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ABSTRACT

Vinyl and alkyl silanes are important molecules in organic synthesis, medicinal
chemistry, and materials chemistry. The ability of vinyl silanes to participate in
HiyamaDenmark crossoupling, oxidations, and desilylativiealogenations make
them highly versatile intermediateAlkyl silanesengage in similar oxidations and
Peterson olefinati The material properties of alkyl silanes are still under
exploration, but they display a profound propensityffeezing point deression when
compared to hydrocarbon congeneasid amplified lipophilicity of bioactive
molecules. | sought to develop methods that could synthesize vinyl and alkyl silanes
through transition metal catalysiBrior to this work, theravere limited methodso
acceswinyl silanesfrom silyl triflates and secondary alkyl silanes from halosilanes
and an organometallic nucleophile.

This dissertation describes the discovery and development of transition metal
catalyzed methods to form vinyl and alkyl silanese Wave developed a nickel
catalyzed silyl Heck reaction capable of activating silyl triflates with iodide additives.
This methodology allows the first access to silyl triflate electrophiles in cross
coupling, greatly expanding the scope and capabilitiéiseo$ily-Heck reaction.

Advancing the utility of transition metatatalyzed crossoupling of
halosilanes, | was able to develop a high yielding methodology for the synthesis of
secondary alkyl silanes from organozinc halides and iodosilanes; formallyl-a
Negishi reaction. This alkylation strategy was then improved upon by the discovery

and development of chlorosilane crassipling of Grignard reagentExploration of

XVi



this unprecedented chlorosilane crasaiplingrevealed that highly sterically hiaded
secondary alkyl silanes were capable of being accessed with this methodology.
Additionally, mechanistic studies suggest against a typical Kumada-ayopsng
mechanismandfavor the formation of anionic palladium to perform a substitution at

the silcon center.
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Chapter 1

INTRODUCTION TO ORGANOSILANES

1.1 Overview

Organosilanes argervasive throughoubrganic synthesis, matels, and
medicinal chemistry. Throughout this introductory chapter, the features of
organosilanes that allow for their broad applicability across multiple disciplines will
be discussedSpecifcally, the utility of vinyl and alkyl silanes in synthetic
transformations such dsiyamaDenmark cross coupling, Tam#&teming oxidation,
and electophilic halogenation will be detailed. However, the known methods to
synthesize these valuable intermediatasst be considered first; as the route tg an
intermediate is weighed against the difficulty of its synthesis.

This dissertation will describe the discovery and development of transition
metalcatalyzed methods fohé direct synthesis obrganosilanes from silyl halide
electrophiles. The utility ofvarious silyl triflate electrophiledo synthesizeb-
silylstyrenes will be discussed in ChapteiTBe development of thearbailylation of
alkynes to formfully substituted vinyl silanesand the precedent crucial to the
foundation of this chemistryill be detailed in Chapter 3he alkylation of silyl
halide electrophiles with alkyl zinc (Chapter 4) and magnesiuateophilegChapter
5) and their emergence from the previous carbosilylation reaction will be recounted.

In an effort to concisely detail ¢hadvantages afforded by these methodologies,
the introductory chapter will discuss established routesviimyl and alkyl silane

synthesis. As well, their established applications ganic synthesis and functioas



end productswill be considered Relevant precedent for each of the developed
methodswill be presented and evaluated. This will include previous reactions from
our lab and thdurther advancementf those methodologiesWhile many of the
reaction classes that will be discussed have a suiastéiterature precedent, the
discussion herein will be focused to reports of prominent advancements anaf-state

the-art technology.

1.2 Synthesis of Vinyl Silanes

A numberof synthetic methods to access vinyl silap&ist the most notable
of these being leyne hydrosilylation and the closely related dehydrogenative
silylation. Alternative methods suchs avinyl organometallic additionscross
metathesis, and silyl metallation of alkynedl be discussedFinally, from our own
lab, the development of thel\diHeck reaction will be revieweth detail. While a
large body of literaturexisis for many ofthese strategieshis sectiorwill focus on
examples that demonstrate the full potential of these methwdisheir fundamental

limitations.

1.2.1 Alkyne Hydrosilylation

Alkyne hydrosilylation is a well developed, simple strategy for the synthesis of
vinyl silanes. Transition metal catalyzed hydrosilylation reactions proceed through the
addition of a SiH bond acrossraalkyne to form a vinyl silane through the Gtal
Harrod mechanish(Figure 1.1) This mechanismas drawngexplicitly dictates that
the oxidative addition (O.A.) complex undergoes a migratory insertion (M.l.) of the
metal hydride bond, not the metal silamend Generally, migratory insertion to the

metal silane bond wikesultin b-hydride elimination, not reductive elimination (R.E.)



which would give the product of a dehydrogenative silylation as will be discussed in
Section 1.2.2Finally, reductive eliminatiorof the carbon silicon boncesults inthe

desired orgamslane and thenetal zero catalys$ regenerated

R3S| 3SI_

AR
[Pt]”

SR,
Figurel.1 Chalk-Harrod Mechanism

R3S|—[Pt]”

SIR3

III—“

Multiple features ofthe hydrosilylation reactiorare important to understand
when considering their usklydrosilylation reactions havieeen reorted for over 50
years; consquently, an abundant variety of synthetic examples and conditions have
been reported.Inherently though, this reactiorequires an alkyne starting material
that often must be synthesizedlypically, expensive transition metals such as
platinum, rhodium, or rutheniunare the catalysts of choice, althougmodern
advances include extending this methodirst row metals such as cobalh many
cases, stere@nd regioselectivity can be problematic, however; more recent methods
have been developed that can overcome thesbklgons with judicious choice of
caalyst and reaction conditions for particular substrates.

For ease of discussion, the stafeghe-art for each metal commonly usedlw

be considered and evaluated in the following sections.



1.2.1.1 Rhodium CatalyzedStereoseleave Hydrosilylation

Rhodium isa common metal used inhydrosilylation® although the most
adaptable method was reported byMori in 2004* Utilizing a simple
triphenlyphosphine based rhodium complstereoselectivityor E or Z alkenescould
be contrdled by altering reaction conditions such tasperatureor preincubation
(Figure 1.2) Prestirring of the catalyst and silane at 0 °C for 2 h followed by addition
of alkyne and stirring at room temperature afforded Higelectivity(1.1). Increasing
the reaction temperature to 60 °C amitically, avoidingthe prestir, resulted in high
E-selectivity (1.2). This reaction is proposed to proceed through vinyl silane
isomerization at elevated temperatunesyuiring the initial formation ofZ alkenes.
While optimization of the reaction utilizedpentamethyldisiloxane (PMDSand
phenylacetylene, these conditions were generally applie&btess silanes and various

alkynes with minimal erosion of yield and selectivity.

1 equiv PMDS 1.2 equiv PMDS
cat. Rhl(PPh3)3 cat. Rhl(PPh3)3
toluene, 0 °C, 2 h toluene, 60 °C, 1 h
PR - Z > oy PMDS
PMDS then alkyne Ph
rt, 3 h
1.1 1.2
100% conv. 100% conv.
E:Z 1:99 PMDS = HSiMe,0SiMe3 E:Z 100:0
Figurel2Mor i 6 s Stereoselective Hydrosilylatio

This example showcases the advantages of an isomerization based approach,
allowing for the utilization of the same catalyst for both stereoisorkiensever, this
catalyst is limited to synthesizing the linear vinyl silanes. In addition, the use of

internal alkynes was not reported.



1.2.1.2 Ruthenium Catalyzedtrans-Hydrosilylation

Ruthenium has been used extensively in hydrosilylation for both alkyne and
alkene substratesin particular, uthenium catalyzedrans-hydrosilylation has been
well developed by Tro$t illustrating the first method to activate various alkyne
substrates in an exclusiveahans-addition proces@~igure 1.3)

The substrate scopd the methodvas able to tolerate substantial variations of
the alkyne starting materiallerminal allynes performed well in the reaction to
sel ecti vel-yinylsimmes Wi3)d Eunctionalized rnternal alkynes also
proceeded in high yield and in certain cases high selectivity, exhibitants
selectivity as well 1.4). Propargyl alcohaland carbonykubstrates both performed
well to form allyl alcohols(1.5 and silyl enoneq1.6) respectively Deuterium
labeling studies supported that this addition tiaas-hydrosilylation process as a silyl
deuteride substrate resulted exclusively in the silicon and deuterium anmgo

one another.

1 mol % [Cp*Ru(MeCN)3]PFg R4 [Si]
R—=—R, + [SiH] - —
CH,CI, or acetone, 1 h H R,
SiMe,Bn EtO  Si(OEt); OH SiEts O  SiMe,Bn
MeO,C
o2 X B0 N “Me PN “Me Et” N Et
H H H H
1.3 1.4 1.5 1.6
99% 67% 97% 98%
>20:1 >10:1 20:1 20:1

Figure1.3 Trost Cationic RutheniuniransHydrosilylation



The high activity and stereoselectyinf these reactions has been attributed to
the unique capabilities of the ruthenium catalyst to easily access oxidatantion
cycles. This has lead to the proposal of a unique activation mode thrdugtmeplex

(Figure 1.4) obviating the typically lbserved oxidative addition to thei & bond.

ReSI7T i &% H,@:;ﬂ

Figurel.4 Silane Activation by Cationic Ruthenium

While these are some of the optimal examples from this methodology, the
selectivity can vary depending on the substrate and silapéoyed. However, this
work does form a cohesive approach ttans-hydrosilylation of acetylenes in a
general form; a benchmark towards the further understanding of hydrosilylation

chemistry.

1.2.1.3 Platinum Catalyzed cis-Hydrosilylation

Platinum catalysts have d&e explored since the onset of hydrosilylation
chemistry(1965) Early investigations by Lewis established the importance of low
valent or colloidal platinum to generate a more efficient reaétiore recently N-
heterocyclic carbene (NHC) ligands have been demonstrated as efficient ligands for
platinum catalyzedis-hydrosilylatiorf (Figure 15).

This methodology uses the commercially available -kisB,6

diisopropylphenyl)imidazeR-ylidene (IPr) NHC ligand prigated to a platinum allyl



ether (AE) complex under solvent free conditions. Terminal acetylenes resulted in
high selectivi i e s-vidylsitane® utilizing both alkyll(.7) and aryl substrate4.g).

Regioselectivity wastill goodwith internal alkynes1.9, 1.10), although yields were

still quite high.
0.1 mol % (IPr)Pt(AE) H [Si]
R—=—R, + [SiH] > —
60 °C Ry R,
Me Me
CeH Ph CeH Ph
6113 gime,Ph ~  siMe,ph 8 13\/\SiMe2Ph \/\SiMezPh

1.7, 6 min 1.8,2h 1.9, 30 min 1.10,5h
50:1, 93% 100:1, 94% 4:1,80% 24:1,90%

Figurel5 PlatinumCatalyzedcis-Hydrosilylation

It was found that théoundationof selectivity is based on both the alkyne and
silane coupling partner. Increasing the phenyl substitution on the silicon atom as well
as the steric bulk on the alkyne pushed regioselectivities up. Whiie gtgameters
about the alkyne have a direct correlation with selectivity, it is not apparent that the
electronic nature of the alkyne plays much of a rolds methodology does offer a
complementary selectivity to the previously mentioned rutheniumaudethcreasing

the overall utility of hydrosilylation.

1.2.1.4 Cobalt Catalyzed Hydrosilylation
Cobalt catalyzed hydrosilylation offers an opportunity to move away from
expensive precious metal catalysend accesshe wide array of oxidation states

available to obalt complexeg Pioneering work in this field by Isobthas opened the



field to many others. Methods focused on particular substrate cfassestalysts
have been successflilowever, the apex of cobalt catalysis residesiwithethods by
Deng? and Huang*

Utilizing the 1,3diadamantylimidazeR-ylidene (IAd) NHC ligand with
triphenlyphosphingan effectivehydrosilylation cobalt(l) catalystvas synthesized.
This catalyst was able to selectively hydrosilylate hbaerminal and internal
acetylenegFigure 16). In the case of terminal alkynes, th€E)-vinyl silane(1.11)
was the exclusive product while symmetrical internal alkynes resulteild-addition
only (1.12. Limitations were found when nesymmetrical kynes were employed
resulting in poor regioselectivityith exceptons observedn substrates displaying

highly asymmetrical steric encumbrances

A SiMes
Co
Ph P/
3 2 mol % H SiHPh,
ph—=——R + Ph,SiH; > —
benzene PH R
R=H,rt 1.11,88%

R=Ph,70°C 1.12,83%

Figurel6 D e n g 6 s -C&tayzed -Selective Hydrosilylation

Huang utilized 2,6-bis[(4S)4-tert-butyl-2-oxazolin2yl]pyridine (BuPyBox)
as ligand in a preformed cobalt preatalyst (Figure 17). This method is highly
complementary since the major product is theinyl silane (1.13) The authors
presume that this is mostly a result of steric interactions with the bulky rigid
framework of the'BuPyBox ligand. This method was also able to show modest

selectivity for internal alkynes with a 2:1 regioselectiyityl4). While not an efftient



regioselective reactiomwith internal alkynesthis lays the groundwork for further

improvements in the field of cobalt catalyzed hydrosilylation.

s

N—Co—N

Bu CI/ \Cl Bu Ph,HSi H
|
Ph—=——R + PhySiH; 0.5 mol % > ’ —
1 mol % NaBHEt; Ph R
THF, rt
R=H 1.13,93% 93:7 (:B)
R=Me 1.14,59% 69:31 (a:B)

Figurel.7Hu a n g 6 sCatalgzbda -Sdlective Hydrosilylation

1.2.2 Dehydrogenative Silylation

Dehydrogenative silylation allows access to vinyl silanes directly from
abundant alkenesWhile hydrosilylation is dominated by the Chdilarrod
mechanism, dehydrogenative silylation necessitates amgyalationto an alkene
rather than hydride addition. This leads to alkyl metal intermediates thbtroatride
eliminate to yield product or can reversilihsilyl eliminate.However, since a metal
dihydride results fronb-hydride elimination, anxxess of alkene is necessaryaas
hydrogenacceptor.

Multiple different metals have been used to catalyze this process including,
iron, ruthenium, palladium, and iridium. However, no matter what metal is utilized,
the ratio of total alkene to silane in the systerritcal to the sucess of the reaction
Without a sufficient excess of alkene, simple hydrosilylation becomes the dominant

pathway.Some methods work around this by utilizing sacrificial alkene additives as



hydrogen acceptors raththan excess alkene substratesrefore, he overall alkene

content is altered in value, boot in quantity.

1.2.2.1 Metal Carbonyl Catalyzed Dehydrogenative Silylation

Simple metal carbonyl complexes were among the first catalysts discovered for
dehydrogenative silylationNesmeyano? di scover ed i that itori{0g 1960¢
pentacarbonyl catalyzed both the hydrosilylation and dehydrogenative silylation of
alkenes(Figure 18). The observation of product selectivity by altering stoichiometry
was the ifst experimental evidencehich suggestedhe ratio of alkene to silyl
hydride was pertinent to disfavoring hydrosilylation as an end point. Reactions-with 1
decene revealed that large amounts of decane was fofarétgr supporting the
assertion that eess alkene was being used as a hydrogen acceptor. Unfortunately, the
reaction with idecene was not selective and a mixture of vinyl and allyl silanes was
formed. This initial investigation established the guiding principles of all subsequent
dehydrogenate silylation reactions, laying the foundation for an entire generation of

silicon chemists. These principles were fully explored in a detailed mechanistic study

by Wrightort®.
1 mol % Fe(CO)s
& + EtSiFH > AsiE, v N
X 3 SiEt,
130 °C

1.15 1.16
1 equiv 3 equiv 0% 79%
5 equiv 1 equiv 92% 0%

Figure1.8 Impact of Reactant Ratios

1C



This work was built upon by Murai and -@orkers’ where they discovered
that multiple metal carbonyl catalysts were capable of catalyzing the reaction with
styrenedo form1.17. This work is particularly noteworthy as it appears to contain the
first attempt at substituting the exsesubstrate alkene with a less valuable hydrogen

acceptot™ (Figure 19).

0.5 mol % Ru3(CO)4o
1 equiv alkene

PR + EtSi-H T
80°C,3h
1 equiv 1 equiv 1.17
1-hexene 75%
2-hexene 48%

cyclohexene 46%
allylbenzene 61%

Figure1.9 Identity of Hydrogen Acceptor

Unfortunately, the newly developed ruthenium conditions were unable to
selectively convert ghhaticalkenes to vinyl silanes arsignificant amounts of allyl
silane were often observadthose casedHowever, the scope of metal carbonyls was
explored and it was found that metal triad carbonyl complexes were particularly
effective in the reactidri® (Figure 110). While these methods did not employ the
additional sacrificial alkene, they nonetheless, are significant discoveries in
dehydrogenative silylation. Iron and ruthenium gave cotaepselectivity for vinyl
silanel.17. Osmium resulteth minimal amounts of alkyl silan&.18 however it was
shown that for osmium this ratio is highly dependent on the reaction temperature.
Metal carbonyl complexes proved effective for simple alkenes, however; additional

catalysts would continue to be expd for more advanced reactions.

11



P X + EtsSi-H 1 mol % catalyst >~ Ph/\/suﬂ3 . Ph/\/SiEt3

. . 40-60 °C
3 equiv 1 equiv
1.17 1.18
Fe3(CO)q2 89% 0%
Ruz(CO)q2 92% trace
Os3(CO)12 92% 3%

Figurel1.10 Metal Triad Complexes

1.2.2.2 Cationic Transition Metal Catalyzed Dehydrogenative Silylation

Cationic metal complexes are particularly well suited to reactions of alkenes
due to their electrdplic nature. The earliest approach toationic catalysts for
silylation was performed with a simple cationic rhodium catdfysthe system
utilized tripherylphosphine and Rh(I)(COR#s the precataly¢Figure 1.1). This led
to modest yield®f 1.17and good selectivities over hydrosilylatioroguct1.18 The
ratio of alkene to silane wagritical as well as the temperature. The amount of
triphenlyphosphine was alsamportant as a 2:1 ratio of phosphine and rhodium
resulted in a product distribution of 78:22. It is postulated that the additional ligand
serves to create a largeverligated alkyl rhodium caonplex after alkene insertion.
This steric bulk repels the silyl group so tHahydride elimination is favored by

inducing a syn periplanar RH arrangement to relieve strain.

1 mol % [Rh(COD),]BF,
P + EtsSi-H 10 mol % PPhy - Ph/\/SiEh . Ph/\/S|Et3
50 °C, 18 h

3 equiv 1 equiv
117 1.18

70% 2%

Figure1.11 Cationic Rhodium

12



More a anced cationic catalysts have
palladium catalyst® This cationic palladium catalyst shows an interesting dependence
on the size of the silane coupling part{feéigure 1.2). The standard coupling partner
triethylsilane resulted in low selectivity for the vinyl silang.17. However,
triisopropylsilane was highly effective at forming the vinyl silah&9 as the sole
product. It was determined by a thorough mechanistic analysis that the hydrosilylation
product1.18resuts from a palladium hydride reinsertion to the formed vinyl silane.
This reinsertion would be particularly more facile with triethybstitution versus

triisopropyl, hence the lower selectivity.

+
2 -
Ne —) BAr',
pd=)
Z N ‘
U
P + RsSi—H 1 mol % -~ Ph/\/SiRg + Ph/\/SiR3
. . 85°C,24h
1 equiv 4 equiv
Et;SiH  1.17, 70% 1.18, 19%
1.19, 97% 1.20, 0%

Ar'=3,5-CF;Ph  'PrgSiH

Figurel12Br ook hart 6s Pall adium Catal yst

Moving to even moreighly developedcatalysts is the cationic ruthenium
based approach of ¥ which was based off the neutral ruthenium approach of
Wakatsuki?! Yi developed a prenylidene ligated ruthenium complex reminiscent of
alkenemetathesis catalystigure 1.B). Instead of silyl hydrides though, this method
utilizes vinyltrimethylsilane as a silicon sourte form 1.21 While initially this
reaction appears as an alkene metathesis readtisias shown by Wakatsuki that

similar ruthenium complexes reacted with vinyl silatedirectly generate silyl bound

13
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ruthenium complexes; activating the carsmiicon bondand releasing ethylene via a

silyl migration rather than undergoing metathesihe first step of theChauvin
mechanisrf? for metathesigFigure 1.18) first forms a 2+2 intermediate, however;
instead of cycloreversion, the silicon group migrates to the ruthenium .c&heer
advantage of this reaction is that an excess of alkene is built into the silicon reagent,
allowing for a moreatom economicateaction. However, this does require a vinyl

silane to access another vinyl silane.

PCy3 BF4
OC//h,R —_ - M
u e
c1” |
PCy3
P + X -SiMeg 0.3 mol % > Ph/\/SiMe3 + Ph/\/SiMe3
. ) 95°C,4h
1 equiv 1.5 equiv 1.21 1.22
>98% 0%
via: " —l o +
e -
PC BF Me—l
0Cu, 1 /= * PCys BF4
h’RU Me OC/,,,' _/
CI"7 /Ru Me
Cl |_
Me,Si SiMes

Figure1.13 Caionic Ruthenium Prenylidene

1.2.2.3 Grubbs | Catalyzed Dehydrogenative Silylation

Ruthenium alkylidenes have been demonstrated to preferentially activite Si
bonds over alkengd Jeon exploited this activity to develop a regiand
stereoselective dehydrogenative silylation of styrén@sgure 1.4). The reaction did
require HSiMe(OSiMg2 to obtain high selectivity for the vihysilane 1.23 The
addition of 1,5cyclooctadiene (COD) as a sacrificial hydrogen acceptor was, as

expected, highyl advantageous to the reaction. It was shown that judicious choice of

14



an NHC ligated ruthenium nitrate catalyst can flip the reactivity fretnydrogenative
silylation to hydrosilylation .24 with ease. This is a keen example of catalyst tuning

allowing for alternate mechanistic pathways under the same reaction conditions.

Grubbs |

CYapp
Clm,l _,
/Ru
CI¥ |
_ PCy via: PCy;
osive; Ve Me, osiMe, Me\s.,OSiMeg Clu, | Ph
P + Me-Sli—H 0 D . ph/\/s'\ . + ppe L C|/Ru_<
OsiMe, 2 equiv (COD) OSiMe OSiMeq 1 H
) ) THF:hexanes 1.23 1.24 |v|e3S|O—S||-OS|Me3
Tequiv 1.1 equiv 2:165°C 69% 1% Me

Figurel1.14 Grubbs | Catalyzed Silylation

It has been proposed that ruthenium alkylidenes activate silyl hydrides in an
analogous manner to the Chauvin mecharfsithe silyl hydride adds across the
metal alkylidene, saturating the-carbon and forming a silyl ruthenium complex,
which can then perform a migratorgsertionwith an alkeneHowever, this particular
report proposes a phosphine dissociation, silyl hydride oxidative addiahthen
HCI extrusion to initiate the catalytic cycl€he formed HCI is then proposed to go on
to form silyl chloride and hydgen gas. Further mechanistic investigations may reveal

additional details to promote advancement of this methodology.

1.2.2.4 Iridium Catalyzed Dehydrogenative Silylation
In the pursuit of understanding the mechanism of hydrosilylation reactions,
Oro explored thg@ossibility of silyl bound iridium complexes and their competence in

silylation reactiong® The silyl bound1.25 and 1.26 were generated by reacting

15



[Ir(OMe)(COD)]> with triethylsilare and the addition of a triphylphosphine or
triphenylarsine respectively. Investigating the reactivity of these catalysts it was found
that while both catalysts were efficient at dehydrogenative silyl&lidy), the arsine
ligated catalyst was more proficient at suppressing tdeolsylylation pathway1.28).

Predictably, both catalysts produced a considerable quantity of hydrogenated product

(1.29.

SiEty
. Ligand m,, | wH
[Ir(OMe)(COD)], + Et3Si—H e + MeOSiEt
i 3
acetone, rt | H
L
1.25 | = PPhg
1.26 L = AsPh,
) 2 mol % cat . . P
nBu” X + EtsSi—H W nBu” XS+ o ANCSIEL 4 pgy Ve
3 equiv 1 equiv 1.27 1.28 1.29
41% 18% 41%
46% 8% 46%
Figurel150r o 6s Si | yI Il ridium Compl ex

Work in the field of iridium catalysts of this nature have nownbeeveloped
into highly selective reactions. Two key examples of this development are those from
Falck’ and Hartwig® wherein similar iridium preatalysts are utilized along with
nitrogen based ligands and a sacrificial hydrogen accepédeck Fended up using
triethylsilane and 4li-tert-butyl-2,2-bipyridine (dtbpy) as ligan@igure 1.5, top).
Unfortunately, this method requires a 10% loading of iridi@nsteeptrade off for

88% vield (.30).

16



Hartwig was able to improve upon this methmdutilizing a slightly modified
precatalyst that allows for a more rapid formation of actigated catalys{Figure
1.16, bottom) The closely related 3,4,#8tramethyll,10phenanthroline (Mg&hen)
was employed in this case along with HSiMe(OSddeWhile this method requires
only 1% iridium and generatesgh yields and selectivitiesl (31), a large excess of

both silane and norbornene atdl required to achieve high reactivity.

5 mol % [Ir(OMe)(COD)],

/@/\/\ 10 mol % dtbpy /@/\/\‘
+ Et3Si—H -~ |
F 3 equiv norbornene E SiEts

° 1.30
3 equiv THF, 40 °C 830,

89:11 (Z:E)

) 0.5 mol % [Ir(COE)OH], CI)SiMe3
F QSiMes 1.5 mol % Me,Phen Me3SiO-Si-Me
6SiMe3 3 equiv norbornene
THF, 50 °C

1.31
3 equiv 93%

90:10 (Z:E)

Figure1.16 Falck (top) and Hartwig (ktom) Iridium Catalysis

Although the condibns require excess silane and norbornene, these examples

are still viable routes t@-vinyl silanes.

1.2.3 Vinyl Grignard Additions

A simple strategy for the synthesis of vinyl silanes is to utilize vinyl
magnesiunreagents and chlorosilanes. In general, this approach generates the desired
products; however, it is particularly sensitive to the steric environment of both vinyl

nucleophile and chlorosilanes partn&sWell-established reactivity has been

17



observed when utilizing silacyclobutad®due to largely reduced steric encumbrance.
However, in generakthese reactions can be sluggish and require proloregedion
times at high temperaturés
The field of sp nucleophile substitution of silyelectrophiles has been
advanced through the use of metal catalysis by OshifRmure 1.7). Simple metal
salts such asAgNOQOs, Cul, and ZnGATMEDA (tetr amet hwereet hyl e
shown to be highly effectiveThe advancement to progressively more inexpensive
metals has pushed this methodology to a scalable and attractive syntheficTtosl
approach is highly effective for instances where the vinyl Grigreadent is readily

available.

MgBr 5 mol % catalyst SiMe,Ph
PhMe,Si—Cl  + >
/\siMe3 THF, rt SiMe;
1.32
_ AgNO3 78%
cat = Cul 76%
MgBr 1 mol % ZnCl,» TMEDA SiMe,Ph
PhMe,Si—CI  + >
/\Me THF, rt Me
1.33

84%

Figure1.17 Oshima Metal Catalyzed Vinylation

1.2.4 Cross-Metathesis

Alkene crosametathesis has become a highly developed field in recent
decadeg* finding applications in total synthedisand reports involving general
guidelines for reactivity® This chemistry is typically catalyzed by metal alkylidene

pre-catalyss andhas been established to proceed through the CHaumerhanism

18



(Figure 1.B). This involvesactivation of a metahlkylidene to form a metallocyclo
butane; cycloreversion of this intermediate resuitsa silylated metal alkylidene
intermediate Cycloaddition with the desired alkene amglibsequent cycloreversion
results in the desired produdarly reports from Berglund utilized simple tungsten
chloride salts in combination with tetramethyl.}inwWhile this yielded a productive

reaction, there was still great room for improvement.

