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Polynuclear transition metal complexes, which are embedded in the active sites of many
metalloenzymes, are responsible for effecting a diverse array of oxidation reactions in nature. The
range of chemical transformations remains unparalleled in the laboratory. With few noteworthy
exceptions, chemists have primarily focused on mononuclear transition metal complexes in developing
homogeneous catalysis. Our group is interested in the development of carbon—heteroatom bond-forming
reactions, with a particular focus on identifying reactions that can be applied to the synthesis of complex
molecules. In this context, we have hypothesized that bimetallic redox chemistry, in which two metals
participate synergistically, may lower the activation barriers to redox transformations relevant to
catalysis. In this Account, we discuss redox chemistry of binuclear Pd complexes and examine the role
of binuclear intermediates in Pd-catalyzed oxidation reactions.

Stoichiometric organometallic studies of the oxidation of binuclear Pd" complexes to binuclear Pd™
complexes and subsequent C—X reductive elimination from the resulting binuclear Pd"' complexes
have confirmed the viability of C—X bond-forming reactions mediated by binuclear Pd™' complexes.



Metal-metal bond formation, which proceeds concurrently with oxidation of binuclear Pd!! complexes,
can lower the activation barrier for oxidation. We also discuss experimental and theoretical work that
suggests that C—X reductive elimination is also facilitated by redox cooperation of both metals during
reductive elimination. The effect of ligand modification on the structure and reactivity of binuclear Pd™
complexes will be presented in light of the impact that ligand structure can exert on the structure and
reactivity of binuclear Pd"! complexes.

Historically, oxidation reactions similar to those discussed here have been proposed to proceed via
mononuclear Pd"V intermediates, and the hypothesis of mononuclear Pd"V catalysis has guided the
successful development of many reactions. Herein we discuss differences between monometallic Pd'V
and bimetallic Pd" redox catalysis. We address whether appreciation of the relevance of bimetallic Pd'!!
redox catalysis is of academic interest exclusively, serving to provide a more nuanced description of
catalysis, or if the new insight regarding bimetallic Pd"' chemistry can be a platform to enable future
reaction development. To this end, we describe an example in which the hypothesis of bimetallic
redox chemistry guided reaction development, leading to the discovery of reactivity distinct from
monometallic catalysts.

Introduction

Polynuclear transition metal complexes, embedded in the active sites of metalloenzymes, are catalysts
for redox chemistry in Nature.! Polynuclear iron, copper, nickel, cobalt, and manganese sites comprise
many of Nature’s redox catalysts, and collectively accomplish a remarkably diverse set of redox
reactions, still unparalleled in the laboratory.'® For example, a binuclear iron site in soluble methane
monooxygenase effects the selective hydroxylation of methane to methanol, coupled to the four-electron
reduction of dioxygen.'® Nature has evolved highly efficient redox machinery based on polynuclear
active sites. With some notable exceptions, chemists have primarily focused on mononuclear catalysts
for development of homogeneous catalysis.

Our research has been motivated by the hypothesis that metal-metal (M—M) redox synergy can
provide lower energy barrier pathways for carbon—heteroatom bond-forming reactions than are
accessible with mononuclear catalysts. Cooperative redox chemistry between two metals may enable
the construction of a variety of C—X bonds under conditions that are compatible with functionalized,
complex small molecules. We have selected Pd(OAc),-catalyzed C—H functionalization chemistry
as the venue to study bimetallic redox synergy for two reasons. First, acetate-bridged binuclear Pd

complexes contain two Pd centers held in proximity by bridging acetate ligands.> We reasoned that the



proximity of the metal centers might facilitate cooperative redox chemistry. Second, Pd-catalyzed C—H
functionalization reactions have been developed in which a variety of C—X bonds are formed, many of
which have been difficult to form with other transition metal catalysts.?

In this Account, we will first address aspects of fundamental organometallic chemistry of binuclear
Pd" complexes. We will discuss the role of the binuclear palladium unit in both the oxidation to, and
reductive elimination from, binuclear Pd™' complexes. Emphasis will be given to the differences in
reactivity that are expected for binuclear Pd"' complexes as compared to mononuclear Pd'"V complexes.
Subsequently, the relevance of binuclear Pd"! complexes to catalysis will be discussed. Reactions for
which there is detailed experimental and theoretical evidence in support of binuclear intermediates in
catalysis, as well as reactions in which the potential role of binuclear intermediates is more speculative,
will be presented.

Binuclear Pd""! Chemistry
Ligand-bridged binuclear Pd" complexes are common.* Based on a simplified molecular orbital

diagram for binuclear paddlewheel complexes containing d® metals, such as 1, there is no formal M—

M bond (Scheme 1).4b> Second-order, symmetry-allowed mixing of the Pd 47-*, 5p., and 5s orbitals
can result in weak Pd—Pd bonding; Pd—Pd bond orders of approximately 0.1 have been predicted
computationally.® Binuclear Pd complexes with Pd in oxidation states higher than +II are rare.**’
Binuclear Pd" complexes were first oxidized electrochemically in 1987,8 but it was not until 1998, when
Cotton reported the isolation of tetra-bridged binuclear Pd"' complex 2, that a high-valent binuclear Pd
complex was isolated and characterized.” Contraction of the M—M distance, observed for the oxidation
of binuclear Pd"" complex 1 to binuclear Pd"' complex 2, is consistent with Pd—Pd bond formation upon

oxidation (Scheme 1).%%10

Scheme 1. Oxidation of binuclear Pd" complex 1 to binuclear Pd" complex 2 results in Pd-Pd bond

formation and is accompanied by contraction of the Pd—Pd distance.
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In 2009, we reported that acetate-bridged binuclear Pd" complex 4, the product of cyclopalladation!!
of benzo[/]quinoline (3) with Pd(OAc),, is oxidized to thermally sensitive binuclear Pd™ complex
5 with PhICl, (Scheme 2a).!? Complex 5 is diamagnetic, consistent with a spin-paired M—M bond
between two d’ P centers. Oxidation of 4 to 5 results in contraction of the Pd—Pd distance by 0.27
A, also consistent with M—M bond formation upon oxidation. Warming complex 5 results in formation
of 6 and Pd" byproducts (7) (Scheme 2b), confirming the viability of C—X reductive elimination
from binuclear Pd"" complexes. The precise structure of the Pd! complex immediately following
reductive elimination is unknown. The mixture of Pd" complexes (7), with empirical formula [Pd,(bhq)
(OAc),Cl], may result from rapid ligand rearrangement of the putative coordinatively unsaturated
binuclear Pd" complex immediately following C—Cl reductive elimination. Both experimental and
computational investigations support a reductive elimination mechanism in which the binuclear core of
5 remains intact during C—Cl reductive elimination.!?> Observation of thermally promoted C—Cl bond-
forming reductive elimination from 5 represents the first example of an established carbon—heteroatom

reductive elimination from a binuclear transition metal complex, and the first reported organometallic



transformation from P4l

Scheme 2. a. Oxidation of binuclear Pd" complex 4, formed by cyclometallation of 3 with Pd(OAc),,
with PhICI, results in the formation of thermally sensitive binuclear Pd'"! complex 5. b. Thermolysis of 5
results in 6 and 7, the products of C—Cl reductive elimination. The C—ClI reductive elimination reaction

proceeds without cleavage of the binuclear core. (bhq = benzo[/]quinolinyl).
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Metallicity of Redox Transformations

