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Résumé

1) Introduction

L'émergence de la catalyse par les métaux de transition a eu un impact transformatif sur les
sciences moléculaires au-dela de la synthese organique. Elle permet de nouvelles
transformations chimiques qui ont des applications dans les domaines de la science des
matériaux, de la santé, de I'agriculture et des sciences de I'environnement.! Un nouveau
niveau de complexité peut étre obtenu en utilisant la multicatalyse, c'est-a-dire en combinant
deux ou plus catalyseurs dans des réactions en un seul pot pour obtenir des transformations
encore plus puissantes.??® L'étude du mécanisme de ces transformations catalytiques au
niveau moléculaire est de la plus haute importance pour concevoir et développer avec succes
de nouveaux systemes catalytiques ou simplement améliorer des protocoles déja établis.
Cette approche mécanistique permet non seulement de contourner le processus
d'optimisation classique et fastidieux par essais et erreurs, mais aussi, et c'est plus important,
de mieux comprendre les mécanismes impliqués afin d'exploiter tout le potentiel de ces
systemes catalytiques.

L'objectif de cette these est la conception et le développement de réactions de borylation de
transfert pour la fonctionnalisation efficace et largement applicable de la matiere premiere
alcene a travers une conception rationnelle par des considérations mécanistiques. Bien que
plusieurs méthodes aient été établies pour la borylation C—H des alcénes, il n'existe pas de
méthode générale applicable a la fois aux alcénes terminaux et internes et présentant une
excellente tolérance aux groupes fonctionnels. La borylation C—-H par transfert offre Ila
possibilité de débloquer une série de transformations intéressantes pour la synthése et la
dérivatisation tardive de molécules complexes. Cependant, son faible nombre d'antécédents
et sa compréhension mécanistique limitée ont entravé le développement de protocoles
pratiques. Par conséquent, I'étude du mécanisme des réactions de borylation C—H est d'une
grande importance pour cette these.

Cette these de doctorat se compose de cing chapitres, qui sont brievement résumés ci-
dessous. Tout d'abord, une revue des tendances récentes dans le domaine des réactions de
borylation C—H catalysées par le groupe 9 est fournie (Chapitre 1) comme introduction a la
discussion des méthodologies catalytiques associées dans les chapitres suivants de cette
thése.* Ensuite, une étude d'une telle réaction - a savoir la borylation C-H de transfert
d'alcenes sous catalyse Rh(l) - est décrite. La méthode développée permet la borylation C-H
sélective d'alcenes terminaux et internes avec une grande sélectivité et une tolérance aux
groupes fonctionnels (Chapitre 2).> Une investigation mécanistique approfondie impliquant
une série d'expériences catalytiques et stoechiométriques a permis de comprendre le cycle
catalytique complet employant une B-élimination de boryle, une étape élémentaire, qui est
sans précédent pour la catalyse au Rh, et d'élucider les caractéristiques controlant I'activité et
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la sélectivité. Par la suite, une autre méthodologie de borylation de transfert a été développée
en modifiant le systéme catalytique et en changeant le catalyseur au Rh(l) pour un catalyseur
a l'lr(l) (chapitre 3). Le protocole résultant offre une tolérance aux groupes fonctionnels,
complémentaire a celle du protocole Rh(l), tolérant les fonctions acidiques présentes dans de
nombreux motifs d’intérét pharmaceutique. Ce systeme a permis d’étendre cette méthode a
la fonctionnalisation de molécules bioactives beaucoup plus complexes. Le chapitre suivant
décrit la déshomologation d'alcools et d'aldéhydes (allyliques) par multicatalyse séquentielle.
La séquence réactionnelle consiste en une (oxydation/)rétro-hydroformylation catalysée par
le Rh, suivie d'une étape de borylation par transfert catalysée par I'lr, développé
précédemment, pour accéder a des vinyles boronates qui peuvent étre ensuite
fonctionnalisés en utilisant des méthodes classiques de la littérature. Dans I'ensemble, le
processus séquentiel en un seul pot permet une valorisation rapide, pratique et économe en
ressources d’aldéhydes et d’alcools(allyliques) de départ (chapitre 4). Le dernier chapitre de
la thése fournit une perspective sur les défis et les opportunités de cette transformation
multicatalytique et leurs futures applications potentielles dans les sciences chimiques
(Chapitre 5).°

2) Résultats et discussions

2.1 Tendances récentes des réactions de borylation C—H catalysées par les métaux du groupe
9 : Différentes stratégies pour contrdler la sélectivité du sité réactionnel ainsi que la régio
et la stéréosélectivité (chapitre 1)

Les composés organoborés continuent de contribuer de maniére substantielle aux progres de
la chimie organique grace a leur rdle croissant a la fois comme intermédiaires de synthese et
comme composés cibles pour la chimie médicinale.” Des méthodes particulierement
attrayantes pour leur synthese sont basées sur la borylation directe des liaisons C—H des
produits de départ disponibles car aucune étape de pré-fonctionnalisation n'est nécessaire.
Cependant, en raison de la grande abondance de liaisons C—H ayant une réactivité similaire
dans les molécules organiques, les protocoles de borylation C—H utiles sur le plan synthétique
exigent des stratégies sophistiquées pour obtenir une régio- et stéréosélectivité élevée. A
cette fin, des catalyseurs sélectifs a base de métaux de transition ont été développés, les
catalyseurs basés sur le groupe 9 étant parmi les plus couramment utilisés. Récemment, une
multitude de stratégies diverses ont été développées pour repousser les limites des réactions
de borylation C=H en ce qui concerne leur régio- et énantiosélectivité. Ce chapitre donne une
vue d'ensemble des approches de la borylation C—H des arenes, des alcénes et des alcanes
basées sur des catalyseurs centrés sur le groupe 9, en mettant I'accent sur la littérature
récente. Enfin, une perspective est donnée pour évaluer le potentiel futur de ce domaine.*

2.2 Borylation C-H de transfert d'alcénes sous catalyse au Rh(l) : Apercu de la capacité de
synthése, du mécanisme et du contréle de la sélectivité (Chapitre 2)
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La synthese sélective d’esters vinylboroniques est particulierement intéressante a étudier en
raison de leur grande valeur synthétique et de la présence de motifs alcénes dans divers
composés synthétiques et naturels de grande complexité structurelle. Avec I'objectif
primordial de formuler une approche qui a le potentiel de répondre aux limitations actuelles
de syntheése, nous avons postulé que la borylation par transfert C—=H pourrait enrichir la portée
des stratégies de borylation des alcenes.

A) Réaction au modeéle ------------------- oo .
[Rh(cod)OMe], (2 mol%),

Ph\/\H + oA xantphos (4 mol%) Ph o~ A _ -
1,4-dioxane, 90 °C, 16 h

92% rendement,

(1.5 équiv.) > 95% stéréo- et régiosélectivité
B) Mécanisme de réaction-----------------------------o---ooooooooo- C) Caractéristiques principales --------
) . - Compatibilité avec de nombreux groupes
4. élimination 3. insertion fonctionnels
ZH  du p-boryl dalcéenes 2>

- Transfert de différents esters de boronate
(Bpin, Bmac, Bpnd)

[Rh

: - Applicabilité a une variété d'alcenes
' Principe clé de la conception : terminaux et internes

: intermédiaires présentant une grande affinité

[Rh0] pour les alcénes et assurant une grande

compatibilité des groupes fonctionnels

R

Gz - Gz
' H 1. insertion 2. élimination

I R

(-
[RATIH Mécanisme avec une étape inédite de 3-

élimination de boryle catalysée par le Rh

- Apercu détaillé des caractéristiques de
contrdle de la sélectivité

Py

- Le ligand Xantphos est la clé de I'activité
du catalyseur.

......................................

d'alcénes [Rh I )] du B-hydrure R

____________________________________________________________________

D) Evaluation des substrats--------=-=== === === ===
» exemples choisis parmi 48 produits de structure variée

~ 0 Ph
) @ /\/ A e Ny
P Ph
81% rendement  39% rendement
97% rendement
FG: rendement: (90/10 E/Z) (83117 ZIE) 92% rendement

: iy :
' 2-Me 90% NMe \
. 4CHO  80% (/\,©/\/ (\/ : :

4-N(Boc)Me 80% 0 X
4-CN 74% 98% rendement
4-Cl 87% dérivé de

4-OAc 92% chlorpromazine

4-CF3 82% N 80% yield
4-OMe  66% = \/©/\’
4-COMe 58% «\/ N bioisostere d’ozagrel

(ester de Bpin: 85% rendement)

__________________________________________________________________________________________________________

dérivé de
bromphéniramine
76% rendement

Figure I.1. Borylation C—H par transfert d'alcénes sous catalyse au Rh(l).

Sur la base de considérations mécanistiques, nous avons pensé que les complexes phosphine-
Rh(l) seraient des catalyseurs de choix pour un transfert chimiosélectif de groupements
borylés. Aprés évaluation d'une gamme de conditions de réaction, nous avons constaté que
la réaction modeéle du styrene avec le vinyl bore pinacol (BPin) en présence de [Rh(cod)OMe],
et de xantphos formait le produit cible avec un rendement de 92% (Figure 1.1a), confirmant le
succes de la conception de la réaction. Le protocole est compatible avec une large gamme de
groupes fonctionnels, y compris des motifs souvent problématiques comme les aldéhydes et
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les alcynes, et permet également le transfert d'esters boronates autres qu’un BPin. Elle est en
outre applicable aux alcénes et substrats terminaux et internes portant des substituants aux
propriétés électroniques et stériques variées, dépassant donc le cadre des protocoles de
synthése jusqu’alors établis. La méthode s'est également avérée efficace dans de le contexte
complexe de borylation de composés bioactifs (Figure 1.1d). Dans I'ensemble, I’évaluation de
48 exemples démontre une large applicabilité du protocole. Une limitation notable de la
méthode est le manque de tolérance des liaisons acidiques.

La clé du développement de la méthodologie a été la compréhension approfondie du
mécanisme, a la fois expérimental et computationnel (les études computationnelles ont été
réalisées en collaboration avec un collégue de notre groupe). Nous avons pu montrer que la
réaction se déroule selon un cycle catalytique impliquant une série d'étapes d'insertion et
d'élimination d'alcénes, a partir d'un complexe Rh(l)-boryle ou Rh(l)-hydrure (Figure 1.1b). Le
point central du cycle est I'étape de B-élimination de boryle, sans précédent mais cruciale.
Dans un contexte plus large, ce travail ouvre la voie au développement d'autres réactions
d'échange hydrogéne contre groupes fonctionnels empruntant des voies similaires.>

2.3 Borylation C—H de transfert d'alcénes sous catalyse a I'lridium (chapitre 3)

La borylation par transfert catalysée par le Rh décrite ci-dessus a permis la fonctionnalisation
hautement sélective d'alcenes avec une tolérance fonctionnelle au-dela des méthodes
précédemment établies. Cependant, en raison de la réactivité inhérente de l'espece
catalytique Rh, la méthode reste incompatible avec les produits de départ comportant des
groupes fonctionnels portant des protons méme modérément acides, tels que les
carboxyamides primaires et secondaires, les sulfonamides, les urées, les carbamates, les
acides carboxyliques, les phénols, les alcools, les NH-indoles ou les NH-amines, et des motifs
similaires. Il est important de noter que ces groupes fonctionnels sont généralement
impliqués dans la formation d'interactions spécifiques entre les molécules médicamenteuses
et leurs cibles biologiques (par le biais de la liaison hydrogéne ou d'interactions
électrostatiques), et qu'ils sont présents dans une large majorité des produits
pharmaceutiques. En fait, 191 des 200 principaux médicaments a petites molécules
contiennent au moins un de ces groupes fonctionnels.?



A) Réaction aumodeéle -------------------o e

[Ir(cod)Cl], (2 mol%),
tBu-xantphos (4 mol%)
ou Johnphos (8 mol%)

L PhANy v A PhP~eoin + Au —Bpin =— 5

THF, 90 °C, 5 h
(1.5 équiv.) >99% rendement
B) MéCaniSme de F6aCHON -------------------=--=--=c=mmommommes C) Caractéristiques principales -------.
4. élimination 3. insertion 1 - Compatibilité avec de nombreux
Z W du B-boryl d'alcéne 2> ' groupes fonctionnels qui étaient
H\ H ' auparavant incompatibles avec le

1 protocole catalysé par le Rh, par
1 exemple, les liaisons X—H acides

(I

A

- Transfert sans précédent d'amides de

Principe clé de la conception :
neip P boronates (Bdan, Baam)

[Ir}- L'utilisation d'un catalyseur a base d'Ir plutot [Ir]-H
que de Rh permet une plus grande tolérance

aux groupes fonctionnels.
R R

H 1. insertion R 2. élimination

- Mécanisme avec une étape de -
. élimination de boryle catalysée par Ir
1 sans précédent.

)\

- Réaction rendue possible par I'utilisa-
: tion de la source Ir et des ligands tBu-

R d'alcenes [ir] du B-hydrure R 1 phosphine
___________________________________________________________________ 4 l_____________________________________,
D) Evaluation des substrats--------------------------ooooooooo - P, :
exemples choisis parmi 33 produits de structure variée NN Ph\% H :
‘ HN '
. 7N X »\ N /\/ HN '
' FGo— lo) ,
! Z - 46% rendement
99% rendement | 93% rendement 84% rendement !
'FG rendement: 0 RS :
'2-NHAC  88% T % 0 I i
'4-Br 87% .
14-SO,NH,  84% % |
' 4_30251 2 86% 65% rendement N 88% rendement X i
| 4-SO,NHBn71% I o j\ o, ;
14-PO(OEt), 96% A~ s :
14-COOH ~ 73% Ph7 07 ~0 NN, !
14-CH,0H  79% © H H l
'4-OTBS  89% 94% rendement  dérivé d'indomethacin dérivé de chlorpropamide !
' 57% rendement 72% rendement i

Figure 1.2. Borylation C—H par transfert d'alcénes sous catalyse a I'lridium.

En remplagant le catalyseur au Rh par un catalyseur a I'lr, inspiré par de nombreux rapports
d'autres réactions de borylation C—H catalysées par Ir,* cette limitation a été surmontée. En
outre, d'autres groupes fonctionnels auparavant incompatibles, tels que les halogénures
d'alkyle ou d'aryle, les éthers silyliques et les groupes nitro, ont été bien tolérés. La méthode
est également applicable pour la borylation C—H des éthers vinyliques. Une série d'expériences
mécanistiques a révélé que la réaction est susceptible de se dérouler par une voie
mécanistique similaire a celle en présence de complexes Rh(l), avec des intermédiaires Ir-
hydride et Ir-boryle et inclut une étape de B-élimination de boryle sans précédent pour les
complexes Ir (Figure 1.2b). Nous supposons que le mécanisme réactionnel passant par les
intermédiaires Ir(l) plutot que par les intermédiaires Ir(lll), le plus souvent rencontrés, est la
clé de la chimiosélectivité, car ces derniers préferent généralement les réactions de borylation
des liaisons C—H aromatiques plutét que vinyliques.® Cependant, des études supplémentaires
sont nécessaires pour révéler le mécanisme détaillé de la réaction.
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2.4 Borylation déhomologative d'aldéhydes et d'alcools et leur postfonctionnalisation
rendue possible par la multicatalyse (chapitre 4)

Apres la liaison C-H, la liaison C—C est la plus répandue et la plus fondamentale dans la
synthese organique. Son clivage peut étre rencontré dans de nombreux processus dans la
nature, intégré dans des cascades tres complexes pour la fragmentation de motifs structurels
biologiquement pertinents.’® Nous nous sommes intéressés aux méthodes de
déshomologation, c'est-a-dire aux réactions de clivage C—C dans lesquelles une unité de
carbone est retirée du produit de départ, qui operent directement sur des groupes
fonctionnels communs, tels que les aldéhydes et les alcools, dans des conditions douces
garantissant leur applicabilité potentielle a la chimie fine. Nous avons considéré la réactivité
unique des complexes de Rh et d’Ir qui permettent I'oxydation des alcools, la rétro-
hydroformylation des aldéhydes et la borylation par transfert C-H des alcénes.>%1? |a
combinaison de ces réactivités permettrait la déshomologation directe des alcools et des
aldéhydes en une seule étape de synthese. De plus, avec la large gamme de réactivité de
I'intermédiaire boronate, l'approche peut étre directement étendue a une série de
fonctionnalisations déshomologatives d'alcools et d'aldéhydes.

Mes travaux ont montré que ces trois activités catalytiques peuvent étre combinés et qu’un
aldéhyde ou un alcool déshomologué sont libérés in situ a partir de I'intermédiaire boronate,
validant ainsi le concept de la réaction. Aprés avoir envisagé différentes approches pour
réaliser un tel processus, la catalyse séquentielle s'est avérée capable de le faire (Figure 1.3a).
L'évaluation du champ d'application montre que la méthode a le potentiel d'étre largement
applicable (Figure 1.3b). En outre, l'introduction réussie de deux réactions de post-
fonctionnalisation différentes - a savoir le couplage croisé de Suzuki-Miyaura (Figure 1.3d) et
I'oxydation - montre le potentiel supplémentaire de la méthode. Cependant, des travaux
supplémentaires sont nécessaires pour révéler tout le potentiel de la méthode. Plus
précisément, une évaluation plus poussée de I'étendue du substrat et I'application d'un plus
grand nombre de réactions de post-fonctionnalisation pourraient élargir I'applicabilité de la
méthode a I'avenir. Enfin, une application de la méthode a I'édition du squelette peut étre
envisagée.
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A) Conception de laréaction -----------------ooo N
i Transformation en one-pot

/Rh\' Flr\' Réaction de
R AN \ / Rz ‘: { RN fonctionnalisation R\V\FG
, OH ,
. '
.B) Evaluation des SUbStrats - --------- - - oo oo oo .
' exemples choisis ‘
5 1, /Rh\' 1. /Rh\' i
i R \_/ Rz R \_/ R '
! I N ~ .
5 o 2 @ OH 5 (1) :
R!: 80% rendement R3: 40% rendement R': 79% rendement R3: 37% rendement
' R?: 88% rendement R2: 67% rendement R*: 31% rendement o :
| (o R'=Ph 5
: \/\ RN X R3 = N% !
! oH , (X E/)_% 5
| U o
: R%ZX=S R5:X=0 R*= OPh i
' R': 59% rendement R®: 38% rendement !
'C) Combinaison avec la post-fonctionnalisation ---------------------- » D) Caractéristiques principales -------,
i Réaction de Suzuki-Miyaura 11 - un procédé operationellement simple, &

double catalyse en one-pot

Ph OMe i . ) ,

Ph — ! i - accés aux boronates de vinyle et :
| PN \/\©/ ! dialkyle !

Rendement isolé de 64 % - acces a une variété de produits grace a
en trois étapes 11 la post-fonctionnalisation

Figure 1.3. Catalyse séquentielle en one-pot pour la déshomologation des aldéhydes et des alcools dérivés de la
biomasse.

2.5 Défis et opportunités de la multicatalyse (chapitre 5)

La multicatalyse est un domaine émergent qui vise a développer des transformations
catalytiques efficaces pour convertir rapidement des matieres premiéres relativement simples
en produits plus complexes a valeur ajoutée. Dans le cadre des processus multicatalytiques,
soit plusieurs catalyseurs exécutent des réactions uniques, soit des séquences précises de
réactions catalytiques multiples se déroulent de maniere "one-pot". Il est intéressant de noter
que les protocoles multicatalytiques permettent non seulement de réaliser des
transformations inaccessibles par des approches classiques, mais aussi de réduire
considérablement le temps, les déchets et le colt des processus de synthése, ce qui rend la
syntheése organique plus efficace en termes de ressources. Ce chapitre présente une vue
d'ensemble des différentes stratégies de multicatalyse qui présentent des défis et des
opportunités distincts. Ce domaine global est divisé en trois catégories principales : la catalyse
coopérative, la catalyse domino et la catalyse relais. Chaque catégorie est décrite a I'aide
d'exemples représentatifs qui mettent en évidence ses caractéristiques. Une attention
particuliere est accordée a la catalyse a relais, qui est examinée plus en détail dans ses sous-
catégories. Enfin, une analyse des systemes qui integrent des niveaux de complexité plus
élevés et soulignent davantage le potentiel des systemes multicatalytiques est abordée. Cet
article de perspective a été préparé en collaboration avec un collégue (contribution égale) et
publié.®
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3) Conclusion générale

La these de doctorat avait pour but de développer, d'étudier et d'appliquer des
transformations (multi)catalytiques pour la synthese de briques moléculaires précieux ayant
des applications au-dela de la synthese organique. Tout au long de la these, trois nouvelles
méthodes catalysées par les métaux de transition pour la synthese de tels blocs de
construction ont été développées. La borylation C—H des alcénes, catalysée par Rh(l) (chapitre
2), représente une nouvelle méthode pour la fonctionnalisation sélective d'une variété
d'alcénes de départ portant une pléthore de groupes fonctionnels. Sur la base du mécanisme
étudié, nous avons poursuivi le développement de la borylation C—H des alcenes catalysée par
Ir(1) (chapitre 3). Cette transformation peut étre considérée comme un progres important sur
la transformation précédente. De fagon remarquable, elle tolere une gamme encore plus large
de groupes fonctionnels, y compris des fonctions acidiques qui sont trés précieuses dans le
contexte de la chimie médicinale. Enfin, le concept de borylation par transfert a été incorporé
dans un systeme multicatalytique, dans lequel les alcénes de départ sont générés in situ a
partir d'aldéhydes ou d'alcools (allyliques). La possibilité supplémentaire de convertir
I'intermédiaire boronate in situ en d'autres classes de produits déshomologués montre la
large applicabilité d'une telle méthode (chapitre 4).
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1.1. Introduction

In the past few decades, new strategies to prepare organoboron compounds have received
anincreasing interest due to their high value as building blocks in synthetic organic chemistry,
for applications in drug discovery and material science, and as target compounds in medicinal
chemistry. Numerous methods for their synthesis have been reported, usually requiring pre-
functionalized starting materials.1™ Modern approaches focus on direct C-H bond borylation
as it allows a rapid and atom-economic installation of boryl groups®~” and holds the potential
to serve as a starting point for the late-stage functionalization of complex bioactive molecules
and natural products.®-10

However, due to their low reactivity and high abundance, the direct and selective
functionalization of C—H bonds poses great challenges to synthetic chemists.!*™ In the
context of borylation reactions, since the pioneering works of Hartwig,'®*® Smith,'° and
Maleczka?® for both, sp3- and sp?-C—H bonds, Rh- and Ir-based catalysts were among the first
found to be effective.?1™2° Recently, Co-based catalysts have received increasing attention due
to the higher abundance of the metal and its lower cost.?®7?° Besides group 9 centered
catalysts, complexes of other metals, such as Pd, Ni, Ru, Fe, and more, have been found to be
active as well, but are beyond the scope of this chapter.3®

1.1.1. Mechanistic considerations

In face of the multitude of developed catalysts for C—H borylation reactions and the different
nature of the substrates and utilized reagents, a detailed mechanistic discussion of all cases is
beyond the scope of this chapter and a discussion can be found in more specialized review
articles.>® In addition, the mechanisms of many catalytic systems have not been studied in
detail to date. However, the majority of developed protocols discussed here are based on the
combination of an Ir(l) precursor and a bipyridine-based ligand. Such a highly effective and
widely applied combination was initially introduced by Ishiyama, Miyaura, and Hartwig,?* who
also studied the underlying mechanism of the reaction (Scheme 1.1).3! Based on the results of
a set of stochiometric and catalytic experiments and kinetic data, the catalytic cycle depicted
in Scheme 1.1 was proposed. The suggested mechanism commences with the 16-electron
complex 1 that is formed in situ. This species undergoes a rate-limiting and selectivity-
determining C—H bond cleavage either via oxidative addition or o-bond metathesis. Both
possibilities lead to the formation of the product and the bis(boryl)hydrido complex 3 that
regenerates the tris(boryl) complex 1 upon reaction with B2pin,. While these studies shed light
on the key intermediate, i.e., the tris(boryl) complex 1, whose involvement in the mechanism
has been sometimes questioned,?! the exact nature of the remaining elementary steps
remains to be established.
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Scheme 1.1. Postulated mechanism for the C—H borylation of arenes using Ir/bpy as catalyst.

1.1.2. Selectivity Issues in C—H Borylation

In case of the most thoroughly studied and highly efficient iridium-based catalysts bearing a
bipyridine ligand, the regioselectivity of the C—H borylation reaction is usually controlled by
steric effects imposed by the starting material. Typically, the most sterically accessible C—H
bonds are functionalized. When multiple C—H bonds are equally accessible, with no clear
electronical bias, the reaction leads to the formation of a mixture of products. Apart from a
few specific exceptions (cf. Section 1.2.4), the borylation does not occur readily in the ortho-
position to another sizable substituent.> Therefore, for instance, the reaction of 1,4-
dichlorobenzene is considerably more sluggish (24 h reaction time, 53% yield) than 1,3-
dichlorobenzene (2 h reaction time, 84%) under standard Ir(l)/dtbpy conditions (Scheme
1.2).2* On the other hand, 1-chloro-2-methoxybenzene forms a 60:40 mixture of regioisomers
under similar conditions, as electronics contribute only minorly to the selectivity.3?

Similarly unselective are reactions for monosubstituted arenes, such as toluene,?® or when
multiple aryl rings are present in the starting material.3® Analogous selectivity issues are
encountered in the borylation of sp3-C—H bonds. For example, borylation of 2-methylheptane
under Rh catalysis yields a 5:1 mixture of regioisomers.?! Due to these limitations,
sophisticated ligands and catalysts have been engineered over the years that interact in
different modes of action with starting materials to promote the reaction and control its
selectivity precisely.
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Scheme 1.2. Examples for group 9 catalyzed C—H borylation reactions; sluggish reaction of aromatic substrates
with 1,4-substitution pattern (A); high reactivity and selectivity for 1,3-substitution pattern (B); low selectivity
in case of 1,2-disubstitution (C); moderate site-selectivity for Rh-catalyzed sp3-C—H borylation (D).

1.1.3. Different Modes of Action Employing Directing Group Strategies in C—H Borylation
Among different modes of action to control the selectivity through directing group strategies,
three different scenarios can be distinguished: chelate-, relay-, and outer-sphere-directed
metalation (Scheme 1.3).3% In the first case, chelate-direction, the substrate bears a Lewis
basic group which coordinates to the metal center prior to C—H bond cleavage. Therefore, in
this approach ligands are applied that are capable of creating a vacant site at the metal center
for the coordination of the starting material to be feasible.3* Consequently, the commonly
used bipyridine-based ligands are usually unsuitable.3> Instead, this type of ligand can be used
in relay-type approaches, where the vacant site crucial for the coordination of the substrate
to the metal center is created through the reaction of the directing group with one of the boryl
ligands. In their seminal work, Hartwig and co-workers utilized benzyl hydrosilanes that react
with one boryl ligand in the tris(boryl)complex 1 to form HBpin and a silyl ligand coordinated
to the metal center.3® In the course of the reaction, the hydrosilane is re-formed by reductive
elimination with simultaneous regeneration of complex 1. In the third approach, the outer-
sphere mode, the directing group does not coordinate to the metal directly, but interacts with
its ligand sphere, e.g., a bipyridine or boryl group, making an additional vacant site for the sub-
strate obsolete. Seminal work for this approach was described by Singleton, Maleczka, and
Smith.3®
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Scheme 1.3. Different modes of action underlying directing group strategies in C-H borylation.

1.1.4. Scope and Aim of this Chapter

This chapter provides an overview of different approaches in the field of C—H borylation
reactions mediated by group 9 metal based catalysts that target the control of the activity and
the selectivity of the reaction. Instead of presenting an exhaustive overview®39374¢ selected
examples are discussed with the main focus on recent studies, typically reported after 2017,
and aims to give credit to different contributors to the field. The chapter covers the C—H
borylation of arenes, alkenes, and alkanes,*” but does not cover reactions of heteroarenes
that have recently been reviewed extensively elsewhere.*51

It should be noted that the terms ‘regioselectivity’ and ‘site-selectivity’ are used
inconsequently in the literature, often with interchangeable definitions. In this chapter, the
term regioselectivity is used for the selective reaction at one position within a functional
group, e.g., meta- versus para-position within a single aromatic ring, while the term site-
selectivity is used for the selectivity of one functional group over another, e.g., one aromatic
ring preferentially over another one.>?

1.2. Trends in C—H Borylation Reactions

Given the versatile modes of actions underlying modern approaches toward selective C—H
borylation, this chapter is divided into seven sub-sections focusing on different catalytic key
features that control the catalytic activity or selectivity. The overview begins with photo-
induced catalysis and continues with transfer borylation chemistry, approaches based on
Lewis acid-base interactions, followed by an overview of recent achievements based on
directed metalation. The subsequent sections focus on undirected reactions in case of which
the selectivity is determined by the inherent electronic or steric properties of the substrates,
followed by protocols relying on both attractive and repulsive electrostatic interactions. The
final section deals with selectivity imposed by hydrogen bonding between the starting
material and a carefully designed catalyst equipped with a binding unit. The chapter concludes
with a summary and an outlook providing potential future directions in C—H borylations
reactions and underscoring remaining challenges that should be addressed in the future to
unlock the full potential of the field.

1.2.1. Photoinduced Catalysis

Photoinduced transition metal catalysis has gained increasing attention recently due to the
unusual modulation of oxidation states under mild reaction conditions.>3>¢ Baslé and co-
workers reported the first regioselective visible-light-induced C—H borylation directed by 2-



pyridyl groups (Scheme 1.4A).%” The reaction is catalyzed by NHC-Rh' complex 14 and allows
the borylation of a range of substrates with substantial functional group tolerance under mild
reaction conditions. Preliminary mechanistic studies revealed that the NHC-Rh' complex
absorbs the visible light, enabling the oxidative addition of the ortho-C—H bond to form a
cyclometalated Rh"-hydride intermediate. It is further proposed that this intermediate reacts
with B2pin; to form HBpin and the corresponding Rh'-boryl species. The product is then
formed upon reductive elimination.

In 2021, Tanaka and co-workers reported the related photoinduced C—H borylation catalyzed
by Rh""-cyclopentadienyl complex 17 (Scheme 1.4B).>® However, in contrast to the previous
study by Baslé, the photoinduction is required to reduce the metal after the addition of the
C-H bond to form a Rh'"-ate complex that facilitates the ligand exchange with Bapin,. Key to
enhanced yields was the use of [Ir(dFppy)s] as photoredox catalyst. In contrast to the previ-
ous work, the method is applicable to substrates with pyrazoles as directing groups but has a
lower functional group tolerance.
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Scheme 1.4. Visible-light-induced Rh-catalyzed methods for the ortho-selective C-H borylation of arenes by
Baslé (A) and Tanaka (B).

1.2.2. C-H Borylation of Alkenes
C-H Borylation reactions of alkenes generally lead to the formation of alkenylboronates. The
synthesis of (E)-alkenylboronates from alkenes has been described using different



approaches, the most studied being dehydrogenative borylation, initially described by
Masuda and co-workers using a Rh(l) complex.>®-®? Despite the elegance of established
protocols, a truly general approach toward alkenylboronates still remains elusive, as each
protocol is unsuitable for certain types of substrates due to catalyst inhibition or impeding
side reactions. The most recent contributions to this field are the core of this thesis and are
described in chapter 2 and 3.

1.2.3. Lewis Acid Mediated C—H Borylation

Lewis acids (LA) and combinations of LA with transition metals have been widely used to
achieve highly selective transformations®*®> and have recently also been applied to C-H
borylation reactions.

Nakao and co-workers reported two different strategies for the para- and meta-selective®®®’
C-H borylation of benzamides by using a combination of iridium and aluminum catalysis
(Scheme 1.5).%8%° The para-selective reaction was realized by cooperative iridium/aluminum
catalysis (Scheme 1.5A).%° The Lewis basic benzamide moiety of the substrate is coordinated
by the LA catalyst making the substrate more reactive due to charge transfer. Because of the
steric repulsion between the iridium and LA catalyst, the ortho- and meta-positions are

blocked, thereby the reaction occurs selectively at the para-position.
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Scheme 1.5. Ir/Al-catalysis enables the (A) para- and (B) meta-selective C—H borylation of benzamides by
interaction of the Lewis acid with a Lewis basic group of the substrate by Nakao.



The meta-selective reactions were catalyzed by a single bifunctional Ir/LA catalyst (Scheme
1.5B).%8 A ligand containing a Lewis acidic Al moiety that binds to the Lewis basic benzamide
substrate, analogously to the previous publication, was used. In this case, the Lewis acid—Lewis
base interaction places the iridium catalyst in the suitable position to activate the meta-C—H
bond.

Both above-described methods have a broad functional group tolerance and remain selective
in the presence of other Lewis basic groups. It was shown for both methods that phosphonates
can be used as directing groups instead of amides as well. Related reports combining LA and
Ir catalysts for the regioselective C—H borylation of arenes have also been reported by other
groups.’073

Suzuki, Yamashita, and Nakamura reported the a-C—H borylation of triethylamine with an Ir
complex bearing an aluminabenzene ligand (Scheme 1.6).”% The aluminum atom of the ligand
acts as a LA as indicated by the formation of a Lewis acid—base complex with 4-
(dimethylamino)pyridine. The a-site-selectivity is presumably achieved thanks to the Lewis
acid—base interactions between the Al site of the catalyst and the nitrogen atom of the starting
material. Unfortunately, similar substrates such as tripropylamine and N,N-dimethylbenzyl-
amine did not show a similar reactivity and instead underwent either linear borylation or
ortho-selective borylation of the phenyl ring, respectively.
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Scheme 1.6. An aluminabenzene-Ir-complex catalyzes the a-C-H-borylation of triethylamine via the formation

of a Lewis acid-base-complex by Suzuki and Yamashita.

The interactions between a potassium quinolate and aromatic esters and amides have been
efficiently instrumentalized by Chattopadhyay and co-workers to dictate the regioselectivity
for either para- or meta-selective C—H borylation of benzoate esters or benzamides,
respectively (Scheme 1.7).7%72 By engineering the bifunctional ‘L-shaped’ ligand 31 bearing a
bipyridine and a quinolone moiety (which is converted in situ into the corresponding
potassium quinolate), both substrates react via an organized transition state where either the
meta- or para-C—H bond of the substrate is directed toward the metal center. The different
regioselectivity for ester (para) and amide (meta) substrates is postulated to result from a
different structural distortion of the latter in the key transition state when compared to the
ester transition state which is caused by the substantial steric bulk of the substituents at the
amide nitrogen atom of the former.
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Scheme 1.7. para- or meta-Selective C—H borylation of benzoates and benzamides enabled by a weak
interaction between ligand and substrate developed by Chattopadhyay.

1.2.4. Directed Metalation

A common strategy to obtain regioselective functionalization reactions is the introduction of
a directing group (DG). A DG is a moiety incorporated into the starting material, which can
coordinate to the metal center. Upon coordination, the catalyst is positioned next to the
target C—H bond, thereby controlling the regioselectivity of the reaction. Many strategies have
been developed and reviewed for the regioselective C—H borylation using different types of
DGs,>*75779 most commonly to achieve ortho-selectivity. Included here is a short discussion of
recent contributions to this field.

1.2.4.1. ortho-Selective, Selenium-Directed

The first ortho-C—H borylation directed by a selenium-substituent was reported by Zhou and
co-workers (Scheme 1.8).8° The Ir-catalyzed reaction converted benzyl selenide derivatives
into the corresponding borylated products. Reactions of substrates bearing ortho- or meta-
substituents afforded mainly monoborylated products. In turn, the reaction of para-
substituted substrates led to the formation of mixtures of mono- and diborylated products.
The latter were formed more selectively when a large excess of HBpin reagent was used.
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Scheme 1.8. Ir-catalyzed ortho-selective, selenium-directed C—H borylation of arenes by Zhou.
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1.2.4.2. ortho-Selective, Sulfur-Directed

Yamanaka, Kuninobu, and co-workers reported the Ir-catalyzed ortho-selective C-H
borylation of thioanisole derivatives (Scheme 1.9).8! Key to the directing effect is the use of
the appropriately substituted bipyridine-type ligand 36. DFT calculations (performed for
dtbpy-Ir(Beg)s and bpy-Ir(Beg)s, eg = ethylene glycolate) indicated that the regioselectivity
originates from a hydrogen bond between the C—H bond of the SCHs group of the substrate
and an oxygen atom of the boryl ligand. The method is applicable to substrates bearing
substituents in the ortho-, meta-, and para- positions. Benzyl methyl sulfide underwent ortho-
borylation with high selectivity as well.

________________________________________________

[Ir(cod)Cl], (3 mol%)

. 36 (6 mol%) s . 7/ \ —

S .o
: RAL X R’ B,pin, (1 equiv.) n A “R : - N/ i
; ! — p-xylene, 60 °C, 2 . H N N
. Bpin
! 24 h |
: 34 35 ; 36

OMe

M F M
/@S e 3C\@S e e (;(\SMQ
Bpin Bpin Bpin
Bpin
35a, 74%, 35b, 72%, 35c¢, 42%, 35d, 85%,
o:others > 99:1 o:others = 93:7 o:others = 89:11 o:others > 99:1

Scheme 1.9. Ir-catalyzed ortho-selective, sulfur-directed C—H borylation of arenes by Yamanaka and Kuninobu.

1.2.4.3. ortho-Selective, Phosphorus-Directed

In 2019, Shi and co-workers reported the first Rh-catalyzed P"-directed ortho-selective C—H
borylation (scheme 10A).22 The operationally simple method allows the functionalization of
triaryl-, alkyldiaryl-, and dialkylarylphosphines in high yields. To facilitate their purification, the
products were converted to the corresponding borane complexes. Although the functional
group tolerance is limited, the method simplifies the synthetic route to access these ortho-
borylated phosphine products. A similar method based on a Ru-catalyst was also reported by
Takaya in 2019.83

In 2020, shortly after the work of Shi and co-workers, Clarke, Watson, and co-workers
reported phosphonate-directed ortho-C—H borylation (Scheme 1.10B).8% The reaction is
catalyzed by a simple Ir-catalyst and possesses, in comparison to previous methods, a broad
functional group tolerance (e.g., esters and amines). Further, it is more tolerant with respect
to the substitution pattern of the substrates, i.e., (multiple) substitutions in ortho-, meta-, and
para-positions are well tolerated. The method provides a useful synthetic shortcut compared
to established methods.”>8
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A ' [Rh(coe),Cll, (1 mol%)

' R’ catechol (2 mol%) R R"
' lID HBPin (5 mol%) p/ '
O R B,pin, (1 equiv.) i XY “BH; |
PR PhMe, 110 °C, 12 h L -
' / 37 Bpi 1
] H then BH3 THF, THF, rt, 2 h 3g Bpin 1
F MeO OMe
Ph_ /’Pr Cy_ Oy
P P
@ BH,4 BH,
/@ Bpin Bpin
Bpin O Bpin
38a, 81% 38b, 74% 38c, 85% 38d, 76%

[Ir(cod)(acac)] (5 mol%)
Q P[3,5-(CF3),-CeHls (5 mol%) I
B,pin, (2 - 5 equiv.)

' . P—np !
: Xy VoR NV OR
'R OR’ THF/1,4-dioxane, R+ OR" |
. — 39 100 °C,3-24h = ) !

: H 40 Bpin
; £ 9 owe g L)
N o
R-OEt R-oph R-OEt Il
OEt OPh OEt R-OEt
. OEt
Bpin Bpin Br Bpin
Bpin
40a, 78% 40b, 75% 40c, 76% 40d, 84%

Scheme 1.10. Rh- and Ir-catalyzed ortho-selective, phosphorus-directed C—H borylations of arenes by Shi (A)
and Clarke and Watson (B).

1.2.4.4. ortho-Selective, Ester- and Amide-Directed

Li, Jiao, and co-workers recently reported the Ir-catalyzed ortho-selective C—H borylation of
(hetero)arenecarboxylate esters and arylamides (Scheme 1.11).8° Although not the first report
for the C—H borylation of such compounds,®’~8? this method is the first C—H borylation reaction
utilizing a S-containing ligand. The newly developed Si,S-chelating ligand 43 is easy to prepare
and enables the reaction to proceed with high yields and regioselectivity. Different esters as
well as dimethylamides can be used as directing groups.

[Ir(cod)OMe], (1.5 mol%)

A ; i
; 0 43 (3 mol%) o SPr
' B,pin, (1.2 equiv. .
! : SN X 2ping ( quiv.) | AN X : 4
'R 2-MeTHF, 80°C, 16h  R-- P . SiH(Pr),
PNy, M X: OR', NR Bpin 43
o o RPRANR a2 P !
o o)
S o) N
N OMe
oPr NMe, Y/
OMe =
. Bpin
Bpin Bpin Bpin
42a, 81% 42b, 60% 42¢, 93% 42d, 72%

Scheme 1.11. Ir-catalyzed ortho-selective, ester- and amide-directed C—H borylation of arenes by Li and Jiao.
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1.2.4.5. ortho-Selective, Nitrogen-Directed

Despite their well-established reactivity in the C—-H borylation of alkanes,?%%° Cp*Rh'!
complexes have been used once for the C—H borylation of arenes so far.’! Baslé and co-
workers reported the pyridine-directed ortho-C—H borylation catalyzed by the readily
prepared (NHC)Cp*Rh'' catalyst 46 (Scheme 1.12A).%? Both electron-donating and electron-
withdrawing substituents are well tolerated, although only in the para-position. Any
substituent in ortho- or meta-position led to diminished yields. Further, it was demonstrated
that the same complex can be used for the C-H borylation of n-octane at elevated
temperatures.

Xu and co-workers reported the ortho-selective C—H borylation of 2-benzylpyridines in the
presence of simple [Ir(cod)OMe]z (Scheme 1.12B).%* The reaction occurs at room temperature
in high yields and excellent regioselectivity, albeit with a rather moderate functional group
tolerance. From a practicality point of view, it is worth noting that previous methods offering
such selectivity required the use of specialized ligands®*°® highlighting the advancement of-
fered by this work. Further, 1B NMR spectroscopy indicated a coordination between the
nitrogen and the boron atoms in most cases of the products. A method for the similar ortho-
selective C—H borylation of 8-arylquinolines was reported in 2021 by Chattopadhyay and co-
workers.%’

It is worth noting that amines have also been used as additives to construct imines in situ that
act as traceless directing groups for the ortho- and meta-selective C—H borylation of
benzaldehydes.®

A . :
= 46 (5 mol%) A
: R_— || NaOMe (10 moi%) post- R— ||
i X B,pin, (2 equiv.) modification X, '
N N > - 7 N7
R PhH, 80 °C, 16 h RT !
: N 44 OH 45 |
I 1
3 /7 \ §
= 74 N N Bu
| ~ T L
x> X |
N N \N Rh—0 0
‘el
MeO OH MeO,C OH & 46
OH
45a, 75% 45b, 81% 45c, 48%
B [Ir(cod)OMel, Bpin |
' (2.5 mol%) i
HRE | X HBpln (1.5 equw) \ :
R —_—R '
T hexane, rt, 24 h ' :
' VN H Z \/N Z :
; _________ 4 _7 ___________________________________________________________________ '
Bpin
R R
A A A A
| N © | NS o | N o "l N
7 \B — \B CN = \B ~
pin pin pin
48a, 75% 48b, 98% R=F: 75%,48c:48¢c' = 1:0.6

R = CN: 64%, 48d:48d' = 1:0.16

Scheme 1.12. Rh- and Ir-catalyzed ortho-selective, pyridine-directed C—H borylations of arenes by Baslé (A) and
Xu (B).
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1.2.4.6. ortho-Selective C—H Borylation of Substrates bearing Diverse Directing Groups

While most of the ortho-selective borylation reactions demand a specific combination of a
directing group and a catalyst, Chattopadhyay and co-workers developed the thienylpyridine
ligand 51, which promotes a powerful, yet highly selective Ir-catalyzed C—H borylation reaction
suitable for a remarkable range of directing groups (Scheme 1.13).%° In addition, the protocol
tolerates diverse functional groups with no discrimination toward the substituents po-
sitioned within the arene ring. Mechanistically, the thienylpyridine serves as a bidentate
ligand, and the reaction proceeds via an Ir'"/V catalytic cycle. It is worth noting that this catalyst
proved effective also when utilized under air, when the air-stable complex [Ir(cod)(Cl)], was
used as a pre-catalyst.

[Ir(cod)OMe], (1.5 mol%)
51 (3 mol%)

X '
. . ' /
H Bopin, (1 - 2.5 equiv.) Bpin 1 \ N \ S
THF, 100 °C, 12-24 h ! 51
49 R = Alkyl 50 o ___.

NHR OTNRZ OR O OR O R RO OR

x

O x
4

zZ

&

HN Sy HN,SSJ .
O« _R 0 _OR ;
Y Y |\ RS.e RHN.p RO and many others :
-~ o~ s !
OSiEt,H CH,Py CH,CH,;NMe, NHPiv COMe
~ i Bpin i Bpin i Bpin i Bpin i Bpin
50a, 91%, 50b, 77%, 50c, 82%, 50d, 72%, 50e, 91%,
o:others = 99:1 o:others = 99:1 o:others = 99:1 o:others = 99:1 o:others = 99:1

Scheme 1.13. Ir-catalyzed ortho-selective C—H borylation of arenes enabled by a thienylpyridine ligand: scope
of directing groups by Chattopadhyay.

1.2.4.7. Pyridine- and Pyrimidine-Directed sp3-C—H Borylation

An Ir-complex of the thienylpyridine ligand 51 also enables a selective borylation reaction of
aliphatic C-H bonds (Scheme 1.14).%° Although the corresponding products are obtained in
moderate yields, the method displays a high site-selectivity with only one isomer formed and
offers synthetically useful chemoselectivities.

[Ir(cod)OMe], (1.5 mol%)
51 (3 mol%)

E B,pin,, (1 - 1.5 equiv.) | SN Bpin E
| )\ )\MR THF, 60 - 80°C 12-24h /)\x)\(va :
i |

___________________________________________________________

NN
) ’ @ @ 0
plnB pinB

53a, 59% 53b, 55% 53¢, 68% 53d, 39%

Scheme 1.14. Ir-catalyzed C—H borylation of alkanes enabled by a thienylpyridine ligand by Chattopadhyay.
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1.2.4.8. Relay-Directed Enantioselective C—H Borylation

Soon after the first enantioselective C—H borylation was reported with a Pd catalyst in 2017,10°
the groups of Hartwig and Shi realized the relay-directed C-H borylation of diaryl-
methylsilanes with a combination of an iridium source and the chiral quinolyl-oxazoline ligand
56 (Scheme 1.15).1°t An extensive ligand screening revealed that a C1-symmetric dinitrogen
ligand is required to obtain even traces of product and the enantioselectivity could be
improved by fusion of an indane skeleton to the oxazoline ring rather than varying the steric
and electronic properties of the nitrogen heterocycles. A number of substrates underwent
enantioselective borylation revealing a moderate functional group tolerance. Due to the
presence of both a C=Si and C-B bond, the products offer the possibility to undergo a plethora
of post-functionalization reactions.

-l 1 via Ph
' H SiMeH [Ir(cod)OMel], (3 mol%) Bpin  SiMe;H ' | )\
: 56 (6 mol%) : : g7 ph
. Bopin, (1.2 equiv.) . pinB\= O
[ 1 r—
! MTBE, 0 °C, 12 h ! NI s oin
| s 7 1 (N
L . 1
Bpin SlMezH Bpin SlMeZH Bpin SIMegH -
: - N/
DACICASOAS “
0 o 6
Ph Ph \—0 o—/
55a, 81%, 96:4 er 55b, 74%, 95:5 er 55c, 65%, 96:4 er

Scheme 1.15. Relay-directed enantioselective C—H borylation of diarylmethylsilanes by Hartwig and Shi.

1.2.4.9. Chelate-Directed Enantioselective C—H Borylation

Xu and co-workers also reported an iridium-catalyzed method for the borylation of
diarylmethylamines (Scheme 1.16),%%2 that is chelate-directed.?* The method employs a chiral
bidentate boryl ligand 59 (for the use of similar ligands, see Scheme 1.18). The method allows
the desymmetrization of prochiral substrates in high yields, excellent enantioselectivities, and
with a broad functional group tolerance. Furthermore, for the first time, racemic
diarylmethylamines underwent kinetic resolution with excellent enantioselectivity. Other
groups reported methods that extend the scope of substrates and functional group tolerance

for the presented enantioselective C—H borylation reactions.03104
. [Ir(cod)CI] (5 - 10 mol%) ' via: X
: H NR2 (10 20 mol% Bpln NR2 : | _
. B,pin, (0.6 - 1 equiv.) . Ph, NN
: THF,70°C, 12-48 h ' \B—Ir—|:|
: 57 58 : N | Bpin
T  Ph R' Bpin
Bpin NMez Bpin NMe, Bpin NMe,

> &9“& e

Ar = 3 5- M92C6H3 59
58a, 88%, 94% ee  58b, 74%, 95% ee 58c, 94% ee ( 30% conv.)
41% ee of 57¢

Scheme 1.16. Chelate-directed enantioselective C—H borylation of diarylmethylamines by Xu.
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1.2.4.10. peri-Borylation

Using a similar approach as in the enantioselective C—H borylation of diarylmethylsilanes
(Scheme 1.15), Hartwig and co-workers reported the first relay-directed Ir-catalyzed peri-
borylation of fused polycyclic arenes (Scheme 1.17).1%° The reaction occurs under mild
conditions and different arenes can be used as substrates. Compared to established methods,
this protocol offers a much broader functional group tolerance and excellent regioselectivity.

_____________________________________________________

~ [Ir(cod)OMel, (2 mol%) ~ ) E
_-SiH 62 (4.5 mol%) _SiH  Bpin i
B,pin, (1.2 equiv.) : 74 A\
= | N THF, 80 °C, 12 h ~ | X — \=
: 62

e mm e e

R —R R —R
X Z 60 X 61
~_ ) >SiH Bpin >SiH Bpin >SiH Bpin
SiH Bpin
e
X
90 =
NMe, Br OMe
61a, 82% 61b, 64% 61c, 55% 61d, 69%

Scheme 1.17. Ir-catalyzed peri-selective, silyl-directed C—H borylation of fused polycyclic arenes by Hartwig.

1.2.4.11. Enantioselective C—H Borylation of Alkanes

Enantioselective C—H borylation of alkanes represents a great challenge since it requires at
the same time the discrimination between different methylene groups and the discrimination
between two enantiotopic C—H bonds. The Xu group developed a new class of bidentate chiral
boryl ligands that were initially used for the C—H borylation of diarylmethylamines (cf. Scheme
1.16). Using a similar approach, the enantioselective and [3-selective borylation of cyclopro-
panecarboxamides!®® (Scheme 1.18A), a-selective borylation of azacycles'®” (Scheme 1.18B),
B-selective borylation of pyrazoles'® (Scheme 1.18C), and B-selective borylation of acyclic
amides were achieved!® (Scheme 1.18D). For a detailed insight into the mechanistic design,
the reader is referred to another short review article dealing with these reactions.1°
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Scheme 1.18. Enantioselective C—H borylation of different alkanes enabled by a newly developed class of
bidentate chiral boryl ligands by Xu.

1.2.4.12. Boryl-Directed C—H Borylation

Suginome and co-workers reported the boryl-directed C—H borylation of alkanes using an Ir-
catalyst and a temporary pyrazolylaniline (Pza) derived boryl-directing group (Scheme
1.19).1! The Pza group can be installed in one step starting from the corresponding boronic
acids. Generally, the reaction is selective for the functionalization in the a-position; however,
-, and y-C—H bonds can react as well. Depending on the amount of catalyst and B,pin,,
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multiple C—H bonds at the same carbon atom can be borylated. The Pza group can be

converted into a Bpin group in situ to obtain valuable polyborylated products.12113
o [rcodoMel, ‘;
' or [Ir(Mes)(Bpin)] ' HN
. (2.5 - 10 mol%) pinacol .+ BPza= —B/
R\l/sza B,pin, (1.2 - 5 equiv.)  Work-up R\rB”'" : : s
: N 76 THF, 50 - 80 °C, Bpin 77 ! K \
; 12-24h ! X
Ph
Bpin Bpin )\(Bpin Bpin
Bpin O Bpin Bpin Bpin Bpin
77a, 80% 77b, 98% 77¢, 70% 77d", 74%

Scheme 1.19. Boryl-directed Ir-catalyzed C—H borylation by Suginome.

1.2.5. Miscellaneous C—H Borylation Reactions

The reactions discussed in this section are undirected reactions, i.e., the substrate does not
contain a DG. The selectivity is determined by the differentiation of the C—H bonds in the
substrate, through either steric repulsion or relative C—H bond activation energies, or any
combination thereof.

1.2.5.1. ortho-Selective C—H Borylation

The Ir-catalyzed ortho-selective C—H borylation of fluoroarenes has been previously
reported.14118 |lies and co-workers developed a new approach based on the design of a novel
terpyridine-derived ligand (Scheme 1.20).11° The method tolerates a wide range of functional
groups, such as esters, ethers, or halides, and occurs with a high regioselectivity. Interestingly,
mechanistic investigations suggested that the ligand is likely to undergo cyclometalation to
generate an unusual N,N,C- instead of N,N,N-iridium complex. Further, the complex may form
a borylated ligand.

[Ir(cod)OMe], (1.5 mol%)

F 80 (3 mol%)
! H Bopin, (1 equiv.)
| T X
. R~ dioxane, 80 °C
! = 24 h
| 78
| S
F F F F
i Bpin i Bpin  MeO. i Bpin Br< i Bpin
EtO,C
79a, 47%, 79b, 80%, 79c, 61%, 79d, 68%,
o:m:p =93:6:1, o:m =955 o:m =98:2 o:m =94:6

78a’, 16%, do

Scheme 1.20. Ir-catalyzed ortho-selective C—H borylation of fluoroarenes by llies.

1.2.5.2. C—-H Borylation of Primary Alkanes

Great progress has recently been made for the C—H borylation of primary sp3-C—H bonds.
Although selective methods for their reaction were reported earlier, these methods required
harsh reaction conditions, the substrate was used as solvent, and the reactions offered a
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rather low atom economy in terms of the B,pin; reagent.?1120-124 One of the first to report a
more efficient Ir-catalyzed C—H borylation of primary alkanes were Schley and co-workers in
2020 (Scheme 1.21).1?°> The reaction was performed under neat conditions and proceeded
with excellent selectivity for primary alkanes with yields of up to 199% with respect to B,pin;
thus enhancing the atom economy compared to prior methods. The high reactivity of the
catalyst is enabled by the appropriate dipyridylarylmethane ligand 83. Furthermore, the high
reactivity also allows for the C—H borylation of starting materials under non-neat conditions
in cyclohexane as a solvent using a higher catalyst loading and longer reaction times. Under
solvent conditions, the functional group tolerance is enhanced but yields are lower and range
from 44% to 134% with respect to Bapina.

[Ir(Mes)(Bpin)s] (1 mol%)
83 (1 mol%)

' B,pin, (1 equiv.) ' S
: neat, 120 °C, 24 h : N
' or Bpin E
. rR—/ [Ir(Mes)(Bpin)] (3 mol%) R ' N=—
A ¥ B,pin, (1 equiv.) 82 1\ / 3
' 95 (3 mol%) ' 83
! ,120 °C, 48 h !
Bpin EtN -~ MeO -~ .~ ﬁiv
CyHys Bpin (0] Bpin N\~ \/\Bpin
82a 82b 82c 82d
neat: >199% 159% 97% 2%

Scheme 1.21. Highly efficient Ir-catalyzed C—H borylation of alkanes by Schley; yields are based on the boron
reagent B,pin,.

Alsoin 2020, Hartwig and co-workers reported the first alkyl C—=H borylation with the substrate
as the limiting reagent (Scheme 1.22).126 The reaction is selective toward primary C—H bonds
for many substrates. Saturated heterocycles can be also functionalized at secondary C—H
bonds in the B-position with respect to the heteroatom. Key to the method development was
the choice of the 2-methylphenanthroline (2-mphen) ligand 86 that enhances the reactivity of
the catalyst by almost two orders of magnitude compared to other bipyridine and
phenanthroline ligands. Preliminary mechanistic studies revealed that the high reactivity likely
originates from a modification of the 2-mphen at the methyl group to generate the active
catalyst. The high selectivity for primary C—H bonds is likely to result from a selective oxidative
addition of the primary C—H bond rather than from a C—B bond formation as previously re-
ported.'?’ The selectivity toward the B-position in heterocycles has been discussed in previous
reports.5'123'128
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| \
| |
H 86 (5 mol%) Bpin: X
' H ( B,pin, (2 - 3 equiv.) Bpin ( H —
1R—/ o R— cyclooctane, 100 °C, 20 h R—/ o R—" E | [l
A I\X X ' N
' 84 X = CH,, NR', O 85 A 86
! n=-1-+2 !
o Bpin
>|\ _ >O-Bp|n
O/\e%s/\Bpm N\/%i\/Bpm S
(@)
85a, 62% 85b, 73% 85c, 78% 85d, 85%

Scheme 1.22. Ir-catalyzed C—H borylation of alkanes with substrates as limiting reagents by Hartwig.

1.2.5.3. C-H Borylation of Aromatic C—H Bonds According to Inherent Electronic Differences in
Bond Energies

While most para- or meta-selective borylation reactions of aromatic C—H bonds utilize
designed catalyst-substrate interactions, Chirik and co-workers pursued a different approach
where they applied a cobalt complex bearing a PNP-pincer ligand which borylates arenes
selectively according to their intrinsic electronic properties. In their previous studies, high
ortho-to-fluorine selectivity was observed.?”114117,129-131 |, 2021, they investigated the use of
other substrate classes under the developed conditions and found benzoates and
arylboronate esters to undergo borylation with remarkable para-selectivities (Scheme
1.23).132 A combination of kinetic experiments, KIE and in situ NMR analysis, revealed that in
case of the benzoate substrates the regioselectivity does not result from a difference in the
rates of the oxidative addition to the C—H bond, but from a kinetically controlled oxidative
addition of HBpin on the interconverting intermediates after C—H activation in the meta- and
para-position, thereby leading preferably to the para-substituted product in a Curtin—
Hammett scenario. In contrast, the same set of experiments revealed that in case of
arylboronate esters as starting materials the selectivity originates from a kinetically controlled
oxidative addition to the C—H bond in the para-position.

' i X
! X 89 (5 mol%) X '
' B,pin, (1 equiv.) ! N/
' 2 THF, rt, 24 h AN I I H
PRI R1- : |Pr2P—Co PiPr,
: Z = : HY
: 87 88 | Bpn
' H Bpin ! 89
1 I
CO,Me CO,Me BDan BDan
F F F F F MeO F
F F
Bpin Bpin Bpin Bpin
88a, 97%, 88b, 61%, 88c, 80%, 88d, 98%,
p:m = 24:1 p:m=19:1 p:m =241 p:m > 99:1

Scheme 1.23. Co-catalyzed para-selective C—H borylation according to intrinsic reactivity of benzoates and
arylboronate esters by Chirik.

Because of its high versatility with respect to post-functionalization, a selective C—H borylation
of complex molecules is of high interest for drug discovery since it enables the rapid
construction of libraries with diverse functionality. In this context, Itami and co-workers
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reported the Ir-catalyzed highly C3-selective C—H borylation of strychnine, which is among the
most famous natural products and displays a high degree of structural complexity (Scheme
1.24A).1*3 The molecule contains a tertiary amine, amide, alkene, ether, and indoline moieties
with six asymmetric carbon atoms. The correct choice of ligand, in combination with aniridium
source, enables the C3-selective borylation of strychnine with moderate selectivity (C3:C2,
73:27), which is driven by steric effects. The double bond between C21-C22 isomerizes to the
C20-C21 position,’3* but all stereocenters and functional groups are maintained. The syn-
thetic versatility was further shown by post-functionalization reactions.

Further, the C—H borylation methodology enables the regioselective functionalization of
unsymmetrically 1,2- and 1,3-disubstituted benzenes and other arenes with a high functional
group tolerance and regioselectivities (Scheme 1.24B). In general, the least sterically hindered
position is functionalized, likely driven by the relatively large size of the ligand of the catalyst.
Earlier, the same group reported a similar strategy, exclusively relying on steric repulsion, for

the para-selective C—H borylation of benzene derivatives.'*

A: C H borylation of strychnine
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92 (3 mol%) 2= e
Bopin, (1.5 equiv.) pinB——
. el ]

THF, 85 °C, 3d
65% yield
7327 c3.c2 © 91
[Ir(cod)OH], (1.5 mol%) i
! . 7 92 (3 mol%) a2 !
' G A B,pin, (1 equiv.) [r38AN b '
. R— n | —_ R— n | —Bpin H
! VoM % THF or MTBE Cegz™e ~a !
: X 93 85 °C, 20 h X 94
t
NN : O5° Ar X b O
| <—Bpin Xb —Bpin P(3,5-MePh),
~a | —Bpin Ma
MeO Aa o P(3,5-MePh),
94a, 97% 94b, 93% Ar = 4-Me-Ph, 94c, O 92
91:9 ab 91:9 ab 86%, 94:6 a:b

Scheme 1.24. C3-Selective C—H borylation of strychnine and scope beyond by Itami.

1.2.6. Electrostatic Interactions

1.2.6.1. lon Pairing

While pairing chiral ions to achieve enantioselectivity represents an established concept,3%~
138 the utilization of ion-pairing to control regioselectivity has evolved to be a versatile tool
within recent years. The first work in the field of borylation chemistry was published by the
Phipps group in 2016 who developed the anionic sulfonate-substituted bipyridine ligand 97
that can be combined with a range of ionic substrates in regioselective iridium-catalyzed
borylation reactions. Initial studies revealed that this ligand can effectively guide both
anilinium and benzylammonium salts with the meta-C—H bond pointing toward the metal
center, thereby leading to high meta-over-para-selectivities (Scheme 1.25).13% Although the
use of ion-pairing as the regioselectivity-determining principle is generally attributed to be
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challenging due to the lack of directionality of this interaction, even substrates bearing a
flexible carbon chain, i.e., quaternized phenethylamines, 3-phenylpropylamines, and a 4-

phenylbutylamine,40

were selectively functionalized in the meta-position. Albeit the generally
remarkably high meta-selectivity, the selectivity is less pronounced for phenethyl substrates
when compared to a protocol based on more directed hydrogen bonding.?*! In addition, the
method is restricted to electron-poor aryl rings narrowing the overall synthetic utility. It is
worth noting that substrates bearing a small or no substituent in the ortho-position tend to
give the diborylated product. In 2019, Phipps and co-workers reported that phosphonium salts
were equally suitable for meta-selective borylation, but with a moderate functional group

tolerance, using the same catalytic system (Scheme 1.25).142

______________________________________________
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Scheme 1.25. Attractive ion-pairing-based meta-selective C—H borylation of ammonium and phosphonium
substrates by Phipps.

While methods for the C—H borylation in the ortho-position are common and few methods for
meta-selective borylation have recently been reported, para-selective borylation procedures
remain scarcely described in the literature.*® Approaches based on ion-pairing were

independently described by the Phipps group!**

and the joint Smith and Maleczka groups
(Scheme 1.26).1%> The anionic substrates are paired with a tetrabutylammonium cation which
imposes the steric bulk blocking the meta-position of the substrate. This strategy is in contrast
to previously described meta-selective borylation reactions, which relied on an attractive ion-
pairing (cf. Scheme 1.25). A combination of iridium methoxide precursor and an appropriate
bipyridine ligand effectively borylates a set of substrates with high para-selectivity. Although

these methods are adequate for different substrate classes, at least one substituent in the
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ortho- or meta-position is required as the bulky cation is only capable of blocking one of the
two meta-positions. It is worth noting that the sulfate or sulfamate group, which needs to be
introduced in an additional pre-functionalization step, was shown to be cleavable in all cases.
While the protocol of the Phipps group is applicable to three additional substrate classes, the
protocol of Smith and Maleczka tends to give higher para-over-meta-selectivities.
Furthermore, the latter is suitable for electron-rich substrates that reacted rather sluggishly
under the conditions of the former.
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Scheme 1.26. Repulsive ion-pairing-based para-selective C—H borylation of sulfamate, sulfate, and sulfonate
substrates by Phipps and Smith and Maleczka.

1.2.6.2. Other Electrostatic Interactions

Singleton, Smith, and Maleczka studied the dependance of the regioselectivity in the iridium-
catalyzed C—H borylation of phenols on the nature of the borylation reagent (Scheme 1.27).14
While their protocol gave significant ortho-selectivity only for substrates bearing relatively
large substituents in the para-position using Bpin2 as the borylation reagent, it was shown
that a change to Beg; led to a significant improvement in regioselectivity. Based on DFT
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calculations, it was proposed that the observed selectivity originates from an electrostatic
interaction between the bipyridine ligand and the oxygen atom within the glycolate ring
temporarily attached to the phenolic hydroxy group. Later, this borylation agent was also key
to substantially broaden the scope of anilines'#’ suitable for ortho-selective C—H borylation
(Scheme 1.27). The same strategy was further used for the functionalization of (R)-
BINOL.2849 |t should be noted that, according to DFT calculations, substrates lacking a
substituent at the aniline nitrogen atom go through a transition state different to the one
depicted in Scheme 1.27, where an additional hydrogen bond between the N-H and Ir-
coordinated Beg is responsible for the ortho-selectivity. For substrates lacking the N-H
hydrogen atom, a transition state based on electrostatic interactions analogous to the
corresponding one for phenols was identified.

________________________________________________
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Scheme 1.27. B,eg,-enabled direct ortho-selective C—H borylation of phenols and anilines by Singleton, Smith,
and Maleczka.

Building on the selectivity-determining electrostatic interactions between Beg and the
bipyridine ligand (cf. Scheme 1.27), Chattopadhyay and co-workers anticipated that similar
interactions could be also established between a substrate and the ligand if the ligand was
sufficiently electron-poor. While indeed bipyridines with electron-withdrawing substituents
effectively interacted with sulfonate-substituted anilines resulting in their meta-selective C—H
borylation, electron-poor phenanthroline proved to be ideally suited to interact with a broad
range of different sulfamates and amides (Scheme 1.28).1°° Even 1,4-disubstituted arenes,
such as the 4-‘Bu-substituted substrate 103d, which are considered to be challenging for
meta-selective borylation due to the steric shielding,?? were converted into the borylated
products, e.g. 104d, in a highly selective manner. Sulfamates derived from benzylamines are
applicable to the protocol, though their regioselectivity largely depends on the electronics of
the arene. From a standpoint of atom-economy, it can be considered advantageous that, in
contrast to earlier works by Smith and Maleczka, no transesterification from Beg to Bpin is
necessary.
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Scheme 1.28. meta-Selective C—H borylation of aromatic and benzylic sulfamates and amides enabled by
electrostatic interactions of substrate and ligand by Chattopadhyay. a Yield after post-functionalization.

1.2.7. Hydrogen Bonding

Kuninobu, Kanai, and co-workers reported the Ir-catalyzed meta-selective C—H borylation of
tertiary benzamides using hydrogen bonding interactions to control regioselectivity (Scheme
1.29).1%1 Key to the transformation was the development of the bipyridine-derived ligand 108
that contains a precisely positioned urea moiety. Hydrogen bonding between the urea moiety
and the carbonyl group of the amide group (a hydrogen acceptor) of the starting material
places the iridium center close to the meta-C—H bond, which is then selectively functionalized.
The method tolerates common functional groups in the ortho- and/or meta-position and is
applicable to substrates containing different tertiary amides as a DG. In addition to amides,
phosphonates can also act as a DG.

b RN_O [Ir(cod)OMe], (0.75 mol%) ~ ReN.__O » o
; , 108 (1.5 mol%) , ! )]\
Re | B,pin, (0.75 equiv.) Fi\, | : | ,},C
. hexane, rt, 16 h : H H
I \ ! ANV
' H X Bpin | 7 (0]
L AU ; Ny
‘ NR
o [’ ] :
hex (e} 0 N7
L_N_o (E10);P7 3
N
Br
Bpin Bpin
Bpin
107a, >99%, 107b, 95%, 107c, 52% o
m:p > 30:1 m:p =3.3:1 m:p = 16:1

108 CyHN

Scheme 1.29. Ir-catalyzed hydrogen-bonding directed meta-selective C—H borylation of arenes with amide and
phosphonate directing groups by Kuninobu and Kanai.
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Based on their previous work (Scheme 1.29), Kuninobu and co-workers later reported that
urea-containing ligands also accelerate the meta-selective C—H borylation of benzamides.'>?
By introducing substituents to the ligand described in their earlier work, the acceleration could
be further enhanced. In addition, a functional group specificity (amide vs. ester) and substrate
specificity for starting materials bearing different amide groups were achieved.

Further, the meta-selective C—H borylation could be combined with post-functionalization
reactions in a one-pot fashion. This approach enables direct meta-selective C-H
functionalization reactions of benzamides without isolation of the intermediary boryl
compounds and is of great synthetic value.'>3

A bifunctional ligand for the iridium-catalyzed ortho-selective installation of Bpin into
secondary benzamides was designed by Reek and co-workers (Scheme 1.30).1>* The ligand 111
contains a 2,2'-bipyridine moiety for the coordination of the metal center and an amide-
substituted indole for the pre-organization of the substrate guaranteeing a high activity and

regioselectivity through a total of three hydrogen bonds.
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Scheme 1.30. ortho-Selective C-H borylation of aromatic amides enabled by hydrogen bonding by Reek.

The bipyridine-derived ligand 97 bearing a sulfonate tag, which was initially designed to ion-
pair with cationic substrates (cf. Scheme 1.25), was used by the Phipps group to act as an
efficient hydrogen-bond acceptor interacting with N-benzylamides (or their homologues)
enabling their iridium-catalyzed meta-selective C—H borylation (Scheme 1.31).14! Notably,
unless a sufficiently large ortho-substituent is present in the starting material, the reaction
forms diborylated products.
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Scheme 1.31. meta-Selective C—H borylation enabled by a hydrogen bond between the substrate and the
anionic ligand 97 by Phipps.

In 2020, exchanging the achiral counterion of ligand 97 for a chiral dihydroquinine-derived
one enabled the Ir-catalyzed C—H borylation of benzhydrylamides and diarylphosphinamides
in high yields and enantioselectivity (Scheme 1.32).2>> Conceptually, the hydrogen bond
between substrate and anionic ligand assures an organized approach of the substrate towards
the metal center, while the chiral counterion ensures a chiral environment resulting in a high
differentiation of the two enantiotopic aryl substituents within the substrate.

________________________________________________________________
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Scheme 1.32. Enantioselective C—H borylation by combination of ion-pairing with hydrogen bonding by Phipps.

1.3. Conclusion and Outlook

As outlined in this chapter, group 9 catalyzed C—H borylation reactions continue to be a subject
of rapid development. In recent years, a large body of research has focused on the
development of site-selective reactions driven by precise non-covalent catalyst-substrate
interactions, which complement initial methods in case of which regioselectivity was driven
by steric interactions, hence functionalizing the most accessible C—H bonds. Therefore,
synthetically useful borylation reactions were restricted to 1,3- and 1,2,3-substituted arenes
as starting materials. Nowadays, a broad repertoire of protocols is available for the installation
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of boryl groups in the ortho-position to a variety of directing groups. While this field can be
considered well developed, the meta- and para-selective arene C—H borylation still lacks
general approaches, because existing methods are restricted to specific substrate classes.
Nevertheless, sophisticated concepts have been reported and further development toward a
broader applicability might be expected. The very recent report on remote steric control for
undirected meta-selective C-H borylation of arenes by Asako, lllies, and coworkers is a
noteworthy step in this direction.>® Importantly, some of the concepts originally designed for
regioselective arene borylation have been shown to be transferable to the site-selective
borylation of aliphatic substrates and more research in this direction with potential
applications in enantioselective catalysis is of high demand. In case of the C—H borylation of
alkenes, two new methods have been developed recently that are the first examples of group
9 catalyzed transfer borylations and are the subject of the discussion in chapters 2 and 3. In
contrast, methods for the direct functionalization of alkenes with a- or Z-selectivity remain
elusive. In addition, most of the protocols introduced in recent years still require the use of
precious iridium and rhodium, while methods relying on cobalt are, despite its substantial
natural abundance, scarcely described in the literature.

1.4. Aim and Outline of this Thesis

The aim of this thesis is the design and development of transfer borylation reactions for the
efficient and widely applicable functionalization of alkene starting materials through a rational
design by mechanistic considerations. Although several methods are established for the C—H
borylation of alkenes, no general method that is applicable to both terminal and internal
alkenes and displays an excellent functional group tolerance is available. Transfer C—H
borylation bears the potential to unlock a range of attractive transformations for the synthesis
and late-stage derivatization of complex molecules. However, its scarce precedence and
previously limited mechanistic understanding hindered the development of practical
protocols. Therefore, studying the mechanism of the C—H borylation reactions is of high
importance for this thesis. In a broader context, this thesis sets the stage for the development
of a range of other hydrogen-for-functional group exchange reactions undergoing similar
pathways.

This PhD thesis consists of five chapters, which are briefly summarized below. First, a review
of the recent trends in the field of group 9 catalyzed C—H borylation reactions is provided (this
chapter) as an introduction to the discussion of related catalytic methodologies in the
subsequent chapters of this thesis. Thereafter, a study of such a reaction —namely the transfer
C—H borylation of alkenes under Rh(l)-catalysis — is described. The developed method enables
the selective C—H borylation of terminal and internal alkenes with high selectivity and
excellent functional group tolerance (Chapter 2). A thorough mechanistic investigation
involving a series of catalytic and stoichiometric experiments gives insight into the full catalytic
cycle employing a B-boryl elimination, an elementary step, which is unprecedented for Rh-
catalysis, and elucidated the features controlling the activity and the selectivity. Subsequently,
another transfer borylation methodology was developed by modifying the catalytic system
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and exchanging the Rh(l)-catalyst for an Ir-catalyst (Chapter 3). The resulting protocol provides
a broad functional group tolerance beyond that of the Rh(l) protocol, including the tolerance
of acidic X—H bonds present in many pharmaceutically valuable motives. This feature
enhanced the application of the method in late-stage functionalization settings of more
complex bioactive molecules. In the next chapter, the borylative dehomologation of (allylic
and aliphatic) alcohols and aldehydes through sequential multicatalysis is described. The
reaction sequence consists of a Rh-catalyzed (oxidation or isomerization and) retro-
hydroformylation followed by the formerly developed Ir-catalyzed transfer borylation
protocol to access vinyl boronate motives that can be further functionalized using established
literature methods. Overall, the sequential one-pot process enables a fast, convenient, and
resource-saving dehomologative derivatization of aldehydes and (allylic) alcohols (Chapter 4).
The last chapter of the thesis provides a perspective on the challenges and opportunities of
such multicatalytic transformation and their future potential applications in chemical sciences
(Chapter 5).
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CHAPTER 2

Transfer C—H Borylation of Alkenes
under Rh(l)-Catalysis: Insight into the
Synthetic Capacity, Mechanism &
Selectivity-Control

The work described in this chapter was performed in collaboration with H. Grab, and S.
Martinez. | conceived the project, developed the method, evaluated about 50% of the scope
and performed the mechanistic experiments shown in Figures 2.4 and 2.6 (reaction 2).
The contents of this chapter have been adapted from a published article with permission:
Veth, L.;# Grab, H.A.;# Martinez, S.;# Antheaume, C.; Dydio, P. Chem Catal. 2022, 2, 762—
778; # - equal contribution. DOI: 10.1016/j.checat.2022.02.008.

