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Abstract

This Ph.D. Thesis is devoted to the computational study of a series of homogeneous
Rh- or Ir-based organometallic catalysts using DFT methodologies. These studies take an
emphasis on the interplay between computational and experimental methodologies,
incorporating various experimentally-derived insights to aid the proposal of potential
reaction pathways to explore as well as validating the computationally-obtained results.
The studied systems are divided into two categories, the first one consisting of reactions
involving CO, and derivatives of it and the second one centered on functionalization
reactions of terminal alkynes. A summary of the studied reactions is presented below:

The first category includes the analysis of three catalytic systems related to CO;
utilization. The activation and selective transformation of these typically inert molecules
constitutes a relevant target in the development of environmentally friendly processes.

1. The selective reduction of CO; to acetals using hydrosilanes enabled by an Ir-NSi
catalyst and a B(CeFs)3 cocatalysts. These products can be utilized as an eco-
friendly substitute to the formaldehyde for many synthetic applications.

2. The dehydrogenation of HCOOH catalyzed by an Ir-NSi complex in neat HCOOH
with NEtsz as additive. The detailed understanding of this reaction constitutes an
essential step to the potential use of CO, as H; carrier, a promising energy
vector.

3. The dehydrogenation of HCOOH catalyzed by a Rh-CNC catalyst in neat HCOOH
with HCOONa as additive. This catalyst with a pincer ligand achieved the highest
TOF for this reaction with a Rh catalyst in neat HCOOH to date.

The second category addresses the study of two reactions related to the selective
functionalization of terminal alkynes, which are highly-sought after reactions due to their
diverse applications in synthetic routes. These reactions improve upon the poor selectivity
of traditional approaches through a reactivity based on metal-ligand cooperativity.

4. The gem-selective dimerization of terminal alkynes enabled by Rh-IPr complex,
in which the 2-pyridonate ligand serves as proton shuttle.

5. The gem-specific O-selective hydropyridonation of terminal alkynes catalyzed by
a similar Rh-IPr catalyst, where the 2-pyridone displays a comparable behavior
but ultimately acts as substrate.

The determination of the operating mechanisms for these catalyzed reactions,
allows to unveil the factors governing the activity and selectivity for these processes.
These insights pave the way for the rational design of novel more efficient and
environmentally respectful systems.



Resumen

Esta Tesis Doctoral estd dedicada al estudio computacional de unos catalizadores
organometalicos homogéneos de Rh o Ir empleando metodologias de DFT. Estos estudios
ponen énfasis en la interaccién entre metodologias computacionales y experimentales,
incorporando diversas evidencias experimentalmente para ayudar en la propuesta de
rutas de reaccién, asi como en la validacién de los resultados computacionales. Los
sistemas estudiados se dividen en dos categorias: reacciones que involucran CO; vy
derivados de este, y reacciones de funcionalizacién de alquinos terminales. A

continuacidn, se presenta un resumen de las reacciones estudiadas:

La primera categoria incluye el analisis de tres sistemas cataliticos relacionados con
la utilizaciéon de CO,. La activaciéon y transformacidon selectiva de estas moléculas
tipicamente inertes constituyen un objetivo relevante en el desarrollo de procesos
respetuosos con el medio ambiente.

1. La reduccidn selectiva de CO; a acetales con hidrosilanos posibilitada por un
catalizador Ir-NSi y un cocatalizador B(CsFs)s. Estos productos pueden utilizarse
como sustitutos sostenibles del formaldehido en aplicaciones sintéticas.

2. La deshidrogenacion de HCOOH catalizada por un complejo Ir-NSi en HCOOH
puro con NEts como aditivo. Una comprension detallada de la reaccidn es clave
para el uso de CO; como portador de Hz, un prometedor vector energético.

3. La deshidrogenacion de HCOOH catalizada por un complejo Rh-CNC en HCOOH
puro con HCOONa como aditivo. Este catalizador con un ligando tipo pinza logrd
la mayor TOF para esta reaccidn con un catalizador de Rh hasta la fecha.

La segunda categoria aborda el estudio de dos reacciones relacionadas con la
funcionalizacion selectiva de alquinos terminales, las cuales son de gran interés debido a
sus diversas aplicaciones en rutas sintéticas. Estas reacciones mejoran la selectividad de
los enfoques tradicionales mediante reactividad basada en cooperatividad metal-ligando.

4. Lla dimerizacion selectiva de alquinos terminales habilitada por el complejo
Rh-IPr, en el que el ligando 2-piridonato sirve como lanzadera de protones.

5. La hidropiridinacion O-selectiva gem-especifica de alquinos terminales
catalizada por un catalizador Rh-IPr similar, donde la 2-piridona muestra un
comportamiento comparable, pero en ultima estancia actia como sustrato.

