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ABSTRACT

The development of reaction methodology and catalysts that promote challenging
transformations with high yields and selectivities is presented in Chapters 2—4 of this thesis.
The three projects discussed address challenges in cross-coupling, olefin oxidation, and
olefin metathesis.

Chapter 2 describes a nickel-catalyzed cross-coupling strategy for the formation of
C—Si bonds using unactivated alkyl halides as substrates. Reaction optimization, exploration
of the substrate scope, and mechanistic studies are described. This method is unique in its
compatibility with not only secondary alkyl bromides, but tertiary alkyl bromides as well.
Low loadings of the nickel catalyst, the absence of an added ligand, and relative tolerance of
air and moisture contribute to the efficiency and robustness of this reaction. Mechanistic
studies suggest that oxidative addition proceeds through a radical intermediate, consistent
with previous studies of C—C bond formation.

Chapter 3 describes the application of an aldehyde-selective Wacker oxidation to
allylic fluoride substrates to produce p-fluorinated aldehydes with remarkably high
regioselectivities. Efficient anti-Markovnikov oxidation of allylic fluorides bearing a variety
of functional groups was possible with reduced loadings of palladium, copper, and nitrite
catalysts. In order to highlight the utility of this methodology, further derivatization of the
aldehyde products to diverse fluorinated products is described. Mechanistic studies
demonstrate the role of inductive effects in enhancing the regioselectivity of oxidation.

Chapter 4 investigates the synthesis, characterization, and reactivity studies of a new
class of second-generation ruthenium olefin metathesis catalysts bearing aminophosphine
ligands. The incorporation of P-N bonds into the dissociating phosphine ligand results in
trends in catalyst initiation rates and catalyst activity that reveal important considerations for
ligand design. The results from kinetics experiments correlate well with computational
studies, which indicate that there are significant effects derived from sterics, electronic
induction, orbital overlap from the nitrogen (aminophosphine) lone pair, and ligand

distortion energies that contribute to trends in phosphine dissociation.
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Chapter 1

INTRODUCTION

Significant research efforts in the field of transition metal catalysis have led to the
development of powerful methods for the formation of C—C and C-heteroatom bonds.
Appropriate design of the catalyst and reaction conditions, along with careful choice of the
substrate, can enable new and challenging transformations to proceed in high yield and
selectivity. In this thesis, three categories of such transformations are presented: cross-
coupling reactions to form carbon—silicon bonds, aldehyde-selective Wacker oxidations of
fluorinated olefins, and olefin metathesis catalyzed by aminophosphine-ligated ruthenium
complexes.

Nickel-catalyzed cross-coupling has proven to be a very effective strategy for the
addition of organometallic reagents to unactivated alkyl electrophiles. In particular,
secondary alkyl halides are useful coupling partners, despite previously being considered to
exhibit poor reactivity in comparison to aryl and alkenyl electrophiles, due to challenging
oxidative addition and competitive B-hydride elimination. While this class of reactions has
predominantly been applied to the formation of C—C bonds, the extension of this strategy to
the formation of C—B bonds presented by Fu and coworkers inspired the work presented in
the second chapter of this thesis, which details the development of a nickel-catalyzed cross-
coupling reaction of unactivated alkyl bromides and silylzinc nucleophiles, resulting in C—Si
bond formation. A brief overview of established strategies to form C—Si bonds, as well as
some of the current challenges, is discussed.

The palladium-catalyzed Wacker oxidation is a powerful tool for the oxidation of
terminal olefins. However, controlling the regioselectivity of this process (i.e. whether C—O
bond formation occurs at the internal position to produce a ketone or at the terminal position
to produce an aldehyde) has been a longstanding challenge. Recent studies have led to new
methods that promote Wacker oxidations that afford either ketones or aldehydes with good
regioselectivity, and the investigation of new substrate classes has expanded the applications
of this reaction to olefins bearing diverse functional groups. In the third chapter of this thesis,

the nitrite-modified Wacker oxidation of allylic fluorides to selectively produce -fluorinated



aldehydes is presented. Related methodologies developed for regioselective Wacker
oxidation are discussed in this chapter.

The final chapter of this thesis describes kinetics and computational studies of new
second-generation ruthenium olefin metathesis catalysts bearing aminophosphine ligands.
Olefin metathesis has become an extremely important reaction in laboratory and industrial
syntheses of substituted olefins and polymers. A comprehensive understanding of the effects
of ligand composition and structure is valuable for the design of efficient and highly active
catalysts. Background research related to the development of ruthenium olefin metathesis
catalysts and examples of ligands that have been studied are described.

The research projects presented in this thesis, while diverse in nature, are aimed at
improving catalyst selectivity and reactivity to open doors to new substrate classes and
applications. These studies are expected to aide in the design of new coupling partners in
challenging bond formations, reaction conditions to enhance catalyst selectivity, and ligands

for controlling catalyst activity.

Strategies for Carbon-Silicon Bond Formation

Silicon-containing organic molecules have traditionally served as important
intermediates in natural product total synthesis,' since C—Si bonds have the ability to be
transformed into a variety of C—C and C—heteroatom bonds.” More recently, organosilicon
molecules have been studied as analogs for their carbon-containing counterparts.’ Silicon
bioisosterism involves the incorporation of silicon atoms in place of carbon, with the
potential to chemically affect drug targets by bestowing candidate molecules with specific
chemical properties. There are several properties of silicon which make its replacement of
carbon a powerful tool to tune the toxicity and activity of potential drugs: 1) larger covalent
radius, 2) increased lipophilicity and, therefore, cellular uptake, and 3) enhanced hydrogen-
bonding.? Additionally, silicon does not introduce any intrinsic toxicity, and cellular profiling
studies of organosilicons® as well as the synthesis of silicon-containing drug analogs’ and
non-natural amino acids® have shown the potential of this synthetic strategy toward new drug

targets (Figure 1.1).



The chemistry of allylsilanes has long been utilized in traditional organic synthesis.”*
For this reason, many methods have been established for the formation of allylsilanes.
However, organic transformations of unactivated alkylsilanes remain far less explored.
While reactions such as hydrosilylation and conjugate addition strategies have been
extensively investigated, regioselective silylation reactions are limited to certain classes of
substrates. Furthermore, sterically hindered starting materials are challenging substrates in
current methodology, and alternate paths to synthesize tertiary alkylsilanes with broad

substrate scope are rare.

A. Silicon analogs of B. Cellular profiing of ~ C. Non-natural amino acids
bioactive molecules organosilicons

SiR,

w
/ OH O

(Camptothecin), R = H
(BNP-1350), R = CH,CH,SiMe3

Figure 1.1. Biologically active compounds containing silicon.

The most established catalytic silylation reactions involve addition to unsaturated

1 12-14

carbon—carbon bonds, via hydrosilylation’'" of olefins, conjugate addition to a,f-
unsaturated ketones, or silyl metalation and addition to olefins" (Figure 1.2). The field of
hydrosilylation is well-developed and has important industrial use;” however,
regioselectivity issues inherent to olefin addition remain. Furthermore, conjugate addition

restricts substrate structure to a,f-unsaturated carbonyl compounds to form B-silyl products.



Oestreich (2004): Conjugate Addition of (PhMe,Si),Zn

(0]
O
CuX (5 mol%) R
R (PhMe,Si)oZn ot
1 | . toluene or THF R R
1.0 equiv -20°C or -78°C 2 3
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Hoveyda (2010): Enantioselective Conjugate Addition
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cat. CuCl, Ph éPh

O NaOt-Bu 0] SiMesPh
>

Me)l\/\R PhMe ,SiBpin Me)l\/L m ﬁ
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Thomas (2013): Hydrosilylation of Alkenes and Alkynes

FeClI2 (1 mol%)
L2 (1 mol%) /O)\/SuPth

EtMgBr (2 mol%)
PhSiH5 (1.1 equiv)
THF, r.t., 1h

96% yleld Ar = 2 6- Et2 CGH3
L2

Figure 1.2. Established approaches for C—Si bond formation.

Copper, palladium, and nickel-catalyzed processes have been described for the
silylative coupling of activated alkyl halides, including allylic, benzylic, and propargylic
chlorides.'®* In 1980, Calas reported the cross-coupling of allylic and benzylic chlorides
with disilanes catalyzed by NiCp,."” Soon after, Nagai and coworkers published the Pd-
catalyzed cross-coupling of benzylic chlorides to form dichloromethyl silanes.'® The
Oestreich group has worked extensively with silylative cross-coupling reactions,'®
employing both silylboron and disilylzinc nucleophiles to couple with allylic’ and
propargylic®® alkyl chlorides. However, few cross-couplings of unactivated alkyl halides
have been reported. The method described by Eaborn shown in Figure 1.3 is severely limited
by sterics and does not display good functional group tolerance.”’ Thus, the cross-coupling
of unactivated alkyl halides, especially of secondary and tertiary halides, to form C—Si bonds
remains a challenging problem. The development of reaction conditions to address this

challenge is presented in Chapter 2.



Eaborn (1982):

Pd(0) oo
R—I ClySi—SiCl; ——— =  R—SiCl, E = I\Eﬂte’4%1@/°y?g?ol|d

Oestreich (2010):

CuCN (5 mol %) SiMeoPh
RN  PhMe,Si—Bpin >

1.5 equiv NaOMe (1.5 equiv) R Z
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72%-95% vyield
Oestreich (2011):
( ) CuCN (5 mol %)
Me Me,PhSiBpin SiMe,Ph
(12equv) ,g
R . Me
OP(O)(OEt X
// (O)OED, NaOMe (2 equiv) \|
R THF, -78°C H
>99% ee R =Ph, 71% Yy, 92% ee

R = n-Bu, 69% y, 95% ee

Figure 1.3. Cross-coupling strategies for C—Si bond formation.
Regioselectivity of the Wacker Oxidation

The Tsuji-Wacker oxidation is a widely-used reaction in the laboratory setting for the
conversion of terminal olefins to methyl ketones.** However, although oxidation of terminal
olefins is typically expected to proceed in accordance with Markovnikov’s rule to form
methyl ketones, the presence of proximal functional groups can lead to poor regioselectivity
of oxidation. More recently, methods have been developed that promote selective oxidation
of terminal olefins bearing substituents with a variety of electronic properties.

In 2009, Sigman and coworkers developed the ketone-selective peroxide-mediated
oxidation of terminal olefins enabled by a palladium catalyst bearing a bidentate Quinox

ligand (Scheme 1.1).”

Sigman (2009):

2% Pd(quinox)Cl,, 5% AgSbFg
TBHP (12 equiv) 0

/\
R >
DCM R)LMG

Scheme 1.1 Ketone-selective Wacker oxidation reported by Sigman.



This system provides high ketone yields for a broad scope of protected allylic alcohols and
simple olefins.

In comparison to ketone-selective oxidations, the development of an aldehyde-
selective Wacker oxidation has proven more elusive. Over the past few years, work by the
Grubbs®® and Feringa®’ groups has demonstrated aldehyde selectivity in the presence of a
broad scope of functional groups. This work has been inspired by preliminary work reported
by Feringa in the 1980s, in which a palladium nitrite catalyst provides modest aldehyde
selectivity with the use of fert-butanol as the solvent (Scheme 1.2).”® However, this reaction

was limited by low oxidation yield.

Feringa (1986):

10% PdCI(NO,)(MeCN), o
40% CuCl,

MG\M/\ > MGWO + Me\HgI\Me

5 tert-BuOH, 30 °C, O,

28% oxidation yield
70% aldehyde selectivity

Scheme 1.2 Aldehyde-selective Wacker oxidation reported by Feringa.

Recently, the Grubbs group has significantly enhanced the aldehyde selectivity of
this reaction through the use of a separate nitrite cocatalyst and a fert-butanol/nitromethane
cosolvent system (Figure 1.4). These reaction conditions provide high yields and selectivity
for both unbiased olefins as well as a variety of protected homoallylic alcohols.”®
Furthermore, isotope labeling experiments with '®O-labeled nitrite, which show
incorporation of '*O from the nitrite salt in the carbonyl oxygen, have suggested that anti-
Markovnikov addition of an NO; radical could be the cause of aldehyde selectivity under
these reaction conditions.”® These mechanistic experiments provided insight into the origin
of anti-Markovnikov addition in nitrite-modified Wacker oxidations, and are expected to
guide future studies to expand the substrate scope of aldehyde-selective oxidations of diverse
olefins. However, despite these advances, the reaction scope, particularly in relation to
functional groups tolerated at the allylic position of the olefin,” remains limited. In a step

toward overcoming this challenge, the development of reaction conditions for the anti-



Markonivkov oxidation of allylic fluorides to produce B-fluorinated aldehydes is presented

in Chapter 3.
12% PdCI5(PhCN),,

12% CUCI2'2H20, 6% AgNO2 O
R/\ > RMO + )j\

tBuOH/MeNO, (15:1), O,, RT R Me

major minor
1/2 O,
/—< 0
M—NO, M—NO M1=-N
Oe
R/\ \\ / > H/\¢o R/\ ‘)

M = [Pd] or [Cu]

Figure 1.4. Proposed pathway leading to aldehyde selectivity in nitrite-modified Wacker
oxidations reported by Grubbs and coworkers.

Ligand Effects on Ruthenium Olefin Metathesis Catalyst Activity

Ruthenium olefin metathesis catalysts have been widely used for their stability to air
and moisture and high functional group tolerance. This strategy for the formation of carbon—
carbon bonds has been applied extensively to the synthesis of small molecules and polymers
in both laboratory and industrial settings. In the early 1990s, Grubbs reported the first well-
defined ruthenium alkylidene catalysts (Figure 1.5).*° This discovery soon led to the
development of the ruthenium benzylidene complex referred to as the first-generation

Grubbs catalyst (Figure 1.5).”

PPh3 PCy3 PCy3

Cl Kol Cl

Ru= Ph Ru= Ph Ru’=\
a?l = ol = ol e

PPh;  Ph PCy;  Ph PCys

Figure 1.5. Early ruthenium olefin metathesis catalysts.

Despite the ease of use associated with ruthenium-based catalysts, the reactivities of

the complexes shown in Figure 1.5 are low in comparison to early molybdenum olefin



metathesis catalysts. It was soon discovered that substitution of one of the phosphine ligands
for an N-heterocyclic carbene (NHC) ligand dramatically increased ruthenium catalyst
activity (Figure 1.6).*> Examples of such catalysts include saturated and unsaturated NHC
backbones. Furthermore, Hoveyda and coworkers reported ruthenium catalysts bearing
chelating benzylidenes that exhibit increased stability.”” Catalysts bearing two pyridine
ligands have been shown to be particularly well suited for producing polymers by ring-
opening metathesis polymerization (ROMP) with controlled molecular weights.>*
Mechanistic studies of NHC-ligated ruthenium catalysts have revealed important
information related to substituent effects of the phosphine ligand.> A number of
arylphosphines containing phenyl substituents with varied electronic properties were
compared in kinetics studies; these experiments showed that rates of phosphine dissociation

(the catalyst initiation rates) correlate well with the donor strength of the phosphine ligand.**®

K

Ru= Ru=
a’ |C_\Ph a’ | :@
PCys \<O
[\ [\
P i UV e o + U
TCI TC

N\ K l
Ru’=\ </ \N—Ru’=\
ca’| ‘Pn =/ o’ | ‘pn
PR, N
R =Cy, n-Bu ™ l

substituted aryl

Figure 1.6. Examples of olefin metathesis catalysts bearing NHC ligands.

Phosphine ligands that have been used in second-generation ruthenium metathesis
catalysts have predominantly contained three equivalent alkyl or aryl groups. Chapter 4
describes research involving ruthenium catalysts bearing phosphine ligands that contain

incongruent substituents and P—X bonds, thereby expanding our understanding of ligand



effects on catalyst activity and potentially allowing access to new useful substrates for

metathesis.
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Chapter 2

NICKEL-CATALYZED CROSS-COUPLINGS OF UNACTIVATED
SECONDARY AND TERTIARY ALKYL BROMIDES WITH SILICON
NUCLEOPHILES

The text in this chapter was reproduced in part with permission from:
Chu, C. K.; Liang, Y.; Fu, G. C. J. Am. Chem. Soc. 2016, 138, 6404—6407.
The work described was performed in collaboration with Dr. Yufan Liang, who performed
mechanistic studies and contributed to the writing of the manuscript.

Abstract

The formation of C—-C bonds from unactivated alkyl electrophiles has been
extensively investigated, but methods to form analogous C—heteroatom bonds are far less
developed. The first cross-coupling reaction of unactivated secondary and tertiary alkyl
electrophiles to form C-Si bonds is described. Using a commercially available nickel
complex NiBr,-diglyme, a variety of alkyl bromides efficiently undergo cross-coupling with
silylzinc reagents at low temperature. This nickel-catalyzed silylation method represents a
rare example of employing unactivated tertiary alkyl halides as electrophilic coupling
partners. Additionally, the versatility of this reaction is demonstrated through compatibility
with different classes of silicon nucleophiles. Stereochemical studies and relative reactivity
experiments are consistent with the generation of a radical intermediate for C—X bond

cleavage.

Introduction

Beyond their role as synthetic intermediates,' organosilicon compounds exhibit
diverse applications in fields ranging from materials science” to agrochemistry” to medicinal
chemistry.* Silicon-containing agrochemicals have reached broad commercial application
due to their function as antifungals and insecticides. Furthermore, the introduction of silicon

atoms as isosteres for carbon has become a strategy for tuning biological properties by
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medicinal chemists. However, the synthesis of these compounds is limited by several factors.
Tetraorganosilanes are typically prepared either through the hydrosilylation of olefins
(Figure 2.1(a)), where issues of reactivity (e.g., hindered substrates) and regioselectivity
(e.g., 1,2-disubstituted olefins) can present significant challenges,™ or through the reaction
of an organic nucleophile with a silicon electrophile (Figure 2.1(b)),” for which general
methods are limited to primary alkyl nucleophiles.® In principle, the coupling of an alkyl
electrophile with a silicon nucleophile (Figure 2.1(c)) could provide a general approach for
the synthesis of tetraorganosilanes; however, progress in developing this reaction has been
rather limited, especially with respect to catalyzed processes. Indeed, to the best of our
knowledge, catalyzed methods have been restricted to couplings of activated alkyl
electrophiles (e.g., allylic, benzylic, and propargylic),” with the exception of two reports of

the cross-coupling of unactivated primary alkyl electrophiles.'*"!

(8 Rz H—SRy — A\ gp

poor regioselectivity for typical
1,2-disubstituted olefins

(b) R2—M X—SiR; —> R2—SiRg
no general methods when R2 = secondary, tertiary
() R2—X M—SiR; ——3 R2—SiR,

isolated examples when RZ? = primary;
no examples for R? = secondary, tertiary

Figure 2.1. Three approaches to the synthesis of tetraorganosilanes.

Over the past decade, significant progress has been made toward developing catalytic
cross-coupling reactions of alkyl electrophiles to generate C—C bonds.'? However, similar
transformations to generate bonds to heteroatoms are far less common. As part of an ongoing
effort to broaden the scope of cross-couplings of alkyl electrophiles, we recently reported our
first nickel-catalyzed C—X bond-forming process, the Miyaura borylation of primary,

secondary, and tertiary alkyl halides."*"*

Drawing inspiration from this transformation, we
turned our attention to a related silylation reaction. Specifically, we establish that a
commercially available nickel catalyst, without an added ligand, catalyzes the cross-coupling

of unactivated secondary and tertiary alkyl bromides with silylzinc nucleophiles (Eq. 2.1).
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Br SiR,

/I\ catalytic NiBr»+diglyme /|\

R R  ClZn—SiR, » R R (2.1)
R(H) DMA/THF R(H)

—20°Corr.t.

unactivated
secondary
or tertiary
alkyl bromide

Reaction Optimization

During initial studies, we applied our previously discovered borylation reaction
conditions to an analogous silylation reaction involving a silylboron reagent, hoping to
achieve similar reactivity."> Unfortunately, only trace levels of C—Si bond formation were
detected (Eq. 2.2)," and further attempts to increase product yields with this nucleophile
failed.

Br 5.0% NiBr,+diglyme Y
o~ 6.6 %L P
Ph Me pinB—Y > P N Me  (2.2)
1.3 KOEt
1.4 equiv i-Pr,O/DMA Y = Bpin: 86%
rt. SiMePh: <1%
| =
(0] N/ (0]
I I
SRS
I-F:’r L i-Pr

After exploring various reaction parameters with a monosilylzinc halide'® serving as
the nucleophile, we were delighted to find that NiBr,-diglyme could catalyze the silylation
reaction of a model unactivated secondary alkyl bromide with PhMe,Si—ZnCl in good yield
(Table 2.1, entry 1). As shown in Table 2.1, no C-Si bond formation is observed in the
absence of NiBry-diglyme (entry 2). Under these conditions, other classes of silicon
nucleophiles tested are not effective coupling partners (entries 3 and 4). Additionally, other
selected transition metal complexes (Fe, Co, Cu, and Pd) are not able to facilitate the reaction

(entries 5-8)."7 Without the use of DMA as a co-solvent, the reaction affords almost none of
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the desired product (entry 9)."® A reduction in yield occurs when the reaction is performed
with lower catalyst loading, less nucleophile, and at room temperature (entries 10-12).
Interestingly, the silylation is only moderately sensitive to air (entry 13) and very tolerant of
water (entry 14). This is the first nickel-catalyzed cross-coupling reaction of alkyl

electrophiles reported by the Fu laboratory that does not use an added ligand.

Table 2.1. Silylation of a Model Unactivated Secondary Bromide: Effect of Reaction
Parameters
Br 2.0% SiMe,Ph
NiBr,- diglyme
Ar/\)\Me ClZn—SiMe,Ph 2—9y> Ar/\)\

i DMA/THF
1.5 equiv —20°C

Ar = p-anisyl

Me

"standard" conditions

entry variation from the "standard" conditions yield (%)2
1 none 84
2 no NiBr,-diglyme <1
3 Li-SiMe,Ph, instead of CIZn—SiMe,Ph 2
4 CIMg—-SiMeJPh, instead of CIZn—SiMe,Ph 1
5 FeCl,, instead of NiBr,-diglyme <1
6 CoCl,, instead of NiBr,-diglyme 2
7 CuBr+SMe,, instead of NiBr,*diglyme <1
8 Pd(MeCN),Cl,, instead of NiBr,*diglyme <1
9 no DMA 1
10 0.5 mol% NiBr,-diglyme 60
11 1.1 equiv ClZn-SiMe,Ph 78
12 r.t., instead of —20 °C 73
13 under air in a closed vial 69
14 added H,0 (2.0 equiv) 78

*Yields were deteremined by GC analysis with the aid of a calibrated standard (averages of
two experiments).

Scope with Respect to the Electrophile

With the optimized conditions in hand, we next investigated the electrophile scope. The
commercially available catalyst NiBr,-diglyme can be used for the silylation of an array of
unactivated secondary alkyl bromides at —20 °C (Table 2.2). In addition to the model

electrophile (entry 1) used for optimization, sterically hindered a-branched substrates such
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Table 2.2. Silylation of Unactivated Secondary Alkyl Bromides: Scope

2.0%
NiBro* diglyme
Ra|ky|_Br CIZn—SIMe2Ph % RalkyI_SiMe2Ph

. DMA/THF
1.5 equiv —20°C
entry substrate yield (%)2
Br =
1 Me 79
2b R jPr 76
3b t-Bu 68

Me

(0]
Br
4 O/\)\ Et 61
CF3
Br
: (Y s
Boc”

Br

6 Ph\N/\)\Me 76

|
Me

Br

0 0
7 Me/s‘N Me 78

n-Bu
Cl
. \@\ Br 65
O/\)\Et
(@] Br
9 0 O/\)\M 75
\ /) ©

Br
106 I =

N
/
Me

%Yields of purified products (averages of two experiments). "Catalyst loading: 5.0%
NiBr;-diglyme.
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as an iso-propyl (entry 2) and even a fert-butyl (entry 3) substituted alkyl bromide are useful
coupling partners. A variety of functional groups, including a trifluoromethyl group (entry
4), a carbamate (entry 5), a tertiary amine (entry 6), a sulfonamide (entry 7), and an aryl
chloride (entry 8) are well suited for this reaction. Furthermore, heterocycles such as furan
(entry 9) and indole (entry 10) enable efficient C—Si bond formation. These functionalized
electrophiles include sensitive groups that are incompatible with the formation of alkyl
nucleophiles used in the reaction shown in Figure 2.1(b)."” Initial studies investigating an
alkyl bromide containing thiophene, a secondary alkyl choride, and an alkyl tosylate showed
that these are not useful coupling partners under the standard conditions.

While the standard reaction conditions did not facilitate C—Si bond formation with
secondary alkyl chlorides, an unactivated secondary alkyl iodide was an effective
electrophile (Eq. 2.3).° Additionally, this method is adaptable to scale-up, and the cross-
coupling reaction shown in Table 2.2, entry 1 can be performed with reduced catalyst loading

(1% Ni) in 81% yield.

I 2.0% SiMe,Ph
NiBr,+ diglyme
Ar/\)\Me ClZn—SiMe,Ph —2 = Ar Me (2.3)
. , DMA/THF
Ar = p-anisyl 1.5 equiv —20°C 62%

Tertiary alkyl electrophiles are known to be challenging substrates, and reports of
unactivated tertiary alkyl electrophiles in cross-coupling reactions have been limited.*' Thus,
we were excited to find that the optimized conditions allow for the coupling of unactivated
tertiary alkyl bromides (Table 2.3) in addition to secondary alkyl bromides. Both acyclic
(entries 1-3) and cyclic (entries 4-6) substrates are compatible under the standard conditions.
Furthermore, an alkyl bromide containing an olefin (entry 3) is demonstrated to be a suitable

substrate.
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Table 2.3. Silylation of Unactivated Tertiary Alkyl Bromides: Scope

10%
NiBr,+diglyme
Raky—Br  ClZn—SiMe,Ph P Ry —SiMe,Ph
. DMA/THF
1.5 equiv —20°C
entry substrate yield (%)2
Me Br
1 /©/\ )<Me 70
MeO
n-Pr  Br
2 54
Me)vMe
Me Br
Me
Me Me
Br
4 70
n-Pentyl
Br
. (Ox .
Me
B S Br
6 n-Bu 74

Yields of purified products (averages of two experiments). "Catalyst loading: 2.0%
NiBr;-diglyme.

In addition to the tertiary alkyl bromides shown in Table 2.3, a preliminary attempt
to silylate 3-iodoadamantane under the standard conditions provided a promising result

toward the silylation of tertiary alkyl iodides (Eq. 2.4).

10% NiBr,*diglyme
| ClZn—SiMe,Ph > SiMe,Ph  (2.4)

: DMA/THF
1.5 equiv _50°C 55%
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Scope with Respect to the Nucleophile

Following investigations demonstrating that the scope of this new silylation reaction
is broad with respect to secondary and tertiary alkyl electrophiles, we next evaluated the
compatibility of other silicon nucleophiles. The simple nickel catalyst facilitates C—Si bond
formation with silylzinc reagents containing one, two, and three aryl substituents with high

steric bulk in good yield (Eq. 2.5).

