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ABSTRACT
VAUGHAN, BENJAMIN A. The Development of ¢® Transition Metal Catalysts for the
Single-Step Production of Vinyl Arenes. (Under the direction of Professor T. Brent
Gunnoe)

Vinyl arenes are produced on a multi-million ton scale annually and are valuable
industrial precursors to plastics, elastomers, surfactants, and detergents. Current industrial
methods for vinyl arene production involve acid-mediated arene alkylation via Friedel-
Crafts or zeolite catalysis, trans-alkylation to optimize yield of mono-alkyl arene, and
subsequent dehydrogenation to afford the desired vinyl arene product. While this type of
process has been operative in industry for decades, there are a number of deficiencies that
suggest that an alternative method for vinyl arene production could be beneficial.
Transition metal-mediated oxidative arene vinylation, in which a transition metal catalyst
and oxidant mediate the direct and single-step conversion of arenes and olefins to vinyl
arenes, offers a potential alternative to traditional acid-mediated mechanisms. Examples
of this type of process have been reported previously for catalyst systems based on Pd,
Ru, and Ir; however, all of these processes suffer from low selectivity, low yield, or both.

Pd(OAc), has been reported to catalyze the conversion of arenes and olefins to vinyl
arenes, although with low selectivity. It was hypothesized that the addition of ligands to
Pd(OAc); could offer the opportunity to tune the selectivity of oxidative arene vinylation
reactions. A variety of bidentate and tridentate nitrogen and phosphine ligands were
screened for activity and selectivity in oxidative benzene vinylation experiments to
determine which could bias the selectivity towards styrene. The Pd(II) complex

(“PP DAB)PA(OAc), [*"’"DAB = N,N -bis(2,6-di-isopropylphenyl)-2,3-dimethyl-1,4-diaza-
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1,3-butadiene] was the most selective for the formation of styrene over stilbene or
biphenyl, two common byproducts in these reactions. Catalytic reactions with
(dipp DAB)Pd(OACc); using a Cu(OAc), oxidant afforded reasonable yields of styrene with
high selectivity for stilbene or biphenyl.

Performing catalysis under aerobic conditions, which allows for aerobic regeneration
of the Cu oxidant in a manner akin to the Wacker process, afforded styrene in excess of
3000 turnovers. Unfortunately, under aerobic conditions, significant production of vinyl
acetate (~700 turnovers) was also observed. This prompted us to re-examine control
reactions with Pd(OAc), alone under optimized aerobic conditions, which showed that
while reported reactions with Pd(OAc), alone afforded ~34% selectivity for styrene,
selectivity under our optimized conditions was ~84% for both Pd(OAc), and
(“""DAB)PA(OAC),.

The lack of selectivity observed for catalysis with Pd(II) complexes prompted us to
shift our focus to isoelectronic Rh(I) complexes. The rhodium catalyst
(""'DAB)Rh(TFA)(”-C;Hs) ['DAB = N,N’-bis(pentafluorophenyl)-2,3-dimethyl-1,4-
diaza-1,3-butadiene; TFA = trifluoroacetate] converts benzene, ethylene and air-
recyclable Cu(Il) oxidants to styrene with yields > 95% (based on Cu(Il) as the limiting
reagent) and with quantitative selectivity. Turnover numbers > 800 have been
demonstrated with catalyst stability up to 96 hours.

Examining catalysis with the complex (FIDAB)Rh(OAc)(nZ-C2H4) shows that the
reaction rate has a dependence on catalyst concentration between first- and half-order that
varies with both temperature and ethylene concentration, a first-order dependence on

ethylene concentration with saturation at higher concentrations of ethylene, and a zero-
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order dependence on the concentration of Cu(Il) oxidant. The kinetic isotope effect was
found to vary linearly with the order in (FIDAB)Rh(OAc)(nz-C2H4), exhibiting no KIE
when [Rh] was in the half-order regime, and a ky/kp value of 6.7(6) when [Rh] was in the
first-order regime. From these combined experimental and computational studies,
competing pathways, which involve all monomeric Rh intermediates and a binuclear Rh
intermediate in the other case, were proposed.

Finally, a number of promising new applications for this research are discussed. In
addition to summarizing other promising developments based on this research,
preliminary results investigating the impact of the carboxylate moiety on the selectivity
of oxidative arene vinylation reactions using o-olefins are described. Work on the
development of aerobically-stable Rh(I) complexes for oxidative arene vinylation is also
discussed, as well as efforts to transition to inexpensive Ni(I) catalysts for arene
vinylation. Results from the projects discussed herein are then summarized to provide

insight into new catalyst design.
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1. Introduction
1.1 Catalysis with Organometallic Complexes
1.1.1 History/Background

Organometallic chemistry, the field of chemistry focused on metal-carbon bonds,
formally began in 1827 with the discovery of Zeise’s salt, [K][(;12-C2H4)PtC13].1 The
discovery of various transition metal-carbonyl complexes and main group metal—alkyl
complexes (e.g., Grignard reagents and organolithiums) followed closely behind in the
later 1800s.> The 1950s were a prolific time for discoveries in the field, including that of
ferrocene, metal-to-ligand m-backbonding, and oxidative addition reactions, which
inspired the study of structure and mechanism that still constitutes the basis of modern
organometallic chemistry.>

One of the most common uses of transition metal complexes today is as catalysts
that lower the activation barrier for organic chemical transformations. While catalysis
may seem like a more modern application that stemmed from classical inorganic
coordination chemistry, the discovery that transition metals can catalyze certain processes
actually dates back to the 1800s,” and by the early 1900s, catalysts were being used in
industrial process chemistry.'

A catalyst, by its most basic definition, must meet three criteria: 1) it must lower the
activation barrier of the process it is catalyzing; 2) it must be regenerated upon
completion of the reaction; and 3) it must be present in a sub-stoichiometric amount.’
Catalysts generally fall into one of two main classes: homogeneous catalysts, which exist
in the same phase as the reactants, or heterogeneous catalysts, which exist in a different

hase as the reactants.” While heterogeneous catalysts are more common in industrial
p g y



2
transformations, there are notable examples of homogeneous catalysts for industrial
processes (see Section 1.2.2), and homogenous catalysts are commonly used for fine-
chemical transformations.® Homogeneous catalysts also offer advantages in that they are
generally easier to study and modify in an effort to tune product selectivity and yield.”
There have also been cases where reactions have been optimized using homogeneous
catalysts and subsequently commercialized using heterogenized variants of the

homogeneous system.’

1.1.2 Transition Metal Catalyzed C—C Bond Forming Reactions
1.1.2.1 C-C Coupling Reactions Based on C—X Activation

A variety of catalytic C—C coupling reactions have been developed based on Suzuki,
Sonogashira, Stille, Heck, and other related reactions, which operate through C—X
activation followed by C—C coupling (Scheme 1.1)."" These types of reactions have been
broadly studied, and variants exhibiting high tolerance of substrates and functional

groups while affording high selectivity have been developed.'

Scheme 1.1. General mechanism for Stille coupling.

R2-R1
C—C Coupling // \\ C—X Activation
[ Pd” L Pd“

Sn—X Sn—R2



While these types of C—C bond forming reactions are useful for fine chemical
synthesis, there are a number of drawbacks that prevent their viability for commodity-
scale processes. For example, many of these reactions require the use of pre-
functionalized (often aryl halide) substrates or stoichiometric transmetallating reagents,
use expensive Pd catalysts that often do not afford high turnover numbers prior to
deactivation, and result in stoichiometric quantities of halogenated waste.!" These
drawbacks make these types of C—C bond forming reactions unsuitable for large-scale
processes involving simple hydrocarbons, and as such, there is motivation for the
development of new catalytic processes that can afford the C—C coupling of simple

hydrocarbons.

1.1.2.2 C-C Coupling Reactions Based on C—H Activation

C—H functionalization reactions, in which a C—H bond is cleaved and ultimately
replaced with a functional group, have the potential to be the most useful transformations
in organic chemistry. These types of transformations can allow for selective installation
of functional groups in an organic molecule without the need for promoters or directing
groups. However, C—H bond activation and functionalization reactions are particularly
challenging due to the typically unreactive nature of C—H bonds (BDE = ~95 — 120
kcal/mol)."? Additionally, even where conditions exist that allow for the activation of C—
H bonds, selectivity is often low. For this reason, a main focus of organometallic
chemistry over the last half-century has been the development of catalysts that can

selectively activate C—H bonds.



1.1.2.3 Mechanisms for C—H Activation

Transition metal catalysts offer a number of advantages in C—H functionalization
reactions compared to typical (often acid or radical-based) processes. It is possible to
develop catalysts that can selectively activate particular C-H bonds in a given substrate
based on sterics or electronics, and they can often activate stronger C—H bonds
selectively over weaker ones, unlike traditional methods. There are four general classes
of mechanisms by which transition metal-mediated C—H activation can occur (Scheme
1.2), including oxidative addition, c-bond metathesis, electrophilic substitution, and
ligand-assisted C—H activation (which includes concerted metallation-deprotonation, 1,2-

CH-addition, etc.).

Scheme 1.2. Mechanisms for C—H Activation.
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One type of C—H activation is oxidative addition, which occurs when coordinatively-
unsaturated metal complex breaks a C—H bond to form new M—C and M—H bonds."* This
reaction results in a net increase of the metal oxidation state by 2, and thus is inaccessible

for metal complexes that are already in the d’ oxidation state. Given that this type of C—H



activation affords a complex with both the resulting carbon and hydrogen fragments
bound to the metal center, if C—H functionalization is desired, this reaction must be
followed by subsequent functionalization reactions.

C-H o-bond metathesis can be formally defined as the concerted exchange of a
metal-ligand c-bond with a hydrocarbon C-H o-bond, resulting in either a new M—-C
bond with liberation of ligand—H, or a new M—-H bond with liberation of ligand—C. o-
Bond metathesis proceeds through a highly ordered 4-center, 4-electron [2, + 2]
transition state which is generally accepted to be kite-shaped.'* This type of C—H
activation mechanism results in no net change of metal oxidation state, and therefore is
accessible to metals without an available n+2 oxidation state.'

Electrophilic substitution proceeds through coordination of a C-H bond to a
coordinatively-unsaturated metal center followed by deprotonation by a base to afford a
new M—C bond. Variants of this type of mechanism have also been proposed based on
the nature of the scission of the C—H bond of the substrate, whether a M—C adduct is
formed as an intermediate or transition state, and whether the base is internal or external
to the complex in question."

Ligand-assisted C—H activation encompasses a broad class of reactions in which the
ligands on a metal center participate in the C—H activation event."> There are numerous
examples of this type of mechanism (with many different names assigned to each type),
including 1,2-CH-addition (also called internal electrophilic substitution or IES),"*'®
concerted metallation-deprotonation (CMD),'” and ambiphilic metal ligand activation
(AMLA)."®" Most germane to the work presented herein are carboxylate-mediated C—H

activation processes, in which a metal-carboxylate complex coordinates a C—H bond,
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which is then deprotonated by the carboxylate ligand to liberate a carboxylic acid and a

new M—C complex.

1.1.3 Metrics for Comparing Catalysts

Papers that disclose new homogeneous catalysts for a given transformation often
discuss the advantages their catalyst provides over existing technologies. These
improvements can be qualitative (i.e., the synthesis of new and desirable products) or
quantitative (i.e., the reported catalyst is more active, more selective, or longer-lived than
existing catalysts) in nature, and while these types of comparisons are necessary to
demonstrate the impact of the research, quantitative measures of improvement in
particular are often misused or compared improperly.

Part of the problem is that there is significant debate in the field about the different
quantitative metrics used, how they should be defined, and whether it is appropriate to
compare catalysts under identical conditions or under the optimal conditions for each.*’*
Commonly used metrics for evaluating catalytic processes are turnover number (TON)
and turnover frequency (TOF), which emphasize the role of the catalyst itself, along with
an observed rate constant (kobs), conversion, and yield, which provide information about
the overall reaction.

To understand the turnover number, the term turnover (TO) must first be defined. A
catalytic turnover formally represents 100% yield relative to catalyst, and therefore
represents one passage through the catalytic cycle. For example, a process that produces

500% vyield relative to catalyst is said to have produced 5 TO of product. The TON is

defined as the number of TO completed before catalyst deactivation, that is, the number
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of turnovers once the reaction is complete (no additional turnovers are possible). It is
important to note that TON is often misused to report TO at a given time (when the
reaction is not complete). The TON of a catalytic system gives insight into the longevity
of the catalyst under a certain set of conditions. This necessarily requires that TON be
reported in tandem with the time after which no additional turnovers were observed (e.g.,
the catalyst achieved a TON of 20 after 24 h), as there is no way to determine the
longevity of the catalyst without this second piece of data.***

The TOF is an approximation of the rate of catalysis and therefore the activity of a
catalyst, although its use and formal definition are contested. **** Generally, the TOF is
defined as the number of TOs completed per unit time, and has the units of s'. It is
important to distinguish between TOF, which is invariant over the course of the reaction
for a catalytic process without any sort of induction period or deactivation, and apparent
TOF, which is a raw measure of the turnovers completed at a given time. The apparent
TOF is often reported given the experimental ease with which it can be obtained,
requiring measurement of TOs at only one time point. However, given that the apparent
TOF obscures any potential deactivation and/or induction periods, it should be evaluated
with caution. When reporting the apparent TOF, it is necessary to report the time at
which it was determined alongside the apparent TOF itself (e.g., the apparent TOF at 4 h
was determined to be 557').

The use of apparent TOF is disputed mainly due to the fact that while it
approximates the rate of the reaction, it neglects many factors that could impact the rate
including induction periods, non-linear rates, catalyst deactivation, and changes in

substrate concentration. This approximation can very easily lead to an over- or



underestimation of the true TOF. For this reason (among others), many in the field are in
favor of assessing catalytic activity through more rigorous kinetic analyses that allow the
determination of rate constants or the actual TOF.

Despite the controversy surrounding its determination and usage, TOF has the
potential to be the most useful metric when evaluating catalysts. In an empirical sense,
the number of turnovers that can occur in a given unit of time is a more direct measure of
catalyst activity, compared to ks, Which contains a collection of rate constants and
concentrations that can involve off-cycle processes not relevant to catalytic activity and
can often be difficult to deconvolute. Overall, TOF can be a very useful metric, though it
should always be evaluated critically before comparisons are made.

The observed rate constant, kg, is arguably the most accurate and rigorously
determined metric when evaluating the rate and activity of a catalyst; however, it is often
one of the most difficult to determine. The unambiguous determination of kops requires
detailed kinetic studies, and its interpretation requires experimental studies of elementary
reaction steps and/or computational modeling of the catalytic cycle. For simple reactions,
this type of kinetic and mechanistic study can be trivial to complete, but for many others
it becomes much more complex.

One commonly used method to determine ks is the method of initial rates.** This
involves plotting concentration of product vs. time (or alternatively, loss of starting
material vs. time) for the initial rate regime of catalysis (where no catalyst deactivation is
occurring) and performing linear regression analysis. The slope of the linear fit for the

initial rate plot gives information about kps.
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Conversion and yield are also important metrics to consider when evaluating both
commercial viability and potential for fine chemical applications. In the context of
catalysis, the yield of the reaction refers to the amount of product (usually one particular
product, but can refer to a sum of all products) relative to the limiting reagent. For this
reason, it is important to define what yield is reported relative to. This is also important to
remember when comparing catalysts in the literature, as yields may be reported relative
to different components of the reaction and need to be corrected for an accurate
comparison.

The conversion of a given reaction refers to the percentage of starting material that is
converted to any product, but does not necessarily give any information about the
selectivity of the conversion (e.g., a reaction could give 100% conversion of starting
materials, but only give 5% yield of the desired product, with 95% yield of a byproduct).
While the formation of byproducts in industrial reactions is not necessarily undesirable if
the byproducts have inherent value, there is typically an additional cost associated with
separation. For fine chemical processes, the formation of byproducts is almost
exclusively undesirable, which is why both conversion and yield are almost always

included for fine chemical reactions discussed in the literature.

1.1.4 Elucidating the Nature of the Active Catalyst

For homogeneous -catalysts, often one of the most challenging aspects of
characterization involves determining the nature and structure of the active catalyst. It is
often assumed that the homogeneous transition metal complex that is added at the start of

the reaction is the active catalyst, but often this species is merely the precatalyst, which
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converts to the active catalyst under the reaction conditions. For many catalytic systems,
this conversion can be trivial, such as the loss of a labile ligand, but for other systems it
can be significantly more drastic.

Previous work from our lab and others has demonstrated that reactions that were
originally reported as metal-mediated processes were actually catalyzed by acid that had
either been added to the reaction or generated in situ.”> Additionally, the in situ
decomposition of homogeneous transition metal complexes to form catalytically active
nanoparticles has been observed in many cases that were previously thought to be
catalyzed by homogeneous complexes.”*>*

To say with certainty that the active catalyst is in fact a homogeneous transition
metal complex, it is imperative to either monitor catalytic reactions in situ (to
demonstrate that the homogeneous complex remains present in the same concentration
over the course of the reaction), or to perform rigorous kinetic studies including all
pertinent control reactions. For example, reactions in which a homogeneous metal
complex decomposes to catalytically active nanoparticles often show an induction period,
which is only observed upon kinetic analysis. While an induction period can also signify
any number of other processes that may not be related to decomposition, if one is
observed, it merits further scrutiny. To determine the role of acid in reactions (especially
in reactions where acid is or could be generated in situ), not only should the reaction
profile be carefully scrutinized in an effort to identify multiple kinetic regimes, but
reactions with added acid and control reactions with acid alone should also be carried out
to determine its impact. These reactions with acid can also prove useful when testing rate

laws for proposed mechanisms.
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1.2 Industrial Process Chemistry
1.2.1 Overview

The transition from laboratory-scale catalysis to process plant scale reactions faces a
number of obstacles including scalability of the process, safety concerns, air-stability and
nature of the catalyst (see section 1.1.4), and reactor design. The scale-up of laboratory-
scale processes is also hindered by fundamental differences between the nomenclature
and metrics used to determine industrial viability and the metrics used to assess catalyst
performance on the laboratory scale. This lack of consistency in metrics and terminology
between chemists and chemical engineers make it very difficult to determine whether a
process has the potential to be industrially viable. This section is designed to discuss the
types of industrial catalysts and reactors (section 1.2.2) and the different metrics used to

determine the efficiency and viability of a process (section 1.2.3).

1.2.2 Nature of Industrial Catalytic Systems

The two distinct types of industrial catalytic processes are defined by the nature of
the catalyst. In homogeneous reactions, the substrates and catalyst exist in the same
phase, where in heterogeneous catalysis they are in different phases. In general, most
industrial processes are heterogeneous due to the ease in separation of the catalyst from
the reaction mixture, but examples of commercialized homogeneous processes exist.” In
addition to the rigorously homo- and heterogeneous systems, biphasic systems, mainly
based on aqueous, fluorous, or ionic liquid solvents, have been commercialized,

29-36

including a variant of hydroformylation (vide infra). In these systems, the catalyst and
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substrate are generally soluble in one phase of the reaction mixture, while the product is
soluble in the other layer, which leads to partitioning and aids in separation. Additional
hybrid variants exist that are based on homogeneous catalysts that have been
heterogenized either through grafting to surfaces, or through “ship in a bottle”
encapsulation in heterogeneous frameworks.’

As mentioned above, heterogeneous catalysts offer advantages in product separation,
and also in the type of reactor setups that can be used. Where homogeneous catalysts are
generally limited to batch or continuously stirred tank reactors, heterogeneous systems
can operate in flow (fixed- or fluidized-bed) reactors.” These types of reactors allow gas-
phase reactants to pass over solid (or fluidized) catalyst beds with more precise
temperature and pressure control compared to typical batch or tank reactors. Reactions
that can operate in the gas phase also offer additional advantages in product separation
and purification, as well as separation of the catalyst from the reaction medium. Mass
transfer is also hindered by liquid-phase reactions, as intensive stirring and therefore
mechanically stable catalysts are required.

While heterogeneous catalysts offer a number of technical advantages for industrial
processes, a few commercialized processes are based on homogeneous catalysts. This is,
in part, due to the higher activity and selectivity generally provided by homogeneous
catalysts.””"*® One of the first examples of a commercialized homogeneous catalytic
process is the Wacker-Hoechst process for ethylene oxidation (Scheme 1.3). This process
was developed by Wacker Chemie in 1956, and was the main industrial source of
acetaldehyde until the 1980s.**° Using a homogeneous Pd(II) catalyst and an acrobically

recycled Cu(Il) oxidant, this process was considered to be particularly elegant and
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efficient until the technology was rendered effectively obsolete by new methods for the

production of acetic acid and n-butanol.*’

Scheme 1.3. Catalytic cycle for the Wacker-Hoechst process for ethylene oxidation.
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Another homogeneous-catalyzed industrial process is the Monsanto acetic acid
process, which converts methanol to acetic acid using a homogeneous Rh(I) catalyst
(Scheme 1.4). This process was developed in 1966 by the Monsanto Company,

improving on an existing process developed by BASF.***!

This process was the dominant
method for the production of acetic acid until the development of the Cativa Process by
BP in 1996, which also uses a homogeneous catalyst, though it is Ir-based. While these
two processes are nearly identical and can even operate in the same plants without
retrofitting, the Ir-based process offers advantages in post-catalytic separation in that less

water is required, and catalytic quantities of Ru can be added to prevent the formation of

undesired byproducts such as propionic acid.*
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Scheme 1.4. Catalytic Cycle for the Monsanto Acetic Acid Process.
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One of the largest homogeneous-catalyzed industrial processes is hydroformylation,
which converts a mixture of syngas (CO + H,) and olefins to aldehydes on the million
ton/annum (t/a) scale using homogeneous Rh or Co catalysts (Scheme 1.5). This process
has been commercialized by BASF, Shell, Exxon, and others, and has been operational
on plant-scale since 1942.** Early variants of these processes used inexpensive Co
catalysts, but most have moved to Rh, with the exception of the Shell and BASF-oxo

processes which still use Co.*
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Scheme 1.5. Catalytic Cycle for Cobalt-Catalyzed Hydroformylation.

0

HJ\/\ H /\R

R
OC—Co—CO
/ OC/ R
_T/

o)
P :
oc—/c|o"—H OSC_CO_CO

oc” Lo W
R
0 _
2 }\\/\R OC—Co—CO
oc—/co‘—co oc
oC cO R
\ |.~‘\\\/ CO
0C—Co—CO
oc”

Other examples of homogeneous industrial processes exist, though many operate on
smaller sales. Hydrocyanation (DuPont) also uses a Ni catalyst and operates on a ~1000
t/a scale. Ethylene oligomerization (SHOP process, Shell) uses a Ni catalyst and operates
on a 870 t/a scale. The acetic anhydride process (Eastman) uses a Rh catalyst and
operates on a 230 t/a scale. There are also various other small-scale fine chemical

processes that operate in industry to this day.’

1.2.3 Process Chemistry and Industrial Viability

For laboratory chemists, one of the most difficult aspects of determining the
industrial viability of a catalytic process lies in lack of a set metrics for industrial
viability, as these will inherently depend on the type of process, catalyst, etc. While it is
difficult to provide hard numbers that define an industrially viable process as these differ
greatly between chemical reactions and also whether there is an existing process to

displace, the metrics used to assess commercial viability are catalyst activity, selectivity,
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and stability (the so-called Catalytic Trinity).** Activity is based on the contact time
required between the substrates and the catalysts (for a batch reactor, the contact time is
the total time of the reaction, but this becomes much more relevant for flow reactors, in
which the flow rate can greatly influence catalysis), and influences reactor design.
Activity is also based on the rate of the reaction, which is determined by the TOF as
defined above for homogeneous catalysts, and for heterogeneous catalysts as the amount
of reacted substrate per active site per unit time. Typical TOFs for industrially viable
catalysts range from 10— 10°s ' *

Selectivity is based on the proportion of desired product to undesired byproducts,
and is arguably one of the most important characteristics of a given catalyst. However, a
catalyst that makes multiple products is not necessarily undesirable if the products are
easily separable and of value. Stability is a measure of the catalyst lifetime and tolerance
of reaction conditions. Another important factor to consider is the recyclability of the
catalyst, since a short-lived catalyst that can be easily and inexpensively recycled can be
just as viable as a long-lived catalyst for which recycling is not facile.**

One of the most common misconceptions about industrial processes is that it is most
desirable to design a process that works at room temperature. For exothermic processes,
it is actually ideal to design a process where the heat generated in the reaction is
proportional to the amount of heat required for the process to operate. This indirectly
reduces CO, emissions by using heat produced by the reaction for a productive purpose.
If any step of a reaction requires cooling in excess of what can be provided by cooling
water alone, scale-up is often more capital-intensive than for a process that requires

external heating.*’
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Another common misconception about industrial processes is that a catalyst that can
only operate under anaerobic conditions cannot be industrially viable. While an air-stable
catalyst makes handling easier, some processes are run under an inert atmosphere mostly
due to safety considerations.” For example, in the Wacker process for ethylene
oxidation, which requires both ethylene as a substrate and O, to regenerate the Cu(Il)
oxidant, two commercialized variants exist: one in which ethylene and O, are flowed
through the reactor concurrently, and one in which the reaction is run to completion and
the Cu oxidant is removed and regenerated with air in a separate reactor. While the first
variant may seem to be more economical, the safety concerns that result from using
mixtures of hydrocarbons and oxygen as well as the relative prices of air vs. purified O,
generally make the two processes approximately equal in cost, though this depends on the

expense of purified O, versus the cost of separation.”

