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ABSTRACT

UTILIZING SILICON FOR THE SYNTHESIS OF STEREODEFINED TRI- AND

TETRASUBSTITUTED OLEFINS

Functionalized organosilanes serve an important role as reactive precursors for a number of
synthetic transformations. Consequently there is still great use for the development of new
methods that allow for facile and efficient generation of organosilicon compounds. Herein, a

number of such methods are described.

The stereoselective syntheses of a-silylenones using catalytic PtCl, are reported. Via alkyne
activation, a-hydroxypropargylsilanes are converted to (Z)-silylenones through a highly selective
silicon migration. A trans halosilylation of alkynes is also reported. Both the PtCl, catalyzed
silyl migration the halosilylation reaction proceed through a 1,2-silicon shift onto the activated
alkyne intermediate in an anti fashion relative to the activating agent. Both reactions afford

excellent yields and selectivity for the product tri- and tetrasubstituted alkenes.

The high yielding Pt catalyzed hydrosilylation reactions of internal alkynes are described with a
focus on understanding the factors that govern the regioselectivity of the process. Electronic,
steric, and functional group properties all influence the selectivity, an understanding of which
allows the selective formation of trisubstituted vinylsilanes, which are synthetically useful

compounds for accessing stereodefined alkenes.



Finally, efforts to show the synthetic utility of tri- and tetrasubstituted vinylsilanes for the
formation of C-C bonds using Hiyama coupling and halodesilylation reactions are reported.
Hiyama couplings of tetraorganosilanes with and without the use of fluoride activators are
thoroughly evaluated. Coupling reactions with vinylsiloxanes are also shown. Finally,
stereoretentive halodesilylation reactions are explored with the product vinylhalides
subsequently subjected to Suzuki cross coupling conditions affording high yields of highly

substituted all-carbon alkenes with good retention of alkene geometry.
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Chapter One

Introduction to Silicon in Organic Synthesis

1.1 Brief History of Organosilicon Compounds in Synthesis

As an inexpensive, highly abundant element that also possesses very low toxicity, Si is an
attractive choice as a synthetic handle.! The unique reactivity displayed by the C-Si bond can be
harnessed with numerous transformations for the assembly of complex molecules.
Fundamentally, the C-Si bond is relatively strong (~76 kcal/mol), making it generally stable
under most conditions, however, due to the Pauling electronegativity differences (C = 2.55, Si =
1.90) the bond is still polarized toward carbon. Silicon also has a profound affinity for fluorine
and oxygen. The inherent polarization of C-Si bonds, coupled with the thermodynamically
favorable generation of Si-F and Si—-O bonds can be exploited in a number of useful
transformations such as the Brook rearrangement® the Peterson olefination,® the Sakurai

reaction, the Tamao-Fleming oxidation,” and the Hiyama coupling.®

Brook equilibrium: Peterson Olefination:

HO SiMe; - “O SiMes OSiMe; MegSi,  OH B~ MesSi—0 ) HoH
—_— —_—

W — T e = RPN

R™ "R R” "R R” TR R R HR kM R R

Sakurai reaction: Tamao-Fleming oxidation:

SiMe,Ph KBr, CHzCOzH OH
—_—

+
) E
Me;S e E
Py T MeSi{_AN_E — > A RNk R)\R
Hiyama coupling:
R=SiR; + R'—X —>F R—R'

Pd catalyst

Figure 1.1.1 Common silicon based organic named-reactions



1.2 Vinylsilanes in Organic Synthesis

More specifically, the research described in this thesis will discuss the synthesis and utilization
of highly substituted, stereodefined vinylsilane species in the context of cross coupling reactions
for the downstream generation of C-C bonds. The synthesis of acyclic tri- and tetrasubstituted
alkenes can be a challenging task for synthetic chemists.” The regio- and stereospecific addition
of a silicon moiety to an alkyne presents an elegant solution to this problem. Herein, we describe

three different methods for the stereospecific generation of highly substituted vinylsilanes.

The first is a novel Pt catalyzed, 1,2-silyl migration reaction of a-hydroxypropargylsilanes (1).
This is a formal trans addition of silicon and hydrogen across the substrate alkyne that proceeds
in high stereoselectivity and yield for the product a-silylenones (2).2 There have been very few
reports in the literature that involve such a silicon migration onto an alkyne, none of which are
both catalytic and stereoselective.” The scope of this reaction will be shown in Chapter 2. Later,
in the same chapter, a similar 1,2-silyl migration reaction is described; however, in this case, a
net trans halosilylation onto the substrate alkyne (1) mediated by an N-halosuccinimide is
observed.® The stereodefined product 3 contains two synthetic handles in the vinylsilane and

vinylhalide moieties which can provide orthogonal handles for further divergent transformations.

Pt catalyzed silicon migration NXS promoted silyl migration
HO SiRy JO H : HO SiRy o X
PtCl, P : NXS P
R1 —» R H)\Rz i R1 —_— le\H\Rz
>\ : X ,
R2 SiR3 ! R? SiRs
1 2 ' 1 3

Figure 1.1.2 1,2-silyl migration reactions

A complementary method for the generation of trisubstituted silylalkenes is the catalytic

hydrosilylation reaction. In the hydrosilylation reaction, a Si—-H species is added across an



alkyne in a cis fashon. Such reactions have been the subject of decades of research by the
synthetic community as a versatile reaction for the generation of vinylsilanes.*! Although there
are many different hydrosilylation catalysts, this thesis will focus on the Pt-catalyzed variants.
While the regioselective Pt-catalyzed hydrosilylations of terminal alkynes are well established,
their internal alkyne counterparts have received considerably less attention. We have developed
a method that utilizes the polarization of electronically unsymmetrical internal alkynes to afford

high regioselection for the Pt-catalyzed hydrosilylation event, which is elucidated in Chapter 3.2

