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Résumé

La catalyse par métaux de transition est omniprésente de nos jours dans tous les secteurs
de l'industrie chimique. Les réactions activées de cette fagon permettent la production d’'un
grand nombre de produits utiles de grande importance commerciale. Considérant
uniqguement le domaine de la synthése organique, le développement de réactions
catalytiques a été récompensé par plusieurs prix Nobel au cours du 20° siécle, ce qui

témoigne de I'importance de ces contributions.

L’utilisation de métaux de transition, et surtout des métaux précieux, en catalyse comprend
cependant des inconvénients qui proviennent de leur colt élevé, de leur rareté, ainsi que
de leur toxicité potentielle et de I'impact environnemental que leurs déchets peuvent avoir.
De fait, plusieurs agences nationales et internationales régulent de nos jours la teneur en
métaux a I'état de traces qui peuvent étre présents dans beaucoup de produits. Pour cette
raison, il est de grand intérét de découvrir des systémes catalytiques alternatifs composés

d’éléments abondants, non-toxiques et peu colteux.

Le bore, en tant qu’élément Iéger du groupe principal, répond a ces criteres. Cependant, la
réactivité des composés organoborés est trés différente de celle des métaux de transition
et peu adaptée aux réactions catalytiques existant de nos jours. Pour cette raison, de
nouveaux concepts et de nouvelles réactions doivent étre inventés et développés afin

d’introduire le bore au domaine de la catalyse.

Dans le but de développer de tels concepts, et dans le but de concevoir de nouveaux
catalyseurs a base de bore, nous avons investigué plusieurs cas ou la présence de bases
de Lewis influence la réactivit¢ de composés borés. Notre hypothése était que la
combinaison d’'un organoboré et d’'une base de Lewis pourrait agir dans des réactions qui

seraient impossibles pour chacun individuellement.

Dans une premiére étude de cas, nous avons étudié en profondeur la réactivité d’adduits
neutres de borabenzéne vis-a-vis de bases de Lewis. Nous avons ainsi trouvé que,
contrairement au formalisme courant, le borabenzéne coordonné a une base réagit comme
un nucléophile plutét qu'un électrophile. Les propriétés et la réactivitt de nombreux
composés a base de borabenzéne ont été étudiées par des méthodes computationnelles

et expérimentales en une recherche qui est présentée dans cette thése.



Par la suite, nous nous sommes penchés sur le probléme de la réduction du dioxyde de
carbone catalysée par des composés organoborés ambiphiles. A I'issu de ce travail, nous
décrivons de nouveaux modes d’interaction entre le bore et des bases de Lewis inusités et

les applications de ces concepts a la réduction du CO; en dérivés de méthanol.

Finalement, nos travaux de recherche culminent avec le développement d’'un catalyseur
ambiphile sans métal pour I'activation et la borylation des liens C-H d’hétéroarénes. Dans
cette thése, nous décrivons le processus de réflexion qui a mené a la conception rationnelle

de cette réaction, ainsi que les propriétés uniques de ce systéme.



Abstract

Transition metal catalysis is currently ubiquitous in all sectors of the chemical industry. The
reactions it enables allow the production of countless useful chemicals. In the field of
organic synthesis alone, the impact and development of catalytic reactions have been

recognized several times by the award of Nobel prizes.

The use of transition metals for catalysis, however, suffers from several drawbacks that
include their high cost, their rarity and their potential toxicity and environmental impact.
National and international agencies, as a matter of fact, regulate the trace amounts of
residual metal that can be present in many end products. For this reason, there is great
interest in discovering alternative catalysts produced from earth-abundant, nontoxic and

inexpensive elements.

Boron, as a light element of the main group, follows these criteria. The reactivity of
organoboron compounds, however, is very different from that of organometallic complexes,
and less adapted to typical catalytic process. For this reason, new concepts and new

reactions have to be developed in order to introduce boron to the world of catalysis.

In order to discover and develop novel ideas towards the design of boron catalysts, we have
studied different instances in which Lewis bases influence the reactivity of boron
compounds. We hypothesized that the combination of an organoborane and a Lewis base

could achieve reactions that would be impossible for the separate units to accomplish.

In a first case study, we have investigated in depth the reactivity of neutral adducts of
borabenzene towards Lewis bases. We have found that, contrary to usual formulations,
borabenzene, under the influence of a Lewis base, reacts as a nucleophile rather than an
electrophile. The properties and reactivity of a great number of borabenzene compounds
have been studied computationally and experimentally in a work that will be presented in

this dissertation.

Next, we have studied the reduction of carbon dioxide catalyzed by ambiphilic organoboron
compounds. We describe new modes of coordination for boranes with Lewis bases and the

application of these interactions to the reduction of CO, to methanol derivatives.



Finally, the culmination of our research efforts is shown as the rational development of a
metal-free ambiphilic catalyst for the C-H bond activation and borylation of heteroarenes. In
this dissertation, we describe the process by which we designed and implemented this

catalytic reaction, as well as the specifics of the system.
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Chapter 1 - Introduction

Catalysis represents one of the most promising ways of enabling useful chemical processes."
By definition, a catalyst lowers the energy barrier of a reaction, allowing it to proceed in milder
conditions.? The use of selective catalysts makes high yields possible for otherwise difficult
reactions, at a lower energy cost. Catalysts have been used and studied since the 18" century
with great success, rapidly becoming a standard tool in the synthetic chemist’s arsenal.® With
growing concern and awareness over environmental matters and energy conservation,
catalysis represents a field that will continue to grow throughout the 21s century. In fact, the
very core of the green chemistry philosophy states that “catalytic reagents (as selective as

possible) are superior to stoichiometric reagents.™

Transition metal catalysis is currently ubiquitous in most—if not all—fields of the chemical
industry and is at the core of significant academic research efforts. In fact, from petrochemistry
to fertilizer synthesis, including the production of polymers, pharmaceuticals and specialty
chemicals, homogenous and heterogeneous transition metal species enable innumerable

useful processes.®

The broad field of organic synthesis is also dependent on many catalytic processes. For
decades now, reactions such as hydrogenation, oxidation, polymerization, metathesis and
carbon-carbon cross-couplings can be mediated by highly efficient and convenient transition
metal catalysts. For developments of catalysis of each of these classes of reactions, Nobel

Prizes were awarded, recognizing the importance of catalysis to science and to the public.®

In the past few decades, a class of reactions that has been increasingly studied is the direct
C-H functionalization by precious transition metals. While not (yet) honored with the Nobel
Prize,” these useful processes open exciting new possibilities by transforming the ubiquitous

and inert C-H bond into an active leaving group.®

However, the use of transition metals—especially of the reactive precious metals such as
palladium, platinum, iridium and rhodium—suffers from some serious drawbacks due to their
high cost and human and environmental toxicity. In fact, international instances regulate the
amount of trace metals allowed to remain in products destined for human consumption.® As a
result, catalyst scrubbing can be an expensive necessity for the pharmaceutical, food, and

specialty chemicals industries. In addition, residual transition metal traces are known to



negatively affect the properties of opto-electronic materials and rigorous catalyst removal has

to be performed by producers of electronic devices.°

The interest and potential impact of replacing transition metal catalysts with metal-free
alternatives should thus appear evident. The less toxic and more abundant main-group
elements offer an attractive and diverse bank of building blocks for the design of new,
inexpensive, and green catalysts. Among these elements, boron has attracted considerable
synthetic interest in recent years with the discovery of new reactions, most notably the
hydroboration reaction.”” With the rich chemistry of boron compounds, their application as

organocatalysts is a promising entry into environmentally benign metal-free reactions.

1.1 Boron-Containing Molecules as a Replacement for Transition

Metal Catalysts

Boron is an earth-abundant non-metal element of the main group. In the form of various
mineral oxides,? it is extracted from the Earth’s crust at the annual scale of four million tons,
with the major producers being Turkey and the United States of America. Proven global
reserves exceeding one billion tons of boron minerals make this element an abundant and

commercially sustainable resource.’

After mineral extraction, refinement of boron-containing ore produces borax (various hydrates
of sodium tetraborate — Na:B4O7.xH>O). This pure mineral can then, through various
processes, be converted to boric oxide (B2Os) and boric acid (B(OH)s) which in turn are
versatile precursors to finished products.'® This annual production of boron oxides has a wide
range of applications, notably for the production of materials (fibers, glasses and ceramics),

abrasives, coatings, semiconductors, optically active materials, and fertilizers.'®

The use of boron in agricultural fertilization is a testimony to its environmental compatibility.
In fact, boron is an essential micronutrient to plants and its deficiency negatively affects useful
crops around the world." In humans and mammals as well, boron intake has been well
studied, with boron deficiency associated with reduced growth and a negative impact on
hormonal concentrations.’® At higher concentrations, boron oxides are very well tolerated by
marine life and mammals. With a LDs, (oral, rat) of 6 g/kg, boric acid is less lethal to mammals
than table salt (2 g/kg) and can effectually be considered non-toxic.’® On the other hand,

arthropods can suffer from acute poisoning when exposed to relatively concentrated solutions



of boron oxides, which can be used as domestic insecticides.?’° Plants can also suffer from

reduced productivity when growing in seldom-occurring soil of high boron content.?'

Because of the nontoxicity of boric acid to mammals, the incorporation of boron-containing
molecules in medical materials and chemicals is a very attractive possibility. As such, modern
applications of boron also include boron-based drugs and agents for boron neutron-capture

therapy.?

As a nontoxic, earth-abundant, inexpensive and sustainable resource, boron thus becomes a
highly attractive foundation to industrially relevant species. As such, organoboron compounds
are widely used today as stoichiometric reagents in synthetic chemistry.?®> Reactions based
on boron compounds require none of the special considerations coming from the use of
precious metals and would come at very low cost. On the other hand, organoboron species
cannot, at this time, compete with transition metals in the field of catalysis, as they cannot
undergo the multi-electron processes that are at the core of many transition metal-mediated
reactions. As such, new concepts, ideas, and paradigms have to be invented, explored, and
implemented in order to develop efficient, metal-free, catalyst systems based on boron

compounds. The work described in this thesis aims to participate in this exploration.

1.2 Outline of the Dissertation

This thesis explores the cooperative reactivity of boron-containing molecules with various
Lewis bases, with a focus on the design of novel metal-free catalytic reactions. Using different
case studies, we will show that through various mechanisms, the combination of Lewis bases
and boron gives rise to certain properties which enable novel modes of reactivity. The thesis
is divided in eight chapters. Four of them were written in the form of scientific papers that have

been published or submitted. The candidate is the first author of all these papers.

In the current Chapter 1, we have briefly described the motivation behind the work of this

thesis.

In Chapter 2, we make a more detailed review of the concepts that are at the core of the ideas
presented in the thesis. In this chapter, we will also describe the state of the field as the work

was performed.

In Chapter 3, we briefly summarize the methodology used in this research.



In Chapter 4, we describe an in-depth study of the bonding between borabenzene and neutral
Lewis bases and of the reactivity modes of the complexes thus formed. The results presented
therein have been published as: Légaré, M.-A.; Bélanger-Chabot, G.; De Robillard, G.;
Languérand, A.; Maron, L.; and Fontaine, F.-G. “Insights into the Formation of Borabenzene
Adducts via Ligand Exchange Reactions and TMSCI Elimination from Boracyclohexadiene
Precursors” Organometallics, 2014, 33, 3596-3606.

I wish to acknowledge the preliminary work performed by G. Beélanger-Chabot and A.
Languérand upon which this study was built. | also recognize the work of G. De Robillard who
worked under my supervision as an intern. Thanks are given to L. Maron for expert advice on

computational studies.

Chapter 5 has been published as: Declercq', R.; Bouhadir, G.; Bourissou, D.; Légaré,' M.-A_;
Courtemanche, M.-A.; Nahi, K. S.; Bouchard, N.; Fontaine, F.-G.; Maron, L. “Hydroboration of
Carbon Dioxide Using Ambiphilic Phosphine—Borane Catalysts: On the Role of the
Formaldehyde Adduct” ACS Catal. 2015, 5, 2513-2520.

This article describes the results of a collaborative project between our research group and
that of Professor Didier Bourissou at the Université Paul-Sabatier in Toulouse. Our group
performed the studies on the diphenylphosphino derivatives described in the paper.
Furthermore, we can be credited for the mechanistic investigations, kinetic and isotope
labelling experiments, computational work, and data interpretation. Prof. Laurent Maron is
acknowledged for expert advice on computational calculations. Personally, the candidate did
experimental work on said diphenylphosphino derivatives. He also directly supervised the

work of undergraduate students N. Bouchard and K. S. Nahi who are listed as co-authors.

In Chapter 6, we explain lower catalytic efficiencies observed when using simple base
catalysts for the reduction of carbon dioxide to methanol derivatives. A new activation mode

is disclosed which offers interesting possibilities for reduction reactions using hydroboranes.

This work has been published as: Légaré, M.-A.; Courtemanche, M.-A.; Fontaine, F.-G. “Lewis
base activation of borane—dimethylsulfide into strongly reducing ion pairs for the
transformation of carbon dioxide to methoxyboranes” Chem. Commun. 2014, 50, 11362-
11365.

! These authors contributed equally to the body of work.

4



In Chapter 7, we present the seminal contribution of this thesis: a highly efficient metal-free
catalyst for the C-H borylation of heteroarenes. This system has been submitted and accepted
in Science as: Légaré, M.-A.; Courtemanche, M.-A.; Rochette, E.; Fontaine, F.-G. “Metal-Free

Catalytic C-H Bond Activation and Borylation of Heteroarenes”

The co-authors are acknowledged for their contribution to the experimental work and E.
Rochette is particularly thanked for computational calculations performed on the final catalytic

cycle.

The implications of this body of work will be discussed in Chapter 8 in the form of a conclusion
and recommendations for future applications of this research, with special emphasis put on

C-H functionalization chemistry.






Chapter 2 - Literature Review

In order for the reader to fully appreciate the full extent of the concepts developed in this
thesis, it is important to first explore the general aspects of Lewis acidity and boron chemistry.
The following chapter will thus include a discussion on their respective properties, with

emphasis put on their synthetic applications.

2.1 Lewis Acids and Bases

2.1.1 Lewis Acids and Bases

The distinct properties of acids and bases have been recognized very early in the history of
chemistry and have been described according to different formalisms along the years. 242,
In one of the most comprehensive and accurate assessments of the chemistry of acids and
bases, Gilbert Lewis defined these classes of compounds with regard to their respective
relations towards electrons and the octet rule.?” According to his criterion, (Lewis) acids are
defined as possessing an empty orbital and needing an electronic contribution from another

molecule in order to reach the favored octet of electrons.

By contrast, Lewis bases are ions or molecules that possess a reactive lone pair of electrons
available for bonding. In organic chemistry, the most common Lewis bases are amines,
phosphines, ethers, carbonyls, thioethers, as well as anions such as alkoxides and amides,
to name only a few. By virtue of their reactive lone pair, Lewis bases can be used as ligands

for transition metals,?® or as catalysts on their own quality.?°

Lewis acids and bases can thus assemble into adducts. The concept of dative bonds emerges
in the case of these adducts and is defined as a two-electron bond in which both electrons
are contributed by a donor (the base) in its associations with an acceptor (the acid). In its
definitions, the Lewis theory encompasses the earlier Bransted-Lowry model, regarding the
H* ion as the smallest possible Lewis acid. Protonation of bases corresponds in fact to the

formation of a Lewis adduct Figure 2-1.28
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Figure 2-1: Schematic representation of a Lewis base (left), acid (center) and of the proton
as a Lewis acid (right).

Adducts formed by Lewis acids and bases vary in strength depending on many factors, both
steric and electronic. As will be seen throughout this work, the properties of these adducts are

at the core of acid and base reactivity.

2.1.2 Lewis Acids

Lewis acids have to possess an unoccupied valence orbital. For this reason, they are most
commonly based on elements from the 13™ group of the periodic table or from the transition
metals. Many boron, aluminum, and metallic small molecules are routinely used by synthetic
chemists as Lewis acids. Stronger Lewis acids can be prepared by surrounding the active
atom with electron withdrawing groups, or by using cationic molecules. In this manner,
tris(pentafluorophenyl)borane (B(CsFs)s) is a very strong Lewis acid.*®* Even more so,
carbocations®' and silylium cations® are highly reactive Lewis acids capable of forcing difficult

transformations in unreactive substrates.

Among such transformations is the Friedel-Crafts reaction, named after Charles Friedel and
James Crafts, which includes a variety of Lewis acid-catalyzed C-H functionalizations of
aromatic rings and unsaturated hydrocarbons. The most common variants of this reaction
allow the alkylation or acylation of arenes. The basic principle of both the Friedel-Crafts
alkylation and acylation is the use of a strong Lewis acid to activate the leaving group on a
reagent, making it electrophilic and enabling a nucleophilic attack from an unactivated arene
(Figure 2-2). The Friedel-Crafts reaction has been used extensively since 1877 and much
development has been done on its scope and its applications. Many variants now exist that
allow the formation of a great number of different products. The common denominator of these
reactions—and what makes them Friedel-Crafts reactions—is the use of a Lewis acid to

activate an electrophile.3-3¢
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Figure 2-2: Example of the Friedel-Crafts alkylation or acylation of benzene.

2.1.3 Dissociated Borane-Base Cooperation: The Case of Frustrated Lewis

Pairs

While the reactivity of Lewis acids and bases is rich and gives rise to many synthetic
applications, the collaborative combination of acid and base behavior gives rise to new
exciting possibilities. This cooperation can be found when the borane and the Lewis base do

not interact and quench each other.

It has long been known that in some cases, steric bulk could prevent association and mutual
quenching of combined Lewis acids and bases. As such, H. C. Brown reported as early as
1942 that 2,6-lutidine would not form adducts with bulkier trimethylborane, despite its
propensity to associate with smaller acids.?” Nobel Prize recipient Georg Wittig also showed
that triphenylphosphine and triphenylborane retained their reactivity in the presence of each
other and could react with benzyne in a 1,2 addition reaction (Figure 2-3).3® Similar reactivity
was observed more recently with stronger acids, evidencing the effect of steric bulk to prevent

quenching in Lewis pairs and preserve their combined reactivity.®
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Figure 2-3: Early examples of steric frustration in Lewis pairs.

In fact, through steric constraints, Lewis acidic boranes and bases can be prevented to
associate, even in the case of strong acids and bases. This effect, described as Frustrated
Lewis Pairs (FLPs) allows the simultaneous interaction of both acid and base with substrates

small enough to bind them in spite of the steric bulk (Figure 2-4).4°
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Figure 2-4: Schematic representation of the Frustrated Lewis Pair effect.
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The FLP effect was first formulated by Stephan and coworkers in 2007 to describe their
demonstration that a molecule bearing bulky alkylphosphine and perfluorophenylboryl
moieties would not self-quench.*! Instead, under an atmosphere of dihydrogen, the acid-base
pair could cleave the hydrogen in a heterolytic manner to give a zwitterion-possessing
phosphonium and borate functions.*? In a Lewis formalism, the phosphonium is equivalent to
an adduct between a phosphine and a proton, while the borate corresponds to the stabilization
of a hydride by the borane group. Similar reactivity was observed when combining

trimesitylphosphine or tri(tert-butyl)phosphine with perfluorophenylborane (Figure 2-5).4
10



R F R F
A( /C6F5 H2 A(@ © /C6F5
P B H-P B-H
A CeFs A CeFs
F F F

F

S)
PR3 + B(CgF5) —— ™ H—-PR; + H—B(CgFs5)

R = Mes, 'Bu
Figure 2-5: Heterolytic cleavage of molecular hydrogen by Frustrated Lewis Pairs.

This initial report quickly sparked considerable interest. The Frustrated Lewis Pair rapidly
became an important research topic, with many systems being developed and reacted with
hydrogen, showing the generality of the FLP principle for the activation of dihydrogen.
Different classes of FLPs emerged with varied properties, and the fundamental aspects of
their reactivity as well as their potential applications were studied and the subject has been

abundantly reviewed in recent literature.*+4°

While FLP reactivity was initially reported for intermolecular systems—i.e. the cooperating
acid and base are located on different molecules—more recent advances have shown similar
reactivity in intramolecular analogs. The latter case is distinguished from intermolecular FLPs

by the mode of action for substrate activation as can be seen in (Figure 2-6).4647

~ ks ~ B
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CeFs R H_?OR
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Figure 2-6: Mechanism of H; activation by intermolecular (left) and intramolecular (right) FLP
systems.

Intramolecular FLPs feature proximal acidic and basic groups on a linking backbone that are
still prevented from associating either intra- or intermolecularly through a combination of steric

and geometric constraints. They possess a unique advantage over intermolecular FLPs: their
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interaction with substrates involves one fewer molecule, reducing the entropic cost of
association. Several linking backbones have been shown to be suitable for FLP chemistry
and, in combination with the range of possible Lewis acids and bases, have given rise to a
large FLP library (Figure 2-7).#8-°2 |t should be noted that for the rest of this dissertation, FLPs
will be referred to with regard to the nature of their base and acid fragment as such: “base-

acid.”

\ / L Z

Typical L : amines, phosphines, carbenes
Typical Z : boranes, alanes

Figure 2-7: Range of typical intramolecular and intermolecular FLPs reported in the literature.

A wide range of amines, phosphines, and carbenes®® can be used as Lewis bases in FLP
systems. While FLP chemistry is dominated by perfluorophenylborane-based acids, alanes,
carbocations, and other electrophiles are also used. The wide range of FLPs gives many

examples capable of cleaving hydrogen.

The activation of hydrogen is archetypical of the collaborative acid-base reactivity of FLPs
successfully applied to catalytic reactions in which a proton and a hydride can be transferred
to an unsaturated substrate (Figure 2-8). With FLP methods, imines,> silyl enols,®® and
enamines®® were first shown to be susceptible to metal-free hydrogenation.>” These
substrates are particularly well suited to hydrogenation by FLPs because of the polarity of

their unsaturated bond and their affinity for protons.

12
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Figure 2-8: Hydrogenation of imines by phosphine-borane FLPs.

As can be seen in Figure 2-8, the protonation of the substrate by FLP-cleaved hydrogen
allows for facile hydride transfer and is a key step in the hydrogenation mechanism.
Consequently, inactivated alkenes and alkynes, as well as most carbonyl groups were found
to be resistant to such hydrogenation. Alternative strategies had to be devised in order to
hydrogenate these substrates. In the first case, using diethylether or electron-deficient
phosphines as extremely weak bases, in combination with tris(perfluorophenyl)borane, enable
the hydrogenation of 1,1-diphenylethylene and other alkenes, albeit at high catalyst
loadings.%®%° More recently, Stephan and Ashley independently reported the use of strongly
Lewis acidic boranes in combination with ethers for the hydrogenation of carbonyls (Figure
2-9). Interestingly, in these cases, the cleavage of H, is not detected—being
thermodynamically uphill—but occurs in sufficient amounts to generate the active species for

the hydrogenation (Figure 2-9).606

H 5 /\o/\
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\/o\/
—
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Figure 2-9: Hydrogenation of carbonyl compounds using a B(CsFs)s-ether FLP.

In the case of the hydrogenation of alkynes, Repo and coworkers devised an elegant strategy

relying on the Hz-induced protic elimination of substituents on the boron atom of an amine-
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borane intramolecular FLP (Figure 2-10). The hydroboranes formed in this fashion can react

with alkynes in a classical hydroboration step.®?
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Figure 2-10: Mechanism of the FLP-catalyzed hydrogenation of alkynes as reported by Repo
and coworkers.5?

Other than their reaction with hydrogen, FLPs were also shown to bind unsaturated substrates
such as alkenes, alkynes and carbon, sulfur, and nitrogen oxides in a 1,2-addition reaction.
Although this mode of binding has yet to yield general catalytic systems for the activation of

these substrates, there has been considerable interest in exploring these possibilities.**

2.1.4 Frustrated Lewis Pairs and Carbon Dioxide

As explained above, the combination of a Lewis acid and a Lewis base can, with the
appropriate steric and geometric constraints, remain unquenched and react cooperatively.
Using this Frustrated Lewis Pair approach, small molecules can be bound or cleaved by the

concerted actions of the acid and the base.
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As a polar, unsaturated small molecule, carbon dioxide is perfectly suited to interact with
Frustrated Lewis Pairs. Indeed its carbon atom possesses an electrophilic character while the

two oxygen atoms can bind Lewis acids (Figure 2-11).%3
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Figure 2-11: Examples of carbon dioxide fixation by FLP systems following the 1,2-addition
mode.

Using this concept, several FLP systems have been shown to strongly bind carbon dioxide.5*
In its binding with FLPs, the linearity of carbon dioxide is broken and its properties change. As
such, FLPs capable of binding carbon dioxide have long been considered a promising avenue
for the catalytic reduction of carbon dioxide.?%%¢ In fact, Stephan and coworkers showed that
carbon dioxide bound in a FLP comprised of tris(mesityl)phosphine and aluminum chloride or
bromide could be stoichiometrically reduced to methoxy products by BHs;*NHs (Figure
2-12).67-69

PMes, co, Mes O AlX5 NH3BH; [Mes3PH][ (MeO),AlX,.] H,O
+ Mes— P C —_— + 2 CH;0H
2 AlX, Mes  O-AlX, (BHNH),

X =Br, Cl

Figure 2-12: Stoichiometric reduction of FLP-bound carbon dioxide to methanol by ammonia-
borane.

Another approach for the reduction of carbon dioxide using FLP systems consists of using the
Lewis pair to activate the reducing agent instead of carbon dioxide. Ashley and O’Hare
demonstrated that FLP activated hydrogen could stoichiometrically reduce carbon dioxide to
a mixture of products.”” This system consisting of tetramethylpyridine and

tris(pentafluorophenyl)borane heterolytically cleaves molecular hydrogen into a proton and a
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reactive hydride that can attack carbon dioxide (Figure 2-13). Using hydrosilanes, Piers and

coworkers were able to use this system to catalytically reduce CO; to methane, albeit with low

efficiency.”
®
® o TMPH .
TMP-H co, /&\ o ——, CH3OH
H-BCeF5 110°C H™ "OB(CeFs)s3 = 17-25%

Figure 2-13: Stoichiometric hydrogenation of carbon dioxide as reported by Ashley and
coworkers.”®

2.1.5 Frustrated Lewis Pairs and Alkynes

Terminal alkynes make another class of compounds that can simultaneously interact with both
members of a Frustrated Lewis Pair. In fact, in the case of alkynes, two modes of reaction are
possible. On the one hand, similarly to CO., to alkenes, and to other unsaturated substrates,

alkynes can undergo 1,2-addition from FLPs.*°

On the other hand, and more relevant to the scope of this thesis, the C-H bond of terminal

alkynes can be heterolytically cleaved (Figure 2-14).7-74

@ S}
B(CGF5)3 + L + H——R L-H (C6F5)3B%R

Figure 2-14: Heterolytic C-H bond cleavage of terminal alkynes.

In this reaction, the alkyne can be deprotonated by a weaker base than the alkynylide, owing
to the precoordination and stabilization of the Lewis acid, illustrating yet again the collaborative
behavior of the acid and base in FLP systems. This reality is similar to the copper-assisted

deprotonation of alkyne that is a key step of Sonogashira coupling of sp and sp? carbons.”

The reaction between alkynes and FLPs show the potential of the latter to activate interesting
substrates. In the activation product, the properties of the alkyne are modified and new
reactions can occur. Indeed, the latter is a tetravalent alkynylborate. In these systems,
nucleophilic migration of CsFs groups to the alkyne was observed. The alkynylborate can also

effect nucleophilic aromatic substitution on diazonium salts.®
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Nevertheless, to this day, to the best of our knowledge, no catalytic or synthetically useful and

practical transformation based on FLP-mediated C-H activation has been reported.

2.2 Chemistry of Boron-Containing Compounds

2.2.1 Bonding in Boron Compounds

Possessing five electrons, boron has a ground-state electronic distribution described as
1s22s%2p". With only three electrons in its valence shell, boron atoms cannot achieve a
favorable octet configuration through the formation of classical covalent bonds. In fact, even
after forming three covalent bonds with its three electrons, it remains with an empty orbital.
For this reason, simple uncoordinated boron molecular species are generally planar, adopting
an sp? hybridization and featuring a low-lying unoccupied orbital of p symmetry at boron. This
orbital is prone to coordination by a neutral Lewis base to form adducts through the
establishment of a dative bond. Anionic nucleophiles can also attack boron molecules to
generate borates. Alternatively, the empty orbital can accept intramolecular 1r-donation from
neighboring atoms possessing suitable orbitals (Figure 2-15). Boron can thus, in its different

molecules, be described as a Lewis acid and a mr-acceptor.”’:"8

y/- L
., 9 ., 90
_B-F _B=F

Figure 2-15: Modes of electron acceptance by boron compounds.

On the other hand, boron is an electropositive element. Its low electronegativity value, as
compared to that of other main group elements, often causes its covalent bonds to polarize
away from it, with the bond’s electron density being located on the other element. Thus, in
contrast to its 1T-accepting properties, boron is an electron donor with regard to inductive
effects (Table 2-1).

While boron is mostly found in nature in the form of oxides, it can be transformed to
compounds containing bonds with many other elements. Calculated bond dissociation
energies of some diatomic species, as well as the electronegativity of involved elements allow
us to predict some properties of the related molecules.”” These energies confirm the

exceptional stability of boron oxides based on the high strength of B-O bonds. This strong
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oxophilicity of boron is a defining characteristic of boron chemistry, accounting for the

selectivity of useful reaction steps as well as decomposition pathways.

Table 2-1: Dissociation enthalpy and electronegativity of various B-X bonds.”

Bond | Dissociation enthalpy at 0K | Electronegativity of X
B-X (kJ.mol")

B-B 293 2.04

B-O 782 3.44

B-C 444 2.55

B-H 326 2.20

B-N 385 3.04

B-F 759 3.98

B-ClI 531 3.16

B-Br 433 2.96

Boron also forms stable bonds with carbon and hydrogen. The chemistry of organoboranes,
boranes, and boron hydrides is rich and has such considerable scientific interest that it is

fitting to devote the next sections to their properties and reactivity.

2.2.2 Synthetic Applications of Boranes and Boron Hydrides

Like the other elements of the group 13, boron displays interesting properties in its bonding
with hydrogen. In fact, contrary to the other main group elements and similarly to metals, it
possesses lower electronegativity than hydrogen. The consequence of this property is the
formation of a polar bond with hydrogen in which the electron density is principally on the
hydrogen atom. For this reason, hydrogen atoms bound to elements from group 13 react as

hydrides and are commonly used as nucleophiles and reducing agents.®

Boron hydrogen compounds are named boranes and this designation includes small
molecules as well as large cluster-type structures. In fact, because of electron-deficient
interactions®! present in these compounds, diborane (BzHs) is the smallest isolable borane.
This was shown to be applicable in many reactions of hydroboranes,? however, its ambient
existence as a pyrophoric gas considerably diminishes the potential of diborane as an

industrially relevant molecule. Instead, it is mostly used to prepare borane adducts of formula
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BHseL (L = Lewis base). These molecules find many synthetic applications, notably for

hydroboration and reduction reactions.

Hydroboration® is, as its name entails, the addition of a B-H to a molecule.?# The most
common variant of this reaction by far is the 1,2-hydroboration of alkynes and alkenes and
involves the addition of the B-H bond across an unsaturated C-C bond. This reaction proceeds
smoothly using a concerted mechanism that takes advantage of the nucleophilicity of boron-
bound hydrogen, as well as the electron deficiency of boron. In such a mechanism, the boron
atom coordinates with the most electron-rich carbon atom of the substrate, while a nucleophilic
hydride is delivered.®® Through hydroboration, various useful organoboranes can be
generated. Combined with an oxidation step, the reaction allows for the easy production of

alcohols (Figure 2-16)."

R RoB--H R [O] R

—/ + R,B—H /_/ /_/

R,B HO

Figure 2-16: Hydroboration-oxidation of an alkene.

Various boron sources used for hydroboration are readily available. Among the least
expensive, most reactive, and most convenient to use are the tetrahydrofuran (THF) and
dimethylsulfide (SMe-) adducts of monoborane which are also notable for possessing three
reactive hydrides per molecule. Amine adducts of borane can also be used for the
hydroboration reaction, although they suffer from diminished reactivity towards alkenes and
alkynes. Indeed, the amine adducts are more stable and will not as readily release electron-
deficient borane for the reaction with substrates.®” This inhibition of reactivity is a prime

example of the modulation of the properties of boranes by coordination to Lewis bases.

Alternatively, substituted boranes can be used. Catechol- and pinacolborane are used to form
boronic esters by hydroboration. 9-Borabicyclo[3.3.1]nonane (9-BBN) is also a reactive boron
source that primarily exists as a dimer because of its acidity. Interestingly, 9-BBN is itself

prepared by hydroboration of cyclooctadiene by BHz*SMe,.%8

Other unsaturated bonds are susceptible to hydroboration. Carbonyl compounds, notably, can

be involved in the reaction. In this case, the reaction is generally known as a reduction and is
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related to reactions using other reducing agents. Carbonyl groups differ significantly from
alkenes and alkynes by their very high polarity. Indeed, the C=0 double bond leaves the
carbon atom electron-deficient, while the oxygen atom has a negative partial charge. For this
reason, while the boron reagents are the same for both reactions, the mechanism of the

reduction can be very different from that of the hydroboration.®®

In carbonyl compounds, the carbon atom is prone to nucleophilic attack as can be illustrated
by a wide range of textbook carbonyl substitution reactions. This property of carbonyls allows
hydroboranes to reduce them through a nucleophilic attack of the hydride instead of a
concerted mechanism. For this reason, anionic borohydrides are strong carbonyl reducing
agents, while being inactive for the hydroboration of alkenes.®® For its strong reduction
potential and its convenience of use, sodium borohydride is produced on the kiloton scale

annually.®®

Contrary to the hydroboration reaction, the rates of reduction can be increased by the use of
catalytic amounts of nucleophiles. Tetravalent boron adducts formed by interaction of the
nucleophile with the hydroboranes possess more electron density on their hydrides, which
can attack carbonyl compounds more easily.’ These observations show the strongly
nucleophilic nature of the reduction reaction by contrast to the hydroboration of alkenes and
can be used to modulate the selectivity in the reaction of hydroboranes with carbonyl
containing alkenes. The cooperation of hydroboranes with a Lewis base allows greater

hydride nucleophilicity and thus greater reactivity in reduction reactions.

This concept has given rise to the asymmetric Itsuno-Corey reduction or Corey-Bakshi-
Shibata reduction (CBS reduction) of ketones. In this reaction, an achiral ketone can be
selectively reduced to a chiral alcohol by borane-dimethylsulfide, provided that a chiral
oxazaborolidine catalyst is added to mixture. The broad scope of this reaction, and the high
yields and enantiomeric excesses given by the process have made the CBS reduction a very
important reaction in organic chemistry.®2-% While the reduction of ketones by BHz*SMe; can
be achieved easily in ambient conditions, the chiral catalyst increases the rate of the prochiral
reaction enough to obtain excellent isomer ratios. The mode of action of the CBS catalyst can

be described as a double borane-base cooperation as illustrated in Figure 2-17.
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Figure 2-17: Mechanism of the ltsuno-Corey reduction of ketones.

On one hand, an amine group on the catalyst activates the BH3 through the transfer of its
electron density. Simultaneously, the acidic borane group of the oxazaborolidine catalyst is
able to bind the ketone substrate, both activating it and directing it towards the reducing
agent.®* The proximity of the reagents bound to the chiral catalyst and their simultaneous
acid and base activation considerably increase the rate of the prochiral reaction and explains
the enantiomeric excesses observed. In the distinct and simultaneous reaction of unquenched
acids and bases, the CBS catalyst is an unrecognized early example of the Frustrated Lewis

Pairs that has been described previously.

On a final note for this section, it would be good to mention a challenge associated with the
use of hydroborane reagents. If the non-hydrogen substituents at boron possess an
accessible highest occupied molecular orbital (HOMO), they can participate in metathesis
rearrangement with other similar hydroboranes. This reaction is particularly observable in the
case of aryl, alkoxy, and haloboranes and cause scrambling of groups on boranes (Figure
2-18).%
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Statistical mixture
Figure 2-18: Functional group scrambling in boranes.
2.2.3 Chemistry of Organoboranes and Related Compounds

In order to fully appreciate the potential applications of the chemistry presented in this

dissertation, something has to be said about the properties and reactivity of organoboranes.®

In its bonding with carbon, boron also displays interesting properties. The bond polarization
makes boron electropositive and prone to nucleophilic attack, which opens up a rich reactivity
for molecules that contain boron-carbon bonds (Table 2-1). For this reason, various methods

have been developed to synthesize useful boron reagents.

One of the easiest methods (albeit an atom-inefficient one) for the laboratory scale production
of organoboranes is the reaction of Grignard with organolithium reagents boron halides.
Alternatively, for better selectivity, the less reactive organotin precursors can react with
chloroboranes to create B-C bonds by transmetallation. Organosilanes are less reactive than
their tin counterpart, although under the right conditions, they can react with boron tribromide

in a transmetallation reaction.

The aforementioned hydroboration reaction is also an interesting entry into various

alkylboranes, provided that the suitable unsaturated precursors exist.®

Finally, catalytic borylation reactions are now included in the modern synthetic tools that allow
the preparation of a wide range of organoboranes from stable and convenient precursors.
While this reaction is going to be discussed in more depth in a later section, let us mention
that this approach is one of the most promising, especially when speaking of C-H borylation,

which is an atom-economical route into valuable materials.

The synthetic applications of organoboranes are varied and can be divided into two
categories, namely the uncatalyzed reactions and the metal-catalyzed processes. While the

latter provide the major parts of the modern synthetic use of organoboranes, an examination
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of the intrinsic reactivity of organic boron species is primordial in order to assess the

possibilities offered by boron chemistry.

As reagents, the chemistry of organoboranes is rich and versatile, allowing the manufacture
of a vast range of products using stoichiometric amounts of stable and inexpensive boron
products. Boron reagents can often be prepared in situ by hydroboration of Grignard reactions,
before being made to react with a variety of substrates.®” The principal organoboron reactions
subsequently performed take roots in the aforementioned properties of boranes, namely their

Lewis acidity and the polarity of their bonds.

Indeed, carbons attached to a boron group possess an augmented electron density through
the polarization of the o-bond. This makes them nucleophilic but, in most cases, not enough
so to attack common electrophiles.®® The boron atom, for its part, possesses an empty orbital
which allows coordination of a nucleophilic Lewis base. The formation of a tetravalent borane-
nucleophile complex further increases the nucleophilicity of the organic groups at boron and
their propensity to migrate. If the substrate bound to boron possesses a suitable leaving group
or unsaturation, a 1,2-migration can occur, forming new bonds (Figure 2-19).%° By this type
of reaction, C-C, C-N, C-O bonds and many others can be formed in mild conditions.'® Albeit
intramolecular, this reactivity constitutes another striking example of Lewis base enabled

borane reactivity.
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Figure 2-19: Boron-mediated bond formation by a coordination — 1,2-migration sequence (Ak
= alkyl).

The propensity of the organic groups to migrate depends on their nucleophilicity. It varies
according to their mode of hybridization with the general trend being: alkynyl > aryl / alkenyl

> alkyl.""

Alternatively, anionic tetravalent borate complexes formed by a nucleophilic attack on boron
can react with electrophiles without the need of a migration mechanism. While alkynyl
borates'?? are particularly reactive in these conditions, ingenious oxidative homo- and cross-

coupling reactions of aryl and alkyl groups were developed over the years.'%-1% By reacting
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a tetravalent borate complex bearing at least one nucleophilic aryl group with an oxidant, a
stoichiometric C-C coupling can be achieved with retention of stereochemistry (Figure
2-20)."%3
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Figure 2-20: Boron-mediated (sp?)C-C(sp®) oxidative cross-coupling.