Observation of oxidation to, and reductive elimination from binuclear Pd"™ complexes provides
information regarding the number of metal centers involved in such redox transformations, but it
does not address the role of the metal centers in the redox steps. For example, while two Fe centers
are present in binuclear model systems of methane monooxygenase,!® there is currently debate
about whether one or both of the metals participate in the redox chemistry associated with substrate
oxidation.!3 Two metal centers may be present in the transition state of a redox transformation
(binuclear), but if only one metal center participates in redox chemistry, the reaction is monometallic,

not bimetallic. To address fundamental mechanism questions related to M—M redox synergy, discussion



of the number of metal centers present during a redox transformation needs to be distinguished from
discussion of the role of each metal during redox chemistry. We have found the following two-tiered
nomenclature scheme!?® to be useful in describing redox transformations:
* Nuclearity — descriptor of structure; the number of metal centers in a redox transformation.
* Metallicity — descriptor of mechanism; the number of metal centers that participate in redox
chemistry during a redox transformation.

The mechanisms of oxidation from 4 to 5 and reductive elimination from binuclear Pd™' complex 5
are not the microscopic reverse of one another. Oxidation results in formation of new metal-ligand
bonds between each of the Pd centers and the respective apical ligands. Reductive elimination results
in formation of a new C—X bond between two ligands on the same metal center. Because oxidation and
reductive elimination do not proceed through the same transition state, the factors that favor oxidation
do not necessarily disfavor reductive elimination. Below, we will discuss structural aspects of binuclear
Pd complexes which provide access to low-activation-barrier redox pathways, and we will find that both
oxidation and reductive elimination steps are facilitated by M—M redox synergy in the transition state.
Bimetallic Oxidative Addition

To evaluate whether the oxidation of binuclear Pd" complex 4 to binuclear Pd™ complex 5 is
bimetallic, we must evaluate whether oxidation occurs prior to or concurrent with Pd—Pd bond
formation. Comparison of crystallographically determined Pd—Pd bond lengths in binuclear Pd" and
binuclear Pd"" complexes cannot be used as evidence for the simultaneity of oxidation and Pd—Pd bond
formation because Pd—Pd distances in binuclear Pd complexes are ground state properties and provide
no information regarding the role of the individual Pd centers during oxidation. Electrochemical
properties of complexes 8 and 9, which differ only in the connectivity of the ligands to the metals,
suggest that Pd—Pd bond formation can stabilize high-valent binuclear Pd complexes.'* In complex 8,
all four ligands are bridging the two Pd centers, while in complex 9, two ligands are bridging and two

ligands are chelating the two Pd centers. The different metal-ligand connectivity imposes different



Pd-Pd separations: the Pd—Pd distance in 8 and 9 are 2.576(1) and 2.900(1) A, respectively. The one-
electron oxidation potential for the oxidation of 8 to 8 (the Pd"Pd" to Pd"Pd"! redox couple) is 370 mV
lower than the potential necessary for one-electron oxidation of 9, which is consistent with M—M bond

formation stabilizing the products of oxidation.

Scheme 3. The HOMO of 8, in which the Pd centers are electronically coupled, is 370 mV higher in
energy than the HOMO of 9, in which the palladium centers are not electronically coupled. Potentials

are relative to SCE in CH,Cl,.
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To probe the simultaneity of oxidation and Pd-Pd bond formation, charge transfer complex 11,
the adduct of binuclear Pd! complex 4 and electron acceptor tetracyanoethylene (10), was prepared.
Complex 11 is a transition state mimic for the oxidation of binuclear Pd"! to binuclear Pd™ and
illustrates M—M bond contraction during oxidation (Scheme 4).' Tetracyanoethylene can accept
electron density from the binuclear core of 4 without effecting formal oxidation to Pd™ and as such
allows observation of a snapshot of a structure between binuclear Pd" and binuclear Pd"!. The Pd-Pd
distance in 11 is 2.8028(5) A, a contraction of 0.04 A from complex 4, and consistent with an increase

in the Pd—Pd bond order in the reaction of 4 with 10.

Scheme 4. Pd—Pd contraction in charge transfer complex 11 as compared to binuclear Pd"! complex 4

indicates that Pd—Pd bond formation proceeds simultaneously with oxidation.
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Together, the electrochemical properties of 8 and 9 and the observed metal-metal contraction in
11 suggest that Pd—Pd bond formation stabilizes binuclear Pd(III) complexes and that Pd-Pd bond
formation can facilitate oxidation. A simple analysis of the relative energies (AH,,) of mono- versus
bimetallic oxidation reveals the potential for lower barrier bimetallic oxidation processes when the
geometrical requirements for Pd-Pd bond formation are met (Scheme 5). During monometallic
oxidation, the oxidant X—Y bond is cleaved and new Pd—X and Pd-Y bonds are formed. In a bimetallic
oxidation, the same X-Y bond is cleaved, but in addition to the new Pd—X and Pd-Y bonds, a Pd—
Pd bond is formed. While the analysis in Scheme 5 is based on thermodynamic parameters (bond
dissociation energies (BDEs)), the activation barrier for bimetallic oxidation could be lower than that
for monometallic oxidation because the nascent M—M bond in the oxidation transition state could lower
the transition state energy relative to a case in which M—M bonding is not possible (i.e. monometallic

oxidation).

Scheme 5. Bimetallic oxidation could be facilitated as compared to monometallic oxidation because
partial Pd—Pd bond formation in the oxidation transition state could lower the activation barrier for
oxidation as compared to monometallic oxidation, in which Pd-Pd bond formation is not proceeding
in the oxidation transition state. The BDEs of Pd—X and Pd-Y bonds are not necessarily the same in

mononuclear Pd"Y and binuclear Pd™ complexes.
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Bimetallic Reductive Elimination

Carbon—heteroatom reductive elimination from binuclear Pd™"' complexes could proceed via a number
of mechanisms. Experimental results are consistent with C—Cl reductive elimination from 5 proceeding
from a complex in which the binuclear core has not fragmented; for an example in which Pd-Pd
fragmentation may be relevant, see below ‘Relevance of Pd"Pd!V Intermediates.” While experimental
results can address the nuclearity of reductive elimination, no experimental observables have been
identified which are correlated with the metallicity of the reductive elimination process. We have used
computational chemistry to investigate the role of each metal during reductive elimination and have
found that monometallic pathways, proceeding through either valence-localized Pd"Pd"V or Pd'Pd™
intermediates, are not relevant to C—Cl bond formation.'?® Valence-localized structure, such as a
mixed-valence Pd'Pd"! intermediate could arise from one-centered redox chemistry in which electronic
communication through the Pd—Pd bond is slow on the time scale of reductive elimination. Both metals
are involved in redox chemistry during reductive elimination.