Pt catalyzed hydrosilylation of internal alkynes
SiR3
U H

EWG ‘: R [Pt] (cat.), HSIR3 -

o o » EWG
4 R

Figure 1.1.3 Internal alkyne hydrosilylation

To demonstrate the synthetic utility of our product vinylsilanes, Hiyama coupling and
halodesilylation reactions were performed (Chapter 4). In the past 20 years, the Hiyama
coupling has been the subject of a renaissance in the field of cross coupling chemistry. The
pioneering work of both Hiyama and Denmark has laid the groundwork for the extension of this
methodology for more widespread synthetic use. We have built upon this knowledge by
exploring the Si mediated cross coupling reactions of hindered alkenes (6) as well as electron
deficient alkenes (7). Furthermore, progress was made to employ fluoride free silicon activation

conditions which would avoid the potentially deleterious effects of a fluoride base.*?

Hiyama coupling reactions Fluoride free Hiyama couplings
SiR; ArPAIX Ar : SiR, R’
. T . H R'[Pd]X
R — R ; H — H
RJ\( F- R)\r : EWG)\( - EWG)\r
' activator
H H : R R
6 8 : 7 9

Figure 1.1.4 General Hiyama couplings



Finally, halodesilylation reactions that selectively proceed with stereoretention or inversion are
shown. The product vinylhalide can be subsequently employed as an electrophile in cross

coupling reactions.

SiR3 X* X cross coupling
2 2

Aoe o o

R3 R3
10 11

—>

Figure 1.1.5 Utilization of halodesilylation
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CHAPTER TWO

PtCl, Catalyzed and N-Halosuccinimide Mediated 1,2-Silyl Migration Reactions

2.1 Introduction

Lewis acid-mediated and catalyzed additions of nucleophiles into alkynes have been widely
studied.** More commonly called alkyne activation, transformations of this sort have shown
great promise for synthetic chemists as a means to rapidly generate molecular complexity.™
Typically these systems are paired with some sort of tethered nucleophile, such as alkenes,
carbonyls, ethers, or strained carbocycles. The nucleophilic species adds to the activated alkyne
affording isomerization based products of increased molecular complexity. The use of m-acidic
metals, particularly complexes based on gold and platinum, to render an alkyne electrophilic, has
recently come to the forefront of catalytic alkyne activation transformations.'® Electrophilic
halogen sources have also been shown to be efficient promoters of alkyne activation reactions.
Our group entered this field with the curiosity to probe whether the C-Si bond, with its intrinsic
electron rich nature, could act as a nucleophile in a similar reactivity mode to generate metal
carbenoid species. Although that goal has yet to be realized, two novel 1,2-silyl migration
reactions were discovered and elucidated. Both methods proceed in excellent yields and
selectivity and should find use in the synthetic community. Using Pt** to activate alkynes, we
were able to develop a method to produce stereodefined trisubstituted alkenes.'” From our

original report utilizing alkynophilic metals, we were able to extend the methodology to

electrophilic N-halosuccinimides affording tetrasubstituted alkenes.*®



2.2 Background

2.2.1 Alkyne activation

Late transition metals such as Au and Pt have been implicated in countless alkyne activation
reactions, and this field has blossomed as a result of two decades of intense research.® The
mechanisms of these isomerization based transformations all begin with rendering an alkyne
electrophilic. Recently much of the focus of alkyne activation has focused on utilizing the

intrinsic wt-Lewis acidity of late transition, noble metals.

The basis of coordination for alkyne s-systems and transition metals is typically discussed in the
context of the Dewar-Chatt-Duncanson (DCD) model.?° In this model, the nature of the bonding
between the metal and the alkyne can be described as initial donation of z-bond electron density
into an empty [M] orbital creating, a o-type bond. In the cases of both Au and Pt, the back

donation is relatively weak.*

alkyne metal alkyne metal
nC-C  dye2 7 C-C dy,
L—9 M Lty

major contributor minor contributor

Figure 2.2.1 Transition metal-alkyne ligand orbital interaction diagram

At this point the Lewis acidic metal has rendered the alkyne electrophilic and susceptible to
nucleophilic addition. As the nucleophile initiates the attack on the opposite face of the metal
coordinated alkyne, the metal slips from an n? to an n' mode of coordination. Finally, the full
trans-based attack is completed with one alkyne carbon is bound to the nucleophile and the other

is bound to the metal in full n' coordination.



Nu
; "slippage” & & Nu\_
(v v TR = v
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Scheme 2.2.1 Basic mechanistic steps for m-acid catalyzed nucleophilic addition into an alkyne

The utilization of this mechanistic sequence has been extensively and variously applied to many

k.2%1° In the Ferreira lab we have focused on

different nucleophilic species for alkyne attac
enantiospecific enyne cycloisomerizations,?? furan syntheses,” and isoxazole syntheses.?* My
personal contribution to this field has been the expansion of this methodology to utilize the

carbon silicon (C-Si) bond as a nucleophilic species for the attack of an w-acid activated alkyne.

2.2.2 Carbon silicon bond nucleophilicity

Compared to many other carbon-metalloid bonds (C-P, C-Al, C-B, C-Sn, etc.), C-Si bonds are
frequently robust and stable to many common synthetic condition sets. The intrinsic stability of
the C-Si bond, together with the low reactivity and minimal toxicity of silicon, make the
development of methods utilizing organosilicon compounds quite attractive.> Perhaps the most
famous examples of this are demonstrated in the Sakurai reaction and the Brook rearrangement.
In the Sakurai reaction, m-electrons from an allylsilane attack an electrophile. This process is
driven by the favorability of a B-silyl carbocation stabilized by hyperconjugative donation by the
C-Si bond. The ultimate nucleophilicity of the C-Si bond is realized when it is dissociated
heterolytically and quenches the carbocation.’® The concept has even been applied in a few
cases to propargylsilanes and carbon-based electrophiles to form allenes.?” Another well-known

organosilicon reaction is the Brook rearrangement, which again relies on the polarizability of the



C-Si bond and the increased stability of the O-Si bond.”® The consequence of the forward

Brook rearrangement is the formation of a carbanion where the silicon was once appended.

