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DISSERTATION ABSTRACT
Michael R. Hurst
Doctor of Philosophy
Department of Chemistry and Biochemistry
March 2022
Title: The Oxidative Addition of Palladium(0) to Hydro- and Halo- Silanes:
Mechanisms and Applications

The activation of silanes by transition metals is a crucial step in many
transformations, including hydrosilylation, cross-coupling, and carbene insertion.
Palladium is a common metal in catalysis and its activity is usually ascribed to
Pd(0) species. Yet, the fundamental oxidative addition of Pd(0) to silanes has not
been studied systematically or mechanistically. Thus, we undertook studies to
probe the oxidative addition of Pd(0) to Si-H and Si-X bonds, focusing on
elucidating mechanisms and uncovering trends in reactivity that will contribute to
catalytic development and optimization.

Chapter 1 motivates the study of oxidative addition to silanes, including a
discussion of current challenges and potential benefits.

Chapter 2 describes our work on elucidating the mechanism of oxidative
addition of Pd(0) to Si—H. Unique insights into the reaction with tertiary silanes led
to our proposal of a concerted mechanism for oxidative addition. Furthermore,
energy barriers for each step in the proposed mechanism were experimentally
determined to support this hypothesis.

Chapter 3 extends upon work in Chapter 2 to explore the electronic



influence of silane substituents in their reaction with Pd(0). A pronounced
electronic effect is observed to favor silanes with electron-poor groups.

Chapter 4 focuses on understanding the steric influence of silane
substituents in oxidative addition. A side-by-side comparison of reaction energy
barriers with silanes of varied steric hindrance suggests that differences in
reactivity arise primarily from thermodynamic, not kinetic, factors.

Chapter 5 utilizes silyl palladium hydrides as catalysts in alkyne
hydrosilylation, showing good agreement with trends in oxidative addition.
Mechanistic studies suggest a complicated mechanism in which intermediate
equilibria impact the reaction.

Chapter 6 reports on the oxidative addition of Pd(0) into Si—X bonds of
halosilanes (X = ClI, Br, I). Mechanistic proposals and evidence are presented for
the reaction with three distinct Pd(0) complexes to indicate disparate activation
pathways for each.

Chapter 7 details our efforts to use fundamental understanding of oxidative
addition in synthesizing a new class of heterogeneous catalyst. Experimental
methods for the formation of surface silyl palladium hydrides and their role in
catalysis is presented.

This dissertation includes previously published and unpublished coauthored

material.
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1. INTRODUCTION

Si—H and Si—X Activation by Late Transition Metals

Organosilicon compounds are found nearly everywhere in our world, both
inside and outside of the research laboratory. Some common uses for
organosilicon materials are in the creation of consumer goods like polymers
(plastics) and adhesives,'® in medicines as “sila-drugs,”*® and in chemical
processes as valuable reagents.”® An incredible versatility and complexity in
organosilicon chemistry is necessary to achieve such impact on the scale required
to meet modern demands for these products. Yet, the remarkable molecules that
enable these advances in science, technology, and lifestyle begin as all other
molecules do: as exceedingly simple precursors. For organosilicon compounds,
most are ultimately generated from simple chlorosilanes produced by the Miiller-
Rochow “Direct” process.'® This industrial, copper-catalyzed synthesis reacts
elemental silicon with methyl or phenyl chlorides to yield a distribution of
chlorinated silicon products: SiCls, SiClsR, SiCI2R, and SiCIRs which are then
separated by distillation. The fate of these chlorosilanes — ranging anywhere from
organic functional group protection reagents'? to biological enzyme mimics!314
to silicone used as insulation in the International Space Station®® — is determined
by the scope of methods available for further transformation of these bonds.

The conversion of “Direct” process residues to silyl hydrides is carried out
by reduction with metal hydrides,¢-® by Si-Si bond cleavage with HCI,1°2° or by
hydrogenation with Hz in the presence of a catalyst.?!-2* Silyl hydrides, or silanes,
find broad utility in organic synthesis and catalysis. Some of the most prominent
applications for their use is in Fleming-Tamao oxidation to synthesize alcohols, in
dehydrocoupling to form polysiloxane polymers, and in transition metal catalyzed
hydrosilylation and cross coupling reactions.”2>-28 Notably, the efficacy of these
processes is sensitive to the electronic and steric properties of the other groups
attached at silicon, which can complicate the design of a desired organosilicon



For these reasons, transition metal catalysis is perfectly positioned to
overcome these barriers. One trademark of transition metals is their tuneability
with selection of ligands, which can vastly alter the outcome of a reaction or even
change the mechanism. In many cases, transition metal catalysis outperforms
other methods. One example is in hydrosilylation where, despite the high cost of
platinum, industrial-scale hydrosilylations are still conducted with Karstedt's
catalyst (a Pt(0)-alkene complex) or its derivatives (Scheme 1.1).3132 Considering
only its use in the silicone industry, this process comprises ~3% of worldwide
platinum production every year.333* Why? Because the practicality of efficient
platinum catalysis cannot be matched through other means.

Me Me
Sif/\ Sl,O,Sl /\,S! 2
of Pt—"/ |[—Pt Jo
\—si
Karstedt's catalyst Me;

. SiR;
HSIR; + R > L~SRs 4

Rl
Scheme 1.1. Alkene hydrosilylation with Karstedt's catalyst is a cornerstone
reaction in transition metal-catalyzed organosilicon chemistry.

One of the primary factors dictating a metals function in catalysis with
silanes is the nature of its interaction with Si—X (Figure 1.1). In general, the
structure of a metal-silane complex can span a continuum of bonding character,
with the extremes being (a) no interaction of the silane with a metal in n oxidation
state; to (b) complete oxidative addition to give a complex in n+2 oxidation state
with no residual Si—-X bonding. Between these idealized complexes are o-
complexes of the structure M(n?>-H-SiRs) with varying degrees of coordination
strength.25-27

It should be noted that this discussion applies only for oxidative addition
proceeding by a concerted pathway, which is well-established with hydrosilanes
but less certain with polar halosilanes. If the oxidative addition of halosilanes
proceeds instead by an Sn2-like pathway, no intermediates exist and no Si—X
bonding should be present in the product — exemplified in the accessibility of

products with M-Si and M—X bonded in a trans- fashion to one another.
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a.

- X-SiR; X X P
(M) —— ®—| ES .\@/ ; = (M
SiR3 "SiRs

X

SiR,

b.
©

P X-SiRs D x X X
® @ | — @, e
R SiRs SiRs

SiR,

Figure 1.1. (a) concerted and (b) Sn2-like mechanisms of oxidative addition to late
transition metals

In any case, the extent of M—Si/H bonding is usually approximated by Jsi-+
coupling in *H or 2°Si nuclear magnetic resonance (NMR) spectroscopy*>-° or by
determining the distance between Si and X atoms found by single crystal x-ray
diffraction (XRD). In situations where these experimental methods are not
available, density functional theory (DFT) can be used to calculate an expected
transition state geometry or intermediate structure. Because there are not discrete
limits in this continuum of bonding character upon which to base the definition of a
structure, oftentimes the distinction between a “c-complex” or an “oxidative
addition product” is in relation to arbitrary thresholds that have been accepted by
the community.3539

In line with the proclaimed tuneability of late transition metals, the extent of
metal-silane bonding is highly dependent on the choice of metal and silyl X identity
(e.g. halogen or H), the complex ligand coordination sphere, and the silane
substituents.?5-27 With palladium, this interplay has been studied theoretically to
explain why the experimental observation of complexes with Pd—-Si bonds is so
rare despite the prominence of Group 10 congener, platinum, in this area.** The
difference in reactivity between metals was ascribed to relativistic effects but, more
importantly, it was found that the Pd—Si bond strength can be tuned over a range
of 60 kJ/mol (14 kcal/mol) by changing the substituents at silicon alone!** The
extent of this de/stabilization by silane substituents has a direct impact on the
metal-silane interaction during oxidative addition and plays a significant role in
determining the persistence of Si—X bonding character in the product.
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While the topic of silane bonding interactions at metal centers is of interest
to practicing organometallic chemists, and a major focus in this Dissertation
(Chapters 2-4, 6), a more pertinent topic to the average reader is how these

interactions contribute to the reactivity of metal complexes during catalysis.

Metal-Silane Interactions in Catalysis

Commonly, in reports that include reactions of silanes with transition metal
precursors, the identity and bonding character of complexes formed by Si—X
activation are not of explicit primary interest. Rather, much research on the
interaction of silanes with metals is framed instead by the development of effective
catalysts for transformations in organosilicon chemistry. A main motivation for
studying and understanding metal-silane interactions, then, is to leverage that
insight towards the discovery and optimization of useful catalytic applications.

The ability to rationalize the behavior of the metal catalyst enables a
hypothesis-driven approach to reaction development, and aids in preventing
significant time and energy lost to evaluating every variable experimentally.
Additionally, perspective into fundamental interactions at the metal center can
highlight abnormal or exceptional instances of substrate interactions that suggest
an aptitude for a certain outcome, such as a unique intermediate geometry
suggesting the potential for enantioselective induction under appropriate
conditions. Thus, it is no surprise that many examples exist in the literature where
proposed silane-metal interactions have led to powerful retroactive analysis and
prediction.

The hydrosilylation of alkenes is by far the most widespread transition metal
catalyzed reaction of silanes, and therefore serves as a useful focus for the
discussion of metal-silane interactions in catalysis.3%:3? Here, it is necessary to
distinguish between the reactivity of early and late transition metals. Although they
are less often studied in hydrosilylation than late transition metals, early transition
metals find utility as catalysts for this transformation. In most cases, low valent (or
d?) early transition metals are proposed to proceed in hydrosilylation via o-bond
metathesis processes that do not comprise Si—H activation at the metal; rather, the

4



metal complex intermediates of the reaction have either an M-Si or an M—H bond,
and Si—H cleavage occurs with the assistance of R coordinated at the metal (from
alkene substrate) interacting with the other atom of the silane (Figure 1.2).334243
Thus, the metal center undergoes no change in oxidation state throughout the

reaction, necessitated by its lack of d electrons.

Risi7 R - R3Si

Cas 3 oS
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Figure 1.2. Commonly proposed mechanism for alkene hydrosilylation by early
transition metals proceeding through (a) metal hydride or (b) metal silyl
intermediates.
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On the other hand, late transition metals undergo silane activation as
described in the previous section. In the context of hydrosilylation, this Si—H
activation comprises only the first step of the reaction, followed by migratory
insertion of the alkene into the M—H or M-Si bond and reductive elimination to yield
the hydrosilylated product (Figure 1.3).#4-%6 This mechanistic proposal is referred
to as the Chalk-Harrod mechanism of hydrosilylation when insertion occurs to M—
H or the modified Chalk-Harrod mechanism of hydrosilylation when insertion
occurs to M-Si. Importantly, although oxidative addition of Si—H is overwhelmingly
proposed as the first step of the reaction, this is not necessarily the case — many

systems exist in which hydrosilylation occurs from M(n?-H-SiRs).?>-%7
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Figure 1.3. (a) Chalk-Harrod and (b) modified Chalk-Harrod mechanisms for
alkene hydrosilylation by late transition metals.

An exemplary case of this intermediacy of o-complexes is in the
hydrosilylation of allenes by Pd and Ni complexes stabilized by N-heterocyclic
carbene (NHC) ligands by Montgomery and co-workers.*” A main finding in this
study was that divergent regioselectivity could be induced by proper selection of
the metal and ligand. A computational follow-up to this work by Xiong and co-
workers provides insight into the substrate interactions at the metal that contribute
to this unigue reactivity.*® Specifically, DFT indicates that the product of Pd
oxidative addition to Si—H is unstable due to the large trans- effect of a hydride or
silyl group trans- to NHC. As a result, the oxidative addition/migratory insertion
steps of the Chalk-Harrod mechanism occur in a concerted manner to form an
intermediate n3 m-allyl complex that undergoes reductive elimination to release the
product. This concerted step is proposed as the rate-determining and
regioselectivity-determining step to form either the allylsilane or vinylsilane as the
major product.*® Through these means, the extent and energetics of M-Si and M-
H bond formation at the metal center have a profound influence on the outcome of
the reaction. In general, the wide variability in intermediate o-coordination strength
amplifies the importance of silane electronic and steric effects, as these contribute

significantly to the strength of metal-silane interactions.
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Besides informing on catalytic performance, another valuable opportunity
provided by studying Si—H activation is in its analogy to C—H activation.*®>-5* C—H
activation steps such as oxidative addition are observable only in rare
circumstances due to their low reactivity with transition metals; on the other hand,
due to the increased basicity of silicon-hydrogen bonds compared to carbon-
hydrogen bonds, these fundamental reaction steps are more commonly
observable in studies of silanes. Taking advantage of this reactivity difference,
studying Si—H oxidative addition can offer unique insight into the oxidative addition
of C-H bonds, including the possibility to decouple the relative energetics of
coordination and oxidative cleavage. Given the ubiquity of C—H bonds in chemistry,
and the concentrated effort dedicated to their controlled functionalization, this
ability to gain meaningful insight on C—H activation via the study of Si—H activation
is certainly cause for attention.

So far, the discussion of Si—X activation at metal centers has focused on
the generation of intermediate complexes during catalysis — a concept applied to
the hydrosilylation of alkynes detailed in Chapter 5 of this Dissertation. However,
in cases where the discrete silyl metal hydrides formed by oxidative addition can
be observed or isolated, their utility is not limited to acting as fleeting intermediates.

Surface Organometallic Chemistry

The metal complexes discussed to this point have all been examples of
homogeneous catalysts — during a reaction, they are present in the same phase
(usually in solution) as the substrates. This allows for their ready observation by
accessible spectroscopic methods like solution NMR and, importantly, their
tendency to take on well-defined structures before, during, and after catalysis.
Together, these factors enable effective control and optimization of their reactivity,
but homogeneous catalysts also suffer from drawbacks; namely, they are
commonly less stable to harsh reaction conditions than their heterogeneous
counterparts and they are poorly recyclable.

Heterogeneous catalysts, on the other hand, offer complementary benefits

and disadvantages: they are known to be stable at relatively high temperatures
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and pressures and, in an ideal case, they can be efficiently recycled by simple
filtration from the reaction mixture. However, heterogeneous catalysis has
traditionally not been amenable to in-depth mechanistic study, which has
precluded its optimization to the same level as homogeneous catalysis.>?=>* The
challenges involved in studying heterogeneous catalysts generally center around
their imprecise structure, as common synthetic routes lead to the potential
generation of a variety of metal sites on the surface (Figure 1.4a) — any (or none)
of which could be catalytically active. To investigate the mechanism of a material
such as this, a significant hurdle exists simply in identifying the surface species
responsible for catalyzing the transformation. Tuning the activity, then, is likewise
greatly complicated by potential side reactivity at undesired metal sites.

Yet, heterogeneous catalysts are ubiquitous in industry due to their
practicality, with some estimates ascribing their use in 90% of all chemical
processes.>3 This seems contrary to their poor definition and potential for imprecise
reaction outcomes, but decades of reaction development have negated many of
the drawbacks faced by heterogeneous catalysts. The problem is, then, that to
diversify the industrial processes that require these materials, researchers must
invest massive time, money, and effort to “re-invent the wheel” with scarce
structural or mechanistic insight. Therefore, there is great impetus to develop
heterogeneous catalysts that meet the benefits of homogeneous catalysis —
specifically, allowing for the formation of well-defined and tunable species in a
controllable way.

Surface organometallic chemistry (SOMC) is one way to achieve this rigor
in catalyst design.>>" Using knowledge of organometallic chemistry at a
molecular level, SOMC involves the grafting of transition metal complexes onto
metal oxide surfaces such as silica, SiO2. A crucial aspect of SOMC is the precise
treatment of support materials prior to grafting. In the case of silica, this usually
involves heating to 700 °C under dry air or strong vacuum to dehydroxylate the
surface.>® This removes a large portion of the surface silanols from silica and
leaves behind a low concentration of almost exclusively “isolated” silanols. These

silanols can then be treated as a standard organometallic ligand, exhibiting
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Figure 1.4 (a) grafting of a metal complex to the surface of untreated silica. (b)
grafting of a metal complex to the surface of SiO2-700.

predictable reactivity to graft metal precursors to the surface via an Si—-O-M
linkage (Figure 1.4b).

The use of SOMC to synthesize heterogeneous catalysts from early
transition metals (ETMs) has been highly successful due to their oxophilicity.5>-57
However, the application of late transition metals (LTMs) in this method has not
been successful because the formed Si—O-LTM bond is weak and easily
cleaved.®® This leads to the degradation of catalysts in situ, forming undesired
clusters and terminating catalytic activity. Yet, late transition metals are
indispensable for the success of many types of catalytic transformations.
Therefore, novel methods are needed to support LTMs to the surface of metal

oxides.



Although our investigations to this point have focused heavily on the
oxidative addition of Pd(0) to silanes in solution (Figure 1.5a),5%¢* the scope of our
interest in this reaction expands beyond molecular studies. Indeed, the basis of
our initial interest in this reaction was not in identifying homogeneous catalytic
intermediates or uncovering the mechanism of oxidative addition. Rather, we set
out study this reaction with the intention to demonstrate proof of concept for the
oxidative addition of Pd(0) to Si—H bonds on the surface of silica. Ultimately, the
work described in Chapter 7 covers our efforts to synthesize a unique class of
heterogeneous catalysts: metal hydrides supported to the surface of silica (or other
metal oxides) through an Si-M—H linkage.

a.
P H-SiR;3 p H
(Pd —_— L\PE[
SiRs
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Figure 1.5. (a) generalized example of Pd(0) oxidative addition to a molecular
silane. (b) proposed strategy to oxidatively add Pd(0) to silanes on the surface of
silica.

In summary, this Dissertation contains our work on understanding the
mechanism of Pd(0) oxidative addition to Si—-H (Chapter 2) and the role of silane
electronics (Chapter 3) and silane steric bulk (Chapter 4) in the reaction. From
these findings, we developed a catalytic system for the hydrosilylation of alkynes
(Chapter 5). Further, we explored the oxidative addition of Pd(0) to the Si—X bonds
of halosilanes (Chapter 6). Finally, the insight gained from this previous work was
applied to synthesize silyl palladium hydrides on the surface of silica and to show
their preliminary performance in catalysis (Chapter 7). Descriptions of Materials

and Methods utilized throughout this Dissertation are provided in the Appendix.
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Statement on Previously Published/Co-authored Materials

The research discussed throughout this Dissertation was primarily
conducted by me under the supervision of Dr. Amanda Cook. The work described
in Chapters 2, 3, and 4 has been published in professional journals with me as the
first author (references below). In the projects described therein, Lev N. Zakharov
provided characterization of a complex by single crystal x-ray diffraction, and
Amanda G. Davis synthesized substrates and conducted oxidative addition
experiments under my supervision.

The work described in Chapter 5 was conducted by me and by Lucas
Thigpen under my supervision. The work described in Chapter 7 was conducted
by me, with characterization data collected by Dr. Shiva Moaven (solid-state
nuclear magnetic resonance) and Tawney Knecht (x-ray photoelectron
spectroscopy). All of the writing in this Dissertation is mine, with significant
assistance from Dr. Amanda Cook to the text of Chapters 2-4 prior to publication

in professional journals.

Chapters 2 and 3

Hurst, M.R., Zakharov, L.N., Cook, A.K. “The Mechanism of Oxidative Addition of
Pd(0) to Si-H Bonds: Electronic Effects, Reaction Mechanism, and
Hydrosilylation.” Chem. Sci. 2021, 12, 13045-13060.

Chapter 4
Hurst, M.R., Davis, A.G., Cook, A.K. “The Influence of Silane Steric Bulk on the

Formation and Dynamic Behavior of Silyl Palladium Hydrides.” Organometallics
2022 (accepted).
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2. MECHANISM OF THE OXIDATIVE ADDITION OF PALLADIUM(0) TO
HYDROSILANES
From Hurst, M.R., Zakharov, L.N., Cook, A.K. “The Mechanism of Oxidative
Addition of Pd(0) to Si—-H Bonds: Electronic Effects, Reaction Mechanism, and
Hydrosilylation.” Chem. Sci. 2021, 12, 13045-13060.

Introduction

Palladium hydrides are a unique class of organometallic compounds??
which are invoked as key intermediates in a variety of catalytic reactions, including
the  Mizoroki-Heck  reaction,>® alcohol and alkene oxidation,68
nucleocarbonylation reactions, hydrofunctionalization reactions,®
(co)polymerization reactions,'®'! and alkene and alkyne (cyclo)isomerization
reactions.’>1* However, despite that these species are often proposed as
intermediates, the direct observation or isolation of complexes containing a formal
Pd—H bond is uncommon, and fundamental study of their behaviour has largely
been precluded.>?13

Organosilicon compounds are broadly significant, since they are used as
monomers to synthesize polysiloxanes (silicones),*>16 and they have also recently
gained attention for their use as biocompatible yet non-natural carbon isosteres?’
in the synthesis of bioactive molecules.’®2° Transition metal-catalysed
hydrosilylation of alkenes and alkynes is the primary method for synthesizing
organosilanes,?=?®> with most development and mechanistic work focusing
primarily on Pt catalysts.??226 On the other hand, Pd catalysts show
complementary and modular regioselectivity??2728 and are more useful in
enantioselective hydrosilylation.2%-32

A key step in the mechanism of transition metal-catalysed hydrosilylation is
the oxidative addition of the metal to the Si—-H bond.?172426:33-35 \While this
fundamental step of organometallic chemistry, to form (silyl)M(H) complexes, has
been well-studied for Pt,%6-4° it is much less understood for Pd. In addition to
hydrosilylation (Figure 2.1b), the oxidative addition of Pd to Si—H bonds (Figure
2.1a) is also a vital step of carbene insertion reactions (Figure 2.1c),%52 C-Si

cross-coupling reactions (Figure 2.1d),%® and hydrodehalogenation reactions
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(Figure 2.1e),°*°° amongst others.%%-55 Because of the importance of this step of
many catalytic reactions, we sought to determine the mechanism of Si—H oxidative
addition to Pd(0).

Despite being implicated as catalytic intermediates for more than half of a
century, it was not until the early 2000’s that the Fink group reported the isolation
of the first (silyl)Pd(H) complex.®®67 Since this seminal work, Ishii®® and [luc®%7°
have both also published related work. However, while some characteristics of the
(sily)Pd(H) compounds were investigated, the overall reaction mechanism
remains unsupported with experimental evidence. The Si—H bond is relatively non-
polar, and consequently, the mechanism of the reaction likely proceeds through a
concerted pathway.33-3> Experimental evidence to support this hypothesis is
needed, including the identification of the precise rate-limiting step.

Elucidation of the details of the reaction mechanism is also relevant in the
context of the oxidative addition of C—H bonds, since Si—H bonds often react
analogously; although, Si—H bonds are more basic and therefore more reactive

with transition metals. Taking advantage of this

) R Q0
hydrosilylation” /\S' “Q
N, R B
v (©) ?
LnPdo (a) L Pd/ R)l\ »O”'S"\O
n " " |
+ — Nsi D | carbene insertion )\
; o R
<Siy, O c Q
Q é o catalytically | _(d) Csp2—X - Si“\O
relevant C-Si
intermediate) cross-coupling Cep2
\ (6) Cspr—X OCPO
hydro- S.'
dehalogenation X

Figure 2.1. a) Oxidative addition to form silyl palladium hydride species implicated
in catalysis such as (b) hydrosilylation, (c) carbene insertion, (d) C-Si cross-
coupling, and (e) hydrodehalogenation reactions.

reactivity difference, studying Si—H oxidative addition can offer unique insight into
the oxidative addition of C—H bonds. One important challenge in studying the
mechanism of oxidative addition of non-polar bonds is decoupling the individual
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steps of the oxidative addition process, which is composed of coordination and
oxidative cleavage steps (Figure 2.2). Examining Si—H oxidative addition reactions

offers a chance to address that challenge. Ground-breaking work by Jones’* and
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Figure 2.2. Mechanistic relationship between of oxidative addition of Si-H and
reductive elimination of C—H bonds.

Parkin’? has investigated the reverse of oxidative addition: reductive elimination of
C—H bonds using KIEs and EIEs as tools to decouple the reductive cleavage and
dissociation steps.

Described in this Chapter is our investigation into the mechanism of the
oxidative addition of [(u-dcpe)Pd]2 (1) to tertiary silanes. Using a variety of
mechanistic tools — ranging from van’t Hoff and Eyring analyses to rate and order
studies — we discuss the overall reaction mechanism, identity the rate determining
step of oxidative addition, and calculate ground state and transition state energies
along the pathway. Importantly, this work sets the foundation for detailed
investigation of silane electronic and steric effects in oxidative addition, and the
application of this fundamental knowledge towards catalysis.

Results and Discussion

Initial reactivity studies of [(u-dcpe)Pd]2 (1) with silanes

We began by investigating the reactivity of a small library of tertiary silanes
2-5 with [(u-dcpe)Pd]2 (1) by H and 3P NMR (Figure 2.3). These reactions
proceed cleanly and only the reactants and the product are observed by NMR. In
the H spectrum, the peak corresponding to silane Si—H (4—6 ppm) is consumed
during the reaction, along with concomitant appearance of a new resonance below

0 ppm, which corresponds to the newly formed Pd—-H in 6-9. The formation of the
14



Cy, Cy, Cyz .
P~pg—P '}' NI SR, =
v j SN F—— HSIEt; (2)
p R'1'R  CgDg p” NginR HSiPhMe, (3)
p—Pd-p R’ 4 i
Cy, Cy, rt. Cy2 R:\R' HSiPh; (4)
™) (2-5) (6-9) HSIi(OEt); (5)
Cyz ; Cyz ’
Cy, [ N\ s E \Pd, Cy,
H \ \ H
[ \Pd/ E/ Si|\\|\/|e E/ S WPh [ \_ s
P/ \Si'\‘\Et sz(S@ Y2 Ph P/ \S_i'\“OEt
Cyz et CEt CYZEté OEt
(6) 0] (8) (9)
<2% 42% 100% 91%

Figure 2.3. Scope of silane reactivity in oxidative addition with [(u-dcpe)Pd]2 (1).

Pd—H moiety is also supported by a new band in the IR spectrum (1838 to 1881
cm?), which corresponds to the Pd—H stretch. The *H NMR signal shows an
apparent doublet or triplet at room temperature (see Dynamic Exchange Behavior
below). The chemical shift and coupling patterns of the hydride and phosphorus
signals align well with related Pd and Pt hydrides stabilized by bidentate phosphine
ligands.39.66-68

To embark upon mechanistic studies, we first sought to determine if this
oxidative addition reaction is reversible or irreversible. 1 and 3 were reacted in an
NMR tube at 298 K and allowed to reach equilibrium (Figure 2.4). The reaction
was then cooled to 253 K, and the conversion of 7 was measured to be to 88%.
Warming the reaction to 293 K and then 333 K resulted in concomitant decreases
in conversion to 7 (44% and 17%, respectively). Subsequent cooling back to 298
K resulted in a conversion of 41%, which is consistent with the data in Figure 2.3.
Because the conversion is consistently ~42% at ambient temperature independent
of whether the reaction had previously been heated or cooled, we deemed this
reaction to be reversible.

To deconvolute the enthalpic and entropic contributions to the ground state
energies of oxidative addition (AG°oa), the equilibrium constants as a function of
temperature were measured. van’'t Hoff analysis was carried out (Figure 2.5) for

the reaction of 1 with 3 or 4. The AS°oa value is large and negative for both silanes,
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Figure 2.4. Conversion values to 7 as a function of temperature and data collection
order.

reflecting the loss of entropy in this reaction between three reactants to form two
products. AH%a in both reactions is negative, though the reaction with 2 is
enthalpically less favorable than that with 3. Together, these energetic parameters
can be used to calculate AG®oa; at 233 K, the reaction of 1 with 4 to form complex
8 is nearly 10 kcal/mol more favorable than the reaction with 3, though both are
ultimately exergonic.

Next, we sought to determine the effect of deuterium substitution in the
silane. The equilibrium constants for the reactions of protio-silane 3 and deutero-
silane 3-di1 were determined independently (Figure 6). The equilibrium isotope
effect (EIE) was determined to be 3.7 £ 0.2 at 298 K. The room temperature IR
stretching frequencies for the Si—-H and Si-D bonds in 3 and 3-d: are 2116 cm™
and 1539 cm?, respectively. The EIE measured for this reaction is consistent with
the fact that deuterium prefers to form the stronger bond;”?="4 i.e., Keqo) is lower
than KeqH) because the difference in energy between the Si—-D and Pd-D bonds is

larger than the difference in energy between the Si—-H and Pd—H bonds.
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Reaction kinetics
Having examined the ground state, we next turned our attention to understanding
the kinetics and reaction mechanism. In probing the mechanism, three possible

pathways for oxidative addition were considered: concerted, stepwise, or radical.
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Figure 2.5. van’t Hoff analyses of the reaction equilibrium with silanes 3-4 and 1.
Conditions: 1.00 equiv of 1, 2.05 equiv of 3 or 4, 13.33 mM in C7Ds, 253-333 K.
AH*oa and AG*oa are reported in kcalsmol~ and AS*oa is reported in calmol-teK-1

A concerted pathway was deemed most reasonable as Si—H bonds are non-polar
and have been shown to proceed via concerted pathways in related systems. We
ruled out the stepwise pathway on the basis of relative acidities of Pd—H (pKa =
24)75 and Si—H (pKa = 35)’® bonds. Additionally, no by-products were observed
that would result from a radical pathway (Si—Si bond coupling, Hz, etc.), so we
shifted our attention from that pathway as well.

In line with a concerted pathway, the proposed mechanism for oxidative
addition is seen in Figure 2.7. Step i is dissociation of dimer 1 into monomers 10

in solution.”” The 14-electron complex 10 can then react with silane in step ii to
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Figure 2.6. Conversion, Keq, and EIE values for conversion to 7 and 7-d1 as a
function of temperature.

form o-complex 11, which then undergoes oxidative cleavage of the Si—H bond to
form the product in step iii. These steps were taken as the basis for determination
of the rate determining step (RDS) of the reaction.

If step i is rate-determining, then the rate law will show 0.5 order in 1, 0"
order in silane, and there will be no effect of deuterium substitution in the silane on
the rate of the reaction (KIE = 1 (KIE, kinetic isotope effect)). If step ii or step iii is
the RDS, then the reaction will be 0.5" order in 1 and 15t order in silane, and a
normal, primary KIE is predicted. We expect that a small KIE would point toward
step ii being the RDS, since the Si—H bond is only weakened in the transition state
(12 - 13). A large, primary KIE would point toward step iii being the RDS, since it
is during that step that the Si—H bond is cleaved.

If step i is rate-determining, then the rate law will show 0.5 order in 1, O™
order in silane, and there will be no effect of deuterium substitution in the silane on
the rate of the reaction (KIE = 1 (KIE, kinetic isotope effect)). If step ii or step iii is
the RDS, then the reaction will be 0.5" order in 1 and 1%t order in silane, and a
normal, primary KIE is predicted. We expect that a small KIE would point toward
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Figure 2.7. Proposed mechanism for the oxidative addition of silanes to 1.

step ii being the RDS, since the Si—H bond is only weakened in the transition state
(12 - 13). A large, primary KIE would point toward step iii being the RDS, since it
is during that step that the Si—H bond is cleaved.

Initial attempts to collect kinetic data by monitoring the reaction of 1 with 3
by NMR proved unsuccessful, since the reaction was complete within a minute at
room temperature. We thus set out to determine conditions that are amenable to
reaction monitoring by NMR; however, even at low reagent concentrations (1.67
mM 1, 3.42 mM 3) and low temperature (233 K), the formation of 8 was too rapid
to obtain reliable kinetic data. In line with our findings on reaction equilibria, we
reasoned that HSiPhMe2 2 may also react more slowly in oxidative addition, yet
still would have the advantage of being electronically modular. Indeed, the gradual
formation of a silyl palladium hydride 7 is observable via **P{*H} and 'H NMR at
233 K.

As detailed above (Figure 2.7), the rate law distinguishes between step i
and steps ii or iii being the RDS; therefore, we first embarked on measuring the
orders in the reactants. We utilized the method of initial rates to ensure that the
rate of the backward reaction (from 7 to 1 and 2) is negligible. Data was collected
on samples of varied concentrations of 1 (1.67-13.3 mM) or 2 (3.42-27.3 mM)
while the concentration of the unexamined reagent was kept constant. The
observed rate of each reaction was then plotted against initial reagent

concentration to determine the reaction order.

19



Cy2 Cy» |_ Y2
|

"F’d"" [P\I’j/

e (
1!2 ? — Vie
) @ o P i

p-Pd—p

Cy2 Cy2

(1.67- 13 33 mM) (13_7 mM)

0.008
]y=a*xP [11 (mM) A[7VAt (mM/s)
1a=0.0010 +0.0002

%, 0.006 . _ 0’57 +0.09 1.67 0.0046 + 0.0001

z 1R2= 09956 3.33 0.0027 + 0.0001

— 0.004 ] 6.67 0.0024 + 0.0001

g ] 13.3 0.00127 + 0.00006

< 0.002

o000 }%+b ¢ 7 v 7+ ¢+
0 5 10 15
[1] (mM)

Figure 2.8. Plot of initial rate versus [1]. Kinetics data was collected in C7Ds as the
solvent at 233 K. Product concentration was determined by 3P NMR integration
against an internal standard.

As shown in Figure 2.8, the reaction was determined to be 0.5 order (0.57
+ 0.09) in dimer 1. This result is consistent with any of the three steps in the
mechanism of Figure 2.7 being the RDS, and supports the hypothesis that the
dimer 1 dissociates into two [(dcpe)Pd] fragments (10) prior to or during the RDS.
We next determined the order in silane (Figure 2.9). A plot of the initial rate versus
the concentration of 2 shows that the reaction is 15t order (0.9 £+ 0.1) in silane. This
suggests the silane is involved in or before the RDS, and thus dimer dissociation
(step i) of the mechanism in Figure 2.7 can be ruled out as the RDS.

With these data, the simplified rate law of the reaction can be written
(equation 1), showing an overall 1.5 order reaction.

Rate = kops[1]%°[2] 1)
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Figure 2.9. Plot of initial rate versus [2]. Kinetics data was collected in C7Ds at 233
K. Product concentration was determined by 3!P{*H} NMR integration against an
internal standard.

To help differentiate between these two steps being the RDS, the KIE of the
reaction was determined. The initial rate of reaction for DSiPhMe2 (3-d1) was
measured, and it was found to react more slowly than 3, with a KIE of 1.21 + 0.04
(Figure 2.10). The maximum primary KIE possible for Si—H/Si—D without invoking
tunnelling is ~4. Therefore, a KIE of 1.21 is large enough to be considered a
primary isotope effect, but the magnitude is small and challenging to interpret.
Either step ii is the RDS, in which a smaller magnitude KIE is rationalized by the
Si—H bond not being formally broken in the transition state; or step iii is the RDS,
in which a very early transition state (which is expected due to the high energy of
the o-complex) would lead to a lower magnitude KIE. Notably, the KIE reported
here is consistent with those of other oxidative addition studies and catalytic

reactions involving Si-H and C—H bond cleavage.’

21



CY? .
Cy, Cys
P“'F’d"'P \ g

1 ;2 W W / N ‘I.ul’vle
—Pd~ C?Da CW =
Eyz Eyz 233K Me

(1) (7)
{ KIE;33% = 1.21 £0.05 |

I(Ey:z SYz D
~pd- Pd
”2 '“Me o’ \S wMe
|).—Pd-..|) C?Ds CVzh
4] (2-dq) (7-dq)
16

1.4 ] y=0.0027x
1 R2=0.9868
1.2 1 D
< 1.0 ]
£08 1
=06 ] L)
0a] .88
1 A y =0.0022x
0.2 1 %@ R2=0.9878
0o & —
0 200 400 600

Time (s)

Figure 2.10. Plot of [7] or [7-d1] versus time. Kinetics data was collected in C7Ds
(13.33 mM) as the solvent at 233 K after thawing the sample from liquid nitrogen.
Product concentration was determined by 3P NMR integration; 1.00 equiv of 1 and
2.05 equiv of 2 or 2-d1 were used.

