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General catalytic methods for the oxidation of unactivated sp Scheme 1. Chelate-Directed Oxidation of Pinacalone O-Methyl

C—H bonds would find widespread application in synthetic ©Xime
Ac

chemistry* The development of such reactions remains challenging .. MeO oy MeO.

as a result of the strength of these bonds, the susceptibility of the )}~ PdOA%_ \F‘_Pd_é __PhiGAd N
products toward over-oxidation, and the difficulty of achieving o )f Y
regioselective functionalization in the context of complex organic m " @ 3¢: X=Y=0Ac Aoo=x

molecules. A number of reports have described stoichiometric

y . . o
chelate-directed alkane activation/oxidation mediated by group 10 720/€ 1. _Selectivity of Unactivated sp> C—H Bond Oxidation

metals?® and these reactions have been applied to the functional- Entry Substrate Major Product Yield®
ization of steroid¥—¢ and to the synthesis of several other natural MeO. MeO.
products®®P More recently, transition-metal-catalyzed procedures 1 )Y )Y\OAC 74%°
for the oxidation of metharfeand of some more complex alkane @) ©)
substrates® have been reported; however, these transformations MeO. MeO.
generally remain limited as a result of their modest substrate scope 2 )\( )\COAC 78%°
and/or harsh reaction conditions. ® (19)

We have recently described a new Pd-catalyzed approach to the MeO. MeO

selective oxidation of arene and benzylie-8 bonds? We report 39%¢

herein that unactiated s C—H bonds of both oxime and pyridine

‘N ‘N
| |
\/@)\/ \/\)\/\OAC

()

substrates undergo highly regio- and chemosedectPd(ll)- MeO.,,
catalyzed oxygenation with PhI(OA@s a stoichiometric oxidant. 4 o~ A~ Reggion %
The reactivity and selectivity observed in these transformations are @
the result of (i) the use of substrates containing chelating functional MeO.
groups (which both direct and accelerate unactivatedGpH 5 ! No. 0%
. . .. .. s . Reaction
activation) and (ii) the exquisite sensitivity of directed—B8 ®
activation to the steric and electronic properties of the alkane
substrate. a1 equiv of substrate (0.12 M), 1.1 equiv of Phl(OAch mol %

Pd(OAc), 50% AcOH/50% AgO, 100°C, 1.5-3.5 h.PIsolated yields.

Our initial investigations of alkane oxidation focused on the C1solated a5 2 mixture of oximE/Z isomers

fS-functionalization of pinacalon®-methyl oximel (Scheme 1).
This substrate was selected on the basis of its ready availability carbon centers and (i) for oxidation at tjfe rather than at the
from the parent ketone, as well as on precedent that relatedy-position. Substrate® and8, which contain only 2 - and/or ?
molecules undergo stoichiometric-®i activation at Pd(IIf® In y-C—H bonds, provided further confirmation of the high selectivity
addition, the expectegd-oxygenated products3g—c) can be of these transformations, as they did not undergo detectable
converted to carbonylsor amines), providing an attractive route  oxidation under our standard conditions (entries 4 and 5). Notably,
to valuables-hydroxy ketones and-amino alcohols, respectively.  reactivity toward oxidation was also significantly enhanced by
Gratifyingly, the reaction ofl with 1.1 equiv of Phi(OAg) and 5 o-branching, as exemplified by the dramatically higher yield
mol % Pd(OAc) at 100°C for 5.5 h resulted in spC—H bond obtained in the reaction of branched substrateersus linea6
oxidation to afford a mixture of the mono-, di-, and tri-acetoxylated (entries 1 and 3).
products3a—c.1%11 When the stoichiometry of the oxidant was The observed regioselectivities can be rationalized on the basis
increased to 4.5 equivc was obtained as the major product in  of the requirements of €H activation at Pd(I[%13 For example,
59% isolated yield. Notablyy-oxidation was not observed despite  selective oxidation at®lversus 2 carbon centers likely results from
the higher acidity of the--C—H bonds (which generally increases  a strong steric preference for the formation of less hindefefldL
reactivity toward electrophilic EH activation)?? alkyls?2The high reactivity of3 (versuso or y) C—H bonds reflects