Sakurai 1976 . Brook 1959

: - OSiRs
:
O Lo —

Scheme 2.2.2 Sakurai and Brook reactions

2.2.3 Silicon Migration

Although there has been, and continues to be, substantial focus on 1,2-silyl migrations as they
pertain to allylsilane substrates,” there is a dearth of reported instances of 1,2-silyl migrations of
propargylsilanes. The first example in the literature was by Kuwajima in 1984, where a TMS-
protected a-hydroxypropargylsilane was subjected to a stoichiometric amount of MeAICl; to
form a-silylenones.®® More interestingly, they were able to show that the transformation
proceeds with the Si group adding into the alkyne in an anti-attack relative to the coordinated

Lewis acid.

Kuwajima 1986:

MezSiO  SiMe. o H
3 3 MeAICl, )‘\%

n-Pent \\ 85% yield n-Pent D

D SiMes

Scheme 2.2.3 First reported silyl migration onto and alkyne

Subsequent to Kuwajima’s report, similar observed silicon migrations have been rare and often

found as low yielding byproducts of desired transformations.**



2.2.4 Alkyne Addition Into a Halogen Electrophile

Electrophilic halogen sources have been widely shown for the activation of alkynes most often in
the form of intramolecular cyclizations.3* Katzenellenbogen reported one of the very first
examples of this transformation in 1981. Distal acetylenic carboxylic acids were subjected to
base and N-halosuccinimides (NXS) to afford halolactonization products. All examples were
completely E-selective, and they surmised that a discrete halonium ion is formed followed by

anti carboxylate attack.®

Katzenellenbogen 1981:
Ph

o]
NXS, KHCO3, Buy,NOH
P OH > X allE
=z CH,Cl,/H,0 _ o 80-89% yield
(0)

Me Ph

Me x = cl, Br, |

N

Scheme 2.2.4 Early halolactonizations

Subsequently, hundreds of different electrophilic halogen promoted alkyne cyclizations have
been reported utilizing an array of nucleophiles, most typically heteroatoms.>* Similar reactions
involving an exogenous nucleophile are few.* Acyclic reactions with intramolecular delivery of

the nucleophile are non-existent.
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2.2.5 Background Summary

Extensive research has been performed on Lewis acidic alkyne activation with either
electrophilic halogen sources or m-acidic metals. However, there has been a dearth of research
on the nucleophilic addition of Si species into alkynes. We began our research program to
expand alkyne activation methodology to utilize the nucleophilicity of the C-Si bond in our
stereoselective syntheses of tri- and tetrasubstituted alkenes. We hypothesized that o-
hydroxypropargylsilanes would serve as a set of readily accessible compounds with which
alkyne activation could be employed to access new reaction manifolds. Like other systems, a-
hydroxypropargylsilanes provide an intramolecular delivery of the nucleophile.  The
intramolecular attack, however, would come from a 1,2-shift of the silicon group rather than a
tethered nucleophile, thus allowing for a new mode a reactivity that would afford stereodefined

acyclic alkenes.

2.3 Platinum Catalyzed 1,2-Silyl Migration Reactions

2.3.1 Initial experiments

Our model a-hydroxypropargylsilanes can be easily synthesized by simple Grignard addition of
various terminal metal acetylides into acylsilane precursors. This general entry allows for
divergent syntheses of a large number of a-hydroxypropargylsilane substrates. These additions
generally proceed without incident, with the exception of aryl and vinyl acylsilanes, which

promote the Brook rearrangement due to the relative stability of the carbanion.
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o HQ_ SiRs : OSiR;
+ M——R ——» : >
RlJI\SiR3 \\ - : R %
: R?

1
R 2 Ar, alkene if R1= Ar or alkene, Brook

rearrangment occurs

Scheme 2.3.1 Synthesis of a-hydroxypropargylsilanes

Using established protocols by Scheidt and others we were able to access the a-
hydroxypropargylsilanes in short order.®® Initially, we envisioned these substrates could engage
in a “pull-push” type of mechanism where an alkynophilic transition metal species coordinated
to the alkyne would induce a [1,2]-Brook rearrangement, forming an allene intermediate. The
resulting metal anion would then push an electron pair back into the allene, releasing the silanol,
and ultimately affording a reactive propargylic metallocarbene.®’

RSl o MQ’* reriangoment %ﬁ‘Rz R wansformations

Lj}; R g N S T [MQEJ R? ;EH [M]il/ —

Scheme 2.3.2 Proposed Metal-Carbene Generation

However, when 12 was subjected to PtCl, in PhMe at 40 °C in the presence of styrene or 1-
octene as a trap for any potentially generated carbene species, no products that could have arisen
from carbene generation were observed. Instead both reactions formed the exact same product,

which was shortly determined to be a-silylenone 14.