1.2.4 Alkyl and Vinyl Arenes*®
Alkyl and vinyl arenes are important precursors for fine chemical synthesis as well

as for the preparation of plastics, elastomers, and surfactants,>***"*

For example, styrene
is produced globally on a scale of ~18.5 million t/a.*” Current methods for the large-scale
production of vinyl arenes involve multiple steps, typically beginning with arene
alkylation using a Friedel-Crafts (e.g., AICl; with HF) or zeolite catalyst followed by
energy-intensive dehydrogenation of the alkyl group, but there have been recent

developments in transition metal catalyzed arene vinylation (Scheme 1.6, see Chapter

3).54%4730 Generally, acid-based (i.e., Friedel-Crafts or zeolite catalysts) catalysis occurs
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by electrophilic aromatic substitution and does not offer a viable pathway to directly

generate vinyl arenes.

Scheme 1.6. Comparison of Current Industrial Process for Styrene Production with a
Transition Metal-Mediated Process. Reprinted (adapted) with permission from
reference’’. Copyright 2015 AAAS.
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1.2.4.1 Friedel-Crafts Catalysis

While Friedel-Crafts alkylation (FC) catalysis can effectively produce ethylbenzene,
it suffers from a number of deficiencies that make it less desirable (Scheme 1.7). FC
catalysis requires the use of both Lewis and mineral acids, including HF, making these
reactions highly corrosive and the reagents hazardous to transport. Additionally, product
separation requires neutralization of the reaction mixture, which in turn decomposes the
catalyst and produces stoichiometric quantities of halogenated waste. This lack of
recyclability and the halogenated waste generated from neutralization increases the

capital expense associated with these processes.
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Scheme 1.7. Deficiencies of Friedel-Crafts Arene Alkylation.

AlCl,
_ Hol . .
— H* [AICI
© 7 T200350°C Ej Ej) IAICl]

Transalkylatlon
~450 °C
Benzene Neutralization:
Leads to
Decomposition to AICI3

Also, the acid-based mechanism relies on the formation of a carbocation, and
therefore, arene alkylation using a-olefins always results in the formation of the branched
(Markovnikov) product (Scheme 1.8). Finally, acid-based catalysis will always result in
the functionalization of the most reactive C—H bond, which results in over-alkylation of
alkyl benzene products since the C—H bonds of the alkyl benzene product are more

reactive than those of benzene.

Scheme 1.8. Regioselectivity of Friedel-Crafts Arene Alkylation with a-Olefins.
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1.2.4.2 Zeolites
To combat some of the deficiencies of traditional FC catalysis, solid-acid catalysts
have been developed. The most common types of solid-acid catalysts used for arene
alkylation in industry are zeolites.** Zeolites are porous aluminosilicates that function as

47,52

Lewis acids (Figure 1.1).”""* The porous nature of these catalysts allows for the tuning of

pore size, which can be used to bias product ratios through shape-selectivity.*>*>* F

or
arene alkylation reactions, zeolites can be doped with other elements, and their pore size
can be tuned to reduce the production of poly-alkyl benzene products and to bias
regioselectivity for dialkyl benzene production.*’”> For example, the ZSM-5 zeolite has
traditionally been used for the conversion of benzene and ethylene to styrene, but has
suffered from significant dialkyl benzene production. Mobil-Badger developed a new
process using MCM-22 zeolite, which features reduced pore sizes compared to ZSM-5
which are also doped with boron, and their ethylbenzene process results in > 95%
selectivity.” Zeolites are also much more readily recycled given their heterogeneous

847 While zeolites represent a fundamental advancement over traditional FC

nature.
catalysis, they still require high temperatures and do not allow for the direct formation of

vinyl arenes.
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Figure 1.1. Structure of ZSM-5 Zeolite. Babu, K.; Gadre, S.R.; J. Comput. Chem. 2004,
24, 484. Reproduced with permission.

1.3 Transition Metal-Catalyzed Olefin Hydroarylation
1.3.1 Overview

An alternative to traditional acid-based arene alkylation is a transition metal-
mediated process that operates through aromatic C—H activation and olefin insertion into
a metal-aryl bond. This reaction is a type of olefin hydroarylation, which is defined as
the net addition of an arene C—H bond across an olefin C=C bond (Scheme 1.9). Our
group has studied transition metal catalysts for the production of alkyl arenes for the past

18 years.” %" A

summary of our work, and that of others in the field, based on our
review from 2011 is presented here.®' For a summary of our work since 2011, along with

mechanistic comparisons and insights into future catalyst design, see Chapter 4.
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Scheme 1.9. General mechanism for transition metal-mediated olefin hydroarylation.

Overall Reaction:

o-—3

(

Ph Ph
LnM/\D =
(Arene C-H Activation]// Olefin Coordination

Ph

LM L M/

n
NN Ph \//
Arene Coordination Olefin Insertion

SR
H

1.3.2 Ruthenium(Il) Catalysts

Our group has previously studied overall charge-neutral ruthenium(Il) complexes of
the type TpRu(L)(NCMe)(R) [Tp = hydridotris(pyrazolyl)borate; L = CO, P(N-pyrrolyl)s,
P(OCH,);CEt, P(OCH,),(O)CCHs, PMes; R = Me or Ph] for the hydroarylation of
olefins. This family of Ru complexes, in particular the CO variant, is effective for the
catalytic hydrophenylation of ethylene under mild conditions. At 90 °C, the reaction of
benzene and ethylene (25 psi) is catalyzed by TpRu(CO)(NCMe)(Ph) [0.1 mol % relative
to benzene, TpRuCO] to afford 77 TO of ethylbenzene after 24 h.%

To gain insight into the effect of electronic modulation of the metal center within the
TpRu framework, the apical CO ligand was exchanged for a variety of phosphines and
phosphites with varying steric and electronic profiles (L = P(N-pyrrolyl);, TpRuPPyr;
P(OCH;);CEt, TpRuBP; P(OCH)),(O)CCH;, TpRuSP; PMes;, TpRuPMes;). The

electron density of these metal center for these catalysts was compared by measuring the
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Ru(III/II) potential using cyclic voltammetry (Figure 1.2). Examining the rate of
stoichiometric C—D activation of benzene-dg for the TpRu(L)(NCMe)(Ph) series showed
that the rate of C-D activation increased with increasing electron density at the metal
center (based on the donor ability of the ligands, and therefore the Ru(III/IT) potentials of
the resulting complexes) by the following trend: TpRuPMe; > TpRuBP > TpRuSP >

TpRuPPyr ~ TpRuCO.%"*
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Figure 1.2. Correlation of Ru(III/IT) Potential with TON for Ethylene Hydrophenylation
using TpRu(L)(NCMe)(Ph) Complexes.

1.3.3 Iridium(IIT) Catalysts
Ir(IlT)-catalyzed hydroarylation of olefins has been reported by Periana, Goddard,

4,75
and coworkers.”*’

The complex trans-(i*-0,O-acac)Ir(Ph)(L) [acac = acetylacetonate;
L = HyO, py, olefin; (acac),Ir] catalyzes the hydrophenylation of ethylene to form
ethylbenzene at 180 °C. The TOF for catalysis with (acac);Ir is in the industrially
relevant region at 4 x 10 s ' and the TON is high (455 TO of EtPh produced in 3 h).”*"

To examine the effect of electronics on catalysis with (acac)lIr, tropolonate, which

should be less electron donating, was substituted for acac to form the complex (trop-
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O,0),Ir(Ph)(py) [trop = tropolonato, py = pyridine, (trop)Ir]. Catalysis with (trop).Ir
only proceeded at 200 °C and was less active and lower yielding than its acac counterpart

(TOF = 1.5 x 10%s ' TON =27 after 30 min).”

Scheme 1.10. Comparison of ethylene hydrophenylation using (acac),Ir and (trop).Ir.
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The hydrophenylation of a-olefins using (acac);Ir and (trop):Ir has also been
reported.”*”” These reactions are generally slower and lower-yielding than reactions with
ethylene. For the hydrophenylation of propylene, both Ir complexes produce n-propyl
benzene (linear) and cumene (branched) in a 1.6:1 ratio, which is comparable to results

using TpRuCO.*'

1.3.4 Platinum(II) Catalysts

Hydroarylation of olefins using Pt(II) catalysts has been reported by Goldberg and

66-71,78

coworkers and by our group. In 2008, Goldberg and coworkers reported

platinum(II)-catalyzed hydrophenylation of ethylene using a neutral (dmpp)Pt(Ph)(SMe,)



25
complex (dmpp = 3,5-dimethyl-2-(2-pyridyl)pyrrolide).”® Heating a benzene solution of
this complex with 0.26 mmol of ethylene to 100 °C for 17 h produced 26 TO of

ethylbenzene (Eq. 1.1).”®

Our group has reported that the cationic complex [(‘bpy)Pt(Ph)(THF)][BATr" 4] (‘bpy
= 4 4'-di-tert-butyl-2,2"-bipyridyl, Ar" = 3,5-bis(trifluoromethyl)phenyl, ‘bpyPt) catalyzes
the hydrophenylation of ethylene.® As with our TpRu(II) complexes, an inverse
dependence on ethylene pressure was observed, indicating that [(‘bpy)Pt(CH,CH,Ph)(#*-
C,H,)]" is the likely catalyst resting state. This was confirmed by '"H NMR spectroscopy,
and detailed mechanistic studies allowed for the determination that this intermediate was
off-cycle.”® Compared to related Ru(I) complexes, the ‘bpyPt catalysts showed lower
selectivity for mono-alkyl product (~25% of total alkyl arene products were dialkyl
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benzenes).
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Scheme 1.11. Mechanism for ethylene hydrophenylation using ‘bpyPt. Reprinted
(adapted) with permission from reference®. Copyright 2011 American Chemical Society.
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1.4 Thesis Aims

The aim of this dissertation is to discuss the development and optimization of d®
transition metal catalysts for oxidative arene vinylation. The ultimate goal of this research
is to design a catalyst for oxidative arene vinylation that is sufficiently active, stable, and
long-lived as to be industrially viable. The added challenge is that an industrially viable
catalyst for styrene production must not only represent a fundamental cost-savings to
operate, and must be so much less expensive as to offset the cost required to take a
revenue-producing plant offline for retrofitting and to cover the cost of the retrofit itself.
While this may seem like an insurmountable obstacle, the age of styrene-producing
infrastructure in the US (and therefore the need for complete overhaul and retrofitting of
many styrene plants) provides a potential opportunity to introduce a new technology
without overcoming the cost of retrofit and lost revenue. To take advantage of this, we

need to develop a transition metal catalyst for styrene production that is suitable for
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industrial application before this window of opportunity closes. This requires a thorough
mechanistic understanding of single-step styrene production, as well as the characteristics
of catalyst architecture and electronics that afford tunability. This work provides detailed
mechanistic insight into the pathway for transition metal-catalyzed arene vinylation that
can aid in this pursuit. Discussed herein will be: 1) a study of Pd(II) catalysts for styrene
production under aerobic conditions, 2) the development and detailed mechanistic studies
of a Rh(I) catalyst that can produce styrene in a single step with 100% selectivity and
quantitative yields based on Cu(Il) oxidant, and 3) mechanistic comparisons, insights into

catalyst design, preliminary new projects, and the outlook of the field.
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2. Study of Palladium Catalysts for the Oxidative Vinylation of Benzene
2.1 Introduction

Palladium salts, in particular Pd(OAc),, have been reported as catalysts for the
oxidative vinylation of benzene to form styrene, though they often suffer from low
selectivity and/or low yield. For example, Fujiwara and coworkers reported styrene
production using Pd(OAc), and an AgOAc oxidant, but yields (relative to oxidant) were
low (~12%), and they also observed the undesired production of stilbene and biphenyl.'
Periana and coworkers reported styrene production using Pd(OAc), with Cu(OAc),/O, as
the oxidant, but they observed significant vinyl acetate production (~2.5 times the amount
of styrene produced) as a byproduct.™” Ishii and coworkers reported that
(DBM)Pd(OAc), (DBM = dibenzoylmethane) affords 58% selectivity for styrene
production (stilbene and vinyl propionate, a product of reaction with solvent, are also
produced) using a polyoxometalate oxidant, but their yields were low (2%).* Sanford and
coworkers reported that (3,5-dichloropyridyl)Pd(OAc), affords styrene with 100%
selectivity; however, their process suffers from low yields (~33%) and uses an expensive,
oxidant (PhCO;'Bu) that cannot be aerobically regenerated.” Based on these results, we
hypothesized that the proper combination of Pd(OAc); and an ancillary ligand could bias
the selectivity of oxidative benzene vinylation reactions such that styrene was produced
selectively.

Previously, our group has studied the use of Pt(II) complexes for ethylbenzene
production.®"" These complexes have generally followed the [(“bpy)Pt(R)(L)][BAT 4]
motif (*bpy = 4,4'-substituted 2,2"-bipyridyl, R = alkyl or aryl, L = labile ligand, Ar",; =

3,5-(CF3),-C¢H3). We have shown that the selectivity can be shifted to favor styrene with
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increasingly electron-withdrawing X substituents; however, while these Pt complexes are
effective catalysts for ethylbenzene production, when the selectivity is shifted to favor
styrene, catalyst deactivation is rapid, often affording approximately one turnover (TO)
of styrene.'” For example, catalysis with [("*bpy)Pt(Ph)(THF)][BAr'4] ("**bpy = 4,4’
dinitro-2,2"-bipyridyl) affords > 90% selectivity for styrene, but only 1 TO is produced
after 16 h. The deactivation of the Pt catalysts is likely a result of the instability of the
putative Pt—H intermediates that are formed following styrene production, which may
decompose to Pt’. For Pt, this reduction is irreversible given the energetics of reoxidation
to Pt(II), but for Pd, this reoxidation is much more favorable.'?

Initial unpublished synthetic efforts by Dr. Bradley McKeown involved the
preparation and isolation of [(‘bpy)Pd(Me)(NCMe)][BAr 4] (‘bpy = 4,4'-di-'butyl-2,2'-
bipyridyl)."> Heating this complex at 50 °C in benzene with 25 psig of ethylene produced
various vinyl arene products with poor selectivity (Scheme 2.1). Using GC/MS, it was
estimated that ~60 TO of total products were formed (all vinyl products, no alkyl
products were detected), making [(‘bpy)Pd(Me)(NCMe)][BAr',] significantly longer-
lived for the production of vinyl arenes than related platinum catalysts, which typically
give 1-2 TO of vinyl arene before catalyst deactivation occurs.'” While this system is not
particularly selective for a single product, it serves as proof of concept that tuning the
palladium catalyst can increase selectivity for vinyl arene products over alkyl arenes and

enhance catalyst longevity.
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Scheme 2.1. Oxidative benzene vinylation using [(‘bpy)Pd(Me)(NCMe)][BAr" 4].

0.01 mol%
[(topy)Pd(Me)(NCMe)][BArF,] hexene
© e + and + Ph—Ph
* i octene
25 psi '
50 C

Isomers

~60 total turnovers and butenyl benzene

isomers
Major Products

2.2 Results and Discussion
2.2.1 Optimization of Selectivity for Stoichiometric Reactions

Based on our hypothesis that ancillary ligands on Pd(OAc), could bias the selectivity
of oxidative benzene vinylation reactions to favor styrene, a variety of ancillary ligands
were screened in stoichiometric reactions to determine which afforded the highest
selectivity for styrene over stilbene and biphenyl. For these screening reactions, a variety
of monodentate, bidentate, and tridentate ligands were examined, and the putative
(ligand)Pd(OAc), complexes were synthesized in situ upon combination of Pd(OAc); and
ligand. Table 2.1 shows ratios of relative peak area (determined by GC/MS) of the three

products for each ancillary ligand.
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Table 2.1. Relative ratios of products produced in stoichiometric oxidative benzene
vinylation experiments using the in situ generated complexes (Ligand)Pd(OAc),.”

=
S o N0
Ligand Entry R | = O —

R R
= = 1 Bu 1 0 13
2 Bu 1 0 1
3 Ph 3 0 1
4 Cy’ 0.6 1 1
5 Bu 1 0 2
6 Ph 13 1 2
7 Mes® 72 1 5
>—< 8  Dipp? 83 1 4
R-N N-R
9 CeFs 30 1 0
10 Cy’ 15 1 0.7

’Reaction Conditions: 1 mol % Pd(OAc); (relative to benzene), 1 mol % ligand (relative to
benzene, 25 psig C,H,, 50 °C, 18 h. Ratios determined bdv GC/MS relative ratios of peak areas.
"Cy = cyclohexyl. “Mes = 2,4,6-trimethylphenyl. “Dipp = 2,6-diisopropylphenyl.

Subjecting a mixture of ‘bpy with Pd(OAc), to catalytic conditions (entry 1) favored
the formation of biphenyl over styrene in a 13:1 ratio, though no stilbene was observed.
The mixture of ‘terpy with Pd(OAc), (entry 2) produced biphenyl and styrene in equal
ratio, with no stilbene observed. Reaction with dppp (entry 3) afforded selectivity for
styrene over biphenyl in a 3:1 ratio, again with no stilbene produced. Neither mixtures of
Pd(OAc), with tert-butyl nor cyclohexyl DavePhos (entries 4 and 5) were selective for
styrene production. The diazabutadiene (DAB) family of ligands (entries 6-10) all offered

significant selectivity for styrene over both stilbene and biphenyl, with the 2,6-
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diisopropylphenyl  derivative  affording  the  highest  selectivity  (83:1:4

styrene:stilbene:biphenyl).

2.2.2 Optimization of Catalytic Conditions

Given that (“P’"DAB)Pd(OAc), [complex 1] afforded high selectivity for styrene
production, we next conducted a temperature screening. Catalysis with 1 using 20 equiv.
of Cu(OAc), as the oxidant revealed over a temperature range from 50 — 120 °C showed

that 120 °C was the optimum temperature for catalysis.

Table 2.2. Results of oxidant screening.”

Catalyst Cat. Loadingb Oxidant Equiv® Styrened Stilbene Biphenyld
("DABM)Pd(OAC), 0.1 mol % AgOAc 20 <1 0 0
("DABM)Pd(OAC), 0.1 mol % 1,4-benzoquinone 20 <1 0 0
(P"DABM)Pd(OAC), 0.1 mol % Cu(OAc)(OH) 20 4 <1 0

0.05 mol % 120 12 12 0

(""PDABY)Pd(OAc), 0.1 mol % Cu(OAc),*H,0 20 4 <1 0
0.05 mol % 120 19 1 0

(PPPDABM)PA(0Ac),  0.025 mol % Cu(OAc), 120 24 4 0
(PPPDABM)Pd(OAC), 0.1 mol % - - <1 0
- - Cu(OAc), 60° 0 0 0
Pd(OAc), 0.1 mol % - - <1 <1 0

“Reaction Conditions: 25 psig C,H,, 120 °C, 72 h. "Relative to benzene. “Equivalents of oxidant relative to
catalyst. “Yield of product relative to catalyst, reported as TO. °0.112 mM Cu(OAc),

A variety of oxidants were also screened to determine which was most effective.
Table 2.2 shows the results for a variety of soluble (benzoquinone) and insoluble (Cu and
Ag salts) oxidants. These results indicate that Cu(OAc); is the most effective oxidant for
this transformation, affording 24 turnovers (TO) of styrene after 72 h. Given that two

equivalents of oxidant are required per TO (the conversion of benzene and ethylene to
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styrene is a two-electron process), this represents a 40% yield relative to Cu(Il) [n.b.,
yield calculated assuming that two equivalents of Cu(Il) are required per TO]. It is also
important to note that control reactions with 1 or Pd(OAc), in the absence of Cu afforded
<1 TO of styrene after 72 h, and reactions with Cu(OAc), in the absence of Pd afforded

no styrene production, indicating that both Pd and Cu(OAc); are necessary for catalysis.

2.2.3 Oxidative Vinylation of Benzene Using O, as the Terminal Oxidant

In order to increase the yield of this reaction, we hypothesized that the addition of O,
would allow for in situ regeneration of Cu in a manner akin to the Wacker process. The
use of O, as the terminal oxidant was also appealing as it made the overall process more
attractive for commercialization. This approach has also been employed by Periana and
coworkers with their Pd(IT) and Rh(III) catalysts.*”

The addition of O, (and lowering the catalyst loading to 0.001 mol %) to catalysis
afforded 3053(78) TO of styrene after only 24 h, which represents a ~20-fold increase
(eq. 4.1). This indicates that the Cu(Il) is getting recycled ~51 times over the course of
the reaction, as the observed TON is 51 times higher than the theoretical maximum yield
based on Cu(Il). Additionally, comparison to comparable reactions at 0.001 mol %
affords the observation that TO increases with decreasing catalyst loading is consistent
with a bimolecular deactivation pathway, which is also observed for our Pt catalysts and

some of our Ru catalysts for ethylbenzene production.”'*
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0.001 mol % (9PPDAB)Pd(OAc
. (PPDAB)PA(OAC); 21)
120 equiv. Cu(OAc),

50 psig O,
120 °C 3053 TO

24h

Unfortunately, under aerobic conditions, we also observed significant production of
vinyl acetate [685(15) TO]. Production of vinyl acetate has also been reported by Periana
and coworkers for catalysis with both Pd(II) and Rh(IIl) complexes under aerobic,
although in higher proportion.>” These results prompted us to re-examine control
reactions with Pd(OAc), without ligands under our optimized conditions. Catalytic
reactions using Pd(OAc), under our optimized conditions with Cu(OAc), and O, afforded
3662(37) TO styrene and 633(13) TO vinyl acetate, for a selectivity of 85% (Scheme
2.2). Given the deviations in the TO measurements, this result gave statistically identical

selectivity to catalysis with 1.

Scheme 2.2. Comparison of aerobic oxidative benzene vinylation reactions catalyzed by
1 and Pd(OAc);.

=
0.001 mol % (9PPDAB)PA(OAC),
+ = o
@ Z 120 equiv. Cu(OAC), Z" OAc
50 psig O
190 90 2 (30s370) (685 TO)
24h
=
0.001 mol % Pd(OAG),
+ = + 2
© ~ 120 equiv. Cu(OAC), Z" "OAc
50 psig O,
150 00 2 (se62T0) (633 TO)

24 h
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2.3 Summary and Conclusions

The use of ancillary ligands to influence the selectivity of oxidative benzene
vinylation reactions using Pd(OAc), was probed. Diazabutadiene ligands were found to
suppress the formation of biphenyl and stilbene, but when O, is used as the terminal
oxidant, vinyl acetate production is significant. Under optimized catalytic conditions, the
ratio of styrene to vinyl acetate using 1 is statistically identical to that using Pd(OAc),
alone.

While this system is unsuitable for styrene production, there are other possible
applications in which 1 might excel. Initial investigations into oxidative benzene
vinylation using styrene as the olefin (to form stilbene) have shown that this reaction is
favorable, while slower than when using ethylene. This type of chemistry is promising
due to the value of functionalized styrenes in polymerization chemistry.”” Also,
preliminary experiments using propylene have resulted in a 3:1 preference for the
formation of linear over branched product. This is notable since the linear product is
more valuable industrially, and current acid-catalyzed methods only allow for the
synthesis of the branched product.'

Given the high activity of Pd catalysts for numerous C—C bond forming reactions,
the lack of selectivity of this chemistry is, perhaps, not surprising. In particular, the
production of vinyl acetate under aerobic conditions (in larger quantities than the amount
of acetate present in the reaction) could potentially signal ethylene is being oxidized to
acetate in a manner similar to that observed in the Wacker process. Since the catalyst

system used herein was intentionally designed to mimic many desirable aspects of the
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Wacker process, it is possible that Pd-based catalysts for aerobic styrene production will
always necessarily oxidize ethylene.

Further studies are necessary to elucidate the impact of ancillary ligands on
selectivity for styrene vs. vinyl acetate under aerobic conditions. While results with
complex 1 appear to indicate that that the addition of ancillary ligands to Pd(OAc), does
not bias the selectivity for styrene over vinyl acetate, no other complexes were
investigated for vinyl acetate production, and therefore no broad claims can be made in
this regard. To investigate this, additional ligand screening should be performed to

specifically examine the ratio of styrene and vinyl acetate produced.