Determinar los mecanismos operativos para estas reacciones catalizadas permite revelar
los factores rigiendo la actividad y selectividad de estos procesos. Estos resultados allanan
el camino para el disefio racional de sistemas novedosos, mas eficientes y ecoldgicos.
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It was during one of the walks to the NMR
machine, that my then End of Degree Thesis
supervisor, Ricardo, told me something that would be
leave a lasting impression in me: “The problem with

good catalysis, is that it cannot be seen. Things
happen too fast and only a small fraction of
everything going on can be captured”. The following
year | enrolled into the master’s degree in Theoretical
Chemistry and Computational Modelling. While good
catalysis may remain invisible, it can be modelled.



Chapter 1: General Introduction

1.1 Catalysis in Modern Chemistry: shaping a sustainable chemical future

Modern chemical processes constitute a critical pilar to our standard of living. There
is a constant demand of countless chemical products for a wide spectrum of essential
applications, to name a few: fuels, fertilizers, cleaning agents, pharmaceutical compounds,
and a variety of materials, such as plastics, epoxy resins and synthetic fibers. Nevertheless,
the production of many of these commodities can have a significant environmental
impact, because of their requirement for hard-to-come-by reactants, high energy
consumption or hazardous reaction conditions as well as the emission of contaminant by-
products. Therefore, while vital to our well-being, the activity of the chemical industry
contributes to many problems threatening our future quality of life, including global
warming, the contamination of rivers and seas and the depletion of natural resources.

Thus, there is an ever-growing interest in a more environmentally conscious
Chemistry, which is capable to satisfy the consistent demand for these products in a more
responsible way. This effort started mid-20th century, as the long-term repercussions of
pollution and chemical wastes on the population and environment had become both
evident and a pressing matter. In this context, a new goal for chemists and engineers
became imperative, a reform of the chemical sector that led to a sustainable future. This
undertaking is epitomized by the 12 principles of Green Chemistry, proposed by Paul
Anastas and John Warner as the century came to a close.”? In 2015 these principles,
shown in Figure 1.1, were included by the United Nations in the Sustainable Development
Goals, a framework designed with the goal of setting guidelines for a fair and responsible
development of all nations, ensuring respect for both humans and ecosystems.?

7. 8.

Employ Reduce the
renewable utilization of
cources 5 iE i es X

Figure 1.1. The 12 Green Chemistry principles.
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Chapter 1: General Introduction

Green Chemistry, at its heart, focuses on reimagining chemical processes to
minimize energy and raw material consumption, while reducing usage and release of
contaminating and hazardous substances. In this context, the design of effective and
selective catalysts stands out as one of the most versatile and powerful strategies to tailor
reaction pathways with these beneficial traits.* The addition of a catalyst to a reaction
enables an alternative, lower energy barrier mechanism, in which the catalyst is directly
involved. Unlike other additives, catalysts are regenerated post-reaction, allowing a small
catalyst loading to yield the same effect as the stoichiometric addition of other reactants,
aligning with the sustainable approach advocated by the 9t" Green Chemistry principle.

Moreover, the addition of an effective catalyst can offer a wide spectrum of
advantages to a reaction that correspond to other Green Chemistry principles. This work
focuses on the utilization of organometallic catalysts, a subset of homogeneous catalysts
distinguished by the remarkably high activities and selectivities they can achieve along
with the great degree of modification that they allow. This versatility stems from their
structure, featuring a metallic center that interacts with substrates in various ways,
facilitating both the breakage and formation of bonds. Moreover, the ligands coordinated
to the metal center indirectly regulate the activity of the complex through factors such as
their electron density donation to the metal and steric interactions with the substrates.

The addition of a catalyst to a chemical process enhances its reaction rate under and
enables it under milder. Hence, the same reaction can be carried out with a considerably
lower energy consumption (as instructed by the 6™ principle) and without the necessity
for extreme reaction conditions (correlating with the 12t principle).> Moreover, effective
catalysts can activate conventionally inert substances under reasonable conditions. This is
an alternative to the inclusion of functional groups to facilitates subsequent chemical
reactions on the afforded derivative. Catalysis enables a more straightforward reaction,
thereby maximizing atom-economy, as the otherwise introduced functional group would
be excluded from the final product structure (hence, it plays into both the 2" and 8t
principles).® Intentionally designed catalysts can prioritize specific processes within
reactions where multiple products are possible.” This selectivity not only promotes the
desired product but also minimizes the generation of by-products, (as advocated by the 1%
principle). Additionally, this serves as a viable alternative to employing protecting groups.®

In summary, the incorporation of an appropriate catalyst can yield numerous
benefits within a chemical process, from both an economical and an environmental
standpoint. Consequently, the study and development of catalysts continue to captivate
the interest of many researchers, driving the continual evolution in response to the
demand for more efficient and eco-friendly catalysts essential for a sustainable future.®

15



Chapter 1: General Introduction

1.2 Synergies between Computational Chemistry and organometallic catalysis

One of the most impactful advancements in chemical research in recent history is
the establishment of the Theoretical and Computational Chemistry (TCC). This novel
branch of Chemistry is based on the utilization of methodologies capable of deriving
insights from chemical systems by working with models which draw from empirical data
or/and fundamental principles rooted in Quantum Mechanics. These models are based on
diverse approaches which are matched to the studied system and their properties of
interest, leading to varying levels of detail and complexity.® This is supported by the
capability of modern computers to perform lengthy and intricate calculations allowing for
the utilization of elaborate models that lead to high quality results.

