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The selective transformation of alkanes leading to oxygenated Scheme 1. Proposed Catalytic Cycle for Aerobic Methane

xidation Consisting of Electrophilic Activation of Methane (1),
petrochemicals such as alcohols, aldehydes, and carboxylic <51C|d5'i)erobIC Oxidation of P(Il) o PL(IV) (2), Nucleophilic Cleavage of

is important for improved utilization of petroleum and natural gas- he Methyl— pt(N) Bond (3), and Ligand Exchange (4) Steps
based resources. In this context, controlled aerobic oxidation of

methane is a key research objective. Although methane can be L,,, X

aerobically oxidized to methanol using methane monoxygenase KY

enzymes, the oxidation requires the use of sacrificial reducing agents 1 HX

for oxygen activatiort. Thus, there is significant interest in Y = Solvent

nonbiological systems for selective activation of saturateeHC Lo, OH X = Anion W CHg

bonds? Particularly enticing is electrophilic alkane activation and /' L = Usually bidentate /”'Pt”\

oxidation by platinum(ll) complexes originally reported by Shilov L nitrogen ligand  L° Y

and co-workers using Pt(IV) salts as the stoichiometric oxifant.  CH3OH +

In recent years, advances in these Pt(ll)- and also Pd(ll)-catalyzed H20 * L CH 2 17202 +HO
. . . ’, w3

reactions have been made from both synthetic (practicaij " ‘

mechanistie points of view. The mechanistic work can be sum-
marized by a probable catalytic cycle for aerobic oxidation of
methane to metharfo[Scheme 1). The cycle has not, however, Scheme 2. Bipyrimidinylplatinum—Polyoxometalate Catalyst and
been definitively demonstrated, although some atkaarel metharté the Catalytic Transformation Observed

aerobic catalytic oxidation has been observed at high oxygen
pressure, usuallPo, > 20—25 bar.

We now report on the synthesis of a bipyrimidinylplatittm
polyoxometalate (EPV,M010040) hybrid complex and its use as a
supported (silica) catalyst for the mild, aerobic {8D °C, 1-2
bar Q), aqueous oxidation of methane to methanol and then : D\ ©
partially further to acetaldehyde (Scheme 2). Although methane C'i)_(fl}

CHgy + 1/20, C81AYSL opon %‘a'vg. CHaCHO
4. Oz

has been oxidized directly to acetic acid withs$@nd acetic acid N._ .l
has also been formed from methane and CO and @@thanol cim vl
over-oxidation products)the significant formation of acetaldehyde Catalyst

without formation of acetic acid has not been previously reported.
The catalyst was prepared by the following synthetic sequence
(details in Supporting Information): (a) reaction of 2ipyrimidine

Table 1. Aerobic Oxidation of Methane Catalyzed by
[Pt(Mebipym)CI2]+[H4PV2M010040]*/SiOza

(bipym) with PtCL(DMSO), to give Pt(bipym)C4, (b) methylation products, umol

of Pt(bipym)Ch with Me,SO, at one of the non-coordinated CH;OH HCHO CH,CHO acid (umol) TON
aromatic nitrogen atoms to yield the cationic methylated [Pt- 3 1 13 none 6
(Mebipym)CL] "HSQy, (c) an anion exchange reaction in aceto- 30 12 48 HSQ, (150) 31
nitrile between [Pt(Mebipym)GJ*HSO,~ and (POM) HPV,- 22 13 49 ﬂPVZMc’lOO“O(gg) g%
Mo01040 to yield [Pt(Mebipym)Cl] *[H4PVaM01004) ~, which was 4 4 HPV2M01O40 (30)

then wet impregnated on a silica matrix. ThePN>Mo1040 aReactions conditions: 2.88mol of catalyst, 2 mL of KO, 0~150

polyoxometalate was chosen as counteranion to the cationic [Pt-umol of acid, 30 bar Chl 2 bar Q, 50°C, 4 h in a 14 mLParr autoclave.
(Mebipym)Ch]* species because of (a) its advantageous oxidation TON = moles of products per mole of catalyst.

potentiaf needed to mediate the oxidation of a Pt(ll) complex to a Oxidation of methane was carried out as noted in Table 1. The
Pt(IV) complex (Scheme 1, step 2) and (b) its ability to very results clearly show that there was significant turnover in the
efficiently oxidize hydride species to protons and reduced poly- oxygen-mediated catalytic oxidation of methane ¢ conversion)
oxometalate that in the presence of dioxygen are easily reoxidizedunder mild conditions. As is known for these reactiérexcess
under mild conditions with formation of watef#? See, for example, acid was also needed. No significant formation of CO or,@@s

the oxidation of hydrogen (eq 1). monitored (GC-MS analysis of both the gas and liquid phases).
o No formation of acetic acid was measured. Probably, acetaldehyde