Computational evaluation of the mechanism of C—Cl reductive elimination from complex S revealed
that the transition state for reductive elimination is early with respect to the metal-metal bond cleavage
reaction coordinate; the calculated Pd—Pd distance for binuclear complex 5 is 2.62 A, and the Pd-Pd

distance in transition state 12 is 2.65 A, only 0.03 A longer than in complex 5 (Scheme 6).!2> Because



the Pd—Pd bond is not significantly cleaved in the transition state, the chloride ligand involved in
reductive elimination is still subject to the strong trans influence of the Pd—Pd bond. M-M bonds
typically exhibit strong trans influences,!¢ and during the reductive elimination from 5, the strong trans

influence of the Pd—Pd bond might facilitate reductive elimination.!”

Scheme 6. Computational investigation of the mechanism of C—Cl reductive elimination from 5
indicates that the Pd—Pd bond is not cleaved in the transition state. Pd—Pd distances are calculated; DFT

calculations were carried out at the MO6/LACV3P++**(2f) level.
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The contribution of each Pd center to the redox chemistry of reductive elimination was
computationally evaluated using the electron binding energy of the 4s orbitals of both Pd centers as a
proxy for oxidation state.'?*!8 During C—Cl reductive elimination from 5, the binuclear core is reduced
by two electrons. Delocalization, or sharing, of the additional electron density between two metal
centers avoids reductive elimination intermediates in which any one metal center develops significant
electronic charge. Consistent with the Pauling electroneutrality principle,!>!? the synergistic sharing of
the electronic reorganization, which accompanies reductive elimation, between the two metals should
lower the activation barrier to the redox process.

Relevance of Binuclear Pd Complexes to Catalysis



Development of general, synthetically useful Pd-catalyzed C—H functionalization reactions requires
discovery of both regioselective C—H palladation chemistry as well as development of reactions
to efficiently oxidize the resultant organopalladium intermediates. General, regioselective C-H
metallation remains a sought after challenge in synthetic chemistry.> Subsequent oxidation of the
resultant organopalladium intermediates formed by C—H metallation, must be accomplished, and might
proceed via a variety of mechanisms depending on the structure of the C—H metallation products.
Determination of the nuclearity of the organopalladium intermediates relevant to catalysis by the tools
of reaction kinetics requires knowledge of the nuclearity of the catalyst resting state as well as a reaction
in which the turnover-limiting step does not precede redox chemistry.

We have utilized Pd(OAc),-catalyzed chlorination of benzo[/]quinoline (3)%° to investigate the
mechanism of oxidation during catalysis (Scheme 7a).2! The catalyst resting state was determined to
be succinate-bridged binuclear Pd" complex 16, in which the Pd centers are held in proximity by the
bridging succinate ligands (Pd—Pd = 2.8628(4) A). In the presence of coordinating ligands, such as
excess substrate as is present during catalysis, binuclear Pd"! complexes can be in equilibrium with
mononuclear Pd complexes;?? however, binuclear resting state 16 is the only Pd complex observed

under the conditions of catalysis (Scheme 7b).

Scheme 7. a. Pd(OAc),-catalyzed chlorination of benzo[/]quinoline (3). Binuclear oxidation
intermediates have been implicated during catalysis. b. Binuclear resting state 16 is entropically favored

relative to mononuclear palladium complex 17 and is the only Pd complex observed during catalysis.
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The rate law for Pd(OAc),-catalyzed chlorination of 3 was determined to be rate = k[16][NCS]
[AcO ]. The determined rate law is consistent with acetate-assisted, bimetallic oxidation of 16 in
the turnover-limiting step. Oxidation could proceed via pre-equilibrium association of acetate to
16 followed by oxidation with NCS, or reversible oxidation of 16 with NCS followed by acetate
association. First order dependence on binuclear resting state 16 precludes the participation of
mononuclear Pd"V complexes in the rate-determining oxidation (Scheme 8a). Complex 18, the proposed
product of oxidation during catalysis, was independently prepared by oxidation of resting state 16
with acetyl hypochlorite, and was shown to be a chemically and kinetically competent intermediate for
catalysis (Scheme 8b). The combination of both in situ monitoring of the kinetic profile of turnover-
limiting oxidation as well as knowledge of the structure of the catalyst resting state has allowed

unambiguous assignment of binuclear Pd intermediates in catalysis.

Scheme 8. a. Catalysis cycle for chlorination. Binuclear Pd intermediates have been implicated
in oxidation during catalysis. Oxidation could proceed via pre-equilibrium association of acetate
to 16 followed by oxidation with NCS, or reversible oxidation of 16 with NCS followed by acetate
association. b. Proposed intermediate 18 has been prepared and shown to be chemically and kinetically

competent for catalysis.
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In 2009, Deprez and Sanford reported an investigation of oxidative Pd-catalyzed C—H arylation of 3-
methyl-2-phenylpyridine (19) and found that oxidation is the turnover-limiting step in catalysis (Scheme
9).23 Binuclear oxidation intermediates were implicated during catalysis based on a combination of
catalyst resting state structure and in situ reaction kinetics measurements. Their study represents the
only example, other than the chlorination discussed above, for which kinetic data relevant to oxidation

during oxidative C—H functionalization catalysis with Pd is currently available.

Scheme 9. Pd-catalyzed arylation of 3-methyl-2-phenylpyridine (19) proceeds with turnover-limiting
oxidation. Based on the rate law of oxidation and the structures of the catalyst and oxidation resting

states, kinetics measurements implicate binuclear oxidation intermediates.
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Proposal of Pd'Y Intermediates

Oxidation of Pd" intermediates, formed by C—H metallation during catalysis, could proceed by
various mechanisms, including direct electrophilic substitution of the Pd—C bond (A, redox neutral at
Pd),”* oxidative addition to afford a binuclear Pd"' complex followed by reductive elimination (B),
and oxidative addition to afford a mononuclear Pd"V complex followed by reductive elimination (C)
(Scheme 10). Reductive elimination from intermediate B can be bimetallic while reductive elimination

from C is necessarily monometallic.