We next sought to measure the barrier (AG*oa) for the overall reaction by
performing an Eyring analysis. The rate of reaction was measured as a function of
temperature, and the results are seen in Figure 2.11. AH¥oa and AS*oa are
obtained from the equation of the fit of the data, and as a result, AG*oa at a given
temperature can be calculated. From the data in Figure 2.11, AH¥oa was
determined to be 6.0 + 0.3 kcal*mol, AS*oa was determined to be -40 + 20 cal*mol
LK1, and therefore AG¥oa at 233 K was calculated to be 16.3 + 0.3 kcalsmol. This
large, negative value for AS*oa supports the proposed mechanism in Figure 2.7.
The transition state of the RDS is highly ordered relative to the ground state,

consistent with step ii or iii being the RDS.
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Figure 2.11. Eyring plot constructed from variable temperature kinetics data in
C7Ds (13.33 mM). Product concentration was determined by 3P NMR integration;
1.00 equiv of 1 and 2.05 equiv of 2 was used. 2AG*pe determined at 233 K.

Dynamic exchange behavior

One interesting feature of these silyl metal hydride complexes is their
fluxional behaviour in solution.33-3579.80 \We recognized that investigating this
dynamic exchange (DE) behaviour would provide insight into the overall reaction
mechanism of oxidative addition because it offers a unique chance to probe the
oxidative cleavage and reductive coupling steps (ks and k-3, respectively, in Figure
2.7) independent of the overall oxidative addition process. Accordingly, solution *H
and 3'P{*H} NMR spectra of product 7 were recorded at multiple temperatures
(Figure 2.12). At very low temperatures, the 3'P{*H} NMR spectrum shows two
singlets (6 58.4 and 57.4 ppm at 183 K) which undergo coalescence at 213 K,
eventually forming a sharp singlet (6 56.4 ppm at 273 K) (Figure 2.12a). Similar
behaviour is seen for the Pd—H peak in the 'H NMR spectra at low temperatures;
a doublet of doublets (5 -1.39 ppm, 2Jp—Hrans) = 192.6 Hz, 2Jp-H(is) = 7.9 Hz at 183

K) proceeds through coalescence at 213 K to eventually form an apparent triplet,
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centering at -1.71 ppm, ?Jp—n = 75.4 Hz at 273 K) (Figure 2.12b). Line broadening
analysis®82 allows for the calculation of the barriers for this dynamic exchange
(DE) process. AH¥pg, AS*pe, and AG*¥pe at 233 K were determined to be 7.7 + 0.4
kcal'mol%, -10.7 £ 0.5 cal*mol 1K, and 10.2 + 0.4 kcal*mol?, respectively.

In analogy to reported complexes and their dynamic exchange
behavior,*¢:66-68 e propose a mechanism in Scheme 1 that accounts for these
NMR spectra. 7 and 7’ are proposed to interconvert via the o-complexes 11 and
11’, which themselves interconvert by rotation around the Pd—(n2-H-SiMe2Ph)
bond (ks and k-4). Conversion of 7 into 11 and 7’ into 11’ are reductive coupling
steps (k-3), the microscopic reverse of oxidative cleavage (ks).

At elevated temperatures, exchange is rapid on the NMR timescale, and the
Pd-H signal in the 'H NMR appears as a triplet due to coupling to both P nuclei,
and the coupling constant is an average of the trans and the cis 2Jp-+1 values. This
interpretation is supported by the 3!P{*H} NMR data, which shows a singlet at
elevated temperatures. Upon cooling, the Pd-H signal (*H NMR) undergoes
coalescence and gradually resolves into a doublet of doublets at sufficiently low
temperatures. The splitting pattern is accounted for by the inequivalency of the P
nuclei; at low temperature in the 3'P{'H} NMR, two distinct phosphorous
environments are observed, as exchange is sufficiently slowed and both P nuclei
environments (P and P’ in Scheme 1) are discrete. The tuneability of this process
from slow-exchange to fast-exchange over an accessible temperature range
indicates a relatively small energy barrier for conversion between species, and is
consistent with the measured barrier of 10.2 £ 0.4 kcalsmol* at 233 K.

Important for the overall oxidative addition reaction (formation of 7 from 1
and 2), the RDS of this dynamic exchange process is either the barrier for reductive
coupling/oxidative cleavage (k-3/ks) or the barrier for rotation (ka/k-4). Therefore, the
oxidative cleavage step (ks) must be equal to or less than 10.2 + 0.4 kcal*mol* at
233 K.

24



S 2

N s Me

Pd Cyy =
@it v

p g Me —_— EP\ /Si e

Cv2y,8 C7Dsg LN
183-313 K P° H
(7) Cyz (1)

(a) *'P{'H} | : (b)'H v 273K
— ) D o— — s Neamped e

\

L 233 K

: . 213 K
—_— _A J
N A A 'K
A N P A 183 K
T v T T T - S S e — T
59 58 57 56 ¢ 12 14 16 -18
(kcal'mol-')  (cal'mol-'sK') (kcal*mol-1)2
7.7=04 -10.7=0.5 10.2=04

Figure 2.12. (a) 3'P{*H} NMR and (b) *H NMR spectra as a function of temperature
with the measured barriers for dynamic exchange (DE). Spectra collected in C7Ds
(13.33 mM). 2AG*pe determined at 233 K.

reductive
Cy, coupling Cy;
PO H K 3 P H
E pd_ —— /Pd—l
P Si‘\“Me ks P’ Sl
C¥2 | 2 ¥pn  oxidative IV \Ph
7 cleavage (11)
K_4 k4 rotation
oxidative
Ph
Csz%/Ph cleakvage Cyzl\/le:- ’-
R Slige <2 PR §e
/Pd\ _k' E Pd—l
P” H -3 P” H
Cy, reductive Cy,
) coupling (117

Scheme 2.1 Proposed mechanism for the intramolecular dynamic exchange of
—H and -SiMe2Ph environments

25



Constructing a reaction coordinate diagram

Taking our findings from equilibrium and kinetic studies, we have
constructed a complete mechanistic picture for the oxidative addition of silanes to
1. With the bulk of the data obtained using dimethylphenyl silane 2, we focus on
those results in the discussion below (Figure 2.13), but we expect the general
trends to be analogous for the other silanes studied in this work.

AG®oa was determined in the course of studying the reaction equilibrium.
Keq for the reaction between 2 and 1 at 233 K was determined to be 125,
corresponding to AG%a = -6 + 1 kcalsmol* (Figure 2.13). Thus, the silyl palladium
hydride 7 is lower in energy by 6 kcalsmol* than the starting materials 1 and 2.

The reaction was found to be 15 order in silane 2 (Figure 2.9) and 0.5 order
in palladium dimer 1 (Figure 2.8). Because there is a dependence on the silane on
the rate of reaction, dimer dissociation (1 - 10) is ruled out as the RDS. Therefore,
either formation of the o-complex 11 or oxidative cleavage of the Si—-H bond must
be the RDS, since both would account for the observed orders in reactants. Based
on the small, but primary KIE of 1.21 + 0.04 (Figure 2.10), we hypothesized that
formation of the o-complex 11 is the RDS, since cleavage of the Si—H bond is

expected to result in a larger KIE value. However, this is not definitive evidence.

.........................

Energiesreported
In (kcalemol™)

.........................

A f
c—complex formation ‘

oxidative cleavage

dimer
dissociation

Energy (kcalemol~")

8a’ 8a

Figure 2.13. Reaction coordinate diagram with experimentally determined free
energy values at 233 K. OA, oxidative addition. DE, dynamic exchange..
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The reaction barrier for the full oxidative addition process (1 + 2 - 7) was
determined to be 16.3 + 0.3 kcal*mol™* by an Eyring analysis (Figure 2.11). By
linewidth analysis of the 3'P{*H} NMR spectra of product 7, we determined that the
barrier for the dynamic exchange process between 7 and 7’ via 11/11’ is 10.2
0.4 kcalsmol? (Figure 2.12). Because no significant KIE was observed for the
dynamic exchange process, we concluded that the RDS of dynamic exchange is
likely rotation. Therefore, the maximum barrier of reductive coupling (the
microscopic reverse of oxidative cleavage, or 7 - 11) is equal to or lower than 10
kcalsmol . If oxidative cleavage (11 - 7) was the RDS, then the maximum overall
reaction barrier for oxidative addition would be the sum of AG%oa (-6 £ 1 kcal*mol-
1) and AG*pe (10.2 £ 0.4 kcal*mol?t). This sum (4 kcalemol?) is much less than the
measured free energy barrier for oxidative addition (16.3 + 0.3 kcalsmol?).
Therefore, formation of the o-complex (step ii in Figure 2.7) is deduced to be the
RDS. Because of the importance in oxidative addition reactions in catalysis, we
expect this finding to affect the design of silanes and catalysts for many catalytic

reactions.

Conclusion

In this work, we have elucidated the mechanism of oxidative addition of
Pd(0) to Si—H bonds. We examined the reaction of 1 with a small library of tertiary
silanes 2-5 to yield well-defined, mononuclear silyl palladium hydrides 6-9. The
formed silyl palladium hydrides exist in a dynamic equilibrium with 1 that is fully
reversible with regard to temperature. This reversibility was exploited to conduct a
van’t Hoff analysis, from which we determined the ground state energy barrier to
oxidative addition. Future study will investigate the impact of silane substituents
with varied electronic and steric properties.

Further, this system is well-suited to answer long-standing questions in the
oxidative addition of palladium to hydrosilanes via mechanism elucidation. The
reaction is 0.5" order in starting dimer 1 and 15t order in silane 2. The reaction
barrier was determined to be 16.3 kcal*mol~ using Eyring analysis. This energy
far exceeds the barrier of oxidative cleavage of the Si-H bond, (determined to be
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equal to or less than 10 kcal*mol™?). In conjunction with a small, primary KIE, we
conclude that the RDS of oxidative addition is the formation of the o-complex, not
Si—H bond cleavage. This insight will allow for the rational optimization of new
catalysts and reaction partners for hydrosilylation, supporting the importance of in-

depth mechanistic studies in catalysis.

Perspective and Outlook

The oxidative addition of Pd to Si—H bonds is a crucial step in a variety of
catalytic applications, yet many aspects of this reaction are poorly understood. One
important yet underexplored aspect is the mechanism of reaction. In this Chapter
we have described a systematic investigation of the formation of silyl palladium
hydride complexes through the oxidative addition of 1 to tertiary silanes. Our
results give unique insight into the individual steps of oxidative addition and
suggest the initial formation of a o-complex intermediate to be rate-limiting. The
insight gained from these mechanistic studies will be applied to studying
hydrosilylation reactions catalyzed by 1, motivating the importance of studying the
mechanism of individual reaction steps within multistep catalytic transformations.
Importantly, this work lays the foundation for the mechanistically driven

development of new catalysts and new transformations in organosilicon chemistry.
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3. SILANE ELECTRONIC EFFECTS IN THE OXIDATIVE ADDITION OF
PALLADIUM(0) TO HYDROSILANES
From Hurst, M.R., Zakharov, L.N., Cook, A.K. “The Mechanism of Oxidative
Addition of Pd(0) to Si—H Bonds: Electronic Effects, Reaction Mechanism, and
Hydrosilylation.” Chem. Sci. 2021, 12, 13045-13060.

Introduction

Palladium hydrides are a unique class of organometallic compounds,
commonly proposed as intermediates in various Pd-catalyzed transformations.'2
One interesting class of molecular palladium hydrides are silyl palladium hydrides,
which are formed from the oxidative addition of Pd(0) to the Si—H bond of a silane.3-
5 Silyl palladium hydrides are implicated as active species or important
intermediates in reactions such as carbene insertion to triorganosilanes,®2 cross-
coupling of C(sp3)-Si bonds,®1° hydodehalogenation of organic halides;'¢ yet,
direct observation or isolation of these species is uncommon and thus their study
in experimental work is limited.~>17

Perhaps the most prominent reaction that relies on the formation of silyl
metal hydrides is alkene and alkyne hydrosilylation.'8-23 Hydrosilylation is the main
route to synthesizing important organosilicon compounds that go on to be used in
polymers,?42’ medicines,?®-3! and fine chemicals, among other applications.3?
Given this broad importance, much study has gone into optimizing this reaction
with traditional platinum catalysts.?°:33-35 Palladium-catalyzed hydrosilylation offers
powerful and complementary reactivity to these systems and is likewise proposed
to proceed through silyl metal hydride intermediates.?%-36-41

A key limitation that unifies late transition metal-catalyzed hydrosilylation
and other reactions of silanes is the dependence on silane identity; most reactions
are heavily dependent on the number of substituents (primary vs. secondary
silanes, etc.) on silicon, and most protocols do not investigate the electronic and/or
steric effects of the silane substituents.

Furthermore, in the limited reports on observable silyl palladium
hydrides,*>6 the effect of silane substituent has not been systematically explored.
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In these previous studies, the silane substituents were restricted to alkyl and
phenyl groups (Figure 3.1), yet trends found computationally suggest that
inductive electronic effects of silane substituents dictate reactivity.*’*® Given the
importance of electronic and steric diversity in substrates for catalysis, this dearth
of experimental support is detrimental to efforts in developing and optimizing
catalytic processes; a more thorough investigation into how silane substituents

affect the reaction with Pd(0) complexes is needed.

H

7
! L.Pd .
LPd° + S — N WD his Work:
" QL0 Si electronically
Q b diverse silanes

Known for O = H, Me, Et, tripticyl, Ph

Figure 3.1. Previously examined silanes for oxidative addition with Pd

In this Chapter, we fill in the crucial gaps in knowledge regarding the effect
of silane electronics on the thermodynamics and kinetics of the oxidative addition
of Pd(0) to tertiary silanes. These results show a pronounced electronic effect to
strongly favor silanes with electron-withdrawing groups both kinetically and
thermodynamically. Additionally, insight into this electronic influence supports the

proposed mechanism that we recently proposed for this reaction (Chapter 2).

Results and Discussion

Initial reactivity studies of [(u-dcpe)Pd]2 (1) with silanes

We began by investigating the reactivity of a library of tertiary silanes with
[(u-dcpe)Pd]2 (1) by *H and 3P NMR (Figure 3.2). As described in Chapter 2, these
reactions proceed cleanly and, by NMR, only the reactants and the product are
observed. For silanes with at least one phenyl ring or alkoxide substituent, the
reactions proceed in good to excellent conversions (formation of complexes 8-11),
but peralkyl-substituted silanes are unreactive (complex 7). A comparison of the
data shown in Figure 3.2 reveals that higher conversions are obtained with

increasing number of aryl and alkoxide substituents on the silane. This trend
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Figure 3.2. Scope of silane reactivity in oxidative addition with [(u-dcpe)Pd]2 (1).
Percent conversions were determined by NMR integrations. Reaction conditions:
1.00 equiv of 1, 2.05 equiv of 2-6, 13.33 mM in CsDs, and 4-6 h. (a) Initial silane
scope. (b) Scope of electronically diverse dimethylaryl silanes. (c) Scope of

electronically diverse triaryl silanes.

correlates well with the electronegativity of the atoms attached to Si (11 > 10a > 9

> 8a > 7).*° While this trend is revealing, we sought to decouple the kinetic effects

from the thermodynamic effects and systematically investigate the electronic

influence on each parameter of the reaction.

Electronic effects in oxidative Addition of Pd(0) to silanes

To probe our hypothesis that the oxidative addition of silanes to Pd(0) is

more facile with electron-poor silanes,
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triarylsilanes were synthesized and evaluated in the reaction. The targeted silanes
span a gradient of electronic character, with substituents in the para position
ranging from electron-donating (X = NMe2, OMe, Me) to electron-withdrawing (X =
F, CFs). Reactions of these silanes 5 with 1 cleanly yield the expected
(dcpe)Pd(SiAr3)(H) complexes 10a-f (Figure 3.2c), all in excellent NMR
conversions except for the reaction with the electron-rich 4-dimethylaminophenyl-
substituted silane (5b - 10b, mass balance is remaining starting material).

A translucent, off-white crystal of (dcpe)PdH(Si(4-CFs-Ph)s) (10f) suitable
for single crystal diffraction was grown from a reaction mixture of 1 and HSi(4-CFs-
Ph)s (5f) in benzene/hexane (Figure 3.3). Product 10f displays nearly ideal square
planar geometry around the palladium atom, with the summed total of bond angles
equal to 360°. To get a more precise measure of the structure’s geometry, the
structural parameter 14 was calculated from crystallographic data.>%%! Analysis of
10f gives 14 = 0.15, where 14 = 0 indicates an ideally square planar complex, and

T4 = 1 represents a tetrahedral complex. The 14 value of 10f can be compared to

Figure 3.3. Molecular structure of (dcpe)Pd(H)[Si(4-CFsPh)s] (10f). Thermal
ellipsoids are drawn at 50% probability level. Hydrogen atoms except for Pd—H are
omitted for clarity. Selected bond lengths (A) and angles (deg): Pd1-H1 1.59(3),
Pd1-Sil1 2.3412(7), Pd1-P1 2.3422(7), Pd1-P2 2.3584(7), H1-Pd1-Sil 67(1),
H1-Pd1-P2 96(1), P1-Pd1-P2 86.45(2), P1-Pd1-Sil 111.01(2). One CFz group
is highly disordered and was refined as being located in three positions with an
occupation factor of 0.33 each.
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similar complexes that include the Pd—H bond (allowing calculation of 14): Ishii’s
(dcpe)PdH(SiH2Trip) (Trip = 9-triptycyl)** complex gives 14 = 0.11 and lluc’s
(P~P)Pd(H)(SiHPh2) complex gives 14 = 0.39 (Table S38).#° 10f is therefore
comparable to known square planar silyl palladium hydride complexes. Deviation
from square planarity is likely due to steric repulsion between the cyclohexyl
substituents of dcpe and the aryl groups of the silane.

Solid-state geometry also gives information on the strength of each ligand’s
trans influence. Silyl ligands are known for being among the strongest trans-
influencing ligands.52-%* Therefore, we expect that the Pd—P bond trans to the silyl
ligand will be longer than the Pd—P bond trans to the H; indeed, this is the case for
complex 10f, which has Pd—P bond lengths of 2.3584(7) A and 2.3422(7) A,
respectively.

Comparing the Pd—P bond lengths in related complexes gives insight into
the trans-influencing ability of the 4-CFs-phenyl substituents of the silane. The Pd—
P bond length trans to the silyl ligand in complex 10a*? and Ishii’'s complex** are
2.350(2) A and 2.3319(14) A, respectively. With no change in ancillary ligand
(dcpe) across all three cases, these results indicate that the —Si(4-CF3s-Ph)s group
has a stronger trans influence than the —SiPhs group, which in turn is stronger than
—SiH2Trip.

Returning to our hypothesis on the effect of electronic character of the silane
on oxidative addition, no useful distinctions could be made using the data in Figure
3.2c, as most triaryl silanes exhibit similar reactivity. We thus turned to less reactive
dimethylaryl silanes to further probe the influence of silane electronics on oxidative
addition. The reaction of each dimethylaryl silane with 1 yielded the desired
products (8a-f) (Figure 3.2b), though to lower conversion than with triaryl silanes.
The formed (silyl)Pd(H) complexes exhibit similar spectroscopic characteristics as
described for their triaryl counterparts. The data in Figure 3.2b show a clear trend
with respect to the electronic nature of the silane: more electron-poor silanes give

higher conversions to the silyl palladium hydrides 8.
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Reaction Equilibrium

We previously observed that the reaction with HSiPhMe2 (4a) was fully
reversible with changing temperature (Chapter 2). We were interested to take
advantage of the differential reactivity of electron-rich and -poor silanes to further
probe this phenomenon: if the reaction is indeed reversible, then we expect that a
silyl palladium hydride formed from an electron-rich silane should convert to the
corresponding product of oxidative addition of an electron-poor silane if one is
added. This reaction is expected to occur through reductive elimination of the
electron-rich silane, followed by preferential oxidative addition of the electron-poor
silane. [(4-tolyl)sSi]Pd(H) (10d, formed in situ from 1 and 5d) was reacted with
triphenyl silane (5a), and conversion to an equilibrium mixture of 1:3.3 (10d/10a)
was observed (Scheme 3.1). An analogous experiment with tris(4-
fluorophenyl)silane (5e) added to a solution of pre-formed 10a shows an
equilibrium ratio of 1:2.8 (10a/10e) (Table S13). The formation of Hz or bis-silyl by-
products was not observed, and mass balance is consistently 100% against an
internal standard. These data imply that the formation of silyl palladium hydrides is
completely reversible with respect to product distribution.

To quantify the thermodynamic trend imparted by silane electronic

character, we measured the equilibrium constants (Keq) for the reactions of 1 with

Cy> —a Cy>
P\ /H " Sl@ I3\ /H
[ P (5a) ( P
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2 Af Y2
r Ar
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Ar=4-Me-CgH, Me  (5d)

[ (10d)-110a] = 1:3.3 |

Scheme 3.1. Conversion of 10d into 10a via reversible oxidative addition.
Experiment was performed in C7Ds and relative conversions were determined by
31P NMR integration; Reaction conditions: 1.00 equiv of 1, 2.05 equiv. each of 5a
and 5d, 13.33 mM in C7Ds, and 3 h.
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Figure 3.4. Hammett plot of the equilibrium constants for the reaction between
dimethylaryl silanes 3 and 1. Keq values were determined using the NMR
integrations of each product. Reaction conditions: 1.00 equiv of 1, 2.05 equiv of
3a-f, 13.33 mM in CeDs at 298 K.

each silane 3a-f and constructed a Hammett plot. This analysis gave a sensitivity
constant, peq (eq indicates that this value is derived from equilibrium constants, as
opposed to rates of reaction) of 3.5 £ 0.5 (Figure 3.4), consistent with the data in
Figure 3.2b showing that the reaction is more favourable with electron-poor
silanes.

We hypothesized that this observed trend in Keq, and thus AG°oa (OA,
oxidative addition), of the reaction is dictated by the varying bond strengths of the
Pd-Si bonds, where stronger Pd—Si bonds are formed with electron-poor silanes.
To deconvolute the enthalpic and entropic aspects to AGCa, the equilibrium
constants as a function of temperature were measured. van’t Hoff analysis was
carried out (Figure 3.5) for the reactions of 1 with 3a (X=H), 3¢ (X=0OMe), and 3f
(X=CF3). These patrticular silanes were chosen to represent a breadth of electronic
character. The AS°oa values are large and negative, reflecting loss of entropy in
this reaction between three reactants to form two products. AH®a is negative for

all three substrates, but more importantly, a clear trend is observed: 8f < 8a < 8c
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Figure 3.5. van’t Hoff analyses of the reaction equilibrium between dimethylaryl
silanes 3 and 1. Reaction conditions: 1.00 equiv of 1, 2.05 equiv of 3a, 3c or 3f,
13.33 mM in C7Ds, 253-333 K. 2Reference [*].

(CF3 < H < OMe) in AH%Aa. These data show that the reaction between 1 and
silanes 3 is more favourable with electron-poor silanes, which we interpret to mean
that there is an increased strength of the Pd—Si bond in products 8.4’

To determine if this trend in the electronic influence of silanes is more
general, we returned to triaryl silanes 5. Because the equilibrium constants are too
large to measure at room temperature under our standard conditions, we took
advantage of the reaction’s full reversibility in product distribution by performing
competition experiments. In these experiments, 2.05 equivalents of each HSiPhs
(5a) and HSi(4-X-Ph)s (5b-f, X = NMe2, OMe, Me, F, CFs) were added to one
equivalent of 1 (Figure 3.6).

As with the non-competitive oxidative addition reactions of dimethylaryl
silanes 3a-f (Figure 3.4), these data show that oxidative addition occurs

preferentially with the more electron-poor silane. For example, when 5a (a

36



(33"2
f N ,H

Ar E Pd
Ar Cy2 £
Cya  C¥a (z_égk;;)uw) Ar = 4-X-CgHy  (10b-f) D

P~pd—-P.
G —= "
+ + —y—— ]
p-Pd—p Cy»

Cy2 Cyz AN
Ny S
P )

(1 equiv) Si

(5a) Cyz
(2.05 equiv)
(10a)

1y =9.60x+0.66 CFs
60" Re=097

[=2] J
2-3.0 1

6.0 ]

-9.0 ] T T T T T T T T T T T T T T T
-1 -08 -06 -04 -02 0 02 04 06
g

Figure 3.6. Competition experiment between 5a and electronically diverse silanes
5b-f for oxidative addition with 1. Reaction conditions: 1.00 equiv of 1, 2.05 equiv
of 5a plus 2.05 equiv of 5b-f, 13.33 mM in CeDs, 298 K. Hammett plot constructed
from Keq values derived from conversions.

comparatively electron-neutral silane) and 5e (an electron-poor silane) compete
over the reaction with 1, oxidative addition preferentially occurs with 5e over 5a,
forming 10e in larger concentrations than 10a. Because the relative ratios of
products are proportional to the ratios of equilibrium constants, a Hammett plot
was constructed to quantify the effect of electronic factors on the equilibrium
constant of oxidative addition (Figure 3.6). For triaryl silanes, Hammett analysis
gives peqcomp) = 9.6 + 0.9, showing a more dramatic effect on Keq than monoaryl
silanes (non-competitive equilibrium data in Figure 3.4, peq = 3.5 £ 0.5). However,
to allow for a direct comparison of the two systems, we additionally performed the

same competition studies with dimethylaryl silanes 3a-f. peqcomp) Was found to be
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Figure 3.7. Competition experiment between 5a and electronically diverse silanes
5b-f for oxidative addition with 1. Reaction conditions: 1.00 equiv of 1, 2.05 equiv
of 5a plus 2.05 equiv of 5b-f, 13.33 mM in CeDs, 298 K. Hammett plot constructed
from Keq values derived from conversions.

3.4 £ 0.3 with these dimethylaryl silanes. Notably, these data trend proportionally
to the number of changing substituents at silicon.

Reaction kinetics

We next examined the effect of electronic substitution at silicon on rates of
reaction via a Hammett analysis. Rates of reaction were measured using
dimethylaryl silanes 3a, 3c, and 3f, and these experiments reveal a marked
influence of silane electronics on the initial rates of product formation. Analysis of
kinetic trials for each silane gives a trend in kobs 0f X = CF3 > H > OMe, which

follows the same trend as in equilibrium studies: strongly electron-withdrawing
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substituents at silicon favour rapid oxidative addition, while electron-donating
substituents hinder the reaction rate.

A Hammett plot was constructed from these data (Figure 3.7), which shows
p* = 1.2 £ 0.3 (1 notation is used to distinguish this sensitivity constant obtained
from rates of reaction from the sensitivity constant obtained from reaction
equilibrium constants (peq)). Comparing the p values obtained for the reaction
equilibrium (peq = 3.5 + 0.5) with that obtained for rates (p* = 1.2 + 0.3) reveals that
the observed rate of oxidative addition is approximately three times less sensitive

to changes in electronics as the equilibrium constant (Keg).
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Figure 3.8. Hammett plot constructed from kinetic data. Kinetic data was collected
in C7Ds (13.33 mM) as the solvent at 233 K. Product concentration was determined
by 3P NMR integration; 1.00 equiv of 1 and 2.05 equiv of 3a, 3c, or 3f were used.

Dynamic exchange behavior

As described in Chapter 2, the formed silyl palladium hydride complexes 10
exhibit an intramolecular H/SiR3 exchange process. In analogy to other examples
reported with silyl metal hydrides,>° we propose that this exchange proceeds first
by reductive coupling of Si—H to form an intermediate Pd(n2-H-SiR3) o-complex
about which the silyl group rotates. Oxidative cleavage results in reformation of
product 10’. Importantly, for the silyl palladium complexes studied here, this
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process occurs at rates observable on the NMR timescale. This results in a
broadening of peaks in the NMR spectra that is dependent on the rate of exchange.

Taking advantage of line broadening analysis of the NMR spectra,®®:>” we
sought to investigate the effect of silane substitution on the barriers for DE. We
focused on triaryl silanes 5 because not all products with dimethylaryl silanes 3
reached the slow exchange regime at temperatures accessible in toluene-ds. The
activation parameters (Figure 3.8) show that there is no significant effect of
electronic substitution on the rate of dynamic exchange for triaryl silanes since the
measured barriers are mostly within error of one another. AH* varies from 10-14

kcalsmol?, and AS* is close to zero.
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3 10c H OMe 10.1=04 -2.80=0.09 10.7=04
4 10f H CF, 13.7=0.5 55=02 125=05

Figure 3.9. Dynamic exchange (DE) barriers determined by linewidth analysis of
3P NMR spectra at variable temperature. AH¥be and AG*pe are reported in
kcal*mol! and AS*oE is reported in calsmol1-K-1. AG*pe determined at 233 K.

Together with equilibrium, competition, and kinetics experiments described
above, these results are in line with the proposed mechanism we determined in
Chapter 2. The pronounced electronic effect observed in the formation of silyl
palladium hydrides — but not in their dynamic exchange behavior — presents
greater insight into the factors dictating oxidative addition and, further, catalytic
processes involving oxidative addition. Future work will apply these findings in
catalyzing useful transformations of hydrosilanes, such as the hydrosilylation of

arylacetylenes (Chapter 5).
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Conclusion

In this work, we have studied the oxidative addition of [(u-dcpe)Pd]2 (1) with
tertiary silanes with the goal of determining the influence of silane electronics. To
accomplish this, we synthesized a library of electronically varied silanes, and
examined their reaction with 1 in equilibrium, competition, and kinetics
experiments. Across all of these experiments, and quantified via Hammett
analyses of both equilibrium constants and kinetic rates, electron-poor silanes
were favored in the reaction.

The energetics of the oxidative addition with respect to silane electronic
character was calculated based on van’'t Hoff and Eyring analyses of variable
temperature equilibrium and Kkinetics experiments. Both kinetic and
thermodynamic factors favor the formation of silyl palladium hydrides 10 with
electron-poor silanes. On the other hand, the intramolecular H/SIR3 exhibited by
these complexes is not significantly affected by silane electronic properties.

Overall, the work described in this Chapter supports our mechanistic
proposal for the oxidative addition of 1 to silanes and provides a solid foundation
for the development of catalytic applications using Pd(0) complexes. These
findings complement our investigation into the role of silane steric bulk (Chapter 4)
to provide the first systematic studies on the impact of silane substituents in the
oxidative addition of Pd(0), which will have broad implications in late transition
metal-catalyzed organosilicon chemistry.

Perspective and Outlook

In this Chapter, we uncovered a pronounced effect of silane electronics in
the oxidative addition of Pd(0) to hydrosilanes based on both thermodynamic and
kinetic trends. This fundamental reaction step is commonly proposed in Pd-
catalyzed processes involving hydrosilanes, and thus understanding the role of
silane substituents has the power to greatly optimize the study of these important
reactions. We hope the results of this work will be applied to develop and
rationalize the catalytic behavior of Pd species in important transformations in

organosilicon chemistry.
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4. SILANE STERIC EFFECTS IN THE OXIDATIVE ADDITION OF
PALLADIUM(0) TO HYDROSILANES
From Hurst, M.R., Davis, A.G., Cook, A.K. “The Influence of Silane Steric Bulk on
the Formation and Dynamic Behavior of Silyl Palladium Hydrides.”

Organometallics 2022 (accepted)

Introduction

Organosilicon compounds find broad use in manufacturing and fine
chemical synthesis.!? Industrially, organosilicons are utilized as monomers in the
production of various commercial products, primarily as polysiloxanes used in
plastics, adhesives, and lubricants.>? In synthesis, organosilicon compounds are
useful as precursors in Hiyama cross-coupling,®® in Fleming-Tamao oxidation to
form alcohols,® and as biocompatible carbon isosteres in the synthesis of bioactive
molecules or “sila-drugs.”’:8

Organosilicon compounds and polymers are typically prepared by the
hydrosilylation of alkenes and alkynes, commonly catalyzed by late transition
metals.®1! The first step in this catalytic cycle with platinum and related metals is
usually oxidative addition of the metal center to the Si—H bond of a silane to form
a silyl metal hydride intermediate (Figure 4.1a).1%*2 Studies employing palladium
catalysts in hydrosilylation suggest a similar pathway;%14-1¢ however, little is known
about the oxidative addition of Pd(0) to Si—H,’-1° particularly with regard to silane
substituent effects.?%?* In addition to hydrosilylation, silyl palladium hydride
complexes are implicated as catalysts or important intermediates in
transformations ranging from the hydrodehalogenation of organic halides,?2¢
borylation of alkenes,?’?° hydrocarboxylation of allenes and dienes,3°-3 carbene
insertion to triorganosilanes,3 cross-coupling to form C(sp®)-Si bonds,35>4!
isomerization of olefins,*%4 and reduction of alkenes, carbonyls, and allylic
compounds,*34548 amongst other reactions.**%® This broad applicability
emphasizes the need to understand the formation and reactivity of silyl palladium

hydrides.
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Figure 4.1. (a) Electronic effects in oxidative addition of silanes to metal centers is
well-studied for Rh, Pd, and Pt, but steric effects are not well-understood. (b) Steric
bulk of silanes impacts downstream properties of reactions (e.g., regioselectivity
of hydrosilylation) and materials.

Recently, we investigated the impact of silane electronics on oxidative
addition to Pd(0) and on Pd-catalyzed hydrosilylation. Oxidative addition of tertiary
silanes to Pd(0), forming silyl palladium hydrides, is Kkinetically and
thermodynamically more favorable with electron-poor silanes.?* Importantly, we
also showed that these trends translated to hydrosilylation activity: reaction rates
and yields parallel the trends observed in oxidative addition, demonstrating the
relevance of trends in oxidative addition to catalysis.

In addition to electronic factors, the steric profile of silanes plays an
important role in their reactivity and properties, from the synthetic reactions to
material properties (Figure 4.1b).545 For example, the properties of polysiloxane
polymers can be tuned by modification of the steric bulk of the sidechains at
silicon,®¢-%° and the aggregration behavior of siloxane-based surfactants is heavily
affected by steric effects at silicon.5%-¢4 Late-stage modification of polysiloxanes
and polybutadiene by transition metal-catalyzed hydrosilylation is hindered by
sterically large substituents at silicon.%>73

In hydrosilylation reactions, the steric hindrance of silane substituents is
observed to impact the regio- and stereoselectivity of the reaction for a wide range
of metal catalysts including Pt,”*7° Pd,8%-83 Ni 84 Rh,8-92 and other late transition

metals.®3-98 Nonetheless, despite the proposed role of silane steric hindrance in
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transformations involving silyl metal hydride intermediates, focused study on the
impact of silane steric bulk in oxidative addition with late transition metals is scarce.
In examples of oxidative addition using Ni,?®1%° pd,101-103 gnd Pt complexes,104-106
tertiary silanes are observed to yield discrete silyl metal hydrides, while reacting
the same complexes with secondary or primary silanes gives metal bis(silyl)
species; yet, some silyl metal hydride complexes of Pd and Pt have been isolated
from very bulky, primary silanes.??197:.108 |n contrast, systematic variation of silane
substituents in the oxidative addition of tertiary silanes to Rh complexes reveal
pronounced decrease in the rate of oxidative addition (and stability of formed
products) with increasing steric bulk at silicon.19%119 Deeper understanding of the
impact of silane steric bulk on the formation and stability of silyl metal complexes
is necessary to more fully understand hydrosilylation reactions.

Presented here is an investigation of the impact of the silane’s steric bulk
when undergoing oxidative addition with Pd(0). We focused this study on triaryl
silanes, as aryl groups are easily tunable with sterically bulky substituents.
Equilibrium studies and van’'t Hoff analyses reveal a high degree of steric
dependence on the reaction, correlating well with Charton-Taft parameters and
favoring less-bulky groups at silicon. Variable temperature studies likewise show
that reaction rates depend on silane steric hindrance, with faster rates occuring
with smaller substituents. On the other hand, bonding character and intramolecular
exchange of H/SiRs ligand environments in the products (dcpe)PdH(SIRs) are
unaffected by steric bulk. Analysis of the energetics at each step sheds light on the
factors that dictate the formation of silyl palladium hydrides, and reveal

thermodynamics to be more important than kinetics in oxidative addition.

