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DISSERTATION ABSTRACT
Kiana Emily Kawamura
Doctor of Philosophy
Department of Chemistry and Biochemistry
June 2022
Title: The Development and Mechanistic Investigation of Ni(0)/Silane Catalytic Systems
for the Transformation of Alkenes

The transformation of alkenes plays an important role in chemical transformations
from a scale that spans fine chemical, natural product synthesis up to the industrial scale
synthesis of materials. The development of new catalytic methods that broaden substrate
scopes, provide mechanistic understanding, and contribute fundamental knowledge of
reactivity is critical to continually improve chemical synthesis. The focus of this thesis is
centered on investigating the feasibility of using molecular silanes as mild and modular
hydride sources in Ni catalysis. Reaction development of a Ni(0)/silane catalytic system for
alkene isomerization, mechanistic elucidation of the catalytic system, and preliminary
application of this knowledge toward the rational design of more complex tandem catalytic
systems for the remote functionalization of alkenes are reported. Chapter I motivates the
development of Ni-based catalytic systems for the transformation of alkenes and explains
our inspiration and approach to developing the catalytic system described in Chapter II.

Chapter II outlines the development of a Ni(0)/silane catalytic system for alkene
isomerization. The substrate scope and initial mechanistic information is included.

Chapter III describes the deeper mechanistic investigation of the Ni(0)/silane

catalytic system developed in Chapter II. The focus of this chapter is on elucidating the

v



impact of substrate structure on the observed mechanism.

Chapter IV builds on the mechanistic work explored in Chapters II and III by
expanding the library of ligands used, showing the feasibility of using steric modulation to
enhance catalytic activity. Chapter IV also presents preliminary work toward developing
an in situ approach to make this Ni(0)/silane catalytic system more practical and easily
modified for different synthetic goals.

Chapter V outlines our approach and initial efforts to develop a catalytic system for
the remote hydroboration of alkenes.

This dissertation includes previously published and unpublished coauthored

material.
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CHAPTER 1

NICKEL-CATALYZED TRANSFORMATION OF ALKENES: MOTIVATIONS
AND MECHANISTIC APPROACHES

This chapter was written by Kiana E. Kawamura and presents an unpublished perspective

on work developed and presented in Chapters I1-V.

1.1 Introduction

The development of transition metal-catalyzed transformations has enabled access
to chemical targets that are difficult to synthesize through traditional pathways. The
development of regioselective catalytic processes broadens substrate scope of
transformations, minimizing protection/deprotection steps and overall increases the atom
economy of transformations. The transformation of alkenes through isomerization'?
(Figure 1.1.a.) or other reactions such as oxidation,>’ polymerization®® or
functionalization'®!'! has played a key role in developing synthetic routes to desired target
molecules (Figure 1.1.b.). Focusing specifically on the functionalization of alkenes
through transition metal-catalyzed approaches, catalysts are often designed to be selective
for alkenes in specific environments (i.e. allyl ethers,'? terminal alkenes,'? 1,1-disubstitutes

alkenes,'+!

amongst others). The regioselectivity of these transformations is key to
practically applying catalytic systems to synthesis, and often the origin of selectivity is not
fully understood.'®

In the hydrofunctionalization of alkenes, selectivity is determined by many factors
including steric accessibility, coordination sphere on the metal center, and substrate

structure (electronic bias,'’2° directing group participation,?!-??

etc.). Due to lower
thermodynamic stability, terminal alkenes typically react more readily with metal catalysts.
In fact, some hydrofunctionalization reactions (such as hydrosilylation?*?*), are hindered
when catalyst decomposition leads to the formation of species that are active for alkene

isomerization to the internal alkene. With catalysts that are selective for



hydrofunctionalization of terminal alkenes, this leads to a decreased efficiency and

potential mixture of products.?

(a) types of alkene isomerization and thermodynamic considerations

positional geometric
isomerization isomerization
AG°<0 AG°>0
o > Y ——> 0
AG°>0 AG°<0
Most stable

isomer

(b) transformation of alkenes

o)
&Y H-X

OH H

@ oH P addition
OH ¢ NG Hx

/ Markovnikov > ./\X(\
./\H(\

> X
@ "oH anti-Markovnikov
addition
T4,
oxidation polymerization hydrofunctionalization

Figure 1.1. (a) Thermodynamic considerations of alkene isomerization and (b) select
transformations of alkenes.

Nickel-catalyzed hydrofunctionalization reactions are of particular interest due to
the mechanistic versatility of nickel compared to second and third row transition metals,
which allows for complementary reactivity to be achieved. Nickel is also abundant and
cost-effective compared to the other group 10 metals, particularly palladium and platinum,
making it a more economical choice.?%?” While the presence of a species active for alkene
isomerization is often undesirable in (hydro)functionalization reactions, the high activity
for isomerization, if harnessed, could provide mechanistic insight into isomerization
catalysts that are compatible with functionalization reactions, enabling more efficient
processes for the remote functionalization of alkenes (Chapter V). Nickel-catalyzed
isomerization reactions have achieved high efficiency and selectivity with many
approaches, with the most active systems dominated by the formation of active catalysts in
situ, often requiring additives to reduce the metal center or form an active species.?®

Focusing specifically on the generation of Ni—H species, which are the proposed
active catalysts or reactive intermediates in many transformations of alkenes, the primary

routes to form Ni—H species have used non-modular hydride sources such as strong acids



or main group metal hydrides (see Chapter II for a more thorough summary). In the early
1970s, Tolman investigated the mechanism of 1-butene isomerization with Ni[P(OEt)3]4 in
acidic conditions (H2SO4), showing via mechanistic investigation that the reaction
proceeded through a hydride insertion-elimination pathway (Figure 1.2., top pathway) and
reactivity was very sensitive to the concentration of H2SO4.2° More recently, Schoenebeck
elucidated the reactivity of a Ni(I) dimer that efficiently isomerizes alkenes via a radical
mechanism (Figure 1.2, bottom), supported by a radical clock experiment.?® This work
from Schoenebeck is one of the cleanest catalytic systems with nickel that effects alkene
isomerization at mild conditions (no additives, no byproduct formation, room temperature,
<3 h). Other nickel-based systems rely on stoichiometric reductants or additives (e.g. Zn'3,
Mn®") or difficult-to-handle reagents such as Ph,PH.!> While systems with these
approaches have achieved high selectivity and yield, there is still a strong desire to develop
mild and tunable isomerization systems that do not require stoichiometric additives or

harsh reducing agents.

NiL,

i H R
LN—H H\)\KR — > XY L LNH
metal hydride H H
insertion/elimination H
L R
é\ﬁR L,Ni /|\<H H X R )
H ' NiL, —_— + L,Ni
H ne-allyl hydride Ili H
RI
LnNi® H R
u > /|\<H — s YT L
radical ’;"Ln H
H

Figure 1.2. Mechanisms of Ni-catalyzed alkene isomerization.

The use of silanes offers immense potential as a modular, mild, and commercially
available hydride sources in nickel-catalyzed alkene isomerization. Nickel plays an
important role in the catalytic hydrosilylation of alkenes, with mechanistic investigations
showing the feasibility of chain walking in certain conditions.?>* As mentioned above,
many catalytic systems developed for hydrosilylation are designed to inhibit substrate
isomerization to prevent undesirable side reactivity and the formation of isomerization or
internal hydrosilylation products.>** Recently, the Chirik Group showed through
deuterium incorporation studies with DSi(OEt); that during the hydrosilylation of 1-octene,

3



deuterium is incorporated along the entire alkyl chain while functionalizing selectively at
the terminal position (Figure 1.3.a.), demonstrating that the active species formed in situ
is active for rapid chain walking.3? This work demonstrates the feasibility of utilizing nickel
with molecular silanes to effect Ni migration along a carbon chain. The Hu group, in a
similar pursuit, studied the hydrosilylation of 3- and 4-octene with H>SiPh; catalyzed by a
pincer nickel complex in the presence of NaO#-Bu to selectively form the terminal, linear
hydrosilylation product, showing the ability of the catalytic system to travel along the alkyl
chain prior to selective terminal functionalization (Figure 1.3.b.).>3 Both of these systems

proceed through a proposed Ni—H species.

(a) deuterium incorporation study in the hydrosilylation of 1-octene

P Ni(2-EH), (1 mol%) D s
n-CeHw~ N + DSIi(OEt); > A/
63 neat, 23 °C, 12 h n-CeHs3

e N Proposed active catalyst
EN / N /Nj l N\l
N7 \ / SNE E /Ni—H
)th*
Ni(2-EH),

(b) chain walking in the hydrosilylation of octene isomers

NaOBu (1 equiv)

NN [(MeN,N)Ni-CI] (10 mol%)
or + stlphz - > C7H15/\SIHPh2
AN 2 equiv. THF, 24 h, -70 °C

____\ Proposed active catalyst

NM
Q\ £7) Q\NMGZ

N-Ni-Cl |
! N-Ni-H
NM

[(MeN,N)Ni-CI]
—

Figure 1.3. Precedent for chain walking in Ni-catalyzed hydrosilylation.

This work on Ni-catalyzed hydrosilylation demonstrates the feasibility of using
molecular silanes with Ni to form active species for chain walking. The use of molecular

silanes in transition metal-catalyzed alkene isomerization is limited despite the
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complementary reactivity of nickel (and other transition metal) complexes with molecular
silanes in hydrosilylation systems. Current examples are limited to Co,!> Pd*¢37 and Ir'?
(Figure 1.4.). Our interest focuses on the development of related Ni systems due to the
precedent in hydrosilylation as well as direct oxidative addition of silanes to Ni(0)

complexes to form (silyl)Ni—H species.

(a) Alkene isomerization to form 1,2-disubstituted or trisubstituted alkenes.

catalyst
—>
o/\/ o/\'"

(b) Transition metal (pre)catalysts active for alkene isomerization with molecular silanes.

& AP

=N N= P Pd—
;Co<
Bu (0) O t-Bu CI
t-Bu t-Bu
+ H;SiPh + HSi(OEt);
Shenvi, 2014 Li and Xu, 2014

c I\I / \I Al
r\ / r\
+ H;3SiPh
+ NaB[CgH3(CF;)2l4 + HSiPhMe,
Brookhart & Daugulis, 2017 Ding, 2020

Figure 1.4. Prior work on transition metal catalyzed alkene isomerization with molecular
silanes. (a) general scheme of alkene isomerization. (b) (pre)catalysts used in reactivity
with silanes to form active isomerization catalysts.

Specific examples of oxidative addition of the Si—-H bond of molecular silanes
include alkene-stabilized Ni(0) complexes with phosphine or N-heterocyclic carbene
(NHC) ligands as shown in Figure 1.5. In the Hillhouse work,* the formed (silyl)Ni-H
species (Figure 1.5., top) was shown to be in dynamic exchange with the o-complex. In
the work from Radius,*>* the silane identity was critical to controlling the formation of
either the isolable (silyl)Ni—H species (observed with 3° silanes) or the formation bis-silyl
complexes (with 2° silanes). With these examples in mind, we set out to investigate the

oxidative addition of 3° silanes to alkene-stabilized (NHC)Ni(0) complexes as a possible
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route to form catalytically active (silyl)Ni—H species, with a desire to gain a better
understanding of the role of the silane in its reactivity with a Ni(0) precursor, the effect of
both silane and ligand sphere on reactivity, and the catalytic activity of the Ni(0)/silane

combination in the transformation of alkenes.

Hillhouse, 2006

tBu tBu t- u tBu t—Bu\ t-Bu
P 2 HSiXAr, Po /S|XAr2
E Ni—|| —N| j —_— 2 E NI
- CgHg /P H
t- Bu t-Bu t Bu t-Bu t-Bu

Peters, 2012

s PR2 Ni( cod)2 éi\PRz
@ T oiscd @’ @
Radius, 2011 & 2014

(\N/ Pr /-PrN/w

Ni-Pr -
j- PI’N\( )—'NI-PI’ 2 HSIR3 (/\ I PrN/\S
Ni— —Ni — 2 NN
i-PrN—( »—Ni-pr - 1.5-cod P \SiFé; r

Q/Ni-Pr i-PrN \%

Figure 1.5. Prior work on the oxidative addition of [Si]-H to Ni(0).

1.2 Mechanisms of Nickel-Catalyzed Alkene Isomerization

As mentioned above, the mechanistic versatility of Ni compared to other group 10
metals Pd and Pt is part of our interest in this work which seeks to understand the formation
of active Ni species and the mechanism of resulting catalytic transformations. While Pd
and Pt typically proceed through two electron processes (i.e. oxidative addition/reductive
elimination, transmetallation, o-bond metathesis), Ni is able to proceed through both two
electron and one electron processes (i.e. hydrogen atom transfer and other radical
processes). In fact, Ni has been proposed to proceed through the hydride insertion-
elimination,'*?%*-47 -allyl**-5! and radical’ type mechanisms shown above in Figure 1.2.
These catalysts, shown in Figure 1.6., have a wide variety of coordination spheres and
operate in different reaction conditions, and the experimental elucidation of mechanistic

steps is often very difficult.



(a) radical (b) -allyl-type

A T2 ag

RS .o
U< :
N Cl N
A A AT
\—/
Schoenebeck, 2019 Iwamoto & Ogoshi, 2021 Ong, 2013
(c) hydride insertion-elimination
P(OEt)3
(Et0);P—Ni—P(OEY) Ph. Et
T ’ P\Ni-'-/sj MesP( +.PMes
P(OEt)s 200N Ni
s 1B MesP” | “PMes
" Et H 2 H
H,SOy ‘B(CoHs)s N(SO,CF3),
Tolman, 1972 Rigo, 1978 Berkefeld & Fleischer, 2020

Figure 1.6. Representative examples of Ni isomerization catalysts.

Chapter II of this dissertation describes the initial reaction development for the
isomerization of alkenes with low valent (NHC)Ni(0) precatalysts with molecular silanes
(Figure 1.7.). The scope and modularity of the silane partner is demonstrated to affect
reactivity in terms of both conversion and rate. The work in Chapter II was published in
Organometallics in 2022. The article was written by Kiana E. Kawamura with editorial
assistance from Alison Sy-min Chang and Amanda K. Cook. The experimental work was
conducted by Kiana E. Kawamura with synthetic contributions from Alison Sy-min Chang,
Daryl J. Martin and Parker T. Morris. Haley M. Smith carried out deuterium incorporation
studies. While initial mechanistic studies in Chapter II point to a metal hydride insertion-
elimination pathway, Chapter III furthers this work with the goal of elucidating specific
mechanistic steps in play (i.e. identification of rate limiting step(s) and the role of reagents
on the reaction kinetic profile). The work in Chapter III was carried out by Kiana E.
Kawamura. The chapter is in preparation for publication with editorial assistance from
Amanda K. Cook. Of special interest to this dissertation is elucidation of the substrate-
divergent kinetic profiles, where allylarene substrates and a-substituted styrene substrates
behave distinctly (Figure 1.8.). While Chapters II and III focus on the role of the silane
and the overall mechanism, Chapter IV delves deeper into the role of the NHC ligand, the

stabilizing alkene of the introduced Ni(0) complex, and makes progress toward modifying
7



the reaction set up to form the active catalyst in situ (Figure 1.9.) The work in Chapter [V
was developed by Kiana E. Kawamura and the synthetic and mechanistic work presented
was carried out primarily by Parker T. Morris and Gaby M. Bailey with guidance from
Alison Sy-min Chang and Kiana E. Kawamura. Victor M. Salpino contributed through the
synthesis of ligands. The overall goal of the mechanistic investigation outlined in Chapters

II-1V is to enable rational and efficient design of catalysts for application in the remote

functionalization of alkenes.

Highly tunable catalyst

sctje?c i elegtrlon;c
modularity O' modularity
N NO
—N|—S|-O
up to 99% yield

proposed active catalyst E-selective

— broad functional — Ni—H formation through Ni(0)
group tolerance oxidative addition to Si-H bond

— no stoichiometric - initial mechanistic evidence supports
byproducts a M-H insertion-elimination pathway

Figure 1.7. The development of a Ni(0)/silane catalytic system for the isomerization of
alkenes.
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Figure 1.8. Mechanistic investigation of Ni(0)/silane catalyzed alkene isomerization with
substrate-divergent mechanisms.



/_\ Mechanistic ”
steric investigation informs - E

modularity — development of in situ NN
N N catalyst formation o
X T
i
N\ | |
effect of \' ,."/ in situ catalyst \N./
alkene binding strength ¥ ™* formation for alkene N '\ 1
and chelation + X o
. isomerization
HSiPh; +
HSiPh;

Figure 1.9. Delving into the role of the NHC ligand and developing a practical method for
Ni(0)/silane catalyzed isomerization

1.3 Nickel-Catalyzed Remote Functionalization of Alkenes
The application of Ni in remote functionalization reactions has seen recent
advances from both alkene and alkyl halide starting materials, summarized in recent

16,52 While work up to this point has achieved the efficient functionalization at

reviews.
distal sites, many of the Ni-based catalytic systems rely on stoichiometric additives to
regenerate the active catalyst. For example, the Martin group developed the temperature-
based regiodivergent carboxylation of alkyl halides which required 3.0 equivalents of
Mn(0) in order to reduce the NiX> species (X = I or Br) introduced as the precatalyst or
generated during product formation (Figure 1.10., top).>

The Zhu group has also contributed important advances in the remote arylation and
alkylation of both alkyl halide and alkene starting materials (see Figure 1.10., bottom for
one example).?!>8 This work most commonly proceeds through the formation of a Ni-I
intermediate, and stoichiometric CsF or KF are added to from Ni—F complexes, which then
react with molecular silanes to form the proposed active catalyst, a Ni—H species, and F—
SiR3 as a byproduct. The formed Ni(I)-H species is the proposed active catalyst for the
chain walking steps and the Ni(I)-alkyl species that forms is proposed to react with the
cross-coupling partner (typically an aryl or alkyl iodide), reforming the Ni-I species to
close the catalytic cycle after a reductive elimination step forms the desired functionalized
organic product. While these systems have been optimized to be selective for either internal
or terminal functionalization, the low-atom economy and difficult mechanistic elucidation

leave a gap for the development of more efficient and rational catalyst design.
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Figure 1.10. Recent examples of Ni-catalyzed remote functionalization.

Our group is interested in applying the catalytic system developed in Chapters II-
IV to the remote functionalization of alkenes because the formed Ni—H species has
demonstrated the ability to isomerize alkenes over multiple carbon bond lengths and
operates in relatively mild reaction conditions (80 °C, toluene or hexanes). In remote
functionalization, there are two approaches that we have considered: (i) a single catalyst-
system in which the introduced catalyst is capable of both the isomerization and
functionalization reactivity and (ii) an orthogonal tandem catalytic approach in which two
separate catalysts are introduced to carry out the isomerization and functionalization
separately. There are other approaches to tandem catalysis>~®! (Figure 1.11.), but the work
presented in Chapter V will focus on the orthogonal tandem catalytic approach for the
reasons outlined below.

While the development of catalysts that are active for both chain walking and
functionalization (auto-tandem catalysis) is ideal from an atom-economy perspective, in

reality, an orthogonal tandem catalytic approach offers the benefit of broader reactivity
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potential if systems are designed with a thorough understanding of the mechanistic aspects
of both catalytic transformations. The goal of Chapter V is to investigate the compatibility
of isomerization and functionalization catalysts in the remote hydroboration of alkenes.
One primary challenge in remote functionalization applications is the site of
functionalization.'®? Often, functionalization is optimized to be selective for either the
terminal alkene or a position proximal to an electronically biased functional group.'#5+63
We are particularly interested in selective functionalization of terminal alkenes and more
specifically, the Markovnikov-selective functionalization of aliphatic alkenes. There are
very few examples of Markovnikov-selective hydroboration of aliphatic alkenes,**®® and
we hypothesize that introduction of a catalyst that is able to proceed through chain walking
steps with a catalyst that is selective for terminal alkenes would allow for the kinetic

trapping of terminal alkenes through rapid functionalization.

auto-tandem catalysis orthogonal tandem catalysis assisted tandem catalysis
one catalyst carries out multiple catalysts carry out one catalyst is transformed to
multiple transformations different transformations carry out different reactivity
then catalyst
M; \M M; \M
@@ @@ modification
sequential catalysis domino reaction
a second catalyst is added after after the first catalyzed reaction a second transformation
the first catalyst has fully reacted occurs without introduction of a second catalyst
M,) then add (M, M,) then external stimulus or

spontaneous reaction

Figure 1.11. Different approaches to tandem catalysis.

Chapter V of this dissertation outlines our preliminary work on the Markovnikov-
selective remote hydroboration of aliphatic alkenes (Figure 1.12.a.) with a variety of
isomerization (Figure 1.12.b.) and hydroboration catalysts (Figure 1.12.c.). This work
builds on the reactivity developed and outlined in Chapters II-IV of this dissertation, as
well as preliminary results from the Cook Lab that demonstrates the viability of utilizing
sulfated zirconia (SZO)® as a hydride source with Ni[P(OEt)s]4 to isomerize alkenes
(building off of the homogeneous analogue developed by Tolman?® in the 1970s). The work
in Chapter V was developed by Kiana E. Kawamura and Amanda K. Cook. Experimental
work was carried out by Kiana E. Kawamura. Quinn Valentine contributed sulfated

zirconia material for isomerization/hydroboration screening studies.
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(a) our proposal for the remote hydroboration of alkenes
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Figure 1.12. Our proposal and initial catalytic targets for the remote Markovnikov-

selective hydroboration of aliphatic alkenes.

1.4 Conclusions and Outlook

The development of transition metal-catalyzed processes, particularly utilizing first
row transition metals, is an important field of current research due to the remaining gaps
in mechanistic understanding. Filling in these gaps by carrying out detailed mechanistic
investigations and applying these findings in rational ways to achieve complex reactivity

shows the potential to broaden reactivity to new transformations, new classes of substrates,

and to optimize current processes.

12

FI’(OEt)s
(EtO)3P—lili—P(OEt)3
P(OEt)3
(2.8 mol %)

OH
—l (33 mol %)
SZ03q9
hexanes
40 °C
Cook Lab
preliminary results

Fe(OTs); (10 mol %)
LiOt-Bu (3.0 equiv)
B,pin, (2.5 equiv)

NMP (1 mL)
80 °C, Ar

Su & Liu, 2020



CHAPTER 1T

DEVELOPMENT OF A MODULAR NI(0)/SILANE CATALYTIC SYSTEM FOR
THE ISOMERIZATION OF ALKENES

This chapter includes previously published and co-authored material from Kawamura,
K.E.; Chang, A.S.; Martin, D.J.; Smith, H.M.; Morris, P.T.; Cook, A.K. A Modular
Ni(0)/Silane Catalytic System for the Isomerization of Alkenes. Organometallics 2022, 41
(4), 486-496. https://doi.org/10.1021/acs.organomet.2c00010. This article was written by

Kiana E. Kawamura with editorial assistance from Alison Sy-min Chang and Professor
Amanda K. Cook. Alison Sy-min Chang, Daryl J. Martin, and Parker T. Morris contributed
synthetically through the preparation of starting materials. Haley M. Smith carried out

deuterium incorporation studies.

2.1 Introduction
The significance of the alkene as a synthetic target and feedstock cannot be

70,71

overstated; alkenes are found in and are used to synthesize pharmaceuticals, natural

73.74 and materials.”>7¢ The functionalization of alkenes

products,’”> commodity chemicals,
is a pillar in organic synthesis from the large scales of industry to the small scales of
research labs.”” As the location and geometry of the alkene dictate the site- and
stereoselectivity of subsequent reactions, it is critical to be able to control the location and
geometry of alkenes. Numerous strategies exist for the synthesis of alkenes (e.g.,
specialized P-73% and Si®!-based reagents for carbonyl olefination, alkene metathesis,*
semihydrogenation®}%), yet few are as atom-economical as alkene isomerization, which is
utilized in many industrial processes (e.g., Shell Higher Olefin Process, adiponitrile
synthesis).?®

Transition metal-catalyzed alkene isomerization (Figure 2.1.a.) is attractive as a
strategy to synthesize internal alkenes because i) accessible terminal alkenes can be used
as starting materials, ii) isomerization has inherently high atom economy, and iii) site-,

chemo- and stereoselectivity can be controlled by catalyst design.!-’?833¢ These advantages
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are particularly attractive in the context of remote functionalization and convergent

syntheses. !6:52.60,62

State-of-the-art alkene isomerization catalysts have been developed to operate
under mild reaction conditions and have a broad substrate scope, yet they either rely on
rare and expensive 2" and 3" row transition metals,?”~*° require catalyst activators or
stoichiometric additives with ill-defined impacts, or utilize non-tunable ancillary ligands,
which limits catalyst modularity. Significant contributions to the state-of-the-art have been
recently developed and utilize base metals®® like iron,°'? cobalt, #1537 and
nickel’®°1989 (Figure 2.1.b.). Many of these catalysts operate under mild conditions (e.g.,
low temperatures, short reaction times), give high regio- and stereoselectivities, and exhibit
broad substrate scopes including isomerization to trisubstituted alkenes, isomerization of
internal alkenes, and large functional group tolerance. Yet, many of these reports lack a
demonstration of rational tunability of the catalyst’s activity. Additionally, while Fe- and
Co-based catalysts for alkene isomerization are operable with low catalyst loadings, Ni-
based catalysts still often require high catalyst loadings (=10 mol %). Devising a
structurally modular catalyst system derived from mechanistic understanding has the
potential to create a versatile catalyst system that is readily tailored to substrates and
thereby can increase compatibility. Catalyst tunability is especially important in the context
of tandem catalytic applications, for which the isomerization catalyst must be compatible

with a wide range of functionalization reactions.

Transition metal-catalyzed isomerization reactions typically proceed via one of
three possible mechanisms: i) radical pathway,!>3%%97 ii) gm-allyl pathway,'® or iii)
insertion/elimination via a metal-hydride!?! (Figure 2.2.a.). Nickel catalysts are
particularly attractive not only because Ni is an Earth-abundant, 15-row transition metal,
but also because they are mechanistically versatile (i.e., able to proceed through 1-electron
and 2-electron pathways).>%484%101 Ni has been proposed to isomerize alkenes through

13,29,41-47

insertion/elimination, radical,’® and m-allyl-type mechanisms.*#>! The

insertion/elimination pathway using a Ni—H catalyst is particularly attractive because it is

the proposed mechanism for many chain walking applications,!6-31:45.34-57.63.99,102-114

14



(a) Alkene isomerization and its challenges
Challenges:
catalyst - use of precious metals as catalyst
M > M - catalyst ligands not tunable
- non-modular &/or harsh additives

(b) State-of-the-art base-metal isomerization (pre)catalysts

—N\CO/N— o J-Pr
tBu O/ \O NS N-CO-N H'
NS N_CO—PR2
tBu t-Bu cl’

1
5 + NaOt—Bu i-Pr’NO
+ H3SiPh + BH;NH; + BH3;NH;3
Shenvi, 2014 Jiao & Liu, 2018 Findlater, 2020
T[FeBr,]
""'u,. l \ N
\ oo >—NI—NI—< |
N, N of N
[N
+ By(pin); iM
+ LiOt-Bu +BHyNH;  SMes
Koh, 2020 Fey, Richards, & Webster, 2021 Schoenebeck, 2019

Figure 2.1. Prior work on alkene isomerization. (a) general scheme and challenges of
alkene isomerization. (b) state-of-the-art alkene isomerization catalysts using base metals.

Elucidation of the active species structure and the effect of ancillary ligands has been
specifically identified as the major challenge in Ni-catalyzed remote functionalization
reactions.!® This task is difficult because multiple steps and processes are occurring in
remote functionalization (namely, the chain walking and functionalization processes),
which convolutes analysis. The goal of this work is to develop a highly tunable catalyst
system for alkene isomerization that will not only be useful for isomerization reactions but
will also elucidate mechanistic information about the fundamental reactivity between in

situ generated (NHC)Ni catalysts and alkenes.

Previous work has accessed Ni—H species in situ (Figure 2.2.b.) for alkene
isomerization and remote functionalization!® by oxidative addition of strong acids (e.g.,
HoSO4,224446115 HCL, 16 HBF4,*' HN(SO2CF3)2%) or polar O-H bonds,!?”!!* oxidative
addition of alkyl halides followed by B-hydride elimination,*! or by reduction of Ni(II) with
117,118

additives that can limit functional group tolerance (e.g., Grignard reagents,

NaBH,,'""12! LiAlH,4,'?? LiBHEt3,°%123:124 SnCl,,* MAO%). In remote functionalization
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applications, the use of Ni-X (X = halide) complexes in conjunction with a silane as the
H-source by the Zhu 1ab>-63!1%111 and others!?>19>125 has achieved efficient and selective
reactivity for the remote functionalization of alkenes. The silane, which is used in excess,
is proposed to react with the Ni-X to form a Ni—-H species, generating a silyl halide

byproduct each catalytic turnover.

To avoid these byproducts and install an additional handle to control catalyst
reactivity, we sought to utilize the direct formation of (silyl)Ni—H species through oxidative
addition of Ni(0) to the Si—H bond of silanes for alkene isomerization (Figure 2.2.c.). A

similar strategy has been used for precious metal-catalyzed alkene isomerization,!?-36-37-126-

128 and silanes (primarily PhSiH3) have been used with Co as H-atom sources also for

isomerization via l-electron pathways.!>7

Promising precedent for Ni(0) oxidative
addition to silanes is shown in examples from Hillhouse,*® Radius***° and Peters,'?° which
show the stoichiometric formation of (silyl)Ni—H species through direct oxidative addition
of Ni(0) to Si—H bonds of molecular 2° and 3° silanes. Furthermore, Ni-based catalytic

systems for hydrosilylation are known,!'!3+130.131

with a key mechanistic step being
oxidative addition of the Ni complex to the Si—H bond of the silane reagent prior to

reactivity with alkenyl,'*? alkynyl'*3 or allenyl'34!33 substrates.

We hypothesized that the (silyl)Ni—H species formed from this oxidative addition
could be harnessed for catalytic activity toward the isomerization of alkenes. We identified
triaryl silanes as good candidates for mild hydride sources because i) they are less reactive
than the reagents currently used to form Ni-H species (namely aluminum- and
borohydrides and strong acids), ii) they are typically less active toward hydrosilylation of
alkenes with nickel (there are numerous examples of Ni(0)-catalyzed alkene and allene

hydrosilylation that require 1° and 2° silanes),!!*+130:131

and iii) the silane substituents can
be rationally tuned to influence the catalytic cycle. With this precedent in mind, we
designed and herein disclose a catalytic system with direct generation of (NHC)(silyl)Ni—
H species for alkene isomerization with high steric and electronic modularity enabling

catalyst tunability based on substrate compatibility.
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(a) Pathways of Ni-catalyzed alkene isomerization
L]
Ni N T—l | =
O~ — @ N HT N O o > @,
metal-hydride radical m-allyl

(b) Routes to Ni—H in isomerization and remote functionalization
R'OH HSiR3, -XSiR3

- Ni''-X
polar O-H bonds ¢ ¢ silanes
HX ' M'H, -M’X
Ni° e Ni—H - Nill=X
strong acids strong hydrides

X = HSO,, Cl, BF, active catalyst \y - NaBH,, LiBEt,

byproduct formation, limited scope and FG compatibility,
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(c) This work's strate.

, L,Ni—H o~
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hydride source I3 >
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Figure 2.2. Proposed catalyst structures for nickel-catalyzed alkene isomerization. (a)
Types of intermediates proposed. (b) Routes to Ni—H proposed in isomerization and/or
remote functionalization reactions. (c) The strategy of this work is to generate (silyl)Ni—-H
as the active catalyst via oxidative addition of Ni(0) complexes to silyl hydrides.

2.2 Results and Discussion
We were particularly attracted to N-heterocyclic carbenes as ancillary ligands

136 ;

because of their demonstrated i) modularity,'-° ii) precedent as ligands for Ni(0) oxidative

39,40 132-135

addition to silanes, and i) wuse in hydrosilylation and remote

functionalization’®” reactions with Ni. Taking advantage of recent progress in

synthesizing thermally stable Ni(0) complexes,!36-13

we began investigating isomerization
of our test substrate, allylbenzene’? (2a) to B-methylstyrene (3a) with alkene-stabilized
(NHC)Ni(0) complexes 1a-e and with commercially available silanes. The reaction was
optimized to give 95% yield with high selectivity for the E-isomer of B-methylstyrene (3a)
using 5 mol % each of (1,5-hexadiene)Ni(IPr) (1a) and HSiPhs to generate the active
catalyst (Table 2.1., entry 1; see Supporting Information for full optimization). Control
experiments show the critical role of both Ni and silane for isomerization activity (entries
2 and 3). The catalysts with more strongly coordinating alkenyl ligands'*” (1b-d) showed

diminished reactivity (entries 4-6), which we hypothesize is based on hindered entry into

17



the catalytic cycle. The influence of the alkenyl ligand identity on E/Z selectivity is possibly
due to the ligand remaining coordinated to the Ni center throughout the reaction, but more
thorough mechanistic work is needed to elucidate the cause of this effect. Less bulky IMes
instead of IPr gave slightly lower, yet still good yield (92%) and similar selectivity for E-
3a (entry 7). Attempts to form the catalyst in situ led to lower yield and selectivity (entry
9), as did using industry-standard® basic conditions (entry 8). The identity of the silane
partner was investigated next. Use of the secondary silane H,SiPh, led to slightly
diminished yield, although high selectivity for the E-alkene was maintained (entry 10).
Substitution of smaller, more electron-rich methyl groups in place of phenyl substituents
(entries 11-12) led to increasingly lower yields. We hypothesize that this decrease in yield
is due to the silane being more electron-rich, and less susceptible to oxidative addition by
Ni(0) (vide infra).'*® With the optimal system utilizing 1a/HSiPhs, the substrate scope of

isomerization was investigated (Scheme 2.1.).

Scheme 2.1.a. shows results for the formation of 1,2-disubstituted alkenes. The
formation of B-methylstyrene derivatives from the corresponding allylbenzene proceeded
with high selectivity (>15:1) for the E-alkene (products 3a-g). In cases with particularly
volatile products (e.g., 3d), isolated yields are lower than expected due to evaporation
during the isolation process, although conversion and selectivity for the E-alkene is
excellent (for 3d: 54% isolated yield, 98% conversion, 23:1). A wide range of electron
withdrawing (3d, 3g, 3i) to electron donating (3b, 3¢, 3e, 3f, 3h) substituents were tolerated

on phenyl ring of allylbenzene (conversion >95%).

Isomerization to form trisubstituted alkenes, notably challenging substrates because
of their increased steric encumbrance and small energetic difference between £ and Z
isomers,'* is shown in Scheme 2.1.b.. In the cases of sterically demanding substrates,
conversions were low using 1a/HSiPhs. For example, isomerization of the 1,1-disubstituted
alkenes 2w and 2z proceeded to only 58% (E/Z = 8:1) and 35% conversion, respectively,
to form the sterically encumbered trisubstituted alkenes 3w and 3z. We reasoned that steric
hinderance was potentially slowing down the reaction, and strategized replacing 1a with
le, which has the smaller NHC ligand, IMes, to increase conversion. Accordingly, we
found that the conversion of 2w to 3w increased to 94% (with a diminished E/Z ratio of

4:1) and 2z to 3z increased to 86% using 1e/HSiPh; (Scheme 2.1.b.; increasing the
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temperature to 90 °C and catalyst loading to 10 mol % for substrate 2z did not show

improved reactivity; see Appendix A for more details).

Table 2.1. Results of selected reaction optimization parameters

1a (5 mol %)
= HSiPh3 (5 mol %) N
hexanes, 70 °C, 8 h o
(2a) (3a)
NHC ligands:
—/\ /\
N\../N N\..’N
(1Pr) (IMes)
Ni complexes:
IPr IPr IPr II?r IMIes
Ni Ni
7oy Y Yt Yt oyt
'\ o’ Sic Ph Ph Ph Ph

(IPr)Ni(hex) (IPr)Nl(dae) (IPr)Nl(dvtms) (IPr)Ni(sty), (IMes)Ni(sty),
(1a) (1b) (1c) (1d) (1e)

Deviation from standard GCMS E/Z

Entry conditions? Yield®  ratio
1 No deviation 95% 14:1
2 No 1a 7% 1:1
3 No silane 9% 2:1
4 1b instead of 1a 10% 2:1
5 1c instead of 1a 9% 2:1
6 1d instead of 1a 67% 11:1
7 le instead of 1a 92% 13:1
] :i gﬁ; % KOt-Bu instead of 1a + 4394 51
9 Els(tggil)o)le-; IPreHCIl + KOt-Bu 4% 16:1
10 H>SiPh; instead of HSiPh; 84% 12:1
11 HSiMePh; instead of HSiPh; 47% 9:1
12 HSiMe,Ph instead of HSiPhs 19% 3:1

aReaction conditions: 2a (0.080 mmol), 1a (0.0040 mmol, 5 mol %), HSiPhs (0.0040 mmol,
5 mol %), hexanes (0.25 mL), 70 °C, 8 h, under N». ®Yield and selectivity determined by
GC-MS analysis of the crude reaction mixture with 1,2,4,5-tetramethylbenzene as an
internal standard. “‘Run on 0.50 mmol scale.
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While this strategy of enhancing catalyst activity via NHC steric modulation was
successful for substrates such as 2w, it did not lead to significantly improved conversions
for all challenging substrates (e.g., 2x, see Appendix A for a full summary of conditions
tested). To further improve the activity of the catalyst, we took advantage of the silane
substituents as an additional and complementary reactive handle. We hypothesized that
oxidative addition of Ni(0) to electron-poor silanes would proceed more favorably than

140

with electron-rich silanes,'*° and this in turn would lead to enhanced catalytic activity by

entering the catalytic cycle more readily.

To test our hypothesis, we systematically altered the electronic character of the
silane by synthesizing 4-substituted triaryl silanes HSi(4-CF3-CsH4)3, HSi(4-OMe-CsHa)3,
and HSi(4-NMe»-CeH4)3 and compared their activity to commercially available HSiPhs
(Scheme 2.2.a.).'%%14! Monitoring the conversion of 2a to 3a over time shows that the use
of the electron-poor HSi(4-CF3-C¢H4)s resulted in faster formation of product (triangles),
whereas electron-rich silanes HSi(4-OMe-CeHa4)s (circles) and HSi(4-NMe>-CsHa)z
(squares) showed diminished reactivity overall. Therefore, our hypothesis was confirmed:
electronic modulation of the silane partner can enhance catalyst activity, affecting the

observed induction period and reaching reaction completion faster than HSiPhs.

Utilizing the approach pioneered by Blackmond,'*? we visualized the reaction rate
versus time to decouple the maximum reaction rate and the time it takes to reach that
maximum rate (Scheme 2.2.b.; see Supporting Information for full details). With this
approach, we see that while HSiPh; and HSi(4-CF3-CgH4)3 both reach full conversion, the
maximum rate is reached more quickly (2 h versus 5 h) with more electron-poor HSi(4-
CF3-CsHa)3 than HSiPhs, and the maximum rate reached is greater for HSi(4-CF3-CsHa)s
(0.13 M/h) than HSiPhs (0.09 M/h). For HSi(4-OMe-CsHa4)3, the maximum rate is both
lower (0.02 M/h) and reached later (6 h) in reaction progress. The low conversion with
HSi(4-NMe»-CeHa)3 prevented comparable analysis to the other silanes, but the rate never
surpasses 0.007 M/h. Comparing selectivity for the other three silanes, we observe no
significant impact on E/Z ratios at 30% conversion of 2a to 3a, with all silanes maintaining
high selectivity for the E-alkene (>20:1). With this knowledge, we hypothesized that
introducing HSi(4-CF3-CgH4); to the reaction instead of HSiPhs could enhance rates of

reaction with challenging substrates.
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Scheme 2.1. Scope of alkene isomerization

(a) Formation of 1,2-disubstituted alkenes?

1a or 1e (5 mol %) ~ X N
HSiR3 (5 mol %)
~~F - MeO Me,N

1 >
R hexanes
@ 80°C, 16 h 3) (3a) (3b) (3¢)
1a + HSiPh, 1a + HSiPh3 1a + HSiPh,
91% yield 95% yield 96% yield
E/Z = 20:1 E/Z =181 E/Z =151
mﬂ /©/\,.4 /@/\,ﬁ /@/\,r"‘ Meo\©/\,ﬂ
(3e)° (3h)
1a + HSIPh3 1a + HSIPh3 1a + HSIPh3 1a + HSIPh3 1a + HSiPh;
54%, yield 84% yield 93% yield 93% yield 91% yield
E/Z = 23:1 E/Z =18:1 E/Z=19:1 E/Z=17:1 E/Z = 22:1

98% conversion

F. \ W @(\m X D
\©/\HJ OTMS OMOM ©:\HJ

(3m)
1e + HSi(4-CFy-CoHy)s 1 + HSi(4-CFy-CgHy); 1€ * HSI(4-CFaCeHy)s e + HSiPhg Te + HSiPhy
95% yield 84% vield 94% yield 62% yield 96% yield
Bz e iy E/Z =151 E/Z=8:1 E/Z =141

>99% conversion

‘/\/ “ PRSI? N A AN

(3p) (3q)
1a + HS|(4 CF3 CgHa)s 1e + HS|(4 CF3 CsHa)z 1e + HSiPh, 1a + HSiPhy
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(b) Formation of trisubstituted alkenes?®
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(3t)°
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78% yield 86% conversion 99% yield

>99% conversion
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aReaction conditions: 2 (0.5 mmol), 1 (0.025 mmol, 5 mol %), HSiR3 (0.025 mmol, 5 mol
%), hexanes (1.6 mL), 80 °C, 16 h, under N». Isolated yields are reported. E/Z ratios
determined by GC analysis of the crude reaction mixture. TMS, trimethylsilyl; MOM,
methoxymethyl; r.r. = regiomeric ratio (with the major species corresponding to the drawn
isomer). PReaction performed on a 0.3 mmol scale. “Reaction performed with 2 mol % 1e.
dIsolated as 2-(1-propen-1-yl)phenol. Reaction yield determined by NMR with 1,2.4,5-
tetramethylbenzene as an internal standard.

We first targeted the substrate 2j, which we hypothesized was reacting slowly
because of its increased steric bulk near but not exactly at the reactive center (the allyl
group). Conversion of 2j to 3j with catalyst 1e/HSiPhs was 32% (E/Z = 10:1). Applying
the improved catalyst system 1e/HSi(4-CF3-C¢H4)3, we found a dramatic increase in the
formation of 3j (98% conversion) and improved selectivity (E/Z = 14:1; Scheme 2.1.a.).
This strategy of tuning the catalyst activity was successfully applied to additional substrates
with monosubstituted alkenes (2i, 2k, and 2n).

Scheme 2.2. Effect of silane electronics on yield and rate?

1a (5 mol %)

4 HSi(4-R-CgHy)3 (5 mol %) X
©/\/ hexanes, 60 °C o W
(2a) (3a)
(a) Yield of 3a versus time for electronically diverse silanes (b) Rate of 3a formation versus time
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aReaction conditions: 2a (0.16 mmol), 1a (0.008 mmol, 5 mol %), HSi(4-R-CsH4)3 (0.008
mmol, 5 mol %), hexanes (0.5 mL), 60 °C, under N». (a) Yield determined by GC-MS
analysis of aliquots removed throughout the course of the reaction with 1,2,4,5-
tetramethylbenzene as an internal standard. (b) Rate of 3a formation plotted as a function
of time.
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Substrates 2j and 2k also highlight another advantage to our catalyst system:
tolerance of highly sensitive functional groups. Under our isomerization conditions, the
acid-labile TMS and MOM groups remain intact, which is not expected using known
methods to generate Ni—H active catalysts with acids. Recent advances in isomerization
and remote functionalization with Ni that form the active Ni—H through activation with
polar O-H bonds'?”!!4143 or through high temperature (130 °C) activation of C—H bonds
for an allyl-type mechanism*° could potentially also tolerate acid-labile groups, though few
or no substrates with acid-labile groups were tested in these works. Attempted
isomerization with unprotected 2-allylphenol (S3) was less successful with crude reaction
analysis showing 83% remaining S3, 14% isomerized alkene, and <3% 2-propylphenol.
While the unprotected phenol did diminish isomerization reactivity, no silylation of the
unprotected phenol was observed.'* Non-aromatic substrates such as 1-decene and
allyltriphenylsilane were also isomerized to the corresponding 2-alkene (3q and 3p,
respectively) with slightly lower efficiency and lower selectivity for the 2-alkene in the
case of 1-decene (2q), which was isolated as a mixture of isomers (regiomeric ratio (r.r.) =

4.9:1 for 2-decene, E/Z 4.8:1).

We next sought to apply our catalyst system to other trisubstituted alkenes.'*
Products 3v, 3w, and 3x are formed in high conversions from substrates 2v, 2w and 2x, but
in moderate isolated yield (44-76% yield, >92% conversion) and selectivity (E/Z = ~4:1)
(Scheme 2.1.b.). While this catalytic system does not achieve comparable reactivity to

state-of-the-art transition metal-catalyzed formation of trisubstituted alkenes,!#13:94123

we
hypothesize that further catalyst tuning could improve reactivity for isomerization to
trisubstituted alkenes. For example, with substrate 2w, isomerization with 1a and HSiPh3
or HSi(4-CF3-CsHa)3 led to lower overall yields, but high selectivity for the E-alkene (58%
conversion, E/Z = 8:1 and 85% conversion, E/Z = 6:1, respectively). Reactivity with 1e
increased reaction yield while decreasing selectivity (with HSiPhs, 94% conversion, E/Z =
4:1; with HSi(4-CF3-CsHa)3, 95% conversion, E/Z = 3:1). Decreasing the temperature from
80 °C to 70 °C, the reaction conversion decreased to 81%, but the E£/Z ratio increased to

>14:1. Formation of 3r, 3t, 3y, and 3z all proceeded in high conversions to a single product

(99%, 73%, >99%, and 86%, respectively).
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Our catalyst system was also applied to substrates where the double bond is
migrated across multiple bonds to the most thermodynamically stable products (Scheme
2.3.): homoallylbenzene 2aa was converted in good yield to B-ethylstyrene 3aa (isolated
as a mixture with 18% of 4-phenyl-2-butene (3aa’)); 1,5-cod (2ab) and allyl indane (2ac)
were selectively converted in good and excellent yields to 1,3-cod (3ab) and 1-
propylindene (3ac). These examples show that chain walking over long distances can
occur, and the driving force is generating a conjugated alkene. Finally, the geometric
isomerization of internal alkene cis-stilbene (2ad) to trans-stilbene (3ad) was also carried
out with full conversion to the E-isomer (Scheme 2.1.c.). A broad overview of the substrate
scope demonstrates applicability to a wide range of electronically (3a-n) and sterically (3j-
n, 3v-z) diverse allylbenzene derivatives, aliphatic alkenes (3p, 3q, 3r, 3s, 3t, and 3ab),
and internal alkenes (30, 3ab, 3ad).

Scheme 2.3. Scope of long chain isomerization

(a) Long chain isomerization?

1e (5 mol %)
N HSiPh3 (5 mol %) NN
hexanes o 2-carbon
(2aa) 80°C,16h (3aa)

67% yield, r.r. = 6.7:1, E/Z = 33:1
1a (5 mol %)

HSiPh3 (5 mol %)
> 2-carbon
hexanes

80°C,16h (3ab)

78% yield, 99% conversion

(2ab)
1e (5 mol %) 3-carbon
__ HSi(p-CF35-CgHa)s (5 mol %) O
'
hexanes Q
80 °C, 16 h

(2ac) (3ac)
90% yield

aReaction conditions: 2 (0.5 mmol), 1 (0.025 mmol, 5 mol %), HSiR3 (0.025 mmol, 5 mol
%), hexanes (1.6 mL), 80 °C, 16 h, under N». Isolated yields are reported. E/Z ratios
determined by GC analysis of the crude reaction mixture. TMS, trimethylsilyl; MOM,
methoxymethyl; r.r. = regiomeric ratio (with the major species corresponding to the drawn
isomer). "Reaction performed on a 0.3 mmol scale. “Reaction performed with 2 mol % 1e.
dIsolated as 2-(1-propen-1-yl)phenol. Reaction yield determined by NMR with 1,2.4,5-
tetramethylbenzene as an internal standard.
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Of particular interest in the scope of remote functionalization applications and chain
walking is the feasibility of regioconvergent syntheses, with the formation of a single
product from a mixture of starting materials. To test the efficiency of our system for
regioconvergent isomerization, we independently synthesized 4-phenyl-2-butene (3aa’) a
possible intermediate in the isomerization of 2aa. When introduced to optimized reaction
conditions, 3aa’ was isomerized to 3aa with 66% conversion (Scheme 2.2.a.). When a
mixture of 3aa’/2aa (75%/25%) was introduced, the mixture was converted to 3aa in 75%
conversion with 21% remaining 3aa’ (Scheme 2.2.b.). The higher conversion observed in
the regioconvergent reaction suggests our catalytic system is more active with terminal
alkenes, but more detailed mechanistic investigation is required to elucidate the mechanism

of chain walking.

Scheme 2.2. Application in regioconvergent syntheses.

(a) Reactivity of 3aa’, a possible intermediate in 2aa isomerization®¢

1e (5 mol %)
a, HSiPh3 (5 mol % N
hexanes
(3aa’) 80°C,48h (3aa)
67% NMR yield
E/Z >20:1

66% conversion

(b) Regioconvergent isomerization?-¢

o

(2aa) 1e (5 mol %)

(0.25 equiv) HSiPh3 (5 mol %) ©/
hexanes o
T 80 °C, 48 h (3aa)
76% NMR yield

(3aa’) E/Z >20:1
(0. 75 equiv) 75% conversion

aReaction conditions: 3aa’ (0.50 mmol), 1e (0.025 mmol, 5 mol %), HSiPh3z (0.025 mmol,
5 mol %), hexanes (1.6 mL), 80 °C, 48 h, under N». "Reaction conditions: 2aa (0.13 mmol),
3aa’ (0.37 mmol), 1e (0.025 mmol, 5 mol %), HSiPh3z (0.025 mmol, 5 mol %), hexanes
(1.6 mL), 80 °C, 48 h, under N,. “Reaction yield determined by NMR with 1,2,4,5-
tetramethylbenzene as an internal standard.

Having shown the broad applicability of our modular catalyst system, we embarked
upon preliminary mechanistic studies. In many Ni-catalyzed chain-walking systems, the
mechanism is still elusive, with identification of the active Ni species (Ni(I), Ni(I) or
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Ni(IIT)) difficult.>%>7-145 One of our goals in developing this catalytic system is to extract
mechanistic information that will enable more rational and efficient design of Ni-based
chain-walking and tandem catalytic systems. We considered the three pathways known for
Ni catalysts outlined in Figure 2.2.a.: allyl, insertion/elimination, and radical. We devised
four experiments to differentiate between these pathways; the results and implications of

these experiments are seen in Scheme 2.3.

Because we hypothesize that the active catalyst is formed via oxidative addition of
the Ni(0) precatalyst to the Si—H bond of the silane, we expected that the silyl group
remains ligated to Ni for the entire catalytic cycle and that the H from the silane would be
incorporated into at least the first turnover of the product. The impact of silane electronics
on the induction period and overall rate of reaction (Scheme 2..) is evidence supporting the
presence of a (silyl)Ni species throughout the catalytic cycle. To test whether the H from
the silane is incorporated into the isomerized product, DSiPhs was used in place of HSiPh3
(Scheme 2.3.a.). For the insertion/elimination and MHAT pathways, D incorporation into
the propenyl chain of 3a is expected, and no D incorporation is expected for the m-allyl
pathway. 2H NMR analysis of 3a after isomerization with 1a/DSiPhs shows incorporation
of deuterium at all three positions along the carbon chain. This result is consistent with the
result from our control reaction without silane, which shows that silane is required for
reactivity (Table 2.1., entry 3), and suggests the silane is acting as the H-source. This data
is consistent with the insertion/elimination and MHAT pathways, and inconsistent with the
n-allyl pathway.

