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Palladium-catalyzed reactions continue to emerge as effective Scheme 1. Two-Stage Palladium Oxidase Mechanism

methods for selective aerobic oxidation of organic molectildsese H202 L Pd(ll)
reactions often proceed by a two-stage “oxidase” mechanism 2H SubH,
(Scheme 1), and recently, a number of catalyst systems have been [LnPd"ig}

identified that undergo efficient dioxygen-coupled turnover in the \ Subex

absence of cocatalysts such as GUCThese results imply that 07 LPd0) 7 w2H

molecular oxygen reacts directly with palladium(0). We recently Ave. Pd-O Distance (A)

reported a bathocuproine-coordinated palladium(0) complex that 36 34 32 30 28 26 24 22 20 18
reacts with dioxygen to produce théperoxopalladium(ll) species, 0 15
1.23This two-electron redox process involves reaction of a closed- £ "7

shell Pd complex and triplet Oto give a closed-shell P€O,
adduct! To probe the electronic structural factors underlying this
transformation, we have used spin-unrestricted density functional
theory (DFT) to investigate reversible association of & an
ethylendiamine-coordinated palladium(0) fragment, (en)Bd,
Although palladium generally participates in two-electron redox
reactions, this study highlights the role of one-electron steps to
alleviate spin restrictions.
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n?-Peroxopalladium(ll) analoguesand4 represent models of
1 suitable for computational studies. Their relevance to experimental At large Pd-O distancesrge > 5.0 A), exchange interaction
results is supported by the use of diverse nitrogen ligands, including between the unpaired electrons in dioxygen significantly stabilizes

saturated amines, in aerobic palladium oxidation catatyBET- the triplet relative to the singlet surfacAEs 1 > 10 kcal/mol).
computed bond lengths and structural parameters3fand 46 At intermediate distances (2.3 & r < 4.0 A), however, the
closely match those of crysta!lographically characterizg@able singlet-triplet gap shrinks considerably (e.A\Es-t = 2.9 kcal/
S1). The G-O bond lengths in these complexes (14041 A) mol atr = 2.7 A). In this range, significant charge transfer occurs

are consistent with their formulation as palladium(ll) peroxides. from palladium into the singly occupied, in-planet orbital
Addition of triplet ©, to a singlet (N-N)Pd fragment to form3 (mi*) of dioxygen® The geometry and electronic structure of the
and4is computed to be exothermidE = —41.5and-38.0kcall ~  (gn)pg..0, interaction in this region corresponds to a-Peh-
mol, respectively) in the gas phase. The calculated exothermicity superoxide) adduct for both spin states. For example=a2.7 A,

Is elven hightt_er iln sbolution (O’ﬁf: AEI :'t_SfOﬁI\?r;d;SoSJ keal/ both singlet and triplet structure¥(and35) exhibit bent Pe-O—0
mol, respectively)because of the polarity of (NN)Pd!(Q,) com- geometries (130% and 130.8, respectively) and ©0O bond

plexes. Building on these thermodynamic data, we probed the tra_distances elongated by 0.1 A relative to free(Bigure 1). The @

jectory of the reaction between,@nd (en)P#to address several f i tural ch 0.8 that is distributed

questions: (1) Does approach the metal side-on or end-on? (2) ragments possess a natural charge~otu. at 1s distribute
nearly equally over the two oxygen atoms. Béthand 35 are

Is the two-electron transfer from palladium te &lepwise or con- N ) o e ; TT T
certed? (3) At what stage in the mechanism does spin-crossoverd'rad'cals with surprisingly similar electron density distributions
(Figure 2). One unpaired electron lies primarily in the superoxide