Results and Discussion

Steric effects in oxidative addition of Pd(0) to silanes
We initiated our study of silane steric effects by first investigating the
reaction of [(u-dcpe)Pd]2 (1) with silanes varying numbers of 2-tolyl substituents:
HSiPhs (2), HSiPh2(2-Me-Ph) (3a), HSiPh(2-Me-Ph)z (4), and HSi(2-Me-Ph)s (5)
(Figure 2a). We hypothesized that oxidative addition would be less favorable with
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sterically bulky silanes because the silyl palladium hydrides would be more
sterically encumbered than the starting materials. Previous work has shown that
the stoichiometric reaction of 1 with 2 gives quantitative conversion to
(dcpe)PdH(SiPhs) (6), as monitored by 3!P and 'H NMR.2%24 The silyl palladium
hydride product exists in equilibrium with 1 and free silane in solution.

We first sought to determine whether substituents ortho to the silyl group on
the silane were tolerated. Reacting 1 with silanes 2, 3a, 4, and 5 at room
temperature in benzene-ds resulted in product formation with 2, 3a, and 4, but no
new species were observed in the reaction with silane 5. The products
(dcpe)PdH(SiPhs) 6, (dcpe)PdH[SiPh2(2-Me-Ph)] 7a, and (dcpe)PdH[SiPh(2-Me-
Ph)2] 8 show triplets in the upfield region of the *H NMR (~-1.9 ppm, 2Ju-p= 76 Hz),
consistent with a Pd—H that is coupled to two phosphorus atoms. The 3!P{*H} NMR
spectra shows one singlet (~56 ppm), consistent with both phosphorus atoms
being in one chemical environment, and the 2°Si{*H} NMR spectra show one triplet
(=<5 ppm, 2Jsip = 79 Hz), indicating coupling between the Si atom and both
phosphorus atoms. All NMR data are consistent with the stucture drawn in Figure
2 and with previously published data.?4

Quantifying the conversion of the oxidative addition reaction between 1 and
silanes 2-5 reveals that a higher number of 2-Me-Ph substitutents at silicon
decreases the reaction conversion (Figure 4.2). Conversion follows these trends
for the formation of silyl palladium hydrides from silanes 2, 3a, 4, and 5,
respectively: 6 (100%) > 7a (85%) > 8 (15%) >> 9 (no reaction). In fact, oxidative
addition to the highly sterically encumbered silane HSi(2- Me-Ph)s (5) does not
proceed to form 9 under our standard conditions. These results confirm our
hypothesis that increased steric bulk decreases the converstion to the silyl
palladium hydride. More fine-tuning of the steric bulk was achieved using silanes
of the form HSiPh2Ar (Ar = 2-Et—Ph, 3b; Ar = 2-i-Pr-Ph, 3c; Ar = mesityl, 3d) (Figure
2b). Similar trends were observed, with the highest conversions occurring with

silanes with the smallest steric profile.
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Figure 4.2. Scope of silane reactivity in oxidative addition with [(u-dcpe)Pd]2 (1).
Percent conversions were determined by NMR integrations. Reaction conditions:
1.00 equiv of 1, 2.05 equiv of 2-5, 13.3 mM in CeDs, and 4-6 h. (a) Scope of Phx(2-
Me-Ph)y substituted silanes 2-5. (b) Scope of Ph2(2-R-Ph) substituted silanes 3b-
3d.

We sought to investigate whether the substituents at silicon affect the
strength of bonding between the silyl ligand and the metal center. It is well known
that complexes of metals and silanes exist along a continuum spanning from the
o-complex M(n?-H-SiRs) to the fully oxidatively added complex, (silyl)M(H), which
has no bonding character between the Si and the H. To differentiate (silyl)M(H)
complexes from the non-classical o-complexes, the measurement of Jsi-+ coupling
constants in 'H and/or 2°Si NMR is commonly used,'"'-"4 although it not a perfect
measure of this bonding interaction.’>'® Lower Jsi-n values are indicative of a
weaker residual Si—H interaction and, consequentially, more “complete” oxidative

addition. By '"H NMR, a modest increase of Jsi-+ is observed for complexes 6, 7a,
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and 8 with larger silane substituents: 6 (29.2 Hz) < 7a (30.5 Hz) < 8 (31.7 Hz), but
does not constitute a significant change in bonding character.

Having qualitatively observed the importance of silane steric hindrance on
oxidative addition, we next sought to probe this trend quantitatively. Electronic
effects are commonly quantified by comparison of kinetic rates or equilibrium
constants to substituent Hammett parameters.'”-'1® Work by Taft,'20.121| |ater
modified by Charton and validated by Hansch,'?>124 established Taft-Charton
steric parameters (v) as an empirically derived Linear Free Energy Relationship
between rates of reaction and substituent steric bulk. Seeking to take advantage
of these steric parameters, we studied the reaction between 1 silanes 3a-d
because of their systematic increasingly large alkyl substituents.

As shown in Figure 4.2b, conversion decreases with increasing steric bulk.
The equilibrium constants for these reactions were found and are reported in
Figure 4.3. The log(Keq) values were plotted as a function of the Charton
parameter, and excellent agreement is observed. Bulky HSiPh2Mes (3d; Mes,
mesityl) follows well with this trend in Keq when considering the Charton constant
as the sum of its ortho-substituents. The measured steric sensitivity factor (yeq) for
oxidative addition with silanes 3a-d is large and negative (-7.3 £ 0.6), confirming
that oxidative addition of 1 to silanes with smaller alkyl substituents is
thermodynamically more favorable than those with more encumbering
substituents.

To shed light on the origin of this dependence on silane steric bulk in
oxidative addition, variable temperature studies were conducted next. In these
experiments, a stoichiometric mixture of 1 and silane 2-4 was monitored by 3'P,
31P{'H} and 'H NMR as the solution was gradually warmed in 10-20 degree
increments from -90 °C. In all cases, low temperatures favor the formation of silyl
palladium hydrides 6-8, while warming the reaction leads to clean regeneration of
free silane and 1. This reversibility is fully dynamic with respect to temperature;
upon returning to a cooler temperature, 6-8 are reformed to give Keq values within

error of the initial measurements.
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Figure 4.3. Charton plot of the equilibrium constants for the reaction between
substituted HSiPh2(2-R-Ph) 3a-d and 1. Keq values were determined using the
NMR integrations of each product. Reaction conditions: 1.00 equiv of 1, 2.05 equiv
of 3a-d, 13.3 mM in CeDs at 298 K. 2Mes: 2,4,6-MesPh. Pv value for silane 3d was
calculated by summing the v values of the two substituents ortho to Si (both methyl

groups).

Experiments with silanes 2-4 give excellent correlation of temperature-
dependent equilibrium constants with increasing steric bulk (Figure 4.4; data for 6,
7¢, and 7d shown in plot). van’t Hoff analysis of variable temperature experiments
across the whole library of silanes allows for the determination of ground state
energy parameters for the reaction with respect to silane identity (Figure 4.4). AS°
is large and negative for all substrates, which is expected for a reaction that loses
entropy (1.5 molecules as reactants converting to 1 molecule as the product).
Analysis of AG° calculated at 263 K shows that the reaction is more favorable with
decreasing steric bulk, spanning more than 10 kcal*mol-! from 6 to 7d.
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Figure 4.4. van’'t Hoff analyses of the reaction equilibrium between silanes
HSiPhx(2-Me-Ph)y 2-4 and 1. Reaction conditions: 1.00 equiv of 1, 2.05 equiv of 2,
3c, or 3d, 13.3 mM in C7Ds, 273-353 K. AH° and AG®° are reported in kcal*mol;
AS° is reported in cal'mol1+K1. 2aMes: 2,4,6-Me3Ph. Pv value for products 7d and 8
was calculated by summing the v values of the two substituents ortho to Si.

Kinetics studies

We next investigated the influence of silane steric effects on the rate of
oxidative addition. Previous work in our lab has shown the reaction of 1 with triaryl
silanes to be facile, with HSiPhs (2) giving full conversion to product 6 within
seconds at -40 °C in toluene-ds.?* However, we found that the rate of oxidative
addition with sterically hindered silanes 3b-d and 4 is slowed considerably in
comparison to silanes 2 and 3a, enabling the study of the reaction kinetics by NMR.
In these experiments, the reaction rate is determined by monitoring the growth of

product against internal standard in sequential 3'"P{'H} spectra.
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Figure 4.5. Charton plot using initial rates for the reaction between substituted
HSi(Ph)(Ar)(Ar’) 3b-d/4 and 1. Rates were determined using the NMR integrations
of each product against internal standard. Reaction conditions: 1.00 equiv of 1,
1.00 equiv int. std., 2.05 equiv of 3b-d/4, 13.3 mM in C7Ds at 263 K. @Mes: 2,4,6-
MesPh. bv value for products 7d and 8 was calculated by summing the v values of
two substituents ortho to Si (both methyl groups).

We conducted a Charton analysis by measuring and plotting the intial rates
of reaction measured at -10 °C with each silane against the Charton parameters.
The results are summarized in Figure 4.5. The sensitivity constant y* was found
to be moderately large and negative (-3.7 £ 0.4), indicating that increasing steric
bulk is kinetically disfavorable for oxidative addition, though to a lesser degree than
thermodynamic considerations (yeq =-7.3 £ 0.6).

We next turned to Eyring analyses to determine the kinetic energy
parameters for oxidative addition with silanes 3b-d and 4. Produt formation was
monitored over time at various temperatures between -40 °C and 20 °C. Results

are summarized in Figure 4.6.
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Figure 4.6. Variable temperature kinetics and Eyring analysis of oxidative
adddition with silanes 3b-d/4 and 1. AH* and AG* are reported in kcalsmol?; AS*
is reported in cal'mol 1K1, 2Mes: 2,4,6-MesPh.

Eyring analysis shows that silane steric hindrance has a measurable effect on
the energetics of oxidative addition. A clear trend in AH* is observed: with
increasing steric bulk, AH* increases; however, AS* is consistent across the series
and is large and negative (-40 to -50 cal*mol'+K""). These data show that the rate-
determining transition state is highly ordered and is consistent with two molecules
reacting in one transition state. AG*, calculated at 263 K from AH* and ASH,
increases slightly from 17 kcal*mol-! with the least sterically bulky silane 3b to 19
kcalsmol' with the most sterically bulky silanes 3d and 4.

To summarize our study into the effect of silane steric hindrance on the kinetics
of oxidative addition, we measured a decrease in rates with increasing steric bulk
of the silane. The kinetic sensitivity constant w* at -10 °C was found by Charton
analysis to be large and negative (-3.7 £ 0.4), in support of this trend. Eyring

analysis of reaction kinetics at variable temperature reveals a preference for less

51



sterically hindered silanes, giving a difference in AG*2s3« of 2 kcal*mol-! across the
range of silanes studied, with AH* being the major contributor to differences due

to steric effects.

Dynamic exchange behavior

Through the course of study, we observed dynamic exchange behavior of
the silyl palladium hydrides in solution, whereby the H and SiRs ligand
environments are exchanged. This process is fully reversible and proceeds via
reductive coupling to form the H-Si bond, rotation about the Pd—(n?-H-Si) bond,
and oxidative cleavage of the H-Si bond (Figure 4.7a). Prior study of this process
shows that it occurs without a measurable kinetic isotope effect or dependence on
silane electronics,?* suggesting that the rate-determining step is rotation rather
than oxidative cleavage or reductive coupling. Because rotation is likely hindered
by increasing steric bulk at silicon, we hypothesized that silanes with larger
substituents would undergo this exchange more slowly.

Importantly, for silyl palladium hydride complexes 6-7, this intramolecular
exchange behavior proceeds at rates observable on the NMR timescale at
accessible temperatures in toluene-ds. At different temperatures, the rate of
exchange proceeds through “slow” and “fast” regimes (Figure 4.7b; see Supporting
Information for analogous spectra with complexes 7a-c). The slow exchange
regime is evidenced by the presence of two peaks in the product’s 3'P{"H} NMR
spectrum, arising from two distinct phosphorus environments (e.g., at 203 and 213
K in Figure 4.7b); from non-decoupled 3'P NMR, the phosphorus atom trans to the
hydride ligand can be assigned, since it appears as a doublet, and the P trans to
the silyl group is a singlet. Upon warming, the slow exchange regime gives way to
coalescence, whereby the 3'P signals broaden and begin to converge (e.g., at 243
K in Figure 4.7b). Upon further warming, the peak resolves to a sharp singlet,
eventually reaching a minimum linewidth at higher temperatures. Analysis of the

linewidth and peak separation in 3'P{'H} NMR spectra gives the rate of rotation at
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Figure 4.7. (a) Proposed mechanism for the intramolecular dynamic exchange of
—H and —-SiR3 environments, proceeding through reductive coupling (r.c.), rotation
(rot.) about Pd—(n?-H-SiRs) (10/10’), and oxidative cleavage (o.c.). (b) variable
temperature 3'P{*H} NMR spectra of (dcpe)PdH(SiPhz) (6/6).

a given temperature, which can be converted using an Eyring analysis to give AH*,
AS*, and thus AG* values (Figure 4.8).125126

Contrary to our hypothesis, linewidth analysis of our library of silyl palladium
hydride complexes 6 and 7a-c reveals a negligible effect of silane substitution on
the energetics of dynamic exchange. Modest trends are observed in AH* and AS¥,
indicating that of the four complexes investigated, the dynamic exchange process
in 6, the least sterically hindered complex, is most favorable enthalpically (lowest
AH*) and least favorable entropically (lowest AS*). Nevertheless, the rate of
intramolecular H/SiR3 ligand exchange in complexes 6 and 7a-c is not significantly
affected by the steric bulk of silane substituents, and all complexes studied give
AG*263k of approximately 10 kcalsmol' (Figure 4.8). This value is consistent with
prior studies of the dynamic exchange with electronically-varied triaryl silanes.?*

This result with varying steric bulk is perhaps surprising given that we
previously found rotation to be the rate determining step of this intramolecular

H/SiR3 exchange. One hypothesis is that the silane coordinated in the sigma
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complex is sufficiently far from the (dcpe)Pd center to be unaffected by steric
hindrance of the dcpe ligands; yet, “loose” coordination of silane in the sigma
complex is at odds with our previous finding that silane coordination is the rate
determining step of oxidative addition.?* Another possibility is that oxidative
cleavage plays a larger role in H/SiRs exchange when using sterically bulky

silanes, offsetting the effects of a possible hindrance in rotation.
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7b Et 0.56 115204 48%0.1 -10.2+£04
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Figure 4.8. Dynamic exchange (DE) barriers determined by linewidth analysis of
31P{*H} NMR spectra at variable temperature. AH*pe and AG*oe are reported in
kcalsmol; AS*oe is reported in calsmol2sK-L.

Comparing reaction coordinate diagrams

To summarize the effect of silane steric hindrance in the oxidative addition
of Pd(0) to Si—H bonds, the energetics from all above experiments were used to
construct a reaction coordinate diagram for the formation of representative
complexes 7b and 7d, which represent a relatively smaller (7b, teal) and a
relatively larger (7d, purple) silyl group (Figure 4.9) for which we have nearly
complete sets of energetic data. First, 1 dissociates to form two equivalents of the
14-electron (dcpe)Pd fragment (1°).24102127 The energetics of this step are not
known, but are assumed to play a negligible role in the oxidative addition pathway

as dissociation to 1’ is spontaneous and 1’ is never observed in solution.'?’
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Figure 4.9. Reaction coordinate diagram for the oxidative addition of 1 with silanes
3c and 3d.

Previously, we found that the interaction of 1’ with silane to form the o-
complex Pd—(n?-H-SiRs3) (10) is the rate-determining step.?* For the two silanes
under analysis here, 3b and 3d, the barrier (AG%2s3«) was determined by kinetic
Eyring analysis to be 17 kcalsmol-" and 19 kcal*mol', respectively. Intermediates
10 proceed through oxidative cleavage to give the desired silyl palladium hydride
products 7 with AG°263« equal to -2 kcal*mol' and -6 kcalsmol-! for 7b and 7d.

As suggested by the observed dynamic exchange behavior, intermediate
10 can also undergo rotation prior to oxidative cleavage. In this process, rotation
about the Pd(n?-H-SiR3) o-bond in 10 is rate-limiting with a barrier (AG*oe at 263
K) of approximately 10 kcalsmol-! independent of silane identity. This value implies
the barrier to oxidative cleavage is equal to or less than 10 kcal*mol-!, and is not
rate-limiting for oxidative addition.

Comparing the reactivity of 1 with 3b and 3d, both thermodynamic and
kinetic factors favor the formation of 7b over 7d, as evidenced by lower barriers
(AAG*e3k = 2 kcal*mol') and more favorable thermodynamics (AAGC2s3k = 4
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kcalemol ') for 7b compared to 7d. These results are in agreement with Charton
analyses in kinetics (y# = -3.7) and equilibrium (weq = -7.3) studies, which show
that rates and thermodynamics are both more favorable with smaller silanes.
However, comparing the magnitudes of AAGHy* and AAG®/yeq for the triaryl
silanes studied, increasing the steric bulk of the silane impacts thermodynamic

contributions more significantly than kinetic contributions.

Conclusion

In this Chapter, we systematically investigated the effect of silane steric
profile on the oxidative addition of [(u-dcpe)Pd]2 (1) to Si—H bonds. Equilibrium
studies at room temperature show a strong dependence on silane steric hindrance,
trending well with the Charton constants of the silane’s substituents. A large,
negative sensivity factor was found (weq = -7.3 £ 0.6), indicating a significant
preference for less sterically bulky silanes. van’t Hoff analysis of variable
temperature equilibrium studies likewise supports a more favorable reaction of 1
with less-substituted HSiPhs (2) than with HSiPh2(2-R-Ph) (3) or HSiPh(2-Me-Ph)2
(4), giving reaction AG°263« ranging from -13 kcal*mol-" to -2 kcal*mol-! across the
series.

Kinetics studies were carried out with silanes 3b-d and 4 by NMR in toluene-
ds. Charton analysis of initial rates at 263 K gives a moderate, negative sensitivity
factor (y* = -3.7 + 0.4), signifying a kinetic preference for less sterically bulky
silanes. Eyring analysis of variable temperature kinetics studies give AG*2s3k of the
reaction ranging from 17 kcalsmol' (7b) to 19 kcal*mol' (7d). These data show
that decreased steric bulk of the silane’s substituents increases the rate of
reaction.

Comparatively, the steric bulk of the silane impacts thermodynamics more
significantly than kinetics. This work provides the first systematic measurement of
silane steric effects on the oxidative addition of a group 10 metal to Si—H. Given
the widespread relevance of palladium, nickel, and platinum catalysis with
hydrosilanes, these results provide a fundamental basis for the optimization of

processes to selectively synthesize and modify organosilicon compounds.
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Perspective and Outlook

Silanes play a versatile role in catalytic transformations, acting as hydride
sources, transmetalation reagents, and starting materials in the synthesis of highly
valued organosilicon compounds and polymers. Their use in catalysis with
palladium is widespread, commonly proposed to proceed via oxidative addition of
Pd(0) to Si—H; however, little is known about this fundamental reaction. In this
Chapter, we have shown that the formation of silyl palladium hydride complexes
(dcpe)PdH(SiR3) from 1 and tertiary silanes is dependent on the steric profile of
the silanes employed. Lower Keq was observed with increasing steric
encumbrance at silicon, correlating well with each substituent’s Charton value, and
van’t Hoff analyses showed the reaction with sterically congested silanes to be less
thermodynamically favorable. Variable temperature kinetics studies likewise
revealed a preference for unhindered silanes as determined by Charton and Eyring
analyses. Together, the energetic parameters derived for each of these steps
reveal thermodynamic factors to be primarily responsible for favoring (silyl)Pd(H)
formation with less sterically bulky silanes. These results present the first
systematic study on the role of silane steric effects in oxidative addition of Pd(0) to
Si—H and help to inform catalytic transformations in organosilicon chemistry. These
findings can also be used to retroactively rationalize poor activity observed in
hydrosilylation with sterically bulky silanes. Ultimately, this insight will provide an
avenue to expanding the reach of late transition metal-catalyzed organosilicon

chemistry.

57



5. SILYL PALLADIUM HYDRIDES IN THE HYDROSILYLATION OF
ARYLACETYLENES
From Hurst, M.R., Zakharov, L.N., Cook, A.K. “The Mechanism of Oxidative
Addition of Pd(0) to Si—-H Bonds: Electronic Effects, Reaction Mechanism, and
Hydrosilylation.” Chem. Sci. 2021, 12, 13045-13060.

The catalytic reactions described in this Chapter were conducted by me and Lucas
Thigpen under my supervision. | was the primary contributor to the development

of this project and did all of the writing.

Introduction

Hydrosilylation is a fundamental reaction in organosilicon chemistry, widely
applied to synthesize silicon-containing materials and molecules by the addition of
silicon and hydrogen across carbon multiple (1) bonds.’2 The organosilicon
products formed in this reaction find broad use in industry and academia, and
commonly go on to be used in the creation of fine chemicals, consumer goods,
and medicines, among other applications.*®> An important factor in the astounding
versatility of organosilicon compounds is their ability to undergo further
transformations, but with this promise comes a caveat: to allow for further
functionalization, there must be reactive sites remaining on the molecule after
hydrosilylation. Thus, the design of efficient and selective methods for
hydrosilylation has been crucial to its growth as a cornerstone reaction.’

Although others have been reported, the most successful method for
hydrosilylation in terms of activity and selectivity is late transition metal catalysis,
inspired by Speier's seminal work with H2PtCle in 1957.368 In the decade that
followed, platinum complexes were established as highly efficient catalysts for the
hydrosilylation of alkenes, with early reports showing as much as a 10° increase
in reaction rate compared to stoichiometric base-mediated methods at catalyst
loadings as low as 10 molar.8° Yet, despite their extraordinary activity, platinum
catalysts still present practical challenges in hydrosilylation more than 60 years
later, most of which we now recognize to stem from the structure of the catalysts

themselves. H2PtCle and contemporary Pt(0) complexes stabilized by electron-
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deficient alkenes (such as the industry standard Karstedt's catalyst) are prone to
decomposition, and Pt atoms agglomerate during the reaction to form
nanoparticles and other multinuclear species.*!%!1 These undesired species
exhibit catalytic behavior that can vary significantly from that of the intended
catalyst, often leading to poorly controllable regioselectivity and to side reactions
like isomerization and dehydrogenative silylation.#1° Importantly, the ill-defined
homo- or heterogeneous nature of the evolved Pt catalysts contributes to
considerable difficulty in studying their mechanism of reaction.”1°

Since late transition metal-catalyzed hydrosilylation was introduced, and
foundational mechanistic studies were conducted by Chalk and Harrod and
others,21213 much work has been done to develop and optimize new catalytic
systems. Generally, these catalysts are designed with the aim to overcome
limitations faced in early platinum-catalyzed hydrosilylation, and modern systems
are known that can achieve excellent yields and regioselectivities with good
tolerance for diverse alkenes and silanes.?® Yet, with an ever-growing demand for
organosilicon materials in research labs and elsewhere, the ability to effectively
achieve hydrosilylation with a wide array of outcomes — for example, forming a
disfavored isomer or installing a sensitive functional group — is paramount. Notably,
the versatility of hydrosilylation is not confined to platinum, nor to alkenes, and the
use of other metals and substrates is one avenue to realize this goal. In efforts to
rationally design new catalytic systems, mechanistic studies provide an
indispensable tool for understanding and optimizing the reactivity of metal
complexes.

One influential area of research is in expanding the substrate scope of
hydrosilylation to enable the reaction with various C-X (X = C, N, O) multiple
bonds.> Although the first examples of hydrosilylation were conducted with
alkenes, reports of the reaction with alkynes followed shortly after.’* Alkyne
hydrosilylation is a particularly intriguing reaction because the generated products
are alkenylsilanes, which find use in Pd-catalyzed cross couplings,®
electrophilic substitutions,’” and Tamao-Fleming oxidations.*®2° Yet, alkyne

hydrosilylation also presents several unique challenges, the most prevalent of
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which is the accessibility of numerous product isomers. In contrast to alkene
hydrosilylation, which gives stable alkanes as a distribution of two isomers (a and
B), the alkenylsilanes obtained by alkyne hydrosilylation can exist in up to four
isomeric forms — two (E) and two (Z) (Scheme 5.1) — which must resist further
reduction under the reaction conditions. Therefore, the development of practical
synthetic methods for selective and efficient alkyne hydrosilylation exemplifies the

central importance of catalyst control and tuneability.>614

cat. SiR; .
RX + H-SRz —» )\ + R,/\/S|R3
R
a B
b. .
cat. R R SiRg R"
R—=—R" + H-SR; —» H\SiRs + Rss'\|/ : I)\R.. + R'\|/
R R | R SiR3
(2) § (E)

Scheme 5.1. Possible product distributions from the hydrosilylation of alkenes (a)
or internal alkynes (b).

Moving up the periodic table from platinum, the other Group 10 metals
(nickel and palladium) have also been developed as highly effective catalysts for
alkene hydrosilylation.?*%* Surprisingly though, given palladium’s ubiquity in
catalysis, little is known about the individual reaction steps leading to
hydrosilylation in palladium-catalyzed transformations.?'-23 Accordingly, not many
Pd complexes have been developed as alkyne hydrosilylation catalysts based on
thorough mechanistic understanding. Recently, we described the first systematic
studies of silane steric (Chapter 4) and electronic effects (Chapter 3) in the
oxidative addition of Pd(0) to Si-H, a key reaction in the catalytic cycle of
hydrosilylation.?425 We were interested to explore how relationships observed in
this fundamental reaction step would affect the overall characteristics of alkyne
hydrosilylation. This unique insight, along with classical methods of mechanism
determination and reaction development, has promise to provide a comprehensive

understanding and optimization of the Pd(0)-catalyzed hydrosilylation of alkynes.
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This Chapter details our work on the hydrosilylation of phenylacetylene (5a)
with triaryl silanes (2-4) using palladium complex [(u-dcpe)Pd]2 (1) (dcpe =
di(cyclohexyl)phosphinoethane). We have studied the effect of silane steric and
electronic properties on the reaction and conducted a thorough mechanistic
investigation to elucidate key steps in the catalytic cycle, including determination
of the rate law, kinetic isotope effects, and catalyst activation. Overall, we provide

a detailed report on this powerful but under-explored catalytic system.

Results and Discussion

Effect of silane electronics and steric bulk

We began our study into the hydrosilylation of phenylacetylene by
investigating the effect of electronic and steric variation of the silane. Modification
of the aryl groups at silicon with electron-donating or electron-withdrawing
substituents allows for comparison against the parent substrate (X = H) with regard
to electronics. Similarly, modification of the aryl groups with bulky alkyl substituents
allows for comparison with regard to steric hindrance. The extent to which these
substituents affect the reaction is determined by comparing the observed rates to
standardized electronic or steric parameters; when plotted, these correlations give
values indicative of the magnitude and “direction” of reaction favorability. When
measuring electronic effects, this analysis is referred to as Hammett analysis, and
gives an electronic sensitivity constant p.?%2” When measuring steric effects, this
is referred to as Taft-Charton analysis, and gives a steric sensitivity constant .22

With the parent silane HSiPhs (2a) and phenylacetylene (5a), hydrosilylation
proceeds under mild conditions and low catalyst loading to give approximately 65%
product 6a att = 6 hours (Figure 5.1). Looking first at electronic variation, we found
that the reaction is both faster and higher-yielding when using electron-deficient
silane HSIi(4-CF3-Ph)s3 (2b; 90% yield at t = 30 minutes) and, conversely, itis slower
and gives lower yields with electron-rich silane HSi(4-Me-Ph)s (2c; 30% vyield at t
= 6 hours). Inclusion of more strongly electron-donating substituents in HSi(4-
OMe-Ph) (2d) led to even lower yields, giving only approximately 20% of 6d after
18 hours; consequentially, rates were not determined for this substrate. Overall,
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Figure 5.1. Product formation in the hydrosilylation of 5a with electronically varied
silanes 2. Reaction conditions: 1.0 equiv of 2, 1.0 equiv of 5a, 0.025 equiv of 1,
40.0 mM in toluene. Concentrations were determined by GC against an internal
standard. Data was averaged over two trials.

these results align very well with our fundamental study into the oxidative addition
of 1 to H=Si, where electron-rich silanes led to a lower Keq and kobs in the formation
of (silyl)Pd(H) complexes while electron-poor silanes were favored.?*

We next evaluated the effect of silane steric bulk on the hydrosilylation of
phenylacetylene. In analogy to oxidative addition studies, we anticipated the
reaction to be strongly impeded with the introduction of sterically bulky
substituents;?® thus, we conducted initial screening experiments with increased
catalyst loading, at higher temperatures, and for longer reaction times than in trials
with electronically varied silanes. Nonetheless, for diphenyl aryl substrates with
ortho-alkyl groups larger than ethyl (3a; R = CH2CHs), negligible formation of
products 7 was observed (Figure 5.2). Further, a profound silane steric effect is
maintained even when using a catalyst system previously shown to be highly

active for this transformation: Pdzdbas and PCys (presumably forming Pd(PCys)2
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Figure 5.2. Results in the hydrosilylation of 5 with sterically bulky silanes 3.
Reaction conditions: 1.0 equiv of 3, 1.0 equiv of 5a, 0.05 equiv of 1, 40.0 mM in
toluene. Concentrations were determined by GC against an internal standard.
*Mesityl = 2,4,6-Me-Ph. **0.05 equiv Pd2dbas, 0.10 equiv PCys.

in situ).?242%30 Similar to these results with diphenyl aryl silanes, the reaction with
phenyl diaryl silane HSiPh(2-Me-Ph)2 was likewise unsuccessful.

We next sought to reduce the total steric bulk of the silane while still allowing
for the purposeful introduction of sterically hindering substituents, and so we turned
to dihydrosilanes of the structure H2SiAr2 (4). For initial screenings, only the least
and most sterically encumbered silanes (with structures analogous to triaryl silanes
used above) were tested: H2SiPh2 (4a) and H2Si(2-Me-Ph)2 (4b), respectively.
These reactions proceed quickly and to full conversion, with product formation
occurring at a slightly slower rate with sterically hindered 4b (Figure 5.3). Despite
the promise of these dihydrosilanes in catalysis, and unlike triaryl silanes 2 and 3,
the interactions of 4 with 1 are not easily resolved by spectroscopic methods and
thus it is difficult to relate their reactivity with trends in oxidative addition. Therefore,
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Figure 5.3. Product formation in the hydrosilylation of 5a with electronically varied
silanes 4. Reaction conditions: 1.0 equiv of 4, 1.0 equiv of 5a, 0.025 equiv of 1,
40.0 mM in toluene. Concentrations were determined by GC against an internal
standard.

we did not further explore the use of silanes with sterically bulky substituents in
phenylacetylene hydrosilylation.

Returning to electronically varied silanes 2, we sought to better understand
the relationship between their electronic nature and their performance in catalysis.
To gain insight into this dynamic, we next conducted kinetics experiments to
observe the initial rates of reaction. In these experiments, product formation was
monitored by analyzing reaction aliquots by gas chromatography (GC) and
integrating the product peak against an internal standard. The resulting
concentrations were plotted against time, and the slope of the linear portion of this
reaction profile was taken as the rate. These rates were then plotted against
Hammett electronic parameter (o) of the silane substituent to derive the electronic

sensitivity constant (p) of the reaction.
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Reaction conditions: 1.0 equiv of 2, 1.0 equiv of 5a, 0.025 equiv of 1, 40.0 mM in
toluene. Concentrations were determined by GC against an internal standard.

As observed in the full reaction profile with electronically varied silanes,
there is a pronounced influence of silane substitution on the rate of hydrosilylation,
favoring silanes with electron-withdrawing groups. The reaction was studied with
a set of representative triarylsilanes to give a positive p value of 2.0 + 0.4 (Figure
5.4), indicating that the electronic effect to prefer electron-poor substrates is
approximately twice as strong as in the reference for Hammett analysis (ionization
of benzoic acid derivatives).?® Although based on empirical relationships, the
measurement of a p value allows for standardized comparison of electronic
influence in this work against others.?® Notably, the p observed in this study is
larger than we have previously observed for the kinetics of oxidative addition of 1
to aryldimethyl silanes (p = 1.2 + 0.3),%* though this may simply arise from the

degree of aryl substitution at silicon.

65



With this understanding of silane steric and electronic impact in the
hydrosilylation of phenylacetylene, we were interested to learn more about the role
of each substrate in the reaction. We thus turned to mechanistic studies to further

investigate the interactions of Si—H and 5a with 1 to efficiently give products 6a.

Mechanistic studies —in situ reaction monitoring

There are two commonly proposed mechanisms for the late transition
metal-catalyzed hydrosilylation.t*41° One of them is analogous to the classical
Chalk-Harrod mechanism developed for the hydrosilylation of alkenes.'? This
catalytic cycle proceeds first by oxidative addition of the metal to Si—H, followed by
migratory insertion into M—H and reductive elimination of the product (Figure 5.5).
As with alkenes, a modified Chalk-Harrod pathway is possible, involving migratory
insertion into M-SiRs rather than M—H (not shown in Figure 5.5). Notably, both the
Chalk-Harrod or the modified Chalk-Harrod pathways afford primarily the (E)-B-
alkene product.'* An additional a-alkene product is formed in minor amounts by
the insertion of the terminal carbon into the M—H bond or the more substituted
carbon into the M-SiRs bond.

A second catalytic cycle, termed the Crabtree-Ojima mechanism, has been
proposed to account for the formation of (Z) isomer products in some systems
(Figure 5.6).%3132 This pathway too begins with oxidative addition of the metal to
Si—H. After this step, in contrast to Chalk-Harrod, migratory insertion proceeds
specifically into M-SiRs. This is followed by either reductive elimination to afford
the (E)-alkene product or, importantly, an isomerization at the metal center that
ultimately leads to reductive elimination of the (Z)-alkene product. As in the Chalk-
Harrod-like pathway, the formation of the a-alkene product is possible by migratory
insertion of the more substituted carbon on the alkyne into M—SiR3 (not shown in
Figure 5.6).

In the Crabtree-Ojima proposal, the distribution of products is dependent on
the relative rate of reductive elimination (to yield (E) products) to isomerization (to
yield (Z2) products) at the metal complex intermediate(s), as reductive elimination

is the rate determining step. Isomerization is driven forward by steric strain
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Figure 5.5. Chalk-Harrod-like catalytic cycle for the hydrosilylation of alkynes with
late transition metal complexes.

between the silyl moiety and other groups at [M], while reductive elimination is
influenced by both steric and electronic effects. Accordingly, reactions proceeding
by this mechanism are highly sensitive to steric and electronic effects of alkyne
and silane substituents.4

On the basis of product distributions in our studies, it seems likely that the
hydrosilylation of phenylacetylene with 1 proceeds by a Chalk-Harrod-like
mechanism. We do not observe significant formation of (Z) isomer products
regardless of the electronic and steric character of the silane used in the reaction.
Additionally, the Crabtree-Ojima mechanistic proposal is not commonly invoked for
hydrosilylation with Pd or Pt, and is more common with Group 9 metals Rh and
Ir.14 With these insights guiding our initial mechanistic hypothesis, we sought to

further probe the mechanism.
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We first monitored the reaction by NMR to observe how speciation of the
Pd complex changes over the course of the experiment. Reaction mixtures of 1,
2a, and 5a were prepared similarly to in catalytic trials under standard conditions;
however, in these experiments, the use of deuterated toluene, C7Ds, and slightly
higher concentrations were necessary to allow for the observation of non-abundant
species in solution NMR. These samples were placed in air-free J Young tubes
and allowed to stand at room temperature while 3!P and *H NMR spectra were
collected periodically.

