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Abstract: Palladium(II)-catalyzed oxidation reactions represent an important class of methods for
selective modification and functionalization of organic molecules. This field has benefitted greatly
from the discovery of ancillary ligands that expand the scope, reactivity, and selectivity in these
reactions; however, ancillary ligands also commonly poison these reactions. The different
influences of ligands in these reactions remain poorly understood. For example, over the 60-year
history of this field, the Pd" redox potentials for catalytically relevant Pd complexes have never
been determined. Here, we report the unexpected discovery of (L)Pd"(OAc),-mediated oxidation
hydroquinones, the microscopic reverse of quinone-mediated oxidation of Pd° commonly
employed in Pd!-catalyzed oxidation reactions. Analysis of redox equilibria arising from the
reaction of (L)Pd(OAc) and hydroquinones (L = bathocuproine, 4,5-diazafluoren-9-one),
generating reduced (L)Pd species and benzoquinones, provides the basis for determination of
(L)Pd"(OAc), reduction potentials. Experimental results are complemented by density functional

theory calculations to show how a series of nitrogen-based ligands modulate the (L)Pd"(OAc),



reduction potential, thereby tuning the ability of Pd" to serve as an effective oxidant of organic

molecules in catalytic reactions.

Introduction

The field of homogeneous palladium catalyzed reactions for organic synthesis originated in
1959 with the discovery of the Wacker process, which features palladium(II)-catalyzed oxidative
coupling of ethylene and water to generate acetaldehyde.! Subsequent research efforts led to the
discovery of numerous other oxidation reactions, including Wacker-type oxidative coupling of
alkenes with diverse heteroatom and carbon-based nucleophiles;?~> oxidative 1,4-difunctional-
ization of conjugated dienes;® aromatic and allylic C—H oxidation reactions, including oxidative
biaryl coupling,’-® Fujiwara-Moritani coupling of arenes and alkenes,’-!* and allylic acetoxyl-
ation.!! These reactions typically employed palladium(II) catalysts with a stoichiometric oxidant
to support reoxidation of Pd® to Pd", enabling catalytic turnover. The original Wacker process and
various other reactions proved compatible with O, as the oxidant, but 1,4-benzoquinone (BQ)
emerged as one of the most widely used oxidants, including as a stoichiometric oxidant and as a

redox-active co-catalyst (Scheme 1).!12717

Scheme 1. Role of Benzoquinone as a (Co-)Oxidant in Palladium-Catalyzed Oxidation Reactions
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Catalysts used during the first several decades of this field primarily consisted of palladium(II)
salts dissolved in polar solvents, but more recent efforts have emphasized ligand-supported
catalysts. Oxidatively stable nitrogen donors, such as pyridine and phenanthroline, are among the
most common class of ancillary ligands, but other examples include tertiary amines, sulfoxides,
and N-heterocyclic carbenes. Ancillary ligands can impart multiple benefits to these reactions,
including (1) facilitating catalyst turnover with Oz rather than other stoichiometric oxidants, often
without the need for redox co-catalysts; (2) enhancing catalyst stability by inhibiting
decomposition of Pd’ into inactive nanoparticles or heterogeneous Pd; and (3) modulating chemo-,
regio-, and stereoselectivity in synthetic oxidation reactions of alcohols, alkenes, C—H bonds, and
other functional groups.'®

Ancillary ligands play a crucial role in many homogeneous catalytic reactions; however, their
use in Pd-catalyzed homogeneous oxidation reactions is somewhat paradoxical. Pd" is the primary
oxidant of the organic substrate, and coordination of electron-donating ligands to Pd" is expected
to make Pd" a weaker oxidant. This consideration could explain why "ligand-free" catalyst systems
dominated much of the early literature and synthetic applications within the field. Even in recent
studies, ancillary donor ligands are commonly found to inhibit catalyst turnover.!*2 Yet, direct
insights into the influence of ligands on Pd™° redox potentials are almost entirely lacking, and
ligand selection is largely guided by intuitive concepts and empirical screening. Catalytically
relevant Pd" complexes, such as (L)PdX: species (L = bidentate ancillary donor ligand or two
monodentate ligands; X = OAc, Cl, or other anionic ligand), exhibit complex electrochemical
behavior that complicates acquisition of such insights.?*~27 Cyclic voltammetry studies yield

irreversible waves arising from the different coordination environments of the corresponding Pd"



and Pd’ species and/or from the formation of metastable species via one-electron redox steps and,
therefore, the data do not provide reliable thermodynamic information.