We next sought to differentiate between an intra- and intermolecular mechanism,
since isomerization via the m-allyl pathway is expected to occur intramolecularly, and the
insertion/elimination and MHAT pathways can occur intermolecularly, via either ligand
exchange or radical cage escape. We designed a crossover experiment between o-
ethylstyrene (2v) and 4’-OMe-a-ethylstyrene-d> (2w-dz) (Scheme 2.3.b.).!* If a w-allyl or
caged MHAT pathway was operative, we expect no deuterium incorporation into 3v; if the
reaction proceeds via insertion/elimination or an uncaged MHAT pathway, we would
expect significant deuterium incorporation in 3v and protium incorporation in 3w. Analysis
of each product with ’H NMR shows crossover between the two substrates, inconsistent

with a concerted, intramolecular pathway. Observation of deuterium crossover suggests an
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intermolecular mechanism that is consistent with a hydride insertion/elimination or an
uncaged MHAT pathway and inconsistent with a m-allyl pathway.'#¢ Notably, our data are
in contrast with mechanistic experiments performed by Schoenebeck and coworkers using
[(IPr)NiCl]>, which show no H/D crossover between substrates, supporting their

hypothesized mechanism of an intramolecular 1,3-H shift.>

Having excluded the m-allyl pathway with our first two mechanistic experiments,
we next sought to differentiate between a hydride insertion/elimination and an MHAT
radical pathway. Common radical clock substrates with cyclopropyl groups proximal to
the alkene were inconclusive in our system due to the established reactivity of (NHC)Ni(0)
complexes with vinylcyclopropanes, which ring-open via oxidative addition to the strained
C—C bonds of the cyclopropane.'*” Turning to a radical trap, we introduced 1.0 equivalent
of 1,1-diphenylethylene (DPE)!** and monitored the kinetic profile for the isomerization
of 2a (Scheme 2.3.c.). The introduction of DPE had no effect on the isomerization of 2a in
terms of overall yield or kinetic profile, and <5% conversion of 1,1-diphenylethene was
observed. In particular, we were interested to see if the product of a styrenyl radical
undergoing cage escape to react with 1,1-diphenylethylene was formed, but we never
observed the products of such reactivity by GC or GCMS. If an MHAT mechanism were
in play in which the radicals could diffuse, the rate of H® transfer to 1,1-diphenylethylene
should be much faster than to 2a.°® These data suggest that either the reaction is not
proceeding through an MHAT pathway, or the intermediate radicals react too rapidly to

diffuse.'*®

To further probe whether an MHAT mechanism is in play and avoid potential
ambiguity regarding caged versus uncaged radical pairs, we introduced the 1,6-diene 2ae,
which should cycloisomerize to the cyclopentane 3ae if an MHAT mechanism is in play
(Scheme 2.3.d.).”* The reaction proceeded in 76% conversion of 2ae, giving a complex
mixture of regioisomeric products. However, the absence of cycloisomerization product
3ae and presence of 1,6- and 1,5-dienes (determined by 'H NMR analysis) suggest that
free radical intermediates are not forming under our reaction conditions. We also note that
our catalyst system performs differently than the known Ni(I) alkene isomerization
catalyst*® in the isomerization of a vinylcyclopropane S13 and 1,6-diene 2ae (see Appendix

A for details).
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Scheme 2.3. Initial mechanistic experiments.
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(d) Experiment 4: Reactivity with a 1,6-diene®
1a (5 mol %) .
o HSiPh; (5 mol %) Result;

No cyclization product
W X > Ph*X observed

hexanes, 80 °C, 16 h

(2ae) (E/Z = 1:11) (3ae) Consistent with:
Major products observed: v’ insertion/elimination pathway
Ph ARANNNF Ph"‘M’" v m-allyl pathway

X MHAT pathway (caged or uncaged)
aReaction conditions: 2a (0.25 mmol), 1a (0.013 mmol, 5 mol %), DSiPh3z (0.013 mmol, 5
mol %), hexanes (0.8 mL), 80 °C, 16 h, under N,. "Deuterium incorporation was
determined using 2H NMR. “Reaction conditions: 2v (0.13 mmol), 2w-d; (0.13 mmol), 1e
(0.013 mmol), HSiPhs (0.013 mmol), hexanes (0.8 mL), 80 °C, 16 h, under N». ‘Reaction
conditions: 2a (0.25 mmol), 1,2-diphenylethylene (DPE; 0 or 0.25 mmol), 1a (0.013 mmol,
5 mol %), HSiPh3z (0.013 mmol, 5 mol %), hexanes (0.8 mL), 80 °C, under N». *Reaction

conditions: 2ae (0.25 mmol), 1a (0.013 mmol), HSiPhs (0.013 mmol), hexanes (0.8 mL),
80 °C, under Na.

Further support for the 2-electron insertion/elimination pathway comes from

monitoring the reaction by 'H NMR and by analyzing reaction mixtures by EPR.
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Monitoring the isomerization of 2a to 3a by 'H NMR shows minimal broadening, and no
evidence of radicals forming during the reaction are seen by EPR spectroscopy (see
Appendix A for details). Collectively, all evidence is consistent with a Ni-H

insertion/elimination pathway.

Based on these data, a mechanism for the isomerization of alkenes is proposed
(Scheme 2.4.). Entry into the catalytic cycle is proposed to occur through reversible
oxidative addition of the (NHC)Ni(0) center to the Si—H bond of the silane. Alkene
exchange forms intermediate 4, which then is susceptible to [2,1]-insertion to form the Ni-
alkyl complex 5a, with reversible unproductive [1,2]-insertion occurring to form complex
5b. B-Hydride elimination of the benzylic hydrogen forms intermediate 6, which then
undergoes ligand exchange with 2a to release product 3a. As elucidated in the deuterium
incorporation studies with DSiPhs (Scheme 2.3.a.), we hypothesize that the iterative
insertion/elimination steps are reversible since D was incorporated at all carbon positions

along the alkene chain.

Scheme 2.4. Proposed mechanism of Ni(0)/HSiR3-catalyzed alkene isomerization.
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2.3 Conclusions

In summary, a modular and mild Ni(0)/silane catalytic system has been rationally
designed for alkene isomerization. The role of the silane as the hydride source in the in situ
formation of a catalytically active Ni—H represents an important step away from the

29



functional group intolerant hydride sources required with many Ni-based catalytic systems.
The use of readily accessible and thermally stable (NHC)Ni(0) complexes avoids the
reliance on expensive and thermally unstable Ni(0) precursors such as Ni(cod),. This
Ni(0)/silane catalytic system offers reliable, efficient and E-selective isomerization of
alkenes to form 1,2-disubstituted and trisubstituted alkenes without generation of
stoichiometric ~ byproducts. = Mechanistic  investigation  supports a  hydride
insertion/elimination pathway. Trends and preliminary mechanistic insights are expected
to be of significance in the context of remote functionalization reactions, which often use

(NHC)Ni complexes and/or silanes under similar reaction conditions.

While the chemistry and reaction development from this chapter contributes to the
field of isomerization, we hypothesized that further mechanistic investigation would enable
more efficient rational design of remote functionalization or tandem catalysts for
isomerization/functionalization applications. Chapters IIl and IV discuss the physical
organic approaches we utilized to better understand what mechanistic steps affect the
isomerization reactivity developed in this chapter and also expand our understanding of

NHC and alkene ligand effect on catalysis.
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CHAPTER III

MECHANISTIC INVESTIGATION OF A NI(0)/SILANE CATALYTIC SYSTEM
FOR ALKENE ISOMERIZATION: ORIGINS OF A SUBSTRATE-DIVERGENT
MECHANISM

The work in Chapter III was carried out by Kiana E. Kawamura. The chapter is in

preparation for publication with editorial assistance from Amanda K. Cook.

3.1 Introduction
The development of base metal catalysts for the alkene isomerization has been

29,86,115

established over the last few decades with contributions as recent as the last few

years. 41330149 Many catalytic systems, however, are still limited to specific classes of
substrates such as alkenes with polar functional groups,'!®!3%15! terminal alkenes,!!3%!53
or 1,1-disubstituted alkenes to form trisubstituted alkenes.!*!*> Recently, the application of
alkene isomerization to more complex synthetic targets through remote
functionalization'6-2:? has received much attention due to the ability to control the site of
functionalization through modification of different aspects of the reaction conditions such
as temperature’ or the introduction of additives.>® Advances specifically with nickel'® have
utilized the ability of nickel to proceed through chain walking prior to functionalization
steps including (hydro)arylation, (hydro)alkylation amongst others. The specific
mechanistic steps occurring at the Ni center in these systems (i.e. mechanism of
isomerization, 86146 dissociative vs non-dissociative chain walking!!°7) and the effect of
ligand coordination sphere or additives are not always well understood. The inability to
fully elucidate mechanistic information about individual steps in these complex systems

has been identified as a current challenge in the further development of Ni-catalyzed

remote functionalization.!®

Our group has focused on the development of mild Ni catalysts'* for alkene
isomerization with the overall goal of applying these catalytic systems in tandem catalytic

remote functionalization applications. A key aspect of our approach is our focus on

31



elucidating mechanistic information about the isomerization process to enable rational
design of catalytic systems for remote functionalization. As our goal is to apply the
developed catalytic system to remote functionalization processes, we also aimed to develop

a catalytic system that was mild and modular for different substrate classes.

The Ni(0)/silane catalytic system developed and outlined in Chapter II
demonstrates the feasibility of using triaryl silanes as the H-source in the isomerization of
alkenes. While initial mechanistic studies point to a hydride insertion-elimination
mechanism, the specific mechanistic steps are not fully understood. Upon kinetic
monitoring of the isomerization of different substrates, we observed differences in the
kinetic profile: for allylarene substrates, an induction period was observed with overall
sigmoidal kinetics while a-substituted styrene derivatives showed linear initial rates. This
chapter describes the deeper mechanistic investigation into the reactivity of (NHC)Ni(0)
complexes with silanes to form catalytically-active species for the isomerization of alkenes
with the goal of determining the divergent mechanism observed with different substrates.
A variety of physical organic approaches including rate and order studies, linear free energy
relationships, kinetic isotope effect, deuterium incorporation/scrambling, and analysis of
catalyst resting states were applied. These data point to differences in Ni speciation, which

is dependent on the isomerization substrate and leads to divergent mechanisms.

3.2 Results and Discussion

Mechanistic investigation of Ni(0)/silane-catalyzed isomerization of
allylarenes. We first carried out kinetic studies to determine the order in each reagent. In
Tolman’s isomerization work?® with Ni[P(OEt)3;]4/H2SOs4, the reaction was determined to
be 1% order in [HNi[P(OEt)3]4]" (the precatalyst), 1% order in substrate, and negative 1%
order in P(OEt); when applying the steady state approximation. In our proposed catalytic
cycle from Chapter II, we hypothesized that once the active Ni-H species was formed, the
reaction could be proceeding through a similar mechanism as proposed in Tolman’s work,
especially since we propose one of the key steps in the activation of the catalyst is
dissociation of one or both of the coordinated styrene molecules. To test this hypothesis,
the [(sty)2Ni(IPr)] was varied over a concentration range of 0.011 to 0.060 M (3.5 to 20
mol % Ni loading relative to substrate). Due to variability in reaction rate from day to day,
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all data that is directly compared was collected on the same day. The reactions were
monitored using GC-FID. As the reaction demonstrates a distinct induction period, leading
to sigmoidal kinetic profiles, the maximum rate at the linear portion of the kinetic curve
was used to determine the rate at each concentration.!>* Under our reaction conditions, the
isomerization of 4-allylanisole showed a half order dependence on Ni (0.50 + 0.02), which
is distinct from the work from Tolman, suggesting our system likely has different rate
limiting step(s) or competing side reactivity (Figure 3.1.). Specifically, the Tolman work
showed that decomposition of the phosphite ligand impacted observed kinetics. We do not
observe any transformation or decomposition of styrene ligands in our system and expect
the role of styrene to be more important due to its coordination to Ni rather than a possible

decomposition path.

(sty)Ni(IPr) (0.011 to 0.060 M)
/©/\¢ HSiPh; (0.015 M) /@/\,ﬂ
MeO toluene, 80 °C MeO

(0.30 M)

0.00009 -
0.00008 ]
0.00007 J

_0.00006 ]

= 0.00005 _

£ 0.00004 ] »

% 0.00003 3
0.00002 y = 0.0003x0-503
0.00001 3 R? =0.9969

3 —
0 001 002 003 004 005 006 007
[(sty)2Ni(IPr)] (M)

Figure 3.1. Order in (sty):Ni(IPr). Trials were run in duplicate with durene as an internal
standard. Error in the individual measured rates are present but not visible.

To further probe the roles of other reagents, the kinetic order in HSiPh; was also
measured by varying the [HSiPhs] over a concentration range of 0.015 to 0.060 M (5 to 20
mol% HSiPhs loading relative to substrate) while maintaining [(sty)>Ni(IPr)] constant at
0.015 M. Under our reaction conditions, the reaction also showed a half order dependence

on HSiPh3 (0.53 £ 0.01), Figure 3.2. We also carried out experiments with different initial
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concentrations of 4-allylanisole, ranging from 0.050 to 0.40 M while maintaining
[(sty)2Ni(IPr)] and [HSiPhs] constant at 0.015 M. The data show a half order dependence
on 4-allylanisole (0.46 =+ 0.08), Figure 3.3. With these data, we wanted to investigate the
role of styrene on reactivity. With no added styrene, the expected concentration of styrene
based on 0.015 M of [(sty):Ni(IPr)] is 0.030 M. We monitored the isomerization of 4-
allylanisole with added styrene, achieving a concentration range for [styrene] from 0.030
to 0.50 M. However, attempts to measure the order in styrene were unsuccessful, as any
added styrene led to drastically reduced reaction efficiency and did not allow for valid

comparison of reaction rates (Figure 3.4.).
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Figure 3.2. Order in HSiPhs. Trials were run in duplicate with durene as an internal
standard. Error in the individual measured rates are present but not visible.

Inspired by the work of Blackmond!#? and Burés,!>>!% we also performed kinetic
analysis to determine whether the reaction was prone to either catalyst deactivation or
product inhibition. Based on monitoring of the [4-allylanisole] (M) over the course of the
reaction, we compared standard conditions (0.30 M in 4-allylanisole) to one set of data
where the starting [4-allylanisole] was 0.18 M and a second set of data where the reaction
was started with 0.18 M 4-allylanisole and 0.12 M 4-OMe-trans-B-methylstyrene was

added. The three reaction profiles were compared and the complete overlay of all three
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kinetic curves with a time shift of 0.42 h suggests that neither catalyst decomposition nor

product inhibition are in play at the tested reaction conditions (Figure 3.5.).
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= HéiPhg, (0.015 M) /@/\rr‘
Me0/©/\/ toluene, 80 °C . MeO

(0.050 to 0.40 M)

0.00005 ,
0.000045 ] e
veer” B
0.00004 } S
0.000035
@ 0.00003 1
%o.oooozs =
& 0.00002 3 .,.-'
0.000015
E = 0.4557
0.00001 1 y = 7TE-05x
3 2 —
0.000005 } R?=0.9269
I T A
0 0.1 0.2 0.3 0.4 0.5

[4-allylanisole] (M)

Figure 3.3. Order in 4-allylanisole. Trials were run in duplicate with durene as an internal
standard. Error in the individual measured rates are present but not visible.
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Figure 3.4. Effect of added styrene on the isomerization of 4-allylanisole. Durene was
used as an internal standard.
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Figure 3.5. Kinetic analysis to investigate possible catalyst decomposition studies or
product inhibition. Trials were run in duplicate with durene as an internal standard. Left
plot shows unprocessed data. Right plot shows data with a time shift of 0.42 h.

In other kinetic studies, we investigated the kinetic isotope effect (KIE) from

introduction of DSiPh;s instead of HSiPhs. Comparing the maximum rate at the linear

portion of the kinetic curve, a KIE (ku/kp) of 1.09 £ 0.04 was found (Figure 3.6.). This

small, normal KIE value is inconsistent with cleavage of the Si—H/D bond being the rate

determining step. However, due to the many reversible insertion-elimination steps

potentially involving the introduced deuterium, the meaning of the KIE value is unclear.
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Figure 3.6. H/D kinetic isotope effect for triphenylsilane. Trials were run in duplicate with
durene as an internal standard.

To further probe reactivity with DSiPhs, the isomerization of 4-allylanisole was run
with 10 mol % each of (sty)Ni(IPr) and DSiPhs and the incorporation of deuterium in 4-
OMe-B-methylstyrene was investigated using 2H NMR and mass spectrometry (Figure
3.7.). By GC and GC-MS analysis, the distribution of species in the crude reaction mixture
was: 4-allylanisole <1%; 4-propylanisole = 3%; 4-OMe-cis-B-methylstyrene = 5%; 4-
OMe-trans-p-methylstyrene = 92%. Based on analysis of the 2H NMR spectrum,
unexpected incorporation of deuterium into the —OCH3 group is observed along with
incorporation along the alkyl chain, consistent with the results observed with allylbenzene
with (1,5-hexadiene)Ni(IPr) as the catalyst. First, incorporation of deuterium into the —
OCH3 group suggests there is some reactivity in these conditions between either the silane
and the —OCHj3 directly, or reactivity that is mediated by Ni. The control experiment
without Ni (to determine whether reactivity is occurring directly between silane and
substrate) must be run to confirm this hypothesis. While the isomerization of 4-allylanisole
to 4-OMe-B-methylstyrene still proceeds to completion, the reactivity observed here could
be related to the incompatibility of 4-allylansiole with substituted triaryl silanes (vida
infra).

Aside from 2H NMR, we also analyzed the mass spectra for the 4-OMe-trans-p-

methylstyrene and 4-propylanisole (Figure 3.7., bottom). Prediction based on natural
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abundance for the distribution of the m/z and the m/z + 1 peak are shown below each
structure. While the m/z +1 peak intensity was slightly higher than expected for 4-OMe-
trans-B-methylstyrene (15% instead of predicted 11%), the m/z + 1 peak intensity for 4-
propylanisole was a surprising 52% relative intensity to the m/z peak compared to a
predicted intensity of 11%. Of note, as the formation of 4-propylanisole is hypothesized to
be accompanied by the formation of a disilane species, but no such species has been
observed to date (via NMR or GC-MS). These data along with observations from
integration of the H NMR spectrum suggest that formation of the undesired 4-
propylanisole likely occurs more rapidly than isomerization of 4-allylanisole. Monitoring
the reaction by '"H NMR (Chapter II), we observe HSiPh; throughout the reaction,
suggesting consumption of silane to form the alkane product uses only a fraction of the
silane introduced. Further investigation into possible mechanistic routes to the formation
of 4-propylanisole are needed to fully elucidate the impact of this path on the isomerization
catalytic cycle.

As the use of triphenylsilane as a mild and modular H-source for Ni-catalyzed
isomerization is not well studied, we sought to gain more information about the role of the
silane in catalysis. To probe the influence of silane electronic character on reactivity, a
series of triaryl silanes with different substituents in the 3- or 4-position were synthesized
and introduced as the catalytic partner with (sty)Ni(IPr). Due to incompatibility of HSi(4-
CF3-CsHa)3 with 4-allylansiole, the unsubstituted allylbenzene was used in these studies
(see Appendix B for the data with 4-allylanisole). The isomerization of allylbenzene to 3-
methylstyrene proceeded to completion with all silanes introduced, regardless of electronic
character (Figure 3.8.a.). However, the electron-poor silanes reach completion faster than
electronic-deficient silanes. To quantify the observed trend, rates for the first ~40% of the
reaction were measured (Figure 3.8.b.) and a Hammett plot was constructed (Figure
3.8.c.). A p value of 0.42 + 0.04 was found. This small positive slope suggests some

dependence on electronic character of the silane.
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Figure 3.7. Deuterium incorporation with DSiPhs in the isomerization of 4-allylanisole.

39



(sty)oNi(IPr) (5 mol %)

HSiR3 (5 mol %) N
toluene, 80 °C o ©/\H’J

@ 0.30
ggBoowRod QA . & § =

0.25 wnuus® ©
= nEET HSi(4-CF3-CeH
= 0.20 B" a i( 3-CeHa)s
& A HSi(3-F-CgHa);
20.15
z © HSiPh;
(0]
2 0.10 o
@

0.05 [

0.00 . . . . . . . .

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (s)
(b) (c) 0.3 4
0.14 ]
0294 y=m-x+b A s

_0.12 o > 8 1 m=042+004 il
s é P 0.14 b=-0.02+002 .
—_— b 2 = *
g 0.10 ‘ :Q o3 o _ 0 R? = 0.9753 o
Socs{ ®wee , ¥ S -
= hP - = -0.1 4 o
g 0g 5 s
2 0.06 %.J = S 02
I 0.04 # .03 _: .-.'

0.02 & 04 ] &

0.00 F—rrr———————————— R —

0 500 1000 1500 -1.00 -0.50 0.00 0.50 1.00
Time (s) g

Figure 3.8. Linear free energy relationship with substituted triaryl silanes. Trials were run
in duplicate with durene as an internal standard. Linear fits (y = m * x) for each silane are
as follows: HSi(4-CF3-CsHs)3: m=3.2 = 104+ 0.1 - 10 R?=0.99; HSi(3-F-C¢H4)3: m =
33-10*+0.1 - 104 R? =0.99; HSiPh3: m =2.2 - 10* £ 0.1 - 10, R? = 0.99; HSi(4-
OMe-CeHs)3: m=1.6 = 10# £ 0.1 * 10*, R? = 0.98; HSi(4-NMe-CsH4)3: m=9.4 - 105 +
0.1 =107, R2=0.96.

Based on the above mechanistic data, attempts to derive a rate expression for the
isomerization of 4-allylanisole were undertaken from a pre-equilibrium approach. From
the mechanistic data, we observe an experimental rate law of:

rate = k,ps[4 — allylanisole]®S[HSiPh3]%°[(sty),Ni(IPr)]%>[styrene]™
From deuterium incorporation studies, we see the silane acting as an H-source, but

cleavage of the Si—H bond is unlikely to be the rate determining step since only a very

40



small KIE was observed with HSiPhs vs DSiPh;. Deuterium incorporation with DSiPh3
suggests that the formation of 4-propylanisole occurs more rapidly than isomerization (but
never makes up >3% of the reaction products). Scrambling of deuterium along the alkyl
chain of the isomerization product suggests that insertion-elimination steps are all
reversible. Based on the current mechanistic data, we propose a mechanism as shown in

Figure 3.9. From in situ NMR studies, the starting complex (sty)>Ni(IPr) is the catalyst
resting state (see Appendix B), but based on the in sifu monitoring with (hex)Ni(IPr) (see
Appendix A), the formation of a bisallylarene-Ni complex is possible. We hypothesize that
complicated ligand exchange processes (i.e. 1 to 5 to 4 and in between) are convoluting
kinetic analysis of the reaction. As the reaction proceeds, the equilibrium between all the
ligand exchange reactions is likely to shift. This, along with the observed induction period,

makes drawing a conclusive mechanism at this point difficult.
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Figure 3.9. Proposed mechanism for the isomerization of allylarenes to B-methylstyrenes.

Mechanistic investigation of Ni(0)/silane-catalyzed isomerization of a-
substituted styrenes. As stated in Chapter II, our initial investigation of the Ni(0)/silane

catalytic system demonstrated pronounced induction periods. When we moved forward
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with further mechanistic investigation to probe the reactivity of a-substituted styrenes, the
kinetic profile lacked an induction period at the beginning of the reaction. To discern the
origins of the apparent substrate-dependence mechanisms in play, we set out to determine
the rate law for the isomerization of 4’-OMe-a-ethylstyrene to 4’-OMe-o,B-
dimethylstyrene. Due to variability in reaction rate from day to day, all data that is directly
compared was collected on the same day.

We first varied [HSiPhs] from 0.0060 to 0.059 M and monitored the reaction by
GC-FID. Attempting to take time points as frequently as every 30 seconds led to minimal
formation of product for the first 3 minutes, and so the data was extracted for the time
points from 3 minutes forward. The linear portion of product growth was relative rates at
each concentration were measured. These data suggest a reaction that is approximately half
order in HSiPh; (0.5 = 0.1, Figure 3.10.), consistent with the results observed in the

isomerization of 4-allylansiole.
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Figure 3.10. Order in HSiPhs. Trials were run in duplicate with durene as an internal
standard.

We next varied the concentration of both (sty).Ni(IPr) and HSiPhs together, which
will be referred to as “catalyst.” Varying [catalyst] from 0.0059 to 0.030 M, we again

unexpectedly observed an induction period. Measuring the linear portion of the rate
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following the induction period, an order in [catalyst] was found to be approximately half
order (0.57 = 0.08, Figure 3.11.). Current efforts are underway to collect comparable data

with the 4-allylanisole system, as well as unveil the cause behind the observed induction
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Figure 3.11. Order in catalyst [(sty)2Ni(IPr) and HSiPh; varied together]. Trials were run
in duplicate with durene as an internal standard.

As with 4-allylanisole, we wanted to also investigate the role of the silane further.
For this purpose, isotope labeled DSiPhs and HSiPh; were introduced in parallel reactions
and the KIE was measured. Comparing the early reaction rates, a KIE (ku/kp) of 2.5 = 0.2
was found (Figure 3.12.). The maximum KIE for an Si—H/D bond without invoking
tunneling was determined to be 4.0 (see Appendix B for derivation), and so the observed
KIE of 2.5 £ 0.2 is not due to tunneling, but rather points to the involvement of the labeled
bond in the rate determining step(s) of the reaction since a value of 2.5 is considered a
normal, primary KIE.!3” Further work to elucidate the meaning of the large KIE value is
underway.

We moved forward with deuterium incorporation with DSiPh3 (Figure 3.13.). The
isomerization of 4’-OMe-a-ethylstyrene was run with 10 mol % each of (sty)Ni(IPr) and

DSiPh;s and the incorporation of deuterium in 4’-OMe-a,B-dimethylstyrene was
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investigated using 2H NMR and mass spectrometry. By GC and GC-MS analysis, the
distribution of species in the crude reaction mixture was: 4’-OMe-a-ethylstyrene (starting
material) <1%,; 1-methoxy-4-(1-methylpropyl)benzene (hydrogenated product) = 1%; 4’-
OMe-a,B-dimethylstyrene (Z-product) = 17%; 4’-OMe-a,-dimethylstyrene (E-product) =
78% (Figure 3.13., top). Contrary to the results observed with 4-allylansiole, no deuterium
incorporation is observed in the substrate —OCH3z group. Rather, deuterium is only

observed in two positions: primarily in the a-CH3 group and the Cg—H position of the E-

product.
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Figure 3.12. H/D kinetic isotope effect for triphenylsilane. Trials were run in duplicate
with durene as an internal standard.

Aside from 2H NMR, we also analyzed the mass spectra for the 4’-OMe-a.,B-
dimethylstyrene and 1-methoxy-4-(1-methylpropyl)benzene (Figure 3.13., bottom).
Prediction based on natural abundance for the distribution of the m/z and the m/z + 1 peak
are shown below each structure. While the m/z +1 peak intensity was slightly higher than
expected for 4’-OMe-a,-dimethylstyrene (15% instead of predicted 12%), the m/z + 1
peak intensity for 1-methoxy-4-(1-methylpropyl)benzene was a surprising 38% relative
intensity to the m/z peak compared to a predicted intensity of 12%. These data along with
observations from integration of the 2H NMR spectrum suggest that, similarly to the

isomerization of 4-allylanisole, formation of the wundesired I-methoxy-4-(1-
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methylpropyl)benzene likely occurs more rapidly than isomerization of 4’-OMe-a-
ethylstyrene, which may be diluting any effect of labeling the Si—H bond in terms of kinetic
analysis. Further investigation into the different reactivity in action are needed to fully
determine the role of both the silane and the side reaction required to form the reduced 1-
methoxy-4-(1-methylpropyl)benzene byproduct.

To further investigate the role of the silane in the catalytic system, we introduced a
series of electronically varied triaryl silanes. Based on the incompatibility of 4-allylansiole
with HSi(4-CF3-CeH4)3, we decided to carry out these experiments with the unsubstituted
a-ethylstyrene analogue of 4’-OMe-a-ethylstyrene to avoid any undesirable side reactivity.
Monitoring the kinetic profile of the isomerization with the different substituted silanes
(Figure 3.14.a.) and measuring the early rate of reaction (Figure 3.14.b.) provided the data
to construct a Hammett plot (Figure 3.14.c.). A p value (slope) of 0.34 + 0.06 is within
error of that found for the isomerization of 4-allylansiole (p = 0.34 = 0.04), suggesting that
the substrates are similarly affected by silane electronics. Based on the KIE with H/D—
SiPhs, we were surprised by the similarity in p values between the two substrates. To
attempt to gain more information, we turned to isotope labeling of the substrate.

Through established methods,!* 4’-OMe-a-ethylstyrene-d> was synthesized and a
parallel KIE experiment was carried out (Figure 3.15.). A KIE (kn/kp) of 1.01 £ 0.03 was
found, which is within error of 1, indicating no kinetic isotope effect. These data suggest
B-hydride elimination of the labeled C—H/D bond is not involved in the rate determining
step(s). From the crossover experiment with 4’-OMe-a-ethylstyrene-d> and a-ethylstyrene
(Chapter II), we do know that intermolecular H/D-transfer is in play, which suggests that
at some point, the labeled atoms are moving from one substrate to the other, which we
believe means the reaction must be going through a [Ni]-H/D species at some point. For
the o-substituted styrene derivatives, the observation of crossover and the lack of a
substrate-based KIE along with a large primary KIE with H/D—SiPh; strongly suggests the

rate determining step(s) are occurring prior to the product-forming elimination step.
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Figure 3.14. Linear free energy relationship with substituted triaryl silanes. Trials were
run in duplicate with mesitylene as an internal standard. Linear fits (y = m = x) for each
silane are as follows: HSi(4-CF3-CsHs)3: m=7.7 = 104+ 0.3 - 10*, R?2 = 0.997; HSi(3-F-
CeHa)3: m=5.99 - 104 £ 0.07 - 104, R?2 = 0.999; HSiPh3: m=3.8 - 10*+ 0.2 - 104 R?
=0.989; HSi(4-OMe-CsHs)3: m=3.3 = 10*£0.1 = 10, R2=0.987; HSi(4-NMe>-CsHa)3:
m=26-10%+0.1 - 104 R?=0.990.

Based on current mechanistic results, we propose the following mechanism for the
isomerization of a-substituted styrenes (Figure 3.16.). Due to the increased steric bulk of
the substrates, we do not propose the formation of a bis-substrate complex (future
directions include in situ NMR studies to identify catalyst resting state). From deuterium
incorporation studies, we propose the insertion step favors the productive insertion. From

the substrate-based KIE experiment, we propose that the product-forming B-hydride
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elimination step is after the rate determining step. From the silane KIE experiment, we
observe a large KIE, suggesting cleavage of the labeled bond or migration of the deuterium

atom are possible rate determining steps.
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Figure 3.15. H/D kinetic isotope effect for 4’-OMe-a-ethylstyrene. Trials were run in
duplicate with durene as an internal standard.
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Figure 3.16. Proposed mechanism for the isomerization of a-substituted styrenes.

3.3 Conclusions
In summary, the work in Chapter III applies a broad variety of physical organic

approaches toward mechanistic elucidation of alkene isomerization that shows distinct
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kinetic profiles based on the substrate substitution pattern. Current efforts focus on
synthesis of 4-allylanisole-d> in order to compare a possible substrate-based KIE for the
two systems (we are particularly interested in pursuing this experiment because of the
difference in silane-based KIE for the two systems). Other goals include more detailed in
situ NMR experiments and identification of catalyst resting state(s). Ni-catalyzed
transformations of alkenes are numerous, including, but not limited to
hydrofunctionalization, cross coupling and polymerization reactions. Based on our
preliminary results, the skeletal structure of the alkene substrates introduced has a profound
effect on the rate determining step(s) and overall mechanistic picture of Ni(0)/silane-
catalyzed alkene isomerization. Identification of the specific steps within the catalytic cycle
(or to enter the catalytic cycle) that are affected by substrate structure could inform not
only the current isomerization catalytic system, but other Ni-based -catalytic

transformations of alkenes.

The work in Chapter III has provided important information to improve our
understanding the role of each reagent, including substrate, in the Ni(0)/silane-catalyzed
isomerization of alkenes. This work focuses on the structure of substrates and silanes.
Chapter IV shifts focus to focus on the impact of the ligand sphere on the Ni complexes
introduced as (pre)catalysts. The next chapter investigates the effect of both the NHC
ligand and the alkene to enable the rational design of an in situ approach to Ni(0)/silane-

catalyzed alkene isomerization.
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CHAPTER 1V

THE ROLE OF LIGAND STERICS ON THE ACTIVITY OF A NI(0)/SILANE
CATALYTIC SYSTEM FOR THE ISOMERIZATION OF ALKENES

This chapter includes previously published material from Morris, P.T. The Role of Sterics
and Electronics on Nickel Catalyzed Isomerization of Allylbenzene. Clark Honors College

Theses 2021, https://scholarsbank.uoregon.edu/xmlui/handle/1794/26547. The work in

Chapter IV was developed by Kiana E. Kawamura and the synthetic and mechanistic work
presented was carried out primarily by Parker T. Morris and Gaby M. Bailey with guidance
from Alison Sy-min Chang and Kiana E. Kawamura. Victor M. Salpino contributed

through the synthesis of ligands.

4.1 Introduction

In the introduction of new catalytic systems to the broader chemistry community,
practicality is of great importance, with tedious, multi-step reactions being of limited utility
in industry.'*® Indeed, on an industrial scale, the isomerization of alkenes most commonly
relies on base-mediated processes, which require high loading of base and high
temperatures, depending on the substrate. For example, stoichiometric or excess KOH at
200 °C are the industrial conditions for the isomerization of 4-allylanisole or eugenol
(Figure 4.1.a.), and even these harsh conditions only achive moderate yield (~56%) and
low E:Z selectivity (82:18).85 As recently as 2015, the development of a polymer-bound
Ru catalyst from Grotjahn has enabled conversion of allyl aromatics to the corresponding
E-propenylbenzene derivatives (>20:1; E/Z) with low catalyst loading (0.5 mol %),
relatively mild conditions (70 °C, 24 h) and recyclability (3-4 cycles) with simple
decantation of product from the heterogeneous catalyst (Figure 4.1.b.).!>° While the
devleopment of heterogenized transition metal catalysts is appealing from a practicality
perspective due to the (general) increased ease of product separation from catalyst, we
chose to focus on other aspects of practicality, mainly modularity and scalability, with the

additional benefit of relying on first row Ni compared to second row Ru. While the work
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outlined in Chapters II and III focuses on the application of an isolated Ni(0) complex with
a known ligand coordination environment, this Chapter focuses on modifying the approach

to make the catalytic system applicable to the average synthetic lab.

a) industrial approach to isomerize allyl aromatics

@N o
KOH (21.0 equiv) MeO - low yield

> or - low E-selectivity
200°C MO - caustic waste

alcoholic solution Ij/\ﬂ" - tedious purification needed
HO

(b) recent advance in the transition metal-catalyzed isomerization of allyl aromatics

Abbreviated substrate scope
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Figure 4.1. (a) Industrial approach to the isomerization of allyl aromatics and (b) recent
development in transition metal-catalyzed isomerization.

Our overall goals on this front were to (i) deepen our understanding of the effect of the
NHC ligand used and (ii) use this information to develop an in situ approach, which only
utilizes compounds that are either commercially available or accessible to the general
synthetic lab (i.e. labs that might not have access to a glovebox). We started by looking at
isolated (sty)2Ni(NHC) complexes before moving on to attempt to form the active catalyst
in situ to ensure our mechanistic understanding of the catalytic system transferred between
the different approaches. We hypothesized that steric and electronic variation of the NHC
ligand could affect catalyst activity and/or selectivity, adding a degree of modularity

already explored in addition to the silane identity.

4.2 Results and Discussion
Effect of NHC modification on reactivity. To probe the effect of NHC
modification, complexes of the form (sty):Ni(NHC) were synthesized for the four NHC

ligands shown in Figure 4.2. All four of these complexes are known!3¢ with a recent study

51



on the structure of the NHC providing information on the percent buried volume (% V)
for each ligand.'*® From Louie & co.’s studies, substitution along the backbone of the NHC
ligand disrupts dynamic rotation along of the N-aryl substituent. As outlined in Figure 4.2.,
bottom right, installing larger substituents decreases the Ca—N—C; angle, which results in
a more crowded metal center. From the work of Louie, we developed the following
hypotheses:

(1) Based on the inhibiting role of styrene to catalytic activity for catalytic
activity (see Chapter III), we hypothesized that if styrene dissociation is
involved in the rate determining step(s), then increased %V of the
ancillary NHC ligand could increase reactivity by encouraging more facile
styrene dissociation.

(i1))  Due to crowding at the Ni center, sterically larger ligands may decrease

selectivity for the E-propenylbenzene product.

e S0P e P

' R R4 N

(sty)oNi(SIPr) (sty)Ni(IPr) (sty)oNi(“'IPr) (sty)oNi(MelPr)
%Vpur = 38.1 Resulting trends from backbone substitution
Our hypotheses
(sty)oNi(NHC) E o O

N silane -~ N H o< _cl < _Me

van der Waal radii (A): 1.20 < 1.75 < 2.00

Steric modification will affect:

- Stzalsﬁfegt(';ﬁ'\;ity rotation about Co—N bond: free -€— locked
- ivity :
— provide insight into possible RDS : %Vpur (0f NHC): 369 < 39.1 < 39.6

Figure 4.2. Complexes utilized to screen impact of NHC modification on catalytic activity.
%/Vur values are based on a normalized Ni-C; bond length of 2.00 A. If calculated from
the X-ray crystal structures without normalized Ni—C; bond lengths, the trend holds, but
values change slightly.!3¢

To test these hypotheses, the isomerization of allylbenzene to f-methylstyrene was

screened with the four complexes shown in Figure 4.2. The results of the screening are
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shown in Table 4.1. To our surprise, at 80 °C, all four complexes reached appreciable
conversion to B-methylstyrene. Due to issues with mass balance, the % conversion is
reported instead of calibrated yield. Of note is that while the SIPr complex reached high
conversion, it was much less selective for the E-product. As these results did not provide
much insight into the role of the NHC on reactivity (they all performed well), we turned to

kinetic monitoring of the reactions to monitor product formation over time.

Table 4.1. Product distribution in the isomerization of allylbenzene screening different
(sty)2Ni(NHC) complexes.

Ni complex (5 mol %)

= HSiPhs (5 mol %) A
'
toluene, 80 °C, 16 h

Ni complex % conversion E/Z ratio
(sty)2Ni(SIPr) 94 +2 7+1 1

(sty)2Ni(IPr) 99+ 0 21+1 1
(sty)2Ni(“'IPr) 98+ 0 21+0 1
(sty)2Ni(MeIPr) 98+ 0 21+1 1

Focusing on the three complexes with satisfactory E/Z selectivity, the isomerization
of allylbenzene was monitored at 80 °C by GC vs durene as an internal standard (Figure
4.3.). The formation of B-methylstyrene over time shows that (sty)Ni(M°IPr) is much more
efficient than the other two complexes, with the unsubstituted backbone, (sty)Ni(IPr),
being the slowest to reach full conversion. While this data gave us some insight into the
overall trends in reactivity, we wanted to observe the initial rates of reactivity for the three
complexes, and so we re-ran kinetic trials at reduced a temperature (70 °C) to slow product
formation (Figure 4.4.). At the reduced temperature, the same trend is seen with
(sty)2Ni(MeIPr) > (sty),Ni(“'IPr) > (sty)Ni(IPr). These results support our first hypothesis
that increased steric bulk (%V) of the ancillary NHC ligand does increase reactivity.
While this does not guarantee that the dissociation of styrene (or a different ligand) is one
of the rate-determining steps, it does show that modification of the steric bulk can be tuned
to increase catalytic activity. We also want to bring attention to the retained high selectivity
for the E-alkene product, demonstrating that the increased reactivity did not come with a

decrease in selectivity as we predicted was a possible undesirable outcome. The modularity
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of this catalytic system with respect to the NHC ligand is of particular interest since other

Ni catalysts for alkene isomerization are not modular.*°
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Figure 4.3. Isomerization of allylbenzene to compare the reactivity of different Ni
complexes with modified NHC ligands at 80 °C. Product concentration was calculated vs
durene as an internal standard.
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Figure 4.4. Isomerization of allylbenzene to compare the reactivity of different Ni
complexes with modified NHC ligands at 70 °C. Product concentration was calculated vs
durene as an internal standard.
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The final experiment we ran with isolated Ni complexes was directly comparing
the reactivity of (sty)Ni(IPr) and (hex)Ni(IPr). Based on the ability to readily substitute
the 1,5-hexadiene ligand for other bis-alkene ligands (i.e. diallylether,

divinyltetramethyldisiloxane!'®®

, complexes of which both performed very poorly, reaching
<10% conversion in screening studies'*’) and mono-ligated alkene ligands (i.e. styrene),
we proposed that comparing complexes with the same NHC but different alkene ligands
would also support the hypothesis that dissociation of the stabilizing alkene could limit
reactivity. While optimization of the original system showed that both (sty)Ni(IPr) and
(hex)Ni(IPr) reached appreciable yields (67% and 95%, respectively) at 70 °C after 8 h in
hexanes,'* we wanted to compare the reactivity of the two complexes in hexanes
(optimized conditions for the 1,5-hexadiene complex). Monitoring the formation of B-
methylstyrene over time, we see that the 1,5-hexadiene complex, (hex)Ni(IPr), reaches
reaction completion within 5 hours, while (sty):Ni(IPr) lags behind, only reaching ~55%
conversion at 5 h (Figure 4.5.). The reactivity of these two complexes observed in this
experiment further supports our hypothesis that the identity (and coordinating ability) of
the alkene ligand affects reactivity. These results also help motivate the introduction of a

Ni complex such as Ni(cod)2, where the stabilizing alkenes are very labile.
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Figure 4.5. Comparing the influence of stabilizing alkene ligands on catalyst activity.
Trials were run in duplicate with durene as an internal standard.
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We have also shown that 1,5-cyclooctadiene is efficiently isomerized to the
conjugated 1,3-cyclooctadiene product when introduced as a substrate. We proposed that
if the introduced 1,5-cyclooctadiene reacts readily to form 1,3-cyclooctadiene, the Ni will
more readily react with introduced substrate (i.e. allylbenzene). This hypothesis, along with
the practical aspect of not needing to isolate a variety of Ni complexes in order to screen
the effect of ligand identity helped motivate us to develop an in situ route to active catalyst
formation from Ni(cod)>.

Development of a practical in situ approach. Moving forward to address our
second goal with this work, which was to develop a practical method in which the catalyst
is generated in situ, we turned to commercially available Ni(cod). and the carbene ligands
that were isolable as the free carbene. We decided to focus on the free carbene rather than
the corresponding imidazolium salt due to results from reaction optimization for the
original catalytic system developed in Chapter II. In optimization of the
(hex)Ni(IPr)/HSiPh; catalytic system, the isomerization of allylbenzene proceeded
smoothly with 5 mol % each of Ni(cod)., [Pr and HSiPhs reaching 98 + 0 % conversion
with high selectivity for the E-alkene (E/Z ratio = 23:1). However, attempts to introduce 5
mol % each of IPr = HCl and KO#Bu (to deprotonate the imidazolium chloride and
generate the free carbene in situ) led to severely diminished conversion of allylbenzene to
B-methylstyrene (22 + 7%). As KO#Bu is able to isomerization allylbenzene to f-
methylstyrene on its own, it is unclear if the activity observed with IPr = HCI and KOz-Bu
is due to a catalytically active Ni complex or simply the presence of KO#-Bu (isomerization
with only KO#Bu led to 43% yield with an E/Z selectivity of 5:1). Of note is the critical
role of both the NHC ligand and the silane in the reaction. Control studies were conducted
with Ni(cod); and either IPr or HSiPhs (but not both), and none of these reactions reached
>5 % conversion.

To explore the possibility of an in situ approach, three free carbene ligands were
screened with Ni(cod), and HSiPhs (Figure 4.6.). Of the three ligands screened, IPr
performed the best, reaching the highest conversion and reaction completion within three
hours. The reaction with IMes eventually reached high conversion, but over a much longer
time span. The N-alkyl ITMe ligand performed very poorly, with low conversion (~3%

yield) over the 19-hour period monitored. This trend agrees with results observed in the
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system with isolated (sty)>Ni(NHC) complexes where NHC ligands with larger % V.-
values reached higher conversion at faster rates (Figure 4.4.). The %V . value for IMes is

smaller than the unsubstituted IPr (35.3 vs 38.5, respectively).!*¢
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Figure 4.6. Initial screening of different carbene ligands for an in sifu approach to forming
an active catalyst for alkene isomerization. Trials were run in duplicate with durene as an
internal standard.

To check whether the in situ approach is proceeding through a comparable
mechanism as proposed in the system with isolated (NHC)Ni complexes, an abbreviated
screening of triaryl silanes was investigated at 80 °C (Figure 4.7.). Based on initial rates
of reaction, the same trend is observed compared to the reactivity of isolated complexes as
precatalysts, with electron-poor silanes leading to faster initial rates. However, in the
reactions with HSi(4-CF3-CsHa)3, the rate of reaction starts to slow after ~20 minutes,
causing the reaction to lag behind the other two silanes. Based on unpublished results, our
current hypothesis is that Ni(cod), is reacting with HSi(4-CF3-CsH4)3, leading to side

reactivity that hinders isomerization catalytic activity. Testing different approaches to
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setting this reaction up (i.e. changing the order of addition of reagents) are underway to try

and address the reactivity observed in Figure 4.7.

Ni(cod); (5 mol %)
IPr (5 mol %)

= HSiR3 (5 mol %) N
©/\/ hexanes, 80 °C o ©/\,IH

100 4 ) e Q
80 [}
— |
g g o
.5 60
5 L
5 8 HSi(4-CF3-CoHa)
% 40 B 6714)3
8 L
|z a
20
s g .
. o HSI(4-OMe-C6H4)3
0 — 7T
0 5000 10000 15000

Time (s)

Figure 4.7. Abbreviated silane screening for the isomerization of allylbenzene. Trials
were run in duplicate.

From NMR monitoring of the isomerization of 4-allylanisole with
(sty)2Ni(IPr)/HSiPhs, the primary resting state is identified as the starting (sty).Ni(IPr)
complex (Figure 4.8.). The predominance of the starting styrene complex as the resting
state throughout the reactions suggests styrene coordinates strongly to the Ni center. From
work in Chapter III, we hypothesize that the relative coordination strength of all alkenes in
solution plays an important role in the reactivity of the catalytic system. Therefore, next
steps for the development of an in situ approach will investigate in situ reactivity, with the

goal of identifying the catalyst resting state (Scheme 4.1.).
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Figure 4.8. 'H NMR monitoring of the isomerization of 4-allylanisole with isolated

(sty)2Ni(IPr).

Scheme 4.1. 'H NMR monitoring of the isomerization of 4-allylanisole with Ni(cod)./IPr.
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As mentioned above, one goal of developing an in situ approach for Ni-catalyzed

alkene isomerization was practicality. In our screening studies and kinetic experiments,
reactions were run on a <0.5 mmol scale. While running on a small scale was beneficial
for reaction development, we want to test the scale up of the method developed in this
chapter. Next steps will explore the feasibility of running the isomerization of 4-
allylanisole on a 1 g (6.7 mmol) scale, testing whether factors such as catalyst loading can

be changed (i.e. lowered to 2.5 or 1 mol %).
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4.3 Conclusions

In this chapter, we broadened our understanding of the role of the NHC ligand in
the Ni(0)/silane-catalyzed isomerization of alkenes, building on work developed in
Chapters IT and III. The work showed that NHC ligands with larger steric bulk, as measured
by % V.-, were able to enhance catalytic activity in terms of both conversion (with milder
conditions: 70 °C instead of 80 °C) and rate of reaction. The effect of the stabilizing alkene
on isolated Ni(0) complexes was also investigated, showing that the more labile 1,5-
hexadiene complex compared to the bis-styrene complex performed better at the lower
temperature as well. These results point to the important role of alkene coordination at the
Ni center throughout catalysis, suggesting that starting from Ni(0) complexes with strongly
stabilizing alkene ligands can hinder entry into the catalytic cycle. Future work on this will
focus on the equilibrium and ligand exchange reactions between isolated Ni(0) complexes
with substrate molecules to elucidate the impact of relative alkene coordination strength.

The chemistry described in Chapter I'V provides insight into the effect of the ligand
sphere of the isolated Ni complexes on alkene isomerization. We used this information to
inform the development of a system that forms an active species in situ. Building off of our
interest in developing modular, practical methods for alkene isomerization, the work in
Chapter V describes our preliminary work on applying our knowledge of alkene
isomerization with known hydroboration catalysts to achieve the remote hydroboration of
alkenes, of which a critical consideration is an understanding of how each reagent and

ligand affects reactivity at the metal center.
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CHAPTER V

DEVELOPMENT OF A TANDEM CATALYTIC SYSTEM FOR THE
MARKOVNIKOV-SELECTIVE REMOTE HYDROBORATION OF ALKENES

The work in Chapter V was developed by Kiana E. Kawamura and Amanda K. Cook.
Experimental work was carried out by Kiana E. Kawamura. Quinn Valentine contributed

sulfated zirconia material for isomerization/hydroboration screening studies.

5.1. Introduction

Remote functionalization has emerged as an appealing route to the transition metal-
catalyzed transformation of molecules at sites distal to the site of initial interaction. The
overall process proceeds through an initial chain walking step followed by
functionalization. Major benefits that arise from remote functionalization systems include
elimination of purification steps for intermediates, avoidance of directing group
installation, and regioconvergent synthesis. Remote functionalization has been applied in

a variety of transformations including hydrofunctionalization,'®!-163 hydroalkylation,¢:1%

n’31,57,58,107,108,111 11,53’114

hydroarylatio and carboxylatio amongst many
others.!8:34:55,63,103,109.112 The design of remote functionalization catalytic systems can arise
from many different approaches including development of a single catalyst capable of both
the chain walking and the functionalization, reliance on two different catalysts to carry out
the two distinct actions (orthogonal tandem catalysis, OTC), or other tandem catalytic

appoaches.>

The goals of this work is based on an OTC approach in which a Ni catalyst is
introduced to facilitate chain walking along an alkene chain, followed by hydroboration
with a Cu or Fe catalyst. Our target with this work is to achieve the terminal-,
Markovnikov-selective hydroboration of aliphatic alkenes. Thus far, remote hydroboration
has been achived with terminal selectivity using Co-'94"17 and Fe-based'®”-'%8 catalysts, but
all of these examples are selective for anti-Markovnikov (linear) functionalization. Indeed,

Markovnikov selectivity in the hydroboration of alkenes is most commonly achieved in the
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presence of electronically-biased functional groups'’2° (i.e. aryl rings) with very select
examples of Markovnikov-selective transition metal catalysts for the hydroboration of
aliphatic alkenes.%*-% The examples shown in Figure 5.1. are the only known examples of
transition metal catalysts selective for Markovnikov hydroboration of aliphatic alkenes.
None of these catalytic systems were active with internal alkenes, and thus there are no
examples to date of remote, terminal- and Markovnikov-selective hydroboration of

alkenes.

Our specific target is remote hydroboration because organoboron compounds play
an important role in organic synthesis. The C—B bond can be further transformed into
functional groups such as amides, alkyl fluorides, bromides, alcohols, aldehydes and
more.'%® Organoboron compounds also make up one of the coupling partners in Suzuki-
Miyaura cross coupling reactions,'”® making them an important precursor for the formation
of C—C bonds. While our initial targets are not asymmetric, work from Shi and Hong®
provides precedent for asymmetric Markovnikov hydroboration, using an (NHC)CuCl
catalyst with a chiral and enantiopure NHC. Our reaction development will focus on
reactivity with achiral ligands, but hopefully will set the stage for asymmetric work in the

future through ligand modification.

Our proposal builds on the work developed in Chapters II-IV and by others in the
Cook Lab to develop an OTC system with two catalysts: (i) a Ni catalyst to enable chain
walking and kinetic trapping of the terminal alkene which then proceeds through
hydroboration with (ii) a Cu or Fe catalyst that is Markovnikov-selective for aliphatic
alkenes (Figure 5.2.). Two key challenges in the development of OTC systems is the
compatibility of the two catalysts in terms of reaction conditions (and additives) and rate
of reaction. In order to achieve the desired reactivity, the chain walking catalyst must be
able to efficiently “walk” the alkene from a starting position to the terminal position prior
to functionalization. The functionalization catalyst must react selectively with terminal
alkenes to avoid the formation of a mixture of isomeric products with Bpin installed at

multiple positions along the carbon chain.
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(a) Markovnikov hydroboration of aliphatic alkenes
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Figure 5.1. Markovnikov hydroboration of aliphatic alkenes. (a) General reaction scheme.
(b) Transition metal catalyst selective for Markovnikov hydroboration of aliphatic alkenes.

Beyond relative rates of reactivity, there must be compatibility of reaction
conditions and all reagents introduced. For example, hydroboration catalytic systems that
use Bopiny as the boron source require an H-source as well. In the Cu work from
Montgomery,®* the H-source is MeOH, while in the Fe work from Su and Liu,®® the H-
source was determined to the the solvent, NMP. If MeOH or NMP react with introduced
Ni(0) complex in any way such as oxidative addition of the MeO-H bond or H-atom
transfer from NMP to Ni, it’s possible Ni will be deactivated and stop being able to carry
out its job to move the alkene to a new position. Due to these anticipated challenges, we
propose a variety of catalysts and conditions for both transformations for our initial
screening based on our hypothesized catalytic cycles, shown specifically with Cu in Figure

5.3.
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(a) Our proposal for OTC system for the remote hydroboration of alkenes

R&N‘"\
() (For (e Bpin
N l l .
R — | g~ Boping R/\/\
RN kinetically trap most reactive selective, regioconvergent
alkene through Ni-catalyzed Markovnikov hydroboration

chain walking

(b) Initial targets for chain walking catalysts
(NHC)Ni(0) (5 mol %)

Ni[P(OEt)s]4 (6 mol %) HSiPhs (5 mol %) Ni[P(OEt)3]4 (3.3 mol %)
- H,S0, or HBF4 (7 mol %) hexanes or toluene SZ0 (2.8 mol %)
@ = Et,0, rt 80 °C hexanes, 40 °C
Tolman Cook Cook
1972 2022 preliminary results

(c) Initial targets for hydroboration catalysts

(IPr)CuCl (10 mol %) Fe(OTs); (10 mol %)
KOt-Bu (1.5 equiv) LiOt-Bu (3.0 equiv)
B,pin, (2.0 equiv) Bopin, (2.5 equiv)
@ or @ - MeOH (2.0 equiv) NMP (1 mL)
CH3CN, rt 80 °C, Ar
Montgomery Su & Liu
2016 2020

Figure 5.2. Our proposal for the remote, Markovnikov-selective hydroboration of aliphatic
alkenes through an OTC approach.