The article was featured on the cover of the issue.
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2.1 Introduction

Given the pharmacophoric properties of boronic acid derivatives'™3 as well as the multitude
of methods to convert a C-B bond into a C-C or C-X bond,*” the ability to install a boronic
ester group by a selective functionalization of one of the C-H bonds in available starting
materials is highly appealing for both modular synthesis of functional materials and late-stage
functionalization of complex molecules.® While the borylation of aromatic and aliphatic C-H
bonds has been extensively studied,®'* the direct borylation of vinylic C-H bonds remains
underdeveloped with no general method being available, despite the presence of these motifs
in various synthetic and natural compounds (Figure 2.1a).1>'7 In that context, alkene cross-
metathesis employing a simple vinyl boronate ester as a reagent*®-?2 enables formal C-H bond
borylation of terminal alkenes under mild conditions and with high atom-economy
(Figure 2.1b); thereby the strategy has found numerous applications in fine-chemical
synthesis.?372” However, when the initial carbon skeleton is to be maintained, the approach is
unsuitable for the borylation of substrates bearing internal alkenes, e.g., many (macrocyclic)
natural products. In contrast, the boryl-Heck?®3° and dehydrogenative3™** protocols were
reported to be applicable to the C-H borylation of terminal and internal alkene starting
materials. Still, the synthetic utility of these reactions is often limited. In the case of the boryl-
Heck reaction, the use of CIBcat or BrBcat as the borylation reagent leads to the inevitable
incompatibility with many nucleophilic functional groups, including soft nucleophiles, such as
enolizable ketones or esters, in addition to amines or alcohols. Also, the involvement of
multiple reagents and a post-synthetic transesterification of unstable Bcat products further
diminishes the atom-economy of the protocol. In turn, dehydrogenative borylation methods
often suffer from competitive hydrogenation and hydroboration side-reactions. In addition,
these processes involve high-valent metal-hydride intermediates, which need to be either
guenched by a sacrificial reagent or undergo an extrusion of dihydrogen. Therefore, starting
materials bearing functional groups of high reactivity toward such metal-hydrides are
inherently incompatible.

Functional group transfer catalysis** that would mediate the exchange of hydrogen for a boryl
group between starting materials could enrich the scope of strategies for C-H bond borylation
by being applicable to both terminal and internal alkene starting materials, while at the same
time employing a benign reagent as a boryl group donor, ensuring a tolerance toward a broad
range of functional groups and high atom-economy of the process (Figure 2.1c).*® Although,
Marciniec*”*® and Wu** reported a boryl group transfer between boryl group donors and
alkenes in the presence of [RuHCI(CO)(PCys)2] or [Cp2ZrH;], the reported scopes of these
methods remain restricted to simple monosubstituted alkenes, such as styrene and its
derivatives bearing a limited range of functional groups (i.e., halogens, alkyl, and alkoxy
substituents).**4749-31 For instance, no examples of starting materials containing an internal
double bond or bearing other common functional groups, such as alkynes, aldehydes, ketones,
amides, or any heterocycles, were reported to be productive, and thus these methods found
no practical applications in fine-chemical synthesis so far. Further, limited mechanistic insight
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into the boryl group transfer catalysis hinders rational development of these protocols toward
synthetic applications.>?

(a) Desired features for alkene C—H borylation strategies

(s (M]? { R
\RH/\ + Z-B(OR), > ‘RHA
H mild reagent? B(OR),
R2 R2

Compatible with common functional groups?
Applicable to terminal & internal (cyclic) alkenes?
Site-, regio-, and stereoselectivity?

(b) Borylation by well-established olefin cross-methathesis
[Ru or Mo]

1
Rk% + é{\B(OR)2 S F{\l/\B(OR)Z pa
R? R?

cleavage of carbon-carbon bond precludes borylation of
internal (cyclic) alkenes without skeleton modification

(c) This study: boryl group transfer strategy under Rh(l)-catalysis

R® [Rh-H] RS
1 1
R%H + Zfaor, — F¥ sor), * Pn
R? R= R?

Ar, EWG, EDG, Alk*, H, etc.

terminal, 1,1- & 1,2-disubstituted alkenes

R3 Envisioned mechanism: R3
1 1
R\%\H 1. alkene R3 2. B-hydride RWAB(OR)Z
> insertion R B(OR)2  glimination 2
R H R
R2
[Rh()]
Key design principle:
[Rh"-B(OR), intermediates with high affinity toward alkenes [Rh()]-H
N ensuring high functional group compatibility
N B(OR),
FoT
R H
A H 4. p-boryl [RA®] 3. alkene ¥ “B(OR),
elimination? insertion

Key features of this study:
# Support for the mechanism with an unprecedented B-boryl elimination
¢ Detailed insight into the selectivity-controlling features
& Compatibility with common functional groups & transfer of different boryl
groups (e.g., alkyne, aldehyde, amine, pyridine & Bpin, Bmac, Bpnd)
& Applicability to a variety of terminal & internal alkenes confirmed

Figure 2.1. Context of this work. (a) C—H borylation of alkenes with appealing features for fine-chemical
synthesis, (b) state of the art — alkene cross-metathesis, (c) transfer borylation reaction under Rh(l)-catalysis —
summary of this work. * When thermodynamically favored, the isomerization of the double bond across an
alkyl group is detrimental for the reaction.

We hypothesized that phosphine-Rh(l)-complexes would be the catalysts of choice for a
chemoselective boryl group transfer that would occur in a proposed catalytic cycle involving
a series of alkene insertion and B-elimination steps, as shown in Figure 2.1c. Our reasoning
was as follows: (i) In stoichiometric experiments, a Rh(l)-boryl complex reacted with styrene
to form Rh(l)-hydride and styryl boronate ester,* indicating the feasibility of two elementary
steps of the proposed catalytic cycle (steps 1,2). In turn, (ii) Rh(l)-hydrides are known to react
selectively with alkenes to form Rh(l)-alkyl species tolerating a broad range of functional
groups (step 3).>*>7 (iii) Although the final elementary step, the B-boryl elimination, (step 4),

38



is unreported for Rh-complexes, microscopic reversibility for the reverse step, i.e., an alkene
insertion into a Rh(I)-B bond,>>>® supported its feasibility.>®>®! (iv) Lastly, the engagement of
only low-valent Rh(l)-intermediates obviates otherwise impeding side-reactions based on
reductive elimination reactivity of high-valent complexes, such as competitive hydroboration
or hydrogenation. The chemoselectivity of the alkene insertion into a Rh(I)-B bond remained
an open question.527%7

Here we report our studies establishing the development, mechanism, and key features of
transfer C-H borylation of alkenes under Rh(l)-catalysis. The method proved to be applicable
not only to terminal but also to so far challenging internal alkene starting materials and
compatible with a broad range of functional groups, including motifs that are typically
problematic using established approaches. A series of experimental mechanistic studies,
corroborated by DFT calculations, provided insight into the details of the catalytic cycle that
introduces the thus far unreported yet relatively fast B-boryl elimination step engaging the
Rh(1)-(B-borylalkyl) intermediate. Further, the studies revealed the rate and selectivity
determining aspects of the reaction. The studies set the stage for developing new valuable
hydrogen-for-functional group exchange transformations for fine-chemical synthesis.

2.2. Results and Discussion

2.2.1. Catalyst formulation

We commenced our studies by evaluating the feasibility of the devised reactivity in a model
reaction of styrene 1a with vinyl boronate pinacol ester 2 forming product 3a. To identify a
suitable catalyst, we considered precursors that could form the prospective species that
operate in the catalytic cycle, i.e., either a Rh(l)-hydride or a Rh(l)-boryl complex (Figure 2.1c).
We selected phosphine-Rh(l)-alkoxide complexes, which were reported to form
coordinatively unsaturated Rh(l)-hydride species through migratory insertion of an olefin into
the Rh-0 bond and subsequent B-hydride elimination.585°

Upon evaluation of a range of complexes of different phosphine ligands and conditions (Table
2.1, sections 2.4.2.1. — 2.4.2.6.), we found that the model reaction of 1a with 2 (1.5 equiv) in
the presence of [Rh(cod)OMe]; and xantphos formed product 3ain 92% NMR yield (81% yield
of isolated material; entry 1), confirming the successful reaction design. Importantly, no other
isomers of the product were observed. It should be noted that, because this isodesmic
reaction is merely exergonic (DG° = -0.57 kcal/mol),’° the release of the gaseous ethene by-
product is a driving force of the reaction. The formation of ethene was confirmed by in situ
NMR spectroscopy.”®
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Table 2.1. Evaluation of reaction conditions

[Rh(cod)OMe]; (2 mol%),
xantphos (4 mol%)

Ph\/ + /\Bpin Ph\/\Bpin + / ?
) 1,4-dioxane (1 M),
1a 2 (1.5 equiv) Nj, 90 °C, 16 h >95%38atereo_
e Bregiosel
O
—B,
480 o g
PPh,  PPh, PPh;  PPhy =
xantphos dpephos —Bpin
entry variations from standard conditions yield (%)@
1 none 92 (81)°

2 [Rh(cod)Cl]2 as precursor© <2
3 [Rh(cod)Cl]2 + NaOMe as precursor¢ 92
4 [Rh(cod)Cl]2 + NaOtBu as precursor® 92
5 no [Rh(cod)OMe], <2
6 no xantphos 18
7 dpephos instead of xantphos <2
8 1/2 cat. loading <2
9 1/2 cat. loading + 5 mol% B;pin> 92
10 1/8 cat. loading + 1.2 mol% Bzpina 81

2 Yield determined by 'H NMR analysis of the reaction mixture with an internal standard;
byield of isolated material by a column chromatography purification; ¢instead of [Rh(cod)OMe]z; 1 : 1 ratio of
Rh to sodium alkoxide. For reactions with other phosphine ligands and reaction conditions, see section 2.4.2.

The phosphine-Rh(l)-alkoxide complex is key to the catalytic activity, as confirmed in a series
of control experiments (Table 2.1). No reaction was observed with [Rh(cod)Cl]; in place of
[Rh(cod)OMe]; (entry 2). However, the catalytic activity was recovered when [Rh(cod)Cl], was
used with a variety of alkoxide salts (entries 3-4 and Table 2.2) that formed the rhodium(l)-
alkoxide complexes in situ. No reaction occurred in the absence of the rhodium precursor
(entry 5), but low activity of the rhodium(l)-alkoxide precursor was maintained in the absence
of any phosphine ligand (18% yield, entry 6).

(a) Pre-catalyst activation with alkene:
R

R A MeO R ¢
AN [L;j)]\H V\OMe
[LRh(I)]—OMe $—> + [LRh(I)]—H
OMe
R confirmed by
H NMR spectroscopy
[LRh(1)]

(b) Pre-catalyst activation with B,pin,:

B,pin, Bpin pinBOMe
[LRh(l)]—OMe [LI:?h(III)]*OMe [LRh(I)]—Bpin
Bpin

Scheme 2.1. Different modes of pre-catalyst activation
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The formation of a catalytic Rh(l)-hydride species via migratory insertion of an alkene into the
Rh(l)-alkoxide bond and [-hydride elimination was confirmed in stochiometric NMR
experiments (Scheme 2.1a); however, the process is not quantitative. As judged by the
characteristic hydride signal at -12.4 ppm in the *H NMR spectrum, up to 16% of a Rh-hydride
species was formed after 2 h at 22 °C in the stoichiometric reactions of alkene 1a with
xantphos-Rh(l)-alkoxide containing either the MeO or tBuO ligand (see section 2.4.3.5.). No
increase of the yield of the Rh-hydride was observed upon further reaction at this or elevated
temperatures, but a mixture of other unidentified complexes was formed as judged by 3'P
NMR spectroscopy.”®

We found that catalytic amounts of B,pin, are beneficial for the rate of the catalytic reaction
(Figure 2.24). Most likely, the addition of Bapin; enables an alternative pathway of the pre-
catalyst activation by the facile formation of the other catalytic intermediate of the cycle, i.e.
the Rh(l)-Bpin complex, in a sequence of oxidative addition of Bzpin; and reductive elimination
of MeOBpin (Scheme 2.1b).”! Noteworthy, a control catalytic reaction of 1a with a
stoichiometric amount of Bypin; in the absence of vinyl Bpin 2 formed only trace of product
3a, in line with Bypiny acting as a pre-catalyst activator rather than an alternative
stochiometric boryl group donor. Most importantly, the use of co-catalytic amounts of B,pin;
additive enables to lower the catalyst loading substantially (Table 2.1, entries 1 and 8-10, and
section 2.4.2.7.).

2.2.2. Synthetic Capacity

With the established conditions in hand, we evaluated the reaction with respect to its
functional group compatibility, its applicability to sterically and electronically varied olefines,
including natural products and bioactive materials, as well as its ability to transfer different
boryl groups (Figure 2.2). We established the following:

e The method is compatible with a broad variety of functional groups (1b-1q) and
heteroaromatic moieties (1r-1u). Particularly noteworthy is the compatibility with
aldehydes 1b, alkynes 1p, 1q, amines 1c, 1d, and pyridines 1r, 1s, which are often
problematic in borylation protocols,?> due to either their ability to inhibit the catalyst or
their intrinsic incompatibility with reagents (e.g., HBpin) or catalytic intermediates (e.g.,
Ru(ll)- or Rh(lll)-hydrides). We found that although acidic NH, OH, or CH groups are
problematic (Figure 2.47), they can be effectivly protected, as observed in experiments
with alkenes 1d, 1k, 1l, and 1q. It is worth noting that in initial reactions of alkynes 1p or
1q with donor 2, a competitive ene-yne coupling was observed;’?”® however, the use of
vinyl (E)-1,2-bisboronate 4 in place of donor 2 prevented these side-reactions. Inter se,
alkene 1v that contains an alkyl-benzyl alkyne moiety reacted to form boryl derivative
3v bearing a (non-borylated) 1,3-diene motif, revealing the alkyne-isomerization
activity’* of this Rh-catalyst as well as a high selectivity of the catalyst towards terminal
mono alkenes over dienes.
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The method is applicable to a range of olefins bearing electronically (1w-1aa) and
sterically (e.g., 1ab) varied double bonds and different substitution patterns, including
1,1- and 1,2-disubstituted alkenes 1lac-l1an. It is noteworthy that the borylation of
enamides like 1x-1aa have been thus far rather underdeveloped, with only a single
substrate being borylated in a synthetically useful yield.37:3847.75 |n reactions of starting
materials 1ab-1an, the presence of co-catalytic Bopin, was essential for the efficient
catalytic activity; presumably alkenes 1ab-1an are not able to activate the pre-catalyst
efficiently due to their hindered insertion into the Rh-O bond. In case of 1,1-
disubstituted alkenes, the stereoselectivity of the reaction seems to be controlled by
steric effects. Unsymmetric alkenes 1ag-1aj bearing two aryl rings of similar size, that is,
phenyl rings with varied substituents in (remote) para- or meta-positions, reacted to
form close to equimolar mixtures of stereoisomeric products irrespectively of the
electronic effects. On the other hand, alkenes 1ac, 1ae, and 1ak bearing one phenyl and
one methyl, trifluoromethyl, or 2-thiophene ring furnished one isomer of the product
preferentially with a synthetically useful stereoselectivity (77 to 90%). Similarly, 1,2-
disubstituted alkenes 1al-1n reacted with a substantial stereoselectivity (77 to >95%);
however, the electronic effect on the selectivity was pronounced. While both (E)- and
(2)-B-methylstyrene 1al reacted to form the same stereoisomer of 3al with 83%
selectivity (39% vyield), (E)-methylisoeugenol lam furnished 3am with excellent
selectivity (>95%), with only traces of the other isomer. It should be noted that internal
aliphatic alkenes, such as cyclooctene, alkenes that tend to isomerize to internal or
trisubstituted alkenes, such as 1-octene or a-ethylstyrene, or alkenes bearing highly
congested double bonds, such as a-tert-butylstyrene, failed to form the target products
in substantial amounts, establishing the current limitations of the method (for details,
see section 2.4.6.).

The method is applicable to transfer different boronate ester groups, including Bmac
(3a0), or the chiral a-pinene-based Bpnd group (3ap), providing an easy access to
boronic acid derivatives of varied reactivity for tailored synthetic applications.”®7° It is
also worth noting that the method employs only simple readily available reagents and is
easily scalable (1.1g of 3aq (76% yield) furnished using just 0.24 mol% of
[Rh(cod)OMe],).
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Figure 2.2. Compatibility of the method with different functional groups, heteroaromatic motifs, electronically
and sterically varied terminal and internal alkenes, and different boronic esters. For an overview of the reaction
conditions, including the comparison between the analytical yields determined by *H NMR analysis of the
reaction mixture with an internal standard and the yields of isolated materials, see section 2.4.6. Because
vinylboronic esters tend to partially decompose during chromatography on silica gel,?%%8! the analytical yields
are reported here to indicate the actual reaction performance; for all experimental details, and product
characterization, sections 2.4.5. — 2.4.7.; ?isolated yield; ®4 (1.0 equiv) instead of 2; °B.pin2 as an additive; ¢
starting from cis-1al, starting from trans-1al: 38% isolated yield (83:17 Z:E); © dr, diastereomeric ratio between
(E)- and (2)-products; major stereoisomer was not assigned.

e Typical motifs of drug molecules with multiple strongly coordinating N- or S-sites that
could chelate to the metal center and hence impede the reaction, often represent a
significant challenge in transition metal catalysis (Figure 2.3). Nonetheless, we observed
that derivatives of antihistamine Brompheniramine 1ar, antipsychotic Chlorpromazine
las, and agonist of retinoid receptor CD3254 3au underwent transfer borylation
efficiently, establishing a powerful entry point for the synthesis of large libraries of such
bioactive molecules. Additionally, boronic acids are bioisosteres of carboxylic acids that
find diverse applications in pharmacology.’ In this context, the protocol proved
effective in the concise synthesis of the boronic acid bioisostere of antiplatelet drug
Ozagrel 5 through its Bpin ester 3at.
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e Complex natural products of macrocyclic structure are particularly challenging.
Gratifyingly, our protocol furnished boryl derivative 3av of Zearalenol, a nonsteroidal
mycoestrogen found in Fusarium spp. Albeit the product was formed in modest yield,
this example demonstrates the unique synthetic capacity of the transfer borylation
strategy for the late-stage functionalization of complex substrates.

X _ Bpin
NM92 OH
Me,yN X l|3
X _ Bpin \ “OH
Z "N
a~ |
3ar®: Brompheniramine deriv. 3as: Chlorpromazine deriv. 5: Ozagrel bioisostere®
76%2 80% (3at: Bpin ester: 85%)
OMe O
AcO me
3au: CD3254 deriv. 3av:>d Zearalenol deriv.
89% 11% (33% rsm)

Figure 2.3. Compatibility of the method with polyfunctionalized bioactive compounds. ?isolated yield; ®Bopin2
as an additive; © The ester 3at was readily hydrolyzed to the boronic acid 5 (68% yield);’° ¢ the catalyst solution
was added portion-wise (in total 8.75 mol% of Rh-precursor);’° deriv, derivative, rsm, recovered starting
material.

2.2.3. Experimental mechanistic studies

Having established the boryl group transfer between alkenes under phosphine-Rh(l)-alkoxide
catalysis and its broad applicability with an excellent functional group tolerance, open
guestions arose regarding the mechanistic aspects of the reaction that could assist further
rational development of the method. In particular, we wondered whether the reaction
occurred in the proposed catalytic cycle involving Rh(l)-hydride and Rh(l)-boryl intermediates
with the Rh(I)-(B-borylalkyl) intermediates engaging in the so far unreported B-boryl
elimination step (see Figure 2.1c) or whether an alternative mechanism involving a Rh-
alkoxide mediated C(sp?)-H bond activation was operating.828* The origin of the excellent
regio- and stereoselectivity remained to be solved as well. To shed light on the above
guestions, we performed a series of experimental studies, which we further corroborated by
DFT calculations.

Probing Alternative Catalytic Cycles. Stereochemical considerations for the formation of the
product involving either a sequence of alkene insertion into a Rh—B bond and B-hydride
elimination or a direct C-H activation implied different fate of the olefinic hydrogen atoms of
alkene 1a depending on the mechanism of the reaction (paths I-1l, Figure 2.4a). Furthermore,
because the earlier mechanism operates through the formation of a Rh-H species, this
pathway might also lead to a proton scrambling throughout different positions of the alkene
starting materials, depending on selectivity, rates, and reversibility of alkene insertion steps
(paths llI-1V, Figure 2.4a). To differentiate between these scenarios, we performed catalytic
experiments with deuterium-labeled starting materials (Figure 2.4b). The reaction of (E)-B-
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deuteriostyrene 1a-B-d furnished product 3a that partially retained deuterium labeling, which
was scrambled between both vinylic C-H bonds (reaction 1). This outcome of 3a maintaining
some deuterium is inconsistent with the mechanism involving a direct C-H bond activation by
the Rh(l)-alkoxide species (path Il, Figure 2.4a), but it is consistent with the mechanism
involving an alkene insertion into the Rh(l)-Bpin followed with a B-hydride elimination to form
the product and a Rh-hydride (path 1). In this reaction, the deuterium scrambling results most
likely from a fast and reversible alkene insertion into the Rh-H bond (paths IlI-IV). In fact, both
(E)- or (2)-B-deuteriostyrene 1a-B-d reacted with 2 forming product 3a with similar content
and relative distribution of deuterium at the a- and B-sites (reactions 1-2). Furthermore, in
situ NMR spectroscopy and GC-MS analysis of the reaction of styrene-ds 1a-ds with 2 revealed
the extensive hydrogen/deuterium scrambling not only throughout the a- and B-sites of
product 3a, but also between both alkene starting materials 1a-ds and 2 occurring already
early in the process (reactions 3-4). This result indicates that the reversible insertions into the
Rh—H/Rh-D bonds are faster than the actual transfer of the boryl group. We also found that
the product re-enters the cycle during the catalytic reaction. Compound 3t, the analogue of
3a bearing a different aryl ring, added to the reaction of 1a-ds and 2 as a ‘spectator’ underwent
partial deuterium incorporation into its a- and B-positions, implying its reversible insertion
into the Rh—H/Rh—D bond occurring also early in the process (3 h; reaction 5). Lastly, utilizing
compound 3a as the boryl group donor instead of vinyl boronate 2 in the reaction of
4-chlorostyrene 1f, we observed the formation of 3f, 4-chloro analogue of 3a, and styrene 1a
(reaction 6), indicating the reversibility of all steps of the catalytic cycle. It should be noted
that these experiments confirmed the reversibility of all steps in the catalytic cycle forming
34, i.e., (E)-product; however, the relative rates between the steps (e.g., alkene insertion into
the Rh-B versus B-boryl elimination) as well as the feasibility of the catalytic cycle forming
alternative products, i.e., (Z)- and a-isomers, had yet to be investigated.
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(a) Implications of alkene insertion & B-elimination sequence or alternative C-H bond activation mechanism

path I. insertion into a Rh—B bond - B—H elim. removes HZ & inverts HE to the (Z)-side path IIl. reversible alkene insertion into a Rh—H scrambles HZ & HE

Y |
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path I1. C-H bond activation removes HE & retains HZ at the (2)-side path IV. reversible inverted alkene insertion into a Rh—H scrambles H*
(b) Experiments with isotope-labeled starting materials probing the mechanism of the reaction
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16 h, 56% Ar: 4-CICgH, 16 h
1a-dg 62% iso. yield 3a-d, 3a (3.0 equiv) 1f 1a: 68% yield 3f: 68% yield

93% conv.
Figure 2.4. Mechanistic experiments probing the prospective catalytic cycle for the boryl group transfer. (1-2):
Partial deuterium retaining in 3a in the reaction of (E)-1a-p-d is consistent with the mechanism involving alkene
insertion into a Rh-B bond & B-hydride elimination sequence; (1-4): H/D scrambling between starting materials
indicates fast & reversible alkene insertion into the Rh-H intermediate; (5): Deuterium incorporation into 3t
indicates that the product re-enters the cycle; (6): Boryl group transfer between 3a and 1f indicates that the
reaction is reversible. For standard conditions, see Table 2.1; for further details, see section 2.4.3.2.

Insight into the Rate Limiting Step. With the observed fast hydrogen/deuterium scrambling
(Figure 2.4b), we considered that both the insertion of alkenes into the Rh(l)-hydride and (-
hydride elimination must be fast, and hence the overall rate of the reaction is limited by either
the alkene insertion into the Rh(l)-boryl intermediate or the B-boryl elimination step (Figure
2.1c). To differentiate between these scenarios, we studied the reactivity of the independently
prepared Rh(l)-boryl intermediate, LRhBpin (Figure 2.5).7%7! First, we found that LRhBpin
reacted with alkene 1a to form product 3a gradually in time, implying a rather slow alkene
insertion into the Rh—-B bond (Figure 2.5a). In turn, we observed that LRhBpin is catalytically
active in the model reaction, with similar rates of the formation of 3a early in the reaction,
i.e., before the first catalytic turnover, and later in the reaction, i.e., after the first catalytic
turnover (Figure 2.5b). Most importantly, the formation of 3a before the first turnover
involves only the insertion of alkene into the Rh—-B bond of starting LRhBpin (and the fast 3-
hydride elimination), while the formation of 3a in the later phase of the reaction requires all
steps of the cycle, including the B-boryl elimination step. Thus, similar rates in the different
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phases of the reaction indicate that the alkene insertion into the Rh-B bond is slower than the
B-boryl elimination, and hence is most likely the rate-limiting step of the catalytic process.

(a) Reactivity of Rh(I)-Bpin intermediate with an alkene

LRh()—Bpin + PhZ ———  PONg,
thf-dg/thf

LRhBpin 1a 3a

(1 equiv) (>10 equiv) N .
conditions yield
22°C, 16 h: 50%

L = xantphos 45°C, 5 h: 74%

(b) Catalytic activity of Rh(l)-Bpin intermediate

LRh(l)—Bpin
(6.7 mol%) Phe

PhzZ * P Bpn ———————> ~PBpin
thi-dg/thf

1a (1 equiv) 2 (1.2 equiv) 45°C 3a
phase (time): TOF/h™"  TON
< 18t turnover (5 h): 0.09(1) 0.44
> 15t turnover (16 h): 0.09(1) 1.52

Figure 2.5. Reactivity of independently prepared xantphos-Rh(l)-Bpin intermediate. LRhBpin reacts with 1a
rather slowly and is catalytically active under similar conditions; the formation of 3a with similar rates in the
different phases of the catalytic reaction suggests that the alkene insertion is rate-liming. TOF, turnover
frequency; TON, turnover number; for full experimental details, see sections 2.4.3.6. and 2.4.3.7.

Probing Stereo- and Regiocontrol of the Reaction. Because product 3a is more stable than
isomers (Z)-3a and (a)-3a (0.0 vs. +4.2 and +5.0 kcal/mol, respectively),’® the stereo- and
regioselectivity of the reaction might be either under thermodynamic control, that is, when
the formation of different isomers of the product is similarly fast, but isomers quickly
interconvert to form the product of the lowest energy, or under kinetic control, that is, when
the formation of one isomer is much faster than that of the other isomers. To shed light on
these scenarios, we studied the reactivity of independently prepared isomers (Z)-3a and (a)-
3a under catalytic conditions. We observed that stereoisomer (Z)-3a underwent fast
conversion to (E)-isomer 3a, when present as a spectator of a catalytic reaction of substrate
laq under otherwise standard conditions (Figure 2.6, reaction 1). This observation indicates
that stereoselectivity might be indeed thermodynamically controlled.?3> However, the quick
formation of (2)-3a along with 3a would need to be confirmed to exclude the possibility of
kinetic control operating, where the reaction forms 3a much faster than (2)-3a. In contrast, in
an analogous experiment, the o-regioisomer of 3a, (a)-3a was rather reluctant to the
isomerization: only 11% of (a)-3a converted to 3a after 3 h, while at the same time the (j3-
selective) catalytic reaction was nearly finished (84% yield of 3m; Figure 2.6, reaction 2). This
experiment clearly showed that the formation of (E)-isomer is much faster than the formation
of the a-isomer, in line with kinetic control of the regioselectivity. Overall, the conversions of
(2)-3a and (a)-3a to 3a indicate that both prospective products of the reaction can enter the
catalytic cycle, and hence, due to the principle of microscopic reversibility, they could be
formed in the reaction as well. However, the slower conversion of the a-isomer to the (E)-
isomer compared to the rate of the actual catalytic formation of the (E)-isomer implies that
the regioselectivity of the reaction is kinetically controlled, a rather unusual feature in
functional group transfer catalysis.®> Most importantly, because the kinetic control depends
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on the catalyst, the data suggest the feasibility of accessing different isomers using different
catalysts.

(1

spectator
\jpin std. cond.
Ph + ARy —» Ph  ~ ot
\F \/\Bpln Ar\/\Bpin
(2)-3a 1aq +2 3a 3aq
(0-2equiv)  Ar: 4-BuCeHys time: (2)-3a:3a yield:
96:4 Z.E 3h <1:20 68%
16 h <1:20 9
@ 92%
spectator
Ph A 2 std. cond.
r
r + A —_ Ph\/\Bpin + Ar\/\Bpin
pin +2 3a 3m
(a)-3a 1m time: (a)-3a: 3a yield:
(0.2 equiv) Ar:4-OMeCgH, 3h 9:1 84%
16 h 6:4 91%

Figure 2.6. Mechanistic experiments probing the pathways toward formation of stereo- and regioisomeric
products. (1): Fast isomerization of (Z)-3a to 3a indicates that the stereoselectivity of the reaction might be
thermodynamically controlled or kinetically controlled at the 3-hydride elimination step. (2): As the
isomerization of (a)-3a to 3a is slower than the catalytic reaction, the regioselectivity is controlled kinetically.
For standard conditions, see Table 2.1; for details, see section 2.4.3.2.

2.2.4. Computational mechanistic studies
The experimental mechanistic findings were corroborated by DFT calculations performed at

the MO0G6-L/def2-TZVPsmp,1,4-dioxane)//MO06-L/def2-SVP level of theory. The computed free
energy surfaces for the formation of 3a, (2)-3a and (a)-3a (Figure 2.7) demonstrated the
feasibility of the initially considered catalytic cycle (Figure 2.1c) and further supported the
alkene insertion into the Rh-B bond as the rate-limiting step of the reaction. Importantly, our
computations not only support that the regioselectivity is kinetically controlled but also
suggested that the stereoselectivity is also under kinetic control. Additionally, we provided a
detailed analysis on the unprecedented B-boryl elimination process (section 4.3 of the SI), as
well as an insight into the preferential P-P coordination mode of xantphos during the reaction
(not part of this thesis).8®

Specifically, the initial xantphos-Rh(l)-hydride complex coordinated by boryl group donor 2,
LRhH(n?-2) is predicted to readily form the Rh(I)-boryl intermediate, LRhBpin(n?-ethene) in
an exergonic process (DGrel = -6.0 kcal/mol) through an alkene insertion (via transition state
1, TS-1) — B-boryl elimination (TS-2) sequence with a low free energy barrier of +5.6 kcal/mol.
Noteworthy, the oxygen atom of the xantphos ligand does not interact with the metal center
during the process, while such an interaction was found to be important in other Rh-catalyzed
reactions.®” Parallel calculations indicate that such a pathway would lead to a significantly
higher free energy barrier (DGrel = +10.5 kcal/mol vs +5.6 kcal/mol).2® Therefore, the activity
of the xantphos-Rh(l) complex originates most likely from the distinct wide bite angle of the
ligand rather than the presence of the oxygen atom. In accordance, no activity was observed
for the analogous complex bearing flexible dpephos (cf. Table 2.1).
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Figure 2.7. DFT investigation of the free energy surfaces for the reaction pathways leading to products 3a, (2)-
3a, or (a)-3a. Calculations have been performed at the M06-L/def2-TZVP(SMD)//MO06-L/def2-SVP level of
theory in 1,4-dioxane as solvent (SMD solvation model); SMD, solvation model based on density; Int,
intermediate, TS, transition state. For full discussions, structures of all transition states and intermediates, and
further details, see the Sl of the published article.®

The borylation of 1a with the thus-formed LRhBpin(n2-ethene) intermediate embarks upon a
ligand exchange to form LRhBpin(n?-1a) (along with the extrusion of ethene), which is the
lowest energy intermediate of the catalytic cycle (DGrel = -9.0 kcal/mol).2¢ The subsequent
alkene insertion into its Rh(l)-B bond is predicted to be rate-limiting with the free energy
barrier of +12.6 kcal/mol (TS-3). The following B-hydride elimination to form product 3a
through TS-4 proceeds with a low barrier (+4.5 kcal/mol). Product 3a is released from
LRhH(n?-3a) upon the ligand exchange with another molecule of 2, closing the catalytic cycle.
Notably, the alternative B-hydride elimination step toward the formation of stereoisomeric
product (2)-3a involves a significantly higher energy barrier (TS-4%), even greater than that for
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the alkene insertion into the Rh—B bond (TS-3), accounting for the overall barrier of +20.4
kcal/mol (from LRhBpin(h2-1a); dotted blue line in Figure 2.7), in line with kinetic control of
the stereoselectivity. Further, the reaction pathway toward the formation of regioisomeric
product (a)-3a involves higher energy transition states for both alkene insertion (TS-32) and
B-hydride elimination (TS-4) with the overall barrier of +21.8 kcal/mol (grey line in Figure 2.7),
in line with kinetic control of the regioselectivity. Noteworthy, computations also predict that
both (Z)-3a and (a)-3a can enter the catalytic cycle with energy barriers of +6.9 and +9.4
kcal/mol, respectively. These results correlate well with the observed interconversions of (2)-
3a and (a)-3a to product 3a, which were found to be fast and slow in comparison to the rate
of the actual catalytic reaction, respectively (cf. Figure 2.6). Overall, although isomer 3a is
thermodynamically more stable than (Z)-3a and a-3a, the calculations suggest that its
formation is kinetically controlled.

It is worth mentioning that a stepwise analysis of the B-boryl elimination process revealed
that prior to the transition state, there is an intermediate engaging an interaction between
boron and Rh atoms, which leads to the C—B bond weakening and its elongation prior to the
bond breaking event, and hence facilitating this unprecedented elementary reaction. For full
discussions, including all higher-energy pathways, further details, and structures of all
transition states and intermediates, see section the S| of the published article.®®

2.2.5. Summarized Mechanistic Proposal
Based on the collected data we propose that Rh(l)-catalyzed transfer borylation of alkenes
occurs as shown in Figure 2.8. The key mechanistic features are:

1. The Rh(l)-alkoxide pre-catalyst enters the catalytic cycle either through the alkene
insertion into the Rh—0 bond — B-hydride elimination sequence forming the catalytic
Rh-hydride species (path a) or through its reaction with co-catalytic B,pin, additive to
form the catalytic Rh(l)-boryl complex along with pinBOMe under B,pin;-based
activation (path b).

2. In the catalytic cycle, the Rh(l)-hydride intermediate with coordinated Bpin-donor 2,
LRhH(n?-2), reacts readily to form the Rh(l)-boryl species, LRhBpin(nZ-ethene),
through an alkene insertion into the Rh—H bond — 3-boryl elimination sequence (steps
I-11).

3. LRhBpin(n?-1), formed upon olefin exchange of ethene for starting material 1, is the
lowest energy intermediate of the catalytic cycle (step Ill), which is in equilibrium
engaging other alkenes in the mixture (step IlI’). The complex undergoes rate-limiting
regioselective alkene insertion (step IV), followed by a fast and stereoselective -
hydride elimination (step V), and the release of product 3 through an olefin exchange,
which completes the cycle (step VI).

4. The relatively low free energy barriers for all steps of the catalytic cycle forming the
(E)-isomer of the product have two main consequences: First, many elementary steps
are reversible, which can lead to isomerization and scrambling processes (through
steps I’ and IV’). Second, the free energy surface for the overall transformation is
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relatively flat, which is essential for effective catalysis in isodesmic processes with a
limited energetic driving force. However, the study shows that a catalyst might impose
high energy barriers (e.g., competitive steps IV’ or V’) for the formation of different
isomers of the products, creating the prospects for the kinetic control of selectivity in
functional group transfer catalysis.®
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(path a) C \Rh/o\ e ) (path b) ( N N ol )
NG \?/ \P / \o \P
Me
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Figure 2.8. Full proposal of the mechanism of Rh(l)-catalyzed transfer borylatlon of alkenes.

2.3. Conclusions

In conclusion, the herein disclosed Rh(l)-catalyzed boryl group transfer reaction proved to be
applicable not only to simple alkenes but also to more complex settings of polyfunctionalized
molecules with multiple groups that could inhibit the catalyst. Therefore, such reactivity
together with an excellent functional group tolerance indicates its possible applicability to
late-stage modifications of complex fine chemicals. Further, the mechanistic studies provided
insight into the features controlling the selectivity setting the stage for the development of
methods to access different regio- and stereoisomers of the products by C-H borylation; a
feature that remains elusive with current strategies.

The studies revealed that an uncommon B-boryl elimination step engaged in the reaction is
notably easy, especially in contrast to the well-documented reverse step — an alkene insertion
into a Rh-B bond. Considering the number of known alkene insertion elementary reactions
into different metal-heteroatom bonds, the mechanistic approach carries the potential for the
development of other hydrogen-functional group exchange reactions of high value to organic
synthesis. The research to uncover the full capacity of the strategy continues in our
laboratories.
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2.4. Experimental details

2.4.1. Experimental methods

Unless stated otherwise, all reactions and manipulations were conducted on the laboratory bench or in a well-ventilated fume hood in air
with reagent grade solvents. Reactions under inert gas atmosphere were carried out in oven-dried glassware in a nitrogen-filled glove box or
by standard Schlenk techniques under nitrogen. Unless noted otherwise, all reagents and solvents were purchased from commercial suppliers
and used without further purification. [Rh(COD)OMe], was synthesized according to a literature procedure.?” For experiments under inert
gas atmosphere, dried and degassed solvents were purchased from commercial suppliers, stored in a nitrogen-filled glove box and used as
received. Column chromatography was carried out with the aid of a CombiFlash EZ Prep Chromatography System with integrated ELSD using
the RediSep Rf (Gold) Silica Gel Disposable Flash columns. TLC was carried out on Merck Kieselgel F254 plates. TLC visualization was carried
out with ultraviolet light (254 nm), followed by staining with a 1% aqueous KMnOs solution. NMR spectra were acquired on the 400 MHz
(Bruker 400 MHz NMR UltraShield Magnet, Console Avance Ill, equipped by a standard probe BBFO 'H-X inverse 5 mm (with 3P < X < **N))
or 500 MHz (Bruker 500 MHz NMR Ascend Magnet, Console Avance Neo equipped by a Cryo-Probe Prodigy *H-X 5 mm (with 3P < X < °N)
with a 24-positions auto-sampler) instruments at the Institute of Science and Supramolecular Engineering (ISIS). NMR spectra were processed
using the MestReNova 14.1 software. Chemical shifts are reported in parts per million (ppm) and referenced to residual solvent peaks or
tetramethylsilane (TMS). Coupling constants are reported in hertz (Hz). GC-FID analysis was obtained on a Shimadzu GC-2010 Plus instrument
equipped with a SH-Rxi-5MS column (25 m x 0.20 mm ID x 0.33 mm film) connected to a FID detector. GC-MS analysis was obtained on a
Shimadzu QP2020 (El) instrument equipped with a SH-Rxi-5MS column (25 m x 0.20 mm ID x 0.33 mm film). GC-FID and NMR yields were
calculated using dodecane, 1,3,5-trimethoxybenzene, mesitylene or isochroman as the internal standards. GC-FID yields were corrected for
response factors for all compounds. High-resolution electrospray ionization mass spectra (HR-ESI-MS) were obtained at the Analytical Facility
of the Department of Chemistry, University of Strasbourg or at the Institute of Science and Supramolecular Engineering using a ThermoFisher
Orbitrap Exactive Plus with Extend Mass Range(source HESI 1) with a Vanquish PDA (VF-XX) detector. Preparative HPLC was carried out with
an Agilent semi-preparative HPLC system equipped with: a 1260 Infinity Il Binary pump, a 1260 Infinity Il Variable Wavelength Detector
equipped with a 3 mm preparative cell, a 1290 Infinity Il Preparative Open-Bed Sampler/Collector with a 20 mL injection loop, and an Agilent
5 Prep C18 50*21.2 mm column 5 um particle size.

2.4.2. Evaluation of reaction parameters
2.4.2.1. Evaluation of different rhodium pre-catalysts and additives

Rh source (2 - 4 mol%),

xantphos (4 - 8 mol%),
salt_addit\\{e (4-8 mgl%), (?J%
90°C,16h
Entry R= Rh source Salt additive Yield %
1a Ph [Rh(COD)OMel, - 92
22 Ph [Rh(COD)CI]» - nd.
3 Ph [Rh(COD)CI] NaOMe 92
4a Ph [Rh(COD)CI]2 KOMe 92
5 Ph [Rh(COD)CI]2 NaOEt 92
62 Ph [Rh(COD)CI]2 NaOtBu 92
72 Ph [Rh(COD)CIJ2 NaF n.d.
8b Ph [RhCp*Cl2]2 NaOMe n.d.
9 Ph [RhCp*Cl2]> NaOMe nd.
102e Ph [Rh(xantphos)Cl]2 NaOtBu + Bzpinz 93
114 COEt [Rh(COD)OMel, - 54
124 COEt [Rh(C2Ha)2Cl]2 AgBF4 nd.
13¢ COEt [Rh(COD)(MeCN);]BF4 - nd.
144 COzEt [Rh(COD)2]SbFs - nd.

Table 2.2. Evaluation of different rhodium pre-catalysts and additives.

a) Conditions: 0.2 mmol of styrene, 0.3 mmol vinyl Bpin, 2 mol% Rh source, 4 mol% xantphos, 4 mol% of salt additive, dioxane (200 uL, 1
M), 90 °C, 16 h. Yields were determined by analysis of *H NMR spectra using 1,3,5-trimethoxybenzene as an internal standard. b) Conditions:
0.2 mmol of styrene, 0.3 mmol vinyl Bpin, 4 mol% [RhCp*Cl:]2, 8 mol% xantphos, 16 mol% of NaOMe, dioxane (200 uL, 1 M), 90 °C, 16 h.
Yields were determined by analysis of 'H NMR spectra using 1,3,5-trimethoxybenzene as an internal standard. n.d.: not detected. c)
Conditions: 0.2 mmol of styrene, 0.3 mmol vinyl Bpin, 4 mol% [RhCp*Cl.]2, 8 mol% xantphos, 16 mol% of NaOMe, toluene (200 uL, 1 M), 90
°C, 16 h. Yields were determined by analysis of *H NMR spectra using 1,3,5-trimethoxybenzene as an internal standard. n.d.: not detected.
d) Conditions: 0.2 mmol of ethyl acrylate, 0.6 mmol vinyl Bpin, 8 mol% Rh source (4 mol% for dimeric Rh source), 8 mol% xantphos, 8 mol%
of salt additive, toluene (200 uL, 1 M), 110 °C, 24 h. Yields were determined by analysis of *H NMR spectra using 1,3,5-trimethoxybenzene as
an internal standard. e) Additional Bz2pinz (5 mol%) was used.
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2.4.2.2. Evaluation of solvents

[Rh(COD)OMel]; (4 mol%), J%
xantphos (8 mol%) , %
- TEERE R
90-110°C,24 h
Entry R= Solvent Yield %
12 Ph Dioxane 92
22 Ph THF 92
32 Ph Toluene 64
40 CO2Et Dioxane 42
50 COzEt Toluene 46
6° CO2Et Toluene 54
7 CO2Et THF 28
8b CO2Et DCM n.d.
9 COzEt Benzene 29
100 COzEt Acetonitrile nd.
110 CO2Et Hexane 46
120 COzEt PhCF3 35
13° CO2Et HFIP nd.
14¢ CO2Et Decalin 44
15¢ COzEt p-Xylene 36
16¢ CO2Et Heptane 52

Table 2.3. Evaluation of solvents.

a) Conditions: 0.2 mmol of styrene, 0.3 mmol vinyl Bpin, 2 mol% [Rh(COD)OMe]z, 4 mol% xantphos, solvent (200 uL, 1 M), 90 °C, 16 h. Yields
were determined by analysis of *H NMR spectra using 1,3,5-trimethoxybenzene as an internal standard. b) Conditions: 0.2 mmol of ethyl
acrylate, 0.6 mmol vinyl Bpin, 4 mol% [Rh(COD)OMe],, 8 mol% xantphos, solvent (200 uL, 1 M), 90 °C, 24 h. Yields were determined by
analysis of *H NMR spectra using 1,3,5-trimethoxybenzene as an internal standard. c) Conditions: 0.2 mmol of ethyl acrylate, 0.6 mmol vinyl
Bpin, 4 mol% [Rh(COD)OMel,, 8 mol% xantphos, solvent (200 uL, 1 M), 110 °C, 24 h. Yields were determined by analysis of *H NMR spectra
using 1,3,5-trimethoxybenzene as an internal standard. n.d.: not detected.

2.4.2.3. Evaluation of ligands

[Rh(COD)OMel, (4 mol%),
ligand (8 mol%), o
vinyl Bpin (3.0 equiv)

\
_ vinyl Bpin 3.0 equiv) ~B-
R dioxane (1 M) R0
90°C, 24 h

H
N
0O
o o PPh, o

PPh, PPh, PPh, PPh, PPhz PPh;

L xantphos L, N-xantphos L; binap L, DPEPhos
L<ppn, O PPh,
F:e ~~PP:2 PhQP/\/PPhZ PPh, °
= O : P(Bu), P(Bu), V2 POV
Ls DPPF Lg DPPE L, BISBI L tBu-xantphos Ly Cy-DPEPhos
Entry R= Ligand Yield %
12 Ph Ly 92
22 Ph Ls nd.
3 Ph L nd.
42 Ph Ls nd.
8 COEt Lt 42
9° COEt L 35
100 COzEt Ls nd.
110 CO2Et Ls trace
120 COzEt Ls nd.
130 COzEt Ls nd.
140 CO2Et L7 trace
150 CO2Et Ls trace
16° COzEt Lg trace

Table 2.4. Evaluation of ligands.

a) Conditions: 0.2 mmol of styrene, 0.3 mmol vinyl Bpin, 2 mol% [Rh(COD)OMe]2, 4 mol% xantphos, solvent (200 pL, 1 M), 90 °C, 16 h. Yields
were determined by analysis of 'H NMR spectra using 1,3,5-trimethoxybenzene as an internal standard. b) Conditions: 0.2 mmol of ethyl
acrylate, 0.6 mmol vinyl Bpin, 4 mol% [Rh(COD)OMe]2, 8 mol% xantphos, dioxane (200 pL, 1 M), 90 °C, 24 h. Yields were determined by

analysis of *H NMR spectra using 1,3,5-trimethoxybenzene as an internal standard. n.d.: not detected.
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2.4.2.4. Evaluation of temperature

[Rh(COD)OMel, (2 mol%), o
xantphos (4 mol%), ~ é
X vinyl Bpin (3.0 equiv) el
Ty e .
dioxane (1 M)

T,16h

Entry Temperature Yield %
12 25°C n.d.
22 50°C n.d.
32 70°C 31
42 80°C 93
52 90°C 95

Table 2.5. Evaluation of temperature.
a) Conditions: 0.2 mmol of styrene, 0.6 mmol vinyl Bpin, 2 mol% [Rh(COD)OMe]2, 4 mol% xantphos, dioxane (200 pL, 1 M), indicated
temperature, 16 h. Yields were determined by analysis of *H NMR spectra using 1,3,5-trimethoxybenzene as an internal standard. n.d.: not
detected.

2.4.2.5. Evaluation of catalyst loading

[Rh(COD)OMe],/xantphos (1:2), rOJ%
S vinyl Bpin (3.0 equiv) X-Bo
dioxane (1 M)

90°C,16h
Entry Catalyst/ligand loading Yield %
12 4 mol% / 8 mol% 94
22 3 mol% / 6 mol% 94
32 2 mol% / 4 mol% 95
42 1.5 mol% / 3 mol% Up to 920
52 1 mol% / 2 mol% n.d.

Table 2.6. Evaluation of catalyst loading.
a) Conditions: 0.2 mmol of styrene, 0.6 mmol vinyl Bpin, [Rh(COD)OMe]2/xantphos (1:2 ratio), dioxane (200 uL, 1 M), 90 °C, 16 h. Yields were
determined by analysis of *H NMR spectra using 1,3,5-trimethoxybenzene as an internal standard. b) The yields obtained with 1.5 mol%
catalyst loading were barely reproducible. Therefore, 2 mol% catalyst loading were chosen for any further studies. n.d.: not detected.

2.4.2.6. Evaluation of vinyl Bpin loading

[Rh(COD)OMe]; (2 - 4 mol%), o
xantphos (4 - 8 mol%), !

B+,
~ vinyl Bpin o
dioxane (1 M)

90°C,16-48h

Entry Vinyl Bpin loading Yield %
1a 5.0 equiv 93
23 4.0 equiv 95
32 3.0 equiv 93
50 2.5 equiv 94
60 2.0 equiv 94
72 2.0 equiv 88
8b 1.5 equiv 92

Table 2.7. Evaluation of vinyl Bpin loading.

a) Conditions: 0.2 mmol of styrene, vinyl Bpin, [Rh(COD)OMe]2 (4 mol%), xantphos (8 mol%), dioxane (200 pL, 1 M), 90 °C, 48 h. Yields
were determined by analysis of *H NMR spectra using 1,3,5-trimethoxybenzene as an internal standard. b) Conditions: 0.2 mmol of styrene,
vinyl Bpin, [Rh(COD)OMe]2 (2 mol%), xantphos (4 mol%), dioxane (200 uL, 1 M), 90 °C, 16 h. Yields were determined by analysis of *H NMR

spectra using 1,3,5-trimethoxybenzene as an internal standard.
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2.4.2.7. Evaluation of catalyst loading with B2pin2

[Rh(COD)OMel; (X mol%),

xantphos (X mol%),
Bopin, (X mol%), o)
vinyl Bpin (1.5 equiv) !
Ph - P B0
dioxane (1 M)
90°C,16h
Entry [Rh(COD)OMe] Xantphos Bzpinz Yield TON

12 1.96 mol% 3.92 mol% 9.80 mol% 101% 26
22 1.00 mol% 2.00 mol% 5.00 mol% 92% 46
3 0.475 mol% 0.950 mol% 2.38 mol% 84% 88
4a 0.240 mol% 0.480 mol% 1.20 mol% 81% 169
53 0.0954 mol% 0.191 mol% 0.477 mol% 36% 188
62 0.0475 mol% 0.0950 mol% 0.238 mol% traces /

Table 2.8. Evaluation of catalyst loading with Bzpin..
a) Scale: 0.2 mmol of styrene, 0.3 mmol vinyl Bpin. Yields were determined by analysis of *H NMR spectra using 0.25 equiv of 1,3,5-
trimethoxybenzene as an internal standard.

2.4.2.8. Evaluation of catalyst pre-activation with B2pin:

[Rh(COD)OMel, (4 mol%),

xantphos (8 mol%),

Ph Bypin, (10 mol%), Ph OJ§<

on vinyl Bpin (3.0 equiv) on ~ E”\O

dioxane (1 M)
90°C, 16 h

Entry Time of pre-activation Yield
1ab none 23%
22 15 min 25%
32 1h 10%
42 5h 20 min traces

Table 2.9. Evaluation of catalyst pre-activation with Bzpin..
a) [Rh(COD)OMe]2, xantphos, B2pin2 and dioxane (100 uL) were allowed to stir at 80 °C for the indicated time, before
1,1-diphenylethylene (0.2 mmol), vinyl Bpin (0.3 mmol), dioxane (100 pL) were added and room temperature. Afterwards, the mixture was
allowed to stir for 16 h at 90 °C. Yields were determined by analysis of *H NMR spectra using 0.25 equiv of 1,3,5-trimethoxybenzene as an
internal standard. b)The reaction mixture was allowed to stir for 22.5 h instead of 16 h at 90 °C.

2.4.2.9. Evaluation of reaction conditions for 1,1-disubstituted substrates

9{<
R'/\/B

~0
[Rh(COD)OMel, (4 mol%),
R xantphos (8 mol%), R 0J§<
additive (X mol% 3
e e xmor) I 6

solvent (1 M)
Tt

R, Temperature d.r.
Entry R= Additive [equiv] . Solvent Time [h] Yield
[equiv] [°c] (E)(2)
12 Ph / H (3.0) dioxane 90 16 / n.d.
22 Ph / e o-xylene 150 48 / 5%
32 Ph 4-tert-butylstyrene e dioxane B 16 / 23%
(0.10)

42 Ph - - - - 48 / 22%
52 Ph  (EtO)}P(O)OH (0.20) 90 16.5 / traces
62 Ph B2pinz (0.10) - - - 16 / 23%
72 Ph 110 / 48%
8  Ph 150 / 63%
9 Ph PhMe 150 / 72%
102 Ph . o=xylene / 64%
112 Ph - H (2.0) dioxane - - / 88%
122 Ph Bapin; (0.10) tBu (2.0) - / 94%
132 Me (EtORP(O)OH (0.20) H (3.0) 90 16.5 / traces
142 Me B2pinz (0.10) - - - 16 93/7 68%
152 Me B - == 110 - 91/9 70%
162 Me N e e 150 e 90/10 81%
172 Me - - PhMe == = 96/4 53%
182 Me - - o-xylene - - 98/2 56%
192 Me - H (2.0) dioxane - - 90/10 52%
202 Me - tBu (2.0) = = = 90/10 63%

Table 2.10. Evaluation of reaction conditions for 1,1-disubstituted substrates.
a) Scale: typically 0.2 mmol of substrate. Yields were determined by analysis of *H NMR spectra using 0.25 equiv of
1,3,5-trimethoxybenzene as an internal standard.
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2.4.3. Mechanistic Investigations

2.4.3.1. Preparation of mono-deuterated styrenes and product (Z)-3a

trimethyl(phenylethynyl)silane SI1
™S The compound was prepared according to a modified literature procedure.® Under a nitrogen atmosphere, to a solution of
= phenylacetylene (5.5 mL, 5.1 g, 50.0 mmol, 1.0 equiv) in dry THF (50 mL) at -78 °C, n-BuLi (1.6 M in hexanes, 34.4 mL, 55.0
©/ mmol, 1.1 equiv) was added dropwise over the course of 20 min. After stirring at -78 °C for 30 min, trimethylsilyl chloride
(7.6 mL, 6.5 g, 60.0 mmol, 1.2 equiv) was added over the course of 15 min. After stirring at -78 °C for 50 min, the reaction
mixture was allowed to warm to room temperature and allowed to stir at this temperature for 2 h. Upon quenching with sat. aqgueous NH4Cl
solution (40 mL) at 0 °C, the phases were separated, and the agueous phase was washed with diethyl ether (2 x 60 mL). The combined organic
phases were washed with brine (40 mL) and dried over Na,SOa. After filtration, the volatiles of the filtrate were removed under reduced
pressure to give the title compound (8.5 g, 4.9 mmol, 98%) as a colorless oil. The NMR data match previously reported data for the title
product.®®
'H NMR (400 MHz, CDCls) 6 7.53 — 7.42 (m, 2H), 7.33 = 7.27 (m, 3H), 0.25 (s, 9H).

The following compounds were prepared according to a literature procedure:®
(2)-trimethyl(2-phenylvinyl-1-d)silane (2)-S12

~D Under a nitrogen atmosphere, to an oven-dried round-bottom flask under a nitrogen-atmosphere were added dry THF (1.75
©/\( mL) and dibal-H (1 M in hexanes, 10 mL, 10.0 mmol, 2.0 equiv). The reaction mixture was cooled down to 0 °C and

trimethyl(phenylethynyl)silane (SI1, 979 uL, 871 mg, 5.0 mmol, 1.0 equiv) was added dropwise. The mixture was allowed to

stir at 55 °C for 23 h. The reaction was quenched upon dropwise addition of D,O (180 L, 200 mg, 10.0 mmol, 2.0 equiv) at 0 °C. The mixture
was allowed to stir at room temperature for 1 h. The mixture was transferred to a separatory funnel after which a sat. solution of Rochelle’s
salt (20 mL) and sat. aqueous NH.Cl solution (20 mL) were added. The phases were separated. The aqueous phase was washed with diethyl
ether (3 x 20 mL) and the combined organic phases were dried over Na,SOa. After filtration, the volatiles of the filtrate were removed under
reduced pressure to give the title compound (789 mg, 4.4 mmol, 89%, 96% D) as a colorless oil which was used in the next step without
further purification.
'H NMR (400 MHz, CDCls) 6 7.37 — 7.15 (m, 6H), 0.03 (s, 9H).

trans-styrene-(B)-d (E)-1a-B-d

xD To (2)-trimethyl(2-phenylvinyl-1-d)silane ((2)-SI2, 1.05 g, 6.0 mmol, 1.0 equiv), TBAF (1 M in THF, 9 mL, 9.0 mmol, 1.5 equiv)
@N was added under a nitrogen atmosphere. The mixture was allowed to stir at 60 °C for 18 h. After cooling to room temperature,

water was added. The phases were separated. The aqueous phase was washed with diethyl ether (3 x 25 mL). The combined

organic phases were dried over Na,SO4 and the volatiles were carefully removed under reduced pressure. The resulting yellow oil was
subjected to Kugelrohr distillation to isolate the title compound (299.0 mg, 2.8 mmol, 47% yield, 98:2 E:Z, 96% D, purity by GC-FID analysis:
96%) as a light yellow liquid. The NMR data match previously reported data for the title product.®
'H NMR (500 MHz, CDCls) 6 7.49 — 7.37 (m, 2H), 7.32 (t, J = 7.5 Hz, 2H), 7.27 — 7.21 (m, 1H), 6.78 — 6.64 (m, 1H), 5.77 — 5.68 (m, 1H).

(E)-trimethyl(2-phenylvinyl-1-d)silane (E)-SI2
Tms Toanoven-dried round-bottom flask under a nitrogen-atmosphere was added dibal-H (1 M in hexanes, 10 mL, 10.0 mmol,

W 2.0 equiv). Trimethyl(phenylethynyl)silane (SI1, 979 pL, 871 mg, 5.0 mmol, 1.0 equiv) was added dropwise at 0 °C. The

P reaction mixture was allowed to stir at 55 °C for 23 h. The reaction was quenched upon dropwise addition of DO (180 L,
200 mg, 10.0 mmol, 2.0 equiv) at 0 °C. The mixture was allowed to stir at room temperature for 1 h. The mixture was transferred to a
separatory funnel after which a sat. solution of Rochelle’s salt (20 mL) and sat. aqueous NH4Cl solution (20 mL) were added. The phases were
separated. The aqueous phase was washed with diethyl ether (3 x 20 mL) and the combined organic phases were dried over Na,SOa. After
filtration, the volatiles of the filtrate were removed under reduced pressure to give the title compound (832 mg, 4.7 mmol, 94%, 80% D) as
a yellowish oil which was used in the next step without further purification.
'H NMR (400 MHz, CDCls) 6 7.48 — 7.38 (m, 2H), 7.36 — 7.27 (m, 3H), 6.89 — 6.83 (m, 1H), 0.16 (s, 9H).

cis-styrene-(B)-d (2)-1a-p-d
©/\ To (E)-trimethyl(2-phenylvinyl-1-d)silane ((E)-SI12, 850 mg, 4.8 mmol, 1.0 equiv), TBAF (1 M in THF, 7.2 mL, 7.2 mmol, 1.5 equiv)
D was added under a nitrogen atmosphere. The mixture was allowed to stir at 75 °C for 18 h. After cooling to room temperature,
water was added. The phases were separated. The aqueous fraction was washed with diethyl ether (3 x 25 mL). The combined
organic phases were dried over Na;SOs. After filtration, the volatiles from the filtrate were carefully removed under reduced pressure. The
resulting yellow oil was subjected to Kugelrohr distillation to isolate the title compound (202.3 mg, 1.9 mmol, 40%, 96:4 Z:E, 80% D, purity
by GC-FID analysis: 87%) as a light pink liquid. The NMR data match previously reported data for the title product.?®
'H NMR (500 MHz, CDCl3) § 7.41 (dd, J = 7.0, 1.5 Hz, 2H), 7.32 (td, J = 6.8, 1.8 Hz, 2H), 7.29 — 7.11 (m, 1H), 6.79 — 6.59 (m, 1H), 5.26 — 5.19
(m, 1H).
(2)-4,4,5,5-tetramethyl-2-styryl-1,3,2-dioxaborolane (2)-3a
A The compound was prepared in accordance to a modified literature procedure.® [Rh(cod)Cl]2 (9.6 mg, 19.5 umol, 0.01 equiv),
m\ triisopropylphosphine (22.4 pL, 18.8 mg, 117 umol, 0.06 equiv), triethylamine (1.36 mL, 988 mg, 9.77 mmol, 5.0 equiv),
HBpin (250 mg, 283 L, 1.95 mmol, 1.0 equiv) in cyclohexane (5.9 mL) were allowed to stir at room temperature for 30
minutes under a nitrogen atmosphere. A solution of phenylacetylene (257 uL, 239 mg, 2.34 mmol, 1.2 equiv) in cyclohexane
(1.0 mL) was added, and the resulting mixture was allowed to stir for 4 h at room temperature. The reaction was quenched by addition of
MeOH (3 mL). The reaction mixture was filtered over celite (Et20, 100 mL). The filtrate was concentrated under reduced pressure, and the
residue was subjected to column chromatography (silica, 5% EtOAc in petroleum ether) to isolate the title compound (94:6 = Z:E, 145 mg,
631 pmol, 32%) as a brown oil. The NMR data match previously reported data for the title product.®*
H NMR (500 MHz, CDCls) § 7.57 — 7.52 (m, 2H), 7.34 — 7.25 (m, 3H), 7.22 (d, J = 14.9 Hz, 1H), 5.60 (d, J = 14.9 Hz, 1H), 1.30 (s, 12H).
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2.4.3.2. Experiments with isotope-labeled starting materials or potential products

The experiments described below are shown in Figure 2.4b in the main text.

1
std. cond. DZ 15%
Ph\/\DE —_— Ph A Bpin
+2,
96% 16H 149 D®
(E)-1a-p-d 58% iso. 3a-d,
yield

The experiment was performed according to general procedure 1 by reaction of trans-styrene-(f)-d (21.0 mg, 200 umol) with vinyl Bpin
(46.2 mg, 300 umol) and the product was isolated by column chromatography (silica gel, 0 —4.6% MTBE in petroleum ether) to give a colorless

oil (26.7 mg, 116 umol, 58%).
*H NMR (CDCls, 500 MHz):
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Figure 2.9: Partial deuterium retaining in 3a in the reaction of (E)-1a-B-d detected by 'H-NMR spectroscopy.

Isotopomeric cluster of product 3a-d,, derived by GC-MS analysis:
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For comparison, the isotopomeric cluster of non-deuterated product 3a derived by GC-MS analysis:
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Figure 2.10: Partial deuterium retaining in 3a in the reaction of (£)-1a-p-d detected by GC-MS analysis.
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DZ 80% gy cond. DZ 10%
Ph
_>+ - PO
16 h 1% D%
(Z2)-1a-p-d 72% iso. 3a-d,
yield

The experiment was performed according to general procedure 1 by reaction of cis-styrene-(B)-d (21.0 mg, 200 pmol) with vinyl Bpin (46.2
mg, 300 umol) and the product was isolated by column chromatography (silica gel, 0 —5.2% MTBE in petroleum ether) to give a colorless oil
(33.1 mg, 144 pmol, 72%).
'H NMR (CDCls, 500 MHz):
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Figure 2.11: Partial deuterium retaining in 3a in the reaction of (Z)-1a-B-d detected by 'H-NMR spectroscopy.
Isotopomeric cluster of p;:(t)duct 3a-d, derived by GC-MS analysis:
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Figure 2.12: Partial deuterium retaining in 3a in the reaction of (2)-1a--d detected by GC-MS analysis.
For a comparison to non-deuterated product 3a, see section (1).

120 180

(3)
z
D std. cond. HZ 59%
CeDs A —_—
6Ds DE ) CgDs A Bpin
+
all  D* ! 56%H*
>98% 16 h,
1a-dg 62% iso. yield 3a-d,
93% conv.

The experiment was performed according to general procedure 1 by reaction of styrene-ds (22.4 mg, 200 umol) and vinyl Bpin (46.2 mg, 300
umol) and the product was isolated by column chromatography (silica gel, 0 — 6% MTBE in petroleum ether) to give a red oil (30.1 mg,
124 umol, 62%).

A second reaction was performed with mesitylene (6.9 pL, 6.0 mg, 50 umol, 0.25 equiv) as an internal standard and a GC-FID analysis of the
crude reaction mixture was performed.

The *H NMR of the isolated product shows the deuterium incorporation in the olefinic protons.
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'H NMR (CDCls, 500 MHz):

Figure 2.13: Partial deuterium retaining in 3a in the reaction of 1a-dy detected by 'H-NMR spectroscopy.
The conversion of styrene (93%) was determined by GC-FID analysis using a calibration for styrene with mesitylene as an internal standard.

Isotopomeric cluster of product 3a-d» derived by GC-MS analysis:
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Figure 2.14: Partial deuterium retaining in 3a in the reaction of 1a-ds detected by GC-MS analysis.
For a comparison to non-deuterated product 3a, see section (1).

(4)
D std. cond. 35%HZ 20% Dﬁ%
CeDSW/\DE > CDsiPNe DA Bpin
al  D® +2, 85%H® 85% D g0,
>98% qa.dg so°/f Zénv. 1a-d, 2-d,
+ 3a-d,

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with [Rh(COD)OMe].
(3.9 mg, 8 umol, 2 mol%), xantphos (9.3 mg, 16 umol, 4 mol%), dioxane (400 pL), benzene-ds (40 L), vinyl Bpin (92.4 mg, 600 umol, 1.5
equiv), styrene-ds (44.9 mg, 400 umol, 1.0 equiv) and mesitylene (13.8 uL, 12.0 mg, 100 umol, 0.25 equiv). The vial was sealed with a cap,
removed from the glove box, placed in a pre-heated aluminum block, and allowed to stir (800 rpm) at 90 °C for 2 h. Upon cooling to room
temperature, the reaction mixture was subjected to GC-FID and NMR analysis.

'H NMR (1,4-dioxane, CsDs, 500 MHz) — full spectrum:
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Figure 2.15: Partial deuterium retaining in 3a and deuterium incorporation into 2 in the reaction of 1a-ds detected by 'H NMR spectroscopy.
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1H NMR (1,4-dioxane, CsDs, 500 MHz) — zoom:

standard
W wo
' wo
" S R L
5 Y e g Ph
s 0 Yo ™ T
o wo .
%'/\\YM ‘

[

il

By

jand TT o g ol o
: 23 s %8 % g3 3
7o 78 77 76 75 74 73 72 71 70 69 68 67 160 59 58 57 56 55 54 53 52 S1 50 49 48 47 46

Figure 2.16: Partial deuterium retaining in 3a and deuterium incorporation into 2 in the reaction of 1a-dg detected by 'H NMR spectroscopy.

The conversion of styrene (60%) and vinyl Bpin (55%) was determined by GC-FID analysis using a calibration for styrene and vinyl Bpin with
mesitylene as an internal standard. Together with the integrals shown in the *H NMR spectra, the H/D ratio for the indicated positions was

calculated.
Isotopomeric cluster of 1a-d, derived by GC-MS analysis:
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For comparison, isotopomeric cluster of non-deuterated styrene 1a derived by GC-MS analy5|s
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Figure 2.17: Partial deuterium retammg in 3a and deuterium incorporation into 2 in the reactlon of 1a-ds detected by GC-MS analysis. (5)
D 29%

b 16% D
1a-dg

spectator D
AN gpin + CeDs

s(d cond.

3t (0.2 equiv)
Ar: 2-thienyl

In a nitrogen-filled glove box, styrene-ds (22.4 mg, 200 pmol, 1.0 equiv) was added to a mixture of (£)-4,4,5,5-tetramethyl-2-(2-(thiophen-2-
yl)vinyl)-1,3,2-dioxaborolane (3t, 9.2 mg, 40.0 umol, 0.20 equiv) xantphos (4.6 mg, 8.00 umol, 0.04 equiv), [Rh(COD)OMe]. (1.9 mg,
4.00 pmol, 0.02 equiv), and vinyl Bpin (46.2 mg, 300 umol, 1.5 equiv) in dioxane (200 pL) in a 10 mL screw-cap vial equipped with a Teflon-
coated magnetic stirring. The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block and allowed
to stir (800 rpm) at 90 °C for 3 h. Upon cooling to room temperature, a standard solution (100 pL of 0.5 M mesitylene in chloroform) and
CDCls (400 pL) were added to the reaction mixture. An aliquot was taken and submitted to GC-FID revealing the conversion of styrene-ds to
be 70%. The solvent of the crude product was removed, and the residue was subjected to column chromatography (silica, 0 — 10% MTBE in
petroleum ether) to yield a mixture of the partially deuterated spectator 3t-d. and partially deuterated product 3a-d. (28.1 mg, pale yellow
oil).

3a-d,,
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1H NMR (CDCls/CHCls/dioxane, 400 MHz):
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Figure 2.18: Partial deuterium incorporation in spectator 3t in the reaction of 1a-ds detected by "H-NMR spectroscopy.

Isotopomeric cluster of product 3t derived by GC-MS analysis:

TICRMIC wow Posk « |+ Scan| o > (Gowp o+ s | [Method Fie Neme]
-,
oot . b 3831
T T T T e Yo
= Vnshaed)
There ia a0 e leq
254 Sanve Tipel
=
s;#é'?»‘é‘é?‘ R o e
Commert]
s
o
35
i
.
2
20
18]
:
o 4
Neni#1 Scn Pl Tie (6 4] Scan®: (1] Ol
[
T
o] - :
0f 4 151
i 1 1 A
(AR 1_f i A7 1 [l | P P 1 ||
& E} C) L) 3 E] £3 10 1o £ £ A b th o o 20 2 ED £ £
Isotopomeric cluster of spectator 3t-d, after the reaction derived by GC-MS analysis:
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Figure 2.19: Partial deuterium incorporation in spectator 3t in the reaction of 1a-ds detected by GC-MS analysis. When product 3k (0.2 equiv)

was added as a spectator in an analogous way, deuterium incorporation was also confirmed with GC-MS analysis:

Isotopomeric cluster of product 3k derived by GC-MS analysis:
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Isotopomeric cluster of spectator 3k-d, after the reaction derived by GC-MS analysis:
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Figure 2.20: Partial deuterium incorporation in spectator 3k in the reaction of 1a-ds detected by GC-MS analysis.

(6)
product as donor
F’h\/\Bpm + AnA —»S'd- eore, Phz Ar\/\BPin
no2,
3a (3.0 equiv.) 1f 16h 1a: 68% yield 3f: 68% yield
Ar: 4-CICgH,4

The experiment was performed according to general procedure 2 by reaction of p-chlorostyrene (1f, 27.7 mg, 200 umol) and trans-2-
phenylvinyl Bpin (3a, 138.1 mg, 600 umol). Upon cooling to room temperature, a standard solution (100 pL of 0.5 M 1,3,5-trimethoxybenzene
in chloroform) and CDCls (400 pL) were added to the reaction mixture. The yield was determined by the ratio the integrals of the internal

standard’s aromatic signal and an isolated product’s signal in a *H NMR experiment.
1H NMR (CDCls, CHCls, 1,4-dioxane, 400 MHz):

Figure 2.21: 'H-NMR of reaction (6) after 16 h.

The experiments described below are shown in the manuscript in Figure 2.6 in the main text.

1

spectator

\)Bpm std. cond.
Ph A

PRSPt A

(2)3a 1aq +2 3a 3aq
(0.2equiv)  Ar:4-BuCgH; time: (2)-3a:3a yield:
Z.E=96/4 3h <1:20 68%

16h <1:20 92%

In a nitrogen-filled glove box, 4-tert-butylstyrene (32.1 mg, 200 umol, 1.0 equiv) was added to a mixture of (2)-4,4,5,5-tetramethyl-2-styryl-
1,3,2-dioxaborolane ((2)-3a, 9.2 mg, 40.0 umol, 0.20 equiv), xantphos (4.6 mg, 8.00 umol, 0.04 equiv), [Rh(COD)OMe], (1.9 mg, 4.00 umol,
0.02 equiv), and vinyl Bpin (46.2 mg, 300 umol, 1.5 equiv) in dioxane (200 pL) in a 10 mL screw-cap vial equipped with a Teflon-coated
magnetic stirring. The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block and allowed to stir
(800 rpm) at 90 °C for 3 or 16 h. Upon cooling to room temperature, a standard solution (100 uL of 0.5 M 1,3,5-trimethoxybenzene in
chloroform) and CDCls (400 pL) were added to the reaction mixture. The yield was determined by the ratio the integrals of the internal

standard’s aromatic signal and a product’s signal in a *H NMR experiment (see below).
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After 3 h: *H NMR (CDCls/CHCls/dioxane, 400 MHz):
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After 16 h: TH NMR (CDCl3/CHCls/dioxane, 500 MHz)
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Figure 2.22: 'H-NMR of reaction (7) after 3 h (top) and 16 h (bottom).
(2)
spectator
Ph A std. cond.
R i .
Bpin pin
+2 3a 3m
(a)-3a im time: (a)-3a:3a yield:
(0.2 equiv) Ar: 4-OMeCgH,  3h 9:1 84%
16 h 6:4 91%

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with [Rh(COD)OMe].
(1.9 mg, 4 umol, 2 mol%), xantphos (4.6 mg, 8 umol, 4 mol%), 1,4-dioxane (200 pL), vinyl Bpin (46.2 mg, 300 umol, 1.5 equiv), p-
methoxystyrene (26.8 mg, 200 umol, 1.0 equiv) and 1-phenylvinyl Bpin (9.2 mg, 40 umol, 0.2 equiv). The vial was sealed with a cap, removed
from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 90 °C for 3 or 16 h. Upon cooling to room
temperature, a standard solution (100 pL of 0.5 M 1,3,5-trimethoxybenzene in chloroform) and CDCls (400 pL) were added to the reaction
mixture. The yield was determined by the ratio the integrals of the internal standard’s aromatic signal and a product’s signal in a *H NMR
experiment (see below).

After 3 h: *H NMR (CDCls/CHCls/1,4-dioxane, 400 MHz):

standard

After 16 h: *H NMR (CDCls3/CHCls/1,4-dioxane, 500 MHz):
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Figure 2.23: 'H NMR of reaction (8) after 3 h (top) and 16 h (bottom).
2.4.3.3. Kinetic experiments

Without Bzpina:

In a nitrogen-filled glove box, a 4 mL screw-cap vial was charged with [Rh(COD)OMe]: (3.9 mg, 8 umol, 2 mol%), xantphos (9.3 mg, 16 umol,
4 mol%), 1,4-dioxane (400 pL), benzene-ds (60 pL), vinyl Bpin (92.4 mg, 600 umol, 1.5 equiv), styrene (41.7 mg, 400 umol, 1.0 equiv), and
mesitylene (13.8 L, 12.0 mg, 100 umol, 0.25 equiv). The reaction mixture was transferred to a J. Young NMR tube with a pipette, sealed

with a cap and removed from the glove box. The NMR tube was then placed in a NMR spectrometer, heated to 76.1 °C, and the progress of
the reaction was followed by measuring *H NMR spectra for 16 h.

With Bzpina:

In a nitrogen-filled glove box, a 4 mL screw-cap vial was charged with [Rh(COD)OMe]: (3.9 mg, 8 umol, 2 mol%), xantphos (9.3 mg, 16 umol,
4 mol%), B2pinz (5.1 mg, 20 umol, 5 mol%), 1,4-dioxane (400 pL), benzene-ds (60 pL), vinyl Bpin (92.4 mg, 600 umol, 1.5 equiv), styrene (41.7
mg, 400 umol, 1.0 equiv) and mesitylene (13.8 pL, 12.0 mg, 100 umol, 0.25 equiv). The reaction mixture was transferred in a J. Young NMR
tube with a pipette, sealed with a cap and removed from the glove box. The NMR tube was then placed in a NMR spectrometer, heated to
76.1 °C and the progress of the reaction was followed by measuring *H NMR spectra for 16 h.

The conversion of starting materials and yield of products were determined by the ratio of the integrals of the internal standard’s aromatic
signal (s, 6.64 ppm) and olefinic signals of starting materials (styrene: dd, 4.98 ppm, vinyl Bpin: m, 5.78 — 5.68 ppm), (E)-1,2-bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)ethene (s, 6.40 ppm) and product (d, 5.96 ppm). The results of the kinetic experiments are depicted in
Figure 2.3 and discussed in the manuscript.
Discussion:

As shown in Figure 2.24, the presence of co-catalytic B2pin: is beneficial for the activity of the catalyst in the model reaction. Following the
reaction both with and without Bzpin: in time using in situ *H NMR spectroscopy revealed that the reaction in the presence of small amounts
of Bzpinz occurred with over 2-fold higher rate than the analogous reaction in its absence. Most likely, the reason for the increased rate is
the higher level of pre-catalyst activation by B,pin.. Interestingly, in the initial phase of the reaction, the boryl group transfer occurred largely
to form vinyl (E)-1,2-bisboronate 4, which was followed by the phase of the formation of product 3a and the consumption of 4.

It should be noted that a control experiment showed that Bpin2 cannot be used as the borylation reagent instead of vinyl Bpin. In the
experiment using a stoichiometric amount of B.pin; instead of vinyl Bpin 2, only traces of the product were formed.