Here, we present the first analysis of ligand effects on Pd™"° redox potentials for (L)Pd(OAc).
complexes, using prototypical nitrogen-donor ligands commonly employed in Pd-catalyzed
oxidation reactions. These ligands include pyridine (py), 2,2'-bipyridine (bpy), 1,10-
phenanthroline (phen), bathophenanthroline (bphen; 4,7-diphenyl-1,10-phenantholine), 6,6'-
dimethyl-2,2'-bipyridine (dmbpy), 2,9-dimethyl-1,10-phenantholine (dmphen), bathocuproine
(bc; 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline), and 4,5-diazafluoren-9-one (DAF) (Figure
1). This study originates from an unexpected observation that certain ligated Pd(OAc) complexes
oxidize 1,4-hydroquinone (H2BQ) to BQ, reversing the redox reaction featured in BQ-promoted
Pd-catalyzed oxidation reactions (cf. Scheme 1). This reactivity provides the basis for
unprecedented redox equilibria between palladium complexes and benzoquinone derivatives.
Experimental and computational analysis of these reactions shows how the ancillary ligand
structure modulates Pd" redox potentials, sometimes in non-intuitive ways, and enables

construction of a redox potential scale for the different (L)Pd(OAc)> complexes.
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Figure 1. Representative ancillary nitrogen-based ligands encountered in Pd-catalyzed oxidation
reactions and considered in the present study.



Results

Background context and discovery of (L)Pd(OAc):-mediated oxidation of hydroquinone.
In a 2010 study of Pd(OAc),-catalyzed allylic acetoxylation, we noted that DAF enabled good
reactivity with O as the sole oxidant,? while little or no catalytic turnover was observed with
other ancillary nitrogen ligands (e.g., Figure 1). Beneficial effects of DAF have been noted in other

Pd-catalyzed oxidation reactions,??30-40

and mechanistic studies highlight important ways in
which DAF facilitates catalytic turnover, including its kinetic lability and access to multiple
coordination modes.?*?%41-42 In other reactions, ligands with methyl groups adjacent to the
coordinating nitrogen atoms, including dmbpy, dmphen, and bc, have been shown to be effective.
Mechanistic studies show that these ligands disfavor formation of inactive binuclear complexes**~
46 and undergo facile K2 ! interconversion to open coordination sites at the Pd" center.?* A factor
not considered or investigated in these studies is the influence of the ancillary ligand on the Pd"?
redox potential. Ligands that raise the reduction potential of Pd" will increase the thermodynamic
driving force for the substrate oxidation half-reaction and facilitate catalytic turnover (steps
associated with substrate oxidation by Pd" are often turnover limiting).!®

An opportunity to probe the influence of ligands on the Pd™® redox potential arose
unexpectedly from recent observations made while expanding on the synthetic utility of
DAF/Pd(OAc),-catalyzed allylic oxidations.*” We noted that benzoquinones could enhance the
catalytic performance of DAF/Pd(OAc),, even in the absence of other redox active co-catalysts
(cf. Scheme 1). This result suggested possible synergistic redox reactivity between Pd"! and BQ,
including Pd"-mediated oxidation of hydroquinone.*3->2 This possibility was not explored at the
time, but provides the basis for the present investigation. A hydroquinone derivative, 2-fert-butyl-