In most or all of the cases mentioned above, the intermediate organoboron product is treated
in acidic or oxidative conditions to yield protonated products or alcohols respectively. This

treatment decomposes the boron moieties.'"

Despite the wide scope of their uncatalyzed reactions, the modern synthetic applications of
organoboranes are dominated by the palladium-catalyzed Suzuki-Miyaura cross-coupling
reaction. This process allows the C-C coupling of various organic halides with boronic acids
in mild conditions. The use of non-toxic and earth abundant boronic acids as coupling partners
to halides makes it the most environmentally benign of palladium-catalyzed, cross-coupling
reactions. The usefulness of this process granted its principal inventor, Professor Akira
Suzuki, the 2010 Nobel Prize for chemistry "for palladium catalyzed cross couplings in organic

synthesis," along with R. F. Heck and E.-I. Negishi.®'%

The mechanism of the Suzuki-Miyaura reaction is similar to that of other palladium-catalyzed
cross couplings. In a key step of the reaction cycle, however, a nucleophilic tetravalent boron
complex is able to deliver an organic group to a palladium complex, thus allowing the cross
coupling. Organoboranes are not able to transmetallate organic groups to palladium by
themselves. With the collaboration of base, however, the generation of a tetravalent boron

species is key to the reaction.'2113

The Suzuki-Miyaura coupling is now an extremely important synthetic reaction and its own
research topic. Recent notable efforts have been made to substitute nickel for palladium
catalysts.”* Although not directly within the scope of this dissertation, it has to be hailed as

one of the most important contributions to boron chemistry.
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2.2.4 Borabenzene Chemistry

While the classical reactivity of organoboranes is of great interest, a particularly striking
demonstration of the unique fundamental properties of the boron atom can be found in the
borabenzene ring. This molecule, which has fascinated researchers since 1970, is defined as
a six-membered unsaturated cycle containing formula CsHsB. Theoretical explorations of the
structure and bonding in borabenzene have consistently affirmed its planarity and high

aromaticity."*-17

Another prominent feature of the borabenzene ring is the exceptionally high electrophilicity of
its boron atom. Indeed, in borabenzene, the empty orbital of boron is located in low-lying o*.
The particularly high reactivity of such an orbital makes borabenzene a theoretical molecule
that never was successfully isolated. In fact, pyrolysis of six-membered boron heterocycle in
argon or nitrogen matrixes never allowed even the detection of free borabenzene on solid
matrix. Instead, a highly unstable dinitrogen adduct of borabenzene could be observed at 10K
in these conditions, illustrating the propensity of this boron atom to bind to even weak

nucleophiles.'8

Stronger nucleophiles allow the isolation of stable aromatic adducts of borabenzene. In fact,
since the first preparation of a complex of borabenzene in 1970,""° a wide range of such
adducts have been synthesized through various routes and their properties have been widely
explored.'?-133 These complexes can be divided into two categories, depending on the nature
of the nucleophilic substituent on the boron atom. While neutral ligands form classical Lewis
adducts with borabenzene, anionic bases yield boratabenzenes—formal borates in nature—
upon complexation of borabenzene. In the form of these neutral and anionic complexes,
borabenzene is found to be a stable isoelectronic analogue of benzene and pyridine (Figure
2-21).
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Figure 2-21: Isoelectronic relationship between six-membered heterocycles.

While boratabenzenes have been the object of considerable investigation, notably in view of
their potential as ligands to transition metals, the properties of neutral borabenzene adducts
are relatively less explored and have not been as formally defined. Work by Fu and coworkers
have yielded a reliable and efficient synthetic method for the synthesis of neutral complexes
by the ligand-induced aromatization of 2-trimethylsilyl boracyclohexadiene precursors (Figure
2-22).123.134
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Figure 2-22: Synthesis of neutral borabenzene adducts.

Having been demonstrated with several ligands, the aromatization step is highly dependent
on the capacity of the Lewis base to isomerize the 2,5-boracyclohexadiene precursor to the
2,4-boracyclohexadiene and to form a strong enough bond with boron to stabilize the aromatic
product (Figure 2-23). Weak bases cannot perform such a step, as was shown by Herberich
with his demonstration of the inertness of boracyclohexadienes towards reaction with

phospholyl complex CpFe(3,4-Me2C4H,P)."2*
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Figure 2-23: Proposed mechanism for the base-mediated aromatization of
boracyclohexadiene into borabenzene.

Through this method, Piers and coworkers were able to prepare a wide range of neutral
molecules containing one or several borabenzene moieties, some of which exhibit impressive
optical properties. Some complexes thus prepared were studied to reveal the reactivity

induced by the presence of boron in the molecule.*-138

Although the boron atom is electronically saturated, the Lewis acidic character of the molecule
is believed to remain present. As such, neutral borabenzene adducts—especially
borabenzene-PMes—react with anionic nucleophile to generate a broad range of
boratabenzenes through an associative pathway (Figure 2-24-left). We also reported a
unique example of the reverse reaction, the generation of pyridine and trimethylphosphine
borabenzene species from an anionic chloroboratabenzene.'?® Although it has been reported
that (CO)sCr(THF-borabenzene) can undergo substitution reactions at boron with neutral
Lewis bases, to our knowledge no such reaction has been carried out on metal-free
borabenzene species. On the contrary, it was even reported by Fu that the addition of do-

PMes to borabenzene-PMes in THF at 20°C does not yield ligand exchange.'®

By contrast, the presence of the boron atom in the six-membered aromatic cycle creates a
certain nucleophilic component to the reactivity of borabenzene. This property was highlighted
by Piers and colleagues who demonstrated that the borabenzene-pyridine adduct reacts with
acids to yield cyclic borenium cations (Figure 2-24-right).'*° Although the reaction presumably
occurs, via protonation of a nucleophilic aromatic carbon, the nature and the consequences

of this nucleophilic character of borabenzene have never been formally investigated.
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Figure 2-24: Comparison of the reported reactivity of borabenzene complexes towards
nucleophiles (left) and electrophiles (right).

The chemistry of borabenzene is a rich field in which too few are laboring. While important
discoveries remain to be made on its properties and reactivity, the arduous synthesis steps
involved in this research limit the number of active groups on the subject. As will be presented
in a later subject, we have ourselves conducted studies on borabenzene adducts that, we

hope, contribute to the understanding of bora-aromatic molecules.

2.3 C-H Bond Activation and Functionalization

Having laid out the basic concepts behind the organoboron chemistry that we investigated in
this work, we will now present one of the biggest challenges in modern synthetic chemistry

and to which we hope to have contributed.

2.3.1 Interest and Impact of C-H Bond Activation

Classically, organic synthetic chemistry relies on the introduction and substitution of functional
groups on organic hydrocarbon “backbones.” Functional groups are based on heteroatoms
such as oxygen, nitrogen, halogens, sulfur, silicon, and boron. They serve both for functional
and synthetic purposes. Indeed, some groups are introduced to organic molecules with the
specific goal of being later substituted by another or for coupling using a known reaction
(leaving groups). Other groups impart electronic, biological, or physical properties to a
material. The selection, introduction, and interconversion of functional groups have been at
the core of synthetic chemistry for centuries and have led to the development of innumerable
chemical reactions. With the tools of their predecessors, modern chemists now are able to

design and prepare molecules of incredible complexity using elegant and creative syntheses.

While the use of functional groups as leaving groups allows complex transformations in
organic molecules, the necessity of introducing those to basic compounds prior to their
substitution represents a certain waste of matter and energy. In view of the search for

“greener” processes that are energy efficient and atom-economical, the use of leaving groups
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in synthesis is not optimal. A more attractive way would consist of directly functionalizing

molecules by the activation of bonds already present on the precursors.’

Organic precursors are built on hydrocarbon frameworks. By definition carbon-hydrogen
bonds are ubiquitous in these compounds. Due to their stability and their often limited
functional utility, hydrocarbyl groups are often considered as the unreactive part of an organic

compound and viewed as a purely structural part of the molecule.

However, by reason of their natural abundance, C-H bonds represent, if they could be
selectively activated, attractive reaction partners in green processes. Direct functionalization
of C-H bonds represents a considerable shortcut when compared to classical organic
chemistry, and it has the potential to open exciting new reaction possibilities. As such, the
development of C-H activation methods has been the object of rapidly increasing research
interest in the past two decades. Overcoming the stability of the C-H bond was found to be
possible through interaction with transition metals, and completely new reactions were
developed that allow critical late-stage transformation of big molecules as well as the green

production of important compounds.®

In the following sections, an overview of the main metal-mediated C-H activation reactions will
be presented. Such a vast subject could fill several much longer books than this dissertation.
As such, only a selection of systems will be described. An excellent and deep review of the

foundations of the subject can be found in a ACS Symposium Series from 2004."

2.3.2 Abbreviated Timeline of C-H Activation Chemistry

The first formal description of the activation of C-H bonds by metal complexes was given by
Chatt and Davidson who showed in 1965 that an electron-rich ruthenium-phosphine
compound could reversibly cleave the C-H bonds of naphthalene.'? Only a few years later,
Alexander E. Shilov from the USSR disclosed a system for the platinum-catalyzed oxidation
of methane in acidic medium that would bear his name and be later considered a comparison
standard and textbook example of C-H bond functionalization.’® In the Shilov system, the
limiting step of the reaction is the C-H bond cleavage by a platinum(Il) complex. The resulting
platinum alkyl complex can be easily oxidized in the reaction conditions. Although of
tremendous  fundamental importance,  Shilov-type systems use  potassium
hexachloroplatinate as stoichiometric oxidant or harsh conditions'* and are consequently not

applicable to synthesis.
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In 1982, another seminal advance in the understanding of C-H activation was made when
Bergman and Janowicz reported the cleavage of unactivated aliphatic C-H bonds by oxidative
activation at a nucleophilic [Cp*Ir(PMes)] center generated photochemically from
Cp*Ir(PMe3)H.."*® In the same year, Graham and coworkers published an analogous
photochemical reaction from Cp*Ir(PMes)(CO). (Figure 2-25).'% These important reports

represent a great step towards the design of catalysts capable of functionalizing the unreactive

C-H bonds.
| R-H | RH |
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Figure 2-25: C-H bond cleavage of unactivated alkanes by iridium compounds, as reported
by Bergman'® (left) and Graham® (right).

The Cp*Ir(L) framework that was shown to activate alkanes provided an excellent platform to
study the fundamentals of the oxidative addition of C-H bonds. These systems were examined
in parallel with related 16-electron, square-planar complexes using extended Huckel
calculations. These studies showed that in Cplr(L), as well as in distorted square-planar
complexes, C-H activation of a substrate could occur through a two-fold electronic process:
1) the C-H o-bond coordinates by donation to an empty orbital of the metal and 2) bonds are
created to both carbon and hydrogen by interaction of these atoms with suitably positioned
filled orbitals of the metal (Figure 2-26).'4"

C
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Figure 2-26: Orbitals involved in the C-H oxidative addition in distorted square-planar metal
complexes and CpML complexes.

Precious metals in a d® state are particularly suited to this type of electron transfer. The Cp
ligands also contribute to the transformation by restricting the geometry of the complexes. By

contrast, an energy cost is associated with the distortion of square-planar complexes.
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Cp*Ir(L) complexes perform the C-H bond activation of aromatic molecules with greater ease
than that of alkanes. Interestingly, nucleophilic m-coordination of an aromatic C-C bond to the
metal was found to be vital to the activation. W. D. Jones proved that this coordination was
the limiting step through isotopic labelling experiments. Indeed, the kinetic isotope effect (KIE)
for the stoichiometric activation of benzene and benzene-ds by Cp*Rh(PMe3s)(H)Ph was found
to be quite small (1.05) suggesting that C-H bond-breaking was not rate-limiting. By contrast,
a larger KIE was found for the oxidative addition of 1,3,5-Ce¢HsDs showing that after 1r-
precoordination, C-H bonds are activated faster than C-D bonds.'&14® Relevant coordination

complexes of arenes were later experimentally observed.'%%1%

In fact, isotopic studies are an incredible tool for the development of C-H bond activation
reactions. Since the atomic mass of deuterium is about twice as large as that of naturally
abundant protium, processes involving the breaking of X-H bonds as a rate-limiting step will
display important KIE as a result of their different vibrational behavior. The measurement of
KIE can thus yield important information about the mechanism of C-H functionalization
reactions. Higher values of KIE are associated with processes in which the C-H bond cleavage

is important in the transition state.®?

More recently, Bergman and coworkers have extended the Cp*Ir C-H activation chemistry to
more electron-deficient complexes. Indeed, cationic species of the general form [Cp*Ir(L)R]*
were shown to be capable of performing alkane metathesis. Extensive work by Hall, Tilley,
and Bergman showed that the reaction still proceeded by oxidative addition, demonstrating

that C-H bond addition is not exclusive to electron-rich iridium species.'3-1%%

While we have discussed some of the results that have most impacted the current
understanding of C-H activation reactions, many other metal complexes have been shown to
activate C-H bonds in the last 30 years. The body of work and the knowledge that is being
accumulated on the subject is very large and reveals many perspectives for the development

of new, efficient catalytic reactions for the direct and selective functionalization of C-H bonds.

2.3.3 Catalytic C-H Functionalization

As mentioned before, economic and environmental incentives are pushing synthetic chemists
to look for novel reactions with the aim of minimizing the waste of material associated with the
reliance on an organic chemistry based on the substitution of leaving groups. It is for this

reason that the beginning of the 215t century has seen direct C-H bond functionalization
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emerging as a “revolutionary trend” in the synthetic sciences.® An ever growing number of
catalytic reactions now use C-H bonds as the “active” group on substrates to give materials
of high value. From the preparation of polymers to the late-stage functionalization of optical
materials and bioactive pharmaceuticals, many processes now rely on metal-mediated C-H

functionalization.®®

The race to such processes was opened in 1983 by Eisenberg and coworkers who reported
that Rh(PPh3)(CO)CI can catalyze the insertion of carbon monoxide in benzene under
photochemical conditions in an effectual formylation reaction.”'%® Similar reactions were
rapidly implemented, using arenes, alkanes,'® aldimines, and ketenes for the insertion in

various unsaturated substrates'® in high yields and mild conditions. '6'-163

Of even greater impact in the synthetic sciences is the direct arylation cross-coupling that has
been extensively studied in recent years. Using a wide range of metal catalysts, arenes and
heteroarenes can be coupled to a variety of substrates for the atom-economical production of
countless chemicals and the late-stage functionalization of important compounds.®'%4-1%6 One
of the most notable expressions of this class of cross-coupling was studied in depth by
Fagnou, Gorelsky, and coworkers and consists of the palladium-pivalate catalytic couple for
the concerted metalation-deprotonation of arenes and heteroarenes. The use of pivalate as a
co-catalyst interestingly actively contributes to the C-H activation step of the mechanism by

acting as a base and a proton shuttle (Figure 2-27).167.168

[Pd] (cat.)
ligands (cat.)
tBuCOOH(cat.)

X
D - O =
via:

Figure 2-27: Palladium-pivalate catalyzed direct arylation cross-coupling with the key C-H
activation transition state represented.

The C-H activation transition state modeled by Gorelsky is surprisingly reminiscent of
intramolecular FLP activation of small molecules. In fact, the palladium(ll) pyvalate is an

ambiphilic complex that can be described as an FLP. Its reactivity towards arenes is a prime
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example of acid-base collaboration: the electrophilic palladium(ll) atom coordinates the arene
though the Tr-electrons while the carboxylate ligand abstracts an activated proton.
Interestingly, the selectivity of the reaction is dependant both on the nucleophilicity of arenes

and on the acidity of its protons.6917°

Many variations of direct arylation currently exist and extensive work on these reactions has
promoted it to its current position as a highly competitive alternative to traditional cross-
coupling catalysis. As it has a wide range of suitable substrates, as well as the advantages of
being able to directly functionalize C-H bonds, it is a very useful tool in the organic and
industrial chemist’s arsenal. Its high activity has allowed this direct arylation reaction to be
adapted to the synthesis of conjugated polymers in a method developed and extensively

studied at Université Laval by Leclerc and coworkers.'""172

2.3.4 Iridium-Catalyzed Borylation of Arenes

One last example of a C-H functionalization reaction that is of particular interest to this
dissertation is the catalytic borylation of hydrocarbons. With the usefulness of organic boron
reagents in many organic reactions—most notably for the Suzuki-Miyaura—methods used to
prepare them are very useful for synthetic chemistry. It comes thus as no surprise that C-H
borylation has received a special place—even among catalytic C-H functionalization—in the
interests of catalysis chemists. In fact, at the time of writing, C-H borylation is a widely used
technique to generate organoboron reagents, competing with less atom-economic methods

like the Miyaura borylation of aryl halides.'”

With the downside of being often reliant on the use of precious metals like iridium, the
borylation continues to be the object of cutting-edge research and reports of its improvement
continue to be regularly published in high-impact chemistry journals. The most notable recent
improvements of the method include work towards the use of inexpensive base metals'* and

improvements of the reaction conditions and selectivity.

The pioneering research of Hartwig is at the foundation of metal-catalyzed borylations. He
discovered early on that base-metal boryl complexes could easily substitute a variety of X-H
bonds (X = NR, OR, ClI) with the boryl group acting as an electrophile.’”® Interestingly, the
reaction could be extended to aryl then alkyl C-H bonds in photochemical conditions, using

iron, ruthenium and tungsten compounds (Figure 2-28).'7® The metal fragments used in these
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reactions were hitherto unknown to be able to perform C-H bond cleavage, suggesting an

important role of the boryl ligand.

Figure 2-28: Stoichiometric borylation of benzene by an iron(ll)-boryl complex in
photochemical conditions.

Unfortunately, these metal-boryl complexes have to be prepared from highly reactive alkali
metal salts."”® This precludes their facile inclusion in a catalytic process. Instead, they should
be generated by oxidative addition of B2pin, reagent, a reaction that has several precedents
in the literature.’”’-"81 Starting from Cp*Mn(CQ); or Cp*Re(CO)s, they found that the oxidative
addition was indeed possible and that the metal-boryl complexes thus found could activate
the C-H bonds of alkanes under photochemical conditions. In fact, in catalytic conditions,

these metals can mediate the C-H borylation of alkanes by Bpin,.'8?

With photochemical conditions impractical for chemical borylation, efforts were made to
develop thermally activated processes for the mild borylation of hydrocarbons. For this,
precious metals of Group 9 were found to be most active. Indeed, at 150 °C, rhodium and
iridium catalysts gave good yields of borylation of alkanes and excellent activities in the case

of arenes (Figure 2-29).183.184

. Cp*Rh(CgMeg) (0.5 mol.%)
NN + Bopiny 150 °C. 45 h /\/\/\/\Bpin + Hy

. Cp*Rh(CgMeg) (0.25 mol.%) .
" Bzpin; 150 °C, 45 h Bpin ’ Ha

Figure 2-29: Catalytic borylation of arenes and alkanes by rhodium catalysts in thermal
conditions.

While the initial arene-rhodium catalysts are not the most convenient reagents to use,
subsequent work revealed high activity of the combination of the commercially available
di(tert-butyl)2-bipyridine ligand with [(cyclooctadiene)irCl], precatalyst for the borylation of

arenes (Figure 2-30). This system has been optimized for a wide range of interesting
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substrates and works well in mild conditions.'®-"8 In fact, it has rapidly become the golden
standard of C-H borylation of arenes, against which other catalytic systems can be

compared.'®

14[(COD)IrCI],
Bu Bu

7 N\_(
N_? (0.02%)

—N
O o - Do
100 °C, 16h

80 %

Figure 2-30: State-of-the-art iridium catalytic system for the efficient and mild borylation of
arenes.

The mechanism of the reaction has been investigated to reveal evidence for a mechanism
involving an active role of the boryl group on iridium in the C-H activation bond. In such a
mechanism, the interaction between the boryl and the H atom of an arene is necessary for
the activation (Figure 2-31).1%

pinB.
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Figure 2-31: Mode of action of iridium-boryl catalysts for the cleavage of C-H bonds in arenes.

This mode of action explains the selectivity observed for the catalytic system that favors, when
steric factors are not an issue, the substitution of the most acidic proton of the substrate.
Indeed, the C-H activation step was proposed to be the rate-limiting step of the catalytic cycle,
illustrating once again the difficulty of cleaving these inert bonds. 819! The full catalytic cycle

of the borylation of benzene is presented in Figure 2-32.%1
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Figure 2-32: Catalytic cycle for the iridium-bipyridine-catalyzed borylation of benzene.
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The scope of the iridium-mediated borylation of arenes was also studied and reaction
optimization allowed the borylation of countless aromatic and heteroaromatic molecules. The
generality of this method makes it indubitably a convenient and atom-economical entry into a

vast number of useful chemicals.8°

Finally, the reaction conditions have been and continue to be improved to the point where
many aromatics can now be borylated at room temperature using pinacolborane instead of
the expensive Bopinz. Thus, at the moment of writing, the iridium-bipyridine system described
before has been convincingly demonstrated to be a highly efficient, selective, group-tolerant

catalyst for the atom-efficient borylation of arenes in mild conditions. 85188

2.3.5 Non Precious Metal-Catalyzed Borylation

"One remaining challenge in the catalytic C—H borylation methodology is the development of
base metal catalysts, driven by recent concerns regarding the limited availability of precious
metals."'® This comment was made in the very recent publication describing a system for the
nickel-catalyzed borylation of arenes. Indeed, the use of iridium catalysis represents high
catalyst costs, purification difficulties, and environmental concerns. Consequently, efforts are
being made for the development of inexpensive base metal catalysts to replace, or at least

complement, existing iridium-based protocols.

One of the first such systems was developed only in 2010 and consists of a Cp*Fe(carbene)
active catalyst that was shown to activate C-H bonds of benzene and heteroarenes and to
catalyze the borylation of thiophenes and furans (Figure 2-33). However, the low activity of
the catalyst, combined with the necessity of using a hydrogen acceptor in this system limit its

usefulness. 192
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Figure 2-33: Catalytic borylation of heteroarenes by an iron-carbene catalyst in the presence
of a hydrogen acceptor.'?

A more active variation was found in bimetallic copper-iron complexes which were found to
photochemically catalyze the borylation of arenes without the need of an acceptor.’®® More
recently, Chirik and coworkers disclosed cobalt catalysts bearing redox-active ligands that
were able to catalyze the reaction.'® Sabo-Etienne, Darcel and coworkers also recently
reported a new single-site iron catalyst for the same reaction.'* Along with the nickel catalyst
mentioned earlier, there exists today a number of base metal-mediated borylation of aryl and
heteroaryl C-H bonds.'® However, their reactivity remains limited when compared to iridium

catalysts, which remain dominant in the field of C-H borylation.

2.3.6 Metal-Free Electrophilic C-H Borylation

Going a step further, the idea of completely removing transition metals from C-H borylation
methods is a challenging, yet attractive idea. To this end, Ingleson and coworkers have
studied highly electrophilic borocations as potential borylation agents for arenes. Indeed, they
have found that catecholboron cations could rapidly borylate arenes at ambient temperature.
These cations had to be produced in situ by halide abstraction of the corresponding
halocatecholborane in the presence of a strongly Lewis acidic silylium, itself generated in situ

from a silane and a tritylium cation.®®

Interestingly, the boron cations thus formed were found to propagate the catalytic borylation
of arenes by HBcat at temperature ranging from 80 to 140 °C. The impracticality of the
method, however, as well as the highly reactive species involved, make this process less than

competitive to iridium-based borylations.

Following this initial report, Ingleson and coworkers have showed the greater applicability of

well-defined borenium cations for stoichiometric borylation.’®®'%” It was also shown by
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Prokofjevs and Vedejs that tetracoordinated boronium in a strained chelating environment

could perform the same reaction.®®

One of the most promising features of the stoichiometric borenium-based borylation of arenes
is its selectivity which is different and complementary to that of iridium systems: instead of
substituting the most acidic C-H bond, boron cations borylate the most nucleophilic position
on the arene. In fact, by nature and by virtue of their selectivity, these reactions are related to
Friedel-Crafts chemistry: they consist of the attack of an arene on a highly reactive electrophile

generated by Lewis acid activation.

With that said, one must realize that the field of metal-free C-H borylation is but emerging. At
the time we began our work, and still today, considerable work was needed to develop metal-
free, convenient, selective, mild, and efficient catalysts for C-H activation and borylation of

arenes.

2.4 Proposed Advancement of Knowledge

Considering the richness and variety of boron chemistry, we set our goals to expand it towards
novel catalytic applications. Transition metal catalysis is a very powerful tool that is well known
and widely used but that comprises downsides in terms of its high costs and contamination
issues. In the quest for novel catalytic systems that do not rely on metals, we decided to
investigate the factors that influence reactivity of boron and to develop new concepts to
expand its chemistry. Foremost in our interests was, throughout the work presented here, the
particular relationship that exists between organic boron compounds and Lewis bases. This
collaborative reactivity is the core and the unifying concept of the very diverse reactions that

will be presented in this thesis.
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Chapter 3 - Methodology

In this chapter, we will give a brief overview of key methods that have been used in the context
of this research. We will describe characterization, computational modeling, and synthetic

methods.

3.1 Characterization Techniques

In our work on organoboron chemistry, the main characterization methods for new products

are nuclear magnetic resonance spectroscopy and X-ray diffraction.

3.1.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectroscopy is a powerful tool for modern organic chemistry as it is used to gain
information on the ubiquitous hydrogen and carbon atoms. In the hands of the organometallic
chemist, NMR spectroscopy gains even more importance, as it allows the identification of

atoms of many other nuclei (Table 3-1).

Table 3-1: Characteristics of the different nuclei that were analyzed by NMR in the course of
this work.'%°

Isotope Spin Number Natural Abundance | Frequency (MHz)
(%) (at11.743 1)
H 1/2 99.98 500.0
’H (D) 1 1.5x1072 76.753
3C 1/2 1.108 125.721
"B 3/2 80.42 160.419
31p 1/2 100 202.404
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Deuterium deserves an honorable mention in the list above, despite not having been directly
analyzed by NMR. Rather, it can be used in labelling experiments as an isotope of hydrogen.

Two properties of deuterium make it a valuable nucleus for reactivity studies.

First, the nuclear spin of 1 of deuterium can couple with that of other nuclei. This allows us to
monitor the whereabouts of deuterium atoms in labelled systems. For example, in our work
on dehydrogenative C-H borylation, the reaction of a deuterated substrate with a hydroborane
evolves HD as a by-product. As shown in Figure 3-1, the HD resonance can be distinguished
from that of H, by the H-D coupling which gives a triplet signal. Interestingly, HD also does

not have the same chemical shift as Ho.

—4.72 H2
—4.68 HD

H:

HD

A \ ..

T T T T T T T T T T T T T T T T T T T T T T T T T T
4.80 4.79 4.78 4.77 4.76 4.75 4.74 473 472 471 4.70 4.69 4.68 4.67 4.66 4.65 4.64 4.63 4.62 4.61 4.60 4.59 4.58 4.57 4.56 4.55
1 (ppm)

Figure 3-1: '"H NMR spectrum of a dehydrogenative borylation reaction performed on an
equimolar mixture of 1-methylpyrrole and 1-methylpyrrole-ds with pinacolborane. The region
corresponding to the signal of H, and HD is represented.

Deuterium is also useful as an isotope of hydrogen with a different resonance frequency than
the proton. Deuterated positions on organic molecules will not give signals in '"H NMR. This
property can be used to quantify the involvement of labelled molecules in a reaction as will be

seen later.

42



In the context of our work on carbon dioxide, something has to be said of the use of labelled
3CO.. Indeed, while natural carbon dioxide has a very low *C content, it is possible to
purchase and to use isotopically enriched carbon dioxide. In this way, it becomes very easy
to confirm 3CO, incorporation into reaction products by the hundredfold increase of the
intensity of the *C NMR signal of the products coming from '*CQO; reactions. Furthermore, the
3C enrichment of molecules makes it possible to observe *C-X couplings that would not be

seen otherwise Figure 3-2.
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Figure 3-2: Left: '"H NMR spectrum (chloroform-d, 300 MHz, zoom on formaldehyde
resonance); Right: 3'P{'"H} (chloroform-d, 121 MHz) of a "*CH,O adduct of a phosphine-
borane ambiphilic molecule. Both signals would be singlets without the '*C enrichment.2%°

Finally, "'B NMR spectrospcopy is a very powerful tool for the boron chemist, allowing facile
characterization of relevant interactions in compounds. The chemical shift of the boron
resonance varies strongly with its environment and gives information on the bonding
environment of the boron atom. For example, the resonance of tetracoordinated boron
complexes is typically found in the 10 — -60 ppm region. By contrast, the signals of
tricoordinated complexes are generally located between 90 and 10 ppm, with stronger TI-

donation to boron associated to higher field resonances.
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In its coupling with other atoms, "'B also displays unique possibilities. In typical complexes,
the quadrupolar moment of the elements interferes with the relaxation of nearby NMR active
nuclei and causes broadening of their resonance signals. In the case of *C NMR, it is not
uncommon to completely lose the signal associated with boron-bound carbon nuclei. This
effect is cancelled, however, in the case of perfectly symmetrical tetrahedral boron complexes,

as will be illustrated in a later chapter.

3.1.2 X-ray Diffraction Crystallography (XRD)

Another powerful characterization tool in organometallic chemistry is the analysis of single
crystals by X-ray diffraction. On the one hand, this method rests on an elegant body of theory
that is currently well understood by chemists. As described by Bragg’s law, a crystal will
diffract incoming X-rays according to a dependence on the incidence angle, the wavelength,

and the arrangement of the crystal planes.
2dsinf =na

Equation 3-1 Expression of Bragg’s law. n is a positive integer, d is the interplanar distance,
0 is the incidence angle and A is the wavelength of the incoming X-ray.

On the other hand, the necessity of using single crystals for these analyses can make it a
challenging tool to use. Indeed, the growth of high-quality, properly sized crystals is a difficult
— and sometimes frustrating — endeavor that requires patience, finesse, and other

indescribable qualities.

The reward is, however, worth the efforts as XRD allows us to precisely characterize the
structure of new compounds in the solid state. In a typical experiment, a suitable crystal is
introduced in a viscous organic matrix and installed on a goniometer that is set in front of an
X-ray source. During irradiation, a detector based on a charge coupled device (CCD) collects
the diffractions from different angles of the single crystals. This initial diffraction data allows
the software associated with the diffractometer to calculate the unit cell parameters for the

crystal.

If the unit cell is deemed interesting, a second acquisition phase can be started. This second
phase can last up to 72 hours and will give precise data that, once processed by the software,
describes the electronic density distribution in the unit cell. This information will then be

interpreted by the experimentalist to determine the structure of the compound. It is also the
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experimentalist’s responsibility to ensure the validity of the structure that is obtained. As a
matter of fact, it is not always the major product of a mixture that crystallizes and it is
dangerous to assume that the crystallographic structure obtained is that of the relevant
species in a system. Consequentlyy, XRD should always be coupled with other
characterization techniques, especially when studying the active species in a catalytic

process.

Figure 3-3: Bruker Apex Il Diffractometer that is operated by our group.

In our department, measurements are performed on a Bruker Apex Il Diffractometer (Figure
3-3). Dr. Wenhua Bi is a valued crystallographer that | would like to acknowledge for his work
on our crystal structures and for his useful insights and education on the matters of XRD and

crystal growth.

3.2 Computational Methods

3.2.1 Density Functional Theory (DFT)

A large part of the body of experimental work presented in this thesis is supported, and
sometimes based, on conclusions obtained through computational molecular modeling. To
this end, we have applied methods that are based on the density functional theory.

While a complete description of the theory lies outside of the objectives of this thesis, it is
pertinent to present a few key-aspects of the method that the reader may not be familiar

with.201
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DFT-based methods are a modern alternative to wave function-based calculations that rely
on the Schrodinger equation. DFT is, in a way, an alternate way to represent atoms and
molecules. Its definition is rooted in two theorems formulated by Hohenberg and Kohn that
express the ground state of a system in terms of its electron density.?%? In fact, this electron
density can itself be defined, in space, by a functional (i.e. a function of a function), with the

ground state minimizing this functional.

This description of many-electron systems through only the electronic density is what makes
DFT attractive as a modeling tool for molecules over wave function-based methods. Indeed,
except for a few exceptional cases, the Schrédinger equation cannot be analytically resolved
because of its electron-electron potential term that depends on two variables (Equation 3-2).
Precise methods that give satisfactory solutions to this problem are typically resource-

expensive for systems as big as molecules.
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Equation 3-2: Schrodinger's equation for a N electron system, with the bielectron term
evidenced in red.

By contrast, by defining the whole system in terms of an effective electron density potential,
DFT gets rid of two-electron terms. In its core expression, the Kohn-Sham equation, no

unresolvable term exists.203
hZ
[_ﬁvlz + Vs(F)] ds(P) = €:0;(P)

Equation 3-3: Kohn-Sham equation.

As can be seen from Equation 3-3, in Kohn-Sham formalism, the system can be defined
using only the global density that depends on spatial coordinates. The potential Vs is for a

single particle and dependent on the electronic density. It can be developed as:

46



ng(F)ng (7'
V,=V+ f%d3r’+ch[ns(ﬂ]
r—r

Equation 3-4: Development of the potential term Vs as dependent on the electronic density.

The density (n) can then be defined by a set of bases (orthogonal monoelectronic functions)
as described in Equation 3-5. These functions are the Kohn-Sham orbitals, which are used
to accurately model the electron density, but that do not correspond to actual molecular

orbitals, since they are independent of the wave function.
N
n(@ £ () = ) i P
i

Equation 3-5: Definition of the electron density by a set of monoelectronic functions (Kohn-
Sham orbitals).

Equation 3-4 and Equation 3-5 are extremely important in DFT. They show both the
advantages of Hohenberg-Kohn-Sham formalism and its challenges. Indeed, while all
potential terms are monoelectronic and defined with regard to the density, they are
interdependent because the @; functions (the Kohn-Sham orbitals) depend on the Vs potential
(Equation 3-3). Vxc (the potential term that includes the many-particles interactions) is
dependent according to the density (defined by the @i functions) that is in turn dependant on

Vs. Vs depends on Vxc (Equation 3-4).

This complex interdependence of the potential terms can only be resolved through an iterative
process. In such a method (called Self-Consistent Field (SCF)), an initial guess of the
electronic density is produced for the system under consideration, which allows one to solve
the Kohn-Sham equation and generate new @;functions which will be used to produce a new

density. This cycle is repeated until convergence —i. e. when internally defined energy criteria.

To perform such calculations, the form of the bases used to define the density (the @ifunctions)
has to be described. For this, various basis sets are available in the literature and provide a
platform to build the Kohn-Sham orbitals for each atom of the system. Different degrees of
complexity exist in basis sets and the appropriate functions should be chosen with regard to

the size of the system, the elements involved and the type of calculation that is performed.

47



Another challenge of the DFT methods is that the exact nature of the dependency of the Vxc
functional — which includes the exchange and correlation forces between electrons — on
density is not known accurately. It has to be approximated. Many expressions of this functional
for use in calculations have been published and can be used for molecular modeling with
variable accuracy. It is important to review the literature carefully before choosing the

functional to use for a set of systems.

3.2.2 Application of DFT in Molecular Modeling

In our case, our interest is in the modeling of molecules to our research and the calculation of
their thermodynamic properties. We will now briefly describe the protocol that is followed to

obtain relevant information.

Molecular modeling requires an educated understanding of chemical processes and
molecular geometry. The first step to a successful model is the building of a reasonable initial
structure using a 3D graphical interface. The atomic coordinates of the model are then
combined to commands in an input file that is destined to the calculation software. The latter,
in our case is the general quantum calculation program Gaussian®"* 3% that is installed on

computer clusters operated by Compute Canada and Calcul Quebec.

This program first applies the SCF method presented above to represent the ground state of
the system that is described by the initial structure that we generated. By this initial step, the
electronic energy of the system can be known. The model is then subjected to another process
in which the structure is modified according to different algorithms in a sequence of steps. For
each new structure, the electronic energy is again calculated according to the Kohn-Sham
equation with the process looking to converge to the lowest energy structure. Alternatively,
the optimization can be made to converge on a saddle-point (minimum in all degrees of liberty
but one) of the energy that will correspond to a transition state. This is a structure optimization
calculation that produces a final structure that is more “real” — according to the level of theory

implemented in the calculation — than the initial guess entered by the experimentalist.

With the optimized structure in hand, it is possible to request many other types of property
calculations. Most notably, vibrational analysis of the structure gives a thermochemical energy
calculation that can be correlated to the thermodynamic data of the molecule. In this process,
the program analyzes the different vibration modes for the molecule and calculates the

enthalpy and free energy of formation of the molecule.
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Figure 3-4: Representation of the energy profile of a reaction with simple formulas that allows
for the calculation of reaction energies.

In summary, with these calculations, we can obtain a realistic structure for a molecule, as well
as thermodynamic parameters for it. Using these parameters, reactions can be predicted.
Indeed, by comparing the formation energies of the products with those of the modeled
reagents, one can predict the endo- or exergonicity of the corresponding processes. The

activation barrier can also be calculated in this way by taking the energy of the transition state.

3.3 Experimental methods

Most of the syntheses that were performed in the context of this work are rooted in analogous
reactions that have been previously reported, either by our group or by others. For this reason,
it does not seem pertinent to review them here. We will, however, briefly describe some

specific techniques that were used in this research.

3.3.1 Inert Atmosphere Chemistry

The interest of our research is heavily weighted towards reactive organoboron compounds.
Borabenzene derivatives are particularly sensitive to moisture and oxygen and FLP catalysts
are designed to be able to activate such small molecules. For this reason, when working with
such compounds, special care has to be taken to exclude even traces of water or oxygen from

the reaction media. Consequently, we work using equipment that allows such conditions.
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The main apparatus that allows us to work in inert atmosphere is the Schlenk line, which
consists of the combination of nitrogen and vacuum inlets. The Schlenk line connects specially
designed glassware to both a nitrogen source and a vacuum line simultaneously (Figure 3-5-

right). This enables efficient purging of oven-dried glassware through vacuum-nitrogen cycles.

Once the reaction flask is purged from air and moisture, reagents can be introduced to it using
syringes or cannulas and pressure differences. The Schlenk line, when properly used and
maintained is one of the most reliable ways to perform atmosphere-sensitive chemistry in

large scales.

Figure 3-5: Glovebox (left) and Schlenk line (right) in operation in our laboratory.

For smaller scale reactions, for the preparation of NMR samples and the storing of products,
gloveboxes can be used. They consist of an enclosed space filled with a controlled
atmosphere of dry nitrogen. Their only access to the outside atmosphere is through an
antechamber that can be purged through nitrogen-vacuum cycles. The experimentalist can

access the contents of the glovebox through permanently installed gloves (Figure 3-5 - left).

3.3.2 Handling of Gaseous Reagents

In the context of our interest in carbon dioxide chemistry, we performed many experiments
using this gas. Once again, the Schlenk line is a remarkable tool for such work. The nitrogen
supply can be switched for a CO; inlet in order to introduce it to reaction mixtures. In suitable
glassware, the CO, can be condensed, using liquid nitrogen cooling, and pressurized upon

thawing.
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For this, we performed experiments in J-Young NMR tubes and Fisher-Porter flasks. The
former is an NMR tube that is fitted at the top with a Teflon stopper that makes it gas-tight. J-
Young tubes are fitted with joints that make them attachable to a Schlenk line. They are
excellent for the monitoring of small-scale reactions that are either air-sensitive or that involve

the use of gasses.

Fisher-Porter tubes, for their part, are thick-walled reaction vessels of various sizes that can
be sealed and can tolerate internal pressures of several atmospheres. They were found to be

suitable for the large-scale reduction of carbon dioxide in our studies.