(a) Precatalyst activation with an alkene

[Rh(cod)OMel, (2 mol%),
xantphos (4 mol%)

(b) Precatalyst activation with B,pin,

[Rh(cod)OMel, (2 mol%),
xantphos (4 mol%)

Ph 2 Ph ¢ ' B,pin, pinBOMe
OMe : (5 mol%)

Phas P g | L PINS PA A~ gpin
1a 3a : 1a 3a
+ +

%;Bpin B’“"\f\apm :

Pepin BRI g i,
2 4

1 : 1

o
®

)

@

o
=

o

EY

e
=

BPin transfered/ M
o
b

BPin transfered/ M

o
Ny

o

o

time/ h time/ h

Figure 2.24: Evaluation of an alternative precatalyst activation — influence of catalytic amounts of Bzpin..

2.4.3.4. Formation of ethylene under reaction reactions

In a nitrogen-filled glove box, a 4 mL screw-cap vial was charged with [Rh(COD)OMe]z (3.9 mg, 8 umol, 2 mol%), xantphos (9.3 mg, 16 umol,
4 mol%), 1,4-dioxane (400 pL), toluene-ds (400 pL), vinyl Bpin (92.4 mg, 600 umol, 1.5 equiv) and styrene (41.7 mg, 400 umol, 1.0 equiv). The
reaction mixture was transferred to a J. Young NMR tube with a pipette, sealed with a cap and removed from the glove box. The NMR tube

was then placed in a pre-heated aluminum block and heated at 90 °C for 16 h. Subsequently, the reaction mixture was allowed to cool down
and a 'H NMR spectrum was measured.

'H NMR (1,4-dioxane/toluene-ds, 400 MHz):
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Figure 2.25: Formation of ethylene as detected by *H-NMR spectroscopy.

As shown in Figure 2.25, the formation of ethylene in a standard reaction can be confirmed by the broad singlet at 5.24 ppm, in accordance
to the literature.® A quantification cannot be conducted because of the headspace of the J. Young NMR tube.

2.4.3.5. Formation of Rh—H

In a nitrogen-filled glove box, a 4 mL screw-cap vial was charged with [RhCI(C2Ha4)]2 (1.6 mg, 4 umol, 0.5 equiv), xantphos (4.6 mg, 8 umol, 1.0
equiv), PCys (2.2 mg, 8 umol, 1.0 equiv), NaOMe (0.4 mg, 8 umol, 1.0 equiv) or NaOtBu (0.8 mg, 8 umol, 1.0 equiv), toluene-ds (375 L),
alkene (8 umol, 1.0 equiv), and isochroman (0.50 pL, 0.5 mg, 4 umol, 0.5 equiv) as an internal standard. The reaction mixture was transferred
to a J. Young NMR tube with a pipette, sealed with a cap and removed from the glove box. The NMR tube was then kept at the indicated
temperature, and it was occasionally transferred to a NMR spectrometer to collect the NMR data.

'H NMR (toluene-ds, 500 MHz):

| | with styrene

with vinyl Bpin

Without alkene

P P P P PA PN PR P PRI UL DU P P PR

Figure 2.26: Formation of [Rh]-H species as detected by *H-NMR spectroscopy.

As judged by the appearance of a characteristic quintet hydride signal (quint, -12.35 ppm, J = 15.5 Hz) in the *H NMR spectra, the formation
of Rh-hydride complexes is rather fast (<2 h at room temperature), but the process requires the presence of an alkene. Figure 2.26 contains
representative 'H NMR spectra of three analogues reactions with either styrene (top) or vinyl Bpin (middle) as an alkene additive, or without
any alkene additive (bottom) in experiments at room temperature after 2 h. A Rh-hydride signal is observed only in experiments with an
alkene present, albeit different yields are observed for different alkenes (styrene: 16%, vinyl Bpin: 7%). Also, no further conversion was
observed upon longer reaction time or at higher temperatures. These results are consistent with the formation of a Rh-hydride species
through an (intermolecular) alkene insertion-b-hydride elimination sequence, as reported by Hartwig et al for an intramolecular reaction.”?
In turn, lack of formation of the hydrides in the experiments with Rh-methoxide complex (in the absence of any alkene) suggests that an
alternative mechanism involving the direct b-hydride elimination from the methoxy ligand is not operational under these conditions.
Noteworthy, additional PCys ligand is required in order to stabilize the hydride complex, in agreement with the studies by Hartwig et al.%;
no hydride signals were observed in analogous experiments in its absence. Unfortunately, the exact structure of the Rh-hydride complex
remains unclear. We were unable to isolate or characterize the complex in situ, due to the low yield of the hydride formation as well as the
presence of multiple products (as judged by 3'P NMR data). However, the *H-3'P HMBC experiment shows the coupling of the hydride signal
to one phosphine signal at 17.4 ppm (d, J = 134.4 Hz, Figure 2.27). In turn, the *H{3'P} NMR spectrum shows a singlet for the hydride signal
(Figure 2.28, top), suggesting both low rhodium-hydride coupling (J < 2 Hz) and coupling of the hydride with 4 equivalent phosphines. The
coupling pattern would be consistent with a dimeric rhodium-hydride species®; however, formation of other complexes containing both
xantphos and PCys ligands cannot be excluded.
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1H-3'P HMBC (toluene-ds, 500 MHz):

Figure 2.27: *H-3'P HMBC experiment shows the coupling of the hydride signal to a doublet at 17.4 ppm.
H and H{3*'P} NMR spectra (toluene-ds, 500 MHz):

Figure 2.28: Formation of Rh-H as detected by 3'P-decoupled *H NMR spectroscopy in the reaction with styrene.

31p{1H} NMR spectrum (toluene-ds, 202 MHz):

Figure 2.29: 3'P{H} NMR spectrum of the reaction with styrene.

2.4.3.6. Independent Synthesis of xantphos-Rh(I)-Bpin

[Rh(xantphos)Cl]; SI3

The compound was prepared in accordance to a literature procedure.®® In a nitrogen-filled glove box, [Rh(ethylene)Cl]; (30.0 mg, 77.1 umol,
1.0 equiv), xantphos (89.3 mg, 154 umol, 2.0 equiv), and THF (1.7 mL) were allowed to stir at room temperature for 23 h. The reaction
mixture was concentrated to ca. 0.2 mL under reduced pressure. Et,0 (3 mL) was added. The resulting precipitate was collected by filtration,
washed with Et20 (7 mL), and dried under reduced pressure to yield a red-brown powder (61.2 mg), which was used without further
purification.

For the measurement of the 3!P{*H} NMR spectrum, an aliquot of the product and a spatula tip of KPFs (as an internal standard) were dissolved
in a mixture of THF-ds/THF (1/4, 0.5 mL) (the complex dissolves only to a limited extent). Analogous spectrum was recorded in the absence
of KPFe excluding its interference with the complex.
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31P{*H} NMR (162 MHz, THF-ds/THF) 6 19.3 (d, J = 133.9 Hz).

[Rh(xantphos)cl],

ftr W % % 7

W % 4 3

General comments on the synthesis of xantphos-Rh(l)-Bpin

Initial attempts targeting the synthesis of xantphos-Rh(l)-Bpin through the reaction of vinyl Bpin with xantphos-Rh-hydride complex prepared
according to the procedure of Hartwig and co-workers®® (without additional PPh; or PCys ligand) or according to the procedure reported by
Esteruelas and co-workers® for related complexes led to a complex mixture of unidentified products. Therefore, an alternative pathway

through the reaction of Rh(l)-alkoxide with B;pin. was devised:*¢%7
ROBpin
AgPFg KOR B,pin,
[Rh(xantphos)Cl]y ——— xantphos-Rh(I)'PF~ tphos-Rh(I)OR [ tph "h(HI)(Bpin)ZOR] —A» xantphos-Rh(I)Bpin

R = tBu or Me
Figure 2.30: Formation of xantphos-Rh(I)-Bpin via sequential ligand exchange.

The NMR analysis and the HRMS analysis confirmed the formation of xantphos-Rh(l)-Bpin complex in the presented sequence through the
transient formation of xantphos-Rh(l11)(Bpin).OR (see below). Reductive elimination of ROBpin from the xantphos-Rh(l11)(Bpin).OR complex
was found to occur fast (<5 min at 45 °C to 1 h at room temperature, depending on the exact reaction conditions; typically transient xantphos-
Rh(Il1)(Bpin).OR was not observed). However, it should be stressed out that xantphos-Rh(l)-Bpin was highly unstable so that we were unable
to isolate the complex. Therefore, a series of experiments was performed to prepare and study the reactivity of xantphos-Rh(l)-Bpin complex
in situ.

Of note, the reaction of [Rh(xantphos)Cl]> with AgPFs in THF led to a complex mixture of unidentified products, implying low stability of
cationic [xantphos-Rh(l)]PFs complex, presumably due to its reactivity towards the C-H bond activation.?® However, the analogous reaction
in the presence of an alkoxide ligand donor (e.g., MeONa or tBuONa) led to clean conversion to the Rh(l)-alkoxide complex. Therefore, the
exchange of chloride ligand for an alkoxy ligand was performed in situ, as described in experimental procedures below.

It should be also noted that the synthesis of xantphos-Rh(I)-Bpin proved to be sensitive even to minor changes in the procedure or the
conditions, especially temperature. The reproducibility of its synthesis was improved when the solutions of Bpinz, KOtBu, and AgPFs were
added in the order described in the below described representative experiment 2 (compared to experiment 1). In general, it was crucial to
verify the clean formation of xantphos-Rh(I)-Bpin with NMR spectroscopy before studying its reactivity in stochiometric experiments
described in section 6.6.

Below four representative experiments are described, which were used to establish the method for the in situ synthesis of xantphos-Rh(l)-
Bpin.

Experiment 1: Synthesis of xantphos-Rh(l)-Bpin with sequential formation of xantphos-Rh(1)OtBu followed by its subsequent reaction with
B2pin:

In a nitrogen-filled glove box, to a J-Young NMR tube charged with [Rh(xantphos)Cl]2 (SI3, 6.0 mg, 4.18 pmol, 1.0 equiv), a solution of KOtBu
(939 pg, 8.37 umol, 2.0 equiv) in THF (0.1 mL), a solution of AgPFs (2.12 mg, 8.37 pmol, 2.0 equiv) in THF (0.1 mL), THF (0.1 mL), and THF-ds
(0.2 mL) were added sequentially. The NMR tube was sealed, and the reaction progress was monitored with NMR spectroscopy.

A new species was formed that was assigned to xantphos-Rh(l)-OtBu. (An analogous procedure using NaOMe and AgBF4 led to the formation
of a similar complex (~33 ppm, J = 200.3 Hz)).

31p{*H} NMR (162 MHz, THF-ds/THF) after 20 minutes:

[Rh(xantphos)OtBu],

\\ [Rh(xantphos)Cl],
| /

150 140 130 170 110 100 %0 80 70 60 %0 40 30 20 10 0 10 30 30 40 50 60 70 80 90 -100 -110 -120 -130 -140 -150 -1€

Figure 2.31: 3P NMR spectrum of reaction of [Rh(xantphos)Cl]. with KOtBu and AgPFe.
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To this reaction mixture, a solution of Bzpinz (2.13 mg, 8.37 umol, 2.0 equiv) in a mixture of THF (0.1 mL) and THF-ds (0.1 mL) was added (in
a nitrogen filled glove box) and the reaction progress was monitored with NMR spectroscopy.
31p{*H} NMR (162 MHz, THF-ds/THF) 11 minutes after the addition of Bzpina:

[Rh(xantphos)Bpin]

[Rh(xantphos)OtBu],

[Rh(xantphos)Cl],

Figure 2.32: 3'P NMR spectrum of reaction of [Rh(xantphos)Cl], with KOtBu, AgPFs and B.pin..
11B NMR (128 MHz, THF-ds/THF) 21 minutes after the addition of Bzpin,:
Two signals are assigned to Bapinz (31.7 ppm, literature:*® 30.7 ppm in THF-ds) and tBuOBPin (23.2 ppm, literature:'®° 21.4 ppm in THF-ds).

B,pin;

tBUOBpin

Figure 2.33: 1B NMR spectrum of reaction of [Rh(xantphos)Cl]> with KOtBu, AgPFs and Bzpin.

11B NMR (128 MHz, THF-ds/THF) 43 minutes after the addition of Bzpin.:

After 43 minutes, the signal of B2pinz (31.7 ppm) almost vanished, while the signal of tBuOBPin (23.3 ppm) increased in intensity. The signal
of xantphos-Rh(l)-Bpin complex could not be unambiguously assigned. The corresponding signals in the *B NMR spectra for related Rh(l)-
Bpin complexes are typically relatively broad* and occur typically at 30-40 ppm.292193 The signal at 22.0 ppm (appearing at the shoulder of
the signal of tBuOBPin) cannot be unambiguously assigned, but could correspond to B2pins, a common decomposition product.

tBuOBpin

W i

o e o

Figure 2.34: 1'B NMR spectrum of reaction of [Rh(xantphos)Cl]. with KOtBu, AgPFe and Bzpin,.
31p{*H} NMR (162 MHz, THF-ds/THF) 53 minutes after the addition of Bzpina:

The signals of the corresponding tert-butoxide and chloride complexes vanished while only one signal remained that was tentatively assigned
to the xantphos-Rh(l)-Bpin (see experiment 2 and chapter 6.6).
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< | [Rh{xantphos)Bpin]

Figure 2.35: 3'P NMR spectrum of reaction of [Rh(xantphos)Cl], with KOtBu, AgPFs and B.pin..
Experiment 2: Direct synthesis of xantphos-Rh(l)-Bpin

In a nitrogen-filled glove box, to a J-Young NMR tube charged with [Rh(xantphos)Cl]. (SI3, 6.2 mg, 4.32 umol, 1.0 equiv), a solution of Bzpin.
(2.20 mg, 8.65 umol, 2.0 equiv) in THF (124 uL), a solution of KOtBu (970 pg, 8.65 umol, 2.0 equiv) in THF (124 uL), a solution of AgPFs
(2.19 mg, 8.65 umol, 2.0 equiv) in THF (124 pL), and THF-ds (200 pL) were added sequentially. The NMR tube was sealed, and the reaction
progress was monitored with NMR spectroscopy.

The 3P NMR data showed the initial formation of xantphos-Rh(lll)(Bpin)2(OtBu), which in time converted to xantphos-Rh(l)-Bpin (the
presence of xantphos-Rh(l11)(Bpin)2(OtBu) and xantphos-Rh(I)-Bpin complexes as well their conversion in time was further supported by the
HRMS analysis in the analogous experiments shown below — experiments 3 and 4.).

31p{1H} NMR (162 MHz, THF-ds/THF) 5 minutes of reaction time at room temperature:

The 3P NMR spectrum shows a major species (28.9 ppm, d, J = 127.4 Hz), which was assigned to xantphos-Rh(lll)(Bpin)2(OtBu), and a minor
species, which was assigned to be [Rh(xantphos)Bpin] (28.4 ppm, d, J = 127.1 Hz) in experiment 1.

[Rh(xantphos)(OtBu)(Bpin),] [Rh(xantphos)Bpin]

160 150 10 130 120 110 10 % 8 70 6 30 4 30 20 10 0 10 20 30 40 50 60 70 80 30 -100 -110 -120 -130 -140 150

Figure 2.36: 3'P NMR spectrum of reaction of [Rh(xantphos)Cl]> with KOtBu, AgPFs and B.pin..
31p{1H} NMR (162 MHz, THF-ds/THF) 20 minutes of reaction time at room temperature:

MWWH‘WL\W»',

=

Figure 2.37: 3'P NMR spectrum of reaction of [Rh(xantphos)Cl]> with KOtBu, AgPFs and B2pin..
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31p{*H} NMR (162 MHz, THF-ds/THF) 40 minutes of reaction time at room temperature:

. |

Figure 2.38: 3'P NMR spectrum of reaction of [Rh(xantphos)Cl], with KOtBu, AgPFs and B.pin..
31p{*H} NMR (162 MHz, THF-ds/THF, 319 K) 48 minutes of reaction time at room temperature + 12 minutes at 45 °C:

[Rh(xantphos)Bpin]

Figure 2.37: 3'P NMR spectrum of reaction of [Rh(xantphos)Cl], with KOtBu, AgPFs and B.pin..

Experiment 3: Formation of xantphos-Rh(lll)(Bpin):(OtBu) and xantphos-Rh(1)-Bpin in a short reaction time

The experiment was set up in analogy to experiment 2, but on a scale of 1.3 mg [Rh(xantphos)Cl]z (SI3, 907 nmol). Approximately 2 minutes
after addition of the last reagent, an aliquot of this reaction was diluted in dry MeCN (1 mL) and the sample was stored on ice before it was
analyzed by high resolution ESI mass spectroscopy.

Three distinguished Rh-species, that is, [Rh(Ill)(xantphos)(Bpin).]*, {[Rh(I)(xantphos)(Bpin)]H}*, and [Rh(l)(xantphos)]*, were detected in the
mass spectrum:

Mass spectrum - zoom into the m/z = 550-1000 region:

[Rh(xantphos)(Bpin),]*

[Rh{xantphos)]

{[Rh(xantphos)(Bpin)J+H}*

Full range mass spectrum:

'''''' e Copaary a0 Hetutzer 038w

[Rh(xantphos)(Bpin),]*
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Found and simulated signals of isotopomeric cluster of the molecular ion [Rh(xantphos)(Bpin)2]*:

Intens,
<105

o .

TGP IRCIH2807), 975 2839, 935 2833

Figure 2.40: High resolution mass spectra of the reaction of [Rh(xantphos)Cl]. with KOtBu, AgPFs and B2pin..
For found and simulated signals of isotopomeric clusters of the molecular ions {[Rh(xantphos)(Bpin)]H}* and [Rh(xantphos)]*, see experiment
4 where these where more pronounced than in experiment 4.

Experiment 4: Synthesis of xantphos-Rh(ll1)(Bpin):(OtBu) and xantphos-Rh(l)-Bpin — a longer reaction time

The experiment was set up in analogy to experiment 2, but on a scale of 4.4 mg [Rh(xantphos)Cl]. (SI3, 907 nmol). Additionally, the mixture
was heated at 45 °C for ca. 10 minutes, before an aliquot of this reaction was diluted in dry MeCN (1 mL) and the sample was analyzed by
high resolution ESI mass spectroscopy.

In this experiment, the same three Rh-species, that is, [Rh(Ill)(xantphos)(Bpin).]*, {[Rh(I)(xantphos)(Bpin)]H}*, and [Rh(l)(xantphos)]*, were
detected in the mass spectrum. However, the relative abundance of {[Rh(l)(xantphos)(Bpin)]H}* versus [Rh(llI)(xantphos)(Bpin).]* increased
in time, in agreement with the formation of {[Rh(l)(xantphos)(Bpin)]H}* from [Rh(llI)(xantphos)(Bpin)z]* in time. It is worth noting that due to
the different abilities of different complexes to ionize in the ESI-MS mode, the ratio of the abundances of the signals of different complexes
in the mass spectra does not reflect the absolute ratio between their concentrations in the solution. Therefore, the ratio should be treated
relatively.

Mass spectrum - zoom into the m/z = 550-1000 region:
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Found and simulated signals of isotopomeric cluster of the molecular ion {[Rh(xantphos)(Bpin)]H}*:
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Found and simulated signals of isotopomeric cluster of the molecular ion [Rh(xantphos)] *:
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Figure 2.41: High resolution mass spectra of the reaction of [Rh(xantphos)Cl]. with KOtBu, AgPFs and B:pin.
2.4.3.7. Reactivity of independently prepared xantphos-Rh(l)-Bpin

Reactivity of xantphos-Rh(l)-Bpin at room temperature towards styrene

In a nitrogen-filled glovebox, to a J. Young tube charged with [Rh(xantphos)Cl]. (SI3, 5.0 mg, 3.49 umol, 1.0 equiv), a solution of Bapin,
(1.77 mg, 6.97 umol, 2.0 equiv) in THF (100 pL), a solution of KOtBu (783 pg, 6.97 umol, 2.0 equiv) in THF (100 pL), a solution of AgPFs
(1.76 mg, 6.97 pmol, 2.0 equiv) in THF (100 pL), and THF-ds (200 pL) were added sequentially. The NMR tube was sealed and after typically
5-60 min at room temperature the clean formation of [Rh(xantphos)Bpin] was observed with 3P NMR spectroscopy (28.4 ppm, d, J =
127.1 Hz).* Subsequently, a solution of styrene (7.26 mg, 7.99 uL, 69.7 umol, 10.0 equiv) in THF (100 pL), a solution of isochroman (234 ug,
219 nL, 1.74 pL, 0.25 eq.) in THF (100 uL) as an internal standard, and THF (150 pL) were added. The NMR tube was sealed again, and the
reaction was monitored at room temperature with NMR spectroscopy.

*|If other species were present, the sample was discarded, and the synthesis of xantphos-Rh(1)-Bpin was repeated.

1H NMR (400 MHz, THF-ds/THF) after 16 h 15 min of reaction time:

Bpin |

Figure 2.42: *H NMR spectrum of the reaction of independently prepared xantphos-Rh-Bpin and styrene at rt.
Progression of 3'P and *H NMR spectroscopy in time:

t=2d19h
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Figure 2.43: 'H NMR and 3P spectra of the reaction of independently prepared xantphos-Rh-Bpin and styrene over time at rt.

In this experiment, the formation of product 3a was observed to be paralleled by a consumption of the [Rh(xantphos)Bpin] (28.4 ppm, J =
127 Hz), indicating its reactivity towards an insertion of styrene in accordance with our assignment in the 3'P NMR spectra as well as our
mechanistic proposal.

Reactivity of xantphos-Rh(l)-Bpin at 45 °C towards styrene

To [Rh(xantphos)Cl]2 (5.0 mg, 3.49 umol, 1.0 equiv) in a J. Young tube were added sequentially a solution of Bzpinz (1.77 mg, 6.97 umol,
2.0 equiv) in THF (100 pL), a solution of KOtBu (783 pg, 6.97 umol, 2.0 equiv) in THF (100 pL), a solution of AgPFs

(1.76 mg, 6.97 umol, 2.0 equiv) in THF (100 pL), and THF-ds (150 pL) in a nitrogen-filled glove box. The NMR tube was sealed and after
typically 5-60 min at room temperature the clean formation of [Rh(xantphos)Bpin] was confirmed with 3!P NMR spectroscopy (28.4 ppm, d,
J=127.1 Hz).* Subsequently, a solution of styrene (10.9 mg, 12.0 pL, 105 pumol, 15.0 equiv) in THF (150 pL), a solution of isochroman (234 ug,
219 nL, 1.74 pmol, 0.25 eq.) in THF (100 pL) as an internal standard, and THF (200 pL) were added. The NMR tube was sealed again, and the
reaction was monitored at 45 °C via NMR spectroscopy.

*|f other species were present, the sample was discarded, and the synthesis of xantphos-Rh(l)-Bpin was repeated.
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'H NMR (400 MHz, THF-ds/THF, 318 K) after 5 h 14 min of reaction time:

oo (0.25 equiv) 1
¥ ‘
\ ’ \

Figure 2.44: 'H NMR spectrum of the reaction of independently prepared xantphos—Rh—Bpin and styrene at 45 °C.

Reactivity of xantphos-Rh(l)-Bpin at 45 °C under catalytic conditions

To [Rh(xantphos)Cl]z (SI3, 5.5 mg, 3.84 umol, 1.0 equiv) in a J. Young tube were added sequentially a solution of Bzpinz (1.95 mg, 7.67 umol,
2.0 equiv) in THF (110 pL), a solution of KOtBu (861 pug, 7.67 umol, 2.0 equiv) in THF (110 L), a solution of AgPFe (1.94 mg, 7.67 umol,
2.0 equiv) in THF (110 pL), and THF-ds (165 uL) in a nitrogen-filled glove box. The NMR tube was sealed, heated at 45 °C for 10 minutes, and
after typically 5-60 min at room temperature the clean formation of [Rh(xantphos)Bpin] was confirmed with 3P NMR spectroscopy
(28.4 ppm, d, J = 127.1 Hz).*Subsequently, a solution of styrene (12.0 mg, 13.2 uL, 115 pumol, 15.0 equiv) in THF (110 uL), a solution of

isochroman (257 pg, 241 nL, 1.92 umol, 0.25 eq.) in THF (110 pL) as an internal standard, and THF-ds (165 L) were added. The NMR tube
was sealed again, and the reaction was monitored at 45 °C via NMR spectroscopy.

*|If other species were present, the sample was discarded, and the synthesis of xantphos-Rh(1)-Bpin was repeated.

'H NMR (400 MHz, THF-ds/THF, 318 K) after 5 h 11 min of reaction time:
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Figure 2.45: *H NMR spectrum of the reaction of independently prepared xantphos-Rh-Bpin, styrene and vinyl Bpin at 45 °C.

The nature of the product was further confirmed in similar one-timepoint experiments, where the same doublet was observed in the *H NMR
spectra, while the GC-MS analysis of the crude reactions revealed the presence of product 3a.

2.4.4. Preparation and characterization of starting materials

2.4.4.1. Preparation and characterization of alkene substrates

4-vinylbenzaldehyde 1b

The compound was prepared in accordance to a literature procedure.'® Under a nitrogen atmosphere, n-Buli (2.84 mL,
O\/@ 1.6 Mmin n-hexane, 4.55 mmol, 1.11 equiv) was added to a solution of 4-bromostyrene (536 pL, 750 mg, 4.10 mmol, 1.0 equiv)

in THF (15 mL) at -78 °C in a dropwise manner. After allowing to stir for 2 h at this temperature, DMF (350 pL, 332 mg,
4.55 mmol, 1.11 equiv) was added in a dropwise manner. The resulting solution was allowed to stir for 30 min at this temperature. The
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reaction mixture was allowed to warm to room temperature. NH.Cl solution (30 mL) was added. The fractions were separated, and the
aqueous fraction was washed with CH2Clz (3 x 30 mL). The combined organic fractions were dried over NaSOs, filtered, and the volatiles of
the filtrate were removed under reduced pressure. The residue was subjected to column chromatography (silica gel, 0-7% MTBE in petroleum
ether) to isolate the title compound (378 mg, 2.86 mmol, 70%) as a yellow liquid. The NMR data match previously reported data for the title
product.1%4

H NMR (500 MHz, CDCls) 6 9.99 (s, 1H), 7.88 — 7.81 (m, 2H), 7.58 — 7.53 (m, 2H), 6.78 (dd, J = 17.6, 10.9 Hz, 1H), 5.92 (d, J = 17.5 Hz, 1H),
5.44 (d, J = 10.8 Hz, 1H).

N,N-dimethyl-4-vinylaniline 1c
The compound was prepared according to a modified literature procedure.% To a solution of methyltriphenylphosphonium

- /©/\ bromide (982 mg, 2.8 mmol, 1.1 equiv) in anhydrous THF (10 mL), n-BuLi (1.7 mL, 1.6 M in hexanes, 2.8 mmol, 1.1 equiv)

N was added dropwise at 0 °C under a N, atmosphere. The solution was allowed to stir at room temperature for 1.5 h. Then,
a solution of dimethylaminobenzaldehyde (373 mg, 2.5 mmol, 1.0 equiv) in anhydrous THF (5 mL) was added dropwise to
the mixture kept at 0 °C. The reaction mixture was allowed to stir for 16 h at room temperature. The reaction was quenched by addition of
saturated aqueous NH4Cl (15 mL) solution. The organic phase was separated. The aqueous phase was washed with EtOAc (3 x 20 mL). The
combined organic fractions were washed with brine (40 mL) and dried over Na.SOa. After filtration, the volatiles of the filtrate were removed
under reduced pressure and the residue was subjected to column chromatography (silica gel, 10% EtOAc in petroleum ether) to isolate the
title product as a colorless oil (311 mg, 2.1 mmol, 84%). The NMR data match previously reported data for the title product.%
'H NMR (500 MHz, CDCl3) § 7.36 — 7.28 (m, 2H), 6.71 — 6.67 (m, 2H), 6.64 (dd, J = 17.6, 10.9 Hz, 1H), 5.54 (d, J = 17.5 Hz, 1H), 5.02 (d, /= 9.6
Hz, 1H), 2.96 (s, 6H).

tert-butyl (4-vinylphenyl)carbamate S14

The compound was prepared in accordance to a literature procedure.® A solution of 4-aminostyrene (258 mg, 254 L,
2.17 mmol, 1.0 eq.) and di-tert-butyl dicarbonate (995 L, 945 mg, 2.17 mmol, 1.0 eq.) in CHCl; (1.55 mL) was allowed
to stir at room temperature for 30 h under a nitrogen atmosphere. CH2Cl, (10 mL) was added, and the organic fraction
was washed with 1 M HCI (10 mL). The aqueous fraction was washed with CH,Cl; (2 x 10 mL). The combined organic fractions were washed
with brine (10 mL), dried over Na,SOa. After filtration, the volatiles from the filtrate were removed under reduced pressure. The residue was
subjected twice to column chromatography (silica, 0-10% EtOAc in petroleum ether; silica, 0-7% Et20 in petroleum ether). Imidazole (443 mg,
6.51 mmol, 3.0 eq.) was added to a solution of the crude product in CH.Cl; (22 mL) and the resulting solution was allowed to stir for 4.5 h at
room temperature. The subsequent work-up was performed according to a literature procedure:**” The volatiles were removed under
reduced pressure. CH,Cl; (20 mL) was added. The organic fraction was washed with 1 M HCI (2 x 10 mL) and water (10 mL), dried over Na2SO4
and filtrated. All volatiles of the filtrate were removed under reduced pressure and the residue was subjected twice to column
chromatography (2 x, silica, 0-20%, Et.O in petroleum ether) to isolate the title product (204 mg, 928 umol, 43%) as a colorless solid. The
NMR data match previously reported data for the title product.®

14 NMR (500 MHz, CDCls) § 7.37 — 7.29 (m, 4H), 6.65 (dd, J = 17.6, 10.9 Hz, 1H), 6.47 (s, 1H), 5.65 (dd, J = 17.6, 1.0 Hz, 1H), 5.16 (dd, J = 10.9,
0.9 Hz, 1H), 1.52 (s, 9H);

13C{*H} NMR (126 MHz, CDCl5) § 152.6, 137.9, 136.2, 132.5, 126.9, 118.4, 112.4, 80.6, 28.4.

BocHN

tert-butyl methyl(4-vinylphenyl)carbamate 1d
The compound was prepared in accordance to a literature procedure.?® Under a nitrogen atmosphere, a solution of amine
/©/\ SI4 (105 mg, 478 umol, 1.0 equiv) in DMF (0.96 mL) was added to a mixture of NaH (28.7 mg, 60% dispersion in mineral
BocN oil, 717 umol, 1.50 equiv) in DMF (1.45 mL). After addition of Mel (149 uL, 339 mg, 2.39 mmol, 5.0 equiv), the reaction
! mixture was allowed to stir 15.5 h at room temperature. NH4Cl solution (50 mL) was added, and the mixture washed with
ethyl acetate (2 x 5 mL). The combined organic fractions were washed with water (2 x 10 mL) and brine (10 mL), dried over Na;SO4 and
filtered. The volatiles of the filtrate were removed under reduced pressure. The residue was subjected to column chromatography (silica gel,
0-5% MTBE in petroleum ether) to isolate the title compound (90.7 mg, 389 umol, 81%) as a colorless oil. The NMR data match previously
reported data for the title product.*°
'H NMR (400 MHz, CDCl3) & 7.40 — 7.32 (m, 2H), 7.22 — 7.15 (m, 2H), 6.69 (dd, J = 17.6, 10.9 Hz, 1H), 5.70 (dd, J = 17.6, 0.9 Hz, 1H), 5.22 (dd,
J=10.9, 0.9 Hz, 1H), 3.25 (s, 3H), 1.45 (s, 9H).

1-(4-vinylphenyl)ethanone 1e

N The compound was prepared according to a modified literature procedure.!! In a sealed vial under a nitrogen atmosphere,
W a solution of potassium vinyltrifluoroborate (268 mg, 2.0 mmol, 1.0 equiv), PdCl; (7.1 mg, 0.04 mmol, 2 mol%), PPhs (31.5

mg, 0.12 mmol, 6 mol%), Cs2COs (1.95 g, 6.0 mmol, 3.0 equiv), and 4-iodoacetophenone (492 mg, 2.0 mmol, 1.0 equiv) in

THF/H,0 (9:1, 4 mL) was allowed to stir at 85 °C for 22 h. The reaction mixture was allowed to cool to room temperature,
diluted with H20 (6 mL), and then washed with DCM (3 x 20 mL). The combined organic fractions were dried over Na:SOa. After filtration, the
volatiles of the filtrate were removed under reduced pressure. The residue was subjected to column chromatography (silica gel, 0 — 10%
EtOAc in petroleum ether) to isolate the title product as a pale yellow solid (210 mg, 1.4 mmol, 72%). The NMR data match previously
reported data for the title product.**?
H NMR (500 MHz, CDCls) & 7.97 — 7.85 (m, 2H), 7.51 — 7.45 (m, 2H), 6.76 (dd, J = 17.6, 10.9 Hz, 1H), 5.88 (d, J = 17.5 Hz, 1H), 5.40 (d, /= 10.8
Hz, 1H), 2.60 (s, 3H).

o

(E)-1-styryl-4-vinylbenzene 10
The compound was prepared according to a modified literature procedure.'* Under a nitrogen atmosphere, to a solution
g O S of 4-bromostyrene (366 mg, 2.0 mmol, 1.0 equiv), potassium tert-butoxide (673 mg, 6.0 mmol, 3.0 equiv), and ethanol
O (18.4 mg, 0.4 mmol, 0.2 equiv) in DMF (5 mL), styrene (1.04 g, 10.0 mmol, 5.0 equiv) was added. The reaction mixture was
allowed to stir at 80 °C for 2 h, when GC/MS analysis indicated full conversion of the arylhalide. The reaction mixture was
allowed to cool to room temperature. The reaction was quenched by the addition of H20. The reaction mixture was washed with diethyl
ether (3 x 10 mL). The combined organic phases were dried over Na,SOs. After filtration, the volatiles of the filtrate were removed under
reduced pressure. The residue was subjected to column chromatography (silica gel, 100% petroleum ether) to isolate the title product as a
white solid (41.3 mg, 0.20 mmol, 10%). The NMR data match previously reported data for the title product.3
H NMR (500 MHz, CDCls) 6 7.57 — 7.47 (m, 4H), 7.47 — 7.34 (m, 4H), 7.34 - 7.21 (m, 1H), 7.11 (d, J = 1.4 Hz, 2H), 6.73 (dd, J = 17.6, 10.9 Hz,
1H), 5.78 (d, J = 17.7 Hz, 1H), 5.26 (d, J = 10.8 Hz, 1H).
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1-(3,3-dimethylbut-1-yn-1-yl)-4-vinylbenzene 1p

~x. The compound was prepared in analogy to a literature procedure.’** 4-Bromostyrene (350 mg, 250 uL, 1.91 mmol,
/©/\ 1.0 equiv) was added to a suspension of [(PPhs3).PdCl] (26.8 mg, 38.2 umol, 0.02 equiv) and 3,3-dimethyl-1-butyne
N (509 pL, 339 mg, 4.13 mmol, 2.16 equiv) in triethylamine (7.7 mL). The resulting suspension was allowed to stir for 5 min

at 50 °C in the dark under a nitrogen atmosphere. Copper(l)-iodide (5.7 mg, 29.8 umol, 0.02 eq.) was added at room temperature and the
resulting suspension was allowed to stir for 22.5 h at 50 °C. The suspension was filtered over celite (Et.0, 50 mL) and the volatiles from the
filtrate were removed under reduced pressure. The residue was subjected to column chromatography (silica, n-heptane) to isolate the title
compound (190 mg, 1.03 mmol, 54%) as a colorless oil.

H NMR (500 MHz, CDCls) & 7.37 — 7.28 (m, 4H), 6.68 (dd, J = 17.6, 10.9 Hz, 1H), 5.73 (dd, J = 17.6, 0.5 Hz, 1H), 5.25 (dd, J = 10.9, 0.6 Hz, 1H),
1.32 (s, 9H);

13C{*H} NMR (126 MHz, CDCl3) 6 136.7, 136.5, 131.8, 126.1, 123.6, 114.3,99.4, 79.1, 31.2, 28.1.

HRMS (ESI) m/z calcd. for CiaH17 ([M+H]*): 185.1325; found: 185.1321.

trimethyl((4-vinylphenyl)ethynyl)silane 1q
The compound was prepared in accordance to a literature procedure.*** 4-Bromostyrene (300 mg, 214 uL, 1.64 mmol,

N 1.0 equiv) was added to a suspension of [(PPhs).PdCl:] (23.0 mg, 32.8 umol, 0.02 equiv) and trimethylsilylacetylene
= (491 pL, 348 mg, 3.54 mmol, 2.16 equiv) in triethylamine (6.6 mL). The resulting suspension was allowed to stir for 5
™S min at 50 °C in the dark under a nitrogen atmosphere. Copper(l)-iodide (4.9 mg, 25.6 umol, 0.02 eq.) was added at

room temperature and the resulting suspension was allowed to stir for 20.5 h at 50 °C. The suspension was filtered over celite (Et.0, 30 mL)
and the volatiles from the filtrate were removed under reduced pressure. The residue was subjected to column chromatography (silica, n-
heptane) to isolate the title compound (231 mg, 1.15 mmol, 70%) as a slightly yellow liquid. The NMR data match previously reported data
for the title product.'**

'H NMR (500 MHz, CDCl3) & 7.45 — 7.39 (m, 2H), 7.37 — 7.31 (m, 2H), 6.68 (dd, J = 17.6, 10.9 Hz, 1H), 5.76 (dd, J = 17.6, 0.7 Hz, 1H), 5.29 (dd,
J=10.8, 0.8 Hz, 1H), 0.25 (s, 9H).

5-vinylbenzofuran 1u
. The compound was prepared in accordance to a literature procedure.'® Under a nitrogen atmosphere, n-BuLi (4.70 mL,

(/\/©/\ 1.6 M in n-hexane, 7.53 mmol, 1.10 equiv) was added to a suspension of methyltriphosphonium bromide (2.69 g,

e} 7.53 mmol, 1.10 equiv) in THF (27 mL) at 0 °C. The resulting suspension was allowed to stir for 2.5 h at room temperature.
A solution of benzofuran-5-carbaldehyde (1.00 g, 6.84 mmol, 1.0 equiv) in THF (6.8 mL) was added in a dropwise manner at 0 °C. The reaction
mixture was allowed to stir for 19 h at room temperature. NH4Cl solution (50 mL) was added. The mixture was washed with ethyl acetate
(3 x 50 mL). The combined organic fractions were washed with brine (50 mL) and dried over Na;SO.. After filtration, the volatiles from the
filtrate were removed under reduced pressure. The residue was subjected to column chromatography (silica gel, 0-1% Et.0 in petroleum
ether) to isolate the title compound (684 mg,4.74 mmol, 69%) as a colorless liquid. The NMR data match previously reported data for the
title product.'*®
'H NMR (500 MHz, CDCl3) § 7.62 (d, J = 1.2 Hz, 1H)", 7.61 (d, J = 2.2 Hz, 1H)", 7.46 (d, J = 8.5 Hz, 1H), 7.40 (dd, J = 8.5, 1.8 Hz, 1H), 6.82 (dd, J
=17.5,10.9 Hz, 1H), 6.75 (dd, J = 2.2, 0.9 Hz, 1H), 5.73 (d, J = 17.5 Hz, 1H), 5.22 (d, J = 11.0 Hz, 1H);
* Signals overlap.
Preparation of 1-(non-2-yn-1-yl)-4-vinylbenzene 1v

1. EtMgBr
2. 4-bromobenz- oH
Pl Et,SiH, TFA /©/\
e — N —
Cothis THF, RT Ny, DOMRT g Cotis
88% yield Br ©T13 87% yield

S5 sl6
PdCl, PPhg | THF/H,0 (9/1),

Cs,CO; | 85°C, 16 h,
vinyl BFgK | 80% yield

X
X CeHis

v
1-(4-bromophenyl)non-2-yn-1-ol SIS
oH Under a nitrogen atmosphere, to a round-bottom flask containing 1-octyne (1.35 g, 1.8 mL, 12.2 mmol, 1.6 equiv) in
/©)\ dry THF (30 mL), ethylmagnesium bromide (3.0 M solution in Et20, 3.0 mL, 9.0 mmol, 1.2 equiv) was added. The reaction
o céHi;  Mixture was allowed to stir at room temperature for 2 h. Subsequently, a solution of p-bromobenzaldehyde (1.39 g,
7.5 mL mmol, 1.0 equiv) in dry THF (6 mL) was added. The reaction mixture was allowed to stir at room temperature
for 3 h. The reaction was quenched with saturated aqueous NH4Cl solution (30 mL). The reaction mixture was washed with Et,0 (3 x 30 mL).
The combined organic fractions were dried over Na,SOa. After filtration, the volatiles of the filtrate were removed under reduced pressure.
The residue was subjected to column chromatography (silica gel, 0 — 10% EtOAc in petroleum ether) to isolate the title product as a colourless
oil (1.95 g, 6.6 mmol, 88%).
'H NMR (400 MHz, CDCls) & 7.54 — 7.46 (m, 2H), 7.46 — 7.37 (m, 2H), 5.40 (s, 1H), 2.26 (td, J = 7.1, 2.1 Hz, 2H), 2.17 (s, 1H), 1.67 — 1.48 (m,
2H), 1.46 - 1.21 (m, 6H), 0.89 (t, / = 6.9 Hz, 3H);
13C{*H} NMR (101 MHz, CDCls) 6 140.4, 131.7, 128.5, 122.3, 88.3, 79.6, 64.3, 31.4, 28.7, 28.6, 22.7, 18.9, 14.2.
HRMS (ESI) m/z calcd. for CisH207°BrO ([M+H]*): 295.0692; found: 295.0685;
m/z calcd. for CisH208'BrO ([M+H]*): 297.0672; found: 295.0665.
1-bromo-4-(non-2-yn-1-yl)benzene SI6
N The compound was prepared according to a modified literature procedure.'® To a solution of 1-(4-bromophenyl)non-
Br/©/\C6H‘3 2-yn-1-ol (SIS, 1.88 g, 6.4 mmol, 1.0 equiv) and triethylsilane (1.48 g, 2.0 mL, 12.8 mmol, 2.0 equiv) in DCM (40 mL),
trifluoroacetic acid (6.55 g, 4.4 mL, 57.4 mmol, 9.0 equiv) was added. The reaction mixture was allowed to stir at
room temperature for 2 h, followed by the addition of saturated aqueous NH4Cl (50 mL) solution. The mixture was washed with DCM (3 x 40
mL). The combined organic fractions were dried over Na;SOa. After filtration, the volatiles of the filtrate were removed under reduced
pressure. The residue was subjected to column chromatography (silica gel, 100% petroleum ether) to isolate the title product as a yellow oil
(1.54 g, 5.5 mmol, 87%).
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H NMR (400 MHz, CDCl3) 6 7.46 — 7.38 (m, 2H), 7.25-7.16 (m, 2H), 3.52 (t, /= 2.6 Hz, 2H), 2.21 (tt, /= 7.1, 2.4 Hz, 2H), 1.51 (dd, /= 13.9, 8.3
Hz, 2H), 1.45 - 1.16 (m, 6H), 0.90 (t, J = 7.0 Hz, 3H);

1B3C{1H} NMR (101 MHz, CDCls) 6 136.8, 131.6, 129.8, 120.3, 83.4, 77.0, 31.5, 29.1, 28.7, 24.8, 22.7, 19.0, 14.2;

HRMS (ESI) m/z calcd. for CisH207°Br ([M+H]*): 279.0743; found: 279.0749;

m/z calcd. for CisH208'Br ([M+H]*): 281.0722; found: 281.0728.

1-(non-2-yn-1-yl)-4-vinylbenzene 1v

T The compound was prepared according to a modified literature procedure.'** In a sealed vial under a nitrogen
X CeHia  atmosphere, a solution of potassium vinyltrifluoroborate (402 mg, 3.0 mmol, 1.0 equiv), PdCl; (10.6 mg, 0.06 mmol,

2 mol%), PPhs (47.2 mg, 0.18 mmol, 6 mol%), Cs.COs (2.93 g, 9.0 mmol, 3.0 equiv), and 1-bromo-4-(non-2-yn-1-

yl)benzene (838 mg, 3.0 mmol, 1.0 equiv) in THF/H20 (9:1, 6 mL) was allowed to stir at 85 °C for 16 h. The reaction mixture was allowed to
cool to room temperature, diluted with H,0 (20 mL), and washed with DCM (3 x 30 mL). The combined organic fractions were dried over
Naz2SOa. After filtration, the volatiles of the filtrate were removed under reduced pressure. The residue was subjected to column
chromatography (silica gel, 100% petroleum ether) to isolate the title product as a yellow solid (545 mg, 2.4 mmol, 80%).
H NMR (500 MHz, CDCls) 6 7.36 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 6.71 (dd, J = 17.6, 10.9 Hz, 1H), 5.72 (dd, J = 17.6, 1.0 Hz, 1H), 5.21
(dd, J=10.9, 1.0 Hz, 1H), 3.57 (t, J = 2.5 Hz, 2H), 2.22 (tt, /= 7.1, 2.5 Hz, 2H), 1.61 — 1.47 (m, 2H), 1.46 — 1.19 (m, 6H), 0.90 (t, J = 6.9 Hz, 3H);
13C{*H} NMR (126 MHz, CDCls) 6 137.4, 136.7, 136.0, 128.1, 126.4, 113.5, 82.9, 77.5, 31.5, 29.1, 28.7, 25.1, 22.7, 19.0, 14.2;
HRMS (ESI) m/z calcd. for CizHas ([M+H]*): 227.1794; found: 227.1795.

N-vinyl-d-valerolactam 1z
o A mixture of d-valerolactam (297.4 mg, 3.0 mmol, 1.0 equiv.), Cul (28.6 mg, 0.15 mmol, 5 mol%), N,N’-dimethylethylenediamine
g (26.4 mg, 0.30 mmol, 10 mol%), K.CO3 (829.2 mg, 6.0 mmol, 2.0 equiv.) and vinyl bromide (1M in THF, 6 mL, 6.0 mmol, 2.0 equiv.)
é\‘ ™ was allowed to stir for 16 h at 80 °C under a nitrogen atmosphere. The reaction mixture was filtered over celite and the volatiles
were removed under reduced pressure. The residue was subjected to column chromatography (silica gel, 50% EtOAc in
petroleum ether) to isolate the title compound (106.2 mg, 0.85 mmol, 28%) as a white solid. The NMR data match previously reported data
for the title product.'*’
'H NMR (400 MHz, CDCl3) 6 7.61 (dd, J = 16.3, 9.4 Hz, 2H), 4.67 — 4.03 (m, 2H), 3.39 (t, ) = 6.2 Hz, 2H), 2.49 (t, ) = 6.6 Hz, 2H), 1.94 — 1.85 (m,
2H), 1.84 — 1.76 (m, 2H).

General procedure for the synthesis of 1,1-diarylstyrenes

The compounds were prepared according to a literature procedure.''® Under a nitrogen atmosphere, a mixture of a-bromostyrene (1.0
equiv.), an arylboronic acid (1.3 equiv.), and Pd(PPhs)s (5 mol%), KsPOs (3.0 equiv.) in THF (0.2 M) was allowed to stir for 16 h at 80 °C. The
reaction mixture was filtered over celite and the volatiles were removed under reduced pressure. The residue was subjected to column
chromatography to isolate the title compound.

methyl 4-(1-phenylvinyl)benzoate 1ag

come The compound was prepared according to general procedure for the synthesis of 1,1-diarylstyrenes by reaction of a-
bromostyrene (366.1 mg, 2.0 mmol) and 4-methoxycarbonylphenylboronic acid (515 mg, 2.6 mmol) and was isolated by column
chromatography (silica gel, 0-20 % EtOAc in petroleum ether) to give a colorless oil (352 mg, 1.48 mmol, 74%). The NMR data
match previously reported data for the title product.!*®
'H NMR (500 MHz, CDCls) 6 8.04 — 7.97 (m, 2H), 7.44 —7.39 (m, 2H), 7.39-7.29 (m, 5H), 5.55 (d, ) = 1.0 Hz, 1H), 5.54 (d, ) = 1.1
Hz, 1H), 3.93 (s, 3H).

Yo

1-methoxy-4-(1-phenylvinyl)benzene 1ah

~o The compound was prepared according to general procedure for the synthesis of 1,1-diarylstyrenes by reaction of a-
bromostyrene (366.1 mg, 2.0 mmol) and 4-methoxyphenylboronic acid (395 mg, 2.6 mmol) and was isolated by column
chromatography (silica gel, 0-30 % EtOAc in petroleum ether) to give a pale yellow solid (91.8 mg, 0.44 mmol, 22%). The NMR
data match previously reported data for the title product.'?®
'H NMR (400 MHz, CDCls) § 7.36 — 7.26 (m, 7H), 6.90 — 6.84 (m, 2H), 5.40 (d, J = 1.3 Hz, 1H), 5.36 (d, J = 1.2 Hz, 1H), 3.83 (s, 3H).

Yo

methyl(4 (1-phenylvinyl)phenyl)sulfane 1ai

The compound was prepared according to general procedure for the synthesis of 1,1-diarylstyrenes by reaction of a-bromostyrene
(366.1 mg, 2.0 mmol) and 4-(methylthio)benzeneboronic acid (437 mg, 2.6 mmol) and was isolated by column chromatography
(silica gel, 0-10 % EtOAc in petroleum ether) to give a colorless solid (283.6 mg, 1.25 mmol, 63%). The NMR data match previously
reported data for the title product.?°

'H NMR (400 MHz, CDCls) § 7.35 - 7.32 (m, 5H), 7.29 — 7.25 (m, 2H), 7.24 — 7.20 (m, 2H), 5.45 (d, J = 1.2 Hz, 1H), 5.42 (d, J = 1.2 Hz,
1H), 2.51 (s, 3H).

Racel

5-(1-phenylvinyl)benzo[d][1,3]dioxole 1aj

The compound was prepared according to general procedure for the synthesis of 1,1-diarylstyrenes by reaction of a-
bromostyrene (366.1 mg, 2.0 mmol) and 3,4-(methylenedioxy)benzeneboronic acid (431 mg, 2.6 mmol) and was isolated by
column chromatography (silica gel, 0-5 % EtOAc in petroleum ether) to give a yellow oil (264.2 mg, 1.18 mmol, 59%). The NMR
data match previously reported data for the title product.'?

1H NMR (500 MHz, CDCls) § 7.37 — 7.28 (m, 5H), 6.86 —6.80 (m, 2H), 6.77 (d, J = 8.0 Hz, 1H), 5.97 (s, 2H), 5.39 (d, J = 1.2 Hz, 1H),
5.36 (d,J = 1.3 Hz, 1H).

O
{29
-

2-(1-phenylvinyl)thiophene 1ak

The compound was prepared according to general procedure for the synthesis of 1,1-diarylstyrenes by reaction of a-
S\  bromostyrene (366.1 mg, 2.0 mmol) and thiophene-2-boronic acid (332.7 mg, 2.6 mmol) and was isolated by column
chromatography (silica gel, 100% petroleum ether) to give a yellow oil (262 mg, 1.41 mmol, 70%). The NMR data match previously
reported data for the title product.*®

1H NMR (400 MHz, CDCls) 6 7.54 — 7.41 (m, 2H), 7.39 — 7.35 (m, 3H), 7.29 — 7.19 (m, 1H), 6.98 (dd, J = 5.1, 3.6 Hz, 1H), 6.92 (dd, J
=3.6, 1.1 Hz, 1H), 5.59 (s, 1H), 5.25 (s, 1H).

Yo
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(E)-prop-1-ene-1,3-diyldibenzene 1an

The compound was prepared according to a modified literature procedure.'?* Under a nitrogen atmosphere, a mixture of
cinnamyl alcohol (335.5 mg, 2.5 mmol, 1.0 equiv.), phenylboronic acid (365.8 mg, 3.0 mmol, 1.2 equiv.), and Pd(PPhs)s (28.9
mg, 25 pmol, 1 mol%) in THF (6 mL) was allowed to stir for 16 h at 80 °C. The reaction mixture was filtered over celite and the volatiles were
removed under reduced pressure. The residue was subjected to column chromatography (silica gel, 100% petroleum ether) to isolate the
title compound (375.0 mg, 1.93 mmol, 77%) as a colorless oil. The NMR data match previously reported data for the title product.?*

H NMR (400 MHz, CDCls) & 7.42 — 7.35 (m, 2H), 7.34 — 7.28 (m, 4H), 7.27 — 7.18 (m, 4H), 6.47 (d, J = 15.9 Hz, 1H), 6.37 (dt, J = 15.8, 6.6 Hz,
1H), 3.56 (d, J = 6.6 Hz, 2H).

PR " ppy

N,N-dimethyl-3-(pyridin-2-yl)-3-(4-vinylphenyl)propan-1-amine 1ar
N A mixture of brompheniramine maleate (500 mg, 1.15 mmol, 1.0 equiv), K2COs (635 mg, 4.59 mmol, 4.0 equiv), Pd(OAc).
N~ (12.9 mg, 57.4 mg, 0.05 equiv), SPhos (47.2 mg, 115 umol, 0.10 equiv), and potassium vinyltrifluoroborate (308 mg,
n~ 2.30 mmol, 2.0 equiv), in water (820 uL) and dioxane (4.9 mL) was allowed to stir for 17 h at 90 °C under a nitrogen
atmosphere. The reaction mixture was filtered over celite (EtOAc, 40 mL). The filtrate was washed with water (15 mL). The
aqueous fraction was washed with EtOAc (2 x 10 mL). The combined organic fractions were washed with brine (20 mL), dried
over NazSOa. After filtration, the volatiles from the filtrate were removed under reduced pressure and the residue was subjected to column
chromatography (silica gel, 0-10% of MeOH/NEts (10/1) in CH2Cl,) to isolate the title compound (249 mg, 936 umol, 82%) as a brown oil.
'H NMR (400 MHz, CDCls) 6 8.56 (d, J = 4.5 Hz, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.36 — 7.27 (m, 4H), 7.16 (d, /= 7.9 Hz, 1H), 7.08 (dd, /= 7.5, 4.8 Hz,
1H), 6.67 (dd, J = 17.6, 10.9 Hz, 1H), 5.69 (d, J = 17.6 Hz, 1H), 5.19 (d, / = 10.9 Hz, 1H), 4.13 (t, J = 6.9 Hz, 1H), 2.51-2.36 (m, 1H), 2.28 - 2.19
(m, 3H)", 2.21 (s, 6H)";
* Signals overlap.
13C{*H} NMR (126 MHz, CDCl3) 6 163.8, 149. 5, 143.5, 136.8, 136.5, 136.1, 128.4, 126.5, 123.0, 121.4, 113. 5, 58.0, 51.3, 45.6, 32.9;
HRMS (ESI) m/z calcd. for CigH3Na ([M+H]*): 267.1856; found: 267.1850.

N, N -dimethyl-3-(2-vinyl-10H-phenothiazin-10-yl)propan-1-amine las
i The compound was prepared according to a modified literature procedure.'?? In a sealed vial under a nitrogen atmosphere,
a mixture of chlorpromazine hydrochloride (1.07 g, 3.0 mmol, 1.0 equiv), potassium vinyltrifluoroborate (482 mg, 3.6 mmol,
1.2 equiv), K2COs (1.24 g, 9.0 mmol, 3.0 equiv), Pd(OAc): (33.7 mg, 0.15 mmol, 5 mol%), and SPhos (123 mg, 0.3 mmol, 10
@ig@/\ mol%) in dioxane/H20 (6:1, 14 mL) was allowed to stir at 90 °C for 2.5 h. The reaction mixture was allowed to cool to room
temperature, followed by the addition of potassium vinyltrifluoroborate (321 mg, 2.4 mmol, 0.8 equiv), K2COs (414 mg, 3.0
mmol, 1.0 equiv), Pd(OAc): (16.8 mg, 0.075 mmol, 2.5 mol%), and SPhos (61.6 mg, 0.15 mmol, 5 mol%) a nitrogen atmosphere (glove box).
The vial was sealed and allowed to stir at 90 °C for 16 h. The reaction mixture was allowed to cool to room temperature and passed through
a plug of celite (eluent: ethyl acetate). The phases were separated. The aqueous phase was washed with ethyl acetate (2 x 20 mL). The
combined organic phases were washed with brine and dried over Na,SOa. After filtration, the volatiles of the filtrate were removed under
reduced pressure and the residue was subjected to column chromatography (silica gel, 9% EtsN in EtOAc) to isolate the title product as a
brown oil (671 mg, 2.16 mmol, 72%). The NMR data match previously reported data for the title product.??
'H NMR (500 MHz, CDCls) 6 7.17 —7.11 (m, 2H), 7.08 (d, J = 7.8 Hz, 1H), 6.97 (dd, J = 7.9, 1.8 Hz, 1H), 6.93 — 6.86 (m, 3H), 6.65 (dd, J = 17.5,
10.8 Hz, 1H), 5.70 (d, J = 17.5 Hz, 1H), 5.22 (d, / = 10.8 Hz, 1H), 3.96 —3.91 (m, 2H), 2.41 (t, J = 7.0 Hz, 2H), 2.21 (s, 6H), 1.96 (p, J = 7.0 Hz, 2H).
1-(4-vinylbenzyl)-1 H-imidazole 1at
N N The compound was prepared according to a modified literature procedure.'?*> Under a nitrogen atmosphere, to a
CNQ/\ suspension of imidazole (1.36 g, 20.0 mmol, 4.0 equiv) in acetonitrile (8 mL), NaHCOs (525 mg, 6.25 mmol, 1.25 equiv)
and 1-(chloromethyl)-4-vinylbenzene (techn. 90%, 848 mg, 5.0 mmol, 1.0 equiv) were added. The reaction mixture was
allowed to stir at 50 °C for 17 h. The volatiles were removed under reduced pressure. Water (15 mL) was added to the residue. The mixture
was washed with diethyl ether (3 x 20 mL). The combined organic fractions were washed subsequently washed with HCI (1.2 M, 3 x 20 mL).
The combined aqueous fractions were titrated with the aqueous solution of NaOH (1.3 M) until pH 7-8 was reached. The resulting agueous
mixture was washed with diethyl ether (3 x 40 mL). The combined organic fractions were dried over Na,SOa. After filtration, the volatiles of
the filtrate were removed under reduced pressure to isolate the title product as a yellow oil (593 mg, 3.2 mmol, 64%). The NMR data match
previously reported data for the title product.'??
'H NMR (500 MHz, CDCls) 6 7.54 (s, 1H), 7.42 —7.35 (m, 2H), 7.24 - 7.03 (m, 3H), 6.89 (t, J = 1.3 Hz, 1H), 6.69 (dd, J = 17.6, 10.9 Hz, 1H), 5.75
(d, J=17.6 Hz, 1H), 5.27 (d, J = 10.9 Hz, 1H), 5.09 (s, 2H).

-

Preparation of 2-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydronaphthalen-2-yl)-4-vinylphenyl acetate 1au
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2-bromo-4-vinylphenol SI7
Br ~ The compound was prepared in accordance to a modified literature procedure.’?® A mixture of 3-bromo-4-
j@/\ hydroxybenzaldehyde (1.00 g, 4.97 mol, 1.0 equiv), KOtBu (1.28 g, 11.4 mmol, 2.30 equiv) and methyltriphenylphosphonium
HO bromide (4.09 g, 11.4 mmol, 2.3 equiv) in THF (14 mL) was allowed to stir for 17 h at 30 °C under a nitrogen atmosphere. After
addition of water (50 mL), the aqueous fraction was adjusted to pH = 7 with aqueous (1 M HCl), and washed with Et;0 (3 x 50 mL). The
combined organic fractions were washed with brine (50 mL), dried over Na,SOa. After filtration, n-pentane (100 mL) and celite were added
to the filtrate, and the volatiles were carefully removed under reduced pressure (minimal pressure: 650 mbar). The residue was subjected
to column chromatography (silica, 0 —100% Et.0O in n-pentane) with careful removal of the solvent under reduced pressure (minimal
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pressure: 700 mbar, then under a stream of N,) to isolate the title compound (656 mg, 3.30 mmol, 66%) as a pale yellow solid. The NMR data
match previously reported data for the title product.?

H NMR (400 MHz, CDCls) § 7.52 (d, J = 2.1 Hz, 1H), 7.30 — 7.25 (m, 1H), 6.98 (d, J = 8.4 Hz, 1H), 6.58 (dd, k = 17.5, 10.9 Hz, 1H), 5.61 (dd, J =
17.5, 0.7 Hz, 1H), 5.48 (s, 1H), 5.17 (dd, J = 10.9, 0.7 Hz, 1H);

13C{*H} NMR (101 MHz, CDCl3) 6 152.0, 135.1, 132.2, 129.8, 127.2, 116.2, 113.2, 110.6.

2-bromo-4-vinylphenyl acetate SI8
Under a nitrogen atmosphere, to a solution of phenol SI7 (505 mg, 2.54 mmol, 1.0 equiv) in THF (8.5 mL), NEts (530 L,

B’D/\ 385 mg, 3.81 mmol, 1.5 equiv) and AcCl (272 pL, 299 mg, 3.81 mmol, 1.5 equiv) were added sequentially. The resulting
AcO suspension was allowed to stir at room temperature for 21 h. The volatiles were removed under reduced pressure and the
residue was subjected to column chromatography (silica, 0-10% MTBE in petroleum ether) to isolate the title compound (592 mg, 2.45 mmol,
97%) as a colorless oil.
H NMR (400 MHz, CDCls) & 7.64 (d, J = 2.0 Hz, 1H), 7.35 (ddd, J = 8.4, 2.1, 0.5 Hz, 1H), 7.08 (d, J = 8.3 Hz, 1H), 6.64 (dd, J = 17.7, 11.0 Hz, 1H),
5.72 (dd, J=17.6, 0.6 Hz, 1H), 5.30 (dd, J = 10.9, 0.6 Hz, 1H), 2.35 (s, 3H);
13C{*H} NMR (126 MHz, CDCl3) 6 168.8, 147.7, 137.4, 134.8, 131.0, 126.4, 123.8, 116.5, 115.7, 20.9.
HRMS (ESI) m/z calcd. for C1oH10”°BrOz ([M+H]*): 240.9859; found: 240.9856;
m/z calcd. for C1oH1081BrO; ([M+H]*): 242.9839; found: 240.9837.

(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydronaphthalen-2-yl)boronic acid SI10
The compound was prepared in accordance to a literature procedure.’?® Under a nitrogen

atmosphere, a solution of bromide SI9 (200 mg, 711 umol, 1.0 equiv) in THF (0.53 mL) was added
Br BoH), over five minutes to a solution of n-Buli (1.6 M in n-hexane, 0.53 mL, 853 umol, 1.2 equiv) in THF
slo sHo (2.0 mL) at -78 °C. The mixture was allowed to stir for 10 min at this temperature. A solution of

triisopropyl borate (328 uL, 268 mg, 1.42 mmol, 2.0 equiv) in THF (0.66 mL) was added. The mixture
was allowed to stir for 1 h at this temperature. The mixture was allowed to warm to room temperature and was allowed to stir for 2 h.
Aqueous HCl (3 M, 2.3 mL) was added, and the mixture was allowed to stir for 2 h at room temperature. Water (20 mL) was added. The
aqueous fraction was washed with EtOAc (3 x 20 mL). The combined organic fractions were dried over Na.SOs, filtered, and the volatiles
from the filtrate were removed under reduced pressure. The residue was dissolved in a small amount of CHCl. and filtered through a short
plug of silica. The silica plug was washed with a mixture of n-pentane and EtOAc (4/1, 500 mL). The volatiles of the filtrate were removed
under reduced pressure to isolate the title compound (130 mg, 528 umol, 74%) as a colorless solid, which was used in the next step without
further purification. The NMR data match previously reported data for the title product.*?’
H NMR (400 MHz, CDCl) & 8.28 (s, 1H), 7.21 (s, 1H), 2.81 (s, 3H), 1.72 (s, 4H), 1.34 (s, 6H), 1.32 (s, 6H).

2-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydronaphthalen-2-yl)-4-vinylphenyl acetate 1au
Under a nitrogen atmosphere, to a solution of boronic acid SI110 (421 mg, 1.71 mmol, 1.5 equiv), aryl bromide SI8 (275 mg,
‘O 1.14 mmol, 1.0 equiv), and pre-catalyst SI11'%% (26.9 mg, 34.2 umol, 0.03 equiv) in THF (2.3 mL) at room temperature, a
O ~ degassed solution of KsPOs (484 mg, 2.28 mmol, 2.0 equiv) in water (4.6 mL) was added. The mixture was allowed to stir
at this temperature for 17 h. Water (10 mL) and Et,0 (10 mL) were added. After separation of the organic fraction, the
aqueous fraction was washed with Et20 (2 x 10 mL). The combined organic fractions were washed with brine (10 mL) and
dried over NazSOa. After filtration, the volatiles of the filtrate were removed under reduced pressure. The residue was subjected to column
chromatography (silica, 0-5% acetone in petroleum ether) to isolate the title compound (264 mg, 728 pumol, 64%) as a colorless resin.
H NMR (500 MHz, CDCls) & 7.40 (dd, J = 8.3, 2.2 Hz, 1H), 7.36 (d, J = 2.1 Hz, 1H), 7.16 (s, 1H), 7.09 (d, J = 8.3 Hz, 1H), 7.06 (s, 1H), 6.72 (dd, J
=17.6, 10.9 Hz, 1H), 5.71 (d, J = 17.6 Hz, 1H), 5.25 (d, J = 10.9 Hz, 1H), 2.12 (s, 3H), 1.91 (s, 3H), 1.69 (s, 4H), 1.30 (s, 6H), 1.24 (s, 6H);
13C{*H} NMR (126 MHz, CDCl3) 6 169.6, 148.2, 144.4, 141.9, 136.1, 135.5, 135.2, 134.0, 133.1, 129.3, 128.1, 128.0, 126.1, 122.7, 114.3, 35.3,
35.3,34.1, 34.0, 32.0 (br, 2 x C), 20.7, 19.8;
HRMS (ESI) m/z calcd. for CasH3102 ([M+H]*): 363.2319; found: 363.2330.
Preparation of zearalenol derivative 1av
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a/b-zearanelol S112

oH o The compound was prepared in accordance to a modified literature procedure.’” To a solution of zearanelone
(80.0 mg, 251 umol, 1.0 equiv) in MeOH (1.3 mL) allowed to stir at 0 °C, NaBH4 (42.8 mg, 1.13 mmol, 4.50 equiv) was
added portionwise. The mixture was allowed to stir at room temperature for 3.5 h. Water (20 mL) was added and
the pH was adjusted to pH = 7 using 1 M HCI. The aqueous fraction was washed with EtOAc (4 x 10 mL). The combined
organic fractions were washed with brine (20 mL) and dried over Na,SOa. After filtration, the volatiles of the filtrate
were removed under reduced pressure to isolate the title compound (71.5 mg, 223 umol, 89%, dr a/p = 31/69; (3S,7R)/(3S,7S)) as a colorless
solid. The NMR data match previously reported data for the title product.3°
'H NMR (500 MHz, (CD3).C0) 6 12.20 (s, 1H a), 11.04 (s, 1H B), 9.26 —8.95 (m, 1H a + 1H B), 7.17 (d, J = 15.3 Hz, 1H a), 6.86 (d, J = 15.5 Hz,
1H B), 6.54 (d, J = 2.4 Hz, 1H B), 6.46 (d, /= 2.5 Hz, 1H a), 6.30 (d, J = 2.6 Hz, 1H a), 6.29 (d, J = 2.4 Hz, 1H B), 5.98 (ddd, J = 15.6, 8.4, 6.0 Hz,
1H B), 5.78 — 5.68 (m, 1H a), 5.14 — 5.06 (m, 1H B), 5.01 —4.92 (m, 1H a), 3.82 — 3.69 (m, 1H o + 1H B), 3.48 — 3.35 (m, 1H a + 1H B), 2.37 -
221 (m,2Ha+2HB),1.95-1.88 (m,2H a + 1H B), 1.81 - 1.41 (m, 7Ha + 8H B), 1.40 (d, J = 6.1 Hz, 3H a), 1.35 (d, J = 6.3 Hz, 3H B), 1.32 -
1.24 (m, 1HB), 1.14-1.09 (m, 1H a).

O
HO'
\
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a/b-2,4-dimethoxy zearanelol SI13
OMe 0 The compound was prepared in accordance to a modified literature procedure.'?® To a solution of zearanelol (50.0 mg,
o 156 umol, a/B = 35/65, 1.0 equiv) in acetone (223 pL), K2COs (216 pg, 1.56 mmol, 10.0 equiv) and iodomethane
MeO’ | (97.2 pL, 222 pg, 1.56 mmol, 10.0 equiv) were added sequentially. The mixture was allowed to stir at 60 °C for 14 h.
OH  Water (5 mL) and brine (5 mL) were added. The aqueous fraction was washed with EtOAc (4 x 5 mL). The combined
organic fractions were washed with brine (10 mL) and dried over Na;SOa. After filtration, the volatiles of the filtrate were removed under
reduced pressure. The residue was subjected to column chromatography (silica, 0-100% EtOAc in petroleum ether) to isolate the title
compound (40.3 mg, 116 umol, 74%, dr o/B = 36/64; (3S,7R)/(3S,7S)) as a colorless resin. The NMR data match previously reported data for
the title product.*®®
H NMR (400 MHz, CDCls) & 6.60 (d, J = 2.2 Hz, 1H B), 6.55 (d, J = 2.2 Hz, 1H ), 6.48 (d, J = 16.0 Hz, 1H a), 6.39 (d, J = 15.8 Hz, 1H B), 6.36 —
6.34 (m, 1H o+ 1H B), 6.21 (dt, J = 16.0, 5.9 Hz, 1H a), 6.08 (ddd, J = 15.8, 9.1, 4.8 Hz, 1H B), 5.42 - 5.31 (m, 1H B), 5.27 - 5.17 (m, 1H a), 3.82
(s,3HB),3.81(s,3Ha),3.79-3.78 (m, 3H a + 3H B), 3.77-3.59 (m, 1H o + 1H B), 2.42 - 2.09 (m, 2H o + 2H B), 1.86 — 1.17 (m, 10H a + 10H
B)™, 1.34 (d,J = 6.4 Hz, 3H a)*, 1.30 (d, J = 6.4 Hz, 3H B)".
+* Signals overlap.

2,4-dimethoxy-6’-acetoxy a/b-zearanelol 1av

The compound was prepared in accordance to a modified literature procedure.?® To a solution of 2,4-dimethoxy
zearanelol (S113, 584 mg, 1.68 mmol, o/B =34/66, 1.0 equiv) in CHCl; (16.8 mL), pyridine (675 pL, 663 pg, 8.38 mmol,
5.0 equiv) and AcCl (299 uL, 329 mg, 4.19 mmol, 2.5 equiv) were added sequentially. The mixture was allowed to stir
at room temperature for 18 h. An aqueous solution of NaHCOs (40 mL) was added, and the aqueous fraction was
washed with EtOAc (3 x 30 mL). The combined organic fractions were washed with CuSOs solution (50 mL). The CuSOa
solution was washed with EtOAc (15 mL). The combined organic fractions were washed with brine (50 mL) and dried over Na>SOa. After
filtration, the volatiles of the filtrate were removed under reduced pressure. The residue was subjected to column chromatography (silica,
25-50% EtOAc in petroleum ether) to isolate the title compound (656 mg, 1.68 umol, quant., dr a/B = 34/66; (3S,7R)/(3S,7S)) as a slightly
yellow resin. Diastereoisomers a/B were assigned by analogy to compounds SI112 and SI13.

14 NMR (500 MHz, CDCls) & 6.60 (d, J = 2.1 Hz, 1H B), 6.56 (d, J = 2.3 Hz, 1H @), 6.49 (d, J = 16.0 Hz, 1H a), 6.42 (d, J = 15.9 Hz, 1H ), 6.37 —
6.34 (m, 1H a + 1H B), 6.22 (dt, /= 16.0, 5.8 Hz, 1H a), 6.08 (dt, = 15.7, 6.8 Hz, 1H B), 5.42 —5.33 (m, 1H B), 5.27-5.19 (m, 1H a), 4.88 — 4.77
(m, 1H a+ 1H B), 3.82 (s, 3HB), 3.82 (s, 3H ), 3.79 (s, 3H a + 3H B), 2.40—-2.08 (M, 2H o + 2H B), 2.03 (s, 3H a), 2.03 (s, 3H B), 1.84 — 1.38 (m,
10H a + 10H B), 1.35 (d, J = 6.3 Hz, 3H 0), 1.31 (d, J = 6.4 Hz, 3H B);

1B3C{*H} NMR (126 MHz, CDCl3) 6 171.0 (B), 170.9 (a), 168.3 (a), 167.9 (B), 161.3 (B), 161.3 (a), 157.8 (a), 157.6 (B), 137.2 (), 136.9 (B), 133.4
(B), 133.3 (), 128.1 (B), 126.7 (a), 116.8 (B), 116.6 (o), 101.5 (a), 101.2 (B), 97.7 (B), 97.7 (a), 73.8 (o), 72.1 (B), 70.8 (B), 70.6 (a), 56.1 (a),
56.1 (B), 55.6 (B), 55.6 (a), 35.4 (o), 34.8 (B), 33.1(B), 31.0 (a), 30.4 (B), 30.2 (), 29.7 (B), 29.1 (a), 23.0 (a+B), 21.5 (B), 21.5 (o), 20.6 (o), 20.2
(a), 19.7 (B), 19.6 (B).

HRMS (ESI) m/z calcd. for C22H3106 ([M+H]*): 391.2115; found: 391.2115 (a) & 391.2114 (B).
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O
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2.4.4.2. Preparation and characterization of boryl donors

6b,9a-dimethyl-8-vinyl-6b,9a-dihydroacenaphtho[1,2-d][1,3,2]dioxaborole 2b
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The compound was prepared according to a modified literature procedure.'3*
First step (1,2-dimethyl-1,2-dihydroacenaphthylene-1,2-diol, S114):
Under a nitrogen atmosphere, a solution of acenaphthoquinone (911 mg, 5.0 mmol, 1.0 equiv) in dry toluene (5 mL) was allowed to stir at
40 °C for 30 min. Trimethyl aluminum (5.3 mL, 2.0 M in toluene, 10.5 mmol, 2.1 equiv) was added dropwise with the aid of a syringe. Upon
completion of the addition, the reaction mixture was allowed to stir at 40 °C for 1 h. The mixture was cooled to 0 °C, and the reaction was
quenched with H20 (2 mL) and HCI (1 M, 1 mL). The resulting mixture was passed through a plug of celite. Upon washing with brine, the
organic fraction was dried over Na;SOs. After filtration, the volatiles of the filtrate were removed under reduced pressure. The crude product
was recrystallized from ethyl acetate to afford the title product as an off-white solid (304 mg, 1.4 mmol, 28%). The NMR data match previously
reported data for the title product.*3!
IH NMR (500 MHz, CDCls) 6 7.75 (d, J = 8.1 Hz, 2H), 7.61 — 7.55 (m, 2H), 7.50 (d, J = 6.9 Hz, 2H), 2.96 (s, 2H), 1.64 (s, 6H).

Second step:

To a solution of vinyl potassium trifluoroborate (190 mg, 1.4 mmol, 1.0 equiv) in acetonitrile/H,0 (1:1, 4 mL) at room temperature, 1,2-
dimethylacenaphthylene-1,2-diol (304 mg, 1.4 mmol, 1.0 equiv), imidazole (290 mg, 4.3 mmol, 3.0 equiv), and FeCls (19.2 mg, 0.07 mmol, 5
mol%) were added. The reaction mixture was allowed to stir for 50 min. The mixture was filtered through a plug of celite (eluent: diethyl
ether). The volatiles were removed under reduced pressure. The residue was subjected to column chromatography (silica gel, 0 — 10% EtOAc
in petroleum ether) to isolate the title product 2b as a white solid (284 mg, 1.14 mmol, 81%). The NMR data match previously reported data
for the title product.'3?