1,4-hydroquinone (‘BuH>BQ), was combined with DAF and Pd(OAc); in dioxane:AcOH (3:1



vol:vol) under conditions resembling those used in the original study of DAF/Pd(OAc);-catalyzed
allylic oxidation. The initial yellow-orange solution changed to deep-red upon standing at room
temperature for several hours, and 'H NMR analysis of the final products revealed the previously
characterized Pd' dimer, [Pd'(u-DAF)(OAc)]»,*>* and 2-tert-butyl-1,4-benzoquinone (‘BuBQ).
The ‘BuBQ was obtained in 77% yield, when accounting for Pd as a one-electron oxidant (eq 1;

see Supporting Information for details).
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This result prompted us to test whether other ancillary ligands support the Pd"-mediated
oxidation of ‘BuH»,BQ. Two different solvent systems, dioxane:acetic acid-ds (3:1) and
chloroform-di/1.5 M acetic acid-ds, were used to account for differences in the solubility properties
of the different Pd/ligand combinations and the use of dioxane and chlorinated solvents in the
previous catalytic studies.?**” The reactions were conducted by adding 2 equiv of ‘BuH,BQ to
solutions of L/Pd(OAc), (L:Pd = 1:1 for bidentate ligands and 2:1 for pyridine) in the two solvent
systems. The solutions were analyzed by 'H NMR spectroscopy after 24 h at ambient temperature
under N> (Figure 2A). In both solvents, very little ‘BuH2BQ conversion was observed in the
absence of ancillary ligand and with py, bpy, phen, and bphen as ligands (< 10%), together with
small amounts of Pd black. In dioxane/AcOD-ds, very low ‘BuH2BQ conversions were also
observed with dmbpy, dmphen, and bc; however, 39% ‘BuH2BQ conversion was observed with

DAF. No Pd black was observed in this reaction, and identification of [Pd'(u-DAF)(OAc)]: as the



reduced Pd product indicates that the 39% conversion corresponds to a 77% yield with respect to
Pd"™, as noted above. In CDCl3/AcOD-ds, several ligands led to productive conversion of

‘BuH>BQ: dmbpy, dmphen, bc, and DAF led to ‘BuH2BQ conversions of 41%, 36%, 16%, and
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Figure 2. (A) Ligand effects on the Pd(OAc);-mediated oxidation of ‘BuH,BQ. Conversion
determined by 'H NMR spectroscopy using methyl-3,5-dinitrobenzoate (dioxane/AcOD-d4) or
1,3,5-trimethoxybenzene (CDCl3/AcOD-ds) as an internal standard. “20 mM pyridine used. (B) X-
ray crystal structure of (bc)Pd(‘BuBQ). H-atoms and solvent molecules omitted for clarity. See
Section 9 of the Supporting Information for full details.

35%, respectively. All of these reaction solutions exhibited a color change, from yellow-orange to

deep red. The red solution with DAF was attributed to the same Pd' dimer observed in



dioxane:AcOH (cf. eq 1), although significant Pd black formation was also observed. Analysis of
the products obtained from reactions with dmbpy, dmphen, and bc by 'H NMR spectroscopy
revealed four distinct resonances associated with the tert-butyl group and three ring protons for
'BuBQ, but the peaks were shifted upfield relative to free ‘BuBQ. Crystals were obtained from the
reaction of ‘BuH2BQ and (bc)Pd(OAc)., and X-ray diffraction analysis revealed the identity of
(be)Pd(7”-‘BuBQ) as the product of the reaction (Figure 2B).>4>8 Similar species were evident in
the 'H NMR spectra with the dmbpy and dmphen ligands, but the products were less stable and
led to relatively rapid Pd black formation. Consequently, subsequent studies focused on the
reactions of DAF- and bce-ligated Pd complexes.

Characterization of redox equilibria between DAF/Pd(OAc); and hydroquinones. The
partial conversion observed in the reaction of ‘BuH>BQ and DAF/Pd(OAc). described above raised
the possibility that an equilibrium is established between the reagents and products. To explore
this possibility, the reaction between ‘BuH,BQ and DAF/Pd(OAc), was monitored by 'H NMR
spectroscopy. Only partial conversion to ‘BuBQ and [Pd'(u-DAF)(OAc)], (Figure 3A) was
observed, and the same product mixture was obtained when the reverse reaction was analyzed,
starting with independently prepared [Pd'(u-DAF)(OAc)], and ‘BuBQ (Figure 3B). These
observations confirm equilibration between the oxidized and reduced Pd and quinone species, and
the final concentrations indicate an equilibrium constant of 305 M for the reaction in eq 1,

according to the expression in eq 2.