2.4 Experimental

General Considerations. Unless otherwise noted, all manipulations were performed
under an atmosphere of dry nitrogen using standard Schlenk or high vacuum techniques
and/or in a Vacuum Atmospheres Dri-Lab glovebox equipped with a Dri-Train MO40-1
purifier. Dry, oxygen-free solvents were employed throughout. Benzene, tetrahydrofuran,
and acetonitrile were purified by passage through a column of activated alumina.
Tetrahydrofuran was further dried by distillation from sodium/benzophenone.
Acetonitrile was further dried by distillation from CaH,. NMR spectra were recorded on
a Bruker Avance II 600 MHz spectrometer ('H, 600.13 MHz operating frequency) or a
Varian Mercury 300 MHz spectrometer (‘"H, 299.69 MHz operating frequency) and are
reported with reference to residual solvent resonances. GC/MS was performed using a
Shimadzu GCMS-QP2010 Plus system with a 30 m x 0.25 mm SHRXI-5MS column

with 0.25 um film thickness using electron impact (EI) ionization. GC/FID was



42
performed using a Shimadzu GC-2014 system with a 30 m x 90.25 mm HP5 column with
0.25 um film thickness. Ethylene, oxygen, and propylene were purchased in gas cylinders
from GTS-Welco and used as received. All other reagents were purchased from
commercial sources and used as received. [H(Et,0),][BAr' 4] (Ar" = 3,5-(CF3),CeHs),'
(tmeda)Pd(Me), (tmeda = N,N,N’,N ’-‘[e‘[ramethylethanediamine),17 1,4-bis(phenyl)-2,3-
dimethyl-1,4-diaza-1,3-butadiene ~ (""DAB™®),'®  1,4-bis(2,4,6-trimethylphenyl)-2,3-
dimethyl-1,4-diaza-1,3-butadiene  (M*DAB™),"”  1,4-bis(2,6-diisopropylphenyl)-2,3-
dimethyl-1,4-diaza-1,3-butadiene (“PPDABM), 20 1,4-bis(pentafluorophenyl)-2,3-
dimethyl-1,4-diaza-1,3-butadiene ("DAB™®),?" and 1,4-bis(cyclohexyl)-2,3-dimethyl-1,4-
diaza-1,3-butadiene (““DABM®)* were prepared according to literature protocols.
Concentrations of reagents in mol % are reported relative to benzene.

(‘bpy)Pd(Me),. To a stirring solution of (tmeda)Pd(Me), (0.126 g, 0.395 mmol) in
benzene (7 mL), ‘bpy (0.065 g, 0.40 mmol) was added and the mixture was stirred for 1
hour. The solvent volume was reduced to c.a. 2 mL in vacuo, and pentane (2 mL) was
added to facilitate precipitation. Upon cooling to —30 °C overnight, the solution was
filtered, and the solid was washed with cold pentane, yielding (‘bpy)Pd(Me), as a yellow
powder (0.106 g, 0.262 mmol, 66%). "H NMR (300 MHz, C¢Dg): d 8.75 (d, 'bpy, 2H, Jun
= 5.7 Hz), 7.57 (d, 'bpy, 2H, Jun = 1.5 Hz), 6.64 (dd, ‘bpy, 2H, Jun = 5.7, 1.5 Hz), 1.37 (s,
CH;, 6H), 0.98 (s, ‘Bu, 18H).

[(‘bpy)Pd(Me)(NCMe)][BAr"4]. A solution of (‘bpy)Pd(Me), (0.015 g, 0.041 mmol)
in THF (5 mL) was cooled to —78 °C. To this was added a solution of [H(Et,O),][BAr 4]
(0.039 g, 0.032 mmol) in cold THF (5 mL) dropwise. Upon addition, the solvent volume

was reduced to c.a. 2 mL in vacuo, and NCMe (2 mL) was added dropwise. The solution
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was stirred for c.a. 5 mins, and the solvent was removed in vacuo. The solid was washed
with pentane (2 mL) and dried in vacuo to afford [(’bpy)Pd(Me)(NCMe)][BArF4] as a
pale yellow solid (0.039 g, 0.031 mmol, 80%). "H NMR (300 MHz, CDCl;): d 8.39 (d,
‘bpy, 1H, Jun = 6.1 Hz), 8.27 (d, 'bpy, 1H, Jyu = 6.1 Hz), 8.03 (dd, 'bpy, 2H, Jun = 6.1,
2.1 Hz), 7.69 (br s, BAr',, 8H), 7.56 (dd, 'bpy, 2H, Jun = 6.1, 2.1 Hz), 7.51 (br s, BAr',,
4H), 2.34 (s, NCCH;, 3H), 1.40 (s, ‘Bu, 9H), 1.36 (s, ‘Bu, 9H), 0.99 (s, CH;, 3H).

Reaction of [(‘bpy)Pd(Me)(NCMe)] [BArfs] with benzene and ethylene.
[(‘bpy)Pd(Me)(NCMe)][BAr'4] (0.01 mol %) was dissolved in 10 mL of a stock solution
of decane (0.01 mol %) in benzene. The reaction mixture was transferred to a Fisher-
Porter reactor, pressurized with ethylene (25 psig), and heated to 50 °C for 4 h. The
product mixture was analyzed by GC/MS.

General Procedure for Ligand Screening Reactions. A representative screening
reaction is described. A PTFE-valved reaction tube was charged with Pd(OAc), (0.027 g,
0.89 mmol), ‘bpy (0.241 g, 0.895 mmol), and benzene (10 mL). The vessel was sealed,
pressurized with ethylene (25 psig), and the pale orange solution was stirred and heated
to 50 °C for 72 h. Timepoints were taken every 24 h, at which point aliquots of the
reaction mixture were removed and analyzed by GC/MS, and the vessel was recharged
with ethylene.

General Procedure for Oxidant Screening Reactions. A representative screening
reaction is described. A Fisher-Porter reactor was charged with “PDAB™® (0.36 g, 0.89
mmol), Pd(OAc), (0.025 g, 0.89 mmol), Cu(OAc), (2.16 g, 11.9 mmol), and benzene (32
mL). The vessel was sealed, pressurized with ethylene (25 psig), and the pale orange

solution was stirred and heated to 50 °C for 72 h. Timepoints were taken every 24 h, at
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which point aliquots of the reaction mixture were removed and analyzed by GC/MS, and
the vessel was recharged with ethylene.

Catalytic Oxidative Hydrophenylation of Ethylene using (“*"’"DABY)Pd(OAc),.
A representative catalytic reaction is described. A stock solution containing dirrpy ABMe
(0.009 g, 0.02 mmol), Pd(OAc), (0.005 g, 0.02 mmol), decane (40 uL, 0.20 mmol), and
benzene (200 mL) was prepared. A Fisher-Porter reactor was charged with stock solution
(20 mL) and Cu(OAc), (0.05 g, 0.3 mmol). The vessel was sealed, pressurized with
ethylene (50 psig) and oxygen (50 psig), and the pale yellow solution was stirred and
heated to 120 °C for 24 h. Timepoints were taken every 4 h, at which point aliquots of the
reaction mixture were removed and analyzed by GC/MS (and/or GC/FID), and the vessel
was recharged with ethylene.

Catalytic Oxidative Hydrophenylation of Propylene using (“*"’"DAB"*)Pd(OAc),.
A representative catalytic reaction is described. A stock solution containing dirrpy ABMe
(0.009 g, 0.02 mmol), Pd(OAc), (0.005 g, 0.02 mmol), decane (40 uL, 0.20 mmol), and
benzene (200 mL) was prepared. A Fisher-Porter reactor was charged with stock solution
(20 mL) and Cu(OAc), (0.05 g, 0.3 mmol). The vessel was sealed, pressurized with
propylene (50 psig) and oxygen (50 psig), and the pale yellow solution was stirred and
heated to 120 °C for 24 h. Timepoints were taken every 4 h, at which point aliquots of the
reaction mixture were removed and analyzed by GC/MS, and the vessel was recharged
with propylene.

Catalytic Oxidative Hydrophenylation of Styrene using (“?"’"DAB™¢)Pd(OAc),. A
representative catalytic reaction is described. A stock solution containing dirrpy ABMe

(0.009 g, 0.02 mmol), Pd(OAc), (0.005 g, 0.02 mmol), decane (40 uL, 0.20 mmol), and
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benzene (200 mL) was prepared. A Fisher-Porter reactor was charged with stock solution
(20 mL), styrene (0.4 mL, 3.5 mmol), and Cu(OAc), (0.05 g, 0.28 mmol). The vessel was
sealed, pressurized with oxygen (50 psig), and the pale yellow solution was stirred and
heated to 120 °C for 24 h. Timepoints were taken every 4 h, at which point aliquots of the
reaction mixture were removed and analyzed by GC/MS, and the vessel was recharged

with ethylene.
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3. Development and Mechanistic Studies of a Rhodium Catalyst for the Oxidative
Vinylation of Benzene
3.1 Introduction
Given the scale of annual production of styrene and the disadvantages of current
industrial synthesis (acid-based catalysis), the development of a novel synthetic method
for the conversion of benzene and ethylene to styrene would be beneficial. One possible
route involves the metal-mediated activation of a C—H bond of benzene to yield a M—Ph
bond, ethylene insertion into the resulting M—Ph bond to produce a M—CH,CH,Ph
intermediate, and f-hydride elimination from the resulting M—CH,CH,Ph complex to
give coordinated styrene and a M—H bond (Scheme 3.1). Subsequent styrene dissociation
(regardless of mechanism) and reaction with oxidant can regenerate the active catalyst,
and if the oxidant is oxygen (either used in sifu or used to recycle an in situ oxidant), the
net reaction is the thermodynamically favorable conversion of benzene, ethylene, and

oxygen to styrene and water (eq 3.1).'

© + = +1§OZ e + Hy,0 (3.1)

(AH® = —67.9 kcal/mol )

N

For the platinum(Il) catalysts previously studied in our group, this is not a viable
pathway for styrene production, as the catalysts generally decompose upon the
production of styrene.” We proposed that the catalyst decomposition is the result of
unstable Pt(II)-hydride complexes, formed from pf-hydride elimination, that react to

release H, and produce metallic Pt. The thermodynamic driving force for the formation of
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inactive Pt’ presents a substantial challenge to achieving long-lived vinyl arene

production with these catalysts (Scheme 3.1 inset).'

Scheme 3.1. Proposed cycle for transition metal-catalyzed styrene production from
benzene and ethylene using CuX; as an oxidant. The cuprous (CuX) product could be
recycled to the cupric state using O, from air, as shown at the upper left. Potential side
reactions that a selective catalyst must avoid are shown in red.

[Ethylene Functiona//zat/onj X

X A
LM”/Y — LM p— Ay

Ox:dat/on SHO T T
Ph +HX +2 CuX [Benzene C—H Activation)
112 0y + HX H Benzene Oxidation
- - \ H
Styrene Vinylation 20 //
M
~ / +2CuX, Ph +C6H6 | Ph 4>

Ethylene Dimerization and Polymer/zat/onj

+CsHy
< \ \H LM \// o
P \ —C%A L MH—F/ )

Styrene Phenylation | | p-Hydride Ellm/natlon Ei thylene Insertlon LaM" \ N
‘\_\ and isomers
Based on thermodynamic data, the reduction of Rh(l) to \Hi/dropheny/at/on of Ethy/ene)
elemental Rh is less favorable than the reduction of Pt(ll) to Pt(0) +C6H6 L M” o
3Rh* ——> Rh3+ + 2Rh0 AG2%8 = 1+10.9 kcal/mol
[ 2 PtCl,2- —>PtClg> + Pt + 2Cl- AG298 = -3.5 kcal/mol ]

For our Pt catalysts, the formation of elemental Pt is irreversible, but for Pd, this
reoxidation is more facile. Thus, we designed Pd(I) complexes and tested their activity
for oxidative arene vinylation and found that, while they were highly active and stable
catalysts, they were not selective, forming mixtures of products in all cases studied (see
Chapter 2). Given that the formation and decomposition of Pt(II)-H species is
problematic, and Pd(II) catalysts are unselective for vinyl arene product, we sought to
design catalysts using Rh(I) in anticipation that Rh(I)-H intermediates would exhibit

greater stability compared to related Pt species (Scheme 3.1 inset).'
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Scheme 3.1 shows a targeted catalytic cycle for the direct oxidative vinylation of benzene
to produce styrene. Despite precedent for the key steps in this catalytic cycle, designing a
selective catalyst represents a substantial challenge as many competing side reactions
(shown in red) are likely to have activation barriers that are similar to or lower than those
of the reactions along the desired catalytic cycle. In addition to these possible side
reactions, designing a molecular catalyst that achieves high turnover numbers (TON) is
difficult because the oxidizing conditions and the presence of potentially reactive metal—

hydride intermediates could be anticipated to result in catalyst decomposition.

Table 3.1 compares previously reported homogeneous catalysts for direct oxidative
styrene synthesis from ethylene and benzene.’® Generally, all suffer from one or more of
the following drawbacks: low selectivity, low yield, low TON, and/or use of oxidants that
cannot be regenerated using oxygen. Hong and co-workers reported a Rh4(CO);; catalyst
(Entry 1) that gave, to our knowledge, the highest TON of styrene (472). In tandem with
this process, liberated dihydrogen is consumed by 2 equivalents of ethylene and one
equivalent of CO to produce 809 TO of 3-pentanone for an overall 37% selectivity for
styrene.3 Periana and coworkers have disclosed a Rh(III) catalyst (Entry 2) gives 36%
yield relative to a Cu(II) oxidant with high selectivity for styrene (89%).* Tanaka and co-
workers have reported a Rh(I) catalyst (Entry 3) that produces 3 TO of styrene (38%
yield) under photolytic conditions with a selectivity of only 18%.° Milstein and co-
workers have disclosed a Ru(Il) catalyst (Entry 4) that affords 7.5 TO of styrene (3%
yield) using O, directly as the oxidant.” Fujiwara and co-workers reported the first use of

Pd(OAc); as a catalyst for the oxidative vinylation of benzene using an AgOAc oxidant,
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although it only resulted in sub-stoichiometric styrene production and significant
formation of stilbene (Entry 5).” Periana and co-workers also reported the use of
Pd(OAc), for styrene production (Entry 6), although they used a Cu(Il) oxidant under
aerobic conditions to afford 19 TO styrene (5% yield) and 47 TO vinyl acetate (29%
selectivity).” Ishii and co-workers reported a Pd(II) catalyst (Entry 7) that affords 100 TO
of styrene (58% yield) with 2% selectivity using a heteropoly acid oxidant.® Sanford and
co-workers reported that (3,5-dichloropyridyl)Pd(OAc), catalyzes styrene production
with 100% selectivity and a TON of 6.6 TON for styrene (33% overall yield) using
PhCO5'Bu, an oxidant which cannot be recycled with oxygen (Entry 8).”

Herein, we report a rhodium catalyst for the selective one-step production of styrene
from benzene, ethylene and Cu(Il) salts (Table 3.1, Entries 9 and 10). We chose a Cu(Il)
salt as the in situ oxidant because of industrial precedent for recycling reduced Cu(l)
using oxygen. In the commercial Wacker-Hoechst process for ethylene oxidation,'"'" use
of oxygen to reoxidize Cu(l) to Cu(Il) has proven viable both in situ as well as in a
second step, which would be required for our Rh(I)-based process (Scheme 3.2).'?

Portions of this work have been published previously.'*"
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Scheme 3.2. Comparison of Wacker Process and styrene process reported herein.

Styrene Process
o =
PdCI,2 Rh cat.
Z+2CuCly +Hy0 4 )J\ +2 CuCl + 2 HCI = +2CuX, +CGH6$ + 2 CuX + 2 HX
H3;C™ "H
2 CuCl+2HCl +1/2 0, ——> 2CuCly +H,0 2CuX+2HX+120, —> +2CuXz+Hy0
o =
= +1/2 0, 4>H C)]\H = +1)2 0,+CeHg —— > +H0
3

Table 3.1. Comparison of previously reported catalysts for styrene production. TON =
turnover number for styrene. Selectivity is defined as turnovers styrene/total turnovers
(all products), and is given as a percentage. Yield of styrene is reported relative to the
limiting reagent.

Entry Catalyst Oxidant TON Selectivity Yield
101 Rh4(CO):2 C,H./CO 472 37% 19%
2ftl (acac);Rh(Cl)(H,0) Cu(OAc), 24 89% 36%
3t Rh(PMe3),(CO)(Cl) hv 3 38% 18%
48! RuCls - 3H,0 0, 75 N.R. 3%
5 Pd(OAc), AgOAc 0.59 44% 12%
gl Pd(OAc), Cu(OACc),/O, 19 29% 5%
7m (DBM)Pd(OAC), HPA 100 58% 2%
8"l (3,5-DCP)Pd(OAC), PhCO5'Bu 6.6 100% 33%
ol ('DAB)Rh(TFA)(C,H.) Cu(OAc), 115 100% 96%

1089 ('DAB)Rh(TFA)(C,H.) Cu(OAc), 835 100% 70%

[ Reference’. [*] Reference®, acac = acetylacetonate. [*] Reference®. [§] Reference’, N.R. =
not reported. ["] Reference®. [”] Reference®. ['”] Reference®, DBM = dibenzoylmethane, HPA
= H3PMo;,04 + 30H,0. [**] Reference’, DCP = 3,5-dichloropyridine. [['] "DAB = N,N-
bis(pentafluorophenyl)-2,3-dimethyl-1,4-diaza-1,3-butadiene; TFA = trifluoroacetate; 0.001
mol % catalyst loading; described herein. [§§] FDAB = N,N-bis(pentafluorophenyl)-2,3-
dimethyl-1,4-diaza-1,3-butadiene; TFA = trifluoroacetate; 0.0001 mol % catalyst loading;
described herein.
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3.2 Catalyst Development'”

We recently reported the synthesis of an electron-deficient Rh(I) complex
(""'DAB)Rh(TFA)(#>-COE) ['DAB = N,N’-bis(pentafluorophenyl)-2,3-dimethyl-1,4-
diaza-1,3-butadiene; TFA = trifluoroacetate; COE = cyclooctene] and demonstrated that
this complex is a pre-catalyst for arene H/D exchange in trifluoroacetic acid.'® Given that
arene C-H activation is a key step in transition metal-catalyzed oxidative arene
vinylation, we hypothesized that this Rh(I) complex might be an effective catalyst
precursor for styrene production from benzene and ethylene. Because the labile COE
ligand would likely exchange for ethylene under catalytic conditions, the ethylene analog
(""DAB)Rh(TFA)(5>-C,Hs) (1-TFA) was independently synthesized and used as our
catalyst precursor (Scheme 3.3).

Scheme 3.3. Synthesis of ("DAB)Rh(TFA)(57°-C,H,) (1-TFA).

. A N
25 psig CoHy A \Rh/CI\Rh/\ AgTFA

RNhCl, 5
2 NS THF
MeOH X o« \/ RT
RT 3h
8h 58% Yield
\{ I
VAR A 070, N
7\
_ _ CeF5—N N-CeFs ~ \ N
CeFs N\Rh/N CeFs Ces 65 /Rhi Rh<
THF %
" RT N O\fo 7
30 min
(1-TFA) CFs
80% Yield 95% Yield

Heating a 20 mL benzene solution of 1-TFA (0.001 mol % relative to benzene) with
ethylene (25 psig) and Cu(OAc), (120 equivalents relative to 1-TFA) to 150 °C affords
60(2) turnovers (TO) of styrene after 24 h (for all TOs reported, standard deviations are
given in parentheses). Aliquots of the reaction mixture were analyzed by GC/FID using

relative peak areas versus an internal standard (decane). This corresponds to quantitative
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yield based on the Cu(Il) limiting reagent. The calculated yield assumes that two
equivalents of Cu(Il) are consumed to produce each equivalent of styrene (eq 3.2). No
other products were observed upon analysis of the reaction mixture by GC/MS or
GC/FID, indicating high selectivity for styrene production. Detection limits for both
instruments were equivalent to ~1 TO of product. Specifically, we looked for evidence of
stilbene, biphenyl, and vinyl acetate production, as these are the most commonly
observed byproducts in previously reported catalysis (Table 3.1 and references therein).
Control reactions with [Rh(u-TFA)(#7°-C,Ha): ]2, a precursor to complex 1-TFA, afforded
< 5 TO of styrene after 24 h with or without Cu(OAc),, potentially highlighting the
importance of the "DAB ligand. It is important to note that further experiments using
[Rh(u-TFA)(7°-C2Ha)a]> revealed that the lack of reactivity after 24 h represents a long
induction period,'” but for the purposes of this work, it can be concluded that observed
reactivity of 1-TFA is not a result of a [Rh(u-TFA)(5°-C,H,),]o-catalyzed process.

Control reactions with Cu(OAc); alone also afforded no styrene formation.

=
A
|/ + Z  + 2CuXy—> + 2CuX +2HX (3.2

3.2.1 Optimization of Reaction Conditions with 1-TFA

With a competent catalyst in hand, we next sought to optimize reaction conditions.
The effect of oxidant properties on catalysis with 1-TFA was the first parameter
investigated. Both soluble (copper 2-ethylhexanoate [Cu(OHex),] and copper pivalate
[Cu(OPiv);]) and insoluble (copper acetate [Cu(OAc),] and copper trifluoroacetate
hydrate [Cu(TFA),]) Cu(Il) salts were screened. Figure 3.1 shows plots of turnovers

versus time for each of the Cu(Il) oxidants. Using an apparent turnover frequency (TOF)
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calculated after 4 hours of reaction, soluble Cu(OHex), gives the fastest initial rate with a
TOF of 2.8 x 10~ 5!, but the reaction does not reach 100% yield relative to oxidant until
28 h, which may indicate that catalyst deactivation occurs. Cu(OAc), affords a slower
initial rate than Cu(OHex),, with a TOF of 2.8 x 10™* s after 4 h, but this oxidant
provides a more stable catalytic process and reaches quantitative yield after only ~16 h.
Both Cu(TFA), and Cu(OPiv), afford slower initial rates; reactions with Cu(OPiv), reach

92% yield after 28 h, whereas reactions with Cu(TFA), produce only 19 TO styrene

(32% yield) after 20 h.
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Figure 3.1. Plots of TO for styrene production vs. time as a function of oxidant using
("'DAB)Rh(TFA)(5>-C2Hs) (1-TFA). A) Cu(OAc),, B) Cu(TFA),, C) Cu(OPiv),, D)
Cu(OHex),. Reaction conditions: 0.001 mol % 1-TFA, 25 psig C,H4, 120 equivalents
oxidant, 150 °C, theoretical maximum TON = 60. Data for two independent runs are
shown for each oxidant.
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In order to study catalyst longevity, we varied the amount of Cu(OAc),. Within the
range of 60 and 240 equivalents (relative to 1-TFA), the yield of styrene relative to
oxidant was always > 95% (Figure 3.2). These near-quantitative yields demonstrate that
the catalytic process using 1-TFA as a precursor is stable and long-lived. For a reaction
using 0.0001 mol % 1-TFA and 2400 equivalents of Cu(OAc),, the catalyst remained
active over a period of 96 h and afforded a TON of 835(18). A plot of TO versus time
shows that the Rh catalyst is stable through at least 96 hours (Figure 3.3). The tolerance
of 1-TFA to a large excess of oxidant without any decrease in activity is promising. The
effect of temperature on catalysis was also examined (Figure 3.4). Generally, the rate of
reaction increased with temperature; however, at 180 °C, rapid catalyst deactivation led
to a low turnover number (< 10 TO) after 12 h. Minimal activity (< 1 TO) was also

observed at temperatures < 100 °C. The optimal temperature proved to be ~150 °C.

140
96% Yield
120 1
t @
100 4
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E 80 T A
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,c_) 60 1 , a 1 1 | B120 equiv.
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Figure 3.2. Effect of oxidant amount on styrene production using (FIDAB)Rh(TFA)(;yZ-
C,Ha) (1-TFA). Reaction conditions: 0.001 mol % 1-TFA, 25 psig C,Ha, 120 °C. Percent
yield is reported relative to oxidant, assuming 2 equivalents are required per TO. Data for
two independent runs are shown for each oxidant amount.
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Figure 3.3. TO vs. Time plot for catalysis with 0.0001 mol % ("'DAB)Rh(TFA)(7*-C,H,)
(1-TFA). Reaction conditions: 0.0001 mol % 1-TFA, 2400 equiv. Cu(OAc),, 75 psig
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Figure 3.4. Effect of temperature on styrene production using ("DAB)Rh(TFA)(1>-C>H,)
(1-TFA). Reaction conditions: 0.001 mol % 1-TFA, 120 equivalents Cu(OAc),, 25 psig

C,Ha. Data for two independent runs are shown for each temperature.
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We also observed that the reaction rate increased with increasing ethylene pressure.

