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Preface

The whole work presented in this dissertation has been carried out at the Institute of Chemical
Researcher of Catalonia (ICIQ), during the period of December 2015 to October 2019 under the
guidance of Professor Rubén Martin. The thesis contains five chapters: a general introduction, three
research chapters, and a last chapter with a general conclusion of all the research work. Each of the
research chapter includes an introduction and an aim of the presenting project, followed by a

discussion of experimental results, mechanistic analysis, conclusions, and experimental sections.

The first chapter includes the general background of silicon—based interelement linkages. A brief
overview of the preparation and activation pathways of silicon—heteroatom compounds, and their

application in functionalization reactions are discussed.

The second chapter, ‘‘Ni-Catalyzed Stannylation of Aryl Ester via C—O Bond Cleavage’’,
describes the synthesis of arylstannanes via sp’ C—O bond cleavage of aryl pivalates. Preliminary
mechanistic studies and control experiments have indicated that a canonical catalytic cycle consisting
of oxidative addition, transmetalation and reductive elimination comes into play. The results of this

chapter have been published in Angew. Chem. Int. Ed. 2017, 56, 3187-3190.

The third chapter, ‘4 Mild and Direct Site Selective sp’ C—-H Silylation of (Poly)Azines’’,
describes the synthesis of silylated azines through C—H functionalization of unactivated azines in the
presence of stoichiometric amounts of base. This technology allows to access valuable silylated
azines under mild conditions that are not easily within reach by traditional cross-coupling
methodologies. Preliminary mechanistic studies and control experiments have indicated a silyl anion
pathway, with site-selectivity modulated by the denticity of the solvent. The results in this chapter

have been published in J. Am. Chem. Soc. 2019, 141, 127-132, with Dr. Yangyang Shen as co-author.

’

The last chapter, “Stereoselective Base-Catalyzed 1,1-Silaboration of Terminal Alkynes’’,
presents our efforts toward the direct, atom-economical 1,1-difunctionalization of sp C—H bonds
catalyzed by KHMDS. Our method allows to incorporate both a silyl and a boron fragment across an
alkyne with an exquisite site-selectivity pattern, representing a complementary approach to traditional
silylborations of m-components that require the utilization of transition metals and that operate with
a different selectivity pattern. Additionally, we demonstrate the synthetic versatility of the
corresponding silylborane adducts in a series of orthogonal C—C bond-forming reactions. The
manuscript of this chapter is submitted, and it has been possible due to the collaboration with Dr Yaya

Duan and Dr Yangyang Shen.

III
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Abbreviations & Acronyms

acac = acetylacetonate

BDE = bond dissociation energy

Bpin = 4,4,5,5-tetramethyl-1,3,2-dioxaboronic ester
Cy = cyclohexyl

cod = 1,5-cyclooctadiene

DME = ethylene glycol dimethyl ether

DMF = N,N-dimethylformamide

DABSO = 1,4-Diazabicyclo[2.2.2]octane bis(sulfur dioxide)
equiv = equivalent

h = hour(s)

HMPA = hexamethylphosphoramide

Int = intermidiate

KHMDS = potassium bis(trimethylsilyl)amide

o = othor
m = meta
p = para

NHC = N-heterocyclic carbene

NFSI = N-Fluorobenzenesulfonimide

Piv = pivalate

rt = room temperature

SET = single electron transfer

t =tert

THF = tetrahydrofuran

Ts = tosyl

SeAr = electrophilic aromatic substitution
SnAr = nucleophilic aromatic substitution
TBS = tert-butyldimethylsilyl

DTBP = di-tert-butyl peroxide

Tmp = 2,2,6,6-tetramethylpiperidyl

1Y%



UNIVERSITAT ROVIRA I VIRGILI
C-H & C-O FUNCTIONALIZATION BY SILICON-HETEROATOM INTERELEMENT LINKAGES
Yiting Gu



UNIVERSITAT ROVIRA I VIRGILI
C-H & C-O FUNCTIONALIZATION BY SILICON-HETEROATOM INTERELEMENT LINKAGES
Yiting Gu

Abstract of This Doctoral Thesis

Synthetic chemistry is almost unimaginable without three main group elements, namely, boron, silicon,
and tin. When attached to a carbon atom of any hybridization, these functional groups serve as exceptionally
versatile linchpins in synthesis, selectively transforming into an enormous breadth of C—C and C-X bonds.
Therefore, the means to discover new methods to forge valuable C=Si, C—-B and C—Sn bonds are always in
high demand. In line with the research interest of Martin’s group in the activation of strong o-bonds, this
doctoral thesis will be focused on the development of novel techniques to make use of silicon-heteroatom
interelement linkages to functionalize inert C—O & C—H bonds via either nickel catalysis or transition metal-
free protocols. We hope that the transformations described in my PhD thesis will inspire others for the
development of cross-coupling reactions and functionalization techniques that make use of interelement

linkages as coupling partners.

Chapter 3 5 B
Ha Boron
=
o
2 N Hp ?
GS'R3 Chapter 4
N Base mediated O

R3SiBpin —
14 —H Bpin
| Y
Silicon Bronsted base catalyzed SiRs

R3SiBpin

@

Chapter 2

OPiv
@SﬂBU:} ©/
Ni catalyst / Ligand

Me;SiSnBujs

ﬁo—o

Tin

Figure 1. General abstract of this doctoral thesis

Our first effort on interelement linkages was focused on a nickel-catalyzed stannylation of aryl esters via
sp? C-0 functionalization aided by silicon-tin nucleophiles. In this project we chose sterically bulky aryl
pivalates as precursors, as these are less likely to undergo hydrolysis compared with their corresponding
acetate congeners. In addition, the electronegativity difference of silicon and tin allows for chemoselective
activation of the Si-Sn bond, allowing to transfer selectively the tin fragment. This protocol was distinguished
with its wide scope and mild conditions, thus representing a useful entry to synthetically versatile aryl
stannane building blocks. Following up our interest on interelement linkages, chapter 2 will be based on the
utilization of silylboranes for the development of a rather unusual site-selective sp* C—H silylation of
(poly)azines in the absence of transition metal. Our method is characterized by its mild conditions, wide

substrate scope, switchable regioselectivity by subtle modulation of the solvent denticity and its application

VI
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in late-stage functionalization in (poly)azine drugs. Mechanistic studies suggest the intermediacy of silyl anion
species and the involvement of contacted or separated ion pairs depending on the solvent utilized. Our last
project deals with the difunctionalization of alkynes with silylboranes in the absence of transition metals.
Specifically, we have found a rather abnormal 1,1-difunctionalization event that has allowed us to unlock a
new pathway for forging C(sp?)—B and C(sp?)-Si bonds in an atom-economical manner in the presence of
catalytic amounts of KHMDS. This transformation is distinguished by its excellent site-selectivity, exploiting
a previously unrecognized opportunity that complements existing 1,1- and 1,2-difunctionalization events of
alkynes. Additionally, such a platform provides a new strategy for streamlining the synthesis of geminal
dimetallic reagent with high stereoselectivity and preparative utility in organic synthesis. Mechanistic

experiments suggest that a 1,2-shift on the boron center to sp carbon comes into play.

In conclusion, we have developed three new methods towards the functionalization of inert C-O & C-H
bonds by using silicon-based interelement linkages. All the above transformations display excellent
chemoselectivity profile under mild conditions. Preliminary mechanistic studies have been carried out,
allowing to understand how these reactions operate at the molecular level. We believe these protocols will
contribute to a more systematic utilization of silicon-heteroatom reagents in the arena of inert chemical bond

functionalization.

VII
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Chapter 1.

1.1. General Background

Main group elements such as boron, silicon, and tin have revolutionized the way synthetic
chemists build up C—C and C-heteroatom bonds. Apart from the inherent versatility and
application profile of organoboron, organosilicon and organotin compounds, it is worth noting
that these building blocks have found immediate application in material science,
pharmaceuticals and agrochemical settings.’® The term “interelement linkage” was introduced
for chemical bonds constructed by these three elements, which are mutual linkages within the
heavy main group elements and linkages between the main group elements and the transition
metals.* There are six different combinations of these three elements. Among these,

silylboranes and silylstannanes rank amongst the most widely used reagents in these endeavors.

5

B

Boron

sie O/o o\ B-sn
50
Silicon T|n

Scheme 1.1. Interelement linkages from boron, silicon and tin

Nonpolarized Si-Si bonds are thermally stable, with a bond dissociation energy (BDE) of 55
kcal/mol in average. In contrast, the electronegativity difference of the two elements in
silylboranes and silylstannes (yg = 2.04, ysi= 1.90, ¥sn = 1.96) makes the activation of the Si-B
and Si—Sn viable. In addition, the inherent distinct reactivities of boryl, silyl and stannyl groups
suggest that interelement linkages might be used to selectively introducing these moieties into
organic molecules with high levels of regiocontrol. As Si—B and Si—Sn interelement reagents are
not naturally-occurring, the next sections summarize known protocols for preparing
silylboranes and silylstannanes. Although silylstannanes have comparatively been less-studied,
the different pathways known to activate the Si-B bond might a priori be employed to
functionalize the Si—Sn linkage as well. As it will become evident from the data compiled in the
following sections, silylboranes and silylstannanes might serve as a gateway to build up
molecular diversity in a rapid and reliable manner while allowing to generate useful building

blocks that would a priori be difficult to reach via other synthetic routes.
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1.2. Synthesis of Si-B and Si-Sn Compounds

Pioneering studies by N6th and co-workers allowed chemists to have a platform to prepare
stable silylboranes. Specifically, the Si—-B bond was formed by transmetalation of silyl lithium
reagent with electrophilic boron halides (1 to 2).° Silylboranes with amino groups directly
attached to the boron atom increase the stability of the Si—B bond due to electronic shielding
effect of the lone pairs of the nitrogen atoms to the adjacent boron atom, whereas the presence
of alkyl groups at boron lowers down the stability of the corresponding silylborane. N6th also
disclosed that various oxygen-substituted Si—B compounds could easily be prepared by ligand
exchange of the corresponding amine-containing silylboranes with an appropriate diol (2 to 3).%7
The wide applicability and enhanced stability of 3 prompted Suginome and Ito to find a more
convenient synthetic pathway for its preparation, ending up in a platform that makes use of silyl

lithium reagents (4 to 3 and 5).2

HO  OH o Me,PhSi—Li 0
- NEt (1.0 equiv) Me,PhSi—B in THF 'Pro—B\O
MezPhS|—B\ CHQC|21 rt o) hexane 4
2 NEb 0°C, 79% 3 0°C - nt
Me,PhSi—Li ACl; (10 mol%) hexane | (EtoN)Ph,Si—Li
cyclohexane HCI, 78% 0°C-rt | THF, 95%
rt, 92%
O o]
CI_B/NEt2 CIMe,Si—B (Et,N)Ph,Si—B]
NE o ©
1 2 6 5
|
ROH | CH,Cl, RoNH | hexane neat |SbFg
pyridine | 0 °C - rt EtzN | 0°C -t -78°C - rt
/O /O /
(RO)Me,Si—B, (RaN)Me,Si—B FMe,Si—B;
) O
7a, R = Me, 76% 8a, R =Me, 71% 9, 76%

7b, R = t-Bu, 82% 8b, R = Et, 90%

Scheme 1.2. Synthesis of functionalized silylboranes

In 1981, Suginome and co-workers elaborated the syntheses of several XR.SiBpin compounds
from PhMe,SiBpin (3).° The phenyl group in PhMe,SiBpin was able to be displaced by a chlorine
substituent to afford CIMe,SiBpin (6) due to B-silicon effect.’® The resulting CIMe,SiBpin served
as a platform for preparing a wide variety of functionalized silicon-substituted Bpin derivatives,
including the formation of Si-O bonds (7), Si-N (8) and Si-F (9) in reasonable yields via
nucleophilic attack. Such modulation of the silicon atom is particularly relevant, setting the stage
for the utilization of silylboranes in a broader spectrum of cross-coupling reactions and

oxidative-type transformations.
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Scheme 1.3. Synthesis of bulky silylboranes

