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Abstract

The work presented in this thesis is based on two basic organic chemistry concepts: carbene catalysis and radical coupling
reactions. Diazo compounds in the presence of transition-metal catalysts are known to be excellent reagents for the
construction of C—X bonds (X = C, Si, N, O, etc.) under mild conditions. However, their applications are limited to
conventional diazo compounds (e.g. diazoacetates, diazonitriles, diazoketones, etc.), where further modifications of the
products after carbene transfer are not feasible. The thesis aims at the development of new methodologies using a diazo
compound with a geminal radical precursor as methylene equivalent. In Chapter 2 of this thesis, a unified C—H alkylation
of indole using this redox-active diazo compound, NHPI-DA has been presented. This process includes a highly selective
insertion of ruthenium-carbenes into C—H bond of indoles at the C2- and C3- positions. These products have been
diversified into a variety of functionalized indoles (e.g. boryl, aryl, alkyl, alkenyl, etc.) at the C3-position. These unified
alkylation conditions can be a potential alternative for late-stage functionalization of indoles. In Chapter 3 of this thesis,
decarboxylative radical couplings of redox-active N-hydroxyphthalimide (NHPI) esters with electron-poor olefins have
been described. This methodology utilizes self-sensitized photoreductants, dihydronicotinamides to generate alkyl radicals
from redox-active carboxylates in presence of blue light. This approach, unlike the typical photo-redox chemistry, is
independent of using photocatalysts or inorganic reductants. Moreover, we have demonstrated that NADH which is a native
cofactor in living organisms, can efficiently couple alkyl radicals with DNA-encoded Michael acceptors. The mechanism
of the reaction has been established through detailed kinetic and photophysical studies. Chapter 4 of this thesis focuses on
the development of new syntheses of (borylmethyl)silanes. These compounds are unique due to the presence of orthogonal
silicon and boron moiety at the same carbon atom and display significant applications for the synthesis of molecules of great
synthetic value. This approach involves a ruthenium-catalyzed insertion of the NHPI-DA into Si—H bond and a subsequent
decarboxylative borylation of the resulting redox-active esters. Interestingly, using this method a wide variety of silanes
have been transformed into the corresponding (borylmethyl)silanes.
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Abstract

The work presented in this thesis is based on two basic organic chemistry concepts:
carbene catalysis and radical coupling reactions. Diazo compounds in the presence of
transition-metal catalysts are known to be excellent reagents for the construction of
C—Xbonds (X =C, Si, N, O, etc.) under mild conditions. However, their applications
are limited to conventional diazo compounds (e.g. diazoacetates, diazonitriles, diazo-
ketones, etc.), where further modifications of the products after carbene transfer are
not feasible. The thesis aims at the development of new methodologies using a diazo
compound with a geminal radical precursor as methylene equivalent. In Chapter 2 of
this thesis, a unified C—H alkylation of indole using this redox-active diazo compound,
NHPI-DA has been presented. This process includes a highly selective insertion of
ruthenium-carbenes into C—H bond of indoles at the C2- and C3- positions. These
products have been diversified into a variety of functionalized indoles (e.g. boryl, aryl,
alkyl, alkenyl, etc.) at the C3-position. These unified alkylation conditions can be a
potential alternative for late-stage functionalization of indoles. In Chapter 3 of this
thesis, decarboxylative radical couplings of redox-active N-hydroxyphthalimide
(NHPI) esters with electron-poor olefins have been described. This methodology uti-
lizes self-sensitized photoreductants, dihydronicotinamides to generate alkyl radicals
from redox-active carboxylates in presence of blue light. This approach, unlike the
typical photo-redox chemistry, is independent of using photocatalysts or inorganic
reductants. Moreover, we have demonstrated that NADH which is a native cofactor
in living organisms, can efficiently couple alkyl radicals with DNA-encoded Michael
acceptors. The mechanism of the reaction has been established through detailed ki-
netic and photophysical studies. Chapter 4 of this thesis focuses on the development
of new syntheses of (borylmethyl)silanes. These compounds are unique due to the
presence of orthogonal silicon and boron moiety at the same carbon atom and display
significant applications for the synthesis of molecules of great synthetic value. This
approach involves a ruthenium-catalyzed insertion of the NHPI-DA into Si-H bond
and a subsequent decarboxylative borylation of the resulting redox-active esters. In-
terestingly, using this method a wide variety of silanes have been transformed into the
corresponding (borylmethyl)silanes.



Populérvetenskaplig sammanfattning

Organisk kemi ar ett vetenskapsomrade som vi studerar pa skolan, men det ar
fortfarande kopplat till vara liv sedan vi fods. Fran livraddande medicinerna till vara
kladerna allt ar tillverkning med begreppen av organisk kemi. C—H och Si—-H
bindnings funktionalisering ar viktigaste teknikerna som anvands inom organisk kemi
som har direkt inverkan i vart dagliga liv. I denna doktorsavhandling beskriver arbetet
anvandning av en redoxaktiv diazoférening med en ruteniumkatalysator och
anvandning av kemin for dekarboxylering for att modifiera olika funktionaliserade
produkter. Kapitel 2 beskriver C—H-bindningsalkyleringen av indoler. Indoler finns i
kdrnan av méanga naturliga produkter och lakemedelskandidater. Kombinationen av
NHPI-DA och en ruteniumkatalysator (RuPheox) gor det mojligt att syntetisera
bibliotek av syntetiskt anvandbara organiska foreningar som innehdller olika
funktionella grupper. Dessa viktiga klasser av indoler kan endast syntetiseras med
specialdesignade reagenser, harda reaktionsforhallanden och langre syntesvagar. |
Kapitel 3 beskrivs dekarboxylativa Giese-reaktioner av redoxaktiva NHPI estrar med
elektronbristande olefiner med hjalp av biokompatibla fotoreduktanter och blatt ljus.
Tidigare har denna typ av reaktivitet utférts med anvandning av ytterligare
fotokatalyter  och/eller  oorganiska  reduktionsmedel. = Omfattningen  och
anvandbarheten av detta arbete har illustrerats med anvandningen av NADH som
fotodeduktant, vilket &r en kofaktor i levande organismer. Dessutom har denna metod
tillampats i synteserna av  DNA-kodade bibliotek, vilket visar den syntetiska
anvandbarheten av arbetet. Rigordsa kinetiska och mekanistiska studier utfors for att
faststdlla mekanismen for denna foto-Giese-reaktion. | Kapitel 4 av denna
doktorsavhandling beskriver en enkarlssyntes av (borylmetyl)silaner via Si— H
funktionalisering med anvéndning av NHPI-DA och ruteniumkatalysatorn
(RuPheox). Kiselorganiska foreningar har breda tillimpningar inom material- och
medicinska vetenskaper dven i vart dagliga liv. Den ortogonala karbenradikala kemin
har lett oss till att komma at dessa foreningar fran strukturellt olika silaner med milda
reaktionsforhallanden snarare &n att anvidnda specialdesignade reagenser, hog
temperatur och éverskott av utgdngsmaterial. | slutet har den syntetiska tillimpningen
av denna kemi utvidgats till synteser av oxasilacyklopentaner via difunktionalisering
av enolféreningar med anvandning av NHPI-DA.
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Abbreviations

Abbreviations are used in agreement with the standards of the subject.* Additional
abbreviations used in this thesis are given below:

ACBP Axially chiral bipyridine

BDBMP 1,6-bis(dimethylamino)pyrene

BOX Bisoxazoline

bpy 2,2’-Bipyridine

DCC N,N'-Dicyclohexylcarbodiimide

DCM Dichloromethane

DMF N,N-Dimethylformamide

DMFDMA N,N-Dimethylformamide dimethyl acetal
DMAc N,N-Dimethylacetamide

DMSO Dimethylsulfoxide

DOSP Dodecylphenylsulfonyl)prolinato]dirhodium
DPEPhos Bis[(2-diphenylphosphino)phenyl] ether
di-tBubpy 4,4’ di-tert-butyl-2,2’-bipyridine

equiv. Equivalent

EDA Electron donor acceptor

EDG Electron donating group

EWG Electron withdrawing group

HAT Hydrogen atom transfer

NTTL N-1,2-naphthaloyl-(S)-tert-leucine
NHPI N-hydroxyphthalimide

OPC Organo-photocatalyst

ppy 2-Phenylpyridine

pin Pinacol

PC Photocatalyst

r.t. Room temperature

SET Single electron transfer

SnAP Sn (tin) amino protocol

SPA Spiro phosphoric acid

viii



TCSPC Time-correlated single photon counting

THF Tetrahydrofuran

TMHD 2,2,6,6-tetramethyl-3,5-heptanedionate
TMG 1,1,3,3-Tetramethylguanidine
TMEDA Tetramethylethylenediamine

TPP Tetraphenylporphyrin

TTN Total turnover number

*The ACS Style Guide, 3rd Edition, American Chemical Society: Washington, DC,
2006






1. Introduction

1.1 Synthesis with Single Carbon Building Blocks

The design and the synthesis of custom targeted libraries through late-stage function-
alization strategies is a major endeavour in organic synthesis. Despite the success
achieved in recent years, the main drawback of this strategy is the need of synthesizing
specific substrates and reagents that carry the different functionalities desired in the
final products. The use of elementary carbon units to which different functions and
molecular fragments can be attached, is a potential solution to streamline the synthesis
of compound libraries. In particular, methylenes (~CH>-) are common single carbon
(C1) units in organic molecules such as natural products and pharmaceuticals. How-
ever, methylene synthetic equivalents are yet to be implemented in diversity oriented
synthesis (DOS) due to the problematic identification of two or more orthogonal func-
tionalization handles that can be set in the same carbon atom.*

In the past few decades, significant progress has been made in the chemistry of C1
building blocks (Figure 1.1). Most commonly explored C1 synthons in academic and
industrial research are carbon monoxide,?®* carbon dioxide,?*¢k methane,? metha-
nol,? formaldehyde?" and formic acid®™ (Figure 1.1 A). The use of these materials
has allowed the production of petrochemicals, clean-fuels and value-added organic
chemicals for years. However, heavy comsumption of these materials slowly leads to
depletion of fossil resources. In addition, some of these single carbon building units
are hazardous gases, and relatively inert, thus hindering their activation.?® Despite the
recent development of the halomethyltrialkyltin derivatives (known as SnAP rea-
gents) they are specifically designed and suited for the synthesis of heterocycles in
small scale (Figure 1.1 B).22" Bromoform has also been reported in the synthesis of
ishwarane as a C1 building block (Figure 1.1 C).? More recently, it has been reported
that chlorodifluoromethane can be used as a C1 synthon connecting two different ani-
lines but its broader potential is yet unknown.

There exists an ample ground for the exploration of new C1 equivalents that bears
versatile and unique reactivity to complement current DOS strategies, and are suffi-
ciently practical to maximize adoption. Advances in this area would enable access to
compound libraries by a systematic assembly of different fragments to a central meth-
ylene unit. In this thesis, carbenes with a geminal radical precursor are explored as
methylene equivalents in different connective processes as well as related methodo-
logical developments required for this purpose (Figure 1.1 D).
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Figure 1.1: Progress in single carbon (C1) precursors in Organic Synthesis.?

1.2 Carbenes

1.2.1 History of Carbenes and Metal-Carbene Complexes

In 1855, Geuther and Hermann suggested that chloroform under basic medium leads
to generation of a reactive intermediate, named dichlorocarbene (:CCly).3“2 This was
proposed to be a short-lived, neutral, divalent and six-electron carbon intermediate
bearing two unshared electrons. Later in 1897, Nef suggested the same reaction inter-
mediate for the transformation of pyrrole to a -chloropyridine using chloroform.* But
it was only after the first synthesis of tropolones in 1953 (Scheme 1.1, top) that car-
benes were widely recognized by the scientific community.5 Doering and Knox re-
ported that the photochemical reaction between diazomethane and benzene proceeded
via the formation of free methylene (:CH,). The following year, they expanded the
methodology by developing a cyclopropanation reaction using dibromocarbene gen-
erated from bromoform in basic medium (Scheme 1.1, bottom).5

R ,|\|‘ R
+
+ N hv
@ P =0y
H H
benzene diazomethane

methylene

g =4

cycloheptatriene tropo/one

O B/k"'Br K{OBu O Br\/ _>O>, (}

cyclohexene bromoform

Scheme 1.1: Early discovery of carbenes.®

dibromo-
carbene

bicyclo[4,1,0]-
heptane

dibromocy-
clopropane



Depending on the electronic structure and reactivity carbenes are classified in two
categories: singlet carbenes and triplet carbenes. In singlet carbene the carbenoid car-
bon is sp%-hybridized, whereas triplet carbenes can be both sp?- and sp-hybridized
(Figure 1.2 A).

(A) Tvpes of carbenes
Hybridization

Multiplicity

R,
Singlet 5% -
R
R, R
Triplet %:) %}
R' R'

(B) Types of metal-carbenes

Bo-cko Bo-—co
"5 R

Metal-carbene bond in Metal-carbene bond in
Fischer carbenes Schrock carbenes

Figure 1.2: Reactivity of singlet and triplet carbenes.®

In 1964, Fischer and Maashal synthesized the first metal-carbene complex using tung-
sten(0) pentacarbonyl as the supporting metal fragment.62¢ Unlike free carbenes, these
so called Fischer-type carbene complexes are stable, featuring a carbenoid carbon in
the singlet state and sp?-hybridized. These complexes exhibit electrophilic character
and are most common with middle or late transition-metals in low oxidation states
(e.g. chromium(0), iron(0), manganese(0), etc.) and surrounded by 7zacceptor ligands
(Figure 1.2 B). In 1974, Schrock reported a different kind of carbene complex, where
the carbenoid carbon is nucleophilic and sp2-hybridized with triplet character.®¢
Schrock carbenes are common with early transition-metals in high oxidation state (e.g.
titanium(1V), tantalum(V), etc.).

1.2.2 Reactivity of Metal-Carbene Complexes

Beyond stoichiometric reactions with transition-metal complexes, metal-carbenes are
key intermediates in a wide range of catalytic reactions, and first examples were re-
ported in 1958.7 Initially, copper was employed in such transformations, before dir-
hodium tetracarboxylates became predominant catalysts in 1970s.°¢¢ Most com-
monly, metal-carbene complexes are prepared in situ when a diazo compound reacts
with a transition-metal. These intermediates can react with a variety of organic sub-
strates to generate valuable products via cycloadditions with z-systems (i.e. cyclopro-
panation, Blichner ring expansion, olefin-metathesis, D6tz-benzannulation) and inser-
tion into X—H o-bonds (X = C, N, Si, etc.) (Scheme 1.2 A). The insertion of metal-
carbene species into X—H bonds are known to occur via two pathways: (1) the con-
certed mechanism, where the metal-carbene evolves through a single step insertion



(Scheme 1.2 B); and (2) the stepwise mechanism, where the insertion involves ylide
formation and subsequent 1,2-proton shift (Scheme 1.2, C).%

3
etal-carbene insertion 3
(A) Metal-carbene inserti R R
)\R“ de""R"
)Nﬁ (MLn] J"J"\Ln R? + ML]
R R? N R R X H
Diazo compound Metal-carbene X—H R R2
complex
(B) Concerted pathway
ML Hb Xa* s
I X=H LML, [ -mL, XXH
R R2 R15R2 > RpTOR?
(C) Stepwise pathway
(M L, X i -+ XtH
J]\ ylide formation LM X—H -ML, )\ 1,2-proton transfer X  H
—_— 5
2
R’ ‘\sx—H R1XR2 R17OR2 R OR?

Scheme 1.2: (A) Insertion of metal-carbenes in organic molecules. (B) Concerted mechanism for the inser-
tion in a general X—H bond. (C) Stepwise mechanism for the insertion in a general X—H bond.®

1.2.3 Carbene Precursors

Even though carbenes were initially generated through a-elimination reactions on
haloforms, decades of research have resulted in new carbene sources with different
properties. It is known that aryliodonium ylides can react with transition-metal com-
plexes generating metal-carbenes,® and those can engage in different reactions, such
as cyclopropanations, cycloadditions and intramolecular cyclizations (Scheme 1.3,
Pathway A).2 These hypervalent aryliodine(I11) species can be readily obtained from
compounds bearing acidic C—H bonds upon treatment with diacetoxyiodobenzene or
equivalent reagents. Likewise, sulfonium and sulfoxonium ylides have also been used
as metal-carbene precursors and their application in cylcopropanation and epoxidation
and insertion reactions is well established (Scheme 1.3, Pathway B).° Despite these
advances, these metal-carbene precursors suffer from several drawbacks, such as side-
reactions, toxicity, poor atom economy and required waste management. In contrast,
diazo compounds react with transition-metal catalysts to cleanly generate metal car-
benes only producing inert nitrogen gas (Scheme 1.3, Pathway C).3" In addition, a
wide variety of diazo compounds with different substitutions can be synthesized, thus
providing access to a wider range of reactivity than other carbene precursors. As such,
diazo compounds are probably the most common and versatile carbene sources cur-
rently used in organic synthesis.®
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Scheme 1.3: Different types of metal-carbene precursors: (A) aryliodonium ylides, (B) sulfonium ylides;
(C) diazo compounds.>&®

A major factor on the reactivity of metal-carbene complexes is the electronic proper-
ties of the two substituents at the carbenoid carbon. Depending on their electronic
nature, metal-carbene complexes are classified into three categories: donor-acceptor
(or "push-pull™), single acceptor and double acceptor carbene complexes (Figure
1.3).2% Donor-acceptor metal-carbene complexes possess one electron-withdrawing
group and one electron-donating group at the carbenoid carbon center. Donor-accep-
tor carbenes are more common due to their moderate reactivity and higher selectivity
than that of other carbenes. Single acceptor carbenes with an electron-withdrawing
group and a hydrogen atom at the carbene carbon are less stable (more reactive) to-
wards organic substrates than donor-acceptor carbenes. On the other hand, double ac-
ceptor carbenes have two electron-withdrawing substituents at the carbon center that
confer more electrophilicity and charge delocalization, thus resulting in more special-
ized applications than the other types of metal-carbenes.
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Figure 1.3: Types of metal-carbenes with respect to their substituents.*



Over decades, several transition-metal-catalyzed transformations have been devel-
oped using diazo compounds and copper, rhodium, or ruthenium catalysts. Copper
complexes are inexpensive and have been widely used in many carbene insertion pro-
cesses but these are not as effective as dirhodium (1) complexes.® The dirhodium
carbene complexes get additional stability through the assistance by the second rho-
dium atom, decreasing the activation energy of X—H insertion processes (X = C, N,
0, Si, etc.).* Ruthenium-carbene complexes are less electrophilic than their rhodium
analogs and are most commonly employed in olefin metathesis,*'* developed after
seminal research on carbene complexes derived from phenyldiazomethane.'® Re-
cently, ruthenium-carbene complexes have also been reported as efficient catalysts for
the cyclopropanation of olefins but their overall impact in carbene transfer reactions
is much lower than the copper and rhodium catalysts.*?

1.2.4 Redox-Active Carbenes

Extensive studies on transition-metal-catalyzed diazo transfer reactions have led to
the development of many valuable synthetic methods, such as cyclopropanation, C—-
H or Si—H bond functionalization and advanced cycloadditions.®¢9 Despite the signif-
icant progress that has been made in this field, the scope and applications of such
fundamental reactions are limited only to conventional stable diazo compounds, such
as ethyl diazoacetate, a-aryl diazoacetates, diazonitriles, etc. Reactions with more ad-
vanced diazo compounds including versatile functionalization handles are limited by
the stability of these precursors and the promiscous reactivity of the corresponding
metal-carbene complexes. This way, it would be possible to introduce relevant func-
tionalities by taking advantage of the powerful reactivity of carbenes.