A R R Q
HO SiMe; /\) SiMeg
Ph/\ < PtCl; (5 mol %), - // n-Bu Ph |
N B PhMe, 40 ° C Ph n-Bu
12 n-su R = Ph, n-Hexyl 13 14
not formed major product

Scheme 2.3.3 Attempted carbene generation
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Intrigued by this unprecedented reactivity, we decided to further investigate this transformation
by optimizing and expanding its scope. It was determined that the added olefin has no
observable effect on reactivity, and the rearrangement proceeded to afford 14 in 95% vyield with
or without the presence of added olefin. Analysis of the *H NMR spectrum showed a product
ratio of 6 to 1 favoring the Z-isomer. The stereochemical assignments by NMR matched those of
known compounds in the literature.®® Enone 14 was further reduced to vinylsilane 15 and NOE

studies confirmed the conjectured selectivity of the rearrangement.

r‘ 6.68 ppm
(@] H o n-Bu
=
Ph/\)%n-Bu product Ph/\)J\KkH ‘\
SiMe3 6:1 SiMe; 5.80 ppm
14 16
similar compounds:
r‘ 6.75 ppm
0 H o n-Pr
=
HiC” N n-Bu HaC N
SiMeg SiMe; 5.73 ppm
17 18
OH
7 SiMeg
SiMe, NaBH,, CeClg-7H,0 Ph !
Ph [ (
MeOH, 0 °C NOE H n-Bu
H n-Bu 1.3%

Figure 2.3.1 Determination of alkene stereochemistry

The mechanism for this transformation is likely akin to other alkynophilic metal
rearrangements.™® First, the [Pt] coordinates to the alkyne with n? hapticity. As the C-Si bond
begins to donate into the alkyne anti to the coordinated metal, the metal begins to slip toward an
n* mode. A 1,2-silyl migration then occurs, facilitated by the donation of electron density into
the developing carbocation by the alcohol oxygen’s lone pairs. This results in an o,f-
unsaturated oxocarbenium metalloanion species that can perhaps undergo an intramolecular

proton transfer, thus affording the product enone.
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HO SiR; HO SiR;

+ -
OH [M]

R1 Z R2
SiR3

protodemetalation

Y

Scheme 2.3.4 Proposed mechanism

Although the conditions of PtCl, and toluene at 50 °C resulted in excellent yields for the
rearrangement, the Z-selectivity of only 6 to 1 required improvement. In a solvent screen of
DCM, DCE, THF, MeCN, and DMF, only DCE at elevated temperature (50 °C) showed any,
albeit very little, formation of enone 14, whereas the reactions involving the other solvents only

resulted in recovered starting material.

A number of different known alkynophilic metals were also screened. Aside from both Au and
Pt species, all other metals did not effect the desired rearrangement to the a-silylenone. Au(l)
and Au(l1l) chlorides effected complete consumption of starting material (Table 2.3.1, Entries 8
and 9); however the major products of these reactions were the protodesilylated enones and the
final product ratios were almost 1:1 Z/E. Using a cationic Au complex afforded excellent
selectivity (>19:1 o/f) but only in 76% isolated yield (Table 2.3.1, Entry 10) of 14. Returning to
PtCl,, it was found that running the reaction at lower temperature did not effect any conversion
to product. Instead, surprisingly, upon increasing the reaction temperature to 80 °C the product
ratio dramatically increased to >19:1 (Table 2.3.1, Entry 13). The best way to account for this
observation is that the increase in temperature likely increases the reaction rate of the 1,2-silyl

migration process significantly, more than the increase in rate for the background PtCl; catalyzed
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product alkene isomerization. Indeed, upon resubjecting 14 to the reaction conditions, noticeable

olefin isomerization did occur over time.

Table 2.3.1 Metal catalyst screen

[¢] PLCl, o] n-Bu
Ph Z n-Bu — Ph Z
14 SiMe; 19 SiMes
HO SiMe,
[M]
Ph % conditions Ph / n-Bu
12 n-Bu 14 SiMey
Entry Sl Solvent, temp (°C)  Time (h) Conv. (%) 'So(r;e:fEF;:tio

1 RuCly PhCHj, 70 72 <5 -

2 IrClg PhCHs, 70 72 <5

3 RhCly PhCHj, 70 72 <5

4 Cul PhCHg, 70 48 0

5 PdCl, PhCHj, 70 48 <5

6  CpRuU(CHZCN)sPFg PhCHj, 50 36 <5

7 (Ph3P)sRuCl, PhCHj3, 50 36 <5

8 AuCl PhCHg, 50 5 100 1.7:1b
9 AuCly PhCHj3, 50 5 100 1:1.7b
10 Au complex¢ PhCHj, 40 1 100 (769) >19:1
11 PtCl, PhCH, 35 48 0

12 PtCl, PhCHg, 50 35 100 (959) 6:1
13 PtCl, PhCH3, 80 2 100 (999) >19:1
14 ZnCl, CH,Cl,, 23 4 0

15 Zncl, PhCH3, 50 4 o

a) Measured by *H NMR b) Significant quantities of protodesilylated enones were observed
c) Au complex: Chloro[2-(di-tert-butylphosphino)-biphenyl]gold(l) (5 mol %) + AgSbFg (20 mol %)

d) isolated yield

While the observed excellent Z-selectivity of this transformation is unprecedented, there is

precedent for this metal-induced alkyne activation and subsequent silyl group shift.

Ernst Schaumann’s group discovered similar reactivity using zinc chloride.

In 1991,

The salient

difference is that they observed only (E)-enones.** The acetylenic TMS group also seems to be a

requirement for the ZnCl, mediated rearrangement, since subjecting 12 to the zinc catalyst

results in no conversion (Table 2.3.1, Entries 14 and 15). In a 2003 report on their studies of a-

silylcarbocations, Ohfune and co-workers also observed a [1,2]-silyl group shift in trace yield

15



and selectivity using a catalytic amount of BFs*Et;0.*° Also, 12 was subjected to TFA at 80 °C
with only starting material recovered, suggesting that Brgnsted acids do not promote the 1,2-silyl

migration.

