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Abstract

Homogeneous palladium-catalyzed oxidation reactions are a powerful way to introduce
functionality into organic molecules and streamline the synthesis of pharmaceuticals,
agrochemicals, and commodity chemicals. In recent decades, the use of ancillary ligands has
greatly improved the scope and applicability of Pd-catalyzed oxidation reactions, where they
modulate catalyst activity, selectivity, and stability. Despite extensive studies cataloguing the
mechanistic roles that ligands play, little attention has been given to how ancillary ligands
modulate thermodynamic aspects of Pd-catalyzed oxidation reactions. Herein are reported studies
of Pd-mediated oxidation reactions, with particular emphasis on how ancillary ligands modulate
the thermodynamic properties of Pd catalysts and how those properties are made manifest in Pd-
mediated oxidations.

Chapter 1 introduces some foundational concepts in aerobic oxidation catalysis,
particularly that of overpotential and its relation to how the oxidative driving force derived from
O2 can have a profound influence on chemoselectivity in aerobic oxidation reactions. Chapter 2
describes a mechanistic study of the effects of ancillary ligands on Pd'"® reduction potentials.
Chapter 3 presents comparative kinetic and thermodynamic studies of Pd-mediated hydroquinone
and alcohol oxidation reactions. Chapter 4 explores the development of a novel ligand-supported
Pd catalyst for the oxidative homocoupling of thiophenes with relevance to the synthesis of

functional materials.
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Chapter 1: The Role of Overpotential in Homogeneous

Aerobic Oxidation Catalysis

This work was prepared with Alexios G. Stamoulis.



1.1 Abstract

Oxidation reactions are an indispensable tool for synthetic chemists. However, many
oxidation reactions demand the use of harsh and hazardous stoichiometric oxidants. The catalytic
aerobic oxidation of organic molecules has the ability to streamline the synthesis of complex
molecules and obviate many of the challenges associated with using chemical oxidants in
synthesis. A key challenge in using Oz as an oxidant in the context of complex molecules is
chemoselectivity. In this work, we analyze a selection of catalytic aerobic oxidation reactions in
the context of overpotential as it relates to the oxygen reduction reaction (ORR) and the oxidation
of organic substrates. Overpotential, a concept widely employed in the field of electrocatalysis,
provides a useful framework for understanding the importance of thermodynamic considerations
in aerobic oxidations. We highlight several examples where catalysts facilitate the selective
oxidation of organic molecules using Oz as a terminal oxidant by modulating the amount of
oxidative power that is derived from O2. Catalyst systems that operate at low overpotential with
respect to ORR, and high overpotential with respect to substrate oxidation, demonstrate
promiscuous substrate oxidation by capturing a greater amount of oxidative potential from Oz,
enabling high-energy reaction pathways such as direct electron- and hydride-transfer pathways.
Other catalyst systems that operate at high overpotential with respect to ORR, and low
overpotential with respect to substrate oxidation, demonstrate greater chemoselectivity and
functional group compatibility by effectively "wasting™ some of dioxygen's oxidative potency and
operating via mechanisms that circumvent high-energy pathways in favor more inherently
selective low-energy mechanisms. We also show that switches in chemoselectivity can be achieved
by changing the overpotential at which the catalyst system operates, modulating selectivity

between products with high and low reduction potentials. Finally, we demonstrate that reductive



activation of Oz to generate high potential organic peroxides enables the synthesis of high-potential
products and obviates the need for strong stoichiometric oxidants. Analysis of catalytic aerobic
oxidation reactions through the lens of overpotential should provide a useful framework for the
design of selective aerobic oxidation reactions.

1.2 Introduction

The oxidation of organic molecules is a powerful means to introduce functionality and
streamline chemical synthesis in the commodity chemical, agrochemical, fine chemical, and
pharmaceutical industries.®* Most industrially relevant oxidation reactions involve the formal
dehydrogenation of a substrate or the formal dehydrogenative coupling between a C—H bond and
another C—H bond or heteroatom—H bond. Many oxidation reactions require use of harsh oxidants
such as ozone, peroxides, and chromium and osmium salts that pose considerable safety hazards
and/or generate (super)stoichiometric amounts of waste, including environmentally toxic heavy
metal salts. However, the widespread use of these strong oxidants belies the fact that the
thermodynamic driving forces required for the oxidation of a wide variety of substrates are small
relative to the potentials of the oxidants used (Figure 1.1).°> For example, the thermodynamic
potential for the dehydrogenation of isopropanol to acetone is 0.12 V vs SHE, while the 2 H*/2 e
reduction potential of benzoquinone (BQ) is 0.69 V vs SHE, representing an excess oxidative
driving force of >0.5 V.

Dioxygen is the ideal oxidant. It is inexpensive, readily accessible, produces only
environmentally benign byproducts (water), and is amenable to large-scale applications. Indeed, it
sees widespread use as an oxidant in commodity chemical synthesis where it is one of the only
economically viable oxidants.® Although the unmediated aerobic oxidation of organic molecules

(i.e. autoxidation) can be employed in select cases to oxidize organic molecules to value-added



products (e.g. the Cumene process), this strategy is limited to substrates that undergo site-selective
radical reactions. Therefore, the development of catalysts to impart selectivity in the aerobic
functionalization of more complex molecules, such as pharmaceuticals and agrochemicals,
represents a significant challenge. However, addressing the selectivity challenge raises a
fundamental stoichiometry problem: how can O>—a 4 H*/4 e oxidant—be used to perform the 2

H*/2 e oxidations most commonly implemented in synthetic contexts?
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Figure 1.1. (A) Common oxidants used in organic oxidation reactions and their standard reduction
potentials (vs SHE). (B) Common organic oxidation reactions and their standard reduction
potentials (vs SHE). (C) Potential scale for Oz reduction and common organic substrates.

There are two distinct 2 H*/2 e” redox couples associated with Oz reduction: Oz reduction
to H202 (0.68 V vs SHE) and H202 reduction to H20 (1.78 V vs SHE), with the net 4 H*/4 e
reduction of Oz to H20 at 1.23 V vs SHE.® In principle, the O2/H202 couple provides suitable
thermodynamic driving force for most organic oxidations (cf. Figure 1.1). But having sufficient

driving force for a reaction is a necessary but ultimately insufficient condition to promote effective



aerobic oxidation catalysis. In a typical aerobic oxidation reaction, there are two half reactions of
central importance: substrate oxidation and oxygen reduction. Successful catalysis demands that
both reactions be kinetically competent, and there are significant kinetic challenges associated with
the Oz reduction reaction (ORR). Oz reduction to H202 involves five substrates—O2, 2 H*, and 2
e—and O2 to water involves nine.b The kinetic hurdles associated with this deceptively simple
reaction are exemplified in the context of H2/O2 fuel cells: high kinetic barriers associated with the
4 H*/4 e reduction of O: at the cathode surface severely limit a fuel cell's efficiency and, therefore,
energy output.’

One metric widely used to compare the relative performance of ORR catalysts is
overpotential, defined as the difference between the thermodynamic potential of the 4 H*/4 e
02/H20 couple (1.23 V vs NHE) and the empirically observed potential at which ORR occurs
(Figure 1.2A).2 The ORR overpotential (norr) contributes to energetic losses incurred in the cell
and is directly related to the amount of energy that can be harvested relative to the theoretical
maximum of 1.23 V vs SHE for a H2/O2 fuel cell. (It should be noted that although there are kinetic
challenges associated with the Hz oxidation reaction (HOR) at the anode, these are negligible
compared to those encountered for the oxygen reduction reaction, hence the small value for E°Hor
in Figure 1.2A.) The overpotential of ORR is highly dependent on the catalyst fixed to the electrode
surface. State of the art Pt catalysts are capable of performing ORR at approximately 0.9 V vs
NHE, as defined by the onset potential for ORR, although the potential at which ORR occurs varies
based on factors such as the current density at which the ORR is performed. Because of prohibitive
costs, a tremendous amount of research has been dedicated to the development of ORR catalysts

that operate at low overpotential without the need for expensive Pt-group catalysts.®
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Figure 1.2. Comparison of (A) Pt-catalyzed H2/O fuel cell and (B) a catalyzed aerobic oxidation
reaction and the associated potentials of the corresponding catalyzed half-reactions.

The success of catalytic aerobic oxidation reactions and H2/Oz2 fuel cells hinges on effective
transfer of protons and electrons from a substrate to Oz. In fuel cells, the substrate is Hz (or other
hydrogen carriers like NHs or MeOH), while in organic oxidation reactions the substrate is a
functional group in an organic molecule. This similarity between fuel cells and catalytic aerobic
organic oxidation reactions allows for the extension of the concept of overpotential to the latter
process. In the case of catalytic aerobic oxidation reactions, there are two relevant overpotential
values that can be defined. The first is the difference in potential between the thermodynamic
potential of ORR and the thermodynamic potential of the redox active catalyst involved in ORR
(norr), and this is the same as the overpotential for ORR in a fuel cell. The second is the difference
in the thermodynamic potentials of the redox active catalyst directly involved in substrate
oxidation and the organic substrate (nsu), and this value is analogous to HOR. A large msub
indicates a large thermodynamic driving force for the oxidation of substrate by the catalyst, while

a smaller value represents a smaller driving force.



This work analyzes a selection of catalytic aerobic oxidation reactions in the context of
norr and nsub, With a particular emphasis on how these values influence chemoselectivity. It also
explores how reductive activation of Oz as a means to generate thermodynamically potent and
kinetically reactive peroxide species is an important strategy for the formation of high reduction
potential products.

1.3 Oxidation Reactions Involving Hydride Transfer

TEMPO versus Cu/TEMPO catalyzed oxidation reactions. Oxoammonium and N-oxyl
based oxidant systems see widespread use in organic synthesis for a wide variety of
transformations,'®! including alcohol*?1® and amine'’!® oxidation, oxidative cleavage of
ethers,’%20 and C-H oxidation reactions (Figure 1.3A).2%%? Though they are often employed as
stoichiometric oxidants, catalytic variants have been developed using terminal oxidants such as
NaOCl,?® oxone,?* and hypervalent iodine,”® or can be turned over electrochemically.™
Oxoammonium-mediated alcohol oxidation either proceeds via a direct bimolecular hydride
transfer from alcohol to oxoammonium (under acidic conditions) or through the intermediacy of
an alcohol/oxoammonium adduct, followed by intramolecular hydride transfer (under basic
conditions, Figure 1.3A).%3 Direct hydride transfer mechanisms to oxoammonium have likewise
been implicated in mediated electrochemical Shono-type oxidations of piperidines and related
heterocycles.?®

Tetramethylpiperidine N-oxyl (TEMPOQO) is the prototypical example of an oxoammonium
oxidant and has a standard potential of 0.95 V vs SHE for the H*/2 e reduction of TEMPO™* to
TEMPOH.?”28 The high potential values oxoammonium reagents typically display has two
important consequences on their synthetic and catalytic applications. The first is that

oxoammonium reagents have inherently small norr values, since the oxoammonium potential lies



close to the O2/H20 potential. Consequently, regeneration of TEMPO* from TEMPOH generally
requires the use of a strong chemical oxidant. At 1.23 V, the 4 H*/4 e reduction of Oz to H20 has
sufficient driving force to facilitate oxidation of TEMPOH to TEMPO®, with a norr 0f 0.28 V.
However, kinetic limitations make the direct regeneration of TEMPOH from TEMPO* with Oz
challenging. It is also worth noting that conditions that can only perform the 2 H*/2e" reduction of
02 to H202 at 0.68 V would result in a norr 0of —0.27 V, making the regeneration of TEMPO*
prohibitively uphill. While the direct aerobic regeneration of TEMPO™ is not practically feasible,
the aerobic oxidation of TEMPOH can be achieved by means of the addition of cocatalytic NOx
(Figure 1.3A), whose 2 H*/2 e standard potential is 1.05 V (NO2/NO). The reduction of Oz to H20
by cocatalytic NOx is kinetically facile and involves two high potential 1 H*/1 e steps: the 1 H*/1
e- NO2/HNO: couple is 1.06 V vs SHE and the 1 H*/1 e HNO2/NO couple is 1.04 V vs SHE.?° By
reducing Oz to water at the NO2/NO potential, an norr value of only 0.18 V is achieved. Thus,
much of the oxidative driving force of Oz needed to regenerate TEMPO* from TEMPOH is
captured, while bypassing the thermodynamically unfavorable 2 H*/2 e reduction of O2 with
TEMPOH. This strategy enables the electrochemical reduction of O2 with overpotentials as low as
300 mV in acetonitrile, rivalling the state-of-the-art ORR catalysts employed in fuel cells.?® In an
organic chemistry context, the use of NOXTEMPOT catalyst systems enabled the aerobic oxidation
of alcohols, the oxidation of primary amines to nitriles, as well as the oxidative cleavage or a-C-
H functionalization of ethers and cyclic amines (Figure 1.3A).303!

The second consequence of their high reduction potentials is that oxoammonium reagents
possess large nsub values. For instance, the nsu» Values for the oxidation of ethanol to acetaldehyde,
and isopropanol to acetone with TEMPO™* are 0.67 V and 0.83 V, respectively. These large values

have direct implications on chemoselectivity. The presence of multiple oxidatively sensitive



functional groups in a given molecule presents a challenge for selective oxidation with a reagent
that has little ability to discriminate between functional groups, due to the large driving force
available and the consequent high-energy mechanistic pathways that the large driving forces

enable, such as direct hydride- and electron-transfer mechanisms.
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Figure 1.3. (A) NOx/Oxoammonium-catalyzed organic oxidation reactions and (B) Cu/TEMPO-
catalyzed alcohol oxidation reactions.

In contrast to oxoammonium mediated oxidation reactions, Cu/nitroxyl catalyzed aerobic
oxidation reactions demonstrate exquisite selectivity for alcohol oxidation, even in the presence of
other oxidatively sensitive functional groups such as amines and activated C—H bonds (Figure
1.3B).%? Mechanistic studies of Cu/nitroxyl catalyzed alcohol oxidations implicate the formation
of a key LnCu(alkoxide)(nitroxyl) intermediate. Net hydride transfer occurs from this intermediate
via the 6-membered TS structure shown in Figure 1.3B to generate product, L.Cu', and

TEMPOH.333% Reaction of LnCu' and TEMPOH with Oz regenerates LoCu'' and TEMPO. A key
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mechanistic difference becomes apparent upon comparison of oxoammonium and Cu/nitroxyl
mediated oxidation reactions. While in oxoammonium-mediated oxidations the oxoammonium
oxidation state is requisite, CU/TEMPO catalyzed alcohol oxidations do not access TEMPO™*.
Instead, Cu'' and TEMPO—each one-electron oxidants—work cooperatively to facilitate net
hydride transfer to generate carbonyl product.

Electrochemical studies of the Cu/nitroxyl-mediated catalyst system reveals that the
substrate oxidation occurs at the Cu'"" potential, 0.5 V below the TEMPO/TEMPO®* potential.36
Since under aerobic conditions ORR occurs at Cu'"!, norr for CU/TEMPO catalyzed alcohol
oxidation is at least 0.5 V lower than norr for NOxTEMPO. The nsub value for a primary alcohol
such as ethanol is therefore no greater than 0.17 V, a considerably smaller value than msu for
TEMPO* of 0.67 V. By effectively "wasting” ~0.5 V of O2's oxidative driving force, CW/TEMPO
is a milder oxidant that, via cooperative catalysis, allows for an inner-sphere mechanism that
bypasses the high-energy intermediates involved in the direct hydride-transfer pathways operative
with TEMPO™ as the oxidant. Consequently, a substantially lower nsu is required for CW/TEMPO
relative to TEMPO?, resulting in a greater tolerance for oxidatively sensitive functional groups.

Quinone-catalyzed oxidations: DDQ versus amine oxidase mimics. The effect of norr
and nsuw on chemoselectivity is also illustrated in quinone-mediated oxidations. Like
oxoammonium and oxyl-based oxidation systems, quinone-mediated oxidations see widespread
utility in chemical synthesis.®” 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) is a prominent
example of a quinone-based oxidant. With a 2 H*/2 e standard reduction potential of 0.89 V vs
SHE it provides sufficient thermodynamic driving force to perform most commonly encountered
organic oxidation reactions, including alcohol and amine oxidations, oxidative deprotection of

alcohols, dehydrogenation of saturated heterocycles, and oxidative C—C coupling (Figure 1.4A).%7
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While DDQ has historically been used as a stoichiometric oxidant, variants using catalytic
quantities of DDQ have emerged, though catalytic regeneration of DDQ from DDQHz: is not trivial
and demands the use of high potential oxidants such as hypervalent iodine reagents and MnOz. In
analogy to oxoammonium reagents, DDQ's high potential raises challenges in the context of
selective aerobic oxidation catalysis. First, its small norr value makes aerobic regeneration
difficult. The direct aerobic regeneration of DDQ encounters the same challenges as the aerobic
regeneration of TEMPO™*: the direct aerobic oxidation of DDH2Q is challenging, in part because
of inadequate driving force of the intermediate 2 H*/2e" reduction of Oz to H202. The same strategy
used to regenerate TEMPO™ using Oz as a terminal oxidant can be employed for DDQ-catalyzed
oxidations, employing NOx cocatalysis to enable efficient aerobic regeneration of DDQ from
DDQHz2, operating at norr 0f 0.18 V.

Like oxoammonium reagents, DDQ's high potential and consequently large msu» enables
mechanistic pathways not accessible to lower potential quinones, including direct electron- and
hydride-transfer (Figure 1.4A), and introduces challenges with regards to selective oxidation in
the presence of multiple oxidatively sensitive functional groups. This is evident in the DDQ
mediated dehydrogenation of 5-bromo-1-methylindoline to the corresponding indole, in which the
presence of oxidatively sensitive additives including diphenylmethane, dihydrobenzofuran,
dihydrobenzopyran, allylic alcohols, cyclic amides, and N-boc-pyrrolidine are not well tolerated:
in addition to formation of the desired indole product, considerable consumption of the additives
is observed (Figure 1.4B).%

Lower potential quinones likewise see widespread use as oxidants in synthesis and are
often encountered as redox active cofactors in biologically mediated oxidations.®® Synthetic

derivatives, such as 4-tert-butyl-2-hydroxybenzoquinone (TBHBQ), #° (phd)ZnXz (phd = 1,10-
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phenanthroline-5,6-dione),** and [Ru(phd)s]?* have been shown to be effective catalysts for the
aerobic oxidative dehydrogenation of amines.*? [Ru(phd)s]** catalyzes aerobic dehydrogenation
of indolines using O: as a terminal oxidant and Co(salophen) as a redox cocatalyst (Figure 1.4B).%
The reaction proceeds via indoline addition to a carbonyl of the o-quinone moiety of the phd ligand
on [Ru(phd)s]?*, followed by an ene-type hydride-transfer mechanism to generate product and the
reduced quinone. Co(salophen) oxidizes the reduced phd ligand in the presence of O2 to regenerate
the catalyst. High yields of dehydrogenated products are obtained with a variety of saturated
nitrogen heterocycles under mild reaction conditions. In contrast to DDQ-mediated oxidations,

oxidatively sensitive additives do not diminish the yield and are recovered in high yield.
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Figure 1.4. (A) NOx/DDQ and (B) [Ru(phd)s]?*-based oxidation catalyst systems.

The enhanced chemoselectivity of [Ru(phd)s]?* relative to DDQ can be explained by an
evaluation of norr and nsu Values. The norr for NOx cocatalysis has already been established at

0.18 V. In the context of molecular electrocatalysts for ORR, studies of N202-ligated Co
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complexes have shown that they reduce O2 to H202 with overpotentials as lows as 90 mV,*3
indicating that norr for the Co/[Ru(phd)s]?* catalyst system is no smaller than ~0.55 V. Thus,
N2032-ligated Co complexes such as Co(salophen) reduce Oz at a much lower potential (that is,
with a larger norr) relative to NOx, reducing the amount of oxidizing power from Oz available for
substrate oxidation. While precise values for the 2 H*/2 e~ reduction potential of [Ru(phd)s]?* are
not available, the one-electron reduction potential of [Ru(phd)s]** at —-0.59 V vs Fc*° is
significantly lower than that of DDQ (1 e E12 = 0.14 V vs Fc*0), 4 a difference of 0.73 V,
indicating a substantial difference in nsub for the oxidation of a given substrate. The large nsu value
exhibited by DDQ enables high-energy reaction pathways such as direct electron- and hydride-
transfer mechanisms, resulting in promiscuous substrate oxidation. In contrast, [Ru(phd)s]?* has a
significantly smaller nsub, and only those mechanisms that proceed via lower energy pathways—
such as inner-sphere ene-type hydride—are accessible, resulting in enhanced chemoselectivity.
1.4 Tuning Overpotential for Chemoselective Pd-Catalyzed Aerobic Oxidations

Palladium catalyst facilitate a diverse array of dehydrogenation and dehydrogenative
coupling reactions. Mechanistically, they can be generically represented by two half reactions,
substrate oxidation by Pd™ and reoxidation of Pd™2* by an external oxidant such as O,
benzoquinone, and Cu'" and Ag' salts.*>*8 Pd-catalyzed oxidations typically proceed via a Pd®"
cycle, although recent methods have been developed proposing Pd'""V cycles, accessed with strong
oxidants such as peroxides, to carry out demanding oxidation reactions like dehydrogenative C-H
oxygenation and alkylation reactions not accessible via traditional PdY" catalysis.*®%* The
complementary selectivity achieved via Pd'" and Pd'""V catalyzed reaction manifolds represents a

particularly illustrative case study for how overpotential is an important consideration in the design
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of catalytic aerobic oxidation reactions, and this section will focus on demonstrating how these
redox manifolds can be manipulated in order to promote the desired reactivity.

Our group has had a long-standing interest in synthetic and mechanistic aspects of Pd-
catalyzed oxidative biaryl coupling reactions.>?> Mechanistic studies have shown that the reaction
proceeds via C—H activation of Ar-H by LnPd(OAc)2to generate LnPd(OAC)(Ar), followed by
transmetallation between two LnPd(OACc)(Ar) to form L.Pd(OAc)2 and LnPd(Ar)2. The latter
undergoes reductive elimination to form Ar—Ar, and L.Pd° is reacts with Oz in the presence of
AcOH to form H20:2 and regenerate Ln.Pd(OAc)2 (Figure 1.5B). At 0.01 V vs SHE, the oxidative
homocoupling of benzene to generate biphenyl is nearly thermoneutral, and the overall driving
force for the reaction is 1.22 V and 0.67 V with respect to the O2/H20 and O2/H20:2 couples,
respectively. Either redox couple provides substantial driving force for the reaction; however, the
reaction is mediated by a Pd-catalyst, and the feasibility is dependent on whether Pd is
thermodynamically capable of performing the oxidation. While the reduction potentials of many
ligand-supported Pd catalysts are not well-defined, we recently showed that with the appropriate
ligand, their potentials can reach as high as the BQ/H2Q potential (0.69 V vs SHE), and by
extension the O2/H202 potential (0.68 V vs SHE). However, Pd'"® redox potentials are ligand-
dependent and vary by at least ~400 mV, and they are generally expected to be lower that 0.69
V.53 Consequently, nsu for oxidative coupling of benzene is expected to be no larger than 0.67 V,
that value representing an extreme upper boundary.

While the Pd”"" manifold provides sufficient thermodynamic driving force for most organic
oxidation reactions, there are some classes of reactions that would likely be limited by Pd"
catalyst potentials, such as kinetically challenging C—-O bond formation reactions like aryl C—H

oxygenation. At 0.32 V vs SHE, the dehydrogenative coupling of water and benzene to generate
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phenol is considerably more thermodynamically demanding than benzene homocoupling, and the
most oxidizing palladium catalyst operating at the Pd®"" manifold would have nsu of ~0.38 V. In
principle, higher oxidation state catalytic manifolds such as Pd"""V provide larger nsub values that

could facilitate the kinetically challenging C—O reductive elimination step featured in the reaction.

A. Pd/NOx (high substrate overpotential) B. Pd/O, (low substrate overpotential)
Access Pd"V, C,,,-0 bond formation Access Pd”" pathway, C-C bond formation

Pd" (cat.) Pd" (cat.)

PhH + 1/2 O, + AcOH PhOAc + H,0 2 PhH + O, Ph-Ph + H,0,
PhOAc L,Pd"(OACc), PhH L,Pd"(OAc), H,0,
Nsup horr O,
’ HOAc +2 HOAc
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A _OAc 0
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PdV pglV
+ H,0 + HNO + 2 Hy,0,

Figure 1.5. (A) Pd”'" and (B) Pd""V mediated aerobic oxidation reactions.

In the context of aerobic oxidation catalysis, direct access to higher oxidation states of Pd
(Pd"" and Pd') is not achievable with O2°* and requires oxidants such as hypervalent iodine or
organic peroxides like TBHP.® This observation can be rationalized by the following

considerations. First, the two-electron oxidation of Pd" by Oz would access the O2/H202 manifold
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at 0.68 V, and this potential is likely insufficient, considering the upper limit for Pd%" potentials
approximate this value. Second, the oxidation of Pd'' by O2 involves the intermediacy of Pd'"'-O..
The initial 1 H*/1 e reduction of O2 is 0.15 V vs SHE, well below the value of the Pd”" couple,
indicating that this intermediate step is likely prohibitively uphill (Figure 1.5B).

In contrast, Pd's higher oxidation states can be accessed with NOx, which replaces the
unfavorable intermediate single-electron transfer step with O2 with more potent ones: the 1 H*/1
e NO2/HNO:2 couple is 1.06 V vs SHE and the 1 H*/1 e HNO2/NO couple is 1.04 V vs SHE. Our
lab and others have shown that introduction of NOx-generating additives to aerobic Pd-catalyzed
oxidation reactions can facilitate the formation of products not typically observed with more
traditional Pd®"" cycles.5%-62 One such example is the oxidative coupling of benzene and acetic acid
in the presence of Oz and fuming HNOs to form phenyl acetate (Figure 1.5A). The reaction is
proposed to begin with C—H activation of benzene by Pd(OAc): to generate Pd(OACc)(Ar), which
reacts with NO2 and AcOH to form Pd'V(OAc)s(Ar). Reductive elimination of acetate and aryl
ligands yields phenyl acetate and regenerates the Pd(OAc)2 catalyst. PAd(OAC)(Ar) is a common
intermediate in benzene homocoupling and benzene acetoxylation and represents a mechanistic
branching point: in the absence of NOx, it transmetallates with another equivalent of PA(OAc)(Ar)
in route to biphenyl, while its presence affords phenyl acetate. By helping capture a larger share
of the oxidative driving force from Oz (i.e. by operating with a smaller norr), NOx cocatalysis
enables access to higher Pd oxidation states, facilitating an otherwise Kinetically and
thermodynamically challenging C—O reductive elimination step, and achieving selectivity that is

complementary to the C—C coupling observed in in its absence.
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1.5 Reductive Activation of Oz: in situ Generation of Organic Peroxides

Aerobic oxidation reactions are challenging on a number of fundamental levels. There is a
simple stoichiometry problem: while most organic oxidation reactions are net 2 H*/2 e
dehydrogenations, Oz is a 4 e/4 H* oxidant, and reaction design must be considered with that
constraint in mind. Further complicating the challenge, O2 is a ground-state open-shell species and
kinetically reluctant to react directly with most closed-shell organic molecules (much to the benefit
of all living things). Finally, the potential of the initial 2 H*/2 e” reduction of Oz to H202 (0.68 V)
is significantly lower than subsequent reduction of H202 to H20 (1.78 V), so even catalyst systems
that manage to address the first two issues must contend with the fact that they are
thermodynamically limited to 0.68 V. Nature has perfected a strategy to obviate these challenges:
reductive activation of O2. Broadly speaking, reductive activation involves using a sacrificial 2
H*/2 e  reductant to generate a thermodynamically potent and reactive 2 H*/2 e- oxidant in the form
of a peroxy species. Monooxygenase enzymes use NADH or related reductants to generate reactive
metal-peroxo and -oxo species from O2-bound metal centers in the enzyme active site to perform
myriad catalytic reactions (Figure 1.6A).%% In the context of organic synthesis, the reductive
activation of Oz with aliphatic aldehydes or other organic reductants has been implemented for a
variety of oxidation reactions including generation of hypervalent iodine reagents,®4% C-H
amination,®® and alkene epoxidation.67:68

Leveraging autoxidation to access hypervalent iodine reagents in situ. Hypervalent
iodine reagents are strong oxidants and are commonly used in synthetic chemistry.®® They are
typified by bis(acetoxy)iodobenzene (BAIB, 0.91 V vs SHE)’ and are commonly generated by
oxidation of iodobenzene with strong oxidants such as persulfate, periodate, and permanganate,

with potentials at 2.08, 1.59, and 1.49 V vs SHE, respectively.>* While O2 provides sufficient
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driving force to generate many hypervalent iodine reagents, it is generally ineffective for directly
generating PhI(OAc)2. Indeed, accessing the 2H*/2e- PhI/BAIB couple (0.91 V) is
thermodynamically unfeasible with the corresponding 2H*/2e" reduction of O2 to H202 (0.68 V).
On the other hand, peroxides provide the thermodynamic driving force to generate hypervalent
iodine reagents and reductive activation of Oz provides a means to overcome the kinetic challenge

of coupling the 4-electron reduction of Oz to the 2-electron oxidation of iodobenzene.

A. Reductive Activation of O,: A Ubiquitous Strategy in Nature
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/ i:em// _ / Féln// AT, / re N %
N/ I\N +2e,+H* N/ N Ho / I\ 2¢e
2 -
Cys- S (P450 reductase) Cys-S Cys- S oxidant
B. Aerobic Generation of Hypervalent lodine Reagents
V vs NHE
H,0 +
0, +
1.78 --1- H,0,/H,0 PhI(OAc),
2-2i 4e" oxidant )k ¢ Sub'®d
087V
1.23 --1- 0,/ H,0 [Co] K ACO% + X
—J* 0.32v Sub®*
0.91 --1-* PhI(OAc),
/ Phl
0,00 - K 2e" oxidant
C. Pd Catalyzed C-N Bond Formation via Solvent Autoxidation
(TR L,Pd"(OAC),
+ArNHR
OH Pda] ©
oﬁ) +0, —= +H202 — [ j
HO ’
OH 4 +1,4-dioxane d'V(Ln)(OAc)z L"Pd”\A )
oxidant 2e” OX|dant r
ROH ROOH
+H,0 + 2 AcOH

D. Mukaiyama Epoxidation

4 e oxidant
(0] 0, o = (¢] . o
o -R
)J\ —_— )J\ /O _— )J\ - 'O:: o A
R™ "H NilOH R™ O R™ "O N -CO,

2 e” oxidant

Figure 1.6. (A) Reductive activation of Oz in nature. (B) Aerobic generation of hypervalent iodine
reagents. (C) Pd catalyzed C-N bond formation mediated by solvent autoxidation. (C) The
Mukaiyama Epoxidation

Recently, the Powers group demonstrated reductive activation of Oz for the aerobic

generation of hypervalent iodine reagents (Figure 1.6B).”%73 The autoxidation of acetaldehyde with
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CoCl2 as an initiator generates acyl hydroperoxide—a thermodynamically potent and reactive 2 e
oxidant—which reacts with aryl iodides in the presence of acetic acid to generate Arl(OAc)2.”
The in situ aerobic generation of hypervalent iodine reagents from aryl iodides demonstrated
compatibility with a variety of organic oxidation reactions including alkene oxidation and C—H
oxygenation, bromination, and amidation. This strategy also supports the use of catalytic quantities
of aryl iodide. The aerobic generation of hypervalent oxidants obviates the need for harsh
stoichiometric oxidants and expands opportunities for the use of dioxygen in sustainable organic
synthesis.

1,4-Dioxane autoxidation for in situ generation of alkyl hydroperoxides in Pd-
catalyzed C-H amination. Pd-catalyzed aryl C—N bond forming reactions, such as the Buchwald-
Hartwig coupling, have revolutionized chemical synthesis. An appealing alternative route is Pd-
catalyzed oxidative aryl C—H amination, a more step economical approach than traditional cross-
coupling methods. A major drawback to this strategy is that strong stoichiometric oxidants such
as oxone, hypervalent iodine, and [F*] are often required to oxidize Pd" to Pd'V in order to facilitate
the challenging C—N bond formation.> The in situ reductive activation of Oz to generate organic
peroxides is a viable means to generate strong peroxide oxidants capable generating Pd' en route
to C—N coupled products. Indeed, our lab has implemented this strategy for the (DAF)Pd(OAC):
catalyzed (DAF = 4,5-diazafluoren-9-one) intramolecular oxidative C—H amination of N-
benzenesulfonyl-2-aminobiphenyl (1) to N-benzenesulfonylcarbazole (2) in 1,4-dioxane solvent
(Figure 1.6C)."™

Initial experiments for the (DAF)Pd(OACc)2-catalyzed cyclization of 1 yielded 2 in 44%
yield. Close inspection of the reaction mixture revealed that significant quantities of 2-

hydroperoxy-1,4-dioxane were present in an aged bottle of 1,4-dioxane, and experiments showed
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that 2 could be formed in comparable yields with peroxides such as tert-butylhydroperoxide.
Additional control experiments showed that introduction of glycolic acid, an oxidative
decomposition product of 1,4-dioxane, promoted the reaction and formed 2 in 81% yield. Based
on these results, it was proposed that aerobic Pd-mediated oxidation of glycolic acid generates 2-
hydroperoxy-2-hydroacetic acid. Upon O-O scission, this peroxide initiates radical chain
autoxidation of 1,4-dioxane to 2-hydroperoxy-1,4-dioxane, and this species was proposed to be
responsible for the generation of Pd'V en route to product 2. These observations demonstrate that
reductive activation of Oz via autoxidation of 1,4-dioxane solvent is an effective strategy for
accessing aerobic high-valent Pd catalysis for challenging oxidation reactions.

Autoxidation of aldehydes for alkene epoxidation (Muyaiyama Epoxidation). The
epoxidation of alkenes is among the most thermodynamically demanding organic oxidation
reactions, exemplified by propylene oxide whose standard 2 H*/2 e” reduction potential is 0.76 V
vs SHE (cf. Figure 1.1B).> Strongly oxidizing reagents such as NaOCI, oxone, and organic
peroxides are typically employed in their synthesis, often in the presence of a transition metal
catalyst.”®’” As is the case with hypervalent iodine reagents, the O2/H20: potential is
thermodynamically incapable of supporting epoxide formation.

Since H202 and other organic peroxides are commonly employed as oxidants in olefin
epoxidation reactions, the reductive activation of Oz with an organic reductant to generate an
organic peroxide is a viable means of utilizing Oz as a terminal oxidant in a way that bypasses the
direct use of hazardous peroxide reagents. The Mukaiyama epoxidation, the Ni-catalyzed aerobic
epoxidation of alkenes, is a prominent example of this strategy First reported in 1990, the
Mukaiyama epoxidation uses a Ni'' catalyst to mediate to formation of epoxides from substituted

olefins in the presence of an aliphatic alcohol additive and Oz under mild conditions (Figure 1.6D).