As PhMe,Si-Bpin is sensitive to air and moisture, significant decomposition of silylboronate

esters is typically observed upon storage. Driven by the prevailing perception that the inclusion

of steric bulk at boron or silicon atom would make the corresponding silylboronate esters much

more stable and particularly resistant to air and moisture, Birot and co-workers prepared a

series of sterically-encumbered silylboranes possessing mesityl groups at the boron atom by

reaction with appropriately substituted silyl lithium reagents 10 (Scheme 1.3).1'? Recently, a

new family of bulky, air- and moisture-stable tris(trimethylsilyl)silylboranes were made by the

reaction of tris(trimethylsilyl)silylpotassium with the corresponding boron electrophiles.’®> While

tris(trimethylsilyl)silylboronic acid (12a) hexylene glycol ester TMS3Si-Bhg (12b) could be

prepared by this route, this protocol failed to prepare related catecholato (Bcat) and

neopentylglycolato (Bnep) motifs due to the decomposition upon purification.
dtbpy (1 mol%)
(o} O [(cod)IrOMEe], (0.5 mol%) 0O
B-B, + [Si]—H [Si]—B,
le} e} 4.0 equiv cyclohexane e}

80 °C

/O /O /O /O
Et;Si—B n-PrgSi—B n-BuMe,Si—B; i-PrsSi—B
0 o o o

58% 66% 41% 0%

Scheme 1.4. Synthesis of trialkylsilylboronic esters

A significant limitation of Ito and Suginome's methods is the requirement for silyl-metal

reagents, which are prepared from the corresponding chlorosilanes, inevitably resulting in the

formation of significant amounts of disilanes as by-products. Although trialkylsilyl lithium

reagents can be prepared from disilanes, only a limited number of disilanes are commercially

available. Taking this into consideration, Hartwig and co-workers reported an Ir-catalyzed Si—B

bond formation by reaction of trialkylsilanes with B,pin,, thus resulting in the formation of a

wide variety of trialkylsilylboronate esters, including EtsSiBpin (Scheme 1.4).2* These

trialkylsilylooranes are fairly stable and could be easily purified by regular column

chromatography over silica gel.
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A. Classical methods to the synthesis of stannyllithium

Cl,Sn  patha PhLior BuLi MelLi paifi ¢ R,SnSnR,
13 THE % < THF 15
ReSn—Li
ReSNCI i PN
B : pathp b LU N PINLI P29 o snH
R3SnSnR; THE l el T 18
15 ReSn—I[Si]

B. PAH-catalyzed synthesis of stannyllithium

ReSnCl Naphthalene (5 mol%) R’,SICI
aj alene mo 1
or 14 + L P 2 RgSn—Li 8 RsSn—SiR’s
RsSNSNR, THF, rt, < 3h 17 r, 1h 18
15 ] >99% NMR yield
|

T T~
O v

~

RsSn—Li + LiCl R3SnCl

Scheme 1.5. Synthesis of silylstannanes

Since the seminal studies by Wittig, Gilman and Still, among others, stannyl lithium compounds
have been utilized as heavy analogues to C—Li reagents in a myriad of functionalization
reactions.’> 8 As for silylboranes, silylstannanes can also be prepared by generating a tin anion
and subsequent reaction with an appropriate silyl chloride. However, typical protocols for
preparing Sn—Li reagents have several disadvantages such as large excess of Sn sources, low
yields, and long reaction times (Scheme 1.5).2° In addition, the inherent toxicity of organotin
compounds have prevented their full adoption in industry, where the toxicity partly comes from
the undesired byproducts and remaining excess of Sn. For example, paths a and b lead to the

formation of rather toxic byproducts such as RsSn or RsSnCl),2%?

and the corresponding Sn—Si
bond is formed in low yields (33-75%). In path c, the use of distannanes inevitably result in the
loss of 50% of the Sn content, and large amounts of toxic MeR3Sn are generated as byproduct.??
In path d, an excess of highly toxic R3SnH is needed to obtain satisfactory yields. In this manner,
the utilization of paths a-c unfortunately result in a low Sn transfer, leading to the generation of
a non-negligible number of toxic byproducts.?® To such end, Uchiyama and co-workers came up
with a simple and practical protocol that results in the formation of Sn—Li bonds by using
polycyclic aromatic hydrocarbons (PAH) as catalysts as electron acceptors (Scheme 1.5, B).2* In
addition, the corresponding Sn—Li reagents prepared by this route show superior reactivity and
high stability under ambient conditions, enabling the formation of the targeted silylstannanes
upon reaction with chlorosilanes in quantitative yield, thus allowing to reduce the toxicity of

protocols en route to the formation of Si—Sn interelement linkages.
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Chapter 1.

1.3. Activation Modes of Si—B and Si—Sn Compounds

As summarized in Scheme 1.6, various scenarios are conceivable when utilizing silylboranes as
coupling partners, ranging from oxidative addition pathways with transition metal catalysts to
stoichiometric processes mediated by Lewis acid activation, among others. For example, Ito and
co-workers discovered that Si—-B bond can undergo oxidative addition to various low-valent
transition metal complexes such as Pt(0), Pd(0) or Ni(0) (path a).2>?’ Subsequently, migratory
insertion of the oxidative addition metal species to C-C multiple bonds might occur, allowed to
form both C—B and C-Si bonds while regenerating back the active metal species upon reductive
elimination. Later on, Suginome and colleagues reported the generation of a Pd-stabilized
silylene possessing a leaving group at the silicon center of 8, establishing the basis for triggering

a B-elimination pathway to transition metal-stabilized silylene (19, Path b).%

Alternatively,
transition metal-based silicon nucleophiles 20 could be easily formed upon transmetalation with
metal alkoxides via metathesis-type transition state due to the Lewis acidity of the boron atom
(path c).? An otherwise similar scenario accounts for the utilization of organolithiums via boron-
metal exchange (paths e).2° Furthermore, photochemical homolytic Si—B bond cleavage thought
UV irradiation could also be applied under specific reaction conditions (path d).3* Another well-
investigated transformation is the activation of the Si-B reagent by in situ generated
organometallic derivatives (path g).3? Indeed, Hiyama and co-workers demonstrated that 1,2-
migration can take place in several alkylidene-type and allylic carbenoids,* setting the stage for
accessing 1,1-difunctionalized compounds. Recently, it has been reported that N-heterocyclic
carbene catalysts enable a metal-free intermolecular silyl transfer to Michael acceptors (path
h).3+% Despite the advances realized with silylboranes, the utilization of silylstannanes as
coupling partners have received much less attention. However, the similarity of the Si—B bond
and Si-Sn bond suggests that silylstannanes could be employed in related transformations,

including oxidative addition and transmetalation (path a, c).3”*8

0 th th i or "BuLi
ReSi._i BX ML, palna palme Mellor™Butl i
M Oxidative addition B-Metal exchange
L, Ry
/N\
R2Si\ 0 /BX2 X X L+
M )\ -
0 L, pathb pathf ~ Li ?Xz
RoSI=MLy 5A with 8 elimination Carbenoid SiR,
19
R3Si—BX; I — RySi—BX, —
L,M—OR’ path ¢ pathg M*OR’ RgSi—M*
R3Si—ML,, - — - +
20 Transmetalation Anionic nucleophiles R'O-BX,
5
. . hv  pathd pathh  Nu: R3Si—BX;
SiR BX e
Fa + 2 Homo-cleavage Lewis base Nu?®

Scheme 1.6. Activation of Si—B bonds in silylboranes
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1.4. Application of Si—B and Si—-Sn Reagents in Organic Synthesis

1.4.1. Monofunctionalization technologies using Si-B and Si-Sn reagents

With the increasing demand for silicon-, boron-, and tin-containing compounds in organic
synthesis as well as in material sciences, a non-negligible number of methodologies have been
described that make use of silylboranes and silylstannanes as counterparts.®® For example, our
group reported that aryl silanes can be prepared via Ni-catalyzed silylation of aryl pivalates and
aryl methyl ethers via C—O bond-cleavage using EtsSiBpin as coupling partner (Scheme 1.7).49-42
In the former,*° we found that a bimetallic platform based on Ni/PCys and Cu catalysts allowed
for the dual activation of the C—O and Si—B bond in the presence of an appropriate fluoride
source. Very recently, in depth mechanistic studies conducted by our group has allowed to
identify dinickel complexes bearing monodentate PCy; deriving from oxidative addition and
comproportionation as key intermediates within the catalytic cycle.** In the latter, a ligand-free
protocol enables the targeted silylation in a more demanding C—-OMe bond-cleavage.*
Importantly, such a transformation proceeds at room temperature, with catalyst loadings as low
as 1 mol%. Gratifyingly, in contrast to other C-OMe bond scission protocols, this reaction could
be applied to either n—extended or regular aromatic backbones with equal ease. Although we
were unable to isolate any putative nickel intermediates within the catalytic cycle, we proposed
that the reaction operates via the formation of Ni(0)-Si ate-complexes (21) that are reminiscent
of the complexes reported by Pérschke.**** Subsequently, a K* assisted C—O bond activation via
either five-membered ring intermediate 22 or an internal nucleophilic aromatic substitution
mechanism (I-SxAr) would lead to the formation of the targeted aryl silane while transferring

the methoxide anion to the potassium center.

Ni(cod), (10 mol%)

= | OPiv PCys (20 mol%) o~ -SiEty Ni(cod), (1-10 mol%) = | OMe
R— R— R—
NN CuF, (30 mol%), CsF (1 equiv) X KOBu (1.1-2.2 equiv) X
toluene, 50 °C toluene, rt °C
Et;SiBpin Et;SiBpin
O
i Et ®
. . via <~ . Ftk
N SiEt; N OPiv Ig/NI—S‘I ‘Et
RT Ni(0)PCy, RT | Et oy
>/ \< l path a path b l
PCys FCYa ©°q Me
’\l" Nl\o N|—$|Et3 O--
T Y SnBug (i) ©/ \O\A\ K </ siEty
A +Bu P Ni
Me 22 Céd 23
Et;SiBpin T T
( +
SiEt,
PivOBpin RZ ]
X

Scheme 1.7. Ni-catalyzed silylation via C—O bond cleavage
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Chapter 1.