To determine an apparent TOF, we measured TO after 4 h of reaction (Table 3.2). Figure
3.5 shows a plot of TOF vs. ethylene pressure, where a linear correlation is observed.
Thus, the reaction rate appears to have a first-order dependence on ethylene
concentration. This is in contrast to previously reported Pt(II) and Ru(Il) catalysts for the
hydrophenylation of ethylene, which show an inverse dependence on ethylene pressure
due to their off-cycle M(CH,CH,Ph)(7°-C;Hs) (M = Pt, Ru) resting states.'™" The
opposite dependence on ethylene pressure observed when using 1-TFA as the catalyst

precursor likely signals a change in the catalyst resting state and/or rate-determining step.

Table 3.2. Effect of ethylene pressure on catalysis with ("DAB)Rh(TFA)(5*-C,Hy) (1-
TFA). Reaction Conditions: 0.001 mol % 1-TFA, 120 equiv. Cu(OAc),, 150 °C, 4 h.

Peony (psig) TON!I TOF (s H!
15 1(0) 6.9x 107
25 4(1) 24x107*
50 20(2) 1.4x107°
100 45(2) 3.1x10°H

[*] Reported TON are an average of two independent reactions,
each analyzed in duplicate. The standard deviations of all four
values are given in parentheses. ['] Calculated using TO styrene
after 4 h of reaction. [*] Due to catalyst deactivation, this number
likely represents a lower limit.
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Figure 3.5. Effect of ethylene pressure on catalysis with ("DAB)Rh(TFA)(*-C;H,) (1-
TFA). Reaction conditions: 0.001 mol % 1-TFA, 120 equivalents Cu(OAc),, 150 °C, 4 h.

To gain further insight into the reaction mechanism, we ran catalytic reactions in a
1:1 molar mixture of C¢Hg and C¢Ds and analyzed the resulting products by GC/MS.
After 1 h, a kn/kp of 3.1(2) was determined by examining the ratio of undeuterated
styrene (m/z = 104) to styrene-ds (m/z = 109) in the mass spectrum (Scheme 3.4). After 2
h, the observed isotope effect was 3.0(2), statistically equivalent to the data after 1 h of
reaction.

Scheme 3.4. Kinetic isotope effect experiment using a 1:1 molar ratio of C¢Hg to CgDs.
Reported isotope effect represents the average of three independent runs, and the

deviation is reported in parentheses.
H?
X
|

~
= 0.001 mol % 1-TFA miz = 104
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Thus, the observed ku/kp of ~3.1 likely reflects an actual kinetic isotope effect (KIE)
for the catalytic reaction. The KIE is consistent with other transition metal-mediated C—H

.. . 20,21
activation reactions.”

The primary KIE supports the hypothesis that a Rh catalyst is
facilitating a metal-mediated C—H activation process that occurs in the kinetically-
relevant regime of the catalytic cycle. No change in the isotopic distribution for benzene
was observed over the course of the reaction, and no styrene-des_s products were observed

except those predicted by the natural abundance of deuterium in ethylene, indicating that

H/D scrambling and reversible C—H activation were both unlikely (Figure 3.6).

3.3 Mechanistic Studies of Catalysis with 1-OAc*

Since our general mechanistic hypothesis for styrene production (Scheme 3.1)
involves the direct conversion of benzene and ethylene to styrene without the
intermediacy of ethylbenzene, we first sought to confirm that ethylbenzene is not
converted to styrene under catalytic conditions using 1-TFA (eq 3.3). Heating a solution
of 1-TFA and Cu(OAc); in ethylbenzene under 50 psig of ethylene showed no formation

of styrene after 8 h. Isomers of ethylvinyl benzene were detected, but not quantified, by

=
0.112 mM 1-TFA | AN
+ L +
. 13.4 mM Cu(OAc), N (3-3)

50 psig 150 °C Not
Observed

GC/MS.
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3.3.1 Apparent Induction Period
Under some conditions, monitoring the conversion of benzene, ethylene, and
Cu(OAc), to styrene and CuOAc catalyzed by 1-TFA reveals an apparent induction
period (see Figure 3.7, for example). We investigated two possible rationalizations for the
observed increase in rate of catalysis: 1) the active catalyst is formed by decomposition of
1-TFA to Rh nanoparticles that catalyze the reaction,” and 2) during the apparent
induction period, 1-TFA converts to ("DAB)Rh(OAc)(5>-CoHs) (1-OAc), and 1-OAc

catalyzes the reaction at a faster rate than 1-TFA.

80 -
70 A
60
2 50 A
3

(-,-',40'
© 39 -
20 A

0 4'1 é 1'2 1'6 2'0 2'4 2'8

Time (h)
Figure 3.7. TO vs. time plot for catalysis with 1-TFA. Reaction conditions: 0.112 mM 1-
TFA, 20 mL Cg¢Hg, 25 psig ethylene, 13.4 mM Cu(OAc), (120 equiv. relative to 1-TFA),
150 °C. Each data point is the average of two independent catalytic reactions, each

analyzed in duplicate by GC/FID. Error bars represent the standard deviation of all four
values.

3.3.2 Testing for Nanoparticle Formation

The decomposition of homogeneous catalysts to form nanoparticles has been well
documented, and the catalytic activity of the resulting nanoparticles has been reported,
particularly for hydrogenation reactions.”>*> As such, number of tests for the formation of

. .. 26
nanoparticles from the decomposition of homogeneous complexes are known,”™ however
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some of these methods are unsuitable for use with rhodium (e.g., the mercury drop test,
which is unsuitable as Rh does not amalgamate well).** A method for the detection of
nanoparticles that is compatible with Rh is transmission electron microscopy (TEM).
While it has been argued that TEM might not provide useful information regarding the
formation of nanoparticles due to its inherent inability to visualize particles smaller than
1 nm in size,”® when coupled with energy-dispersive X-Ray spectroscopy (EDS), which
provides information about the elemental composition of samples, this method can
provide evidence for or against the formation of nanoparticles.

We performed TEM/EDS experiments on samples of reaction mixtures from
catalysis with 1-TFA in collaboration with James Kammert in the Davis Group (UVA
Chemical Engineering). Catalytic reactions with 1-TFA and Cu(OAc), were allowed to
reach completion, after which samples were deposited on a grid, allowed to evaporate,
and analyzed by TEM and EDS. While many of the sample regions chosen for TEM
imaging appeared to contain nanoparticles (Figure 3.8), EDS results show that these
regions do not contain Rh. Interestingly, some of the regions that appeared to be
amorphous showed significant concentrations of Rh by EDS. We hypothesized that this
was likely a result of remaining molecular Rh complex on the sample grid. To test this
hypothesis, samples of neat reaction mixture were decanted to leave only solid (mostly
Cu) and remove any soluble materials. The solid was subsequently sonicated in dioxane
(in which 1-TFA is soluble), decanted, and the remaining solid was deposited on the grid.
Results from EDS of these washed samples showed that no Rh was present (Figure 3.9).
As an additional control, the solid material isolated by filtration was subjected to catalytic

conditions, and styrene production was not observed after 12 h of heating at 150 °C.
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100 nm

Figure 3.8. TEM images of unwashed samples from catalysis with 1-TFA. Energy-
dispersive X-ray spectroscopy (EDS) was performed on areas circled in red. Reaction
conditions for catalysis: 0.112 mM 1-TFA, 20 mL Ce¢He, 50 psig ethylene, 13.4 mM
Cu(OAc),, 150 °C, 12 h.
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Figure 3.9. TEM images of samples from catalysis with 1-TFA sonicated in 1,4-dioxane.
EDS was performed on areas circled in red or the whole area of the image if no circle is
shown. Reaction conditions for catalysis: 0.112 mM 1-TFA, 20 mL CeHg, 50 psig
ethylene, 13.4 mM Cu(OAc),, 150 °C, 12 h.

In addition to the TEM/EDS analysis, we performed the Maitlis filtration test to
probe for the formation of insoluble nanoparticles (Figure 3.10).”” Previously, we used

this technique to gain evidence for the formation of Pt(s) that catalyzes hydrogenolysis.”
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Reactions with 1-TFA and Cu(OPiv), (n.b.: Cu(OPiv), was used due to its solubility in
benzene) were sampled every 30 mins until 3 h (which is after the induction period), at
which time the reaction mixture was filtered through Celite and the reactors were
recharged with the filtrate and ethylene and heated to 150 °C. The filtration should
remove insoluble Rh materials, and a second induction period would be expected if
insoluble materials were serving as the active catalyst. The results from both the
TEM/EDS and Maitlis test experiments suggest that insoluble materials are not serving as
the catalyst, and therefore, that formation of insoluble Rh nanoparticles is likely not

responsible for the apparent induction period.
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Figure 3.10. TO vs. time plot with the reaction solution filtered at 3 h. Reaction
conditions: 0.112 mM 1-TFA, 20 mL C¢Hs, 50 psig ethylene, 13.4 mM Cu(OPiv), (120
equiv. relative to 1-TFA), 150 °C. Each data point is the average of two independent
catalytic reactions, each analyzed in duplicate by GC/FID. Error bars represent the
standard deviation of all four values.

3.3.3 Comparison of Catalysis with 1-TFA and 1-OAc
Operating under the assumption that catalysis proceeds by a pathway similar to that
shown in Scheme 3.1, we hypothesized that 1-TFA converts to 1-OAc in situ (e.g., after

completing one catalytic loop and releasing HTFA). If 1-TFA and 1-OAc exhibit
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different catalytic activites, with 1-OAc being more active, the rate of catalysis would
increase as 1-TFA is converted to 1-OAc. Cu(OPiv), was used in place of Cu(OAc), due
to the enhanced solubility of Cu(OPiv), and the likely similar reactivity of Rh—OAc and
Rh—OPiv intermediates. To test this hypothesis, 1-OA¢ was independently synthesized
and tested for catalytic activity. Under identical conditions as catalysis with 1-TFA, the
reaction with 1-OAc using Cu(OPiv), as the oxidant shows no apparent induction period
(Figure 3.11B). This result is consistent with 1-OAc serving as a more active catalyst
compared to 1-TFA. We compared the rate of catalysis of 1-OAc to 1-TFA after the
apparent induction period using a plot of [styrene] vs. time in which data for 1-OAc are
time-shifted (t = 0.5 h shifted to t = 1.5 h) and overlaid with data from reactions using 1-
TFA as the catalyst precursor (Figure 3.11). The overlap of the plots shows nearly
identical [styrene] vs. time profiles for catalysis following the apparent induction period
for 1-TFA, which supports the hypothesis that 1-TFA is converted to 1-OAc in situ.

We performed catalytic experiments with 1-TFA using both Cu(TFA), and
Cu(OAc); as oxidants. Plots of TO vs. time for these reactions are shown in Figure 3.12.
For catalysis using Cu(TFA),, a consistently slower reaction rate is observed. For the
reaction with Cu(OAc),, the rate of catalysis gradually increases, which is consistent with
conversion of 1-TFA to 1-OAc. For reactions using 1-TFA and Cu(TFA),, we do not

observe induction periods.
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Figure 3.11. A) [Styrene] vs. time plot for catalysis with 1-TFA and 1-OAc using
Cu(OPiv), as the oxidant. Reaction conditions: 0.112 mM 1-TFA or 1-OAc, 20 mL
CsHg, 13.4 mM Cu(OPiv), (120 equiv. relative to 1-TFA or 1-OAc), 50 psig CoHa, 150
°C. Data for 1-OAc are offset from t = 0.5 h to t = 1.5 h to overlap with data from 1-
TFA, and non-offset times are labeled in red. B) [Styrene] vs. time plot for catalysis with
1-OAc from Figure 3.11A without time offset, which is consistent with the absence of an
induction period. Each data point is the average of two independent catalytic reactions,
each analyzed in duplicate by GC/FID. Error bars represent the standard deviation of all

four values.
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Figure 3.12. TO vs. time plot for catalysis with 1-TFA using Cu(OAc), or Cu(TFA), as
the oxidant. Reaction conditions: 0.112 mM 1-TFA, 20 mL C¢Hg, 13.4 mM CuX; (120
equiv. relative to 1-TFA), 25 psig C,Ha4, 150 °C. Each data point is the average of two
independent catalytic reactions, each analyzed in duplicate by GC/FID. Error bars
represent the standard deviation of all four values.

3.3.4 Computational Studies: Overview

To gain insight into the difference in rate of catalysis for 1-TFA compared to 1-
OAc, Sarah K. Khani and J. Brannon Gary from the Cundari Group at the University of
North Texas performed a computational study (B3LYP) of the fundamental steps
involved in the proposed catalytic cycle (Scheme 3.5). The catalytic cycle we modeled
involves: a) benzene coordination to ("DAB)Rh(17*-C,H4)(X) by net ligand substitution
with ethylene and subsequent benzene C—-H activation, b) ethylene coordination and
insertion into the Rh—Ph bond, c¢) f-hydride elimination from the Rh—CH,CH,Ph
intermediate, and d) styrene dissociation. To display and compare the results of these
calculations, in Scheme 2 we set the free energy of both of the complexes 1-OAc¢ and 1-
TFA to zero. Our calculations also included the energetics of conversion of 1-TFA and
1-OAc to the dimers [(FIDAB)Rh(u—X)]z (X = OAc or TFA; 1D-OAc or 1D-TFA,

respectively). The dimers 1D-OAc and 1D-TFA were investigated based on experimental
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evidence that they are present during catalysis. In addition to "H NMR spectroscopic data
(see experimental section), the dimer 1D-OAc has been partially structurally
characterized. X-Ray diffraction-quality crystals of 1D-OAc were grown by slow
evaporation of THF. While the crystals decomposed during data collection, the basic core

structure of the dimer was able to be isotropically refined (Figure 3.13).

v

Figure 3.13. Ball and stick model of isotropically refined core structure of 1D-OAc. CH3
groups on one of the DAB backbones and C¢F5s groups were not located, and the positions
of hydrogens in the entirety of the structure were not calculated.
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Scheme 3.5. Calculated Gibbs free energies [B3LYP/LANL2DZ+6-311++G(d,p)]
including solvent (SMD-benzene) and dispersion corrections for the lowest energy
calculated pathway for styrene production using complexes 1-OAc (shown in black) and
1-TFA (shown in red) at 423.15 K in kcal/mol. The calculated energies for each reaction
are relative to the energy of 1-X (X = OAc or TFA), which is set to zero energy for each
reaction. Stationary points without TFA or OAc are degenerate.
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Using the B3LYP functional, the dimers were calculated to be more stable than the
monomeric species 1-TFA and 1-OAc by 11.2 and 6.3 kcal/mol, respectively. In contrast
to these calculations, experimental results indicate that the monomeric complexes are
more stable than the dimers. For example, a C¢Ds solution of independently synthesized
1D-TFA completely converts to 1-TFA in the presence of ethylene at room temperature
in < 1 minute. As a result of the discrepancy between experimental and computational
results, the conversions of monomer to dimer were computationally modeled using the
MO6 functional, which gave AG values (dimer to monomer) of —1.8 and 1.5 kcal/mol for
1-TFA and 1-OAc at 423 K, respectively, which are in better agreement with

experimental observations. The M06 functional is known to provide better estimates of
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van der Waals interactions, which we believe gives a more accurate model of the
energetics for monomer/dimer interconversion. However, to assess catalysis based on
monomeric catalysts, we retained the B3LYP data. The calculations predict AG*= 29.6
kcal/mol using 1-OAc and AG* = 42.8 kcal/mol using 1-TFA. These barriers are
consistent with experimental rates. Using the Eyring equation, rates from reactions using
1-TFA with Cu(TFA), as the oxidant (which results in the Rh—TFA moiety being
retained throughout catalysis) and 1-OAc with Cu(OAc); as the oxidant (which results in
the Rh—OAc moiety being retained throughout catalysis) give AG?* values which are in
good agreement with AG* values from computations (computational values: Rh—TFA =
42.8 kcal/mol, Rh—OAc = 29.6 kcal/mol).

From the complexes 1-OAc and 1-TFA, multiple possible pathways for benzene C—
H activation were calculated. The lowest energy pathway for catalysis by both 1-OAc¢
and 1-TFA involves the initial displacement of ethylene to afford the corresponding 7—
benzene complexes ("DAB)Rh(OAc)(17°—CeHg) [2-OAc] and ("DAB)Rh(TFA)(17°—CeHp)
[2-TFA] with energies of 3.8 kcal/mol and 10.7 kcal/mol relative to 1-OAc and 1-TFA,
respectively. It is interesting to note that ethylene/benzene exchange is ~7 kcal/mol less
favorable for 1-TFA than for 1-OAc, accounting for ~50% of the calculated overall
AAG? of 13.2 keal/mol for the catalytic process.

Following the formation of a benzene adduct, the lowest energy C—H activation
pathway for both complexes was found to involve concerted metallation-deprotonation
(CMD) of benzene using an acetate ligand,”*>* with activation barriers of 21.7 kcal/mol
for the Rh—OAc complex and 22.9 kcal/mol for the Rh—TFA complex relative to 2-OAc

and 2-TFA, respectively. After benzene C—H activation, the coordinated HX is displaced
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by ethylene to generate (FIDAB)Rh(Ph)(nZ—C2H4) (4). Comparing the optimized transition
state geometries for CMD of benzene from 2-OAc and 2-TFA (Figure 3.14), it can be
observed that the Rh—C and C—O bond lengths (2.19 A and 1.25 A, respectively, for the
Rh-TFA transition state) elongate by 0.02 A for the Rh—OAc transition state. Conversely,
the Rh—O bond length shrinks by 0.02 A. More noticeable is the change in the benzene
C-H bond distance in the Rh—TFA transition state, which is 0.06 A longer than the
corresponding bond in the Rh—OAc transition state; the O-H bond in the Rh—OAc
transition state is elongated by 0.06 A versus the same bond in the Rh—TFA transition
state. Hence, the transition state for the Rh—TFA complex appears to be later than the
corresponding transition state for Rh—OAc, which is consistent with the Hammond
postulate as the AH for benzene C-H activation by 2-TFA is calculated to be more
endothermic (AH = 17.3 kcal/mol) and endergonic (AG = 18.2 kcal/mol) than that of 2-

OAc (AH = 12.9 kcal/mol, AG = 12.0 kcal/mol).
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Figure 3.14. Optimized calculated geometries for the transition states for benzene C-H
activation by (A) ("DAB)Rh(7°-C¢H)(TFA) (2-TFA), and (B) ("'DAB)Rh(y*-
CeHg)(OAcC) (2-OAc). Bond lengths in A.

Previous studies of ethylene insertion into Pt(II) hydrocarbyl and aryl bonds
demonstrate the viability of such reactions for cationic complexes, but the results suggest
that the activation barrier for olefin insertion might be higher for overall charge-neutral
complexes than for cationic complexes.” Thus, we anticipated that activation barriers for
ethylene insertion into Rh—Ph bonds of charge-neutral Rh(I) complexes might be higher
than those of related Pt(I) complexes. Previously, we have shown that the conversion of
[(bpy)Pt(Ph)(THF)]" (‘bpy = 4,4’-di-tert-butyl-2,2’-bipyridyl) and ethylene to
[(tbpy)Pt(CHzCHzPh)(;72-C2H4)]+ at 23 °C occurs with an experimentally determined AGH
of 21.0(1) kcal/mol.”” This activation energy is similar to the reported AG* of 19.2
kcal/mol for ethylene insertion into a Pt(IT)-hydride bond.*® Through the use of a diimine

ligand with electron-withdrawing perfluorophenyl groups (i.e., "DAB) we sought to
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generate a Rh center with similar properties to cationic Pt(II) such as
[(Xbpy)P‘[(Ph)(THF)]+ (Xbpy = 4,4’-X-2,2’-bipyridyl).2’19’35’37'39 Insertion of ethylene into
the Rh—Ph bond of (FIDAB)Rh(Ph)(nz-C2H4) (4) is calculated to have a free energy of
activation of 20.2 kcal/mol from complex 4, which is commensurate with the cationic
Pt(IT) complex (‘bpy)Pt(Ph)(5>-C2Hy), for which the free energy of activation for ethylene
insertion into the Pt—Ph bond was calculated to be 21.5 kcal/mol. (n.b.: to provide an
accurate comparison, the energy values for Pt complexes'® have been recalculated using
the same computational parameters as have been used for the Rh complexes presented
herein).

For catalysis with 1-OAc, the AAG?* between C—H activation and olefin insertion is
4.1 kcal/mol, suggesting that ethylene insertion is the rate-determining step. For catalysis
with 1-TFA, the AAG* for the same two steps is 9.2 kcal/mol, and also predicts that
ethylene insertion is the rate-determining step. This is in contrast to Pt(II)- and Ru(II)-
based catalysts for ethylbenzene formation for which C—H activation is calculated to be

rate-determining,'**

We note that some calculations for the Ru(Il) catalyst indicated
ethylene insertion as the rate-determining step.*' The calculations are consistent with a
kinetic advantage for 1-OAc over 1-TFA. The calculated AAG* for catalysis using 1-
OAc vs. 1-TFA is 13.2 kcal/mol, and computational modeling suggests that the
difference in ground state energies of 1-OAc and 1-TFA greatly influences the difference
in rate of catalysis. The penultimate step in the pathway for styrene production is f-

hydride elimination, which was calculated to have an activation barrier of only 0.3

kcal/mol relative to ("DAB)Rh(CH,CH,Ph) (5).
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The calculations predict different rate-determining steps for ethylene
hydrophenylation by [(‘bpy)Pt(Ph)(THF)]" and oxidative hydrophenylation of ethylene by
1-TFA/1-OAc. For the Pt catalyst, the transition state for benzene C—H activation is
calculated to be the highest energy species, while the transition state for ethylene
insertion is the calculated highest energy species for the Rh catalysis. Notably, for the Pt
catalysis an inverse dependence on ethylene concentration was experimentally

demonstrated, while for the Rh catalysis a first-order dependence is observed (vide

infra).”

3.3.5 Computational Studies: Selectivity for Styrene

A challenge for the development of catalysts for oxidative arene vinylation has been
achieving selectivity for the vinyl arene product. In fact, [(‘bpy)Pt(THF)(Ph)]" has been
reported to selectively yield ethylbenzene, even in the presence of oxidants including
various Cu(II) salts (unpublished results).”'” Modification of the donor ability of the 2,2’-
bipyridyl ligand coordinated to Pt(II) can result in the production of styrene, and in one
case a few turnovers are observed with ethylene as the oxidant.” From a M—CH,CH,Ph
intermediate, ethylbenzene is formed from benzene C—H activation, whereas styrene is
formed from f-hydride elimination and net styrene dissociation. In order to understand
why the [(‘bpy)Pt(Ph)]" catalyst intermediate is selective for ethylbenzene production
while ("DAB)Rh(Ph) intermediate is selective for styrene production, we modeled the
likely reaction steps for each product, which are shown in Scheme 3.6. The two pathways
to form either styrene or ethylbenzene diverge from the M—CH,CH,Ph intermediate. In

the pathway to form styrene, S-hydride elimination occurs to give a M(H)(;’-styrene)
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intermediate that subsequently liberates styrene. In the pathway to form ethylbenzene, a
second equivalent of benzene coordinates to the coordinatively-unsaturated M-
CH,CH,Ph complex, and subsequent benzene C—H activation affords free ethylbenzene
and a new M—Ph complex.

For the [(‘bpy)Pt]" catalyst, the difference in energy between these two pathways was
calculated to be 4.5 kcal/mol (favoring styrene production). For the Rh complex, the
energy difference between the two pathways is 12.6 kcal/mol. Thus, the calculations
predict a greater predilection toward styrene formation for ("'DAB)Rh vs. [(‘bpy)Pt]",
which is consistent with experimental results.'® Interestingly, the calculations reveal that
energy differences for benzene C—H activation (AAG* = 2 kcal/mol) and [-hydride
elimination (AAG* = 0.2 kcal/mol), the two key steps for the formation of ethylbenzene
and styrene, respectively, are small and likely cannot be used to rationalize the switch in
selectivity between ("DAB)Rh and [(‘bpy)Pt]". Rather, it appears that the propensity
toward styrene dissociation is the key parameter, with calculated AGs for styrene
dissociation of 11.8 kcal/mol for ("DAB)Rh and a surprisingly much larger 27.4 kcal/mol
for [(‘bpy)Pt]".