21

8 Later studies found that aldehydes, generated by in situ alcohol oxidation, were superior
additives,”® and subsequent mechanistic studies showed that the Ni catalyst initiates aldehyde
autoxidation to generate an acylperoxyl radical. These highly oxidizing species are proposed as
the species primarily responsible for alkene epoxidation via O-atom transfer.®° The Muyaiyama
epoxidation is a prime example of how to effectively utilize Oz as an oxidant for
thermodynamically challenging oxidation reactions.
1.6 Conclusions

Overpotential, a metric largely reserved to the field of electrocatalysis, provides a useful
framework for rationalizing chemoselectivity when applied to catalytic aerobic oxidation
reactions. The proper use of catalysts and cocatalysts can enable the synthetic chemist to modulate
the amount oxidative power harvested from Oz and change the mechanistic pathways available for
the dehydrogenation of organic substrates and thereby control the chemoselectivity of aerobic
oxidation reactions. By operating at small norr, larger amounts of oxygen's oxidative power can
be utilized, ensuring larger msuw Vvalues and enabling mechanistic pathways that facilitate
thermodynamically and Kinetically challenging dehydrogenation reactions. In contrast, by
choosing catalyst systems with large norr, there are consequently smaller nsu values, and this is
advantageous in the context of the selective oxidation of organic molecules by limiting the oxidant
to mechanistic pathways that are specially tuned to specific functional groups. One way to
maximize to oxidative driving force extracted from O2 is by means of reductive activation to
generate peroxides, which can in turn participate in a variety of thermodynamically challenging
organic oxidations reactions. We anticipate that considerations of overpotential and O2 reduction

mechanisms will prove useful in the development of selective catalytic aerobic oxidation reactions.
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2.1 Abstract

Palladium(Il)-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
of 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)2 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):2 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)2
reduction potential, thereby tuning the ability of Pd" to serve as an effective oxidant of organic

molecules in catalytic reactions.

2.2 Introduction

The field of homogeneous palladium catalyzed reactions for organic synthesis originated
in 1959 with the discovery of the Wacker process, which features palladium(ll)-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-

difunctionalization of conjugated dienes;® aromatic and allylic C-H oxidation reactions, including
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oxidative biaryl coupling,”® Fujiwara-Moritani coupling of arenes and alkenes,®° and allylic
acetoxylation.!! These reactions typically employed palladium(ll) 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 Oz 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 2.1).1>7

LnPdX,

OH
@ ok
HO
0
Sub®*
L,Pd°
3 +2 HX

Scheme 2.1. Role of Benzoquinone as a (Co-)Oxidant in Palladium-Catalyzed Oxidation
Reactions

Catalysts used during the first several decades of this field primarily consisted of
palladium(ll) 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 O2 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.*8
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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.*-
23 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)PdX2 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.2*?” 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)2 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
2.1). 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 2.1). This reactivity provides the basis for
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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)2 complexes.

O O@ <Qhen>

Me Me
bphen dmbpy dmphen
Ph Ph
7\ \_/ { = 7N
=N N N —
M pe Me DAF

Figure 2.1. Representative ancillary nitrogen-based ligands encountered in Pd-catalyzed oxidation
reactions and considered in the present study.

2.3 Results and Discussion

Background context and discovery of (L)Pd(OAc)2-mediated oxidation of
hydroquinone. In a 2010 study of Pd(OAc)2-catalyzed allylic acetoxylation, we noted that DAF
enabled good reactivity with Oz as the sole oxidant,?® while little or no catalytic turnover was
observed with other ancillary nitrogen ligands (e.g., Figure 2.1). Beneficial effects of DAF have
been noted in other Pd-catalyzed oxidation reactions,?330-40 and mechanistic studies highlight
important ways in which DAF facilitates catalytic turnover, including its kinetic lability and access
to multiple coordination modes.?32°4142 |n 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**¢ and undergo facile x>~ x! interconversion to open coordination sites at the Pd"
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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)2-catalyzed allylic oxidations.#” We noted that benzoquinones could enhance the
catalytic performance of DAF/Pd(OAC)z, even in the absence of other redox active co-catalysts
(cf. Scheme 2.1). This result suggested possible synergistic redox reactivity between Pd" and BQ,
including Pd"-mediated oxidation of hydroquinone.*®-52 This possibility was not explored at the
time, but provides the basis for the present investigation. A hydroquinone derivative, 2-tert-butyl-
1,4-hydroquinone (‘BuH2BQ), 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)]2,%°3 and 2-tert-butyl-1,4-benzoquinone (‘BuBQ).
The 'BuBQ was obtained in 77% yield, when accounting for Pd as a one-electron oxidant (Equation

2.1; see Appendix A: for details).

N
2 DAF/Pd(OA o \N,,J:d—N _—
OI: C)2 0= | o
= "N=Pd—
S N o
Bu dioxane/AcOH | \ 77%
* RT, 16h, N, o

OH Bu
+ 2AcOH +
(0]

Equation 2.1. Reaction of DAF/Pd(OAC)2 with 'BuH2BQ
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This result prompted us to test whether other ancillary ligands support the Pd"-mediated
oxidation of 'BuH2BQ. 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 '‘BuH2BQ to
solutions of L/Pd(OAc)2 (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 N2 ( Figure 2.2A).
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Figure 2.2. (A) Ligand effects on the Pd(OAc)z-mediated oxidation of ‘BuH2BQ. Conversion
determined by 'H NMR spectroscopy using methyl-3,5-dinitrobenzoate (dioxane/AcOD-da) or
1,3,5-trimethoxybenzene (CDCIs/AcOD-d4) as an internal standard. 220 mM pyridine used. (B) X-
ray crystal structure of (bc)Pd(‘BuBQ). H-atoms and solvent molecules omitted for clarity. See
Section A.9 of Appendix A: for full details.

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)]2 as the reduced Pd product

indicates that the 39% conversion corresponds to a 77% yield with respect to Pd'"!, as noted above.
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In CDCIs/AcOD-ds, several ligands led to productive conversion of ‘BuH2BQ: dmbpy, dmphen,
bc, and DAF led to ‘BuH2BQ conversions of 41%, 36%, 16%, and 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. Equation 2.1), 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)2, and X-ray diffraction analysis revealed the identity of (bc)Pd(7?-'BuBQ) as the
product of the reaction (Figure 2.2B).5+%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 bc-
ligated Pd complexes.

Characterization of redox equilibria between DAF/Pd(OAc)2 and hydroquinones. The
partial conversion observed in the reaction of ‘BuH2BQ and DAF/Pd(OAc)2 described above raised
the possibility that an equilibrium is established between the reagents and products. To explore
this possibility, the reaction between ‘BuH2BQ and DAF/Pd(OAc)2 was monitored by *H NMR
spectroscopy. Only partial conversion to 'BuBQ and [Pd'(u-DAF)(OAC)]2 (Figure 2.3A) was
observed, and the same product mixture was obtained when the reverse reaction was analyzed,
starting with independently prepared [Pd'(u-DAF)(OAc)]2 and 'BuBQ (Figure 2.3B). 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 Equation 2.1,

according to the expression in Equation 2.2.
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[[Pd(u-DAF)(OAC)],]*['BUuBQJ-[ACOHJ?
eq = [DAF/Pd(OAC),J2-[BuH,BQ]

Equation 2.2. Equilibrium expression for reaction of DAF/Pd(OAc)2 and ‘BuH2BQ
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Figure 2.3. Approach-to-equilibrium concentration data. A: Forward Reaction: oxidation of
‘BuH2BQ by DAF/Pd(OACc)2 to form '‘BuBQ and [Pd'(u-DAF)(OAC)]2. Reaction conditions:
[Pd(OAC)2] = 13.5 mM; [DAF] = 13.5 mM; ['‘BuH2BQ] = 6.75 mM. B: Reverse Reaction:
oxidation of [Pd'(u-DAF)(OAc)]2 by 'BuBQ to form '‘BuH2BQ and DAF/Pd(OAc)2. [Pd'(u-
DAF)(OAC)]2 = 6.75 mM; ['BuBQ] = 6.75 mM. C. Linear free energy relationship of log(Keq)
Eomzo(dioxane/AcOH). Reaction conditions: [DAF] = 13.5 mM; [Pd(OAc):] = 13.5 mM; [H2Q]
= variable (see Appendix A sections A.3 and A.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-da, 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
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constants: 2,6-Me2H2BQ (Keg = 7241 M), 'BuH2BQ (Kegq = 305 M; see above), MeH2BQ, (Keq =
90 M), H2BQ (Keqg = 1 M) and CIH2BQ (Keg = 0.4 M). One-electron and 2H*/2e" 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-Me2BQ: —-109 mV, 'BuBQ: —-67 mV,
MeBQ: -43 mV, BQ: 4 mV, CIBQ: 36 mV, all referenced to Fc*'° (see section A.6 of Appendix A
for details). A plot of log(Keq) versus Eqmz2q(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 2.3C). [Nomenclature note: The abbreviation "Q/H2Q" is used when
referring generically to (hydro)quinone species, while "BQ/H2BQ" specifically refers to the
unsubstituted 1,4-(hydro)benzoquinone derivatives.

Characterization of redox equilibria between (bc)Pd(OAc)2 and hydroquinones. The
well behaved reaction between ‘BuH2BQ and (bc)Pd(OAc)2 was also monitored by *H NMR
spectroscopy, and an equilibrium mixture of (bc)Pd(OAc)2, 'BuH2BQ, and (bc)Pd(‘BuBQ) was
obtained. Analysis of the reverse reaction, starting with (bc)Pd(*BuBQ) in the presence of AcOD-
d4 cosolvent, led to the same equilibrium mixture (Figure 2.4A and Figure 2.4B).

Similar behavior was observed when the reactions were conducted with other
hydroquinones. An exception was observed in the reaction of (bc)Pd(OAc)2 with 2,6-Me2H2BQ,
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
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constants were determined according to the expression in Equation 2.3, with the following values:

BuH2BQ (Keq = 129 M), MeH2BQ, (Keq = 30 M), H2BQ (Keq = 3 M) and CIH2BQ (Keg = 0.5 M).

[(bc)Pd(RBQ)]-[AcOH]?
eq = [(bc)Pd(OAc),]*[RH,BQ]

Equation 2.3. Equilibrium expression for reaction of (bc)Pd(OAc)2 with hydroquinones

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 A.6 in Appendix A 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
Eom2o(CHCIs/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 2.4C).
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Figure 2.4. Equilibrium reaction of (bc)Pd(OAc)/'BuH2BQ and (bc)Pd(‘BuBQ). Reaction
conditions: A: Forward): [(bc)Pd(OAc)2] = 10.0 mM; ['BuH2BQ] = 10.0 mM. B: Reverse:
[(bc)Pd('BuBQ)] = 10 mM C. Linear free energy relationship of log(Kes) and
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Eom20(CHCI3/AcOH). Reaction conditions: [(bc)Pd(OAc)2] = 10.0 mM [H2Q] = variable (see
sections A.3 and A.4 of Appendix A for details).

The somewhat smaller slope of this plot, relative to that in Figure 2.3C, 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.

Quantitative Analysis of Ligand Effects on Palladium(l1) 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
DAF/Pd(OAC)2 into [Pd'(u-DAF)(OAC)]2+ 2 AcOH. The analysis depicted in Scheme 2.2A shows
a thermodynamic cycle using '‘BuH2BQ/'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)2 and 'BuH2BQ and the 'BuBQ/BuH2BQ 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 Erdqiyraq) Value of 12 + 7 mV vs Fc*°. We note that
the Epdqypdqy value could also be obtained from the linear free energy correlation in Figure 2.2, by
identifying the Q/H2Q potential corresponding to log(Keq) = 0. The value of Epdqiyrdqy = 17 mV
obtained by this approach is within experimental error of the result obtained in Scheme 2.2A.

Determination of the reduction potential of (bc)Pd(OAc)2 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 2.2Bii). The latter reaction allows a
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thermodynamic cycle to be created for determination of the 2H*/2e~ reduction potential of

(bc)PA(OAC)2/BQ to (bc)PdY(BQ) + 2 AcOH.

A. Thermodynamic Cycle for Determination of DAF/Pd(OAc), Reduction Potential in dioxane/AcOD-d,

Bu
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To complete this analysis, equilibrium constants were measured for the exchange of
different quinones at the (bc)Pd® fragment (see section A.5 in Appendix A for details).%6! A
representative thermodynamic cycle, using the equilibrium exchange of BQ and ‘BuBQ at Pd® and
‘BuH2BQ/'BUBQ as a reference redox couple, is depicted in Scheme 2.2B. The reaction free
energies may be summed, and the resulting AG value may then be used to obtain the Epdqiyrd(o)
value. Use of four different reference Q/H2Q potentials and Pd>-BQ/Q exchange equilibrium
constants led to an average value of Epdqiyrdo) = —4 = 18 mV vs Fc*°.

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 2.1 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 bc-ligated Pd(OAc)2 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).52-"! 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)2 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)2 (AGL; Figure 2.5A-i). The
resulting values show that the different ancillary ligands can lead to substantial changes in the

relative stability the (L)Pd(OAc)2 complexes. Each of these complexes was then used to calculate
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A. Energy Diagram for Reaction of (L)Pd(OAc), and Hydroquinone
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Figure 2.5. A. Energy diagram for reaction of (L)Pd(OAc)2 and hydroquinone. Energies of
(L)Pd(OAC)2 complexes are reported relative to (phen)Pd(OAc).. B. Scale showing calculated
reduction potentials for (L)Pd(OAc)2 complexes.
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the reaction free energy for oxidation of H2BQ to afford (L)Pd°(BQ) and 2 equiv of ACOH (AGrxn,
Figure 2.5A-ii). This reaction is endergonic for L = py, bpy, and phen, with calculated free energies
of the reactions of AGmn = +10.6, +6.0, and +3.9 kcal/mol, respectively. The reaction of H2BQ
with (L)Pd(OAc)2 complexes with L = dmbpy, dmphen and DAF are exergonic, with AGrn =
0.7, -2.7, and —4.5 kcal/mol, respectively. We also computed the free energy for the reaction of
2 (DAF)Pd(OAC)2 with H2BQ 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 2.5A - gray reaction in energy diagram), consistent with experimentally observed formation
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)2 with
‘BuH2BQ CHCI3/AcOD-d4, (cf. Figure 2.2) 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)2 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 AGrxn values (see Figure 2.5A-i) together with the experimental 2H*/2e~
BQ/H2BQ reduction potential (13 mV vs Fc*) may be used to determine reduction potentials for

each of the (L)Pd(OAc)2 complexes, resembling the approach illustrated in Scheme 2.2. The



49

results reveal that the ligands lead to (L)Pd(OAc)2 reduction potentials that span 375 mV (Figure
2.5B): 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(l1) 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
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)2 to promote more favorable oxidation of H2Q derivatives relative to the
bpy- and phen-ligated complexes (cf. Figure 2.2). This ligand-based increase in redox potential
also implicates a thermodynamic contribution to the success of dmbpy and dmphen ligands in Pd-
catalyzed aerobic oxidations, including alcohol oxidation,*>-4¢ aza-Wacker,? and oxidative Heck
reactions.”># The higher energy of the dmbpy- and dmphen-ligated Pd(OAc)2, 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 2.3A). This geometrical distortion has been noted
in previously reported crystal structures of these complexes;?*7>76 however, the work here

provides the first insight into the impact of this effect on the Pd'' reduction potential.
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A. Steric Effects
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Scheme 2.3. Ligand-Based Structure Contributions to Modulation of Pd" Reduction Potentials

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 2.3B).234! Insights from the present study rationalize some of the
unusual kinetic behavior that has been observed in DAF/Pd(OAcC)2-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.*>5 This burst phase arises from stoichiometric
substrate oxidation by the DAF/Pd(OAc): species and generates the Pd' dimer, [Pd'(DAF)(u-
OAC)]2. This burst is followed by a slower steady-state phase of the reaction, and mechanistic data
indicate that the steady-state turnover features a more conventional Pd'© cycle.*? The relative rates
of the initial burst and steady-state phases of the reaction align with 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(I1) (AGsusox, Scheme 2.4A). The majority of Pd'-catalyzed oxidation reactions feature

turnover-limiting steps associated with the substrate oxidation half-reaction (e.g., reductive
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elimination, transmetalation, Ahydride 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 (AGredox, Scheme 2.4A).

A. Free Energies of Redox Half-Reactions
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Scheme 2.4. Thermodynamic Considerations for Pd''-Catalyzed Oxidation Reactions

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 O2 as

an oxidant because the 2H*/2e- reduction potential of Oz to H20: is virtually identical to that of
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BQ to H2BQ (0.68/0.69 V vs NHE, Scheme 2.4B). This relationship is evident in the nearly
isoergic exchange of BQ and O: that has been observed at a bc-ligated Pd center (Scheme
2.4C).7# On the other hand, the 4H*/4e reduction of Oz to water provides additional driving force
(1.23 V) relative to the 2H*/2e process (Scheme 2.4B). Mechanisms capable of leveraging this Oz
reduction pathway provide a strategy to expand the scope and utility of Pd-catalyzed aerobic
oxidation reactions. 81-8
2.4 Conclusion

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
noteworthy outcome of this study is the insight that coordination of electron-donating ancillary
ligands do not necessarily lower the reduction potential of PA(OAc)2. Three of the (L)Pd(OACc)2
complexes studied here (L = 2 py, bpy, and phen), in addition to Pd(OAc): itself, did not promote
oxidation of 'BuH2BQ, while (L)Pd(OAc). complexes with four other ligands (L = dmbpy,
dmphen, bc, 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)2 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"
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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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3.1 Abstract

Palladium(Il) catalysts promote oxidative dehydrogenation and dehydrogenative coupling
of many organic molecules. Oxidations of alcohols to aldehydes or ketones are prominent
examples. Hydroquinone (H2Q) oxidation to benzoquinone (BQ) is conceptually related to alcohol
oxidation, but it is significantly more challenging thermodynamically. The BQ/H2Q redox
potential is sufficiently high that BQ is often used as an oxidant in Pd-catalyzed oxidation
reactions. Chapter 2 showed that certain ancillary ligands can raise the Pd'"° redox potential
sufficiently to reverse this reactivity, enabling (L)Pd"(OAc). to oxidize hydroquinone to
benzoquinone. Here, we investigate the oxidation of 2-tert-butyl-1,4-hydroquinone (‘BuH2Q) and
4-fluorobenzyl alcohol (**BnOH), mediated by (bc)Pd(OAc)2 (bc = bathocuproine). Although
alcohol oxidation is thermodynamically favored over H2Q oxidation by more than 400 mV, the
oxidation of 'BuH2Q proceeds several orders of magnitude faster than "BnOH oxidation. Kinetic
and mechanistic studies reveal that these reactions feature different rate-limiting steps. Alcohol
oxidation proceeds via rate-limiting S-hydride elimination from a Pd'-alkoxide intermediate,
while H2Q oxidation features rate-limiting isomerization from an O-to-C-bound Pd'"-
hydroquinonate species. The enhanced rate of H2Q oxidation reflects the kinetic facility of O-H

relative to C—H bond cleavage.

3.2 Introduction

Palladium(Il)-catalyzed oxidation reactions are a versatile class of reactions in organic
chemistry that enable diverse transformations, including alcohol oxidation, oxidative coupling of
alkenes with heteroatom nucleophiles, oxidative C—C coupling reactions, among others. 1*°> These
reactions typically feature two redox half-reactions, consisting of Pd'-mediated substrate

oxidation and reoxidation of Pd° to Pd" by various oxidants,® including O2'7 and benzoquinone
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(BQ) (Scheme 3.1).181°% Ancillary ligands, such as amines and mono- and bidentate pyridine
derivatives, are increasingly common in Pd-catalyzed oxidation reactions. These ligands can
influence both redox half-reactions, for example, by stabilizing the Pd catalyst, enhancing the rate
of catalyst reoxidation, or modulating the chemo-, regio-, or stereoselectivity of substrate

oxidation.1®

Scheme 3.1. Redox Half Reactions in Pd-catalyzed Oxidations with Benzoquinone as the Oxidant.

L,Pd(OAc),

OH )
/©/ SubH
HO
0
O0X
Oﬁj L,Pd° Sub

+ 2 AcOH

Chapter 2 reported an experimental and computational study of the influence of ancillary
ligands on the Pd'"® redox potential.?’ This study was made possible by the unexpected finding
that certain ligands, such as bathocuproine (bc), increase the Pd'"® potential sufficiently to allow
oxidation of hydroquinone (H2Q) by (L)Pd"(OAc):, inverting the typical redox reactivity between
Pd'""® and BQ/H2Q.2%2 Analysis of equilibria between (L)Pd"(OAc)2/H2Q and (L)Pd°(BQ)/2
AcOH provided the basis for determination of formal redox potentials for various (L)Pd'"(OAc)2
complexes (Scheme 3.2A) relative to potentials associated with the BQ/H2Q and

PhCHO/PhCH:OH redox reactions (Scheme 3.2B and C).2024.2

Scheme 3.2. Comparison of Redox Potentials for Pd'/?, BQ/H2Q, and PhACHO/PhCH20OH.
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Observation of (bc)Pd(OAc)2-mediated oxidation of hydroquinone provides a unique
opportunity to compare thermodynamic-kinetic relationships between oxidative dehydrogenation
of H2Q and alcohols. The redox potential for BQ/H2Q is ~400-500 mV higher than that of
PhCHO/PhCH20H (Scheme 3.2),%° but qualitative observations revealed that H2Q oxidation is
much more rapid than PhCH20H oxidation. This contra-thermodynamic kinetic behavior
prompted us to pursue a quantitative comparison of the relative rates and probe the mechanisms
of these two conceptually similar dehydrogenation reactions. Here, we report an investigation of
stoichiometric oxidation of tert-butylhydroquinone (‘BuH2Q) to tert-butylbenzoquinone (‘BuBQ)
and 4-fluorobenzyl alcohol (*FBnOH) to 4-fluorobenzaldehyde, mediated by (bc)Pd(OAc):
(Scheme 3.3). Both reactions are conducted in the presence of tert-butylbenzoquinone (‘BuBQ) to
ensure that they have identical Pd'° reagents/products, [(bc)Pd(OAc)2]/[(bc)Pd?(BQ)]. This study
of stoichiometric alcohol oxidation by Pd'' complements multiple mechanistic studies of catalytic
alcohol oxidation with Pd" catalysts,®26-33 while mechanistic studies of Pd"'-mediated oxidation of

hydroquinone in the absence of a secondary oxidant are unprecedented.??

Scheme 3.3. (bc)Pd(OAc)2-Mediated Oxidation of '‘BuH2Q and FBnOH.
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3.3 Results and Discussion

Kinetic investigation of (bc)Pd(OAc)2-mediated hydroquinone oxidation. We initiated
our investigation with a kinetic analysis of (bc)Pd(OAc)2-mediated oxidation of ‘BuH2Q at -30 °C
in chloroform by UV-visible spectroscopy (monitoring appearance of an absorption band at 420
nM; see Figure B.6 in Appendix B). This hydroquinone derivative was used instead of the parent
H2Q because of its higher solubility in chloroform. The reaction forms the known complex,
(bc)Pd°('BuBQ).?° The concentration of (bc)Pd(OAc)2 was varied from 0.25-1.25 mM, with
[(BuH2Q] fixed at 4 mM and ['‘BuBQ] at 1 mM. Then, ['BuH2Q] was varied from 1-10 mM, with
[(bc)Pd(OAC):] and ['BuBQ)] fixed at 1 mM each. Comparison of the initial rates under each of
these conditions revealed a first-order dependence on [(bc)Pd(OAc):] and ['BuH2Q] (Figure 3.1a
and b). The reaction was unaffected by changes to ['BuBQ] over a range of 1-8 mM concentration
(See Appendix B, Figure B.8). No deuterium Kinetic isotope effect was evident from independent
rate measurements with ‘BuH2Q and ‘BuD2Q (kn/ko = 1.0 + 0.2, Figure 3.1c; care was taken to

avoid O-D exchange with sources of "H" in the glassware; see B.7 in Appendix B: for details).
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Figure 3.1. Kinetic analysis of (bc)Pd(OAc)z-mediated oxidation of '‘BuH:Q, including (a)
[(bc)Pd(OAC)2] dependence, (b) ['BuH2Q] dependence, and (c) kinetic isotope effect obtained via
independent rate measurement. See sections B.6 and B.7 in Appendix B: for experimental details.

Kinetic investigation of (bc)Pd(OAc)2-mediated alcohol oxidation. Similar kinetic
analysis was conducted for (bc)Pd(OAc)2-mediated oxidation of 4*BnOH. Use of this substrate
facilitated analysis of the reaction by °F NMR spectroscopy, although most kinetic data were
acquired by UPLC analysis of reaction aliquots. The concentration of (bc)Pd(OAc)2 was varied
from 2-12 mM, [*"BnOH] and ['BuBQ)] fixed at 40 mM and 10 mM. Then, [**BnOH] was varied
from 10-160 mM, while fixing [(bc)Pd(OAc):] and ['BuBQ] at 10 mM each. Comparison of the
initial rates under each of these conditions revealed a first-order dependence on [(bc)Pd(OAC)2]
and [**BnOH] (Figure 3.2a and b). The reaction was unaffected by changes to ['BuBQ] (see
Appendix B: Figure B.3). A deuterium Kinetic isotope effect of kn/kp = 2.0 £ 0.3 was observed
from the comparison of independent rates measured with FBnOH and “PhCD20OH as the
substrate. An intramolecular kinetic isotope of kn/kp = 2.8 + 0.3 was obtained from oxidation of
4FPhC(H)(D)OH (Figure 3.2c and d). These KIEs are similar to those observed for Pd-catalyzed

alcohol oxidation with bc-ligated Pd catalysts.?
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Figure 3.2. Kinetic analysis of (bc)Pd(OAc)2-mediated oxidation of “BnOH, including (a)
[(bc)Pd(OAC)2] dependence (b) [**BnOH] dependence, and kinetic isotopic effects determined by
(c) independent rate measurements of “*BnOH and *FPhCD20H and (d) an intramolecular
competition experiment with 4"PhC(H)(D)OH. See sections B.2 and B.3 in Appendix B: for
experimental details.

Carboxylate electronic and steric effects and temperature analysis of hydroquinone
and alcohol oxidation rates. A series of bc-supported Pd carboxylate complexes, (bc)Pd(O2CR)2,
were used to probe steric and electronic effects for oxidation of ‘BuH2Q and “*BnOH. The
carboxylate ligands included 4-trifluoromethylbenzoate, benzoate, 4-tert-butylbenzoate, acetate,
and pivalate. Electronic parameters correspond to the pKa values of the conjugate acids of the
carboxylates, which range from 10.1 to 12.6 (DMSO values).3* %" Relative steric effects were
assessed by using a proxy value corresponding to the percent buried volume reported for PR3

groups (R = 4CF3ph, Ph, 4BuPh, Me, 'Bu) at 2 A in (RsP)AuCl complexes. 383
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Initial rates of 'BuH2Q oxidation were obtained with the different (bc)Pd(O2CR)2
complexes. A plot of log(rate) versus carboxylate pKa values revealed a slope of 0.06 with a poor
correlation (R? = 0.04) (Figure 3.3a), indicating the rate is not strongly correlated with the basicity
of the carboxylate ligand. A relatively good correlation was observed, however, between log(rate)
versus the buried volume parameter for the carboxylate ligands (R? = 0.86) (Figure 3.3b),
indicating that the rate of '‘BuH2Q oxidation by (bc)Pd(O2CR): is sensitive to the steric profile of
the carboxylate ligand.

An analogous set of experiments was performed for 4FBnOH oxidation. In this case, the
Bransted plot exhibits a much better correlation (R? = 0.99) with a positive slope (0.37) (Figure
3.3¢), indicating that the reaction is promoted by more basic carboxylate ligands. On the other
hand, the corresponding assessment of steric effects (Figure 3.3d) exhibits a very poor correlation
(R? = 0.02), indicating that steric effects of the carboxylate ligand play little role in *BnOH

oxidation.
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Figure 3.3. Rate dependence of 4*BnOH oxidation by (bc)Pd(O2CR)2 on (a) pKa (DMSO) of
RCO2H and (b) on percent buried volume. Rate dependence of 'BuH2Q oxidation by
(bc)Pd(O2CR)2 on (c) pKa (DMSO) of RCO2H and (d) on percent buried volume. *Percent buried
volume values obtained from PR3 ligands (see text for details).

The studies described thus far have employed different temperatures for investigation of
‘BuH2Q and “BnOH oxidation reactions, -30 °C and 60 °C, respectively. These different
temperatures highlight the faster rate of '‘BuH2Q oxidation. In order to permit quantitative
comparison at a single temperature, both reactions were analyzed over a range of temperatures,
from -40 — 0 °C for 'BuH2Q and +30 — +60 °C for “"BnOH. The resulting data were then subjected
to Eyring analysis to obtain activation free energies at 298 K: AG*wsuH20(298 K) = 17.1 kcal/mol

and AG¥srenor(298 K) = 23.1 kcal/mol. The values, which quantify the kinetic facility of '‘BuH2Q
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over 4" BnOH oxidation may be compared to the overall reaction free energies of reaction with
(bc)Pd(OAC)2, which strongly favor *BnOH over 'BuH2Q oxidation: AG°BuH20(298 K) = —2.9
kcal/mol?® and AG°4renoH(298 K) = approx. —22 kcal/mol (the latter estimated from the difference
in reported reduction potentials of '‘BuBQ and benzaldehyde?*2%). Both sets of energetic values are

depicted in the energy diagram in Figure 3.4.
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Figure 3.4. Free energy diagram for (bc)Pd(OAc)2-mediated oxidation of 4FBnOH and '‘BuH.Q.

Mechanistic analysis. The kinetic data elaborated above provide a foundation for
understanding the origin of the contra-thermodynamic outcome depicted in Figure 3.4. The data
reveal both similarities and differences between (bc)Pd(OAc)2-mediated oxidation of '‘BuH2Q and
4FBnOH. Both reactions feature a first-order dependence on [(bc)Pd(OAc)2] and [substrate], but
they exhibit different KIEs and show different electronic and steric effects. Mechanisms that

rationalize these observations are depicted in Scheme 3.4A.
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Scheme 3.4. Proposed Mechanisms for (A) Hydroquinone and Benzyl Alcohol Oxidation
Mediated by (bc)Pd(OAcC)2 and (B) Oxidation of Pd® by Benzoquinone in the Presence of Acid®
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Oxidation of 'BuH2Q by (bc)Pd(OAc)2 (Scheme 3.4A, top) is proposed to begin with formation
of a Pd"-(O-hydroquinonate) species 1a via proton-coupled ligand exchange® between acetate and
‘BuH2Q, followed by rate-limiting isomerization to the Pd"-(C-hydroquinonate) species 1b. These
steps rationalize (a) the rate law, with a first order dependence on [Pd] and ['BuH2Q], and (b) the
lack of a primary kinetic isotope effect, since H/D reactivity is incorporated in an equilibrium step
expected to have negligible equilibrium isotope effect. The lack of systematic correlation between
the rate and carboxylate pKa suggests proton transfer steps are not involved in the rate-limiting
step, while the carboxylate steric influence, favoring less sterically hindered carboxylates, is
rationalized by rate-limiting isomerization of the hydroquinonate to the more hindered C-bound

isomer 1b. The reaction concludes with an intramolecular redox reaction involving proton transfer
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from the phenolic O—H of 1b to the carboxylate, coupled to two-electron transfer to Pd. This step
forms the (bc)Pd°(BQ) product 3. This mechanism corresponds to the microscopic reverse of the
mechanism proposed by Backvall for acid-promoted oxidation of well-defined Pd°(BQ)
complexes (Scheme 3.4B).%!

The oxidation of 4FBnOH (Scheme 3.4A, bottom) is similarly proposed to begin with proton-
coupled exchange of 4FBnOH with acetate at (bc)Pd(OAc)z2 to generate Pd-alkoxide 1b. The kinetic
isotope effect data, however, suggest that f~hydride elimination to generate Pd''-hydride 2b is rate-
limiting. The electronic dependence on the carboxylate ligand suggests that formation of the Pd''-
alkoxide 2a also contributes the reaction rate.® Subsequent loss (formally, reductive elimination)
of acetic acid from 2b in the presence of ‘BuBQ forms the Pd-quinone product 3. The kinetic
facility of this step,*° enhanced further by the ability of quinones to promote H-O2CR reductive
elimination from Pd'"(H)(O2CR) complexes,** rationalizes the zero-order dependence of the
reaction rate on ['‘BuBQ)].