Prompted by our silylation of aryl esters,*® chemists have focused their attention in related
silylation events. Among these, particularly interesting is the ability to trigger a Ni-catalyzed
decarbonylative silylation reaction upon exposure of the targeted aryl esters to a similar Ni/Cu
bimetallic system (Scheme 1.8).%54¢ |n this case, the protocol utilized catalytic amounts of
Ni(cod), (10 mol%) and P"Bus (40 mol%) in the presence of CuF, and KF. The mechanism of this
transformation is believed to proceed via initial oxidative addition of the C—O bond to the Ni(0)
center, setting the basis for a transmetalation with an in situ generated copper silane complex.
A subsequent CO extrusion and a reductive elimination releases the targeted aryl silane while
regenerating the Ni(0) species.*” Few months after we reported our Ni-catalyzed stannylation of
aryl esters,*® Rueping and co-workers reported the utilization of the reagent we employed in
our stannylation reaction (MesSiSnBus) in a related decarbonylative stannylation of aryl methyl

esters under Ni catalysis.*

o N;i:(r(r:gd)z (l(()) moII://o) _ si/sn Ni(cod), (10 mol%) o
R_/ | OPh uz (40 mol%) R dppp ( 20 mol%) R_/ | OMe
X CuF, (30 mol%), KF (3 equiv) X LiCl (2 equiv), KF (2 equiv) X
toluene, 160 °C toluene, 170 °C
Et;SiBpin Me;SiSnBug
' stannylation [0}
0 0 : A
Ar—SiEt, LNi L | CTOEt 729
Ar” "OPh
| it
(0] | .
sie 0P s ooy o
AI'\Ni”/ 1 1:3 Ar ’?"II '
I i
L L : (0}
co [Cul-SiEt;  pho-Bpin ! ~NOBn 58%
0 E
L ~SiEt :
Ar” N [Cul-OR E 0
L [Cu]-OR : ' : J\
N : . Ph 82%
/U&—Bpm ' )
Et,SiBpin ! NiBry

Scheme 1.8. Ni-catalyzed decarbonylative silylation and stannylation

Driven by the high bond-dissociation energy of the sp? C—F bond (125 Kcal/mol), chemists have
been challenged to design catalytic cross-coupling technologies via C—F cleavage. For example,
Ni-catalyzed defluoroborylation technologies have recently been implemented independently
by our group and Hosoya, demonstrating that the cleavage of C—F bonds with subsequent C-B
bond-formation can be within reach.>>*! Driven by the observation that the B—F bond ranks
amongst the strongest bonds in organic chemistry (183 Kcal/mol), it comes as no surprise that
this observation has been turned into a strategic advantage for activating C—F bonds. In 2018,
Shibata and co-workers described a novel ipso-silylation of aryl fluorides via C—F bond cleavage
in the presence of Ni catalyst and silylboranes as silylated reagents under relatively high

temperatures (Scheme 1.9, A).>? In line with our mechanistic proposal when using aryl methyl
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ethers,*? the reaction was believed to proceed via Ni(0)-silyl ate complexes (21). Very recently,
and inspired by the development of our stannylation of aryl esters (see chapter 2), Nishihara has
reported the means to effect a Ni-catalyzed decarbonylative stannylation of acyl fluorides with
BusSnSiMes at high temperatures (Scheme 1.9, B).>® In this case, the proposed mechanism
proceed via oxidative addition of acyl fluoride to Ni(0) species. Then subsequent extrusion of CO
to form ArNi(ll)F intermediate, followed by transmetalation with silylstannane assisted by CsF.

Finally, reductive elimination occurred to deliver arylstannanes and regenerate Ni(0) catalyst.

A. Ni-catalyzed defluorosilylation of fluoroarenes

~F Ni(cod), (10 mol%) _~_SiEts
R— | +  Et;SiBpin RC |
A KOBu (2.5 equiv) N
c-hexane/THF, 160 °C
SiEtS SiEt3 Me via
N
S EC, ®
(_n / Ig\Ni—Sf K
Bpin F Z Et;Si Vd iE;Et ”
65% 55% 71%
B. Ni-catalyzed decarbonylative stannylation of acyl! fluorides
(0}
NiCl, (5 mol%) SnBu
-~ | F +  MegSiSnBug = | 3
R_\ CsF (2.5 equiv) R_\
toluene, 140 °C
E SnBuj
0 o :
Ar=SnBuj LNi Py ;
Ar F Me
; 63%
o F ' SnBug
Ar—Ni'=SnBug Ar” Nl 5 /©/
L II_ , F3C
i 61%
Me;SiF
0 SnBuj;
° 1 IX
Me;SiSnBug Ar—Ni"—F . ') Me
+ ' .
CsF L | 87%

Scheme 1.9. Ni-catalyzed silylation and stannylation via C—F bond cleavage

Driven by the observation that high temperatures are generally required for effecting silylation
events at sp? C—F bonds,>* our group has recently described a transition-metal-free
defluorosilylation of aryl fluorides promoted by LiIHMDS (Scheme 1.10).>* The reaction was
proposed to proceed via a concerted nucleophilic substitution at the ipso C—F site by solvent
coordinated silyl anion species. Importantly, this technique could be extended to the
implementation of defluorosilylation techniques at much more unactivated aliphatic sp> C—F
bonds. Shortly afterwards, Shi and co-workers report a defluorosilylation of a variety of

fluoroalkenes with silylboronates in the presence of alkoxides as bases.>® Density functional
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theory (DFT) calculations showed that transient silyl anion species undergo Sx2’ or SyV

substitution, which is responsible for such base-mediated defluorosilylation event.>®

A. Base-mediaed defluorosilylation of C(sp?)-F and C(sp®)-F

. 1 R
F SiEt; R
= = 3 2 2
e g RN R%?Fz
Et;SiBpin : SiEt;F Et;SiBpin F
or . or Loor or
R LIHMDS R : . NaOMe R2 F
E/ (2.0 equiv) E/ ' R2  SiEt (1.5 equiv) _
F SiEt; ! HOF R F
B. Transition-metal-free stannylation via C-S or C-N bond cleavage
® Me;SiSnBu, Me;SiSnBu, ®
(\:rNM% CsF (1.4 equiv) = | SnBus  ooF (1.5 equiv) X SMe,
o T~ RT
DMF, rt X DMF, rt Z

Scheme 1.10. Base-mediated defluorosilylation and stannylation

In 2019, Zhang and co-workers established a convenient and efficient approach to construct
C-Sn bonds using arylammonium salts as counterparts.®>’ Various C=Si, C—Ge and C-Se bonds
could also be within reach with appropriately substituted nucleophilic partners. The method was
successfully applied within the context of late-stage functionalization of existing antibiotic drugs,
fluorescent probes and molecules for drug discovery. Transformations of arylsulfonium salts via
SnAr mechanisms was also realized, allowing to forge C-0, C-S, C-Sn, C-Si and C-Se bonds.*® In
particular, the stannylation efficiently proceeded at room temperature with MesSiSnBus in the
absence of transition metal catalyst, whereas the use of aryl sulfonium as substrates found

application in a number of bioactive natural products and drug-like molecules.

alkali-metal alkoxide

R1=X + Si—B R'—B
(KOMe, NaOEt, KOt-Bu)
X=Cl,Br, | silylborane R! = aryl, alkenyl, alkyl
0] \:'- /OJQ \:‘. /O/?
Ph—Si-8] ‘Ole _ pnsi—g—=0" ~ ___ Pn2si-B—0
/0 MeO—K K" OMe
o Br—Phl
‘A o
Ph- Sl“\ Ph\SI
K
O - KBr
Ph-B — QLO"'K"Br
o} - MeOSiMe,Ph B t O\B---O
/
‘\_Ph Me
/ Mes T™MS ;)
Ph s. . [ Me s. =) TMS-Si-B|
Mes TMS (0]
10b 12a
KOMe NaO#-Bu KO#-Bu

Scheme 1.11. Boryl substitution of organic halides with silylboranes and alkoxy bases
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Ito and co-workers showed that silylboranes can be employed as vehicles for triggering
borylation events for a variety of aryl, alkenyl, and alkyl halides, including sterically hindered
substrates in the presence of alkoxy bases without transition-metal catalysts (Scheme 1.11).%%¢?
This system offers a novel and convenient route to access aryl, heteroaryl, alkenyl and alkyl
boronates from the corresponding organohalides with high borylation/silylation ratios. A
representative reaction pathway of this formal nucleophilic boryl substitution was proposed
based on experimental observations and DFT studies.’? Specifically, a silylborane/KOMe
complex (l) is initially formed with PhMe,SiBpin and KOMe. Subsequently, nucleophilic attack of
the silyl moiety of complex I to PhBr leads to the formation of an anionic phenyl species (ll) via
metal-halogen exchange. Attack of the carbon nucleophile to the Lewis-acidic boron atom gives
the corresponding organoborate salt (PhBpinOMe]—K (lll), which finally delivers phenyl
boronate ester, PhMe,SiOMe and KBr as byproducts. This borylation event was then applied to
the synthesis of aryldimesitylboranes with Ph,MeSiBMes,,%®* which have numerous potential
applications in the field of material science.®*® For instance, such boron-containing m-
conjugated systems show intriguing optical properties due to the p-t* conjugation between the
vacant p orbital of the boron center and the i* orbital of the attached phenyl moiety. However,
the application of this strategy can be hampered by the formation of both borylation and
silylation products (67:33 to 96:4 ratios). Notably, the B/Si ratio could be significantly improved
if bulky tris(trimethylsilyl)silyl groups are employed.’® As expected, the utilization of (TMS)sSilyl
boronate esters resulted in the corresponding borylation of organic halides in high yields and

B/Si ratios (up to 99/1) as well as the silaboration of styrene with catalytic KOMe.®¢-%8

Cu(l) (10 mol%) .

RZXRS dtbpy (10 mol%) rR2 R® Me\(\/)g\smhnnez
+ Me,PhSiBpin i h

RT X 2 P LiOBu (1.5 equiv), rt R SiPhMe, 85%

X=1,Br :

G
R2 RS (dtbpy)CuSCN ; SiPhMe,

dtbpy 80%
S'PhM e, * SCN- Me,PhSi—Li(THF)g °

[(dtbpy),Cul* E
[Li(THF)*
R R2 : SiPhMe,

72%
T Me,PhSi—Cu(dtbpy), 1=---=-==-=-=-======-=-- :
MeZPhS| Cu(dtbpy), v | R2 R |
Vi Rt R? 5 F§1>S(NHP |
\ I><R3 / ; 0 E
: I CuTc/dtbpy/PCys ;
Me,PhSi—Cu(dtbpy), : NaOEt !
Vv [ J

Scheme 1.12. Copper-catalyzed radical silylation of unactivated alkylhalides

Recently, Oestreich showed that a CuSCN/dtbbpy protocol that utilizes LiOt-Bu as base in
THF/DMF (9:1) enables the implementation of a silylation event of tertiary alkyl halides with Si—

B reagents (Scheme 1.12).%° In this particular case, a radical pathway was proposed due to the

11
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epimerization observed with diastereomerically pure substrates as well as the inhibition found
in the presence of TEMPO. In addition, 5-exo-trig cyclization and DFT calculations reinforced the
notion that open-shell intermediates come into play. It was additionally proposed that a highly
solvated Li cation led to an elongation of the Si—B bond upon coordination of the tertbutoxy
anion to the boron center, thus setting the basis for a rapid transmetalation with the Cu catalyst
en route to (dtbbpy).Cu-Si species (IV). Subsequently, binding with the alkyl iodide to form a
loose dative Cu--+l bond enables a single electron transfer (SET) to form a transient alkyl radical
with concomitant formation of a cationic intermediate VI. Final sp® C=Si bond-formation was
proposed to occur via radical recombination. A useful addition to this dehalogenative sp® C-Si
cross-coupling is recently reported by the same group using aliphatic N-hydroxy-phthalimide
esters (NHPI) as radical precursor. The alkyl radical is generated by single-electron-transfer

reduction with [Cu]-Si species followed by decarboxylation.”®

Me Et;SiBpin active catalyst
R ~ | R ~ | Bpin
S [Ir] 1-2 mol% X
MeCy, 100 °C
Cl Cl
M .