First, experiments were performed to examine if the order in which the
reagents were added to 1 would affect the formation of metal complexes during

the reaction. Samples were prepared by first mixing 1 + 2a (to form silyl palladium

68



Ph

H Ph

4 ((depe)Pdl; (1) % ¥
Ill PP (2.5 mol %) - .Si, |’|-1°"Sl"’|’w

+ - Ph* 1 “Ph  +
[: ] CyDg, 298 K

Fh (66.67 mM) @
(5a) (2a) (E-p-6a) (a-6a)

1P{'H} NMR

48 1 A e e
44 . l // _— _“,H__ _ ___ll___ S
40 Fe———— l ------ 7 “ ”

36 ; r |- ' : | “

32 || . - | Il I

28 N | | .
24 - [ l - memxu_h_mw_llmm wwwwww “__ i
20 — L 1. ; . B I8 :
16 o i I I I i
12 o] | Tl Il I

10 a )| | I 1L I

8 “ 1 I : l‘ ll u i

6 | - i I

4 | I | L i ) i
3 ' : [T — AllJiA I
f | i 62 60 58 56 54 52 50 48 46 44 42!
0 L e J
Time it —

(h -

Figure 5.7. *1P{1H} NMR spectra of the reaction mixture during hydrosilylation of
5a with 2a. Reaction conditions: 1.0 equiv of 2a, 1.0 equiv of 5a, 0.025 equiv of 1,
66.7 mM in C7Ds.

hydride complex 9) or 1 + 5a, and NMR spectra were collected before adding the
other reagent. Regardless of which reagent was added first, the same species is
observed at t = 0 of catalysis (i.e. with all reagents in solution) by 3!P{*H} NMR,
and the reaction proceeds comparably thereafter. To determine the fate of the Pd
complex(es) in this reaction, then, we can analyze the results from either

analogous sample.
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The 3'P{*H} NMR spectrum of the reaction at t = 0 shows exclusively one
product with two sets of doublets (J = 37 Hz) at 58 and 59 ppm (Figure 5.7, Product
“A”). This peak pattern is typical for a four-coordinate square planar complex with
a bidentate phosphine ligand and two other dissimilar groups at the metal center.
Each phosphorous atom is in a different environment due to the distinct trans-
influence of its partner at Pd, giving rise to the two “sets” of peaks at 58 and 59
ppm. The doublet splitting within each set of peaks is a result of phosphorus-
phosphorus cis- coupling. Over time, the concentration of this product decreases
until it is all consumed at approximately t = 32 hours.

While this complex gradually disappears during the course of the reaction,
a new product is observed to form (Figure 5.7, Product “B”). The 3P{1H} NMR
spectrum of this new product shows the same splitting pattern as the initial
complex, though the sets of peaks are set further apart at 53 and 47 ppm (J = 37
Hz). Further, another minor product grows in, showing peaks at 56 and 53 ppm (J
= 43 Hz) (Figure 5.7, Product “C”).

Importantly, concurrent monitoring of 'H NMR spectra shows the expected
formation of product 6a, and the relative concentrations of these metal complexes
correlate well to the relative rate of the hydrosilylation reaction. At the beginning of
the reaction, when there is a greater concentration of Product “A” in solution,
formation of 6a occurs at a faster rate (Figure 5.8). At later timepoints, the rate is
significantly slowed until reaching a baseline level after disappearance of all
Product “A” and complete formation of Products “B + C.” Given the apparent
relationship between metal complex speciation and catalytic performance, we set
out to distinguish the identity of Pd species formed during catalysis.

Fascinatingly, each product observed in the 3'P{*H} NMR spectra can be
independently synthesized from 1 (Figure 5.9). As we and others have established
previously, the reactivity of 1 implies its dissociation to two equivalents of 14-
electron (dcpe)Pd fragment (1°) prior to interaction with substrates.?42533-36
Seeking to identify products in this study, then, we conducted stoichiometric
reactions with 1 and two equivalents of relevant species in catalysis, such as

substrates 2a/5a and products 6a.
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Looking first at Product “A,” this complex can be obtained by simply mixing
solutions of 1 and 5a. We have tentatively assigned this complex as the 1:1
Pd(0):phenylacetylene 1T-complex 10 based on the square planar character of
31P{*H} NMR spectra and on previously reported reactions of 1 with
diphenylacetylene.3* The formation of this complex predominates at early time
points in catalysis and, in the experiment where 1 and 2a were mixed first to form

silyl palladium hydride 9, the addition of 5a led to complete elimination of HSiPhs
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Figure 5.9. 3'P{*H} NMR spectra of potential Pd complexes present during the
hydrosilylation reaction. (top) 3'P{*H} spectrum of a reaction mixture during
hydrosilylation (t = 10 h).

from the Pd center to form exclusively 10. Indeed, 9 is never observed during the
catalytic reaction. Further NMR study of 10 has not been insightful to determining
its true structure, and attempts at growing a single crystal suitable for x-ray
diffraction are underway.

On the other hand, Products “B” and “C” do not arise from reactions of any
of the starting materials with 1. Rather, these complexes are generated by the
coordination of alkene products 6 to Pd, giving structures postulated as the 1:1
Pd(0):alkene t-complexes 11. Product “B,” the major phosphorus-containing
product at later timepoints in the reaction, forms from (E)-B-6a to give 11a. Product
“C,” which is only observed in trace amounts, forms from a-6a to give 11b. At
intermediate times in the reaction, all of these species are present simultaneously
(e.g. t=10 h, Figure 5.9).
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These results provide valuable insight into the mechanism of
hydrosilylation. The predominance of complex 10 in the early stages of the reaction
points to it being the resting state of the catalyst; over time, as the concentration
of product 6a grows and the concentration of 5a diminishes, 10 becomes less
favored to the products of alkene coordination 11. Although catalytic activity is not
entirely shut down after the disappearance of 10, significantly slower rates result
in the presence of only 11 — this suggests that the formation of 11 is contributing
to catalyst inhibition, likely due to the strong coordination of the alkene precluding
the entrance of 1’ back into the catalytic cycle. A similar dynamic is observed in
the hydrosilylation of alkenes by Karstedt’s catalyst.”

To examine the thermodynamic drive for this “sequestering” of active
catalyst by alkene coordination, experiments were set up to test the reversibility of
5a coordination to 1. First, catalytically relevant concentrations of 1 and an excess
of 5a (20 equivalents) were mixed in CzDs to form exclusively 10. Then, an
equimolar amount of product 6a (20 equivalents) was added to the reaction
mixture, and the conversion from 10 to 11 was monitored over time at room
temperature and 313 K. After 6 hours at room temperature, the product ratio of 10
: 11 was 1.0 : 0.2. Upon heating the sample for 28 hours at 313 K, the relative
concentration of 11 increased to give a ratio of 1.0 : 0.6. This experiment suggests
that the coordination of 5a is reversible under our catalytic conditions, allowing
access to 1’ from 10 (Scheme 5.2). This helps to explain the apparent equilibrium
existing between 10 and 11 in catalytic studies, where the relative concentration

Cy>  Cy,
T
p—Pd—p
Cy.  Cys
(1)
Cy, Cy, Cy2 Ph Cy2 Ph_ SiPh
P | | 5a P 6a P | P 8
|:P/ | - 5a F’/POI -6a P’ SiPh P’

Cy, Ph Cy, Cyz 3 Cyz

(10) (1) (11a) (11b)

Scheme 5.2. Proposed equilibrium between complexes 10, 1/1°, and 11.
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of 5a to 6a seems to determine the predominant Pd complex in solution.
Together, these results inform our proposed catalytic cycle for the
hydrosilylation of phenylacetylene with 1 (Figure 5.10), which generally follows with
a Chalk-Harrod-like mechanism.* The first step is dissociation of complex 1 to two
equivalents of active catalyst 1’. The next step is likely reversible coordination of
phenylacetylene to form intermediate complex 10, which is the resting state of the
catalyst; however, we cannot rule out that 10 is an off-cycle catalyst resting state
in equilibrium with 1’, and catalysis proceeds instead by reversible oxidative
addition of 1’ to Si—H. Nevertheless, migratory insertion follows, then finally
reductive elimination occurs to release product 6a and regenerate 1’. As 6a

accumulates in solution, 1’ is gradually consumed to irreversibly form off-cycle
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Figure 5.10. Proposed catalytic cycle for the hydrosilylation of 5a with 2a catalyzed
by 1.
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intermediates 11.

Unfortunately, the other species in this catalytic cycle were not observable
by NMR spectroscopy, even when reaction mixtures were mixed at and/or cooled
to 193-233 K. Therefore, greater insight into the mechanism was gained by

investigating the rate law and kinetic isotope effect in catalysis.

Mechanistic studies — rate law determination

To determine the rate law of the reaction, variable concentration kinetics
experiments were conducted in which the initial concentration of one reagent was
altered while the others were kept constant. The formation of product was
monitored by GC against an internal standard, and the rate of the reaction under
these conditions was taken as the linear portion of the dataset plotted in product
concentration against time. The reaction rate for each sample was then correlated
to the initial concentration of the reagent of interest, and this relationship was used
to determine the order in the reagent.

Varying the concentration of the silane, we found the reaction to be 15t (1.09
+ 0.06) order in 2a (Figure 5.11). Interpretation of this result is straight-forward, as
as the hydrosilylation reaction is expected to consume one equivalent of 2a in
order to yield one equivalent of product 6a. We thus moved on to finding the
dependence on 5a.

Varying the concentration of phenylacetylene, we found the reaction to be -
0.5 (-0.58 + 0.04) order in 5a (Figure 5.12). In contrast to the observed order in
silane, this relationship is more difficult to explain in the context of the catalytic
cycle. As with the silane, we would expect a 1%t order dependence on 5a, as one
equivalent of 5a should be consumed in the formation of one equivalent of product
6a. Yet, a negative half order suggests that 5a is involved in other processes during
each turnover of the catalyst, such that increasing the initial concentration of 5a

leads to slower reaction rates.
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Knowing that one equivalent of 5a must be incorporated into product 6a —
which would give a 15t order dependence on 5a in an ideal case — we must consider
that other, unobserved interactions contribute to cause a negative reaction order
in our system. Given that these interactions are likely to occur at the Pd center, the
order in 1 may prove useful in rationalizing this result.

Indeed, kinetics experiments with variable concentration of 1 lead to an
unexpected 1.5" (1.4 + 0.1) order (Figure 5.13). This is inconsistent with the
proposed dissociation of 1 to two equivalents of 1’ that then behave as active
catalysts, as that scenario would invoke a 0.5" order dependence on 1. Taken
together with the rate dependence on 5a, these results are interesting — but we
must also consider limitations in this analysis. For example, by design of kinetics
experiments, we have only observed this dependence to be true in early time
points of the reaction during which the rate of product formation trends linearly.

Nonetheless, these results — in addition to those of the NMR monitoring

studies (vide supra) — suggest a dynamic interaction of the substrates and products
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of hydrosilylation during the reaction. Similar reasoning was applied to
comprehensively describe the mechanism of hydrosilylation of alkenes with
Karstedt’s catalyst, including a negative rate dependence on alkene substrate.’

A negative order in 5a and 1.5" order in 1 support the proposed equilibrium
process between Pd:phenylacetylene 1m-complex 10 and active catalyst 1’ that
favors 10 in the presence of excess 5a. This tracks well with the predominance of
10 during early time points of the reaction, after which its concentration decreases
as 5a is gradually consumed in hydrosilylation. At the same time, the increasing
concentration of alkenylsilane products 6a favors the formation of Pd:alkene 1r-
complex 11. Coordination of 1’ to this alkene is stronger than to the alkyne 5a, and
SO access to active catalyst 1’ is suppressed in the presence of excess 6a at late
stages of the reaction. Yet, catalysis continues even after complete disappearance
of 10, albeit at a much slower rate. Then, 11 must also be in equilibrium with active
catalyst 1’ but is strongly favored under these reaction conditions. As was found
with Karstedt’s catalyst, the coordinating strength of species in solution affects the
rate of reaction.”

To conclude these rate order studies on the hydrosilylation of alkynes with
1, we can write the rate law of the reaction (equation 1):

[2a][1]'®

Rate = k, [Ba]os

(1)

Although this equation provides a crucial metric in studying the overall
reaction, we were interested to further understand how the individual steps of
catalysis contribute to this odd reaction order. One set of experiments that can
assist with the determination of reversible equilibrium steps during the mechanism

are kinetic isotope effect experiments.

Mechanistic studies — kinetic isotope effect and deuterium incorporation
We thus moved on to determine the kinetic isotope effect introduced by

deuterium substitution on the silane 2a (2a-di) or phenylacetylene 5a (5a-di). In

these experiments, one of the deuterated substrates was reacted with the other,

protio- substrate, and the reaction rate was recorded. A comparison of these rates
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to that of the reaction under standard conditions gives the H/D kinetic isotope effect
(KIE) for the hydrosilylation of phenylacetylene with 1. The interpretation of these
KIEs grants insight into the dynamics of Si—-H/D and C—-H/D bond breakage or
hybridization during (or before) the rate determining step of the catalytic cycle.3’
Additionally, the incorporation of deuterium into the products 6a-di1 can be tracked
by 2H NMR to identify the fate of Si-H/D and C-H/D in the final products;
alternatively, scrambling of H/D to give deuterium incorporation at multiple
positions would indicate the reversibility of a step (or steps) in the pathway of
hydrosilylation.’

Looking first at the reaction of 2a-d1 with 5a, we found a KIE of 1.89 + 0.07
(Figure 5.14a). This value is in line with a normal, primary KIE, indicative that the
breaking of the Si—H/D bond occurs at or before the rate-determining step of the
reaction.3” This results in a faster rate with the protio- substrate because the Si-H
bond is easier to break than Si-D.%%3° Seminal mechanistic study of the
hydrosilylation of alkenes with Karstedt’s catalyst by Stein, Lewis, and co-workers
found a similar KIE with deuterated silanes (KIE = 1.8).19

On the other hand, the reaction of 2a with 5a-d1 exhibits a large inverse KIE
of 0.20 + 0.05 (Figure 5.14b). This preference for the deuterated substrate 5a-d
likely arises from the change in hybridization at carbon during the reaction, which
is known to lead to inverse KIEs. While these are commonly of the magnitude of
0.7-1.0 for carbon-centered hybridization changes of sp? to sp2,3” we suspect that
the extraordinary inverse effect observed here is due to the transformation of an
sp-hybridized carbon to sp2. Importantly, the extent of the kinetic isotope effect is
strongly suggestive of phenylacetylene rehybridization — i.e. the breaking or
forming of a new carbon-element bond — occurring at or before the slowest step of

the catalytic cycle.
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Figure 5.14. (a) kinetic isotope experiment with 2a-di. (b) kinetic isotope
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mM in toluene. Concentrations were determined by GC against an internal
standard.

The results of these studies can be paired with 2H NMR data to rationalize
the incorporation of deuterium in the products. A comparison of the collected
products from kinetic isotope experiments against a sample of protio-6a — showing
both the B-E and a isomers — allows for the assignment of deuterium incorporation

in 6a-d1 and 6a-d1’ (Figure 15). To our satisfaction, the alkenylsilanes synthesized
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Figure 5.15. *H and 2H NMR spectra of the dried reaction mixtures from
hydrosilylation experiments in the kinetic isotope effect studies.

in reactions of 2a-di or 5a-di have exclusive deuterium incorporation at
complementary positions, and none of the “protonated” substrate is generated.

This lack of H/D scrambling is consistent with a catalytic cycle in which none
of the steps after the introduction of deuterium are reversible. If these steps were
reversible, a distribution of deuterated products would be observed by the dynamic
and non-specific breaking and forming of Si/C—H and Si/C-D bonds. Returning to
our focus on understanding the mechanism of alkyne hydrosilylation with 1, these
isotopic experiments provide valuable insight in determining the order of steps, and
the rate-limiting step, in the catalytic cycle.

We propose two possible routes by which the (dcpe)Pd fragment (1°) —
generated by dissociation from 1 — can react with substrates in the reaction: either
by oxidative addition to Si—H or 1r-coorindation of 5a. Our previous study into the

oxidative addition of 1 to Si—H showed that the reaction to form silyl palladium
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hydrides is facile but highly reversible via reductive elimination to reform starting
materials.?* Thus, if coordination of 5a-d1 preceded the oxidative addition of Si—H,
and reductive elimination was favorable from the silyl palladium hydride
intermediate, we might expect to see formation of the corresponding Si—D and 5a.
This is true for proceeding steps in the catalytic cycle as well. Yet, deuterium
incorporation occurs exclusively at one position to give products 6a-d:.

From this observation, we propose that the oxidative addition of 1’ to 2a is
the first step of the catalytic cycle, in line with commonly proposed Chalk-Harrod-
type mechanisms. In this case, the reversibility of oxidative addition of 1’ to Si-D
leads only back to 1’ and 2a-d1, giving no extraneous deuterated products as no
other substrates have yet been coordinated at the metal center. This oxidative
addition is followed by m-coordination of 5a, migratory insertion, and reductive
elimination of 6a-di. To generate 6a-d:’ from 5a-di, deuterium is installed instead
during migratory insertion from intermediate protio- 9.

This hypothesis must be reconciled with the sole observation of the
proposed 1r-coordination complex 10 during early stages of catalysis, and only the
formation of 11 thereafter. We suspect that 10 is an off-cycle intermediate from
which 5a dissociates to yield active catalyst 1°. The presence of an off-cycle
species in dynamic equilibrium with 5a during the reaction also helps to explain the
unexpected -0.5" order rate dependence on 5a and 1.5 order rate dependence
on 1. Following this hypothesis, it seems that equilibrium favors 10 at early stages
in the reaction (in the presence of excess 5a) which contributes to a negative
reaction order in 5a —i.e. more 5a and 1 are being used to form 10 than to generate
products 6a. As the concentration of 5a decreases due to its consumption in
catalysis, and the concentration of 6a increases, equilibrium begins to favor 1’ and
11. Accordingly, 5a is gradually released from 10 to be converted to 6a. The
reversibility of coordination of 6a from 11 appears to be low but not insignificant:
even in the presence of only 11 after full consumption of 10, catalysis continues,
albeit at a much slower rate. Assuming 1’ to be the only active catalyst in this

system, this lower rate is attributable to its less favorable release from 11.
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On the basis of KIEs, we can rule out the oxidative addition of Si—-H and the
coordination of 5a as rate-limiting, as they come before a rehybridization of carbon
in 5a which is also involved at or before the slowest step. This leaves two options
for the rate-determining step in our system: migratory insertion or reductive
elimination. In the Ojima-Crabtree mechanistic proposal of alkyne hydrosilylation,
reductive elimination is necessarily posited as the rate-determining step, as the
relative rate of reductive elimination to isomerization controls the product
distribution to sometimes give unusual (Z) products.! On the other hand, the Chalk-
Harrod mechanism of platinum-catalyzed hydrosilylation is commonly postulated
to be rate limited by migratory insertion.’

Unfortunately, we have no direct evidence of migratory insertion or
reductive elimination processes, and at this time cannot unambiguously state
which step is rate-determining in the hydrosilylation of alkynes with 1. The
unusually strong, inverse KIE for H/D substitution of 5a may be suggestive of
migratory insertion being rate-limiting, which would fall in line with the behavior
observed in this system to typify a Chalk-Harrod-type mechanism. In the
mechanistic study of alkene hydrosilylation with Karstedt's catalyst, a lack of
deuterium scrambling was used to support the assignment of the rate-determining
step as migratory insertion.” This leads to our tentative conclusion of migratory
insertion as the rate-determining step; yet, more investigation is needed to confirm
this proposal. Nonetheless, taken together, our results in mechanistic studies allow
for a refinement of the initially proposed catalytic cycle (Figure 5.16).

Conclusion

In this chapter, we have described our work on the hydrosilylation of
phenylacetylene with Pd(0) complex 1. Our interest in this subject stems from our
study on the fundamental oxidative addition of 1 to hydrosilanes, which comprises
a crucial step in hydrosilylation. Our initial investigation into the hydrosilylation of
alkynes showed good agreement with trends in silane electronic and steric
properties observed in oxidative addition; more electron-poor and less sterically
encumbering silanes give faster and more complete reaction, while electron-rich,
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sterically bulky silanes only sluggishly undergo hydrosilylation under relatively
forcing conditions. The trend in silane electronic effects on the reaction rate was
guantified by Hammett analysis to give p = 2.0 £ 0.4.

NMR monitoring of the reaction identified key intermediates in the catalytic
cycle; specifically, the observation of complexes 10 and 11 allowed for the
determination of the resting state and catalyst deactivation products, respectively.
A dynamic equilibrium process between these two species through active catalyst
1’ appears to be at play, giving rise to an unexpected rate law with 15t order
dependence in 2a, -0.5" order dependence in 5a, and 1.5" order dependence in
1.
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Figure 5.16. Proposed catalytic cycle for the hydrosilylation of 5a with 2a catalyzed
by 1, taking into account the results of this study.
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Looking towards the mechanism, deuterium incorporation experiments with
deuterated substrates 2a-di1 and 5a-di1 provide evidence for a lack of reversibility
in the steps proceeding oxidative addition of 2a to initiate the catalytic cycle.
Additionally, large kinetic isotope effects were observed for each deuterated
substrate. Reactions with 2a-d1 gave a normal, primary KIE of 1.89 + 0.07, while
those with 5a-d1 gave an extraordinary inverse, primary KIE of 0.2 + 0.05. We
suspect that this notable KIE is due to a rehybridization at carbon during migratory
insertion but could also be a consequence of the equilibrium processes with 5a (or
5a-d1).

More work will be done with this system to explore its practicality in
hydrosilylation with diverse silane and alkyne substrates, including those
necessary to study the effect of arylacetylene steric and electronic effects. More
detailed mechanistic studies will help to shed light on some of the unanswered
guestions brought about in this Chapter, including investigations on the role of
products 6 in catalyst deactivation and on the interactions of 1’ with 5a. These key
insights into mechanism and reaction development have the potential to optimize

the use of 1 in catalysis for greater levels of efficiency and selectivity.

Perspective and Outlook

This Chapter presents a thorough investigation into the hydrosilylation of
phenylacetylene with Pd(0) complex 1. Trends in the electronic and steric influence
of silane substrates were recorded, and the mechanism was elucidated with a
variety of experimental tools. Although this work is far from a report on the most
efficient state-of-the-art catalyst for alkyne hydrosilylation, we have sought to
provide a fundamental basis for understanding this reaction. We hope this will set
the stage for further development of 1 in catalytic applications and, more broadly,
that the principles uncovered in our studies will hold true in the discovery and
optimization of other examples of Pd-catalyzed hydrosilylation — a vitally important
reaction in organosilicon chemistry. Thus, we anticipate the work described here

will find value in furthering this area of research.
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6. OXIDATIVE ADDITION OF PALLADIUM(0) COMPLEXES TO
HALOSILANES

Introduction

Halosilanes are commonplace in organic synthesis due to their utility as
functional group protection reagents and substrates in halogenation and insertion
reactions, among other applications.'~” Of the halosilanes, chlorosilanes are most
widely available because they are products of the Miuller—Rochow “Direct”
Process, by which elemental silicon is reacted with alkyl and phenyl chlorides to
form chlorosilanes on industrial scale.® These chlorosilanes are utilized as
precursors for further functionalized organosilicon reagents and polymers, which
find broad use across commerce and industry.® Although bromo- and iodosilanes
are not manufactured at scale and are highly moisture-sensitive, they too are
viable substrates for functionalization and organic reactions.>~*19 Their reactivity
in comparison to Si—Cl reagents can be attributed to the relatively low strength of
Si—Br and Si—I bonds; for instance, bond dissociation energies (BDES) increase 77
< 96 < 113 kcal/mol across the series of MesSi—X where X = | < Br < CL.1112 Sjlyl
fluoride bonds are among the strongest bonds known in chemistry, exemplified by
a BDE of nearly 160 kcal/mol predicted for MesSi—F,*! and thus activation of the
Si—F bond is not synthetically viable.

Metal-mediated reactions of halosilanes are known, with examples
representing silylation, halogen exchange with aryl and alkyl halides, and ring
opening/expansion.>* A more recent and lesser explored application of
halosilanes is in late transition metal catalysis to achieve transformations such as
Negishi, Kumada, and Heck type cross-couplings.!?

A prevalent challenge in expanding these catalytic methodologies to
abundant chlorosilanes is in overcoming the thermodynamic stability of the Si—Cl
bond. In most reported catalytic reactions employing halosilanes, silyl bromides or
iodides must be used;*4?! alternatively, an exogeneous iodide additive may be
added to form RsSi—I in situ from silyl chlorides or triflates.?922-24 Furthermore,
while it is generally understood that the reactivities of R3Si—X (X = H, halogen, C,

Si, etc.) bonds increase as electronegative atoms are substituted at silicon,25-27
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literature remains scarce on systematic studies of silyl halide or substituent identity
effects in organometallic chemistry with halosilanes. Understanding of these
fundamental factors dictating halosilane reactivity will offer access to
underexplored chemical space in their use for catalytic transformations.

In examples of late transition metal catalysis with halosilanes, a near-
universally proposed step is the oxidative addition of the metal across the Si—X
bond.*® While oxidative addition to C—X bonds (carbon being the lighter congener
of silicon) is ubiquitous in organometallic chemistry and has been studied
exhaustively, far less is known about the reaction with halosilanes.32526 |Instances
of discrete silyl metal halides formed by oxidative addition of late transition metals
to halosilanes exist primarily with Pt,28-36 |r 223741 gand Rh,3%4243 and the vast
majority were reported more than three decades ago. Despite the prevalence of Pt
complexes of this type, very few examples are known with the other group 10
metals Pd and Ni.*46 In fact, the literature contains only one report of a discrete
mononuclear (silyl)Pd(X) complex formed by oxidative addition,’® and two
additional examples formed through multistep mechanisms.47:4®

Recently, we reported on silane electronic and steric effects in the oxidative
addition of palladium complex [(u-dcpe)Pd]2 to triorgano- hydrosilanes.*® These
experimental studies revealed a thermodynamic and kinetic preference for silanes
with more electronegative and less sterically bulky substituents. However, the
(silyl)Pd(H) complexes generated in this reaction are in equilibrium with the starting
materials,**->! and therefore their potential applications are limited by their
propensity to undergo reductive elimination of Si—H. Further, use of [(u-dcpe)Pd]2
(dcpe = dicyclohexyl(phosphino)ethane) — which dissociates to transient
(dcpe)Pd(0) species in solution — was critical, and no other Pd(0) complex
introduced or formed in situ was observed to achieve oxidative addition with
hydrosilanes.

We wondered, then, if we could leverage the inherent reactivity of Si—X
bonds and the stability of Pd—X bonds to investigate the uncommon oxidative
addition of halosilanes and form stable, (silyl)Pd(X) complexes from diverse Pd

precursors. Following with our studies into the oxidative addition of hydrosilanes,
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we were also interested in understanding the thermodynamic and kinetic effects
on this reaction with changes in silane substituents and halide identity. Ultimately,
we hoped to unravel the mechanism for the oxidative addition of Pd(0) complexes

to halosilanes.
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Figure 6.1. Scope of palladium complexes and halosilanes evaluated in
preliminary oxidative addition studies.

Results and Discussion

Initial reactivity studies with Pd complexes

To begin our study into the oxidative addition of halosilanes, we first sought
to explore a library of Pd(0) complexes or Pd(0) precursors equipped with N-
heterocyclic carbene (NHC) and monodentate and bidentate phosphine ligands
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(Figure 6.1). Experiments were performed to screen a variety of halosilanes with
these complexes in solution, and the reactions were monitored by 3'P and *H NMR.
An excess of halosilane was used (10-20 equivalents) to push the reaction forward
in case oxidative addition was equilibrium-controlled, as observed with
hydrosilanes.

From these experiments, trends in the reactivity of halosilanes with Pd
complexes were deduced. Bis-NHC Pd(0) complexes 1 were inactive towards
oxidative addition with halosilanes, as were bis-monodentate phosphine
complexes 2b and 2c. In contrast, complex 2a underwent oxidative addition with
CI-SiCls but no other substrate. A crystal of (PCys)2Pd(CI)(SiCls) (8) suitable for
single crystal x-ray diffraction (Figure 6.2) was grown from a reaction mixture of 2a
+ CI-SiCls, and reveals a trans- ligand environment about the Pd center. This is
consistent with fine triplet splitting (2Jr-si = 5 Hz) in the 2°Si NMR spectrum of the
complex with no evidence of the cis- isomer. This compound is only the third
monomeric (silyl)Pd(X) to be crystallographically characterized following Hayashi
in 1999 and Watson in 2014.1847 One dimeric (silyl)Pd(X) has been reported by
Cloke and co-workers.*8

To better evaluate the geometry about the metal center, the 14 structural
parameter was calculated from crystal coordinates.>?53 A 14 value of 0.20 was
found, where 14 = 0 indicates a perfectly square planar complex while 74 =1
indicates ideal tetrahedral geometry. Thus, 8 is well-described as a square planar
complex with minor deviation, which is likely due to significant steric hindrance
from bulky cyclohexyl groups on PCys. A similar distortion was apparent in the
crystal structure of related complex trans-(PCy3)PtCI(SiPhCl2) formed by
oxidative addition of (PCys)2Pt to CI-SiPhCl2; accordingly, this product shows the
same geometry as 8 (P—Pt-P = 167.8°; CI-Pt-Si = 164.5°).%
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Figure 6.2. Left: S!P{'H} and 2°Si NMR (%Jr-si = 4.4 Hz) spectra of
(PCy3)2PdCI(SICls) (8). Right: molecular structure of (8). Thermal ellipsoids are
drawn at 50% probability level. Hydrogen atoms are omitted for clarity. Selected
bond lengths (A) and angles (deg): Pd1-CI1 2.4166(9), Pd1-Sil1 2.2834(9), Pd1-
P1 2.3893(9), Pd1-P2 2.3845(9), Cl1-Pd1-Sil 162.25(3), Cl1-Pd1-P1 86.10(3),
P1-Pd1-P2 168.82(3), P1-Pd1-Sil 92.22(3).

Mononuclear bidentate phosphine complex 3a did not react with any
halosilanes, while 3b (vide infra) successfully underwent oxidative addition with
CI-SiCls to form (dmespe)PdCI(SiCls) (9b) (dmespe =
dimesityl(phosphino)ethane); however, like 2a, 3b was not active towards
oxidative addition with other substrates.

Palladium dimers 4 with methylene-bridged bidentate phosphines — which
we envisaged could dissociate (P-P)Pd(0) species 4’-5’ in solution in a manner
similar to [(u-dcpe)Pd]2 (5) which would then be trapped by oxidative addition to
X-SiRs3 (Scheme 6.1a) — did not give the expected products (P—P)Pd(X)(SiRs) 9-
10. Rather, 3'P{IH} NMR spectra after the reaction are characteristic of a
symmetrical product in which all phosphorus atoms are equivalent, and the same
product is generated regardless of other groups at silicon. There is precedent for
simple halosilanes X—SiMes to react with dimeric Pd(l) and Pd(ll) halide complexes
containing similar bidentate phosphine ligands; in these reactions, the halosilanes
induce halide exchange via (P-P)2Pd2X"2*MesSiX adducts to give products (P—
P)2PdXs and X'-SiMes without oxidative addition.>* The 3'P{*H} NMR spectra
collected in our reactions match well with the formation of (P—P)2PdX4 (6 O to -10

90



ppm)®® (Scheme 6.1b) but the fate of the silyl groups is unclear. Moving forward,
given the lack of oxidative addition observed in these studies, complexes 4 were

not studied further.

" R Ry . . ) . Ro
P=-Pd-P in solution Po X—SiR; P X
1/2 ( ) .......... >< ........ ) ( /Pd ................... 3 < /Pd\
P=-Pd-pP ’ P p SiR
R, R, with 4 R, )
(4-5) (4'-5") (9-10)
X
b R’z R
R Ry PP,
Zpg- . —Pd—R
P=Pd-R 4 (X—SiR3) v .
......................... X X + 4 -§-S|R3
P-Pd-pP z
pP—Pd—p
R: Ry R, % R,

(4)

Scheme 6.1. (a) Proposed pathway for dimeric complexes 4-5 oxidative addition
to halosilanes via dissociation of monomeric 4’-5’. (b) Undesired reaction observed
in studies with 4.

Unlike methylene-bridged dimers 4, ethylene-bridged [(u-dcpe)Pd]2 (5)
readily undergoes oxidative addition with halosilanes to form (dcpe)Pd(X)(SiRz3)
(10) with all of the substrates tested except monochlorosilane CI-SiPhs. These
products are easily identified in 3!P{*H} NMR spectra as two sets of doublets
arising from the inequivalency of phosphorus environments trans- to either Pd—X
or Pd-SiRs (Figure 6.3). In these reactions, (dcpe)PdX2 was generated in small
amounts as a byproduct alongside the desired product of oxidative addition.

Finally, Pd(Il) complexes 6-7, which are known to reductively eliminate
ethane to generate transient (P—P)Pd(0) 4’-5’ species upon heating,*® reacted with
halosilanes to form products with NMR spectra characteristic of square planar,
non-symmetrical Pd(ll) complexes as expected for complexes 9-10. However, the
identity of the product formed was independent of silane substituents, i.e., all
halosilanes with the same halide gave the same product. This spectroscopic data
was paired with observation that a precipitate was deposited from the reaction
mixture over time, until finally no phosphorus-containing species remained in

solution.
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Figure 6.3. 3'P{!H} NMR spectrum showing characteristic peaks of
(dcpe)PdI(SiPh3) (10a.a). Inset: enlarged spectrum of product peak regions.

Taken together, these data imply that oxidative addition to X—SiR3 does not
occur with 4°-5’ (Scheme 6.2a). Indeed, the new signals observed by 3!P{*H} NMR
can be identified instead as the respective (P-P)PdMeX complexes 11-12,
suggesting a direct interaction of halosilanes with 4-5. Although this reactivity
precludes oxidative addition of halosilanes to (P—P)Pd(0), it does not absolutely
rule out a pathway involving oxidative addition: one explanation for the observed
behavior is that oxidative addition of 4-5 to X-SiRs gives a six-coordinate Pd(IV)
intermediate, followed by reductive elimination of Me-SiRs and concomitant
formation of 11-12 (Scheme 6.2b). Formation of an analogous Pd(IV) intermediate
resulting from activation of (dmpe)PdMe:2 (dmpe = dimethyl(phosphino)ethane) by
a disilane has been experimentally supported.®’ Further, this mechanism has been
implicated by Schubert and co-workers in similar reactions with (P—N)PtMe2 and
|-SiMez or CI-SiPhMe: to give related products (P—N)PtMeX.58-60

Supporting this hypothesis in our experiments, *H NMR spectra of the
reaction mixture show the growth of new peak(s) corresponding to the formation
of an organic product postulated as Me-SiRs. Reactions with 1-SiMes provide
strong evidence for this transformation, as generated SiMes is observed in the
reaction by both 'H and *3C NMR. Over time, excess halosilane reacts further with
10-11 to give (P-P)PdX2, which precipitates out of solution; this final product is

moderately soluble when using the ligand dcpe (complex 7a) and the
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corresponding 3P NMR spectra are characteristic of (dcpe)PdX2 (3 90 to 100
ppm).*t

However, an alternate pathway for the reaction of complexes 6-7 with
halosilanes could proceed by o-bond metathesis (Scheme 6.2c). Though this
mechanism is less commonly proposed with late transition metals than sequential
oxidative addition- reductive elimination,%? examples of o-bond metathesis
have been observed at Pd and Pt, including with silyl substrates.®3-%6 Furthermore,
the two mechanisms are particularly challenging to distinguish. Given that these
reactions did not result in observation of the desired silyl palladium halide species
9-10, we did not explore these Pd(Il) complexes further.
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Scheme 6.2. (a) proposed pathway for complexes 6-7 oxidative addition to
halosilanes via reductive elimination of ethane to form 4’-5°. (b) proposed
explanation for the products formed by reaction of 6-7 with halosilanes involving
sequential oxidative addition-reductive elimination or (c) o-bond metathesis.