PR XN MeO-Bpin

[Nil-H PR N [Cu]-Bpin
H Bapin
H [Cul-Bpin

Ph [Nl Ni-catalyzed Ph Cu-catalyzed
chain walking _I_ hydroboration [Cu]-OMe
[Ni] /—/_

Ph
Bpin
[Nil-H Bpin Ph/\/\
+ ph A [CUl

Ph?\F MeOH
Figure 5.3. Proposed Ni/Cu OTC catalytic cycles for the remote hydroboration of alkenes.

5.2. Results and Discussion

We began our investigation screening and testing catalysts for the individual
reacitons (isomerization or hydroboration). Starting with the (NHC)Ni(0)/silane catalytic

system developed and studied in Chapters II-IV, we wanted to demonstrate the feasibility
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of contra-thermodynamic chain walking, meaning that while the catalytic system
developed is selective for the positional isomerization of terminal alkenes to internal
positions, the chain walking is dynamic, allowing for Ni to “walk” to all positions along
the carbon chain. Our questions included: (i) does the [Ni] complex react with internal
alkenes? (ii) is the formation of terminal alkenes favorable enough that the hydroboration
catalysts could kinetically trap the terminal alkene? In order to address these questions, we

turned to deuterium incorporation studies.

In Chapter II, the isomerization of allylbenzene was carried out with DSiPhs,
showing deuterium incorporation at all three carbon positions along the alkenyl chain. To
test reactivity with internal alkenes, trans-B-methylstyrene was introduced to standard
reaction conditions with DSiPhs (Figure 5.4.). Using '"H NMR spectroscopy, the only
species observed is B-methylstyrene. However, using 2H NMR spectroscopy, we observe
deuterium incorporation in all three positions along the carbon chain, indicating that the Ni
complex is capable of reacting with internal alkenes, and there must be some dynamic
chain walking occurring in solution in order to get deuterium incorporation on the terminal

carbon.

Other work in the Cook Lab has focused on the development of heterogenized Ni
catlaysts for alkene isomerization, building off work from Tolman in the 1970s.?° Tolman
investigated the formation of an active Ni-H from a Ni[P(OEt)3]s complex in acidic
conditions. The Cook Lab has been focusing the development of a heterogenized catalytic
system by building off of work from Marks!'7'~17* and Conley!”>"!"7 that makes sulfated
zirconia (SZO) surfaces. Early work suggested the surface reacted as a superacidic
Bronsted acid, participating in the isomerization of n-butane to isobutane.!”®!” However,
recent work from the Conley Group studied the reactivity of SZO with phosphines (of the
type (z-Bu)2ArP), showing the formation of protonated [(+-Bu),ArPH]" species.®” Based on
electronic variation of the phospine and trends in protonation, Conley concludes that the
surface does not actually fall above the “superacidic” threshold. While not considered a
superacid, we hypothesized that SZO could function as a solid acid H-source to react with
Ni[P(OEt)s]4 to form an active catalyst for alkene isomerization (Figure 5.5.). Tolman’s
work showed that dissociation of the phosphite ligand, P(OEt)s, played an important role
in the catalytic cycle, and any added P(OEt); inhibited reactivity.?® From this, our
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hypothesis about the reactivity of the SZO surface expanded to not only involve the
possible formation of an active Ni—H, but also possible sequestration of the dissocated

P(OEt)3 in solution to further promote catalysis.

(a) Reactivity of trans-B-methylstyrene with DSiPhy
(hex)Ni(IPr) (5 mol %) D,

NS DSiPh3 (5 mol %)
: YD,
hexanes, 80 °C, 16 h
Dy,

(b) NMR analysis of recovered trans-3-methylstyrene

& 2H NMR, *CDCl;
T 92 MHz
D, :
X D
Dy
D,
A
[32]
Q
oo 1H NMR, *CHCl,
.......................... . a2 600 MHz
H : -
a .
Ha| Hc He
N H
Hy EtOH )fji\“d
EtOH internal standard
5 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -0
& (ppm)

Figure 5.4. Testing the reactivity of (NHC)Ni(0)/silane catalytic system with internal
alkene, trans-pf-methylstyrene. (a) reaction scheme; (b) NMR analysis of isolated trans-p-
methylstyrene recorded in CHCI3/CDCl3 (9:1) at 298 K.

catalytically
/— active Ni-H
P(OEt),
4+ sequestered
P(OEt); (EtO)sP=Ni—P(OEt); phosphite
(Et0);P~Ni—P(OEY); _H - e ligand
OH OH o) o) 3
| | POEB)s | I\
| SZ03q9 | | SZ0300 |

Figure 5.5. Hypothesized reactivity of Ni[P(OEt)3]s with SZO.
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From these hypotheses, we began testing combinations of possible OTC systems
for the remote hydroboration of 1-phenyl-1-butene (Table 5.1.). However, as mentioned
above, in order for the hydroboration to selectively occur from the terminal alkene, it would
be ideal if the hydroboration catalyst were inactive with internal alkenes. Testing the three
positional isomers of phenylbutene in the optimized conditions for (IPr)CuCl (Scheme
5.1.),% only the terminal alkene, 4-phenyl-1-butene, showed appreciable reactivity toward
hydroboration (determined by uncalibrated, relative integration in GC-MS) and the product
was further identified as the desired y-functionalized product by 'H NMR (see Appendix
D).

With low reactivity of internal alkenes toward hydroboration in the Montgomery
conditions, we began screening other conditions and catalyst combinations, starting from
the internal 1-phenyl-1-butene (Table 5.1.). For initial screenings, we focused efforts on
the (IPr)CuCl hydroboration catalytic system developed by Montgomery & c0.%* Thus far,
our attempts have resulted in the formation of what we hypothesize is the a- or B-
functionalized product based on analysis of the mass spectra (confirmation via 'H NMR is
pending), and no formation of the desired y-functionalized product. Our next steps include
testing reactivity with the Fe(OTs)3/LiOz-Bu/NMP catalytic system developed by Su and
Liu. Synthesis of the Fe(OTs)3; complex is reported in Appendix D.

5.3. Conclusions

We will continue testing different reaction conditions and catalyst combinations,
but we are also interested in pivoting to pursue internal aliphatic alkenes (e.g. 3-hexene, 4-
octene), which may react more readily for chain walking to the terminal alkene without the
thermodynamic penalty of breaking conjugation with the proximal phenyl ring with 1-
phenyl-1-butene. The formation of what appears to be a- or B-functionalized product could
also be due to either the different reaction conditions or reactivity of the introduced Ni
species. Therefore, more control studies are also needed to determine which (pre)catalyst
is responsible for the observed reactivity.

The work in this chapter explores the feasibility of an OTC approach to the remote
hydroboration of alkenes. Preliminary results have demonstrated the reactivity of

(NHC)Ni(0) complexes with internal alkenes, including the transient movement of alkenes

67



from an internal position to a terminal position. Future work will continue to investigate

the compatibility of different catalytic systems.

Table 5.1. Catalyst combinations and reaction conditions screened for the remote
hydroboration of 1-phenyl-1-butene. Trials were run in duplicate with cyclooctane as an
internal standard.

rxn Bpin
X ] conditions a Y
+ Byping ——
B 9]
(2.0 equiv)
Entry Reaction conditions

(sty)2Ni(IPr) (5 mol %)
HSiPhs (5 mol %0
(IPr)CuCl (10 mol %)
1 KO#-Bu (1.5 equiv)
MeOH (2.0 equiv)
acetonitrile (0.1 M)
40°C, 24 h
(sty)2Ni(IPr) (5 mol %)
HSiPhs (5 mol %0
(IPr)CuCl (10 mol %)
2 KO#-Bu (1.5 equiv)
MeOH (2.0 equiv)
toluene (0.1 M)
80°C,24h
Ni[P(OEt)3]4 (5 mol %)
SZO (5 mol %)
(IPr)CuCl (10 mol %)
3 KO#-Bu (1.5 equiv)
MeOH (2.0 equiv)
acetonitrile (0.1 M)
40°C, 24 h
Ni[P(OEt)3]4 (5 mol %)
HBF4 (5 mol %)
(IPr)CuCl (10 mol %)
4 KO#-Bu (1.5 equiv)
MeOH (2.0 equiv)
acetonitrile (0.1 M)
40°C, 24 h
Ni(cod)2 (5 mol %)
HSiPh; (5 mol %)
CuCl (10 mol %)
IPr (15 mol %)
toluene (0.1 M)
80°C,24h
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Scheme 5.1. Reactivity of phenylbutene isomers.

AN
P (IP)CUCI (10 mol %)

AN, B.pi CH30H (2.0 equiv) >
Ph + 2pm2 : -
or (2.0 equiv) KOt-Bu (1.5 equiv) ©N

CH4CN (0.4 M)

Bpin

PR XN t, 18 h
possible products
Bpin Bpin
PR
ph)\/\ Bpin ph/\)\ ph/\/\/Bpm
a-product B-product y-product O-product
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APPENDIX A

SUPPLEMENTARY CONTENT FOR CHAPTER 11

Experimental details
A.1.1. Materials and Methods

All syntheses and manipulations were carried out under nitrogen using standard
Schlenk (vacuum 1072 mbar) techniques 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 (Et2O; B&J Brand;
HPLC grade, unstabilized), dichloromethane (DCM; Oakwood Chemical; HPLC grade,
unstabilized), dimethylformamide (DMF; Alfa Aesar; 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) and pentane (HPLC grade)
were refluxed overnight with CaH> and distilled under nitrogen before use. The dried
solvents were thereafter stored on activated 4A molecular sieves under nitrogen. CsDs and
CDCIl; 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.

A.1.2. General Experimental

Nuclear magnetic resonance (NMR) spectra were collected at room temperature
(298 K) unless otherwise stated on a Bruker AV-III HD 600 NMR (600.13 MHz for 'H;
150.90 MHz for 13C; 564.69 MHz for '°F; 119.23 MHz for >°Si; 232.94 MHz for 3'P; 92.12
MHz for 2H), Bruker Avance-III HD 500 NMR (499.90 MHz for 'H; 126 MHz for *C;
471 MHz for '°F; 99 MHz for 2°Si; 202.46 MHz for 3!P), or Varian Inova 500 NMR (499.90
MHz for 'H; 126 MHz for *C; 471 MHz for "°F; 99 MHz for »°Si; 202.46 MHz for *'P).
'H and 3C spectra were referenced to the residual solvent peak (CDCls: 'H § = 7.26 ppm,
3C & = 77.16 ppm; CsDs: 'H & = 7.16 ppm, '3C & = 128.06 ppm). Chemical shifts are
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reported in parts per million (ppm, d) relative to tetramethylsilane at 0.00 ppm. Peaks are
characterized as follows: s (singlet), d (doublet), t (triplet), q (quartet), pent (pentet), hept
(heptet), m (multiplet), br (broad), app (apparent), and/or ms (multiple signals). Coupling
constants, J, are reported in Hz. Electron paramagnetic resonance (EPR) spectra were
collected at 77 K on a Bruker Elexsys E500 EPR X-band spectrometer. Infrared
spectroscopy was performed on an Agilent Nicolet 6700 FT-IR, and peaks are reported in
cm’!. For catalytic reactions, yields were determined using Gas Chromatography-Mass
Spectrometry (GCMS) or Gas Chromatography (GC) 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 um df)
column. GC was carried out on a Thermo Fisher Trace 1300 Gas Chromatograph using a
Restek Rtx®-5 (Crossbond 5% diphenyl — 95% dimethyl polysiloxane; 15 m, 0.25 mm ID,
0.25 pm df) column. High-resolution mass spectrometry (HRMS) was carried out on a

Waters XEVO G2-XS TOF mass spectrometer.

A.1.3. Synthesis of Non-Commercial Reagents
a. Ligand and Catalyst Synthesis

-Pr
NH ! 2
ipr o ° y HOAG (cat.) N P
+ HJkn/ ’ N/\?
o MeOH, 50 °C to rt b
on al i-Pr
(2 equiv) (81)

(1E,2E)-1,2-Bis(2,6-Diisopropylphenylimino)ethane (S1) was synthesized via
literature procedure:'3° Under ambient conditions, to a 1000 mL round-bottom flask (RBF)
equipped with a magnetic stir bar was added 2,6-diisopropylaniline (19 mL, 0.10 mol, 2.0
equiv), methanol (200 mL), glyoxal (40 wt% aqueous solution, 5.9 mL, 0.050 mol, 1.0
equiv), and glacial acetic acid (0.5 mL). Reaction was stirred and heated to 50 °C for 30
min before the heating was turned off and reaction was left to stir 18 h, slowly cooling to
room temperature. After stirring overnight, the solution was placed in the freezer for 2 h
before filtering through a glass frit to collect S1 as a fluffy yellow powder (13 g, 0.034 mol,
69% yield). NMR spectra match values previously reported. '8!
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i-Pr i-Pr

i-Pr ;
@E TMSCI
:@ EtOAc, 70 °C, 2h QN \N©
i-Pr
(1)

(IPr HCl)

1,3-Bis(2,6-diisopropylphenyl)imidazolium chloride (IPr-HCI) was synthesized
via literature procedure:'® Under ambient conditions, to a 500 mL RBF was added S1 (12
g, 33 mmol, 1.0 equiv), paraformaldehyde powder (1.0 g, 33 mmol, 1.0 equiv), and ethyl
acetate (200 mL). The reaction was heated to 70 °C. To a 25 mL Erlenmeyer flask was
added EtOAc (10 mL) and TMSCI (4.1 mL, 33 mmol, 1.0 equiv). To the hot mixture of S1
and paraformaldehyde was added the TMSCI solution dropwise via glass pipette. After
stirring for 2 h at 70 °C, the reaction was removed from heat and placed in the freezer for
2 h before filtering through a glass frit to collect IPr-HCI as a pale pink solid (11 g, 26
mmol, 78% yield). NMR spectra match values previously reported.'®!

. _
FPr P HBF,4 (50 wt% aqueous) HPr P
N” NN H,0, rt, 30 min N\N
o\=/
i-Pr i-Pr
(IPr-HCI) (IPr BF4
1,3-Bis(2,6-diisopropylphenyl)-1H-imidazol-3-ium tetrafluoroborate

(IPr-HBFs) was synthesized via literature procedure:'8? Under ambient conditions, to a
1000 mL RBF was added IPr-HCI (10 g, 24 mmol, 1.0 equiv). Minimal deionized water
(500 mL) was added and the reaction was stirred until IPr-HCI was dissolved. HBF4 (50
wt% aqueous solution, 3.6 mL, 29 mmol, 1.1 equiv) was added dropwise and a white
precipitate formed. After stirring for 30 min, product was extracted with dichloromethane.
The combined organic layers were dried over MgSO4 and filtered, and the filtrate was
concentrated under reduced pressure to yield IPr-HBF4 as an off-white solid (8.6 g, 18
mmol, 72% yield). NMR spectra match values previously reported.'®?

i-Pr i-Pr
+PriPr KOt-Bu (cat.), NaH .
> NN
\
N N THF, rt, on ' \—/
P i-Pr i-Pr
(IPr BF4 (IPr)
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1,3-Bis(2,6-diisopropylphenyl)-1,3-dihydro-2 H-imidazol-2-ylidene (IPr) was
synthesized via literature procedure:'$? TPr-HBF4 (1.0 g, 2.1 mmol, 1.0 equiv) was
dissolved in THF (8.5 mL) in a flask equipped with a magnetic stir bar. NaH (0.10 g, 4.2
mmol, 2.0 equiv) and a spatula tip of KOz-Bu were added to the reaction, which was then
stirred overnight at room temperature. The reaction was filtered through a glass frit, and
the solid was washed with THF (3 mL). The filtrate and washes were combined and
concentrated under reduced pressure to give an off-white solid, which was then washed
with hexanes and dried under vacuum to yield IPr as a cream-colored solid (0.61 g, 1.6

mmol, 74% yield). NMR spectra match values previously reported. '8!

NH, ; ?
j)\n/H HCOOH (cat.) N=\_
+ y o _
H MeOH, rt, on N
(0] :
(82)

(2 equiv)

N,N’-Bis(2,4,6-trimethylphenyl)ethane-1,2-diimine (S2) was synthesized via
literature procedure:'®? Under ambient conditions, 2,4,6-trimethylaniline (16.0 mL, 114
mmol, 2.00 equiv) was dissolved in MeOH (60 mL) in a RBF equipped with a magnetic
stir bar. Glyoxal (40 wt% aqueous solution, 6.50 mL, 57.0 mmol, 1.00 equiv) was added
and the reaction turned yellow. A few drops of formic acid were added, and a precipitate
began forming. The reaction was stirred overnight at room temperature. The reaction was
then chilled in the freezer for an hour before it was filtered through a glass frit to yield S2
as a fluffy yellow powder (12.5 g, 42.7 mmol, 75% yield). No further purification was

required. NMR spectra match values previously reported.'8?

Q HCI (1.5 equiv) ci
— (0] (4.0 M in 1,4-dioxanes) A+
"= - X > o)
N H” “H EtOAc, 40 °Ctort, 3 h \=/
{ g (IMes-HCI)
(82)
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1,3-Bis(2,4,6-trimethylphenyl)imidazolium  chloride @ (IMes-HCl)  was
synthesized via literature procedure:'®? Under ambient conditions, to a RBF equipped with
a magnetic stir bar was added paraformaldehyde (1.35 g, 45.0 mmol, 1.10 equiv) and HCI
(4.0 M in 1,4-dioxanes, 15.4 mL, 61.6 mmol, 1.50 equiv). The reaction was then heated at
40 °C for 1 h. In a separate RBF equipped with a magnetic stir bar, S2 (12.0 g, 41.0 mmol,
1.00 equiv) was dissolved in EtOAc (85 mL). The reaction was heated to 40 °C and the
paraformaldehyde/HCI solution was added dropwise to the S2 solution. The reaction
changed color from yellow to brown with the formation of a white precipitate. The reaction
was cooled to room temperature and the precipitate was collected by filtration through a
glass frit. The solid was then washed with EtOAc (300 mL), yielding the crude product as
an off-white solid. This crude product was dissolved in saturated NaHCO3 aqueous solution
(30 mL) and this solution was washed with EtOAc (3 x 50 mL). The layers were separated,
and the aqueous layer was extracted with DCM (3 x 50 mL). The combined organic layers
were dried over MgSOQs, filtered, and concentrated under reduced pressure. The product
was further purified by crystallization in the freezer after dissolving in minimal DCM and
layering with EtOAc. IMes-HCI was collected as a white solid (4.20 g, 12.3 mmol, 30%

yield) via filtration. NMR spectra match values previously reported.'®?

1. KOt-Bu (1.0 equiv), t, 4 h
- 2. Ni(cod), (0.92 equiv), styrene Nl - ‘N
cl (8.0 equiv), rt, 2 h Y
NN THF > Ni
N
Ph P
(1e)

(IMes-HCI) h

(styrene);Ni(IMes) (1e) was synthesized via literature procedure:'*® To a vial
equipped with a magnetic stir bar was added IMes-HCI (0.676 g, 1.98 mmol, 1.00 equiv),
KO#-Bu (0.223 g, 1.99 mmol, 1.01 equiv) and THF (17 mL). The reaction was stirred at
room temperature for 4 h and then filtered through a pad of Celite. A separate solution of
Ni(cod)2 (0.500 g, 1.82 mmol, 0.92 equiv) and styrene (1.82 mL, 15.8 mmol, 8.00 equiv)
in THF (17 mL) was prepared and stirred for 15 min before the filtrate from the IMes-HCI
reaction was added dropwise, resulting in an orange solution. The reaction was stirred for
2 h before being concentrated under reduced pressure to yield the crude product. The crude

mixture was taken up in minimal THF (~2 mL) and filtered through Celite. Pure product
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was collected after recrystallization at -30 °C by dissolving in THF and adding hexanes.
The product was collected via vacuum filtration to yield 1e as an orange powder (0.893 g,

1.56 mmol, 86% yield). NMR spectra match values previously reported. '3

-Pr __ i-P
I ,=\I r

i-Pr i-Pr. NN
" NiCl, <:}' ‘{ >
NN + AN MeCl —> e Y ipr
\—/ THF, 50 °C, 4 h \/NI\/
i-Pr i-Pr .
1.7 M in THF L I

(IPr) (2 equiv)

(1a)
(1,5-hexadiene)Ni(IPr) (1a) was synthesized via literature procedure:'3” To a
Schlenk flask equipped with a magnetic stir bar was added NiCl> (0.653 g, 5.04 mmol, 1.00
equiv), IPr (1.97 g, 5.07 mmol, 1.01 equiv) and THF (70 mL) in an N»-filled glovebox.
Allylmagnesium chloride solution (1.7 M in THF, 5.9 mL, 10.1 mmol, 2.0 equiv) was
added slowly. The reaction was sealed and removed from the glovebox to be heated at 50
°C on the Schlenk line. After 4 h, the reaction was concentrated under reduced pressure to
give an orange/brown solid. In the glovebox, the product was extracted into hexanes (300
mL), and the residual solids were removed by filtration through a glass frit. The filtrate was
concentrated under reduced pressure to yield 1a as an orange powder (2.30 g, 4.34 mmol,

86% yield). NMR spectra match values previously reported.!84

i-Pr i-Pr.
i-Pr i-Pr N/_\N
.. Ni(cod),
A RN —— i-Pr Y i-Pr
N™ N THF, t, 3 h Nig
i-Pr i-Pr (8 equiv)
(IPr) Ph Ph

(1d)

(styrene):Ni(IPr) (1d) was synthesized via literature procedure:'®> To a vial
equipped with a magnetic stir bar was added Ni(cod): (0.286 g, 1.04 mmol, 1.05 equiv),
styrene (1.00 mL, 8.70 mmol, 8.82 equiv) and THF (9 mL). After stirring for 15 min, a
solution of IPr (0.383 g, 0.986 mmol, 1.00 equiv) in THF (8.0 mL) was added. After 3 h,
the reaction was concentrated under reduced pressure to yield the crude product, which
was purified via crystallization out of THF layered beneath hexanes at -30 °C. The

precipitate was collected via filtration through a glass frit and dried under reduced pressure
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to yield pure 1d as a yellow-orange powder (0.351 g, 0.535 mmol, 54% yield). NMR

spectra match values previously reported. '8

iPr __iPr 1. rt, 30 min =\
™\ 2. concentrate Q__ _@
NN 3.-30°C, 2h

b Y ipr + O - wpr 1 i _Pr

Ni entane
7 " U4
1b)

(1a)

0

137 To a vial

(diallylether)Ni(IPr) (1b) was synthesized via literature procedure:
equipped with a magnetic stir bar was added 1a (0.101 g, 0.191 mmol, 1.00 equiv),
diallylether (25.0 pL, 0.205 mmol, 1.07 equiv) and pentane (6.5 mL). The reaction was
stirred at room temperature for 30 min and then concentrated to 2 mL and placed in the
freezer to enable crystallization. Purified 1b was collected as pale-yellow solid after
filtration through a glass frit (0.0310 g, 0.0568 mmol, 30% yield). NMR spectra match

values previously reported.'’

. . / -Pr
i-Pr i-Pr,
=\ 1. rt, 30 min Q_ _@
NN 2.-30 °C, on
. I-Pr

i-Pr Y i-Pr v A _— /Pr Ni

N\ '\/ /N /N pentane \\/ \//
—=Si__Si—
/7 07N

(1a) (1c)
(1,3-divinyltetramethyldisiloxane)Ni(IPr) (1c) was synthesized via literature
procedure:'*’ To a vial equipped with a magnetic stir bar was added 1a (0.100 g, 0.189
mmol, 1.00 equiv), 1,3-divinyltetratmethyldisiloxane (44.0 puL, 0.191 mmol, 1.01 equiv),
and pentane (1.00 mL). The reaction was stirred at room temperature for 30 min before
being placed in the freezer (-25 °C) overnight. Filtration through a glass frit yielded 1¢ as
a pale brown solid (0.0450 g, 0.0710 mmol, 38% yield). NMR spectra match values

previously reported.'?’
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/ i-Pr i-Pr /©\1Pr lPr/©\
o. |
E /Ni\ \ / E >—N| —N|
(0) toluene CI
\ rt, 24 h Pr o
(IPr) ‘ J | |

(1f)

[(IPr)Ni(u-Cl)]2 (1f) was synthesized via literature procedure:'%¢ In a nitrogen-
filled glovebox, Ni(Il) chloride ethylene glycol dimethyl ether complex (0.062 g, 0.28
mmol, 1.0 equiv), Ni(cod) (0.079 g, 0.29 mmol, 1.0 equiv) and IPr (0.22 g, 0.56 mmol,
2.0 equiv) were added to a 4-dram vial equipped with a magnetic stir bar. Toluene (8.0 mL)
was added to the vial and the reaction was stirred at room temperature for 24 h. The reaction
was filtered through Celite into a 4-dram vial, concentrated to a third of the volume, and 5
mL hexanes was added. The vial was sealed and placed in the freezer at -30 °C for 12 h.
The solution was decanted and the solid was washed with 1 mL cold hexanes to obtain 1f
as bright green crystals (0.14 g, 0.15 mmol, 52% yield). NMR spectra match values

previously reported. '8¢

b. Allylbenzene Derivatives
1. Mg (2.0-3.2 equiv), I, reflux, 2 h

2. allylbromide (1.5 equiv),
0°Ctort,3h

X Br 3. NH,CI (sat. aq.) _ X =
RE _ THF = RT

Allylbenzene derivatives were synthesized via modified literature procedure:

an oven-dried Schlenk flask was charged with Mg (2.0-3.2 equiv) and I» (cat.) in THF. A

187,188

portion of aryl bromide (0.33 equiv) was added at room temperature and the reaction was
stirred until the yellow color from I, disappeared. The remaining aryl bromide (0.67 equiv)
was added, and the reaction was equipped with a reflux condenser and heated to reflux.
Following consumption of the aryl bromide (monitored by TLC), the reaction was cooled
to room temperature. The solution was transferred via cannula to a new oven-dried Schlenk
flask and cooled to 0 °C with an ice/water bath. Allyl bromide (1.5 equiv) was added
dropwise, and the reaction was allowed to slowly warm to room temperature. After stirring

3-18 h at room temperature, the flask was opened to air and quenched with NH4Cl
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(saturated aqueous solution). The organic layer was separated, and the aqueous layer
extracted three times with Et2O. The combined organic layers were dried over NaxSO4 and
filtered, and the filtrate was concentrated under reduced pressure to yield the corresponding

crude product. Purification details are included below.

@/\% 3-[(4-N,N-Dimethylamino)phenyl]-1-propene (2¢)
Me,N Synthesis details: 4-bromo-N, N-dimethylaniline (2.01 g, 10.0 mmol,

1.0 equiv), magnesium (0.67 g, 28 mmol, 2.8 equiv), iodine (a grain),
THF (25 mL), allylbromide (1.30 mL, 15.0 mmol, 1.5 equiv),
quenched with NH4Cl (30 mL), extracted with EtO (3 x 50 mL).
Clear, yellow oil (0.79 g, 4.9 mmol, 49% yield).

Purification details: A yellow oil was collected after concentration

under reduced pressure. The crude oil was purified via column
chromatography (silica, gradient eluent 0-5% Et;O/hexanes) to yield
the product as a clear pale-yellow oil.

NMR spectra match values previously reported.'®’

/@/\% 1-Allyl-4-(trifluoromethyl)benzene (2d)
CF Synthesis details: 4-bromobenzotrifluoride (4.0 mL, 28.6 mmol, 1.0

3

equiv), magnesium (1.39 g, 57.2 mmol, 2.0 equiv), iodine (a grain),
THF (50 mL), allylbromide (3.72 mL, 43.0 mmol, 1.5 equiv),
quenched with NH4Cl (30 mL), extracted with Et;O (3 x 100 mL).
Clear, colorless oil (2.35 g, 12.6 mmol, 44% yield).

Purification details: An orange oil was collected after concentration

under reduced pressure. The crude oil was run through a silica plug
(90% hexanes, 10% Et,0) and concentrated to yield a yellow oil. The
purified product was obtained via distillation at 50 °C into a
collection flask cooled with liquid No.

NMR spectra match values previously reported.!”?
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t-Bu

Me0\©/\/

3-(4-Methylphenyl)-1-propene (2¢)
Synthesis details: 4-bromotoluene (6.04 g, 35.3 mmol, 1.00 equiv),

magnesium (1.81 g, 74.5 mmol, 2.1 equiv), iodine (a grain), THF (70
mL), allylbromide (4.6 mL, 53 mmol, 1.5 equiv), quenched with
NH4ClI (100 mL), extracted with Et2O (3 x 100 mL). Clear, colorless
oil (1.91 g, 14.4 mmol, 41% yield).

Purification details: A yellow oil was collected after concentration

under reduced pressure. Purified product was obtained via distillation
at 50 °C into a collection flask cooled with liquid No.

NMR spectra match values previously reported.!”!

3-(4-tert-Butylphenyl)-1-propene (2f)
Synthesis details: 4-#-Bu-bromobenzene (4.98 g, 23.4 mmol, 1.00

equiv), magnesium (1.2 g, 49 mmol, 2.1 equiv), iodine (a grain), THF
(40 mL), allylbromide (4.25 g, 35.0 mmol, 1.5 equiv), quenched with
NH4Cl (65 mL), extracted with Et2O (3 x 65 mL). Clear, colorless oil
(2.09 g, 12.0 mmol, 51% yield).

Purification details: Column chromatography: silica, hexanes.

NMR spectra match values previously reported.!*?

4-(2-Propen-1-yl)-1,1’-biphenyl (2g)
Synthesis details: 4-bromobiphenyl (5.05 g, 21.7 mmol, 1.00 equiv),

magnesium (1.16 g, 47.7 mmol, 2.20 equiv), iodine (a grain), THF
(36 mL), allylbromide (4.04 g, 33.3 mmol, 1.6 equiv), quenched with
NH4Cl (50 mL), extracted with Et2O (3 x 50 mL). Clear colorless oil
(0.759 g, 3.90 mmol, 18% yield).

Purification details: Column chromatography: silica, pentane.

NMR spectra match values previously reported.'”3

3-(3-Methoxyphenyl)-1-propene (2h)
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Synthesis details: 3-bromoanisole (2.0 mL, 15.8 mmol, 1.00 equiv),

magnesium (0.846 g, 34.8 mmol, 2.20 equiv), iodine (a grain), THF
(30 mL), allylbromide (2.1 mL, 24.3 mmol, 1.54 equiv), quenched
with NH4Cl (30 mL), extracted with Et2O (3 x 30 mL). Clear,
colorless oil (0.692 g, 4.87 mmol, 31% yield).

Purification details: Column chromatography: silica, gradient eluent

3-5% Et,O/hexanes.

NMR spectra match values previously reported.!**

3-(3-Fluorophenyl)-1-propene (2i)

Synthesis details: 1-bromo-3-fluorobenzene (3.0 mL, 26.9 mmol,

1.00 equiv), magnesium (1.34 g, 55.1 mmol, 2.05 equiv), iodine (a
grain), THF (60 mL), allylbromide (3.6 mL, 42 mmol, 1.5 equiv),
quenched with NH4Cl (50 mL), extracted with EtO (3 x 60 mL).
Clear, colorless soil (1.05 g, 7.7 mmol, 29% yield).

Purification details: Column chromatography: silica, hexanes.

NMR spectra match values previously reported.!*>

'H NMR (500 MHz, CDCls, 298 K): § 7.25 (m, 1H, Hy), 6.96 (d, J =
7.6 Hz, H;), 6.91-6.85 (ms, 2H, Hey), 5.94 (ddt, J=17.6, 9.4, 6.8 Hz,
Hb), 5.14-5.06 (ms, 2H, Ha), 3.38 (d, J = 6.8 Hz, Ho)

BC{'H} NMR (126 MHz, CDCl3, 298 K): & 163.1 (d, J = 245.2 Hz,
Cr), 142.7 (d, J= 7.2 Hz, Cq), 136.7 (Cy), 129.9 (d, J = 8.4 Hz, Cy),
124.3 (d, J=2.9 Hz, Ci), 116.6 (C,), 115.6 (d, J = 20.9 Hz, Cc or g),
113.1 (d, J=21.1 Hz, Ceory), 40.0 (Co)

198 NMR (471 MHz, CDCls, 298 K): & -113.72 (m)

ASAP/HRMS (m/z): M* calculated for CoHoF 136.0688, found
136.0728

IR (ATR, neat) v: 1590 (m), 1490 (m), 1150 (s), 994 (s), 752 (s) cnr

1
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1-Allyl-2-methylbenzene (21)

Synthesis details: 2-bromotoluene (2.0 mL, 16.6 mmol, 1.0 equiv),

magnesium (1.28 g, 52.7 mmol, 3.2 equiv), iodine (a grain), THF (30
mL), allylbromide (2.2 mL, 25 mmol, 1.5 equiv), quenched with
NH4ClI (100 mL), extracted with Et2O (3 x 60 mL). Clear, yellow oil
(1.36 g, 10.3 mmol, 62% yield).

Purification details: A cloudy yellow oil was collected after

concentration under reduced pressure. Clean product was obtained
after filtration through a silica plug eluting with Et,O.

NMR spectra match values previously reported.'”3

1-Allylnapthalene (2n)

Synthesis details: 1-bromonapthalene (4.0 mL, 29 mmol, 1.0 equiv),

magnesium (1.74 g, 71.6 mmol, 2.50 equiv), iodine (a grain), THF
(100 mL), allylbromide (3.7 mL, 42.8 mmol, 1.5 equiv), quenched
with NH4ClI (60 mL), extracted with Et;O (3 x 100 mL). Clear, pale
yellow oil (1.49 g, 8.9 mmol, 31% yield).

Purification details: Column chromatography: silica, pentane.

NMR spectra match values previously reported.'”3

c. Other Substrate Syntheses

Z imidazole Z
+ TMSCI ———>»
OH DMF, rt, on OTMS

(83) (2j)

(2-Allylphenoxy)trimethylsilane (2j) was synthesized via literature procedure:!*

To an oven-dried Schlenk flask equipped with a magnetic stir bar was added 2-allylphenol
(0.650 mL, 4.98 mmol, 1.00 equiv), DMF (15 mL) and imidazole (1.09 g, 16.0 mmol, 3.21

equiv). After stirring for 15 min, trimethylsilylchloride (1.30 mL, 10.2 mmol, 2.06 equiv)

was added. After stirring 18 h, reaction was quenched with water (10 mL) and extracted

with DCM (3 x 20 mL). The combined organic layers were dried over Na,;SOs, filtered,

and the filtrate was concentrated under reduced pressure. Pure product was obtained by
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column chromatography (silica, 3% Et;O/hexanes) to give the product as a colorless oil

(0.740 g, 3.59 mmol, 72% yield). NMR spectra match values previously reported.'*¢

= DIPA (1.8 equiv) =
+ ca™No” >
OH DCM o"™No”

(1.4 equiv) 0 °C (30 min) to rt (5 days)
(S3) (2k)

1-(Methoxymethoxy)-2-(2-propen-1-yl)benzene (2k) was synthesized via
literature procedure:'®” To an oven-dried Schlenk flask equipped with a magnetic stir bar
was added 2-allylphenol (1.00 mL, 7.68 mmol, 1.0 equiv) and DCM (15 mL). The flask
was cooled in an ice/water bath for 5 minutes before adding diisopropylamine (DIPA; 1.95
mL, 13.9 mmol, 1.8 equiv). The reaction was stirred for 5 minutes before adding
chloromethyl methyl ether (0.82 mL, 10.8 mmol, 1.4 equiv) dropwise. The reaction was
stirred at 0 °C for 30 minutes before the ice/water bath was removed and the reaction was
warmed to room temperature. After 5 days of stirring at room temperature, the reaction
was transferred to a RBF and concentrated under reduced pressure. Et:O (25 mL) was
added to the crude product and the solution was transferred to a separatory funnel. The
organic layer was washed with H>O (2 x 25 mL), NaOH (10 wt%, 2 x 25 mL) and brine (2
x 25 mL). The organic layer was dried with Na>SOg, filtered, and concentrated under
reduced pressure to an orange oil. Product was purified by column chromatography (silica,
hexanes). A Celite plug (acetonitrile) was run to remove grease, yielding the product as a
clear oil (0.121 g, 0.679 mmol, 8.8% yield). NMR spectra match values previously

reported.'®’

24 Sk
"H NMR (500 MHz, CDCl3, 298 K): 6 7.19-7.13 (ms, 2H, Hc,), 7.07 (d, J = 8.0 Hz, 1H,
Hu), 6.95 (t,J= 7.4 Hz, 1H, Hy), 6.00 (ddt, J=16.9, 10.2, 6.5 Hz, 1H, Hy), 5.20 (s, 2H, Hj),
5.08-5.01 (ms, 2H, Ha), 3.48 (s, 3H, Hy), 3.42 (d, J = 6.5 Hz, 2H, H,)
BC{'H} NMR (126 MHz, CDCl3, 298 K): 4 155.1 (Cior Cq), 137.1 (Cp), 130.2 (Ccor Cy),
129.4 (Cior Cq), 127.5 (Ce or Cy), 121.9 (Cy), 115.5 (Ca), 114.2 (Cn), 94.6 (Cj), 56.2 (Cy),
34.5 (Co)
ASAP/HRMS (m/z): [M+H]" calculated for C11H1502 179.1067, found 179.1069
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IR (ATR, neat) v: 1490 (m), 1232 (m), 1151 (s), 1076 (m), 994 (s), 751 (s) cm’!

MgB Z
ger -, BrM _—
THF, rt, 4 h

(1.5 equiv) 2
1.0 Min THF (2m)

1,3,5-Trimethyl-2-prop-2-enylbenzene (2m) was synthesized via modified
literature procedure:'® To an oven-dried Schlenk flask equipped with a magnetic stir bar
was added THF (9 mL) and allylbromide (1.30 mL, 15.0 mmol, 1.50 equiv). Mesityl
magnesium bromide solution (1.0 M in THF, 10.0 mL, 10.0 mmol, 1.00 equiv) was added
dropwise to the stirring solution. After stirring for 4 h at room temperature, the reaction
was quenched with NH4Cl (20 mL) and extracted with Et2O (3 x 30 mL). The combined
organic layers were dried over Na>SQg, filtered, and the filtrate was concentrated under
reduced pressure. The crude product was filtered through a silica plug, eluting with
hexanes. Mesitylene (the major byproduct) was removed by distillation under reduced
pressure (>0.1 torr, Schlenk line) while heating to 60 °C. The pure product was obtained
as a clear, colorless oil (0.31 g, 1.9 mmol, 19% yield). NMR spectra match values

previously reported.'®?

CISiPhy  + g™ \F

> Z
>  pp.siTN\F
Et,0, reflux, on oS

1.0 M in Et,0 (2p)
(1.1 equiv)

Allyltriphenylsilane (2p) was synthesized via modified literature procedure:'*® To
an oven-dried Schlenk flask equipped with a magnetic stir bar was added
triphenylchlorosilane (2.01 g, 6.82 mmol, 1.00 equiv) and Et;O (18 mL). To the stirring
solution, allylmagnesium bromide (1.00 M in EtO, 7.50 mL, 7.50 mmol, 1.10 equiv) was
added dropwise. The reaction was equipped with a reflux condenser and heated to 50 °C
in a pre-heated oil bath for 18 h. The reaction was quenched with NH4Cl (20 mL) and
extracted with Et20 (3 x 60 mL). The combined organic layers were dried over Na>SOs,
filtered, and concentrated under reduced pressure to give a white solid. This solid was
filtered through a silica plug (5% Et:O/pentane) and the filtrate was concentrated under
reduced pressure. The collected solid was dissolved in a minimal amount of ethanol and

the product crystallized in the freezer overnight. White crystals formed and were collected
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and washed with cold ethanol. The product was dissolved in acetonitrile and filtered
through Celite to remove grease. After concentrating under reduced pressure, pure product
was obtained as a white solid (0.602 g, 2.00 mmol, 29% yield). NMR spectra match values

previously reported.'”®

M N
gCl Br’”\<” . [:::T/*\V/f\\
THF, 40 °C, 48 h

(2aa)

1.4 Min THF (1.5 equiv)
4-Phenyl-1-butene (2aa): To an oven-dried Schlenk flask equipped with a
magnetic stir bar was added THF (25 mL) and allylbromide (2.10 mL, 24.3 mmol, 1.08
equiv). To the stirring reaction, benzylmagnesium chloride (1.4 M in THF, 16.0 mL, 22.4
mmol, 1.00 equiv) was added dropwise. Upon full addition of benzylmagnesium chloride,
the reaction was heated to 40 °C and allowed to react for 48 h. The reaction was quenched
with NH4CI (20 mL) and extracted with Et2O (3 x 50 mL). The combined organic layers
were dried over NaxSOg, filtered, and the filtrate was concentrated under reduced pressure.
Clean product was obtained via distillation at 50 °C into a collection flask cooled with
liquid N». Clear, colorless liquid (0.871 g, 6.59 mmol, 29% yield). NMR spectra match

values previously reported.

/\/SiMe3
(0] . OH - /
NaBH,4 (1.5 equiv) FeCl3 (10 mol %)
> '
@é MeOH, rt, 30 min ©:§ CH,Cl,, rt, 30 min
(S4)

2,3-Dihydro-1-(2-propen-1-yl)-1H-indene (2ac) was synthesized via literature
procedure:*® To an oven-dried Schlenk flask equipped with a magnetic stir bar was added
I-indanone (1.00 g, 7.57 mmol, 1.00 equiv) and MeOH (15 mL). The mixture was stirred
until indanone was completely dissolved. The reaction was then cooled slightly with a
water bath, NaBH4 was added in one portion (0.430 g, 11.4 mmol, 1.50 equiv), and the
reaction was stirred for 30 min. The reaction was then opened to air and extracted with
Et,0 (3 x 80 mL). The combined organic layers were washed with brine (3 x 30 mL) and
dried over NaxSQg, filtered, and the filtrate was concentrated under reduced pressure. 1-

indanol (S4) was collected as a viscous yellow oil (0.945 g, 7.04 mmol, 93% yield) and
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carried forward without further purification. NMR spectra match values previously
reported.*

To an oven-dried Schlenk flask equipped with a magnetic stir bar was added S4
(0.390 g, 2.91 mmol, 1.0 equiv) and DCM (25 mL). Allyltrimethylsilane (0.88 mL, 5.54
mmol, 1.90 equiv) and FeCl; (0.061 g, 0.38 mmol, 0.13 equiv) were added, and the reaction
was stirred for 90 min before being opened to air and quenched with water (10 mL). The
organic layer was separated, and the aqueous layer was extracted with Et2O (3 x 30 mL).
The combined organic layers were dried over MgSQs, filtered, and the filtrate was
concentrated under reduced pressure to a red oil. Crude product was filtered through a silica
plug with pentane to yield the product as a clear oil (0.428 g, 2.70 mmol, 93% yield). NMR

match values previously reported.?!

\ 1. K,CO3 (1.5 equiv) N\ —
hH 2. allylbromide (1.4 equiv) '}l/\/

$z0 >~ $z0
/©/‘o MeCN, rt, 15 h /©/'o

N,4-dimethyl-N-2-propen-1-ylbenzenesulfondamide (S5) was synthesized via

literature procedure:*° To an oven-dried Schlenk flask equipped with a magnetic stir bar
was added N-methyl-para-toluenesulfonamide (0.51 g, 2.8 mmol, 1.0 equiv), acetonitrile
(40 mL), and K>COs; (0.57 g, 4.1 mmol, 1.5 equiv). After stirring for 30 minutes,
allylbromide (0.35 mL, 4.0 mmol, 1.4 equiv) was added. The reaction was stirred for 15 h
at room temperature before it was quenched with H>O (20 mL). The aqueous layer was
extracted with EtOAc (3 x 30 mL) and the combined organic layers were dried over
MgSOs,, filtered, and concentrated under reduced pressure to a yellow oil. The product was
purified by column chromatography (silica, gradient eluent 0-20% EtOAc/hexanes) to give
the product as a clear oil (0.26 g, 1.2 mmol, 41% yield). NMR spectra match values

previously reported.???

. Z
@(\% = KoCO (1.2 equiv) ©\/\/
Br DMF,0°Ctort o\
OH 17h N N
(S3) (S6)
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2-[2-(2-propen-1-yl)phenoxy]acetonitrile (S6) To an oven-dried Schlenk flask
equipped with a magnetic stir bar was added 2-allylphenol (0.96 mL, 7.4 mmol, 1.0 equiv),
DMF (12 mL) and K>COs3 (1.22 g, 8.8 mmol, 1.2 equiv). The heterogeneous mixture was
cooled to 0 °C with an ice/water bath for 5 minutes before 2-bromoacectonitrile (0.51 mL,
7.4 mmol, 1.0 equiv) was added dropwise. After full addition of 2-bromoacetonitrile, the
reaction was removed from the ice/water bath and warmed to room temperature. After 45
minutes, the reaction color had changed from white to yellow. The reaction was stirred for
17 h before being quenched with H,O (10 mL). The aqueous layer was extracted with
EtOAc (3 x 30 mL), dried with Na>SOs, filtered and concentrated under reduced pressure.
The crude product was taken up in 30 mL EtOAc, transferred to a separatory funnel, and
washed with LiCl (3 x 30 mL, saturated aqueous solution). The organic layers were dried
over NaxSOy, filtered and concentrated under reduced pressure to a dark green/brown oil.
The product was purified by column chromatography (silica, gradient eluent 0-20%
EtOAc/hexanes) to give the product as a clear oil (0.87 g, 5.0 mmol, 68% yield). NMR

spectra match values previously reported.'”¢

DMAP (2.8 mol %)

Et3N (2.0 equiv) =
= acetylchloride (1.5 equiv) ©\/\/
> 0
DCM,0°Ctort,3h
OH ’ 3
/go

(§7)

(83)

1-acetate-2-(2-propen-1-yl)phenol (S7) was synthesized via literature
procedure:?* To an oven-dried Schlenk flask equipped with a magnetic stir bar was added
2-allylphenol (0.96 mL, 7.4 mmol, 1.0 equiv) and DCM (20 mL). The reaction was cooled
to 0 °C with an ice/water bath for 5 minutes before EtzN (2.1 mL, 15 mmol, 2.0 equiv) and
4-dimethylaminopyridine (25 mg, 0.20 mmol, 0.028 equiv) were added. After 5 minutes,
acetyl chloride (0.79 mL, 11 mmol, 1.5 equiv) was added slowly. During addition of acetyl
chloride, a precipitate formed and the reaction became a dark yellow slurry. After stirring
for 30 minutes at 0 °C, the ice/water bath was removed and the reaction was warmed to
room temperature. After 3 h, the reaction was quenched with NaHCOs (30 mL, saturated
aqueous solution). The DCM layer was separated and the aqueous layer was extracted with

Et20 (2 x 50 mL). Et2O and DCM layers were combined and washed with H2O (2 x 50
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mL) and brine (2 x 50 mL). The organic layer was dried over Na,SOs, filtered, and
concentrated under reduced pressure to give an orange/yellow oil. The product was purified
by column chromatography (silica, hexanes) to give the product as a light yellow oil (1.1

g, 6.1 mmol, 83% yield). NMR spectra match values previously reported.?*?

d. Wittig Reactions

0 MePPh,Br (1.2-1.5 equiv)

KOt-Bu (1.2-1.5 equiv)
@ > RE N n
RT _ n THF,0°Ctort, 1-3 h T

@)

Wittig reactions were carried out via modified literature procedure:'* an oven-dried
Schlenk flask equipped with a magnetic stir bar was charged with MePPhsBr (1.2-1.5
equiv) and THF and cooled to 0 °C with an ice/water bath for 10 min before KO#-Bu (1.2-
1.5 equiv) was added in one portion. Note: KOz-Bu needs to be rigorously dried before use
— in our syntheses, KO#-Bu was removed from the glovebox within 1 h of running the
reaction. Once the distinctive bright yellow color appeared, the reaction was stirred for 30
min at 0 °C before adding the ketone (1.0 equiv) dropwise. If the yellow color failed to
appear, the deprotonation of MePPh;Br was not successful. The reaction was stirred at 0
°C for 30 min to 1 h before stirring at room temperature or being heated to 40 °C. Upon
consumption of ketone (determined by TLC) flask was opened to air and reaction was
quenched with water. The organic layer was separated, and the aqueous layer was extracted
three times with Et,O. The combined organic layers were dried over Na>xSO4 and filtered,
and the filtrate was concentrated under reduced pressure to yield the corresponding crude

product. Purification details are included below.

Methylenecyclooctane (2r)

d Synthesis details: MePPhsBr (6.43 g, 18.0 mmol, 1.2 equiv), KOz-
Bu (2.02 g, 18.0 mmol, 1.2 equiv), THF (100 mL), cyclooctanone
(1.90 g, 15.0 mmol, 1.0 equiv). Clear liquid (0.48 g, 3.9 mmol, 26%
yield).

Purification details: Silica plug with hexanes.

NMR spectra match values previously reported.?%
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\/\)]\/\/ 2-Butylpentene (2s)

Synthesis details: MePPh3Br (8.04 g, 22.5 mmol, 1.5 equiv), KOz-
Bu (2.52 g, 22.5 mmol, 1.5 equiv), THF (100 mL), 5-nonanone (2.57
mL, 15.0 mmol, 1.0 equiv). Clear liquid (1.12 g, 7.98 mmol, 53%
yield).

Purification details: Silica plug with hexanes.

NMR spectra match values previously reported.?®

a 3,3,5,5-tetramethylmethylenecyclohexane (2u)
b
‘; Synthesis details: MePPhsBr (5.36 g, 15.0 mmol, 1.5 equiv), KOz-
f e Bu (1.68 g, 15.0 mmol, 1.5 equiv), THF (70 mL), 3,3,5,5-

tetramethylcyclohexanone (1.70 mL, 10.0 mmol, 1.0 equiv). Clear
liquid (0.52 g, 3.4 mmol, 34% yield).

Purification details: Silica plug with hexanes.

"H NMR (500 MHz, CDCl3, 298 K): 8 4.69 (br s, 2H, H.), 1.87 (br
s, 4 H, He), 1.25 (br s, 2H, Hy), 0.92 (br s, 12H, He)

BC NMR (126 MHz, CDCl3, 298 K): § 146.6 (Cp), 109.8 (Ca), 52.6
(Cr), 48.7 (Co), 33.3 (Ca), 31.0 (Co)

ASAP/HRMS (m/z): [M+H]" calculated for C11Hzo 153.1638, found
153.1623

IR (ATR, neat) v: 2951 (m), 1651 (m), 1365 (m), 879 (s)

2-Phenyl-1-butene (2v)
Synthesis details: MePPh3;Br (10.01 g, 28.0 mmol, 1.24 equiv), KOz-

Bu (3.18 g, 28.3 mmol, 1.25 equiv), THF (125 mL), propiophenone
(3.00 mL, 22.6 mmol, 1.00 equiv). Clear o0il (1.90 g, 14.3 mmol, 63%
yield).

Purification details: Silica plug with pentane.

NMR spectra match values previously reported.?%
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Meo@)k/

Meo/@/\ﬂ/

2-(4-Methoxyphenyl)-1-butene (2w)
Synthesis details: MePPh3;Br (10.1 g, 28.2 mmol, 1.24 equiv), KOz-
Bu (3.17 g, 283 mmol, 1.24 equiv), THF (150 mL), 4’-

methoxypropiophenone (4.00 mL, 22.8 mmol, 1.00 equiv). Yellow
oil (3.17 g, 19.5 mmol, 86% yield).
Purification details: Column chromatography: silica, gradient eluent

(0-10% Et2O/pentane).

NMR spectra match values previously reported.?®’

2-Phenyl-1-pentene (2x)

Synthesis details: MePPh3;Br (8.04 g, 22.5 mmol, 1.48 equiv), KOz-
But (2.53 g, 22.5 mmol, 1.48 equiv), THF (60 mL), butyrophenone
(2.20mL, 15.2 mmol, 1.00 equiv). Clear oil (1.31 g, 8.96 mmol, 59%
yield).

Purification details: Silica plug with hexanes.

NMR spectra match values previously reported.?%

2,3-dihydro-1-methylene-1H-indene (2y)

Synthesis details: MePPhsBr (5.36 g, 15.0 mmol, 1.5 equiv), KOz-
Bu (1.68 g, 15.0 mmol, 1.5 equiv), THF (70 mL), 1-indanone (1.32
g, 10.0 mmol, 1.0 equiv). Clear oil (1.01 g, 7.8 mmol, 78% yield).