A series of substitute@-methyl oxime substrates were next the advantage of forming five-membered palladacy&d&snally,
examined to probe the regioselectivity of these transformatfotis.  selectivity for oxygenation at-branched sites is believed to result
As summarized in Table 1, substrates6 reacted with 1.1 equiv  from the requirement for a coplanar relationship between the oxime
of Phl(OAc), and 5 mol % Pd(OAg)to afford monog-oxygenated and the target €H bond? a conformation that is more readily
products9—11in modest to good yields (entries-B). Interestingly, accessed with increasingsubstitution.
no B-hydride elimination was observed in any of these systems, As summarized in Table 2, Pd-catalyzed oxidation ¢fGpH
presumably due to the rigidity of the palladacyclic intermediédtes. bonds was applied to a variety of additional substrates. For example,
Reactions of substrate(entry 2), which contains multiple possible  the O-methyl oximes of both 2,2-dimethylcyclopentanone and
sites for directed €H activation, showed extremely high selectivity camphor were efficiently oxygenated to aff@d and23in good
(i) for functionalization of 2 5-C—H bonds in lieu of those at°2 yields (entries 1 and 2). Interestingly, both of these substrates were

9542 m J. AM. CHEM. SOC. 2004, 126, 9542—9543 10.1021/ja046831c CCC: $27.50 © 2004 American Chemical Society
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Table 2. Substrate Scope of sp? C—H Bond Oxygenation?

31 was formed as a single diastereomer, with the OAc substituent

Entry Substrate Product Yield® in the equatorial positiof This result provides strong evidence
MeO. MeO., that C-H activation (to form a palladacyclic intermediate) and
1 é< (12) é@OAc (22) 61% subsequent oxidative cleavage (via oxidation to Pd(IV) followed
by C—0 bond forming reductive eliminatiof) both proceed with
AcO high levels of stereoselectivity.
2 Meo-"'%& (3) MGO'N\& (239 75% In conclusion, we have demonstrated an efficient method for
Voo Ve Pd-catalyzed oxygerjation_of u.nactivated3 §p-H _bonds usin_g 3
N N . PhI(OAc), as a stoichiometric oxidant. These reactions have signifi-
8 = ™ wOAC @9 81% cant potential synthetic utility, particularly as a result of their high
Voo V6O selectivities. qurent work is aimed.at more fully eIucquting the
. " N s) N (25) 86%¢ scope of potential substrates and oxidants as well as gaining further
BT t“B“w\OAc insights into the mechanisms of these transformations.
5 | \/ (16) | \, 26) 63% Acknowledgment. We thank the University of Michigan for
NTE A’;‘O -__O?\’;C start up funds and the Camille and Henry Dreyfus Foundation for
a New Faculty Award.
6 D (17) (ﬁ\( 7) 42% ) _ ) _ _
N7 Supporting Information Available: Experimental details and
OAc spectroscopic and analytical data for all new compounds. This material
4 i \, ) @\ e 70% is available free of charge via the Internet at http:/pubs.acs.org.
N”°N N” "N” "OAc
! OAc References

S S
8 | (19) fj\ (29) 66%
Z - N/ ~,

O~ "OAc

7] 20 (j\ Qhe 30) 44%
® N /\/\( ) J\/\( ?

MeO. MeO.IN 1 OAc

NH
10 @l:) (21) C:‘('j (31) 81%

f

a1 equiv of substrate (0.12 M), 1=B.2 equiv of Phl(OAg), 5 mol %
Pd(OAc), in AcOH, 50% AcOH/50% AgO, or CHCl,, 80—100 °C, 5
min—12 h.? Isolated yields¢ Isolated as a mixture of oxime E/Z isomers.
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at 100°C, 15 (whosetert-butyl substituent locks the 2-methyl group
into coplanarity with the oxime) was completely oxidized within
min under analogous conditions. Pyridine was also an effective
directing group (entries-59), and both the Zert-butyl and 2i-
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and 2-methoxy- and 2-(dimethylamino)pyridine were converted to
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susceptible to acid-catalyzed cleavage to unmask free OH @r NH
functionality®
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