Recently, Mendoza and co-workers have reported the development of redox-active
carbenes and their use in enantioselective cyclopropanation reactions (Scheme 1.4).%3
These diazo compounds bear a redox-active N-hydroxyphthalimidyl ester functional-
ity (see Section 1.3.2), which was found to be orthogonal to some geminal metal-
carbenes. Moreover, it was discovered that these redox-active carbenes were more
reactive and more selective than conventional diazoacetates. For example, N-hydrox-
yphthalimidyl diazoacetate (NHPI-DA; 1a) proved to be efficient and enantioselective
in the cyclopropanation of challenging aliphatic olefins.*® An important feature of
these reagents is that after the cyclopropanation reaction, the resulting carbene transfer
products were easily diversified into libraries of derivatives by taking advantage of
the versatility bestowed by the redox-active ester handle in the diazo compound (see
Section 1.3.2).2 The increasing interest in new synthetic methods based on the reduc-
tive decarboxylation of these redox-active esters, continuously expand the opportuni-
ties presented by the synthetic intermediates produced after the carbene transfer.
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Scheme 1.4: Enantioselective cyclopropanation of unactivated olefins using redox-active carbenes.*®

1.3 Redox-Active Esters as Radical Precursors

1.3.1 Carboxylic Acids as Radical Precursors

Carboxylic acids are highly abundant, cheap and stable organic substances that are
found in alkaloids, terpenes, sugars, proteins, fatty acids and petrochemical feed-
stocks. Various core methods have been developed to convert them into derivatives
such as acyl chlorides, esters, and amides. In 1962, Sir Derek Barton, for the first time
used carboxylic acids as a source of alkyl radicals by transforming them to their xan-
thate derivatives.** Thermolysis or photolysis of O-ethyl-S-phenylacetyl xanthate led
to the generation of phenylacetyl and xanthate radicals. The former on decarbonyla-
tion resulted in the generation of a benzyl radical that was captured by the latter to
form S-benzyl-O-ethyl xanthate (Scheme 1.5 A).
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Scheme 1.5: Classical decarboxylation approaches using (A) xanthates and (B) Barton esters. (C) Synthesis
of alkyl nitrile from Barton esters.**



Later in 1983, thermal fragmentation of 2-pyrithione derivative of carboxylic acids
was developed further into a set of general methods (Scheme 1.5, B).1%° These ester
derivatives, often called Barton esters, underwent decarboxylation when refluxed in
the presence of tributylstannane or upon irradiation with visible or UV-light, generat-
ing alkyl radicals which were reduced by suitable hydrogen atom donors, e.g., tert-
butylthiol. The addition of alkyl radicals generated this way to protonated heteroaro-
matics had also been successfully achieved following a radical chain mechanism.4
In 1992, Barton and co-workers demonstrated photo-initiated synthesis of alkyl ni-
triles using these esters and sulfonyl cyanides or isothiocyanides (Scheme 1.5, C,
top).1*® In addition, they described that catalytic amount of acyl derivatives of N-hy-
droxy-2-thiopyridone (Barton esters) in the presence of tungsten lamp is highly effec-
tive for the difunctionalization of electron rich olefins (Scheme 1.5, C, bottom). How-
ever, this chemistry was fundamentally limited by the intrinsic instability of Barton
esters and the competition of the thiopyridone by-product in the capture of the result-
ing alkyl radicals.

1.3.2 N-hydroxyphthalimide Esters as Radical Precursors

Carboxylic acids can be coupled with N-hydroxyphthalimide (NHPI) in the presence
of DCC and DMAP to synthesize the corresponding esters.® Like other N-O esters
used in peptide coupling (derived from N-hydroxysuccinimide, N-hydroxybenzotria-
zole, etc.), NHPI esters were reported to possess enhanced reactivity towards nucleo-
philes. For example, Tesser and co-workers, in 1961, reported the synthesis of pro-
tected dipeptide using these active esters.'® In 1988, Okada and co-workers demon-
strated that under UV-light irradiation N-hydroxyphthalimide esters undergo decar-
boxylation generating alkyl radicals.'®* Upon irradiation of a mixture of N-
hydroxyphthalimide esters and 1,6-bis(dimethylamino)pyrene (BDMAP) in 'PrOH-
water (95:5) the corresponding alkane was obtained in high yield (Scheme 1.6, A).
Up to this point, this type of reactivity was classically achieved by Barton esters,4¢
(see Section 1.3.1) the thermolysis of peresters'#¢9 or by two-step conversion involv-
ing Hunsdiecker reaction and radical coupling of the resulting haloalkane.*” Moreo-
ver, this new decarboxylative method effectively solved the problems associated with
Barton esters, such as the requirement of anhydrous reaction conditions and their in-
stability towards light and heat that can complicate their handling.**



In Okada’s seminal study, it was proposed that the mechanism by which NHPI esters
generate alkyl radicals is initiated by single electron reduction.'®® The resulting radical
anion fragments into the corresponding alkyl radical, expelling CO. and phthalimidate
anion (Scheme 1.6, B). This is the reason why these compounds are often termed ‘re-
dox-active esters’. Therefore, the single electron reduction of NHPI esters represents
a convenient alternative way to generate alkyl radicals from abundant carboxylic acid
sources. This is complementary to the direct generation of alkyl radicals from carbox-
ylate anions, which is driven by oxidants, and therefore controlled by the redox-po-
tential of the carboxylate anion.
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——» radical cross-
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Scheme 1.6: (A) Initial discovery by Okada of NHPI esters as the source of alkyl radicals. (B) Fragmenta-
tion of NHPI ester via single electron transfer (SET) process.®



1.3.3 Decarboxylative Cross-Coupling Reactions

The cross-coupling reaction has played a central role at the core of organic chemistry
for its capacity to systematically assemble functionalized arenes, alkenes and alkynes.
However, the inherent instability of aliphatic organometallics species has limited the
tolerance of cross-coupling methods towards alkyl substituents. In this context, there
has been a recent increase in the development of radical cross-coupling reactions that
aim to address this limitation.*8Along this line, redox-active esters have emerged as
an excellent source of alkyl (or aryl) radicals from abundant carboxylate precursors
and take part in reductive processes (Scheme 1.7),° including C-C or C-X (X = N,
O, B, Si, etc.) bond forming reactions which would be otherwise difficult to achieve.
These reactions typically require transition-metals as catalysts or photocatalysts,
while transition-metal free processes were rare at the onset of the work presented in
this thesis.1%fvw.20
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e N R [IF-PC + [Cu] [Pd], hv R¥ oo
N ] Minisci-type addition Giese reaction R?
mRZ Phipps Overman, Baran R2
Z s ! ) T =3 EWG
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5 _N - >—Bp|n
R R [Pd] + Blue LED R2 (@) [Cu], [Ni] or hv R3
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1 N R R
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- H R
R! [Ni] or [Ir], DMSO [Ni] S
0 , SR
; Silylation Alkynylation \ R
R Oestreich Wang R
o R? —_—
RZ%SIRS [cul [Co] é—_—R
R® R3

Scheme 1.7: State-of-the-art of cross-coupling reactions of redox-active NHPI esters; TRIP = 3,3'-
bis(2,4,6-triisopropylphenyl)-1,1'-bi-2-naphthol cyclic monophosphate; OPC = N,N-diaryl dihydrophena-
zines.?
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1.3.4 Decarboxylative Coupling on Biomolecules

Recently, decarboxylative alkyl ligation has received significant attention due to the
unique features of radical reactions in the selective functionalization of biomolecules.
In 2016, MacMillan and co-workers reported the decarboxylative peptide macrocy-
clization using visible light photoredox catalysis (Scheme 1.8, A). This technology
has been used to cyclize peptides containing 3 to 15 amino acid units.?*2 The selective
decarboxylation of the carboxylic group in the terminal aminoacid can be achieved
due to a slight difference in its redox-potential in comparison to other carboxylates in
the substrate. Two years later, Baran and co-workers demonstrated the coupling of
redox-active esters with DNA-encoded Michael acceptors (Scheme 1.8, B).2™ In this
case, zinc nanoparticles were required to generate alkyl radicals from redox-active
esters in a heterogeneous process. Another contribution to this field was described by
Molander’s group in 2019, with a related decarboxylative coupling of S-amino acids
with DNA-tagged aryl halides through nickel and photoredox catalysis, allowing the
syntheses of libraries of DNA-encoded benzylamines (Scheme 1.8, C).2%¢ A similar
technique was followed for the coupling of alkyl bromides with DNA-tethered aryl
halides, leading to the synthesis of libraries of aryl-alkyl coupled products (Scheme
1.8, D).2% After the development of the work presented in Chapter 3 of this thesis,
Molarder and co-workers have disclosed the hydroalkylation of trifluoromethyl sub-
stituted olefins using redox-active esters and the Hantzsch ester (Scheme 1.8, E). This
reaction proceeds via the formation of an EDA-complex between NHPI esters and the
Hantzsch ester, which then undergoes photo-induced electron transfer (PET) followed
by fragmentation, ultimately generating an alkyl radical. Using this strategy, a series
of DNA-encoded benzylic trifuoromethylated products have been synthesized.?'¢ De-
spite these developments, all these reactions require complex transition-metal cata-
lysts and photocatalysts, anhydrous solvents, anoxic conditions and/or insoluble inor-
ganic reductants. These limitations are inherent to the respective principles of activa-
tion of these reactions. Therefore, further developments are required to unveil the full
potential of decarboxylative alkyl ligation in chemical biology.
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Scheme 1.8: Contribution by (A) MacMillan (B) Baran and (C) Molander towards decarboxylative cou-
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1.4 Objectives and Aims of the Thesis

The work presented in this thesis is based on both carbene catalysis and radical cou-
pling reactions. Using these two basic organic chemistry concepts the thesis aims at
the development of general C—H or Si—H alkylation strategies on important feedstock
chemicals (e.g. indoles and silanes) using a single redox-active diazoacetate reagent
(NHPI-DA,; 1a) and subsequent decarboxylative operations (Scheme 1.9). The redox-
active diazoacetate reagent NHPI-DA is aimed to be used as single carbon linchpin
reagent. Merging the rich chemistry of carbenes and decarboxylative coupling reac-
tions would allow the syntheses of compounds carrying a wide range of functionalities
connected by a common methylene unit. Cooperatively, this new approach focuses to
overcome the limitations of the current synthetic methodologies that require custom
manipulation of the reagents, harsh reaction conditions, excess starting materials, and
often leads to poor selectivity on structurally complex substrates. Moreover, the work
in this thesis emphasizes on the development of Giese-type reactions of redox-active
esters using self-sensitized organic photoreductants, eliminating the need of external
photocatalysts and/or inorganic reductants which is common in photoredox chemistry.
In addition, the design of some of these reactions should be compatible with the reac-
tion environments typical of biochemistry, where fast reaction times, air and moisture
compatibility and high dilution are often required.

[ Chapter 2 & 4 |
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o [
o] O o] °
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- Cf1 precursor yaroxyp alkylated products
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- SET after carbene transfer Chapter 3

Organic photoreductant
- self-sensitized /\. e\ /\/.
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- fast coupling visible light H H
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Scheme 1.9: Objective of this thesis.
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2. Unified C-H Alkylation of Indoles Using N-
hydroxyphthalimidyl Diazoacetate (NHPI-DA) as a C1
Precursor (Paper I)

2.1 Introduction

2.1.1 Indoles and Their Importance

Indoles are among the most studied heterocycles in organic chemistry.?? Their ubig-
uitous presence in molecules with important biological activity has always attracted
the attention of organic chemists. This structural motif is present in the naturally oc-
curring amino acid L-tryptophan, the neurotransmitter serotonin, the plant growth
hormone auxin, the psychoactive agent lysergic acid, and the drug candidate
catharanthine for treatments towards hypertension, indomethacin for inflammation
and sumatriptan for migraine (Figure 2.1). The breadth of their applications in medic-
inal chemistry have earned them to be highlighted as “privileged structures” in drug
discovery.?2* Moreover, indole-based phosphines have produced highly active tran-
sition-metal catalysts utilizing their unique stereoelectronic properties.?®> Therefore,
the synthesis and functionalization of indoles has remained as an important area of
research in organic chemistry.

CO,H
NH, HO NH,
A\ A\
N
N H
Tryptophan Serotonin Auxin Lysergic acid
Natural amino acid Neurotransmitter Plant growth hormone Psycoactive agent

OH

N H _ P
% o me Vs A ,NMe ©EN %
Me Me
H M o)
coMe ¢ 2 N )\N)Q 0
H Me )\
cl o Me

Catharanthine Indomethacin Sumatriptan Indole based ligand
Hypertension Anti-inflammatory Migrane treatment

Figure 2.1: Indole as ubiquitous structural unit in natural products.?
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1.3.1 Structure, Synthesis and Reactivity of Indoles

Indoles are z-excessive heterocycles with very low basicity due to high delocalization
of the nitrogen lone pair into the extended aromatic system, making C3 its most elec-
tron rich carbon.?” This is one of the reasons for the abundance of C3-functionalized
indoles in alkaloids and natural products (Figure 2.2).

oo HE E
H +E* \
¢ > - —_— +. —_—
H ) N +H N
H | !
N H
H I H
H

E = H*, Acyl cation, C3- functionalized
alkyl halides indoles

Figure 2.2: Resonance structure of indole describing its reactivity.?’

Synthetic organic chemists have developed numerous methods to obtain and function-
alize indoles 2 (Scheme 2.1). The Fisher indole synthesis?® starting from enolizable
N-aryl hydrazones, the Gassman synthesis?® from N-halo-anilines, and the Madelung
cyclization of N-acyl-o-toluidines are among the most classic procedures, and are still
currently used widely in organic synthesis.?® Syntheses of indoles using the condi-
tions developed by Bartoli,?®® Bischler-Mohlau,?® Batcho-Leimgruber,?®" and
Larock?9 are also widely applied.?® As it can be deduced from the synthetic discon-
nections enabled by these methods, C3-functionalized indoles require starting materi-
als bearing the desired functionality or custom manipulation of C3-unfunctionalized
indoles.
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Scheme 2.1: Classic methods for the synthesis of indoles.?
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2.1.3 Current Synthetic Strategies towards C—H Functionalization of Indoles

Synthetic techniques to install alkyl groups at the C3-position of indoles are particu-
larly important due to the relevance of these products in natural and artificial bioactive
compounds (see Section 2.1.1).2%% There are methods to obtain such molecules, but
they require specific functionalities in the substrate and specific reagents depending
on the functionality of the desired C3-alkyl product.’*®2?° For example, the synthesis
of C3-benzylated indoles uses benzyl alcohol at 165 °C (Scheme 2.2 A),?% or benzyl
bromide using microwave irradiation at 150 °C (Scheme 2.2 B).?*¢ The introduction
of more advanced methylboronates at C3-position is particularly illustrative of the
current synthetic limitations as the required alkyl electrophiles (a-methylboronates)
are not sufficiently stable at these temperatures to be used for this purpose. Instead, a
recent method by Aggarwal uses a photo-decarboxylative approach for the borylation
of redox-active esters derived from indole-3-acetic acid.®® However, the synthesis of
the latter requires harsh reaction conditions with strong base and high temperature
(250 °C) that are unsuitable for complex multifunctional indoles (Scheme 2.2 C).

RZ
(A) =¥
RUCI,(PPhg)s (1.25 mol%) )
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Scheme 2.2: Previous reports of syntheses of C3-functionalized indoles.'%2°
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2.1.4 Transition-Metal Catalyzed C-H Functionalization of Indoles Using Diazo
compounds

Transition-metal catalyzed C—H functionalization reactions have received increased
attention of synthetic organic chemists in the late-stage modification of arenes and
heteroarenes.?223252 |n particular, insertion reactions mediated by metal-carbene in-
termediates have been particularly attractive in the C—H functionalization of indoles
2 due to their mild reaction conditions (< 25 °C).3%3* However, the high reactivity of
these species make the insertion processes challenging to tame into efficient and se-
lective reactions. In this area, it is well established that the substituent on the indole
nitrogen atom has large influence on the regioselectivity of the products of the C-H
insertion reactions. Indoles with an electron donating substituent at this position com-
monly favor C3-insertion products.3®32 For these substrates, simple acceptor diazo
compounds 3a, in combination with Cu- and Rh-catalysts (Table 2.1; Entries 1,2) are
most common,3°¢f despite the recent developments of enzymes- and myoglobin- cat-
alyzed conditions (Entries 3,4).3%*9 Both base metal (Fe) and precious metal catalysts
(i.e. Pd, Rh, etc.) have also been utilized for the insertion of a-substituted diazo com-
pounds into C—H bonds of indoles (Entries 7,9,10).32%2¢ Insertions of a-aryl diazoace-
tates 3b have been reported using a chiral Pd-catalyst to obtain C3-functionalized
products with good vyields and enantioselectivity.3?® More recently, non-transition-
metal catalysts such as boranes have been discovered to catalyze the C—H insertions
using stabilized a-aryl diazoacetates (Entry 8).%4 Moreover, functionalization of C—H
bond of indoles using photo-excited diazo compounds have also been realized,3#32n
albeit only aryl-substituted reagents display good C3- selectivity,3" whereas simple
ethyl diazoacetate provided mixture of C2- and C3- products®:? (Entries 5,6).
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Table 2.1: Insertion of conventional diazoacetate reagents into C—H bond of indoles
at the C3-position.

H R
) H~—CO,Et
@E\S . R\H/COQEt Conditions _ Q\{
N N, N
R Y
5 R?=H; 3a 4
R?= Ar; 3b C3/C2 selectivity >95%
Entry Conditions R? R? Ref.

1 [L1Cu(NCMe)] (1 mol%), CH:Cly, r.t. Alkyl H Pérez3™
2 [Rh2(OAc)4] (1-5 mol%), DCE, r.t. Alkyl H Bera®®

E. coli cells, P411-HF variants, M9-N buffer,
3 H H Arnold3®9

pH 7.4, 1.t

E. coli cells, Myoglobin variant (0.8 mol%),

4 v ( ‘) H H Fasan®®
KPi-buffer, pH 7, r.t.

Ru(bpy)sCl. (0.2 mol %), MeOH/H20 (10:1),

52 (bpy)sCL ( ) 20 (10:1) Alkyl H/Ar Gryko3®
Blue LEDs, r.t.

6 CH2Cly, Blue LEDs, air, r.t. Alkyl Ar Davies®"

Fe(ClO4)2 (1 mol%), TMEDA (1.2 mol%),
7 (ClO4)e ( ‘) ( 2 Alkyl Ar Zhou®?®
NaBArF (1.2 mol%), DCE, r.t.

8 B(CsFs)3 (10 mol%), CH2Clz, 45 °C Alkyl Ar Melen®?

PA(PhCN):Clz] (5 mol%), L2 (5 mol%), 5 A
9 [PAPPRCN)CLL] (5 mol%), L2 (5 mol%) Alkyl Ar Zhou®®
M.S., CHxClz, 30 °C

10 [Rh2(S-NTTL)4] (0.5 mol%), toluene, -78 °C Alkyl/aryl  Alkyl Fox32
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2.2 Aim of the Project

Despite the success achieved in recent years in the C—H alkylation of indoles through
carbene transfer reactions, these methods are still limited in the versatility of the diazo
compounds. Addressing this limitation would unlock a mild and unified strategy to
build libraries of decorated C3-alkyl indoles 6 from unfunctionalized indole materials
2. An ideal approach to this problem would involve a single methylene equivalent
reagent that would connect indoles and interesting functionalities. Methylenes are
ubiquitous units in organic chemistry but rarely used connecting units in diversity-
oriented synthesis.! This way, it will be possible to obtain systematically C-H alkyl-
ated indoles with distinct functionalities on the alkyl chain using a unified synthetic
approach.?®

In principle, these problems might be directly addressed by the insertion of advanced
carbenes, like boryl,®? aryl,®P alkyl 3¢ alkenyl®>¢ methylidenes 11a-d. However,
their inherent instability hinders their application in the C-H alkylation reactions.*®
Therefore, we envisaged a general two-step alkylation strategy of indoles 2, where
these functionalities in indoles would be introduced using a versatile carbene precur-
sor 1la (Scheme 2.3). To be successful, this reagent should allow the early-stage C-H
insertion on feedstock indoles 2 and the late-stage diversification of the intermediate
products 5.1 Recently, our group has discovered enantioselective cyclopropanation
using redox-active N-hydroxyphthalimidyl diazoacetate (1a-NHPI-DA; see Section
1.2.4).%® Broad substrate scope and very good enantioselectivity of this cyclopropana-
tion method demonstrate the orthogonality of the NHPI moiety to the geminal carbe-
noid carbon. Encouraged by this study, we set out to explore the capacity of the redox-
active diazo compound 1a as a methylene linchpin reagent for the late-stage function-
alization of indoles.