[[Pd(u-DAF)(OAC)],]*['BUBQ]-[ACOH]2
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Figure 3. Approach-to-equilibrium concentration data. A: Forward Reaction: oxidation of
‘BuH>BQ by DAF/Pd(OAc): to form ‘BuBQ and [Pd!(u-DAF)(OAc)].. Reaction conditions:
[Pd(OAc):] = 13.5 mM; [DAF] = 13.5 mM; ['BuH.BQ] = 6.75 mM. B: Reverse Reaction:
oxidation of [Pd'(u-DAF)(OAc)]> by ‘BuBQ to form ‘BuH.BQ and DAF/Pd(OAc).. [Pd'(u-
DAF)(OAc)]2 = 6.75 mM; ['BuBQ] = 6.75 mM. C. Linear free energy relationship of log(Keq)
Eqmoo(dioxane/AcOH). Reaction conditions: [DAF] = 13.5 mM; [Pd(OAc):] = 13.5 mM; [H2Q]
= variable (see Supporting Information sections 3 and 4 for details).

Similar data were then obtained with a series of other hydroquinone derivatives in their
reaction with DAF/Pd(OAc): in dioxane/AcOD-d4, with the equilibrium concentrations of species
analyzed by '"H NMR spectroscopy. The equilibrium constants obtained from these experiments
follow a logical trend, with more electron-rich hydroquinones exhibiting higher equilibrium
constants: 2,6-Me2H>BQ (Keq = 7241 M), tBuH2BQ (Keq = 305 M; see above), MeH2BQ, (Keq =
90 M), H:BQ (Keq = 1 M) and CIH2BQ (Keq = 0.4 M). One-electron and 2H*/2¢™ redox potentials
for these quinones have been reported in the literature; however, the values were obtained under

different conditions.> Efforts to obtain potentials under the present reaction conditions were

complicated by irreversible cyclic voltammograms, but reliable values could be obtained by



performing open circuit potential measurements with 1:1 mixtures of the corresponding
hydroquinone/benzoquinone species. ® Reduction potentials determined by this method,
designated Eqm2q(dioxane/AcOH), are as follows: 2,6-Me:BQ: —109 mV, ‘BuBQ: —67 mV,
MeBQ: 43 mV, BQ: 4 mV, CIBQ: 36 mV, all referenced to Fc™* (see section 6 of the Supporting
Information for details). A plot of log(Keq) versus Eqgmzo(dioxane/AcOH) for the different
quinones exhibits a linear correlation with a negative slope, reflecting the larger Keq values for
quinones with lower redox potentials (Figure 3C). [Nomenclature note: The abbreviation "Q/H2Q"
is used when referring generically to (hydro)quinone species, while "BQ/H>BQ" specifically refers
to the unsubstituted 1,4-(hydro)benzoquinone derivatives. ]

Characterization of redox equilibria between (bc)Pd(OAc): and hydroquinones. The well
behaved reaction between ‘BuH.BQ and (bc)Pd(OAc), was also monitored by 'H NMR
spectroscopy, and an equilibrium mixture of (bc)Pd(OAc),, ‘BuH2BQ, and (bc)Pd(‘BuBQ) was
obtained. Analysis of the reverse reaction, starting with (bc)Pd(‘BuBQ) in the presence of AcOD-
ds cosolvent, led to the same equilibrium mixture (Figures 4A and 4B).

Similar behavior was observed when the reactions were conducted with other hydroquinones.
An exception was observed in the reaction of (bc)Pd(OAc), with 2,6-Me>H>BQ, which generated
substantial amounts of Pd black, probably reflecting the comparative instability of the Pd® complex
of the 2,6-disubstituted quinone. For the other four quinones, equilibrium constants were
determined according to the expression in eq 3, with the following values: ‘BuH>2BQ (Keq = 129
M), MeH:2BQ, (Keq = 30 M), H2BQ (Keq = 3 M) and CIH2BQ (Keq = 0.5 M).