Purification details: Column chromatography: silica, hexanes

NMR spectra match values previously reported.?

1-Methoxy-4-(2-methyl-2-propenyl)benzene (2z)
Synthesis details: MePPh3;Br (4.98 g, 13.9 mmol, 1.07 equiv), KOz-
Bu (1.54 g, 13.7 mmol, 1.05 equiv), THF (80 mL), 4-

methoxyphenylacetone (2.00 mL, 13.0 mmol, 1.00 equiv). Clear oil
(1.47 g, 9.06 mmol, 70% yield).
Purification details: Column chromatography: silica, gradient eluent

(0-10% Et2O/pentane).
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NMR spectra match values previously reported.??”

[S)_<_ 2-(But-1-en-2-yl)thiophene (S8)
/
Synthesis details: MePPh3Br (8.04 g, 22.5 mmol, 1.5 equiv), KOz-

Bu (2.52 g, 22.5 mmol, 1.5 equiv), THF (100 mL), 1-(2-thienyl)-1-

propanone (1.86 mL, 15.0 mmol, 1.0 equiv). Yellow oil (1.00 g, 7.23
mmol, 48% yield).
Purification details: Column chromatography: silica, gradient eluent

(0-10% Et20O/hexanes).

NMR spectra match values previously reported.?!”

BN + PPh3 ———3= EtPPhsBr
toluene, A
15h (S9)

Ethyltriphenylphosphonium bromide (S9) was synthesized via literature
procedure:?!! To a 500 mL 3-neck RBF was added triphenylphosphine (30 g, 110 mmol,
1.1 equiv), toluene (100 mL) and bromoethane (7.8 mL, 100 mmol, 1.0 equiv). The reaction
was heated to reflux for 15 h before being cooled to room temperature. The product was
collected via filtration with a glass frit before being dried under reduced pressure to yield
a white powder (24 g, 65 mmol, 65% yield). NMR spectra match values previously
reported.?!?

ASAP/HRMS (m/z): M" calculated for C20H20P 291.1297, found 291.1225
IR (ATR, neat) v: 2908 (w), 1431 (m), 1113 (m), 688 (s)

EtPPh,Br (1.5 equiv)
.0 KOt-Bu (1.2 equiv) Z
:
©/\/ THF, 0°C, 1 h W
4-Phenyl-2-butene (3aa’) To an oven-dried 200 mL Schlenk flask was added S9
(12 g, 32 mmol, 1.5 equiv) and THF (110 mL). The reaction was cooled to 0 °C with an

ice/water bath for 5 min before KO#Bu (3.0 g, 27 mmol, 1.3 equiv) was added in one
portion. A bright orange color appeared within a minute. This mixture was stirred for 30

min before phenylacetaldehyde (2.5 mL, 22 mmol, 1.0 equiv) was added dropwise. The
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reaction was stirred at 0 °C for one hour before water (80 mL) was added and the reaction
was exposed to atmosphere. The aqueous layer was extracted with Et,0 (3 x 100 mL) and
the combined organic layers were dried over Na,SOs, filtered, and concentrated under
reduced pressure. The crude material was purified by column chromatography (silica,
hexanes) to yield the product as a clear liquid (1.4 g, 11 mmol, 50% yield). NMR spectra
match values previously reported.”

IR (ATR, neat) v: 3020 (w), 1495 (m), 1452 (m), 694 (s)

e. Triaryl Silanes

X X
. . H
1. BuLi (3.4 equiv) \©\ |_©/
/©/Br/l Et,O,rt, 1 h Si
x 2 HSICls (1.0 equiv) ©

/

. Et,0,-40°Ctort,2h
(3.3 equiv)

(S4-6)

Triaryl silanes were synthesized via modified literature procedure:'*! To an oven-
dried Schlenk flask was added aryl iodide or aryl bromide (3.3 equiv) and Et:O. BuL.i (2.5
M in hexanes, 3.4 equiv) was added dropwise and the reaction was stirred at room
temperature for 1 h before being cooled to -40 °C with a dry ice/MeCN bath. HSiCls (1.0
equiv) was slowly added, and the reaction stirred for 1 h at -40 °C before the bath was
removed and the reaction was slowly warmed to room temperature before stirring for an
additional 1 h. The flask was cooled to 0 °C with an ice/water bath before being opened to
air and quenched with NH4Cl (saturated aqueous solution). The organic layer was
separated, and the aqueous layer was extracted twice with Et;O. The combined organic
layers were dried over MgSOy4 and filtered, and the filtrate was concentrated under reduced
pressure to yield the corresponding crude product. Purification details are included below.

MezN\©\H /@,NMez Tris[4-(/V,N-dimethylamino)phenyl|silane (HSi(4-NMe:-

$ CeHa)3)

Synthesis details: 4-Bromo-N,N-dimethylaniline (2.00 g,

10.0 mmol, 3.33 equiv), Et:O (20 mL), BuLi (4.12 mL, 10.3

mmol, 3.41 equiv), HSiClz (0.30 mL, 3.0 mmol, 1.0 equiv),

NM62
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quenched with NH4Cl (10 mL), extracted with Et;O (2 x 25
mL). White solid (1.08 g, 2.77 mmol, 92% yield).

Purification details: A white solid was collected after

concentration under reduced pressure. To the solid was added
cold hexane, and the insoluble solid was separated by
filtration. The filtrate was concentrated under reduced

pressure to yield the product as a white solid.

"H NMR (500 MHz, CsDs, 298 K): 5 7.80 (d, J = 8.6 Hz, 6H),
6.65 (d, J = 8.6 Hz, 6H), 6.06 (s, 1H), 2.50 (s, 18H)

BC{'H} NMR (126 MHz, CeDs, 298 K) & 151.7, 137.4,
121.0, 112.6, 39.8

298i{'H} NMR (99 MHz, CeDe, 298 K): & -19.10

IR (ATR, neat) v: 2070 (Si-H, m), 1592 (m), 1108 (m), 789

(s) cm™!

Tris(4-methoxyphenyl)silane (HSi(4-OMe-CsHa)3)
Synthesis details: 4-iodoanisole (2.34 g, 10.0 mmol, 3.33
equiv), EttO (20 mL), BuLi (4.12 mL, 10.3 mmol, 3.41
equiv), HSiClz (0.30 mL, 3.0 mmol, 1.0 equiv), quenched
with NH4CI (10 mL), extracted with Et;O (2 x 25 mL). White
solid (1.05 g, 3.00 mmol, 100% yield)

Purification details: A white, waxy solid was collected after

concentration under reduced pressure. To the solid was added
cold hexane, and the insoluble solid was separated by
filtration. The filtrate was concentrated under reduced
pressure to saturation and the product crystallized after

cooling in the freezer to give a white solid.
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"H NMR (500 MHz, CsDs, 298 K): § 7.63 (d, J= 7.7 Hz, 6H),
6.85 (d, J= 7.7 Hz, 6H), 5.85 (s, 1H), 3.28 (s, 9H)

BC{'H} NMR (126 MHz, CeDs, 298 K) & 161.6, 137.7,
125.3, 114.3, 54.5

298i{'H} NMR (99 MHz, C¢De, 298 K): & -18.99

IR (ATR, neat) v: 2136 (Si-H, m), 1500 (m), 1106 (s), 777

(s) cm™!

Tris[4-(trifluoromethyl)phenyl]silane (HSi(4-CFs-
CeHa)3)

Synthesis details: 4-iodobenzotrifluoride (1.47 mL, 10.0
mmol, 3.33 equiv), E,O (20 mL), BuLi (4.12 mL, 10.3
mmol, 3.41 equiv), HSiClz (0.30 mL, 3.0 mmol, 1.0 equiv),
quenched with NH4Cl1 (10 mL), extracted with Et,O (2 x 25
mL). Pale yellow solid (0.40 g, 0.86 mmol, 29% yield).

Purification details: A yellow, waxy solid was collected after

concentration under reduced pressure. To the solid was added
cold hexanes, and the insoluble material was separated by
filtration. The filtrated was concentrated under reduced
pressure to saturation and the product crystallized after

cooling in the freezer to give a pale yellow solid.

"H NMR (600 MHz, CsDs, 298 K): 8 7.36 (d, J= 7.7 Hz, 6H),
7.20 (d, J="7.7 Hz, 6H), 5.32 (s, 1H)

BC{'H} NMR (151 MHz, CsDs, 298 K) & 136.4, 136.2, 132.6
(q, J = 32.4 Hz), 125.2 (q, J = 3.8 Hz), 124.7 (q, J = 277.5
Hz)

YF NMR (565 MHz, C¢Ds, 298 K): § -62.90

2Si{'H} NMR (99 MHz, C¢Ds, 298 K): & -18.92
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IR (ATR, neat) v: 2159 (Si-H, w), 1323 (m), 1115 (s), 696

(s) cm™!

f- Deuterated Substrates

(99%)

Qs?:@ LIAID (1.0 equiv) @\3@
Q QO

Et,0, reflux, 2 h o

(DSiPh;)

Triphenylsilane-d; (DSiPhs) was synthesized via modified literature procedure:?!3
To an oven-dried Schlenk flask equipped with a magnetic stir bar was added CISiPhs (300
mg, 1.0 mmol, 1.0 equiv) and Et2O (15 mL). LiAID4 (42 mg, 1.0 mmol, 1.0 equiv) was
added to the stirring reaction, and the flask was equipped with a reflux condenser and
heated to reflux and stirred 23 h. The reaction was cooled to room temperature and
quenched with H>O (10 mL). The mixture was extracted twice with Et2O (10 mL) and the
organic layer was filtered through Celite. The filtrate was concentrated under reduced
pressure to yield S7-d; as a viscous, clear, colorless oil (250 mg, 0.96 mmol, 96% yield).
NMR spectra match values previously reported.?!3

ASAP/HRMS (m/z): M* calculated for Ci1sH1sDSi 261.1084, found 261.0945

0 (o) MePPh3Br (1.5 equiv)

NaOH (cat.) KOt-Bu (1.5 equiv)
D,0, 70 °C,on b  THRO°Cto40°C oD
MeO MeO (97%) 30 min MeO (96%)
(810) (2w-d})

2-(4-Methoxyphenyl)-1-butene-d> (2w-d2) was synthesized via literature
procedure:'* To a RBF equipped with a magnetic stir bar was added D>O (12 mL), which
was sparged with N> gas for 30 min. The NaOH (60 mg, 1.5 mmol, 0.13 equiv) was added
in one portion and reaction was stirred untii NaOH was fully dissolved. 4’-
methoxypropiophenone (2.0 mL, 11 mmol, 1.0 equiv) was added and reaction was placed
in an oil bath to heat at 70 °C for 18 h. After the reaction cooled to room temperature, the
reaction was extracted with Et;O (3 x 30 mL). The combined organic layers were dried

over Na,SOys, filtered, and the filtrate was concentrated under reduced pressure to give S10
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as a yellow oil (1.88 g, 11.3 mmol, 99% yield). NMR spectra match values previously
reported.?!
ASAP/HRMS (m/z): M" calculated for CioH;0D202 166.0963, found 166.0968

To an oven-dried Schlenk flask equipped with a magnetic stir bar was added
MePPh;3Br (4.9 g, 14 mmol, 1.5 equiv) and THF (75 mL). The reaction was cooled with an
ice/water bath for 10 minutes before KOz-Bu (1.6 g, 14 mmol, 1.5 equiv) was added in one
portion. The reaction was stirred for 30 minutes before S10 (1.6 mL, 9.0 mmol, 1.0 equiv)
was added with a disposable syringe. After full addition of S10, the reaction was moved to
an oil bath at 40 °C and stirred for 30 minutes. The reaction was opened to air and quenched
with water (50 mL). The organic layer was separated, and the aqueous layer was extracted
with Et20 (3 x 30 mL). The combined organic layers were dried over Na>SOs, filtered, and
the filtrate was concentrated under reduced pressure to a gooey white solid.
Triphenylphosphine oxide (the main byproduct) was separated by running a silica plug
with 5% Et,O/hexanes. 2w-d> was isolated as a clear oil (1.09 g, 6.64 mmol, 74% yield).
NMR spectra match values previously reported.??’

ASAP/HRMS (m/z): M* calculated for C11H12D20 164.1170, found 164.1168

A.1.4. Alkene Isomerization

a. Reaction Optimization

= reaction conditions A )@:
8h o

(2a) (3a) (s11)

In a nitrogen-filled glovebox, stock solutions of silanes were prepared by weighing
out the silane, dissolving it in the appropriate volume of hexanes using volumetric
glassware, and distributing the stock solutions by microliter syringe. Ni complexes were
added via stock solutions prepared by weighing out the complex, dissolving it in the
appropriate volume of hexanes using volumetric glassware, and distributing the stock
solutions by microliter syringe. KO#-Bu, IPr and IPr-HCI were weighed out directly into
the appropriate vial(s). Additional hexanes was added using a disposable plastic syringe to
bring the total reaction volume to the appropriate volume. Vials were sealed with septum

caps, removed from the glovebox and placed on a pre-heated vial block at the appropriate
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temperature. After 30 minutes, allylbenzene (1.0 equiv) was distributed using a 250-puL or

a 25-pL microliter syringe, depending on the scale of the reaction. After 8 h, the vial was

quenched by cooling in a liquid N> bath, opening to air, and S11 was added to the reaction

as a stock solution (0.25-0.30 equiv). An aliquot was removed and filtered with hexanes

through a Celite plug. The filtrate from the Celite plug was analyzed by GCMS to assess

the progress and selectivity of the reaction.

with any deviations from standard procedures explained therein.

Table A.1. Reaction screening and optimization.

Results from optimization screening reactions are summarized below in Table A.1.

Entry Ni complex Silane Additive Solvent  Temp. Time Yield E/Z
(loading)  (loading) 3a  ratio
1 la HSiPhs None Hexanes 70°C 8h 95% 14:1
0 0
28 = rri(l))1 = (SHr;liolihf)) None Hexanes 70°C 8h 10% 2:1
0 0
32 e rnloc1 = (SHr;liolihf)) None Hexanes 70°C 8h 9% 2:1
0 0
42 = ni(()il = (SHr;liolihf)) None hexanes 70°C 8h 67% 11:1
0 0
5b e ml(:el = (SHr;liolihf)) None Hexanes 70°C 8h 92% 13:1
0 0
6 e rnlof1 j)) s Iiln(?rieA)) None Hexanes 70°C 8h 44% 8:1
7¢ e rnlof1 = None None C1Ph r.t. 3h 81% 18:1
0
8 (15\112:(;1%;? HSiPh; None Hexanes 70°C 8h 5% 2:1
0
9 e ni(;l = (SHr;liolihf)) None Hexanes 70°C 8h 64% 12:1
0 0
10 = Ilnz:) = (2.;;?12}113@ None Hexanes 70°C 8h 91% 13:1
V) 0
11 a0 T:l = (II(){g;;lth)) None Hexanes 70°C 8h 94% 14:1
0 0
12 (Slr\ln(;)rie@ (210{3;;1}1? : None Hexanes 70°C &8h 7%  1:1
0
13 la s Iiln(?rie@ None Hexanes 70°C &8h 9%  2:1
0
14 = ni(;l = HSiPhs None Hexanes  r.t. 8h 7%  1:1
0 0
15 = ni(;i = (SHr;liolihf) None Hexanes 50°C 8h 37% 8:1
(5 mol %) (5 mol %)
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16 la HSiPhs None Hexanes 80°C 8h 93% 11:1
(5 mol %) (5 mol %)
17 la HSiPhs None Toluene 70°C 8h 94% 13:1
(5 mol %) (5 mol %)
18 la HSiPhs None 1,4- 70°C 8h 19% 4:1
(5 mol %) (5 mol %) dioxane
19 la H>SiPh; None Hexanes 70°C 8h 84% 12:1
(5 mol %) (5 mol %)
20 la HSiMePh; None Hexanes 70°C 8h 47% 9:1
(5 mol %) (5 mol %)
21 la HSiMe,Ph None Hexanes 70°C 8h 19% 3:1
(5 mol %) (5 mol %)
22 la HSi(OEt); None Hexanes 70°C 8h 34% 4:1
(5 mol %) (5 mol %)
234 None None KO#-Bu Hexanes 70°C 8h 43% 5:1
(5 mol %)
24 Ni(cod)> None IPrHCI Hexanes 70°C 8h 4% 16:1
(5 mol %) (5 mol %)
+ KO#-Bu
(5 mol %)
25 Ni(cod)2 HSiPh; IPrHC1 Hexanes 70°C 8h 18% 42:1
(5 mol %) (5 mol %) (5 mol %)
+ KO#-Bu
(5 mol %)

2 catalyst stock solution prepared in THF, evaporated before reaction.
b 1e weighed out directly into vial.

¢run at 0.4 M.

d

b. General Procedures for Isomerization and Isolation of Products

i

run on a 0.5 mmol scale, KO#-Bu weighed out directly into vial

General procedure A (GP-A): In a nitrogen-filled glovebox, stock
solutions of 1a (0.028 M) and silane (0.036 M) were prepared by

weighing out the reagent and dissolving in the appropriate volume

of hexanes. The stock solutions of 1a (0.90 mL, 0.025 mmol, 0.05

equiv) and silane (0.70 mL, 0.025 mmol, 0.05 equiv) were added to

a l-dram vial equipped with a stir bar using disposable 1-mL

syringes. The vial was sealed with a septum cap, removed from the

glovebox, and placed on an aluminum vial block pre-heated to 80

°C. The reaction was heated for 30 minutes before the substrate

(0.50 mmol, 1.0 equiv) was added using a 250-puL microliter
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ii.

iii.

syringe. After 16 h, the reaction was quenched by cooling in a liquid
N> bath, opening to air, and diluting with hexanes (0.10-0.20 mL).
An aliquot was removed and filtered with hexanes through a Celite
plug. The filtrate from the Celite plug was analyzed by GC to assess
the progress and selectivity of the reaction. The product was purified
as detailed below for each substrate.

General procedure B (GP-B): In a nitrogen-filled glovebox, the
nickel complex (1a or 1e, 0.025 mmol, 0.05 equiv) was weighed out
directly into a 1-dram vial equipped with a magnetic stir bar. A stock
solution of silane (0.05 M) was prepared by weighing out the reagent
and dissolving in the appropriate volume of hexanes. The stock
solution of silane (0.50 mL, 0.025 mmol, 0.05 equiv) was added to
the vial using a disposable 1-mL syringe. Hexanes (1.1 mL) was
added to the vial. The vial was sealed with a septum cap, removed
from the glovebox, and placed on an aluminum vial block pre-
heated to 80 °C. The reaction was heated for 30 minutes before
substrate (0.50 mmol, 1.0 equiv) was added using a 250-pL
microliter syringe. After 16 h, the reaction was quenched by cooling
in a liquid N> bath, opening to air, and diluting with hexanes (0.10-
0.20 mL). An aliquot was removed and filtered with hexanes
through a Celite plug. The filtrate from the Celite plug was analyzed
by GC to assess the progress and selectivity of the reaction. The
product was purified as detailed below for each substrate.

General procedure C (GP-C): In a nitrogen-filled glovebox, the
nickel complex (1a or 1e, 0.015 mmol, 0.05 equiv) was weighed out
directly into a 1-dram vial equipped with a magnetic stir bar. A stock
solution of silane (0.015 M) was prepared by weighing out the
reagent and dissolving in the appropriate volume of hexanes. The
stock solution of silane (1.0 mL, 0.015 mmol, 0.05 equiv) was added
to the vial using a disposable 1-mL syringe. The vial was sealed with

a septum cap, removed from the glovebox, and placed on an
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iv.

aluminum vial block pre-heated to 80 °C. The reaction was heated
for 30 min before the substrate (0.30 mmol, 1.0 equiv) was added
using a 250 pL microliter syringe. After 16 h, the reaction was
quenched by cooling in a liquid N> bath, opening to air, and diluting
with hexanes (0.10-0.20 mL). An aliquot was removed and filtered
with hexanes through a Celite plug. The filtrate from the Celite plug
was analyzed by GC to assess the progress and selectivity of the
reaction. The product was purified as detailed below for each
substrate.

General procedure D (GP-D): In a nitrogen-filled glovebox, le
(5.7 mg, 0.010 mmol, 0.02 equiv) was weighed out directly into a 1-
dram vial equipped with a magnetic stir bar. A stock solution of
silane (0.015 M) was prepared by weighing out the reagent and
dissolving in the appropriate volume of hexanes. The stock solution
of silane (1.6 mL, 0.024 mmol, 0.05 equiv) was added to the vial
using a disposable 1-mL syringe. The vial was sealed with a septum
cap, removed from the glovebox, and placed on an aluminum vial
block pre-heated to 80 °C. The reaction was heated for 30 min
before the substrate (0.50 mmol, 1.0 equiv) was added using a 250
uL microliter syringe. After 16 h, the reaction was quenched by
cooling in a liquid N2 bath, opening to air, and diluting with hexanes
(0.10-0.20 mL). An aliquot was removed and filtered with hexanes
through a Celite plug. The filtrate from the Celite plug was analyzed
by GC to assess the progress and selectivity of the reaction. The
product was purified as detailed below for each substrate.

General procedure E (GP-E): In a nitrogen-filled glovebox, the
nickel complex (1a or 1e) was weighed directly into a 1-dram vial
equipped with a magnetic stir bar. The substrate (0.50 mmol, 1.0
equiv) was weighed directly into the 1-dram vial. A stock solution
of silane (0.015 M) was prepared by weighing out the reagent and

dissolving in the appropriate volume of hexanes. The stock solution
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of silane (1.6 mL, 0.024 mmol, 0.05 equiv) was added to the vial
using a disposable 1-mL syringe. The vial was sealed with a septum
cap, removed from the glovebox, and placed on an aluminum vial
block pre-heated to 80 °C. After 16 h, the reaction was quenched by
cooling in a liquid N> bath, opening to air, and diluting with hexanes
(0.10-0.20 mL). An aliquot was removed and filtered with hexanes
through a Celite plug. The filtrate from the Celite plug was analyzed
by GC to assess the progress and selectivity of the reaction. The

product was purified as detailed below for each substrate.

c. Isomerization of (2-allylphenoxy)trimethylsilane (XX)

= GP-B A K,COj3 (3.0 equiv) A
e >
OTMS oTMS THF/MeOH OH

40°C,20h .
(2j) &) (3j-OH)

GP-B (catalyst 1e, HSi(p-CF3-CsHa)3, substrate 2j) was followed to generate 3j.
The E/Z ratio was determined to be 14:1 by GC analysis of the crude reaction mixture after
the reaction was quenched by cooling in a liquid N bath, opened to air and diluted with
hexanes. The crude reaction mixture was concentrated under reduced pressure and a 'H
NMR sample was prepared by filtering a portion of the reaction through Celite with CDCls.
The crude '"H NMR spectrum shows survival of the trimethylsilyl-protecting group at 0.27
ppm, corresponding to the 9H of the TMS group in 3j (Figure S76) and 100% conversion
of 2j. Attempts to isolate 3j by column chromatography led to partial deprotection of the
phenol. NMR spectra match values previously reported.?!3
"H NMR (500 MHz, CDCl3, 298 K): 8 7.40 (d, J = 7.7 Hz, 1H), 7.07 (t, J = 7.7 Hz, 1H),
6.91 (t,J=7.5 Hz, 1H), 6.77 (d, J = 8.0 Hz, 1H), 6.62 (d, /= 15.9 Hz, 1H), 6.19 (dq, J =
15.9, 6.6 Hz, 1H), 1.89 (d, J= 6.6 Hz, 3H), 0.27 (s, 9H).

The NMR sample was recombined with the reaction and re-concentrated under
reduced pressure. To the crude 3j was added THF/MeOH (3.0 mL, 1:1 THF/MeOH) and
K>COs3(0.21 g, 1.5 mmol, 3.0 equiv). The vial was sealed and stirred for 20 h in an oil bath
at 40 °C before being quenched with water (5.0 mL), which formed two layers. The organic
layer was separated, and the aqueous layer extracted with EtOAc (3 x 10 mL). The

combined organic layers were dried over Na;SO4 and filtered, and the filtrate was
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concentrated under reduced pressure to yield the crude deprotected product as a red oil.
The crude product was purified via column chromatography (silica, gradient eluent 0-7%
EtOAc/hexanes) to give the deprotected product (2-(1-propen-1-yl)phenol, 3j-OH) as a
clear yellow oil (58 mg, 0.43 mmol, 86% yield). NMR spectra match values previously
reported.”*216

The major product isolated is the E-isomer, and the Z-isomer is seen in the NMR
spectra as well. The ratio of these isomers determined by integration of H in the B-position
was found to be 14:1 (E/Z). The E-product is fully characterized below, and the peaks
visible and clearly assignable to the Z-isomer are given directly following the NMR
characterization of the E-product.
E-product:
"H NMR (500 MHz, CDCl3, 298 K): 8 7.29 (d, J = 7.6 Hz, 1H), 7.08 (t, J = 7.6 Hz, 1H),
6.87 (t, J=17.5 Hz, 1H), 6.77 (d, J = 8.0 Hz, 1H), 6.57 (d, J = 15.8 Hz, 1H), 6.20 (dq, J =
15.8, 6.6 Hz, 1H), 5.05 (brs, 1H), 1.90 (dd, J = 6.6, 1.3 Hz, 3H).
BC{'H} NMR (126 MHz, CDCls, 298 K): § 152.4, 128.5, 128.1, 127.5, 125.4, 125.2,
121.0, 115.8, 19.0
Z-product:
"H NMR (500 MHz, CDCl3, 298 K): 6 6.38 (d, J = 11.5 Hz), 6.01 (dq, J = 11.2, 6.9 Hz),
1.71 (dd, J=6.9, 1.5 Hz)
BC{'H} NMR (126 MHz, CDCls, 298 K): § 152.7, 131.3, 129.8, 128.7, 126.4, 124.2,
120.4, 115.2

d. Characterization Data for Isomerized Alkenes

©/%,ﬂ‘ B-Methylstyrene (3a)
Synthesis details: GP-A, catalyst 1a, HSiPhs, substrate 2a, crude

E/Z ratio determined by GC = 20:1

Purification details: Column chromatography: silica, pentane to

give the product as a clear oil (53 mg, 0.45 mmol, 90% yield).

NMR spectra match values from commercial material.
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The major product isolated is the E-isomer, and the Z-isomer is seen
in the NMR spectra as well. The ratio of these isomers determined
by integration of H in the B-position was found to be 25:1 (E/Z).
The E-product is fully characterized below, and the peaks visible
and clearly assignable to the Z-isomer are given directly following
the NMR characterization of the E-product.

E-product:

'"H NMR (500 MHz, CDCl3, 298 K): § 7.33-7.25 (ms, 4H), 7.17 (t,
J=17.2Hz, 1H), 6.39 (d, J = 15.8 Hz, 1H), 6.23 (dq, J = 15.7, 6.7
Hz, 1H), 1.87 (dd, J = 6.5, 1.0 Hz, 3H).

BC{'H} NMR (126 MHz, CDCls, 298 K): & 138.1, 131.2, 128.6,
126.9, 126.0, 125.8, 18.6.

Z-product:

'"H NMR (500 MHz, CDCl3, 298 K): 8 7.47 (d, J = 7.2 Hz), 5.79
(dq,J=11.6,7.2 Hz)

BC{'H} NMR (126 MHz, CDCl3, 298 K): & 135.3, 129.9, 129.0,
128.2, 127.8,29.9

Anethole (3b)
Synthesis details: GP-A, 1a, HSiPhs, substrate 2b, crude E/Z ratio
determined by GC = 18:1

Purification details: Column chromatography: silica, hexane to give

the product as a clear oil (69 mg, 0.47 mmol, 93% yield).
NMR spectra match values previously reported® and values from

commercial material.

The major product isolated is the E-isomer, and the Z-isomer is seen
in the NMR spectra as well. The ratio of these isomers determined
by integration of H in the B-position was found to be 20:1 (E/Z).
The E-product is fully characterized below, and the peaks visible
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and clearly assignable to the Z-isomer are given directly following
the NMR characterization of the E-product.

E-product:

'"H NMR (500 MHz, CDCl3, 298 K): 8§ 7.25 (d, J = 8.6 Hz, 2H),
6.83 (d, J = 8.6 Hz, 2H), 6.34 (d, J = 15.8 Hz, 1H), 6.09 (dq, J =
15.7, 6.6 Hz, 1H), 3.79 (s, 3H), 1.85 (d, J = 6.6 Hz, 3H)

BC{'H} NMR (126 MHz, CDCls, 298 K): & 158.7, 131.0, 130.5,
127.0, 123.6, 114.0, 55.4, 18.5

Z-product:

"H NMR (500 MHz, CDCl3, 298 K): 8 7.09 (d, J= 8.2 Hz), 6.87 (d,
J=18.6 Hz), 5.69 (dq, J = 11.6, 7.2 Hz), 3.81 (s), 1.89 (d, J = 7.2
Hz)

BC{'H} NMR (126 MHz, CDCl3, 298 K): 5 130.1, 129.44, 129.41,
125.2,113.7

N,N-Dimethyl-4-(1-propen-1-yl)benzenamine (3c)
Synthesis details: GP-A, 1a, HSiPhs, substrate 2¢, crude E/Z ratio
determined by GC = 15:1

Purification details: Column chromatography: silica, gradient

eluent 0-3% Et,O/pentane to give the product as a cream colored
solid (77 mg, 0.48 mmol, 96% yield).

NMR spectra match values previously reported.?!’

The major product isolated is the E-isomer, and the Z-isomer is seen
in the NMR spectra as well. The ratio of these isomers determined
by integration of H in the B-position was found to be 20:1 (E/Z).
The E-product is fully characterized below, and the peaks visible
and clearly assignable to the Z-isomer are given directly following

the NMR characterization of the E-product.
E-product:
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'"H NMR (500 MHz, CDCl3, 298 K): § 7.22 (d, J = 8.8 Hz, 2H),
6.67 (d, J = 8.8 Hz, 2H), 6.32 (d, J = 15.7 Hz, 1H), 6.02 (dq, J =
15.7, 6.6 Hz, 1H), 2.93 (s, 6H), 1.84 (dd, /= 6.6, 1.2 Hz, 3H)
BC{H} NMR (126 MHz, CDCl3, 298 K): & 149.8, 130.9, 126.9,
126.8, 121.6, 112.8, 40.8, 18.6

Z-product:

'"H NMR (500 MHz, CDCl3, 298 K): 6 6.71 (d, J = 8.7 Hz), 5.61
(dq, J=11.5,7.2 Hz), 2.95 (s), 1.91 (dd, /= 7.2, 1.5 Hz)

BC{H} NMR (126 MHz, CDCl3, 298 K): & 135.3, 129.9, 127.8,
123.5,112.3,40.7, 14.9

1-(4-Trifluoromethylphenyl)-1-propene (3d)
Synthesis details: GP-C, 1a, HSiPhs, substrate 2d, crude E/Z ratio
determined by GC = 23:1

Purification details: Column chromatography: silica, hexanes to

give the product as a clear oil (30 mg, 0.16 mmol, 54% yield).

NMR spectra match values previously reported.°

The major product isolated is the E-isomer, and the Z-isomer is seen
in the NMR spectra as well. The ratio of these isomers determined
by integration of H in the B-position was found to be 50:1 (E/Z).
The E-product is fully characterized below, and the peaks visible
and clearly assignable to the Z-isomer are given directly following

the NMR characterization of the E-product.

Note: the volatility of this product is likely the cause of the low
isolated yield. Analysis of the crude reaction mixture shows no

side-products and full consumption of starting alkene 3d.

E-product:
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'"H NMR (500 MHz, CDCl3, 298 K): § 7.52 (d, J = 8.0 Hz, 2H),
7.39 (d, J= 8.0 Hz, 2H), 6.42 (d, J = 15.9 Hz), 6.33 (dq, J = 15.9,
6.4 Hz, 1H), 1.90 (d, /= 6.4 Hz, 3H)

BC{'H} NMR (126 MHz, CDCl3, 298 K): & 141.5, 130.1, 128.8,
128.7 (g, J=32 Hz), 126.1, 125.6 (q, ] = 3.9 Hz), 124.5 (q, J =272
Hz), 18.7

F NMR (471 MHz, CDCl3, 298 K): & -62.40

Z-product:

'"H NMR (500 MHz, CDCl3, 298 K): 6 7.57 (d, J = 8.1 Hz), 5.89
(dq,J=11.6,7.2 Hz)

F NMR (471 MHz, CDCl3, 298 K): & -62.44

1-(4-Methylphenyl)-1-propene (3e)
Synthesis details: GP-C, 1a, HSiPhs, substrate 2e, crude E/Z ratio
determined by GC = 18:1

Purification details: Column chromatography: silica, pentane to

give the product as a clear oil (38 mg, 0.29 mmol, 96% yield).

NMR spectra match values previously reported.?!’

The major product isolated is the E-isomer, and the Z-isomer is seen
in the NMR spectra as well. The ratio of these isomers determined
by integration of H in the B-position was found to be 20:1 (E/Z).
The E-product is fully characterized below, and the peaks visible
and clearly assignable to the Z-isomer are given directly following
the NMR characterization of the E-product.

E-product:

'"H NMR (500 MHz, CDCl3, 298 K): § 7.21 (d, J = 7.9 Hz, 2H),
7.08 (d, J=17.9 Hz, 2H), 6.36 (d, J = 15.7 Hz, 1H), 6.16 (dq, J =
15.7,6.7 Hz, 1H), 2.31 (s, 3H), 1.85 (d, /= 6.7 Hz, 3H)
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BC{'H} NMR (126 MHz, CDCls, 298 K): & 136.5, 135.3, 131.0,
129.3, 1259, 124.7,21.2, 18.6

Z-product:

'"H NMR (500 MHz, CDCl3, 298 K): 6 7.13 (d, J = 7.8 Hz), 5.73
(dq, J=11.6,7.2 Hz), 2.33 (s), 1.88 (dd, J=7.2, 1.5 Hz)

BC{™H} NMR (126 MHz, CDCl3, 298 K): § 128.95, 128.88, 29.9,
22.5

1-(1,1-Dimethylethyl)-4-(1-propen-1-yl)benzene (3f)
Synthesis details: GP-B, 1a, HSiPhs, substrate 2f, crude E/Z ratio
determined by GC = 19:1

Purification details: Column chromatography: silica, hexanes to

give the product as a clear oil (81 mg, 0.46 mmol, 93% yield).

NMR spectra match values previously reported.?!®

The major product isolated is the E-isomer, and the Z-isomer and
the starting material 2f are seen in the NMR spectra as well. The
ratio of these isomers determined by integration of H in the [-
position was found to be 25:1 (E/Z) and <5% 2f. The E-product is
fully characterized below, and the peaks visible and clearly
assignable to the Z-isomer are given directly following the NMR
characterization of the E-product.

E-product:

'"H NMR (500 MHz, CDCl3, 298 K): § 7.31 (d, J = 8.3 Hz, 2H),
7.26 (d, J = 8.1 Hz, 2H), 6.38 (d, J = 15.8 Hz, 1H), 6.18 (dq, J =
15.8,6.7 Hz, 1H), 1.86 (dd, J = 6.7, 1.1 Hz, 3H), 1.30 (s, 3H)
BC{'H} NMR (126 MHz, CDCl3, 298 K): & 149.8, 135.3, 130.9,
125.7,125.5, 125.0, 34.6, 31.5, 18.6

Z-product:

'"H NMR (500 MHz, CDCl3, 298 K): 6 7.35 (d, J = 8.3 Hz), 5.74
(dq, J=11.5,7.2 Hz), 1.90 (dd, J=7.2, 1.5 Hz), 1.32 (s)
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BC{'H} NMR (126 MHz, CDCls, 298 K): & 128.7, 126.3, 125.2,
31.6

4-(1-Propen-1-yl)-1,1’-biphenyl (3g)
Synthesis details: GP-A, 1a, HSiPhs, substrate 2g, crude E/Z ratio
determined by GC = 17:1

Purification details: Column chromatography: silica, pentane to

give the product as a clear oil (90 mg, 46 mmol, 93% yield).

NMR spectra match values previously reported.?!”

The major product isolated is the E-isomer, and the Z-isomer and
the starting material 2g are seen in the NMR spectra as well. The
ratio of these isomers determined by integration of H in the [-
position was found to be 25:1 (E/Z) and <2% 2g. The E-product is
fully characterized below, and the peaks visible and clearly
assignable to the Z-isomer are given directly following the NMR
characterization of the E-product.

E-product:

'"H NMR (500 MHz, CDCl3, 298 K): 8 7.58 (d, J = 7.7 Hz, 2H),
7.52 (d, J = 8.1 Hz, 2H), 7.44-7.37 (ms, 4H), 7.31 (t, J = 7.4 Hz,
4H), 6.43 (d,J=15.9 Hz, 1H), 6.27 (dq, /= 15.7, 6.7 Hz, 1H), 1.90
(dd, J=6.6, 0.9 Hz, 3H)

BC{'H} NMR (126 MHz, CDCls, 298 K): & 141.0, 139.6, 137.1,
130.7, 128.9, 127.31, 127.26, 127.0, 126.4, 126.0, 18.7

Z-product:

'"H NMR (500 MHz, CDCl3, 298 K): 6 7.47 (d, J = 7.2 Hz), 5.82
(dq, 11.6, 7.2 Hz), 1.94 (dd, J= 7.2, 1.4 Hz)

1-Methoxy-3-(1-propen-1-yl)benzene (3h)
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Synthesis details: GP-A, 1a, HSiPhs, substrate 2h, crude E/Z ratio
determined by GC = 22:1

Purification details: Column chromatography: silica, gradient

eluent 0-5% Et,O/pentane to give the product as a clear oil (68 mg,
0.46 mmol, 92% yield).

NMR spectra match values previously reported.?!’

The major product isolated is the E-isomer, and the Z-isomer is seen
in the NMR spectra as well. The ratio of these isomers determined
by integration of H in the B-position was found to be 50:1 (E/Z).
The E-product is fully characterized below, and the peaks visible
and clearly assignable to the Z-isomer are given directly following
the NMR characterization of the E-product.

E-product:

"HNMR (500 MHz, CDCl3, 298 K): § 7.18 (t,J= 7.9 Hz, 1H), 6.91
(d, J=17.7 Hz, 1H), 6.86 (m, 1H), 6.74 (dd, J = 8.1, 2.4 Hz, 1H),
6.35(dd,J=15.7,1.4 Hz, 1H), 6.22 (dq, /= 15.7, 6.6 Hz, 1H), 3.78
(s, 3H), 1.87 (dd, J= 6.6, 1.5 Hz, 3H)

BC{'H} NMR (151 MHz, CDCls, 298 K): & 159.9, 139.6, 131.1,
129.9, 126.2, 118.6, 112.5, 111.3, 55.3, 18.6

Z-product:
"H NMR (500 MHz, CDCls, 298 K): & 5.78 (dq, J=11.6, 7.2 Hz),

1.89 (dd, J=7.2, 1.8 Hz)

1-Fluoro-3-(1-propen-1-yl)benzene (3i)
Synthesis details: GP-D, 1e, HSi(p-CF3-CsHa)s, substrate 2i, crude
E/Z ratio determined by GC = 21:1

Purification details: Column chromatography: silica, hexanes to

give the product as a clear oil (51 mg, 0.37 mmol, 75% yield).
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The major product isolated is the E-isomer, and the Z-isomer is seen
in the NMR spectra as well. The ratio of these isomers determined
by integration of H in the B-position was found to be 25:1 (E/Z).
The E-product is fully characterized below, and the peaks visible
and clearly assignable to the Z-isomer are given directly following
the characterization of the E-product.

E-product:

'"H NMR (500 MHz, CDCl3, 298 K): § 7.22 (m, 1H, Hy), 7.07 (d, J
=17.8 Hz, 1H, H;), 7.01 (dt, J=10.4, 1.5 Hz, 1H, H.), 6.87 (td, J =
8.5, 2.1 Hz, 1H, Hy), 6.36 (d, J = 15.8 Hz, 1H, H.), 6.23 (dq, J =
15.8, 6.5 Hz, 1H, Hy), 1.88 (dd, J= 6.5, 0.8 Hz, 3H, H,)

BC{'H} NMR (126 MHz, CDCl3, 298 K): § 163.3 (d, J=244.6 Hz,
Cy), 140.5 (d, J=7.7 Hz, Cqy), 130.2 (d, J=2.7 Hz, C¢), 130.0 (d, J
= 8.4 Hz, Cy), 127.4 (Cv), 121.8 (d, J = 2.7 Hz, C)), 113.6 (d, J =
21.6 Hz, Cy), 112.4 (d, J=21.7 Hz, C¢), 18.6 (Ca)

F NMR (471 MHz, CDCl3, 298 K): 6 -113.93 (m)

Z-product:
"H NMR (500 MHz, CDCl3, 298 K): 6 5.82 (dq, J = 11.6, 7.2 Hz)

BC{'H} NMR (126 MHz, CDCls, 298 K): & 129.6 (d, J = 8.5 Hz),
129.0 (d, /= 2.3 Hz), 128.2, 124.7 (d, J = 2.8 Hz), 115.6 (d, J =
21.3 Hz), 113.4 (d, J=21.4 Hz)

19F NMR (471 MHz, CDCls, 298 K): 5 -113.84 (m)

ASAP/HRMS (m/z): M* calculated for CoHoF 136.0688, found
136.0752

IR (ATR, neat) v: 1608 (m), 1581 (m), 1141 (m), 958 (s), 767 (s),
680 (s) cm™!

1-(Methoxymethoxy)-2-(1E)-1-propen-1-ylbenzene (3Kk)
Synthesis details: GP-C, 1e, HSi(4-CF3-CsHa)3, substrate 2k, crude
E/Z ratio determined by GC = 15:1
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Purification details: Column chromatography: silica, gradient

eluent 0-4% Et20O/hexanes to give the product as a clear, yellow oil
(51 mg, 0.29 mmol, 95% yield).

NMR spectra match values previously reported.??°

The major product isolated is the E-isomer, and the Z-isomer is seen
in the NMR spectra as well. The ratio of these isomers determined
by integration of H in the B-position was found to be 33:1 (E/Z).
The E-product is fully characterized below, and the peaks visible
and clearly assignable to the Z-isomer are given directly following
the NMR characterization of the E-product.

E-product:

'"H NMR (500 MHz, CDCl3, 298 K): § 7.41 (d, J = 7.6 Hz, 1H),
7.14 (t, J = 7.7 Hz, 1H), 7.06 (d, J = 8.2 Hz, 1H), 6.95 (t, J= 7.4
Hz, 1H), 6.73 (d, J = 15.8 Hz, 1H), 6.22 (dq, J = 15.8, 6.6 Hz, 1H),
5.19 (s, 2H), 3.48 (s, 3H), 1.90 (d, /= 6.6 Hz, 3H)

BC{'H} NMR (126 MHz, CDCls, 298 K): & 154.0, 128.0, 127.9,
126.6, 126.5, 125.6, 122.1, 115.0, 94.93, 56.2, 19.0

Z-product:
"H NMR (500 MHz, CDCls, 298 K): 6 7.27 (d, J= 7.5 Hz), 7.19 (t,

J=17.9Hz), 6.55(d, J=11.4 Hz), 5.83 (dq, J = 11.5, 7.0 Hz), 3.47
(s), 1.83 (d, J= 7.0 Hz)

13C{'H} NMR (126 MHz, CDCls, 298 K): § 154.9, 130.4, 128.1,
127.1,125.4, 121.5, 114.8, 94.86, 14.7

1-(2-Methylphenyl)-1-propene (31)
Synthesis details: GP-B, 1a, HSiPhs, substrate 21, crude E/Z ratio
determined by GC = 8:1

Purification details: Column chromatography: silica, hexanes to

give the product as a clear oil (42 mg, 0.32 mmol, 64% yield).
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NMR spectra match values previously reported.?!’

The major product isolated is the E-isomer, and the Z-isomer is seen
in the NMR spectra as well. The ratio of these isomers determined
by integration of H in the B-position was found to be 33:1 (E/Z).
The E-product is fully characterized below, and the peaks visible
and clearly assignable to the Z-isomer are given directly following
the NMR characterization of the E-product.

E-product:

'"H NMR (500 MHz, CDCl3, 298 K): § 7.38 (d, J = 7.2 Hz, 1H),
7.16-7.04 (ms, 3H), 6.58 (d, J = 15.6 Hz, 1H), 6.09 (dq, J = 15.6,
6.7 Hz, 1H), 2.32 (s, 3H), 1.89 (d, /= 6.5, 1.1 Hz, 3H)

BC{'H} NMR (126 MHz, CDCls, 298 K): & 137.2, 134.9, 130.3,
129.0, 127.1, 126.8, 126.1, 125.6, 19.9, 18.9

Z-product:
"H NMR (500 MHz, CDCls, 298 K): 6 6.45 (d, J = 11.5 Hz), 5.81

(dg, J=11.5, 7.0 Hz), 2.24 (s), 1.73 (d, J = 7.0 Hz)
BC{'H} NMR (126 MHz, CDCl, 298 K): 5 129.9, 129.2, 125.4,
22.8,14.5

1,3,5-Trimethyl-2-(1-propen-1-yl)benzene (3m)
Synthesis details: GP-B, 1e, HSiPhs, substrate 2m, crude E/Z ratio
determined by GC = 1.4:1

Purification details: Silica plug with hexanes to give the product as

a clear oil (77 mg, 0.48 mmol, 96% yield).

NMR spectra match values previously reported.?!’

The ratio of the E- and Z-isomers, determined by integration of H
in the B-position, was found to be 1.4:1 (E£/Z). The E-product is fully

characterized below, and the peaks visible and clearly assignable to
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the Z-isomer are given directly following the NMR characterization
of the E-product.

E-product:

"H NMR (600 MHz, CDCl3, 298 K): § 6.84 (s, 2H), 6.34-6.23 (ms,
1.7H, both isomers), 5.65 (dq, J = 16.1, 6.5 Hz, 1H), 2.25 (s, 9H),
1.89 (d, J=6.3 Hz, 3H)

BC{'H} NMR (151 MHz, CDCls, 298 K): & 136.1, 136.0, 135.7,
134.9, 130.2, 128.52, 21.02, 21.00, 19.0

Z-product:
"H NMR (600 MHz, CDCls, 298 K): & 6.85 (s), 5.81 (dq, J = 11.2,

6.7 Hz), 2.27 (s), 2.16 (s), 1.45 (d, J = 6.7 Hz)
13C{'H} NMR (151 MHz, CDCls, 298 K): § 135.9, 133.7, 128.50,
127.9, 127.4,21.1,20.3

1-(1-Propen-1-yl)naphthalene (3n)
Synthesis details: GP-B, 1a, HSi(p-CF3-CsHa)3, substrate 2n, crude
E/Z ratio determined by GC = 8:1

Purification details: Column chromatography: silica, hexanes to

give the product as a clear oil (65 mg, 0.39 mmol, 77% yield).

NMR spectra match values previously reported.??!

The major product isolated is the E-isomer, and the Z-isomer and
the starting material 2n are seen in the NMR spectra as well. The
ratio of these isomers determined by integration of H in the -
position was found to be 8:1 (E/Z) and <3% 2n. The E-product is
fully characterized below, and the peaks visible and clearly
assignable to the Z-isomer are given directly following the NMR

characterization of the E-product.

E-product:
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'"H NMR (500 MHz, CDCls, 298 K): & 8.11 (d, J = 8.1 Hz, 1H),
7.81(d, J=7.8 Hz, 1H), 7.71 (d, J= 8.1 Hz, 1H), 7.52 (d, J= 7.1
Hz, 1H), 7.46 (pd, J = 7.2, 1.8 Hz, 2H), 7.40 (t, J = 7.7 Hz, 1H),
7.12 (d,J = 15.5 Hz, 1H), 6.22 (dq, J = 15.5, 6.7 Hz, 1H), 1.98 (dd,
J=6.6, 1.4 Hz, 3H)

BC{'H} NMR (126 MHz, CDCl, 298 K): 5 135.9, 133.8, 131.2,
129.1, 128.6, 128.4, 127.3, 125.9, 125.8, 125.7, 124.1, 123.6, 19.1

Z-product:
"H NMR (500 MHz, CDCl3, 298 K): 6 7.34 (d, J=7.0 Hz), 6.89 (d,

J=11.4Hz), 6.03 (dq, J= 11.4, 7.0 Hz), 1.73 (dd, J = 7.0, 1.5 Hz)
BC{'H} NMR (126 MHz, CDCl, 298 K): 5 134.7, 132.0, 128.7,
128.5, 128.0, 127.2, 126.6, 125.4, 125.2, 14.8

1,2-dihydronaphthalene (30)
Synthesis details: GP-B, catalyst 1e, HSi(4-CF3-CsHa)s, substrate

1,4-dihydronaphthalene 20 (commercial)

Purification details: Column chromatography: silica, hexanes to

give the product as a clear oil (44 mg, 0.34 mmol, 68% yield).

NMR spectra match values previously reported.???

The major product isolated is 1,2-dihydronaphthalene. The starting
material contained 10% naphthalene, and the isolated product
contains 8% naphthalene along with remaining <2% 20. The peaks
listed below correspond to the desired product, 1,2-
dihydronaphthalene.

'"H NMR (500 MHz, CDCl3, 289 K): 6 7.18-7.05 (ms, 3H), 7.01 (d,
J=6.8 Hz, 1H), 6.45 (d, J=9.4 Hz, 1H), 6.02 (m, 1H), 2.79 (t,J =
8.2 Hz, 2H), 2.30 (m, 2H).

3C NMR (126 MHz, CDCls, 298 K): 8 135.6, 134.3, 128.8, 127.9,
127.6, 127.0, 126.6, 126.0, 27.6, 23.3
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(1-Propen-1-yltriphenylsilane (3p)
Synthesis details: GP-E, 1e, HSi(p-CF3-CsH4)3, substrate 2p

Purification details: Column chromatography: silica, hexanes to

separate product from remaining starting material. Product was
recrystallized out of EtOH in the freezer to yield white crystals (51
mg, 0.17 mmol, 34% yield).

NMR spectra match values previously reported.°

The major product isolated is the E-isomer, and the Z-isomer is seen
in the NMR spectra as well. The ratio of these isomers determined
by integration of methyl group was found to be 30:1 (E/Z). The E-
product is fully characterized below, and the peaks visible and
clearly assignable to the Z-isomer are given directly following the
NMR characterization of the E-product.

E-product:

'"H NMR (500 MHz, CDCl3, 298 K): 8 7.59 (d, J = 7.1 Hz, 6H),
7.50-7.39 (ms, 9H), 6.32-6.20 (ms, 2H), 1.99 (d, J=4.3 Hz, 3H)
BC{'H} NMR (151 MHz, CDCls, 298 K): & 148.5, 136.1, 135.1,
129.5,127.9, 125.3, 23.1

Z-product:
"H NMR (500 MHz, CDCl3, 298 K): 6 7.64 (d, J=7.0 Hz), 1.68 (d,

J=6.8 Hz)

2-Decene (3q)
Synthesis details: GP-B, 1a, HSiPhs, substrate 2q

Purification details: Column chromatography: silica, pentane to

give the product as a clear liquid (57 mg, 0.41 mmol, 81% yield).

NMR spectra match values previously reported.??3-226
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The major product isolated is (£)-2-decene, and the Z-isomer, other
internal isomers, and starting material 2q are seen in the NMR
spectra as well. The ratio of 2-decene isomers, determined by
integration of H in the terminal methyl group was found to be 12:1
(E/Z) and ~9% 2q. The E-product is fully characterized below, and
the peaks visible and clearly assignable to the Z-isomer are given
directly following the NMR characterization of the E-product.
E-product:

"H NMR (500 MHz, CDCl3, 298 K): & 5.46-5.33 (ms, 2H), 1.64 (d,
J=3.9Hz), 1.41-1.20 (ms, 12H), 0.88 (t, /= 6.7 Hz)

BC{'H} NMR (151 MHz, CDCls, 298 K): & 131.9, 124.7, 32.8,
32.1,29.8,29.39,29.35,22.9, 18.1, 14.3

Z-product:
"H NMR (500 MHz, CDCls, 298 K): 6 1.60 (d, J= 6.2 Hz), 0.96 (t,

J=17.4Hz)

Cis-1-methylcyclooctene (3r)
Synthesis details: GP-B, catalyst 1e, HSi(4-CF3-CsHa)s, substrate
2r

Purification details: Column chromatography: silica, hexanes to

give the product as a clear liquid (32 mg, 0.26 mmol, 52% yield).

NMR spectra match values previously reported.??’

'H NMR (500 MHz, CDCls, 289 K): § 5.34 (t, J = 8.0 Hz, 1H),
2.13 (m, 2H), 2.06 (br s, 2H), 1.68 (s, 3H), 1.55-1.42 (ms, 8H)

13C NMR (126 MHz, CDCI3, 298 K): & 137.1, 124.3, 30.5, 30.4,
28.2,26.8,26.7,26.4,23.6

ASAP/HRMS (m/z): M" calculated for CoHis 124.1252, found
124.1229
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IR (ATR, neat) v: 2920 (s), 2848 (m), 1444 (m), 818 (m) cm™!