In all cases, caution is required when using condensed and pressurized gases in closed
glassware. J-Young tubes should not be loaded with more than five atmospheres of gas and
Fisher-Porter flasks, depending of their size, should not be submitted to more than 12
atmospheres of internal pressure. Appropriate protective equipment, such as anti-explosion

shields should be used during these reactions.
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Figure 3-6: Typical '"H NMR (benzene-ds, 400 MHz) spectrum of the base-catalyzed reduction
of carbon dioxide by BH3z*SMe; (zoom 0 — 4.2 ppm). HMB = hexamethylbenzene standard.

In a typical CO; reduction experiment on the NMR scale (Figure 3-6), a J-Young tube is
loaded with a solution of catalyst and reductant in the nitrogen-filled glovebox. It is then
attached directly to the Schlenk line using standard Schlenk techniques. The sample is
subsequently frozen in liquid nitrogen and put under vacuum to remove the nitrogen
atmosphere. Once degassed, the solution is allowed to warm up for one minute before the

introduction of CO: to the tube.

3.3.3 Competition Experiments for the Determination of the Kinetic Isotope
Effect

As was mentioned in an earlier chapter, isotope labelling experiments are a great tool in the
context of C-H activation chemistry. The kinetics of the cleavage of C-H bonds will be greatly
affected by the substitution of a proton by a deuterium atom. The change in reaction can be
measured experimentally to yield information about the mechanism of reactions. This leads

to define the kinetic isotope effect (KIE) as Equation 3-6.
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kn
KIE = 1

Equation 3-6: Calculation of the kinetic isotope effect with regard to protium and deuterium.
kn and kp are the rate constant of the reactions involving each isotope.

One of the most reliable ways of measuring the KIE of a process is the competitive reaction
of the deuterated and non-deuterated substrates with a reagent and the measuring of the
relative rate of reaction through the proportion of deuterated products. Alternatively, the direct
measurement of the rate of reaction of the deuterated and non-deuterated substrate in
identical, yet separate experiments can yield the same information, albeit within a greater error

margin.

In our case, we performed competitive reactions. In a typical experiment, an equimolar mixture
of the deuterated and non-deuterated substrate is added to a reagent in a J-Young NMR tube.
An initial NMR analysis confirms the initial H/D ratio in the mixture, by comparison to an
internal standard. After the reaction, the final H/D ratio in the final product is the basis to

calculate the KIE as it correlates to the reaction rates of the respective species.
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Chapter 4 -Insights into the Formation of
Borabenzene Adducts via Ligand Exchange
Reactions and TMSCI Elimination from

Boracyclohexadiene Precursors

In this chapter, we present a study of the properties of neutral adducts of borabenzene.

4.1 Context of the Research

As mentioned in Chapter 2, neutral borabenzene adducts have been less studied than their
anionic boratabenzene counterparts, to which they are precursors. Indeed, boratabenzenes
can be prepared by nucleophilic attack of neutral borabenzene adducts, which implies an

electrophilic behavior of borabenzene.

For their part, neutral borabenzene adducts can be synthesized in several steps by an elegant
procedure reported by Fu and coworkers and that involves the base-mediated aromatization

of boracyclohexadiene.

In order to shed light on the exact contribution of boron to the reactivity of organic molecules,
we instigated a detailed study of the properties of neutral borabenzene adducts, highlighting
the thermodynamics of Fu’s borabenzene synthesis. We also present a broad investigation of
the nature and the strength of the bonding between borabenzene and neutral ligands.
Following that, we propose a novel procedure for the generation of borabenzene adducts
through ligand exchange and discuss how its mechanism describes the nucleophilic character
of borabenzene. This work follows our previous study of platinum-chloroboratabenzene

adducts and the observation of ligand exchange in them.'?8

The results that comprise the core of this chapter have already been published in peer-
reviewed press. The article describing our investigation will be included in this chapter in

integral form.
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4.2 Abstract

The bonding properties of borabenzene with various neutral Lewis bases have been
investigated. 1-Chloro-4-isopropyl-2-trimethylsilyl-2,4-boracyclohexadiene reacts with a
number of Lewis bases — notably pyridine, PMes, PCys and PPhs; — to afford 4-
isopropylborabenzene-base adducts. These adducts can undergo ligand exchange to afford
new borabenzene complexes. The scope and mechanism of the reaction, as well as the steric
and electronic properties of different adducts were studied experimentally and

computationally.

4.3 Résumé

Les propriétés des adduits formés par différentes bases de Lewis neutres avec le
borabenzéne ont eté investiguées. 1-Chloro-4-isopropyl-2-trimethylsilyl-2,4-
boracyclohexadiene réagit avec une variété de ligands neutres — notamment la pyridine,
PMes, PCys; et PPhs — pour donner des adduits de forme 4-isopropylborabenzene-ligand. Ces
complexes peuvent subir un échange de ligands pour donner de nouveaux adduits. La
geéneéralité de cette réaction, ainsi que son mécanisme et les propriétés stériques et
électroniques de différents adduits de borabenzéne ont été étudiées expérimentalement et

par des méthodes de modélisation.

4.4 Introduction

Both the electron donating properties and the steric hindrance of a Lewis base can play a
major role in the stability of a Lewis adduct.??% On one hand work has been done to
minimize the binding interactions of Lewis adducts in order to exploit the Lewis character of
each individual component. It is notably the case in the now popular “Frustrated Lewis Pairs™°
that can activate small molecules, such as hydrogen*? and carbon dioxide,5%6469-71207.208 gng
in the design of ambiphilic molecules,*82%°-2"" notably as ligands for transition metals?'2-221
and for ion sensing.??2-225 On the other hand some research has been aiming at increasing
the strength of these interactions in order to stabilize very reactive Lewis acid sites from further
transformations. Such strategy has been recently devised in the work of Braunschweig to
stabilize the borolyl anion (Figure 4-1A),22% of Piers to synthesize stable boraanthracene
adducts (Figure 4-1B),?7??8 and of Bertrand to generate the highly reactive borylene

fragment.??®
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Figure 4-1: Carbene stabilized borolyl anion (A), boraanthracene adduct (B),
phenylboratabenzene (C), and borabenzene-pyridine adduct (D).

Even when generated by flash thermolysis and condensed at 10 K in an argon matrix, the
base-free borabenzene moiety has never been isolated or observed.''® Base-free
borabenzene has been calculated to possess a stable aromatic ring but the low lying o* orbital
on boron requires stabilization by a Lewis base.'"230.23" Although the boratabenzene moiety,
the anionic equivalent of borabenzene, was first reported by Herberich in 1970 (Figure
4-1C),"° the pyridine-borabenzene adduct, the first stable neutral borabenzene, was only
reported in 1985 (Figure 4-1D).2%2 In 1996, an elegant general synthetic route for the
generation of neutral borabenzene derivatives was designed by Fu where the aromatization
of trimethylsilyl substituted chloroboracyclohexadiene derivatives is initiated by the addition of
a Lewis base L which induces the elimination of TMSCI (Figure 4-2).'2®> The aromatization,
however, relies heavily on the capacity of the Lewis base to isomerize the 2,5-
boracyclohexadiene precursor to the 2,4-boracyclohexadiene and to form a strong enough
bond with boron to stabilize the aromatic product. In such regard, it was observed that the
phospholyl complex CpFe(3,4-Me>CsH,P) failed to react with the boracyclohexadiene
precursor to generate a borabenzene adduct because of the lack of nucleophilicity at the

phosphorous atom.?*
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Figure 4-2: General synthesis of neutral borabenzene adducts.

In the past years, there have been a large number of reports on the properties of
boratabenzene derivatives, notably as ligand for transition metals.'?1:122:125.126,130-132,233-237,237-
241 There are, however, only a limited number of transition metal adducts with neutral
borabenzene analogues as ligands,?*2-?45 and although several boraaromatic adducts have
been synthesized by Piers for their optoelectronic properties, 13%137:227.228.246 g |imited number
of studies have been reported on the reactivity of the neutral fragment.20.140.242247 |t was
observed that although the boron atom is formally electronically saturated in the borabenzene
adduct, the Lewis acidic character remains prevalent in borabenzene complexes. The
coplanarity between the borabenzene plane and the conjugated system of the acrolein in (3-
(dimethylamino)acrolein-borabenzene)Cr(CO)s complex suggests that the borabenzene acts
as a n-acceptor ligand.?** However, the n-acidity of the metal-free borabenzene adducts has

never been clearly determined.

It has been demonstrated on several occasions that the addition of anionic nucleophiles on
borabenzene-PMes cleanly generates the boratabenzene analogues by an associative
pathway, and that other routes, such as the formation of a borabenzyne intermediate, were
unlikely.”™® We reported that the reverse reaction, the generation of pyridine and
trimethylphosphine borabenzene species from an anionic chloroboratabenzene, was also
possible, presumably through an associative pathway.'?® Although it has been reported that
(CO)sCr(THF-borabenzene) could undergo substitution reactions at boron with neutral Lewis
bases, to our knowledge no such reaction has been carried out on the metal-free borabenzene
species. It was even reported by Fu that the addition of do-PMes to borabenzene-PMes in THF
at 20°C did not yield ligand exchange.'®

Following our interest in the generation of novel coordination modes for bora(ta)benzene

derivatives and in the generation of Z-type ligands for transition metals, we decided to
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evaluate the possibility of synthesizing «5-borabenzene complexes. One possible route for
making such complex is by substitution reaction between a neutral borabenzene adduct and
a nucleophilic metal centre, to generate the metal-xB-boratabenzene species and the free
Lewis base. In order to correctly probe the choice of borabenzene adduct to use for such a
reaction, we report herein our study on the formation of neutral borabenzene adducts from
the 1-chloro-2-trimethylsilyl-3,5-boracycloexadiene and the possibility to generate novel
borabenzene adducts from ligand exchange reactions on a large array of borabenzene

adducts.

4.5 Results and discussion

4.5.1 Synthesis and Characterization of Borabenzene Adducts.

The synthesis of borabenzene adducts 4-iPr-CsH4B-L (2-L, L = PMes, pyridine (Py), lutidine
(Lu), PCys, PPhs, 1,3-dimesityl-imidazol-2-ylidene (IMes)) was carried out by aromatization of
the boracyclohexadiene precursor (1) induced by the coordination of the corresponding Lewis
bases L and driven by the release of TMSCI (see Figure 4-2, R = j-Pr). As expected, '"H NMR
spectra of species 2-L exhibit two resonances at low field, confirming the aromatic character
of the borabenzene adducts. All '*C resonances for the borabenzene derivatives are in the
expected range for this class of molecules. Interestingly, the "B chemical shift of neutral
borabenzene adducts is highly dependent on the nature of the Lewis base ligand. Indeed,
whereas 2-Lu and 2-Py both have resonances at 32.7 ppm, the carbene and phosphine
adducts of borabenzene were found to have ''B resonances in the 17 — 22 ppm range.
Therefore, little correlation between the bond strength and the '"B chemical shift was
observed. In the case of the phosphine adducts, the ''B NMR peaks are present as doublets
whereas in the *'P spectra the resonances appear as broad quadruplets. In both "B and 3'P
NMR spectra, coupling constants of 97 and 110 Hz were measured for 2-PPh; and 2-PMes,

respectively, whereas no coupling constant was observed with 2-PCys.

Addition of weaker Lewis bases (acetone, tetrahydrofuran, acetonitrile) to 1 did not afford any
of the aromatized products and left the starting material unreacted. Interestingly, the reaction
of 1 with excess diisopropylamine leads to the consumption of the boracyclohexadiene without
the elimination of TMSCI. Indeed, NMR spectroscopy experiments showed complete
disappearance of the signals associated with 1 and consumption of amine twelve hours after

the addition of two equivalents HN/Pr.. By '"H NMR spectroscopy, 3a shows the presence of
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two doublets at 6 = 6.87 and 6.51 (J = 12.3 Hz). Also present are two other signals at 6 = 6.10
and 2.38 that were found to belong to adjacent protons according to COSY experiments. The
TMS was still present as a singlet at 0.97 ppm. These results are consistent with the presence
of a 2-TMS-3,5-boracyclohexadiene framework as shown in Figure 4-3.24¢ The observation
of four diastereotopic resonances for the methyl groups of the two /Pr substituents of the
amido, both by 'H and "*C NMR spectroscopy, indicates that no rotation occurs around the B-
N bond which suggests a double bond character. These findings are consistent with the
formation of 1-diisopropylamido-2-trimethylsilyl-3,5-boracyclohexadiene (3a), which is
reminiscent of the previously reported 1-(dimethylamino)-3-methylene-1,2,3,6-
tetrahydroborinines.'?” This assignment was further supported by "B NMR spectroscopy
which showed a ~10 ppm upfield shift of the signal from 1, consistent with the substitution of
a chlorine atom at boron with an amido group. Similar reactivity was observed with HoN{Bu
(Figure 4-3). In the latter case, only one regioisomer was observed for 3b. Although there is
no structural evidence for it, one would suspect the tBu group to be further away from the
bulky TMS substituent for steric reasons. As reported by our group recently in the generation
of mesityl boratabenzene species, the first step in the generation of borabenzene and
boratabenzene adducts is the nucleophilic attack on boron.?*® The strong Tr-donation of the
electron lone pair on nitrogen to the empty p orbital on boron makes 3 a very stable
conjugated-base. Therefore, the elimination of the acidic proton in Int3 to generate the HCI
salt of the corresponding amine is a strong driving force for the generation of derivatives of 3

rather than forming TMSCI and the expected borabenzene adduct.
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Figure 4-3: Reactivity of 1 with secondary amines generating derivatives 3 (3a: R' = R* = iPr;
3b: R' = H, R = tBu).

Single crystals were obtained for products 2-PMes, 2-PCys, and 2-IMes. The ORTEP
representations are shown in Figure 4-4 to Figure 4-6, respectively, and the important

structural data are in Table 4-1. Species 2-PCys exhibits a disordered borabenzene moiety
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that was easily resolved, but which is nevertheless affecting the precision of the atomic
coordinates and of the structural data. The P-B bond lengths in 2-PMez and 2-PCys are
1.905(3) A and 1.917(17) A, respectively, which are in the expected range for phosphine-
borabenzene species. The Ccamene-B distance in 2-IMes of 1.570(5) A is comparable to the B-
C bond lengths observed by Herberich in 1-(1,3,4,5-tetramethylimidazol-2-ylidene)-3,5-
dimethylborabenzene (1.596 A)'?° and by Piers in a IMes-boranthracene adduct (1.607 A).228
The torsion angle of 25.5 ° between the plane of the borabenzene ring and the imidazolyl
moiety of the carbene does not suggest any electronic communication. The B-C bond and C-

C bond lengths in the structurally characterized species are unremarkable.
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Figure 4-4: ORTEP drawing of 2-PMes, with anisotropic atomic displacement ellipsoids
shown at the 50% probability level. Hydrogen atoms are omitted for clarity.

Figure 4-5: ORTEP drawing of 2-PCys, with anisotropic atomic displacement ellipsoids shown
at the 50% probability level. Hydrogen atoms are omitted for clarity.
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Figure 4-6: ORTEP drawing of 2-PCys;, with anisotropic atomic displacement ellipsoids shown

at the 50% probability level. Hydrogen atoms are omitted for clarity.

Table 4-1: Selected structural data for 2-L.

2-PCys3 2-PMes 2-IMes

Distances (A)

B-L 1.917(17) 1.905(3) 1.570(5)
B-Ci 1.44(2) 1.484(4) 1.482(5)
B-Cs 1.537(13) 1.479(4) 1.486(5)
C+-Cz 1.358(13) 1.383(4) 1.393(4)
C>-Cs 1.364(9) 1.380(5) 1.390(4)
Cs-Cs 1.409(8) 1.388(5) 1.400(4)
C4-Cs 1.412(10) 1.394(4) 1.381(4)
Angles (°)

L-B-C1 124.6(10) 122.1(2) 122.2(3)
L-B-Cs 120.2(10) 120.8(2) 122.2(3)
C+-B-Cs 114.9(12) 117.0(3) 115.5(3)
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4.5.2 DFT Study on Borabenzene Adducts.

In order to better quantify the stabilizing ability of neutral Lewis pairs, a quantum chemical
study was done on the binding energies of 49 neutral Lewis bases to base-free borabenzene
(Step b, Figure 4-7) in the gas phase using DFT methods and the B3LYP hybrid functional.?*®
Hess’ law suggests that the thermodynamic values given in Table 4-2 will be an indication of
the overall trend observed in borabenzene adducts stability even in the absence of the base-
free borabenzene species in solution. For simplicity, unsubstituted borabenzene adducts
were modeled instead of the /Pr analogues synthesized and will be referred to as 2’-L. In all
cases, as expected, the association of Lewis bases to base-free borabenzene proved to be
exothermic and exogenic. However, the formation of base-free borabenzene via aromatization
of precursor 1 with the elimination of TMSCI was found to be endothermic by 18.2 kcal.mol!
(Step a, Figure 4-7). Therefore, a ligand has to stabilize the borabenzene by at least 18
kcal.mol! in order for the overall process to be thermodynamically favorable. Otherwise, the
reverse reaction — the addition of TMSCI on the borabenzene — is expected to be

thermodynamically favored.?°

N step a step b XN
| 18.2 kcal.mol™ NN ) |
> —_— /
B TMS -TMSCI / B
| : |
Cl L

Figure 4-7: Formation of borabenzene adducts as modeled using DFT.
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Table 4-2: Gas phase binding energies of selected Lewis bases (Ligand) with borabenzene
at the B3LYP Level of Theory at 298 K using TZVP as a basis set for all atoms.

AH’ AG’ AH’ AG’
Ligand kcal/mol |kcal/mol |Ligand kcal/mol | kcal/mol
NMes -40.1 -26.9 P(p-tolyl)s -38.1 -24.9
NEts -34.0 -19.7 P(p-OMe)3 -39.3 -26.0
NiPrs -22.6 -1.7 P(p-CsH4CF3)s |-34.9 -20.6
NEt2H -44 .4 -31.2 P(p-CsHaF)3 -36.4 -23.5
NiProH -36.5 -22.7 THF -30.0 -18.3
NiPrH; -43.0 -30.8 DMSO -35.4 -24 1
NtBuH: -42.1 -29.6 SMe: -29.0 -17.2
NHs -39.1 -26.7 Et.0 -24.4 -13.4
pyridine -45.8 -32.9 Ph2O -20.0 -10.0
2,6-lutidine  |-41.6 -27.8 NCMe -34.7 -24.3
2,4-lutidine  |-43.7 -30.5 NCPh -38.0 -26.3
2-picoline -43.0 -29.7 acetone -30.8 -19.1
3-picoline -46.3 -33.5 acetone(anti)® |-30.6 -18.0
4-picoline -44.8 -31.1 HC(O)H -30.1 -18.3
aniline -33.0 -21.6 HC(O)H(anti)® |-12.8 -9.0
quinuclidine |-43.9 -29.5 acetophenone |-34.5 -22.0
piperidine -44.8 -32.2 Ph,CO -31.7 -19.4
PMes -41.5 -30.2 IMe -67.2 -55.9
PPhs -37.1 -24.0 IMes -65.3 -50.4
PCys -43.7 -30.9 N2 -18.7 -8.2
P(tBu)s -36.1 -22.5 CO -39.8 -29.1
P(iPr)s -41.2 -28.1 CNMe -48.4 -38.1
P(OMe)s -36.4 -24 1 CNtBu -49.2 -38.6
P(OPh); -31.0 -17.9 CNPh -50.3 -38.8
PFs3 -23.0 -11.4 CN(CsH11) -49.0 -38.4
PPh.Cl -34.2 -21.5 C2H4 -29.9 -17.4
P(o-tolyl)s -34.3 -20.2

2Energy of the transition state corresponding to the rotation of the carbonyl ligand bound to

borabenzene.
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As can be visualized in Figure 4-8, a direct trend was observed between the Tolman’s
electronic parameter of the phosphines modeled and the binding energies for the various
phosphine-borabenzene analogues, suggesting that the o-donating capability of the Lewis
pair plays an important role in the overall stability of the borabenzene adduct.?®' Indeed,
strongly donating PCys and P(i-Pr); give respectively AG® values of -30.9 and -28.1 kcal.mol
', but electron deficient phosphines such as P(OPh); and PF3; have binding energies under -
20 kcal.mol™. The steric hindrance of phosphines also seems to play a key role in their binding
ability with borabenzene. Indeed, the three species having stronger binding energies than the
trend observed are the ones with the smallest cone angles (PMes, P(OMe)s, and PF3),
whereas P(t-Bu)z and P(o-tolyl)s, the two most encumbered phosphines with Tolman’s cone
angles superior to 180 °, clearly do not show the trend expected based on the electronic
contribution. In both cases, the binding energies are lower than the expected trend by 7-8

kcal.mol™.
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Figure 4-8: Diagram of the bonding energy of phosphine-borabenzene adducts (kcal.mol™")
as determined by DFT methods in function of the Tolman electronic parameters calculated
from Ni(CO)sL complexes.?*

The steric influence of the amines seems to be much more important factor in the AG® of
formation of borabenzene adducts than in the case of phosphines. Although NMes, NEt; and
NiPrs have similar Lewis basicities,?% there is a very significant difference in affinity between

the various adducts formed between the borabenzene and the tertiary amines. Indeed, the
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smallest amine NMe; possesses the highest affinity for borabenzene at -26.9 kcal.mol™', which
is about 7 kcal.mol' more favorable than NEt; (-19.7 kcal.mol"), which in turn is more
favorable than NiPr; by 12 kcal.mol (-7.7 kcal.mol"). The same trend can be observed with
secondary amines. As for the primary amines, the formation of adducts, even with {BuNH>, is
highly exergonic with energies close to -30 kcal.mol". N-Heterocyclic carbenes (NHCs) prove
to be the strongest neutral donor, giving binding energies of -50.4 kcal.mol" in the case of
IMes and of -55.9 kcal.mol"" with the less hindered N-methyl containing carbene (IMe). The
latter result is not surprising since NHCs are known to stabilize Lewis acid orbitals on boron,
notably in the generation of highly reactive fragments such as the borolyl anion and

boraanthracene.?26-228

It is well documented that boratabenzene species possess n-accepting capabilities by the
presence of an electrophilic p, orbital on boron, notably evidenced by the planarization of the
nitrogen atom on amidoboratabenzene species'?!122125126,130-132,233-237,237-241 6.
borabenzene-transition metal complexes also exhibit some level of n-acidity as shown by the
coplanarity between the borabenzene plane and the conjugated system of the boron
coordinated 3-(dimethylamino)acrolein in a chromium(0) borabenzene complex.?*3 However,
to our knowledge there is no report on the n-acidity of metal-free borabenzene adducts. In
that regard, we computationally investigated m-basic ketones and aldehydes as neutral
ligands for borabenzene. We found that they do not bind significantly borabenzene and are in
the low end of stability of borabenzene adducts with AG® values for MeC(O)Me, PhC(O)Ph,
and MeC(O)Ph respectively of -19.1, -19.4, and -22.0 kcal.mol"'. The optimized geometry of
these species shows coplanarity between the aromatic borabenzene ring and the carbonyl
moiety, suggesting some level of T-donation from the ketones to borabenzene. Modeling of
an antiplanar structure for 2’-acetone and 2’-formaldehyde showed that the a free energy
gain of respectively 1.1 and 9.3 kcal.mol" was associated with coplanarization of the
borabenzene and ligand fragments. This energy value is representative of the amount of -
bond character but will include, especially in the case of acetone, a steric hindrance
component. Therefore, it appears that B-O 1r-bond is highly dependent on the steric factors.
Nevertheless, the strength of the 1-bond is significantly less important than that observed in

amido-borane species which are in the range of 30 kcal.mol".2%2

We also modelled adducts of borabenzene and t-accepting ligands. These ligands were
found to bind borabenzene more strongly than their Lewis basicity would suggest. The AG®
values for the CO,%®* CNMe, CN'Bu, CNPh, and CN(CsH11) adducts were found to be
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respectively -29.1, -38.1, -38.6, -38.8, and -38.4 kcal.mol'. These results reveal that the
borabenzene ring behaves more as a T-donor than a -acceptor. This latter property is further
shown by the geometry of the HOMO of the borabenzene adducts of 1r-acceptor ligands
(Figure 4-9). This molecular orbital is strongly delocalized between the aromatic cycle and
the antibonding = orbital of CO and CNMe. Therefore, these numeric data suggest that the
borabenzene ring is a better n-donor than a n-acceptor. However, one should note that the
values given in Table 4-2 do not take into account the possible rearrangements for
borabenzene adducts, that are numerous, as demonstrated by the formation 3 in presence

of secondary amines or the lack of experimental evidence for the generation of the CO adduct.

Figure 4-9: Representation of the highest occupied molecular orbital of 2’-CO (MO = 27) and
2’-CNMe (MO = 31) corresponding to the back donation of the n-system of the borabenzene
ring to the ©* orbitals of the ligand.

4.5.3 Experimental Validation of the Thermodynamic Stability of Borabenzene
Adducts

It was previously demonstrated that the addition of anionic nucleophiles on borabenzene-
PMe; adducts could lead to a large array of boratabenzene species.’® However, no report of
substitution of a neutral Lewis base on a metal-free borabenzene adduct was ever reported.
In order to test the possibility of such reaction to occur, series of reactions were carried out
where neutral Lewis bases (IMes, Pyridine (Py), PCys, 2,6-lutidine (Lu), and PPh3) were added
to species 2-L (L = IMes, Py, PCys, Lu, PMes, and PPhs) and heated in benzene-dsat 80 °C
for three days or until equilibrium was reached (Figure 4-10), with the results displayed in
Table 4-3.
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Table 4-3: Outcome of the addition of various Lewis bases to species 2-L. In benzene-ds at
80 °C for three days. X = reaction does not take place; O = complete substitution occurs; Eq.
= Equilibrium has been reached.

IMes Py PCys Lutidine PPhs

2-IMes - X X X X
2-Py @] - Eq. X X
2-PMe; o Eq. Eq. X X
2-PCy; X Eq. - X X
2-Lu X X X - X
2-PPh; O (@) 0] X -

X X

| T Pl

B/ G

| T

L L'

Figure 4-10: Exchange reaction of borabenzene adducts.

As can be expected from the DFT results, species 2-IMes with a very strong carbene-boron
interaction does not undergo any exchange reaction with any other ligand. On the other hand,
the addition of IMes to 2-PMes, 2-Py, and 2-PPh; leads to the formation of 2-IMes, which is
again explained by the stability of the N-heterocyclic carbene adduct. However, 2-PCy3z and
2-Lu do not undergo exchange reaction with IMes. The later result suggests that the steric
environment around boron is playing an important factor in the substitution reactions. This
result is supported by the evidence that 2-Lu does not undergo substitution reaction with any
of the ligands that were used, or that the addition of 2,6-lutidine to any borabenzene adduct
does not form new adducts. As can be seen on the DFT model of 2-Lu (Figure 4-11-B), the
boron p; orbital is shielded on both sides by the methyl groups of the 2,6-lutidine which should
prevent an associative substitution at the boron atom, especially when compared with 2-PMes

where the p, orbital on boron is much more prominent (Figure 4-11).
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A B

Figure 4-11: Representation of the molecular orbital of (A) 2’-PMes (LUMO; MO = 42) and
(B) 2’-Lu (LUMO + 5; MO = 55) putting in evidence the p; orbital on boron.

2-PPhs, which according to the DFT results is the weakest of the synthesized borabenzene
adduct with a ligand-borabenzene bond strength of 24 kcal.mol", undergoes complete
substitution with PMes, pyridine and IMes. 2-PPhs proved to be an excellent precursor for
substitution reaction. Indeed, although borabenzene-NEt; and borabenzene-PMes have both
been used as starting reagents for accessing novel bora- and boratabenzene species and are
useful by the fact that NEts and PMe3s are volatile side-products, borabenzene-PPhs proves to
be easier to isolate and more stable in solution than borabenzene-NEts. Furthermore, PPhs is
significantly less expensive and easier to handle than PMes. Interestingly, the addition of the
Lewis bases L (L= PMes, Py, PCys) to species 2-L’ (L’ # L = Py, PMes, PCys) leads to an
equilibrium between 2-L and 2-L’. A series of experiments was conducted in which various
combinations of L and 2-L’ in different ratios and concentrations were combined in benzene-
ds with hexamethylbenzene as an internal standard and allowed to reach equilibrium. The
equilibrium constants were then calculated as the average of three equilibrium reactions and
were used to calculate the difference in Gibbs’ free energy between the studied systems
(Table 4-4). The experimental results are in agreement with computations that indicated very
small energy gap between those three adducts. PCys is unsurprisingly found to form the

strongest bond with borabenzene as the strongest donor of the studied ligands. The positive
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AG° of 0.5 kcal.mol™" found in the case of the substitution of trimethylphosphine by pyridine is
opposed to the calculated energy gap of -2.9 kcal.mol™" but remains in the error margin of the

computational method.

Table 4-4: Determination of AG® between the various borabenzene adducts according to the
equilibrium constants and the DFT calculations (B3LYP-TZVP). L and L’ are represented in
Figure 4-10.

Ligands AG° (DFT) AG° (Experimental)
(kcal.mol") (kcal.mol")

L = PMes, L’ = Pyridine -2.7 0.5+0.1

L = PMes, L' = PCys -0.7 -0.6 £ 0.1

L = Pyridine, L’ = PCys -2.0 -1.0£0.2

4.5.4 DFT Study on the Ligand Exchange Reaction

Our observations indicate that the exchange of the Lewis bases at boron is possible with
borabenzene adducts. As expected, the NHC-boratabenzene adducts reveal to be the most
thermodynamically favoured borabenzene species that can be obtained. Towards the lower
end of thermodynamic stability, other than the NEt; which has been made on several
occasions and proved to be quite labile, we can include the triphenylphosphine analogue,
which undergoes full conversion to the PCys, pyridine, PMes, and IMes borabenzene adducts.
However, these species tend to degrade slowly over time in solution, as we observed with the
NEt; adduct. Once the bond energy gets closer to 30 kcal.mol”, as it is observed with the
PCys, pyridine and PMes adducts, the compounds get stable in solution for a prolonged period

of time.

The absence of any exchange reaction when lutidine is added to a Lewis base-borabenzene
adduct, or when a Lewis base is added to a borabenzene-lutidine adduct, suggests that an
associative process is taking place at the boron atom. However, A DFT model of the transition
state for a direct exchange reaction between borabenzene-pyridine and PMes goes against
such proposal since the activation barriers of 28.9 (enthalpy) and 40.4 (Gibbs free energy)
kcal.mol, respectively, are too important for such process to occur, even at 70 °C. Fu did

mention in a previous report that the exchange of borabenzene-PMes with borabenzene-
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PMes-ds did not occur in THF at room temperature.’® Our attempts to study the kinetics of
this reaction are in accordance with the observations of Fu, since the rate of the reaction was
highly dependent on the purity of the sample studied and the rates were highly irreproducible.
In the case of the exchange reaction using 2-PMe; and pyridine to generate 2-Py at 70 °C,
the reaction with freshly sublimed starting material was very slow, whereas a sample that had
been left in a freezer in a glove-box for two weeks underwent exchange reactions much more

rapidly.

Therefore, it is highly likely that this exchange can be catalyzed by the presence of trace
amount of some electrophile (notably some H* or B-containing species) in solution that could
arise from thermal degradation of the borabenzene adducts when heated at 70 °C.
Nevertheless, the observations made above suggest that it is still highly dependent on the
steric hindrance around the boron atom. The most likely process for such exchange reaction
would be the generation of borenium species that are generated readily in the presence of H*,
as previously reported by Piers, which would make the boron atom much more electrophilic

and would reduce the energy of the transition state (Figure 4-12).'4°
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Figure 4-12: Possible pathways for the ligand substitution reaction on borabenzene.

Calculations were performed at the DFT level using the B3PW91 hybrid functional to
investigate the possibility for the borenium ligand exchange pathway. The borenium 2*-Py

was modeled and used as a starting point for the exchange reaction. Its formation energy from
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2-Py could not be calculated since the electrophilic impurity reacting with 2-L in our reaction
conditions is unknown. However, this borenium cation has been reported by Piers as the

product of the reaction of 2-L with HCI and thallium tetraperfluorophenylborate.°

A stable tetracoordinated borenium structure (IM1) was found as the product of the
association of PMes on 2*'-Py. This stable intermediate is reminiscent of
[CsHeB(Py)2]*[B(CeFs)4] also reported by Piers. Unsurprisingly, IM1 is thermodynamically
favoured, as the borenium fragment is then stabilized by two Lewis bases. Either pyridine or
PMes; can easily dissociate from IM1 to give the corresponding monocoordinated borenium
complex. The highest energy barrier found for the ligand exchange reaction of 2*-Py with
PMe; to give 2*-PMes and free pyridine is 15.1 kcal.mol™", which is consistent with a reaction

that occurs rapidly at room temperature. The reaction pathway is illustrated in Figure 4-13.

AG(kcal.mol ™)
A

4.5

4.4

TS2 2*-PMe; + Py

2*Py + PMe,

M1

Figure 4-13: Reaction pathway for the ligand exchange between 2-Py and PMes to generate
2-PMes and pyridine.

These results indicate that ligand exchange on borenium derivatives of borabenzene should
be easy and proceed through an associative pathway. The rate of reaction is thus expected
to be highly dependent on the steric properties of the ligands involved and their ability to form
a tetracoordinated intermediate. Borenium complexes of bulky ligands, such as 2,6-lutidine,
that completely protect the boron atom of the borenium are expected to be inert in regards to
ligand substitution. Unfortunately, the thermodynamics of the relation between borenium

derivatives 2*-L and borabenzene complexes 2-L remain unknown. The main factors
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governing the rate of the overall ligand substitution on neutral borabenzene adducts through

a borenium pathway have to include the nature and concentration of the catalytic electrophile.

In order to experimentally verify this mechanistic hypothesis, 1-triphenylphosphine-4-H-
borabenzene was reacted with an equivalent of PCys; in deuterated benzene in presence of
10 mol% of triphenylphosphonium bromide. A control experiment without the acidic
phosphonium was conducted at the same time in similar conditions. Within 15 minutes, we
observed complete conversion of borabenzene triphenylphosphine in the acid catalyzed
reaction by 'H and 3'P NMR (see Supporting Information). The control experiment did not
show any conversion in these conditions. These findings give strong support to the idea that
ligand exchange at borabenzene is an acid catalyzed process involving protonation of the

aromatic cycle and formation of a borenium intermediate.

4.6 Conclusion

The borabenzene fragment has found applications in a large array of fields, from catalysis to
material sciences. In that regard, the nature of the substituent on boron can play a large role
in the activity and properties of the molecules of interest. While it is widely known that the
borabenzene is kinetically reactive, we have quantified in this report, by computational and
experimental results, the stability of the borabenzene adducts according to the nature of the
substituents, and demonstrated that trace impurities can greatly enhance exchange reactions.
We have also demonstrated that the neutral borabenzene fragment mostly acts as a n-donor
rather than a t-acceptor, because of the availability of electron density from the aromatic ring.

These results should be helpful in the design of more stable and durable boron heterocycles.
Added text:

We have also shown the potential of a ligand exchange reaction as a tool to generate new
borabenzene adducts. The process is shown experimentally and computationally to occur
through a borenium intermediate generated by the protonation or the electrophilic attack of a

cyclic carbon.

In fact, it is interesting to consider that the exchange of a nucleophilic ligand is a process
dominated by the nucleophilic character of borabenzene. The Lewis acidity involved in this
exchange is not that of the electronically saturated boron atom of borabenzene but that of a

borenium complex. In fact, throughout our investigation, borabenzene adducts of suitable
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bases seem to behave as electron-rich species and have not revealed Lewis acidic properties.
Rather, they act both as strong 1-donors and nucleophiles. Interestingly, to the best of the
author’'s knowledge, all published reactivity of neutral adducts with or without metals is

dominated by a nucleophilic character.

An exception can be found in the reaction processes involved in the synthesis of
boratabenzenes by associative nucleophilic substitution on the same substrates. In fact, one
could be tempted to reevaluate the generally accepted mechanism of this last reaction. It is
indeed conceivable that the metal counter-cations of the nucleophiles — as potential Lewis
acids — could bind first to nucleophilic borabenzene and act as promoters of the nucleophilic
attack through a borenium-like intermediate. One could propose to study the relative effect of

different cations to the nucleophilic substitution as a tool to investigate the exact mechanism.

The coordination of Lewis bases to borabenzene thus radically modifies its properties and
reactivity. While the hypothetical free borabenzene molecule is expected to be a strong Lewis
acid, its adducts with Lewis bases can act as carbon-centered bases and nucleophiles. The
acid-catalyzed ligand exchange constitutes a convincing example of Lewis base-borabenzene
cooperative reactivity: electron density from the Lewis base is transferred to borabenzene and
used in an otherwise impossible reaction. It can be proposed that appropriate modulation of
the o donation and 1 basicity or acidity of the ligand on borabenzene could allow the fine-
tuning of the nucleophilic reactivity of borabenzene towards various substrates in order to

generate a vast array of exciting new molecules.

End of added text

4.7 Experimental Section

General Procedures. All manipulations were conducted under a nitrogen atmosphere using
standard Schlenk and glovebox techniques. Reactions were carried out either in a sealed J-
Young NMR tube, in which case NMR conversions are indicated, or in standard flame dried
Schlenk glassware. Dry deoxygenated solvents were employed for all manipulations. All
solvents were distilled from Na/benzophenone. Benzene-ds and toluene-ds were purified by
vacuum distillation from Na/K alloy. 1-chloro,2-TMS,4-Pr,2-5-boracyclohexadiene (1), 1-
pyridine-4-(isopropyl)borabenzene (2-Py)™° and 1-tricyclohexylphosphine-4-

(isopropyl)borabenzene (2-PCy;)'?" were prepared and characterized according to literature
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procedures. NMR spectra were recorded on a Varian Inova NMR AS400 spectrometer, at
400.0 MHz ('H), 100.580 MHz ('*C), 161.923 MHz (*'P), Bruker Advance NMR 400 MHz
spectrometer at 128.336 MHz ('B), or on a Bruker NMR AC-300 at 300MHz ('H), 75.435 MHz
("*C), 121.442 MHz (*'P). '"H NMR and "3C{'H} NMR chemical shifts are referenced to residual
solvent signals in deuterated solvent. Multiplicities are reported as singlet (s), doublet (d),
triplet (1), quartet (q), multiplet (m), overlapping (ov.) or broad (br). Chemical shifts are reported
in ppm. Peak assignment was confirmed using COSY ('H) and gHSQC ("*C) 2D NMR
experiments. Coupling constants are reported in Hz. HRMS characterization was performed
with an Agilent Technologies 6210 LC Time of Flight Mass Spectrometer. Products in toluene
solutions were introduced to the nebulizer by direct injection. Neutral borabenzene adducts

were characterized using APPI ionization in positive mode.