_ [(bc)Pd(RBQ)]-[AcOH]?
d = [(bc)Pd(OAC),]-[RH,BQ]

3)

The 2H*/2e~ Q/H2Q redox potentials were re-determined in this different solvent system via

open circuit potential measurements, as described above (see section 6 in the Supporting
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Information for details). The values differ slightly (16-31 mV lower) from those measured in
dioxane: ‘BuBQ =-98 mV, MeBQ = -74 mV, BQ = -13 mV, and CIBQ = 10 mV vs. Fc"?. The
plot of log(Keq) versus Eqm2(CHCIl3/AcOH) for the different quinones again exhibits a linear
correlation with a negative slope, reflecting larger Keq values for quinones with lower redox
potentials (Figure 4C). The somewhat smaller slope of this plot, relative to that in Figure 3C, may
be rationalized by enhanced stability of the Pd® complexes with more electron-deficient quinones,

which will partially offset the more favorable oxidation of more electron-rich hydroquinones.
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Figure 4. Equilibrium reaction of (bc)Pd(OAc)/BuH,BQ and (bc)Pd(‘BuBQ). Reaction
conditions: A: Forward): [(bc)Pd(OAc).] = 10.0 mM; [‘BuH.BQ] = 10.0 mM. B: Reverse:
[(bc)Pd(‘BuBQ)] 10 mM C. Linear free energy relationship of log(Keq) and
Eom2o(CHCI3/AcOH). Reaction conditions: [(bc)Pd(OAc):] = 10.0 mM [H2Q] = variable (see
sections 3 and 4 of the Supporting Information for details).

Quantitative Analysis of Ligand Effects on Palladium(II) Reduction Potentials. These
well-behaved redox equilibria provide unique access to quantitative ligand effects on Pd"
reduction potentials. With DAF as the ancillary ligand, the Q/H2Q reduction potentials and Pd"/Pd!
redox equilibria with different (hydro)quinones may be used to create thermodynamic cycles that

allow determination the 2H'/2e” reduction potential associated with the conversion of 2
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DAF/Pd(OAc); into [Pd(u-DAF)(OAc)]> + 2 AcOH. The analysis depicted in Scheme 2A shows
a thermodynamic cycle using ‘BuH>BQ/'BuBQ as representative (hydro)quinone reagents. The
Pd" potential is obtained by adding the free energy (AG) values from the reaction of
DAF/Pd"(OAc): and ‘BuH,BQ and the ‘BuBQ/BuH,BQ reduction potential, followed by
conversion of AG into AE using the Nernst equation. Similar analysis of the reactions with all five
(hydro)quinone derivative led to an average Epdan/pa value of 12 =7 mV vs Fc*’0. We note that
the Epaanypay value could also be obtained from the linear free energy correlation in Figure 2, by
identifying the Q/H2Q potential corresponding to log(Keq) = 0. The value of Epqanpaqy = 17 mV
obtained by this approach is within experimental error of the result obtained in Scheme 2A.
Determination of the reduction potential of (bc)Pd(OAc): is a bit more complex due to
coordination of the quinone to Pd’. The lack of free quinone as a product results in an undefined
quinone/hydroquinone redox potential, however, this issue may be addressed by including an
additional quinone-exchange equilibrium at Pd° (c.f. Scheme 2Bii). The latter reaction allows a
thermodynamic cycle to be created for determination of the 2H'/2¢™ reduction potential of
(bc)Pd(OAC)2/BQ to (bc)Pd’(BQ) + 2 AcOH. To complete this analysis, equilibrium constants
were measured for the exchange of different quinones at the (bc)Pd’ fragment (see section 5 in the
Supporting Information for details).’® ¢! A representative thermodynamic cycle, using the
equilibrium exchange of BQ and ‘BuBQ at Pd° and ‘BuH.BQ/'BuBQ as a reference redox couple,
is depicted in Scheme 2B. The reaction free energies may be summed, and the resulting AG value
may then be used to obtain the Epaqnypac) value. Use of four different reference Q/H2Q potentials
and Pd’-BQ/Q exchange equilibrium constants led to an average value of Epaamypao) =—4 + 18 mV