Scheme 10. Oxidative functionalization of the C—H bond could proceed via direct electrophilic
substitution (A, redox neutral at Pd), oxidative addition to afford a binuclear Pd™ complex followed
by reductive elimination (B), or oxidative addition to afford a mononuclear Pd"V complex followed by
reductive elimination (C). Reductive elimination from B can be bimetallic while reductive elimination

from C must be monometallic.
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We believe that historically, mechanisms invoking the intermediacy of mononuclear Pd"Y complexes
have been favored and that the relevance of binuclear Pd"! intermediates in catalysis has not been
appreciated for two reasons: First, the reductive elimination chemistry of stoichiometric mononuclear
PdV complexes is well established. Since a seminal report by Canty in 1986 documented that
mononuclear Pd"Y complexes can undergo C—C bond-forming reactions,? reductive elimination of C—
0,26 C-N,?” C—Cl,27?8 and C-F bonds? from mononuclear Pd"V centers have been reported. Second,
C—H metallation, not oxidation, is typically the turnover-limiting step during catalysis.?? For reactions
in which metallation is turnover limiting, measurements of reaction kinetics obtained during catalysis
provide information regarding the metallation step. Data relevant to the redox cycle in catalysis is
frequently not available because metallation is turnover limiting.3°

Investigation of the mechanism of Pd-catalyzed aromatic C—H acetoxylation illustrates the difficulty
of using model systems to gain insight regarding intermediates in catalysis. Pd-mediated C-H
acetoxylation was first reported in 1966.3! Subsequent efforts have resulted in increasingly practical
and valuable methods for the direct conversion of C-H to C—O bonds.2%32 Since 1971, mononuclear
Pd"V intermediates have been suggested in Pd-catalyzed C-H acetoxylation.?%33 In 1996, Crabtree
proposed mononuclear Pd"V intermediates in the acetoxylation of benzene using PhI(OAc), as oxidant
(Scheme 11a).34 In 2005, Sanford suggested that Pd(OAc),-catalyzed C—H acetoxylation proceeded via
mononuclear Pd'"V complexes and suggested diaryl mononuclear Pd"V complex 24 as a functional model
of the putative Pd"V intermediates (Scheme 11b).2° In 2009, we proposed that Pd(OAc),-catalyzed
acetoxylation may proceed through binuclear Pd"! intermediates and demonstrated a synthesis cycle
based on binuclear Pd" and binuclear Pd"' complexes for the synthesis of C—OAc bonds (Scheme
11¢).35 We suggested that binuclear Pd" complex 29 may be the high-valent intermediate responsible
for C—-OAc bond formation during catalysis and we demonstrated that 29 is kinetically competent as a
catalyst. Unlike studies of chlorination and arylation, the redox cycle relevant to acetoxylation catalysis

has not been experimentally probed and as such, no information regarding the nuclearity of high-valent



intermediates in catalysis is currently available.

Scheme 11. a. Pd-catalyzed arene acetoxylation reactions have been proposed to proceed through Pd"V
intermediates. b. Mononuclear diaryl Pd"V complexes have been shown to undergo C-O reductive
elimination and have been proposed as models of high-valent intermediates in catalysis. c. Binuclear
Pd"™ complexes have been shown to undergo C—O reductive elimination and have been proposed as

models of high-valent intermediates in catalysis.
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While studies of model complexes such as 24 and 29 have shed light on the fundamental
organometallic chemistry of mononuclear Pd"Y and binuclear Pd'"' complexes, respectively, these studies
were not carried out under conditions under which catalysis proceeds and thus provide no information
regarding the redox cycle relevant to catalysis. Under conditions in which Pd-catalyzed acetoxylation

of 26 is reported to proceed, C—H metallation is the turnover-limiting step (KIE = 4.3-5.1).3%36



Measurements of reaction kinetics can only provide information about the redox cycle relevant to
catalysis when the turnover-limiting step does not precede redox chemistry. Model complexes such as
24, which has been shown to be kinetically incompetent as an intermediate in catalysis, can be excluded
as catalysis intermediates, but no evidence in favor of models such as 29, which is kinetically competent
for catalysis, can be obtained.

Relevance of Mixed Valence Pd""Pd'Y Intermediates

Stoichiometric oxidation of 4 with PhICl,, Br,, acetyl hypochlorite, and XeF, (vide infra) results
in the formation of binuclear Pd complexes. In 2010, oxidation of 4 with Togni’s “CF;*” reagent
3037 was reported to afford mononuclear Pd"V complex 32 (Scheme 12).3® Given the similarity of
the reported oxidation conditions to conditions we have previously reported to afford binuclear Pd!
complexes, we speculated that 32 may be formed by fragmentation of an initially formed binuclear
Pd"™ complex (i.e. 31).15 In principle, formation of 32 could arise by initial fragmentation of 4 to two
mononuclear Pd" complexes followed by oxidation of a mononuclear Pd" complex directly to the
observed mononuclear Pd"V complex (32), or by direct oxidation of 4 to a binuclear Pd™ complex (i.e.
31) followed by heterolytic Pd—Pd cleavage to afford a mononuclear Pd"Y complex (32) and a Pd!
complex. In 2010, Canty and Yates predicted that binuclear Pd complexes bearing apical ligands with
significantly different trans influences should resemble mixed valence Pd"Pd!V structures.’* We viewed
the observation of 32 upon oxidation of 4 as a potential venue for testing Canty’s hypothesis regarding
the valence asymmetry of binuclear complexes.

Analysis of the kinetic profile of the oxidation of 4 to 32 revealed the rate law to be rate = k [4][30]
[AcOH]."> The observed rate law is analogous to the rate law observed for the Pd-catalyzed chlorination
with NCS (Scheme 8) and suggests that binuclear complex 31 is the immediate product of oxidation
of 4 with 30. Subsequent fragmentation of 31, which resembles the structures computed by Canty
to be appropriately formulated as Pd"Pd"V mixed valence complexes, to generate mononuclear Pd'V

complex 32, confirms that the identity of the apical ligand has a dramatic effect on the electronic



structure of binuclear Pd™" complexes. While cleavage of Pt-Pt bonds in binuclear Pt'' complexes
with differentiated apical ligands has been observed,*® the formation of 32 from 31 represents the first
example of M—M bond cleavage in binuclear Pd"' complexes. We propose that a similar heterolytic Pd—
Pd cleavage may also be operative in the binuclear Pd'™! intermediates bearing apical aryl ligands, which
Sanford proposed as intermediates in C—H arylation (Scheme 9). While disproportionation of binuclear
Pd" complexes to mononuclear Pd'V and Pd", as in the disproportionative cleavage to generate 32, is
apparently operative, at this point, the nuclearity and oxidation state of the complexes responsible for
subsequent C—X bond formations are unknown. As we saw in our discussion of C—H acetoxylation
(Scheme 11), the observation or isolation of high valent Pd complexes, regardless of their oxidation
state or nuclearity, is not evidence of their relevance to C—X bond-forming reactions, and the presence
of structures such as 31 and 32 during C—X bond-forming reactions does not establish their relevance in

C—X bond formation

Scheme 12. Oxidation of binuclear Pd" complex 4 affords mononuclear Pd"V complex 32. The rate law
of formation of 32 is consistent with an initial bimetallic oxidation of 4. Subsequent heterolytic Pd—Pd

cleavage in putative oxidation intermediate 31 could afford 32.
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Outlook

Currently, two reactions have been studied in which oxidation is turnover limiting during catalysis.