/©/\Bpin e\©/\8pin Bpin

68% 68% 62%
>99:1(Bn: Ar) 14:1(Bn: Ar) >99:1(Bn: Ar)

Scheme 1.13. Iridium-catalyzed C-H borylation with silylboranes

Unlike the vast majority of borylation events enabled by B,pin,, Hartwig developed a sp? C-H
borylation using EtsSiBpin under Ir/bipyridine catalyst system.* This method could successfully
be applied to trigger a borylation of primary benzylic sp> C—H bonds.”* Critical for success was
the discovery of an iridium diborylmonosilyl complex that is more electron-deficient than the
previously reported iridium trisboryl complex employed in related C-H borylations.”
Mechanistic studies showed that the rate of sp? C-H borylation decreases upon decreasing
electron density at the Ir center, whereas the rate of benzylic sp> C-H borylation was less

sensitive to the degree of electron density at the Ir metal center.
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0 [Rh], [Cu] Me,PhSi O
R‘vj\lﬁ Me,PhSiBpin e R1MR2
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i} -
/ (
(4 Me,PhSiBpin my
SiPhMe,
[Rh(cod),]OTf/Et;N CuCl/NaOt-Bu BF,© Ph Ph

BF,© Ph_  Ph Me No N
(s)-BINAP " Y Et O@V
or (N-BINAP e N. N Ph  Ph
ey
Ph  Et DBU

Oestreich Haveyda Haveyda
Scheme 1.14. Conjugate addition of silylboranes to a,B-unsaturated carbonyl compounds

Addition of diboron to a,B-unsaturated carbonyl compounds are well studied by many
groups including enantioselective variants which are promoted by transition-metal species,
phosphines or NHC catalysts.”>”> Subsequently, enantioselective conjugate silyl addition to
cyclic and acyclic unsaturated carbonyls in presence of rhodium(l) catalyst and (s)-BINAP were
introduced by Oestreich and co-workers.”® Apart from rhodium(l) catalyst, Lee and Hoveyda
succeeded in developing a enantioselective conjugate silyl transfer that relies on a combination
of CuCl, chiral carbene precursor, and NaOt-Bu.”’ In these transition metal-involved reactions,
the nucleophilic M-SiMe,Ph species would be initially delivered followed by insertion of the o, -
unsaturated acceptor into the M-Si bond. In 2011, the same group found a complementary
metal-free method for the enantioselective conjugate addition of the silyl group to a,B-
unsaturated carbonyls catalyzed by a readily accessible chiral imidazolinium salt (NHC) and a
common organic base (DBU). The reaction could be conducted in an aqueous solution (3:1
mixture of water and THF) and was operationally simpler to perform than the NHC—Cu-catalyzed
variant.”® Despite moderate yields for some substrates, high enantiomeric purities were
obtained throughout. Stoichiometric amounts of the NHC/DBU with Me,PhSiBpin resulted in the
formation of the sp3-hybridized borates via nucleophilic attack to the more Lewis acidic boron
atom. Detailed spectroscopic evidences demonstrated that the proton source could influence

the efficiency and/or enantioselectivity of NHC-catalyzed enantioselective transformations.”®
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OC(O)Me
[Cu] (5 mol%) , [Cu] (5 mol%) .
Y NaOMe (1.5 equiv) ?lMezPh NaOMe (1.5 equiv) R
X ANF
RTN-c Me,PhSiBpin R Me,PhSiBpin f
CHZC|2, 0°C branched CHQC|2, 0°C Cl

1-(R)

87% (y/o. = 96:4), 71% ee,

91% (y/a = 98:2), 31% ee,

Ar 11B NMR .
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Ar/\/\op(o)(ogt) : (TMS),N—Bpin + Me,PhSi—Bpin
“ 2 Me,PhSiBpin SiMe,Ph -
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Scheme 1.15. Allylic silylation with silyl nucleophile

Oestreich and co-workers have recently elaborated a branched-selective allylic substitution
of linear allylic chlorides, yielding a-chiral allylic silanes in racemic form (Scheme 1.15).%° The
reaction was realized by exploiting a Cu(l)-induced generation of silicon nucleophiles that are
transferred to various acceptors via C=Si bond formation. y-selectivity was observed for halides
and phosphates, while a-selectivity was obtained for carbonates, carbamates, and carboxylates
albeit with eroded a-selectivity for the latter. The Oestreich group also present an enantio- and
regioselective allylic substitution of linear allylic chlorides, and phosphates catalyzed by a
copper(l) complex containing a chiral N-heterocyclic carbene (NHC) ligand.®! This catalyst also
exhibits a preference for the same face of both (E)- and (2)-alkenes, providing stereoconvergent
outcomes.®2 However, enantioconvergence is also an indication of the catalysis passing through
a common intermediate n® n-allyl copper(lll) complex. Later on, Nozaki and Shintani developed
a KHMDS-mediated cyclopropanation of allyl phosphates with a silylboronate. Unlike the
previously reported copper-catalyzed allylic substitution reactions, the nucleophile selectively
attacks at the B-position of the allylic substrates.®® Investigation of the mechanism showed that
a silylpotassium species could be the active nucleophilic species as tetracoordinated anionic
boron species (6 = 8.4 ppm) and the desilylated three-coordinate boron species (3 = 25.0 ppm)

were observed from 'B NMR.
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1.4.2. Difunctionlization events using Si—-B and Si-Sn reagents

Despite the significant advances realized with interelement linkages, the vast majority of
coupling reactions that make use of silylboranes or silylstannanes result in either a silylation,
borylation or stannylation event, thus constituting a drawback from an atom-economical
standpoint. To such end, chemists have been challenged to incorporate both the Si/B or Si/Sn
unit into an organic molecule. Among various scenarios, the utilization of m-components as
precursors is particularly attractive, as it will provide access to organic molecular possessing
multiple organometallic bonds that could be used in synthetic applications while resulting in a

highly atom-economical technique with great potential in synthetic chemistry.®*

[Pd)/Ligand SiR,
Z 4+ RgSi—BX,
R ? silaboration R)\/ BX.
A Ito B Suginome c Ohmura, Suginome
P%O’ﬁé)z n®-C3HsPdCI(PPhy) N®-C3HsPdCI(PPhy)  n3-C4HsPdCI(Ly)
C

iPrOH, pyridine t
PBu, L1

Me,PhSiBpin ClMe,SiBpin Me,PhSiBpin

SiMe,(O'Pr)
SiMe,Ph R)\ SiMe,Ph Bpin
X Bpin PN S SiMe,Ph
R Bpin R Xy Bpin RN 2

Z single isomer stereodivergent switchable regioselectivity

Scheme 1.16. Regioselectivity in Pd-catalyzed silaboration of terminal alkynes

The utilization of alkynes as coupling partners in combination with silylboranes could provide
an useful entry point to generate valuable vinyl boranes and vinyl silanes. This approach was
shown by Ito and co-workers using a palladium-isonitrile catalytic system that resulted in a
highly regio- and stereoselective silaboration of terminal and internal alkynes, with the boryl
group attached to the terminal carbon atom whereas the silyl group was connected to the

internal position (Scheme 1.16 A).%°

Moreover, the reaction gave the Zisomer as major product,
corresponding to a formal syn-addition of the Si-B bond across the triple bond. Subsequently,
Suginome and co-workers found that a Z/E isomerization occurred in the presence of excess
amounts of CIMe,SiBpin and i-PrOH/pyridine (Scheme 1.16, B).2® A Pd-catalyzed regiodivergent
silaboration of terminal alkynes was found by Ohmura and Suginome by tuning the phosphine
ligand (Scheme 1.16, C).®” Specifically, it was found that the boryl group was transferred to the
alkyne terminus if PhsP is used, whereas bulkier (biphenyl-2-yl)tBu,P (L1) resulted in a
regioselectivity switch. Specifically, it was suggested that C—B bond formation occurs prior to
the formation of the C-Si bond by insertion of the alkyne into the B—Pd bond.® The steric bulk
of the phosphine accounts for the regioselectivity switch in a ligand-controlled regioselective

alkyne insertion into the Pd-B bond.
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Scheme 1.17. Transition-metal-catalyzed silaboration of terminal alkynes

Regioselective silaboration of alkynes with PhMe,SiBpin was also documented by Stratakis’s
group using gold nanoparticles supported on TiO, (Scheme 1.17, A) # No additional additives or
ligands are required, resulting in an abnormal regioselectivity switch that could only be within
reach in homogeneous conditions using bulky phosphines and Pd catalysts.®” Such
regioselectivity profile is attributed to steric factors imposed by Au nanoparticles during the 1,2-
addition of silylborane to the alkyne. Subsequently, Uchiyama and co-workers developed a
dimethylzinc-catalyzed regioselective silaboration of terminal alkynes (Scheme 1.17, B).*°
Silylzinc species were generated in situ by Si—B bond activation in the presence of
dimethylzinc/phosphine catalyst system. Notably, it was found that a regioselectivity switch was
observed in the absence of phosphine ligand to yield 2,1-silaborated alkenes, suggesting that
different species account for such selectivity profile. A ligand -controlled Cu-catalyzed regio- and
steroselective silaboration was reported by Xu and co-workers (Scheme 1.17, C).9* The utilization
of Cu(OAc); and CuTc resulted in 2-boryl-1-silyl-1-alkenes as major product whereas a protocol
based on copper isocaprylate and PPh(t-Bu), in heptane led to a selectivity switch. Interestingly,
protosilylation occurred smoothly when phenylacetylene was used instead of alkyl-substituted
acetylene. A plausible mechanistic rationale is depicted in Scheme 1.17. It was believed that the
LCuX catalyst reacts with silylborane to generate VIl prior to coordination to the n-cloud of the
acetylene moiety. Subsequently, a cis insertion generates vinyl cuprate intermediates IX or X,
setting the stage for a transmetalation event, leading to an alkynyl boronic ester while turning

over the catalytically competent LCuSiMe;Ph species within the catalytic cycle.
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Scheme 1.18. Phosphine-catalyzed anti-selective vicinal silaboration

In 2015, Sawamura disclosed an anti-selective vicinal silaboration of alkynoates enabled by
trialkylphosphine catalyst to produce B-boryl-a-silyl acrylates (Scheme 1.18).°> Notably, the two
vicinal C-heteroatom bonds could be differentiated and converted to unsymmetrical
tetrasubstituted alkenes. The reaction was believed to proceed via conjugate addition of the
phosphine to the alkynoate fragment assisted by Lewis acidic activation of the carbonyl group
to form a zwitterionic allenolate intermediate XI.>3 Then, the terminal silyl fragment migrates to
the sp carbon center of the allene moiety to form ylide intermediates Xll, which will isomerize
to XIIl. The ylide carbon of XIlII then attacks the B-atom bound to the oxygen atom to form cyclic

borate XIV. Finally, elimination of BusP with concomitant B-O cleavage affords the desired

product.
[Pd]/Ligand SnR,
Z 4+ RSI—SnR’ .
R ° ® silastannylation R)\/S'R 3
A Chenard B Takahashi c Singer
Pd(PPhs), Pd(dba)sCHCls Pd(PPhs),
AN+
PPhg ~N"SN
\—/ F;S\—/\
Me,R’SiSnR3 Me3SiSnBus Me3SiSnBus
SnR; HO SnBu;M SnBug
. . - SiMe .
R)\/SlMezR T 8 R X SiMeg
R’ = Me, Bu R =H, Ph, 'Bu, Cy R = Ph, C,HgOH

Scheme 1.19. Regioselectivity in Pd-catalyzed silastannylation of terminal alkynes
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The first examples of silastannylation of terminal alkynes were reported by Chenard in
presence of Pd(PPhs)s.%* Under the best reaction conditions, a high regio- and stereoselectivity
was observed, obtaining selectively cis-adducts with the silyl group attached to terminal carbon
(Scheme 1.19, A). Remarkable improvement of catalytic activity was realized by using Ito’s
palladium-isonitrile catalyst system; unlike the utilization of Pd(PPhs), catalyst that required
heating, the use of Ito’s protocol allowed the silylstannylation to occur at room temperature.
Unfortunately, the reaction could not be employed with internal alkynes. The presence of a
propargylic ether enhanced the reactivity of the internal triple bonds, resulting in a regio- and
stereoselective formation of products bearing a tin fragment at the internal vinylic position
(Scheme 1.19, B).*®> Interestingly, the utilization of ionic liquids allowed to improve the
recyclability up to 10 times without loss of activity (Scheme 1.19, C).°® While the nature of the
active catalyst is unknown, it was suggested that either palladium-imidazolylidene carbene

complexes or palladium metal nanoclusters may be responsible for the observed reactivity.