Br SiR,

10% NiBr»* diglyme
Ar/\)\Me Clzn—SiR, > Ar/\)\Me (2.5)
) DMA/THF
1.5 equiv Ar = p-anisy! SiMePh, (~20 °C): 87%

SiPh; (r.t.): 80%
Mechanistic Insights

Previous studies of nickel-catalyzed cross-couplings of unactivated alkyl halides to
generate C—C and C-B bonds from the Fu laboratory have suggested that alkyl electrophiles
can undergo oxidative addition to form alkyl radical intermediates."*** Our studies of this
new C-Si bond forming reaction suggest that oxidative addition occurs by a similar radical
mechanism. In the reactions of exo- and endo-2-bromonorbornane, the same diastereomeric
mixture of products is formed (7:1 exo:endo; each alkyl bromide remains a single

stereoisomer at partial conversion), consistent with the formation of a common intermediate

ClZn—SiMe,Ph (1.5 equiv)
Aﬁ 5.0% NiBr,*diglyme
Br > SiMe,Ph  (2.6)

DMA/THF
-20°C 85%
(7:1 exo:endo)

see Eq. 2.6
> SiMePh  (2.7)

Br 73%
(7:1 exo:endo)
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in the two reactions (Egs. 2.6 and 2.7). Furthermore, the addition of 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO),” which rapidly traps alkyl radicals, inhibits C—Si
bond formation under our standard conditions.

Inspired by the fact that unactivated fertiary alkyl electrophiles are effecting coupling
partners under our standard conditions, we conducted competition experiments between a
tertiary, a secondary, and a primary alkyl bromide (Eqs. 2.8 and 2.9). Electrophiles with
higher degrees of substitution demonstrate higher levels of reactivity (tertiary > secondary >
primary).”® This result is consistent with the stability of the radical, rather than steric effects,
being the dominant factor influencing relative reactivity, providing further evidence for the

generation of a radical intermediate for the oxidative addition step.

Me Br Me SiMe,Ph

LN 10% R e 8
NiBr,*diglyme

Br ClZn—SiMesPh  —————3— SiMe,Ph @ (2.8)

. DMA/THF
R 0.2 equiv o
1 Me —20°C . R Me 1
R = CHy(p-anisyl)
Br SiMe,Ph

1 R\)\Me 10% R\)\Me 5

. NiBr,- diglyme
Br ClzZn—SiMePh  ————3 SiMe,Ph @ (2.9)

1 R\) 0.2 equiv DI\_/IQO/;I'CI:-IF R 1

R = CHy(p-anisyl)
Conclusion

We have described the first cross-coupling reaction of unactivated secondary and
tertiary alkyl electrophiles to form C—Si bonds. Using only a commercially available nickel
catalyst, we have observed efficient cross-coupling of a variety of silylzinc nucleophiles with
both secondary and tertiary alkyl bromides, demonstrating good tolerance of both steric bulk
as well as diverse functional groups. Competition experiments suggest that tertiary alkyl
bromides are more reactive than secondary or primary alkyl bromides. Preliminary

mechanistic studies are consistent with a radical mechanism for oxidative addition.
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Experimental Section

General Information

Anhydrous THF was purified and dried using a solvent-purification system that
contained activated alumina. The following reagents and solvents were purchased and used
as received: lithium metal (granular, 4-10 mesh particle size, 99%; Aldrich), zinc chloride
(>98%;  Aldrich), dimethylphenylchlorosilane (TCI), chloro(methyl)diphenylsilane
(Aldrich), chlorotriphenylsilane (Acros), NiBry-diglyme (Aldrich), dimethylacetamide
(>99%, over molecular sieves; Aldrich), triphenylphosphine (Aldrich), bromine (Aldrich),
imidazole (Aldrich), LiBr (=99%; Aldrich), and N-Boc-4-bromopiperidine (Aldrich). All
other alkyl bromides were prepared from the corresponding alcohols according to General
Procedure A or B.

'H and C NMR spectroscopic data were collected on a Varian 500 MHz
spectrometer at ambient temperature. GC analyses were obtained on an Agilent 6890 Series

GC system with a DB-1 column (length 30 m, internal diameter 0.25 mm).

Preparation of Electrophiles

General Procedure A: Bromination of Secondary Alcohols.”
Triphenylphosphine (1.3 equiv) and imidazole (1.3 equiv) were dissolved in dry CH,Cl, (0.2
M), and the resulting solution was stirred at 0 °C under a nitrogen atmosphere. Bromine (1.3
equiv) was added dropwise, and the reaction mixture was stirred at 0 °C for 5 min. The
alcohol was then added dropwise over 3 min. The reaction mixture was allowed to warm to
r.t., and then it was stirred for 6-12 h. A saturated aqueous solution of NH4Cl was added to
the reaction mixture, which was then extracted two times with Et,O. The combined organic
layers were dried over MgSQOy, filtered, and concentrated. The residue was purified by flash
chromatography (Et,O/hexane).

General Procedure B: Bromination of Tertiary Alcohols.”® LiBr (2.0 equiv) was
dissolved in 48 wt% aqueous HBr, and the resulting solution was cooled to 0 °C. The alcohol
was added at 0 °C, and the reaction mixture was allowed to warm to r.t. and stirred for 3 h.
The mixture was then diluted with Et;0O and washed once with each of the following:

deionized water, saturated aqueous NaHCOj solution, and brine. The organic layer was dried
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over Na SOy, filtered, and concentrated. The residue was purified by distillation under

reduced pressure.

The yields have not been optimized.

(AL

CF;

1-((3-Bromopentyl)oxy)-2-(trifluoromethyl)benzene. The bromide was prepared
according to General Procedure A from the corresponding alcohol, 1-(2-
(trifluoromethyl)phenoxy)pentan-3-ol. The product was purified by flash chromatography
(0>2% Et,0O/hexane). Pale-yellow oil (1.42 g, 90%).

'H NMR (500 MHz, CDCl3) & 7.59 — 7.54 (m, 1H), 7.52 — 7.46 (m, 1H), 7.05 — 6.98
(m, 2H), 4.33 — 4.19 (m, 3H), 2.37 (dddd, 1H, J=15.0, 8.4, 5.8, 3.4 Hz), 2.23 (ddt, 1H, J =
14.7, 10.0, 4.5 Hz), 2.03 — 1.87 (m, 2H), 1.10 (t, 3H, J= 7.3 Hz).

BC NMR (126 MHz, CDCls) & 156.6, 133.3, 127.1 (q, J = 5.2 Hz), 123.7 (q, J =
272.3 Hz), 120.1, 118.8 (q, /= 30.6 Hz), 112.8, 66.4, 55.9, 38.1, 32.4, 12.0.

FT-IR (film) 2971, 1608, 1495, 1460, 1322, 1276, 1258, 1116, 1057, 1037,

754 cm™.

MS (EI) m/z (M") caled for CoH,4 " BrF;0: 310, found: 310.

Cl
I j Br
O/\)\Et

1-((3-Bromopentyl)oxy)-4-chlorobenzene. The bromide was prepared according
to General Procedure A from the corresponding alcohol, 1-(4-chlorophenoxy)pentan-3-ol.
The product was purified by flash chromatography (0—2% Et,O/hexane). Pale-yellow oil
(1.01 g, 92%)).

'H NMR (500 MHz, CDCl3) § 7.27 — 7.20 (m, 2H), 6.85 — 6.80 (m, 2H), 4.23 (ddt,
1H, J=12.6, 8.1, 2.8), 4.17 — 4.08 (m, 2H), 2.35 — 2.25 (m, 1H), 2.25 — 2.15 (m, 1H), 2.01
—1.85 (m, 2H), 1.10 (t, 3H, J= 7.3 Hz).
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PC NMR (126 MHz, CDCl3) & 157.3, 129.3, 125.7, 115.8, 66.1, 55.9, 38.1, 32.4,
12.0.

FT-IR (film) 2969, 2934, 2877, 1597, 1581, 1492, 1468, 1245, 823, 670 cm™".

MS (EI) m/z (M") caled for C;H,4"°BrC1O: 276, found: 276.

3-Bromobutyl furan-2-carboxylate. The bromide was prepared according to
General Procedure A from the corresponding alcohol, 3-hydroxylbutyl furan-2-carboxylate.
The product was purified by flash chromatography (10% EtOAc/hexane). Pale-yellow oil
(1.34 g, 54%).

'H NMR (500 MHz, CDCls) & 7.57 (dd, 1H, J=1.8, 0.9 Hz), 7.17 (dd, 1H, J= 3.5,
0.9 Hz), 6.51 (dd, 1H,J=3.5, 1.7 Hz), 4.53 — 4.47 (m, 1H), 4.42 (ddd, 1H,J=11.2,7.9,5.7
Hz), 4.27 (dqd, 1H, J=9.0, 6.7, 4.5 Hz), 2.29 — 2.14 (m, 2H), 1.77 (d, 3H, J= 6.7 Hz).

BC NMR (126 MHz, CDCLy) & 158.5, 146.4, 144.4, 118.1, 111.8, 62.9, 46.7, 39.7,
26.5.

FT-IR (film) 2969, 1724, 1473, 1296, 1179, 1116, 885, 761 cm’.

MS (EI) m/z (M") caled for CoH,, " BrO;: 246, found: 246.

Br

I Et

N

/
Me

3-(3-Bromopentyl)-1-methyl-1H-indole. The bromide was prepared according to
General Procedure A from the corresponding alcohol, 1-(1-methyl-1H-indol-3-yl)pentan-3-
ol. The product was purified by flash chromatography (5—10% EtOAc/hexane). Pale-
yellow oil (0.86 g, 34%).

'H NMR (500 MHz, CDCl3) § 7.63 (dt, 1H, J = 7.9, 1.0 Hz), 7.33 — 7.30 (m, 1H),
7.27 -7.23 (m, 1H), 7.15 - 7.10 (m, 1H), 6.91 (s, 1H), 4.03 (ddt, 1H, J= 8.6, 7.1, 5.2 Hz),
3.76 (s, 3H), 3.11 — 3.02 (m, 1H), 2.98 — 2.89 (m, 1H), 2.27 — 2.12 (m, 2H), 1.95 — 1.85 (m,
2H), 1.06 (t, 3H, J= 7.2 Hz).
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PC NMR (126 MHz, CDCl) & 137.0, 127.7, 126.5, 121.5, 118.9, 118.6, 113.5,
109.2, 60.3, 39.3, 32.6, 32.3, 23.2, 12.0.

FT-IR (film) 2933, 1473, 1377, 1325, 1249, 802, 737 cm™".

MS (EI) m/z (M") caled for Ci4Hs" BrN: 279, found: 281 (M+2).

n-Pr Br
Me Me
4-Bromo-4-methylheptane. The bromide was prepared according to General
Procedure B from the corresponding alcohol, 4-methylheptan-4-ol. The product was distilled
at 35 °C under reduced pressure (5 torr). Colorless oil (3.01 g, 81%).
'HNMR (500 MHz, CDCl3) § 1.87 — 1.72 (m, 4H), 1.70 (s, 3H), 1.56 — 1.45 (m, 4H),
0.94 (t, 6H, J= 7.3 Hz).
BC NMR (126 MHz, CDCls) & 74.1,47.7,31.5, 19.1, 14.1.
FT-IR (film) 2960, 2873, 1465, 1380, 1142, 1125, 806, 745 cm™".
MS (EI) m/z (M"-Br) calcd for CgH;7: 113, found: 113.

Br

4-Bromo-4-butyltetrahydro-2H-pyran. The bromide was prepared according to
General Procedure B from the corresponding alcohol, 4-butyltetrahydro-2H-pyran-4-ol. The
product was distilled at 34 °C under reduced pressure (0.16 torr). Colorless oil (3.43 g, 88%).

'H NMR (500 MHz, CDCl3) & 3.88 — 3.82 (m, 4H), 1.99 — 1.92 (m, 2H), 1.90 — 1.82
(m, 2H), 1.74 (ddd, 2H, J=14.7,9.2, 7.7 Hz), 1.59 — 1.51 (m, 2H), 1.41 — 1.31 (m, 2H), 0.94
(t, 3H,J=17.3 Hz).

BC NMR (126 MHz, CDCls) & 72.6, 64.6, 46.8, 40.6, 26.6, 22.7, 14.0.

FT-IR (film) 2956, 2862, 1467, 1241, 1140, 1106, 1017, 857, 813, 637 cm’.

MS (EI) m/z (M"-Br) calcd for CoH;,0: 141, found: 141.

Nickel-Catalyzed Silylations of Unactivated Alkyl Halides
General procedure for the preparation of solutions of ClZn-SiMe;Ph and

C1Zn-SiMePh,.”” An oven-dried 40-mL vial equipped with a magnetic stir bar was charged
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with elemental lithium (174 mg, 25 mmol, 2.5 equiv), closed with a PTFE septum cap, and
placed under vacuum. The vial was refilled with argon, and this evacuation-refill cycle was
repeated three times. THF (10 mL) was then added via syringe, an argon-filled balloon was
attached to the vial, and the suspension was cooled to 0 °C. The chlorosilane (10 mmol, 1.0
equiv) was added via syringe, and then the reaction mixture was sonicated in an ice/water
bath for 1 h, allowing the final bath temperature to reach ~10 °C. The mixture was then
stirred under argon at 0 °C for 12 h. Next, the vial was warmed to r.t., and the supernatant
was removed from the residual lithium metal and transferred via syringe to an oven-dried,
septum-capped 40-mL vial equipped with a stir bar under a nitrogen atmosphere; the
silyllithium was titrated against diphenylacetic acid according to Kofron’s method.™ In air,
ZnCl; (dried with a heat gun under high vacuum for 20 min prior to the reaction; 1.0 equiv
with respect to titrated silyllithium) was quickly weighed into an oven-dried 8-mL vial and
placed under vacuum. The vial was refilled with nitrogen, and this evacuation-refill cycle
was repeated three times. Dry THF was then added to form an ~1.2 M solution of ZnCl..
This solution was added via syringe into a 40-mL vial equipped with a nitrogen-filled balloon
that contained the silyllithium at 0 °C, and the reaction mixture was stirred at 0 °C for 30
min. After warming to r.t., the mixture was filtered under a nitrogen atmosphere by injecting
it through a syringe filter directly into a nitrogen-filled, 20-mL scintillation vial sealed with
a septum cap. The silylzinc solution (routinely formed as an ~0.4 M solution) was titrated
using Knochel’s method (at r.t.).*!

These solutions of silylzinc halide reagents can be stored for 1 month without
deterioration under an inert atmosphere at —35 °C.

Procedure for the preparation of a solution of C1Zn-SiPh;. An oven-dried 40-
mL vial equipped with a magnetic stir bar was charged with elemental lithium (87 mg, 12.5
mmol, 2.5 equiv) and chlorotriphenylsilane (1.47 g, 5.0 mmol, 1.0 equiv), closed with a
PTFE septum cap, and placed under vacuum. The vial was refilled with argon, and this
evacuation-refill cycle was repeated three times. THF (10 mL) was then added via syringe,
an argon-filled balloon was attached to the vial, and the suspension was cooled to 0 °C and
sonicated in an ice/water bath for 2 h, allowing the final bath temperature to reach r.t. and
forming a brownish-green slurry. The mixture was then stirred under argon at 0 °C for 12 h.

Next, the vial was warmed to r.t. and transferred into a nitrogen-filled glovebox. The



26

supernatant was removed from the residual lithium metal and filtered through a fritted funnel;
the dark-green silyllithium was then titrated against diphenyl acetic acid. ZnCl, (dried with
a heat gun under high vacuum for 20 min prior to the reaction; 1.0 equiv with respect to
titrated silyllithium) was weighed in the glovebox into an oven-dried 8-mL vial, and dry THF
was added to form an ~1.2 M solution of ZnCl,. Outside of the glovebox, this solution was
added via syringe into a 40-mL vial that contained the silyllithium at 0 °C, and the reaction
mixture was stirred at this temperature for 30 min. After warming to r.t., the vial was
transferred into the glovebox, and the reaction mixture was filtered by injecting it through a
syringe filter. The silylzinc solution was titrated using Knochel’s method for alkylzinc
titration.”’

General procedure for nickel-catalyzed silylations of unactivated alkyl halides.
An oven-dried 20-mL vial equipped with a magnetic stir bar was charged with NiBr,-diglyme
(4.9 mg, 0.014 mmol) and sealed with a PTFE septum cap. The vial was placed under
vacuum and refilled with nitrogen, and this evacuation-refill cycle was repeated three times.
DMA (2.1 mL) was added via syringe, and the mixture was stirred vigorously at r.t. for 10
min. The alkyl bromide (0.7 mmol) was added via syringe, followed by stirring at r.t. for 5
min. A nitrogen-filled balloon was attached to the vial, which was then cooled to —20 °C.
The mixture was stirred for 5 min, and then the solution of the silylzinc in THF (1.05 mmol,
1.5 equiv) was added, the balloon was removed, the puncture hole was covered with vacuum
grease, and the reaction mixture was stirred at =20 °C for 6-24 h. The reaction was then
quenched by the addition of ethanol (0.7 mL), followed by stirring for 1 min. The mixture
was next allowed to warm to r.t., and then it was diluted with Et;O (100 mL) and washed
with deionized water (20 mL X 3). The organic layer was dried over Na,SOy, filtered, and
concentrated. The residue was purified by flash chromatography.

For electrophiles that are solids or are viscous liquids: The alkyl bromide (0.70 mmol)
was weighed into an oven-dried 20-mL vial charged with a magnetic stir bar, which was then
placed under vacuum. The vial was refilled with nitrogen, and this evacuation-refill cycle
was repeated three times. The solution of NiBr;-diglyme in DMA prepared as described
above was added to the alkyl bromide, and the mixture was stirred vigorously at r.t. for 5

min. The procedure was then completed as described above.
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SiMe,Ph
Me
MeO

(4-(4-Methoxyphenyl)butan-2-yl)dimethyl(phenyl)silane (Table 2.2, Entry 1).
The title compound was synthesized according to the General Procedure, using 2.0 mol%
NiBr;-diglyme, from 1-(3-bromobutyl)-4-methoxybenzene (170 mg, 0.70 mmol). Reaction
time: 6 h. The product was purified by column chromatography on silica gel (10—15%
CH,Cly/hexane). Colorless oil.

First run: 167 mg (80% yield). Second run: 164 mg (78% yield).

This compound was also prepared on a 4.5 mmol scale, using (1-(3-bromobutyl)-4-
methoxybenzene (1.09 g, 4.50 mmol), the silylzinc reagent (0.46 M; 14.7 mL, 6.8 mmol, 1.5
equiv), and NiBr,-diglyme (15.9 mg, 0.045 mmol; 1.0 mol%). Reaction time: 12 h. The title
compound was isolated in 81% yield (1.09 g).

'H NMR (500 MHz, CDCl3) & 7.52 — 7.47 (m, 2H), 7.39 — 7.33 (m, 3H), 7.06 — 7.02
(m, 2H), 6.84 — 6.80 (m, 2H), 3.80 (s, 3H), 2.72 (ddd, 1H, J=14.4, 10.1, 4.8 Hz), 2.43 (ddd,
1H, J=13.7,9.7, 6.8 Hz), 1.79 (dddd, 1H, J=16.7, 9.7, 6.5, 3.2 Hz), 1.46 — 1.34 (m, 1H),
1.05-1.00 (m, 3H), 0.96 — 0.87 (m, 1H), 0.26 (d, 6H, J= 4.6 Hz).

BC NMR (126 MHz, CDCls) & 157.7, 138.6, 134.9, 133.9, 129.2, 128.8, 127.6,
113.7,55.2,33.91, 33.89, 18.7, 14.0, —4.7, —5.0.

FT-IR (film) 2952, 1512, 1246, 1112, 1038, 816, 701 cm™.

MS (EI) m/z (M") caled for C19Hp50Si: 298, found: 298.

SiMe,Ph

X Me

Me
MeO Z

1-(4-Methoxyphenyl)-4-methylpentan-3-yl)dimethyl(phenyl)silane (Table 2.2,
Entry 2). The title compound was synthesized according to the General Procedure, using
5.0 mol% NiBr,-diglyme, from 1-(3-bromo-4-methylpentyl)-4-methoxybenzene (190 mg,
0.70 mmol). Reaction time: 24 h. The product was purified by column chromatography on
silica gel (0—20% CH,Cly/hexane). Colorless oil.

First run: 175 mg (76% yield). Second run: 173 mg (76% yield).
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'H NMR (500 MHz, CDCl3) & 7.54 — 7.50 (m, 2H), 7.37 — 7.33 (m, 3H), 6.98 — 6.93
(m, 2H), 6.81 —6.77 (m, 2H), 3.79 (s, 3H), 2.53 —2.36 (m, 2H), 1.99 (ddq, 1H, J=10.7, 6.9,
3.5 Hz), 1.72 - 1.63 (m, 2H), 0.96 (d, 3H, J = 6.8 Hz), 0.92 — 0.87 (m, 4H), 0.34 (d, 6H, J =
3.7 Hz).

PC NMR (126 MHz, CDCls) & 157.6, 140.1, 135.0, 133.8, 129.2, 128.6, 127.6,
113.6,55.2,35.8,32.6,29.3, 28.6,22.9,21.3,-1.9, -2.7.

FT-IR (film) 2953, 1511, 1246, 1110, 1039, 820, 701 cm™.

MS (EI) m/z (M") caled for C,1H300Si: 326, found: 326.

SiMe,Ph

A
/©/\ Me Me
MeO

(1-(4-Methoxyphenyl)-4,4-dimethylpentan-3-yl)dimethyl(phenyl)silane (Table
2.2, Entry 3). The title compound was synthesized according to the General Procedure,
using 5.0 mol% NiBr,-diglyme, from 1-(3-bromo-4,4-dimethylpentyl)-4-methoxybenzene
(200 mg, 0.70 mmol). Reaction time: 24 h. The product was purified by column
chromatography on silica gel (0—20% CH,Cly/hexane). Colorless oil.

First run: 161 mg (68% yield). Second run: 161 mg (68% yield).

'H NMR (500 MHz, CDCl3) & 7.62 — 7.55 (m, 2H), 7.41 — 7.35 (m, 3H), 6.87 — 6.81
(m, 2H), 6.80 — 6.75 (m, 2H), 3.78 (s, 3H), 2.38 (ddd, 1H, J=13.2, 11.5, 5.9 Hz), 2.09 (ddd,
1H,J=13.2,11.7,5.6 Hz), 1.67 — 1.52 (m, 2H), 0.96 (s, 9H), 0.75 (dd, 1H, J=4.9, 3.8 Hz),
0.43 (s, 3H), 0.38 (s, 3H).

C NMR (126 MHz, CDCls) & 157.6, 141.0, 135.2, 134.0, 129.1, 128.5, 127.6,
113.6, 55.2, 38.76, 38.74, 34.8, 30.9, 30.6, 0.1, —2.0.

FT-IR (film) 2953, 1512, 1246, 816, 702 cm™.

MS (EI) m/z (M") caled for C5,H3,0Si: 340, found: 325 (M'—CHj).
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SiMe,Ph
O/\)\ Et

CF3

Dimethyl(phenyl)(1-(2-(trifluoromethyl)phenoxy)pentan-3-yl)silane (Table 2.2,
Entry 4). The title compound was synthesized according to the General Procedure, using
2.0 mol% NiBr,-diglyme, from 1-((3-bromopentyl)oxy)-2-(trifluoromethyl)benzene (218
mg, 0.70 mmol). Reaction time: 6 h. The product was purified by column chromatography
on silica gel (hexane). Colorless oil.

First run: 145 mg (57% yield). Second run: 166 mg (65% yield).

'H NMR (500 MHz, CDCl3) & 7.58 — 7.52 (m, 3H), 7.43 — 7.39 (m, 1H), 7.37 — 7.33
(m, 3H), 6.99 — 6.94 (m, 1H), 6.79 (d, 1H, J= 8.4 Hz), 3.97 — 3.92 (m, 2H), 1.99 (dtd, 1H, J
=14.3,7.2,5.1 Hz), 1.80 (ddt, 1H, J = 14.4, 8.3, 6.1 Hz), 1.61 (dqd, 1H, J=14.0, 7.4, 5.1
Hz), 1.46 — 1.37 (m, 1H), 1.10 (ddt, 1H, J=8.3, 7.1, 5.1 Hz), 0.93 (t, 3H, J= 7.4 Hz), 0.33
(d, 6H, J=3.7 Hz).

C NMR (126 MHz, CDCl3) § 156.9 (d, J = 1.8 Hz), 138.8, 133.8, 133.1, 128.8,
127.7,127.0 (q, J = 5.3 Hz), 127.8 (q, J = 272.3 Hz), 119.6, 118.7 (q, J = 30.5 Hz), 112.6,
67.9,28.6,22.9,22.5,13.8,-3.7, —4.2.

FT-IR (film) 2959, 1610, 1460, 1323, 1275, 1258, 1133, 1117, 1057, 1038, 830, 810,
755,701 cm'™.

MS (EI) m/z (M") caled for Co0H,sF308Si: 366, found: 351 (M —CHj).

SiMe,Ph
0oC

tert-Butyl 4-(dimethyl(phenyl)silyl)piperidine-1-carboxylate (Table 2.2, Entry
5). The title compound was synthesized according to the General Procedure, using 2.0 mol%
NiBr;-diglyme, from tert-butyl 4-bromopiperidine-1-carboxylate (185 mg, 0.70 mmol).
Reaction time: 6 h. The product was purified by column chromatography on silica gel (8:4:1
hexane/CH,Cl,/Et,0). Colorless oil.

First run: 168 mg (75% yield). Second run: 162 mg (73% yield).
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'H NMR (500 MHz, CDCl3) & 7.50 — 7.45 (m, 2H), 7.38 — 7.33 (m, 3H), 4.20 — 4.00
(br, 2H), 2.64 — 2.54 (m, 2H), 1.61 — 1.52 (m, 2H), 1.44 (s, 9H), 1.36 — 1.21 (m, 2H), 0.95 —
0.84 (m, 1H), 0.26 (s, 6H).

PC NMR (126 MHz, CDCl3) 8 154.9, 137.5, 133.9, 129.0, 127.8, 79.1, 45.7, 28.5,
26.6,23.9,—5.4.

FT-IR (film) 2928, 1693, 1427, 1248, 1167, 832, 809 cm™".

MS (EI) m/z (M") caled for CigHoNO,Si: 319, found: 218 (M'—Boc).

SiMe,Ph
Ph\'r/\ Me
Me

N-(3-(Dimethyl(phenyl)silyl)butyl)-NV-methylaniline (Table 2.2, Entry 6). The
title compound was synthesized according to the General Procedure, using 2.0 mol%
NiBr;-diglyme, from N-(3-bromobutyl)-N-methylaniline (170 mg, 0.70 mmol). Reaction
time: 6 h. The product was purified by column chromatography on silica gel (10—20%
CH,Cly/hexane). Pale-yellow oil.

First run: 158 mg (76% yield). Second run: 160 mg (77% yield).

'H NMR (500 MHz, CDCl3) & 7.54 — 7.49 (m, 2H), 7.40 — 7.33 (m, 3H), 7.23 — 7.17
(m, 2H), 6.70 — 6.60 (m, 3H), 3.41 (ddd, 1H, J=14.9, 10.6, 4.6 Hz), 3.19 (ddd, 1H, J=14.5,
10.3, 6.0 Hz), 2.86 (s, 3H), 1.81 (dddd, 1H, J=13.8, 10.6, 6.1, 3.4 Hz), 1.37 — 1.26 (m, 1H),
1.06 (d, 3H, J=7.3 Hz), 0.93 — 0.85 (m, 1H), 0.28 (d, 6H, J = 2.9 Hz).