Unified C—H alkylation of indoles

Q H  NHPI
— NHPI > — SET
N, N © l
\
1a-NHPI-DA 5 R M )
AN e Enhanced carbene reactivity ) | Bpin
N —  Versatile redox-active ester handle @E\\y Ar
\ HelAr
2 R N
\ Alkyl
R=HorEDG 6 R Alkenyl
Direct C-H insertions are not possible T

Borylmethylidenes Benzylidenes Alkylidenes Alkenylidenes

O« P 7 X R PN ..
: l?: H r-L I H K\H RIX"H
e X H H

7a 7b 7c 7d

Scheme 2.3: Unified strategy for C—H alkylation of indoles using a versatile diazo compound, NHPI-DA.
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2.3 Results and Discussion

In the beginning of our study, we took the opportunity to use the conventional dirho-
dium tetracarboxylates as catalysts for the insertion of the redox-active diazo com-
pound 1a on model N-benzylindole 2b (Table 2.2). It is important to highlight that the
insertion of NHPI-DA (1a) on indole 2b often lead to poor mass balance due to the
precipitation of 8 during the reaction and its very low solubility in deuterated chloro-
form used for NMR analysis. Despite the known success of similar catalytic condi-
tions with simple diazoacetates, we obtained only poor yield of the C—H functional-
ized product 5b using NHPI-DA (Entry 1). Several other rhodium carboxylates were
also tested to improve the efficiency of the reaction, but none of them provided en-
hanced reactivity towards the formation of 5b (Entries 2-5). Contrary to the results
reported in the copper-mediated protocols developed by Perez and Chen,3%¢¢ the per-
formance of the NHPI-DA under similar conditions provided only low yield of 5b
(Entry 6). The use of Cu(l) catalysts in this C—H insertion process also failed to deliver
the product in good yield (Entries 7,8). Several ligands L1-4 were tested in combina-
tion with common Cu(l) precursor, but 5b was obtained only in low yields along with
the extensive decomposition of NHPI-DA (Entries 9-12). These include the bis-oxa-
zoline (S)-Ph-BOX (Entry 9), bipyridines (Entries 10,12) and phenanthroline (Entry
11). Slow addition of the diazoacetate reagent via syringe pump (Entry 13) and slight
increase of the temperature (Entry 14) failed to enhance the yield of the desired inser-
tion product 5b.

In the light of these results, we also focused on the application of less common cata-
lysts used for C—H insertion of indoles. The Fe-based catalysts derived from tetra-
phenylporphyrin (TPP) only provided trace amount of 5b (Entry 15), while iron
phthalocyanine (L5) delivered the product 5b in low yield (Entry 16). [Ru(p-cy-
mene),Cl.]. which is a known catalyst for the insertion of a-aryl diazoacetates at the
C2- position of NH- indoles,** was found to be a potential alternative, yet obtained
only in moderate yield (Entry 17). In contrast, the achiral metallacycle
[RuL9(MeCN)4]PFs produced the desired insertion product in very good yield (Entry
18).%¢ Interestingly, the model indole substrate 2b reached completion in just 15 min
using only slight excess (1.25 equiv.) of NHPI-DA and without the requirement of
any slow addition of the reagent (Entries 19,20). It is worth to mention that the redox-
active ruthenium carbenoid species undergoes selective C—H insertion at the C3-po-
sition, despite the possibility of the competing insertion at the C2-position®! or cyclo-
propanation of the double bond between C2- and C3.%* This result demonstrates the
efficiency and chemoselectivity of the insertion of the redox-active carbenes derived
from a ruthenium metallacycle, which is rare when using a-unsubstituted diazo com-
poundS_BOa,b,34c,e
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Table 2.2: Screening of the reaction parameters for the insertion of redox-active car-
benes on indole 2b.
H o H  NHPI o)
@[\g o }@ Catalyst (mol%) and L (mol%)
e
N [0} Solvent (0.05 M), 12 h, Ar, r.t.
Bn N, 0

NHPI

T
Z A
)
N
o]

w.
>

NHPI

006 mmol M s * ’
Entry Catalyst/L. (mol%) Solvent  Yield (5b) (%)? Yield (8) (%)2
1 Rh2(0Ac)4 (2) DCE 38 8
2b Rh2(0Ac)4 (2) DCE 30 3
3 Rhz(piv)4 (2) DCE 36 11
4 Rha(TPA)4 (2) DCE 23 12
5 Rha(esp)2 (2) DCE 33 13
6 Cu(OTf)2 (10) DCE 12 6
7 Cul (10) DCE 4 3
8 [Cu(CH3CN)4]PFs (10) DCM 33 5
9 Cu(OTf)2:CeHs (5) + L3 (10) DCM 24 1
10 Cu(OTf)2:CeHs (5) + L4 (10) DCM 27 3
11 Cu(OTf)2:CeHs (5) + L5 (10) DCM 23 3
12 Cu(OTf)2:CeHs (5) + L6 (10) DCM 35 3
13° Cu(OTf)2:CeHs (5) + L6 (10) DCM 33 3
14¢ Cu(OTf)2:CeHs (5) + L6 (10) DCM 23 3
15 Fe[L7]CI (10) DCE <1 5
16 FeL8 (10) DCE 30 6
17 [Ru(p-cymene)2Cl2] (1) DCM 56 12
18 [RuL9(MeCN)4]PFe (1) DCM 87 -
19defg [RUL9(MeCN)4]PFs (1) DCM 95 -
2099 [RUL9(MeCN)4]PFs (1) DCM 95 -

2 Yields were determined by *H-NMR spectroscopy using 1,1,2,2-tetrachloroethane as internal standard. ®
30 min addition of 1a; ¢ 60 °C; ¢1.25 equiv. of 1a; ® 15 min addition of 1a; f2 h; ¢ 0.1 M concentration; "
0.25 h; L3 = (S)-Ph-BOX; L4 = 2,2"-bipyridine; L5 = 1,10-phenanthroline; L6 = 4,4'-di-tert-butyl-2,2'-
bipyridine; L7 = tetraphenylporphyrin; L8 = phthalocyanine; L9 = 4,4-dimethyl-2-phenyloxazolin-2'-yl.
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2.4 Scope Study

Given the structural diversity in bioactive indole compounds, an exhaustive substrate
scope study was undertaken. In line with previous work in the area, it was found that
the substituent on the nitrogen of the indole plays a vital role in controlling the
chemoselectivity of the reaction (Table 2.3). The ruthenium-metallacyclic catalyst has
been found to be highly active in a large series of indoles with different alkyls (5a-j),
aryl (5k) or silyl (5I) substituents. Among those, N-methylindole 2a, which is common
in the structures of natural products, has been functionalized efficiently to furnish 5a.
Functionalities, like ketone (5c¢), bromo (5d), aryl (5e), ester (5f), ether (5g), or nitrile
(5h) were all found to be compatible in the C—H functionalization processes with
NHPI-DA (1a). Moreover, this C—H insertion proceeds in the presence of a strained
cyclopropane (5i) or a reactive allyl substituent (5j). The latter demonstrates the
chemoselectivity of this ruthenium-mediated C—H insertion process over the compet-
ing cyclopropanation of the aliphatic alkene.3N-aryl indole could also be used in this
reaction to obtain the corresponding C3- alkylated product in good yield (5k). Silyl
functionality (51) on the heterocyclic nitrogen atom is also well tolerated under the
standard reaction conditions, thus enabling easy access to functionalized NH-indoles
after deprotection.
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Table 2.3: Scope of the insertion of the NHPI-DA (1a) on different N-alkyl indoles.?

o)
H O, o-N
\ o [RUL9(MeCN),JPFg (1 mol%)
+ H _N o O
N O DCM (0.1 M),15 min to 12h, Ar, r.t.
® N2 o >
N
2a-k NHPI-DA (1a) ®» Sak
1.0 equiv 1.25 equiv.
Q
Q
o Q o-N
N H
N o-N Ho P
o P H I o O
o O o O A © N
N
\ N N
N  s5a ’} 5b 5c 5d
CHs 8292 P~ 93%? 90%" 75%
COMe
Br
O, 0, O,
H )i H O H o H 0
{ S o © o} 0
A\ N\ A\
N N N N
f 5e 5f 59 8 5h
pr’ 78% COEL 5% OMe  78% CN 69%

2Reaction conditions: 2 (0.2-0.3 mmol), 1a (1.25 equiv.), [RuL9(MeCN)4]PFs (1 mol%), CH,Cl, (0.1 M),
0.25-14 h, r.t. Isolated yields are reported. ® Slow addition of 1a over a period of 2 h using syringe pump.

It is well established that the substituent at the C2-position of indoles ring has promi-
nent role in controlling the overall reactivity towards metal-carbenes, and therefore
we evaluated the system in this regard (Table 2.4). To our delight, aryl substituents
with different electronic nature displayed high efficiency in this insertion process,
which includes the strongly electron-withdrawing CF; group (50) and an extended
aromatic system (5p). Aliphatics, such as methyl and a bulky tert-butyl groups can
also be accommodated at the C2-position, delivering the desired products in accepta-
ble yields (5q,r). It is important to highlight that in the case of the hindered 2-tert-
butyl substrate (5r), a controlled addition over a period of 12 h of the NHPI-DA (1a)
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was essential in order to avoid decomposition and dimerization of the diazoacetate
reagent.

Table 2.4: Scope of the insertion of the NHPI-DA (1a) on N-alkyl indoles with sub-
stituents at the C2-position.?

o-N
CES_‘ @ [RUL9(MeCN),JPF¢ (1 mol%) H
0
THL DCM (0.1 M), 3-14 h, Ar, rt. { °©
N

2m-ab NHPI-DA (1a)
1.0 equiv. 1.25 equiv. 5m-ab
Q,

o O o O o O
e ol
N N N
Ve Ve

\
Me 5o
70%P 62%° 44%°
o Q Q
o O o O o O
O N\ O D—e p—
N N N
Me 5p Ph) 5q Me 5
939%° 76% 38%°

2 Reaction conditions: 2 (0.2-0.3 mmol), 1a (1.25 equiv.), [RuL9(MeCN),]PFs (1 mol%), CH,Cl, (0.1 M),
0.25-14 h, r.t. Isolated yields are reported. ® 2 h addition of 1a; ¢ 12 h addition of 1a using syringe pump.

The effects of the substituents in the fused-benzene ring of indoles were also scruti-
nized (Table 2.5). Indoles with different halides 5s-u, electron donating substituent
5v, a pinacolboronate ester 5w, extended aromatic (e.g., naphthyl; 5x) and heteroaro-
matics (e.g., thiophene; 5y) at the C4- and C5- positions engaged seamlessly under
the standard conditions. Chloro (5s), bromo (5t) and iodo (5u) substituents that are
found in marine natural products performed well and delivered the C—H functional-
ized products in good yields. Interestingly, these redox-active ester products can be
used as potential starting materials in two different kinds of cross-coupling reactions,
(e.g. Suzuki-type cross-coupling with the aromatic halide and decarboxylative cou-
pling with the redox-active ester handle), thus illustrating the synthetic potential of
this strategy. Similarly, the tolerance of the pinacolboronate ester towards the redox-
active carbene insertion process (see 5w) is remarkable in terms of the potential of the
corresponding product for further modifications. Selective insertion of the NHPI-DA
(1a) at the C3-position of indole in presence of a thiophene unit further demonstrates
the chemoselectivity of this system in the presence of other nucleophilic heterocycles.
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The effects of the substituents at C7- and C8- positions were also studied. This in-
cludes p-tolyl group (5z) at C7-, methyl and aldehyde functionalities (5ab,ac) at C8-
position, which delivered uneventfully the insertion products.

Table 2.5: Scope of the insertion of the NHPI-DA (1a) on different N-alkyl indoles
with substituents on fused-benzene ring.?

H 0, o-N
A Q [RuL9(MeCN),]PF (1 mol%) H
+ H _N > o O
N o DCM (0.1 M), 2-12 h, Ar, rt. A
. N2 ©
N
2m-ab NHPI-DA (1a)
1.0 equiv. 1.25 equiv. 5m-ab

Q
-N ()
y ©
7| )
S N
N 5y
Bn  47%°
Q

\
Bn 5aa

74%° 51%°

2 Reaction conditions: 2 (0.2-0.3 mmol), 1a (1.25 equiv.), [RuL9(MeCN),]PFs (1 mol%), CH,Cl, (0.1 M),
0.25 -14 h, r.t. Isolated yields are reported. ® Slow addition of 1a over a period of 2 h using syringe pump.

Selective C-H functionalization of unprotected indoles remains a frontier in this con-
text due to the abundance of these products in bioactive small molecules and proteins.
However, the optimal catalyst for N-protected indoles [RUL9(MeCN)4]PFs, failed to
provide any C—H functionalized product when reacted with NH-indoles, rather exten-
sive decomposition and dimerization of the diazo compound was observed. To our
surprise, [Ru(p-cymene),Cl;]. was efficient for this purpose (Table 2.6). This catalyst
is known to be suitable only for the insertion of more stabilized a-aryl diazoacetate
reagents at the C2-position of indoles.® Interestingly, NHPI-DA (1a) reacted suc-
cessfully with 3-methylindole (5ac) and 3-methyl-5-bromoindole (5ad) to deliver the
desired products in very good yields. Methyl esters of indole 3-acetic acid and L-
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tryptophan were also subjected to this reaction protocol, albeit 4 mol% catalyst load-
ing was essential for these substrates to perform moderately (5ae,af). Unfortunately,
these products proved to be unstable during various types of chromatographic purifi-
cation, which complicated isolation in pure form.

Table 2.6: Scope of the insertion of the NHPI-DA (1a) on NH-indoles.?

o) 5]
o
Q [Ru(p-cymene)Cl,], (2 mol%)
H _N + ol TN\ H > o N
&) _ N DCM (0.1 M), 2 h, r.t., Ar o] o
N o H

NHPI-DA (1a)

H
A\
O,
\
N g 0 H o N
O

N H
H 5aebcd 5af®d

26% (53%) 25% (44%)

2 Reaction conditions: 1a (0.3 mmol), 2 (2.0 equiv.), [Ru(p-cymene)Cl;], (2 mol%), CH.Cl, (0.1 M), 2 h,
r.t., Ar. Isolated yields are reported. In parenthesis are the crude yields determined by *H-NMR spectros-
copy using 1,1,2,2-tetrachloroethane as internal standard. ® 4 mol% of [Ru(p-cymene)Cl,], was used; ¢4 h
reaction time; ¢ Due to instability the product could not be isolated in pure form.

Overall, the C—H functionalization of indoles using redox-active ruthenium carbe-
noids highlights the unusual chemoselectivity, efficiency and functional group toler-
ance of these intermediates. These properties enable new opportunities to access ver-
satile indole intermediates through late-stage functionalization of simple indole mate-
rials instead of longer routes based on the functional group manipulations on more
complex indole sources.
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2.5 Diversification of the Redox-Active Ester Products

2.5.1 One-Pot C3-Methylborylation of Functionalized Indoles

Insertion of borylmethylidenes into C—H bond of indoles would allow the synthesis
of valuable methylborylated indoles that are boronic analogs of the auxin plant-growth
hormone, and useful synthetic intermediates due to the rich chemistry of boron. How-
ever, borylmethylidenes are known to be unstable already at extremely low tempera-
tures,*® thus limiting its application in metal-catalyzed insertion processes. We hy-
pothesized that the C—H insertion of redox-active carbenes into indoles (Section 2.3,
2.4) followed by a decarboxylative borylation of the resulting products could address
this issue.'®® This approach compares favourably to the previously described longer
routes to these compounds, where it requires to pre-synthesize the starting carboxylic
acids from unfunctionalized indoles using harsh reaction conditions.?®

In recent years, several strategies to borylate NHPI esters have been reported. %37
Among those, our preliminary evaluation demonstrated that the nickel-catalyzed con-
ditions developed by Baran and co-workers were most effective in our indole-contain-
ing substrates.*® Moreover, it was found that the borylation reaction could be tele-
scoped from the unfunctionalized indoles without isolating the intermediate insertion
products in a one-pot process. This way, the solvent was evaporated after the insertion
step and the components for the borylation were added over the crude mixture to ob-
tain methylborylated indoles without isolating any intermediates.
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The scope of this formal methylborylation process was explored using indoles with
several alkyl substituents at the heterocyclic nitrogen (6a-f), which have the most pro-
found effect in the putative radical intermediates involved in these reactions (Table
2.7). This includes methyl (6a), benzyl (6b) and aliphathics bearing an ester (6c), ni-
trile (6d), ether (6€) and phenyl (6f) functionalities, providing the desired methyl-
borylated indoles in moderate to good yields. The comparison of the crude and iso-
lated yields evidenced the instability of the products during chromatographic purifi-
cation. The indoles with aryl and silyl substituents at the nitrogen atom (6g,h) were
also found to be effective towards the combined C—H insertion and borylation ap-
proach, delivering the methylborylated products in moderate to good yields.

Table 2.7: One-pot methylborylation of indoles using NHPI-DA (1a) as methylene
linchpin reagent.2

NiCl,-6H,0 (10 mol%)
o-N di-tBubipy (13 mol%) H P
MgBr,-OEt; (1.5 equiv.)

"
NHPI-DA (1a; 1.25 equiv.) H B,
©j\$ [RUL9(MeCN),]PFg (1 mol%) o © Li[B,pin,Me] (3.0 equiv.) A O
=
N DCM(0.1M),025hto12h,rt, Ar N THF, 0°Ctort, 2 h, Ar N
N ®

2 S ~CO, -PhthNH
1.0 equiv. 5a-h 6a-h
o
o P P B LN
B, B, )
o o \ \
D N N N
\ 6a N 6b 8 6c 8 6d
Me  49% (60%) BN 51% (63%) 41% (48%) 52% (61%)
COLEt CN
% 8%
H ; H 4
8 B, o P2 o P
O o B B,
A\ N\ 0] (0]
N N N N\
8 8 N N
\ \
Ph Si(i-Pr)3
OMe g CHaPh o 69 6h
58% (73%) 42% (65%) 38% (51%) 58% (78%)

41solated yields are reported. In parenthesis are the crude yields determined by *H-NMR spectroscopy using
1,1,2,2-tetrachloroethane as internal standard. Reaction conditions: 2 (0.3 mmol), la (1.25 equiv.),
[RuL9(MeCN)4]PFs (1 mol%), CH.Cl, (0.1 M), 0.25 -14 h, r.t., then NiCl,-6H,0 (0.10 equiv.), 4,4'-di-t-
Bubipy (0.13 equiv.), MgBr,-OEt; (1.5 equiv.), Bypin, (3.0 equiv.), MeLi (3.3 equiv.), 0 °C to r.t., 2 h, Ar.

The effects of this one-pot methylborylation protocol with different substituents in
various positions of the indole substrate were tested (Table 2.8). Alkyl (6i) and aryl
(6j) substituents were tolerated providing the desired products in moderate yields.
Substitutions of the benzo-fused ring at C4- (6k), C6- (61) and C7- (6m) were also
deemed viable. It is important to highlight that the isolated yields of some of these
methylborylated indoles are significantly lowered by their instability on silica during
the chromatographic purification.
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Table 2.8: One-pot methylborylation of indoles using NHPI-DA (1a) as methylene
linchpin reagent.?

NiCl,-6H20 (10 mol%)
" o-N di-fBubipy (13 mol%) H P
NHPI-DA (1a; 1.25 equiv.) H MgBr,-OEt; (1.5 equiv.) B,
N\ [RUL9(MeCN),]PFg (1 mol%) o ©O Li[Bopin,Me] (3.0 equiv.) o
D — e
N

N\
¥ DCM (0.1 M), 0.25 hto 12 h, r.t., Ar D THF, 0°Ctort, 2 h, Ar N
N
¥ —CO, —PhthNH ¥
1.0 equlv 5i-n 6i-n
Ho P { : Ho P ‘ He P Q
B‘O B‘o cl B\O
N Me N Ph N
N N N
\
Me Bn Bn
6i 6j 6k
35% (46%) 33% (39%) 42% (47%)
P Ho P
B\ B,
O
O ) )
N
\
SI(/ Pr); Me Bn
6l 6n
25% (31%) 46 /o (54 %) 40% (51%)

2 |solated yields are reported. In parenthesis are the crude yields determined by *H-NMR spectroscopy using
1,1,2,2-tetrachloroethane as internal standard. Reaction conditions: 2 (0.3 mmol), la (1.25 equiv.),
[RuL9(MeCN)4]PFs (1 mol%), CH.Cl, (0.1 M), 0.25 -14 h, r.t., then NiCl,-6H,0 (0.10 equiv.), 4,4'-di-t-
Bubipy (0.13 equiv.), MgBr,-OEt; (1.5 equiv.), Bopin, (3.0 equiv.), MeLi (3.3 equiv.), 0 °C to r.t., 2 h, Ar.

2.5.2 Unified C-H Alkylation of Indoles at Room Temperature

Currently, the C—H alkylation of indoles often requires harsh reaction conditions and
specific reagents that incorporate the desired functionality of the alkyl chain, which
need to be synthesized independently?® (see Section 2.1.3). A unified approach that
uses a single but versatile diazo compound precursor would overcome some of the
limitations associated with benzylidene, alkenylidene, and alkylidene intermediates.
These carbenes are generally sourced in unstable diazo compounds, and are prone to
take part in side-reactions like Buchner ring-expansion, cyclopropanation or fB-hy-
dride elimination. It was found that arylation, alkenylation and alkylation of the indole
redox-active esters can be performed with slight modifications on the conditions re-
cently developed for decarboxylative couplings*®2¢4k (Table 2.9). Diorganozinc rea-
gents were used as sources of the corresponding carbon fragments, which were pre-
pared using the conditions reported in the literature.’*>4k A nickel-catalyzed system
was used to couple the indole NHPI esters (5b/l) with several diarylzinc reagents,
allowing the mild syntheses of C3-benzyl indoles. This way, difluorophenyl (60),
naphthyl (6p) and m-tolyl (6q) groups were introduced in high efficiency from a com-
mon intermediate. Olefins can also be incorporated to yield non-conjugated C3-allyl
derivatives including cyclohexenyl (6r), propenyl (6s) and styrenyl (6t) groups. A
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variety of dialkylzinc reagents allow further elongation of the alkyl chain at C3- posi-
tion of indoles incorporating functionalities, such as ether (6u), morpholine (6v), chlo-

ride (6w), olefin (6x), cyclopropyl (6y) and the simple ethyl (62), all in moderate to
excellent yields.