Returning to our goal of evaluating the scope of Pd(0) complexes competent
in oxidative addition with halosilanes, we determined only complex 5 to show the
desired reaction to form novel products 10 with diverse silane substituents and

halide identity. Thus, we focused primarily on this complex for further investigation.
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Oxidative addition of 5 with halosilanes — equilibrium studies
We next performed stoichiometric reaction studies to better understand the

oxidative addition of complex 5 with representative halosilanes. In these
experiments, 2 equivalents of halosilanes X-SiPhs or X-SiMes were added to 5,
and after 5-8 hours NMR spectra of the reaction mixture were collected. Relative
concentrations of 5 and 10 were determined by peak integration in 3P{*H} NMR

to approximate product conversion. Results are given in Figure 6.4.
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Figure 6.4. Scope of halosilane reactivity with 5. Percent conversions were
determined by NMR integrations (*against an internal standard). Reaction
conditions: 1.0 equiv. of 5, 2.05 equiv of halosilane, 13.33 mM in CeDs, 5-8 hours.
(a) Triphenyl halosilanes tested (X =1, Br, Cl). (b) Trimethyl halosilanes tested (X
=1, Br, Cl). (c) Chlorosilanes tested.
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Oxidative addition with 1-SiPhs and Br-SiPhs to form 10a.a and 10b.a
proceeded to excellent conversions. On the other hand, as observed in screening
studies, there was no reaction with CI-SiPhs. Similar results with regard to halide
identity were obtained using X-SiMes substrates, though to lower overall
conversion. These findings are fully in line with previously observed trends in
oxidative addition of Pt and Rh complexes to halosilanes:3133-3542 as the bond
strength of X—Si is decreased and a heavier halogen is used, oxidative addition is
increasing facile. Similarly, the substituents at silicon appear to affect the reaction,
where more electronegative phenyl substituents are favored to electron-donating
methyl groups.

We sought to take advantage of this substituent electronic effect to promote
the oxidative addition of chlorosilanes. By using highly electronegative chloro-
substituted chlorosilanes, the reaction was achieved in fair to good yields (Figure
6.4c). Further, modification of the aryl substituents on silicon with electron-
withdrawing groups enabled oxidative addition with triorgano- chlorosilane Cl-
Si(4-CFs-Ph)s to form 10c.g. We are aware of only two reports of monochlorosilane
activation at Pd.%7:68 In contrast to our work, the mechanism was not investigated
or indirect evidence of CI-Si activation was used to rationalize results in catalytic
reactions, but no discrete silyl metal chlorides were observed in either case.

We next probed the thermodynamics of this reaction by performing
competition studies of 5 with halosilanes and triphenylsilane H-SiPhs. In previous
work (Chapters 2-4), we showed the oxidative addition of 5 with H-SiPhs to be
favorable but reversible and the product (dcpe)PdH(SiPhs) (13) in equilibrium with
the starting materials. Upon addition of a halosilane to this reaction mixture, an
equilibrium will be established between the products of oxidative addition to H-Si
and X-Si. The concentrations of these species in solution gives insight into the
favorability of the formation of complex 10 against previously studied 13 and allows
us to benchmark the oxidative addition of X-Si (Figure 6.5).

The results from these competition studies are in line with equilibrium
studies: silyl iodide [-SiPhs outperforms Br—SiPhs, while silyl chlorides are slightly

less active but trend favorably with inclusion of highly electronegative chloride
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Figure 6.5. Results of competitive equilibrium experiments between HSiPhs and
halosilanes. Experiments were performed in CeDes or C7Ds and relative
concentrations were determined by 3P NMR integration. Reaction conditions: 1.0
equiv of 5, 2.05 equiv of HSiPhs, 2.05 equiv of halosilane, 13.33 mM, 5-8 hours.

substituents at silicon. Unexpectedly, when using some halosilanes of different
identity than X—SiPhs, such as Br-SiMes and CI-SiCls, these experiments led to
H/X exchange at palladium to give the corresponding (dcpe)PdX(SiPhs) (Figure
6.6). This result is especially significant in the case of chlorosilane CI-SiCls, as H/X
exchange leads to formation of product 10c.a (and presumably H-SiCls), which is
inaccessible via direct oxidative addition to CI-SiPhs under our conditions.

An analogous H/X exchange event was described in early work by Tanaka
and co-workers with platinum complexes trans-(PEtz)2PtX(SiMes) in reaction with
H-SiPhMe2, though no examples with silyl chlorides were reported.®® This
exchange is proposed to proceed by a sequential oxidative addition-reductive
elimination pathway, driven by the formation of more thermodynamically stable M—
SiPhs bonds as compared to M—SiMes.*> Similar redistribution processes with
halo(hydro)silanes have been explored with trans-(PEt)2PtX(H)?°, Vaska-type and
Wilkinson’s catalysts,®® and in catalytic reactions with various Ni, Pd, and Pt
complexes.%®

To summarize stoichiometric reaction studies, the results of equilibrium and
competition experiments point to the oxidative addition of 5 with halosilanes — and
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Figure 6.6. Product distributions in competitive equilibrium experiments between
HSiPhs and halosilanes Br-SiMes and CI-SiCls. Experiments were performed in
CeDes and relative concentrations were determined by 3P NMR integration.
Reaction conditions: 1.0 equiv of 5, 2.05 equiv of HSiPhs, 2.05 equiv of halosilane,

13.33 mM, 5-8 hours.

the stability of the resulting complexes 10 — being highly dependent on silyl halide
identity and substituents at silicon. An unexpected H/X exchange process is

observed in the presenceof both hydrosilane and halosilane to give the

corresponding complexes 13 and 10, yielding even 10c.a which is unable to form

via direct oxidative addition to Cl-SiPhs. Moving forward, we next studied the

kinetics of oxidative addition.

Oxidative addition of 5 with halosilanes — kinetic studies

The kinetics of oxidative addition 5 with halosilanes was observed by NMR

spectroscopy: a solution of 5, halosilane, and internal standard in C7Ds was mixed

at -78 °C and then immediately frozen in liquid nitrogen. The sample was warmed

to the desired temperature within the NMR spectrometer pre-cooled to that

temperature, and the growth of product was monitored by sequential 3P{1H}

spectra. lodosilanes react too quickly at room temperature to collect reliable kinetic
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Figure 6.7. Relative initial rates of product formation determined by kinetic studies
of the reaction between 5 and halosilanes. Product concentration was determined
by 3P NMR integrations against an internal standard. Reaction conditions: 1.0
equiv of 5, 2.05 equiv of halosilane, 13.33 mM in C7Ds.

data; thus, trials were conducted at 273 K for preliminary studies. Relative initial
rates (Kobs) are reported in Figure 6.7.

At 273 K, Br—SiMes does not undergo oxidative addition within the time
frame of the experiment. Br—SiPhs shows the slowest rate observed alongside Cl—
SiCIRz2, while the reaction with CI-SiCls is slightly faster. lodosilanes 1-SiPhs and
I-SiPhMe2 undergo oxidative addition rapidly and at essentially the same rate.
Interestingly, oxidative addition to CI-SiCIR:z is kinetically equivalent to or more
facile than the reaction with either example of Br—SiRs.

Notably, the rate of oxidative addition with halosilanes is slower than
oxidative addition with hydrosilanes, where formation of 13 occurs too quickly to
observe even at 233 K. Yet, competitive equilibrium experiments showed the
preferential formation of silyl palladium halide products 10 against silyl palladium
hydride 13. We were interested to decouple the kinetic from thermodynamic factors
dictating this reaction, and thus performed competitive kinetics experiments.
Solutions consisting of equimolar H-SiPhs and |1-SiPhs were added to 5 and an
internal standard, and the reaction was monitored at 273 K.

Att =60 s, 13 is the dominant product at a relative concentration of 2.5:1
against 10a.a. Over time, the concentration of 13 decreases at the same rate as
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10a.a increases until 10a.a is the major product of the reaction at t = 20 minutes
(Figure 6.8). Raising the temperature to 293 K increases the rate of 10a.a
formation and concomitant 13 consumption. These results are fully in line with
previous findings: the formation of 13 is kinetically facile, yet the product is
thermodynamically less stable than 10a.a. At higher temperatures, reductive
elimination of H-SiPhs from 13 is increasingly favored while the rate of oxidative
addition to I-SiPhs is enhanced. Competitive equilibrium experiments represent an
extension of this experiment, where full formation of 10a.a occurs at long time

points due to this interplay.
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Figure 6.8. Plot of product concentration against time in a competitive kinetics
experiment between HSiPhs and ISiPhs with 5. Reaction was conducted at 273 K
until ~1800 seconds, at which time the temperature was increased to 293 K.
Product concentration was determined by 3P NMR integrations against an internal
standard. Reaction conditions: 1.0 equiv of 5, 2.05 equiv of HSiPhs, 2.05 equiv of
ISiPhs, 13.33 mM in C7Ds.

In good agreement with the observed kinetic favorability of oxidative
addition to H-Si against X-Si, previously explored examples in our lab of 5
oxidative addition to chlorinated hydrosilanes HSICls and HSiCIMe2 — which

effectively behave as substrates for intramolecular competition experiments
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between the H-Si and CI-Si bonds — gives exclusively the silyl palladium hydride
product with no evidence of oxidative addition to CI-Si. In this instance, the
thermodynamic favorability of (silyl)PdX complexes 10 to (silyl)PdH is not a factor
because the CI-Si bond is rendered inactive towards oxidative addition after the
initial reaction with H-Si. This is true even when the silane is properly “activated”
towards oxidative addition of the CI-Si bond with highly electronegative
substituents. This helps to explain trends in seminal studies of Pd-catalyzed alkene
hydrosilylation first observed by Tsuji and co-workers, where only the H-Si bond
of HSIiCls was activated.”®

When competitive kinetics experiments with [-SiPhs and H-SiPhs were
repeated at 253 K, an initial equilibrium was established 2.5:1 between 13 and
10a.aatt=60 s, but no change in the concentration of either product was observed
thereafter. To investigate how temperature affects the rate and energetics for the
formation of 10, we next conducted variable temperature kinetics experiments.

The reaction rate with each halosilane was studied at a minimum of four
different temperatures, and the rates were used to determine the energetics of
oxidative addition by Eyring analysis (Figure 6.9). All reactions show large,
negative AS* (~15-40 cal*mol1+sK1) and positive AH* (~9-15 kcalsmol?). AG* at
273 K is not significantly different between any substrates, though iodosilanes are
the least disfavored to a minor degree. The similarity of transition state energies
for all halosilanes may indicate that the reaction proceeds via the same mechanism
regardless of silyl halide identity and substituents. We sought to further investigate

this mechanism.

Oxidative addition of 5 with I-SiPhs — mechanistic studies

There are three distinct mechanisms possible in non-polar solvents for the
oxidative addition of 5’ (generated by dissociation from 5) to halosilanes:
concerted, Sn2-like, or radical (Figure 6.10).7*-"3 While we have shown previously
that oxidative addition of 5’ to hydrosilanes undergoes a concerted mechanism,*°
the X-Si bond of halosilanes is far more polar than H-Si (for comparison, the
Cl- Si bond is more than twice as polar as CI-C, a classically defined “strongly
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Figure 6.9. Eyring analysis and derived energy parameters from variable
temperature kinetics studies of the reaction between 5 and halosilanes. The rate
of reaction at each temperature was taken as the average of at least two trials.

polar” bond).”* Sn2-like pathways are regularly observed with polar substrates
such as alkyl halides and therefore cannot be dismissed in this system.”? Radical
oxidative additions are characterized by poorly reproducible rates of reaction and
high sensitivity to halide identity, giving orders of magnitude faster rates with I-R
> Br—-R > CI-R substrates.”?~"4 While iodosilanes are favored in our studies, rates
differ by only one order of magnitude between examples with I-Si and CI-Si bonds,
and results are reproducible across time and batches of 5. Additionally, radical
oxidative additions are uncommon at coordinatively unsaturated non-first row

metal complexes.”®’* We concluded that a radical mechanism was not operative.
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Figure 6.10. Potential pathways for the oxidative addition of 5 to halosilanes via
concerted, Sn2-like, or radical mechanisms.

To distinguish between the concerted and Sn2-type mechanisms, we first
determined the rate law of the reaction between 5 and I-SiPhs. Samples for
kinetics experiments were prepared with varied concentrations of one reagent
while the other was kept constant. The order in the reagent of interest was
evaluated by plotting the rate of the reaction against the initial concentration of the
reagent (Figure 6.11).

From these experiments, the reaction was determined to be 0.5" (0.53 +
0.03) order in 5. This is consistent with the proposed dissociation of [(u-dcpe)Pd]z
into two equivalents of (dcpe)Pd (5°) that then undergo oxidative addition. Varying
the concentration of the halosilane, we found the reaction to be 1%t (0.99 + 0.08)
order in I-SiPhs.The simplified rate law for the reaction can be written (equation

1), showing an overall 1.5" order reaction:
Rate = k,,g[5]%°[ISiPh;] (1)

The rate law provides fundamental mechanistic insight into the reaction, yet
this result does not inform on the pathway of oxidative addition. For both concerted
or Sn2-like pathways, we would expect a 0.5 order dependence on 5 (or a 1%
order in 5°) and a 1t order dependence on I-SiPhaz. A large, negative AS* is also

characteristic of both mechanisms.
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Figure 6.11. (a) plot of initial rate of reaction versus [5]. (b) plot of initial rate versus
[I-SiPhs]. Kinetics data was collected at 233 K in C7Ds. Product concentration was
determined by 3P NMR integration against an internal standard.

One distinguishing feature of concerted and Sn2-like pathways is their effect
on product geometry: concerted reactions generate exclusively the cis- product,
while Sn2-like reactions can lead to cis- or trans- products.’® However, complexes
such as 5 with bidentate phosphine ligands are not amenable to the formation of
square planar, four-coordinate trans- products, as the chelating phosphorus atoms
about the metal center are forced in a cis- orientation to one another. Due to the
inability of the reaction with 5 to form trans- products, then, we cannot use product
geometry about Pd to lend insight into the mechanism with this complex.

Despite this setback, the two mechanisms of oxidative addition could
potentially still be distinguished by probing product stereochemistry and the effect
of reaction conditions.”*"2 In concerted oxidative addition, the stereochemistry
about a chiral silicon center is preserved, whereas it is inverted under an Sn2-like
mechanism. Moreover, concerted reactions tend to be unaffected by solvent
polarity, while Sn2-like reactions are faster in polar solvents.

Unfortunately, attempts to synthesize and evaluate the enantiomeric purity

of a chiral halosilane were unsuccessful, and the solvent tolerance of 5 is limited
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primarily to non-polar hydrocarbons. Thus, the rate of reaction at 253 K was
evaluated in a 50:50 mixture of toluene:hexane and compared to a sample
prepared side-by-side in 100% toluene (Figure 6.12). While the sample in 50:50
toluene:hexanes showed a slightly slower reaction, the differences in rate and
solvent polarity are too minor to draw meaningful conclusions about the

mechanism of oxidative addition.
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Figure 6.12. Plot of 10a.a concentration against time for kinetics samples in
toluene or 50% hexanes:toluene. Product concentration was determined by 3P
NMR integrations against an internal standard.

Absent of spectroscopic handles to evaluate this reaction further, we were
not able to elucidate the mechanism for oxidative addition of 5 to I-SiPhs. The rate
law of the reaction points to initial dissociation of 5 to two equivalents of active
species 5’, as similarly postulated in studies with hydrosilanes. Oxidative addition
at 5’ proceeds through either a concerted or Sn2-like mechanism.

Returning to our preliminary studies on the oxidative addition of diverse Pd
precursors with halosilanes, we were interested to explore the complexes in
addition to 5 that reacted with CI-SiCls. Namely, we wondered how complexes 2a,
3b, and 5, with their vastly different structures, reacted to form similar products 8,

9b, and 10, and if the same mechanism was operative in each instance.
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Oxidative addition of 2a, 3b, and 5 with CI-SiCls

To begin our mechanistic investigation of 2a and 3b, we conducted kinetics
studies on their oxidative addition to CI-SiCls. Interestingly, 3b is a novel complex
synthesized in our lab and, at the outset of this project, we had not determined
whether it was monomeric or dimeric. In C7Ds solution, 3b exists in equilibrium with
the free ligand dmespe; upon cooling this solution to 193 K, complicated dynamics
are observed by 3P NMR that we were not able to resolve. Studying the kinetics
of the reaction of 3b with CI-SiCls gave us crucial insight in determining the
complex as monomeric: upon oxidative addition, one equivalent of free ligand is

dissociated from the starting material (Figure 6.13).
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Figure 6.13. Plot of 9b and free dmespe ligand concentration against time in a
kinetics experiment at 293 K. Concentrations were determined by 3P NMR
integrations against an internal standard.

The assignment of 3b as a monomeric species is further supported by the
rate law of the reaction (Figure 6.14). Using variable concentration kinetics studies,
we determined the reaction to be 15t (1.0 = 0.1) order in 3b, indicating that each
equivalent of 3b is transformed to only 1 equivalent of 9b. This results rules out a

dimer dissociation pathway whereby 2 equivalents of 3b’ are generated from 3b
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Figure 6.14. (a) plot of initial rate of reaction versus [3b]. (b) plot of initial rate
versus [CI-SiCls] (average of two trials). Kinetics data was collected at 293 K in
C7Ds. Product concentration was determined by 3P NMR integration against an
internal standard.

in a manner analogous to 5. Rather, when paired with the observation of
stoichiometric ligand dissociation during the reaction with CI-SiCls, these results
are fully consistent with the activation of monomeric complex 3b by dissociation of
1 equivalent of dmespe to form 3b’, which then undergoes oxidative addition.
Next, varying the concentration of the halosilane, we found the reaction to
be 0™ (0.06 + 0.06) order in CI-SiCls, This result suggests that the rate-determining
step occurs prior to an interaction of 3b with the halosilane and thus [CI-SiCl3] is
not involved in the rate law. The simplified rate law (equation 2) for the reaction

can be written as 15t order:

Rate = k,,s[3b] 2
Unfortunately, a similar side reaction occurs in experiments using 3b in the
presence of excess dmespe ligand. In this case, however, the product of dmespe
+ CI-SiClz shows two paired triplets (J = 28 Hz) in the 3!P{*H} NMR spectrum at &
3 and -19 ppm. Dmespe is an uncommon ligand and, as such, there is a lack of

precedent for its reactivity and potential byproducts. Looking at related examples,
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the observed byproduct in our studies does not align well with examples of other
diaryl(phosphino)ethane ligands dppe (dppe = diphenyl(phosphino)ethane) or
potpe (potpe = phenyl(o-tolyl)(phosphino)ethane) chloride adducts [(P—
P)CI2]?*[2CI] (e.g. **P{*H} NMR & 72 ppm in CDCIz at 298 K with potpe)& or
palladium dichloride complexes (P-P)PdCl: (e.g. 3'P{*H} NMR & 58 ppm in CH2Cl3
at 298 K with dppe).8! This prevalent side reaction precludes determination of the
order for added dmespe in the reaction of 3b with CI-SiCls but does not play a

substantial role under standard conditions with no added ligand.

From these studies, we can conclude that the rate-determining step of the reaction
is likely dissociation of free dmespe ligand from 3b to generate 3b’. This
explanation exemplifies a fundamental principle in oxidative addition that “the rates
for ligand dissociation that occur prior to oxidative addition affect the rates of the
overall addition processes.”’* This is dissimilar to the observed behavior of 5 with
I-SiPhs (and with hydrosilanes), where formation of 5’ occurs with an

immeasurably low barrier prior to oxidative addition.
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Figure 6.15. (a) plot of initial rate of reaction versus [5]. (b) plot of initial rate versus
[CI-SiCls]. Kinetics data was collected at 273 K in C7Ds. Product concentration was
determined by 3P NMR integration against an internal standard.
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There is some precedent for distinct mechanisms arising in oxidative
addition of bisphosphine Pd(0) complexes to X—R when the X identity is
changed.”™ "% In order to examine whether the mechanism was different in the
oxidative addition of 5 to a chlorosilane than in studies with [-SiPhs, the rate law
for 5 + CI-SiCls was elucidated (Figure 6.15). As in experiments with the
iodosilane, the reaction was determined to be 0.5" (0.51 + 0.09) order in 5 and 1%
order in CI-SiCls (1.0 + 0.1), which is consistent with interaction of the halosilane
occurring at or before the rate-determining step. This discounts the dissociation of
5’ from 5 as rate-limiting. The simplified rate law of the reaction (equation 3) can
be written with an overall 1.5 order:

Rate = kgp,s[5]%°[CISiCl;] (3)

Finally, we moved on to evaluating the rate law for the oxidative addition of
2a to CI-SiClz (Figure 6.16). The reaction was determined to be 1s* (1.02 £ 0.07)
order in 2a, which is in line with the expected reactivity of 2a as a monomeric
species that can directly undergo oxidative addition. Similarly, a 15t (1.0 £ 0.1) order
in CI-SiCls was found. These results suggest that coordinatively unsaturated
complex 2a reacts stoichiometrically with CI-SiCls and is involved at or before the
rate-determining step. It has been suggested in theoretical studies that oxidative
addition with bisphosphine complexes 2 proceeds by a dissociative oxidative
addition mechanism, in which the first step is release of free phosphine ligand to
yield monoligated (PR3)Pd(0) as the active species.”” In our work, we did not
observe the dissociation of PCyz ligand by P NMR during kinetic trials.

Furthermore, spectroscopic and crystallographic evidence unambiguously
identify the product 8 as bisphosphine trans-(PCy3).PdCI(SiCls) (Figure 2).
Therefore, if ligand dissociation were occurring, it must favorably reassociate at a
later stage of the reaction pathway, perhaps precluding the spectroscopic
observation of free PCys if the reaction occurs at a sufficient rate. In a dissociative
mechanism, the presence of excess PCys would severely hinder the rate of
reaction as it would stabilize the bis-coordinated complex 2a and disfavor release
of the free ligand.”® In order to evaluate this hypothesis, the order in free PCys

ligand was determined (Figure 17). Kinetics studies were prepared under usual
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Figure 6.16. (a) plot of initial rate of reaction versus [2a]. (b) plot of initial rate
versus [CI-SiCls]. Kinetics data was collected at 243 K in CzDs. Product
concentration was determined by 3P NMR integration against an internal
standard.

conditions, except that additional PCys (0.5-4.0 equivalents) was added to the
reaction mixture.

An inverse correlation in rate was observed with increasing concentration
of PCys to give an order of approximately -0.2 (-0.22 + 0.05). This fractional order
in PCys is difficult to interpret but may suggest a stabilization of 2a by excess ligand
in solution. Yet, the concentration of PCys does not change throughout the
experiment (Figure 17b). This implies that the interaction of PCys with complex 2a
or CI-SiCls is either fully reversible or occurs entirely within the first seconds of the
experiment before spectra are collected.

Notably, the presence of a new product (3*P{*H} NMR & 65 ppm in C7Ds at
243 K) was observed in these studies that is not seen in standard kinetics
experiments with 2a and CI-SiClz. The chemical shift of this product by 3'P{*H}
NMR is similar to that reported for [CI-PCyz]*[CI]- (3*P{*H} NMR & 60 ppm in CD2Cl
at 298 K)."

After approximately t = 100 s, the concentration of this byproduct

equilibrates, and the final concentration is proportional with the concentration of
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added PCys. The formation of an unreactive byproduct is also consistent with lower
than expected [PCys] observed based on the intended stoichiometry of the
experiments. Overall, these results suggest that free PCys reacts with CI-SiCls
prior to oxidative addition and the resulting species is inactive in the reaction
thereafter. Thus, free PCys does not participate in oxidative additionbut indirectly
impedes the reaction by lowering the effective concentration of active species Cl—
SiCls. This result is in conflict with the theoretical suggestion of (PRs)Pd(0) species
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Figure 6.17. (a) plot of initial rate of reaction versus [PCys]. (b) plot of PCys
concentration against time in a kinetics study conducted at 243 K in C7Ds. (c) plot
of byproduct concentration against time in a kinetics study conducted at 243 K in
C7Ds. Concentrations were determined by 3P NMR integration against an internal
standard.
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Figure 6.18. Eyring analysis of variable temperature kinetics studies for the
reaction of Pd complexes 2a, 3b, and 5 with halosilanes and the derived energetic
parameters. The rate of reaction at each temperature was taken as the average of
at least two trials.

forming in solution prior to oxidative addition, and we suggest ligand dissociation
from 2a is not operative in our system.
Therefore, the rate law for oxidative addition (equation 4) is 2™ order and

can be represented without a dependence on [PCys]:

Rate = k,,.[2a][CISiCl;] (4)
Moving forward with this understanding of the stoichiometry and activation

pathways of Pd complexes 2a and 3b, we next determined the energetics of their
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reaction with CI-SiCls by Eyring analysis (Figure 6.18). In comparison to 5,
oxidative addition with 2a is faster and gives a substantially lower AH* (5.8
kcal'molt); however, this increase in enthalpic favorability is mostly offset by a
large, negative AS* (-43 calsmoleK1). At 273 K, AG* of the reaction of 2a with Cl—
SiCls is the least disfavored of any complex studied by a small, but statistically
significant, amount.

In contrast, 3b reacts more slowly than 5, and the activation parameters
deviate from the other two complexes. Oxidative addition with 3b shows a high
enthalpic barrier (19 kcal*mol?) but is essentially entropically neutral. At 273 K,
AG* of the reaction is comparable to that with 5.

Together, the rate law and AS* values derived from these reactions give
insight into the disparate pathways for activation of Pd complexes 2a, 3b, and 5,
as summarized in Scheme 6.3.

Complex 2a exists as a coordinatively unsaturated monomer that can
directly undergo associative oxidative addition without an initial activation process;
as a result, the rate-determining step must involve, or come after, an interaction
with the halosilane. In line with this finding, the rate law indicates a 15 order
dependence on the initial concentration of CI-SiCls in the reaction, and a large
negative AS* suggests a concerted or Sn2-like pathway for oxidative addition. In
this system, formation of the trans- product isomer may hint at an Sn2-like pathway.
However, we cannot rule out a rapid isomerization of the product in solution that
could lead to exclusive observation of trans-8 even if cis-8 forms during the
reaction; indeed, this isomerization process is precedented with examples of
(PR3)2PdRX complexes.??

Complex 3b was determined to have a monomeric structure, but it is
coordinatively saturated and thus must dissociate an equivalent of dmespe ligand
before interacting with CI-SiCls. This ligand dissociation comprises the rate-
determining step of the reaction, indicated by the rate law being independent of
CI-SiCls concentration. This conclusion also agrees well with the energetics of the
reaction found by Eyring analysis. Oxidative additions of 2a and 5 to CI-SiCls are

entropically disfavorable, reflecting the loss of disorder in forming one product from
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Scheme 6.3. Experimentally determined complex activation pathways for 2a, 3b,
and 5 en route to oxidative addition with halosilanes.

two starting materials (in the case of 2a + CI-SiCls) or two products from three
starting materials (in the case of 5 + 2 equiv CI-SiCls). In contrast, the reaction
with 3b is entropically neutral, as the release of free ligand in solution contributes
positively to disorder and leads to a net balance of two products (dmespe + 9b)
generated from two starting materials (3b + CI-SiCls).

Finally, complex 5 dissociates to 2 equivalents of 5’ prior to oxidative
addition, and this process is not rate-limiting as determined by the rate law of the
reaction. 5’ then reacts stoichiometrically in an associative oxidative addition
mechanism with halosilanes I-SiPhs or CI-SiCls to yield the expected products
10a.a or 10c.f. In spite of significant differences in the silyl substituents and halide
identity between these substrates, their reactions with 5 give nearly identical
energetic parameters by Eyring analysis, and the same rate law was found for
both. Overall, the energetics and rate law determined for 2a and 5 firmly support
their proposed oxidative addition through associative mechanisms, while 3b

proceeds by a dissociative mechanism.

113



Conclusion

In this Chapter, we have described our work on the oxidative addition of Pd
complexes to halosilanes X-SiRs (X = ClI, Br, I). Initial screening experiments
revealed that the reaction is highly sensitive to the ligands and bonding of Pd
precursors, proceeding with only three of the tested complexes: 2a, 3b, and 5. Of
these complexes, only 5 underwent oxidative addition with diverse halosilane
substrates, while 2a and 3b reacted exclusively with CI-SiCls.

The oxidative addition of 5 to halosilanes was first studied in equilibrium
studies, where stoichiometric addition of halosilane to 5 led to varying degrees of
product conversion depending on silyl substituents and halide identity. In general,
iodosilanes were preferred to bromosilanes > chlorosilanes, and electronegative
phenyl substituents were favored against electron-donating methyl substituents.
By taking advantage of this substituent electronic effect, we were able to induce
the oxidative addition of 5 to a triorgano- chlorosilane, which marks a significant
achievement in the activation of halosilanes by transition metals.

We next moved on to studying the kinetics of the reaction of 5 with
halosilanes. As in equilibrium studies, oxidative addition to iodosilanes proved the
most facile, followed by bromo- and chlorosilanes. For iodosilanes, the rate of
oxidative addition is not significantly impacted by changing the silyl substituents
from 1-SiPhs to [-SiPhMe2. For bromo- and chlorosilanes, the rate of oxidative
addition is less sensitive than Keq to changes in halide identity, and these
substrates show comparable rates to one another with appropriate silyl
substituents. Competitive kinetics experiments against H-SiPhs point to the
improved thermodynamic favorability of silyl palladium halide product 10a.a
against silyl palladium hydride 13.

Variable temperature kinetics studies were conducted with 5 and each
halosilane, and the rates used in an Eyring analysis to determine the energetics of
oxidative addition. Overall, these reactions are characterized by a large, negative
AS* (~15-40 cal*mol*Kt) and positive AH* (~10-15 kcal*mol?) to give AG*273 =

18-20 kcal*molt. The notable similarity of transition state energies in reactions with
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diverse halosilane substrates prompted us to investigate the mechanism of the
reaction.

Mechanistic studies of the reaction of 5 with I-SiPhs gave a rate law with
0.5 order dependence on [5] and 15t order dependence on [I-SiPhz]. This 0.5"
order in 5 supports the proposed dissociation of dimeric 5 into two equivalents of
active monomeric species 5’ prior to oxidative addition. Along with a large,
negative AS*, the derived 1.5 order rate law is consistent with a concerted or Sn2-
like pathway for oxidative addition. However, further attempts to distinguish
between these mechanisms were not successful. The oxidative addition of 5 to Cl—
SiCls proceeds more slowly but gives the same rate law and other mechanistic
information as the reaction with 1-SiPhs.

Returning to our findings on the scope of Pd complexes competent in
oxidative addition to halosilanes, we were interested to study the reaction of 2a
and 3b with CI-SiCls. Oxidative addition of 3b proceeds with the stoichiometric
formation of free dmespe ligand in solution, indicative of ligand dissociation being
necessary to activate the coordinatively saturated complex. Accordingly, the rate
law was determined to show a 1%t order dependence on [3b] and 0" order
dependence on [CI-SiCls], suggesting this intramolecular ligand dissociation step
to be rate-limiting. This assignment is supported by energetic parameters
determined via Eyring analysis that show the reaction to be entropically neutral,
likely due to an increase in disorder resulting from the release of free ligand in
solution.

Complex 2a undergoes oxidative addition directly with CI-SiCls to give 8
without an initial complex activation, which may explain why it proceeds with the
fastest rate of any complex studied here. While exogenous PCys ligand leads to
slightly diminished rates of oxidative addition, this is due to side reactivity of Cl—
SiCls and PCys and not an inherent effect on the oxidative addition pathway. The
rate law for the reaction of 2a with CI-SiCls is overall second order, with a 15t order
dependence found for each reagent. As in studies with complex 5, understanding
the precise mechanism operative in the oxidative addition of 2a to CI-SiCls is

precluded by experimental and structural challenges in studying these reactions.

115



In this work, we have extensively studied the formation of silyl palladium
halide complexes to generate novel products 8, 9b, and 10. The oxidative addition
of halosilanes was studied fundamentally and mechanistically, to give trends in
reactivity with regard to silane halide identity, silane substituents, and Pd(0)
complex ligands and bonding. Given the lack of study in this area, we posit that
this work represents a meaningful contribution to the understanding of fundamental

organometallic chemistry.

Perspective and Outlook

Overall, this work provides the first fundamental and mechanistic insights
into the oxidative addition of Pd complexes to halosilanes with diverse substituents
and halide identity. By developing an understanding of the factors dictating this
reactivity, we hope to contribute to the effective design of catalytic systems
employing halosilanes. Moving forward, the results of this study will prove useful
in expanding the application of halosilanes with late transition metals, including in
reactions with readily available, industrially relevant chlorosilanes. We envision
that this work will contribute to opening avenues for the powerful transformation of
these under-utilized precursors in transition metal catalysis to organosilicon

compounds and polymers.
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7. SYNTHESIS OF SILICA-SUPPORTED PALLADIUM HYDRIDE
CATALYSTS
The synthesis and catalysis described in this section were performed by me. The
project was conceptualized by Dr. Amanda Cook. X-ray photoelectron spectra
were collected by Tawney Knecht. Solid-state NMR spectra were collected by Dr.
Shiva Moaven. The writing was done solely by me.

Introduction

The field of chemical catalysis is commonly divided into (at least) two
subfields: homogeneous and heterogeneous catalysis. While the development of
homogeneous catalysts can be dynamic and powerful towards achieving
transformations with high efficiency, selectivity, and other metrics, the use of
homogeneous metal complexes in industry is limited.! Rather, reactions conducted
on manufacturing scale commonly employ heterogeneous catalysis.? indeed,
estimates suggest that up to 90% of all chemical processes use heterogeneous
catalysts.®

Some of the reasons for the predominance of heterogeneous catalysts in
industry include their robustness compared to homogeneous catalysts and their
easy recyclability from a reaction mixture for use in later transformations, making
them highly cost efficient and potentially “green.” Additionally, the most heavily
used heterogeneous catalysts are synthesized by impregnation or high
temperature annealing of metal precursors onto a material support, obliviating the
need for the design of expensive and finicky ligand scaffolds.! Yet, these same
strengths that make heterogeneous catalysts so popular also lead to some of their
shortfalls.

One of the main challenges in heterogeneous metal catalysis is catalyst
design.? Although the activity of a given catalyst can easily be monitored, and some
systems can be optimized to high levels of efficiency based on engineering and
reaction development, mechanistic understanding of the active species is often
complicated by the imprecise nature of the synthesized material. An inability to
identify the active site among many other inactive (or deleteriously active) sites on
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the material precludes mechanistic study and thus rational optimization or
troubleshooting in catalysis.®

While not widely applied (yet) for catalysts that find use on an industrial
scale, other methods are known to synthesize surface-supported metal species.
Surface Organometallic Chemistry (SOMC) involves the use of a metal oxide such
as silica that will bind oxophilic metals through a reaction with surface silanols.®

Yet, this method does not solely circumvent the issue of non-specificity in metal
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Figure 7.1. (a) various types of silanols on the surface of silica lead to imprecise
grafting of metal complexes. (b) treatment of bulk silica at 700 °C leads to sio2-700,
which contains almost exclusively isolated silanols. (c) early transition metals can
be supported through an oxo-bridge to the silica surface. (d) late transition metal-
oxygen bonds are easily cleaved to give other types of supported metal clusters.
(e) this work proposes to synthesize a new type of heterogeneous catalyst by
oxidative addition to Si—H on the surface of silica.
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species formation, as silica too contains a variety of silanol sites (isolated, geminal,
and vicinal) on the surface, each of which could lead to formation of a different
complex upon reaction with a metal precursor (Figure 7.1a). Instead, silica can be
treated at high temperatures and vacuum to dehydroxylate the surface and form
high concentrations of strictly “isolated” silanols. These silanols are present at a
low concentration on the surface of the synthesized silica material and react with
metal precursors in predictable ways.”® The extent of dehydroxylation is
dependent on the temperature used; commonly, this treatment will be conducted
at 700 °C to make SiO2-700, Which contains up to 95% isolated silanols (Figure
7.1b).6

The use of this strategy to form heterogenous materials from early transition
metals is well-explored (Figure 7.1c). However, late transition metals (LTMs),
including those that play important roles in catalysis like Pd and Ni, are not
amenable to grafting through an Si—-O-LTM linkage to the surface due to their low
oxophilicity.®19 Thus, the formed O—LTM bond is easily cleaved to release metal
species into solution, which further degrade under harsh reaction conditions
(Figure 7.1d). One precedented decomposition pathway for Pd complexes bonded
through this motif is to form nanoparticles''-14 that can exhibit divergent reactivity
from the desired grafted catalyst; though, this decomposition pathway has also
been used to purposefully generate supported nanopatrticles, which have merit for
other reasons.'!1* To synthesize stable and molecularly-defined surface species,
however, this pathway is deleterious. Therefore, we sought to develop an alternate
route to graft metal complexes onto silica and other metal oxides that does not
result in the formation of an LTM-oxygen interaction.