vs Fc'",
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Scheme 2. Determination of (L)Pd(OAc): Reduction Potentials in Dioxane/AcOH (L = DAF)
and CHCl3/AcOH (L = bc)
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DFT Computational Analysis of Ligand Effects on Pd"® Reduction Potentials.
Palladium/quinone redox equilibria were not experimentally accessible for all of the ligands in
Figure 1 due to complications arising from poor solubility and/or instability of the Pd’-quinone
complexes. To address these cases, density functional theory (DFT) calculations were employed,
using experimental data for the DAF- and be-ligated Pd(OAc), complexes as benchmarks. These
calculations were conducted at the B3LYP-D3(BJ)/[6-31G(d,p) + Lanl2dz (Pd)] level of theory,
with the corresponding Hay-Wadt effective core potential for Pd. Bulk solvent effects were
incorporated at the IEF-PCM level (chloroform, € = 4.7113).527! The calculated thermodynamic
data are reported at a temperature of 298.15 K.

DFT data were used to analyze the thermodynamics for oxidation of H2BQ by the different
(L)Pd(OAc), complexes (1) for L = phen, bpy, py, dmphen, dmbpy, and DAF, leading to the
formation of (L)Pd’(BQ) complexes (2). Initial calculations probed the free energies of ligand
exchange for the reaction of different ligands with (phen)Pd(OAc). (AGy; Figure 5A-i). The
resulting values show that the different ancillary ligands can lead to substantial changes in the
relative stability the (L)Pd(OAc), complexes. Each of these complexes was then used to calculate
the reaction free energy for oxidation of H,BQ to afford (L)Pd°(BQ) and 2 equiv of AcOH (AGixn,
Figure 5A-ii). This reaction is endergonic for L = py, bpy, and phen, with calculated free energies
of the reactions of AGrn = +10.6, +6.0, and +3.9 kcal/mol, respectively. The reaction of H.BQ
with (L)Pd(OAc), complexes with L = dmbpy, dmphen and DAF are exergonic, with AGxn =
—0.7,-2.7, and —4.5 kcal/mol, respectively. We also computed the free energy for the reaction of
2 (DAF)Pd(OAc): with H>BQ to generate [Pd'(u-DAF)(OAc)]2 and free BQ. This reaction proved
to be even more exergonic than formation of the (DAF)Pd’(BQ) adduct (AG = 6.7 kcal/mol,

Figure 5A - gray reaction in energy diagram), consistent with experimentally observed formation
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A. Energy Diagram for Reaction of (L)Pd(OAc), and Hydroquinone
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Figure 5. A. Energy diagram for reaction of (L)Pd(OAc). and hydroquinone.

Energies of

(L)Pd(OAc), complexes are reported relative to (phen)Pd(OAc).. B. Scale showing calculated

reduction potentials for (L)Pd(OAc). complexes.
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of the Pd' dimer, rather than a (DAF)Pd°-BQ adduct. More broadly, these results show good
qualitative alignment with the experimental ligand effects on the reaction of Pd(OAc), with
‘BuH>,BQ CHCIl3/AcOD-ds, (cf. Figure 2) in which little or no reaction was observed with L = py,
bpy, and phen, while ‘BuH2BQ oxidation was observed with L = dmbpy, dmphen, and DAF.

Ligand-based differences in energies are more significant for the Pd"! complexes than the Pd°
complexes. This behavior is evident, for example, from the effect of adding methyl groups adjacent
to nitrogen in the bpy and phen ligands. The (L)Pd(OAc)> complexes with L = dmbpy and dmphen,
are approximately 7 kcal/mol higher in energy than the analogs with L = bpy and phen, while the
corresponding (L)Pd’(BQ) complexes for L = bpy, phen, dmbpy and dmphen span a range of
energies of only 2.4 kcal/mol, with the dmphen complex having the lowest energy. Pyridine has
intermediate stability among the different non-DAF ligands but leads to a particularly unstable
Pd’(BQ) complex.

