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remains a rare example of a nonradical aerobic oxidation reaction Figure 1. Dependeﬂce of the catalytic rate on initial dioxygen pressure,
in the chemical industry. Recently, a series of dioxygen-coupled and catalyst and substrate concentratiorissaB00 s. Rates were obtained

. . - by monitoring pressure changes during catalytic turnover. The curve in B
.OXId_a'[IOI'l reaCt'On_s were reported that employ catalytic Pd_(@AC) is derived from a nonlinear least-squares fit of the data to eq 7. Reaction
in dimethyl sulfoxide (DMSO) as the solvehiThese reactions conditions: (A) ] = 1.0 M, [Pd(OAc}] = 0.05 M, pO, = 0—908 Torr,
display remarkable synthetic versatility, ranging from oxidative 2 mL of DMSO, 80°C. (B) [1] = 1.0 M, [Pd(OAc}] = 0.005-0.20 M, 2
carbon-carbon bond formation and substrate desaturation to ML of DMSO, 80°C, rates normalized tpO; = 1000 Torr.
oxidative amination and oxygenation of olefins. Unlike the Wacker
process, no cocatalyst such as Gu€tequired to achieve efficient
catalytic turnover. The studies outlined herein provide the first
mechanistic analysis of this catalyst system and reveal that DMSO-
promoted oxidation of palladium(0) by dioxygen competes with
catalyst decomposition in the turnover-limiting step. The results
reveal several opportunities for the development of new aerobic
oxidation catalysts.

To conduct our studies, we selected the alcohol oxidation reaction Pd]
in eq 2 because of its high yield, 95%, and relatively short reac- H0,
tion time, 12 ht

stoichiometry of 0.50(3), reflectinthe use of all four oxidizing
equialents in dioxygenThe dioxygen stoichiometry reveals that
hydrogen peroxide does not accumulate during catalytic turnover
as observed in other palladium-catalyzed oxidation reacfions.
Attempts to use hydrogen peroxide directly as an oxitiavealed

that it instead undergoes rapid disproportionation under the reaction
conditions (eq 5§.

H,0 +1/2 0, )

The above results exclude mechanisms that involve DMSO redox

chemistry. The essential role of DMSO as a solvent therefore

MeO. N MeO.

OH 5% Pd(OAc),, O e . . . . . . .

K)\A o @\AO @ appears to be associated with its palladium-coordination ability.
OMe DMSO, 80 °C OMe

1 2 Access to both hardJ-) and soft &) ligand donor atoms perhaps
facilitates the redox cycling between palladium(ll) and palladium-
The unique success of DMSO as the solvent in these reactions(0) in these reaction¥:11
suggests several mechanistic possibilities, including the prospect Kinetic studies revealed additional insights into the catalytic
that DMSO itself participates in redox chemistry. Dimethyl mechanism. The reaction rate diminishes steadily over time,
sulfoxide is a stoichiometric oxidant in a variety of chemiéalnd correlating with the gradual precipitation of palladium black. Despite
biological oxidation reactions, yielding dimethyl sulfide as a this potential complication, the dependence of the reaction rate on
byproduct. This possibility is readily dismissed in eq 2, however, bothpO, and [Pd] (Figure 1), and lack of a dependence on [alcohol]
by noting the requirement for an atmosphere of air or dioxygen to (data not shown) supports a mechanism in which oxidation of
achieve catalytic turnover. At 5% catalyst loading, a 5.0(1)% yield palladium(0) by dioxygen constitutes the turnover-limiting steg,

of 2 is obtained under anaerobic conditions. Scheme 1). This step alone, however, predicts a linear, first-order
In contrast, DMSO is a reductant in certain aerobic oxidation rate dependence on [Pd]. The saturation [Pd] dependence (Figure
reactions catalyzed by late transition metals (eqs 3 afdrigse 1B) is accommodated by invoking a bimolecular catalyst decom-
position stepkges that competes witk.,. The rate law for such a
Hy, + O, + Me,SO % H,O + Me,S(0), (3) mechanism (eq 7) fits the experimental [Pd] dependence (Figure
R/(ﬂ—'}q- + 0 + MepSO DL’\;'\;O R)?\R'+ MeS(0); + H0  (4) %’02) = kealPd]; POz [Pdl; =% %