1H NMR (400 MHz, CDCls) 6 7.79 (dd, J = 7.8, 1.1 Hz, 2H), 7.67 — 7.52 (m, 4H), 6.12 (dd, J = 19.6, 4.2 Hz, 1H), 5.96 (dd, J = 13.7, 4.2 Hz, 1H),
5.79 (dd, J=19.5, 13.8 Hz, 1H), 1.81 (s, 6H).

(3a$,4R,6R,7aR)-3a,5,5-trimethyl-2-vinylhexahydro-4,6-methanobenzo[d][1,3,2]dioxaborole 2c
o. || The compound was prepared in accordance to a literature procedure.!3* A solution of vinylboronic acid dibutyl ester (300 mg,
Qg 359 pL, 1.63 mmol, 1.0 equiv) and (+)-pinane diol (277 mg, 1.63 mmol, 1.0 equiv) in n-pentane (4.8 mL) and Et.O (0.54 mL)
e - was allowed to stir at room temperature for 19.5 h under a nitrogen atmosphere. The volatiles were removed under reduced
H pressure and the residue was subjected to column chromatography (silica gel, 0-100% EtOAc in petroleum ether) to isolate
the title compound (328 mg, 1.59 mmol, 98%) as a colorless oil. The NMR data match previously reported data for the title product.!3?
H NMR (500 MHz, CDCls) 6 6.16 (dd, J = 19.6, 4.1 Hz, 1H), 6.03 (dd, J = 13.7, 4.1 Hz, 1H), 5.89 (dd, J = 19.6, 13.7 Hz, 1H), 4.32 (dd, J = 8.7,
1.9 Hz, 1H), 2.39 - 2.31 (m, 1H), 2.27 — 2.17 (m, 1H), 2.07 (t, J = 5.5 Hz, 1H), 1.95 — 1.86 (m, 2H), 1.41 (s, 3H), 1.29 (s, 3H), 1.15 (d, J = 10.8 Hz,
1H), 0.85 (s, 3H);
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13C{*H} NMR (126 MHz, CDCl3) 6 137.2, 85.9, 77.9, 51.5, 39.6, 38.3, 35.6, 28.8, 27.2, 26.6, 24.2.

(E)-1,2-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethene 4
The compound was prepared in accordance to a modified literature procedure.*3* In a nitrogen-filled glove box, a 20 mL scintillation vial was
charged sequentially with Grubbs Il catalyst (84.9 mg, 0.1 mmol, 0.02 equiv), toluene (5 mL), and vinyl Bpin (846.3 L,
>?LC? 770.1 mg, 5.0 mmol, 1.0 equiv). The vial was sealed with a Teflon-lined screw cap, placed in a pre-heated aluminum
O'B\/\E}'O block, and allowed to stir at 110 °C. The reaction progress was monitored with GC/MS analysis. When GC/MS analysis
O7<< indicated no further conversion of vinyl Bpin, 1 mol% of Grubbs Il was added. For full conversion of vinyl Bpin, a total of
5 mol% Grubbs Il catalyst and 24 h reaction time were required. After completion of the reaction, the vial was removed
from the glove box and the reaction mixture was filtered through a pad of celite. The volatiles of the filtrate were removed under reduced
pressure. The residue was subjected to column chromatography (silica gel, 0 - 5% EtOAc in petroleum ether) to isolate the title product as a
white solid (235 mg, 0.84 mmol, 34%). The NMR data match previously reported data for the title product.3
1H NMR (400 MHz, CDCl3) & 6.64 (s, 2H), 1.25 (s, 24H).

(E)-2-(3,3-dimethylbut-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3ab
1BU A~ 0 The compound was prepared in accordance to a literature procedure.*3> A mixture of 3,3-dimethyl-1-butyne (1.50 g, 2.25 mL,
° 18.3 mmol, 1.0 equiv), HBpin (2.57 g, 2.91 mL, 20.1 mmol, 1.1 equiv), and Schwartz’s reagent (471 mg, 1.83 mmol, 0.10 equiv)
was allowed to stir at room temperature for 17.5 h under a nitrogen atmosphere. The reaction was quenched by filtration
over a short plug of silica. The silica plug was washed with CH>Cl, (300 mL). The filtrate was concentrated under reduced pressure to furnish
the title compound (2.94 g, 14.0 mmol, 77%) as a colorless solid. The NMR data match previously reported data for the title product.'3®
'H NMR (500 MHz, CDCls) 6 6.64 (d, J = 18.2 Hz, 1H), 5.35 (d, J = 18.3 Hz, 1H), 1.27 (s, 12H), 1.02 (s, 9H).

2.4.5. General procedures for Rh-catalyzed C-H borylation of alkenes

General procedure 1

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with [Rh(COD)OMe].
(1.9 mg, 4 umol, 2 mol%), xantphos (4.6 mg, 8 umol, 4 mol%), dioxane (200 pL), boryl group donor reagent (300 umol, 1.5 equiv), and alkene
(200 umol). The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block and allowed to stir (800
rpm) at 90 °C for 16 h. Upon cooling to room temperature, the reaction mixture was filtered through a plug of celite (eluent: ethyl acetate).
The volatiles of the filtrate were removed under reduced pressure and the residue was subjected to column chromatography to isolate the
corresponding product.

General procedure 2

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with [Rh(COD)OMe].
(3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), dioxane (200 pL), boryl group donor reagent (600 pmol, 3.0 equiv), and
alkene (200 pumol). The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block and allowed to stir
(800 rpm) at 90 °C for 16 h. Upon cooling to room temperature, the reaction mixture was filtered through a plug of celite (eluent: ethyl
acetate). The volatiles of the filtrate were removed under reduced pressure and the residue was subjected to column chromatography to
isolate the corresponding product.

General procedure 3

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with [Rh(COD)OMe].
(3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), dioxane (200 uL), boryl group donor reagent (600 umol, 3.0 equiv), and
alkene (200 pumol). The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block and allowed to stir
(800 rpm) at 90 °C for 48 h. Upon cooling to room temperature, the reaction mixture was filtered through a plug of celite (eluent: ethyl
acetate). The volatiles of the filtrate were removed under reduced pressure and the residue was subjected to column chromatography to
isolate the corresponding product.

General procedure for the determination of the crude yield by *H NMR spectroscopy

For the determination of the analytical yields of the reaction, the same general procedure was used as for the determination of the isolated
yields (scale: 200 umol). Upon cooling to room temperature, a solution of the standard (100 pL of 0.5 M 1,3,5-trimethoxybenzene in
chloroform) and CDCls (400 puL) were added to the reaction mixture. The yield was determined based on the integrals of the signals of the
aromatic protons of the internal standard and the signals of the product that did not overlap with any other signals, typically vinylic protons,
in a *H NMR experiment.
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2.4.6. Overview of synthetic capacity

Catalyst Bapinz Isolated
Substrate loading loading Boron donor Tempera- Time NMR yield [%]?
[donor, equiv.] ture [°C] [h] vyield [%]?
[mol%] [mol%]
1a 2 - 2,15 90 16 92 81
1b 4 - 2,20 90 16 80 25
1c 4 - 2,30 90 16 69 65
1d 4 - 2,30 90 16 80 73
1e 4 - 2,30 90 16 58 45
1f 4 - 2,3.0 90 16 87 55
19 2 - 2,15 90 16 82 65
1h 4 - 2,30 90 16 83 51
1i 2 - 2,15 90 16 n.d. 76
1j 4 - 2,30 90 16 74 53
1k 4 - 2,30 90 16 70 47
11 4 - 2,30 90 16 92 89
1m 2 - 2,15 90 16 n.d. 66
1n 2 - 2,15 90 16 90 75
10 4 - 2,30 90 16 86 79
1p 4 - 4,10 90 48 53 22
1q 4 - 4,1.0 90 48 42 17
1r 4 - 2,30 90 16 76 43
1s 2 - 2,15 90 16 80 n.d.
1t 4 - 2,30 90 16 88 75
1u 4 - 2,30 90 16 98 63
v 2 - 2,15 90 16 55 52
1w 4 - 2,30 90 16 54 n.d.
1x 4 - 2,30 90 16 80 80
1y 2 5 2,15 90 16 97 n.d.
1z 2 5 2,15 90 16 93 n.d.
1aa 2 5 2,15 90 16 85 n.d.
1ab 4 10 2,20 90 16 52 23
1ac 4 10 2,30 150 16 81 27
1ad 4 10 2,30 150 48 7 53
1ae 4 10 2,30 150 16 50 29
1af 4 10 32,20 150 16 94 68
1af 4 10 2,20 150 16 88 n.d

Table 2.11. Concise overview for conditions of reactions of all substrates. 2 Because vinylboronic esters tend to partially decompose during
chromatography on silica gel*3”-13°, depending on the relative stability of the products, the yields of isolated material in some cases are
substantially lower than the analytical yields determined by *H NMR analysis.
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Figure 2.46: Overview of successful substrates
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Figure 2.47: Overview of unsuccessful substrates.

2.4.7. Characterization of products

(E)-4,4,5,5-tetramethyl-2-styryl-1,3,2-dioxaborolane 3a
The compound was prepared according to general procedure 1 by reaction of styrene (20.8 mg, 200 umol) and vinyl Bpin
‘?J§< (46.2 mg, 300 umol) and was isolated by column chromatography (silica gel, 0 — 5.5% MTBE in petroleum ether) to give a
©/\VB\0 colorless oil (37.1 mg, 161 umol, 81%). The NMR data match previously reported data for the title product.**® The crude
yield of the reaction was found to be 92% as determined in an analogous experiment using *H NMR spectroscopy and
1,3,5-trimethoxybenzene as an internal standard.
H NMR (500 MHz, CDCls) 6 7.51 — 7.47 (m, 2H), 7.40 (d, J = 18.4 Hz, 1H), 7.37 — 7.25 (m, 3H), 6.17 (d, J = 18.4 Hz, 1H), 1.32 (s, 12H);
13C{*H} NMR (126 MHz, CDCls) 6 149.6, 137.6, 129.0, 128.7, 127.2, 83.5, 24.9 [Note: the carbon atom attached to the boron atom was not
observed due to quadrupole broadening or relaxation delay caused by the !B nucleus#!];
118 NMR (160 MHz, CDCls) & 30.3.
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(E)-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)benzaldehyde 3b
In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
« BrO\J§< with [Rh(COD)OMe]: (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), dioxane (200 pL), vinyl boronate
Ov©m © pinacol ester (2, 61.6 mg, 400 umol, 2.0 equiv) and 4-vinylbenzaldehyde (26.4 mg, 200 umol, 1.0 equiv). The vial was
sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm)
at 90 °C for 16 h. Upon cooling to room temperature, the reaction mixture was filtered through a plug of celite (eluent: ethyl acetate), the
filtrate was concentrated under reduced pressure and the residue was subjected to column chromatography (silica gel, 0-10% MTBE in
petroleum ether) to give the title compound (13.2 mg, 51.0 pmol, 25%) alongside with (E)-1,2-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)ethene (4, 0.5 mg, 1.78 umol) and 2,2'-(ethene-1,1-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3.6 mg, 13.0 umol) as a yellow oil.
The NMR data match previously reported data for the title product.'#? The crude yield of the reaction was found to be 80% as determined in
an analogous experiment using *H NMR spectroscopy and isochroman as an internal standard.
H NMR (400 MHz, CDCls) 6 9.99 (s, 1H), 7.90 — 7.82 (m, 2H), 7.65 — 7.58 (m, 2H), 7.42 (d, J = 18.4 Hz, 1H), 6.32 (d, J = 18.5 Hz, 1H), 1.32 (s,
12H);
BC{*H} NMR (126 MHz, CDCls) 6 191.9, 147.9, 143.3, 136.4, 130.2, 127.6, 83.8, 24.9 [Note: the carbon atom attached to the boron atom was
not observed due to quadrupole broadening or relaxation delay caused by the B nucleus'*!];
118 NMR (160 MHz, CDCls) & 30.7.

(E)-N,N-dimethyl-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)aniline 3c
The compound was prepared according to general procedure 2 by reaction of N,N-dimethyl-4-vinylaniline (29.4 mg,
‘PJ§< 200 pmol) and vinyl Bpin (92.4 mg, 600 pmol) and was isolated by column chromatography (silica gel, 0 — 4% MTBE in
/@N\B\O petroleum ether) to give a pale yellow solid (53.7 mg, mixture of product and vinyl Bpin dimer (2/1), calculated amount
N of product: 35.5 mg, 130 umol, 65%). The isolated material contained a mixture of 3¢ (67%) and vinyl Bpin dimer (33%).
The NMR data match previously reported data for the title product.* The crude yield of the reaction was found to be
69% as determined in an analogous experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
H NMR (500 MHz, CDCls) 6 7.39 (d, J = 8.8 Hz, 2H), 7.33 (d, J = 18.4 Hz, 1H), 6.66 (d, J = 8.6 Hz, 2H), 5.92 (d, J = 18.4 Hz, 1H), 2.98 (s, 6H), 1.30
(s, 12H).

tert-butyl (E)-methyl(4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenyl)carbamate 3d
The compound was prepared according to the general procedure 2 by reaction of tert-butyl methyl(4-
C’JJ§< vinylphenyl)carbamate (1d, 46.7 mg, 200 umol, 1.0 equiv) and vinyl Bpin (92.4 mg, 102 uL, 600 umol, 3.0 equiv),
X-B-o and was isolated by column chromatography (silica gel, 0-10% MTBE in petroleum ether) to give the title
BocN/©/\/ compound (52.5 mg, 146 umol, 73%) as a colorless solid. The crude yield of the reaction was found to be 80% as
determined in an analogous experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzeneas an internal
standard.
14 NMR (500 MHz, CDCls) & 7.46 — 7.40 (m, 2H), 7.36 (d, J = 18.5 Hz, 1H), 7.23 — 7.18 (m, 2H), 6.10 (d, J = 18.5 Hz, 1H), 3.25 (s, 3H), 1.44 (s,
9H), 1.31 (s, 12H);
13C{*H} NMR (126 MHz, CDCl5) 6 154.7, 148.9, 144.4, 134.5, 127.3, 125.3, 83.5, 80.6, 37.2, 28.4, 24.9 [Note: the carbon atom attached to the
boron atom was not observed due to quadrupole broadening or relaxation delay caused by the B nucleus!*'];
11B NMR (160 MHz, CDCls) 6 29.2;
HRMS (ESI) m/z calcd. for C2oH31BNOa ([M+H]*): 360.2341; found: 360.2330.

(E)-1-(4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenyl)ethan-1-one 3e

The compound was prepared according to general procedure 2 by reaction of 1-(4-vinylphenyl)ethanone (29.2 mg,

9J§< 200 umol) and vinyl Bpin (92.4 mg, 600 umol) and was isolated by column chromatography (silica gel, 0 — 8% MTBE

B in petroleum ether) to give a yellow oil (24.2 mg, 89 umol, 45%). The NMR data match previously reported data for

w/@” the title product.!*> The crude yield of the reaction was found to be 58% as determined in an analogous experiment
o using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.

'H NMR (500 MHz, CDCls) 6 7.95 — 7.89 (m, 2H), 7.55 (d, J = 8.2 Hz, 2H), 7.44 — 7.36 (m, 1H), 6.28 (d, J = 18.4 Hz, 1H), 2.59 (s, 3H), 1.31 (s,

12H);

13C{*H} NMR (126 MHz, CDCl3) 6 197.7, 148.1, 141.9, 137.1, 128.9, 127.2, 83.7, 26.8, 25.0 [Note: the carbon atom attached to the boron
atom was not observed due to quadrupole broadening or relaxation delay caused by the B nucleus!#!];

118 NMR (160 MHz, CDCls) 6 29.8.

(E)-2-(4-chlorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3f
The compound was prepared according to general procedure 2 by reaction of 4-chlorostyrene (27.7 mg, 200 umol) and
g g& vinyl Bpin (92.4 mg, 600 pumol) and was isolated by column chromatography (silica gel, 0 — 6% MTBE in petroleum ether)
/@N ° to give a white solid (29.2 mg, 110 pmol, 55%). The NMR data match previously reported data for the title product.4°
c The crude yield of the reaction was found to be 87% as determined in an analogous experiment using *H NMR
spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
'H NMR (500 MHz, CDCls) 6 7.44 —7.38 (m, 2H), 7.38 — 7.20 (m, 3H), 6.13 (d, J = 18.4 Hz, 1H), 1.31 (s, 12H);
13C{*H} NMR (126 MHz, CDCls) 6 148.1, 136.1, 134.7, 128.9, 128.4, 83.6, 24.9 [Note: the carbon atom attached to the boron atom was not
observed due to quadrupole broadening or relaxation delay caused by the 'B nucleus*!];
118 NMR (160 MHz, CDCls) & 30.3.

(E)-4,4,5,5-tetramethyl-2-(4-(trifluoromethyl)styryl)-1,3,2-dioxaborolane 3g
The compound was prepared according to the general procedure 1 by reaction of 4-(trifluoromethyl)styrene (34.4 mg,
OJ§< 29.6 pL, 200 pmol, 1.0 equiv) and vinyl Bpin (46.2 mg, 50.9 pL, 300 umol, 1.5 equiv), and was isolated by column
N B’\O chromatography (silica gel, 0-10% Et20 in petroleum ether) to give the title compound (38.7 mg, 130 umol, 65%) as a
. C/©N colorless solid. The NMR data match previously reported data for the title product.’** The crude yield of the reaction
was found to be 82% as determined in an analogous experiment using 'H NMR spectroscopy and 1,3,5-
trimethoxybenzene as an internal standard.
H NMR (500 MHz, CDCls) 6 7.61 — 7.54 (m, 4H), 7.40 (d, J = 18.5 Hz, 1H), 6.26 (d, J = 18.5 Hz, 1H), 1.32 (s, 12H);
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13C{*H} NMR (126 MHz, CDCl3) 6 147.8, 140.9, 130.6 (q, J = 32.3 Hz), 127.3,125.7 (q, / = 3.8 Hz), 124.2 (q, / = 272.0 Hz), 83.8, 25.0 [Note: the
carbon atom attached to the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the B nucleus#];
118 NMR (160 MHz, CDCls) 6 30.3;

19F NMR (471 MHz, CDCls) & -62.6.

(E)-2-(3,5-bis(trifluoromethyl)styryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3h
0J§< The compound was prepared according to the general procedure 2 by reaction of 3,5-bis(trifluoromethyl)styrene
FiC g é\o (48.0 mg, 200 umo'l,. 1.0 equiv) and vmyl Bpin (92.4 mg, 102 uli., 600 umol, 3.0 equiv), and was isolated by column
\QN chromatography (silica gel, 0-5% MTBE in petroleum ether) to give the title compound (37.4 mg, 102 pmol, 51%) as a
colorless oil. The NMR data match previously reported data for the title product.'** The crude yield of the reaction
was found to be 83% as determined in an analogous experiment using 'H NMR spectroscopy and 1,3,5-
trimethoxybenzene as an internal standard.
H NMR (500 MHz, CDCls) & 7.88 (s, 2H), 7.78 (s, 1H), 7.41 (d, J = 18.5 Hz, 1H), 6.32 (d, J = 18.3 Hz, 1H), 1.32 (s, 12H);
13C{*H} NMR (126 MHz, CDCls) 6 146.0, 139.60, 132.14 (q, J = 33.3 Hz), 126.88 (qq, J = 3.7, 1.0 Hz), 123.38 (q, / = 272.7 Hz), 122.18 (sept, J =
8.2, 4.1 Hz), 84.0, 24.9 [Note: the carbon atom attached to the boron atom was not observed due to quadrupole broadening or relaxation
delay caused by the B nucleus'*'];
118 NMR (160 MHz, CDCls) 6 30.1;
19F NMR (471 MHz, CDCI3) 6 -63.1.

CF3

(E)-2-(4-fluorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3i

The compound was prepared according to the general procedure 1 by reaction of 4-fluorostyrene (24.4 mg, 23.9 uL,
- éj§< 200 umol, 1.0 equiv) and vinyl Bpin (46.2 mg, 50.9 uL, 300 umol, 1.5equiv), and was isolated by column
/@N o chromatography (silica gel, 0-10% MTBE in petroleum ether) to give the title compound (37.5 mg, 151 umol, 76%) as a
F colorless solid. The NMR data match previously reported data for the title product.#
'H NMR (500 MHz, CDCl3) 6 7.49 — 7.41 (m, 2H), 7.35 (d, J = 18.4 Hz, 1H), 7.06 — 6.96 (m, 2H), 6.07 (d, J = 18.5 Hz, 1H), 1.31 (s, 12H);
13C{H} NMR (126 MHz, CDCl3) & 163.3 (d, J = 248.6 Hz), 148.3, 133.9 (d, J = 3.3 Hz), 128.8 (d, J = 8.3 Hz), 115.7 (d, J = 21.7 Hz), 83.5, 24.9
[Note: the carbon atom attached to the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the *'B
nucleus';
118 NMR (160 MHz, CDCls) 6 30.3;
19F NMR (471 MHz, CDCls) 6 -112.4.

(o)

(E)-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)benzonitrile 3j
The compound was prepared according to the general procedure 2 by reaction of 4-cyanostyrene (25.8 mg, 200 umol,
9J§< 1.0 equiv) and vinyl Bpin (92.4 mg, 102 uL, 600 pmol, 3.0 equiv), and was isolated by column chromatography (silica
/@N\B\O gel, 0-10% MTBE in petroleum ether) to give the title compound (26.8 mg, 105 umol, 53%) as a colorless solid. The
NC NMR data match previously reported data for the title product.**® The crude yield of the reaction was found to be 74%
as determined in an analogous experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
1H NMR (500 MHz, CDCls) § 7.67 — 7.59 (m, 2H), 7.59 — 7.51 (m, 2H), 7.36 (d, J = 18.3 Hz, 1H), 6.28 (d, J = 18.5 Hz, 1H), 1.32 (s, 12H);
13C{*H} NMR (126 MHz, CDCl3) 6§ 147.1, 141.7,132.5, 127.4, 118.8, 112.0, 83.8, 24.8 [Note: the carbon atom attached to the boron atom was
not observed due to quadrupole broadening or relaxation delay caused by the B nucleus'#!];
11B NMR (160 MHz, CDCls) 6 = 30.4.

methyl (E)-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)benzoate 3k
The compound was prepared according to the general procedure 2 by reaction of methyl 4-vinylbenzoate (32.4 mg,
« é’\ 200 pumol, 1.0 equiv) and vinyl Bpin (92.4 mg, 102 uL, 600 umol, 3.0 equiv), and was isolated by two column
/@N o chromatographies (silica gel, 0-10% MTBE in petroleum ether) to give a mixture of the title compound (27.0 mg,
MeO,C 93.8 umol, 47%) and vinyl Bpin dimer (4.7 mg, 16.9 pumol) as a colorless solid. An analytical sample was subjected
to a third column chromatography (silica, 0-5% MeOH in CHClz). The NMR data match previously reported data for the title product.'*® The
crude yield of the reaction was found to be 70% as determined in an analogous experiment using *H NMR spectroscopy and 1,3,5-
trimethoxybenzene as an internal standard.
'H NMR (500 MHz, CDCls) 6 8.05 — 7.95 (m, 2H), 7.57 — 7.47 (m, 2H), 7.40 (d, J = 18.5 Hz, 1H), 6.27 (d, J = 18.5 Hz, 1H), 3.90 (s, 3H), 1.31 (s,
12H);
13C{*H} NMR (126 MHz, CDCls) 6 166.9, 148.3, 141.8, 130.3, 130.0, 127.0, 83.7, 52.3, 24.9 [Note: the carbon atom attached to the boron atom
was not observed due to quadrupole broadening or relaxation delay caused by the 'B nucleus#!];
1B NMR (160 MHz, CDCls) § 30.3.

(E)-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenyl acetate 3I
The compound was prepared according to general procedure 2 by reaction of 4-acetoxystyrene (32.4 mg, 200
« Bc;’\ umol) and vinyl Bpin (92.4 mg, 600 pmol) and was isolated by column chromatography (silica gel, 0 — 10% MTBE
o /©/\/ o in petroleum ether, 30% EtOAc in petroleum ether) to give a white solid (51.3 mg, 178 umol, 89%). The NMR data
)ko match previously reported data for the title product.’*” The crude yield of the reaction was found to be 92% as
determined in an analogous experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
H NMR (500 MHz, CDCls) § 7.51 — 7.46 (m, 2H), 7.36 (d, J = 18.4 Hz, 1H), 7.06 (d, J = 8.6 Hz, 2H), 6.11 (d, J = 18.4 Hz, 1H), 2.29 (s, 3H), 1.31
(s, 12H);
13C{*H} NMR (126 MHz, CDCl3) 6 169.4, 151.1, 148.4, 135.4, 128.2, 121.8, 83.5, 24.9, 21.3 [Note: the carbon atom attached to the boron
atom was not observed due to quadrupole broadening or relaxation delay caused by the !B nucleus*];
118 NMR (160 MHz, CDCls) & 30.7.

(E)-2-(4-methoxystyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3m
The compound was prepared according to the general procedure 1 by reaction of 4-methoxystyrene (26.8 mg, 26.9 pL,
B 200 pmol) and vinyl Bpin (46.2 mg, 50.9 uL, 300 umol), and was subjected to column chromatography (silica gel, O-
/@N 10% MTBE in petroleum ether) to give 57.7 mg of a yellowish oil, which was isolated by column chromatography (silica
MeO

85



gel, 0-10% MTBE in petroleum ether) to give the title compound (34.1 mg, 131 umol, 66%) as a colorless oil. The NMR data match previously
reported data for the title product.#

H NMR (500 MHz, CDCls) & 7.46 — 7.41 (m, 2H), 7.35 (d, J = 18.5 Hz, 1H), 6.88 — 6.84 (m, 2H), 6.01 (d, J = 18.3 Hz, 1H), 3.80 (s, 3H), 1.30 (s,
12H);

B3C{*H} NMR (126 MHz, CDCl3) 6 160.4, 149.2, 130.5, 128.6, 114.1, 83.3, 55.4, 24.9 [Note: the carbon atom attached to the boron atom was
not observed due to quadrupole broadening or relaxation delay caused by the B nucleus'*!];

1B NMR (160 MHz, CDCls) 6 30.7.

(E)-4,4,5,5-tetramethyl-2-(2-methylstyryl)-1,3,2-dioxaborolane 3n
°J§< The compound was prepared according to general procedure 1 by reaction of 2-methylstyrene (23.6 mg, 200 umol) and
~ E’s\o vinyl Bpin (46.2 mg, 300 umol) and was isolated by column chromatography (silica gel, 0 — 6% MTBE in petroleum ether)
©\N to give a colorless oil (36.6 mg, 150 umol, 75%). The NMR data match previously reported data for the title product.* The
crude yield of the reaction was found to be 90% as determined in an analogous experiment using *H NMR spectroscopy
and 1,3,5-trimethoxybenzene as an internal standard.
'H NMR (500 MHz, CDCl3) 6 7.71 - 7.48 (m, 2H), 7.17 (m, 3H), 6.09 (d, J = 18.2 Hz, 1H), 2.43 (s, 3H), 1.32 (s, 12H);
13C{*H} NMR (126 MHz, CDCl3) 6 147.2, 136.8, 136.4, 130.5, 128.7, 126.2, 125.9, 83.4, 24.9, 20.0 [Note: the carbon atom attached to the
boron atom was not observed due to quadrupole broadening or relaxation delay caused by the !B nucleus!*'];
1B NMR (160 MHz, CDCls) & 30.3.

4,4,5,5-tetramethyl-2-((E)-4-((E)-styryl)styryl)-1,3,2-dioxaborolane 30
The compound was prepared according to general procedure 2 by reaction of (E)-1-styryl-4-vinylbenzene (41.3
~ éj§< mg, 200 umol) and vinyl Bpin (92.4 mg, 600 umol) and was isolated by column chromatography (silica gel, 0 — 5%
O MTBE in petroleum ether) to give a yellow solid (49.2 mg, 148 umol, 79%). The crude yield of the reaction was
found to be 86% as determined in an analogous experiment using *H NMR spectroscopy and 1,3,5-
trimethoxybenzene as an internal standard.
'H NMR (500 MHz, CDCls) § 7.40 — 7.28 (m, 6H), 7.24 — 7.16 (m, 3H), 7.13 — 7.07 (m, 1H), 7.01 — 6.89 (m, 2H), 6.02 (d, J = 18.4 Hz, 1H), 1.16
(s, 12H);
13C{*H} NMR (126 MHz, CDCls) 6 149.1, 138.1, 137.3, 136.9, 129.3, 128.8, 128.3,127.9, 127.6, 126.8, 126.7, 83.5, 25.0 [Note: the carbon atom
attached to the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the !B nucleus!*];
118 NMR (160 MHz, CDCls) 6 30.7;
HRMS (ESI) m/z calcd. for C22H26BO: ([M+H]*): 333.2020; found: 333.2022.

o

(E)-2-(4-(3,3-dimethylbut-1-yn-1-yl)styryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3p
In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was
0J§< charged with [Rh(COD)OMe]: (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol), dioxane (300 L), (E)-

X é‘o 1,2-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethene (4, 56.0 mg, 200 umol, 1.0 equiv) and 1-(3,3-
= dimethylbut-1-yn-1-yl)-4-vinylbenzene (1p, 36.9 mg, 200 umol, 1.0 equiv). The vial was sealed with a cap, removed
tBu from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 90 °C for 48 h. Upon

cooling to room temperature, as solution of 1,3,5-trimethoxybenzene (8.4 mg, 50 umol, 0.25 equiv) in CHClz (100 uL) was added and the
crude yield was determined to be 53%. The mixture was concentrated under reduced pressure and the residue was subjected to column
chromatography (silica gel, 0-2% MTBE in petroleum ether) to give the title compound (13.5 mg, 43.5 umol, 22%) as a colorless solid alongside
with the starting material (9.7 mg, 52.6 umol, 26%) as a pale yellow oil. The crude yield of the reaction was found to be 53% as determined
in an analogous experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.

'H NMR (500 MHz, CDCls) § 7.42 — 7.31 (m, 5H), 6.14 (d, J = 18.5 Hz, 1H), 1.31 (s, 9H)", 1.31 (s, 12H)";

* Signals overlap.

13C{*H} NMR (126 MHz, CDCl3) 6 149.0, 136.6, 131.9, 127.0, 124.7,100.1, 83.5, 79.2, 31.2, 28.2, 25.0. [Note: the carbon atom attached to the
boron atom was not observed due to quadrupole broadening or relaxation delay caused by the !B nucleus**];

1B NMR (160 MHz, CDCls) & 30.6;

HRMS (ESI) m/z calcd. for C2oH28BO> ([M+H]*): 311.2177; found: 311.2772.

(E)-trimethyl((4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenyl)ethynyl)silane 3q
In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
« BJ§< with [Rh(COD)OMe]. (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol), dioxane (300 pL), (E)-1,2-
/@N bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethene (4, 56.0 mg, 200 umol, 1.0 equiv) and trimethyl((4-
™S Z vinylphenyl)ethynyl)silane (1q, 40.1 mg, 200 umol, 1.0 equiv). The vial was sealed with a cap, removed from the glove
box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 90 °C for 48 h. Upon cooling to room
temperature, the reaction mixture was filtered through a plug of celite (eluent: ethyl acetate), the filtrate was concentrated under reduced
pressure and the residue was isolated by column chromatography (silica gel, 0-2% MTBE in petroleum ether) to give the title compound
(11.2 mg, 34.3 umol, 17%) as pale yellow solid contaminated by traces of grease, alongside with starting material (15.4 mg, 76 .0 umol, 38%)
as a colorless oil. The crude yield of the reaction was found to be 42% as determined in an analogous experiment using *H NMR spectroscopy
and 1,3,5-trimethoxybenzene as an internal standard.
'H NMR (500 MHz, CDCl3) 6 7.44 —7.38 (m, 4H), 7.35 (d, J = 18.5 Hz, 1H), 6.17 (d, J = 18.4 Hz, 1H), 1.31 (s, 12H), 0.24 (s, 9H);
13C{*H} NMR (126 MHz, CDCls) 6 148.7, 137.6, 132.3, 127.0, 123.6, 105.1, 95.7, 83.6, 24.9, 0.1 [Note: the carbon atom attached to the boron
atom was not observed due to quadrupole broadening or relaxation delay caused by the !B nucleus?];
1B NMR (160 MHz, CDCls) & 30.5.
HRMS (ESI) m/z calcd. for C19H2sBO2Si ([M+H]*): 327.1946; found: 327.1942.

(o}
T

(E)-2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)pyridine 3r
The compound was prepared according to general procedure 2 by reaction of 2-vinylpyridine (21.0 mg, 200 pmol) and
’ j§< vinyl Bpin (92.4 mg, 600 umol) and was isolated by column chromatography (silica gel, 0 — 10% MTBE in petroleum
No X B~g ether, 30 — 80% EtOAc in petroleum ether) to give a red oil (20.0 mg, 87 umol, 43%). The NMR data match previously
E)N reported data for the title product.}® The crude yield of the reaction was found to be 76% as determined in an
analogous experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.



'H NMR (500 MHz, CDCls) 6 8.59 (d, J = 4.3 Hz, 1H), 7.65 (td, J = 7.7, 1.6 Hz, 1H), 7.52 — 7.33 (m, 2H), 7.22 — 7.12 (m, 1H), 6.61 (d, J = 18.3 Hz,
1H), 1.30 (s, 12H);

13C{*H} NMR (126 MHz, CDCls) § 155.5, 149.8, 148.8, 136.6, 123.2, 122.3, 83.6, 24.9 [Note: the carbon atom attached to the boron atom was
not observed due to quadrupole broadening or relaxation delay caused by the B nucleus'*!];

118 NMR (160 MHz, CDCls) 6 30.3.

(E)-3-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)pyridine 3s

The compound was prepared according to the general procedure 1 by reaction of 3-vinylpyridine (21.3 mg, 203 umol,
« ;? 1.0 equiv) and vinyl Bpin (46.2 mg, 50.9 pL, 300 umol, 1.48 equiv). The crude yield of the reaction was found to be 80%
(j/\/ 0 as determined using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard. The mixture was

N subjected to two consecutive runs of column chromatography (silica gel, 0-10% MTBE, then 30-100% EtOAc in petroleum
ether; silica gel 0-70% EtOAc in petroleum ether) to yield a yellow oil (21.0 mg). After addition of CH2Cl, (10 mL), the organic fraction was
washed with saturated CsF solution (10 mL). The aqueous fraction was washed with CH2Cl; (2 x 10 mL) and the combined organic fractions
were dried over Na,SO.. Filtration and removal of the solvent under reduced pressure gave an analytical sample of the title compound as a
yellow resin. The NMR data match previously reported data for the title product.4®
H NMR (500 MHz, CDCls) & 8.68 (d, J = 2.3 Hz, 1H), 8.51 (dd, J = 5.0, 1.6 Hz, 1H), 7.81 (dt, J = 8.0, 2.1 Hz, 1H), 7.37 (d, J = 18.5 Hz, 1H), 7.29
(dd, J = 8.0, 4.8 Hz, 1H), 6.25 (d, J = 18.5 Hz, 1H), 1.31 (s, 12H);

BC{*H} NMR (126 MHz, CDCl3) 6 149.6, 149.0, 145.7, 133.5, 133.2, 123.8, 83.8, 25.0. [Note: the carbon atom attached to the boron atom was
not observed due to quadrupole broadening or relaxation delay caused by the B nucleus'*!];
118 NMR (160 MHz, CDCls) & 29.9.

(E)-4,4,5,5-tetramethyl-2-(2-(thiophen-2-yl)vinyl)-1,3,2-dioxaborolane 3t
The compound was prepared according to the general procedure 2 by reaction of 2-vinylthiophene (22.0 mg, 23.9 pL,
9J§< 200 pmol, 1.0 equiv) and vinyl Bpin (92.4 mg, 102 pL, 600 umol, 3.0 equiv), and was isolated by column chromatography
C(\/B‘o (silica gel, 0-7.5% MTBE in petroleum ether) to give the title compound (35.2 mg, 149 umol, 75%) as a pale yellow solid.
s The NMR data match previously reported data for the title product.*® The crude yield of the reaction was found to be
88% as determined in an analogous experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
'H NMR (500 MHz, CDCl3) & 7.47 (d, J = 18.0 Hz, 1H), 7.24 (d, J = 5.0 Hz, 1H), 7.08 (d, J = 3.4 Hz, 1H), 6.98 (dd, J = 5.2, 3.5 Hz, 1H), 5.91 (d, J =
18.0 Hz, 1H), 1.30 (s, 12H);
13C{*H} NMR (126 MHz, CDCls) 6 144.1, 141.9, 127.8, 127.8, 126.4, 83.5, 24.9 [Note: the carbon atom attached to the boron atom was not
observed due to quadrupole broadening or relaxation delay caused by the !B nucleus*!];
118 NMR (160 MHz, CDCls) & 30.2.

(E)-2-(2-(benzofuran-2-yl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3u
The compound was prepared according to the general procedure 2 by reaction of 5-vinylbenzofuran (1u, 28.8 mg,
OJ§< 200 pmol, 1.0 equiv) and vinyl Bpin (92.4 mg, 102 uL, 600 umol, 3.0 equiv), and was isolated by column
/ A B’\o chromatography (silica gel, 0-10% MTBE in petroleum ether) to give the title product (41.4 mg, 153 pmol) as a mixture
(O\/©/V with vinyl Bpin dimer (6.4 mg, 23.0 pmol). The title compound was isolated by column chromatography (silica gel, 0-
10% MTBE in petroleum ether) as a colorless oil (33.9 mg, 125 umol, 63%). The NMR data match previously reported
data for the title product.'* The crude yield of the reaction was found to be 98% as determined in an analogous experiment using *H NMR
spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
1H NMR (500 MHz, CDCl3) § 7.70 (d, J = 1.3 Hz, 1H), 7.61 (d, J = 2.3 Hz, 1H), 7.50 (d, J = 18.3 Hz, 1H), 7.49 (dd, / = 8.5, 1.8 Hz, 1H)", 7.45 (d, J =
8.7 Hz, 1H)", 6.76 (dd, J = 2.2, 0.8 Hz, 1H), 6.15 (d, J = 18.5 Hz, 1H), 1.32 (s, 12H);
* Signals overlap.
13C{*H} NMR (126 MHz, CDCls) 6 155.6, 149.9, 145.7, 132.9, 127.9, 123.6, 120.3, 111.6, 107.0, 83.4, 25.0 [Note: the carbon atom attached to
the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the B nucleus*!];
118 NMR (160 MHz, CDCls) & 30.5.

4,4,5,5-tetramethyl-2-((E)-4-((1E,3E)-nona-1,3-dien-1-yl)styryl)-1,3,2-dioxaborolane 3v

N The compound was prepared according to general procedure 1 by reaction of 1-(non-2-yn-1-yl)-4-
O'?W vinylbenzene (45.3 mg, 200 umol) and vinyl Bpin (46.2 mg, 300 umol, 1.5 equiv) and was isolated by column
>§TO chromatography (silica gel, 0 — 6% MTBE in petroleum ether) to give a yellow solid (36.7 mg, 104 umol, 52%).

The crude yield of the reaction was found to be 55% as determined in an analogous experiment using *H NMR
spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
'H NMR (400 MHz, CDCls) § 7.46 — 7.37 (m, 3H), 7.36 — 7.31 (m, 2H), 6.77 (dd, J = 15.5, 10.5 Hz, 1H), 6.42 (d, J = 15.7 Hz, 1H), 6.20 (dd, J =
14.3,9.7 Hz, 1H), 6.14 (d, J = 18.5 Hz, 1H), 5.84 (dt, J = 14.8, 7.1 Hz, 1H), 2.21 — 2.06 (m, 2H), 1.43 (p, J = 6.8 Hz, 2H), 1.31 (s, 15H), 0.93 - 0.85
(m, 4H);
13C{*H} NMR (126 MHz, CDCls) 6 149.2, 138.6, 136.8, 136.4, 130.6, 130.2, 129.6, 127.5, 126.4, 83.5, 33.0, 31.6, 29.1, 25.0, 22.7, 14.2 [Note:
the carbon atom attached to the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the !B
nucleus';
1B NMR (160 MHz, CDCls) & 28.6;
HRMS (ESI) m/z calcd. for C23H34BO: ([M+H]*): 353.2646; found: 353.2647.

(E)-2-(3,3-dimethylbut-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3w
j§< In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
AUB. with [Rh(COD)OMe]z (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), toluene (200 pL), vinyl Bpin (92.4 mg,
B0 600 pumol, 3.0 equiv) and ethyl acrylate (20.0 mg, 200 umol). The vial was sealed with a cap, removed from the glove box,
placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 90 °C for 16 h. The crude yield of the reaction was found to be 54%
as determined in an analogous experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.

(E)-2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)isoindoline-1,3-dione 3x
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and vinyl Bpin (92.4 mg, 600 umol) and was isolated by column chromatography (silica gel, 0 — 10% MTBE in petroleum

ether, 30% EtOAc in petroleum ether) to give a beige solid (47.8 mg, 160 umol, 80%). The NMR data match previously
e} reported data for the title product.’>® The crude yield of the reaction was found to be 80% as determined in an

analogous experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.

H NMR (500 MHz, CDCls) 6 7.89 (dt, J = 7.0, 3.5 Hz, 2H), 7.76 (dq, J = 6.7, 3.8 Hz, 2H), 7.47 (d, J = 17.0 Hz, 1H), 6.45 (d, J = 17.0 Hz, 1H), 1.29

(s, 12H);

1B3C{*H} NMR (126 MHz, CDCl3) § 166.4, 134.8, 133.8, 131.7, 124.0, 83.6, 24.9 [Note: the carbon atom attached to the boron atom was not

observed due to quadrupole broadening or relaxation delay caused by the !B nucleus*!];

118 NMR (160 MHz, CDCls) 6 30.7.

o Oi The compound was prepared according to general procedure 2 by reaction of N-vinylphthalimide (34.6 mg, 200 pmol)

(E)-1-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)pyrrolidin-2-one 3y
o In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
with [Rh(COD)OMe]: (1.9 mg, 4 umol, 2 mol%), xantphos (4.6 mg, 8 umol, 4 mol%), dioxane (200 pL), vinyl Bpin (46.2 mg,
iﬁ"“\&fﬁ 300 pumol), and 1y (22.2 mg, 200 umol). The vial was sealed with a cap, removed from the glove box, placed in a pre-
o heated aluminum block and allowed to stir (800 rpm) at 90 °C for 16 h. Upon cooling to room temperature, the reaction
mixture was filtered through a plug of celite (eluent: ethyl acetate). The volatiles of the filtrate were removed under
reduced pressure. The crude yield of the reaction was found to be 97% as determined using 'H NMR spectroscopy and 1,3,5-
trimethoxybenzene as an internal standard. The mixture was isolated by column chromatography (silica gel, 0 — 40% EtOAc in petroleum
ether) to give the title compound as a yellow solid (41.3 mg) which was contaminated by an unknown Bpin-containing compound (Bpin-X),
starting material and residual solvent. An analogous analytical sample was subjected to another column chromatography (silica, 0 — 40%
EtOAc in petroleum ether).
'H NMR (400 MHz, CDCl3) 6 7.70 (d, J = 16.4 Hz, 1H), 4.57 (d, J = 16.4 Hz, 1H), 3.54 (t, J = 7.3 Hz, 2H), 2.51 (t, J = 8.1 Hz, 2H), 2.10 (quint, J =
7.9 Hz, 2H), 1.25 (s, 12H);
13C{*H} NMR (101 MHz, CDCl3) 6 173.7, 140.0, 83.3, 44.7, 31.6, 24.9, 17.5;
118 NMR (128 MHz, CDCls) & 32.9.

(E)-1-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)piperidin-2-one 3z

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with
G J§< [Rh(COD)OME]: (1.9 mg, 4 umol, 2 mol%), xantphos (4.6 mg, 8 umol, 4 mol%), Bzpinz (2.5 mg, 10 umol, 5 mol%) dioxane
@NB\O (200 pL), vinyl Bpin (46.2 mg, 300 umol, 1.5 equiv) and N-vinyl-d-valerolactam (25.0 mg, 200 umol). The vial was sealed

with a cap, removed from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 90 °C for

16 h. Upon cooling to room temperature, the reaction mixture was filtered through a plug of celite (eluent: ethyl acetate), the filtrate was
concentrated under reduced pressure and the residue was subjected to column chromatography (silica gel, 0 - 46% EtOAc in petroleum
ether) to give an orange oil as an analytically pure sample. The crude yield of the reaction was found to be 93% as determined in an analogous
experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
'H NMR (500 MHz, CDCls) 6 8.20 (d, J = 16.6 Hz, 1H), 4.66 (d, J = 16.7 Hz, 1H), 3.40 (t, J = 6.2 Hz, 2H), 2.50 (t, J = 6.6 Hz, 2H), 1.92 — 1.84 (m,
2H), 1.79 (m, 2H).1.25 (s, 12H);
13¢{*H} NMR (126 MHz, CDCls) § 169.2, 143.1, 83.1, 44.6, 33.3, 24.9, 22.7, 20.5;
118 NMR (160 MHz, CDCls) 6 30.8;
HRMS (ESI) m/z calcd. for C13H23BNOs ([M+H]*): 252.1765; found: 252.1779.

(0] (o]

(E)-1-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)azepan-2-one 3aa
In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
° 0/K< with [Rh(COD)OMe]: (1.9 mg, 4 umol, 2 mol%), xantphos (4.6 mg, 8 umol, 4 mol%), Bzpinz (2.5 mg, 10 umol, 5 mol%)
Cj‘K\/ELO dioxane (200 L), vinyl Bpin (46.2 mg, 300 umol, 1.5 equiv) and N-vinyl-e-caprolactam (27.8 mg, 200 umol). The vial was
sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at
90 °C for 16 h. Upon cooling to room temperature, the reaction mixture was filtered through a plug of celite (eluent: ethyl
acetate), the filtrate was concentrated under reduced pressure and the residue was subjected to column chromatography (silica gel, 0 —35%
EtOAc in petroleum ether) to give an orange oil as an analytically pure sample. The crude yield of the reaction was found to be 85% as
determined in an analogous experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
'H NMR (400 MHz, CsDs) 6 8.73 (d, J = 16.6 Hz, 1H), 4.79 (d, J = 16.6 Hz, 1H), 2.94 (t, J = 4.5 Hz, 2H), 2.27 — 2.04 (m, 2H), 1.22 — 1.14 (m, 2H),
1.12 (s, 12H), 1.09 — 0.97 (m, 4H);
13C NMR (101 MHz, CsD¢) 6 173.5, 143.6, 82.9, 43.3, 37.2, 29.2, 27.3, 24.9, 23.5;
1B NMR (128 MHz, CsDs) 6 32.1;
HRMS (ESI) m/z caled. for C1aH2sBNO3 ([M+H]*): 266.1922; found: 266.1938.

(E)-2-(3,3-dimethylbut-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3ab

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
B with [Rh(COD)OMe]: (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), Bzpinz (5.1 mg, 20 umol, 10 mol%)
>h/ 0 dioxane (200 L), vinyl Bpin (61.6 mg, 400 umol, 2.0 equiv) and 3,3-dimethyl-1-butene (16.8 mg, 200 umol). The vial was

sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at

90 °C for 16 h. Upon cooling to room temperature, the reaction mixture was filtered through a plug of celite (eluent: ethyl acetate), the
filtrate was concentrated under reduced pressure and the residue was subjected to column chromatography (silica gel, 0 — 3% MTBE in
petroleum ether) to give a colourless oil (9.7 mg, 46 umol, 23%). The NMR data match previously reported data for the title product.’3 The
crude yield of the reaction was found to be 52% as determined in an analogous experiment using *H NMR spectroscopy and 1,3,5-
trimethoxybenzene as an internal standard.
1H NMR (500 MHz, CDCls) 6 6.64 (d, J = 18.2 Hz, 1H), 5.35 (d, J = 18.3 Hz, 1H), 1.27 (s, 12H), 1.02 (s, 9H);
13C{*H} NMR (126 MHz, CDCls) 6 164.6, 83.2, 35.2, 28.9, 24.9 [Note: the carbon atom attached to the boron atom was not observed due to
quadrupole broadening or relaxation delay caused by the *'B nucleus!#'];
118 NMR (128 MHz, CDCI3) & 31.2.

(o)
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(E)-4,4,5,5-tetramethyl-2-(2-phenylprop-1-en-1-yl)-1,3,2-dioxaborolane 3ac
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In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
9J§< with [Rh(COD)OMe]. (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), Bpin2 (5.1 mg, 20.0 umol,
©)VB‘O 10 mol%), dioxane (200 pL), vinyl Bpin (92.4 mg, 102 uL, 600 umol, 3.0 equiv) and a-methylstyrene (23.6 mg, 26.0 pL,
200 pumol, 1.0 equiv). The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum
block and allowed to stir (800 rpm) at 150 °C for 16 h. Upon cooling to room temperature, the reaction mixture was filtered through a plug
of celite (eluent: ethyl acetate), the filtrate was concentrated under reduced pressure and the residue was subjected to column
chromatography (silica gel, 0-5% MTBE in petroleum ether) to give a fraction of the title compound (13.3 mg, 54.5 pmol, 27%) as a colorless
oil, alongside with a fraction of a diastereomeric mixture (1.6 mg, 6.55 umol, 3%, 54/46 = E/Z) as a colorless oil contaminated by traces of
grease. The NMR data match previously reported data for the title product.*>! The crude yield of the reaction was found to be 81% (d.r. =
90/10) as determined in an analogous experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
Major diastereoisomer (E)-3ac
'H NMR (500 MHz, CDCl3) 6 7.53 — 7.47 (m, 2H), 7.36 — 7.26 (m, 3H), 5.76 (s, 1H), 2.41 (s, 3H), 1.32 (s, 12H);
13C{*H} NMR (126 MHz, CDCls) § 157.9, 143.9, 128.3, 128.1, 126.0, 83.1, 25.0, 20.2. [Note: the carbon atom attached to the boron atom was
not observed due to quadrupole broadening or relaxation delay caused by the B nucleus'#!];
1B NMR (160 MHz, CDCls) & 30.2.
Minor diastereoisomer (Z)-3ac (as a E/Z = 54/46 mixture)
H NMR (500 MHz, CDCl3) & 7.35 — 7.27 (m, 5H), 5.47 (q, J = 1.4 Hz, 1H), 2.21 (d, J = 1.4 Hz, 3H), 1.15 (s, 12H).

(E)-2-(2-(4-fluorophenyl)prop-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3ad
In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
9J§< with [Rh(COD)OMe]: (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), Bpinz (5.1 mg, 20.0 umol,
/©/§8b 10 mol%), dioxane (200 pL), vinyl Bpin (92.4 mg, 102 pL, 600 umol, 3.0 equiv), and 4-fluoro-a-methylstyrene
F (27.2 mg, 26.9 pL, 200 umol, 1.0 equiv). The vial was sealed with a cap, removed from the glove box, placed in a pre-
heated aluminum block, and allowed to stir (800 rpm) at 150 °C for 48 h. Upon cooling to room temperature, the reaction mixture was
filtered through a plug of celite (eluent: ethyl acetate), the filtrate was concentrated under reduced pressure and the residue was subjected
to column chromatography (silica gel, 0-4% MTBE in petroleum ether). Upon evaporation of volatiles from the fraction containing the pure
product, the title compound together with its (2)-diastereoisomer (27.9 mg, 106 umol, 53%, 86/14 = E/Z) was obtained as a colorless oil. The
NMR data match previously reported data for the title product.’>? The crude yield of the reaction was found to be 77% 87/13 = E/Z) as
determined in an analogous experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
All NMR spectra correspond to a mixture of diastereoisomers (86/14 = E/Z):
'H NMR (500 MHz, CDCl3) & 7.50 — 7.43 (m, 2HE), 7.31 - 7.26 (m, 2H?), 7.04 — 6.93 (m, 2HE, 2H?), 5.69 (s, 1HE), 5.46 (q, J = 1.4 Hz, 1H%), 2.38 (d,
J=0.9 Hz, 3HE), 2.19 (d, J = 1.4 Hz, 3H?), 1.31 (s, 12HE), 1.15 (s, 12H2).
13C{'H} NMR (126 MHz, CDCl3) § 162.8 (d, Jcr = 247.1 Hz, E), 162.5 (d, Jcr = 247.1 Hz, 2), 156.9 (2), 156.7 (E), 140.0 (d, Jcr = 3.2 Hz, E), 139.2 (d,
Jer = 3.2 Hz, Z), 129.4 (d, Jer =8.0 Hz, 2), 127.65 (d, Jer = 8.1 Hz, E), 115.1 (d, Jer = 21.3 Hz, E), 114.5 (d, Jer = 21.3 Hz, 2), 83.2 (2), 83.1 (E), 28.0
(2), 25.0 (E), 24.8 (2), 20.3 (E). [Note: the carbon atom attached to the boron atom was not observed due to quadrupole broadening or
relaxation delay caused by the B nucleus'*!];
11B NMR (160 MHz, CDCls) 6 30.4 (E+2);
15F NMR (471 MHz, CDCls) 6 -114.6 (E), -115.3 (2).

(2)-4,4,5,5-tetramethyl-2-(3,3,3-trifluoro-2-phenylprop-1-en-1-yl)-1,3,2-dioxaborolane 3ae
In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
CF3 O with [Rh(COD)OMe]: (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), B2pinz (5.1 mg, 20.0 umol, 10 mol%),
@B\o dioxane (200 pL), vinyl Bpin (92.4 mg, 102 pL, 600 umol, 3.0 equiv) and [1-(trifluoromethyl)vinyl]lbenzene (34.4 mg,
200 pumol, 1.0 equiv). The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block
and allowed to stir (800 rpm) at 150 °C for 16 h. Upon cooling to room temperature, the reaction mixture was filtered through a plug of celite
(eluent: ethyl acetate), the filtrate was concentrated under reduced pressure and the residue was subjected to column chromatography
(silica gel, 0-10% MTBE in petroleum ether) to give the title compound together with its (E)-diastereoisomer (17.2 mg, 57.8 umol, 29%, 91/9
= Z/E) contaminated by starting material 1ae (1.9 mg, 11.0 umol, 5.5%), and 3a (0.7 mg, 2.9 umol) as a yellow oil. The NMR data match
previously reported data for the title product.’>® The crude yield of the reaction was found to be 50% (90/10 = Z/E) as determined in an
analogous experiment using *H and °F NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
All NMR spectra correspond to a mixture of diastereoisomers (91/9 = Z/E):
'H NMR (400 MHz, CDCl3) 6 7.47 —7.21 (m, 5H? + 5HE), 6.35 (d, J = 1.4 Hz, 1H9), 6.12 (d, J = 1.3 Hz, 1H, HE), 1.34 (s, 12HE), 1.11 (s, 12H?).
13C{*H} NMR (101 MHz, CDCls) 146.1 (q, Jcr = 30.3 Hz), 134.5, 129.3, 128.9, 128.5, 128.0, 127.5, 123.0 (q, Jcr = 274.5 Hz), 84.2, 84.0, 24.9, 24.7.
[Note: Only selected signals are given for the minor diastereoisomer; the carbon atom attached to the boron atom was not observed due to
quadrupole broadening or relaxation delay caused by the B nucleus!#];
118 NMR (160 MHz, CDCls) & 30.0;
1SF NMR (377 MHz, CDCl3) 6 —61.2 (E), -67.1 (2).

2-(2,2-diphenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3af
O In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
OJ§< with [Rh(COD)OMe]): (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), B2pin, (5.1 mg, 20.0 umol, 10 mol%),
x é‘o dioxane (200 uL), (E)-2-(3,3-dimethylbut-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3z, 84.1 mg, 400 umol,
O 2.0 equiv) and 1,1-diphenylethylene (36.1 mg, 35.3 uL, 200 umol, 1.0 equiv). The vial was sealed with a cap, removed
from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 150 °C for 16 h. Upon cooling
to room temperature, the reaction mixture was filtered through a plug of celite (eluent: ethyl acetate), the filtrate was concentrated under
reduced pressure and the residue was subjected to column chromatography (silica gel, 0-6% MTBE in petroleum ether) to give the title
compound (41.6 mg, 136 pmol, 68%) as a colorless oil. The NMR data match previously reported data for the title product.*> The crude yield
of the reaction was found to be 88% as determined in an analogous experiment with vinyl Bpin (2, 2.0 equiv) as the boryl group donor using
IH NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
H NMR (500 MHz, CDCls) 6 7.35 — 7.23 (m, 10H), 5.99 (s, 1H), 1.15 (s, 12H);
13C{*H} NMR (126 MHz, CDCl3) § 159.9, 143.2, 142.0, 130.0, 128.2, 128.1 (2 x C)**4, 127.7, 127.7, 83.3, 24.7 [Note: the carbon atom attached
to the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the B nucleus'*'];
118 NMR (160 MHz, CDCls) & 30.4.
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methyl 4-(1-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)benzoate 3ag

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with
[Rh(COD)OMel: (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), Bzpinz (5.1 mg, 20.0 umol, 10 mol%), dioxane
(200 pL), vinyl Bpin (61.6 mg, 400 umol, 2.0 equiv) and 1ag (47.7 mg, 200 umol, 1.0 equiv). The vial was sealed with a cap,
removed from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 150 °C for 16 h. Upon
cooling to room temperature, the reaction mixture was filtered through a plug of celite (eluent: dichloromethane), the filtrate
was concentrated under reduced pressure and the residue was subjected to column chromatography (silica gel, 0-9.4% MTBE
in petroleum ether) to give the title compound (34.4 mg, 94.4 umol, 47%, d.r. = 53/47)" contaminated with 4 (6.6 mg, 23.6 umol) as light
pink solid.

"The major diastereoisomer was not assigned.

All NMR spectra correspond to a mixture of diastereoisomers (d.r. = 53/47):

H NMR (400 MHz, CDCls) 6 7.99 — 7.97 (m, 2H¢Y), 7.94 — 7.92 (m, 2H%), 7.41 — 7.07 (m, 7H¢! + 7H%), 6.05 (s, 1H + 1H%), 3.92 (s, 3H), 3.88
(s, 3H®), 1.14 (s, 12H9), 1.13 (s, 12H%);

13C{*H} NMR (101 MHz, CDCls) 6 167.3, 167.0, 159.0, 158.6, 147.6, 146.8, 142.5, 141.3, 130.0, 129.9, 129.6, 129.5, 129.3, 129.0, 128.4, 128.3,
128.0, 128.0, 127.8 (2C), 83.5, 83.5, 52.2 (2C), 24.8, 24.7 [Note: the carbon atom attached to the boron atom was not observed due to
quadrupole broadening or relaxation delay caused by the !B nucleus!*'];

1B NMR (128 MHz, CDCls) § 29.9;

HRMS (ESI) m/z calcd. for C2:H26BO4 ([M+H]*): 365.1919; found: 365.1935.

2-(2-(4-methoxyphenyl)-2-phenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3ah

~o In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with
O [Rh(COD)OMe]lz (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 pumol, 8 mol%), B.pin. (5.1 mg, 20.0 umol, 10 mol%),

o dioxane (200 pL), vinyl Bpin (61.6 mg, 400 umol, 2.0 equiv) and 1ah (42.1 mg, 200 umol, 1.0 equiv). The vial was sealed

O B with a cap, removed from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 150 °C for
16 h. Upon cooling to room temperature, the reaction mixture was filtered through a plug of celite (eluent: ethyl acetate),

the filtrate was concentrated under reduced pressure and the residue was subjected to column chromatography (silica gel, 0-7% MTBE in
petroleum ether) to give the title compound (25.1 mg, 74.7 umol, 37%, d.r. = 57/43)" contaminated with starting material (4.6 mg, 22.0 umol,
11%), DCM and BpinX as a red oil. The crude yield of the reaction was found to be 51% (d.r. = 55/45) as determined in an analogous
experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard. The NMR data match previously reported data
for the title product.t®5%6

*The major diastereoisomer was not assigned.

All NMR spectra correspond to a mixture of diastereoisomers (57/43 = E/Z):

'H NMR (400 MHz, CDCls) 6 7.37 — 7.18 (m, 7H + 7H%), 6.91 — 6.79 (m, 2H + 2H%?), 5.93 (s, 1H"), 5.89 (s, 1H%?), 3.85 (s, 3H%), 3.81 (s, 3H"),
1.20 (s, 12H%), 1.15 (s, 12Hd2).

3C{*H} NMR (101 MHz, CDCls) § 159.8, 159.6, 159.5, 159.5, 143.9, 142.2, 135.8, 134.5, 131.4, 130.0, 129.4, 128.3, 128.1, 128.1, 127.7, 127.6,
113.5, 113.0, 83.3, 83.1, 55.4, 55.4, 24.8, 24.7. [Note: the carbon atom attached to the boron atom was not observed due to quadrupole
broadening or relaxation delay caused by the B nucleus'*'];

118 NMR (128 MHz, CDCls) 6 31.2.

4,4,5,5-tetramethyl-2-(2-(4-(methylthio)phenyl)-2-phenylvinyl)-1,3,2-dioxaborolane 3ai
~ In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
with [Rh(COD)OMe]: (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), Bzpin2 (5.1 mg, 20.0 umol,
O ’K< 10 mol%), dioxane (200 pL), vinyl Bpin (61.6 mg, 400 umol, 2.0 equiv) and 1ai (45.3 mg, 200 umol, 1.0 equiv). The vial
o]
S

S

was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm)
at 150 °C for 16 h. Upon cooling to room temperature, the reaction mixture was filtered through a plug of celite (eluent:
ethyl acetate), the filtrate was concentrated under reduced pressure and the residue was subjected to column
chromatography (silica gel, 0-7% MTBE in petroleum ether) to give the title compound (26.7 mg, 75.8 umol, 38%, d.r. = 53/47)" as a colorless
oil. The crude yield of the reaction was found to be 47% (d.r. = 53/47) as determined in an analogous experiment using *H NMR spectroscopy
and 1,3,5-trimethoxybenzene as an internal standard.
“The major diastereoisomer was not assigned.
All NMR spectra correspond to a mixture of diastereoisomers (d.r. = 53/47):
1H NMR (400 MHz, CDCls) & 7.42 — 7.17 (m, 9H¢ + 9H%), 6.04 (s, 1H%), 6.00 (s, 1H®), 2.57 (s, 3H%), 2.53 (s, 3H), 1.24 (s, 12H%), 1.21 (s,
12H9Y);
13C NMR (101 MHz, CDCls) § 159.5, 159.3, 143.3, 141.8, 139.9, 138.8, 138.7, 138.0, 130.5, 130.0, 128.5, 128.2, 128.2, 128.1, 127.8, 127.7,
125.9, 125.8, 83.3, 83.3, 24.8, 24.7, 16.1, 15.7 [Note: the carbon atom attached to the boron atom was not observed due to quadrupole
broadening or relaxation delay caused by the B nucleus'*'];
118 NMR (128 MHz, CDCls) & 31.3;
HRMS (ESI) m/z calcd. for Ca1H26BO2S ([M+H]*): 353.1741; found: 353.1757.

2-(2-(benzo[d][1,3]dioxol-5-yl)-2-phenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3aj

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with
[Rh(COD)OMe]l: (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), Bzpinz (5.1 mg, 20.0 umol, 10 mol%), dioxane
(200 pL), vinyl Bpin (61.6 mg, 400 umol, 2.0 equiv) and 1ak (44.9 mg, 200 umol, 1.0 equiv). The vial was sealed with a cap,
removed from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 150 °C for 16 h. Upon
cooling to room temperature, the reaction mixture was filtered through a plug of celite (eluent: dichloromethane), the filtrate
was concentrated under reduced pressure and the residue was subjected to column chromatography (silica gel, 0-5.5% MTBE
in petroleum ether) to give the title compound (37.6 mg, 107 umol, 54%, d.r. = 53/47)" as an orange oil. The crude yield of the reaction was
found to be 81% (d.r. = 53/47) as determined in an analogous experiment using *H spectroscopy and 1,3,5-trimethoxybenzene as an internal
standard.

“The major diastereoisomer was not assigned.

All NMR spectra correspond to a mixture of diastereoisomers (d.r. = 53/47):
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'H NMR (400 MHz, CDCl3) § 7.37 — 7.13 (m, 5H% + 5H%), 6.86 — 6.56 (m, 3H + 3H92), 5.94 (s, 2H), 5.91 (s, 2H%), 5.86 (s, 1H%), 5.86 (s, 1H%?),
1.17 (s, 12H%), 1.11 (s, 12H®);

B3C{1H} NMR (101 MHz, CDCls) § 159.5 (2C), 147.8, 147.6, 147.4, 147.0, 143.4, 142.1, 137.7, 136.1, 129.9, 128.3, 128.2, 128.1, 127.7, 127.6,
123.8, 122.5, 110.6, 108.3, 107.8, 107.6, 101.2, 101.1, 83.3, 83.2, 24.8, 24.7 [Note: the carbon atom attached to the boron atom was not
observed due to quadrupole broadening or relaxation delay caused by the !B nucleus#!];

118 NMR (128 MHz, CDCls) 6 31.3;

HRMS (ESI) m/z caled. for C21H24BO4 ([M+H]*): 351.1762; found: 351.1783.

(E)-4,4,5,5-tetramethyl-2-(2-phenyl-2-(thiophen-2-yl)vinyl)-1,3,2-dioxaborolane 3ak

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with
[Rh(COD)OMe]: (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), Bzpin; (5.1 mg, 20.0 pmol, 10 mol%), dioxane
(200 pL), vinyl Bpin (61.6 mg, 400 umol, 2.0 equiv) and 1aj (37.3 mg, 200 umol, 1.0 equiv). The vial was sealed with a cap,
removed from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 150 °C for 16 h. Upon
cooling to room temperature, the reaction mixture was filtered through a plug of celite (eluent: dichloromethane), the filtrate
was concentrated under reduced pressure and the residue was subjected to column chromatography (silica gel, 0-6% MTBE in
petroleum ether) to give the title compound together with its (2)-diastereoisomer (15.3 mg, 49.0 umol, 25%, £/Z =76/34) and a by-product
resulting from an aromatic C—H borylation (6.0 mg, 19.2 umol, 10%) as yellow oil. Indicated below are all NMR signals of the sample. The
signals of the title compound match previously reported data.’>® The crude yield of the reaction was found to be 39% (77/23 = E/Z) as
determined in an analogous experiment using *H spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.

All NMR spectra correspond to a mixture of diastereoisomers (76/24 = E/Z):

'H NMR (500 MHz, CDCls) § 7.54 — 7.28 (m, 5HE + 6HZ + 6H*"), 7.24 (dd, ) =5.0, 1.2 Hz, 1HE), 7.12 (dd, J = 3.5, 1.2 Hz, 1H?), 7.03 - 6.96 (m, 1H?
+ 1HA), 6.92 (dd, J = 5.1, 3.7 Hz, 1Hf), 6.76 (dd, J = 3.7, 1.2 Hz, 1HE), 6.04 (s, 1HE), 5.86 (s, 1H?), 5.68 — 5.65 (m, 1HA"), 5.30 — 5.29 (m, 1HA),
1.35 (s, 12H"), 1.25 (s, 12H?), 1.11 (s, 12HE);

13C{*H} NMR (126 MHz, CDCls) 6 153.2 (Cf), 151.8, 151.7, 147.9 (CE), 143.8, 143.7, 143.4, 141.0, 141.0 (Cf), 137.5, 129.6 (Cf), 128.7, 128.4,
128.3,128.2,128.2,128.1 (CE), 127.9 (CF), 127.8 (CF), 127.7, 127.6 (CE), 127.6, 126.7, 126.5 (CF), 126.3, 114.8, 84.3, 83.5, 83.2 (CE), 67.2, 24.9,
24.9, 24.7 (CF) [Note: the carbon atom attached to the boron atom was not observed due to quadrupole broadening or relaxation delay
caused by the B nucleus*!];

1B NMR (160 MHz, CDCls) & 30.2.

(2)-4,4,5,5-tetramethyl-2-(1-phenylprop-1-en-2-yl)-1,3,2-dioxaborolane 3al
From trans-6-methylstyrene:
g In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with
m ° [Rh(COD)OMel: (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), B2pinz (5.1 mg, 20 umol, 10 mol%) dioxane
(200 pL), vinyl Bpin (61.6 mg, 400 umol, 2.0 equiv), and trans-B-methylstyrene (23.6 mg, 200 pmol). The vial was sealed
with a cap, removed from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 150 °C for 16 h. Upon cooling
to room temperature, the reaction mixture was filtered through a plug of celite (eluent: ethyl acetate). The volatiles of the filtrate were
removed under reduced pressure and the residue was subjected to column chromatography (silica gel, 0 — 5% MTBE in petroleum ether) to
isolate the title product as a colorless oil (18.5 mg, 76 umol, 38%). In agreement with the GC analysis of the initial reaction mixture, the NMR
data indicated the formation of an 83:17 ratio of Z/E-product as well as traces of other isomers due to borylation of the benzylic position and
isomerization of the double bond. The NMR data of the main compound match previously reported data for the (Z)-isomer of the product.*>”
Major diastereoisomer, (Z)-3al:
H NMR (500 MHz, CDCls) 6 7.34 — 7.23 (m, 4H), 7.20 — 7.14 (m, 2H), 1.92 (d, J = 1.8 Hz, 3H), 1.24 (s, 12H);
13C{*H} NMR (126 MHz, CDCls) § 142.5, 138.2, 129.6, 128.2, 127.2, 83.7, 25.0, 16.0 [Note: the carbon atom attached to the boron atom was
not observed due to quadrupole broadening or relaxation delay caused by the B nucleus'#!];
118 NMR (160 MHz, CDCls) 6 31.1.

From cis-8-methylstyrene:

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with
g? [Rh(COD)OMel: (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), B2pinz (5.1 mg, 20 umol, 10 mol%) dioxane
m ° (200 pL), vinyl Bpin (61.6 mg, 400 umol, 2.0 equiv), and cis-B-methylstyrene (23.6 mg, 200 umol). The vial was sealed with

a cap, removed from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 150 °C for 16

h. Upon cooling to room temperature, the reaction mixture was filtered through a plug of celite (eluent: ethyl acetate). The volatiles of the
filtrate were removed under reduced pressure and the residue was subjected to column chromatography (silica gel, 0 — 5% MTBE in
petroleum ether) to isolate the title product as a colorless oil (18.8 mg, 77 umol, 39%). In agreement with the GC analysis of the initial reaction
mixture, the NMR data indicated the formation of an 83:17 ratio of Z/E-product as well as traces of other isomers due to borylation of the
benzylic position and isomerization of the double bond. The NMR data of the main compound match previously reported data for the (2)-
isomer of the product.*’
Major diastereoisomer, (Z)-3al:
1H NMR (400 MHz, CDCls) 6 7.42 — 7.30 (m, 4H), 7.30 — 7.17 (m, 2H), 2.00 (d, J = 1.7 Hz, 3H), 1.32 (s, 12H);
13C{*H} NMR (126 MHz, CDCls) § 142.5, 138.1, 129.6, 128.2, 127.2, 83.7, 25.0, 16.0 [Note: the carbon atom attached to the boron atom was
not observed due to quadrupole broadening or relaxation delay caused by the !B nucleus*!];
118 NMR (128 MHz, CDCls) & 31.0.

(2)-2-(1-(3,4-dimethoxyphenyl)prop-1-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3am
In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was
/K< charged with [Rh(COD)OMe]: (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 pmol, 8 mol%), Bzpinz (5.1 mg, 20
-0 ~Bo pumol, 10 mol%), dioxane (200 pL), vinyl Bpin (61.6 mg, 400 pmol, 2.0 equiv.), and methyl isoeugenol (35.6 mg, 200
m pumol). The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block and
allowed to stir (800 rpm) at 150 °C for 16 h. Upon cooling to room temperature, the reaction mixture was filtered
through a plug of celite (eluent: ethyl acetate). The volatiles of the filtrate were removed under reduced pressure and the residue was
subjected to column chromatography (silica gel, 0 — 10% MTBE in petroleum ether) to isolate the title product as a yellow oil (25.5 mg, 84
umol, 42%).
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'H NMR (500 MHz, CsDs) 6 7.88 — 7.56 (m, 1H), 7.04 (dd, J = 8.3, 2.0 Hz, 1H), 6.90 (d, J = 2.0 Hz, 1H), 6.53 (d, J = 8.3 Hz, 1H), 3.36 (d, / = 6.0
Hz, 6H), 2.31 (d, / = 1.8 Hz, 3H), 1.16 (s, 12H);

13C{'H} NMR (126 MHz, CsDe) & 149.8, 149.6, 143.8, 131.6, 122.9, 113.9, 111.9, 83.5, 55.5, 55.4, 25.1, 16.4 [Note: the carbon atom attached
to the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the B nucleus'*!];

1B NMR (160 MHz, CsD¢) 6 31.4;

HRMS (ESI) m/z caled. for C17H26BO4 ([M+H]*): 305.1919; found: 305.1931.

(2)-2-(1,3-diphenylprop-1-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3an

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with

9J§< [Rh(COD)OMe]l: (3.9 mg, 8 umol, 4 mol%), xantphos (9.3 mg, 16 umol, 8 mol%), Bzpin: (5.1 mg, 20 pmol, 10 mol%) dioxane
ph/%[B‘o (200 pL), vinyl Bpin (61.6 mg, 400 pmol, 2.0 equiv), and 1an (38.9 mg, 200 umol). The vial was sealed with a cap, removed
Ph from the glove box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 150 °C for 16 h. Upon cooling

to room temperature, the reaction mixture was filtered through a plug of celite (eluent: ethyl acetate). The volatiles of the
filtrate were removed under reduced pressure and the residue was subjected to column chromatography (silica gel, 0 — 5% MTBE in
petroleum ether) to isolate the title product as a colorless oil (23.7 mg, 74 pmol, 37%). The NMR data indicated the formation of a 77/23
ratio of two diastereoisomers. In analogy to a previous report,**® the main diastereoisomer is most likely to be the Z-isomer. The NMR data
of the main compound match previously reported data for the (2)-isomer of the product.*>®
Major diastereoisomer, (Z)-3an:
H NMR (400 MHz, CDCls) § 7.41 — 7.04 (m, 11H) 3.71 (s, 1H), 1.13 (s, 12H);
3C{'H} NMR (101 MHz, CDCls) 6 143.1, 141.6, 137.7, 129.4, 129.1, 128.6, 128.4, 128.3, 128.3, 128.0, 127.5, 125.7, 83.7, 35.2, 24.7 [Note: the
carbon atom attached to the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the B nucleus*!];
118 NMR (128 MHz, CDCls) 6 31.6.

(E)-6b,9a-dimethyl-8-styryl-6b,9a-dihydroacenaphtho[1,2-d][1,3,2]dioxaborole 3ao
‘ The compound was prepared according to general procedure 1 by reaction of styrene (20.8 mg, 200 umol) and vinyl
O B(mac) (2b, 75.0 mg, 300 umol) and was isolated by column chromatography (silica gel, 0 — 6% MTBE in petroleum
By ether) to give a white solid (45.0 mg, 138 umol, 69%). The NMR data match previously reported data for the title
©A/ product.’! The crude yield of the reaction was found to be 86% as determined in an analogous experiment using H
NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
'H NMR (500 MHz, CDCl3) & 7.81 (dd, J = 6.7, 2.3 Hz, 2H), 7.66 — 7.55 (m, 4H), 7.45 — 7.40 (m, 2H), 7.36 (d, J = 18.4 Hz, 1H), 7.33 — 7.23 (m,
3H), 6.11 (d, J = 18.4 Hz, 1H), 1.86 (s, 6H);
13C{*H} NMR (126 MHz, CDCls) § 149.8, 144.8, 137.5, 134.8, 131.5, 129.0, 128.6, 128., 127.1, 125.4, 119.6, 92.1, 22.3 [Note: the carbon atom
attached to the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the !B nucleus!*];
118 NMR (160 MHz, CDCls) § 30.5.