[Sl]

)/ f

[SI] [S|]

N A

[SI]

Figure1.18 Chauvin Mechanism

Marciniec has performed extensive studies to established a wide range of
reactivity for vinyl silane cross metathesis with ruthenium catafdtmfortunately,
these methods are sensitito substitution at silico(ifrable 1.1) In particular, highly
electron deficient vinyl silanes such as those bearing multiple ether substitutions are
highly effective. As alkylor aryl substitutions are oreased, yields are increasingly
diminished. In greement with the assertion that electron deficient silareesuperior
in reactivity fluoride substitution generates near quantitative vyields while

trimethylsilane shows no conversion in the reaction.
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Tablel.1 Metathesis with Silicon Substitution

Grubbs |

Clu, 1<% pn
o
PCys
_ 1-5 mol % SiR,
— 4 SiR -

Ph/_ = ’ reflux Ph _
Entry SiRs = Yield (%)
1 Si(OEt) 95
2 Si(OEtpPh 40
3 SiRPh 99
4 Si(OEtpMe 7
5 Si(OEt)Ph 0
6 SiMes 0

The majority of metathesis investigations taken place have focused on
ruthenium catalysts. Denmark showed ti&tc hr oc k 6 s mol ybdenum ¢

effective for ring closing metathesis to form vinyl silacyél¢gigure 1.B). However,

extensi ve

metathesis are yet to be reported.

Schrock's Catalyst

Pr
F33<CF3 p
Me

Il Pr

i nvestigations [

O—I\I/I0=\
FyC o Ph
Me2 F3c>'\|/|/ Me2
Si_z e Si
oo\ 5 mol % )O;J
RJ\/\ benzene, rt R
1.34

Figurel.19 Denmark Ring Closing Metathesis
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Metathesis can be an effective synthetic strategy for vinyl siléoest does
suffer from inherent drawbacks. Vinyl silanes are requicedenerate vinyl silanes

andreactivity is limited to specific silicon substitut@ombinations.

1.2.5 Alternative Syntheses from Alkynes

Alkynes are a flexible starting material due to their electron rich triple bond.
The bond polarity can dictate regiochemistry in addition reactemsvell as overall
reactivity. The methods presented dewill exhibit these properties and further
reinforce the utility of alkyne starting materials. Unfortunately, while they enjoy great
utility; due to their high reactivityalkynes tend to degrade over time, particularly if
they are not shielded from lighAdditionally, commercial availability of alkynes in

sparse in comparison to alkenes.

1.2.5.1 Reductions of Silyl Alkynes

Silyl alkynes offer a unique approach to vinyl silane synthesis. Rather than
having to break strong i€l bonds, such as in dehydrogenativeylation, hydride
additions are commonly used to reduce these alkynes. An elementary approach is the
direct hydrogenation of a silyl alkyne to a vinyl silagfggure 120). This can be

accomplished with palladium on cari®or Raney nickét under hydrogen.

cat. Pd/C or Raney Ni
R—=——SiMe3 . ;
H, R SiMej

Figure1.20 Hydrogenation of Silyl Alkynes
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While this method yields product, it is typically limiteddis-olefins due to the
inherentcis-addition mechanism of hydrogenatiohile hydrogenation is limited,
methods to add more than just hydrogen across the triple bond, such as hydro
metallation, inherently hold more value.

Pioneering work by EiséfA in aluminum chemistry, utilizing
diisobutylaluminum hydride (DIBAIH), discovered that although thesyn
hydroalumination takes place initially, thecisvinyl hydro-aluminate rapidly
isomerizes to the more stalitans adductto form 1.21 after qua&ching The addition
of trialkylamines, such all-methylpyrrolidine (NMP), vasfound to limit this vinyl
hydro-aluminate isomerization pathwd¥igure 1.4) to form 1.35 It is postulated
thatthe amine is able to coordinate the aluminum center, inhibiting the fornadtion
the zwitterion required for isomerization. This theory wapported by thdack of
isomerization seen wheamme equivalent of diisobutylaluminum chlorid@IBAL -Cl)
was addedThis additive essentially negated the effect of the amine by sequestering it
from the reaction.The more Lewis acidic nate of the aluminunchloride out
competes the vinyl aluminatéor the amine additivecoordination essentially

removing it from the reaction.

Ph—=—(si DIBAL _ Al(Bu), me Sittes !
1 —— '.I - . _ . _
heptane  |PH  SiMe; HO p{ H PH  SiMes
1.21 1.35
20°C 964

w/ NMP 60 °C 4:96

Figurel21Ei schdés Hydroal umi nati on
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AfterEi schds first ihibchamnmsiryavasiraviteled4d yearsl 9 6 6
later by Miura® in an intramolecular cyclization pathway to form aromatic silanes
(Figure 1.2). This work shows the great utility and flexibility of silyl alkyne
hydroalumination strategies to generate various unsaturated silanes. Ttagystra
allows access to silanes that are inaccessible through other alkyne reduction methods
such as hydrosilylatio(1.36-1.38. As well, most alkene functionalization methods
such as dehydrogenative silylation or metathesis would find it difficufiréaluce
these silanes. However, care must be taken when handling aluminum hydride and

vinyl aluminate reagents as they can react violently with air and moisture.

Ph

M62
xPh Me,Si N-Ph Ph._ _Si.
A H
X |
A TN
SiMe; Ph SiMe,Ph
DIBAL DIBAL DIBAL
hexane, 40 °C octane, 100 °C octane, 80 °C
Ph
Me;Si Ph
Ph Me,
O SiMes JI/\/fslMezph
Ph Et
1.36 1.37 1.38
92% 92% 89%

Figure1.22 Miura Cyclization

1.2.5.2 Silylmetallation
Silylmetallation utiizes silicon organometallic nucleophiles to add across

alkynes to form vinyl organometallic intermediates that can be quenched with various
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electrophiles. This strategy allows for a rapid increase in maecomplexity in a

single step.

(Me,PhSi),CuLi-LiCN E

=
Me~Z > Mea AN SiMe,Ph

E+

H=94% 1.39

| =88% 1.40
Me =71% 1.41
Ac =72% 1.42

E=

Figurel23Fl emi ngdés Silyl cuprate Addition

Some of the earliest methods by Flenifhgtilized silylcuprates for the
addition (Figure 1.3). Various electrophile quenches proved to be effective in this
transformation to generate simple vinyl silarmend enones. The majoraivback to
this method is that itsi limited tob-addition of the silane to form linear olefi(k.39
1.42. In the case of internal alkynesgroselectivity is nonexistent.

While many methods attempted to solve these selectivity probléhesmost
successful of these is a propargypyridylsulfone directing group stratedy This
methodology has allowed for the regioselective silylmetallation of internal alkynes.
This approach exploits the ability of propargyl sulfonesutalergo baspromoted
alkyne to allene isomerizatiofFigure 1.2). b-silylation takes place when the
propargyl sulfone is allowed to directly take part in the reaction. The pyridyl group
directs the copper to tHecarbon which can then be quenched. Whase is added,
the allenic sulfone is allowed to undergo the reaction and the silicon atom is now
directed to thecentral allene carbon. Thigsults in an allylic copper intermediate

which is then protonatedlhis method allows the formation of a myriad vinyl
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silanes. However, sulfone removal through sodmercury amalgam can limit the

functionalities tolerated in downstream transformations.

PyO,S [Si—Cu] RsstiJL R2 R SO,Py R SO.Py
— — — A
/\Rg R——= [Si])YkRZ Voo [S|])\/kR2
R SO,Py [Cu] H
B-Silylation

1 BU4NH2PO4

RsSiCuL ol |
SO,Py ol u RPN
R 038 N R SO.Py

y e 157Cul H; WSOPy ! «
> o —_— A i —_— 2
Y R ‘R2 RO I meon M1 R
R - [Si]
[Si]
a-Silylation

Figurel1.24 Propargyl 2Pyridylsulfone Directing Group

A similarly useful strategysi the silylzincation of alkynes utilizing a dianion
zincaté” (Figure 1.%). While this method is limited to terminal acetylenes, it offers
complementary reactivity to the simple silylcuprationFleming allowing access to
h-silyl additions Quenching of the intermediate vinyl zinc thgbu simple
electrophilic quench1(43, cuprate formation then alkylatiori.44), and Negishi
crosscoupling reactiongl.45 demonstrates the versatility of this method to generate
complex products rapidlywhile this works effectivelyyarying alkyne substitution

can severely diminish or complétebliterate the regioselectivity.
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allyl-Br PhMe,Si _ allyl

94% "Hex H
O o /Bu _ H 1.43
\/ Z CuCN

X

dan. « Li'Mg*Cl ™Hex PhviezSi, [zl | N Phvie;si, _ Me

O SiMe,Ph THF nHeXJ 1H 82% nHe); :H
1.44

(SIBINOL-Zn-ate) Pd(';EIhS')“ PhMe,Si.  Ph

88% "Hex H

1.45

Figure1.25 (SiBNOL-Zn-ate) Silylzincation

1.2.6 Silyl Heck Reactions

The Heck reaction, also known as the Mizorblleck reaction, was named
after the independent reports of aryl halide vitigla by University of Delaware
Professor Richard F. Hetkand Tokyo Institute of Technology Profess®sutomu
Mizoroki.*® In 2010, Richard Heck shared the Nobel Prize in Chemistry wibhEi
Negishi and Akira Suzuki for palladiweatalyzed crosscouplings in organic
synthesisSince then,ite Heck reactiohas seen numerous variationsving towards
increasingly more comgk systems?

Today, the mechanism of the Heck reaction is a standard in organometallic
chemistry(Figure 1.8). Typically, a palladium(ll) source is employed with phosphine
ligands, which undergoes reduction to palladium(@QjisTactive catalyst can then
perform an oxidative addition to an aryl halide such as iodobenzene, then
coordination and migratory insertion of the alkene generatesalkyl palladium
intermediate. At this pointb-hydride elimination can occur téorm the alkene
product Aryl halides typically forntrans-styreneproducts; however, when there is no
clear conjugative advantage, the elimination may form multiple products. The final

step is a base promoted reductive elimination to regenerate palladium(0).
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o I—Ph
Et;NH*I LyPd
K O.A.
EtsN
oL L

| |
I—pd'-H I—pd'-Ph
L L
R
Ph ~_R H L,Pd" P
H\\HII’///R
Ph H

Figure1.26 Mechanism of the Heck Reaction

1.2.6.1 First Generation Silyl Heck Reaction

Our lab sought to utilize this organometallic reaction manifold to synthesize
vinyl and allyl silanes. By substitutirglyl halides for arylhalides theeaction maps
directly to vinyl and allyl silane synthesiigure 1.Z). While the concept of
changing the electrophile is seemingly innocuous, this can have profound effects on
the individual steps of the catalytic cycle. The most prominent differendbei
oxidative addition; trialkyl silyl electrophiles have significantly different steric and
electronic properties than aryl halides. The oxidative addition complex will be
required to accommodate a group structurally similarteytebutyl group. Thisvould
generate a highly sterically encumbered intermediate which would then still require
the ability to coordinate an alkene to undergo migratory insertion. Gfimgdride
elimination may occur to form either vinyl or allyl silane based on yet unknown

factors in the system.
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I—SiMes

EtsNH*I L,Pd°
% O.A.
EtsN
L L

I—I:Dd”-H |—F:>d”-SiMe3
L L
MesSix AR & %
or H LPd" AR
MesSin R WY R
Me;Si H

Figure1.27 Proposed Silyl Heck Mechanism

Early work into silyl halide oxidative additismwith platinum was investigated
by Tanaka! showing that the halogen increases reactivity such Ithdr >> CI.
More useful for oumpurposes though, was his research into the use of palladium for
oxidative additior?? It was shown that, under forcing conditions,sfB4PdCk could
be used as a catalyst to perform a silyl Heck reaction on stiffenee 1.3), albeit in
low yield. While thismethod did form product, it qeiired a large excess of alkene;
arguably the more valuable coupling partner. However, this example did establish the

possibility of a competent silyl Heck reaction.

10 mol % (Et3P),PdCl, e -SiMe
\ . 3
©/\ +  Me;Sil > ©/\/
EtsN, 120 °C, 3 d

4 equiv 54% (based on Me;Sil)
14% (based on styrene)

Figurel28Tanakads Sil yl Heck Reacti on
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In the same time frame, Murai reported two palladeatalyzed
transformationgFigure 1.8) which he postulatetb proceed through a silyl halide
oxidative additior?® These multcomponent alkyne couplisgencompass the first two
elementary steps of a Heck reaction. While the migratory insertion substrate is an
alkyne, this provides another positive confirmation that a proficient silyl Heck reaction
is plausible. Whether due to the increased reactivigllofnes or the use of tetrakis
(triphenlyphosphine)palladium(0), these reactions enjoy mild temperatures and short
reaction timesThe wse of alkynylstannanes form enynes such.48 anddiethyzinc

can be used to generate trisubstituted vinyl silands ask.47.

Ph—=—=—SnBuj; Ph H
< —
2 mol % Pd(PPha), 60°C,2h Vi SiMes
/H 2 equiv Me;Sil PH 146
=z 0
Ph dioxane 1%
Et,Zn Et SiMeg
rt, 1h PH H

1.47
90%

Figurel29Mur ai 6 s Three Csoomponent Coupling

With these examples in hand, our lab developed the first generation of a high
yielding silyl Heck reactior(Figure 130).>* A key discovery in the success of this
reaction was the identification dert-butyldiphenylphosphine as the ligand. The
balance of steric and electronic properties of this ligand allowed for a successful
reaction. Styrenes competently formeahs-b-styrylsilanes whileé -olefins form allyl

silanes selectivelgsE:Z mixtures
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5 mol % (COD)Pd(CH,SiMej3),
10.5 mol % 'BuPPh,, 2 equiv Me;Sil )
Ar/\ . Ar/\/SIMe3
Et;N, PhMe, 50 °C, 24 h

Ar/\/SiMes "
e . .
ArO=M 96% X SiMes MG\ENj/\/SIMeS N SMes
pP- e (]
0-OMe 97% F
Me’

-Cl 96%
bE 8 87%2 78%2" 95%?

210% (COD)Pd(CH,SiMej),, 21% BuPPh,. ® Solvent = PhCF4

Figure1.30 First Generation Silyl Heck

This methodology was then extended to the formation of vinyl silyl ethers
through the usef silyl ditriflates (Figure 1.3).>® The same catalyst was effective for
this transformation; however, sodium iodide was elyguicio generate a silicon iodide
bond in sit?® Since the end product of this reaction was a vinylsilyl triflate, various
guenches with alcohols, water, or Grignard reagents generated vinylsilyl ethers,
disiloxanesand trialkylvinylsilanes respectively. The ability to effect the composition
of the product after the reaction affords the advantage of the system not needing to

adapt to steric and electronic changes irelbetrophilic coupling partner.

1.25 mol % Pd,dbajs, guench

5.5 mol % ‘BuPPh, Me, EtOH 92%

X 1.1 equiv Me,Si(OTf), . _Si. PrOH  91%

t 5 mol % Nal g /©/\/ OR |'BuoH  90%
Bu mol % Na

3 equiv Et;N, PhMe  ‘BU H0  88%

35°C, 24 h ROH quench allylMgCl 89%

Figurel.31 Silyl Ditriflates in the Silyl Heck Reaction
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1.2.6.2 Second Generation Silyl Heck Reaction

The second generation silyl Heck reaction sought to solve the pralblienw
yields with h-olefins Styrenes worked well to produce high yieldspodduct, but
linear alkenessuch as decanwere plagued by starting material isomerization leading
to inactive coupling partners. Upon investigg different substitutions dhe tert-
butyldiphenylphosphine ligand scaffold, it was found that more electich
phosphine ligands were highly proficient in the reactfoRresumably, the more
electron rich phosphines favor oxidative addition of the silyl iodide over starting
material isomerization. This ultimately led to the discoveryhef ligand JessePhos
which was highly efficient in the reaction in conjunction with -tijzhloroethane
(DCE) as solvent. Comparison of the first and second generation conditions shows the
high level of proficiency gained from utilizing JessePhos as adigaigure 1.2).
Most yields were increased i30%, while alkene stereoselectivity remained

relatively constant
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1st Gen: 2.5 mol % (COD)Pd(CH,SiMe3),
5.3 mol % ‘BuPPh,, 2 equiv Me;Sil
Et;N, PhCFg, rt,, 24 h
R/\/ > R/\/\SiMe3
2nd Gen: 2 mol % (COD)Pd(CH,SiMe3),
3 mol % JessePhos, 1.4 equiv Me;Sil (E:2)
Et;N, DCE, r.t., 24 h

Bu
1
Bu P. Bu MeWSiMeg, TBSOWSiMeg,
1st Gen: 60% (83:17)2 1st Gen: 62% (82:18)
By By 2nd Gen: 98% (84:16) 2nd Gen: 94% (83:17)¢
JessePhos

Me3S|/\/\SlMe3 ©\/\/\SIM63 @\/\/SIMeS
1st Gen: 49% (>95: 5) 1st Gen: 64% (87:13) 1st Gen: 57% (>95:5)°
2nd Gen: 80% (E only)d 2nd Gen: 95% (84: 16) 2nd Gen: 94% (E only)

a5% Pd, 10.5% ‘BuPPh,. P50 °C, 48 h, solvent = PhH.
€35 °C, 48 h. 94% Pd, 6% JessePhos.

Figure1.32 Comparison of First and Second Generation Silyl Heck Reactions

The useof new ligands that so highly faved oxidative addition presented the
opportunity to learn more about theechanism of thiseaction. Upon experimenting
with multiple ligands, my colleague Jesse McAtee was able to obtain the crystal
structure of the oxidative addition intermediéfégure 1.3). This provided the first
solid evidence that this reaction proceeds through a silyl iodide oxidative addition, and

thus a silyl Heck reaction.

(COD)PA(CH,SiMes), % e e o
‘BuPAr Messi” oo @
Me,Sil 2 > | o o ®
PhMe/PhH/pentane |—Pd—P ==Ar @ #
-35°C | K" @
Bu y )
green crystals @ -9
Ar = 3,5-Me,-4-OMePh “

Figure1.33 Oxidative Addition Complex
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Further mechanistic investigations witkopentyléhylene probed the nature of
b-hydride eliminationFigure 1.3). The migratory insertion intermediate would form
an alkyl palladium that has two sides to eliminate from. One side is more sterically
encumbered by thiert-butyl group and the o#ér is disfavored due to the alpha silicon
effect reducing the hydricity of the hydrogen atom. The results from this experiment
show that significantly more of the sterically encumbered hydride is elimitated
form 1.48 Purely steric control would havedléo high selectivity of vinyl silan&.49
however, this result shows the powerful control the electronic properties of the silicon

atom impart on thé-hydride elimination step.

more stericall less hydridic due to
encumberedy\v (- alpha silicon atom
H HH A HH H
MGN ~Me
- Si —_—
‘BUMSiM% Me 1 ~Me tBuMSiM%
Me [Pd] Me
1.48 1.49
observed ratio: observed ratio:
72% of product 28% of product

Figure1.34 Reaction of Neopentylethylene

The deelopment of the JessePhos ligand allowedatititionalimprovements
of the silyl Heck reacatin beyond the alkene coupling partrignis work explored the
use of alternative silyl iodidewith alternative precatalystsin the reactionin the
previous sysims, precatalysts such as Ritba performed poorly, most likely due to
the difficulty in displacing the dba ligands. The electron rich nature of the JessePhos
ligand is more competitive for the palladium center and thus dba is more easily
displaced. Thised to a simplified version of the silyl Heck reaction usingdPe; as a

precatalyst®
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2.5 mol % Pd,dbas
5 mol % JessePhos

/@& 1.4 equiv R;Sil /@/\/SiRs
By Et;N, DCE, 40 °C, 24 h By

Mez
- SiMesBn X _-SiMe,Ph -Si o)
/@/\/ /@/\/ /@/\/ D—Me
By 1.50 By 1.51 By 1.52
98% 95%32 95%

2.0 equiv PhMe,Sil

Figure1.35 Simplified Silyl Heck Electrophile Scope

Trialkyl benzyldimethylsilyl iodide, shown to be highly competent in fluoride
promoted Hiyama couplings, coupled nearly quantitativelgl.50. More profound
alterations of the electrophile such as aryl substitution on the silicon atom showed no
detriment in the reactiofll.51). These aryl substitutions allow for altered reactivity
and downstream functionalization of the prod§€tds well, heteroaryl substitution
with 2-methylfuryldimethylsilyl iodide, which can be cleaved under mild conditféns,
was highly competent in the reactigh52. Limits on the reaction were established
though when triethylsilyl iodide only praded trace amounts of product. Overall, the
incorporation of functionalized silyl iodides provides a significant advantage in the

utility of this methodology.

1.3 Synthesis of Alkyl Silanes

Alkyl silanes have a rich history in symiis reaching back overcentury®?
Such a historyf exploration reques definition of silane homenclature as there have
been multiple naming systems employédcording to establishedomenclaturé?
alkyl silane hereto refers to any molecule containing a silicon atomomghor more

sp’ carbon bound substituerdsad no heteroatossilicon bonds known insome earlier
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works as silicanesFor clarity in discussions, the term silahydrocarbon®ften
associted with silanegontainingfour carbon substituents.

The number of incremental reports afkyl silane chemistryn the 70 years
following Friedel and Crafts first synthesis of tettagsilane in 186% is quite

frankly staggering. However, a concise summatiothisf early work can be found in

Ki ppingdés 1936 Bakerian Lect (Whiledhis or gan

constitutes a large paof the current understanding of silicon chemistry, it is mostly
focused on the study of silane reactivityregards to methods of the atech as alkali
metals, acid and base solutions, extreme temperatures, and toxic alkyl metal reagents.
Herein, thissection will focus on those synthetic methods of direct impact on the
current technology of today, framed within the historical evolution of this fige.
majority of examples concern Grignard additions to silyl chlorides; however, there are
rare example of more exotic silyl electrophiles such as silyl sulfteand
fluorosilicate&® that will not be discussed in detaiére, but may be found in Section

4.1

1.3.1 Direct Grignard Additions

Grignard additions have been a staplerganic synthesis since their inception
in 1900 by Victor Grignard’ The field of silicon alkylation chemistry was bolstered
by the discovery of organomagnesium halide nucleophiles. Early examples include the
work of Kipping to form a numér of silahydrocarbor® However among his
successful syntheses, his failed synthesis of tricyclohexylphenylqilab® is the
most interesting reporiNone of the desired silahydrocarbon was formed; instead the

hydrosilanel.54 was the min product with silanoll.55 generated from hydrolytic
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quench. Failure of silahydrocarbdormation has been attributed to sterindrance®®

however this reaction set &rgetfor all other alkylation strategies smirmount

Et,0

PhSiCl; + CyMgBr ——— s PhSiCy; + PhSiCy,H + PhSiCy,(OH)
1égﬂf’;’81o h c 153 1.54 1.55
0% 50% 25%

Figure1.36 Addition of CyMgBr to PhSiGl

Nearly four decades later, Metras and Valade sought to investigate this
reaction and the steric parameters that dictated hydride substitution over alk{lation.
Through varying the size dfie silyltrichloride and Grignard reageiitwas clear that
as the steric bulk was increased on beidictantsthe amount of hydride substitution
was increased. It is particularly significant that with cyclohestigltrichloride the
dihydrosilanel.59 was observed(Figure 1.3, top), further reinforcing the role of
sterics in this transformation. However, #tempt to synthesizetrasopropylsilane
is a highly intriguing examplé-igure 1.3, bottom) While hydrosilanel.61was the
main product, silajdrocarbornl.60was formed, whereirme added alkyl groups were
linear propyl groups, not secondary. This is indicative that there is a boundary that
alkylation can take place within, at the same time revealing isomerization of secondary

nucleophiles as pblematic.
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Et,0

RSiCl; + CyMgCl — > RSiCy; + RSiCy,H + RSiCyH,
160 °C, 2 h
R=Ph 1.53,0% 1.54,70%  1.56, 0%
R=Cy 1.57,0% 1.58,60%  1.59, 11%
. ‘ Et,0 ‘ ‘ .
PrSiCl; + ‘PrMgCl =~ —————— PrSi"Pry +  PrsSiH  +  Pr,SiH,
160 °C, 2 h 1.60 1.61 1.62
19% 52% 0%

Figure1.37 Steric Effects on Alkylation

This hydride substitution reaction did not go unnoticed in the literature. Corriu
and Meunier exploited this reactivity by adding a nickel catalyst to favor the hydride
substitution reaction under mild conditiofisThe reaction of ethylphenyll-naphthy}
chlorosilane withn-butylmagnesium bromiddurther establishes the difficulty of
alkylation, showing that even primary nucleophiles are limited in the scope of silyl
electrophiles that can be alkylatedoid significantly, this reaction establishes the role
of transition metal catalysts in silicon alkylation as promoters of hydride substitution;
not alkylation. Mechanistic experiments support the plausible patioivayhydride
elimination of an alkyl bounchickel intermediaté? This nickel hydride is the
intermediate responsible for the substitution reactod formation of1.63 It is
presumed that in the previous uncatalyzed reacttbesharsh reaction conditions are
responsible for the formation of magsium hydride which can also perform the

substitution reaction.
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Ph Et,0 Ph Ph
Np-S'i—CI + "BuMgBr ——>» Np-S|i—H + Np—SIi—"Bu

Et 20 °C, 48 h Et Et
1.63 1.64

no catalyst 0% 0%

5 % (Ph3P),NiCl, 98% 0%

Figurel.38 Nickel Catalyzed Hydride Substitution

While enlightening on the role of transition metals in alkylation chemistry, this
example also spotlights the lackmild conditions for primary Grignard alkylatisrof
chlorosilanes While examples of extended times and reflux temperatures are
reported® they are generally poor yielding. iheon disclosed a copper(l) cyanide
catalyzed alkylation of silytrichlorideswhich is enabled by cyanide coordination of
silicon to form a reactive pentavalent silicaWhile this worked well to generate
primary (1.65 and aryl (1.66 substituted silanes the formation of
tricyclohexylphenylsilang1.53 remained inaccessibMith only silanol 1.55 being
formed upon quenchThe reaction was not unique to copper(l) cyanideugh
Multiple other cyanide sources such as AgCNzIICN, Hg(CN), and M&SiCN
were also effective as well as thiocyanate sources. The triple alkylation with
cyclohexyl Grignard failed; however, secondary nucleophiles pravide modest

yieldsin this chemistry when coupled with M&iCl (See Chapter 3, Figure 3.

5 mol % CuCN

RMgBr + R'SIiClg > R;SIR'
THF, 0--30 °C
(octyl);SiMe  PhsSi(p-tol)  CysSiPh  Cy,SiPh(OH)
1.65 1.66 1.53 1.55
90% 81% 0% 83%

Figure1.39 CuCN Catalyzed Alkylation
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Highly sterically unencumbered silyl chlorides do enjoy high reactivity with
Grignard reagents. The report @fl-dichlordbenzsilacylobut@e alkylationis a
particularly stark examplef how sterics impact this alkylatidn.Since the silicon
atom is highly sterically disencunteel a variety of Grignard nucleophiles can
alkylate twice, even isopropyl Grignard reacted in good yi@ldhough the alkyl
lithium was necessary faert-butyl substitution, it is still a sharp contrast ttee

reactivity seen so far.