LyM = RhCla, IrClg, [CU(CH3CN)4]*
1B),’? and the corresponding integrated rate law fits well to an
alcohol and dihydrogen oxidations are intimately coupled to the extended reaction time course (Figure 2). According to this scheme,
oxygenation of DMSO. Such a mechanism does not operate for eqthe deviation from linearity in Figure 1B becomes more pronounced
2. Only a trace of dimethyl sulfone is produced during the reaction. at higher catalyst concentration because of the bimolecular depen-
Dioxygen uptake measurements reveal a dioxygen:substtate ( dence of the decomposition step on [Pd].

766 VOL. 124, NO. 5, 2002 = J. AM. CHEM. SOC. 10.1021/ja016806w CCC: $22.00 © 2002 American Chemical Society



COMMUNICATIONS

Scheme 1. Catalytic Mechanism . . .
suggestions. We gratefully acknowledge financial support from the
HOp - - HsOs L. Pdll) g9 g y g pp

y RGH,OH Universit_y of Wisconsin-Madison, the Camille and Henry Dreyfu_s

] 2H* Foundation (New Faculty Award), Merck Research Laboratories,

and the National Science Foundation (CAREER Award). S.R.F.

was supported by a Chemistry Biology Interface NIH training grant.
! Keat Supporting Information Available: Experimental procedure and
RCHO discussion of the hydrogen peroxide experiments (PDF). This material

2H0 =7 ™es 0, L,Pd(0) +2 H* is available free of charge via the Internet at http://pubs.acs.org.

-nL
kde"l n References

(PA(O)]m (1) (a) Larock, R. C.; Hightower, T. R.. Org. Chem1993 58, 5298-5300.

(b) van Benthem, R. A. T. M.; Hiemstra, H.; Michels, J. J.; Speckamp,
W. N. J. Chem. Soc., Chem. Comm@894 357—359. (c) van Benthem,

R. A. T. M.; Hiemstra, H.; van Leeuwen, P. W. N. M.; Geus, J. W.;

palladium

! -
catalyzed :