The calculated AGrn values (see Figure 5A-i) together with the experimental 2H'/2e”
BQ/H,BQ reduction potential (—13 mV vs Fc*’?) may be used to determine reduction potentials for
each of the (L)Pd(OAc). complexes, resembling the approach illustrated in Scheme 2B. The results
reveal that the ligands lead to (L)Pd(OAc)> reduction potentials that span 375 mV (Figure 5B): L
= DAF (to form [Pd'(DAF)(u-OAc)]2): +145 mV; L = DAF (to form (DAF)Pd(BQ)): +98 mV; L
= dmphen: +59 mV; L = dmbpy: +15 mV; L = bpy: -85 mV; L = phen: —130 mV; L = py: 230
mV.

Summary and Implications of Ligand Effects on Palladium(II) Reduction Potentials. The
above data show that the ancillary ligand can significantly impact the Pd" reduction potential and
provide, for the first time, a quantitative assessment of this effect for catalytically relevant Pd

complexes. Several specific results warrant further commentary. The methyl groups of the dmbpy
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and dmphen ligands increase the Pd"! reduction potential by 100 and 189 mV, respectively, relative
to the corresponding bpy and phen complexes. This effect rationalizes the ability of dmbpy- and
dmphen-ligated Pd(OAc)> to promote more favorable oxidation of H>Q derivatives relative to the
bpy- and phen-ligated complexes (cf. Figure 2). This ligand-based increase in redox potential also
implicates a thermodynamic contribution to the success of dmbpy and dmphen ligands in Pd-

43-46 aza-Wacker,?* and oxidative Heck

catalyzed aerobic oxidations, including alcohol oxidation,
reactions.”?7* The higher energy of the dmbpy- and dmphen-ligated Pd(OAc)», relative to the bpy-
and phen-ligand complexes, arises from destabilizing steric interactions between the ligand methyl
groups and the acetate groups, which distort the coordination geometry of the planar ligand,
forcing it out of the Pd" square plane (Scheme 3). This geometrical distortion has been noted in

previously reported crystal structures of these complexes;?>’>76 however, the work here provides

the first insight into the impact of this effect on the Pd" reduction potential.

Scheme 3. Ligand-Based Structure Contributions to Modulation of Pd" Reduction Potentials

A. Steric Effects
N

§ I\I/<Pa’7 S— N(’”//
= ) (T‘OAc —=“N—P9"Ac

o = 31°/36° (dmbpy/dmphen) a = 3°1° (bpy/phen)

B. Bite-Angle Effects

o o
R o //;\:,,ﬁ\
7N 7 VA
=Nl N= *,N<L> N=
p =73° (DAF) B = 53°/56° (bpy/phen)

dy.n =3.10 A (DAF) dy = 2.66 A/2.74 A (bpy/phen)

The thermodynamic influence of DAF is even more profound and especially reflects the
destabilization of Pd", rationalized by distortion of the bite angle of DAF relative to conventional

bpy and phen ligands (Scheme 3).2%*! Insights from the present study rationalize some of the
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unusual kinetic behavior that has been observed in DAF/Pd(OAc).-catalyzed oxidation reactions.
For example, aza-Wacker and allylic oxidation exhibit a kinetic burst at the beginning of the
reaction when DAF is used as an ancillary ligand.*>>® This burst phase arises from stoichiometric
substrate oxidation by the DAF/Pd(OAc): species and generates the Pd' dimer, [Pd'(DAF)(u-
OACc)]2. This burst is followed by a slower steady-state phase of the reaction, and mechanistic data

d'" ¢cycle.*? The relative rates

indicate that the steady-state turnover features a more conventional P
of the initial burst and steady-state phases of the reaction align the different driving force provided
by the Pd" vs Pd™° redox processes, in which the stronger driving force for the Pd"! process
contributes to the more rapid rate.