(3a$,4R,6R,7aR)-3a,5,5-trimethyl-2-((E)-styryl)hexahydro-4,6-methanobenzo[d][1,3,2]dioxaborole 3ap
The compound was prepared according to general procedure 1 by reaction of styrene (20.8 mg, 200 umol) and
(3aS,4R,6R,7aR)-3a,5,5-trimethyl-2-vinylhexahydro-4,6-methanobenzo[d][1,3,2]dioxaborole (2¢, 61.8 mg, 300 umol)
o. \ and was isolated by column chromatography (silica gel, 0 — 10% MTBE in petroleum ether) to give a colorless oil
9 (47.7 mg, 169 pumol, 84%). The crude yield of the reaction was found to be 92% as determined in an analogous
" Q experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
H 1H NMR (500 MHz, CDCls) 6 7.47 — 7.39 (m, 2H), 7.33 (d, J = 18.4 Hz, 1H), 7.29 — 7.16 (m, 3H), 6.12 (d, J = 18.4 Hz, 1H),
4.29 (dd, J = 8.8, 1.9 Hz, 1H), 2.36 — 2.26 (m, 1H), 2.21 — 2.12 (m, 1H), 2.03 (t, J = 5.4 Hz, 1H), 1.91 — 1.82 (m, 2H), 1.38 (s, 3H), 1.23 (s, 3H),
1.13 (d, J=10.9 Hz, 1H), 0.79 (s, 3H);
13C{*H} NMR (126 MHz, CDCls) 6 149.6, 137.6, 129.0, 128.7, 127.2, 85.9, 78.0, 51.5, 39.6, 38.3, 35.7, 28.8, 27.2, 26.6, 24.2. [Note: the carbon
atom attached to the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the 1B nucleus'*'];
118 NMR (160 MHz, CDCls) & 29.9.
HRMS (ESI) m/z calcd. for C1sH24BO> ([M+H]*): 283.1864; found: 283.1860.

(E)-2-(4-(tert-butyl)styryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3aq

200 umol scale
?J§< The title compound was prepared according to the general procedure 1 by reaction of 4-tert-butylstyrene (32.1 mg,
/@A\/B‘O 36.6 pL, 200 umol, 1.0 equiv) and vinyl Bpin (46.2 mg, 50.9 pL, 300 umol, 1.5 equiv), and was isolated by column
tBu chromatography (silica gel, 0-10% MTBE in petroleum ether) to give the title compound (53.2 mg, 186 pmol, 93%) as
a colorless solid. The NMR data match previously reported data for the title product.'® The crude yield of the reaction
was found to be 96% as determined in an analogous experiment using *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal
standard.

5 mmol scale

In a nitrogen-filled glove box, 4-tert-butylstyrene (801 mg, 916 uL, 5.00 mmol, 1.0 equiv) was added to a mixture of xantphos (13.9 mg,
24.0 umol, 0.48 mol%), [Rh(COD)OMe]: (5.8 mg, 12.0 umol, 0.24 mol%), Bzpin, (15.2 mg, 59.9 umol, 1.20 mol%), and vinyl Bpin (1.16 g,
1.27 mL, 7.50 mmol, 1.5 equiv) in dioxane (5.0 mL) in a high-pressure Schlenk-tube. The mixture was allowed to stir for 16 h at 90 °C, before
it was cooled to room temperature, celite was added, and the volatiles were removed under reduced pressure. The crude product was
subjected to column chromatography (40g gold cartridge, silica gel, 0-10% MTBE in petroleum ether) to give a clean fraction of the title
compound as well as a fraction impure by resting starting material and vinyl Bpin dimer. The mixed fractions were subjected to column
chromatography (40g gold cartridge, silica gel, 0-10% MTBE in petroleum ether) and the isolated product was combined with the isolated
product of the first column chromatography, yielding the title compound (1.08 g, 3.78 mmol, 76%) as a colorless solid.

'H NMR (500 MHz, CDCl3) 6 7.47 — 7.42 (m, 2H), 7.42 — 7.34 (m, 3H), 6.14 (d, J = 18.4 Hz, 1H), 1.34 - 1.31 (m, 21H);

13C{*H} NMR (126 MHz, CDCl3) 6 152.2, 149.5, 134.9, 127.0, 125.6, 83.4, 34.8, 31.4, 25.0 [Note: the carbon atom attached to the boron atom
was not observed due to quadrupole broadening or relaxation delay caused by the 'B nucleus'*!];

1B NMR (160 MHz, CDCls) § 30.7.

(E)-N,N-dimethyl-3-(pyridin-2-yl)-3-(4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenyl)propan-1-amine 3ar
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In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was
) charged with [Rh(COD)OMe]; (3.9 mg, 8.00 umol, 4 mol%), xantphos (9.3 mg, 16.0 umol, 8 mol%), Bzpinz (5.1 mg,
20.0 umol, 0.10 equiv), dioxane (200 pL), vinyl Bpin (92.4 mg, 102 pL, 600 pmol, 3.0 equiv) and alkene 1ar (53.3 mg,
N 200 pumol, 1.0 equiv). The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum
‘ block and allowed to stir (800 rpm) at 90 °C for 16 h. Upon cooling to room temperature, the reaction mixture was
B filtered through a plug of celite (eluent: ethyl acetate), the filtrate was concentrated under reduced pressure and
>§/ the residue was subjected to column chromatography (silica, 0 — 9% NEts in EtOAc) to afford the title compound
(59.8 mg, 152 umol, 76%) as a yellow oil which was contaminated by starting material 1ar (3.2 mg, 12.2 pumol, 6%).
H NMR (400 MHz, CDCls) & 8.54 (ddd, J = 4.9, 1.9, 0.9 Hz, 1H), 7.53 (td, J = 7.7, 1.9 Hz, 1H), 7.42 — 7.35 (m, 2H), 7.30 (d, J = 8.3 Hz, 3H), 7.14
(dt, J=7.8, 1.1 Hz, 1H), 7.07 (ddd, J = 7.5, 4.9, 1.2 Hz, 1H), 6.09 (d, J = 18.4 Hz, 1H), 4.13 (t, J = 6.9 Hz, 1H), 2.50 — 2.36 (m, 1H), 2.26 — 2.15 (m,
9H), 1.29 (s, 12H);
13C{*H} NMR (101 MHz, CDCl3) 6 163.4, 149.4, 149.3, 144.6, 136.5, 135.9, 128.4, 127.4, 123.0, 121.5, 83.4, 57.8, 51.2, 45.5, 32.7, 24.9. [Note:
the carbon atom attached to the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the !B
nucleus#];
1B NMR (160 MHz, CDCls) § 30.1;
HRMS (ESI) m/z calcd. for C2sH34BN202 ([M+H]*): 393.2708; found: 393.2697.

(E)-N,N-dimethyl-3-(2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)-10H-phenothiazin-10-yl)propan-1-amine 3as
The compound was prepared according to general procedure 1 by reaction of 1as (62.1 mg, 200 umol) and vinyl Bpin
ﬁ/“ o (46.2 mg, 300 umol) and was isolated by column chromatography (silica gel, EtOAc) to give a brown oil (55.7 mg, 128
@NDN\B\O umol, 64%). The crude yield of the reaction was found to be 80% as determined in an analogous experiment using
S *H NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
14 NMR (500 MHz, CDCls) § 7.32 (d, J = 18.4 Hz, 1H), 7.19 — 7.01 (m, 4H), 6.99 (d, J = 1.6 Hz, 1H), 6.94 — 6.82 (m, 2H), 6.10 (d, J = 18.4 Hz, 1H),
3.91(t,J=7.0 Hz, 2H), 2.40 (t, J = 7.1 Hz, 2H), 2.21 (s, 6H), 1.95 (p, J = 7.0 Hz, 2H), 1.31 (s, 12H);
13C{*H} NMR (126 MHz, CDCls) 6 149.3, 145.5, 145.2, 137.0, 127.6, 127.5,127.5, 124.9, 122.6, 121.6, 115.8, 114.0, 83.5, 57.3, 45.7, 45.5, 25.2,
25.0 [Note: the carbon atom attached to the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the
1B nucleus*];
118 NMR (160 MHz, CDCls) & 32.0;
HRMS (ESI) m/z calcd. for CasH3aBN202S ([M+H]*): 437.2429; found: 437.2433.

(E)-1-(4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)benzyl)-1H-imidazole 3at
The compound was prepared according to general procedure 1 by reaction of 1at (37.1 mg, 200 umol) and vinyl Bpin
o s (46.2 mg, 300 umol) and was isolated by column chromatography (silica gel, 0 - 0.4% Et3N in EtOAc) to give a yellow
@m °© oil (48.2 mg, mixture of product and starting material (88/12), calculated amount of product: 46.4 mg, 150 umol, 75%).
The crude yield of the reaction was found to be 85% as determined in an analogous experiment using *H NMR
spectroscopy and 1,3,5-trimethoxybenzene as an internal standard.
'H NMR (500 MHz, CDCl3) & 7.57 (t, J= 1.1 Hz, 1H), 7.49 — 7.44 (m, 2H), 7.36 (d, J = 18.6 Hz, 1H), 7.15 — 7.06 (m, 3H), 6.90 (t, J = 1.4 Hz, 1H),
6.16 (d, J = 18.4 Hz, 1H), 5.11 (s, 2H), 1.31 (s, 12H);
33C{*H} NMR (126 MHz, CDCls) 6 148.6, 137.7, 136.7, 129.8, 127.7, 127.6, 126.9, 119.4, 83.6, 50.7, 24.9 [Note: the carbon atom attached to
the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the !B nucleus4!];
118 NMR (160 MHz, CDCls) 6 30.5;
HRMS (ESI) m/z calcd. for C1sH24BN202 ([M+H]*): 311.1925; found: 311.1926.

(E)-(4-((1H-imidazol-1-yl)methyl)styryl)boronic acid 5
oH The compound was prepared according to a literature procedure.®® A suspension of (E)-1-(4-(2-(4,4,5,5-tetramethyl-
No N é.OH 1,3,2-dioxaborolan-2-yl)vinyl)benzyl)-1H-imidazole (3at, 54.0 mg, 174 umol, 1.0 equiv), NalOs (111.7 mg, 522 umol,
@QN 3.0 equiv), and NH4OAc (40.2 mg, 522 umol, 3.0 equiv) in acetone/water (1.5 mL, 2/1) was allowed to stir at room
temperature for 24 h. Subsequently, acetone was removed under reduced pressure. Water was added (5 mL) and
washed with ethyl acetate (3 x 3 mL). The combined organic phases were washed with brine (3 mL) and dried over Na>SOa. After filtration,
the volatiles from the filtrate were removed under reduced pressure to obtain the crude product as a yellow viscous oil that was
contaminated with the correspond terminal olefin (about 15% as judged by 'H NMR spectroscopy; mixture: 31.0 mg; 27.0 mg product without
contamination, 118 umol, 68%). The crude product was subjected to preparative HPLC purification to obtain a spectroscopically pure sample.
Conditions of HPLC purification:
Solvent A : mQ H20 (>18 MQ ) with 0.1% LCMS grade formic acid,
Solvent B : LCMS grade Acetonitrile (Honeywell Riedel-de Haén Chromasolv) with 0.1% LCMS grade formic acid,
Injection volume: 500 pL,
Method: Elution with a constant flow set to 20 mL/min : Isocratic for 1 min at 2% solvent B in 98% solvent A. Then increase of B to 42% in 20
min (2%/min gradient slope),Detection: Dual wavelength detection at 190 and 254 nm
Elution: peak of interest at 2.2 min.
1H NMR (500 MHz, CDsOD) & 7.84 (s, 1H), 7.50 (d, J = 8.2 Hz, 2H), 7.36 — 7.25 (m, 1H), 7.22 (d, J = 8.4 Hz, 2H), 7.13 (s, 1H), 7.01 (s, 1H), 6.46 —
6.25 (m, 1H), 5.22 (s, 2H).
13C{*H} NMR (126 MHz, CDs;0OD) 6 139.4, 138.2, 137.5, 129.1, 128.6, 127.8, 121.4, 114.8, 51.7 [Note: the carbon atom attached to the boron
atom was not observed due to quadrupole broadening or relaxation delay caused by the B nucleus*];
1B NMR (160 MHz, CD:0D) § 27.6;
HRMS (ESI) m/z calcd. for C12H14BN202 ([M+H]*): 229.1143; found: 229.1139.

(E)-2-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydronaphthalen-2-yl)-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenyl acetate
3au

AcO’

The compound was prepared according to general procedure 1 by reaction of alkene 1au (18.1 mg, 50.0umol)
g §j§< and vinyl Bpin (11.6 mg, 75.0umol). The crude yield of the reaction was found to be 89% as determined using *H
O © NMR spectroscopy and 1,3,5-trimethoxybenzene as an internal standard. The mixture was isolated by column
chromatography (silica gel, 0 — 10% MTBE in petroleum ether) to give the title compound as a colorless oil
(11.8 mg, 24.1 umol, 48%) which was slightly contaminated by an unknown Bpin-containing compound (Bpin-X).
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'H NMR (400 MHz, CDCl3) 6 7.48 (dd, J = 8.4, 2.2 Hz, 1H), 7.44 (d, J = 2.2 Hz, 1H), 7.39 (d, J = 18.4 Hz, 1H), 7.15 (s, 1H), 7.10 (d, J = 8.3 Hz, 1H),
7.04 (s, 1H), 6.12 (d, J = 18.4 Hz, 1H), 2.10 (s, 3H), 1.90 (s, 3H), 1.69 (s, 4H), 1.33 — 1.29 (m, 18H), 1.24 (s, 6H);

13C{'H} NMR (126 MHz, CDCls) & 169.5, 149.0, 148.6, 144.4, 141.9, 135.4, 135.3, 133.8, 133.1, 130.3, 128.2, 128.0, 126.9, 122.8, 83.5, 35.3,
35.3, 34.1, 34.0, 32.0 (2 xC)", 24.9, 20.7, 19.8. [Note: the carbon atom attached to the boron atom was not observed due to quadrupole
broadening or relaxation delay caused by the B nucleus*];

* Assignment in analogy to compound lau.

1B NMR (160 MHz, CDCls) 6 31.1.

HRMS (ESI) m/z calcd. for C31H42BO4 ([M+H]*): 489.3171; found: 489.3164.

(E)-2,4-dimethoxy-2’-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-6’acetoxy a/B-zearanelol 3av
omMeo In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was
charged with [Rh(COD)OMe]. (0.3 mg, 700 nmol, 1.75 mol%), xantphos (0.8 mg, 1.40 umol, 3.50 mol%), B:pin:
(0.4 mg, 1.74 pmol, 4.36 mol%), dioxane (35 pL), vinyl Bpin (10.8 mg, 11.9 pL, 70.0 umol, 1.75 equiv) and alkene 1av
. s~onc  (15.6 mg, 40.0 umol, a/B = 34/66, 1.0 equiv). The vial was sealed with a cap, removed from the glove box, placed in
>§/6 a pre-heated aluminum block and allowed to stir (800 rpm) at 90 °C for 2 h. The vial was placed again in the glove
box, opened, and a solution of Rh(COD)OMe]. (0.3 mg, 700 nmol, 1.75 mol%), xantphos (0.8 mg, 1.40 umol,
3.50 mol%), and Bzpin; (0.4 mg, 1.74 umol, 4.36 mol%) in dioxane (35 pL) was added. The vial was sealed with a cap, removed from the glove
box, placed in a pre-heated aluminum block and allowed to stir (800 rpm) at 90 °C for additional 2 h. After this additional time, the procedure
was repeated three times, while after the last cycle the solution was allowed to stir for 13 h. Therefore, a total amount of 8.75 mol% of
[Rh(COD)OMe]). (and the other reagents accordingly) was used and the sample was allowed to stir for a total time period of 21 h.
This procedure was set up with five identical samples (each in a scale of 40.0 umol of 1av) in parallel which were combined at this point
(giving a total scale of 200 umol) and filtered over a small silica plug (in pasteur pipette). The filter residue was washed with EtOAc (20 mL)
and the filtrate was concentrated under reduced pressure to afford a residue which was subjected to column chromatography (silica, 5 —
40% EtOAc in petroleum ether). To the residue isochroman (9.3 mg, 69.3 umol, 0.347 equiv) as an internal standard and CDCls (5 mL) were
added and the crude yield was determined to be 11%. All volatiles were removed under reduced pressure and the residue was subjected to
preparative HPLC purification to give reisolated starting material (26.4 mg, 67.5 umol, o/B = 28/72, 34%) the title compound (11.8 mg) as a
dark-yellow oil, which was subjected to column chromatography (silica 0-1% MeOH in CH.Cl,) to give the title compound (8.4 mg, 16.2 umol,
8%) as a colorless oil contaminated by grease.
Conditions of HPLC purification:
Solvent A : mQ H20 (>18 MQ ) with 0.1% LCMS grade formic acid,
Solvent B : LCMS grade Acetonitrile (Honeywell Riedel-de Haén Chromasolv) with 0.1% LCMS grade formic acid,
Injection volume: 1500 pL,
Method: Elution with a constant flow set to 10 mL/min: Isocratic for 2 min at 30% solvent B in 70% solvent A. Then increase of B to 70% in
50 min (0.8%/min gradient slope), Detection: Dual wavelength detection at 190 and 254 nm,
Elution: peaks of interest at 49.8 and 51.0 min.
'H NMR (600 MHz, CDCls, 244 K) § 7.39 — 7.29 (m, 1H, C-1’-H), 6.41 — 6.33 (m, 1H, C-3-H), 6.32 —6.21 (m, 1H, C-5-H), 5.12 — 4.67 (m, 2H, C-
6’-H, C-10’-H), 3.93 —3.72 (m, 6H, OCH3), 2.54 — 2.03 (m, 2H, CH>), 1.98 (s, 3H, OCOCHs), 1.72 —0.93 (m, C-11"-Hs, 5 x CH2);
13C{*H} NMR (151 MHz, CDCls, 243 K) § 171.2 (COCHs), 171.2 (COCHs), 168.1 (C-12’), 167.7 (C-12’), 161.3 (C*), 161.1 (C*), 160.9 (C*), 160.6
(C@n), 159.7 (C¥), 158.4 (C*), 157.8 (C*), 145.5 (C-1’), 144.6 (C-1’), 142.2 (C-1’), 141.7 (C-1’), 140.9 (C*), 140.1 (C*), 139.7 (C*), 138.4 (C*),
116.1 (C¥), 115.6 (C), 113.8 (C), 112.7 (C*>), 106.7 (C-5), 106.4 (C-5), 105.1 (C-5), 105.1 (C-5), 97.6 (C-3), 97.4 (C-3), 97.2 (C-3), 97.1 (C-3),
83.6 (BOC), 83.5 (BOC), 75.3 (C-6’/C-10'), 74.2 (C-6'/C-10’), 72.8 (C-6’/C-10'), 72.8 (C-6'/C-10’), 72.7 (C-6’/C-10’), 72.3 (C-6’/C-10’), 71.9 (C-
6’/C-10"), 71.1 (C-6’/C-10’), 56.1 (OCHs), 56.0 (OCHs), 55.9 (OCHs), 55.6 (OCH3). [Note: The carbon atom attached to the boron atom was not
observed due to quadrupole broadening or relaxation delay caused by the !B nucleus!*. The assignment of signals was accomplished by
analogy to compounds SI12, SI13 and 1av, but proved to be difficult: the isolated material consists of a mixture of diastereoisomers
(diastereomeric mixture of 1av was used as a starting material), which exist as slowly interconverting conformers in solution leading to signal
broadening at room temperature. A change of solvent did not to have a considerable impact; however, the NMR experiments a lower
temperature improved the resolution of signals of conformers, enabling their assighnment. Nevertheless, an assignment of signals in the
aliphatic region was not possible due to the complexity of the mixture. Only assigned signals are listed above for the *C NMR spectrum. For
the remaining aliphatic signals, see the accompanying document containing the copies of the spectrum];
1B NMR (160 MHz, CDCl3) § 31.9;
HRMS (ESI) m/z calcd. for CasHa2BOs ([M+H]*): 517.2967; found: 517.2967 (minor) and 517.2966 (major).
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CHAPTER 3

Selective Ir-Catalyzed Transfer C-H
Borylation of Alkenes Compatible with
Drug-Oriented Functional Groups

The work described in this chapter was done mostly by myself, including the development of
the method, evaluation of the substrate scope, and performing the mechanistic
experiments. H. Grab was involved in the initial phase of the project, i.e., during the
development of the method as well as during the evaluation of the scope for vinyl ethers.
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3.1 Introduction

The ability to selectively install a boronic acid derivative group at a specific C—=H bond in
existing molecules has the potential to streamline the discovery and development of new
pharmaceuticals.!™? The resulting organoboron intermediates can be readily converted to
families of derivatives through established divergent post-functionalization reactions
(Figure 3.1a).137® While the selective borylation of aromatic C—H bonds has been the subject
of numerous studies,'! selective borylation of vinylic C-H bonds remains underdeveloped,
especially for fine chemicals bearing reactive or polar functional groups.t’-*° Recently, guided
by mechanistic considerations, we have developed the Rh(l)-catalyzed transfer C—H borylation
of alkenes (Figure 3.1b).2° With a vinyl boronate ester being the source of the boronic group
and the only stoichiometric reagent, in place of typical reactive reagents, such as, catBCl,2123
HBpin,18242> or B,pin,,%%?’ the method proved to be applicable to a broad range of alkenes
bearing a range of functional groups, such as aldehydes, ketones, esters, and nitriles.
However, due to the inherent reactivity of the catalytic Rh-species, the method remains
incompatible with starting materials bearing many unprotected polar groups, especially those
containing even moderately acidic protons, such as, NH or OH of carboxyamide, sulfonamide,
urea, indole, carboxylic acid, phenol, alcohol, or amines, and similar motifs. Importantly,
because these functional groups are predisposed to form specific interactions between drug
molecules and their biologic targets,?®?° they are present in the overwhelming majority of
pharmaceuticals.3 For instance, 191 of 200 top-selling small drug molecules contain at least
one of these functional groups in their structures.3!

In search of methods potentially suitable for the late-stage functionalization of
pharmacophoric molecules, we hypothesized that a putative Ir-catalyzed transfer C-H
borylation of alkenes would be appealing by being tolerant to otherwise incompatible polar
protic and strongly coordinating functional groups. We considered that Ir-catalyzed borylation
reactions of aromatic C—H bonds are tolerant to many functional groups,®’ including NH-

32 urea,?®3* free NH-amine3>3® and NH-indole.?”3® These reactions occur within a

amide,
catalytic cycle operating through Ir-hydride and Ir-boryl intermediates.® Importantly, by
analogy to the Rh-based method,?° such Ir-intermediates would also partake in the catalytic
cycle of the envisioned Ir-catalyzed transfer C—H borylation of alkenes. However, the question
remained whether Ir-intermediates could undergo [B-boryl elimination, a key elementary
reaction that is unprecedented for Ir-complexes, and so far has been reported only for Ru?®:3°
and Rh-complexes,?° and presumed to occur for Zr'® and Pd*%4! catalysts.

This chapter describes the development of an Ir-catalyzed transfer C—H borylation of alkenes
(Figure 3.1c). The method is compatible with starting materials bearing various previously
incompatible functional groups, including those containing acidic N—-H and O-H bonds and
free NH-amines. Additionally, the Ir-catalyst tolerates a series of other formerly incompatible
motifs, such as alkyl or aryl halides, vinyl or silyl ethers, and nitro or carbamate derivatives.
The applicability of the protocol to the functionalization of pharmacophoric compounds was

demonstrated with the transformations of indomethacin, rebamipide, and chlorpropamide
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derivatives. The results of control experiments are consistent with the envisioned mechanism
involving a series of alkene insertions, B-boryl and B-hydride elimination steps.

(a) Diverse post-functionalizations enabled by selective C—H borylation methods

G G = (Het)Ar, Vinyl, Alky

/ FG FG = OH, CN
/
H ——> B(OR),
Z—B(OR), —~— @
YR Y=N,0,S

a single C H bond a versatile

in an available ) Synfhet('c \
molecule intermediate X X=Cl,Br

(b) Our previous study on boryl group transfer under Rh-catalysis

R

[Rh-H]

/}{B(OR)Z

4 Aprotic weakly coordinating functional groups (aldehyde, ketone, ester, nitrile)

RA~p0m), ( A h )

«s Unprotected polar functional groups with N H or O H bonds

(c) This study: boryl group transfer under Ir-catalysis

FG - FG
"
MH O\/\B(XR)Z (" At >
/QEB(XR)Z X =0, NH

FG: -COOH, -(NH)CONH-, -SO,NH,, -OH, -NH,, NH-indole, -NO,, -PO(OR),, -Br ... ‘

Such moieties are present in >95% of small molecule drugs

+ A range of previously incompatible key synthetic functional groups
+ Different boronic acid esters and amides (Bpin, Bmac, Baam, Bdan)
+ Drug derivatives (indomethacin, rebamipide, and chlorpropamide)

Figure 3.1. Context of this work.

3.2. Results and Discussion

3.2.1. Evaluation of reaction conditions

We commenced our studies by evaluating the feasibility of the Ir-catalyzed transfer C—H
borylation of alkenes using a simple model reaction of styrene 1 with vinyl boronate pinacol
ester 2 to form product 3. To identify a suitable catalyst, we tested a series of Ir(l)-complexes
as metal precursors, and common mono- and bidentate phosphine ligands. We also
investigated the influence of co-catalytic amounts of B,pin,, which could assist the activation
of the precatalyst by forming an Ir-boryl complex,*>*® one intermediate of the putative
catalytic cycle.

Upon evaluation of a range of precursors, ligands, and conditions (Table 3.1 and section
3.4.2.), we found that the model reaction of 1 with 2 formed product 3 quantitatively after 3
h at 90 °C in the presence of 2 mol% [Ir(cod)Cl],, with either 4 mol% t-Bu-xantphos (L4) or 8
mol% JohnPhos (L6) as a ligand, and 5 mol% Bpin,. The data presented in Table 3.1 show the
influence of each element of the catalytic system on the yield of the model reaction. For
instance, the backbone, the steric, and electronic features of the phosphine ligand are critical.
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The reaction with xantphos (L1) formed product 3 in 23% yield (entry 1), while the one with
dpfphos (L2), the analogue of L1 with a wider bite-angle formed only traces of the product
(<2% vyield; entry 2), and the reaction with dpephos (L3), the flexible analogue of L1 formed
product 3 in 36% yield (entry 3). In turn, the reaction with t-Bu-xantphos (L4), a close analogue
of L1 bearing electron donating and sterically demanding bis(tert-butyl)phosphine groups
formed product 3 quantitatively (entry 4). In that case, the reaction was nearly completed
within 30 min (92% vyield; entry 5), underscoring the strong impact of the ligand on the
catalytic activity. Noteworthy, the reaction with structurally related dtbpx (L5) furnished 3 in
only 25% vyield (entry 6), further indicating the importance of the ligand backbone and its
substitution pattern.

Table 3.1. Evaluation of reaction conditions.

[Ir] (4 mol%),
ligand (4 mol%)
PhF + P gpin —— PN, + 24 —®
B,piny (5 mol%),

~o

o’

! 215 eau) 1.4-dioxane, >95% ?;tereo B: ;
2 - —bpin
90°C,3h & reg|ose|

PR, PPh, PPh,
P(t-BU),
P(t-BuU),
PR, PPhy Pth

L1:R =Ph: LS: L6:
xantphos, dpfphos dpephos dtbpx JohnPhos
L4:R =t-Bu:
t-Bu-xantphos
Entry Variation of conditions® yield (%)®!
1 [Ir(cod)Cl]2, L1 23
2 [Ir(cod)Cl]2, L2 <2
3 [Ir(cod)Cl]2, L3 36
4 [Ir(cod)Cl]2, L4 >99lcl (74)l
5 [Ir(cod)Cl]2, L4, 30 min 92
6 [Ir(cod)Cl]2, LS 25
7 [Ir(cod)Cl]2, L6 (8 mol%) >99
8 [Ir(cod)Cl]2, no ligand 14
9 [Ir(cod)Cl]2, L4, no B2pinz 96
10 [Ir(cod)Cl]2, L4, 150 mol% Bzpinz 66
11 [Ir(cod)Cl]2, L4, 150 mol%, no 2 2

[a] Conditions: 0.2 mmol scale, [Ir] (4 mol% Ir), ligand (4 mol% L1-L5, 8 mol% L6), B,pin, (5 mol%), styrene (1.0
equiv), vinyl Bpin (1.5 equiv), 1,4-dioxane (0.2 mL), nitrogen atmosphere; [b] Yield determined by GC-FID
analysis of the reaction mixture with dodecane as an internal standard; [c] thf can be used instead of 1,4-
dioxane with no change of the yield; [d] Isolated yield. For evaluation of other ligands, see section 3.4.2.1.

During our investigation of ligands (section 3.4.2.1.), we found that monophosphine JohnPhos
(L6) bearing the same bis(tert-butyl)phosphine moiety as L4 also formed a highly active
catalyst (entry 7). In turn, the evaluation of a series of Ir(l)-precursors bearing different
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counterions showed that they form similarly active catalysts with [Ir(cod)Cl], forming the most
productive complex (section 3.4.2.2.). In the absence of any phosphine ligand, [Ir(cod)Cl]2
retained residual catalytic activity (entry 8). Further, a co-catalytic amount of B,pin, was not
critical for the catalytic activity (entry 9), but its presence increased the reaction yield, most
likely by increasing the efficacy of the precatalyst activation.*?*3 However, the presence of the
stochiometric amounts of B,pin; is detrimental for the reaction (entry 10). Also, nearly no
product 3 was formed with stochiometric B,pin; in the absence of 2 (entry 11), confirming the
role of 2 as the sole donor of the boryl ester group.4>3

3.2.2. Scope of the reaction

Next, we evaluated the method with respect to its scope and functional group compatibility,
focusing on starting materials bearing motifs that were previously problematic but would be
of high importance in the context of synthesis and functionalization of bioactive molecules.?
In case of many starting materials, we conducted experiments in parallel employing either t-
Bu-xantphos (L4) or JohnPhos (L6) as a ligand. In many cases, catalysts with either ligand
performed similarly well, albeit in some cases, one catalyst formed the product in substantially
higher yield than the other, as summarized in Figure 3.2 and presented in detail in section
3.4.5.

The developed method is compatible with starting materials containing diverse groups with
free N-H or O—-H bonds (Figure 3.2). A series of borate pinacol ester derivatives bearing an
acidic N-H bond in acetamide 4, carbamate 5, and sulfonamides 6-7, as well as free NH-indole
8, and unprotected NH-aniline 9 were formed in 50-88% yields, showing the compatibility of
the catalyst with different types of NH motifs. Also, free phenol 10, benzyl and aliphatic
alcohols 11-13 were prepared in 39-79% vyields, demonstrating the compatibility with O—-H
bonds. Remarkably, the method proved also compatible with carboxylic acids, as observed in
reactions forming benzoic and phenylacetic acid derivatives 13-14 in 45-73% yields. However,
the presence of strong sulfonic acid is detrimental for the reaction, as nearly no product 15
was formed.

Besides transferring the common borate pinacol ester group (Bpin), the catalyst proved also
potent to transfer other borate ester and amide groups. Derivatives 16-18 containing
dimethylacenaphthyl-1,2-diol, anthranilamide and 1,8-diaminonaphthalene-substituted
organoboron moieties, that is, Bmac, Baam, and Bdan, respectively, were formed in 84-93%
yields, when the corresponding vinyl derivative was used in place of vinyl Bpin 2 under
otherwise standard conditions. Noteworthy, the method enabling the straightforward
installation of the Baam and Bdan groups onto alkenes is particularly appealing due to their
unique reactivity profiles, selectivity, and the outstanding stability toward air and
moisture.>*>> Although these derivatives have attracted increasing attention recently,>¢=>°
their synthesis from alkenes remained limited.%-62

The Ir-based protocol proved also tolerant to a range of other functional groups that tend to
be incompatible with transition metal catalysis, including prior Rh catalysis,?® due to either
their strong coordination to a metal center or undergoing side reactions. For instance, the
method is compatible with the readily reducible nitro group of derivative 19, and strong
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hydrogen bond acceptors of phosphonate 20 and sulfonate 21 esters, which were produced
in 83-96% yields. Further, a series of otherwise reactive aryl and alkyl halides 22-23, electron-
rich vinyl heteroarenes 25-26, and previously problematic vinyl carbamate 27 were formed in
85-99% vyields. Silyl and vinyl ethers were problematic for Rh catalysis,?° but here a range of
structurally diversified products 28-33 were readily formed in 63-94% vyields.

Ir(cod)Cll,,
~_H L4 or L6, B,pin X B(XR)2
Y + \/B(XR)Z il > Y + \/H*
90 °C, thf,
X =0, NH 3-16 h

Diverse acidic & free N-H bonds:

OJ\NH X Bpin X Bpin X Bpin X Bpin X Bpin
H,NO,S BnHNO,S H H,N

4: 88% vyield (L6) 5: 83% yield (L4); 6: 84% yield (L6) 7: 71% yield (L6) 8: 54% yield (L4) 9: 50% yield (L4)
[Rh: <5% vyield]? [Rh: <5% vyield]? [Rh: <5% vyield]?
Different O-H bonds: Different acids:
/@/\,BP‘" \/@/\/BP‘" Ho7<\,Bpin N EPin BN /@NB‘”"
HO "o HOOC/©/\/ “°°C\/©/\/ HO3S
10: 39% yield (L4) 11: 79% yield (L4) 12: 46% yield (L4) 13: 73% yield (L4) 14: 45% yield (L6) 15:> <5% yield
[Rh: <5% vyield]?
Other boronate ester & amides: Strong H-bond acceptors; ————————
Bmac Baam O Bdan . Bpi
O X-Erin NP o Bpin
HN A
~ F ON -R
Ph/\/B\O Ph/\/ P N 2 EtO” "ot EtO;S
16: 84% yield (L4) 17: 84% yield (L4) 18: 93% yield (L6); 19: 83% yield (L4); 20: 96% yield (L6) 21: 86% yield (L6)
[Rh: 86% yield]? [Rh: <5% vyield]? [Rh: <5% vyield]?
_— Aryl & alkyl halides: Electron-rich alkenes:
. . . (o}
o
y 7 '

Br cl c L N,
22: 87% yield (L6); 23: 85% yield (L6) 24: 87% yield (L4) 25: 87% yield (L6) 26: 88% yield (L6) 27:99% vyield (L6)
[Rh: <5% vyield]? [Rh: <5% yield]?
Vinyl & silyl ethers:

X Bpin
Ph\o/\/Bpin Ph/\o/\/Bpin /\/\o/\/Bpin CI\/\O/\/Bpin /\0/\/Bpin TBSO/@/\/
28: 76% vyield (L4), 29: 94% yield (L4), 30: 68% vyield (L4), 31: 55% vyield (L4), 32: 63% yield (L4), 33: 89% yield (L6)
95/5 (E/Z); 96/4 (E/Z) 96/4 (E/Z) >98/2 (E/Z) 95/5 (E/Z) [Rh: 33% yield]?

[Rh: <5% yield]®

Figure 3.2. Scope of substrates. For the exact reaction conditions for each starting material, experimental
details, product characterization, including the comparison between the yields of reactions for the same
starting material with either L4 and L6 as a ligand, as well as the comparison of the analytical yields determined
by 'H NMR analysis of the reaction mixture with 1,3,5-trimethoxybenzene an internal standard and the yields
of isolated materials, see section 3.4.5. and 3.5.6. Because vinylboronic esters tend to partially decompose
during chromatography on silica gel,?%*54 the analytical yields are reported here to indicate the actual reaction
performance. ® For comparison, the reaction conducted in the presence of the previously reported Rh
catalyst.?’? Starting material was prepared in situ from its sodium salt and hydrogen chloride in diethyl ether.
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Bolstered by the excellent functional group tolerance, we investigated the applicability of the
protocol in vinyl C—=H borylation of pharmacophoric molecules by preparing a series of
derivatives of existing drug molecules (Figure 3.3). Specifically, boryl esters 34-36, derivatives
of nonsteroidal anti-inflammatory indomethacin, anti-diabetic chlorpropamide, and
gastroprotective rebamipide drug molecules were formed readily in 67-72% yields under
standard conditions.

[Ir(cod)Cl], (2 mol%),
~UH L4 (4 mol%) or L6 (8 mol%)

B(OR
. VBpin R/\, (OR),

R

B,pin, (5 mol%),
(1.5 equiv) 90 °C, thf, 5 h

X Bpin X Bpin
J@N
fo) \/\N / \\

34: 67% vyield (L4) 35: 72% vyield (L6)
indomethacin deriv. O chlorpropamide deriv.

36: 72% yield (L6) A~ Epin

rebamipide deriv.

Figure 3.3. Derivatives of market drug molecules.

3.2.3. Experimental mechanistic studies

Lastly, we performed a series of experiments to get some insight into the mechanism of the
reaction (Figure 3.4). First, high-resolution mass analysis (ESI) of the reaction mixture showed
a signal corresponding to the (L4)Ir(Bpin)(H)* species (819.3782 vs. calcd. 819.3821; section
3.4.3.3.), in line with the mechanism involving Ir-boryl intermediates (Figure 3.4a). Second,
the reaction of styrene-ds 1-ds and Bpin donor 2 revealed the extensive proton-deuterium
scrambling throughout the different vinylic positions of reagents and products (Figure 3.4b,
Figures S1-54), in line with the presence of Ir-hydride intermediates that undergo fast and
reversible alkene insertions (Figure 3.4a). Also, the reaction of 4-chlorostyrene 37 with
styrylboronic acid derivative 3, as a Bpin donor in place of 2, led to formation 50% of styrene
1 and 50% of 4-chlorostyrylboronic acid derivative 38 (Figure 3.4c, Figure S3.9), showing that
all steps of the reaction toward the product formation are reversible under the catalytic
conditions. Further, we observed that the (Z)-isomer of the product could undergo fast
interconversion to the thermodynamically more stable (E)-stereoisomer 3 under reaction
conditions as established in the experiment with independently prepared isomer (Z)-3 as an
additive in the reaction of 4-cyanostyrene 39 and 2 (Figure 3.4d, Figure 3.10). Thus, the
experiment indicated that the stereoselectivity of the transfer reaction might be under
thermodynamic control, strongly favoring 3 over (2)-3. In sharp contrast, the (p)-boryl
regioisomer of the product does not undergo interconversion to the typical (B)-regioisomer
under reaction conditions as observed in the experiment with independently prepared (a)-3
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as an additive in the reaction of 4-cyanostyrene 39 and 2 (Figure 3.4e, Figure 3.11).
Consequently, the experiment showed that the regioselectivity of the transfer reaction is
under kinetic control.

(a) proposed catalytic cycle

B(OR)
regioselective 2 =
alkene insertion \/\B(OR)Z * '/\B(OR)Z
G
IrL
B(OR), \7//’ [IrLn] \//
=G thermodynamically favored
H ‘)(> [IrL,]-B(OR), [IrLy]-H stereoisomer formed
[IrL,] (reversible product release)
B(OR /\
/QOR’Z
B(OR)Z
G el [|an]

(b) deuterated starting material
[Ir(cod)Cl]2 (2 mol%), 59 H

62%
D L4 (4 mol%) 32% D
CGD5%D o Py ———— cst\H\ .D

Bpin Z Bpin
alD Bzpina (5 mol%), H D
>98% go°c,thf,5n 61% 40%

1-dg 2 (1.5 equiv) 3-d,: 95% yield  2-d,,: 0.3 equiv
[" H & D are scrambled throughout vinyl C H positions]

(c) product as a Bpin group donor
[Ir(cod)Cl]; (2 mol%),
0,
P Nppint AN e, s AN Bpin
Byping (5 mol%),
3 (3.0 equiv) 37 90 °C, thf, 5 h, 1: 50% yield 38: 50% vyield
Ar: 4-CICgH, no 2

[* product can reenter - the reaction is reversible]

(d) alternative stereoisomer as a spectator

. [Ir(cod)Cl], (2 mol%),
Bpin L4 (4 mol%)
Phad + Ang — > Ph~

AR A )
Bopin, (5 mol%), Bpin  “"™\F > gpin

(2)3 39 90 °C, th, 3 40
(0.2 equiv)  Ar:4-CNCgH, *+2 (1.5 equiv)
97:3 Z.E time: (2)-3:3 yield:
1h 17:83 43%
5h <1:99 56%

[‘ (Z)-isomer interconverts to more stable (E)—isomer]

(e) alternative regioisomer as a spectator
[Ir(cod)Cl], (2 mol%),

Ph Al 2 L4 (4 mol%)
r - \F — > Ph P~ pin + AN oin
pin B,ping (5 mol%),
(0)-3 39 90 °C, thf, 3 "
(0.2 equiv)  Ar:4-CNCgH, +2 (1.5 equiv)
time: ()-3:3 yield:
1h >99:1 58%
5h >99:1 7%

[* ( )-isomer does no interconvert to more stable ( )-isomer]

Figure 3.4. The proposed mechanism of the reaction and control experiments. For details, see section 3.4.3.
Overall, the experiments are consistent with the mechanism shown in Figure 3.4a that
involves a series of reversible alkene insertions into Ir—H and Ir-B bonds, with the
regioselectivity of the product being controlled by regioselective alkene insertion and the
stereoselectivity being controlled by the thermodynamic stability of the products.

3.3. Conclusions

In summary, a broadly applicable Ir-catalyzed transfer C-H borylation of alkenes was
developed. The method tolerates a number of functional groups, including many previously
incompatible moieties bearing acidic N-H and O—H bonds, amines, alkyl or aryl halides, vinyl
or silyl ethers, nitro or carbamate derivatives. The synthetic compatibility with
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pharmacophoric molecules was demonstrated by preparing a series of vinyl boryl derivatives
of commercial drug molecules. In greater perspective, the study underscores the exceptional
potential of Ir catalysis in borylation of different types of C—=H bonds occurring through distinct
mechanistic pathways.

3.4. Experimental details

3.4.1. Experimental methods

Unless stated otherwise, all reactions and manipulations were conducted on the laboratory bench or in a well-ventilated fume hood in air
with reagent grade solvents. Reactions under inert gas atmosphere were carried out in oven-dried glassware in a nitrogen-filled glove box or
by standard Schlenk techniques under nitrogen. Unless noted otherwise, all reagents and solvents were purchased from commercial suppliers
and used without further purification. For experiments under inert gas atmosphere, dried and degassed solvents were purchased from
commercial suppliers, stored in a nitrogen-filled glove box and used as received. Column chromatography was carried out with the aid of a
CombiFlash EZ Prep Chromatography System with integrated ELSD using the RediSep Rf (Bronze, Silver, or Gold) Silica Gel Disposable Flash
columns. TLC was carried out on Merck Kieselgel F254 plates. TLC visualization was carried out with ultraviolet light (254 nm), followed by
staining with a 1% aqueous KMnOa solution. NMR spectra were acquired on the 400 MHz (Bruker 400 MHz NMR UltraShield Magnet, Console
Avance lll, equipped by a standard probe BBFO 'H-X inverse 5 mm (with 3'P < X < *>N)) or 500 MHz (Bruker 500 MHz NMR Ascend Magnet,
Console Avance Neo equipped by a Cryo-Probe Prodigy *H-X 5 mm (with 31P < X < 1>N) with a 24-positions auto-sampler) instruments at the
Institute of Science and Supramolecular Engineering (ISIS). NMR spectra were processed using the MestReNova 14.1 software. Chemical
shifts are reported in parts per million (ppm) and referenced to residual solvent peaks or tetramethylsilane (TMS). Coupling constants are
reported in hertz (Hz). GC-FID analysis was obtained on a Shimadzu GC-2010 Plus instrument equipped with a SH-Rxi-5MS column (25 m x
0.20 mm ID x 0.33 mm film) connected to a FID detector. GC-MS analysis was obtained on a Shimadzu QP2020 (El) instrument equipped with
a SH-Rxi-5MS column (25 m x 0.20 mm ID x 0.33 mm film). GC-FID and NMR vyields were calculated using dodecane or 1,3,5-
trimethoxybenzene, as the internal standards. GC-FID yields were corrected for response factors for all compounds. High-resolution
electrospray ionization mass spectra (HR-ESI-MS) were obtained at the Analytical Facility of the Department of Chemistry, University of
Strasbourg or at the Institute of Science and Supramolecular Engineering using a ThermoFisher Orbitrap Exactive Plus with Extend Mass
Range (source HESI Il) with a Vanquish PDA (VF-XX) detector.

3.4.2. Evaluation of reaction parameters

3.4.2.1. Evaluation of different ligands

Table 3.2.

[Ir(cod)Cl], (2 mol%),
ligand,
Bopin, (5 mol%)

PR ——— . Ph
vinyl Bpin (1.5 equiv.),
thf, 90 °C, 3 h

Entry Ligand Y[i;:]d
1 xantphos L1 (4 mol%) 23
2 dpfphos L2 (4 mol%) <2
3 dpephos L3 (4 mol%) 36
4 tBu-xantphos L4 (4 mol%) >99
5 dtbpx L5 (4 mol%) 25
6 JohnPhos L6 (8 mol%) >99
7 tribenzylphosphine (8 mol%) 39
8 rac-BI-DIME (8 mol%) <2
9 P(OEt)3 (8 mol%) 64
10 BISBI (4 mol%) <2
1 N-xantphos (4 mol%) 23
12 11

dppe (4 mol%)
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13 BIPHEP (4 mol%) <2
14 DPBP (4 mol%) <2
15 DPEPhos (4 mol%) 36
16 2

DBFPhos (4 mol%)
17 a,a'-Bis(di-t-butylphosphino)-o-xylene (4 mol%) 25

18 SEGPHOS (4 mol%) 23
19 (R,R)-DIOP (4 mol%) 87
20 dppb (4 mol%) <2
21 BIPHEPHOS (4 mol%) Y
22 (R)-Monophos (8 mol%) <2
23 triphenylphosphite (8 mol%) <2
24 trimethylphosphite (8 mol%) 46
25 dppp (4 mol%) 3
26 TMEDA (2 mol%) 15
27 TEEDA (2 mol%) 3
28 Di-t-butylphenylphosphine (4 mol%) 5

Conditions: 0.2 mmol of styrene, 0.6 mmol vinyl Bpin, [Ir(COD)Cl]2/xantphos (1:2 ratio), dioxane (200 pL, 1 M), 90 °C, 3 h. Yields were
determined by GC-FID using dodecane as an internal standard.

3.4.2.2. Evaluation of other parameters
Table 3.3.

[Ir] (4 mol%),
ligand (4 mol%),
Bopin, (5 mol%)

Ph" X X
vinyl Bpin (1.5 equiv.), Ph
thf, 90 °C, 3 h
Entry Variation of conditions Yield [%]
1 [Ir(cod)OMe];, L4, 30 min 91
2 [Ir(cod)acac]z, L4, 30 min 80
3 [Ir(cod).0Tf], L4, 30 min 72
4 [Ir(cod)Cl]2, L4,. no B2pinz, 30 94
min

Conditions: 0.2 mmol of styrene, 0.6 mmol vinyl Bpin, [Ir(COD)Cl]2/xantphos (1:2 ratio), dioxane (200 L, 1 M), 90 °C, 3 h. Yields
were determined by GC-FID using dodecane as an internal standard.

3.4.3. Mechanistic experiments

3.4.3.1. Preparation of product (2)-3

(2)-4,4,5,5-tetramethyl-2-styryl-1,3,2-dioxaborolane (2)-3

A The compound was prepared according to a modified literature procedure.®® A mixture of [Rh(cod)Cl]> (11.1 mg, 23 umol,
m\ 1.5 mol%), triisopropylphosphine (17.2 pL, 14.4 mg, 90 umol, 6 mol%), and HBpin (218 pL, 192 mg, 1.5 mmol, 1.0 equiv) in
triethylamine (5 mL) and n-hexane (9 mL) was allowed to stir at room temperature for 30 minutes under a nitrogen
atmosphere. Phenylacetylene (330 pL, 306 mg, 3.0 mmol, 2.0 equiv) was added, and the resulting mixture was allowed to stir
for 2.5 h at room temperature. The reaction was quenched by addition of MeOH (3 mL). The reaction mixture was filtered over a plug of
celite, which was washed with DCM (100 mL). The combined filtrate was concentrated under reduced pressure, and the residue was
subjected to column chromatography (silica, 0 — 6.8% MTBE in petroleum ether) to isolate the title compound (Z/E ratio = 97/3, 253 mg,
1.1 mmol, 73%) as a yellow oil. The NMR data match previously reported data for the title product.?°
1H NMR (400 MHz, CDCl3) § 7.56 — 7.51 (m, 2H), 7.34 — 7.18 (m, 4H), 5.60 (d, J = 14.8 Hz, 1H), 1.29 (s, 12H).

oo

3.4.3.2. Experiments with isotope-labeled starting materials or potential products

The experiments described below are shown in the manuscript in Figure 3.4 in the main text.
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(a)

lircod)Cilz (2 moi%), 5 62%
p? L4 (4 mol%), Hz 85% 329 p
Bopiny (5 mol%)
TR G oo+ O
a b D 90 °C, thf, He D
o 5h
o 61% 40%
1-dg 2 (1.5 equiv.) 2-dp,: 0.3 equiv.

95% orucis yield
In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with [Ir(cod)Cl]z
(2.7 mg, 4.0 umol, 2 mol%), t-Bu-xantphos (4.0 mg, 4.0 umol, 4 mol%), B2pinz (2.5 mg, 10.0 pmol, 5 mol%), thf (200 pL), vinyl Bpin (50.8 L,
46.2 mg, 300 umol, 1.5 equiv), and styrene-ds (22.4 mg, 200 pmol, 1.0 equiv). The vial was sealed with a cap, removed from the glove box,
placed in a pre-heated aluminum block, and allowed to stir (800 rpm) at 90 °C for 5 h. The reaction mixture was concentrated under
reduced pressure, and the residue was subjected to column chromatography (silica gel, 0-3.6% MTBE in petroleum ether) to give the title
compound (25.5 mg, 108 umol, 54%) as a red oil.

The *H NMR of the isolated product shows the deuterium incorporation in the olefinic protons.
1H NMR (CDCls, 400 MHz):
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Figure 3.5: Partial deuterium retaining in 3a in the reaction of 1a-ds detected by *H NMR spectroscopy.

Isotopomeric cluster of product 3-ds derived by GC-MS analysis:
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Figure 3.6: Partial deuterium retaining in 3-dn in the reaction of 1-ds detected by GC-MS analysis.
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1H NMR (CDCls, thf, 400 MHz):
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Figure 3.7: Deuterium incorporation into 2 in the reaction of 1-ds detected by *H NMR analysis.

The NMR yield of 3-dn (95%) and conversion of 2-dn (82%) were determined by GC-FID analysis of the reaction mixture using a calibration
for styrene and vinyl Bpin with dodecane and mesitylene as an internal standard, respectively. Taking into account the values of *H content
obtained from the *H NMR spectra of the isolated product 3-d, and the reaction mixture, the H/D ratios for the indicated positions was

calculated.

Isotopomeric cluster of 2-d» derived by GC-MS analysis:
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Figure 3.8: Partial deuterium incorporation into 2 in the reaction of 1-ds detected by GC-MS analysis.

(b)

product as donor
Ph o~

Ar\/ +

Ar: 4-CICgH,

(3.0 equiv.)

std. cond. At~

50% yield

+ Phz

50% yield

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with [Ir(cod)Cl]z

(2.7 mg, 4.0 umol, 2 mol%), t-Bu-xantphos (4.0 mg, 4.0 umol, 4 mol%), B2pinz (2.5 mg, 10.0 umol, 5 mol%), thf (200 pL), trans-2-phenylvinyl
Bpin (3, 138.1 mg, 600 umol, 3.0 equiv), and p-chlorostyrene (27.7 mg, 200 umol, 1.0 equiv). The vial was sealed with a cap, removed from
the glove box, placed in a pre-heated aluminum block, and allowed to stir (800 rpm) at 90 °C for 5 h. Upon cooling to room temperature, a
standard solution (100 uL of 0.5 M 1,3,5-trimethoxybenzene in chloroform) and CDCls (300 uL) were added to the reaction mixture. The
yield was calculated based on the ratio between the integrals of the internal standard’s aromatic signal and an isolated product’s signal in

the *H NMR spectrum of the reaction mixture (see below).
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H NMR (CDCls, CHCls, 1,4-dioxane, 400 MHz):
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Figure 3.9: 'H NMR of reaction (2) after 5 h.
(c)
spectator
std. cond.
Ph\/ + Ay —> Pho~ Ara~
(213 Ar: 4-CNCgH,
(02 equiv) time: (203:3 yield:
d.r.=97/3 1h 17:83 43%

5h <1:99

56%

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with [Ir(cod)Cl]z
(2.7 mg, 4.0 umol, 2 mol%), t-Bu-xantphos (4.0 mg, 8.00 pmol, 4 mol%), Bzpinz (2.5 mg, 10.0 umol, 5 mol%), thf (200 pL), vinyl Bpin (50.8
uL, 46.2 mg, 300 umol, 1.5 equiv), 4-cyanostyrene (25.8 mg, 200 umol, 1.0 equiv), and (2)-4,4,5,5-tetramethyl-2-styryl-1,3,2-dioxaborolane
((2)-3, 9.2 mg, 40.0 umol, 0.20 equiv). The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block,
and allowed to stir (800 rpm) at 90 °C for 1 or 5 h. Upon cooling to room temperature, a solution of the standard (100 pL of 0.5 M 1,3,5-
trimethoxybenzene in chloroform) and CDCls (300 pL) were added to the reaction mixture. The yield was calculated based on the ratio of
the integrals of a signal of the standard and a signal of the product in the *H NMR spectrum of the reaction mixture (see below).

After 1 h: *H NMR (CDCls/CHCls/dioxane, 400 MHz):

standard
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After 5 h: *H NMR (CDCls/CHCls/dioxane, 400 MHz)

standard

e

Figure 3.10: 'H NMR of reaction (3) after 1 h (top) and 5 h (bottom).

(d)

spectator

Ph\( . Ar\¢ std. cond. Ph\/\

(a)-3 Ar: 4-CNCgHy4 time: ()-3:3
(0.2 equiv) 1h >99:1
5h >99:1

Ar A~

yield:
58%
7%

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with [Ir(cod)Cl]z

(2.7 mg, 4.0 umol, 2 mol%), t-Bu-xantphos (4.0 mg, 8.00 pmol, 4 mol%), Bzpinz (2.5 mg, 10.0 umol, 5 mol%), thf (200 pL), vinyl Bpin (50.8
uL, 46.2 mg, 300 umol, 1.5 equiv), 4-cyanostyrene (25.8 mg, 200 umol, 1.0 equiv), and 1-phenylvinyl Bpin (9.2 mg, 40 umol, 0.2 equiv). The
vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block, and allowed to stir (800 rpm) at 90 °C for 1
or 5 h. Upon cooling to room temperature, a solution of the standard (100 pL of 0.5 M 1,3,5-trimethoxybenzene in chloroform) and CDCls
(300 pL) were added to the reaction mixture. The yield was calculated based on the ratio of the integrals of a signal of the standard and a

signal of the product in the H NMR spectrum of the reaction mixture (see below).

After 1 h: *H NMR spectrum (CDCls/CHCl3/1,4-dioxane, 500 MHz):

standard

After 5 h: *H NMR spectrum (CDCl3/CHCl3/1,4-dioxane, 500 MHz):
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standard

Figure 3.11: 'H NMR spectrum of the reaction mixture (4) after 1 h (top) and 5 h (bottom).

3.4.3.2. HRMS experiments

HRMS analysis of catalytic reaction

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with [Ir(cod)Cl]2
(2.7 mg, 4.0 umol, 2 mol%), t-Bu-xantphos (4.0 mg, 8.00 umol, 4 mol%), B2pinz (2.5 mg, 10.0 umol, 5 mol%), thf (200 pL), vinyl Bpin (50.8 uL,
46.2 mg, 300 umol, 1.5 equiv), and styrene (20.8 mg, 200 umol, 1.0 equiv). The vial was sealed with a cap, placed in a pre-heated aluminum
block, and allowed to stir (800 rpm) at 90 °C for 1 h. Upon cooling to room temperature, an aliquot of the reaction mixture was diluted with
MeCN and the sample was analyzed by high resolution ESI mass spectroscopy.

In this experiment, three Ir-species, namely [Ir(t-Bu-xantphos)]*, {[Ir(t-Bu-xantphos)(Bpin)]H}*, and [Ir(t-Buxantphos)(styrene)]*, were
detected in the mass spectrum (see below). The [Ir(t-Bu-xantphos)]* complex was also observed as a solvent adduct with one or two
molecules of MeCN (the solvent used for the sample preparation).

Mass spectrum - zoom into the m/z = 550-825 region:
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Mass spectrum - zoom into the m/z = 790-1025 region:
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Found and simulated signals of isotopomeric cluster of the molecular ion {[Ir(t-Bu-xantphos)(Bpin)]H}*:
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Figure 3.12: HRMS data for the reaction mixture.

3.4.4. General procedures for Ir-catalyzed C—H borylation of alkenes

General procedure

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with [Ir(cod)Cl]2
(2.7 mg, 4.0 umol, 2 mol%), 9,9-dimethyl-4,5-bis(di-tert-butylphosphino)xanthene (“t-Bu-xantphos”) (4.0 mg, 4.0 umol, 4 mol%) or JohnPhos
(4.8 mg, 16.0 pmol, 8 mol%), Bzpin2 (2.5 mg, 10.0 pmol, 5 mol%), thf (200 pL), vinylboronic acid pinacol ester (“vinyl Bpin”) (50.8 pL, 46.2 mg,
300 pumol, 1.5 equiv), and an alkene starting material (200 umol, 1.0 equiv). The vial was sealed with a cap, removed from the glove box,
placed in a pre-heated aluminum block, and allowed to stir (800 rpm) at 90 °C for 5 h. The volatiles were removed under reduced pressure
and the residue was subjected to flash column chromatography to isolate the target products.

For the determination of an analytical yield of a reaction, an aliquot of a solution of the standard (100 pL of 0.5 M 1,3,5-trimethoxybenzene
in chloroform) and CDCls (400 pL) were added to the reaction mixture. The analytical yield was calculated based on the integrals of the signals
of the aromatic protons of the internal standard and the signals of the product that did not overlap with any other signals, typically vinylic
protons, in the *H NMR spectrum of the reaction mixture. Typically, the same sample was used for the determination of the analytical yield
and the isolation of the product; and hence the analytical yield is indicated before the isolation in the specific procedure. In some cases,
however, the product and the standard were of similar retention factors (Rf's), thereby hindering the isolation of the product. In such cases,
two analogous reactions were run independently; one sample used for the isolation of the product, and the other sample used for the
determination of the analytical yield by the NMR analysis. In such case, the experimental procedure indicates that the *H NMR yield of the
product was determined in “an analogous experiment”.

3.4.5. Overview of synthetic capacity

[Ir(cod)Cl],,
t-Bu-xantphos or JohnPhos,
A P Bopin, X
R + & _— R/\/
THF, 90°C,3-16h

Boron donors:

/\
/\

)
Y

2 VB1 VB2 VB3
Table 3.4. Concise overview for conditions of reactions of all substrates

Isolated
Catalyst loading Boron donor Tempera- Time NMR
Product Ligand yield
[mol%] [donor, equiv] ture [°C] [h] yield [%]?
[%]°
3 2 t-Bu-xantphos 2,15 90 3 >99 74
3 2 JohnPhos 2,15 90 3 >99 -
4 2 JohnPhos 2,15 90 8 88 54
4 2 JohnPhos 2,15 90 16 86 -
4 2 t-Bu-xantphos 2,15 90 16 77 -
5 2 t-Bu-xantphos 2,15 90 5 83 65
5 2 JohnPhos 2,15 90 5 57 -
6 2 JohnPhos 2,15 90 5 84 72
6 2 t-Bu-xantphos 2,15 90 5 80 -
7 2 JohnPhos 2,15 90 5 71 29
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34-Me 2 JohnPhos 2,15 90 5 76 53

34-Me 2 t-Bu-xantphos 2,15 90 5 74 -
34 2 t-Bu-xantphos 2,15 90 5 67 21
35 2 JohnPhos 2,15 90 5 72 41
36 2 JohnPhos 2,15 90 5 72 39

2 Because vinylboronic esters tend to partially decompose during chromatography on silica gel,%¢-% depending on the relative stability of
the products, the yields of isolated material in some cases are substantially lower than the analytical yields determined by *H NMR analysis.
n.d.: not determined.

3.4.6. Characterization of products

(E)-4,4,5,5-tetramethyl-2-styryl-1,3,2-dioxaborolane 3
The title compound was prepared according to the general procedure using styrene (20.8 mg, 200 umol, 1.0 equiv) as an
~ é\/o? alkene starting material, t-Bu-xantphos as a ligand, and thf as a solvent; the reaction mixture was allowed to stir for 3 h
©/\/ (instead of 5 h). The *H NMR yield of the title product was determined to be >99%. The reaction mixture was concentrated
under reduced pressure, and the residue was subjected to column chromatography (silica gel, 0-5% MTBE in petroleum
ether) to give the title compound (33.9 mg, 147 pmol, 74%) as a pale yellow oil. The NMR data match previously reported data for the title
product.?®
1H NMR (400 MHz, CDCl3) § 7.52 — 7.46 (m, 2H), 7.41 (d, J = 18.4 Hz, 1H), 7.37 — 7.26 (m, 3H), 6.18 (d, J = 18.4 Hz, 1H), 1.32 (s, 12H).

(E)-N-(2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenyl)acetamide 4

Aoy o The title compound was prepared according to the general procedure using N-(2-vinylphenyl)acetamide (32.2 mg,
S_B. 200 umol, 1.0 equiv) as an alkene starting material, JohnPhos as a ligand, and thf as a solvent; the reaction mixture was
©/\/ ° allowed to stir for 8 h (instead of 5 h). The *H NMR yield of the title product was determined to be 88%. The reaction

mixture was concentrated under reduced pressure, and the residue was subjected to column chromatography (silica
gel, 0-50% EtOAc in petroleum ether) to give the title compound (31.1 mg, 108 umol, 54%) as an off-white solid.
1H NMR (500 MHz, CDCls) 6 7.82 (d, J = 8.1 Hz, 1H), 7.60 — 7.41 (m, 2H), 7.39 — 7.28 (m, 2H), 7.15 (t, J = 7.6 Hz, 1H), 6.12 (d, J = 18.1 Hz, 1H),
2.22 (s, 3H), 1.31 (s, 12H);
13¢{*H} NMR (126 MHz, CDCl3) 6 168.7, 143.9, 134.9, 130.1, 129.5, 127.1, 125.5, 124.3, 83.7, 24.9, 24.6 [Note: the carbon atom attached to
the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the 'B nucleus®];
1B NMR (160 MHz, CDCls) 6 30.4;
HRMS (ESI) m/z caled. for C16H23BNO3 ([M+H]*): 288.1766; found: 288.1781.

tert-t-butyl (E)-(4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenyl)carbamate 5
The title compound was prepared according to the general procedure using tert-butyl (4-
vinylphenyl)carbamate (43.9 mg, 200 umol, 1.0 equiv) as an alkene starting material, t-Bu-
,O xantphos as a ligand, and thf as a solvent. The H NMR yield of the title product was
NN determined to be 83%. The mixture containing the title product and the standard was
O concentrated under reduced pressure, and the residue was subjected to column
chromatography (silica gel, 0-10% MTBE in petroleum ether) to give the title compound
BocHN (44.7 mg, 129 umol, 65%) as a yellow solid. The NMR data match previously reported data for
the title product.”®
H NMR (500 MHz, CDCl3) & 7.45 — 7.39 (m, 2H), 7.37 — 7.29 (m, 3H), 6.50 (s, 1H), 6.05 (d, J = 18.4 Hz, 1H), 1.51 (s, 9H), 1.30 (s, 12H).

(E)-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)benzenesulfonamide 6
The title compound was prepared according to the general procedure using 4-vinylbenzenesulfonamide (36.6 mg,

o] . . . ) )

S B 200 umol, 1.0 equiv) as an alkene starting material, JohnPhos as a ligand, and thf as a solvent. The *H NMR yield of
o /@M ° the title product was determined to be 84%. The reaction mixture was filtered over silica upon cooling to room
o-° temperature, the filtrate was concentrated under reduced pressure, and the residue was subjected to column

NH,
2 chromatography (silica gel, 10-42% EtOAc in petroleum ether) to give the title compound (44.7 mg, 145 pmol, 72%)

as a beige solid.

*H NMR (500 MHz, CDCls) & 7.89 (d, J = 8.5 Hz, 2H), 7.58 (d, J = 8.5 Hz, 2H), 7.38 (d, J = 18.4 Hz, 1H), 6.27 (d, J = 18.4 Hz, 1H), 4.93 (s, 2H), 1.32
(s, 12H);

13C{'H} NMR (126 MHz, CDCls) 6 147.3, 141.9, 141.7, 127.7, 127.0, 83.9, 25.0 [Note: the carbon atom attached to the boron atom was not
observed due to quadrupole broadening or relaxation delay caused by the !B nucleus®];

1B NMR (160 MHz, CDCls) 6 30.4;

HRMS (ESI) m/z calcd. for C1aH20BNO4S ([M]*): 309.1201; found: 309.1216.

(E)-N-benzyl-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)benzenesulfonamide 7
o The title compound was prepared according to the general procedure using N-benzyl-4-
« é‘o vinylbenzenesulfonamide (54.7 mg, 200 umol, 1.0 equiv) as an alkene starting material, JohnPhos as a ligand,
/@N and thf as a solvent. The reaction mixture was concentrated under reduced pressure, and the residue was
BnHNO,S subjected to column chromatography (silica gel, 0-20% EtOAc in petroleum ether) to give the title compound
(23.2 mg, 58 pmol, 29%) as a white solid. The NMR yield of the title prodcut was found to be 71% as determined in an analogous experiment
using *H NMR spectroscopy.
1H NMR (500 MHz, CDCl3) 6 7.83 (d, J = 8.1 Hz, 2H), 7.58 (d, J = 8.1 Hz, 2H), 7.40 (d, J = 18.4 Hz, 1H), 7.29 — 7.23 (m, 3H), 7.18 — 7.20 (m, 2H),
6.29 (d, J = 18.4 Hz, 1H), 4.92 (t, J = 6.2 Hz, 1H), 4.16 (d, J = 6.2 Hz, 2H), 1.34 (s, 12H);
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13C{*H} NMR (126 MHz, CDCls) & 147.3, 141.6, 139.6, 136.1, 128.7, 128.0, 127.9, 127.5, 127.5, 83.7, 47.3, 24.8 [Note: the carbon atom
attached to the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the !B nucleus®];

1B NMR (160 MHz, CDCls) 6 30.5;

HRMS (ESI) m/z calcd. for C21H27BNQ4S ([M+H]*): 400.1748; found: 400.1758.

(E)-5-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)-1H-indole 8

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged

« §J§< with [Ir(cod)Cl]2 (5.4 mg, 8.0 umol, 4 mol%), t-Bu-xantphos (8.0 mg, 16.0 umol, 8 mol%) Bzpin: (5.1 mg, 20.0 umol,

(x\/@/v "0 10 mol%), thf (200 uL), vinyl Bpin (50.8 UL, 46.2 mg, 300 umol, 1.5 equiv), and 5-vinyl-1H-indole (28.6 mg, 200 pmol,
N

N 1.0 equiv). The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block and
allowed to stir (800 rpm) at 90 °C for 5 h. Upon cooling to room temperature, the reaction mixture was concentrated
under reduced pressure, and the residue was subjected to column chromatography (silica gel, 0-20% MTBE in petroleum ether) to give the
title compound (17.1 mg, 65 pmol, 32%) as a dark oil. The NMR data match previously reported data for the title product.”® The *H NMR yield
of the title product was found to be 54% as determined in an analogous experiment using 'H NMR spectroscopy.
1H NMR (500 MHz, CDCls) 6 8.24 (s, 1H), 7.74 (s, 1H), 7.54 (d, J = 18.5 Hz, 1H), 7.43 (dd, J = 8.5, 1.6 Hz, 1H), 7.34 (d, /= 8.5 Hz, 1H), 7.19 (t, / =
2.8 Hz, 1H), 6.56 (t, J = 2.6 Hz, 1H), 6.12 (d, J = 18.4 Hz, 1H), 1.33 (s, 12H).

(E)-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)aniline 9
In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
g é;k< with [Ir(cod)Cl]2 (5.4 mg, 8.0 umol, 4 mol%), t-Bu-xantphos (8.0 mg, 16.0 umol, 8 mol%) Bzpin: (5.1 mg, 20.0 umol,
/@N 10 mol%), thf (200 pL), vinyl Bpin (50.8 pL, 46.2 mg, 300 umol, 1.5 equiv), and 4-vinylaniline (23.8 mg, 200 umol,
HaN 1.0 equiv). The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block and
allowed to stir (800 rpm) at 90 °C for 16 h. Upon cooling to room temperature, the reaction mixture was concentrated under reduced
pressure, and the residue was subjected to column chromatography (silica gel, 0-25% EtOAc in petroleum ether) to give the title compound
(16.7 mg, 68 umol, 34%) as a dark oil. The NMR data match previously reported data for the title product.”* The *H NMR yield of the title
product was found to be 50% as determined in an analogous experiment using *H NMR spectroscopy.
1H NMR (500 MHz, CDClz) 6 7.33 = 7.27 (m, 3H), 6.62 (d, J = 8.0 Hz, 2H), 5.93 (d, J = 18.4 Hz, 1H), 3.80 (s, 2H), 1.30 (s, 12H).

(E)-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenol 10
0J§< The title compound was prepared according to the general procedure using 4-vinylphenol (24.0 mg, 200 umol, 1.0
« E‘Lo equiv) as an alkene starting material, t-Bu-xantphos as a ligand, and thf as a solvent; the reaction mixture was filtered
/©/\/ over silica upon cooling to room temperature. The filtrate was concentrated under reduced pressure, and the residue
HO was subjected to column chromatography (silica gel, 0-20% EtOAc in petroleum ether) to give the title compound
(19.3 mg, 78 pmol, 39%) as a brown solid. The NMR data match previously reported data for the title product.”? The *H NMR yield of the title
product was found to be 39% as determined in an analogous experiment using *H NMR spectroscopy.
1H NMR (500 MHz, CDClz) 6 7.41 —7.29 (m, 3H), 6.80 (d, J = 8.1 Hz, 2H), 5.98 (d, J = 18.5 Hz, 1H), 5.90 (s, 1H), 1.31 (s, 12H).

(E)-(4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenyl)methanol 11

The title compound was prepared according to the general procedure using (4-vinylphenyl)methanol (26.8 mg,
g B'\;? 200 umol, 1.0 equiv) as an alkene starting material, t-Bu-xantphos as a ligand, and thf as a solvent; the reaction
HO\/@” mixture was filtered over silica upon cooling to room temperature. The reaction mixture was concentrated under

reduced pressure, and the residue was subjected to column chromatography (silica gel, 0-20% EtOAc in petroleum

ether) to give the title compound (37.7 mg, 145 pmol, 72%) as a beige solid. The NMR data match previously reported data for the title
product.” The *H NMR yield of the reaction was found to be 79% as determined in an analogous experiment using *H NMR spectroscopy.
1H NMR (500 MHz, CDCl3) § 7.47 (d, J = 7.8 Hz, 2H), 7.38 (d, J = 18.5 Hz, 1H), 7.33 (d, J = 7.9 Hz, 2H), 6.15 (d, J = 18.4 Hz, 1H), 4.68 (s, 2H), 1.31
(s, 12H) [Note: the OH proton was not detected].

(0]

(E)-2-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-2-ol 12
The title compound was prepared according to the general procedure using 2-methyl-3-buten-2-ol (17.2 mg, 200 umol,
_ _on Ll0equiv) as an alkene starting material, t-Bu-xantphos as a ligand, and thf as a solvent; the reaction mixture was filtered
o] - . ) )

\/x over silica upon cooling to room temperature. The reaction mixture was concentrated under reduced pressure, and the

residue was subjected to column chromatography (silica gel, 0-20% EtOAc in petroleum ether) to give the title compound

(16.5 mg, 78 umol, 39%) as a yellow oil. The NMR data match previously reported data for the title product.” The *H NMR yield of the title
product was found to be 46% as determined in an analogous experiment using *H NMR spectroscopy.
H NMR (400 MHz, CDCl3) 6 6.71 (d, J = 18.5 Hz, 1H), 5.61 (d, J = 18.5 Hz, 1H), 1.31 (s, 6H), 1.27 (s, 12H) [Note: the OH proton was not
detected].

Q
B

(E)-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)benzoic acid 13
The title compound was prepared according to the general procedure using 4-vinylbenzoic acid (29.6 mg,
9J§< 200 pmol, 1.0 equiv) as an alkene starting material, t-Bu-xantphos as a ligand, and thf as a solvent; the reaction
B0 mixture was filtered over silica upon cooling to room temperature. The 'H NMR yield of the title product was
HOZCJ@/\/ determined to be 73%. The mixture containing the product and the standard was concentrated under reduced
pressure, and the residue was subjected to column chromatography (silica gel, 0-10% MTBE in petroleum ether)
to isolate an analytically pure sample of the title compound as a yellow solid.
1H NMR (500 MHz, CDCls) 6 8.08 (d, J = 8.1 Hz, 2H), 7.57 (d, J = 8.0 Hz, 2H), 7.42 (d, J/ = 18.4 Hz, 1H), 6.31 (d, J = 18.4 Hz, 1H), 1.32 (s, 12H)
[Note: the COOH proton was not detected];
13¢{*H} NMR (126 MHz, CDCls) 6 171.1, 148.1, 142.6, 130.7, 129.3, 127.1, 126.4, 83.8, 25.0;
1B NMR (160 MHz, CDCls) 6 29.8;
HRMS (ESI) m/z calcd. for C1sH20BOa ([M+H]*): 275.1449; found: 275.1432.
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(E)-2-(4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenyl)acetic acid 14
The title compound was prepared according to the general procedure using 2-(4-vinylphenyl)acetic acid (36.6 mg,

« é\/& 200 pmol, 1.0 equiv) as an alkene starting material, JohnPhos as a ligand, thf as a solvent; the reaction mixture

L@N o was allowed to stir for 3 h (instead of 5 h). The reaction mixture was concentrated under reduced pressure, and
HO the residue was subjected to column chromatography (silica gel, 0-25% EtOAc in petroleum ether + 0.5% AcOH)
to give the title compound (20.9 mg, 73 pmol, 36%) as a yellow solid. The *H NMR yield of the title product was found to be 45% as determined
in an analogous experiment using *H NMR spectroscopy.
1H NMR (500 MHz, CDCls) & 7.44 (d, J = 7.8 Hz, 2H), 7.37 (d, / = 18.3 Hz, 1H), 7.25 (d, / = 7.8 Hz, 2H), 6.14 (d, J = 18.3 Hz, 1H), 3.64 (s, 2H), 1.31
(s, 12H) [Note: the COOH proton was not detected];
B3C{*H} NMR (126 MHz, CDCl3) 6 177.4,149.1, 136.8, 134.0, 129.8, 127.5, 83.6, 40.9, 24.9 [Note: the carbon atom attached to the boron atom
was not observed due to quadrupole broadening or relaxation delay caused by the !B nucleus®];
1B NMR (160 MHz, CDCls) 6 30.4;
HRMS (ESI) m/z calcd. for C16H22BO4 ([M+H]*): 289.1606; found: 289.1622.

O

(E)-6b,9a-dimethyl-8-styryl-6b,9a-dihydroacenaphtho[1,2-d][1,3,2]dioxaborole 16

‘ In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
. with [Ir(cod)Cl]z (2.7 mg, 4.0 umol, 2 mol%), t-Bu-xantphos (4.0 mg, 8.0 umol, 4 mol%) Bzpin: (2.5 mg, 10.0 umol,
«_B. O 5 mol%), thf (200 pL), 6b,9a-dimethyl-8-vinyl-6b,9a-dihydroacenaphtho(1,2-d][1,3,2]dioxaborole (“vinyl B(mac)”)
©M 0 (75.0 mg, 300 umol, 1.5 equiv), and styrene (20.8 mg, 22.9 pL, 200 umol, 1.0 equiv). The vial was sealed with a cap,

removed from the glove box, placed in a pre-heated aluminum block, and allowed to stir (800 rpm) at 90 °C for 5 h.

The *H NMR yield of the title product was determined to be 84%. Upon cooling to room temperature, the reaction mixture was concentrated
under reduced pressure, and the residue was subjected to column chromatography (silica gel, 0-5.5% MTBE in petroleum ether) to give the
title compound (39.3 mg, 120 pmol, 60%) as a white solid. The NMR data match previously reported data for the title product.?®
1H NMR (400 MHz, CDCl3) & 7.79 (dt, J = 6.9, 3.4 Hz, 2H), 7.63 — 7.55 (m, 4H), 7.45 — 7.38 (m, 2H), 7.35 (d, J = 18.4 Hz, 1H), 7.31 - 7.21 (m,
3H), 6.09 (d, J = 18.4 Hz, 1H), 1.84 (s, 6H).