To summarize, - BnOH oxidation has a significantly higher kinetic barrier than ‘BuH2Q
oxidation, even though the net reaction of *BnOH is more favorable by approximately 20
kcal/mol. At least two factors support faster rates of '‘BuH2Q oxidation. The first step in both
reactions involves proton-coupled ligand substitution between the substrate and a carboxylate
ligand, and H2Q is significantly more acidic than benzyl alcohol (agueous pKa value of H2Q is ~5
units lower than the pKa of benzyl alcohol).*>#3 Thus, the pre-equilibrium formation of a Pd'-
hydroquinonate intermediate will be strongly favored relative to formation of a Pd''-alkoxide. The
difference in relative rates, however, ultimately arises from the difference in relative energies of
the rate-limiting transition states. The data indicate that the transition state for hydroquinonate

isomerization is lower in energy than the transition state for Pd"-alkoxide g-hydride elimination.
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Net hydride transfer from the hydroquinonate intermediate, involving proton transfer to
carboxylate and two-electron transfer to Pd, is sufficiently facile that it proceeds after the rate-
limiting isomerization step. This step is undoubtedly facilitated by the polarity of the O—H bond
of the hydroquinonate, which facilitates proton transfer, relative to cleavage of the C—H bond

involved in Bhydride elimination from the alkoxide.**

3.4 Conclusion

The mechanistic studies of (bc)Pd(OAc)2-mediated oxidation of 4BnOH and '‘BuH2Q
outlined above illuminate the kinetic and thermodynamic relationships between these reactions.
The oxidation of “*BnOH is approximately 20 kcal/mol more favorable than the oxidation of
‘BuH2Q. Nonetheless, the activation energy for " BnOH oxidation is substantially higher than that
for 'BuH2Q oxidation (AAG* = 6 kcal/mol), resulting in '‘BuH2Q oxidation proceeding several
orders of magnitude faster than *BnOH oxidation at room temperature. Mechanistic data provide
insights into the different rate-limiting steps for these reactions, which feature A-hydride
elimination for 4*BnOH oxidation and isomerization from an O-to-C-bound hydroquinonate in
‘BuH2Q oxidation. This study represents the first mechanistic analysis of hydroquinone by Pd"
complexes, and it was made possible by the identification of ancillary ligands that increasing the
Pd'"® redox potential sufficiently to support oxidation of hydroquinones.
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Chapter 4: Pd-Catalyzed Aerobic Oxidative Coupling of
Thiophenes: Synergistic Benefits of Phenanthroline Dione

and a Cu Cocatalyst
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4.1 Abstract

Substituted bithiophenes are prominent fragments in functional organic materials, and they
are ideally prepared via direct oxidative C-H/C—H coupling. Here, we report a novel Pd' catalyst
system, employing 1,10-phenanthroline-5,6-dione (phd) as the ancillary ligand, that enables
aerobic oxidative homocoupling of 2-bromothiophenes and other related heterocycles. These
observations represent the first use of phd to support Pd-catalyzed aerobic oxidation. The reaction
also benefits from a Cu(OAc)2 co-catalyst, and mechanistic studies show that Cu promotes C-C
coupling, implicating a role for Cu'" different from its conventional contribution to reoxidation of
the Pd catalyst.
4.2 Introduction

Palladium-catalyzed oxidative C-H/C—H coupling of (hetero)arenes® provides efficient
access to biaryl monomers used in high-performance polymers. Ancillary ligands often improve
the Pd catalyst performance when O: is used as the oxidant.2® An important commercial
application of this concept is featured in the homocoupling of dimethyl phthalate, generating a
biphenyl tetracarboxylate precursor to the polyimide resin, Upilex.*® The patented catalyst system
of Ube Industries consists of Pd(OAc)2 and phenanthroline (phen), and uses Cu(OAc): as a
cocatalyst.® This reaction has attracted considerable recent attention, with efforts focused on use
of alternative arene feedstocks, such as o-xylene, identification of new catalyst systems and
ancillary ligands, and mechanistic studies.”~%4 2,2'-Bithiophenes represent another important target
for oxidative coupling reactions. These motifs are prevalent in organic materials, with applications
ranging from organic solar cells*>'¢ to organic light-emitting diodes!’” and organic field effect
transistors (Figure 4.1A).* Pd-catalyzed oxidative homocoupling of thiophenes has precedent;*-

26 however, the most effective substrates, including those compatible with aerobic conditions,
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consist of electron-rich derivatives that are less useful in organic materials applications. Substrates
that feature bromide or other electron-withdrawing substituents are unreactive or perform poorly
under existing oxidative homocoupling conditions. A rare exception, reported by Mori and
coworkers, enables oxidative homocoupling of 2-bromothiophenes and other derivatives (Figure

4.1B);.1%20 however, it requires Ag' as the stoichiometric oxidant.

A. 2,2’-Bithiophene units in functional organic materials

Ci2Has
s NI R s. N\ __s
YA Ya 'S v \ /87 \_/n
Cy4H Cy4Hog CyoH
1429 12M25 0= S0
B. Oxidative C-H/C-H coupling with stoichiometric Ag' (Mori, et aI.)KC\
R R R

t. Pd
Y e T
Br H Ag/F (4 equiv) S S

S Br Br

C. Oxidative C—H/C-H coupling with O, (this work)
R R

R
cat. L/IPdOAc, N /
B /U\H 1 atm O, | |

r S Br S S

Figure 4.1. (A) Commercial organic polymers for materials science applications containing a 2,2'-
bithiophene unit. (B) Precedent for Pd-catalyzed oxidative homocoupling of 2-bromo-3-
alkylthiophenes with stoichiometric Agl oxidants, and (C) aerobic oxidation method targeted in
the present study

The present study was motivated by the prospect of identifying a ligand-supported Pd
catalyst system that enables use of Oz as the oxidant, while retaining good reactivity with 2-
bromothiophenes and related electron-deficient heterocycles (Figure 4.1C). The resulting catalyst
system showcases the utility of 1,10-phenanthroline-5,6-dione (phd) as ligand that has not been
used previously in Pd-catalyzed aerobic oxidations. The discovery of this catalyst system, the

substrate scope, and mechanistic insights are reported herein.
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4.3 Results and Discussion

Our initial efforts focused on evaluating Pd catalyst compositions and reaction conditions
for oxidative homocoupling of 2-bromo-3-hexylthiophene (1a) with O2 to afford 5,5'-dibromo-
4,4'-dihexyl-2,2'-bithiophene 2a. Substrate 1a was selected because alkyl groups are commonly
featured as solubilizing groups in thiophene-containing organic electronic materials, and bromide
substituents are often desired for subsequent coupling steps to access oligomeric or polymeric
products.?” Several previously reported conditions for aerobic C-H/C—H biaryl coupling were
screened,”?228 put these proved ineffective (see section C.3 of Appendix C for full screening data).
For example, 2a was obtained in only 4% yield when using the previously reported Pd-catalyzed
aerobic conditions effective for the homocoupling of electron-rich thiophenes. On the other hand,
promising reactivity was observed by combining features of the commercial oxidative
homocoupling of dimethyl phthalate,?® including use of an ancillary nitrogen ligand and Cu(OAc)2
cocatalyst, and the use of DMSO as the solvent (Figure 4.2). In a survey of different ancillary
ligands, electron-rich pyridine derivatives led to higher yields of 2a over electron-deficient
pyridines (L3 vs L1, Figure 4.2). Bidentate nitrogen-donor ligands, including 2,2'-bipyridine, 1,10-
phenanthroline, and 4,5-diazafluoren-9-one (L8), afforded similar, moderate yields (26-57%). In
contrast, 1,10-phenanthroline-5,6-dione (phd) led to a good yield of 2a (80%). Phd has been used
previously as a catalyst itself for the aerobic oxidation of amines,3%-32 but this is the first successful
use of phd in Pd-catalyzed aerobic oxidation reactions.3® Pd salts with anionic ligands less basic
than acetate (trifluoroacetate, nitrate) were less effective, while those with similar or higher

basicity (benzoate, propionate, pivalate) performed very similarly to Pd(OAc)2.
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Figure 4.2. Ligand Effects in Pd/Cu-Cocatalyzed Aerobic C-H Homocoupling of 2-Bromo-3-
Hexylthiophene. Conditions: 0.17 mmol 2-bromo-3-hexylthiophene, 5 mol% ligand (for L5-L11
and phd) or 10 mol% ligand (L1-L4), 0.25 mL in DMSO. Yields determined by HPLC.

When the loadings of Pd(OACc)z2, phd, and Cu(OAc)2 were lowered to 3 mol%, the yield of
2a could be improved to 85% by including 3 mol% 1,4-benzoquinone (BQ). Systematic
assessment of the different catalyst components (Figure 4.3) highlighted the importance of each of
the catalyst components to access 2a in good yield. High conversion of thiophene starting material
was observed with Pd(OAc)2/Cu(OAc)2 but little product was obtained, suggesting phd promotes
selective formation of product 2a. The ternary catalyst system, composed of
Pd(OAC)2/Cu(OAC)2/phd, led to a substantially improved yield (64%). As the inclusion of 3 mol%
BQ does not affect the initial rate of the reaction (see Figure C.2 in section C.6 of Appendix C),

the enhanced yield of 2a is attributed to improved catalyst stability.
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Figure 4.3. Assessment of Catalytic Components on Thiophene C—H Homocoupling. Conditions:
la (1.1 mmol), catalyst (3 mol%), 1.0 mL in DMSO, 1.1 atm pO2, 120 °C, 16 hr.

The optimized catalyst system, consisting of 3 mol% Pd(OAc)2/phd, Cu(OAc)2, and BQ
was then tested in the oxidative homocoupling of a series of thiophenes and related heterocycles
(Figure 4.4). Several 2-halo-3-alkylthiophenes l1a-1c react smoothly to afford 2,2'-bithiophenes
that are useful as intermediates or precursors to intermediates in materials synthesis.3*3% A
terthiophene 3c was isolated as a by-product from the coupling reaction of 1c (see C.11 in
Appendix C). A 74% yield of 2d was observed when using cyclohexyl acetate as a cosolvent to
enhance the solubility of 1d. 2-Chloro- and 2-bromothiophenes 1e and 1f benefited from a lowered
reaction temperature (100 °C). Dihalogenated substrates gave moderate-to-good yields (2g-2i).
The 3,3'-difluorobithiophene 2i is a noteworthy product because fluorination in this position has
been shown to enhance solar cell power conversion efficiency.363" Benzo[b]thiophenes®*-4° also
underwent oxidative coupling to afford 2j and 2k.

The 3,3-diester derivative 21 is a precursor for materials used in organic solar cell
applications.*! Products 2m-2p show that the catalyst system affords moderate-to-good yields with

both electron-deficient and electron-rich substrates. Product 2p is a precursor to 5,5'-
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bis(carbaldehyde)-2,2'-bithiophene, a common intermediate in Knoevenagel condensations,
Horner-Wadsworth-Emmons and Wittig olefinations used to prepare conjugated polymers.4>45 A
2,2'-bithiophene substrate 1g was coupled in good yield at 100 °C to yield quaterthiophene
derivative 2q, suggesting that the catalyst has promise for the synthesis of oligothiophene
intermediates. Bithiazole 2r has been utilized as an intermediate for the synthesis of organic field
effect transistors, although it was accessed in modest yield (29%). The phd/Pd catalyst system
represents an important advance over the previous non-ligated Pd(OAc)2 aerobic catalyst system.??
The latter method was evaluated for a number of the important substrates in Figure 4.4 (1a, 1b, 11,

1p, and 1q). In each case, the product yield was < 10%.
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Figure 4.4. Substrate Scope for Phd/Pd(OAc)2-Catalyzed Aerobic Oxidative Coupling of
Thiophenes. Conditions: Substrate (1.1 mmol, 1.1 M), 3 mol% each Pd(OAc)2, phd,
Cu(OAC)2eH20, BQ, 1 mL reaction volume in DMSO, 120 °C, 1.1 atm Oz, 16 hr. *H NMR yields,
with isolated yields in parentheses. 2Solvent was a 1.2:1 mixture DMSO:CyOAc. 100 °C. 5 mol%
catalyst. “Mn(OAc)24H20 used instead of Cu(OAc)22H20. €24 hr. 'R = 2-(butyl)octyl; obtained
with ~7% unidentified impurity (see section C.11 of Appendix C for details). %isolated in 9:1 ratio
with monodeprotected 3p (see Section C.11 of Appendix C for details)
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A gram-scale oxidative coupling of 1a under the standard conditions generated 2a in 90%
isolated yield. Moreover, the coupling of 1a was performed with Pd(OAc)2 and phd loadings of
0.5 mol%, with Cu(OAc)2 and BQ at 13 and 3 mol% loading, respectively. A 70% *H NMR vyield
of 2a was obtained under these conditions. Both of these results have important implications for
larger scale applications of this chemistry.

Several observations provide insight into the role of phd as an ancillary ligand. When [phd]
is varied at a fixed loading of 3 mol% Pd(OAc)2 and Cu(OAC)z, the reaction rate increases linearly
with [phd] until it maximizes at a phd:Pd ratio of approximately 1:1 (Figure 4.5A.i). The rate
diminishes beyond this phd loading, and catalysis is completely inhibited at a phd:Pd ratio of 3:1.
Complementary data were observed at a higher Cu(OAc)2 loading (12 mol%), while maintaining
3 mol% Pd(OAC)2. The rate again maximizes at a phd:Pd ratio of approximately 1:1 and decreases
beyond this ratio. These results, together with NMR titration experiments showing that phd binds
tightly to Pd(OAcC)2 in 1:1 stoichiometry (see Figure C.10 and Figure C.11 in Appendix C), suggest

that phd coordinates preferentially to Pd rather than Cu in the catalytic reaction.6
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A. Kinetic Observations
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Figure 4.5. Mechanistic experiments probing the effect of Cu(OAc)2 loading on the rate (A) and
the role of Cu(OAc)2 on C—H activation and C—C coupling (B).

A primary deuterium Kinetic isotope effect (KIE) is observed when the homocouplings of
la and la-d: (deuterium at the C5 position) are monitored under standard conditions [3 mol%
Pd(OACc)2 and Cu(OACc)2]: kn/kp = 2.9 £ 0.1. Changing the Cu(OAc)2 loading has little impact on
the KIE: kn/kp=2.4 £ 0.1 and 2.6 £ 0.2 at 0.75 mol% and 10 mol% Cu(OAc)z, respectively. These
KIE values, which resemble those observed in other Pd-catalyzed C—H oxidation reactions,*’~52
and a first-order dependence of the catalytic rate on [1a] (cf. Figure C.4 in Appendix C) indicate
that C—H activation is the catalytic turnover-limiting step.

Other experiments provide insights into the role of Cu(OAc)2. Cu'"' salts are commonly
used as redox cocatalysts to promote Pd catalyst reoxidation by Oz; however, less conventional
roles in which Cu" influences substrate oxidation steps mediated by Pd" have also been
documented.®® The data in Figure 4.5A.i show that the rate is faster at higher Cu(OAc):2 loading,

and systematic variation of [Cu(OAc)2] reveals a saturation dependence (Figure 4.5A.ii). Addition
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of 10 equiv DOAc inhibits biaryl coupling, but it leads to deuterium incorporation into the C5
position of 1a, consistent with reversible C—H activation of thiophene under these conditions.
Cu(OAc)2 has only moderate impact on the H/D exchange, increasing deuterium incorporation by
a factor of 1.5 after 30 min (28% vs 42%; Figure 4.5B, top). The H/D exchange and KIE data
indicate that Cu(OAc)2 has minimal influence on C—H activation. On the other hand, Cu(OAc):
has a major impact on C—C coupling: the oxidative coupling rate of 1a differs by a factor of 15 in
the presence and absence of 3 mol% Cu(OAc)2 (25x10 vs 1.7x10® M/s) (Figure 4.5B, bottom).
'H NMR spectroscopic data provide evidence for direct interaction between Cu(OAc)2 and
(phd)Pd(OAC)2 in solution, likely involving the dione fragment of the Pd-bound phd ligand.5+6
This evidence was obtained by comparing the effect of adding 1 equiv Cu(OACc)2 to solutions of
(phen)Pd(OAC)2 and (phd)Pd(OAC)2 in DMSO-ds. Whereas Cu(OAC):2 has very little effect on the
spectrum of (phen)Pd(OAC)2, it leads to the appearance of multiple new paramagnetically shifted
peaks (upfield and downfield) in the spectrum of (phd)Pd(OAc)2 (see Figure C.12 and Figure C.13
in Appendix C).

Collectively, the kinetic and spectroscopic data suggest that Cu'" influences C—-C coupling
in a non-redox role. Such roles could include serving as a Lewis acid to promote activation of a
second thiophene in a sequential C-H/C-H coupling pathway, promoting transmetalation of a
thiophenyl group between two (phd)Pd''-Ar intermediates, or promoting reductive elimination
from the (phd)Pd(ArHe), intermediate present in either mechanism. Support for this non-
redox/Lewis acid role was obtained by replacing Cu'' with redox inactive Mg'' and Zn'' acetate
salts. The Mg'" and Zn'" salts are not as effective as Cu'!, but the 35% and 30% vyields of 2a,
respectively, are significantly better than the 5% vyield of 2a obtained in the absence of a metal

cocatalyst (see Error! Reference source not found.). The improved performance of Cu'' relative
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to Zn'" and Mg'" is consistent with its enhanced Lewis acidity (cf. Irving-Williams series), which
could support more favorable interaction with the phd dione fragment. This secondary binding site
in the phd ligand provides a rationale for the superior performance of phd relative to the other
ligands in Figure 4.2, and we postulate that a phd-bridged bimetallic species,
(AcO)2Cu(phd)Pd(OAcC)2 (Figure 4.6), exhibits kinetic advantages over more conventional

bimetallic interactions, such as those involving bridging acetate ligands.

3
/0\ N N\
(AcO),Cu'. _ /Pd”(OAc)Z
0 YN
~ |

(Ac0),Cu(phd)Pd(OAc),

Figure 4.6. Proposed structure of catalytically active phd-supported Cu/Pd heterobimetallic
complex

4.4 Conclusion

The results described herein highlight a unique synergistic catalyst system for Pd-catalyzed
aerobic oxidative C-H/C-H coupling. 1,10-Phenanthroline-5,6-dione serves as a conventional
bidentate ligand for Pd(OAcC)2, while engaging Cu(OAc)2 as a cooperative partner via interaction
with the dione fragment of the ligand backbone. The data implicate an important non-redox role
for Cu''in the C—C coupling reaction. Additional studies have been initiated to gain further insights
into this unique catalyst system and the catalytic mechanism, but we anticipate that these results
will have impact beyond the homocoupling of thiophene. Efforts to pursue these opportunities

have also been initiated.
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A.1 General Considerations

All manipulations were carried out in a glovebox or using standard Schlenk line technique
unless specified otherwise. All chemicals and solvents were purchased from commercially
available sources. Substituted benzoquinones were purified by sublimation. 1,4-dioxane was
distilled from sodium benzophenone ketyl radical and stored under inert atmosphere. Chloroform
and D-chloroform were dried over calcium hydride and stored under inert atmosphere. Palladium
acetate was purchased from Sigma-Aldrich and used without further purification, although the
purity of the Pd(OAc)2 was confirmed by *H NMR spectroscopic analysis because Pd(OAc): is
occasionally contaminated with NO:2 substituting an acetate ligand.*. Palladium dimer [Pd'(u-
DAF)(OAC)]2 was prepared according to literature procedure.> All NMR spectra were obtained on
Bruker-Avance 400, 500, or 600 MHz spectrometers. Attenuated total reflectance FTIR (ATR-

FTIR) data were collected on a Bruker Tensor 27 on a Pike Technologies diamond ATR stage.

A.2 Ligand Screens

Ligand Screen for Conversion of '‘BuH2BQ with Pd(OAc)2/L in dioxane/ds-AcOD

Stock solutions of ligands were prepared in dichloromethane such that a 100 pL aliquot
contained 0.008 mmol of ligand (0.016 mmol for pyridine). A stock solution of Pd(OAc)2 (18.2
mg, 0.081 mmol) in dichloromethane (1.0 mL) was prepared. 100 pL of ligand stock solution and
100 pL of Pd(OAC)2 stock solution were transferred to scintillation vials, the dichloromethane was
removed in vacuo, and the vials were transferred to a glovebox. A stock solution of ‘BuH2BQ (67.3
mg, 0.405 mmol) and internal standard (1,3,5-trimethoxybenzene; 22.7 mg, 0.134 mmol) in
dioxane:AcOD-ds mixture (3:1 vol:vol, 10.0 mL) was prepared. Into each of the vials containing
Pd(OACc)2/L was added 600 pL of the 'BuH2BQ solution. The solutions were stirred for

approximately 1 h before being transferred to NMR tubes and were allowed to stand for 24 h before
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'H NMR spectra were collected (8 scans, 2 dummy scans, 16 s T1 relaxation delay). The ‘Bu peak
of remaining '‘BuH2BQ was integrated relative to internal standard to quantify conversion.

Ligand Screen for Conversion of '‘BuH2BQ with Pd(OAc)2/L in CDClIs/ds-AcOD

Stock solutions of ligands (0.06 mmol in 1000 pL dichloromethane), ‘BuH2BQ (0.06 mmol
in 1000 pL inhibitor-free THF), Pd(OAc)2 (0.09 mmol in 1500 pL dichloromethane) and methyl-
3,5-dinitrobenzoate internal standard (0.18 mmol in the same 1500 pL solution as Pd(OAc)2) were
prepared. The 'BuH2BQ stock solution (100 uL) was added to a scintillation vial and the solvent
was removed under reduced pressure. Into separate vials were added 100 pL of the ligand stock
solutions and 100 pL of the Pd(OAc)2/internal standard stock solutions and the solvent was
removed in vacuo. The vials were then transferred into a glovebox and the solid mixtures of
Pd(OAc)2/ligand/internal standard were dissolved in 600 uL of a 1.5 M solution of AcOD-d4 in
CDCls. Each of these solutions was transferred to the vials containing ‘BuH2BQ and stirred until
homogeneous, after which they were transferred to NMR tubes, capped, and allowed to stand at
ambient temperature in the glovebox for 16 h before collecting *H NMR spectra. The '‘Bu peak of

remaining ‘BuH2BQ was integrated relative to internal standard to quantify conversion.

A.3 Approach to Equilibrium Plots

(DAF)Pd(OAC)2/[Pd'(u-DAF)(OAC)]2 (See Figure 3 in the manuscript)

For “Forward” Direction: In a glove box, a 2.0 mL stock solution of Pd(OAc)2 (6.1 mg,
0.027 mmol), 4,5-diazfluorenone (DAF, 4.9 mg, 0.027 mmol), and internal standard (3,5-
dinitromethylbenzoate; 6.1 mg, 0.027 mmol) in 2.0 mL of a 3:1 mixture (vol:vol) of
dioxane:AcOD-d4 was prepared. A separate stock solution of '‘BuH2BQ, (13.5 mg, 0.081 mmol, in
1.0 mL of dichloromethane) was prepared, and 50 pl of this solution was transferred to a 6 mL

scintillation vial. The dichloromethane was removed in vacuo, the '‘BuH2BQ was dissolved in a
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600 pL portion of the Pd(OAc)2/DAF/internal standard stock solution and quickly transferred to
an NMR tube. The tube was capped, removed from the glove box, and frozen in liquid nitrogen.
The sample was kept frozen until data collection commenced. *H NMR spectra were collected
every 15 min for the first 10 h and every 2.5 h for the remaining 14 h of the experiment (T1
relaxation delay of 21 s.). The DAF ligand signals were integrated relative to internal standard to
quantify [Pd'(u-DAF)(OAC)]2 and the tert-butyl signal of '‘BuH2BQ and ‘BuBQ were integrated to
quantify quinone concentration. Equilibrium constants were calculated according to Equation 2.2
in Chapter 2.

For “Reverse” direction: In a glove box, a stock solution of [Pd'(u-DAF)(OACc)]2 (7.0 mg,
0.010 mmol) and internal standard (3,5-dinitromethylbenzoate; 4.6 mg, 0.020 mmol) in 1.5 mL of
dioxane:AcOD-d4 was prepared. A separate stock solution of '‘BuBQ (13.5 mg, 0.081 mmol, in 1.0
mL of dichloromethane) was prepared, and 50 pl of this solution was transferred to a 6 mL
scintillation vial before the dichloromethane was removed in vacuo. The '‘BuBQ was dissolved in
a 600 pL portion of the [Pd'(u-DAF)(OAC)]2 /internal standard stock solution and quickly
transferred to an NMR tube, which was capped, removed from the purge box, and frozen in liquid
nitrogen. The sample was kept frozen until data collection commenced. *H NMR Spectra were
collected every 5 min for the first 10 h and approximately every 2.5 h for the remaining 14 h of
the experiment (T1 relaxation delay of 21 s).

(Bathocuproine)Pd(OAc)2/(bathocuproine)Pd(RBQ) (See Figure 4 in the manuscript)

For “Forward” Direction: In a glovebox, a stock solution of (bc)Pd(OAc)2 (7.3 mg, 0.12
mmol) in 1.0 mL of 1.5 M AcOD-d4 in CDCIs was prepared. A separate solution of ‘BuH2BQ (8.3
mg, 0.05 mmol) and methyl-3,5-dinitrobenzoate internal standard (11.3 mg, 0.05 mmol) in 1.0 mL

of 1.5 M AcOD-d4 in CDClswas prepared. A 400 pL aliquot of the (bc)Pd(OAC)2 solution was
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injected to an NMR tube and capped with a septum cap. Just before the sample was inserted into
the NMR spectrometer, 100 pL of the ‘BuH2BQ/internal standard solution was injected through
the septum cap and shaken well to ensure good mixing. The NMR tube was inserted into the
spectrometer and data collection was commenced (spectra collected every 5 min with 4 s T1
relaxation delay). The time between the injection and the first spectrum was recorded. To quantify
concentration, the tert-butyl peaks of the (bc)Pd(*‘BuBQ) and '‘BuH2BQ were integrated relative to
internal standard.

For “Reverse” direction: A stock solution of methyl-3,5-dinitrobenzoate internal standard
(12.2 mg, 0.054 mmol) in 5.0 mL of CDCIs was prepared. A separate stock solution of
(bc)Pd(m>~'BuBQ) (7.1 mg, 0.011 mmol) in 1.0 mL of the internal standard stock solution was
prepared. Into an NMR tube was injected 550 pL of the (bc)Pd(n?>-'BuBQ) solution, which was
capped with a septum cap and taken to the NMR spectrometer. Just before the sample was inserted
into the spectrometer, 51 puL of AcOD-ds was injected. The tube was shaken to ensure good mixing
and inserted into the spectrometer before data collection was commenced (spectra collected every
5 min with 4 s T1 relaxation delay). The time between the injection and the first spectrum was

recorded.

A.4 Equilibrium Constant Measurements

(DAF)Pd(OAC)./[Pd'(u-DAF)(OAC)]2

Stock solutions of Pd(OAc)2 (13.6 mg, 0.606 mmol in 750 pL of dichloromethane), DAF
(14.8 mg, 0.081 mmol in 1.0 mL of dichloromethane), and internal standard (methyl 3,5-
dinitrobenzoate; 18.3 mg, 0.081 mmol in 1.0 mL of dichloromethane) were prepared. Into 5
separate 6 mL scintillation vials, 100 pL of each of the stock solutions were apportioned and the

dichloromethane was removed in vacuo and transferred to a glove box. Stock solutions of the
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substituted  hydroquinones  (2,6-dimethylhydroquinone,  2-tertbutylhydroquinone,  2-
methylhydroquinone, hydroquinone, and 2-chlorohydroquinone) were prepared (0.081 mmol in
1.0 mL dichloromethane). Into 5 separate 6 mL scintillation vials, 100 pL of each of the solutions
were apportioned before the dichloromethane was removed in vacuo and transferred to a glove
box. The Pd(OAc)2/DAF/internal standard mixture was dissolved in 600 pL of dioxane:AcOD-da.
The substituted hydroquinones were then dissolved in the Pd(OAc)2/DAF/internal standard
solution and then transferred to an NMR tube and allowed to stand for 24 h in the glovebox at
ambient temperature before NMR spectra were collected. The DAF ligand signals were integrated
to quantify [Pd'(u-DAF)(OAc)]z and the tert-butyl signal of ‘BuH2BQ and '‘BuBQ were integrated
to quantify quinone concentration. Equilibrium constants were calculated according to Equation
2.2 in the Chapter 2. Error analysis was conducted by means of standard propagation of error

calculations. For x = log(a): Sx = 0.434[Sa/a], where a is random variable, Sx = standard deviation

/ N
Pd'
+ 2AcOH
_ N—Pd\N

Equation A.1

of X, Sa = standard deviation of a.

2 Pd(OAc),*DAF +

Table A.1. Determination of equilibrium constants for Equation A.1

Hydroquinone (Irzglgi\i/\ietgttso?a'?fgég]) Keq Keq average std dev l0g(Keq) error
ﬁjgﬁmzﬂigg gf; gigg:? 72415 1486.0 3.9 0.1
Eﬂﬂjgg 2 3559 305.2 0.9 25 0.001
m::igg g:g zg:; 90.0 2.4 2.0 0.01
:Egg g:g %(1) 15 0.8 0.2 0.2
g:gzgg 2(5) g:(ls 0.4 0.4 -0.5 0.4
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(bc)Pd(OAC)2/(bc)Pd(n*-BQ

A stock solution of Pd(OAc)2 (33.7 mg, 0.15 mmol), bathocuproine (54.1 mg, 0.15 mmol),
and methyl-3,5,-dinitrobenzoate internal standard (67.84 mg, 0.30 mmol) in 15 mL of a 1.5 M
solution of AcOD-d4 in CDClswas prepared in a glovebox. A separate stock solution of ‘BuH2BQ
(14.9 mg, 0.09 mmol) was prepared in 2.0 mL of dichloromethane, and with an airtight Hamilton
syringe 50 pL, 100 pL, 200 pL, 300 pL, and 400 pL of this solution were transferred into 5 separate
4 mL vials. The dichloromethane was removed in vacuo, and the vials were moved to the glovebox.
To each vial of 'BuH2BQ was added 600 pL of the Pd(OAc)2/bc/internal standard solution. Once
the 'BuH2BQ dissolved, the solution was transferred to and NMR tube and allowed to stand at
room temperature for 16 h in the glove box before *H NMR spectra were recorded. An analogous
procedure was repeated for MeH2BQ, H2BQ, and CIH2BQ. Equilibrium constants were calculated
according to Equation 2.3 in Chapter 2. Error analysis was conducted by means of standard
propagation of error calculations. For x = log(a): Sx = 0.434[Sa/a], where a is random variable, Sx

= standard deviation of X, Sa = standard deviation of a.

Ph

Ph OH
= R %,
Me—y / L o+ Keg Me N = Ph
ACO,‘,?(@_N\ p o) ::Pd—"‘\ + 2AcOH
R

Me
AcO Me H 3
c Ol 0

Equation A.2

Table A.2. Determination of equilibrium constants for Equation A.2 with ‘BuH2BQ

. Equivalents RH,BQ
Hydroquinone (relative 1o total [Pd]) Keq Keq average std dev log(Keg) error
‘BuH.BQ 0.5 87.2
‘BuH,BQ 1.0 149.9
'‘BuH,.BQ 2.0 134.9 128.6 255 2.1 0.09
‘BuH.BQ 3.0 123.4
‘BuH,BQ 4.0 147.7
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Hydroquinone (Eé}:'t\ilvegiztfogﬁs% Keq Keq average std dev log(Keq) error
MeH,BQ 0.5 25.6
MeH,BQ 1.0 26.1
MeH,BQ 2.0 32.8 29.9 4.1 1.5 0.06
MeH,BQ 3.0 30.0
MeH,BQ 4.0 35.1
Table A.4. Determination of equilibrium constants for Equation A.2 with H2BQ
Hydroquinone (Irzg};l\i(/aeligttsogﬁgc(i?]) Keq Keq average std dev log(Keq) error
H,BQ 0.5 2.3
H.BQ 1.0 2.8
H,BQ 2.0 3.1 2.8 0.3 0.4 0.05
H,BQ 3.0 2.8
H.BQ 4.0 2.8
Table A.5. Determination of equilibrium constants for Equation A.2 with CIH2BQ
Hydroquinone (IrE:I:It\i/vaeletgttsotRa'I-'Eng]) Keq Keq average std dev log(Keq) error
CIH,BQ 0.5 0.0*
CIH,BQ 1.0 0.9
CIH,BQ 2.0 0.4 0.5 0.3 -0.3 0.3
CIH,BQ 3.0 0.5
CIH,BQ 4.0 0.6

* No measurable concentration of (bc)Pd((n?-CIBQ) complex with only 0.5 equivalents of CIH,BQ.

A5 Quinone Exchange Measurements

For the reaction shown in Equation A.3 below: Into a two separate 4 mL vials,

(bc)Pd(OAC)2 (3.51 mg, 0.006 mmol) and 2-MeH2BQ (0.74 mg, 0.006 mmol) were dissolved in

500 uL of CDCIs [the Pd°(quinone) adducts were generated in situ to avoid complications

associated with their isolation, which in some cases proved challenging because of decomposition

of the products on concentration]. The formation of the corresponding (bc)Pd(n?-2-MeBQ) adduct

was allowed to proceed to completion (~20 min) before 5 equivalents '‘BuBQ (4.93 mg, 0.03 mmol)

and 10 equivalents ‘BuBQ (9.85 mg, 0.06 mmol) were added to each respective vial as 100 pL

solutions. The reactions reach equilibrium rapidly but were allowed to stand overnight before ‘H
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NMR spectra were collected at -60 °C, -50 °C, -40 °C, and -30 °C. Analogous procedures were
followed for Equation A.4 and Equation A.5.

The exchange reactions were carried out at low temperature because exchange kinetics on
the NMR time scale at room temperature caused significant broadening that precluded reliable
integration. In the case of (bc)Pd(n?-'BuBQ), MeBQ was determined to be a more convenient
exchange partner, as the equilibrium exchange of BQ with (bc)Pd(n2-'BuBQ) favored (bc)Pd(n?-
BQ) such that reliable integration of (bc)Pd(n?-'‘BuBQ) could not be obtained. For (bc)Pd(tBuBQ)
and (bc)Pd(MeBQ) the tert-butyl and methyl peaks were integrated to determine concentrations
when the resolution was sufficiently good. Otherwise, the protons of the bound quinone were
integrated. For (bc)Pd((n?-BQ) and (bc)Pd((n>-CIBQ) the ring protons were integrated to
determine concentration. The polynomial baseline correction feature of MestReNova 12.0.1 was
used for baseline correction. In the exchange reaction of '‘BuBQ with (bc)Pd(MeBQ), the formation
of a small unidentified peak with a temperature dependent chemical shift is observed between ~5.6
and 6.3 ppm (denoted with asterisk (*) in top spectral stack in Figure A.1). The identity of the
unknown peak was not the subject of thorough investigation. However, since the chemical shift of
the peak is temperature dependent, while the peaks of the Pd-quinone complexes are not, we
conclude that it is not associated with the Pd-quinone complexes. We speculate that it results from
an exchangeable proton (e.g. from acetic acid) present in the reaction mixture or impurity in the

‘BuBQ starting material.

Ph Ph
— o — o
Me—N—4 oh Bu o Me—y Z - Me
O ~Pd—N<_J + == o ~Pd—N_ I+
g L ; k\ Me
o o o)

S~ Me
Me' o Bu

10 mM 50 mM and 100 mM

Equation A.3
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o (¢]
Me Me—N
K Ph
;j L\ M
Me 0"¢ o
10 mM 50 mM and 100 mM
Equation A.4
(0]
Me cl
(@)
o

Equation A.5
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Figure A.1. Variable temperature *H NMR Spectra for exchange of ‘BuBQ with (bc)Pd(MeBQ).
Asterisk (*) denotes unidentified, temperature-dependent peak. See above text for details.



Table A.6. Equilibria data and van't Hoff plot for exchange of '‘BuBQ with (bc)Pd(MeBQ).
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Temp (°C) ['BuBQ] (mM) Keq avg.
50 0.15

-60 0.15
100 0.15
50 0.17

-50 0.17
100 0.16
50 0.21

-40 0.19
100 0.16
50 0.23

-30 0.20
100 0.17

IN(Keg)

-1.55
-1.6
-1.65
-1.7
-1.75
-1.8
-1.85
-1.9
-1.95

y =-504.47x + 0.4727

R?=0.991

0.0041

0.0043 0.0045
1T (K)

0.0047
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Figure A.2. Variable temperature 1H NMR Spectra for exchange of MeBQ with (bc)Pd(BQ).



Table A.7. Equilibria data and van't Hoff plot for exchange of MeBQ with (bc)Pd(BQ).