BC NMR (126 MHz, CDCls) & 149.4, 138.3, 133.9, 129.1, 128.9, 127.7, 115.9,
112.1,52.2,37.9,28.4,17.1, 14.4, -4.7, -5.1.

FT-IR (film) 2953, 1600, 1506, 1248, 1112, 833, 814, 746, 701, 691 cm"".

MS (EI) m/z (M") caled for C19Hp7NSi: 297, found: 297.

O\V/O SiMe,Ph
S
Me”” ‘ril Me
n-Bu

N-Butyl-N-(3-(dimethyl(phenyl)silyl)butyl)methanesulfonamide (Table 2.2,

Entry 7). The title compound was synthesized according to the General Procedure, using
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2.0 mol% NiBr,-diglyme, from N-(3-bromobutyl)-N-butylmethanesulfonamide (200 mg,
0.70 mmol). Reaction time: 6 h. The product was purified by column chromatography on
silica gel (25—35% Et,O/hexane). Colorless oil.

First run: 192 mg (80% yield). Second run: 182 mg (76% yield).

'H NMR (500 MHz, CDCls) & 7.52 — 7.47 (m, 2H), 7.38 — 7.33 (m, 3H), 3.18 (ddd,
1H,J=14.3,9.9,4.6 Hz), 3.13 — 2.96 (m, 3H), 2.74 (s, 3H), 1.75 (dddd, 1H, J=13.4, 10.1,
6.8, 3.5 Hz), 1.52 — 1.40 (m, 2H), 1.33 — 1.20 (m, 3H), 0.99 (d, 3H, /= 7.3 Hz), 0.91 — 0.85
(m, 4H), 0.28 (d, 6H, J= 0.7 Hz).

C NMR (126 MHz, CDCl3) & 138.0, 133.9, 129.0, 127.8, 47.4, 47.0, 38.3, 30.8,
30.7,19.9, 16.8, 14.0, 13.6, —4.7, —5.4.

FT-IR (film) 2956, 2869, 1334, 1249, 1146, 1112, 835, 816, 773, 702 cm™".

MS (EI) m/z (M) caled for C17H3NO,SSi: 341, found: 326 (M —CHj).

Cl
\@\ SIMegph
o/\)\ Et

(1-(4-Chlorophenoxy)pentan-3-yl)dimethyl(phenyl)silane (Table 2.2, Entry 8).
The title compound was synthesized according to the General Procedure, using 2.0 mol%
NiBr;-diglyme, from 1-((3-bromopentyl)oxy)-4-chlorobenzene (195 mg, 0.70 mmol).
Reaction time: 6 h. The product was purified by column chromatography on silica gel
(0>2% Et,0O/hexane). Colorless oil.

First run: 146 mg (63% yield). Second run: 156 mg (67% yield).

'H NMR (500 MHz, CDCl3) & 7.55 — 7.50 (m, 2H), 7.39 — 7.32 (m, 3H), 7.21 - 7.16
(m, 2H), 6.73 — 6.67 (m, 2H), 3.88 — 3.75 (m, 2H), 1.93 (dddd, 1H, J = 13.6, 8.2, 6.6, 5.1
Hz), 1.77 (dtd, 1H, J=13.8, 8.0, 5.7 Hz), 1.61 (dqd, 1H, J=13.9, 7.5, 5.0 Hz), 1.44 — 1.36
(m, 1H), 1.00 — 0.90 (m, 4H), 0.32 (d, 6H, J=4.1 Hz).

C NMR (126 MHz, CDCls) & 157.6, 138.8, 133.8, 129.2, 128.9, 127.8, 125.3,
115.7,67.9, 28.7,23.7,22.7,13.9, =3.7, -4.2.

FT-IR (film) 2957, 1492, 1244, 823, 701 cm™".

MS (EI) m/z (M") caled for C1oH,5C1OSi: 332, found: 332.
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o) SiMe,Ph
o

\ / O Me

3-(Dimethyl(phenyl)silyl)butyl furan-2-carboxylate (Table 2.2, Entry 9). The
title compound was synthesized according to the General Procedure, using 2.0 mol%
NiBr;-diglyme, from 3-bromobutyl furan-2-carboxylate (173 mg, 0.70 mmol). Reaction
time: 6 h. The product was purified by column chromatography on silica gel (10—15%
CH,Cly/hexane). Colorless oil.

First run: 158 mg (75% yield). Second run: 158 mg (75% yield).

'H NMR (500 MHz, CDCl3) & 7.58 — 7.56 (m, 1H), 7.53 — 7.48 (m, 2H), 7.38 — 7.33
(m, 3H), 7.14 (dd, 1H, J=3.5, 0.9 Hz), 6.50 (dd, 1H, J= 3.5, 1.7 Hz), 4.40 — 4.22 (m, 2H),
2.01-1.91 (m, 1H), 1.54 — 1.41 (m, 1H), 1.09 — 1.00 (m, 4H), 0.29 (d, 6H, J=4.2 Hz).

BC NMR (126 MHz, CDCls) & 158.7, 146.1, 145.0, 137.9, 133.9, 129.0, 127.7,
117.6,111.7,64.3,30.6, 159, 13.9,-4.9, =5.2.

FT-IR (film) 2956, 1728, 1475, 1295, 1180, 1117, 833, 815, 764, 702 cm™".

MS (EI) m/z (M") caled for C;7H»,05Si: 302, found: 302.

SiMe,Ph
g ] Et
Ve

3-(3-(Dimethyl(phenyl)silyl)pentyl)-1-methyl-1H-indole (Table 2.2, Entry 10).
The title compound was synthesized according to the General Procedure, using 5.0 mol%
NiBr;-diglyme, from 3-(3-bromopentyl)-1-methyl-1H-indole (196 mg, 0.70 mmol).
Reaction time: 6 h. The product was purified by column chromatography on silica gel
(10—>15% CH,Cly/hexane). Pale-yellow oil.

First run: 186 mg (79% yield). Second run: 185 mg (79% yield).

'H NMR (500 MHz, CDCl3) § 7.57 — 7.53 (m, 2H), 7.47 (dt, 1H, J= 7.9, 0.9 Hz),
7.40 — 7.34 (m, 3H), 7.30 — 7.27 (m, 1H), 7.24 — 7.20 (m, 1H), 7.10 — 7.07 (m, 1H), 6.72 (s,
1H), 3.73 (s, 3H), 2.79 (dddd, 1H, J=14.6, 10.8, 5.1, 0.9 Hz), 2.65 (dddd, 1H, J=14.5, 10.9,
6.0, 0.9 Hz), 1.89 (dddd, 1H, J=13.7, 10.7, 6.0, 4.7 Hz), 1.79 — 1.62 (m, 2H), 1.56 — 1.45
(m, 1H), 1.01 — 0.90 (m, 4H), 0.33 (d, 6H, J = 3.3 Hz).
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BC NMR (126 MHz, CDCls) & 139.5, 137.1, 133.9, 128.7, 128.0, 127.7, 125.8,
121.3,119.1, 118.4, 115.7, 109.0, 32.5, 30.2, 27.1, 24.8, 22.4, 13.8, —3.5, =3.7.

FT-IR (film) 2955, 2929, 1484, 1472, 1426, 1376, 1325, 1247, 1111, 830, 810, 736,
701 cm'.

MS (EI) m/z (M") caled for C5,HyoNSi: 335, found: 335.

Me SiMe,Ph
Me
MeO

(4-(4-Methoxyphenyl)-2-methylbutan-2-yl)dimethyl(phenyl)silane (Table 2.3,
Entry 1). The title compound was synthesized according to the General Procedure, using
10 mol% NiBr;-diglyme, from 1-(3-bromo-3-methylbutyl)-4-methoxybenzene (180 mg,
0.70 mmol). Reaction time: 24 h. The product was purified by column chromatography on
silica gel (10-20% CH,Cl,/hexane). Colorless oil.

First run: 154 mg (70% yield). Second run: 150 mg (69% yield). The isolated
product includes a small amount of a non-polar impurity that co-elutes with the desired
product during column chromatography.

'H NMR (500 MHz, CDCl3) & 7.56 — 7.50 (m, 2H), 7.42 — 7.33 (m, 3H), 7.07 — 7.01
(m, 2H), 6.87 — 6.78 (m, 2H), 3.79 (s, 3H), 2.51 — 2.44 (m, 2H), 1.58 — 1.50 (m, 2H), 0.99 (s,
6H), 0.32 (s, 6H).

BC NMR (126 MHz, CDCls) & 157.5, 137.8, 135.6, 134.5, 129.1, 128.8, 127.5,
113.7,55.2,41.6,29.2,23.1, 20.1, -5.6.

FT-IR (film) 2953, 1512, 1246, 1039, 817, 770, 736, 701 cm’".

MS (EI) m/z (M") caled for Cy0Hp30Si: 312, found: 312.

n-Pr SiMe,Ph
Me Me
Dimethyl(4-methylheptan-4-yl)(phenyl)silane (Table 2.3, Entry 2). The title
compound was synthesized according to the General Procedure, using 10 mol%
NiBr,-diglyme, from 4-bromo-4-methylheptane (135 mg, 0.70 mmol). Reaction time: 24 h.

The product was purified by column chromatography on silica gel (hexane). Colorless oil.
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First run: 94 mg (54% yield). Second run: 92 mg (53% yield).

'H NMR (500 MHz, CDCl3) & 7.56 — 7.49 (m, 2H), 7.37 — 7.31 (m, 3H), 1.36 — 1.17
(m, 8H), 0.91 — 0.80 (m, 9H), 0.30 (s, 6H).

C NMR (126 MHz, CDCl3) & 139.0, 134.5, 128.5, 127.4, 39.3, 24.0, 22.2, 17.5,
15.2,4.1.

FT-IR (film) 2956, 2871, 1467, 1427, 1248, 1112, 816, 767, 735, 700 cm™".

MS (EI) m/z (M") caled for CsHysSi: 248, found: 248.

Me SiMe,Ph
Me

Me Me

(3,7-Dimethyloct-6-en-3-yl)dimethyl(phenyl)silane (Table 2.3, Entry 3). The title
compound was synthesized according to the General Procedure, using 10 mol%
NiBr,-diglyme, from 6-bromo-2,6-dimethyloct-2-ene (153 mg, 0.70 mmol). Reaction time:
24 h. The product was purified by column chromatography on silica gel (hexane). Colorless
oil.

First run: 92 mg (48% yield). Second run: 95 mg (49% yield).

'H NMR (500 MHz, CDCl3) & 7.56 — 7.49 (m, 2H), 7.38 — 7.30 (m, 3H), 5.08 — 5.03
(m, 1H), 1.92 — 1.84 (m, 2H), 1.71 — 1.65 (m, 3H), 1.58 — 1.56 (m, 3H), 1.41 — 1.24 (m, 4H),
0.89 (s, 3H), 0.81 (t, 3H, J= 7.5 Hz), 0.32 (s, 6H).

C NMR (126 MHz, CDCl3) & 138.9, 134.5, 130.8, 128.6, 127.4, 125.4, 36.0, 28.6,
25.7,23.8,23.0,21.6,17.6, 8.7, 4.1, —4.2.

FT-IR (film) 2960, 1460, 1427, 1377, 1248, 1110, 830, 811, 767, 735, 701 cm™".

MS (EI) m/z (M") caled for CsH30Si: 274, found: 274.

: SiMe,Ph
n-Pentyl
Dimethyl(1-pentylcyclobutyl)(phenyl)silane (Table 2.3, Entry 4). The title

compound was synthesized according to the General Procedure, using 10 mol%

NiBr,-diglyme, from 1-bromo-1-pentylcyclobutane (144 mg, 0.70 mmol). Reaction time: 24
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h. The product was purified by column chromatography on silica gel (hexane). Colorless
oil.

First run: 121 mg (66% yield). Second run: 132 mg (73% yield).

"H NMR (500 MHz, CDCl3) § 7.58 — 7.53 (m, 2H), 7.39 — 7.32 (m, 3H), 2.13 — 2.05
(m, 2H), 1.93 — 1.76 (m, 3H), 1.70 — 1.59 (m, 1H), 1.51 — 1.42 (m, 2H), 1.31 — 1.15 (m, 6H),
0.86 (t, 3H, J="7.1 Hz), 0.33 (s, 6H).

C NMR (126 MHz, CDCl3) & 138.9, 134.1, 128.7, 127.5, 39.6, 32.9, 29.2, 28.3,
25.2,22.6,17.2,14.1,-4.9.

FT-IR (film) 2924, 2853, 1247, 1112, 815, 699 cm’.

MS (EI) m/z (M") caled for C;7HysSi: 260, found: 260.

<:><SiMe2Ph
Me

Dimethyl(1-methylcyclohexyl)(phenyl)silane (Table 2.3, Entry 5). The title
compound was synthesized according to the General Procedure, using 10 mol%
NiBr;-diglyme, from 1-bromo-1-methylcyclohexane (124 mg, 0.70 mmol). Reaction time:
24 h. The product was purified by column chromatography on silica gel (hexane). Colorless
oil.

First run: 113 mg (69% yield). Second run: 118 mg (72% yield). The isolated
product includes a small amount of a non-polar impurity that co-elutes with the desired
product during column chromatography.

'H NMR (500 MHz, CDCl3) & 7.54 — 7.48 (m, 2H), 7.38 — 7.32 (m, 3H), 1.65 — 1.56
(m, 1H), 1.55-1.40 (m, 4H), 1.40 — 1.26 (m, 4H), 1.17 — 1.05 (m, 1H), 0.95 (s, 3H), 0.27 (s,
6H).

C NMR (126 MHz, CDCl3) & 137.7, 134.7, 128.6, 127.3, 31.9, 26.7, 20.3, 20.0,
17.9,-6.5.

FT-IR (film) 2916, 1426, 1246, 1106, 815, 766, 734, 699 cm’.

MS (EI) m/z (M") caled for C;sHy4Si: 232, found: 232.



36

SiMe,Ph

(4-Butyltetrahydro-2 H-pyran-4-yl)dimethyl(phenyl)silane (Table 2.3, Entry 6).
The title compound was synthesized according to the General Procedure, using 2.0 mol%
NiBr,-diglyme, from 4-bromo-4-butyltetrahydro-2 H-pyran (155 mg, 0.70 mmol). Reaction
time: 24 h. The product was purified by column chromatography on silica gel (5—10%
Et,O/hexane). Colorless oil.

First run: 145 mg (75% yield). Second run: 142 mg (73% yield).

'H NMR (500 MHz, CDCl3) & 7.52 — 7.47 (m, 2H), 7.38 — 7.32 (m, 3H), 3.71 — 3.56
(m, 4H), 1.90 — 1.79 (m, 2H), 1.61 — 1.54 (m, 2H), 1.37 — 1.30 (m, 2H), 1.28 — 1.20 (m, 2H),
1.17-1.09 (m, 2H), 0.85 (t, 3H, J= 7.3 Hz), 0.32 (s, 6H).

C NMR (126 MHz, CDCl3) & 137.9, 134.5, 128.9, 127.6, 62.6, 31.5, 30.6, 27.6,
23.8,21.8, 14.0, 4.7.

FT-IR (film) 2953, 2931, 2858, 1427, 1249, 1105, 866, 826, 809, 767, 736,

701 cm™.

MS (EI) m/z (M") caled for C;7Hp30Si: 276, found: 261 (M'—CHj).

SiMe,Ph
Me
MeO

(4-(4-Methoxyphenyl)butan-2-yl)dimethyl(phenyl)silane (Eq. 2.3). The title
compound was synthesized according to the General Procedure, using 2.0 mol%
NiBr;-diglyme, from 1-(3-iodobutyl)-4-methoxybenzene (203 mg, 0.70 mmol). Reaction
time: 6 h. The product was purified by column chromatography on silica gel (10—25%
CH,Cly/hexane). Colorless oil.

First run: 130 mg (62% yield). Second run: 130 mg (62% yield).

For the characterization data, see Table 2, Entry 1 (above).
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@\SiMezPh

(Adamantan-1-yl)dimethyl(phenyl)silane (Eq. 2.4). The title compound was
synthesized according to the General Procedure, using 10 mol% NiBr,-diglyme, from 1-
iodoadamantane (183 mg, 0.70 mmol). Reaction time: 24 h. The product was purified by
column chromatography on silica gel (hexane). Colorless oil.

First run: 102 mg (54% yield). Second run: 105 mg (56% yield).

'H NMR (500 MHz, CDCl3) & 7.51 — 7.46 (m, 2H), 7.39 — 7.33 (m, 3H), 1.84 — 1.81
(m, 3H), 1.77 — 1.63 (m, 12H), 0.23 (s, 6H).

C NMR (126 MHz, CDCly) & 137.2, 134.6, 128.6, 127.3, 37.5, 37.1, 27.6, 21.5,
—=7.3.

FT-IR (film) 2896, 2843, 1426, 1252, 1115, 852, 827, 799, 764, 733, 699 cm’".

MS (ESI) m/z (M") calcd for CigHSi: 270, found: 270.

The spectral data are in agreement with literature data.*

SiMePh,
Me
MeO

(4-(4-Methoxyphenyl)butan-2-yl)(methyl)diphenylsilane (Eq. 2.5). The title
compound was synthesized according to the General Procedure, using 10 mol%
NiBr;-diglyme, from 1-(3-bromobutyl)-4-methoxybenzene (170 mg, 0.70 mmol) and a
silylzinc reagent prepared from chloro(methyl)diphenylsilane. Reaction time: 24 h. The
product was purified by column chromatography on silica gel (10—-20% CH,Cly/hexane).
Colorless oil.

First run: 224 mg (89% yield). Second run: 216 mg (85% yield).

'H NMR (500 MHz, CDCl3) & 7.52 — 7.48 (m, 4H), 7.41 — 7.32 (m, 6H), 7.05 — 7.00
(m, 2H), 6.85 — 6.80 (m, 2H), 3.81 (s, 3H), 2.76 (ddd, 1H, J = 14.0, 9.6, 4.7 Hz), 2.47 (ddd,
1H,J=13.7,9.2, 7.4 Hz), 1.94 — 1.84 (m, 1H), 1.46 (dddd, 1H, J=13.6, 10.8, 9.2, 4.7 Hz),
1.39-1.30 (m, 1H), 1.10 (d, 3H, J= 7.3 Hz), 0.54 (s, 3H).

C NMR (126 MHz, CDCls) & 157.6, 136.5, 136.3, 134.81, 134.78, 134.6, 129.4,
129.03, 128.99, 127.71, 127.69, 113.6, 55.2,33.77, 33.71, 16.8, 14.0, —6.4.
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FT-IR (film) 3068, 2952, 2852, 1611, 1511, 1427, 1244, 1110, 1037, 785, 699 cm’".
MS (EI) m/z (M") caled for C,4H30Si: 360, found: 360.

SiPhg
Me
MeO
(4-(4-Methoxyphenyl)butan-2-yl)triphenylsilane (Eq. 2.5). The title compound
was synthesized according to the General Procedure, using 10 mol% NiBr»-diglyme, from 1-
(3-bromobutyl)-4-methoxybenzene (170 mg, 0.70 mmol) and a silylzinc reagent prepared
from chlorotriphenylsilane. Reaction time: 24 h; reaction temperature: r.t. The product was
purified by column chromatography on silica gel (10—20% CH,Cly/hexane). Colorless,
viscous oil.
First run: 234 mg (79% yield). Second run: 236 mg (80% yield).
'H NMR (500 MHz, CDCl3) & 7.56 — 7.53 (m, 6H), 7.44 — 7.40 (m, 3H), 7.39 — 7.34
(m, 6H), 7.09 — 7.05 (m, 2H), 6.88 — 6.84 (m, 2H), 3.82 (s, 3H), 2.83 (ddd, 1H, J=13.6, 9.0,
4.6 Hz), 2.56 (dt, 1H, J = 13.6, 8.3 Hz), 2.10 (dddd, 1H, J=13.7, 9.0, 8.0, 2.3 Hz), 1.75 —
1.66 (m, 1H), 1.58 — 1.48 (m, 1H), 1.25 (d, 3H, J="7.3 Hz).
BC NMR (126 MHz, CDCls) & 157.6, 136.0, 134.5, 134.3, 129.5, 129.2, 127.7,
113.6, 55.2, 34.0, 33.6, 15.8, 14.3.
FT-IR (film) 3067, 2931, 1511, 1428, 1246, 1109, 741, 700 cm™",
MS (ESI) m/z (M") caled for C9H300Si: 422, found: 345 (M'—C¢Hs).

Aisnwezph

(exo-Bicyclo[2.2.1]heptan-2-yl)dimethyl(phenyl)silane (Eq. 2.6) [65118-96-9].
The title compound was synthesized according to the General Procedure, using 5.0 mol%
NiBr,-diglyme, from exo-2-bromobicyclo[2.2.1]heptane (123 mg, 0.70 mmol). Reaction
time: 24 h. The product was purified by column chromatography on silica gel (hexane).
Colorless oil. The diastereoselectivity was determined by GC analysis of the unpurified

cross-coupling product.
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The major diastereomer was determined to be the exo isomer by comparing the 'H
NMR data with the data reported in the literature.” Additionally, after converting the product
mixture to the corresponding bicyclo[2.2.1]heptan-2-ol via a Fleming oxidation,** the major
alcohol product was confirmed to be the exo isomer by comparing with commercially
available exo-bicyclo[2.2.1]heptan-2-ol.

First run: 136 mg (84% yield, exo/endo = 7:1). Second run: 137 mg (85% yield,
exo/endo = 7:1).

'HNMR (500 MHz, CDCl3) § (major, exo) 7.57 — 7.52 (m, 2H), 7.38 — 7.35 (m, 3H),
2.25-2.23 (m, 2H), 1.56 — 1.39 (m, 4H), 1.29 — 1.20 (m, 2H), 1.08 (m, 2H), 0.86 — 0.82 (m,
1H), 0.27 (s, 3H), 0.25 (s, 3H).

C NMR (126 MHz, CDCl3) & (major, exo) 139.4, 133.9, 128.7, 127.6, 37.9, 37.8,
36.9,34.3,32.7,28.9, 28.5, —4.06, —4.10.

FT-IR (film) 2947, 2865, 1427, 1246, 1113, 698 cm™.

MS (ESI) m/z (M") calcd for CisHxSi: 230, found: 230.

Aisnvlezph

(exo-Bicyclo[2.2.1]heptan-2-yl)dimethyl(phenyl)silane (Eq. 2.7) [65118-96-9].
The title compound was synthesized according to the General Procedure, using 5.0 mol%
catalyst loading, from endo-2-bromobicyclo[2.2.1]heptane (123 mg, 0.70 mmol). Reaction
time: 24 h. The product was purified by column chromatography on silica gel (hexane).
Colorless oil. The diastereoselectivity was determined by GC analysis of the unpurified
cross-coupling product.

First run: 121 mg (75% yield, exo/endo = 7:1). Second run: 114 mg (71% yield,
exo/endo = 7:1).

'H NMR (500 MHz, CDCl3) § (major, exo) 7.56 — 7.52 (m, 2H), 7.38 — 7.35 (m, 3H),
2.25-2.23 (m, 2H), 1.57 = 1.39 (m, 4H), 1.29 — 1.20 (m, 2H), 1.08 (m, 2H), 0.86 — 0.81 (m,
1H), 0.27 (s, 3H), 0.25 (s, 3H).

C NMR (126 MHz, CDCl;) & (major, exo) 139.3, 133.9, 128.7, 127.6, 37.9, 37.8,
36.9,34.3,32.7,28.9, 28.5, —4.06, —4.10.

FT-IR (film) 2946, 2864, 1426, 1246, 1113, 698 cm™.
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MS (ESI) m/z (M") calcd for CisHxSi: 230, found: 230.

Competition Experiments (Eqs. 2.8 and 2.9). In a nitrogen-filled glovebox,
NiBr;-diglyme (3.5 mg, 0.010 mmol) was added to an oven-dried 4-mL vial equipped with
a stir bar. DMA (0.3 mL) was added to the vial, and then the vial was closed with a PTFE
septum cap and removed from the glovebox. The mixture was vigorously stirred at r.t. for
10 min, and then the two alkyl bromides (0.10 mmol each) were added to the vial via syringe,
and the mixture was stirred at r.t. for 5 min. Next, the vial was cooled to —20 °C, and the
reaction mixture was stirred for 5 min. Then, a solution of the silylzinc reagent (0.060 M;
0.33 mL, 0.020 mmol, 0.20 equiv) was added in one portion. The reaction mixture was
stirred at —20 °C for 4 h, and then the reaction was quenched with ethanol (0.1 mL). #»-
Tetradecane (26 uL) was added to the vial as an internal standard, and the reaction mixture

was analyzed via GC.

Effect of TEMPO

Entry 1 (no TEMPO): In a nitrogen-filled glovebox, NiBr,-diglyme (7.0 mg, 0.020
mmol) was added to an oven-dried 4-mL vial equipped with a stir bar. DMA (3.0 mL) was
added to the vial, and then the vial was closed with a PTFE septum cap. The mixture was
vigorously stirred at r.t. for 10 min. Then, the stock solution of the catalyst (0.30 mL; 0.0020
mmol) was added to a 4-mL vial that contained the alkyl bromide (0.10 mmol) and a stir bar.
The vial was closed with a PTFE septum cap and removed from the glovebox. The reaction
mixture was stirred at r.t. for 5 min, and then the vial was cooled to —20 °C and the reaction
mixture was stirred for an additional 5 min. A nitrogen-filled balloon was affixed to the vial.
Next, a solution of the silylzinc reagent in THF (0.15 mmol, 1.5 equiv) was added, and the
balloon was removed. The reaction mixture was stirred at —20 °C for 2 h, and then the
reaction was quenched by the addition of ethanol (0.1 mL). The mixture was allowed to
warm to r.t., n-tetradecane (26 plL) was added to the vial, and the reaction mixture was
analyzed by GC.

Entries 2 and 3 (with TEMPO): In a nitrogen-filled glovebox, NiBr,-diglyme (7.0
mg, 0.020 mmol) was added to an oven-dried 4-mL vial equipped with a stir bar. DMA (3.0
mL) was added to the vial, and then the vial was closed with a PTFE septum cap. The
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mixture was vigorously stirred at r.t. for 10 min. Then, the stock solution of the catalyst (0.30
mL; 0.0020 mmol) was added to a 4-mL vial that contained the alkyl bromide (0.10 mmol),
TEMPO (1.6 mg, 0.010 mmol; or, 16 mg, 0.10 mmol), and a stir bar. The vial was closed
with a PTFE septum cap and removed from the glovebox. The reaction mixture was stirred
at r.t. for 5 min, and then the vial was cooled to —20 °C and the reaction mixture was stirred
for an additional 5 min. A nitrogen-filled balloon was affixed to the vial. Next, a solution
of the silylzinc reagent in THF (0.15 mmol, 1.5 equiv) was added, and the balloon was
removed. The reaction mixture was stirred at —20 °C for 2 h, and then the reaction was
quenched by the addition of ethanol (0.1 mL). The mixture was allowed to warm to r.t., n-

tetradecane (26 uL) was added to the vial, and the reaction mixture was analyzed by GC.

