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Insertion of Molecular Oxygen into a Palladium(ll) Hydride Bond

Melanie C. Denney, Nicole A. Smythe, Kara L. Cetto, Richard A. Kemp,* and Karen |. Goldberg*

Department of Chemistry, Urérsity of Washington, Box 351700, Seattle, Washington, 98195-1700, Department of
Chemistry, Uriersity of New Mexico, Albuquerque, New Mexico 87131, anchAckd Materials Laboratory,
Sandia National Laboratory, Albuquerque, New Mexico 87106

Received September 9, 2005; E-mail: goldberg@chem.washington.edu

Molecular oxygen is a highly desirable oxidant from chemical, There are only a small number of structurally characterized
environmental, and economic standpoints. However, effective transition metal-hydroperoxide specié8.” X-ray quality crystals
utilization of this reagent in selective oxidation reactions has been of 2 were obtained from the reaction @fwith O, (10 atm) in
limited by an inadequate understanding of how transition metal pentane at-10 °C. The ORTEP is shown in Figure8IThe unit
complexes activate O Significant recent progress in the use of cell is comprised of two molecules &f Hydrogen bonding occurs
palladium catalysts for selective aerobic oxidations has emphasizedbetween neighboring hydroperoxyl moieties, forming a six-
the importance of developing a thorough comprehension of reactionsmembered, radially symmetric ring (Figure S1). A similar arrange-
between palladium complexes ang.X@ne proposed pathway for ~ ment was reported for the platinum(lV) hydroperoxo species,
oxygen activation in palladium-catalyzed oxidations is the reaction (TpMez)PtMe,(OOH) (Tp"ez = hydridotris(3,5-dimethylpyrazolyl)-
of palladium(0) with oxygen to form-peroxo)palladium speciés. borate)3®
Experimental support, including the observation of the reaction in  The reaction ofl with O, to form 2 and 3 was conveniently
model systems, has recently been repoftédnother pathway that  monitored by'H{3!P} NMR spectroscopy. The reactions bfvith
has been proposed is the direct insertion of oxygen into a palladium- O, were first order with respect tb, as shown by the exponential
(I hydride intermediate to form a palladium hydroperoxide decay in Figure 2 and the linear fits for the first-order plots of In-
species22A limited number of such insertion reactions have been [1] versus time in Figure 3. The doubling of the rate constant from
documented with other transition metal hydridebut similar 5.6(8) x 1074 s~ under 5 atm @to 1.13(3)x 1073 s~ under 10
reactions in model palladium systems have remained elusive. atm Q, clearly indicates that there is also a first-order dependence
Reported here is the first direct observation of insertion of molecular gn 0,
oxygen into a palladium(ll) hydride bond to form am'{ The reaction of the deuteride analogise;, with O, (to form
hydroperoxo)palladium(ll) complex. 2-d; and3-d,) resulted in a significant retardation in the observed

Upon exposure to £(0.8—10 atm), solutions of f*PCP)PdH reaction rate (10 atm O ks = 1.95(11) x 104 s°2). This
(1) (®“PCP= [1,3-(CHPBU,)2CeHs] ) in benzeneds react cleanly  corresponds to a kinetic isotope effe&ti/ko) of 5.8(5) for the
to form (®"PCP)Pd(OOH)2) and (*PCP)Pd(OH) ) in variable insertion of Q into the Pad-H(D) bond. A similar KIE value was
ratios (eq 1). While the initial ratio a2:3 can be up to 25:1, over  (gcorded when the measurement was repeated under 5 atm of
time 2 _is observed to convert 18 and ultimately3 is obtained in oxygen. Based on the P¢H(D) stretching frequencies fdr(1717.8
high yield (90%). cml) and 1-d; (1227.5 cml), a maximum theoretical kinetic

tBu2 PtBUZ rBu2 isotope effect for direct homolytic cleavage of 3.3 can be
calculated® While it is not obvious why the observed KIE is
CoDs, 208K significantly greater than this value, the large magnitude of the
P’Buz P’Buz P'Buz observed KIE strongly implicates the involvement of-fdl bond
cleavage in the rate-determining step.