Schaumann 1991 Ohfune 2003
HO SiMej zncl, Q OH BF;-OFt, o
(10 mol %) SiMes (10 mol %) " SiMe,t-Bu
Me ———» Me t-BuMe,Si RP——
A ) CH,Cly, 23 °C | 2 = CH;Cly, 23°C |

SiMes MesSi Me Me

74% yield 9% yield

allE 21:1(Z:E)

Scheme 2.3.5 Silyl Migration Precedents

2.3.2 Scope of PtCl, Catalyzed 1,2-Silyl Migration Reaction

With the platinum catalyzed 1,2-silyl migration method fully optimized (PtCl,, PhMe, 80 °C), a
number of different a-hydroxypropargylsilane subtrates were successfully isomerized to the
corresponding (Z)-a-silylenones.  Even hindered substrate 20 was tolerated, although
significantly longer reaction times were required (Table 2.3.2, Entry 5). The isomerizations were
found to be highly functional group tolerant. The reaction with distal TBS protected alcohol 21
proceeded in both high yield and selectivity (Table 2.3.2, Entry 7). Intrigued by this result,
other, more potentially nucleophilic distal species, were screened. Acetates, carbamates and
olefins are all known species that can act as nucleophiles for activated alkynes, but were not
found to interfere with the silyl migration reaction (Table 2.3.2, Entries 6, 7, and 9). Even

terminal alkynes were found to be highly tolerated by this reaction (Table 2.3.2, Entry 2).
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Table 2.3.2 Substrate scope of PtCl, catalyzed rearrangement

HO SiR, o)
PtCl, (5 mol %)
1 RY Z “R2
R X PhCH, (0.1 M), 80 °C ’
R2 SiR,
Entry Substrate Product Time (h) Yield (%)?2 |50(n£elrER)gt|o
HO  SiMe, o)

1 Ph/\)\ Ph/\)H/\n-Bu 15 99 10:1
b .
? n-Bu SiMeg 15 99 >19:1

12 4
HO SiMe, o
3 Ph/\)& Ph/\)j\|/\H 15 99 N/A
H SiMes
22 3
HO SiMes o
4 n_Hem)\ n_Heth\(\n_Bu 15 98 >19:1
50 R i 15 99 >19:1
n-Bu SiMez
24 5
HO SiMe; o
6 .
Ph ph/\)H/\Ph 15 98 >19:1
/\)\ :
Ph SiMes
26 27
HO SiMe,Ph o)
7 Me Meh)l\(\ 205 87 >19:1
n-Bu - :
Meh)x Me ‘
Me n-Bu Me  SiMe,Ph
HO SiMe,Ph o
8 \/\)\ WH/\H-BU 15 80 >19:1
\ .
n-Bu SiMe,Ph
29 30
HO SiMe,Ph o
9 TBSO TBSO
ZNn-Bu 15 93 10:1
A .
21 n-Bu 21 SiMe,Ph
HO SiMe,Ph o
10 ACO\/\)\ ACO\/\)H/\WBU 15 93 11:1
n-Bu SiMe,Ph
32 33
HO SiMe,Ph o)
PhHN 0 PhHN O\/\)j\(\ .
11 A NnBu 15 93 >19:1
\n/ \/\)\ \n/ n-Bu
o n-Bu [e] SiMe,Ph
34 35
HO  SiMe; o
12 Ph/\)\/ Ph “ OTBS 15 76 >19:1
B
oTBS SiMe3
36 37
HO SiMe, o
13 OPMB i
Ph/\)\/OPMB Ph Z 0.2 83 >19:1
SiMe;
38 9
HO SiMe, o
14¢ Ph/\)\/ Ph/\)H/\/OTHP 0.75 89 >19:1
OTHP ]
SiMe3
40 41

a) measured by 'H NMR b) 1 mol % PtCl, c) 2.5% mol % PtCl,
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Primary protected propargyl alcohols also undergo platinum catalyzed rearrangements to afford
their respective protected allylic alcohols (Table 2.3.2, Entries 9-11) in good yield and excellent
selectivity. Of note, reactions forming compounds 39 and 41 (2.5 mol % Pt) are complete after
10 and 45 min respectively, whereas alcohol 36 requires the normal 1.5 h at the same
temperature. This could be due to the propargyl ether oxygen coordinating the metal next to the
alkyne in a way that would accelerate alkyne activation, resulting in the relatively fast formation
of enones 39 and 41. This effect could be suppressed by the bulky TBS group in the case of

alcohol 36.

2.3.3 Low Catalyst Loading

Although all of the reactions listed in Table 2.3.2 were run with 5 mol % PtCly, it is important to
note that catalyst loading can be dropped significantly. Substrates 12 and 24 were subjected to
only 1 mol % PtCl,, and for both 1,2-silicon migration reactions there was no observable drop in
yield and selectivity. Also, the reactions proceeded in roughly the same amount of time as with

5 mol % [Pt].

2.3.4 Failed Pt Catalyzed 1,2-Silicon Migrations

As apparent in the above table, all substrates contain a propargyl methylene group opposite the
silane moiety. Hindered alkynes 42 and 43 only provided recovered starting material when
subjected to our prescribed conditions. Notably, acetylenic TMS substrate 44, similar to
Schaumann’s example (vide supra) was completely unreactive. Likely, the alkyne is too

hindered for [Pt] coordination.
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HO SiMe;

Ph
\\ OTBS
HO SiMes B
Me Me
43 PtCl, (5 mol %) .
Ph \\ oBn — no reaction
PhCHs (0.1 M), 80 °C
42 Mé Me HO SiMe;
PR

44

Scheme 2.3.6 Failed hindered alkyne substrates

Primary alcohol substrates 45 and 46 as well as terminal acetylene substrate 47 were completely
consumed under the reaction conditions; however, all three resulted in complex mixtures.
Likely, in the case of the diol substrates, the additional nucleophile can be reactive with either a
reaction intermediate or the enone product, causing numerous side reactions. Likewise, with the

terminal alkyne decomposition pathways could arise from further PtCl, alkyne activation.