Table 2.9: Unified C-H alkylation of indoles using NHPI-DA (1a) as methylene
linchpin reagent.?

7n NiCly-glyme (20 mol%) Hy
. [ g | di-tBubipy (20 mol%) o Q
3.3 equiv. DMF:THF (1:4), 14 h, rt, Ar N

\
Si(i-Pr)s
6q
66% 67%

\
v Si(i-Pr;
Si(iPr)s (Ps Si(-Pr);
6s 6t 6u
62% 79% (rr.> 6:1) 87% 61%
H H Me
H< Hel
N N
N N
\ \
Si(i-Pr); Bn
6y 6z
37% 50%

2 Reaction conditions: 5b/1 (0.2-0.3 mmol), dialkylzinc (3.3 equiv.), NiCl,-glyme (20 mol%), 4,4'-di-t-bu-
tyl-2,2'-bipyridine (20 mol%), DMF:THF (1:4; 0.1 M), 14 h, r.t.
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2.5.3 Giese Reaction of Redox-Active Esters of Indoles with Michael Acceptors

A milder alternative to create aliphatic linkages through radical coupling is the Giese
reaction, which involves the conjugate addition of an alkyl radical into an electrophilic
olefin. The decarboxylative coupling of the indole redox-active esters and Michael
acceptors was explored using zinc as reductant and a nickel catalyst as reported by
Baran and co-workers.*® Several electron-poor olefins were coupled to obtain prod-
ucts 6aa-ac, such as methyl vinyl ketone (6aa), acrylonitrile (6ab) and benzyl acrylate
(6ac), thus enabling further decoration of the C3-alkyl chain in indole (Table 2.10). A
new approach towards these Giese-type reactions discovered in our group will be dis-
cussed in depth in Chapter 3 of this thesis.

Table 2.10: Giese reaction of redox-active ester products of indoles.?

Ni(ClO4),-6H,0 (20 mol%)
" /\. Zn (2.0 equiv.), LiCl (3.0 equiv.)

2.0 equiv. CH4CN (0.4 M), 12 h, rt., Ar

6aa 6ab
56% 44%

@ Reaction conditions: 5b/l (0.2 mmol), Michael acceptor (2.0 equiv.), Ni(ClO4),-6H,0O (20 mol%), Zn
(2.0 equiv.), LiCl (3.0 equiv.), CHsCN (0.4 M), 12 h, r.t.

2.6 Conclusion

In summary, it has been demonstrated that redox-active ruthenium carbenes undergo
highly selective insertion reactions into C—H bond of indoles at the C2- and C3-posi-
tions. The reactivity and selectivity bestowed by these redox-active carbenes are re-
markable in the context of related insertions with simple diazoacetate reagents. The
resulting products have been further transformed into variety of boryl-, aryl-, alkyl-,
and alkenyl functionalized indoles through a unified strategy. Collectively, these re-
sults form a new platform for the C—H alkylation that is mild and can complement
existing methods when harsh conditions and functional group tolerance may prove
problematic. Overall, these transformations are equivalent to the formal insertions of
the unstable and problematic carbenoids that cannot engage in direct insertion. Im-
portantly, all these formal insertion processes are accomplished using a single versa-
tile redox-active diazoacetate reagent (NHPI-DA).
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3. Decarboxylative Giese Reactions of Redox-Active Esters
Promoted by Biocompatible Photoreductants and Blue Light
(Paper II)

3.1 Introduction

3.1.1 Decarboxylative Giese Reactions

Giese reactions are the conjugate addition of carbon radicals into electron-deficient
olefins resulting in the construction of aliphatic C~C bonds. Originally, these radi-
cals were generated by the direct abstraction of halides from alkyl halides upon treat-
ment with trialkyltin reagents in the presence of UV-light.*¥° However, these pro-
cesses have many drawbacks, such as the use of halogen compounds which results in
the production of halogen containing waste. Furthermore, trialkyltin reagents are very
toxic.%& Over the years, significant progress has been made in the discovery of wide
range of alkyl radical precursors. Particularly, carboxylic acids have emerged as
source of carbon radicals and their abundance has impacted the C—C bond forming
chemistry through Giese reactions (see Sections 1.3.2, 1.3.3).3%¢ In 2014, MacMillan
demonstrated that carboxylic acids 8 in the presence of Ir(l11)-photocatalyst undergo
single electron oxidation, which results in the formation of alkyl radicals extruding
CO; as gas. The alkyl radical generated this way attacks the electron-poor olefins 9 to
form the C—C bond, and the resulting radical is then reduced by Ir(ll) to deliver the
product 10 after proton transfer (Scheme 3.1).%%

Ir[dF(CF3)ppyl2(dtbbpy)PFg (2 mol%) R3 EWG
RS i o SN
; >‘\\‘”\OH + A Ewe KoHPO, (1.2 equiv.) -~ { 1
“r? R! DMF (0.4 M), 26 W CFL, 36 h, N, ‘R? R
8 9 10
P
R ZUEWG  rs ((LEWG
: %R* — X
R “g? R
Ir(ll
o, L (i)
, 9 SET \
RN —7 SET
X oH o
‘RZ R’ ,.R3>\“\ EWG
Ir(lny* :
“rZ R'H
Ir(lin
hv ——

Scheme 3.1: Giese reaction using carboxylic acid as radical precursor in the presence of Ir-photocatalyst.*

Carboxylic acids can be coupled with N-hydroxyphthalimide (NHPI) in the presence
of DCC and DMAP to synthesize the corresponding N-hydroxyphthalimide esters (see
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section 1.3.2). In 1988, Okada and co-workers discovered that these esters have redox-
active properties and they can be transformed into the corresponding alkanes under
UV-irradiation in the presence of a photosensitizer.1% In 1991, the same group demon-
strated a coupling reaction between ester 11 and Michael acceptors 9 using
[Ru(bpy)s]Cl, as photocatalyst, and N-benzyl nicotinamide (12a) as reductant.'® It
was proposed that the excited photocatalyst, Ru(l1)*undergoes a single electron trans-
fer (SET) process with 12a generating the reduced photocatalyst Ru(l) and dihy-
dronicotinamyl radical cation A, which upon losing a proton leads to the formation of
a dihydronicotinamyl radical B (Scheme 3.2). It was postulated that the reduced Ru(l)
photocatalyst is required to reduce the redox-active ester 11 generating alkyl radical
C with the extrusion of phthalimidate anion (D) and CO.. Upon capture by the Mi-
chael acceptor 9, the resulting carbon-centered radical E undergoes a subsequent hy-
drogen atom transfer process (HAT) leading to the product 10 and dihydronicotinamyl
radical B. The latter then reduces another molecule of the redox-active ester via SET
and propagates the radical chain. In addition to primary, secondary and tertiary car-
boxylic acids NHPI esters, a series of Michael acceptors were tolerated in this reaction
to form cross-coupling products.

o H H©®
[Ru(bpy)3]Cl2 (2 mol%) X
o . ] R EWG NH,
R® u\ N A ewe BNAH (12a; 1.0 equiv.) >\~ ~— ||
X o THF:H,0 = 7:3 (0.15 M) Lef ORI N
“rE R o} 460 nm light, rt., 2 h, N, Bn
1 9 10 BNAH (12a)
/\EWG
RS, EWG
“R? kN 2 N~ + COp +
_ c 2a'
N HOH ©
D O \-CO, @)L | %w
\)/, Ru(ll) N1y >{J1\NHP| - 9
| a R
SET \ Bn 1 c
h H o

. .
-.'_"R>‘\°”\NHP|4 )V HAT
® R

Ru(l)

\ Ru(lly* ,.R3>\“\YEWG 'E}: { sz‘
ARG o R
SET—/ :
., 1
e ) 10& E
1

H H @

NMHN fd*

Scheme 3.2: Okada’s decarboxylatlon of N-hydroxyphthalimide esters using BNAH (12a) as reductant.*®
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3.1.2 Modern Giese Reactions with Redox-Active Esters

Built on Okada’s seminal work and initially inspired by a total synthesis project, Over-
man and co-workers in 2015 reported construction of quaternary carbon centers from
N-hydroxyphthalimide esters.2% In this particular case, the Hantzsch ester (H.E.) was
used as reductant in the presence of a similar ruthenium photocatalyst and Hinig's
base (Scheme 3.3 A). The mechanism of this reaction was proposed to have a similar
pathway as that studied by Okada and co-workers (Scheme 3.2). Using this protocol
it was possible to couple a variety of tertiary acid substrates with a series of Michael
acceptors, which strengthened the synthetic potential of this reaction in the late stage
construction of quaternary carbon centers. In later studies, they reported that in some
substrates the photocatalyst was not required, and the Hantzsch ester could promote
the photo-reaction on its own.%% In 2019 during the development of the research pre-
sented herein, Shang and co-workers expanded the substrate scope of this type of de-
carboxylative coupling using the Hantzsch ester as reductant without using a photo-
catalyst (Scheme 3.3 B).3% In this work, they proposed that an electron donor-acceptor
complex (EDA) between the Hantzsch ester and the NHPI ester was formed and ex-
cited by visible light to undergo the activation. The alkyl radicals produced were sub-
sequently captured by a suitable olefin, and quenched via hydrogen atom transfer
(HAT) to form the desired product 10. Both electron poor and rich olefins were effi-
ciently coupled with a variety of primary, secondary and tertiary carboxylic acid de-
rivatives using the Hantzsch ester as the only required reagent. Interestingly, when the
reaction was carried out in the absence of olefin, hydrodecarboxylated products could
also be obtained.

(A)

H H

o A
o [_RU(bPY)al(PFs)z _(1 mol%) Et0,C._3__CO,Et
O\N o~ i-PrNEt (2.2 equiv.) I |
*  Z "R HE. (1.5 equiv. ﬁ\/\
[e] (1.5 equiv.) > R Me” “N” "Me
0 DCM, blue LEDs, r.t., 1.5-18 h H
Ma 9 10 Hantzsch ester (H.E.)

5 examples
59-86% yield

(B)

0
s 9 H.E. (1.5 equiv.) R, R
,"R'«,, _N + /\R —_— h /(\/
B , 0 DMA, blue LEDs, 12 h g R
‘R? R e}
1 9 31 examples 10
R = EWG, amine, silyl 41-87% yield

©)

MeCN, r.t,12 h

0
o }:‘é ) Ni(C104),-6H70 (20 mol%) R R
,»Ri/%]\ N + SR Zn(20equiv), LiCl (30 equiv) | K\/
L (0] “r2 R!
e 1 R
1 9

35 examples 10
R=EWG 44-88% yield
Scheme 3.3: (A) Overman’s contribution to photo-Giese reaction. (B) Shang’s decarboxylative Giese re-

action without using photocatalyst. (C) Baran’s nickel-catalyzed Giese reaction of NHPI esters.*39
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Along with the development of visible light promoted Giese reactions of redox-active
esters, alternative methods have been reported where transition-metal catalysts have
been used. In 2017, Baran and co-workers reported decarboxylative coupling of these
esters with Michael acceptors in the presence of nickel as catalyst and zinc as sacrifi-
cial reductant (Scheme 3.3, C).* This method is applicable for the coupling of wide
range of primary, seconday and tertiary radical precursors in excellent yields, and it
has been applied for the macrocyclization towards cyclopeptides. More recently, the
same group has demonstrated the application of zinc nanoparticles in the coupling of
redox-active esters with DNA-encoded Michael acceptors (see Section 1.3.4).%%

3.2 Aim of the Project

Carboxylic acids are widely available and cheap feedstock chemicals that are partic-
ularly attractive starting materials for radical cross-coupling reactions.?*® In recent
years, the decarboxylative C—C bond forming reactions have emerged as an important
research area in the field of organic chemistry, and they have proven to be particularly
suitable for the coupling of polar biomolecules (Section 1.3.4). However, these reac-
tions have been reported to require photocatalysts, transition-metal catalysts and/or
inorganic reductants that complicate their application in chemical biology.2%404
Moreover, in the case of biomolecules the selective activation of a carboxylic acid in
the presence of other carboxylates is always a challenge due to their similar oxidation
potentials.*°® To overcome these limitations, N-hydroxyphthalimidyl esters 11 could
be used as an alternative and potential starting materials in the presence of soluble
organic photoreductants, which upon irradiation with visible light would trigger the
coupling with Michael acceptors 9. In contrast to the existing methods, this Giese
reaction would be activated externally using visible light in more biocompatible con-
ditions. In this sense, the toxicity of the the photoreductant and the by-products, the
concentration threshold, and the speed of the intermolecular coupling are key chal-
lenges that would need to be overcome (Scheme 3.4).

o 0, Biocompatible photoreductant 3
RS ] . rEWG visible light _ ',/'R%\/EWG
: / ) 0~ | [Fast coupling] “rZ R
‘®? R 0
1 9

10

N-hydroxyphthalimide esters Michael acceptors Cross-coupling products
- Reductive mechanism
- Orthogonal to other carboxylates

Scheme 3.4: Aim of the project.
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3.3 Results and Discussion

The recent development of a diazo compound reagent, NHPI-DA (1a) by our group
demonstrated the orthogonality of the N-hydroxyphthalimidyl group to a geminal car-
benoid, and its enhanced reactivity and selectivity in cyclopropanation reactions (see
Section 1.2.4).1% The resulting redox-active ester products engage in versatile decar-
boxylative functionalization reactions, given the prowess of these substrates in cross-
coupling (see Section 1.3.2). During the studies on our cyclopropane substrate 13, we
observed low yields in the Giese reactions using ruthenium- and iridium-based pho-
tocatalysts reported by Overman and Okada (Table 3.1, Entry 1-4).16:39%40¢ Gjyen the
similar yields observed with different photocatalysts (Entries 3,4), we decided to run
a control experiment without photocatalyst and realized that the reaction could be per-
formed identically in that case (Entry 5). We reasoned that the dihydronicotinamide,
BNAH (12a) has insufficient oxidation potential, (Eox {12a} = 0.57 V vs Ag/Ag*) to
reduce redox-active esters (Ered {7}= -1.1 £ 0.1 VV vs Ag/Ag*).*? However, these di-
hydronicotinamides are known to become potent single-electron reductants in their
excited state, (Eox {12a}" = —-2.60 V vs Ag/Ag*)*>* and will be capable of reducing a
series of organic molecules, like redox-active esters.

Table 3.1: Preliminary exploration of the Giese reaction of NHPI ester of cyclopro-
pane substrate.

H © Acrylonitrile (1.5 equiv.)

Ph  Ph H,
Q “ Photocatalyst (1 mol%) Ph Ph
..,n,o\N + [ NH, NEt; (1.5 equiv.) \v/
SIS > “" CN

’?‘ Solvent, Blue LED, r.t.
Bn
13 12a 14
1.5 equiv.
Entry Photocatalyst Solvent Yield 14 (%)?
1 [Ru(bpy)s] (PFe)2 CHsCN 25
2 [Ru(bpy)s] (PFe)2 Toluene 24
3 [Ru(bpy)s](PFe)2 DCM 36
4 [Ir(dtbbpy)(ppy)2]PFs DCM 36
5 none DCM 30

2 Yields were determined by *H-NMR spectroscopy using 1,1,2,2-tetrachloroethane as internal standard.
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To further explore this coupling reaction, redox-active ester 11a and Michael acceptor
9a were chosen as model substrates in the presence of the dihydronicotinamide BNAH
(12a) and blue light. Our preliminary optimization concluded that the reaction without
photocatalyst performed best in polar solvents (DMF, 81%; MeCN, 65%; DMA,
75%), among which DMSO was optimal (92%; for details see Publication Il Support-
ing Information). Moreover, it was observed that changing the concentration and
slight increase of the temperature did not affect the efficiency of the reactions (Table
3.2, Entries 1-4). Furthermore, it was also possible to decrease the time of the reaction
without a big impact on the overall performance (Entries 5,6). To our surprise 66% of
the desired product 10a was obtained when the reaction was carried out only for 30
min in DMSO as solvent (Entry 7). As expected, when the reaction was carried out in
the dark no conversion of the starting materials was observed (Entry 8).

Table 3.2: Effects of concentration, temperature and other reaction parameters.

o]
ﬁ\mow . /\n,OBn BNAH (12a; 1.5 equiv.) _ OBn
o) fo) light, solvent (M), time, r.t., Ar

(0] o
1Ma 9a
0.1 mmol 1.5 equiv. 10a
Entry Solvent (M) Light source Time (h)  Yield (10a) (%)

1 DMSO (0.2 M) 450 nm LED 24 89
2 DMSO (0.1 M) 450 nm LED 24 89
3 DMSO (0.05 M) 450 nm LED 24 91
4p DMSO (0.1 M) 450 nm LED 24 89
5 DMSO (0.1 M) 450 nm LED 16 99
6 DMSO (0.1 M) 450 nm LED 25 93
7 DMSO (0.1 M) 450 nm LED 05 66
8¢ DMSO (0.1 M) No irradiation 16 0

2 Yields were determined by *H-NMR spectroscopy using 1,1,2,2-tetrachloroethane as internal standard. ®
The reaction was performed at 40 °C; © the reaction was performed in vial wrapped in aluminium foil.

3.3.1 Exploration of Different Photoreductants at Low Concentration

Encouraged by the rapid coupling observed without photocatalyst in our conditions in
30 min (Table 3.2, entry 7), we set out to explore different dihydronicotinamide de-
rivatives and study their relative performance (Table 3.3). It was observed that N-
benzylnicotinic acid (12b) provided less than 5% of the coupling product (Entry 2),
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and N-aryl dihydronicotinamides (12c,d) only provided poor yield of 10a (Entries
3,4). These results underlined the importance of the substituent on the nitrogen and
the dihydropyridine ring for the activation of the redox-active esters.

Table 3.3: Screening of different photoreductants and other reaction parameters.

o) photoreductants
ﬁ\rrO\N . /\H/OBn 12a-g (1.5 equiv.) . OBn
(0] o Blue LED, solvent o)
o time, r.t., Ar
1Ma 9a 10a
0.1 mmol 1.5 equiv.

Entry Solvent Photoreductant Time Yield (10a) (%)?

1 DMSO (0.1 M) 12a 30 min 66

2 DMSO (0.1 M) 12b 2h <5

3 DMSO (0.1 M) 12¢ 36h 36

4 DMSO (0.1 M) 12d 36h 26

5 DMSO (0.1 M) 12e 30 min 84

6 DMSO (0.1 M) 12f 5 min 99

7 DMSO (1 mM) 12f 20 min 87

8 1:1 H20/DMSO (1 mM) 12f 60 min 72

9 1:1 H20/DMSO (1 mM) 12f 60 min 79

10 DMSO (10 mM) 12g 60 min 63

11° 1:1 H20/DMSO (1 mM) 12g 60 min 69

2 Yields were determined by *H-NMR spectroscopy using 1,1,2,2-tetrachloroethane as internal standard. °
Air instead of Ar and 3.0 equiv. of 12f was used; ¢ 10.0 equiv. of 12g was used.

H H O H H =N
< ) Et0,C._D{__CO,Et O. Nw)\(NHQ
|| R | | NaO_ /O/\g Nl N
|;11 Me ” Me O"P\o HO OH
R 12e NaO~p_ A
12a R'=Bn, R? = NH, 50 Ny
12b R' = Bn, R2 = OH o L(f}z”%o
12¢ R' = Ph, R? = NH, Ramd H,N
12d R' = p-BrPh, R? = NH, HO OH
12f R' = n-Bu, RZ = NH, NADH (12g)
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As reported in the literature, the Hantzsch ester (12e) was also effective and provided
good yield of the desired product (Entry 5).3% Employing the N-butyl dihydronicotin-
amide (12f), which is slightly more reductive than the corresponding N-benzyl ana-
logue 12a,% we were delighted to obtain 10a in 99% yield in just 5 min (Entry 6).
Nevertheless, the photocoupling product 10a was obtained in similar efficiency when
performed under dilution (1 mM) (Entry 7). Moreover, we were surprised by the fact
that this reaction works efficiently in a mixture of 1:1 water and DMSO as solvent,
albeit longer time was needed for the completion of the reaction (Entry 8). Interest-
ingly, the reaction can also be performed under air providing 10a in very good yield
with slightly higher loading of the photoreductant (Entry 9). The reduced nicotina-
mide adenine dinucleotide (NADH; 12g) which is a native cofactor and closely struc-
turally related to BUNAH (12f), was found to promote this cross-coupling reaction in
good yield even in 10 mM concentration (Entry 10). But due to the challenging pho-
tophysics and shorter excited state lifetime (t {12g"} ~ 0.4 ns)*-*° it was essential to
use higher loading of the NADH under inert atmosphere to carry out the coupling
reaction in aqueous media at 1 mM concentration for optimal performance (Entry 11).