In previous Chapters and publications,'>¢ | have discussed the work we
have done to understand the oxidative addition of Pd(0) complexes to the Si—H
bond of molecular silanes. The insight gained through those studies, including the
effect of silane electronics and sterics, metal complex tolerance, reaction
conditions, and spectroscopic handles, lay the foundation for the development of
a new class of heterogeneous catalyst materials formed through oxidative addition

to surface Si—H (Figure 7.1e). Using Pd, this will lead to unique surface-bound silyl
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palladium hydride species, in analogy to the molecular silyl palladium hydrides
described in Chapters 3-5.

To our knowledge, only a couple of examples of grafting with a late
transition metal via oxidative addition to silica surface X—H have been reported, to
graft platinum complex Pt(Pt-Bus)2!’ or a bidentate phosphine-ruthenium
dihydride!8 the Si—OH bonds of silica. Yet, the support of metal complexes through
oxidative addition provides several profound benefits to traditional heterogeneous
catalyst synthesis; primarily, a desired active site structure can be installed by
proper design of molecular precursors to grafting, and those features stay intact
after bonding to the surface. Thus, catalytic reactivity will be precisely tunable by
the choice of ligands on the metal center and the functionalization of silica sites
that can introduced in the starting materials.

Separately, we are aware of only one report of silanized silica used as a
support for late transition metals, also using ruthenium. However, in this case, the
formation of surface metal hydrides was not observed, and concomitant H2 gas
formation occurred to consume the surface Si—H.'° Otherwise, silanized silica
surface are commonly known for their application as substrates in hydrosilylation
reactions?®?! or as modified stationary phases for high-performance liquid
chromatography.??-2* Thus, the work here describes the novel use of silanized
silica as a platform for the oxidative addition of Pd(0) complexes to generate

unprecedented surface Si—Pd-H.

Results and Discussion

Preliminary studies with “bulk” silica

To begin studying the grafting of Pd(0) complex [(u-dcpe)Pd]2 (1) to silica,
we first needed to synthesize our desired support materials. Although our ultimate
goal is to achieve precise grafting at low concentrations to diffuse Si—H sites (i.e.
those formed on SiO2-700), we were interested initially to explore the fundamental
feasibility of Pd(0) oxidative addition to surface Si—H, as this is a novel route to
supporting Pd complexes on silica and an understudied reaction even with
molecular silanes. Therefore, we started our investigation by synthesizing a
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Scheme 7.1. Synthetic routes to H-SiO2 (2) and CI-SiO2 (3a) with bulk silica.

material with high concentrations of Si—H, silanized “bulk” silica, H-SiO2 (2).
In contrast to SiOz2-700, bulk silica has not been heat treated to dehydroxylate the
surface, and consequentially there remains a variety of silanol moieties.

Nonetheless, procedures are known for the generation of abundant Si-H
sites on the surface of bulk silica (Scheme 7.1). Early work in this area was
conducted by Sandoval and Pesek; the pioneering (and now somewhat outdated)
method reported for the silanization of silica proceeds first by chlorination of the
surface by thionyl chloride to give CI-SiO2 (3a).2>%6 This intermediate can be
isolated and then reacted with lithium aluminum hydride to form 2. Variations are
known, for example using hydrogen gas as the redutant other than LiAlH4.2” An
alternative, and commonly preferred, pathway proceeds in one step by a
sequential acid-catalyzed hydrolysis and condensation of triethoxysilane.?%28
Although the clear generation of surface Si—H moieties is observed at high surface
coverages via the latter method (modern estimates suggest a coverage of ~5 Si—
H per nm, very near the silanol content of hydrated silica),?° the exact structure
of 2 and the fate of all silanols has not been determined quantitatively. Indeed,
residual Si—OH surface species are confirmed by IR and NMR spectroscopy, and
the authors note an uncertainty in the formation of monolayer Si—H or polymeric

Si—H compounds of the structure (HSiO3/2)n.28
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The chlorination/reduction sequence to form 2 also presents several
challenges: namely, low surface coverage and difficulty in removing the reactive
aluminum byproducts. However, our previous studies into oxidative addition of 1
to halosilanes suggests some potential for supporting Pd complexes through a Si—
Pd—ClI linkage from 3a. Thus, we pursued the synthesis of 2 via triethoxysilane
condensation, and the synthesis of 3a via chlorination of SiO2 with SOCl2.

Looking first at the synthesis of 2, we carried out a hydrolysis/condensation
of triethoxysilane with bulk silica and aqueous HCI. The collected, free-flowing
white powder shows an IR spectrum fully consistent with the expected
transformation (Figure 7.2). In comparison to unmodified silica, there is a growth
of a peak at 2260 cm™ corresponding to Si—H, which matches exactly with the
literature value.?® Residual Si—OH are observed from ~4000-3000 cm, and the
broadness indicates the presence of multiple types of silanols remaining on the
surface. A qualitative comparison of this IR spectrum to one published by Sandoval
and Pesek shows a similar extent of silanization based on the height of Si—OH to
Si—H vibrations. The peaks from ~2000-1500 cm* arise from siloxane bridges in
the silica matrix, and nothing at lower wavenumbers is observable due to the
intensity of absorbance from the subsurface structure of silica (which, by definition,
makes up the bulk of the material).

Moving next to the synthesis of 3a, we conducted a chlorination of the
surface using SOCI.. During the reaction, a pronounced color change occurred
from white to violet, and the isolated product is a light purple solid. This observation
is in line with literature reports?® and provides a useful handle to determine the
success of the reaction, as the produced CI-Si gives IR vibrations only at low
wavenumbers (~600 cm) where they are obscured by the strong absorbance of
silica. In our preliminary experiments, we also tried bromination of SiO2 with SOBTr>
to give 3b; in this case, a color change of the solution to red was observed during
the reaction, but the collected material had no significant coloration.
Characterization of the product by IR spectroscopy was precluded for the same

reasons as for 3a.

122



OH
d HO~ OH HSI(OE), i
Si oM~ HCl(aq) S
&!| Sli dioxane, reflux -
"bulk” silica H-SIO; (2)
Si0,
00 Si-H
o H-SiO; (2)
80

Absorbance
3

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure 7.2. IR spectra of bulk silica and H-SiO2 (2)

To better identify and quantify the success of these silica halogenation
reactions, we turned to X-ray photoelectron spectroscopy (XPS). XPS is a powerful
technique to identify and quantify the elements present within approximately 10
nanometers depth of a material sample and does not require dissolution or
digestion beforehand.?®3° This makes it an excellent tool for the analysis of
materials with air-sensitive or otherwise unstable functional groups, such as our
silyl halides or transition metal complexes. Additionally, it provides information that
is limited primarily to surface species, so data is not obscured by the overwhelming
spectroscopic response of the silica substructure. Unfortunately, hydrogen atoms
are not observable, and therefore XPS could not supplement IR evidence for the
formation of 2.

XPS spectra were recorded on the solids collected from silica halogenation

reactions after they were thoroughly washed under an inert (N2) atmosphere and
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Figure 7.3. Plots of XPS spectra in regions corresponding to energies for silicon
and chlorine. Peak fitting was modelled for the chlorine spectrum to identify
contributions from 2p12 and 2psi2 states. XPS spectra were collected with Tawney
Knecht.

dried on vacuum. The presence of chlorine in a sample of 3a gives strong evidence
for the successful installation of Si—Cl on the surface (Figure 7.3); on the other
hand, no bromine was observed in the sample of 3b. Correcting for inherent
differences in sensitivity between atoms of different elements, the signal response
in XPS can be used to quantify the presence of each. Calculating relative chlorine
to silicon concentration, we find a ratio of approximately 9:91. Thus, we have
achieved ~9% coverage of Si—Cl sites on the surface of silica. A small portion of
this material was taken forward to silanize the surface with LiAlH4; however, the
resulting product showed a lower concentration of Si—-H than 2 formed from
HSIi(OEt)s condensation, as is generally reported in literature.?® Therefore, we did
not further explore 3a as a synthetic intermediate for 2.

With these modified silica materials 2 and 3a in hand, we next explored their

reactivity with Pd(0) complex 1. In analogy to our and others’ previous work with
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molecular silanes,3-331516 e hypothesized that 1 would dissociate into two
equivalents of (dcpe)Pd monomer 1’ that would then undergo oxidative addition to
the Si—X bond. This pathway would allow access to materials with unique Si—Pd
linkages to the surface of SiO2, which we propose will be more tolerant to harsh
reaction conditions than Si-O-LTM (LTM = late transition metal) moieties. Perhaps
the paramount benefit to this method is that it would enable molecular level
tunability in the choice of Pd ligand structure and silyl X group to effectively
optimize the catalytic performance across many applications.

To initially test this hypothesis, we conducted grafting reactions with 1 and
one of the modified silica substrates 2 or 3a. The mixtures were left to stir in toluene
under an inert atmosphere overnight and then the solids were collected, washed,
and dried under vacuum. IR spectroscopy was used to evaluate the identity of the
collected solid in the reaction with 2 (since signals for 3a and the corresponding
product are obscured) and 3P NMR spectroscopy was used to analyze the
residual metal complex(es) in the wash solution from grafting (Figure 7.4).

In both experiments, the 3P{*H} NMR spectra show remaining 1 in
solution. This is unsurprising, as excess 1 was used; however, it is a positive sign
that there was no degradation of the complex through undesired side reactions.
The IR spectrum of the solids collected from the reaction with 2 is more telling.
Although a large Si—H peak remains, and a Pd—H peak is not visible under the
siloxane overtones, C—H stretching (3000-2800 cm) and bending (1500 cm™)
resemblant of 1 are present in the product. These are likely from the cyclohexyl
groups of dcpe ligand, indicating the adsorption or oxidative addition of 1 to the
surface. This assignment is supported by comparison to the IR spectrum of an
analogous molecular silyl palladium hydride, (dcpe)PdH(Si(OEt)s) (6a) (Figure
7.5). Unlike the grafted product 4, the formation of this molecular complex can be
confirmed by solution 3'P{*H} and 'H NMR. This well-defined molecular complex
then provides a useful spectroscopic comparison to the grafted material 4 because
they share similar (dcpe)PdH(Si(OR)3) environments. Indeed, good agreement is
observed in C-H features of the IR spectra for 4 and 6, though other diagnostic

signals are obscured by the vibrations of silica.
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Figure 7.4. (a) 3P{*H} NMR spectra of the wash solution after grafting reactions.
(b) IR spectra of the solids collected from grafting reactions.

We again turned to XPS for verification of the surface species. The collected solids
in the reaction of 1 and 3a did not show the presence of Pd, signaling that no

grafting took place to the surface Si—Cl bonds. On the other hand, the XPS
spectrum of 4 shows a peak at energies characteristic of Pd(ll) (Figure 7.6).
Encouragingly, the relative concentrations of phosphorus and palladium can be
guantified, and they are present in approximately a 2:1 ratio as expected for
product 4. Further, the Pd:Si ratio is approximately 8:92, suggesting a surface
coverage of 8%. Although hydrogen is not directly observable by XPS and thus an
unambiguous assignment of Pd—H species has not yet been possible, these
results are fully in line with the successful oxidative addition of 1 to Si—-H on the
surface of silica. With convincing evidence we had formed one of our desired

materials, we next sought to apply it in catalysis.

126



100 PCy,
90 Cy,P-Pd-H
80 O’&il"“"o
70 O Sj (I) Si nQ
o | W, LN SN
o 80 9] v O )]
£ SV Y
-E 50 CoH (4)
N
0 [ pd
4 \- .m\\O
20 Si-H  Pd-H P SITN—
Cya £%
10 o
N—
0 +—t—t—————————— (aa)

4000 3500 3000 2500 2000 1500
Wavenumber (cm-1)

Figure 7.5. IR spectra comparison of 4 against molecular silyl palladium hydride
6a.

For preliminary catalytic studies, we chose to target the isomerization of alkenes.
This is a prime system to test the activity of surface palladium hydrides, as a
prominent mechanism in alkene isomerization is catalyzed by metal hydrides
(Figure 7.7).3* Whereas in many cases these metal hydride active catalysts are

generated in situ, particularly with late transition metals, the synthesized grafted
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Figure 7.6. XPS spectra of 4 and 1, zoomed in to energies corresponding to Pd.
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material 4 allows direct access to this important species. During isomerization, the
Pd—H bond is reformed to regenerate 4 after each turnover, which, along with the
heterogeneous nature of the catalyst, should allow for its recyclability across
multiple reactions. Additionally, alkene isomerization is a meaningful catalytic
target because it is widely applied across industry, such as in the Dupont

adiponitrile process.3®
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Figure 7.7. Established mechanism for alkene isomerization catalyzed by metal
hydrides.

We evaluated the catalytic activity of 4 in the isomerization of allylbenzene
(Figure 7.8). Control reactions were conducted using silanized silica 2 or molecular
silyl palladium hydride (dcpe)PdH(SiPhs) (6b) (formed in situ from HSiPhs + 1).
These controls show no or little reaction, respectively. Pd(0) complex 1 on its own
is a middling catalyst for allylbenzene isomerization, showing approximately 45%
yield after overnight at room temperature. Unfortunately, grafted complex 4
performed even worse to give only 10% yield under the same conditions. Despite
these poor catalytic results, however, this set of experiments served as a proof of
concept for the grafting of palladium complexes through oxidative addition to Si—H
on the surface of silica. Instead of optimizing further upon this model system, we
sought to translate this work towards our primary goal of grafting to finely tuned

silica surfaces prepared from SiO2-700.
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Figure 7.8. Results of catalytic alkene isomerization with studied materials.
Reaction conditions: 1.0 equiv allylbenzene, 0.1 equiv catalyst, 40 mM in toluene.
Catalyst concentration was based on quantification of Pd surface coverage by
XPS. Product formation was determined by GC against an internal standard.

Synthesis of Pd complexes grafted to silanized metal oxides

We therefore moved on to synthesizing these advanced materials,
beginning with SiOz2-700 (7). Treating bulk silica at 700 °C under vacuum or a flow
of dry air drives off surface water and encourages chemical dehydration of the
surface to give 90-95% “isolated” silanol species. This results in a characteristic
change in the energies of Si—OH vibrations observed in the IR spectrum: for
untreated silica, Si-OH vibrations appear as a broad signal across 4000-3000 cm-
1, while the spectrum of 7 shows only a single, sharp Si—OH peak at approximately
3800 cm? (Figure 7.9).6:36

In addition to IR spectroscopy, the extent of dehydroxylation can be
guantified by titration. This method involves the addition of a well-defined benzyl
Grignard reagent to a suspension of SiOz2-700. The acidic Si—-OH sites of silica will
rapidly cleave the Mg—C bond to release an organic analyte (toluene) into solution
in a predictable manner (Scheme 7.2); the concentration of this formed analyte

can then be observed spectroscopically by *H NMR. In the presence of an internal
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Figure 7.9. IR spectra comparison of bulk silica against SiO2-700 (7). Spectrum of
7 courtesy of Dr. Shiva Moaven.

standard, the amount of generated toluene is quantified by peak integration, and
the concentration then used in a calculation to determine Si—OH content in the
material of interest. In contrast to bulk silica which can have concentrations of Si—
OH as high as ~1.6 mmol Si—-OH/g SiOz2, the expected value for 7 is around 0.30
Si-OH/g SiO2. Titrations in our laboratory commonly give near this expected
concentration of Si-OH/g SiOa.

With fully dehydrated 7 in hand, we moved on to the installation of Si—H

groups on the surface. The same procedure was followed as for the

Q) OO SiO5.7g0 (7) quantified against
\ / —_— 2 ©/ internal standard

in TH NMR
Scheme 7.2. Titration of SiO2-700 to determine the surface concentration of Si—OH.
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functionalization of bulk silica to 2, with the important modification that all steps
were done under an inert nitrogen atmosphere and no aqueous reagents were
used (i.e. aqueous HCI was substituted for dry HCI in dioxane). This is due to the
extraordinary sensitivity of 7 towards atmospheric moisture, which will rapidly
rehydrate to reform an assortment of silanol moieties on the surface — effectively
reversing the rigorous heat treatment involved in synthesizing 7. Additionally, the
stoichiometry in the silanization reaction was adjusted to account for the lower
concentration of surface Si—OH on 7 vs bulk silica.

Unlike in the previous silanization of bulk silica, the solids collected from the
silanization reaction with 7 via hydrolysis/condensation of HSi(OEt)s gave an IR
spectrum with strong C—H stretching vibrations (Figure 7.10). Exhaustive drying
under vacuum did not decrease the proportion of these vibrations in comparison
to the other species present, suggesting that this signal is not due to adventitious
solvent or another adsorbed volatile compound. Yet, silanization is clearly
successful, as indicated by the growth of a strong vibration corresponding to Si—
H.

In fact, the formed product can be identified as H-Si(OEt2)—O-SiO2-700 (8a),
in line with literature precedent by Busca and Turturro.37:38 In these fundamental
studies, the silanization of metal oxides was conducted entirely within a vacuum-
and air- tight chamber equipped with in situ IR spectroscopy instrumentaiton, and
HSIi(OEt)s was transferred onto SiOz2-700 via diffusion in the gas phase. In contrast,
our synthesis employs classical “wet” methods to silanization. Nonetheless, our
results are consistent with the formation of the same surface species proposed by
Busca and Turturro as 8a. This assignment explains the persistence of C-H
stretching in the IR spectrum, as two ethoxy groups are still present on the bound
silane, while one has been cleaved to form to an Si—O-Si linkage to the surface.
A necessary byproduct generated in this reaction would be ethanol (EtOH) and,
indeed, ethanol is observed in *H NMR spectra of the reaction mixture during
silanization. By IR spectroscopy, our isolated material matches closely with that
reported in literature, and the diagnostic Si—H stretching vibration appears at 2235

cm! (compared to the reported value: 2230 cm-?).37:38
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Figure 7.10. IR spectra comparison of 7 and 8a.

Promisingly, not only can 8a behave as a desired surface Si—H, but it can
also be treated as a synthetic intermediate to 9. Upon heating 8a to 500 °C under
vacuum, further reaction takes place to give the fully condensed product 9. This
process is proposed to occur with the release of two equivalents of ethylene and
the reformation of isolated silanols in the vicinity of the reaction site.3"3® We
observe the disappearance of C—H stretching in the IR spectrum along with
concomitant growth of the Si—OH stretching frequency at ~3800 cm?, consistent
with this transformation (Figure 7.11). Further, the Si—H vibration shifts to higher
wavenumber (2279 cm), in agreement with the literature precedent (reported
value: 2280 cm). Taken together, these results give strong support for the
formation of the desired silanized materials 8a and 9.

We were interested to expand this silanization method to allow for tuning of
the electronics at Si—H. Specifically, in our previous studies, we observed that silyl
palladium hydrides formed from the oxidative addition of 1 to silanes with electron-

withdrawing substituents were more stable than those with electron-donating
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Figure 7.11. IR spectra comparison of 7, 8a, and 9.

substituents.'® We hoped to apply this insight to favor oxidative addition to surface
Si—H species. The stepwise reaction pathway from 7 to 9 allows for the isolation
of singly oxo-bridged surface silanes 8 with different substituents at silicon, so long
as at least one of them is an alkoxy group in the precursor. We thus undertook the
synthesis and application of substituted alkoxysilanes to silanize the surface of
SiO2-700.

In studies with molecular silanes, triaryl silanes were highly compatible
partners for the oxidative addition of 1, and the most favorable example we tested
was electron-poor HSi(4-CFs-Ph)s.1® This precedent formed the basis for our initial
experiments in changing the identity of alkoxysilanes used in silanization.
HSiPh2(OEt) and HSi(4-CF3-Ph)20t-Bu were synthesized from the corresponding
dihydrosilanes and alcohols and used in the silanization reaction with 7 (Figure
7.12).
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Figure 7.12. IR spectra comparison of 8a, 8b, and 8c.

In both reactions to form 8b and 8c, the IR spectra of the collected solids
show the growth of new C—H stretching vibrations. In the case of 8b, a new Si—H
peak is also apparent at 2168 cm, albeit at a far lower relative concentration to
Si—OH compared to 8a. Although the C—H stretching and bending (ca 1500 cm)
bands of 8c suggest the formation of a surface-bound species, no peak for Si—-H
is observed. A significant shift in the position of Si—H is observed going from 8a to
8b; given the other indications of a successful reaction to synthesize 8c, it may be
that substitution of highly electron withdrawing groups at silicon caused a shift of
the Si—-H peak to lower wavenumbers, where it is obscured under the siloxane
overtones of silica.

One other route for tuning the reactivity of surface Si—H is in the choice of
support. Although our work focuses primarily on silica, other metal oxides can
undergo similar reaction pathways to give supported Si—H species. Briefly, we
applied the silanization procedure with HSi(OEt)s on dehydroxylated alumina,

Al203-500, to give a material postulated as H-Si(OEt)2—O-Al203 (10). A portion of
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this material was heated to 500 °C under vacuum to further condense the ethoxy
groups and give H-SiO2>—0-Al203 (11). Generally, the spectroscopic evidence for
the formation of this product echoes that observed with silica (Figure 7.13); the
isolated product 10 shows residual C—H stretching in the IR spectrum that
disappears upon treatment at 500 °C, and the Si—H peak shifts from 2232 cm-* for
10 to 2277 cm for 11. In analogy to the reformation of isolated silanols on the
surface of silica upon condensation at 500 °C, new M—OH (M = Si or Al) vibrations

are observed in the spectrum of 11 at ~3800-3700 cm-2.
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Figure 7.13. IR spectra comparison of Al203-500 With silanized alumina materials
10 and 11.

Finally, these synthesized materials 8, 9, 10, and 11 were subjected to
grafting reactions with Pd(0) complex 1. These reactions were conducted in a
similar manner as with bulk silica, and analysis was carried out accordingly.
Solution 3'P{*H} NMR spectra of the wash solutions from grafting reactions show
only starting material 1 with negligible side reaction or decomposition. IR spectra

of the collected solids in reactions with SiO2-700 materials resemble the products
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formed from the grafting of 1 to 2; specifically, C—H stretching and bending
vibrations characteristic of the cyclohexyl groups of dcpe ligands are apparent, but
no Pd-H peaks can be observed as their expected frequencies (~1800 cm* based
on studies of molecular silyl palladium hydrides) are obscured by the siloxane
overtones of silica (Figure 7.14). Notably, however, these reactions show full
consumption of the Si-H peak of the starting materials 8 or 9. Grafting with
silanized alumina materials 10 and 11 gives similar results, though some Si—H
remains after the reaction. Overall, these spectra are in line with the successful
grafting of 1 to the surface of metal oxides by oxidative addition to Si—H, but do not
provide positive evidence for the formation of Pd-H. To attempt a better
assignment of this surface species, we turned to solid state NMR (SSNMR).

By 3'P{*H} SSNMR, the growth of a peak at approximately 75 ppm is
observed, shifted downfield from approximately 35 ppm in the starting material
(Figure 7.15). This change in chemical shift is comparable to that observed from 1
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Figure 7.14. IR spectra comparisons of grafted silica materials (left) and grafted
alumina materials (right) with 1.
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(3*P{*H} NMR & in CsDs: 23 ppm) to molecular silyl palladium hydrides 6 (3*P{*H}
NMR & in CsDs: 60-70 ppm) in solution. Based on this assignment of the product
peak by NMR, the results of grafting to 8b or 9 can be compared. Normalizing for
the peak height of 1, the grafted material 12b shows a higher concentration of the
desired product than 13, though at least slight evidence of grafting is observed for
both materials. Supplementing IR data, this allows for greater confidence in
determining the success of grafting reactions of 1 to surface Si—H via oxidative

addition.
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Figure 7.15. 31P{*H} SSNMR spectra comparison of 12b to 13. SSNMR spectra
collected by Dr. Shiva Moaven.

Catalytic studies — isomerization of 4-allylanisole

To explore the activity of these newly synthesized materials as
heterogeneous catalysts, we returned to alkene isomerization. Using 4-allylanisole
(16) as the alkene substrate, reactions were conducted with catalytic loading of
each of the previously synthesized SiO2-700 and Al203-s00 materials, including
ungrafted silica. The concentration of active species was approximated to be 0.30
mmol Si—H/g for silica samples 7-9 and 0.15 mmol Pd—H/g for grafted samples 12-

15, and these concentrations were used to achieve a catalyst loading of 5 mol %.
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toluene, 50 °C

(16) (40 mM) (E1T) (Z2-17)
Catalyst Time Yield of 17 E:Z
none 18 h n.r. -
1 18 h 91% 9:1
6b (1 + HSiPhs) 18 h 33% 45:1
HSiPh; 18 h n.r. -
7 26 h n.r. -
8a 18 h n.r. -
8b 18 h n.r. -
8c 18 h n.r. -
9 24h n.r. -
12b 18 h 35% 6:1
12¢ 18 h 37% 6:1
13 18 h 52% 6:1
14 20 h* 27% 4:1
15 20 h* 27% 5:1

Figure 7.16. Results of catalytic reactions in the isomerization of 16 with materials
studied throughout this project. Reaction conditions: 1.0 equiv 16, 0.05 equiv
catalyst, 40 mM in toluene. For heterogeneous catalysts, concentration of active
species was approximated from Si—OH in SiO2-700 starting material. Product
concentration was monitored by GC against an internal standard. *20 mM.

The reaction was mildly heated to 50 °C to encourage isomerization. Results are
given in Figure 7.16.

Conducting the reaction at high concentrations and 50 °C, 1 is a good
catalyst for alkene isomerization and gives above 90% vyield of the product 17 with
fair E:Z ratio. As observed in earlier studies with allylbenzene, addition of HSiPhs
with 1 — to form silyl palladium hydride 6b in situ — impedes the reaction. Yet, this
catalyst combination is quite selective for the (E) product despite low yields.
HSiPhs itself is not active under the reaction conditions, nor are any of the

ungrafted silica materials.
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Encouragingly, all of the grafted materials catalyze the isomerization of 16.
There does not appear to be a significant difference in activity based on varied aryl
groups in 12b and 12c or the extent of condensation in alumina materials 14 and
15. The best performing material is 13, though still it is not an effective catalyst for
the reaction. In addition to further developing this catalyst, we were interested to
evaluate the behavior of 1. Thus, we carried 13 forward to optimization studies,
and ran concurrent experiments to investigate 1 as a homogeneous catalyst for
the isomerization of 4-allylanisole.

We first tested the effect of temperature on the reaction. Trials were
conducted at varied temperatures — 0 °C, 25 °C, 50 °C, and 70 °C — and the rate
of product formation was monitored by gas chromatography (GC) against an
internal standard (Figure 7.17).

Surprisingly, although 1 leads to higher yields of 17 at long reaction times,
the rate of isomerization is initially faster with 13 at 70 °C. Indeed, the activity of 13

is more sensitive to temperature than 1, and the 13-catalyzed reaction is
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Figure 7.17. Results of isomerization of 16 with 1 and 13 at various temperatures.
Reaction conditions: 1.0 equiv 16, 0.05 equiv catalyst, 40 mM in toluene. For 13,
concentration of active species was approximated from Si—OH in SiO2-700 Starting
material. Product concentration was monitored by GC against an internal standard.
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exceedingly sluggish at and below room temperature. As observed in earlier
studies with allylbenzene, 1 is poorly capable of isomerization at room
temperature, but does proceed to low yields. Under more favorable conditions, the
same profile is observed regardless of whether the 1-catalyzed reaction is warmed
to 50 °C or 70 °C. For these reasons, we chose to continue optimization studies at
50 °C.

We next evaluated the impact of catalyst loading on the isomerization. We
prepared reactions with varied concentrations of catalyst — 1 mol %, 2.5 mol %, 5
mol %, and 10 mol % — and monitored product formation (Figure 7.18). While the
reaction with 1 was not strongly affected by the catalyst loading, the concentration
of 13 had a significant impact on the rate and overall yield. However, the benefit of
increased catalyst loading in this case is outweighed by practical considerations.
Using twice as much catalyst in the reaction leads only to the formation of twice as
much product before the isomerization stops at approximately 50% conversion.

Following with this logic, a catalyst loading of up to 20-40 mol % would be required
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Figure 7.18. Results of isomerization of 16 with 1 and 13 at various catalyst
loading. Reaction conditions: 1.0 equiv 16, 0.05-0.20 equiv catalyst, 40 mM in
toluene. For 13, concentration of active species was approximated from Si—OH in
SiO2-700 Starting material. Product concentration was monitored by GC against an
internal standard.
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to drive the reaction to full conversion. Thus, we determined that optimization in
catalyst loading is an effective avenue to developing 13, and we moved forward
with 5 mol % as our standard conditions.

Finally, we investigated the role of solvent on the isomerization of 4-
allylanisole. Previous trials were all conducted in toluene; in this experiment,
reactions were set up in acetone, acetonitrile, hexanes, and THF, as well as a
control sample in toluene (Figure 7.19). Acetonitrile is a poor solvent with either
catalyst. 1 performs well in all of the other solvents tested, showing the best activity
in hexanes or THF. The reaction with 13 in acetone is somewhat hindered, and the
reaction in THF is comparable to the trials in toluene. For 13, the most non-polar
solvent examined in this experiment, hexanes, leads to the highest yield and an
above average E:Z ratio (average across all previous trials in toluene is ~5:1).
Indeed, continued trials using hexanes as a solvent outperform those run
alongside in toluene.

Throughout these studies, the tolerance of catalysts 1 and 13 to different
reaction conditions was tested. In each experiment, disparate trends were
observed in the behavior of 1 and the behavior of 13. This is an important
consideration in evaluating whether 13 is truly a heterogeneous catalyst, as an
alternate pathway to the desired transformation could be dissociation of Pd from
the surface to generate the active species 1’ in solution — in which case catalysis
would be expected to proceed similarly as if 1° were generated from 1. However,
the unique behavior of each of these catalyst systems under identical reaction
conditions inspires confidence in the assignment of 13 as heterogeneous, or at
least signals that a different active catalyst is generated from 13 than from 1.

To get a better handle on the homo- or heterogeneity of the catalyst
13 during the isomerization of 4-allylanisole, a hot filtration experiment was
performed. In this experiment, a reaction mixture was prepared under standard
conditions, and isomerization was monitored until it reached approximately 20%
conversion at 30 minutes. At this time, the reaction mixture was cannula filtered
into a separate flask while keeping the system under nitrogen, and the reaction in

both flasks was monitored thereafter. The purpose of this experiment is to evaluate
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/@/\/ cat. (5 mol %) /@/\/ m
- +
MeO MeO MeO

solvent, 50 °C

(16) (20 mm) (E1T) (Z17)
Catalyst Solvent Yield of 17 E:Z
1 Acetone 69% 7:1
MeCN 30% 6:1
Hexanes 84% 7:1
THF 85% 9:1
Toluene 66% 6:1
13 Acetone 30% 5:1
MeCN 27% 4:1
Hexanes 70% 8:1
THF 39% 5:1
Toluene 45% 6:1

Figure 7.19. Results of isomerization of 16 with 1 and 13 in various solvents.
Reaction conditions: 1.0 equiv 16, 0.05 equiv catalyst, 40 mM. For 13,
concentration of active species was approximated from Si—OH in SiO2-700 Starting
material. Product concentration was monitored by GC against an internal standard.

how a filtration of the reaction mixture impacts catalysis; if filtering the solids from
the reaction leads to the termination of isomerization, this supports that the active
catalyst is associated with the surface of the solids and was not carried with the
solvent into the second flask. However, if both reactions proceed at a similar rate
after filtration, then it must be concluded that the active species was dissolved in
solution, and that the catalyst is not heterogeneous.

Our results support the heterogeneity of 13 (Figure 7.20). Upon filtration of
the reaction mixture, the filtrate shows nearly no further conversion of 16 (16sitrate)
to 17 (17sirate) €ven with exposure to the reaction conditions overnight. On the other
hand, the residue left with the solids in the original flask continues to proceed in
catalysis. In fact, the rate of 17so0lids formation is even slightly enhanced by the
effective increase in catalyst concentration induced by removing a portion of the

reaction solution to leave behind 13. Overall, the results in this study provide
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promising ground to further develop 13 as a heterogeneous catalyst for alkene

isomerization, among other reactions.

/@/\/ BoOm /@/\/ m\
- +
toluene, 50 °C
MeO (20 mM) Me© MeO
(16) 30 minutes, then filter (E-17) (Z-17)

0 o filtered att =30 min

Sample Time (min) Yield of 17

s
£ 16 AaAA A Filtrate 30 18.2%
S 12 84, o | 17e0iae 185 18.9%
[+
€ 8 0 ®® A | 16505 1320 19.8%
[£] H o,
g 4 0000 o Solids 30 18.2%
© . 185 33.7%

0 200 400 600 800 1000 1200 1400 1320 59.8%
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Figure 7.20. Results of a hot filtration experiment during the isomerization of 16
with 1 and 13 . Reaction conditions: 1.0 equiv 16, 0.05 equiv catalyst, 40 mM in
toluene. For 13, concentration of active species was approximated from Si—OH in
SiO2-700 Starting material. Product concentration was monitored by GC against an
internal standard.

Conclusion

In this Chapter, we have described our work to develop a new class of
heterogeneous catalysts based on the oxidative addition of palladium into Si — H
bonds installed on the surface of silica. This project follows our thorough work on
understanding the oxidative addition reaction with molecular silanes and
elucidating factors that influence the desired reactivity. Our first trials to evaluate
oxidative addition to the surface of silica used “bulk” silica that was silanized by the
hydrolysis and condensation of HSi(OEt)s. After a grafting reaction with Pd(0)
complex 1, IR spectra were indicative of the association of the complex. XPS
results suggest the formed species is oxidized to Pd(Il) and has a Pd:P ratio of 1:2.

These results are in line with the expected reaction, and this evidence leads to our
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optimistic conclusion that the grafting reaction was successful. Upon applying the
formed materials as catalysts in the isomerization of alkenes, though, only poor
activity was observed.

We then moved to studying the silanization and grafting to dehydroxylated
silica and alumina surfaces. Using similar methods as in the modification of bulk
silica surfaces, we were able to install a variety of Si—-H moieties to the surface of
metal oxides. This allows for the effective tuning of the Si—H bond both through
choice of substituents at silicon and at the metal oxide, which we hope can be used
to bias the oxidative addition of 1 and stabilize the corresponding surface silyl
palladium hydride species.

These modified SiO2-700 and Al203-500 surfaces were evaluated in grafting
reactions with 1, and tentatively result in successful grafting based on IR
spectroscopy. The synthesized materials were then used as heterogeneous
catalysts for the isomerization of 4-allylanisole. 1 grafted to a fully condensed H—
Si(O-)s showed the best activity (though still only fair at ~50% conversion
overnight) and was carried forward in optimization studies. Studies at variable
temperature and catalyst loading show faster and more complete reactions at high
temperature and catalyst loading. Non-polar solvents seem to be most compatible
with 13 for alkene isomerization.

In comparison to the catalytic activity and profile in the isomerization of 4-
allylanisole, it seems that different active species are operative. This is promising
in the assignment of 13 as a heterogeneous catalyst. This assignment was
supported by hot filtration experiments, which showed the complete termination of
reaction upon removal of the reaction solution from 13 solids, indicating the active
catalyst to be associated with the surface. This represents a significant
achievement in the research conducted in our laboratory: based on thorough
background and understanding of the oxidative addition reaction with Pd(0), we
now have promising results towards accessing a new class of heterogeneous
catalyst. This provides a strong motivation for the study of fundamental

mechanisms in the rational development of functional materials.
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Perspective and Outlook

Heterogeneous catalysis is ubiquitous in industrial chemical processes yet
suffers from fundamental challenges in catalyst design as a result of imprecise
synthetic methods. In this Chapter, we have described our investigation into the
synthesis of well-defined palladium complexes supported on the surface of silica
through oxidative addition to Si—H. The resulting Si—Pd—H species were applied in
catalysis and show fair activity for alkene isomerization without intensive
optimization. This work provides proof of concept for the formation of new
heterogeneous catalysts through this method and lays the foundation for a further
exploration of this field. Building upon these results has promise to aid in the

development of a new class of efficient, highly tunable heterogeneous catalysts.
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8. CONCLUSION

In this dissertation we have reported the results of our extensive studies on the
oxidative addition of Pd(0) to hydro- and halo- silanes. A common thread running
through each Chapter contained herein is a specific focus on elucidating and
understanding reaction mechanisms. Ultimately, this work has contributed to our
ongoing studies into homogeneous and heterogeneous catalysis, and it lays the
foundation for future studies to come.

