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C7,01, and 02.° While 5 contains an essentially planar Cu,0,
bridging framework, this is butterfly shaped in 4; the dihedral angle
between planes formed by Cul, O1, and O2 and by Cu2, O1, and
02 is 18.0°. Most other bond distances and angles are alike except
for those affected by the presence of the one five-membered ring
present in 4 (Cul). One manifestation of the structural differences
is the less efficient antiferromagnetic coupling between Cu(II)
ions observed in the unsymmetrical complex 4 compared to sym-
metric complex 5; the room temperature magnetic moments are
1.5 + 0.1 ug/Cu vs 0.8 up/Cu, respectively.?!

The present study shows that the relatively small modification
in dinucleating ligand effected here causes a substantial change
in reactivity pattern with dicopper(I) complex 1. We have at-
tributed the selective and rapid hydroxylation of the arene moiety
in 2 to the close and appropriate proximity of the reacting per-
oxo-dicopper species (with u-n%n? structure!) with the XYL
ligand.21® Here, we qualitatively observe that the initial oxy-
genation of 1 is still very rapid, but that the ensuing hydroxylation
is considerably slowed.!> We suggest that the latter is due to (a)
altered electronic influences on the arene ring or attacking peroxo
species and/or (b) constraints of the modified UN ligand, dis-
rupting an orientation of the Cu-(0,)-Cu and arene substrate
moieties which is preferable for rapid reaction. Further studies
will address these and other issues utilizing unsymmetrical di-
nucleating ligands.
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Methane is the most abundant and the least reactive member
of the hydrocarbon family. Thus, the selective oxidation (pref-
erably, catalytic) of methane under mild conditions is one of the
most challenging chemical problems, in addition to being of great
practical importance. The number of reported methods for the
selective, low-temperature (~100 °C or below) oxidation of
methane is very limited indeed. For example, the radical-initiated
chlorination of methane is very nonselective and invariably leads
to multiple chlorinations! (chlorination, however, is more specific
in the presence of superacids?). Among transition-metal-mediated
procedures, the only one that gives good yields involves
PtCl, 7 —catalyzed oxidation of methane by PtCle? in water at 120
°C, which leads to the formation of equal amounts of methanol
and methy! chloride.}

(1) March, J. Advanced Organic Chemistry, Wiley: New York, 1985; p
620 and references therein.

(2) Olah, G. Acc. Chem. Res. 1987, 20, 422.

(3) (a) Shilov, A. E. Activation of Saturated Hydrocarbons by Transition
Metal Compounds; Reidel: Dordrecht, 1984; Chapter V. (b) Kushch, L. A ;
Lavrushko, V. V.; Misharin, Yu. S.; Moravskii, A, P.; Shilov, A. E. Nouv. J.
Chim. 1983. 7, 729. (c) Geletii, Yu. V.; Shilov, A, E. Kinet. Katal. 1983, 24,
486.
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Figure 1. Yield of methyl trifluoroacetate versus time. Conditions: 90
°C, CH, (900 psi), (CF;C0),0, 1.8 mL; (X) 30% H,0, (2 mmol); (@)
30% H,0, (2 mmol) + Pd(0,CC,Hs), (0.15 mmol); (®) 30% H,0, (2
mmol) + Pd black (0.15 mmol).

We have now discovered that peroxytrifluoroacetic acid (gen-
erated from hydrogen peroxide and trifluoroacetic anhydride)
oxidizes methane specifically to methyl trifluoroacetate, CF;C-
O,CH;. Furthermore, this reaction is catalyzed by the Pd(II)
ion. Our results are illustrated in Figure 1. Since the product,
CF,CO,CH;, can be hydrolyzed to methanol, the overall reaction
may be written as shown ineq 1. The purpose of having an excess

Pd(1), (CF;C0),0
et .

CH, + H,0, —

CH,0H + H,0 ¢
of trifluoroacetic anhydride is to remove the water generated,
thereby preventing the hydrolysis of the ester to the more easily
oxidized methanol. Ready further oxidation (eventually to CO,
and H,0) of the primary products is a persistent problem in the
area of selective oxidation of alkanes. As is evident from Figure
1, our strategy works to a certain extent; however, at long reaction
times, further oxidation of CF;CO,CHj does occur. Significantly,
this latter oxidation step is also catalyzed by Pd(II) since CF;C-
O,CH, was found to be stable in the reaction mixture in the
absence of the metal.