O

(E)-2-styryl-2,3-dihydrobenzo[d][1,3,2]diazaborinin-4(1H)-one 17

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged

HNJ? with [Ir(cod)Cl]2 (2.7 mg, 4.0 umol, 2 mol%), t-Bu-xantphos (4.0 mg, 8.0 umol, 4 mol%), Bzpin: (2.5 mg, 10.0 umol,

N é\N o 5 mol%), thf (200 pL), 2-vinyl-2,3-dihydrobenzo[d][1,3,2]diazaborinin-4(1H)-one (“vinyl B(aam)”) (51.6 mg, 300 umol, 1.5

©N H equiv), and styrene (20.8 mg, 22.9 uL, 200 umol, 1.0 equiv). The vial was sealed with a cap, removed from the glove box,

placed in a pre-heated aluminum block, and allowed to stir (800 rpm) at 90 °C for 5 h. Upon cooling to room temperature,

the reaction mixture was concentrated under reduced pressure, and the residue was subjected to column chromatography (silica gel, 0-48%

EtOAc in petroleum ether) to give the title compound (37.4 mg, 151 pmol, 75%) as a white solid. The NMR data match previously reported

data for the title product.”> The NMR yield of the title product was found to be 84% as determined in an analogous experiment using *H NMR

spectroscopy.

1H NMR (500 MHz, DMSO-ds) & 9.49 (s, 1H), 9.21 (s, 1H), 7.98 (d, J = 7.9 Hz, 1H), 7.64 (d, J = 18.8 Hz, 1H), 7.53 (d, J = 7.5 Hz, 3H), 7.43 (t, J =

7.5 Hz, 2H), 7.35 (d, J = 7.3 Hz, 1H), 7.28 (d, J = 8.2 Hz, 1H), 7.07 (t, J = 7.5 Hz, 1H), 6.48 (d, J = 18.7 Hz, 1H).

(E)-2-styryl-2,3-dihydro-1H-naphtho[1,8-de][1,3,2]diazaborinine 18
In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged
™ O with [Ir(cod)Cl]2 (2.7 mg, 4.0 umol, 2 mol%), JohnPhos (4.8 mg, 16.0 umol, 8 mol%), B2pinz (2.5 mg, 10.0 umol, 5 mol%),
B, O thf (200 pL), 2-vinyl-2,3-dihydro-1H-naphtho[1,8-de][1,3,2]diazaborinine (“vinyl B(dan)”) (58.2 mg, 300 umol, 1.5
©/y N equiv), and styrene (20.8 mg, 22.9 pL, 200 umol, 1.0 equiv). The vial was sealed with a cap, removed from the glove
box, placed in a pre-heated aluminum block, and allowed to stir (800 rpm) at 90 °C for 5 h. The *H NMR yield of the title
product was determined to be 93%. Upon cooling to room temperature, the reaction mixture was concentrated under reduced pressure,
and the residue was subjected to column chromatography (silica gel, 0-10% MTBE in petroleum ether) to give the title compound (41.3 mg,
153 umol, 76%) as a dark blue solid. The NMR data match previously reported data for the title product.”®
1H NMR (400 MHz, CDCl3) § 7.52 (d, J = 7.2 Hz, 2H), 7.45 — 7.29 (m, 3H), 7.20 — 7.08 (m, 3H), 7.04 (d, J = 8.2 Hz, 2H), 6.48 — 6.23 (m, 3H), 5.85
(s, 2H).

(E)-4,4,5,5-tetramethyl-2-(4-nitrostyryl)-1,3,2-dioxaborolane 19
The title compound was prepared according to the general procedure using 1-nitro-4-vinylbenzene (29.8 mg,
QJ§< 200 umol, 1.0 equiv) as an alkene starting material, t-Bu-xantphos as a ligand, and thf as a solvent. The reaction
X-Bg mixture was concentrated under reduced pressure, and the residue was subjected to column chromatography
OZN/©N (silica gel, 0-10% MTBE in petroleum ether) to give the title compound (35.4 mg, 129 pmol, 64%) contaminated by
vinyl Bpin dimer (1.4 mg) as a colorless solid. The NMR data match previously reported data for the title product.””
The H NMR yield of the title product was determined to be 83% in an analogous experiment.
1H NMR (500 MHz, CDCl3) & 8.23 —8.18 (m, 2H), 7.64 — 7.57 (m, 2H), 7.42 (d, J = 18.4 Hz, 1H), 6.33 (d, J = 18.4 Hz, 1H), 1.32 (s, 12H).

Diethyl (E)-(4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenyl)phosphonate 20
The title compound was prepared according to the general procedure using diethyl (4-vinylphenyl)phosphonate
g E‘,\J§< (48.0 mg, 200 umol, 1.0 equiv) as an alkene starting material, JohnPhos as a ligand, and thf as a solvent. The *H
QO/\/ NMR yield of the title product determined to be 96%. The reaction mixture was concentrated under reduced
(EtO),P pressure, and the residue was subjected to column chromatography (silica gel, 0-77% EtOAc in petroleum ether)
to give the title compound (56.5 mg, 154 umol, 77%) as a brown oil.
H NMR (500 MHz, CDCls) & 7.77 (dd, J = 13.0, 8.2 Hz, 2H), 7.58 — 7.48 (m, 2H), 7.38 (d, J = 18.5 Hz, 1H), 6.26 (d, J = 18.4 Hz, 1H), 4.20 — 4.00
(m, 4H), 1.35 - 1.27 (m, 18H);
13C{*H} NMR (126 MHz, CDCls) 6 148.2 (d, J = 1.6 Hz), 141.3 (d, J = 3.3 Hz), 132.2 (d, J = 10.1 Hz), 129.3, 127.8, 127.1 (d, J = 15.4 Hz), 83.7, 62.3
(d,J=5.4Hz), 24.9, 16.5 (d, J = 6.5 Hz);
1B NMR (160 MHz, CDCls) 6 30.2;
31p NMR (202 MHz, CDCls) & 18.5;
HRMS (ESI) m/z calcd. for C1sH29BOsP ([M+H]*): 367.1840; found: 367.1857.
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Ethyl (E)-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)benzenesulfonate 21
The title compound was prepared according to the general procedure using ethyl 4-vinylbenzenesulfonate
« g? (42.5 mg, 200 pumol, 1.0 equiv) as an alkene starting material, JohnPhos as a ligand, and thf as a solvent. The reaction
/@N o mixture was concentrated under reduced pressure, and the residue was subjected to column chromatography
EtOsS (silica gel, 0-20% EtOAc in petroleum ether) to give the title compound (44.5 mg, 132 umol, 66%) as a yellow oil.
The *H NMR yield of the title product was found to be 86% as determined in an analogous experiment using *H NMR
spectroscopy.
1H NMR (400 MHz, CDCl3) 6 7.86 (d, J = 8.4 Hz, 2H), 7.60 (d, J = 8.3 Hz, 2H), 7.38 (d, J = 18.5 Hz, 1H), 6.30 (d, J = 18.5 Hz, 1H), 4.11 (g, J = 7.1
Hz, 2H), 1.30 — 1.27 (m, 15H);
13C{*H} NMR (101 MHz, CDCl3) 6 147.0, 142.7, 136.0, 128.3, 127.6, 83.9, 67.2, 24.9, 14.8 [Note: the carbon atom attached to the boron atom
was not observed due to quadrupole broadening or relaxation delay caused by the !B nucleus®];
1B NMR (128 MHz, CDCls) 6 31.1;
HRMS (ESI) m/z calcd. for C1sH23BOsS ([M]*): 338.1354; found: 338.1361.

(E)-2-(4-bromostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 22
The title compound was prepared according to the general procedure using 1-bromo-4-vinylbenzene (36.6 mg,

\ BJ§< 200 pmol, 1.0 equiv) as an alkene starting material, JohnPhos as a ligand, and thf as a solvent. The reaction mixture

/[j/V was concentrated under reduced pressure, and the residue was subjected to column chromatography (silica gel, 0-6%
Br MTBE in petroleum ether) to give the title compound (43.5 mg, 141 pmol, 70%) as a white solid. The NMR data match
previously reported data for the title product.”® The *H NMR yield of the title product was found to be 87% as determined in an analogous
experiment using *H NMR spectroscopy.
1H NMR (500 MHz, CDClz) § 7.49 — 7.39 (m, 2H), 7.39 — 7.26 (m, 3H), 6.15 (d, J = 18.6 Hz, 1H), 1.31 (s, 12H).

(E)-2-(2-chlorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 23
o 0J§< The title compound was prepared according to the general procedure using 1-chloro-2-vinylbenzene (27.7 mg, 200 umol,
©/\Vé*o 1.0 equiv) as an alkene, JohnPhos as a ligand, and thf as a solvent. The reaction mixture was concentrated under reduced
pressure, and the residue was subjected to column chromatography (silica gel, 0-5% MTBE in petroleum ether) to give
the title compound (41.0 mg, 155 umol, 77%) as a yellow oil. The NMR data match previously reported data for the title
product.” The *H NMR yield of the title product was found to be 85% as determined in an analogous experiment using *H NMR spectroscopy.
H NMR (500 MHz, CDCl3) 6 7.82 (d, J = 18.5 Hz, 1H), 7.66 (dd, J = 7.2, 2.3 Hz, 1H), 7.39 (dd, J = 7.2, 2.0 Hz, 1H), 7.31 - 7.21 (m, 2H), 6.21 (d, J
=18.5 Hz, 1H), 1.35 (s, 12H).

(E)-2-(4-(chloromethyl)styryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 24
The title compound was prepared according to the general procedure using 1-(chloromethyl)-4-vinylbenzene
9J§< (30.5 mg, 200 umol, 1.0 equiv) as an alkene starting material, t-Bu-xantphos as a ligand, and thf as a solvent. The
X-B-g reaction mixture was concentrated under reduced pressure, and the residue was subjected to column
CI\/©/\/ chromatography (silica gel, 0-10% MTBE in petroleum ether) to give the title compound (46.5 mg, 167 pmol, 83%)
as a pale-yellow solid. The 'H NMR yield of the title product was found to be 87% as determined in an analogous
experiment using *H NMR spectroscopy.
1H NMR (500 MHz, CDCl3) § 7.50 — 7.44 (m, 2H), 7.43 — 7.31 (m, 3H), 6.18 (d, J = 18.5 Hz, 1H), 4.58 (s, 2H), 1.31 (s, 12H).
B3C{*H} NMR (126 MHz, CDCls) 6 148.8, 138.1, 137.8, 129.0, 127.5, 83.6, 46.1, 25.0. [Note: the carbon atom attached to the boron atom was
not observed due to quadrupole broadening or relaxation delay caused by the !B nucleus®’];
1B NMR (160 MHz, CDCls) 6 30.3;
HRMS (ESI) m/z calcd. for CisH21BCIO2 ([M+H]*): 279.1318; found: 279.1327.

(E)-2-(2-(benzo[b]thiophen-2-yl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 25
0 The title compound was prepared according to the general procedure using 2-vinylbenzo[b]thiophene (32.0 mg,

©/\S)JB\O:¢ 200 pmol, 1.0 equiv) as an alkene starting material, JohnPhos as a ligand, and thf as a solvent. The reaction mixture

/ was concentrated under reduced pressure, and the residue was subjected to column chromatography (silica gel, 0-6%
MTBE in petroleum ether) to give the title compound (43.1 mg, 151 umol, 75%) as a yellow oil. The NMR data match previously reported
data for the title product.®° The *H NMR yield of the title product was found to be 87% as determined in an analogous experiment using *H
NMR spectroscopy.
1H NMR (400 MHz, CDCl3) 6 7.78 — 7.74 (m, 1H), 7.73 = 7.69 (m, 1H), 7.57 (d, J = 18.0 Hz, 1H), 7.38 — 7.27 (m, 2H), 7.26 (s, 1H), 6.02 (d, J =
18.0 Hz, 1H), 1.32 (s, 12H).

(E)-2-(2-(benzofuran-2-yl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 26
o The title compound was prepared according to the general procedure using 2-vinylbenzofuran (28.8 mg, 200 umol,

@CD)_//’BIO:@ 1.0 equiv) as an alkene starting material, JohnPhos as a ligand, and thf as a solvent. The reaction mixture was

% concentrated under reduced pressure, and the residue was subjected to column chromatography (silica gel, 0-6%
MTBE in petroleum ether) to give the title compound (34.7 mg, 128 pmol, 64%) as a pale yellow solid. The *H NMR yield of the title product
was found to be 88% as determined in an analogous experiment using *H NMR spectroscopy.
1H NMR (400 MHz, CDCl3) 6 7.51 (d, J = 7.2 Hz, 1H), 7.43 (d, J = 8.3 Hz, 1H), 7.25 (ddd, J = 16.5, 7.8, 2.3 Hz, 2H), 7.18 — 7.12 (m, 1H), 6.68 (s,
1H), 6.29 (d, J = 18.2 Hz, 1H), 1.28 (s, 12H);
13¢{*H} NMR (101 MHz, CDCls) 6 155.3, 155.1, 136.6, 128.9, 125.4, 123.0, 121.5, 111.4, 107.3, 83.6, 25.0 [Note: the carbon atom attached to
the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the 'B nucleus®];
1B NMR (128 MHz, CDCls) 6 30.3;
HRMS (ESI) m/z calcd. for C16H20BOs ([M+H]*): 271.1500; found: 271.1514.
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(E) 3 -(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)oxazolidin-2-one 27
The title compound was prepared according to the general procedure using 3-vinyloxazolidin-2-one (22.6 mg, 200 umol,
k/N_\\_ /o:@ 1.0 equiv) as an alkene starting material, JohnPhos as a ligand, and thf as a solvent. The reaction mixture was concentrated
B, under reduced pressure, and the residue was subjected to column chromatography (silica gel, 0-30% EtOAc in petroleum
ether) to give the title compound (33.9 mg, 142 umol, 71%) as a brown solid. The *H NMR yield of the title product was
found to be quantitative as determined in an analogous experiment using *H NMR spectroscopy.*H NMR (500 MHz, CDCls) 6 7.48 (d, J = 16.2
Hz, 1H), 4.53 —4.36 (m, 3H), 3.73 (dd, J = 9.1, 7.1 Hz, 2H), 1.24 (s, 12H);
3C{*H} NMR (126 MHz, CDCls) 6 155.9, 140.4, 83.3, 62.4, 41.9, 24.8 [Note: the carbon atom attached to the boron atom was not observed
due to quadrupole broadening or relaxation delay caused by the B nucleus®];
1B NMR (160 MHz, CDCls) 6 30.8;
HRMS (ESI) m/z calcd. for C11H1sBNOa ([M+H]*): 240.1402; found: 240.1404.

(E)-4,4,5,5-tetramethyl-2-(2-phenoxyvinyl)-1,3,2-dioxaborolane 28
The title compound was prepared according to the general procedure using phenyl vinyl ether (24.0 mg, 200 umol, 1.0
QJ% equiv) as an alkene starting material, t-Bu-xantphos as a ligand, thf as a solvent; the reaction mixture was allowed to stir
pho” XB~g for 3 h (instead of 5 h). The mixture containing the product was concentrated under reduced pressure, and the residue
was subjected to column chromatography (silica gel, 0.4% NEts in petroleum ether/10% MTBE in petroleum ether = 1/0
- 0/1) to give the title compound (35.4 mg, 144 pmol, 72%, E/Z = 98/2) as a red oil. The *H NMR yield of the title product was determined
to be 76% (E/Z = 95/5)* in an analogous experiment.
1H NMR (400 MHz, CDCls)* & 7.38 — 7.28 (m, 2H, Hf), 7.24 (d, J = 14.6 Hz, 1H, Hf)*, 7.16 — 7.08 (m, 1H, Hf), 7.08 — 7.01 (m, 2H, HE), 4.87 (d, J =
13.9 Hz, 1H, Hf), 4.56 (d, J = 8.0 Hz, 1H, H?), 1.27 (s, 12H, HE);
# Besides the major set of signals corresponding to the title product, a minor second set of signals is present in the *H NMR spectrum of the
reaction mixture. Due to the overall similarity to the title compound in standard 2D NMR experiments, the similarity of the chemical shifts
to the literature-known compound Z-30%, and the coupling constant of 8.0 Hz of the doublet assigned to CHBpin (versus the coupling
constant of 13.9 Hz of the analogous proton in the title compound), this set of signals was assigned to the Z-isomer.
“NMR data corresponds to a £/Z = 98/2 mixture. Only not overlapping signals of the Z-isomer are listed.
* Signal overlaps partially with the CDCls solvent peak.
13C NMR (126 MHz, CDCl3) 6 159.7, 156.2, 129.8, 124.2, 118.5, 83.1, 24.9 [Note: the carbon atom attached to the boron atom was not
observed due to quadrupole broadening or relaxation delay caused by the !B nucleus®];
1B NMR (160 MHz, CDCls) 6 31.0;
HRMS (ESI) m/z calcd. for C1aH20BOs ([M+H]*): 247.1500; found: 247.1498.

(E)-2-(2-(benzyloxy)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 29
The title compound was prepared according to the general procedure using 2-(vinyloxy)ethan-1-ol (26.8 mg, 200 umol,
OJ% 1.0 equiv) as an alkene starting material, t-Bu-xantphos as a ligand, thf as a solvent; the reaction mixture was allowed to
Bno/\/B‘\O stir for 3 h (instead of 5 h). The reaction mixture was concentrated under reduced pressure, and the residue was
subjected to column chromatography (silica gel, 0.4% NEts in petroleum ether/10% MTBE in petroleum ether = 1/0 >
0/1) to give the title compound (28.3 mg, 109 umol, 54%) as a yellow oil. The NMR data match previously reported data for the title product.®?
The 'H NMR yield of the title product was found to be 94% (E/Z = 96/4)* as determined in an analogous experiment using *H NMR
spectroscopy.
1H NMR (500 MHz, CDClz) § 7.38 = 7.29 (m, 5H), 7.15 (d, J = 14.4 Hz, 1H), 4.84 (s, 2H), 4.56 (d, J = 14.4 Hz, 1H), 1.26 (s, 12H).
# Besides the major set of signals corresponding to the title product, a minor second set of signals is present in the *H NMR spectrum of the
reaction mixture. Due to the overall similarity to the title compound in standard 2D NMR experiments, the similarity of the chemical shifts
to the literature-known compound Z-30%, and the coupling constant of 8.3 Hz of the doublet assigned to CHBpin (versus the coupling
constant of 14.4 Hz of the analogous proton in the title compound), this set of signals was assigned to the Z-isomer.

(E)-2-(2-butoxyvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 30
The title compound was prepared according to the general procedure using butyl vinyl ether (20.0 mg, 200 umol, 1.0
QJ% equiv) as an alkene starting material, t-Bu-xantphos as a ligand, thf as a solvent; the reaction mixture was allowed to stir
Buo” B¢ for 3 h (instead of 5 h). The reaction mixture was concentrated under reduced pressure, and the residue was subjected
to column chromatography (silica gel, 0.4% NEts in petroleum ether/10% MTBE in petroleum ether = 1/0 - 0/1) to give
the title compound (13.4 mg, 59 umol, 30%) as a brown solid. The chemical shift and coupling constant used for the determination of the
stereoselectivity of the reaction in the reaction mixture match previously reported data for the Z-isomer of the title product.®! The 'H NMR
yield of the title product was found to be 68% (E/Z = 96/4) as determined in an analogous experiment using *H NMR spectroscopy.
H NMR (500 MHz, CDCls) & 7.05 (d, J = 14.4 Hz, 1H), 4.43 (d, J = 14.4 Hz, 1H), 3.77 (t, J = 6.6 Hz, 2H), 1.68 — 1.59 (m, 2H), 1.44 — 1.34 (m, 2H),
1.25 (s, 12H), 0.92 (t, J = 7.4 Hz, 3H);
BC{*H}NMR (101 MHz, CDCls) 6 163.5, 82.8, 68.8, 31.1, 24.9, 19.3, 13.9 [Note: the carbon atom attached to the boron atom was not observed
due to quadrupole broadening or relaxation delay caused by the B nucleus®];
1B NMR (128 MHz, CDCls) 6 31.9;
HRMS (ESI) m/z calcd. for C12H24BO3 ([M+H]*): 227.1813; found: 227.1810.

(E)-2-(2-(2-chloroethoxy)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 31
The title compound was prepared according to the general procedure using (2-chloroethoxy)ethene (21.3 mg,
QJ% 200 pumol, 1.0 equiv) as an alkene starting material, t-Bu-xantphos as a ligand, thf as a solvent; the reaction
O~ XBog mixture was allowed to stir for 3 h (instead of 5 h). The reaction mixture was concentrated under reduced
pressure, and the residue was subjected to column chromatography (silica gel, 0.4% NEts in petroleum ether/10%
MTBE in petroleum ether = 1/0 - 0/1) to give the title compound (13:6 mg, 58.5 umol, 29%) as a pale-yellow solid. The *H NMR yield of the
title product was found to be 55% as determined in an analogous experiment using 'H NMR spectroscopy.
1H NMR (500 MHz, CDCl3) 6 § 7.04 (d, J = 14.3 Hz, 1H), 4.47 (d, J = 14.5 Hz, 1H), 4.03 (t, J = 5.8 Hz, 2H), 3.70 (t, J = 5.8 Hz, 2H), 1.25 (s, 12H),
B3C{*H} NMR (126 MHz, CDCl3) 6 162.2, 83.0, 68.5, 41.7, 24.9. [Note: the carbon atom attached to the boron atom was not observed due to
quadrupole broadening or relaxation delay caused by the B nucleus®];
1B NMR (160 MHz, CDCls) 6 30.9;
HRMS (ESI) m/z calcd. for C10H19BClO3 ([M+H]*): 233.1110; found: 233.1118.
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(E)-2-(2-ethoxyvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 32
The title compound was prepared according to the general procedure using ethyl vinyl ether (14.4 mg, 200 umol, 1.0
’oJ§< equiv) as an alkene starting material, t-Bu-xantphos as a ligand, and thf as a solvent; the reaction mixture was allowed to
g0 XB~g stir for 3 h (instead of 5 h). The reaction mixture was concentrated under reduced pressure, and the residue was subjected
to column chromatography (silica gel, 0.4% NEts in petroleum ether/10% MTBE in petroleum ether = 1/0 - 0/1) to give
the title compound (16.4 mg, 83 umol, 42%) as a yellow solid. The NMR data match previously reported data for the title product.® The *H
NMR yield of the title product was found to be 63% (E/Z > 95/5) as determined in an analogous experiment using *H NMR spectroscopy and
TMB as an internal standard.
1H NMR (400 MHz, CDCl3) & 7.04 (d, J = 14.5 Hz, 1H), 4.43 (d, J = 14.4 Hz, 1H), 3.84 (g, J = 7.0 Hz, 2H), 1.33 = 1.21 (m, 15H).

(E)-tert-butyldimethyl(4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenoxy)silane 33
The title compound was prepared according to the general procedure using tert-butyldimethyl(4-
S B‘\J§< vinylphenoxy)silane (46.9 mg, 200 umol, 1.0 equiv), as an alkene starting material, JohnPhos as a ligand, and thf as
/@N a solvent. The reaction mixture was concentrated under reduced pressure, and the residue was subjected to column
TBSO chromatography (silica gel, 0-6.5% MTBE in petroleum ether) to give the title compound (51.0 mg, 142 umol, 71%)
as a white solid. The NMR data match previously reported data for the title product.® The *H NMR yield of the title product was found to be
89% as determined in an analogous experiment using 'H NMR spectroscopy.
1H NMR (400 MHz, CDCl3) § 7.40 — 7.29 (m, 3H), 6.80 (d, J = 8.6 Hz, 2H), 6.00 (d, J = 18.4 Hz, 1H), 1.30 (s, 12H), 0.98 (s, 9H), 0.20 (s, 6H).

Methyl (E)-2-(5-methoxy-2-methyl-1-(4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)ben-zoyl)-1H-indol-3-yl)acetate 34-Me
The title compound was prepared according to the general procedure using methyl 2-(5-methoxy-2-methyl-1-

>?L- (4-vinylbenzoyl)-1H-indol-3-yl)acetate (72.7 mg, 200 umol, 1.0 equiv) as an alkene starting material, JohnPhos
0N~ as a ligand, and thf as a solvent; the reaction mixture was not filtered over silica upon cooling to room

W@\r//o temperature. The H NMR yield was determined to be 76%. The reaction mixture was concentrated under
reduced pressure, and the residue was subjected to column chromatography (silica gel, 0-25% EtOAc in
petroleum ether) to give the title compound (52.0 mg, 106 umol, 53%) as a yellow solid.
1H NMR (500 MHz, CDCls) 6 7.69 (d, J = 8.3 Hz, 2H), 7.58 (d, J = 8.3 Hz, 2H), 7.44 (d, J = 18.5 Hz, 1H), 6.95 (d, J =
2.6 Hz, 1H), 6.87 (d, J = 9.0 Hz, 1H), 6.64 (dd, J = 9.0, 2.5 Hz, 1H), 6.32 (d, J = 18.5 Hz, 1H), 3.83 (s, 3H), 3.70 (s,
3H), 3.67 (s, 2H), 2.38 (s, 3H), 1.32 (s, 12H);
13¢{*H} NMR (126 MHz, CDCls) 6 171.6, 169.2, 156.0, 148.0, 141.8, 136.2, 135.5, 131.0, 130.7, 130.3, 127.4, 115.2, 112.3, 111.6, 101.3, 83.8,
55.8,52.3,30.3, 24.9, 13.4 [Note: the carbon atom attached to the boron atom was not observed due to quadrupole broadening or relaxation
delay caused by the !B nucleus®];
1B NMR (160 MHz, CDCls) 6 30.8;
HRMS (ESI) m/z caled. for C2sH33BNOs ([M+H]*): 490.2395; found: 490.2388.
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(E)-2-(5-methoxy-2-methyl-1-(4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)benzoyl)-1H-indol-3-yl)acetic acid 34
The title compound was prepared according to the general procedure using 2-(5-methoxy-2-methyl-1-(4-
>?Lg vinylbenzoyl)-1H-indol-3-yl)acetic acid (69.9 mg, 200 umol, 1.0 equiv) as an alkene starting material, t-Bu-
O~ xantphos as a ligand, and thf as a solvent.. The *H NMR yield of the title product was determined to be 67%. The
\/\©\7¢o reaction mixture was concentrated under reduced pressure, and the residue was subjected to column
N chromatography (two columns, silica gel, 0-45% EtOAc in petroleum ether + 0.5% AcOH) to give the title
/@QOH compound (19.9 mg, 42 umol, 21%) as a yellow oil [Note: the low yield of isolated material results from the
limited separation of the product from the unreacted starting material during the chromatographic purification].
1H NMR (500 MHz, CDCl3) 6 7.68 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.3 Hz, 2H), 7.44 (d, J = 18.4 Hz, 1H), 6.95 (d, J =
2.6 Hz, 1H), 6.87 (d, J = 9.0 Hz, 1H), 6.64 (dd, J = 9.0, 2.6 Hz, 1H), 6.31 (d, J = 18.5 Hz, 1H), 3.82 (s, 3H), 3.69 (s, 2H), 2.38 (s, 3H), 1.32 (s, 12H);
13¢{*H} NMR (126 MHz, CDCls) 6 176.7, 169.2, 156.1, 148.0, 141.9, 136.4, 135.5, 131.1, 130.6, 130.3, 127.4, 115.2,111.8, 111.8, 101.3, 83.8,
55.9, 25.0, 20.8, 13.4 [Note: the carbon atom attached to the boron atom was not observed due to quadrupole broadening or relaxation
delay caused by the !B nucleus®];
1B NMR (160 MHz, CDCls) 6 30.1;
HRMS (ESI) m/z calcd. for C27H29BNOs ([M-H]"): 474.2082; found: 474.2093.

e}
o

Methyl (E)-3-(1-methyl-2-oxo0-1,2-dihydroquinolin-4-yl)-2-(4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)benzamido)propano-
ate 35

The title compound was prepared according to the general procedure using methyl 3-(1-methyl-2-oxo-
1,2-dihydro-quinolin-4-yl)-2-(4-vinylbenzamido)propanoate (78.1 mg, 200 umol, 1.0 equiv) as an alkene
starting material, JohnPhos as a ligand, and thf as a solvent; the reaction mixture was not filtered over
silica upon cooling to room temperature. The 'H NMR yield of the title product was determined to be
72%. The reaction mixture was concentrated under reduced pressure, and the residue was subjected to
column chromatography (silica gel, 0-3.5% MeOH in DCM) to give the title compound alongside starting
material (71/29, 42.1 mg, 82 umol, 41% of title compound) as an off-white solid.

1H NMR (400 MHz, CDClz) & 7.93 — 7.86 (m, 1H), 7.61 (dd, J = 8.4, 2.7 Hz, 2H), 7.50 (ddt, J = 8.8, 7.2, 1.9 Hz, 1H), 7.45 — 7.40 (m, 2H), 7.37 -
7.27 (m, 2H), 7.22 - 7.13 (m, 1H), 6.80 (d, J = 7.4 Hz, 1H), 6.50 (s, 1H), 6.16 (d, J = 18.5 Hz, 1H), 5.09 (qd, J = 6.5, 1.9 Hz, 1H), 3.67 (s, 3H), 3.62
(s, 3H), 3.36 (dd, J = 6.5, 3.0 Hz, 2H), 1.24 (s, 12H);

13¢{*H} NMR (101 MHz, CDCls) 6 171.6, 166.8, 161.6, 148.0, 145.0, 140.1, 135.9, 133.3, 130.9, 127.5, 127.2, 125.2, 122.4,122.2,120.4, 114.8,
83.6, 52.8, 52.7, 34.9, 29.4, 24.8 [Note: the carbon atom attached to the boron atom was not observed due to quadrupole broadening or
relaxation delay caused by the B nucleus®];

1B NMR (160 MHz, CDCls) 6 29.9;

HRMS (ESI) m/z calcd. for C2oH3aBN20s ([M+H]*): 517.2504; found: 517.2528.
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(E)-N-(propylcarbamoyl)-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)benzenesulfonamide 36
The title compound was prepared according to the general procedure using N-(propylcarbamoyl)-4-
B vinylbenzenesulfon-amide (53.7 mg, 200 umol, 1.0 equiv) as an alkene starting material, JohnPhos as a
°© %Q\ 00 ligand, and thf as a solvent; the reaction mixture was not filtered over silica upon cooling to room
d§iN)LN/\/ temperature. The *H NMR yield of the title prodcut was determined to be 72%. The reaction mixture was
concentrated under reduced pressure, and the residue was subjected to column chromatography (silica
gel, 0-50% EtOAc in petroleum ether) to give the title compound (30.4 mg, 77 umol, 39%) as a white solid.
1H NMR (400 MHz, CDCl3) & 8.47 (s, 1H), 7.85 (d, J = 8.3 Hz, 2H), 7.58 (d, J = 8.2 Hz, 2H), 7.38 (d, J = 18.5 Hz, 1H), 6.57 (t, J = 5.9 Hz, 1H), 6.29
(d, J=18.5 Hz, 1H), 3.19 (q, / = 6.6 Hz, 2H), 1.50 (h, J = 7.3 Hz, 2H), 1.32 (s, 12H), 0.87 (t, J = 7.4 Hz, 3H);
13C{*H} NMR (101 MHz, CDCls) § 151.3, 146.6, 142.5, 138.9, 127.4, 127.1, 83.6, 41.9, 24.6, 22.6, 11.0
[Note: the carbon atom attached to the boron atom was not observed due to quadrupole broadening or relaxation delay caused by the 'B
nucleus®];
1B NMR (160 MHz, CDCls) 6 30.6;
HRMS (ESI) m/z calcd. for C1gH26BN20sS ([M-H]"): 393.1650; found: 393.1664.

3.4.7. Synthesis of starting materials

6b,9a-dimethyl-8-vinyl-6b,9a-dihydroacenaphtho[1,2-d][1,3,2]dioxaborole VB1
B’O The compound was prepared according to a modified literature procedure.®> To a solution of vinyl potassium
o trifluoroborate (190 mg, 1.4 mmol, 1.0 equiv) in acetonitrile/H.0 (1:1, 4mL) at room temperature, 1,2-
O dimethylacenaphthylene-1,2-diol (304 mg, 1.4 mmol, 1.0 equiv), imidazole (290 mg, 4.3 mmol, 3.0 equiv), and FeCls (19.2
mg, 0.07 mmol, 5 mol%) were added. The reaction mixture was allowed to stir for 50 min. The mixture was filtered through
a plug of celite (eluent: diethyl ether). The volatiles from the filtrate were removed under reduced pressure. The residue was subjected to
column chromatography (silica gel, 0 — 10% EtOAc in petroleum ether) to isolate the title product as a white solid (284 mg, 1.14 mmol, 81%).
The NMR data match previously reported data for the title product.®®
1H NMR (400 MHz, CDCl3) & 7.79 (dd, J = 7.8, 1.1 Hz, 2H), 7.67 — 7.52 (m, 4H), 6.12 (dd, J = 19.6, 4.2 Hz, 1H), 5.96 (dd, J = 13.7, 4.2 Hz, 1H),
5.79 (dd, J = 19.5, 13.8 Hz, 1H), 1.81 (s, 6H).

2-vinyl-2,3-dihydrobenzo[d][1,3,2]diazaborinin-4(1H)-one VB2
PN The compound was prepared according to a modified literature procedure.®” Under a nitrogen atmosphere, a screw-cap vial
HN)D was charged with anthranilamide (545 mg, 4.0 mmol, 1.0 equiv), potassium vinyltrifluoroborate (563 mg, 4.2 mmol,

1.05 equiv), oven-dried SiOz (400 mg), and CPME/toluene (1/1, 12 mL). The vial was sealed with a screw-cap, and the reaction
mixture was allowed to stir at 60 °C for 17 h. The reaction mixture was filtered through a pad of celite, which was washed

with diethyl ether, and the volatiles from the filtrate were removed under reduced pressure. The residue was subjected to column

chromatography (silica gel, 0 — 40% EtOAc in petroleum ether) to give the title product (343 mg, 2.0 mmol, 50%) as a white solid.

*H NMR (500 MHz, DMSO-ds) & 9.43 (s, 1H), 9.10 (s, 1H), 7.96 (dd, J = 8.0, 1.6 Hz, 1H), 7.52 (ddd, J = 8.6, 7.2, 1.7 Hz, 1H), 7.25 (dd, J= 8.2, 1.1

Hz, 1H), 7.06 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 6.42 — 6.29 (m, 1H), 6.19 — 6.07 (m, 1H), 6.00 (dd, J = 13.8, 3.5 Hz, 1H);

B3C{*H} NMR (126 MHz, DMSO-ds) 6 166.1, 145.3, 134.2, 133.3, 128.0, 120.7, 118.9, 117.9 [Note: the carbon atom attached to the boron

atom was not observed due to quadrupole broadening or relaxation delay caused by the 1B nucleus®];

1B NMR (160 MHz, DMSO-de) & 28.4;

HRMS (ESI) m/z calcd. for CoH10BN,O ([M+H]*): 173.0881; found: 173.0891.

-vmyl -2,3-dihydro-1H-naphtho[1,8-de][1,3,2]diazaborinine VB3

PN 8 The compound was prepared according to a modified literature procedure.® Under a nitrogen atmosphere, to a mixture of
Hl O vinyl Bpin (592 pL, 539 mg, 3.5 mmol, 1.0 equiv) and FeCls (47.3 mg, 0.18 mmol, 5 mol%) in acetonitrile/water (14/1, 15 mL),
O imidazole (715 mg, 10.5 mmol, 3.0 equiv) and 1,8-diaminonaphthalene (554 mg, 3.5 mmol, 1.0 equiv) were added. The
mixture was allowed to stir at room temperature for 2 h, diluted with EtOAc (20 mL), and filtered through a pad of celite,
which was washed with EtOAc. The organic phase was separated, then washed with water (2 x 30 mL), and brine (1 x 30 mL), dried over
sodium sulfate, and filtered. The volatiles of the filtrate were removed under reduced pressure. The residue was subjected to column
chromatography (silica gel, 0 — 15% EtOAc in petroleum ether) to give the title product (530 mg, 2.7 mmol, 78%) as a dark blue oil. The NMR

data match previously reported data for the title product.®®
‘H NMR (400 MHz, CDCls) 6 7.11 (dd, J = 8.4, 7.2 Hz, 2H), 7.02 (dd, J = 8.3, 1.0 Hz, 2H), 6.34 (dd, J = 7.3, 1.0 Hz, 2H), 6.09 — 5.99 (m, 1H), 5.95

—5.87 (m, 2H), 5.75 (br's, 2H).

N-(2-vinylphenyl)acetamide SM4
HN-AC The compound was prepared according to a modified literature procedure.® In a sealed vial under a nitrogen atmosphere, a
~. Mixture of N-(2-bromophenyl)acetamide (642 mg, 3.0 mmol, 1.0 equiv), PdCl, (10.6 mg, 0.06 mmol, 2 mol%), PPhs (47.2 mg,

0.12 mmol, 6 mol%), Cs2COs (2.93 g, 9.0 mmol, 3.0 equiv), potassium vinyltrifluoroborate (402 mg, 3.0 mmol, 1.0 equiv), and
thf/H20 (9:1, 6 mL) was allowed to stir at 85 °C for 22 h. The reaction mixture was allowed to cool to room temperature, diluted

with water (10 mL), and then washed with DCM (3 x 20 mL). The combined organic layers were dried over sodium sulfate and filtered. The

volatiles of the filtrate were removed under reduced pressure and the residue was subjected to column chromatography (silica gel, 0 — 50%

EtOAc in petroleum ether) to give the title product (340 mg, 2.1 mmol, 70%) as a white solid. The NMR data match previously reported data

for the title product.®

1H NMR (500 MHz, CDCl3) & 7.80 (d, J = 8.1 Hz, 1H), 7.42 (dd, J = 7.7, 1.6 Hz, 1H), 7.31 — 7.26 (m, 1H), 7.19 — 7.10 (m, 2H), 6.79 (dd, J = 17.4,

11.0 Hz, 1H), 5.68 (dd, J = 17.5, 1.3 Hz, 1H), 5.41 (dd, J = 11.0, 1.3 Hz, 1H), 2.20 (s, 3H).

tert-butyl (4-vinylphenyl)carbamate SM5

The compound was prepared in accordance to a literature procedure.® A solution of 4-aminostyrene (596 mg, 5.00 mmol,
1.0 equiv) and di-tert-butyl dicarbonate (2.18 g, 10.0 mmol, 2.0 equiv) in CH2Cl; (3.6 mL) was allowed to stir at room
temperature for 17 h under a nitrogen atmosphere. Imidazole (1.02 g, 15.0 mmol, 3.0 equiv) was added, and the resulting
solution was allowed to stir for 2 h at room temperature. The subsequent work-up was performed according to a literature procedure:*2 The

BocHN
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volatiles were removed under reduced pressure. CH2Cl2 (20 mL) was added. The organic phase was washed with 1% aqueous HCI (3 x 40 mL)
with back-washing (CH2Clz, 5 mL). The combined organic phases were washed with brine (20 mL), dried over Na,SOs, and filtrated. The
volatiles of the filtrate were removed under reduced pressure to isolate the title product (936 mg, 4.27 mmol, 85%) as a colorless solid. The
NMR data match previously reported data for the title product.?®

1H NMR (500 MHz, CDCl3) 6 7.38 — 7.28 (m, 4H), 6.65 (dd, J = 17.6, 10.9 Hz, 1H), 6.48 (s, 1H), 5.65 (dd, J = 17.6, 0.9 Hz, 1H), 5.16 (dd, J = 10.8,
1.0 Hz, 1H), 1.52 (s, 9H).

4-vinylbenzenesulfonamide SM6
The title compound was prepared according to a literature procedure.® p-Styrene sulfonyl chloride® (1.01 g, 5.0 mmol,

/©A 1.0 equiv) was added dropwise to an aqueous ammonia solution (30%, 15 mL) at room temperature. The reaction mixture
HeNO,S was allowed to stir for 3 h and washed with diethyl ether (3 x 15 mL). The combined organic layers were dried over sodium
sulfate, and filtered. The volatiles were removed under reduced pressure to give the title compound (755 mg, 4.1 mmol, 82%) as a white
solid. The NMR data match previously reported data for the title product.®
1H NMR (400 MHz, CDCl3) & 7.88 (d, J = 8.4 Hz, 2H), 7.53 (d, J = 8.5 Hz, 2H), 6.75 (dd, J = 17.6, 10.9 Hz, 1H), 5.88 (d, J = 17.6 Hz, 1H), 5.44 (d, J
=10.9 Hz, 1H), 4.84 (s, 2H).

N-benzyl-4-vinylbenzenesulfonamide SM7

The title compound was prepared according to a literature procedure.®> p-Styrene sulfonyl chloride® (1.01 g, 5.0 mmol,
1.0 equiv) was added dropwise to a solution of benzyl amine (589 mg, 5.5 mmol, 1.1 equiv) and triethylamine (1.11 g,
1.52 mL, 11.0 mmol, 2.2 equiv) in DCM (10 mL) at 0 °C under a nitrogen atmosphere. The reaction mixture was allowed
to stir for 15 h at room temperature and the volatiles were removed under reduced pressure. The residue was subjected to column
chromatography (silica gel, 0-20% EtOAc in petroleum ether) to give the title compound (957 mg, 3.5 mmol, 70%) as a yellow solid. The NMR
data match previously reported data for the title product.®®

‘H NMR (400 MHz, CDCls) 6 7.82 (d, J = 8.5 Hz, 2H), 7.52 (d, J = 8.4 Hz, 2H), 7.31 — 7.24 (m, 3H), 7.22 — 7.17 (m, 2H), 6.76 (dd, J = 17.6, 10.9
Hz, 1H), 5.89 (d, J = 17.6 Hz, 1H), 5.44 (d, J = 10.9 Hz, 1H), 4.67 (t, J = 6.2 Hz, 1H), 4.15 (d, J = 6.2 Hz, 2H).

BnHNO,S

5-vinyl-1H-indole SM8
The compound was prepared according to a modified literature procedure.?® In a sealed vial under a nitrogen atmosphere, a

(/DA\ mixture of 5-bromoindole (588 mg, 3.0 mmol, 1.0 equiv), PdCl> (10.6 mg, 0.06 mmol, 2 mol%), PPhs (47.2 mg, 0.12 mmol,
N 6 mol%), Cs2C03(2.93 g, 9.0 mmol, 3.0 equiv), potassium vinyltrifluoroborate (402 mg, 3.0 mmol, 1.0 equiv), and thf/H.0 (9:1,

6 mL) was allowed to stir at 85 °C for 22 h. The reaction mixture was allowed to cool to room temperature, diluted with water (10 mL), and
then washed with DCM (3 x 20 mL). The combined organic layers were dried over sodium sulfate and filtered. The volatiles of the filtrate
were removed under reduced pressure and the residue was subjected to column chromatography (silica gel, 0 — 20% EtOAc in petroleum
ether) to give the title product (168 mg, 1.2 mmol, 39%) as an off-white solid. The NMR data match previously reported data for the title
product.®’

1H NMR (500 MHz, CDCls) & 8.12 (s, 1H), 7.65 (s, 1H), 7.36 — 7.33 (m, 2H), 7.19 (t, J = 2.8 Hz, 1H), 6.84 (dd, J = 17.6, 10.8 Hz, 1H), 6.56 — 6.50
(m, 1H), 5.70 (dd, J = 17.5, 1.1 Hz, 1H), 5.15 (dd, J = 10.9, 1.0 Hz, 1H).

4-vinylphenol SM10

The title compound was prepared according to a literature procedure.®® Sodium hydroxide (500 mg, 12.5 mmol, 2.5 equiv) in
water (5 mL) was slowly added to a solution of 4-acetoxystyrene (811 mg, 5.0 mmol, 1.0 equiv) in thf (8 mL) at 0 °C. The
reaction mixture was allowed to stir for 16 h at room temperature, cooled down to 0 °C and 1.5 M HCI (5 mL, until acidic) was
added. After addition of water (20 mL), the mixture was washed with diethyl ether (3 x 45 mL). The combined organic layers were dried over
sodium sulfate and filtered. The volatiles were removed under reduced pressure and the residue was subjected to column chromatography
(silica gel, 0 — 10% EtOAc in petroleum ether) to give the title compound (492 mg, 4.1 mmol, 82%) as a yellow oil. The NMR data match
previously reported data for the title product.®®

1H NMR (500 MHz, CDCls) & 7.30 (d, J = 8.5 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 6.66 (dd, J = 17.6, 10.9 Hz, 1H), 5.99 (s, 1H), 5.61 (dd, J = 17.6, 0.9
Hz, 1H), 5.13 (dd, J = 11.0, 0.9 Hz, 1H).

HO

(4-vinylphenyl)methanol SM11

ﬁ\ The compound was prepared according to a literature procedure.® To sodium hydroxide (200 mg, 5.0 mmol, 1.0 equiv) and
HO, tetrabutylammonium bromide (1.61 g, 5.0 mmol, 1.0 equiv) in water (10 mL), 4-vinylbenzylchloride (763 mg, 707 L,
5.0 mmol, 1.0 equiv) was added. The reaction mixture was allowed to stir at 125 °C for 20 min, allowed to cool down to room temperature,
and washed with EtOAc (3 x 10 mL). The combined organic layers were dried over sodium sulfate and filtered. The volatiles of the filtrate
were removed under reduced pressure and the residue was subjected to column chromatography (silica gel, 0 — 20% EtOAc in petroleum
ether) to give the title product (299 mg, 2.2 mmol, 45%) as a yellow oil. The NMR data match previously reported data for the title product.*®
1H NMR (500 MHz, CDCl3) § 7.41 (d, J = 8.1 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 6.72 (dd, J = 17.6, 10.9 Hz, 1H), 5.76 (d, J = 17.6 Hz, 1H), 5.25 (d, J
=10.9 Hz, 1H), 4.68 (s, 2H) [Note: the OH proton was not detected].

2-(4-vinylphenyl)acetic acid SM14

° ~.  The compound was prepared according to a modified literature procedure.’® A mixture of 4-vinylphenylacetonitrile
HOJ\/©/\ (358 mg, 2.5 mmol, 1.0 equiv), hydroquinone (5.5 mg, 50 umol, 2 mol%), and KOH (982 mg, 17.5 mmol, 7.0 equiv) in

ethanol (6 mL) was heated to 90 °C for 3 h under a nitrogen atmosphere. After cooling down to room temperature, water

(20 mL) was added, and the mixture was washed with diethyl ether (2 x 30 mL). The aqueous solution was treated with aqueous 1 M HCI
(until pH = 1) and washed with DCM (3 x 30 mL). The combined organic layers were dried over sodium sulfate and filtered. The volatiles were
removed under reduced pressure to give the title product (320 mg, 1.98 mmol, 79%) as a red solid. The NMR data match previously reported
data for the title product.%
*H NMR (500 MHz, CDCls) & 7.38 (d, J = 8.2 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 6.70 (dd, J = 17.6, 10.9 Hz, 1H), 5.74 (dd, J = 17.5, 0.9 Hz, 1H), 5.24
(dd, J=10.8, 0.9 Hz, 1H), 3.64 (s, 2H) [Note: the COOH proton was not detected].

diethyl (4-vinylphenyl)phosphonate SM20

o/©/\ The compound was prepared according to a modified literature procedure.’®* A mixture of diethylphosphite (323 pL,
(Et0),P 345 mg, 2.5 mmol, 1.0 equiv), 4-vinylphenylboronic acid (740 mg, 5.0 mmol, 2.0 equiv), Cu20 (22.5 mg, 125 umol,
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5 mol%), 1,10-phenanthroline (56.1 mg, 0.25 mmol, 10 mol%), and DIPEA (1.28 mL, 969 mg, 7.5 mmol, 3.0 equiv) in acetonitrile (10 mL) was
allowed to stir under air at room temperature for 14 h. The reaction mixture was then filtered through a pad of celite, the volatiles were
removed under reduced pressure, and the residue was subjected to column chromatography (silica gel, 0 — 100% EtOAc in petroleum ether)
to give the title product (353 mg, 1.47 mmol, 59%) as a colorless oil. The NMR data match previously reported data for the title product.10t
1H NMR (500 MHz, CDCls) & 7.86 — 7.65 (m, 2H), 7.57 — 7.45 (m, 2H), 6.72 (dd, J = 17.6, 10.9 Hz, 1H), 5.85 (d, J = 17.6 Hz, 1H), 5.37 (d, J = 10.9
Hz, 1H), 4.23 —3.95 (m, 4H), 1.31 (t, J = 7.1 Hz, 6H).

ethyl 4-vinylbenzenesulfonate SM21
~  The title compound was prepared according to a literature procedure.’® p-Styrene sulfonyl chloride® (1.01 g, 5.0 mmol,

co S/©A 1.0 equiv) was added dropwise to a solution of DABCO (673 mg, 6.0 mmol, 1.2 equiv) and ethanol (240 mg, 304 pL,

° 7.5 mmol, 1.5 equiv) in DCM (10 mL) at O °C under a nitrogen atmosphere. The reaction mixture was allowed to warm up
to room temperature and allowed to stir for 16 h. Water (10 mL) was added, and the layers were separated. The organic layer was washed
with water (3 x 10 mL) and brine (1 x 10 mL), and dried over sodium sulfate. After filtration, the volatiles were removed under reduced
pressure to give the title compound (662 mg, 3.1 mmol, 62%) as a light yellow oil. The NMR data match previously reported data for the title
product.1%3
1H NMR (400 MHz, CDCl3) & 7.86 (d, J = 8.5 Hz, 2H), 7.55 (d, J = 8.5 Hz, 2H), 6.76 (dd, J = 17.6, 10.9 Hz, 1H), 5.91 (d, J = 17.6 Hz, 1H), 5.47 (d, J
=10.9 Hz, 1H), 4.13 (q, J = 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz, 3H).

2-vinylbenzo[b]thiophene SM25
©13)_// The title compound was prepared according to a modified literature procedure.’® To a solution of
7 methyltriphenylphosphonium bromide (4.40 g, 12.3 mmol, 1.1 equiv) in anhydrous thf (40 mL), n-BuLi (7.7 mL, 1.6 M in
hexanes, 12.3 mmol, 1.1 equiv) was added dropwise at 0 °C under a nitrogen atmosphere. The solution was allowed to stir at room
temperature for 1 h. Then, a solution of benzo[b]thiophene-2-carbaldehyde (1.82 g, 11.2 mmol, 1.0 equiv) in anhydrous thf (5 mL) was added
dropwise to the mixture kept at 0 °C. The reaction mixture was allowed to stir for 26 h at room temperature. The reaction was quenched by
addition of saturated aqueous NH4Cl (25 mL) solution. The organic layer was separated. The aqueous layer was washed with EtOAc (3 x 25
mL). The combined organic layers were washed with brine (25 mL) and dried over sodium sulfate. After filtration, the volatiles of the filtrate
were removed under reduced pressure and the residue was subjected to column chromatography (silica gel, 100% petroleum ether) to give
the title compound (1.22 g, 7.6 mmol, 68%) as a white solid. The NMR data match previously reported data for the title product.1%
1H NMR (500 MHz, CDCl3) § 7.82 — 7.75 (m, 1H), 7.74 — 7.64 (m, 1H), 7.36 — 7.27 (m, 2H), 7.17 (s, 1H), 6.93 (dd, J = 17.3, 10.8 Hz, 1H), 5.67 (d,
J=17.3 Hz, 1H), 5.31 (d, J = 10.8 Hz, 1H).

2-vinylbenzofuran SM26
@;0)_// The title compound was prepared according to a literature procedure.'® To a solution of methyltriphenylphosphonium
/ bromide (3.14 g, 8.8 mmol, 1.1 equiv) in anhydrous thf (250 mL), n-BulLi (5.5 mL, 1.6 M in hexanes, 8.8 mmol, 1.1 equiv) was
added dropwise at 0 °C under a nitrogen atmosphere. The solution was allowed to stir at room temperature for 1 h. Then, a solution of
benzofuran-2-carbaldehyde (1.17 g, 8.0 mmol, 1.0 equiv) in anhydrous thf (5 mL) was added dropwise to the mixture kept at 0 °C. The
reaction mixture was allowed to stir for 26 h at room temperature. The reaction was quenched by addition of saturated aqueous NH4Cl (25
mL) solution. The organic layer was separated. The aqueous layer was washed with EtOAc (3 x 25 mL). The combined organic layers were
washed with brine (25 mL) and dried over sodium sulfate. After filtration, the volatiles of the filtrate were removed under reduced pressure
and the residue was subjected to column chromatography (silica gel, 100% petroleum ether) to give the title compound (545 mg, 3.8 mmol,
47%) as a colorless oil. The NMR data match previously reported data for the title product.%®
1H NMR (500 MHz, CDCl3) 6 7.57 — 7.50 (m, 1H), 7.46 (dt, J = 8.2, 1.0 Hz, 1H), 7.31 — 7.26 (m, 1H), 7.20 (td, J = 7.5, 1.1 Hz, 1H), 6.65 (dd, J =
17.4,11.2 Hz, 1H), 6.60 (s, 1H), 5.97 (dd, J = 17.4, 1.2 Hz, 1H), 5.39 (dd, J = 11.2, 1.3 Hz, 1H).

3-vinyloxazolidin-2-one SM27
o) The compound was prepared according to a literature procedure.'” Under a nitrogen atmosphere, a screw-cap vial was charged

OJ<N with 2-oxazolidinone (261 mg, 3.0 mmol, 1.0 equiv), Cul (28.6 mg, 0.15 mmol, 5 mol%), DMEDA (26.4 mg, 32.3 pL, 0.30 mmol,

EVAR 10 mol%), potassium carbonate (829 mg, 6.0 mmol, 2.0 equiv), and vinyl bromide (6 mL, 1 M in thf, 6.0 mmol, 2.0 mmol). The vial
was sealed with a screw-cap and allowed to stir at 80 °C for 22 h. The reaction mixture was filtered through a pad of celite, and the volatiles
of the filtrate were removed under reduced pressure. The residue was subjected to column chromatography (silica gel, 10 — 30% EtOAc in
petroleum ether) to give the title product (339 mg, 3.0 mmol, 100%) as a yellow oil. The NMR data match previously reported data for the
title product.0®
1H NMR (400 MHz, CDCl3) 6 6.88 (dd, J = 15.8, 8.9 Hz, 1H), 4.48 — 4.40 (m, 3H), 4.29 (dd, J = 15.8, 1.2 Hz, 1H), 3.76 — 3.64 (m, 2H).

tert-butyldimethyl(4-vinylphenoxy)silane SM33
N The title compound was prepared according to a literature procedure.'® To a solution of 4-vinylphenol (240 mg, 2.0 mmol,

J@/\ 1.0 equiv) in DCM/DMF (8 mL, 9/1), triethylamine (405 mg, 4.0 mmol, 2.0 equiv) and TBSCI (603 mg, 4.0 mmol, 2.0 equiv)
TBSO were added at room temperature under a nitrogen atmosphere. The reaction was allowed to stir for 3 h. Water (5 mL) and
brine (5 mL) were added. The organic phase was separated, and the aqueous phase was washed with DCM (3 x 40 mL). The combined organic
layers were dried over sodium sulfate and filtered. The volatiles from the filtrate were removed under reduced pressure and the residue was
subjected to column chromatography (silica gel, 0-10% EtOAc in petroleum ether) to give the title compound (380 mg, 1.6 mmol, 81%) as a
colorless oil. The NMR data match previously reported data for the title product.®®
1H NMR (500 MHz, CDCls) 6 7.28 (d, J = 8.5 Hz, 2H), 6.79 (d, J = 8.6 Hz, 2H), 6.65 (dd, J = 17.6, 10.9 Hz, 1H), 5.60 (dd, J = 17.6, 1.0 Hz, 1H), 5.12
(dd, J=10.9, 1.0 Hz, 1H), 0.98 (s, 9H), 0.20 (s, 6H).
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Synthesis of drug derivatives

General procedure for Suzuki-Miyaura coupling of aryl chlorides

The procedure was adapted from the literature.’® In a nitrogen-filled glove box, a 25 mL screw-cap vial equipped with a Teflon-coated
magnetic stirring bar was charged with aryl chloride (1.0 equiv), Pd(OAc)2 (7.5 mol%), SPhos (15 mol%), K.COs (4.0 equiv), vinyl BFsK
(2.0 equiv), and dioxane/water (6/1, 0.2M). The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum
block, and allowed to stir (800 rpm) at 90 °C for 16 h. Upon cooling to room temperature, the reaction mixture was filtered through a short
pad of celite and concentrated under reduced pressure. The residue was subjected to column chromatography to give the title compound.

methyl 2-(5-methoxy-2-methyl-1-(4-vinylbenzoyl)-1H-indol-3-yl)acetate SM34-Me
4 The title compound was prepared according to the general procedure for the Suzuki-Miyaura coupling of aryl chlorides
using indomethacin methyl ester'? (558 mg, 1.5 mmol). The residue obtained after filtration was subjected to column
o chromatography (silica gel, 0-30% EtOAc in petroleum ether) to give the title compound (440 mg, 1.21 mmol, 81%) as a
N yellow oil.
\O/@Qo—
% 'H NMR (400 MHz, CDCls) & 7.69 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.3 Hz, 2H), 6.96 (d, J = 2.5 Hz, 1H), 6.91 (d, J = 9.0 Hz,
1H), 6.79 (dd, J = 17.6, 10.9 Hz, 1H), 6.66 (dd, J = 9.0, 2.5 Hz, 1H), 5.91 (d, J = 17.6 Hz, 1H), 5.43 (d, J = 10.9 Hz, 1H), 3.84
(s, 3H), 3.71 (s, 3H), 3.68 (s, 2H), 2.40 (s, 3H);
13C{*H} NMR (101 MHz, CDCls) 6 171.6, 169.2, 156.1, 142.1, 136.2, 136.0, 134.7, 131.1, 130.7, 130.4, 126.6, 117.1, 115.2, 112.2, 111.6, 101.3,
55.9, 52.3, 30.3, 13.4;
HRMS (ESI) m/z calcd. for C22H22NO4 ([M+H]*): 364.1543; found: 364.1561.

2-(5-methoxy-2-methyl-1-(4-vinylbenzoyl)-1H-indol-3-yl)acetic acid SM34

/ The title compound was prepared according to modified literature procedure.''? To a mixture of methyl 2-(5-methoxy-
2-methyl-1-(4-vinylben-zoyl)-1H-indol-3-yl)acetate (218 mg, 0.60 mmol, 1.0 equiv) and lithium bromide (521 mg,
6.0 mmol, 3.0 equiv) in MeCN/H0 (2 mL, 98/2), NEts (250 pL, 182 mg, 1.8 mmol, 3.0 equiv) was added at room
temperature. The reaction mixture was allowed to stir for 16 h after which it was diluted with water and treated with
aqueous 1 M HCI (until pH 6). The mixture was then washed with EtOAc (3 x 10 mL). The combined organic layers dried
(¢} on over Na;SOas and filtered. The volatiles of the filtrate were removed under reduced pressure and the residue was
subjected to column chromatography (silica gel, 0 —36% EtOAc in petroleum ether + 0.5% AcOH) to give the title product
(70.1 mg, 0.2 mmol, 33%) as an off-white solid.
1H NMR (400 MHz, CDCl3) & 7.68 (d, J = 8.2 Hz, 2H), 7.50 (d, J = 8.1 Hz, 2H), 6.95 (d, J = 2.5 Hz, 1H), 6.90 (d, J = 9.0 Hz, 1H), 6.78 (dd, J = 17.6,
10.9 Hz, 1H), 6.66 (dd, J = 9.0, 2.5 Hz, 1H), 5.91 (d, J = 17.6 Hz, 1H), 5.43 (d, J = 10.9 Hz, 1H), 3.83 (s, 3H), 3.70 (s, 2H), 2.39 (s, 3H) [Note: the
COOH proton was not detected];
13C{!H} NMR (101 MHz, CDCls) & 176.6, 169.2, 156.1, 142.2, 136.5, 136.90, 134.6, 131.1, 130.5, 130.4, 126.6, 117.1, 115.2, 111.8, 111.5,
101.2, 55.9, 30.1, 13.4;
HRMS (ESI) m/z calcd. for C21H20NO4 ([M+H]*): 350.1387; found: 350.1382.

O

methyl 2-(4-chlorobenzamido)-3-(1-methyl-2-oxo0-1,2-dihydroquinolin-4-yl)propanoate SM35a
Q Methyl iodide (280 pL, 639 mg, 4.5 mmol, 3.0 equiv) was added to a suspension of rebamipide (556 mg, 1.5 mmol,
‘ o 1.0 equiv) in DMF (3.8 mmol). The reaction mixture was allowed to stir at room temperature for 5 h after which
NJ\©\ the starting material was fully consumed as indicated by TLC. Ethyl acetate (30 mL) and water (30 mL) were added.
o The aqueous layer was washed with EtOAc (2 x 30 mL). The combined organic layers were washed with brine (2 x
30 mL), dried over sodium sulfate, and filtered. The volatiles were removed under reduced pressure and the
residue was subjected to column chromatography (silica gel, 10% MeOH in DCM) to give the title product (320 mg, 0.83 mmol, 55%) as a
white solid.
H NMR (500 MHz, CDCls) 6 7.94 (dd, J = 8.1, 1.4 Hz, 1H), 7.71 — 7.61 (m, 2H), 7.58 (ddd, J = 8.5, 7.1, 1.4 Hz, 1H), 7.44 — 7.31 (m, 3H), 7.29 —
7.14 (m, 1H), 6.83 (d, J = 7.4 Hz, 1H), 6.55 (s, 1H), 5.15 (q, J = 6.6 Hz, 1H), 3.75 (s, 3H), 3.69 (s, 3H), 3.43 (qd, J = 14.1, 6.4 Hz, 2H);
13C{*H} NMR (126 MHz, CDCls) 6 171.6, 166.2, 161.6, 144.8, 140.1, 138.3, 131.8, 131.0, 129.0, 128.5, 125.1, 122.4, 122.3, 120.3, 114.8, 52.9,
52.7,34.8, 29.4;
HRMS (ESI) m/z calcd. for Ca1H20CIN204 ([M+H]*): 399.1106; found: 399.1123.

methyl 3-(1-methyl-2-oxo0-1,2-dihydroquinolin-4-yl)-2-(4-vinylbenzamido)propanoate SM35b

The title compound was prepared according to the general procedure for the Suzuki-Miyaura coupling of aryl
chlorides using methyl 2-(4-chlorobenzamido)-3-(1-methyl-2-oxo-1,2-dihydroquinolin-4-yl)propanoate (271 mg,
0.68 mmol). The residue obtained after filtration was subjected to column chromatography (silica gel, 0-8%
MeOH in DCM) to give the title compound (219 mg, 0.54 mmol, 79%) as an off-white solid.

H NMR (400 MHz, CDCls) 6 7.98 (dd, J = 8.1, 1.4 Hz, 1H), 7.73 — 7.64 (m, 2H), 7.57 (td, J = 7.7, 1.4 Hz, 1H), 7.45 — 7.34 (m, 3H), 7.30 - 7.21 (m,
1H), 6.86 (d, J = 7.4 Hz, 1H), 6.71 (dd, J = 17.6, 10.9 Hz, 1H), 6.57 (s, 1H), 5.82 (d, J = 17.4 Hz, 1H), 5.35 (d, J = 10.9 Hz, 1H), 5.16 (q, J = 6.7 Hz,
1H), 3.74 (s, 3H), 3.69 (s, 3H), 3.43 (d, J = 6.4 Hz, 2H);

13C{'H} NMR (101 MHz, CDCls) 6 171.8, 167.0, 161.7, 145.1, 141.3, 140.2, 136.0, 132.6, 131.0, 127.5, 126.5, 125.4, 122.5, 122.4, 120.5, 116.4,
114.9,52.9, 52.8, 35.1, 29.5;

HRMS (ESI) m/z calcd. For CasH23N>04 ([M+H]*): 391.1652; found: 391.1669.

N-(propylcarbamoyl)-4-vinylbenzenesulfonamide SM36

/\©\ o 0 The title compound was prepared according to a modified literature procedure.’’® To a mixture of 4-
/S’QN)LN/\/ vinylsulfonamide (367 mg, 2.0 mmol, 1.0 equiv) and phenyl propylcarbamate (394 mg, 2.2 mmol, 1.1 equiv) in
O H H MeCN (10 mL), DBU (448 uL, 457 mg, 3.0 mmol, 1.5 equiv) was added. The reaction mixture was allowed to stir at

80 °C for 16 h. After allowing to cool to room temperature, the volatiles were removed under reduced pressure and EtOAc (20 mL) was
added. The mixture was washed with water, aqueous 1 M HCl, and water (20 mL each), dried over Na;SOs, and filtered. The volatiles of the
filtrate were removed under reduced pressure and the residue was subjected to column chromatography (silica gel, 0 — 46% EtOAc in
petroleum ether) to give the title product (349 mg, 1.27 mmol, 63%) as an off-white solid.
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H NMR (500 MHz, CDCls) § 8.54 (s, 1H), 7.83 (d, J = 8.6 Hz, 2H), 7.52 (d, J = 8.5 Hz, 2H), 6.74 (dd, J = 17.6, 10.9 Hz, 1H), 6.59 (s, 1H), 5.89 (d,
J=17.6 Hz, 1H), 5.47 (d, J = 10.9 Hz, 1H), 3.19 (td, J = 7.1, 5.7 Hz, 2H), 1.51 (h, J = 7.3 Hz, 2H), 0.88 (t, J = 7.4 Hz, 3H);

13C{1H} NMR (126 MHz, CDCls) § 151.7, 143.1, 138.5, 135.3, 127.4, 127.0, 118.3, 42.2, 22.9, 11.3;

HRMS (ESI) m/z caled. for C12H17N205S ([M+H]*): 269.0954; found: 269.0952.
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CHAPTER 4

Dehomologative Borylation of
Aldehydes and Alcohols and Their
Postfunctionalization Enabled by
Multicatalysis

The work in this chapter was done by myself.
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4.1 Introduction

Next to the C—H bond, the C—C bond is the most widespread and fundamental in organic
synthesis. Its cleavage can be found in plenty of processes in nature, embedded in highly
complex cascades for the fragmentation of biologically relevant structural motives.?
Dehomologation methods, i.e., C—C cleavage reactions in which a one carbon unit is removed
from the starting material, which operate directly on common functional groups, such as
aldehydes and alcohols, are of high importance. Considering the unique synthetic potential of
alkenyl boronate esters?, a dehomologative borylation of broadly available® and versatile*
aldehydes and alcohols would be an attractive synthetic transformation.

There are only a few examples for a direct conversion of aldehydes to alkenyl boronic esters,
commonly coined as “boron-Wittig reaction”> (Figure 4.1). Early works, building on the well-
established Takai olefination, utilized a chromium reagent to prepare vinyl boronates from
dichloromethylboronic esters and aldehydes (Figure 4.1A). A more practical approach was
pioneered by Matteson in the 1970s%2 and recently further developed by Morken, Pattison,
and Grygorenko (Figure 4.1B).%!! This method makes use of geminal bis(pinacolboronates)
that, upon deprotonation, undergo reaction with the respective aldehyde to deliver vinyl
boronates with high E/Z selectivities. However, these transformations are homologative, i.e.,
a one carbon unit is introduced into the starting material. A direct conversion of allylic and
aliphatic alcohols to alkenyl boronic esters remains elusive to date.

A)
Takai and Moriwake

CrCl, (8.0 equiv.),

0 . Lil (4.0 equiv. ,
J + Cl_-Bpin ( quiv.) > R/\/Bpm
R THF, 25 °C
(2.0 equiv.) upto 99:1 E/Z
B)
Matteson, Morken, Pattison, Grygorenko
0] LiTMP (1.2 equiv. .
J + Bpin _ Bpin I ( au )» R/\/ Bpin
R THF, -78 °C or 0 °C
(1.2 equiv.) up to 100:0 E/Z

Figure 4.1. Literature precedences for reactions of aldehydes to vinyl boronate esters, A) Takai-type
olefination; B) Boron-Wittig reaction.

To achieve an unprecedented dehomologative borylation of aldehydes and alcohols, |
considered a multicatalytic approach utilizing the unique reactivity of Rh- and Ir-complexes. |
envisioned a relay-type reaction in which the aldehyde or alcohol undergoes
defunctionalization to form the corresponding dehomologated alkene, which can then
undergo borylation to form the alkenyl boronate ester (Figure 4.2C). Ideally, the boronate
ester can undergo postfunctionalization in situ to give access to a wide range of productsin a
one-pot process.
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The dehomologation of aldehydes and alcohols using Rh-catalysis has been described by
Dong.'>13 The aldehyde undergoes dehydroformylation to the alkene with transfer of the
formyl group and hydride to an acceptor, usually norbornadiene. The subsequently reported
oxidative dehydroxymethylation features a Rh-catalyzed oxidation of the alcohol to the
aldehyde with transfer of an equivalent of hydrogen to an acceptor (N,N-dimethylacryl
amide), followed by dehydroformylation with transfer of another equivalent of hydrogen to
the acceptor and release of carbon monoxide. In turn, the allylic alcohol undergoes
isomerization to the aldehyde followed by dehydroformylation. The catalytic system for these
three transformations, which consists of [Rh(cod)OMe],, xantphos, and 3-OMeBzOH, employs
the same Rh-precursor and ligand as the Rh-catalyzed transfer C—H borylation described in
this thesis (Figure 4.2B, cf. chapter 2). Further, the Ir-catalyzed transfer borylation (cf. chapter
3) represents a more robust catalytic system for the borylation of alkenes, showcased by a
higher functional group tolerance (cf. chapter 3).

A) Dehomologation of Aldehydes and B) Transfer Borylation of Alkenes
Alcohols to Alkenes
Dong Chapters 2&3
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Figure 4.2. A) Methods for the dehomologation of aldehydes and (allylic) alcohols, B) methods for transfer
borylation; C) reaction design.

This chapter describes studies toward the merger of Rh-catalyzed dehydroformylation and
dehydroxymethylation and Rh- or Ir-catalyzed transfer borylation reactions in a multicatalytic
process (Figure 4.1D). Different approaches to achieve such process were considered, which
are discussed in detail below. A perspective discussing the different classes of multicatalysis,
which are only briefly introduced in this chapter, and the challenges associated with each one
of them in detail is presented in chapter 5.

4.2 Results and Discussion

In light of the extensive experience with styrene as the model substrate for transfer borylation
reactions (cf. chapters 2 and 3), hydrocinnamaldehyde, cinnamic alcohol, and 3-
phenylpropanol, were selected as model substrates for the dehomologative borylation
reactions. All three are produced by the use of well-established selective hydrogenation
reactions from the biomass-derived cinnamaldehyde.!! The studies were started with
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attempts to merge the dehydroformylation of aldehydes, the least complex of the three
dehomologation reactions, with transfer borylation.

4.2.1. Orthogonal or Auto-Relay Catalysis
One-pot processes in which at least two catalytic transformations occur in the presence of

one or more catalysts as a sequence of independent reactions are typically referred to as
“relay catalysis”.1* Importantly, the catalytic cycles do not share any catalytic intermediates.
From the viewpoint of operational simplicity, orthogonal and auto-relay catalysis are the most
appealing strategies. Here, all reagents are present from the start and no further
manipulation, i.e., addition of reagents or change of reaction conditions, is required. However,
due to the possible incompatibility of the different reagents required for each transformation,
they are also the most challenging to develop. The sole difference between orthogonal and
auto-relay catalysis is the number of catalysts. Transformations that proceed through auto-
relay catalysis make use of only one (pre)catalyst that mediates all transformations.
Considering the high resemblance of the catalytic systems for the dehydroformylation and
transfer borylation (both utilize [Rh(cod)OMe], as a catalyst precursor and xantphos as
ligand), an approach utilizing auto-relay catalysis, appeared to be the most promising. The
studies commenced with experiments to evaluate whether both transformations could be
independently performed under similar reaction conditions (temperature, solvent, reaction
time). If this was not the case, the reaction could not proceed under auto-relay catalysis. Both
dehydroformylation of hydrocinnamaldehyde and transfer borylation of styrene could be
performed under the same set of reaction conditions (Figure 4.3) - at 90 °C, 16 h reaction time,
1,4-dioxane as the solvent - with 91% and 92% yield, respectively. This set of conditions served
as the basis for the following investigations. Dimethyl maleate was chosen as the acceptor
over norbornadiene (as reported by Dong) because only one equivalent is required for the full
conversion of the starting aldehyde to form the alkene in a nearly quantitative yield.
Therefore, possible side reactions, such as the borylation of resting acceptor, are obliviated.
It was further validated that the transfer borylation could occur in the presence of 3-
methoxybenzoic acid, the co-catalyst required for dehydroformylation.

A) Dehydroformylation B) Transfer Borylation
[Rh(cod)OMe], (1 mol%),
xantphos (2 mol%), [Rh(cod)OMe], (2 mol%),
Ph 3-OMeBzOH (2 mol%) xantphos (4 mol%)
>N — > Pz  Phz > Pho~
(0] dlmethyll maleate (1.0 equiv.), vinyl Bpin (1.5 equiv.),
1,4-dioxane, 90 °C, 16 h 91% vyield 1,4-dioxane, 90 °C, 16 h 92% yield

Figure 4.3: Dehydroformylation and transfer borylation under the same set of conditions.

Table 4.1 summarizes the efforts toward the target transformation. When combining all the
reagents required for both reactions in a one-pot setup with the reaction conditions from
Figure 4.3, no target product 3a and 57% of intermediate 2a were obtained (entry 1). At
elevated temperatures 8% 3a alongside 70% 2a were formed (entry 2). In principle, this
experiment confirmed the possibility to achieve such transformation in the auto-relay fashion.
The dehydroformylation worked well (full conversion of 1a); however, the transfer borylation
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was inefficient. A control reaction revealed that dimethyl maleate is not compatible with the
transfer borylation reaction therefore hindering the formation of 3a. When using
norbornadiene, a common hydrogen acceptor for the dehydroformylation reaction, was used
instead of dimethyl maleate, no target product 3a was formed alongside 65% 2a (entry 3). The
use of norbornene lead to only traces of 3a and 64% of 2a (entry 4). In both cases, 1a was not
fully converted (69% and 64%, respectively). | surmised that vinyl Bpin itself could act as the
hydrogen acceptor. When using no additional acceptor, 5% of target product 3a along with
76% intermediate 2a were obtained (entry 5). The addition of catalytic amounts of Bypiny,
which tends to promote the precatalyst activation, thereby improving the performance of the
borylation catalyst, was not effective here (entry 6). Since there was no additional hydrogen
acceptor added, 80% of “ethyl Bpin” — through hydrogenation of the double bond of vinyl
Bpin, and 20% of ethylbenzene were formed. A higher loading of vinyl Bpin (2.0 — 3.0 equiv.,
entries 7 — 10), however, was detrimental for the reaction and led to the formation of lower
amounts of 2a and 3a. Since 1a was fully consumed, it is very likely that side-reactions
consumed 2a in situ. However, the nature of these side reactions could not be elucidated. The
formation of common side-products, such as products of hydroboration or diborylation, were
excluded by GC-MS and NMR analyses. A longer reaction time did not improve the outcome
of the reaction (entries 11 and 12).

In order to improve the transfer borylation, the use of a mix of Rh- and Ir-catalysts, i.e.,
orthogonal relay catalysis, was tried. In contrast to the Rh-catalyst, under these conditions,
the Ir-catalyst does not perform dehydroformylation but only transfer borylation. The
reaction, however, turned out to be more complex (Table 4.1, entries 13 and 14). Under the
reaction conditions of Figure 4.3 (Ir-catalyzed transfer borylation proceeds under the same
conditions, cf. chapter 3), almost full conversion of 1a was observed. However, only up to 5%
of 2a and no desired product 3a could be obtained. The nature of the side reactions could not
be elucidated. Again, the formation of expected side products, such as products of
hydroboration or diborylation, was excluded by GC-MS and HRMS analyses.

In summary, the transformation utilizing orthogonal and auto-relay catalysis could not be
realized. Although initial studies show the feasibility of the reaction in principle, the
incompatibility of the reagents and the catalysts could not be overcome.
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Table 4.1: Summary of the studies toward a dehomologative borylation of aldehydes under orthogonal or auto-
relay catalysis.