RMgBr
©j‘ Et,0 Me  90% |Ph 88%
RMgBr  + si-c| ——>» Si-R |Et 86% |vinyl 57%
& 0°C R Pr 83%|Buli  55%

Figure1.40 Alkylation of 1,1-Dichlorobenzosilacyclobutene

Previously, it was discussed that Oshima developed metal catalyzed addition
of vinyl and aryl nucleophiles to silyl chlorid¢Section 1.2.32 These additions were
highly competent; however, in the first iteration with AghiOwas shown that alkyl
nucleophiles were unreactive (Figure.tbp). In an effort to advance this chemistry
further, it was discovered that Cul was an effextbatalystFigure 1.4, middle)for
arylation, however alkylations werepoor vyielding at best (1.68. Continuing
developments resulted in the discovery of ZACT MEDA ( t e faminegdaslay | ened
competent catalystwith aryl, vinyl, benzyl, and allyl nuctghiles participating
efficiently in the eaction. However, with this changalkyl nucleophiles wereven
worsecoupling partners in the reactitiman with coppe(Figure 1.4, bottom). These

examples demonstrate the complex natumaetal catalyzedilyl chloride alkylation.
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5 mol % AgNO3

PrMgBr  + MeyPhSiCl 'PrsiMe,Ph
THF, rt 1.67
0%
) 5mol % Cul
"BuMgBr  + Me,PhSiCl > "BuSiMe,Ph
THF, rt 1.68
1 mol % 44%
, ZnCl,»TMEDA
"BuMgBr + Prsicl > "BuSiMe,Ph
THF, rt 1.69

0%

Figurel.41 Al k vy | Grignards in Oshimabs Met al

As the state of the art in silyl electrophile alkylation chemistry, it is clear that
these methods still require improvement. A unifyingthod that can catalyze the
reaction of aryl and alkyl nucleophiles would immeasurably alter the field of silicon

alkylation chemistry.

1.3.2 Silicon Nucleophiles

Silicon nucleophiles are encompassed by the larger field of umpolung
reactivity, a conceptsuggested by Dieter Seebach in the K9d@@scribing reverse
polarity carbonyl synthon®.Silicon alkylation chemistry has seen many lexations
into umpolung strategiassing silicon nucleophiles. Possibly the largest body of work
in this field was contributedver the course of more than a dechgéienry Gilman.
Reports documenting silyl potassium reagéhés well as the synthesis, reactivity,
and limitations of silylithium reagent® laid the foundation and obstacles for further
innovations.

The first true advancement in silyl nucleophile chenyi was reported by
Fleming showing he conjugate addition ailyl anionsto enone® (Figure 142). His

use of silyl cuprates moved beyond the limitations of silyl lithium composhda/n
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by Still.2° The formed b-silyl enolates can be trapped with alkylating reagents such as
i odomet ha n-glyl ketoned 1079.nt wés showrnthatt h e ssilyl kdtones
effectively functioned as masked enon8snple refluxing with copper(ll) bromide

can return the newly substituted endnél

o 1. [Me,PhSi],CulLi o ]
-23 °C o Me 2 equiv CuBr, Me
2. Mel, HMPA " EtOAC:CHCl,
Me -23°C SiMeezPh reflux Me
1.70 1.71
64% 66%

Figurel.22F | e mi n gCumateMNuclegphile

This copper reagent allowefor greater activity and functionality tolerance.
However, this reagent requires two equimddeof silicon as only one group is
transferred from the copper reagent. With this in mind, Fleming also reported on a
silyl zincate nucleophil& This reagent was prepared by simply mixing silyl lithium
with diethylzinc. Further advancing this chemistry, it was shown that chiral auxiliary
modified enones1(7273), along with an excess of Lewisid, was capable of
performing a diastereoselective conjugate additieigure 1.8). These additions,
when evaluated with their copper analogues, provided comparable yield and
diastereoselectivity in some cases. While this work establifiiedormationand

reactivity of silyl zinc nucleophiles, it undoubtedly required further refinement.
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o PhMe,Si O O

(0]
[PhMe,SiZnEt,] Li 6 equiv MgBr.
R/VL)Nb . ambigbrs - Ay
[

or _ THF, -78 °C
Ph3CO PhMe,Si),CuCN]Li, Ph3CO
Zn Cu
R =Me 1.72 R =Me 1.74 84% 76:24 93% 89:11
R=Ph 1.73 R=Ph 1.75 80% 96:4 72% 92:8

Figurel43F1 emi ngds Sil yl Zincate Nucleophile

Silyl cuprates continued to dominate the literature of silyl nucleophiles.
Bergdahl further refined these nucleophiles to utilize 1d silicon:copper
stoichiometri¢ generating a more efficient reacti&mlong the way, it was found that
the dimethylsulfide (DMS) in the complex is critical to thesuccess of
diastereoselective additions (Figure 4).4Standard reaction conditions resulted in
1.75with a 96:4 dr, while exclusion of DMS completely eliminates any selectivity.
Substoichiometric amounts of DMS resulted in a large increase in dr, evigehe

critical nature of DMS in the addition.

o 0 PhMe,Si O O
[PhMe,SiCul]Li-DMS :
Me/\)J\N > Me/\)LN
THF, —78 °C
PhsCO 175 PhsCO
92% 96:4

63% 50:50 No DMS
76% 85:15 0.75 eq DMS

Figurel.44Ber g d a h [,.SiQILIA®MEe Comp | e x

All of these stoichiometric silyl metal additions rely on chiral auxiliary
approaches to desymmetrization of the products. Withatiheent of asymmetric

catalysis and new reagents, silyl nucleophile conjugate additions were updated as well.
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Hoveyda reported on an asymmetric, coppamlyzed conjugate additi&rusing the

interelement compound (dimethylphenylsilyl)pinacoté* (Figure 1.4).

Ph, Ph
oPh N> L\ Et, PhMe,Si O PhMe,Si O
& H i
O Em Me/\)LMe Me/\)]\Ph
Mé 1.76 1.77
/\/R 1.1 mol % 88% 97:3 er 92% 95.5:4.5 er
Me
1.0 mol % CuCl PhMeZSi O PhMeQSL
0 { 2 2 CN
2.2m.0I % NaO I?u . Me OMe Me/\/
1.1 equiv PhMeozS|BP|n 1.78 1.79
THF, —78 °C 96% 96.5:3.5 er 95% 90:10 er

Figurel45Hoveydads Asymmetric Conjugate Additi

This addition utilizes a chiral NHC ligand to impart chirality in the system. A
unigue feature of this reaction is the autocatalytic nature of the product. By using a
catalytic amount of alkoxide base to activate #ilylborare reagent an initial amount
of enolate is generated. This enolate then goes on to activate an equivalent of
silylborane. This cycle continues, accelerating thaction as product is formed and
funnek to a boron enolate before quenchifignis methodology was a tremendous
example for the power of asymmetric catalysis in silane synthesis.

Pushing towards more reactive nucleophiles to participate in copper catalyzed
additions, Oestreiclneported on an efficient bis(triorganosilyl) zinc reagéfigure
1.46). Thisreagentwas able to competently engage est&r8( and aldehydesl(81)
showing the mild nature dfinc based nucleophilé8 This method was also extended
beyond conjugate additions to reactions with simple alkenes. It was shown that styrene

effectively underwent coppenatalyzed silylzincation and subsequent hydrolytic
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workup to yield primary, linear alkyl silarie828 Notably, this reagent has also been

extended to the formation of allyl silanes in batbamic and asymmetric fashitii®’

o) 5 mol % CuCN PhMe,Si O
+  (Me,PhSi)zZn >
Me/\)LR —78°C Me)\/U\R

R =0OMe 1.80 80%
R=H 181 55%

5 mol % Cul )
PP + (MesPhSi)zZn > o\ SiMePh
THF:Et,0 (6:1)

0°C

1.82
85%

Figurel460estrei chds Bis(triorganosilyl) Zinc

One of the still yet unexplored areas of this chemistry is the simyte S
substitution of alkyl leaving groups and silicon nucleophilesil®there are sparse
examples of benzylic phosphdt€ and pivalic ester® these are both distinct
examples based on their corresponding allylic and aryl transformations. Oestreich
developed and reported on a method for the substitution of primary tftléfegure
1.47). This system was highly tolerant of other alkyl leaving groups such as bromides
(1.83 and tosylates1(84) as well as esterd 85. While it was shown previously that
coppercatalyzel methods can add to alkenand alkynes, it was shown that this

method allows these functional groups to remain intact.
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5 mol % CuCN
1.5 equiv NaO'Bu
RN > RTNTN"siMe,Ph
1.5 equiv PhMe,SiBPin
THF, 0 °C R =Br 1.83 65%
R =0Ts 1.84 68%
R=CO,Et 1.85 77%

Figurel1.47 CopperCatalyzed Silyl Substitution of Alkyl Triflates

Pushing towards increasing complexityakyl silanes, both Oestreithand
Fu’! reported theadical basedalkylation of secondary iodides (Figure 8.4op) and
bromides (Figurel.48, bottom) respectively. Dimethylphenylsilylpinacolboranas
used in tandem with copper to silylaaékyl iodides as well as undergeeXo-trig
cyclizatiors; evidencing the radical nature of this transformati®acondary iodides
were the principal electphiles explored, however; primary iodides and sterically

constrainedertiary iodides were effective in the reaction as well.

10 mol % CuSCN
10 mol % dtbpy SiMe,Ph
2

|
1.5 equiv LIO'Bu
Me > Me
1.5 equiv PhMe,SiBPin
MeO MeO
Br

THF/DMF (9:1), rt 1.86
84%

2 mol %
NiBryediglyme SiMe,Ph

1.5 equiv PhMe,SiZnClI
Me > Me
DMA/THF, —20 °C
MeO MeO 1.86

79%

Figurel.48 Alkylation of Secondary Alkyl Halides
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Fuds work was based i nncrhalidek ard alkylat al y s

bromides. This method produces high yields of both secondary and tertiary bromides.
Radical trapping experiments with 2,2 @edramethylpiperidirl-oxyl (TEMPO)
supported the involvement of radicals in the reactiBrperimental evidnce
suggested that reactivity was dependent on the stability cdilklye radical formed.
While these methods provide alkyl silanes in good vyields, they areupaih radical
mechanisms which typically have unreliable diastereoselectivities.

Silyl nucleghiles have provided great synthetic utility over the past decades.
They have enjoyed intense research and exploration into their capabilities and
limitations. One limitation emerges as an inherent shortcoming to the overall tactic of
silicon nucleophiles.All copper, zinc, and boryl based silyl nucleophiles are
synthesized from silyl lithium reagents which are intolerant of most functional groups

limiting the silicon group added to simple hydrocarbon substitutions.

1.3.3 Alkene Hydrosilylation

Alkene hydrosilylation is one of the most advanced fields of silicon chemistry.
Much of this development has been spurred by the countless applications of this
method to synthesize polymer precursors for lubricants, adhesives, coatings, and
resins. This reaction follows the same Chdllarrod mechanism for alkyne
hydrosilylation! The first report ofalkenehydrosilylation was conveyed in 1947 by
Sommef? in which diacetyl peroxide catalyzed the reaction betweectdne and
trichlorosilane (Figure 19). A subsequent report a year later expanded the alkene

scope bthis reactior?
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15 mol % (AcO),

6 equiv HSICl3
Mo X > Me A~ ~-SiCl
50 - 60°C
99%
Figurel49Sommer 6 s Peroxi de Catalyzed Hydrosily

The results of this experiment established then h e r-seledivity f
hydrosilylation to form linear silane3his report had a profound impact on the field
of silicon chemistry, resulting in an exgion of new catalysts for hydrosilylation and
increasinglyefficient reactions. With the immense number of literature reports | would
direct your attention to the many comprehensive reviews in the’8fé&* This

section will focus on the prime advances of hydrosilylation in the literature.

1.3.3.1 Platinum Catalysts

Platinum was the first transition metal catalyst employed in hydrosilylation.
Spei er 6 $° haxachloaoplatisid(lV) acid hehydrate (HPtCkA 6.8), and
Kar st e d t%?28 yearsildtes, wgresthe pioneering catalysts capable oftimgera
at 100 ppm or lower (Figure 30). Industrial applications soared, leading to
hydrosilylation to account for 3% of the worlds overall consumption of platiféim.
Unfortunately, these catalysts suffered from side reactoich as dehydrogenative
silylation, hydragenation, olefin oligomerization, and conproportionation of
hydrosilanes. These side reactions have been attributed to the formation of
promiscuous colloidgblatinum Even so, Karstedts catalyst became a standard for all

hydrosilylation chemistry to be wghed.

47



* / i~Os;i Y \
CI\(FI . 2H Me2§i /\Me28| SiMe, /\\—S\iMe2 Me2§| \ \
c-hic A | | - o Q /Pt—<N]
Cl 6H,0 Me,Si SiMe, Me,Si
/
\ Va \ )
Speier's Catalyst Karstedt's Catalyst Markd's Catalyst

Figure1.50 Platinum Hydrosilylation Catalysts

New discoveries in metal catalyzed reactions led to the incorporation of NHC
ligands to impart stability and avoid the formation of colloidal platiffihReports by
Markh showed an extremely efficient NHC ligated platinum-gagalystcapable of
operatirg at 30 ppm with less than 1% of side prodd¢Ehis catalyst was tolerant of
alcohob, silyl ethers, ketones, and esters. Mechanistic studies showed that this
reactivity is based on the dissdma of the vinyldisiloxane ligand to form a
stabilized, lowvalent platinum cataly$E Additional NHC ligated platinum catalysts
have been synthesized tohavealtered regioselectivity? Alternative approaches to
stability such as sulfur additives have been successful in enhancing reactivity as

well.1° However, platinum is far from the only metahployed in hydrosilylation.

1.3.3.2 Non-Platinum Precious Metal Catalysts

As stated previously, industrial hydrosilylation accounts for a significant
portion of t he worl dés platinum consumpt
alternative catalysts has seenubstantial amount of studyrhodium catalysis has
proven effective for hydrosilylation both with phospHiteand NHC*"%? ligands.
Rhenium catalysis has been shown to effectively hydrosilylate acrylonitrile derivatives
leaving the nitrile functionality unscathé¥.Molybdenum complexes were showm

be competent when initiated with photo irradiatiéh.
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While rhodium, rhenium, and molybdenum were effectagalysts, iridium
and ruthenium examples showed more unique reactivitye simple bis(1,5
cyclooctadiene)diiridium(l) dichloride ([(COD)IrGlj catalyst was shown to be highly
selective for the hydrosilylation of alkenes over typically more reactivenaiky
allowing for the use of hydrosilyl acetylenes as hydrosilylating rea¢&nihis
catalyst was shown to be tolerant of allylkthers, bromides, acetates,
tetrahydropyrany(THP) ethers, alkyl esterstosylates, and epoxides (Figure 1.5

This system allowed some of the most complex hydrosilyaltions to date.

Me, 0.5 mol % [(COD)IrCl], Me,
Si. P - Si_~o
="H * Z°R > Pz R
R Z 4 equiv COD R/
/\/OBn /\/Br /\M;)TS /\(\/);\COZEt
1.87 1.88 1.89 1.90
R=Ph 88% 92% 81% 82%
o}
A~Ph ~OTHP _~OAC A~ <]
1.91 1.92 1.93 1.94
R="Bu 81% R=Ph(CHz); 81% 60% 83%

Figurel1.51 Scope of Iridium Catalyzed Hydrosilylation

A cationic ruthenium silylene complex was shown by Glaser and Tilley to
competently perform hydrosilylation reactio§.This work was further studied in
silico'®” and experimentallj® to substantiate a mechanism that is distinct from the
accepted Chalkdarrod mechanism. This ruthenium silylene complex could engage an
alkene to insert in the distali$i bond, then a 1;Bydride shift would generate a silyl
ruthenium complex. Another hydrosilane molecule is used to perform a silyl exchange

on the ruthenium center followed by a-hydride shift from the silicon atom the
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ruthenium center to reform the silylene complex (Figure)1l.bhis enables a new

reaction manifold to access alkyl silanes.

Me T —/
Me Me
Me Me
PrPHT S
H Si~ph
ve T " ve T
Me Me Me Me
Me' Me Me Me
H SiPhH2 HHShph
Me T R
Me Me
SiPhH, Me i Me
fPr3P/|7u\ /Ph
PhSiH, H SiH

Figurel.52 GlaserTilley Hydrosilylation Mechanism

These examples illustrate the unique reactithitt can be affored by precious
metal catalysts; lthough, iridium and ruthenium have shown the most promise as

effective hydrosilylation catalysts.

1.3.3.3 Non-Precious Metal Catalysts

While precious metals make excellent hydrosilylation catalysts;pnecious
metal catalysts would be an immense economical advantage over expensive metals
such as iridium, rhodium, and rutheniumlesmeyanov reported the first iron

catalyzed hydrosilylation reaction with ironpentcarbdiyBtudies have continued
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fervently to investigate the ability of simple iron catalysts to perform efficient
hydrosilylationst®*1%° Some of the most advanced work in thisaawas reported in a
series by Chirik in whichseveralbis(imino)pyridine (PDI) ligateddinitrogen iron
complexegFigure 1.3) were explored!® These catalysts were effective at generating
guantitative yields at 0.05% loadingghis led to numerous investigations of similar
multidentate nitrogen ligan#$ as well as PDI ligated catalysts with turnover numbers
up to 60,000 mol1!?2 Mixed phosphorous dinitrogen (PNN) ligands were explored

and showed high functiongtoup tolerance to amides, esters, and ketbies.

R = Me, Et, or 'Pr

Figurel53Chi ri kds I ron Catalysts

Nickel has also been employed foydrosilylation reactions. Simple catalysts
such as NiGl'1* phosphine supported nickeéf, and Ni(acac)*® have been reported,
but tend to experience detrimental side reactions. The most advanced nickel catalysts
are hapticigand supported nickel complex&s(Figurel.%). These comlexes have
been shown tdavor Markovnikov Usilylation rather than forming linear silanes.
While complex 1.95 is a neutral complex, it has been established that the

bis(trimethylsily) substitution and reaction conditions encourage the formation of a
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catonic nickel complex. In addition, due to their cationic nature, these catalysts have
been evidenced tadvancethrough discrete nickel hydride intermedsmtehich add

the hydride to the | k e-caon b T h e -ninkel womplex then engages another
silane molecule to forge the carbon silicon bond. In contrast, simples'®Rind

amidd!®supported nikel catalysts exclusively fortimear silanes.

% I
Me— , +
R ! g
Me;Si SiMe; Ni R
_ Ph,P” “PPh, NN A
PLIN \l/ 1
PhP” ClI K | NN _
1.97

1.95 1.96

Figurel.54 Haptic Nickel Complexes

While their history is much shorter than those previously mentioned, early
transition metals such as titanium, zirconium, and haffffractinidesi?! and alkali
metal$?? have seen utility as wellhese catalysts have seen fewer applications due to

sensitivity of the precatalysts, availability, and overalttivity.

1.3.3.4 Lewis Acid Catalysis

Lewis acid catalysis has been the principal alternative to metal catalysis for
hydrosilylation. Initial studies in the formation of silyl cations with stoichiometric
Lewis acid®® led to an upsurge in Lewis acicatalyzed hydrosilylatic These
strategies were heavily based on highly electteiicientboron catalysts and counter
anions. GevorgydA* showed that the simple tris(pentafluorophenyl)borovas

capable of using hydrosilanes while Oestr&itbhowed the use of8lyl cyclohexa
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1,4-dienes as a silicon sourc&tephan reported on phosphonium borate salts that were
also catalytically activéFigure 1.%).126 While these catalysts are effective they are

not nearly as well developed and specialized as their transition metal competitors.

O catalyst [Si]
—_—

Catalyst: Mes 2+
N F
B(CeFs)s [(CeF5)sPFI* [B(CoFs)al [ DR 2 [B(CeFs)l
. 5 mol % 1.5 mol % N\ Ph
Silicon: Mes
2 mol %
. SiMes ) )
Me,PhSiH Et3SiH Et;SiH
98% 61% 89% 89%

Figurel.55 Lewis Acid Catalysts

Hydrosilylation has become a highly adead field of synthesis. However, the
inherent drawback to using a hydrosilane or other complex reagent hinders the utility.
Hydrosilanes are typically the second stage product of industrial synthesis with silyl

chlorides being the primary product of orgaiane production.

1.4 Applications of Vinyl Silanes

Vinyl silanes are highly useful reagents in organic synthesis through Hiyama
crosscoupling, Tamad-leming oxidation, and electrophilic halogenation and
fluorination. This section will detail the importamispects of these reactions in
synthesis and critical advances in their development that have made them
indispensable in organic synthesfdditional information can be found in several

reviews on the topic as weéfl’
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1.4.1 Hiyama/Hiyama-Denmark Cross-Coupling

The Hiyama or Hiyamdenmark crossoupling is the coupling of vinyl
silanes and aryl, alkenyl, or alkyl electrophiles through the use of palladium catalysis.
While the Hiyama and HiyamBenmark vamnts arepartitiored between fluoride
activation and base activatiorof organsilanes respectively, their histories are
inherently entangled. dter discussions on the nature of reaction mechanism for both
will further depict the interwoven nature of thesactions.The original report of
fluoride  activated crossoupling by Hiyama  was in 19882
Tris(dimethylamino)sulfonium difluoromethylsilicate (TASF) was used as the fluoride
source with allyl palladium(lizhloride dimer as the catalyst.

While earlier reports of a similar reaction exist, they are characteristically
different. Kumada reprted on preformed dianionic pentafluorosilicatéshat, under
palladium catalysis, could be reacted with allyl halides in an allylation reaction,
alkenes in a Heck likeeaction, a carbonylation, amdosscoupling with aryl halides
at 135 °C. Westerlund reported on the crosgpling of four aryl iodides with
vinyltrimethylsilane!*® However, these reactions were fluoride free and therefore
required 70125 °C and extended reaction times for modest yields in return. Perhaps
in the most inspiring work for Hiyama, Matsuda reported the erogpling of various
vinyl silanes with a muitude of aryl diazonium salfs? It was clearlydemonstrated in
their studies that the diazonium countmm must be tetrafluoroborate or
hexafluorophosphate fohé reaction to proceed efficient{ifigure 1.56) Utilization

of the diazonium chloride salt resulted in a yield depression of 85% or more.
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5 mol % Pd(dba), Ar

AXSiMe; + Ar—N,*X > ARAT
Ph 2 MeCN, 25 °C Ph Ph
Ar = 4-BrCgH, &N,
X =BF, 100% (65:35)
X = PEg  100% (86:14)
X=Cl  14%

Figure1.56 Effect of Counterion with Aryldiazonium Salts

Hi yamaos

r e p oin kind due g0 thie ladglitioh of rsteichiometric

fluoride additive as well as the scope of coupling partners (Figur@. M&rious aryl

substitutions were well tolerated.98 1.101 as well as alkyl carbonyl substitutions

(1.102 1.105. The stereospecifigitof the reaction was also characterized through the

use of stereodefined vinyl iodides to produc&06 and 1.107in a stereoretentive

coupling. Cyclic 1.108 and acyclic 1.109 dienes were also excellent coupling

partners.Allyl and alkynyl silanes wex also demonstrated as effective coupling

partners in this report.

2.5 mol % [(allyl)PdCl],
1.3 equiv TASF

TASF = [MesSiF,] [S(NMey)st >

L

R =Me 1.98 89%
R=NO;  1.99 83%
R=NH,  1.100 85%

R = C(O)Me 1.101 86%

Hex
Hox” XX \/\

R X
A
Hs/\/\ 1.106 1.107
99% 76%

R=CO;Me 1,102 88% X Ph
R=C(O)Me 1.103 67% O/\ \/\"/\/\
R =0C(O)Me 1.104 70%
R = CHO 1.105 52%  1.108 1.109

99% 85%

1.98-1.101: solvent = HMPA. 1.102-1.109: 5 mol % P(OEt)s, solvent = THF.

Figurel.57Hi yamads

Semi nal Report

55



From this reporta number of studies to determine the stereospecificity of
transmetallation were explorétf. Hiyamasuggested transmetallation from an anionic
silicate intermediateHammett studies on the reaction of aryl silanes in the cross
coupling suggestd a negatively charged intermediate which was proposed to proceed
through a binuclear S2d complex with a fluoride bridgé® These investigations led
to the mechanistic proposal in Figure 8.5 pdladium(0) catalyst performs an
oxidative addition with the electropdj followed by transmetallation of a
fluorosilicate formed from the fluoride additive, then reductive elimination to form the

product.

Ar—I
Ar/\ [Pd]o
Ar—[Pd]”—\\ AF_[Pd]”—l
T.M.
F R R
F\I'Q.,R Ar=P /x"l:SliT\\\R F\éi_—R <M R‘éi—R
BunN* I + 5 rPd YN | =R -
R R =
R = F, Cl, OAlkyl, OH, Alkyl T.M./T.S.

Figure1.58 Mechanism of Hiyama CrosSoupling

With the available datdhis mechanism seems quite reasonable. The typically
mild polarity associated with the carbon silicon bond is drastically altered by the
formation of the hypervalent silicate to generate a more nucleophilic carbon. However,

further experimentation to gera@e a more efficient reaction raised more questions
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than answers. Hiyama found that while vinyltrimethylsilane was competent in the
reaction, it is a unique coupling partner. The use of octenyltrimethylsilane resulted in
no product under the same condisio(Figure 1.9, 1.110.1** Both mone (1.111) and
difluoro (1.112 silyl octenes were competent in the reaction. However, the trifluoro

silane was completely inactive in the reactibri{3.

2.5 mol % [(allyl)PdCl],
) 1.5 equiv TSAF
Bu/\/\/slxs +  1-Np-l > BUW1—Np
THF, 50 °C, 10-48 h

SiXs = SiMes 4 440 0%
S|X3 = SlMezF 1111 81%
SiX3 = SiMeFy 1.112 74%
SiX3 = SiF3 1.113 0%

Figure1.59 Vinylfluorosilane Cros€oupling

These results seewounterintuitive if the prerequisite to transmetallation is
simply a hypervalent silicate. The increased fluorine atoms should make the silicon
atom more susceptible tftuoride attack ad increase the rate of reaction. In fact,
several reports of thisilicon substitutionphenomenon were report&d3 In a
similar manner, Tamao examined the fluoride activation of vinyl silyl ethers in-cross
coupling?®*® Tamao observed a similar trend in reactivity when using isargaether
substituents in the reaction (Figur&@). While mone (1.114 and di (1.115 ethoxy
vinylsilanes generated high vyields of produdhe triethoxyvinylsilane was
significantly reduced in yield1(116. With this comparison in hand, the detrirhém
multiple withdrawing groups on the silicon atom was attributed to depolarization of
the carborsilicon bond. The high withdrawing nature of the fluoride atoms force the

silicon atom to pull more electron density from the carbon atom. While thisisraés
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of oxygen, the effect is to a lesser degree which allowslifgintly greatereactivity to

occur. This was also demonstrated by effectively crosgpling increasingly less
withdrawing trichloroanisylsilane to form biary#’ Curiously, this trend does not
hold true for alkylflurosilanes as Hiyama reported that cooggpling of alkyl silanes

was exclusive to alkyltrifluorosilané®

2.5 mol % [(allyl)PdCl],

Mei/\:)\ o 5 mol % P(OEt); Me/;/\J\
+ -Np- > =
Me . > Me
SiX; 1.5 equiv TBAF 1-Np

THF, 50 °C,5h
SiX3 = SiMe,(OEt)  1.114 95%
SiX5 = SiMe(OEt), 1.115 96%
SiX3 = Si(OEt); 1.116 54%

Figure1.60 Vinyl Silyl Ether CrossCoupling

It was apparent that fluoride activation, while effective in many examples, had
limitations. Report®f fluorosilane activation witisodium hydroxid&® andalkoxides
via allyl carbonate decomposititii brought further questions as to the mechanism as
well as the necessityf fuoride.

Denmarkreported several cros®uplingsof alkenykilacyclobutanesvith aryl
and alkenyl electrophilé$! Mechanistic investigations of this reaction revealed that
alkenylsilacyclobutanewere converted into silanold.(17) and disiloxans (1.118
nearly quantitatively (Figure @1). Looking into other substitutions, it was found that
the vinyt silanols, disiloxanes, and even dimethylfluoro silanes all generated the same
disiloxanel.119and hydrogen bonded fluoride silarbll2Q Denmark also showed
that by adding additial equivalences of TBAF increased the ratiolof201.119

This further supportedl.120 as the active intermediate for transmetallation as
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reactions with 1 or 2 equilence of TBAF took 1 hour or 10 minutes to finish,

respectively.