3.4 Scope Study

The simple reaction conditions of the coupling using BUNAH (12f) or NADH (12g)
and the remarkable reactivity under dilution invited for a detailed scrutiny of the scope
of this reaction under three different conditions: (A) the preparative conditions, where
BuNAH (12f) was used as photoreductant in DMSO (100 mM) under argon; (B) the
diluted coupling conditions, where BUNAH (12f) was used as photoreductant in 50%
H>O in DMSO (1 mM) under air; and (C) the diluted coupling conditions with the
NADH (12g) as photoreductant in 50% H,O in DMSO (1 mM) under argon. We
started the scope with prototypical Michael acceptors (Table 3.4). Different electron-
withdrawing substituents on the olefin were accommodated under these reaction con-
ditions. Aromatic or aliphatic esters (10a,c) were coupled effectively, a-substituted
electron poor olefin (10b) could also be used but lower yield of the desired product
was obtained in case of the NADH reaction. Acrylamide (10d) was also found to be
highly effective even under dilute aqueous conditions, whereas acrolein (10e) was
sensitive towards the more challenging reaction conditions B and C. Methyl vinyl
ketone and acrylonitrile were successfully coupled with 11a to furnish the correspond-
ing products 10f,g in excellent yields. A sulphone could also be accommodated with
high efficiency under different reaction conditions. The maleimide could also be used
as Michael acceptor with minimal adjustment of the reaction conditions to deliver the
corresponding product 10i in high yield. Interestingly, dihydropyridine derivative 12e
failed to provide the cross-coupling product 10i when the maleimide was used as Mi-
chael acceptor,® which demonstrates the superior performance of the dihydronico-
tinamides (12f,g) in the photocoupling reaction.
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Table 3.4: Scope of the alkyl photo-ligation reactions with different Michael accep-
tors.2

o]
O\N
o
1 0 Conditions A: Conditions B: Conditions C: )
a BuNAH (12f, 1.5 equiv.) o BuNAH (12f, 3.0 equiv.) o NADH (12g, 10.0 equiv.)
* DMSO (100 mM) 1:1 HO/DMSO (1 mM) 1:1 H,O0/DMSO (1 mM)

5 min, Ar 60 min, Air 60 min, Ar
e 10a-i
9a-i
1.5 equiv.
Me
A: 87% : :
ogn & 790; opn A91% ove A:i76%
C: 69% B: 55% B: 72%"°
o] R o] C: 1% o] C:51%
10a 10b 10c
. 74% A: 41% v A: 87%
NMe; g gsob H  B:NA °  B:68%
C 85% i C:NA a C: 68%
o 1 85%
10d 10e 10f

ﬁ\/\ A: 95% ﬁ\A A: 83% A: 74%
B: 66% B: 70% 0 B gooybe
N B: 82%"
CN C: 68% SOPh C: 96%
° ‘ ° o7 NH C: 71%
109 10h 10i

2 Reaction conditions: (A) 11a (1.0 equiv.), 9a-i (1.5 equiv.) 12f (1.5 equiv.), DMSO (100 mM), 5 min, Ar;
(B) 11a (1.0 equiv.), 9a-i (1.5 equiv.) 12f (3.0 equiv.), 50% H,O in DMSO (1 mM), 60 min, Air; (C) 11a
(1.0 equiv.), 9a-i (1.5 equiv.) 12g (10.0 equiv.), 50% H,0 in DMSO (1 mM), 60 min, Ar. ® Ar atmosphere;
¢ DMSO; ¢ DMSO (20 mM), 75 min.

After exploration of the coupling with a handful of Michael acceptors, we were inter-
ested in the behaviour of different radical precursors in the photo-Giese reaction (Ta-
ble 3.5). First, we tested a variety of NHPI esters of tertiary carboxylic acids, that
includes bicyclic (10j), adamantyl (10K), piperidine (10l), cyclopropane (10m) and
oxetane (10n) scaffolds. Both BUNAH (12f) and the NADH (12g) were found to be
excellent photoreductants to effectively connect these radicals with the Michael ac-
ceptors 9a,h under diluted aqueous conditions. Secondary radical precursors were also
successfully engaged in this coupling process to synthesize the corresponding alkyl-
ated products (100-q), albeit no product formation was observed when the NADH was
used as reductant for the indane derivative 10p. The reason for the formation of 10q,q’
can be explained by a norbornenyl-nortricyclyl radical equilibrium®® before the corre-
sponding norbornenyl radical is trapped by the Michael acceptor 9h. We were de-
lighted to find out that a series of primary carboxylates (10r-u) could also be coupled
under these reaction conditions. Interestingly, the indole derivative 10r could be syn-
thesized in good yield even in pure water as solvent. This result illustrates the capacity
of these couplings to be combined with the C—H insertion of indoles using redox-
active diazo compound, NHPI-DA (1a) (see Chapter 2). A protected sugar unit and
the redox-active ester derived from D-biotin can be conjugated (10s) using the NADH
as reductant with slight tuning of the other reaction parameters. The fatty acid 10t and
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a basic heterocyclic derivative (10u) could be obtained in moderate yields, although
the pyridine carboxylate did not perform well in the aqueous conditions (B,C).

Table 3.5: Scope of the alkyl photo-ligation reactions with different redox-active es-
ters.2

° O, Conditions A: Conditions B: Conditions C: 5
Conditions A: ' ) R
- BUNAH (12, 1.5 equiv.y . BuNAH (12f, 3.0 equiv.)~ NADH (12g, 10.0 equiv.) /(\/.
; Ri, AN * 2@ — buso (100 mM) 17 1:1 H,0/DMSO (1 mM) S 1:1 H,0/DMSO (1 mM) | > %4 -
g R Y 5 min, Ar 60 min, Air 60 min, Ar R
1j-u 9a/h 10j-u
CO,Bn CO,Bn
Bu A:73% A: 79% A: 53%° A: 85%
E'_ ‘;;n//“ g-_ ‘5‘2;“ B: 99%° B:NA
e SR N C:64% soph C: 64%¢
Boc o2
PhO2S 105 10k 101 10m
co,B PhO,S 0,
o A: 69% 0 i 73% A: 52% A SOPN a: 579% (1.211)
B: 39% B: 90% B:61% 100 B: 78% (1:1.3)
C: 26% C:72% C:0% C:0%
CO,Bn BzN
PhO,S’
10n 100 10p ' 109"
) —
. OAc
CO,Bn O Aco ° N 7
i Aco
A: 30%, 51%° Ho NH A:NA A: 53%
N B: 50%° ] HN 8A° B: 0% A T1% B: <5%
N C:7% ‘«,_\_/_): C: 49%51 B: 47%¢ C: 0%
" C: 64%"° SO.Ph
10s BnO,C  Me
10r from D-biotin 10t 10u

2 Reaction conditions: (A) 11j-u (1.0 equiv.), 9a/h (1.5 equiv.) 12f (1.5 equiv.), DMSO (100 mM), 5 min,
Ar; (B) 11j-u (1.0 equiv.), 9a/h (1.5 equiv.) 12f (3.0 equiv.), 50% H,0 in DMSO (1 mM), 60 min, Air; (C)
11j-u (1.0 equiv.), 9a/h (1.5 equiv.) 12g (10.0 equiv.), 50% H,O in DMSO (1 mM), 60 min, Ar. ® Ar at-
mosphere; ¢ DMSO; ¢ DMSO (20 mM), 75 min; ¢100% H,0; f NADH (1.5 equiv.), DMSO (0.05 M), 14 h;
NA = not applicable.

After screening a variety of different redox-active esters, we evaluated these systems
on more complex substrates (Table 3.6). The gemfibrozil acid derivative was coupled
with benzyl acrylate to obtain the corresponding product 10v in high yield. To our
surprise, the same radical precursor can also be used for the C—C bond construction
using a Michael acceptor that bears an acid function (10w). Moreover, the aqueous or
the NADH reaction conditions were equally effective for this particular substrate,
demonstrating the orthogonality of the redox-active esters to carboxylates in intermo-
lecular coupling. This is not possible with the oxidative methods using polycarbox-
ylate subtrates due to the similar oxidation potentials of these functional groups that
hinder their selective activation. Interestingly, the dipeptide model derived from ala-
nine could also be coupled to synthesize the product 10x in 60% yield even when pure
water was used as solvent. The radical precursor derived from abietic acid could also
participate under the standard reaction conditions furnishing good yield of 10y. Un-
fortunately, the NADH reaction conditions were found to be unsuitable in these last
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cases. It is worth to mention that the redox-active ester derived from 18R-glycyr-
rhetinic acid could be selectively functionalized in the presence of unprotected car-
boxylic acids to deliver the product 10z, which displays the orthogonality of the NHPI
moiety over carboxylates in intramolecular fashion. The radical precursors derived
from ketopinic acid (10aa), oleanoic acid (10ab) and 18R-glycyrrhetinic acid (10ac)
were seamlessly coupled with Michael acceptors providing the corresponding alkyl-
ligated products with high efficiency under the standard reaction conditions, although
understandably lower performance in the aqueous media was observed.

Table 3.6: Application of the alkyl photo-ligation reactions in the synthesis of medic-
inal compounds and natural products.?

O, Conditions A: Conditions B: Conditions C:
Q ndiions A BuNAH (12f, 3.0 equiv.) NADH (12g, 10.0 equiv.) R,
RS J BUNAH (12f, 1.5 equiv.) 3.0 equiv) - - \ q R,
R 0~ DMSO (100 mM) 1:1 H,0/DMSO (1 mM) 1:1 H,O/DMSO (1 mM) 1

60 min, Ar R?

A: 36%
AGHN B: 75%, 60%°
C:0%

from N-acetylalanine

COzBn A: 56%
\[(\/\/ B:27%
A: 45% C:23%
B: 0% o
C: 0%

n0C
BnO,C 10aa

from ketopinic acid

5 min, Ar 60 min, Air

A: 69% (d.r. > 20:1)
B: 0%

C: 0%

10y
from abietic acid

CO,Bn
A: 80% (d.r. > 20:1)
B: 74%"¢
C:71%¢

A: 79% (d.r. 1.3:1)
B:33%"4
C: 15%

10ab
from oleanoic acid

2 Reaction conditions: (A) 11v-ac (1.0 equiv.), 9a/j (1.5 equiv.) 12f (1.5 equiv.), DMSO (100 mM), 5 min,
Ar; (B) 11v-ac (1.0 equiv.), 9a/j (1.5 equiv.) 12f (3.0 equiv.), 50% H,O in DMSO (1 mM), 60 min, Air;
(C) 11v-ac (1.0 equiv.), 9a/j (1.5 equiv.) 12g (10.0 equiv.), 50% H,O in DMSO (1 mM), 60 min, Ar. ® Ar
atmosphere; ¢ H,O was used as solvent; ¢ DMSO was used as solvent.

Encouraged by the water and moisture tolerance of this system and their robustness at
very low concentration, we applied this technology for the C-C coupling of redox-
active esters with DNA head-pieces 2140 The efficiencies obtained were comparable
to the related coupling reactions reported by Baran and co-workers,? but with the
advantage of fast coupling (1 h) and the use of a homogeneous light-triggered system.
This way the synthesis of a series of DNA-coupled products 10ad-am using both Bu-
NAH and NADH was demonstrated (Scheme 3.5; see manuscript Il for details).
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9k, BUNAH (12f) or NADH (12g) (30 equiv.) o
10 nmol > _HQHV”_,
+ DMSO/H,0 (1:1, 0.1 mM) N R
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o phosphate buffer pH 6.5/5.5 (75 mM)
3 [e] 450 nm LED, 20 °C, 1-4 h
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‘RZ R o 10 examples,
1 74-97% yield
30 equiv.

Scheme 3.5: Photo-ligation of redox-active esters with DNA-tagged Michael acceptors. Studies performed
by Dr. My Linh Tong.

3.5 Kinetic Studies

Encouraged by the unusual fast rate of this photocoupling, we set out to explore the
detailed reaction kinetics of this system. No-D NMR technology was utilized to mon-
itor the progress of the reaction.5* From the figures below it is evident that the standard
photocoupling reaction reaches completion in less than 5 min (Figure 3.2 right,

g rey) . 40c-f

o
ﬁ\n/o\N /\H/OBn BuNAH (12f; 1.5 equiv.) . MOB”
+
o) le) Blue LEDs, DMSO (0.1 M), r.t.

o o}
1a 9a 10a
0.05 mmol 1.5 equiv.
0,1
0,1 8 @ 8 (5]
0® 8
. Standard reaction 0 0.075 [5)
108 o After2hinthe dark 8 10 o e
(M) w 8 M 0,05 e
% ° 0,025 @ . Standard |-'eact|on
. After 2 h in the dark
< LIt ) 0@
0 1 2 0 1 2 ) 3 4
t (h) t (min)

Figure 3.2: Left: Overlay of the reaction profiles of the standard reaction and the reaction after 2 h in the
dark. Right: Time-shifted overlay of the standard reaction and the reaction after 2 h in the dark. Studies
performed by Dr. Stephanie V. Kohlhepp.

To gain further knowledge about the background of the reaction, we monitored the
conversion of the redox-active ester 11a in the absence of light. In order to do this we
set up the standard reaction inside a NMR tube excluding any adventitious light. In-
terestingly, we found out that during the dark period of 2 h there was no formation of
the product 10a. However, upon illumination with blue light after 2 h in the dark, the
reaction reaches completion in less than 5 min (Figure 3.2 left, red). Moreover, from
Figure 3.2 right, it can be seen that the progress of this experiment has very similar
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profile to that of the standard reaction. This demonstrates the absence of any static
deactivation of the reacting components in the dark, which could be a useful feature
when other equilibriums would need to be established before triggering the C—C pho-
tocoupling.

3.5.1 Kinetic Study under Dilution

o}

[o]
ﬁ\"/o\N . /\H/OBn BuNAH (12f; 1.5 equiv.) OBn @*Nm
o 4 o Blue LEDs, DMSO (0.1 M), rt. [T I * Qs

| NPhth
Bu
11a 9a 10a 12f
0.05 mmol 1.5 equiv. [Detected by "H-NVMR]

The concentration effect of this photocoupling reaction is an important aspect to study
by kinetics. The progress of this reaction was monitored in three different initial con-
centrations of the starting redox-active ester 11a inside NMR tubes. Interestingly, it
was observed that the reactions at low concentrations (1-10 mM) are surprisingly
faster than the standard reaction (Figure 3.3). At 1 mM concentration, the yield of the
desired product 10a was 97% in just 65 seconds, which was remarkable in terms of
efficiency and robustness. To rationalize the much faster coupling rate at lower con-
centrations, a fourth experiment was performed at the least favourable concentration
(100 mM) in a thinner NMR tube (diameter, ¢ = 1.25 mm) to minimize the light path
of the system. The kinetics of this reaction was substantially accelerated and turned
out to have a very similar profile to the ones at low concentration, i.e., 1-10 mM (Fig-
ure 3.3, orange). Thus, the acceleration in the coupling rate can be attributed to inner
filter effect.5? In the case of the reactions at lower concentration the light can be ab-
sorbed more efficiently throughout the reaction mixture, and this is also the case at
higher concentration provided the reactor is thinner.

100 & .o
75 -
®

< ® [11a],= 100 mM; (¢ =5 mm)
- 50 @ ® [lla],=10 mM; (¢ =5 mm)
2, ® [1la],=1mM; (¢ =5mm)
S - H [11a],= 100 mM; (@ = 1.25 mm)

)

0 ®
0 50 100 150 200 250 300

t(s)
Figure 3.3: Kinetic study of the photocoupling reaction under dilution and inner filter effect. These exper-
iments were performed by Dr. Stephanie V. Kohlhepp.
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3.5.2 Profiling of Photo-Ligation using the NADH (12g) as Reductant by *H-NMR

The remarkable efficiency of the NADH (12g) as a photoreductant towards the alky!l
photo-ligation reaction drew our interest to study the kinetics of the reaction with the
redox-active ester 11k. Conveniently, the reaction was performed in deuterated
DMSO (DMSO-ds) at micro-molar scale. We were delighted to find out that the de-
sired coupling product 10k can be obtained in 82% yield in less than 25 min of irra-
diation with 450 nm light and reaches completion in 73 min (Figure 3.4). The reactiv-
ity of the NADH (12g) in this photocoupling reaction is unusual despite its molecular
complexity, unfavourable photophysics and low concentration of the medium.

(o]
BOCNHYO\N . /\H/OBn NADH (12g; 1.5 equiv.) - MOBn
[¢] g o) DMSO-dg (0.02 M), 450 nm LED, r.t. BocN

(e}

11k 9a 10k
10 pmol 1.5 equiv.
100
o © ©
o o
80
o
g 60 ©
=
[
> 40 ©
S o
—
(]
20
o
0o

0 10 20 30 40 50 60 70 80
t (min)
Figure 3.4: Kinetic study of the photocoupling reaction using NADH (12g) as reductant.

3.6 Mechanistic Studies

3.6.1 Determination of the Quantum Yield of the Photo-Giese Reaction

Intrigued by the surprisingly high rate of these coupling reactions under the demand-
ing conditions, we set out to study its mechanism. Initially, the average quantum yield
of the reaction was determined to get information on the possibility of a radical chain
mechanism.>® The quantum yield of a photochemical reaction is defined as the number
of moles of the product formed per einstein of photons absorbed (Equation 1).5% The
quantum yield of the BUNAH (12f) mediated photocoupling reaction (Scheme 3.9)
was determined using the procedure reported by Yoon and co-workers.5
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Scheme 3.9. Model reaction used to determine the quantum yield.

mol of 10a
photonflux*t*f

Quantum yield, ® = Q
In our case, the quantum yield is calculated using the expression above (eq. 1), where
‘t” is the time of the coupling reaction and “f’ is the fraction of the light absorbed by

the reaction mixture at 450 nm.
f=1-10"4 (2)

mol of Fe2*

Photon flux = PyeOY

®)

Normally, the fraction of the light absorbed () is estimated from the absorbance meas-
urements at the wavelength used to activate the reactions (eq. 2). The absorbance (A)
of the standard reaction mixture at A = 450 nm is 1.99, and therefore f = 1-101% =
0.9897. The photon flux of the light source in the spectrophotometer was determined
by standard potassium ferrioxalate actinometry (eq. 3).% In the reference system used,
the quantum yield for the potassium ferrioxalate actinometer (¢ = 1.01),% the time of
irradiation (t) is expressed in seconds, and the fraction of light absorbed at A = 450 nm
by potassium ferrioxalate (f = 0.99833).5% After triplicate measurement, the photon
flux of the spectrophotometer was determined to be 4.53x10° einstein.s™* at this wave-
length which is in agreement with the literature values under similar conditions.®

The progress of our model reaction was monitored by three separate experiments (Ta-
ble 3.7). After the error propagation analysis, the average quantum yield of the photo-
Giese reaction was determined to be @ = 2.9 + 0.5, which suggests the involvement
of a radical chain mechanism.

Table 3.7: Quantum yield calculation of the photo-Giese reaction.

Entry  Irradiationtime (s)  10a (molx10-5)? Quantum yield(¢) (Ad)
1 3720 5.04 3.02 0.51
2 3720 4.68 2.80 0.48
3 4500 5.76 2.85 0.48

3 The yield of 10a was determined by *H-NMR spectroscopy with 1,1,2,2-tetrachloroethane as an internal
standard.
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3.6.2 UV-Vis Study

UV-Vis study of the BUNAH (12f), redox-active ester 11a, and the mixture of 12f and
11a at different concentrations were conducted to have knowledge about the photo-
physical properties of the reactants and any molecular interaction between them.
When the study is performed at low concentration (Figure 3.5, left), no change in the
absorbance of BUNAH (12f) was observed upon mixing with the redox-active ester
11a. On the other hand, at higher concentration the absorbance of BUNAH (12f) in-
creases slightly at 450 nm in the presence of 11a (Figure 3.5, right). This may indicate
the formation of an electron donor-acceptor complex (EDA), as earlier proposed by
Shang and co-workers in a related system. 5%

0,5
2 (i‘ — [2]=01M
0,4 . . — [11a]=01M
[12] = 100 M
o [efpa) =1
503 — [Ma=100pM ~ 225 \, ---  [12f)[1la] = 1/2
< ——  [12f] = [11a] = 100 pM ;,
8 0.2 g 15
< <
0,1 0,75
0 0
300 400 500 600 70C 300 400 500 600 700
A (nm) A (nm)

Figure 3.5: UV-Vis studies. Left: at low concentration; indicates no change in the absorbance upon mixing
of 11a with 12f. Right: at higher concentration; indicates formation of an EDA-complex between 12f and
1la.