Binuclear complexes have been implicated in oxidation in both reactions.?!2> Given the prevalence of



reactions in which Pd(OAc), is employed as catalyst and the propensity of acetate ligands to bridge two
Pd centers, there are potentially many more reactions in which binuclear Pd complexes are involved in
catalysis. A yet unresolved question is: Are bridging ligands required for the participation of binuclear
intermediates in oxidation during catalysis? An evaluation of related organometallic chemistry suggests
that the answer may be no: Binuclear Pt'"' complexes 33 and 34, with unsupported Pt—Pt bonds, have
been prepared by oxidation of mononuclear Pt complexes (Scheme 13a).4? Relatedly, we have found
that oxidation of binuclear Pd" complex 4 with XeF, results in the formation of long chains of binuclear
Pd"" complexes (35), which are supported by unbridged Pd—Pd bonds (Scheme 13b).#! While there is
not yet experimental evidence for unbridged binuclear intermediates in catalysis, if bimetallic oxidation,
with M—M bond formation concurrent with oxidation, has a lower barrier than monometallic oxidation,
binuclear intermediates may be present even in the absence of bridging ligands to pre-organize binuclear
complexes. The generality and limitations of binuclear redox cycles in oxidation catalysis remain to be

rigorously studied experimentally.

Scheme 13. a. Unbridged Pt—Pt bonds, formed by oxidation of mononuclear Pt complexes, have been
crystallographically characterized. b. Oxidation of 4 with XeF, affords long chains of Pd dimers (35)

with unbridged Pd—Pd bonds.
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If bimetallic redox chemistry, in which two metals cooperatively participate in redox chemistry, can
lower the redox barriers in Pd-catalysis, might similar effects be facilitating other known reactions?
Binuclear rhodium catalysts, arguably one of the most synthetically useful class of binuclear transition
metal catalysts developed by chemists, have been speculated to accomplish group transfer catalysis with
bimetallic redox chemistry.#> In the case of bimetallic Pd redox chemistry, while Pd-catalyzed C-H
functionalization reactions have been developed over the past 40 years, the participation of high-valent
binuclear intermediates was only recognized in 2009. Binuclear intermediates in Pd-catalyzed C-H
functionalization reactions were not rationally targeted, and realization of potential M—M redox synergy
has occurred subsequent to the discovery of many oxidative Pd-catalyzed transformations. In order
to develop a conceptual framework that might enable rational design of bimetallic redox reactions for
catalysis, an appreciation of the generality of bimetallic redox chemistry in catalysis is needed.

Our group has recently developed Ag-mediated fluorination and trifluoromethoxylation reactions of
metallated arenes and has discovered a Ag-catalyzed fluorination reaction of aryl stannanes (Scheme
14).% While rigorous investigation of the mechanism of these transformations has not yet been carried

out, we propose that polynuclear intermediates are involved and that bimetallic redox chemistry may



facilitate both the oxidation and subsequent C—X bond-forming steps. It has been found that two
equivalents of Ag! are required for high yields of fluorination.**® Aryl Ag! complexes are known to
form polynuclear aggregates,* and, given the expectation that Ag'! is an oxidation state too high to
access under the employed reaction conditions, we have hypothesized that a bimetallic Ag'" redox
cycle may be operative. Given the dearth of known Ag-catalyzed redox reactions, we believe that redox
catalysis with Ag offers the opportunity to discover new redox transformations, which may rely on the

cooperation of multiple metal centers.

Scheme 14. a. Ag-mediated fluorination of aryl stannanes. b. Ag-mediated trifluromethoxylation of
aryl stannanes. c. Proposed mechanism for Ag-mediated fluorination of aryl stannanes. Polynuclear
Ag-trifluoromethoxy intermediates are proposed intermediates in Ag-catalyzed trifluoromethoxylation

of aryl stannanes.
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We anticipate that future research will reveal the involvement of significantly more polynuclear
complexes in redox catalysis in an increasing number of reactions, and believe that Pd, Ag, and Cu
chemistry, as well as catalysis with first row transition metals, will be likely places for these discoveries

to be made.



Conclusion

High-valent Pd catalysis has been presumed to proceed through mononuclear Pd!V intermediates for
much of the past 40 years. During this time, Pd-catalyzed C—H functionalization has emerged as a
viable approach for the synthesis of many different C—heteroatom bonds, many of which are difficult
to form with other transition metal catalysts. It is reasonable to ask whether elucidation of bimetallic
redox chemistry has been a fruitful line of research, given the successful reaction development in
its absence, or if it is only an academic curiosity. The realization of the possibility to lower redox
barriers in catalysis by bimetallic redox chemistry can lead to the development of reactions that may
not have been realized by targeting mononuclear oxidation intermediates. Based on the hypothesis that
bimetallic redox chemistry with Pd can provide access to redox chemistry that is difficult to achieve
with mononuclear catalysts, we investigated binuclear Pd complex 1 as a catalyst for Pd-catalyzed
C-H oxidation with O,.%5 It was found that catalyst 1 is a dioxygenase-like catalyst for the alpha-
hydroxylation of carbonyl compounds (Eqn. 1). The role of the binuclear core of 1 and the mechanism

of oxygen activation are currently outstanding questions.

D
5mol% 1 : NN
Me 1atm O Me OH (\<‘/Pd/NKN>
o 2 o NN N
— NN (1)
THF, 0°C ; </N/ \:K
39 12h 40 : Y
7% 1 \)

We anticipate that future research efforts will further shed light on binuclear intermediates in catalysis,
both with Pd and other metals, and also that other pathways, such as direct electrophilic substitution of
Pd"-C bonds and reductive elimination from mononuclear Pd"Y complexes involved in catalysis may be
discovered. It remains to be seen how new insight regarding the relevance of binuclear intermediates to

catalysis will enable progress in reaction development.



ACKNOWLEDGMENT. We thank the co-workers whose names appear in the references and the
AFOSR (FA9550-10-1-0170) and the NSF (CHE-0952753) for funding. TR is a Sloan fellow, a Lilly

Grantee, an Amgen Young Investigator, and an AstraZeneca Awardee.

AUTHOR INFORMATION.

David C. Powers was born in 1983 in Allentown, PA. He received a B.A. from Franklin and
Marshall College in 2006 where he conducted undergraduate research with Prof. Phyllis Leber. He
conducted his graduate research with Prof. Tobias Ritter at Harvard University and plans to pursue

postdoctoral studies with Prof. Daniel Nocera at MIT.