SiMe,X
n3-C4HsPdCI(PCy), N
T DR 4 XMe,SiBpin 2 mol% | R o (\7@
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OMe 24a/24b LoPd® | purs
[ [ | 2 \Q P
N ) |
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Scheme 1.20. Pd-catalyzed dearomatization of pyridines with silylboranes

Oshima, Ohmura and Suginome described the addition of Si—B bonds across a pyridine ring by
means of Pd catalysis (Scheme 1.20).” Specifically, it was found that the (n*-CsHs)PdCI(PCys)
complex promoted the silaboration of pyridine (10 equiv) with XMe,SiBpin as a limiting reagent,
thereby delivering a dihydropyridine derivative with a boryl group at the nitrogen atom and a
silyl group at the C4-position. Pyridines bearing 3-methoxy or 3-ester substituents reacted
smoothly with Me,PhSiBpin to afford the corresponding 1,4-adducts in good to high yields. The
use of CIMe,SiBpin dramatically improved the reaction efficiency to deliver N-boryl-4-silyl-1,4-
dihydropyridine. Unlike C2- or C3-substituted pyridines, 4-substituted pyridines were
silaborated in a 1,2-fashion, thereby delivering 4-substituted 1,2-dihydropyridines at the C2-
position. The mechanism of the transformation was believed to proceed via oxidative addition

of the silylboronic ester to the Pd(0) species, followed by the coordination of pyridine to form
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complex XV. These species presumably underwent a regioselective insertion of Pd—B bond into
the to form a m-allyl-palladium complex XVI followed by a reductive elimination to afford
dihydropyridine (24a or 24b) while regenerating the L,Pd(0). The regioselectivity C2/C4 pattern
could be controlled by the positional selectivity of the substituents at the pyridine ring. DFT
calculations were carried out by Yates and co-workers which indicated the dearomatization step
to be rather facile (4.3 kcal/mol), presumably due to the formation of a strong covalent bond
between the nitrogen and boron atoms in the final product, while reductive elimination was

suggested to be rate-determining.®®

via

7\ ClMe,SiBpin /N ) /—\ - /—\ )

N N CIMe,Si—N  N-Bpin  N_ +N-Bpin - N, N-Bpin
\—/ THE \—/ NV

1.1 equiv rt, 24h 24¢ XV — SiMe,Cl XVill SiMe,Cl

Scheme 1.21. TM free dearomatization of pyrazines

Pyrazines could undergo addition towards Si—B bond under transition-metal-free conditions,
leading to N-borylated 1,4-dihydropyrazines.® The Si—B bond was activated by coordination of
one of the nitrogen atoms of pyrazine to the boron to form a tetracoordinated boron
intermediate XVII, and Intramolecular nucleophilic attack of silyl group on the C2 carbon takes
place to give 1,2-adduct XVIIIl. Rearrangement of XVIII resulted in the final product 24c. High
yield was observed in the dearomatizing addition reactions, which may be attributed to the
formation of B—N bond, as mentioned above and also observed in the hydroboration of
pyridines.1%%% very recently, Suginome and Ohmura reported an organocatalytic silaboration
of terminal alkynes and allenes using 4-cyanopyridine as catalyst (Scheme 1.22).2°2 The reaction
undergoes regio- and stereoselective 1,2-addition of silaboranes in toluene. It was revealed that
4-cyanopyridine is capable to homolytically cleave the B-B bond to generate pyridine boryl
radicals.’®® The authors assumed a mechanism as shown in Scheme 1.22. The Si-B bond is
activated by 4-cyanopyridine coordinated onto the boron atom. The mechanism involves
homolytic cleavage of the Si—B bond, which forms a stabilized boryl radical. The generated
radical pair XX rapidly adds to the carbon—carbon triple bond in a syn manner. This addition may
take place in an almost concerted fashion. The absence of reactive alkyne may result in the
formation of XXIll as a dead end product. It is also suggested that the more nucleophilic pyridine-
boryl radical preferentially attacks the more electron-deficient alkyne terminus, resulting in the

observed regioselectivity.
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Scheme 1.22. Pyridine-based organocatalyst for syn-1,2-silaboration of terminal alkynes

Silaboration of aromatic alkenes was first reported by Ito and co-workers, in which a regio-
and diastereoselective 1,2-silaboration proceeded in the presence of a catalytic amount of KOt-
Bu (Scheme 1.23).1% |t was found that anti-product was the major product, which is in contrast
to the results found in transition-metal-catalyzed silaboration reactions. Although the authors
can’t provide a clear reaction mechanism, the preliminary studies indicated an adduct of
silaborane and the alkoxide rather than free silyl anion species. Further detailed studies on the

reaction mechanism are required to understand the stereospecificity of the reaction.

®

; K
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Scheme 1.23. KOt-Bu mediated regioselective silaboration of aromatic alkenes
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Scheme 1.24. Silaboration of other unsaturated organic compounds

Other silaboration of unsaturated compounds such as imines,’® alkdehydes,® dienes'?,
allene!®® have also been developed with/without transition metal catalysts (Scheme 1.24).273°
These transformations can also proceed in a highly regio- and stereoselective manner, leading
to the formation of organic compounds bearing silyl and boryl groups that can be used for

diverse synthetic applications.

Ph
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R” “Bpin 110 °C, 12h Np E 2. Me,PhSiBpin . 2
Br THF, -98 °C-rt Bpin
R .\ — .
38\'} Bpin
R)tl_
1,2-migration
. 1. X2-Li X
Bpin .
o p exchange g _~_C 1. LDA _~_-SiPhMe;
SiPhMe, — X 2. Me,PhSiBpin Bpin
R2 2. Me,PhSiBpin R2 THF, -98 °C-rt

Scheme 1.25. 1,1-difunctionalization of carbenoid and related compounds via 1,2-migration

In order to keep both silyl and boryl group in the molecule, another strategy could be the
utilization of 1,2-migration in which the silyl group from the boron center is added at the
adjacent carbon atom. If the carbon atom is substituted with an appropriate leaving group, the
neat outcome will be generation of geminal functionalized coumpounds (Scheme 1.25). This has
been applied to many transformations involving the use of as 1,1-dihalalkenes, diazo

compounds, allyl chloride or 3-bromocyclobutene. 109112 39
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Scheme 1.26. Insertion of isonitriles

Insertion of isonitriles into the Si-B bond of several Si-B compounds without transition metal
was also reported by Ito and co-workers (Scheme 1.26). A large number of isonitriles reacted
with silaboranes at elevated or even room temperature, obtaining the corresponding
(boryl)(silyl)iminomethanes as their borane complexes.!’*> Chatani developed a copper(l)-
catalyzed indole synthesis involving the utilization of isonitriles.}* The mechanism of this
domino reaction probably began with an intermolecular silyl transfer from the catalytically
generated monosilyl copper(l) species onto the isocyano group. Subsequent intramolecular 1,4-
addition led to the formation of the indole ring. Hydrolysis of copper(l) enolate with MeOH

generated the indol moiety and regenerates the copper(l) methoxide catalyst.
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1.5. General Objectives of This Doctoral Thesis

The last decade has witnessed an impressive knowledge in the implementation of silylboranes
and silylstannanes as coupling partners as vehicles to prepare densely functionalized
organosilicon, organoboron and organostannane reagents in a high chemo-, regio- and
stereoselective manner. Despite the significant advances realized, the ability to employ
interelement linkages within the context of the functionalization of particularly strong ¢ sp? C—
O or sp? C-H bonds still remains less explored. Driven by the inherent interest of the Martin
group for designing new methods for activating strong o-bonds, this thesis is aimed at
discovering new C-heteroatom bond-forming reactions by using silicon-heteroatom

interelement linkages as coupling partners. To such end, the following objectives will be pursued:

» To expand the toolbox of C—O bond functionalization techniques to trigger a stannylation

event with MesSiSnBus.

> To develop a direct site-selective sp? C—H silylation of (poly)azines using EtsSiBpin as silyl
reagent under transition-metal-free conditions, ending up in a new tool for rapid

diversification via late-stage functionalization of drug-type molecules.

» To explore the viability of conducting an atom-economical 1,1-difunctionalization of terminal

alkynes with Ets;SiBpin via 1,2-metallate shift from boron atom to sp carbon centers.

» To unravel the mode of action by which silicon-based interelement linkages results in the

formation of C—heteroatom bonds via the functionalization of strong c-bonds.
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2.1. C-0 Electrophiles as Counterparts in Cross-Coupling Reactions

Transition-metal-catalyzed cross-coupling reactions have provided new dogmas for bond-
construction, changing logics in retrosynthetic analysis when building up molecular complexity.’
4 Indeed, their use is so pervasive that is difficult to advance any advanced total synthesis or
target lead in drug discovery approaches that do not take recourse to these methodologies. At
present, the vast majority of transition metal-catalyzed C—C and C—heteroatom bond-forming
reactions rely on the utilization of organic halides as coupling partners.®> Despite the advances
realized in preparative terms, it is worth noting that accessing advanced aryl halides in a both
chemo- and regioselective manner is not particularly facile and that the toxicity associated to
the inevitable halide waste can be problematic, particularly in late-stage diversification
techniques. Prompted by these observations, chemists have been challenged to look for
alternative coupling partners with improved flexibility, practicality and generality. Among the
different alternatives, the utilization of C—O electrophiles have gained tremendous momentum
since the first seminal work by Wenkert in 1979,° becoming powerful alternatives to commonly
employed organic halides in transition metal-catalyzed cross-coupling reactions.”*! Their
popularity arises from their bench-stability and ease of synthesis from abundant and non-toxic
phenols. In addition, the utilization of C—0 electrophiles as coupling partners might offer the
possibility of designing orthogonal bond-forming reactions in the presence of organic halides.®
Scheme 2.1 summarizes the most commonly employed C—O electrophiles in cross-coupling
reactions ranging from particularly activated sulfonate derivatives to rather unreactive phenols

or aryl methyl ethers.

Reactivity
O._.R: O._.OR 0. _X OM OH
,S\\ H /P\ \n/ e
O/ (0] i O, OR o)
: Esters &
Sulfonates ! Phosphates Carbamates Methyl ethers Phenols
Pd Ni Availability &

Atom economy

Scheme 2.1. Phenol derivatives as modern electrophiles in cross-coupling
2.1.1. Challenges in using C-0 electrophiles in Ni-catalyzed cross-coupling reactions

While the utilization of aryl sulfonates have become routine in Pd-catalyzed cross-coupling
reactions,? chemists have turned their attention to the employment of simpler, less-activated
and more atom-economical aryl ester motifs as counterparts (Scheme 2.1). Although one might
argue that this would be a trivial extension, a close look at the literature data indicates otherwise.
First, the bond-dissociation of sp? C—O bonds in aryl esters is rather uphill when compared to
both aryl halides or even aryl sulfonates,'* making these counterparts particularly reluctant to

react via canonical oxidative addition events.!* Intriguingly, Pd catalysts have shown to be inert
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towards C-0 cleavage of aryl esters, whereas the employment of nickel catalysts have proven
particularly effective for such purposes. In addition, the presence of weaker acyl sp? C—-O bond
in aryl esters raise the question on whether it would be possible to effect a site-selective
functionalization of the targeted sp? C—O bond (Scheme 2.2). Seminal studies by Yamamoto,
however, indicated that the oxidative addition of these moieties to Ni(O)L, was reversible,
suggesting that the design of catalytic cross-coupling reactions by means of functionalizing the
sp? C—0 bonds would not be a chimera. These studies set the basis for exploring whether steric
effects might exert a role on site-selective C—O bond-functionalization. Indeed, it was shown
that bulky pivaloyl groups are particularly suited for sp? C—O bond-functionalization by
preventing the cleavage of the proximal and a priori weaker acyl sp? C-0 bond.* Unfortunately,
a non-negligible number of cross-coupling reactions with C—O electrophiles are somewhat
restricted to the utilization of n—extended arenes, suggesting that n-coordination of the r-
extended system to the low valent metal center might be a prerequisite for tackling C-O bond-

cleavage, probably due to a partial retention of aromaticity.'®

106 kcal/mol 99 kcal/mol

X X=I1 65 kcal/mol T T
@ X =Br 81 kcal/mol Oﬁ( Me OMe
X =Cl 90 kcal/mol @ lo @
80 kcal/mol

Reactivity of m-extended system Site-selective issues

Slow irreversible PCys;
I
Ni

NiL, 106 kcal/mol +22.9 kcal/mol  Ar~' " “OAc
7 / O\n/Me -L,Ni(0) f Ni(PCys)2
be | = o] D— O\H/Me Fast reversible
~ +L,Ni(0) l
O +14.2 kcal/mol E’CYs
n2-coordination 80 kcal/mol . .