Me Me Me

o om0 CLS

Cot” X"e si'gifa?.i'n CoHi” XS0H oty XS0 SN e,
1.117 1.118

Vi, e ~ 42% 45%
CsHﬂ/\/Si“OH Me\'\{"e'\/"e‘,Me

Me Me Me pe . CSH11/\/S;\?1/:|\/\05H11
C5H11/\/Si‘0'8i\/\C5H11 1 equiv TBAF .+

Me, Me Me\SMe y
CsH11/\/Si\F 05H11/\‘|/12|;)O/ oF nBU4N+

Figure1.61 TBAF Formation of Silanols

While initially the oxygen source may not be apparent, it is important to note
that commercial sources of TBAF, whether salidsolutions, are always in a hydrate
form. Drying of TBAF under vacuum result;®y Hofmam elimination to form
tributylamine and bifluoridé*?> however, more advanced protocols have been
publishedto generate anhydrous TBAF in polar aprotic solvétitgvith this in mind,
it is likely tha the multiple fluorosilane crossouplings reported previously were
subject to the same reactivity and did not in fact undergo transmetallationafrom
fluorosilicate intermediate.

This new development brought about the idea of masked silanols for cross
coupling anda multitude of reports to find the oth@recursorsvere conveyedFigure

1.62). Yoshida reported on the@ridylsilane as an efficient masked silanol followed
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by Hi y*@2riheedylsilane. Andersdf reported on phenyldimethyl silane which
canbe activated by either TBAF aftBuOK or Me&sSiOK with 18crown-6. Trost?%

and later Denmark!® both reported on the ease of protodebenzylation of
benzyldimethylsilane substitution. Katayama advanced the simple phenyl substitution
by adding withdrawing trifluoromethyl groups to enhance reagtivésulting in
milder reaction condition¥’ While the ease of oxidation and cleavage of
dimethylfurly silane had previously been repoletf® Murata was the first to

describe the use of the furyl group for crassipling purpose¥?®

[Si] [Si] [Si]
w U .
TBAF- XH20 [Si]
[Si]
[Sl]\E) [S|]\(> \©/

Figurel.62 Masked Silanol Groups

~OH

These reportispiredthe development of intramolecular modes of activation
for silicon based crossoupl i ngs. Mo s t not abl-e I s
(hydroxymethyl)phenyldimethylsilanes (Figure 3).6°° Under the reaction
conditions, the tethered alcohol performs a cyclization onto the sdiwon to form a
reactive pentavalent intermediate. This can then perform a transmetallation of the aryl
or alkenyl group attached. In most cases, the formatidnldf7was greater than 90%
and could be recovered to synthesize the aryl silanes again thamyighthium

addition and protic quench. In fadtamao employed this specifsrategyto directly
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crosscouple aryl lithium reagents by-Bitu ring opening/closingp transmetallate the

aryl group from the silicon atof!

1 mol % PdCl,

__HO/D 2 mol % (2-furyl)sP . O/\/©
===, ' + Arl > & p—Ar o+ o
Si 2.2 equiv K,CO3 N/ Si

<'\l )
NS Ve, DMSO, 35-50 °C Me;
: 80-99% 1.117

Figure1.63 Intramolecular Silicon Activation

This method displayed the immense power afamlecular activation modes.
Recognizing the potential of such a uniquely active silicon reagent, Hiyama further
developed this method for the crassupling of alkyl silicon nucleophiles (Figure
1.64).1°2 Additional methyl groups were required on the hydroxyl carbon to enhance
cyclization through the Thorpiagold™®® effect. One of the critical additions to the
reaction was copper(ll) hexafluoradyglacetonate (Cu(hfacaf)as a cecatalyst. It
has been suggested that base deprotonation of the alcohol generates the copper
alkoxide which then performs an intramolecular transmetallation of the nucleophilic
group. Effectively, this generates alkyl @@ intermediates for the cressupling
without the necessity of stoichiometric copper. These reactions also generate the
cyclic etherl.118in high yields for further synthetic recycling of the activating group.

In order for selective transfer, the ramag groups had to be isopropyl groups
to favor the transmetallation of the primary alkyl nucleophiles. Alkeriet19),
alcohols 1.120, ketones 1.121), and esters1(122 all coupled in good yields.
Increasing this method further, secondary alkyl geosuch as isopropyfl (123,

cyclopentyl (.124, and cyclohexyl X.125 all performed well. Unfortunately, all of
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the groups on silicon need to be the same secondary alkane to avoid a mixture of
products. Additional reports of intramolecular activationcil ude Shafndm 6 s

silylacrylic acidst>*

1 mol % Pd(OAc),

Me_ Me
4.2 mol % DPPF R me M8
HO 3 mol % Cu(hfacac), C?%@
- + L
R'_g' 2.5 equiv K3PO, %‘
’ CN 1118

\

R=iPr R = THF, 100 °C R=R'= ‘BUOH, 50 °C

[Si] 1.123 78%

Me . O\
\([)]/\/\[SI] 1.121 86% ST 1.124 84%
o
e \n/\/\[Si] 1.122 92% O\

0

[Si] 1.125 78%

Figurel.64 Intramolecular Activation for Alkyl Silane CrosSoupling

Within all of this progress of oxygen activation of organosilaties, move
towards the direct use of silanols was underway. Hiyama reported the direct use of
silanols utilizing stoichiometric silver(l) oxide as an activating ag&nbenmark
cortinued expanding upon the usage of TBAF in the direct coupling of sitdhaisl
commercial polysiloxane’$! However, truly mild conditions for the cressupling
were realized in the use of oxygen activators such as cesium carhertdiatoxides,
and silanolate bases with silanidfsand polysiloxane&® Increased activity was also
found by utilizing in-situ formed aryl and alkenyl silanolate salts via silanol

deprotonation with metal hydridé®. Further advancement from the direct usage of
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silanolate salts gave further improvedateaty, particularly in regards to sterically
hindered nucleophile’$?

This development allowed further mechanistic investigation of the
transmetallation stepsolation of a stable transmetallation intermedilt26 (Figure
1.65) showed that oxygen coordination fmalladium preceded an intramolecular
transmetallation. Simple heating of this complex at 50 °C result8@i ®0% vyield of
biaryl product As well, it was shown that addition of aryl silanolate increased the rate
product formation by 10 foldFurther in dpth mechanistic studies confirmed the
initial findings that oxygen coordination of palladium followed by intramolecular
transmetallations operative'®? Significantly, this reverses the reigning viewpoint that

anionic silicon intermediates are required to engage in transmetallation processes.

1.126

o F1

Figurel.65 Aryl SilanolateTransmetallaon Intermediate

The significance oéll this development carelseen in the myriad of synthese
over the years that were based on silicon ecosgpling reactions (Figure 6% One
exampleis Hi yamao6s sy nlio4)% a HSIG-CoA redickase inhibitor.

Hanaokaodos nilfisdcn example i nhe pasveriofspolyarene synthesis
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through the Hi ya maxidieresynthesi® exempliesthe po@es her b
of stereocontrol i n these reactions, even
brasilenyné®® and papulacandiB!®’ syntheses are a true achievement in thveepof

silicon crosscoupling to access large rings and latent bond disconnections.

OH
2—Me
"o o Hanaoka cl
Nitidine Denmark
(+)-brasilenyne
Hiyama
NK-104
Panek
Herboxidiene/GEX1A
Me H HO,
Me 0
Denmark Me HO O OH
(+)-papulacandin D \_~_~ N\F O \
: HOO )

Figure1.66 Silicon CrossCoupling in Total Synthesis

In addition tototal synthesis examples, nickel catalyzed variants have been
reported by Fuvherein alkyl halide electrophiles participate in the reactidithis
opens an entirely new avenue of reactivity in the Hiyama reaction that remains yet

unexplored.

1.4.2 Tamao-Fleming Oxidation
TamaeFleming oxidation is a relatively simple transformation of a vinyl
silane to various carbonyl groups that has evolved into a highly advanced tool for

polyketide synthesis. Originally, the first report of transforming a vinyl silane to a
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carbonyl wasfrom Stork in 1971(Figure 1.6).1%° He was able to take simple
triethylsilyloctere 1.126 to an aldehyde by first utilizinghetachloroperbenzoic acid
to form the silyl epoxidel.127 then acidolysis tdorm the aldehydel.129 This
method vas generally modest yieldingequired a multstep sequengeand was

limited to acyclic vinyl dianes.

. mCPBA (o) H,SO4
Hex/\/SIEts — HeX/Q/SiEtS — HBXMO

1.127 1.128 1.129
60%

Figurel67St or k6s St epwise Oxidation

Tamao reported the first direct oxidation more than a decadéefater
synthesize Slecanone in 82%ield as asingular example. One year later, Tamao
detailed the full extent of his work in this fieYf. A tour de force in vinyl silane
oxidation chemistry, he outlined neutral, basic, and acidic conditions (Fig@efdr.6
oxidation using hydrogen peroxideThese conditions allowed the transformation of
silyloctenel.130to aldehydel.129under neutrabr basic conditionsnd, divergently,
carboxylic acid1.131 under acidic conditionsThis allows for tuning of reaction

conditions depending on the requirarteeof other functional groups in the molecule.
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2.4 equiv KHF,

DMF, rt
30% H,0, 2.4 equiv KHCO3

o 1.129
Hex” N2 76%

neutral

o 1.129
Hex” N7 63%

A SiMe(OEt),
1.130

Hex basic| MeOH/THF, 60 °C

2.4 equiv KHF,

; O 1431
idi 2.4 equiv Ac,O Hex .
acidic g 2> /Y OH 93%
DMF, rt

Figure1.68 Neutral, Basic, and Acidic Tamao Oxidation Conditions

Tamao demonstrated his met hoodidatioo b e
Silylcyclohexenel.132 was quantitativig oxidized to cyclohexanoné&.133 under
mild conditions. In contrast, the stepwise oxidation process relies on acidolysis of the
silylepoxide1.135 This results in silyldioll.136 which is misaligned to perform the
necessary £elimination of the silanand water. Tamao used this information to infer
that the mechanism of oxidation with hydrogen peroxide is not a stepwise oxidation of
the double bond. Rather, it was envisioned that the hydrogen peroxide would insert an
oxygen atom into theiCSi bond genetting a silyl enol ether intermediate. Theghen
rapidly hydrolyzed under the aqueous reaction conditions to give the corresponding

carbonyl compounds.

30% H,0,

()/suvle(oa)2 2.4 equiv KHCO, O/osnvle(oa)2 040
MeOH/THF
1.132 60 °C 1.133
99%
SiM CPBA SiM ol
1vVieg m 1vVieg H.O* z .
o 3 SiMej
f=OH
H
1.134 1.135 1.136

Figurel.69 Cyclic Vinyl Silane Oxidation
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In the same report, Tamao alsentbnstrated the selectivity of his conditions
for alkenytalkoxysilanes over alkendlkylsilanes (Figure ¥0). By subjecting
alkoxysilane 1.130 and alkylsilane1.134 to neutral reaction conditions, aldehyde
1.128was oxidized selectively, while 93% @&f134 was recovered untouchedhis
orthogonal reactivity greatly expands the number of intermediates with which

hydrogen pesxide oxidation can be utilized and subsequent functionalizations.

0,
SiMes zfgélr/fl-zw SiMes
X SiMe(OEt), + £aequivRAara 0
Hex ™ DMF, it Hex T 7
1.130 1.134 1.128 1.134

76% 93%

Figure1.70 Selectivity in Tamao Oxidation

In a more advanced transformation, Tamao showed that mMCPBA epoxidation
and subsequent hydrogen peroxide oxidation resultédniydroxy ketonesl.13972
Comparing the reaction of each of these reagents separately with potassium bifluoride
resulted only in keton&.138 By allowingformation of the epoxysilane then peroxide
oxidation, this unique reactivity can be observ@ynthetic examples of this reaction
can be found in the syntheses of macrocyclic amphidinolides T1, T3, antliZishg

asymmetric Shi epoxidation to generatesaantieenriched" -hydroxy ketoneg "
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(0]
mCPBA, KHF,, DMF BU/Y

Y

or Bu
30% H,0,, NaHCO3, MeOH/THF 1.138
SiMe(OEt _

Bu/\r iMe(OEt), 73-80%

Bu OH
1.137 mCPBA, DCM _ o

then Bu
30% H,0,, KHF,, KHCO3, MeOH/THF Bu

1.139
88%

Figure1.71 Oxidation toh -Hydroxy Ketones

The most exploited oxidation strategy was still yet to be developed though.
Tamao pressedhis chemistry further, developing a strategy ftoo r rhydroxy
ketones as wel’* An elegant intramoleculanydrosilylation strategy results in -5
menbered cyclic vinylsilanesThe transformation of homopropargylic alcotio140
underwent oxygen silgtion and alkyne hydrosilylation smoothly. This was then
o0 X i di zhydtoxytketon€l.142in 76% overall yieldOnly a few examplesere
reported;however Trost cultivatedthis chemistry further establishing the limitations

and capabilitiesf this transformatiorf®175

Hex OH Me,Si—O H,0,, KF O OH
A (HMe,SiNH — Ho KHCOs  Hex
—_— —_—
1.140 Cl H2PtC|6°6H20 Hex 1.141 Cl MeOH/THF 1.142 Cl

76% overall

Figurel.72S y n t h e-blydraxy Ketonels

This has been proven as a powerful tool in synthesis, allofeingntry into
polyketide natural products. Marshall utilized this strateggyathesize the GC23

subunit of tautomycif’®Mc Donal d 6 s RK3¥B9IV tiskaenastedul use of this

68



oxidation in succession with ketone reductiestablishing this strategy for polyketide
synthesis. The remarkable robustness of this transtorma n can be seen ir
gelsemoxonine synthesi& This oxidation was the last synthetic step of this tricyclic

compound composed of several potentially reactive functional groups.

McDonald RK-397 Carreira (+)-Gelsemoxonine

Figurel.73Tamao Oxidation in Synthesis

Leighton further advanced this chemistry by merging thékyne
hydrosilylation step with a formylation, formally an alkyne silylformylation
reactiont’® By using diallylsilam 1.143 the reaction proceeded via silylformylation,
then intramolecular allylation of the resultdnsilyl-U ,-umsaturatedldehyde to give
the bicyclic silyletherl.144 Tamao oxidation of this intermediate revetis bisb-
hydroxyketonel.145 It hasbeen proposedand reinforced experimentallyhat the
diastereoselectivity of the allylation step is influenced by the steric bulk of -the
silylether substituent, in the caselol43 the isopropyl groupThe interaction of the
substituent and the allyl group drives the carbonyl and allyl group closer promoting

greater reactivity over the opposite diastereomeric allylation.

69



N~ 0.1 mol % /\|

osit . H,0
0"""H 0—Si—O0 202 OH O OH
// Rh(acac)(CO), q 2 | NaHCO, z |
'Pr co,PhH  Pr THF/MeOH PT
Me 60 °C Me Me
1.143 1.144 1.145

65%

Figurel1.74 Leighton Silylformylation/Allylation/Oxidatn Strategy

This chemistry was utilized in the syntheses of Dolabelides A, B, afthB
well as the C4C23 fragnent of Spongistatin A and Zincophotf!.While extremely
useful, further advancements moving away from the requirement to use diallyl silane
would be highly desired. Leighton reported on a chiral crotyldiaminosilyl chloride
derived from RR)-(-)-1,2diaminocylcohexane as an effinie diastereo and
enatioselective crotylation. The products of which could subsequently be oxidized to
reveal enanti@ n r i c-hydrakykeboned®? While many of these transformations
contained the fused ring system about the silicon atom, it was unclear how
diasteeoselectivity could be affected in the case of a single silacycle intermediate with
a vinyl substituent. It was reported that the intermediaid6 could be subjected to
protic oxidation conditions to yieldl.147in 18:1 dr (Figure 15). In contrast, amtic

oxidation conditions affordetl.148in 6:1 dr for the opposing diastereom&.

H,0, (aq), KF O OH

i o T 1.147
e THF, PrOH,0°C,4h Me)H/\é/\ sn

Ph=Si—O0O Me Me Me
Mew | Ho Me

Me M y on o7} o} gH

. :
e quinuclidine-HCL AgF . ¢ T 75°l',1g:£: dr
) Me Me

PhCN, 23 °C, 24 h

Figurel.75 Diastereoselective Oxidation Through Protic or Aprotic Conditions
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Fleming reported in 1984 the selective oxidation dinethylphenylvinyl
silanes to silyl enol ethers (Figure @).7%3Vinyl silane1.149was epoxidized1( 150,
and then gbjected to boron trifluoride diethyl etheraté @8 °C to form the silyl enol
etherl50. Whil e initially this may hdypoear si m
ketonesn Figure 171, t he anhydrous reaction conditi ¢
for this divergent reactivity. The boron acts as a Lewis acid to promote epoxide ring
opening which is followed by a rapid silylation of the alkoxide anion and reformation
of the double bond. However, this reaction mechanism necessitates that the oxygen
silylation and double bond reformation must occur faster than sigma bond rotation.
Otherwise, the subsequent alkene would be a mix of geometric isoMeils. this
met hod has great uti i ty, FIl emingds oxi da

alkyl silane oxidation which will be covered in Sectibb.1

Me CPBA Me BF3'OEt2 Me
, m o . —_— > i
Mej\/smﬂezph —_—> MejQ/&MezPh DCM, —78 °C Mej\/osuwezph

1.149 1.150 1.151
99% 68%, 96:4 (Z:E)

Figure1.76 Fleming Oxidation to Form Silyl Enol Ethers

Overall, Tamad-leming oxidation allows the direct substitution of a carbon
silicon bond for a carbon oxygen bond. As seen in this discussion, this transformation
is truly only limited by thecreativity and inspiration of the user to find embedded

oxygen atomsccessibléhroughorganosilicon frameworks.
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1.4.3 Desilylative Halogenation

The transformation of a vinyl silane to a vinyl halide is a powerful reaction that
allows the robust vinyl silane group to mask the sensitive vinyl halide group through
many synthetic steps. Thiseaction has been studied for over forty years with initial
studies by Sommé&* on the eliminatioro f -chirosilanego form terminal olefins.
Jarvié®® and Webéf®® explored the pasbility of this transformation; howeveit, was
Miller who showed the synthetic utility and continually improved uponréaetion.
Mill er reported on the halogenati@md elimination sequence @-hexenylsilane
1.152%8" The initial halogenation is a standardns-addition with alkenes to form
1.153 (Figure 1.7), which upon rotation, sodium methoxide promotes the E
elimination to generate silyl ether and sodium halide Sdlis provides a clear

rational for the stereospecific formation of vinyl halide$54and1.155

X xy H
Br, H J § X
. _SM Bu urpy BU X NaOMe
v SWMes orClh X siMes H T SiMes 8t
1.152 1.153 X=Cl 1.154 75%

-OMe x - By 1.155 80%

Figurel.77 StereoinvertivéHalogenation with Bromine and Chlorine

This reaction was shown to be stereospecific wahsvinyl silanes as welhs
yield cis-vinyl halides. More intriguing though, is the result that Miller observed when
using iodine as the halogen source (Figure)l.The transformation of.152 with
iodine results in diiodosilang.156 analogous tdl.153with chlorine and bromine.
However, this intermediate is less stable and spontaneously degrades to the vinyl

iodide 1.157 through a foucentered elimination of trimethylsilyl iodide. Deviating
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from the antiperiplanar £elimination in favor of an intramolecular silyl halide
extrusion, the transfmation is now stereoretentive. This pathway was supported
when Miller avoidedthe formation of the diiodide intermediate by utilizing silver(l)
trifluoroacetate (AgTFA) in the reaction to form trifluoroestet58by sequestering
iodide formed in the reaction. This intermediate is stable enough to be isalated,
then undergo an E elimination with base to form the predicted stereoinversion
product1.159 This two step procedure was lawgelding, but was the first example

of stereospecific divergence of a single vinyl silane isormiéis halogenatiois
stereospecificity was alsdhewn to hold true for the formation of i¢substituted

vinyl halideste®

H |

Iy Bu.?t(

! —_— /—\
/ DCM,25°C 'y SiMes Bu I

— 1.157

Bu SiMej 1.156 60%

0
1.152 |
\_ I, AgTFA by KF+2H,0 _/
Fs;C BuXH —_ T 2" e /_/
DCM, 25 °C H  SiMe, DMSO BU
1.158 _ 1.159
48% F 80%

38% overall

Figure1.78 Halogenations with lodine

Recognizing the inefficiencies with this method, Miller developed this reaction
to work withiodine monochloride (ICI) which generates the more stable cibolim
intermediate which can then be eliminated using potassium flufidare 1.D).18°
This allows for iodination following the same predictive model as chlorination and

bromination.
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. |
— 1.1Cl, CCly, 0 °C 89%

Y

Bu SiMe; 2. KF+*2H,0, DMSO BU E:Z77:23
1.152 1.159
__jSiMeg 1.1Cl, CCly, 0 °C o /—\ 92%
Bu/_/ 2. KF+2H,0, DMSO © Bu 1 EZ595
1.160 1.157

Figurel.79 lodination with lodine Monochloride (ICl)

Now thatpredictable conditions with each halogeere establishedMiller set
out to examine the effect of the alkyl substituent on stereospecificity (Figi0e¥.
It was expected that steric hindrance may play a large role in the initial halogenation
step, which would have a direct consequence on the subsequent elimination. However,
it was observed that eventert-butyl substituent 1.162 merely hindered reactivity
andhad a minimal effect on selectivitinterestingly phenyl substitution completely

reverses selectivity ta stereoretentivieromination.

_ R=Bu 1.157 86% (98:2)
__SMes 1.Bry, DCM,-78°C =, R=Cy 1.161 93% (99:1)
K 2. NaOMe, MeOH R B' |R='Bu 1.162 31% (87:13)
(Z:E) R=Ph 1.163 99% (1:99)

Figure1.80 Effect of Substituent on Bmination

Earlier reports of siitar examples had predicted this reactivity through the
formation of a benzyl cation stabilized in concert by the phenyl gompd { h e
silicon effect!85186191 This was one of the first examples showing that electronic
properties of the substrate couwdfter the stereospecificity of the product. This idea

was exploited by Chan to tune the selectivityoafinationto form specific mixtures of
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E andZ alkenes by the addition of Lewisids!% It was recogried that the addition

of Lewis aid would interact with thedrmed halide, slowing the formation of the
diiodide adduct. This allows for rapid rotation about the resultant carbocttigas
found that the ratio of alkene isomersultbbe tuned by the amount of Lewisid
used. Although the effect per equieate was specific to the Lewisié used as seen

in Figure 181. Aluminum chloride proved to be able to access a larger range of
mixtures than tin tetrachloride, making it the wie Acid of choice in this
transformation. This was a particularly effect method for synthesizing insect

pheromones which often contain a specific mixture of alkene isomers.

I, Lewis Acid
AcO X SiMe; = ACO !
DCM, 0 °C
1164 E:Z

Ratio of 1.164=ZIsomer with Lewis Acid
100 -

80 -
60 -
40 -
20 -

0 T T T T T 1
0 0.5 1 1.5 2 2.5 3
Lewis Acid Equiv
| ) ] Gl /T

Yield of Isomer

e

Figure1.81 Effect of Lewis Acid on Stereospecificity of Vinyl Silane lodination

Tamao and Kumada explored the effect of changing the nature of the silicon
atom®® They found, that under various conditions, trimethylsilyl and

pentafluorosilicate alkenes were exclusively transformid inversion and retention
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respectively. However, when they explored trifluorosilyl alkenes they observed that
the conditions used could affect the geometry of the alkene pr{Taiaie 1.2) The

use of ICl could form both isomers of vinyl iodide. A tstep procedureould affect
stereoinversion while a single step procedure in DMF afforded stereoretéfttion.

has been attributed to solvent interaction with the carbocation when utilizing DMF.
Similar results are also seen when bromine is ;usenvever, the use ofN-
bromosuccinimide (NBS) resulted in a different outcome. Selectivity for inversion
could not be favored with this reagent. This has been explained through the pre
coordination of NBS to the electrophilic silicon atom, then halogenation dt-the
carbon. The generated carbocation is rapidly quenched by elimination of the activated

silicon atom.

Tablel1.2 Effect of Conditions o Halogenatiorof Trifluorosilyl Alkenes

conditions

i X
Hex N SFa e X HeX/\x

1.165 E z
Entry Reagent Conditions EZ
1 ICI 1. CCh, 0°C 2.DMF, 0° C 1:>99
2 ICI DMF, 0°Ci rt 95:5
3 Br2 1. DME, LiBr, 0° C 2. DMF, 0° C 1:99
4 Brz2 DMF, 0° C 81:19
5 NBS THF, rt 65:35
6 NBS DMF, rt 90:10

This effect of electrophilic silicon on the selectivity of halogenation was
further studied by Brook? The substituents on silicon were systematically varied,
mixing chlorine and fluorine substituents with methyl groups. Weas correlated
with the electronegativity of the group, which was subsequently correlated with the

proton NMR shift oft h esilylgproton H, (Figure 1.8). Brook saw what Tamao and
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Kumada saw, trimethylsilyl substituted alkenes give full inversion with bromine
through anti-addition intermediatel.168 Trichlorosilyl alkenes gave a near equal
mixture of alkene isomers, while trifluoro substitution gave nearly full retention of
stereobemistry through theynaddition intermediatd.167 All of the intermediate
mixed alkylhalosilyl alkenes fall between the trimethyl and trifluoro substituted
silanes when correlated to electronegativity or chemical shift. Brook explained this
phenomenoras the augmentation of the stabilizing contributions gained bye b
silicon effect. In all cases df.166 the phenyl group stabilization is constant, whereas
the contribution from the silicon group is altered. This data has evidenced the
correlation betwen electronegative silicon groups and an enhabesftect as well

as the governing power of theeffect in desilylativdorominatiors.

[Si] Br, Br Br Br [Si]
X s
Ph/ﬁ/ - e H\‘H,,, st Hw H
Ha Ph H PN Br
1.166 1.167 1.168
syn anti

Substituent Parameters Vs. % Syn Addition

2.5 -
g A_R? = 0.9649 £
T 2.4 =
8 <
5 2.3 - 2
822 - 3
W 3
221 - 3
s 2 2
0 20 40 60 80 100 -

% Syn Addition
A Electronegativityd Chem Shift

Figure1.82 Correlation of Silicon Substitution to Halide Addition
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In pursuit of more higly developed conditions, several reagents and
conditions have been reported for iodinattéhThe most advanced of these being
reported by Zakarian where simple identification of hexafluoroisoprofdé&ttdP) as
a solvent withN-iodosuccinimide (NIS) took a modest reaction to a powerful synthetic
transformation(Figure 1.8).1° The advantage gained by the solvent chaageear
by comparing the preéaus report with acetonitrile to that of HFIP. Yields across all
substrates were enhanced as well as stereoretention of the transforfitegianthors
atrribute this to the highly polar, nemucleophilic nature of HFIP, in addition to the
electrophilic ativation of NIS through hydrogen bonding with the solvélitis has

led to an efficient, highly selective desilylative iodination method.