Tobias Ritter was born in 1975 in Liibeck, Germany. He received his undergraduate education
in Braunschweig (Germany), Bordeaux (France), Lausanne (Switzerland), and Stanford (USA), and
received a Master of Science from Braunschweig University in 1999. He conducted undergraduate
research with Prof. Barry M. Trost at Stanford, obtained his Ph.D. with Prof. Erick M. Carreira at ETH
Zurich in 2004, and was a postdoctoral fellow with Prof. Robert H. Grubbs at Caltech. In 2006, he was
appointed as Assistant Professor in the Department of Chemistry and Chemical Biology at Harvard and

promoted to Associate Professor in 2010.

REFERENCES

1. (a) Vigato, P. A.; Tamburini, S.; Fenton, D. E. The Activation of Small Molecules by Dinuclear Complexes of Copper
and Other Metals. Coord. Chem. Rev. 1990, 106, 25-170. (b) Lippard, S. J.; Berg, J. M. Principles of Bioinorganic
Chemistry; University Science Books: Mill Valley, California, 1994. (c) van den Beuken, E. K.; Feringa, B. L.
Bimetallic Catalysis by Late Transition Metal Complexes. Tetrahedron 1998, 54, 12985-13011.

2. Gutierrez, M. A.; Newkome, G. R.; Selbin, J. Cyclometallation. Palladium 2-Arylpyridine Complexes. J. Organomet.
Chem. 1980, 202, 341-350.

3. Lyons, T. W.; Sanford, M. S. Palladium-Catalyzed Ligand-Directed C—H Functionalization Reactions. Chem. Rev.
2010, /70, 1147-1169.

4. (a) Umakoshi, K.; Sasaki, Y. Quadruply Bridged Dinuclear Complexes of Platinum, Palladium, and Nickel. 4dv.
Inorg. Chem. 1993, 40, 187-239. (b) Cotton, F. A.; Murillo, C. A.; Walton, R. A.; Eds. Multiple Bonds Between Metal
Atoms; Third ed. Springer Science and Business Media, Inc.: New York, 2005.

5. Cotton, F. A.; Matusz, M.; Poli, R.; Feng, X. Dinuclear Formamidinato Complexes of Nickel and Palladium. J. Am.
Chem. Soc. 1988, 110, 1144-1154.

6. (a) Yip, H.-K.; Lai, T.-F.; Che, C.-M. Metal-Metal Interaction in a Binuclear Palladium(II) System. The (dg+ - po)
Transition and the X-Ray Crystal Structure of [Pd,(dppm),(CN),] [dppm = bis(diphenylphosphino)methane]. J. Chem.
Soc., Dalton Trans. 1991, 1639-1641. (b) Xia, B.-H.; Che, C.-M.; Zhou, Z.-Y. The Quest for Pd"Pd" Interactions:
Structural and Spectroscopic Studies and Ab Initio Calculations on Dinuclear [Pdy(CN)4(M-diphosphane),]



10.

11.

12.

13.

14.

15.
16.

17.

18.

19.
20.
21.
22.

23.

24.

Complexes. Chem. Eur. J. 2003, 9, 3055-3064. (¢) Pan, Q.-]J.; Zhang, H.-X.; Zhou, X.; Fu, H.-G.; Yu, H.-T. Electronic
Structures and Spectroscopic Properties of Mono- and Binuclear d® Complexes: A Theoretical Exploration on
Promising Phosphorescent Materials. J. Phys. Chem. A 2007, 111, 287-294. (d) Bercaw, J. E.; Durrell, A. C.; Gray, H.
B.; Green, J. C.; Hazari, N.; Labinger, J. A.; Winkler, J. R. Electronic Structures of Pd" Dimers. Inorg. Chem. 2010,
49, 1801-1810.

Powers, D. C.; Ritter, T. Pd(III) in Synthesis and Catalysis. Top. Organomet. Chem. 2011, 35, 129-156.

Cotton, F. A.; Matusz, M.; Poli, R. Synthesis, Molecular Structure, and Physicochemical Properties of M,(form), (M
= Ni, Pd; form = N,N’-Di-p-tolylformamidinato). Attempts to Generate a Palladium(III) Dimer. Inorg. Chem. 1987,
26, 1472-1474.

(a) Cotton, F. A.; Gu, J.; Murillo, C. A.; Timmons, D. J. The First Dinuclear Complex of Palladium(IIl). J. Am. Chem.
Soc. 1998, 120, 13280-13281. (b) One previous dinuclear Pd(III) complex has been disclosed in reference 4a, but
experimental details and characterization data for the compound have not yet been reported.

(a) Cotton, F. A.; Koshevoy, 1. O.; Lahuerta, P.; Murillo, C. A.; Sanat, M.; Ubeda, M. A.; Zhao, Q. High Yield
Syntheses of Stable, Singly Bonded Pd,%" Compounds. J. Am. Chem. Soc. 2006, 128, 13674-13675. (b) Penno, D.;
Lillo, V.; Koshevoy, I. O.; Sanat, M.; Ubeda, M. A.; Lahuerta, P.; Fernandez, E. Multifaceted Palladium Catalysts
Towards the Tandem Diboration-Arylation Reactions of Alkenes. Chem. Eur. J. 2008, 14, 10648-10655. (c) Penno,
D.; Estevan, F.; Fernandez, E.; Hirva, P.; Lahuerta, P.; Sanai, M.; Ubeda, M. A. Dinuclear Ortho-Metalated
Palladium(IT) Compounds with N,N- and N,O-Donor Bridging Ligands. Synthesis of New Palladium(III) Complexes.
Organometallics 2011, 30, 2083-2094.

Cope, A. C.; Siekman, R. W. Formation of Covalent Bonds from Platinum or Palladium to Carbon by Direct
Substitution. J. Am. Chem. Soc. 1965, 87, 3272-3273.

(a) Powers, D. C.; Ritter, T. Bimetallic Pd(IIl) Complexes in Palladium-Catalysed Carbon-Heteroatom Bond
Formation. Nat. Chem. 2009, 1, 302-309. (b) Powers, D. C.; Benitez, D.; Tkatchouk, E.; Goddard, W. A., III; Ritter,
T. Bimetallic Reductive Elimination from Dinuclear Pd(IIT) Complexes. J. Am. Chem. Soc. 2010, 132, 14092-14103.
(a) Rowe, G. T.; Rybak-Akimova, E. V.; Caradonna, J. P. Unraveling the Reactive Species of a Functional Non-Heme
Iron Monooxygenase Model Using Stopped-Flow UV-Vis Spectroscopy. Inorg. Chem. 2007, 46, 10594-10606. (b)
Tinberg, C. E.; Lippard, S. J. Dioxygen Activation in Soluble Methane Monooxygenase. Acc. Chem. Res. 2011, 44,
280-288.

Yao, C.-L.; He, L.-P.; Korp, J. D.; Bear, J. L. Dipalladium Complexes with N, N'-Diphenylbenzamidine Bridging and
Chelating Ligands. Synthesis and Structural and Electrochemical Studies. Inorg. Chem. 1988, 27, 4389-4395.

Powers, D. C.; Ritter, T. unpublsihed results.