4.7.1 Synthesis of Borabenzene Adducts

Figure 4-14: Atom labelling in borabenzene adducts.
1-Trimethylphosphine-4-(isopropyl)borabenzene (2-PMe3)

Trimethylphosphine (0.23 mL, 168 mg, 2.21 mmol) was added dropwise at room temperature
to 1 (500.3 mg, 2.21 mmol) in hexane (25 mL). The presence of a white precipitate was
observed immediately and the mixture was stirred for 2 hours. Removal of the volatiles in
vacuo and subsequent washing with hexane yielded 212.4 mg of a white solid (yield =50%).
"H NMR (benzene-ds) &: 7.91 (br, 2H, H?), 7.23 (dd, J = 8.7, 10.3 Hz, 2H, H"), 3.20 (sept, 3Ju-
n = 6.9 Hz, 1H, CH(CHj3)), 1.53 (d, 3Jn-+ = 6.9 Hz, 6H, -CH(CHj).), 0.65 (d, 2Ju.p = 10.8 Hz,
9H, PMes). *C{'H} NMR (benzene-ds) &: 140.0 (s, C®), 132.0 (d, 18.1 Hz, C?), 129.3 (br. d,
C"), 36.2 (s, C*), 25.8 (s, C%), 10.9 (d, 2Jcr = 41.8 Hz, PMe3). *'P{'"H} NMR (benzene-ds) d: -
23.2 (9, "Je-s = 110 Hz). "B NMR (benzene-dg) &: 19.8 (d, 'Jsr = 110 Hz). DI-MSTOF (APPI,
m/e): [M + H]" 195.1714 (calc: 195.0691).
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1-Triphenylphosphine-4-(isopropyl)borabenzene (2-PPhs)

A saturated solution of triphenylphosphine (526.6 mg, 2.02 mmol) in hexane was added
dropwise at room temperature to 1 (455 mg, 2.02 mmol). The presence of a white precipitate
was observed immediately and the mixture was stirred for 1 hour. Removal of the volatiles in
vacuo and subsequent washing with hexane yielded 347.2 mg of a white solid (yield =45%).
"H NMR (benzene-dg) &: 7.98 (dd, 3Jxn = 10.3, *Jp.y = 4.7, 2H, H?), 7.58 (m, 6H, PPhs), 7.46
(dd, 3Jun = 10.3, 3Jp.y = 7.8, 2H, H'), 6.98 (m, 3H, PPhs), 6.90 (m, 6H, PPhs), 3.21 (sept, 3Ju-
n = 6.9, 1H, CH(CHs)2), 1.53 (d, 3Ju-n = 6.9, 6H, -CH(CHjs)2). *C{'H} NMR (benzene-ds) &:
140.4 (s, C®), 134.6 (d, Jc-r = 10.3 Hz, PPh3), 132.5 (d, 3Jcp = 17.3, C?), 131.6 (d, Jcr = 2.4
Hz, PPh3), 131.5 (d, Jcp = 3.0 Hz, PPhs), 128.5 (br, C"), 36.2 (s, C*%), 25.7 (s, C®). ¥'P{'H}
NMR (benzene-ds) &: 8.2 (br). "'B NMR (benzene-ds) 5: 18.8 (d, 'Jsr 96.7). DI-MSTOF (APPI,
m/e): [M+ H -Pr]*: 339.2670 (calc: 339.1468).

1-(2,6-Lutidine)-4-(isopropyl)borabenzene (2-Lu)

2,6-lutidine (0.30 mL, 272 mg, 2.54 mmol) was added dropwise at room temperature to a
saturated hexane solution of 1 (675.8 mg, 2.54 mmol). The reaction mixture was stirred for 3
hours and all volatiles were removed in vacuo. The resulting bright yellow solid was washed
with hexane to yield 342.7 mg of a white solid (yield = 60%)."H NMR (benzene-ds) &: 8.00 (d,
3Jun=10.2 Hz, 2H, H?), 6.47-6.52 (m, 1H, lut(p-H)), 6.49 (d, 3Ju.n = 10.2 Hz, 2H, H'), 6.11 (d,
3Jun = 7.7 Hz, 2H, lut(m-H)), 3.29 (sept, 3Jun = 7 Hz, 1H, CH(CHz3),), 2.22 (s, 6H, lut(CHs)),
1.62 (d, 3Ju-n = 7 Hz, 6H, CH(CHs)2). *C{'H} NMR (benzene-ds) &: 156.9 (s, lut(o-C)), 139.0
(s, lut(p-C)), 133.9 (s, C?), 123.5 (s, lut(m-C)), 116.9 (br, C"), 35.9 (s, C*), 26.3 (s, C°), 26.0
(s, lut(CHs)), not located (C%). "B NMR (benzene-ds) &: 32.7 (s). DI-MSTOF (APPI, m/e):
(M*): 225.1435 (calc: 225.1689).
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1-(1,3-Dimesitylimidazolin-2-ylidene)-4-(isopropyl)borabenzene (2-IMes)

A saturated solution of 1,3-dimesitylimidazoline-2-ylidene (310.2.9 mg, 1.01 mmol) in hexane
was added dropwise at room temperature to 1 (231.3 mg, 1.01 mmol). The yellow reaction
mixture was stirred for 2 hours. Removal of the volatiles in vacuo and several washings in
hexane yielded 212.4 mg of a pale solid. '"H NMR (benzene-ds) &: 7.51 (d, 3Jun = 10.5 Hz,
2H, H?), 6.68 (s, 4 H, Mes(m-H)), 6.53 (d, 3Jn-+= 10.5 Hz, 2H, H"), 5.92 (s, 2 H, Im(CH)), 2.91
(sept, 3Jun = 6.9 Hz, 1H, CH(CHa).), 2.08 (s, 6H, Mes(p-CHs)), 1.96 (s, 12H, Mes(o-CHs)),
1.26 (d, 3Jn-n = 6.9 Hz, 6H, CH(CHs)2). BC{'H} NMR (benzene-ds) d: 146.1 (s, Mes(ipso)),
139.3 (s, Mes(p-C)), 135.5 (s, C?), 135.0 (s, Mes(0-C)), 131.9 (s, C?), 129.8 (s, Mes(m-C)),
121.3 (s, Im), 35.9 (s, C*), 25.6 (s, C°), 21.1 (s, Mes(p-CH3)), 17.9 (s, Mes(o-CHj3)), not located
(C® and carbene). "B NMR (benzene-ds) &: 21.0 (s). DI-MSTOF (APPI, m/e): (M*): 422.2892
(calc: 422.2893).

1-Di(iso-propyl)amido-2-trimethylsilyl-4-isopropyl-3,5-boracyclohexadiene (3a)

To a solution of 1 (8.6 mg, 0.04 mmol) in 0.5 mL of benzene-ds was added di(iso-propyl)amine
(55 L, 0.2 mmol) by syringe. A white precipitate was immediately formed. The reaction
mixture was kept at room temperature for 16 hours and analyzed by NMR spectroscopy. The

assignation was confirmed based on COSY experiments and with

4 comparison to similar compounds.'?*

5 N3
6 | 2 "H NMR (benzene-ds) &: 6.87 (d, 3Jkn = 12.3 Hz, 1H, H°), 6.51 (d, 3Jin

i = 12.3 Hz, 1H, H°), 6.10 (s, 1H, H3), 3.74 (br s., 1H, N(CHMe,)y), 3.21

I (br s., 1H, N(CHMey)2), 2.38 (br. ov. s., 1H, CHMe>), 2.38 (br. ov. s.,
Y Y 1H, H2), 1.31 (br. s., 3H, N(CHMey)2), 1.28 (br. s., 3H, N(CHMey)2), 1.10
(br, 6H, CHMez), 1.01 (br, 3H, N(CHMe»),), 0.91 (br, 3H, N(CHMe:)2), 0.10 (s, 9H, TMS):
signals for excess di(iso-propyl)amine are present at d: 2.78 and 0.94. "*C{'"H} NMR (benzene-
ds) B: 143.3 (s, C%), 138.8 (s, C%), 131.6 (br, C?), 129.8 (s, C?), 48.8 (s, N(CHMe.)z), 44.9 (s,
N(CHMez)z), 34.5 (s, CHMe), 25.5 (s, CHMe, or N(CHMe)z), 24.8 (s, CHMez or N(CHMe),),
23.0 (s, CHMez, or N(CHMe,).), 22.8 (s, CHMe; or N(CHMe),), 22.7 (s, CHMe, or

N(CHMe:).), 21.2 (s, CHMe> or N(CHMez),), 0.0 (s, TMS); signals for excess di(iso-
propyl)amine are present at 6: 45.3 and 23.7. "B NMR (benzene-ds) d: 41.2 (s).
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1-tert-Butylamido-2-trimethylsilyl-4-isopropyl-3,5-boracyclohexadiene (3b)

To a solution of 1 (8.7 mg, 0.04 mmol) in 0.5 mL of benzene-ds was added tert-butylamine (20
ML, 0.2 mmol) by syringe. A white precipitate was immediately formed.

The reaction mixture was kept at room temperature for 24 hours and

4
5 N3 analyzed by NMR spectroscopy.

6 | 2 'H NMR (benzene-ds) 5: 7.00 (d, 3 = 12.3 Hz, 1H, H5), 6.48 (d, s

ET ™S = 12.3 Hz, 1H, H®), 6.07 (d, 3Jin = 4.9 Hz, 1H, H?), 3.44 (br, 1H, NH),

'N\H 2.40 (sept, 3y = 6.9 Hz, 1H, CHMez), 1.80 (d, 3Jun = 5.4 Hz, 1H, H?),

>( 1.09 (m, 6H, CHMe,), 0.66 (s, 9H, NCMes), 0.04 (s, 9H, TMS); signals

for excess tert-butylamine are present at 3 1.20 (s) and 0.98 (s). "*C{'H}
NMR (benzene-ds) 5: 146.4 (s, C%), 139.5 (s, C*), 130.2 (s, C?), 129.2 (br, C?), 50.0 (s,
N(CMes)), 35.5 (br, C?), 34.7 (s, CHMez), 22.9 (s, CHMe; or N(CMes)), 23.0 (s, CHMe; or
N(CMes)), -1.3 (s, TMS). "B NMR (benzene-ds) 8: 40.9 (s).

4.7.2 General Procedure for Ligand Exchange

Qualitative ligand exchange reactions were performed at the NMR scale with 2-L (L = 2,6-
lutidine, pyridine, PMes, PCys, PPhs, IMes). In these experiments, a molar equivalent of L’ (L’
= 2,6-lutidine, pyridine, PMes, PCys, PPhs, IMes) was added to a benzene-ds solution of 2-L.
The reaction mixtures were heated to 60 °C overnight. NMR analysis was then used to verify
if the exchange reaction occurred. Reaction mixtures that did not undergo reaction were

heated 80 °C for up to five more days to make sure no exchange occurred.

Quantitative analysis of the exchange reaction was done for L = pyridine, PMes, PCys and L’
= pyridine, PMes, PCys. These reactions were done at the NMR scale in benzene-ds with
hexamethylbenzene (HMB) as an internal standard. 4.2 mol.L" solutions of (2-L + HMB) and
L’ were prepared. These solutions were mixed in air-tight NMR tubes in 1:2, 1:1, and 2:1
ratios. The reaction mixtures were heated to 80 °C for 72 hours and the equilibrium constants
were measured by NMR spectroscopy. Gibb’s free energy variation for these systems was

calculated as the average of the measurements taken for the 1:2, 1:1, and 2:1 mixtures.
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4.7.3 Acid Catalyzed Ligand Exchange Reaction

Two benzene-ds (ca. 0.4 mL) solutions of 2-PPhs; (4.4 mg, 0.012 mmol) and
tricyclohexylphosphine (3.3 mg, 0.012 mmol) were prepared. To one of them was added 0.4
mg (0.001 mmol) of triphenylphosphonium bromide. The solutions thus prepared were

introduced into J-Young NMR tubes and analyzed by NMR spectroscopy after 15 minutes.

4.7.4 Computational Details

The density functional theory calculations were carried out with the B3LYP/B3PW91 hybrid
functional as implemented in the GO3 program. B3LYP is Becke’s three parameter functionals
(B3)?%* with the non-local correlation provided by the LYP expression?*®?6 and VWN
functional Il for local correlation.?” The TZVP basis set was used for all atoms.?® The tight
geometry optimizations were performed without symmetry constraints and with the use of the
modified GDIIS algorithm.25°2¢0 Vibrational analyses were performed to confirm the optimized
stationary points as true minima on the potential energy surface or as transition states, and to
obtain the zero-point energy, thermodynamic data and orbital analysis. The free Gibbs
energies, G, were calculated for T = 298.15 K. For every transition state, the reaction path in

both directions was followed using the intrinsic reaction coordinate (IRC).2¢".262
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Chapter 5 - Metal-free Catalytic Reduction of Carbon

Dioxide

In the next two chapters, we will consider a difficult reaction: the reduction of carbon dioxide.
This chapter will describe the problematic of carbon dioxide as a greenhouse gas, as well as
lay out its principal properties. We will present a brief timeline of the development of reduction
systems, and we will then describe and discuss two novel catalytic systems that, relying on
the cooperation of Lewis bases with boranes, allow the facile and mild reduction of carbon

dioxide to methanol.

5.1 Carbon Dioxide

5.1.1 Carbon Dioxide as a Greenhouse Gas and a Renewable Resource

The 18" and 19" centuries saw important changes in the very fabric of society throughout the
Western world. The effect of technological advances on the daily lives of billions of people at
this time cannot be overstated. As such, this period of history is well known as the Industrial
Revolution. During these times, the gradual yet rapid replacement of wood to coal and then
later to petroleum as fuel allowed revolutions in transportation, mechanized production,
agriculture, and a plethora of other fields. With the increased availability of these energy

sources, energy consumption increased in the West first, and then throughout the world.

While the positive impact of industrialization on society is incalculable, a consequence of the
energetic reliance on fossil fuel that became plain only later is the increase of the
concentration of atmospheric carbon dioxide caused by anthropogenic emissions. While
carbon dioxide is a nontoxic compound and could appear harmless, its properties as a
greenhouse gas and its potential as a climate changing agent are now a cause of global

concern.

Indeed, continuous monitoring of the level of atmospheric CO, performed at Mauna Loa,
Hawaii since 1958 have shown an inexorable increase in the concentration of this gas up to
now. In fact, while below 320 ppm of CO:2 could be quantified in 1958, it had breached the
threshold average value of 400 ppm for the month of March 2015.263 According to the National
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Oceanic and Atmospheric Administration (United States of America) responsible for these
measurements, this current concentration of carbon dioxide is 120 ppm above that of the pre-

Industrial period.?%*

The use of fossil fuel, deforestation, and agricultural practices are generally regarded as the
main reasons behind the anthropogenic emissions of carbon dioxide that total 25.6 gigatons
annually.?®® Considerable work would be necessary to replace the existing infrastructure
which relies on current technology with carbon neutral solutions. In the case of the use of
fossil fuel, a good fraction of the human population is dependent on liquid energy media to
operate important pieces of machinery, most notably for transportation. Adapting emerging
"green" sources of energy to the current technology may seem an insurmountable goal. For
this reason, the use of methanol as an alternative fuel was advocated by Nobel Prize recipient
Georges A. Olah.?%% According to him and other scientists, methanol produced from the
reduction of carbon dioxide represents a viable alternative to fossil fuels both as an energy
vector compatible with current technology and as a potential source of synthetic building
blocks. In principle, the reduction of carbon dioxide to methanol should be performed using
green energy sources and clean processes to be a carbon neutral energy vector. no new

carbon dioxide is produced by the combustion of methanol produced from atmospheric CO..

- Energy + Energy

Figure 5-1: Conversion of CO; to energy vectors (blue). The combustion of these vectors
regenerate CO- and releases energy (red)."

The reduction of carbon dioxide to methanol and water by molecular hydrogen is both
thermodynamically and economically feasible. By producing hydrogen from green energy

sources, the hydrogenation of carbon dioxide can be made feasible in a renewable manner.

' Used with permission from N. Bouchard who designed this figure that is commonly used in our
group to illustrate this concept.
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Unfortunately, the CO; reduction reaction is not feasible in ambient conditions due to the

exceptional stability of carbon dioxide. For this reason catalysts have to be used.

5.1.2 Catalytic Reduction of Carbon Dioxide to Methanol Derivatives

The field of catalytic reduction of carbon dioxide to methanol is currently dominated by
heterogeneous catalysts based on transition metals and transition metal oxides. This type of
system, which allows the gas phase reagents (CO2 and H>) to react together on the surface
of a solid catalyst, is the only kind used today on the industrial scale.?¢"2%® The leading
commercial example of this process is found in the Georges Olah Plant, belonging to the
Icelandic company Carbon Recycling International, that has a yearly production capacity of

renewable methanol of 5 million liters.2%°

The downside of modern heterogeneous catalysts comes from their lack of selectivity. When
reducing carbon dioxide with hydrogen, several products can be formed by side-reactions and
over- or under-reduction.?’°-2’2 Where heterogeneous catalysts are concerned, the complex
processes occurring on metal surfaces are difficult to characterize and it can be difficult to
optimize the catalysts for the desired selectivity. As such, optimization of the conditions, as
well as the use of harsh conditions, is often the best way to obtain satisfactory methanol yields

on sub-optimal catalysts.

While extensive research focuses on the development of new homogeneous catalysts,
homogeneous catalysis in solution offers a convenient platform to study the fundamentals of
carbon dioxide reduction and to develop catalysts with better selectivity. Higher selectivity can
indeed be obtained for the transformation of carbon dioxide to various useful chemicals using
homogenous transition metal-catalyzed processes.?’3-2¢6 However, the field being relatively
new, only two ruthenium homogeneous catalytic systems have yet been reported to yield
methanol by hydrogenation of carbon dioxide, with unfortunately very low efficiency. Indeed,
in solution chemistry, the cascade reduction of CO: to formic acid then to formaldehyde and
to methanol is a considerable challenge (Figure 5-2). The transformation of carbon dioxide to
formic acid is endergonic and formic acid is as difficult to hydrogenate as carbon dioxide, but

possesses different properties.
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H™ ~OH H™H  -H0

0=C=0 H,C-OH

Figure 5-2: Stepwise hydrogenation of carbon dioxide to methanol.

Since hydroboranes can be conveniently used for the reduction of carbonyl compounds, they
can be seen as an alternative to hydrogen as a reducing agent for carbon dioxide. One of the
first uses of hydroboranes in a catalytic reduction of carbon dioxide to methanol was shown
by Guan and coworkers who used a nickel pincer-complex to catalyze the reaction between
carbon dioxide and catecholborane (Figure 5-3). Under ambient pressure and temperature,
the reaction yielded methoxycatecholborane in high yields with close to 100% selectivity and
with a turnover frequency (TOF) of 495 h™'. The methoxyboranes thus formed are precursors

to methanol by simple hydrolysis.?”?

0 0

RZP_'\III_PRZ

H H,O

O0=C=0 + Bcat—H H3C-OBcat + catB—O—Bcat

H3;C—OH
Figure 5-3: Nickel pincer-catalyzed reduction of carbon dioxide using catecholborane.

Using hydrosilanes as reducing agents, transition metal-free systems were also reported for
the production of methanol from carbon dioxide. As mentioned above, alumenium?®’ and
silylium?® cations were shown to catalyze the reduction of carbon dioxide to a mixture of
products including methanol derivatives, with their lack of selectivity coming from their extreme
Lewis acid character. As of June 2013, in fact, the only efficient organocatalysts for the
reduction of CO, were highly Lewis basic N-heterocyclic carbenes that diphenylsilane used
as a hydrogen source with turnover frequencies (TOF) of 25 h™" at 25 °C.?%° Mechanistic
studies on the carbene-catalyzed hydrosilylation of carbon dioxide reveal that the Lewis basic
catalysts can bind to silanes and increase the nucleophilicity of their hydrides (Figure 5-4).
This mode of action is analogous to the alkoxide activation of hydroboranes mentioned

above_289,290
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Figure 5-4: N-heterocyclic carbene activation of diphenylsilane for the activation of carbon
dioxide.

5.1.3 Frustrated Lewis Pairs and Carbon Dioxide

As explained in an earlier chapter, the combination of a Lewis acid and a Lewis base can,
with the appropriate steric and geometric constraints, remain unquenched and react
cooperatively. Using this Frustrated Lewis Pair approach, several systems have been shown
to strongly bind carbon dioxide. These systems have long been considered a promising
avenue for the catalytic reduction of carbon dioxide, but empirical evidence has shown that
using FLP systems to activate the reducing agent instead of carbon dioxide was a better
approach. Indeed, Piers and coworkers were able to use this concept to catalytically reduce

CO- to methane using hydrosilanes, albeit with low efficiency.”!

5.2 Phosphine-borane Catalyzed Reduction of Carbon Dioxide

5.2.1 An Ambiphilic Catalyst for the Reduction of Carbon Dioxide to Methanol

As of 2013, the aforementioned systems represented the most notable examples of metal-
free carbon dioxide reduction to methanol derivatives. At this time, following extensive
research on FLP systems comprised of weakly acidic and basic moieties for collaborative
reactivity, our group studied and reported the possible interactions between phosphine-alane
and carbon dioxide. In these studies Boudreau, Courtemanche and Fontaine showed that
alkyl-bridged phosphine-alanes tend to decompose in the presence of carbon dioxide or of
reducing agents.?%®2%" |n the case of phenyl-bridged phosphine-alane, however, we found that

the decomposition product in the presence of catecholborane a phosphine-borane 4b.2°’
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Figure 5-5: Conversion of phosphine-alane FLP to catalytically active phosphine-borane 4b.

The reaction mixture, if exposed to carbon dioxide, was shown to reduce it to
methoxycatecholborane in mild conditions. With these results in hand, we studied the
reactivity of 4b as a catalyst for the reduction of carbon dioxide using hydroboranes. The
author of this dissertation personally demonstrated the exceptionally high activity of this
catalyst by showing that several boranes were suitable for the reduction, and that inexpensive
borane-dimethylsulfide was especially reactive in the reaction conditions. In fact, he was able
to report an unprecedented and yet unsurpassed turn-over frequency of 853 h' at 80 °C. In
addition he showed that the reaction could be scaled up and that the catalyst would reliably
react even in loadings as low as 0.1 mol.%. Interestingly, the high activities observed for
ambiphilic molecule 4b did not emulate those of transition-metal catalysts. Instead, it

surpassed them by a large margin.

In the course of this study, we also observed the formation of a formaldehyde adduct of 4b,

as well as an induction period for the catalysis.

5.2.2 Mechanism of Phosphine-borane Catalyzed Carbon Dioxide Reduction

Having obtained these record-breaking results, we set out to investigate the mechanism of
action of the catalyst and to uncover how such high activity could be attained. A detailed
computational investigation of possible mechanisms allowed us to determine that a
cooperative behaviour of the unquenched phosphine and boryl moieties of the catalyst was
responsible for the reduction of carbon dioxide. On the one hand, the phosphorus atom is able
to bind stoichiometric catecholborane, transferring to it electron density. On the other hand,
the boryl moiety of the catalyst can simultaneously bind carbon dioxide, acting like a Lewis

acid. We determined this simultaneous ambiphilic activation to be the most plausible mode of
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action of the catalyst. Interestingly, this mode of action did not involve CO- binding by the FLP

molecule as would have been predicted by the then-dominant hypothesis.

QO]
4
B\.,

PR O

PRIBEHS,

Figure 5-6: Transition state for the simultaneous activation of catecholborane and carbon
dioxide in the phosphine-borane-catalyzed reduction of CO..

However, these calculations could not explain the induction period observed for the catalysis
at room temperature. Furthermore, the influence of the steric and electronic properties of the
phosphine and boryl moieties of the catalyst remained unknown. We thus decided to
synthesize a range of phosphine-borane compounds and evaluate their efficiency as catalysts
for the reduction of carbon dioxide to methoxyboranes. In the course of the project, a priority
was given to the elucidation of the mechanism of the reaction. The results obtained in the

course of this study will be the subject of this chapter.
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5.3 Abstract

Ambiphilic phosphine-borane derivatives 1-B(OR),-2-PR’,—C¢H4 (R’ = Ph (4), iPr (5); (OR), =
(OMe). (4a, 5a); catechol (4b, 5b) pinacol (4c, 5¢), OCH.C(CHj3).CH»0O- (4d)) were tested as
catalysts for the hydroboration of CO; using HBcat or BHz*SMe> to generate methoxyboranes.
It was shown that the most active species were the catechol derivatives 4b and 5b. In the
presence of HBcat, without CO,, ambiphilic species 4a, 4¢, and 4d were shown to transform
to 4b, whereas 5a and 5¢ were shown to transform to 5b. The formaldehyde adducts 4b.CH.0
and 5b.CH;0 are postulated to be the active catalysts in the reduction of CO, rather than
being simple resting states. Isotope labelling experiments and DFT studies show that once
the formaldehyde adduct is generated, the CH.O moiety remains on the ambiphilic system
through catalysis. Species 5b.CH20 was shown to exhibit turn-over frequencies for the CO
reduction using BHsz*SMe; up to 228 h™' at ambient temperature and up to 873 h™' at 70 °C,

mirroring the catalytic activity of 5b.

5.4 Résumé

Les dérivés ambiphiles phosphine-borane de forme 1-B(OR).-2-PR’>—Ce¢Hs4 (R’ = Ph (4), iPr
(5); (OR)2 = (OMe)2 (4a, 5a); catéchol (4b, 5b) pinacol (4¢, 5¢), OCH>C(CH3).CH20- (4d)) ont
été évalués quant a leur activité catalytique pour la réduction du dioxyde de carbone en
methoxyboranes par HBcat ou BH3*SMe.. Il est démontré que les dérivés catéchol 4b et 5b
sont les plus actifs. En présence de HBcat, et sans CO,, les composés ambiphiles 4a, 4c et
4d sont convertis en 4b, alos que 5a et 5¢ sont transformés en 5b. Les adduits de
formaldéhyde 4b.CH20 et 5b.CH.0 sont proposés comme especes catalytiquement actives
pour la réduction du CO,, plutdt que n’étre que des intermédiaires de la réaction. Des
expériences de marquage isotopique et des études basées sur la DFT montrent que, une fois
que I'adduit formaldéhyde est formé, le groupement CH,O reste lié au systéme ambiphile
durant toute la réaction catalytique. Globalement, 'espéce 5b.CH20 est le catalyseur le plus
actif, donnant une fréquence catalytique de 228 h™' pour la réduction du dioxide de carbone
par BH3;*SMe; a température ambiante, et de 873 h™' a 70 °C. Ces activités sont comparables

a celles du catalyseur 5b rapportées précédemment.
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5.5 Introduction

The general consensus of the scientific community on the role of green-house gases on global
climate changes has led to several initiatives to limit their emissions. As a consequence, a
large number of contributions on the search for economical and efficient ways to sequester
and valorize carbon dioxide, the principal gas which causes global warming, have appeared.
Nowadays, several technologies are used in order to capture carbon dioxide from flue
exhausts of major producers but sequestration remains a costly solution.?®> One way to make
the capture of CO, more economically viable is in its valorization by using this molecule as a
C-1 building block for the synthesis of valuable chemicals.?®® One transformation that has
attracted much attention is the reduction of carbon dioxide to methanol, which is at the core
of the methanol economy, as promoted by Nobel laureate George A. Olah.?** Several
heterogeneous systems are known to catalytically reduce carbon dioxide to methanol and
some of these technologies are now commercialized.?®* Nevertheless, the search for novel
catalysts is still ongoing, notably using homogeneous systems which give the promise for
more active and selective processes. In that regard, some transition metal-based systems
have been used for the reduction of carbon dioxide to formic acid,?**2%" formates,?8%-

283,286,295,298,299 formaldehyde’274,300—302 methanol,273*275'276'282'302 methane1277,280,285,286

acetals,?® and carbon monoxide 283284304

In the past few years, there have been many important developments in the design of metal-
free catalytic systems for the reduction of carbon dioxide. Indeed, some highly reactive
species such as aluminum?®:3% and silyl cations?®® have been shown to reduce carbon dioxide
with low selectivity to methane, methanol and other alkylation side-products. FLP (Frustrated
Lewis Pair) systems, although known to bind carbon dioxide,®2%43% have demonstrated very
limited efficiency in its reduction.®8-71:307-309 Since the seminal report by Ying and co-workers
that N-heterocyclic carbenes can reduce carbon dioxide in the presence of hydrosilanes to
methoxysilanes,?° which upon hydrolysis yield methanol, there have been few other
organocatalytic systems reported for carbon dioxide reduction. Among these figures the
report by Stephan that some phosphine-borane systems derived from 9-BBN catalyze the
hydroboration of CO,.3" For their part, Cantat and co-workers demonstrated that strong
nitrogen bases, such as guanidines and amidines can be used as organocatalysts for the
reduction of CO, to formamides using hydrosilanes®!" or to methoxyboranes using 9-

borabicyclo[3.3.1]nonane (9-BBN) and, although with very low turn-over frequency, HBcat (cat
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= catechol).?'? It was recently reported that bidentate Lewis bases, such as proton sponge,
can also act as a catalyst for the reduction of carbon dioxide using BH3;*SMe; as a
reductant®'**'* and that even NaBH, can catalyse the reduction of carbon dioxide using BH3
adducts.®'® Moreover, Cantat and co-workers reported the methylation of amines with carbon
dioxide and 9-BBN mediated by proazaphosphatrane superbases.®'® However, these last

systems, although active, exhibit either low turn-over numbers or low turn-over frequencies.

One of the most active metal-free systems for the reduction of carbon dioxide to date is 1-
Bcat-2-PPh,-CesH4 (4b), which can be generated in situ from the addition of HBcat to
precatalyst Al(2-PPh2-CeH4);.2°" 4b can generate methoxyboranes of general formula
CH30OBR: from several hydroboranes (HBR2), such as catecholborane, pinacolborane, and
BH3*SMe;, which in turn can be hydrolyzed to methanol.®®2°” Although such process has
limited commercial potential because of the cost of boranes, it serves as an excellent model
to understand the mechanism of FLP-derivatives in the catalytic functionalization of
unsaturated substrates such as carbon dioxide. Indeed, the very high turn-over frequency
(TOF), which can reach 973 h™', and the turn-over numbers (TON), which exceeds 2950 at 70
°C, obtained surpass that of the most active transition metal catalysts. An in-depth DFT study
of this system using HBcat as reductant allowed postulating that the activation of both the
catecholborane and CO; in a concerted fashion led to much lower transition state energies
than classical reduction pathways, a process that does not occur without catalyst.®'” In order
to optimize this class of catalyst, we were interested at looking at the influence of the
substituents on the phosphine and borane parts. Herein, we report that the influence of the
phosphine and the borane moieties on the catalyst is of limited importance because of
substitutions that occur prior to the beginning of the catalytic activity. Notably, the
formaldehyde generated forms an adduct with the phosphine-borane that turns out to be an
active catalyst for the reduction of carbon dioxide rather than only a resting state as previously
postulated. DFT calculations suggest that the dual activation of the borane and carbon dioxide

plays a key role in the reduction process.
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5.6 Results and Discussion

5.6.1 Efficiency of 1-B(OR)2-2-PR’2-CeH4 Derivatives as Catalysts for the HBcat
Hydroboration of CO>

Phosphine-boranes of the general structure 1-BR2-2-PR’>—CsH4 have been reported before
and used extensively as ligands for transition metals. Some of these metal-free species have
shown a large range of activities, notably in the fixation, splitting and transfer of singlet
dioxygen, 22 in the bifunctional organo-catalyzed Michael addition?*® and in the trapping of
reactive intermediates of organic transformations. In order to better understand the
importance of structural parameters of these phosphine-borane derivatives on the catalytic
activity, the synthesis of 1-B(OR).-2-PR’,—CsH4 derivatives with diphenyl- and diisopropyl-

phosphine moieties (R’ = Ph and iPr) was envisioned (Figure 5-7).

The 1-B(OR);-2-PPho—CsHs derivatives (R, = catechol (4b), pinacol (4c¢), and
OCH2C(CH3).CH20O- (4d)) were easily synthesized from the addition of the corresponding
diols to in situ generated 1-B(OMe).-2-PPh,—CsH4 (4a).3'® The isolation of the latter compound
was also possible on the gram scale, but proved to be quite sensitive to hydrolysis. On the
other hand, the reaction of catechol with 1-B(OMe)2-2-P(iPr).—CsHa4 (5a) surprisingly did not
yield the expected 1-Bcat-2-P(iPr),—CsHs (5b), although the generation of the pinacol
derivative 1-Bpin-2-P(iPr).—CeH4 (5¢) was successful using a similar reaction pathway. It was
however possible to synthesize the desired analogue 5b by the electrophilic trapping of 1-Li-
2-P(iPr),-CsHs with ClBcat. Unfortunately, species 5b proved to be particularly unstable in
solution, which might be caused by redistribution of the catechol moiety promoted by the
nucleophilic phosphine, which had to be protected by coordination to borane, generating
species 1-Bcat-2-[P(iPr)2¢BH3]-Ce¢H4 (5b.BH3).
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Figure 5-7: Synthesis of the various derivatives of general formula 1-B(OR)2-2-R’,P-CsH4
tested in the course of this study.

Table 5-1: Catalytic hydroboration of 2 atm of CO; using HBcat.?

PB catalyst
CO, + 3HBCat H,C—OBCat + CatBOBCat

70°C, C¢Dg

Entry Catalyst Borane Time (min) TONP TOF®
(h™)

1 4a HBcat 105 92 53
2 4b HBcat 98 98 56
3 4c HBcat 105 81 46
4 4d HBcat 105 1 <1
5 4d HBcat 240 48 12
6 5a HBcat 105 84 48
7 5b.BH; HBcat 105 0
8 5b.BH3 HBcat 720 74
9 5¢c HBcat 105 75 43

@Reaction conditions: In a J-Young NMR tube, 530 pmol of catecholborane (56.4 pL) was

added to a mixture of 5.3 umol of catalyst (~0.6 mL of mother liquor at ~8.8 mmol/L) and an

internal standard of hexamethylbenzene (2 mg, 3.3 g/L) in benzene-ds. The final concentration

of catalyst is 8.1 mM. The J-young NMR tube was placed under ~2 atm of CO, and was

heated at 70 °C. The catalysis was followed by "H NMR spectroscopy. PTurnover numbers

(TON) and turnover frequencies for the formation of CHzOBcat according to the number of
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hydrogen atoms transferred to CO, based on NMR integration of the corresponding

resonance with internal standard.

The catalytic activity of 4a-d, 5a, 5b.BH3, and 5¢ was evaluated first using HBcat as a reducing
agent under approximately 2 atm of CO. in benzene-ds." As can be seen in Table 5-1 (entries
1-3, 6, and 9), species 4a-c, 5a and 5c exhibit similar catalytic activity for the formation of
methoxyboranes, sustaining turn-over frequencies between 46 to 56 h™' range in the first 105
minutes of reaction. A stoichiometric amount of catBOBcat was also formed during the
process, as previously characterized for this system.?°” The exception is 5b-BH3, presumably
because of the BH3 protection of the phosphine moiety (entry 7). However, this problem is
circumvented after some time since a TON of 74 was observed after 12 hours of reaction
(entry 8). Species 4d is very slow to start (entry 4), showing insignificant production of
methoxyboranes after 105 minutes of reaction, but with increasing activity as time goes,
reaching TON of 48 after 4 hours (entry 9).

5.6.2 Spectroscopic Monitoring of the Reduction Process

In order to rationalize the similarities in catalytic activity of the different phosphine-borane
species, and explain the difference of reactivity for the neopentyl glycol derivative 4d, the CO»
reduction using HBcat was monitored using 'H and 3'"P{'H} NMR spectroscopy. As previously
reported, one species at -1.0 ppm was observed by *'P{'H} NMR spectroscopy when 4b was
used as catalyst, which was attributed to the formaldehyde adduct 1-Bcat-2-PPh,—CeH4.CH2O
(4b.CH20). Interestingly, it was observed that 4b.CH20 was also present at the end of the
CO: reduction catalytic experiments when using any of the 4a-d derivatives as catalyst. In
order to account for possible transformations of the catalyst during the reduction process, the
reactions of species 4a-d with HBcat were carried out. It was found that 4a, ¢ and d readily
convert to species 4b when 5 equiv of catecholborane was added to these species in the
absence of CO,. However, species 4d was shown to undergo such replacement more slowly
than the other ambiphilic species. Monitoring the catalytic reduction of CO, with 4d as a

catalyst showed that catalysis did not begin until it transforms to 4b. Similarly, the CO,

" The exact protocol described in the experimental section was carried out for all catalytic reactions. However,
since the volume of the NMR tubes differ slightly and some small difference in temperature or pressure can occur
when the CO: is transferred in the J-Young tube, the exact pressure cannot be known. In a typical experiment with
HBcat, the CO2 will be in significant excess, but in the case of the reactions with BH;*SMe,, about 1.5 atm is needed
for full conversion, which might alter the activity after more than 200 TON.
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reduction reactions using 5a, 5b.BH3, or 5¢ as catalysts allowed the observation of a single
phosphorus containing species by *'P{"H} NMR at & = 14.8 as the resting state of the reaction.
The addition of HBcat to 5b.CH.0 (vide infra) in solution without the presence of CO, gave
the same resonance observed under catalytic conditions at = 14 ppm, suggesting that the
latter species consist in a Lewis adduct between 5b.CH20 and HBcat, presumably by an
interaction between the HBcat and one O adjacent to B, although the exact mode of interaction
could not be determined experimentally. This transformation implies the reduction of CO; to
formaldehyde, as previously reported for the PPh, derivatives, but also the substitution of the
pinacol moiety on boron by a catechol moiety. Similarly to the case of the -PPh, catalysts, the

formaldehyde adduct 5b.CH0 is the resting state of the CO; reduction reaction.

5.6.3 Synthesis of the Formaldehyde Adducts and Labelling Experiments

As observed in Figure 5-8, the formaldehyde adduct of 4b can be prepared and isolated by
heating the phosphine-borane 4b in the presence of excess paraformaldehyde. Unfortunately,
other phosphine-borane formaldehyde adducts based on the PPhs framework could not be
isolated. In fact, 4a decomposed when heated with paraformaldehyde. While 4c¢ is stable in
the presence of paraformaldehyde, its binding of formaldehyde was found to be reversible
and the adduct 4¢.CH20 could not be isolated in the solid form. Consequently, 4c.CH-0 could
be prepared in situ and characterized by NMR spectroscopy, but its catalytic activity could not
be quantified. In chloroform-d, the methylene resonances were observed by 'H NMR
spectroscopy at 5.37 ppm for both 4b.CH20 and 4¢.CH-0, which is consistent with the change
in hybridization of the carbon atom and with the loss of planarity of the aldehyde. In the 3'P{'H}
NMR spectra, 4c.CH20 was characterized by a singlet at -5.5 ppm, while 4b.CH.0 resonates
at d = -3.5. The "B NMR spectra show signals consistent with tetravalent boron atoms at 5.7
and 8.8 ppm for 4c.CH-0 and 4b.CH-0, respectively. The formaldehyde adducts of the PiPr-
derivatives appeared to be more stable than their PPh; counterparts. Species 5b.CH.O was
isolated in quantitative yield by the addition of 3 equiv of HBcat to 5¢ under 1 atm of CO: in
benzene-ds or by the addition of 30 equiv of HBcat to species 5¢.CH20 (Figure 5-8). This
species has a *'P NMR chemical shift of & = 12.2 and the CH; resonance was observed at d
= 4.96 in the '"H NMR spectrum. 5¢c.CH20 was isolated by the addition of paraformaldehyde
to species 5¢ in toluene at 70 °C and was characterized by 3'P NMR spectroscopy (5 = 7.7).
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Figure 5-8: Synthesis of formaldehyde adducts of phosphine boranes. 4b.CH.O : path A
using 4b, 80 °C, 16 h; 4b."*CH.0: path B using 4b, '*CO,, 5 HBcat, 80 °C, 16 h; 4c.CH.O:
path A, using 4c, 70 °C, 15 min; 5b.CH.0: path B using 5c¢, 3 HBcat, 80 °C, 12 h; 5¢.CH.0:
path A, using 5¢, 70 °C, 15 min.