Thus, we propose that both ("'DAB)Rh and [(‘bpy)Pt]” likely undergo S-hydride
elimination from M-CH,CH,Ph intermediates, but for [(‘bpy)Pt]" this process is
reversible because the energetics for styrene dissociation are unfavorable. We have
reported evidence for reversible S-hydride elimination for ethylbenzene formation by
TpRu(CO)(NCMe)(Ph) (Tp = hydridotris(pyrazolyl)borate).40 We note that the formation
of diethylbenzenes by [(‘bpy)Pt]” is explained by a similar rationale."” That is, the

dissociation of ethylbenzene from [(‘bpy)Pt(Ph)(ethylbenzene)]” is slow (relatively),
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which allows a second arene C—H activation (ultimately leading to diethylbenzenes) to
compete with the dissociation of ethylbenzene. More difficult to explain are the
calculations for [(‘bpy)Pt]", which predict styrene formation should be preferred over
ethylbenzene formation with a AAG? of 4.5 keal/mol, which can arise from the functional
and basis sets chosen. Previous calculations and experiments with dipyridyl-supported
Pt(Il) catalysts™'*>**® show that a subtle balance of factors discriminate ethylbenzene
from styrene formation. Nonetheless, the present calculations are consistent with the

experimental observation of much greater propensity for the latter for Rh(I) versus Pt(II).

Scheme 3.6. Comparison of Calculated Free Energies for f-Hydride Elimination to Form
Styrene and Benzene C-H  Activation to Form  Ethylbenzene from
(""DAB)Rh(CH,CH,Ph) [shown in black] and (‘bpy)Pt(CH,CH,Ph) [shown in red] in
kcal/mol with the Important Energy Differences Between the Two Pathways Highlighted.
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3.3.6 Kinetic and Mechanistic Studies
We studied the kinetics of catalysis using 1-OAc and Cu(OPiv),. The oxidant

Cu(OPiv), was used due to its solubility in benzene. The concentration of ethylene

dissolved in benzene was determined according to the method described by Holder and
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Macauley.42 To determine the order of the reaction in 1-OAe, ethylene, and Cu(OPiv),,
three sets of kinetic experiments were conducted in which the concentrations of two of
the compounds were held constant while one was varied. Observed rates were extracted
from linear fits of the initial rate regime (linear region where likely no catalyst
deactivation was occurring) of [styrene] vs. time plots. Log-log plots were used to
determine the order of the reaction in each of the compounds examined.

A first-order dependence on ethylene concentration is observed over a concentration
range from 79 mM to 237 mM (Figure 3.15, Figure 3.16). While the first-order
dependence on ethylene is consistent with the previously reported dependence of
apparent TOF on ethylene pressure for catalysis with 1-TFA," it is in contrast to
previously reported Pt(I)- and Ru(Il)-based hydroarylation catalysts. The rate of
catalysis with these complexes shows an inverse dependence on the concentration of
ethylene, which is due to the formation of M(CHZCHZPh)(]’]Z'CzH4) intermediates (M =
TpRu(CO) or [('bpy)Pt]"), which were identified as off-cycle resting states.'™”*" An Ir-
based olefin hydroarylation catalyst shows a bell-curve dependence on the concentration
of ethylene, exhibiting first-order kinetics at low concentrations and inverse first-order
kinetics at higher concentrations.* The observed first-order dependence on [CoH,] for
catalysis with 1-OAc is consistent with a different resting state and/or rate-determining
step than our Pt(Il) and Ru(II) catalysts. In fact, for catalysis with 1-OAc, the energy of
the ("DAB)Rh(CH,CH,Ph)(°-C;H,) complex, which is the analog of the proposed

19,40

resting states for the Pt(I) and Ru(Il) catalysts, is calculated to be higher than that of

1-OAc by 7.6 kcal/mol.
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Figure 3.15. Concentration of styrene vs. time plot for the initial rate regime of catalysis
with 1-OAc at various ethylene pressures/concentrations: 35 psig (slope = 0.0031), 50
psig (slope = 0.0055), 75 psig (slope = 0.009), and 100 psig (slope = 0.011). Reaction
conditions: 20 mL Cg¢Hg, 0.11 mM 1-OAe¢, 13.4 mM Cu(OPiv),, 150 °C. Data for two
independent reactions at each concentration level are shown. Data for initial time points
were used to calculate kops.
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Figure 3.16. Log-log plot of observed rate constant as a function of concentration of
C,H, (slope = 1.02(8), R* = 0.99). Reaction conditions: 0.11 mM 1-OAc, 20 mL CgHs,
13.4 mM Cu(OPiv),, 150 °C. Each data point represents the average of two independent
catalytic reactions, each analyzed in duplicate by GC/FID. Error bars represent the
standard deviation of all four values.
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The log-log plot for Cu(OPiv), (Figure 3.17, Figure 3.18) shows a near zero-order
dependence {slope = —0.17(2)} on [Cu(OPiv),] over a concentration range from 13 mM
to 54 mM. Given that the involvement of Cu(Il) occurs after the proposed rate-limiting
step (vide infra), a zero-order dependence is expected. This type of mechanism has been
reported for similar oxidative processes, and has been shown to exhibit a zero-order
dependence on oxidant.** The slight negative slope indicates that Cu(II) might suppress
catalytic activity. The need for Cu(Il) as an oxidant, but the apparent need of access to
low valent Rh(I) for C—H activation sets up a difficult balance. Thus, one possible
explanation of the slight inverse dependence on Cu(Il) concentration is that Cu(Il)
oxidizes a Rh(I) intermediate, pulling it out of the catalytic cycle, but that the equilibrium
favors Rh(I); however, the slight magnitude of the apparent inhibition makes it difficult

to draw a definitive conclusion.
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Figure 3.17. Concentration of styrene vs. time plot for the initial rate regime of catalysis
with 1-OAc at various concentrations of Cu(OPiv),: 13.4 mM (slope = 0.0048, R* =
0.99), 19.0 mM (slope = 0.0046, R* = 0.99), 26.9 mM (slope = 0.0044, R* = 0.99), 38.1
mM (slope = 0.0041, R* = 0.99), and 53.8 mM (slope = 0.0038, R* = 0.99). Reaction
conditions: 20 mL Cg¢He, 0.11 mM 1-OAe¢, 50 psig CH4, 150 °C. Data for two
independent reactions at each concentration level are shown.
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Figure 3.18. Log-log plot of observed rate constant as a function of concentration of
Cu(OPiv), (slope = —0.17(2), R* = 0.99). Reaction conditions: 0.11 mM 1-OAe¢, 20 mL
CeHs, 50 psig CoHa, 150 °C. Each data point represents the average of two independent
catalytic reactions, each analyzed in duplicate by GC/FID. Error bars represent the
standard deviation of all four values.

The log-log plot for [1-OAc] at 50 psig C,Hy reveals a slope of 0.67(2), this between
first-order and half-order (Figure 3.22). Further studies showed that the dependence of
the reaction rate on 1-OAc is complicated, varying between first- and half-order as a
function of both [C,H4] and temperature. For example, the order in Rh was determined
over a concentration range from 0.056 mM to 0.23 mM at three different concentrations
of C,H4 (Figure 3.19, Figure 3.20, Figure 3.21), and, in a separate series of experiments,
the order in 1-OAc was determined at three different temperatures (Figure 3.23, Figure
3.24). With [C,H4] variation, the order in Rh varied exhibiting close to half-order kinetics
at lower [CyH4] {at 7.9 mM C,Ha4, reaction order in 1-OAc¢ = 0.58(3)} and close to first
order kinetics at higher [C;H4] {at 17.5 mM C,Ha, reaction order in 1-OAc¢ = 0.96(1)}
(Figure 3.22). The order in Rh was found to vary inversely with temperature, exhibiting
closer to first-order kinetics at lower temperatures {at 130 °C, order in 1-OAc = 0.83(1)}

and closer to half-order kinetics at higher temperatures {at 160 °C, order in 1-OAc¢c =
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0.64(1)} (Figure 3.25). Limitations of the catalytic process make kinetic studies outside
of this temperature range challenging. These results indicate the possibility of competing
catalytic pathways (vide infra).
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Figure 3.19. Concentration of styrene vs. time plot for the initial rate regime of catalysis
with 1-OAc at 50 psig C,H4 with various catalyst concentrations: 0.23 mM (slope =
0.0077, R* = 0.98), 0.17 mM (slope = 0.0059, R* = 0.99), 0.112 mM (slope = 0.0048, R*
= 0.99), 0.079 mM (slope = 0.0035, R* = 0.97), and 0.056 mM (slope = 0.0025, R* =
0.97). Reaction conditions: 20 mL Ce¢Hg, 26.9 mM Cu(OPiv),, 50 psig C,Ha, 150 °C.
Data for two independent reactions at each concentration level are shown.
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Figure 3.20. Concentration of styrene vs. time plot for the initial rate regime of catalysis
with 1-OAc at 35 psig C,H4 with various catalyst concentrations: 0.23 mM (slope =
0.0048, R* = 0.96), 0.112 mM (slope = 0.0034, R* = 0.99), and 0.056 mM (slope =
0.0022, R* = 0.99). Reaction conditions: 20 mL C¢Hg, 26.9 mM Cu(OPiv),, 35 psig C,Ha,
150 °C. Data for two independent reactions at each concentration level are shown.
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Figure 3.21. Concentration of styrene vs. time plot for the initial rate regime of catalysis
with 1-OAc at 75 psig C,H4 with various catalyst concentrations: 0.23 mM (slope =
0.0176, R* = 0.99), 0.112 mM (slope = 0.0089, R* = 0.99), and 0.056 mM (slope
0.0047, R* = 0.99). Reaction conditions: 20 mL C¢Hg, 26.9 mM Cu(OPiv),, 75 psig C,Ha,
150 °C. Data for two independent reactions at each concentration level are shown.
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Figure 3.22. Log-log plot of observed rate constant vs. [1-OAc] at 35 psig of C,H4 (slope
=0.58, R* = 0.99), 50 psig of C,H, (slope = 0.67, R* = 0.99), and 75 psig of C,H, (slope
=0.96, R* = 0.99). Reaction conditions: 20 mL C¢He, 26.9 mM Cu(OPiv),, 150 °C.



84

7.00E-03
6.00E-03 |

5.00E-03 -

o

4 023mM

4.00E-03 -
| 0112mM

[Styrene]
"

3.00E-03 u

2.00E-03 1 . A 0.056 mM

1.00E-03 -

0.00E+00
0.5 1 15 2 25

Time (h)

Figure 3.23. Concentration of styrene vs. time plot for the initial rate regime of catalysis
with 1-OAc at 130 °C with various catalyst concentrations: 0.23 mM (slope = 0.003, R* =
0.99), 0.112 mM (slope = 0.0017, R* = 0.96), and 0.056 mM (slope = 0.0009, R* = 0.99).
Reaction conditions: 20 mL CgHg, 26.9 mM Cu(OPiv),, 30 psig C,Ha, 130 °C. Data for
two independent reactions at each concentration level are shown.
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Figure 3.24. Concentration of styrene vs. time plot for the initial rate regime of catalysis
with 1-OAc at 160 °C with various catalyst concentrations: 0.23 mM (slope = 0.0126, R*
= 0.99), 0.112 mM (slope = 0.0084, R* = 0.99), and 0.056 mM (slope = 0.0051, R* =
0.99). Reaction conditions: 20 mL Ce¢Hg, 26.9 mM Cu(OPiv),, 60 psig C,Ha, 160 °C.
Data for two independent reactions at each concentration level are shown.
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Figure 3.25. Log-log plot of observed rate constant vs. [1-OAc] at 130 °C (slope = 0.83,
R” = 0.99), 150 °C (slope = 0.67, R* = 0.99), and 160 °C (slope = 0.64, R* = 0.99).
Reaction conditions: 20 mL C¢Hg, 26.9 mM Cu(OPiv)s.

The kinetic isotope effect (KIE) for catalysis with 1-OAc using CsHg vs. C¢Dgs was
determined using two methods. In one experiment, catalysis was performed using an
equimolar mixture of per-protio and per-deutero benzene (Scheme 3.7). After 30 mins, a
ku/kp of 3.0(1) was observed upon comparison of the peaks for per-protio styrene (m/z =
104) and styrene-ds (m/z = 109) by mass spectrometry. In a separate series of reactions,
catalysis was performed in C¢Hg and C¢Dg independently (Scheme 3.8). A ku/kp of 3.3(2)
was determined for these reactions using observed rate values calculated after 1 h of
reaction. The two kn/kp values are statistically identical (for further discussion of the KIE
for this reaction, vide infra). The KIEs are consistent with reported values for C—H

4546 1t is also

activation by d° complexes, which often exhibit KIE values of > 2.5.
important to note that dss products were not observed except those predicted by the

natural abundance of deuterium in ethylene, which suggests that H/D scrambling is not

occurring and that C—H activation is likely irreversible (Figure 3.26).



86

Scheme 3.7. Kinetic isotope experiment with 1-OAc using a 1:1 molar mixture of
CeHe:CsDeg. ku/kp value represents the average of three independent catalytic reactions,
each analyzed in triplicate by GC/MS. Reported error represents the standard deviation of
all nine values.

© miz =104
0.001 mol % [1-OAc]
+ Z /kD =3.0(1
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Scheme 3.8. Kinetic isotope experiment with 1-OAc using independent reactions in CsHg
and C¢Ds. kn and kp values were determined using the method of initial rates for two
independent catalytic reactions each, with all samples analyzed in duplicate by GC/FID.
The reported error represents the propagated standard deviation of all values and linear

regressions.

=
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Figure 3.26. Mass spectra for kinetic isotope effect experiments using a 1:1 molar
mixture of C¢Hg and C¢Ds. Reaction conditions: 5 mL CgHg, 5 mL C¢Dg, 0.112 mM 1-
OAc, 26.9 mM Cu(OPiv),, 50 psig CoH4, 150 °C.



88

We also sought to probe the reversibility of the benzene C—H activation step through
benzene H/D exchange experiments. A solution of 1-OAc¢ (0.001 mol %) and Cu(OPiv),
(120 equiv.) in a 1:1 molar mixture of C¢Hg and C¢Dg was heated to 150 °C. The isotopic
distribution of benzene was determined by GC/MS for the initial solution prior to heating,
after 4 h of heating, and after 24 h of heating. No change was observed in the isotopic
distribution (Figure 3.27). To determine whether the acetic acid generated in the catalytic
cycle could contribute to the reversibility of benzene C—H activation, a solution of 1-OAc
(0.001 mol %), Cu(OPiv); (120 equiv.), and CD;CO,D (500 equiv.) in C¢H¢ was heated
to 150 °C. The isotopic distribution of benzene was determined by GC/MS for the initial
solution prior to heating, after 4 h of heating, and after 24 h of heating and no changes

were observed (Figure 3.28).
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Figure 3.27. Mass spectra for H/D exchange experiments using a 1:1 molar mixture of
Ce¢Hs and C¢Dg. Reaction conditions: 5 mL CgHg, 5 mL C¢Dsg, 0.112 mM 1-OAc, 13.4
mM Cu(OPiv),, 150 °C.
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Figure 3.28. Mass spectra for H/D exchange experiments with added CD;COOD.
Reaction conditions: 10 mL Cg¢Hg, 0.112 mM 1-OAc, 13.4 mM Cu(OPiv),, 56 mM
CD;COOD, 150 °C.
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To determine if the equilibrium between monomer and dimer plays a role in benzene
C—H activation, ethylene was added to H/D exchange reactions as experiments show that
only monomer exists in the presence of ethylene. A solution of 1-OAc (0.001 mol %),
Cu(OPiv), (120 equiv.), ethylene (50 psig), and CD3CO,D (500 equiv.) in CsHe was
heated to 150 °C. The isotopic distribution of benzene was determined by GC/MS for the
initial solution prior to heating, after 4 h of heating, and after 24 h of heating and no
change was observed over time (Figure 3.29). The isotopic distribution of the reaction
product, styrene was also determined by GC/MS (Figure 3.29). Comparing the isotopic
distribution in the reaction after 4 h and 24 h to the MS of an authentic standard, the
amount of styrene-d; increased by ~5% over the course of the reaction. This indicates
that the acid could be catalyzing H/D exchange with styrene, but the lack of deuterium
incorporation into the benzene indicates that the C-H activation step is likely

irreversible.
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Figure 3.29. Mass spectra for H/D exchange experiments with added CD;COOD and
ethylene. Reaction conditions: 10 mL C¢Hg, 0.112 mM 1-OAce, 13.4 mM Cu(OPiv),, 56
mM CD;COOD, 50 psig C,Hy, 150 °C.
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Wang and coworkers proposed that a Rh(I) catalyst precursor was rapidly converted

to catalytically active Rh(III) in the presence of a Cu(Il) oxidant and O,.* To probe
whether a similar reaction was occurring under our catalytic conditions, the Rh(III)
complex (FIDAB)RhC13(772-C2H4) was synthesized in situ and tested for catalytic activity.
Heating a solution of FIDAB (0.001 mol %), RhCl; (0.001 mol %), Cu(OPiv), (120
equiv.), and ethylene (50 psig) in benzene at 150 °C afforded no styrene production after

24 h, suggesting that Rh(III) can not catalyze styrene production under our conditions.

3.3.7 Proposed Mechanism for the Catalytic Cycle

Based on the experimental and computational results, a cycle for styrene production
using 1-OAc is proposed in Scheme 3.9. Benzene coordinates to 1-OAc, displacing
ethylene to form 2-OAc. The benzene C—H bond is cleaved in an irreversible reaction,
consistent with lack of H/D exchange into benzene (vide supra), to afford
("DAB)Rh(Ph)(HOAc) (3-OAc). Acetic acid is displaced by ethylene to form
("'DAB)Rh(Ph)(#7°-C,Hy) (4), which inserts ethylene to afford ("'DAB)Rh(CH,CH,Ph)
(5). Rapid, irreversible f-hydride elimination occurs to give (FIDAB)Rh(H)(nz-styrene)
(6). Two divergent pathways from 6 are proposed, one in which styrene dissociates and
the Rh complex reacts with the Cu(Il) oxidant to regenerate the dimer 1D-OAc (favored
at low [C,H4]), and another in which styrene is displaced by ethylene (likely via
associative ligand exchange) before reaction with the oxidant (favored at high [C,H4]).
The pathway that proceeds through 1D-OAc¢ would give rise to half-order kinetics with
respect to Rh, and the pathway that does not would give rise to first-order kinetics with

respect to Rh.
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A rate law for the cycle shown in Scheme 3.9 was derived using both the King-
Altman method (full derivation given in Scheme 3.10) and the steady-state approximation
(full derivation given in Scheme 3.11).* The two rate laws differ slightly, which is a
result of the methods by which they were derived (rate laws for the two cycles were
derived simultaneously with steady-state vs. separately for King-Altman), though the
limiting forms of the rate law are identical (vide infra). The two divergent pathways give
rise to two terms in the rate law, one of which describes first-order behavior with respect
to Rh and the other of which describes half-order behavior. Considering the limiting
forms of the rate law where [C¢Hg] is substantial predicts two kinetic regimes. One that is
operative at low [C,H4] in which the first-order term cancels, predicts a half-order
dependence on [Rh], first-order dependence on ethylene, zero-order dependence on Cu,
and an inverse dependence on HX. The other that is operative at high [C,H4], in which
the half-order term cancels, predicts a first-order dependence on [Rh] and saturation in all
other components. Under catalytic conditions, the observed rate is likely a convolution of
both the half- and first-order terms, as observed in the experiment where a change in the
order in [Rh] is observed at different [C,H4] (vide supra). Also, at low [C,H4], the

1/2
]

concentration of dimer [1D-X] "~ dominates the [Rh]ro term, which gives rise to the half-

order dependence on Rh and is consistent with experimental observations.
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Ky kokskskskek7[Rh]"2[CoH 4][CeHGI[CUI? + Ky kokakakskgks[Rh] 1o C2H4J2[CeHel[Cul?

kikakakskekr[CoH4l[CUI? + ki K pkakskek7[CoH4I2[CU]? + kykokaKskekC2H 4[CeHelCuUl? +
kykokskskghk[CeHgl[CU]? + ki kokak skek7HX][CeHgl[CUJ? + ki kokakskak7[CoH 4][CeHgl[CU)? +
Ky kokak4ksk7[CoH 4][CeHgl[CU)2 + Ky kakskskekslCoH4J2[CU]2 + Ky k ok a4kskgkg[CoH 413[Cu)? +
ki kok 4kskoks[CoH41ACaHGIICUI? + Ky kokskskskal CeHellCUTPICoH 4] + kykokak. 4kskg[HXI[CgHEIICUI[CoH 4] +
kikakakakeke[CoH 4J2[CeHeI[CUI? + kykaokakakskslCoH 4I2[CeHeI[CUI? + kikokakakskeC2oH4l[CeHel +
k.1kakakskek[CUl? + k_1kakakskekelCoH 4l[CUI? + k1K okskskek7[CoHl[Cul? +
k1K ok skskeks[CoH4J2[CU)? + koksksksksks[CeHel[Cul?

dP] _
-t

At Low [C,H,] At High [C,H,]
k7 >> kg[CoH,] k7 << kg[C2H,]
and and
[CoH,4)is small [CoH,4] is subst.
dIP] _ _ Kikokeks[RN]"2[CeHelICoH.] dIP] _ KaokskskelRN(Cee]
a. = KokakslCoHgl + k_qkaks + At Kgkeks + k_oksks + kokske[CeHgl +
kykoks[CeHe] + kikok_f[CeHgl[HX] koksks[CeHel + kakaks[CeHel

Scheme 3.9. Proposed Mechanism and Rate Law for Catalysis with 1-OAc.



Scheme 3.10. Rate Law Derivation- King-Altman Method

A
“ 6F5 CGFS
+HX + 2 CuX 12 / R / S N
N / \ / \ o k,
2 CuXy, p
-1
Cst Cst
CeFs— N /N CeFs N+ 2 CuX; Ph+HX+20uX Cer—N N—Cer
G RK .
F’h/\ H
| %@
7N\
CeF5—N N—CgFs CGF5—N “N— CeFs
N4 Hh/
AN / S C
F !
H
Ph Ka\_ \ , /
CoFs—N.  N—CgFsHX \CF N NCF
65 6''5 5 6' 5
N/
Rh #2»
X
N H
E

[A] = kokskakskeks[CeHellCoHAl[CUXa]? + k_1kgkakskek7ICoH 4[CUXo]? + k_1k_okaksksk7[CoH4lP[CuXo]?

[B] = kikakakskekr[CoH4IP[CUX2]? + Ky k_okakskekCoH 4IF[CuX ]2
kakakskekalCoH 4JF{CUX]? + k_okskskekglCoH 413 [CuX ol

[C] = ky kokskskek7lCeHel[CoH 4]2[CuX )2
kakakskekalCeHel[CoH 4IP[CuX ]2

[D] = kykoksksksk7[CeHel[CoH 4l[CUXo]? + Ky kokak_sksk7[CeHel[CoH 4l[HX][CUX,]?
kokskskekslCeHgl[CoH A[CUX,]? + kokak_sksks[CeHel[CoH 4l[HX][CUX,]?

[E] = ki kokskakeks[CeHgl[CoH 412 [CuX,]?
kakakakgkalCeHel[CoH 4IP[CuX ]2

[F1 = Ky kokgksksk7ICHel[CoH 4 [CuX )2
kakakakske[CeHel[CoH 4IP[CuX,]?