(a) Hollis, L. S.; Roberts, M. M.; Lippard, S. J. Synthesis and Structures of Platinum(IIl) Complexes of a-Pyridone,
[X(NH;3),Pt(CsH4NO),Pt(NH3),X](NO3),-nH,O (X~ = CI, NO,~, Br). Inorg. Chem. 1983, 22, 3637-3644. (b)
Alexander, K. A.; Bryan, S. A.; Fronczek, F. R.; Fultz, W. C.; Rheingold, A. L.; Roundhill, D. M.; Stein, P.; Watkins,
S. F. Crystal and Molecular Structures of Dihalotetrakis(pyrophosphito)diplatinum(IlI) Complexes - Integrative Use
of Structural and Vibrational Data to Assess Intermetallic Bonding and the Trans Influence of the Pt(IIT)-Pt(IIT) Bond.
Inorg. Chem. 1985, 24, 2803-2808. (c) Che, C.-M.; Lee, W.-M.; Mak, T. C. W.; Gray, H. B. Axial-Ligand and Metal-
Metal Trans Influences in Binuclear Platinum(III) Complexes. Crystal Structures and Spectroscopic Properties of
K4[Pt2(P,05H,)4(SCN),]-2H,0, K4[Ptr(P,05H5)4(NO,),].2KNO,-2H,0, and K4[Pty(P,0sH,)4(C3H3N,),]-7TH,0. J. Am.
Chem. Soc. 1986, 108, 4446-4451.

Yamashita, M.; Vicario, J. V. C.; Hartwig, J. F. Trans Influence on the Rate of Reductive Elimination. Reductive
Elimination of Amines from Isomeric Arylpalladium Amides with Unsymmetrical Coordination Spheres. J. Am.
Chem. Soc. 2003, 125, 16347-16360.

(a) Leigh, G. J. On the Relationship of Binding Energies and Formal Oxidation States. Inorg. Chim. Acta 1975, 14,
L35-L36. (b) Chatt, J.; Elson, C. M.; Hooper, N. E.; Leigh, G. J. On the Charge Distribution in Complexes. J. Chem.
Soc., Dalton Trans. 1975, 2392-2401.

Pauling, L. The Nature of the Chemical Bond; Third Ed. Cornell University Press: Ithaca, New York, 1960.

Dick, A. R.; Hull, K. L.; Sanford, M. S. A Highly Selective Catalytic Method for the Oxidative Functionalization of
C—H Bonds. J. Am. Chem. Soc. 2004, 126, 2300-2301.

Powers, D. C.; Xiao, D. Y.; Geibel, M. A. L.; Ritter, T. On the Mechanism of Palladium-Catalyzed Aromatic C-H
Oxidation. J. Am. Chem. Soc. 2010, 132, 14530-14536.

Ryabov, A. D. Thermodynamics, Kinetics, and Mechanism of Exchange of Cyclopalladated Ligands. Inorg. Chem.
1987, 26, 1252-1260.

Deprez, N. R.; Sanford, M. S. Synthetic and Mechanistic Studies of Pd-Catalyzed C-H Arylation with
Diaryliodonium Salts: Evidence for a Bimetallic High Oxidation State Pd Intermediate. J. Am. Chem. Soc. 2009, 131,
11234-11241.

(a) Alibrandi, G.; Minniti, D.; Romeo, R.; Uguagliati, P.; Calligaro, L.; Belluco, U. Mechanism of Electrophilic
Cleavage of the Pt—C Bond in trans-[PtX(CH,CMe;)(PEt;),] by HX (X = Cl, Br). Inorg. Chim. Acta 1986, 112, L15-
L16. (b) Kalberer, E. W.; Houlis, J. F.; Roddick, D. M. Protolytic Stability of (dfepe)Pt(Ph)O,CCF;: Supporting
Evidence for a Concerted Sg2 protonolysis mechanism. Organometallics 2004, 23, 4112-4115.



25.

26.

27.

28.

29.

30.
31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

(a) Byers, P. K.; Canty, A. J.; Skelton, B. W.; White, A. H. The Oxidative Addition of lodomethane to [PdMe,(bpy)]
and the X-Ray Structure of the Organopalladium(IV) Product fac-[PdMe;(bpy)I] (bpy = 2,2 bipyridyl). J. Chem. Soc.,
Chem. Commun. 1986, 1722-1724. (b) Canty, A. J. Organopalladium and Platinum Chemistry in Oxidising Milieu as
Models for Organic Synthesis Involving the Higher Oxidation States of Palladium. Dalton Trans. 2009, 10409-10417.
(a) Dick, A. R.; Kampf, J. W.; Sanford, M. S. Unusually Stable Palladium(IV) Complexes: Detailed Mechanistic
Investigation of C—O Bond-Forming Reductive Elimination. J. Am. Chem. Soc. 2005, 127, 12790-12791. (b)
Racowski, J. M.; Dick, A. R.; Sanford, M. S. Detailed Study of C-O and C—C Bond-Forming Reductive Elimination
from Stable C,N,O,-Ligated Palladium(IV) Complexes. J. Am. Chem. Soc. 2009, 131, 10974-10983.

Whitfield, S. R.; Sanford, M. S. Reactivity of Pd(II) Complexes with Electrophilic Chlorinating Reagents: Isolation of
Pd(IV) Products and Observation of C—C1 Bond-Forming Reductive Elimination. J. Am. Chem. Soc. 2007, 129, 15142-
15143.

Oloo, W.; Zavalij, P. Y.; Zhang, J.; Khaskin, E.; Vedernikov, A. N. Preparation and C—X Reductive Elimination
Reactivity of Monoaryl Pd™V-X Complexes in Water (X = OH, OH,, Cl, Br). J. Am. Chem. Soc. 2010, 132, 14400-
14402.

(a) Furuya, T.; Ritter, T. Carbon—Fluorine Reductive Elimination from a High-Valent Palladium Fluoride. J. Am.
Chem. Soc. 2008, 130, 10060-10061. (b) Furuya, T.; Benitez, D.; Tkatchouk, E.; Strom, A. E.; Tang, P.; Goddard, W.
A., III; Ritter, T. Mechanism of C—F Reductive Elimination from Palladium(IV) Fluorides. J. Am. Chem. Soc. 2010,
132,3793-3807.

Xu, L.-M.; Li, B.-J.; Yang, Z.; Shi, Z.-J. Organopalladium(IV) Chemistry. Chem. Soc. Rev. 2010, 712-733.

Davidson, J. M.; Triggs, C. Reactions of Palladium Complexes with Benzene and Toluene. Chem. Ind. 1966, 457.

