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pH = 12.1
H,0, 85 °C, 7 d

The selective oxidation of alkanes is of great fundamental and + 0.20%) by 'H NMR (eq 2; amounts vs the starting OsO
practical importancé.Much of the current research in this area concentration). Control experiments show that adipate is further
utilizes electrophilic late transition metals, such as platinum, and
involves initial binding of a G-H bond to the metal centér. O . 050
Alternatively, high oxidation state metal complexes can oxidize 4

alkanes by radical pathways involving hydrogen atom abstragtion. 0 o 0O o0

We describe here stoichiometric and catalytic oxidations of alkanes ‘o)j\(\/)’U\O‘ + _OJLM)KO_ + 0sO2(0H)¢>

by OsQ, including primary, secondary, and tertiary-& bonds. 4 2 2

The available evidence suggests a nonradical, nonorganometallic

mechanism involving [3-2] addition of a G-H bond to two oxo oxidized by OsQ under the reaction conditions to give succinate
ligands of OsQ@. This pathway has been previously suggested for and carbonate (the latter observed by mass spectrometry as CO
RuO; oxidations of tertiary and secondary-€l bonds to alcohols  after acidification). With 54+ 9% consumption of OsQin this
and ketones, respectivehRuOs has not been reported to oxidize ~ €Xperiment and the stoichiometry requiring 5 and 11 equiv ofOsO
primary C-H bonds. per mol of adipate and succinate, respectively, the yields based on
Reaction of an aqueous pH 12.1 solution of Os@under 10 ~ consumed oxidant are 4& 2% for adipate and 3% 7% for
bar of isobutane (2-methyl-2-propane) at 85 for 168 h yields succinate. Thus the two dicarboxylate products account fot83
tert_buty| a|c0ho| (BuOH) (eq 1)4 Reactions were performed in 7% Of the OSQ Used. The reaction ||ke|y proceeds by |n|t|a|
formation of cyclohexanol, which is known to be readily oxidized

H=12.1 i i iti
> H + 0sO4 + H0 + 20H p! ! to adl_patg by Os@under alkaline COF!dIFIOﬂ%. N
H20,85°C, 7d Oxidation of cyclopentane under similar conditions shows only

%OH + 08O (OH)Z glutarate in~9% yield based on the stoichiometry and on reacted
0sQ, (eq 3). The low yield is due to the competitive oxidation of

th_ick-walled glass vessels With a Teflon stopcock and a glass_—c_qatedgtjié?zrzf .tl.oh ems ;(:S;tsl aeéc(%;%nl’ rlllv ;;Cgr cl)tcsee (Iefd I?/i e:egs\;lyé on-
stir bar, or in sealed, medium-walled NMR tubes. The initial
reaction pH of 12.1 was set with 300 mM sodium phosphate buffer.
Organic products were detected and quantifiedtByNMR. The Q + 0sO4
osmium product of all of these reactions is the well-knowrY'Os
ion [Os(O}(OH)4]?~ (osmate) by comparison of reaction YVis
spectra to that of an authentic sample. The amount of''Os
remaining at the end of the reactions was determined by addition centrations of highly reactive ene-diolate forms. It is surprising that
of a known quantity of sodium 4-styrenesulfonate. The resulting the oxidations of both cyclohexane and cyclopentane only give
diol and unreacted alkene were quantitatedtbyNMR. Replacing overoxidation products corresponding to the loss of two carbons.
the buffer with 64 mM NaOH (pH 12.8) gave the same yields within Products corresponding to the loss of only one carbon are not
error. In the absence of organic substrate under these conditionsobserved, even at short reaction times. Oxidation of hexanoate under
there is<5% decay of Osg® similar conditions yields only pentanoate.

Isobutane oxidations (pH 12.1, 7 d, 85) show 30+ 3%'BuOH OsQ, in basic solution at 88C oxidizes toluene to benzoate in
formed vs the starting Os@oncentration and 3& 1% consump- 72 + 3% yield based on 6& 2% consumption of Os(and 3
tion of the initial OsQ. The yield of' BUOH vs the consumed OgO Os"'/PhCQ"). The preference for benzylic oxidation contrasts with
is 97 + 9%, considering that each Og@cts as a two-electron  the aryl > benzylic selectivity observed for electrophilic late
oxidant (O¥"" — 0Og"). No products from the oxidation of primary  transition metald2 The oxidation of 2-cyclopropylpropane gives
C—H bonds in isobutane are observed. Oxidation of a methyHC 2-cyclopropyl-2-propanol in low yields (the alcohol product is
bond would give isobutanol (2-methyl-1-propanol), which inde- unstable to the reaction conditions). Ethane and propane both
pendent experiments show would be rapidly oxidized to isobutyrate produce acetate in low yields (acetate itself is slowly oxidized).
(Me,CHCGQO,™) under the reaction conditions. Isobutylene, even in  No propionate is formed from propane, although it is stable enough
the trace amounts found in some isobutane samples, is rapidlyto have been observed. It appears that propane oxidation occurs
oxidized to acetate under these conditions. Monitoring the reaction selectively at the secondary-® bonds to give acetone, which is

1

o O

(0) , O

+ 0sO,(0OH)4%

pH = 12.1
H,0, 85°C, 7 d

3

in a sealed NMR tube over time shows tha®0% of the'BuOH

is formed within the first 2 d, after which the reaction slows. The
origins of this slowing and of the incomplete conversion of'Os
are under investigation.

rapidly oxidized to acetate (presumably via the enol).