[Rh(cod)OMe]s,
o | mpesolesion
Ph/\) {adoxane 90°C o> T Ph
1a 2a 3a
(0.2 mmol)
CO,Me
I
[COQMe ﬁb Lb
HA-1 HA-2 HA-3
entry  [Rh]? time hydrogen acceptor® vBpin®¢ conv.1a vyield2a yield 3a

1 4 16 h HA-1 (1.0) 1.5 100% 57% -
2d 4 16 h HA-1 (1.0) 1.5 100% 70% 8%
3 4 16 h HA-2 (1.5) 1.5 69% 65% -

4 4 16 h HA-3 (1.5) 1.5 64% 64% trace
5 4 16 h - 1.5 100% 76% 5%
6° 4 16 h - 1.5 100% 71% 6%
7 4 16 h - 2.0 100% 78% 6%
8 4 16 h - 2.5 100% 57% 4%
9 4 16 h - 3.0 100% 54% trace
10¢ 4 16 h - 3.0 100% 44% trace
11 4 48 h - 3.0 100% 48% trace
12¢ 4 48 h - 3.0 100% 40% trace
13f 2 16 h - 2.0 85% 5% -
148 2 16 h - 2.0 71% 4% -

2 [Rh] = [Rh(cod)OMe],/xantphos/3-OMeBzOH 1:2:2 ratio in mol% of [Rh(cod)OMe],; ® in equiv.; ¢ vBpin = vinyl
Bpin; ¢ at 120 °C; € with 4 mol% B,piny; f with 1 mol% [Ir] = [Ir(cod)Cl],/ JohnPhos 1:4 ratio; & with 2 mol% [Ir] =
[Ir(cod)Cl]>/ JohnPhos 1:4 ratio.

4.2.2. Sequential Catalysis

As the transformation proved to be very challenging when all reagents are present from the
start, using sequential catalysis was tested. In this approach, the catalysts and reagent
required for each step are added sequentially. In general, this simplifies compatibility issues
and the reaction optimization compared to orthogonal or auto-relay catalysis.

Initial studies showed that the dehydroformylation can be performed using 1 mol% of
[Rh(cod)OMe]: (cf. Figure 4.3) and with 1.0 equiv. of dimethyl maleate as hydrogen acceptor.
The latter is fully converted to dimethyl succinate, which does not interfere with the transfer
borylation reaction.

Table 4.2 shows the evaluation of catalysts for the transfer borylation. Three different catalytic
systems were evaluated: [Rh] consisting of [Rh(cod)OMe], and xantphos, as described in
chapter 2, [Ir] consisting of [Ir(cod)Cl]. and Johnphos, as described in chapter 3, and [Ir-2]
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consisting of [Ir(cod)OMe],. During the studies of the Ir-catalyzed transfer borylation,
[Ir(cod)OMe]. proved to be a suitable precursor for the borylation of styrene even without
additional phosphine ligands, although with a much lower functional group compatibility.

Table 4.2: Evaluation of a suitable borylation catalyst for the sequential dehomologative borylation.

[Rh(cod)OMe], (1 mol%),
xantphos (2 mol%),
3-OMeBzOH (2 mol%),

0] dimethyl maleate (1.0 equiv. [Rh] or [Ir] or [Ir-2] )
| y (1.0 equiv.) N o P BPin
Ph 1,4-dioxane, 90 °C, 16 h 1,4-dioxane,
90°C, 16 h
1a 2a 3a
(0.2 mmol)
entry  [Rh]? [Ir]® [Ir-2]¢ Bopinyd  vBpin®'  conv.1a yield2a vyield 3a
1 2 - - 5 1.5 100% 46% trace
2 - 2 - 5 1.5 100% 68% 6%
3 - - 2 5 1.5 100% 85% 18%
4 - 4 - 10 1.5 100% 64% 39%
5 - - 4 10 1.5 100% 83% 14%
68 - 4 - 10 1.5 100% 49% 46%
7" - 4 - 10 1.5 100% 74% 12%

2 [Rh] = [Rh(cod)OMe],/xantphos 1:2 ratio in mol% of [Rh(cod)OMely; ° [Ir] = [Ir(cod)Cl],/ JohnPhos 1:4 ratio in
mol% of [Ir(cod)Cl]; ¢ [Ir(cod)Cl]> in mol%; ¢ in mol%; € vBpin = vinyl Bpin;  in equiv.; & additional 1,4-dioxane
(300 pL) for 2" step; " additional 1,4-dioxane (750 pL) for 2" step.

When using the Rh-catalyst, 46% of 2a and only traces of 3a were obtained in the model
reaction. In turn, the reactions with Ir-based catalysts [Ir] and [Ir-2] formed target 3a in 6%
and 18% yield, respectively. Doubling the loading of [Ir] resulted in an increase of the yield of
3ato 39%, (entry 4), while it had limited effect on the reaction with [Ir-2] (14% of 3a, entry 5).
Therefore, [Ir] was further evaluated. The yield of the reaction was improved by adding an
extra portion of 1,4-dioxane (300 uL) for the borylation step (46%, entry 6), although further
dilution was detrimental for the reaction (12%, entry 7).

To further increase the yield of 3a, the effects of the ligand and vinyl Bpin loadings were
evaluated (Table 4.3). | observed that reactions with an increased loading of vinyl Bpin
occurred with higher yields of 3a (up to 74%, entry 2); however, these results were poorly
reproducible. In turn, the reactions with an increased loading of JohnPhos to 24 mol% formed
3a in 62% vyield (entry 3), but the further increase of ligand loading was detrimental for the
reaction (22% yield with 32 mol% Johnphos, entry 4). A reaction with higher loadings of both
vinyl Bpin and ligand furnished 3a in 60% yield (entry 5). Higher loadings of vinyl Bpin lowered
the yield. Using tBu-xantphos instead of JohnPhos (cf. chapter 3) did not yield any product 3a
(entry 7).
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Table 4.3: Optimization of ligand and vinyl Bpin loading.

[Rh(cod)OMel, (1 mol%), [Ir(cod)Cl]5 (4 mol%),
xantphos (2 mol%), JohnPhos (16 mol%),
3-OMeBzOH (2 mol%), B,pin, (10 mol%),
O dimethyl maleate (1.0 equiv.) vinyl Bpin (1.5 equiv.) .
| P . Ph/\/ Bpin
Ph 1,4-dioxane, 90 °C, 16 h 1,4-dioxane, 90 °C, 16 h
1a 2a 3a
(0.2 mmol)
entry Variation from reaction conditions conv.la vyield2a vyield3a
1 none 100% 49% 46%
2 2.0 equiv. vinyl Bpin 100% 23% up to 74%°
3 24 mol% JohnPhos 100% 41% 62%
4 32 mol% JohnPhos 100% 67% 22%
5 2.0 equiv. vinyl Bpin and 24 mol% JohnPhos 100% 34% 60%
6 3.0 equiv. vinyl Bpin and 24 mol% JohnPhos 100% 74% 36%
7 2.0 equiv. vinyl Bpin and 8 mol% tBu-xantphos 100% 84% n.d.

2 result reproducible, yield of 3 ranged between 20% and 74%; n.d., not detected.

Further experimentation showed that the yield of the target product could be increased by
varying the additional solvent and temperature of the borylation step. Specifically, when
adding an extra portion of THF instead of 1,4-dioxane, 3a was formed in 68% yield (Table 4.4,
entry 2). When the second stop was conducted at an increased temperature (110 °C), the
target product was formed in 80% vyield (entry 3).

Table 4.4: Variation of solvent and temperature.

[Rh(cod)OMe], (1 mol%), [Ir(cod)Cl], (4 mol%),
xantphos (2 mol%), JohnPhos (24 mol%),
3-OMeBzOH (2 mol%), Bopin, (10 mol%),
O dimethyl maleate (1.0 equiv. vinyl Bpin (2.0 equiv. .
| y (q)Ph/\ yp(q)ph/\/BP'”
Ph 1,4-dioxane, 90 °C, 16 h 1,4-dioxane, 90 °C, 16 h
1a 2a 3a
(0.2 mmol)
entry Variation from reaction conditions conv.la vyield2a vyield 3a
1 none 100% 34% 60%
2 + 300 pL THF instead of 1,4-dioxane for 2" step 100% 25% 68%°
3 like entry 2 and 110 °C 100% 7% 80%

2 average of three runs.

4.2.3. Allylic and Aliphatic Alcohols

Having established a high-yielding method for the dehomologative borylation of aldehydes,
the question arose whether the same protocol was also transferable to allylic and aliphatic
alcohols. First, the reaction conditions for the dehomologation and formation of the alkene
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were evaluated for the two model substrates cinnamic alcohol and 3-phenylpropanol and the
optimal conditions are shown in Figure 4.4.

The allylic alcohol underwent dehomologation under the exact same conditions as the
aldehyde and formed styrene in 79% yield (Figure 4.4A).

A) Allylic alcohol B) Aliphatic alcohol

[Rh(cod)OMe], (1 mol%),
Bh xantphos (2 mol%),
\%\I 3-OMeBzOH (2 mol%)

OH dimethyl maleate (1.0 equiv.),

[Rh(cod)OMe], (2 mol%),
xantphos (4 mol%),

Ph 3-OMeBzOH (4 mol%)
\/\I Ph 2

OH dimethyl maleate (2.0 equiv.),

4a 1,4-dioxane, 90 °C, 16 h 2a, 5a 1,4-dioxane, 110 °C, 24 h 2a,
79% vyield 69% vyield

Figure 4.4: Dehomologation of cinnamic alcohol and 3-phenylpropanol.

Since the reaction for aliphatic alcohol is more complex (first oxidation to aldehyde, then
dehydroformylation), the conditions were adjusted. Under optimized conditions, styrene is
formed in 69 % yield. The optimized conditions consist of an increase of the catalyst loading,
the use of an additional equivalent of the hydrogen acceptor (required for the oxidation step),
and an increase of the reaction temperature and an extended reaction time.

[Rh(cod)OMel, (1 mol%), [Ir(cod)Cl], (4 mol%),

xantphos (2 mol%), JohnPhos (24 mol%),
3-OMeBzOH (2 mol%), Bopin, (10 mol%),

OH  dimethyl maleate (1.0 equiv.) vinyl Bpin (2.0 equiv.)

X Bpin
X PR o X
Ph/\) 1,4-dioxane, 90 °C, 16 h THF, 110 °C, 16 h
4a 2a s
(0.2 mmol) 59% vyield

Figure 4.5: Full system for cinnamyl alcohol.

The evaluation of the reaction of 4a in the full system with the same conditions as before
furnished 3a in 59% vyield (Figure 4.5). Likewise, the transfer of the previously evaluated
reaction conditions for the borylation was tried for aliphatic alcohol 4a. However, only 28% of
product 3a were obtained. This is likely due to the higher catalyst loading for the conversion
of 4a to 2a and the partial incompatibility of the two catalysts as discussed above (cf. 4.2.1).

[Rh(cod)OMe], (2 mol%), [Ir(cod)Cl], (4 mol%),

xantphos (4 mol%), JohnPhos (24 mol%),
OH g 3-?1“/:eBZIOH (42rngl%),_ .Bzf)igz.(mznaol%).,
imethyl maleate (2.0 equiv.) BN vinyl Bpin (2.0 equiv.) ph/\/Bpin
Ph 1,4-dioxane, 110 °C, 24 h THF, 110 °C, 16 h
5a, 2a 3a,
(0.2 mmol) 28% yield

Figure 4.6. Dehomologative borylation of aliphatic alcohol 5a.

4.2.4. Hydroboration

To expand the utility of the strategy, the synthesis of alkyl boronate esters was further
evaluated. | surmised that these target molecules can be accessed through hydroboration of
alkene intermediates, as described in the literature under iridium catalysis using [Ir(cod)Cl],,
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dppb and pinacolborane (HBpin) as the borylation reagent.'> When translating these reaction
conditions to the multicatalytic protocol, 6a was furnished in 89% vyield (Figure 4.7A).
Importantly, the reaction could be realized without the addition of Ir-catalyst in the second
step, still furnishing 6a in 85% yield and with excellent selectivity for the linear product. In this
case, the Rh-catalyst from the first step catalyzes the hydroboration. This scenario is referred
to as assisted-relay catalysis (cf. chapter 5).

A) [Rh(cod)OMel], (1 mol%),
xantphos (2 mol%), [Ir(cod)Cl], (4 mol%),
o 3-OMeBzOH (2 mol%), JohnPhos (8 mol%),
dimethyl maleate (1.0 equiv. HBpin (1.2 equiv. :
A~ i (1.0 equiv.) PN pin (1.2 equiv.) BN
Ph 1,4-dioxane, 90 °C, 16 h THF, rt, 24 h
1a 2a 6a,
(0.2 mmol) 89% yield, 7:1 I:b
B)

[Rh(cod)OMe], (1 mol%),
xantphos (2 mol%),
3-OMeBzOH (2 mol%),

O dimethyl maleate (1.0 equiv. HBpin (1.2 equiv. .
/\)I y (1.0 equiv.) NN pin (1.2 equiv.) op B
Ph 1,4-dioxane, 90 °C, 16 h THF, rt, 24 h
1a 2a 6a,
(0.2 mmol) 85% yield, 10:1 I:b

Figure 4.7. Access to alkyl boronates in one-pot reaction through sequential catalysis (A) and assisted-relay
catalysis (B).

Further, the same reaction was also tried for allylic and aliphatic alcohols (Figure 4.8). In both
cases, product 6a was furnished in excellent yields of 81% and 76%, respectively.

A) [Rh(cod)OMe], (1 mol%),
xantphos (2 mol%),
3-OMeBzOH (2 mol%),

OH  dimethyl maleate (1.0 equiv.) HBpin (1.2 equiv. .
A~ PR P (12 eqa) P BPI"
Ph 1,4-dioxane, 90 °C, 16 h THF, rt, 24 h
4a 2a 6a,
(0.2 mmol) 81%
B) [Rh(cod)OMel, (2 mol%),
xantphos (4 mol%),
OH i 3_?1N:eBZ|O Ht (Ltzmc? ok ) HBpin (1.2
imethyl maleate (2.0 equiv. in (1.2 equiv. .
y q NN pin (1.2 equiv.) BN
Ph 1,4-dioxane, 110 °C, 24 h THF, rt, 24 h
5a 2a 6a,
(0.2 mmol) 76%

Figure 4.8. Access to alkyl boronate 6a from allylic alcohol 4a (A) and aliphatic alcohol 5a (B).

4.2.5. Scope of substrates
To illustrate the applicability of the method to substrates bearing substituents other than

phenyl, a preliminary scope was evaluated using the structurally and electronically varied
substrates. shown in Figures 4.9 and 4.10.
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Figure 4.9 shows the evaluation of aldehyde and allylic alcohol starting materials. The
corresponding products after transfer borylation or hydroboration could be formed in
moderate to excellent yields (41% - 88%). For 1c, the lower yields compared to 1a and 1b can
be explained by the higher reactivity of the intermediate alkene 2c to act as the competing
hydrogen acceptor. The corresponding hydrogenated by-product, N-ethyl phthalimide, was
observed by GC-MS analysis of the reaction mixture. Unfortunately, phenyl ether substituted
aldehyde 1d did not undergo dehydroformylation and could therefore not be further
functionalized, establishing a current limitation of the method.

o) o O
] 9 A o o
S N Phe ~J O
\ | 0 \ |
0
1a 1b 1c 1d 4f

vinyl boronates: 3a: 80% 3b: 88% 3c: 40% 3d: <5% 3f: 38%

Dehomologative
borylation to

alkyl boronates: 6a: 85% 6b: 81% 6c: 31%?2 6d: <5% 6f: 60%

Figure 4.9. Scope of the reaction starting from aldehyde starting materials; all crude yields under standard
conditions (for details, see 4.2.2. and 4.4); ? isolated yield.

The evaluation of the scope for transformations from aliphatic alcohols is shown in Figure
4.10. All alcohols underwent the dehomologation to the corresponding alkene smoothly (50
—79% vyield), including alcohol 5d that is the analogue of 1d. In the full system, all substrates
underwent hydroboration to form the corresponding alkyl boronates 6b-6e in good yields.
Unfortunately, transfer borylation proved to be ineffective and the corresponding alkenyl
boronates could not be formed in analogy to the discussion in 4.2.3.

OH OH 2 /\)OH o OH
OH
S N /\)
©/\) <\J/\) d& Ph \O/\) &"\l
O
5b 5c 5d

Dehomologative

borylation to 5a Se
vinyl boronates: 3a: 28% 3b: <5% 3c: <5% 3d: <5% 3e: <5%
alkyl boronates: 6a: 79% 6b: 67% 6C: 37%2 6d: 31%2 6e: <5%

Figure 4.10. Scope of the reaction starting from aliphatic alcohols; all crude yields under standard conditions
(for details, see 4.2.3. and 4.4); ? isolated yield.

4.2.6. Postfunctionalization reactions

As discussed in the introduction, the combination of dehomologative borylation with
postfunctionalization reactions to convert the boronic ester product in situ is desirable. It
would expand the one-pot access to an even wider range of products and could therefore
improve the utility of the transformation. To showcase this potential of the transformation,
two examples of postfunctionalization reactions were chosen — a Suzuki-Miyaura cross
coupling and an oxidation reaction.

Suzuki-Miyaura cross coupling

146



The arguably most known and most used reaction of boronic esters is the Suzuki-Miyaura
cross coupling.'® Therefore, the combination of the dehomologative borylation is of high
utility and highly desirable. Figure 4.11 shows the combination of the standard reaction
starting from 1a to form 3a and a subsequent Suzuki-Miyaura coupling with 3-
methoxyphenylbromide. The final product 7 was obtained in 64% isolated overall yield
showing the high efficiency of the overall process. Such transformation, i.e., a dehomolgative
Csp2—Csp2 coupling starting from aliphatic aldehydes has not been described in the literature.

Pds(dba)s (5 mol%),

0 standard condit PnBuAd, (20 mol%), OMe
standard conditions . Cs,CO3 (3.0 equiv.)
| o Xy BPin
Ph 3-OMePhBr (1.1 equiv.), A
110 °C, 16 h Ph
1a 7,
(0.2 mmol) 3a 64% isolated yield

Figure 4.11. One-pot postfunctionalization by Suzuki-Miyaura cross coupling.

Oxidation

Alkyl boronic esters have been shown to be easily oxidized in the presence of a mixture of
hydrogen peroxide and sodium hydroxide. This has been used to facilitate the isolation of the
commonly unstable boronic ester products.!’ Figure 4.12 shows the combination of the
standard reaction starting from 4a or 4b to form 5a or 5b and a subsequent oxidation. The
final products 8a and 8b could be obtained in 41% and 29% isolated overall yield, respectively.
Consequently, an overall dehomologation of aliphatic alcohols to alcohols is achieved that has
not been reported in the literature.

OH standard conditions NaOH (5.0 equiv.),

; H,0O, (5.0 equiv.)
B 2Us
/\) il pr - BPin - > Ph/\/OH
Ph rt, 20 min
4a 5 8a,
(0.2 mmol) a 41% isolated yield

NaOH (5.0 equiv.),

OH standard conditions S Bpin  H,0, (5.0 equiv.) S OH
S > <J/\/ . <j/\/
| \ ft, 20 min \

4b 5b 8b,
(0.2 mmol) 29% isolated yield

Figure 4.12. One-pot postfunctionalization by oxidation.

4.3 Conclusion and Outlook
In summary, the studies described in this chapter show the successful design of the

unprecedented dehomologative borylation reactions of aldehydes and alcohols by using
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multicatalysis. Although approaches using orthogonal relay or auto-relay catalysis failed, the
transformation was achieved through sequential catalysis. The evaluation of the scope shows
that the method has the potential to be broadly applicable. Further, the successful
introduction of two different post-functionalization reactions — namely Suzuki-Miyaura cross
coupling and oxidation — shows the further potential of the method. However, further work is
required to reveal the full potential of the method. Specifically, a further evaluation of the
substrate scope and the application of more post-functionalization reaction could broaden
the applicability of the method for the future. Further, an application of the method to
skeleton-editing can be envisioned.

4.4. Experimental details

4.4.1. Experimental methods

Unless stated otherwise, all reactions and manipulations were conducted on the laboratory bench or in a well-ventilated fume hood in air
with reagent grade solvents. Reactions under inert gas atmosphere were carried out in oven-dried glassware in a nitrogen-filled glove box or
by standard Schlenk techniques under nitrogen. Unless noted otherwise, all reagents and solvents were purchased from commercial suppliers
and used without further purification. For experiments under inert gas atmosphere, dried and degassed solvents were purchased from
commercial suppliers, stored in a nitrogen-filled glove box and used as received. Column chromatography was carried out with the aid of a
CombiFlash EZ Prep Chromatography System with integrated ELSD using the RediSep Rf (Bronze, Silver, or Gold) Silica Gel Disposable Flash
columns. TLC was carried out on Merck Kieselgel F254 plates. TLC visualization was carried out with ultraviolet light (254 nm), followed by
staining with a 1% aqueous KMnQa solution. NMR spectra were acquired on the 400 MHz (Bruker 400 MHz NMR UltraShield Magnet, Console
Avance lll, equipped by a standard probe BBFO 'H-X inverse 5 mm (with 3'P < X < *>N)) or 500 MHz (Bruker 500 MHz NMR Ascend Magnet,
Console Avance Neo equipped by a Cryo-Probe Prodigy *H-X 5 mm (with 31P < X < 1°N) with a 24-positions auto-sampler) instruments at the
Institute of Science and Supramolecular Engineering (ISIS). NMR spectra were processed using the MestReNova 14.2 software. Chemical
shifts are reported in parts per million (ppm) and referenced to residual solvent peaks or tetramethylsilane (TMS). Coupling constants are
reported in hertz (Hz). GC-FID analysis was obtained on a Shimadzu GC-2010 Plus instrument equipped with a SH-Rxi-5MS column (25 m x
0.20 mm ID x 0.33 mm film) connected to a FID detector. GC-MS analysis was obtained on a Shimadzu QP2020 (El) instrument equipped with
a SH-Rxi-5MS column (25 m x 0.20 mm ID x 0.33 mm film). GC-FID and NMR vyields were calculated using 1,3,5-trimethoxybenzene, as the
internal standards. GC-FID yields were corrected for response factors for all compounds. High-resolution electrospray ionization mass spectra
(HR-ESI-MS) were obtained at the Analytical Facility of the Department of Chemistry, University of Strasbourg or at the Institute of Science
and Supramolecular Engineering using a ThermoFisher Orbitrap Exactive Plus with Extend Mass Range (source HESI 1) with a Vanquish PDA
(VF-XX) detector.

4.4.2. Synthesis of substrates

3-(thiophen-2-yl)propan-1-ol 5b
‘ S The reaction was performed according to a literature procedure.!® To a solution of 3-(thiophen-2-yl)propanoic acid (1.95 g,
E)_\_\ 12.5 mmol, 1.0 equiv.) in THF (30 mL) was added borane dimethyl sulfide complex (2M in THF, 12.5 mL, 2.0 mmol, 2.0 equiv.)
OH 3t 0 °C under a nitrogen atmosphere. The reaction was then allowed to warm up to room temperature, and allowed to stir
for 3.5 h. The reaction mixture was quenched with sat. K2COs solution (15 mL) and washed with EtOAc (3 x 30 mL). The combined organic
layers were dried over NaxSOq, filtered and the volatiles were removed under reduced pressure. The residue was subjected to flash column
chromatography (silica gel, 0-45% EtOAC in petroleum ether) to obtain the product (1.77 g, 12.4 mmol, 99%) as a colorless oil. The NMR data
match previously reported data for the title product.'®

H NMR (400 MHz, CDCls) § 7.12 (dd, J = 5.1, 1.2 Hz, 1H), 6.92 (dd, J = 5.1, 3.4 Hz, 1H), 6.83 — 6.80 (m, 1H), 3.71 (t, J = 6.3 Hz, 2H), 2.94 (ddd,
J=7.7,7.1, 1.0 Hz, 2H), 2.00 — 1.90 (m, 2H), 1.47 (br s, 1H);
13C{1H} NMR (126 MHz, CDCls) § 144.7, 126.9, 124.5, 123.2, 62.0, 34.6, 26.3.

General procedure for the oxidation of alcohols to aldehydes with Dess-Martin periodinane:

To a stirred suspension of Dess-Martin-Periodinane (1.15 equiv.) in DCM was added a solution of the respective aldehyde (1.0 equiv.) in DCM
(40 mL). The mixture was allowed to stir at room temperature for the indicated time, filtered through celite (washed with DCM). After, the
volatiles were removed under reduced and the residue was subjected to flash column chromatography to obtain the product.

3-(thiophen-2-yl)propanal 1b

‘ S, The title compound was prepared according to the general procedure using 3-(thiophen-2-yl)propan-1-ol (356 mg, 2.50 mmol)
O_\—\\ as the starting material and 16 h reaction time. After work-up, the volatiles were removed concentrated under reduced
pressure, and the residue was subjected to column chromatography (silica gel, 0-38% EtOAc in petroleum ether) to give the
title compound (239 mg, 1.70 mmol, 68%) as a yellow oil. The NMR data match previously reported data for the title product.®

o
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H NMR (400 MHz, CDCls) 6 9.83 (t, J = 1.3 Hz, 1H), 7.14 (dd, J = 5.1, 1.2 Hz, 1H), 6.92 (dd, J = 5.2, 3.4 Hz, 1H), 6.82 (dq, J = 3.3, 1.1 Hz, 1H),
3.18 (td, J = 7.3, 0.9 Hz, 2H), 2.85 (ddd, J = 8.4, 7.1, 1.3 Hz, 2H);
13C{tH} NMR (101 MHz, CDCls) § 201.0, 143.1, 127.1, 124.9, 123.8, 45.5, 22.5.

3-(1,3-dioxoisoindolin-2-yl)propanal 1c

P The title compound was prepared according to the general procedure using 2-(3-hydroxypropyl)isoindoline-1,3-dione
@N (513 mg, 2.50 mmol) as the starting material. After work-up, the volatiles were removed concentrated under reduced
o % pressure, and the residue was subjected to column chromatography (silica gel, 0-50% EtOAc in petroleum ether) to give the

title compound (350 mg, 1.72 mmol, 69%) as a white solid. The NMR data match previously reported data for the title product.?

H NMR (400 MHz, CDCls) § 9.82 (t, J = 1.4 Hz, 1H), 7.88 — 7.81 (m, 2H), 7.75 — 7.69 (m, 2H), 4.04 (t, J = 7.0 Hz, 2H), 2.87 (td, J = 7.0, 1.4 Hz,
2H);
13C{tH} NMR (101 MHz, CDCls) § 199.6, 168.2, 134.3, 132.1, 123.5, 42.5, 31.8.

3-phenoxypropanal 1d
P The title compound was prepared according to the general procedure using 3-phenoxypropan-1-ol (381 mg, 2.5 mmol) as the
PhOJ_/ starting material. After work-up, the volatiles were removed concentrated under reduced pressure, and the residue was
subjected to column chromatography (silica gel, 0-30% EtOAc in petroleum ether) to give the title compound (120 mg,
0.80 mmol, 32%) as a colorless oil. The NMR data match previously reported data for the title product.?*

H NMR (400 MHz, CDCls) 5 9.88 (t, J = 1.6 Hz, 1H), 7.34 — 7.26 (m, 2H), 6.97 (tt, J = 7.3, 1.0 Hz, 1H), 6.93 — 6.86 (m, 2H), 4.32 (t, J = 6.1 Hz,
2H), 2.91 (td, J = 6.1, 1.6 Hz, 2H);
13¢{tH} NMR (101 MHz, CDCls) § 200.4, 158.5, 129.7, 121.3, 114.7, 61.7, 43.4.

(E)-3-(furan-2-yl)prop-2-en-1-ol 4f
‘ 0 The compound was prepared according to modified literature procedures.?*?3 To a suspension of sodium hydride (440 mg, 11
E/)_\\—\ mmol, 60% in mineral oil, 1.1 equiv.) in THF (40 mL) at 0 °C under argon was added triethyl phosphonoacetate (2.2 mL, 2.5 g,
11 mmol, 1.1 equiv.) dropwise. The reaction mixture was allowed to stir for 15 minutes at the same temperature. After, furfural
(828 uL, 961 mg, 10 mmol, 1.0 equiv.) was added dropwise. The resulting mixture was stirred for 15 h at room temperature before quenching
with sat. agueous NH4Cl (25 mL). The aqueous layer was washed with EtOAc (3 x 30 mL) and the combined organic layers were dried over
anhydrous sodium sulfate. After filtration, the volatiles were removed under reduced pressure to obtain a brown oil. The crude product of
the reaction was used in the next step without further purification.
To a stirred suspension of LiAlH4 (304 mg, 8.0 mmol, 0.8 equiv.) in diethyl ether (40 mL) was added a solution of the crude product from
above in diethyl ether (10 mL) dropwise at 0 °C. The reaction mixture was allowed to stir at room temperature for 1 h and then quenched
using sat. aqueous NH4Cl (10 mL). Upon filtration through celite (eluent: diethyl ether), the volatiles were removed. The residue was subjected
to column chromatography (silica gel, 0-30% EtOAc in petroleum ether) to give the title compound (665 mg, 5.4 mmol, 54%) as a yellow oil.
The NMR data match previously reported data for the title product.?

H NMR (400 MHz, CDCls) § 7.35 (d, J = 1.8 Hz, 1H), 6.44 (dt, J = 15.9, 1.6 Hz, 1H), 6.37 (dd, J = 3.3, 1.8 Hz, 1H), 6.29 (dt, J = 15.9, 5.5 Hz, 1H),
6.24 (d, J = 3.3 Hz, 1H), 4.29 (dd, J = 5.6, 1.5 Hz, 2H), 1.63 (br s, 1H);
13C{tH} NMR (126 MHz, CDCls) § 152.5, 142.2, 127.3, 119.4, 111.4, 108.1, 63.4.

4.4.3. General procedures for the dehomologative borylation

General procedure 1: Dehydroformylation of aldehydes and allylic aldehydes

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with [Rh(cod)OMe].
(1.0 mg, 2.0 pmol, 1 mol%), xantphos (2.3 mg, 4.0 pmol, 2 mol%), 3-OMeBzOH (0.6 mg, 4.0 umol, 2 mol%), 1,4-dioxane (200 pL), substrate
(200 umol, 1.0 equiv.), and dimethyl maleate (24.9 pL, 28.8 mg, 200 umol, 1.0 equiv.). The vial was sealed with a cap, removed from the
glove box, placed in a pre-heated aluminum block, and allowed to stir (800 rpm) at 90 °C for 16 h.

General procedure 2: Dehydromethoxylation of alcohols

In a nitrogen-filled glove box, a 10 mL screw-cap vial equipped with a Teflon-coated magnetic stirring bar was charged with [Rh(cod)OMe].
(1.9 mg, 4.0 pmol, 2 mol%), xantphos (4.6 mg, 8.0 pmol, 4 mol%), 3-OMeBzOH (1.2 mg, 8.0 umol, 4 mol%), 1,4-dioxane (200 pL), substrate
(200 umol, 1.0 equiv.), and dimethyl maleate (49.7 pL, 57.7 mg, 400 umol, 2.0 equiv.). The vial was sealed with a cap, removed from the
glove box, placed in a pre-heated aluminum block, and allowed to stir (800 rpm) at 110 °C for 16 h.

General procedure 3: Transfer borylation of alkenes formed in situ

The vial from general procedure 1 or 2 was introduced into a nitrogen-filled glove box. The vial was further charged with THF (300 pL),
[Ir(cod)Cl]2 (5.4 mg, 8.0 umol, 4 mol%), JohnPhos (14.3mg, 48.0 umol, 24 mol%), Bzpin: (5.1 mg, 20.0 umol, 10 mol%), and vinylboronic acid
pinacol ester (“vinyl Bpin”) (67.7 pL, 61.6 mg, 400 umol, 2.0 equiv.). The vial was sealed with a cap, removed from the glove box, placed in a
pre-heated aluminum block, and allowed to stir (800 rpm) at 110 °C for 16 h. The volatiles were removed under reduced pressure and the
residue was subjected to flash column chromatography to isolate the target product.

General procedure 4: Hydroboration of alkenes formed in situ

The vial from general procedure 1 or 2 was introduced into a nitrogen-filled glove box. The vial was further charged with THF (300 uL) and
HBpin (34.9 pL, 30.7 mg, 240 pmol, 1.2 equiv.). The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum
block, and allowed to stir (800 rpm) at rt for 24 h. The volatiles were removed under reduced pressure and the residue was subjected to flash
column chromatography to isolate the target product.

General procedure 5: Suzuki-Miyaura coupling of boronic esters formed in situ

The vial from general procedure 3 or 4 was introduced into a nitrogen-filled glove box. The vial was charged with Pdz(dba)s (9.2 mg, 10 umol,
5 mol%), P"BuAd> (14.3 mg, 40 pmol, 5 mol%), Cs2COs (196 mg, 0.6 mmol, 3.0 equiv.), H20 (83.3 pL), and 3-methoxyphenylbromide (27.8 L,
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41.1 mg, 0.22 mmol, 1.1 equiv.). The vial was sealed with a cap, removed from the glove box, placed in a pre-heated aluminum block, and
allowed to stir (800 rpm) at 110 °C for 16 h. The mixture was filtered through a short pad of celite (eluent: DCM) and the volatiles were
removed under reduced pressure. The residue was subjected to flash column chromatography to isolate the target product.

General procedure 6: Oxidation of alkyl boronic esters

The vial from general procedure 3 or 4 was opened and NaOH (3M in water, 333uL, 1.0 mmol, 5.0 equiv.) and H20; (30% in water, 113.4 L,
1.0 mmol, 5.0 equiv.) were added subsequently. The vial was sealed and allowed to stir at room temperature for 20 min. After, water (2 mL)
was added and the mixture was washed with EtOAc (3 x 2 mL). The combined organic layers were dried over Na,SOq, filtered, and the volatiles
were removed under reduced pressure. The residue was subjected to flash column chromatography to isolate the target product.

4.4 .4, Characterization of products

(E)-4,4,5,5-tetramethyl-2-styryl-1,3,2-dioxaborolane 3a
o The title compound was prepared according to the general procedures 1 and 3 using cinnamyl alcohol (26.4 pL, 27.4 mg,
@fs‘oi 200 umol, 1.0 equiv,) as the starting material. The reaction mixture was concentrated under reduced pressure, and the
residue was subjected to column chromatography (silica gel, 0-3% MTBE in petroleum ether) to give the title compound
(18.1 mg, 79 umol, 39%) as a colorless oil. The crude yield of the title product was found to be 59% as determined using *H NMR spectroscopy.
The NMR data match previously reported data for the title product.?*

H NMR (400 MHz, CDCls) § 7.53 — 7.46 (m, 2H), 7.40 (d, J = 18.5 Hz, 1H), 7.36 — 7.27 (m, 3H), 6.17 (d, J = 18.5 Hz, 1H), 1.32 (s, 12H).

(E)-4,4,5,5-tetramethyl-2-(2-(thiophen-2-yl)vinyl)-1,3,2-dioxaborolane 3b
The title compound was prepared according to the general procedures 1 and 3 using 3-(thiophen-2-yl)propanal (28.0 mg,
sz 200 pmol, 1.0 equiv,) as the aldehyde starting material. The reaction mixture was concentrated under reduced pressure, and
the residue was subjected to column chromatography (silica gel, 0-6% MTBE in petroleum ether) to give the title compound
(31.9 mg, 135 umol, 68%) as a colorless oil. The crude yield of the title product was found to be 88% as determined using *H NMR
spectroscopy. The NMR data match previously reported data for the title product.?*

S,
7\

14 NMR (500 MHz, CDCls) & 7.47 (d, J = 18.1 Hz, 1H), 7.24 (dt, J = 5.0, 0.9 Hz, 1H), 7.08 (dd, J = 3.7, 1.1 Hz, 1H), 6.98 (dd, J = 5.1, 3.6 Hz, 1H),
5.91 (d, J = 18.1 Hz, 1H), 1.30 (s, 12H).

(E)-2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)isoindoline-1,3-dione 3c
P The title compound was prepared according to the general procedures 1 and 3 using 3-(1,3-dioxoisoindolin-2-yl)propanal
©5<(N_\—B/Ojé (40.6 mg, 200 umol, 1.0 equiv,) as the aldehyde starting material. The reaction mixture was concentrated under reduced
o o pressure, and the residue was subjected to column chromatography (silica gel, 0-34% EtOAc in petroleum ether) to give
the title compound (4.1 mg, 14 umol, 7%) as a white solid. The crude yield of the title product was found to be 40% as determined using *H
NMR spectroscopy. The NMR data match previously reported data for the title product.?*

H NMR (400 MHz, CDCls) § 7.90 (dd, J = 5.5, 3.0 Hz, 2H), 7.76 (dd, J = 5.5, 3.0 Hz, 2H), 7.48 (d, J = 16.9 Hz, 1H), 6.45 (d, J = 16.9 Hz, 1H), 1.30
(s, 12H).

(E)-2-(2-(furan-2-yl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3f
@_\ o The title compound was prepared according to the general procedures 1 and 3 using (E)-3-(furan-2-yl)prop-2-en-1-ol (24.8 mg,
g 200 pumol, 1.0 equiv,) as the starting material. The reaction mixture was concentrated under reduced pressure, and the
residue was subjected to column chromatography (silica gel, 0-50% MTBE in petroleum ether) to give the title compound
(8.5 mg, 39 umol, 19%) as a yellow oil. The crude yield of the title product was found to be 38% as determined using *H NMR spectroscopy.

H NMR (400 MHz, CDCls) & 7.43 — 7.38 (m, 1H), 7.15 (d, J = 18.4 Hz, 1H), 6.39 (d, J = 1.3 Hz, 2H), 6.00 (d, J = 18.4 Hz, 1H), 1.29 (s, 12H);
13C{*H} NMR (101 MHz, CDCl3) & 153.8, 143.5, 136.5, 111.8, 110.9, 83.5, 24.9 [Note: the carbon atom attached to the boron atom was not
observed due to quadrupole broadening or relaxation delay caused by the !B nucleus®];

1B NMR (128 MHz, CDCls) 6 30.9;

HRMS (ESI) m/z calcd. for C12H1sBOs ([M+H]*): 221.1344; found: 221.1341.

4,4,5,5-tetramethyl-2-phenethyl-1,3,2-dioxaborolane 6a
B,Oi The title compound was prepared according to the general procedures 1 and 4 using cinnamyl alcohol (26.4 L, 27.4 mg,
@J © 200 pumol, 1.0 equiv,) as the starting material. The reaction mixture was concentrated under reduced pressure, and the
residue was subjected to column chromatography (silica gel, 0-5% MTBE in petroleum ether) to give the title compound
(20.1 mg, 87 umol, 44%) as a colorless oil. The title compound was isolated alongside 3a (ratio 6a/3a = 88/12). The crude yield of the title
product was found to be 81% as determined using *H NMR spectroscopy. The NMR data match previously reported data for the title
product.?

H NMR (400 MHz, CDCls) § 7.41 — 7.23 (m, 4H), 7.23 = 7.14 (m, 1H), 2.79 (t, J = 8.2 Hz, 2H), 1.26 (s, 12H), 1.18 (t, J = 8.1 Hz, 2H).

4,4,5,5-tetramethyl-2-(2-(thiophen-2-yl)ethyl)-1,3,2-dioxaborolane 6b
m o The title compound was prepared according to the general procedures 1 and 4 using 3-(thiophen-2-yl)propanal (28.0 mg,
B 200 umol, 1.0 equiv,) as the aldehyde starting material. The reaction mixture was concentrated under reduced pressure,
and the residue was subjected to column chromatography (silica gel, 0-4% MTBE in petroleum ether) to give the title
compound (23.5 mg, 99 umol, 49%) as a colorless oil. The title compound was isolated alongside 3b (ratio 6b/3b = 94/6). The crude yield of
the title product was found to be 81% as determined using *H NMR spectroscopy. The NMR data match previously reported data for the title
product.?
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H NMR (500 MHz, CDCls) 6 7.08 (dd, J = 5.1, 1.2 Hz, 1H), 6.89 (dd, J = 5.1, 3.4 Hz, 1H), 6.81 — 6.77 (m, 1H), 2.96 (td, J = 7.9, 1.0 Hz, 2H), 1.25
—1.19 (m, 14H).

2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)isoindoline-1,3-dione 6¢c
o The title compound was prepared according to the general procedures 1 and 4 using 3-(1,3-dioxoisoindolin-2-yl)propanal
@Nxs’oi (40.6 mg, 200 umol, 1.0 equiv,) as the aldehyde starting material. The reaction mixture was concentrated under reduced
o o pressure, and the residue was subjected to column chromatography (silica gel, 0-43% EtOAc in petroleum ether) to give
the title compound (18.5 mg, 61 umol, 31%) as a colorless oil. The reaction from 2-(3-hydroxypropyl)isoindoline-1,3-dione (41.0 mg,
200 pmol, 1.0 equiv.) gave the same compound (22.3 mg, 74 pmol, 37%).

H NMR (400 MHz, CDCls) 6 7.82 (dd, J = 5.4, 3.0 Hz, 2H), 7.68 (dd, J = 5.4, 3.0 Hz, 2H), 3.86 — 3.75 (m, 2H), 1.31 — 1.14 (m, 14H);

13C{*H} NMR (101 MHz, CDCl3) 6 168.3, 133.7, 132.4, 123.1, 83.4, 34.0, 24.8 [Note: the carbon atom attached to the boron atom was not
observed due to quadrupole broadening or relaxation delay caused by the !B nucleus®];

1B NMR (128 MHz, CDCls) 6 33.8;

HRMS (ESI) m/z calcd. for C16H2:BNOa ([M+H]*): 302.1558; found: 302.1555.

4,4,5,5-tetramethyl-2-(3-phenoxypropyl)-1,3,2-dioxaborolane 6d

@L QJ§< The title compound was prepared according to the general procedures 2 and 4 using 3-phenoxypropan-1-ol (30.4 mg,
0B 200 pmol, 1.0 equiv.) as the alcohol starting material. The reaction mixture was concentrated under reduced pressure, and

the residue was subjected to column chromatography (silica gel, 0-27% EtOAc in petroleum ether) to give the title compound (16.2 mg,

62 umol, 31%) as a yellow oil. The NMR data match previously reported data for the title product.2®

H NMR (400 MHz, CDCls) § 7.35 — 7.20 (m, 2H), 6.97 — 6.85 (m, 3H), 4.11 (t, J = 7.8 Hz, 2H), 1.37 (t, J = 7.8 Hz, 2H), 1.27 (s, 12H).

2-(2-(furan-2-yl)ethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 6f
@xapi The title compound was prepared according to the general procedures 1 and 4 using (E)-3-(furan-2-yl)prop-2-en-1-ol (24.8 mg,
o 200 umol, 1.0 equiv,) as the starting material. The reaction mixture was concentrated under reduced pressure, and the residue
was subjected to column chromatography (silica gel, 0-40% MTBE in petroleum ether) to give the title compound (6.7 mg,
30 umol, 15%) as a colorless oil. The title compound was isolated alongside 3f (ratio 6f/3f = 2/1). The crude yield of the title product was
found to be 60% as determined using *H NMR spectroscopy.

H NMR (500 MHz, CDCls) § 7.28 — 7.26 (m, 1H), 6.27 — 6.22 (m, 1H), 5.98 — 5.93 (m, 1H), 2.74 (t, J = 7.9 Hz, 2H), 1.23 (s, 12H), 1.14 (t, J = 7.9
Hz, 2H);

13C{*H} NMR (126 MHz, CDCl3) § 158.1, 140.7, 110.1, 104.1, 83.3, 24.9, 22.6 [Note: the carbon atom attached to the boron atom was not
observed due to quadrupole broadening or relaxation delay caused by the !B nucleus®];

1B NMR (160 MHz, CDCls) 6 34.0;

HRMS (ESI) m/z calcd. for C12H20BOs ([M+H]*): 223.1500; found: 223.1498.

(E)-1-methoxy-3-styrylbenzene 7
O0—  The title compound was prepared according to the general procedures 1, 3, and 5 using 3-phenylpropanal (26.8 mg,

200 pmol, 1.0 equiv.) as the aldehyde starting material. The reaction mixture was concentrated under reduced pressure,
O and the residue was subjected to column chromatography (silica gel, 100% petroleum ether) to give the title compound

(27.1 mg, 129 umol, 64%) as a yellow oil. The NMR data match previously reported data for the title product.?’

H NMR (400 MHz, CDCls) § 7.55 — 7.49 (m, 2H), 7.39 — 7.33 (m, 2H), 7.27 (td, J = 7.9, 6.3 Hz, 2H), 7.15 — 7.04 (m, 4H), 6.83 (ddd, J = 8.2, 2.5,
1.0 Hz, 1H), 3.85 (s, 3H).

2-phenylethan-1-ol 8a

OH  The title compound was prepared according to the general procedures 2, 4, and 6 using 3-phenylpropanol (27.2 mg,
@J 200 pumol, 1.0 equiv.) as the starting material. The reaction mixture was concentrated under reduced pressure, and the
residue was subjected to column chromatography (silica gel, 0-50% EtOAc in petroleum ether) to give the title compound (10.0 mg, 82 pmol,
41%) as a colorless oil. The NMR data match previously reported data for the title product.?®

H NMR (400 MHz, CDCls) § 7.36 — 7.29 (m, 2H), 7.26 — 7.20 (m, 3H), 3.87 (t, J = 6.6 Hz, 2H), 2.88 (t, J = 6.6 Hz, 2H), 1.56 (s, 1H).

2-(thiophen-2-yl)ethan-1-ol 8b

ES)_fOH The title compound was prepared according to the general procedures 2, 4, and 6 using 3-(thiophen-2-yl)propan-1-ol (28.4 mg,
/ 200 pmol, 1.0 equiv.) as the alcohol starting material. The reaction mixture was concentrated under reduced pressure, and the

residue was subjected to column chromatography (silica gel, 0-38% EtOAc in petroleum ether) to give the title compound (7.3 mg, 57 umol,

29%) as a colorless oil. The NMR data match previously reported data for the title product.?®

'H NMR (400 MHz, CDCls) § 7.18 (dd, J = 5.1, 1.2 Hz, 1H), 6.96 (dd, J = 5.2, 3.4 Hz, 1H), 6.88 (dt, J = 3.5, 1.0 Hz, 1H), 3.87 (t, J = 6.3 Hz, 2H),
3.09 (td, J = 6.3, 0.9 Hz, 2H), 1.59 (br s, 1H).
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CHAPTER 5

Challenges and Opportunities in
Multicatalysis

The literature review described in this chapter was written in collaboration with S. Martinez
and B. Lainer. Upon discussion with S. Martinez and P. Dydio, | prepared the initial outline of
the project, collected the majority of the literature and wrote the initial version of sub-
chapters 5.2 to 5.5.1. S. Martinez collected literature and wrote the initial version of sub-
chapters 5.1 and 5.5.2. to 5.6. B. Lainer created the schemes and figure.

Contents of this chapter have been adapted from a published article with permission:
Martinez, S.;# Veth, L.;# Lainer, B.; Dydio, P. ACS Catalysis 2021, 11, 3891-3915; # - equal
contribution. DOI: 10.1021/acscatal.0c05725.
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5.1 Introduction

The emergence of catalysis has had a transformative impact on various areas, including the
production of chemicals, materials, and fuels, but also healthcare, agriculture, and the
environment.! From a historical standpoint, first catalysts were developed to enhance the
performance of known reactions, but later catalysis started enabling new transformations to
address new challenges of the time. Catalytic transformations are typically constrained to one
catalyst enabling a single reaction. However, the field continues evolving in complexity to
further increase its potential.>!® Recently, there has been growing interest in developing
multi-catalytic systems, which are inspired by the complexity of catalytic reactions occurring
in nature.?3 Such efforts are further driven by remarkable characteristics of biosynthesis, that
is, excellent selectivity, high yields, and material efficiency when producing complex
molecules directly without any isolation of intermediates. However, to develop such multi-
catalytic systems, major challenges need to be addressed, including incompatibility between
multiple catalysts or reagents, precise ordering of all individual processes, and operation of all
reactions under a single set of conditions.

To shed light on different approaches that address the challenges and take advantage of the
opportunities of multi-catalysis, i analyze the field and provide insights into its three main
categories: cooperative, domino, and relay catalysis. Each type of multi-catalysis is illustrated
with a selection of representative reports that highlight their different features. Special
emphasis is paid to relay catalysis, sub-categories of which are discussed and further
portrayed with corresponding examples. Lastly, more complex systems, consisting of
combinations of main multi-catalytic categories, are reviewed. The overall goal of this chapter
is to emphasize the vast potential of multi-catalytic ‘one-pot’ processes to further inspire
development and promote applications of such processes across molecular sciences.

Noteworthy, domino catalysis that uses a single catalyst to execute a series of reactions
within one catalytic cycle lays at the edge of multi-catalysis, and as such, it might be
considered to be outside of the field. However, we included domino catalysis into the scope
of this chapter purposefully, in the efforts of portraying the full picture of synthetic systems
that execute multiple catalytic events in one-pot.

Because multi-catalytic systems based solely on enzymatic catalysis encounter distinct
challenges than the multi-catalytic systems incorporating ‘small-molecule’ catalysts, they stay
beyond the scope of this chapter. | refer the readers to the corresponding reviews.*”’

5.2 Definitions and classification

The classification of different types of the multi-catalytic one-pot processes is somewhat
inconsistent in the chemical literature. The herein proposed classification is inspired by the
efforts of Fogg and Santos,? and Patil® and aims to provide a systematic analysis that includes
all current approaches in this field. All systems with either multiple catalysts or multiple
catalytic reactions taking place in the same reaction vessel are accounted for, irrespectively if
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all reagents or catalysts are present from the start or are added during the reaction along with
the possible change of reaction conditions.

Our primary classification of multi-catalytic systems takes into account (i) how the catalysts
operate, i.e., the number of catalytic cycles that are involved and if the catalytic cycles are
intertwined, and (ii) the number of independent catalytic reactions, i.e., number of bonds
being formed, modified, or broken in the overall process, leading to the three categories of
“cooperative catalysis”, “domino catalysis”, and “relay catalysis”. Because relay catalysis
encompasses a range of distinct systems bearing different challenges and opportunities, the
further division into sub-categories is proposed. Here, the distinction is based on whether one
or multiple pre-catalysts are used, i.e., whether each pre-catalyst operates in single or multiple
independent catalytic cycles, and whether a change in reaction conditions or an addition of
components throughout the process takes place. The general features for each category and
sub-category are summarized in Figure 5.1.

a. Cooperative Catalysis b. Domino Catalysis

Key features: Key features:
Number of catalytic reactions? in the process: 1 Number of catalytic reactions? in the process: = 2
Number of catalysts in the process: = 2 Number of catalysts in the process: 1
Number of catalytic cycles in the process: = 2 Number of catalytic cycles in the process: 1
Shared intermediates between catalytic cycles: yes Shared intermediates between catalytic cycles: not applicable
c. Relay Catalysis
o=

Key features:
S Number of catalytic reactions? in the process: = 2

§ 4. N ~
t p \{\, v p L Number of catalysts in the process: =1
. y ~
vf/ g Number of catalytic cycles in the process: = 2
Shared intermediates between catalytic cycles: No
Subcategories of Relay Catalysis:
orthogonal relay Reactions can be cooperative autorelay
TNO NOT
. No ? Yes .
Change of conditions? - Cat 1 = Cat 2 —_—— Change of conditions?
lYes Yesl
sequential relay Reactions cannot be cooperative assisted-relay

Figure 5.1. General characteristics of different categories and subcategories of multi-catalytic one-pot
processes discussed in the chapter. 2 A single catalytic reaction is understood as a distinct event of making,
modifying, or breaking a bond occurring without any noncatalytic reaction intermediates.
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It is noteworthy that the literature often refers to some multi-catalytic processes as
“cascade catalysis”. Because of its wide-spread use in different independent contexts, we
propose the term “cascade catalysis” to be avoided in the future, as previously also suggested
by Tietze.1°
We also need to note that for the sake of simplicity in this chapter, we use the term ‘catalyst’
rather liberally to indicate a molecule that is either catalytically active or itself forms a
catalytically active species under reaction conditions. When necessary for clarity, we
differentiate between a ‘pre-catalyst’ and an actual ‘catalyst’ or ‘catalytic species’.

5.3. Cooperative catalysis

Cooperative catalysis, often referred to as synergistic catalysis,** refers to catalytic systems
in which multiple catalysts operate in concert by sharing their individual catalytic cycles in a
single reaction to create, modify, or break a single bond. Consequently, the accumulation of
reaction intermediates is not possible. The field of research has been extensively reviewed
recently.!?1> Therefore, below we only discuss representative examples that indicate the key
features enabled by cooperative catalysis, noting all possible combinations regarding the
different types of catalysts, such as organo/organo, organo/metal, and metal/metal, found in
dual-catalytic systems. It is worth noting that in a recent perspective article on
enantioselective synthesis with the aid of cooperative dual-catalytic systems,'® Hoveyda and
co-workers pointed out that the two catalysts are not necessarily acting cooperatively in such
reactions. Therefore, the term cooperative catalysis might be somewhat misleading.

Enabling precise stereocontrol

In stereoselective synthesis, the synergistic action of two catalysts enables the
enhancement of stereoselectivity control through the formation of highly organized transition
states. For instance, Carreiral’ and co-workers developed a metal/organo dual-catalytic
system for the enantio- and diastereodivergent a-allylation of branched aldehydes 1.1 to form
v,0-unsaturated aldehydes 1.3 from a pair of racemic starting materials (Scheme 5.1).
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/

chirality of a-center: chirality of B-center:
A1> (R) (R)-L=(R)
A2> (S) (S)-L>=(S)

Scheme 5.1. Ir-/chiral amine-catalyzed cooperative enantio- and diastereodivergent a-allylation of a-branched
aldehydes.

The reaction occurs in the presence of a chiral Ir-phosphoramidite complex that activates
allylic alcohol 1.2 to form allyliridium intermediate 1.4 and chiral cinchona alkaloid A1 or A2
that activates aldehyde 1.1 through the formation of an iminium intermediate 1.5. Because
each catalyst controls the selectivity of each new stereogenic center independently, each of
all four possible stereoisomers of 1.3 can be prepared selectively by selecting a pair of suitable
enantiomers of both catalysts. By adapting the strategy, the same group subsequently
reported two similar systems for the a-allylation of linear aldehydes,® and protected a-amino
or a-hydroxyacetaldehydes.'® The strategy was also utilized in a number of other studies with
metal/metal?®2®, metal/organo,?’?° and organo/organo® dual-catalytic systems, which
demonstrated that multi-catalysis provides powerful tools for stereodivergent asymmetric
synthesis.
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Scheme 5.2. Ir-/Ni-catalyzed cooperative cross-coupling of sp*-nucleophiles with aryl bromides assisted by a
single-electron transmetalation step.

Enabling new reaction pathways

Thanks to the interactions between multiple catalytic cycles, multi-catalysis can create
new reaction pathways, enabling transformations that are otherwise either kinetically or
thermodynamically unfeasible. For instance, cross-coupling reactions involving alkyl boronic
acids occurring in the presence of a single catalyst are typically sluggish, because
transmetalation involving sp3-hybridized organoboronic acid 2.1 is rather slow and requires
harsh reaction conditions, limiting the overall applicability.

To address these issues, Molander3! and co-workers developed a metal/metal dual-catalytic
system that combines a classical Ni-catalyst with an Ir-photoredox catalyst (Scheme 5.2).32 The
latter mediates a single-electron transfer (SET) to readily form benzyl radicals 2.4 from 2.1,
which undergo fast single electron transmetalation with the Ni-catalyst. Overall, incorporation
of a SET enables efficient cross-coupling between sp3-centered potassium alkoxyalkyl- or
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benzyltrifluoroborates 2.1 and aryl bromides 2.2 under mild conditions and consequently for
a broad range of substrates. In turn, the merger of photoredox catalysis and transition metal
catalysis was examined by MacMillan and Doyle to execute cross-coupling reactions with alkyl
carboxylic acids as coupling partners.3® The versatility of the approach was further indicated
in other studies, including the report of Molander3* on using alkyl silicon derivatives as
coupling partners and the work of Nishibayashi®> on using alkyl dihydropyridines as coupling
partners. The field of cross-coupling reactions exploiting the combination of photo- and
transition metal-catalysts was recently reviewed.3®

The latter undergoes sequential oxidative addition of aryl halide 3.2 to furnish a
Ni'l(aryl)(alkyl) species followed by subsequent reductive elimination affording the cross-
coupled product 3.3. Lastly, a series of electron transfer events regenerates catalytic species,
closing both catalytic cycles. Other reports on functionalization of unactivated C-H bonds
occurring in the presence of analogous metal/metal dual-catalytic systems further
underscored the efficacy of the strategy.*>*°
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Scheme 5.3. W-/Ni-catalyzed arylation of strong sp3-C-H bonds with aryl bromides enabled by light-driven
hydrogen atom transfer (HAT).

Cooperation between a photocatalyst (PC) and a hydrogen atom transfer (HAT) catalyst
provided new opportunities for free radical organic chemistry.*® In general, open-shell radical
intermediates can be readily generated by an electron transfer process between PCs and
organic starting materials. Such radicals can be engaged in transformations that are
inaccessible for the closed-shell starting materials. Upon completing the target reactions, the
radical intermediates are converted back to the closed-shell products by reacting with the HAT
catalysts.*” For instance, Nicewicz and coworkers®® recently established anti-Markovnikov
hydrohalogenation of styrenyl alkenes occurring selectively in the presence of a
organo/organo dual-catalytic system built of an acridinium salt acting as a PC and a thiophenol
derivative acting as a HAT catalyst (Scheme 5.4). Initially, the visible light-excited photoredox
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catalyst reacts with alkene 4.1 through photoinduced electron-transfer (PET) to form alkene
radical cation 4.4. The latter reacts with a chloride anion through the nucleophilic addition to
produce benzylic carbon-centered radical 4.5. Upon a HAT from the redox-active thiol, the
anti-Markovnikov hydrohalogenation product 4.3 is formed. Lastly, a source of acidic protons
converts thiolate to the active hydrogen atom donor, allowing turnover of the HAT catalyst.
Notably, several halogen, phosphate, and sulfonate anions can be used as nucleophiles, when
a well-paired combination of PC and HAT catalysts is used.

cr - H
H .
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88% yield
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[ @2 cr
—_—
S !
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Key feature:
cooperation of photoinduced electron-transfer (PET), nucleophilic
addition, and hydrogen atom transfer (HAT) enables
the anti-Markovnikov hydrofunctionalization of alkenes

Scheme 5.4. Merging two organocatalysts enables the light-driven anti-Markovnikov hydrohalogentaion of
styrenyl alkenes.

The abovementioned photocatalytic strategy using organocatalysts has been extensively
studied to afford a range of new reactions, including recent studies on generation and
trapping of alkene radical cations® in other transformations such as hydroacetoxylation,>®
intra->! and intermolecular®®> hydroamination, a range of novel polar radical crossover
cycloadditions,”®™>° synthesis of polysubstituted aldehydes,® as well as a site-selective arene
C-H amination®’ and direct arene C—H fluorination.>® HAT organocatalysts, such as zwitterionic
triazolium amidates, proved also effective in the organo/metal dual-catalytic systems enabling

C-H bond alkylation reactions.>®

Enabling thermodynamically unfeasible transformations

The ability to directly convert a racemic mixture of a compound into its enantiomerically
pure form would be attractive from a synthetic standpoint. However, such transformations
are thermodynamically unfeasible, due to the prospective increase in entropy (DG = +0.42
kcal/mol)..° To overcome the intrinsic challenges of unfavorable thermodynamics, Miller,
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Knowles,®® and co-workers developed an elegant protocol of a light-driven direct
deracemization of cyclic ureas 5.1 by the cooperative action of three catalysts namely an
(achiral) Ir-photocatalyst, a chiral phosphate catalyst, and a chiral peptide thiol catalyst. The
reaction proceeds through the excited-state redox events enabling a kinetic enrichment of
one enantiomer (Scheme 5.5).
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Key feature:
Ir-catalyzed light-fueled reversible oxidation followed by two stereoselective
catalytic events enables thermodynamically unfavorable process

Scheme 5.5. Ir-/phosphate-/peptide thiol-catalyzed light-driven cooperative deracemization of ureas through
stereoselective excited-state processes.

First, both enantiomers of cyclic urea 5.1 undergo continuous reversible oxidation by the
excited state of the Ir-photocatalyst to form a pair of transient chiral radical cations 5.3 and
5.4. Then, one enantiomer of the transiently formed 5.3 or 5.4 is preferentially deprotonated
by the chiral phosphate catalyst with 86:14 selectivity. In turn, thus-formed a-amino radical
5.5 undergoes enantioselective hydrogen atom transfer (HAT) in the presence of the chiral
thiol catalyst, recovering preferentially the opposite enantiomer of the starting material with
79:21 selectivity. Upon reaching the steady-state level of optical enrichment, the effective
overall deracemization is achieved with 96:4 er through the composition of selectivities of
chiral oxidation (86:14 er) and chiral hydrogen atom transfer (79:21 er) steps. Overall, the
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multi-catalytic strategy enables to create the out-of-equilibrium state at the expense of light
energy as the fuel.

Cooperation between a series of light-driven organocatalytic processes furnished a kinetically
controlled site-selective epimerization of natural sugars to afford rare sugar isomers, as
recently reported by Wendlandt®! and co-workers (Scheme 5.6). Within the reaction, four
organo-catalysts operate in concert, namely a photocatalyst (4-CzIPN), a hydrogen-atom
abstraction catalyst (quinuclidine), a HAT catalyst (1-adamantane thiol), and a base
(tetrabutylammonium p-chlorobenzoate). First, the blue LED light-excited photocatalyst is
guenched by quinuclidine to generate a quinuclidinium radical cation. The latter mediates an
irreversible hydrogen-atom abstraction from substrate 6.1 to form sugar radical 6.3, followed
by a diastereoselective HAT from the thiol catalyst to afford the epimerized sugar product 6.2
and the thiyl radical. A series of proton, electron, and hydrogen-atom transfers regenerates
catalysts, closing the catalytic cycles.

HO e Amine \ Thiol | Base HO
HO O MA HO O
HO H

hv

H OHome 92% yield OH OHOMe
6.1 6.2
irreversible HO diastereoselective
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Key feature:
irreversible hydrogen atom abstraction (HAA) followed by
diastereoselective hydrogen atom transfer (HAT) occurring in the prescence
of four organocatalysts enables site selective epimerization

Scheme 5.6. Cooperative metal-free quadruple-catalytic catalysis enables site-selective epimerization of sugars
to form rare sugar isomers.
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5.4. Domino catalysis

Domino catalysis refers to catalytic systems with typically one catalyst operating in one
catalytic cycle to form, modify, or break multiple bonds, i.e., multiple distinct reactions take
place within the same catalytic cycle. Considering that a catalyst typically remains bound to
the intermediates until the sequence is completed, the accumulation of reaction
intermediates is not possible. Because domino reactions have been extensively reviewed in

62-67 and books,1%%® below we only discuss representative examples and we

journal articles
further refer the reader to the review literature. However, it is worth noting that some of the
reviews do not strictly follow the same definition, sometimes using the term domino catalysis
in a much broader sense.

It should be noted that domino catalysis, featuring only one catalyst that operates in one
catalytic cycle, might not belong strictly to the field multi-catalysis. However, the approach
represents a stepping stone towards the development of time- and resource-efficient
processes with multiple catalytic bond-forming events occurring in one pot. Therefore, we

consider its inclusion and a discussion of selected examples as pertinent for this chapter.

Creating multiple bonds within a single linear substrate

Domino reactions were shown to be particularly attractive for natural product synthesis,
directly converting relatively simple linear starting materials into complex molecules with high
diastereo- and enantioselectivity. The substrates for such processes usually require a high
level of design and preorganization for a transformation to be successful; however, the
reported examples demonstrate the impressive increase of molecular complexity within a
single synthetic step.

For instance, Trost and co-workers®® employed an intramolecular Pd-catalyzed polyenyne
cycloisomerization as the centerpiece of the total synthesis of tremulanes, a group of
sesquiterpenes. A linear polyenyne starting material 7.1 containing all the carbon and oxygen
atoms in the targeted places undergowent a sequence of reactions through a series of
sequential hydropalladation, carbopalladation, and 3-hydride elimination steps (Scheme 5.7).
Overall, the Pd-catalyzed domino process resulted in the formation of 7.2 with three new
stereocenters, one 5-membered, and one 7-membered ring with high diastereoselectivity and
yield in a single synthetic step. In an earlier work from the same group,’® a Pd-catalyzed
polyenyne cycloisomerization led to the formation of six new C-C bonds and seven 5-
membered rings, highlighting the synthetic capacity of domino catalysis.

164



Co,Me u
OH
73% yield, HO \
9:1dr 2
741 7.2

7.2 H—Pd(Il)—OAc
)/ Pd(0) + HOAC

= Pd,(dba);-CHCI; + P(o-tol);

Key feature:
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Scheme 5.7. Pd-catalyzed intramolecular domino polyenyne cycloisomerization for the synthesis of terpene
derivatives.

Creating several bonds between multiple substrates

Multiple building blocks can undergo intermolecular reactions to build up molecular
complexity under domino catalysis protocols. For instance, Lautens and co-workers’! recently
reported a Co-catalyzed domino transformation, which most likely occurs through a C-H
activation of pyridylindole 8.2 followed by a series of insertion steps involving 1,6-enyne 8.1
as the second starting material (Scheme 5.5). Overall, a pair of simple achiral starting materials
are directly converted into pyrrolidine derivatives 8.3 with high regio- and
diastereoselectivities and in high yields.
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Scheme 5.8. Co-catalyzed enantioselective hydroarylation of 1,6-enynes through an intermolecular domino
reaction.

5.5. Relay catalysis

Relay catalysis refers to catalytic transformations occurring in the presence of catalysts,
which operate in multiple functionally distinct, non-interfering catalytic cycles to execute a
sequence of independent reactions. Importantly, unlike for cooperative catalysis, here
catalytic cycles do not share any catalytic intermediates. Therefore, the accumulation of
intermediates of the sequence might be possible. It is worth noting that relay catalysis
involving two catalysts is often referred to as tandem catalysis.

As discussed above, relay catalysis covers a range of distinct systems, which we further
divided into sub-categories, depending on the number of catalysts and the reaction
conditions. In the following chapters, we discuss different types of relay catalysis, exemplified
by selected examples. Special emphasis is placed on the potential and challenges related to
each of the sub-categories.

5.5.1. Orthogonal relay catalysis

Orthogonal relay catalysis refers to catalytic systems exploiting at least two catalysts, which
are present and active from the start, with each catalyst mediating only one of multiple
consecutive reactions. The strategy requires to address all the common challenges of multi-
catalysis, which include (i) the compatibility between all catalysts and reagents, i.e., catalysts
and reagents must not inhibit each other or undergo non-productive side reactions; (ii)
common conditions, i.e., all reactions need to occur under the same set of reaction conditions;
and (iii) reaction ordering, i.e., each catalyst is designed to undergo a selective reaction only
with one specific intermediate of the reaction sequence. Despite all the requirements
associated, orthogonal relay catalysis represents arguably an ideal case of relay catalysis,
providing numerous features inaccessible in other cases. The representative examples that
highlight such features are discussed below.
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Decreasing overall reaction time for two-step processes

Among typical advantages of orthogonal relay processes are reduction of the reaction time,
the amount of work, and resources needed for the overall transformation when compared to
the corresponding two-step process.

n—C3H17/\ + CO + H, n—C3H17/\/\OH

90% yield,

9.1 ni = 22 9.2
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9.3
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o Ph - Ph
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Ph  Ph
Ph “Ru—"Ru Ph

Y P
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= [Rh(acac)(CO),] = Shvo’s catalyst
+ Xantphos

Key feature:
two independent catalysts execute two consecutive
reactions in parallel decreasing the overall work, time, and waste of the process

Scheme 5.9. Rh-/Ru-catalyzed orthogonal relay of hydroformylation-hydrogenation of terminal alkenes to form
terminal alcohols.

For instance, a large volume of linear aliphatic alcohols in the industry is prepared by a two-
step sequence involving hydroformylation of alkenes 9.1 to form aldehydes 9.3, which are
later hydrogenated to the target alcohol products 9.2. To improve the economy of the process
by limiting the overall reaction time of the process, Nozaki and co-workers’%’3 developed the
orthogonal relay of hydroformylation and hydrogenation steps occurring in parallel in the
same vessel in the presence of a dual-catalytic Rh-/Ru-system (Scheme 5.9). The control
experiments confirmed that both reactions are fully independent of each other. The overall
yield remains the same, irrespectively whether the process is conducted in a one-step or two-
step fashion, with the catalysts added sequentially.

Enabling selective sequences under mild conditions

Hydroaminomethylation, a formal combination of hydroformylation of alkenes with
reductive amination of aldehyde intermediates, represents an attractive strategy to convert
abundant alkenes into value-added aliphatic amines.
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Key feature:
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to a broader range of substrates

Scheme 5.10. Comparison of mono-catalytic Rh-catalyzed auto-relay protocol (a) and the bi-catalytic Rh-/Ir-
catalyzed orthogonal relay protocol (b) for direct hydroaminomethylation of terminal alkenes to form amines.

Beller and co-workers’* reported that the full sequence can be executed in the presence of a
single Rh-complex (auto-relay catalysis, vide infra); however, harsh conditions (>120 °C, 40
bar) are required, which limit the prospective scope of the transformation (Scheme 5.10a).
Because orthogonal relay catalysis enables to select each catalyst for each function
independently, the dual-catalytic strategy might facilitate the optimization of the overall
activity and selectivity. In that context, Hartwig and co-workers’® reported an orthogonal relay
protocol for hydroaminomethylation of alkenes, which connects Rh-catalyzed
hydroformylation of alkenes 10.5 with in situ Ir-catalyzed reductive amination of aldehyde
intermediates 10.8 to form amines 10.7 (Scheme 5.10b).
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Scheme 5.11. Orthogonal relay processes occurring through unstable reaction intermediates: (a) Rh-catalyzed
formation of labile azomethine ylides followed by Nd-catalyzed enantioselective 1,3-dipolar cycloaddition, and
(b) Mn-catalyzed oxidation of phenol to labile N-boc quinone imines followed by CPA-catalyzed
enantioselective 1,3-dipolar cycloaddition.

Although the approach requires two precious metal catalysts, the full sequence occurs under
milder conditions (80 °C, 3.4 bar) with superior regioselectivity, and a broader functional
group tolerance, when compared with the sequence in the presence of a single catalyst. The
comparison of both protocols underscores the advantages of orthogonal relay catalysis.

Including unstable intermediates

Under orthogonal relay catalysis, an intermediate can be converted further as soon as it is
formed, leading to its short residence time in the reaction mixture.
Therefore, such pathways of reactions can include unstable intermediates, which would be
otherwise unfeasible for a stepwise approach. Waldmann and co-workers’® developed the
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enantioselective synthesis of the spirotropanyl oxindole scaffold 11.3 proceeding through the
Rh-catalyzed reaction of (E)-oximino a-diazo ketone 11.1 to form transient azomethine ylide
11.4 that subsequently underwent Nd-catalyzed intermolecular 1,3-dipolar cycloaddition with
3-alkenyl oxindoles 11.2 (Scheme 5.11a). That one-pot relay approach provides
straightforward access to a class of complex biologically active compounds. The synthetic
sequence could not be executed in a stepwise manner, due to the instability of the ylide
intermediate.

Zhong and co-workers’’ reported a direct synthesis of benzofuroindolines 11.7. The
sequence occurs thorough Mn-catalyzed oxidation of N-Boc aminophenols 11.5 to unstable
N-Boc quinone imines 11.8, which subsequently undergo a phosphoric acid-catalyzed
enantioselective 1,3-dipolar cycloaddition with indoles 11.6 (Scheme 5.11b). The strategy was
inspired by related phenol oxidation processes occurring in nature, with the Mn-salen
complex mimicking natural metalloenzymes.

Preventing secondary reactions of intermediates

In many cases, a primary product of a catalytic reaction remains reactive under catalytic
conditions, undergoing secondary side reactions that lower the yield of the target
transformation. Because under orthogonal relay catalysis, intermediates might be quickly
converted in subsequent reactions, such secondary side reactions can be minimized,
increasing the yield of the overall transformation.
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Scheme 5.12. Ru-/P450-catalyzed orthogonal relay of olefin cross-metathesis and substrate-selective

Key feature:
fast conversion of the first intermediate in a
subsequent substrate-selective step prevents
\< a deleterious side reaction

.

epoxidation of heterocoupling olefin product.

To demonstrate the principle, Hartwig, Zhao, and co-workers’® reported a dual-catalytic
system that connects a Ru-catalyzed cross-metathesis of (2)-stilbene 12.1 with 2-butene 12.2
that forms heterocoupling alkene intermediate 12.4 with a subsequent P450-catalyzed
substrate-selective epoxidation of intermediate 12.4 to form selectively arylalkyl epoxide 12.3
(Scheme 5.12). The fast conversion of alkene intermediate 12.4 outcompetes its slow
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conversion to (E)-stilbene 12.5 in a secondary reaction of the Ru-catalyzed cross-metathesis,
leading to higher yields than a corresponding two-step procedure.

Enabling inaccessible transformations through hydrogen borrowing

Hydrogen borrowing catalysis’® refers to the process exploiting transition metal-catalyzed
reversible oxidation of alcohols, amines or alkanes to form transient aldehydes/ketones,
imines or alkenes that can undergo a series of new reactions, including typically alkylation or
amination, leading directly to value-added compounds.
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Key feature:
cooperation of reversible dehydrogenation of alkanes with cross-metathesis of
transient alkenes enables challenging formal cross-metathesis of alkanes

Scheme 5.13. Ir-/Mo-catalyzed orthogonal relay of alkane dehydrogenation-alkene metathesis-alkene
hydrogenation for formal alkane cross-metathesis.

Attractively, the process eliminates any stochiometric redox reactions required otherwise in
a stepwise approach. However, by combining the hydrogen borrowing catalysis with catalytic
functionalization reactions into dual-catalytic systems, a broad chemical space of new
transformations can be envisioned. In that context, Goldman, Brookhart, and co-workers®°
reported a remarkable dual-catalytic system for the elusive cross-metathesis of linear alkanes
(Scheme 5.13). The sequence involves an Ir-catalyzed reversible dehydrogenation of starting
alkane 13.1 to form a transient terminal alkene 13.3, followed by Mo-catalyzed cross-
metathesis to yield new larger alkenes 13.4 (and ethylene), which are lastly hydrogenated
back to larger alkanes 13.2 by the initial Ir-catalyst. Although, the system suffers from
isomerization reactions and harsh reaction conditions, forming a broad distribution of
products, the study underscores the unique potential of cooperating reactions under
orthogonal dual catalysis.
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Following similar design principles, we devised dual-catalytic transition metal systems for
functionalization of unreactive sites.’! For instance, a relay of reversible oxidation of alcohols
and arylation of transient aldehydes enables a general method for direct B-arylation of
alcohols.
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Key feature:
cooperation of reversible oxidation of a starting material with rapid
functionalization of a transient intermediate enables functionalization
of an unreactive bond under mild conditions

Scheme 5.14. Ru-/Pd-catalyzed orthogonal relay of alcohol dehydrogenation-aldehyde arylation-aldehyde
hydrogenation for direct B-arylation of alcohols.

Specifically, in the system, primary alkyl alcohol 14.1 undergoes reversible oxidation by a Ru-
catalyst to form transient aldehyde 14.4. The latter undergoes Pd-catalyzed arylation to form
aryl aldehyde 14.5 prior to reduction to the [B-aryl alcohol 14.3 by the same hydrogen
borrowing Ru-catalyst (Scheme 5.14). In the same vein, the combination of Fe-catalyzed
hydrogen borrowing equilibrium with Rh-catalyzed enantioselective hydroarylation of an o, 3-
unsaturated aldehydes enables a method for direct enantioselective y-hydroarylation of allylic
alcohols. Importantly, because both reactions building such dual-catalytic systems occur
under mild conditions, the overall functionalizations of unreactive sites occur also under mild
conditions, enabling the application of such methods to a broad range of starting materials
with a high functional group tolerance. Noteworthy, a combination of hydrogen-borrowing
catalysis with organocatalysis was reported to enable the control of enantioselectivity of
reactions®2®3 that are otherwise racemic under sole hydrogen-borrowing catalysis.?*
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Correcting selectivity of unselective reactions

Sequences of unselective but reversible reactions cooperating in situ with other selective
reactions can increase the selectivity of the overall transformations. For instance, cross-
metathesis of two olefins typically leads to the formation of a statistical mixture of a
heterocoupling product and undesired homocoupling products, lowering the process
efficiency. To address this issue, Hartwig, Zhao, and co-workers®> showed that a combination
of an unselective but reversible Ru-catalyzed cross-metathesis of alkenes 15.1 and 15.2 with
a substrate-selective P450-catalyzed epoxidation of olefin 15.4 enables to increase the overall
efficiency of the sequence (Scheme 5.15). Specifically, the selective conversion of
heterocoupling alkene 15.4 to epoxide 15.3 drives the reversible metathesis reaction to
continuously form a new portion of alkene 15.4 at the expense of homocoupling product 15.5
and starting alkene 15.2. The authors showed that in the dual-catalytic system, the overall
yield of the target epoxide product 15.3 was 1.5 times higher, while the end-concentration of
the self-metathesis product 15.5 was 40% lower, and the remaining concentration of the
starting material 15.2 was 20% lower, than in the stepwise transformation.
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Scheme 5.15. Ru-/P450-catalyzed orthogonal relay of reversible olefin cross-metathesis and substrate-selective
epoxidation of alkenes.

