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ABSTRACT: (Sp)PdCl, [Sp = (—)-sparteine] catalyzes a
number of different aerobic oxidation reactions, and reac-
tion of O, with a PdH—hydride intermediate, (Sp)Pd(H)Cl
(1), is a key step in the proposed catalytic mechanism.
Previous computational studies suggest that O, inserts into
the Pd"—H bond, initiated by abstraction of the hydrogen
atom by O,. Experimental and computational results ob-
tained in the present study challenge this conclusion.
Oxygenation of in-situ-generated (Sp)Pd(H)Cl exhibits a
zero-order dependence on [O,]. This result is inconsistent
with a bimolecular H-atom-abstraction pathway, and DFT
computational studies identify a novel “reductive elimina-
tion” mechanism, in which the chelating nitro§en ligand
undergoes intramolecular deprotonation of the Pd”—hydride.
The relevance of this mechanism to other Pd" oxidation
catalysts with chelating nitrogen ligands is evaluated.

Pd-catalyzed aerobic oxidation reactions have expanded
significantly over the past decade, and these advances are
closely linked to the identification of oxidatively stable ancillary
ligands that promote these reactions." These ligands play a key
role in stabilizing the reduced Pd catalyst formed upon substrate
oxidation and promoting its reaction with molecular oxygen. The
mechanism of catalyst oxidation by O, has been the focus of
considerable recent study by us® and others.®> For catalytic
reactions that proceed via Pd"—hydride intermediates, two
mechanistic pathways appear to be viable (Scheme 1A): direct
reaction of O, with the Pd—H bond via a hydrogen-atom-
abstraction pathway (HAA, path A) and a pathway initiated by
H—X reductive elimination from Pd", followed by a reaction of
0, with Pd® (HXRE, path B). Insights from recent experimental
and computational studies suggest that all catalyst systems
with labile monodentate ligands (e.g., pyridine, Et;N, DMSO)
strongly favor the HXRE pathway.* Many catalysts feature
chelating nitrogen ligands, however (Scheme 1B), and previous
computational studies of the reaction of O, with (Sp)Pd(H)Cl
(1) [Sp = (—)-sparteine] support an HAA mechanism.>%>
Here, we present experimental data that are incompatible with
an HAA mechanism, together with DFT computational studies
that reveal a novel “reductive elimination” pathway for aerobic
oxidation of 1. These and additional results presented herein
suggest that no existing Pd catalysts undergo aerobic oxidation
via the HAA pathway.

The reaction of (Sp)Pd(H)Cl with O, has been the focus of
two previous computational studies by Goddard and co-
workers.> The first study identified the unprecedented HAA
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Scheme 1. Possible Mechanisms for the Oxidation of Pd—H
Species by Dioxygen and Representative Catalyst Systems
with N-Chelating Ligands
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Scheme 2. Two Proposed Mechanistic Pathways for O,
Insertion into Pd—Hydride Bond of (Sp)Pd(H)Cl Complex***
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pathway as a possible mechanism for O, “insertion” into a Pd—H
bond (Scheme 2A).>* The second study showed that an alter-
native mechanism, initiated by deprotonation of the Pd—H, has a
significantly higher activation energy relative to the HAA path-
way (Scheme 2B; AAG* = 7.5 keal/ mol).3>*® These results have
not been confirmed experimentally. In principle, these two
mechanisms could be distinguished on the basis of their kinetic
dependence on [O,]: the HAA pathway predicts a first-order
dependence, whereas the deprotonation mechanism predicts a
zero-order dependence. This possibility prompted us to pursue
the synthesis of 1.

We examined a number of methods for the preparation of 1,
including the reaction of (Sp)PdCl, with various Si—, B—, and
Sn—hydride reagents,” B-hydride elimination from in-situ-
generated Pd—formate and alkoxide derivatives® and addition
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Scheme 3. Synthesis of (Sp)Pd(H)Cl and Proposed Decom-
position Pathways under the Reaction Conditions
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Figure 1. (A) Proposed pathway for oxygenation of in-situ-generated
(Sp)Pd(H)CL (B) Oxygen-pressure effects on the oxygenation reac-
tions, demonstrating zero-order kinetics. Reaction conditions: [Pd—H]
=0.53—0.92 mM, pO, = 1.0—5.0 atm (9.0—4S mM of dissolved O,),
CD,Cl,, —30 °C, 600 uL. Error bars reflect standard deviations based on
independently prepared samples of the Pd"—H.

of HCl to Pd’ sources in the presence of (—)-sparteine.” With many
of these methods, a common major Pd—H species was evident by
"H NMR spectroscopy at reduced temperatures (< —35 °C);
however, the complex was thermally unstable, and efforts to isolate
the complex were unsuccessful. The instability of this Pd—H
species is not entirely surprising. No mononuclear, nitrogen-
chelated Pd—H complexes have been reported in the literature,
and 1 has never been observed under catalytic conditions.