(a) Tisue, T.; Downs, W. J. Palladium(II)-Catalysed Nitration of Benzene. J. Chem. Soc. D 1969, 410. (b) Henry, P.
M. Palladium Catalyzed Oxidation of Hydrocarbons, Vol. 2. D. Reidel Publishing Company: Boston, 1980. (c)
Kalyani, D.; Sanford, M. S. Regioselectivity in Palladium-Catalyzed C—-H Activation/Oxygenation Reactions. Org.
Lett. 2005, 7, 4149-4152. (d) Giri, R.; Liang, J.; Lei, J.-G.; Li, J.-J.; Wang, D.-H.; Chen, X.; Naggar, 1. C.; Guo, C.;
Foxman, B. M.; Yu, J.-Q. Pd-Catalyzed Stereoselective Oxidation of Methyl Groups by Inexpensive Oxidants under
Mild Conditions: A Dual Role for Carboxylic Anhydrides in Catalytic C—H Bond Oxidation. Angew. Chem. Int. Ed.
2005, 44, 7420-7424. (e) Desai, L. V.; Stowers, K. J.; Sanford, M. S. Insights into Directing Group Ability in
Palladium-Catalyzed C—H Bond Functionalization. J. Am. Chem. Soc. 2008, 130, 13285-13293.

(a) Henry, P. M. Palladium(II)-Catalyzed Aromatic Substitution. J. Org. Chem. 1971, 36, 1886-1890. (b) Stock, L.
M.; Tse, K.; Vorvick, L. J.; Walstrum, S. A. Palladium(II) Acetate Catalyzed Aromatic Substitution Reaction. J. Org.
Chem. 1981, 46, 1757-1759.

Yoneyama, T.; Crabtree, R. H. Pd(Il) Catalyzed Acetoxylation of Arenes with lodosyl Acetate. J. Mol. Cat. A: Chem.
1996, /08, 35-40.

Powers, D. C.; Geibel, M. A. L.; Klein, J. E. M. N,; Ritter, T. Bimetallic Palladium Catalysis: Direct Observation of
Pd(IIT)-Pd(IIT) Intermediates. J. Am. Chem. Soc. 2009, 131, 17050-17051.

Stowers, K. J.; Sanford, M. S. Mechanistic Comparison between Pd-Catalyzed Ligand-Directed C—H Chlorination and
C—H Acetoxylation. Org. Lett. 2009, 11, 4584-4587.

Eisenberger, P.; Gishig, S.; Togni, A. Novel 10-I-3 Hypervalent Iodine-Based Compounds for Electrophilic
Trifluoromethylation. Chem. Eur. J. 2006, 12, 2579-2586.

Ye, Y.; Ball, N. D.; Kampf, J. W.; Sanford, M. S. Oxidation of a Cyclometalated Pd(II) Dimer with "CF3*":
Formation and Reactivity of a Catalytically Competent Monomeric Pd(IV) Aquo Complex. J. Am. Chem. Soc. 2010,
132, 14682-14687.

(a) Ariafard, A.; Hyland, C. J. T.; Canty, A. J.; Sharma, M.; Brookes, N. J.; Yates, B. F. Ligand Effects in Bimetallic
High Oxidation State Palladium Systems. /norg. Chem. 2010, 49, 11249-11253. (b) Ariafard, A.; Hyland, C. J. T;
Canty, A. J.; Sharma, M.; Yates, B. F. Theoretical Investigation into the Mechanism of Reductive Elimination from
Bimetallic Palladium Complexes. Inorg. Chem. 2011, 50, 6449-6457.

(a) Bandoli, G.; Caputo, P. A.; Intini, F. P.; Sivo, M. F.; Natile, G. Synthesis and X-Ray Structural Characterization of
Two Unbridged Diplatinum(III) Compounds: cis- and trans-Bis[bis(1-imino-1-methoxyethane)trichloroplatinum(III)].
Transient Species in the Oxidation of Platinum(Il) to Platinum(IV). J. Am. Chem. Soc. 1997, 119, 10370-10376. (b)
Bonnington, K. J.; Jennings, M. C.; Puddephatt, R. J. Oxidative Addition of S—S Bonds to Dimethylplatinum(II)
Complexes: Evidence for a Binuclear Mechanism. Organometallics 2008, 27, 6521-6530. (¢) Canty, A. J.; Gardiner,
M. G.; Jones, R. C.; Rodemann, T.; Sharma, M. Binuclear Intermediates in Oxidation Reactions: [(Me;SiC=C)
Me,(bipy)Pt-PtMe,(bipy)]* in the Oxidation of (Pt"™e,)(bipy) (bipy = 2,2'-Bipyridine) by IPh(C=CSiMe;)(OTf) (OTf
= Triflate). J. Am. Chem. Soc. 2009, 131, 7236-7237.

Campbell, M. G.; Powers, D. C.; Raynaud, J.; Graham, M. J.; Xie, P.; Lee, E.; Ritter, T. unpublished results.

(a) Nakamura, E.; Yoshikai, N.; Yamanaka, M. Mechanism of C—H Bond Activation/C-C Bond Formation Reaction
between Diazo Compound and Alkane Catalyzed by Dirhodium Tetracarboxylate. J. Am. Chem. Soc. 2002, 124, 7181-
7192. (b) Doyle, M. P.; Duffy, R.; Ratnikov, M.; Zhou, L. Catalytic Carbene Insertion into C—H Bonds. Chem. Rev.
2010, 710, 704-724. (c) Davies, H. M. L.; Morton, D. Guiding Principles for Site Selective and Stereoselective
Intermolecular C-H Functionalization by Donor/Acceptor Rhodium Carbenes. Chem. Soc. Rev. 2011, 40, 1857-1869.
(d) Du Bois, J. Rhodium-Catalyzed C—-H Amination. An Enabling Method for Chemical Synthesis. Org. Process Res.



43.

44,

45.

Dev. 2011, 15, 758-762.

(a) Furuya, T.; Strom, A. E.; Ritter, T. Silver-Mediated Fluorination of Functionalized Aryl Stannanes. J. Am. Chem.
Soc. 2009, 131, 1662-1663. (b) Furuya, T.; Ritter, T. Fluorination of Boronic Acids Mediated by Silver(I) Triflate.
Org. Lett. 2009, 11, 2860-2863. (c) Tang, P.; Furuya, T.; Ritter, T. Silver-Catalyzed Late-Stage Fluorination. J. Am.
Chem. Soc. 2010, 132, 12150-12154. (d) Huang, C.; Liang, T.; Harada, S.; Lee, E.; Ritter, T. Silver-Mediated
Trifluoromethoxylation of Aryl Stannanes and Aryl Boronic Acids. J. Am. Chem. Soc. 2011, 133, 13308-13310.
Meyer, E. M.; Gamborotta, S.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. Polynuclear Aryl Derivatives of Group 11
Metals: Synthesis, Solid State—Solution Structural Relationship, and Reactivity with Phosphines. Organometallics
1989, 8, 1067-1079.

Chuang, G. J.; Wang, W.; Lee, E.; Ritter, T. A Dinuclear Palladium Catalyst for a-Hydroxylation of Carbonyls with
0,. J. Am. Chem. Soc. 2011, 133, 1760-1762.