H, + H5PVV2M010040M’ H7PV'V2M010040—2» is not further oxidizgd asa res_ult of the mild reaction conditions

v coupled with the anti-autoxidation properties of the polyoxometa-

H,O + HsPV',M0,(0,4 (1) latel® TEM analysis (1 nm resolution) of the supported catalyst
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Scheme_ 3. Possible Reactions Involved in Acetaldehyde inhibited the reaction and such a step has@ = 12 kcal/mol;
Formation other coupling reactions are driven by water formation. (iv) The
(a) CH, 1/2 Op CH4OH 1_/5%2, HCHO 1_/5%2, co most likely scenario for acetaldehyde formation is the oxidation of
2 2 methane to formaldehyde via methanol, followed by its coupling
(b) CH, + CHLOH 12 0, CH-CH,OH 12 O CHZCHO with methane to yield the product, possibly occurring entirely in
4 3 ~H,0 32 ~H,0 3 o :
120 the coordination sphere of the catalyst (Scheme 3c). Accumulation
(¢) CHy + HCHO A 02 CH3;CHO of HCHO and then CO leads to deactivation (high concentrations
2 of these inhibit the reaction).
(d) CHy + CO —— CHgCHO  AG; o5:¢ = 12 Kcal/mol The presence of the polyoxometalate in the [Pt(Mebipym)-
—H,0 Cl]*[H4PV2M0,1¢04q] = hybrid catalyst is key in enabling mild
(e) CHZOH + HCHO CH3CHO aerobic oxidation of methane and possibly functions to facilitate

both (a) oxidation of Pt(Il) to Pt(IV) intermediates and (b) the
addition of methane (also methanol) to a Pt(Il) center by providing
a conduit for improved oxidation of intermediate hydride species.

after the reaction showed no formation of Pt aggregates due to
reduction of the Pt complex. ICP-MS analysis also gave no
indication of leaching of Pt into the solution. An active carbon
support instead of a silica matrix was equally effective; hydrophobic ~ Acknowledgment. The research was supported by Israel
silica was an inferior support. Simple Pt compounds sucbi®s  Science Foundation and the Minerva Foundation. R.N. is the

Pt(I1)(NH3)2Cl> and KPtCl, showed no catalytic activity. Rebecca and Israel Sieff Professor of Organic Chemistry.
A key feature of a Shilov-type catalytic cycle is the formation ) ] ] _ ) )
of methanol via a nucleophilic cleavage of a Pt@\fethyl Supporting Information Available: Experimental details, NMR

intermediate (Scheme 1, step 3), rather than a direct oxidation of SPectra of the [Pt(Mebipym)@I” ligand, and time course profiles for
an intermediate with © Three experiments were carried out that oxidations. This material is available free of charge via the Internet at

support a nucleophilic cleavage pathway. (i) Oxidation of methane hitp://pubs.acs.org.
in the presence of HCI yielded 3mol of CHiCl, 11 umol of References
CH30H, 2umol of HCHO, and 62¢mol of CH;CHO (48 TON)! _ _ .
(ii) A reaction in the presence &f0-labeled water gaviO-labeled @) 28335 “faé"%’é%"_";ﬁ%b M. Friesner, R. A Lippard, S.Ghem. Re.
CH;30H, HCHO, and CHCHO (~73 & 3% enrichment}? Enrich- (2) Labinger, J. A,; Bercaw, J. Bature 2002 417, 507-514.
ment is reduced due to exchange of'3 with the acid. (iii) gg (Sf;lllgv,,A- E.;ngulgn, tC)E. EISDRtjss.GChebrF. %e1$81b56,H44§4tl6€.T -
. . . a) Periana, R. A.; Taube, D. J.; Gamble, S.; Taube, H.; Satoh, T.; Fuijii,
Reaction in the pre;ence ép'labmed Q (96:3% en“Chment) H. Sciencel998 280, 560-564. (b) Muehlhoefer, M.; Strassner, T,
under standard reaction conditions (Table 1) yielde&f@elabeled aerrsnr\]ann,cw éAAn_ge%N- CheEmA Iné- Edgoﬁ 416%174&%7%0(1?)152'
: : : .; Shen, C.; Garcia-Zaya, E. A.; Sen, A.Am. Chem. Sol
products. Methy! chloride formation in the presence of HCl and 1000-1001. (d) Geletii, Y. VV.; Shilov, A. EKinet. Catal.1983 24, 413
the 180-labeling experiments support a nucleophilic cleavage 416.
pathway13 (5) Some papers and references therein: (a) Zhong, H. A.; Labinger, J. A.;
Do . X Bercaw, J. EJ. Am. Chem. So2002 124, 1378-1398. (b) Labinger, J.