HO SiMe,

Ph [

HO SiMe,Ph N OH
45 PtCl, (5 mol %)
// \\ —_—— complex mixture

. n-Bu HO SiMe,Ph PhCHj (0.1 M), 80 °C

HO

X

n-Bu
46

Scheme 2.3.7 Failed reactions arising from side reaction decomposition

2.4 N-Halosuccinimide Mediated 1,2-Silicon Migration Reactions

2.4.1 Initial Experiments

While the aforementioned trisubstituted vinylsilanes arise from the protodemetalation of a vinyl
Pt species (48), we were curious if other electrophiles could be captured as well. This would

provide entry into the syntheses of stereodefined tetrasubstituted olefins.

19



. -
OH [Pt] o)

HO SiR3 £+ )
[Pt] — — stereodefined
Rl R R2 —_— R R2 tetrasubstituted
\\ . base alkenes
R2 SiR3 SiR3
7 48 49

Scheme 2.4.1 Possible utilization of the vinyl platinum intermediate

Perhaps serendipitously, for reasons that will later become apparent, the very first electrophile
we chose to employ was N-iodosuccinimide (NIS). To our surprise, upon subjecting 24 to our
previously prescribed conditions for the PtCl, catalyzed rearrangement with NIS added (5 mol %
PtCl,, 1.1 equiv NIS, PhMe, 80 °C), starting material was consumed within 1 h. Since the same
reaction without NIS took 1.5 hours (vide supra) we hypothesized that the NIS may be an
activator as well. To test this, the reaction was run again without the PtCl, catalyst. Again,
starting material was consumed in less than 1 h. For both reactions, E/Z selectivity was

negligible (1:1), but the transformation was high yielding for a preliminary result (90%).

HO  SiMe; ) o O n-Bu
NIS (1.25 equiv) P> —
- n-Hept n-Bu n-Hept |
e N PhMe, 80 °C P _ + P _
n-Bu 90% yield SiMeg SiMe;
24 w/ or w/o PtCl, 50 51

1:1
mixture of E and Z isomers

Scheme 2.4.2 NIS mediated silyl migration

Using a similar substrate (12), it was found that cooling the reaction mixture to room temperature
still effected the transformation within an hour with an increase in selectivity to 5:1 E/Z. At this
point | employed my undergraduate assistant Zach Menard, to perform a reaction screen of a
number of solvents at room temperature to find out if selectivity could be improved simply with

a judicious choice of solvent.
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Table 2.4.1 Solvent screen of the halosilylation reaction

HQ oM NIS (1.25 equiv) I /l i /n-Bu
Ph \\ solvent, rt, 1 h Ph . n-Bu + Ph . !
n-Bu SiMe; SiMe3
12 52 53
entry solvent conversion (%)2 selectivity (E/Z)2
1 PhMe 100 5:1
2 THF 100 10:1
3 MeOH <50 10:1
4 CH,Cl, 100 15:1
5 Et,0 100 9:1
6 DMF 100 N/A (complex mixture)
7 CH3CN 100 28:1
8 DMSO 100 N/AD
9 EtOAc 100 15:1

a) Measured by *H NMR of the crude reaction mixture b) Product was the ynone
arising from silyl iodide elimination

Running the reaction in DMF gave a complex mixture (Table 2.4.1, entry 6). Using DMSO gave
excellent conversion to the ynone presumably arising from elimination of silyl iodide (Table
2.4.1, entry 8). All other solvents afforded modest to excellent conversion to the product
tetrasubstituted alkene. Toluene gave improved selectivity (Table 2.4.1, entry 1, 5:1 E/Z) over
the similar reactions at 80 °C. MeCN was tolerated but afforded only 2.8:1 selectivity for 52.
Although THF, Et,0, EtOAc, and CH,CI; all facilitated clean conversion and high selectivity for
the (E)-alkene, CH,CIl, was chosen as the ideal solvent for further reactions due to the practical

workup it allows.

2.4.2 Mechanistic Discussion

Mechanistic insights of the NXS mediated 1,2-silicon migration can be gleaned from the
aforementioned PtCl, catalzed trans selective silyl migration reaction as well as established work
utilizing electrophilic halogen mediated alkyne activation (vide supra). We hypothesize that the

electrophilic halogen provided by the NXS reagent reacts with the a-hydroxypropargylsilane (A)
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to form a three-membered halonium ring. This renders the original alkyne carbons in B
electrophilic. The nucleophilic C-Si bond can donate electon density into the proximal carbon
making it more susceptible to nucleophilic attack and essentially distorting the three-membered
ring (C). At this point the silyl migration event likely occurs, aided by the alcohol oxygen
donating election density into the developing carbocation. This transformation is inherently
trans, with the silyl migration attacking from the backside of the three-membered halonium ring.
The resulting oxocarbenium (D) is deprotonated, likely with the anionic succinimide byproduct

to afford the product tetrasubstituted alkene.

HO SiR, HO SiRs HOY SiR; trans
. NXS RPN § Q) 1,2-silicon
R A e —_— R N
A R2 e g2 {‘-_'*" R? migration
A Q
B X
C
(o] +
OH X o X
- deprotonation
N + le%Rz EprooneO - lejkfl\R2
S SiR, SiR,
D E

Scheme 2.4.3 Proposed mechanism for NXS mediated 1,2-silyl migration

2.4.3 Electrophile Screen

We investigated a number of electrophiles to evaluate their respective propensities for promoting
the 1,2-silicon migration reaction. Using CH.Cl, as a solvent and temperatures up to 50 °C,
electrophilic ClI- and F- based reagents (N-chlorosuccinimide [NCS], trichlorocyanuric acid,
Selectfluor®, and N-fluorobenzenesulfonimide) were all unreactive under these conditions,
although NCS was found to effect the transformation under a separate set of conditions (vide
infra). Resembling our results with NIS, we found that NBS accomplished the desired
transformation in similarly high yield and selectivity for the $-bromoenone. The transformation

proceeded effectively at room temperature for NBS, affording >19:1 selectivity for the (E)-
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silylenone, whereas the more reactive NIS required lower temperatures (0 °C) to achieve >19:1
selectivity for the 3-iodoenone.