[G] = Ky kokskakske[CeHel[CoH 42
kokak4kske[CeHgl[CoH 4l

The total concentration of Rh is equal to the sum of each intermediate:
[Rhiot'’2 = [A]"2 + [B] +[C] + [D] + [E] + [F]1 + [G]  [Rhlio; = [B] +[C] + [D] + [E] + [F] +[G]

[Rh]1t'"2 [Rhlit
[A]'2 +[B] +[C] + [D] + [E] + [F] + [G] [B] +[C] + [D] + [E] + [F] + [G]

=1

Assuming Step 5 is Rate-Limiting:

g klEJIR ]2 KE][Rh,
U = WlE] = A BT O P ECF G T BT D) B FIT G
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diP] _ ki kaokakakskeks[Rh]2[CeHel[CoH 4JACuX,]?
Gokskskskekr[CeHEl[CoHAIICUXoI? + K_ikakakskekrCoH AIICUXoI? + K_tk_okakskekrCoH4TPICUX,I? + Ky kakskskgk[CoH 4] 2CUX -
+ Ky k_pkakskekCoH 4JFICUXaI? + kykokakskokr[CeHellCH 4I2ICUX,]2 + ky kokskskek7lCeHgl[C2H 4[CuX,]? +
kykokak_sksk7[CeHgl[CoHAIHXICUXo]? + ki kokakaksks[CeHel[CoH 4F{CUXI? + ki kokakakskzlCeHel[CoH 4/ CuXo]? +
kykokakakske[CeHel[CoH 42

+
kokskskskeke[Rh]io{ CeHel[CoH 4l (CuX,]?
kakakskekglCoH4IPICUX 2 + k_pkskskekalCoH 4B [CuXal? + kokakskekeCeHel[CoH4I2[CuXal? +
koksksksksCeHgl[CoH4l[CUX]? + kokak_skekg[CeHal[CoH 4lIHXI[CUX]? + kokzkaskekg[CaHel[CoH 4] [CuX,]? +
kokgkakskglCeHel[CoH 42{CUX ]2 + kokgkakskel CeHel[CoHal

dP] _ ki kokskakskek[Rh]2[CeHgl[CoH 4[CuX,]?
da -~ kakakakskekCeHellCUX2I + K_tkakakskekCUX2]? + k_1k_pkakskekCoH4lICUXI? + kikakakskekr[CoH4l[CuXal? +
Ky k_ok4kskek7[CoH 4] ICUX ]2 + kqKokaksksk7[CeHglICoH4I[CUX,]2 + kqKokaksksk7[CeHgl[CuXo)? +
Ky kokzk_skek7ICeHgIIHXIICUXo)2 + Kkqkokzkskehk7[CeHgIICoH 4]ICUXo]2 + Ky kokakaksk7[CeHel[CoH 4][CUXo]2 +
kyKokakakske[CoHgl[CoH 4l

+
kokskakskeks[Rh]io CeHel[CoH 4l[CuX,]?
kskakskekglCoH4l[CUXaI? + K_okykskekg[CoH 4I2[CUX ]2 + kokyskskekglCeHellC2H 4I[CUXa]? +
kokskskekel CeHel[CUXa]? + kokak_skekg[CeHelHXI[CUX2]2 + kokgkakekgl CeHellC2H 4l[CUX]? +
kokakskskelCeHel[CoH4I[CUXo]? + kokskakskelCeHel

When [CgHg] is substantial:
dP] _ ki kgkqkskek[Rh]'2[CoH 4)[CuX,]?
dt = KakakekekACUXI2 + Ky kakakakolCoHalICUXoI2 + Ky kakskokr[CUX I + ki kak_akok IHXIICUXo]2 +
kikakakek7ICoH4lICUXoI? + kikaksksk7[CoH l[CUXaI? + Ky kakskske[CoHal
+
kskakskekglRhlio C2H4l[CuX,]?
kakskskg[CoH 4l[CUXal? + Kakiskskgl CuXal? + kak_4kekglHXIICUX]? + Kk sksks[CoH4l[CUX]? + kakakskglCoHal[CUXa]? + Kgkaksks

At Low [C2H4]:

k7 >> k8[02H4]:
dP] _ kikakakskekAR]12[CoH4l[CuX,]?
dt k3k4k5k6k7[CUX2]2 + k] k4k5k6k7[C2H4][CUX2]2 + k] k3k5k6k7[CUX2]2 + k] ksk_4k6k7[HX][CUX2]2 +

kykakakekz{CoH4lICUXo]? + ki kakaksk[CoH4l[CuXal? + Ky kakaksks[CoHal

[CoHy4l is small:
dP] _ kikqks[Rh]'2[CoH ]
dt Kaks + kyks + kyk_g[HX]

At High [C,H,:
k7 << k8[C2H 4]:

dP] _ kskakskekglRh]io CoH4l[CuXa]?
AU T 7 kykokekalCoHallCUXal? + kakskgkslCUXol? + kak_skekal HXIICUX,I2 +
kskakekelCoH 4l[CUXaI? + kakskskelCoH 4lICUX]? + kakakske
[CoH 4] is substantial:

d[P] _ __ kskskelRhliot
dt Ksks + kak + Kgks
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Scheme 3.11. Rate Law Derivation- Steady-State Method

A

= Can Cst
+HX + 2 CuX 12 \ / R / = N
/ \ / \ - k.
2 CuX, ) !

Cer Cst
7\
CeFs—N_ N—C¢Fs N +2CuX, Ph+HX+20UX CeFs —N “N—CFs
p4 k /
RA_
Ph H x/ \/
7N\
CeFs—N.  N—CeFs CeFs— N “N—CiFs
N/ N/
Rh Rh

i Phngx /X/Q ‘

CSF5—N\Rh/N CeFs w A Os N—C¢Fs
Rh
\/ ; ky \ xH”
HX N\
E D

[A]'2 = k4[B] + k7[G][Cu]?
ki[CoHyl

B]= K2lClICoHal + ki[AI'"?[CoH,] + kel GIICUPICoH,]
ka[CeHel + k.4

ko[B][CgHel
[C]= k32+ k—z[Ce;z'?'d

k3[C] + k.4[EN[HX]

[BI= = KcH]
El= ky[D][CoH,
El= % v kb
_ kE]
Fl= 5
= ka[F]
(G1= FoicuE+ klcurc
[Rhltor = [A]"”2 + [B] + [C] + [D] + [E] + [F] + [G]
[RA]ot = k.1kaksk7[E] + k. 1kakske[E][CoHy] + K.1k.okskr[CoHA)[E] + K 1k.okske[CoHAJY[E] + kokaksksCeHelE] +
kikokak7ICeHgl[CoH 4] + ki kokake[CoH 412 (CeHel
kkelE] + koks[CoHAIE] | ks[E]l | KelE]+ K[EJHX] [E] + kslE] kgE]
kaoks[CeHel ks Ka[C2H4] ke k;[Cu]? + kg[Cu]2[CoH 4]
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Ky kaksksksk7[ENICH 4JICUT? + Ky k.okakskek7ICoHAIAEIICUT? + Ky kokakskek7l E]ICoHAI[CeHgl[Cul? +
ky koksksksk7[EJ[CeHGIICUI? + ki koksk skek7[EIIHX][CeHgIICUI? + Ky kokzkskeh7[E][CoH4I[CeHl[CUl? +
kikokskakskEN[CoH4l[CeHelICU]? + ky kakakskak[EIICH4I2[CU)? + kyk ok skskgkalCoHAI[EN[CU]? +
ki kok4kskekg[EN[CoH412(CeHgl[CUI? + ki kokakskekgEJ[CeHI[CUIZCoH,) +
Ky Kokak 4kskg ETHX]I[CgHgl[CUIR[CoH 4] + ki kokskskskslE][CoH 4JACEHEIICUI2 + ky kokzk4kskg[E]CoH 4]ICeHI[CU] +
kykokskakskelEI[CH 41[CeHe] + k.1kakakskakr[EJ[CUI? + K_1kakakskekal EIICoHIICUI2 + k4K okaksksk7[E][CoH 4][Cul? +
k.1k pkskskekglEN[CoH412(Cul? + kokskaksksk7 EJICeH][Cu]?
kykokskakek7CoH4l[CeHelICU? + kykokskakghs[CoH4l2[CeHgl[CUI?

[Rhlro =

ki kokskakeh[Rh] 1o CoH4l[CeHlICU)2 + Ky kokskakgkalRh]1o{ CoH 412 CeHel[Cuj?
ki kgkkskek7[CoH4I[CU]? + ky Kok akskok7[CoH 4PICU]2 + kykokkskakCoH4)[CeHg[CUI? + kykokakskak[CeHel[CUl? +
ky kokak sksk7[HXI[CeHgIICUI? + ki kokzkakah7[CoH4l[CeHElICU]? + ki kokgksksks[CoH4l[CeHl[CUl? +
ki kkakskekglCoH4J2[CU]? + kik okakskekalCoH 4IB[CUI2 + ky kaokakskekglC2oH 41CeHel[Cul? +
Ky koksksksksCeHelICUP[CoH 4] + kykokak akekgHXI[CeHgI[CUIACoH 4] + ki kokskakaks[CoH 4I2[CaHel[Cul? +
kykokskakska[CoH 412 (CeHgI[CUI? + ky kokakskskelCoHal[CeHel + k.1kskakskehr[CU]? + k.qkgkakskeks[CoH,)[Cu]? +
k_1k_2k4k5k5k7[02H4][Cu]2 + k_1k_2k4k5k6k8[CzH4]2[Cu]2 + k2k3k4k5k5k7[CGH6][CU]2

[E]=

rate = kg[E]

d[P] = ki kokakakskekzlRh] 1o CoH4)[CaHEI[CUJ? + g kokgkakskska[Rh]1o{CoH 4]2[CeHgl[Cul?
dt kq k3k4k5k6k7[02H4][Cu]2 + Ky k_2k4k5k5k7[CzH4]2[Cu]2 + Ky k2k4k5k6k7[C2H4][CBH6][CU]2 + Ky k2k3k5k6k7[CsH6][Cu]2 +
kikoksk 4kghHXI[CeHelICU]? + kikokskaksk7IC2oH 4l [CeHelICUI? + kykokskaksk7[CoH4l[CeHel[Cul? +
ki kkskskeks[CoH412[Cu)2 + Ky k.okskskekalCoH 41 [CU2 + ky Kok 4kskekg[CoH 42 CeHel[CU)? +
ky kokskskakg[CoHglCUIICoH 4] + ki kokak akskslHXI[CeHEIICUICoH,] + ki kokzkakakg[CoH 412 [CeHgl[Cul? +
kq k2k3k4k5k8[02H4]2[CSH6][CU]2 + kqkokskakskg[CoH4l[CeHgl + k_1k3k4k5k6k7[Cu]2 + k_1k3k4k5k6k8[CQH4][Cu]2 +
K1k pkskskgh7[CoH4I[CUT? + .1k okakskake[CoH 412{Cu)? + kokskskskgh7[CeHgl[Cul?

At Low [CZH4]:
k7 >> ks[CzH 4]:

d[P] _ Ky kokakakskekzRh]1od CoH 4][CeHg][Cul?
dt ki kskaksksk7[CoH4l[CUJ? + ki k.okskskek7[CoH4I2[CU)? + ky kokskskek[CoH4l[CeHg[CUI? + Ky kokakskek7[CeHel[CU? +
ki koksk.aksk[HXI[CeHgl[CUI? + ki kokzkakak7[CoH4l[CeHgI[CUI? + ki kokakaksk7[CoH 4][CeHel[CUl? +
Ky Kokak4kske[CoH4][CeHel + k_1k3k4k5k6k7[Cu]2 + k_1k_2k4k5k6k7[CzH4][Cu]2 + k2k3k4k5k5k7[CeH6][Cu]2

[CoHy] is small:
diP] _ ki kokkelRhl1o{CoH4l[CeHe]
dt kykoks[CeHel + k1 kok lHX][CeHeg] + K1K4ks + kokaks[CeHel

When [C,H,] is small, [A]'2 >> [B] + [C] + [D] + [E] + [F] + [G]

diP] _ ki kokaksl Al"2[CoH 4][CeHel
dt ™ Kkykoks[CeHgl + kykok J[HXI[CeHe] + K-1Kaks + Kokaks[CeHl

k7 << k8[02H4]:
d[P] _ ki kokakakskekalRh] 1o{ CoH4)[CaHgl[Cu)?
At Kykakakskoke[CoHAICUI? + kik.okakskskal CoH4l2[CUI? + ki kokskskskslCoHal[CaHalICUI2 + ki kokskskskal CeHellCul? +
ky kokak akskg[HXI[CeHgIICUI? + ki kokzkakakg[CoH 4l[CoHelICUI? + kg kokakskskg[CoH4l[CaHel[CU]? +
kykokskakske[CeHel + k.1kskakskskglCul? + k_1k ok skskgkg[CoH4l[Cul?

Kk_q << k{[CoH,l:
dP] _ Kkokakakskeke[Rh] 1o CoH 4[CeHgl[CuT?
dt Kakakskekg[CoH4I[CU]2 + Kokakskekg[CoH4J2ICUI2 + kok4kskgks[CoH 4][CeH6I[CUI? + kokskskeksCeHel[CUI? +
koksk akekeHX][CoHel[CUI? + kokakaksks[CoHl[CeHGI[CUI? + kokzkakskg[CoH 4l[CaHelCUI? + kokakakskslCoHil

[CoH 4] is substantial:

d[P] _ kokakske[Rh]1o{CeHel
dt 7 kakske + Koksks + kaokskglCeHel + kakake[CeHel + kakaks[CeHel



100

Based on these derivations, the rate constant for C—H activation (k3) is not included

in the low [C,H4] limiting form of the rate law, which indicates that catalysis in this
regime should not exhibit a KIE. Thus, the KIE for the overall reaction would be
expected to decrease as the order in [Rh] approaches half-order. In contrast, at higher
concentrations of C;Hy4 a KIE is expected as the limiting form of the rate law contains £;.
To probe this, catalysis was performed in an equimolar mixture of per-protio and per-
deutero benzene at 35 and 150 psig ethylene, and the resulting kn/kp values were
compared to the data from the initial KIE experiments at 50 psig ethylene (vide supra). A
plot of observed KIE vs. order in [Rh] (Figure 3.30, vide supra for discussion of variable
order of the reaction in [Rh]) shows a linear correlation that predicts a KIE of 1.2(6) in
the half-order regime (extrapolated from the linear fit) and a KIE of 6.7(6) in the first-
order regime. Within deviation of the data, these results are consistent with the proposed
reaction pathways. While a KIE of 6.7 is relatively high, it is not unprecedented.*
Similarly high KIEs have been reported for complexes that perform carboxylate-assisted

C—H activation, with some complexes exhibiting KIEs in excess of 8.
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Figure 3.30. Plot of ku/kp vs. order in [Rh] (R* = 0.99). Reaction conditions: 0.11 mM 1-
OAc, 10 mL 1:1 C¢Hs and CgDg, 26.8 mM Cu(OPiv),, 35-150 psig CoHy, 150 °C. Order
in [Rh] (and the corresponding horizontal error bars) was determined using the data
shown in Figure 3.25. Each data point represents the average of three independent

catalytic reactions, each analyzed in triplicate by GC/MS. Vertical error bars represent
the standard deviation of all nine values.

To further probe our proposed mechanism, experiments were run at high [C,H4] in
an attempt to observe saturation kinetics, which would be consistent with our proposed
rate law (Figure 3.31). At [C,H4] less than 237 mM, a first-order dependence on ethylene
is observed, but above 237 mM, saturation is observed. In an attempt to observe the
inverse dependence on acid (HX) predicted by the proposed rate law, catalysis with 1-
OAc was performed in the presence of added AcOH (500 and 1000 equiv. relative to 1-
OAc). Using initial rates, we found that the rate of catalysis is suppressed by AcOH
(Figure 3.32). This is consistent with the limiting form for the low [C,H4] regime. It is
important to note that while the inverse dependence on acid would predict inhibition as
the reaction proceeds, this is not observed under the catalytic conditions we tested. This is

likely due to the low concentration of acid in solution under those conditions. The
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limiting form for the high [C,H4] regime predicts a zero-order dependence on acid (HX),
so catalysis was performed at 400 psig C,H4 with 0, 500, and 1000 equiv. AcOH added
(relative to Rh). At this high concentration of ethylene, the observed rate of reaction
without added AcOH is statistically identical to catalytic experiments with added acid,
which is consistent with the proposed reaction pathway (Figure 3.33). Rationalization of
the change in the dependence on Rh as temperature is varied is more difficult since the
route that is first-order in Rh involves a series of ill-defined reactions with Cu(Il). But, it
is not surprising that the contribution of the two competing pathways varies with

temperature.

1.4E-02 1
1.2E-02 A
1.0E-02 A

8.0E-03 A

kobs

6.0E-03 1
40E-03 1 &

2.0E-03 A

0.0E+00 - . . . . .
0 02 04 06 08 1 1.2

[C.H,] (M)
Figure 3.31. Plot of ko vs. [CoHy]. Reaction conditions: 0.11 mM 1-OAc, 20 mL C¢Hg,
13.4 mM Cu(OPiv),, 150 °C. Each data point represents the average of two independent
catalytic reactions, each analyzed in duplicate by GC/FID. Error bars represent the
standard deviation of all four values.
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0.002 A
4 0 equiv.
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E 1000 equiv.

0.001 1
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Time (h)
Figure 3.32. [Styrene] vs. time plot for the initial rate regime of catalysis with 1-OAc
upon the addition of 0 equiv. (slope = 0.005, R* = 0.99), 500 equiv. (slope = 0.0016, R* =
0.99), and 1000 equiv. (slope = 0.0008, R* = 0.99) AcOH relative to the concentration of
1-OAc. Reaction conditions: 20 mL C¢Hs, 13.4 mM Cu(OPiv),, 50 psig C,H4, AcOH (0,
500, or 1000 equiv. relative to 1-OAc), 150 °C. Each data point represents the average of

two independent catalytic reactions, each analyzed in duplicate by GC/FID. Error bars
represent the standard deviation of all four values.

1.60E-02 -
1.40E-02
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1.00E-02 -|
A 500 equiv.
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6.00E-03 -
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Figure 3.33. [Styrene] vs. time plot for the initial rate regime of catalysis with 1-OAc
upon the addition of 0 equiv. (slope = 0.012, R* = 0.98), 500 equiv. (slope = 0.0014, R* =
0.99), and 1000 equiv. (slope = 0.013, R* = 0.98) AcOH relative to the concentration of
1-OAc. Reaction conditions: 20 mL C¢Hs, 13.4 mM Cu(OPiv),, 400 psig C,Ha, AcOH (0,
500, or 1000 equiv. relative to 1-OAc), 150 °C. Each data point represents the average of
two independent catalytic reactions, each analyzed in duplicate by GC/FID. Error bars
represent the standard deviation of all four values.
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3.4 Summary and Conclusions
The complexes (FIDAB)Rh(X)(;yz-CzH4) [X = TFA, OAc] are effective catalysts for
the direct conversion of benzene, ethylene, and Cu(Il) oxidant to styrene. These Rh
catalyst precursors are unique for their selectivity for styrene formation as well as catalyst
longevity. The mechanism of this reaction has been studied and compared to both
electron-rich Ru(Il) and related electrophilic cationic Pt(II) catalysts. Based on these
results, the following conclusions can be drawn:
(1) Combined experimental and computational studies are consistent with catalysis
that proceeds through benzene C-H activation, displacement of coordinated
acetic acid by ethylene, insertion of ethylene into the Rh—Ph bond, and p-
hydride elimination followed by liberation of styrene and reaction with Cu(II).
(2) The apparent induction period observed for catalysis with 1-TFA when using
Cu(OAc); as the oxidant is not likely the result of in sifu formation of insoluble
Rh nanoparticles as the active catalyst. Rather, 1-TFA converts to 1-OAc in
situ, which catalyzes styrene production at a faster rate than the TFA analog.
The difference in rate of catalysis for 1-OAc and 1-TFA is likely a result of the
difference in ground state energies rather than OAc/TFA influence on transition
states, since the proposed rate-determining step occurs once the carboxylate
ligands are completely dissociated.
(3) A mechanism for catalysis with (FIDAB)Rh(X)(nz-C2H4) (X =0OAc or TFA) has
been proposed that involves two pathways whose contributions vary with
[CoH4] and temperature. Accordingly, the derived rate law predicts different

behavior at low and high [C,H4]. At low [C;Ha4], the limiting form predicts half-
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order in Rh, first-order in ethylene, zero-order in Cu, and an inverse dependence
on acid concentration. At high [C;H4], the limiting form predicts first-order in
Rh, and zero-order dependence on all others. Saturation behavior has been
observed for ethylene, and the rate of reaction is suppressed in the presence of
added acid at low [C,H4] but not at high [C,H4], which is consistent with the
proposed mechanism and rate law. The kinetics are also consistent with
computational modeling, which predicts rate-limiting ethylene insertion into the
Rh—Ph bond. However, alternative explanations of the kinetic data are possible,
such as inhibition of catalysis upon reaction of the catalyst with acid (to remove
Rh from the catalytic cycle) that is influenced by concentration of ethylene.
Despite other possible explanations for this complex catalytic process, our
mechanistic proposal is consistent with both experimental and computational
data and, we believe, is the mechanistic model that is most consistent with the
data.

(4) The selectivity for styrene production (versus ethylbenzene) using
(""DAB)Rh(X)(#*-C,Hs) appears to result from more favorable styrene

dissociation compared to related cationic Pt(I) catalysts.

3.5 Experimental

General Considerations. All manipulations were performed under an atmosphere of
dry nitrogen using standard Schlenk or high vacuum techniques and/or in a Vac
Atmospheres Dri-Lab glovebox equipped with a Dri-Train MO-41 purifier. Dry, oxygen-

free solvents were employed throughout. THF was dried by passage through columns of
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activated alumina, followed by distillation from sodium benzophenone ketyl. Pentane
was dried over sodium benzophenone ketyl. Deuterated solvents were purchased from
Cambridge Isotope Labs, degassed, and dried over molecular sieves. NMR spectra were
recorded on a Varian Inova 300 MHz NMR spectrometer ("°F, 282.21 MHz operating
frequency), Bruker Avance III 600 MHz NMR spectrometer ('H, 600.13 MHz operating
frequency), or a Bruker Avance III 800 MHz NMR spectrometer (*C, 201.27 MHz
operating frequency), and are reported with reference to residual solvent resonances.
GC/MS was performed using a Shimadzu GCMS-QP2010 Plus system with a 30 m x
0.25 mm SHRXI-5MS column with 0.25 um film thickness using electron impact (EI)
ionization. GC/FID was performed using a Shimadzu GC-2014 system with a 30 m x
90.25 mm HP5 column with 0.25 gm film thickness.

Styrene production was quantified using linear regression analysis of gas
chromatograms of standard samples of authentic product. A plot of peak area ratios
versus molar ratios gave a regression line. For the GC/FID system, the slope and
correlation coefficient of the regression line were 1.34 and 0.99, respectively. FID
response factors for other products were determined in a similar fashion, using authentic
standards of products. Ethylene was purchased in gas cylinders from GTS-Welco and
used as received. All other reagents were purchased from commercial sources and used as
received. [Rh(5>-CoHy)a(u-Cl)], was prepared according to literature procedures.’
[Rh(5*-CoHy)2(u-TFA)], was prepared using an adaptation of literature procedures,
substituting AgTFA for TITFA.> FDAB was synthesized according to literature
procedures.” While the synthesis of [Rh(y’~CyHs)a(u-OAc)], has been reported

previously,”* higher yields were obtained by using the same method as for the synthesis
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of [Rh(7*-CoH4)o(n-TFA)]2, >* substituting TIOAc for TITFA. Copper(I) pivalate
[Cu(OPiv),] was synthesized according to literature procedures.” The Maitlis filtration
test was performed according to the previously reported procedure.”’

Procedure for TEM/EDS Experiments. Transmission electron microscopy images
were obtained using a JEOL 2000FX-II electron microscope equipped with a Gresham
high-angle x-ray detector. An accelerating voltage of 200 kV was used with a resolution
of 1.4 A. Energy dispersive x-ray spectroscopy (EDS) data were used to detect the
presence of Rh and Cu, and were collected using an incident beam diameter of
approximately 25 nm. Samples for electron microscopy were prepared by ultrasonic
dispersion in 1,4-dioxane followed by deposition onto a holey carbon film supported on a
400 mesh Cu grid. Samples were allowed to dry in air for 24 hours before insertion into
the microscope vacuum chamber.

Computational Methods. Density functional theory (DFT) was applied to the study
of styrene formation using both 1-TFA and 1-OAc. The Gaussian 09 package was used
to perform all simulations.”® All stationary points were obtained using the B3LYP*"*®
functional along with the LANL2DZ pseudopotential basis set for Rh and the 6-31G(d)
basis set for main group elements; the 6-311++G(d,p) pseudopotential basis set was used
on main group elements for single point calculations at the B3LYP/LANL2DZ+6-31G(d)
stationary points. Free energies are reported in kcal/mol at 423.15 K assuming a pressure
of 1 atm. Unscaled B3LYP/LANL2DZ+6-31G(d) vibrational frequencies were used for
the enthalpic and entropic corrections. The GD3BJ dispersion correction® and the SMD
solvation model® were utilized in the presence of benzene as the continuum solvent on

the single point calculations. Stationary points were differentiated as minima or transition
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states based on the number of imaginary frequencies (zero or one, respectively)
calculated based on the energy Hessian.

The monomer/dimer equilibrium of both 1-TFA and 1-OAc¢ was also examined
using DFT. All stationary points were obtained using the M06°®' functional along with
the LANL2DZ pseudopotential basis set for Rh and the 6-31G(d) basis set for main group
elements; the 6-311++G(d,p) pseudopotential basis set was used on main group elements
for single point calculations at the MO6/LANL2DZ+6-31G(d) stationary points. Free
energies are reported in kcal/mol at 423.15 K assuming a pressure of 1 atm. Unscaled
MO6/LANL2DZ+6-31G(d) vibrational frequencies were used for the enthalpic and
entropic corrections. The SMD solvation model® was utilized in the presence of benzene
as the continuum solvent on the single point calculations.