More generally, the observations here illustrate how ligands may be used to modulate the Pd"
reduction potential and thereby impact the driving force for oxidation reactions mediated by
palladium(IT) (AGsuwox, Scheme 4A). The majority of Pd"-catalyzed oxidation reactions feature
turnover-limiting steps associated with the substrate oxidation half-reaction (e.g., reductive
elimination, transmetalation, S-hydride elimination).!® Ligands such as dmbpy, dmphen, and DAF
that increase the Pd" reduction potential will provide additional driving force for the net half-
reaction, likely promoting faster rates and more effective substrate oxidation. Such benefits will
ultimately reach a limit, however, controlled by the thermodynamics of the Pd oxidation half-
reaction (AGpdox, Scheme 4A). Benzoquinone has been widely used as an oxidant for this reaction,
but the present study reveals that, in some cases, the relative reduction potential of Pd! and BQ
can invert, and BQ will not have sufficient driving force for reoxidation of the Pd catalyst. Hints
of this behavior are evident in Pd-oxidation reactions that are inhibited by BQ,””’8 and certain
cases in which oxidation of the Pd catalyst is turnover-limiting.*> Such insights have direct

implications for the use of O; as an oxidant because the 2H"/2¢™ reduction potential of O, to H20O:
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is virtually identical to that of BQ to H2BQ (0.68/0.69 V vs NHE, Scheme 4B). This relationship
is evident in the nearly isoergic exchange of BQ and O; that has been observed at a be-ligated Pd
center (Scheme 4C).7-80 On the other hand, the 4H"/4ereduction of O, to water provides
additional driving force (1.23 V) relative to the 2H"/2e process (Scheme 4B). Mechanisms

capable of leveraging this O reduction pathway provide a strategy to expand the scope and utility

of Pd-catalyzed aerobic oxidation reactions. 3-8

Scheme 4. Thermodynamic Considerations for Pd''-Catalyzed Oxidation Reactions

A. Free Energies of Redox Half-Reactions

OH
L)Pd(OAc),

D

AGPdOXx AGsybox

o
(or 0y) ¢ /\ (L)PdO/ \Sub”
o

(or HyO,,

+2AcOH

B. Free Energies of Redox Half-Reactions

(L)PA(OAC), + 2 H* + 2 &~ (L)Pd° +2HX  F° = ligand dependent

BQ+2H"'+2e — H,BQ E°=0.69 V (vs NHE)
Op+2H +26" H,0, E°=0.68 V (vs NHE)
Oy +4H +4e 2 H,0 F°=1.23V (vs NHE)

C. Quinone/O, Exchange Reaction at bc-Ligated Pd Center (ref. 78)

o
. + O
o
o ﬁ
O/

Conclusions. The present study provides unique insights into the influence of ancillary ligands
on Pd" reduction potentials, arising from the unexpected discovery that certain ligands enable
equilibrium-controlled oxidation of hydroquinone derivatives. Oxidation of hydroquinone by Pd"
is opposite to the direction of reactivity usually encountered in Pd-catalyzed oxidation reactions,

where BQ is often used as a stoichiometric or co-catalytic reagent to re-oxidize the Pd catalyst. A
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noteworthy outcome of this study is the insight that coordination of electron-donating ancillary
ligands do not necessarily lower the reduction potential of Pd(OAc),. Three of the (L)Pd(OAc)>
complexes studied here (L = 2 py, bpy, and phen), in addition to Pd(OAc): itself, did not promote
oxidation of ‘BuH>BQ, while (L)Pd(OAc), complexes with four other ligands (L = dmbpy,
dmphen, be, and DAF) promoted this oxidation reaction. Experimental and computational analysis
of the ligand effects show that this series of common nitrogen-based ligands leads to 2H"/2e~
reduction potentials for (L)Pd(OAc). complexes that vary by 375 mV, with values falling both
above and below the 2H"/2e™ reduction potentials for BQ derivatives.

These results have important implications for further development of Pd-catalyzed oxidation
reactions by highlighting the thermodynamic influence of ancillary ligands on the Pd" reduction
potential. The insights point to the value of identifying new ligands that destabilize Pd" via steric
effects (as with dmbpy, dmphen, and bc) or electronic effects (as with DAF), thereby increasing
the driving force for substrate oxidation by Pd". The results of this study, however, also show that
such efforts will need to be complemented by consideration of the oxidant used in the reaction to

ensure that both substrate and Pd oxidation half-reactions are favorable and effective.
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