Table 2.4 Effect of TEMPO
Br 2.0% NiBry* diglyme SiMe,Ph
/\)\ ClZn—SiMe,Ph - /\)\
Ar Me 1.5 equiv X mol% TEMPO Ar Me
DMA/THF
—20°C,2h
Ar = p-anisyl
entry X mol% TEMPO yield (%)2

1 0 86

2 10 24

3 100 <2

2Yields were determined by GC analysis with the aid of a
calibrated internal standard (average of two experiments).
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Chapter 3

SYNTHESIS OF B-FLUORINATED CARBONYL COMPOUNDS BY
NITRITE-MODIFIED WACKER OXIDATION

The text in this chapter was reproduced in part with permission from:
Chu, C. K.; Ziegler, D. T.; Carr, B.; Wickens, Z. K.; Grubbs, R. H. Angew. Chem. Int. Ed.
2016, 55, 8435-8439.
The work described was conducted in collaboration with Dr. Daniel Ziegler, who
performed mechanistic experiments, as well as with Brian Carr and Dr. Zachary
Wickens, who conceived the project and developed reaction conditions.

Abstract

An aldehyde-selective Wacker-type oxidation of allylic fluorides employing a
nitrite catalyst is described. The method represents a direct route to prepare B-fluorinated
aldehydes. Allylic fluorides bearing a variety of functional groups are transformed in high
yield and very high regioselectivity. Additionally, crude aldehyde products serve as
versatile intermediates, enabling access to a diverse array of fluorinated building blocks.
Preliminary mechanistic investigations suggest that inductive effects have a strong

influence on the rate and regioselectivity of oxidation.

Introduction

The demand for organofluorine compounds is rapidly growing as a result of their
prevalence in the pharmaceutical,' agrochemical,” and materials® industries. Due to a low
abundance of fluorinated chemical feedstocks, the development of efficient routes toward
organofluorine building blocks has been recognized as an important challenge in the
synthetic community.’ Traditional fluorination protocols typically employ harsh reagents
such as diethylaminosulfur trifluoride (DAST), restricting their tolerance of functional
groups. Consequently, careful selection of an appropriate fluorinating agent must often be

performed on a case-by-case basis.°
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Significant progress has been made toward mild, catalytic alkyl fluorination, with
much of this work dedicated to installing fluorine atoms adjacent to m systems (Scheme
3.1A)." a-Fluorination of carbonyl compounds is achieved efficiently via organo- and
transition-metal catalysis.® Allylic fluorides can also be readily prepared by regio- and

7a-dth Bor example, Ir-catalyzed allylic substitution’*" and Pd-

enantioselective methods.
catalyzed C—H fluorination”” methods can serve as convenient approaches to allylic
fluorides.

Despite the depth of research dedicated to a-fluorination of activated m systems,
catalytic installation of fluorine P to functional groups remains a major challenge.” One
promising strategy enables the syntheses of - and y- fluorinated ketones via catalytic ring
opening of strained cyclopropanols and cyclobutanols, respectively.'® Alternative methods
amenable to producing B-fluorinated carbonyl compounds have been reported,'’ but a
general solution employing simple starting materials has yet to be developed. Herein, we

report a catalytic approach to directly access B-fluorinated aldehydes from readily

accessible allylic fluorides (Scheme 3.1B).

A) Established reactivity: a-fluorination of ketones
M F
e .
R Me o~fluorinated
/\g/ > R)\ﬂ/ building block
o

B) New access to -fluorinated carbonyl compounds

OH
R Z
1-2 steps F (this work) F
or R)\/ ” R)\Ao
RNF p-fluorinated

building block

Scheme 3.1. Strategies toward alkylfluorine compounds.

The Wacker reaction is a powerful method'? for the oxidation of olefins that
typically favors Markovnikov selectivity.'> However, in the presence of proximal
functional groups, regioselectivity of oxidation can be difficult to rationally predict.'* In

our recent study of a dicationic Pd-catalyzed Wacker-type oxidation of internal olefins,"



70

inductively withdrawing trifluoromethyl groups were found to substantially enhance
selectivity for distal oxidation.'® In fact, even the oxidation of a terminal olefin, 4,4,4-
trifluoro-1-butene, occurred with modest anti-Markovnikov  selectivity (3:1
aldehyde/ketone). We therefore reasoned that modified Wacker conditions, combined with
the inductive influence of allylic fluorides, could be employed as a general strategy for the

synthesis of B-fluorinated aldehydes under mild conditions.

Development of Reaction Conditions

The model allylic fluoride A was initially subjected to a range of Wacker-type
oxidation conditions toward optimization of aldehyde selectivity.'” Traditional Tsuji-
Wacker conditions proved poorly suited for oxidation of the electron deficient allylic
fluoride, resulting in defluorination and no aldehyde selectivity (Figure 3.1a). When
subjected to our previously reported dicationic palladium system, this substrate was
oxidized in moderate yield with preference for the aldehyde (3:1 aldehyde/ketone; Figure
3.1b), revealing some innate aldehyde selectivity of the substrate.

To emphasize this effect, we next explored nitrite ligands'® and exogenous nitrite
co-catalysts, utilized by Feringa and our own group, respectively, for the catalyst-
controlled oxidation of terminal olefins to aldehydes. When A was subjected to Feringa’s
conditions, catalyzed by [PANO,CI(MeCN),],"” high aldehyde selectivity was observed
(18:1 aldehyde/ketone), albeit in poor yield (Figure 3.1c). Our group recently developed a
Wacker system that employs an exogenous nitrite catalyst in a tBuOH/MeNO, solvent
system, which oxidizes unbiased terminal olefins with anti-Markovnikov selectivity.*’ This
nitrite co-catalyzed system oxidized allylic fluoride A in moderate yield and high
selectivity (26:1 aldehyde/ketone; Figure 3.1d). Further optimization, involving exclusion
of water from the reaction system, increased nitromethane concentration, and even a
reduction in catalyst loading, resulted in very high selectivity for aldehyde formation (36:1
aldehyde/ketone) in high yield (77%; Figure 3.1e). Since the use of tBuOH has been

21,22

established as a strategy to enhance aldehyde selectivity in Wacker-type oxidations,” *** the

importance of the nitrite catalyst and nitromethane as a cosolvent was assessed. Elimination
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of these components from the optimized conditions led to diminished aldehyde selectivity

(8:1 aldehyde/ketone) and formation of defluorination products (Figure 3.1f).%

F
F a-f F
—_ + Me
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Figure 3.1. Comparison of oxidation conditions with a model substrate. (a) Selectivity
(aldehyde/ketone) determined by 'H NMR analysis. (b) Oxidation yield (aldehyde +
ketone) determined by '"H NMR analysis versus an internal standard. Only fluorinated
products are included. (See Table 3.1 for standard conditions).

Reaction Scope

With optimized conditions in hand, we next explored the reaction scope, and found
the method to be well suited for regioselective oxidation of allylic fluorides bearing a
variety of functional groups.** Branched allylic fluorides without added bias were oxidized
to the corresponding B-fluorinated aldehydes in high yield and >20:1 selectivity, with an
ester and alkyl chloride being well tolerated (Table 3.1, entries 1, 2, 6, and 7). High
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Table 3.1. Nitrite-Modified Wacker Oxidations of Allylic Fluorides: Substrate Scope

(1) 5% PdCI,(PhCN),
5% CuCl,, 5% AgNO,

F BuOH/MeNO, (5:1), O, F
>
R)\/ (2) NaBH,, EtOH, DCM R)\/\OH
entry substrate yield?2 selectivityb
F
1 >20:1
Ph/\)\/ 82 0
F
2 W 87 =20:1
6
F
3 Pho\)\/ 94 =20:1
F
4 Bno\)\/ 93 >20:1
F
5 BzO\)\/ 93 =20:1
F
6 72 >20:1
ETOQC/\/\)\/
F
7 /\/\)\/ 81° =20:1
Cl F
F

8 PhthN \)\/ 77 =20:1

“Yield of purified product following NaBH, reduction. "Selectivity (aldehyde:ketone)
determined by "H NMR analysis of crude reaction mixture prior to reduction. “Yield of
aldehyde determined by "H NMR analysis versus an internal standard.

aldehyde selectivities were maintained for allylic fluorides bearing an additional directing
group. Olefins with phenyl and benzyl ethers, benzoate, and phthalimide branches were

oxidized to the corresponding aldehydes with only trace levels of ketone detected (entries
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3,4, 5, and 8, respectively). When comparing previous nitrite-modified Wacker oxidations

of functionalized olefins, fluoride has shown to be an exceptionally potent directing group.

Derivatization of Products

Despite the relative instability of B-fluorinated aldehydes, the high purity of the
crude products allows for direct transformation to a variety of organofluorine compounds.
Reaction with Oxone furnished the B-fluorinated carboxylic acid 3-1 in excellent yield
(Scheme 3.2a). Wittig olefination and protection of the carbonyl were achieved in
synthetically useful yields in spite of potential base or acid lability of the fluoride (Scheme
3.2b, d). The aldehyde was reduced nearly quantitatively to y-fluorinated alcohol 3-3
(Scheme 3.2c¢). Furthermore, nucleophilic addition to aldehydes provides access to a range

of new fluorinated building blocks, demonstrated by the addition of allylB(pin) to produce

F ] (a) (b) F
- >
R)\/U\OH R)W
3-1 3-2

90% yield 65% yield

F opt. conditions F (c) F
> é

R)\/ R)\/§o R)\/\OH
3-3
R = CH,CH,Ph 82% yield

3-4 3-5
56% yield 81% yield

Scheme 3.2. Derivatization of a B-fluorinated aldehyde crude product. All derivatizations
performed using crude Wacker oxidation product. Yields reported over 2 steps. (a) Oxone,
DMF. (b) MePPh;Br, nBuLi, THF. (¢) NaBH4, DCM/EtOH. (d) pTsOH, ethylene glycol,
mol. sieves. (e) AllylB(pin), DCM.
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homoallylic alcohol 3-5 (Scheme 3.2¢). Overall, the efficient preparation of B-fluorinated
aldehydes via Wacker-type oxidation serves as a unique synthetic handle to produce
diverse fluorinated molecules.

In order to investigate how our method may be used to generate stereodefined
organofluorines, we were interested in the aldehyde-selective oxidation of enantioenriched
allylic fluoride 3-6.”" Under the optimal reaction conditions, oxidation occurred without
erosion of enantiopurity,” allowing for the isolation of enantioenriched fluorinated product
3-7 in good yield and ee (Eq. 3.1). This result suggests that Pd-catalyzed olefin

isomerization does not occur on the time scale of oxidation to the aldehyde product.

(1) 5% PdCI,(PhCN),
5% CuCly, 5% AgNO,

F BuOH/MeNO, (5:1), O, F
o > o Hngy O
Ph (2) NaBH,, EtOH, DCM Ph OH
3-6 3-7
90% ee 90% ee
82% vyield
Mechanistic Insights

Having demonstrated the synthetic utility of the transformation, we sought to gain
insight into the role of the fluoride in influencing regioselectivity and reactivity. To this
end, a study of the distance dependence of regioselectivity on fluoride proximity was
conducted. Three alkyl fluoride isomers were synthesized with systematic variation of the
distance between fluoride and olefin. The oxidations of these compounds under our
standard conditions were then compared along with that of 1-decene (Figure 3.2). The high
aldehyde selectivity (96%) in the case of the allylic fluoride (» = 0) depreciates as n
increases. A strong preference for oxidation to the aldehyde is maintained in the reaction
of a homoallylic fluoride (n = 1), suggesting that this method can provide a convenient
route to y-fluorinated aldehydes. However, aldehyde selectivity diminishes for the
analogue fluorinated in a more distal position (n = 2), and poor regioselectivity is observed

in the oxidation of the unbiased olefin 1-decene (58%).?° The gradual loss in selectivity as
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fluoride substitution is placed further from the olefin is consistent with a key inductive

effect that enhances regioselectivity under these nitrite-modified Wacker conditions.

5% PACIo(PhCN)s,
F 5% CuCly, 5% AgNO, F £ 0
Ao > NS o, AN
C7-n) X BuOH/MeNO, (5:1)  Ciz.n) . Cirn) ~ “Me
0,, RT
100% 1  96%
80%

s 80%

& 67%

g 58%

2 60% - o

[$]

(]

S

(7]

S 40% -

>

L

[

ke

< 20%

0% . . : .
n=0 n=1 n=2 1-decene

Figure 3.2. Influence of fluoride proximity on regioselectivity of oxidation. *Selectivity
(aldehyde/total oxidation yield) determined by '"H NMR analysis.

The relative rates of conversion of a fluorinated and non-fluorinated olefin were
studied in order to further elucidate the effect of fluoride substitution (Figure 3.3).
Individual rate comparisons of the two compounds show that the more electron deficient
fluorinated olefin reacts at an accelerated rate relative to the unfunctionalized olefin (Figure
3.3A). However, when the two olefins were oxidized in competition in a 1:1 ratio, the non-
fluorinated olefin was consumed 2.3 times faster than the allylic fluoride, potentially due
to saturation of the catalyst with non-fluorinated olefin (Figure 3.3B). This inversion of
relative reactivity, which results from a decrease in the rate of conversion of the fluorinated

olefin rather than an increase in the rate of conversion of the non-fluorinated olefin,
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suggests that stronger olefin coordination does not inherently lead to accelerated rate of

oxidation.

A) Two-pot individual rate comparison

40 1 enon-fluorinated @ fluorinated °
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10 \b 10
Relative rate: 2.3 1.0

Figure 3.3. Individual rate and competition experiments performed to measure relative
rates of conversion.

Conclusion

In summary, we have developed a practical synthesis of B-fluorinated aldehydes
from readily accessible allylic fluorides. This method represents a rare example of catalysis
to produce B-fluorinated carbonyl compounds under procedurally simple conditions. Direct
transformation of crude aldehyde products demonstrates the versatility of B-fluorinated
aldehyde building blocks. Preliminary mechanistic studies are consistent with inductive
effects having a significant influence on both the regioselectivity and rate of oxidation and

will facilitate further study of this new catalytic system.
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Experimental Section

General Information

Anhydrous ether and dichloromethane used for substrate syntheses were purified
and dried using a solvent-purification system containing activated alumina. All other
solvents were purchased anhydrous with Sure/Seal™ septa from Sigma Aldrich and used
without further purification. All reagents and standards were purchased from Sigma
Aldrich and used without further purification. All metal salts were purchased from Sigma
Aldrich or Strem and used without further purification. NMR analysis was performed on
the following instruments at ambient temperature: Varian 300 MHz, Varian 400 MHz,
Varian 500 MHz, Bruker 400 MHz spectrometers. High-resolution mass spectra were
provided by the California Institute of Technology Mass Spectrometry Facility using a
JEOL JMS- 600H High Resolution Mass Spectrometer.

Optimization of Reaction Conditions (Figure 3.1)
For all reactions in Figure 1: Following work up procedure, nitrobenzene (0.1
mmol, 10.3 uL) was added as a standard, and "H NMR analysis of the crude product was

performed to determine yield and selectivity.
10% PdCl, F F
CuClI (1 equiv)
©/\)\/ ©/\)\Ao + ©/\)\'(
DMF/H,0 o
O,, r.t.

Figure 1a: Tsuji-Wacker conditions. The model substrate (0.1 mmol, 16.4 mg)
20b

was reacted using the “Procedure for Tsuji-Wacker oxidations” reported by Grubbs.

Oxidation yield: 12%. Selectivity: 0.3:1 (aldehyde/ketone).

5% Pd(OAc),
BQ (1 equw)

F
HBF, (0.27M
)\/ 4 )
©/\ DMA/MeCN/H 20
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Figure 1b: Grubbs (dicationic) conditions.””® The model substrate (0.1 mmol,
16.4 mg) was reacted using “General Procedure 2” reported by Grubbs. Following
overnight reaction in a 1-dram vial, the work up procedure was followed. Oxidation yield:

48%. Selectivity: 3:1 (aldehyde/ketone).
F 5% Pd(MeCN),CI(NO,) F F
20% CuCl,
©/\)\/ » ©/\)\AO + ©/\)Y
fBUOH (0.4M) 5
0,, 30 °C

Figure 1c: Feringa conditions.”” The model substrate (0.1 mmol, 16.4 mg) was

reacted using the “General procedure for oxidation reactions  with
Pd(MeCN),CI(NO,)/CuCl,” reported by Feringa. Following overnight reaction in a 1-dram
vial, the work up procedure was followed. Oxidation yield: 40%. Selectivity: 18:1
(aldehyde/ketone).

12% Pd( PhCN)ZCIz
12% CuClyH

6% AgNo2 )\n/
{BUOH/MeNO,(15:1) ©/\
02 r.t.

Figure 1d: Grubbs (nitrite) conditions.””® The model substrate (0.1 mmol, 16.4

mg) was reacted using the “Procedure (C) for small-scale oxidation of alkenes (NMR
analysis)” reported by Grubbs. A 1-dram vial was used for the reaction, and, following
sparging, the oxygen balloon was removed for the course of the reaction. Oxidation yield:

63%. Selectivity: 26:1 (aldehyde/ketone).
F 5% Pd(PhCN),Cl, E E
5% CUC|2, 5% AgN02
Z > XNo  +
BUOH/MeNO(5:1) 5
02, r.t.

Figure 1e: Optimized conditions. A 1-dram vial equipped with a septum cap and

magnetic stir bar was charged with CuCl; (0.7 mg, 0.005 mmol, 0.05 equiv), AgNO, (0.8
mg, 0.005 mmol, 0.05 equiv), and Pd(PhCN),Cl; (1.9 mg, 0.005 mmol, 0.05 equiv). The
atmosphere was then purged using an oxygen-filled balloon for ~30 seconds. Tert-butanol

(0.88 mL) was then added via syringe, followed by nitromethane (0.18 mL). This mixture
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was sparged using an oxygen-filled balloon for ~60 seconds. (3-fluoropent-4-en-1-
yl)benzene (0.1 mmol, 16.4 mg) was injected via glass syringe, the balloon was removed,
and the septum cap was greased. The reaction mixture was stirred for 4 hours at room
temperature. Upon completion, the solvent was removed via rotary evaporation. The
reaction crude was resuspended in dichloromethane and filtered through a glass pipet
containing celite, which was washed with dichloromethane. Dichloromethane was

removed via rotary evaporation. Oxidation yield: 79%. Selectivity: 36:1 (aldehyde/ketone).
F 5% Pd(PhCN),Cl, F E
5% CUC|2
Z > Xo  +
tBuOH o
02, r.t.

Figure 1f: Wacker conditions in /BuOH. A 1-dram vial equipped with a septum

cap and magnetic stir bar was charged with CuCl, (0.7 mg, 0.005 mmol, 0.05 equiv) and
Pd(PhCN),Cl; (1.9 mg, 0.005 mmol, 0.05 equiv). The atmosphere was then purged using
an oxygen-filled balloon for ~30 seconds. Tert-butanol (1.06 mL) was then added via
syringe. This mixture was sparged using an oxygen-filled balloon for ~60 seconds. (3-
fluoropent-4-en-1-yl)benzene (0.1 mmol, 16.4 mg) was injected via glass syringe, the
balloon was removed, and the septum cap was greased. The reaction mixture was stirred
overnight at room temperature. Upon completion, the solvent was removed via rotary
evaporation. The reaction crude was resuspended in dichloromethane and filtered through
a glass pipet containing celite, which was washed with dichloromethane. Dichloromethane
was removed via rotary evaporation. Oxidation vyield: 8%. Selectivity: 8:1

(aldehyde/ketone).

Preparation of Allylic Fluorides

General Procedure A: Synthesis of Allylic Fluorides.”® [IrCICOD], (0.025
equiv) was weighed into a 50 mL polypropylene centrifuge tube equipped with a large stir
bar. A first portion of anhydrous ether (30% of the total solvent volume, 0.83 M relative to
trichloroacetimidate) was added to the tube, followed by TEA-3HF (3 equiv). The
trichloroacetimidate (1.0 equiv) was then dissolved in a second portion of anhydrous ether

and added to the reaction vessel, bringing the final concentration of trichloroacetimidate to
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0.25 M. The polypropylene tube was closed tightly, and the reaction was stirred vigorously
at room temperature for 2 hours. Upon completion, the crude mixture was allowed to
separate into two layers. A glass pipette was used to transfer the organic layer to a
separatory funnel containing a saturated solution of NaHCOs;. Ether was added to the
polypropylene tube followed by 2 minutes of vigorous stirring. The organic layer was again
transferred to the separatory funnel, and this step was repeated once more. The combined
organic layers were separated, and the remaining bicarb solution extracted once with ether.
After drying over Na;SOs, the solvent was removed by rotary evaporation. The residue was
purified by flash chromatography (ether/pentane).

General Procedure B: Fluorinaton of Alcohols. A three-neck round bottom flask
was equipped with an addition funnel and two septa. The system was purged with argon,
and DAST (0.85 mL, 6.40 mmol, 1 equiv) and anhydrous DCM (6 mL) were added to the
flask via syringe. The round-bottom flask was cooled to -78 °C and stirred. The alcohol
(1.0 g, 1 equiv) was dissolved in 6 mL anhydrous DCM, transferred to the addition funnel,
and added dropwise over 30 minutes. The reaction was allowed to slowly warm to room
temperature and stirred overnight. Following reaction completion, the crude mixture was
cooled to 0 °C for quenching. One neck previously closed with a septum was opened and
saturated NaHCOj solution was slowly added via addition funnel to bring the mixture to
basic pH. The mixture was then stirred for 1 hour at room temperature. The layers were
separated, and the organic layer washed with brine. The solvent was removed by rotary

evaporation, and the residue was purified by column chromatography.

The yields have not been optimized.

(3-fluoropent-4-en-1-yl)benzene. The fluoride was prepared according to General
Procedure A from the corresponding trichloroacetimidate, 5-phenylpent-1-en-3-yl 2,2,2-
trichloroacetimidate. The product was purified by flash chromatography (1%
ether/pentane). Colorless oil (1.84 g, 68% yield).



81

"H NMR (500 MHz, CDCl3) § 7.35-7.29 (m, 2H), 7.25-7.19 (m, 3H), 6.00-5.86
(m, 1H), 5.40-5.31 (m, 1H), 5.26 (dt, 1H, J=10.7, 1.3 Hz), 4.99-4.82 (m, 1H), 2.86-2.69
(m, 2H), 2.14-1.86 (m, 2H).

3C NMR (126 MHz, CDCls) § 141.5, 136.7 (d, J = 20.2 Hz), 128.8, 126.4, 117.4
(d, J=12.6 Hz), 93.0 (d, J = 167.6 Hz), 37.2 (d, J = 21.4 Hz), 31.3 (d, J = 5.0 Hz).

"F NMR (376 MHz, CDCls) & -178.86 (ddddd, J = 48.5, 28.0, 17.3, 14.2, 3.5 Hz).

MS (EI) m/z (M") calcd for CyH)sF: 164.1001, found: 164.0982.

F
/\/\/\)\/

3-fluorodec-1-ene. The fluoride was prepared according to General Procedure A
from the corresponding trichloroacetimidate, dec-1-en-3-yl 2,2,2-trichloroacetimidate. The
product was purified by flash chromatography (pentane). Colorless oil (250 mg, 32%
yield).

'H NMR (500 MHz, CDCl;) & 5.88 (dddd, 1H, J=16.9, 14.0, 10.6, 6.1 Hz), 5.30
(ddt, 1H, J=17.3, 3.6, 1.4 Hz), 5.21 (dt, 1H, J=10.6, 1.3 Hz), 4.94-4.78 (m, 1H), 1.79—
1.52 (m, 2H), 1.49-1.21 (m, 10H), 0.92—0.81 (m, 3H).

BC NMR (126 MHz, CDCl3) & 137.2 (d, J=20.2 Hz), 117.1 (d, J=11.3 Hz), 94.1
(d,J=167.6 Hz), 35.6 (d, /=21.4 Hz), 32.1, 29.7, 29.5, 25.0 (d, /= 5.0 Hz), 23.0, 14.4.

F NMR (376 MHz, CDCl3) & -176.74 (ddddd, J=48.1, 26.2, 17.7, 13.9, 3.6 Hz).

MS (EI) m/z (M'—HF) calcd for CioH g: 138.1408, found: 138.1430.

o A~
9

((2-fluorobut-3-en-1-yl)oxy)benzene. The fluoride was prepared according to
General Procedure A from the corresponding trichloroacetimidate, 1-phenoxybut-3-en-2-
yl 2,2,2-trichloroacetimidate. The product was purified by flash chromatography (5%
ether/pentane). Colorless oil (1.20 g, 77% yield).

'H NMR (500 MHz, CDCl3) § 7.33-7.27 (m, 2H), 7.02-6.97 (m, 1H), 6.96-6.91
(m, 2H), 6.08-5.96 (m, 1H), 5.53 (ddt, 1H, J=17.3, 3.0, 1.3 Hz), 5.40 (dt, 1H, J = 10.8,
1.3 Hz), 5.35-5.18 (m, 1H), 4.20-4.04 (m, 2H).
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3C NMR (126 MHz, CDCls) § 158.7, 132.8 (d, J = 20.2 Hz), 129.9, 121.6, 119.5
(d,J=11.3 Hz), 115.0,91.5 (d, J= 173.9 Hz), 70.0 (d, J = 23.9 Hz).

"F NMR (376 MHz, CDCls) & -185.41 (ddddd, J = 48.7, 24.7, 19.8, 14.8, 3.1 Hz).

MS (EI) m/z (M) calcd for C1oH; FO: 166.0794, found: 166.0788.

X F
| Z O\)\/

(((2-fluorobut-3-en-1-yl)oxy)methyl)benzene. The fluoride was prepared
according to General Procedure A from the corresponding trichloroacetimidate, 1-
(benzyloxy)but-3-en-2-yl 2,2,2-trichloroacetimidate. The product was purified by flash
chromatography (5% ether/pentane). Colorless oil (144 mg, 52% yield).

'H NMR (500 MHz, CDCls) & 7.41-7.25 (m, 5H), 5.90 (dddd, 1H, J=17.3, 15.1,
10.8, 5.7 Hz), 5.43 (ddt, 1H, J=17.3, 2.9, 1.4 Hz), 5.31 (dt, 1H, J=10.8, 1.3 Hz), 5.18—
5.01 (m, 1H), 4.68-4.54 (m, 2H), 3.68-3.54 (m, 2H).

C NMR (126 MHz, CDCl3) & 138.1, 133.3 (d, J=20.2 Hz), 128.8, 128.10, 128.06,
118.8 (d,J=11.3 Hz),92.6 (d,J=171.4 Hz), 73.8, 72.3 (d, J = 22.7 Hz).

F NMR (376 MHz, CDCl;) & -184.63 —-185.09 (m).

MS (EI) m/z (M) caled for C1;H;3FO: 180.0950, found: 180.0952.

F
©\'(O\)\/
o
2-fluorobut-3-en-1-yl benzoate. The fluoride was prepared according to General
Procedure A from the corresponding trichloroacetimidate, 2-(2,2,2-trichloro-1-
iminoethoxy)but-3-en-1-yl benzoate. The product was purified by flash chromatography
(10% ether/pentane). Colorless oil (344 mg, 60% yield).
'H NMR (500 MHz, CDCl3) & 8.11-8.04 (m, 2H), 7.62—7.54 (m, 1H), 7.49-7.42
(m, 2H), 5.96 (dddd, 1H,J=17.4,15.1, 10.8, 5.7 Hz), 5.52 (ddt, 1H, J=17.3, 2.8, 1.3 Hz),
5.40 (dt, 1H, J=10.8, 1.2 Hz), 5.32-5.17 (m, 1H), 4.52 (ddd, 1H, J=26.6, 12.4, 3.0 Hz),
4.42 (ddd, 1H, J=20.4, 12.4, 7.0 Hz).
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PC NMR (126 MHz, CDCl3) § 166.5, 133.6, 132.3 (d, J = 20.2 Hz), 130.1, 130.0,
128.8,119.8 (d,/J=11.3 Hz), 91.0 (d, /= 173.9 Hz), 66.1 (d, J=22.7 Hz).

