 psi of Qwere added to the bomb and the reaction was carried
dissolved in 0.5 mL of BO in a glass container, and 3 mL ofG- out at 85°C for 48 h. The products formed were @ED,H (0.01
CO.H was then added slowly to the mixture. The glass container was mmol), CHLCHO (0.15 mmol), and HOC¥CH;OH and its mono- and
placed in a high-pressure bomb which was then sealed. The bombdiesters (0.13 mmol).

(i) Functionalization of 2,3-Dimethylbutane. The reaction was
conducted as described in procedure (f), except that 1.16 mmol (0.330
M) of 2,3-dimethylbutane was used insteadchdbutane. The organic

d products observed after 40 h were 2-propanol and ester (0.12 mmol),
(CH5).CO (0.41 mmol), CHCOH (0.31 mmol), CHOH and ester (0.03
mmol), and HCGH (0.48 mmol). The overall yield was 40.0% based
on carbon content of 2,3-dimethylbutane.

was pressurized to 500 psi with @EHs, to 700 psi with CO, to 1200 (c) Functionalization of Ethene. The reaction was conducted as
psi with N, to 1300 psi with Q. The contents were stirred at-885 described in procedure (b), except that 550 psi of ethene was used
°C for 24 h. The products formed weféCH;CO,H (0.74 mmol), instead of ethane and the reaction was carried &3for 20 h. The
12CH;CH,OH (0.64 mmol),?CH;OH and ester (0.15 mmol), and  products formed were HOGEH,OH and its mono- and diesters (0.71
HCOH (2 mmol). mmol).

(f) Functionalization of n-Butane. The reaction was conducted
as described in procedure (a), except tihhtitane was bubbled through Acknowledgment. This research was funded by the National

the solution in the glass container for 10 min following which the ggcjence Foundation and in part by the CANMET Consortium
solution concentration ofi-butane in the solution was measured by on the Conversion of Natural Gas.

1H-NMR spectroscopy (0.173 M, 0.61 mmol). After the bomb was
sealed, the contents were stirred under 300 psi of CO, 800 psj,of N JA953670R