Temp (°C) [MeBQ] (mM) Keq avg.
50 0.051

-60 0.051
100 0.052
50 0.052

-50 0.054
100 0.055
50 0.057

-40 0.057
100 0.057
50 0.071

-30 0.062
100 0.054
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Figure A.3. Variable temperature *H NMR Spectra for exchange of BQ with (bc)Pd(CIBQ).
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Table A.8. Equilibria data and van't Hoff plot for exchange of BQ with (bc)Pd(CIBQ).
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Temp [BQ] (mM) Keg avg. 2.7
O
2.75 | ~o

50 0.052 N
-60 0.050 -2.8 A

100 0.048 PO

“5-2.85 ~

50 0.057 é’ -2.9 N
-50 0.054 = ’ ..

100 0.052 2.95 S

y =-483.89x - 0.7405 <

50 0.064 -3 R2 = 0.9806 ~q
-40 0.058

100 0.052 -3.05

0.0041 0.0043 0.0045 0.0047

50 0.062 1T (K)
-30 0.066

100 0.071

A.6 Quinone/hydroquinone Reduction Potential Determination by Open Circuit Potential

(OCP) Measurements

General considerations: Open circuit potentials measurements and cyclic voltammetry
measurements were performed at room temperature using a Pine Potentiostat/Galvanostat. The
experiments were carried out in a three-electrode cell configuration with a glassy carbon working
electrode (3 mm diameter) and a platinum wire counter electrode. The potentials were measured

versus an Ag/AgCl reference electrode (all electrodes from BASI).

Measurements in 1,4-dioxane/AcOH: A 500 mM solution of tetrabutylammonium
tetrafluoroborate (TBAB) in a 3:1 mixture of 1,4-dioxane:AcOH (vol:vol) was prepared.
Equimolar quantities of BQ and H2Q (0.1 mmol) were weighed into separate vials. The BQ and
H2Q were dissolved in 10 mL of the TBAB solution and the solution was purged with nitrogen for
several minutes. An initial CV was recorded before the OCP was measured for 30-40 min.
Following the OCP measurement, a second CV was recorded. Ferrocene was added to the BQ/H2Q
solution and a CV was recorded for reference. The value for the OCP was obtained from the

average of the data following an initial equilibration period (approximately 200 s).
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Open Circuit Potential vs. Time
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Figure A.4. Open circuit potential measurements (vs. Fc*/°) for 1:1 mixtures of Q/H2Q in 3:1 1,4-
dioxane:AcOH with tetrabutylammonium tetrafluoroborate supporting electrolyte (500 mM).

Measurements in chloroform/AcOH: A 500 mM solution of tetrabutylammonium

hexafluorophosphate (TBAP) in a 1.5 M solution of AcOH in chloroform was prepared. Equimolar
quantities of BQ and H2Q (0.1 mmol) were weighed into separate vials. The BQ and H2Q were
dissolved in 10 mL of the TBAP solution and the solution was purged with nitrogen for several
minutes. An initial CV was recorded before the OCP was measured for 30-40 min. Following the
OCP measurement, a second CV was recorded. Ferrocene was added to the BQ/H2BQ solution
and a CV was recorded for reference. In the case of 2-chlorobenzoquinone, CIBQ/CIH2BQ redox
events obscured the peaks of the ferrocene couple, so the ferrocene reference was recorded in fresh
solvent free of quinone immediately following the measurement of the OCP. The value for the
OCP was obtained from the average of the data following an initial equilibration period

(approximately 200 s).
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Open circuit potential vs Time
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Figure A.5. Open circuit potential measurements (vs. Fc*0) for 1:1 mixtures of Q/H2Q derivatives
in chloroform/AcOH (1.5 M AcOH) with tetrabutylammonium hexafluorophosphate supporting
electrolyte (500 mM).

A.7 Synthesis of (bathocuproine)Pd Complexes

Synthesis of (bathocuproine)Pd(OAc).: Palladium acetate (1.56 g, 6.94 mmol) and

bathocuproine (2.5 g, 6.94 mmol) were dissolved in 25 mL of dichloromethane and stirred at room
temperature overnight under air. The solvent was removed in vacuo to yield (bc)Pd(OAc)2 (4.0 g,
98% vyield).

IH NMR (500 MHz, Chloroform-d) & 7.79 (s, 2H), 7.559-7.52 (m, 6H), 7.49-7.44 (m, 4H), 7.42
(s, 2H), 2.99 (s, 6H), 2.03 (s, 6H)

13C NMR (126 MHz, CDClz) § 178.57, 164.87, 150.99, 148.38, 135.55, 129.87, 129.40, 129.21,
126.99, 126.65, 124.39, 24.88, 23.09.

Synthesis of (bc)Pd(*BuBQ): Into an over-dried 100 mL Teflon stoppered bomb flask

equipped with a stir bar was added ‘BuH2BQ (71.0 mg, 0.427 mmol) and (bc)Pd(OAc)2 (250 mg,
0.427 mmol). The flask was evacuated, filled with 50 mL chloroform, and stirred at room
temperature overnight. Chloroform was removed in vacuo, 10 mL of toluene were added and the
red-orange solid was stirred for about 10 min before the toluene was removed in vacuo to remove

acetic acid that is a byproduct of the reaction. This process was repeated three times. The flask was
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transferred to a glovebox, where the solid was dissolved in chloroform (~10 mL) and filtered
through a pad of Celite filter powder. The chloroform was removed under reduced pressure, and
the resulting red-orange solid was washed with pentane (~20 mL) and toluene (~5 mL) to yield
(bc)Pd('BuBQ) (223.5 mg, 83% vyield). Single crystals suitable for X-ray diffraction were grown
from vapor diffusion of pentane into a saturated toluene solution of Pd(bathocuproine)(‘BuBQ).
IH NMR (500 MHz, Chloroform-d) & 7.81 (s, 2H), 7.63 (d, J = 3.1 Hz, 2H), 7.58-7.52 (m, 6H),
7.52 —7.45 (m, 3H), 6.15 (d, J = 2.2 Hz, 1H), 4.78 (dd, J = 7.0, 2.2 Hz, 1H), 4.64 (d, J = 6.9 Hz,
1H), 3.08 (s, 3H), 3.02 (s, 3H), 1.14 (s, 9fH).

BC{*H} NMR (126 MHz, CDCls) & 191.39, 190.71, 162.61, 157.14, 150.02, 146.72, 146.69,
136.88, 136.84, 134.13, 129.59, 129.55, 129.33, 129.31, 129.01, 126.20, 126.01, 125.91, 125.81,
123.65, 123.60, 57.49, 55.91, 35.21, 29.40, 28.57, 28.41.

FTIR (ATR, cmY): 1583 (C=0), 1610 (C=0)

Synthesis of (bc)Pd(MeBQ): (bc)Pd(OAc)2 (100 mg, 0.171 mmol) and MeH2BQ (21.22

mg, 0.171 mmol) were dissolved in ~20 mL of chloroform in a 100 mL Teflon stoppered bomb
flask and stirred at room temperature overnight. Pentane was vacuum transferred to the reaction to
precipitate the product before it was moved to a glovebox. The resulting brown solid was washed
with pentane, toluene and THF to yield the yield 32 mg of (bc)Pd(MeBQ) (32% vyield).

IH NMR (400 MHz, Chloroform-d) & 7.80 (s, 2H), 7.62 (s, 2H), 7.59 — 7.42 (m, 10H), 6.15 (s,
1H), 4.78 (s, 2H), 3.07 (s, 3H), 3.05 (s, 3H), 1.84 (s, 3H).

BC{'H} NMR (126 MHz, CDClz) & 191.49, 191.02, 166.45, 162.65, 151.07, 150.09, 148.89,
146.72, 146.60, 136.83, 135.69, 135.48, 130.01, 129.54, 129.32, 126.92, 126.11, 126.00, 124.29,
123.62, 55.87, 28.39, 28.08, 16.95

FTIR (ATR, cm): 1603 (C=0), 1613 (C=0)
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Synthesis of (bc)Pd(BQ): (bc)*Pd(OAc)2 (100 mg, 0.171 mmol) and H2BQ (18.9 mg, 0.171

mmol) were dissolved in ~30 mL of chloroform in a 100 mL Teflon stoppered bomb flask and
stirred at room temperature overnight. Pentane was vacuum transferred to the reaction to
precipitate the product before it was moved to a glovebox. The resulting brown solid was washed
with pentane to yield 34.1 mg of (bc)Pd(BQ) (35% yield). The product decomposed upon removal
of solvent, so rigorous drying was forgone, hence the substantial pentane peak in the NMR spectra.
IH NMR (400 MHz, Chloroform-d) & 7.81 (s, 2H), 7.63 (s, 2H), 7.59 — 7.46 (m, 10H), 5.55 (s,
4H), 3.06 (s, 6H).

BC{'H} NMR (126 MHz, CDClz) & 190.41, 162.47, 150.06, 146.58, 136.63, 129.39, 129.21,
128.90, 126.01, 123.52, 116.14, 28.06.

FTIR (ATR, cm): 1642 (C=0)

Synthesis of (bc)Pd(CIBQ): (bc)Pd(OACc)2 (100 mg, 0.171 mmol) and CIH2BQ (24.7 mg,

0.171 mmol) were dissolved in ~20mL of chloroform and stirred at room temperature overnight.
The product was precipitated out of solution with pentane and the resulting brown solid was
washed with pentane, toluene, and THF to yield (bc)Pd(CIBQ) in 69% yield (71.9 mg) as a brown
solid.

'H NMR (400 MHz, Chloroform-d) & 7.82 (s, 2H), 7.63 (s, 2H), 7.60 — 7.45 (m, 10H), 6.33 (s,
1H), 5.13 (d, J = 7.3 Hz, 1H), 5.01 (d, J = 7.4 Hz, 1H), 3.04 (s, 3H), 3.02 (s, 3H).

BC{*H} NMR (126 MHz, CDCl3) & 188.76, 182.88, 162.76, 162.66, 150.38, 136.71, 129.53,
129.40, 129.06, 126.14, 125.14, 67.09, 66.82, 28.24, 28.09.

FTIR (ATR, cm): 1620 (C=0), 1642 (C=0)
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A.8 NMR Spectroscopic Data

!H NMR: (bc)Pd(OAC)2
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IH NMR: (bc)Pd(MeBQ)
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IH NMR: (bc)Pd(BQ)
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IH NMR: (bc)Pd(CIBQ)
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A.9 Crystal Structure Data

Data Collection: An orange crystal with approximate dimensions 0.12 x 0.09 x 0.01 mm?3

was selected under oil under ambient conditions and attached to the tip of a MiTeGen
MicroMount®©. The crystal was mounted in a stream of cold nitrogen at 100(1) K and centered in
the X-ray beam by using a video camera. The crystal evaluation and data collection were
performed on a Bruker Quazar SMART APEXII diffractometer with Mo Ka (A = 0.71073 A)
radiation and the diffractometer.

The initial cell constants were obtained from three series of ® scans at different starting
angles. Each series consisted of 12 frames collected at intervals of 0.5° in a 6° range about ® with
the exposure time of 20 s per frame. The reflections were successfully indexed by an automated
indexing routine built in the APEXII program suite. The final cell constants were calculated from
a set of 9981 strong reflections from the actual data collection. The data were collected by using
the full sphere data collection routine to survey the reciprocal space to the extent of a full sphere
to a resolution of 0.83 A. A total of 75418 data were harvested by collecting 4 sets of frames with
0.5° scans in ® and ¢ with exposure times of 120 sec per frame. These highly redundant datasets
were corrected for Lorentz and polarization effects. The absorption correction was based on fitting
a function to the empirical transmission surface as sampled by multiple equivalent measurements.

Structure Solution and Refinement: The systematic absences in the diffraction data were

consistent for the space group P1 and P1 that yielded chemically reasonable and computationally
stable results of refinement.®*

A successful solution by charge-flipping provided most non-hydrogen atoms from the E-
map. The remaining non-hydrogen atoms were located in an alternating series of least-squares

cycles and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic
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displacement coefficients. All hydrogen atoms were included in the structure factor calculation at
idealized positions and were allowed to ride on the neighboring atoms with relative isotropic
displacement coefficients.

The asymmetric unit contains one molecule of the palladium complex shown in Figure A.6
and 2.5 molecules of toluene. The toluene molecules occupy three positions within the asymmetric
unit. Toluene molecule C37-C43 is fully occupied and has two disordered components (major
occupancy: 61.5(7)%). Toluene molecule C44-C50 is fully occupied and has two disordered
components (major occupancy: 58.2(8)%). Toluene molecule C51-C57 resides on an inversion
center and is half occupied. All toluene molecules were constrained to have an idealized geometry®
and thermal parameter constraints were used on the disordered toluene molecules in order to obtain
a chemically reasonable and computationally stable refinement.

The final least-squares refinement of 442 parameters against 10640 data resulted in
residuals R (based on F2 for [>26) and wR (based on F2 for all data) of 0.0510 and 0.1363,
respectively. The final difference Fourier map featured 2 peaks of residual electron density (2.59

e/A3) in vicinity of Pd in chemically unreasonable positions and were considered noise.
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Figure A.6. Single XRD structure of (bc)Pd(‘BuBQ)

Table A.9. Crystal data and structure refinement for (bc)Pd(‘BuBQ)

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

o/°

pre

V/°

Volume/A3

z

Pcalc mg/mm3

w/mm-t

F(000)

Crystal size/mm?
Radiation

20 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

stahl246 ¢

C3sH32N202Pd (2.5 C7Hs)
1722.74

100

triclinic

P1

10.619(3)

13.727(4)

14.993(5)

85.713(16)

80.258(13)

82.221(16)

2131.1(12)

1

1.342

0.572

898

0.12 x 0.09 x 0.01

MoKa (A =0.71073
2.3154 to 28.2760°
-14<h<14,-18<k<17,-20<1<19
44651

10640 [Rint = 0.0439, Rsigma = 0.0404]
10640/0/442

1.077

R1=0.0510, wR2 = 0.1302
R1=0.0606, wR2 = 0.1363
2.59/-1.539



132

A.10 Computational Data

Computational Procedure: Geometry optimizations and frequency calculations for all
reported structures were performed with the Gaussian 09 suite of programs® at the B3LYP-
D3(BJ)/[6-31G(d,p) + Lanl2dz (Pd)] level of theory with the corresponding Hay-Wadt effective
core potential for Pd, and Grimme’s empirical dispersion-correction (D3) with Becke-Johnson
(BJ) damping for B3LYP."*2 Frequency analysis was used to characterize each minimum with
zero imaginary frequency. Bulk solvent effects were incorporated for all calculations (including
the geometry optimization and frequency calculations) using the self-consistent reaction field
polarizable continuum model (IEF-PCM).2**5 As a solvent we chose chloroform (¢ = 4.7113).
Calculated cartesian coordinates of all studied systems are given below.
Computational Structures and Coordinates

H.BQ

0 4.45305900 -0.86146400 1.03417100
C 4.66532500 -0.53487200 2.34911300
C 4.58289200 0.77678600 2.82801300
C 4.97646700 -1.57143600 3.23362000
C 4.80898200 1.04861700 4.17658300
H 4.34190500 1.58979300 2.14795600
C 5.20255900 -1.29960500 4.58219000
H 5.03923800 -2.58686600 2.85668400
C 5.12012300 0.01205200 5.06109100
H 4.74622100 2.06404800 4.55351700
H 5.44355800 -2.11261100 5.26224400
0 5.33239900 0.33864700 6.37603000
H 5.53541600 -0.46505100 6.87337700
H 4.25001800 -0.05776800 0.53683000

BQ

0 4.71524800 -0.58956300 1.06285100
C 4.79725700 -0.43853600 2.27846700
C 4.72065500 0.91021400 2.89337200
C 4.97578200 -1.59801500 3.18772000
C 4.80983400 1.07520300 4.22241600
H 4.58975800 1.74238000 2.20891300
C 5.06496100 -1.43302300 4.51676400
H 5.02904100 -2.57380700 2.71536500
C 4.98841800 -0.08426900 5.13166100



H 4.75652600 2.05099100 4.69477600
H 5.19581100 -2.26519500 5.20122700
0 5.07018100 0.06673500 6.34729900

AcOH

C -1.68307800 2.56092600 1.48944900

0 -2.24174000 2.59552400 0.25868600

C -2.06637500 3.76590600 2.30582200

H -1.59598800 3.71090100 3.28637900

H -1.75245200 4.67845000 1.79120200

H -3.15378300 3.80892800 2.41528000

0 -0.96591000 1.65138100 1.85492400

H -1.95251700 1.79195600 -0.20688500

py
C -1.86615700 -1.74287100 -1.61577200

C -1.99595100 -2.77236900 -2.54878700
N -1.10495500 -0.65519400 -1.80864700
C -1.29799200 -2.67139600 -3.75205000
C -0.44030400 -0.57325800 -2.97070500
C -0.50219100 -1.54692100 -3.96868200
H -1.37238000 -3.45157400 -4.50331900
H 0.05951000 -1.42234400 -4.88838400
H -2.62794300 -3.62753500 -2.33392700
H 0.17309100 0.31467800 -3.11200000
H -2.39921100 -1.79420400 -0.66827900

bpy

C -2.83785600 -0.80583600 1.80451700

N -2.31303300 -0.74000200 0.57669600

C -2.27256800 -1.87008400 -0.15362100
C -2.74824300 -3.09496600 0.33784700

C -3.29234100 -3.14625800 1.61873800

C -3.34369900 -1.97609900 2.37349700

H -3.66064700 -4.08463900 2.02114800

H -3.75775500 -1.96536800 3.37586200

C -1.69001700 -1.77404000 -1.52317500
C -2.16083100 -2.59345300 -2.56007400
N -0.70848200 -0.87183700 -1.71080700
C -1.58868400 -2.48254000 -3.82490100
C -0.16962900 -0.77772500 -2.93074600
C -0.56598700 -1.55646200 -4.01970300
H -1.94191400 -3.10223200 -4.64303800
H -0.08916600 -1.43319500 -4.98601900
H -2.97476600 -3.28756400 -2.38464100
H -2.67247900 -3.99398800 -0.26289400
H 0.62500000 -0.04291300 -3.04668900

H -2.85908400 0.12668800 2.36557800

dmbpy
C -2.66102000 -0.85699200 1.89520800
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N -2.21104700 -0.77683000 0.63327800
C -2.19992900 -1.88579600 -0.12483900
C -2.63396400 -3.12921100 0.35750400
C -3.10016800 -3.21075900 1.66612100
C -3.11806100 -2.05963000 2.44962900
H -3.43574100 -4.16009200 2.07204100
H -3.47356600 -2.08697400 3.47423300
C -1.69423700 -1.74829700 -1.52210500
C -2.22234700 -2.54092300 -2.55162800
N -0.72978900 -0.83762700 -1.73719500
C -1.72067200 -2.38173800 -3.83987200
C -0.24599100 -0.68676500 -2.98007300
C -0.71570500 -1.44370300 -4.06144400
H -2.11424000 -2.97380700 -4.66033200
H -0.30176100 -1.29242400 -5.05274000
H -3.02207500 -3.24451400 -2.35160800
H -2.58345000 -4.01234600 -0.26851700
C 0.84388100 0.33979000 -3.15411900
H 0.51997400 1.30934300 -2.76344800
H 1.73660400 0.04749000 -2.59074100
H 1.12169800 0.45823500 -4.20387000
C -2.65538400 0.42391100 2.68974700
H -1.65171400 0.86031100 2.70089200
H -3.32172700 1.16141900 2.22980600
H -2.97860200 0.26042700 3.72025300

dmphen

C -3.39042900 -0.70264400 1.50794400
N -2.87969600 -0.71553200 0.28308100
C -2.32462500 -1.86002000 -0.18879700
C -2.26863600 -3.05334200 0.58288500
C -2.81967100 -3.01207100 1.88462400
C -3.37856500 -1.84491500 2.34879600
H -2.79391900 -3.90537700 2.50232200
H -3.80811100 -1.78648100 3.34377300
C -1.76660200 -1.86856400 -1.53250400
C -1.18547800 -3.06989700 -2.02438300
N -1.81964700 -0.73206700 -2.27142400
C -0.65189500 -3.04483000 -3.33381000
C -1.31254700 -0.73458500 -3.49785900
C -0.71295500 -1.88547500 -4.07024100
H -0.19960900 -3.94435400 -3.74194700
H -0.31123000 -1.83968000 -5.07739600
C -1.15139200 -4.24835500 -1.21155900
C -1.67409400 -4.24038900 0.04631000
H -0.69988000 -5.14736200 -1.62100900
H -1.64970500 -5.13277900 0.66494800
C -3.99724800 0.58674800 1.99702700
H -3.47787600 0.94893700 2.89140600
H -3.93349800 1.34831500 1.21854100
H -5.04845100 0.44543300 2.27181200
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C -1.39154500 0.54631400 -4.28729700
H -1.88359800 1.31961100 -3.69564700
H -0.39165800 0.89590700 -4.56794500
H -1.95254700 0.39933000 -5.21699500

phen

C -3.31593200 -0.69200700 1.52916900
N -2.82278600 -0.68850100 0.29921000
C -2.30183100 -1.84261600 -0.18400900
C -2.27085400 -3.04227200 0.58287900
C -2.80619900 -3.00278600 1.88940500
C -3.33287700 -1.82295400 2.37036800
H -2.79495400 -3.90333500 2.49658400
H -3.75210400 -1.75399800 3.36821800
C -1.75506400 -1.85778900 -1.53366500
C -1.20895600 -3.07201400 -2.03951400
N -1.78343900 -0.71729100 -2.26527200
C -0.68430700 -3.06189500 -3.35093700
C -1.28173800 -0.74838900 -3.49136100
C -0.71828100 -1.89567700 -4.08545900
H -0.26132600 -3.97394000 -3.76217600
H -0.32491200 -1.84938000 -5.09506800
C -1.20030400 -4.25568400 -1.23026500
C -1.71090300 -4.24134700 0.03100500
H -0.77662600 -5.16421300 -1.64801800
H -1.70407600 -5.13799200 0.64366100
H -3.72652200 0.25074600 1.88735400
H -1.31961100 0.18419800 -4.05216600

DAF

O -7.48897300 15.23785400 20.51363700
N -5.83333400 12.25921600 17.15453700
N -4.43346300 14.99638400 16.83908400
C -6.57549600 11.18701900 17.50445000
H -6.42734600 10.29275400 16.90428500
C -7.49113700 11.16734600 18.56021600
H -8.04615100 10.26045100 18.77187400
C -7.67669100 12.32263600 19.32950000
H -8.37604400 12.35470800 20.15873300
C -6.92036100 13.42914600 18.97971300
C -6.85521700 14.80448200 19.56612000
C -5.84336100 15.53254400 18.73806900
C -5.36781000 16.83140000 18.81189600
H -5.72870500 17.52370800 19.56567800
C -4.40230300 17.20061700 17.86723900
H -3.98119900 18.19956800 17.86024700
C -3.97708700 16.26446200 16.92050000
H -3.22766100 16.54582000 16.18491900
C -5.34836300 14.66529300 17.74400000
C -6.02377300 13.34526900 17.89598100
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(py)2Pd(AcO);

Pd -1.99306700 0.93453400 -0.89950300
C -1.85740200 2.58180700 1.44574300
0 -2.27539800 2.63563900 0.20563600
C -2.12018100 3.86926600 2.21304000
H -1.67177500 3.81755500 3.20567500
H -1.71640700 4.72563500 1.66593500
H -3.19951500 4.02424700 2.30962100
0-1.31684600 1.60758800 1.97184700
0 -1.71071000 -0.76655900 -2.00466600
C -2.12748400 -0.71226100 -3.24517200
0 -2.66652300 0.26254000 -3.77174400
C-1.86617800 -2.00036600 -4.01188500
H -2.27945400 -2.85465200 -3.46853600
H -2.30701900 -1.94523500 -5.00771100
H -0.78717000 -2.16207000 -4.10025200
N -0.17763900 1.66998400 -1.56274100
C 0.76998900 0.82737200 -2.01672100
C 0.06287400 2.99504200 -1.54503700
C 2.00008600 1.28843100 -2.47020400
H 0.50425400 -0.22208600 -2.01789700
C 1.26847300 3.52391800 -1.99024600
H -0.73357600 3.61184000 -1.14857700
C 2.25588000 2.65899300 -2.46021200
H 2.73795800 0.57802200 -2.82418200
H 1.42184800 4.59640600 -1.96399500
H 3.20667000 3.04566700 -2.81153700
N -3.80855800 0.19904000 -0.23621700
C -4.04955200 -1.12592000 -0.25517400
C -4.75571600 1.04150800 0.21902400
C -5.25515400 -1.65483100 0.18998100
H -3.25345700 -1.74258000 -0.65256800
C -5.98577600 0.58040600 0.67256500
H -4.48962900 2.09087600 0.22111000
C -6.24206300 -0.79005200 0.66126300
H -5.40891700 -2.72723800 0.16267700
H -6.72324400 1.29071200 1.02759200
H -7.19284100 -1.17675600 1.01258700

(py):Pd(BQ)
C -3.22359700 0.80287400 1.67747500

N -2.71411600 0.21448300 0.57907100
C -2.46186500 -1.10716600 0.61538800
C -2.72233000 -1.89009700 1.73567000
C -3.26450200 -1.28251000 2.86775800
C -3.51514700 0.08880600 2.83629600
H -3.48170500 -1.86464200 3.75726300
H -3.92694500 0.60667200 3.69518600
Pd -2.18707000 1.46420900 -1.16287600
C -3.79748800 -0.87721300 -2.56444900
C -4.32293700 -1.64744200 -3.59720000

136



137

N -2.97669100 0.16627900 -2.78118800
C -3.98937500 -1.32498300 -4.91211900
C -2.66767900 0.48626100 -4.05280800
C -3.15005100 -0.23546400 -5.14097800
H -4.38079200 -1.90622700 -5.74056800
H -2.87135400 0.06095800 -6.14593300
C -1.19485900 3.20046100 -1.95489800
C -2.23207000 3.79312300 -2.79777100
C -1.25407800 3.28936000 -0.53063200
C -3.36726000 4.45782100 -2.09719200
0 -2.20272600 3.75495400 -4.03833400
C -2.37600700 3.96632600 0.12732500
H -0.36711700 3.13005600 0.07577100
C -3.43276600 4.53481900 -0.75671400
H -4.13288400 4.88888300 -2.73636300
0 -2.48297600 4.06884900 1.35989300
H -4.25505800 5.03133600 -0.24892100
H -0.26286600 2.95123700 -2.45466100
H -2.04228000 1.36199300 -4.19084400
H -3.37506900 1.87642500 1.62425700
H -2.50128200 -2.95120000 1.71390500
H -4.98078000 -2.47809200 -3.36773100
H -2.03733500 -1.53867000 -0.28474600
H -4.03872500 -1.09126600 -1.52971300

(bpy)Pd(AcO),

C -2.88479500 -0.69479100 1.70620400
N -2.35431000 -0.78012000 0.47978200
C -2.22668200 -1.98219400 -0.14138200
C -2.63878600 -3.15070500 0.49729900
C -3.18416300 -3.07125900 1.77746200
C -3.31214000 -1.82752200 2.39248600
H -3.50784700 -3.97336400 2.28448600
H -3.73569200 -1.72708500 3.38440800
Pd -1.73970600 0.82632800 -0.62706900
C -1.26247300 2.65433600 1.50053000
0 -2.26152700 2.18175300 0.80230800
C -1.69273000 3.71113900 2.50919900
H -0.83559400 4.04832000 3.09321400
H -2.13860400 4.56295300 1.98695400
H -2.45727000 3.30397700 3.17747300
0 -0.08556500 2.30297800 1.39044600
0 -1.05455600 2.28052200 -1.87875700
C -1.98133200 2.92376200 -2.53919400
0 -3.18991700 2.68203200 -2.49400800
C -1.64083100 -1.93030900 -1.49376100
C -1.39657700 -3.04629200 -2.29256500
N -1.33084800 -0.68536200 -1.94215700
C -0.82818300 -2.87068600 -3.55298500
C -0.77584600 -0.50942200 -3.14792900
C -0.50926500 -1.58609700 -3.98837200



H -0.63422400 -3.73111000 -4.18360100
H -0.06105400 -1.41183200 -4.95900600
C -1.41705500 4.02942800 -3.42182000
H -0.75541000 3.59753800 -4.17923300
H -2.22552000 4.57241600 -3.91264700
H -0.81700500 4.72000900 -2.82260300
H -1.64167700 -4.03907600 -1.93797600
H -2.54045500 -4.10949200 0.00471700
H -0.54906700 0.51751900 -3.40873100
H -2.96037900 0.30799300 2.10980100

(bpy)-Pd(BQ)

C -1.88535100 0.20179100 1.64709300
N -1.72584600 -0.10438700 0.35321600
C -1.83864000 -1.38545000 -0.06341900
C -2.10435600 -2.40936400 0.85097700
C -2.25805900 -2.09633800 2.19966100
C -2.15296000 -0.76841400 2.60954800
H -2.46328100 -2.88240000 2.91830700
H -2.27498600 -0.48410000 3.64815200
Pd -1.26788200 1.39022300 -1.17714800
C -1.68425400 -1.61504000 -1.52404400
C -1.75426400 -2.88488600 -2.10515800
N -1.48117300 -0.51504400 -2.28682400
C -1.62089900 -3.01381000 -3.48537000
C -1.35810000 -0.64022600 -3.61472100
C -1.42307900 -1.87259000 -4.25976600
H -1.67311200 -3.99409200 -3.94657800
H -1.31950200 -1.92795200 -5.33703200
C -0.78853800 3.33072900 -1.99526900
C -1.94798100 3.66487200 -2.82887200
C -0.87481700 3.38248600 -0.56933000
C -3.21606600 3.99132900 -2.11272100
0 -1.91458200 3.69264400 -4.06640700
C -2.13137900 3.73142900 0.10455900
H 0.02297600 3.45024800 0.03946400

C -3.30039100 4.02468800 -0.77130400
H -4.06855900 4.22150000 -2.74603300
0 -2.24918500 3.77258500 1.33854900
H -4.22412600 4.28080500 -0.25958800
H 0.17654000 3.36105800 -2.49287900
H -1.20673900 0.28219800 -4.16492100
H -1.80365800 1.25599800 1.89818700
H -2.19620900 -3.43656900 0.52275900
H -1.90954800 -3.76506800 -1.49483200

(dmbpy)Pd(AcO)

C -2.50985600 -0.87468800 1.90622400
N -2.19339100 -0.80078000 0.59651800
C -2.45237300 -1.84970300 -0.23535800
C -3.12873200 -2.97896000 0.21778800
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C -3.51177900 -3.04546800 1.55448700
C -3.17685800 -2.00184300 2.40424800
H -4.04146000 -3.91481000 1.92825600
H -3.42174400 -2.04040500 3.45902300
Pd -1.62925700 0.88063400 -0.50619900
C -1.48358800 3.01551700 1.36759400
0 -2.37710800 2.30757600 0.73701400
C -2.08413300 4.18888500 2.12976900
H -1.29531000 4.85835900 2.47532800
H -2.79334800 4.73489700 1.50301300
H -2.63530500 3.81215000 2.99824100
0 -0.27437800 2.76764900 1.41173600
0 -1.21316100 2.45706800 -1.72464200
C -2.13325400 2.70016800 -2.61414400
O -3.14909400 2.02328600 -2.80222500
C -1.88678600 -1.75152000 -1.59663300
C -2.00316800 -2.76733300 -2.54048900
N -1.15270500 -0.63230000 -1.85432100
C -1.31732000 -2.64885500 -3.74711300
C -0.42561200 -0.53661700 -2.98500700
C -0.50196900 -1.54687600 -3.95367000
H -1.39772500 -3.42618000 -4.49895900
H 0.08800700 -1.44945700 -4.85753500
C -1.83812200 3.94516500 -3.44140400
H -0.82829200 3.89589700 -3.85851600
H -2.56764100 4.04745800 -4.24567900
H -1.88029100 4.82987700 -2.79839800
H -2.60502500 -3.64312100 -2.34053900
H -3.34186200 -3.80144200 -0.45104600
C 0.49587200 0.62822500 -3.19398100
H 0.03492100 1.37698000 -3.84366000
H 0.74275000 1.11407000 -2.25271200
H 1.40794100 0.27748400 -3.68373900
C -2.13330500 0.24526600 2.82604000
H -1.17191100 0.67725100 2.54498500
H -2.87703900 1.04374900 2.76973800
H -2.08790200 -0.12017100 3.85363800

(dmbpy)Pd(BQ)

C -1.52794000 0.13096600 1.77070100
N -1.54408600 -0.08362300 0.44091800
C-1.96142700 -1.27098500 -0.05768100
C -2.43203500 -2.28131500 0.78468600
C -2.45377400 -2.05891500 2.15825000
C -1.98603300 -0.84954800 2.65830100
H -2.81803200 -2.82957600 2.82930000
H -1.96907500 -0.65470000 3.72433200
Pd -1.24833600 1.47348800 -1.10117300
C -1.83934300 -1.45658900 -1.52854400
C -2.21896300 -2.64072300 -2.16504400
N -1.29232100 -0.43292900 -2.22550900
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C -2.00743900 -2.76803700 -3.53473600
C -1.04999400 -0.55762200 -3.54464500
C -1.40398300 -1.72635600 -4.22893000
H -2.29820900 -3.67817000 -4.04859000
H -1.20371400 -1.80482500 -5.29122100
C -1.09874900 3.38162400 -2.05652000
C -2.26155900 3.46919900 -2.94565900
C -1.24443200 3.56244700 -0.64512300
C -3.59339100 3.65536800 -2.30535100
0 -2.18263000 3.39979700 -4.18109700
C -2.56028700 3.83861900 -0.05867100
H -0.39125600 3.84244600 -0.03376100
C -3.73047600 3.82526100 -0.98014400
H -4.44431600 3.67426500 -2.98062000
0 -2.73333400 4.08029600 1.14493600
H -4.69915400 3.99007700 -0.51655200
H -0.13301100 3.52112800 -2.53400700
H -2.76844200 -3.22896800 0.38655900
H -2.66695700 -3.45410800 -1.61064900
C -0.38310600 0.58843400 -4.24540600
H -1.05811900 1.44539300 -4.33698200
H 0.48397000 0.92371300 -3.66945200
H -0.05631500 0.29245200 -5.24465700
C -0.99398400 1.44349000 2.26209600
H -0.02669800 1.65063400 1.79527700
H -1.66175500 2.26879300 1.99575300
H -0.87030600 1.42792900 3.34711000

(phen)Pd(AcO);