Based on these UV-Vis studies, we aimed to observe a discrete excitation profile for
the putative EDA-complex. However, the excitation studies of pure BUNAH (12f) and
the mixture of 12f and the redox-active ester 11a did not reveal any evident spectro-
scopic features for alternative excitations (Figure 3.6).

1,0E+05
8,0E+04
—~ — [12f]=0.01M
3 6,0E+04 121
g [11a)/[12f] = 10
ﬁ 4,0E+04
=
2,0E+04
o —
375 385 395 405 415 425 435
A (nm)

Figure 3.6: Excitation profiles of BUNAH (12f) and mixture of 12f with redox-active ester 11a; no new
excited species is detected.
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3.6.3 Stern-Volmer Quenching Study

Furthermore, steady-state fluorescence quenching experiment of BUNAH (12f) in the
presence of different amount of redox-active ester 11a indicates a linear decrease of
the luminescence intensity (Figure 3.7, left). A linear Stern-Volmer quenching plot on
steady state luminescence was not sufficient to prove the operative quenching mech-
anism (Figure 3.7; right, blue).> Thus, the lifetime of the excited state of BUNAH
(12f") was measured using Time-Correlated Single Photon Counting (TCSPC), ob-
taining a value for 1o = 1.08 ns that decreased linearly in the presence of increasing
concentrations of 1la. However, the slope of the lifetime quenching plot
(Figure 3.7; right, red) was significantly lower than that of the steady-state quenching
plot (Figure 3.7; right, blue).

8,0E+04 Steady-State Fluorescence 2,60 o
=15,067x + 1
7,0E+04 [12]=0.01 M Y RZ= 0,9?;(76
6,0E+04 T [memen=os 2,20
—  [Lla)/[r2f]=1
—~ 5,0E+04 £
B [L1a]/[12f] =3 &
& 4,0E+04 [1ay[2 =5 3 180 10) y=5.2103x + 1
> g R2=0,9795
'@ 3,0E+04 11a)/[12f] = 10 =
% , [L1a)/[12f] 5 0
E 20E+04 1,40 S P
.o~ ”
1,0E+04 -
Oo’/,,
0,0E+00 = 1,00 6RO
407 507 607 0,00 0,03 0,05 0,08 0,10
A (nm) [11a] (M)

Figure 3.7: Left: Steady-state fluorescence quenching of 12f with different concentration of 11a. Right:
Stern-Volmer plots of steady-state and lifetime fluorescence quenching of 12f with 11a.

The two different quenching constants calculated from the steady state and lifetime
data (ks and kg) is a typical scenario for a static-dynamic quenching mechanism (Fig-
ure 3.8, left).5®According to this model, the photoreductant 12f can be promoted to
its excited state 12f" and is dynamically quenched by the redox-active ester 11a, as
demonstrated by the progressive decrease of the excited state lifetime with increasing
concentrations of 11a. On the other hand, the photoreductant 12f in its ground state
may exists in equilibrium as a complex (EDA) with the redox-active ester 11a, whose
emission quantum yield is much lower than that of 12f*or at least barely detected by
the spectrophotometer. Therefore, the formation of an EDA-complex (12f-11a) effec-
tively results in a more pronounced decrease in the emission intensity than could be
ascribed to the dynamic quenching alone (ksv> Kg). The steady state and lifetime data
can be fitted in this model (Figure 3.8, right).to estimate the corresponding equilib-
rium constant (Keq~7).5% In our view, this case exemplifies how steady state Stern-
Volmer data with a high linear correlation may easily be misinterpreted as proof for
an operative dynamic quenching mechanism, and how the corresponding lifetime data
is essential to obtain a complete picture.
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Figure 3.8: Left: Static-dynamic quenching model of BUNAH (12f) with redox-active ester 11a. Right:
Fitting of the steady state and lifetime data.

3.7 Mechanistic Model

Based on the average quantum yield obtained (¢ = 2.9 + 0.5),% and further experi-
mental details from the deuterium labelling and radical clock experiments (see publi-
cation Il for details) we propose a mechanistic model below for the photo-Giese reac-
tion (Figure 3.9). Our proposed mechanism is consistent with the electron-proton-
electron manifold that is common in SET processes with the dihydropyridine photo-
reductants,6b.,392.43.47.57.58 The excited photoreductant (12f" or 12g™) transfers an elec-
tron and a proton to the redox-active ester 11 to generate the alkyl radical C and the
dihydronicotinamy! radical (B)* forming phthalimide and CO; as by-products. Sub-
sequently, the radical C is captured by a Michael acceptor 9 leading to the generation
of carbon-centered radical E. Finally, the radical E undergoes a hydrogen atom trans-
fer (HAT) process with a second molecule of the photoreductant (12f or 129g) to yield
the desired product (10).1623%57 This process also lead to the generation of the dihy-
dronicotinamyl radical (B), which keeps propagating the radical chain,*®*% leaving
the pyridinium salt (12°) and CO: as by-products. The latter were confirmed to be
formed in the no-D NMR monitoring studies (see Section 3.5).
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Figure 3.9: Proposed mechanism of the photo-Giese reaction.
3.8 Conclusion

To conclude, redox-active esters have been used in a new photo-triggered C—C cou-
pling reaction promoted by NADH, a native cofactor in biological systems. We have
demonstrated high functional group tolerance of these coupling reactions and its effi-
ciency at very low concentrations. NADH has also been applied as reductant to forge
C—C bond between redox-active esters and DNA-encoded electron-poor olefins.
These reactions proceed without the need of any external photocatalyst and are very
efficient when performed in the presence of air and water, making this coupling reac-
tion relevant for further applications in chemical biology. This photo-Giese coupling
has no background reactivity as established through extensive kinetic experiments.
The kinetic and photophysical studies on the reaction have established the activation
and propagation mechanism of this rapid photodecarboxylative coupling reaction.
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4. Exploration of the Reactivity of a-Silyl Radicals Using the
Redox-Active Diazo Compound (NHPI-DA) (Paper I1I)

4.1 Introduction

4.1.1 Organosilicon Compounds and Their Importance

In 1823, Swedish chemist Berzelius first isolated silicon by passing metallic potas-
sium vapours over red-hot silica.>® The residue obtained on treatment with water pro-
duced silicon as an amorphous solid with the evolution of hydrogen gas. Later in 1863,
Friedel and Crafts reacted silicontetrachloride with diethylzinc to synthesize the first
organosilicon compound, tetraethylsilane.*® Besides the extensive applications of or-
ganosilicon compounds in material science and daily life, some silicon containing or-
ganic molecules also exhibit biological activity.5° For example, Si-Pc4 is used in laser
photodynamic therapy towards cancer treatment,%° flusilazole is used as an antifungal
agent, and karenitecin a silicon analogue of the anticancer natural product campothe-
cin was evaluated in human trials for cancer treatment due to the increased lipophilic-
ity of silicon.%% The silicon containing protein NS5A shows activity against hepatitis
C virus (HCV) and silafluofen is used as an insecticide (Figure 4.1).5%

NHO-5S N
HON/ I\NO,\SII NMe, rSI\
4 / N
= —
" O
Si-Pc, L
photodynamic agent for Flusilazole Kar('enltgclm i
application in cancer treatment antifungal agent evaluat?d in clinical trials
or cancer
\

HN NH »
Me/Kl/KO Ne ., o)\:) "Me .
aw H Silafluofen

MeO,C CO,Me insecticide

NS5A
inhibitor used for HCV therapy

Figure 4.1: Silicon containing bioactive organic compounds.>%°
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4.1.2 Structure, Synthesis and Reactivity of Silanes

Although organosilicon compounds are isoelectronic to carbon analogues, they ex-
hibit properties that are very different from conventional organic molecules. It is
known that a carbanion a-position to the silicon is better stabilized than the corre-
sponding carbon counterpart is (a-silyl effect). This extra stability of a-silyl carbani-
ons can be explained in terms of hyperconjugative effect, where Si-atom disperses the
negative charge over three methyl groups of TMS (Figure 4.2 A).%! Similarly, a car-
bocation in the S-position with respect to the silicon is more stable than the corre-
sponding carbon analogue (5-silyl effect). This extra stabilization can be explained by
the interaction of the filled o(Si—C) orbital with the empty p orbital of the carbocation
(Figure 4.2, B).5%61

(A) Stabilization of a-negative charge by hyperconjugation

_ 7 R R_ /%

>—Si',,, —~ >=Si\ R S Si.

RO\ RO\ RO 178
5

(B) Stabilization of p-positive charge by Si
R R® R R®
> R4 . S
Y
RISl R S
N \dsi
empty p-orbital

Figure 4.2: a- and S-silyl effects of silicon.56!

4.1.3 a-Silyl Radicals and Their Application in Organic Synthesis

Like a-silyl carbanions, a-silyl radicals are known to be more stable than the corre-
sponding carbon counterparts and do not undergo rearrangement to form silyl radi-
cals.®2%3These a-silyl radicals are reluctant to undergo rearrangements due to many
factors, such as the less stability and high reactivity of silyl radicals in comparison to
carbon radicals and the involvement of strained three-membered transition state
(C-Si—C bond angle is ca. 48°) during 1,2-migration of the carbon substituents. The
generation of a-silyl radical was first realized in 1963 by Connolly and Urry.522 They
described that (trimethylsilyl)methyllithium rapidly reacts with (chloromethyl)trime-
thylsilane and forms mainly 2,2,5,5-tetramethyl-2,5-disilahexane and tetrame-
thylsilane along with trace amount of 2,2,4,4-tetramethyl-2,4-disilahexane after the
usual 1,2-methyl shift (Scheme 4.1, A). Later in 1965, Wilt and Kolewe reported ther-
mal decarbonylation of B-triphenylsilyl aldehyde in the presence of di-tert-butyl per-
oxide (DTBP) obatining methyltriphenylsilane in 52% yield (Scheme 4.1, B).6%> On
the other hand, they did not obtain similar product after the thermolysis of the corre-
sponding carbon-counterpart. Further progress was made in this field and it was es-
tablished that the generation of a-silyl radicals and their homocoupling can also take
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place in the presence of silver bromide or via Kharasch-Grignard reaction (Scheme
4.1, C,D).b%Af

Me Me
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™S L > * Me—Si—Me * /—Si
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T™S Me M€
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R = Me,Ph 27-72% 17-29% trace
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Scheme 4.1: Early discovery of a-silyl radicals.®

In 2017, Baran and co-workers reported iron-catalyzed cross coupling of alken-
ylsilanes with Michael acceptors to obtain six examples of alkylsilanes (Scheme 4.2,
A).8% |t has been proposed that this cross-coupling reaction proceeds via the transfer
of a hydrogen atom from a transient iron(l11)-hydride species to form a stabilized a-
silyl radical in the presence of phenylsilane. More recently, Zhang and co-workers
reported a radical-polar crossover reaction utilizing the stability of a-silyl radicals. In
this case, an iridium photocatalyst has been used to oxidize halomethylsilicates in the
presence of blue LEDs, generating alkyl radicals which are then captured by vi-
nylsilanes. A number of alkylsilanes and cyclopropylsilanes have been synthesized
using this methodology (Scheme 4.2, B).5%

53



Scheme

Fe(acac); (0.5 equiv.)

A Na,HPO, (1.0 equiv.
(A) SiMe,Ph 2HPO, ( quiv.)

. /\EWG PhSiH3 (2.0 equiv.) -~
R n-PrOH, 80 °C
R=H, Me
[Sil—CH,X (2.0 equiv.)
B x=c,B)
®  1vs
R 9 W blue LEDs
Si]—R' (2.0 equiv.
R=Ar Ay DMSO.rt [SI—R' (2.0 equiv) _
R’ = Alkyl, OAlkyl
+, [18-c-g|
K s
ol.0
L D
o’-0
[Si]

Recent applications of a-silyl radicals in

Ir[dF(CFs)ppy]2(dtbbpy)PFe

R_ SiMe,Ph

K~

EWG

6 examples
35-70% yield

R__TMS

X

12 examples
45-95% yield
T™MS
R

14 examples
53-92% yield

organic  synthesis.®

IrPC =

A number of organosilicon compounds are synthesized by reacting a carbon- or oxy-
gen-based nucleophile with silicon halides (Scheme 4.3, A).5® Also, hydrosilylation
of alkenes or alkynes using a transition-metal catalysts is a commonly used approach
towards organosilicon compounds. Depending on the metal catalyst used, the hydros-
ilylation can take place either via oxidative addition of the silicon hydride to the metal
center or via the formation of Si—C bond through o-bond metathesis (Scheme 4.3,
B).5 A typical hydrosilylation takes place according to the mechanism below as pro-
posed by Chalk and Harrod in 1965 (Scheme 4.3, C).5* This mechanistic scheme fol-
lows conventional oxidative addition, migratory insertion and reductive elimination
steps, leading to the hydrosilylated product with anti-Markovnikov regioselectivity.
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Scheme 4.3: Synthesis of organosilicon compounds through (A) classical Sy2 approach, and (B) transition-
metal catalyzed hydrosilylation. (C) Mechanism of the hydrosilylation reaction proposed by Chalk and

Harrod.®

According to the pioneering work by Kipping in 1904 silanediols undergo condensa-
tion to form silicones even though he characterized them as “sticky messes of no par-
ticular use” (Scheme 4.4).%° The polymerization of silicones without silicon catenation
can be attributed to the higher stability of the Si—O bond than Si-Si bond, which result
in the proliferation of O-Si—O linkages. These silicon polymers possess different
physical properties and today are routinely obtained as fluids or rubbers for countless

applications.5%%6
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Scheme 4.4: Synthesis of silicones from silanediols through condensation.®
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The higher affinity of silicon towards oxygen makes also silyl groups very important
in the synthetic organic chemistry, particularly in the carbohydrate chemistry where
protection and deprotection of polar functional group are among the key processes.®’
The synthetic utility of silyl moiety can be illustrated in the synthesis of 6-gingerol
(Scheme 4.5), a phenol which is an ingredient responsible for the pungent smell in
ginger oil.%°

OH OTMS o) OH
OCH Jl\/\/\
OCH, LDA 3 H OCHjg
—_— B —————
o) TMSCI OTMS TiCly O OH
6-Gingerol

Scheme 4.5: Synthesis of 6-gingerol using silyl protecting groups.®

4.1.4 (Borylmethyl)silanes and Their Importance

Organosilicon compounds are considered as an important class of organic molecules
due to their application in daily life, organic synthesis and material science.% There-
fore, the development of reagents for the synthesis of organosilicon compounds is an
interesting area of research for organic chemists. Particularly, the chemistry of (tri-
methylsilyl)methylboronic acid is of interest due to the presence of orthogonal silicon
and borane moiety at the same carbon atom.®8 In an early study by Matteson and Ma-
jumdar the synthetic usefulness of (borylmethyl)silanes was displayed through the
synthesis of vinyl boronates from carbonyl compounds (Scheme 4.6).% Further stud-
ies by Matteson and several other groups displayed significant application of this si-
laborane reagent in several organometallic processes as well as in Suzuki-type cross-
coupling reactions in order to synthesize molecules of high synthetic value.%" This
includes the synthesis of decorated (borylmethyl)silanes from alkyl halides, a-silyl
ketones from aromatic esters, vinylsilanes from chiral epoxides, allyl silanes from vi-
nyl halides, and benzylsilanes from ortho-aminoacetophenones. Recently, the syn-
thetic usefulness of this reagent has been extended for the synthesis of complex ter-
tiary aliphatic boronates from mesityl hydrazones.®®" Despite the broad application,
the exploration of more advanced chemistry of organosilaboranes requires more effi-
cient and systematic assembly of these compounds from accessible materials.
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Scheme 4.6: Synthetic applications of (borylmethyl)silanes.®

4.1.4 Current Synthetic Strategies towards (Borylmethyl)silanes

Given the prowess of this class of compounds in organic synthesis, it is important to
know the detailed background of the synthetic methods available to obtain them. In a
seminal study in 1946, Whitmore and Sommer developed the first synthesis of (trime-
thylsilyl)methylboronic acid by reacting (trimethylsilyl)methylmagnesium chloride
with trimethylborate (Scheme 4.7, A).%%® The corresponding pinacol ester was synthe-
sized by Matteson and Majumdar in 1980 by a similar approach.5°#¢ After almost three
decades, in 2010 lhara and Suginome reported a ruthenium-catalyzed Si—H function-
alization strategy using a modified methylboronic acid, MeB(pza) affording five ex-
amples of (borylmethyl)silanes (Scheme 4.7, B).5% In a subsequent study by Ohmura
and Suginome, an iridium-catalyzed C—H borylation of methylchlorosilanes was
demonstrated towards the syntheses of (borylmethyl)silanes.®®" Due to poor stability
in moisture the resulting intermediate products were transformed to the corresponding
isopropoxysilanes by the treatment with isopropanol and triethylamine (Scheme 4.7,
C). In a recent study by Aggarwal and Shu, a metal-free photo-induced approach has
been described for the C—H borylation of methylsilanes. It has been demonstrated that
the reaction is initiated by violet light and N-alkoxyphthalimide based oxidant, using
chlorine atom for the key hydrogen atom transfer (HAT) event (Scheme 4.7, D).5%
Despite all these advances these methods posses several drawbacks, such as the use
of excess starting materials and high temperature which is not optimal in cases where
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sensitive functionalities are present. Therefore, development of more general and con-
venient methods for the syntheses of (borylmethyl)silanes is still highly sought after.

A. Sommer and co-workers (1946, B. Suginome and co-workers (2010)
Mo @\4
'Si___MgCl /)
Me” HN NN
1
Me
1. RuH,(CO)(PPh3)s MeB(pza)
1. B(OMe)s, Et,0 R'R2R3SiH (5.0 equiv.)
-78°C, 2-3h Norbornene 5 examples
Only one example 2.2 M HCI, rt. Toluene, 135 °C, 12 h high temperature
3. Esterfication 2. Esterification excess silanes

N

Me, Me
\S;‘
1
e SISO
B = Bpin
1. Bycat, (1.0 equiv.) 1. [I(OMe)COD], (2.5 mol%)
Excess methylsilanes ClB(cat) (20 mol%) MePhen (5 mol%), high temperature
poor efficiency CF3CH,0-NPhth (1 equiv.) Bapiny (1.0 equiv.) excess chlorosilanes
MeCN, 390 nm light, 24 h Cyclohexane, 80 °C, 12 h
2. Esterification 2. i-PrOH, EtzN \
1 R2 / 1 2
R\S:‘R R\SsR
i i
4
RS Me ¢’ “Me
10.0 equiv. 4.0 equiv.
D. Aggarwal and co-workers (2020) C. Suginome and co-workers (2012)

Scheme 4.7: (Borylmethyl)silanes: state-of-the-art and synthetic challenges.®®

4.1.5 Si—H Functionalization of Silanes Using Diazo Compounds

Synthesis of organosilicon compounds via insertion of carbenes into Si—-H bond was
discovered by Kramer and Wright in 1963.7° However, the limitations with the selec-
tivity of the carbene Si—H insertion initially limited their application. Over the years,
transition-metal-catalyzed Si—H functionalization reactions through carbene transfer
has evolved systems for the insertion of different types of diazo compounds, including
asymmetric methods.®77# In 1988, Doyle and co-workers first reported the insertion
of rhodium carbenoids into Si—H bond for the synthesis of a-silyl esters and a-silyl
ketones (Table 4.1, Entry 1).72 The first asymmetric Si—H insertion reaction was re-
ported by Landais in 1994 using rhodium tetracarboxylates as catalyst and a diazo
compound containing camphor-derived chiral auxiliaries, albeit poor stereoselectivity
was obtained.” In 1997, Davies used chiral rhodium(l1) (S)-N-(arylsulfonyl)prolinate
catalyst for the enantioselective synthesis of benzyl- and allylsilanes (Entry 6).7%
Since then many different metal catalysts including Fe, Cu, Ag, Ru have been em-
ployed for this kind of diazo transfer reactions (Entries 2-4,7).7>" Important break-
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throughs with o, a -aryl trifluoromethyl" and o, a -diaryl diazo compounds” in com-
bination chiral copper and rhodium catalysts have been achieved (Entries 8,9). More
recently, artificial enzymes have been developed for this purpose (Entry 5).72

Table 4.1: Insertion of conventional diazoacetate reagents into Si—H bond.