15 kealimol A0 Ac

Scheme 2.2. Challenges in using C-0 electrophiles in Ni-catalyzed reactions
2.1.2. Ni vs Pd in cross-coupling reactions

In line with the known literature data on C-O cleavage, one might wonder why nickel
promotes effectively these transformations whereas Pd fails to provide the targeted bond-
forming event. Both Pd and Ni catalysts have their advantages and disadvantages, which are
highlighted in Scheme 2.3.171° Alongside these advantages, nickel has a smaller center, lower
electronegativity than Pd. The propensity of the nickel center to lose electron density facilitates
oxidative addition while a more facile reductive elimination is observed with palladium. As result,
electron-rich Ni(0) can activate strong o—bonds such as C—F?° and C—-N?! bonds via oxidative
addition. Furthermore, m-back donation is more favorable from Ni(0) compared to Pd(0)

resulting in a stronger binding to m systems (d—m* back donation). This also explains the
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particular reactivity of Ni catalysts towards C—O bond activation, in which Ni(0)-arene n?-
complex formation is essential to cleave the C—O bond of phenol derivatives.

Two factors contribute to slower B-H elimination of Ni-alkyl compounds. The lower
electronegativity of Ni results in a weaker agostic interaction relative to Pd — the main
contribution for the agostic interaction with electropositive metals is the g-donation of the C—H
bond to the metal center —and the smaller radius of Ni leads to a more strained geometry in the
transition state. Due to the slow B-H elimination of Ni, cross coupling reaction with Ni could
tolerate alkyl coupling partners that will undergo decomposition through B-H elimination with
Pd. However, in comparison to Pd catalyzed cross-coupling reactions, those catalyzed by nickel
are more likely to undergo SET processes, which is likely a result of the higher pairing energy of
Ni due to a more condensed electron cloud.?? The stability of open-shell Ni(l) and Ni(lll), in
combination with the use of N-containing ligand gives rise to Ni-mediated radical pathways
which could be merged with photoredox and electrochemical reactions. From these aspects
above, Ni shows complementary reactivity to Pd, and thus could be applied in the development

of alternative transformations and expand the scope of cross coupling reactions.?

R—X + M—R’ m R—R’ B Smaller and less electronegative
Electrophile Nucleophile Ni Pd
W Classic cycle Van der waals radius: 1.92A 2.05A
L,Pd(0) / L,Ni(0) Electronegative: 1.91 2.20
R—R R=X  HpaB: hard soft
reductive oxidative W Slow B-hydride elimination
elimination addition \
R R ; /\ AG* =14 kecalimol . -
/ Pd or Ni e Ni ~H
L.PdNill LPd'/Ni" H
nPd I\R’ (0)/(l) cycle n ~x
f N
pa” ) AGF=7.6kealimol 9 AN
—~H

transmetallation
B Access to many oxidation states

Ni(0) = Ni(l) == Ni(ll) == Ni(lll) = Ni(IV)

M—X M—R’ Pd(0) Pd(Il) Pd(1V)
Pd vs Ni Advantages Disadvantages
Pd High efficiency (short reaction time) Low earth abundance
[Kr]4d 10 Low catalyst loading High cost USD mol: $1500
r
Soft Facile reductive elimination High cost of specialized ancilliary ligand
ofter

Facile B-hydride elimination

Low-cost earth-abunadant
Ni metal (>100 p.p.m.)

[Ar]3d84s2 Facile oxidative addition
Harder Facile migratory insertion

Able to undergo SET process

High catalyst loading
High reaction temperature
Less mechanistic understanding

Scheme 2.3. General characteristics of Ni and Pd catalysts.
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2.2. Ni-Catalyzed Cross-Coupling of Aryl Pivalates
2.2.1. C-C bond formation via sp? C-O cleavage

While Kumada-Corriu cross-coupling reactions of vinyl pivalates or vinyl acetates with
Grignard reagents could be conducted within the context of Fe catalysis,?** extensions to aryl
esters were found to be particularly problematic, probably due to competitive addition of the
Grignard reagent to the acy/ sp? C-0 bond. This observation prompted the utilization of less-
basic, yet less-reactive, organozinc reagents as coupling partners (Scheme 2.4). In particular, Shi
described that air-stable Ni(PCys)Cl, could be used for such purposes, resulting in the targeted
C—C bond-forming reaction in good vyields.?® In line with other C-O bond-functionalization
reactions,?29%! the targeted cross-coupling only occurred efficiently when m-extended aryl
pivalates were employed as substrates. In addition, steric effects played also a role on reactivity,

as bulky arylzinc reagents were found to be incompetent in the targeted C—C bond-formation.

OPiv Ni(PCys3),Cl, (5 mol% Ar
R{j . Arzncl (PCy3)-Cly ( ) N A
1 / |

THF/DMA (1:1), 70 °C _
3.0 equiv
O Me Me
2 oo
OO OMe OO MeO,C OO Me
69% 77% 44% <5%

Ni(cod)s (5 mi%)

OPiv deype (5 mol%) R
ot AN + RayiZnCl . ot X Alkyl
= i-Pro,O/THF L

2.0 equiv 70°C, 18h
CC . ’
LI O
™S 0
95% 63% 57% 88%

Scheme 2.4. Ni-catalyzed Negishi-type reactions of aryl pivalates

Aiming at extending the scope of these reactions, Rueping group reported a Negishi cross-
coupling reaction between aryl pivalates and alkylzinc reagents catalyzed by Ni(cod), and a
bisphosphine ligand (dcype).?® Interestingly, various B-hydrogen-containing alkylzinc reagents
could be coupled without problems. The absence of isomerization products in this endeavor is
certainly intriguing, as such parasitic pathways have typically been observed in related cross-
coupling techniques catalyzed by Pd catalysts. Additionally, alkylzinc reagents bearing
substituents such as ester and chloride all proceeded smoothly with high efficiency. As for Shi’s

protocol,?® however, this disclosure did not include mechanistic data, leaving a reasonable doubt
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on whether the reactions follow a classical pathway consisting of oxidative addition followed by
transmetalation and reductive elimination. Undoubtedly, shedding light into these mechanisms
will not only clarify how the C—O bond is functionalized, but also will open up new vistas for

exploring other reactivity within this field of expertise.

LA B Lic L iD - :
! Ni(PCys)Cls | | Ni(PCys),Cly ! ENi(cod)z/PCya-HBF4E | Ni(PCyg)CI(1-naphthyl) | 1 Ni(cod), / PrHCI |
5 b o o o] Lo :
| (ArBO); ! AB(OH), i HetArBFK |1 A g >< | | (-BBN)-Alkyl |
! +H,0 b P +H,0 o o) P |
\ K3P04 E \ K3PO4 : E K3PO4 E H CsF : H 032003 :
| Shi : E Garg P Molander : : E Rueping :

. - Percec

Scheme 2.5. Ni-catalyzed Suzuki-Miyaura reactions of aryl pivalates

Prompted by the air-sensitivity of organozinc reagents or Grignard reagents, chemists have
turned their attention to the employment of organoboron reagents due to their air- and
moisture stability and high functional group compatibility. To such end, Shi and Garg
independently disclosed the first Suzuki-Miyaura reaction of aryl pivalates using Ni(PCys).Cl, as
precatalyst.3" 32 While Shi employed arylboroxines — a cyclic trimer of arylboronic acids — in
combination with water (Scheme 2.5, A), Garg used arylboronic acids without additional water
(Scheme 2.5, B). The latter conditions allowed for the arylation of aryl acetates; this is
particularly noteworthy if one takes into consideration that the vast majority of aryl ester cross-
coupling reactions are conducted with rather bulky aryl pivalates to suppress the attack into the
acyl C-0 bond. In 2010, Molander expanded the range of Suzuki-Miyaura couplings of aryl esters
when employing potassium heteroaryltrifluoroborates, even at particularly low catalyst loadings
(Scheme 2.5, C).23 As for other cases, however, the scope was limited to m-extended systems
Later on, a bench-stable Ni(ll)PCys;Cl(1-naphthy) precatalyst was discovered by Percec, showing
its competence in Suzuki-Miyaura cross-coupling reactions of aryl boronic esters (Scheme 2.5,
D).3* More recently, Rueping reported an aryl-alkyl cross-coupling of aryl esters catalyzed by a
Ni(cod),/NHC catalyst system based on the utilization of B-Alkyl-9-borabicyclo[3.3.1]nonanes
(Scheme 2.5, E).** Although a wide range of alkyl boron reagents possessing B-hydrogens could
be utilized, these transformations could not be applied to either secondary or tertiary
alkylboranes. Unfortunately, no mechanistic data was provided in all these cases, thus leaving a

halo of mystery on the reaction mechanism.
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Scheme 2.6. Ni-catalyzed C-O/C-H cross-coupling reactions of aryl pivalates

Despite the advances realized in C—O bond-cleavage, the vast majority of catalytic cross-
coupling reactions of aryl esters rely on the utilization of well-defined organometallic reagents
as coupling partners. From a conceptual and practical standpoint, it would be particularly
attractive the development of a technique aimed at enabling C—C bond-formation of aryl esters
within the context of C—H functionalization. This transformation was described by Itami,
Yamaguchi and co-workers in which the utilization of Ni(cod),/dcype was critical for success
(Scheme 2.6, A).2® Note, however, that the reaction could only be conducted efficiently with
rather acidic sp?> C—-H bonds and with m-extended aryl pivalates at high temperatures. The
mechanism of this transformation was studied by density functional theory (DFT) calculations
and experimental studies.?” 38 While the former suggested that a Cs-cluster intervenes to assist
C—H nickelation, there exists certain ambiguity on whether this rather sophisticated pathway
comes into play. Indeed, no experiments were performed to determine the involvement of
these species. More interestingly, it was found that the oxidative addition complex Ar-
Ni(dcype)OPiv could be isolated in pure form, allowing to rationalize that a canonical Ni(0)/Ni(ll)
pathway takes place under these reaction conditions. Extending this reaction to alkenes could
giving
access to E-olefins and with an excess of alkene. Care should be taken when generalizing this, as