F NMR (376 MHz, CDCl;)  -186.05 (ddddd, J = 48.7, 26.5, 20.4, 15.0, 3.0 Hz).

MS (EI) m/z (M) caled for C11H;;FO,: 194.0743, found: 194.0721.

F

EtO\[(\/\)\/

O

ethyl 6-fluorooct-7-enoate. The fluoride was prepared according to General
Procedure A from the corresponding trichloroacetimidate, ethyl 6-(2,2,2-trichloro-1-
iminoethoxy)oct-7-enoate. The product was purified by flash chromatography (10%
ether/pentane). Colorless oil (124 mg, 55% yield).

'H NMR (400 MHz, CDCls) & 5.86 (dddd, 1H, J=17.3, 14.0, 10.6, 6.1 Hz), 5.30
(ddt, 1H,J=17.3, 3.6, 1.4 Hz), 5.21 (dt, 1H, J=10.6, 1.3 Hz), 4.98-4.73 (m, 1H), 4.12 (q,
2H,J=17.1 Hz), 2.31 (t, 2H, J= 7.5 Hz), 1.82-1.33 (m, 6H), 1.25 (t, 3H, J=7.1 Hz).

C NMR (101 MHz, CDCl3) § 173.9, 136.8 (d, J = 20.2 Hz), 117.3 (d, J = 12.1
Hz), 93.7 (d, J = 167.7 Hz), 60.6, 35.2 (d, J = 22.2 Hz), 34.5, 25.0, 24.6 (d, J = 5.0 Hz),
14.6.

F NMR (376 MHz, CDCl3) & -177.17 — -177.57 (m).

MS (EI) m/z (M) caled for C1oH;7FO,: 188.1201, found: 188.1185.

F
C|/\/\)\/

7-chloro-3-fluorohept-1-ene. The fluoride was prepared according to General
Procedure A from the corresponding trichloroacetimidate, 7-chlorohept-1-en-3-yl 2,2,2-
trichloroacetimidate. The product was purified by flash chromatography (1%
ether/pentane). Colorless oil (583 mg, 57% yield).

'H NMR (300 MHz, CDCls) & 5.88 (dddd, 1H, J=17.3, 14.1, 10.6, 6.0 Hz), 5.32
(ddt, 1H, J=17.3, 3.5, 1.4 Hz), 5.23 (dt, 1H, J=10.6, 1.3 Hz), 5.03-4.72 (m, 1H), 3.55 (4,
2H, J= 6.6 Hz), 1.93-1.43 (m, 6H).

BC NMR (126 MHz, CDCl3) § 136.7 (d, J= 18.9 Hz), 117.4 (d, J = 12.6 Hz), 93.7
(d,/J=167.6 Hz), 45.1, 34.7 (d, J=22.7 Hz), 32.6, 22.4 (d, J= 5.0 Hz).
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F NMR (376 MHz, CDCl;) & -177.21 —-177.68 (m).
MS (EI) m/z (M") caled for C;H 2CIF: 150.0612, found: 150.0659.

NN

O
2-(2-fluorobut-3-en-1-yl)isoindoline-1,3-dione. The fluoride was prepared
according to General Procedure A from the corresponding trichloroacetimidate, 1-(1,3-
dioxoisoindolin-2-yl)but-3-en-2-yl 2,2, 2-trichloroacetimidate. The product was purified by
flash chromatography (20% Et,O/pentane). White solid (173 mg, 65% yield).

'H NMR (500 MHz, CDCl3) § 7.91-7.80 (m, 2H), 7.78-7.67 (m, 2H), 5.93 (dddd,
1H, J=17.3, 14.5, 10.7, 6.0 Hz), 5.46 (ddt, 1H, J=17.2, 3.3, 1.2 Hz), 5.34 (dt, IH, J =
10.7, 1.2 Hz), 5.29-5.11 (m, 1H), 4.03 (ddd, 1H, J=14.4, 13.7, 8.2 Hz), 3.82 (ddd, 1H, J
=26.4,14.4,4.0 Hz).

C NMR (126 MHz, CDCls) & 168.3, 134.5, 133.3 (d, J = 17.6 Hz), 132.2, 123.8,
120.0 (d, J=11.3 Hz), 90.4 (d, /= 173.9 Hz), 41.8 (d, J = 26.5 Hz).

F NMR (376 MHz, CDCl;) & -184.20 — -184.59 (m).

MS (FAB) m/z (M"+H) calcd for C1,H;;FNO,: 220.0774, found: 220.0771.

F
©/\)*\%

(3-fluoropent-4-en-1-yl)benzene. The fluoride was prepared according to
literature procedure™ from the corresponding trichloroacetimidate, 5-phenylpent-1-en-3-
yl 2,2,2-trichloroacetimidate. The commercially available Lin diene ligand investigated by
Nguyen (CAS# 940280-80-8, (S,S)-enantiomer) was used. The product was purified by
flash chromatography (1% ether/pentane) followed by purification by preparative HPLC
(Daicel CHIRALPAK® IC column, 2.0 cm X 25.0 cm, 0.5% 2-PrOH/hexanes). Colorless
oil (37 mg, 30% yield, 90% ee).

HPLC analysis: Daicel CHIRALCEL® OD column; 0.5% 2-PrOH/hexanes; 0.8

mL/min; retention times: 8.5 min (minor), 9.1 min (major).
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"H NMR (500 MHz, CDCls) & 7.34-7.27 (m, 2H), 7.25-7.18 (m, 3H), 5.92 (dddd,
1H, J = 17.3, 14.2, 10.7, 6.0 Hz), 5.34 (ddt, 1H, J = 17.2, 3.6, 1.4 Hz), 5.25 (dt, 1H, J =
10.6, 1.3 Hz), 5.03-4.77 (m, 1H), 2.88-2.64 (m, 2H), 2.15-1.84 (m, 2H).

AN z
\F/\

4-fluorodec-1-ene. The fluoride was prepared according to General Procedure B
from the corresponding alcohol, dec-1-en-4-ol. The product was purified by flash
chromatography (pentane). Colorless oil (374 mg, 37% yield).

"H NMR (500 MHz, CDCl;) § 5.83 (ddt, 1H,J=17.2,10.2, 7.0 Hz), 5.18-5.05 (m,
2H), 4.61-4.43 (m, 1H), 2.46-2.22 (m, 2H), 1.71-1.21 (m, 10H), 0.93-0.85 (m, 3H).

C NMR (126 MHz, CDCls) 8 133.8 (d, J= 5.0 Hz), 118.0, 93.9 (d, J = 168.8 Hz),
39.9 (d,J=21.4 Hz), 35.0 (d, /J=21.4 Hz), 32.1, 29.5,25.3 (d, /= 5.0 Hz), 22.9, 14.4.

F NMR (376 MHz, CDCl;) & -179.49 —-180.17 (m).

MS (EI) m/z (M) caled for C1oH oF: 158.1471, found: 158.1478.

F
/\/\)\/\/

5-fluorodec-1-ene. The fluoride was prepared according to General Procedure B
from the corresponding alcohol, dec-1-en-5-ol. The product was purified by flash
chromatography (pentane). Colorless oil (495 mg, 49% yield).

"H NMR (300 MHz, CDCl;) § 5.82 (ddt, 1H, J=16.9, 10.2, 6.6 Hz), 5.12-4.90 (m,
2H), 4.63-4.34 (m, 1H), 2.33-2.03 (m, 2H), 1.83—1.17 (m, 10H), 0.94-0.83 (m, 3H).

BC NMR (126 MHz, CDCl;) § 138.2, 115.3, 94.1 (d, J = 167.6 Hz), 35.5 (d, J =
20.2 Hz), 34.7 (d, J=20.2 Hz), 32.04, 29.7 (d, /= 5.0 Hz), 25.1 (d, /= 5.0 Hz), 22.9, 14.4.

F NMR (376 MHz, CDCl;) & -180.92 — -181.52 (m).

MS (EI) m/z (M) caled for C1oH oF: 158.1471, found: 158.1497.

F
/\/\/\/\/\)\/
3-fluorotetradec-1-ene. The fluoride was prepared according to General

Procedure A from the corresponding trichloroacetimidate, tetradec-1-en-3-yl 2,2,2-
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trichloroacetimidate. The product was purified by flash chromatography (pentane).
Colorless oil (693 mg, 65% yield).

'H NMR (500 MHz, CDCl;) & 5.96-5.82 (m, 1H), 5.32 (ddt, 1H, J=17.3, 3.6, 1.4
Hz), 5.22 (dt, 1H, J=10.7, 1.3 Hz), 4.97-4.78 (m, 1H), 1.81-1.52 (m, 2H), 1.50—-1.18 (m,
18H), 0.97-0.82 (m, 3H).

BC NMR (126 MHz, CDCls) § 137.1 (d, J=20.2 Hz), 117.1 (d, J = 12.6 Hz), 94.1
(d,J=167.6 Hz),35.6 (d,J=22.7 Hz), 32.3, 30.00, 29.98, 29.91, 29.86, 29.74, 29.70, 25.0
(d, /J=5.0Hz), 23.0, 14.5.

F NMR (376 MHz, CDCl;) & -176.52 —-177.01 (m).

MS (EI) m/z (M) caled for C14Ha7F: 214.2097, found: 214.2095.

Wacker Oxidations of Allylic Fluorides (Table 3.1)

General Procedure C: Nitrite-Modified Wacker Oxidations of Allylic
Fluorides. A 2-dram vial equipped with a septum cap and magnetic stir bar was charged
with CuCl, (2.7 mg, 0.02 mmol, 0.05 equiv), AgNO; (3.1 mg, 0.02 mmol, 0.05 equiv), and
Pd(PhCN),Cl; (7.7 mg, 0.02 mmol, 0.05 equiv). The atmosphere was then purged using an
oxygen-filled balloon for ~30 seconds. Tert-butanol (3.5 mL) was then added via syringe,
followed by nitromethane (0.7 mL). This mixture was sparged using an oxygen-filled
balloon for ~60 seconds, and the balloon was left attached to the vial for the remainder of
the reaction. The allylic fluoride (0.4 mmol) was injected via glass syringe, and the reaction
mixture was stirred for 4 hours. Upon completion, the solvent was removed via rotary
evaporation. The reaction crude was resuspended in ~2 mL dichloromethane and filtered
through a glass pipet containing celite washed with dichloromethane into a round-bottom
flask. Dichloromethane was removed via rotary evaporation. The crude aldehyde product
was subjected to '"H NMR analysis to determine regioselectivity of oxidation prior to
reduction.

For solid substrates: The reaction set up was completed as described above, but the allylic
fluoride was added as a solution in nitromethane, followed by final sparging with oxygen.

General Procedure D: Reduction of Aldehyde Products and Isolation. The
flask containing crude aldehyde product was equipped with a large stir bar, closed with a

septum, and purged using an argon-filled balloon, left attached for the course of the
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reduction. Dichloromethane (14 mL) and ethanol (10 mL) were added via syringe, and the
mixture was stirred and cooled to 0 °C. Sodium borohydride (22.7 mg, 0.6 mmol, 1.5 equiv)
was then added and the atmosphere purged again using an argon-filled balloon. This
mixture was allowed to warm to room temperature and stirred for 30 minutes. Following
reduction of the aldehyde, the reaction mixture was cooled to 0 °C. Saturated NH4Cl
solution (~70 mL) was added slowly (over 5-10 minutes) through the septum via syringe
with the argon-filled balloon left intact, followed by vigorous stirring for 30 minutes at 0
°C. The reaction mixture was then transferred to a separatory funnel and extracted 4 times
with ether, without further dilution with water. The combined organic layers were washed
twice with saturated sodium bicarbonate solution and once with brine, and then dried over
Na;SO4. The solvent was removed by rotary evaporation and the residue purified by

column chromatography (ether/pentane).

F

@WOH

3-fluoro-5-phenylpentan-1-ol (Table 3.1, Entry 1). The title compound was
synthesized according to General Procedures C and D from (3-fluoropent-4-en-1-
yl)benzene (65.7 mg, 0.40 mmol). '"H NMR analysis displayed 33:1 aldehyde selectivity.
The product was purified by column chromatography on silica gel (40% ether/pentane).
Pale yellow oil (60 mg, 82% yield).

'H NMR (500 MHz, CDCls) & 7.34-7.27 (m, 2H), 7.24-7.16 (m, 3H), 4.72 (dtt,
1H, J=49.7, 8.9, 3.4 Hz), 3.88-3.75 (m, 2H), 2.84 (ddd, 1H, J = 14.6, 9.9, 5.2 Hz), 2.72
(ddd, 1H, J=13.8, 9.5, 7.0 Hz), 2.12—-1.73 (m, 4H), 1.66 (br s, 1H).

BC NMR (126 MHz, CDCls) & 141.6, 128.80, 128.77, 126.3, 91.9 (d, J = 166.3
Hz), 59.6 (d, J= 3.8 Hz), 38.2 (d, J=20.2 Hz), 37.5 (d, J=21.4 Hz), 31.6 (d, J = 5.0 Hz).

F NMR (376 MHz, CDCl;) & -184.22 (dtd, J = 65.9, 33.0, 16.1 Hz).

MS (FAB) m/z (M"+H) caled for C;H;¢FO: 183.1185, found: 183.1204.

/\/\/\)\/\OH
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3-fluorodecan-1-ol (Table 3.1, Entry 2). The title compound was synthesized
according to General Procedures C and D from 3-fluorodec-1-ene (63.3 mg, 0.40 mmol).
"H NMR analysis displayed 29:1 aldehyde selectivity. The product was purified by column
chromatography on silica gel (40% ether/pentane). Pale yellow solid (62 mg, 87% yield).

'H NMR (500 MHz, CDCl3) & 4.80—4.59 (m, 1H), 3.87-3.75 (m, 2H), 1.94-1.19
(m, 15H), 0.96-0.81 (m, 3H).

BC NMR (126 MHz, CDCl;) & 93.1 (d, J = 166.3 Hz), 59.9 (d, J = 3.8 Hz), 38.2
(d, J=20.2 Hz), 35.7 (d, J=21.4 Hz), 32.1, 29.7, 29.5, 25.4 (d, J = 3.8 Hz), 22.3, 14.4.

F NMR (376 MHz, CDCl5) & -182.30 (dddt, J = 50.6, 34.2, 29.6, 17.1 Hz).

MS (FAB) m/z (M'—F) calcd for CjoH,,0: 157.1592, found: 157.1594.

O\)\/\OH
o

3-fluoro-4-phenoxybutan-1-ol (Table 3.1, Entry 3). The title compound was
synthesized according to General Procedures C and D from ((2-fluorobut-3-en-1-
yl)oxy)benzene (66.5 mg, 0.40 mmol). 'H NMR analysis displayed >99:1 aldehyde
selectivity. The product was purified by column chromatography on silica gel (50%
ether/pentane). Pale yellow solid (69 mg, 94% yield).

"H NMR (500 MHz, CDCl3) & 7.34-7.27 (m, 2H), 6.98 (t, 1H, J=7.4 Hz), 6.93 (d,
2H, J= 8.0 Hz), 5.17-4.95 (m, 1H), 4.19-4.09 (m, 2H), 3.92-3.82 (m, 2H), 2.16-1.85 (m,
2H), 1.76 (br s, 1H).

C NMR (126 MHz, CDCls) & 158.7, 129.9, 121.6, 114.9, 90.1 (d, J = 172.6 Hz),
69.9 (d, J=23.9 Hz), 59.0 (d, /= 5.0 Hz), 34.6 (d, /= 20.2 Hz).

F NMR (376 MHz, CDCl3) & -189.32 (ddtd, J = 48.3, 31.6, 22.3, 16.3 Hz).

MS (EI) m/z (M) caled for C1oH3FO,: 184.0900, found: 184.0912.

©\/O\)F\/\OH

4-(benzyloxy)-3-fluorobutan-1-ol (Table 3.1, Entry 4). The title compound was

synthesized according to General Procedures C and D from (((2-fluorobut-3-en-1-
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yl)oxy)methyl)benzene (72.1 mg, 0.40 mmol). "H NMR analysis displayed >99:1 aldehyde
selectivity. The product was purified by column chromatography on silica gel (50%
ether/pentane). Pale yellow oil (74 mg, 93% yield).

'H NMR (500 MHz, CDCl3) & 7.39-7.27 (m, 5H), 4.98-4.78 (m, 1H), 4.63-4.57
(m, 2H), 3.84-3.76 (m, 2H), 3.70-3.64 (m, 1H), 3.64-3.58 (m, 1H), 2.05-1.81 (m, 2H),
1.68 (br s, 1H).

C NMR (126 MHz, CDCls) & 138.0, 128.8, 128.2, 128.1,91.2 (d, J= 171.4 Hz),
73.8,72.1 (d, J=22.7 Hz), 59.0 (d, /= 5.0 Hz), 34.8 (d, /= 21.4 Hz).

F NMR (376 MHz, CDCl;) & -188.08 — -188.66 (m).

MS (EI) m/z (M) caled for C11H;sFO,: 198.1056, found: 198.1084.

2-fluoro-4-hydroxybutyl benzoate (Table 3.1, Entry 5). The title compound was
synthesized according to General Procedures C and D from 2-fluorobut-3-en-1-yl benzoate
(77.7 mg, 0.40 mmol). '"H NMR analysis displayed >99:1 aldehyde selectivity. The product
was purified by column chromatography on silica gel (60% ether/pentane). White solid (79
mg, 93% yield).

'H NMR (500 MHz, CDCl3) & 8.10-8.06 (m, 2H), 7.61-7.55 (m, 1H), 7.49-7.42
(m, 2H), 5.06 (ddddd, 1H, J=49.2, 9.0, 6.4, 3.9, 2.7 Hz), 4.60—4.41 (m, 2H), 3.91-3.86
(m, 2H), 2.14-1.83 (m, 2H), 1.55 (br s, 1H).

C NMR (126 MHz, CDCl3) 8 166.7, 133.6, 130.1, 129.9, 128.8, 89.6 (d, J=172.6
Hz), 66.6 (d, J=21.4 Hz), 58.8 (d, /= 5.0 Hz), 34.4 (d, /= 21.4 Hz).

F NMR (376 MHz, CDCl;) & -189.14 — -189.79 (m).

MS (FAB) m/z (M"+H) caled for C;H;4FOs: 213.0927, found: 213.0938.

F

EtO
WOH

O
ethyl 6-fluoro-8-hydroxyoctanoate (Table 3.1, Entry 6). The title compound was

synthesized according to General Procedures C and D from ethyl 6-fluorooct-7-enoate
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(75.3 mg, 0.40 mmol). "H NMR analysis displayed 29:1 aldehyde selectivity. The product
was purified by column chromatography on silica gel (60% ether/pentane). Colorless oil
(59 mg, 72% yield).

'H NMR (400 MHz, CDCls) § 4.79-4.59 (m, 1H), 4.11 (q, 2H, J = 7.2 Hz), 3.83—
3.74 (m, 2H), 2.30 (t, 2H, J= 7.4 Hz), 1.93-1.29 (m, 9H), 1.24 (t, 3H, J="7.1 Hz).

BC NMR (101 MHz, CDCl3) & 173.9, 92.5 (d, J = 166.3 Hz), 60.6, 59.6 (d, J= 3.8
Hz), 38.1 (d, /=20.2 Hz), 35.3 (d, J=21.4 Hz), 34.5, 25.0, 24.9 (d, /= 3.8 Hz), 14.6.

F NMR (376 MHz, CDCls) & -182.90 (dddt, J = 50.2, 33.8, 29.7, 16.9 Hz).

MS (FAB) m/z (M"+H) calcd for C1oH0FOs: 207.1396, found: 207.1401.

F
Cl/\/\)\AO

7-chloro-3-fluoroheptanal (Table 3.1, Entry 7). The title compound was

synthesized according to General Procedure C from 7-chloro-3-fluorohept-1-ene (60.4 mg,

0.40 mmol). Upon completion, nitrobenzene (0.40 mmol) was added as an NMR standard.

'"H NMR analysis of an aliquot of the crude reaction mixture (without any rotary

evaporation step) displayed 42:1 aldehyde selectivity and 81% yield.

)
F

N\)\/\OH

O

2-(2-fluoro-4-hydroxybutyl)isoindoline-1,3-dione (Table 1, Entry 8). The title
compound was synthesized according to General Procedures C and D from 2-(2-fluorobut-
3-en-1-yl)isoindoline-1,3-dione (87.7 mg, 0.40 mmol). "H NMR analysis displayed >99:1
aldehyde selectivity. The product was purified by column chromatography on silica gel
(1:1:1 ether/DCM/pentane). Light yellow solid (73 mg, 77% yield).

'H NMR (500 MHz, CDCl3) & 7.90-7.83 (m, 2H), 7.77-7.70 (m, 2H), 5.10-4.90
(m, 1H), 4.05 (ddd, 1H,J=16.1, 14.5, 7.8 Hz), 3.92-3.78 (m, 3H), 2.02—1.86 (m, 2H).

C NMR (126 MHz, CDCls) & 168.5, 134.5, 132.2, 123.8, 89.5 (d, J= 173.9 Hz),
59.0 (d,J=5.0Hz),42.1 (d,J=23.9 Hz), 35.7 (d, /= 20.2 Hz).

F NMR (376 MHz, CDCl;) & -188.23 — -188.74 (m).
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MS (EI) m/z (M") caled for C1,H;,FNO;: 237.0801, found: 237.0797.

)*\/\OH
O

3-fluoro-5-phenylpentan-1-ol (Eq. 3.1). The title compound was synthesized
according to General Procedures C and D from (3-fluoropent-4-en-1-yl)benzene (33 mg,
0.20 mmol). 'H NMR analysis displayed 30:1 aldehyde selectivity. The product was
purified by column chromatography on silica gel (25—75% ether/pentane). Colorless oil
(30 mg, 82% yield, 90% ee).

HPLC analysis: Daicel CHIRALCEL® OD column; 15% 2-PrOH/hexanes; 0.9
mL/min; retention times: 7.3 min (minor), 8.7 min (major).

'H NMR (500 MHz, CDCls) & 7.34-7.27 (m, 2H), 7.24-7.16 (m, 3H), 4.72 (dtt,
1H, J=49.7, 8.9, 3.4 Hz), 3.87-3.76 (m, 2H), 2.84 (ddd, 1H, J = 14.7, 9.9, 5.2 Hz, 1H),
2.72 (ddd, 1H, J=13.8, 9.5, 7.0 Hz), 2.09—-1.74 (m, 4H), 1.55 (br s, 1H).

Derivatizations of B-Fluorinated Aldehydes (Scheme 3.2)
All derivatizations were performed on crude aldehydes produced from (3-
fluoropent-4-en-1-yl)benzene using General Procedure C. All yields reported over two

steps.

F O

@/\)\/M

3-fluoro-5-phenylpentanoic acid (Scheme 3.2a). The title compound was
synthesized from 3-fluoro-5-phenylpentanal (produced from 0.40 mmol (3-fluoropent-4-
en-1-yl)benzene) using the “General Procedure for Oxidation of Aldehyde to Carboxylic
Acid” reported by Borhan.”” The product was purified by column chromatography on silica
gel (5% MeOH/pentane). Clear crystals (71 mg, 90% yield).

'H NMR (400 MHz, CDCls) & 8.77 (br s, 1H), 7.35-7.27 (m, 2H), 7.24-7.15 (m,
3H), 4.95 (dtt, 1H, J=48.1, 8.3, 4.0 Hz), 2.92-2.50 (m, 4H), 2.17-1.81 (m, 2H).
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BC NMR (101 MHz, CDCl;) 6 176.2 (d, J = 6.1 Hz), 141.1, 128.9, 128.8, 126.5,
89.5 (d, J=170.7 Hz), 40.4 (d, J=24.2 Hz), 36.9 (d, J=21.2 Hz), 31.4 (d, J = 4.0 Hz).

F NMR (376 MHz, CDCl;) & -181.38 —-181.83 (m).

MS (FAB) m/z (M™+H) calcd for C;;H 405F: 197.0978, found: 197.0980.

F
©/\)\/\

(3-fluorohex-5-en-1-yl)benzene (Scheme 3.2b). A 1-dram vial equipped with a
septum cap and stir bar was charged with MePPhsBr (54 mg, 1.5 equiv, 0.15 mmol). The
atmosphere was purged using an argon-filled balloon, and anhydrous THF was added via
syringe (0.5 mL). The mixture was cooled to 0 °C with stirring, and nBuLi (2.5 M in
hexanes, 1.4 equiv) was added via glass syringe. The mixture was allowed to stir for 30
minutes at 0 °C. 3-fluoro-5-phenylpentanal (produced from 0.10 mmol (3-fluoropent-4-en-
I-yl)benzene) was dissolved in THF (0.2 mL) under argon atmosphere, and the solution
was added via microsyringe to the reaction mixture. The reaction was allowed to warm to
room temperature and stirred overnight. Saturated NH4Cl solution was added to the crude
mixture and extracted 3 times with ether. Following drying over Na,SO, the solvent was
removed by rotary evaporation. The residue was purified by preparative thin-layer
chromatography on silica gel (2% ether/pentane). Pale yellow oil (12 mg, 65% yield).

'H NMR (300 MHz, CDCl3) & 7.35-7.24 (m, 2H), 7.24-7.15 (m, 3H), 5.91-5.73
(m, 1H), 5.18-5.05 (m, 2H), 4.69—4.39 (m, 1H), 2.83 (ddd, 1H, J=14.9, 9.8, 5.3 Hz), 2.69
(ddd, 1H, J=13.8,9.4, 7.1 Hz), 2.54-2.24 (m, 2H), 2.08-1.71 (m, 2H).

C NMR (126 MHz, CDCls) § 141.7, 133.4 (d, J= 6.3 Hz), 128.80, 128.79, 126.3,
118.3,92.8 (d,/=170.1 Hz), 39.9 (d, J=22.7 Hz), 36.8 (d, J=21.4 Hz), 31.6 (d, /= 3.8
Hz).

F NMR (376 MHz, CDCl;) & -181.34 — -181.99 (m).

MS (EI) m/z (M) caled for C1,H;sF: 178.1158, found: 178.1158.
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2-(2-fluoro-4-phenylbutyl)-1,3-dioxolane (Scheme 3.2d). 3-fluoro-5-
phenylpentanal (produced from 0.40 mmol (3-fluoropent-4-en-1-yl)benzene) was
dissolved in 2 mL ethylene glycol (0.2 M). Molecular sieves (4A, 130 mg) were then added.
P-toluenesulfonic acid (76.1 mg, 1 equiv, 0.40 mmol) was added, and the reaction was
stirred for 6 hours at room temperature. The reaction was quenched with saturated NaHCO3
solution, and extracted three times with ether. After drying over Na;SO,, the solvent was
removed by rotary evaporation. The residue was purified by column chromatography on
silica gel (20% Et,O/pentane). Colorless oil (50 mg, 56% yield).