OsQ, oxidation of cis-decalin for 16 h at 85C givescis-9-
decalinol in low yield by GC/MS (eq 4). Running this oxidation in
the presence dfrans-9-decalinol shows that the trans alcohol is

Oxidations of cyclohexane under these reaction conditions (168 not consumed under the reaction conditions, so it would have been

h, 85°C, pH 12.1) gave adipate (48 0.2%) and succinate (1.8
2832 m J. AM. CHEM. SOC. 2005, 127, 2832—2833

observed if it were formed fromis-decalin. Hydroxylation otis-
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H OH Scheme 1. Proposed Concerted [3+2] Mechanism for Alkane
pH=12.1 Oxidation by OsO4(OH)~
+ 0804 . +
H0, 85°C,7d H - He o % -
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decalin is thus stereoselective, implicating a concerted pathway or o ”

rapid trapping of radicals within a solvent cageins-Decalin is HOw. I .‘“OH—‘

- .. . . e ROH + LOsg
oxidized more slowly than the cis isomer, forming unidentified HO' u OH

products that do not includigans-9-decalinol.
To perform the reaction of alkanes catalytically in Qs@®actions

In conclusion, Os@oxidizes unactivated alkanes in aqueous base

were run in the presence of sodium periodate as a terminal oxidant.at 85°C. Isobutane is oxidized teBUuOH, cyclohexane to a mixture

Other known oxidants for OsQreactions such all-methylmor-
pholine N-oxide and hydrogen peroxi@@re unsuitable because

of adipate and succinate, toluene to benzoate, and ethane and
propane both give low yields of acetate. A couple of turnovers of

they themselves can be oxidized. Oxidation of excess isobutaneiSobutane oxidation by OsQCare observed using NaiCas the

by 3.4 mM OsQ and 170 mM NalQ@ for 168 h at 85°C gave

terminal oxidant. The reactions are related to the oxidations of

280%tert-butyl alcohol, 140% acetic acid, and 30% isobutyric acid Saturated hydrocarbons by Ry®ut OsQ appears to require ligand

(Me,CHCO,H). These vyields are the mol of product per mol of

acceleration, in this case binding of hydroxide. The oxidation of

OsQ, not corrected for stoichiometry because of the possible cis-decalin gives, in low yield, the corresponding alcohol with
involvement of periodate in the overoxidation steps. The yields retention of configuration. The data are consistent with a concerted

suggest that the reactions are mildly catalytic in Qs€a. 4

[3+2] mechanism, analogous to that proposed for alkane oxidation

turnovers. Similar reactions of cyclohexane give adipic and succinic PY RuQs, and for alkene and Hoxidations by Os@

acids in 22% and 46% molar yields, higher than observed without
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OsQ, are used, lessert-butyl alcohol and more acetic acid is
observed. The isobutyric acid could result from attack at a primary
C—H bond under these conditions.

Preliminary mechanistic data are consistent with a concerted
[3+2] pathway for alkane oxidations (Scheme 1), analogous to that
proposed for related Ru@eactions’® Hydroxy! radical is not an
intermediate based on the observed selectivities. For instance,
aqueous OMreacts competitively with the primary and tertiary
C—H bonds of isobutang put the high-pH Os@reactions have
high selectivity for the tertiary position. In addition, Olfeacts
rapidly with 'BUOH (k = 5 x 10® M~ s71),10 while control
experiments shoWBuUOH is stable to Osgat pH 12 and 85C for
2 weeks. The stereoselective hydroxylatiorcistdecalin suggests
that free alkyl radicals are not involved. In Ry©Oxidations, the
stereoretentive hydroxylations ofs- andtrans-decalins were taken
as evidence for a concertedHf2] mechanisn®.RuQ; is reported
to react>5 times slower withtrans-decalin than the cis isomer,
and other sterically hindered polycyclic tertiary substrates are
similarly less reactivés!!

The [3+2] mechanism is quite similar to the commonly accepted
[3+2] mechanism for olefin dihydroxylatidhand to the proposed
mechanism for K oxidation by OsQ in the presence of ligands
such as hydroxid& At pH = 12.1, there are approximately equal
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