Among the synthetic routes evaluated, the most promising
result was obtained from the reaction of excess (EtO);SiH
(10 equiv) with (Sp)PdCl, in CD,Cl, at —10 °C (Scheme 3).
Over 25 min, the reaction turned from yellow to dark brown, and
a single Pd—hydride complex was formed in 40% yield by "H
NMR spectroscopy (Opg_pyg = —25.97 ppm).'® The Pd—H
complex decomposes if it is maintained at the reaction tempera-
ture, and it appears to have at least two accessible decomposition
pathways (Scheme 3): (1) formation of H,, evident by the emergence
of a peak in the 'H NMR spectrum at 4.59 ppm,'" and (2) formation
of the protonated sparteine ligand (Sp-H") and Pd black, formally
arising from Ng,—H “reductive elimination” and aggregation of the
Pd° byproduct. The former decomposition pathway is especially
evident when hydride reagents are used, and it may proceed via a
Pd"— dihydride intermediate (top pathway, Scheme 3).

The difficulties in isolating 1 prompted us to investigate the
0, reactivity of the Pd"—H complex in situ. When the reaction
mixture, containing ~40% yield of Pd"—H, was exposed to
an atmosphere of O,, the solution changed color from dark
brown to yellow, and a "H NMR spectrum of the product
solution revealed (Sp)PdCl, as the predominant product
(Figure S1). A plausible explanation for this observation is
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Figure 3. Computed reaction coordinate for oxygenation of 1 initiated
by H-ligand reductive-elimination (HLRE). (A) Reaction profile for the
HLRE, oxygenation, and protonolysis steps in toluene solvent. See
Supporting Information for complete reaction coordinate. (B) Ball-and-
stick illustrations with key metrics for the complexes 25 and 3.

that the Pd" —H reacts with O, to afford a Pd—hydroperoxide
that undergoes rapid reaction with (EtO);SiCl present in the
reaction mixture to afford (Sp)PdCl, and (EtO);SiOOH
(Figure 1A). It was possible to monitor the kinetics of the
0, reactivity by "H NMR spectroscopy at —30 °C (t,, & 20
min),12 and increasing the O, pressure from 1 to 5 atm
exhibited no effect on the reaction rate (Figure 1B).

Interpretation of this result is subject to a number of caveats
associated with the complexity of the reaction mixture and lack of
full characterization of 1 or the Pd—hydroperoxide intermediate.
Conservatively, however, the data indicate that a sparteine-
coordinated Pd—hydride species undergoes a reaction that is
induced by the presence of O, but is independent of the [O,].
While this conclusion lacks mechanistic certainty, the data are
not consistent with an HAA mechanism, which should exhibit a
first-order dependence on [O,].

Previous studies of the reactions between O, and well-
defined (albeit catalytically unreactive) Pd—hydride complexes
demonstrate close a§reement between experimental and computa-
tional results.”>>***>* The discrepancy between the experimental
and computational results noted above suggests that a mechanism
different from those shown in Scheme 2 might be involved. In order
to examine this possibility, we decided to reinvesti%ate the reaction
of 1 with O, using DFT computational methods."

13269 dx.doi.org/10.1021/ja204989p |J. Am. Chem. Soc. 2011, 133, 13268-13271



Journal of the American Chemical Society

COMMUNICATION

Analysis of the ground-state structure of 1 reveals that the two
Pd—N bonds differ in length by 0.15 A, with the longer one trans
to the hydride ligand (Figure 2). This observation, together with
the formation of Sp-H" observed experimentally (cf. bottom
pathway, Scheme 3), raised the possibility that sparteine could
serve as an internal base upon dissociation of the amine ligand
trans to the hydride ligand. This mechanism would be analogous
to the deprotonation pathway noted in Scheme 2B, but it would
avoid the entropic cost associated with a blmolecular reaction.*®

A transition state for dissociation of the N® amine of sparteine
was identified computationally (2%, Figure 3). The imaginary
frequency associated with this step 1nc1udes both Pd—N” bond
lengthemng and rotation of the sparteine hgand about the
Pd—N" bond. The rotation enables the basic N* atom to
approach the hydrlde ligand, and deprotonation of the hydride
ligand by the N® amine occurs, yielding the zwitterionic Pd’
product 3 (Figure 3). The calculated free-energy barrier for this
concerted process is 18.6 kcal/mol (Figure 3A). The Pd—H
bond distance in 3 is 1.72 A, and the Pd--H—N interaction is best
described as a hydrogen bond between a Lewis-basic Pd® center
and an acidic H—Ng, fragment.'* Natural charge analysis
suggests the deprotonation can be described formally as an
N—H “reductive elimination” reaction in which the Pd center
starts with a +0.36 charge and ends with a —0.1S charge. The H
atom simultaneously shifts from having slight hydridic character
(—0.054 charge) in 1 to protic character (+0.32 charge) in 3. By
analogy to the HXRE nomenclature employed when the reduc-
tive elimination step involves an anionic X-type ligand, we assign
the name HLRE to the present reaction, reflecting the involve-
ment of a neutral L-type ligand in the reaction.