Table 2.4.2 Electrophile induced 1,2-silyl migration
HO SiMeg oxidant

o X
(1.1 equiv) —
Ph/\)\ —_ 3 ph n-Bu
S
n-Bu CHoCl2 (0.2 M) SiMeg

12

entry oxidant temp (°C) yield (%)aP E:Zz°
1 m-CPBA 50 NR
2 NCS 55 NR
3 TCCA 50 NR
4 Selectfluor 23 NR
5 NFSI 50 NR -
6 NBS 23 91 >19:1
7 NIS 23 90 15:1
8 NIS 0 90 >19:1

a) Isolated yield b) NR: no reaction c) Selectivity determined by
1H NMR analysis of the crude reaction mixture

2.4.4 NIS Mediated Silyl Migration Scope

At this point, a postdoctoral research associate in the group, Dr. Nick Barczak, carried out the
majority of substrate scope evaluation for this reaction. A number of a-hydroxypropargyl
silanes were subjected to NIS in CH,Cl, at room temperature or below. Substrates bearing
terminal, unbranched, and even branched propargylic substitution proceeded smoothly. This
deviates from the PtCl, silyl migration reaction, where only substrates with terminal alkynes and
unbranched propargyl substitution reacted. Propargylic oxygenation did not hinder reaction
progress (Table 2.4.3, entries 4-7, 9-10). Three different silicon species (-SiMes, -SiMe,Bn, and
-SiMe,Ph) were employed, and no discrepancies in reactivity were observed. Almost
universally, the reactions proceeded in high yield and with excellent geometrical selectivity
(>19:1 E/Z). One anomalous substrate, hindered alkyne 54, was indeed reactive when subjected

to NIS; however, the desired a-silyl enone was not formed in any observable amount. Instead,
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ynone 55 was formed. Likely, the 1,2-silyl migration reaction occurs but the C-Si bond of the
enone species eliminates the iodide, forming alkyne 55. Notably, the halosilylation of another

particularly hindered alkyne (42) resulted in the formation of enone 56 with excellent selectivity

(>19:12).
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Table 2.4.3 NIS promoted 1,2 silyl migration

HO SiMe,R3 ) |
NIS (1.1 equiv) P 19:1
> .
R - RY R? R
A CH,Cl,, temp, time E/Z selectivity
SiMe,R3
entry substrate product temperature (°C) time (h) yield (%)
HO SiMe, o) |
1 /\) Z -10 0.25 20
Ph A Ph H
S l\(k
H SiMes
22 57
HO SiMe, o |
2 Ph X Ph/\)%n-Bu 0 0.25 94
n-Bu SiMe,
12 52
HO SiMe, o)
3 Ph/\)\(Me Ph N .10 3 900
Me Me Me Me
54 55
HO SiMe, Q
4 Ph _ Ph/\) ZN\-OTHP 0 05 95
S
OTHP Sive,
40 58
HO SiMey o |
5 Ph/\)\roBn on P OBn 15 05 03
Me;Si Me
59 Me 60
HO SiMe, o |
6 Ph/\)\(ogn oh = OBn 78 - -10 6 63
MegSi Me Me
42 Me Me 56
HO SiMe, 0 |
= OTHP
7 X 0 0.3 92
S OTHP
O)\/ SiMe,
61 62
HO SiMe,Bn o]
8 Ph/\)x ph/\) n-Bu 0 0.25 94
n-Bu SiMe,Bn
63 4
HO SiMe,Bn Q !
9 Ph/\)\/ Ph/\)‘\%\/OTHP 0 0.25 92
=
oTHP SiMe,Bn
65 66
HO SiMe,Bn o |
10 TBSO 0 0.25 90

J

67

SiMe,Bn

TBSO\/\)YK/OBn
OBn
6

a) Measured by IH NMR b) Estimated by 1H NMR
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These reactions are remarkably simple to run and workup. No precautions are necessary for the
removal of H,O or air. Upon consumption of starting material addition of hexane or pentane will
triturate the succinimide byproducts and any unreacted halosuccinimde. The mixture can simply
be filtered through a small pad of Celite. Upon concentration of filtrate, analytically pure (E)-
silylenones were afforded. These products can be carried on to subsequent cross coupling steps

without further purification.

2.4.5 NBS mediated silyl migration scope

A similar evaluation of electrophilic halogen induced 1,2-silyl migration was performed using
NBS (Table 2.4.4). Like the similar reactions using NIS, bromosilylation reactions afforded a-
silyl-B-bromoenones in high yields and excellent selectivity for the E-alkene isomer. Phenyl
acetylene substrates 69 and 70 reacted smoothly with little observed formation of ynones arising
from elimination of the bromide (Table 2.4.4, entries 8 and 11). Even highly hindered alkyne 54
was found to be a competent reactant for the halosilylation reaction, unlike the similar reaction

using NIS (Table 2.4.4, entry 3).
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Table 2.4.4 NBS promoted 1,2 silyl migration