5-Methyl-4-nonene (3s)
Synthesis details: GP-B, catalyst 1e, HSi(4-CF3-CsHa)s, substrate
2s

Purification details: Column chromatography: silica, hexanes to

give the product as a clear liquid (22 mg, 0.16 mmol, 31% yield).

NMR spectra match values previously reported.?

The major product isolated is the E-isomer, and the Z-isomer is seen
in the NMR spectra as well. The ratio of these isomers determined
by integration of the branched CH3; methyl group was found to be
2:1 (E/Z). The peaks visible and clearly assignable to each isomer
are given below. We also observed ~4% formation of 5-methyl-3-
nonene, characterized by the peaks at 5.40 ppm and 5.25 ppm in the

"H NMR spectrum, according to values previously reported.??

E-product:
"HNMR (500 MHz, CDCl3, 289 K): 6 5.12 (t,J= 6.8 Hz, 1H), 1.58

(s, 3H)
13C NMR (126 MHz, CDCl3, 298 K): § 135.5, 124.5, 39.6, 31.7,
30.4,30.2,23.2,22.5,14.17, 13.96

Z-product:
"H NMR (500 MHz, CDCl3, 289 K): 6 1.67 (s, 1.5 H)

3C NMR (126 MHz, CDCl3, 298 K): § 135.7, 125.2, 30.5, 30.1,
23.6,23.4,22.9,14.23, 14.05

ASAP/HRMS (m/z): [M+H]" calculated for CioH21 141.1638,
found 141.1595
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IR (ATR, neat) v: 2956 (s), 2926 (s), 2860 (m), 1456 (m) cm™!

Ethylidenecyclohexane (3t)
Synthesis details: GP-B, 1e, HSi(p-CF3-CsHa)s, substrate 2t. After

dilution of the quenched reaction mixture with hexanes, a stock
solution of S9 (0.19 M in hexanes) using volumetric glassware was
prepared. A portion of this stock solution (0.40 mL, 0.076 mmol)
was added to the reaction mixture using a 250-uL microliter
syringe. The crude reaction mixture was then filtered through a
short silica plug with hexanes. A portion (0.5 mL) of this filtered
reaction mixture and CDCI3 (0.2 mL) was added to an NMR tube,
and a "H NMR spectrum was recorded.

NMR spectra match values previously reported.?*

'"H NMR (500 MHz, CDCl3, 298 K): 8 5.11 (q, J = 6.7 Hz, 1H),

other peaks obscured by hexanes

o,p-dimethylstyrene (3v)
Synthesis details: GP-B, 1a, HSi(p-CF3-CgH4)3, substrate 2v, crude
E/Z ratio determined by GC = 4:1

Purification details: Column chromatography: silica, pentane to
give the product as a clear oil (48 mg, 0.36 mmol, 73% yield).

NMR spectra match values previously reported.??!

The major product isolated is the E-isomer, and the Z-isomer and
the starting material 3v are seen in the NMR spectra as well. The
ratio of these isomers determined by integration of H in the f-
position was found to be 7.7:1 (E/Z) and <4% 3v. The E-product is
fully characterized below, and the peaks visible and clearly
assignable to the Z-isomer are given directly following the NMR

characterization of the E-product.
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o
MeO

E-product:
"H NMR (600 MHz, CDCls, 298 K): & 7.36 (d, J = 7.7 Hz, 2H),

7.29 (t, J = 7.6 Hz, 2H), 7.20 (t, J = 7.2 Hz, 1H), 5.86 (q, J = 6.7
Hz, 1H), 2.02 (br s, 3H), 1.79 (d, J= 6.7 Hz, 3H)

BC{'H! NMR (151 MHz, CDCls, 298 K): & 144.2, 135.6, 128.3,
126.5, 125.7, 122.6, 15.6, 14.5

Z-product:
"H NMR (600 MHz, CDCl3, 298 K): & 5.56 (q, J = 6.9 Hz), 1.59

(dd, J=6.9, 1.1 Hz).
3C{'H! NMR (151 MHz, CDCl;, 298 K): & 142.0, 136.9, 128.21,
128.15, 121.7, 25.5, 15.0

1-Methoxy-4-(1-methyl-1-propen-1-yl)benzene (3w)
Synthesis details: GP-B, 1e, HSiPhs, substrate 2w, crude E/Z ratio
determined by GC =4:1

Purification details: Column chromatography: silica, gradient

eluent 0-5% DCM/hexanes to give the product as a clear oil (62 mg,
0.38 mmol, 76% yield).

NMR spectra match values previously reported.??? Only the E-
isomer is observed by NMR after purification.

"H NMR (500 MHz, CDCls, 298 K): 8 7.30 (d, J = 8.7 Hz, 2H),
6.84 (d, J=8.7 Hz, 2H), 5.78 (q, /= 6.7 Hz, 1H), 3.79 (s, 3H),
2.00 (s, 3H), 1.78 (d, J= 6.7 Hz, 3H)

BC{™H} NMR (151 MHz, CDCl3, 298 K): & 158.4, 136.8, 134.9,
126.6, 121.0, 113.6, 55.4, 15.6, 14.4

2-Phenyl-2-pentene (3x)
Synthesis details: GP-B, 1e, HSi(p-CF3-CsHa)3, substrate 2x, crude
E/Z ratio determined by GC = 5:1
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Purification details: Column chromatography: silica, cyclohexanes

to give the product as a clear oil (33 mg, 0.23 mmol, 45% yield).

NMR spectra match values previously reported.?*3

The major product isolated is the E-isomer, and the Z-isomer and
the starting alkene 2x are seen in the NMR spectra as well. The ratio
of these isomers determined by integration of H in the B-position
was found to be 25:1 (E/Z) and <4% 2x. The E-product is fully
characterized below, and the peaks visible and clearly assignable to
the Z-isomer are given directly following the NMR characterization
of the E-product.

E-product:

'"H NMR (500 MHz, CDCl3, 298 K): § 7.38 (d, J = 7.7 Hz, 2H),
7.29 (t,J=17.6 Hz, 2H), 7.20 (t, /= 7.2 Hz, 1H), 5.77 (t, /= 7.1 Hz,
1H), 2.20 (pent, J = 7.5 Hz, 2H), 2.02 (s, 3H), 1.05 (t, /= 7.5 Hz,
3H)

BC{'H} NMR (126 MHz, CDCls, 298 K): & 144.1, 134.2, 130.4,
128.3, 126.6, 125.7,22.2,15.7, 14.2

Z-product:
"H NMR (500 MHz, CDCl3, 298 K): 6 5.45 (t,J= 7.2 Hz)

13C{'H} NMR (126 MHz, CDCls, 298 K): & 129.7, 128.14, 128.09,
25.6,22.6, 14.8

1-Methylindene (3y)
Synthesis details: GP-B, 1e, HSi(p-CF3-CsH4)3, substrate 2y.

Purification details: Column chromatography: silica, hexanes to

give the product as a clear oil (51 mg, 0.39 mmol, 78% yield)

NMR spectra match values previously reported.?*
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0T
MeO

(3aa)

(3aa’)

'H NMR (500 MHz, CDCLs, 298 K): & 7.43 (d, J = 7.4 Hz, 1H),
7.35-7.26 (ms, 2H), 7.19 (t, J = 7.3 Hz, 1H), 6.18 (s, 1H), 3.29 (br
s, 2H), 2.16 (d, J = 1.4 Hz, 3H)

BC{'H} NMR (126 MHz, CDCLs, 298 K): 146.2, 144.5, 140.1,
128.9, 126.2, 124.6, 123.7, 119.0, 37.8, 13.2

1-(4-Methoxyphenyl)-2-methyl-1-propene (3z)
Synthesis details: GP-B, 1e, HSiPhs, substrate 2z

Purification details: Column chromatography: silica, gradient

eluent 0-2% DCM/hexanes to give the product as a clear oil that is
87% product, 13% starting alkene (69 mg, 0.43 mmol, 85% yield
of mixture, 74% yield of 3z).

NMR spectra match values previously reported.?*

'"H NMR (500 MHz, CDCl3, 298 K): 8 7.15 (d, J = 8.6 Hz, 2H),
6.85 (d, J = 8.6 Hz, 2H), 6.20 (s, 1H), 3.78 (s, 3H), 1.88 (s, 3H),
1.84 (s, 3H)

BC{H} NMR (126 MHz, CDCl3, 298 K): & 157.8, 134.0, 131.5,
129.9, 124.7, 113.6, 55.3, 26.9, 19.4

1-buten-1-ylbenzene (3aa)

Synthesis details: GP-B, 1e, HSiPhs, substrate 2aa, crude ratio of
products determined by GC = 38:1:9:2 (E-3aa/Z-3aa/E-3aa’/Z-
3aa’)

Purification details: Silica plug with pentane to give the product as

a clear oil that is a mixture of 87:13 3aa/2-buten-1-ylbenzene (3aa’)
(44 mg, 0.33 mmol, 67% yield of mixture, 58% yield 3aa, 8.7%
yield 3aa’).

NMR spectra match values previously reported.*>23

The major product isolated is E-3aa, which is fully characterized

below. Z-3aa was not clearly identifiable in the NMR spectra. The
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peaks visible and clearly assignable to 3aa’ are given directly
following the NMR characterization of 3aa.

'"H NMR (500 MHz, CDCl3, 298 K): 8 7.39 (d, J = 7.6 Hz, 2H),
7.33 (t, J = 7.6 Hz, 2H), 7.23 (m, 2H), 6.43 (d, J = 15.9 Hz, 1H),
6.32 (dt, J=15.9, 6.4 Hz, 1H), 2.28 (pent, J = 7.1 Hz, 2H), 1.14 (t,
J=17.4Hz, 3H)

BC{'H} NMR (151 MHz, CDCls, 298 K): & 138.1, 132.8, 128.9,
128.6, 126.9, 126.0, 26.2, 13.8

E-2-buten-1-ylbenzene

"H NMR (500 MHz, CDCl3, 298 K): 6 3.37 (d, J= 6.3 Hz), 1.74 (d,
J=59Hz)

BC{™H} NMR (151 MHz, CDCl;, 298 K): & 141.2, 136.6, 136.0,
128.5, 128.2, 126.5, 39.2, 18.0

Z-2-buten-1-ylbenzene

"H NMR (500 MHz, CDCls, 298 K): & 3.46 (d, J=4.7 Hz), 1.77 (d,
J=4.5Hz)

BC{H} NMR (151 MHz, CDCl3, 298 K): & 135.3, 134.9, 130.2,
130.0, 127.8, 126.0

1,3-Cyclooctadiene (3ab)
Synthesis details: GP-B, 1a, HSiPhs, substrate 2ab

Purification details: Column chromatography: silica, pentane to

give the product as a clear liquid (42 mg, 0.39 mmol, 78% yield).
NMR spectra match values from commercial material.

'"H NMR (500 MHz, CDCls, 298 K): & 5.81 (d, J = 10.5 Hz, 2H),
5.62 (m, 2H), 2.18 (br s, 4H), 1.51 (m, 4H)

BC{'H} NMR (151 MHz, CDCl;, 298 K): § 131.4, 126.1, 28.2,
233
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3-Propyl-1H-indene (3ac)
Synthesis details: GP-B, 1e, HSi(p-CF3-CsH4)3, substrate 2ac

Purification details: Column chromatography: silica, hexanes to

give the product as a pale yellow oil (73 mg, 0.46 mmol, 92%
yield).

"H NMR (500 MHz, CDCls, 298 K): 6 7.43 (d, J = 7.4 Hz, 1H, Hy),
7.35(d, J=17.5 Hz, 1H, Hy), 7.27 (t, J= 7.4 Hz, I1H H;), 7.17 (t, J
=17.3 Hz, 1H, H;j), 6.17 (br s, 1H, He), 3.29 (br s, 2H, Hy), 2.51 (t, J
=7.1 Hz, 2H, H¢), 1.70 (app sext, J = 7.3 Hz, 2H, Hy), 1.00 (t, J =
7.3 Hz, 3H, Ha,)

BC{'H} NMR (151 MHz, CDCl3, 298 K): & 145.8 (Cy), 144.7 (Cq4
org)s 144.6 (Caorg), 127.8 (Ce), 126.1 (Ci), 124.5 (Cj), 123.8 (Cy),
119.1 (Cn), 37.8 (Cr), 30.0 (Ce), 21.4 (Cy), 14.3 (Ca)

ASAP/HRMS (m/z): [M+H]" calculated for Ci2His 159.1168,
found 159.1167
IR (ATR, neat) v: 1680 (w), 1460 (m), 963 (m), 769 (s), 718 (s) cm

1

trans-Stilbene (3ad)
Synthesis details: GP-B, 1e, HSi(p-CF3-CsH4)3, substrate 2ad

Purification details: Column chromatography: silica, hexanes to

give the product as a white solid (91 mg, 0.50 mmol, >99% yield).
NMR spectra match values from commercial material and values
previously reported.?*’

'"H NMR (500 MHz, CDCl3, 298 K): 8 7.52 (d, J = 7.6 Hz, 4H),
7.36 (t, J = 7.6 Hz, 4H), 7.26 (m, overlapping with CHCls, 2H),
7.11 (s, 2H)

BC{'H} NMR (151 MHz, CDCls, 298 K): & 137.4, 128.8, 127.8,
126.6
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e. Isomerization of 4-phenyl-2-butene (XX) and Regioconvergent Isomerization

1a or 1e (5 mol %)
Z HSiPh3 (5 mol %) RPN\

hexanes, 80 °C, 48 h
(3aa’) (3aa)

GP-B (catalyst 1a or 1e, HSiPhs, substrate 3aa’) was followed to generate 3aa.
Reaction progress was monitored by removal of aliquots (5 pL), which were filtered
through Celite and analyzed by GC. After 48 h, the reaction composition was steady, so
the reactions were quenched by cooling in a liquid N> bath, opened to air, and diluted with
hexanes. A stock solution of S11 (0.6 M) was prepared and distributed (0.2 mL, 0.13 mmol)
to each vial. The reaction mixtures were filtered through short silica plugs with hexanes
and concentrated under reduced pressure. The reaction yield of 3aa was determined via
integration against S11. NMR spectra match values previously reported.*23¢

Results are summarized in Table A., entry 29.

©/W
(2aa) 1e (5 mol %)
(0.25 equiv) HSiPh3 (5 mol %) ©/§,.H\
+ >
P hexanes
©/\/“~ 80 °C, 48 h (3aa)

(3aa’)
(0.75 equiv)

1- and 2-carbon

GB-B (catalyst 1e, HSiPhs, substrates 2aa, 3aa’) was followed to generate 3aa.
Reaction progress was monitored by removal of aliquots (5 pL), which were filtered
through Celite and analyzed by GC. After 48 h, the reaction composition was steady, so
the reaction was quenched by cooling in a liquid N> bath, opening to air, and diluting with
hexanes. A stock solution of S11 (0.6 M) was prepared and distributed (0.2 mL, 0.13 mmol)
to the vial. The reaction mixture was filtered through short silica plugs with hexanes and
concentrated under reduced pressure. The final reaction yield of 3aa was determined via
integration against S11 in the 'H NMR spectrum. NMR spectra match values previously
reported. 3236

Results of GC monitoring are summarized in Table A.2. The conversion of 2aa is

96%.
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Table A.2. Results of regioconvergent isomerization. Percentages are calculated based on
total mmol of alkene present in the reaction.

Entry Time (h) % 2aa % 3aa’ % 3aa
1 14.5 2 46 52
2 23 1 33 65
3 47 1 23 75
f- Catalyst/Silane Combination Screening
Table A.3. Screening of different conditions for isomerization.
Ni complex Silane Ron Rxn Rxn cfn(i/ Gg
Entry Substrate s %) (mol %) time T scale 0 3' E/Z
(h) (°C) (mmol) ratio
(%)
Z
Sh 1a HSiPh; |
1 72 (Smol%) (Smol%) ¢ 80 05 98 20l
o
7 HSiPhs |
2 weo > Gmol%) (Smolvy 16 80 05 98 181
Z
/©/\/ 1a HSiPh; |
3 MenN ) 5mol%) (Smolvpy 16 80 05 >98 151
C
P 1a HSiPh; _
o ST Gmow Gmowy 100 %0 03 82T
CF4 1a HSiPhs .
2d (5mol%) (Smol%) 0 80 03 98 231
1a HSiPh;
/ .
s L7 Gmaw Gmow 008 02 %2 2
1a HSiPh; ,
2e Gmol%) (mol%) 0 80 03 98 181
o4
/@N 1a HSiPhs |
SRS Z Gmol%) (Smolvy 16 80 05 97 191
o4
/@/\/ 1a HSiPhs |
7 pn X 5mol%) (Smolvy 16 80 05 95 171
g
Meo\©M 1 HSiPh
a 1rn3 )
i oh Gmol%) (Smol%) 0 8005 97 2l
1a HSiPh; ,
9 Gmol%) (moloy 6 80 05 81 231
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1a

HSiPhs

(5mol %) (5 mol %) 16 80 0.3 80 22:1
HSi(4-
le CFs- .
(5mol %)  CsHa)s 16 80 0.5 96 21:1
F Z (5 mol %)
1O HSi(4-
. le CF3- .
2 (2mol %)  CeHa)s 16 80 0.5 77 13:1
(2 mol %)
HSi(4-
le CFs- .
(2 mol %) CoHa)s 16 80 0.5 98 21:1
(5 mol %)
le HSiPh; .
Z (5 mol %) (5 mol %) 16 80 0.5 32 10:1
w CCT HSi(4-
OTMS 1le CF3- |
2j (5mol%)  CeHys 10 80 0.5 98 141
(5 mol %)
W HSi(4-
le CFs- .
! 0™0”  (Smol%)  CeHys 16 80 05 99 s
2K (5 mol %)
la HSiPh; '
(5 mol %) (5 mol %) 16 80 0.5 75 9:1
@(\¢ HSi(4-
le CFs- '
12 ) Cmelvy by, 16 80 05 76 4
! (5 mol %)
le HSiPh; '
(5mol%) (Smol%) 10 80 05 99 &l
la HSiPh; .
le HSiPh; .
2m (5mol %) (5 mol %) 16 80 0.5 99 1.4
le HSiPh; ] See
O (5 mol %) (5 mol %) e 80 05 2" ot
Z HSi(4-
14
O la CF3- 16 20 0.5 - See
2n (5 mol %) CoHa)s - note
(5 mol %)
CC o
le CFs-
15 5 (5 mol %) CoHa)s 16 80 0.5 95 n/a
° (5 mol %)
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1a

HSiPhs

b
A~~~z (5mol %) (5 mol %) 16 80 05 90
16 5
2q HSiPhs
la ~98
o« (10mol 16 90 0.5 .
(10 mol %) %)
d HSi(4-
le CFs-
v (5 mol %) CeHa)s 16 80 0.5 ~99 n/a
2r (5 mol %)
HSi(4-
O/\ le CFs3-
; 2t (5mol%) CeHns 0 80 05 73 na
(5 mol %)
la HSiPh;
v Smol%) (Smolv) 16 80 05 15 na
la HSiPh;
|| (5mol%) (Smol%) & 80 05 4l na
le HSiPh;
Gmol%) (Smol%) 10 80 03 8 nla
2u HSi(4-
le CFs-
(5mol %)  CeHa)s 16 80 05 24 nla
(5 mol %)
la HSiPh; |
(5mol%) (Smol%) 10 80 05 78 &l
le HSiPh; |
(5mol%) (Smolo%) 0 80 05 94 4l
HSi(4-
1a CFs- |
20 ©)k/ (5mol %)  CeHa)s 16 80 0.5 93  4:1
2v (5 mol %)
HSi(4-
1a CFs-
CeHs)s 16 90 05 92 41
0
(10 mol %) (10 mol
%)
la HSiPh; |
@)}v 5mol%) (Smol%) 10 80 05 58 &l
le HSiPh; |
2 e (5 mol %) (5 mol %) 16 80 0.5 94  4:1
2w le HSiPh; |
(5mol%) (Smol%) 10 70 05 81 14l
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(10 mol %)

HSi(4-
CFs-
CeHa)s
(5 mol %)
HSi(4-
CFs-
CeHa)s
(5 mol %)
HSiPh;
(10 mol
%0)

16

16

80

80

90

0.5

0.5

0.5

85

95

94

6:1

3:1

3:1

Hege

(10 mol %)

HSiPhs
(5 mol %)
HSiPhs
(5 mol %)
HSi(4-
CFs-
CeHa)s
(5 mol %)
HSi(4-
CFs-
CeHa)s
(5 mol %)
HSi(4-
CFs-
CeHa)s
(10 mol
%0)

16

16

16

16

16

80

80

80

80

90

0.5

0.5

0.5

0.5

0.5

69

77

77

92

92

5:1

10:1

7:1

5:1

3:1

s D

HSi(4-
CFs-
CeHa)s
(5 mol %)

16

80

0.5

>99

n/a

24 MeO

(10 mol %)

HSiPhs
(5 mol %)
HSiPhs
(5 mol %)
HSi(4-
CFs-
CeHa)s
(5 mol %)
HSiPhs
(10 mol
%0)

16

16

16

80

80

80

90

0.5

0.5

0.5

0.5

35

86

70

85

n/a

n/a

n/a

n/a

HSi(4-
CFs-
CeHa)s
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0.5
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2aa (5 mol %)
le HSiPh; . .
(5mol%) (Smol%) © 80 05 98 33l
HSi(4-
le CFs- f .
(5 mol %) CeHa)s 16 80 0.5 93f  35:1
(5 mol %)
[: :l la HSiPh;
* Dy (5mol%) (mol%) 0 80 05 99 na
a
la HSiPh;
4 (5mol%) (Smol%) © 80 05 47 na
HSi(4-
le CFs-
2ac (5 mol %) CeHa)s 16 80 0.5 98 n/a
(5 mol %)
N la HSiPhs .
O O (5mol %) (5 mol %) 16 80 0.5 95 18:1
le HSiPh; .
a0 (mol%) (5 mol% 6 8 05 98 591
| :| HSiPh; . .
29 (5 mol %) (5 mol %) 48 80 0.5 848 1:2
le HSiPh; . '
(5mol %) (5 mol %) 48 80 0.5 68 1:2

The GC conversions for the following substrates are not reported above due to overlap

between starting material and product:

F’hssl/\/ \/\)I\/\/

(2p) 3s)

2 Conversion reported for E-3n because Z-3n overlaps with remaining 2n

b Conversion of 2q reported, r.r. = 4.9:1 for 2-decene:other internal isomers

¢ Conversion of 2q reported, r.r. = 1:2.3 for 2-decene: other internal isomers

d Conversion of 2aa reported, r.r = 3:1 for 3aa’:3aa, E/Z ratio reported for 3aa
¢ Conversion of 2aa reported, r.r. = 1:1 for 3aa’:3aa, E/Z ratio reported for 3aa
fConversion of 2aa reported, r.r. = 1:3 for 3aa’:3aa, E/Z ratio reported for 3aa
¢ Conversion of 3aa’ to 3aa reported

g. Substrates that did not undergo efficient isomerization

Table A.4. Summary of substrates that did not undergo isomerization in high conversion.

Entry Substrate Ni Silane Rxn Rxn Rxn GC
complex (mol %) time T scale  conv.
(mol %) (h) (°C) (mmol) (%)
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NN la HSiPh; 16 80 0.5 6
S= (5 mol %) (5 mol %)

S5
2 (:(\% la HSiPh; 16 80 0.5 12
(5§ mol %) (5 mol %)
O le HSPPh; 16 80 05 1
(5§ mol %) (5 mol %)

Sé
3 Z la HSi(4-CFs- 16 80 0.5 7
©\/ov (5 mol %) C6H4)3

/go (5 mol %)
S7
4 z le HSi(4-CF3- 16 80 0.5 17
©\/\/ (5 mol %) CeHa)3
OH N
S3 (5 mol %)
5 S la HSiPh; 16 80 0.5 3
|4 (5mol %) (5 mol %)
S8
la HSi(4-CF3- 16 80 0.5 2
(5 mol %) CeHa)s
(5 mol %)

A.1.5. Kinetic Studies

a. Effect of Silane Electronics on Reaction Kinetics

1a (5 mol %)

= HSi(4-R-CgHa)3 (5 mol %) N )@(
©/\/ hexanes, 60 °C o ©/\,ﬂ‘

(2a) (3a) P (s1)

In a nitrogen-filled glovebox, silane (HSiPhs;, HSi(4-CF3-CsH4)3, HSi(4-NMe:-
CsHa)> or HSi(4-OMe-CgH4)3) was weighed out directly into 1-dram vials. Stock solutions
of1a (0.023 M) and S11 (0.30 M) were prepared and distributed (1a: 0.35 mL, 0.008 mmol,
0.05 equiv; S11: 0.15 mL, 0.045 mmol, 0.28 equiv) to each vial. The vial was sealed with
a septum cap, removed from the glovebox, and placed on an aluminum vial block pre-
heated to 60 °C. After 30 minutes, allylbenzene (22 pL, 0.16 mmol, 1.0 equiv) was added
with a 25-pL microliter syringe. Throughout the course of the reaction, 5 pL aliquots were
removed and filtered through Celite with DCM. The filtrate was analyzed by GC-MS to

assess the progress and selectivity of the reaction. The product concentration was
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determined by relative integration (by GC-MS) of the product peaks against S11, in
accordance with calibration curves prepared independently using the commercial
compounds.

Table A.5. Formation of 3a over time.

Silane Time (min) % yield 3a
5 3
10 3
15 3
20 3
25 4
30 3
35 4
40 5
45 4
50 5
55 5
60 5
65 6
70 7
75 8
80 8
85 9
HSiPh; 90 10
95 10
100 11
105 14
110 14
115 15
120 16
130 18
140 22
150 25
170 31
190 39
220 53
260 70
290 83
320 89
350 89
380 89
Silane Time (s) % yield 3a
HSi(4-CF3-CgHy)3 5 4
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10 4
15 5
20 6
25 6
30 7
35 9
40 10
45 12
50 13
55 14
60 18
65 21
70 24
75 26
80 28
85 31
90 34
95 38
100 41
105 44
110 46
115 50
120 54
130 57
140 61
150 68
160 72
170 76
180 79
200 81
220 84
240 87
260 88
280 90
300 94
330 87
360 88
390 88
420 85
Silane Time (s) % yield 3a

10 3
: 15 3
HSi(4-OMe-CsH4)3 20 3
25 3
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30
35
40
45
50
55
60
65
70
75
80
&5
90
95
100
107
110
115
120
130
140
150
161
170
180
190 10
200 10
220 13
240 15
260 16
280 18
300 21
332 25
360 27
390 29
420 31

NeRINRE- REN BEN e ) Wie NIV, Bic NIV, REV, RV, BRIV, BEV, REV, RN S SN SN SN SN N OV SR UV I SN N

Silane Time (s) % yield 3a

5 3
10
15
HSi(4-NM62-C6H4)3 20
25
30
35

W W W W W W
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40
45
50
55
60
65
70
75
80
&5
90
95
100
105
115
120
140
150
160
170
200
240
260
280
300
330
360
390
420
660

[l NieNie) NIV, RRV, RV, REV, REV, REE SN SN R R I S L S S T S S S N SN SN SN UL RS SNRR S R SN

—
—

To visualize the reaction rate versus time, the rate (M/h) over 5 points was

calculated and plotted versus time:

Rate ~ Al3a] _[3a] —[3a]

A(time) ~ t, —t,_s

tn tn—s

Example calculation using the rate at time = 0.67 h:

A[Sa] [3a]0_67h - [3a]0_33 h 0017 M - 0011 M
Rate =~ = =

~ = = =0.18
A(tlme) t0.67 h — t0_33 h 0-67 h - 0.33 h

The data is summarized in Table A.6. Bolded entries are the maximum rates observed.
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Table A.6. Formation of 3a over time.

Silane Time (h) [3a] (M) A[3a]/A(time) (M/h)
0.08 0.011
0.17 0.011
0.25 0.011
0.33 0.011
0.42 0.013 0.0058
0.50 0.012 0.0035
0.58 0.014 0.0094
0.67 0.017 0.018
0.75 0.014 0.0040
0.83 0.016 0.014
0.92 0.017 0.010
1.00 0.018 0.0052
1.08 0.021 0.022
1.17 0.023 0.022
1.25 0.027 0.030
1.33 0.028 0.028
1.42 0.031 0.029

HSiPh; 1.50 0.033 0.028
1.58 0.034 0.020
1.67 0.038 0.031
1.75 0.045 0.042
1.83 0.048 0.044
1.92 0.051 0.051
2.00 0.053 0.045
2.17 0.059 0.035
2.33 0.073 0.050
2.50 0.083 0.055
2.83 0.10 0.059
3.17 0.13 0.071
3.67 0.18 0.077
433 0.23 0.082
4.83 0.28 0.087
5.33 0.29 0.076
5.83 0.30 0.055
6.33 0.30 0.031

Silane Time (h) [3a] (M) A[3a]/A(time) (M/h)
0.08 0.012
0.17 0.015

HSi(4-CF3-CsHa); 0.25 0.016
0.33 0.019
0.42 0.020 0.023
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0.50 0.024 0.028

0.58 0.029 0.041
0.67 0.033 0.044
0.75 0.039 0.058
0.83 0.045 0.064
0.92 0.051 0.066
1.00 0.059 0.077
1.08 0.069 0.089
1.17 0.079 0.10
1.25 0.085 0.10
1.33 0.095 0.11
1.42 0.10 0.10
1.50 0.11 0.10
1.58 0.13 0.12
1.67 0.14 0.13
1.75 0.15 0.13
1.83 0.15 0.12
1.92 0.17 0.12
2.00 0.18 0.13
2.17 0.19 0.10
2.33 0.20 0.095
2.50 0.23 0.10
2.67 0.24 0.090
2.83 0.25 0.096
3.00 0.26 0.092
3.33 0.27 0.051
3.67 0.28 0.040
4.00 0.29 0.029
433 0.29 0.023
4.67 0.30 0.024
5.00 031 0.024
5.50 0.29 0.00087
6.00 0.29 0
6.50 0.29 20.0042
7.00 0.28 -0.015

Silane Time (h) [3a] (M) A[3a]/A(time) (Mh)
0.17 0.011
0.25 0.011
0.33 0.011
. 0.42 0.012

HSi(4-OMe-CeHa)s 0.50 0.012 0.0041
0.58 0.013 0.0054
0.67 0.011 0.0020
0.75 0.012 0.00037
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0.83 0.013 0.0021

0.92 0.013 -0.00013
1.00 0.013 0.0041
1.08 0.014 0.0059
1.17 0.013 0.0020
1.25 0.013 0
1.33 0.016 0.0086
1.42 0.016 0.0064
1.50 0.016 0.0075
1.58 0.015 0.0084
1.67 0.017 0.0050
1.75 0.017 0.0034
1.83 0.019 0.0086
1.92 0.019 0.0097
2.00 0.20 0.0069
2.17 0.020 0.0077
2.33 0.023 0.0078
2.50 0.024 0.0092
2.67 0.026 0.0091
2.83 0.029 0.013
3.00 0.029 0.0090
3.17 0.033 0.013
3.33 0.035 0.014
3.67 0.042 0.016
4.00 0.049 0.020
433 0.054 0.018
4.67 0.061 0.020
5.00 0.070 0.021
5.33 0.082 0.021
6.00 0.091 0.022
6.50 0.097 0.020
7.00 0.10 0.017

Silane Time (h) [3a] (M) A[3a]/A(time) (M/h)
0.08 0.011
0.17 0.011
0.25 0.011
0.33 0.011
0.42 0.011 0

HSi(4-NMey-CeHa)s 0.50 0.011 0
0.58 0.011 0
0.67 0.012 0.0044
0.75 0.012 0.0033
0.83 0.012 0.0046
0.92 0.011 0
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1.00 0.013 0.0016

1.08 0.013 0.0033
1.17 0.013 0.0027
1.25 0.013 0.0062
1.33 0.014 0.0041
1.42 0.013 0.0018
1.50 0.013 -0.0011
1.58 0.015 0.0058
1.67 0.014 -0.0010
1.75 0.014 0.0022
1.83 0.012 -0.00022
1.92 0.014 -0.00047
2.00 0.015 0.0026
2.33 0.015 0.0018
2.50 0.015 0.0029
2.67 0.015 -0.00038
2.83 0.014 0
3.33 0.014 0.00089
4.00 0.015 0.0014
4.67 0.017 0.0024
5.00 0.018 0.0014
5.50 0.018 0.0013
6.0 0.021 0.0023
6.50 0.021 0.0016
7.00 0.026 0.0041
11.00 0.36 0.0031

A.1.6. Deuterium Incorporation and Crossover Studies

a. General Procedure H: Deuterium Incorporation

1a (5 mol %) D
= DSiPhj (5 mol %) I )@(
©/\/ hexanes, 80 °C, 16 h i ©/
(2a) (3a) (811)

In a nitrogen-filled glovebox, a stock solution of DSiPhs (0.048 M) was prepared
by weighing out DSiPhs and dissolving in the appropriate volume of hexanes. 1a (6.6 mg,
0.013 mmol, 0.05 equiv) and S11 (6.3 mg, 0.047 mmol, 0.19 equiv), were weighed out
directly into a 1-dram vial equipped with a magnetic stir bar. DSiPh; stock solution was
distributed (0.27 mL of stock solution; 3.4 mg, 0.013 mmol, 0.05 equiv) with a disposable
I-mL syringe. Hexanes (0.53 mL) was added to the vial. Vial was sealed with a septum
cap, removed from the glovebox, and placed on an aluminum vial block pre-heated to 80

137



°C. After 30 minutes, allylbenzene (33 uL, 0.25 mmol, 1.0 equiv) was distributed via two
portions from a 25-pLL microliter syringe. After 16 h, the reaction was quenched by cooling
in a liquid Nz bath, opening to air, and diluting with hexanes (0.10-0.20 mL). An aliquot
was removed and filtered with hexanes through a Celite plug. The filtrate from the Celite
plug was analyzed by GC to assess the progress and selectivity of the reaction (<1% 2a
remaining, £/Z 21:1 for 3a). The crude reaction mixture was filtered through silica with
hexanes and the filtrate was concentrated under reduced pressure. NMR samples were
prepared for 'H NMR and *H NMR (in CHCI3/CDCls, 9:1, note that CHCl3 from Fisher
Chemical is stabilized with 0.75% EtOH, which appears in the NMR spectra below)
analysis. 2H NMR shows deuterium incorporation into all three positions of the propenyl
chain (Da/Dy/D. = 1:8.6:4.4).
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Figure A.1. '"H NMR spectrum of 3a after isomerization of 2a with DSiPhs recorded in
CHCI3/CDCl; (9:1) at 298 K.
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Figure A.2. ’H NMR spectrum of 3a after isomerization of 2a with DSiPhs recorded in
CHCI3/CDCl; (9:1) at 298 K.

b. Crossover Procedure

(38%) D

a
©)k/ @\\/
D 270/ :--:------.-----------.--:
(2v) 1e (5 mol %) (3v) b (277%) : internal standard
HSiPh; (5 mol %) :@( i
+ > + E E
(35%) D
P
I
MeO oo D
€ 93% d
away' MO aw) 77%)

In a nitrogen-filled glovebox, 1e (7.2 mg, 0.013 mmol, 0.05 equiv) and S11 (8.3
mg, 0.062 mmol, 0.25 equiv) were weighed out directly into a 1-dram vial equipped with
a magnetic stir bar. A stock solution of HSiPhs (0.13 M) was prepared by weighing out
HSiPh3 and dissolving in the appropriate volume of hexanes. The HSiPh; stock solution
was added to the vial (0.10 mL of the stock solution; 3.4 mg, 0.013 mmol, 0.05 equiv) with
a 250-puL microliter syringe. Addition hexanes (0.70 mL) was added to the vial with a
disposable 1-mL syringe. The vial was sealed with a septum cap, removed from the

glovebox and placed on an aluminum vial block pre-heated to 80 °C. After 30 minutes, 2v
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(19 pL, 0.13 mmol, 0.50 equiv) and 2w-d> (23 pL, 0.13 mmol, 0.50 equiv) were added to
the reaction with a 25-uL. microliter syringe. After 16 h, the reaction was quenched by
cooling in a liquid N> bath, opening to air, and diluting with hexanes (0.10-0.20 mL). An
aliquot was removed and filtered with hexanes through a Celite plug. The filtrate from the
Celite plug was analyzed by GCMS to assess the progress and selectivity of the reaction
(~6% 2v and 8% 2w-d; remaining, E/Z 4:1 for 3v and E/Z 9:1 for 3w). 2v/3v and 2w/3w
were separated via column chromatography (silica, gradient eluent 0-2% Et,O/pentane).
NMR samples of each product were prepared for 'H NMR (in CDCl3) and 2H NMR (in
CHCI3/CDCls, 9:1) analysis. 2H NMR shows deuterium incorporation into the D, and Dy
positions of the butenyl chain (for 3v, 38% D incorporation at D, 27% D incorporation at
Dy; for 3w, 35% D incorporation at D,, 77% D incorporation at Dy).

Example calculation for %D incorporation:

For substrate 3v, the peak at 2.04 ppm corresponds to the methyl group in the a position
(marked with D, in scheme above), and in the per-proteo isotopolog, integrates for 3H. In
the "TH NMR of the isotopolog isolated from the crossover experiment, this methyl group
in the a position integrates for 1.85 H. Therefore:

1.85H
3H
%D incorporation = 100% — %H incorporation = 100% — 62% = 38% D

%H incorporation = *100% = 62% H
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Figure A.3. 'H NMR spectrum of 3v after isomerization of 2v in the presence of 2w-d»
recorded in CHCl3/CDCls (9:1) at 298 K.
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Figure A.4. 2H NMR spectrum of 3v after isomerization of 2v in the presence of 2w-d,
recorded in CHCl3/CDCls (9:1) at 298 K.
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Figure A.5. "H NMR spectrum of 3w after isomerization of 2w-d in the presence of 2v
recorded in CHCl3/CDCls (9:1) at 298 K.
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Figure A.6.2H NMR spectrum of 3w after isomerization of 2w-d> in the presence of 2v
recorded in CHCl3/CDCls (9:1) at 298 K.
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A.1.7. Mechanistic Investigation to Differentiate Between MHAT and Insertion-
Elimination Pathways

a. Reactivity in the Presence of a Radical Scavenger

0 MePPh3Br (1.5 equiv)
KOt-Bu (1.5 equiv)
THF,0°C, 30 min

(813)

1,1-Diphenylethylene (DPE) was synthesized via literature procedure:'* To an
oven-dried Schlenk flask equipped with a magnetic stir bar was added MePPh3;Br (8.37 g,
23.4 mmol, 1.48 equiv) and THF (60 mL). The reaction was cooled to 0 °C with an
ice/water bath for 5 minutes before adding KO#Bu (2.54 g, 22.6 mmol, 1.43 equiv) in one
portion. The reaction was stirred for 30 minutes following the appearance of the distinctive
bright yellow color before benzophenone (2.88 g, 15.8 mmol, 1.00 equiv) was added
slowly. After full addition of benzophenone, the reaction was warmed to room temperature
and then placed in a pre-heated oil bath at 40 °C to stir 16 hours. The reaction was cooled
to room temperature before being quenched with H>O (30 mL). The organic layer was
separated, and the aqueous layer was extracted with Et:O (3 x 100 mL). The combined
organic layers were rotovapped down to a gooey white solid. The crude reaction was
purified by column chromatography (silica, hexanes) to yield the product as a clear oil (1.6

g, 8.9 mmol, 56% yield). NMR spectra match values previously reported.?3%23

1a (5 mol %) internal standard

Z JL HSiPh; (5 mol %) X JL :
+ + :
©N Ph™ “Ph hexanes, 80 °C ©/\HH Ph” “Ph i :@:

(2a) (DPE) (3a) (DPE)

In a nitrogen-filled glovebox, 1a (6.6 mg, 0.013 mmol, 0.05 equiv) was weighed
out directly into a 1-dram vial equipped with a magnetic stir bar. A stock solution of HSiPhs
and S11 was prepared by weighing out the reagent and dissolving in the appropriate amount
of hexanes using a 5-mL volumetric flask. The HSiPh3/S11 stock solution was added to
the vial (0.8 mL, HSiPhs: 0.013 mmol, 0.05 equiv; S11: 0.086 mmol, 0.34 equiv) with a 1-
mL disposable syringe. The vial was sealed with a septum cap, removed from the glovebox
and placed on an aluminum vial block pre-heated to 80 °C. After 30 minutes, DPE (45 pL,
0.25 mmol, 1.0 equiv) and 2a (33 pL, 0.25 mmol, 1.0 equiv) were added to the reaction
with a 25-pL microliter syringe. Throughout the course of the reaction, 5 pL aliquots were
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removed and filtered through Celite with hexanes. The filtrate from the Celite plug was
analyzed by GC to assess the progress and selectivity of the reaction. The product
concentration was determined by relative integration (by GC) against S11, in accordance
with calibration curves prepared independently using the commercial compounds.

As the isomerization of2ato 3a proceeds to completion in the presence
of DPE without observation of any significant byproducts (aside from <2% each of
propylbenzene and 1,1’-ethylidenebisbenzene), we suggest the reaction is not proceeding
through an uncaged radical mechanism. If a radical mechanism were in effect, we would
expect either low conversion of 2a to 3a and/or the formation of oligomers arising from
stabilized di-benzylic radicals.

Table A.7. Formation of 3a over time.

. . % yield 3a at % yield 3a in the presence of
Time (min) standard conditions 1.0 equiv of DPE
10 8+0 7+0
20 16+1 14+0
30 2542 22+1
40 36+3 33+0
50 48+3 43+0
60 60+3 53+1
70 71£3 62+1
80 77+3 68+1
90 80+3 71+1
100 80+3 73+0
110 81+3 73+0
120 81+3 74+1
140 81+3 75+1
310 83+1 81+1
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Figure A.7. Formation of 3a in standard conditions (circles) and in the presence of 1.0
equiv of DPE (squares) over time.

b. Reactivity with a 1,6-diene

Br-
N NNp + PPhy +
/\/\/\
r ACN, A, 48 h z PPh,

(1.5 equiv) (s12)

Hex-5-en-1-yltriphenylphosphonium bromide (S12) was synthesized via
literature procedure:>*° PPhs (10.9 g, 41.5 mmol, 1.50 equiv), acetonitrile (25 mL) and 6-
bromohex-1-ene (3.7 mL, 28 mmol, 1.0 equiv) were added to a 100 mL Schlenk flaks
equipped with a magnetic stir bar. The reaction was equipped with a nitrogen-flushed
condenser and placed in a pre-heated oil bath set to 95 °C. The reaction was heated for 48
h before being cooled to room temperature. Once the reaction was cool, the mixture was
transferred to a round bottom flask and concentrated under reduced pressure to
approximately 15 mL. Et2O (70 mL) was layered until a white precipitate began forming
at the acetonitrile/Et,O interface. The reaction was placed in the freezer for 18 hours before
the white precipitate was collected by filtration on a glass frit. The solid was washed with
Et,0 (50 mL) and dried under reduced pressure in the presence of P>Os overnight before

use. The product was collected as a white powder (11.1 g, 26.1 mmol, 93% yield).
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"H NMR (500 MHz, CDCl3, 298 K): 6 7.91-7.84 (m, 6H, Hy), 7.79 (t, J= 7.4 Hz, 3H, H.,),
7.73-7.67 (m, 6H, H.), 5.68 (ddt,J=17.0, 10.2, 6.7 Hz, 1H, H;), 4.92 (d, /= 17.0 Hz, 1H,
trans-Hj), 4.88 (d, J=10.2 Hz, 1H, cis-Hj), 3.90 (m, 2H, He), 2.08 (q, /= 6.9 Hz, 2H, Hy),
1.79 (p, J= 7.3 Hz, 2H, Hy), 1.63 (m, 2H, overlapping with H,O, Hy)

BC{H} (126 MHz, CDCls, 298 K): 6 137.7 (C), 135.1 (d, J = 3.0 Hz, C,), 133.7 (d, J =
10.0 Hz, Cy), 130.6 (d, J = 12.5 Hz, Co), 118.3 (d, J = 85.9 Hz, Ca), 115.4 (C;), 33.0 (d, J
= 0.9 Hz, C1), 29.2 (d, J = 16.0 Hz, Cy), 22.7 (d, J = 50.0 Hz, Ce), 21.9 (d, J = 4.4 Hz, Cy)
3P {IH} (202 MHz, CDCls, 298 K):  24.62
ASAP/HRMS (m/z): M" calculated for C24Ha6P 345.1767, found 345.1791
IR (ATR, neat) v: 2856 (w), 1485 (w), 1437 (m), 1109 (s)
Br- KOt-Bu (1.0 equiv) N =
Hot NN FPh, THF i, 25h ©/\(;:)\N
(1E)-1,6-heptadien-1-ylbenzene (2ae) was synthesized via literature procedure:!%

S12 (5.50 g, 12.9 mmol, 1.10 equiv) and THF (80 mL) were added to a 200 mL Schlenk
flask and stirred for 5 minutes before KOz-Bu (1.32 g, 11.8 mmol, 1.0 equiv) was added in

one portion. The reaction turned a bright pumpkin orange and was stirred for 1 h before
benzaldehyde (1.20 mL, 11.8 mmol, 1.0 equiv) was added dropwise. Over the course of
benzaldehyde addition, the color faded to a pale yellow. The reaction was monitored by
TLC and quenched with NH4Cl (saturated aqueous, 50 mL) when benzaldehyde was fully
consumed. The aqueous layer was extracted with EtOAc (3 x 80 mL). The combined
organic layers were dried over Na>SOs, filtered, and concentrated under reduced pressure.
The product was purified by running a silica plug with hexanes. The product was collected
as a clear liquid (1.28 g, 7.4 mmol, 63% yield). NMR spectra match values previously

reported.?*!
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ASAP/HRMS (m/z): M* calculated for Ci3Hje 172.1252, found 172.1220

IR (ATR, neat) v: 2924 (w), 1639 (w), 1493 (w), 910 (m), 696 (s)

1a (5 mol %)
NS Z HSiPhs (5 mol %)
¢ ° - N\
(2ae) hexanes,/Bb °C, 16 h

(3ae)

In a nitrogen-filled glovebox, the Ni complex was massed out into 1-dram vials
(1a: 6.6 mg, 0.013 mmol, 0.05 equiv; 1f: 12.2 mg, 0.013 mmol, 0.05 equiv). A stock
solution of HSiPhsz (0.16 M) was prepared by weighing out the reagent and dissolving in
the appropriate amount of hexanes. For entries 1 and 4 in Table S8, 0.8 mL of the silane
stock solution was added to the vials. For entries 2 and 3, 0.8 mL of hexanes was added to
the vials. For entries 5 and 6, 0.8 mL of chlorobenzene was added to the vials. To all the
vials, 2ae (45 pL, 0.25 mmol, 1.0 equiv) was added in two portions using a 250-uL
microliter syringe. All vials were sealed and removed from the glovebox. Vials for entries
1-4 were placed on a pre-heated aluminum vial block at 80 °C. Aliquots from each vial
were removed overtime and filtered through Celite for GC analysis. After 24 h, the vials
were quenched by submerging in liquid N>, opening to air and diluting with ~0.1-0.2 mL
hexanes. Reaction mixtures were run through short SiO» plugs with hexanes, concentrated
under reduced pressure and analyzed by NMR. All trials were run in duplicate. NMR
spectra match values previously reported.**

Table A.8. Screening reactivity of 2ae in various conditions.

Entry  Reaction conditions Conversion of 2ae (%)
1 1a (5 mol %), HSiPhs (5 mol %), hexanes, 80 °C 77+£2
2 1a (5 mol %), hexanes, 80 °C <1+0
3 1f (5 mol %), hexanes, 80 °C 7T£2
4 1f (5 mol %), HSiPhs (5 mol %), hexanes, 80 °C 21+1
5 1f (5 mol %), chlorobenzene, room temp 3+0
6 1a (5 mol %), chlorobenzene, room temp 2+0
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Figure A.8. 'H NMR spectrum for the crude reaction mixture from Table A.8., entry 1.

While the major product of the isomerization of 2ae with 1a/HSiPh3 was identified
as the 1,5-diene, forming from the 1-carbon isomerization of the terminal alkene, to further
confirm the absence of the cycloisomerized product 3ae, we independently synthesized 3ae

through a Wittig pathway.

Ph cl
Ph—PZPh
Ph (1.5 equiv)
0 KOt-Bu (1.5 equiv)
- N
THF (0.2 M)
0°Ctort, 24 h 3
40°C, 24 h (3ae)

(2-Methylcyclopentylidene)methylbenzene (3ae) To an oven dried 100 mL
Schlenk flask was added benzyltriphenylphosphonium chloride (5.83 g, 15.0 mmol, 1.5
equiv) and THF (50 mL). The reaction was cooled to 0 °C with an ice/water bath for 5 min
before KO#z-Bu (1.7 g, 15 mmol, 1.5 equiv) was added in one portion. Following the
appearance of the distinctive red/orange color, the reaction was stirred for 30 min before
2-methylcyclopentanone (1.1 mL, 10 mmol, 1.0 equiv) was added dropwise. The ice/water
bath was removed and the reaction was warmed to room temperature for 24 h. After 24 h,

the reaction was placed in an oil bath at 40 °C for 24 h. The reaction was opened to air and
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80 mL H>O was added. The aqueous layer was extracted with 3 x 100 mL Et:O and the
combined organic layers were dried over Na,SOs, filtered, and concentrated under reduced
pressure. Crude product was obtained by running a silica plug with hexanes to remove
triphenylphosphine oxide. The formation of 3ae was confirmed by 'H NMR compared to

previously reported values.?#>243
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Figure A.9. 'H NMR spectra for the reaction mixture from the isomerization of 2ae with
1a/HSiPh; (top) and independently synthesized 3ae (bottom).
¢. Reactivity with a Vinylcyclopropane
0 MePPh3Br (1.5 equiv)
KOt-Bu (1.5 equiv)
w THF,0°C, 30 min ©)‘V

(813)

(1-cyclopropylethenyl)benzene (S13) was synthesized via literature procedure:'*
MePPh;Br (8.05 g, 22.5 mmol, 1.5 equiv) and THF (60 mL) were added to an oven-dried
200 mL Schlenk flask equipped with a magnetic stir bar. The reaction was cooled with an
ice/water bath for 20 minutes before KOz-Bu (2.53 g, 22.5 mmol, 1.5 equiv) was added in
one portion. A vibrant yellow color appeared within 10 seconds. The mixture was stirred
for 20 minutes before cyclopropyl phenyl ketone (2.1 mL, 15.2 mmol, 1.0 equiv) was added

dropwise. The vibrant yellow color faded, but reaction remained yellow, upon full addition
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of the ketone. Reaction progress was monitored by TLC. Upon consumption of starting
ketone, the reaction was quenched with H,O (30 mL). The aqueous layer was extracted
with Et20 (3 x 100 mL) and the combined organic layers were dried over Na;SO4 before
being filtered and concentrated under reduced pressure to give an oily white solid. Crude
material was purified by running a silica plug with hexanes. The hexanes filtrate was
concentrated under reduced pressure to give S13 as a clear liquid (1.97 g, 13.7 mmol, 90%

yield). NMR spectra match values previously reported.?**

(813) (S14)

In a nitrogen-filled glovebox, the Ni complex was massed out into 1-dram vials
(1a: 6.6 mg, 0.013 mmol, 0.05 equiv; 1f: 12.2 mg, 0.013 mmol, 0.05 equiv). A stock
solution of HSiPhsz (0.16 M) was prepared by weighing out the reagent and dissolving in
the appropriate amount of hexanes. For entries 1 and 4 in Table S9, 0.8 mL of the silane
stock solution was added to the vials. For entries 2 and 3, 0.8 mL of hexanes was added to
the vials. For entries 5 and 6, 0.8 mL of chlorobenzene was added to the vials. To all the
vials, S13 (38 puL, 0.25 mmol, 1.0 equiv) was added in two portions using a 25-uL
microliter syringe. All vials were sealed and removed from the glovebox. Vials for entries
1-4 were placed on a pre-heated aluminum vial block at 80 °C. After 3 h, the reactions were
quenched by freezing in liquid N> and opening to air. A stock solution of S11 (0.38 M) was
prepared by weighing out S11 into a 10-mL volumetric flask and dissolving in 10 mL
hexanes. A disposable 1-mL syringe was used to distribute 0.2 mL of the S11 stock solution
to each vial. Aliquots from each vial were removed and filtered through Celite for GC
analysis. All trials were run in duplicate.

Table A.9. Screening reactivity of S13 in various conditions.