Synthesis of ("DAB)Rh(TFA)(y*-C;Hy) [1-TFA]. To a stirring solution of [Rh(;*-
CyHa)2(p-TFA)], (200 mg, 0.368 mmol) in THF (25 mL), FIDAB (310 mg, 0.735 mmol)
was added, and the mixture was stirred for 10 minutes. The solvent was removed in
vacuo, and the purple solid was washed with pentane (c.a. 80 mL) and dried to afford 1-
TFA as a purple powder (330 mg, 0.501 mmol, 68%). Upon prolonged drying in vacuo,
the ethylene is removed to form [(FIDAB)Rh(u-TFA)]z (eq. 1), characterization data for
which is as follows. '"H NMR (800 MHz, DMF-d,): & -0.6 (s, 6H, DAB-CHj;). *C{'H}
NMR (800 MHz, DMF-d-): & 163.8 (s, DAB-C=N), 142.0 (d, *Jcr = 8 Hz, C¢Fs-ortho C),
140.8 (d, Jcr = 12 Hz, C¢Fs-ortho C), 139.6 (t, *Jcr = 13 Hz, C¢Fs-meta C), 139.0 (t, Jcr
= 15 Hz C¢Fs-meta C), 137.8 (t, *Jor = 13 Hz, CeFs-para C), 129.9 (s, CcFs-ipso C),
115.8 (q, 'Jer = 293 Hz, CO,CF3), 20.9 (s, DAB-CH3), 13.7 (q, *Jcr = 23 Hz, CO,CF3).

PF{'H} NMR (300 MHz, DMSO-dq): & —74.0 (s, TFA), —151.9 (dd, J = 24 Hz, 6 Hz,
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CeFs para F), —162.3 (t, J = 23 Hz, C¢Fs meta F), —163.4 (td, J = 23 Hz, 6 Hz, C¢Fs ortho
F). Anal. Calcd for CsgH2F26N4O4Rhy: C, 34.20; H, 0.96; N, 4.43. Found: C, 33.61; H,
1.05; N, 4.14. Upon pressurizing with ethylene, complex 1-TFA can be regenerated, and
its in situ characterization data is as follows: '"H NMR (800 MHz, DMF-d;): § 5.9 (s, 4H,
C,Hy), 3.5 (s, 6H, DAB-CH53).

Synthesis of ("DAB)Rh(OAc)(5’—C;Hy) [1-OAc]. To a stirring solution of [Rh(;*-
C2Ha)2(p-OAc)]2 (200 mg, 0.459 mmol) in THF (20 mL), FIDAB (382 mg, 0.918 mmol)
was added, and the mixture was stirred for 30 minutes. The solvent was removed in
vacuo, and the purple solid was washed with pentane (c.a. 80 mL) and dried to afford 1-
OAc as a purple powder (218 mg, 0.360 mmol, 40%). Upon prolonged drying in vacuo,
the ethylene is removed to form [(FIDAB)Rh(,u-OAc)]z (1D-OAc), the characterization
data for which is as follows. '"H NMR (600.13 MHz, C¢Ds): & 1.75 (s, 6H, COOCHj), —
0.95 (s, 12H, DAB-CH;). “C{'H} NMR (201.27 MHz, C¢Ds): & 186.0 (s, COOCHj),
163.9 (s, C=N), 141.2 (m, C¢Fs-meta C), 140.0 (m, C¢Fs-meta C), 138.9 (m, C¢Fs-ortho
0), 137.7 (m, CgFs-ortho C), 131.0 (m, C¢Fs-para C), 130.1 (s, CeFs-ipso C), 22.8 (s,
COOCH3), 19.7 (s, DAB—-CH3). "F{'H} NMR (564.33 MHz, C¢Ds): & —144.0 (d, *Jer =
23 Hz, C¢Fs-ortho F), —151.3 (d, *Jgr = 23 Hz, CeFs-ortho F), —156.6 (t, *Jer = 23 Hz,
C¢Fs-meta F), —163.1 (t, *Jer = 23 Hz, C¢Fs-meta F), —165.9 (t, *Jgr = 23 Hz, C¢Fs-para
F). IR (KBr): a 1530, 1497 cm™' (0,CMe sym and asym). Upon pressurizing with
ethylene, 1-OAc can be regenerated, and its in sifu characterization data is as follows: 'H
NMR (600.13 MHz, C¢Dg): 6 2.5 (broad s, 4H, C,H,), 1.68 (s, 3H, COOCHj;), —1.79 (s,

6H, DAB-CH).
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Catalytic Oxidative Hydrophenylation of Ethylene with 1-TFA. A representative
catalytic reaction is described. A stock solution containing 1-TFA (0.015 g, 0.023 mmol),
decane (44 pL, 0.23 mmol), and benzene (200 mL) was prepared in a volumetric flask.
Fisher-Porter reactors were charged with stock solution (20 mL) and copper 2-
ethylhexanoate (0.095 g, 0.27 mmol). The vessels were sealed, pressurized with ethylene
(25 psig), and subsequently stirred and heated to 150 °C. The reaction was sampled every
4 h for the first 12 h, then every subsequent 12 h. At each time point, the reactors were
cooled to room temperature, sampled, recharged with ethylene, and reheated. Aliquots of
the reaction mixture were analyzed by GC/FID using relative peak areas versus an
internal standard (decane).

Catalyst Loading Experiments with 1-TFA. Three separate stock solutions were
prepared in 50 mL volumetric flasks, each containing 1-TFA (0.05 mol %, 0.025 mol %,
or 0.001 mol % relative to benzene), decane (10 equiv. relative to 1-TFA), and benzene
(50 mL). Fisher-Porter reactors (2 reactors per loading) were charged with stock solution
(20 mL) and Cu(OAc), (60 equiv. relative to 1-TFA). The vessels were sealed, charged
with ethylene (25 psig), and subsequently stirred and heated to 120 °C. The reaction was
sampled every 4 h for the first 12 h, then every subsequent 12 h. At each time point, the
reactors were cooled to room temperature, sampled, recharged with ethylene, and
reheated. Aliquots of the reaction mixture were analyzed by GC/FID using relative peak
areas versus an internal standard (decane).

Experiments with 0.0001 mol % of 1-TFA (relative to benzene). A 0.001 mol %
stock solution containing 1-TFA (0.002 g, 0.003 mmol), decane (6 pL, 0.03 mmol), and

benzene (25 mL) was prepared in a volumetric flask. A 0.0001 mol % stock solution was



111
prepared by transferring 5 mL of 0.001 mol % stock solution to a 50 mL volumetric flask
and diluting with benzene. Fisher-Porter reactors were charged with 0.0001 mol % stock
solution (20 mL) and Cu(OAc), (0.100 g, 0.55 mmol). The vessels were sealed,
pressurized with ethylene (75 psig), and subsequently stirred and heated to 150 °C. The
reaction was sampled every 24 h. At each time point, the reactors were cooled to room
temperature, sampled, recharged with ethylene, and reheated. Aliquots of the reaction
mixture were analyzed by GC/FID using relative peak areas versus an internal standard
(decane).

Oxidant Screening Experiments with 1-TFA. A stock solution containing 1-TFA
(0.001 mol % relative to benzene), decane (10 equiv. relative to 1-TFA), and benzene
(200 mL) was prepared in a volumetric flask. Fisher-Porter reactors (2 per oxidant) were
charged with stock solution (20 mL) and oxidant (120 equiv. relative to 1-TFA).
Oxidants screened included copper(Il) pivalate, copper(Il) 2-ethylhexanoate, copper(Il)
trifluoroacetate, and copper(Il) acetate. The vessels were sealed, charged with ethylene
(25 psig), and subsequently stirred and heated to 150 °C. The reaction was sampled at 3,
8, 12, 24, and 28 h. At each time point, the reactors were cooled to room temperature,
sampled, recharged with ethylene, and reheated. Aliquots of the reaction mixture were
analyzed by GC/FID using relative peak areas versus an internal standard (decane).

Oxidant Amount Experiments with 1-TFA. A stock solution containing 1-TFA
(0.001 mol % relative to benzene), decane (10 equiv. relative to 1-TFA), and benzene
(200 mL) was prepared in a volumetric flask. Fisher-Porter reactors (2 per oxidant
amount) were charged with stock solution (20 mL) and Cu(OAc), (60, 120, or 240 equiv.

relative to 1-TFA). The vessels were sealed, charged with ethylene (25 psig), and
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subsequently stirred and heated to 120 °C. The reaction was sampled every 4 h for the
first 12 h, then every subsequent 12 h. At each time point, the reactors were cooled to
room temperature, sampled, recharged with ethylene, and reheated. Aliquots of the
reaction mixture were analyzed by GC/FID using relative peak areas versus an internal
standard (decane).

Temperature Variation Experiments with 1-TFA. A stock solution containing 1-
TFA (0.001 mol % relative to benzene), decane (10 equiv. relative to 1-TFA), and
benzene (200 mL) was prepared in a volumetric flask. Fisher-Porter reactors were
charged with stock solution (20 mL) and Cu(OAc), (120 equiv. relative to 1-TFA). The
vessels were sealed, charged with ethylene (25 psig), and subsequently stirred and heated
to 90, 120, 150, or 180 °C (2 reactors per temperature). The reaction was sampled every 4
h for the first 12 h, then every subsequent 12 h. At each time point, the reactors were
cooled to room temperature, sampled, recharged with ethylene, and reheated. Aliquots of
the reaction mixture were analyzed by GC/FID using relative peak areas versus an
internal standard (decane).

Ethylene Pressure Experiments with 1-TFA. A stock solution containing 1-TFA
(0.001 mol % relative to benzene), decane (10 equiv. relative to 1-TFA), and benzene
(200 mL) was prepared in a volumetric flask. Fisher-Porter reactors were charged with
stock solution (20 mL) and Cu(OAc), (120 equiv. relative to 1-TFA). The vessels were
sealed, charged with ethylene (15, 25, 50, or 100 psig, 2 reactors at each pressure), and
subsequently stirred and heated to 150 °C. The reaction was sampled every 4 h for the
first 12 h, then every subsequent 12 h. At each time point, the reactors were cooled to

room temperature, sampled, recharged with ethylene, and reheated. Aliquots of the
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reaction mixture were analyzed by GC/FID using relative peak areas versus an internal
standard (decane).

Kinetic Isotope Effect Experiments Using 1-TFA. A stock solution containing 1-
TFA (0.001 mol % relative to benzene) and a 1:1 molar mixture of C¢Hgs and C¢Dsg (50
mL) was prepared in a volumetric flask. Fisher-Porter reactors were charged with stock
solution (10 mL) and Cu(OAc), (200 equiv. relative to 1-TFA). The vessels were sealed,
charged with ethylene (50 psig), and subsequently stirred and heated to 150 °C. The
reaction was sampled at 1, 2, and 4 h. At each time point, the reactors were cooled to
room temperature, sampled, recharged with ethylene, and reheated. Aliquots of the
reaction mixture were analyzed by GC/MS. KIE was determined by examining the ratio
of styrene (m/z = 104) to styrene-ds (m/z = 109) in the mass spectrum, accounting for the
initial isotopic distribution and natural abundance. No change in the isotopic distribution
for benzene was observed over the course of the reaction, and the observed isotopic
distribution of product was consistent with the initial distribution. No des products were

observed, except those predicted by the natural abundance of deuterium in ethylene.
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Photographs of Reactors Over the Course of the Reaction:

Initial During Reaction Complete

Cu?t > Cu?t + Cut > Cu*

Reaction of 1-TFA with Ethylbenzene. A stock solution containing 1-TFA (0.112
mM), decane (10 equiv. relative to 1-TFA), and ethylbenzene (50 mL) was prepared in a
volumetric flask. Fisher-Porter reactors were charged with stock solution (20 mL) and
copper acetate (13.4 mM). The vessels were sealed, pressurized with ethylene (50 psig),
and stirred while heated to 150 °C. The reactions were sampled at 4, 8, 12, and 24 h. At
each time point the reactors were cooled to room temperature, sampled, recharged with
ethylene, and reheated. Aliquots of the reaction mixture were analyzed by GC/MS, and
products were identified using through a search of the NIST mass spectral database.

Attempted Oxidative Hydrophenylation of Ethylene using Washed Materials
Recovered from Catalysis with 1-TFA and Cu(OAc),. Two duplicate catalytic
reactions with 1-TFA were run to completion. The resulting mixtures were combined and

dried in vacuo. The solid was sonicated in 1,4-dioxane for 30 minutes, after which the
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solution was decanted leaving only insoluble materials, which were dried in vacuo. Two
Fisher-Porter reactors were each charged with half of the recovered material, decane (4
uL, 0.022 mmol), benzene (20 mL), and Cu(OAc), (49 mg, 0.27 mmol). The vessels were
sealed, pressurized with ethylene (50 psig), and stirred while heated to 150 °C. The
reactions were sampled at 4 h and 24 h. At each time point the reactors were cooled to
room temperature, sampled, recharged with ethylene, and reheated. Aliquots of the
reaction mixture were analyzed by GC/FID using relative peak area vs. an internal
standard (decane). No styrene was observed after 24 h of heating.

Oxidative Hydrophenylation of Ethylene using 1-OAc. A representative catalytic
reaction is described. A stock solution containing 1-OAc (3.4 mg, 0.0056 mmol), decane
(11 uL, 0.056 mmol), and benzene (50 mL) was prepared in a volumetric flask. Fisher-
Porter reactors were charged with stock solution (20 mL) and Cu(OAc); (49 mg, 0.27
mmol). The vessels were sealed, pressurized with ethylene (25 psig), and stirred while
heated to 150 °C. The reactions were sampled every hour until complete. At each time
point the reactors were cooled to room temperature, sampled, recharged with ethylene,
and reheated. Aliquots of the reaction mixture were analyzed by GC/FID using relative
peak area vs. an internal standard (decane).

Oxidative Hydrophenylation of Ethylene as a Function of [C,H4]. A stock
solution containing 1-OAc¢ (0.112 mM), decane (10 equiv. relative to 1-OAc), and
benzene (250 mL) was prepared in a volumetric flask. Fisher-Porter reactors (2 reactors
per concentration level) were charged with stock solution (20 mL) and copper pivalate
(13.4 mM). The vessels were sealed, pressurized with ethylene (35 psig, 50 psig, 75 psig,

or 100 psig), and stirred while heated to 150 °C. The reactions were sampled every 30
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minutes until complete. At each time point the reactors were cooled to room temperature,
sampled, recharged with ethylene, and reheated. Aliquots of the reaction mixture were
analyzed by GC/FID using relative peak area vs. an internal standard (decane).

Oxidative Hydrophenylation of Ethylene as a Function of [Cu(OPiv);]. A stock
solution containing 1-OAc¢ (0.112 mM), decane (10 equiv. relative to 1-OAc), and
benzene (250 mL) was prepared in a volumetric flask. Fisher-Porter reactors (2 reactors
per concentration level) were charged with stock solution (20 mL) and copper pivalate
(13.4 mM, 19.0 mM, 26.9 mM, 38.1 mM, or 53.8 mM). The vessels were sealed,
pressurized with ethylene (50 psig), and stirred while heated to 150 °C. The reactions
were sampled every 30 minutes until complete. At each time point the reactors were
cooled to room temperature, sampled, recharged with ethylene, and reheated. Aliquots of
the reaction mixture were analyzed by GC/FID using relative peak area vs. an internal
standard (decane).

Oxidative Hydrophenylation of Ethylene as a Function of [1-OAc]. Five separate
stock solutions were prepared in 50 mL volumetric flasks, each containing 1-OAc¢ (0.225
mM, 0.168 mM, 0.112 mM, 0.079 mM, or 0.056 mM), decane (10 equiv. relative to 1-
OAc), and benzene (50 mL). Fisher-Porter reactors (2 reactors per concentration level)
were charged with stock solution (20 mL) and copper pivalate (26.9 mM). The vessels
were sealed, pressurized with ethylene (50 psig), and stirred while heated to 150 °C. The
reactions were sampled every 30 minutes until complete. At each time point the reactors
were cooled to room temperature, sampled, recharged with ethylene, and reheated.
Aliquots of the reaction mixture were analyzed by GC/FID using relative peak area vs. an

internal standard (decane).
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Dependence of order in [1-OAc] on [C;Hy4|. Three separate stock solutions were
prepared in 50 mL volumetric flasks, each containing 1-OAc¢ (0.225 mM, 0.112 mM, or
0.056 mM), decane (10 equiv. relative to 1-OAc), and benzene (50 mL). Fisher-Porter
reactors (6 reactors per concentration of Rh) were charged with stock solution (20 mL)
and copper pivalate (26.9 mM). The vessels were sealed, pressurized with ethylene (35
psig, 50 psig, or 75 psig; 2 reactors per pressure at each Rh concentration), and stirred
while heated to 150 °C. The reactions were sampled every 30 minutes until complete. At
each time point the reactors were cooled to room temperature, sampled, recharged with
ethylene, and reheated. Aliquots of the reaction mixture were analyzed by GC/FID using
relative peak area vs. an internal standard (decane).

Dependence of order in [1-OAc] on Temperature. Three separate stock solutions
were prepared in 50 mL volumetric flasks, each containing 1-OAc (0.225 mM, 0.112
mM, or 0.056 mM), decane (10 equiv. relative to 1-OAc), and benzene (50 mL). Fisher-
Porter reactors (6 reactors per concentration of Rh) were charged with stock solution (20
mL) and copper pivalate (26.9 mM). The vessels were sealed, pressurized with ethylene
(to keep the concentration of ethylene dissolved in solution constant across all
temperatures, different pressures were used, all of which correspond to 114 mM C,;Hy: 30
psig for 130 °C reactions, 50 psig for 150 °C reactions, or 60 psig for 160 °C reactions; 2
reactors per pressure at each Rh concentration), and stirred while heated to 130 °C, 150
°C, or 160 °C. The reactions were sampled every 30 minutes until complete. At each time
point the reactors were cooled to room temperature, sampled, recharged with ethylene,
and reheated. Aliquots of the reaction mixture were analyzed by GC/FID using relative

peak area vs. an internal standard (decane).
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H/D Exchange Experiments- 1:1 ratio of C¢Hg to C¢Hg. A stock solution
containing 1-OAc¢ (0.112 mM), Cu(OPiv), (13.4 mM), and a 1:1 molar mixture of CsHe
and C¢Ds (25 mL) was prepared in a volumetric flask. PTFE-valved reaction tubes were
charged with stock solution (10 mL), sealed, and heated to 150 °C. The reactions were
sampled at 4 h and 24 h. At each time point the reactors were cooled to room
temperature, sampled, and reheated. Aliquots of the reaction mixture were analyzed by
GC/MS. The isotopic distribution of benzene-d, (n = 0 — 6) was measured for the initial
stock solution and at each time point.

H/D Exchange Experiments- 500 equiv. CD3;COOD. A stock solution containing
1-OAc (0.112 mM), Cu(OPiv); (13.4 mM), CD;COOD (56 mM), and C¢He (25 mL) was
prepared in a volumetric flask. PTFE-valved reaction tubes were charged with stock
solution (10 mL), sealed, and heated to 150 °C. The reactions were sampled at 4 h and 24
h. At each time point the reactors were cooled to room temperature, sampled, and
reheated. Aliquots of the reaction mixture were analyzed by GC/MS. The isotopic
distribution of benzene-d, (n = 0 — 6) was measured for the initial stock solution and at
each time point.

H/D Exchange Experiments- 500 equiv. CD;COOD with Added Ethylene. A
stock solution containing 1-OAc¢ (0.112 mM) and C¢Hs (25 mL) was prepared in a
volumetric flask. Fisher-Porter reactors were charged with stock solution (10 mL), copper
pivalate (13.4 mM), and CD;COOD (56 mM). The vessels were sealed, pressurized with
ethylene (50 psig), and stirred while heated to 150 °C. The reactions were sampled at 4 h
and 24 h. At each time point the reactors were cooled to room temperature, sampled, and

reheated. Aliquots of the reaction mixture were analyzed by GC/MS. The isotopic
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distribution of benzene-d, (n = 0 — 6) was measured for the initial stock solution and at
each time point. The isotopic distribution of styrene-d, (n = 0 — 8) was also measured at
each time point.

Kinetic Isotope Effect Experiments Using a 1:1 Molar Mixture of C¢Hs and
C¢Ds. A stock solution containing 1-OAc¢ (0.112 mM) and a 1:1 molar mixture of CsHe
and C¢D¢ (50 mL) was prepared in a volumetric flask. Fisher-Porter reactors were
charged with stock solution (10 mL) and copper pivalate (240 equiv. relative to 1-OAc).
The vessels were sealed, pressurized with ethylene (50 psig), and stirred while heated to
150 °C. The reactions were sampled at 30 min, 1 h, 2 h, and 3 h. At each time point the
reactors were cooled to room temperature, sampled, recharged with ethylene, and
reheated. Aliquots of the reaction mixture were analyzed by GC/MS. KIE was
determined by examining the ratio of styrene (m/z = 104) to styrene-ds (m/z = 109) in the
mass spectrum, accounting for the initial isotopic distribution and natural abundance. No
change in the isotopic distribution for benzene was observed over the course of the
reaction, and the observed isotopic distribution of product was consistent with the initial
distribution. No dsg products were observed, except those predicted by the natural
abundance of deuterium in ethylene.

Oxidative Hydrophenylation of Ethylene Using 1-OAc in C¢D¢. A stock solution
containing 1-OAc (0.112 mM), decane (10 equiv. relative to 1-OAc), and C¢Dg (50 mL)
was prepared in a volumetric flask. Fisher-Porter reactors were charged with stock
solution (20 mL) and copper pivalate (26.9 mM). The vessels were sealed, pressurized
with ethylene (50 psig), and stirred while heated to 150 °C. The reactions were sampled

every 30 mins for 3 h. At each time point the reactors were cooled to room temperature,
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sampled, recharged with ethylene, and reheated. Aliquots of the reaction mixture were
analyzed by GC/FID using relative peak area vs. an internal standard (decane).

Oxidative Hydrophenylation of Ethylene Using in situ Generated
("DAB)RhCl;(#°-C,Hy). A stock solution containing RhCls (0.112 mM), 'DAB (0.112
mM), decane (1.12 mM), and benzene (50 mL) was prepared in a volumetric flask.
Fisher-Porter reactors were charged with stock solution (20 mL) and Cu(OPiv), (27 mM).
The vessels were sealed, pressurized with ethylene (50 psig), and stirred while heated to
150 °C. The reactions were sampled at 4 h and 24 h. At each time point the reactors were
cooled to room temperature, sampled, recharged with ethylene, and reheated. Aliquots of
the reaction mixture were analyzed by GC/FID using relative peak area vs. an internal
standard (decane).

Oxidative Hydrophenylation of Ethylene Using 1-OAc at Pressures > 100 psig.
A representative catalytic reaction is described. A stock solution containing 1-OAc
(0.112 mM), decane (1.12 mM), and benzene (50 mL) was prepared in a volumetric
flask. Stainless steel high pressure reactors equipped with glass liners were charged with
stock solution (10 mL) and Cu(OPiv), (27 mM). The vessels were sealed, pressurized
with ethylene (400 psig), and stirred while heated to 150 °C. The reactions were sampled
every hour until complete. At each time point the reactors were sampled at temperature
using a narrow bore dip tube. Aliquots of the reaction mixture were analyzed by GC/FID
using relative peak area vs. an internal standard (decane).

Oxidative Hydrophenylation of Ethylene Using 1-OAc with Added AcOH at
Low Pressures < 100 psig. A representative catalytic reaction is described. A stock

solution containing 1-OAc¢ (0.112 mM), decane (1.12 mM), and benzene (50 mL) was
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prepared in a volumetric flask. Fisher-Porter reactors were charged with stock solution
(20 mL), AcOH (56 mM), and Cu(OPiv); (27 mM). The vessels were sealed, pressurized
with ethylene (50 psig), and stirred while heated to 150 °C. The reactions were sampled
every 30 minutes until complete. At each time point the reactors were cooled to room
temperature, sampled, recharged with ethylene, and reheated. Aliquots of the reaction
mixture were analyzed by GC/FID using relative peak area vs. an internal standard
(decane).

Oxidative Hydrophenylation of Ethylene Using 1-OAc with Added AcOH at
High Pressures > 100 psig. A representative catalytic reaction is described. A stock
solution containing 1-OAc (0.112 mM), decane (1.12 mM), and benzene (50 mL) was
prepared in a volumetric flask. Stainless steel high pressure reactors equipped with glass
liners were charged with stock solution (10 mL), AcOH (56 mM), and Cu(OPiv), (27
mM). The vessels were sealed, pressurized with ethylene (400 psig), and stirred while
heated to 150 °C. The reactions were sampled every 30 minutes until complete. At each
time point the reactors were sampled at temperature using a narrow bore dip tube.
Aliquots of the reaction mixture were analyzed by GC/FID using relative peak area vs. an

internal standard (decane).
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4. Advances in Catalyst Development for the Direct Synthesis of Alkyl and Alkenyl
Arenes: Mechanistic Insights and Future Outlook
4.1 Overview
An alternative to traditional acid-based arene alkylation is a transition metal-
mediated process that operates through aromatic C—H activation and olefin insertion into
a metal-aryl bond (Scheme 4.1A). If this step is followed by f-hydride elimination, vinyl
arenes can be produced through oxidative arene vinylation (Scheme 4.1B). Our group has
studied these types of transition metal catalysts for the production of both alkyl and vinyl
arenes for the past 18 years.""” Over the course of our work, we have developed an
understanding of the steric and electronic requirements to tune the activity and selectivity
of these catalysts. An overview of the work in this area is presented below, followed by

mechanistic comparisons and insights into future catalyst design.