The reaction oflL with O, to form 2 is similar to the reported

Complex3 was also synthesized independently by the addition reaction of (TH')PtMe,(H) with O; to form the corresponding
of KOH to (BYPCP)Pd(ONG), similar to the reported preparation  platinum(IV) hydroperoxide comple¥.The platinum reaction was
of the closely related hydroxide compleX¢®CP)Pd(OHY. The proposed to proceed via a radical chain pathway. This mechanistic
NMR data for2 and3 are, for the most part, very similarThe proposal was based on the dramatic difference in reaction rates
31p{1H} NMR signals for2 and 3 appear as singlets at 72.3 and between reactions carried out in the light and in the dark, and
70.8 ppm, respectively in benzedg- The H NMR resonances between reactions with added radical initiator or radical inhibitor.
attributed to theBUPCP ligands of2 and 3 are almost identical. Involvement of radical mechanisms have also been implicated in
The signals arising from the methylene protons are coincident, andother reported reactions of metal hydrides and oxygéat In
those due to theert-butyl protons nearly overlap. In contrast, the —contrast to these reactions, the insertion of molecular oxygen into
hydroxide and hydroperoxide proton signals appear in distinct the Pd-H bond of 1 was found to proceed at reproducible rates
regions of the!H NMR spectrum. The hydroxide proton 8fis that were relatively insensitive to the presence of radical inhibitors
observed at-1.6 ppm (in benzends), while the hydroperoxide or light. When the reaction df with O, (10 atm) was carried out
proton of 2 appears as a broad singlet between 5.4 and 6.3 ppm,in the presence of radical inhibitors 2,64eit-butyl-4-hydroxy-
depending on concentration. The chemical shift range observedtoluene (BHT; kops = ca. 1.4 s') and 2,2,6,6-tetramethyl-1-
corresponds to a concentration range of cal3 mM, the signal piperidinyloxy free radical (TEMPQkyps= 1.16 s1), no significant
shifting downfield with increasing concentration. Chemical shifts effect on the reaction rate was obserd&durthermore, parallel
of ca. 6 ppm are consistent with data reported for other late metal reactions carried out under ambient light and in the dark showed
hydroperoxide proton&.3b highly comparable rates for the consumptionlofThese results

Pd OOH + dOH ()

1 2 3
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Figure 1. Molecular structure 08. Ellipsoids are shown at 50% probability

second-order rate law (first-order in palladium and first-order in
oxygen) was documented and evidence of significantdond
cleavage in the rate-determining step was provided. These observa-
tions are consistent with a mechanism involving the direct reaction
of oxygen with the PetH bond or, alternatively, coordination of
oxygen to the palladium(ll) center followed by migratory insertion
into the Pd-H bond. The reaction was unaffected by radical
inhibitors and light, supporting that a radical chain mechanism is
not involved. This finding is of particular interest since the
selectivity of oxidation reactions can be compromised by the
propensity of Q to participate in radical chain pathways. The

and nonlocated hydrogen atoms are omitted for clarity. Selected bond lengthsidentification of a clean, well-characterized activation of dioxygen

(A) and angles (deg): Pd(E0(1) 2.074(3); Pd(BC(1) 2.022(3); O(L¥
0(2) 1.470(4); O(2YH(2) 1.10(4); C(1}-Pd(1)-P(2) 84.34(10); C(L)
Pd(1)-0(1) 175.27(11); P(BPd(1)-P(2) 167.68(4); Pd(HO(1)-0(2)
108.53(19); O(1}O(2)—H(2) 99(2).
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Figure 2. Reaction ofL with O, (5 atm) over time. The concentrations of
1 (a), 2 (@), and3 (M) are shown.
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Figure 3. Linear relationship between [H[ and time. Kinetic plots for
reactions ofl with 10 atm @) and 5atm @) O, are shown.

strongly suggest that the insertion of {@to the Pa-H bond of1
to form 2 does not proceed via a radical chain mechanism.

The hydroperoxo specieg, is relatively stable as a solid at
ambient temperature. However, solution2ah benzeneds were
observed to fornB. Other metal hydroperoxide complexes have
been observed to disproportionate to form their corresponding
hydroxide complexes and,@? In contrast to the reaction dfwith
O, to generat® and3, the rate of conversion &to 3 was variable
and appeared sensitive to light. For reactiond eind Q carried
out in ambient light3 was present at higher concentrations tRan
throughout the reaction, while in the dark the ratio2dafo 3 was
substantially higher. This is suggestive of the involvement of a
radical mechanism for the conversion2fo 3, perhaps similar to
the decomposition of organic analogues sucheasbutyl hydro-
peroxide, which decomposes to fotert-butyl alcohol and @4

Further investigations into the mechanism of the conversion reaction

of 2 to 3 are underway.

In summary, the insertion of molecular oxygen into a palladium
hydride bond has been directly observed, and the palladium
hydroperoxide product has been structurally characterized. A

by an isolable palladium(ll) hydride complex should have significant
impact on the development of palladium-catalyzed selective aerobic
oxidation reactions.
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