Entry  Reaction conditions Conversion (%) to S14
1 1a (5 mol %), HSiPhs (5 mol %), hexanes, 80 °C, 3 h 100+0
2 1a (5 mol %), hexanes, 80 °C, 3 h 100+0
3 1f (5 mol %), hexanes, 80 °C, 3 h 62+1
4 1f (5 mol %), HSiPhs (5 mol %), hexanes, 80 °C, 3 h 65+1
5 1f (5 mol %), chlorobenzene, room temp, 3 h 10
6 1a (5 mol %), chlorobenzene, room temp, 3 h 1+0
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d. EPR Spectroscopy

1a (5 mol %)

Z HSiPh; (5 mol %) X
©/\/ hexanes o ©/\HH

(2a) 80 °C, 20 min (3a)

In a nitrogen filled glovebox, 1a (6.6 mg, 0.013 mmol, 0.05 equiv) was weighed
into a 1-dram vial. A stock solution of HSiPh; (0.016 M) was prepared by weighing out
HSiPhs and dissolving in the appropriate volume of hexanes. 0.8 mL of the HSiPhs stock
solution was added to the vial with 1a via a 1-mL disposable syringe. The vial was shaken
until 1a was fully solvated before being transferred to a 3 mm EPR tube with a disposable
pipet. The EPR tube was sealed with a septum and removed from the glovebox. The tube
was heated for 30 minutes in a pre-heated water bath at 80 °C before 2a (33 uL, 0.25 mmol,
1.0 equiv) was added to the solution via a 25-pL. microliter syringe. The reaction was
heated for 20 minutes before being removed from the water bath and submerged in liquid
Naz. The sample was kept in the liquid N> bath for the duration of the experiment.

Prior to sample collection, a sample of TEMPO was prepared as a stock solution
(0.016 M; same concentration as la under catalytic conditions) by weighing TEMPO
directly into a 20-mL vial and adding the appropriate amount of hexanes. The stock
solution (0.8 mL) was added via a 1-mL disposable syringe to a nitrogen-flushed 3 mm
EPR tube. The sample was submerged in liquid N». The EPR instrument was tuned and a

spectrum for TEMPO was recorded prior to analysis of the quenched reaction mixture.
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Figure A.10. EPR spectrum of the reaction mixture after 20 minutes of heating.
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Figure A.11. EPR spectra for the reaction mixture after 20 minutes of heating (purple line)
compared to the spectrum of TEMPO (blue line) at the same concentration of 1a/HSiPhs.
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e. In Situ NMR Reaction Monitoring

@/\/

(2a)

1a (5 mol %)
HSiPh3 (5 mol %)

10/90 CgDg/hexanes o
80 °C

@Aﬂ‘

(3a)

X

In a nitrogen filled glovebox, 1a (6.6 mg, 0.013 mmol, 0.05 equiv), HSiPh; (3.3

mg, 0.013 mmol, 0.05 equiv) and S11 (5.8 mg, 0.043 mmol, 0.17 equiv) were massed into

a 1-dram vial. A solution of 10/90 (v/v) CsDes/hexanes was prepared and 0.8 mL was added

to the 1-dram vial. 2a (33 pL, 0.25 mmol, 1.0 equiv) was added to the solution via a 25-uLL

microliter syringe. The reaction mixture was transferred to a J-Young NMR tube with a

glass pipet. The NMR tube was sealed and removed from the glovebox. The reaction was

placed in the NMR instrument (pre-heated to 80 °C) and allowed to equilibrate to 80 °C

for 5 minutes before the first 'H NMR spectrum was recorded. The instrument was held at

80 °C over the course of the reaction and 'H NMR spectra were recorded periodically.

Minimal broadening of peaks is observed over the course of the reaction, indicating the

observable resting state of the catalyst does not have an unpaired electron.
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Figure A.12. "H NMR spectra of the reaction mixture over time (5 minutes to 816 minutes)
monitoring the disappearance of 2a (triangles) and the appearance of 3a (squares).
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1a (10 mol %) i internal standard

Z HSiPh; (10 mol %) e | :@:
©/\/ CeDs, 80°C m
(2a) (3a) (s11)

In a nitrogen filled glovebox, 1a (13.2 mg, 0.025 mmol, 0.10 equiv), HSiPhs (6.6
mg, 0.025 mmol, 0.10 equiv) and S11 (16.0 mg, 0.12 mmol, 0.48 equiv) were massed into
a 1-dram vial. C¢Ds (0.8 mL) was added to the 1-dram vial. 2a (33 pL, 0.25 mmol, 1.0
equiv) was added to the solution via a 25-pL. microliter syringe. The reaction mixture was
transferred to a J-Young NMR tube with a glass pipet. The NMR tube was sealed and
removed from the glovebox. The reaction was placed in the NMR instrument (pre-heated
to 70 °C) and allowed to equilibrate to 70 °C before the first 'H spectrum was recorded.
The instrument was held at 70 °C over the course of the reaction and spectra were recorded
periodically. Minimal broadening of peaks is observed over the course of the reaction,

indicating the observable resting state of the catalyst does not have an unpaired electron.
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Figure A.13. 'H NMR spectra of the reaction mixture over time (40 minutes to 825
minutes) monitoring the disappearance of 2a (triangles) and the appearance of 3a (squares).

A.1.8. NMR and IR Spectra

a. Starting Alkenes
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Figure A.14. '"H NMR spectrum of 3-(3-fluorophenyl)-1-propene (2i) recorded in CDCI3
at 298 K.
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Figure A.15. '°F NMR spectrum of 3-(3-fluorophenyl)-1-propene (2i) recorded in CDCI3
at 298 K.

155



13 - ONN DALV ON QNS o
CNMR 3d 98 QI JLeB8o g
(126 MHz) - =T Y TS :

e ¢ @
f

F. d Z

165 155 145 135 125 115 105 95 85 75 65 55 45 35
3 (ppm)
Figure A.16. *C{'H} NMR spectrum of 3-(3-fluorophenyl)-1-propene (2i) recorded in

CDCI3 at 298 K.
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Figure A.17. COSY NMR spectrum of 3-(3-fluorophenyl)-1-propene (2i) recorded in
CDCI3 at 298 K.
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Figure A.18. HSQC NMR spectrum of 3-(3-fluorophenyl)-1-propene (2i) recorded in
CDCI13 at 298 K.
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Figure A.19. IR spectrum of 3-(3-fluorophenyl)-1-propene (2i) recorded neat at room
temperature.
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Figure A.20. 'H NMR spectrum of 1-(methoxymethoxy)-2-(2-propen-1-yl)benzene (2K)
recorded in CDCl; at 298 K.
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Figure A.21. BC{'H} NMR spectrum of 1-(methoxymethoxy)-2-(2-propen-1-yl)benzene

(2Kk) recorded in CDCl; at 298 K.
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Figure A.22. COSY NMR spectrum of 1-(methoxymethoxy)-2-(2-propen-1-yl)benzene
(2Kk) recorded in CDCl; at 298 K.
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Figure A.23. Aryl region of COSY NMR spectrum of 1-(methoxymethoxy)-2-(2-propen-

1-yl)benzene (2K) recorded in CDCI3 at 298 K.
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Figure A.24. HSQC NMR spectrum of 1-(methoxymethoxy)-2-(2-propen-1-yl)benzene

(2Kk) recorded in CDCl; at 298 K.
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Figure A.25. Aryl and alkenyl region of HSQC NMR spectrum of 1-(methoxymethoxy)-

2-(2-propen-1-yl)benzene (2K) recorded in CDCl3 at 298 K.
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Figure A.26. IR spectrum of 1-(methoxymethoxy)-2-(2-propen-1-yl)benzene (2Kk)

recorded neat at room temperature.
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Figure A.27. 'H NMR spectrum of 3,3,5,5-tetramethylmethylenecyclohexane (2u)
recorded in CDCl; at 298 K.
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Figure A.28. BC{'H} NMR spectrum of 3,3,5,5-tetramethylmethylenecyclohexane (2u)

recorded in CDCl; at 298 K.
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Figure A.29. COSY NMR spectrum of 3,3,5,5-tetramethylmethylenecyclohexane (2u)
recorded in CDCl; at 298 K.
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Figure A.30. HSQC NMR spectrum of 3,3,5,5-tetramethylmethylenecyclohexane (2u)
recorded in CDCl;3 at 298 K.
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Figure A.31. IR spectrum of 3,3,5,5-tetramethylmethylenecyclohexane (2u) recorded neat
at room temperature.
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Figure A.32. IR spectrum of ethyltriphenylphosphonium bromide (S9) recorded neat at
room temperature.
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Figure A.33. IR spectrum of 4-phenyl-2-butene (3aa') recorded neat at room temperature.
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Figure A.34. 'H NMR spectrum of tris[4-(N, N-dimethylamino)phenyl]silane (HSi(4-
NMe»-CsHa)3) recorded in Ce¢Dg at 298 K.
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Figure A.35. C{'H} NMR spectrum of tris[4-(N,N-dimethylamino)phenyl]silane
(HSi(4-NMex-CsHs)3) recorded in CgDg at 298 K.
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Figure A.36. Si{'H} NMR spectrum of tris[4-(N,N-dimethylamino)phenyl]silane
(HSi(4-NMe»-CgH4)3) recorded in CsDg at 298 K.
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Figure A.37. IR spectrum of tris[4-(N,N-dimethylamino)phenyl]silane (HSi(4-NMe:>-
CeHa)3) recorded neat at room temperature.
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Figure A.38. 'H NMR spectrum of tris(4-methoxyphenyl)silane (HSi(4-OMe-CsH4)3)
recorded in CsDg at 298 K.
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Figure A.39. C{'H} NMR spectrum of tris(4-methoxyphenyl)silane (HSi(4-OMe-
CsHa)3) recorded in CeDg at 298 K.
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Figure A.40. 2Si{'H} NMR spectrum of tris(4-methoxyphenyl)silane (HSi(4-OMe-
CsHa)3) recorded in CgDg at 298 K.
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Figure A.41. IR spectrum of tris(4-methoxyphenyl)silane (HSi(4-OMe-CsH4)3) recorded
neat at room temperature.
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Figure A.42. 'H NMR spectrum of tris[4-(trifluoromethyl)phenyl]silane (HSi(4-CF3-
CsHa)3) recorded in CgDg at 298 K.
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Figure A.43. ’"F NMR spectrum of tris[4-(trifluoromethyl)phenyl]silane (HSi(4-CFs-
CsHa)3) recorded in CgDg at 298 K.
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Figure A.44.°C{'H} NMR spectrum of tris[4-(trifluoromethyl)phenyl]silane (HSi(4-CF3-
CsHa)3) recorded in CgDg at 298 K.
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Figure A.45. Si{'H} NMR spectrum of tris[4-(trifluoromethyl)phenyl]silane (HSi(4-
CF3-CsHa)3) recorded in CeDg at 298 K.
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Figure A.46. IR spectrum of tris[4-(trifluoromethyl)phenyl]silane (HSi(4-CF3-CsHa)3)
recorded neat at room temperature.
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Figure A.47. 'H NMR spectrum of triphenylsilane-d; (DSiPhs) recorded in CDCl3 at 298
K.
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Figure A.48. 'H NMR spectrum of 4’-methoxypropiophenone-d> (S10-d2) recorded in
CDCl; at 298 K.
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Figure A.49. 'H NMR spectrum of 2-(4-methoxyphenyl)-1-butene-d>» (2w-d>) recorded in
CDCl; at 298 K.
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Figure A.50. ’H NMR spectrum of 2-(4-methoxyphenyl)-1-butene-d> (2w-d») recorded in
CDCl; at 298 K.

d. Isomerization Products
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Figure A.51. "H NMR spectrum of B-methylstyrene (3a) recorded in CDCl; at 298 K.
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Figure A.52. ®C{'H} NMR spectrum of B-methylstyrene (3a) recorded in CDCI; at 298
K.
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Figure A.53. "H NMR spectrum of anethole (3b) recorded in CDCl3 at 298 K.
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Figure A.54. >C{'H} NMR spectrum of anethole (3b) recorded in CDCl; at 298 K.
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Figure A.55. 'H NMR spectrum of N,N-dimethyl-4-(1-propen-1-yl)benzeneamine (3c¢)
recorded in CDCl; at 298 K.
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Figure A.56. 3C{'H} NMR spectrum of N,N-dimethyl-4-(1-propen-1-yl)benzeneamine

(3¢) recorded in CDCl3 at 298 K.
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Figure A.57. '"H NMR spectrum of 1-(4-trifluoromethylphenyl) 1-propene (3d) recorded in

CDCl; at 298 K.
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Figure A.58. ’F NMR spectrum of 1-(4-trifluoromethylphenyl)1-propene (3d) recorded
in CDCl; at 298 K.
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Figure A.59. BC{'H} NMR spectrum of 1-(4-trifluoromethylphenyl)l-propene (3d)
recorded in CDCl; at 298 K.
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Figure A.60. 'H NMR spectrum of 1-(4-methylphenyl)1-propene (3e) recorded in CDCl3

at 298 K.
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Figure A.61. C{'H} NMR spectrum of 1-(4-methylphenyl)1-propene (3e) recorded in

CDCl; at 298 K.
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Figure A.62. '"H NMR spectrum of 1-(1,1-dimethylethyl)-4-(1-propen-1-yl)benzene (3f)
recorded in CDCl; at 298 K.
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Figure A.63. >C{'H} NMR spectrum of 1-(1,1-dimethylethyl)-4-(1-propen-1-yl)benzene
(3f) recorded in CDCl3 at 298 K.
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Figure A.64. 'H NMR spectrum of 4-(1-propen-1-yl)-1,1’-biphenyl (3g) recorded in
CDCls at 298 K.
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Figure A.65. 3C{'H} NMR spectrum of 4-(1-propen-1-yl)-1,1’-biphenyl (3g) recorded in

CDCl; at 298 K.
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Figure A.66. 'H NMR spectrum of 1-methoxy-3-(1-propen-1-yl)benzene (3h) recorded in
CDCl; at 298 K.
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Figure A.67. “C{'H} NMR spectrum of 1-methoxy-3-(1-propen-1-yl)benzene (3h)
recorded in CDCl; at 298 K.
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Figure A.68. 'H NMR spectrum of 1-fluoro-3-(1-propen-1-yl)benzene (3i) recorded in
CDCl; at 298 K.
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Figure A.69. ’F NMR spectrum of 1-fluoro-3-(1-propen-1-yl)benzene (3i) recorded in
CDCl; at 298 K.
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Figure A.70. *C{'H} NMR spectrum of 1-fluoro-3-(1-propen-1-yl)benzene (3i) recorded

in CDCl; at 298 K.
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Figure A.71. COSY NMR spectrum of 1-fluoro-3-(1-propen-1-yl)benzene (3i) recorded in

CDCl; at 298 K.
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Figure A.72. Aryl region of COSY NMR spectrum of 1-fluoro-3-(1-propen-1-yl)benzene

(3i) recorded in CDCl; at 298 K.
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Figure A.73. HSQC NMR spectrum of 1-fluoro-3-(1-propen-1-yl)benzene (3i) recorded

in CDCl; at 298 K.
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Figure A.74. Aryl and alkenyl region of HSQC NMR spectrum of 1-fluoro-3-(1-propen-

1-yl)benzene (3i) recorded in CDCI3 at 298 K.
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Figure A.75. IR spectrum of 1-fluoro-3-(1-propen-1-yl)benzene (3i) recorded neat at room
temperature.
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Figure A.76. 'H NMR spectrum of 1-(1-propen-1-yl)-2-[(trimethylsilyl)oxy]benzene (3j)

recorded in CDCl; at 298 K.
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Figure A.77. '"H NMR spectrum of 2-(1-propen-1-yl)phenol (3j-OH) recorded in CDCl3
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Figure A.78. BC{'H} NMR spectrum of 2-(1-propen-1-yl)phenol (3j-OH) recorded in
CDCl; at 298 K.
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Figure A.80. >C{'H} NMR spectrum of 1-(methoxymethoxy)-2-propen-1-ylbenzene (3k)
recorded in CDCl3 at 298 K.
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Figure A.81. 'H NMR spectrum of 1-(2-methylphenyl)-1-propene (31) recorded in CDCl3
at 298 K.
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CDCl; at 298 K.
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Figure A.83. 'H NMR spectrum of 1,3,5-trimethyl-2-(1-propen-1-yl)benzene (3m)
recorded in CDCl; at 298 K.

189



13041 -
C{'H} NMR (151 MHz) PR i el S NG —oonow
* OOOMOMOOMOOMOOMOANNNN OO <
CDC|3 Frrr T T — NNNAN~
——— ) e e
o~ 00 o < -oo o o
X 8 &8 &8 & 58§ 8 e
| ] | | ~\— | |
A
| . .
(3m) A 4 B
| A A
??md L \ u A
Z3mm 1302 129.8 1294 129.0 1286 1282 127.8 1274 1270 g—p A l
3 (ppm)
oo~ o ~ 215 210 205 200 195 19.0
S o | |
A
Al i
] A (]
J 1 -
1355 1345 1335 |
3 (ppm) l Si(CH3),

20 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
8 (ppm)
Figure A.84. ’C{'H} NMR spectrum of 1,3,5-trimethyl-2-(1-propen-1-yl)benzene (3m)
recorded in CDCl; at 298 K.
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Figure A.85. 'H NMR spectrum of 1-(1-propen-1-yl)naphthalene (3n) recorded in CDCl3
at 298 K.

190



LT NMR REREF I -
£'|C2[$Ch{|HZ) R SR 2
~— O < (32} o 0 M~
? g ﬁ i @ O © ~ 01016
3 3 o oo o ood
O T Nl - AN | ~1-
NS
O (3n) 4 A A
Legend
E-3nA
Z-3nl u |

T T T T T T A
1200 | 1280 1270 1260 125.0
: ‘ ‘ ‘ ‘ ; u 5 (ppm)
136 135 134 133 132 131 130 *
5 (ppm)

Si(CHa)s
mmmmmwmwmq

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
& (ppm)
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CDCl; at 298 K.
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Figure A.90. >*C{'H} NMR spectrum of (1-propen-1-yl)triphenylsilane (3p) recorded in
CDCls at 298 K.
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Figure A.92. *C{'H} NMR spectrum of 2-decene (3q) recorded in CDCls at 298 K.
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Figure A.98. IR spectrum of 5-methyl-4-nonene (3s) recorded neat at room temperature.
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Figure A.100. 'H NMR spectrum of a,B-dimethylstyrene (3v) recorded in CDCls at 298 K.
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Figure A.102. 'H NMR spectrum of 1-methoxy-4-(1-methyl-1-propen-1-yl)benzene (3w)
recorded in CDCl; at 298 K.
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Figure A.103. *C{'H} NMR spectrum of 1-methoxy-4-(1-methyl-1-propen-1-yl)benzene
(3w) recorded in CDCl; at 298 K.
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Figure A.104. "H NMR spectrum of 2-phenyl-2-pentene (3x) recorded in CDCls at 298 K.
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Figure A.106. 'H NMR spectrum of 1-methylindene (3y) recorded in CDCl; at 298 K.
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Figure A.107. 3C{'H} NMR spectrum of 1-methylindene (3y) recorded in CDCl; at 298
K.
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Figure A.112. '"H NMR spectrum of 1,3-cyclooctadiene (3ab) recorded in CDCls at 298
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Figure A.113. BC{'H} NMR spectrum of 1,3-cyclooctadiene (3ab) recorded in CDCl; at
298 K.
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Figure A.115. *C{'H} NMR spectrum of 3-propyl-1H-indene (3ac) recorded in CDCl; at

298 K.
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Figure A.116. COSY NMR spectrum of 3-propyl-1H-indene (3ac) recorded in CDCl;s at
298 K.

HSQC NMR ('H, 500 MHz; 13C{'H}, 126 MHz) f a
*CDCl, A ¢ b l
; | J
b
K | d ‘ [0
J a = [
e o 26 20
(3ac) 40
60
] ‘80 a3
*100%
p— E g 120
HLE b A i
_ 1140
:160
180

85 80 7.5 7.0 6.5 6.0 55 50 45 40 35 3.0 25 2.0 15 1.0 0.5 0.0 -0.5-1.0
& (ppm)

Figure A.117. HSQC NMR spectrum of 3-propyl-1H-indene (3ac) recorded in CDCl;3 at
298 K.
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recorded in CDCl;3 at 298 K.
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Figure A.120. '"H NMR spectrum of trans-stilbene (3ad) recorded in CDCl; at 298 K.
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Figure A.121. ®C{'H} NMR spectrum of trans-stilbene (3ad) recorded in CDClI; at 298
K.
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Figure A.123. 'H NMR
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recorded in CDCl; at 298 K.
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Figure A.128. COSY NMR spectrum of hex-5-en-1-yltriphenylphosphonium bromide
(S12) recorded in CDCl3 at 298 K.
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Figure A.129. HSQC NMR spectrum of hex-5-en-1-yltriphenylphosphonium bromide
(S12) recorded in CDCl3 at 298 K.
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yltriphenylphosphonium bromide (S12) recorded in CDCI3 at 298 K.

HSQC NMR ('H, i trans g
500 MHz; 3C{'H}, M i \d ¥
126 MHz) n o~ L
*CDCl,
j 110
\ i
"N i — © 115
f d3
e t120
Ph—P+ Br_
d Pl —
c 125
il <
¢ ——o 1130
(S12) :
a— @ﬁk\ 1135
i — &Y @)
140
1145

80 7.8 76 7.4 72 70 6.8 6.6 6.4 62 60 58 56 54 52 50 48 46 44
& (ppm)
Figure A.131. Aryl region of HSQC NMR spectrum of hex-5-en-1-
yltriphenylphosphonium bromide (S12) recorded in CDCI3 at 298 K.

213



570

1,070

,570

1

2,070

Wavenumber (cm™)
-yltriphenylphosphonium bromide (S12)

2,570
-1

3,070

3,570

0.9
0.8 1
0.7 |
0.4
0.3 1
0.2 1
0.1

Br-
+
PPh3

(S12)

IR
Figure A.132. IR spectrum of hex-5-en

recorded neat at room temperature.

25
€971
GG
9611
8571
902y
10Ty
60°¢Cy
o_‘.N;
444
2€°C
[ASNA
mm.NN
9¢€'C
261
6’1
161
00°G1
€9°Gy
¥9°Gy
G9°Gy
om.mp
N@.m#

896G
GG~
R.m%
11°6]

wu.m%
08°

186
1861
Z8°G1
786
9¢°91
L9
€791
6L 2]
122
ze ]
9z /1
R.g
0€'L]
2e'L]
€e’/

H NMR
(500 MHz)

*CDCl;

(2ae)

Legend

24 22 20 18 16 14

6L°L

FN.NM
[44Vs
STAVAS
YXAUAS
om.mw
ceL

mm.n\

(1Z)-2aeA
(1E)-2ael

Si(CHs)s

8 (ppm)

66 64 62 6.0 58 56 54 52 5.0

S (ppm)

1z
/602

—=,00¢C

8 (ppm)
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APPENDIX B

SUPPLEMENTARY CONTENT FOR CHAPTER III

Experimental details
B.1.1. Materials and Methods

All syntheses and manipulations were carried out under nitrogen using standard
Schlenk (vacuum 1072 mbar) techniques 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 (Et.O; B&J Brand;
HPLC grade, unstabilized), dichloromethane (DCM; Oakwood Chemical; HPLC grade,
unstabilized), dimethylformamide (DMF; Alfa Aesar; 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) and pentane (HPLC grade)
were refluxed overnight with CaH> and distilled under nitrogen before use. The dried
solvents were thereafter stored on activated 4A molecular sieves under nitrogen. CsDs and
CDCIl; 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.

B.1.2. General Experimental

Nuclear magnetic resonance (NMR) spectra were collected at room temperature
(298 K) unless otherwise stated on a Bruker AV-III HD 600 NMR (600.13 MHz for 'H;
150.90 MHz for 13C; 564.69 MHz for '°F; 119.23 MHz for >°Si; 232.94 MHz for 3'P; 92.12
MHz for 2H), Bruker Avance-III HD 500 NMR (499.90 MHz for 'H; 126 MHz for *C;
471 MHz for '°F; 99 MHz for 2°Si; 202.46 MHz for 3!P), or Varian Inova 500 NMR (499.90
MHz for 'H; 126 MHz for *C; 471 MHz for "°F; 99 MHz for »°Si; 202.46 MHz for *'P).
'H and 3C spectra were referenced to the residual solvent peak (CDCls: 'H § = 7.26 ppm,
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3C & = 77.16 ppm; CsDs: 'H & = 7.16 ppm, '3C & = 128.06 ppm). Chemical shifts are
reported in parts per million (ppm, d) relative to tetramethylsilane at 0.00 ppm. Peaks are
characterized as follows: s (singlet), d (doublet), t (triplet), q (quartet), pent (pentet), hept
(heptet), m (multiplet), br (broad), app (apparent), and/or ms (multiple signals). Coupling
constants, J, are reported in Hz. Electron paramagnetic resonance (EPR) spectra were
collected at 77 K on a Bruker Elexsys E500 EPR X-band spectrometer. Infrared
spectroscopy was performed on an Agilent Nicolet 6700 FT-IR, and peaks are reported in
cm’!. For catalytic reactions, yields were determined using Gas Chromatography-Mass
Spectrometry (GCMS) or Gas Chromatography (GC) 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 um df)
column. GC was carried out on a Thermo Fisher Trace 1300 Gas Chromatograph using a
Restek Rtx®-5 (Crossbond 5% diphenyl — 95% dimethyl polysiloxane; 15 m, 0.25 mm ID,
0.25 pm df) column. High-resolution mass spectrometry (HRMS) was carried out on a

Waters XEVO G2-XS TOF mass spectrometer.

B.1.3. Synthesis of Non-Commercial Reagents
a. Tris(3-fluorophenyl)silane, HSi(3-F-CsH )3
1. Mg (2.0 equiv), I, (cat.)

Et,0, reflux, 2 h
2. HSiCl; (0.40 equiv)

H
F\©/| Et,0, reflux, 17 h F Si F
O@?

(1.0 equiv)

Tris(3-fluorophenyl)silane was prepared via a literature procedure:?*> To an oven-
dried 100-mL Schlenk flask equipped with a magnetic stir bar was added Mg (1.22 g, 40
mmol, 2.0 equiv), Et2O (30 mL), and I, (a grain). 3-Fluoroiodobenzene (2.4 mL, 20 mmol,
1.0 equiv) was added slowly and the reaction was equipped with a condenser before being
placed in a preheated oil bath at 60 °C. The reaction was refluxed for 2 hours before being
cooled to room temperature. Once cool, the reaction solution was transferred via cannula
to a 200-mL oven dried Schlenk flask. The reaction was cooled to 0 °C with an ice/water
for 10 minutes. In the meantime, in an oven dried 40 mL Schlenk flask, a solution of HSiCl3

(0.81 mL, 8.0 mmol, 0.40 equiv) in Et2O (20 mL) was prepared. After 10 minutes, the
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solution of HSiCl; was added slowly to the Grignard solution. The reaction was equipped
with a condenser again and placed back in the oil bath at 60 °C to reflux. After 17 h, the
reaction was deemed complete by analysis of an aliquot by GC-MS and cooled to room
temperature. The reaction was opened to air and quenched with ~10 mL HCI (3 M). The
reaction was transferred to a separatory funnel and ~30 mL H>O was added. The aqueous
layer was isolated and extracted with Et2O (3 x 80 mL). The combined organic layers were
dried over Na;SOs, filtered and concentrated under reduced pressure. The crude material
was purified via column chromatography (silica, hexanes) to yield the product as a white

solid (1.50 g, 3.2 mmol, 40% yield).

B.1.4. Isomerization of allylarenes
a. Reaction order determination

i. Kinetics to measure order in (sty)Ni(1Pr)

(sty),Ni(IPr) (0.011 to 0.060 M)
/@M HSiPh; (0.015 M) /@Aﬂ‘
MeO toluene, 80 °C MeO

In a nitrogen-filled glovebox, (sty).Ni(IPr) was weighed into 1-dram vials (5.8 to

32.8 mg, 0.009 to 0.050 mmol, 0.035 to 0.20 equiv). Magnetic stir bars were added to each
vial. A stock solution of HSiPh;3 (0.016 M) and durene (0.081 M) was prepared by weighing
out each reagent directly into a 10-mL volumetric flask and adding the appropriate volume
of toluene. The stock solution was distributed (0.80 mL) using a 1-mL disposable syringe.
Vials were sealed with septum caps, removed from the glovebox, and placed on a preheated
aluminum vial block at 80 °C. After 30 minutes, 4-allylanisole (38 pL, 0.25 mmol, 1.0
equiv) was distributed in two portions using a 25-uL. microliter syringe. Over the course of
the reaction, ~5 pL aliquots were removed from the reaction and filtered through Celite
with hexanes directly into a GC vial for analysis by GC-FID. The concentration of 4-OMe-
B-methylstyrene was found versus durene as an internal standard based on an independent

calibration curve prepared with commercial reagents.
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Table B.1. Concentration of 4-OMe--methylstyrene formed over time at differing initial
concentrations of (sty)2Ni(IPr). Linear portion of kinetic curve values used to find the order
are bolded. Concentrations of 4-OMe-f-methylstyrene were determined using GC-FID
against durene as an internal standard.

[(sty):Ni(IPr)] = 0.060 M [(sty)2Ni(IPr)] = 0.036 M
. [4-OMe-p- . [4-OMe-p-
Time (s) methylstyrene] (M) Time (s) methylstyrene] (M)
300 0.015 = 0.003 300 0.0095 = 0.001
600 0.027 + 0.006 600 0.018 + 0.001
900 0.037 £+ 0.008 900 0.024 =+ 0.000
1200 0.048 =+ 0.008 1200 0.031 = 0.00
1500 0.062 + 0.008 1500 0.040 + 0.00
1800 0.080 =+ 0.007 1800 0.051 = 0.00
2160 0.10 = 0.01 2160 0.069 + 0.01
2400 0.12 += 0.01 2400 0.081 =+ 0.01
2760 0.15 = 0.00 2760 0.10 = 0.01
3000 0.17 = 0.01 3000 012 += 0.01
3360 020 + 0.00 3360 0.14 + 0.01
3600 0.22 = 0.00 3600 0.16 + 0.01
4200 026 = 0.01 4200 0.19 + 0.01
4800 026 = 0.01 4800 023 + 0.01
5400 0.27 = 0.01 5400 026 + 0.01
6000 0.27 = 0.00 6000 027 + 0.01
6600 0.26 = 0.00 6600 027 + 0.01
7200 0.26 = 0.00 7200 026 + 0.01
8400 0.27 = 0.00 8400 027 + 0.01
9600 026 = 0.01 9600 027 + 0.01
10800 0.27 = 0.01 10800 027 + 0.01
12600 027 + 0.01 12600 027 + 0.01
[(sty)Ni(IPr)] = 0.015 M [(sty)2Ni(IPr)] = 0.011 M
. [4-OMe-p- . [4-OMe-p-
Time (s) methylstyrene] (M) Time (s) methylstyren[:] M)
300 0.011 + 0.002 300 0.014 + 0.007
600 0.028 =+ 0.004 600 0.04 + 0.01
1200 0.052 + 0.008 1200 0.08 + 0.03
1800 0.067 + 0.008 1800 0.09 + 0.03
2400 0.09 + 0.01 2400 012 += 0.04
3000 0.11 = 0.01 3000 0.13 = 0.04
3600 0.13 += 0.01 3600 0.15 = 0.03
4200 0.16 = 0.02 4800 0.20 = 0.04
4800 0.19 = 0.02 5400 022 + 0.03
5400 0.21 = 0.02 6000 024 + 0.03
6000 024 + 0.01 6600 025 + 0.02
6600 026 = 0.01 7200 026 + 0.01
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7200 027 £ 0.00 7800 027 £ 0.00
8400 027 £ 0.00 8400 027 £ 0.00
9600 026 £+ 0.00 9600 027 £ 0.00
10800 026 £+ 0.00 10800 025 + 0.02
12600 026 £+ 0.00 12600 027 £ 0.00
14400 027 £ 0.00
(a) (b)
0.30 0.28
_ e ° —
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Figure B.1. Formation of 4-OMe-B-methylstyrene formed over time at differing initial
concentrations of (sty)>Ni(IPr). (a) Full reaction profiles and (b) linear portion of kinetic
curve.

Table B.2. Rates of formation of 4-OMe-B-methylstyrene at varying initial concentrations
of (sty)2Ni(IPr).

[(sty):Ni(IPr)] log([(sty)Ni(IPr)] / log(Rate /
M) Rate (M/s) M) M/s)
0.060 8.32-10° + 0.08-10°3 -1.22 -4.08
0.036 6.35-10° + 0.06 - 10° -1.44 -4.20
0.015 426-10° + 0.08 - 107 -1.82 -4.37
0.011 3.46 - 10° + 0.05-10° -1.96 -4.46
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Figure B.2. Order plot for (sty)Ni(IPr). (a) Power function fit of formy = a * x; a =
0.0003, b= 0.50, R?=0.997 and (b) linearized log-log plot of formy =m = x +b; m=0.50
+0.02,b=3.47+0.03, R?=0.997.

ii. Kinetics to measure order in HSiPh;

(sty)oNi(IPr) (0.015 M)

/@/\? HSiPh3 (0.015 to 0.060 M) /@/\,ﬂ
MeO toluene, 80 °C MeO

(0.30 M)

In a nitrogen-filled glovebox, (sty)>Ni(IPr) (8.2 mg, 0.013 mmol, 0.05 equiv) was
weighed directly into 1-dram vials. Magnetic stir bars were added to each vial. Stock
solution of durene (0.15 M) and HSiPh3 (0.13 M) were prepared in 5.0- and 10.0-mL
volumetric flasks, respectively, by weighing out the reagent and adding the appropriate
volume of toluene. The durene stock solution (0.40 mL, 0.061 mmol, 0.24 equiv) was
distributed to each vial using a 1-mL disposable syringe. Silane stock solution and toluene
(to keep the total volume in each vial consistent) were distributed each vial using a 250-uL.
microliter syringe (see Table B.3. for specific details). Vials were sealed with septum caps,
removed from the glovebox and placed on a preheated aluminum vial block at 80 °C. After
30 minutes, 4-allylanisole (38 pL, 0.25 mmol, 1.0 equiv) was distributed in two portions
using a 25-pL microliter syringe. Throughout the course of the reaction, ~5 pL aliquots
were removed from the reaction, filtered through Celite with hexanes directly in to a GC
and analyzed by GC-FID. The concentration of 4-OMe-B-methylstyrene was found versus
durene as an internal standard based on an independent calibration curve prepared with

commercial reagents.
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Table B.3. Amounts and concentrations of HSiPhs used to collect rate data.

Volume of HSiPh3
Final [HSiPhs] stock solution mmol HSiPh; Volume of extra
(M) added added toluene added
0.015 400 puL 0.050 0
0.022 205 uL 0.025 195 uL
0.031 145 uL 0.018 255 uL
0.060 100 puL 0.013 300 uL

Table B.4. Concentration of 4-OMe--methylstyrene formed over time at differing initial
concentrations of HSiPhs. Linear portion of kinetic curve values used to find the order are
bolded. Concentrations of 4-OMe-f-methylstyrene were determined using GC-FID
against durene as an internal standard.

[HSiPhs3] = 0.060 M [HSiPh3] =0.031 M
[4-OMe-f3- [4-OMe-3-
Time (s) methylstyrene] (M) Time (s) methylstyrene] (M)
300 0.0033 + 0.0001 300 0.0032 + 0.0002
600 0.0059 + 0.0002 600 0.0054 + 0.0007
900 0.0091 £ 0.0004 900 0.008 + 0.001
1200 0.014 = 0.001 1200 0.011 = 0.002
1500 0.022 + 0.001 1500 0.016 = 0.003
1800 0.034 = 0.002 1800 0.023 + 0.004
2100 0.048 = 0.003 2100 0.031 + 0.006
2400 0.064 + 0.003 2400 0.041 + 0.008
2700 0.085 £ 0.005 2700 0.053 + 0.009
3000 0.11 £+ 0.01 3000 0.07 + 0.01
3300 0.13 £+ 0.01 3300 0.08 + 0.01
3600 0.16 + 0.01 3600 0.10 + 0.01
3900 0.19 £+ 0.01 3900 0.12 = 0.02
4500 0.25 £+ 0.01 4500 0.16 + 0.02
5100 0.27 + 0.00 5100 0.20 + 0.02
5700 027 + 0.00 5700 024 + 0.02
6300 0.27 + 0.00 6300 0.26 + 0.01
6900 0.27 + 0.00 6900 0.26 + 0.01
8100 0.27 + 0.00 8100 0.26 + 0.01
9300 0.27 + 0.00 9300 0.26 + 0.01
10500 0.27 £+ 0.00 10500 0.26 + 0.01
12300 0.27 £ 0.00 12300 0.26 + 0.01
[HSiPh3] =0.022 M [HSiPh3] =0.015M
[4-OMe-f3- [4-OMe-3-
Time (s) methylstyrene] (M) Time (s) methylstyrene] (M)
300 0.0031 =+ 0.0002 300 0.0024 + 0.0001
900 0.0070 + 0.0003 900 0.0057 £+ 0.0002
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1500 0.013 £+ 0.000 1500 0.011 £ 0.000
2100 0.023 £+ 0.001 2100 0.019 £+ 0.000
2700 0.039 £+ 0.001 2700 0.031 =+ 0.000
3300 0.061 =+ 0.001 3300 0.049 + 0.001
3900 0.085 =+ 0.00 3900 0.069 =+ 0.001
4500 0.12 = 0.00 4500 0.093 =+ 0.002
5100 0.15 = 0.00 5100 0.12 + 0.00
5700 0.18 = 0.00 5700 0.15 + 0.00
6300 0.21 = 0.01 6300 0.17 £+ 0.00
6900 024 = 0.01 6900 0.20 + 0.00
7500 026 = 0.01 7500 023 £+ 0.00
8100 026 = 0.01 8100 025 £+ 0.00
8700 026 = 0.01 8700 026 £+ 0.00
9300 026 = 0.01 9300 026 £+ 0.00
9900 026 = 0.01 9900 026 £+ 0.00
10500 026 = 0.01 10500 026 £+ 0.00
11100 026 = 0.01 11100 026 £+ 0.00
12300 026 = 0.00 11700 026 £+ 0.00
12300 026 £+ 0.00
0.30 0.28 ;
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Figure B.3. Formation of 4-OMe-B-methylstyrene formed over time at differing initial
concentrations of HSiPhs. (a) Full reaction profiles and (b) linear portion of kinetic curve.

Table B.5. Rates of formation of 4-OMe-B-methylstyrene at varying initial concentrations
of HSiPhs.

log(Rate /
[HSiPhs] (M) Rate (M/s) log(|JHSiPhsz] / M) M/s)
0.060 92+10° £ 0.1-107 -1.22 -4.04
0.033 6.4+-10° £ 0.1-107 -1.51 -4.19
0.022 54-10° £ 0.1-10° -1.66 -4.27
0.015 442 +10° + 0.07 - 107 -1.82 -4.35
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Figure B.4. Order plot for HSiPhs. (a) Power function fit of formy =a = x% a = 0.0004, b
=0.53, R2=0.999 and (b) linearized log-log plot of formy =m = x + b; m = 0.53 = 0.01,
b=-3.4+0.01,R?>=0.999.

iii. Kinetics to measure order in 4-allylanisole

(sty)zNi(IPr) (0.015 M)
/@/\% HSiPh; (0.015 M) m
MeO toluene, 80 °C MeO

(0.050 to 0.40 M)

In a nitrogen-filled glovebox, (sty).Ni(IPr) was weighed into 1-dram vials (8.2 mg,
0.013 mmol). Magnetic stir bars were added to each vial. A stock solution of HSiPhs (0.021
M) and durene (0.11 M) was prepared by weighing out each reagent directly into a 10-mL
volumetric flask and adding the appropriate volume of toluene. The stock solution was
distributed (0.60 mL) using a 1-mL disposable syringe. Toluene was distributed using a
250-pL microliter syringe to bring the total volume (including 4-allylanisole) to 0.84 mL
(Table B.6.). Vials were sealed with septum caps, removed from the glovebox, and placed
on a preheated aluminum vial block at 80 °C. After 30 minutes, 4-allylanisole (6 to 52 uL,
0.042 to 0.34 mmol) was distributed using a 25-pL or 100-pL microliter syringe. Over the
course of the reaction, ~5 pL aliquots were removed from the reaction and filtered through
Celite with hexanes directly into a GC vial for analysis by GC-FID. The concentration of
4-OMe-B-methylstyrene was found versus durene as an internal standard based on an

independent calibration curve prepared with commercial reagents.
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Table B.6. Amounts and concentrations of 4-allylanisole used to collect rate data.

Final [4- Volume of 4- mmol 4- Volume of extra
allylanisole] (M)  allylanisole added allylanisole added toluene added
0.050 6.0 uL 0.042 194 uL
0.10 13 uL 0.084 187 uL
0.20 26 uL. 0.17 174 uL
0.30 38 uL 0.25 162 uL
0.40 52 uL 0.34 148 ulL

Table B.7. Concentration of 4-OMe-B-methylstyrene formed over time at differing initial
concentrations of 4-allylanisole. Linear portion of kinetic curve values used to find the
order are bolded. Concentrations of 4-OMe-B-methylstyrene were determined using GC-
FID against durene as an internal standard.

[4-allylanisole]o = 0.050 M [4-allylanisole]o = 0.10 M
[4-OMe-f3- [4-OMe-g3-
Time (s) methylstyrene] (M) Time (s) methylstyrene] (M)
300 0.0048 =+ 0.001 300 0.0041 =+ 0.0002
600 0.0062 £+ 0.0001 600 0.0067 + 0.0003
900 0.0092 £+ 0.0004 900 0.0099 + 0.0001
1200 0.014 += 0.000 1200 0.014 = 0.000
1500 0.019 + 0.001 1500 0.019 = 0.000
1800 0.024 + 0.001 1800 0.024 = 0.001
2100 0.029 = 0.002 2100 0.030 + 0.001
2400 0.034 = 0.002 2400 0.037 + 0.002
2700 0.038 = 0.000 2700 0.045 = 0.003
3000 0.039 + 0.000 3000 0.052 + 0.004
3300 0.039 + 0.000 3300 0.060 + 0.005
3600 0.039 + 0.001 3600 0.068 + 0.006
4200 0.039 + 0.001 4200 0.082 + 0.004
4800 0.039 = 0.000 4800 0.085 + 0.002
5400 0.039 + 0.001 5400 0.083 + 0.000
6000 0.039 + 0.001 6000 0.085 + 0.002
6600 0.039 + 0.001 6600 0.084 =+ 0.000
7200 0.038 = 0.000 7200 0.085 = 0.002
[4-allylanisole]o = 0.20 M [4-allylanisole]o = 0.30 M
[4-OMe-f3- [4-OMe-g3-
Time (s) methylstyrene] (M) Time (s) methylstyrene] (M)
300 0.0044 =+ 0.0000 600 0.018 + 0.006
600 0.0094 =+ 0.0004 1200 0.043 = 0.01
900 0.016 = 0.001 1800 0.058 + 0.01
1200 0.022 = 0.002 2400 0.078 + 0.01
1500 0.027 = 0.002 3000 0.099 + 0.02
1800 0.034 = 0.002 3600 0.12 + 0.01
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2100 0.040 + 0.002
2400 0.048 =+ 0.002
2700 0.056 =+ 0.002
3000 0.063 = 0.002
3300 0.074 + 0.002
3600 0.082 =+ 0.003
3900 0.093 = 0.003
4200 0.11 + 0.00
4500 012 + 0.00
4800 0.13 + 0.00
5100 0.14 + 0.00
5400 0.15 + 0.00
5700 0.16 + 0.00
6000 0.17 + 0.00
6300 0.17 £+ 0.00
6600 0.18 + 0.00
6900 0.18 + 0.00
7200 0.18 + 0.00
7800 0.18 + 0.00
8400 0.18 + 0.00
9000 0.18 + 0.00
9600 0.18 + 0.00
10200 0.18 + 0.00
10800 0.18 + 0.00
[4-allylanisole]o = 0.40 M
[4-OMe-f3-
Time (s)  methylstyrene] (M)
600 0.044 + 0.006
1200 0.083 =+ 0.01
1800 0.10 + 0.01
2400 0.13 + 0.01
3000 0.15 + 0.01
3600 0.18 + 0.01
4200 020 + 0.01
4800 023 + 0.01
5400 025 + 0.02
6000 027 + 0.01
6600 028 + 0.01
7200 030 = 0.01
7800 031 + 0.00
8400 032 = 0.01
9000 033 = 0.01
9600 034 + 0.01
10200 035 + 0.00
10800 035 + 0.00
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11400 0.35 + 0.00
12000 0.35 + 0.00
12600 0.36 = 0.00
13200 0.35 = 0.00
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Figure B.5. Formation of 4-OMe-B-methylstyrene formed over time at differing initial
concentrations of 4-allylanisole. (a) Full reaction profiles and (b) linear portion of kinetic
curve.

Table B.8. Rates of formation of 4-OMe-B-methylstyrene at varying initial concentrations

of 4-allylanisole.

[4-allylanisole]o log([4-allylanisole]o / log(Rate /
M) Rate (M/s) M) M/s)
0.050 1.73-10° + 0.01 - 103 -1.30 -4.76
0.10 2.52-10% £+ 0.05-10°3 -1.00 -4.60
0.20 39-10° + 0.1-107 -0.699 -4.41
0.30 450 -10° + 0.09 - 103 -0.523 -4.35
0.40 4.05-10° + 0.07 - 103 -0.398 -4.39
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Figure B.6. Order plot for 4-allylanisole. (a) Power function fit of formy =a = x% a=7.0
- 10° , b =0.46, R? = 0.927 and (b) linearized log-log plot of formy =m * x + b; m =
0.46+0.7,b=-4.15+0.06, R? = 0.927.

iv. Kinetics to measure order in styrene

(sty),Ni(IPr) (0.015 M)
HSiPhs (0.015 M)

J@M styrene (0.03 to 0.50 M) /@Aﬂﬂ
MeO toluene, 80 °C MeO

(0.30 M)

In a nitrogen-filled glovebox, (sty).Ni(IPr) was weighed into 1-dram vials (8.2 mg,
0.013 mmol). Magnetic stir bars were added to each vial. A stock solution of HSiPhs (0.021
M) and durene (0.11 M) was prepared by weighing out each reagent directly into a 10-mL
volumetric flask and adding the appropriate volume of toluene. The stock solution was
distributed (0.60 mL) using a 1-mL disposable syringe. Styrene was distributed using a 25-
puL microliter syringe and toluene was distributed using a 250-puL microliter syringe to
bring the total volume (including 4-allylanisole and styrene) to 0.84 mL (Table B.9.). For
the trial with 0.030 M styrene, [styrene] was calculated based on 2 molar equiv of styrene
per molar equiv of (sty)2Ni(IPr) and no additional styrene was added. Vials were sealed
with septum caps, removed from the glovebox, and placed on a preheated aluminum vial
block at 80 °C. After 30 minutes, 4-allylanisole (38 pL, 0.25 mmol, 1.0 equiv) was
distributed using a 100-uL. microliter syringe. Over the course of the reaction, ~5 pL
aliquots were removed from the reaction and filtered through Celite with hexanes directly

into a GC vial for analysis by GC-FID. The concentration of 4-OMe-f-methylstyrene was
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found versus durene as an internal standard based on an independent calibration curve

prepared with commercial reagents.

Table B.9. Amounts and concentrations of 4-allylanisole used to collect rate data.

Final [styrene] Volume of styrene mmol styrene Volume of extra
(M) added added toluene added
0.030 0 0.025 200 pL
0.060 6.0 L 0.050 194 uL
0.12 11 pL 0.10 189 uL
0.30 29 uL 0.25 171 uL
0.50 48 uL 0.42 152 uL

Table B.10. Concentration of 4-OMe-f-methylstyrene formed over time at differing initial
concentrations of styrene. Concentrations of 4-OMe-f-methylstyrene were determined
using GC-FID against durene as an internal standard. One trial per [styrene] was run.

[styrene] = 0.030 M [styrene] = 0.060 M
[4-OMe-f3- [4-OMe-g3-
Time (s) methylstyrene] (M) Time (s) methylstyrene] (M)

600 0.031 600 0.009
1200 0.060 1200 0.033
1800 0.081 1800 0.055
2400 0.103 2400 0.068
3000 0.133 3000 0.073
3600 0.178 3600 0.080
4200 0.197 4200 0.079
4800 0.229 4800 0.080
5400 0.253 5400 0.083
6000 0.260 6000 0.086
6600 0.256 6600 0.088
7200 0.271 7200 0.094
7800 0.259 7800 0.092
8400 0.260 8400 0.094
9000 0.253 9000 0.097
9600 0.256 9600 0.099
10200 0.258 10200 0.101
10800 0.256 10800 0.109
12000 0.261 11400 0.104
12000 0.107

12600 0.108

13200 0.112

13800 0.113

14400 0.123

15600 0.120
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16800 0.126

18600 0.128
[styrene] =0.12 M [styrene] =0.30 M
[4-OMe-f3- [4-OMe-g3-
Time (s) methylstyrene] (M) Time (s) methylstyrene] (M)
600 0.006 600 0.004
1200 0.024 1200 0.018
1800 0.043 1800 0.035
2400 0.054 2400 0.048
3000 0.060 3000 0.056
3600 0.068 3600 0.062
4200 0.066 4200 0.063
4800 0.069 4800 0.068
5400 0.072 5400 0.071
6000 0.073 6000 0.074
6600 0.072 6600 0.075
7200 0.077 7200 0.079
7800 0.076 7800 0.076
8400 0.076 8400 0.080
9000 0.078 9000 0.083
9600 0.078 9600 0.082
10200 0.080 10200 0.083
10800 0.080 10800 0.089
11400 0.082 11400 0.085
12000 0.083 12000 0.085
12600 0.083 12600 0.089
13200 0.084 13200 0.088
13800 0.084 13800 0.086
14400 0.087 14400 0.093
15600 0.087 15600 0.089
16800 0.090 16800 0.088
18600 0.098 18600 0.091

[styrene] = 0.40 M

[4-OMe-f3-
Time (s) methylstyrene] (M)

600 0.002
1200 0.007
1800 0.015
2400 0.023
3000 0.027
3600 0.030
4200 0.033
4800 0.034
5400 0.035

230



6000 0.036

6600 0.037

7200 0.040

7800 0.040
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9000 0.042
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Figure B.7. Formation of 4-OMe-B-methylstyrene formed over time at differing initial

concentrations of 4-allylanisole.
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v. Kinetics to test for product inhibition or catalyst decomposition

Conditions A:
(sty)2Ni(IPr) (0.015 M)

/@M HSiPh; (0.015 M) @A,,ﬂ
MeO toluene, 80 °C MeO

(0.30 M)

Conditions B:
(sty)oNi(IPr) (0.015 M)

/@/\/ HSiPh3 (0.015 M) m
MeO toluene, 80 °C MeO

(0.18 M)

Conditions C:
(sty)oNi(IPr) (0.015 M)

/©/\¢ /@/\w HSiPh; (0.015 M) /@/\,ﬂ
+ >
MeO MeO toluene, 80 °C MeO

(0.18 M) (0.12 M)

In a nitrogen-filled glovebox, (sty).Ni(IPr) was weighed into 1-dram vials (8.2 mg,
0.013 mmol). Magnetic stir bars were added to each vial. A stock solution of HSiPhs (0.021
M) and durene (0.11 M) was prepared by weighing out each reagent directly into a 10-mL
volumetric flask and adding the appropriate volume of toluene. The stock solution was
distributed (0.60 mL) using a 1-mL disposable syringe. To the vials, 1 250-uL microliter
syringe was used to add toluene to bring the total volume to 0.84 mL. Vials were sealed
with septum caps, removed from the glovebox, and placed on a preheated aluminum vial
block at 80 °C. After 30 minutes, 4-allylanisole and 4-OMe-trans-B-methylstyrene were
distributed using a 100-uL. microliter syringe. See Table B.11. for amounts and
concentrations of each reagent. Over the course of the reaction, ~5 pL aliquots were
removed from the reaction and filtered through Celite with hexanes directly into a GC vial
for analysis by GC-FID. The concentration of 4-OMe-B-methylstyrene was found versus
durene as an internal standard based on an independent calibration curve prepared with

commercial reagents.
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Table B.11. Amounts and concentrations for catalyst decomposition and product inhibition
studies. 4-aa = 4-allylanisole; 4-OMe-bs = 4-OMe-trans-p-methylstyrene.

Volume Volume

Volume mmol 4-OMe- mmol 4- of extra

[4-aa]o of4-aa 4-aa  [4-OMe- bs OMe-bs  toluene

Conditions (M) added added bs]o(M) added added added

A 0.30 38 uL 0.25 0 0 0 200 pL
B 0.18 23 uL 0.15 0 0 0 215 puL
C 0.18 23 uL 0.15 0.12 15 uL 0.10 200 pL

Table B.12. Concentration of 4-allylanisole over time at differing initial conditions.
Concentrations of 4-allylanisole were determined using GC-FID against durene as an
internal standard.