"HNMR (500 MHz, CDCl3) & 7.33-7.27 (m, 2H), 7.23-7.17 (m, 3H), 5.03 (dd, 1H,
J=6.4,3.6 Hz), 4.75 (dtt, 1H, J =494, 8.7, 3.6 Hz), 4.03-3.92 (m, 2H), 3.92-3.82 (m,
2H), 2.84 (ddd, 1H, J = 13.8, 10.1, 5.2 Hz), 2.71 (ddd, 1H, J = 13.9, 9.7, 6.8 Hz), 2.14
(dddd, 1H, J=16.4, 14.5, 8.7, 3.6 Hz), 2.08—-1.77 (m, 3H).

C NMR (126 MHz, CDCls) § 141.6, 128.8, 126.3, 101.9 (d, J = 5.0 Hz), 90.5 (d,
J=167.6 Hz), 65.3, 65.1, 40.0 (d, J=20.2 Hz), 37.7 (d, J=20.2 Hz), 31.5 (d, J= 3.8 Hz).

F NMR (376 MHz, CDCl3) & -183.15 (dtt, J = 48.9, 32.5, 16.4 Hz).

MS (FAB) m/z (M"+H) caled for C13H gFO,: 225.1291, found: 225.1281.

X AN

T4

6-fluoro-8-phenyloct-1-en-4-o0l (Scheme 3.2¢). A 20 mL vial containing 3-fluoro-
5-phenylpentanal (produced from 0.40 mmol (3-fluoropent-4-en-1-yl)benzene) was purged
using an argon-filled balloon. The aldehyde was dissolved in 3.3 mL anhydrous DCM (0.12
M) and the mixture cooled to -78 °C. Allylboronic acid pinacol ester (75 pL, 0.4 mmol, 1.0
equiv) was then added via glass syringe. The reaction mixture was then allowed to warm
to room temperature and stirred overnight. Water was added to the crude mixture and
extracted three times with ether. After drying over Na,SO,, the solvent was removed by
rotary evaporation. The residue was purified by column chromatography on silica gel (30%

Et,O/pentane). "H NMR analysis displayed ~1:1 dr. Colorless oil (72 mg, 81% yield).



94

'H NMR (500 MHz, CDCls) § 7.34-7.26 (m, 2H), 7.24-7.15 (m, 3H), 5.90-5.72
(m, 1H), 5.20-5.08 (m, 2H), 4.96-4.59 (m, 1H), 4.00-3.83 (m, 1H), 2.90-2.77 (m, 1H),
2.76-2.63 (m, 1H), 2.39-2.12 (m, 2H), 2.11-1.46 (m, SH).

BC NMR (126 MHz, CDCl3) & 141.7, 141.6, 134.65, 134.61, 128.80, 128.77,
128.76, 128.75, 126.4, 126.3, 118.9, 118.7, 93.3 (d, /= 166.3 Hz), 91.1 (d, J = 166.3 Hz),
69.1 (d,J=3.8Hz), 67.1 (d,J=2.5Hz),42.8,42.4 (d,/=20.2 Hz),42.1,41.9 (d,/=18.9
Hz), 37.7 (d,J=21.4 Hz), 37.5 (d, J=20.2 Hz), 31.7 (d, /= 5.0 Hz), 31.5 (d, /= 5.0 Hz).

F NMR (376 MHz, CDCls) & -181.75 (dtt, J = 49.0, 32.5, 15.6 Hz), -183.91 — -
184.74 (m).

MS (FAB) m/z (M™+H) calcd for C14H0FO: 223.1498, found: 223.1491.

Mechanistic Studies

General Procedure for Figure 3.2. A 1-dram vial equipped with a septum cap and
magnetic stir bar was charged with CuCl; (0.7 mg, 0.005 mmol, 0.05 equiv), AgNO, (0.8
mg, 0.005 mmol, 0.05 equiv), and Pd(PhCN),Cl; (1.9 mg, 0.005 mmol, 0.05 equiv). The
atmosphere was then purged using an oxygen-filled balloon for ~30 seconds. Tert-butanol
(0.88 mL) was then added via syringe, followed by nitromethane (0.18 mL). This mixture
was sparged using an oxygen-filled balloon for ~60 seconds. The olefin (0.1 mmol) was
injected via glass syringe, the balloon was removed, and the septum cap was greased. The
reaction mixture was stirred for 4 hours at room temperature. Upon completion, the solvent
was removed via rotary evaporation. The reaction crude was resuspended in
dichloromethane and filtered through a glass pipet containing celite, which was washed
with dichloromethane. Dichloromethane was removed via rotary evaporation.
Nitrobenzene (0.1 mmol, 10.3 uL) was added as a standard, and '"H NMR analysis of the

crude product was performed to determine yield and selectivity.

Selectivity (%) Oxidation Yield (%)

run 1 run 2 run 1 run 2
n=0 95 96 55 49
n=1 79 80 68 59
n=2 64 69 53 59
1-decene 54 61 54 51
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General Procedure for Figure 3.3a: Individual rate comparison. A 4 mL vial
with a stir bar was charged with CuCl, (2.7 mg, 0.020 mmol), AgNO, (3.1 mg, 0.020
mmol), and Pd(PhCN),Cl; (7.7 mg, 0.020 mmol). The vial was capped with a septum cap
and purged with O, using an oxygen-filled balloon. Next, fert-BuOH (1.32 mL, anhydrous)
and nitromethane (0.36 mL, anhydrous) were added via syringe, and the reaction mixture
was stirred. In a separate vial, a solution of olefin (0.20 mmol) and diphenylmethane (16.7
uL, 0.10 mmol; internal standard) in ~-BuOH (0.44 mL) was prepared. The olefin solution
was added to the catalyst mixture via syringe, and an aliquot (0.3 mL) was immediately
collected for a time = 0 data point. The aliquot was quenched with a solution of pyridine
(6.0 uL) in DCM (0.2 mL). After quenching, the aliquot was concentrated, diluted with
hexanes, and filtered through a plug of celite with hexanes. The filtrate was concentrated
and analyzed by "H NMR. Aliquots were taken at time = 5, 10, 15, and 20 minutes
following the same quenching procedure, and conversions were determined by 'H NMR

relative to the time = 0 data point.

Tetradecene
Time (min) Conversion (%)
run1 | run 2 run 3 Average
0 0 0 0 0
5 7.7 6.7 8 7.5
10 12.1 11.9 11.6 11.9
15 17.2 13.7 15.7 15.5
20 19.9 16.9 19.6 18.8
Allylic Fluoride
Time (min) Conversion (%)
run1 | run2 Average
0 0 0 0
5 9.6 11.2 10.4
10 18.5 20.9 19.7
15 28.4 30.6 29.5
20 36.9 40.5 38.7

General Procedure for Figure 3.3b: Competition experiment. A 4 mL vial with
a stir bar was charged with CuCl, (2.7 mg, 0.020 mmol), AgNO, (3.1 mg, 0.020 mmol),
and Pd(PhCN),Cl, (7.7 mg, 0.020 mmol). The vial was capped with a septum cap and
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purged with O, using an oxygen-filled balloon. Next, fert-BuOH (1.32 mL, anhydrous)
and nitromethane (0.36 mL, anhydrous) were added via syringe, and the reaction mixture
was stirred. In a separate vial, a solution of tetradecene (19.6 mg, 0.10 mmol), 3-
fluorotetradec-1-ene (21.4 mg, 0.10 mmol), and diphenylmethane (16.7 pL, 0.10 mmol;
internal standard) in ~-BuOH (0.44 mL) was prepared. The olefin solution was added to
the catalyst mixture via syringe, and an aliquot (0.3 mL) was immediately collected for a
time = 0 data point. The aliquot was quenched with a solution of pyridine (6.0 pL) in DCM
(0.2 mL). After quenching, the aliquot was concentrated, diluted with hexanes, and filtered
through a plug of celite with hexanes. The filtrate was concentrated and analyzed by 'H
NMR. A second aliquot was collected at time = 10 minutes following the same quenching
procedure, and the conversion of each olefin was determined by 'H NMR relative to the

time = 0 data point.

Conversion (%)

Tetradecene Allylic Fluoride | Selectivity
run 1 11.2 5.0 2.2:1
run 2 11.1 4.6 2.4:1
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30 20 10 0 10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200
f1 (ppm)
CKC0126PROTONOL
CKC0126SIr

L

T T e TT
28 8 888 g 2
23 3 333 3 3
" T T T T T T T T T T T T T T T T T T T
10 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 4.5

IS
o
w
n
w
o
~
o
N
o
-
n
-
o
=3
n
=3

5.0
f1 (ppm)
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CKCO126CARBONOL

2 €8N RRSE s . se

CKCD12681 g LEEERELEE: Z2 RRE B
A 'S \/ N v
[¢)
1
" A
T T T T T T T T T T T T T T T T T T T
)0 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 (
1 (ppm)

FLUORINEOL
CKC0126siena

L

T T T T T T T T T T T T T T T T T T T T
30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -Ean( -‘.;0 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200
1 (ppm



PROTONO5
DZ-01-072-2-Purified

1.95-1
2923

1.00]
0991

T
6.0 5.5 4.5 4.0 35 3.

5.0
f1 (ppm)

Data File C:\HPCHEM\1\DATA\GROUP\DZ107223.D

1/28/2016 10:58:48 A

Injection Date
Sample Name
A .

Operator

Last changed

alysis Method

3 16:
(modified after loading)

Data File C:\HPCHEM\1\DATA\GROUP\DZ107223

Area Percent Report

Use Multiplier & Dilution Factor with ISTDs

Signal 1: DADI A, $ig=250,10 Ref=360,100

DADY A Sg-250.10 A 7072230

Signal 2: DADL B, 5ig=254,10 Ref=360,100

Ret-3

nal 3: DADL C, Sig=210, 60,100

Peak RetTime T

width Area Height area
[min]  (mAU*s] [mAD.
Lo | f— |

1 8.453 MF  0.1730

002.50006  96.58
2 9097 M 0.2206 1 7

1.9
1451.21606 95.04

Totals : 2.02142e4 1547.79786

Results obtained with enhanced integrator!

gnal 4: DADL D, Sig=230,10 Ref=360,100

5: DADL E, Sig-280,10 Ref=360,100

)
DADTC, Sig-210,10 Rel=360, o

*%% End of Report **r

)
DADT D, Sig-23010 =360, o

] 4
DAD1 E. Sig-280.10 Rel-360,100 (GROUPIDZ107223.0)

Instrument 1 1/30/2016 P xu

/30/2016 1:24

Page 1 of 2 Instrument 1 X
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CHEM\1\DATA\GROUP\DZ1072R2.D

pata File ¢

1/28/2016 11

Acq. Operator

X
Acq. Instrument : Instrument 1
3 Volume £

j Volume : 15
Actual Inj Volume : 2
0535.1¢

om Sequence !

\HECHEM\1\DATA\GROUP\DZ1072R2. D

Area Percent Report

Sorted By

signal
Multiplier 1.0000
HECHEM\ 1 \E Dilution : 1.0000
015 9:43 Use Multiplier & Dilution Factor with ISTDs
M\L\METHO! M
1/30/2016 1:16:09 P by XM
(nodified after loading) s 1: DADL A, 5ig-250,10 Ref-360,100
TR A 57-250,10 Rei-360.100 (GROUPDZ1072R2 O]
Ay
Signal 2: DADL B, Sig=254,10 Ref=360,100
s
10 3: DADL C, $ig=210,10 Re£=360,100
E Peak RetTime Type Width  Area Height  Area
(min] (min]  [mAU*s (ma0) B
T 1 T T T % T rin . e il bvesverd
54,10 Ret-360.100 (GROUPIDZ1072R20) 1 8.425 MF 0.1864 1.36563e4 1220.87537 49.4858
2 50108 M 0.2043 1.39401ed 1137.04492 50.5142
2 Totals 2.75963e4  2357.92029
o Results obtained with enhanced integrator!
0
s Signal 4: DAD D, 10 Ref=350,100
: 4 & 5 o Y s min nal 5: DADI E, 5ig=280,10 Ref=360,100
DAD1 C, Sig=210,10 Rel=350,100 (GROUPIDZ1072R20)
AU
1000 “++ End of Report i+
a0
600
a0
0
o
T T —
) 4 s i b
0707 5. 5523
AU 4
o]
o] F
A R R R
3 4 § 4 o 2 1 O
DADI . 5i-260,10 Ref-360.100 (GROUPDZ107282.0)
mAuY
0a]
06
04
02
L T A A R AR
4 4 H 4 ) b 4o
Instrument 1 1/30/2016 1:22:51 FM Xt Page 1 of 2 Instrument 1:22:51 P 30t Page 2 of 2
270PROTONO1
CKC0270CH-proton
2
3 < w @ 3 3
8 = S ] o 2
B N ] S o -
T T T T T T T T T T T T T T T T T T T
1.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0
f1 (ppm)
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270CARBONO1

R 5 0o e SYRoONVOND O
CKC0270CH-carbon L g 2 283 gEogEzosns
g5 El EL RRR EEE S B R E RS
v Y ~N- VNN
W
F
i . . . . . . . . . . . . . . . . . . .
0 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 (
1 (ppm)
FLUORINEOL
CKC0270sienaNo2
W
F
T . . . . . . . . . . T . . . . . . . . . . . .
3 2 10 0 -0 -20 -30 -4 50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200

f1 (ppm)
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CKC0268nosolvent
CKC0268-7-8-15

0.5

1.0

W we 16T
= z.m/
ﬁ.mN/

w5

W 61°C

:E
9ELL W
192

.
%ccﬁ\m
o
Wmm.ﬁ\&

8b'E6~
18%6—

f1 (ppm)

5.5

.
A~~~ /
.S Vs /
:
5
Sdgiblk

= T 60 TeSTT—

6.0

6.5

ST8ET—

9.5

CKC0268CARBONO1
CKC0268CH

1.0

10

20

30

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40
f1 (ppm)

190

)0
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FLUORINEO1
CKC0268siena
E
|
T T T T T T T T T T T T T T T T T T T T T T T T
30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200
f1 (ppm)
PROTONO3
DZ-01-062-1-Purified
F
/\/\/\/\/\)\/
- s - f
[ N“ A L |
I T I e
8 &g 3 8 3 &
r T T T T T T T T T T T T T T T T T T
1.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0

5.0
f1 (ppm)



114

CARBONO02 =} 3 = —o NQREIQYTMOTlY
DZ-01-062- -Puiied e SERERERRERRER &

v % \/ N T Y/ |

F
/\/\/\/\/\)\/
" " " y w " LM'J 'M‘ "
)0 190 180 170 160 150 140 130 120 110 . %00 ) 90 80 70 60 50 40 30 20 10 (
1 (ppm

FLUORINEO1
BC-1-29siena

T T T T T T T T T T T T T T T T T T T T T T T T T T
0 -0 20 -30 -4 -50 -60 -70 -80 -90 -100 -110 -12f0( -13)0 -140 -150 -160 -170 -180 -190 -200 -210 -220 -230 -240 -250
1 (ppm
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BC-1-60PROTONO1
bc-1-60-pure_13C_1H

OH

(Table 1, Entry 1)

/ oo/

L

'Y T T 7T T

58 g g 85 a8

L g g EE A
1.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0

f1 (ppm)
BC-1-60CARBONOL 3 2R 2% a8= ga wano8y
be-1-60-pure_13C_1H H g8 K REE a8 RERE A
N \7 2 % PV
F
OH
(Table 1, Entry 1)

) 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 (

f1 (ppm)



116

FLUORINEO1
CKC0064siena

(Table 1, Entry 1)

T T T T T T
30 20 10 0 -10 -20 -30 -40  -50 -60 <70  -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200

f1 (ppm)
CKC0128PROTONO1
CKCO128hivac

F

W\OH

(Table 1, Entry 2)

2204 ———o

1.00{ <

r T T T T T T T T T T T T T T T T
1.0 9.5 9.0 85 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.
f1 (ppm)
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CKC0128CARBONO1L LY 384 88 NBB8BURRLHSE @
CKC0128CH ] RRR 28 BRELAILQY I
\/ N v NV I e
F
/\/\/\)\/\OH
(Table 1, Entry 2)

" T T T T T T T T T T T T T T T T T T T |
0 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 «
f1 (ppm)

FLUORINEOL
CKC0128siena

E

/\/\/\)\/\OH

(Table 1, Entry 2)

T T T T T T T T T T T T T T T T T T T T T T T T
30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -SfO( -gU -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200
1 (ppm



BC-1-61PROTONO1
be-1-61-13C_1H

118

(Table 1, Entry 3)

i 1.00{ =

T I I
5 8z 2 3 5 oe
3 3% 3 ] s
" T T T T T T T T T T T T T T T T T T
0 95 9.0 85 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5 0
f1 (ppm)
BC-1-61CARBONO1 2 g o 3 e apozs w o
bc1-61-13C_1H 2 & § RS grIzg &8 ga
g § 8§ = 2% RRRRE 8% ES
[ Y NV Y v

SO
o

(Table 1, Entry 3)

T T T
230 220 210

T T T T
200 190 180 170 160

T T T T T T T T T T T T T T T T T
150 140 130 120 110 100 9 8 70 60 50 40 30 20 10 0o -10
f1 (ppm)



FLUORINEO1
CKC0103siena

(Table 1, Entry 3)

L

119

T T T T T T T T T T T T T T T T
30 20 10 0 -10 -20 -30 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200
f1 (ppm)
CKC0109CH-protonRE
CKC0109CH-protonRE
©\/ 1
0.
\)\/\OH
(Table 1, Entry 4)
. h M
T T e T
5 8 2 538 8 08
& I H53 &3
T T T T T T T T T T T T T T T T T T
4.0 35 3.0 25 2.0 15 1.0 0.5 0.



109CARBONO1

g R2% 8% TREBNS 88 a8
CKC0109s § 88§ =8 RRERNN 88 5%

| N \/ ~N & % %

©\/ I
o
\)\/\OH
(Table 1, Entry 4)
i
. . ’ nn " ok .
T T T T T T T T T T T T T T T T T T T T
0 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 (
f1 (ppm)

FLUORINEO1
CKCO0109siena

(Table 1, Entry 4)

Wmmmmwmmmmmmmmmmmmwwmmmwm

T T T T T T T T T T T T T T T T T T T T T T T T
30 20 10 0 -0 -20 -30 40 50 60 -70 -Efll) ( -9)0 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200
ppm

120
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108PROTONO1
CKC0108CH-proton

(Table 1, Entry 5)

iy T T I T T
3 88 8 3 5 % S
1.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.
1 (5pm)
108CARBONO1 8 a8FLRr FT o Be Qe Nl
CKCO108ST E HERER §8  RRE g8 a3 B
S \/ N VYoV Y

(Table 1, Entry 5)

r T T T T T T T T T T T T T T T T T T
)0 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40
f1 (ppm)
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FLUORINEO1
CKC0108siena
F
0,
\)\/\OH
o
(Table 1, Entry 5)
T T T T T T T T T T T T T T T T T T T T T T T T
30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200
f1 (ppm)
CKC0154PROTONO1
CKCO0154hivac
F
EtO.
\n/\/\)\/\OH
o
(Table 1, Entry 6)
< 1 /
e T T T A
g & 8 8 3 8
= A N o -
T T T T T T T T T T T T T T T T T T T 1
1.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0
1 (ppm)
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CKC0154CARBONO1

3 5y g8y FEE 58882 3%z 8
CKCO154hivac Iy page SRR Seg SAuny Gex <

K R RRR g8 |BLET LI =

| \/ N N N\ N

3
EtO.
Y\/\)\/\OH
o
(Table 1, Entry 6)
A Ieoslobutirts
T T T T T T T T T T T T T T T T T T T T 1
)0 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 (
f1 (ppm)

FLUORINEOL
BC-1-29siena

EtO.
\n/\/\)\/\C,H

o
(Table 1, Entry 6)

T T T T T T T
0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -12f0( -13)0 -140 -150 -160 -170 -180 -190 -200 -210 -220 -230 -240 -250
1 (ppm



139PROTONO1
CKCO0139%hivac

(Table 1, Entry 8)

Y\ ML
T T T T
&5 8 g = 8
; : : : : : : : : : ; : : : : : . : : :
0 95 90 85 80 75 70 65 60 5.0 40 35 30 25 20 15 10 05
1 (ppm)
139CARBONO1 2 A 8 ©g o - an ae on
CKC0139 H 281 a2 g8gs gg s B2
g g8 g 8 RRRK 88 g9 44
| I \/ N v VoV
o
.
N\)\/\OH
o
(Table 1, Entry 8)
[l
\ L
; . . : . : : . . : . : : : : : . : : :
0 19 180 170 160 150 140 130 120 110 100 90 80 0 60 50 40 30 20 10

f1 (ppm)
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FLUORINEO1
CKC0139siena

(Table 1, Entry 8)

L

T
-10

T
-20

T
-30

.
-40

T
-50

T
-60

T
-70

T T
-80  -90

T T T T T T T T T T T
-100 -110 -120 -130 -140 -150 ~-160 -170 -180 -190 -200

f1 (ppm)
PROTONO3
DZ-01-074-1-Purified
E
< OH
(Equation 1)

™ e T ™ T T

8 g g 83 s &

o = S =3 < a3

T T T T T T T T T T T T T T T T T T T
1.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 4.5 4.0 3.5 3.0 2.5 2.0 1

5.0
1 (ppm)
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Data File C:\HPCHEM\1\DATA\GROUP\DZL07411.D
Seq. Line : 3 Area Percent Rep
Locat ion 2
¢ | Instrument 1 s voron —
Volume from Sequence !  Actual Inj Volume 1.0000
C: \HECHEM\1\METHODS\0D-15-20. : 1.0000
9:25:09 P by NB, wultiplier & Dilution Factor with ISTDs
Analysis Method \L\METHODS\0D-10-20.1
Last changed ¢ 1/30/2016 1:16:09 BM by X
(modified after loading) Signal 1: DADI A, Re£-360,100
DAY A $5-250 10 Re-360.100 (GROUPDZAO7411 BT
may
] Signal 2: DADL B, 60,100
0]
nal 3: DADI C, Sig-210,10 Re£-360,100
I
Peak RetTime Type Width  Area Height
X p— ® [min] (min]  (mAUs [
[ e S B YR _ _ ‘
DAD1 B, Sig-254 10 ef-360,100 (GROUPIDZ107411.0) 1 01888 632.26190 55.80346  4.7624
. H 012383 1.26339e4  884.45312 95.2376
" Totals 1.3276204  940.25658
0 Results obtained with enhanced integrator!
s 4: DADL D, 5ig-230,10 Re£-360,100
" T, .
3 i B B B B 4 min S: DADL E, 5ig-280,10 Ref-360,100
DAD1 G, ig-210.10 Rel-360,100 (GROUPDZ107411.0)
mau
5 End of Report ev
o0
“q 2 &
20 g
N
o]
P e R i e S S S S e e R
1 i B 4 13 I3 e min
DA D, Sig=230,10 Ref=360,100 (GROUPIDZI07411.0)
mau
s
4
3 F
2
: *
o OH
A
3 ) 4 1 I3 4o
'DAD1 €, ig-220,10 Rel-360.100 (GROUPIDZ107411.0)
A .
08 (Equation 1)
05
04
02
o
e S
4 4 H 4 i b 4 oo
Instrument 1 1/30/2016 1:20:05 Bl X Page 1 of 2 Instrument 1 1/30/2016 1:20:05 B Xt Page 2 of 2
Data File C:\HECHEM\1\DATA\GROUP\DZLOT4IR.D Data File C:\HPCHEM\1\DATA\GROUP\DZLOT4IR.D
Injection Date : 1/30/2016 12:06:19 Pi Seq. Line
Sample Name Location
0 3
Instrument 1 Inj volune Sorted By : signal
Different Inj Volume from Sequence !  Actual Inj Volume Multiplior 1.0000
C: \HECHEM\1\METHODS\0D-15-20. Dilution : 1.0000
ged 9:25:09 P by NG Use Multiplier & Dilution Factor with ISTDs
Method \L\METHODS\0D-10-20.1
e 6:09 B by X
(modified after loading) Signal 1: DADI A, Sig=250,10 Re£-360,100
TRDT A, 5G-250,10 Rel-360.100 (GROUPDZ10741A.0]
maug
Signal 2: DADI B, Sig=254,10 Re£-360,100
o]
+] D1 O Siam210,10 Refe360,100
Signal 3: DADI C, Sig=210,10 Re£=360,100
2]
Peak RetTime Type Width  Area Height  Area
o # [min] [min] [mAU] %
IR T S _
DAD1 B, ig-254 10 Ref-360.100 (GROUPDZI0741A.0) 7.355 5437.64014 475.33261 50
. > elees 8 5431081152 400.93201 49
Totals 1.08695¢4  876.26462
Results obtained with enhanced integrator!
Signal 4: DADL D, S5ig=230,10 Re£=360,100
4 s Signal 5: DAD1 E, Sig=280,10 Ref=360,100
60,100 (GROUPIDZI0741R.D)
EE R ———
AU
25
2
15
1 F
05 o
o *
L Rl e L OH
5 1 I3 4 mn
os (Equation 1)
05
04
02
o C . C T L
4 4 H 4 i b 4 oo
Instrument 1 1/30/2016 1:17:52 Bl X Page 1 of 2 Instrument 1 1/30/2016 1:17:52 P Xt Page 2 of 2




CKC0095-CH-128.1.fid

F o]

(Scheme 2a)

7 100{ ;

CKC0095-repurified-qarijon. 1.fid
e

5

—141.09
128.89
128.76

126,52

<

T T T T
0 190 180 170 160

5.0 4.5 4.0 3.5 3.0 25 20 1.5 1.0 0.5
1 (ppm)
3% 8288 RRERIS
28 RRRR fE8BAA
N N\ NV Y
F o
OH
(Scheme 2a)
I
! 1
{ ] h
T T T T T T T T T T
100 90 80 70 60 50 40 30 20 10

1 (ppm)
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CKCO095FLUORINE
BC-1-29siena

OH

(Scheme 2a)

T T T T T T T T T T T T T T T T T T T T T T T T T

0 -10 -20 -30 -4 -50 -60 -70 -80 -90 -100 -110 -12f0(-13)0 -140 -150 -160 -170 -180 -190 -200 -210 -220 -230 -240 -250
1 (ppm

CKC0310cleanPROTONO1

CKC0310prep

F

e

221 e——
514 —————

AWA I“A

2 g 29 2
3 3 el M
; . . . . . . . . . . . . . . . . . . . )
0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 2.0 15 0 05 0
f1 (ppm)
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CKCO110CARBONO1 X $3¥8R% 8§ o qen Sausgna
CKC0110CH T HRggg 2 = YS Segend
§ H883§ 3F sl RRR SA8EHA
| Y v/ | \/ ~ NV Y
F
X
(Scheme 2b)
J A
T T T T T T T T T T T T T T T T T T T |
0 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 (
f1 (ppm)
CKCO110FLUORINEO1
BC-1-29siena
F
X
(Scheme 2b)

A A A

T T T T T T T T T T T T T T T T T T T T T T T T T
0 -0 -20 -30 -4 -50 -60 -70 -80 -90 -100 -110 -12f0( -13)0 -140 -150 -160 -170 -180 -190 -200 -210 -220 -230 -240 -250
1 (ppm.
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336PROTONO1
CKCO0336hivac

(Scheme 2d)

50T
ST'T

Foot

960

Fo0E
0T

0.5

9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0
f1 (ppm)

9.5

S TE
51
6SLE
mn.NMV.