Scheme 4.1. General Catalytic Cycles for A) Hydroarylation of Olefins, and B)
Oxidative Arene Vinylation.

A) Hydroarylation of Olefins B) Oxidative Arene Vinylation
Overall Reaction: Overall Reaction:
=
[O]
+ + 2K —— + 2HX
HX + Ph

(A \D (Oxidation) (o \// m
2X~+
7 Ph
\// \//
\\ /[Olefm Insertion) [/3—H Ellmmatlon]\ /)Iefm (Olefin Insertion)
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4.2 Ruthenium(II) Catalysts
Given our previous work with TpRu complexes, which showed that less electron-
rich metal centers afforded higher TON and longevity (see Chapter 1), we sought to
design more electron-poor Ru(Il) complexes through substitution of the formally anionic
Tp ligand with charge-neutral poly(pyrazolyl)alkane ligands, which would ultimately
result in an overall cationic complex and therefore a less electron-rich metal center. The
reaction of benzene and ethylene in the presence of
[(C(Pz)s)Ru(P(OCH,);CEt)(NCMe)(Me)][BAr's] (C(Pz); = tetra(pyrazolyl)methane;
BAr'y = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) afforded no ethylbenzene
production, but instead resulted in the intramolecular C—H activation of the 5-position of

one of the pyrazolyl rings and liberation of methane (Eq. 4.1)."

%7 i

o P/Oo
>
4‘% u=Me = N \,|Q _NCMe oH
/R — > [~ 4 (4.1)
“NCMe Benzene ,\{'l “NCMe
C/NLJ NCMe ,C/'\,‘l\lé
N-N N
© O
No Ethylbenzene Produced
To combat this intramolecular reactivity, the complex
[(HC(PZ’)3)Ru(P(OCHS,);CEt)(NCMe)(Ph)][BAr" 4] [HC(PZ); = tris(5-

methylpyrazolyl)methane; (Pz’);Ru] was synthesized in which the 5-positions of the
pyrazolyl rings were protected by methyl groups. Heating a solution of (Pz’);Ru in

benzene to 90 °C with 15 psi C,Hy4 affords 565 TO of ethylbenzene after 131 h. This
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represents approximately a 28-fold increase in TON compared to the Tp derivative,
TpRuBP, which affords 20 TO of ethylbenzene before catalyst deactivation occurs at 24
h.?> (Pz’);Ru is also more stable than its Tp congener, exhibiting catalytic activity at
temperatures up to 150 °C. The Tp variant TpRuBP rapidly decomposes above 90 °C
(Scheme 4.2).%”

Given the promising results of catalytic olefin hydroarylation reactions using
(Pz’);Ru, we sought to explore Ru complexes based on other tris(heterocyclic)alkane
ligands. Tris(1,2,3-triazolyl)methanol ligands have been demonstrated to coordinate in a
similar scorpionate «’ fashion to both Tp and tris(pyrazolyl)alkanes.”** A benzene
solution of [(BzZTTM)Ru(BP)(NCMe)(Ph)]” (BzTTM = tris(1-benzyl-1H-1,2,3-triazol-4-
yl)methoxymethane, BZTTMRu) was heated to 150 °C with C,H4 to afford a mixture of
ethylbenzene and styrene.”

Surprisingly, catalysis with BZTTMRu is selective for styrene production over EtPh
(n.b., ethylene acts as the oxidant for this transformation and is reduced to ethane during
the course of reaction, and addition of Cu(Il) oxidants and O, did not increase yield). The
highest yields are obtained at 40 psig of ethylene (53 TO of styrene), although the highest
selectivity for styrene is afforded at 75 psig CoHas (100% selectivity for styrene). Given
the electronic similarity between BzZTTMRu and (Pz’);Ru [Ru(II/Il) potentials are
within 0.04 V of one another], it is surprising that the selectivities for styrene vs.
ethylbenzene are opposite (Scheme 4.2).%

It was hypothesized that this difference in selectivity could be a result of the
increased steric bulk of the benzyl substituents on the BZTTM ligand. As such, we

synthesized the complex [(PhTTM)Ru(BP)(NCMe)(Ph)]" (PhTTM = tris(1-phenyl-1H-
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1,2,3-triazol-4-yl)methanol, PhATTMRu) and tested its activity as a catalyst for the
hydrophenylation of ethylene. Catalytic reactions conducted over a range of temperatures
(90 — 150 °C) and ethylene pressures (15 — 75 psig) showed that PATTMRu was less

selective for styrene formation than BZTTMRu under all conditions examined.”

Scheme 4.2. Comparison of catalysis with TpRuBP, (Pz’);Ru, and BZTTMRu.

&
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4.3 Platinum(II) Catalysts
Our group has reported that the cationic complex [(‘bpy)Pt(Ph)(THF)][BATr" 4] (‘bpy
= 4,4'-di-tert-butyl-2,2"-bipyridyl, BAr'y = tetra(3,5-bis(trifluoromethyl)phenyl)borate,
‘bpyPt) catalyzes the hydrophenylation of ethylene (see Chapter 1).'" To study the effect
of electronic modulation of the metal center on the selectivity of ethylene
hydrophenylation reactions with ‘bpyPt, we varied the 4,4’ substituents on the bpy ligand.
The complexes of the general form [(“bpy)Pt(Ph)(THF)][BAr'4] (‘bpy = 4,4'-(X)-2,2'-
bipyridyl; X = OMe, M°bpyPt; H, bpyPt; Br, ®"bpyPt; COEt, “***'bpyPt; NO,,
NO2hpyPt) were synthesized and tested for catalytic activity in the hydrophenylation of
ethylene.'” As the donor ability of the bpy ligand decreased, the selectivity shifted
dramatically to favor the production of styrene over ethylbenzene. Figure 4.1 shows a
plot of Hammett o, vs. ethylbenzene to styrene ratio which shows the switch in
selectivity to favor styrene with more electron-withdrawing ligands. Unfortunately, for
these Pt(Il) complexes, the pathway to form styrene results in catalyst deactivation which
is likely a result of the formation of unstable Pt-H species, so while catalysis with
NO2

bpyPt is selective for styrene formation, catalyst deactivation is observed after ~1 TO

of styrene is produced.'
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Figure 4.1. Plot of Hammett o, vs. Ethylbenzene:Styrene ratio for ethylene
hydrophenylation using [(“bpy)Pt(Ph)(THF)][BAr'4]. Reprinted (adapted) with
permission from reference'>. Copyright 2013 American Chemical Society.

The [(Xbpy)Pt(Ph)]Jr series of catalysts were also tested for the hydrophenylation of
propylene.'® All complexes in this series catalyze the formation of alkyl arene products,
and all favor the branched (Markovnikov) product, in this case cumene. A trend based on
ligand donor ability was also observed with this chemistry, with ratios of linear to
branched products increasing with ligand donor ability (Figure 4.2). For the complex with
the most donating ligand in the series, M*°bpyPt, a 1:3 ratio of n-propyl benzene to
cumene was observed after 4 h. In contrast, the complex with the least donating ligand in

NO2

the series, NO*bpyPt, afforded even higher selectivity for branched product (1:4.6).'°
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Figure 4.2. Hammett plot for  propylene  hydrophenylation  using

[(“bpy)Pt(Ph)(THF)][BAr'4]. Reprinted (adapted) with permission from reference'.
Copyright 2014 American Chemical Society.

To examine the effect of chelate ring size on catalysis with Pt(Il), the complex
[(dpm)Pt(Ph)]” (dpm = 2,2'-dipyridylmethane, dpmPt) was prepared.'* Given that
Puddephat and coworkers had previously shown that the electron donor abilities of ‘bpy
and dpm ligands on Pt(I) complexes are nearly identical,”* it was anticipated that this
substitution would provide a direct way to measure the effect of chelate ring size (ring
size of the ligated metallacycle) without changing the electronics of the metal center.
dpmPt was found to be an effective catalyst for the hydrophenylation of ethylene,
affording a TON of 469 after 110 h at 100 °C (Figure 4.3). The expansion of chelate ring
size also afforded higher catalyst activity (TOF = 4.6 x 10° s' for dpmPt compared to
TOF = 1.3 x 107 s for ‘bpyPt) and longevity (dpmPt is active up to 110 h, where
complete deactivation is observed for ‘bpyPt after 24 h) compared to ‘bpyPt under

certain conditions.'*
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Figure 4.3. Plot of ethylbenzene TO vs. time for catalysis with ‘bpyPt and dpmPt.
Reprinted (adapted) with permission from reference'®. Copyright 2013 American
Chemical Society.

4.4 Rhodium(I) Catalysts

The direct and single-step conversion of benzene, ethylene, and a Cu(Il) oxidant to
styrene using the Rh(I) catalyst (FIDAB)Rh(TFA)(;yz-CzH4) [FIDAB = N,N'-
bis(pentafluorophenyl)-2,3-dimethyl-1,4-diaza-1,3-butadiene; TFA = trifluoroacetate;
"IDABRhTFA] has been reported to give quantitative yields (with Cu(II) as the limiting
reagent) and selectivity combined with turnover numbers > 800 (see Chapter 3).'®
Examining catalysis with the complex (FIDAB)Rh(OAc)(nZ-C2H4) ["DABRhOACc]
shows that the reaction rate has a dependence on catalyst concentration between first- and
half-order that varies with both temperature and ethylene concentration, a first-
order dependence on ethylene concentration with saturation at higher concentrations of
ethylene, and a zero-order dependence on the concentration of Cu(Il) oxidant. The kinetic

isotope effect was found to vary linearly with the order in "DABRhOAc, exhibiting
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minimal KIE when [Rh] was in the half-order regime, and a ku/kp value of 6.7(6) when

[Rh] was in the first-order regime.'’

0.5 0.6 0.7 0.8 0.9 1
Order in [Rh]

Figure 4.4. Plot of KIE vs. order in Rh for oxidative arene vinylation using

IDABRhOAc. Reprinted (adapted) with permission from reference'’. Copyright 2017
American Chemical Society.

We have also demonstrated that the simple Rh salt, [Rh(u-OAc)(7*-CaHa)a]a
(JRhOAc];) can catalyze oxidative arene vinylation with a-olefins (eq. 4.2).” This
complex represents the most selective catalyst reported to date for the production of
“super” linear alkenyl arenes (1-aryl alkenes), with linear to branched ratios up to 10:1.
[RhOAc]; is also long-lived and high yielding, as TONs in excess of 1470 and stability
up to 72 h have been demonstrated for arene alkenylation reactions with propylene.”
Catalysis with [RhOAc], is also tolerant of both electron-donating and electron-

withdrawing substituents on the arene, unlike traditional Friedel-Crafts catalysis.”
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H
© AN CHy + + (4.2)
Cu(OAc),

[Linear:Branched =8: 1]

4.5 Aerobic Arene Vinylation

Given that O, from air is the cheapest form of oxidant available, the development of
catalysts for oxidative arene vinylation that could tolerate the use of O, as an oxidant or
in tandem with another oxidant would be beneficial. A few examples of aerobic arene
vinylation catalysts have been reported by Milstein, Periana, and our group. In 2001,
Milstein and coworkers reported the conversion of benzene and ethylene to styrene

catalyzed by RuCl; + 3H,0 using O, as an oxidant (eq. 4.3).° While this chemistry uses

O, directly as the oxidant, the TONs and yields are low, though they increase with the use

of Michael acceptors and functionalized arenes.*®

0.4 mol % RuCI3
0, (4.3)
6.1 atm CO

180 °C
48 h (19 TO)

=

SR

Periana and coworkers have reported both Rh(III)- and Pd(II)-catalyzed styrene
production using Cu(II) oxidants that can, in theory, be regenerated in situ by O,.>” While
these catalysts are highly active (TOFs on the order of 10 s '), the overall TONs are

low (Scheme 4.3). Indeed, none of the reactions reported represents more than 100%
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yield relative to Cu(Il), indicating either that the Cu is decomposing or that it is not being
aerobically recycled by the O, in the reaction. Additionally, vinyl acetate is produced as a
byproduct in all reported reactions, with some conditions even producing it as the major

product.”’

Scheme 4.3. Comparison of oxidative benzene vinylation using (acac),Rh(Cl)(H,O) and
Pd(OAc),.

=
3.1 mM (acac),Rh(Cl)(H,0)
N
59 mM Cu(OAc), Z” "OAc
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220 °C 38 TO 4TO
A 1h
| + F
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8.2 mM Pd(OAc),
+ N
72 mM Cu(OA0); # "OAc
25 psi O,
180 °C 47 TO 19 TO
40 min

Our group has studied the development of Pd(II) catalysts for aerobic arene
vinylation (see chapter 2). Oxidative benzene vinylation reactions under aerobic
conditions afforded > 3000 TO of styrene after 24 h (eq. 4.4). The TONs for these
reactions are ~50 times the maximum theoretical yield based on Cu, which indicates that
the Cu is being successfully recycled. Unfortunately, similarly to Periana’s chemistry,
catalysis with our Pd(II) complexes also results in significant production of vinyl acetate

(~20% of the total product mixture).
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=
0.001 mol % (4PPDAB)Pd(OAC)»
+ = + (4.4)
@ = 120 equiv. Cu(OAQ), Z "OAc
50 psig O,
190 90 2 (30s3T0) (e85 TO)
24h

Our group has also studied aerobic benzene vinylation using Rh(I) complexes
bearing bis(quinolinyl)benzene ligands, which introduce steric bulk in the axial position
of the metal center. These complexes do not catalyze styrene production in the presence
of O,, but do not decompose under aerobic conditions, which allows for the use of Cu(Il)

oxidants that can be recycled offline without decomposing the Rh catalysts (eq. 4.5).”®

//3’\‘ \Rh/\\
ST INTT S e

Y=
M 7
PN 0.001 mol % . + (a.5)
= 240 equiv. Cu(OAc), ’

Offline Recycling w/ O,

150 °C 505 Total TO

11h

4.6 Comparison of Mechanisms
4.6.1 Selectivity for Styrene or Ethylbenzene

The fundamental mechanisms for both olefin hydroarylation and oxidative arene
vinylation begin with the same two fundamental steps, arene C—H activation and olefin
insertion. For oxidative arene vinylation these steps are followed by pf-hydride
elimination and reaction with oxidant to liberate the vinyl arene product. However, the

common steps in both mechanisms allow for a comparative study of the two divergent
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pathways that can provide insight into why catalysis with Rh is selective for styrene
formation, whereas Ru and Pt both favor the production of ethylbenzene.

To better understand this change in selectivity, the two divergent pathways for
ethylbenzene and styrene formation catalyzed by TpRuCO, ‘bpyPt, and "DABRhOAc
were computationally modeled by the Cundari group (Scheme 4.4 and Scheme 4.5). To
provide an accurate comparison, the energy values for ‘bpyPt have been recalculated
using the same basis set, functionals, temperature, and dispersion corrections as were
used for the Rh complexes presented herein. The energy values for TpRuCO have not
been recalculated, and are therefore presented in a separate scheme to avoid confusion.
Starting from a M—CH,CH,Ph intermediate, benzene coordination and subsequent C—H
activation results in ethylbenzene formation, whereas f-hydride elimination results in
styrene formation. For ‘bpyPt and "DABRhOAc, the C—H activation proceeds through
oxidative addition and reductive elimination to give M(Ph)(;>-EtPh) which subsequently
dissociates, while for TpRuCO it occurs through oxidative hydrogen migration to lead

directly to the Ru—Ph complex and free ethylbenzene.
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Scheme 4.4. Calculated Gibbs Free Energies for f-Hydride Elimination to Form Styrene
and Benzene C-H Activation to Form Ethylbenzene from ("'DAB)Rh(CH,CH,Ph)
[shown in black] and (‘bpy)Pt(CH,CH,Ph) [shown in red] in kcal/mol with the Important
Energy Differences Between the Two Pathways Highlighted.
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Scheme 4.5. Calculated Gibbs Free Energies for f-Hydride Elimination to Form Styrene
and Benzene C-H Activation to Form Ethylbenzene from TpRu(CO)(CH,CH,Ph) in
kcal/mol with the Important Energy Differences Between the Two Pathways Highlighted.
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For 'bpyPt, the difference between the two pathways is relatively small (4.5
kcal/mol), indicating that they could be competitive under certain conditions. For
FIDABRN, the energy difference is 12.6 kcal/mol, which predicts a greater predilection
for styrene formation using "DABRh compared to ‘bpyPt. For TpRuCO, the energy
difference between the two pathways is large (25.1 kcal/mol), which appears to indicate
that styrene formation should be much more favorable than ethylbenzene formation,
contrary to experimental observations.’

Interestingly, the calculations reveal that the A4G* values for C—H activation are
relatively small for Rh and Pt (2 kcal/mol), and only slightly larger for Rh and Ru (6
kcal/mol). Again, for f-hydride elimination, the difference in energy barriers for Rh and
Pt are negligible (44G* = 0.2 kcal/mol), and the difference between Rh and Ru is only
slightly larger (44G* = 2.6 kcal/mol). Given the energy differences for the two key steps
for ethylbenzene and styrene production are small, these can likely not be used to
rationalize the change in selectivity for "DABRh compared to ‘bpyPt and TpRuCO.""”

Comparison of AGs for styrene dissociation from ""DABRh and ‘bpyPt indicates
that this may be the key parameter dictating selectivity for ethylbenzene or styrene
production. For ""DABRM, the AG for styrene dissociation is 11.8 kcal/mol, where for
‘bpyPt it is much larger (27.4 kcal/mol). This explanation does not hold for TpRuCO,
which has a AG of 4.9 kcal/mol, which could indicate that there is an additional
electronic component dictating selectivity that has not yet been identified. However,
comparing "'DABRh and ‘bpyPt, it is likely that both complexes undergo f-hydride
elimination from M—CH,CH,Ph intermediates, but for ‘bpyPt this reaction is reversible

due to the unfavorable energetics of styrene dissociation."'”
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4.6.2 Potential Formation of 5’-allyl Complexes

For previously reported olefin hydroarylation catalysts, the C—H activation of
ethylene has been shown to result in the irreversible formation of an #’-allyl complex that
is catalytically inactive.”” This pathway can be competitive with the pathway for
ethylene insertion into the M—Ph bond and has been shown to be the major deactivation
pathway for Ru-based hydroarylation catalysts.>>® Scheme 4.6 shows a comparison of
calculated energetics for ethylene insertion and ethylene C—H activation pathways for

("'DAB)Rh(Ph)(17°-C,Hz), (‘bpy)Pt(Ph)(5*-C2H,),"” and TpRu(L)(Ph)(5*-C,H,) [L = CO,

PMe;].

Scheme 4.6. Comparison of energetics of ethylene C—H activation and ethylene insertion
for several reported catalysts with A4G* highlighted.
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The AAG*s shown in Scheme 4.6 are the differences in the calculated AG* for
ethylene C—H activation and the calculated AG* for ethylene insertion. A positive AAG* is
favorable for catalytic ethylene hydrophenylation. Of the four complexes examined,
TpRuPMe; is the only one with a negative AAG* (—4.2 kcal/mol). This is consistent with
the experimental observation that the formation of inactive TpRu(PMeg)(n3-C3H4Me) is
more rapid than ethylene hydrophenylation by TpRu(PMe3)(Ph)(772-C2H4).5 TpRuCO has
a calculated AAG* of 4.4 kcal/mol, which indicates that ethylene insertion is more rapid
than ethylene C—H activation, but since the AAG? is small, the formation of an n*-allyl
could be competitive under some conditions, which is consistent with experimental data.’
In contrast, (bpy)Pt"’ and "DABRh have AAG* values of 11.5 kcal/mol and 8.8
kcal/mol, respectively, which suggests that the pathway for ethylene C—H activation is
likely to be kinetically inaccessible. Experimental evidence supports this hypothesis, as
the formation of an #’-allyl complex is not observed for either catalyst under the
conditions studied. These data highlight an important design feature for catalysts that
convert arenes and olefins to alkyl or vinyl arenes: the rate of olefin insertion into metal—

aryl bonds must be much faster than the rate of olefin C—H activation.

4.7 Looking Forward: Future Outlook and Insights into Catalyst Design
4.7.1 Future Outlook

The research presented herein represents a fundamental advancement in the field of
oxidative arene vinylation, and in particular, styrene production. This work and the
research it has spawned have the potential to result in a revolutionary new industrial

process for styrene production, better synthetic methods for the production of surfactants
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and detergents, and a novel process for naphthalene-based plastics. In the following
section, a few promising projects are discussed as an example of potential future

directions.

4.7.2 Impact of Metal-Carboxylate Functionality

Following the mechanistic studies of Rh-catalyzed styrene production presented in
Chapter 3, one important area of further research is to examine the impact of the metal—
carboxylate functionality on oxidative arene vinylation. For Rh, we now know that the
accessibility of the CMD mechanism for C—H activation lowers the barrier such that
olefin insertion becomes rate-limiting. Given that this change in the rate-limiting step
(compared to Pt and Ru catalysts) allows for the selective formation of linear alkyl and

alkenyl arenes,”>*’

the examination of this trend across other metals would be of great
interest.

To test this hypothesis, a variety of metal complexes with either carboxylates or
alkyl/aryl groups bearing identical ancillary ligand sets could be compared. Propylene
would be an ideal substrate to study, as there are only two potential unsaturated products
(a-methyl styrene and B-methyl styrene) and two potential saturated products (cumene
and n-propyl benzene). A variety of d° metals should be examined, as the inherent
electronics of the metal centers could offset any potential advantage provided by the

carboxylate (Table 4.1). The barriers for both C—H activation and olefin insertion should

be computationally modeled as well to help rationalize trends.
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Table 4.1. Proposed complexes to examine the linear to branched selectivity for the
hydrophenylation of propylene. Group 9 M = Co, Rh, Ir; Group 10 M = Ni, Pd, Pt.
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Preliminary results comparing propylene hydrophenylation using (‘bpy)Pt(OAc), and

[(‘bpy)Pt(Ph)(NCMe)]" show that the carboxylate shifts the linear to branched ratio from

1:3 for the PtPh complex to 1.5:1 for the PtOAc complex, although the acetate complex

produces only a stoichiometric amount of alkyl products (Scheme 4.7). While these

results are preliminary, and should be further investigated, they serve as a proof-of-

concept that for the same metal, the presence of a carboxylate can dramatically shift the

linear to branched selectivity, likely as a result of a lower C—H activation barrier.
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Scheme 4.7. Comparison of hydrophenylation of propylene using [(‘bpy)Pt(Ph)]"

and (‘bpy)Pt(OAc),.
[('opy)Pt(Ph)]* 5 6
O 01 mol %
O 4
15 psig 100 °C

Linear to Branched- 1:3

(opy)Pt(OAC),»
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4.7.3 Development of Air-Stable Rh(I) Catalysts for Styrene Production

One of the largest barriers to commercial implementation of the Rh(I)-catalyzed
styrene production process described in chapter 3 is the aerobic instability of the catalyst.
While many industrial processes are operated under inert atmosphere due to safety
concerns,”’ the logistics of using an extremely air-sensitive catalyst requires anaerobic
handling at all stages of the industrial process, which is impractical. Catalysis that can
operate under aerobic conditions also offers advantages in the practicality of aerobically
regenerating the Cu(Il) oxidant. Reviews of our 2015 paper disclosing styrene production
by leaders in the field highlighted the fact that the ability to aerobically recycle the Cu(II)
oxidant would make the commercial viability for this process high.”!

While Rh(I) complexes are not traditionally air-stable, there are a number of viable
strategies for making Rh(I) complexes that can be stable under some aerobic conditions.

Reports of a (NHC),Rh(I) [NHC = N-heterocyclic carbene] complex that can reversibly
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bind O, without being oxidized to Rh(II) (which is catalytically inactive for arene
vinylation) show that it is possible to use sterics to increase aerobic stability.>

John Gordon, an undergraduate under my supervision in our lab, has been focusing
on synthesizing analogous (NHC),Rh complexes bearing carboxylate substituents. If
these complexes exhibit the same aerobic stability as the published chloride variants, it is
very likely that they will be effective catalysts for oxidative arene vinylation under
aerobic conditions. He has successfully synthesized the complexes (IPr);Rh(Cl)(1*-C,Hy)
[IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene)], (IPr),Rh(OAc)(77*-C,Ha),
(SIMes),Rh(C1)(5*-C,Hy) [SIMes = 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-

2-ylidene], and (SIMes),Rh(OAc)(1>-C,Hy).
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