Conditions A Conditions B
Time (s) [4-allylanisole] (M) Time (s) [4-allylanisole] (M)

600 0.267 + 0.002 600 0.160 = 0.001
1200 0.253 £+ 0.001 1200 0.151 + 0.002
1800 0.2323 £+ 0.0004 1800 0.140 + 0.003
2400 0.205 £ 0.001 2400 0.124 + 0.003
3000 0.177 £+ 0.003 3000 0.105 + 0.004
3600 0.148 = 0.004 3600 0.082 + 0.005
4200 0.117 = 0.006 4200 0.057 + 0.006
4800 0.091 = 0.006 4800 0.035 + 0.006
5400 0.067 = 0.006 5400 0.015 + 0.005
6000 0.046 + 0.006 6000 0.004 = 0.002
6600 0.028 + 0.005 6600 0.0008 =+ 0.0003
7200 0.017 = 0.002 7200 0.0004 =+ 0.0000
7800 0.010 = 0.001 7800 0.0004 =+ 0.0000
8400 0.0066 =+ 0.0004 8400 0.0004 =+ 0.0000
9000 0.0045 =+ 0.0002 9000 0.0003 =+ 0.0000
9600 0.0031 =+ 0.0000 9600 0.0004 =+ 0.0000
10200  0.0023 =+ 0.0001 10200 0.0004 =+ 0.0000
10800  0.0018 =+ 0.0002 10800 0.0004 =+ 0.0000
12600  0.0011 =+ 0.0001
14400  0.0009 =+ 0.0000

Conditions C
Time (s) [4-allylanisole] (M)

600 0.160 + 0.003
1200 0.153 £+ 0.002
1800 0.142 £+ 0.001
2400 0.125 £+ 0.002
3000 0.106 = 0.002
3600 0.084 =+ 0.003
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4200 0.061 + 0.003
4800 0.040 =+ 0.003
5400 0.020 £+ 0.003
6000 0.007 + 0.002
6600 0.0021 + 0.0008
7200 0.0008 =+ 0.0001
7800 0.0006 + 0.0000
8400 0.0005 £ 0.0000
9000 0.0005 <+ 0.0000
9600 0.0006 + 0.0000
10200 0.0006 + 0.0000
10800 0.0006 + 0.0000
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Figure B.8. Kinetic analysis to investigate possible catalyst decomposition studies or
product inhibition. Trials were run in duplicate with durene as an internal standard. Left
plot shows unprocessed data. Right plot shows data with a time shift of 0.42 h.

b. Silane kinetic isotope experiment

(sty)2Ni(IPr) (5 mol %)
/@/\/ HSiPh; or DSiPh; (5 mol %) m
MeO toluene, 80 °C MeO

In a nitrogen-filled glovebox, (sty)>Ni(IPr) (8.2 mg, 0.013 mmol, 0.05 equiv) was

weighed directly into 1-dram vials. Magnetic stir bars were added to each vial. Stock
solution of durene (0.18 M), HSiPhs (0.62 M) and DSiPh3 (0.62 M) were prepared in 5.0-,
2.0- and 1.0-mL volumetric flasks, respectively, by weighing out the reagent and adding
the appropriate volume of toluene. The durene stock solution (0.60 mL, 0.11 mmol, 0.43
equiv) was distributed to each vial using a 1-mL disposable syringe. Silane stock solution

(200 pL, 0.012 mmol, 0.05 equiv) was distributed to each vial using a 250-uL microliter
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syringe. Vials were sealed with septum caps, removed from the glovebox and placed on a
preheated aluminum vial block at 80 °C. After 30 minutes, 4-allylanisole (38 uL, 0.25
mmol, 1.0 equiv) was distributed in two portions using a 25-uL. microliter syringe.
Throughout the course of the reaction, ~5 uL aliquots were removed from the reaction,
filtered through Celite with hexanes directly into a GC and analyzed by GC-FID. The
concentration of 4-OMe-B-methylstyrene was found versus durene as an internal standard

based on an independent calibration curve prepared with commercial reagents.

Table B.13. Concentration of 4-OMe-p-methylstyrene formed over time. Concentrations
of 4-OMe-B-methylstyrene were determined using GC-FID against durene as an internal
standard. Linear portion of kinetic curve values used to find the order are bolded.

Silane = HSiPh; Silane = DSiPh3
[4-OMe-f- [4-OMe-f-
Time (s) methylstyrene] (M) Time (s) methylstyrene] (M)
900 0.013 = 0.001 900 0.0104 =+ 0.0003
1200 0.016 = 0.003 1200 0.013 = 0.004
1800 0.03 + 0.01 1800 0.02 <+ 0.01
2400 0.05 £+ 0.02 2400 0.04 =+ 0.02
3000 0.08 £+ 0.02 3000 0.07 = 0.02
3600 0.11 £+ 0.02 3600 0.09 = 0.02
4200 0.13 £+ 0.02 4200 0.12 + 0.02
4800 0.16 £+ 0.02 4800 0.14 + 0.01
5400 0.18 £+ 0.02 5400 0.16 + 0.02
6000 0.20 £+ 0.02 6000 0.19 + 0.02
6600 0.22 £ 0.02 6600 0.20 + 0.01
7200 023 £+ 0.02 7200 022 + 0.02
7800 024 + 0.01 7800 023 + 0.01
8400 024 + 0.01 8400 023 + 0.01
9000 024 + 0.01 9000 0.24 =+ 0.00
10800 0.25 + 0.01 10800 0.25 + 0.01
14400 0.26 £+ 0.00 14400 0.25 £+ 0.00
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Figure B.9. H/D kinetic isotope effect for triphenylsilane. Trials were run in duplicate with
durene as an internal standard.

The assumption used above that ku/kp = raten/ratep is true if the reactions with

HSiPh; and DSiPh; undergo the same mechanism, which we assume to be true. The

maximum KIE for Si—H/D without tunneling was determined using the following equation:

h-c-Av
KIEpmqy, = € k8T

Where...

6.63x103*  Jes (Planck’s constant)
2.998x10'  cmes!  (Speed of light)

VH — VD

Stretching frequency of the Si—H bond (cm™)

Stretching frequency of the Si-D bond (cm™)
1.38x102%  JK'! (Boltzmann constant)

Temperature (K)

For HSiPhs, vis = 2118 ¢cm™! and for DSiPhs, vpb = 1539 ¢cm™!. Calculated at 298 K (the

temperature at which the IR spectra were measured):

KIE 0 = €

(6.63:1073% J- K~ 1)(3.0-10%° cm-s~1) (2118 cm™1-1539 cm™1)
(1.38:10723 J-K~1)(298 K) = 4.0

¢. Deuterium incorporation with DSiPh;
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MeO
(sty)oNi(IPr) (10 mol %)

@/\% DSiPhs (10 mol %)
MeO toluene, 80 °C MeO

16 h

139

MeO

In a nitrogen-filled glovebox, (sty)2Ni(IPr) (32.8 mg, 0.050 mmol, 0.10 equiv) was
weighed into 1-dram vials. Magnetic stir bars were added to each vial. A stock solution of
silane (0.031 M) was prepared by weighing out DSiPh3 and adding the appropriate volume
of toluene. DSiPh3 stock solution was distributed (1.6 mL, 0.050 mmol, 0.10 equiv) using
two portions of a 1-mL disposable syringe. Vials were sealed with septum caps, removed
from the glovebox, and placed on a preheated aluminum vial block at 80 °C. After 30
minutes, 4-allylanisole (76 puL, 0.50 mmol, 1.0 equiv) was added using a 100-pL microliter
syringe. After 16 h, the reactions were quenched by cooling with liquid N2 and opening to
air. Small aliquots were removed and filtered through Celite with hexanes directly into GC-
MS vials for analysis by GC-MS and GC-FID. A summary of relative composition for the
crude reaction is shown in Table B.14. Approximately half of the crude reaction mixture
was then filtered through a short silica plug using hexanes, solvent was removed under
reduced pressure, and samples for NMR were prepared in solutions of CHCl3/CDCl3 (9:1).
'H and ?H NMR spectra were recorded, shown in Figure B.10.

Table B.14. Summary of crude reaction composition and analysis of mass spectra from
GC-MS.

Relative % Predicted and observed mass
Component composition fragmentation
Exact Mass: 148.0888
— predicted:
/@/\/ <1% m/z: 148.0888 (100.0%), 149.0922 (10.8%)
MeO observed:

m/z: 148.1 (100%), 149.1 (10%)
Exact Mass: 148.0888
predicted:

NS
@/\/ 92% m/z: 148.0888 (100.0%), 149.0922 (10.8%)
MeO

observed:
m/z: 148.1 (100%), 149.1 (15%)
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MeO
Exact Mass: 150.1045

predicted:
©/\/ 3% m/z: 150.1045 (100.0%), 151.1078 (10.8%)
MeO observed:

m/z: 150.1 (100%), 151.1 (52%)

MeO
(sty)2Ni(IPr) (10 mol %)
@M DSiPh; (10 mol %) m.
toluene, 80 °C o MeO
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Figure B.10. NMR analysis of deuterium incorporation study with DSiPhs. NMR spectra

were recorded at 298 K. CHCIs was stabilized with EtOH (visible in the '"H NMR

spectrum).

5 80 75 70 6.

d. Silane linear free energy relationship with 4-allylanisole

(sty)2Ni(IPr) (5 mol %)
J@M HSiR; (5 mol %) m
MeO toluene, 80 °C MeO
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In a nitrogen-filled glovebox, (sty)>Ni(IPr) (8.2 mg, 0.013 mmol, 0.05 equiv) was
weighed directly into 1-dram vials. Magnetic stir bars were added to each vial. Stock
solutions of HSiPhs (0.031 M), HSi(3-F-CsH4)3 (0.031 M), HSi(4-OMe-CsHa); (0.031 M)
and durene (0.28 M) were prepared by weighing out the reagent into volumetric flasks and
adding the appropriate volume of toluene. HSi(4-NMe»-CsHa)3 (4.9 mg, 0.013 mmol, 0.05
equiv) and HSi(4-CF3-CsH4)3 (5.8 mg, 0.013 mmol, 0.05 equiv) were weighed directly into
vials with (sty)2Ni(IPr). Durene stock solution (0.40 mL, 0.11 mmol, 0.44 equiv) was
distributed to each vial using a 1-mL disposable syringe. Silane stock solution (0.40 mL,
0.12 mmol, 0.05 equiv) or toluene (0.40 mL) were distributed to vials using a 1-mL
disposable syringe. Vials were sealed with septum caps, removed from the glovebox and
placed on a preheated aluminum vial block at 80 °C. After 30 minutes, 4-allylanisole (38
uL, 0.25 mmol, 1.0 equiv) was distributed using a 100-puL microliter syringe. Throughout
the course of the reaction, ~5 pL aliquots were removed from the reaction, filtered through
Celite with hexanes directly into a GC and analyzed by GC-FID. The concentration of 4-
OMe-B-methylstyrene was found versus durene as an internal standard based on an

independent calibration curve prepared with commercial reagents.

Table B.15. Concentration of 4-OMe-f-methylstyrene formed over time. Concentrations
of 4-OMe-B-methylstyrene were determined using GC-FID against durene as an internal
standard.

Silane = HSi(4-CF3-C6H4)3 Silane = HSi(3-F-C6H4)3
[4-OMe-f3- [4-OMe-f3-
Time (s) methylstyrene] (M) Time (s) methylstyrene] (M)
600 0.0390 = 0.0009 300 0.0521 = 0.0006
1200 0.0448 + 0.0005 600 0.0994 =+ 0.0008
1800 0.0474 = 0.0006 900 0.1206 = 0.0006
2400 0.0496 = 0.0006 1200 0.135 = 0.002
3000 0.0509 = 0.0006 1500 0.149 = 0.002
3600 0.0525 = 0.0008 1800 0.160 = 0.002
4200 0.0536 = 0.0008 2100 0.168 = 0.002
4800 0.0548 = 0.0006 2400 0.175 = 0.002
5400 0.0560 *= 0.0008 2700 0.181 + 0.003
6000 0.0573 = 0.0006 3000 0.187 = 0.002
6600 0.058 = 0.001 3300 0.192 = 0.002
7200 0.060 = 0.001 3600 0.198 £ 0.003
9000 0.063 = 0.001 4200 0.205 = 0.002
4800 0.211 = 0.002
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5400 0.218 + 0.003

6000 0.223 + 0.002

6600 0.228 + 0.002

7200 0.233 + 0.002

9000 0245 + 0.002

Silane = HSiPh; Silane = HSi(4-OMe-CsH4)3

[4-OMe-f3- [4-OMe-B-
Time (s) methylstyrene] (M) Time (s) methylstyrene] (M)

600 0.0112 = 0.0007 600 0.0044
1200 0.0241 = 0.0004 1200 0.0081
1800 0.0487 = 0.0008 1800 0.0129
2400 0.079 + 0.003 3000 0.0307
3000 0.113 £ 0.004 4200 0.0530
3600 0.147 £ 0.006 5400 0.0761
4200 0.175 + 0.006 6600 0.0991
4800 0.200 + 0.006 7800 0.1228
5400 0.219 = 0.005 9000 0.1464
6000 0.231 = 0.005 10200 0.1665
6600 0.240 = 0.003 11400 0.1878
7200 0.247 = 0.003 12600 0.2020
7800 0.251 += 0.004 13800 0.2157
9000 0.257 += 0.003 15000 0.2236
16200 0.2363
18000 0.2396
19200 0.2454
20400 0.2482
21600 0.2519
25200 0.2557

Silane = HSi(4-NMe;-CsHa)3

[4-OMe-p-
Time (s) methylstyrene] (M)

600 0.018 = 0.003
1200 0.031 =+ 0.005

1800 0.043 =+ 0.006
3000 0.067 £+ 0.008
4200 0.08 + 0.01
5400 0.10 £ 0.01
6600 0.11 £ 0.01
7800 0.12 £ 0.01
9000 0.12 £ 0.01
10200 0.13 £ 0.02
11400 0.14 £ 0.02
12600 0.14 £ 0.02
13800 0.15 £ 0.02
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15000 0.15 = 0.02

16200 0.15 = 0.02

18000 0.17 = 0.02

19200 0.16 = 0.02

20400 0.16 = 0.02

21600 0.17 = 0.02

25200 0.17 = 0.02
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Figure B.11. Linear free energy relationship with substituted triaryl silanes. Trials were
run in duplicate, except for HSi(4-OMe-C¢Ha)s, with durene as an internal standard.

e. Silane linear free energy relationship with allylbenzene

(sty)aNi(IPr) (5 mol %)
a HSiR; (5 mol %) N
©/\/ toluene, 80 °C o ©/\HH

In a nitrogen-filled glovebox, (sty)>Ni(IPr) (8.2 mg, 0.013 mmol, 0.05 equiv) was

weighed into 1-dram vials. Magnetic stir bars were added to each vial. HSi(4-CF3-CsHa)3
(5.8 mg, 0.013 mmol, 0.05 equiv) and HSi(4-NMe>-CsH4)3 (4.9 mg, 0.013 mmol, 0.05
equiv) were weighed into respective vials. Stock solutions of HSiPh; (0.031 M), HSi(3-F-
CsHa)3 (0.031 M) and HSi(4-OMe-C¢H4)3 (0.031 M) were prepared in volumetric flasks
by weighing out the reagent and adding the appropriate volume of toluene. A stock solution
of durene (0.16 M) was prepared by weighing out durene into a 10-mL volumetric flask
and adding the appropriate volume of toluene. Silane stock solutions were distributed (400
uL, 0.013 mmol, 0.05 equiv) in two portions using a 250-uL. microliter syringe to the
respective vials. Durene stock solution (400 pL, 0.065 mmol, 0.26 equiv) was distributed

in two portions using a 250-uL microliter syringe to each vial. Vials were sealed with
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septum caps, removed from the glovebox and placed on a pre-heated aluminum vial block
at 80 °C. After 30 minutes of heating, allylbenzene (33 pL, 0.25 mmol, 1.0 equiv) was
added using a 100-puL microliter syringe. Throughout the course of the reaction, ~5 pL
aliquots were removed from the reaction, filtered through Celite with hexanes directly into
a GC and analyzed by GC-FID. The concentration of B-methylstyrene was found versus
durene as an internal standard based on an independent calibration curve prepared with

commercial reagents.

Table B.16. Amounts and concentrations of silanes used to collect rate data.

Volume of Amount silane
Silane volumetric flask added
HSi(3-F-C6H4)3 1.0 mL 9.7 mg
HSiPh; 5.0 mL 40.3 mg
HSi(4-OMe-CsHa)3 2.0mL 21.6 mg

Table B.17. Concentration of B-methylstyrene formed over time. Concentrations of 3-
methylstyrene were determined using GC-FID against durene as an internal standard.
Linear portion of kinetic curve values used to construct the Hammett plot are bolded.

Silane = HSi(4-CF3-C6H4)3 Silane = HSi(3-F-C6H4)3
[B-methylstyrene] [p-methylstyrene]
Time (s) M) Time (s) ™M)
30 0.015 <+ 0.001 30 0.011 + 0.001
60 0.026 + 0.001 60 0.025 + 0.001
90 0.0362 = 0.0009 120 0.043 + 0.002
120 0.0472 = 0.0007 180 0.065 += 0.001
150 0.058 <+ 0.001 240 0.0828 + 0.0008
180 0.067 <+ 0.002 300 0.0989 = 0.0005
240 0.081 =+ 0.002 360 0.1134 + 0.0008
300 0.097 <+ 0.003 420 0.1275 £+ 0.0008
360 0.110 + 0.003 480 0.1412 + 0.0006
420 0.123 £+ 0.003 540 0.1533 £+ 0.0001
480 0.135 + 0.004 600 0.1662 + 0.0003
540 0.146 + 0.003 660 0.1745 + 0.0001
600 0.158 + 0.003 720 0.1825 + 0.0005
660 0.167 + 0.004 780 0.1909 =+ 0.0007
720 0.177 + 0.004 840 0.1966 =+ 0.0008
780 0.186 + 0.003 900 0.202 + 0.001
840 0.194 + 0.003 960 0.208 + 0.001
900 0.201 + 0.004 1020 0.213 + 0.001
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960
1020
1080
1140
1200
1320
1440
1560
1680
1800
2040
2400
2700
3600
4500
5400

0.208
0.215
0.221
0.226
0.231
0.240
0.247
0.252
0.256
0.260
0.264
0.268
0.270
0.273
0.274
0.275

HoH B H K H H H BB H KKK

0.004
0.003
0.004
0.003
0.003
0.002
0.003
0.003
0.002
0.003
0.002
0.002
0.002
0.001
0.002
0.002

Silane = HSiPh;

[p-methylstyrene]

Time (s) M)

120 0.0347 + 0.0005
240 0.0599 + 0.0003
360 0.0805 + 0.0000
480 0.101 + 0.001
660 0.1280 + 0.0007
840 0.152 + 0.002
1020 0.176 £+ 0.002
1260 0.204 + 0.002
1500 0.226 + 0.002
1740 0.243 + 0.001
1980 0.2540 + 0.0004
2220 0.2620 + 0.0003
2460 0.2663 + 0.0009
2700 0.2692 + 0.0001
2940 0.2701 + 0.0005
3180 0.2710 + 0.0002
3420 0.2715 + 0.0009
3660 0273 + 0.002
3900 0.272 + 0.001
4140 0272 + 0.002
4380 0.2725 + 0.0009
4620 0272 + 0.002
4860 0272 + 0.002
5100 0272 + 0.002
5340 0272 + 0.002
5940 0272 + 0.003
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1080
1140
1200
1320
1440
1560
1680
1800
2100
2460
2700
3600
4860
6120

0.217
0.220
0.224
0.231
0.236
0.241
0.244
0.248
0.254
0.260
0.263
0.270
0.2707
0.2700

HoH H H B B B R H WK K H

0.001
0.001
0.001
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.002
0.0006
0.0007

Silane = HSi(4-OMe-CsH4)3

[B-methylstyrene]

Time (s) ™M)

120 0.0337 + 0.0002
240 0.0531 + 0.0003
360 0.0673 + 0.0008
480 0.082 + 0.001
660 0.102 + 0.002
840 0.120 + 0.004
1020 0.139 + 0.004
1260 0.165 + 0.005
1500 0.188 + 0.005
1740 0.207 + 0.005
1980 0.221 + 0.005
2220 0.234 + 0.004
2460 0.244 + 0.003
2700 0.251 + 0.003
2940 0.256 + 0.002
3180 0.2614 + 0.0007
3420 0.265 + 0.001
3660 0.2669 + 0.0006
3900 0.2686 + 0.0003
4140 0.2699 + 0.0002
4380 0.2708 + 0.0004
4620 0.2709 + 0.0003
4860 0.2713 + 0.0002
5100 0271 + 0.001
5340 0.2723 + 0.0004
5940 0272 + 0.001




Silane = HSi(4-NMe;-CsHa)3

[B-methylstyrene]

Time (s) M)
120 0.0327 + 0.0008
240 0.048 + 0.001
360 0.056 + 0.001
480 0.065 + 0.002
660 0.075 + 0.002
840 0.085 + 0.002
1020 0.095 + 0.002
1260 0.110 + 0.002
1500 0.123 + 0.003
1740 0.139 + 0.003
1980 0.152 + 0.003
2220 0.165 + 0.003
2460 0.177 + 0.003
2700 0.187 + 0.004
2940 0.196 + 0.004
3180 0.204 + 0.004
3420 0.213 + 0.005
3660 0219 + 0.004
3900 0.226 + 0.004
4140 0.232 + 0.005
4380 0.237 + 0.004
4620 0.241 = 0.004
4860 0.246 + 0.005
5100 0.249 + 0.004
5340 0.253 + 0.004
5940 0.258 + 0.005
6540 0262 + 0.004
7140 0.265 + 0.004
7740 0.267 + 0.003
8340 0269 + 0.003
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Figure B.12. Linear free energy relationship with substituted triaryl silanes. Trials were
run in duplicate with durene as an internal standard. (a) Full reaction profiles; (b) early

reaction rates; linear fits (y = m = x) for each silane are as follows: HSi(4-CF3-CsHs)3: m
=3.2-10*£0.1 - 10* R?>=0.99; HSi(3-F-C¢H4)3: m=3.3 - 10*+£0.1 - 10, R?=0.99;
HSiPh3: m=2.2 - 10*+0.1 - 104, R?=0.99; HSi(4-OMe-C¢Hs)3: m=1.6 = 104+ 0.1 -
104, R? = 0.98; HSi(4-NMez-CeHa)3: m = 9.4 - 10° £ 0.1 - 107, R? = 0.96; (c) Hammett
plot.

f- In situ NMR monitoring

(sty),Ni(IPr) (10 mol %)
/@/\% HSiPh; (10 mol %) /@/\,ﬁ
MeO C;Dg, 80 °C MeO

In a nitrogen-filled glovebox, (sty)>Ni(IPr) (16.2 mg, 0.025 mmol, 0.10 equiv) was
weighed into a 1-dram vial. A stock solution of HSiPh;3 (0.03 M), durene (0.15 M) and 4-

allylanisole (0.30 M) was prepared in a 1-mL volumetric flask by weighing the reagents
directly into the flask and adding the appropriate volume of C;Ds. To the weighed out
(sty)2Ni(IPr) was added 0.83 mL of the stock solution using a 1-mL disposable syringe and
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the reaction was shaken until everything was in solution. The solution was transferred to a
J-Young NMR tube, sealed and removed from the glovebox. A '"H NMR spectrum was
recorded at room temperature before the instrument was warmed to 80 °C. "H NMR spectra
were recorded periodically up to 806 minutes. Select spectra are shown below.

"H NMR, *C;Dg

%) 600 MHz
806 min, T = 80 °C = =
622 min, T = 80 °C | *M " . d

rzminT=60°0 | A e |

352min, T=80°C | |} * =, . .

232 min, T = 80 °C AN ., . i .
*
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Figure B.13. In situ '"H NMR monitoring of the isomerization of 4-allylanisole. Spectra
were recorded at 298 K unless otherwise noted.

B.1.5. Isomerization of a-substituted styrenes
a. Reaction order determination

i. Kinetics to measure order in HSiPh;

(sty)oNi(IPr) (0.015 M)
HSiPh3 (0.0060 to 0.060 M) ~
toluene, 80 °C o
MeO MeO

(0.30 M)

In a nitrogen-filled glovebox, (sty)>Ni(IPr) (8.2 mg, 0.013 mmol, 0.05 equiv) was
weighed into 1-dram vials. Magnetic stir bars were added to each vial. Stock solutions of
HSiPhs (0.13 M) and durene (0.15 M) were prepared by weighing each reagent directly
into a volumetric flask and adding the appropriate volume of toluene. Durene stock solution
(0.40 mL, 0.061 mmol, 0.25 equiv) was distributed to each vial using a 1-mL disposable

syringe. Silane stock solution and toluene were distributed to each vial to range [HSiPhs]
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from 0.0060 to 0.060 M and maintain a total volume of 0.84 mL (Table B.18.). Vials were
sealed with septum caps, removed from the glovebox, and placed on an aluminum vial
block preheated to 80 °C. After 30 minutes, 4’-OMe-a-ethylstyrene (45 pL, 0.25 mmol,
1.0 equiv) was added using a 100-uL. microliter syringe. Throughout the course of the
reaction, ~5 pL aliquots were removed from the reaction, filtered through Celite with
hexanes directly in to a GC and analyzed by GC-FID. The concentration of 4'-OMe-a,,3-
dimethylstyrene was found versus durene as an internal standard based on an independent

calibration curve of 4’-OMe-a-ethylstyrene and durene.

Table B.18. Summary of reagent distribution for rate data collection.

Volume HSiPh;
Final [HSiPhs] stock solution mmol HSiPh; Volume toluene

(M) added added added
0.060 400 puL 0.050 0 uL
0.030 205 puL 0.026 195 uL
0.015 100 uL 0.013 300 uL
0.010 70 uL. 0.0088 330 uL
0.0060 40 L. 0.0050 360 uL

Table B.19. Concentration of 4'-OMe-a,B-dimethylstyrene formed over time.
Concentrations of 4'-OMe-a,B-dimethylstyrene were determined using GC-FID against
durene as an internal standard (based on starting material, 4’-OMe-a-ethylstyrene). Linear
portion of kinetic curve values used to find the order are bolded.

[HSiPh3] = 0.060 M [HSiPhs] 0.030 M
[4'-OMe-a.,B- [4'-OMe-a,B-
Time (s) dimethylstyrene] (M) Time (s) dimethylstyrene] (M)
30 0.0038 + 0.0006 30 0.0040 = 0.0002
60 0.0048 =+ 0.0007 60 0.0045 + 0.0005
90 0.0052 £ 0.0006 90 0.0054 + 0.0005
120 0.0056 £ 0.0009 120 0.0054 = 0.0002
150 0.0059 + 0.0006 150 0.0053 + 0.0002
180 0.006 += 0.001 180 0.0055 + 0.0002
480 0.022 = 0.004 480 0.0135 + 0.0001
780 0.06 £ 0.01 780 0.031 =+ 0.002
1080 0.11 £ 0.02 1080 0.053 =+ 0.005
1380 0.14 + 0.02 1380 0.076 + 0.007
1680 0.18 + 0.02 1710 0.10 + 0.01
3480 0.274 = 0.009 3450 0.19 £+ 0.02
5220 0.27 £+ 0.03 5190 023 + 0.02
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6960 0.298 + 0.002 7110 026 + 0.02

10800 0.298 = 0.002 10800 0.282 + 0.009
[HSiPh3] =0.015M [HSiPh3] = 0.010 M
[4'-OMe-a.,B- [4'-OMe-a,B-
Time (s)  dimethylstyrene] (M) Time (s) dimethylstyrene| (M)
30 0.0033 + 0.0001 30 0.0031 = 0.0008
60 0.0038 + 0.0003 60 0.0039 = 0.0009
90 0.0042 £+ 0.0004 90 0.0039 + 0.0006
120 0.0042 £ 0.0004 120 0.0045 = 0.0002
150 0.0044 =+ 0.0002 150 0.0047 = 0.0006
180 0.0044 = 0.0001 180 0.0048 = 0.0005
480 0.0105 = 0.0005 480 0.010 <+ 0.001
780 0.0227 *= 0.0005 780 0.019 =+ 0.002
1080 0.035 += 0.001 1080 0.0278 = 0.002
1380 0.048 = 0.002 1380 0.037 =+ 0.002
1680 0.059 + 0.003 1650 0.046 + 0.002
3420 0.104 = 0.009 3570 0.083 + 0.002
5340 0.14 <= 0.01 5460 0.114 + 0.001
7230 0.169 = 0.008 7230 0.1393 + 0.0009
10800 0.213 + 0.005 10800 0.184 + 0.003

[HSiPh;3] = 0.0060 M

[4'-OMe-a.,B-
Time (s) dimethylstyrene] (M)

30 0.0043 + 0.0009
60 0.0052 + 0.0004

90 0.0047 + 0.0004
120 0.006 + 0.001
150 0.0055 + 0.0008
180 0.006 = 0.002
480 0.012 = 0.003
780 0.022 =+ 0.007

1080 0.04 = 0.01
1380 0.05 + 0.02
1800 0.06 + 0.02
3690 0.11 £ 0.04
5460 0.14 + 0.04
7230 0.16 + 0.04
10800 020 + 0.04
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Figure B.14. Formation of 4'-OMe-a,B-dimethylstyrene formed over time at differing
initial concentrations of HSiPhs. (a) Full reaction profiles and (b) linear portion of kinetic
curve.

Table B.20. Rates of formation of 4'-OMe-0,B-dimethylstyrene at varying initial
concentrations of HSiPhs.

log(Rate /
[HSiPhs] (M) Rate (M/s) log(|HSiPhs] / M) M/s)
0.060 11-10° = 2-+10° -1.23 -3.95
0.030 529-10° + 0.08 107 -1.52 -4.28
0.015 346 - 10° + 0.04 - 107 -1.82 -4.46
0.010 2.74 - 10° + 0.02 - 107 -2.00 -4.56
0.0060 325-10° + 0.03-107 -2.22 -4.49
0.00014 | -39 - o
g 41y =0.5742x - 3.3366
0.00012 ; % » R2=0.8336
0.0001 3 4
@ S -42
%0.00008 3 43 ] .
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0 HH—r—r—r—r—r—r—rrrr—————— 47 I——————————
0 0.02 0.04 0.06 0.08 -24 2 1.6 1.2
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Figure B.15. Order plot for HSiPhs. (a) Power function fit of form y = a = x°; a = 0.0005,
b=0.57, R =0.834 and (b) linearized log-log plot of formy=m - x +b;m=0.6 0.1, b
=-3.3+0.3,R*=0.834.

249



i.  Kinetics to measure order in catalyst

(sty),Ni(lPr) (0.0059 to 0.030 M)
HSiPh3 (0.0059 to 0.030 M) ~
toluene, 80 °C o
MeO MeO

(0.30 M)

In a nitrogen-filled glovebox, (sty)2Ni(IPr) (see Table B.21.) was weighed into 1-
dram vials. Magnetic stir bars were added to each vial. Stock solutions of HSiPh3 (0.13 M)
and durene (0.15 M) were prepared by weighing the reagent directly into a volumetric flask
and adding the appropriate volume of toluene. Durene stock solution (0.40 mL, 0.061
mmol, 0.25 equiv) was distributed to each vial using a 1-mL disposable syringe. Silane
stock solution and toluene were distributed to each vial to range [HSiPhs] from 0.0059 to
0.030 M and maintain a total volume of 0.84 mL (see Table B.21.). Vials were sealed with
septum caps, removed from the glovebox, and placed on an aluminum vial block preheated
to 80 °C. After 30 minutes, 4’-OMe-a-ethylstyrene (45 puL, 0.25 mmol, 1.0 equiv) was
added using a 100-puL microliter syringe. Throughout the course of the reaction, ~5 pL
aliquots were removed from the reaction, filtered through Celite with hexanes directly into
a GC and analyzed by GC-FID. The concentration of 4'-OMe-a,B-dimethylstyrene was
found versus durene as an internal standard based on an independent calibration curve of

4’-OMe-a-ethylstyrene and durene.

Table B.21. Summary of reagent distribution for rate data collection.

Mass Volume
Final [catalyst] (sty):Ni(IPr) HSiPhs stock  mmol HSiPh3 Volume
(M) (mg) solution added added toluene added
0.030 16.4 205 uL 0.026 195 uL
0.015 8.2 100 uL 0.013 300 uL
0.011 5.8 70 uL 0.0088 330 uL
0.0059 3.3 40 L 0.0050 360 uL

Table B.22. Concentration of 4'-OMe-a,B-dimethylstyrene formed over time.
Concentrations of 4'-OMe-a,B-dimethylstyrene were determined using GC-FID against
durene as an internal standard (based on starting material, 4’-OMe-a-ethylstyrene). Linear
portion of kinetic curve values used to find the order are bolded.

[catalyst] = 0.030 M [catalyst] 0.015 M
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[4'-OMe-a.,B-
Time (s)  dimethylstyrene] (M)

30 0.006 =+ 0.001
60 0.007 =+ 0.002
90 0.008 =+ 0.002
120 0.008 =+ 0.002
150 0.009 =+ 0.002
180 0.009 =+ 0.002
240 0.011 =+ 0.002
300 0.013 =+ 0.002
360 0.015 =+ 0.001
480 0.022 + 0.002
600 0.030 =+ 0.002
900 0.054 + 0.003
1740 0.115 + 0.004
2760 0.174 + 0.004
3480 0.203 =+ 0.005
5220 0.243 + 0.006
10740 0276 + 0.005
16140 0.287 =+ 0.005
25200 0.289 =+ 0.004
32400 0289 =+ 0.004

[catalyst] = 0.011 M

[4'-OMe-a.,B-
Time (s)  dimethylstyrene] (M)
30 0.0035 + 0.0006
60 0.005 =+ 0.001
120 0.004 + 0.001
180 0.005 =+ 0.001
240 0.0055 + 0.0008
300 0.006 + 0.001
360 0.007 + 0.001
480 0.009 =+ 0.000
600 0.013 =+ 0.002
720 0.015 = 0.002
900 0.022 + 0.003
1200 0.032 + 0.004
1800 0.052 + 0.006
2640 0.077 £+ 0.009
3540 0.10 + 0.01
5340 0.13 + 0.01
10800 021 + 0.01
14940 024 + 0.01
21600 0.271 + 0.003
28800 0.281 + 0.001
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[4'-OMe-a,B-

Time (s) dimethylstyrene| (M)
30 0.0038 + 0.0002
60 0.0038 + 0.0005
90 0.0045 + 0.0004
120 0.0043 + 0.0005
150 0.0049 + 0.0002
180 0.0050 + 0.0007
240 0.0057 + 0.0002
300 0.0067 =+ 0.0000
360 0.0079 =+ 00000
480 0.0104 =+ 0.0001
600 0.0143 + 0.0005
900 0.028 = 0.002

1740 0.065 + 0.007
2760 0.10 + 0.01
3480 0.12 £+ 0.02
5220 0.15 + 0.02
10740 023 =+ 0.02
16140 0.261 + 0.006
30600 0.288 + 0.001

[catalyst] = 0.0059 M

[4'-OMe-a,B-
Time (s) dimethylstyrene| (M)
60 0.004 =+ 0.001
120 0.0042 + 0.0005
180 0.0050 + 0.0002
240 0.0051 + 0.0001
300 0.0059 =+ 0.0000
360 0.0065 + 0.0005
480 0.0078 + 0.0002
600 0.0091 + 0.0004
720 0.0107 =+ 0.0005
900 0.0143 = 0.0002
1200 0.0213 + 0.0003
1500 0.0269 =+ 0.0008
1800 0.0332 = 0.0001
2700 0.050 + 0.002
3600 0.065 + 0.002
5400 0.094 =+ 0.004
10800 0.165 + 0.008
13200 0.188 + 0.007
19800 022 + 0.01
27000 023 + 0.01
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Figure B.16. Formation of 4'-OMe-a,B-dimethylstyrene formed over time at differing
initial concentrations of catalyst. (a) Full reaction profiles and (b) linear portion of kinetic

curve.

Table B.23. Rates of formation of 4-OMe-f-methylstyrene at varying initial concentrations

of catalyst.
log(Rate /
[catalyst] (M) Rate (M/s) log([catalyst] / M) M/s)
0.030 55-10° + 04-10° -1.52 -4.26
0.015 3.5-10° + 03-10° -1.82 -4.45
0.011 33-10° + 0.1-10° -2.00 -4.48
0.0059 2.08-10° + 0.04-107 -2.22 -4.68
0.00007 -4.2
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Figure B.17. Order plot for catalyst. (a) Power function fit of form y =a = x° a = 0.0004,
b=0.57, R?=0.959 and (b) linearized log-log plot of formy=m = x +b; m =0.57 £ 0.8,
b=-3.4+0.2,R?=0.959.
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b. Silane kinetic isotope experiment

(sty)oNi(IPr) (5 mol %)
HSiPh; or DSiPh; (5 mol %) ~N
toluene, 80 °C o
MeO MeO

In a nitrogen-filled glovebox, (sty)Ni(IPr) (8.2 mg, 0.013 mmol, 0.05 equiv) was

weighed directly into 1-dram vials. Magnetic stir bars were added to each vial. Stock
solution of durene (0.18 M), HSiPhs (0.62 M) and DSiPhs (0.62 M) were prepared in 5.0-,
2.0- and 1.0-mL volumetric flasks, respectively, by weighing out the reagent and adding
the appropriate volume of toluene. The durene stock solution (0.60 mL, 0.11 mmol, 0.43
equiv) was distributed to each vial using a 1-mL disposable syringe. Silane stock solution
(200 pL, 0.012 mmol, 0.05 equiv) was distributed to each vial using a 250-uL microliter
syringe. Vials were sealed with septum caps, removed from the glovebox and placed on a
preheated aluminum vial block at 80 °C. After 30 minutes, 4’-OMe-a-ethylstyrene (45 pL,
0.25 mmol, 1.0 equiv) was distributed using a 100-pL microliter syringe. Throughout the
course of the reaction, ~5 uL aliquots were removed from the reaction, filtered through
Celite with hexanes directly in to a GC and analyzed by GC-FID. The concentration of 4'-
OMe-a,B-dimethylstyrene was found versus durene as an internal standard based on an

independent calibration curve of 4’-OMe-a-ethylstyrene and durene.

Table B.24. Concentration of 4'-OMe-a,B-dimethylstyrene formed over time.
Concentrations of 4'-OMe-a,B-dimethylstyrene were determined using GC-FID against
durene as an internal standard (based on starting material, 4’-OMe-a-ethylstyrene).

Silane = HSiPh; Silane = DSiPh3
[4'-OMe-a.,B- [4'-OMe-a,B-
Time (s) dimethylstyrene] (M) Time (s) dimethylstyrene] (M)
120 0.010 = 0.002 120 0.0059 + 0.0007
240 0.017 += 0.003 240 0.010 + 0.001
360 0.025 = 0.004 360 0.013 + 0.002
480 0.033 = 0.006 480 0.015 + 0.002
600 0.040 = 0.007 600 0.018 + 0.003
1200 0.08 + 0.02 1200 0.031 + 0.005
1800 0.11 + 0.02 1800 0.043 + 0.008
3600 0.20 + 0.03 3600 0.07 £+ 0.01
5400 0.25 £+ 0.03 5400 0.10 = 0.02
7200 0.27 + 0.02 7200 0.13 + 0.02
10800 0.29 + 0.01 10800 0.19 £+ 0.02
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Figure B.18. H/D kinetic isotope effect for triphenylsilane. Trials were run in duplicate
with durene as an internal standard.

c¢. Deuterium incorporation with DSiPh3

(sty),Ni(IPr) (10 mol %) MeO
DSiPhs (10 mol %)
toluene, 80 °C -
MeO 16 h MeO

MeO

135

In a nitrogen-filled glovebox, (sty)>Ni(IPr) (32.8 mg, 0.050 mmol, 0.10 equiv) was
weighed into 1-dram vials. Magnetic stir bars were added to each vial. A stock solution of
silane (0.031 M) was prepared by weighing out DSiPh3; and adding the appropriate volume
of toluene. DSiPhs stock solution was distributed (1.6 mL, 0.050 mmol, 0.10 equiv) using
two portions of a 1-mL disposable syringe. Vials were sealed with septum caps, removed
from the glovebox, and placed on a preheated aluminum vial block at 80 °C. After 30
minutes, 4’-OMe-a-ethylstyrene (90 pL, 0.50 mmol, 1.0 equiv) was added using a 100-uL
microliter syringe. After 16 h, the reactions were quenched by cooling with liquid N> and
opening to air. Small aliquots were removed and filtered through Celite with hexanes
directly into GC-MS vials for analysis by GC-MS and GC-FID. A summary of relative
composition for the crude reaction is shown in Table B.25. Approximately half of the crude

reaction mixture was then filtered through a short silica plug using hexanes, solvent was
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removed under reduced pressure, and samples for NMR were prepared in solutions of

CHCI3/CDCI3 (9:1). 'H and 2H NMR spectra were recorded, shown in Figure B.19.

Table B.25. Summary of crude reaction composition and analysis of mass spectra from
GC-MS.

Relative % Predicted and observed mass
Component composition fragmentation
Exact Mass: 162.1045
predicted:
5% m/z: 162.1045 (100.0%), 163.1078 (11.9%)
MeO observed:

m/z: 162.1 (100%), 163.1 (16%)
Exact Mass: 162.1045
predicted:
78% m/z: 162.1045 (100.0%), 163.1078 (11.9%)
observed:
m/z: 162.1 (100%), 163.1 (15%)

T %

MeO

/@Jﬁ 17%
MeO
Exact Mass: 162.1045
predicted:
/©)\/ 1% m/z: 162.1045 (100.0%), 163.1078 (11.9%)
MeO observed:

m/z: 162.1 (100%), 163.1 (15%)
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Figure B.19. NMR analysis of deuterium incorporation study with DSiPhs. NMR spectra
were recorded at 298 K. CHCIs was stabilized with EtOH (visible in the '"H NMR

spectrum).

d. Silane linear free energy relationship

(sty)oNi(IPr) (5 mol %)
HSiR3 (5 mol %) _ ~
toluene, 80 °C o

In a nitrogen-filled glovebox, (sty)>Ni(IPr) (8.2 mg, 0.013 mmol, 0.05 equiv) was
weighed into 1-dram vials. Magnetic stir bars were added to each vial. HSi(4-CF3-CsHa)3
(5.8 mg, 0.013 mmol, 0.05 equiv), HSi(4-NMe>-CsH4)3 (4.9 mg, 0.013 mmol, 0.05 equiv),
HSi(3-F-CsH4)3 (3.9 mg, 0.013 mmol, 0.05 equiv), and HSi(4-OMe-C¢Ha)3 (4.4 mg, 0.013
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mmol, 0.05 equiv) were weighed into respective vials. A stock solution of HSiPhsz (0.016
M) was prepared in a 2.0-mL volumetric flask by weighing out the reagent and adding the
appropriate volume of toluene. HSiPhs stock solution was distributed (0.80 mL, 0.013
mmol, 0.05 equiv) using a 1-mL disposable syringe. Toluene (0.80 mL) was added to the
other vials. Mesitylene (10 pL, 0.072 mmol, 0.29 equiv) was distributed using a 25-uL.
microliter syringe. Vials were sealed with septum caps, removed from the glovebox and
placed on a pre-heated aluminum vial block at 80 °C. After 30 minutes of heating, a-
ethylstyrene (36 pL, 0.25 mmol, 1.0 equiv) was added using a 100-uL. microliter syringe.
Throughout the course of the reaction, ~5 uL aliquots were removed from the reaction,
filtered through Celite with hexanes directly into a GC and analyzed by GC-FID. The
concentration of a,B-dimethylstyrene was found versus mesitylene as an internal standard

based on an independent calibration curve prepared with commercial reagents.

Table B.26. Concentration of B-methylstyrene formed over time. Concentrations of 3-
methylstyrene were determined using GC-FID against mesitylene as an internal standard.
Linear portion of kinetic curve values used to construct the Hammett plot are bolded.

Silane = HSi(4-CF3-C6H4)3 Silane = HSi(3-F-C6H4)3
[a,B-dimethylstyrene] [a,B-dimethylstyrene]
Time (s) M) Time (s) M)

30 0.027 + 0.001 30 0.018 =+ 0.001

60 0.050 + 0.002 60 0.037 =+ 0.002

90 0.071 = 0.003 90 0.056 =+ 0.002
120 0.089 + 0.004 120 0.073 =+ 0.002
150 0.104 £ 0.005 150 0.088 =+ 0.003
180 0.118 £ 0.005 180 0.104 =+ 0.002
210 0.131 £ 0.005 210 0.1171 = 0.0001
240 0.141 £ 0.005 240 0.1284 + 0.0006
270 0.151 £ 0.005 270 0.1400 + 0.0006
300 0.163 £ 0.004 300 0.1494 + 0.0005
360 0.176 + 0.006 360 0.1694 + 0.0005
420 0.191 + 0.004 420 0.1836 + 0.0005
480 0.202 + 0.005 480 0.196 =+ 0.001
540 0.212 + 0.005 540 0.2065 + 0.0002
600 0.218 + 0.003 600 0.2162 + 0.0009
720 0.234 + 0.003 720 0.2315 + 0.0007
840 0.244 + 0.006 840 0.2414 + 0.0005
960 0.251 £ 0.005 960 0.251 £ 0.002
1080 0.257 + 0.005 1080 0.258 =+ 0.002
1200 0.262 + 0.005 1200 0.263 =+ 0.002
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1560 0.269 + 0.002 1500 0273 + 0.002
2880 0.277 + 0.002 3000 0.284 + 0.004

4080 0.2748 = 0.0002 4800 0.2849 =+ 0.0005
7200 0.2787 + 0.0008 7200 0.282 + 0.002
10800 0.278 £ 0.002 10800 0.282 + 0.002
21600 0281 + 0.002

Silane = HSiPh; Silane = HSi(4-OMe-CsH4)3
[a,B-dimethylstyrene] [a,B-dimethylstyrene]
Time (s) M) Time (s) ™M)

120 0.062 + 0.0002 120 0.055 =+ 0.002
240 0.107 £+ 0.0006 240 0.094 = 0.001
360 0.142 + 0.003 360 0.122 + 0.003
480 0.170 + 0.003 480 0.145 =+ 0.003
600 0.193 + 0.004 600 0.167 + 0.004
780 0.218 + 0.002 780 0.194 = 0.006
960 0.238 + 0.001 960 0216 =+ 0.006
1140 0.251 + 0.003 1140 0.232 + 0.006
1380 0.2628 = 0.0009 1380 0.247 + 0.007
1620 0.270 + 0.001 1620 0.260 =+ 0.005
1860 0.276 + 0.001 1860 0.269 =+ 0.004
2100 0.281 £ 0.002 2100 0275 =+ 0.004
2400 0.283 + 0.002 2400 0.279 =+ 0.003
3600 0.2866 = 0.0004 3600 0.286 =+ 0.002

5400 0.2867 =+ 0.0001 5400 0.2849 + 0.0006

7200 0.289 + 0.004 7200 0.2842 + 0.0007
11700 0.285 + 0.003 11700 0.284 + 0.002
18000 0.27 + 0.03 18000 0.285 =+ 0.002

Silane = HSi(4-NMe;-CsHa)3

[a,B-dimethylstyrene]

Time (s) M)
120 0.0412 = 0.0008
240 0.073 + 0.002
360 0.097 + 0.002
480 0.117 + 0.003
600 0.135 + 0.003
780 0.158 + 0.004
960 0.178 £ 0.003
1140 0.194 + 0.003
1380 0213 + 0.004
1620 0.229 + 0.004
1860 0.242 + 0.003
2100 0.252 + 0.003
2400 0.262 + 0.002
3600 0.280 + 0.002
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Figure B.20. Linear free energy relationship with substituted triaryl silanes. Trials were
run in duplicate with mesitylene as an internal standard. (a) Full kinetic profiles, (b) linear
fits (y = m = x) for each silane are as follows: HSi(4-CF3-CsH4)3: m = 7.7 = 104+ 0.3 -

104, R? = 0.997; HSi(3-F-CsH4)3: m = 5.99 - 10*+0.07 - 10#, R? = 0.999; HSiPh3: m =
3.8+10%+0.2 - 104 R? = 0.989; HSi(4-OMe-CsH4)3: m = 3.3 - 10* £ 0.1 - 10#, R?2 =
0.987; HSi(4-NMe>-C¢Ha)3: m=2.6 = 10+ 0.1 = 104, R? = 0.990, and (c) Hammett plot.

e. Substrate-based kinetic isotope experiment

Meo/@)l\/
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In a nitrogen-filled glovebox, (sty):Ni(IPr) was weighed directly into 1-dram vials.
Magnetic stir bars were added to each vial. A stock solution of HSiPh; (0.021 M) and
durene (0.11 M) was prepared by weighing the reagents directly into a 10-mL volumetric
flask and adding the appropriate volume of toluene. Silane/durene stock solution was
distributed (0.60 mL, HSiPhs: 0.013 mmol, 0.05 equiv; durene: 0.063 mmol, 0.25 equiv)
to each vial using a 1-mL disposable syringe. To each vial was added an additional 0.19
mL toluene to bring the total volume to 0.84 mL after substrate addition. Vials were sealed
with septum caps, removed from the glovebox, and placed on a preheated aluminum vial
block at 80 °C. After 30 minutes, 4’-OMe-a-ethylstyrene (45 puL, 0.25 mmol, 1.0 equiv) or
4’-OMe-a-ethylstyrene-d> (45 pL, 0.25 mmol, 1.0 equiv) were distributed using a 100-pL
microliter syringe. Throughout the course of the reaction, ~5 pL aliquots were removed
from the reaction, filtered through Celite with hexanes directly into a GC and analyzed by
GC-FID. The concentration of 4’-OMe-a,-dimethylstyrene was found versus durene as
an internal standard based on an independent calibration curve prepared with commercial

reagents.

Table B.27. Concentration of 4'-OMe-a,B-dimethylstyrene formed over time.
Concentrations of 4'-OMe-a,B-dimethylstyrene were determined using GC-FID against
durene as an internal standard (based on starting material, 4’-OMe-a-ethylstyrene). Linear
portion of kinetic curve values used to compare reaction rates are bolded.

4’-OMe-a-ethylstyrene 4’-OMe-a-ethylstyrene-d,
[4'-OMe-a.,B- [4'-OMe-a.,B-
Time (s) dimethylstyrene] (M) Time (s) dimethylstyrene] (M)
120 0.023 = 0.003 120 0.025 = 0.003
240 0.044 =+ 0.004 240 0.047 = 0.001
360 0.068 = 0.002 360 0.066 = 0.000
480 0.086 =+ 0.005 480 0.084 =+ 0.003
600 0.10 = 0.01 600 0.097 + 0.002
720 0.11 = 0.01 720 0.112 £+ 0.004
840 0.13 = 0.02 840 0.120 + 0.004
960 0.143 £+ 0.009 960 0.128 + 0.005
1080 0.15 = 0.01 1080 0.132 £+ 0.005
1200 0.168 =+ 0.003 1200 0.150 + 0.006
1500 0.19 = 0.01 1500 0.167 + 0.005
1800 0.202 =+ 0.007 1800 0.187 + 0.000
2400 0.230 £+ 0.004 2400 022 = 0.02
3000 024 = 0.02 3000 023 + 0.01
3600 026 = 0.02 3600 024 = 0.02
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5400 0.26 + 0.01 5400 0.26 = 0.01
7200 0.28 £+ 0.02 7200 0.26 = 0.02
9000 0.271 + 0.003 9000 0.26 = 0.02
10800 0.274 + 0.000 10800 0.27 + 0.01
12600 0.269 = 0.002 12600 026 + 0.02
14400 0.271 = 0.004 14400 027 + 0.02
16200 0.272 = 0.004 16200 026 + 0.02
18000 0.274 + 0.005 18000 0.271 £ 0.008
0.3 0.12 -
: : 1 4’-OMe-a-ethylstyrene-d,
P ;¢ 10 O Rt b
8,\ *i 8,\ {m=1.82 -21=0'4 +0.05 - 10*3
25024 & 25008 ; REZ0897 - -
%%015 %%006- ..".
cs 8 o4 ] $
;:ri =0 ¢ 4-OMe-a-ethylstyrene ;:ri =0 ] _-"'4’-0Me-a-ethylst)'rene
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Figure B.21. H/D kinetic isotope effect for 4’-OMe-a-ethylstyrene. Trials were run in
duplicate with durene as an internal standard.

B.1.6. NMR and IR Spectra
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Figure B.22. '"H NMR spectrum of tris(3-fluorophenyl)silane, HSi(3-F-C¢Ha)s, recorded
in CDCl; at 298 K.
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Figure B.23. '’F NMR spectrum of tris(3-fluorophenyl)silane, HSi(3-F-C¢Ha)s, recorded
in CDCl; at 298 K.
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Figure B.24. 3C NMR spectrum of tris(3-fluorophenyl)silane, HSi(3-F-CsH4)s, recorded

in CDCl; at 298 K.
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Figure B.25. 2°Si NMR spectrum of tris(3-fluorophenyl)silane, HSi(3-F-C¢Ha)3, recorded
in CDCl; at 298 K.
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Figure B.26. COSY NMR spectrum of tris(3-fluorophenyl)silane, HSi(3-F-CsHa)3,
recorded in CDCl; at 298 K.
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Figure B.27. Aryl region of COSY NMR spectrum of tris(3-fluorophenyl)silane, HSi(3-
F-CsHa)3, recorded in CDCls at 298 K.
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Figure B.28. HSQC NMR spectrum of tris(3-fluorophenyl)silane, HSi(3-F-CsHa)3,
recorded in CDCl; at 298 K.
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Figure B.29. Aryl region of HSQC NMR spectrum of tris(3-fluorophenyl)silane, HSi(3-
F-CsHa)3, recorded in CDCls at 298 K.
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Figure B.30. IR spectrum of tris(3-fluorophenyl)silane, HSi(3-F-C¢H4)3, recorded neat at

room temperature.
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APPENDIX C

SUPPLEMENTARY CONTENT FOR CHAPTER IV

Experimental details
C.1.1. Materials and Methods

All syntheses and manipulations were carried out under nitrogen using standard
Schlenk (vacuum 1072 mbar) techniques 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 (Et.O; B&J Brand;
HPLC grade, unstabilized), dichloromethane (DCM; Oakwood Chemical; HPLC grade,
unstabilized), dimethylformamide (DMF; Alfa Aesar; 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) and pentane (HPLC grade)
were refluxed overnight with CaH> and distilled under nitrogen before use. The dried
solvents were thereafter stored on activated 4A molecular sieves under nitrogen. CsDs and
CDCIl; 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.