The following observations seem to indicate an electrophilic,
rather than radical, mechanism for the oxidation of methane. The
oxidation of cis- and trans-1,2-dimethylcyclohexane to the cor-
responding tertiary alcohols by peroxytrifluoroacetic acid was
previously shown to proceed by complete retention of configu-
ration.* The addition of the Pd(II) ion to the system does not
appear to alter the mechanism since, when p-xylene was used as
the substrate, the ratio of esters derived from the attack on the
ring versus the benzylic position was >100:1. Therefore, a radical
pathway is not involved since the weak benzylic C-H bonds were
not broken. One mechanism that is consistent with the above
observations involves attack by an incipient OH* and proceeds
through the following transition state.® Under this scenario, the

M™ CFs

jnd
N

Pd(I1) ion promotes the reaction by coordination to the a-oxygen

H

(4) Hamilton, G. A.; Giacin, J. R.; Hellman, T. M.; Snook, M. E.; Weller,
J. W. Ann. N.Y. Acad. Sci. 1973, 212, 4.

(5) Deno, N. C.; Jedziniak, E. J.; Messer, L. A.; Meyer, M. D.; Stroud,
S. G.; Tomezsko, E. S. Tetrahedron 1977, 33, 2503.
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atom thereby further polarizing the O-O bond.® Other metal
ions should also have a similar effect. However, the substitution
of Pd(02CC2H5)2 by either Pb(02CCH3)4, FC(OzCCH3)2, or
Co(0,CCF,),’ resulted in a yield of CF;CO,CHj, that was either
similar to or only marginally higher than that observed with
peroxytrifluoroacetic acid alone. An alternative role of the Pd(II)
ion can be envisaged based on our previous observation® that the
Pd(II) ion will oxidize methane under stoichiometric conditions
through a step involving an electrophilic attack on a methane C-H

bond (eq 2). A parallel catalytic oxidation pathway may,
CF,CO,H
CH4 + Pd(02CR)2 T

CF,CO,CH; + Pd(0) + 2RCO,H (2)

therefore, ensue upon the addition of the Pd(II) ion to the system.
The catalytic cycle would combine the reaction shown in eq 2 with
a step involving the reoxidation of Pd(0) to Pd(II) by peroxy-
trifluoroacetic acid. In principle, it should be possible to initiate
the catalytic cycle by starting with Pd(0). The addition of
“palladium black” to peroxytrifluoroacetic acid did result in an
enhanced yield of CF;CO,CHj; nevertheless, the effect was much
less than that observed with Pd(O,CC,Hjs), (Figure 1). This
observation does not necessarily rule out the above catalytic cycle
since, in several catalytic oxidations involving the Pd(II)/(0)/(II)
cycle, it has been observed that once Pd(0) is allowed to aggregate,
it cannot be easily reoxidized to Pd(II).?

The final point concerns the use of Pd(0,CC,H;), for methane
oxidation. Pd(O,CCH;), was also effective in promoting oxidation
of methane by peroxytrifluoroacetic acid. However, studies in-
volving Pd(O,CCD;), indicated that a fraction (15-20%) of the
acetate ligand was converted to CF;CO,CD; in the presence of
peroxytrifluoroacetic acid. On the basis of previous reports,10 the
following series of steps may be proposed (eq 3).

H,0,, (CF,C0),0
Pd(0O,CCD;), CD,C(0)O0C(O)CF; —

[CD,C(0)0* + *OC(0)CF,] —
[CD;* + *OC(O)CF;] — CD,0C(O)CF; (3)

Therefore, in order to remove all ambiguity concerning the source
of the methy! group in CF;CO,Me, Pd(0,CC,H;), was used as
the source for the Pd(II) ion. A further advantage of using the
propionate salt is that, due to its greater stability, any ethyl radical
generated is unlikely to abstract a hydrogen atom from methane
to generate the corresponding methyl radical. No CF;CO,CF,
was observed when Pd(O,CCF;), was treated with peroxytri-
fluoroacetic acid presumably due to the low stability of the tri-
fluoromethyl radical. However, this latter Pd(II) species was not
used for methane oxidation due to its insolubility in the reaction
medium.

In conclusion, we have demonstrated that it is possible to achieve
the selective, catalytic oxidation of methane through an electro-
philic pathway under mild conditions.!! It is worthwhile noting
that the biological oxidation of methane'? also involves a met-
al-catalyzed reaction of methane with a hydrogen peroxide
equivalent (eq 4). In analogy with the biological oxidation of
higher hydrocarbons, it has been proposed that the mechanism

(6) Effect of Lewis acids on arene oxidation by peroxytrifluoroacetic acid:
Hart, H. Acc. Chem. Res. 1971, 4, 337.

(7) The oxidation of methane at elevated temperatures (~ 180 °C) by
Co(0,CCFy3); generated in situ has been reported: Vargaftik, M. N.; Stolarov,
1. P.; Moiseev, L. 1. J. Chem. Soc., Chem. Commun. 1990, 1049. However,
this reagent appears to display little activity under the milder conditions that
we have employed.

(8) (a) Sen, A,; Gretz, E.; Oliver, T. F.; Jiang, Z. New J. Chem. 1989, 13,
755. (b) Gretz, E.; Oliver, T. F.; Sen, A. J. Am. Chem. Soc. 1987, 109, 8109.

(9) Kesling, H. S. ACS Symp. Ser. 1987, 328, 77.