. 1 2 R! R?
R \n/ R + R\ ‘\\R Conditions - \S i~° R
Si - e
N 7N R® >/,
? R® H R H
Diazo compounds (3) Silanes (15) Si—H insertion

products (16)

- Diazo compound Silane Conditions Yield
ntr
g (R,R%) (RLR%R) (equiv.) 16 (%)
R=H RI=R?=R®= _
1 Silane (1.0-2.0), Rhy(OAC), (0.01)  85-94
R’ = CO,Et or COPh Ar, alkyl
R=H R!=R?=alkyl .
2 Silane (12.0), [AgL1] (0.2) 10-84
R’ =CO,Et R® = H/Ar
R=H R!'=R?=R%= Silane (1.1), Cu(OTf), (0.08),
5 (12),CuOTN: (008),
R’ = CO,Et alkyl L10 (0.1)
R=Ar RI=R?=R®= _
4 Silane (4.0), Fe(OTf), (0.05) 65-99
R’ =CO;Me alkyl
s R =alkyl R!=R%= Silane (2.0), R. marinus cyt ¢, M9- 47-
R’ = CO,Et alkyl, R® = Ar N buffer (pH 7.4), Na,S,0; (1.0) 60802
R = Ar, alkenyl R!=R%= .
6 Silane (1.1), Rhy(DOSP), (0.01) 50-77
R’ =CO;Me alkyl, R®=Ph
; R =alkyl R!=R%= Silane (2.0), [RuL9(MeCN),]PFs e
R’ =COR alkyl, R® = Ph (0.01)
8 R=Ar R!=R?=R®= Silane (2.1), [Cu(MeCN)4]PFs 61.99
R’ =CF; alkyl (0.05), L11 (0.05), NaBArF (0.05)
R =R? = alkyl .
9 R=R’=Ar Silane (1.2), Rhy(DOSP), (0.001) 37-93
R® = Ar, alkynyl

2yield is expressed in total turnover number (TTN)

Schiff-base (L10)

N o]

B H o Br Ph
S S [Oﬂ'

50,Ar

/ (P
o_N
z
Rh Ru(MeCN),
4

Ar = p-Cy5Hy5CH,

RooS [RuL9(MeCN) JPF,

spiro bis-oxazoline (L11)

Rhy(SPA) 4
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4.2 Aim of the Project

Despite the success achieved in recent years in the synthesis of (borylmethyl)silanes
the existing methods possess many drawbacks in terms of efficiency, limited scope
and harsh reaction conditions (see Section 4.1.4). Additionally, these synthetic routes
often require excess starting materials, longer reaction period, and 5-10 mol% of pre-
cious iridium catalysts. Moreover, in the case of direct C-H borylation of me-
thylsilanes, the competition between aliphatic and aromatic C—H bonds is another
challenge yet to be solved. Therefore, the development of alternative methodology for
the synthesis of (borylmethyl)silanes is of high importance. Ideally, the new methods
should address the use of readily available hydrosilanes in minimal excess, offer
milder and quicker coupling, and expand the scope to new organosilicon derivatives
containing alkyl, aryl, heteroaryl and alkoxy groups.

In the previous studies by our group (see Chapter 2), we have demonstrated the or-
thogonality of the N-hydroxyphtalimide (NHPI) esters in carbene transfer processes.*?
The development of N-hydroxyphthalimidyl diazoacetate (NHPI-DA; 1a) allowed
formal insertion of unstable methylidenes (:CHR) into indoles and olefins. Based on
these studies, we hypothesized that the functionalization of Si—H bond of silanes using
the redox-active carbene precursor, NHPI-DA could provide a versatile entry towards
a-silyl redox-active ester products, which could be the direct precursors of (borylme-
thyl)silanes through decarboxylative borylation (Scheme 4.8).

poTTTTTTTTT TSt H/\@ TTTTTTTTTTTTTTTmTmmmmm e
o insertion of unstable
(0] borylmethylidene :
H \n)LO, N Y
\P o 1 2
RO o Rl R?
Redox-active diazo compound 'Si. R.B-BR NS
(NHPI-DA; 1a) ( ) > R3/ NHPI 2 2 3/S|\/@
+ H R
R1\ ‘,\RZ Si-H carbene Modular a-silyl- decarboxylative 18
SiQ insertion redox-active ester (17) borylation
R H

Easily accessible silanes (15)

Scheme 4.8: Aim of the project.
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4.3 Results and Discussion

4.3.1 Optimization of the Reaction Conditions for Si—H Insertion using NHPI-DA

Although, the insertion of the redox-active NHPI-DA (1a) into silanes is unprece-
dented, the abundant literature in this field gave us ample possibilities of metal pre-
catalysts to start the optimization of the required insertion process (Table 4.2).7%74
Initially, the conditions developed by Doyle and co-workers?* using rhodium carbox-
ylate catalysts were applied for the insertion of the NHPI-DA (1a) into Si—H bond of
model triisopropylsilane (15a) (Entries 1-2). Unfortunately, with our unusual diazo
compound we obtained only 21% yield of 17a. Copper-based catalysts, initially intro-
duced for this purpose by Landais in 1995,7% also failed to provide enhanced reactiv-
ity (Entries 3-4). Several ligands, such as bipyridine (L4) and (S)-i-Pr-BOX (L7) were
also tested in combination with commercial Cu(l) and Cu(ll) sources, but only poor
reactivity towards 17a was obtained. Despite the success achieved in recent years with
these catalytic systems,”” in our case extensive decomposition of the NHPI-DA and
significant amount of the carbene dimerization product was observed under similar
conditions. Iron catalysts, which are known to be successful in silane insertions of a-
aryl diazoacetates,” were also scrutinized using phthalocyanine (L8) and tetra-
phenylporphyrin (L7) as ligands, but 17a was obtained only in trace amounts (Entries
7-8). Encouraged by the performance of [Ru(p-cymene)Cl;]. in catalyzing the inser-
tion of NHPI-DA (1a) at the C2-position of NH-indoles (see Section 2.4), we explored
this ruthenium carbenoid in this reaction, obtaining significantly better yield of 17a
(Entry 9). In line with our previous studies in cyclopropanation and indole insertion,
the metallacyclic-ruthenium complex [RuL9(MeCN).]PFs proved to be an excellent
catalyst in this context. Using 2.0 equiv. of the model substrate 15a and 5 mol% of
[RUL9(MeCN)4]PFs 97% yield of 17a was obtained. This catalyst was originally de-
veloped by Iwasa®” for the Si—H functionalization using diazopropionate reagents.™
To our surprise, we found out that only 1.1 equiv. of triisopropylsilane (15a) and
1 mol% of the catalyst was an ideal composition to obtain optimal yield of the desired
insertion product 17a in just 30 minutes.

61



Table 4.2. Optimization of the Si—H insertion reaction using NHPI-DA (1a).

. . O,
Prq ~JPr catalyst (mol%) Pry JPro
. . Si\)l\ N
/ \ DCM (0.1 M), time, r.t., Ar ipr” 0~

NHPI-DA (1a) 15a (2.0 equiv.) 17a 0
1.0 equiv.

Entry Catalyst (mol%) Time (h) Conv. (1a) %2 Yield (17a) %?
1 Rh2(OAC)a (1) 14 > 99 21
2 Rhz(piv)a (1) 14 >99 9
3 Cu(OTf)2 (10) 14 32 13
4 [Cu(OTf)]2-CsHs (10) 14 > 99 15
5 [Cu(MeCN)4]PFs (10) + L4 (10) 14 > 99 15
6  [Cu(MeCN)sPFs (10 ) + L12 (10) 14 > 99 18
7 FeL 8 (10) 14 5 n.d.
8 FeL7Cl (10) 14 10 5
9 [Ru(p-cymene)Clz]2 (2.5) 14 >99 39
10 [RUL9(MeCN)4]PFs (5) 14 >99 97

11° [RUL9(MeCN)4]PFs (1) 0.5 > 99 95

a Conversions and yields were determined by *H-NMR spectroscopy using 1,1,2,2-tetrachloroethane as
internal standard; ° 1.1 equiv. of 15a was used; L4 = 2,2-bipyridine; L7 = tetraphenylporphyrin; L8 =
phthalocyanine; L9 = 4,4-dimethyl-2-phenyloxazolin-2'-yl; L12 = (S)-i-Pr-BOX; n.d. not detected.

4.3.2 Scope of the Si—H Insertion Reaction using NHPI-DA

The performance of this catalytic system was elaborated in a wide range of diversely
substituted silanes (Table 4.3). Initially, different triakylsilanes were evaluated, which
includes isopropyl (17a), ethyl (17b), and benzyl substituents (17c), furnishing the
desired insertion products in excellent yields. Aliphatic substrates with different func-
tionalities, such as alkene (17d), chloro (17¢) and benzyloxy (17f) provided the Si—H
insertion products in high yields. To our surprise, silanes with pendant alkenes af-
forded exclusive formation of the Si—H insertion products (17d,g), despite the possi-
bility of competing cyclopropanations that were not observed. Similar reactivity and
selectivity were obtained with an arylsilane containing an alkynyl substituent (171).
Several other functionalized arylsilanes (17h-k), including triphenylsilane (17m) also
engaged efficiently in the reaction.
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Table 4.3: Scope of the Si—H insertion reaction of alkyl and arylsilanes using NHPI-
DA (1a).2

é Me ]PFs
[RuL9(MeCN),]PF¢ (1 mol%) e & o NG+
TIJL CHyCly, 0.5 h, r.t, Ar ﬁ)j\Nle : Ru(MeCN),
H :
NHPI-DA (1a) :
1.0 equiv. 5 (1.1 equiv.) 17 [RuL9(MeCN)4]PFg
trialkylsilanes
’Pr\Sf\Jpro Et\S;\Et o . iPr\S;“IPrO P\S JPro ’Pr\S;’Pro
1 1 n Il ) 1
i ~ NN
P’ \HKNHPI Et’ \)J\NHM \)I\NHM - \HkNHm NN \)\NHM
H H H H H
17a (92%) 17b (76%) 17c (94%) 17d (84%) 17e (87%)
vinylsilane arylsilanes
P r\ JPra Pry JPro Pry JPro Pry_JPro
° si Si Si
NP N4 \)I\NHPI W)I\NHPI ﬁ)j\NHPI \HI\NHPI
H . H
17F (79%) 17g (92%) 17h (96%) 170 (91%)

triphenylsilane
Pry JPro
Me\ ;Meo e Me o \Sf Q @
Si NHPI
©/ NHPI /©/ NHPI H \Hk
NHPI
H % cr

™S
17j (90%) 17k (93%) 171 (88%) 17m (85%)

2 Reaction conditions: 1a (0.3 mmol), 15 (1.1 equiv.), and 1 mol% [RuL9(MeCN)4]PFs, CH.Cl, (0.1 M),
0.5h,rt., Ar.

Additionally, a heteroaryl silane also participated in this reaction to provide very good
yield of the product (17n), despite the presence of the nucleophilic thiophene ring
(Table 4.4). Interestingly, diphenylsilane bearing two Si—H bonds engages in this in-
sertion process furnishing the mono-functionalization product (170) predominantly
along with the formation of 5% double-insertion product. Alkoxy silanes (17p-x)
which are more sensitive and rarely explored substrates in this context were also stud-
ied.”™ As a result, the redox-active ester products decorated with phenoxy (17p) and
benzyloxy (17q) substitutions were synthesized in high yields. Taking into account
the orthogonality of these insertions to olefins, a silane with a pending cyclohexenol
(17r) could also be reacted selectively at its Si—H bond. This type of products offers
the possibility for a cascade cyclization after the expected decarboxylation process,
leading to the synthesis of bicyclic 2-oxa-1-silacyclopentane derivatives.” Likewise,
the silanes derived from several naturally-occurring alcohols could also be function-
alized efficiently. These include menthol (17t), lactic acid (17u), indole (17v), gera-
niol (17w), and serine (17x). Importantly, organosilicon substituents are also tolerated
in the transformation, as evidenced in the functionalization of supersilane to afford
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17y in 88% yield. Toward the end of this study, diethylsilane and tetramethyldisilox-
ane were reacted under the given conditions in order to obtain the corresponding
mono- and double-insertion products. Although the use of 2 mol% of the ruthenium
catalyst and 2 equiv. of the diazo compound afforded the double-insertion products
(17z,aa) in excellent yields, the mono-insertion prodcuts could not be obtained selec-
tively in these cases. Overall, this ruthenium-catalyzed Si—H insertion method has
proven to be robust and highly useful pathway to install the redox-active ester handle
in many structurally diverse silanes, allowing for further diversification.

Table 4.4: Scope of the Si—H insertion reaction of diverse silanes using NHPI-DA
(1a).2

Me

o P Me IPFE
H 2 g .\Si~‘ [RuL9(MeCN)4]PFg (1 mol%) e & : N+
+ : .
\[HJ\O’ & H CH,Cly, 0.5 h, r.t., Ar WJI\NHM : Ru(MeCN),
N, o] H 5
NHPI-DA (1 ) ’
10 equif,_a) 15 (1.1 equiv.) 17 [RUL9(MeCN),]PFg
heteroarylsilane diphenylsilane alkoxysilanes
PrPro Q @ Pry JPro Pry ’F’ro Pry ’PrO
Si 0 Ph. S
Gf NHPI si o NHPI  PHT NHPI NHPI
\_s H H NHPI H
H
17n (97%) 170 (88%)° 17p (84%) 17q (86%) 17r (93%)

H H EtO.C NHPI
/’\ 2 H
17t (86%) 17u (81%)
9 9
175 (94%) from menthol from lactic acid 17v (83%)
supersilane diethylsilane
iPr\ \:lpr o) TMS TMS OEt\S;E' o
Si i . o '\Hj\
o~ \HJ\NHM Pry JPro \HkNle NHPI)I\( NHPI
H /Siﬁ)k HoH
| 9 NHPI 17y (88%) 172 (95%)
MeO,C H
disiloxane
NHBoc
| i Nsi Ssis i 17aa (90%)>°
17w (88%) 17x (95%) NHPI)J\/ iso” '\)J\NHPI aa (90%)
from geraniol from serine

2 Reaction conditions: 1a (0.3 mmol), 15 (1.1 equiv.), and 1 mol% [RuL9(MeCN),]PFs, CH.CI, (0.1 M),
0.5 h, r.t., Ar; ®mono:di-functionalization = 17:1; ® *H-NMR yield is reported using 1,1,2,2-tetrachloro-
ethane as internal standard; ¢ 2 mol% [RuL9(MeCN),]PFs and 15 (0.5 equiv.) were used.
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4.3.2 Optimization of the Decarboxylative Borylation Conditions of a-Silyl Redox-
Active Esters

With the satisfactory scope of the Si—H insertion reaction and given the importance
of (borylmethyl)silanes (see Section 4.1.3), we set out to find a suitable condition to
modify the redox-active ester products (17) into corresponding boronates. In the last
few years decarboxylative borylation of redox-active esters has been intensely studied
by many research groups.'*>¢322 Nevertheless, the borylation of a-silyl redox-active
esters is unprecedented as far as we are aware. Actually, only one example of decar-
boxylative functionalization of a-silyl redox-active esters is known.”” Among many
other borylation protocols developed in the past decade, we were particularly inter-
ested in the conditions developed by Baran®*3% and Aggarwal'® because of practical
reasons and their vast generality. To begin with, five different redox-active esters
17a,b,j,m,s with a variety of substituents at the silicon center were subjected to a set
of three different borylation conditions A-C. Conditions A were developed by Ag-
garwal and co-workers using a photo-induced method is based on bis(catecholato)di-
boron (Bacat,) as the boron source.®® Condions B were introduced by Baran and co-
workers, where a nickel-catalyzed protocol is used along with Bpin,-MeLi complex
without light.'*® Conditions C were developed later by Baran and Blackmond using
copper catalyst and Bypin, resulting in rapid and more convenient borylations.3% It
was observed that the reactivity of the redox-active esters 17a,b,j,0,s towards boryla-
tion depends largely on the substituents at silicon (Table 4.5). The photo-induced
method developed by Aggarwal and co-workers is suitable for substrates containing
smaller substituents, e.g. ethyl and methyl (Entry 2,3), and provided no reactivity to-
wards borylation with comparatively larger substituents, e.g. isopropyl (Entry 1). On
the other hand, a very different reactivity trend was observed for the nickel- and cop-
per-catalyzed protocols presented by Baran and co-workers (Conditions B,C), favour-
ing the substrates with bulkier substituents (Entry 1-3). Notably, the triphenylsilane
substrate 17m afforded the desired coupling product only in moderate yield with con-
ditions C (Entry 4). The alkoxysilane substrate 17s was also subjected to different
borylation conditions and it was observed that only the nickel- and copper-catalyzed
methods provided some of the borylmethylated product (Entry 5). With these results,
we concluded that the copper-catalyzed method (Condition C) was suited for the sub-
strates containing comparatively bulkier alkyl and aryl substitutents. In contrast, the
light-promoted method (Conditions A) is suitable for converting the dimethylsilyl
substrates to the corresponding (borylmethyl)silanes.
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Table 4.5: Optimization of the decarboxyative borylation conditions of the insertion
products 17.

Conditions B: . c
. o Conditions C:
RIR? G o) Conditions A: :‘i:f:fo (:g :Z:‘;:) Cu(acac); (0.3 equiv.)
N Bycaty (1.25 equiv.), DMAc py ( ) B,pin, (3.0 equiv.) R!' R?
/Si\)j\ _N Blue LEDs, 14 h ©or JMgBry-OEt; (1.5 equiv.) (m LiOH-H,0 (15.0 equiv.) —  \_ Y
R® 0 then pinacol (4.0 equiv.) B,pin; (3.0 equiv.) MgCl; (1.5 equiv.) 3/8' (o]
17 Et;N (30.0 equiv.), 1 h CHali (3.3 equiv.) Dioxane/ DMF = 4:1 R 18
TH, 0°C o rt, 2 . 10 min
Substituents Yield (18) %?
Entry Substrate
R? R? R® A B C
1 17a i-Pr i-Pr i-Pr @* 77 76
2 17b Et Et Et 59 65 7
3 17j Me Me Ph 75 17 27
4 17m Ph Ph Ph 21 38 53
5 17s i-Pr i-Pr OAlkyl 0° 28¢ 32

2 Yields were determined by *H-NMR spectroscopy using 1,1,2,2-tetrachloroethane as internal standard. °
32% conversion; © 20% conversion; ¢ isolated yield. Conversions of 17 are >99% unless otherwise specified.

Interestingly, it was also possible to telescope the borylation reaction from silane (15)
and NHPI-DA (1a) in one-pot. Conditions C were proven to be more effective in this
context delivering the (borylmethyl)silane in 63% yield, whereas conditions A and B
provided 53% and 9% yields, respectively (Scheme 4.8).

o,
o) . Bty :\\Et [RUL9(MeCN),IPF¢ (1 mol%) | Bty Eto o Conditions A-C B & o
H N AN A -N S)‘\/e
T o % £ { DCM(0.1M),05h Arrt. | Et o) -CO,, ~-PhthNH A
2
5b

t
H o] Et o
NHPI-DA (1a) 1 17b 18a
1.0 equiv. 1.1 equiv. [one-pot protocol]
vield (%)°
Condition A: 53%
Condition B: 9%
Condition C: 63%

Scheme 4.8: One-pot methylborylation of triethylsilane (15b) using NHPI-DA (1a). ? Yields were deter-
mined by *H-NMR spectroscopy using 1,1,2,2-tetrachloroethane as internal standard.

4.4 Scope of the one-pot Methylborylation of Silanes

With suitable conditions in hand for the decarboxylative borylation of the a-silyl re-
dox-active esters, we examined the scope of the one-pot insertion-borylation reaction
(Table 4.6). In general, trialkylsilanes exhibited high compatibility in this telescoped
insertion-borylation protocol, delivering the (borylmethyl)silanes 18a-c in good
yields. Aliphatics accommodating different functionalities were also tolerated in these
reaction conditions, including an alkene (18e), chloro (18f) and a benzylether (18g)
substituents. Simple vinylsilane could also be transformed into the corresponding
borylmethylated product (18h) in moderate yield. It is important to note that the ben-
zylsilane 18d was obtained in 65% yield, whereas only 35% yield could be obtained
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using the previous methods.5% Next, this system was applied on different arylsilanes,
which include a simple phenyl (18i), as well as fluorinated (18j), chlorinated (18I) and
alkynylated (18m) (borylmethyl)arylsilanes. Moreover, triphenylsilane (18n) and a
heteroaryl silane (180) were also tolerated furnishing the respective borylated prod-
ucts in moderate yields. To put these results in perspective, only the product 18k was
previously known and could only be obtained in considerably lower yield.®*

Table 4.6: Scope of the one-pot methylborylation of silanes using NHPI-DA (1a).2

Cu(acac); (0.3 equiv.)
Bypin, (3.0 equiv.)