occur?
DFT(UB3LYP) computations were used to characterize the 7* Orbital oriented perpendicular to the;Rd plane £*) and is
reaction trajectory betwee@ and triplet Q. Total energies,  €qually distributed over both oxygen atoms. The second unpaired
geometries, and charge distributions along the trajectory were €lectron is mostly localized in a Pd-centerectiscombination lying
obtained from relaxed potential energy scans. This reaction is in the plane of the molecule. In keeping with these descriptions,
exothermic and encounters no barrier along the triplet surface andthe spin densities on Pd and, @agments are 0.74 and 1.12,
results in formation of a triplet diradical, Pe(»-superoxide) respectively, in the triplet state and 0.75 and 0.91 in the singlet
complex,36 (Figure 1). Triplet-to-singlet surface crossing permits state. The residual spin densities are delocalized on the en ligand.
formation of then?-peroxo complex4. Spatial separation of the unpaired spins in these adducts mitigates
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Figure 2. Evolution of the electronic structure during the oxygenation of
12 expressed in terms of generalized valence bond Lewis-like diagrams (top)
and surface plots of KohnSham orbitals bearing unpaired spin density
(bottom) that demonstrate the similarity of singlet and triplet states at the
geometry of5. The Pd-centered dark and light lobes of the Lewis
representations of and5 represent pairs of-sd hybridized orbitals with
perpendicular, in-plane directionalities.

the stabilizing exchange interaction in the triplet state and results
in similar singlet and triplet energies at these-f distances.

The global minimum on the triplet surfaci, atr = 2.34 A is
stabilized by—39.8 kcal/mol relative to the separated reactants and
features an end-on Pdsuperoxide structur¥. Spin restrictions
prohibit coupling of the unpaired spins to form a second-2d
bond. The singlet diradical, however, can form a second®d
bond by rotating ther* orbital into the coordination plane. As a
result, the singlet surface diverges sharply from that of the triplet
at Pd-O distances 0&2.3 A. The minimum energy on the singlet
surface4, is stabilized by 14 kcal/mol relative & Conversion of
6 into 4 results in the formal transfer of one more electron from
Pd into the @ fragment, which is manifested by an increase in the
computed G-O bond length (1.31 vs 1.40 A) and a decrease in
the computed ©0O stretching frequency (1165 vs 970 ¢

Conversion of6 into 4 requires intersystem crossing from the
triplet to singlet reaction surfaces. This spin crossover is most prob-
able at the minimum energy crossing point (MECF?), which
was optimized by the method of Harvey ethat an average PeO
distance of 2.26 A. The transition from triplet structutéo the
MECP is uphill by only 0.2 kcal/mol. Crossover to the singlet sur-
face is mediated by spirorbit coupling, which is generally large
at transition-metal centers. The magnitude of the -spirit coup-
ling matrix element,37|Hso|370] is estimated to be 138 crh1?
This value, combined with the 0.2 kcal/mol activation energy to
the MECP, leads to a spin crossover rate-df0*2 s-1. Spin cross-
over dynamics do not influence the overall oxygenation kinetics.
We note that separated radical pairs containing superoxide ion
undergo rapid tripletsinglet relaxation due to spirorbit coupling
within the superoxide iof However, this contribution to relaxation
of 37 is suppressed by the strong (enyP@," interaction, which
qguenches the orbital angular momentum of superoxide.

Discussions of @reactivity with closed-shell reactants frequently
consider contributions arising from the spin-forbidden nature of
reactions that generate closed-shell prodttéThe DFT results
reported here exhibit important similarities to those obtained from
a recent study of the oxygenation of deoxyhemocyanin, which
possesses a closed-shell binucledrattive site'® Concerted charge
transfer fromboth d°© Cu centers to dioxygen delocalizes spin

density onto the separated copper centers, thereby weakening the

exchange interaction and facilitating spin crossover to yield the
singlet product. In the present system, electron transfer frsimge
d° Pd® center achieves the same result by forming a triplet diradical

with one spin localized on palladium and one on. Ohese
observations contradict the suggestion that palladium-catalyzed
oxidation reactions employ transition-metal cocatalysts or benzo-
quinone to circumvent an intrinsically slow, spin-forbidden reaction
between Pd(0) and £%
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Cl,. In the calculations, solvent was incorporated using the PCM solvent

model.

The calculated ionization potential of (enfRuhd electron affinity of @

reveal that long-range electron transfer (eq 1) is highly endothermic in

the gas phaseH107 kcal/mol), but nearly thermoneutrat8.4 kcal/mol)

in CH.CI; solution. Therefore, initiation of the oxygenation reaction by

outer-sphere electron transfer frolto O, differs from the pathway

depicted in Figure 1 only by the presence of a small barrier at large Pd

O, separations.
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(en)Pd+ 0, —[en)Pd]" + O, AE=IPP"+EA®% (1)
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