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Oxidation of Hydrocarbons Catalyzed by Manganese Carboxylate Complexes
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Summary: High-valent manganese carboxylates catalyze the hydroxylation of alkanes and epoxidation of
cyclooctene under mild conditions. Up to 21 turnovers of alkane oxidation in 3 hours are observed.

Introduction

Alkane conversion is an area of great interest.12-¢ High-valent metal-oxo species, such as [(por)MVY=0]+
(por = porphyrinato, M = Cr, Mn, Fe)2 and non-porphyrin iron acetate complexes3a-¢:# are known to be active.
We studied {MngOx(Q2CCPh3)g(H20)21.5 1, as a model for the Oz-evolving center of Photosystem II. The recent
report of Fish and Christou on alkane oxidation by related clusters®2P prompts us to report our own results on
alkane oxidation and alkene epoxidation.

The general procedure we employ involves reaction of oxidant plus substrate (1:1 or 1:10) in the presence
of the manganese carboxylate complex (1 or 0.1 mol %) at room temperature for a given time interval. After
quenching of excess oxidant with an aqueous iron(II) solution, the organic products were separated and analyzed
by gas chromatography. The results are summarized in Table 1.

Oxidation of Alkanes

Using the triphenylacetate complex 1 in a mixture of cyclooctane and CH2Cla (3 mL each) we obtained a
total of 4.7 turnovers using TBHP (tert-butylhydroperoxide, entry 1) and 2.3 t.o. using PhIO (iedosylbenzene,
entry 2). The greater reactivity of TBHP may be due, in part, to the homogeneity of the reaction conditions: TBHP
is employed as a solution in benzene, while PhIO, a polymeric material, is used as a suspension. With both
oxidants, the majority of oxidation product formed is cyclooctanone, with minor amounts of cyclooctanol and, in
both cases, traces of the alkene epoxidation product cyclooctene oxide. The latter was unexpected; we believe that
it may arise from epoxidation (see below) of cyclooctene formed in a radical disproportionation process.
However, we were unable to detect bicyclooctyl, the expected radical recombination product.

Oxidation of cyclooctane with TBHP, catalyzed by the trimethylacetate complex
[MnT402(02CCMe3)g(OH)2], 2.7 in neat alkane gave much higher turnover numbers: after 7 hours at room
temperature in neat alkane, we obtained a total of 24.7 turnovers, with a 3.6:1 selectivity for ketone {entry 3). A
longer reaction time improved the yield somewhat; after 14 days under otherwise identical conditions, a total of

1 On leave from Department of Chemistry, Fairfield University, Fairfield CT, 06430
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30.1 turnovers, with a 2.8:1 selectivity for ketone, were observed (entry 4).

The catalyst is largely deactivated after 3 hours, as shown by entries 5 and 6. In the latter case, the addition of
further TBHP after 3 hours led to a small increase in urnovers. Indeed, in all cases, the initially homogeneous
brown solutions grew cloudy within a few hours; in the reactions with the triphenylacetate complex 1,
triphenylacetic acid, identified by IR, can be isolated as a by-product. As yet unidentified organic compounds
generally were present; 12-30% of starting material could not be accounted for, some of this must be due to loss in
workup. Todosylbenzene gave only a small amount of ketone (entry 7). Blank runs (entry 8, no catalyst; entry 9, 4
mol % Mn(O3SCF3); per mol oxidant) with TBHP produced only traces of ketone.

The trimethylacetate complex 2 is also an effective catalyst for the hydroxylation of adamantane in
dichloromethane (entry 10), benzene (entry 11), or MeCN (entry 13) by TBHP. The total turnover numbers of
4.9 in CgHg, 4.1 in CH2Cl; and 9.1 in MeCN are considerably lower than those observed in the oxidation of neat
cyclooctane. The reaction shows a strong preference for hydroxylation of tertiary C-H bonds, giving a 3°/2° ratios
of 9-14, indicating a high degree of radical character. As noted for the cyclooctane reactions, iodosylbenzene is
much less active; under identical conditions, only 1.6 turnovers of ketone were observed (entry 12). For entries
10-14, the reactions were clean, giving only the oxidation products noted. The catalyst began to decompose to
insoluble materials within one hour in dichloromethane, while, despite the similar yield, only a faint cloudiness
was observed in benzene. The control reaction (entry 14) with no catalyst gave no oxidation products.

Oxidation of Cyclooctene

Oxidation of cyclooctene with Ph1O catalyzed by 1 in CHCl at 25 °C gave 4-11 to. of the epoxide.
Increasing the reaction time from three to 24 hours (entries 15 and 16) increased the yield of epoxide substantially,
but also increased the amount of byproducts, including the ketone. Under reflux (entry 17), turnovers increased at
the expense of selectivity. The hydroperoxide proved to be a much less satisfactory oxidant; reaction in CHaCly
gave only 1 t.o. (entry 18), while in-benzene (entry 19) more epoxide was formed but also substantial amounts of
alcohol and ketone. With iodosylbenzene as the source of oxygen atoms, a clean 3.1 turnovers of epoxide were
obtained (24 h, entry 20), less than observed with 1 (entry 16). TBHP gave the epoxide in a yield and selectivity
(entry 22) similar to that observed with 1. Only traces of epoxide were obtained with PhIO in the absence of
catalyst (entry 22), or with manganese triflate (4 mol % per mol TBHP, entry 24), although reaction of
iodosylbenzene with manganese triflate produced substantial amounts of alcohol and epoxide (entry 23). In
general, PhIO gave fewer unidentified organic byproducts than did TBHP; GC analysis showed the by-products
to be substantially different for PhIO and TBHP oxidations. In the case of entry 20, GC/MS showed no evidence
for the presence of Cl in any of the by-products. Fragmentation patterns of some of the by-products were
consistent with their being unsaturated alcohols and ketones. Interestingly, 1 gave fewer by-products than 2.