(10) Hawkins, E. G. E. Organic Peroxides; Van Nostrand: Princeton,
1961; p 164.

(11) Electrophilic oxidation of methane in superacid media: Olah, G. A;
Yoneda, N.; Parker, D. G. J. Am. Chem. Soc. 1976, 98, 483, 5261. In this
case, the methanol formed is protected from further oxidation by protonation
to the methyloxonium ion.

(12) Reviews: (a) Methylotrophs: Microbiology, Biochemistry and Ge-
netics; Hou, C. T., Ed.; CRC Press;: Boca Raton, 1984. (b) Hou, C. T.
Biotechnol. Genet. Eng, Rev. 1986, 4, 145,
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CH
0, + 2H* + 2¢- — [H,0,] —= CH,0H + H,0 (4)

of methane oxidation involves the intermediacy of a methyl
radical.!> However, the methy! radical is a particularly high
energy species, and such a mechanism has never been demon-
strated in a nonbiological system, except under photolytic con-
ditions! or at very high temperatures.!* [In view of our results,
we believe that an alternative electrophilic mechanism should be
considered for biological methane oxidations especially since
high-valent, electrophilic metal species are believed to be involved.®
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Recently, we have focused on developing reactions wherein the
product is the simple sum of the reactants.! When applied
intramolecularly, such reactions become cycloisomerizations.>
Considering the importance of cationic initiated polyolefin cy-
clizations,® the prospect of polyolefin cyclizations catalyzed by
transition metals becomes extremely attractive because of the
control that transition-metal templates may exercise. In this paper,
we report the realization of a polyolefin polycycloisomerization.’

Our investigation began with the cis-1,4-disubstituted cyclo-
pentene 1° because of its ready accessibility from the monoepoxide
of cyclopentadiene using Pd(0) chemistry. Warming a 0.4 M
benzene solution of dienyne 1 containing 2.5 mo! % (dba),Pd,:
CHCl,, 10 mol % triphenylphosphine, and 10 mol % acetic acid

(1) For recent examples, see: Trost, B. M,; Dyker, G.; Kulawiec, R. J. J.
Am. Chem. Soc. 1990, 112, 7809. Trost, B. M.; Kottirsch, G. J. Am. Chem.
Soc. 1990, 112, 2816.

(2) Cf.. (a) Trost, B. M. Acc. Chem. Res. 1990, 23, 34, (b) Trost, B. M.
Angew. Chem., Int. Ed. Engl. 1989, 28, 1173.

(3) Trost, B. M.; Matsubara, S.; Caringi, J. J. Am. Chem. Soc. 1989, /]!,
8745.

(4) Trost, B. M,; Edstrom, E.; Carter-Petillo, M. B. J. Org. Chem. 1989,
54, 4489. Trost, B. M.; Hipskind, P. A;; Chung, J. Y. L.; Chan, C. Angew.
Chem., Int. Ed. Engl. 1989, 28, 1502. Trost, B. M.; Lee, D. C. J. Org. Chem.
1989, 54, 2271. Trost, B. M.; Lautens, M. Tetrahedron Lett. 1985, 26, 4887.

(5) Johnson, W. S. Acc. Chem. Res. 1968, |, 1; Bioorg. Chem. 1976, 5,
51. Speckamp, W. N. Recl. Trav. Chim. Pays-Bas 1981, 100, 345. Bartlett,
P. A. In Asymmetric Synthesis; Morrison, J. D., Ed.; Academic: New York,
1984; Vol. 3 pp 341-409.

(6) For examples of Pd-catalyzed biscyclizations initiated via Heck-type
reactions, see: Grigg, R.; Dorrity, M. J.; Malone, J. F.; Sridharan, V.; Su-
kirthalingam, S. Tetrahedron Lett. 1990, 31, 1343. Kucera, D. J.; Overman,
L. E. Abstracts of Papers, 200th National Meeting of the American Chemical
Society, Washington, DC, August 26-31, 1990; American Chemical Society:
Washington, DC, 1990; ORGN 128. Carpenter, N. E.; Kucera, D. J.; Ov-
erman, L. E. J. Org. Chem. 1989, 54, 5864. Abelman, M. M.; Overman, L.
E. J. Am. Chem. Soc. 1988, 110, 2328. Zhang, Y.; Negishi, E-1. J. Am.
Chem. Soc. 1989, 111, 3454. For cobalt-mediated reactions, see: Vollhardt,
K. P. C. J. Hetercycl. Chem. 1987, 24, (Suppl. 9), 59; Pure Appl. Chem. 1985,
57, 1819; Angew. Chem., Int. Ed. Engl. 1984, 23, 539.

(7) For radical-initiated processes, see: Curran, D. Synthesis 1988, 417,
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(8) This compound has been characterized spectrally and elemental com-
position established by combustion analysis and/or high-resolution mass
spectroscopy.

0002-7863/91/1513-701802.50/0 © 1991 American Chemical Society