. NIS
R/\/SIMG‘?, [—— R/\p,\l
solvent

Cy X -SiMe;

Hex” X~ SiMes TBSO_ - SiMe3
TBSO
MeCN: 79% E:Z (2.8:1) MeCN: 80% E:Z (8:1) MeCN: 65% E only
HFIP: 93% E:Z (40:1) HFIP: 94% E only HFIP: 94% E only
Hex/ﬁ TBSO N Cy N
SiMe; SiMe; TBSO  SiMeg
MeCN: 80% Z:E (1:1.2) MeCN: 73% Z:E (1:2) MeCN: 10% E only
HFIP:  89% Z only HFIP: 94% Z:E (16.5:1) HFIP:  81% Z:E (15:1)

2 equiv NIS with MeCN. 1.5 equiv NIS with HFIP

Figure1.83 Comparison of Solvents for lodination

The useof the desilylative halogenatioreactionis not simply limited to
investigations oft h eeffebt, but holds a commanding power in synth&¥is.
Particularly, the field of total synthesis has benefitted greatly from this redction

ability to generate valuable vinyl halide intermediates that can be usetetad
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catalyzed crossoupling reactionsA brilliant example of this strateggi Ni col aouds
rapamycin synthesisvherein two vyl iodides are employed in a doul3élle cross

coupling with E-1,2-bis(tributylstannylgthane to close the macrocyclic rit?§.

B u r k mdanemyagin synthesis also uses this Stille coupling strategy to build the

diene functionality that unites the eastern and western portions ahdhecule!®®

Natural products containing the vinyl halide functionality such as Mycorrhizin A are

highly suited to this stratec°

= / =
Me OMe Me Me

Nicolaou Rapamycin

ipr

WNHCHO
o)
/-\\\\\\‘:
CyqHz3 CeH1s OMe
Fleming (-)-Tetrahydrolipstatin Mori (-)-Cephalotaxine

Figurel1.84 Total Syntheses Employing Desilylative Halogenation

Simple conjugation andinyl halides are not the only uses of this reaction.
Buried within molecules are disconnections built fromrvy | hali des such a

tetrahydrolipstatin synthesis wherin carboncarbon bond was formed through a
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conjugate addition of this fragmeaarly on?°! A tin mediged cyclization of a vinyl
iodide results irthe spirocyclic ring fusion inephalotaxing®?

This strategy is also amenable tdustrial synhesis as well. The synthesis of
a selective estrogen receptor modulator (SERM) was produced through a Suzuki
coupling of a vinyl bromide intermediat®® The vinyl bromide intermediate was
synthesized in muHkilogram quantities througtesilylative halogenation. This is an

effective synthesis of Tamoxifen derivatives for studies in breast cancer treatment.

Et.  Ph
Et Ph 1. Bry Et Ph PH
= _— > >—< —_— >
Ph SiMe; 2. NaOMe 2 steps
72%
7.2 kg BMS SERM  CO2H

Figurel.85 Industrial Halogenation

While chlorination, bromination, and iodination have been highly stldi
fluorination still remains underinvestigated. However, Gouverneur has reported an
effective method for desilylative fluorination utilizil®je | e c t ds hneleatrdphilic
fluorine sourcgFigure 1.%).2°* While other minor methods exi&t, this is currently

the most effective strategy even though it has not yet achieved absolute selectivity.

[(V—CI
_ - =\
S'Me3 2BF, MeCN, rt Hex F

1.169 N 1.170
Selectfluor 45%, 80:20 (Z:E)

Figure1.86 Desilylative Fluorination with Selectfluér
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Overall, desilylative halogenation provides an effective route to geometrically
defined vinyl halides with reliable predictability. These properties in collaboration
with the crosscoupling ability of vinyl halides have made this strategy a powerful

appro&h to diverse molecular scaffolds and functional groups.

1.5 Applications of Alkyl Silanes

Alkyl silanes enjoy a number of the same synthetic applicatenwinyl
silanessuch as TamabBleming oxidation and desilylative halogenation. Unique to
alkyl silanes $ Peterson olefination and related latent carbon nucleophile reactions.
However, alkyl silanes are not simply synthetic intermediates. There are a number of
exceptional applications in bioisosterism and materials science for cryogenic
lubricants and rubbeadditives. The following sections will detail the major

innovations in alkyl silane applications and their impact in synthesis and materials.

1.5.1 Tamao-Fleming Oxidation

TamaeFleming oxidation of alkyl silanes is similar to that of vinyl silanes,
although atohols rather than carbonyls are the reAkin to vinyl silane oxidation,
Tamao first investigated alkyl pentafluorosilicates with mCPBA as an oxtfant.
Initial investigations utilizing potassium pentafluoro(octyl)silicateevealed a
significant solvent effect, possibly the result of the alkyl silicate solubility. Typical
solvents suclasTHF, EtOH, and MeCN gave modest or no yield. Benzene gave only
45% yield; however, the addition of equivalent of 1&rown6 resulted in a 70%
yield. DMF proved to be the best solvent giving 82% ajcianolwithout crown
ether but this suggested that solubility of the silicate was important to promote

reactivity.
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Building on a report by Hosom?” wherein triethoxysilyl ethers were oxidized
with mCPBA, Tamao reported the first use of hydrogen peroxide to oxidize
diethoxy(methyl)alkylsilanes under neutral, basic, and acidic conditions (Figure
1.87).17° Critical to the development of these methods was the addition of potassium
bifluoride for neutral and acidic conditions, while potassium bicarbonate was effective

under basic conditions.

2 equiv KHF, ~_OH 1172
neutral DMF, 60 °C Hex 82%

30% H,0, 1 equiv KHCO3

SiMe(OEt . > OH 1.172
Hex” >~ SMe(OED: basic| MeOH/THF, 65 °C Hex” " 96%
1.171
2 equiv KHF,
acidic 12 equiv Ac,0 . Hex/\/OH 18.;07/2
DMF, rt °

Figure1.87 Hydrogen Peroxide Oxidation of Alkyl Silanes

The power of this mild oxidation of a robust silicon group allowed for the
development of a hydroxymethylation method basetsityl Grignard reagent.173
(Figure 1.8).2°% By pairingt h i-silyl nuicleophilewith powerful crosscoupling
reactions’®® alkyl-(1.174, allyl-(1.179, and benzyl alcoholsl(176§ were all easily
accessible in a two step proceduiéhis still remains a powerful single carbon

homologatioroxidation strategy to access valuable alcohol products.
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1. 10 mol % Cul
octyl—Br

' o P
2. 30% H,0,, KF octyl” "OH

1. 0.5 mol % (dppp)NICl,

‘ B
(Pro),MeSi” MgCl Hex > Hex” N"oH
1173 2. 30% Hy0,, KF 1175

79%

1. 0.5 mol % (dppf)PdCl,

Et020—©— /©/\OH
> Et0,C

0,
2.30% H,0,, KF 1176
70%

Figure1.88 Hydroxymethylation via Hydrogen Peroxide Oxidation

Although the newly developed hydrogen peroxabaditions were effective
for oxidation, the additional reagents in the reaction make it unclear the exact
mechanism of the peroxide in the reaatido this end, Tamao utilized @®BA to
explore aspects of the mechanism of oxidatf8By utilizing ende(1.177 andexo
trifluorosilylnorbornane 1.179 with mCPBA igure 1.8) it was shown to be a
stereoretentive processhis oxidation was suggested to proceed through an oxygen
atom insertion to form a silyl ether which is then cleaved under the aqueous conditions
to reveal the alcohol. This was later supportedufh density functional theory
(DFT) calculations of the reactidht Establishing the stereospecific naturesdéne
oxidation opened a pathway towards the diasteaed enantioselective synthesis of

alcohols.
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hsm

H
1177
100% exo

H

SiF;
1.179

95% endo

mCPBA

DMF OH
H
1.178

100% exo

mCPBA

DMF H
OH
1.180

95% endo

Figure1.89 Stereoretentive Oxidation of Norborrijtifluorosilanes

Fleming realizd the potential of this oxidationby utilizing the previously

discussed silyl cuprate

conjugate additionchemistry to

form alcohols

diastereoselectively (Figure 9D).°° The conjugate addition of.181 with silyl

cuprade formed alkyl siland.182 However, the development of conditions to oxidize

the dimethylphenyl group was necessary as, togbist; no oxidation of this group

had been reported. Fleming found that tetraflouroboric acid could perform a proto

dearylaton to form the dimethylfluorosilane which could then be oxidizedeamild

conditions with mCPBA, and later reportaiernative oxidation methods as wef.

(0]

? (PhMe,Si),Culi ?
_
Ph Ph “SiMe,Ph

1.181

o) o
1. HBF,
2. mCPBA, Et;N
Ph “OH
1.182 1.183

89% 56%

Figure1.90 Silyl Conjugate Addition and Phenylsilane Oxidation

The stereospecific nature of oxidation allowed for the development of silicon

baed directing groups to form enantioenriched alcohols through diastereomeric
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intermediate$?® The use of a proline derived benzyl silaiel84 was utilized to
synthesize enantiopure benzyl alcohols. @&ploiting tre -adion stabilization of
silicon, deprotonation of the benzyl group resulted in a single diastereomer of the alkyl
lithium complex 1.185 Alkylation of this intermediate with alkyl halidesuch as
propyl iodide, followed by silyl group oxidatg resultsin single enantiomers of
product €.186. Alkylation with dihalides results irenantioenrichectyclic ethers

(1.187 after oxidation and subsequent cyclization.

nPr

1. nPrl

OMe OMe 2. Hy0,, KF HO/'\Ph

C(\ CK\\ % KHCO, rt 1.186

N sBulLi NunLi 90%
- > 2 >99.5% ee

>si” Ph >si” “Ph
Me” ‘Me Me” Me . 1- CI(CHy)3Br

1.184 1.185 ()\

2. Hy0,, KF o~ “ph
KHCO,, rt

1.187

Figure1.91 Silicon Oxidation to Form Emtioenriched Benzyl Alcohs and Ethers

The methods reported so far all rely mCPBA as an oxidantvhich tend to
be incompatible with alkene functionalitiegarticularly when oxidizing tetraalkyl
silanes Fleming sought to find conditions that would allow tbe smooth oxidatin
of alkylsilanes in the presence of alkenes. The development of the
isoprenyldiphenylsilane was found to be well suited for this transformation (Figure
1.92).24 The isoprene groupl (188 was highly reactive under mild protodesilylation
with HCI, followed by «idation of thehighly activesilanol gavel.189in good yield.

A single step procedure was also developed utilizing KBr and KF under basic
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conditions to give an identicalield. Since thisreport various other groups and

conditions have been develogfed specific example¥h60b215

1. HCI, MeOH 2. H,0,, KF
NaHCO3;, MeOH/THF

Me
w reflux, 3 h, 60% \ - O\/\
Sy N-"oH
Ph, KBr, Hy0,, KF, NaHCO,

1.188 MeOH/THF, reflux, 2 d, 59% 1.189
60%

Figurel1.92 Isoprenyldiphenyl Silane Oxidation

With various oxidation conditions, the trimethylsilyl group, potentially the
most prevalent silyl group, has experienced little sucitessidations?*° Suginome
has reported recentlthe multistep oxidabn of the trimethylsilyl group (Figure
1.98).21® This sequence first regas theiridium catalyzedCi H borylation of the
methyl group to forml.19Q Hydrogen peroxide oxidation of the boronic egpeup
r ev e al-glyl dlcbhel 1.191 Treatment with catalytic potassium methoxide in
dimethyl sulfoxide gave thé}silyl ether1.192 This ether then underwent Tamao
oxidation conditions cleanly to give the alcohbll93in 65% over 3 steps. The
complexity of this sequence to oxidize the trimethylsilyl group underscores the

extreme challenge of trimethylsilyl oxidation.
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cat. Ir H,0,

SiMe; B2Pin; '\sﬂ'ez BPi NaOH gl'ez OH
—_—
Octyl BUOMe Octyl”>~""" THEH,0  Octyl”~ "
110 °C, 36 h 1.190 4h 1.191
71%
0,
10 mol % KOMe g/liez oMo H202, KF, KHCOs, ooy -OF 1:193
DMSO, it, 8 h Octyl”™ " THF/MeOH/H,0 cy 65%
1.192 15 h (3 steps)

Figure1.93 Trimethylsilyl Multi-Step Oxidation

Recently, Buchwald has utilized highly advanced enantioselective
hydrosilylation conditions tanstall chiral benzylic alcohols (Figure B’ This
approachllustrates the manner in whigtew alkyl silane synthetic methods continue

to bolsterand further advance the impactabdissicalkyl silane transformations.

_ H,0,, KF

cat. Cu(OAc), SiHPh kHco, OH

| X (5.5)-Ph-BPE | Ny “Me |_K2EDTA | XN “Me
_ —_—
5 equiv PhSiH

o 3 ~ s
Me” N neat,rt, 12h  [Me” N THrtF"zv'oet?H Me” "N
1.193 (not isolated) 1.194

80%
96% ee

Figure1l.94 Buchwald Asymmetric Hydrosilylation/Oxidation Sequence

Examples of Tama&leming oxidation can be seen in total synthesis for
various purposes (Figure )9 Many of these syntheses utilize this oxidation to form
alcohols or ethers in the final prodi3¢ However, silane oxidation has been used as a

pathway towards otherintare di at e s s u c¢)batzelldire hsynkhess.n 6 s
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MeO

35’ >
MeO,C  OMe ~OH

Fuchs Phorbol Evans (-)-Batzelladine D Smith (-)-Calyciphylline N

Figure1l.95 TamaceFleming Oxidation in Total Synthesis

TamaoeFleming oxidation is a versatile reaction allowing access to valuable
alcohols and intermediates. Many conditions exist from basic to acidic, as well as
silicon groups hat allow more facile oxidation. This allows the application of this

transformation to be limited only by the skill and ingenuity of the user.

1.5.2 U-Silyl Pronucleophiles

T h e-anibh stabilizing effect of silicon has expanded the synthetidtyiif
alkyl silanes, allowing them to function as pronucleophiles. Under the appropriate
conditions, rather inert alkyl silanes can be selectidegrotonated adjacent to the
silicon atom to generateeactive carbanions. These carbanions are stabiligateb
silicon atom through a hyperconjugative interaction of the carbon lone pdir gl
orbital of the silicon atom and its other carbon substituhfEhis anion formation
and stabilization has been exploited mainly in the Peterson atiefiyhowever, as
will be discussed in more detail, emerging technologies are also takingtagiaf

these characteristics.
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The Peterson olefination reactioraisalogous to the phosphorous based Wittig
olefination??® The initial discovery that silicon could perform such a transformation
was a serendipitous finding reported by Gilmd&nUpon attempting to form vinyl
silanes f r o nsilyl ohosphonium salts, Gilman observed vinyl phosphonium
formation instead, due to the selective elimination of the silicon group in preference to
phosphorous. Peterson then népd the first direct use of alkyl silanes torm
alkenes’?? Studying the elimination of the intermediate silyldadis revealed a
dependence on the countation used in the carbanion formation (Figure6y.9
While sodium and potassium alkoxides underwent elimination smoothly, magnesium
alkoxides were resistant to elimination even under forcing conditions. Thellovera
reaction sequence is typically completedrBuLi deprotonationof an alkyl silane,
nucleophilic attack to a carbonyl, then elimination whiclefien facilitated by polar

additives, such as HMPA, or héat.

MesSi  OM THF Ph M=Mg 0%
Y npp —————— =< M=Na 67%
H Ph Ph M=K 86%

1.195

Figure1.9 CounterCationDependence di+Silylcarbinol Elimination

The immense potential of this reaction was quickly realized with numerous
reports ofheteroatom functionalized alkesgntheses. A sample of the olefins formed
can be seen in Figure Z.9herein viny} silanes’? thioethers’?® and phosphonat&$

can be formed by utilizing the greater propensity for silyl elimination.

89



0 BuLi Ph Y = SiMej 53%
MesSin Y+ JI_ — = Y = SMe 56%
Ph™ “Ph Y Ph Y = P(O)(OEt); 83%

Figure1.97 Heteroatomic Functionalized Alkenes Via Peterson Olefinati

While many early examples lacked stereoselectivity of the resultant
alkenes?32%7 reports studying the effects of reaction conditions for the elimination
spurred the development of selective alkémenation.Wh e n  silglearbindl is
isolated and subject to basic or acidic conditions the opposite alkene geometries could
be accessed in excellent selectifA®yFigure 1.8). Deprotonation with KH provided
Z-4-octene, while BEA O Edr sulfuric acid yieldedE-4-octene.This showed clearly
that the silyl elimination is a stereospecificocess;therefore moditation of the

elimination can be utilized to control and predict alkene geometry.

1.196 (E:2)

MesSi  OH KH, THF 98%  (2:98)
pr\uHu'H — ' P"  |BF;:OEt,, DCM  102% (98:2)
H Pr H2S0O4, THF 96%  (99:1)

Figure1.8St e r e o s-gilydcarbinoliEkmin&tion

Larcheéque reported an elegant use of couatdion and elimination
conditions to forms t e r e o d euhsaturaged estérS @Figure 1.9). By utilizing
LDA for deprotonation ofa n -sil{l ester then cation exchange with MgBhe
resulting silylcarbinol elimination was arrested as in Figuré.1@uenching of this
intermediate with waterhen BRA O Edgave theE isomer in excellent selectivity

through an ante | i mi nat i dydroxgsilane Blter@ativély, increasing the
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polarity of the medium by addition of HMPA followed by aqueous workup led to the
Z isomer through a diredyneliminaion by a 4centered intermediate akin to the

Wittig reaction.

1 eq LDA
o o 1 eq MgBr, o)

. +
Me3s'\)J\0Me Bu)J\H Bu‘”'\)J\OMe

quench: 1.197 (E:2)
H20, then BF3‘OEt2 97% (982)
HMPA, then H,O  75% (15:85)

Figure1.99 Stereospecific Workup dJ ,-Unsaturated Esters

While many furtional group specific exampfé8 and mechasstic studie$™
exist for Peterson olefinatiothey cannot all be covered hesdthough a number of
comprehensive reviews have been publisié@he most advanced form of Peterson
olefination is the use of imines to form stereodefined alkéhgBigure 1100).
Sulfinyl imines @nreact with aryl disilyimethanes to forEstilbenes whileN-phenyl
imines formedZ-stilbenes. More striking in this example though, is the method of
activation used. The mixture of KOSilland BuNCI forms highly active ammonium
alkoxide which, rather thna deprotonation, performs a desilylationftoo r m -t h e

silylcarbanion.

_S(0)Bu _Ph
x x
Ph” "H Me3Si__SiMes Ph” H PR
Ph~pn = e o Ph
Me;SiOK, BuyNCI Ph Me;SiOK, BuyNCI
83% 95:5 THF, =20 °C THF, 20 °C 82% 99:1

Figure1.100 Stereospecific Stilbene Formation Via Imines
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This silicon activation strategy to form carbanions has evolved into a new
strategy to activate silon pronuclephiles for alkylationreaction$®** (Figure 1101).
This approachpreferentially transfersallyl and benzyl groups over methyl groups
attached to silicon. As wellhis method can be used for arylation with arylsilanesl
imines may be used as electrophiles as %WellThis is a highly valuable

transformation when paired with chiral sulfinyl imines to form chiral amines.

10 mol %

Me;SiOK/BuyNCI
o~ o) OH
SiMe; Ph/\)l\H THE it Ph/\)\/\
1.2 equiv 1.198
72%
10 mol %
0 Me;SiOK/BuyNCl OH

P siMe; *+ O H > 0 Ph
\ | THF, rt \ |
1.2 equiv 1.199

Figure1.101 Ammonium Alkoxide Promoted Alkylation

Molander reported on the use alkylbis(catecholato)silicates as creoss
coupling partners in photoredox catalysis with nickel and ruthefdffFigure1.1().
While oxygenated silicates are distinct from all carbon alkyl silanes, this method relies
on the silicon functionality to utilize the alkyl group as a nucleophile. It has been
proposed that the photoredox catalg#taves the carbesilicon bond hrough a
singleelectron transfer to form an alkyl radical. This has been supported by the
hydrogeratom transfer observed whenetlalkyl group contains a thiol, wherein
thioetherification results through formation of a thiyl radical friv@ hydrogeratom

abgraction. This method shows the sétitive growth in alkyl silane transformations.
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5 mol % NiCl,*DME
5 mol % dtbbpy
R1

R, ©/0
S_Sit D Br 2 mol % Ru(bpy)s(PFg);
R, Yo , * > R;
OMe hv, DMF, rt
OMe

D LNt
RFRF
©/\Ar O/\Ar O/\/Ar ||/\Nj/\/Ar W
F3C Ar
Z FF
1.200 1.201 1.202 1.203 1.204
7% 94% 93% 50% 88%

Figurel.1@® Alkyl Silicate CrossCoupling

Olefination, arylation, allylation, and alkylation reactions have laken
presented whicldemongrate the versatile activation modes available to silicon to
generate reactive carbon nucleophiléss clear though h asilyl ptbnucleophiles is
still a growing field that will continue to generate an even greater assortment of

synthetic uses.

1.5.3 Biological and Materials Applications

While there are a large number of reports for the use of silicon in synthesis, an
equally influentialbody of literature exists for the use of silicon in medicinal and
materials chemistrylhese applicationare reliant upon the subtle differences between
carbon and silicon such &%:1) Approximately 20% longer bond lengths, altered
bond angles, and,consequetly, modified ring conformations. 2) Increased
lipophilicity which often increases cell and tissue penetration as well as
hydrophobiciy of surfaces.3 ) Siliconds a-band hexagoordinate f or m
complexes can allow for entry into new metabolathpvays. 4) The electropositive
nature of silicon allows for modification of critical hydrogkeanding in drugs and

materials. 5) Organosil i-cspeacisfmad d tmox ieciutl \
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A representative example of the carbesilicon switch in biolgical
applications is the comparison of the pesticides fluofen and silafluofen (Figure
1.108).2%8 An effective pesticide, fluofen exhibited a fairly large toxicity to marine life
with an LGso of 3mg/L. By replacing the quaternary carbon with a silicon atom the
pesticide efficacy was maintained while the toxicity to bluegill fish was nearly entirely
negated No toxicity was observed up to 50mg/L of silafluofen, which was the

maximum concentratiotested.

F
Me_  Me O

O o/© . ’Miv@oJ@

o
EtO

EtO

fluofen silafluofen
American cockroach LCsy 0.3 mg/kg American cockroach LCsy 0.5 mg/kg
Bluegill (L. macrochirus) LCsq 3 mg/L Bluegill (L. macrochirus) LCgq N/A

No toxicity observed up to 50 mg/L

Figurel.1( Fluofen vs. Silafluofen

Notable medicinal applications incledhe study of silicomodified selective
retinoid agonistg3® In particular, comparison of agonists205 and 1.206 derived
from bexarotene, where the acetal is an alkene, are compelling evidence for the use of
the carborsilicon switch?*° The disilyl substituted..206showed a 10 fold increase in
activity over the carbon basell205 when examined in vivdor RXRp binding.
Similarly, disily substution (1.208 of tamibarotenel(.207 also resulted in a 10 fold
increase in activityn the related RARprotein?*! Crystal structure analysis 4206
bound toRXRs supports that both enlargement of the silacyclic ring system and

modified electrostatic potential are responsible for the increased aétiVity.
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o]
Me. Me 0O O Me_ Me H OH
I O o

OH EU o)
Me s A
Me 0 Me® Me

1.205Y=C 1.207Y=C
1.206 Y = Si 1.208 Y = Si

Figurel.104 Silicon Substituted Retinoid Agonists

While a 10 fold increase in activity is significant, even more astonishing
alterations in activity have been reported in the pursudniétubercular agents?
Rimonabantan antiobesity drugis capable of crossing théolod brain barer. This
made it astarting point for treating tuberculosis infections in the bi@imonalant is
active againstmycobacterium tuberculosigH37Rv) although not with an ideal
minimum inhibitory concentration (MIQ)Figure 1.18). Minor modifications suclas
deletion of the carbonyl group and, more significantly, the incorporation of the
dimethyl silicon group 1.209 enhanced the MIC by more than 50 fold. Further
optimization of the structure t&.210 resulted in an overall 800 fold increase in
activity over rimonabant. The carbon analogueld10was also testedchowever, the

silyl derivative was still 50 times moestive.
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() "
O N N\)
Me NH Me NH N/\\Si’Me
] I [y, = Me
N N N
N N N
Cl cl Cl cl Cl
Cl Cl Cl
Rimonabant 1.209 1.210
MIC 25pg/mL MIC 0.39ug/mL MIC 0.031pg/mL

Figurel.1(6 Rimonabant and Silyl Derivatives

Countless other examples of successtubonsilicon switch based molecules
for medicinal applications have been reported; although they cannot all be covered
here?® Particulaly powerful incorporations of silicon include silyl amino acids such
as b-trimethylsilyl alanine which has been established as a metabolically stable
bioisostere for phenylalanirté! Silaproline has been shown to drastically increase
lipophilicity of proline rich peptides increasing cell uptake significafthExtensive
studies on the incorporation of silyl aroimcids have resulted in altered protein and

peptide structures as well as overall activitf8g®

H
N
_ CO,H ‘BuMe,Si~__CO,H Q....Co H
Me;Si —Si 2
/Y Y Me : i

NH2 NH2 Me

B-trimethylsilyl alanine  a-tert-butyldimethylsilyl leucine Silaproline

Figurel1.106 Silyl Amino Acids
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While the carbossilicon switch is an effective strategy, biologically active
compounds thahave been developaddependentiyto include silicon have proven
effective?*’ As well, multiple siliconbasedcommercial fungides are maeted today

(Figure 1.1@).23"

N'N§| N,NQI Me O

M HO,

7 =N \=N y NP

L S

F F F SiM83 S SiMe3
flusilazole simeconazole silthiofam
DuPont Sankyo Agro/FMC Monsanto

Figure1.107 Commercial Silicon Fungicides

Material uses for alkyl silanes are primarily based in low temperature lubricant
applications. As seen in Tablke3, simple substitution of quaternary carbons for
silicon atomsto generate silahydrocarbons can haubstantialeffects on freezing

points4®

Table1.3 Melting Point Depression of Silahydrocarbons

C analogue m.p. (°C) Si analogue m.p. (°C) m.p.n (°C)

(CH,)C 16 (CH,),Si 195 79
(CH),C i31 (CH),Si 69 38
(n-CH),C 26 (n-CH.) Si i46 20
(n-C,H),C 6 (-C,H)),Si 56 50
(n-C,H),C(CH)) 66 (n-C,H,),Si(CH) 7191 25
(n-C,H).C(n-CH_) 151 (n-C,H),Si(n-CH ) 172 21

Comparison of a multialkylated cyclopentane (MAC) Ilubricant and a

silahydrocarbon (SiHGOh ball bearing shearing teghows a clear difference between
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the two lubricant$*® Under both air and nitrogen atmospdgithe MAC performs
similarly giving friction coefficients 0f0.11 and 0.12 respectively. Interestingly, the
SiHC performed quite differently under air and nitrogen. Investigation of the chemical
deposits in the wear scars of the ball bearings it was found that under an atmosphere of
air the SIHC undergoes a minor decomposition pathway to form a lubricous silicon
oxide layer. This antivear property allows the SiHC lubricant to actively extend the
life of working parts by protecting already damaged surfaces from increased wear.
Further advanced SIiHC lubricants have been tested under low temperature, high
vacuum environments and also proven more effective than MAC lubrié&msfact,

the wear under vacuum was significantly less than that under air; making SiHCs ideal
for aerospace technology applications where low temperature and pressure

environments are common.

0.12 MAC - nitrogen [(B)
X A)

10 MAC - air ¢
(D)

SiHC - nitrogen

[=)
—_

=]
=3
*

=4
(=
=3
L

)

Coefficient of Friction

SiHC - air

T T T T T T
20 40 60 80 100 120
Time (min)

Figure1.1(B Coefficient of Friction Comparing MAC and SiHC

The field of alkylsilane applications continues to grow and inevitably the

development of new methods for the synthesis of alkyl silanes will, by extension,
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expand the utility of alkyl silanegiowever, it is clear that even at this point in time,

the field of alkylsilane technology is active and still maturing.
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Chapter 2
NICKEL CATALYZED SILYL HECK

2.1 Introduction

Previous work in silylHeck reactions (Section 1.2.6) focused on the use of
palladiumcatalysis for the activation of silyl iodide electrophitebinfortunately,
trimethylsilyl iodide is the only commercially available silyl iodide andthis point
in time, no other silyl iodides were shown to be active in the-Higdk reactionWork
in our labhas showrthat silyl chlorides, bromides, and triflatesngarticipate in the
silyl-Heck reaction when an excess of iodide saladded(Figure 2.1)'31P1d This
method allows thén situ formation of a silyl iodidéwhich then competently engages

the catalyst.