HO SiMe,R3 ) Br
NBS (1.1 equiv) P 19:1
> .
RSN - RY R2 o
A CH,Cl,, temp, time E/Z selectivity
SiMe,R3
entry substrate product temperature (°C) time (h) yield (%)
HO SiMe; o Br
1 ph [ Ph " -15 0.25 89p
H SiMes
22 71
HO SiMeg o  Br
2 Z 0 0.25 91
Ph Ph/\)l\fkn-su
x _
n-Bu SiMez
12 72
HO SiMez o Br
Pz Me
3 Ph O ve Ph -78 - -10 25 75
MesSi Me Me
Me Me
54 73
HO SiMe, o Br
OTHP
4 Ph > S ph/\/u\%\/ 0 0.25 92
A OTHP '
SiMe3
40 74
HO SiMe; o Br
5 Ph/\)\(OBn phW\rOB” -15 05 89
Me3Si Me
59 Me 75
HO SiMe, o Br
Ph P OBn 78 - -
6 /\Nom Ph/\/IW 78 — -10 5 85
MesSi Me  Me
42 Me Me 76
HO SiMey o Br
Pz OTHP
7 0 0.3 92
X ot i
SiMe;
61 77
HO SiMe; o Br
¥
8 78 >0 4 94
X Ph
Ph SiMes
69 78
HO SiMe,Bn o Br
9 Z 0 0.75 92
Ph Ph/\)J\Kkn-Bu
,\)\ .
n-Bu SiMe,Bn
63 79
HO SiMe,Bn o Br
¥ OTHP
10 Ph/\)x oTHp Ph/\)l\(K/ 0 0.25 88
-~ SiMe,Bn
65 80
HO SiMe,Bn o Br
1 Z 78>0 4 80
Ph X Ph Ph
\ )
Ph SiMe,Bn
70 81

a) Measured by IH NMR b) Yield of allylic alcohol after in situ reduction (DIBAL, -78 °C)
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2.4.6 Reactions With Secondary a.-Hydroxypropargylsilanes

Like their tertiary counterparts, secondary alcohol a-hydroxypropargylsilanes were proficient
substrates. To illustrate this, alkyne 82 was subjected to both NIS and NBS (Scheme 2.4.4).
Each reaction proceeded effectively to afford only one observable isomer. lodoenal 83 was
isolated in excellent yield, while the related bromide was unstable and therefore subjected to an
in situ DIBAL reduction, and the resulting alcohol (84) was isolated in high yield and selectivity
(91% vyield, >19:1 E/Z).

OH .
)\ e HJ‘\%\WBU 95%
t-BuMe,Si N e — >19:1E/Z
A CH,Cl, SiMest-Bu

82 n-Bu -78°C,4h 83

OH a) NBS (1.1 equiv) Br

CH,Cly, ~10°C, 1 h _
t-BuMe,Si S » HO nBu 9%
z N b) DIBAL (2.4 equiv) SiMe,t-Bu :
82 n-Bu _78°C, 10 min a4

Scheme 2.4.4 Reactivity of secondary a.-hydroxypropargylsilanes

2.4.7 Stereochemical Rationale

Although we were quite certain about the trans selectivity of the halosilylation reaction, we still
performed a number of NOE experiments in order to support our hypothesis. Silylenones 52 and
66 showed a moderate NOE when allylic protons were selectively irradiated. Trisubstituted
alkene 71 showed a small but still relevant NOE when the alkene proton was selectively

irraditated.
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Figure 2.4.1 Confirmation of stereochemistry

2.5 Summary of 1,2-Silyl Migration Reactions

We have developed two novel reaction manifolds in which a 1,2-silicon migration occurs onto an
activated alkyne intermediate. In the first reaction studied, an a-hydroxypropargylsilane was
subjected to PtCl, at elevated temperature (80 °C). The Pt coordinated alkyne induced a net
trans-silyl migration allowing facile access to trisubstituted, stereodefined (Z)-alkenes with
excellent yields and selectivities. The second reaction described in this chapter utilized the same
reactive moiety, the a-hydroxypropargylsilane. For this transformation, an N-halosuccinimide
induced a net trans-halosilylation of the substrate alkyne. Like the Pt catalyzed reaction, these
reactions generally proceeded in excellent yields and excellent E/Z selectivities. Unlike with
PtCl,, the NXS mediated rearrangements proceeded with sterically hindered alkynes. The
geometrically defined alkene products, from both the PtCl, catalyzed and NXS mediated
methods, provide an excellent handle for the downstream generation of all carbon tri- and
tetrasubstituted olefins. The utility of these product vinylsilanes will be described in detail later

in Chapter 4.
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2.6 Experimental Section

2.6.1 Materials and Methods

All reactions were performed under an argon atmosphere unless otherwise noted.
Tetrahydrofuran, ether, and toluene were purified by passing through activated alumina columns.
Chlorotrimethylsilane was freshly distilled from calcium hydride prior to its use in reactions. All
other reagents were used as received unless otherwise noted. Commercially available chemicals
were purchased from Alfa Aesar (Ward Hill, MA), Sigma-Aldrich (St. Louis, MO), Gelest
(Morrisville, PA), Oakwood Products, (West Columbia, SC), Strem (Newburport, MA) and TCI
America (Portland, OR). Qualitative TLC analysis was performed on 250 mm thick, 60 A, glass
backed, F254 silica (Silicycle, Quebec City, Canada). Visualization was accomplished with UV
light and exposure to either p-anisaldehyde or KMnO, solution followed by heating. Flash
chromatography was performed using Silicycle silica gel (230-400 mesh). *H NMR spectra were
acquired on either a Varian Mercury 300 (at 300 MHz), a Varian Inova 400 (at 400 MHz), or a
Varian 400 MR (at 400 MHz) and are reported relative to SiMes (5 0.00). *C NMR spectra
were acquired on either a Varian Inova 400 (at 100 MHz), a VVarian Mercury 300 (at 75 MHz), ,
or a Varian 400 MR (at 100 MHz) and are reported relative to SiMe,4 (6 0.0). All IR spectra were
obtained on NaCl plates (film) with either a Nicolet Magna FTIR 760, a Nicolet 380 FTIR, or a
Bruker Tensor 27. High resolution mass spectrometry data were acquired by the Colorado State

University Central Instrument Facility on an Agilent 6210 TOF LC/MS.
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2.6.2 General Procedure for Platinum Catalyzed Rearrangeme