0
LnPd{ ]

820

T

Hcar

800 = £y ke Speckamp, W. NAngew. Chem., Int. Ed. Endl995 34, 457-460. (d)
780 (PO2)r= (PO2)o (1 + Kgee [Pd]o 1) e Larock, R. C.; Hightower, T. R.; Kraus, G. A.; Hahn, P.; Zheng, D.
Tetrahedron Lett1995 36, 2423-2426. (e) Ran, M.; Bakvall, J.-E.;
N 760 k., =125x 10° M's™! Andersson, P. GTetrahedron Lett1995 36, 7749-7752. (f) Larock, R.
(8_ e C.; Hightower, T. R.; Hasvold, L. A.; Peterson, K. Org. Chem1996
740 Kk .=17x102M"s 61 3584-3585. (g) Ron, M.; Andersson, P. G.; Bavall, J.-E.Acta
720 Chem. Scand1997, 51, 773-777. (h) Ron, M.; Andersson, P. G.;
Backvall, J.-E.Tetrahedron Lett1997 38, 3603-3606. (i) Toyota, M.;
700 Wada, T.; Fukumoto, K.; Ihara, M. Am. Chem. S0d998 120, 4916~
680 . ) ) ) 4925. (j) Peterson, K. P.; Larock, R. @.Org. Chem1998 63, 3185~
0 2000 4000 6000 8000 1104 2%29 (k) Larock, R. C.; Wei, L.; Hightower, T. FBynlett1998 522—
_ _ Time (s) . o (2) For a review of “activated” DMSO methods for the oxidation of alcohols,
Figure 2. A 10 000 s time-courseX) for the catalytic oxidation of. (30 see: Lee, T. V. InComprehengie Organic SynthesisTrost, B. M.,
of 9500 data points shown). The fit-{ is based on integration of the rate Fleming, |., Eds.; Pergamon: New York, 1991; Vol. 7, pp 28D3.
expression in eq 7 (see inset). Reaction conditiod$:= 1.0 M, [Pdp = (3) For transition-metal-catalyzed oxidation of organic substrates by DMSO,
0.05 M, (O2)o = 807 Torr, 2 mL of DMSO, 80°C ’ see the following and references therein: (a) Caradonna, J. P.; Reddy, P.
' » ©2)0 ' ' : R.; Holm, R. H.J. Am. Chem. S0d.988 110, 2139-2144. (b) Bryan, J.
The lack of a rate dependence on [alcohol] (eq 7) is consistent S Stelamp, &, £ Tulp, T H-Mayer, I Whorg Snem 198220 o
with the independent observation that stoichiometric alcohol R.; Holguin, M. S.J. Am. Chem. S0d.997 119, 9309-9310. (d) Abu-
H i ithi i Omar, M. M.; Khan, S. lInorg. Chem.1998 37, 4979-4985.
oxidation by Pd(OAg) occurs within seconds under anaerobic 2R N e o o 22816, (b) Schultz. B, E.: Hille,
reaction conditions, i.e., much faster than the initial catalytic R.: Holm, R. H.J. Am. Chem. S0d.995 117, 827-828.

turnover rates, 45 h~1. Although we obtained no direct evidence (5) (a) Trocha-Grimshaw, J.; Henbest, H.@em. Commuri96§ 1035~
. . . 9 . 1036. (b) James, B. R.; Ng, F. T. T.; Rempel, GAan. J. Chem1969
for the intermediate formation of peroxopalladium(ll) (Scheme 1), 47, 4521-4526. (c) Atlay, M. T.; Preece, M.: Strukul, G.; James, B. R.

such reactivity has substantial precedériRapid protonolysis of Sia'\l}l- f 8“??"%333 ?1,81133825133%@) Gaﬂp_pHH-: Zubgr'_hlser,_ /?. DW-
the peroxo ligand releases hydrogen peroxide and generates the  Zupertier, A. . Héw"cmn&(.e,lctef‘l”;g%ﬁi‘ 10161005, —Peen ¥y
active palladium(ll) catalystThat addition of both weak and strong (6) See, for example: Nishimura, T.; Onoue, T.; Ohe, K.; Uemura, Srg.

X . . Chem.1999 64, 6750-6755.
acids, CHCOH and HSO,, to the reaction mixture has no (7) Hydrogen peroxide can arise from protonolysis of peroxopalladium(ll),

-

beneficial effect on the rate confirms protonolysis of the peroxo d?er_ed from dioxygen and palladigm('?l) (Seq S6). _IFrc:r recent ghiraﬁltelrizatiog
; . ; of this reaction sequence, see: Stahl, S. S.; Thorman, J. L.; Nelson, R.
species d_oes not limit the catalyyc turnover rate. _ C.: Kozee, M. A.J. Am. Chem. So@001. 123 7188-7189.
According to Scheme 1, palladium(ll) releases the peroxo ligand
prior to substrate oxidation. This sequence differs from biological O 2hx
LPd® + 0 — LnPd“\é S LPd"Xp + H0, ®)

oxygenases and related model systems in which substrates react
directly with activated dioxygen intermediatés.The use of . ) o o
(8) If hydrogen peroxide is produced as an intermediate in the reaction, it

dioxygen simply as a two-proton, two-electron acceptor in the could either replace dioxygen as a reoxidant for palladium(0) or react