Conclusion

Not only can alkanes be efficiently oxidized, but cyclooctene undergoes selective and clean epoxidation,
The usefulness of complexes 1 and 2 seems to be limited by deactivation under the reaction conditions. While our
study was in progress, Fish ¢t al. reported alkane oxidation with TBHP in acetonitrile using similar tri- and



tetranuclear manganese complexes.t2 They observe up to 127 turnovers® of cyclohexane oxidation, with little
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selectivity for alcohol or ketone. Although this system system epoxidizes cyclohexene, considerable amounts of

allylic oxidation byproducts are formed.6? A radical route seems likely for both systems. Fish et al. propose a

mechanism®a similar to that suggested for cytochrome P450.2

Lablel: Catalytic Oxidations with Manganese Carboxylates 1 and 2
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product/mol catalyst), except for blanks, in which case, in percent. €Total mols. of identifiable products and
starting material recovered per mols. substrate employed. @ Reaction performed in neat substrate. ¢ A second 100
equiv. oxidant added after first 3 h; see text. f For blank reaction the percentage shown is based on the mols. of

product observed per mol of oxidant. B in benzene. ! in acetonitrile ] Reaction performed at reflux.

Experimental Procedure
Synthesis of 2: To a suspension of manganese(Il) wrifluoromethanesulfonate (1.00 g, 2.83 mmol) and potassium

trimethylacetate (1.00 g, 7.13 mmol) in a Schlenk flask under N2 in CH2Clp (30 mL) was added a solution of

% Recov.©

[BugNIMnO4 (0.68 g, 1.89 mmol)11 in CH2ClIy (15 mL) dropwise over 30 min. The resulting brown suspension
was stirred at room temperature for 4 h, evaporated, and extracted with pentane (2x30 mL). The dark-brown
extracts were filtered through a column of Celite and evaporated. The resulting brown residue was dried in vacuo
at 50 °C and used without further purification. Yield 0.77 g (73%). Analytical, spectroscopic and redox titration

data7 are consistent with a tetramer of the formula [Mn402(02CCMe3)g(OH)z], similar to 1.7
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Catalytic Oxidation of Adamantane: TBHP Oxidation: The manganese carboxylate complex 2 (40 mg, 44.9 umol)
and adamantane (612 mg, 4.49 mmol) were dissolved in the solvent (25 mL) in a Schlenk tube under N». TBHP
in benzene (3.3 mL, 4.56 mmol) was added, and the resulting solution was stirred at room temperature for 6
hours. The reaction was quenched with a 0.36 M FeSOq-tartaric acid solution, the organics separated and
analyzed by GC. PhIO Oxidation: The manganese carboxylate complex 2 (20 mg, 22.5 pmol) and adamantane
(306 mg, 2.25 mmol) were dissolved in 20 mL CH2Clz in a 50 mL round-bottom flask. Solid iodosylbenzene
(493 mg, 2.25 mmol) was added, and the resulting suspension was stirred open to air at room temperature for 6

hours. The mixture was worked up and analyzed as described above.

References

(1) (a) Crabtree, R.H. Chem. Rev. 1985, 85, 245. (b) Shilov, A.E. The Activation of Saturated Hydrocarbons
by Transition Metals, D. Riedel Publishing Co., Dordrecht, 1984. (c) Rothwell, LP. Polyhedron 1985, 4, 177.
(2) Sheldon, R.A.; Kochi, J.K. Meral-Catalyzed Oxidations of Organic Compounds, Academic Press, New
York, NY, 1981, and references contained therein.

(3) (a) Barton, D.H.R.; Gastiger, M.].; Motherwell, W.B. J. Chem. Soc., Chem. Commun. 1983, 41. (b)
Barton, D.H.R.; Gastiger, M.].; Motherwell, W.B. J. Chem, Soc., Chem. Commun. 1983, 731. (c) Barton,
D.H.R.; Hay-Motherwell, R.S.; Motherwell, W.B. Tetrahedron Leur. 1983, 24, 1979.

(4) Ito, S.; Inoue, K.; Mastumoto, M. J. Amer. Chem. Soc. 1982, 104, 6450.

(5) Kulawiec, R.J.; Crabtree, R.H.; Brudvig, G.W_; Schulte, G.K. Inorg. Chem. 1988, 27, 1309.

(6) (a) Fish, R.H.; Fong, R.H.; Vincent, J.B.; Christou, G. J. Chem. Soc., Chem. Commun. 1988, 1504. (b)
R.H. Fish, personal communication, 1989.

(7) Kulawiec, R.J. Ph.D. Dissertation, Yale University, 1989.

(8) In this report, rnover numbers are based on TBHP consumed, counting each mole of ketone twice.

(Received in USA 17 May 1989)