C -2.99163500 -0.78153700 1.63829200
N -2.45055300 -0.84084300 0.42632300
C -2.22476500 -2.05240800 -0.15565900
C -2.53139800 -3.26946800 0.48714200
C -3.09890500 -3.18756300 1.77947500
C -3.32906900 -1.94859600 2.34767300
H -3.15736600 0.21369500 2.03415400
H -3.35110400 -4.09801000 2.31323200
H -3.76636500 -1.85767600 3.33460900
Pd -1.89642100 0.72511100 -0.79148800
C -1.53415700 2.63026400 1.28861000
0 -2.49373400 2.12720600 0.55724600
C -2.02372800 3.71548800 2.23859300
H -1.20105800 4.07627100 2.85691400
H -2.44395500 4.54760100 1.66573800
H -2.82195000 3.32510100 2.87667300
0 -0.34999100 2.28765400 1.24917700
0 -1.24942200 2.12242300 -2.12113900
C -2.19075100 2.69084600 -2.82818900
0 -3.39076800 2.41117800 -2.77824900
C -1.65714000 -2.05208900 -1.46636200
C -1.38891600 -3.26895500 -2.12646900
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N -1.39327700 -0.84015100 -2.03125000
C -0.81892200 -3.18661500 -3.41767500
C -0.85074200 -0.78061200 -3.24257200
C -0.54993500 -1.94757700 -3.96838600
H -0.59533600 -4.09690300 -3.96430500
H -0.65465800 0.21459300 -3.62446700
H -0.11003600 -1.85652600 -4.95415500
C -1.65581600 3.76628000 -3.76489800
H -0.90067500 3.34088100 -4.43249300
H -2.46827600 4.19344500 -4.35371200
H -1.16842200 4.55558700 -3.18488700
C -1.70533600 -4.49783100 -1.45354000
C -2.25362400 -4.49805400 -0.20319200
H -1.49865900 -5.43265900 -1.96363900
H -2.48971400 -5.43304800 0.29365000

(phen)Pd(BQ)

C-1.84991100 0.00348100 1.87635600
N -1.74009400 -0.12313300 0.55765700
C -1.89519300 -1.35488900 -0.00047100
C -2.17052200 -2.50782600 0.77459900
C -2.27641500 -2.34267600 2.17362700
C -2.11676400 -1.08692100 2.72428800
H -2.48478300 -3.20457200 2.79963600
H -2.19480600 -0.92570400 3.79307400
Pd -1.26806900 1.45629500 -0.94067400
C -1.78553600 -1.47562600 -1.43341600
C -1.96567900 -2.73702500 -2.05019700
N -1.52257900 -0.35369800 -2.15160000
C -1.87073300 -2.79090000 -3.45917500
C -1.45077400 -0.42335900 -3.47644800
C -1.61962400 -1.63470300 -4.17197100
H -2.00242700 -3.74119500 -3.96699700
H -1.55069000 -1.64414400 -5.25349400
C -2.23774400 -3.88548500 -1.23413900
C -2.33386600 -3.77521500 0.12082200
H -2.36798400 -4.84632200 -1.72146300
H -2.54110800 -4.64723200 0.73271200
C -0.71316700 3.22394100 -1.95631000
C -1.82002200 3.36292800 -2.91128500
C -0.88005000 3.55140300 -0.57504600
C -3.11581100 3.85604900 -2.36578200
0 -1.71605200 3.07794600 -4.11366500
C -2.15458500 4.08359000 -0.08157000
H -0.01639300 3.72914900 0.05921000
C -3.26832200 4.18237200 -1.07063500
H -3.92739600 3.95023300 -3.08211600
0 -2.33494000 4.45333900 1.08600400
H -4.21072900 4.55837200 -0.68175600
H 0.27933400 3.14483100 -2.39238600
H -1.26558700 0.51363000 -3.99548900
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H -1.72511700 1.00461200 2.27496500

(dmphen)Pd(AcO),

C -3.33294300 -0.67514800 1.51145400
N -2.68491700 -0.68934500 0.34254900
C -2.17273600 -1.86786900 -0.13535900
C -2.21940300 -3.07071200 0.60239900
C -2.84043900 -3.02498800 1.87095800
C -3.40694000 -1.85071000 2.30011600
H -2.88792000 -3.92305300 2.47827400
H -3.92635700 -1.79826500 3.24993300
Pd -2.02331800 0.90054600 -0.85646700
C-1.39133700 2.42144200 1.45439300
0 -2.27479500 2.39450600 0.49658700
C-1.57274100 3.61399600 2.38445000
H -0.82298500 3.59526900 3.17609900
H -1.48623700 4.54508400 1.81677800
H -2.57432600 3.59481100 2.82462300
0 -0.49917000 1.58687100 1.63296800
0 -1.11238400 2.36050100 -1.93993600
C-1.91973300 3.19745200 -2.52714400
O -3.14400300 3.06380900 -2.62275900
C -1.62962900 -1.87192300 -1.46065700
C -1.14889900 -3.08075000 -2.01164200
N -1.65384000 -0.69818300 -2.16737100
C -0.70145100 -3.04482300 -3.35050300
C -1.28085100 -0.68968000 -3.45290000
C -0.79042100 -1.87156700 -4.05996300
H -0.31590400 -3.94809300 -3.81228700
H -0.48760000 -1.82764300 -5.09933700
C -1.19477700 4.37240500 -3.16866200
H -0.66312800 4.02399600 -4.06087700
H -1.91012300 5.14179400 -3.46217700
H -0.45139600 4.78967500 -2.48528100
C -1.15793100 -4.27401900 -1.22073200
C-1.67399100 -4.26912700 0.04080700
H -0.76083900 -5.18470100 -1.65655200
H -1.69848000 -5.17558600 0.63632600
C -4.01476100 0.56518300 2.00208400
H -3.42767700 1.02412400 2.80457400
H -4.13564900 1.30003100 1.21124900
H -4.98745400 0.29607000 2.42290400
C -1.38778600 0.56625600 -4.25928800
H -2.31099500 1.09949200 -4.02701600
H -0.55821000 1.23690900 -4.02227700
H -1.35751800 0.32858800 -5.32383600

(dmphen)Pd(BQ)

C -1.44015100 0.06261200 1.81245100
N -1.40973600 -0.10600900 0.48788700
C -1.80273400 -1.29043600 -0.05558600



C -2.29454800 -2.35884600 0.73260000
C -2.35993800 -2.15276300 2.12815200
C -1.92621500 -0.95970400 2.66106400
H -2.73758200 -2.94393600 2.76846800
H -1.94862300 -0.78824300 3.73104100
Pd -1.06733900 1.44680200 -1.05605800
C -1.67431400 -1.46618200 -1.48265400
C -2.04357600 -2.70309500 -2.06437200
N -1.16535700 -0.43955900 -2.21726000
C -1.85837500 -2.84017000 -3.45771500
C -0.96002900 -0.59485000 -3.52779700
C -1.31186600 -1.80146600 -4.17731400
H -2.13502700 -3.76993400 -3.94521600
H -1.14245900 -1.89324500 -5.24394100
C -2.56668300 -3.75256400 -1.24021900
C -2.68735500 -3.58687000 0.10665900
H -2.85562900 -4.68544800 -1.71368200
H -3.07457000 -4.38455100 0.73251100
C -0.84737800 3.35512900 -1.99221800
C -2.00924700 3.49779000 -2.87585000
C -0.98116300 3.52703800 -0.57802500
C -3.33136800 3.72430400 -2.22842400
0 -1.93726200 3.44453700 -4.11241100
C -2.28336700 3.84986100 0.01509600
H -0.11616900 3.76929100 0.03297200
C -3.45711300 3.88658500 -0.90128800
H -4.18328000 3.78145000 -2.90030000
O -2.44303900 4.09235900 1.22036100
H -4.41714200 4.08302500 -0.43205600
H 0.12113000 3.46306300 -2.47246600
C -0.33693800 0.53929000 -4.28437900
H -1.01078500 1.40015500 -4.33655600
H 0.56730000 0.87645400 -3.76942900
H -0.07683800 0.23371000 -5.29984100
C -0.93150800 1.35701600 2.37212500
H 0.06493300 1.56721700 1.97241500

H -1.57274300 2.19550800 2.08304200
H -0.87619200 1.31462400 3.46179400

(DAF)Pd(AcO),

C -2.81489800 -0.81946100 1.87538800
N -2.36487400 -0.63982400 0.61431400
C -2.16837000 -1.75171100 -0.08622400
C -2.38235000 -3.06297300 0.32225500
C -2.85350600 -3.25447200 1.61506800
C -3.06412600 -2.09749400 2.38784300
H -2.95793600 0.07136300 2.47127100
H -3.04976100 -4.24142800 2.01918100
H -3.42554000 -2.18243200 3.40565200
Pd -1.82560500 1.00242000 -0.65327400
C -1.74907900 2.47777300 1.79285300
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0 -2.39488900 2.42910100 0.65793000
C -2.20252300 3.63438200 2.67322000
H -1.73820200 3.56119000 3.65721500
H -1.91615000 4.58202900 2.20667100
H -3.29122000 3.63480900 2.77226400
0 -0.86478800 1.69462200 2.14797300
O -1.17587400 2.48523500 -1.85945300
C -1.82203000 2.65610300 -2.98244800
0 -2.75459500 1.95693200 -3.38602300
C-1.67473700 -1.71484300 -1.43960000
C -1.56371500 -3.00050400 -1.95617600
N -1.39165600 -0.56745800 -2.04721700
C -1.10736300 -3.12065700 -3.26279900
C -0.95442300 -0.67699400 -3.32070900
C -0.80485300 -1.92381400 -3.93814400
H -0.98963000 -4.08301700 -3.74852500
H -0.74003900 0.24575000 -3.84184200
H -0.44922300 -1.95237900 -4.96112000
C -2.01030800 -3.95658900 -0.85577100
0 -2.05962500 -5.16513100 -0.90668500
C -1.30281300 3.84460600 -3.78009700
H -0.21409900 3.80155100 -3.86727700
H -1.75726500 3.85744000 -4.77135900
H -1.55305600 4.77210900 -3.25565100

(DAF)Pd(BQ)

C -1.82960200 -0.00830400 1.90779800
N -1.67048400 0.02602000 0.56610900
C -1.78433500 -1.14701000 -0.04732500
C -2.04405800 -2.38131200 0.55228900
C -2.20437600 -2.41593200 1.93050900
C -2.09194300 -1.19039100 2.60806700
H -2.40818900 -3.33903800 2.46236000
H -2.20869100 -1.14592300 3.68453100
Pd -1.22788600 1.57883400 -1.06382400
C -1.65944700 -1.31647900 -1.49109100
C -1.83859300 -2.65969800 -1.82819000
N -1.42020700 -0.31360600 -2.32814300
C -1.76466700 -3.01020300 -3.16918300
C -1.35326300 -0.65385100 -3.63417200
C -1.51701200 -1.96939000 -4.08004500
H -1.89347000 -4.03405900 -3.50327200
H -1.45100400 -2.17431900 -5.14212400
C -0.76882600 3.43022600 -1.99432100
C -1.90710900 3.64230800 -2.90233200
C -0.90652600 3.62956900 -0.58935100
C -3.20806400 4.01687600 -2.27680400
0 -1.82155400 3.52555300 -4.13010000
C -2.18955600 4.05928400 -0.01198500
H -0.03323900 3.78607100 0.03786900
C -3.33727400 4.20738800 -0.95326000
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H -4.04131900 4.14793900 -2.96154100
0 -2.34264800 4.29989700 1.19079500
H -4.28140500 4.50196400 -0.50362100
H 0.21183200 3.43008100 -2.46235700
H -1.16746200 0.15691600 -4.33030400
H -1.74567100 0.94126700 2.42493500
C -2.09212600 -3.42374600 -0.54545600
0 -2.29319600 -4.61460200 -0.42336600

[Pd'(u-DAF)(AcO)],

Pd -0.96475000 -0.80099400 0.17421400
C -4.04250500 -0.61491800 -0.39167100
0 -5.11669300 -0.73942500 -0.99623700
0 -2.88727100 -0.86772400 -0.92355900
Pd 1.25437700 -0.78057100 1.38756900
C 3.80071200 0.11983700 2.69039900

0 3.25887100 1.24284000 2.64727800
0 3.22026300 -0.99760000 2.41840200
N -0.38974500 0.80343600 -1.00480600
C -1.35929600 1.67137700 -1.39511000
C 0.77742300 0.87296800 -1.65243900
C -1.19513800 2.58310900 -2.43264000
H -2.29777900 1.58841300 -0.86682400
C 0.99187000 1.72696400 -2.74848100
C 0.00249100 2.60406400 -3.15689400
H -2.01442300 3.24604600 -2.68309300
N 0.27091800 -0.77785300 3.20936400
C 0.83904700 -0.07411700 4.22448200
C -0.70409500 -1.63016700 3.53488900
C 0.46961200 -0.24115800 5.55657300
H 1.62223700 0.61423900 3.92332000

C -1.08490600 -1.89078600 4.86194400
C -0.49737200 -1.19242800 5.90329100
H 0.96258400 0.35577400 6.31456200

H -0.77686400 -1.37837100 6.93460600
H 0.15319300 3.26927500 -4.00002100
C 5.27118800 -0.00501400 3.08331900
H 5.84524800 -0.35800400 2.21985100
H 5.67140100 0.95510200 3.41271600

H 5.39155700 -0.74810500 3.87696400
C -4.06351100 -0.16300200 1.07413200
H -4.04423600 -1.04614900 1.72232000
H -3.19057900 0.44483700 1.32898200
H -4.98201100 0.38803600 1.28508400
C -1.52083100 -2.47035300 2.63480200
N -1.58329200 -2.43103500 1.30129000
C -2.31983100 -3.32251000 3.41547600
C -2.40038000 -3.33401400 0.69860200
C -3.16634400 -4.23308900 2.80708300
C -3.17608700 -4.24677200 1.40641100
H -2.45188100 -3.26645800 -0.37947600
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H -3.79385300 -4.89692800 3.39158200
H -3.80627600 -4.93626900 0.85791800
C 2.01048000 0.08787700 -1.41848100
C 2.93057900 0.38609000 -2.43895600
N 2.29174700 -0.73965800 -0.40735400
C 4.16252400 -0.24300200 -2.47649100
C 3.49727300 -1.36658900 -0.44449800
C 4.43039900 -1.16292700 -1.45599100
H 4.88237100 -0.02408200 -3.25752500
H 3.71382500 -1.99814600 0.40604000
H 5.36977600 -1.70123500 -1.41906200
C -2.10436200 -2.98999100 4.86280400
0 -2.64281300 -3.49997900 5.82569700
C 2.34933400 1.45022200 -3.31849300
0 2.86704200 1.97559600 -4.28480200
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B.1 General Considerations

All manipulations were carried out in a glovebox or using standard Schlenk line technique
unless specified otherwise. All chemicals and solvents were purchased from commercially
available sources. Tert-butylbenzoquinone was purified by sublimation. Chloroform and
chloroform-di were dried over calcium hydride, stored under inert atmosphere, and distilled prior
to use. Palladium acetate was purchased from Sigma-Aldrich and used without further purification,
although the purity of the Pd(OAc)2 was confirmed by *H NMR spectroscopic analysis because
Pd(OAC): is occasionally contaminated with NO2 substituting an acetate ligand.. (bc)Pd(OAC):2
was prepared according to the literature.? All NMR spectra were obtained on Bruker-Avance 400,
500, or 600 MHz spectrometers. UV/Vis spectra were obtained on an Agilent Cary 60
spectrometer. UPLC traces were obtained on a Waters Acquity UPLC H-Class PLUS Bio System.
B.2 Kinetic Studies: 4 BnOH Oxidation

[*FBnOH] dependence: In a glovebox, CHCIs stock solutions were prepared as follows:
A: (bc)Pd(OAC)2 (43.9 mg, 0.075 mmol, 750 pL); B: 4*BnOH (50.5 mg, 0.4 mmol, 2000 uL); C:
‘BuBQ (32.8 mg, 0.2 mmol, 1000 pL). Into a 4 mL scintillation vial, 100 uL A, 50 pL C, B
(variable amount, depending on the [*FBnOH] concentration of the experiment), and CHCIs were
added such that the total volume amounted to 1.0 mL. Aliquots of 100 uL of each solution were
added to separate NMR tubes and capped. The tubes were removed from the glovebox and added
to an oil bath preheated to 60 °C. Each reaction tube was removed from the heat at a specified time
and frozen in a dry ice/acetone bath to quench. The samples were diluted with 100 uL of
acetonitrile with 3-methylquinoline as an external standard. Each sample was deposited into the

well of a 96-well plate and submitted for UPLC analysis.
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Figure B.1. Initial rate of formation of 4-fluorobenzaldehyde vs #"BnOH concentration

Table B.1. Initial rate data for formation of 4-fluorobenzaldehyde with variable [**BnOH]

Initial rate 4-F-benzaldehyde formation (mM/s)
[**BnOH] (mM) run 1 run 2 run 3 average std dev

0 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00
10 2.29E-04 2.30E-04 1.85E-04 2.15E-04 2.57E-05
20 4.87E-04 5.15E-04 | 4.72E-04 4.91E-04 2.20E-05
40 1.24E-03 9.22E-04 | 8.80E-04 1.01E-03 1.97E-04
80 2.55E-03 2.29E-03 | 2.05E-03 2.30E-03 2.49E-04
160 3.95E-03 3.78E-03 | 4.21E-03 3.98E-03 2.20E-04
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[(bc)Pd(OAC)2] dependence: In a glovebox, CHCIs stock solutions were prepared as

follows: Stock solutions: A: (bc)Pd(OAcC)2 (58.5 mg, 0.1 mmol, 1250 pL); B: 4*BnOH (100.9 mg,

0.8 mmol, 1000 pL); C: 'BuBQ (65.7 mg, 0.4 mmol, 1000 pL). A procedure analogous to above

was used with [*"BnOH] fixed at 40 mM (100 pL B) and ['BuBQ] fixed at 10 mM (50 pL C) while

varying [(bc)Pd(OAc)2] from 2-15 mM (variable volume of A).

Figure B.2. Initial rate of formation of 4-fluorobenzaldehyde vs (bc)Pd(OAc)2 concentration
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Initial rate 4-F-benzaldehyde formation (mM/s)
[(bc)Pd(OAC)2] (mM) run 1 run 2 average std dev
0 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00
2 2.96E-04 2.30E-04 | 2.63E-04 4.67E-05
4 4.84E-04 6.06E-04 | 5.45E-04 8.63E-05
6 6.31E-04 6.07E-04 | 6.19E-04 1.70E-05
8 9.46E-04 7.36E-04 | 8.41E-04 1.48E-04
10 9.70E-04 9.18E-04 | 9.44E-04 3.68E-05
12 1.20E-03 1.00E-03 | 1.10E-03 1.41E-04
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Table B.2. Initial rate data for formation of 4-fluorobenzaldhyde with variable [(bc)Pd(OAc)-]

['BuBQ] dependence: In a glovebox, CHCIs stock solutions were prepared as follows:
Stock solutions: A: (bc)Pd(OAcC)2 (29.2 mg, 0.5 mmol, 2500 uL); B: FBnOH (33.6 mg, 0.27 mmol,
2000 pL); C: 'BuBQ (65.7 mg, 0.4 mmol, 1000 pL). A procedure analogous to above was used
with [(bc)Pd(OAC)2] fixed at 10 mM (500 uL A) and [*FBnOH] fixed at 40 mM (300 uL B) while

varying the 'BuBQ concentration from 10-80 mM (variable volume C).
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Figure B.3. Initial rate of formation of 4-fluorobenzaldehyde vs ['BuBQ]

Table B.3. Initial rate data for formation of 4-fluorobenzaldehyde with variable [(bc)Pd(OAC)z]

['[BuBQ] (mM) Initial rate 4-F-benzaldehyde formation (mM/s)

10 1.15E-03
20 9.27E-04
40 8.67E-04

80 9.31E-04
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B.3 Kinetic Isotope Effect: “"BnOH Oxidation

In a glovebox, chloroform stock solutions were prepared as follows: A: (bc)Pd(OAc)2 (11.7
mg, 0.02 mmol, 1000 pL); B: 'BuBQ (12.6 mg, 0.077 mmol, 1000 pL); C: **BnOH (6.3 mg, 0.05
mmol, 500 pL); D: 4FPhCD20H (6.4 mg, 0.05 mmol, 500 pL). Into a 4 mL scintillation vial 500
pL of A, 100 pL B, and 400 puL of C were added. Into a separate scintillation vial, 500 pL of A,
100 pL B, and 400 pL of D were added. Into separate NMR tubes, 100 pL of each solution were
added and the tubes were capped. The tubes were removed from the glovebox and inserted into an
oil bath preheated to 60 °C. Tubes were removed at specified times and frozen in a dry ice/acetone
bath to quench. The samples were diluted with 100 pL of acetonitrile with 3-methylquinoline as
an external standard. Each sample was deposited into the well of a 96-well plate and submitted for

UPLC analysis.
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Figure B.4. Kinetic isotope effect: Initial rate of formation of 4-fluorobenzaldehyde from 4 BnOH
and 4PhCD20H

For the intramolecular competition KIE: In a 4 mL vial, (bc)Pd(OAc)2 (5.8 mg, 0.01

mmol), '‘BuBQ (1.6 mg, 0.01 mmol), and **PhC(H)(D)OH (5.0 mg, 0.04 mmol) were dissolved in
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1.0 mL of CDCIls. The solution was transferred to an NMR tube and placed in a 60 °C oil bath for
2.5 hours, after which *H and *°F NMR spectra were collected. The relative ratios of deutero- and
proteo-aldehyde formed were used to measure the intramolecular KIE, which was determined to
be 2.8.
B.4 Carboxylate Dependence: “FBnOH Oxidation

In a glovebox, chloroform stock solutions were prepared as follows: A: (bc)Pd(O2CR)2
(0.02 mmol, 1000 pL); B: '‘BuBQ (16.4 mg, 0.1 mmol, 1000 pL); C: **BnOH (37.8 mg, 0.3 mmol,
3000 pL). Into a 4 mL scintillation vial 500 pL of A, 100 uL of B, and 400 pL of C were added.
Into separate NMR tubes, 100 pL of each solution were added and the tubes were capped. The
tubes were removed from the glovebox and inserted into an oil bath preheated to 60 °C. The tubes
were removed at specified times and frozen in a dry ice/acetone bath to quench. The samples were
diluted with 100 pL of acetonitrile with 3-methylquinoline as an external standard. Each sample

was deposited into the well of a 96-well plate and submitted for UPLC analysis.

Table B.4. Initial rate data for formation of 4-fluorobenzaldehyde with (bc)Pd(O2CR)2 complexes

R group on (bc)Pd(02CR)2 Initial rate 4-F-benzaldehyde formation (mM/s)
4CF3ph 8.69E-05
Ph 1.67E-04
4BUPh 1.75E-04
Me 7.17E-04
‘Bu 8.24E-04

B.5 Temperature Dependence: " BnOH Oxidation

In a nitrogen glovebox, chloroform stock solutions were prepared as follows: A:
(bc)Pd(OAC)2 (21.1 mg, 0.036 mmol, 1800 pL); B: ‘BuBQ (16.4 mg, 0.1 mmol, 1000 uL); C:
4FBnOH (18.9 mg, 0.15 mmol, 1500 pL). Into a 4 mL scintillation vial 1500 pL of A, 300 pL B,

and 1200 pL of C were added. Into separate NMR tubes, 100 pL of this solution were added and
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the tubes were tightly capped. The reaction tubes were removed from the glovebox and inserted
into an oil bath preheated to 60 °C, 50 °C, 40 °C, or 30 °C. Tubes were removed at specified times
and frozen in a dry ice/acetone bath to quench. The samples were diluted with 100 uL of
acetonitrile with 3-methylquinoline as an external standard. Each sample was deposited into the

well of a 96-well plate and submitted for UPLC analysis.
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Figure B.5. Eyring plot for (bc)Pd(OAc),-mediated “"BnOH oxidation

B.6 Kinetic Studies: '‘BuH2Q Oxidation

[(BuH2Q] Dependence: Chloroform stock solutions were prepared as follows: A:
(bc)Pd(OAC)2 (18.3 mg, 0.03 mmol, 25.0 mL); B: ‘BuBQ (8.2 mg, 0.05 mmol, 5000 pL); C:
‘BuH2Q (0.005-0.05 mmol, 1000 pL). Into a septum capped 15 mL vial equipped with a stir bar, a
4000 pL aliquot of A and a 500 pL aliquot of B were injected and cooled to -30 °C with a
submersible recirculating chiller. The vial was placed under positive pressure of N2 and the UV/Vis

dip probe was inserted through the septum. Data collection was commenced and a 500 pL aliquot
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of C was injected to initiate the reaction. The formation of (bc)Pd(*BuBQ) was monitored by

recording spectral absorbance changes at 420 nm.
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Figure B.6. Dependence of initial rate of formation of (bc)Pd('BuBQ) on [‘BuH2Q]. (a)
representative UV/Vis spectral stack for formation of (bc)Pd(‘BuBQ) and (b) initial rate
dependence on ['BuH2Q]

Table B.5. Initial rate data for formation of (bc)Pd(*BuBQ) with variable ['BuH2Q]

Initial rate (bc)Pd(*‘BuBQ)formation (mM/s)
[BuH2Q] (mM) run 1 run 2 run 3 average std dev
0 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00
1 2.01E-04 1.98E-04 | 2.49E-04 2.16E-04 2.86E-05
2 3.91E-04 4.16E-04 | 4.28E-04 4.12E-04 1.89E-05
4 8.14E-04 7.73E-04 | 9.26E-04 8.38E-04 7.92E-05
6 - - 1.43E-03 1.43E-03 0.00E+00
8 2.08E-03 2.08E-03 | 1.92E-03 2.03E-03 9.24E-05
10 - - 2.50E-03 2.50E-03 0.00E+00

[(bc)Pd(OAC)2] dependence: Chloroform stock solutions were prepared as follows: A:

(bc)Pd(OAC)2 (11.9 mg, 0.02 mmol, 13.0 mL); B: 'BuBQ (8.2 mg, 0.05 mmol, 5000 uL); C:
‘BuH2Q (33.2 mg, 0.2 mmol, 5000 puL). A procedure analogous to above was used with ['BuH2Q]
fixed at 4 mM (500 uL C) and ['BuBQ] at 1 mM (500 pL B) while varying [(bc)Pd(OAc)z] from
0.25-1.25 mM by diluting variable volumes of A with CHCIs to 4.0 mL total volume in order to

reach the desired concentration.
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Figure B.7. Initial rate of formation of (bc)Pd(*‘BuBQ) vs [(bc)Pd(OAC):].

Table B.6. Initial rate data for formation of (bc)Pd(*BuBQ) with variable [(bc)Pd(OAC)2]

15

Initial rate (bc)Pd('‘BuBQ) formation (mM/s)
[(bc)Pd(OAC)2] (mM) run 1 run 2 average std dev

0 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00
0.25 1.80E-04 2.37E-04 | 2.09E-04 4.03E-05
0.50 4.50E-04 4.05E-04 | 4.28E-04 3.18E-05
0.75 6.19E-04 6.31E-04 | 6.25E-04 8.49E-06
1.00 7.08E-04 8.08E-04 7.58E-04 7.07E-05
1.25 8.57E-04 8.94E-04 8.76E-04 2.62E-05
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[(BuBQ] Dependence: Chloroform stock solutions were prepared as follows: A:

(bc)Pd(OAC):. (36.6 mg, 0.063 mmol, 40.0 mL); B: '‘BuBQ (8.2-65.7 mg, 0.05-0.4 mmol, 5000

pL); C: 'BuH2Q (33.2 mg, 0.2 mmol, 5000 pL). An analogous procedure to above was used, except

with [(bc)Pd(OAC):] fixed at 1 mM (4000 pL A) and ['BuH2Q] fixed at 4 mM (500 pL C), while

the ['BuBQ] was varied from 1-8 mM (500 uL C).
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Figure B.8. Initial rate of formation of (bc)Pd(‘BuBQ) vs ['BuBQ].
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Table B.7. Initial rate data for formation of (bc)Pd(BuBQ) with variable ['BuBQ]

[BuBQ] (mM) Initial rate (bc)Pd('BuBQ) formation (mM/s)
1 1.05E-03
2 9.73E-04
4 1.01E-03
8 1.22E-03

B.7 Kinetic Isotope Effect: 'BuH2Q Oxidation

An NMR tube with a septum cap was flame dried under vacuum and rinsed with D20. The
D20 was removed and the NMR tube was flame dried under vacuum again. A 50.0 pL aliquot of
‘BuH2Q solution in MeOH-d4 (10.0 mg, 0.06 mmol, 500 puL) was added to the tube and the MeOH-
ds was removed under reduced pressure. 50 UL of MeOH-d4 of was added to the tube to dissolve
the residual '‘BuH2Q before being removed under reduced pressure. Addition and evaporation of
MeOH-ds+ was repeated 5 times to ensure complete exchange of the '‘BuH2Q OH peaks with
deuterium. *H NMR in dry CDCIls confirmed complete exchange of the hydroquinone —OH to —
OD.

The NMR tube was transferred to a glovebox and dissolved in 500 pL of dry CDCls. In a
4 mL scintillation vial, a 1000 pL stock solution of (bc)Pd(OAc)2 (17.5 mg, 0.03 mmol) and ‘BuBQ
(4.9 mg, 0.03 mmol) was prepared. The NMR tube containing ‘BuH2Q-d2 was removed from the
glovebox and chilled in a dry ice/acetone bath. A 100 pL aliquot of the (bc)Pd(OAc)2/'BuBQ
solution was injected into the NMR tube, mixed and inserted into a 400 MHz spectrometer chilled
to -30 °C before data collection commenced.

For the oxidation of 'BuH-Q, a 'BuH2Q stock solution was prepared (10.0 mg, 0.06 mmol,

5000 pL CDCIs). A 500 pL aliquot of the 'BuH2Q solution was injected into an NMR tube in a
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glovebox, removed, and child in a dry ice acetone bath. The same injection and data collection

procedures were performed as above.
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Figure B.9. Time course and initial rate data for formation of (bc)Pd(‘BuBQ) from '‘BuH2Q and
‘BuD2Q. (a.) and (c.) represent time course and initial rate data before time adjustment. (b.) and
(d.) represent time course and initial rate data after time adjustment

In all runs there was considerable formation of (bc)Pd(‘BuBQ) before the first spectrum

was recorded due to the sample warming to an unknown temperature before it could be inserted

into the cooled spectrometer. Consequently, the actual time of the first time point is ambiguous.

In order to account for this, the traces were time-adjusted such that the rates could be measured
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over a regime where the concentrations of all species were identical, thus ensuring the rate
measurements were made under identical conditions. This adjustment is represented in Figures

S9b and S9d. The kinetic isotope effect was determined to be 1.0.

B.8 Temperature Dependence: '‘BuH2Q Oxidation

Chloroform stock solutions were prepared as follows: A: (bc)Pd(OAc)2 (11.0 mg, 15.0
mL); B: 'BuBQ (8.2 mg, 5000 uL); C: 'BuH2Q (13.3 mg, 2000 uL). Into a septum capped 15 mL
vial equipped with a stir bar, a 4000 pL aliquot of A and a 500 pL aliquot of B were injected and
cooled to -40, -30, -20, -10, or 0 °C with a submersible recirculating chiller. The vial was placed
under positive pressure of N2 and the UV/Vis dip probe was inserted. Data collection was

commenced, and a 500 pL aliquot of C was injected. Spectral changes were monitored at 420 nm.
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Figure B.10. Eyring plot for (bc)Pd(OAc).-mediated ‘BuH,Q oxidation
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B.9 Carboxylate Dependence: '‘BuH2Q Oxidation

Chloroform stock solutions were prepared as follows: A: (bc)Pd(O2CR)2 (0.005 mmol,
4000 pL); B: 'BuBQ (16.4 mg, 10.0 mL); C: 'BuH2Q (66.5 mg, 10.0 mL). Into a septum capped
15 mL vial equipped with a stir bar, a 4000 pL aliquot of A and a 500 pL aliquot of B were injected
and cooled to -30 °C with a submersible recirculating chiller. The vial was placed under positive
pressure of N2 and the UV/Vis dip probe was inserted. Data collection was commenced, and a 500

pL aliguot of C was injected. Spectral changes were monitored at 420 nm.

Table B.8. Initial rate data for formation of (bc)Pd(*BuBQ) from (bc)Pd(O2CR)2 complexes

R group on (bc)Pd(O2CR)2 Initial rate (bc)Pd('BuBQ) formation (mM/s)
4CF3ph 2.66E-04
Ph 2.28E-04
4BUPh 2.80E-04
Me 1.29E-03
'‘Bu 1.31E-04

B.10 Estimation of pKa of 4-trifluoromethylbenzoic acid
A reliable literature value for the pKa of 4-CFs-BzOH could not be found and was estimated
to be 10.1 based on the fit to a linear regression of the pKa (in DMSO) of a series of 4-substituted

phenols vs the pKa (in DMSO) of 4-substituted benzoic acids.®>®
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Figure B.11. Carboxylic acid pKa (DMSO) vs phenol pKa (DMSO)

Table B.9. pK, values for 4-substituted phenols and carboxylic acids

pKa

4R 4-R-PhOH 4-R-PhCO2H
4-Me 18.9 11.2
4-'Bu 19.2 11.25
4-NH> 20.75 12.8
4-Cl 16.75 10.1
4-Br 16.36 10.5
4-NO2 10.8 9

4-H 18 11
4-CFs 15.2

B.11 Synthesis of (bc)Pd(O2CR)2 complexes
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(bc)Pd(OPiv)2:Palladium pivalate (100 mg, 0.324 mmol) and bathocuproine (116.8 mg, 0.324
mmol) were dissolved in approximately 20 mL dichloromethane in a 25 mL scintillation vial and
stirred at room temperature overnight. Solvent was removed under reduced pressure to yield
(bc)Pd(OPiv)2

Yield: 216.8 g, quant.

'H NMR (500 MHz, Chloroform-d) & 7.77 (s, 2H), 7.61-7.52 (m, 6H), 7.51-7.47 (m, 4H), 7.40 (s,

2H), 2.98 (s, 6H), 1.18 (s, 18H)
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13C NMR (126 MHz, CDCls) & 185.43, 164.93, 150.81, 148.41, 135.71, 129.78, 129.49, 129.17,

126.64, 126.55, 124.25, 39.74, 28.77, 25.03.

(bc)Pd(4-'Bu-CeH4CO:2)2: In a round bottom flask, (bc)Pd(OAc)2 (200 mg, 0.89 mmol) and 4-
tertbutylbenzoic acid (121.9 mg, 1.78 mmol) were dissolved in approximately 5 mL of toluene and
stirred at room temperature for several hours. The toluene was removed under reduced pressure,
and the remaining solids were again dissolved in approximately 5 mL of toluene and stirred at
room temperature for several hours. This procedure was repeated 3-5 times until no (bc)Pd(OAC):
starting material remained

Yield: 272 mg, 97% yield

IH NMR (500 MHz, Chloroform-d) & 7.96 (d, J = 8.3 Hz, 4H), 7.81 (s, 2H), 7.60-7.53 (m, 6H),
7.52-7.45 (m, 4H), 7.40 (s, 2H), 7.27 (d, J = 8.4 Hz, 4 H), 3.00 (s, 6H), 1.27 (s, 18H)

13C NMR (126 MHz, CDClz) 6 173.62, 165.13, 153.47, 150.95, 148.54, 135.67, 132.31, 129.84,

129.78, 129.48, 129.20, 127.08, 126.68, 124.52, 124.36, 34.85, 31.40, 25.28.