) 39,40
’

be tackled by employing a Ni(cod),/dppf system at high temperatures (Scheme 2.6, B

the reaction is better visualized as a Heck-type endeavor rather than a C—H functionalization.
Later on, Itami disclosed the a-arylation of carbonyl compounds and aryl pivalates by employing
the Ni/dcypt couple (Scheme 2.6, C).** Although these transformations suggested that the
means to promote C—C bond-forming reactions with aryl esters should be conducted at high
temperatures and/or specialized ligands, our group described that an enantioselective o-

arylation was within reach by using prochiral ketones and simple (s)-Tol-BINAP as ligand, thus
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allowing to generate enantioenriched quaternary stereocenters in high yields and selectivity (up
t0 99:1 e.r) under remarkable mild conditions (Scheme 2.6, D).*?
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Scheme 2.7. Ni-catalyzed cyanation of aryl pivalates with aminoacetonitriles

Following up their interest in C—O functionalization of aryl esters, Itami and Yamaguchi
described a catalytic cyanation of aryl ester derivatives by using aminoacetonitrile as cyanide
source with a Ni/dcypt couple (Scheme 2.7).#* Unlike related C—C bond-formations, this
technique could be extended to non-m-extended arenes. The authors favored a pathway
consisting of oxidative addition of aryl pivalate to Ni(0O)L, followed by anion exchange with the

nitrile and a final reductive elimination. Still, however, no mechanistic studies were performed.
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Scheme 2.8. Ni-catalyzed reductive cross-coupling with aryl bromides, CO; and isocyanates
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Aiming at providing an alternative to the utilization of well-defined organometallic reagents
in Suzuki-Miyaura, Negishi or Kumada-Corriu couplings, Shi reported a formal cross-electrophile
coupling between aryl pivalates and aryl halides that is viable in the presence of Mg as
stoichiometric reductant (Scheme 2.8, top).** Although preliminary experiments suggested that
this reaction does not proceed through the formation of a Grignard reagent, it was not
particularly clear the role of Mg in the reaction media. While a step-forward, the utilization of
stoichiometric amounts of Mg does not represent a bonus from a chemoselectivity standpoint
when compared to organozinc or organoboron reagents. In addition, and as for other C-O cross-
couplings,?” this reaction turned out to be limited to m-extended aryl pivalates. As part of a
program aimed at designing catalytic carboxylation reactions with abundant and inexpensive
CO,,* our group described a Ni-catalyzed reductive carboxylation of aryl and benzyl pivalates,
representing a powerful alternative to the classical carboxylation protocols based on
stoichiometric amounts of Grignard reagents or organozinc derivatives (Scheme 2.8, middle).*®
This protocol was based on the use of Ni/dppf as catalyst and cheap Mn as stoichiometric
reductant, offering a superior chemoselectivity profile when compared with other carboxylation
techniques based on well-defined aryl metal reagents. This transformation was believed to
operate via initial oxidative addition followed by SET reduction mediated by Mn, generating the
corresponding ArNi(l)L, species in situ prior to CO; insertion. The targeted carboxylic acid was
obtained after SET reduction, allowing to turn over the catalytically competent Ni(0)/dppf
species. As expected, an otherwise related Ni-catalyzed amidation of aryl pivalates was
accomplished by the use of isoelectronic isocyanates in the presence of Zn as reductant (Scheme
2.8, bottom).*’

2.2.2. C—heteroatom bond formation via C-0O cleavage

Unlike Pd-catalyzed cross-coupling reactions,*® Ni-catalyzed C—heteroatom bond-forming
reactions are not as commonly practiced as one might initially anticipate. This is particularly the
case when employing C—0 electrophiles as coupling partners. This paucity is probably associated
to (a) the lower nucleophilicity of heteroatom-based nucleophiles and (b) the inherent difficulty
of enabling C—heteroatom bond-reductive elimination. The first protocol that demonstrated the
viability for triggering such a reaction was described by Chatani and Tobisu in the presence of

).* The use of a

Ni(0)/IPr and using secondary amines as pronucleophiles (Scheme 2.9, top
pivalate leaving group is crucial to preventing undesired C,,—0 bond cleavage, which becomes
a major pathway resulting in hydrolysis when aryl acetates and benzoates are used as substrates
instead. A range of secondary amines can be used to form the corresponding aminated products.
In comparison to their previously described amination of aryl methyl ethers via C-OMe bond-
cleavage, the new protocol has better generality as it allows the amination of unbiased regular

aryl pivalates to be conducted under comparatively milder conditions.
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) ; Ni(cod), (5 mol%) BF4
OPiv R IPr-HCI (10 mol%) /—\
R +  H-N N"Pr
R2 NaOt-Bu (1.4 equiv)
1.2equiv  Toluene, 80°C, 3h IPr-HCI

o 0

N J P EtoN N N
oy e

99% 75% 87% 71%
Ni(cod), (10 mol%)

ROP'V . HN:<Ph dcype (10 mol%) NH2
Ph Cs,CO3 (2.0 equiv)

Toluene, 100 °C, 12h

1.5 equiv

then H3O*
NH, MeO NH,
O ‘t L
89% 81% 63% 81% (NaBHy)

Scheme 2.9. Ni-catalyzed amination of aryl pivalates

Prompted by Chatani and Tobisu’s amination,*® Rueping developed an amination technology
that resulted in the formation of anilines (Scheme 2.9, bottom).*° Key for success was the
utilization of benzophenone imine, a strategy already employed by Buchwald when promoting
an otherwise analogous amination of organic halides by means of Pd catalysis.* In this case ,the
transformation was promoted by Ni(0)/dcype in combination with Cs,CO; at relatively high
temperatures, resulting in the corresponding imine that subsequently was reduced in the

presence of sodium borohydride (NaBH,) to the targeted aniline.

Ni(cod), (10 mol%)

OPiv SiEt

5 @/ + Et,SiBpin PCy3 (20 mol%) o {j 3
) CuF5 (30 mol%)
1.2 equiv CsF (1.0 equiv)
Toluene, 50 °C

O N FsC 0

90% 57% 68% 57%
oxidative addition PCys

1
(o) t-Bu ) I?Cyg Ni—O,

©/ N Ni(cod), Nl\\o Ni(PCys) . )}t—Bu
° PCy, ©/ ogj\t_Bu — Ni—0
PCY3
X-ray

Scheme 2.10. Ni-catalyzed silylation of aryl pivalates
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In 2014, our group described a catalytic silylation of aryl esters by means of C-O
functionalization with silylboranes (Scheme 2.10, top).’! Interestingly, this transformation was
promoted by both Cu and Ni catalysts with PCys as supporting ligand, allowing to effect the
targeted transformation at remarkable low temperatures (50 °C). This was particularly
important, as it allowed the reaction to be extended to non-n-extended aryl pivalates, including
those bearing sensitive functional groups. While originally the transformation was believed to
proceed via the intermediacy of silylcopper species as pronucleophiles, recent mechanistic
studies described by our group indicated that a different pathway came into play.>? Specifically,
it was discovered that the transformation did not proceed via mononuclear oxidative addition,
but rather by a dinickel intermediate that could be characterized and isolated in pure form
(Scheme 2.10, bottom). In depth mechanistic studies, kinetic experiments and theoretical
calculations allowed to rationalize the intricacies of the reaction, indicating that Cu salts can be
replaced by Cs salts, with a C-Si bond-formation occurring via transmetalation of the putative

oxidative addition species with silyl pronucleophiles followed by reductive elimination.

(0]
. Ni(cod), (10 mol%) L _R!
OPiv o 2 P
X _B_R! dcype (10 mol%) 7N \Rz
R—+ + H R RT
=z R? K,CO; (1.0 equiv) =
1.5 equiv dioxane, 80 °C
0 0 0 o
p-Ph p-n-Bu p-Oi-Pr p-Cy
AN N A N
Ph n-Bu /@ Oi-Pr /© Cy
OHC NC F
51% 98% 82%2 95%2

@1.1 equiv Cs,CO3 was used as base, at 100 °C

Scheme 2.11. Ni-catalyzed Phosphorylation of aryl pivalates via C-O/P-H cross-coupling

Han, Chen and co-workers demonstrated that phosphorus-based nucleophiles are also viable
coupling partners in the nickel-catalyzed cross-coupling of aryl pivalates (Scheme 2.11).%3
Diphenylphosphines, diphenylphosphine oxides, and phosphonate reagents can all be
successfully cross-coupled to form the corresponding aryl phosphine derivatives, which are used
extensively in catalysis, materials science, coordination chemistry, and medicinal chemistry.>*
This discovery offered an alternative method for the construction of C—P bonds to those based
on organolithium, Grignard reagents or toxic phosphorus halides. By tuning the reaction
conditions, the phosphorylation of benzyl and allylic pivalates and non m-extended system was
also achieved.® In line with Itami’s studies with Ni/dcype regimes, a catalytic cycle based on an
oxidative addition followed by ligand exchange aided by base and C-P bond-reductive
elimination was proposed, resulting in the targeted phosphorylation event with regeneration of

the catalytically competent Ni(0)/dcype species.
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R P CuF, (30 mol%) R P
1.5 equiv CsF (30 mol%)
Toluene, 50 °C stereoretention
Bu
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S e
F N R
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Scheme 2.12. Ni-catalyzed stereospecific borylation of secondary benzyl pivalates

Following up our interest on C-O cleavage, we recently developed a Ni-catalyzed
stereospecific borylation of enantioenriched benzyl pivalates in which C—B bond formation was
catalyzed by Ni(cod),/PCys aided by copper salts and CsF (Scheme 2.12).°® Unfortunately, both
yields and enantioselectivities were eroded when larger alkyl side chains were employed. This
was tentatively ascribed to a lower tendency for transmetalation, leaving ample room for
parasitic B-hydride elimination. Attempts to expand the substrate scope to regular aryl pivalates
were unsuccessful as well, due to the lack of strong n? interaction of non-it extended systems
with the low-valent Ni complexes that precede C-0 bond cleavage. Interestingly, it was found
that the reaction occurred via neat stereoretention. As both transmetalation and reductive
elimination should occur with stereoretention, these results suggested a scenario consisting of
a pivalate-assisted Sy2’ type oxidative addition taking place with retention of configuration.

As judged by the wealth of literature data, it is evident that considerable progress has been
made in the area of Ni-catalyzed cross-coupling reactions of aryl esters.®° Unlike the
corresponding C—C bond-forming reactions, however, there exists a paucity on C—heteroatom
bond-forming reactions, probably due to the intrinsically lower reactivity of the corresponding
nucleophilic congeners and the low proclivity to trigger C—heteroatom bond-reductive
elimination. In addition, a non-negligible number of C—O bond-functionalization reactions are
still confined to the utilization of m-extended systems and relatively high temperatures, offering
new opportunities to improve upon existing cross-coupling reactions and to understand how

these reactions operate at the molecular level.
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2.3. General Aim of the Project

Aiming at extending the scope of Ni-catalyzed cross-coupling of aryl esters with heteroatom
pronucleophiles, we wondered whether we could effect a stannylation of C-O electrophiles en
route to aryltin reagents. The interest for such a technology relies on the observation that the
access to aryltin reagents typically involves the utilization of well-defined, stoichiometric
amounts of Grignard reagents or organolithium compounds. In addition, it is worth noting that
the Stille-Migita-Kosugi reaction of aryltin reagents remains one of the most robust, versatile
and widely applicable cross-coupling reaction; indeed, this reaction is typically employed in the
context of total synthesis, and can be conducted under neutral conditions, being the cross-
coupling of choice when attempting the always challenging cross-coupling of densely
functionalized polyheterocyclic cores. To such end, during this thesis we decided to focus on the
viability to enable a C-Sn bond-formation via sp?> C—O bond-cleavage aided by Ni catalysis
(Scheme 2.13).