In Chapter 1, we gave a general overview of the activation of hydro- and
halo- silanes by late transition metals, and contextualized this importance with
examples of silane activation in catalysis.

In Chapter 2, we hypothesized and systematically supported a mechanism
for the oxidative addition of Pd(0) to hydrosilanes. This experimental work allowed
for a rich analysis of the reaction, to give the full energy profile of the reaction and
allow us to ascertain of the rate determining step: silane coordination.

In Chapter 3, we continued study into the oxidative addition of Pd(0) to
hydrosilanes by modifying the electronics of the silane. Utilizing many of the same
experimental tools as in Chapter 3, we identify a pronounced electronic trend
favoring electron-poor silanes in oxidative addition.

In Chapter 4, we expanded our study into the effect of silane substituents
to probe the influence of steric bulk. Our results show an excellent correlation with
empirically derived Charton parameters for steric bulk, trending to disfavor
hindered silanes.

In Chapter 5, we explored the further transformations of silyl palladium
hydrides by applying them in the hydrosilylation of arylacetylenes. Preliminary
studies into electronic and steric effects are in good agreement with trends in
oxidative addition, and initial mechanistic experiments suggest interesting
interactions between the metal complex and substrates.

In Chapter 6, we examined the oxidative addition of Pd(0) complexes to
halosilanes. In these studies, silyl iodides were both Kkinetically and
thermodynamically favored to silyl bromides, and silyl chlorides only underwent

oxidative addition with strongly electronegative substituents (i.e. SiCls). The

146



mechanistic investigation of this reaction with three different Pd(0) complexes
suggests disparate activation pathways for each.

Finally, in Chapter 7, we combine the knowledge gained in previous studies
to develop new heterogeneous catalysts by the oxidative addition of Pd(0) to Si—
H on the surface of silica. Various forms of silanized silica are synthesized and
examined in grafting reactions, and the grafted materials used to catalyze alkene
isomerization. These early results show promise for this novel method of

heterogeneous catalyst preparation.
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APPENDIX

MATERIALS AND METHODS

General Experimental

All syntheses and manipulations were carried out under nitrogen using
standard Schlenk (vacuum 102 mbar) technique or in a nitrogen-filled glovebox
unless otherwise indicated. All reagents and solvents were used after drying and
stored under nitrogen, unless otherwise indicated. Tetrahydrofuran (THF; Fisher
Chemical; HPLC grade, unstabilized), hexanes (Fisher Chemical; HPLC grade),
diethyl ether (Et20; B&J Brand; HPLC grade, unstabilized) and acetonitrile (MeCN;
Fisher Chemical; HPLC grade) were dispensed under nitrogen from an LC
Technology SP-1 solvent system. Benzene (ACS grade) was refluxed overnight
with CaH: and distilled under nitrogen before use. The dried solvents were
thereafter stored on activated 4A molecular sieves under nitrogen. CDCls, CD3CN,
CsDs and C7Ds were purchased from Cambridge Isotope Laboratories, degassed
by freeze-pump-thaw, and thereafter stored on activated 4A molecular sieves
under nitrogen. All stock solutions were prepared by mass and were dispensed
into reaction vessel by difference from syringe, as detailed in the procedure for
each experiment.

Nuclear magnetic resonance (NMR) spectra were collected at room
temperature (298 K) unless otherwise stated on a Bruker AV-lIl HD 600 NMR
(600.13 MHz for *H; 150.90 MHz for 13C; 564.69 MHz for °F; 119.23 MHz for 2°Si;
232.94 MHz for 3!P), Bruker Avance-IIl HD 500 NMR (499.90 MHz for H; 126 MHz
for 3C; 471 MHz for °F; 99 MHz for 2°Si; 202.46 MHz for 3!P), or Varian Inova 500
NMR (499.90 MHz for 1H; 126 MHz for *3C; 471 MHz for °F; 99 MHz for 2°S;i;
202.46 MHz for 31P). 'H and *3C spectra were referenced to residual solvent peaks
(CeDs: 'H & = 7.16 ppm, 13C & = 128.06 ppm; C7Ds: 'H & = 2.08, 6.97, 7.01, 7.09
ppm, 13C & = 137.48, 128.87, 127.96, 125.13, 20.43 ppm). Chemical shifts are
reported in parts per million (ppm, &) relative to tetramethylsilane at 0.00 ppm.

Peaks are characterized as follows: s (singlet), d (doublet), t (triplet), q (quartet),
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pent (pentet), hept (heptet), m (multiplet), br (broad), app (apparent), and/or ms
(multiple signals). Coupling constants, J, are reported in Hz. Infrared spectroscopy
was performed on a Bruker Alpha Il FT-IR spectrometer or an Agilent Nicolet 6700
FT-IR, and peaks are reported in cm™. For catalytic reactions, yields were
determined using Gas Chromatography-Mass Spectrometry (GCMS) against an
internal standard. GCMS was carried out on a Shimadzu GC-2010 Plus/GCMS-
QP2010 SE using a Restek Rtx®-5 (Crossbond 5% diphenyl — 95% dimethyl
polysiloxane; 15 m, 0.25 mm ID, 0.25 ym df) column. High-resolution mass
spectrometry (HRMS) was carried out on a Waters XEVO G2-XS TOF mass
spectrometer.
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Chapters 2 and 3

From Hurst, M.R., Zakharov, L.N., Cook, A.K. “The Mechanism of Oxidative
Addition of Pd(0) to Si—-H Bonds: Electronic Effects, Reaction Mechanism, and
Hydrosilylation.” Chem. Sci. 2021, 12, 13045-13060.

Synthesis of palladium complex, [(p-dcpe)Pd]2

Cy, Cy, Cy;
PO ¢ NH,NH, P=pd—P
[ Pl — 1/2[ j
P’ o THE p—Pd—p

Cy, rt, 30 m Cy, Cy»

[(u-dcpe)Pd]2 was synthesized via modified literature procedure:! to a 20
mL scintillation vial in a glovebox was added (dcpe)PdCl2 (1.0 equiv) and THF (5
mL) with stirring. To the suspension, anhydrous NH2NH2 (20 equiv) was added at
once by syringe, and the reaction was stirred for 30 minutes. Hexanes (10 mL)
was added and the reaction mixture filtered over a Celite plug to collect a deep red
solution, which was concentrated under reduced pressure to yield crude [(u-
dcpe)Pd]2. The material was re-dissolved in hexanes and extracted with MeCN to
remove impurities; the hexanes fraction was then concentrated to yield a pure,

microcrystalline red solid.

1) Pd(OAc), (1 equiv) Cy,  Cy»

PCy, benzene, r.t., 1 h P [P_Pd—Pj
PCy,  2) NHaNH, (20 equiv) —Pd—

¥2 benzene, r.t., 30 m (F*:yz d (P;y2

Alternatively, the complex was synthesized in a one-pot procedure: to a 20
mL scintillation vial in the glovebox was added Pd(OAc)2 (1.0 equiv), dcpe (1.0
equiv), and benzene (5 mL) with stirring. The reaction was stirred for 1 hour, and
anhydrous NH2NH2 (20 equiv) was added all at once by syringe. The reaction was
stirred for 30 minutes more before hexanes (10 mL) was added and the reaction
mixture was filtered over a Celite plug to collect a deep red solution. The solution
was extracted with MeCN and the hexanes layer concentrated under reduced
pressure to yield a pure, microcrystalline red solid.
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Synthesis of triaryl silanes

1) BuLi (3.1 equiv)
/©/Br/| Et,O, rt, 1h
X 2) HSICl; (1 equiv) g g
Et,0, -40 °Ctort., 2 h l
(3 equiv) 2 or /©/H\©\
X X

Triaryl silanes were synthesized via modified literature procedure:? an oven-
dried Schlenk flask was charged with the aryl iodide or aryl bromide (3.33 equiv),
which was dissolved in Et2O. BuLi (2.5 M in hexanes, 3.41 equiv) was added
dropwise and the reaction was left to stir at room temperature for 1 hour. The
reaction was cooled to -40 °C in a dry ice/MeCN bath. HSICls (1.0 equiv) was
slowly added, and the reaction allowed to stir for 1 hour at -40 °C, then warmed to
room temperature and stirred for an additional 1 hour. The flask was cooled to O
°C, opened to air, and quenched with NH4Cl (saturated aqueous solution). The
organic layer was separated, and the aqueous layer extracted twice with Et20. The
combined organic layers were dried over MgSO4 and filtered, and the filtrate was
concentrated under reduced pressure to yield the corresponding crude product.
Purification was carried out by column chromatography yield the silanes as clear,

colorless oils or colorless solids.

Synthesis of aryldimethyl silanes

X
1) BuLi (1.2 equiv)
O/Br/l Et,O, rt., 1h
>
X 2) HSiMe,Cl (1.5 equiv) .
_ Et,0,-78 °C tor.t., o.n. PN
(1 equiv) H

Aryl dimethyl silanes were synthesized via modified literature procedure:3
an oven-dried Schlenk flask was charged with aryl iodide or aryl bromide (1.0
equiv.), which was dissolved in Et2O. BuLi (2.5 M in hexanes, 1.2 equiv.) was
added dropwise and the reaction was left to stir at room temperature for 1 hour,
after which it was cooled to -78 °C in a dry ice/acetone bath. HSiMe2ClI (1.5 equiv.)

was added slowly and the reaction mixture stirred at -78 °C while slowly warming
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to room temperature overnight. The flask was cooled to 0 °C, opened to air, and
guenched with NH4Cl (saturated aqueous solution). The organic layer was
separated, and the aqueous layer was extracted twice with Et2O. The combined
organic layers were dried over MgSO4 and filtered, and the filtrate was
concentrated under reduced pressure to yield the corresponding products as clear,
colorless liquids. Purification was performed by column chromatography or

distillation.

Synthesis of deuterated silanes

© LIAID4 (1 equiv) ©
Cl A,2h D
DSiPhs was prepared via modified literature procedure:* to an oven-dried

Schlenk flask was added CISiPhs (1.0 equiv) and degassed Et20 (15 mL) with

stirring. LIAID4 (1.0 equiv) was added to the reaction, and the flask was equipped

with a reflux condenser. The reaction mixture was heated to reflux and stirred
overnight. The reaction was cooled to room temperature and quenched with H20.
The reaction mixture was extracted with Et2O and the organics filtered through
Celite. The collected clear liquid was concentrated under reduced pressure to yield

DSiPhs as a viscous, clear, colorless oil.

© LIAID, (1 equiv) ©

Sis Et,0 Si

“

Cl A, 10 h D

~N

DSiPhMe2 was prepared according to literature procedure:® to an oven-
dried Schlenk flask was added LiAID4 (2.7 equiv) and Et20 (15 mL) with stirring.
PhMe2SiCl (1.0 equiv) was added to the suspension via syringe, and the flask was
equipped with a reflux condenser. The reaction mixture was heated to reflux and
stirred overnight. The reaction was cooled to room temperature and quenched by
slow addition of 10 wt% NaOH (aqueous solution). The product was then extracted
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into Et20, and the organic layer was separated, dried over MgSOa, filtered, and
concentrated under reduced pressure. The crude product was purified via vacuum
distillation (room temperature, 1 Torr) into a collection flask cooled with an

acetone/dry ice bath to give DSiPhMe:2 as a clear colorless oil.

Equilibrium studies at room temperature — General Procedure 3A

Cy, Cy, Cyz

H
P=P¢—P | CeDs AN
1/2 [ j + S, s pd
p—Pd—p RTL'R 4-6 h, 298 K p §i{“R
Cy, Cy, Cy, 4 N
(1 equiv) (2.05 equiv)

In a nitrogen-filled glovebox, stock solutions of [(u-dcpe)Pd]2 (13.3 mM) and
silane (54.7 mM) were prepared by weighing out the reagents and diluting with
CeDs. [(M-dcpe)Pd]2 (0.30 mL of stock solution, 0.0040 mmol, 1.0 equiv), the
appropriate silane (0.15 mL of stock solution, 0.0082 mmol, 2.05 equiv), and
additional CeDs (0.15 mL) were added to an NMR tube using disposable 1-mL
syringes. Then, the NMR tube was capped and the reaction was allowed to react
for 4-6 hours in the glovebox, after which it was further sealed with Teflon tape to
prevent exposure to air and moisture and removed from the glovebox for analysis
by NMR. The integrations of each 3'P{*H} NMR peak corresponding to the product

and [(u-dcpe)Pd]2 were used to determine percent conversion in each reaction.

Equilibrium studies at variable temperature — General Procedure 3B

H/D Cy,
Cy2  Cy, i NP
P—pd—P Me"'7 “Me C,Dg [ /Pd\
1/2[ j + —— P Si=Me
p—Pd—p 253-333 K Cyz2p,&
Cy2 Cy;
(1 equiv) X X
(2.05 equiv)

In a nitrogen-filled glovebox, stock solutions of [(u-dcpe)Pd]2 (13.3 mM) and
silane (54.7 mM) were prepared by weighing out the reagents and diluting with
C7Ds. [(u-dcpe)Pd]2 (0.30 mL of stock solution, 0.004 mmol, 1.0 equiv), the
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appropriate silane (0.15 mL of stock solution, 0.0082 mmol, 2.05 equiv), and
additional C7Ds (0.15 mL) were added to a screw-top NMR tube using disposable
1-mL syringes. The NMR tube was capped and the reaction was allowed to react
at room temperature for 4 h. Then, the NMR tube was removed from the glovebox
for analysis by NMR. The sample was inserted into the NMR at -40 °C, and initial
31P{*H} and 'H spectra were collected after sample was sufficiently cooled. The
sample was gradually warmed in 20 °C increments, allowing 10 minutes to
equilibrate at each temperature before spectra were collected. The effect of
temperature was qualitatively evaluated by observing changes in 3P and 'H peak
shape. Additionally, if both [(u-dcpe)Pd]2 and silyl palladium hydride products are
present at equilibrium, the integrations of each 3!P{*H} NMR peak were used to

determine relative concentrations and Keq values.

Reversibility with respect to temperature

H Cy2
Cy2 Cy2 S|I, P\ /H
P—pd—P: Me*Y “Me C;Dg AN
1/2 [ j + — P Si--mMe
p—Pd—p 253-333 K Cy2pé
Cy2 Cy;
(1 equiv) H H
(2.05 equiv)

In a nitrogen-filled glovebox, stock solutions of [(u-dcpe)Pd]2 (13.3 mM) and
silane (54.7 mM) were prepared by weighing out the reagents and diluting with
C7Ds. [(u-dcpe)Pd]2 (0.30 mL of stock solution, 0.004 mmol, 1.0 equiv), silane (0.15
mL of stock solution, 0.0082 mmol, 2.05 equiv), and additional C7Ds (0.15 mL)
were added to a screw-top NMR tube using disposable 1-mL syringes. The NMR
tube was capped and the reaction was allowed to react at room temperature for 4
h. Then, the NMR tube was removed from the glovebox for analysis by NMR. The
sample was inserted into the NMR which was precooled to -40 °C, and initial
31P{*H} and 'H spectra were collected after sample was sufficiently cooled. The
sample was gradually warmed in 20 °C increments to 60 °C, allowing 10 minutes
to equilibrate at each temperature before spectra were collected. Then, the sample

was allowed to cool back down to room temperature (298 K), and spectra were
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recorded. The integrations of the peaks corresponding to starting materials and
products by 3'P{*H} NMR were used to determine conversion.

Reversibility with respect to product distribution

formed in situ

Cy
2 R B2y oM
P~pg—P H % R'3SiH [ Pd
1/2 + _Si — Pd —— N/ R
R\\\ ‘ o,,,R T / \ . R ‘— P SI.\
JOLIIIIIETEEN . 2 = JOLIIIIILTEEN 3
Cy2 _Cy2 _istep 1 R R istep 2:
(1 equiv) (2.05 equiv) i 1h | i 2h

In a nitrogen-filled glovebox, stock solutions of [(u-dcpe)Pd]2 (13.3 mM),
HSiRs (54.7 mM) and HSIiR’s (54.7 mM) were prepared by weighing out the
reagents and diluting with C7Ds. [(u-dcpe)Pd]2 (0.30 mL of stock solution, 0.004
mmol, 1.0 equiv) and one of the silanes (0.15 mL of stock solution, 0.0082 mmol,
2.05 equiv) were added to a screw-top NMR tube using disposable 1-mL syringes.
The NMR tube was capped and the reaction was allowed to react at room
temperature for 1 h. Then, the NMR tube was removed from the glovebox for
analysis by NMR. The integrations of the peaks corresponding to starting materials
and product by 3P{*H} NMR were used to determine relative concentrations of
each species. Then, the NMR tube was brought back into the glovebox, and a
different silane was added to the NMR tube (0.15 mL of stock solution, 0.0082
mmol, 2.05 equiv) via a disposable 1-mL syringe. The reaction was allowed to
react at room temperature for 2 h. The NMR tube was removed from the glovebox
for analysis by NMR. The integrations of the peaks corresponding to the silyl
palladium hydrides formed from each silane by 3'P{H} NMR were used to

determine relative concentrations of each species.
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Competition studies — General Procedure 3C

Cy,
PL /H
H [ /Pd\
Cy Cy; T 4 P §i"R
P=Pd-P wSiy, R 'R CsDe Y2 R
1/2 [ + R R 4+ _ +
p—Pd—p 298 K Cy,
Cy, Cyz P\ /H
X [ Pd
(1 equiv) (2.05 equiv) (2.05 equiv) p/ SjR
e

X

In a nitrogen-filled glovebox, stock solutions of [(u-dcpe)Pd]2 (13.3 mM), the
parent silane (red; 54.7 mM), and the 4-substituted silane (blue; 54.7 mM) were
prepared by weighing out the reagents and diluting with CsDe. [(M-dcpe)Pd]z (0.30
mL of stock solution, 0.004 mmol, 1.0 equiv), parent silane (0.15 mL of stock
solution, 0.0082 mmol, 2.05 equiv), and the 4-substituted silane (0.15 mL of stock
solution, 0.0082 mmol, 2.05 equiv) were added to a screw-top NMR tube using
disposable 1-mL syringes. The NMR tube was capped and the reaction was
allowed to react at room temperature for 4-6 h. Then, the NMR tube was removed
from the glovebox for analysis by NMR. The integrations of the peaks
corresponding to starting materials and products by 3*P{*H} NMR were used to

determine conversion.

Kinetic studies — General Procedure 3D

H/D CYa e,
Cy, Cy, S| P, H/ID {internal standard
P—pd—P; "Me C;Dg [ pd foo0 OEt |
1/2[ j —_— P Si w\Me EtO P\/\p—OEt
p—Pd—p temperature Cyap 3 OEt 1 i
Cy2 Cy2 "~ ................................... g

(1 equiv) X H

(2.05 equiv)

In a nitrogen-filled glovebox, stock solutions of [(p-dcpe)Pd]2 (13.3 mM),
silane (54.7 mM), and internal standard (tetraethyl(ethylene)bisphosphonate,

26.67 mM) were prepared by weighing out the reagents and diluting with C7Ds. [(p-
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dcpe)Pd]2 (0.30 mL of stock solution, 0.0040 mmol, 1.0 equiv) and internal
standard (0.15 mL of stock solution, 0.0040 mmol, 1.0 equiv) were added to a
screw-top NMR tube using disposable 1-mL syringes. The NMR tube was capped
with a septum cap and then removed from glovebox. The tube was then cooled to
-78 °C in a dry ice/acetone bath. In the glovebox, 0.15 mL of the silane solution
(0.0082 mmol, 2.05 equiv) was pulled into a 1.0 mL plastic syringe, which was
inverted, and the plunger pulled back completely to collect ample head space of
nitrogen. The syringe was removed from the glovebox and injected quickly into the
NMR tube while it is still submerged in the dry ice/acetone bath. The NMR tube
was then briefly shaken to homogenize the solutions, and then quickly frozen in a
liquid nitrogen bath. The samples were stored in the liquid nitrogen bath until
analysis.

The NMR probe was pre-cooled to the desired temperature and was locked,
tuned, and shimmed at temperature to a dummy sample of C7Ds. The experimental
sample was removed from liquid nitrogen dewar and quickly inserted into the
instrument, and 3'P{*H} NMR scans were collected immediately upon the sample
lock. Product concentration was determined by relative peak integrations against
internal standard.

Kinetics data was analyzed using MestreNova v14.0. Integrations of
product against internal standard were used to determine concentration of product
as a function of time. The method of initial rates was used to determine the rate of
reaction. We chose this method to prevent complications from the backwards
reaction interfering with analysis and interpretation of data. At least two separate
trials were run, and all the data points from each trial were used collectively to

determine the rate of the reaction.

Kinetics to measure the order in [(p-dcpe)Pd]2
General procedure 2D was followed using HSiPhMez to form (dcpe)PdH(SiPhMe2)
at 233 K with the following difference:

e 26.7 mM stock solution of [(u-dcpe)Pd]2 was used, and the following

amounts were added to each NMR tube:
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Final conc. mmol

Volume stock solution of Volume of extra
[(u-dcpe)Pd]2 [(u-dcpe)Pd]2
[(u-dcpe)Pd]2 added C7Ds added

(mM) added

1.67 38 uL 0.0010 0.26 mL
3.33 75 uL 0.0020 0.23 mL
6.67 150 uL 0.0040 0.15mL
13.3 300 pL 0.0080 0 mL

Kinetics to measure the order in HSiPhMe2
General procedure 2D was followed using HSiPhMe:2 to form (dcpe)PdH(SiPhMez)
at 233 K with the following difference:
e Four different stock solutions of HSiPhMe2 were prepared, as detailed
below, and the following amounts were added to each NMR tube:

Final conc. Volume stock mmol

Concentration stock
HSiPhMe: solution of HSiPhMe2 HSiPhMe:>

solution of HSiPhMe2

(mM) added added

3.42 mM 13.7 mM 0.15mL 0.0020

6.83 mM 27.3 mM 0.15mL 0.0041

13.7 mM 54.7 mM 0.15mL 0.0082

27.3 mM 109.3 mM 0.15mL 0.0016

Dynamic behavior

General procedure 2B was followed to generate the (silyl)Pd(H) species in
solution with the exception that larger temperature ranges were examined.
Activation parameters were estimated by the bandwidth method.®”

At cold temperatures, the exchange of ligand environments is slow on the
NMR timescale, and two distinct peaks can be observed in 3P{*H} NMR spectra.

The rate of such slow exchange can be approximated as:
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k = T[[(Ave)l/z - (AU0)1/2]
Where (Av,),,, is the width at half-height (WHH) of a peak that is
broadened as a consequence of exchange at low temperatures, and (Avy),/; IS

the WHH of the same peak at a temperature where broadening due to exchange
is negligible.

At slightly warmer temperatures, the rate of exchange begins to transition
from slow on the NMR timescale to fast on the NMR timescale. Between those
two regimes is the point of coalescence, at which 3'P{*H} NMR spectra changes
from two distinct peaks to one broad, ill-defined peak that is not resolved from the
baseline. At this temperature, which varies based on the silane examined, rate
can be approximated:

AV,
V2

Where Av, is the separation (in Hz) between the two distinct peaks

present in NMR spectra of a system in slow exchange. At temperatures above
coalescence, exchange enters a regime that is fast on the NMR timescale and
spectra show only a single peak. Within this regime, rate can be approximated:

TAvE )
> [(Ave)1/2 - (Avo)l/z]

At a temperature within the fast regime, the peak of interest will be the

k =

least broadened due to exchange. At this temperature, the rate is simplified and
can be approximated as:

TAvE
2
Using these equations in analysis of 3'P{*H} NMR spectra, the rate of

exchange was determined for a range of temperatures, and Eyring plots were
constructed to determine the activation parameters for this dynamic exchange

process.
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Chapter 4

From Hurst, M. R.; Davis, A. G.; Cook, A. K. The Influence of Silane Steric Bulk on
the Formation and Dynamic Behavior of Silyl Palladium Hydrides. Organometallics
2022 (accepted).

Synthesis of aryldiphenyl silanes, HSiPh2(2-R-Ph) (R = Me, Et, 'Pr)

R Et3N (3 equiv),
©/| Pd,dbas (2 mol%)/P'Bus (4 mol%) Q\
+  HySiPh, > R
THF, r.t., 44-60 h S
(1 equiv) (1.5 equiv) ©H©

Aryldiphenyl silanes were synthesized via modified literature procedure.? In

a nitrogen-filled glovebox, a 40 mL scintillation vial was charged with Pd2dbas (2
mol%) and P'Bus (4 mol%), which were suspended in 10 mL THF. Into a separate
vial was charged the aryl iodide (1 equiv.) and diphenylsilane (1.5 equiv), which
were dissolved in 10 mL THF, and the solution added to the catalyst mixture with
stirring. The vial was capped with a septum-lid and removed from the glovebox,
where EtsN (3.0 equiv) was added via syringe under N2. The reaction was allowed
to stir at room temperature under N2 while product formation was monitored via
GC-MS. When product formation ceased, the vial was opened to air, and the
reaction quenched by addition of H20 (5 mL). The organic layer was filtered
through a plug of MgS04/SiOz2 (1:5) to remove residual Pd. The aqueous layer was
extracted twice with dichloromethane (2 x 5 mL) and the organics filtered through
the MgS0a4/SiO2 plug. The combined organics were concentrated under reduced
pressure to yield the corresponding crude product. Purification was conducted by

column chromatography.
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Synthesis of mesityldiphenylsilane, HSiPh2(2,4,6-Mes-Ph)

Cl

Et,0, -78 °C — r.t., overnight Sl.i
| SNAe
(1 equiv)

An oven-dried Schlenk flask was charged with diphenylchlorosilane (1

MesMgBr (1 equiv)

T-0-

equiv), which was dissolved in 20 mL degassed, anhydrous Et20 with stirring. The
solution was cooled to -78 °C in a dry ice/acetone bath. MesMgBr (1.0 equiv) was
slowly added via syringe as a 1 M solution in THF. The reaction was allowed to
slowly warm to room temperature with stirring overnight. After overnight, the flask
was opened to air, and the reaction quenched by addition of H20 (~5 mL). The
organic layer was separated, and aqueous layer extracted twice more with Et20 (2
x 10 mL). The combined organics were dried over MgSOa4 and filtered, and the
filtrate was concentrated under reduced pressure to yield the corresponding crude
product as an oil. The crude material was purified by column chromatography on
silica using hexanes as an eluent. The pure product was isolated as a clear,

colorless, viscous oil.

Synthesis of bis(2-tolyl)phenylsilane, HSiPh(2-Me-Ph)2

1. BuLi (2.05 equiv), r.t., 2 h

2. PhSICl; (1 equiv), -40 °C, 2 h
©/Br 3. LiAlH4 (1.2 equiv), -40 °C > rt, 2 h
> S|i
IO

Et,O
(2 equiv)
An oven-dried Schlenk flask was charged with 2-bromotoluene (2.0 equiv),
which was dissolved in 20 mL degassed, anhydrous Et20 with stirring. BuLi (2.05
equiv) was added slowly via syringe as a 2.5 M solution in hexanes. The reaction
was allowed to stir at room temperature for 2 hours. A second oven-dried Schlenk
flask was charged with PhSiCls (1.0 equiv), which was dissolved in 10 mL
degassed, anhydrous Et20 with stirring. This Schlenk flask was cooled to -40 °C
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in a dry ice/acetonitrile bath and equipped with an addition funnel. The solution of
2-tolyl-lithium was cannula transferred under positive pressure Nz into the addition
funnel, and then was added dropwise to PhSiCls over 10 minutes. The combined
mixture was allowed to stir at -40 °C for two hours, at which time LiAlH4 (1.2 equiv)
was added. The reaction was warmed to room temperature and stirred for 2 hours,
then opened to air and slowly poured over ice. The organic layer was separated,
and the aqueous layer extracted twice more with Et2O (2 x 10 mL). The combined
organics were dried over MgSO4 and filtered, and the filtrate was concentrated
under reduced pressure to yield the corresponding crude product as a yellowish
oil. The crude material was purified by column chromatography on silica using

hexanes as an eluent. The pure product was isolated as a colorless solid.
Synthesis of tris(2-tolyl)silane, HSi(2-Me-Ph)s

1. BuLi (3 equiv), r.t,, 1h
@/' 2. HSICl3 (1 equiv), -78 °C — r.t., overnight
r ©/SII
0

Et,O
(2.5 equiv)

An oven-dried Schlenk flask was charged with 2-iodotoluene (2.5 equiv),
which was dissolved in 15 mL degassed, anhydrous Et20. BuLi (3.0 equiv). was
added slowly via syringe as a 2.5 M solution in hexanes. The reaction was allowed
to stir at room temperature for 1 hour before the flask was cooled to -78 °C in a dry
ice/acetone bath. HSICls (1.0 equiv) was added slowly via syringe and the solution
allowed to slowly warm to room temperature overnight. After overnight, the flask
was opened to air and H20 (~5 mL) was added to quench the reaction. The organic
layer was separated, and the aqueous layer extracted twice with Et2O (2 x 10 mL).
The combined organics were dried over MgSOa4 and filtered, and the filtrate was
concentrated under reduced pressure to yield the corresponding crude product as
an off-white solid. The crude material was run through a silica plug with Et20 as
an eluent, then the solution concentrated to saturation under reduced pressure
and placed in freezer at -20 °C. The pure product was isolated by crystallization

as a waxy, colorless solid.
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Equilibrium studies at room temperature — General Procedure 3A

Cy2 Cy; H Cyz
P‘Pd_P | AN /H
1/2 j + Si, CeDs [ Pd
p-Pd-p Art AL Ph > P’ simPh
2N\
Cy2  Cy» 3-5h, 298 K Cy2 & Sar
(1 equiv) (2.05 equiv)

Equilibrium studies were conducted as previously described.® In a nitrogen-
filled glovebox, a stock solution of [(u-dcpe)Pd]2 (13.33 mM) was prepared by
massing 4.2 mg (0.004 mmol, 1 equiv) into a scintillation vial and dissolving in 0.30
mL CeDs. A stock solution of the silane (27.33 mM) was prepared by massing
0.0082 mmol (2.05 equiv) into a scintillation vial and dissolving in 0.30 mL CeDe.
The solutions were combined and transferred to an NMR tube via glass pipet. The
NMR tube was capped and the reaction allowed to stand for 3-5 hours in the
glovebox. Before removing for analysis by NMR, the sample was sealed with
Teflon tape to prevent exposure to air. The integrations of each 3'P{*H} NMR peak
corresponding to the product and [(u-dcpe)Pd]2 were used to determine percent

conversion in each reaction.

Equilibrium studies at variable temperature — General Procedure 3B

Cy2 Cy; H Cyz
P-pd-P I R _H

1/2 j +  WSi, c.D [ Pd_
p-Pd-p A A Th 2 » P giePh
Cy2 Cyz 263 K - 353 K Cyv2 £ r
(1 equiv) (2.05 equiv)

Variable temperature equilibrium studies were conducted as previously
described.® In a nitrogen-filled glovebox, a stock solution of [(u-dcpe)Pd]2 (13.33
mM) was prepared by massing 4.2 mg (0.004 mmol, 1 equiv) into a scintillation
vial and dissolving in 0.30 mL C7Ds. A stock solution of the silane (27.33 mM) was
prepared by massing 0.0082 mmol (2.05 equiv) into a scintillation vial and
dissolving in 0.30 mL C7Ds. The solutions were combined and transferred to an
NMR tube via glass pipet. The NMR tube was capped and the reaction allowed to

stand for 3-5 hours in the glovebox. Before removing for analysis by NMR, the
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sample was sealed with Teflon tape to prevent exposure to air. The sample was
inserted into the NMR at a desired temperature, and initial 3'P{*H} and *H spectra
were collected after the sample was sufficiently cooled. The sample was gradually
warmed in 10 °C or 20 °C increments, allowing 10 minutes to equilibrate at each
temperature before spectra were collected. At temperatures where both starting
materials and products are present at equilibrium, the integrations of each 3!P{*H}

NMR peak were used to determine relative concentrations and Keq values.

Kinetics studies — General Procedure 3C

Cy, Cy, H Cy, { internal standard
P-pd-P | . H i 9 ;

112 [ j +  Si, c.D [ Pd éEtO'IS\/\(IIDDE(t)Etg
W \ : ! - H

p-Pd-p Ar Ar' Ph 78 > P/ §i.nPh OEt X

Cy2 Cy; 233 K - 283 K CY2 R OAF e :

(1 equiv) (2.05 equiv)

Kinetics experiments were conducted as previously described.® In a
nitrogen-filled glovebox, stock solutions of [(u-dcpe)Pd]2 (13.3 mM), silane (54.7
mM), and internal standard (tetraethyl(ethylene)bisphosphonate, 26.67 mM) were
prepared by weighing out the reagents and diluting with C7Ds. 1 (0.30 mL of stock
solution, 0.0040 mmol, 1.0 equiv) and S1 (0.15 mL of stock solution, 0.0040 mmol,
1.0 equiv) were mixed, then the solution added to a screw-top NMR tube by glass
pipet. The NMR tube was capped with a septum cap and removed from glovebox.
The tube was then cooled to -78 °C in a dry ice/acetone bath. In the glovebox, 0.15
mL of the silane solution (0.0082 mmol, 2.05 equiv) was pulled into a 1.0 mL plastic
syringe, which was inverted, and the plunger pulled back completely to collect
ample head space of nitrogen. The syringe was removed from the glovebox and
injected quickly into the NMR tube while it is still submerged in the dry ice/acetone
bath. The NMR tube was then briefly shaken to homogenize the solutions, and
then quickly frozen in a liquid nitrogen bath. The samples were stored in the liquid
nitrogen bath until analysis.

The NMR probe was pre-cooled to the desired temperature and was locked,
tuned, and shimmed at temperature to a dummy sample of C7Ds. The experimental

sample was removed from liquid nitrogen dewar and quickly inserted into the
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instrument, and 3'P{*H} NMR scans were collected immediately upon the sample
lock. Product concentration was determined by relative peak integrations against
internal standard.

Kinetics data was analyzed using MestreNova v14.0. Integrations of
products and internal standard were used to determine concentrations of products
as a function of time. The method of initial rates was used to determine the rate of
reaction. For each silane at each temperature, at least two trials were conducted
on separate days with fresh stock solutions, and data points from each trial were

used collectively to determine the rate of the reaction.

Dynamic behavior

Dynamic behavior experiments were conducted as previously described.®
General procedure 3B was followed to generate the (silyl)Pd(H) species in
solution, then record 3'P{*H}, 3P, and 'H NMR spectra of them over a broad
temperature range. Activation parameters were estimated by the linewidth

method.8’
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Chapter 5

Partially from Hurst, M.R., Zakharov, L.N., Cook, A.K. “The Mechanism of
Oxidative Addition of Pd(0) to Si—H Bonds: Electronic Effects, Reaction
Mechanism, and Hydrosilylation.” Chem. Sci. 2021, 12, 13045-13060.

Note: synthesis of [(u-dcpe)Pd]2, electronically and sterically varied silanes, and

DSiPhs described above (Appendix: Materials and Methods — Chapters 2 and 3,
Chapter 4)

Synthesis of deuterated phenylacetylene

1. BulLi
H 2. D,0 (excess) D
FZ 2 : FZ
THF, 1 h,
-78 °C —> r.t.

Deuterated phenylacetylene was synthesized according to literature
procedure.® An oven-dried Schlenk flask was charged with phenylacetylene (1
equiv), which was dissolved in 20 mL degassed, anhydrous THF with stirring. The
solution was cooled to -78 °C in a dry ice/acetone bath. nBuLi (1.0 equiv) was
slowly added via syringe as a 2.5 M solution in hexanes. The reaction was allowed
to stir at -78 °C for 1 hour and then warmed to room temperature for an additional
hour. Next, degassed D20 (excess) was added by syringe. The mixture was stirred
for 30 minutes, then poured over MgSOa, filtered, and the filtrate concentrated
under reduced pressure to give deuterated phenylacetylene as a light-yellow oil.
This crude product was passed through a silica plug eluted by hexanes to give the

pure product as a clear liquid.
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Catalytic studies — varied silane electronics and steric bulk
General Procedure 5A

T [(u-dcpe)Pd; Q\K internal;l"\jndard
0 H e H

©\ b ppeSing, — 22RO
& A

Ar toluene, temp. Si, +  Ar'
Ary “Ar Ar

(1 equiv) (1 equiv) Ar

Prior to conducting catalytic studies, [(u-dcpe)Pd]2 was further purified. In
the glovebox, cold diethyl ether (-30 °C) was added to [(u-dcpe)Pd]z in a
scintillation vial. The resulting dark red solution was immediately filtered through
celite, and the collected filtrate was concentrated to dryness under vacuum to give
a deep red, microcrystalline powder.