(bc)Pd(4-Bu-CeH4CO2)2: In a round bottom flask, (bc)Pd(OAc)2 (200 mg, 0.89 mmol) and 4-
tertbutylbenzoic acid (121.9 mg, 1.78 mmol) were dissolved in approximately 5 mL of toluene and
stirred at room temperature for several hours. The toluene was removed under reduced pressure,
and the remaining solids were again dissolved in approximately 5 mL of toluene and stirred at
room temperature for several hours before toluene was removed under reduced pressure. This
procedure was repeated 3-5 times until no (bc)Pd(OAc): starting material remained by *H NMR.

Yield: 272 mg, 97% vyield
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IH NMR (500 MHz, Chloroform-d) § 7.96 (d, J = 8.3 Hz, 4H), 7.81 (s, 2H), 7.60-7.53 (m, 6H),
7.52-7.45 (m, 4H), 7.40 (s, 2H), 7.27 (d, J = 8.4 Hz, 4 H), 3.00 (s, 6H), 1.27 (s, 18H)
13C NMR (126 MHz, CDCls) & 173.62, 165.13, 153.47, 150.95, 148.54, 135.67, 132.31, 129.84,

129.78, 129.48, 129.20, 127.08, 126.68, 124.52, 124.36, 34.85, 31.40, 25.28.

(bc)Pd(OBz)2: Palladium benzoate (50.4 mg, 0.145 mmol) and bathocuproine (52.1 mg, 0.145
mmol) were dissolved in approximately 5 mL dichloromethane in a 15 mL scintillation vial and
stirred at room temperature overnight. Solvent was removed under reduced pressure to yield
(bc)Pd(OBz)2

Yield: 110.8 mg, quant.

IH NMR (500 MHz, Chloroform-d) & 8.06-8.00 (m, 4H), 7.82 (s, 2H), 7.61-7.53 (m, 6H), 7.51-
7.47 (M, 4H), 7.41 (s, 2H), 7.32 (t, = 7.4 Hz, 2 H), 7.25 (t, J = 7.5, 4H), 3.00 (s, 6H), 2.03 (s, 6H)
13C NMR (126 MHz, CDClz) 5 173.64, 165.12, 151.07, 148.55, 135.60, 135.06, 130.45, 129.91,

129.89, 129.48, 129.23, 127.62, 127.14, 126.73, 124.42, 25.21.

(bc)Pd(4-CF3-CeH4COz2)2: In a round bottom flask, (bc)Pd(OAc)2 (200 mg, 0.89 mmol) and 4-
trifluoromethylbenzoic acid (130.0 mg, 1.78 mmol) were dissolved in approximately 5 mL of
toluene and stirred at room temperature for several hours. The toluene was removed under reduced
pressure, and the remaining solids were again dissolved in approximately 5 mL of toluene and
stirred at room temperature for several hours before toluene was removed under reduced pressure.
This procedure was repeated 3-5 times until no (bc)Pd(OAc)2 starting material remained by 'H
NMR.

Yield: 284 mg, 98% vyield



165

IH NMR (500 MHz, Chloroform-d) & 8.11 (d, J = 8.0 Hz, 4H), 7.85 (s, 2H), 7.61-7.55 (m, 6H),
7.54-7.47 (m, 8H), 7.44 (s, 2H), 2.97 (s, 6H)
13C NMR (126 MHz, CDCl3) & 172.38, 165.21, 151.61, 148.74, 138.20, 135.58, 132.40 (q, J =
32.2),130.29, 130.24, 129.64, 129.49, 127.35, 127.07, 124.96, 124.95, 124.78, 25.30.
F NMR (377 MHz, CDCls) 6 -62.69.
B.12 Synthesis of deuterated *BnOH substrates

Synthesis of 4"PhCD20H: In a 100 mL 2-neck flask equipped with a stir-bar, LiAlD4 (208
mg, 5 mmol) was dissolved in 20 mL of THF and capped with rubber septa in a glovebox. The
flask was removed from the glovebox and cooled to 0 °C before 4-fluoromethylbenzoate (680 mg,
5 mmol) was added. The reaction was stirred until complete as determined by TLC. When the
reaction was complete, 200 pL of water were added dropwise to quench excess LiAlDa.
Approximately 20 mL of a saturated solution of Rochelle salt was added and the reaction was
stirred for 1 h. The reaction was extracted 3 times with ethyl acetate, dried with MgSQOa, and
solvent was removed under reduced pressure. The crude oil was distilled to yield FPhCD20H as
a colorless oil (321 mg, 47% yield, 97% D incorporation)

IH NMR (400 MHz, Chloroform-d) § 7.39-7.29 (m, 2H), 7.10-6.97 (m, 2H), 1.80 (s, 1H)

Synthesis of 4" PhC(H)(D)OH: In a 100 mL 2-neck flask equipped with a stir-bar, LiAlID4
(150 mg, 3.6 mmol) was dissolved in 10 mL of THF and capped with rubber septa in a glovebox.
The flask was removed from the glovebox and cooled to 0 °C before 4-fluorobenzaldehyde (1.0 g,
8.1 mmol) was added. The reaction was stirred until complete as determined by TLC. When the
reaction was complete, 200 puL of water were added dropwise to quench excess LiAlDa.

Approximately 20 mL of a saturated solution of Rochelle salt was added and the reaction was
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stirred for 1 h. The reaction was extracted 3 times with ethyl acetate, dried with MgSQOa, and
solvent was removed under reduced pressure. The crude oil was distilled to yield 4*PhC(H)(D)OH
as a colorless oil (510 mg, 50% yield >99% D incorporation).

IH NMR (400 MHz, Chloroform-d) & 7.39-7.29 (m, 2H), 7.10-6.97 (m, 2H), 4.65 (s, 1H), 1.62 (d,

J=5.7 Hz, 1H)
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B.13 NMR Spectroscopic Data
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(bc)Pd(4-'Bu-CeH4CO:2):
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(bc)Pd(OB2):
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Appendix C: Supporting Information for Chapter 4
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C.1 General Considerations

All commercially available reagents were purchased from Sigma-Aldrich and used as
obtained, except where otherwise noted. Pdz(dba)s-CHCIs was synthesized and recrystallized
according to the literature.* Substrates 1p? and 1q° were synthesized according to the literature. 3-
nitropyridine and 5,5’-Dibromo-4,4’-dihexyl-2,2’-bithiophene 2a (used for the HPLC calibration
curve) were purchased from TCl America. 2-bromo-3-thiophenecarboxylic acid, 2-bromo-3-
methylthiophene 1c, and 4-bromothiazole 1r were purchased from Combi-Blocks. 1,10-
phenanthroline-5,6-dione was purchased from Ark Pharm. 2-Chlorothiophene 1f was purchased
from Matrix Scientific. 2,4-Dibromothiophene 1h was purchased from Maybridge. 2-Bromo-4-
fluorothiophene 1i, 2-bromo-3-dodecylthiophene 1d, and 2-chloro-3-hexylthiophene 1b were
purchased from TCI America. 2-Butyloctyl-(2-bromo-3-thiophenecarboxylate) 11 was synthesized
from 2-butyloctanol and 2-bromo-3-thiophenecarboxylic acid according to the literature method
for the 2-octyl derivative.* *H, *F{*H} or °F, and *C{'H} NMR spectra were recorded on a
Bruker Avance-400 or Avance-500 NMR spectrometer. Chemical shift values are given in parts
per million relative to CDCls (7.26 ppm for *H or 77.16 ppm for *C) or DMSO-ds (2.50 ppm for
'H or 39.52 ppm for 3C). NMR spectra were plotted with MestReNova v10.0.2-15465 (MestreLab
Research S. L. 2015). HPLC analyses were performed on a Shimadzu Prominence analytical
HPLC with a Kinetex reverse phase LC column (5 pum particle size, XB-C18 phase, 100 A pore
size, 250 x 4.6 mm dimensions, Phenomenex Inc., part number 00G-4605-E0) and a UV detector.
Reverse phase column chromatography was performed using an automated Biotage Isolera® with

reusable 60 g or 30 g Biotage SNAP® Ultra C-18 cartridges or standard silica cartridges.
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Safety note: Use of DMSO as a reaction solvent under O with elevated temperatures is

hazardous and proper precautions should be taken.>®

C.2 Procedures for Aerobic Oxidative Thiophene C—H Thiophene Homocoupling

General Procedure for Aerobic Thiophene C—H Homocoupling: Unless otherwise specified,
1.1 mmol substrate was weighed out into a 13x100 mm borosilicate glass heavy wall test tube. To
the test tube, catalyst components (Pd(OAc)2, Cu(OAc)2¢H20, phd, BQ) were added at 3 mol%
loading each (0.033 mmol) in stock solutions of DMSO, and enough DMSO was added such that
the total volume of the reaction mixture was 1.0 mL. The reaction mixtures were heated at 120 °C
temperature for 16 h under 1.1 atm pO2 with orbital mixing.

Isolations: The reactions were diluted with 10 mL CH2Cl2 and filtered through a pad of
Celite. The filter cake was washed with CH2Cl2 until the washes became colorless. The organic
layer was washed 3 times with 25 mL of cold brine. The aqueous washes were combined and
extracted 3 times with 10 mL of CH2Cl2. The organic layers were combined, dried over Mg2SOa,
filtered, and the organics were removed to yield the crude product. The crude product was passed
through a silica plug with CH2Cl2 eluent. The material was then further purified by column
chromatography and/or recrystallization. This general isolation procedure was used for all
products except 2b and 2c. Isolation details are provided below.

NMR yields: After cooling to rt, a known volume of a methyl 3,5-dinitrobenzoate solution
in THF was added to the reaction tube. Then, everything was mixed, and the mixture was passed
through Celite. The shaker tube was washed with more THF and passed through the filter cake,
and then the filter cake was washed with THF until no more color passed through. The filtrate was
diluted with more THF. Finally, an aliquot of the mixture was interrogated by 'H NMR

spectroscopy.
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C.3 Optimization of Aerobic Oxidative Thiophene C—H Thiophene Homocoupling
Optimization of Aerobic Oxidative Thiophene C—H Thiophene Homocoupling. The
individual catalyst components were added to 13x100 mm borosilicate glass heavy wall test tubes
as listed with the above conditions. Then, 2-bromo-3-hexylthiophene (67.5 puL, 0.33 mmol) was
added to the test tubes. Finally, solvent was added to each test tube. The reactions were then placed
in an orbital mixing block with heating element, the block was sealed, the tubes were purged with
O2 for 5 min, and then the reactions were heated to 50 °C with shaking. After 47 h, the reactions
were stopped, and after cooling, dibromomethane (50 pL, 0.71 mmol) was added to each tube
along with additional solvent. After filtering through Celite, the reactions were analyzed by 'H
NMR spectroscopy against the dibromomethane standard.
Literature Conditions:
e Wang 2014 Org. Lett. (Aerobic Thiophene Homocoupling): 10 mol% Pd(OAc)a,
1.0 equiv trifluoroacetic acid, DMSO’
e Stahl/Campbell C2 indole arylation: 10 mol% Pd(OPiv)2, 10 mol% 4,5-
diazafluoren-9-one, propionic acid®

e Stahl/Izawa o-xylene homocoupling: 10 mol% Pd(OAc)2, 10 mol% Cu(OTf)2, 20
mol% 2-fluoropyridine, 13 mol% trifluoroacetic acid, AcOH’

Table C.1. Assessment of Alternative Reaction Conditions: 50 °Ca

n-he:
X IPdj(10mol%)  Mhex N/ n-hex
I\ Br Additives l S s l
S Solvent Br Br

50 °C, 1.1 atm pO,, 47 hr

0.67M 2a

0.331I;‘|mol
Entry Reaction Condition MB (%) RSM (%) 2a (%)
1 Wang 2014 Org. Lett.” 55 55 Trace
2 Stahl/Campbell C2 Indole Arylation® 81 68 13°
3 Stahl/1zawa o-xylene homocoupling® 68 68 Q°

a: Reaction mixtures were quantified by *H NMR spectroscopy.
b: It is unclear whether the observed *H NMR resonances truly correspond to product 2a.
c: The peaks in the 'H NMR spectrum are broad, so ruling out the presence of 2a is not definitive.
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Assessment of Alternative Reaction Conditions: 120 °C. The individual catalyst
components were added to 13x100 mm borosilicate glass heavy wall test tubes as listed in the
above conditions. Then, 2-bromo-3-hexylthiophene (67.5 pL, 0.33 mmol) was added to the test
tubes. Finally, solvent was added to each test tube. The reactions were then placed in an orbital
mixing block with heating element, the block was sealed, the tubes were purged with Oz for 5 min,
and then the reactions were heated to 120 °C with shaking. After 16 h, the reactions were stopped,

and after cooling, they were worked up for HPLC analysis.

Table C.2. Assessment of Alternative Conditions: 120 °C

-h
T pgjtomolw)  Mhex N e
U\Br Additives | S S I
S Solvent Br Br

120 °C, 1.1 atm pO,, 16 hr

0.67 M
0.33 mmol
1a

2a

Entry Reaction Condition MB (%) RSM (%) 2a (%)
1 Wang 2014 Org. Lett.” 67 67 0
2 Stahl/Campbell C2 Indole Arylation® 74 72 2
3 Stahl/1zawa o-xylene homocoupling®? 70 70 Trace

a: Propionic acid instead of AcOH.
b: Catalyst: Pd(OAC),, Cu(OAc)2-H20, phd
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Ligand Screening: Monodentate Pyridines. The ligands (10 mol%) were added to
13x100 mm borosilicate glass heavy wall test tubes. Stock solutions of Pd(OAc)2 (87.8 mg, 0.391
mmol, 39.1 mM) in 10.0 mL DMSO and Cu(OAc)22H20 (78.0 mg, 0.391 mmol, 39.1 mM) in 10.0
mL DMSO were prepared, and 0.215 mL of each stock solution (0.0084 mmol) was added to each
tube. Then, 2-bromo-3-hexylthiophene 1a (34.0 uL, 0.168 mmol) was added to each tube. The
reactions were then placed in an orbital mixing block with heating element, the apparatus was
sealed and purged with Oz for 5 min, the cooling water was turned on, and then the purging was
stopped, and the block was heated to 110 °C under 1.1 atm pO2. After 16 h, the reactions were
stopped, and after cooling, an aliquot of a stock solution of phenanthrene in THF was added to
each reaction, followed by filtration through a Celite plug. The reaction test tubes were washed
with more THF, which was also passed through the Celite plug. Finally, the Celite plug was
washed once more with THF. The filtrates were mixed and then subjected to HPLC analysis
(reverse phase column, eluent: 100% acetonitrile, 2 mL/min). Recovered la was also quantified
by HPLC analysis against a calibration curve of 2-bromo-3-hexylthiophene 1a and phenanthrene

standard.

Table C.3. Monodentate Pyridine Screening

hex Pd(OAC), (5 mol%)

Cu(OACc),-H,0 (5 mol%) n-hex \ y n-hex
)\ - | \
B Ligand (10 mol%)
s” B" DMSO, 110°C, 1.1 atm pO,, 16 e BrT S ST VBr
1a 2a

0.67 M
0.168 mmol

Entry Ligand MB (%) RSM (%) 2a(%) | Entry Ligand MB (%) RSM (%) 2a (%)
NMe, o}
1 @ 78 21 57 8 N 70 37 33
OMe ON _
2 < 62 15 47 9 Q 36 12 24
N
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Ligand Screening: Bidentate Ligands. The ligands (5 mol%) were added to 13x100 mm
borosilicate glass heavy wall test tubes. The reactions were prepared and run in the same way as
Section 0. After 16 h, the reactions were stopped, and after cooling, they were worked up for HPLC

analysis.

Table C.4. Bidentate Ligand Screening

o hex Pd(OAG); (5 mol%)

Cu(OAC)»-H,0 (5 mol%) n-hex n-hex
/) Ligand (5 mol%) | o . l
8" 8" DMsO,110°C, 1.1 atmpoy, 16hr  BFT S 8 e
1a 2a
0.67 M
0.168 mmol
. MB RSM 2a . MB RSM 2a
Entry Ligand %) (%) (%) Entry Ligand %) (%) (%)
0
1 (m 40 14 26 8 14 >: Y 82 34 48
- _ =N N=
N N
Bu Bu Ph Ph
2 M 82 38 44 9 <\/ ; 2 \/> 87 44 43
=N N= =N N=
MeO OMe
3 IS g2 3 4 |10 (D s a3
=N N= Me Me
YR 7 N/ N\
4 MeO‘Q_(N}OMe 88 41 47 11 =N N= 34 11 23
MeO OMe
7 N\ Y N N N
5 = o 44 a1 D 58 1 57
FsC CF; ) (o]
6 7 N/ N\ 71 14 57 13 C\i\:@} 88 8 80
=N N= - =
7 N/ N\
7 ,N N, 44 N/A 44 14 None 36 13 23
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Cu Cocatalyst Screening. The copper cocatalysts (5 mol%) were added to 13x100 mm
borosilicate glass heavy wall test tubes. The reactions were otherwise prepared and run in the same
way as Section 0, except at 125 °C instead of 110 °C. After 16 h, the reactions were stopped, and

after cooling, they were worked up for HPLC analysis.

Table C.5. Cu Cocatalyst Screening

Pd(OACc); (5 mol%)
r-hex Cu (52mol%) n-hex n-hex

/s\ Br L6 (5 mol%) ‘ g /s !
. DMSO, 125 °C, 1.1 atm pO,, 16 hr Br » Br
0.1Oég7mMmo|
Entry Cu Cocatalyst MB (%) RSM (%) 2a (%)
1 Cu(OAc)2-H20 90 3 87
2 Cu 92 5 87
3 Cul 59 27 32
4 Cu20 88 5 83
5 Cu(3-ethylhexanoate) 92 5 84
6 Cu(OTf), 91 71 20
7 Cu(acac): 87 38 49
8 CuBr; 89 80 9
9 CuCl; 96 75 21
10 CuF 85 5 80
11 Cu(TFA)2:xH20 66 38 28
12 CuCl 95 32 63
13 CuBr-SMe, 92 47 45
14 Cu(NOs3)2-2H,0 86 64 22
15 Cu(OAc) 86 4 82
16 CuO 93 67 26
17 CuCO3-Cu(OH); 94 47 47
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Pd Catalyst Screening. The palladium catalysts (5 mol%) were added to 13x100 mm
borosilicate glass heavy wall test tubes. The reactions were otherwise prepared and run in the same
way as Section 0, except at 125 °C instead of 110 °C. After 16 h, the reactions were stopped, and

after cooling, they were worked up for HPLC analysis.

Table C.6. Pd Catalyst Screening

Pd (5 mol%)

nhex  Gu(OAG), H,0 (5 mol%) n-hex n-hex
/) B L6 (5 mol%) ‘ y ( |
s B DMs0,125°C, 1.1 atm pO, 160 BT S ST VBr
1a 2a
0.67M
0.168 mmol
Entry Pd Source MB (%) RSM (%) 2a (%)
1 Pd(OACc), 90 3 87
2 Pd(TFA)2 90 32 58
3 Pd(0,CC3Hs), 86 1 85
4 Pd(OPiv), 87 4 83
5 Pdl, 63 48 15
6 Pd(acac), 86 40 46
7 Pd(OBz), 86 1 85
8 PdO 96 96 0
9 Pd(NOz3)2¢2H20 77 58 19
10 sz(dba)s'CHC|3 56 3 53
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Optimization Leading to Pd(OAc)2/phd/Cu(OAc)2-H20/BQ Catalyst. Catalyst
components at 3 mol% loading (0.033 mmol) were added via stock solution to 13x100 mm
borosilicate glass heavy wall test tubes. To each test tube was added 219 pL of 2-bromo-3-
hexylthiophene and enough DMSO so that the total volume of each reaction was 1.0 mL. The
reactions were heated at 120 °C under an O2 atmosphere with orbital mixing for 16 h, after which
2.0 mL of a stock solution of 3,5-dinitromethylbenzoate (458.5 mg, 2.02 mmol, in 25.0 mL THF)
was added to each reaction as an external standard. The reactions were mixed thoroughly, and
aliquots were removed and filtered through cotton into an NMR tube. The reaction mixtures were

analyzed by *H NMR spectroscopy (8 scans, 10 sec T1 relaxation delay).

Table C.7. Catalyst Component Screening

n-hex n-hex n-hex

3 mol % catalyst
L3 “some ~ 9]
Br DMSO, 120 °C s s

S 1.1 atm pO,, 16 hr Br Br
1a 2a
1.3 romol
Entry Catalyst MB (%) RSM (%) 2a (%)
1 Cu 100 100 0
2 Pd 81 76 5
3 Cu/BQ 100 100 0
4 Pd/BQ 92 87 5
5 Cu/phd 100 100 0
6 Pd/phd 99 93 6
7 Pd/Cu 35 20 15
8 Pd/phd/BQ 99 95 4
9 Pd/Cu/BQ 40 18 22
10 Pd/phd/Cu 79 15 64
11 Pd/phd/Cu/BQ 89 4 85

Conditions: 1a (1.1 mmol), 3 mol% catalyst (0.033 mmol), 1.0 mL in DMSO, 1.1 atm pO,, 120 °C, 16 h.
Pd = Pd(OACc),, Cu = Cu(OACc),-H20.
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C.4 Attempted Thiophene C—H Homocoupling with Reported Aerobic Conditions

A stock solution of Pd(OACc)2 (74.9 mg, 0.33 mmol) and TFAH (510.2 pL) in 10.0 mL
DMSO was prepared. Into 13x100 mm borosilicate glass heavy wall test tubes were added 0.5
mmol of each substrate, and 0.75 mL of the Pd(OAc)2/TFAH stock solution. The reactions were
heated at 50 °C under an Oz atmosphere with orbital mixing for 48 h, after which 1.0 mL of a stock
solution of 3,5-dinitromethylbenzoate (183.5 mg, 0.81 mmol, in 10.0 mL THF) was added to each
reaction as an external standard. The reaction mixture and standard solution were mixed
thoroughly, and aliquots were removed and filtered through cotton into an NMR tube for *H NMR
spectroscopic analysis (8 scans, 10 sec T1 relaxation delay). Results are shown in Figure C.1 as a

comparison to optimized spectroscopic yields from Chapter 4, Figure 4.4.

rirex rhex rivex rhex -Br Br\‘
B85 5 g a’ 8 5T e 8 5 T upey TS 5T
= -1 n 2
o o
R\Owon A Fhex /_/thex
| 5 o8 570 7 m 7
B8 5Thp Q,o o&,_) B’/Q_% S)—Q Br
a xn |
(R ={2-rBu) FOc)

100

Percent Yield
=}

T

o ez i it x5 P i, i i
2a 2 2n 2k 2 2p 2q
Product

Figure C.1. Comparison of spectroscopic yields of selected substrates from Figure 4.4 to
spectroscopic yields from conditions adapted from Wang’s aerobic thiophene C—H homocoupling.
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C.5 Synthetic Applications: Gram Scale Coupling of 1a and Use of Lower Catalyst Loading

Gram-scale coupling of 2-bromo-3-hexylthiophene: Into a vessel intended for large-scale

synthesis on an orbital mixer were weighed Pd(OAc)2 (37.1 mg, 0.165 mmol), phd (34.8 mg, 0.165
mmol), Cu(OAc)2 (33.0 mg, 0.165 mmol), and BQ (17.8 mg, 0.165 mmol). The catalyst
components were dissolved in 3.9 mL DMSO and moved to the orbital mixer, heated to 120 °C,
and purged with Oz for 5 minutes before 1a (1100 pL, 1.36 g) was added. The reaction was run
for 16 h before being removed from the heat and allowed to reach room temperature. The cooled
reaction mixture was transferred to a silica column and flushed with pentane. Product 2a was then
obtained by removal of pentane under vacuum in 90% vyield (1.22 g). Safety note: Use of DMSO
as a reaction solvent under Oz with elevated temperatures is hazardous and proper precautions
should be taken.>®

Coupling of 2-bromo-3-hexylthiophene with 0.5 mol% Pd(OAc)2 and 0.5 mol% phd: Into

13x100 mm borosilicate glass heavy wall test tubes were added Pd(OAc)2 (0.309 mg, 1.4 x 1073
mmol, 0.5 mol%), phd (0.289 mg, 1.4 x 10 mmol, , 0.5 mol%)), Cu(OAc): (6.6 mg, 0.036 mmol,
13 mol%), BQ (0.892 mg, 8.3 x 10 mmol, 3 mol%) via stock solutions in DMSO, followed by
la (55.0 pL, 68.2 mg, 0.275 mmol). Enough DMSO was added to raise the total volume of the
reaction to 250 pL. The test tube was moved to an orbital shaker, heated to 120 °C and the
headspace purged with Oz before being sealed and run for 72 h. Analysis of the crude reaction by

'H NMR mixture revealed formation of 2a in 70% yield.

C.6 Initial Rate Dependence on Catalyst Components
General procedure for initial rate experiments: catalyst components were added via stock

solutions in DMSO to 13x100 mm borosilicate glass heavy wall test tubes along with 2-bromo-3-



186

hexylthiophene and enough DMSO to raise the total reaction volume to 0.5 mL. The reaction
mixtures were heated at 120 °C under an Oz atmosphere for 20 minutes before the reactions were
removed and quenched by submerging in an ice bath. To each reaction was added 1.0 mL of a
stock solution of 3,5-dinitromethylbenzoate (458.5 mg, 2.02 mmol, in 25.0 mL THF) as an external
standard. The reaction mixture was mixed thoroughly, and an aliquot was removed and filtered
through cotton for *H NMR analysis (8 scans, 10 sec T1 relaxation delay). These single-point

experiments were used to approximate initial rate.

0.0004 0.14
©3 mol% Pd(OAC)2, phd, %
0.00035 0.12 P L.
0.0003 ©3 mol% Pd(OAC)2, phd,
o 01 Cu(OAc)2 -
S 0.00025 »~
> ¢ * . . . S 0.08 e
£ 0.0002 =
= S 0.06 .
£ 0.00015 iy
£ 0.04
0.0001
0.00005 0.02 1 g
0 | | | | 0 < I I I I
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mol% BQ

Figure C.2. Dependence on [BQ] and Initial-Rate Time Course. Standard conditions: 33 mM
catalyst ([Pd(OAc)z], [Cu(OAc)2-H20], [phd], [BQ]), 1.1 M [2a] (0.55 mmol), 1.1 atm pO2, 0.50
mL in DMSOQO, 120 °C. Standard conditions were employed, except for varied [BQ].
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Figure C.3. Rate Dependence on pO2. Conditions: 33 mM catalyst ([Pd(OAc)2], [Cu(OAc)2-H20],
[phd], [BQ]), 1.1 M [2a] (1.1 mmol), 1.1 atm pO2 or ambient air, 1.0 mL in DMSO, 120 °C.
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Figure C.4. Rate dependence on 1a. Conditions: 33 mM catalyst ([Pd(OAc)2], [Cu(OAc)2-H20],
[phd], [BQ]), varying [2a] (1.1 mmol), 1.1 atm pO2 or ambient air, 0.5 mL in DMSO, 120 °C.
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C.7 Kinetic Isotope Effect Studies

General Procedure for KIE Experiments: Catalyst components (Pd(OAc)2, phd, and BQ)
at 3 mol% loading (0.0165 mmol) and 0.75 mol%, 3 mol% or 10 mol% Cu(OAc)2 (depending on
conditions) in DMSO stock solutions were added to 13x100 mm borosilicate glass heavy wall test
tubes. Enough DMSO was added such that the final volume of the reaction mixture was 1.0 mL,
and 20 pL (0.19 mmol) of nitrobenzene was added as an internal standard. The catalyst mixture
was heated to 120 °C for 5 minutes under 1.1 atm pO2 with orbital mixing for 5 minutes before
injecting 220 pL of la or la-di. Approximately 50 pL aliquots of the reaction were taken and
quenched by injecting into 0.5 mL of THF in an NMR tube chilled in an ice bath. The samples
were centrifuged to bring any precipitate to the bottom of the NMR tube before *H NMR analysis

(8 scans, 10 second T1 relaxation delay).

Table C.8. Compiled initial rate data for formation of 2a from la and la-di under varying
[Cu(OAC)2].

[Cu(m;)ﬂ (miifes'l) knfko miii‘l) ki/ko (mFliZEes-l) o o,
Runl Run 2 Run 3

8.25 D oo 24 Joe 24 2D 23 24301

® o omm 2 oo 20 - 29:0

M0 b Gon 25 oo 2 oos 26 26%02




Run 1, [Cu(OAc),] = 8.25 mM

Run 2, [Cu(OAc),] = 8.25 mM
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Run 3, [Cu(OAc),] = 8.25 mM
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Figure C.5. Initial rate data for formation of 2a from 1a (black) or la-d: (red) at [Cu(OAc):] =
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Figure C.6. Initial rate data for formation of 2a from 1a (black) or 1a-d: (red) at [Cu(OAc)z] = 33

mM
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Figure C.7. Initial rate data for formation of 2a from 1a (black) or la-d: (red) at [Cu(OAc):] =

110 mM
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C.8 H/D Exchange Studies

Catalyst components at 3 mol% loading (0.0165 mmol) were added to 13x100 mm
borosilicate glass heavy wall test tubes via stock solutions. To each test tube was added 315 pL
AcOD (10 equivalents relative to 1a), 110 pL of 1a, and enough DMSO such that the final volume
of the reaction mixture was 0.5 mL. The reactions were heated at 120 °C under an Oz atmosphere
with orbital mixing for 30 min before they were removed from heat and quenched by submerging
in an ice bath. To each reaction was added 200 pL of a stock solution of methyl-3,5-
dinitrobenzoate (36.7 mg, 0.16 mmol, in 2.0 mL DMSOQO) as an external standard and 20uL of
DMSO-ds was added as an external standard for deuterium quantification. The reaction mixture
was mixed thoroughly, and an aliquot was removed and filtered through cotton for *H NMR
analysis (8 scans, 10 sec T1 relaxation delay). Results are shown in Error! Reference source not
found.. Since the reactions were stopped before completion (30 min) the concentration of 1a-d: at
that time serve as the basis for an initial rate measurement.

The amount of deuterium incorporation was determined by measuring the decreased
intensity of the resonance of the C—H bond at the 5 position of 1a (alpha to S) relative to the of the
C—H bond at the 4 position of 1a (beta to S). The data in Error! Reference source not found.
were calculated by this method. %D incorporation can also be calculated by direct integration of
deuterated product 1a-di. The results of these each method are commensurate with one another.

Example calculation for %D incorporation by integration of 1la: [(547.87-
394.22)/(547.87)]*100% = 28%.

Example calculation for %D incorporation by integration of la-di
[(22.97*6)/547.87]*100% = 25%. (Note: 6 is a scaling factor to account for the number of nuclides

being integrated in DMSO-ds vs 1a-d1)
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Table C.9. Results of H/D Exchange Studies from *H NMR Analysis

n-hex 3 mol % catalyst  1eX n-hex  mrhex
7\ * DOACW> | A\ 4 [ + A
-dg, 120 °
Br s O,(11am,30mn B S ST Ve Brmhs” D
1a 10 equiv 2a 1a-d,

Entry Catalyst Recovered 1a (%) 2a (%) la-d; (%)
1 Pd/phd +BQ 72 2 28
2 Pd/phd/Cu +BQ 53 6 42

1a + 1a-d,
1a
Internal
standard
1. Pd(OAc), + phd
2a
o ) ~
N N ©
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Figure C.8.H NMR spectra of the crude reaction mixtures from H/D exchange of 1a with DOAc.
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Figure C.9. 2H NMR spectra of the crude reaction mixtures from H/D exchange of 1a with DOAc.

C.9 Assessment of Non-Redox Active Metal Acetate Salts

Into 13x100 mm borosilicate glass heavy wall test tubes were added Pd(OAc)2 (3 mol%),
phd (3 mol%), and M(OAC)2 (3 mol%), via stock solutions in DMSO, followed by 1a (110.0 pL,
136.4 mg, 0.550 mmol). Enough DMSO was added to raise the total volume of the reaction to 500
ML. The test tube was moved to an orbital shaker, heated to 120 °C and the headspace purged with
02 before being sealed and run for 16 h. The reaction mixtures were allowed to cool and a solution
of NMR standard in THF was added before being analyzed by *H NMR spectroscopy (8 scans, 10

sec T1 relaxation delay).

Table C.10. Acetate Salt Additive Screen
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3 mol% Pd(OAc),

n-hex 3 mol% phd

FS\ 3 mol% M(OAc), n-hex N/ n-hex
/s\ gr DMSO, 120 °C, 1.1 atm pO,, 16 hr Brw&
1a 2a
Entry Metal Acetate MB (%) RSM (%) 2a (%)
1 none 99 93 6
2 Mg(OAc), 97 62 35
3 Zn(OAC); 98 68 30
4 Cu(OAc); 81 8 73

C.10 Catalyst Characterization by *H NMR Spectroscopy

'H NMR Spectroscopic Titration of Pd(OAc)2 with phd. A stock solution of Pd(OAc):
(74.1.0 mg, 0.33 mmol) and methyl-3,5-dinitrobenzoate as an internal standard (75.0 mg 0.33
mmol) in 5.0 mL of DCM and a separate stock solution of phd (69.6 mg, 0.32 mmol, in 5.0 mL
DCM) were prepared. Into separate vials, 500 pL of the Pd(OAc)2/ methyl-3,5-dinitrobenzoate
solution was deposited. Into each of these was added a portion of the phd stock solution to achieve
the Pd(OAc)2:phd ratio. The DCM was removed in vacuo, and the resulting mixtures were
dissolved in 1.0 mL of DMSO-ds and transferred to an NMR tube for *H NMR analysis (8 scans,

2 dummy scans, 10 second T1 relaxation delay).