C.1.2. General Experimental

Nuclear magnetic resonance (NMR) spectra were collected at room temperature
(298 K) unless otherwise stated on a Bruker AV-III HD 600 NMR (600.13 MHz for 'H;
150.90 MHz for 13C; 564.69 MHz for '°F; 119.23 MHz for >°Si; 232.94 MHz for 3'P; 92.12
MHz for 2H), Bruker Avance-III HD 500 NMR (499.90 MHz for 'H; 126 MHz for *C;
471 MHz for '°F; 99 MHz for 2°Si; 202.46 MHz for 3!P), or Varian Inova 500 NMR (499.90
MHz for 'H; 126 MHz for *C; 471 MHz for "°F; 99 MHz for »°Si; 202.46 MHz for *'P).
'H and 3C spectra were referenced to the residual solvent peak (CDCls: 'H § = 7.26 ppm,
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3C & = 77.16 ppm; CsDs: 'H & = 7.16 ppm, '3C & = 128.06 ppm). Chemical shifts are
reported in parts per million (ppm, d) relative to tetramethylsilane at 0.00 ppm. Peaks are
characterized as follows: s (singlet), d (doublet), t (triplet), q (quartet), pent (pentet), hept
(heptet), m (multiplet), br (broad), app (apparent), and/or ms (multiple signals). Coupling
constants, J, are reported in Hz. Electron paramagnetic resonance (EPR) spectra were
collected at 77 K on a Bruker Elexsys E500 EPR X-band spectrometer. Infrared
spectroscopy was performed on an Agilent Nicolet 6700 FT-IR, and peaks are reported in
cm’!. For catalytic reactions, yields were determined using Gas Chromatography-Mass
Spectrometry (GCMS) or Gas Chromatography (GC) 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 um df)
column. GC was carried out on a Thermo Fisher Trace 1300 Gas Chromatograph using a
Restek Rtx®-5 (Crossbond 5% diphenyl — 95% dimethyl polysiloxane; 15 m, 0.25 mm ID,
0.25 pm df) column. High-resolution mass spectrometry (HRMS) was carried out on a

Waters XEVO G2-XS TOF mass spectrometer.

C.1.3. Synthesis of Non-Commercial Reagents

i-Pr

NH, 0 i-Pr
i-Pr iPro )J\n/ HOAc (cat) o
I MeOH, 50 °C [ NT Y
20h a i-Pr
(2.0 equiv) (s1)

N,N’-Diisopropylphenyl-2,3-butanediimine (S1) was synthesized via literature
procedure:?*¢ Under ambient conditions, 2,6-diisopropylaniline (4.4 mL, 25 mmol, 2.0
equiv) was dissolved in MeOH (50 mL) in a RBF equipped with a magnetic stir bar. Acetic
acid (catalytic) was added. A solution of 2,3-butanedione (1.1 mL, 13 mmol, 1.0 equiv) in
MeOH (24 mL) was prepared and added slowly to the aniline solution. Upon addition of
the 2,3-butanedione solution, the reaction turned yellow. The reaction was stirred at room
temperature for 20 h before being concentrated under reduced pressure to an orange oil.
The oil was redissolved in minimal MeOH and placed in the freezer to yield a yellow
precipitate. Vacuum filtration was used to isolate the product as a yellow powder (3.21 g,
7.9 mmol, 64% yield). No further purification was required. NMR spectra match values
d.246

previously reporte
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i Pr HisC  CHj3
HCI (4.0 M in 1,4-dioxanes, 1.6 equiv) ):(
> N&UN
EtOAc, 0 °C tort +
- Pr 18h I
(1.3 equiv) cl
(s1) (S2)

[1,3-Bis(2,6-diisopropylphenyl)-4,5-dimethyl]imidazolium  chloride (S2) was
synthesized via modified literature procedure:>*” Under ambient conditions, S1 (0.697 g,
1.7 mmol, 1.0 equiv) was dissolved in EtOAc (4 mL) in a RBF equipped with a magnetic
stir bar and the solution was cooled to 0 °C with an ice/water bath. In a scintillation vial,
paraformaldehyde (69 mg, 2.2 mmol, 1.3 equiv) was dissolved in HCI (4.0 M in 1,4-
dioxanes, 0.68 mL, 2.7 mmol, 1.6 equiv). After 10 min, the paraformaldehyde/HCI solution
was added to the solution of S1 causing the color to change from yellow to red. The reaction
allowed to warm to room temperature overnight. Overnight, a precipitate formed, which
was collected via vacuum filtration and washed with Et2O. The beige solid was dissolved
in minimal MeOH and layered with Et;0O to yield the product as a white solid collected by
vacuum filtration (0.42 g, 0.93 mmol, 54% yield). No further purification was required.

NMR spectra match values previously reported.?*’

1. NaBHy4 (4.0 equiv)
HCI (12.0 M aq, 2.0 equiv)

_ 0°C,1h p
i-Pr ipr 2. HCI (3.0 M aq, excess) al i-Pr
y 0°Ctort, 18 h H
N/\?N:© > ”/\/
P i-Pr .
anl i-Pr 2Hel FPr
(S3) (84)

N,N’-Bis(2,6-diisopropylphenyl)ethylenediamine  dihydrochloride  (S4)  was
synthesized via literature procedure:>*® Under ambient conditions, (1E,2E)-1,2-bis(2,6-
diisopropylphenylimino)ethane (1.0 g, 2.7 mmol, 1.0 equiv) was dissolved in THF (14 mL)
in a RBF equipped with a magnetic stir bar. NaBH4 (0.42 g, 11 mmol, 4.0 equiv) was
added to the reaction and the solution was cooled to 0 °C with an ice/water bath. After
reaction was cool, HCI (12 M, 0.46 mL, 5.3 mmol, 2.0 equiv) was added dropwise over 20
min. Addition of HCI led to gas formation and the reaction color slowly changed to red,
then yellow and finally colorless upon full addition of HCI. The reaction was left to stir at
0 °C for 1 h before HC1 (3 M, 6.0 mL, 18 mmol, 6.7 equiv) was added slowly. The resulting
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solution was allowed to warm to room temperature and stirred overnight. The white
precipitate was collected via vacuum filtration and washed with water, yielding the product
as a white solid (1.00 g, 2.2 mmol, 82% yield). No further purification was required. NMR

spectra match values previously reported.?4324

1. HCOOH (cat.)

H 120°C,2h
2.120°Ctort, 18 h
N/\/N N N
HC(OEt); (0.28 M)
i-Pr
(S5)

2 HCI
(S4)

1,3-Bis(2,6-diisopropylphenyl)imidazolium chloride (S5) was synthesized via modified
literature procedure:?*° Under ambient conditions, S4 (0.75 g, 1.7 mmol, 1.0 equiv) was
dissolved in triethyl orthoformate (6.0 mL, 36 mmol, 21 equiv) in a RBF equipped with a
magnetic stir bar. Four drops of formic acid were added and the RBF was equipped with a
distillation arm leading to a second RBF cooled with an ice/water bath (to collect EtOH
formed during the course of the reaction). The solution of S4 in triethyl orthoformate was
heated to 120 °C for 2 h and approximately 2.0 mL of EtOH were collected in the
distillation receiving RBF. After 2 h, the reaction was allowed to cool to room temperature
and stirred overnight. A white precipitate formed and was collected via vacuum filtration
and washed with Et;O. The white solid was collected and carried forward without any

further purification (0.70 g, 1.6 mmol, 96% yield). NMR spectra match values previously

cl. ¢l
=) CCl, (2.8 equiv) =
N_ _N —_— N
N7 THF, rt, 18 h N\..’

(S6) (87)

reported. 48249

1,3-Bis(2,6-diisopropylphenyl)-4,5-dichloroimidazol-2-ylidene (S7) was synthesized
via modified literature procedure:** In a Schlenk flask equipped with a magnetic stir bar
in a N2-filled glovebox, S6 (1.0 g, 2.6 mmol, 1.0 equiv) was dissolved in THF (2.0 mL).
The flask was sealed and removed from the glovebox. Under Schlenk conditions, CCl4 (0.7
mL, 7.2 mmol, 2.8 equiv) was added and the reaction was stirred overnight at room

temperature. After 18 h, volatiles were removed under reduced pressure to yield the product
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as a beige powder (0.94 g, 2.1 mmol, 79% yield). No further purification was required.

NMR spectra match values previously reported.

1. KOt-Bu (1.1 equiv)
NaH (60 wt%, 1.1 equiv)

rt,3h
2. Ni(cod), (1.1 equiv) ™\
styrene (8.0 equiv) N_ N
NI_\N ,2h Y
N% THF . \/N|\(/

cl Ph  Ph
(sty)oNi(SIPr)

(85)
(styrene):Ni(SIPr) was synthesized via modified literature procedure:!3® To a 50 mL RBF
equipped with a magnetic stir bar was added S5 (0.22 g, 0.51 mmol, 1.0 equiv) and THF
(12 mL). To this solution, KO#Bu (62 mg, 0.55 mmol, 1.1 equiv) and NaH (60 wt%, 22
mg, 0.55 mmol, 1.1 equiv) were added and the reaction was stirred at room temperature
for 3 h before being filtered through Celite to give a light golden solution. A separate
solution of Ni(cod): (0.15 g, 0.55 mmol, 1.1 equiv) and styrene (0.50 mL, 4.4 mmol, 8.0
equiv) in THF (2 mL). After stirring for 10 min, the Ni(cod)./styrene solution was added
to the filtered solution of deprotonated S5. The reaction was stirred at room temperature
for 2 h before being concentrated under reduced pressure. The resulting dark green/black
goo was redissolved in minimal THF and filtered through Celite. The filtrate was
concentrated to a green/yellow solid, which was washed with hexanes to yield the product

as a green solid. NMR spectra match values previously reported.

1. KOt-Bu (1.1 equiv), rt, 2 h

2. Ni(cod), (1.1 equiv) H3C CHs
styrene2(8 0 equiv) ):'(
N_ _N
N - Y
Ni
§ 3 v

Ph Ph
(82) (sty)oNi(MelPr)

(styrene);Ni(MIPr) was synthesized via literature procedure:'*® To a 50 mL RBF
equipped with a magnetic stir bar was added S2 (0.17 g, 0.36 mmol, 1.0 equiv) and THF
(10 mL). KO#-Bu (43 mg, 0.39 mmol, 1.1 equiv) was added to the solution and the reaction
was stirred for 2 h before being filtered through Celite to give a light golden solution. A
separate solution of Ni(cod): (0.11 g, 0.39 mmol, 1.1 equiv) and styrene (0.40 mL, 3.8

270



mmol, 8.0 equiv) in THF (2 mL). After stirring for 10 min, the Ni(cod),/styrene solution
was added to the filtered solution of deprotonated S2. The reaction was stirred at room
temperature for 2 h before being concentrated under reduced pressure. The crude product
was taken up in minimal THF and layered with hexanes before being placed in the freezer
(-30 °C) overnight. The product was collected as a dark yellow powder via vacuum

filtration. NMR spectra match values previously reported.!'*¢

cl Cl
ccl Ni(cod), Y=(
):( styrene (8.0 equiv) N_ _N
NN > Y
v/ THF, rt, 2 h Ni
Y
Ph Ph
(S7) (sty),Ni(C'IPr)

(styrene):Ni(“'IPr) was synthesized via literature procedure:!*® To a 50 mL RBF equipped
with a magnetic stir bar was added Ni(cod)2 (0.15 g, 0.55 mmol, 1.0 equiv), styrene (0.5
mL, 4.4 mmol, 8.0 equiv) and THF (1 mL). A separate solution of S7 (0.25 g, 0.55 mmol,
1.0 equiv) in THF (9 mL) was prepared. After stirring for 20 min, the deprotonated solution
of S7 was added to the Ni(cod)./styrene solution and the reaction was stirred at room
temperature for 2 h. After 2 h, the reaction was dried under reduced pressure and the
resulting crude product was taken up in minimal THF and layered with hexanes. After
cooling to -30 °C overnight, the reaction was filtered over a glass frit to collect the
precipitate, yield the product as an orange powder. NMR spectra match values previously

reported. '3

\NJLN/ + )H/ —~N N<
H H 1-hexanol, A \n/

OH 12h S
(S8)
1,3,4,5-tetramethylimidazole-2(3H)-thione (S8) was synthesized via literature
procedure:**° To a 250 mL Schlenk flask equipped with a magnetic stir bar was added
N,N’-dimethylthiourea (4.17 g, 40.0 mmol, 1.0 equiv), acetoin (3.52 g, 40.0 mmol, 1.0
equiv) and 1-hexanol (100 mL). The reaction was heated to reflux for 12 h. After cooling

the reaction to room temperature, the reaction mixture was concentrated before being
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opened to air and washed with water (50 mL) and Et:O (50 mL). The suspension was
filtered through a glass frit to collect the product as an off white powder (3.86 g, 24.7 mmol,
62% yield). NMR spectra match values previously reported.?>

H K (2.5 equiv) _ H

~N_ _N< >
Y THF, 0°Cto A ~N N~
S 4h -
(s8) (ITMe)

1,3,4,5-tetramethylimidazol-2-ylidene (ITMe) was synthesized via literature
procedure:**° To a 100 mL Schlenk flask equipped with a magnetic stir bar was added S8
(1.17 g, 7.5 mmol, 1.0 equiv) and THF (45 mL). The reaction was cooled to 0 °C before
potassium chunks (0.73 g, 18.8 mmol, 2.5 equiv) were added. The reaction was warmed to
room temperature and then heated to reflux for 4 h. After 4 h, the reaction was cooled to
room temperature, filtered over a glass frit under air-free conditions, and the filtrate was
concentrated to yield ITMe as a white powder (0.81 g, 6.4 mmol, 85% yield). NMR spectra

match values previously reported.?>°

C.1.4. Complex Screening

Ni complex (5 mol %)
P HSiPh3 (5 mol %) NS
©/\/ toluene, 80 °C, 16 h o ©/\,H4

In a nitrogen-filled glovebox, stock solutions of the reagents (see Table C.1. for

stock solution information) were prepared by weighing out the Ni complex into volumetric
flasks and diluting with toluene to the appropriate volume. Disposable 1-mL syringes were
used to distribute Ni stock solutions (0.20 mL, 0.004 mmol, 0.05 equiv) and a 250-pL
microliter syringe was used to distribute HSiPhs/durene stock solutions (HSiPhs: 50 uL,
0.004 mmol, 0.05 equiv; durene: 50 pL, ~0.023 mmol, ~0.25 equiv) to 1-dram scintillation
vials equipped with magnetic stir bars. The vials were sealed with septum caps, removed
from the glovebox and heated for 30 min on a pre-heated aluminum vial block at 80 °C
before allylbenzene (11 pL, 0.083 mmol, 1.0 equiv) was distributed with a 25-pL microliter
syringe. The reactions were heated and stirred for 16 h before being quenched by cooling

in a liquid N2 bath and opening to air. An aliquot was removed and filtered with hexanes
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to assess the progress and selectivity of the reaction. Results from the screening of Ni

complexes are summarized below in Table C.2.

Table C.1. Stock solutions used in the screening of Ni complexes for the isomerization of
allylbenzene.

Volume Mass of Volume
Entry Reagent of flask reagent added [reagent] distributed
1 (styrene)oNi(MeIPr) 1.0 mL  13.8 mg 0.020M 0.20 mL
HSiPhs 50mL  102.8 mg 0.079M 50 uL
Durene 50mL  305.0 mg 0.45M 50 uL
2 (styrene)oNi(SIPr)  1.0mL  13.2mg 0.020M 0.20 mL
HSiPhs 50mL  103.4 mg 0.079M 50 uL
Durene 50mL  308.1 mg 0.46 M 50 uL
3 (styrene)>Ni(IPr) 20mL 262 mg 0.020M 0.20mL
HSiPhs 50mL  103.4 mg 0.079M 50 uL
Durene 50mL  308.1 mg 0.46 M 50 uL
4 (styrene)Ni(“IPr) 1.0mL  14.7 mg 0.020M 0.20mL
HSiPhs 50mL  103.4 mg 0.079M 50 uL
Durene 5.0mL  308.1 mg 0.46 M 50 uL

Table C.2. Results of Ni complex screening.

Entry Ni complex Trial % conversion E/Z ratio
1 (sty)2Ni(SIPr) 1 95 8 1
2 (sty)2Ni(SIPr) 2 92 8 1
Average: 94 +£2 7+1 1
3 (sty)2Ni(IPr) 1 99 21 1
4 (sty)2Ni(IPr) 2 99 21 1
Average: 99+ 0 21+1 1
5 (sty)2Ni(“'IPr) 1 98 21 1
6 (sty)2Ni(“'IPr) 2 98 21 1
Average: 98+ 0 21+0 1
7 (sty)2Ni(MeIPr) 1 98 21 1
8 (sty)2Ni(MeIPr) 2 98 20 1
Average: 98+ 0 21+ 1 1

C.1.5. Kinetic Studies

a. Monitoring the isomerization of allylbenzene at 80 °C: Varying the NHC

In a nitrogen-filled glovebox, Ni complexes were weighed directly into 1-dram
vials equipped with magnetic stir bars ((sty).Ni(IPr): 8.3 mg, 0.013 mmol, 0.05 equiv;
(sty)2Ni(“'IPr): 9.7 mg, 0.013 mmol, 0.05 equiv; (sty)Ni(M¢IPr): 8.6 mg, 0.013 mmol, 0.05
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equiv). A stock solution for HSiPh; (0.087 M) and durene (0.45 M) was prepared by
weighing out the reagents and dissolving in the appropriate volume of toluene. The
silane/durene stock solution was distributed (150 puL) with a 250-uL. microliter syringe.
Additional toluene (0.60 mL) was added to each vial with a 1-mL disposable syringe. Vials
were sealed with septum caps, removed from the glovebox and placed on a pre-heated
aluminum vial block at 80 °C. After 30 min of heating, allylbenzene (33 uL, 0.25 mmol,
1.0 equiv) was added to each vial in two portions using a 25-ul. microliter syringe.
Throughout the course of the reaction, 5 pL aliquots were removed and filtered through
Celite with hexanes. The filtrate was analyzed by GC-FID to assess the progress and
selectivity of the reaction. The product concentration was determined by relative
integration (by GC) of the product peaks against durene, in accordance with calibration

curves prepared independently using the commercial compounds.

Ni complex (5 mol %)

4 HSiPh3 (5 mol %) N
©/\/ toluene, 80 °C, 16 h o ©/\'rﬂ
m—

0.35 1 a a@ B (= ]
0] 0800000 000
o
2 0.25 | °
2 o
2 0.20
A o
> 1@
£015 ° & (sty),Ni(¥IPr)
£ o
&,0.10 ° B (sty):Ni(IPr)
0.05 | °
o o
°
0.00 1@ . . . .
0 5000 10000 15000 20000 25000
Time (s)

Figure C.1. Isomerization of allylbenzene to compare the reactivity of different Ni
complexes with modified NHC ligands at 80 °C. Product concentration was calculated vs
durene as an internal standard.

Table C.3. Formation of B-methylstyrene over time at 80 °C.

Ni complex Time (s) [B-methylstyrene] M) FE VA
1200 0.31 25 1
(sty)Ni(™IPr) 2400 0.31 23 1
3600 0.31 22 1
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4800 0.31 2 1
6000 0.32 2 1
7200 0.31 2 1
8400 0.32 2 1
9600 0.31 2 1
10800 0.32 20 ¢ 1
12000 0.32 20 ¢ 1
13200 0.32 20 ¢ 1
23400 0.32 20 ¢ 1
1200 0.15 25 ¢ 1
2400 0.29 24 1
3600 0.33 24 1
4800 0.34 23 ¢ 1
6000 0.34 2 1
iy 7200 0.34 2 1
8400 0.34 2 1
9600 0.34 20 ¢ 1
10800 0.34 20 ¢ 1
12000 0.35 20 ¢ 1
13200 0.35 20 ¢ 1
23400 0.35 20 ¢ 1
1200 0.0038 1 0
2400 0.015 2% ;o1
3600 0.030 29 ¢ o1
4800 0.053 32 : 1
6000 0.080 3¢
. 7200 0.11 34 : 1
(sty)2Ni(IPr) 8400 0.14 31
9600 0.18 3301
10800 021 32: 1
12000 0.25 30 ;1
13200 0.29 27 ¢l
23400 031 20 ¢ 1

b. Monitoring the isomerization of allylbenzene at 70 °C: Varying the NHC

In a nitrogen-filled glovebox, Ni complexes were weighed directly into 1-dram
vials equipped with magnetic stir bars ((sty).Ni(IPr): 8.5 mg, 0.013 mmol, 0.05 equiv;
(sty)2Ni(“'IPr): 9.1 mg, 0.013 mmol, 0.05 equiv; (sty)>Ni(M°IPr): 8.6 mg, 0.013 mmol, 0.05
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equiv). A stock solution for HSiPh; (0.087 M) and durene (0.45 M) was prepared by
weighing out the reagents and dissolving in the appropriate volume of toluene. The
silane/durene stock solution was distributed (150 puL) with a 250-uL. microliter syringe.
Additional toluene (0.60 mL) was added to each vial with a 1-mL disposable syringe. Vials
were sealed with septum caps, removed from the glovebox and placed on a pre-heated
aluminum vial block at 80 °C. After 30 min of heating, allylbenzene (33 uL, 0.25 mmol,
1.0 equiv) was added to each vial in two portions using a 25-ul. microliter syringe.
Throughout the course of the reaction, 5 pL aliquots were removed and filtered through
Celite with hexanes. The filtrate was analyzed by GC-FID to assess the progress and
selectivity of the reaction. The product concentration was determined by relative
integration (by GC) of the product peaks against durene, in accordance with calibration

curves prepared independently using the commercial compounds.

Ni complex (5 mol %)
= HSiPh3 (5 mol %) N
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Figure C.2. Isomerization of allylbenzene to compare the reactivity of different Ni
complexes with modified NHC ligands at 70 °C. Product concentration was calculated vs
durene as an internal standard.

Table C.4. Formation of B-methylstyrene over time at 70 °C.

Ni complex Time (s) [pP-methylstyrene] (M) E V4
300 0.060 34 1
600 0.087 32 1

1 (Me
(sty)2Ni(MeIPr) 900 0.13 33 |
1200 0.14 28 1
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1500 0.20 34 1
1800 0.22 33 1
2100 0.23 33 1
2400 0.24 32 1
2700 0.24 32 1
3000 0.25 32 1
3300 0.25 32 1
3600 0.25 31 1
3900 0.25 31 1
4200 0.24 30 1
4500 0.25 31 1
4800 0.25 31 1
5100 0.26 30 1
5400 0.26 30 1
5700 0.26 30 1
6000 0.26 30 1
6300 0.26 30 1
6600 0.26 30 1
6900 0.26 30 1
7200 0.26 30 1
8400 0.26 29 1
9000 0.26 29 1
9600 0.26 29 1
10200 0.26 29 1
10800 0.26 29 1
11460 0.26 29 1
12000 0.26 28 1
12660 0.25 28 1
300 0.013 19 1
600 0.0223 20 1
900 0.038 21 1
1200 0.051 21 1
1500 0.063 22 1
(sty)2Ni(“'IPr) 1800 0.077 22 1
2100 0.085 22 1
2400 0.095 22 1
2700 0.10 22 1
3000 0.11 22 1
3300 0.12 23 1

277



3600 0.13 23 1
3900 0.13 23 1
4200 0.14 24 1
4500 0.15 24 1
4800 0.15 24 1
5100 0.15 24 1
5400 0.16 25 1
5700 0.16 25 1
6000 0.17 25 1
6300 0.17 25 1
6600 0.17 25 1
6900 0.18 26 1
7200 0.18 25 1
8400 0.18 26 1
9000 0.19 26 1
9600 0.19 26 1
10200 0.19 26 1
10800 0.19 26 1
11460 0.19 26 1
12000 0.19 26 1
12660 0.19 26 1
300 0.0017 1 1
1320 0.0067 23 1
2100 0.012 24 1
3000 0.014 22 1
3900 0.021 26 1
4800 0.026 27 1
(sty)2Ni(IPr) 5700 0.030 28 1
6600 0.034 27 1
7800 0.043 28 1
9600 0.047 28 1
11400 0.047 29 1
13200 0.047 28 1
14400 0.047 28 1

¢. Monitoring the isomerization of allylbenzene at 70 °C: Varying the alkene
In a nitrogen-filled glovebox, Ni complexes were weighed directly into 1-dram

vials equipped with magnetic stir bars. A stock solution of HSiPhs (0.015 M) and durene
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(0.066 M) was prepared by weighing out the reagents and dissolving in the appropriate
volume of hexanes. The silane/durene stock solution was distributed (0.80 mL) with a 1-
mL disposable syringe. Vials were sealed with septum caps, removed from the glovebox
and placed on a pre-heated aluminum vial block at 80 °C. After 30 min of heating,
allylbenzene (33 pL, 0.25 mmol, 1.0 equiv) was added to each vial in two portions using a
25-uL microliter syringe. Throughout the course of the reaction, 5 pL aliquots were
removed and filtered through Celite with hexanes. The filtrate was analyzed by GC-FID to
assess the progress and selectivity of the reaction. The product concentration was
determined by relative integration (by GC) of the product peaks against durene, in
accordance with calibration curves prepared independently using the commercial

compounds.

Ni complex (5 mol %)

Z HSiPhs (5 mol %) X
©/\/ hexanes, 70 °C, 16 h o [D/\'HJ

0.30
0251 o s B8 a & &
s A (hex)Ni(IPr
2 20 (hex)Ni(IPr) 4
2 4
cC
g
>
20.15 % q
2 q
£ } Q 9
g 0.10 g
& ] 4 e @
0.05 i e ©
] 5o o
] Q
0.00 9.&
0 5000 10000 15000 20000
Time (s)

Figure C.3. Comparing the influence of stabilizing alkene ligands on catalyst activity.
Trials were run in duplicate with durene as an internal standard.

Table C.5. Formation of B-methylstyrene over time at 70 °C.

Ni complex Time (s) [p-methylstyrene] (M) E 7
1200 0.0021 * 0.0001 25 1

2400 0.0051 * 0.0000 1 0

. 3600 0.011 £ 0.000 33 1
(SNIAPD 4e00 0018 * 0001 37 : 1
6000 0.026 = 0.001 40 1

7200 0.035 * 0.002 40 1
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8400 0.046 * 0.002 40 1
9600 0.057 * 0.003 40 1
10800 0.069 * 0.004 40 1
12000 0.082 * 0.005 40 1
13200 0.094 * 0.006 40 1
14400 0.11 * 0.006 39 ¢ 01
15600 0.12 * 0.006 39 ¢ 01
16800 0.14 * 0.007 39 ¢ 01
18000 0.15 * 0.007 37 ¢ 1
1200 0.0030 £ 0.0004 1 : 0
2400 0013 * 0.002 33 001
3600 0.031 * 0.004 38 ¢ 1
4800 0.053 * 0.007 41 ¢ 1
6000 0.08 * 0.01 41 1
7200 0.11 £ 0.01 40 : 1
8400 0.15 * 0.02 38 ¢ 1
(hex)Ni(IPr) 9600 0.18 * 0.02 37 ¢ 01
10800 022 * 0.01 33 001
12000 024 * 0.01 30 ;1
13200 025 * 0.00 27 ¢ 1
14400 025 * 0.00 26 ;1
15600 025 * 0.00 25 ¢ 1
16800 026 * 0.00 24 1
18000 026 * 0.00 23 ¢ 1

C.1.6. Development of an in situ catalyst formation approach
a. Screening free NHC ligands

Ni(cod), (5 mol %)
NHC (5 mol %)

/ HSiPh; (5 mol %) A
>
hexanes, 80 °C MeO

""°'€g P 0P

IMes ITMe

In a nitrogen-filled glovebox, Ni(cod): (5.2 mg, 0.019 mmol, 0.06 equiv) and NHC

(see Table C.6.) were weighed directly into 1-dram vials. Magnetic stir bars were added

to each vial. A stock solution of HSiPh3z (0.18 M) and durene (0.74 M) was prepared by
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weighing the reagents into a 1-mL volumetric flask and adding the appropriate volume of
hexanes. The stock solution (0.1 mL, HSiPhs: 0.018 mmol, 0.06 equiv; durene: 0.074
mmol, 0.22 equiv) was distributed to each vial. An addition 1.1 mL of hexanes was added
to each vial. The vials were sealed with septum caps and removed from the glovebox. 4-
Allylanisole (50 pL, 0.33 mmol, 1.0 equiv) was added to each vial using a 100-uL
microliter syringe. Throughout the course of the reaction, 5 pL aliquots were removed and
filtered through Celite with hexanes. The filtrate was analyzed by GC-FID to assess the

progress and selectivity of the reaction.

Table C.6. Reagents and amounts used for the screening of NHC ligands.

NHC ligand Amount added mmol added

IMes 5.6 mg 0.018 mmol
IPr 7.0 mg 0.018 mmol
ITMe 2.5mg 0.020 mmol

Table C.7. Formation of 4-OMe-B-methylstyrene over time at 80 °C.

NHC ligand Time (h) Conversion

3 44 + 8

IMes 6 64 + 15
19 89 + 7
3 9% + 1
IPr 6 97 £ 0
19 9 + 0
3 3 £ 0
ITMe 6 3 + 1
19 3 + 1

b. Determining effect of silane modification

Ni(cod), (5 mol %)
IPr (5 mol %)

4 HSiR3 (5 mol %) NS
©/\/ hexanes, 80 °C . ©/\”H

In a nitrogen-filled glovebox, Ni(cod): (5.2 mg, 0.019 mmol, 0.05 equiv) and IPr

(7.0 mg, 0.018 mmol, 0.06 equiv) were weighed into 1-dram vials. Stock solutions of

HSi(4-CF3-CeHa)s (0.048 M), HSi(4-OMe-CeHa)s (0.046 M), HSiPhs (0.046 M) and
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durene (0.25 M) were prepared using volumetric flasks by weighing out the reagents and
adding the appropriate volume of hexanes. Magnetic stir bars were added to each vial.
Durene stock solution (0.30 mL, 0.075 mmol, 0.21 equiv) was distributed to each vial using
a 1-mL disposable syringe. Silane stock solutions (0.40 mL, 0.018 mmol, 0.05 equiv) were
distributed using a 1-mL disposable syringe. Hexanes (0.40 mL) was added to each vial
using a 1-mL disposable syringe. Vials were sealed with septum caps and removed from
the glovebox. Allylbenzene (48 uL, 0.36 mmol, 1.0 equiv) was distributed using a 100-pL
microliter syringe and vials were placed on a vial block preheated to 80 °C. Throughout
the course of the reaction, 5 pL aliquots were removed and filtered through Celite with
hexanes. The filtrate was analyzed by GC-FID to assess the progress and selectivity of the

reaction.

Table C.8. Formation of B-methylstyrene over time at 80 °C.

Silane Time (s) Conversion
360 14 £+ 1
720 27 + 1
1080 35 £ 1
1440 42 + 1
HSi(4-CF3-CsHa)s 1800 47 + 1
3600 62 = 0
5400 70 £ 0
7200 75 £ 0
10800 80 + 0
360 3 £ 0
720 9 + 1
1080 17 £ 2
1440 26 £ 3
HSiPh; 1800 37 + 4
3600 98 + 1
5400 9 + 0
7200 9 + 0
10800 9 + 0
360 4 + 0
720 8 + 1
1080 13 £ 1
HSi(4-OMe-CsHa)3 1440 18 + 1
3600 68 + 4
5400 9 + 0
7200 98 + 0
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10800 9 + 0

¢. NMR monitoring to observe resting state

(sty)oNi(IPr) (10 mol %)
Z HSiPhs (10 mol %) N
MeO C7Dg, 80 °C MeO

In a nitrogen-filled glovebox, (sty)>Ni(IPr) (16.2 mg, 0.025 mmol, 0.10 equiv) was

weighed into a 1-dram vial. In a 1.0 mL volumetric flask was weighed HSiPhs (7.8 mg,
0.030 mmol, 0.030 M), durene (18.5 mg, 0.14 mmol, 0.14 M) and 4-allylanisole (45 mg,
0.30 mmol, 0.30 M) and the appropriate volume of C7Dg was added. To the weighed out
(sty)2Ni(IPr) was added 0.83 mL of the stock solution (HSiPhs: 0.025 mmol, 0.10 equiv;
durene: 0.12 mmol, 0.46 equiv; 4-allylanisole: 0.25 mmol, 1.0 equiv). The solution was
shaken until homogeneous and then transferred to a J-young NMR tube with a disposable
pipet. The NMR tube was sealed and removed from the glovebox. A room temperature
spectrum was recorded, and the sample was removed from the NMR. The instrument was
warmed to 80 °C and allowed the sample was re-inserted into the instrument. 1H NMR
spectra were recorded periodically up to 806 min. Select spectra are shown in Figure C.4.

below.
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Figure C.4. '"H NMR monitoring of the isomerization of 4-allylanisole with isolated
(sty)2Ni(IPr).

C.1.7. NMR and IR Spectra
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Figure C.5. 'H NMR spectrum of N,N’-diisopropylphenyl-2,3-butanediimine (S1)
recorded in CDCl; at 298 K.
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Figure C.6. 'H NMR spectrum of [1,3-bis(2,6-diisopropylphenyl)-4,5-
dimethyl]imidazolium chloride (S2) recorded in (CD3).SO at 298 K.
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Figure C.7. 'H NMR spectrum of N,N’-bis(2,6-diisopropylphenyl)ethylenediamine
dihydrochloride (S4) recorded in (CD3),SO at 298 K.
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(S5) recorded in (CD3)2SO at 298 K.
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Figure C.9. "H NMR spectrum of (sty)2Ni(SIPr) recorded in C¢Ds at 298 K.
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APPENDIX D

SUPPLEMENTARY CONTENT FOR CHAPTER V

Experimental details
D.1.1. Materials and Methods

All syntheses and manipulations were carried out under nitrogen using standard
Schlenk (vacuum 1072 mbar) techniques 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 (Et.O; B&J Brand;
HPLC grade, unstabilized), dichloromethane (DCM; Oakwood Chemical; HPLC grade,
unstabilized), dimethylformamide (DMF; Alfa Aesar; 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) and pentane (HPLC grade)
were refluxed overnight with CaH> and distilled under nitrogen before use. The dried
solvents were thereafter stored on activated 4A molecular sieves under nitrogen. CsDs and
CDCIl; 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.

D.1.2. General Experimental

Nuclear magnetic resonance (NMR) spectra were collected at room temperature
(298 K) unless otherwise stated on a Bruker AV-III HD 600 NMR (600.13 MHz for 'H;
150.90 MHz for 13C; 564.69 MHz for '°F; 119.23 MHz for >°Si; 232.94 MHz for 3'P; 92.12
MHz for 2H), Bruker Avance-III HD 500 NMR (499.90 MHz for 'H; 126 MHz for *C;
471 MHz for '°F; 99 MHz for 2°Si; 202.46 MHz for 3!P), or Varian Inova 500 NMR (499.90
MHz for 'H; 126 MHz for *C; 471 MHz for "°F; 99 MHz for »°Si; 202.46 MHz for *'P).
'H and 3C spectra were referenced to the residual solvent peak (CDCls: 'H § = 7.26 ppm,
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3C & = 77.16 ppm; CsDs: 'H & = 7.16 ppm, '3C & = 128.06 ppm). Chemical shifts are
reported in parts per million (ppm, d) relative to tetramethylsilane at 0.00 ppm. Peaks are
characterized as follows: s (singlet), d (doublet), t (triplet), q (quartet), pent (pentet), hept
(heptet), m (multiplet), br (broad), app (apparent), and/or ms (multiple signals). Coupling
constants, J, are reported in Hz. Electron paramagnetic resonance (EPR) spectra were
collected at 77 K on a Bruker Elexsys E500 EPR X-band spectrometer. Infrared
spectroscopy was performed on an Agilent Nicolet 6700 FT-IR, and peaks are reported in
cm’!. For catalytic reactions, yields were determined using Gas Chromatography-Mass
Spectrometry (GCMS) or Gas Chromatography (GC) 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 um df)
column. GC was carried out on a Thermo Fisher Trace 1300 Gas Chromatograph using a
Restek Rtx®-5 (Crossbond 5% diphenyl — 95% dimethyl polysiloxane; 15 m, 0.25 mm ID,
0.25 pm df) column. High-resolution mass spectrometry (HRMS) was carried out on a

Waters XEVO G2-XS TOF mass spectrometer.

D.1.3. Synthesis of Non-Commercial Reagents

PPh; + _A~L_DBr » PrPPh;Br
toluene, A, 20 h

(1.1 equiv)
Propyltriphenylphosphonium bromide (PrPPh;Br) was synthesized via literature
procedure:?!2 To a dried 3-neck RBF equipped with a magnetic stir bar was added toluene
(65 mL). The toluene was sparged with N2 for 1 hour before PPh3 (24.4 g, 93 mmol, 1.1
equiv) and bromopropane (8.0 mL, 88 mmol, 1.0 equiv) were added. The reaction was
equipped with a N2-flushed condenser and the reaction was placed in a preheated oil bath
at 130 °C. The reaction was refluxed for 20 hour before being removed from the oil bath
and being cooled to room temperature. Once the reaction was cool, the white precipitate
was collected via filtration through a glass frit and the precipitate was washed with Et20.
The product was dried under reduced pressure and isolated as a white solid without further
purification (22.0 g, 57 mmol, 65% yield). NMR spectra match values previously

reported.?!?
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o) PrPPh3Br (1.25 equiv)

KOt-Bu (1.25 equiv) N
H »
(D)L THF (0.2 M) ©/\H'\

O°Ctort

1-Phenyl-1-butene was synthesized via a modified literature procedure:?*! To a 200-mL
oven dried Schlenk flask was added PrPPh3;Br (10.0 g, 26 mmol, 1.3 equiv) and THF (140
mL). The reaction was cooled to 0 °C with an ice/water bath for 5 minutes before KOz-Bu
(2.91 g, 26 mmol, 1.3 equiv) was added in one portion. The reaction was stirred for 30
minutes before benzaldehyde (2.1 mL, 21 mmol, 1.0 equiv) was added dropwise. The
reaction was monitored via TLC for the disappearance of benzaldehyde. After 1 hour the
reaction was complete and the reaction was opened to air and H>O (80 mL) was added. The
reaction was transferred to a separatory funnel and the aqueous layer was separated and
extracted with Et20 (3 x 80 mL). The combined organic layers were dried over Na>SOs,
filtered and concentrated under reduced pressure. Triphenylphosphonium oxide was
removed via filtration through a silica plug with hexanes. The clear solution was
concentrated under reduced pressure to yield the product as a pale yellow liquid (2.19 g,

16.6 mmol, 80% yield). NMR spectra match values previously reported.?!

Pr _ iPr [PI' — iPI’
+ Cl NaOt-Bu NN
+ cucl ——"U 5 Y

N2\
o LN THF (0.1 M) iPr Cu iPr
, 26 h, rt él
Pr

(IPr)CuCl was synthesized via literature procedure:?*¢ In a nitrogen-filled glovebox, IPr -
HCI (0.42 g, 1.0 mmol, 1.0 equiv), CuCl (0.099 g, 1.0 mmol, 1.0 equiv) and NaOz-Bu
(0.096 g, 1.0 mmol, 1.0 equiv) were weighed directly into a 5-dram vial equipped with a
magnetic stir bar. THF (10 mL) was added to the vial and the reaction was stirred for 26
hours before being filtered through a pad of Celite and concentrated under reduced
pressure. The product was collected as a white powder and did not require further
purification (0.29 g, 0.58 mmol, 58% yield). NMR spectra match values previously

reported.?>?
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1. H2804 (05 M, aq)

30 min
2. Filter, rt, o.n.
1. NH,OH 3. Filter, dry at 150 °C
(2.2Maq.) 4.600°C,4h
65°C, 1h 5.300°C,3h
2.95°C, o.n. 6.300 °C, 10 mbar, 1 h ?H ?H

ZI'O(NO3)2 y Zr(OH)4 Y
| SZOs00 |

Sulfated zirconia (SZO) was prepared via literature procedure:!”> A solution of NHsOH
(2.2 M) was prepared using UltraPure water. To a 500-mL RBF equipped with a magnetic
stir bar was added zirconyl nitrate (20.0 g, 87 mmol, 1.0 equiv) and H>O (120 mL). The
RBF was placed in a preheated oil bath at 65 °C and stirred until zirconyl nitrate was in
solution. NH4OH solution (80 mL, 176 mmol, 2.0 equiv) was added and the solution was
stirred for 1 hour before the temperature was increased to 95 °C. After stirring overnight,
the reaction was filtered while hot and the solid was washed with 500 mL UltraPure water.
The Zr(OH)4 was placed in an oven at 150 °C for 6 days. The collected Zr(OH)4 was placed
in a 250-mL RBF with 150 mL of H2SO4 (0.5 M, UltraPure water). The mixture was stirred
for 30 minutes and the resulting mixture was decanted/filtered, and the solid was mixed
overnight in UltraPure water. The SZO was then calcined at 600 °C for 4 hours,
dehydroxylated at 300 °C for 3 hours, and activated at 300 °C under reduced pressure (5 °

106 mbar) for 1 hour before being taken into a nitrogen-filled glovebox and stored under
inert conditions. The concentration of surface hydroxyl groups (0.16 mmol OH/g SZO)
was determined via titration with dibenzyl magnesium and analyzed via '"H NMR versus

ferrocene as an internal standard.

Qu..oH
2
ok
H,O
Na,CO3 + AgNO; W IAggCO:;I 10 (0.5 M) > O\é
(0.5 equiv) m10min (ot isolated) rt, 10 min Ag_O/S°o

Silver tosylate, AgOTs was synthesized via literature procedure:>>* Solutions of Na>xCOs
(1.06 g, 10.0 mmol, 0.5 equiv in 3.3 mL H>O) and AgNOs3 (3.40 g, 20.0 mmol, 1.0 equiv
in 7.0 mL H>O) were prepared and stirred until reagents were fully dissolved. The AgNO;
solution was added to the Na,CO; solution and a pale yellow precipitate formed

(presumably Ag>COs). After 5 minutes, the precipitate was collected via filtration through
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a glass frit. The precipitate was transferred to a RBF equipped with a magnetic stir bar and
H>0O (40 mL) was added. P-toluenesulfonic acid monohydrate was added in three portions.
The reaction was allowed to stir for 10 minutes before it was filtered through a glass frit.
H>0 was removed under reduced pressure while heating at 60 °C. The product was isolated
as a white powder and carried forward without further purification (4.71 g, 16.9 mmol,

84% vield).

are)
O 7T o ©/
Fe_ ‘s
Os + 0

<s FeCI3 -6 H20 Q
/%0 H,0 (0.2 M), rt, 5 min o0=$
Ag-0O

(3.0 equiv)

Iron tritosylate, Fe(OTs); was synthesized via literature procedure:>>* Solutions of
AgOTs (1.89 g, 6.8 mmol, 3.0 equiv in 22 mL H>O) and FeCl; « 6 H>O (0.61 g, 2.3 mmol,
1.0 equiv in 8.0 mL H>O) were prepared. The AgOTs solution was added to the FeCls * 6
H>O solution and a white precipitate formed rapidly. The reaction was stirred for 5 minutes
before being filtered through a frit to remove the precipitated AgCl. The orange filtrate was
dried under reduced pressure to yield the hydrated product as a yellow orange solid. The
product was further dehydrated under reduced pressure at 120 °C to yield the product as a
red powder (0.75 g, 1.3 mmol, 57% yield).

D.1.4. Ni(0)/silane reactivity with f-methylstyrene

(hex)Ni(IPr) (5 mol %) D
\ DSiPh; (5 mol %) ?
e S D,
©/\/ hexanes, 80 °C, 16 h D,
In a nitrogen-filled glovebox, (hex)Ni(IPr) was weighed directly into 1-dram vials.
A stock solution of DSiPh3 (0.016 M) and durene (0.070 M) was prepared by weighing out

the reagent and adding the appropriate volume of hexanes. The DSiPhs/durene stock

solution was distributed (0.80 mL) using a 1-mL disposable syringe. The vials were sealed

with septum caps, removed from the glovebox and placed on a preheated aluminum vial

block at 80 °C. After 30 minutes, trans-p-methylstyrene (32 puL, 0.25 mmol, 1.0 equiv) was
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distributed in two portions using a 25-uL. microliter syringe. After 16 hours, the reactions
were quenched by cooling in liquid N> and opening to air. The crude reaction mixtures
were filtered through short silica plugs with hexanes and the hexanes was removed from
the filtrate under reduced pressure. Samples for NMR analysis were prepared in

CHCl3/CDCl; (9:1).

& 2H NMR, *CDCl,
N 92 MHz
D,
X D.
Dy
D.
A
[se]
©
PRV H NMR, *CHCl,
........................... 222 600 MHz
Ha ey
Hq| Hc He
X H.
Ho EtOH Hq
He ...........................
H .
A A a ‘Hb EtOH internal standard

5 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -0
& (ppm)

Figure D.1. NMR analysis of isolated trans-p-methylstyrene recorded in CHCl3/CDCl3
(9:1) at 298 K.

D.1.5. Screening of reactivity
a. Synthesis of 4,4,5,5-tetramethyl-2-(1-methyl-3-phenylpropyl)-1,3,2-
dioxaborolane
(IPr)CuCl (10 mol %) Bpin
A~ CH30H (2.0 equiv)
Bopi -
Ph 7 2 Ozplnz. KOt-Bu (1.5 equiv)
(2.0 equiv) CH4CN (0.4 M)
rt, 18 h

4,4,5,5-tetramethyl-2-(1-methyl-3-phenylpropyl)-1,3,2-dioxaborolane was
prepared via literature procedure:** In a nitrogen-filled glovebox, (IPr)CuCl (48.8 mg, 0.10
mmol, 0.10 equiv) and KO#-Bu (170.1 mg, 1.5 mmol, 1.5 equiv) were weighed into a 1-
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dram vial equipped with a magnetic stir bar. Acetonitrile (2.0 mL) was added using a 5-
mL disposable syringe and the reaction was stirred for 5 minutes before B2pin2 (0.51 g,
2.0 mmol, 2.0 equiv) was added in one portion. The vial was sealed with a septum cap and
removed from the glovebox. 4-Phenyl-1-butene (150 pL, 1.0 mmol, 1.0 equiv) was added
in two portions using a 100-uL. microliter syringe. DrySolv MeOH (80 uL, 2.0 mmol, 2.0
equiv) was added using a 100-uL microliter syringe. The reaction was stirred at room
temperature for 18 hours. After 18 hours, the reaction was opened to air and filtered through
a silica plug using a glass frit. Crude material was collected as a yellow oil after
concentration under reduced pressure. Product formation was confirmed by 'H NMR and

mass spectroscopy.

(x1,000.000;

30

SO F— \ -
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T
30 40

Figure D.2. GC-MS chromatograph for the isolated crude product with a retention time of
10.94 min.
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Figure D.3. Mass spectrum for the isolated crude product (retention time = 10.94 min).
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Figure D.4. 'H NMR spectrum of isolated crude product recorded in CDCl;s at 298 K.

b. General procedure for screening of reaction conditions

rxn Bpin

A AN . conditions a y
+ Bypinp —m8
©/\B)\6
(2.0 equiv)

In a nitrogen-filled glovebox, solid reagents were weighed directly into 1-dram
vials equipped with magnetic stir bars (see Table D.. for specific amounts of each reagents
for screening on a 0.15 mmol scale). After weighing out the solid reagents, solvent (1.5
mL) was added using two portions of a 1-mL disposable syringe. Cyclooctane (10 pL,
0.074 mmol, 0.49 equiv) was distributed to each vial using a 25-uL. microliter syringe.
Vials were sealed with septum caps and removed from the glovebox. For trials with HBF4,
a stock solution of HBF4 was prepared using volumetric glassware. DrySolv MeOH was
distributed to each vial using a 25-pL microliter syringe. 1-Phenyl-1-butene (22 pL, 0.15
mmol, 1.0 equiv) was distributed using a 50-uL. microliter syringe. Vials were placed on a
preheated aluminum vial block (temperature specified below). Reactions were stirred for
24 h before being removed from the vial block and opened to air. Analysis of the crude
reaction mixtures was carried out with GC-MS after filtration of an aliquot through Celite,

washing with DCM. Results of screening are summarized Table D..
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Table D.1. Reagents and amounts used in catalytic screening reactions.

Reagent Equiv mmol Amount
(sty)2Ni(IPr) 0.05 0.008 4.9 mg
HSiPh; 0.05 0.008 2.0 mg
Ni[P(OEt)s]4 0.05 0.008 5.4 mg
SZO (0.16 mmol OH/g) 0.05 0.008 46.9 mg
HBF4 (50 wt%) 0.05 0.010 50 uL of 0.2 M stock solution
IPrCuCl 0.10 0.015 7.3 mg
KO#-Bu 1.5 0.23 253 mg
Bopin, 2.0 0.30 76.2 mg
MeOH 2.0 0.30 12 uL
IPr 0.15 0.023 8.7 mg
Ni(cod)2 0.05 0.008 2.1 mg
CuCl 0.10 0.015 1.5 mg

Table D.2. Results of catalyst and reaction condition screening.

Entry  Reaction conditions Results
(sty)2Ni(IPr) (5 mol %)
1 0
(HEIr ?g) hél(?lr(r)lcr)rlloff’)/) No y-product observed.
. KOLB (1.5 cquiv) Peak at 10.57 min with m/z of 260 likely
I corresponds to the a- or B-functionalized product.
MeOH (2.0 equiv)
acetonitrile (0.1 M)
40°C, 24 h
a T 'LI- * _I { _jl I T ‘I l T '|'_. lI 'l T T
(sty)2Ni(IPr) (5 mol %)
1 0
(H})I Sg) hél(Slr(r)ch)rll f?/) No y-product observed.
5 Kg B ((1 5 o )" Peak at 10.57 min with m/z of 260 likely
“ou Lo equly corresponds to the a- or B-functionalized product.
MeOH (2.0 equiv)
toluene (0.1 M)
80°C,24h
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(x1,000,000;

I .l A N A sl IR

T T T T T
30 a0 100 10 120 130 140 150 160

Ni[P(OEt)3]4 (5 mol %)

o
(IPrs)égéls (rlné) inf))l) %) No y-product observed.
3 KO:-Bu (1.5 equiv) Peak at 10.57 min with m/z of 260 likely
4 equiy corresponds to the a- or B-functionalized product.
MeOH (2.0 equiv)
acetonitrile (0.1 M)
40°C, 24 h
L L1 |
Ni[P(OEt)3]4 (5 mol %)
o
(IPIr{)]éEE(IS( {I(l)orlncﬁ)(y) No y-product observed.

4 KOr-Bu (1.5 equiv)" Peak at 10.57 min with m/z of 260 likely
MeOH (2.0 equiv) corresponds to the a- or B-functionalized product.
acetonitrile (0.1 M)

40°C, 24 h
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(x1,000.000;

Ni(cod)2 (5 mol %)
HSiPhs (5 mol %) No y-product observed.
CuCl (10 mol %) Peak at 10.57 min with m/z of 260 likely
IPr (15 mol %) corresponds to the a- or B-functionalized product.
toluene (0.1 M)
80°C,24h
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D.1.6. NMR and IR Spectra
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Figure D.5. '"H NMR spectrum of propyltriphenylphosphonium bromide (PrPPh;Br)
recorded in CDCl; at 298 K.
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Figure D.6. *'P NMR spectrum of propyltriphenylphosphonium bromide (PrPPh;Br)
recorded in CDCl; at 298 K.
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Figure D.7. 'H NMR spectrum of 1-phenyl-1-butene recorded in CDCl; at 298 K.
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Figure D.8. '"H NMR spectrum of (IPr)CuCl recorded in CDCl3 at 298 K.
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Figure D.9. °C NMR spectrum of (IPr)CuCl recorded in CDCl; at 298 K.
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Figure D.10. IR spectrum of sulfated zirconia recorded at room temperature.
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Figure D.11. '"H NMR spectrum of AgOTs recorded in DMSO-ds at 298 K.
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Figure D.12. IR spectrum of AgOTs recorded neat at room temperature.
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Figure D.13. '"H NMR spectrum of Fe(OTs); (partially hydrated) recorded in DMSO-ds at
298 K.
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Figure D.14. IR spectrum of Fe(OTs); (partially hydrated) recorded neat at room
temperature.
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