Pd(OAc)/O,/DMSO reactions functionally mimics biological oxi- mith p;allﬁdium l;otgetner'glte a reactgivetoxygen(syacies capabAe OJfoxidi}iing
: - F € alconol substrate. For precedent, see: (a) Heumann, A.; Jens, K. J.;
dases. Thus, these reactions may be defined mechanistically as  Rgjier, M. Prog. Inorg. Chem1994 42, 483-576. (b) Pifer, A.. Hogan,

“chemical oxidases”. T.; Snedeker, B.; Simpson, R.; Lin, M.; Shen, C.; SenJAAm. Chem.
i . . : S0c.1999 121, 7485-7492.
The mgchanlstlc §tud|es outllngd above.clea‘rly .deflne the (9) See Supporting Information for experimental details.
challenge in developing a more active aerobic oxidation catalyst (10) (a(lj)(Daviesj.g. A He)xzrtLey, It:). RChem. Rﬁ. 1981h81,”79—r?0. (b)tranz §
; ; ; H Pd(Q,CCR;)(DMSO), has been crystallographically characterized an
sySt_em’ nam?ly’ enhancmg the rz_ite of pal!adlum(O) OXIdat_lon’ contains on&-and oned-bound sulfoxide ligand: Bancroft, D. P.; Cotton,
particularly with respect to competing palladium(0) aggregation. F. A.; Verbruggen, MActa Crystallogr. Sect. 1989 45, 1289-1292.
This challenge has traditionally been addressed by employing redox (11) Catalytically ‘active, DMSO-stabilized palladium colloids have been
. L R . isolated from aerobic oxidation reactions similar to eq 2 (ref 1c).
mediators to enhance the kinetics of palladium(0) oxidation. The (12) The magnitude oksec can vary by factors of 2 to 5, depending on the
present work, however, suggests an alternative strategy: ligand- ~ Stock of Pd(OAG), however ke remains constant. This result suggests
. . . . palladium(0) aggregation may be catalyzed by trace impurities.
promoted direct oxidation of palladium(0) by dioxygen. The role  (13) See ref 7 as well as previous examples: (a) Valentine, Ghém. Re.
of DMSO as a favorable ligand in the present system suggests that 1973 73, 235-245. (b) Yoshida, T.; Tatsumi, K.; Matsumoto, M.;
. . 9 P Y . 99 . Nakatsu, K.; Nakamura, A.; Fueno, T.; OtsukaN®uw. J. Chim.1979
other ligands might further enhande,. Ideal ligands will 3, 761—774.

simultaneously diministkse, thereby promoting higher catalyst ~ (14) Oxygenases and Model Systefsnabiki, T., Ed.; Kluwer: Boston, 1997.

lifetime as well as catalvtic rates. This principle appears consistent (15) For leading references, see ref 6 and the following: (a) Fix, S. R.; Brice,
yt . p ple app J. L.; Stahl, S. SAngew. Chem., Int. E®002 41, 164-166. (b) ten

with the recent use of pyridine and chelating nitrogen ligands in %iglg, G--JB-_; Arehr)dg, .I.BW. CI E.F;{ .Sgglkilon,, R. §9i§ncq2(|)\%0 287, 1C6ﬁ6-
aerobic palladium oxidation reactions that lack redox medidfors, ™ E‘d(_cigégngs"m’&%tso_o’ - DAOISIO, R, Ricel, Vangew. hem.,
including an asymmetric oxidation reactiéh. (16) For the palladium-catalyzed oxidative kinetic resolution of secondary
Ack led We thank Prof. C. R. Landi d hi alcohols see: (a) Ferreira, E. M.; Stoltz, B. B.Am. Chem. So2001,
cknowledgment. We thank Prof. C. R. Landis and his group 123 7725-7726. (b) Jensen, D. R.; Pugsley, J. S.; Sigman, M. 8m.
for generous access to their gas-uptake kinetics apparatus and Profs. ~ Chem. Soc2001, 123 7475.
C. P. Casey and C. R. Landis for insightful discussions and JA016806W

J. AM. CHEM. SOC. = VOL. 124, NO. 5, 2002 767