In order to verify if the aldehyde adduct is only a resting state or a significant part of the active
catalyst, labelled 4b."*CH.0 and 5b."*CH,0 were prepared directly from *CO,. 4b."*CH,0
was synthesized by exposing 4b to ca. 2 atm of *CO; in a closed Schlenk vessel in the
presence of 5 equivalents of catecholborane. The resulting white precipitate was isolated and
washed several times with toluene to yield pure 4b."*CH.0. The 3'P{'H} NMR spectrum for
4b."3CH.0 shows a characteristic doublet at -3.5 ppm with a "Jc.p of 57 Hz. In the '"H NMR
spectrum, the CH,0O resonance was found as a doublet at 5.37 ppm with a "Jc.1 of 151 Hz.
Interestingly, when this species was used as catalyst for the hydroboration of CO2 using HBcat
(Figure 5-9, equation 1), no '*C incorporation was observed in the methoxyborane formed
and the "C-*'P coupling within the formaldehyde adduct could be observed by NMR
spectroscopy throughout the catalytic process. Consistently, when 4b.CH20 and 5b.CH-0O
were used to reduce *CO,, no *C incorporation was observed in the formaldehyde adducts.
These experiments demonstrate that the CH,O fragment bridging P and B is not reduced but
stays coordinated on the ambiphilic molecule. Thus the formaldehyde adduct is more than a
resting state and is in fact the active species responsible for the fast reduction of CO; in the

presence of ambiphilic phosphine-boranes compounds 4 and 5.
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Figure 5-9: Labeling experiments carried out with the phosphine-borane formaldehyde
adducts 4b.CH20 and 5b.CH:0.

5.6.4 DFT Studies of CO2 Reduction using Formaldehyde Adducts

In order to determine whether formaldehyde adduct 4b.CH,O and 5b.CH.0 in the catalytic
transformation, the possible interactions between HBcat and these species were studied
using computational chemistry. In order to compare the energies with our previous
computational studies, calculations were performed at the same level of theory (B97D/6-
31G**) with the solvation effects (benzene) accounted for by the SMD model. As shown in
Figure 5-10, several possible adducts could be optimized where the borane interacts with one
of the oxygen on the phosphine-borane species, notably from the catechol and the aldehyde
moieties. Although the previously reported formaldehyde adduct remains the most
thermodynamically stable adduct, many other minima could be located on the energy surface.
Unsurprisingly, all the isomers have very similar energy values, making difficult the
identification of one ground-state structure, especially when keeping in account the
uncertainty of the method (+ 5 kcal.mol), and the possible involvement of fluxional processes

and conformational changes.
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Figure 5-10: Some of the calculated adducts between the boranes ( = HBcat) and

species 4b-CH20 with calculated free enthalpy and free energy (kcal.mol™') computed at the
B97D/6-31G** with the experimental solvent (benzene) accounted for the SMD model.
*Indicates that two minima were observed for two rotamers.

Intrigued by the important number of isomers identified and by the possibility for the aldehyde
adduct to be an active catalyst rather than a resting state, pathways for CO- reduction were
investigated with 4b.CH20 acting as a catalyst. In the study of the reduction of CO; by 4b, the
lowest energy barriers were found upon simultaneous activation of the catecholborane by the
Lewis base and of carbon dioxide by the Lewis acid. Direct reduction of carbon dioxide, once
bound in a classical fashion by the phosphine and the borane of the catalyst, was found to

require a much higher barrier (Figure 5-11).
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Figure 5-11: Previously reported transition states (and energies in kcal.mol') for the

hydroboration of CO; by 4b; H[B] = catecholborane.?'’

Pathway A: H-Bond activation CO,

IM1: -14.3 (1.6)

Pathway C: Boronium/hydridoborate transfer

TS1a-1.1(28.6)

TS1a: -1.1 (28.6)

TS1b 1.9 (29.6)

Pathway B: Lewis acidic activation of CO,

IM3: -6.3 (7.3)

TS1b: 1.9 (29.6)

Pathway D: Competitive hydroboration of formaldehyde

IM3: -6.3 (7.3)

TS1c-1.8(26.3)

— - #
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Figure 5-12: Transition states structures for the hydroboration of CO, by 4b.CH.0 and HBcat.
Calculated free enthalpy and free energy (kcal.mol ') computed at the B97D/6-31G** with the
experimental solvent (benzene) accounted for the SMD model.
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After a thorough investigation of the possibilities for 4b.CH20 to act as a catalyst for CO:
reduction, it was possible to find three new transition states which all involve simultaneous
activation of HBcat and COs.. In the first transition state, TS1a (-1.1 (28.6)), the H(2)-O(1)
distance of 2.15 A suggests that the Lewis acidic activation is achieved through hydrogen
bonding with one of the hydrogen atoms of the bound-formaldehyde (Figure 5-12). Although
unusual, the activation of CO2 by hydrogen bonding was suggested before in the
Ni(ll)(cyclam) electrochemical reduction of CO to CO by Sauvage and co-workers and in the
reduction of CO; to sodium formate by an Ir(lll) pincer complex by Hazari and co-workers.
Another interesting aspect of this transition state is the difference in B-O bond lengths. While
the B(1)-O(4) bond of 1.38 A is in the expected range, the B(1)-O(3) bond of 2.27 A is
significantly elongated, showing that the catechol group is disconnected and that the B-
catechol ring is opened. The second transition state also involved the formation of an
oxygenate species with HBcat, but this time from the opening of the formaldehyde adduct
(IM3) (TS1b; 1.9 (29.6) kcal.mol™"). The oxygen atom of CO: is perfectly aligned with the Lewis
acidic boron center. The B-O bond distance of 2.44 A and the planar geometry around the
boron center (sum of angles = 358.7°) suggests weak interaction with the carbon dioxide
molecule. The third transition state with similar energy values than the two other transition
states was also located starting from intermediate IM5, (TS1c -1.8 (26.3) kcal.mol ™). It was
found to occur by a simultaneous delivery of a boronium/hydridoborate ion pair which would
be formed from the transfer of the hydride from one B-catechol moiety to the other. In all these
intermediates, the formaldehyde adduct plays an important role, either by activating the
borane or the carbon dioxide. Once the hydride and the Bcat moieties are transferred to
generate the catBOC(O)H species, the B-O bond that was broken in the transition state (from
the Bcat in pathway A and from B-OCH, in pathways B and C) is regenerated to reform
species 4b.CH.0.

Comparing these transition states with the direct reduction of formaldehyde (TS1d, 22.3 (38.8
kcal.mol™") supports the experimental observation that formaldehyde remains bound to the
ambiphilic framework during catalysis. The transition states TS1a-TS1c were found to have
free energies that are respectively 9.7, 8.7, and 12.0 kcal.mol" lower than the activation by
the phosphine that was originally reported. Although it is likely that the initial formation of the
aldehyde occurs through the phosphine-borane mechanism, the results reported herein show

that the oxygen atoms are more potent than phosphorus in the activation of hydroboranes.
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5.6.5 Catalytic Efficiency of Aldehyde Adducts in the Reduction of CO2 using
BH3*SMe2

The efficiency of the aldehyde adducts was then evaluated in the reduction of CO- using the
dimethylsulfide-borane adduct as a reducing agent. BH;*SMe; is a reagent of choice for the
hydroboration of CO; since it is less reactive and dangerous than the diborane reagent B2Hg
while possessing high hydrogen content by having three transferable hydrides per boron
atom. Interestingly, no transition metal system has been reported to use BH3 adducts for the
reduction of carbon dioxide and only a limited number of organocatalysts can do such
reaction, including 4b that proved the most active to date, with TOF of 973 h-' at 70 °C.83.207
To follow up on known literature, the values of TON and TOF were calculated according to

the number of hydrogen atoms transferred on COs,.

The catalytic reduction of CO; was carried out using 4a-4d as catalysts (Table 5-2, entries 1-
4). In these experiments, about 2 atm of CO, was added to a 8 mM solution of the catalyst in
benzene-ds containing 100 equiv of BH3*SMe; in a J-Young NMR tube. As can be observed,
both species 4a and 4b showed good activities, reaching TOF of 257 and 242 h™' in the first
hour of reaction (Table 5-2, entries 1 and 2, respectively). There is a significant decrease in
activity when the pinacol derivative was used, since only a TOF of 43 h™' was observed (Table
5-2 entry 3), whereas catalyst 4d did not show significant activity (Table 5-2, entry 4). While
the reduction of CO, using BH3z*SMe> and 4b as catalyst proceeds rapidly at 70 °C, it was
shown to be much slower at room temperature. As it was reported, the spectroscopic
monitoring of the latter reaction reveals that it suffers from a long induction period before
reaching its peak turnover frequency. The intermediates of the reaction were monitored using
'H and 3'P NMR spectroscopy. As long as species 4b.BH; is the only one in solution, no
significant reduction process is taking place. However, as soon as the presence of the
formaldehyde adduct was observed, the catalytic reduction rate was shown to increase

significantly, confirming that 4b.CH.0 is playing a significant role in the catalytic reduction.
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Table 5-2: Catalytic hydroboration of 2 atm of CO; using BH3*SMe>.2

PB catalyst
CO, + BH3.SMe, >  [B(OMe)O], + SMe,
CsDe

Entry Catalyst Time (min) T (°C) | TONP TOF®
(h™)

1 4a 60 70 257 257

2207 4b 67 70 271 242

3 4c 60 70 43 43

4 4d 60 70 <1 <1

5 4b.CH:0 35 25 84 144

6 5b.CH20 30 20 114 228

7 5b.CH20 90 20 204 136

8 5b.CH20 30 70 297 594

9° 5b.CH.0 30 70 435 873

10¢ 5b.CH20 90 70 1005 670

@Reaction conditions: In a J-Young NMR tube, 530 umol of BH3z*SMe; (56.4 uL) was added to
a mixture of 5.3 pymol of catalyst (~0.6 mL of stock solution at ~8.8 mmol/L) and an internal
standard of hexamethylbenzene (2 mg, 3.3 g/L) in benzene-ds for entries 1-5, but in
chloroform-d for entries 6-10. The final concentration of catalyst is ~8.1 mM. The J-young
NMR tube was placed under 2 atm of CO, and was heated at 70 °C. The catalysis was
followed by 'H NMR spectroscopy. PTurnover numbers (TON) and turnover frequencies for
the formation of [B(OMe)O], according to the number of hydrogen atoms transferred to CO»
based on NMR integration of the corresponding resonance with internal standard. “The
reaction was performed under the same conditions but with a catalyst concentration of ~1.8
mM.

When carrying out the reduction of CO; in benzene at room temperature with 4b.CH-0 as the
catalyst, the rapid reduction of CO, was observed in the first minutes of reaction. In fact, within
the five minutes needed for the acquisition of the first NMR spectrum, it was possible to
ascertain a nominal TON value of 26 for the conversion of CO, to [MeOBO],, which can be
associated with an initial TOF of > 520 h™' (Figure 5-13). This reaction rate is significantly

superior to previously observed catalytic activities at ambient temperature when using 4b as
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the starting catalyst, especially when considering that a significant amount of the catalyst was
not dissolved at this time. After 35 minutes, a TON of 84 was observed, corresponding to a
TOF of 144 h' (Table 5-2, entry 5).
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Figure 5-13: Number of turn-overs for the reduction of CO; in [B(OMe)Q], in the presence of
100 equiv of BH3*SMe> as a reductant using 9 mM solution of (e) 4b.CH20 and (m) 4b in
benzene-ds. The reaction was carried out at room temperature using about 1-2 atm of CO: in
a J-Young NMR tube. The exact pressure could not be measured, but under the loading
present it is expected that CO, will be the limiting reagent since 1.5 atm is needed to obtain
100% vyield (300 TON), explaining the lower rate at high conversion.

The formaldehyde adduct 5b.CH20 was also evaluated with BH3*SMe; as a reductant. The
catalytic tests were performed in chloroform-d to ensure good solubility. Accordingly, it was
found that a 1 mol% of species 5b.CH,0 could give over 99% of the conversion expected
within 30 min, giving TON of 114 and TOF over 228 h™' at ambient temperature, which is
slightly higher that the activity of 4b.CH20 (Table 5-2, entry 6). Letting the reaction run for 90
minutes increased the TON value to 204, while reducing the TOF to 136 h™' (Table 5-2, entry
7). Looking at the reactivity at 70 °C it was possible to observe that catalyst 5b.CH20
converted almost quantitatively BHz*SMe; to methoxyboranes in 30 min, giving TON and TOF
of 297 and 594 h' (Table 5-2, entry 8), respectively, which under NMR tube conditions
surpass that of catalyst 4b. Decreasing catalyst loading to 1.8 mM but keeping all the other

parameters identical, it was possible to observe that catalyst 5b.CH20 could give a TON of
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435 in the first 30 min (TOF of 873 h™'), while running the reaction for 150 min increased the
TON to 1005 (Table 5-2, entries 9 and 10). These results are of significant interest since some
of the formaldehyde adducts exhibit higher stability than their phosphine-borane precursors,
notably in the case of 5b. Also, the high activity at ambient temperature and the absence of
induction period contrasts drastically with all systems reported to date to reduce CO- using
BH3 derivatives which usually need induction periods and higher temperatures to proceed

efficiently.

It should be noted that the increase in activity of the formaldehyde adducts compared to the
ambiphilic phosphine-boranes is really counterintuitive, especially when comparing with the
usual chemistry of Frustrated Lewis Pairs. Indeed, in latter systems, the activation of
substrates such as molecular hydrogen and carbon dioxide is possible by preventing the
formation of Lewis adducts between the two components of the FLP. Although such process
is particularly important in hydrogen activation, it does not seem to play a similar role in the
catalytic reduction of carbon dioxide. Indeed, the most important factor seems to be the
activation of the reducing agent, which is done in the current system by interaction of the
hydroborane with O atoms of the formaldehyde adduct; something that can be related to the
activity of several borates in the reduction of carbon dioxide, including notably the BH4™ salts
that are well-known to reduce CO: in a stoichiometric fashion. It seems however that the
simultaneous activation of the carbon dioxide by either hydrogen bonding or by a weak Lewis
acid such as the boroncatecholate moiety is helping to lower significantly the transition state
energy. As it was stated before, such weak Lewis acid can also prevent the formation of very
stable formate adducts which might make difficult the release of the reduced species and high
catalytic turn-overs. The formaldehyde adducts 4b.CH,O and 5b.CH.O presented in this
system have also the advantage to be quite stable to both air and water, which are significant

advantages compared to some ambiphilic species, notably 5b.

5.7 Conclusion

Ambiphilic species reported in this study all show the ability to hydroborate catalytically CO-
to CH3OBR: derivatives using catecholborane and BH3:*SMe,. However, in the presence of
catecholborane, all species undergo transformations to generate respectively 4b.CH.0O or
5b.CH-0, which are believed to be the active catalysts in the latter reaction. Although the
exact mechanism for such transformation is unknown, derivatives of 4b and 5b seem to be

the favored species in such system. The latter reaction also puts in evidence the importance
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of possible redistribution occurring in such systems with the B-O bonds being quite kinetically
labile. As it was demonstrated by using 4b."*CH.0 and 5b."*CH.0 as catalysts, the interaction
between the formaldehyde and the phosphine-borane moiety seems to remain intact
throughout catalysis. DFT modeling of possible transition states show that the ambiphilic
activation remains possible, as it was proposed for species 4b, but this time one oxygen atom,
either from the formaldehyde or the catechol moieties, acts as Lewis base to activate the
reducing agent, whereas the CO- is activated either by one borane or by hydrogen bonding
with one hydrogen of the formaldehyde adduct. Species 5b.CH20 was shown to be the best
catalyst at room temperature reported for this system, obtaining TOF of 228 h-'. Although it
represents a much harder challenge, we are currently interested in using this concept for the

hydrogenation of carbon dioxide.

5.8 Experimental Details

General comments: All reactions and manipulations were carried out under an atmosphere
of dry argon using standard Schlenk techniques. All solvents were sparged with argon and
dried using an MBRAUN Solvent Purification System or distilled from Na/benzophenone. 'H,
BC and *P NMR spectra were recorded on NMR spectra were recorded on Agilent
Technologies or Bruker Avance 500 NMR spectrometers at 500 MHz ('H), 125.758 MHz (*3C),
202.456 MHz (3'P) 160.46 MHz (''B), on a Varian Inova NMR AS400 spectrometer, at 400.0
MHz (*H), 100.580 MHz ('*C), 161.923 MHz (3'P), or on Bruker NMR AC-300 at 300MHz ('H),
75.435 MHz (3C), 121.442 MHz (3'P). Chemical shifts are expressed with a positive sign, in
parts per million, calibrated to residual solvent signals ('H, '*C), 85% H3PO4 (*'P, 0 ppm), and
B(OMe); (''B, 0 ppm). Mass spectra were recorded on a Waters GCT mass spectrometer.
1-bromo-2-diisopropylphosphinobenzene,?'® 4b,2°” 4b.CH.0,%*" 4¢,*'® and 4d*'® were

prepared as previously described.
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5.8.1 Synthesis of Phosphine-Borane Derivatives

Compound 4a

To a solution of (2-bromophenyl)diphenylphosphine (1.95 g, 5.72 mmol) in tetrahydrofuran
(20 mL) was added dropwise n-BuLi (2.3 mL, 2.5 M in hexane, 5.72 mmol) at -78 °C and the
reaction mixture was warmed up to -40 and stirred for 1 hour. Trimethylborate (1.78 g, 1.9 mL,
15.6 mmol) was then added by syringe. The reaction mixture let to warm up to room
temperature in its cold bath and stirred at room temperature overnight. The volatiles were
removed under a vacuum and the mixture was extracted with hexanes (3 x ca. 20 mL).
Compound 4a was obtained as a white solid with a yield of 94% after in vacuo evaporation.
"H NMR (500 MHz, benzene-ds) : 7.44-7.37 (m, 5H), 7.37-7.28 (m, 2H), 7.10-6.99 (m, 7H),
3.48 (s, 6H, BOMe,); *C{'H} NMR (125 MHz, chloroform-d): 133.9 (d, Jc-r = 19.5 Hz, Carom),
133.8 (s, Carom), 131.5 (d, "Jc-p = 15.7 Hz, Carom), 128.9 (S, Carom), 128.7 (d, Jcpr = 6.2 Hz,
Carom), 128.6 (S, Carom), 128.6 (S, Carom), 52.3 (d, Jc-p = 57.7 Hz, MeO); *'P{'"H} NMR (202 MHz,
benzene-ds): -6.0 (s); ""B{'"H} NMR (161 MHz, benzene-ds) : 29.7 (br).

Compound 4a."*CH.0

A solution of 4a (650 mg, 1.45 mmol) in toluene (15 mL) was prepared and introduced in a
sealable Schlenk tube. Catecholborane (867 mg, 7.25 mmol) was added and the reaction
vessel was immediately frozen in a liquid N2 bath. '*CO. (ca 2 atm.) was added and the tube
was sealed, thawed then heated to 70 °C overnight. A white solid precipitated during the
heating, was collected by filtration and washed four times with toluene to afford 4a."*CH0 as
a white solid. '"H NMR (500 MHz, chloroform-d) : 7.87 (dd, 1H), 7.77-7.70 (m, 6H), 7.64-7.60
(m, 5H), 7.36 (ddt, 1H, J = 1.5, 3.7, 7.6 Hz), 7.30-7.24 (m, 1H), 6.78 (m, 2H, catechol), 6.66
(m, 2H, catechol), 5.37 (d, 2H, "Jc-1 = 151 Hz, CH,0). *C{'H} NMR (125 MHz, chloroform-d):
152.6 (s, Carom), 134.5 (d, Jcp = 2.8 Hz, Carom), 134.3 (br), 133.7 (d, "Jcp = 9.5 Hz, Carom),
130.7 (d, Jcp = 9.5 Hz, Carom), 130.1 (d, Jep = 11.4 Hz, Carom), 127.9 (d, Jcp = 12.9 Hz, Carom),
118.1 (s, cat), 109.3 (s, cat), 60.3 (d, Jcp = 57.7 Hz, CH20); *'P{'H} NMR (202 MHz,
chloroform-d) :-3.5 (d, "Jcu = 57 Hz); "B {"H} NMR (161 MHz, chloroform-d) : 8.7 (br).
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In situ characterization of 4c.CH-0

4c (ca. 5 mg) was dissolved in chloroform-d and placed in a J-Young NMR tube along with
excess paraformaldehyde. The mixture was heated for 30 minutes at 80 °C and subsequently
analyzed by NMR."H NMR (500 MHz, chloroform-d) : 8.12 (dd, 1H), 7.77-7.45 (m, 11H), 7.37-
7.05 (m, 2H), 5.37 (d, 2H, "Jcn = 151 Hz, CH20), 1.32 (s, 12H, pinacol); 3'P{'H} NMR (202
MHz, benzene-ds) : -5.5 (s); "'B{'"H} NMR (161 MHz, chloroform-d) : 5.7 (br).

Compound 5a

0
Br n-BuLi, Et,0 Li B(OMe)s, Toluene B\O/
-45°C -78°Ctor.t.
PiPr, PiPr, PiPr,
5a

Figure 5-14: Preparation of compound 5a.

To a solution of (2-bromophenyl)diisopropylphosphine (1.11 g, 4.06 mmol) in diethylether (5
mL) was added dropwise n-BuLi (2.5 mL, 1.60 M in hexane, 4.06 mmol) at -40 °C and the
reaction mixture was stirred 1 h at this temperature. The mixture was decanted and the
supernatant was removed by filtration at -40 °C. The resulting white solid was washed with
diethylether (2 x 5 mL) at -40 °C. The solid was then dissolved in 5 mL of toluene at -78 °C,
and added to a solution of trimethylborate (2.7 mL, 24.7 mmol) in 5 mL of toluene at the same
temperature. The reaction mixture was stirred at rt overnight. The solution was filtrated
through a plug of Celite, and volatiles were removed under a vacuum. The resulting oil was
distilled using Kugelrohr apparatus (vacuum: 0.05 mbar, T°= 90 °C). Compound 5a was
obtained as colorless oil with a yield of 70 %."H NMR (300 MHz, benzene-ds): 7.30 (m, 2H),
7.14 (m, H), 3.57 (s, 6H, OCH3), 1.97 (septd, 2H, 3Jun = 7.0 Hz, 2Ju.r = 2.8 Hz, CH(CHj3)y),
1.10 (dd, 6H, 3Ju = 7.0 Hz, 3Ju.e = 14.7 Hz, CH(CHs)2), 0.92 (dd, 6H,3Jun = 7.0 Hz, 3Jhp =
11.7 Hz, CH(CHs).); *'"P{'H} NMR: (161 MHz, benzene-ds): 8.8 (s); 'B{'H} NMR: (96 MHz,
benzene-dg) : 29.7 (s).
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Compound 5b.BH3
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Figure 5-15: Preparation of compound 5b.BHs.

To a solution of (2-bromophenyl)diisopropylphosphine (505 mg, 1.85 mmol) in diethylether (5
mL) was added n-BuLi (1.15 mL, 1.60 M in hexane, 1.85 mmol) dropwise at -40 °C and the
reaction mixture was stirred 1 h at this temperature. The mixture was decanted and the
supernatant was removed by filtration at -40 °C. The resulting white solid was washed with
diethylether (2 x 5 mL) at -40 °C. The solid was then dissolved in 5 mL of toluene at -78 °C,
and added to a solution of chlorocatecholborane (257 mg, 1.66 mmol) in 5 mL of toluene at -
78 °C. The reaction mixture was stirred at rt overnight. The solution was filtrated through a
plug of Celite, and dried under a vacuum. The resulting solid was dissolved in 5 mL of pentane
and stored at -80 °C overnight allowing the precipitation of a white solid. The solution was
then filtrated and dried. The resulting solid was dissolved in 5 mL of toluene and borane
dimethylsulfide complex (0.83 mL, 2.0 M in THF, 1.66 mmol) was added to the solution. The
mixture was stirred 30 min and then volatiles were removed under vacuum. The resulting solid
was dissolved in 2 mL of pentane and stored at -80 °C overnight. Compound 5b.BHs3 was
obtained as a white powder after filtration with a yield of 49%. HRMS (DCI-CHj4) calcd for [M-
H]* (C18H24B20,P)*: 325.1700, Found: 325.1702. '"H NMR (300 MHz, benzene-ds): 7.72 (t, 1H,
3Jun = 1.5 Hz, Jup = 8 Hz, Harom), 7.64 (m, 1H), 7.08 (m, 4H), 6.84 (m, 2H), 2.33 (septd, 2H,
3Jun = 7.0 Hz, 2Jup = 12.0 Hz, CH(CHa)2), 1.17 (dd, 6H, 3Jun = 7.0 Hz, 3Jupe = 15.0 Hz,
CH(CHs)2), 0.89 (dd, 6H,3Ju.4 = 7.0 Hz, 3Jupe = 15.0 Hz, CH(CHs),). Signals attributed to BH3
are very broad (multiplet from 0.7 to 1.5 ppm); *C{"H} NMR (75 MHz, chloroform-d): 148.8 (s,
2C, Carom), 136.0 (d, Jc-p = 10.0 Hz, CHarom), 134.4 (d, Jcp = 7.8 Hz, CHarom), 133.0 (d, "Jep =
45.3 Hz, Carom), 130.1 (d, Jcp = 8.6 Hz, CHarom), 130.0 (d, Jc-p = 2.4 Hz, CHarom), 123.3 (s, 2C,
CHoarom), 113.0 (s, 2C, CHarom), 23.6 (d, Jc-p = 32.8 Hz, CHCHa), 17.8 (s, CHz3), 17.7 (d, Jcr =
1.5 Hz, CHs). The quaternary carbon connected to the boron atom was not observed; 3'P{'H}
NMR: (161 MHz, benzene-ds): 39.0 (m); "B{'H} NMR: (96 MHz, benzene-ds) : 32.0 (s, Bcat),
-43.8 (d, Js-r = 30.0 Hz, BH3).
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Figure 5-16: Preparation of compound 5c.

To the solution of (2-bromophenyl)diisopropylphosphine (558 mg, 2.04 mmol) in diethylether
(5 mL) were added n-BuLi (1.3 mL, 1.60 M in hexane, 2.04 mmol) dropwise at -40 °C and the
reaction mixture was stirred 1 h at this temperature. The mixture was decanted and the
supernatant was removed by filtration at -40 °C. The resulting white solid was washed with
diethylether (2 x 5 mL) at -40 °C. The solid was then dissolved in 5 mL of toluene at -78 °C,
and added to a solution of trimethylborate (1.4 mL, 12.2 mmol) in 5 mL of toluene at the same
temperature. The reaction mixture was stirred at rt overnight. The solution was filirated
through a plug of Celite, and the volatiles were removed from the supernatant under a
vacuum. The resulting oil was dissolved in 5 mL of toluene and added to a solution of pinacol
(200 mg, 1.69 mmol) in toluene (5 mL). The mixture was heated during 1h at 90 °C. The
volatiles were removed under a vacuum. The resulting solid was dissolved in 10 mL of
pentane and stored at -80 °C overnight. The exces of pinacol was precipitated and eliminated
by filtration. The supernatant was concentrated and placed at -80 °C overnight. Compound
5c was obtained as a white powder after filtration with a yield of 76%. HRMS (DCI-CHj4) calcd
for [M+H]* (C1sH30BO2P)*: 321.2155, Found: 321.2159. 'H NMR (300 MHz, benzene-ds): 7.77
(m, 1H, Harom), 7.39 (m, 1H), 7.18 (m, 2H), 2.04 (septd, 2H, 3Jun = 7.0 Hz, 2Jur = 4.5 Hz,
CH(CHz3)2), 1.24 (s, 12H, Hpin), 1.15 (dd, 6H, 3Ju.n = 7.0 Hz, 3Ju.e = 13.9 Hz, CH(CHs).), 1.0
(dd, 6H, 3Ju.h = 7.0 Hz, 3Jupe = 11.9 Hz, CH(CHs).); *C{'H} NMR (76 MHz, benzene-ds): 141.8
(d, "Jep = 20.0 Hz, CHarom), 133.8 (d, Jc-p = 13.8 Hz, CHarom), 131.7 (d, Jc-r = 2.3 Hz, CHarom),
128.9 (s, CHarom), 127.99 (d, Jcp = 1 Hz, Canm), 83.9 (s, 2C, Cpin), 25.2 (s, CHaspin), 25.1 (s,
CHapin), 24.6 (d, "Jc-p = 14.5 Hz, CHCHj3), 20.3 (d, 2Jc» = 18.0 Hz ,CHj3), 20.1 (d, 2Jc.p = 12.0
Hz, CHs) The quaternary carbon connected to the boron atom was not observed; *'P{'"H} NMR
(161 MHz, benzene-de): 6.4 (s); "'B{'"H} NMR (96 MHz, benzene-de): 31.7 (s, Bpin).
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Figure 5-17: Preparation of compound 5b.CH-0.

Catecholborane (123.8 uL, 1.16 mmol) was added to 5¢ (124 mg, 0.39 mmol) in benzene-ds
solution (15 mL) and the mixture was transferred to a Fisher-Porter tube at rt. The tube was
placed under vacuum in the liquid nitrogen bath during = 10 seconds. Then, the cold bath was
removed and the tube was placed at room temperature. After = 30 seconds the tube was
placed under 1 atm of CO,. The solution was stirred and heated at 70 °C. The consumption
of catecholborane was followed by '"H NMR. After one night of reaction under CO,, the mixture
was filtrated. The solid was washed with pentane (2 x 15 mL) and dried under vacuum.
Compound 5b.CH20 was obtained as a white powder with a yield of 96%. Anal. Calcd. for
C19H24BO3sP; C, 66.69; H,7.07. Found: C,66.57; H, 7.30. HRMS(DCI-CHj4) calcd for [M+H]*
(C19H25BO3P)*: 343.1634, Found: 343.1631. '"H NMR (300 MHz, chloroform-d): 7.82 (m, 1H),
7.56 (m, 1H), 7.33 (m, 2H), 6.71 (m, 4H, Hcat), 4.965 (s, 2H, CH-0), 2.75 (septd, 2H, 3Ju.n =
7.0 Hz, 2Ju.p = 12.0 Hz, CH(CHs)2), 1.43 (dd, 6H, 3Jun = 7.0 Hz, 3Jupe = 16.3 Hz, CH(CHs)2),
1.37 (dd, 6H, 3Jun = 7.0 Hz, 3Jupe = 16.3 Hz, CH(CHs).); "*C{'H} NMR (75 MHz, chloroform-
d): 152.8 (s, Ccat), 135.4 (d, Jc.r = 11.7 Hz, CHarom), 133.8 (d, Jcr = 3 Hz, CHarom), 128.8 (d,
Jc.p = 8.8 Hz, CHarom), 127.6 (d, Jc-p = 11.9 Hz, CHarom), 118.2 (s, CHcat), 115.8 (d, "Jcp =
77.0 Hz, Carom), 109.4 (s, CHcat), 52.3 (d, Jcr = 51.5 Hz, CH20), 21.9 (d, Jcr = 40.9 Hz,
CHCHs3), 17.1 (d, Jc-p = 3.1 Hz ,CH3), 16.4 (d, Jc-r = 2.3 Hz, CH3). The quaternary carbon
atom connected to the boron atom was not observed; 3'P{"H} NMR (161 MHz, chloroform-d):
12.2 (s); ""B{"H} NMR (96 MHz, chloroform-d): 8.6 (s).
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Figure 5-18: Preparation of compound 5b.CH20.

Catecholborane (123.8 uL, 1.16 mmol) was added to 5¢ (124 mg, 0.39 mmol) in benzene-ds
solution (15 mL) and the mixture was transferred to a Fisher-Porter tube at rt. The tube was
placed under vacuum in the liquid nitrogen bath during = 10 seconds. Then, the cold bath was
removed and the tube was placed at room temperature. After = 30 seconds the tube was
placed under 1 atm of "*CO,. The solution was stirred and heated at 70 °C. The consumption
of catecholborane was followed by 'H NMR. After one night of reaction under *CO,, the
mixture was filtrated. The solid was washed with pentane (2 x 15 mL) and dried under vacuum.
Compound 5b."*CH.0 was obtained as a white powder with a yield of 96%. '"H NMR (300
MHz, chloroform-d): 7.82 (m, 1H), 7.56 (m, 1H), 7.33 (m, 2H), 6.71 (m, 4H, Hcat), 4.90 (d, 2H,
'Jn.c = 148.5 Hz, ®CH.0), 2.76 (septd, 2H, CH(CHz),), 1.43 (dd, 6H, 3Ju.n = 7.0 Hz, 3Jup =
16.3 Hz, CH(CHs)2), 1.37 (dd, 6H, 3Ju.n = 7.0 Hz, 3Jup = 16.3 Hz, CH(CHs).); *C{'"H} NMR (75
MHz, chloroform-d): 152.8 (s, Ccat), 135.5 (d, Jc-r = 11.6 Hz, CHarom), 133.9 (d, Jc-p = 2.8 Hz,
CHoarom), 128.7 (d, Jc-p = 8.7 Hz, CHarom), 127.6 (d, Jc-p = 11.8 Hz, CHarom), 118.2 (s, CHcat),
109.4 (s, CHcat), 52.4 (d, Jc-r = 51.5 Hz, "*CH;0), 21.9 (d, Jcr = 40.8 Hz, CHCH3), 17.1 (d,
Jcp = 3.1 Hz ,CH3), 16.5 (d, Jcr = 2.2 Hz, CH3). The quaternary carbon atom connected to
the boron atom and to the phosphorus atom were not observed; 3'P{"H} NMR (161 MHz,
chloroform-qd): 12.1 (d, 'Jp-c = 51.5 Hz); ""B{'H} NMR (96 MHz, chloroform-d): 8.5 (s).
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Figure 5-19: Preparation of compound 5¢.CH-0.

To an excess of paraformaldehyde in toluene (5 mL) was added a solution of 5¢ (300 mg,
0.62 mmol) in toluene (5 mL). The reaction mixture was stirred at 70 °C and followed by
31P{'H} NMR until the complete conversion. The mixture was then filtrated, and volatiles were
removed from supernatant under vacuum. The resulting solid was dissolved in 0.2 mL of
dichloromethane and 2 mL of pentane and stored at -80 °C overnight. Compound 5¢.CH20
was obtained as a white powder after filtration and drying with a yield of 93%. Anal. Calcd. for
C19H32BO3P; C, 65.16; H,9.21. Found: C, 65.30; H, 9.46. "H NMR(300 MHz, benzene-ds): 8.57
(dd, 3Jnn = 7.5 Hz, Jup = 4.5 Hz, 1H), 7.39 (pseudot-t,3Jn.n = 7.5 Hz, *Jpn = Jup = 1.2 Hz, 1H),
6.99 (pseudot-dd, 3Ju.n= 7.5 Hz, *Jun = 1.2 Hz, Jup = 3.4 Hz, 1H), 6.65 (dd, 3Ju.n = 7.5 Hz, Ju.
p=10.0 Hz, 1H), 4.75 (d, 2Ju-r = 1.5 Hz, 2H, CH20), 1.75 (s, 6H, CHapin), 1.62 (s, 6H, CHapin),
1.53 (septd, 2H, 3Jun = 7 Hz, 2Jup = 12.0 Hz, CH(CHj3)), 0.62 (dd, 6H,3Ju.n = 7.0 Hz, Jup =
16.0 Hz, CH(CHs)2), 0.61 (dd, 6H,3Ju.4 = 7.0 Hz, Ju.p = 16.0 Hz, CH(CHs)2); *C{'H} NMR (75
MHz, benzene-ds): 135.3 (d, Jcr = 12.0 Hz, CHarom), 132.1 (d, Jcr = 2.8 Hz, CHarom), 129.0
(d, Je-p = 9.0 Hz, CHarom), 125.5 (d, Je.p = 12.0 Hz, CHarom), 117.7 (d, "Jecp = 77.3 HZ, Carom),
79.6 (s, 2C, Cpin), 53.2 (d, "Jc.p = 45.2 Hz, CH20), 27.8 (s, CHspin), 27.3 (s, CHapin), 21.4 (d,
2Jcp = 39.9 Hz, CHCHs3), 16.3 (d, 3Jcp = 3.0 Hz ,CHs), 15.8 (d, Jc» = 2.0 Hz, CH3) The
quaternary carbon atom connected to the boron atom was not observed; 3'P{'"H} NMR (161
MHz, benzene-de): 7.8 (s); "'B{'"H} NMR (96 MHz, benzene-ds): 6.0 (s).
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5.8.2 Catalytic Reduction of Carbon Dioxide

General procedure for catalytic reduction of carbon dioxide with HBcat as reducing
agent at 70 °C:

In a J-Young NMR tube, catecholborane (56.4 pL, 530 pmol) was added to a mixture catalyst
(0.6 mL of stock solution at 8.8 mmol/L, 5.3 pmol) and an internal standard of
hexamethylbenzene (2 mg, 3.3 g/L) in benzene-ds. The tube was placed under vacuum in the
liquid nitrogen bath during = 10 seconds. Then, the cold bath was removed and the tube was
placed at room temperature. After = 30 seconds the tube was placed under 1-2 atm of COa.
The J-young NMR tube was heated at 70 °C and the catalysis was followed by 'H NMR
spectroscopy. 'H NMR (500 MHz, benzene-ds): 6.9 (m, 2H), 6.7 (m, 2H), 3.37, (s, 3H).
"B{'H} (160.46 MHz, benzene-ds). & 23.4 (s). '*C{'H} (101 MHz, benzene-ds): d 148.5 (s),
122.5 (s), 112.2 (s), 53.1 (s) ppm.

General procedure for catalytic reduction of carbon dioxide with BH3 as reducing agent
at 70 °C:

In a J-Young NMR tube, BH3*SMe> (50 uL, 530 umol) was added to a mixture of 5b.CH.0
(0.6 mL of stock solution at 8.8 mmol/L, 5.3 pmol) and an internal standard of
hexamethylbenzene (2 mg, 3.3 g/L) in benzene-ds. The solution was degassed before adding
to CO2: the tube was placed under vacuum in the liquid nitrogen bath during = 10 seconds (to
avoid the evaporation of solvent). Then, the cold bath was removed and the tube was placed
at room temperature. After = 30 seconds the tube was placed under 1-2 atm of CO,. The J-
young NMR tube was heated at 70 °C and the catalysis was followed by 'H NMR
spectroscopy. '"H NMR (500 MHz, benzene-de): 3.37, (s, 3H) & ""B{'"H} (160.46 MHz,
benzene-de). 5 19.1 (s, br). *C{'H} (101 MHz, benzene-ds): & 51.3 (s) ppm.

5.8.3 Computational Details

All the calculations were performed on the full structures of the reported compounds.
Calculations were performed with the GAUSSIAN 03 and GAUSSIAN 09 suite of programs.
The B3PW912%4320 functional was used in combination with the 6-31G** basis set for B, C, H,
and O atoms3?'322 and the SDD basis set with an additional polarization function (one d
function with a 0.34 exponent and a 1.0 contraction coefficient) for the P atom.3?® The

transition states were located and confirmed by frequency calculations (single imaginary
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frequency). The stationary points were characterized as minima by full vibration frequencies
calculations (no imaginary frequency). All geometry optimizations were carried out without any
symmetry constraints. The energies were then refined by single point calculations to include
dispersion at the B97D/6-31G** level of theory.3?* The energies were further refined by single
point calculations to account for solvent effects using the SMD solvation model®?® with
benzene. Bond rotations and their associated transition states were not calculated as it is
clear that their energy will be much lower than the energy barriers associated with the

reduction steps in such a system and are therefore trivial.
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Chapter 6 - Lewis Base Activation of Borane-
Dimethyl Sulfide into Strongly Reducing lon Pairs for
the Transformation of Carbon Dioxide to

Methoxyboranes
In this chapter, we discuss the reduction of carbon dioxide catalyzed by simple Lewis bases.

6.1 Context of the Research

In the previous chapter, we discussed the development of a highly active ambiphilic catalyst
for the reduction of carbon dioxide using hydroboranes, and the thorough investigation of its
mode of action. While we revealed a mechanism of action involving formaldehyde, the
formaldehyde formation involved the phosphine-borane catalyst. In all cases, a double
collaboration of Lewis bases and boranes was found to be a key factor in the reduction of
carbon dioxide. Indeed, on one hand, a phosphine moiety of the catalyst binds and activates
a reducing hydroboranes. On the other hand, a pending boryl group acts outside of the
coordination influence of the phosphine to activate carbon dioxide as a Lewis acid. The
formaldehyde-mediated mechanism, while more complex, involves the same type of

interactions.