LiOH-H,0 (15.0 equiv.)
[RUL9(MeCN)4]PF¢ (1 mol%) " MgCl, (1.5 equiv.) Qe
en > Si
\n)l\ CH,Cly, 0.5 h, rt., Ar Dioxane/ DMF = 4:1,rt, 10min @ 0
'one-pot protocol,
NHPI-DA (1a) 15 (1.1 equiv.) fonepotp ! 18
1.0 equiv. q
trialkylsilanes

Et O i

Pry Jpr 0’? \ JEt iPry JPr O Me Me O Pry Jpr ©
S 5

o S By vﬁi -9 S B

18a (57%) 18b (60%) 18c (66%) 18d (65%)° 18e (34%)
vinylsilane arylsilanes
i ) Pry ’Pr
Pry oPr O Pry Jpr O Pry Jpr Q s.
C\/\/\/S'\/a Ph o\/\/s'\/a \/\Sf ©/
18f (61%) 18g (40%) 18h (41%) 18i (63%)

i Jpr O
«Pr\SrJPr 0? Me, Me e} Me Me [e) /{jpr/\sfla?
ye 4 geg

4
T™S

18j (53%) 18k (63%)2 181 (60%) 18m (52%)
triphenylsilane heteroarylsilane

@oﬁ P 2 J§<

\

S

\/ao
18n (36%) 180 (54%)

2 Reaction conditions: 1a (0.3 mmol), 15 (1.1 equiv.), and [RuL9(MeCN).]PFs (1 mol%), CH,Cl, (0.1 M),
0.5 h, r.t., Ar, then Cu(acac), (0.3 equiv.), Bopin;, (3.0 equiv.), LiIOH-H,0 (15.0 equiv.), MgCl; (1.5 equiv.),
Dioxane/DMF = 4:1, 0.1 M, 10 min, r.t., Ar; ® For the borylation, B,cat, (1.25 equiv.), DMAc (0.1 M), blue
LEDs, 14 h then pinacol (4.0 equiv.) and Et;N (30.0 equiv.) were used.
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The synthetic capability of this system was further extended by the evaluation of sev-
eral alkoxysilanes (Table 4.7). This includes a phenoxy (18p), benzyloxy (18q) and
an aliphatic alcohol fragment 18r, providing the borylations in modest yields despite
their more labile character. It is worth mentioning that this borylation reaction could
also be applied on silanes derived from important natural products and pharmaco-
phores, including menthol (18s), indole (18t) and serine (18u). Remarkably, a
(borylmethyl)supersilane (18v) was also obtained without adjustment or optimization
of the standard conditions, despite its high steric bulk. This product illustrates the ca-
pacity of the method to rapidly deliver new interesting silaboranes for further explo-
ration of their properties. Moreover, the silanes derived from hydrosilylation of sty-
rene (18v) and phenylacetylene (18w) could also be engaged in this one-pot borylation
protocol hinting at future integration of this method with hydrosilylation reactions. To
this end, we explored the scope through the methylborylation of dihydrosilanes, such
as diethylsilane and tetramethyldisiloxane, which afforded the mono- (18y) and dou-
ble-borylated (18z) products respectively, albeit in low yields. The mono-borylated
product (18y) likely stems from the competitive hydrogen atom transfer (HAT) to the
first a-silyl radical generated, followed by the expected borylation of the second.
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Table 4.7: Scope of the one-pot methylborylation of silanes using NHPI-DA (1a).2

Cu(acac), (0.3 equiv.)
Bypin; (3.0 equiv.)

LiOH-H,0 (15.0 equiv.)
[RUL9(MeCN)4JPFy (1 mol%) " MgCl, (1.5 equiv.) Qe
en > Si
jHl\ CH,Cly, 0.5 h, r.t., Ar Dioxane/ DMF = 4:1, r.t., 10 min ” \,@
'one-pot protocol|
NHPI-DA (1a) 15 (1.1 equiv.) foneper ' 18
1.0 equiv. a
alkoxysilanes
iPry JPr o’g< Pry JPro
. . A \ oFr
Pry_Pr 04? Pr % ;p:é? O,Sivgo (5\0,5\/@0
Ph\O/S'\/é»o e o /l\/K H
S
9
18p (38%) 18q (51%) 18r (32%) 18s (28%)

from menthol

supersilane
Prg JPr O
BocN \ &
~'Pr 0 ™S TMSo
MeO;Cﬁ) Si @,

™s” o
NHBoc
18t (32%) 18u (47%) o
from 5-hydroxyindole from serine 18v (44%)
diphenylsilane diethylsilane disiloxane
V'§J§< s ‘Q °‘§< Q\ Q J§<
t E(
N
18w (30%) 18x (24%) 18y (23%) 18z (16%)

2 Reaction conditions: 1a (0.3 mmol), 15 (1.1 equiv.), and [RuL9(MeCN).]PFs (1 mol%), CH,Cl, (0.1 M),
0.5 h, r.t., Ar, then Cu(acac), (0.3 equiv.), Bpin, (3.0 equiv.), LiOH-H,0 (15.0 equiv.), MgCl, (1.5 equiv.),
Dioxane/DMF = 4:1, 0.1 M, 10 min, r.t., Ar;  For the borylation, B,cat;, (1.25 equiv.), DMAc (0.1 M), blue
LEDs, 14 h then pinacol (4.0 equiv.) and EtzN (30.0 equiv.) were used.
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4.5 Directed Mono- And Di-functionalization of Allylic Alcohols

4.5.1 Optimization of the Reaction Conditions for the Cascade Decarboxylation-
Cyclization

Inspired by the reactivity of the a-silyl redox-active esters towards decarboxylative
borylation we started to investigate other cross-coupling reactions associated with
these a-silyl radicals, whose chemistry have not been explored in depth (see Section
4.1.3). Unfortunately, we found out that these radicals do not undergo transition or
non-transition-metal mediated C—C bond forming reactions. However, complete con-
versions of these redox-active esters were observed with substantial amount of the
HAT product formation of the putative radicals. Interestingly, we found out that the
redox-active esters derived from allylic alcohols undergo 5-exo-trig cyclizations gen-
erating oxasilacylopentylmethyl radical which is quenched by a subsequent HAT pro-
cess. This reactivity is achieved just by irradiating a mixture of the a-silyl redox-active
ester and a photoreductant in the presence of blue light. Based on the performance of
different photoreductants (12) on the photo-Giese reactions (see Chapter 3) we started
to experiment with the most relevant ones (12a,e,f,h) for the desired decarboxylation
(Table 4.8). To our surprise, the dihydronicotinamides (12a,f) provided only 11-12%
of the desired cyclized product 19a (Entries 1-2), despite the full conversion of the
model substrate 17ab. These results directly contradicts to the robust performance of
the photocoupling reactions with the regular NHPI esters with Michael acceptors, un-
derlining a very different reactivity of the a-silyl redox-active esters. The Hantzsch
ester (12e) and a benzothiazole derivative 12h, on the other hand, displayed good re-
activity towards the desired product 19a, with the formation of 5-8% the HAT product
(20a) using DMA as solvent (Entries 3,4). DMSO proved to be better performing than
DMA, rising the yield of 19a up to 81%, with slight increase in the amount of the
HAT product (Entry 5). This types of cascade decarboxylation-cylization reactions
are known to perform well at lower concentrations (see publication I1). However, low-
ering the reaction concentration failed to reduce the formation of the HAT product
(Entries 6-8). Further screening of the solvents only provided lower yield of the de-
sired product 19a (Entries 9-11). An optimal yield of 82% of the desired product 19a
was obtained using 2.0 equiv. of the Hantzsch ester in DMSO as solvent (Entries 12-
14). Similar yield of 19a was obtained when irradiated with white LEDs (Entry 15).
It is important to highlight that substantial degradation (ca. 35%) of the model sub-
strate 17ab was observed when irradiated in the absence of the photoreductant. There-
fore, the yields of 19a and 20a, stochiometry of the photoreductants and the concen-
trations of the reaction media in Table 4.8 are expressed based on 65% (32.5 pumol)
of 17ab.
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Table 4.8: Optimization of the reaction conditions.?

Me\/\/\O/Si\)LO,N

iPr\ JPro °

Photoreductant (equiv.)

o
17ab

32.5 umol

Pr P
\ WPr Pry JPr

- St e i
Solvent (M), blue LEDs /\/-C/O \/\/\o/ “Me

20°C, 16 h, Ar Me'

-CO,, -PhthNH

H 19a 20a

Entry  Photoreductant (equiv.) Solvent (M)  Yield (19a) %° Yield (20a) %°
1 12a (3.0) DMA (0.06) 11 <1
2 12f (3.0) DMA (0.06) 12 <1
3 12e (3.0) DMA (0.06) 63 5
4 12h (3.0) DMA (0.06) 71 8
5 12h (3.0) DMSO (0.06) 81 12
6 12e (3.0) DMSO (0.06) 77 14
7 12e (3.0) DMSO (0.03) 78 12
8 12¢ (3.0) DMSO (0.006) 77 9
9 12e (3.0) THF (0.03) 52 5
10 12e (3.0) DCM (0.03) 18 <1
11 12¢ (3.0) MeCN (0.03) 49 6
12 12e (2.3) DMSO (0.03) 78 12
13 12e (2.0) DMSO (0.03) 82 12
14 12e (1.5) DMSO (0.03) 74 11

15¢ 12¢ (2.0) DMSO (0.03) 77 6

2 Originally all these experiments were performed in 0.05 mmol. Due to the instability under the blue light
irradiation ca. 35% of the model substrate 17ab decomposed; ° yields were determined by *H-NMR spec-
troscopy using 1,1,2,2-tetrachloroethane as internal standard; © this experiment was performed using white

LEDs.

H “\H o H H
R? EtO,C._D{__CO,Et S Ph
| ] B Yo
N
N Me” N7 “Me H
R H

12a R'=Bn, R?=NH,
12f R' = Bu, R? = NH,

12e

12h
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Interestingly, this cascade decarboxylation-cyclization reaction can also be telescoped
from silane 15ab in one-pot. After simple evaporation of DCM the crude a-silyl re-
dox-active ester was irradiated using blue LEDs in the presence of Hantzsch ester and
the desired cyclized product 19a was obtained in 42% yield with 6% HAT of the a-
silyl radical before cyclization (Scheme 4.9).

iPr
\ JPr
\n)J\ Si”
\
/\/:(/O

Pr Jrrg O Me H
NHPI-DA (1a; 1.0 equiv.) [RuL9(MeCN),]PFg (1 mol%) \ \)OL H.E. (1.5 equiv.) 192 (42%)°
* CH,Cly, 0.5 h, rt., Ar (\/\ blue LEDs, DMSO (0.1 M) Yo
Py Jdpr Me o] 20°C, 16 h S;F"
$ A i
(\/\O/S'\H ~CO,, ~PhthNH Y0 e
M Redox-active a-silyl ester (17ab) Me
o i (
15ab (1.1 equiv.) (precursor of a-silyl radical) 20a (6%)?

Scheme 4.9: One-pot synthesis of oxasilacyclopentane 19a from silane 15ab using NHPI-DA (1a). ® Yields
were determined by *H-NMR spectroscopy using 1,1,2,2-tetrachloroethane as internal standard

4.5.2 Scope of the Cascade Decarboxylation-Cyclization

The scope of this one-pot insertion-cyclization reaction was evaluated with different
allylic alcohols (Table 4.9). Using this approach secondary (19a) and tertiary (19b)
carbon-centered radicals were generated after the desired 5-exo-trig cyclization which
after the subsequent hydrogen atom transfer processes provided the corresponding
oxasilacyclopentanes in moderate to good yields. A cyclohexane-fused oxasilacyclo-
pentane (19c) was synthesized using the silane derived from 2-cyclohexenol in good
yield. The silane derived from geraniol could also be engaged in this one-pot protocol
allowing for the access to the corresponding cyclized product (19d), albeit poor dia-
stereoselectivity. The synthetic usefulness of this system was extended to homoally-
clic alcohol. A seven-membered oxasilacycloheptane (19e) can also be synthesized
using this methodology with moderate efficiency. However, using this system we
have not observed any cyclization of the a-silyl radical towards the generation of pri-
mary carbon-centered radicals.

Table 4.9: Scope of the mono-functionalization of allylic and homoallylic alcohols.?
o O
H\I])LO’N
NHPI-DA (1a; 1.0 equiv.) [RULO(MeCN),PFs (1 mol%) | ’::\‘. Pry IP,O H.E. (1.5 equiv.) T O\S‘:"P'
~+ CHoClp, 0.5 h, rt, Ar ' blue LEDs, DMSO (0.1 M) Eh Vi,
| T
0" H ~CO,, ~PhthNH 19

Redox-active a-silyl esters (17)
(precursors of a-silyl radicals)

15 (1.1 equiv.)
mono-functionalization
H
Me O JPr O\S‘s’F‘r io Jpr Me ’F‘r 0, JPr
Si Me N Si Si,

" iy H Pr >~ Ny Me™ iPr

H Me H H

19a (41%) 19b (56%) 19¢ (66%) 19d (53%; d.r. 1:1) 19e (30%)

2Reaction conditions: 1a (0.2 mmol), 15 (1.1 equiv.), and [RuL9(MeCN)4]PFs (1 mol%), CH,Cl, (0.1 M),
0.5 h, r.t., Ar, then H.E. (12e; 1.5 equiv.), DMSO (0.1 M), blue LEDs, 16 h, 20 °C.
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Giese reactions have enormous applications for the construction of C—C bonds. Based
on our experience on the photo-decarboxylative Giese reactions of regular redox-ac-
tive (NHPI) esters with Michael acceptors (see Chapter 3), we were interested in the
reactivity of a-silyl NHPI esters derived from allylic alcohols. As expected, the car-
bon-centered radicals generated after the cascade decarboxlylation-cyclization engage
in the C—C bond forming reactions with electron-poor olefins (Table 4.10). The redox-
active ester tethered with 2-cyclohexenol moiety was well suited to undergo coupling
with Michael acceptors containing different electron-withdrawing substituents. This
includes, an ester (20a), cyano (20b), sulfone (20c) and amide (20d) functionalities,
all providing moderate to good yields of the desired cyclized products in one-pot.
Silanes derived from acyclic allylic alcohols (20e, 20f) also participated under this
protocol furnishing the products in good efficacy. Additionally, a homoallylic alcohol
was also tolerated under this system delivering a seven-membered oxasilacyclohep-
tane derivative (20g) in moderate yield via 7-endo-trig cyclization of the putative o-
silyl radical.

Table 4.10: Scope of the di-functionalization of allylic and homoallylic alcohols.?

H
j])LO’N

N, o}

H.E. (1.5 equiv.) O Pr
NHPI-DA (1a; 1.0 equiv.) [RuL9(MeCN), 4]F'F5 (1 mol%) ,;:\‘ 'p rpro Michael accep(ors (1.5 equlv) \S\:\
! \
* CH,Cly, 0.5, rt., Ar blue LEDs, DMSO (0.1 M) 2N Vipr
2 J 20°C, 16 h H
L

oSy ~CO,, —PhthNH 20
Redox-active a-silyl esters (17)
(precursors of a-silyl radicals)

15 (1.1 equiv.)

di-functionalization

Me 0 SPr

BnO

CO,Bn SO,Ph CONMe,

20a (55%)° 20b (54%)° 20c (47%)° 20d (40%)° 20e (40% (d.r. 4:1)

20f (60%) 209 (27%)

2Reaction conditions: 1a (0.2 mmol), 15 (1.1 equiv.), and [RuL9(MeCN)4]PF; (1 mol%), CH,Cl, (0.1 M),
0.5 h, r.t., Ar, then H.E. (12e; 1.5 equiv.), Michael acceptor (1.5 equiv.), DMSO (0.1 M), blue LEDs, 16 h,
20 °C; " single diastereomer.
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4.6 Conclusion

In summary, we have developed a one-pot protocol for methylborylation of hy-
drosilanes using the redox-active diazo compound (NHPI-DA). The key to this devel-
opment has been the identification of a singularly effective ruthenium catalyst, and a
study of different decarboxylative borylation methods in a-silyl redox-active esters.
This system allows formal insertion of unstable borymethylidenes into Si—H bond of
silanes which is unprecedented as far as we know. Moreover, this established meth-
odology has been applied to many structurally diverse silanes, including alkoxysilanes
which have rarely been explored previously. Furthermore, this synthetic route uses
minimal excess of the hydrosilane materials and offer a milder approach towards the
synthesis of (borylmethyl)silanes compared to previous methods.5* Overall, consider-
ing the current synthetic utility of these organosilaborane products,® it is expected
that this newly developed insertion-borylation protocol will expedite further advances
in their chemistry. In addition, the chemistry a-silyl radicals have been extrapolated
through the mono- and di-functionalization of allylic and homoallylic alcohols merg-
ing carbene-catalysis and decarboxylative coupling. The use of Hantzsch ester as the
only potential reagent in the blue light promoted decarboxylation step enables cycliza-
tion of the a-silyl radicals leading to the access to several five- and seven-membered
oxasilacycloalkane derivatives with moderate to good efficiencies.
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5. Concluding Remarks

The thesis presented herein describes general C—H and Si—H functionalization meth-
ods using a versatile redox-active diazo compound (NHPI-DA) and thereafter decar-
boxylative coupling of the insertion products. Chapter 2 of this thesis presents the
insertion of NHPI-DA into C—H bond of indoles using ruthenium-metallacycle, deliv-
ering redox-active indole products with various types of substituents at the nitrogen
atom and in the aromatic rings. Exploiting the rich chemistry of these redox-active
esters we have successfully synthesized libraries of C3-alkyl indoles with different
functional groups connected by a common methylene unit. Worth mentioning, these
products could only be obtained from the insertions of unstable methylidenes, such as
borylmethylidenes, benzylidenes, aklylidenes, and alkenylidenes. However, the de-
velopment of NHPI-DA has allowed the access to these products from a single pre-
cursor without the need of custom manipulation of the reagents. Chapter 3 of this
thesis presents Giese-type reactions of redox-active esters with Michael acceptors us-
ing biocompatible photoreductants in the presence of blue light. These coupling reac-
tions do not need additional photocatalyst for the activation, which is typical in the
photoredox chemistry. The scope of this reaction has been evaluated using different
types of 12, 22" and 3" redox-active esters. Moreover, this reaction can be performed
in the presence of free carboxylic acid moieties in both intramolecular and intermo-
lecular fashions. The synthetic usefulness of this methodology has been illustrated via
the performance of these reactions at diluted and aqueous media. Interestingly, the
native biological reductant NADH has also shown high efficacy in these coupling
reactions despite its complex structural and photophysical properties. Detailed kinetic
studies have been carried out in order to have knowledge about the background of
these reactions. The involvement of radical chain mechanism of this photo-coupling
reaction has been established through the quantum yield calculation. Further, UV-Vis
studies and Stern-Volmer quenching experiments have been performed to have a
broad picture about the quenching mechanism involved. Chapter 4 of this thesis high-
lights the recent development of a one-pot methylborylation strategy of silanes using
the redox-active diazo compound (NHPI-DA) via the generation of a-silyl radicals.
Once again, Ru-Pheox has proven to be highly effective in the requisite redox-active
carbene transfer processes. Using the profound chemistry available for decarboxyla-
tive borylation of redox-active esters libraries of (borylmethyl)silanes starting from
diversely substituted silanes have been synthesized. The chemistry of these a-silyl
radicals has been further extrapolated through a cascade decarboxylation-cyclization
of the redox-active a-silyl esters leading to the synthesis of oxasilacyclopentanes, also
in one-pot. Moreover, oxasilacyclopentylmethyl radicals after the desired cyclization
have been coupled with electron-poor olefins in good stereoselectivity, demonstrating
the synthetic usefulness of the NHPI-DA in this context.
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Appendix C — Experimental Data for Chapter 2-4

Full experimental data and supporting information for Chapter 2 can be found at:
https://doi.org/10.1039/D1CC01026C

Raw NMR, HRMS data for Chapter 2 can be downloaded from Zenodo:

DOI: 10.5281/zen0do.4652793.

Full experimental data and supporting information for Chapter 3 can be found at:
https://doi.org/10.1021/jacs.0c09678

Raw NMR, HRMS data for Chapter 3 can be downloaded from Zenodo:

DOI: 10.5281/zenodo.4106400.

The supporting information for Chapter 4 can be downloaded from Zenodo:
https://doi.org/10.5281/zen0d0.5888342.
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