Aerobic oxidation of the zwitterionic intermediate 3 proceeds
via an oxygenation/protonolysis sequence in which all of the
calculated intermediates and transition states are lower in energy
than 2% (Figures 3A and S3). These results indicate that the
HLRE step is rate-limiting, and oxygenation of 1 by this
mechanism should exhibit a zero-order dependence on [O,].
Reinvestigation of the HAA mechanism, using the same computa-
tional package and methods employed for the HLRE study, revealed
that the HLRE mechanlsm is more favorable than the HAA
pathway: AG'ire — AG an = —3.5 keal/mol).’* The experl—
mental free energy of activation (cf. Figure 1), AG* apt
18 kcal/mol, and the calculated barrier for the HLRE pathway are in
good agreement,16 and we propose that aerobic oxidation of
(Sp)Pd(H)Cl proceeds via this novel HLRE mechanism.

In order to probe the generality of the HLRE pathway, we
performed analogous calculations with three other commonly
used bidentate nitrogen ligands: phenanthroline (phen), bipyridine
(bpy), and pyridine-oxazoline (py-ox). A slight difference observed
in the HLRE mechanism with these three ligands relative to (—)-
sparteine was the presence of a stepwise, rather than concerted,
ligand dissociation/deprotonation pathway. The highest barrier for
the pathway was associated with ligand dissociation.'” A comparison
between the rate-limiting transition-state energies for the HLRE and
HAA mechanisms with each of these ligands reveals that the HLRE
mechanism is always lower in energy (Figure 4), although the
dﬂerence is relatively small with the phen and bpy ligands
(AAG" ~ 1—2 keal/mol). Despite the relative small energy
differences, however, these observations reveal the potential for these
“ancillary” ligands to participate directly in reactions at the Pd center.

The mechanisms depicted in Figure 4 feature Pd—hydride
complexes with chloride as the second anionic ligand; however,
the (Sp)PdCl, catalyst system is unusual in its use of chloride.
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Figure 4. Comparison of the rate-limiting transition-state energies for
the HLRE and HAA mechanisms for O, insertion into a Pd—H bond
with four different bidentate nitrogen ligands. Full reaction coordinates
are provided in the Supporting Information.
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Figure 5. Comparison of the rate-limiting transition-state energies for
the HXRE (X = OAc) and HAA mechanisms for O, insertion into a
Pd—H bond with four different bidentate nitrogen ligands.

The vast majority of nitrogen-ligated Pd catalysts for aerobic
oxidation reactions feature carboxylates as the anionic ligands.
We have previously highlighted the ability of acetate and other
carboxylate ligands to undergo intramolecular deprotonation of
Pd—hydrides, formally H—O,CR reductive elimination from the
Pd" center.”® ¢ Calculation of the rate-limiting transition states for
this HXRE pathway for (N—N)Pd(H)OAc complexes (10")
reveals that this mecha.msm is strongly favored'® relative to the
HAA mechanism (AAG* = 8.8—11.9 keal/mol) (Figure S). This
mechanism is also significantly favored relative to the HLRE
mechanism with Pd—chloride complexes (AAG™ = 64—10.1
keal/mol). The carboxylate HXRE pathway benefits energetically
from the ability of the carboxylate ligand to retain partial bonding to
the Pd center as it participates in the deprotonation step. In contrast,
the bidentate nitrogen ligands must fully dissociate one of the
nitrogen atoms before they can interact with the hydride ligand.
These observations have clear implications for Pd-catalyzed
aerobic oxidation reactions. Pd"—hydride intermediates in
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Pd-catalyzed aerobic oxidation reactions are elusive, and
insights into their reactivity are limited by the lack of direct
investigations. Nevertheless, experimental and computational
studies of well-defined model systems suggested that nearly all
catalyst systems undergo oxidation by O, via a Pd° inter-
mediate. The (Sp)PdCl, catalyst system appeared to be the
sole exception. The present work, however, provides evidence
for a previously unrecognized mechanism in which the chelat-
ing nitrogen ligand participates in intramolecular deprotona-
tion of the hydride ligand, resulting in the formation of a Pd°
species. This mechanism exhibits many features in common
with the previously characterized HX reductive elimination
pathway. In both pathways, one portion of the ligand remains
coordinated to the Pd center while a remote site deprotonates
the Pd—H. The intramolecular nature of this process avoids the
unfavorable entropy associated with a bimolecular reaction. The
hydrogen-atom-abstraction pathway remains an intriguing
pathway for O, insertion into a Pd—H bond, but we are not aware
of any aerobic oxidation reactions in which it represents a viable
pathway for catalyst oxidation.
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