With these results in hand, we decided to study the exact contribution of these two
collaborative processes. Namely, we decided to investigate whether either the Lewis acidic
activation of carbon dioxide or the Lewis base activation of hydroboranes was sufficient to
yield an efficient system for the reduction of carbon dioxide to methanol. Strong Lewis acids
had already been used to catalyze the reduction of carbon dioxide by silanes. Indeed it was
found that extremely electrophilic silylium cations generated in situ by the reaction of an acid
with a hydrosilane could bind carbon dioxide and make it prone to reduction. The reaction
thus catalyzed was found to suffer from a lack of selectivity, with methane being the major

reduction product.

At the start of our research project, it was known that N-heterocyclic carbenes, as strong Lewis
bases, were capable of catalyzing the reduction of carbon dioxide to methanol precursors

using hydrosilanes as reductants. The catalysts were proposed to bind hydrosilanes and
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activate them by making their hydrides more nucleophilic. Along the same lines, this chapter
will describe the use of different Lewis bases to activate borane-dimethylsulfide for the

reduction of carbon dioxide.

During the redaction of the article, and as has been mentioned in the previous chapter, three
metal-free catalytic systems were reported for the reduction of carbon dioxide to methanol
using Lewis basic catalysts, which provided insight into the reactivity of boranes that did not
previously exist.319312326 These reports show the broad interest given to carbon dioxide

reduction in this decade.

6.2 Abstract

The hydroboration of carbon dioxide into methoxyboranes by borane-dimethylsulfide using
different base catalysts is described. Non-nucleophilic proton sponge is found to be the most
active catalyst, with TOF reaching 64 h™' at 80 °C, and is acting via the activation of BHzeSMe:

into a boronium-borohydride ion pair.

6.3 Résumé

Ici est décrite La réaction d’hydroboration du dioxide de carbone par le complexe borane-
diméthylsulfure catalysée par différentes bases. La molécule non-nucléophile « Proton
Sponge » se révele étre le catalyseur le plus actif pour la transformation, avec une fréquence
catalytique de 64 h™' a 80 °C. Le mode d’action est postulé étre I'activation de BH;eSMe; en

une paire d’ions boronium-borohydride.

6.4 Introduction

Due to its availability and its role in climate change, carbon dioxide has attracted considerable
interest in recent years. Although several sequestration technologies are known,*?” chemical
storage of CO: in the form of valuable hydrogen containing molecules, such as methanol, is
highly desirable since these chemicals could be a green alternative to fossil fuels, both as a

source of organic building blocks and as energy media. 266:327

Although they are costly and not economically viable for large scale processes, hydroboranes
are amongst the most efficient reagents for the catalytic reduction of carbon dioxide to

methanol. 6371.207.265289,291,310,312,326,328,329 \\/hjle the hydroboration of C=0 bonds is a well-
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studied reaction for a large variety of substrates,®** carbon dioxide remains resistant to
uncatalyzed hydroboration by neutral hydroboranes, even when using the most reactive BH3
adducts. It has been shown that sodium or lithium borohydride can reduce CO, with low
selectivity to a mixture of formate and methoxy products without the use of a catalyst,
illustrating the superior reducing power of these anionic boron hydrides.3*"33? In order to
facilitate the reaction of neutral hydroboranes with COz, transition metal catalysts have been
used to activate the B-H bonds and reduce CO- via a hydrometallation reaction.?’3274333 The
most notable example of this type of catalysis is a nickel pincer complex developed by Guan
et al. that catalyzes the hydroboration of CO, to methoxyboranes with a TOF of 495 h" using
HBcat.?”®* Recently, Cantat has shown that one of the most reactive boranes, 9-
borabicyclo[3.3.1]Jnonane (9-BBN), can be used as a reductant in the presence of some
nitrogen bases to generate methoxyboranes from CO..3'? It was proposed that the role of the
catalysts was to activate the borane, either in a Frustrated Lewis Pair (FLP) fashion or by the
formation of ion pairs. A similar reaction with 9-BBN was also reported using phosphines as
catalysts to reduce carbon dioxide into methoxyboranes.3?® However, the most active metal-
free organocatalyst to date is a phosphine-borane complex reported by our group that
activates borane-dimethylsulfide (BHseSMe;) and CO- to yield methoxyboranes ((MeOBO)»)
with a TOF exceeding 900 h™' at 70 °C.2°7 The transformation was proposed to occur through
simultaneous nucleophilic activation of the borane and electrophilic fixation of carbon
dioxide.*"” In such a mechanism, the reductant is made more nucleophilic by receiving
electron density from the phosphine moiety. It is important to note that it is one of the only two
COs- reduction systems reported to use BHz;eSMe-> as a hydrogen source, the other being a
more recent report by Stephan of an ambiphilic catalyst for the hydroboration of CO,.3'° BH3
adducts are by far the most interesting boranes to use, since they have the highest hydrogen
content of any hydroboranes in addition of being less expensive than most of them. Their
reactivity, however, tends to be limited by its strong tendency to form stable borane adducts

with Lewis bases.

6.5 Results and Discussion

In an effort to broaden the scope of BH;eSMe; as a reducing agent for the functionalization of
COq, the effect of various commercially available bases on the catalytic activity was studied.
We thus decided to monitor by "H NMR spectroscopy the reaction between the bases and 25

equiv of BHzeSMe; under one atm of CO; at 80 °C in a J Young NMR tube. The yields were
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calculated using the integration of the (MeOBO), generated in comparison to the internal
standard (hexamethylbenzene) present in the solution. Contrary to the reactivity observed
using 9-BBN as a reductant,*?® phosphines (PPhs, PtBus and PCys) proved ineffective for the
CO; reduction, as they are known to generate stable BH;ePR3 adducts.®** Inorganic bases
such as CsF, KCN and CsCOs also did not have any effect on the reduction of CO,. However,
sodium alkoxides (MeONa, EtONa, and tBuONa) proved to convert some of the CO: to
(MeOBO),, notably getting up to 3 turn-overs in the first hour of reaction with {BuONa (Table
6-1, entries 1-3). It is known that the addition of alkoxides to BH3 leads to the generation of
alkoxyborohydrides.®® These species possess increased nucleophilicity when compared to
neutral BH; adducts and can disproportionate to give sodium borohydride.3*® The low activity
of sodium alkoxides can either be attributed to their low solubility or to the low rate of the
disproportion reaction in benzene-ds. On the other hand, anionic amides (lithium

diisopropylamide and lithium dimethylamide) were found to be inactive in the reduction of CO».

Several nitrogen Lewis bases also proved to be inefficient under the conditions tested,
including triethylamine, diisopropylethylamine, 2,2,6,6-tetramethylpiperidine, pyridine, 4-
dimethylaminopyridine, 2,6-lutidine, 4-pyrrolopyridine and 2,6-ditertbutylpyridine. However, as
shown in Table 6-1, some species proved to exhibit significant activity in the generation of

methoxyboranes.
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Table 6-1: Catalytic activity of different bases for the hydroboration of CO, by BHzeSMe..

Base (cat.)

CO, + BH3.SMe, [MeOBO];

Entry | Base (mol. %) | t(h) T Yield (%) (TON) | TOF
(°C)

1 MeONa (4) 1 80 1.3 (1) 1

2 EtONa (4) 1 80 26 (2) 2

3 ‘BuONa (4) 1 80 40 (3) 3

4 DBU (4) 1 80 23 (17) 17

5 TBD (4) 1 80 25 (19) 19

6 Terpyridine (4) |1 80 47 (35) 35

7 6 (4) 1 80 68 (51) 51

8? 6 (4) 1 25 40 (3) 3

9° 6 (4) 24 25 39 (29) 1

10° 6 (4) 1 80 85 (64) 64

119 6 (4) 21 80 >99  (75) 4

129 6 (1) 24 80 76  (23) 1

13 7-BH,4 (4) 0.16 | 25° |24 (18) 108

142 7-BH4 (1) 3 25° | 21 (62) 62

159 7-BH4 (1) 24 25 28 (84) 4

16° 7-BH4 (1) 1 80 21 (64) 64

172 7-BH4 (1) 24 80 25 (75) 3

Conditions: 0.01 mmol of base catalyst in benzene-ds (0.4 mL), the number of equivalents of
BH3eSMe, was calculated to obtain the desired catalytic loading, 1 atm CO2. The yield was
measured by NMR spectroscopy using hexamethylbenzene as an internal standard. TONs
and TOFs are given in regard to the number of hydrides transferred.  Solvent =
Dichloromethane-d». ° Although the tube was kept at room temperature, the exothermic

reaction caused internal heating of the system.

Some reduction products were observed when BH;eSMe> was added to strong Lewis bases,

such as DBU (1,8-diazabicycloundec-7-ene) and TBD (triazabicyclo[4.4.0]dec-5-ene), giving
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respective TOF of 17 and 19 h' (Table 6-1, entries 4 - 5). However, multidentate amines,
such as terpyridine and proton sponge (PS; 6) gave the best activity, with observed TOF of
35 and 51 h™' when the reaction was carried out at 80 °C in benzene-ds (Table 6-1, entries 6
- 7). When the reaction was carried out in the presence of 6 as catalyst at ambient temperature
a lower activity was observed. The TON and TOF dropped to reach in the best conditions, 29
(Table 6-1, entry 9) and 3 h™', respectively (Table 6-1, entry 8). It is good to note that under
these conditions 6 did not present any activity in the presence of 9-BBN, as reported by Cantat
et al.*'? Running the reaction in dichloromethane-d. (Table 6-1, entry 10) did increase the
TON (64) and the TOF of the reaction (64 h™'), presumably by increasing the solubility of the
reaction intermediates (vide infra). Letting the reaction run for a longer time period allowed for

complete conversion of the BHzeSMe; (Table 6-1, entry 11).

In order to shed light on the mode of activation of BH3 by bidentate ligands, the reaction was
studied using 6 since it proved to be the most active catalyst. This exceptionally basic amine
is thus called because of its almost exclusive affinity for protons, a result of the unique steric
environment around its nitrogen atoms which prevents the coordination of larger electrophiles.
The notable exceptions include the fixation of a handful of boron cations,'98337-343 gs well as
two transition metal complexes and group XIll species.**4-34¢ 6 was reported to react rapidly
with B2Hs or boron trifluoride gas to afford species identified as [PS(BX2)]"[BX4] (X = H, F)33®
or [PS(BH2)]"[B2H],** but were not structurally characterized. These species are reminiscent
of the “diammonia of diborane” that was proposed as a key intermediate in the
deshydrogenation of ammonia-borane.34%-342 |nterestingly, Vedejs and coworkers were able
to prepare a 9-BBN derived PS stabilized boronium by a more aggressive method.'®® The
cation thus formed was found to be a highly reactive electrophile, contrary to classical
boronium cations. This property was proposed to arise from the steric demands of the proton
sponge framework. It is important to note that no catalytic activity was ever reported for these

species.

The hydroboration of CO, using BH3zeSMe, was very slow when catalyzed by 6 at room
temperature in benzene-ds. However, a solution of BH;eSMe> and 1 heated to 70 °C for an
hour in the absence of CO, was found to react rapidly and exothermically upon exposure to
CO; at room temperature. These observations suggest that a reaction between 6 and
BH3eSMe: is the limiting step in the catalytic transformation. It was possible to isolate single

crystals from a reaction mixture between 6, 50 equiv of BHz;eSMe; and CO.. Although the
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limited solubility prevented NMR characterization, the solid state structure consisted of the
boronium salt [PS(BH.)]2[B12H12] (7-B12H12) (Figure 6-1). the resolved solid state structure of
the boronium cation is similar to a previously reported structure of [PS(BH.)][B1sH22].34® Since
the B12H12? dianion is generally isolated as a product of the disproportionation of [BsHs]", which
is prepared in oxidative conditions from BH4 ¥ it could be suggested that the initial step in

the catalytic transformation involves the generation of the ion pair [PS(BH2)][BH:] (7-BH4).

Figure 6-1: The ORTEP plot of [PS(BH:)]2[B12H12] (7-B12H12) with thermal ellipsoids set at the
40% probability level. Selected bond lengths (A) and angles (°): N1-B1: 1.601(2), N1-C1:
1.511(2), N2-B1: 1.600(2), N1-B1-N2: 111.62(13), C1-C10-C9: 126.11(15), C1-N1-B1:
111.07(12), C9-N2-B1: 111.07(13).

In order to better understand the reaction between 6 and BHz;eSMe;, the products formed
were characterized using "B NMR spectroscopy while controlling the stoichiometry of the
reagents. Over the course of the reaction, three different boronium salts were observed,
depending on the reaction conditions. In all cases, the formation of the dihydroboronium cation
is supported by '"H NMR by a significant downfield shift for the proton sponge resonances to
a doublet of doublets at 7.78 ppm (J = 8 Hz) and two doublets at 8.23 and 8.08 ppm (J =8
Hz) in dichloromethane-d,, with a slight variation on the chemical shift depending on the
counterion (see Supporting Info). Although the resonances of the [BH2]* were not observed
by "H NMR spectroscopy, the "B NMR spectra of derivatives of 7 did show a broad resonance
at ca 1.5 ppm, which is similar to that of previously reported [PS(BH.)][B2H].>*® Stirring 6 in
diethyl ether with 2 equiv of BH3eSMe: for 16 hours allowed us to obtain colourless crystals.
"B NMR spectroscopy for this compound showed, in addition to the resonance at 1.57 ppm
for the borenium species [PS(BH.)]", a sharp quintuplet at -38.4 ppm due to the [BH4] anion.
The latter was confirmed by observation of a sharp 4-line '"H NMR resonance at & -0.06
(Figure 6-2).
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Figure 6-2: '"H NMR Spectrum of 7-BH4 displaying the characteristic quadruplet of a soluble
BH4 anion.

These spectroscopic findings strongly suggest the presence of the [BH4]" anion and the
formation of salt 7-BH4 ([PS(BH2)][BH4]). However, using 10 equiv of BHzeSMe: in presence
of 6 in toluene afforded [PS(BH.)][BsHs] (7-BsHg) as the main product (Figure 6-3) after
heating. The [BsHg] anion was characterized by the presence of a nonuplet at -30.0 ppm in
the "B NMR spectrum.348
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Figure 6-3: Reaction of PS with BH3zeSMe; to give boronium salts.

Altough the [B12H12] anion could not be observed by NMR spectroscopy, the crystallization
of all samples of [PS(BH-)][BsHs] consistently yielded 7-B12H12. It is rational to propose that
initial activation of BH;eSMe; by proton sponge affords the ion pair 7-BH4, which can degrade
to 7-BsHsg by reaction with BHzeSMe; and to 7-B12H42. The activity of these compounds was
studied by treating them with an atmosphere of carbon dioxide. In this manner,
[PS(BH-)][BsHs] was found to be unreactive towards CO.. Unsurprisingly, a dichloromethane-
d? solution of 7-BH, in the absence of additional boranes reacted instantaneously at room
temperature with carbon dioxide. Within five minutes, two different signals appeared in the "H
NMR spectrum at 8.27 and 8.33 ppm, assigned to the formation of formate products, along
with the complete disappearance of the BH4 resonances. No products of higher reduction
level were observed in this manner, suggesting that the catalyst is only active in the reduction
of carbon dioxide. Similarly, a solution of 7-BH4 and 25 equiv of BH3;eSMe. reacted within
minutes with carbon dioxide to give methoxyboranes at room temperature (Table 6-1, entry
13). The heat produced by the exothermic hydroboration of carbon dioxide likely contributed
to the increase in catalytic activity, obtaining a TOF of 108 h™'. However, when looking at its
reactivity at 80 °C or for a longer time period, the catalytic activity 7-BHs was found to be
similar to that of 6 (Table 6-1, entries 14-17).

From these observations, it is possible to propose a catalytic cycle, as shown in Figure 6-4.
In a first step that is rate-limiting, the bidentate ligand activates borane-dimethylsulfide to
generate a highly reactive boronium-borohydride ion pair. Similar boronium species has been
synthesized with TBD,**® but under catalytic conditions, thus explaining the need for higher
reaction temperature in order to achieve the catalytic reduction of CO; since no activity was
observed between DBU and TBD in presence of BH;eSMe; at 25 °C.3"% The [BH4]" generated
can in turn react with carbon dioxide to give formate derivatives. The formate generated can

abstract the BH;* fragment generating reduced species such as HCOOBHq. In turn, BH3;eSMe>
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can very efficiently reduce formatoboranes into (MeOBO),, thus explaining the highest TOF

obtained using BHzeSMe:; instead of other organic hydroboranes.

In summary, the use of BH3;eSMe; as a reducing agent for CO» hydroboration is possible in
the presence of strong Lewis bases. Although limited activity is observed with monodentate
species such as DBU and TMP, bidentate amines such as proton sponge proved to be the
active catalysts in this reaction. It was possible to isolate single crystals that demonstrated the
presence of the boronium species [PS(BH.)]*. "B NMR studies demonstrate that the most
likely active species for the CO, reduction into formates was the borate ion, BHs", whereas the
BH3eSMe, in solution can reduce the formatoborane derivatives into methoxyboranes.

Optimization of this system is currently underway.

[H;COBO];,
BH;.SMe,
\ /
HCOOBH, 2 BH3.SMe;
T[HCOOT " [BH4I
/B\ /B\

— - — -

S

BH;  CO,

Figure 6-4: Proposed mechanism for the reduction of CO2 to methoxyboranes catalyzed by
6.

6.6 Experimental Details

General Procedures: Unless otherwise specified, manipulations were carried out under an
atmosphere of dinitrogen, using standard glovebox and Schlenk techniques. Catalytic
reactions were carried out in a sealed J-Young NMR tube, in which case NMR conversions

are indicated, or in standard flame-dried Schlenk glassware. All solvents were distilled from
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Na/benzophenone, benzene-ds was purified by vacuum distillation from Na/K alloy,
dichloromethane-d>. was dried over 4A Molecular sieves. Proton sponge, DBU, TBD,
terpyridine and borane-dimethylsulfide were purchased from Sigma-Aldrich and used as

provided.

NMR spectra were recorded on an Agilent Technologies NMR spectrometer at 500 MHz ('H),
125.76 MHz (3C), 202.46 MHz (*'P), 160.46 MHz (''B), and on a Varian Inova NMR AS400
spectrometer, at 400.0 MHz ('H), 100.58 MHz (*C), 161.92 MHz (3'P). '"H NMR and "*C{'H}
NMR chemical shifts are referenced to residual protons or carbons in deuterated solvent.
"B{'H} was calibrated using an external reference of B(OMe); (set at +18.1 relative to BF3
etherate solution). Multiplicities are reported as singlet (s), broad signal (br) doublet (d), triplet

(t), quadruplet (q), quintuplet (qt) nontuplet (n), multiplet (m). Chemical shifts are reported in
ppm.

6.6.1 General Method for the Hydroboration of Carbon Dioxide

0.01 mmol of base catalyst was dissolved in ca. 0.4 mL of benzene-ds or dichloromethane-d;
containing an internal standard of hexamethylbenzene. The BH:eSMe, was added to the
solution and the mixture was introduced in a J-Young NMR tube. The J-young NMR tube was
frozen in a liquid nitrogen bath and its atmosphere was removed under vacuum after which
the headspace was filled with CO,. The reaction was then followed by NMR spectroscopy.
Yields are reported using 'H NMR spectroscopy according to the integration of the [MeOBO],

moieties at 3.36 ppm and compared to that of the internal standard.

6.6.2 Synthesis and Characterization of Boronium Salts

[PS(BH2)][BH4] (7-BH4). 300 mg of proton sponge (1.40 mmol) were dissolved in 20 mL of
diethylether. To this solution was added 0.3 mL (3.1 mmol) of BH3*SMe.. The resulting mixture
was stirred for 16 hours at room temperature after which the volatiles were removed in vacuo
to afford colourless crystals, which were rinsed with hexanes. 291 mg (86%) of 7-BH4 were
collected in this manner. The spectral data are consistent with those of the [PS(BH2)]" and
[BH4]- which were reported previously.**® '"H NMR (500 MHz, dichloromethane-d>): 8.23 (d,
2H, "Jun = 7.7 Hz, p-PS), 8.08 (d, 2H, "Jun = 8.4 Hz, 0-PS), 7.78 (dd, 2H, "Ju-+ = ca 8 Hz, m-
PS), 3.48 (s, 12H, NMe), -0.06 (q, 4H, "Js.+ = 81.4 Hz, BH4), the BH, was not located; *C{'H}
(101 MHz, dichloromethane-d2): 140.2 (s, Cquat), 135.8 (S, Cquat), 130.9 (s, 0-PS), 127.5 (s, p-
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PS), 121.3 (s, m-PS), 56.5 (s, NMey), one quaternary signal was not located; ''B (160.46 MHz,
dichloromethane-d,)- 1.7 (br , BH>), -38.4 (qt, 'Js.n = 81.4 Hz, BH4).

[PS(BH2)][BsHs] (7-BsHg). 300 mg of proton sponge (1.40 mmol) were dissolved in 30 mL of
toluene. To this solution was added 1.3 mL (14 mmol) of BH3*SMe.. The resulting mixture
was stirred for 16 hours at 80 °C. The resulting yellow suspension was filtered and the residue
was rinsed twice with toluene to afford a yellow powder (194 mg. (52%). The spectral data
are consistent with those of the [PS(BH2)]* and [BH4]" which were reported previously.3*® 'H
NMR: (400 MHz, dichloromethane-d>): 8.11 (d, 2H, "Ju.n = 8.2 Hz, p-PS), 8.03 (d, 2H, 'Ju.n =
7.8 Hz, 0-PS), 7.79 (dd, 2H, "Jun = ca 8 Hz, m-PS), 3.48 (s, 12H, NMez), 0.17 (br m, BsHsg);
BC{'H} (101 MHz, dichloromethane-d-): 140.1 (s, Cquat), 136.0 (S, Cquat), 131.2 (s, 0-PS), 127.5
(s, p-PS), 120.7 (s, m-PS), 56.5 (s, NMey), one quaternary signal was not located; ''B (160.46
MHz, dichloromethane-d). 1.5 (br m , BH2), -30.0 (n, "Jg.n = 81.4 Hz, B3Hs).

(PS(BH2)1)2[B12H12] (7-B12H12). 2.1 mg (0.01 mmol) of proton sponge was dissolved with 38
mg (50 equiv, 0.5 mmol) of BH3z*SMe: in benzene-ds and transferred to a J-Young NMR tube.
The tube was frozen in liquid nitrogen and put under vacuum. Its atmosphere was then
replaced with carbon dioxide. The reaction mixture was heated at 70 °C for 20 hours. A single
crop of crystals suitable for X-ray diffraction study was collected at the bottom of the tube at

the end of the reaction.
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6.7 Conclusion and Perspectives

Thus, Lewis base activation is shown to enable reduction of carbon dioxide by borane-
dimethylsufide to methoxy products. Interestingly, and in contrast to reported reduction of
ketones, alkali metal alkoxides are shown to be poor catalysts for the reduction of carbon
dioxide. On the other hand, neutral nitrogen bases are able to provide the necessary electron
density to borane dimethylsulfide and sufficiently increase its nucleophilicity to enable the
reduction of carbon dioxide. With strong bases such as amidines and guanidines, TOFs can

reach 17h™ and 19h™, respectively.

While it is interesting that such activity can be obtained, these results rather highlight the
superiority of dual acid-base cooperation that is at the core of the phosphine-borane catalyzed
reduction of carbon dioxide discussed in the previous chapter. Indeed, the TOF of 873 h™
reported for the ambiphilic catalyst is an order magnitude higher than that of simple base
catalysis. It continues to show the potential of Frustrated Lewis Pairs as the unquenched
collaborative combination of an acid and a base to easily perform difficult reactions in mild
conditions. In fact, while strong bases give moderate activity, as shown in this chapter, weak

ones will outperform them if combined with suitable unquenched boryl moieties.

We have also identified the superior activity of bidentate bases, which allows us to propose a
different mechanism of activation of borane-dimethylsufide. In this mechanism, the Lewis
base forces the displacement of a hydride from BHs that is bound by another to form the BH4
borohydride. This strong reducing agent can rapidly reduce carbon dioxide at room
temperature. In a way, this reaction can be seen as a hydride activation of BHz*SMe». The
hydride involved is a strong base that strongly binds to BHz and makes the resulting tetravalent
boron species extremely nucleophilic. The displacement of a hydride can be rationalized on
thermodynamic grounds when considering the enthalpy effect of the net formation of two
strong N-B bonds and the entropic gain associated with the displacement of two SMe; bonds

in the binding of BH3 to rigid bidentate bases.
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Figure 6-5: Representation of the reaction of 6 with BHz*SMe: with emphasis on the breaking
and forming of bonds.

In combination with our ambiphilic catalyst, these results constitute our group’s contribution to
the reduction of carbon dioxide using hydroboranes. While the topic was of great interest at
the time of the beginning of our research program, our results have contributed to demonstrate
the main mechanisms by which hydroboranes could be activated to perform the hydroboration
of carbon dioxide. Our report that simple Lewis bases can activate BH;*SMe; to form the BH4
anion has prompted additional research in its use for the reduction carbon dioxide and new
studies have been developed for the borane reduction of carbon dioxide using BH4". While the
efficiency of BHs does not compete with ambiphilic catalysis for the reduction of carbon
dioxide, it reveals the strongly electrophilic character of carbon dioxide in its reduction

chemistry.

The reality of the high costs of hydroboranes and the commercial unviability of using them as
stoichiometric reductants for carbon dioxide remains, however. As the fundamental aspects
of hydroboranes reduction reactions are being uncovered, the amount of research aimed at
the reduction of carbon dioxide using boranes understandably diminishes. While new systems
continue to be reported, cutting-edge research is more and more directed towards the use of
inexpensive silanes and molecular hydrogen for the reduction of CO,. We estimate that our
work on hydroboranes and carbon dioxide chemistry has contributed to the collective
understanding of their reactivity to reach its current state. While the decline of interest in
hydroboration of carbon dioxide in the last year cannot be denied, we believe it comes about
because of advancement in the fundamental knowledge of the field rather than because of

the nature of the reaction.

Our group has also begun to focus its efforts towards the use of silanes of hydrosilanes and
molecular hydrogen for the reduction of carbon dioxide. As such, conform to a proposition

from the author of this dissertation, we have shown that strong phosphazene organobases
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can activate silanes for the reduction of carbon dioxide. The mechanism is proposed to involve
Lewis base activation of the silane by the catalyst, enabling the nucleophilic reduction of
carbon dioxide with a TOF of 32 h™'.3%0 This study has also highlighted the important role of
dimethylformamide as a solvent for silane reduction of carbon dioxide. Conform to the high
rates of reaction observed with ambiphilic catalyst coming from the intramolecular activation
of carbon dioxide, a logical next step to this study would consist of investigating ambiphilic

phosphazene catalysts.

We have also recently reported a new system for the hydrogenation of carbon dioxide. Our
findings show that the compound phenylene-bridged NMe,-BAr. (Ar = 1,2,4-trimethylphenyl)
reacts with molecular hydrogen and carbon dioxide to give a mixture of acetals, methoxides
and formates. The main product could be identified as an acetal compound of the ambiphilic

compound (Figure 6-6).%"

NMe, /Ar Ar NMe,

N
Me, H, + CO, \
B\ N A B
B Ar o 0

I
Ar

Figure 6-6: Stoichiometric hydrogenation of CO, using an amine-borane FLP system.

This hydrogenation reaction is stoichiometric in FLPs. This fact highlights one of the main
challenges regarding FLP mediated hydrogenation of carbon dioxide: typical Lewis acids from

the main group are highly oxophilic and cannot release the CO2 reduction products.

In summary of the previous two chapters, we have developed a range of new systems for the
reduction of carbon dioxide that rely on the cooperation between Lewis bases and boron-
containing molecules. Ambiphilic molecules in combination with hydroboranes are found to
give the best catalytic efficiency and durability, illustrating the potential of FLPs to challenge

the hegemony of transition metal catalysis.

The fundamental understanding of the reactivity of hydroboranes is beginning to be adapted
in our group to hydrogen and silane chemistry as new catalytic and stoichiometric systems

are developed.
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Chapter 7 - Metal-Free Catalytic C-H bond Activation

and Borylation of Heteroarenes

In the two previous chapters, we have shown that organocatalysts and ambiphilic molecules
can emulate and even surpass the activity of transition metal catalysts for reactions involving
hydroboranes, such as the reduction of carbon dioxide to methanol derivatives. In the
following chapter, we present a part of our work which is aimed at one of the most challenging
problems of modern synthetic chemistry: the activation and selective functionalization of

organic C-H bonds.

In the present chapter, we describe the approach that used applied in the search for novel C-
H activation modes. This description serves as an introduction to the last section of the chapter
in which we will discuss results we have obtained in the catalytic functionalization of heteroaryl
C-H bonds.

7.1 Objectives and Strategy

Motivated by our interest to emulate the reactivity of precious metal complexes using
inexpensive and environmentally benign metal-free systems, we decided to investigate the
potential of organoboron compounds for C-H activation. Indeed, as repeatedly demonstrated,
the collaborative action of boron products with Lewis bases enables a rich range of elegant
reactivity. One of the most exciting expression of this cooperation is found in the FLP
activation of molecular hydrogen, in which a formal four-electron process can be performed
by the combination of an acid and a Lewis base for the heterolytic cleavage of a relatively

inert molecule.

While the splitting of Hz is of great interest in its own right, the infinite synthetic possibilities
represented by C-H activation appeared to us as a potentially revolutionary application of
simple FLP organocatalysts.*04463317.352 |n fact, instead of H,, FLPs seem perfectly fitted to

activate polar bonds in a four-electron process (Figure 7-1).
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Figure 7-1: Analogy between the FLP binding of CO2 and the cleavage of H> and of C-H
bonds. The arrows represent electron transfers.

In fact, we acknowledged the already discovered reactivity of FLP systems with alkynes that
has been described above. This interesting activation consists of the heterolytic cleavage of
the C-H bond of terminal alkynes. However, presumably because of the well-known reactivity
of alkynes, the heterolytic splitting by FLPs was not recognized as a promising avenue for
general C-H bond activation. Furthermore, no catalytic process involving the FLP cleavage of
alkynes has been hitherto reported. However, alkynes are related to arenes, which are very
important substrates for C-H functionalization applications in synthetic chemistry. Both
classes of molecule possess a nucleophilic T-electron density that can coordinate
electrophiles. While aryl C-H bonds have never been selectively functionalized using FLP
protocols, they are known to react stoichiometrically with electrophiles such as Friedel-Crafts

intermediate® and even borenium ions.'95-1%8

Inspired by the possibilities offered by boron chemistry in the field of C-H bond activation, we

instigated a research program focused on three main axes:

1) Computational identification of suitable FLP systems for the cleavage of aryl C-H
bonds.

2) Construction of a molecular framework allowing the confirmation of the C-H bond
cleavage.

3) Design of a FLP system capable of catalytic functionalization of arenes.

These goals keep as a priority the advancement of knowledge regarding boron species and
their potential applications in modern synthesis. Frustrated Lewis Pairs will possibly become
a major paradigm in future green chemistry, and systematic investigation of their chemistry is

of prime importance for the understanding of organic chemistry as a whole.
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7.1.1 Computational Identification of Suitable FLP Systems for the Cleavage of
Aromatic C-H Bonds

The first step of our research program relied on the rational design and computational
evaluation of different Frustrated Lewis Pairs. Our goal was to determine both the kinetics and
thermodynamics of a C-H bond cleavage by Frustrated Lewis Pairs. Any given reaction step
is comprised of a starting structure, a transition state, and a final structure. Computational
calculations based on the density functional theory (DFT) allow efficient and accurate
modeling of these structures and of their relative energies.®>® As such, DFT calculations, at
the wB97xd/6-31G** level,32':32235 were deemed a suitable tool to predict the reactivity of

different FLP systems towards C-H bonds.

In terms of FLP design, we considered ambiphilic molecules, i.e. intramolecular FLPs in which
both the Lewis acid and the base are included in the same molecule but remain unquenched
due to steric and geometric constraints. Suitably constructed ambiphilic molecules can

interact with substrates without the entropic cost associated with intermolecular FLPs.

More specifically, we decided to explore the chemistry of phenylene-bridged phosphine- and
amine-boranes. The former have already been extensively studied by our group as catalysts
for the reduction of carbon dioxide, as was presented earlier.?°0207:317 The latter have been
shown to possess remarkable qualities as hydrogenation catalysts by Repo and
coworkers.52%" The arene linker between boron and the Lewis base moiety provides
remarkable stability to the ambiphilic molecule, as well as excellent geometrical features for
the FLP to remain unquenched and possess the right geometry to interact with

substrates.318:3%

As mentioned previously, ambiphilic molecules often exist in two forms. One of them, that is
often the ground-state, features an intramolecular interaction between the acid and the base
that effectually quenches the acidity and the basicity of the pair. Fortunately, in FLPs, the
strength of this interaction is reduced by the geometric constraints of the backbone and the
steric features of the active sites, making the active “open form“ thermodynamically
accessible.*+3%1:3% The strength of the intramolecular adduct will depend on many factors,
such as the nature of the linker, the respective acidity, and basicity of the active groups and
their steric bulk. Nevertheless, it is of prime importance to accurately represent the real

ground-state of a molecule when performing energy calculations. For this reason, in the
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following study, we have optimized the structures of both open and closed forms of each FLP.
In order to present accurate energy profiles, the energy of the ground state of the reagent is

presented, unless stated otherwise.

With these concerns in mind, our first priority was to determine the thermodynamics of the
aryl C-H bond cleavage reaction by intramolecular FLPs. For this purpose, we modeled the
species involved in the simple C-H bond cleavage reaction of benzene and thiophene (position
2) and calculated the energy change in the process. Results are presented in Table 7-1 and
are compared with analogous calculations performed on the C-H bond activation of
phenylacetylene. Indeed, while the aryl C-H bond cleavage was yet unreported, the activation

of terminal alkynes by FLPs is a well-known reaction that is exergonic in many cases.
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Table 7-1: Enthalpies and Gibbs free Energies (kcal.mol') of C-H bond cleavage of
phenylacetylene, thiophene (position 2), benzene by phenylene-bridged ambiphilic molecules
as calculated by DFT at the wB97xd/6-31G** level.

AG v z
N 8

cat = catechol
Fpin = perfluoropinacol

Scat = thiocatechol o o
ox = oxalato H
(0] O
thio = 2-thienyl A
Phenylacetylene Thiophene Benzene

L z AH AG AH AG AH AG
PMe- BMe> -2.8 10.0 8.3 22,5 12.9 27.7
NMe. BMe: -6.7 4.8 1.4 14.7 6.9 20.6
NMe, B(OMe). -4.7 7.3 3.7 17.9 6.8 21.8
NMe,  Bcat 3.2 15.9 8.4 21.6 9.5 22.8
NMe,  BScat 0.1 11.5 6.3 19.8 10.5 24 1
NMe., BFpin -6.5 9.0 -0.9 12.3 2.1 15.1
NMe.  Box -11.3 0.3 -6.1 6.0 -3.1 9.0
NMe.,  Box* -13.0 -0.6 -7.8 5.1 -4.8 8.1
NMe.  BPh: -12.4 -0.4 -0.6 13.5 4.1 18.1
NMe, B(H)Ph -12.7 -0.3 -1.0 10.7
NMe,  Bthio -11.3 0.8 -1.1 12.0 4.2 18.2
NMe.  B(h)thio -12.4 -0.1 -1.4 10.3
NMe,  B(CeFs)2 -15.5 -3.4 -3.8 9.1 -0.4 12.7
NMe: BH: -12.3 -1.4 -3.6 7.9 1.6 13.5
NMe,  BH)* -18.5 -6.3 -9.8 3.1 -4.5 8.7
NMe:  BCl: -12.7 -1.5 -7.1 5.6 -4.1 8.7

*The open form of the FLP was used as a reference.

Taking a first look at these results, we see that phenylacetylene can indeed be cleaved by
FLPs. In many cases in which the ambiphilic molecules featuring a strongly acidic boron
center, the reaction was found to be exergonic. In contrast, in the case of weakly acidic
boronates, and alkoxyboryl groups, the C-H bond cleavage is unsurprisingly endergonic. We

also see that, for the same acidic partner, a phosphine moiety does not stabilize the C-H
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activation product as much as a nitrogen base. This can be rationalized by the larger orbitals
of phosphorus which will favor intramolecular interactions with boron despite the geometric
constraints imposed by the backbone. Phosphines are also known to be poorer Brgnsted-
Lowry bases, forming weaker bonds with the small and hard H* present in the C-H bond

activation.

Looking now at thiophene and benzene, we find that, in all cases, the FLP cleavage of their
C-H bond is endergonic, with benzene activation being less stable than those of the more
nucleophilic thiophene. These results are hardly surprising, considering that FLP-mediated C-
H bond activation has never been observed for these species. Some trends can however be

rationalized when considering the results.

1) More acidic boron centers favor the C-H bond cleavage.

2) Steric bulk at boron disfavors the reaction.

Indeed, the small and strongly acidic dichloroboryl group gives the most stable C-H activation
products, along with dihydridoboryl and oxalatoboryl. Bulkier bis(pentafluorophenyl)boryl, by
contrast, is less apt to the aryl C-H bond cleavage, despite being better for the activation of

phenylacetylene and molecular hydrogen.5?

This effect of the steric bulk, however, is not straight-forward. On the one hand, smaller acid
fragments will maximize the access of the aryl group to the boron site and favor activation. On
the other hand, unencumbered acids will not be protected against intramolecular deactivation.
As can be seen in Table 7-1, the NMe>-BH> FLP would be one of the best systems for C-H

activation from its open form. However, the inactive closed form lies a full 4.8 kcal.mol™! lower.

With the establishment that the C-H bond cleavage of thiophene and benzene is endergonic
for phenylene-bridged FLP molecules, we investigated the kinetics of the reaction. In fact, we
modelled the transition state of the C-H bond cleavage of thiophene, with its energy
corresponding to the activation barrier of the reaction. For comparison, we also modelled the

transition states for phenylacetylene for a few key systems (Table 7-2).3%"
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Table 7-2: Enthalpies and Gibbs free energies (kcal.mol') of the transition state of the C-H
bond cleavage of phenylacetylene and thiophene (position 2) by phenylene-bridged ambiphilic
molecules as calculated by DFT at the wB97xd/6-31G** level.

e <

Phenylacetylene Thiophene
L Y4 AH* AG? AH* AG?
PMe: BMe: 10.0 24.2 16.2 30.3
NMe: BMe: 6.5 19.1 11.4 25.0
NMe: Bceat 16.0 30.6
NMe: BScat 16.1 31.0
NMe: BpinF 12.9 28.0
NMe:> Box 3.1 16.0 7.1 20.9
NMe; Box* 1.4 15.1 54 20.0
NMe; BPh; 21 15.3 11.0 24.9
NMe:> B(H)Ph 9.5 23.0
NMe; Bthio 11.6 25.5
NMe:> B(h)thio 9.5 22.7
NMe: B(CsFs)2 7.1 21.1
NMe:> BH: 4.2 16.4 8.2 211
NMe; BH.* -1.9 11.5 21 16.3
NMe; BCl2 8.9 22.9

*The open form of the FLP was used as zero-point energy reference.

