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The palladium-catalyzed Wacker process (eq 1) was developed N N Fo
more than forty years aganql remains one of the most successful |» ( + Pdydba;, ——— = 2 ( :Pdo_m 2
aerobic oxidation reactions in the chemical industry. This process N -dba NT e
and numerous related reactions require cocatalysts such as coppdr Ph Ph R
salts to mediate dioxygen-coupled oxidation of reduced palladium N ala R = C(O)CH=CHPh
during catalysig.In contrast, a series of recent reports reveal that (N = =N N= 0
1 Pd/Cu cat. CHa bc Chy  db2 = Ph/W\Ph
CH,=CH, + /,0, — CH,CHO Q)
. . - NS peo-(nz.dba) + O (N\Pd”’cl) 3)
cocatalysts are not always necessary to achieve efficient catalytig (N/ (n"-dba) 2 - dba N~ O
turnover? Several of these new oxidation reactions employ a 1

palladium catalyst with pyridine or bidentate nitrogen ligaffds, )
suggesting that such ligands promote the reaction between reducednethyl groups¢ 2.97, 3.21) and two doublets for the coordinated
palladium and dioxygen. A possible catalytic mechanism is shown ©lefin protons § 4.47, 4.243) = 9.5 Hz).
in Scheme $>45We present herein the reaction between dioxygen ~ The brown bathocuproine peroxopalladium(ll) comp@xyas
and a bathocuproirepalladium(0) complex to form a structurally ~ Synthesized by stirring in dichloromethane under an atmosphere
characterized peroxopalladium(ll) species (step Il, Scheme 1). of dry dioxygen for 26-30 min at ambient temperature (eq 3).
This molecule reacts with Brgnsted acids to release hydrogenOxygenation ofl is irreversible, revealed by the ability to isolate
peroxide (step Ill, Scheme 1). Bathocuproine (bc, 2,9-dimethyl- complex2 by removal of the_ reaction solvent under vacuum. The
4,7-diphenyl-1,10-phenanthroline) has been used successfully in"H NMR spectrum of2 exhibits a single resonance for the bc
recent aerobic oxidation reactiofMechanistic insights into the  Methyl groups ¢ 2.89), consistent with a symmetrical structure.
oxygenation of palladium(0) are also presented. The reaction was momtored by U—\X/|.S|ble spectroscopy (Flggre
Due to the preference of palladium(0) for soft ligands, relatively 1) and revealed an isosbestic point at 393 nm suggesting no
few nitrogen-coordinated palladium(0) complexes have been intermediates build up during the reactibiihe charge-transfer
reportec Nevertheless, addition of 2 equiv of bathocuproine to band forlin the 420 nm region is similar to that of other diimine
tris(dibenzylideneacetone)dipalladium(0) in dichloromethane readily Palladium(0)-olefin complexe$? _
affords the orange, three-coordinate complex, (bo)Rdba), 1 The presence of a peroxo moiety is supported by infrared
(eq 2), which was characterized By and *C NMR, IR, and spectroscopic data, which reveal a strong absorption band at 891
UV—visible spectroscopies and single-crystal X-ray crystal- cm™, similar to other late-transition-metal peroxo complekes.
lography. Thep?-olefin ligand in1 does not rotate or exchange The preparation o2 with *%0; results in a new band at 839 cin
on the NMR time scale; th#H NMR spectrum ofl features two ~ (Figure S1), corresponding to an isotopic shift of 52"¢nequal

sharp singlets corresponding to the inequivalent bathocuproineto the value predicted by a simple diatomic oscillator model for
an O-0 stretch. They?-peroxo coordination mode was estab-

Koj(elr) Smidt, J.; Hafner, Vg\)’éigJ'?rélly R Sedimeter, J.; Sieber, Rutifger, R lished by single-crystal X-ray crystallography (Figure’Znly

(2) Tsuji, J.Pal aglum Reagents and Catalyswiley: New York, 1995, one otheny*-peroxopalladium complex, [PhBU).PL.Pd(Qy), 3,

(3) For leading references, see: (a) ten Brink, G.-J.; Arends, I. W. C. E.; has been structurally characteriZ&dlnlike (bc)Pd(Q), 3 binds
Sheldon, R. ASgience?000 287, 1636-1639. (b) Bianchi, D.; Bortolo, R.;
D’Aloisio, R.; Ricci, M. dl999 38, 706-708. (c) (7) The isosbestic behavior shown in Figure 1 arises a few minutes after
Nishimura, T.; Onoue, T.; Ohe, K.; Uemura, 1999 64, 6750~ initially placing the cuvette in the sample holder. Initial nonisosbestic behavior
6755. (d) Peterson, K. P.; Larock, R. 1998 63, 3185~ (not shown) has been traced to self-association of the (bc)Pd(dba) starting

3189. (e) Ran, M.; Andersson, P. G.; Bavall, J.-E. i material; a nonlinear Beer’s law plot is obtained for this species. The products

1997 51, 773-777. (f) van Benthem, R. A. T. M. wen, of the oxygenation reaction, (bc)PdfCGand dba, appear to inhibit this self-
P. W. N. M.; Geus, J. W.; Speckamp, W. gl. association, evidenced by the subsequent isosbestic behavior. The lack of an
1995 34, 457-460. intermediate in eq 3 was confirmed by monitoring the reactioAtbNMR

(4) Thiel, W. R. NG 099 38, 3157-3158. spectroscopy.