Table C.11. Concentrations of Species in phd Titration

Entry  Equivphdadded phd (mM) Pd(OAc), (mM)  Pd(OAc)./phd (mM) Pd Mass Balance (mM)

1 0 0 30.9 0 30.9
2 0.50 0 15.6 16.8 324
3 0.75 0 7.4 24.9 32.3
4 0.90 0 0.9 315 324
5 1.0 2.1 0 30.9 30.9
6 15 18.7 0 30.8 30.8
7 2.0 34.2 0 30.2 30.2
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Figure C.10. Plot of titration of Pd(OAc)2 with phd as monitored by *H NMR spectroscopy.
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Figure C.11. Titration experiment involving addition of phd into a solution of Pd(OAc): in
DMSO. Pd(OAC)2/phd species is denoted by ‘a’; free phd is denoted by ‘b’; free Pd(OAc):2 is
denoted by ‘c’; * denotes methyl 3,5-dintirobenzoate internal standard.
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'H NMR Analysis of phd-Pd/Cu(OAc)2 and phen-Pd/Cu(OAc)2 mixtures. Procedure
for NMR characterization of phd-Pd/Cu(OAc)2 and phen-Pd/Cu(OAc)2 mixtures: A stock solution
of methyl-3,5-dinitrobenzoate (37.3 mg, 0.165 mmol) in 5.0 mL DMSO-ds was prepared.
Pd(OAC)2 (22.2 mg, 0.10 mmol), Cu(OAc)2¢H20 (19.8 mg, 0.10 mmol), and phd (20.8 mg, 0.10
mmol) were each dissolved in 1.0 mL of the methyl-3,5-dinitrobenzoate stock solution. Portions
of each of these solutions were mixed such that the desired ratios of the components were achieved,
and enough of the methyl-3,5-dinitrobenzoate stock solution was added such that the total volume
of the mixture reached 600 pL. The mixtures were transferred to an NMR tube for *H NMR
analysis. A similar procedure was performed for the phen-Pd/Cu(OAc)2 mixtures except the
internal standard chosen was 1,3,5-trimethoxybenzene.

Interpretation of Pd/Cu(OAc)2-phd *H NMR spectra: From Figure C.12, spectrum 3, it is
evident that Pd(OAc)2 forms a 1:1 complex with phd and no free phd is observed. The mixture of
Cu(OAC)2 and phd (spectrum 2) results in a spectrum with two broad resonances downfield of 10
ppm, consistent with the formation of a paramagnetic Cu(OAc)2/phd species. Upon addition of
Cu(OAcC)2 to Pd(OAC)2/phd (spectrum 1) the resonances corresponding to Pd(OAc)2/phd remain,
while multiple new resonances are observed in the paramagnetic region of the spectrum and the
broad resonances corresponding to Cu(OAc)2/phd are not observed. Based on integration relative
to internal standard, 76% of the major Pd(OAc)2/phd species can be accounted for. It is thus
proposed that the new resonances that appear upon addition of Cu(OAc)2 correspond to (1) free
Cu(OAc)2 and (2) a unique heterometallic paramagnetic species, designated
Pd(OAC)2/phd/Cu(OAC)2, that accounts for at least some of the missing 24% mass balance.

Interpretation of Pd/Cu(OAc)2-phen *H NMR spectra and Comparison to Pd/Cu(OAc)2-

phd *H NMR spectra: From Figure C.13, spectrum 3, it is evident that Pd(OAc)2 forms a 1:1
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complex with phen; no free phen is observed. The mixture of Cu(OAc)2 and phen (spectrum 2)
results in the formation of three broad resonances downfield of 10 ppm, consistent with the
formation of a paramagnetic Cu(OAc)2/phen species. Addition of Cu(OAc)2 to Pd(OAc)2/phen
results in a spectrum consistent with a mixture of Cu(OAc)2 and Pd(OAc)2/phen. No new
resonances are observed, and the [Pd(OAc)2/phen] measured relative to internal standard is 33
mM, accounting for 100% of the Pd(OAc)2 and phen concentrations. These observations suggest
that phen selectively binds Pd(OAc): in the presence of Cu(OAc)2 and that phen does not facilitate
the formation of a paramagnetic heterometallic species like phd. It is therefore proposed that the

0-quinone moiety of phd facilitates the formation of this heterometallic species.

A B

—t— V—A—\
The o areresonances
formed upon addition of
Cu(OAc), to Pd(OAc),/phd
L ]
° Cu(OAc), . o
A = A=int. std
1. phd + Pd(OAC), + Cu(OAC), c PA(0AC),/phd
I
[ )
B =int. std.,
Pd(OAc),/phd,
residual DMSO, H,0
C = int. std., residual
DMSO, H,0
E L D = Pd(OAc)./phd, int.
2. phd + Cu(OAc), D std., residual DMSO,

——  CHC H,0
E = Pd(OAc),/phd, int.
std., residual DMSO,
H,O
3. phd+ Pd(OAc), 1o u
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Figure C.12. 'H NMR Spectral Studies of phd-Pd/Cu(OAc). Mixtures 'H NMR spectra of
mixtures of (1) phd + Pd(OACc)2 + Cu(OACc)2; (2) phd + Cu(OAC)z2; (3) phd + Pd(OAC)2 in DMSO-
ds (all components 33 mM). Spectra are clipped vertically to amplify the phd resonances. NMR
parameters =500 MHz, DMSO-d6, 8 scans, 2 dummy scans, T1 relaxation delay: 10 seconds
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A = Pd(OAc),/phen

B = Pd(OAc),/phd, int. std.
residual DMSO, H,0O

C =int. std., residual
DMSO, H,0

D = Pd(OAc),/phen

E = Pd(OAc),/phen, int.
std., residual DMSO, H,0

Figure C.13. 'H NMR spectra of mixtures of (1) phen + Pd(OAc)2 + Cu(OAc)2; (2) phen +
Cu(OAcC)2; (3) phen + Pd(OAc)2 in DMSO-ds (all components 33 mM). Spectra are clipped
vertically to amplify the phd resonances. NMR parameters =500 MHz, DMSO-ds, 8 scans, 2

dummy scans, T1 relaxation delay: 10 seconds

C.11 Synthetic Procedures and Characterization Data

| > ]
Br S S Br
2a

2a: Prepared from 1a (1.1 mmol, 271.92 mg) according to general procedure in Section II except the work-

up utilized pentanes instead of CH>Cl.

Purified by reversed phase column chromatography using a 0-100% acetonitrile gradient in MeOH to give

2a in 75% yield (0.202 g) as a pale-yellow oil.

'H NMR: (500 MHz, CDCls) § 6.77 (s, 2H), 2.55 — 2.48 (m, 4H), 1.58 (m, 4H), 1.39 — 1.24 (m, 12H), 0.92

—0.86 (m, 6H).
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3C NMR: (126 MHz, CDCls) § 143.12, 136.30, 124.61, 108.01, 31.74, 29.75, 29.70, 29.03, 14.24.
HRMS (ASAP-MS) Calculated for C20H2sBr2S, ([M+H]"): 491.0072, measured 491.0067

| >

c” S ST
2b

2b: After cooling to rt, 5 mL EtOAc was added to the shaker tube. The crude product mixture was
mixed, and everything was filtered through a glass frit. The shaker tube was washed with more EtOAc and
passed through the frit, and then the frit was washed with EtOAc until no more color passed through it. The
filtrate was diluted to ~15 mL w/EtOAc. It then was extracted twice with ice-chilled brine. The brine layers
were combined and back extracted with EtOAc until there was little color left in the brine layers. The
organic layers were combined, dried w/MgSO4, and filtered through a glass frit. The filtrate was rotovapped.
The residue was dissolved in minimal pentanes and passed through a silica plug (100% CHCl, elutent).
Fractions were collected until a red band was about to elute. The fractions were combined. The solid was
dissolved in minimal CH2Cl, and purified by reverse phase column chromatography (100% MeOH to 55%
MeOH/45% CH3CN gradient). Fractions enriched in product were collected, rotovapped, and dried in vacuo
to give 77% yield (0.170 g).
"H NMR: (500 MHz, CDCl:) & 6.76 (s, 2H), 2.53 (t, J=7.6 Hz, 4H), 1.62 — 1.52 (m, 4H), 1.39 — 1.25 (m,
12H), 0.89 (t, J= 6.7, 6H).
13C NMR: (126 MHz, CDCls) § 140.36, 133.24, 123.42, 31.74, 29.66, 29.03, 28.19, 22.74, 14.24.

HRMS (ASAP-MS) Calculated for C20H2sCLS; ([M+H]"): 403.1082, measured 403.1074

| > |

Br S S Br
2c

2c: After cooling to rt, 5 mL EtOAc was added to the shaker tube. The crude product mixture was
mixed, and everything was filtered through a glass frit. The shaker tube was washed with more EtOAc and
passed through the frit, and then the frit was washed with EtOAc until no more color passed through it. The
filtrate was diluted to ~15 mL w/EtOAc. It then was extracted twice with ice-chilled brine. The brine layers
were combined and back extracted with EtOAc until there was little color left in the brine layers. The
organic layers were combined, dried w/MgSOs, and filtered through a glass frit. The filtrate was rotovapped.
The residue was dissolved in minimal CH>Cl, and passed through a silica plug (100% CH-ClI, elutent).
Fractions were collected until a red band was about to elute. The fractions were combined. The solid was
dissolved in minimal CH.Cl, and purified by reverse phase column chromatography (100% MeOH to 55%
MeOH/45% CH3CN gradient). Fractions enriched in product were collected, rotovapped, and dried in vacuo
to give 69% vyield (0.141 g).
2¢: "TH NMR: (500 MHz, CDCl3) § 6.76 (s, 2H), 2.17 (s, 6H).
2¢: ¥C NMR: (126 MHz, CDCl3) § 138.21, 135.98, 125.59, 108.50, 15.38.

2¢: HRMS (ASAP-MS) Calculated for CioHsBr2S; ([M+H]"): 350.8507, measured 350.8505
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3c: This was enriched relative to 2¢ in fractions from reverse phase column chromatography that eluted
after the most pure fractions of 2¢. Yield: 6.9 mg (4%).

3¢: 'H NMR (500 MHz, CDCL3) § 6.73 (s, 1H), 6.63 (s, 1H), 2.23 (s, 3H), 2.12 (s, 3H), 2.02 (s, 3H).

3¢: PCNMR (126 MHz, CDCls) & 138.84, 137.79, 137.21, 135.52, 134.94, 134.26, 131.25, 130.26, 127.88,
111.14, 111.00, 108.19, 15.48, 15.26, 15.13.

3c: HRMS (ASAP-MS) Calculated for C;sH1BrsS; ([M+H]Y): 524.7646, measured 524.7641

| >

Br S S Br
2d

2d: Prepared from 1d (1.1 mmol, 329.9 mg) according to general procedure in Section II except the solvent
used was a 1.2:1 mixture of cyclohexyl acetate:DMSO and the work-up utilized pentanes instead of DCM.

Purified by reversed phase column chromatography using a 0-100% THF gradient in MeOH. The resulting
material was passed through a plug of silica gel eluting with pentanes to remove plasticizer that was leeched
from the reversed phase column to give 2d in 74% yield (0.267 g) as a yellow solid.

H NMR: (500 MHz, CDCL;) § 6.77 (s, 2H), 2.57 — 2.46 (m, 4H), 1.57 (s, 4H), 1.39 — 1.17 (m, 36H), 0.88
(t,J = 6.9 Hz, 6H).

13C NMR: (126 MHz, CDCls) § 143.13, 136.30, 124.62, 108.00, 32.08, 29.82, 29.79, 29.77, 29.70, 29.54,
29.51,29.34,22.85, 14.28.

HRMS (ASAP-MS) Calculated for C3;Hs,Br2S, ([M+H]"): 659.1950, measured 659.1946

| > ]

Br S S Br
2e

2e: Prepared from le (1.1 mmol, 179.3 mg) according general procedure in Section II, except the crude
reaction mixture was taken directly to plug silica gel (~10 inches of silica, 1 inch diameter column) eluted
with CH,Cl,. A yellow band was collected until an orange band began to elute. The yellow band was found
to be the product 2e in 63% yield (0.112 g) as a yellow solid.

'H NMR: (500 MHz, CDCLs) § 6.96 (d, J = 3.8 Hz, 2H), 6.85 (d, J = 3.8 Hz, 2H).
3C NMR: (126 MHz, CDCls) § 137.93, 130.82, 124.31, 111.67.
HRMS (ASAP-MS) Calculated for CsHsBr2S: ([M+H]"): 322.8194, measured 322.8191
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| > |

c” S ST
2f

2f: Prepared from 1f (1.1 mmol, 130.4 mg) according general procedure in Section II, except the crude
reaction mixture was taken directly to a plug of silica gel (~10 inches of silica, 1 inch diameter column)
eluted with pentanes. Eluent was collected until a yellow band began to elute. The early fractions were
found to be 2f in 37% yield (0.048 g) as a pale yellow solid.

'"H NMR: (500 MHz, CDCls) & 6.85 (d, J = 3.8 Hz, 2H), 6.82 (d, J = 3.9 Hz, 2H).
BC NMR: (126 MHz, CDCls) 6 135.17, 129.33, 127.05, 123.21.
HRMS (ASAP-MS) Calculated for CsH4CLS, ([M+H]"): 234.9204 measured 234.9202

2g: Prepared from 1g (1.1 mmol, 266.1 mg) according general procedure in Section II, except the crude
reaction mixture was taken directly to a plug of silica gel (~10 inches of silica, 1 inch diameter column)
eluted with CH,Cl,. A yellow band eluted first, which was collected and found to be enriched in product
2g. The crude product was purified by column chromatography on silica gel with a 0-10% EtOAc gradient
in pentane to yield 2g in 50% yield (0.132 g) as a pale-yellow solid.

'"H NMR: (500 MHz, CDCl3) 3 6.93 (s, 2H).

3C NMR: (126 MHz, CDCls) 8 136.50, 126.91, 114.92, 111.28.

HRMS (ASAP-MS) Calculated for CsH,BrsS, ([M+H]"): 478.6404, measured 478.6397

Br Br
| > |

Br S S Br
2h

2h: Prepared from 1h (1.1 mmol, 266.1 mg) according general procedure in Section II, except the crude
reaction mixture was taken directly to a plug of silica gel (~10 inches of silica, 1 inch diameter column)
eluted with CH2Cl,. A yellow band eluted first, which was collected and found to be enriched in product
2g. The crude product was purified by silica gel column chromatography with a 0-10% EtOAc gradient in
pentane to yield 2g in 57% yield (0.152 g) as a white solid.

TH NMR: (500 MHz, CDCls) & 7.05 (s, 2H).
3C NMR: (126 MHz, CDCls) 8 133.13, 129.69, 114.97, 112.27.
HRMS (ASAP-MS) Calculated for CsH,BrsS, ([M+H]"): 478.6404, measured 478.6398
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F F
7

r S S B

2i

B r

2i: Prepared from 1i (1.1 mmol, 199.1 mg) according general procedure in Section II, except the crude
reaction mixture was taken directly to a plug of silica gel (~10 inches of silica, 1 inch diameter column)
eluted with pentanes. Eluent was collected until a yellow band began to elute. The fraction collected prior
to elution of the yellow band was found to be product 2i in 73% yield (0.144 g) as a pale yellow solid which
required no more purification.

'H NMR: (500 MHz, CDCl;) & 6.87 (s, 2H)

13C NMR: (126 MHz, CDCL3) & 152.16 (d, J = 266.6 Hz), 120.26 (d, J = 27.2 Hz). 112.58-112.40 (m),
111.74-111.58 (m)

F NMR: (377 MHz, CDCl;) & -123.21.
HRMS (ASAP-MS) Calculated for CsH2BroF2S; ([M+H]"): 358.8006, measured 358.8002

2j: Prepared from 1j (1.1 mmol, 147.6 mg) according general procedure in Section II. Purified by silica gel
column chromatography with a 0-5% EtOAc gradient in pentanes to yield impure 2j that was further
purified by recrystallization from EtOH/CH,Cl, to give 2j in 15% yield as a tan solid.

"H NMR: (500 MHz, CDCls) 8 7.81 (d, J=7.6 Hz, 2H), 7.77 (d, J = 8.2 Hz, 2H), 7.52 (s, 2H), 7.39 — 7.30
(m, 4H).

3C NMR: (126 MHz, CDCls) & 140.34, 139.61, 137.35, 125.08, 124.95, 123.87, 122.34, 121.56.

HRMS (ASAP-MS) Calculated for CiHi0S2 ((M+H]"): 267.0297, measured 267.0294

Br Br
I~
S S
2k

2k: Prepared from 1k (1.1 mmol, 234.4 mg) according general procedure in Section II. Purified by silica
gel column chromatography with a 0-5% EtOAc gradient in pentanes to yield impure 2k that was further
purified by recrystallization from EtOH/DCM to give 2k in 73% yield (0.172 g) as a tan solid.

"H NMR: (500 MHz, CDCls) & 7.88 — 7.82 (m, 2H), 7.80 — 7.74 (m, 2H), 7.51 — 7.35 (m, 4H).
3C NMR: (126 MHz, CDCls) 8 139.29, 138.24, 129.51, 126.49, 125.62, 124.19, 122.42, 111.01.
HRMS (ASAP-MS) Calculated for C¢HsBr:S; ([M+H]"): 422.8507, measured 422.8502
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2l: Prepared from 11 (1.1 mmol, 412.9 mg) according to general procedure in Section II except the work-
up utilized pentanes instead of DCM.

Purified by reversed phase column chromatography using a 0-5% acetonitrile gradient in MeOH to give 21
in 59% yield (0.242 g) as a yellow oil. Product contains a small amount of unidentified impurity (~7%,
assuming 'H NMR resonances at 7.42, 7.45, and 7.64 ppm correspond to 1 proton).

'"H NMR: (500 MHz, CDCls) & 7.35 (s, 2H), 4.22 (d, J = 5.6 Hz, 4H), 1.75 (m, 5.9 Hz, 2H), 1.50 — 1.13
(m, 32H), 0.89 (m, 12H).

3C NMR: (126 MHz, CDCl3) & 161.85, 135.42, 132.46, 126.19, 119.09, 68.24, 37.46,31.98, 31.52, 31.19,
29.77, 29.10, 26.87, 23.13, 22.81, 14.26, 14.24.

HRMS (ASAP-MS) Calculated for C34Hs,04Br,2S, ([M+H]"): 747.1747, measured 747.1751

2m: Prepared from 1m (1.1 mmol, 185.1 mg) according general procedure in Section II. Purified by silica
gel column chromatography with a 0-30% EtOAc gradient in pentanes to yield impure 2m that was further
purified by recrystallization from EtOH/DCM to give 2m in 55% yield (0.102 g).

TH NMR: (500 MHz, CDCl3) 8 7.69 (d,J = 4.0 Hz, 2H), 7.27 (d, J = 4.0 Hz, 2H), 1.41 (s, 18H).
3C NMR: (126 MHz, CDCls) § 198.76, 142.79, 142.46, 132.83, 125.65, 44.05, 28.27.
HRMS (ASAP-MS) Calculated for C1sH220,S; ([M+H]"): 335.1134, measured 335.1129

2n: Prepared from 1n (1.1 mmol, 362.2 mg) according general procedure in Section II, except the crude
reaction mixture was taken directly to a plug of silica gel and eluted with CH>Cl,. An orange/brown band
eluted which was collected and found to be enriched in product 2n. The crude product was purified by
reversed phase column chromatography with a 0-100% acetonitrile gradient in MeOH to yield impure 2n.
Impure 2n was recrystallized in EtOH/CHCl, to yield 2n in 36% yield (0.067 g).

IH NMR: (500 MHz, CDCls) § 6.89 (d,J=3.5 Hz, 2H), 6.64 (dt, J=3.5, 1.0 Hz, 2H), 2.81 — 2.73 (m, 4H),
1.66 (p, J = 7.5 Hz, 4H), 1.42 — 1.32 (m, 4H), 1.35 — 1.24 (m, 8H), 0.93 — 0.85 (m, 6H).

13C NMR: (126 MHz, CDCl;) & 144.83, 135.45, 124.70, 122.72, 31.72, 30.30, 28.90, 22.73, 14.24.
HRMS (ASAP-MS) Calculated for C0H30S: ([M+H]"): 335.1862, measured 335.1856
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20: Prepared from 1o (1.1 mmol, 172.0 mg) according general procedure in Section II. Purified by silica
gel column chromatography with pentanes to yield 20 in 62% yield (0.106 g).

IH NMR: (500 MHz, CDCl3) § 7.23 (d,J = 3.4 Hz, 2H), 7.13 (d, J = 3.4 Hz, 2H), 0.33 (s, 18H).
BC NMR: (126 MHz, CDCl5) & 142.56, 139.92, 134.87, 125.20, 0.04.
HRMS (ASAP-MS) Calculated for Ci14H2»S>Si> ([M+H]"): 311.0774, measured 311.0770

@) o)
Q/O 2p O\)

2p and 3p: Prepared from 1p (1.1 mmol, 171.8 mg) according general procedure in Section II, except the
crude reaction mixture was taken directly to a plug of silica gel and eluted with CH,Cl,. A yellow band
eluted which was collected and found to be enriched in product 2p. The crude product was purified by silica
gel column chromatography with a 10-100% EtOAc gradient in pentanes to yield a mixture of product 2p
and 3p in a ratio of 8.8:1 2p:3p in combined 53% yield (0.090 g) as a tan solid.

2p: '"H NMR: (500 MHz, CDCls) & 7.06 (d, J = 3.7 Hz, 2H), 7.03 (d, J = 3.7 Hz, 2H), 6.08 (s, 2H), 4.20 —
4.09 (m, 4H), 4.07 — 3.98 (m, 4H).

2p: 3C NMR: (126 MHz, CDCl;) & 141.05, 138.32, 127.09, 123.64, 100.34, 65.42.
2p: HRMS (ASAP-MS) Calculated for Ci14H14S:04 ([M+H]"): 311.0406, measured 311.0410
| > |
O S S H
0] 3p 0]

4p: 'H NMR: (500 MHz, CDCl5) & 9.86 (s, 1H), 7.67 (d, J = 3.9 Hz, 1H), 7.24 (dd, J = 3.8, 2.4 Hz, 2H),
7.12 (d, J = 3.7 Hz, 1H), 6.10 (s, 1H), 4.21 — 3.97 (m, 4H).

4p: ®C NMR: (126 MHz, CDCls) & 182.71, 147.04, 143.84, 142.14, 137.41, 136,91, 127.38, 125.86,
124.59, 100.07, 65.50.

4p: HRMS (ASAP-MS) Calculated for C12H0S:03 ([M+H]"): 267.0144, measured 267.1043

n-hex

S ]\ S / \
Br\/s\/

2q n-hex
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2q: Prepared from 1h (1.1 mmol, 362.2 mg) according general procedure in Section II, except the crude
reaction mixture was taken directly to a plug of silica gel and eluted with CH>Cl,. An orange band eluted
which was collected and found to be enriched in product 2q. The crude product was recrystallized from
EtOH/DCM to give 2q as a bright orange solid in 64% yield (0.233 g).

IH NMR: (500 MHz, CDCls) & 7.02 (d, J = 3.8 Hz, 2H), 6.97 (s, 2H), 6.86 (d, J = 3.8 Hz, 2H),
2.71—2.64 (m, 4H), 1.63 (ddd, J = 12.8, 10.3, 6.5 Hz, 4H), 1.42 — 1.32 (m, 4H), 1.31 (m, 8H), 0.92 — 0.83
(m, 6H).

13C NMR: (126 MHz, CDCls) § 141.09, 137.50, 135.29, 130.41, 128.88, 126.62, 126.22, 112.08,
31.78, 30.67, 29.46, 29.33, 22.75, 14.24.

HRMS (ASAP-MS) Calculated for CasHa,BroSs ([M+H]*): 654.9806, measured 654.9834

Br Br
N N\ / N
| |
2r

2r: Prepared from 1m (1.1 mmol, 180.4 mg) according general procedure in Section II. Purified by reversed
phase column chromatography with a gradient of acetonitrile in MeOH to give 2r in 29% yield (0.052 g)
as a yellow solid.

"H NMR: (500 MHz, CDCls) & 8.88 (s, 2H).
13C NMR: (126 MHz, CDCl3) § 154.63, 129.25, 122.48.
HRMS (ASAP-MS) Calculated for CcH,Br,S;N> ([M+H]"): 324.8100, measured 324.8099

/ \
Br S D

1a-d,

la-di: To 40 mL of Et;O in an oven-dried 100 mL Schlenk flask under N,, 16.0 mL of n-
butyllithium (2.5 M in hexanes) was added and cooled to -78 °C. To the n-BuL.i solution, 2,5-dibromo-3-
hexylthiophene (3.3 mL, 15.4 mmol) was added and stirred for 30 minutes while the reaction mixture took
a gelatin-like consistency. The reaction temperature was raised to 0 °C, and excess D,O was added to
quench the reaction. Upon addition of D,0O, the reaction mixture lost its gelatin-like consistency and was
stirred for 30 minutes. Water was added to dissolve salts that formed, and the aqueous layer was separated
from the organic layer. The organics were removed in vacuo to yield the 2,5-dideutero-3-hexylthiophene.
The reaction was taken to directly to the next step without further work-up. The 2,5-dideutero-3-
hexylthiophene was added to an oven-dried 100 mL round-bottom flask, put under an atmosphere of N,
dissolved in 25 mL of THF from a solvent still, and cooled to O °C. Freshly recrystallized N-
bromosuccinimide (2.74 g 15.4 mmol) was added and the reaction was stirred for 4 h and allowed to warm
to RT. The reaction mixture was washed with 25 mL of 10% aqueous Na,S;0z and twice with 25 mL of
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water. The aqueous layer was separated and extracted 3 times with 10 mL of pentanes. The organic layers
were combined and dried over MgSQOy, filtered, and removed in vacuo. The crude pale-yellow oil was
distilled in vacuo to yield 3.65 g of 2-bromo-3-hexyl-5-deuterothiophene (1a-d:) (96% yield over two
steps).

!H NMR (500 MHz, CDCls) § 6.79 (s, 1H), 2.59 — 2.52 (m, 2H), 1.61 — 1.53 (m, 2H), 1.38 — 1.26 (m, 6H),
0.92 -0.85 (m, 3H).

13C NMR (126 MHz, CDCls) & 141.98, 128.09, 126.43 — 122.57 (m), 108.68, 31.62, 29.71, 29.40, 28.89,
22.60, 14.09.

HRMS (ESI) Calculated for CioHi4DBrS, ([M+H]"): 248.0213, measured 248.0208

C.12 NMR Spectra of Isolated Products
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'"H NMR Spectrum of 2b

€09

L

Cl

S

S

Cl

2b

Feozi

T

T 66'€

JL

= 002

-1.5

0.5

4.0

4.5

-1.0

-0.5

0.0

25 20 15 1.0

3.5 3.0
f1i(ppm)

6.0 55 5.0

6.5

75 7.0

8.0

I3C{TH} NMR Spectrum of 2b

vevi—
vlee

av.ww/
€0°62~\
99°62;
E.._‘n\

42 TA2N
8LveL”

veeel—
9¢e 0V —

-10

10

20

40

50

150 140 130 120 110 100 90 80 70
f1(ppm)

160




208

'"H NMR Spectrum of 2¢
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'"H NMR Spectrum of 3¢
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'"H NMR Spectrum of 2e
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"H NMR Spectrum of 2f
OO MAN
% % & ©
© O oo
2
=d
c” S ST ¢
2f
>/ ’
690 685 6.80 6.75
| A |
N
[= =]
=g=)
75 70 65 60 55 50 4 25 20 15 10 05 00 -05

40 35 3.0
f1i(ppm)

BC{TH} NMR Spectrum of 2f

~135.17
129.33
2127.05
~123.21

WLWWWMMWW

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20
f1(ppm)




213

'"H NMR Spectrum of 2g
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'"H NMR Spectrum of 2h
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'"H NMR Spectrum of 2i
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YF{IH} NMR Spectrum of 2i
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'"H NMR Spectrum of 2j
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"H NMR Spectrum of 2k
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'"H NMR Spectrum of 21
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"H NMR Spectrum of 2m
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'"H NMR Spectrum of 2n
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'"H NMR Spectrum of 20
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'"H NMR Spectrum of 2p and 3p
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'"H NMR Spectrum of 2q
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'"H NMR Spectrum of 2r
2
i
Br Br

NN\ /N

| |

Ly

2r H

S
N

10.510.0 9.5 9.0 85 8.0 7.5 7.0

BC{'H} NMR Spectrum of 2r

—154.63
—129.25
—122.48

6.5 6.0 55 50 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0

f1(ppm)

190 180 170 160 150 140 130 120 110 100 90

80 70 60 50
f1(ppm)

40 30 20 10 0 -10



226

'"H NMR Spectrum of 1a-di
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Appendix D: A Thermodynamically Stable Palladium

Catalyst for the Aerobic Oxidation of Organic Molecules
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D.1 Introduction

Palladium catalyzed aerobic oxidation reactions are a powerful class of methods for the
synthesis of organic molecules.! They proceed via the general mechanism depicted in Scheme D.1,
where a PdXz2 salt, which may be supported by an ancillary ligand, reacts with substrate (SubH2)
to form product (Subox), Pd® and two equivalents of HX. Palladium(0) reacts with Oz and 2
equivalents of HX to generate H202 and regenerate the PdX2 catalyst to close the catalytic cycle.?
Despite their synthetic utility, they are plagued by significant limitations, the most glaring of which
are high catalyst loadings and low turnover numbers (TONSs).* The former is a direct consequence
of the latter, which is commonly attributed to the instability of Pd(0) with respect to the irreversible
formation of catalytically inactive Pd black (cf. Scheme D.1).

There are numerous strategies to mitigate Pd black formation and thereby extend catalyst
lifetimes, most notably the addition of ancillary ligands such as pyridine, bipyridine, or
phenanthroline derivatives, N-heterocyclic carbenes, amines, and, to a lesser extent, phosphines.!
Ancillary ligands work principally by slowing agglomeration of Pd(0) relative to catalyst
reoxidation. Other catalytic additives, particularly benzoguinone (BQ) and derivatives thereof, are
especially effective at prolonging catalyst lifetimes by binding to Pd(0) to retard catalyst
precipitation. BQ also serves as a terminal or cocatalytic oxidant for Pd, accelerating catalyst

oxidation and slowing degradation.>®
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L,PdX,
H,0, SubH,
0O, Sub®*
L,Pd®
+2 HX

d

“Pd black”

Scheme D.1. Generic mechanism of Pd catalyzed aerobic oxidation reaction

While these strategies have proven somewhat effective for the development of catalyst
systems with high TON (~2000),° they have not proven general. Perhaps more significantly,
kinetic strategies—however effective they may be at generating high TON catalysts—are
ultimately doomed to fail precisely because they rely on kinetic phenomenon. That is, their success
is tied to the relative rates of Pd reoxidation (kox) and Pd black formation (kdeg), the latter of which
is irreversible. Even in the scenario where kox >> Kdeg, it is only a matter of time before all the
catalyst dies.

An alternative strategy for the generation of a long lived Pd oxidation catalyst relies on the
development of conditions under which the formation of Pd black is thermodynamically
unfavorable, resulting in an effectively "immortal” catalyst. Such a catalyst would be especially
attractive in large-scale chemical applications, where catalyst loadings and lifetimes have
significant pecuniary implications. Indeed, the Wacker process, the Pd-catalyzed aerobic oxidative
coupling of water and ethylene to acetaldehyde, utilizes just such a catalyst to produce billions of
pounds of acetaldehyde per year.” A Pourbaix analysis of Pd (

Figure D.1) reveals that under typical Wacker conditions—acidic aqueous conditions with
high concentrations of chloride anions—are sufficiently corrosive such that formation of Pd metal

is thermodynamically unfavorable, thus ensuring effective "immortality” of Pd catalyst.
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Inspired by the Wacker process, we sought to develop a Pd catalyst system for the aerobic
oxidation of organic molecules where the decomposition of the Pd catalyst to metallic Pd is
thermodynamically unfavorable, producing an "immortal” catalyst system. Herein is reported early

progress toward this goal.

1.4

1.2 H

Y 08 -
= PdCI,2
2
> 0.6 -
u Typical Wacker
0.4 Process
0
Conditions Pd? (s)
0.2 1 CH,CHOJ/C,H,

Figure D.1. Pourbaix Diagram for Pd and acetaldehyde, with relevant Wacker Process conditions

D.2 Results and Discussion

The general experimental plan was organized thusly: Experiments were conducted to
identify conditions capable of corroding Pd metal. Upon identification of sufficiently corrosive
conditions, a variety of organic substrates were subjected to the resulting corroded Pd solution to

evaluate whether they were catalytically active.
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Pd(s) additive(s) (0.01-0.02 mmoII)>

0.01 mmol solvent (1 mL), 1-3 atm
0,, 70-90 °C

Pd"™*

Equation D.1. General reaction scheme for Pd dissolution experiments

Initial experiments were conducted to identify conditions for the dissolution of Pd metal
(in the form of Pd powder) under conditions relevant to the aerobic oxidation of organic molecules.
General reaction conditions utilized throughout the following screens are depicted in Equation D.1
These conditions included: organic solvents, ancillary ligands, benzoquinone derivatives, first-row
transition metal salt additives, temperatures, Oz pressures, and combinations thereof. Dissolution
studies were performed by depositing a known amount of Pd powder into a reaction tube with
solvent and other additives and subjecting the mixture to the reaction conditions. The amount of
dissolved Pd was quantified by inductively coupled plasma-optical emission spectroscopy (ICP-

OES) calibrated to known standards.