Interestingly, these results (Table 7-2) for the activation barrier follow trends similar to those
of the thermodynamic aspect of the reaction. Once again, we find that phenylacetylene is
much easier to activate. Also, the more acidic boryl moieties are once again found to be those
that favor C-H bond cleavage with energy barriers that are quite accessible. B(CsFs)2, Box
and BH; are, once again, found to be the best groups for C-H bond activation. In fact, these
calculations reveal that the problem of C-H bond cleavage by FLP systems does not come

from kinetic difficulties of C-H activation, but rather from the endergonic nature of the process.
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Figure 7-2: Transition state for the C-H bond cleavage of phenylacetylene (left) and thiophene
(right) by a NMe2-BH; intramolecular FLP.

Looking now at the structure the transition state (Figure 7-2), we see that the nature of the C-
H bond cleavage process can be rationalized as a precoordination of the alkyne or the arene
to the Lewis acidic organoboryl moiety with the deprotonation performed by the basic group.
The drainage of electrons from the triple bond by boron increases the acidity of the proton and
the geometry of the FLP is perfect for a simultaneous deprotonation. Reflecting this
cooperative behavior, the energy of the transition state is found to be quite low, despite the
fact that our FLP molecule is based on a relatively base moiety. This mode of action is
reminiscent of several transition metal mediated processes (Figure 7-3), namely the
Sonogashira coupling, the palladium-catalyzed direct arylation, and the C-H bond activation
of arenes by iridium Cp* complexes discussed above.'#8149.160 \While in the Sonogashira
coupling an alkyne is activated by copper for deprotonation by an external base,” in direct
arylation, a palladium carboxylate coordinates an arene through its T-system and

deprotonates it at the same time.169.170.172,358,359
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Figure 7-3 Left: Sonogashira activation of terminal alkynes (B = base); center: concerted
metalation-deprotonation of arenes; right: precoordination-bond cleavage of arenes by
precious metal complexes (M = Ir, Rh).

This bank of calculations, revealing the thermodynamics and kinetics of the C-H bond
cleavage by ambiphilic molecules, is at the core of the following sections which explain the

design of a metal-free system for the activation of arenes.

7.1.2 Construction of a Molecular Framework Allowing the Confirmation of the
C-H Bond Cleavage

As was concluded from the computational results, the C-H bond activation by phenylene-
bridged amine-boranes is endergonic. Just as it is for numerous metal systems, the
thermodynamic strength of the C-H bond makes its cleavage unfavorable, despite easy
kinetics. In fact, as we found, this thermodynamic challenge is even harder for arenes than for
the more nucleophilic phenylacetylene. Consequently, it comes to no surprise that the inverse
reaction — C-H bond formation — was previously reported by Repo and coworkers in their work
on FLP-catalyzed hydrogenation of internal alkynes.>*® In this seminal work, a phenylene-
bridged dimethylamino-bis(pentafluorophenyl)boryl FLP eliminates
pentafluorophenylbenzene in a “protodeborylation” reaction after hydrogen activation (Figure
7-4).

F F
R ©y F ] F F
NMe, F Me,N" 'H MezN”H\ NMe,
B Hy B B/H F -HAT B-H
AFl R S O Arf Arf
F F

Figure 7-4: Hydrogen activation-protodeborylation as reported by Repo and coworkers.3%

The protodeborylation transition state is, if looking at the reaction in reverse direction, the

transition state for the endergonic C-H bond cleavage of pentafluorobenzene by a
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dimethylamino-hydrido(pentafluorophenyl)boryl FLP. In fact, by simple C-B bond rotation of
the zwitterionic H>, complex of the FLP allows for proto-elimination of any group at boron
provided that it has a suitable orbital to attack the proton on nitrogen. Hypothetically, the
activation-elimination sequence is driven by thermodynamic factors until the most stable
product is formed. This reaction was investigated further by our group in a study of the

stoichiometric hydrogenation of carbon dioxide.3"

In order to prove aromatic C-H activation, our goal thus became to find a suitable leaving
group at boron that would be easily replaced by an aryl group. Certain limitations exist for this
case, however, as was shown by our computational experiments. First, the acid site should
not be sterically encumbered, as the interaction of an arene with it should be maximized. Also,
it has to be sufficiently acidic to activate the inert arene towards deprotonation. On the other
hand, a bulky base group is desirable in order to preserve the FLP character of the ambiphilic
molecule. Since the role of the base is presumably the abstraction of a proton from the arene,

steric bulk should not limit its reactivity.
With these constraints in mind, we had to design a FLP that would:

1) Be suitable (according to calculations) for the endergonic C-H activation of arenes.

2) Possess a leaving group that would be eliminated after arene activation.

Based on our previous calculations, we selected TMP-BH; as one of the best candidates for
the C-H activation of thiophene as it was found to have an energy barrier of 21.0 kcal.mol™
for the reaction (Figure 7-5). Upon protodeborylation, the hydrides on boron would yield
hydrogen gas which could be easily evacuated under a flow of nitrogen, thus driving the
reaction towards the desired product. We also expected the bulky TMP group to prevent the
formation of dimers that were calculated to be extremely stable in the case of the

dimethylamino analog.3*!
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Figure 7-5: Hypothetical C-H activation of thiophene by a TMP-BH. Intramolecular FLP with
computed energies (AG) for the reaction.

Unfortunately, despite the computed barrier of TMP-BH, for the C-H bond activation of
thiophene, we found that product was unreactive when put in the presence of this substrate.
This unexpected result was soon explained as, during the course of these studies,
Chernichenko, Papai, Repo, and coworkers reported the crystal structure of 8 as well as its
behavior in solution.3%® Their work demonstrated that 8 is in fact a H-bridged dimer both in the
solid state and in solution (Figure 7-6). Calculations by this group showed that the dimeric
resting state of 8 was in fact located 8.7 kcal.mol! below the monomeric open form.3% This
amount of energy thus has to be supplied in order to reach the C-H activation transition state.

In fact, as they found, 8 can still react with molecular hydrogen in an FLP fashion.

Figure 7-6: Dimeric character of 8 as described by Repo and coworkers.3%

While the dimeric form of 8 represented a hurdle on the path to C-H activation of arenes, the
BH2 moiety was so promising in terms of its potential to eliminate H> that we decided to
investigate the ability of 8 to activate more nucleophilic heteroarenes. Simple computations
allowed us to determine that furans and pyrroles were easier to activate than thiophene
(Figure 7-7).
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1-Methylpyrrole Thiophene

15.4 21.0

Figure 7-7: Transition state for the C-H bond cleavage of various heteroarenes and the AG
(kcal.mol ") associated with them.

As a matter of fact, we found that 1-methylpyrrole reacted with 8 in the course of five hours at
80 °C to give the hitherto unreported compound 9 with release of H.. While 9 could not be
successfully isolated, 'H, '*C and "B NMR, as well as correlation studies confirm its structure
unambiguously (Figure 7-9). This stoichiometric reaction was found to be very selective with
the main product coming from the C-H activation in the 2-position of 1-methylpyrrole. This
selectivity is explained by electronic factors, as this is the most nucleophilic position of pyrrole

rings, and supported by calculations described above.

2

Figure 7-8: Experimentally observed C-H activation-protodeborylation of 1-methylpyrrole by
8.

This tremendous result confirms the first characterized cleavage of sp? C-H bond by an
ambiphilic molecule and is a vital step towards selective catalytic C-H functionalization of
arenes using metal-free systems. The reaction could be reproduced using 1-methyl-2,3,4,5-

tetradeuteropyrrole which allowed the observation of HD.
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Figure 7-9: '"H COSY NMR (500 MHz, benzene-ds) spectrum of the aromatic region of 9.

On a fundamental note, we would like to comment on the contribution of this result to broader
synthetic and catalytic chemistry. We find that a well-known though often overlooked aspect
of reaction thermodynamics is that even if certain key steps are endergonic a reaction can
proceed as long as the intermediates can react further in overall exergonic processes. While
one cannot observe the actual zwitterionic arene-FLP intermediate, we were able to prove
that C-H activation occurs reversibly in the case of some mild ambiphilic molecules. In our
case, we merely trapped the C-H activation intermediate using a simple strategy. By this
method, we did not necessarily make the first C(sp?)-H activating FLP system, but we showed
a process that is likely to occur, albeit undetectably, in many ambiphilic systems. It is of prime
importance to the experimental chemist to be open to the existence of such intermediates and

to take advantage of them in the design of desirable systems.

7.1.3 Design of a FLP System Capable of Catalytic Functionalization of Arenes

While catalytic results obtained for the C-H functionalization of arenes are discussed in the

next chapter, a word has to be said about the actual design of the catalytic systems. With the
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proof of C-H activation in hand, we considered several options. One idea that the author of
this dissertation wished to investigate was that of a N-directed “boryldeborylation.” Namely,
this reaction was envisioned as an analog to the H» activation — protodeborylation sequence
by FLPs, but with hydroboranes. In this potential reaction, a hydroborane (R:BH = BHs,
catecholborane, pinacolborane or 9-BBN) would bind to the nitrogen atom of a N-B(Ar) FLP
along with hydride abstraction by the B(Ar) fragment. A C-B bond rotation would then place
the aryl group on boron in front of the R2B* on nitrogen, which would allow elimination (Figure
7-10).

® BR, @ BR,
NMe, MesN H MeoN Ar NMe,

B-AT  R,B-H B-Ar B~H - Ar-BR, B—H
H O T OH - H

Figure 7-10: Initially proposed C-H activation-boryldeborylation sequence in an
intramolecular FLP.

The whole C-H activation, H: elimination, B-H activation, and C-B elimination is the equivalent

of a typical metal-catalyzed cross-coupling reaction.

With hopes to concretize this idea, we investigated the reactivity of arenes and hydroboranes
catalyzed by phenylene-bridged TMP-BH> FLP. While we were successful in designing a
metal-free catalytic borylation of heteroarenes, the bulk of the TMP moiety precludes any
interaction with hydroboranes, making the “boryldeborylation” mechanism impossible. In fact,
we have shown that the catalyst could not interact with any borane but BHs. The actual

mechanism by which the borylation takes place will be presented in the next chapter.

Said chapter will be presented in the form of an article that concisely reports our seminal

contribution to metal-free activation of C-H bonds.

7.2 Abstract

Transition metal complexes are efficient catalysts for the C-H bond functionalization of
heteroarenes to generate useful products for the pharmaceutical and agricultural industries.
However, the costly need to remove potentially toxic trace metals from the end products has
prompted great interest in developing metal-free catalysts that can mimic metallic systems.
We demonstrate here that the borane (1-TMP-2-BH-CsHs), (TMP = 2,2,6,6-
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tetramethylpiperidine) can activate the C-H bonds of heteroarenes and catalyze the borylation
of furans, pyrroles, and electron-rich thiophenes. The selectivities complement those

observed with most transition-metal catalysts reported for this transformation.

7.3 Résumé

De nombreux complexes de métaux de transition sont d’efficaces catalyseurs pour la
fonctionnalisation des liens C-H d’hétéroarénes dans le but de générer des produits utiles aux
industries pharmaceutique et agricoles. Les colts associés a la séparation des résidus
métalliques en traces des produits finaux a suscité un intérét important pour le développement
et I'utilisation de catalyseurs sans métaux. Dans ce rapport, nous montrons que le borane (1-
TMP-2-BH2-CsHs), (TMP = 2,2,6,6-tetramethylpiperidine) peut activer les liens C-H
d’hétéroarénes et activer la borylation des furanes, des pyrroles et des thiophénes enrichis
en électrons. La sélectivité observée pour la borylation est complémentaire a celle observée

pour la majorité des catalyseurs organométalliques.

7.4 Introduction

Transition metal catalyzed reactions are ubiquitous tools in the pharmaceutical and
agrochemical industries despite the costs associated with removing residual catalysts; trace
metals in products for human consumption are heavily regulated by international bodies.®
Similar concerns exist in the modern electronic industry where metals need to be removed
from organic electronic devices to avoid loss of efficiency.'® Nevertheless, the importance of
selectively forming bonds between carbon and other atoms using transition metals has been
acknowledged by three Nobel Prizes in Chemistry in the past 15 years. More recently, the
catalytic functionalization of C-H bonds using transition metals has emerged as an atom-
economical way to generate new bonds without the need for activated precursors.?16
Through such an activation process, the catalytic Csp2-H borylation of aromatic molecules
generates organoboronates,®3¢036" which are important species for the pharmaceutical
industry and in the field of modern organic materials, notably as building blocks for the creation
of new bonds using the Suzuki-Miyaura cross-coupling reaction.’3¢2 Although some base
metal complexes have been used as catalysts for the borylation of arenes'419%.193 the most
efficient systems to date rely on noble metals, most notably iridium.'8%6" Alternatively,

borenium or boronium species generated by highly reactive precursors can promote the
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electrophilic borylation of arenes but stoichiometric quantities of amine derivatives are needed

to generate the active boron reagents. 9519198

Noble metals are well suited to cleave aromatic C-H bonds in catalytic processes because
they can easily mediate two-electron transfer processes. In the borylation reaction using
iridium catalysts, this transformation is usually assisted by the boryl substituents present on
the metal centre which facilitate the proton transfer (Figure 7-11A)."®° An analogous process
is the direct arylation through palladium carboxylate complexes, a process in which the
electron transfer is helped by the basic carboxylate group abstracting the proton on the
aromatic molecule while the aryl group coordinates the metallic center (Figure 7-11B)."67:168
Herein, we report that intramolecular “Frustrated Lewis Pairs” (FLPs) can be used as catalysts
for the C-H bond cleavage and dehydrogenative borylation of heteroarenes. Replacing current
metal-catalyzed technologies by FLP processes offers exciting possibilities because of the
abundance, low cost and low toxicity of most organoboranes, especially in comparison with
noble metals.?®® The metal-free activation of hydrogen reported in 2006 using the concept of
FLPs*42 |ed to an important breakthrough in the metal-free hydrogenation reaction.%? In FLP
processes, cleavage of H, occurs during the transition state via the cooperation of a Lewis
acid and a Lewis base that are prevented from forming a Lewis adduct by steric or geometrical
constraints. We now report the design of a FLP catalyst capable of cleaving and
functionalizing Csp2-H bonds. In this process, a Lewis basic amine putatively serves to abstract
a proton while the electron density of the Csp2-H bond is transferred to a Lewis acidic borane
(Figure 7-11C). This concept is thus reminiscent of the transformations observed with

transition metal complexes.
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Figure 7-11: Representative transition states for the C-H activation of arenes. A) Activation
of C-H bonds in borylation transformations using Ir catalysts. B) Carboxylate-assisted
metalation deprotonation at palladium. C) Metal-free C-H activation of heteroarenes using
FLP catalysts. The dashed lines represent bonds formed and cleaved during the electron
transfer.

7.5 Results and Discussion

The catalyst presented in Figure 7-11-C was designed to afford the nucleophilic carbon of the
heterocyclic substrate close access to the Lewis acidic BH2 moiety. In concert, the bulky amine
moiety favors the abstraction of the proton from the Csp2 while preventing possible head-to-
tail dimerization. The phenyl linker between the Lewis moieties has been shown to be quite
durable in FLP catalysis.52207:3%53% Compound 8 [(1-TMP-2-BH2-C¢H4). (TMP = 2,2,6,6-

tetramethylpiperidine)] was therefore a promising candidate for the metal-free Cspo-H
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activation of aromatic molecules in addition to being synthetically easily accessible. While we
were carrying out this work, compound 8 was shown to be in equilibrium with the monomeric

form and was reported to be an active species for hydrogen activation.3%®
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Figure 7-12: Stoichiometric transformations observed in the course of this study using 'H,
3C, and "B NMR spectroscopy. A) Reaction of species 8 with 1-methylpyrrole generating 9.
B) Reaction of 9 with HBpin generating 9 and 10a. C) Competitive experiment between 1-
methylpyrrole and 1-methylpyrrole-d, allowing determination of the kinetic isotope effect for
the generation of 9.

'H Nuclear magnetic resonance (NMR) monitoring of the addition of 1-methylpyrrole to a
solution of 8 in chloroform-d at 80 °C revealed the evolution of Hz (& = 4.63) and the formation
of product 9 over a period of 5 hours, resulting from the C-H activation of 1-methylpyrrole at
the 2 position (Figure 7-12-A). Conducting a similar reaction with 1-methylpyrrole-d, allowed
the observation of HD and the unambiguous assignment of the resonances associated with
the 1-methylpyrrole activation products (Figure 7-12-C). Compound 9 was shown to react
with HBpin (pin = pinacolato) in a chloroform-d solution over the course of 10 minutes at
ambient temperature, regenerating 8 by releasing 1-Me-2-Bpin-pyrrole (10a) (Figure 7-12-B,
Figure 7-13).
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Figure 7-13: Stacked ""B{'H} NMR (160 MHz, benzene-ds) spectra of 9 (top), the reaction of
9 and HBpin (middle) and 8 (bottom).
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Table 7-3: Scope of the borylation reaction catalyzed by 8. Unless specified otherwise, the
reactions were run using 8 (14.0 mg, 0.0305 mmol, 2.5 mol. %), HBpin (156 mg, 1.22 mmol),
and the substrate (n x 1.22 mmol) in 5 mL of CHCI3 at 80 °C. The conversions (conv.) are
given with respect to the transformation of the limiting reagent to the borylated product as
measured by 'H NMR spectroscopy at the end of the reaction. Yields and isomer ratios refer
to isolated quantities. Unless specified otherwise, a single isomer was isolated and detected.
"8 (2.1 mg, 0.045 mmol, 5 mol. %), 3-bromofuran (32.9 uL, 53.9 mg, 0.367 mmol) and HBpin
(12.8 pL, 11.7 mg, 0.092 mmol), benzene-ds (0.4 mL), 100 °C, 36 hours.

When equimolar amounts of 1-methylpyrrole and HBpin (1.22 mmol) were added to a
2.5 mol. % solution of 8 in CHCIs, we observed quantitative conversion of the reagents to a

93 : 7 ratio of 10a and 10a’ by "H NMR spectroscopy, confirming that 8 is a catalyst for the
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borylation reaction. We obtained the isolated products in a yield of 93% by passing the
reaction mixture over a short pad of silica to remove the catalyst. The same protocol was used
on a multigram scale reaction (0.22 mol) to isolate 3.76 g of the desired product (yield = 81
%). With a catalytic loading as low as 0.5 mol %, we isolated species 10a and 10a’ in an
overall 72 % yield. The borylation of 1-methylpyrrole was also possible with catecholborane
and 9-borabicyclo[3.3.1]Jnonane, but these gave yields of 42 and 60%, respectively. In
addition, we tested functional group tolerance by conducting the borylation of 1-methylpyrrole
in the presence of additives. The reaction was shown to be tolerant of aryl or alkyl halides,
epoxides, ethers, hexamethylphosphoramide, and less basic amines, but inhibition was
observed in the presence of basic amines, carbonyl groups, or unsaturated hydrocarbons
(Table 7-3).

The scope of the borylation is displayed in Table 7-3. The reaction does not proceed for the
parent pyrrole because of the reactive N-H bond that presumably inhibits the catalyst.
Protection of the pyrrole with the N-benzyl group allowed us to isolate a 3:2 mixture of 10b
and 10b’ in 90% yield. Not only are the TIPS (TIPS = triisopropylsilyl) and TMS protecting
group also tolerated, but they allow the formation of the 3-substituted isomer, giving 10c and
10d in good yields. However, the presence of the electron-withdrawing tertbutyloxycarbonyl
group (BOC) inhibits the reaction completely. The latter results suggest that the electronic
parameters are critical for the reaction to proceed. Indeed, the quantitative borylation for 1-
methylindole at the most electron-rich 3-position to generate 10e rather than in the 10-position
as observed for the iridium catalysts'® is reminiscent of the regioselectivity observed in

electrophilic borylations. 96198

Whereas our investigation revealed that thiophene is not reactive, the borylation proceeds
rapidly for electron rich 3,4-ethylenedioxythiophene. By adding 0.5 or 2 equiv of HBpin, it was
possible to observe quantitative conversion to the mono- (10f) or diborylated (10g) products.
Similarly, 2-methoxythiophene was borylated successfully once more suggesting that

electron-rich substrates are required for catalysis to occur.

Many furan derivatives are challenging to isolate since they tend to be light sensitive and
degrade on silica but our simple purification methods allows rapid isolation of the products.
Although furan gave only limited conversion to 10i by NMR spectroscopy, we were able to
isolate borylated 2-alkylfurans 10j and 10k in excellent yields. Once again, electron-rich

substrates react readily, giving methoxide and siloxide species 10l and 10m in good yields
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and thus expanding the scope to the use of protected alcohol functionalities. 8 is tolerant of

bromide-containing substrates and generates 10n and 10n’ in a close to statistical 1:0.9 ratio.

Density functional theory (DFT) calculations were carried out at the wB97xd/6-31+G** level
(with the SMD solvation model to account for chloroform solvent) to propose a reliable
mechanism for this transformation using 1-methylpyrrole as the model substrate, as shown in
Figure 7-14. After dissociation of the dimer 8, the rate-determining step was calculated to be
the C-H activation of the substrate by Int1, generating the zwitterionic species Int2. Once Int2
is generated, the calculations predict a rapid release of H, to generate 9.2 The formation of
10a in the presence of HBpin was calculated to proceed via a four-centre sigma-bond

metathesis, regenerating 8 in the process.

&
H ; z
TMP LN

B T™MP
g \
h 0(0)
[
pinB N
1 \@ T™P B—H |
-1.8 (-6.5) o H :N: TS1
Int1 \ /
TS2 7.1(13.0)
14.2 (4.1) TS1
24.4 (14.6) o
ky
Ky —=1.8
HBpin Overall k_n =1.9 Kp

ST ey -

(-4.9)

Figure 7-14: Proposed mechanism of the borylation of 1-methylpyrrole using catalyst 8, with
calculated (wB97xd/6-31+G**) energies AG?"* (AH?73K) given for each structure in kcal.mol™
in chloroform phase. The formation of 9 from 8 (KIE of 1.8 when was obtained using 1-
methylpyrrole-ds) and 10a from 9 were observed using NMR spectroscopy, with an overall
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KIE of 1.9 for the catalytic transformation. Int1 and Int2 were not observed and transition states
TS1 and TS2 are represented, based on DFT calculations.

Whereas the 24.4 kcal.mol” barrier for C-H activation of the proton in the 2-position of the
pyrrole is favored, the activation on the 3-position is also possible, requiring only 0.4 kcal.mol™
of additional activation energy, justifying the minor amount of 10a’ produced during catalysis.
These barriers are consistent with catalysis operating at 80 °C. We performed competition
experiments at 80 °C between 1-methylpyrrole and 1-methylpyrrole-ds to measure a kinetic
isotope effect (KIE) of 1.8 for the stoichiometric C-H activation with formation of 9 and of 1.9
for the catalytic borylation. The relatively low KIE value of 1.8 to 1.9 is similar to that observed
for the concerted metalation-deprotonation of the palladium-catalyzed arylation reaction with
similar substrates (KIE of 2.1 at 100 °C).359364

It is well established that the C-H activation processes using iridium catalysts correlate well
with the acidity of the proton.3%%3¢ |n contrast, the ease of activation of C-H bonds using
carboxylate-assisted palladium catalysts can be attributed to both the acidity of the proton and
the nucleophilicity of the carbon.'7%3% The regioselectivity observed for the borylated indole
10e and the KIE values support the transition-state calculations indicating that the C-H bond
activation by catalyst 8 is directed by the most nucleophilic carbon, therefore acting in a
complementary fashion when compared to transition-metal systems. Although thiophene and
1,3,5-trimethoxybenzene are more difficult to activate since these molecules have higher
aromatic stabilization and hence lower nucleophilicity than pyrroles, the DFT results suggest
that the C-H activation transition state energies of these molecules are, respectively, only 3.3
and 6.7 kcal.mol' higher than for the activation of 1-methylpyrrole, suggesting that the
borylation of these substrates might be accessible with further catalyst optimization.
Furthermore, it is expected that the FLP mediated activation of C-H bonds could be exploited

for a plethora of C-H functionalization reactions.

7.6 Experimental Details

General Procedures: Unless specified otherwise, manipulations were carried out under a
nitrogen atmosphere using standard glovebox and Schlenk techniques. Toluene and hexanes
were purified by distillation over Na/benzophenone. Chloroform used in catalytic reactions

was dried by distillation over P20s. chloroform-d used for the test catalytic reactions was

153



similarly treated. benzene-ds was dried over Na/K alloy and distilled. Catalytic reactions,

unless specified otherwise, were carried out in oven-dried sealable vials.

NMR spectra were recorded on an Agilent Technologies NMR spectrometer at 500 MHz ('H),
125.758 MHz ('*C), 160.46 MHz (''B) and on a Varian Inova NMR AS400 spectrometer, at
400.0 MHz ('H), 100.580 MHz (*3C). "H NMR and "*C{'H} NMR chemical shifts are referenced
to residual protons or carbons in deuterated solvent. '"'B{'H} was calibrated using an external
reference of BF3.Et2O. Multiplicities are reported as singlet (s), broad singlet (s, br) doublet
(d), triplet (t), multiplet (m). Chemical shifts are reported in ppm. Coupling constants are
reported in Hz. ICP-MS measurements were conducted on an Agilent Technologies Triple
Quadrupole 8800 ICP-MS. Mass Spectrometry analyses were carried out on an Thermo-
Fisher Trace GC Ultra with a ITQ 900 MS, using electronic impact as an ionization source

(precision +/- 0.2 uma).

Al20O3 was purchased from Sigma-Aldrich and activated by heating in a Schlenk flask at 300
°C under vacuum (20 millitorr) for 16 hours. Heteroaromatic substrates were purchased from
Sigma-Aldrich or Alfa Aesar or prepared according to literature procedures®¢”%%¢ and stored in
a glovebox over 4 A molecular sieves. 1-methylpyrrole was distilled from KOH and flame-dried
MgSO,. 2-Methoxyfuran (Alfa), 2-silyloxyfuran (Aldrich), 2-methoxythiophene (Alfa), 3-
bromofuran (Aldrich), furan (Aldrich), 2-methylfuran (Aldrich), and 1-benzylpyrrole were
passed through a short pad of alumina before use. 3,4-Ethylenedioxythiophene was distilled

before use. Pinacolborane was purchased from Sigma-Aldrich and used as received.

7.6.1 Synthesis of Catalyst

1) BH; SMe,
2) TMSBr
Li BH,

T™P Toluene T™P

Figure 7-15: Preparation of 8 according to the procedure reported by Repo and coworkers.

8 was synthesized using the procedure reported by Repo and coworkers with minor

modifications.®%¢ In a Schlenk tube, 4.2 g of [2-(2,2,6,6-tetramethylpiperidin-1-yl)phenyl]lithium
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(18.8 mmol) were suspended in ca. 90 ml of dry toluene and cooled to -80 °C. Borane dimethyl
sulfide complex (3.6 ml, 37.6 mmol, 2 equiv) was added via syringe in one portion. The
reaction was stirred at -80 °C for 2 h, then allowed to warm to room temperature within 1 h
and stirred overnight. Trimethylsilyl bromide (2.6 ml, 19.7 mmol, 1.05 equiv) was added in one
portion via syringe and the reaction was stirred for another 4 h at room temperature after
which volatiles were removed in vacuum (1 mbar). The residue was dispersed in ca. 50 mL
of hot hexane and was filtered hot. The filter cake was washed two times with additional ca.
25 mL of hot hexanes, and the combined liquors were left to crystallize at -35 °C. After ca. 48
h the supernatant was removed by filtration and the crystals washed twice with cold hexanes
(2 x 25 mL, -60 °C). After evaporation of the volatiles in vacuo, 2.24 g (52% yield) of a white
crystalline powder was obtained. Spectroscopic measurements corresponded to that of pure
8.

"H NMR (500 MHz, chloroform-d): 8 7.71 (br. d, J = 7.3 Hz, 2H), 7.43 — 7.32 (m, 4H), 7.25 (br.
t, J=7.1 Hz, 2H), 5.10 (br, 1H, BH), 2.36 (br, 1H, BH), 1.96 — 1.83 (m, 2H, TMP), 1.67 — 1.52
(m, 10H, TMP), 1.33 (s, 12H, TMP(Mez)), 0.81 (s, 12H, TMP(Me>)). "*C{'H} NMR (126 MHz,
chloroform-d) & 151.7, 142.1, 134.6, 131.8, 129.1, 125.2, 55.4, 42.1, 32.9, 26.0, 18.8. ""B{'H}
NMR (160 MHz, chloroform-d) : 20.0.

7.6.2 Stoichiometric Reactions

Preparation of 9 by C-H activation
-H
. ) : o
0.5 BH, le toluene, 80 °C E l\{

Figure 7-16: Preparation of 9 by the C-H bond activation-H> release sequence.

In a glovebox, 300 mg (1.654 mmol) of 8 was dissolved in ca. 25 ml of toluene and placed
into a Schlenk tube. 116 pL (106 mg, 1.31 mmol) of 1-methylpyrrole was subsequently added
by pipet. The reaction mixture was heated under nitrogen to 80 °C for 5h and then evaporated
to dryness in vacuo. The resulting thick orange oil proved to be difficult to handle and attempts

to isolate 9 from the small impurities failed (presumed to be the activation of 1-methylpyrrole
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at the 3 position and/or a double activation of 1-methylpyrrole). Instead, it was characterized
as is and used without further purification. The structure of the product could be
unambiguously assigned as that of 9 by its 'H and "*C NMR signature. A similar reaction using
a mixture of 1-methylpyrrole and 1-methylpyrrole-d. confirmed the assignation of the aromatic
pyrrole (NC4Hs3) since they do not integrate for the unity as expected for a D-containing

product.

H NMR (500 MHz, benzene-ds) & 7.85 (dd, J = 7.3, 1.8 Hz, 1H, CsHa), 7.37 (dd, J = 8.0, 1.1
Hz,1H, CeHa), 7.27 (ddd, J = 8.0, 7.2, 1.9 Hz, 1H, CeHa), 7.19 (dt, J = 7.3, 1.1 Hz, 1H, CeHa),
7.17 (dd, J = 3.9, 1.5 Hz, 1H, NC4Hs), 6.54 (t, J = 1.9 Hz, 1H, NC4Hs), 6.25 (dd, J = 3.9, 2.3
Hz, 1H, NC4Hs), 3.35 (s, 3H, NCHs), 1.30 (s, 6H, TMP(Mez)), 0.95 (s, 6H, TMP(Me2)), cyclic
TMP signals were found as poorly resolved multiplets in the 2.0 - 0.9 ppm area. "*C{'"H} NMR
(126 MHz, benzene-ds) 6 152.8, 136.1, 132.2, 131.4, 129.7, 128.4, 125.2, 110.5, 55.4, 42.5,
34.6, 26.0, 19.1. ""B{'"H} NMR (160 MHz, chloroform-d) : 54.3 (br).

"B NMR monitoring of the reaction of 9 and pinacolborane

20.0 mg (0.0649 mmol) of 9 was dissolved in chloroform-d and placed into a J-Young NMR
tube. HBpin (0.129 mmol, 16.6 mg, 18.2 yL) was added by pipet and the resulting mixture
was immediately analyzed by ""B{'"H} NMR (total acquisition time: 30 minutes). The analysis
revealed complete conversion of 9 to 8. The concomitant generation of 10a could not be
confirmed by "B NMR because of the overlap of the signal with HBpin but could be seen by
'H NMR. The 'H NMR spectrum was taken before the "B NMR spectrum and within 10
minutes of the addition of HBpin to 9.
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7.6.3 Catalytic Results and Analytics

For the following study, a solution of catalyst 8 (11.2 mmol.L™") and hexamethylbenzene (42.6

mmol.L™") in chloroform-d was prepared and used for the NMR experiments.

Optimization of the catalytic borylation of N-Methypyrrole

Table 7-4: Optimization of the yields for the metal-free borylation of 1-methylpyrrole.

J/\ cat. (5 mol.%) [ %BRz

| CDCly, t, 80 °C
3a+3a'
Entry Catalyst HBR: t (h) Yield (%)
1 - HBpin 24 0

TMP

2 ©/ HBpin 24 0
TMP

3 @[ HBpin 24 0
|

4 8 (2.5 mol. %) HBpin 5 > 95
5 8 (2.5 mol. %) HBcat 12 42
6 8 (2.5 mol. %) 9-BBN 12 60

These results led us to use pinacolborane for the borylation of heteroaromatic molecules.
Pinacolboronates are the most useful boronates to the synthetic chemist for their superior

stability and their interesting reactivity.
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Evaluation of Functional Group Tolerance.

In order to evaluate the tolerance of the catalytic process towards various functional groups,
the catalytic borylation of 1-methylpyrrole was performed in the presence of additives
containing various functional groups. Such study was recently performed for testing the
functional group tolerance in the silylation of heterocycles catalyzed by KOtBu.**® For such a
study, a solution of catalyst 8 (11.3 mmol.L™") and hexamethylbenzene (42.6 mmol.L™") was

prepared.

In a typical experiment, 0.4 mL of solution (0.0045 mmol) was introduced by automatic pipet
into a J-Young or normal NMR tube, followed by HBpin (26.1 mL, 23.0 mg, 0.18 mmol), 1-
methylpyrrole (19.1 mL, 17.5 mg, 0.22 mmol) and an additive (0.18 mmol). The resulting
solution was heated to 80 °C in an oil bath for 5 hours before being analyzed by 'H NMR.

Results are given in Table 7-5.
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Table 7-5: Tolerance of the catalytic system to various additives.

Bpin
/A . 8 (25mol.%) 7\ /8
12 0\ 1.0 HB . b ;
N * P CDCl; 80°C, 5h Q\Bp'n RN
I 1.0 additives | |
3a 3a'
Entry Additive Yield(%) | Entry Additive Yield(%)

12 ; 95 12 ()o 48
2 @ 4 13 B 88

S
3 Ph——=——~Pn 0 14 THF 98
4 PhF >99 15 DMF 0

0
5 PhCI 93 16 @E/) 12
6 BrO-Br 90 17 31

NO,
o/

7 Br-(C)1o-Br 88 18 Br©—< 68
°\

8 PhsN 92 19 E:N—Boc 64

=
9 Ph,NH 0 20 PhCF5 94
(@]
10 0 21 HMPA 87
Ph)J\Ph
11 >—CN 0 22 TMEDA 24

Conditions: 0.4 mL chloroform-d, 0.0045 mmol cat (2.5 mol%), 0.18 mmol additive (1.0 equiv),
0.22 mmol 1-methylpyrrole (1.2 equiv.), 0.18 mmol HBpin 80 °C, 5 hours. Yields (based on
HBpin) determined by NMR integration with respect to the internal standard of
hexamethylbenzene which was introduced before the start of the reaction.? Control reaction

without the presence of any additive
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ICP-MS quantification of trace metals in catalytic mixture

The catalytic borylation of 1-methylpyrrole was performed using the exact conditions specified
below (see Part IV). At the end of the reaction, an aliquot of the reaction mixture was taken
to ascertain the completion of the reaction. Instead of purifying, isolating and quantifying the
product, the reaction mixture was dried in vacuo and an aliquot of 100 mg was taken and
added to a mixture 18 mL of concentrated HNO3s and 2 mL concentrated HCI. This mixture
was heated to 175 °C under a pressure of 120 psi for 20 minutes before being diluted and
analyzed by ICP-QQQ-MS to quantify their metal contents. Results are reported as the

average of two sample solutions analyzed 10 times each. Results are given in Table 7-6.

Table 7-6: Concentration of various metals in the unpurified reaction mixture of the borylation
of 1-Methylpyrrole by HBpin catalyzed by 8.

Concentration
(ppm)

Co 0,00 £ 0,03
Mo 0.000 + 0.002
Ru 0,000 + 0,002
Rh 0,00 £ 0,01
Pd 0,13+0,02
Ag 0,04 £ 0,03
Os 0,4+0,3
Ir 0,03 £ 0,01
Pt 04+04
Au 32
Ti 0,00 £ 0,05
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7.6.4 Borylation of Heteroarenes

=2 = Bpin
& 8 . I
AN e e ——— S ¢ H
E CDCl, E
80°C, 16h E=NR,S,0

Figure 7-17: General formulation of the catalytic borylation of heteroarenes.

General Procedure: In a nitrogen-filled glovebox, a 0.0305 M stock solution of 8 in CHCI;
was prepared. 1 mL of this solution was introduced by pipet to a sealable 25 mL microwave
vial equipped with a magnetic stirring bar and diluted in 4 mL additional CHCls. Warning: using
smaller vials may lead to hydrogen overpressure and explosion hazard. To this was added
HBpin and the heteroaromatic substrate in the specified quantities. The vial was subsequently
sealed and heated with stirring to 80 °C for 16 hours, after which the mixture was cooled down
to room temperature and 60 pL of p-xylene or mesitylene was added. An aliquot of the reaction
mixture was analyzed by 'H NMR to determine the conversion, which was measured with
regard to the resonance of the pinacol moieties. Heteroaromatic boronates were often found
to be of dubious stability, especially in the case of furyl boronates. For this reason, the reaction
mixture was purified by rapid passage through a very short pad of silica with vacuum suction
along with CH.ClI; for rinsing. Such a treatment proved sufficient to remove the catalyst and
yield the borylated product with good purity after vacuum evaporation of solvents and volatiles.
Longer flash chromatography columns, on the other hand, tended to reduce the yields of
obtained products. The reaction with the parent pyrrole was shown not to work because of
activation of the N-H bond. The reaction with N-BOC-pyrrole was shown not to work because

of the electron withdrawing character of the BOC group.
Description of the Flash Legare Apparatus

In order to efficiently purify material that decomposes on the silica gel, we decided to design
an apparatus that would allow the purification of crude mixtures rapidly and using small
quantities of silica. This setup, which came to be known as the Flash Legare consists of a 9
mm pastor pipet inserted in a short column set on a round bottom flask and connected to a
vacuum line (Figure 7-18). The pipet is fitted in a joint that is made from a reused rubber pipe.

Cotton is set at the bottom of the pipet that is then filler with ca. 4 cm of silica.
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Figure 7-18: Picture of a typical Flash Legare setup used for the purification of 1.22 mmol of
borylated material on a silica pad.

With vacuum suction, the crude mixture is rapidly’ poured on the silica and subsequently
rinsed with several portions of solvent. The manipulation has to be done rapidly in order to
minimize contact with the silica. Such a treatment was sufficient for the purification of our

products.

Borylation of 1-methyipyrrole

8 (2.5 mol. %) Bpin

B HBpin (1eq) @\Bpin ) Q

\ CHCl,, 80 °C, 5h \ |

10a 10a’

Figure 7-19: Borylation of 1-methylpyrrole catalyzed by 8.

The general procedure was followed with the reaction time reduced to 5 hours. 1-
methylpyrrole (109 pL, 99.1 mg, 1.22 mmol) was reacted with HBpin (177 pL, 156 mg, 1.22
mmol). Complete conversion was observed by NMR and 235 mg (93 %) of a 93:7 mixture of
1-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrrole and  1-methyl-3-(4,4,5,5-

V'We have found that the following rule of thumb was appropriate for the handling of the Flash Legare:
from start to finish, all manipulations should be done while listening to "Flash Gordon" by Queen and
be over before the end of the song.
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tetramethyl-1,3,2-dioxaborolan-2-yl)pyrrole was isolated as a white solid. NMR

characterization was conform to that of the reported products. % M*: 207.1 (calc.: 207.14).

1-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrrole (10a): '"H NMR (400 MHz,
chloroform-d) 5 6.81 (m, 2H), 6.15 (m, 1H), 3.84 (s, 3H), 1.31 (s, 12H); *C{"H} NMR (101 MHz,
chloroform-d): & 128.3, 122.0, 108.6, 83.2, 36.7, 25.0; ""B{"H} NMR (160 MHz, chloroform-d)
:028.1.

1-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrrole (10a’): '"H NMR (400 MHz,
chloroform-d) 6 7.06 (m, 1H), 6.64 (m, 1H), 6.47 (m, 1H), 3.81 (s, 3H), 1.29 (s, 12H).