The significant formation of acetaldehyde is a novel feature of A.; Herring, A. M.; Lyon, D. K.; Luinstra, G. A.; Bercaw, J. E.; Horvath,

i ; ; | i ; I. T.; Eller, K. Organometallics1993 12, 895-905. (c) Holtcamp, M.
this reactlon._ A tlme course .proflle (Figure 1S) of the reaction W.: Henling, L. M- Day. M. W.: Labinger, J. A.- Bercaw, J. Horg.
showed no induction period; methanol and acetaldehyde were Chim. Actal99§ 270, 467-468. (d) Johansson, L.; Tilset, M.; Labinger,

i i . i J. A,; Bercaw, J. EJ. Am. Chem. SoQ00Q 122 10846-10855. (e)
accumulated Imme.dlately. The aqcumy!atlon of formald.ehyde was Rostovstev, V. V.; Labinger, J. A.; Bercaw, J. E.; Lasseter, T. L.; Goldberg,
delayed and coincided with the inhibition of the reaction. Also, K. I. Organometallics1998 17, 4530-453L. (f) Scollard, J. D.; Day,
the oxidation of methane upon addition of 2&Mol of formalde- g/lz-gléabmger, J. A;; Bercaw, J. Bdelv. Chim. Acta2001, 84, 3247
hyde (cqnditions giV?n in Tab|e.1) was almost totally inhibit[ed- (6) Periana, R. A.; Mironov, O.; Taube, D.: Bhalla, G.; Jones, Gclence

Conceivable reactions to consider for acetaldehyde formation are @ %())0%_301'\,/I Blé—Sli.N 1954 368 613.615. (b) Ni o v

; : . P . T a) Lin, M.; Sen, A.Nature . izova, G. V.;
out!med in S_gheme 3. Tc_) gain further |nS|ght into these poss_lbllltlt_as, Shulpin, G B.. Ses-Fink, G.; Stanislas, &hem. Commuri998 1885
various additional experiments were carried out. (i) A reaction with 1886. (c) Jia, C.; Kitamura, T.; Fujiwara, Yacc. Chem. Re001, 34,

1 633-639.

CH4,I,3C|:130H gave labeled CHFCHO only at the carbonyl (8) (a) Kozhevnikoyl. V. Catalysis by Polyoxometalate#/iley: Chichester,
position;4 but mostly unlabeled product was formed (§CHHO/ England, 2002. (b) Hill, C. L.; Prosser-McCartha, C. @oord. Chem.

1 ~ i i i Rev. 1995 143 407—-455. (c) Okuhara, T.; Mizuno, N.; Misono, Mdv.
CH313CHO ~3/1). (ii) In the absence of methgne, the omdgtlon of Catal. 1906 41 113-252. (d) Neumann. RProg. Inorg. Chem1998
methanol to formaldehyde was very slow (Figure 2S); neither the 47, 317-370.
polyoxometalate nor the [Pt(Mebipym)Lt ligand alone showed (9) Authentic hydride species are immediately oxidized BPY¥M010040.

ivity f Icohol oxidati i) Similarly. th idati f eth | See also: (a) Katamura, K.; Nakamura, T.; Sakata, K.; Misono, M.;
activity for alco ol oxica |0n-_('“) Imiarly, the oxidation o ethano Yoneda, Y.Chem. Lett.1981 89-92. (b) Mizuno, N.; Katamura, K.;
was also slow (Figure 2S). (iv) Addition of a small amountiO Yoneda, Y.; Misono, MJ. Catal. 1983 83, 384-392.

(10) Neumann, R.; Levin, MJ. Am. Chem. Sod.992 114 7278-7286.

to a methane oxidation reaction showed no formation of &HO, (11) Conditions: 2.%mol of catalyst, 30gmol of HCI, 2 mL of KO, 30 bar

and only traces of CEOH (~1 TON), but no CH2CHO was CHj, 2 bar @, 50°C, 4 h. A control experiment showed no formation of
observed5 CHsCl from CH;OH.

' . . (12) Conditions: 0.2&mol of catalyst, 0.2 mL of K80 (95.2%'80), 50umol

From the results described above, one can draw the following of H,SOy, 30 bar CH, 2 bar @, 50 °C, 4 h. In a control experiment,

conclusions. (i) Coupling of methanol and formaldehyde is not <1.5% exchange between @BH and CH®OH was observed.
. " . (13) It is possible that a HPtV—CH; intermediate is formed by oxidative
likely (Scheme 3e) because addition B€CH;OH to a reaction addition of CH, to a Pt species. In such a scenario, the hydride may be
yielded labeled acetaldehyde only at the carbonyl position. (ii) A oxidized by the polyoxometalate (ref 9) along with the nucleophilic

. . R : . cleavage step.
pathway involving oxidative coupling of coordinated methanol and ;4 Con\(ljit?Ol'IS: p2.88um0| of catalyst, 1 mmol ofSCHsOH (99% 1C),

methane to yield ethanol that is then oxidized to acetaldehyde ‘ZtﬂwLTcgﬁzoéEOymol of HsPV,Mo1¢Q40, 30 bar CH, 2 bar Q, 50 °C,
(Scheme 3b) |s_a|so unhk_ely since ethanol is only slowly oxidized (15) Conditions: 2.88mol of catalyst, 2 mL of HO, 60 zmol of HsPVa-
under the reaction conditions and ethanol was not observed as an Mo010040, 30 bar CH, 0.2 bar®CO (CHy/CO = 150), 2 bar @, 50 °C,
intermediate. (iii) Formation of acetaldehyde by reaction of methane 4h.

with CO (Scheme 3d) is also improbable since CO strongly JA0493547
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