C—[M
Cc ] O _tBu X X
R@ path a R~©k \ﬂ/ path b R©/
[M]=Mg,Zn,B 0 X=heteroatom
@ well-defined R-[M] @ no R-[M] required

[J,Catalytic stannylation of aryl esters (this chapter)

0. _tBu Me,SiSnBus SnBu,
A — @ T

Scheme 2.13. Catalytic C—O stannylation of aryl pivalate
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2.4. Ni-Catalyzed Stannylation of Aryl Pivalates

2.4.1. Optimization of the reaction conditions

We began our optimization by selecting the appropriate aryl pivalate and suitable stannyl
reagent for our targeted C—O cleavage. Based on previous studies carried out in our group on
C-0 bond activation,***”*! we choose 2-naphthyl pivalate 25a as the model starting material
and BusSnSiMe; (18a) reagent as a bench-stable stannyl source. Indeed, BusSnSiMes can be
easily prepared on a large scale from easily prepared BusSn-Li reagent with MesSiMeCl.>’ During
the screening of the optimized reaction conditions, naphthalene (27), naphthol (28), and silyl
ether (29) were observed as the side products. The formation of these compounds can be
explained by competitive hydrogenolysis, attack to acyl sp? C—0 bond and silyl transfer to the

oxygen atom.
Ni(cod), (10 mol%)

OPiv , Ligand (10 mol%) SnBug
+ BuzSnSiMes -
(1.3 equiv) CsF (1.0 equiv)

PhMe, 90 °C, 8 h

25a 26a
By Ligand  Vieldof26a(%) | Entry  Ligand Yieldof 262 (%)°

1 PPhg? 0 T deypb 7

2 PMes? 0 Y deypt 33
3 PBu,® 0 L2 deypf 25
4 PCps” 0 13 Ruphos? 5

5 PCys° 0 14 Xantphos trace
6 dppe 23 15 rac-BINAP 34
7 dppp 12 .16 ICy-HBF,° trace
8 dcype 93 L7 IPr-HCI° 0

o deypp 46(49e9) 1 18 SIMes-HCI® 0

1 n=2dcype iPro PCy, ;
! n = 3: dcypp i
i n=4:dcypb dcypt dcypf RuPhos :
. PPh, PPh, o S c® E
! o BF4 - . Me Me I
! — Pr /= 'Pr + !
: W\ VY /Q/NVN
1 - ~ NS

Cy""""Cy Ohd Me Me
: Me Me Pr  iPr Me Me
' Xantphos ICy-HBF, IPr-Cl SIMes-HCI ;
ESide products H OH OTMS :
5 27 28 29 !
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Reaction conditions: 25a (0.20 mmol), Bu;SnSiMes (0.26 mmol), Ni(cod), (10 mol %), ligand
(10 mol%), CsF (0.2 mmol), Toluene (1.0 mL) at 90 °C, 8 h. “* GC yields using decane as internal
standard. * Ligand 20 mol %. “+NaO'Bu (20 mol%).

Table 2.1. Screening of supporting ligands

As judged by the knowledge acquired in the field, electron-rich, bulky phosphines or NHC
ligands are typically needed to effect C—O bond-cleavage. This could be due to an increase of
electron-density at nickel that may facilitate C—0 scission, while the steric bulk exerted by these
ligands might speed up reductive elimination. As evident from the results compiled in Table 2.1,
the nature of the ligand played a crucial role on the targeted stannylation event. Specifically, we
found that stannylation was particularly effective when dcpye was used as ligand (entry 8). The
use of other bidentate phosphine ligands bearing different bite angle and electronic properties
led to lower yields (entries 6-7, 9-15), whereas some classical monodentate NHC and phosphine

ligands gave no desired product (entries 1-5, 17-18).

[Ni] (10 mol%)

OPiv ) dcpye (10 mol%) SnBu,
+ BuzSnSiMes -
(1.3 equiv) CsF (1.0 equiv)

PhMe, 90 °C, 8 h

25a 26a
Entry [Ni] Conv. (%) of 25a Yield of 26a (%)?

1 Ni(cod), 99 96(69°)
2 NiCl, 10 trace
3 Ni(acac), 33 23
4 NiCly(dppf) 31 27
5 NiCl,(dppe) 50 36
6 NiCl,(dcype) 41 28
7 NiClp(PMes), 54 41
8 NiClo(PCya)o 62 54
9 NiCly=glyme 19 13

Reaction conditions: 25a (0.2 mmol), Bu;SnSiMes (0.26 mmol), Ni catalyst (0.02 mmol), dcype
(0.02 mmol), CsF (0.2 mmol), toluene (1 mL). “ Determined by GC analysis using decane as
internal standard. ” Using Ni(cod): (5 mol %), deype (5 mol %).

Table 2.2. Screening of Ni source utilized

With dcype as the optimal ligand, we examined the effect of Ni sources (Table 2.2). The
reaction worked better with Ni(cod), instead of Ni(ll) precatalysts. Although the Ni(ll)
precatalysts can be reduced to the active Ni(0) species by double transmetalation with
BusSnSiMes, these results likely indicate the non-innocent character of cod as an ancillary ligand,
stabilizing the propagating Ni(0) species within the catalytic cycle while preventing

decomposition pathways.®
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Ni(cod), (10 mol%)

OPiv , depye (10 mol%) SnBu,
+ BuzSnSiMes .
(1.3 equiv) Base (1.0 equiv)

PhMe, 90 °C, 8 h

25a 26a

Entry Base Conv. (%) of 25a Yield of 26a (%)?

1 KOBu 86 0

2 KsPO, 21 0

3 KHMDS 79 19
4 KHF, 28 17
5 PhONa 65 46
6 NaOMe 73 0

7 KOMe 11 trace

8 LiOMe 37 15

9 PhCO,Na 33 34
10 HCO,Na 31 28
11 NaOAc 40 21
12 Na,COj 36 23
13 CsF 100 92
14 Cs,CO3 82 61
15 CsHCO;3 26 16
16 CsOPiv 15 trace
17 CsOAc 67 55

Reaction conditions: 25a (0.2 mmol), Bu;SnSiMe; (0.26 mmol), Ni(cod), (0.02 mmol), dcype
(0.02 mmol), base (0.2 mmol), toluene (1 mL). * Determined by GC analysis using decane as
internal standard.

Table 2.3. Screening of bases

In line with our group’s knowledge on Si-B interelements bonds,? the use of a base was
expected to have a profound impact for delivering the stannyl motif. As shown in Table 2.3, this
turned out to be the case, with CsF providing the best yields with full conversion to products
(Table 2.3, entry 13). If strong bases such as KO'Bu and KHMDS were employed, we found
considerable amounts of naphthalene was detected. This is probably due to hydride generation
from decomposition of the ligand via C—P bond cleavage.>® With these results in hand, we
guestioned whether the escorting counteranion could also have an effect on the formation of
26a. As shown in entries 14-17, it is evident that a significant erosion in yield was found for
anions other than fluorides. This is probably due to the formation of a rather strong Si—F bond
that brings the reaction forward on thermodynamic grounds. In addition, the role of Cs can be
explained by its greater solubility in aprotic solvents when compared to other cations on the
fluoride series (Table 2.4), as well as for the formation of a strong Cs—0 bond that can facilitate
Sn-Si cleavage. The cesium effect can also be attributed to its large cationic radius, low charge
density and large polarizability, thus making the cesium ion the one with the lowest degree of

solvation and ion-pairing as compared to the ions of analogous alkali metal salts.>®
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Ni(cod), (10 mol%)

OPiv ) dcpye (10 mol%) SnBu,
+ BuzSnSiMe; .
(1.3 equiv) Fluoride source

PhMe, 90 °C, 8 h

25a 26a
Entry Fluoride source Conv. (%) of 25a Yield of 26a (%)?

1 CuF, 49 34
2 LiF 34 23
3 NaF 22 15
4 KF 14 0
5 CsF 98 94
6 FeF, 16 7
7 FeFs 11 trace
8 AgF 9 trace
9 AgF, 12 0
10 TiF, 8 0
11 ZrFy 7 trace
12 TBAF 37 29

Reaction conditions: 25a (0.2 mmol), Bu;SnSiMe; (0.26 mmol), Ni(cod), (0.02 mmol), dcype
(0.02 mmol), fluoride source (0.2 mmol), toluene (1 mL). “ Determined by GC analysis using
decane as internal standard.

Table 2.4. Effect of fluoride source utilized

Ni(cod), (10 mol%)

oPn . dcpye (10 mol%) SnBuj
+ BusSnSiMeg :
(1.3 equiv) CsF (1.0 equiv)

Solvent, 90 °C, 8 h

25a 26a
Entry Solvent Conv. (%) of 25a Yield of 26a (%)?
1 Toluene 97 90
2 Anisole 83 75
3 o-xylene 77 64
4 THF 39 32
5 Dioxane 62 54
6 Cyclohexane 18 8
7 n-hexane 11 6
8 DMF 25 12

Reaction conditions: 25a (0.2 mmol), BusSnSiMe; (0.26 mmol), Ni(cod), (0.02 mmol), dcype
(0.02 mmol), fluoride additive (0.2 mmol), solvent (1 mL). “ Determined by GC using decane as
internal standard.

Table 2.5. Screening of solvents

As shown in Table 2.5, the solvent also had an influence on productive stannylation. In

particular, the best results were accomplished with benzene-based non-polar solvents (entries
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1-3), with toluene giving the highest yield. Notably, moderate yields were observed in the
presence of coordinating ethereal solvents (entries 4-5), which might be able to compete with
binding at the nickel(ll) center after oxidative addition. Likewise, a significant erosion in yield

was observed with non-coordinating or polar aprotic solvents (entries 6-8).

Ni(cod), (10 mol%)

OPiv ) dcpye (10 mol%) SnBu,
+ BuzSnSiMe; .
(1.3 equiv) CsF (1.0 equiv)

PhMe, T °C, 8 h
25a 26a
Entry T (°C) Conv. (%) of 25a Yield of 26a (%)?
1 rt 6 trace
2 80 48 43
3 90 97 92
4 100 98 82
5 110 100 78
6 120 100 76

Reaction conditions: 25a (0.2 mmol), Bu;SnSiMe; (0.26 mmol), Ni(cod), (0.02 mmol), dcype
(0.02 mmol), CsF (0.2 mmol), toluene (1 mL). * GC yields using decane as internal standard.

Table 2.6. Effect of temperatures

Having established a Ni(cod),/dcype regime as the most promising results, we next evaluated
the effect of the temperature on the C-Sn bond-forming reaction (Table 2.6). The best
conditions were found when conducting the stannylation event at 90 °C, obtaining 26a in 92%
GCyield. At higher temperatures, significant amounts of side-products 27 or 28 were observed
(entries 4-6). The formation of 28 is likely due to competitive C,i—O bond cleavage.
Unfortunately, the reaction does not work at room temperature (entry 1), as the oxidative

addition of 25a to Ni(0) might require an input of energy.
Ni(cod), (10 mol%)

OR ) dcpye (10 mol%) SnBu,
+ Bu3SnSiMe; .
(1.3 equiv) CsF (1.0 equiv)

PhMe, 90 °C, 8 h

25a 26a
Entry OR Conv. (%) of 25a Yield of 28 (%)?  Yield of 26a (%)?
1 OPiv 100 0 92
2 OAc 34 22 trace
3 OCOMS 57 14 46
4 OCONMe, 62 10 50
5 OBn 8 trace
6 OMe 15 9
7 OH 4 —

Reaction conditions: C—O electrophile (0.2 mmol), BusSnSiMes (0.26 mmol), Ni(cod), (0.02
mmol), dcype (0.02 mmol), CsF (0.2 mmol), toluene (1 mL). “ Determined by GC analysis
using decane as internal standard.

Table 2.7. Effect of the nature of C-O electrophiles
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