While 10a’ can be identified by its '"H NMR spectrum, it was not found in sufficient

concentration to be characterized by ''B and *C NMR.

8 (0.5 mol. %) Bpin

[ _Hepnted @\Bpin ) ﬂ

\ CHCI,, 80°C,16h || |

10a 102’

Figure 7-20: Borylation of 1-methylpyrrole catalyzed by 8 at 1 mol.%.

The catalyst loading for the borylation of 1-methylpyrrole could be decreased to 0.5 mol. %.
To assess this, we performed the catalytic reaction using 0.2 mL of our 0.305 M stock solution
of catalyst. 1-methylpyrrole (109 uL, 99.1 mg, 1.22 mmol) and HBpin (177 uL, 156 mg, 1.22
mmol) were subsequently added by pipet and the sealed vial was heated to 80 °C with stirring.
A conversion of 92 % was observed by NMR after 16 hours and 182 mg (72 %) of a 86:14

mixture of 10a and 10a’ was isolated as a white solid.
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8 (2.5 mol. %) Bpin

mn HBpin (1eq) _ @Bpm ) @

"' cHol,80°c, 15n |

10a 10a’

Figure 7-21: Large scale borylation of 1-methylpyrrole catalyzed by 8.

The reaction was scaled up: in a glovebox, 8 (257 mg, 1.12 mmol) was introduced in a Schlenk
tube and dissolved in ca. 100 mL of CHCIs. HBpin (2.87 g, 22.4 mmol) and 1-methylpyrrole
(2,00 g, 24.7 mmol) were subsequently added. The closed Schlenk was heated to 80 °C under
a flow of N2 for 15 hours. After 15 hours, the reaction mixture was cooled down and an aliquot
was analyzed by 'H NMR. This analysis showed a conversion of 90 % as showed by the
pinacol resonances (see below). The mixture was then vacuum-filtered through a pad of silica,
which was rinsed with CH»Cl,. Evaporation of the volatiles afforded the borylated products as
a white solid (3.76 g, 81%).

Borylation of 1-benzylpyrrole

8 (2.5 mol. %) Bpin
{/ \§ HBpin (0.5eq) @\ {/ \S
k CHCI5, 80 °C, 16h k k
Ph Ph Ph
10b 10b’

Figure 7-22: Borylation of 1-benzyllpyrrole catalyzed by 8.

The general procedure was followed with 1-benzylpyrrole (377 uL, 384 mg, 2.44 mmol) and
HBpin (177 pL, 156 mg, 1.22 mmol). Complete conversion was observed by NMR and 311
mg (90 %) of a 3:2 mixture of 1-benzyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrrole
and 1-benzyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrrole was obtained after
thorough evaporation of volatiles as a colorless oil which rapidly became light pink. NMR
characterization was conform to that of the reported compound for 1-benzyl-3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)pyrrole.3" 1-benzyl-2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)pyrrole is a new compound. M*; 283.2 (calc.: 283.17).
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1-benzyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrrole (10b): 'H NMR (400 MHz,
chloroform-d) & 7.30 — 7.17 (m, 3H), 7.12 — 7.06 (m, 2H), 6.89 (dd, J = 2.4, 1.6 Hz, 1H), 6.86
(dt, J= 3.6, 1.9 Hz, 1H), 6.23 - 6.19 (m, 1H), 5.39 (s, 2H), 1.24 — 1.21 (m, 13H)

1-benzyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrrole (10b’): '"H NMR (400 MHz,
chloroform-d) & 7.36 — 7.26 (m, 3H), 7.17 — 7.12 (m, 3H), 6.73 — 6.68 (m, 1H), 6.51 (dd, J =
2.6, 1.7 Hz, 1H), 5.06 (s, 2H), 1.31 (s, 12H);

Mixture: *C{'H} NMR (126 MHz, chloroform-d) & 139.8, 137.7, 130.4, 128.9, 128.5, 127.9,
127.7, 127.5, 127.2, 127.0, 122.4, 122.3, 114.6, 109.1, 83.3, 82.9, 53.5, 52.9, 25.0, 24.8;
"B{"H} NMR (160 MHz, chloroform-d): 5 27.8.

Borylation of 1-(triisopropylsilyl)pyrrole

8 (2.5 mol. %) Bpin
{/ \§ HBpin (0.4 eq) N {/ \S
N CHcl,, 80 °C, 16h N
TIPS TIPS
10c

Figure 7-23: Borylation of 1-(triisopropyl)pyrrole catalyzed by 8.

The general procedure was followed with 1-(triisopropylsilyl)pyrrole (305 pL, 321 mg, 2.44
mmol) and HBpin (177 uL, 156 mg, 1.22 mmol). Complete conversion was observed by NMR
and 342 mg (98 %) of 1-triisopropylsilyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrrole
was obtained as a colorless solid after thorough evaporation of the volatile under vacuum.
NMR characterization was conform to that of the reported product.'®®M*: 349.3 (calc.: 349.26).

"H NMR (500 MHz, chloroform-d) & 7.23 (br. s, 1H), 6.81 (m, 1H), 6.62 (m, 1H), 1.46 (sept, J
= 7.3 Hz, 3H), 1.32 (s, 12H), 1.09 (d, J = 7.3 Hz, 18H); *C{'"H} NMR & (126 MHz, chloroform-
d)5133.8, 125.1, 115.7, 82.9, 25.0, 18.0, 11.8; ""B{'"H} NMR & (160 MHz, chloroform-d): 30.0.
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Borylation of 1-(trimethylsilyl)pyrrole

8 (2.5 mol. %) Bpin
/\_/\/ ) HBpin (0.25 eq) /\_j/ {
N CHCl,, 80 °C, 16h N
T™S T™S
10d

Figure 7-24: Borylation of 1-(trimethyl)pyrrole catalyzed by 8.

The general procedure was followed with 1-(trimethylsilyl)pyrrole (680 mg, 4.89 mmol) and
HBpin (177 pL, 156 mg, 1.22 mmol). A conversion of 75 % was observed by NMR and 342
mg (98 %) of A1-trimethylsilyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrrole was
obtained as a colorless solid after thorough evaporation of the volatile under vacuum. M*:
265.1 (calc.: 265.17).

"H NMR (400 MHz, chloroform-d) & 7.28 (m, 1H), 6.83 (t, J = 2.2, 1H), 6.63 (m, 1H), 1.35 (s,
12H), 1.32 (s, 12H), 0.42 (9H); *C{'H} NMR (126 MHz, chloroform-d) & 132.9, 124.0, 116.3,
83.0, 77.2, 25.0, -0.2; ""B{'H} NMR (160 MHz, chloroform-d): & 30.0.

Borylation of 1-methylindole

8 (2.5 mol. %) Bpin
% HBpin (0.5eq) Cz_g
N

' CHel,, 80 °C, 16h |

10e

Figure 7-25: Borylation of 1-methylindole catalyzed by 8.

The general procedure was followed with 1-methylindole (305 uL, 321 mg, 2.44 mmol) and
HBpin (177 pL, 156 mg, 1.22 mmol). Complete conversion was observed by NMR and 267
mg (85 %) of 1-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)indole was obtained as
pale yellow crystals. NMR characterization was conform to that of the reported product.’®® M*:
257.2 (calc.: 257.16).

"H NMR (400 MHz, chloroform-d) & 8.04 (ddd, J = 7.7, 1.4, 0.8 Hz, 1H), 7.52 (s, 1H), 7.35 —
7.31 (m, 1H), 7.25 — 7.15 (m, 2H), 3.80 (s, 3H), 1.37 (s, 12H); *C{'"H} NMR (101 MHz,
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chloroform-d): & 138.6, 138.0, 132.6, 122.8, 121.9, 120.3, 109.3, 82.9, 33.1, 25.0; ""B{'H}
NMR (160 MHz, chloroform-d): & 29.7.

Monoborylation of 3,4-ethylenedioxythiophene

/ N\ /N
O ©°  8@25mol %) o 0
Z_ﬁ HBpin (0.5 eq) N Z_g\
S o S Bpln

CHCI3, 80 °C, 16h

Figure 7-26: Monoborylation of 3,4-ethylenedioxythiophene catalyzed by 8.

The general procedure was followed with 3,4-ethylenedioxythiophene (261 uL, 347 mg, 2.44
mmol) and HBpin (177 uL, 156 mg, 1.22 mmol). Complete conversion was observed by NMR
and 285 mg (87 %) of 2-(4,4,55-tetramethyl-1,3,2-dioxaborolan-2-yl)-3,4-
ethylenedioxythiophene was obtained as a white crystalline solid. NMR characterization was
conform to that of the reported product.®”' M*: 268.1 (calc.: 268.09).

"H NMR (500 MHz, chloroform-d) & 6.63 (s, 1H), 4.31 — 4.28 (m, 2H), 4.19 — 4.17 (m, 2H),
1.34 (s, 12H); *C{"H} NMR (126 MHz, chloroform-d) & 149.2, 142.5, 107.6, 84.0, 65.2, 64.4,
24.9; ""B{"H} NMR (160 MHz, chloroform-d): 5 28.2.

Diborylation of 3,4-ethylenedioxythiophene

0]

O 8@5mol %) Q P
2/ \S HBpin (2 eq) . /Z_g\
~ pinB Bpin

S° CHcl,, 80 °C, 16h S
10g

Figure 7-27: Diborylation of 3,4-ethylenedioxythiophene catalyzed by 8.

The general procedure was followed with 3,4-ethylenedioxythiophene (65 pL, 87 mg, 0.611
mmol) and HBpin (177 pL, 156 mg, 1.22 mmol). Complete conversion was observed by NMR
and 443 mg (92 %) of 2-(4,4,55-tetramethyl-1,3,2-dioxaborolan-2-yl)-3,4-
ethylenedioxythiophene was obtained as pale yellow crystalline solid. NMR characterization
was conform to that of the reported product.3’? M*: 394.2 (calc.: 394.18).
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"H NMR (500 MHz, chloroform-d) & 4.27 (s, 2H), 1.32 (s, 12H); "*C{'"H} NMR (101 MHz,
chloroform-d) & 149.0, 84.0, 64.8, 24.9; "'B{"H} NMR (160 MHz, chloroform-d). & 28.4.

Borylation of 2-methoxythiophene

8 (2.5 mol. %)

HBpin (1 eq)
Meoﬂ g Meo/@\Bpin

S CHC, 80 °C, 16h

|

Figure 7-28: Borylation of 2-methoxythiophene catalyzed by 8.

The general procedure was followed with 2-methoxythiophene (123 pL, 140 mg, 1.22 mmol)
and HBpin (177 uL, 156 mg, 1.22 mmol). Complete conversion was measured by NMR and
249 mg (85 %) of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-methoxythiophene was
obtained as pale yellow oil. M*: 240.1 (calc.: 240.13).

H NMR (400 MHz, chloroform-d) & 7.33 (d, J = 3.9, 1H), 6.30 (dd, J = 3.9, 1H), 3.92 (s, 3H),
1.32 (s, 12H); 3C{"H} NMR (126 MHz, chloroform-d) & 173.0, 136.6, 106.3, 83.9, 60.5, 24.9;
"B{'H} NMR (160 MHz, chloroform-d): 5 28.7.

Borylation of furan

8 (2.5 mol. %)

HBpin (0.4 eq)
@ > @\Bpin

O CHcl,, 80 °C, 16h ©

10i

Figure 7-29: Borylation of furan catalyzed by 8.

The general procedure was followed with furan (222 uL, 208 mg, 3.06 mmol) and HBpin (177
uL, 156 mg, 1.22 mmol). A conversion of 79 % conversion was measured by NMR after 36
hours and 203 mg (80 %) of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methylfuran was
obtained as pale yellow oil. NMR characterization was conform to that of the reported
product.’”® M*: 194.1 (calc.: 194.11).
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"H NMR (400 MHz, chloroform-d) & 7.65 (dd, J = 1.7, 0.6, 1H), 7.07 (dd, J = 3.4, 0.6, 1H), 6.62
(dd, J = 3.4, 1.7, 1H), 1.35 (s, 12H); *C{'"H} NMR (126 MHz, chloroform-d) & 147.5, 123.4,
110.5, 84.4, 77.2, 24.9; ""B{'"H} NMR (160 MHz, chloroform-d): 5 27.3.

Borylation of 2-methylfuran

8 (2.5 mol. %)

/@ HBpin (0.8 eq) /@\Bpin

O CHcl,, 80 °C, 16h 0

10j
Figure 7-30: Borylation of 2-methylfuran catalyzed by 8.

The general procedure was followed with 2-methylfuran (132 uL, 120 mg, 1.47 mmol) and
HBpin (177 pL, 156 mg, 1.22 mmol). Complete conversion was measured by NMR and 203
mg (80 %) of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-methylfuran was obtained as
pale yellow oil. NMR characterization was conform to that of the reported product.’®> M*: 208.1
(calc.: 208.13).

"H NMR (500 MHz, chloroform-d) & 6.99 (dd, J = 3.2, 0.6 Hz, 1H), 6.03 (dq, J = 3.2, 0.9 Hz,
1H), 2.36 — 2.35 (br. s, 3H), 1.34 (s, 12H); 3C{'H} NMR (101 MHz, chloroform-d) & 157.9,
125.0, 107.0, 84.2, 24.9, 14.1; "'B{'"H} NMR (160 MHz, chloroform-d): 5 27.1.

Borylation of 2-tertbutylfuran

8 (2.5 mol. %)
7\ HBpin (0.8 eq) R 7\

Bpin
© CHCls, 80 °C, 16h ©
10k

Figure 7-31: Borylation of 2-tertbutylfuran catalyzed by 8.

The general procedure was followed with 2-tertbutylfuran (209 uL, 182 mg, 1.47 mmol) and
HBpin (177 L, 156 mg, 1.22 mmol). Complete conversion was measured by NMR and 258
mg (86 %) of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-tertButylfuran was obtained as
pale yellow oil. M*: 250.2 (calc.: 250.17).
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"H NMR (400 MHz, chloroform-d) 5 6.98 (d, J = 3.3 Hz, 1H), 6.02 (d, J = 3.3 Hz, 1H), 1.33 (s,
12H), 1.31 (s, 9H); "*C{'"H} NMR (101 MHz, chloroform-d) & 169.9, 124.8, 103.3, 84.0, 77.2,
33.1, 29.3, 24.9; ""B{'"H} NMR (160 MHz, chloroform-d): & 27.4.

Borylation of 2-methoxyfuran

8 (2.5 mol. %)

HBpin (1 eq)
Meoﬂ > MeO/@\Bpin

© CHClj, 80 °C, 16h ©
101

Figure 7-32: Borylation of 2-methoxyfuran catalyzed by 8.

The general procedure was followed with 2-methoxyfuran (113 pL, 120 mg, 1.22 mmol) and
HBpin (177 uL, 156 mg, 1.22 mmol). After 16 hours, a 74 % conversion was measured by
NMR and 170 mg (62 %) of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-methoxyfuran
was obtained as pale yellow oil. Although the product could be isolated and characterized, we
found that it decomposed after a few hours at room temperature in chloroform-d. Its sensitivity
presumably explains the lower yields obtained. The pure product can be kept for longer

periods at low temperature in the dark. M*: 224.1 (calc.: 224.12).

"H NMR (400 MHz, chloroform-d) & 7.00 (d, J = 3.4, 1H), 5.22 (d, J = 3.4, 1H), 3.87 (s, 3H),
1.32 (s, 12H); "*C{'"H} NMR (126 MHz, chloroform-d) & 126.5, 110.1, 84.0, 81.5, 58.0, 24.9;
"B{"H} NMR (160 MHz, chloroform-d): 5 26.9.

Borylation of 2-silyloxyfuran

8 (2.5 mol. %)

HBpin (1.3 eq)
TMsoﬂ g TMSO/@\Bpin

O cHel, 80°C, 16h ©
10m

Figure 7-33: Borylation of 2-silylfuran catalyzed by 8.

The general procedure was followed on a smaller scale with 2-silyloxyfuran, (127.5 mg, 0.816
mmol) and HBpin (154 pL, 135 mg, 1.06 mmol) were added to 0.66 mL of the stock solution
(0.0202 mmol of 8). After 16 hours, a quantitative conversion was measured by NMR and 190

mg (84 %) of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-silyloxyfuran was obtained as
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a yellow oil. Although the product could be isolated and characterized, we found that it tended

to decompose under ambient conditions. M*: 282.2 (calc.: 282.15).

"H NMR (400 MHz, chloroform-d) & 6.96 (d, J = 3.3, 1H), 5.18 (d, J = 3.3, 1H), 1.31 (s, 12H),
0.30 (s, 9H); "*C{'"H} NMR (101 MHz, chloroform-d) & 126.4, 110.2, 85.5, 83.9, 24.9, -0.1:
"B{'H} NMR (160 MHz, chloroform-d): & 26.7.

Borylation of 3-bromofuran

Br. 8 (5 mol. %) Br Br
Z/ \} HBpin (0.25 eq) _ m m\
Bpin + Bpin

(@) (@) (@]
CeCg, 100 °C, 36h
10n 10n’

Figure 7-34: Borylation of 3-bromofuran catalyzed by 8.

8 (2.1 mg, 0.045 mmol, 5 mol. %), 3-bromofuran (32.9 pL, 53.9 mg, 0.367 mmol),
hexamethylbenzene (1.4 mg, 0.0086 mmol) and HBpin (12.8 pL, 11.7 mg, 0.0916) were
dissolved in benzene-ds (0.4 mL) and placed in a J-Young tube. This mixture was heated to
100 °C for 36 hours before being analyzed by 'H NMR to reveal a 90 % conversion to 3n and
3n’. The contents of the tube were then passed through a short pad of silica and the vaolatiles
of the filtrate were evaporated in vacuo. 26.4 mg of a yellow oil were thus collected, which
contained the starting hexamethylbenzene. By substracting the mass of starting
hexamethylbenzene, we calculate a yield of 79 % (25.0 mg). M*: 272.1 (calc.: 272.02).

2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-bromofuran (10n): '"H NMR (400 MHz,
chloroform-d) 6 7.54 (m, 1H), 6.50 (m, 1H), 1.36 (s, 12H).

2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-bromofuran (10n’): '"H NMR (400 MHz,
chloroform-d) & 7.61 (m, 1H), 7.05 (m, 1H), 1.34 (s, 12H).

Mixture: *C{"H} NMR (101 MHz, chloroform-d) & 147.8, 145.7, 126.0, 115.1, 110.1, 84.7,
84.6, 24.9, 24.9; ""B{"H} NMR (160 MHz, chloroform-d): & 26.7.

Unreactive substrates

While many heteroaromatic substrates could be successfully borylated, we found that some

electron-poor five-membered heteroarenes were unreactive in our reaction condition. Both 1-
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phenylpyrrole and tert-butyl 1-pyrrolecarboxylate (1-(BOC)pyrrole) are inert towards both C-
H activation by 8 and catalytic borylation, presumably because of the electron-withdrawing

properties of the substituting groups on pyrrole.

Similarly, no catalytic results were obtained with methyl-2-furylketone. The electron
withdrawing properties of the ketone substituent result once again in loss of activity. In

addition, a small amount of hydroboration products can be observed in the reaction mixture.

Unsubstituted thiophene also could not be borylated or activated. DFT calculations predict a
higher activation barrier for it than for other heterarenes. These findings can be rationalized
by considering the higher electron delocalisation in thiophene which diminishes the

nucleophilicity of each position.
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7.6.5 Isotopic Labelling Experiments

Competitive stoichiometric C-H activation of 1-methylpyrrole and 1-methyipyrrole-d,

D
D
D, D
s B I\&
AT S S W NN G WA IR G WA
N D Tvp \ H \

| DTN T™MP CDCls, 80 °C 16h P

8 9a + 9ap

Figure 7-35: Competitive C-H activation of 1-methylpyrrole and 1-methylpyrrole-d, by 8.

8 (26.3 mg, 0.057 mmol) and hexamethylbenzene (7.6 mg, 0.047 mmol) in ca. 0.5 mL
chloroform-d were introduced in a J-Young NMR tube. 10.2 yL (9.3 mg, 0.11 mmol) of each
1-Methylpyrrole and 1-methylpyrrole-ds was added by pipet. Inmediate '"H NMR analysis
showed that the actual H/D ratio in 1-Methylpyrrole at the start was 43:57. After heating the
mixture to 80 °C for 16 hours, '"H NMR showed a H/D ratio in 2a of 57:43. A KIE kun/kp = 1.8

can be calculated for this reaction considering the starting ratio of products.

Warning: long relaxation times (60 s) have to be allowed for correct quantitative analysis.

Competitive catalytic borylation of 1-methylpyrrole and 1-methylpyrrole-d,

D D D D
8 (5 mol. %)
1 C/N)\ + 1 DMD —»1 HBpin Q\Bpin + D%N\\Bpin
I |

| | CDCls, 80 °C
16h

Figure 7-36: Competition experiment for the borylation of 1-methylpyrrole and 1-
methylpyrrole-ds by 8.

0.4 mL of the chloroform-d stock solution of catalyst (2.06 mg of 8) was introduced in a J-
Young NMR tube along with HBpin (26.1 L, 23.0 mg, 0.180 mmol) and 15.9 pL (14.6 mg,
0.18 mmol) of each 1-methylpyrrole and 1-methylpyrrole-d.. The resulting mixture was heated

to 80 °C for 16 hours and analyzed by 'H NMR (warning: long relaxation times have to be
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allowed for correct quantitative analysis). A 65:35 H:D ratio was measured in the end product,
while a ratio of 35:65 was found for the starting material, indicating that the catalytic borylation
occurred with a KIE kn/kp = 1.9.

7.7 Computational Details

General Information: All the calculations were performed on the full structures of the reported
compounds. Calculations were performed with the GAUSSIAN 09 suite of programs.-(42) The
wB97XD functional®*** was qualified as promising by Grimme3®® and was used to accurately
describe the mechanism of FLP mediated hydrogenation of alkynes which implies
protodeborylation®? and was thus used in combination with the 6-31G** basis set for all
atoms.®?'322 The transition states were located and confirmed by frequency calculations
(single imaginary frequency). The stationary points were characterized as minima by full
vibration frequencies calculations (no imaginary frequency). All geometry optimizations were
carried out without any symmetry constraints. The energies were then refined by single point
calculations to include solvent effects using the SMD solvation model®?® with the experimental

solvent, chloroform as well as benzene at the wB97XD /6-31+G** level of theory.3%
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Figure 7-37: Calculated energies (wb97xd-6-31+G**)(and enthalpies) for the catalytic cycle
for the borylation of 1-methylpyrrole
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Chapter 8 - Conclusion and Perspectives

In this dissertation, we have described and formulated processes by which Lewis bases
modify and activate the reactivity of specially designed organoboron molecules. Amongst
these processes, two mechanisms are outstanding: the electron transfer of the base to the
organoboryl by coordination and the collaborative reactivity of unquenched acidic boranes
and Lewis bases. In some cases, both mechanisms can be combined in order to mediate

difficult reactions.

In our first case study, we have found that the reactivity of Lewis base adducts of borabenzene
is dominated by a nucleophilic character. This character comes from the fact that the boron
atom of borabenzene adduct is electronically saturated. Because of the low electronegativity
of boron, the electron density of the base is delocalized into the aromatic cycle to make the
ortho and para position of borabenzene particularly nucleophilic. For this reason, the aromatic
cycle can be protonated, a process that is necessary for ligand exchange reactions to take
place at boron. Furthermore, the electron richness of borabenzene is further highlighted in our

study of its bonding with different bases that demonstrate its strong r-donor character.

We have also applied our work to the study of new catalysts for the reduction of carbon
dioxide. We have reported phosphine-borane compounds as the most efficient homogeneous
catalysts for the reduction of CO, to methanol derivatives. Our initial disclosure of these results
took place in 2013 and the catalytic activity then reported has yet to be surpassed. The
mechanism of action of the catalyst was found to rely on simultaneous activation of boranes
by a phosphine moiety and of CO; by a boryl group. This reaction mode was successful in
producing formaldehyde that, trapped by the catalyst, became an even more active catalyst.
This mode of action highlights a double form of base-borane collaboration and makes our

catalyst extremely active.

Similar catalytic efficiencies could not be reached using only Lewis bases instead of an
ambiphilic catalyst. We found that bidentate bases — such as terpyridine or proton sponge -
had the potential to activate borane-dimethylsulfide in an interesting way that involved the
transfer of a hydride from one borane to another, effectively generating a boronium-
borohydride ion pair. The borohydride anion thus formed is a strong reducing agent capable

of converting carbon dioxide to formate. This mode of activation is in fact very interesting when
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it is considered as a remote base-borane activation: the base activates not the boron to which

it binds, but a second equivalent of borane.

Finally, we have found a completely new application for Frustrated Lewis Pairs in showing
that they could cleave heteroaryl C-H bonds. Frustrated Lewis Pairs represent a pure
expression of base-acid cooperation that had hitherto been mostly applied to hydrogen
activation and catalytic hydrogenation. We reported, however, a catalyst for the borylation of

heteroarenes, a reaction that is, as of today, almost exclusive to precious metal catalysts.

As a whole, our results show the power of the collaborative reactivity that is present in FLP
chemistry. While we have presented examples of base enhancement of reactivity by
coordination, our most impressive results were obtained with unquenched base-borane
catalysts. With the goal of developing novel catalytic reactions that do not rely on metals, our
results have shown the potential of main group elements to perform complex transformations
when they are in suitable environments. Replacing traditional stoichiometric chemistry, as well
as well-established precious metal catalysis with processes mediated only by non-toxic
inexpensive main group elements, requires the development of new concepts and of new
ways of thinking, as well as the subtle understanding of the behavior of these atoms.
Frustrated Lewis Pair chemistry is one of such concept that, | believe, is called to play an
important role in the future of green chemistry. While we did not invent this FLP concept, |
hope that what we have learned in the study of ambiphilic molecules and may have
contributed a little to the field. In the next paragraphs, | would like to succinctly expose what
we have learned as a formulation of this doctoral thesis. While these ideas are not necessarily

novel, they have developed new expressions in the course of research.

e Frustrated Lewis Pairs, or more fundamentally acid-base collaboration, use two (or
more) atoms to perform many-electron processes that are otherwise impossible for

main group elements.

Indeed, with their many d-orbitals that act together, precious metals possess a unique
reactivity. One of the only ways for light elements of the main group to emulate their chemistry
is by collaborative strategies. With, for example, an empty orbital from a boron atom and the
lone pair of a nitrogen atom, an ambiphilic molecule can create a site in which the particular

electronic environment is suitable to perform complex processes (Figure 8-1).
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Figure 8-1: Analogy between the active orbitals of a transition-metal catalyst and that of an
ambiphilic molecule.

Just like in transition metal complexes—or in enzymes—the modification of the steric or
electronic properties of this active site will have tremendous effect on the substrates they can
activate. Moving from the cleavage of molecular hydrogen to that of aryl C-H bonds is one of
the most simple of such modifications. The future will surely see further development of FLP

chemistry.

o The activity of an acid or a base is greater in a FLP system than the summed activity

of the separate fragments.

This apparently trivial statement is still worth mentioning as it is the thermodynamic basis of
FLP chemistry. It is possible to work on FLP reactivity without considering the underlying
concept behind the reactivity. This concept is simple and can be formulated as above. For
example, a Brgnsted base, can deprotonate a substrate by stabilizing a proton more than the
original molecule. In a FLP type reaction, on the other hand, the Lewis acid simultaneously
stabilizes the deprotonated fragment. Thermodynamically, the latter case will be more
favored, even using weaker bases and acids. Hence the catalytic possibilities coming from
FLP chemistry: each fragment of the cleaved species is individually less strongly bound to the

catalytic system and can be transferred to a substrate (Figure 8-2).
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Figure 8-2: Comparison between the deprotonation of a substrate by a strong base and the
use of FLPs to cleave the HX bond.

e All reaction steps in a catalytic cycle do not have to be thermodynamically downhill,

but have to be kinetically accessible.

This concept is well recognized by chemists and is fundamental to reactivity as we know it.
However, in the case of FLP chemistry, it surprisingly took time to be used. Indeed, many
early reports on FLP systems looked for observable H, cleavage as a prerequisite to FLP-
mediated reactions. The observability of an intermediate is, however, only an indication of it
being downhill of the starting material. In many cases, the formation of H. activation
intermediate can be endergonic, while still being important and relevant to a hydrogenation
reaction, as was demonstrated in recent reports. This effect was also illustrated in the case of
our endergonic C-H activation chemistry in which we never observed the C-H bond cleavage

intermediate.

Finally, our main contribution to the advancement of chemical knowledge is the demonstration
that main group elements can, in the form of Frustrated Lewis Pairs, activate and catalytically
functionalize C-H bonds. We hope to continue to promote this reactivity as much research is

still needed to fully appreciate the possibilities offered by FLP-mediated C-H activation.

8.1 Ongoing and Future Work

| propose that research focused on the topic of C-H activation should be conducted along

three axes:

1. Expansion of the scope of substrates that can undergo C-H bond cleavage.
2. Development of new catalytic functionalization reactions based on FLP C-H bond

cleavage.
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3. Optimization of the FLP framework for convenient and efficient use by synthetic

chemists.

8.1.1 Expansion of the Scope of Substrates That Can Undergo C-H Bond

Cleavage

One limitation of our catalytic system in its current form is its need for electron-rich substrates.
While this selectivity is interesting as a complement to transition metal systems that favor the
activation of acidic C-H bonds, it remains lacking in generality. For this reason, we consider it
to be of prime importance to increase the scope of the reaction through the modification of the
catalyst. Work that we have already performed allows us to identify several prospective
approaches to that end. In fact, we aim to diminish the energy barrier of the limiting C-H
activation step. This would allow the system to not only perform the reaction at higher rate,

but also to activate more inert substrates.

First, as we previously concluded computationally, the existence of our catalyst as a stable
dimer in solution prevents us from activating certain substrates. Before the discovery of the
catalytic system, we had predicted that 8, as a monomeric unit possessing an intramolecular
N-B bond should be suitable for the C-H activation of thiophene. Unfortunately, with the
dimeric form being 7.1 kcal.mol' more stable than our proposed active form, only more
reactive substrates can undergo bond cleavage. Thus, it is rational to envision that inhibiting

the formation of dimer would be a step towards the goal of activating new substrates.

Towards this first objective, an approach consisting of the inclusion of steric bulk around the
boron atom would potentially prevent the formation of H-bridged dimers. In fact, we have
already identified several possible conformations of ambiphilic amine-borane catalysts as
dimers and monomers. Catalyst dimer has to favor the existence of monomeric forms in the
reaction medium in order to maximize the scope of the reaction. With such a design a
significant thermodynamic “sink” can be avoided by simply increasing the bulk at boron. As
can be seen in Figure 8-3, a certain amount of bulk has to remain on the amine to avoid the

formation of head-to-tail dimers.
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Figure 8-3: Calculated free energies (enthalpies) (kcal.mol™) for different forms of phenylene-
bridged NMe>-BH, at the wB97xd/ wB97XD /6-31+G** level of theory, highlighting the
thermodynamic sinks that can arise from the formation of dimers or closed forms.3"

For the borylation reaction, a few key criteria have to be respected with regard to the design

of the catalyst:

e A hydride has to remain as a group on boron as it has an active role in the catalytic
cycle in the elimination of H..
e The steric bulk should not prevent the approach of the arene.

e The important groups at boron should not be susceptible to borylation themselves.

Since electron-rich aryl fragments are prone to migration, they should not be used as
functional groups on the boron atom as they could be lost by borylation during the reaction.

Alkyl groups are less susceptible to borylation.

Next, as our computational studies have shown, the electronic properties of the boron atom
on the catalyst have the greatest impact on its potency. The C-H activation barrier is expected
to be lower with increased Lewis acidity on the boron atom. As such special attention should
be given to the design of the boryl moiety of the catalyst. For the borylation reaction, one
electron withdrawing group should be present on the boron atom in addition to the hydride.
Unfortunately, fluoroalkylboranes are known not to be stable because of 3-F elimination and
o-F exchange. Consequently, alternatives should be considered, with fluroaryl groups being
candidates.

While the basicity of the base seems to be of lesser importance to C-H activation, the
modification of the amine group still has to be considered. We suggest that using strongly

basic phosphazene could have a positive effect on C-H activation, as well as providing a
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catalyst framework in which the steric and electronic properties of the base would be easy to

modulate.

Finally, work has to be performed on modification of the organic backbone. This part of the
catalytically active molecule is to have a tremendous effect on its reactivity and its stability.
Indeed, the nature of the linking backbone regulates the distance and the angle between the
active Lewis base and boron atom on the catalyst. Modulating these features through various
backbones will lead to improved knowledge of the optimal properties of the active site for
efficient C-H bond cleavage of different molecules. Also, while aromatic backbones have
proved very stable in classical FLP chemistry, they could be active in borylation chemistry,
being structurally similar to the current substrates. As we have selected more nucleophilic
arenes, we have not yet observed any backbone borylation. However, as we are trying to
move to less reactive substrates, it could become a side-reaction. Consequently, we are
beginning to investigate the potential of alkyl linker groups as a more stable and potentially

more reactive alternative to aromatic backbones.

8.1.2 Development of New Catalytic Functionalization Reactions Based on FLP
C-H Bond Cleavage

While we have demonstrated the ability of boron-based FLP systems to catalyze the borylation
of aromatic molecules and have proposed modifications to further improve the scope and
efficiency of the reaction, we believe that FLP C-H activation principles should be applied to

the mediation of other reactions.

A first class of catalytic reaction that can be envisioned easily includes analogs of the
borylation that may proceed through the same mechanism. The most simple of the proposed
reactions is dehydrogenative alumination. Indeed, neutral aluminum hydrides, such as
commercially available diisobutylaluminum hydride can putatively be involved in o-bond
metathesis in a manner analogous to hydroboranes. Arylaluminum compounds have a rich
and interesting reactivity as they can undergo various coupling reactions without the use of a
catalyst. Forming them in a transition metal-free C-H functionalization protocol would
represent a green way to produce these useful reagents. In fact, we are looking to develop
methods of one-pot alumination and coupling of arenes into various chemicals, including

alcohol and biaryls.
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We also propose to study the more challenging silylation reaction. While arylsilanes are of
more limited synthetic use, silicium precursors are typically found as extremely cheap
reagents. The direct metal-free silylation of arenes thus represents a potential large-scale
entry into functionalized organic chemicals. Hydrosilanes are, however, typically less reactive
than hydroboranes or aluminum hydrides. We consequently are working on silane activation

protocols with the goal of performing the catalytic C-H silylation of aromatic molecules.

One last reaction of this kind that we propose to study is stannylation. Unfortunately, while
very useful, organostannanes are both toxic and environmentally damaging. Their use is
obviously incompatible with green processes. However, hydrostannane reactivity is
predominantly based on radicals. It thus is a convenient platform on which to study the

behavior of our FLP catalyst in the context of radical chemistry.

The next class of reactions that we propose to investigate is based on classical stoichiometric
organoboron chemistry. In fact, after C-H activation of one electron-rich aromatic molecule
and elimination of one H> molecule, our catalyst is formally an organoborane possessing a
nucleophilic aryl group. The chemistry of such compounds has been investigated in depth
during the XX® century. Mechanisms based on the coordination of a substrate followed by 1,2-
migration (as have been described in the introduction) have been described for many
substrates and organoboranes. These reactions are stoichiometric in nature as the
organoboranes that are used in them are preemptively prepared in stoichiometric reactions,
usually from organometallic reagents. Our process, however, is a mild way to generate
arylboranes directly from arenes. If the catalyst delivers its aryl group to a substrate, catalytic

activity can potentially be achieved (Figure 8-4).
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Figure 8-4: Possible parallel between classical organoboron chemistry and catalytic
applications of boron-based FLPs.

However, with this kind of stoichiometric 1,2-migration mechanism, stable boron compounds
are typically produced. B-O and B-N bonds that are typically formed are very stable. For this
reason, we are working on the design of inexpensive and green “scrubbing” systems based

on the use of silane to remove the end product from the boron atom of the catalyst.

In this class of reactions, we also propose the amination reaction. Hydroxylamines are very
common building blocks for synthetic chemistry that provide access to electrophilic nitrogen
groups. We propose that such compounds could react with FLP activated arenes to give
arylamines, with a hydroxyl group left on boron. In combination with our scrubbing system,

the reaction could be catalytic (Figure 8-5).
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Figure 8-5: Proposed entry into amination reactions mediated by ambiphilic organoboron
catalysts.

Organoboranes are also much more nucleophilic than their unsubstituted counterparts.
Studies have shown that, as such, they could add to electron-deficient unsaturated bonds.
This kind of reaction should also be investigated using amine-borane activated arenes as

organoboranes.

The same studies have shown that anionic tetravalent arylborates were even stronger
nucleophiles. Consequently, we also propose to design and study FLP systems that do not
possess leaving groups—i.e. ambiphilic molecules that will not release H, upon C-H bond
activation. If the C-H activation intermediate is accessible, it should constitute a highly
activated aryl group that should be transferable in reactions of great interest like nucleophilic

aromatic substitution or nucleophilic additions (Figure 8-6).

L Ar L
BR, B’@ E-X, base BR,
_ yH + ArE
- base HX

E: electrophile
X: leaving group

Figure 8-6: Schematic representation of the potential inclusion of tetravalent borate formed
by C-H activation in catalytic reactions.

All'in all, we believe that our demonstration of the possibility of C-H activation by FLP systems
opens a wide range of possible reactions, some of which should be found in the near future.
The end goal and most interesting process would be the ultimate development of metal-free

catalytic C-C cross-coupling reactions (Figure 8-7).
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Figure 8-7: Partial overview of the reactions that will be investigated using ambiphilic
organoboron compounds as mediators.

8.1.3 Optimization of the FLP Framework for Convenient and Efficient Use by
Synthetic Chemists

Finally, while more stable than many organometallic catalysts, 8 still requires special
considerations in handling, synthesis, and storage. We believe that the development of next-
generation C-H functionalization catalysts should aim to optimize their air and moisture
stability, as well as their convenience of handling and their efficiency. Catalysts should also

be easy to prepare on the multi-gram scale.

Approaches to this end include the use of stable precatalysts than can be easily converted to
active species in the reaction conditions. We have already found that methoxyboranes can
slowly be converted to hydroboranes with reaction with pinacolborane. The reaction is faster
when using LiAlH4. Alkoxyboranes are more stable than hydroboranes and could represent a

way to prepare convenient and commercializable precatalysts.

We are also looking at replacing the TMP group on the catalysts with amine residue that can
be prepared more conveniently. Other anilines (such as diethylaniline, or N-
[phenyllmorpholine) are inexpensive reagents. Ortho-metallation protocols could allow us to
prepare catalysts on the multi-gram scale at extremely low costs. We are currently

investigating whether catalysts based on these groups are suitable to the catalysis.
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8.2 Final Words

In closing, we would like to reiterate the importance of chemical research focused on the
improvement of the sustainability of chemical reactions. While traditional synthesis relies
either on the substitution of leaving groups or on transition metal catalysis, the green, efficient,
and selective C-H direct functionalization by environmentally benign and earth-abundant
catalysts represents a challenge that will be increasingly present throughout the 215t century.
In reporting the first catalyst for the metal-free C-H borylation of arenes, we hope to
demonstrate that appropriate organic molecules can indeed mediate transformations that are
commonly believed to be unique to transition metal complexes. With these results and this
thesis, we hope to open a new dialog with the scientific community: one that challenges the
hegemony of transition metals in catalysis. Frustrated Lewis Pairs are but one of the first of
new concepts that will challenge the reign of precious metals. It is our hope that many more
novel ideas will follow to pave the way to a chemical industry where earth-abundant catalysts

are at the core of synthesis.
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