56'6€
o/

01's9~
8259~

1373
mm.RW
191L

868~

ST16—

16'101
mm.Sﬁv

TERTI~L
J75:148
srez1>

9T —

336CARBONO1
CKCO0336hivac

(Scheme 2d)

190 180 170 160 150 140 130 120 110 100 EY 80 70 60 50 40 30 20 10
1 (ppm)

0



FLUORINEO1

BC-1-29siena
F 0’>
o
(Scheme 2d)
T T T T T T T T T T T T T T T T T T T T T T T T T
0 -10 -20 -30 -4 -50 -60 -70 -80 -90 -100 -110 -12(0(-13)0 -140 -150 -160 -170 -180 -190 -200 -210 -220 -230 -240 -250
1 (ppm
CKC0094pure2
CKC0094pure2
OH
X
(Scheme 2e)
J( M A
T T [ ! 5 e E
a8 & 8 8 g g8 3 2
R 3 3 3 3 = N &
T T T T T T T T T T T T T T T T T T T
1.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 .0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5
f1 (ppm)
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05°TE
PSTE
69'TE
€LTE

bLE
o7 ae
mﬁmN
08€
18TH
96T
20T
SETH
152
LYads

909
0169
Q.%N
AN

9ELL—F
wul

£5°06

LT
S9T6-
6567

€811
68'81T

0€'9zT
9€°9zT
SL8T1
9,871
4871
08'8zT
T9'bET
sove1

95°TbT
ww>

CKC0094CARBONO1

CKC0094SI

OH

(Scheme 2e)

(Ml

190 180 170 160 150 140 130 120 110 100 EY
1 (ppm)

0

FLUORINEO1
CKC0094siena

OH

(Scheme 2e)

20 30 40 50 -60 -70 80 -90 -100 -110 ~-120 -130 -140 ~-150 -160 -170 -180 -190 -200
1 (ppm)

-10
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Chapter 4

EFFECTS OF AMINOPHOSPHINE LIGANDS ON RUTHENIUM
OLEFIN METATHESIS CATALYST ACTIVITY

This work was performed in collaboration with Dr. Tzu-Pin Lin, who contributed to
project design, catalyst synthesis and characterization, and kinetics experiments,
and Dr. Allegra Liberman-Martin, who performed ROMP studies. All related
computational studies were performed by Huiling Shao and Professor Peng Liu from the
University of Pittsburgh.

Abstract

Second-generation ruthenium olefin metathesis catalysts bearing aminophosphine
ligands were investigated with systematic variation of the ligand structure. The rates of
phosphine dissociation (k;; initiation rate) and relative phosphine reassociation (k.;) were
determined for two series of catalysts bearing cyclohexyl(morpholino)phosphine and
cyclohexyl(piperidino)phosphine ligands. In both cases, incorporating P-N bonds into the
architecture of the dissociating phosphine accelerates catalyst initiation relative to the
parent complex (—PCys;); however, this effect is muted for the tris(amino)phosphine-ligated
complexes, which exhibit higher ligand binding constants in comparison to those with
phosphines containing one or two Cy substituents. These results, along with X-ray
crystallographic data and DFT calculations, were used to understand the influence of ligand
structure on catalyst activity. Especially noteworthy is the application of phosphines
containing incongruent substituents (PR;R’,); detailed analyses of factors affecting ligand
dissociation, including steric effects, inductive effects, and ligand conformation, are
presented. Computational studies of the reaction coordinate for ligand dissociation reveal
that ligand conformational changes in the transition state contribute to rapid dissociation
for the fastest initiating catalyst of these series, which bears a cyclohexyl-
bis(morpholino)phosphine ligand. Furthermore, the effect of amine incorporation was also
examined in the context of ring-opening metathesis polymerization, and reaction rates were

found to correlate well with catalyst initiation rates. The combined experimental and
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computational studies presented reveal important considerations for promoting phosphine

dissociation in ruthenium olefin metathesis catalysts.

Introduction

Since its discovery in the 1950s, olefin metathesis has evolved into a versatile and
powerful reaction for organic synthesis." Molybdenum, tungsten, and ruthenium catalysts
have been extensively investigated in the synthesis of natural and unnatural products,
including the formation of substituted olefins and cyclic organic compounds.” Furthermore,
significant efforts toward the development of olefin metathesis polymerizations,” notably
ring-opening metathesis polymerization (ROMP)* and acyclic diene metathesis
(ADMET),” have enabled the synthesis of new functional materials® and have led to
important industrial applications.’

Complexes based on molybdenum and tungsten were the earliest reported well-
defined olefin metathesis catalysts, and since their initial discovery, have been widely used
for their high reactivity.® Extensive research of ruthenium-based complexes has resulted in
metathesis catalysts with increased functional group tolerance and stability to air and
moisture. Demonstration of ruthenium alkylidene complexes as viable olefin metathesis
catalysts’ led to the development of catalyst 4-1 (Figure 4.1).'° The lower activity of 4-1 in
comparison to molybdenum catalysts was later addressed by our group through the
development of second-generation ruthenium olefin metathesis catalysts, notably 4-2,'" in
which a phosphine is substituted for an N-heterocyclic carbene (NHC) ligand.'*"® The
bispyridine complex 4-3 and related complexes have proven to be fast-initiating, enabling
cross metathesis of challenging substrates'* and ROMP to produce polymers with
controllable molecular weight and low dispersity;'” additionally, complex 4-3 can serve as
a useful precursor for variants of catalyst 4-2 that bear a variety of organic substituents on

the dissociating phosphine.'®
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Figure 4.1. Established Ruthenium Olefin Metathesis Catalysts.

Mechanistic studies of olefin metathesis promoted by second-generation ruthenium
catalysts have suggested that these reactions occur by a dissociative pathway, in which
phosphine dissociation occurs to form a 14-electron intermediate in an initiation step prior
to olefin binding (Scheme 4.1)."” Thus, the activity of these catalysts is affected by the rate
of phosphine dissociation (k;; initiation rate) and the relative rate of phosphine
reassociation (k.;). Following formation of the 14-electron intermediate, the likelihood of
phosphine reassociation versus productive olefin binding (k.;/k2) can be experimentally
determined; higher selectivity for binding of the olefin over the phosphine, rather than
higher initation kinetics, has been shown to be the underlying cause for increased activity

of 4-2 compared to 4-1."®
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Scheme 4.1. Proposed Dissociative Mechanism for Second-Generation Ruthenium Olefin
Metathesis Catalysts.

Rate constants have been reported for a variety of second-generation ruthenium

catalysts bearing phosphine ligands with different substituents."

While phosphine
electronics have been shown previously not to directly correlate with phosphine
reassociation, initiation rates are known to increase with decreasing o-donating ability of

the phosphine. With this in mind, we became interested in further exploring phosphines
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that are weak o-donors as ligands for second-generation catalysts. While phosphines
containing halogenated arenes have been investigated, the incorporation of P-X bonds,
where X is an electron-withdrawing heteroatom, has been much less explored in this
context. Such ligands have been broadly applied in organometallic chemistry, spanning a
wide range of accessible o-donating and z-accepting properties.”’ NMR studies of
aminophosphines, with structure P(NR)s3, have demonstrated decreased o-basicity of these
ligands in comparison to triphenylphosphine.”' Due to the electronic properties and ease of
preparation of aminophosphines, these ligands are particularly well suited to systematically
investigate the incorporation of P—X bonds to increase catalyst activity. The kinetics and
computational studies described herein demonstrate the importance of several key factors
in promoting phosphine dissociation, facilitating the design of new ligands for efficient
ruthenium olefin metathesis catalysts.

In this study, nitrogen-containing heterocycles were systematically introduced in
place of the cyclohexyl groups in complex 2 to probe the effect of P-N bonds on catalyst
activity. NMR spectroscopic and X-ray crystallographic data were obtained to gather
structural information, and these data were analyzed in the context of kinetics studies.
Initiation rates and the relative phosphine reassociation rates were measured, together
providing a metric to compare aminophosphine binding strengths. Trends in ligand binding
strengths and initiation rates agree well with DFT calculations, which account for important
parameters affecting ligand properties. Furthermore, the use of phosphines bearing
incongruent substituents allows for a more comprehensive understanding of ligand
structure, providing additional information regarding the effects of sterics and ligand
conformation on phosphine dissociation. Simple substitution of nitrogen and oxygen atoms
in the ligand composition of complex 2 delivered over an order of magnitude increase in

catalyst initiation rates, which directly correlate with rates of conversion in ROMP studies.
Ligand and Catalyst Synthesis and Characterization
Two new series of second-generation ruthenium olefin metathesis catalysts bearing

aminophosphine ligands in place of the tricyclohexylphosphine present in catalyst 4-2 were

synthesized. Morpholine and piperidine substituents were incorporated to decrease
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phosphine donor strength through the introduction of P-N bonds due to their similar size
to cyclohexane, and complexation of these aminophosphines led to the formation of six

new catalysts 4-4 through 4-9 (Figure 4.2).

S s S
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Figure 4.2. New Ruthenium-Based Olefin Metathesis Catalysts Bearing Aminophosphine
Ligands Derived from Morpholine and Piperidine.

Treatment of the appropriate chlorocyclohexylphosphine or trichlorophosphine
starting materials with excess morpholine or piperidine produced the corresponding
aminophosphines 4-10 through 4-15 (Scheme 4.2A). Following successful synthesis of the
desired ligands, complexation to form catalysts 4-4 through 4-9 was achieved by reacting
the bis(pyridine) catalyst 3 with an excess of aminophosphine in THF (Scheme 4.2B),
modified from a previously reported procedure.'

Second-generation ruthenium olefin metathesis catalysts with aromatic phosphine
ligands are known to be faster initiating than their alkylphosphine counterparts, and the
effects of replacing the PCy; ligand with PPh; in 4-2 and related catalysts have been well-
studied for ring-closing metathesis (RCM)* and ROMP'** reactions. Thus, following the
successful synthesis of catalysts 4-4 through 4-9, we became interested in potentially faster
initiating species derived from aromatic amines. A pyrrolylphosphine ligand 4-16 was
synthesized by a procedure modified from that shown in Scheme 4.2. Synthesis and

characterization for 4-17 can be found in the Experimental Section.
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A) Synthesis of Aminophosphine Ligands
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B) Representative Complexation to Generate Catalyst 4-4
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Scheme 4.2. Synthetic Route to Prepare Complexes 4-4 Through 4-9.
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Scheme 4.3. Synthesis of a Ruthenium-Based Olefin Metathesis Catalyst Bearing a
Pyrrolylphosphine Ligand.

All catalysts described in this report were characterized by 'H, "°C, and *'P NMR
as well as high-resolution mass spectrometry. Furthermore, X-ray crystallography was

performed for certain complexes to compare selected bond lengths and angles within a
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series of new catalysts. Trends observed in the characterization of these compounds are
discussed below, with further data described in the Experimental Section.

The *'P NMR shifts for catalysts 4-2, 4-4 through 4-9, and 4-17 were compared
along with those for the corresponding free phosphine ligands (Table 4.1). In both the
morpholine- and piperidine-based series, the chemical shift for the free phosphine becomes
more downfield as amine substitution increases. However, following complexation, this
trend is not observed in the case of >'P NMR shifts for the ruthenium catalysts. While the
phosphorus nuclei are significantly deshielded in the mono- and bis(amino)phosphine
cases (Appm > 16 ppm), the phosphorus nuclei of the tris(amino)phosphine-ligated

catalysts are far less deshielded following complexation (Appm ~ 2 ppm).

Table 4.1. Signature 3'P NMR Shifts of Free Aminophosphines and Catalysts”

catalyst cat. C'P)  ligand free3lligand A ppm

CP)
4-2 29.4 PCy; 8.8 20.6
4-4 92.4 4-10 75.6 16.8
4-5 131.9 4-11 98 33.9
4-6 116.7 4-12 114.7 2.0
4-7 92.1 4-13 75.9 16.2
4-8 133.0 4-14 98.8 34.0
4-9 118.7 4-15 116.8 1.9
4-17 923 4-16 66.1 26.2

“All samples prepared in C¢Dg.

Catalysts 4-7 through 4-9, containing piperidine-substituted phosphine ligands, as
well as catalyst 4-17 were selected for further characterization by X-ray crystallography.
The structures of 4-7 through 4-9 and 4-17 are shown in Figures 4.3-4.6. The crystal
structures confirm the connectivity expected for the phosphine-ligated complexes. Selected
bond lengths and bond angles of catalysts 4-2 and 4-7 through 4-9 are displayed in Table
4.2 for comparison within a single series.

In each case, the catalysts in Figures 4.3-4.6 crystallize in such a way that one

substituent on the phosphine ligand occupies a pseudo-equatorial position and is oriented
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away from the benzylidene. Complexes 4-8 and 4-9 are distinguished in that a piperidine
ring occupies this position (Figures 4.4 and 4.5), whereas in cases in which only one amine
group is present, one of the two cyclohexyl rings will take this position (Figures 4.3 and
4.6). All catalysts within the piperidine series (4-7 through 4-9) have similar Ru—C1 bond
lengths when compared to that of the parent catalyst 4-2 (Table 4.2). The length of the Ru—
C8 bond increases as piperidine substitution is systematically introduced. Additionally, the
Ru—P bond of catalyst 4-7, with one piperidine substituent, is longer than that of catalyst
4-8, which contains two piperidine rings; these Ru—P bond lengths show no direct

correlation with the rate of phosphine dissociation (vide infra).

Figure 4.3. X-ray crystal structure of catalyst 4-7 with 50% probability ellipsoids.
Hydrogen atoms have been omitted for clarity.
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Figure 4.4. X-ray crystal structure of catalyst 4-8 with 50% probability ellipsoids.
Hydrogen atoms have been omitted for clarity.

Figure 4.5. X-ray crystal structure of catalyst 4-9 with 50% probability ellipsoids.
Hydrogen atoms have been omitted for clarity.
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Figure 4.6. X-ray crystal structure of catalyst 4-17 with 50% probability ellipsoids.
Hydrogen atoms have been omitted for clarity.

Table 4.2. Selected Bond Lengths and Angles for Complexes 4-2 and 4-7 through 4-9

bond lengths®  complex 4-2  complex 4-7  complex 4-8  complex 4-9

Ru-C1 1.835(2) 1.836(2) 1.839(3) 1.825(5)
Ru-C8 2.085(2) 2.0877(19) 2.097(3) 2.121(4)
Ru-P 2.4245(5) 2.4340(5) 2.3820(10) 2.394(3)
Ru-Cl1 2.3988(5) 2.4032(5) 2.3944(9) 2.374(5)
Ru-CI12 2.3912(5) 2.3860(5) 2.4005(10) 2.421(3)
bond angles’ complex 4-2  complex 4-7 complex 4-8 complex 4-9
C1-Ru-C8 100.24(8) 99.70(8) 102.32(14) 102.1(2)
Cl-Ru-P 95.89(6) 94.79(6) 100.29(11) 100.64(17)
C8—Ru-P 163.73(6) 165.40(6) 157.29(9) 157.17(14)

“Bond lengths reported in angstroms (A). “Bond angles reported in degrees (°).

Kinetics Studies

The effect of P-N bonds on catalyst activity was first analyzed by comparing
catalyst initiation rates for 4-4 through 4-9. The rate constants of phosphine dissociation
(k1) for complexes 4-2 and 4-4 through 4-9 were measured at 30 °C in toluene-ds by 'H

NMR spectroscopy. These experiments allow for the comparison of two complete series
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of new morpholinophosphine- (Figure 4.7) and piperidinophosphine-ligated (Figure 4.8)
catalysts along with the known parent catalyst 4-2. Initiation rate constants of the
complexes were determined using a previously described method involving quenching
with excess ethyl vinyl ether under pseudo-first-order conditions and monitoring the
disappearance of the benzylidene resonance by "H NMR spectroscopy.'*** Furthermore,
the dissociation rates shown in Figures 4.7 and 4.8 are consistent with predicted values
(within 10%) from kinetics experiments performed to compare the relative k., constants,
or the rate of phosphine reassociation (vide infra). Under the same conditions, an
experiment to determine the initiation rate of catalyst 4-17 resulted in full consumption of
the benzylidene faster than the time scale to obtain a precise rate measurement. As
expected, catalyst 4-17 is faster-initiating than all other complexes reported in this study
containing morpholine and piperidine substituents; the lower limit of the initiation rate
constant for this catalyst is > 2 X 10 s'. While the reaction kinetics of this complex are
not included for the systematic study of amine incorporation, 4-17 was later tested in

ROMP studies.

W2 w4 w5 mg
3.5
y = 7.91E-03x
3
y = 1.55E-03x
E 2.5 y = 4.38E-03x
=
&
= 2
E
15
1 y = 1.98E-04x
0.5

0 500 1000 1500 2000 2500 3000

time (s)

Figure 4.7. Initiation rates of catalyst series bearing morpholinophosphine ligands (catalysts
4-4 through 4-6) and catalyst 4-2 determined by 'H NMR spectroscopy at 30 °C with [Ru] =
0.017 M 1n toluene-ds. The rates of phosphine dissociation are reported as the slopes of the
lines fit to pseudo-first-order kinetics; units are (s™).
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Figure 4.8. Initiation rates of catalyst series bearing morpholinophosphine ligands (catalysts
4-7 through 4-9) and catalyst 4-2 determined by 'H NMR spectroscopy at 30 °C with [Ru] =
0.017 M 1n toluene-ds. The rates of phosphine dissociation are reported as the slopes of the
lines fit to pseudo-first-order kinetics; units are (s™).

In all cases, the aminophosphine ligands dissociate at a faster rate than the PCys;
ligand of catalyst 4-2. In fact, complex 4-5, containing a ligand with two morpholine
substituents, initiates ~40 times faster than the parent catalyst and has the highest initiation
rate of these two series. Interestingly, the tris(amino)phosphine-ligated complexes in both
series appear to have anomalous reactivity. While amine substitution seems to dramatically
accelerate phosphine dissociation for both mono-and bis(amino)phosphines relative to the
PCyj; ligand of catalyst 4-2, this effect is somewhat muted for the tris(amino)phosphine-
ligated complexes 4-6 and 4-9, which are the slowest initiating complexes of each
respective series. The initiation rates of catalysts 4-7 through 4-9, although faster than that
of catalyst 4-2, decrease with increasing piperidine substitution (Figure 4.8). These data
suggest that factors other than the anticipated inductive effects associated with amine
incorporation significantly contribute to phosphine donor strength and dissociation rates.
Further investigations of catalyst activity, including comparison of phosphine reassociation

rates and DFT studies, were required to understand the observed trends in initiation rates.
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In order to gain a more complete understanding of the effect of amine substitution
on the strength of phosphine binding in second-generation ruthenium catalysts, we next
performed experiments to compare the phosphine reassociation rate constants (k.;) at 30
°C in toluene-ds by '"H NMR spectroscopy. Following phosphine dissociation, the 14-
electron intermediate, which is equivalent for all catalysts discussed in this study, can
remain in the catalytic cycle and undergo olefin binding (k>) or the phosphine can rebind
to the metal (k.;). Thus, the measurable ratio k.i/k,, determined from the slope of the line
of best fit according to Equation 4.1, represents the relative likelihood of these two events.
Because phosphine dissociation leads to the same 14-electron intermediate in each case,
the propagation rate k; is expected to be equivalent for catalysts 4-2 and 4-4 through 4-9.
For this reason, studies to determine k.i/k; also allow for the comparison of phosphine

reassociation rates (k.;) across catalysts 4-4 through 4-9.

1/kobs = k.1[free aminophosphine]/kik;[olefin] + 1/k;  (4.1)

We applied our previously described procedure'* to determine relative phosphine
reassociation rates to aminophosphine ligated catalysts, in order to evaluate the effect of
P—N bonds on the propensity of these ligands to rebind to the ruthenium center. An example
of the results of such an experiment, which incorporates a large excess of ethyl vinyl either
and the free phosphine, for catalyst 4-2 is shown in Figure 4.9. The slope of the line of best
fit is an estimate for the value of k.1/(kikz), and the reciprocal of the y-intercept provides a
predicted value of the initiation rate.

The estimated values of k./k, for catalysts 4-2, and 4-4 through 4-9 were
determined at 30 °C (Table 4.3). For the morpholinophophine series (4-4 through 4-6), the
rate of phosphine reassociation directly correlates with amine substitution. As an increasing
number of P-N bonds is systematically introduced into the ligand structure of catalyst 4-2,
a gradual increase in k. is observed in the case of morpholine substitution. However, this
trend is not observed for the piperidinophophine series (4-7 through 4-9). Instead, the
kinetics of phosphine reassociation are much less varied across this series, and all estimated

values of k.; are similar to that of the parent catalyst 4-2.
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Figure 4.9. Example of 1/kss vs. [P]/[olefin] for catalyst 4-2 determined by 'H NMR
spectroscopy at 30 °C with [Ru] = 0.017 M in toluene-ds.

Table 4.3. Estimated k.1/k, Values for Catalysts 4-2 and 4-4 Through 4-9.°

catalyst k./ky
4-2 0.60
4-4 1.44
4-5 1.82
4-6 3.00
4-7 0.70
4-8 0.57
4-9 0.71

“Measured using 'H NMR spectroscopy at 30 °C with [Ru] = 0.017 M in toluene-ds.

Discussion

The combined results from kinetics studies of complexes 4-4 through 4-9 were
analyzed in detail to determine the effect of amine substituents on phosphine binding and
to identify key factors that correlate to observed trends. The relative ratios of k. to k; were

calculated for each complex, and this value k.i/k; is used as a metric for ligand binding
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strength. Thus, a stronger ligand is expected to have a higher k.,/k;, and these values
provide an approximation of the relative phosphine binding constants. Normalized values
for ki, k.1, and k.i/k, are compared across each series 4-4 through 4-6 and 4-7 through 4-9
in Figure 4.10.

Increasing the number of morpholine substituents causes a steady increase in
initiation rates when comparing catalysts 4-2, 4-4, and 4-5. However, there is a break in
trend for the tris(morpholino)phosphine, which dissociates at a significantly slower rate. In
comparison, the incorporation of piperidine rings into the ligand composition of catalyst 4-
2 leads to faster-initiating catalysts, but initiation rates decrease as more piperidine
substituents are introduced. Despite these differences in trend, for both series, the
tris(amino)phosphine ligated complexes 4-6 and 4-9 are clearly the slowest-initiating
catalysts. As stated previously, the observed trend in k.; for the morpholine series is not
true for the piperidine series. These data suggest that k.; constants do not correlate well

with inductive effects related to phosphine composition.
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Figure 4.10. Comparisons of k;, k,, and ki /k; for catalyst series bearing
morpholinophosphine ligands (catalysts 4-4 through 4-6) and piperidinophosphine ligands
(catalysts 4-7 through 4-9) as well as catalyst 4-2. All values are normalized with respect
to the highest value in each data set (denoted by shading).

The k.1/k; ratios were compared and normalized with respect to that of catalyst 4-
2, which has a higher k£.1/k; and binding constant than catalysts 4-4 through 4-9. Although

the trends in phosphine dissociation and reassociation rates in the morpholine series differ
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from those in the piperidine series, the overall trend in k.1/k; are the same in both series of
aminophosphine ligated catalysts. For both graphs shown in Figure 4.10, a U-shaped trend
is observed for the phosphine binding constants as the number of P-N bonds increases
from O (for catalyst 4-2) to 3 (for catalysts 4-6 and 4-9).

Computational studies were performed by collaborators® to gain insight into the
underlying factors influencing the observed trends shown in Figure 4.10 and are briefly
summarized below. These studies have confirmed that two favorable ligand conformations
exist for mono- or bis(amino)phosphine ligands; the observed ligand geometry is
dependent upon the nature of the substituents on the phosphine and its presence as a free
or complexed ligand. In one case, a cyclohexyl ring sits in a pseudo-equatorial position,
which is observed in the crystal structure of catalyst 4-7, confirming the orientation of this
cyclohexyl ring away from the benzylidene and under a mesityl group of the NHC (Figure
4.3). In the other case, an amine group is in the pseudo-equatorial position, and this ligand
conformation is confirmed in the crystal structure of catalyst 4-8, which shows a piperidine
ring in this position oriented away from the benzylidene (Figure 4.4). The DFT-optimized
geometries suggest that trends in phosphine dissociation energy are the result of a
combination of steric effects (notably those involving the pseudo-equatorial phosphine
substituent and the NHC mesityl), inductive effects (derived from the increased
electronegativity of nitrogen compared to carbon), orbital overlap of the nitrogen (amine)
lone pair with the Ru—P o* orbital, and ligand distortion energy. Computed pKa and
Tolman Electronic Parameter values are in agreement with observed trends in phosphine
binding constants. Furthermore, modeling of the phosphine dissociation reaction
coordinate suggests that differences in ligand conformation of the catalyst ground state and

transition state can have a significant influence in accelerating initiation rates.

Applications to Ring-Opening Metathesis Polymerization

The catalysts were next evaluated in ROMP, and the reaction kinetics as well as
dispersities of the resulting polymers were compared. The substituted norbornene 4-18 was
selected as a model monomer” to distinguish the catalytic activities of

piperidinophosphine-ligated complexes 4-7 through 4-9 from those of catalysts 4-2 and 4-
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3, and to identify potential correlations with the previously determined rate constants
(Figure 4.11). Catalyst 4-3 is known to be an efficient and effective ROMP catalyst, while
use of the parent catalyst 4-2 can lead to uncontrolled molecular weights and broad
molecular weight distributions.'® Furthermore, the activity of the fast-initiating catalyst 4-

17 containing a pyrrole was evaluated.

[Ru]
CH,CI,
100 -
80
<
5§ 60
®
o —-—2
2 [
[=
o —a—3
© 40
—a—7
-= 3
20 &9
17
0
0 200 400 600 800 1000 1200 1400
time (s)

Figure 4.11. Reaction profiles of aminophosphine-ligated complexes 4-7 through 4-9 and
4-17 compared to known catalysts 4-2 and 4-3.

The ROMP of 4-18 was performed in DCM at 30 °C and monomer conversion was
monitored by size-exclusion chromatography (SEC) and "H NMR spectroscopy. All tested
aminophosphine-ligated complexes had higher rates of polymerization than the parent

catalyst 4-2, which showed the lowest rate of conversion and broadest molecular weight
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distribution. For the piperidine catalyst series 4-7 through 4-9, the rates of polymerization
directly correlate with the initiation rates; while amine substitution causes an increase in
the rate relative to 4-2, the rate of polymerization increases as the number of P-N bonds
(n) decreases, provided n > 0. The dispersities of the resulting polymers follow a similar
trend, with catalyst 4-7 leading to narrower molecular weight distribution in comparison to
4-9. Furthermore, although none of the catalysts in this series prove to be as efficient as 4-
3 in the ROMP of 4-18, polymerization with the fast-initiating pyrrolylphosphine-ligated
catalyst 4-17 proceeded with a rate of conversion slightly higher than that of 4-3, with
similarly low polydispersity (1.03). Through the application of aminophosphine ligands, a
simple change to a substituent in the phosphine in 4-2 results in the formation of much
more efficient ROMP catalysts with reaction kinetics comparable to 4-3. Studies of
phosphines containing P-X bonds can aide in the design of new catalysts to broaden the

scope of suitable monomer classes.