(5) Alternative mechanisms have been proposed. These include dioxygen (8) For peroxopalladium(ll) complexes bearing soft donor ligands, see: (a)
insertion into a palladium(ll) hydride (ref 3c) and binuclear activation of Valentine, J. Sw. 1973 73, 235-245. (b) Yoshida, T.; Tatsumi,
dioxygen by 2 equiv of palladium(0) (ref 3a). We consider these possibilities K.; Matsumoto, M.; Nakatsu, K.; Nakamura, A.; Fueno, T.; Otsukl&e,
less likely, but the present work does not necessarily exclude them. Ll 1979 3, 761-774.

(6) (a) Ito, T.; Hasegawa, S.; Takahashi, Y.; Ishii| m. (9) Crystal data for2: monoclinic space groug2/c, a = 17.671(3) A,
1974 73, 401-409. (b) Pierpont, C. G.; Buchanan, R. M.; Downs, H.JH. b = 21.326(5) A,c = 27.367(6) A,8 = 90.510(4y, V = 10313(4) B, Z =
n1977 124, 103-112. (c) Sustmann, R.; Lau, J.; Zipp, M. 16, T = 133 K, u(Mo K) = 0.749 mn1%, 9034 unique reflectionsyR =
4986 105, 356-359. (d) van Asselt, R.; Elsevier, 0.3192,R1[lI>20] = 0.1054. The structure & was redetermined at 173 K
C. J.; Smeets, W. J. J.; Spek, A. iaakseiaiagin 1994 33, 1521-1531. (e) (cf. ref 8b, 248 K) in order to obtain improved structural resolution. Crystal
Klein, R. A.; Elsevier, C. J.; Hartl, jussuastaliiacl 097, 16, 1284-1291. data for3: orthorhombic space grol,2,2;, a = 25.6846(8) Ab = 12.2033-

(f) Milani, B.; Anzilutti, A.; Vicentini, L.; Sessanta o Santi, A.; Zangrando,  (4) A, ¢ = 11.0834(3) A,V = 3473.95(18) A Z = 4, T = 173 K,
E.; Geremia, S.; Mestroni, GRunsuasteliigs1997, 16, 5064-5075. (g) u(Mo K) = 0.654 mnt?, 7011 unique reflectionsyR2[I>20] = 0.0756,
Elsevier, C. JCoord. Chem. Re 1999 185-186, 809-822. R1[l1>20] = 0.0355.
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Figure 1. UV —visible absorption spectra obtained during the conversion
of 1to 2in CHyCl; (23°C, pO; = 1 atm, ] = 220uM). Inset: Kinetic
data @) at 375 and 430 nm with first-order fits to the datg.(= 8.2(4)
min).

activation, ASF = —43(7) eu. Together, these data support an
associative oxygenation mechanism. The lack of inhibition by
added dba rules out preequilibrium or steady-state loss of dba
prior to dioxygen addition. Thus, although oxygenation lof
represents a formal oxidative addition step, the reaction is
mechanistically more closely related to olefin substitution.

As suggested in Scheme 1, substrate oxidation (step I) requires
labile coordination sites on the palladium(ll) catalyst. These sites
may be created by protonolysis of the basic peroxo ligan2 in
Addition of CH;CO,H or H,SO, to 2 quantitatively forms
(bc)PdX [X, = (OAC),, SO based ortH NMR analysis of the
palladium specie¥? A 73% vyield of hydrogen peroxide was
obtained via a colorimetric assasp:*4

The chemistry described above demonstrates the chemical
) . viability of steps Il and Il of the proposed mechanism in Scheme
?gure 2. M;)Ieculgr s_tlr_ucture of (bc)Pd@® 2. Thermal ellipsoids are 1 " pjtia| calculations suggest these steps are also kinetically

rawn at 50% probability. competent to participate in the catalytic reacti@h§however,

) . ) ) . ) the reaction conditions are sufficiently different to warrant further
dioxygen reversibly, yet despite this reactivity difference, both inyestigation, especially in light of alternative mechanistic propos-
complexes exhibit similar structural and spectroscopic featdres. 5|55
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