5 mol % (COD)Pd(CH,SiMes),

SN 10.5 mol % ‘BuPPh; - SiMes;
+ Me3S|—X -
Bu 3 equiv Lil, 5 equiv Et3N By

5 equiv toluene, 50 °C, 24 h

X =Cl, Br, OTf
>90%

Figure2.1 Lithium lodide Additive with Silyl Halides

In an effort to incorporate more complex silyl electrophiles our attention turned
towards commercially available silyl triflate electrophilile the addition of iodide

salts waseffective, it was not ideal. Therefonee sought to find a catalyst thatutd
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directly activate the silicaoxygen bond of a silyl triflate. To guide our search, we
looked at silicorhalide and oxygen bond dissociation energies (BBE&ble 2.1).
While the BDE of a silicontriflate bond is not known, we concluded that the silyl
triflate bond must be weakéhan the reported silyl methopnd at 123 kcal/malue

to the witldrawing trifluoromethyl groupWe then turned our attention to comparing
carbon analogues in cressupling In most cros€oupling applications aryl triflates
are considered to be equivalent to aryl bromides in their reactiViaking this into
consideration we assumed that due to the strong nature of sikggen bonds, the
silicon-triflate bond is most liklg slightly stronger than the siliceloromide bond, but

weaker than the siliceahloride bond.

Table2.1Silicon Halide and Oxygen Bond Dissociation Energy

Entry Bond BDE (kcal/mol)
1 MesSit | 77
2 MesSii Br 96
3 MesSii Cl 113
4 MesSii OMe 123

Continuing to parallel the carbon based crosspling literature; wedocused
our search owratalysts that were capable of activating strong cadxygen bonds. It
is known that nickel catalysts can activate aayid vinytethers for crossoupling®
Examples by Wenkeéttand Chatarlishow that simple, tphenlyphosphine supported
nickel can activate vinyland arylether bonds for Kumada and Suzuki crosapling

respectivelyFigure 22).
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OMe cat. (Ph3P)2NIC|2 Ph
O/ PhMgBr O/
71%
Ph{ .0 cat. Ni(COD),/PPhs

OMe B\J\_ . Ph
+ ! >

Me

93%

Figure2.2 Nickel-Catalyzed Cros€oupling of CarborOxygen Bonds

These examples proved tme highly supportive that nickel could be an
effective catalyst in silytriflate activation as the BDE of phenyl methylether is 100
kcal/mol® This is in the ideal BDE range that we predicted the silicifilate bond
would reside. Other support came from a report Bgmisonin which a rickel
catalyzed three component reaction of aldehydes, alkenes, and silyl tnflases
reported However, 1 is not clear that direct activation of the silyl triflate by the nickel
catalyst is operativan the reporf With all of this information in hand, we set out to
discover whether nickel could effectively catalyze the desiredididgk reaction with

silyl-triflates (Figure 23).

TfO—-SiMej
EtsNH +Tfo \<‘
Et3N
TfO—N|”-H TfO—Nl" -SiMe;
H L.Ni"O ‘/\
Me3Si A~ & ! A ph

H“
Me;Si

Figure2.3 Proposed Nickel Catalyzed SHieck Reaction with Silyl Triflates



This project was a highly collaborative effort betweaagself, and Watson
group members Jesse McAtee, Sara Martin, William Reid, and Keywan Johnson. The

full resultsas well as my ownhawe been included in this chapter for completeness.

2.2 Reaction Optimization

To begin our investigatigrwe studied the reaction oftdrt-butylstyrene with
trimethylsilyl triflate (MeSiOTf) without iodide additives (Tabl2.2). In agreement
with previous experiments, the palladium catalyst previously reported was ineffective
in the transformation (Entry 1). This result remained unchanged through investigation
of ligand, ligand:metal ratio, solvent, or temperature. Initial erpemis with

Ni(COD); and triaryl ligands (Entrie® and 3) were unsuccessful.

Table2.2dentification of a Nickel Based Catalyst

10 mol % pre-catalyst

ligand
/@/\ 3 equiv Me3SiOTf N SiMe3
Bu Et;N, dioxane, 75 °C, 24 h - tBUO/z_\/
Entry Pre-catalyst Ligand (mol %) Yield 2.1 (%)
1 (COD)Pd(CHSiIMes)2  'BuPPh (30) 0
2 Ni(COD). PPh (30) 0
3 Ni(COD). P(o-tol)s3 (30) 0
4 Ni(COD). ‘BuPPh (30) 12
5 Ni(COD). Cy2PPh (30) 11
6 Ni(COD). "BusP (30) 69
7 Ni(COD). PCy (30) 57
8 Ni(COD). P(Cyp} (30) 65
9 Ni(COD). ‘BuPCy (30) 71
10 Ni(COD). ‘Bu2PCy (30) 55
11 Ni(COD). 'BusP (30) 7
12 Ni(COD). 'BuPCy (20) 85
13 Ni(COD). 'BuPCy (15) 90

aYield determined by NMR.
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Reinvestigating the use afixed alkylaryl phosphines resulted in formation of
product 2.1 in modest yield (Entries 4 and 5Jhe minor reactivity with mixed
alkylaryl ligands spurred investigation afl alkyl phosphine ligands (Entries8)
which resulted in 66 fold increase in product yield. Examining mixed alkyl
substitution of the phosphine ligand resulted in the discoeériBuPCy as an
effective ligand (Entry 9). However, increastedt-butyl substitution (Entries 10 and
11) was detrimental to reactivity wheBusP nearly shut down reactivity completely.
Further optimization of the ligand:metal ratio (Entries 12 andd®aled that a 1.5:1
ratio gave the highest yields. Control reactions confirmed that no reactivity was

observed in the absence of nickel.

2.3 Styrene Substrate Scope

Using the optimized reaction conditions, we began investigating the scope of
the nickelcatalyzed silyiHeck reaction(Figure 24). A variety of styrenyl alkenes
participated in the reaction, forming silylated products in high yield. Isolatidhlof
on a preparative scale resulted in 82% yield. Unsubstituted st@r2mas isolated in
89% yeld under these conditions. Alkyl substitutions were well tolerated such as
ortho-methyl 2.3 and benzocyclobuten2.4. Numerous ethereal substratgsvided
good yields inthe reaction such as electrdonating para-methoxy 2.5 (71%),
electronwithdrawingmetamethoxy2.6 (76%), silyl ether2.7 (77%), and dioxol.8
(57%). Aryl fluorides were amenable to the reaction conditions 2v@hbeing isolated
in 66%. Pinacol borane substitution was also tolerated, although the optimal ligand for
this substrate waP(Cypj resulting in a 41% yield 02.10 demonstrating that some
ligand optimization may prove necessary in order to maximize vinyl silane ymeld

the case of electrenich alkenes such as dimethylamino styrene and benzofuryl alkene
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only low vyields of 2.11 and 2.12 were observed. HeterocycliN-vinylcarbazole
resulted in high yield o2.13 Complex vinyl silanes such as estradielived2.14

could be accessed in good yield as well. Substrates that proved incompatible were aryl
chlorides and esters wdi led to complex mixtures of products with no detectable

formation of2.15and2.16respectively.

10 mol % Ni(COD),
15 mol % ‘BuPCys,
3 equiv Me3SiOTf
A > A SMes
Et3N, dioxane, 75 °C, 24 h

Me
/@/\/S"\Aea ©/\/SiMe3 /©/\/SiMe3 E@/\/S'Mes
tBU Me

82% 89% 62% 78%

/@/\/S“\/Ies Meo\©/\/SiMe3 TBSO\©/\/5iMes
71% 76% 7%
< - SiMeg SiMes /©/\/SiMe3 /©/\/SiMe3
/©/\/ PinB Me,N
2.10 2.1
57% 66% 419%?2 25% (NMEE .
iM
O o XSiMes
O N SiMe3
’ CJ
Me3Si
212 213 214
21% (NMR)* 90% 60%
. _-SiMes X_-SiMej
o /@/\/
Cl
0] 215 2.16
0% 0%

Isolated yields. 230 mol % P(Cyp); used in place of ‘BuPCys,.*

Figure2.4 Styrene Substrate Scope
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Overall, while these yields are slightly lower and scope is somewhat more
limited than our preously reported palladiuroatalyzed silylHeck protocol
involving MesSil, we believe that this reaction enjoys sufficient substrate scope to
make it a synthetically viable alternative, particularly given the advantages of using a

nonprecious metahickekbased catalyst and a silyl triflate as the silylating reagent.

2.4 Silyl Triflate Scope

As mentioned above, silyl triflates are much more abundant that silyl iodides.
Therefore, we wanted to investigate the scope of the transformation with respect to th
silyl triflate. We deemed this to be a significant goal as vinyl silanes bearing groups
other than trimethylsilyl exhibit improved reactivity in a variety of transformations. In
particular, vinyl benzyl silanes are highly effective in Hiyama camsling (see
section 1.4.1}° and those bearing aromatfanctionality are faster in oxidation
reactions:! The expansion of the silleck reaction to include these silanes would
allow direct preparationf these products from alkenes.

Initial investigations using '‘BuPCy and the optimized conditions above
revealed that silyl triflates larger than trimethylsilyl triflate do participate in the
reaction. However, it was determined that an alternative satdgrived from PCy
and Ni(COD}) with a ligand:metal ratio of 3:1 provided higher yields in a general
manner for larger silanes.

Scope studies using-tért-butyl styrene and this latter catalyst system are
outlined in Figure Z&. Dimethylsilyl triflates ontaining one primary alkyl group, such
as "BuMexSiOTf or BnMeSIiOTf, participated well under the reaction conditions,
providing comparable yield2(17and2.18 to MeSIOTf. One secondary substituent,

such as ilPrMe:SiOTf, can also be tolerated withautrop in yield 2.19. However,
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a tertiary silyl substituent proved to be beyond the steric limit under these conditions
using CyP as ligand, none of the desired vinyl silah@0 was observed using
'BuMe;SiOTf. Switching to the smaller ligarfi@8usP and using elevated temperatures

did allow for the formation oR.20 Despite a modest yield, this transformation is
remarkable as it presumably involves oxidative addition at a silicon center that bears a

fully substituted adjacent center (akin to a regplic center).

10 mol % Ni(COD),
30 mol % PCy;

SN 3 equiv R3SiOTf /@/\/Si&
By EtsN, dioxane, 75 °C, 24 h By
/@/\/Si”BuMez D/\/SiBnMez /@/\/SiiPrMeg
Bu Bu Bu

217 2.18 2.19
60% 67% 60%
/@/\/Si‘BuMez /@/\/SiPhMez /@/\/SiPthe
'Bu 2.20 'Bu 2.21 'Bu 2.22
31%32 70% 74%
/O/\/SiEtg, /©/\/SiiPr3
Bu 2.23 Bu 2.24
65% 0%2

Isolated yields. 240 mol % "BusP, 105 °C

Figure2.5 Silyl Triflate Scope

Silyl triflates bearing aromatic groups are also good substrates for the- nickel
catalyzed silyiHeck reaction. Both phenyldimethyl and diphenylmethyl vinyl silanes
can be prepareih good vyield 2.21 and 2.22. Finally, triethylsilyl triflate also
participates in the reactio@,23 was prepared in 65% yield. However, triisoprepyl

silyl triflate appears to be too large (even under forcing conditions). In light of the fact



that the peviously developed palladitcatalyzed reaction only tolerates 3 (used
directly orin situ), these results greatly expand the types of electrophilic trialkylsilanes
that can participate in the sitideck reaction.

In the case of reaction using larglyl triflates (described in Figure 2.4), the
major byproduct is alken2.25 (Figure 26). We hypothesize that this styrene dimer
arises via a metal hydrideediated Heckype pathway, akin to dimerization of
styrenes disclosed by Lim and-smrkers? Minor amounts of similar dimmers are
also observed as byproducts in reactions usingSNEf (Figure 2.3); however,
formation of these dimmers igess significant. These results suggest that the
dimerization pathway becomes more competitive with increasing steric bulk of the

silyl triflate, likely due to the difficulty of oxidative addition.

A LNVoT vy EQNH'HO THO-SiMe,
L,Ni"OTf Me o
)\)\ D'mg;'czlzt'on TIo— N|"-H S"é'ygg"k TfO—Nl”-SiMe3

L

[
b-H H L,Ni O/\/\Ar

R3S| = W '—‘ ",
Me H ’Ar
Ar = 4-BuCgH, Ar/\)\Ar

Me3S| H
2.25

Figure2.6 Byproduct from silydHeck Reactions of Larger Silyl Triflates

This represents the first demonstration of a nicleghlyzed silyiHeck

reaction. As well, this is the first example of a firstv transition metal catalyst in this
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type of reaction Smple posphinesupported nickebased catalystare not only
capable of silylating styrene derivatives, but are also capable of promoting the reaction
with silyl triflate reagents. This eliminates the need iforsitu generation of silyl
iodides, a requirementff the palladiuncatalyzed silyiHeck reaction. Additionally,
good substrate scope has been observed with respect to the alkene. More importantly,
electrophilic trialkysilanes bearing alkyl groups larger than methyl now participate in
Hecklike reactionsThese results provide promising leads for the further development
of silyl-Heck reactions using inexpensive catalysts and silylation reagents.

This work was communicated in 2014 Tretrahedronas an invited article
honorirg Professor Sarah Reisman as necip of the 2014Tetrahedron Young

Investigator Award:?
2.5 Experimental Information

2.5.1 General Experimental

Dioxane, tetrahydrofuran, and dichloromethane were dried alumina
according to published procedurédriethylamire wasdistilled from CaH2 and then
sparged with nitrogen. -Rimethylaminoethanol was distilled under vacuum from
anhydrouspotassium carbonate and sparged with nitrogen. Trifluoromethanesulfonic
acid (TfOH) was distilled under vacuum asired under nitrgen in a Teflorsealed
vessel. Trimethylsilyl, triethylsilyl- (Oakwood Chemical), tetiutyldimethylsilyt
(Combi Blocks), and triso-propylsilyl- (Gelest) trifluoromethanesulfonateere
distilled under vacuum and degassed prior to use. Aljlagswae was oven dried for
a minimum of 4 h or flameried undevacuum prior to use. All other substrates and

reagents were purchased highest analytical purity from commercial suppliers.



Liquid substrates were sparged with nitrogen before use, anthallswere used as
received. Column chromatography was performgtl 5/ 20 mm or 4063 mm silica
gel (Silicycle) with the eluent reported in parentheses. Analytical dhyer
chromatography (TLC)was performed on -paated glass plates and visualized by
UV or by staining with KMnQ.

NMR spetra were obtained on a BrukAv400 MHz FT-NMR spectrometer
equipped with a Bruker CryoPlatform (400 M#, 101 MHz*C, and 376 MHZ°F)
or on a Bruker AVIII 600 MHz FINMR spectrometer (60MHz *H, 151 MHz*C),
in the indicated deutersolvent and were recordedahbient temperatures. Chemical
shifts are reported in ppriH NMR werecalibrated using the residual presolvent
as a standard. 13C NMR spectra eabrated using the deutesolvent as a standard
and wererecorded using thattached proton test’F spectra are referenced to an
external FCQE sample.IR spectra were recorded on a Nicolet Magna 560 FTIR
spectrometer as thiims. GCMS data was collected using an Agilent 6850 series GC
and 5973 MXdetector.High resolution MS was attained on a Waters GCT Premier

spectrometer using electron impact ionization (EI).

2.5.2 General Procedures

General Procedure A: Reactions of Alkenes with Trimethylsilyl
trifluoromethanesulfonate: In a glovebox (N atmosphere), dicyclohexybrt
butylphosphine (15 mol %) and Ni(CODJLO mol %)were added to a two dram vial
equipped with a stirbar. Solid alkenegre also added at this time. Dioxane and
triethylamine (5 equiv) were then added sequentially, followmdliquid alkene(l
equiv) if applicable. The vial was sealed with a Teflioed septum cap and removed

from the glovebox. The reaction mixturgas stirred at room temperature until
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homogeneous. Trimethylsilytifluoromethanesulfonate (3 equiv) was thedded via
syringe at room temperature with stirring. The vessel washbated in an oil bath at
75 °C with stirring for 24 h. The reactiomas removed from the oil bath and cooled to
room temperatureThe reaction vessel was then opened to air, and bridediethyl
ether or hexanes were added. The brine layer was removetheaadyanic layer was
washed twice with brine. The combinegueous layers were baektracted twice
with diethyl ether ohexanes. The combined organic layers were dried over ¥IgSO
and concentrated in vacuo. The product was purified using flash silica
chromatography, eluting with the indicated solvent notgquhirenthesis.

General Procedure B: Reactions ofLarger Silyl Triflates: In a glovebox
(N2 atmosphere), tricyclohexylphosphi(@ mol %)and Ni(COD» (10 mol %) were
added to a two dram vial equippadth a stirbar. Dioxane, triethylamine (5 equiv),
and ZXtert-butyl-4- vinylbenzene (1 equiv) were then added, sequentially. The vial was
sealed with a Teflofined septum cap andm®ved from the gloveboxihe reaction
mixture was stirred at room temperature uhtlmogeneous. The appropriate silyl
trifluoromethanesulfonateeagent (3 equiv) was then added via syringe at room
temperaturewith stirring. The vesselas then heated in an oil bath at & with
stirring for 24 h, after which timBl,N-dimethyl ethanolaminé3 equiv) was added via
syringe with stirring at 78C. The vessalas stirred at 78C for approximately 1 min
before stirring at roontemperaturedr approximately 15 min. The reaction vessel was
then opened to air, and hexanes and HOQWI(hAqueous) were addedhe HCI layer
was removed, and the organic layer was wasivere with HCI (1 M aqueous). The
combined aqueous layers wdrackextracted wih hexanes. The combined organic

layers weredried over MgS®@ and concentrated in vacuo. The product ywasfied
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using flash silica chromatography, eluting with the indicassmdvent noted in

parenthesis.

/@/\/SW'% (E)-(4-tert-butylstyryl)trimethylsilane 2.1: Following general
Bu 241 protocol A: ZXtert-butyl-4-vinylbenzene (183 pL, 1 mmol),
‘BuPCy (38 mg, 0.15 mmol), Ni(CODR)(27.5 mg, 0.1 mmol), B (700 pL, 5
mmol), and MeSIiOTf (540 pL, 3 mmol) were reacted in dioxane (2 mL) atC5or
24 h. The product was purified through flash silica chromatography (petroleum ether)
and concentrateth vacuoto yield 190 mg (82%) o2.1 as a colorless oitH NMR
(400 MHz, CDC$) U8 (¢, J =88.7 Hz, 2H), 7.35 (d) = 8.7 Hz, 2H), 6.85 (d] =
19.1 Hz, 1H), 6.42 (dJ = 19.1 Hz, 1H), 1.31 (s, 9H), 0.14 (s, 9HIC NMR (101

MHz,CDCk) G 151.2, 143.4, 135. 8L0,FTIR&MBE, 126.

2057, 1248, 986, 868, 838IRMS (El) m/z, calcd for [@H24Si]: 232.1647; found:
232.1668.

©/\/SiMe3 (E)-trimethyl(styryl)silane 2.2 Following general protocol A:
2.2 styrene (115 pL, 1 mmol}BuPCy (38 mg, 0.15 mmol), Ni(CODR)

(27.5 mg, 0.1 mmol), &N (700 pL, 5 mmol), and MSIOTTf (540 pL, 3 mmol) were
reacted in dioxane (2 mL) at 7& for 24 h. The product was purified through flash
silica chromatography (petroleum ether) and concentrate@cuo to yield 158 mg
(89%) of2.2 as a colorless oitH NMR (400 MHz, CDCJ) U1 7.44 (d,J = 7.0 Hz, 2H),
7.33 (t,J = 7.4 Hz, 2H), 7.25 (t) = 7.2 Hz, 1H), 6.88 (d] = 19.2 Hz, 1H), 6.48 (d]

= 19.1 Hz, 4H), 0.16 (s, 9HJ3C NMR (101 MHz, CDG) U 1437, 138.5, 129.7,
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128.7, 128.1, 126.51.1; FTIR (cm'): 2955, 1247, 988, 866, 843; HRMS (El) m/z,
calcd for [G1H16Si]: 176.1021; found: 176.1048.

Me (E)-(2,4-dimethylstyryl)trimethylsilane 2.3 Following general

- SiMeg
protocol A: 2,4dimethystyrene (146 pL, 1 mmolBuPCy (38

" *2 mg, 0.15 mmol), Ni(COD)(27.5 mg, 0.1 mmol), BN (700 pL, 5

mmol), and MeSIiOTf (540 pL,3 mmol) were reacted in dioxane (2 mL) at°@ofor

24 h. The product was purified through flash silica chromatography (hexanes) and
concentratedn vacuoto yield 126 mg (62%) of.3 as a colorless oifH NMR (400

MHz,CDCk) U 7. 43 ( d,7.10(d, 3= 10.0 9z, 1Y, 6.99 (dH))= 8.4 Hz,

1H), 6.96 (s, 1H), 6.33 (d, J = 19.0 Hz, 1H), 2.35 (s, 3H), 2.31 (s, 3H), 0.16 (s, 9H);

13C NMR (101 MHz, CDQ) a 141. 2, 137. 6, 135. 3, 134. 09
21.3, 19.7-1.0; FTIR (cm'): 2954,1247, 987, 868, 842; HRMS (El) m/z, calcd for

[C13H20Si]: 204.1334; found: 204.1350.

E@/\/SW'E:«; (E)-(2-(1,2-dihydrocyclobutabenzen4-yl)vinyl) -trimethylsilane
24 2.4 Following general protocol A:-¢inylbenzocyclobutene (130
mg, 1 mmol),'BuPCy (38 mg, 0.15 mmol), Ni(CODR)(27.5 mg, 0.1 mmol), BN
(700 pL, 5 mnol), and MeSiOTf (540 pL, 3 mmol) were reacted in dioxane (2 mL)
at 75°C for 24 h. The product was purified through flash silica chromatography
(petroleum ether) and concentrated vacuoto yield 157 mg (78%) oR.4 as a
colorless oil.'H NMR (400 MHz,CDCl)  t  7J=210.1 Hizd1H), 7.18 (s, 1H),
7.00 (d,J = 7.5 Hz, 1H), 6.85 (d] = 19.1 Hz, 1H), 6.38 (d] = 19.1 Hz, 1H), 3.16 (s,
4H), 0.14 (s, 9H)C NMR (101 MHz, CDG)) & 146. 2, 146. 1, 144.
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126.1, 122.7, 120.0, 29.6, 29-4.0; FTIR (cmb): 2955, 2930, 1247, 985, 866, 837;
HRMS (EI) m/z, calcd for [@H1sSi]: 202.1178; found: 202.1194.

/@NSiMea (E)-(4-methoxystyryl)trimethylsilane 2.5: Following general
MeO 2.5 protocol A: 4vinyl-anisole (134 pL, 1 mmolfBuPCy (38 mg,

0.15 mmol), Ni(COD) (27.5 mg, 0.1 mmol), BN (700 pL, 5 mmol), and M&IOTf
(540 pL, 3 mmo) were reacted in dioxane (2 mL) at %45 for 24 h. The product was
purified through flash silica chromatography (petroleum ether) and concenimated
vacuoto yield 146 mg (71%) o2.5a white solid!H NMR (400 MHz, CDCJ) {1 7.38
(d,J = 8.8 Hz, 2H), 6.91 6.75 (m, 3H), 6.31 (d] = 19.1 Hz, 1H), 3.81 (s, 3H), 0.14
(s, 9H);*C NMR (101 MHz, CDGJ) 11159.6, 143.1, 131.5, 127.7, 126.8, 114.0, 55.5,
-1.0; FTIR (cmb): 2958, 1608, 1510, 1251, 1033, 993, 835, 798; HRMS (El) m/z,
calcd for[C12H180Si]: 206.1127; found: 206.1140.

Me0\©/\/SiMe3 (E)-(3-methoxystyryl)trimethylsilane 2.6. Following general
2.6 protocol A: 3vinyl-anisole (139 pL, 1 mmolJBuPCy (38 mg,

0.15 mmol), Ni(COD) (27.5 mg, 0.1 mmol), BN (700 pL, 5 mmol), and M&IOTf

(540 pL, 3 mmol) were reacted in dioxane (2 mL) at@5or 24 h. The product was
purified through flash silica chromatography (5% @&hexanes) and concentratied
vacuoto yield 159 mg (77%) o2.6 as a colorless oitH NMR (400 MHz, CDCJ) U

7.27 (t, J = 7.8 Hz, 1H), 7.06 (d, J = 7.7 Hz, 1H), 7.01 (t, J = 2.0 Hz, 1H), 6.87 (d, J =
19.2 Hz, 1H), 6.83 (dd, J = 2.7, 0.8 Hz, 1H), 6.50 (d, J = 19.1 Hz, 1H), 3.86 (s, 3H),
0.18 (s, 9H)3C NMR (101 MHz, CDCE) i 159.9, 143.5, 139.9, 130.0, 129.6, 119.2,
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114.0, 111.3, 55.51.1; FTIR (cm'): 2954, 1263, 865, 838; HRMS (EI) m/z, calcd for
[C12H180Si]: 206.1127; found: 206.1148.

TBSO X-SiMes  (E)-tert-butyldimethyl(3-(2-(trimethylsilyl)vinyl) -phenoxy)
\©;7\/ silane 2.7: Following general protocol Atert-butyldimethyl(3
vinylphenoxy)silag'® (234 mg, 1 mmol)!BuPCy (38 mg, 0.15 mmol), Ni(CODR)
(27.5 mg, 0.1 mmol), BN (700 pL, 5 mmol), and M&IOTT (540 L, 3 mmol) were
reated in dioxang2 mL) at 75°C for 24 h. The product was purified through flash
silica chromatography (petroleum ether) and concentiate@cuoto yield 236 mg
(77%) of2.7 as a colorless oitH NMR (400 MHz, CDC}) 117.18 (t,J= 7.8 Hz, 1H),
7.04 (dJ=7.7 Hz, 1H), 6.91 (t) = 2.1 Hz, 6H), 6.80 (d] = 19.1 Hz, 1H), 6.73 (dd
= 8.0, 2.3 Hz, 1H), 6.43 (d,= 19.1 Hz, 1H), 0.99 (s, 9H), 0.20 (s, 6H), 0.15 (s, 9H);
13C NMR (101 MHz, CDGJ) (i 156.0, 140.0, 129.7, 129.5, 119.9, 119.8, 118.0, 25.9,
184, -1.1,-4.2; FTIR (cmb): 2956, 2859, 1575, 1280, 985, 838; HRMS (El) m/z,
calcd for [G7H300Shb]: 306.1835; found: 306.1835.

0 xSiMe;  (E)-(2-(benzo(d][1,3]dioxol-5-yl)vinyl)trimethylsilane 2.8

<OI>/28\/ Following general procedure AS5-vinylbenzo][1,3]dioxole'®

(148 mg, 1 mmol)tBuPCy2 (38 mg, 0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 mmaol),

Et 3N (7ththok)l, &nd Me3d3Si OTf ( ®dlfbdiogabhe(2 3 mmo |
mL) at 75°C for 24 h. The product was purified by flash chromatography on silica gel
(hexanes) and concentratiedvacuoto yield 127 mg oR.8 (57%) as a colorlessil.