The design principles of the above-described system of cooperating reversible olefin
metathesis with selective olefin epoxidation resemble the working principles of dynamic
kinetic resolution reactions (DKR).25%9 In the latter, a dynamic equilibrium between two
enantiomers of a substrate is maintained, but one enantiomer undergoes a subsequent
reaction selectively. For instance, a secondary alcohol continues to be reversibly oxidized-
reduced to maintain the racemic composition of the mixture in the presence of a hydrogen-
borrowing catalyst, but one enantiomer of the alcohol continuous to undergo a selective
acylation in the presence of a lipase, leading in the end to a quantitative conversion of a
racemic alcohol to an enantiomerically pure ester. This strategy has been extensively studied
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for deracemization of alcohols, amines, aldehydes, and ketones. Recently, a combination of
photo- and enzymatic catalysis has been reported, opening up the chemical space of DKR to
the elusive stereoselective reduction of mixtures of (E)- and (2)-alkenes.*®

Exploiting thermodynamic leveraging

By exploiting the concept of thermodynamic leveraging, orthogonal relay catalysis bears the
potential to execute reactions in sequence that are thermodynamically unfeasible. In such
case, an endothermic reaction is coupled with a subsequent exothermic reaction to create an
overall thermodynamically favorable sequence. For instance, Marks and co-workers®?
reported a dual-catalytic method for the etheric C-O bond hydrogenolysis through a
combination of Ln(OTf)s-catalyzed endothermic reversible C-O bond scission with a
subsequent Pd-catalyzed exothermic C=C bond hydrogenation to generate an overall
favorable process (Scheme 5.16). Such transformations can be used to convert biomass-based
materials to alkanes,®? providing a sustainable alternative to fossil fuels.
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Key feature:
coupling of an endergonic reaction with a subsequent exergonic
reaction generates the driving force for the overall transformation that
is unfeasible when performed in a stepwise fashion

Scheme 5.16. Thermodynamic leveraging in Ln-/Pd-catalyzed orthogonal relay of retro-hydroalkoxylation of
ethers and alkene hydrogenation drives the etheric C-O bond hydrogenolysis.
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Preventing compatibility issues

One of the major challenges in the development of orthogonal relay-catalyzed
transformations is the prospective incompatibility of catalysts that leads to inhibition of
catalytic activity, preventing the overall process to occur. One of the common issues in case
of transition metal-catalysis is the prospective ligand scrambling. For instance, in the synthesis
of dihydroquinolines 17.3 through a combination of binap-Rh-catalyzed hydroarylation of
alkyne 17.1 (with aryl boronic acid 17.2) followed with Xphos-Pd-catalyzed N-arylation
(Scheme 5.17).
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Scheme 5.17. Synthesis of dihydroquinolines in the orthogonal relay of Rh-catalyzed alkyne hydroarylation
followed with Pd-catalyzed intramolecular N-arylation.

Lautens and co-workers®? noted that the formation of mixed ligand complexes is detrimental
to the catalytic process. However, the ligand exchange between complexes does not occur
under the catalytic conditions (or occurs slowly). Therefore, when suitable complexes are
formed prior to adding to the reaction mixture, their catalytic activities are maintained,
enabling the formation of product 17.3 in 69% overall yield. Furthermore, this strategy proved
effective to prevent premature ligand scrambling in asymmetric variants of orthogonal-relay
catalytic reactions in which two metals and two ligands, one chiral and one achiral, are
used.®*% Although effective, the approach is not general. Therefore, there have been many
other strategies studied to address the incompatibility issues with the physical separation of
catalysts.%® In such a case, not only prospective ligand exchange processes are hindered but
also any cross-reactivity is prevented. For instance, the physical separation of catalysts within
the same vessel can be realized by catalysts immobilization on a solid support.®’
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The incompatibility between reagents of one step with the reagents or catalysts of other
steps of the sequence might also be encountered in multi-catalytic systems. Strategies to
address such incompatibility issues mainly focus on compartmentalization of different
reactions, i.e., the catalysts and reagents for different steps are located in different
‘compartments’ of the reactor.? The compartments can be constructed by phases that are
either immiscible,”® separated by semi-permeable membrane,® or physically separated with
the volatile intermediates being exchanged through the gas-phase.'® An elegant example of
reaction isolation was reported by Weck and co-workers in a sequence of a Co-catalyzed
hydration of alkyne 18.1 to form ketone 18.3 and its subsequent Rh-catalyzed
enantioselective transfer hydrogenation to form enantioenriched secondary alcohol 18.2
(Scheme 5.18).10!
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Scheme 5.18. Co-/Rh-catalyzed orthogonal relay for the enantioselective conversion of terminal alkynes to
secondary alcohols enabled by the compartmentalization of incompatible reactions.

The reactions are not compatible with each other because HCOONa, that is, the hydrogen
source for the Rh-catalyzed transfer hydrogenation, is not compatible with the Co-catalyst.
Therefore, the authors designed a core-shell micellar support constructed in an aqueous
environment. The Co-catalyzed hydration takes place in the hydrophobic core, which expels
detrimental HCOONa, while the Rh-catalyzed hydrogenation takes place in the hydrophilic
shell of the micelle. Notably, the fast diffusion of the ketone intermediate within the core-
shell micelle containing both catalysts leads to increased yields, when compared to the control
reactions in the presence of a mixture of micelles containing one or the other catalyst. Such

spatial organization of catalysts mimics the substrate channeling operating in nature.1%?
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Noteworthy, when biocatalysis and chemocatalysis are both employed, the sequences are
typically executed with the aid of multi-phase systems with catalysts operating in different,
non-mixable phases, between which the intermediates are exchanged. For instance, the
sequence of Ru-catalyzed olefin metathesis and subsequent P450-catalyzed epoxidation
(Scheme 5.15)% was executed in a biphasic system consisting of a dioctylphthalate-phase for
the metathetic reaction and an aqueous-phase for the epoxidation reaction. Generally, the
strategies for the separation of bio- and chemocatalysts are well-developed, and have been
reviewed previously.? Also, the use of artificial biocatalysts, including artificial
metalloenzymes, has been reviewed.193104

5.5.2. Sequential catalysis

Sequential catalysis refers to catalytic transformations in which the catalysts or reagents for
each step are added sequentially. The approach simplifies the way to address the issues of
compatibility of catalysts and reagents, optimization of conditions for each step, or
synchronization of reactions of the sequence, which are often encountered in orthogonal
relay catalysis. However, such an approach prevents exploiting the cooperativity of the
reactions, i.e., the enabling feature of relay catalysis that was discussed above. Nevertheless,
the main advantage remains in the possibility of performing a target sequence of
transformations in one-pot, without the need for costly and tedious isolations and
purifications of potentially unstable intermediates.

Preventing side-reactions

The sequential addition of catalysts helps to eliminate side reactions. For instance, Reek0>
and co-workers reported a dual-catalytic transition metal system for branch-selective
hydroformylation of terminal alkenes, in which two catalysts are added sequentially and the
conditions are adapted for each step. The approach prevents secondary reactivity of the first
catalyst and eliminates premature reactivity of the second catalyst over the initial substrate.
In the first step of the sequence, terminal alkene 19.1 undergoes a Pd-catalyze mono-
isomerization to sub-terminal alkene 19.3 (Scheme 5.19). Upon completion of the first step, a
base is added to stop any further isomerization processes, which would lead to a mixture of
internal alkenes, i.e., the secondary products of the isomerization reaction. The Rh-catalyst is
added, and the reaction mixture is subjected to a syngas atmosphere (CO/H;) to undergo the
regioselective hydroformylation of the sub-terminal alkene intermediate 19.3, yielding a-
methyl-branched aldehyde 19.2 selectively in high yield.
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Scheme 5.19. Pd-/Rh-catalyzed sequential olefin isomerization — hydroformylation for a-branch-selective
hydroformylation of terminal alkenes.

Eliminating incompatibility issues

The sequential addition of catalysts assists to mitigate the inherent incompatibility between
catalysts, such as incompatibility between Brgnsted acid and Brgnsted base catalysts. For

instance, Zhou and co-workers'%®

executed a one-pot three-step enantioselective synthesis of
spirocyclicindolines 20.3 employing the acid- and base-catalyzed reactions (Scheme 5.20). The
sequence starts with a Pd-catalyzed hydrogenation of nitroarene 20.1 to form aryl amine 20.4,
which is then subjected to a Brgnsted acid catalyzed coupling with isatin derivative 20.2 to
form ketimine 20.5. Subsequently, a chiral Brgnsted base is added to promote the asymmetric
61 electrocyclization, yielding chiral product 20.3 in 85% yield and 92% ee. Sequential catalysis
represents a particular advantage when the stability of intermediates with respect to
purification procedures limits the yield of a synthetic route. The authors showed that stepwise
synthesis yields the product in only 34% overall yield (with 97% ee), illustrating both the
practicality and the increased efficiency of the one-pot procedure over the classic stepwise
approach.
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Scheme 5.20. Pd-/Brgnsted acid-/ Brgnsted base-catalyzed three step sequence involving reduction, coupling,
and asymmetric 67t electrocyclization for the formation of spirocyclic indolines.

Exploiting multiple transition metal-catalysts

Although a number of examples of ternary catalytic systems combining transition metal-
and organocatalysts operating in a sequential fashion has been reported,!?’ three-step
sequences occurring in the presence of three transition metal-catalysts remain rare. The main
challenges are driven by both the compatibility requirements between all metal complexes
and reagents, and the prospective ligand exchanges between the catalysts that are likely to
deteriorate their catalytic activities. However, the potential of such multi-catalytic
transformations stimulates the development of the ternary transition-metal systems.
Ramasatry and co-workers reported one of the first examples of multi-catalytic protocols with
three transition metal-catalysts for the 3-step synthesis of B-carbolines 21.2 (Scheme 5.21).108
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Scheme 5.21. Ag-/Bi-/Pd-catalyzed three step sequence involving hydroamination, 1,3-allylic alcohol
isomerization (AAl), and [3+2] cycloaddition for the formation of B-carbolines.

Within the process, starting material 21.1 undergoes first Ag-catalyzed intramolecular
hydroamination to form allylic alcohol 21.3, which is followed by Bi-catalyzed 1,3-allylic
alcohol isomerization (AAl) and the Friedel-Crafts-type dehydrative azidation to afford azide
intermediate 21.4. Lastly, the latter undergoes the Pd-catalyzed [3+2]-cycloaddition to form
21.5 followed by nitrogen extrusion to yield B-carbolines 21.2 in overall 82% yield.
Noteworthy, azide intermediate 21.4 is unstable and potentially explosive. Hence in situ
conversion of 21.4, without the need for potentially dangerous isolation, is the key factor for
the formation of the final product both in high yield and in a safe manner.

Multiple transition metal-catalysts in stereoselective synthesis

Compatibility issues aside, the prospective ligand exchange between multiple transition
metal catalysts is particularly problematic in case of stereoselective reactions, because any
ligand exchange is likely to deteriorate the stereocontrol of the overall transformation.
However, because the efficient preparation of chiral molecules is the key in fine-chemical
synthesis, stereoselective multi-catalytic systems remain of high interest. We have recently
developed multi-catalytic transition-metal protocols that convert alkenes, unsaturated
aliphatic alcohols, and aryl boronic acids to form secondary benzylic alcohols, a prevalent
moiety in biologically active molecules and valuable building blocks in organic synthesis, with
high stereoselectivities, within one-pot sequences of reactions by integrating transition-metal
catalyzed alkene cross-metathesis, isomerization, and nucleophilic addition reactions
(Scheme 5.22a).1%9 Because each reaction of the sequence is executed by an independent
catalyst, allylic alcohols bearing a prochiral double bond 22.8 can be converted to any
stereoisomer of the product 22.9 with high stereoselectivity (>98:2 er and >20:1 dr, for 1,3-
syn and 1,3-anti selective synthesis; Scheme 5.22b). Overall, with the aid of up to four catalysts
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operating in a single vessel, the protocols directly convert simple starting materials into a
range of valuable products with high stereocontrol. Not only the one-pot protocols are
operationally simpler and up to ~3-fold resources more efficient than the stepwise syntheses,
but also the overall yield of the product is increased thanks to preventing cumulative losses of
materials during subsequent isolations and purifications of the intermediates. Overall, the
approach simplifies the synthesis of target motives, increases material efficiency, and limits
cost, time, and waste associated with the multi-step procedures.

a. Enantioselective synthesis b. Enantio- and diastereoselective synthesis
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Scheme 5.22. Multi-catalytic sequences for stereoselective synthesis of secondary benzylic alcohols with up to
four catalysts working in the same reaction mixture.

5.5.3. Auto-relay catalysis

Auto-relay catalysis, referred to as auto-tandem catalysis when two transformations take
place, refers to catalytic systems in which a single (pre)-catalyst catalyzes multiple,
independent reactions within mechanistically distinct catalytic cycles under the same reaction
conditions with all reagents present from the start. The approach faces different challenges
than orthogonal relay catalysis. Because a single catalyst is used, incompatibility issues
concerning the catalysts are obsolete. The main challenge relates to designing a pre-catalyst
that can catalyze two reactions of different catalytic mechanisms in a well-defined manner
under the same conditions. The rates of each step are interrelated, and the starting materials
and intermediates need to be reactive only in a specific step. Because catalytic activities are
promoted by the same pre-catalyst, optimization of each step is challenging with a change of
a single parameter affecting all reactions within the sequence. The field has been a subject of
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a micro-review!!® and conceptual article.!!! Selected examples are discussed below.
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Scheme 5.23. Ru-catalyzed auto-relay of asymmetric allylic substitution (AAS) and atom transfer radical
cyclization (ATRC) for enantioselective synthesis of y-lactams.

The study by Onitsuka and co-workers!? for the synthesis of enantiomerically enriched y-
lactams 23.3 constitutes an elegant example illustrating the development of auto-relay
catalytic systems. The authors envisioned a sequence connecting previously established
asymmetric allylic substitution (AAS)*'3 of chloroalkene 23.1 with N-nucleophile 23.2 to form
bromoalkene intermediate 23.4 with its subsequent atom transfer radical cyclization (ATRC)
to yield the final product 23.3 (Scheme 5.23). Both reactions are catalyzed exclusively by a
cyclopentadienylruthenium (Cp’Ru) complex through two different mechanisms. While the
AAS reaction occurs through the 2-electron Ru"/Ru'Y mechanism, the ATRC cyclization reaction
occurs through the radical Ru"/Ru'" mechanism. Overall, the protocol directly yields the target
y-lactams 23.3 in excellent yields and enantioselectivities.

The field of auto-relay catalysis is dominated by transition metal-based catalytic systems,
including recent elegant studies on Ni-catalyzed direct transformations of dienyl allylic
alcohols into chiral 1,3-dinitriles by Fang!!*
alkenes by Dong!!>; however, organocatalytic auto-relay catalytic systems have been

and Rh-catalyzed dehomologation of alcohols into

developed as well. Radosevich!!® and co-workers reported a system based on a single redox-
active organophosphorus catalyst, which operates two complementary cycles in the P"'/PY
couple, to execute a condensation-cyclodehydration sequence for amines 24.1 and carboxylic
acids 24.2 as starting materials (Scheme 5.24).

The key common intermediate, bromophosponium cation 24.5, is generated upon reduction
of phosphine oxide pre-catalyst R3P=0 by phenylsilane and subsequent halophilic reaction
with the oxidant DEBM (diethyl bromomalonate). Condensation involves the activation of acid
24.2 with cation 24.5 to form activated onium intermediated 24.6, which in turn reacts with
amine 24.1 to form amide intermediate 24.4 within the C-N bond forming cycle. Then, amide
24.4 reacts again with catalytic cation 24.5 to form the final product 24.3 through activated
onium intermediate 24.7 within the C-C bond forming cycle.
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Scheme 5.24. Condensation-cyclodehydration sequence occurring in the presence of a single organocatalyst
that operates two complementary and functionally distinct catalytic cycles.

Reaction ordering by ‘delay loop’

A major challenge in auto-relay catalysis is to establish kinetic hierarchy for each catalytic cycle
involved when the intrinsic reactivity order does not match the required sequence and leads
to detrimental side reactions. With the aim to provide an easy access to enantioenriched
unprotected homoallylic amines, a valuable building block in organic synthesis, Hoveydal!’
and co-workers studied a single copper-based catalytic system to promote reductive coupling
of allenes and nitriles (Scheme 5.25). Two functionally different catalytic cycles operate
simultaneously to catalyze allene 25.1 addition to a nitrile 25.2, enabled by Cu-B(pin) species,
and ketimine 25.5 reduction enabled by Cu-H species. However, premature addition of Cu-H
to allene lead to side-products, lowering the efficiency of the overall process. To address this
issue, the authors introduced a non-productive ‘delay loop’ by adding a sacrificial reagent,
which reacts with Cu-H faster than the allene does, and hence holds the reduction step just
until the ketimine intermediate is formed; the latter reacting with Cu-H faster than the
sacrificial reagent. Overall, the delay loop ensures the required order of the catalytic events is
kept, albeit at the price of non-productive consumption of sacrificial reagents.
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first in the sequence prior to the reaction of Cu-H
Scheme 5.25. Cu-catalyzed auto-relay of reductive coupling of allenes and nitriles for the preparation of NH.-

amines.

Pseudo-allosteric regulation of catalytic activity

Another strategy to ensure precise ordering of catalytic activities is to separate the
operation of different catalytic cycles in the time domain through a pseudo-allosteric control.

118 and co-workers reported an example in which two catalytic functions of a Ru-

Herzon
complex - hydration and reduction - are separated in time (Scheme 5.26). The key aspect of
this system is that the resting states of the catalyst in each catalytic cycle are metal-substrate
complexes. Therefore, the substrate that binds the strongest to the Ru-resting state
dominates its catalytic activity until this substrate is consumed. Within the sequence, first a
strongly binding alkyne 26.1 undergoes anti-Markovnikov hydration to the corresponding
aldehyde 26.4, which in turn undergoes uncatalyzed Wittig olefination to form 1,4-enone
intermediate 26.6. Because the reduction activity of the catalyst remains latent in the
presence of alkyne 26.1, the side-reduction of the aldehyde 26.4 to the alcohol 26.5 is
inhibited, so the intermediate is selectively converted to 1,4-enone 26.6. When conversion of
alkyne 26.1 is finished, 1,4-enone 26.6 can bind to the catalyst to be reduced to the ketone
26.3 through transfer-hydrogenation, forming the product in high yield (up to 75%). The
overall control of activity resembles the allosteric mechanism controlling activity of enzymes,
that is, one of the key features enabling biosynthetic pathways to be executed through well-

orchestrated enzymatic reactions.
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Key feature:
catalytic activity ordering achieved by pseudoallosteric regulation:

by binding the strongest to the Ru-catalyst, the substrate inhibits further catalytic
processes until its conversion is completed

a pseudo-allosteric regulation of catalytic activity.

Scheme 5.26. Ru-catalyzed auto-relay of alkyne hydration, Wittig olefination, and transfer-hydrogenation with
5.5.4. Assisted-relay catalysis

Assisted-relay catalysis refers to catalytic systems in which a single catalyst operates

multiple reactions within different catalytic cycles, but the subsequent reactions are triggered

remains excluded.

by the addition of reagents or change in the reaction conditions. Because optimal conditions
of the time separation of the different catalytic cycles, cooperation between reactions

for each step can be easily adjusted, the order of steps can be controlled. However, because

Temperature trigger

Ackermann??®®

Temperature changes are often used to change the activity of the catalyst. Recently,

and co-workers reported sequential meta-C-H alkylation and ortho-C-H
arylation of aryloxazoline 27.1 occurring in the presence of a single ruthenium(Il) complex

(Scheme 5.27). First, the starting material undergoes meta-selective C-H-alkylation with alkyl
bromide 27.2 through the radical Ru"/Ru"" mechanism. After completion of the first step, aryl

bromide 27.3 is added, and the reaction temperature is increased to trigger Ru-catalyzed

ortho-selective C—H-arylation through the two-electron Ru"/Ru" mechanism to form the
double C-H functionalized product 27.4 in one-pot in 73% overall yields.
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Scheme 5.27. Ru-catalyzed temperature-controlled assisted-relay of sequential C-H alkylation via radical
mechanism and ortho-C-H arylation via Ru"/Ru™ mechanism.

Chemical trigger

Chemical triggers can be used to trigger the activity change of a catalyst in assisted-relay
catalysis. Choudhury!?® and co-workers reported a Ru(ll)-complex, which is able to adopt two
different states for different catalytic functions: the first state for dehydrogenative coupling
of amines, and the second state for hydrogenation of imines (Scheme 5.28). Both states of the
catalyst are switched by the addition of an acid or a base. In a model experiment, 4-
methylbenzylamine 28.1 undergoes dehydrogenative coupling to form the corresponding
imine intermediate 28.3 in the presence of the catalyst in the first state. Upon addition of a
base, the Ru-catalyst adapts the second state, which undergoes hydrogenation of the imine
intermediate 28.3 in the presence of hydrogen gas, furnishing the dibenzylamine product 28.2
in 70% yield.
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Scheme 5.28. Ru-catalyzed pH-controlled assisted-relay of sequential dehydrogenative coupling of amines

followed with hydrogenation of the imine intermediate.

5.6. Complex systems

While most multi-catalytic systems involve just two reactions or two catalysts and can be
assigned to a single class of cooperative, domino, or relay catalysis, a higher level of complexity
becomes increasingly more common. Although the development of such systems is
particularly challenging, due to increasing demand for the precise ordering of the catalytic
events and preventing any incompatibility issues or side-reactions between multiple catalysts
and reagents, enormous potential for achieving highly efficient synthetic transformations
motivates the research in the field. Within this chapter, we discuss selected examples that
illustrate various combinations of cooperative, domino, and different types of relay catalysis.
The selected studies highlight both increasing complexity and synthetic potential of such
multi-catalytic approaches to access increasingly complex architectures from simple starting
materials within sequences of precisely orchestrated catalytic events.

We classified the studies of complex systems into two main categories: (a) unassisted
complex systems, in which all reactions of the sequence occur without any change to the
conditions or any additions of reagents or catalysts, and (b) assisted complex systems, in which
the sequence requires the conditions to be modified or reagents/catalysts to be added in the
course of the process to trigger subsequent transformations.

5.6.1. Unassisted complex systems

Unassisted complex systems that contain all reagents and catalysts from the start are
particularly challenging to design, due to the requirement of compatibility between multiple
reagents and catalysts, precise ordering of the catalytic events, and preventing any side-
reactions. However, such systems offer the broadest realm of opportunities by merging the
advantages of cooperativity between catalysts (i.e., cooperative catalysis) and cooperativity
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between reactions (i.e., relay catalysis). Below we discuss selected examples of complex
systems exploiting either orthogonal- or auto-relay catalysis together with cooperative
catalysis.

Orthogonal relay catalysis with the 2" step involving cooperative catalysis (4 catalysts):

Gong!?! and co-workers reported a protocol exploiting four catalysts to combine
hydroformylation of alkenes and asymmetric allylation of aldehydes. The sequence directly
converts styrene derivatives, allylic alcohols, and syngas (i.e., CO and H:) to form a-quaternary
aldehydes enantioselectively (Scheme 5.29). First, styrene 29.1 undergoes hydroformylation
with Hz and CO to form a-branched aldehyde 29.4 in the presence of a Rh-catalyst. In the
meantime, the reaction of allylic alcohol 29.2, a Pd(0)-complex, and a chiral phosphoric acid
forms a chiral t-allyl Pd species. The aldehyde intermediate 29.4 reacts with an amine catalyst
to form an enamine species 29.5, which undergoes asymmetric allylation with the m-allyl Pd
species, exploiting triple-catalytic cooperative catalysis to form quaternary imine
enantioselectively. Upon imine hydrolysis 29.6, the final a-quaternary chiral aldehyde 29.3 is
released. Overall, two C-C bonds are created to form all-carbon quaternary center in a
stereoselective fashion with the aid of four catalysts.
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Key feature:
four catalysts operate under relay and cooperative catalysis
to form two C-C bonds and a quaternary center enantioselectively
Scheme 5.29. Rh-/Pd-/Brgnsted acid-/amine-catalyzed relay involving hydroformylation and cooperative
asymmetric allylation to convert vinyl arenes, allylic alcohols, and syngas to form a-quaternary chiral

aldehydes.
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Gong!?2

and co-workers reported a sequence of hydroamination and allylic alkylation
reactions occurring in the presence of three catalysts operating under orthogonal relay- and
cooperative catalysis (Scheme 5.30). The sequence starts with an Au-catalyst triggering
intramolecular hydroamination of secondary amine-bridged enyne 30.1 to form N-allylic
enamine intermediate 30.3. Then, the N-allylic enamine undergoes intramolecular allylic
alkylation under cooperative catalysis of a Pd-complex and a Brgnsted acid to yield final

pyrrolidine derivative 30.2.
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Key feature:
three catalysts operate under relay and cooperative catalysis
to form two C-C bonds and a 5-membered ring

Scheme 5.30. Au-/Pd-/Brgnsted acid-catalyzed relay of intramolecular hydroamination and cooperative allylic
alkylation for transforming secondary amine-bridged enynes into pyrrolidine derivatives.

Auto-relay catalysis with the 2" step involving cooperative catalysis (one catalyst acts both
cooperatively and non-cooperatively):

Gong!?3

and co-workers reported enantioselective one-pot synthesis of julolidine
derivatives, exploiting two catalysts that operate under auto-relay and cooperative catalysis
(Scheme 5.31). The synthesis embarks with phosphoric acid-catalyzed enantioselective [4+2]
cycloaddition of the aryl imine formed in situ (from 31.1 + 31.2) and enamine 31.3 to form
tetrahydroquinoline intermediate 31.5 bearing an alkyne moiety. Subsequently, the latter
undergoes intramolecular hydroamination to form dehydrojulolidine product 31.6 in the
presence of cooperative gold phosphate and phosphoric acid catalysts. The synthesis is
completed by the stochiometric reduction with a borohydride reagent to form julolidine

derivative 31.4 in overall high yield and enantioselectivity.

Cooperative and orthogonal relay catalysis (two independent cooperative systems, consisting
of three and two catalysts, respectively, work in relay,):
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Merging racemic photoredox/organo dual-catalytic reactions'?* with enzymatic kinetic
resolution can serve as a platform for executing elusive stereoselective functionalization
reactions at remote, unactivated sites of starting materials. In that context, MacMillan, Hyster,
and co-workers!?®
ketone, (5)-32.1 and (R)-32.2, is converted to nearly enantiopure y-substituted alcohol 32.3

by merging a substrate-selective reduction process operated by two enzymes with a

recently reported an approach in which a racemic mixture of B-substituted

racemization sequence enabled by three cooperative catalysts (Scheme 5.32). In the system,
(R)-32.2 is reduced stereoselectively to alcohol 32.3 by substrate-selective NADPH-dependent
ketoreductase working in combination with glucose dehydrogenase.
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Key feature:
under autorelay and cooperative catalysis, with one catalyst engaged in both
modes, 4 bonds and 2 sterogenic centers are formed stereoselectively

Scheme 5.31. Brgnsted acid-/Au-catalyzed auto-relay of enantioselective [4+2] cycloaddition and cooperative
intramolecular hydroamination for the synthesis of julolidine derivatives.
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32.6 32.7
\_/ light-driven orthogonal relay and cooperative catalysis by 5 catalytic cycles operating
in concert enables dynamic kinetic resolution involving a traditionally static stereocenter

Scheme 5.32. Merging photocatalysis with enzymatic reactions enables stereoselective reactions at
traditionally static stereocentres of racemic starting materials.

Importantly, (5)-32.1 remains unreactive to the enzyme. However, (5)-32.1 undergoes
continuous racemization in the system with the aid of three cooperating catalysts under light
irradiation. First, (5)-32.1 undergoes condensation with amine 32.4 to form enamine (S)-32.5,
which is oxidized to enaminyl radical cation (S5)-32.6 by the excited iridium photocatalyst.
Upon subsequent deprotonation of (5)-32.6 at its allylic site, the stereochemical information
is lost and prochiral radical intermediate 32.7 is formed. An unselective HAT between 32.7
and the thiol catalyst forms a racemic mixture of (5)-32.5 and (R)-32.8. Upon hydrolysis, (R)-
32.2 is formed, which undergoes selective reduction to product 32.3, and (S)-32.1, which
enters again the racemization cycle. This unique protocol that exploits five catalysts operating
in parallel demonstrates the feasibility of catalytic systems of increasing complexity to execute
attractive transformations that remain beyond the capabilities of standard systems.

5.6.2. Assisted complex systems

The possibility to modify the conditions of reaction sequence occurring under multi-catalysis
expedites the development of such complex systems, however, at the price of preventing the
cooperativity between reactions taking place in different phases of the process. Nevertheless,
such ‘assisted’ systems can substantially simplify synthetic processes, increasing their overall
efficiency. Bellow we discuss selected examples of assisted complex systems exploiting either
sequential or assisted-relay catalysis along with cooperative, auto- or orthogonal-relay
catalysis.
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Sequential catalysis with the 2" step involving cooperative catalysis (3 catalysts)

Beller?®

and co-workers developed a triple catalytic system that exploits sequential and
cooperative catalysis to directly convert aryl alkynes, anilines, and molecular hydrogen into
enantioenriched secondary benzylic amines (Scheme 5.33). Initially, an Au-catalyst triggers
hydroamination of alkyne 33.1 with aniline 33.2 to form an imine, which is subsequently
isomerized to ketimine intermediate 33.4. Upon completion, the inert atmosphere is
exchanged for hydrogen, Kndlker’s complex and a chiral phosphoric acid are added, which
catalyze cooperative enantioselective reduction of the ketimine intermediate 33.4 to form the
benzylamine 33.3 in high yield and enantioselectivity. Notably, the authors showed that the
sequence occurs when all reagents and catalysts are present from the start (i.e., under
orthogonal-relay and cooperative catalysis). However, in the latter case, the product was
formed in lower yield and selectivity than for the sequential approach (42% yield and 49% ee,
versus 80% yield, and 94% ee, respectively), indicating that sequential addition prevents the
detrimental side reactions.
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Key feature:
sequential addition of the catalysts prevents their premature reactivity,
improving yield and enantioselectivity of the overall process

OC

Scheme 5.33. Au-/ Fe-/Brgnsted acid-catalyzed sequential hydroamination of alkynes with primary amines
followed by cooperative enantioselective hydrogenation.

Sequential catalysis with the 2" step involving both auto-relay and orthogonal relay catalysis
(4 reactions with 3 catalysts)

Combining multiple catalytic activities of several catalysts can ideally provide synthetic

sequences that transform abundant chemical commodities into value-added building blocks

127

with high atom- and material-efficiency. Huang**’ and co-workers reported recently a
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compelling example, where linear alkanes are converted directly into linear alcohols with
theoretical 100% atom efficiency within a triple-catalytic, two-step sequence (Scheme 5.34).
In the first step, alkane 34.1 undergoes acceptorless dehydrogenation to form a mixture of
alkenes 34.3 and 34.4 in the presence of an Ir-catalyst. In the second step, the alkene
intermediates undergo Rh-catalyzed auto-relay isomerization-hydroformylation sequence to
form selectively linear aldehyde 34.5, which in turn directly undergoes Ru-catalyzed
hydrogenation to form the linear alcohol product 34.2. In principle, dihydrogen, the sole by-
product of the first step, could be incorporated in the subsequent step, demonstrating the
concept of material leveraging in the reaction sequence to improve atom-economy of the
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Key features:
- sequential addition of catalysts is essential to separate opposite reactions
(dehydrogenation/hydrogenation)
- the byproduct of the first-step (H,) can serve as a reagent for the second step,
showcasing the strategy of material leveraging

Scheme 5.34. Ir-/Rh-/Ru-catalyzed sequential dehydrogenation of alkanes followed with orthogonal and auto-
relay of olefin isomerization, hydroformylation, and hydrogenation to transform n-alkanes to n-alcohols.

It is worth to underscore that all reactions of isomerization-hydroformylation-hydrogenation

relay occur in parallel under the same conditions with suitable rates and high
chemoselectivity, being the key to form the product in high yield.
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Assisted-relay catalysis with the first step involving orthogonal relay catalysis (3 reactions with
2 catalysts)

Chatadaj'?® and co-workers reported a four-component Pd-catalyzed perfluoroalkylative
arylation of alkynes, which operates through three functionally distinct catalytic cycles,
exploiting relay catalysis and temperature-triggered assisted-relay catalysis (Scheme 5.35).
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combination of auto- and assisted-relay catalysis: temperature increase triggers
additional reactivity of the catalyst to promote the last step in the sequence

Scheme 5.35. A four-substrate orthogonal relay of perfluoroalkylative iodination of alkynes and borylation
merged with assisted-relay of temperature-triggered Suzuki cross coupling. Two Pd-catalysts operate three
functionally distinct catalytic cycles, merging auto-relay and assisted-relay catalysis.

Initially, alkyne 35.1 reacts with perfluoroalkyl iodide 35.2 to form vinyl iodide 35.6 through
radical Pd°/Pd' mechanism involving binap-Pd catalyst. The vinyl iodide 35.6 undergoes
directly borylation with (Bpin), to form vinyl boronate ester 35.7 within the orthogonal relay
through the Pd°/Pd" mechanism by Xphos-Pd catalyst. Upon completion, the reaction
temperature is increased to trigger the Suzuki coupling of the vinyl boronate ester 35.7 with
aryl iodide 35.4 to deliver the final product 35.5.

Assisted-relay catalysis with the 2" step involving cooperative catalysis (one catalyst acts both
cooperatively and non-cooperatively):

129

Lautens**® and co-workers reported a three-component synthesis of fully substituted

triazoles in the presence of two catalysts operating under assisted-relay and cooperative
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catalysis (Scheme 5.36). The sequence starts with a substrate-selective Cu-catalyzed
cycloaddition of organic azide 36.1 with iodoalkyne 36.2 to form iodotriazole 36.5, in the
presence of another alkyne 36.3 that remains unreactive under the initial conditions.
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Key feature:
combination of assisted-relay and cooperative catalysis, in which temperature
increase triggers the second step occurring under cooperative catalysts

@ @ Py
2

Scheme 5.36. Cu-/Pd-catalyzed temperature-controlled assisted-relay involving cycloaddition and cooperative
Sonogashira coupling to obtain fully substituted triazoles.

Upon completion, the temperature is increased from room temperature to 85 °C to trigger
the Pd-/Cu-catalyzed Sonogashira reaction of iodotriazole intermediate 36.5 with terminal
alkyne 36.3, yielding fully substituted triazole 36.4 in high overall yield. Although the complete
sequence can also be executed directly at 85 °C, the product is formed in significantly lower
yield (30% vs. 73%). Careful optimization of the Pd-precatalyst, base, and the temperature
program was essential to prevent premature side reactions and ordering the catalytic activity.

Assisted-relay catalysis with the 15 step involving cooperative catalysis and the 2" step
involving divergent catalysis (one catalyst acts both cooperatively and non-cooperatively):

Catalysts with complementary selectivities, such as stereodivergent selectivity, are
attractive in the context of diversity-oriented synthesis. The ability to control the activity of
complementary catalysts within a sequence represents an appealing strategy for the

divergent synthesis. Lalic!3®

and co-workers recently reported an elegant dual-catalytic system
to perform either (Z)- or (E)-selective synthesis of vinyl arenes, with the selectivity being
controlled by the reaction conditions (Scheme 5.37). First, a Sonogashira cross-coupling
reaction between terminal alkyl alkyne 37.1 and aryl halide 37.2 takes place under cooperative
Pd/Cu-catalysis. Then, alkyne intermediate 37.5 undergoes semireduction under assisted-
relay catalysis by either Cu- or Pd-complex. While the (2)-selective semi-reduction to furnish
37.3 is promoted by the Cu-complex in the presences of close to stoichiometric amount of
methanol as a reductant, the (E)-selective semi-reduction to yield 37.4 selectively is conducted

by the Pd-complex in the presence of excess methanol. Overall, the possibility to suppress the
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activity of the Cu-catalyst by excess methanol provides a convenient handle to direct the
overall reaction to form either diastereomer of the product in high selectivity and yield.

3
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Key feature:
quantity of MeOH controls which catalyst engages in the second step of
the sequence, enabling the formation of either stereoisomer of the product

Scheme 5.37. Cu-/Pd-catalyzed reagent-triggered stereo-divergent assisted-relay of cooperative Sonogashira
coupling and semireduction to form either the (2)-alkenes under Cu-catalysis or the (E)-alkenes under Pd-
catalysis: amount of methanol can divert the activity from Cu- to Pd-catalyst.

5.7. Conclusions and perspective of the chapter

Driven by the demand for more efficient and sustainable chemical processes, the field of
catalysis continues its rapid development. As illustrated in this chapter, multi-catalysis
emerges not only to outcompete the current synthetic protocols, but most importantly also
to bring new ‘one-pot’ transformations that exhibit outstanding resource efficiency.
Remarkably, multi-catalytic sequences can undergo through otherwise unfeasible pathways
thanks to, for instance, prospectively unstable intermediates being converted as soon as
formed. Exemplarily, dual-catalytic systems can enable the direct functionalization of
inherently unreactive sites of molecules, thanks to cooperation between reversible catalytic
reactions and orthogonal functionalization reactions, opening new valuable short-cuts to the
synthetic practitioner.

Despite major challenges that need to be addressed with respect to compatibility issues and
catalyst reactivity ordering, recent studies show many competent strategies to address these.
For instance, sequential additions of reagents or catalysts, reaction compartmentalization or
catalyst encapsulation, proved to be feasible solutions to overcome such incompatibility
issues. Likewise, the use of chemical triggers able to induce a change of catalytic activity or
stepwise temperature programming of the sequence of reactions, are practical solutions to
deliver the correct order of reactions within the targeted sequence. However, these strategies
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eliminate the advantage of cooperativity between reactions in the sequence, limiting the full
potential of multi-catalytic systems. Therefore, novel strategies that address these challenges
in situ need to be developed. Recent examples in the literature show that mimicking the
features of enzymes, that is, (i) allosteric regulation, (ii) substrate-selective catalysis, or (iii)
substrate channeling between consecutive catalytic sites, are plausible ways to solve those
issues while maintaining the cooperativity between reactions.

In addition, a fundamental change in approach has to be made in order to improve the
development of such complex multi-catalytic systems and to study its emergent properties. In
this context, suitable catalysts able to perform with excellent chemo- and reaction-selectivity
within a complex mixture are most likely to be different than those performing best in single
reaction environments. Linear screening of different parameters for such multivariate systems
is rather impractical. Therefore, new strategies to design, analyze and validate the
development of such systems are required. Overall, although many challenges remain open,
the prospects of multi-catalysis are vast. We envision that future studies will enable the
rational design of processes, in which multiple catalysts are orchestrated precisely to
transform simple starting materials into valuable products within complex systems of
interconnected reactions.

197



5.8. References

1
(2)
(3)
(4)
(5)

(6)
7)

(8)
(9)
(10)
(11)

(12)
(13)

(14)
(15)
(16)
(17)
(18)
(19)

(20)

(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)

(31)

198

Bartholomew, C. H.; Farrauto, R. J. Fundamentals of Industrial Catalytic Processes; John Wiley & Sons, Inc.: Hoboken, NJ, USA,
2005.

Rudroff, F.; Mihovilovic, M. D.; Groger, H.; Snajdrova, R.; Iding, H.; Bornscheuer, U. T. Opportunities and Challenges for Combining
Chemo- and Biocatalysis. Nat. Catal. 2018, 1 (1), 12-22.

Galvan, A.; Fafianas, F. J.; Rodriguez, F. Multicomponent and Multicatalytic Reactions - A Synthetic Strategy Inspired by Nature.
Eur. J. Inorg. Chem. 2016.

Hwang, E. T.; Lee, S. Multienzymatic Cascade Reactions via Enzyme Complex by Immobilization. ACS Catal. 2019, 9 (5), 4402—
4425,

Ji, Q.; Wang, B.; Tan, J.; Zhu, L.; Li, L. Immobilized Multienzymatic Systems for Catalysis of Cascade Reactions. Process Biochem.
2016, 51 (9), 1193-1203.

Sperl, J. M.; Sieber, V. Multienzyme Cascade Reactions—Status and Recent Advances. ACS Catal. 2018, 8 (3), 2385-2396.

Ricca, E.; Brucher, B.; Schrittwieser, J. H. Multi-Enzymatic Cascade Reactions: Overview and Perspectives. Adv. Synth. Catal. 2011,
353(13), 2239-2262.

Fogg, D. E.; dos Santos, E. N. Tandem Catalysis: A Taxonomy and Illustrative Review. Coord. Chem. Rev. 2004, 248 (21-24), 2365—
2379.

Patil, N. T.; Shinde, V. S.; Gajula, B. A One-Pot Catalysis: The Strategic Classification with Some Recent Examples. Org. Biomol.
Chem. 2012, 10 (2), 211-224.

Tietze, L. F.; Brasche, G.; Gericke, K. M. Domino Reactions in Organic Synthesis. In Domino Reactions in Organic Synthesis; Wiley:
Weinheim, 2006; pp 1-541.

Allen, A. E.; MacMillan, D. W. C. Synergistic Catalysis: A Powerful Synthetic Strategy for New Reaction Development. Chem. Sci.
2012, 3 (3), 633.

Inamdar, S. M.; Shinde, V. S.; Patil, N. T. Enantioselective Cooperative Catalysis. Org. Biomol. Chem. 2015, 13 (30), 8116-8162.
Kim, D.-S.; Park, W.-J.; Jun, C.-H. Metal-Organic Cooperative Catalysis in C—H and C—-C Bond Activation. Chem. Rev. 2017, 117 (13),
8977-9015.

Afewerki, S.; Cérdova, A. Combinations of Aminocatalysts and Metal Catalysts: A Powerful Cooperative Approach in Selective
Organic Synthesis. Chem. Rev. 2016, 116 (22), 13512-13570.

Peters, R. Cooperative Catalysis; Peters, R., Ed.; Wiley: Weinheim, 2015.

Romiti, F.; del Pozo, J.; Paioti, P. H. S.; Gonsales, S. A; Li, X.; Hartrampf, F. W. W.; Hoveyda, A. H. Different Strategies for Designing
Dual-Catalytic Enantioselective Processes: From Fully Cooperative to Non-Cooperative Systems. J. Am. Chem. Soc. 2019, 141 (45),
17952-17961.

Krautwald, S.; Sarlah, D.; Schafroth, M. A.; Carreira, E. M. Enantio- and Diastereodivergent Dual Catalysis: -Allylation of Branched
Aldehydes. Science 2013, 340 (6136), 1065-1068.

Krautwald, S.; Schafroth, M. A,; Sarlah, D.; Carreira, E. M. Stereodivergent a-Allylation of Linear Aldehydes with Dual Iridium and
Amine Catalysis. J. Am. Chem. Soc. 2014, 136 (8), 3020-3023.

Sandmeier, T.; Krautwald, S.; Zipfel, H. F.; Carreira, E. M. Stereodivergent Dual Catalytic a-Allylation of Protected a-Amino- and a-
Hydroxyacetaldehydes. Angew. Chemie Int. Ed. 2015, 54 (48), 14363-14367.

He, R.; Huo, X.; Zhao, L.; Wang, F.; Jiang, L.; Liao, J.; Zhang, W. Stereodivergent Pd/Cu Catalysis for the Dynamic Kinetic
Asymmetric Transformation of Racemic Unsymmetrical 1,3-Disubstituted Allyl Acetates. J. Am. Chem. Soc. 2020, 142 (18), 8097—
8103.

Huo, X.; Zhang, J.; Fu, J.; He, R.; Zhang, W. Ir/Cu Dual Catalysis: Enantio- and Diastereodivergent Access to a,a-Disubstituted a-
Amino Acids Bearing Vicinal Stereocenters. J. Am. Chem. Soc. 2018, 140 (6), 2080-2084.

Jiang, X.; Boehm, P.; Hartwig, J. F. Stereodivergent Allylation of Azaaryl Acetamides and Acetates by Synergistic Iridium and
Copper Catalysis. J. Am. Chem. Soc. 2018, 140 (4), 1239-1242.

Wei, L.; Zhu, Q.; Xu, S.-M.; Chang, X.; Wang, C.-J. Stereodivergent Synthesis of a,a-Disubstituted a-Amino Acids via Synergistic
Cu/Ir Catalysis. J. Am. Chem. Soc. 2018, 140 (4), 1508-1513.

He, Z.-T.; Jiang, X.; Hartwig, J. F. Stereodivergent Construction of Tertiary Fluorides in Vicinal Stereogenic Pairs by Allylic
Substitution with Iridium and Copper Catalysts. J. Am. Chem. Soc. 2019, 141 (33), 13066—-13073.

Xu, S.-M.; Wei, L.; Shen, C.; Xiao, L.; Tao, H.-Y.; Wang, C.-J. Stereodivergent Assembly of Tetrahydro-y-Carbolines via Synergistic
Catalytic Asymmetric Cascade Reaction. Nat. Commun. 2019, 10 (1), 5553.

Zhang, Q.; Yu, H.; Shen, L.; Tang, T.; Dong, D.; Chai, W.; Zi, W. Stereodivergent Coupling of 1,3-Dienes with Aldimine Esters
Enabled by Synergistic Pd and Cu Catalysis. J. Am. Chem. Soc. 2019, 141 (37), 14554-14559.

Sandmeier, T.; Carreira, E. M. Enantioselective Iridium-Catalyzed a-Allylation with Aqueous Solutions of Acetaldehyde. Org. Lett.
2020, 22 (3), 1135-1138.

Singha, S.; Serrano, E.; Mondal, S.; Daniliuc, C. G.; Glorius, F. Diastereodivergent Synthesis of Enantioenriched a,B-Disubstituted y-
Butyrolactones via Cooperative N-Heterocyclic Carbene and Ir Catalysis. Nat. Catal. 2020, 3 (1), 48-54.

Zhang, M.-M.; Wang, Y.-N.; Wang, B.-C.; Chen, X.-W.; Lu, L.-Q.; Xiao, W.-J. Synergetic Iridium and Amine Catalysis Enables
Asymmetric [4+2] Cycloadditions of Vinyl Aminoalcohols with Carbonyls. Nat. Commun. 2019, 10 (1), 2716.

Kim, B.; Kim, Y.; Lee, S. Y. Stereodivergent Carbon—Carbon Bond Formation between Iminium and Enolate Intermediates by
Synergistic Organocatalysis. J. Am. Chem. Soc. 2021, 143 (1), 73-79.

Tellis, J. C.; Primer, D. N.; Molander, G. A. Single-Electron Transmetalation in Organoboron Cross-Coupling by Photoredox/Nickel
Dual Catalysis. Science 2014, 345 (6195), 433—-436.



(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)
(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)
(64)

Twilton, J.; Le, C.; Zhang, P.; Shaw, M. H.; Evans, R. W.; MacMillan, D. W. C. The Merger of Transition Metal and Photocatalysis.
Nat. Rev. Chem. 2017, 1 (7), 0052.

Zuo, Z.; Ahneman, D. T.; Chu, L.; Terrett, J. A.; Doyle, A. G.; MacMillan, D. W. C. Merging Photoredox with Nickel Catalysis:
Coupling of -Carboxyl Sp3-Carbons with Aryl Halides. Science 2014, 345 (6195), 437—-440.

Jouffroy, M.; Primer, D. N.; Molander, G. A. Base-Free Photoredox/Nickel Dual-Catalytic Cross-Coupling of Ammonium
Alkylsilicates. J. Am. Chem. Soc. 2016, 138 (2), 475-478.

Nakajima, K.; Nojima, S.; Nishibayashi, Y. Nickel- and Photoredox-Catalyzed Cross-Coupling Reactions of Aryl Halides with 4-Alkyl-
1,4-Dihydropyridines as Formal Nucleophilic Alkylation Reagents. Angew. Chemie Int. Ed. 2016, 55 (45), 14106-14110.

Milligan, J. A.; Phelan, J. P.; Badir, S. O.; Molander, G. A. Alkyl Carbon—Carbon Bond Formation by Nickel/Photoredox Cross-
Coupling. Angew. Chemie Int. Ed. 2019, 58 (19), 6152—6163.

Shaw, M. H.; Shurtleff, V. W.; Terrett, J. A.; Cuthbertson, J. D.; MacMillan, D. W. C. Native Functionality in Triple Catalytic Cross-
Coupling: Sp3 C-H Bonds as Latent Nucleophiles. Science 2016, 352 (6291), 1304-1308.

Le, C; Liang, Y.; Evans, R. W.; Li, X.; MacMillan, D. W. C. Selective Sp3 C—H Alkylation via Polarity-Match-Based Cross-Coupling.
Nature 2017, 547 (7661), 79-83.

Zhang, X.; MacMillan, D. W. C. Direct Aldehyde C—H Arylation and Alkylation via the Combination of Nickel, Hydrogen Atom
Transfer, and Photoredox Catalysis. J. Am. Chem. Soc. 2017, 139 (33), 11353-11356.

Heitz, D. R.; Tellis, J. C.; Molander, G. A. Photochemical Nickel-Catalyzed C—H Arylation: Synthetic Scope and Mechanistic
Investigations. J. Am. Chem. Soc. 2016, 138 (39), 12715-12718.

Shields, B. J.; Doyle, A. G. Direct C(Sp 3 )—H Cross Coupling Enabled by Catalytic Generation of Chlorine Radicals. J. Am. Chem. Soc.
2016, 138 (39), 12719-12722.

Perry, I. B.; Brewer, T. F.; Sarver, P. J.; Schultz, D. M.; DiRocco, D. A.; MacMillan, D. W. C. Direct Arylation of Strong Aliphatic C—-H
Bonds. Nature 2018, 560 (7716), 70-75.

Lee, G. S.; Won, J.; Choi, S.; Baik, M.-H.; Hong, S. H. Synergistic Activation of Amides and Hydrocarbons for Direct C(Sp 3 )-H
Acylation Enabled by Metallaphotoredox Catalysis. Angew. Chemie Int. Ed. 2020, 59 (39), 16933-16942.

Thullen, S. M.; Treacy, S. M.; Rovis, T. Regioselective Alkylative Cross-Coupling of Remote Unactivated C( Sp 3 )-H Bonds. J. Am.
Chem. Soc. 2019, 141 (36), 14062—-14067.

Cao, H.; Kuang, Y.; Shi, X.; Wong, K. L.; Tan, B. B.; Kwan, J. M. C.; Liu, X.; Wu, J. Photoinduced Site-Selective Alkenylation of
Alkanes and Aldehydes with Aryl Alkenes. Nat. Commun. 2020, 11 (1), 1956.

Shaw, M. H.; Twilton, J.; MacMillan, D. W. C. Photoredox Catalysis in Organic Chemistry. J. Org. Chem. 2016, 81 (16), 6898—6926.
Hamilton, D. S.; Nicewicz, D. A. Direct Catalytic Anti-Markovnikov Hydroetherification of Alkenols. J. Am. Chem. Soc. 2012, 134
(45), 18577-18580.

Wilger, D. J.; Grandjean, J.-M. M.; Lammert, T. R.; Nicewicz, D. A. The Direct Anti-Markovnikov Addition of Mineral Acids to
Styrenes. Nat. Chem. 2014, 6 (8), 720-726.

Margrey, K. A.; Nicewicz, D. A. A General Approach to Catalytic Alkene Anti-Markovnikov Hydrofunctionalization Reactions via
Acridinium Photoredox Catalysis. Acc. Chem. Res. 2016, 49 (9), 1997-2006.

Perkowski, A. J.; Nicewicz, D. A. Direct Catalytic Anti-Markovnikov Addition of Carboxylic Acids to Alkenes. J. Am. Chem. Soc.
2013, 135 (28), 10334-10337.

Nguyen, T. M.; Nicewicz, D. A. Anti-Markovnikov Hydroamination of Alkenes Catalyzed by an Organic Photoredox System. J. Am.
Chem. Soc. 2013, 135 (26), 9588-9591.

Nguyen, T. M.; Manohar, N.; Nicewicz, D. A. Anti -Markovnikov Hydroamination of Alkenes Catalyzed by a Two-Component
Organic Photoredox System: Direct Access to Phenethylamine Derivatives. Angew. Chemie Int. Ed. 2014, 53 (24), 6198-6201.
Zeller, M. A.; Riener, M.; Nicewicz, D. A. Butyrolactone Synthesis via Polar Radical Crossover Cycloaddition Reactions:
Diastereoselective Syntheses of Methylenolactocin and Protolichesterinic Acid. Org. Lett. 2014, 16 (18), 4810-4813.
Cavanaugh, C. L.; Nicewicz, D. A. Synthesis of a-Benzyloxyamino-y-Butyrolactones via a Polar Radical Crossover Cycloaddition
Reaction. Org. Lett. 2015, 17 (24), 6082-6085.

Gesmundo, N. J.; Grandjean, J.-M. M.; Nicewicz, D. A. Amide and Amine Nucleophiles in Polar Radical Crossover Cycloadditions:
Synthesis of y-Lactams and Pyrrolidines. Org. Lett. 2015, 17 (5), 1316-1319.

Wu, F.; Wang, L.; Chen, J.; Nicewicz, D. A.; Huang, Y. Direct Synthesis of Polysubstituted Aldehydes via Visible-Light Catalysis.
Angew. Chemie Int. Ed. 2018, 57 (8), 2174-2178.

Romero, N. A.; Margrey, K. A.; Tay, N. E.; Nicewicz, D. A. Site-Selective Arene C-H Amination via Photoredox Catalysis. Science
2015, 349 (6254), 1326-1330.

Chen, W.; Huang, Z.; Tay, N. E. S.; Giglio, B.; Wang, M.; Wang, H.; Wu, Z.; Nicewicz, D. A; Li, Z. Direct Arene C-H Fluorination with
18 F - via Organic Photoredox Catalysis. Science 2019, 364 (6446), 1170-1174.

Ohmatsu, K.; Suzuki, R.; Furukawa, Y.; Sato, M.; Ooi, T. Zwitterionic 1,2,3-Triazolium Amidate as a Catalyst for Photoinduced
Hydrogen-Atom Transfer Radical Alkylation. ACS Catal. 2020, 10 (4), 2627-2632.

Shin, N.Y.; Ryss, J. M.; Zhang, X.; Miller, S. J.; Knowles, R. R. Light-Driven Deracemization Enabled by Excited-State Electron
Transfer. Science 2019, 366 (6463), 364—369.

Wang, Y.; Carder, H. M.; Wendlandt, A. E. Synthesis of Rare Sugar Isomers through Site-Selective Epimerization. Nature 2020, 578
(7795), 403—-408.

Pellissier, H. Stereocontrolled Domino Reactions. Chem. Rev. 2013, 113 (1), 442-524.

Grossmann, A.; Enders, D. N-Heterocyclic Carbene Catalyzed Domino Reactions. Angew. Chemie Int. Ed. 2012, 51 (2), 314—-325.
Pellissier, H. Recent Developments in Enantioselective Metal-Catalyzed Domino Reactions. Advanced Synthesis and Catalysis.
2016, pp 2194-2259.

199



(65)
(66)
(67)
(68)

(69)
(70)

(71)
(72)

(73)

(74)
(75)
(76)
(77)

(78)

(79)
(80)
(81)
(82)
(83)
(84)
(85)

(86)

(87)
(88)
(89)
(90)
(91)
(92)
(93)

(94)

200

Clavier, H.; Pellissier, H. Recent Developments in Enantioselective Metal-Catalyzed Domino Reactions. Adv. Synth. Catal. 2012,
354 (18), 3347-3403.

Pellissier, H. Recent Developments in Enantioselective Metal-Catalyzed Domino Reactions. Adv. Synth. Catal. 2019, 361 (8), 1733—
1755.

Chanda, T.; Zhao, J. C. G. Recent Progress in Organocatalytic Asymmetric Domino Transformations. Adv. Synth. Catal. 2018, 360
(1), 2-79.

Tietze, L. F. Domino Reactions. In Domino Reactions: Concepts for Efficient Organic Synthesis; Tietze, L. F., Ed.; Wiley-VCH Verlag
GmbH & Co. KGaA: Weinheim, Germany, 2014; pp 1-621.

Trost, B. M.; Min, C. Total Synthesis of Terpenes via Palladium-Catalysed Cyclization Strategy. Nat. Chem. 2020, 12 (6), 568-573.
Trost, B. M.; Shi, Y. Palladium-Catalyzed Cyclizations of Polyenynes. A Palladium Zipper. J. Am. Chem. Soc. 1993, 115 (21), 9421—
9438.

Whyte, A.; Torelli, A.; Mirabi, B.; Prieto, L.; Rodriguez, J. F.; Lautens, M. Cobalt-Catalyzed Enantioselective Hydroarylation of 1,6-
Enynes. J. Am. Chem. Soc. 2020, 142 (20), 9510-9517.

Takahashi, K.; Yamashita, M.; Nozaki, K. Tandem Hydroformylation/Hydrogenation of Alkenes to Normal Alcohols Using Rh/Ru
Dual Catalyst or Ru Single Component Catalyst. J. Am. Chem. Soc. 2012, 134 (45), 18746—-18757.

Takahashi, K.; Yamashita, M.; Ichihara, T.; Nakano, K.; Nozaki, K. High-Yielding Tandem Hydroformylation/Hydrogenation of a
Terminal Olefin to Produce a Linear Alcohol Using a Rh/Ru Dual Catalyst System. Angew. Chemie Int. Ed. 2010, 49 (26), 4488—
4490.

Ahmed, M.; Seayad, A. M.; Jackstell, R.; Beller, M. Amines Made Easily: A Highly Selective Hydroaminomethylation of Olefins. J.
Am. Chem. Soc. 2003, 125 (34), 10311-10318.

Hanna, S.; Holder, J. C.; Hartwig, J. F. A Multicatalytic Approach to the Hydroaminomethylation of A-Olefins. Angew. Chemie Int.
Ed. 2019, 58 (11), 3368-3372.

Jia, Z.-).; Shan, G.; Daniliuc, C. G.; Antonchick, A. P.; Waldmann, H. Enantioselective Synthesis of the Spirotropanyl Oxindole
Scaffold through Bimetallic Relay Catalysis. Angew. Chemie Int. Ed. 2018, 57 (44), 14493-14497.

Yu, Q.; Fu, Y.; Huang, J.; Qin, J.; Zuo, H.; Wu, Y.; Zhong, F. Enantioselective Oxidative Phenol-Indole [3 + 2] Coupling Enabled by
Biomimetic Mn(lii)/Brgnsted Acid Relay Catalysis. ACS Catal. 2019, 9 (8), 7285-7291.

Denard, C. A.; Bartlett, M. J.; Wang, Y.; Lu, L.; Hartwig, J. F.; Zhao, H. Development of a One-Pot Tandem Reaction Combining
Ruthenium-Catalyzed Alkene Metathesis and Enantioselective Enzymatic Oxidation to Produce Aryl Epoxides. ACS Catal. 2015, 5
(6), 3817-3822.

Corma, A.; Navas, J.; Sabater, M. J. Advances in One-Pot Synthesis through Borrowing Hydrogen Catalysis. Chem. Rev. 2018, 118
(4), 1410-1459.

Goldman, A. S. Catalytic Alkane Metathesis by Tandem Alkane Dehydrogenation-Olefin Metathesis. Science 2006, 312 (5771),
257-261.

Lichosyt, D.; Zhang, Y.; Hurej, K.; Dydio, P. Dual-Catalytic Transition Metal Systems for Functionalization of Unreactive Sites of
Molecules. Nat. Catal. 2019, 2 (2), 114-122.

Quintard, A.; Constantieux, T.; Rodriguez, J. An Iron/Amine-Catalyzed Cascade Process for the Enantioselective Functionalization
of Allylic Alcohols. Angew. Chemie Int. Ed. 2013, 52 (49), 12883-12887.

Roudier, M.; Constantieux, T.; Quintard, A.; Rodriguez, J. Triple Iron/Copper/Iminium Activation for the Efficient Redox Neutral
Catalytic Enantioselective Functionalization of Allylic Alcohols. ACS Catal. 2016, 6 (8), 5236-5244.

Black, P. J.; Harris, W.; Williams, J. M. J. Catalytic Electronic Activation: Indirect Addition of Nucleophiles to an Allylic Alcohol This
Work Was Supported by the University of Bath and Roche Discovery (P.).B.). Angew. Chemie Int. Ed. 2001, 40 (23), 4475.
Denard, C. A.; Huang, H.; Bartlett, M. J.; Lu, L.; Tan, Y.; Zhao, H.; Hartwig, J. F. Cooperative Tandem Catalysis by an Organometallic
Complex and a Metalloenzyme. Angew. Chemie Int. Ed. 2014, 53 (2), 465-469.

Bhat, V.; Welin, E. R.; Guo, X.; Stoltz, B. M. Advances in Stereoconvergent Catalysis from 2005 to 2015: Transition-Metal-
Mediated Stereoablative Reactions, Dynamic Kinetic Resolutions, and Dynamic Kinetic Asymmetric Transformations. Chem. Rev.
2017, 117 (5), 4528-4561.

Verho, O.; Backvall, J. E. Chemoenzymatic Dynamic Kinetic Resolution: A Powerful Tool for the Preparation of Enantiomerically
Pure Alcohols and Amines. J. Am. Chem. Soc. 2015, 137 (12), 3996—-4009.

Pamies, O.; Backvall, J. E. Combination of Enzymes and Metal Catalysts. A Powerful Approach in Asymmetric Catalysis. Chem. Rev.
2003, 103 (8), 3247-3261.

Chen, Z.; Aota, Y.; Nguyen, H. M. H.; Dong, V. M. Dynamic Kinetic Resolution of Aldehydes by Hydroacylation. Angew. Chemie Int.
Ed. 2019, 58 (14), 4705-4709.

Litman, Z. C.; Wang, Y.; Zhao, H.; Hartwig, J. F. Cooperative Asymmetric Reactions Combining Photocatalysis and Enzymatic
Catalysis. Nature 2018, 560 (7718), 355-359.

Atesin, A. C.; Ray, N. A.; Stair, P. C.; Marks, T. J. Etheric C-O Bond Hydrogenolysis Using a Tandem Lanthanide Triflate/Supported
Palladium Nanoparticle Catalyst System. J. Am. Chem. Soc. 2012, 134 (36), 14682-14685.

Lohr, T. L.; Li, Z.; Marks, T. J. Thermodynamic Strategies for C—-O Bond Formation and Cleavage via Tandem Catalysis. Acc. Chem.
Res. 2016, 49 (5), 824-834.

Panteleev, J.; Zhang, L.; Lautens, M. Domino Rhodium-Catalyzed Alkyne Arylation/Palladium-Catalyzed N Arylation: A Mechanistic
Investigation. Angew. Chemie Int. Ed. 2011, 50 (39), 9089-9092.

Friedman, A. A.; Panteleev, J.; Tsoung, J.; Huynh, V.; Lautens, M. Rh/Pd Catalysis with Chiral and Achiral Ligands: Domino
Synthesis of Aza-Dihydrodibenzoxepines. Angew. Chemie Int. Ed. 2013, 52 (37), 9755-9758.



(95)

(%6)
(97)

(98)

(99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)

(114)

(115)

(116)

(117)

(118)

(119)

(120)

(121)

(122)

(123)

(124)

(125)

Zhang, L.; Qureshi, Z.; Sonaglia, L.; Lautens, M. Sequential Rhodium/Palladium Catalysis: Enantioselective Formation of
Dihydroquinolinones in the Presence of Achiral and Chiral Ligands. Angew. Chemie Int. Ed. 2014, 53 (50), 13850-13853.

Lohr, T. L.; Marks, T. J. Orthogonal Tandem Catalysis. Nat. Chem. 2015, 7 (6), 477-482.

Huang, H.; Denard, C. A.; Alamillo, R.; Crisci, A. J.; Miao, Y.; Dumesic, J. A.; Scott, S. L.; Zhao, H. Tandem Catalytic Conversion of
Glucose to 5-Hydroxymethylfurfural with an Immobilized Enzyme and a Solid Acid. ACS Catal. 2014, 4 (7), 2165-2168.

Cybulski, O.; Dygas, M.; Mikulak-Klucznik, B.; Siek, M.; Klucznik, T.; Choi, S. Y.; Mitchell, R. J.; Sobolev, Y. I.; Grzybowski, B. A.
Concentric Liquid Reactors for Chemical Synthesis and Separation. Nature 2020, 586 (7827), 57—63.

Sato, H.; Hummel, W.; Groger, H. Cooperative Catalysis of Noncompatible Catalysts through Compartmentalization: Wacker
Oxidation and Enzymatic Reduction in a One-Pot Process in Aqueous Media. Angew. Chemie Int. Ed. 2015, 54 (15), 4488-4492.
Huff, C. A.; Sanford, M. S. Cascade Catalysis for the Homogeneous Hydrogenation of CO 2 to Methanol. J. Am. Chem. Soc. 2011,
133 (45), 18122-18125.

Lu, J.; Dimroth, J.; Weck, M. Compartmentalization of Incompatible Catalytic Transformations for Tandem Catalysis. J. Am. Chem.
Soc. 2015, 137 (40), 12984-12989.

Wheeldon, I.; Minteer, S. D.; Banta, S.; Barton, S. C.; Atanassov, P.; Sigman, M. Substrate Channelling as an Approach to Cascade
Reactions. Nat. Chem. 2016, 8 (4), 299-309.

Bornscheuer, U. T.; Huisman, G. W.; Kazlauskas, R. J.; Lutz, S.; Moore, J. C.; Robins, K. Engineering the Third Wave of Biocatalysis.
Nature 2012, 485 (7397), 185-194.

Hyster, T. K.; Ward, T. R. Genetic Optimization of Metalloenzymes: Enhancing Enzymes for Non-Natural Reactions. Angew.
Chemie Int. Ed. 2016, 55 (26), 7344-7357.

Dydio, P.; Ploeger, M.; Reek, J. N. H. Selective Isomerization—Hydroformylation Sequence: A Strategy to Valuable a-Methyl-
Branched Aldehydes from Terminal Olefins. ACS Catal. 2013, 3 (12), 2939-2942.

Yin, X.-P.; Zeng, X.-P.; Liu, Y.-L.; Liao, F.-M.; Yu, J.-S.; Zhou, F.; Zhou, J. Asymmetric Triple Relay Catalysis: Enantioselective
Synthesis of Spirocyclic Indolines through a One-Pot Process Featuring an Asymmetric 61 Electrocyclization. Angew. Chemie Int.
Ed. 2014, 53 (50), 13740-13745.

Sancheti, S. P.; Urvashi; Shah, M. P.; Patil, N. T. Ternary Catalysis: A Stepping Stone toward Multicatalysis. ACS Catal. 2020, 10 (5),
3462-3489.

Dhiman, S.; Mishra, U. K.; Ramasastry, S. S. V. One-Pot Trimetallic Relay Catalysis: A Unified Approach for the Synthesis of B-
Carbolines and Other [ c ]-Fused Pyridines. Angew. Chemie Int. Ed. 2016, 55 (27), 7737-7741.

Casnati, A.; Lichosyt, D.; Lainer, B.; Veth, L.; Dydio, P. Multicatalytic Approach to One-Pot Stereoselective Synthesis of Secondary
Benzylic Alcohols. Org. Lett. 2021, 23 (9), 3502—-3506.

Camp, J. E. Auto-Tandem Catalysis: Activation of Multiple, Mechanistically Distinct Process by a Single Catalyst. European J. Org.
Chem. 2017, 2017 (3), 425-433.

Shindoh, N.; Takemoto, Y.; Takasu, K. Auto-Tandem Catalysis: A Single Catalyst Activating Mechanistically Distinct Reactions in a
Single Reactor. Chem. - A Eur. J. 2009, 15 (45), 12168-12179.

Kanbayashi, N.; Takenaka, K.; Okamura, T.; Onitsuka, K. Asymmetric Auto-Tandem Catalysis with a Planar-Chiral Ruthenium
Complex: Sequential Allylic Amidation and Atom-Transfer Radical Cyclization. Angew. Chemie Int. Ed. 2013, 52 (18), 4897-4901.
Matsushima, Y.; Onitsuka, K.; Kondo, T.; Mitsudo, T.; Takahashi, S. Asymmetric Catalysis of Planar-Chiral
Cyclopentadienylruthenium Complexes in Allylic Amination and Alkylation. J. Am. Chem. Soc. 2001, 123 (42), 10405-10406.
Long, J.; Yu, R.; Gao, J.; Fang, X. Access to 1,3-Dinitriles by Enantioselective Auto-tandem Catalysis: Merging Allylic Cyanation with
Asymmetric Hydrocyanation. Angew. Chemie Int. Ed. 2020, 59 (17), 6785-6789.

Wou, X.; Cruz, F. A.; Lu, A.; Dong, V. M. Tandem Catalysis: Transforming Alcohols to Alkenes by Oxidative Dehydroxymethylation. J.
Am. Chem. Soc. 2018, 140 (32), 10126-10130.

Lecomte, M.; Lipshultz, J. M.; Kim-Lee, S.-H.; Li, G.; Radosevich, A. T. Driving Recursive Dehydration by P Il /P V Catalysis:
Annulation of Amines and Carboxylic Acids by Sequential C—-N and C—C Bond Formation. J. Am. Chem. Soc. 2019, 141 (32), 12507—
12512.

Zhang, S.; del Pozo, J.; Romiti, F.; Mu, Y.; Torker, S.; Hoveyda, A. H. Delayed Catalyst Function Enables Direct Enantioselective
Conversion of Nitriles to NH 2 -Amines. Science 2019, 364 (6435), 45-51.

Li, L.; Herzon, S. B. Temporal Separation of Catalytic Activities Allows Anti-Markovnikov Reductive Functionalization of Terminal
Alkynes. Nat. Chem. 2014, 6 (1), 22-27.

Korvorapun, K.; Kaplaneris, N.; Rogge, T.; Warratz, S.; Stuickl, A. C.; Ackermann, L. Sequential Meta-/Ortho-C—H Functionalizations
by One-Pot Ruthenium(lI/Il) Catalysis. ACS Catal. 2018, 8 (2), 886—892.

Semwal, S.; Choudhury, J. Switch in Catalyst State: Single Bifunctional Bi-State Catalyst for Two Different Reactions. Angew.
Chemie Int. Ed. 2017, 56 (20), 5556-5560.

Meng, J.; Fan, L.-F.; Han, Z.-Y.; Gong, L.-Z. a-Quaternary Chiral Aldehydes from Styrenes, Allylic Alcohols, and Syngas via Multi-
Catalyst Relay Catalysis. Chem 2018, 4 (5), 1047—-1058.

Wu, H.; He, Y.-P.; Gong, L.-Z. The Combination of Relay and Cooperative Catalysis with a Gold/Palladium/Brgnsted Acid Ternary
System for the Cascade Hydroamination/Allylic Alkylation Reaction. Adv. Synth. Catal. 2012, 354 (6), 975-980.

Wang, C.; Han, Z.-Y.; Luo, H.-W.; Gong, L.-Z. Highly Enantioselective Relay Catalysis in the Three-Component Reaction for Direct
Construction of Structurally Complex Heterocycles. Org. Lett. 2010, 12 (10), 2266—2269.

Pirnot, M. T.; Rankic, D. A.; Martin, D. B. C.; MacMillan, D. W. C. Photoredox Activation for the Direct -Arylation of Ketones and
Aldehydes. Science 2013, 339 (6127), 1593-1596.

DeHovitz, J. S.; Loh, Y. Y.; Kautzky, J. A.; Nagao, K.; Meichan, A. J.; Yamauchi, M.; MacMillan, D. W. C.; Hyster, T. K. Static to
Inducibly Dynamic Stereocontrol: The Convergent Use of Racemic B-Substituted Ketones. Science 2020, 369 (6507), 1113-1118.

201



(126)
(127)
(128)

(129)

(130)

202

Fleischer, S.; Werkmeister, S.; Zhou, S.; Junge, K.; Beller, M. Consecutive Intermolecular Reductive Hydroamination: Cooperative
Transition-Metal and Chiral Brgnsted Acid Catalysis. Chem. - A Eur. J. 2012, 18 (29), 9005-9010.

Tang, X.; Gan, L.; Zhang, X.; Huang, Z. N-Alkanes to n -Alcohols: Formal Primary C—H Bond Hydroxymethylation via Quadruple
Relay Catalysis. Sci. Adv. 2020, 6 (47), eabc6688.

Domanski, S.; Gatlik, B.; Chatadaj, W. Pd-Catalyzed Boroperfluoroalkylation of Alkynes Opens a Route to One-Pot Reductive
Carboperfluoroalkylation of Alkynes with Perfluoroalkyl and Aryl lodides. Org. Lett. 2019, 21 (13), 5021-5025.

Yamamoto, K.; Bruun, T.; Kim, J. Y.; Zhang, L.; Lautens, M. A New Multicomponent Multicatalyst Reaction (MC) 2 R:
Chemoselective Cycloaddition and Latent Catalyst Activation for the Synthesis of Fully Substituted 1,2,3-Triazoles. Org. Lett. 2016,
18(11), 2644-2647.

Armstrong, M. K.; Goodstein, M. B.; Lalic, G. Diastereodivergent Reductive Cross Coupling of Alkynes through Tandem Catalysis: Z
- and E -Selective Hydroarylation of Terminal Alkynes. J. Am. Chem. Soc. 2018, 140 (32), 10233-10241.



SR Lukas Rainer Veth E DSC

J . Ecple Docto.ral.e des
Transfer C—H Borylation of sderesthimiaes

Alkenes

Résumé

Cette these décrit les études de la borylation C-H de transfert d'alcénes sous catalyse Rh- et Ir
congue par des considérations mécanistiques. Bien que plusieurs méthodes aient été
précédemment établies pour la borylation C-H des alcénes, aucun protocole général
applicable a la fois aux alcenes terminaux et internes et présentant une excellente tolérance
aux groupes fonctionnels n'était disponible jusqu'a présent. Dans ce contexte, la borylation C-
H par transfert présente un grand potentiel. Cependant, son faible nombre d'antécédents et
sa compréhension mécanistique limitée ont entravé le développement de protocoles
pratiques. Les méthodes décrites ici débloquent des transformations efficaces et largement
applicables qui sont attrayantes pour la synthese et la dérivatisation tardive de molécules
complexes, tandis que les études mécanistiques approfondies fournissent leur
compréhension détaillée. Dans un contexte plus large, cette thése prépare le terrain pour le
développement d'une série d'autres réactions d'échange d'hydrogéne contre des groupes
fonctionnels suivant des voies similaires.

Mots-clés : borylation, fonctionnalisation C-H, alcene, catalyse de transfert, oléfine, shuttle
catalysis, rhodium, iridium, multicatalyse

Abstract

This thesis describes the studies of transfer C—H borylation of alkenes under Rh- and Ir-
catalysis designed by mechanistic considerations. Although several methods were previously
established for the C—H borylation of alkenes, no general protocols applicable to both terminal
and internal alkenes and with an excellent functional group tolerance were available thus far.
In that context, transfer C—H borylation bears great potential. However, its scarce precedence
and previously limited mechanistic understanding hindered the development of practical
protocols. The methods described here unlock efficient and widely applicable transformations
that are attractive for the synthesis and late-stage derivatization of complex
molecules, while the thorough mechanistic studies provide their detailed understanding. In a
broader context, this thesis sets the stage for the development of a range of other hydrogen-
for-functional group exchange reactions undergoing similar pathways.

Keywords : borylation, C—H functionalization, alkene, transfer catalysis, olefin, shuttle
catalysis, rhodium, iridium, multicatalysis
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