D.2.1 Ligand screens

A variety of ancillary ligands, including pyridine, bipyridine, phenanthroline, and
phosphine derivates (0.01 mmol) were mixed with Pd powder (0.01 mmol) in acetic acid (1 mL)
and stirred under 1 atm of Oz at 70 °C overnight. The results of this screen are shown in Table D.1.
A few trends emerge. Most notably, bidentate and tridentate ligands are more effective at
promoting Pd corrosion than monodentate ligands, such as pyridine derivatives, consistent with
the enhanced stability conferred by the chelate effect. Electron-rich monodentate ligands (e.g. 4-
methoxypyridine) tend to perform better than electron poor varieties (e.g. 4-
trifluoromethylpyridine), probably a consequence of their stronger sigma donor capabilities and
consequent tendency to stabilize Pd'!. Bidentate nitrogen donor ligands (e.g. bipyridine) with steric

bulk ortho to the nitrogen donors are less effective, likely due to destabilizing steric interactions
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in the ligand-supported Pd'' complex (cf. Chapter 2).8 A notable exception to this is 6-methyl-2,2'-
dipyridyl, which is among the most effective ligands at promoting corrosion, although the reason
is unclear at this point. It should be noted that the three entries with lowest amounts of Pd—
bathocuproine, rac-BINAP, and 4.,4'-dinonyl-2,2'-dipyridyl—formed considerable amounts of
precipitate when diluted with aqueous acid for ICP-OES analysis, so the value for dissolved Pd
may be higher. Overall, these results suggest that future ligand screens should focus on chelating,
nitrogen donor ligands. Phosphines could be explored further, as this screen was limited to only
one phosphine ligand (rac-BINAP), although most phosphine ligands are expected to be rapidly
oxidized to phosphine oxides under the reaction conditions.®

To ensure a wide chemical space was evaluated in future screens, a selection of the top-
performing ligands of structural diversity were selected to use as ligands in subsequent additive
and reaction conditions screens, including 1,10-phenanthroline (phen), 2.,2'-bipyridine-4,4'-
dicarboxylate (4,4'-(CO2Me)2-bpy), 6-methyl-2,2'-dipyridyl (6-Me-bpy), tris(2-

pyridylmethyl)amine (TPA), 2-(2-pyridyl)imidazole, and 2-pyrazol-1-yl-pyridine,.

ligand (0.01mmoll)

Pd(s) pdan+
0.01 mmol  AcOH (1 mL), 1 atm O,
70 °C

Equation D.2. Reaction scheme for ligand screen

Table D.1. Ligand screen for Pd corrosion
Ligand % corroded Pd
1,10-Phenanthroline (phen) 110*
6-Methyl-2,2'-dipyridyl 110*
5,5'-Dimethyl-2.2'-dipyridyl 95
4,7-Dimethoxy-1,10-phenanthroline 77
4,4'-Di-tert-butyl-2,2'-dipyridyl 76
3,4,7,8-Tetramethyl-1,10-phenanthroline 72
2-Pyrazol-1-yl-pyridine 69
2,2'-bipyridine-4,4'-dicarboxylate 48
2-(2-Pyridyl)imidazole 48
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4,4,4-Tri-tert-butyl-2,2:6,2-terpyridine 47
Tris(2-pyridylmethyl)amine (TPA) 44
6,6'-Dimethyl-2,2'-bipyridine 41
4,7-Dimethyl-1,10-phenanthroline 37
4-Methoxypyridine 27
2,2'-Bipyridyl 26
4,4'-Dimethyl-2,2'-bipyridyl 25
4-methyl pyridine 25
4,4'-Dimethoxy-2,2'-bipyridyl 25
4-Morpholinopyridine 22
4-Dimethylaminopyridine 19
3-Chloropyridine 15
1,10-Phenanthroline-5,6-dione 12
pyridine-2-carboxamidine 12
N,N'-Di-tert-butylethylenediamine 10
4-Pyrrolidinopyridine 9

2-Chloro-6-methoxypyridine
4,5-Diazafluoren-9-one

4-Pyridinecarbonitrile
4-(Trifluoromethyl)pyridine

4-Phenylpyridine
2-Chloro-4-(trifluoromethyl)pyridine
2-(2-Pyridyl)benzimidazole
4,7-Dichloro-1,10-phenanthroline
5-Bromo-2-methoxypyridine
(S,5)-2,2"-Methylenebis(4-tert-butyl-2-oxazoline)
2,2'-Methylenebis[3a,8a-dihydro-8H-indeno[1,2-d]Joxazole]
2,2'-Biquinoline

none

1,8-Naphthyridine

2-Bromopyrimidine

4-Piperidinopyridine
2-bromo-4-chloro-6-methoxypyridine
Bathocuproine

4,4'-Diamino-2,2'-bipyridyl
4,4'-Dinonyl-2,2"-dipyridyl

Bathophenanthroline

rac-BINAP

*Exceeds 100%. This is likely because Pd powder is deposited into reaction via slurry,
which introduces some uncertainty in initial amount of Pd added.

olo|lolr|r|kr|r|lrkr|IvIMviw|lws|o|lo|o|o|o|o|w©
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D.2.2 Solvent screens
Solvents including acetic acid (AcOH), N-methyl-2-pyrrolidone (NMP), dimethylsulfoxide

(DMSO), toluene, 1,4-dioxane, and tert-amyl alcohol (tAmylOH) were evaluated with a selection
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of top-performing ligands. The results are tabulated in Table D.2. Only AcOH was demonstrated
to be effective at dissolving Pd in appreciable amounts. The reason for this observation is three-
fold. First, a source of protons is required for the O2 reduction product (H202 or H20) formed on
oxidation of Pd. Second, an anion is needed to accompany the oxidized Pd species. Third, the
surface of the Pd metal is likely covered in a variety of Pd-oxide and -hydroxide species, and
protons are needed to remove those species to expose a fresh surface. AcOH provides a source of

protons for O2 reduction and cleaning the Pd surface, and anions for Pd oxidation.

ligand (0.01mmoll)

Pd(s)
0.01 mmol solvent (1 mL), 1 atm
0O,, 70 °C

» Pd™

Equation D.3. Reaction scheme for solvent screen

Table D.2. Solvent screen for Pd corrosion

Solvent ligand % corroded Pd
AcOH 1,10-Phenanthroline 62
2,2'-bipyridine-4,4'-dicarboxylate 27
6-Methyl-2,2'-dipyridyl 86
2-(2-Pyridyl)imidazole 47
2-Pyrazol-1-yl-pyridine 67
4,4'-Di-tert-butyl-2,2'-dipyridyl 77
Tris(2-pyridylmethyl)amine 42

blank

DMSO 1,10-Phenanthroline
2,2'-bipyridine-4,4'-dicarboxylate
6-Methyl-2,2'-dipyridyl
2-(2-Pyridyl)imidazole
2-Pyrazol-1-yl-pyridine
4,4'-Di-tert-butyl-2,2'-dipyridyl
Tris(2-pyridylmethyl)amine
blank

NMP 1,10-Phenanthroline
2,2'-bipyridine-4,4'-dicarboxylate
6-Methyl-2,2'-dipyridyl
2-(2-Pyridyl)imidazole
2-Pyrazol-1-yl-pyridine
4,4'-Di-tert-butyl-2,2'-dipyridyl
Tris(2-pyridylmethyl)amine

o

OO0 |0O|O|IOC 0|0 |O|FR,[(FPIWIO|FLIN




blank

Dioxane

1,10-Phenanthroline

2,2'-bipyridine-4,4'-dicarboxylate

6-Methyl-2,2'-dipyridyl

2-(2-Pyridyl)imidazole

2-Pyrazol-1-yl-pyridine

4,4'-Di-tert-butyl-2,2'-dipyridyl

Tris(2-pyridylmethyl)amine

blank

toluene

1,10-Phenanthroline

2,2'-bipyridine-4,4'-dicarboxylate

6-Methyl-2,2'-dipyridyl

2-(2-Pyridyl)imidazole

2-Pyrazol-1-yl-pyridine

4,4'-Di-tert-butyl-2,2'-dipyridyl

Tris(2-pyridylmethyl)amine

blank

tAmylOH

1,10-Phenanthroline

2,2'-bipyridine-4,4'-dicarboxylate

6-Methyl-2,2'-dipyridyl

2-(2-Pyridyl)imidazole

2-Pyrazol-1-yl-pyridine

4,4'-Di-tert-butyl-2,2'-dipyridyl

Tris(2-pyridylmethyl)amine

blank

O~ OCOOOI0C|O|0O|O0|IO|IO|O0|I0|O|O|0)I0|I0|0|O0|0|0|O0(—]O
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Accordingly, another solvent screen was performed with mixtures of the aforementioned

solvents and AcOH in 4:1 v/v ratios with the same ligands. Significant increases in Pd dissolution

were observed (Table D.3). These results reveal that strongly polar/coordinating solvents, (DMSO,

NMP) hinder Pd dissolution relative to less polar/coordinating solvents. Strongly coordinating

solvents are known to induce the formation of Pd nanoparticles,'° a presumed intermediate in the

formation of bulk Pd metal. Such solvents are therefore not likely to be good candidates for a

thermodynamically stable Pd catalyst system.



Pd(s)
0.01 mmol

ligand (0.01mmoll)

1 atm O,, 70 °C

Equation D.4. Reaction scheme for AcOH cosolvent screen

Table D.3. Solvent screen with AcOH cosolvent for Pd corrosion

solvent:AcOH, (4:1 v:v, 1 mL),

Pd"*

DMSO:ACOH (4:1)

solvent ligand % corroded Pd
1,10-Phenanthroline 47
2,2'-bipyridine-4,4'-dicarboxylate 33
6-Methyl-2,2'-dipyridyl 87
_ _ 2-(2-Pyridyl)imidazole 55
ACOH:ACOH (4:1) 2-Pyrazol-1-yl-pyridine 58
4,4'-Di-tert-butyl-2,2'-dipyridyl 77
Tris(2-pyridylmethyl)amine 75
blank 0
1,10-Phenanthroline 10
2,2'-bipyridine-4,4'-dicarboxylate 3

6-Methyl-2,2"-dipyridyl

2-(2-Pyridyl)imidazole

2-Pyrazol-1-yl-pyridine

4,4'-Di-tert-butyl-2,2'-dipyridy!I

Tris(2-pyridylmethyl)amine

blank

NMP:ACOH (4:1)

1,10-Phenanthroline

2,2'-bipyridine-4,4'-dicarboxylate

6-Methyl-2,2'-dipyridyl

2-(2-Pyridyl)imidazole

2-Pyrazol-1-yl-pyridine

4,4'-Di-tert-butyl-2,2'-dipyridyl

Tris(2-pyridylmethyl)amine

blank

Dioxane:AcOH (4:1)

1,10-Phenanthroline

2,2'-bipyridine-4,4'-dicarboxylate

6-Methyl-2,2'-dipyridyl

2-(2-Pyridyl)imidazole

2-Pyrazol-1-yl-pyridine

4,4'-Di-tert-butyl-2,2'-dipyridyl

Tris(2-pyridylmethyl)amine

blank

NIN(PINwN ORI WINOO AN |PRPWOo (010~

toluene:AcOH (4:1)

1,10-Phenanthroline 6

2,2'-bipyridine-4,4'-dicarboxylate 15
6-Methyl-2,2'-dipyridyl 35
2-(2-Pyridyl)imidazole 11
2-Pyrazol-1-yl-pyridine 28
4,4'-Di-tert-butyl-2,2'-dipyridy!l 16
Tris(2-pyridylmethyl)amine 17
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blank 0
1,10-Phenanthroline 15
2,2'-bipyridine-4,4'-dicarboxylate 12
6-Methyl-2,2'-dipyridyl 48

) ) 2-(2-Pyridyl)imidazole 6
tAMYIOH:ACOH (4:1) 2-Pyrazol-1-yl-pyridine 12
4,4'-Di-tert-butyl-2,2'-dipyridy!I 29
Tris(2-pyridylmethyl)amine 23

blank 1
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A second screen was performed in which trifluoracetic acid (TFAH) was used as a

cosolvent in a 4:1 v/v ratio of solvent: TFAH. The results are summarized in Table D.4. Overall,

there are substantially greater amounts of Pd dissolution relative to screens with AcOH. This can

be attributed to the greater proton activity with the more acidic TFAH, facilitating Oz reduction

and more effectively helping expose fresh Pd surfaces to the reaction conditions. Similar

dissolution trends are observed with TFAH as with AcOH: non-polar solvents are superior for the

dissolution of Pd metal, likely for the same reason as above.

Pd(s)
0.01 mmol

ligand (0.01mmoll)

1 atm O,, 70 °C

Equation D.5. Reaction scheme for TFAH cosolvent screen

Table D.4. Solvent screen with TFAH cosolvent for Pd corrosion

solvent:TFAH, (4:1 v:iv, 1 mL),

Pd"*

solvent ligand % corroded Pd
1,10-Phenanthroline 61
2,2'-bipyridine-4,4'-dicarboxylate 63
6-Methyl-2,2'-dipyridyl 62
_ _ 2-(2-Pyridyl)imidazole 54
ACOH:TFAH (4:1) 2-Pyrazol-1-yl-pyridine 68
4,4'-Di-tert-butyl-2,2'-dipyridyl 70
Tris(2-pyridylmethyl)amine 45
blank 0
1,10-Phenanthroline 13
) ) 2,2'-bipyridine-4,4'-dicarboxylate 9
DMSO:TFAH (4:1) 6-Methyl-2,2'-dipyridyl 7
2-(2-Pyridyl)imidazole 8




2-Pyrazol-1-yl-pyridine 29
4,4'-Di-tert-butyl-2,2'-dipyridy| 6
Tris(2-pyridylmethyl)amine 4
blank 5
1,10-Phenanthroline 8
2,2'-bipyridine-4,4'-dicarboxylate 11
6-Methyl-2,2'-dipyridyl 22
. ] 2-(2-Pyridyl)imidazole 19
NMP:TFAH (4:1) 2-Pyrazol-1-yl-pyridine 16
4.4'-Di-tert-butyl-2,2'-dipyridyl 16
Tris(2-pyridylmethyl)amine 20
blank 2
1,10-Phenanthroline 25
2,2'-bipyridine-4,4'-dicarboxylate 8
6-Methyl-2,2'-dipyridyl 52
. ] . 2-(2-Pyridyl)imidazole 22
Dioxane:TFAH (4:1) 2-Pyrazol-1-yl-pyridine 32
4,4'-Di-tert-butyl-2,2'-dipyridyl 46
Tris(2-pyridylmethyl)amine 8
blank 1
1,10-Phenanthroline 44
2,2'-bipyridine-4,4'-dicarboxylate 94
6-Methyl-2,2'-dipyridyl 50
_ _ 2-(2-Pyridyl)imidazole 28
toluene:TFAH (4:1) 2-Pyrazol-1-yl-pyridine 72
4,4'-Di-tert-butyl-2,2'-dipyridyl 36
Tris(2-pyridylmethyl)amine 7
blank 0
1,10-Phenanthroline 12
2,2'-bipyridine-4,4'-dicarboxylate 22
6-Methyl-2,2'-dipyridyl 81
. . 2-(2-Pyridyl)imidazole 68
tAMYIOH:TFAH (4:1) 2-Pyrazol-1-yl-pyridine 91
4.4'-Di-tert-butyl-2,2'-dipyridyl 55
Tris(2-pyridylmethyl)amine 94
blank 1
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Overall, these experiments suggest that future optimization of Pd corrosion conditions

should focus on weakly polar/coordinating solvents with added acid. The lower limit to the amount

of acid that could be employed remains to be tested. Neat AcOH or tAmylOH:AcOH (4:1) were

selected as the optimal conditions for future screens. Although TFAH proved superior at
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facilitating Pd corrosion, many substrates would likely not tolerate solvent quantities of TFAH

under catalytic conditions, and it was largely excluded from future screens.

D.2.3 Metal additive screens

First-row transition metal additives feature prominently in Pd-catalyzed aerobic oxidation
reactions as a redox active cocatalysts, of which Cu is the most notable, particularly in the Wacker
process. In the absence of ancillary ligands, a variety of first-row transition metal salts (0.01 mmol)
were mixed with Pd (0.01 mmol additive) in 4:1 tAmylOH:AcOH as additives for the oxidation
of Pd metal, the results shown in Table D.5. Most metal additives had at least a small positive
influence on Pd corrosion relative to no added metal salt. Since the metals were screened at
stoichiometric amounts relative to Pd, whether the promotional effect is a result of the additives
acting as redox mediators for Oz-mediated Pd oxidation or stoichiometric oxidants is unclear.
Additional experiments should be performed using sub-stoichiometric amounts of metals to
elucidate the effect. A variety of Mn, Fe, and Cu salts, including Mn(OAc)s, FeBrs, CuCl, and
CuBrz, emerged as the most effective at promoting Pd dissolution, and all these metals have been
featured as stoichiometric or cocatalytic additives in Pd-catalyzed aerobic oxidation reactions. %2
There appears to be an effect on the anion of the metal additive, chloride and bromide ions tending
to be the most effective. The relative ineffectiveness of other anions may be a consequence of
anion exchange between dissolved Pd ions and metal additive ions, resulting in the formation of
insoluble or otherwise unstable PdX2 species. Overall, these results suggest that metal additives,
especially metal chlorides and bromides, are a promising direction for developing a

thermodynamically stable catalyst system and warrant further exploration.
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transition metal salt (0.01 mmoIIL

tAmylOH:AcOH, (4:1 viv, 1 mL),
1 atm O,, 70 °C

Pd(s)
0.01 mmol

Pd"*

Equation D.6. Reaction scheme for transition metal salt additive screen

Table D.5. Metal additive screen for Pd corrosion

Metal additive % corroded Pd | Metal additive % corroded Pd
Co(acac)s 60 Fe(NO3)2#9H.0 1
Mn(OAC)z+2H,0 52 Cu(TFA); 1
FeBr; 48 Cul 1
MnBr; 38 Ni(acac), 1
CucCl 29 Mn203 1
CuBr; 9 CoBr; 1
Cr(NO3)3°9H,0 7 Fe(OTf), 1
Co(NO3),+6H,0 7 Ni(COs), 1
FeCl,*4H,0 3 Fe(OAC); 1
COFz 3 Nin 1
CuO 3 Mn(CQO3)2+H20 1
FeF; 2 NiBr; 1
NiCl,*6H,0 2 NiO 0
CU(COs)z 2 CO304 0
Ni(OAC); 2 Ni(NO3)2¢6H20 0
Fe.O3 2 AgF 0
Mn(acac); 2 CoPc 0
AgClI 2 Cu(NO3)2+2.5H,0 | 0
(MeCN)Cu(OTf) 2 AgOAc 0
MnF, 2 AgCIO, 0
Fe(acac); 2 Co(salophen) 0
CoCl, 1 none 0

D.2.4 Quinone screens

As discussed above, quinones are common additives in Pd-catalyzed oxidation reactions,
where they are proposed to stabilize Pd® intermediates. Accordingly, a variety of BQ derivatives
were screened (0.01 mmol) for their effect of Pd corrosion in 4:1 tAmylOH:AcOH, and the results
are displayed in Table D.6. In general, BQ derivatives show no improvement relative to no quinone
("blank™), and in some cases have a deleterious effect. Quinones are known to decompose under
acidic conditions,*® and the reduction of corroded Pd by quinone decomposition products could

account for the negative effect observed in some instances. These results suggest little merit in
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further investigation of quinones as additives for immortal catalyst systems. Their tendency to

degrade under the reaction conditions also indicate that any positive effect they may impart would

be mitigated over the course of time.

Pd(s)
0.01 mmol

quinone (0.01mmoll)

1 atm O,, 70 °C

Equation D.7.Reaction scheme for quinone screen

Table D.6. Quinone screen for Pd corrosion

» Pd™

tAmylOH:AcOH, (4:1 viv, 1 mL),

Quinone ligand <|;/c:j corroded Quinone ligand fgc()j corroded
blank 1 blank 0
6-Me-bpy 1 ] 6-Me-bpy 20
BQ 4,4-(CO,Me)-bpy | 3 2-MeOBQ 4,4'-(CO2Me).-bpy | 5
TPA 6 TPA 42
blank 0 blank 0
] 6-Me-bpy 7 6-Me-bpy 1
2CIBQ I Comeboy |4 (Me}BQ 4 4-(CoMe)bpy | 4
TPA 29 TPA 26
blank 1 blank 0
6-Me-bpy 1 6-Me-bpy 1
t -
2-'BuBQ 4,4'-(CO,Me)-bpy 2 2,6-MezBQ 4,4'-(CO;Me)-bpy | 2
TPA 1 TPA 3
blank 0 blank 0
] 6-Me-bpy 26 ) 6-Me-bpy 1
25-Me2BQ 4 coMebpy |5 2-PhBQ 17 4 (COMe)bpy | 2
TPA 49 TPA 1
blank 0 blank 0
] 6-Me-bpy 3 ] 6-Me-bpy 24
25-CIBQ 4z comerboy |12 26-CkBQ Iy 4~ (COMe)bpy | 4
TPA 84 TPA 47
blank 0 blank 0
6-Me-bpy 23 6-Me-bpy 33
t
2,6-'BuBQ 4,4'-(CO;Me),-bpy 5 blank 4,4'-(CO;Me)-bpy |5
TPA 45 TPA 49
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D.2.5 Temperature, Oz pressure, time, and added glass bead screens

A series of screens were conducted to assess the effect of temperature, Oz pressure, and the
effect of glass beads using a selection of the best ligands and metal additives (ligands in a 1:1
molar ratio with Pd, metals in a 2:1 molar ratio with Pd)—and combinations thereof—the results
of which are presented in Table D.7. The data reveal that higher temperatures and pressures
generally facilitate greater Pd dissolution, indicating that dissolution conditions could stand to be
further optimized. The combination of ligands and metal additives are not particularly effective,
which is probably a consequence of the 2:1 molar ratio in which they are used: excess metal
additive will bind to all free ligand, leaving no ligand remaining to bind to Pd. The screens should
be repeated with excess ligand to circumvent this problem. Glass beads also promote Pd corrosion,
likely serving to mechanically break up aggregates of Pd, increasing surface area available to be
corroded. These results suggest that future dissolution screens should employ glass beads with
higher temperatures and Oz pressures, although there are safety considerations that should be taken

into account when considering the latter.

Pd(s) ligand and/or additive > Pdn

0.01 mmol  tAmylOH:AcOH, (4:1 viv, 1 mL),
1 or 3 atm O,, 70 or 90 °C

Equation D.8. Reaction scheme for temperature, Oz pressure and glass beads

Table D.7. Temperature, O2 pressure, and glass bead screen with best corrosion conditions

% corroded Pd
ligand additive 70°C,latm |90 °C, 1|70 °C, 3
O, atm O atm O,
none 0 5 3
1,10-phen 57 90 89
6-methyl-2,2'-bpy 54 67 99
5,5'-dimethyl-2,2'-bpy 78 108 115
4,4'-ditBu-2,2'-bpy 71 16 104
2-pyrazol-1-yl pyridine 54 7 86
TPA 12 11 3
none Mn(OAC)s-2(H20) | 7 3 103
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none FeBr; 0 0 0
none CuCl 49 4 15
6-methyl-2,2'-bpy Mn(OAc)3-2(H20) | 5 6 9
6-methyl-2,2'-bpy FeBrs 12 23 8
6-methyl-2,2'-bpy CuCl; 54 42 53
none 3 glass beads 1 21 13

A separate dissolution screen with 3 ligands and Mn(OAc)3*H20 (0.01 mmol ligand, 0.005
mmol Mn(OAc)s, 0.005 mmol Pd; stoichiometries adjusted to address the issue mentioned above
regarding M/L/Pd ratios) was also performed to assess the extent of dissolution as a function of
time, the results shown in Table D.8. The data reveal that there are significantly greater amounts
of Pd dissolution after 48 hr relative to 24 hr, indicating that dissolution is rather sluggish. Optimal

dissolution conditions should therefore err toward longer reaction times.

ligand and/or additive > Pdn

tAmylOH:AcOH, (4:1 viv, 1 mL),
1 atm O,, 70°C, 24 or48 h

Pd(s)
0.01 mmol

Equation D.9.Reaction scheme for time reaction time screen

Table D.8. Effect of time on Pd corrosion

additive ligand % corroded Pd | % corroded Pd
(24 h) (48 h)
none none 1 1
1,10-phen 4 19
Mn(OACc)s*H-O | 6-methyl-2,2'-bpy 32 40
5,5'-dimethyl-2,2'-bpy | 21 59

D.2.6 Organic oxidation screen

The most promising Pd corrosion conditions from the above screens were identified and
served as the basis for catalyst systems for three aerobic oxidation reactions: benzyl alcohol
oxidation, oxidative coupling of water and styrene, and a,B-dehydrogenation of 4-

phenylcyclohexanone. Pd powder (0.01 mmol) was subject to the standard dissolution procedure
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with the ligands, solvents, and additives shown in Tables D.9-D.10 below. After 24 h, substrates
(0.3 mmol) were added to the reaction tubes and allowed to mix for an additional 24 h, after which
the reaction mixtures were assayed by UPLC.

Little to no (<5%) conversion of benzyl alcohol to benzaldehyde was observed for the
reactions containing benzyl alcohol (Table D.9). The minimal oxidation observed may be a
consequence of the solvent-level AcOH concentration, which is known to be inhibitory in Pd-
catalyzed aerobic alcohol oxidation reactions. * There was likewise little to no acetophenone
observed in the reactions containing styrene (Table D.10). The failure to produce measurable
amounts of acetophenone from styrene may be a consequence of the low water concentration (2

equiv relative to styrene). Future screens should use greater water concentration.

: OH
0.3 I /O
.3 mmo
» Pd™ » Pd™ + @J
solvent, 1 atm O, 1 atm O,, 70°C,

70°C, 24 h 24 h

Pd(s) ligands and/or additves

0.01 mmol

Equation D.10. Reaction scheme for corrosion-oxidation sequence with benzyl alcohol substrate

Table D.9. Benzyl alcohol oxidation to benzaldehyde by corroded Pd solutions

condition | ligand solvent additive % yield
1 none tAmylOH/AcOH (3:2) CuCl; 2
2 phen AcOH 2
3 6-Me-bpy AcOH 3
4 6-Me-bpy Tol/AcOH (3:2) 4
5 6-Me-bpy tAmylOH/AcOH (3:2) 5
6 6-Me-bpy Tol/TFAH (3:2) 0
7 6-Me-bpy tAmylOH/TFAH (3:2) 0
8 4,4'-(tBu)2-bpy Tol/AcOH (3:2) 3
9 4,4'-(tBu)2-bpy tAmyl/AcOH (3:2) 2
10 4,4'-(tBu)2-bpy AcOH 2
11 TPA tAmylOH/TFAH (3:2) 0
12 TPA tAmylOH/AcOH (3:2) CuCl; 1
13 TPA tAmylOH/AcOH (3:2) 2,6-'Bu,BQ |2
14 2-Pyrazol-1-yl-pyridine Tol/TFAH (3:2) 2
15 2-Pyrazol-1-yl-pyridine tAmylOH/TFAH (3:2) 4
16 2-Pyrazol-1-yl-pyridine AcOH 3




Pd(s)
0.01 mmol

ligands and/or additves

solvent, 1 atm Oy,
70°C, 24 h

» Pd™

)

0.3 mmol

+ HQO
0.6 mmol

1 atm O,, 70°C, 24 h
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0]
s O

Equation D.11. Reaction scheme for corrosion-oxidation sequence with styrene substrate

Table D.10. Styrene oxidation to acetophenone by corroded Pd solutions

condition | ligand solvent additive % LC area
1 none tAmylOH/AcOH (3:2) CuCly <1
2 phen AcOH <1
3 6-Me-bpy AcOH <1
4 6-Me-bpy Tol/AcOH (3:2) <1
5 6-Me-bpy tAmylOH/AcOH (3:2) <1
6 6-Me-bpy Tol/TFAH (3:2) <1
7 6-Me-bpy tAmylOH/TFAH (3:2) <1
8 4,4'-(tBu),-bpy Tol/AcOH (3:2) <1
9 4,4'-(tBu)2-bpy tAmyl/AcOH (3:2) <1
10 4,4'-(tBu)2-bpy AcOH <1
11 TPA tAmylOH/TFAH (3:2) <1
12 TPA tAmylOH/AcOH (3:2) CuCl <1
13 TPA tAmylOH/AcOH (3:2) 2,6-'Bu,BQ | <1
14 2-Pyrazol-1-yl-pyridine Tol/TFAH (3:2) <1
15 2-Pyrazol-1-yl-pyridine tAmylOH/TFAH (3:2) <1
16 2-Pyrazol-1-yl-pyridine AcOH <1

In contrast to benzyl alcohol and styrene oxidation, reasonable quantities (20-54 LC area

%) of 4-phenylcyclohexenone were produced in several of the conditions evaluated (Table D.11).

Condition 5 in Table D.11 produced 54 LC area % of 4-phenylcyclohexenone, corresponding to

approximately 10% yield by preliminary *H NMR analysis. It should be noted that the corrosion

of Pd was not complete after 24 h under these conditions, as confirmed visually. This implies that

the catalyst loading was lower than 3.3 mol% (the theoretical maximum based on initial

stoichiometry). Longer dissolution conditions would increase the initial concentration of dissolved

Pd and likely increase product yields. An important experiment to determine the stability of this

catalyst system is to measure the concentration of Pd before the addition of substrate and after
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stopping the reaction. Increased levels of Pd after addition of substrate would indicate that net
corrosion continues even in the presence of a reductant (i.e. substrate), while decreased Pd
concentrations would indicate the system has reached a point where the rate of corrosion is
exceeded by substrate-induced decomposition. Overall, the success of this initial screen for o,p3-
dehydrogenation of 4-phenylcyclohexanone is promising and commends further optimization and

exploration of additional ketone substrates.

s

Pd(s) ligands and/or additves e 0.3 mmol >  Pd™ + tho
solvent, 1 atm O,, 1 atm O,, 70°C,

0.01 mmol
70°C, 24 h 24 h

Equation D.12. Reaction scheme for corrosion-oxidation sequence with 4-phenylcyclohexanone
substrate

Table D.11. 4-phenylcyclohexanone dehydrogenation to 4-phenylcyclohexenone by corroded Pd
solutions

condition | ligand solvent additive % LC area
1 none tAmylOH/AcOH (3:2) CuCl, 9
2 phen AcOH 2
3 6-Me-bpy AcOH 11
4 6-Me-bpy Tol/AcOH (3:2) 14
5 6-Me-bpy tAmylOH/AcOH (3:2) 54
6 6-Me-bpy Tol/TFAH (3:2) 0
7 6-Me-bpy tAmylOH/TFAH (3:2) 4
8 4,4'-(tBu)2-bpy Tol/AcOH (3:2) 2
9 4,4'-(tBu)2-bpy tAmyl/AcOH (3:2) 5
10 4,4'-(tBu)2-bpy AcOH 1
11 TPA tAmylOH/TFAH (3:2) 0
12 TPA tAmylOH/AcOH (3:2) CuCl; 4
13 TPA tAmylOH/ACcOH (3:2) 2,6-'Bu2BQ 0
14 2-Pyrazol-1-yl-pyridine Tol/TFAH (3:2) 0
15 2-Pyrazol-1-yl-pyridine tAmylOH/TFAH (3:2) 0
16 2-Pyrazol-1-yl-pyridine AcOH 20
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D.3 Conclusions and future directions

The above results show that, in general, Pd corrosion is facilitated by the presence of
chelating nitrogen-donor ligands in acidified weakly polar/coordinating organic solvents.
Quinones seem to have minimal or even detrimental effects on the amounts of Pd dissolution. The
effect of metal additives is ambivalent, especially in the presence of ancillary ligands. Higher
temperatures and pressures of Oz generally favor increased rates of Pd corrosion, as does
mechanical agitation (i.e. glass beads). Promising preliminary conditions utilizing 6-methyl-2,2'-
bipyridine as the ligand and tAmylOH:AcOH 3:2 v/v solvent have been identified for the oxidative
dehydrogenation of 4-phenylcyclohexanone to 4-phenylcyclohexenone. This is especially
encouraging, since a,p-dehydrogenation of ketones represents a useful method for introducing
complexity into organic molecules.

The above data represent an important entry point into the development of a Pd catalyst
capable of achieving selective aerobic oxidation of organic molecules with indefinitely many
TONSs. Further experiments must be performed remain to further develop this research. An
expanded exploration of chemical space of ligand structure is warranted. Among the most effective
ligands are alkyl substituted bipyridine ligands such as 6-methyl-2,2'-bipyridine and 5,5'-dimethyl-
2,2"-bipyridine. The effectiveness of these ligands may be attributed to enhanced Van der Waals
interactions between the surface of metallic Pd and the ligands, facilitating dissolution. Replacing
the methyl groups on these ligands for longer chain alky groups (e.g. butyl) may further enhance
these proposed Van der Waals interactions and result in greater Pd dissolution. With regards to
substrate oxidation, a greater variety of organic substrates should be evaluated to determine
whether the corroded Pd solutions are effective catalysts for a wider array of oxidation reactions.

Classes of oxidations include allylic oxidation (e.g. acetoxylation), oxidative C—H/C—H biaryl
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coupling, benzylic oxidation, and a,-dehydrogenation of ketones (linear, 5- and 7+-membered
rings). It will be important to evaluate whether the conditions developed are indeed effective at
corroding Pd in the presence of substrates, and experiments should be performed to determine the
amount of Pd in solution before and after substrate oxidation has occurred. Finally, it should be
noted that "Pd black™ is not necessarily a monolithic substance composed entirely of Pd metal.
Making such an assumption may fatally derail any progress in the development of "immortal” Pd
oxidation catalysts. Work should be undertaken to determine the compositions of the types of Pd
black that form during a variety of homogeneous Pd-catalyzed oxidation reactions and evaluate
whether the dissolution conditions developed are even efficacious for corrosion of a plurality of

forms of Pd black.

D.4 Experimental

General Considerations: Pd metal (Aldrich, powder, <1 pM, >99.9% trace metal basis, lot
# MKBT9910V, PCode 1001993337) was purchased from Sigma-Aldrich. All reagents were
purchased from commercial suppliers. Reactions were carried out in 13x100 mm borosilicate glass
heavy wall test tube on a heated multi-well reactor with orbital mixing. An Agilent 5110 ICP-OES
was used for determination of Pd content calibrated to a set of standards of known Pd
concentration.

Pd calibration standards were prepared as follows. A solution of Pd(OAc)2 (6.4 mg, 0.029
mmol) in acetic acid (2.0 mL) was prepared. Serial dilutions were performed with the initial
solution (1.0 mL diluted to 2.0 mL with AcOH) to prepare 2 mL solutions of 1.6, 0.8, and 0.4
mg/mL. A 200 pL aliquot of each of these solutions was diluted to 10.0 mL with an aqueous

solution of 2% AcOH and 5% HNOs. The diluted aliquots represent standards of 32, 16, 8, and 4
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ppm Pd(OAC)2. Since Pd(OAC):2 is 47% Pd by mass, these standards are 15.04, 7.52, 3.76, and 1.88
ppm Pd, respectively. These solutions served as the basis for the calibration curve.

General procedure for dissolution screens: Pd powder (1.0 mg, 0.01 mmol) was added to a
13x100 mm borosilicate glass heavy wall test tube as a 0.5 mL slurry. Additives (screen-
dependent; 0.01-0.02 mmol) were as stock solutions to the test tubes charged with Pd powder such
that the total volume was 1 mL. The mixtures were stirred overnight at 70 °C under 1 atm of Os.
After allowing undissolved Pd powder to settle to the bottom of the tube, 200 pL aliquots of each
tube were added to 25 mL centrifuge tubes and diluted to 10.0 mL with an aqueous solution of 2%
AcOH and 5% HNOs before being submitted for ICP-OES analysis. Precipitate formed in some
of the aqueous solutions and those samples were passed through a syringe filter before being
submitted for ICP-OES analysis. This procedure was adapted accordingly for variations in additive
stoichiometry, etc.

Organic oxidation screens: Reaction tubes were prepared as above for the dissolution
reactions according to the conditions reported in Tables D.9, D.10 and D.11. After reacting for 24
h, substrates (benzyl alcohol, 4-phenylcyclohexanone, styrene, 0.3 mmol each) were added to the
reaction tubes and allowed to mix for an additional 24 h. For styrene oxidation 2 equivalents of
water were added. The reactions were stopped, aliquots of each reaction were removed, and
submitted for UPLC analysis. Benzyl alcohol conversion to benzaldehyde was determined against
calibrated standards. Styrene and 4-phenylcyclohexanone conversions were assayed by LC area %

of the products.
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