Conclusion

A new class of olefin metathesis catalysts, based on the incorporation of P-N bonds
in the phosphine ligand of second-generation ruthenium complex 4-2, was synthesized.
Following facile synthesis of the aminophosphine ligands from morpholine and piperidine,
the catalysts were formed in one step from complex 4-3. The initiation rate and relative
phosphine reassociation rate constants were determined, allowing for the comparison of
aminophosphine ligand binding strengths. The results of kinetics studies and computational
studies reveal that a combination of steric, inductive, and ligand conformational effects
contribute to the observed trends in phosphine binding. Furthermore, DFT calculations
suggest that ligand conformational changes in the transition state of the phosphine
dissociation reaction coordinate are responsible for accelerated catalyst initiation rates.
Finally, the application of the aminophosphine-ligated catalysts to ROMP demonstrates
that simple changes to the substituents on the phosphine ligand can lead to a dramatic
enhancement in catalyst reactivity. Investigations of novel phosphine classes, notably those
containing incongruent substituents and P—X bonds, will facilitate catalyst modification

and expand applications of metathesis to new olefin substrates.
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Experimental Section

General Information

Solvents were dried by passing through an activated alumina column (n-pentane,
benzene, toluene, Et,O, and THF). Deuterated solvents were purchased from Cambridge
Isotopes Laboratories, Inc. and were degassed and stored over activated 3 A molecular
sieves prior to use. C¢D¢ was purified by passage through a solvent purification column.
Ethyl vinyl ether was degassed with argon or nitrogen gas prior to use. Catalyst 4-2 was
obtained from Materia, Inc. The bispyridine complex 4-3 was synthesized according to
literature procedure.'® All reactions were carried out in dry glassware under an N,
atmosphere unless otherwise indicated.

NMR spectra were measured with Varian 500 MHz, Varian 400 MHz, and Bruker
400 MHz spectrometers. High-resolution mass spectra (HRMS) were provided by the
California Institute of Technology Mass Spectrometry Facility using a JEOL JMS-600H
High Resolution Mass Spectrometer.

SEC data were collected using two Agilent PLgel MIXED-B 300 x 7.5 mm
columns with 10 um beads, connected to an Agilent 1260 Series pump, a Wyatt 18-angle
DAWN HELEOS light scattering detector, and Optilab rEX differential refractive index
detector. The mobile phase was THF.

The crystallographic measurements were performed at 100(2) K using a Bruker
APEX-II CCD area detector diffractometer (Mo-K, radiation, & = 0.71073 A). In each
case, a specimen of suitable size and quality was selected and mounted onto a nylon loop.
The structures were solved by direct methods, which successfully located most of the non-
hydrogen atoms. Semi-empirical absorption corrections were applied. Subsequent
refinement on F* using the SHELXTL/PC package (version 6.1) allowed location of the

remaining non-hydrogen atoms.
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Synthesis and Characterization of Aminophosphine-Ligated Complexes

Catalyst 4-4. To a THF solution (2 mL) of the bispyridine complex 4-3 (150 mg, 0.206
mmol), was added 2.5 equivalent (146 mg, 0.516 mmol) of the appropriate phosphine ligand,
4-(dicyclohexylphosphanyl)morpholine in THF (1 mL). The resulting mixture was stirred at
room temperature for 20 min. All volatiles were then removed under reduced pressure.
Addition of pentane led to the formation of a pink precipitate of the desired complex, 4-4,
which was isolated by filtration through celite and dried under vacuum (129 mg, 73%). Dark
brown crystals were obtained by slow Et,O vapor diffusion into a THF solution of the title
complex.

"H NMR (500 MHz; C;Ds): 8 19.51 (s, 1H), 9.14 (bs, 1H), 7.18 — 7.10 (m, 2H), 6.98
— 6.83 (m, 4H), 6.23 (bs, 2H), 3.61 — 3.17 (m, 9H), 2.76 (s, 6H), 2.65 — 2.25 (m, 10H), 2.21
(s, 3H), 1.79 (s, 3H), 1.70 — 1.39 (m, 11H), 1.23 — 0.98 (m, 8H), 0.76 (d, /= 12.5 Hz, 2H).

BC NMR (101 MHz; CeDg): § 296.25, 220.71 (d, *Jep = 84.8 Hz), 151.99, 139.39,
138.61, 137.63, 137.23, 135.59, 130.31, 129.39, 68.02, 52.11, 51.08, 49.37, 35.39 (d, Jcp =
19.6 Hz), 29.18, 28.74, 28.02, 27.93, 27.84, 27.72, 26.59, 21.23, 21.03, 20.57, 19.00.

S'P{'H} NMR (162 MHz; CsDe): 8 92.4 (s).

MS (FAB) m/z (M'+H) caled for C44Hs;ON3;RuPCly: 852.3130, found: 852.3153.
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Catalyst 4-5. To a THF solution (2 mL) of the bispyridine complex 4-3 (100 mg, 0.138
mmol), was added 1.2 equivalent (47 mg, 0.165 mmol) of the appropriate phosphine ligand,
4,4’-(cyclohexylphosphanediyl)dimorpholine in THF (1 mL). The resulting mixture was
stirred at room temperature for 20 min. All volatiles were then removed under reduced
pressure. Addition of pentane led to the formation of a pink precipitate of the desired
complex, 4-5, which was isolated by filtration through celite and dried under vacuum (79
mg, 67%).

'H NMR (400 MHz; C¢Ds): & 19.40 (s, 1H), 8.17 (bs, 2H), 7.12 (t, J = 7.6 Hz, 1H),
7.06 (s, 2H), 6.93 (t, J= 7.6 Hz, 2H), 6.21 (bs, 2H), 3.50 — 3.21 (m, 12H), 3.09 (t, J=12.3
Hz, 1H), 2.86 (bs, 9H), 2.66 — 2.40 (m, 13H), 1.79 (s, 3H), 1.67 — 1.51 (m, 6H), 1.17 - 1.10
(m, 2H), 0.99 (tt,J=12.6 Hz, J=3.5 Hz, 1H), 0.77 (q, J= 12.4 Hz, 2H).

BC NMR (101 MHz; CeDg): & 293.55, 221.10 (d, “Jep = 89.0 Hz), 151.59, 139.44,
139.26, 137.69, 137.49, 136.93, 135.03, 131.06, 130.55, 129.37, 67.64, 52.14, 50.97, 47.16,
37.38 (d, Jcp = 23.7 Hz), 27.66, 27.48, 27.36, 27.25, 21.23, 21.00, 20.63, 18.92.

S'P{'H} NMR (161.8 MHz; C¢D¢): & 131.9 (s).

MS (FAB) m/z (M") caled for C4,Hs00,N4RuPCly: 854.2797, found: 854.2834.
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Catalyst 4-6. To a THF solution (2 mL) of the bispyridine complex 4-3 (173 mg, 0.238
mmol), was added 1.2 equivalent (82 mg, 0.286 mmol) of the appropriate phosphine ligand,
trimorpholinophosphane in THF (1 mL). The resulting mixture was stirred at room
temperature for 20 min. All volatiles were then removed under reduced pressure. Addition
of pentane led to the formation of a pink precipitate of the desired complex, 4-6, which was
isolated by filtration through celite and dried under vacuum (157 mg, 77%).

'H NMR (500 MHz; C;Ds): & 19.44 (s, 1H), 8.03 (s, 2H), 7.12 (s, 1H), 6.93 — 6.85
(m, 4H), 6.16 (s, 2H), 3.46 — 3.37 (m, 2H), 3.33 — 3.21 (m, 14H), 2.75 (s, 6H), 2.68 (q, J =
4.7 Hz, 12H), 2.35 (s, 6H), 2.28 (s, 3H), 1.77 (s, 3H).

C NMR (101 MHz; C¢Dg): & 298.46, 219.58 (d, *Jep = 107.3 Hz), 151.81, 139.51,
139.07, 137.61, 137.52, 137.09, 135.33, 130.95, 130.24, 129.40, 128.80, 128.59, 67.60 (d,
Jep = 5.8 Hz), 51.90 (d, Jcp = 4.7 Hz), 5091 (d, Jcp = 2.9 Hz), 46.86 (d, Jcr = 3.0 Hz),
21.14,20.97, 20.65, 18.92.

S'P{'H} NMR (162 MHz; C¢De): 8 116.7 (s).

MS (FAB) m/z (M") caled for C40Hss03NsRuPCl,: 857.2542, found: 857.2517.
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Catalyst 4-7. To a THF solution (2 mL) of the bispyridine complex 4-3 (100 mg, 0.138
mmol), was added 1.2 equivalent (46.5 mg, 0.165 mmol) of the appropriate phosphine ligand,
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1-(dicyclohexylphosphanyl)piperidine in THF (1 mL). The resulting mixture was stirred at
room temperature for 20 min. All volatiles were then removed under reduced pressure.
Addition of pentane led to the formation of a pink precipitate of the desired complex, 4-7,
which was isolated by filtration through celite and dried under vacuum (93 mg, 80%). Dark
brown crystals were obtained by slow Et,O vapor diffusion into a benzene solution of the
title complex.

"H NMR (400 MHz; C¢Ds): 8 19.70 (s, 1H), 9.37 (bs, 1H), 7.19 — 7.12 (m, 2H), 7.06
— 6.89 (m, 4H), 6.80 — 5.56 (m, 2H), 3.50 — 3.14 (m, 5H), 3.08 — 2.75 (m, 7H), 2.73 — 2.55
(m, 7H), 2.21 (s, 3H), 1.82 (s, 3H), 1.79 — 1.04 (m, 26H), 0.95 — 0.77 (m, 2H).

BC NMR (101 MHz; CeDg): § 296.05, 221.10 (d, “Jep = 83.5 Hz), 152.07, 139.43,
138.29, 137.75, 137.54, 137.27, 135.87, 130.29, 129.39, 128.30, 128.06, 127.82, 52.19,
51.10,50.31,35.88 (d, Jc.p=19.9 Hz), 29.31, 28.86, 28.12, 28.03, 27.94, 27.81, 27.45, 27 .40,
26.68, 25.18, 21.14 (d, Jcp = 18.0 Hz), 20.60, 19.07.

S'P{'H} NMR (161.8 MHz; C¢D¢): 6 92.1 (s).

MS (FAB) m/z (M") caled for C4sHgsN3;RuPCly: 849.3259, found: 849.3267.
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Catalyst 4-8. To a THF solution (2 mL) of the bispyridine complex 4-3 (130 mg, 0.179
mmol), was added 1.2 equivalent (210 mg, 0.744 mmol) of the appropriate phosphine ligand,
1,1’-(cyclohexylphosphanediyl)dipiperidine in THF (1 mL). The resulting mixture was
stirred at room temperature for 20 min. All volatiles were then removed under reduced
pressure. Addition of pentane led to the formation of a pink precipitate of the desired
complex, 4-8, which was isolated by filtration through celite and dried under vacuum (82

mg, 54%). Dark brown crystals were obtained by slow Et,O vapor diffusion into a THF

solution of the title complex.
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"H NMR (400 MHz; C4Dg): 8 19.47 (s, 1H), 8.46 (bs, 1H), 7.19—7.13 (m, 2H), 7.01
(t, J=7.7 Hz, 2H), 6.94 (s, 2H), 6.77 — 5.44 (m, 2H), 3.44 — 3.17 (m, 4H), 3.04 — 2.75 (m,
11H), 2.75 - 2.56 (s, 6H), 2.22 (s, 3H), 1.82 (s, 3H), 1.69 — 1.50 (m, 5H), 1.41 (s, 11H), 1.28
(s, 7H), 1.08 — 0.75 (m, 3H).

PC NMR (101 MHz; CsDe): & 291.90, 222.33 (d, *Jc.p = 87.8 Hz), 151.79, 139.65,
138.08, 137.96, 137.35, 136.97, 135.91, 131.17, 130.35, 129.36, 128.30, 128.06, 127.82,
52.34,52.30,50.97,47.68,38.15 (d, Jep = 23.9 Hz), 27.80, 27.63, 27.50, 27.16,27.11,25.77,
25.22,21.12 (d, Jep = 12.9 Hz), 20.64, 19.07.

S'P{'H} NMR (161.8 MHz; C¢D¢): & 133.0 (s).

MS (FAB) m/z (M") calcd for C44Hg;N4sRuPCly: 850.3211, found: 850.3212.
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Catalyst 4-9. To a THF solution (2 mL) of the bispyridine complex 4-3 (100 mg, 0.138
mmol), was added 1.5 equivalent (58.7 mg, 0.207 mmol) of the appropriate phosphine ligand,
tri(piperidin-1-yl)phosphane in THF (1 mL). The resulting mixture was stirred at room
temperature for 20 min. All volatiles were then removed under reduced pressure. Addition
of pentane led to the formation of a pink precipitate of the desired complex, 4-9, which was
isolated by filtration through celite and dried under vacuum (92 mg, 78%). Dark brown
crystals were obtained by slow pentane vapor diffusion into a THF solution of the title
complex.

"H NMR (400 MHz; C¢Ds): & 19.70 (s, 1H), 8.30 (bs, 2H), 7.21 — 7.17 (m, 1H), 7.04
—6.98 (m, 2H), 6.93 (s, 2H), 6.25 (s, 2H), 3.43 — 3.16 (m, 4H), 2.86 (s, 6H), 2.85 —2.77 (m,
12H), 2.48 (s, 6H), 2.22 (s, 3H), 1.82 (s, 3H), 1.48 — 1.34 (m, 6H), 1.29 (m, 12H).

C NMR (101 MHz; C¢Dg): 8 296.09, 221.30 (d, “Jep = 105.2 Hz), 152.12, 139.67,
138.04, 137.89, 137.38, 137.17, 136.04, 131.22, 130.18, 129.37, 52.07 (d, Jcpr = 4.9 Hz),



161

50.94, 47.19 (d, Jc.r = 4.4 Hz), 27.08 (d, Jcp = 4.6 Hz), 25.70, 21.09 (d, Jcp = 10.4 Hz),
20.72, 19.10.

S'P{'H} NMR (161.8 MHz; C¢D¢): & 118.7 (s).

MS (FAB) m/z (M") caled for C43HsNsRuPCly: 851.3164, found: 851.3178.
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Catalyst 4-17. To a THF solution (2 mL) of the bispyridine complex 4-3 (100 mg, 0.138
mmol), was added 2.0 equivalent (73 mg, 0.275 mmol) of the appropriate phosphine ligand,
1-(dicyclohexylphosphanyl)-1H-pyrrole in THF (1 mL). The resulting mixture was stirred at
room temperature for 20 min. All volatiles were then removed under reduced pressure.
Addition of pentane led to the formation of a pink precipitate of the desired complex, 4-17,
which was isolated by filtration through celite and dried under vacuum (110 mg, 96%). Dark
brown crystals were obtained by slow pentane vapor diffusion into a THF solution of the title
complex.

'H NMR (400 MHz; C¢Ds): & 19.82 (s, 1H), 8.24 (bs, 2H), 7.10 (t, J = 7.2 Hz, 1H),
6.94 —6.90 (m, 4H), 6.74 (q,J= 2.2 Hz, 2H), 6.21 (s, 4H), 3.36 (dt, /J=2.3 Hz, J=10.6 Hz,
2H), 3.23 (dt,J=2.3 Hz, J=10.6 Hz, 2H), 2.81 (s, 6H), 2.44 (s, 6H), 2.19 (s, 3H), 1.80 (s,
3H), 1.63 (d, J=10.8 Hz, 2H), 1.54 (d, /= 11.0 Hz, 2H), 1.46 — 1.35 (m, 6H), 1.27 (qt, J =
12.7 Hz, J=3.4 Hz, 2H), 1.12 - 0.91 (m, 6H), 0.52 (qt, /= 12.7 Hz, J = 3.4 Hz, 2H).

BC NMR (101 MHz; CeDg): & 301.30, 219.39 (d, “Jep = 89.9 Hz), 151.99, 139.40,
138.57, 137.86, 137.37, 137.25, 135.47, 131.50, 130.28, 129.44, 128.97, 128.59, 125.32 (d,
Jepr =2.8 Hz), 110.26 (d, Jcp = 4.6 Hz), 52.09 (d, Jcp = 4.1 Hz), 51.11 (d, Jcp = 2.1 Hz),
35.81 (d, Jcp = 18.6 Hz), 28.30 (d, Jcp = 4.3 Hz), 27.85 (d, Jcp = 2.8 Hz), 27.53, 27.44,
27.40,27.27,25.99, 21.25, 21.01, 20.58, 18.95.

S'P{'H} NMR (162 MHz; CsDe): 8 92.3 (s).

MS (FAB) m/z (M") caled for C44HsgN3;RuPCly: 831.2789, found: 831.2761.
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Initiation Rate Studies

The ruthenium benzylidene complex was dissolved in toluene-ds (600 uL, 0.017
M) in an NMR tube fitted with a septum cap sealed under an N, atmosphere. To this NMR
tube was injected neat ethyl vinyl ether (30 equiv.) using a micro-syringe under inert
atmosphere. The tube was inverted and immediately loaded into a 500 MHz 'H NMR
spectrometer pre-warmed to 30 °C, at which point the first-order depletion of the

benzylidene Ru=CHPh signal was monitored.

Estimation of k_i/k;

A solution of toluene-dg (600 pL) containing the ruthenium benzylidene complex
(0.017 M) and free aminophosphine ([P]/[ethy] vinyl ether] = 0.6, 1.0, 1.6) was added to
an NMR tube fitted with a septum cap and sealed under an N, atmosphere. To this NMR
tube was injected neat ethyl vinyl ether (15 pL) using a micro-syringe under inert
atmosphere. The tube was inverted and immediately loaded into a 500 MHz 'H NMR
spectrometer pre-warmed to 30 °C, at which point the first-order depletion of the
benzylidene Ru=CHPh signal was monitored. The values of 1/k.s were plotted vs.
[P]/[ethyl] vinyl ether], including the data from initiation rate studies where [P]/[olefin] =
0. The graph for each catalyst is shown below. The ratio of k.;/k, was calculated by dividing
the slope of the line of best fit by the y-intercept.
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y=333.6x+231.45
800 R?=0.99974 o

700 -
600 | e

1/kobs
k]

0 0.2 04 0.6 0.8 1 12 14 16 18

[P]/[olefin]



Catalyst 4-5
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500

400
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0 0.2 0.4 0.6 0.8 1 12 14
[P]/[olefin]

Catalyst 4-6
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600
y=172.54x+245.99

1.6
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Catalyst 4-8

1/kobs
°

0 0.2 0.4 0.6 0.8 1

[P]/[olefin]

Catalyst 4-9

4000

3500
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o
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o
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Evaluation of Selected Catalysts in ROMP
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y=181.92x+317.56
R?=0.99735

14 16

y=1150.2x+16104

R?=0.93965
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A solution of 4-18 (21.0 mg, 0.100 mmol) was prepared in 2 mL of dichloromethane

at 298 K. While stirring, the polymerization was initiated by addition of a CH,Cl, solution

of catalyst (0.0500 M, 20.0 pL, 0.100 umol). During the course of the reaction, aliquots (~50

uL) were extracted and quenched in separate vials containing a large excess of ethyl vinyl

ether (0.1 mL) in THF (0.9 mL). The quenched reaction mixtures were analyzed by SEC and

'H NMR spectroscopy to determine norbornene conversion, molecular weight (M,), and

dispersity (D).



Table 4.4. Molecular Weights and Dispersities of Polymers 4-19.
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Catalyst M, (kDa) D
4-3 23.1 1.02
4-2 96.1 1.50
4-7 46.3 1.17
4-8 55.2 1.22
4-9 70.1 1.41
4-17 259 1.03
Crystallographic Data

Table 4.5. Crystal Data and Structure Analysis Details for Catalyst 4-7.

(Structure shown in Figure 4.3)

Empirical formula
Formula weight
Crystal shape
Crystal color
Crystal size

Data Collection

Preliminary photograph(s)
Type of diffractometer

Wavelength

Data collection temperature
Theta range for 9838 reflections used
in lattice determination

Unit cell dimensions

Volume
Z
Crystal system

C100 H144 Cl4 N6 O P2 Ru2

1852.08
block

brown

0.050 x 0.080 x 0.100 mm’

rotation

CCD area detector
0.71073 A

100(2) K

4.655 to 65.411°
a=12.5478(5) A
b= 14.1495(6) A
c=26.7547(11) A
4744 .4(3) A°

2

monoclinic

o= 90°
B=92.828(2)°
vy =90°



Space group

Density (calculated)

F(000)

Theta range for data collection
Completeness to theta = 25.242°
Index ranges

Reflections collected

Independent reflections

Reflections > 2s(I)

Average s(I)/(net I)

Absorption coefficient

Absorption correction

Max. and min. transmission
Structure Solution and Refinement
Hydrogen placement

Refinement method

Data / restraints / parameters

Treatment of hydrogen atoms

Goodness-of-fit on F2

Final R indices [[>2s(I), 17555 reflections]
R indices (all data)

Type of weighting scheme used

Max shift/error

Average shift/error

Extinction coefficient

Largest diff. peak and hole

Programs Used

Structure refinement
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P2i/c

1.296 g/em’

1960

1.6 t0 37.7°

100.0%
21<h<21,-24<k<23,-45<1<45
180275

24676 [Rjpt= 0.0782]

17555

0.0619

0.51 mm™

Semi-empirical from equivalents

0.6876 and 0.6876

geom
Full-matrix least-squares on F*
24676/ 17/ 520

constr

1.07

R1=0.0561, wR2 =0.1214
R1=10.0959, wR2 = 0.1363
calc

0.001

0.000

n/a

2.49 and -1.63 ¢/A”

SHELXL-2013 (Sheldrick, 2013)



Table 4.6. Crystal Data and Structure Analysis Details for Catalyst 4-8.

(Structure shown in Figure 4.4)

Empirical formula

Formula weight
Crystal shape
Crystal color
Crystal size
Data Collection

Preliminary photograph(s)
Type of diffractometer

Wavelength

Data collection temperature
Theta range for 9872 reflections used
in lattice determination

Unit cell dimensions

Volume

Z

Crystal system
Space group

Density (calculated)

F(000)

Theta range for data collection

Completeness to theta = 25.242°

Index ranges

Reflections collected
Independent reflections
Reflections > 2s(I)
Average s(I)/(net I)

C100 H152 Cl14 N8 O3 P2 Ru2 Si0

1920.17
block

brown

0.020 x 0.150 x 0.150 mm°

rotation

CCD area detector

0.71073 A
100(2) K

4.877 to 60.270°
a=12.582(4) A
b= 14.694(4) A
c=26.929(9) A
4856(3) A’

2

monoclinic
P2i/n

1.313 g/em®
2036
2.1t031.3°
99.9%

0= 90°
B=102.711(9)°
v =90°

-18<h<17,-21 £k <21,-39<1<39

109331

14689 [Rp= 0.0561]

10910
0.0580

167



Absorption coefficient

Absorption correction

Max. and min. transmission
Structure Solution and Refinement
Hydrogen placement

Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F>

Final R indices [[>2s(I), 10910 reflections]
R indices (all data)

Type of weighting scheme used

Max shift/error

Average shift/error

Extinction coefficient

Largest diff. peak and hole
Programs Used

Structure refinement
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0.51 mm™
Semi-empirical from equivalents

1.0000 and 0.9533

geom
Full-matrix least-squares on F
14689 /2 /538

constr

1.04

R1=0.0645, wR2 = 0.1465
R1=0.1013, wR2 =0.1643
calc

0.001

0.000

n/a

2.26 and -1.25 e/A”

SHELXL-2013 (Sheldrick, 2013)

Table 4.7. Crystal Data and Structure Analysis Details for Catalyst 4-9.

(Structure shown in Figure 4.5)

Empirical formula
Formula weight

Crystal shape

Crystal color

Crystal size

Data Collection
Preliminary photograph(s)
Type of diffractometer
Wavelength

C43 H62 CI2 N5 P Ru
851.91

block

brown

0.030 x 0.120 x 0.140 mm®

rotation
CCD area detector
0.71073 A



Data collection temperature
Theta range for 9656 reflections used
in lattice determination

Unit cell dimensions

Volume

V4

Crystal system

Space group

Density (calculated)

F(000)

Theta range for data collection
Completeness to theta = 25.000°
Index ranges

Reflections collected

Independent reflections

Reflections > 2s(I)

Average s(I)/(net I)

Absorption coefficient

Absorption correction

Max. and min. transmission
Structure Solution and Refinement
Hydrogen placement

Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F*

Final R indices [[>2s(I), 10188 reflections]
R indices (all data)

Type of weighting scheme used
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100(2) K

5.207 to 62.321°
a=12.685(4) A
b=14.502(4) A
c=22.983(7) A
4176(2) A’

4

o= 90°
B=99.043(12)°
vy =90°

monoclinic

P2/c

1.355 g/em’

1792

2.3 t0 33.6°

99.9%
-18<h<19,-22<k<22,-34<1<30
100488

15279 [Rjpt= 0.0733]

10188

0.0882

0.58 mm’"

Semi-empirical from equivalents

0.9954 and 0.9389

geom
Full-matrix least-squares on F
15279 /138 /704

constr

1.16

R1=0.0820, wR2 = 0.1464
R1=0.1400, wR2 = 0.1609

calc
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Max shift/error 0.001

Average shift/error 0.000

Extinction coefficient n/a

Largest diff. peak and hole 1.13 and -1.50 /A7

Programs Used

Structure refinement SHELXL-2013 (Sheldrick, 2013)

Table 4.8. Crystal Data and Structure Analysis Details for Catalyst 4-17.
(Structure shown in Figure 4.6)

Empirical formula C44 H58 CI2 N3 P Ru
Formula weight 831.87

Crystal shape block

Crystal color brown

Crystal size 0.050 x 0.090 x 0.100 mm’
Data Collection

Preliminary photograph(s) rotation

Type of diffractometer CCD area detector
Wavelength 0.71073 A

Data collection temperature 100(2) K

Theta range for 9838 reflections used

in lattice determination 4.655to 65.411°

Unit cell dimensions a=12.1351(9) A o=90°
b=14.8021(10) A B=98.642(3)°
c=22.944(2) A v =90°

Volume 4074.6(6) A’

Z 4

Crystal system monoclinic

Space group P2/c

Density (calculated) 1.356 g/em’

F(000) 1744



Theta range for data collection
Completeness to theta = 25.242°
Index ranges

Reflections collected

Independent reflections

Reflections > 2s(I)

Average s(I)/(net I)

Absorption coefficient

Absorption correction

Max. and min. transmission
Structure Solution and Refinement
Hydrogen placement

Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F>

Final R indices [[>2s(I), 9560 reflections]
R indices (all data)

Type of weighting scheme used

Max shift/error

Average shift/error

Extinction coefficient

Largest diff. peak and hole
Programs Used

Structure refinement

'H and >C NMR Spectra

171

2.21033.2°
99.9%
17<h<18,-21<k<22,-34<1<34
125473

14290 [Rp= 0.1065]

9560

0.1029

0.59 mm’"

Semi-empirical from equivalents

0.7466 and 0.7034

geom
Full-matrix least-squares on F
14290/ 0/ 460

constr

1.08

R1=0.0641, wR2 =0.1225
R1=0.1239, wR2 =0.1426
calc

0.001

0.000

n/a

2.73 and -0.90 e/A”

SHELXL-2013 (Sheldrick, 2013)
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