IH NMR (600 MHz, CDCI3) 7.00(d, J = 1.8 Hz, 1H), 6.86 (dd) = 8.0, 1.7Hz,

1H), 6.807 6.74 (m, 2H), 6.27 (dJ = 19.1 Hz, 1H), 5.95 (s, 2H), 0.14 (s, 9HC
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NMR (151 MHz, CDCI3)] 148.2, 147.6, 143.1, 133.4, 127.4, 121.5, 10805.6,
101.2,-1.0; FTIR (cm') 2954, 2895, 1489, 1248, 866, 839. HRMS (fl}, calcdfor
[C12H1602Si]: 220.0920; found: 220.0933.

/@/\/snw% (E)-(4-fluorostyryltrimethylsilane 2.9 Following general
F 29 protocol A: 4fluorostyrene (119 pL, 1 mmolfBuPCy (38 mg,

0.15 mmol), Ni(COD) (27.5 mg, 0.1 mmol), BN (700 pL, 5 mmol), and M&SIOTf
(540 pL, 3 mmol)were reacted in dioxane (2 mL) at %G for 24 h. The product was
purified through flash silica chromatography (hexanes) and concentnat@guoto
yield 128 mg (66%) o2.9 as a colorless oilH NMR (400 MHz, CDCJ) & 7. 40
J=8.3, 5.4, 2.5 H2ZH), 7.01 (app tt) = 8.5, 1.9 Hz, 2H), 6.82 (d,= 19.1 Hz, 1H),
6.38 (d,J = 19.1 Hz, 1H), 0.15 (s, 9H}3C NMR (101 MHz, CDCJ) & 162 . 7
247.3 Hz), 142.4 (), 134.7 (s), 129.4J¢& 2.2 Hz), 128.0 (dJ = 8.0 Hz), 115.5 (dJ

= 21.5 Hz),-1.1 (s);'%F NMR (376 MHz, CDG) -114.2; FTIR (crif): 2956, 1507,
1248, 836; HRMS (EI) m/z, calcd for {(H1sFSi]: 194.0927; found: 194.0945.

xSiMe; (E)-trimethyl(4 -(pinicolborolanyl)styryl)silane 2.10
PinB/©/2: Following a modification to general protocol A:- 4
pinacolatoboryl styrert® (230 mg, 1 mmol), tricyclopentylphosphine (72 mg, 0.3
mmol), Ni(COD}» (27.5 mg, 0.1 mmol), BN (700 pL, 5 mmol), and M&SIOTf (540
pL, 3 mmol) were reacted in dioxane (2 mL) at 45 for 24 h. The product was

purified through flash silica chromatography (eluent here) and concenimataduo

to yield 123 mg (41%) 02.10 asa white solid!H NMR (400 MHz, CDCJ) U 7. 3 8

J=8.8 Hz, 2H), 6.9 6.75 (m, 3H), 6.31 (d] = 19.1 Hz, 1H), 3.81 (s, 3H), 0.14 (s,
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9H); ®°C NMR (101 MHz,CDG) U 159. 45, 142. 92, 131.
55.29,-1.16; FTIR (cm"): 2958, 1608, 1510, 1251, 1033, 993, 835, 798; HRMS (EI)
m/z, calcd for [C17H27BG@5I]: 302.1873; found: 302.1893.

O NX-SiMes  (E)-9-(2-(trimethylsilyl)vinyl) -9H-carbazole 2.13  Following

O general protocol AN-vinyl carbazole (193 mg, 1 mmolBuPCy

213 (38 mg, 0.15 mmol), Ni(CODB)(27.5 mg, 0.1 mmol), BN (700

pL, 5 mmol), and MeSIOTf (540 pL, 3 mmol) were reacted in dioxane (2 mL) at 75
°C for 24 h. The product was purified through flash silica chromatography (petroleum
ether) and concentrated vacuoto yield 248 mg (93%) o2.13 as a white solid*H
NMR (400 MHz, CDC4) i 8.07 (d,J = 7.8 Hz, 2H), 7.72 (d) = 8.3 Hz, 2H), 7.48
(ddd,J = 8.3, 7.2, 1.3 Hz, 2H), 7.387.27 (m, 3H), 6.04 (d] = 17.2 Hz, 1H), 0.27 (s,
9H); 13C NMR (101 MHz, CDGJ) Ui 139.4, 133.6, 126.3, 124.2, 120.8, 120.4, 113.5,
110.9, 77.2-0.6; FTIR (cmb): 2953, 1610, 1447, 834, 751, 721; HRMS (El) m/z,
calcd for [G7H19NSI]: 265.1287; found: 265.1262.

ve OTBS  tert-butyldimethyl((8 R,9S,13S,14S,17S)-13-methyl-3-

((E)-2-(trimethylsilyl)vinyl) -7,8,9,11,12,13,14,15,16,17
Me3Si7 X -decahydro-6H-cyclopentafg]phenanthren-17-yloxy)-
- silane 2.14 Following general protocol A:tert-
butyldimethyl (((8R,9S,135,14S,175)-13-methyt3-vinyl-7,8,9,11,12,13,14,15,16 17
decahydre6H-cyclopenta[a]-phenanthreri 7-yl)-oxy)silané? (396 mg, 1 mmol),
'BuPCy (38 mg, 0.15 mmol), Ni(CODR)(27.5 mg, 0.1 mmoJ)EtN (700 pL, 5

mmol), and MeSiOTf (540 pL, 3 mmol) were reacted in dioxane (2 mL) atC5or

29,



24 h. The product was purified through flash silica chromatography (petroleum ether)
and concentrateth vacuoto yield 283 mg (60%) 02.14 as a white foam'H NMR

(400 MHz, CDC#) 11 7.251 7.18 (m, 2H), 7.15 (s, 1H), 6.82 (@@= 19.1 Hz, 1H), 6.40

(d, J=19.2 Hz, 1H), 3.64 () = 8.2 Hz, 1H), 2.98 2.73 (m, 2H), 2.30 (dt] = 12.8,

3.0 Hz, 1H), 2.21 (tdJ = 11.5, 11.0, 3.9 Hz, 1H), 2.G81.79 (m, 3H), 1.76 1.59 (m,

1H), 1.59i 1.09 (m, 7H), 0.89 (s, 9H), 0.74 (s, 3H), 0.14 (s, 9H), 0.04 (s, 3H), 0.03 (s,
3H); 13C NMR (101 MHz, CDGJ) Ui 143.6, 140.7, 137.0, 135.9, 128.5, 127.0, 125.7,
123.7,81.9, 49.%94.7, 43.7, 38.8, 37.3, 31.1, 29.7, 27.4, 26.4, 26.0, 23.4, 18.3; 11.5,
1.0,-4.3,-4.6; FTIR (cmb): 2926, 1248, 1095, 866, 836; HRMS (El) m/z, calcd for
[C2oH4g0Sh]: 468.3244; found: 468.3259.

~.S"BuMe, (E)-butyl(4-tert-butylstyryl)dimethylsilane 2.17: Following
‘Bum general protocol B: -tert-butyl-4-vinylbenzene (183 pL, 1
mmol), PCy¢ (84 mg, 0.3 mmol), Ni(CODR)(27.5 mg, 0.1 mmol), BN (700 pL, 5
mmol), andn-butyldimethylsilyltrifluoromethanesulfonaté’ (790 mg, 3 mrol) were
reacted in dioxane (2 mL) at 7& for 24 h.N,N-dimethyl ethanolamine (300 pL, 3
mmol) was added after reaction. The product was purified through flash silica
chromatography (petroleum ether) and concentraiegcuoto yield 165 mg (60%)
of 2.17 as a colorless oitH NMR (400 MHz, CDCJ) U 7 J575, 1(8cHd, 4H),
7.471 7.33 (m, 10H), 6.97 (d] = 19.1 Hz, 1H), 6.73 (dJ = 19.0 Hz, 1H), 1.33 (s,
9H), 0.72 (s, 3H)C NMR (101 MHz, CDG)) 4 151.57, 146.96,
134.91, 129.8, 127.83, 126.33, 125.46, 123.70, 34.63, 31:36%2; FTIR (cmb):
2961, 1427, 1111, 800, 699; HRMS (EI) m/z, calcd forgfz3Si]: 274.2117; found:
274.2092.
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/©/\/SiBnMe2 (E)-benzyl(4tert-butylstyryl)dimethylsilane 2.18 Following
‘Bu 2.18 general protocol B: -tert-butyl-4-vinylbenzene (183 pL, 1

mmol), PCy¢ (84 mg, 0.3 mmol), Ni(CODBR)(27.5 mg, 0.1 mmol), BN (700 pL, 5
mmol), and benzyldimethylsilyl trifluoromethasealfonaté® (895 mg, 3 mmol) were
reacted in dioxan€2 mL) at 75 °C for 24 hN,N-dimethyl ethanolamine (300 pL, 3
mmol) was added after reaction. The product was purified through flash silica
chromatography (8% CHCl>:hexanes) and concentratgdvacuoto yield 206 mg
(67%) of2.18 asa colorless oil*H NMR (400 MHz, CDC4) Ui 7.36 (app s, 4H), 7.22

(t, J= 7.6 Hz, 2H), 7.08 () = 7.4 Hz, 1H), 7.03 (app d,= 7.3 Hz, 2H), 6.84 (d] =

19.2 Hz, 1H), 6.38 (d) = 19.2 Hz, 1H), 2.21 (s, 2H), 1.33 (s, 9H), 0.13 (s, 6fQ;
NMR (101 MHz, CDC4) G 151.4, 144.6, 140.1, 135.7, 128.4, 128.3, 126.4, 126.2,
125.6, 124.1, 34.8, 31.4, 26:3.2; FTIR (cmb): 2961, 1493, 832, 698; HRMS (EI)
m/z, calcd for [GiH2sSi]: 308.1960; found308.1950

/@/\/SiiPrMez (E)-(4-(tert-butyl)styryl) (isoproply)dimethylsilane 2.19:
'Bu 2.19 Following general protocol B:-fert-butyl-4-vinylbenzene (183
puL, 1 mmol), PCy (84 mg, 0.3 mmol), Ni(CODBR)(27.5 mg, 0.1 mmol), BN (700 pL,
5 mmol), and isopropyldimethylsilytrifluoromethanesulfonaté® (750 mg, 3 mmol)
were reacted in dioxane (2 mL) at 76 for 24 h.N,N-dimethyl ethanolamine (300
pL, 3 mmol) was added after reaction. The product was purified through flash silica
chromatography (eluent here) and concentratedacuoto yield 157 mg (60%) of
2.19asa colorless oil!H NMR (400 MHz, CDCY) (i 7.59 (dd,J = 7.5, 1.8 Hz, 4H),
7.471 7.33 (m, 10H), 6.97 (d) = 19.1 Hz, 1H), 6.73 (dJ = 19.0 Hz, 1H), 1.33 (s,
9H), 0.72 (s, 3H)C NMR (101 MHz, CDG)) U 151.57, 146.96, 136.56, 135.29,



134.91, 129.28, 127.83, 126.33, 125.46, 123.70, 34.63, 3134R; FTIR (cm):
2961, 1427, 1111, 800, 699; HRMS (EI) m/z, calcd forlHzsSi]: 260.1960; found:
26.1968

X-SiBuMe; (E)- tert-butyl (4-(tert-butyl)styryl)dimethylsilane 2.20:
’Bu/©:;/ Following a modification of general protocol B:tdrt-butyl-4-
vinylbenzene (183 pL, 1 mmol),"Bus (81 mg, 0.4 mmol), Ni(CODBR)(27.5 mg, 0.1
mmol), EgN (700 pL, 5 mmol), andert-butyldimethylsilyl trifluoromethanesulfonate
(690 pL, 3 mmol) were reacted in dioxane (1 mL) at 1COfor 24 h.N,N-dimethyl
ethanolamine (300 pL, 3 mmol) was added after reaction. The product was purified
through flash silica chromatography (hexanes) and concentratetuoto yield 86
mg (31%) of2.20asa colorless oil*H NMR (400 MHz, CDCJ) 11 7.39 (d,J = 8.6 Hz,
2H), 7.36 (d,J = 8.5 Hz, 2H), 6.87 (d) = 19.2 Hz, 1H), 6.43 (d] = 19.1 Hz, 1H),
1.32 (s, 9H), 0.91 (s, 9H), 0.11 (s, 6HC NMR (101 MHz, CDGJ) 1 151.2, 144.7,
135.9, 126.2, 125.8, 125.6, 34.8, 31.4, 26.6, }B.0; FTIR (cm'): 2954, 2856, 147,
987, 828; HRMS (EI) m/z, calcd for [gHz0Si]: 274.2117; found: 24.2103

X SiPhMe;  (E)-(4-(tert-butyl)styryl) (phenyl)dimethylsilane 2.21
‘Bu/©/2.: Following general protocol B:-tert-butyl-4-vinylbenzene (183
puL, 1 mmol), PCy (84 mg, 0.3 mmol), Ni(CODBR)(27.5 mg, 0.1 mmol), BN (700 pL,
5 mmol), and phenyldimethylsilyl trifluorometharsulfonaté® (850 mg, 3 mmol)
were reacted in dioxane (2 mL) at 76 for 24 h.N,N-dimethyl ethanolamine (300
pL, 3 mmol) was added after reaction. The product was purified through flash silica

chromatogaphy (petroleum ether) and concentratedacuoto yield 205 mg (70%)
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of 2.21asa colorless oil'H NMR (600 MHz, CDCJ) 11 7.58i 7.55 (m, 2H), 7.39 (d,
J=8.4 Hz, 4H), 7.37 7.33 (m, 5H), 6.93 (d] = 19.1 Hz, 1H), 6.54 (d] = 19.2 Hz,

1H), 1.32 (s, 9H), 0.42 (s, 6HI*C NMR (151 MHz, CDGJ) Ui 151.5, 145.3, 138.9,
135.6, 134.1, 129.1, 127.9, 126.4, 126.2, 125.6, 34.8, 33, FTIR (cmb): 2961,

1427, 1111, 800, 699; HRMS (El) m/z, calcd fordd»¢Si]: 294.1804; found:
294.1788

XxSiPhoMe  (E)-(4-(tert-butyl)styryl) (methyl)diphenylsilane 2.22:
’Bu/©:: Following general protocol B:-tert-butyl-4-vinylbenzene (137
pL, 0.75 mmol), PCy (63 mg, 0.225 mmol), Ni(COBR)20.6 mg, 0.075 mmol), Bl
(529 pL, 3.75mmol), and diphenylmethylsilyl trifluoromethanesulfortétg80 mg,
2.25 mmol) were reacted in dioxang.§ mL) at 75°C for 24 h. N,N-dimethyl
ethanolamine (225 pL, 2.25 mmol) was added after reaction. The product was purified
through flash silica chromatography (2B8% CHCIz2:hexanes) and concentrated
vacuoto yield 198 mg (74%) o2.22asa colorless ib. *H NMR (400 MHz, CDC) U
7.59 (dd,J = 7.5, 1.8 Hz, 4H), 7.47 7.33 (m, 10H), 6.97 (d] = 19.1 Hz, 1H), 6.73
(d,J=19.0 Hz, 1H), 1.33 (s, 9H), 0.72 (s, 3fC NMR (101 MHz, CDG) Ui 151.7,
147.1, 136.7, 135.5, 135.1, 129.4, 128.0, 126.5, 1228.9, 34.8, 31.4.3.5; FTIR
(cmh): 2961, 1427, 1111, 800, 699; HRMS (El) m/z, calcd for [C25Ht 365.1960;
found: 365.1955

/@/\/SiEtg (E)-(4-(tert-butyl)styryl) tri ethylsilane 2.23: Following general
‘Bu 2.23 protocol B: ktert-butyl-4-vinylbenzene (183 pL, 1 mmol), P€y
(84 mg, 0.3 mmol), Ni(CODR)(27.5 mg, 0.1 mmol), BN (700 pL, 5 mmol), and
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triethylsilyl trifluoromethanesulfonate (680 pL, 3 mmol) were reacted in dioxane (2
mL) at 75°C for 24 h.N,N-dimethyl ethanolamine (300 pL, 3 mmol) was added after
reaction. The product was purified through flash silica chromatography (petroleum
ether) and conceratedin vacuoto yield 178 mg (65%) o2.23asa colorless oillH

NMR (400 MHz, CDC}) 1 7.40 (d,J = 8.6 Hz, 2H), 7.36 (dJ = 8.6 Hz, 2H), 6.88 (d,
J=19.3 Hz, 1H), 6.38 (dl = 19.3 Hz, 1H), 1.32 (s, 9H), 0.98 Jt= 7.9 Hz, 9H), 0.65

(q,J = 7.9 Hz, 6H):13C NMR (101 MHz, CDGJ) 11 151.2, 144.7, 135.9, 126.1, 125.6,
125.0, 34.7, 31.4, 7.6, 3.7; FTIR (&n 2954, 2874, 987, 788, 731; HRMS (El) m/z,
calcd for [GgH30Si]: 274.2117; found: 24.2093
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Chapter 3

PALLADIUM -CATALYZED CROSS-COUPLING OF SILYL
ELECTROPHILES WITH ALKYLZINC HALIDES: A SILYL NEGISHI
REACTION

3.1 Introduction

As discussed in Chapter 1, alkyl silanes are highly useful synthetic
intermediates in organic synthésand impart unique characteristics to biologically
active moleculesand materialé Section 1.3 presents a discussion of synthetic
methods to access alkyl silanes ahé difficulties in direct alkylation of silyl halides.

Syntheses of alkyl silanes have beeported for over a century. Historically,
hydrosilylation has been a workhorse reaction for the synthesisatdylsilanes®
However, hydrosilylation often encounters issues of isomerization and regioselectivity
with 1,2disubstituted olefis? Arguably, the most attractive method for preparing
alkyl silanes is the alkylation of widely available silyl electrophiles with equally
abundant organometallic nucleophiles. Unfortunately, these reactions suffer from low
yields, long reaction times, andysificant side reactions Alkylations with primary
and aryl nucleophiles are knoWmotably, the addition of secondary organometallic
reagents to silyl electrophiles is rarely effectivAstonishingly, few examples of
direct alkylation of 4yl monohalides with secondary nucleophileme present in the
literature. This is due to the lack of reactivity or competitive reductive processes with
these more sterically demanding and electron nucleophiles.

The examples of secondary silanes the¢ reported utilize unusual silyl
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electrophiles or sterically nondemanding nucleophiles (Figure 3.1). The usage of
trimethylsilyl sulfaté and triphenyl potassium trifluorosilicdteepresents unique silyl
electrophiles capable of undergoing alkylation (Figure 3.1, A and B). The alkylation of
sterically accesible 1,%dichlorobenzosilacyclobutene demonstrates the impact steric
environment has on this alkylation strategy (Figure 3.1°@®educing the steric
environment of the nucleophilic coupling partner is also an effective strategy (Figure
3.1, D) A singular example wherein a CuCN catalyzed alkylation of trimethylsilyl
chloride generated a modegeld of secondary silane has been reported (Figure 3.1,
E).X? Prior catalytic methods, which have proven effective with primary and aryl

nucleophiles, are ineffective coupling secondary alkyl grétfps.

A Me\ngBr . C/)\‘S’/? Et,0 MeYSiMeg
Me Me3SiO”  "OSiMey reflux, 8 days Me
34%
B Me MgBr THF Me SiMej;
\( +  PhgSiF3K*(18-crown-6) ————>» Y
Me rt,3h Me
68%
¢ Me.__MgBr Et,0 .
he + si-cl ————> Si-Pr
Me & rt,1h ipr
83%
D THF
[>—Mgsr + PhsSiCl ———— [>—siPh,
reflux, 15 h
37%
E n-CygHyr _MgBr 5 mol % CuCN n-CoHat_SiMe
10 21\r + MesSiCl > 10 21\( 3
Me THF, 1t, 16 h Me

22%

Figure3.1 Previous Secondary Alkylation of Silyl Electrophiles

In an effort to circumvent this poor reactivity, the Fu and Oestreich groups
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have independely reported the crossoupling of silyl nucleophiles and carbon
electrophileswith nickel and copper catalysis respectivifigure3.2).”12 While these
valuable transformations access secondary alkyl silanes, they rely on nucleophilic

silicon reagents, the umpolung reactivity of naturally electropositive silicon.

2 mol % SiMe,Ph

Br
NiBr,~digl
Me + CiZn—SiMe,Ph Frrdigyme Me
DMA/THF, —20 °C
MeO MeO
|

79%
10 mol % CuSCN
10 mol % dtbpy SiMe,Ph
1.5 equiv LiO'Bu _
THF/DMF (9/1), rt

Me + PhMe,Si—BPin Me

MeO MeO

84%

Figure3.2 Umpolung Silicon Alkylation

In the course ofreinvestigatingthe multrcomponent reaction by Murai
detailed in Section 1.2.6 (Figure 1.28), control reactions to determine background
interactiongevealed galladiumcatalyzed alkylation reaction (Figude3). Mixing of
benzyldimethylsilyl iodide with diethylzinc in dioxane for 1 hour resulted exclusively
in benzyldimethylsilanol and dibenzyltetramethyldisiloxane quantitatively (FigGre
top). The inclusion of Pd(dbajand PPh produced benzyl(ethyl)dimegtsilane in
90% vyield. The remaining mass balance was disiloxane resultant of unreacted silyl
iodide quenched through hydrolytic work(feigure 3.3, bottom)Based on the results
of thesecontrol reactionsve wereintrigued as to whether this alkylation reaction

could be developedia a high value transformation.



1 equiv Ety,Zn

Me,BnSil »  MesBnSis
dioxane, rt, 1 h

then quench w/ H,O 99% (NMR)

oH * MeanSi\O,SiBnMeg

5 mol % Pd(dba),
10 mol % PPhj

1 equiv EtyZn
Me,BnSil » Me,BnSi—Et + MeanSi\O,SiBnMez
dioxane, rt, 1 h
then quench w/ H,O 90% (NMR) 9% (NMR)

Figure3.3 Initial Control Reactions Revealing a Silyl Negishi Reaction

In collaboration withmy colleague Dr. Bojan Vuloviaye sought to develop a
system that could effectively catalyze a siMegishi reactionwith secondary zinc
nucleophilesrepresented in Figur8.4.1* We envisioned this catalytic cycle would
begin with a palladium(0) catalys3.{) that would undergo an oxidatiagldition to a
silyl iodide. This would form a complexX3.Q) analogous to the oxidative addition
complex reported in the second generation-$ilgtk (Section 1.2.6.2, Figure B)3°
This complex could then engage with a secondary alkyic iodide in a
transmetalation event. This would didgdiorm alkyl silyl palladium intermediat8.3
which could theoretically reductively eliminate to form the desired pro@uct
However, as noted in previous studies, a istanding problem in crosupling of
secondary Q)-hybridized organometallics is competitive rearrangement to the
linear isomer 3.6) via b-hydride elimination'® Therefore, control ovethe equilibrium
between secondary and primary alkyl palladium complexes would be critical to the
successful development of a sifkegishi reactionAll results obtained by myself*

and Dr. Vulovic are reported herein for completeness.
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SR Me
AN+
Me Me” “SiRs

L,Pd° I—SiR,
3.6 3.5 3.1
undesired desired R.E. O.A.
. l-gj SiR
LnPd”'SIR3 L,Pd"=SiR; 0’ 3
Me\) )\ LnPd \
—~— Me Me 3 2'
3.4 3.3 :
T.M.
1ZnX Me
Me Znl

Figure3.4 Proposed SilyNegishi Catalytic Cycle

3.2 Optimization

While initial experiments with diethylzinc were successful in generating
alkylated product, the ease of acceg®ater stabilityand functional group tolerance
of alkylzinc halides attracted our attention as highly versatile nucleophiks.a
model system, we investigated the reaction of isopropylzinc iodide with
dimethylphenysilyl iodide in the presence of a palladium catalyst. The reactions were
monitored for both desiresecalkyl product3.7 and isomeric produ@.8.

Control experiments without a catalyst showed no product formation (Table
3.1, entry 1). Initial catalytic expenents were conducted with a catalyst derived from
PadbaA C Hs@hd PPh(entry 2). Although we were very pleased to observe desired
alkylation product, the yield .7 was low and modest levels of undesired isom8r
were observed. Bl was identified a an additive that both improved yield and
suppressed isomerization (entry 3). This effect may be due to the formation of a silyl
amine adduct® The choice of precatalyst was also important with [allylPgICI]

proving superior to PdbaA C HsQéntry 4). We attribute this difference to the



competitive nonproductive ligation of dba to the metal cefitéve next investigated

the nature of the ligand in the reaction. The increased steric bukah)4{P (entry 5)
resulted in a large decrease in yield. In contrast, the isomeric ligaotsP (entry 6)

led to an increase in overall ideand reduced isomerization below GC detection
limits. Electrondeficient ligands greatly reduced the yield and increased isomerization
(entry 7). Under the hypothesis that increased electron density would further improve
the yield, we investigatedp{MeOPhxP (entry 8). WHe this ligand achieved
comparable results tg-fol)sP, further investigation revealed that reactions using this
ligand proved inconsistent with respect to yield and selectivity. We attribute this to

ligand instability under the Lewicidic reaction condition?.

Table3.1 Optimization of Catalyst

2.5 mol % [allylPdCl],

Me Znl 10 mol % Ligand Me SiMe,Ph

Y - + Ete_-SiMe,Ph
Me 2 equiv Me,PhSil Me
1 equiv Et3N
dioxane, rt, 4 h 3.7 3.8
Entry Ligand 3.7 +3.8 (%)? 3.7:3.8°
1° o] 0 o}

20.e PPh 31 95:5

3d PPh 67 98:2

4 PPh 77 99:1

5 (o-tol)sP 48 98:2
6 (p-tol)zP 91 >00:1
7 (p-CRsCsHa)3P 42 87:13
8 (p-MeOGsHa)3P 88 >99:1

9 PhPBu 83 93:7

10 JessePhos 94 98:2
11 DrewPhos 99 >00:1
12 (DrewPhos)Pdk 99 >00:1

aYield determined by NMRERatio determined by GCNo Pd and ligand!Run with
PadbaA C Hs@nlplace of [allylPdCH. ®EtsN excluded1.0 mol % Pd, 1 h.
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By

‘Bu
Bu. ; _P< ; Bu Bu. ; =R ; 'Bu

Bu Bu Bu Bu
JessePhos (L1) DrewPhos (L2)

In an attempt to avoid ligand decomposition, we turned our attention toward
the electrorrich Ar.P'Bu scaffold, which has been used successfully in-bigdk
reactions’! The parent ligand (Ar = Ph, entry 9) produced only a moderate giehg
with significant isomerization. However, with the larger and more elecicbn
JessePhod (), we observed an increased yield of 94% and decreased isomerization
(entry 10)!>?2 Encouraged by these results, wkected to prepare a new triaryl
phosphine ligand based on the-8j&ert-butylarené&® This ligand, DrewPhos I(2),
produced neaguantitative yields and full suppressiof isomerization (entry 11Y.0
further improve the reaction, the single component (DrewRPRdk)catalyst was
examined. This precatalyst was highly efficient, allowing for a palladium loading as
low as 1 mol % and complete reactions in as little as 1 h (Table 3.1, entry 12). With
efficient catalytic conditions in hand, we set out to examine the sifdpe reaction.