For studies with electronically varied silanes: In a nitrogen-filled glovebox,
a 4 mM solution of [(u-dcpe)Pd]2 was prepared by dissolving [(p-dcpe)Pd]2 (0.0010
mmol, 0.025 equiv) in 0.25 mL toluene. 160 mM stock solutions of the silanes
(0.040 mmol, 1.0 equiv), phenylacetylene (0.040 mmol, 1.0 equiv), and 1,3,5-
trimethoxybenzene (TMB; internal standard; 0.040 mmol, 1.0 equiv) were similarly
prepared. To a 4 mL scintillation vial was added 0.25 mL of the stock solution of
[(u-dcpe)Pd]z2, followed by 0.25 mL of the silane solution, 0.25 mL phenylacetylene
solution, and finally 0.25 mL TMB solution, for a total volume of 1.0 mL. The
reaction vial was sealed with a septum-adapted lid, then removed from glovebox
and placed onto a vial block preheated to 40 °C. At determined timepoints, a 25
uL syringe was used to remove 10 pL aliquots, which were filtered through silica
and then flushed thoroughly with dichloromethane into a GCMS vial of 1.5 mL total
volume. The product concentration was determined via relative integration (by
GCMS) of the product peaks against internal standard, in accordance with
calibration curves prepared independently using the isolated products. All trials
reported were run in duplicate.

For studies with sterically varied silanes, a similar procedure was followed:
in a nitrogen-filled glovebox, a 8 mM solution of [(u-dcpe)Pd]2 was prepared by
dissolving [(u-dcpe)Pd]2 (0.0020 mmol, 0.050 equiv) in 0.25 mL toluene. 160 mM
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stock solutions of the silanes (0.040 mmol, 1.0 equiv), phenylacetylene (0.040
mmol, 1.0 equiv), and 1,3,5-trimethoxybenzene (TMB; internal standard; 0.040
mmol, 1.0 equi) were similarly prepared. To a 4 mL scintillation vial was added
0.25 mL of the stock solution of [(u-dcpe)Pd]z, followed by 0.25 mL of the silane
solution, 0.25 mL phenylacetylene solution, and finally 0.25 mL TMB solution, for
a total volume of 1.0 mL. The reaction vial was sealed with a septum-adapted lid,
then removed from glovebox and placed onto a vial block preheated to the desired
temperature (313 K or 333 K). At determined timepoints, a 25 pL syringe was used
to remove 10 pL aliquots, which were filtered through silica and then flushed
thoroughly with dichloromethane into a GCMS vial of 1.5 mL total volume. The
product concentration was determined via relative integration (by GCMS) of the
product peaks against internal standard, in accordance with calibration curves
prepared independently using the isolated products. All trials reported were run in

duplicate.

Catalytic studies — initial rates

General Procedure 5B

H R Tl e,

Ar“'Si"’Ar [(u-dcpe)Pd], E mternal standard

©\ (2.5 mol %) OMe
+ :

X toluene, 313K Ar™ /@\

(1 equiv) X Ar = (4-X-CgHy) i MeO OMe

(1 equiv)
X

To evaluate the initial rates of reaction, slight modification was necessary
for cases where the reaction proceeds too quickly to collect satisfactory data at
early timepoints (due to product formation prior to initial data collection). Stock
solutions were prepared as described above and were mixed as described above
excluding the phenylacetylene solution. Instead, 0.25 mL of the phenylacetylene
stock solution was taken into a 1 mL plastic syringe, which was inverted and the
plunger pulled back to collect a head space of N2. The reaction vials were sealed

with septum lids and removed from the glovebox alongside the syringes prepared
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with phenylacetylene stock solution. The phenylacetylene solution was added to
each reaction vial at room temperature, then the vials were placed on a vial block

warmed to 313 K and monitored as described above.

In situ NMR reaction monitoring

H ..................................... .
[(u-dcpe)Pd], internal standard
PR f Ph (2.5 mol %) OMe

+ PrS"Ph

C,Dg, 298 K ph$'Ph
(1 equw) (1 equiv) MeO OMe |

To evaluate the hydrosilylation reaction by NMR, General Procedure 5A
was modified slightly: in a nitrogen-filled glovebox, a 6.67 mM solution of [(u-
dcpe)Pd]2 was prepared by dissolving [(u-dcpe)Pd]2 (0.0010 mmol, 0.025 equiv)
in 0.15 mL C7Ds. 267 mM stock solutions of triphenylsilane (0.040 mmol, 1.0
equiv), phenylacetylene (0.040 mmol, 1.0 equiv), and 1,3,5-trimethoxybenzene
(TMB; internal standard; 0.040 mmol, 1.0 equiv) were similarly prepared. To a J-
Young NMR tube was added 0.15 mL of the stock solution of [(u-dcpe)Pd]z,
followed by 0.15 mL of the silane solution, 0.15 mL phenylacetylene solution, and
finally 0.15 mL TMB solution, for a total volume of 0.60 mL. The NMR tube was
then sealed and removed from the glovebox for periodic analysis by 3P and 'H
NMR; relative concentrations of the metal species were determined by relative
peak integration in 3P NMR spectra, while product formation from the
hydrosilylation reaction was quantified against TMB internal standard in *H NMR

spectra.
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Independent synthesis of intermediates observed during hydrosilylation

(2.05 equiv)
\ PrS7ph |
. OR OR
Ph™7 “Ph
gi@ _gy2 (isomer Cy,
Pd mixture) R
1/2[ g > [/Pd—||§
p-rad-p C;Dg, 298 K P
Cy2 Cy; e
(1 equiv)

In a nitrogen-filled glovebox, a 16.4 mM stock solution of alkene or alkyne
substrate was prepared by dissolving 0.0082 mmol (2.05 equiv) in 0.5 mL C7Ds.
This solution was then added to [(u-dcpe)Pd]2 (0.004 mmol, 1.0 equiv), and the
resulting mixture was transferred to an NMR tube and sealed. The mixtures were
allowed to stand for approximately an hour, though we consistently observed the
reaction with any of these substrates to occur nearly instantly. The sample was
then removed from the glovebox and analyzed by 3P and *H NMR. To support the
formation of species present during catalysis, the corresponding spectra were
compared to those collected during the in situ reaction monitoring study described

above.

Coordination reversibility studies

/
Cy2 Cy; CY2 Ph
[P—Pd-Pj (20 eQUN) Pd—| (20 equiv) E Pd_u
p-Pd-p SiPh;
Cy, Cy, C7Ds 298K C7D8 298 K — 313 K
(1 equiv)

In a nitrogen-filled glovebox, 80 mM stock solutions of each
phenylacetylene and 1-phenyl-2-(triphenylsilyl)ethene were prepared by dissolving
0.020 mmol (20 equiv) in 0.25 mL C7Ds. The stock solution of phenylacetylene was
first added to [(u-dcpe)Pd]2 (0.001 mmol, 1.0 equiv) and the reaction mixture was
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allowed to stand for approximately 30 minutes. The stock solution of 1-phenyl-2-
(triphenylsilyl)ethene was then added and the NMR tube was capped and allowed
to stand at room temperature for 6 hours, then was warmed to 313 K. The relative
concentration of metal species was determined by relative peak integrations in 3P

NMR spectra.

Kinetics to determine the rate law

H SR ——— :

| (- d10pe'\)|Pd]2 i internal standard :

- S' m :

Ph (0.5-4.0 mM) N 4 OMe

> Si,. t Ph"T"Ph :

toluene, 313 K Ph Ph M o oM

: Ve e:

40 mM 40 mM et e et et et e e e e aneanene ;
(20-160 mM) (20-160 mM)

To determine the rate law of the reaction, kinetics experiments were
conducted following General Procedure 5A or General Procedure 5B, with the
modification that stock solutions of the reagent of interest were prepared at varied
concentration.

For example, to evaluate the order in phenylacetylene, stock solutions of
phenylacetylene were prepared at 20 mM, 40 mM, 80 mM, and 160 mM
concentrations. After preparing reaction vials with the catalytic mixture containing
HSiPhs, [(u-dcpe)Pd]2, and internal standard, 0.25 mL of a phenylacetylene stock
solution was added to each vial. The initial rates of the reactions were then
monitored by GC as described above. In these experiments, the reagents not-of-
interest are at standard concentrations: 40 mM for internal standard, 40 mM for
phenylacetylene, 40 mM for HSiPhs, and 1 mM for [(u-dcpe)Pd]..

Stock solutions and catalytic samples were prepared at the following

concentrations to determine the order in each reagent.
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Order in phenylacetylene:

. Concentration Vol. stock solution mmol
Final conc. .
stock solution of phenylacetylene  phenylacetylene
phenylacetylene

phenylacetylene added added

20 mM 80 mM 0.25 mL 0.020

40 mM 160 mM 0.25 mL 0.040

80 mM 320 mM 0.25 mL 0.080

160 mM 640 mM 0.25 mL 0.160

Order in silane:

Final conc. Concentration stock  Vol. stock solution of mr.nol
HSiPhs solution of HSiPhs HSiPhs added HSiPhs
added
20 mM 80 mM 0.25 mL 0.020
40 mM 160 mM 0.25 mL 0.040
80 mM 320 mM 0.25 mL 0.080
160 mM 640 mM 0.25 mL 0.160

Order in [(u-dcpe)Pd]z:

Concentration stock mmol [(u-
Final conc. . Vol. stock solution of
solution of dcpe)Pd]2
[(u-dcpe)Pd]2 [(u-dcpe)Pd]2 added
[(u-dcpe)Pd]2 added
0.5 mM 2 mM 0.25 mL 0.0005
1.0 mM 4 mM 0.25 mL 0.001
2.0 mM 8 mM 0.25mL 0.002
4.0 mM 16 mM 0.25mL 0.004
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KIE and deuterium incorporation studies

H/D H{D ..................................... )
i = | internal standard |
|| Ph“'SI"Ph [(u-dcpe)Pd], D, i internal standar

(2.5 mol %)

+
toluene, 313 K Ph 'Ph
(1 equiv) (1 equiv) OMe

Kinetics experiments with deuterium-labeled substrates were performed as
described in General Procedure 5A and General Procedure 5B. The reaction
mixtures were worked up afterwards by diluting with hexanes and running the
reaction mixture through a plug of MgS0Oa4:SiOz2 (1:10), then flushing the plug with
dichloromethane. The collected organics were dried on vacuum and the whole
crude mixtures dissolved in CD3CN for 'H and 2H NMR.
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Chapter 6

Note: metal precursor complexes were synthesized as reported in literature —
(NHC)2Pd, 112 Pd(PR3)2,1? [(P-P)Pd]2,%141> (P-P)PdMe2'#1® — unless reported

otherwise. Halosilanes were purchased commercially unless reported otherwise.

Synthesis of dmespe and (dmespe)2Pd

(dmespe = dimesityl(phosphino)ethane)

cLF  PCl \(;\/ » Mes;P - PMes,
2 2 MgBr - _
¥ 9 Et,0, rt., 4 h Mes =

(2,4,6—|\/Ie3—C6H2)

In a nitrogen-filled glovebox, an oven-dried Schlenk flask was charged with
Cl2P(C2H4)PCl2 (1.0 mmol, 1 equiv) , which was dissolved in 20 mL Et20O with
stirring. The Schlenk flask was sealed and removed from glovebox and placed
under nitrogen on the Schlenk line. MesMgBr (1.0 M in THF; 6.0 mmol, 6 equiv)
was added slowly by syringe and an immediate precipitation of white solid was
observed. The reaction was stirred for 4 hours, at which time it was opened to air
and quenched by addition of water (~5 mL). The biphasic mixture was filtered over
a fritted funnel to collect the product as a pure white solid. Higher yields can be
achieved by collecting the organic filtrate layer, drying over MgSOQOu, filtering, and
concentrating on vacuum. If purification is necessary, trituration with hexanes or

Et20 is effective.

1. Pd(OAc),, 1 h

2. NH,NH,, 30 m Mes; Mes,
\ o
Mes,P  PMes; > Pd_
toluene, r.t. P P
Me82 M632

In a nitrogen-filled glovebox, dmespe (0.6 mmol, 2.0 equiv) and Pd(OAc)2

(0.3 mmol, 1.0 equiv) were dissolved/suspended in toluene (5 mL) with stirring. A

yellow opaque mixture was observed to form; after an hour, NH2NH2 (6.0 mmol,

20 equiv) was added at once. Within a minute, a color change to pinkish-red was

observed, and this color deepened over the course of 30 minutes. The reaction
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mixture was diluted with hexanes (3 x 10 mL) and filtered over a celite plug. To the
organic filtrate was added MeCN to form a biphasic mixture. The hexanes layer
was decanted and concentrated on vacuum to give a deep red solid product that

is pinkish-red in dilute solution.

Synthesis of halosilanes

’ PdCl, (10 mol %) X
|
©\“\..S'i.,,”© /\/BI’ OR H3C—l ©““‘,Si-,,,,©
@ toluene, 70 °C, 3 days @
X =1, Br

ISiPhs and BrSiPhs were synthesized in analogy to literature
procedures:1”18In an oven-dried Schlenk flask was added HSiPhs (3.5 mmol, 1.0
equiv) and toluene (20 mL) with stirring under an atmosphere of N2. Next, allyl
bromide or iodomethane (3.9 mmol, 1.1 equiv) was added, followed by PdCI2 (0.04
mmol, 0.01 equiv), and the reaction was warmed to 70 °C with an oil bath. The
reaction was allowed to stir for 3 days, at which time it was cooled to room
temperature and the mixture concentrated on vacuum. The evacuated flask was
brought into a nitrogen-filled glovebox and opened. The solids were suspended in
hexanes and the solution filtered over a celite plug. The solids were then
suspended/dissolved in toluene and also filtered over celite. The combined
organics were concentrated on vacuum until approximately three-quarters of the
solvent had evaporated, at which time a large amount of white crystalline material
had precipitated (BrSiPhs has a slight tan hue). The solution was decanted, and
the solids washed with minimal hexanes, which was then removed by pipet.
Further crystallization is possible from these washes. The crystalline solids were

dried on vacuum to give pure ISiPhs or BrSiPhs.
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PdCl, (10 mol %)
H |
Me.g/ HyC—l Me ../

@ Me hexanes, r.t., 18 h @ Me

To synthesize ISiPhMez, the same procedure was followed as described for

ISiPhs, but the reaction was conducted at room temperature, in hexanes, and only
for 18 hours. Afterwards, the reaction mixture was concentrated under reduced
pressure to remove hexanes, then the reaction flask was connected directly to a
distillation apparatus. The crude product was distilled at 30-35 °C (ca. 100 mTorr)
to collect a light brown oll in the receiving flask. This flask was brought into the
glovebox and the oil was dissolved in hexanes, filtered over celite, and
concentrated on vacuum. The oil was then dissolved in MeCN, filtered over celite,
and then extracted with hexanes. The hexanes layer was decanted and

concentrated under vacuum to give pure product.

—>Si-8(— o \/S\i/

ISiMes was synthesized according to literature procedure.'® In a nitrogen-
filled glovebox, a vial was charged with a stir bar, MesSi—SiMes (1.0 equiv) and I2
(1.0 equiv). The vial was sealed, then removed from the glovebox and warmed to
60 °C. The reaction was stirred at 60 °C for an hour, then cooled to room
temperature and brought back into glovebox. The resulting clear liquid product

requires no further purification.
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H ¢
A S PdCI, (10 mol %) Arv S
chloroform, r.t., 18 h
CF3 Ar = (4-CF3-C6H4) CF3

CISi(4-CFs-Ph)s was synthesized by a similar method to iodo- and bromo-
silanes above. In an oven-dried Schlenk flask was added HSi(4-CFs-Ph)s (0.25
mmol, 1.0 equiv) which was dissolved in dry, degassed chloroform with stirring.
PdClI2 was added (0.003 mmol, 0.01 equiv) and the reaction allowed to stir at room
temperature overnight. Afterwards, the reaction mixture was concentrated on
vacuum and the evacuated flask brought into a nitrogen-filled glovebox. The solids
were dissolved in hexanes, filtered over celite, and the filtrate concentrated under
reduced pressure.

Screening for oxidative addition with Pd complexes
SiRs
[Pd]  +  RsSi-X > [Pd]
(1 equiv)  (10-20 equiv) CeDe. rt. > 353K N

In a nitrogen-filled glovebox, a 133 mM stock solution of halosilane was
prepared by dissolving 0.04 mmol (10 equiv) in 0.30 mL CsDs. A 13.3 mM stock
solution of Pd complex was prepared by dissolving 0.004 mmol (1 equiv) in 0.30
mL CeDs, and then 0.30 mL of both stock solutions were combined into an NMR
tube. After sealing and allowing to stand for 4 hours, the NMR tubes were removed
from the glovebox for analysis. The reaction was monitored by periodically
collecting 'H and 3P NMR spectra. After standing at room temperature overnight,
the samples were warmed to 353 K in an oil bath for 6-8 hours and monitored
further by NMR.
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Equilibrium studies with [(p-dcpe)Pd]2 — General Procedure 6A

Cy2 Cy2 Cy2 T, .
X i internal standard :
112 [P n Pj R [ o (.? OEt |
W ‘y —_— :
p-Pd-p REEAR b rt. P SieR B’ \/\E—OEt
Cy CY2 Cy2 8

(1 equiv) (2.05 equiv)

In a nitrogen-filled glovebox, 54.7 mM stock solutions of halosilanes were
prepared by dissolving 0.0082 mmol (2.05 equiv) in 0.15 mL CeDs. A 26.7 mM
stock solution of internal standard was prepared by dissolving 0.004 (1.0 equiv)
mmol in 0.15 mL CsDs. A 13.33 mM stock solution of [(p-dcpe)Pd]2 was prepared
by dissolving 0.004 mmol (1.0 equiv) in 0.30 mL CeDs. Next, 0.15 mL of each the
halosilane and internal standard stock solutions were combined with 0.30 mL of
[(u-dcpe)Pd]2 stock solution in an NMR tube for a total volume of 0.6 mL (note: in
samples where an internal standard solution was not included, 0.15 mL of CeDs
was added instead). The reactions were sealed and allowed to stand in the
glovebox for 4-6 hours, at which time they were removed from the glovebox for
analysis. The product conversion was determined by relative peak integrations in
31P NMR spectra of the product against internal standard or starting material.

Equilibrium competition studies with [(u-dcpe)Pd]2

Cy, Cy, Cy, Cy,
P-pg-P X | X N
1/2[ j " RYR Y el [/Pd\ R [’Pd\ Ph
p-Pd-p R Ph Ce¢Dg, -t P Si P Sy
Cye Cy: i Cv2 g MR Cv2 B ph

(1 equiv) (2.05 equiv) (2.05 equiv)

To conduct equilibrium competition studies with [(u-dcpe)Pd]2, halosilanes,
and a representative hydrosilane (HSiPhs), General Procedure 6A was followed
with slight modification. In these studies, no internal standard was included, and a
54.7 mM stock solution of HSiPhs was prepared by dissolving 0.0082 mmol (2.05
equiv) in 0.15 mL CeDs. Solutions of [(u-dcpe)Pd]2 (0.30 mL) and HSiPhs (0.15 mL)
were mixed first into an NMR tube, then 0.15 mL stock solution of halosilane was

added. The reactions were allowed to equilibrate for 6 hours, and then removed
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from the glovebox. 'H and 3P NMR spectra were collected, and relative peak

integrations in 3!P spectra were used to determine relative product formation.

Kinetic studies with [(p-dcpe)Pd]2 — General Procedure 6B

Cy> Cy, Cy { internal standard
P-pd-P i R RS

1/2 [ j + S, — |: Pd B OEt
p-Pd—p REER  c,Dg, temp. P’ iR EtO" s p-OEL:
Cy2 Cy Cyag i o i

(1 equiv) (2.05 equiv)
In a nitrogen-filled glovebox, stock solutions were prepared analogously to
General Procedure 6A, but using C7Ds as the solvent rather than CeDs. Into a
screw-top NMR tube was added 0.30 mL of [(u-dcpe)Pd]z stock solution (13.33
mM; 0.004 mmol) followed by 0.15 mL of internal standard stock solution (26.7
mM; 0.004 mmol). The NMR tube was sealed with a septum lid. Next, 0.15 mL of
the halosilane solution (54.7 mM; 0.0082 mmol) was taken into a 1 mL syringe,
which was inverted and the plunger pulled back to collect a headspace of nitrogen
gas in the syringe barrel. The sealed NMR tube and syringe containing halosilane
were removed from the glovebox, and the NMR tube placed directly into a dry
ice/acetone bath. The halosilane solution was added through the NMR tube
septum lid and the sample was briefly shaken and placed immediately in a dewar
of liquid nitrogen. The sample was kept frozen in liquid nitrogen until analysis.
The NMR probe was cooled to the desired temperature and was locked,
tuned, and shimmed to a dummy sample of C7Ds equilibrated at that temperature.
A kinetics sample was removed from liquid nitrogen and quickly inserted into the
NMR. Sequential 3P spectra were collected immediately upon sample lock; peak
integrations of the product against internal standard were used to quantify product

formation.
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Kinetic competition studies with [(p-dcpe)Pd]2

Cy, Cy, X

Cy, Cyz
P_Pd_P | |I| \ /X P\ /H
1/2[ j YRR T e ———> [ Pd S QAN
¥ / AN .
S R Ph C/Dg, temp. P SitR P sipPh
@ ey ' Cv2 g VR C¥2 B ph
(1 equiv) (2.05 equiv)  (2.05 equiv)
{ internal standard
?  omt
Et0"i~~"~p-OEt
OEt C")

To conduct kinetic competition studies with [(u-dcpe)Pd]2, halosilanes, and
a representative hydrosilane (HSiPhs), General Procedure 6B was followed with
slight modification. In a nitrogen-filled glovebox, stock solutions were prepared
using C7Ds as the solvent. Into a screw-top NMR tube was added 0.15 mL of [(u-
dcpe)Pd]2 stock solution (26.7 mM; 0.004 mmol) followed by 0.15 mL of internal
standard stock solution (26.7 mM; 0.004 mmol). The NMR tube was sealed with a
septum lid. Next, 0.15 mL of the halosilane solution (54.7 mM; 0.0082 mmol) was
mixed with 0.15 mL of a solution of HSiPhs (54.7 mM, 0.0082 mmol), then the
volume of 0.30 mL was taken into a 1 mL syringe, which was inverted and the
plunger pulled back to collect a headspace of nitrogen gas in the syringe barrel.
The samples were treated analogously to General Procedure 6B thereafter. The
formation of both products was monitored by 3P NMR spectra, using peak

integrations for the products against internal standard.

Determination of rate law with [(p-dcpe)Pd]2 — General Procedure 6C

Cy2 Cy, X gy2 {internal standard '}
P-pd-P | > N i 0 :

12 E j * R*S"R  C/Dg 263K [ AN P ~DE
P_Pd_P R\a R 78 P Sia\R Eto éEt Ea
Cy2 Cy; X-SiRs = V2RR O '
6.7 mM 13.7mM  Cl-SiCly

(1.7-10.0 mM) (6.8-27.3 mM) | SiPh,

To determine the rate law of the reaction with respect to [(p-dcpe)Pd]2 or X—

SiR3, General Procedure 6B was followed with slight modification. The
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concentration of stock solution for the reagent of interest was modified in accord
with the desired concentration of the reagent in the kinetic sample; for example,
stock solutions of 1-SiPhs were prepared at concentrations of 6.8 mM, 13.6 mM,
27.3 mM, and 54.6 mM in C7Ds, and then 0.15 mL of these solutions were used to
prepare kinetics samples as described in General Procedure 6B. The

concentrations of stock solutions and experimental samples were as follows:

Order in halosilane:

mmol
Final conc. Concentration stock Vol. stock solution of
halosilane
halosilane solution of halosilane halosilane added
added
6.8 mM 27.3 mM 0.15mL 0.0041
13.6 mM 547 mM 0.15mL 0.0082
20.5 mM 82.0 mM 0.15mL 0.0123
27.3 mM 109.4 mM 0.15mL 0.0164
Order in [(u-dcpe)Pd]z:
Concentration Volume stock mmol
Final conc.
stock solution of solution of [(u- [(u-dcpe)Pd]2
[(u-dcpe)Pd]2
[(u-dcpe)Pd]2 dcpe)Pd]2 added added
1.7 mM 6.7 mM 0.15mL 0.0010
3.3 mM 13.3 mM 0.15mL 0.0020
6.7 mM 26.7 mM 0.15mL 0.0040
13.3 mM 53.3 mM 0.15mL 0.0080
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Determination of rate law with (dmespe)2Pd

Me32 Mes? Mes, {internal standard

P _CI o i

[ j v“ L, —_— /Pd H " OEt :

M cl Cl C;Dg, 293K R)/l \si\“C| Eto lv\P'OEt

oo e, 28N O
13.3 mM 13.7 mM

(3.3-20.0 mM) (6.8-27.3 mM)

To determine the rate law of the reaction with (dmespe)2Pd, General
Procedure 6C was followed with slight modifications: (dmespe)2Pd was used
rather than [(p-dcpe)Pd]2, the concentration of the metal complex was increased
by a factor of two to account for the monomeric (as opposed to dimeric [(u-
dcpe)Pd]2) nature of the complex, and only the reaction with SiCls was examined.

With those modifications, samples were prepared at the following concentrations:

Order in SiCla:
mmol
Final conc. Concentration stock Vol. stock solution of sicl
iCla
SiCla solution of SiCla SiCls added
added
6.8 mM 27.3 mM 0.15mL 0.0041
13.6 mM 54.7 mM 0.15mL 0.0082
20.5 mM 82.0 mM 0.15mL 0.0123
27.3 mM 109.4 mM 0.15mL 0.0164
Order in (dmespe)2Pd:
Concentration Volume stock mmol
Final conc. )
stock solution of solution of (dmespe)2Pd
(dmespe)2Pd
(dmespe)2Pd (dmespe)2Pd added added
3.3 mM 13.3 mM 0.15mL 0.0020
6.7 mM 26.7 mM 0.15mL 0.0040
13.3 mM 53.3 mM 0.15mL 0.0080
20.0 mM 80.0 mM 0.15mL 0.0120
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Determination of rate law with (PCy3)2Pd

Cl
¥ Cy-P—Pd—PC
CysP—Pd—PCy; + _Si, =+ PCy, ————» 73 798
cI¥1 “Cl C-Da. 243 K Si,
13.3 mM Cl 0 mM -8 cﬁ"(l: "Cl
(3.3-20.0 mM) 137mM  (0-53.3 mM) !
(6.8-27.3 mM) "internal standard

To determine the rate law of the reaction with Pd(PCys)2, the same
procedure was followed as for (dmespe)2Pd except that Pd(PCys)2 was used. With

these modifications, samples were prepared at the following concentrations:

Order in SiCla:

mmol

Final conc. Concentration stock  Vol. stock solution of sicl
iCla

SiCla solution of SiCla SiCls added
added
6.8 mM 27.3 mM 0.15mL 0.0041
13.6 mM 54.7 mM 0.15mL 0.0082
20.5 mM 82.0 mM 0.15mL 0.0123
27.3 mM 109.4 mM 0.15mL 0.0164
Order in Pd(PCys3)z2:
Concentration Volume stock
Final conc. mmol
stock solution of solution of
Pd(PCys)2 Pd(PCys)2 added
Pd(PCys)2 Pd(PCys)2 added

3.3 mM 13.3 mM 0.15mL 0.0020

6.7 mM 26.7 mM 0.15mL 0.0040

13.3mM 53.3 mM 0.15mL 0.0080

20.0 mM 80.0 mM 0.15mL 0.0120
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Chapter 7
Silanization and chlorination of bulk silica

OH

& HO, OH . HSIi(OEt); S'ﬂ
Si (I) (.)H HCI . i
Si,, __Si dioxane, reflux,
16 h

Bulk silica was silanized following a modified literature procedure.?° In an
oven-dried Schlenk flask was added SiO:z (oven-dried) under nitrogen gas, which
was suspended in dry, degassed dioxanes with stirring. HCI (4 N in dioxanes; 3.2
mmol, 1.0 equiv) was added to the reaction mixture and it was warmed to 80 °C.
While warming, HSi(OEt)s (4.5 mmol, 1.4 equiv) was dissolved in dry, degassed
dioxanes under nitrogen gas and added to the flask. The reaction mixture was
allowed to stir overnight at 80 °C, after which time it was concentrated under
reduced pressure. The evacuated flask was brought into a nitrogen-filled glovebox
and the white solid material suspended in Et20, filtered, and then dried on vacuum

to give silanized bulk silica as a free-flowing white powder.

OH
& Ho_ OH ¢!
Si (I),H\?,H SOC|2 . Si
Si Si toluene, reflux
2 days

Bulk silica was chlorinated following a modified literature procedure.?! In an
oven-dried Schlenk flask was added SiO:z (oven-dried) under nitrogen gas, which
was suspended in dry, degassed toluene with stirring. SOCl2 (10.0 equiv) was
added to the reaction mixture and it was warmed to reflux. The reaction mixture
was allowed to stir for two days at refluxing temperature, forming a purple solution.
After two days, the mixture was concentrated under reduced pressure. The
evacuated flask was brought into a nitrogen-filled glovebox and the purple solid
material suspended in Et20, filtered, and then dried on vacuum to give silanized

bulk silica as a free-flowing white powder.
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Synthesis of SiO2-700

OH
Sli HO\ \\\OH
Si O,H\O,H 700 °C OH
L > g
Si,, _Si 10°® bar
or dry air
"bulk" silica SiO2.700
Si0,

Bulk silica was transformed to SiO2-700 following modified literature
procedures.?? Bulk silica was suspended in H20 and then dried in an oven at 150
C for 2 days. The dried material was placed inside of a quartz flow reaction tube
with in-line fritted filter. The quartz tube was then connected to a gas cylinder of
dry air, and air was flowed through the SiO:2 sitting atop the fritted filter. An oil
bubbler was placed on the other end of the reaction tube to prevent the entry of
atmospheric air and contaminants. The reaction tube was placed inside of a
furnace and warmed to 700 °C for 2 days. After this time, the quartz tube was
removed from the furnace and cooled to approximately 150 °C before it was sealed
and immediately moved into a nitrogen-filled glovebox. The extent of

dehydroxylation achieved in this process was determined by titration.

Titration of SiO2-700 to determine silanol concentration

THF s N

OH @\(,M 5@ Elnternal standard :
| g : |
3 g ©/ @-Fe-@
CGD6’ r.t.

Si02-700 was titrated following literature procedures.?? In a nitrogen-filled
glovebox, SiO2-700 (24.2 mg) was weighed into a J. Young NMR tube. A 36.7 mM
solution of ferrocene (0.022 mmol in 0.6 mmol CsDs, 1.0 equiv) was prepared and
then added to Bn2Mg(THF)2 (0.022 mmol, 1.0 equiv). The resulting solution was
then added directly to SiO2-700 in the NMR tube. The sample was shaken briefly to
ensure all SiO2-700 was submerged in solvent, then the sample was sealed and
removed from the glovebox. The concentration of Si—OH sites on the surface per
gram of SiO2-700 was determined by quantifying the amount of toluene generated
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in the reaction by peak integration in *H NMR against ferrocene as an internal

standard.

Synthesis of H-SiR2—0-SiO2-700 and H-SiO2-700

General Procedure 7A

HSIR,(OR') H
oH HCl in di '
i in |oxane: R’?i

toluene, 80 °C, R

overnight

Synthesis of silanized silica materials was achieved by modifying literature
procedure.?®24 In a nitrogen-filled glovebox, SiO2.700 (1.0 g, approximately 0.30
mmol Si—OH/g) was added to a Schlenk flask and suspended in toluene with
stirring. The flask was sealed and removed from the glovebox. Dry, degassed HCI
(4 N in dioxanes, 0.64 mmol, 1.0 equiv) was added under nitrogen and the flask
was warmed to 80 °C. Back in the glovebox, a solution was prepared of HSiR2(OR’)
(0.90 mmol, 1.4 equiv) in dioxanes, which was taken into a syringe. The syringe
was inverted and the plunger pulled back to collect a headspace of nitrogen gas,
then it was removed from the glovebox and immediately added to the reaction
flask. The mixture was allowed to stir overnight at 80 °C. After overnight, the
reaction mixture was concentrated under reduced pressure, and the evacuated
flask was brought into the glovebox. The crude material was suspended in
hexanes and then filtered over a fritted funnel to collect the products as white
powders which were washed thoroughly with hexanes and toluene, then dried on

vacuum.

) 500 °C )
Si =, S
vacuum

The material synthesized as above (R = OEt) was subjected to further
treatment as described in literature. In a nitrogen-filled glovebox, the white powder
was added to a borosilicate reaction tube, which was then sealed and removed

from the glovebox and connected to vacuum (at or below 1 Torr). The reaction
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tube was placed inside of a tube furnace and warmed to 500 °C while evacuated
overnight. After this time, the quartz tube was removed from the furnace and
cooled to approximately 150 °C before it was sealed and immediately moved into

a nitrogen-filled glovebox.

Synthesis of silanized Al203-s00

HSi(OEt); H H
HCI in dioxane Sli 500 °C Sli
Al203.500 > 2y
80 °C, overnight vacuum

To synthesize silanized alumina materials, General Procedure 7A was
followed except that Al2Os-500 was used rather than SiOz-700. All other methods
were identical to those employed with SiO2-700; this applies as well to grafting and

catalytic reactions (vide infra).

Grafting to modified bulk silica materials

General Procedure 7B

PCy
C Cy> . 792
pY34-p [Sil-H Cy,P-Pd—H
172 ( j — Si
p-Pd-p toluene, r.t. overnight
Cy, Cys

In a nitrogen-filled glovebox, a 4.5 mM solution of [(u-dcpe)Pd]. was
prepared by dissolving 0.045 mmol (1.0 equiv) in 10 mL toluene. This solution was
added to silanized metal oxide material (0.090 mmol, 2.0 equiv) and the
suspension was allowed to stir gently at room temperature in the glovebox
overnight. After overnight, the reaction mixture was filtered over a fritted funnel and
the collected beige solid was washed thoroughly with hexanes and toluene. The
solids were transferred to a scintillation vial and dried under vacuum, while the

filtrate was concentrated on vacuum to recollect starting material.
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Catalysis with modified bulk silica materials
General Procedure 7C

/@/\% cat. (5 mol %) /©/\/ , O/\l
MeO MeO MeO

toluene, 50 °C
(40 mM)

In a nitrogen-filled glovebox, catalyst (0.001 mmol, 0.05 equiv) was weighed
into a 4 mL vial with stir bar. 4-allylanisole (0.040 mmol, 1.0 equiv) and internal
standard (durene; 0.040 mmol, 1.0 equiv) were each dissolved in 0.50 mL toluene.
These solutions were combined for a total volume of 1.0 mL, and then added to
the vial containing catalyst. The vial was quickly capped and then removed from
the glovebox and placed in vial block warmed to 50 °C. The reaction was monitored
by removing a 20-30 uL of the reaction mixture and filtering it over a plug of celite,
which was then washed through with DCM. These collected aliquots were then
analyzed by GC and integrations were used to quantify product concentration
against the internal standard.

Alkene isomerization with varied conditions

/@/\/ cat. (x mol %) /@A/ . O/\l
MeO g MeO MeO

solvent, temp.
(40 mM)

To evaluate the role of conditions on the reaction, General Procedure 7C
was followed with slight modifications. To alter the catalyst loading, each vial was
charged with a variable amount of Pd catalyst (0.0002 mmol, 0.0005 mmol, 0.001
mmol, or 0.002 mmol), and then the experiment was prepared analogously
thereafter. To alter the reaction temperature, samples were prepared as described
above and then placed into a vial block at a different desired temperature. To alter
the reaction solvent, stock solutions were prepared as described but using the
desired solvent. Reaction progress for all experiments was monitored as described

in General Procedure 7C.
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