Alternative silyl electrophiles ¢hlorides, bromides, and triflates) were also
investigated in the reaction, but were much less rea€liable 3.2). The addition of
Nal did not hinder the reactivity of trimethylsilyl iodide (entry 1). éir use of
trimethylsilyl bromide showed modest reactivity while addition of Nal increased yield
to 61% (entry 2). The use of trimethylsilyl chloride and triflate showed minimal

reactive with and vihout the use of Nal (entries43.
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Table3.2 Examination oSilyl Chlorides, Bromides, and Triflates

ZnBr 1 mol % (DrewPhos),Pdl, SiMes
) 1 equiv Et3N
Me *  MesSIX X equiv Nal > Me
dioxane, rt, 4 h
Entry MesSiX 0 equiv Nal (%) 3 equiv Nal (%)
1 MesSil 98 99
2 MesSiBr 26 61
3 MesSiCl 1 11
4 MesSiOTf 2 5

We believe the success of the DrewPhos liga@dis related to both its
electronrichness and its steric bulk. Steric bulk is known to promote reductive
elimination?* In addition, the relative effectiveness of the triarylphosphine ligands
examined in Table 4.1 directly correlates with their eleetidmess as judged by the
31pi 77Se coupling constants of the corresponding phosphine selgfidieke 3.3).2°
The lower the'Pi 7’Se coupling constant, the more electron density is localized on the
phosphorous atonComparison of measured values with literature confastiews a
clear increase in electratensity for the DrewPhos ligand@his correlation may imply
a role of the ligand electron densitystowing b-hydride elimination by stabilizing the

palladium(ll) alkylintermediate relative to the palladium(ll) hydride alkene complex.

Table3.3 Phosphine Selenide Coupling Constants

Se Se
Ar’P\Ar — ;:',\
A CDCls, 70 °C Ar” N AT
Entry Ar 3P Measured Jp-se Literature Jp-se

1 PhsP 729.9 729
2 (o-tol)sP 704.6 704
3 (p-tol)sP 719.3 719
4 (p-CFsPh)P 766.3 766
5 (p-OMePh)P 712.5 712
6 DrewPhos 714.0 N/A
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3.3 Scope of Zinc Coupling Partner

To begin the exploration of zinc coupling partner, model comp@.navas
isolated in 93% vyield (Figur&.5). While development was focused on secondary
nucleophiles, primary alkyl zinc iodides also coupled efficierl8)( however, in this
case there was a modest background reaction (30%). With more sterically hindered
primary reagents the background reaction was negligible, but the catalyzed coupling

was still high yielding 3.9). Other gclic zinc iodides can also be us&ll().

1 mol % (DrewPhos),Pdl,
2 equiv Me,PhSil
ZnX > R,SiMezPh
1 equiv EtzN
dioxane, rt, 1-4 h

Zinc lodides:

Me SiMe,Ph . Me SiMe,Ph
SiMe,Ph ) 2
\I\|/I/e Me” >~ Me)\/SMezPh O/
3.7 3.8 3.9 3.10
93% 96% 95% 97%
(0%) (30%) (2%) (0%)

Zinc Bromides:

Me\rSiMezPh Me SiMe-Ph Me SiMe,Ph Me SiMe,Ph
~ 2 ) G/
Me Me)\/SlMegPh

Me
3.7 3.1 3.9 3.12 3.13
98%, 4.35 g* 91%* 95% 97%* 93%*
(0%) (8%) (3%) (0%) (0%)
, _ SiMe,Ph _
noctyl\rS|Me2Ph )Mi)S\IMeZPh |P SiMe,Ph N SiMe,Ph
Me Me Me © Me
3.15 3.16 3.17
3.14 3.18
94%* 77%P 99%%* 71%P 99%*
0%) (0%) (0%) (0%) (0%)
SiMe,Ph SiMe,Ph SiMe,Ph SiMe,Ph
3.19 mj /©/:2)1\ mj
02C 81% 86%* 94%* 82%
(0%) (0%) (0%) (0%)

Isolated yields. Parenthetical yields run without catalyst,
determined by NMR. @exo/endo (80:20). °Run for 16 h.

Figure3.5 Alkyl Zinc Substrate Scep
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Alkyl zinc bromides are generally less reactive than their iodide congeners, as
exemplified by the neamegligble reactivity in the uncatalyzed reactions. However,
under catalysis, these reagents also performed admirably usingua rediction time
(Figure 3.5, bottom). The reaction is also scalable. Using isopropylzinc bromide, we
isolated compound.7 on a muligram scale in neaguantitative yield.

Aliphatic secondary zinc bromide substrates resulted in high yi8l@i815).

While the zinc insertion into bicyclic norbornyl bromide resulted in a 66x¢endo
ratio, the resultant silane was an 8082@endomixture of 3.16 We attribute this
increase to the dynamic solution behavior of alkyl zinc bromides and differing
reactivity between diastereoméfs.

The majority of commercially available zinc organometallic reagents are
solutions in THF. Although THF is incompatible with silyl iodides, solvent exchange
of commercialUmethylbenzylzinc bromide solution and subsequent erospling
resulted in the isolation &.17in 71% yield. This protocol greatly expands the pool of
readily available nucleophiles in this transformation. lllustrating the robust nature of
the catalystand hindranceéo b-hydride elimination, no styrene was detected in the
formation of product3.17. Functionalized silanes were readily accessed with this
methodology. Aryl chlorides, ethers, esters, and trifluoromethyl$9-2) were
obtained in excellentyields. These functional groups allow for subsequent
manipulation of the products.

While many functional groups are tolerated in the reaction, alkenes proved
incompatible under the reaction conditions as the additive study in Babéhows.

The addition of alkene additives shows a correlation between alkene steric

environment and rededyields. The sterically accessibleattene greatly reduces the
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yield by nearly half (entry 2) while the trisubstituted alkenméthylcyclohexene
shows no discerniblenipact on reactivity (entr$). The addition of a 1;Hisubstituted
alkene in (Hlimonene reduced the yield to 75% (entry 4). These results parallel those
observed with thecomparison of PgibaA C HzCand [allylPdCl} as precatalysts
(Table 3.1, entries3 and 4; demonstratingthe detrimental impact of sterically

accessible alkenes on the reaction, most likely through catalyst coordination.

Table3.4 Alkene Additive Study

1 mol % (DrewPhos),Pdl,

1 equiv Et3N i
Me\anI 3 . MeYS Me,Ph + Ete_SiMe,Ph
Me 2 equiv Me,PhSil Me
1 equiv alkene 3.7 3.8
dioxane, rt, 4 h
Entry Alkene 3.7 +3.8 (%) 3.7:38
1 None 98 >99:1
2 4-octene 55 98:2
3 1-methylcyclohexene 99 >99:1
4 (+)-limonene 75 >99:1
Me
A Me O/Me O/
Me/\/\/\/ o
s
4-octene 1-methyl-cyclohexene (+)-limonene

Different substitution patterns on silicon allow for altered reactivity and
downstream transformatiod$.In pursuit of a unified method to rapidly generate a
diverse array of alkyl silanes, the scope of the silyl iodide coupling partner was
explaed (Figure 3.6). The reaction provided excellent yields of trimethyl,
benzyldimethyl, and methyldiphenyl silan&23-25), demonstrating the flexibility of
the system to adapt to changing steric and electronic environments around the silicon

atom. Couplng sterically demanding triethylsilyl iodide resulted in a 30%3a6.
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Although not high yielding, this is the first time thats&t| has participated in a

palladiumcatalyzed silyl electrophile cros®upling.

1 mol % (DrewPhos),Pdl,
ZnBr 2 equiv R3Sil SiR3

/@/\)\Me 1 equiv EtzN /@/\)\Me
dioxane, rt, 4 h
SiMe; SiMe,Bn SiMePh;, SiEts
Me
3. 23 3. 24 3. 25 3.26
96%* 99%* 80%* 30%*
(0%) (0%) (0%) (0%)

Isolated yields. Parenthetical yields run without catalyst.

Figure3.6 Scopeof Silyl lodide

To further examine the steric limits of the catalytic system, the highly sterically
demandingb,b-dimethyl andb,b,b-trimethyl substituted zinc iodide reagents were
prepared and tested in the react{@®7 and 3.30, Figure 3.7). While thereactions
required 15 h to go to completioB,27 led to 3.28 as a single regioisomer in 81%
yield. The steric limitation of the system was realized, however, as the reac8@0 of
provided a 56% vyield of a 62:38 mixture of branch&81) and linear 8.32) isomers.
Presumably, this occutBroughb-hydride elimination and reinsertion to the sterically
favorable terminal carbon atom. This demonstrates that, even with severely strained,
secondary neopentylic nucleophiléshydride elimination is still at the predominant

pathway.
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(DrewPhos),Pdl, Me

e Me,PhSil Me
€ | Me +
Me >
Me Me Me)\/\SiMezPh
Znl EtgN SiMe,Ph
dioxane, rt, 15 h
3.27 3.28 81% 3.29
>99:1
Me Me (DrewPhos)?Pdlz Me Me N
Me Me,PhSil _ Me * X/\
Me > Me Me SiMe,Ph
Znl EtsN SiMe,Ph
dioxane, rt, 15 h
3.30 3.31 56% 3.32
62:38

Figure3.7 Examination of Steric Limits

Finally, this catalyst system is extremely robust. When run without precautions
against air and moisture, the coupling reaction still prod@ceoh 88% isolatd yield

(Figure3.8). This is remarkable for a palladidoatalyzed crossoupling of this type.

1 mol % (DrewPhos),Pdl,

Me\rzm 2 equiv Me,PhSil MeYSiMeZPh
Me 1 equiv EtzN Me
dioxane, rt, 4 h 3.7, 88%

sealed vial, under air

Figure3.8 Silyl-Negishi Under Air

In conclusion, we reported a general palladicaialyzed nucleophilic
alkylation of silyl halide kctrophiles with primary and secondary alkyl zinc halides.
This transformation is amenable to various substitutions about the silicon center,
allowing for diverse silane substitution on individual carbon frameworks. This work
demonstrates the unique cajhitibs of the DrewPhos catalyst to suppress

isomerization and promote efficient cressupling. Paramount to this reactivity is the



interplay of steric and electronic parameters of the DrewPhos ligand. While providing
improved access to primary silanele treaction provides unprecedented access to
secondary silanes using abundant silyl electrophiles.

This work was communicated in tdeurnal of the American Chemical Society
in 20172° featured in Synfact® and is protected undgprovisional US patent

62/400,195°31
3.4 Experimental

3.4.1 General Experimental

Dioxane, triethylamine, toluene, dichloromethane (DCM), acetonitrile
(MeCN), and tetrahydrofuraifTHF) were dried on alumina according to published
procedures? The following reagents were purchased from commercial suppliers and
used as received: Tris(dibenzylideneacetone)dipalladium(0) chloroform adduct
[Pcb(dba}A C HsL(Strem), allyl palladium(ll) chloride dimer(dllyl)PdClL (Strem),
palladium(ll) iodide (Strem), palladium(ll) chloride (Strem), triphenlyphosphine
(Oakwood), tdortho-tolylphosphine (Strem), tpara-tolylphosphine (Strem),
tris(para-trifluoromethylphenyl)phosphine (Strem), tps(a
methoxyphenyphosphine (Alfa Aesar), -romo3,5-di-tert-butylbenzene (Combi
Blocks), iodocyclohexane (Oakwood), -idlopropane (Oakwood), -ibdo-2-
methylpropane (Acros), -ibdopropane (Acros), bromocyclopentane (Acros), 2
bromopropane (Aldrich),-bromo2-methylpropandAcros), Xbromobutane (Acros),
3-bromopentane (Alfa Aesar), ex@bromonorbornane (Aldrich),-@ecanol (Acros),
trimethylsilylchloride (Gelest), trimethylsilyliodide (Gelest), triethylsilyliodide
(Gelest), methyldiphenylsilane (Gelest), dimethylphergtsl (Gelest), iodomethane
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( Acros) , zinc d u s t-buter2100 ¢Matrix).( Bis(2I5dittect-h )
butylphenyl)tert-butyl)phosphine (JessePhos'® (3-bromobutyl)benzen& 1-(3-
bromobutyl}4-chlorobenzené? and *(3-bromobutyl}4-methoxybenzené, were
preparedaccording to the published proceduiémls used in the glovebox were dried
in a gravity oven at 140 °C for a minimum of 12 h, transferred into the glovebox hot,
and then stored at rt in the glovebox prior to #dehot glassware was oven dried for
a minimum of four hours or flaméried under vaeum prior to usei Doub | e
mani fol do r ef er s-line gas mani®ltd equighedrwith nffagénlaedn k
vacuum (ca. 0.100 mm HgAII optimization reactions (0.25 mmol) were charged in a
nitrogenfilled glovebox and alkyl zinc halide was added onlibach via syringe then
stirred on a magnetic stir plate. All yields in optimization reactions were determined
usingH NMR with 1,3,5trimethoxybenzene an internal standard and branched:linear
(B:L) ratios were determined using GC of unpurified produétk.other reactions
were set up using standard Schlenk technique and heated with stirring in temperature
controlled oil bathsNote: Any product yields listed in the main text that do not match
those listed in the supporting information are the averageuttiple isolated yields.
The procedures listed below reflect yields from specific experimental runs.

400 MHzH, 101 MHz3C and 376 MHZ®F spectra were obtained on a 400
MHz FT-NMR spectrometer equipped with a Bruker CryoPlatform. 600 M{z151
MHz 3C, 119 MHz?°Si, and 243'P spectra were obtained on a 600 MHzNAVIR
spectrometer equipped with a Bruker SMART probe. All samples were analyzed in the
indicated deutersolvent and were recorded at ambient temperatures. All chemical
shifts are reportechippm.*H NMR spectra were calibrated using the residual protio

signal in deutersolvents as a standarfdC NMR spectra were calibrated using the



deuteresolvent as a standard. Produ€iSi spectra were calibrated using a
hexamethyldisiloxane capillarytasmxdard at 7.32ppm. IR spectra were recorded on a
Nicolet MagmalR 560 FTIR spectrometer as thin films on KBr plates. High
resolution MS data was obtained on a Waters GCT Premier spectrometer using
chemical ionization (CJ)electron ionization (El)or liquid injection field desorption
ionization (LIFDI) or a Thermo @Exactive Orbitrap using electrospray ionization
(ESI). Vacuum controller refers to-Kem Digital Vacuum Regulator Model 200.
Unless otherwise noted, column chromatography was performed Ieytnemd or by

use of Isolera 4 Biotage unit with 403 e m silica gel, and t he
parenthesednalytical thinlayer chromatography (TLC) was performedsilica gel

(60 Fs4 Merck) precoated glass plates and visualized by UV or by stginwth

iodine, KMnQ,, or CAM.

3.4.2 Synthesis of NorRCommercial and Novel Reagents

3.4.2.1 Silane Synthesis:
Silyl iodides were synthesized through a modified version of the procedure described
by Kunai??%°
Note: These reactions are exothermic and generate an equivalent of methane as a
byproduct.

ve  Dimethylphenylsilyl lodide: An ovendried 250 mL round bottom flask

Me equipped with a magnetic stir bar, cold water condenser, and rubber
Me,PhSil
septum was attached to a double manifold and cooled under vacuum. The
flask wasbackfilled with N>, the condenser was removed, and Rd660 mg, 3.7

mmol, 0.01 equiv) was added. The condenser was replaced, the flask was attached to a
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double manifold then evacuated and backfilled withtiNee times. The condenser
was fitted with a vet tube attached to a mineral oil bubbler. A solution of
dimethylphenylsilane (50.4 g, 370 mmol, 1 equiv) in iodomethane (69.1 mL, 1.11
mol, 3 equiv) was added dropwise via cannula over 1 h. The mixture was stirred 18 h
at rt. The condenser was removed #mel flask quickly connected to a flardeed
shortpath distillation head. The excess iodomethane was removed in vacuo (30
°C/100 mm Hg) then the pressure was reduced and the product purified by fractional
vacuum distillation (85 °C/5 mm Hg) to afford dathylphenylsilyl iodide as a clear
liquid that was stored over copper beads in a Schigidsealed with a PTFE plug
(86.2 g, 89%)H NMR (600 MHz, CDCJ) U i 77.65(, 2H), 7.44 7.40 (m,

3H), 1.06 (s, 6H)*C NMR (151 MHz, CDGJ) U 1 3 5130.6, 128.3 3.5°Si,

NMR (119 MHz,CDC¥) G 0.21;. NMR spect?@ consisten

S{Me Benzyldimethylsilane: An ovendried 1 L round bottom flask equipped
©/M;/ " with a magnetic stir bar and rubber septum was attached to a double
anifeaSit manifold and cooled under vacuum. The flask was backfilled with N

the septum removednd magnesium turnings (14g6 600 mmol, 1.5 equiv) and a
chip of iodine were added.he septum was replacedhet flask was purged with 2N
approximately 10 minuteshen THF (200 mL) was added and the mixture stirred until
clarity. The mixture was then cooled to 0 °C in anvwederbath. A separate oven
dried 500 mL round bottom flaskquipped with a rubber septwvas attached to a
double manifold, cooled under vacuum, backfilled with then charged with benzyl
bromide (68.4g, 400 mmol, 1 equiv) and chlorodimethylsilane (37.9@,ndmol, 1

equiv). This solution was then added dropwise via cannula to the magnesium mixture

at 0 °C over approximately 1 h. After the addition was complete, the flask was
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allowed to warm to rt and stirred for 16 h. The solution was decanted away from the
excess magnesium into a separatory funnel, rinsing 2X with 100 mQ. Hihe
organic layer was then washed 2X with saturated@dolution (200 mL), dried over
MgSQy, filtered, and the solvent was removed in vacuo. The product was purified by
fractional \acuum distillation (70 °C/15 mm Hg) to afford benzyldimethylsilane as a
clear oil (49 g, 82%)*H NMR (600 MHz, CDCY) 0 7J=2.@Hz(2H), 7.09 ()

= 7.4 Hz, 1H), 7.05 (dJ = 7.4 Hz, 2H), 3.96 (non] = 3.5 Hz, 1H), 2.16 (dJ = 3.2

Hz, 2H), 0.07 (dJ = 3.6 Hz, 6H)3*C NMR (151 MHz,CDCJ)) U 140. 2, 128.
124.4, 24.4:4.5; 2°Si NMR (119 MHz, CDG)  -11..89; (cm): 3453, 2119, 1657,
1641, 1493, 1250, 884, 698. HRMBEIY m/z, calcd for [GH14Si]*: 150.0865; found:
150.0867 NMR ectra consistent with literatureé.

s’Me Benzyldimethylsilyl lodide: An ovendried 250 mL round bottom flask

m N equipped with a magnetic stir bar, cold water condenser, and rubber

BnieaSt septum was attached to a double manifold and cooled under vacuum.
The flask was backfilled with Nthe condenser was removed, and R¢&30 mg, 3
mmol, 0.01 equiv) was added. The condenser was replaced, the flask was attached to a
double manifold then evacuated and backfilled withtiNee times. The condenser
was fitted with a vent tube attached to a mineral oil bubbler. A solution of
benzyldimehylsilane (49 g, 326 mmol, 1 equiv) in iodomethane (61 mL, 978 mmol, 3
equiv) was added dropwise via cannula over 1 h. The mixture was stirred 18 h at rt.
The condenser was removed and the flask quickly connected to adit@deshort
path distillation lkead. The excess iodomethane was removed in vacuo (30 °C/100 mm

Hg) then the pressure was reduced and the product purified by fractional vacuum

distillation (88 °C/3 mm Hg) to afford benzyldimethylsilyl iodide as a clear liquid that
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was stored over coppeedds in a Schlentibesealed with a PTFE plug (85 g, 94%):

IH NMR (600 MHz, CDC{) U 7J.=2.8 Hz( 2H), 7.17 (t) = 7.4 Hz, 1H), 7.10

(d,J = 7.5 Hz, 2H), 2.67 (s, 2H), 0.75 (s, 6MC NMR (151 MHz, CDG) o 137 . 5,
12867, 128.66125.4, 30.5, 3; °Si NMR (119 MHz, CDQ) g 9. 09tra NMR sp

consistent with literatur&

Methyldiphenylsilyl lodide: An ovendried 250 mL round bottom flask

@‘E;' equipped with a magnetic stir bar, cold water condenser, and rubber

MePh,Sil  septum was attached to a double manifold and cooled under vacuum. The
flask was backfilled with B the condenser was removed, and R¢80 mg, 2 mmol,
0.01 equiv) was added. The condenser was replaced, the flask was attached to a double
manifold then evacuated and backfilled with tNree times. The condenser was fitted
with a vent tube attached taw@neral oil bubbler. A solution of methyldiphenylsilane
(39.7 g, 200 mmol, 1 equiv) in iodomethane (49.8 mL, 800 mmol, 4 equiv) was added
dropwise via cannula over 30 minutes. The mixture was stirred 18 h at rt. The
condenser was removed and quickly repth with a rubber septum. The excess
iodomethane was removed in vacuo (30 °C/100 mm Hg). The remaining residue was
then transferred via cannula to an oven dried 100 mL RBF equipped with a rubber
septum and stirbar. The septum was removed and the flasklygaitached to a
flame-dried shorpath distillation head. The product was purified by fractional
vacuum distillation (90 °C/0.1 mm Hg) to afford methyldiphenylsilyl iodide as a clear
liquid that was stored over copper beads in a Schigipsealed witha PTFE plug
(57 g, 88%)*H NMR (600 MHz, CDC}) U 1 7.667rD, 4H), 7.47 7.41 (m, 6H),
1.32 (s, 3H)®*C NMR (151 MHz,CD&) U4 134. 7, 1342°%NMRL30. 7,
(119 MHz, CDC}) -5i57; FTIR (cmb): 3069, 3050, 3024, 1486, 1428, 1253, 1117,
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998, 799, 781, 728, 695. HRMS (LIFDI) m/z, calcd foiddi3Sil]™: 323.9831; found:
323.9843. NMR spectra consistent with literattfre.

3.4.2.2 Ligand and Catalyst Synthesis:

By tBu\Q/tBu DrewPhos An ovendried 500 mL round bottom flask equipped
QP with a magnetic stir bar and rubber septum was attached to a double
t /@\t manifold and cooled under vacuum. The flask was backfilled with

grewPhos > N2, the rubber septum wasemoved, 3ibromeo3,5di-tert-

butylbenzene (32.4 g, 120 mmol, 3.01 equiv) was added, and the septum replaced. The

flask was then purged withoNor 15 minutes. THF (240 mL, [0.5 M]) was added and

the flask was cool t678 °C in a dry ice/acetone bath. Whdtirring,nBuLi (48.2 mL,

120 mmol, 3 equiv, [2.49 M] in hexanes) was added dropwise via syringe pump over

30 minutes(Note: A large amount of solidsan form and stall reaction stirring. Swirl

flask by hand to break up clumpdpCk (3.5 mL, 40 mmol, lequiv) was added

dropwise via syringe pump over 15 minut¢dote: Initial addition will begin b

consume the aryl lithiunand stirring will become easiemanual swirling may be

necessary at the start of additiodfter the addition was complete, thegk was

warmed to 0 °C in an ice/water bath and stirred for 4 h. Flask was allowed to warm to

rt, the septum was removed and the reaction was quenched by adding brine (100 mL).

The reaction was poured into a separatory funnel and the product was ex@écted

with EO (100 mL). The organic layer was dried over MgSilitered through a glass

frit, and the solvent removed vacuo The product was purified by recrystadition

from hot EtOH 200 mL), cooled under ambient conditiptisen placed in 820 °C

freezer overnight. Collection of the solid via filtration and washing with EtOH resulted
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in white crystals (10.6 g, 44% vyield§4 NMR (600 MHz, CDC}) 7i88 (t,J = 1.8
Hz, 3H), 7.12 (ddJ = 8.5, 1.8 Hz, 6H), 1.22 (s, 54HC NMR (151 MHz, CDG&) U
1506 (d, J = 6.7 Hz), 133 (d, J = 9.4 Hz), 128.1d, J = 19.3 Hz), 122.4, 35.0, 31.5
3p NMR (243 MHz, CDG)) -3159, FTIR (cnl): 2963, 1589, 1577, 1362, 1249,
1130, 875, 710; mp = 14847 °C. HRMS (LIFDI) m/z, calcd for [GHesP]":
598.4667; found598.4688.

(DrewPhos)Pdl2: A 50 mL round bottom flask

J{

Bu Bu
IBIQ: @ Q equipped with a magnetic stirbar was charged with
P—Pd

palladium(ll) iodide (1.08 g, 3 mmol, 1.0 equiv) and

tBu/@,Bu - DrewPhos(3.59 g, 6 mmol, ® equiv) The flask
(PrewPhos)Pdls was sealed with a rubber septum and putb@din
with N2. Toluene (24 mL) was added via syringedthe reaction was stirred for 24
hours at 85 °C. Theeaction was cooled to fsransferred to a 250 mL round bottom
flask and the solvent evaporat@dvacuo The resulting solid was recrystallized from
hot 3:1 ethanol:toluene (100 mL), cooladder ambient conditionghen placed in &
20 °C freezer overnight. Collection of theidoVia filtration resulted in a stable, red
solid (3.52 g, 75% vyield). Subsequent recrystallization with same solvent system
resulted in red crystals (900 mg, 19%). Total 4.42 g, 999%NMR (600 MHz,
CDCk) U 17.5%6(M, 12H), 7.29 (s, 6H), 1.21 (H8H); 3C NMR (151 MHz,
CDClk) U 1 495.D2Hz) 134.5t, J= 24.9 Hz), 12® (t, J = 6.2 Hz),123.2,
351, 316; *P NMR (243 MHz, CDG) U 18. 907)::295F T5BR1384¢c m
1247, 1087, 702, 584; mp = >250 °C. HRMS (LIFDI) m/z, calcd for
[CeaH126P2PdI]":1429.7414; found: 1429.7373.
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A small portion of DrewPhogPdl2 was dissolved in toluene under air and
recrystallized via slow evaporation at rt to give amay quality crystal (Figur&.9,

see below fofull crystallographic details).

©
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Figure3.9 Crystal Structure ofDrewPhos}Pdl2 (hydrogen atoms omitted for
clarity).

3.4.2.3 Alkyl Halide Synthesis:

Bu\/\/\(Br (S3.1) A 500 mL round bottom flask equipped with a stirbar was
saa M charged with PP(15.7g, 60 mmol, 1.2 equiv) and DCM (170 mL).

The flask was then cooled to 0 °C in an-veater bath. Once cool, B(9.6 g, 60

mmol, 1.2 equiv) was added dropwise via pipette. Once addition was complete, the

flask was sealed with a rubber septum and purged Wi for approximately 10

minutes. A separate 100 mL round bottom flask was charged wi¢it2nol (7.9 g, 50

mmol, 1 equiv), imidazole (4.1 g, 60 mmol, 1.2 equiv), and DCM (85 mL) then sealed

with a rubber septum. The alcohol solution was then addedvid®via cannula to

the 500 mL round bottom flask. After addition was complete, the flask was allowed to

warm to rt and continued stirring 20 h. The reaction was filtered through a glass frit
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then concentrated in vacuo to yield an orange crude mixturéariRe(200 mL) was
added and the mixture stirred 5 h then filtered through a glass frit. The filtrate was
concentrated in vacuo and the product purified via gbettt distillation under
reduced pressure (85 /4°mm Hg to yield 2bromodecane as a clear (8L0 g, 73%):

IH NMR (600 MHz, CDC{) U 4 .J% 33.2(6Bdz, 1H), 1.88 1.79 (m, 1H),
1.787 1.72 (m, 1H), 1.70 (d) = 6.6 Hz, 3H), 1.53 1.45 (m,1H), 1.447 1.35 (m,

1H), 1.337 1.23 (m, 10H), 0.88 (1) = 7.0 Hz, 3H);*3C NMR (151 MHz, CDGJ) U

52.0, 41.4, 32.0, 29.6, 29.4, 29.2, 27.9, 26.6, 22.8, 14.2; FTIR){@2856, 2926,
2855, 1457, 1378, 722, 541. HRMGIY m/z, calcd for [GoH20Br]*: 219.0748; found:
219.0737.

Figure3.10 General route to (Bromobutyl)areng

CompoundsS3.2 and S3.3 were synthesized through a Heck reaction under
Jeffery condition® (S3.2a and S3.3a), followed bysodium borohydride reductidh
(S3.2b and S3.3b) and brominatiof? (S3.2 and S3.3). See Figure 4.10 for overall

scheme.

































































































































































































































































































































































































































































































































































































































































































































































































