These calculations are capable of accurately reproducing the behavior of the studied
systems at a microscopic level and elucidate from it the macroscopic properties of the
system. These methodologies can be utilized for the examination and comparison of
diverse systems leading to an understanding beyond the observation of trends and the
inter- or extrapolation of data. The obtained results can be used to rationalize the activity
and properties of the studied systems as well as the determination of the diverse factors
governing their behavior.

Numerous TCC methodologies have been developed and adapted for the study of a
wide spectrum of chemical systems. These systems can vary in size, ranging from water-
solvated enzymes containing tens of thousands of atoms to systems with only a few
atoms, where the behavior of individual electrons is examined. Moreover, a great diversity
of systems has been investigated, encompassing from strictly organic systems to those
containing heavy metals, where relativistic effects must be accounted for. Additionally,
these computational studies have been applied for the study of a diverse array of
properties of interest, such as molecular structure, intermolecular interactions,
spectroscopic properties, thermodynamics, and reaction mechanisms among others.
Consequently, TCC methodologies have become invaluable tools in many fields of
research, including Chemistry, Physics, Materials Science, and Biochemistry.'!

One of the fields where TCC methodologies have become a fundamental approach
to the study of a system is organometallic catalysis.?? This is because organometallic
catalytic cycles consist of a series of consecutive elementary reactions, which generally
cannot be separately studied, as the species yielded by one reaction immediately serve as
substrate for the next one. Elementary reactions are the simplest transformations a
chemical process can be broken into, meaning that there are no intermediates between
the reagents and products of this process.’®> Every modification of the chemical species
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Chapter 1: General Introduction

they entail, including the formation or breakage of bonds as well as the coordination or
dissociation of molecular fragments, occurs simultaneously. Consequently, the
determination of these reactions, on their own, is straightforward and unambiguous, with
their elucidation being attainable by simply comparing the structures of reactants and
products. Scheme 1.1 presents some of the most relevant elementary reactions that
organometallic complexes commonly undergo.

ligand dissociation
Lv—1 Y O\

ligand coordination

R »
L = {u—R
R reductive elimination
R
| R
LM+ ﬁ < —————= LnM—g
R B-elimination R
R /R
LM —C=X" - L,M C\
a-elimination CX
Tl Rl
LM + ML, oy > LM + ML,
| transmetalation
R R
hydride abstraction
LnMﬂ_R = - LnM‘—H/jr\ R*
hydride donation
PR proton donation N
L.M—H + :B = > LM+ H—\/‘B+
v proton abstraction

Scheme 1.1. Select examples of elementary reactions of organometallic complexes.

While these processes are simple, in combination they can lead to a broad spectrum
of intricate transformations. Hence, unraveling a catalytic cycle consists of determining
the sequence of elementary reactions that lead from the substrates to the product. Due to
the remarkable versatility of organometallic complexes, many reactions are feasible for
most reagents and intermediates involved in a mechanism, leading to branching
competing pathways that can yield the same or different products. In many cases, several

17



Chapter 1: General Introduction

possible reaction pathways can explain the activity of an organometallic complex, making
the proposal of the operating mechanism challenging. Consequently, a detailed analysis of
each species involved in the mechanism is necessary for a thorough understanding of the
reactivity of the system.*

However, the experimental determination of every intermediate involved in a
catalytic reaction and the transformations that they undergo can be challenging and, in
many cases, impossible. This is because detectable amounts of most of these species are
not accumulated at any point in the catalytic process, instead, they are consumed at great
speed immediately after their generation. The exception to this occurs with intermediates
preceding a reaction step with a sufficiently high effective energy barrier. In these cases,
their transformation to progress the reaction is comparatively slower than their
formation, leading to the accumulation of sufficiently high concentration of one or more
species for detection. At the same time, many other transformations with a lower energy
barrier than that of the bottleneck reaction may be possible for this intermediate,
including the regression of the reaction or other transformations which are not conducive
to the formation of any product (otherwise that product would be observed). The species
connected through these faster reactions are on a quasi-equilibrium, with the most stable
among them constituting the great majority of the free catalyst. These are referred to as
resting states and can be experimentally detected. Hence, while resting states offer an
insight on the reactivity of the system, they cannot be directly utilized to elucidate the
rate-determining process, as there can be multiple faster reactions separating the
observed species and the catalytic cycle bottleneck.®®

Moreover, other reactions that do not necessarily determine the catalytic rate can
play an essential role to the activity of the catalyst, namely those defining its selectivity.
Within the intricate roadmap of interconnected plausible reactions, divergent pathways
emerge at crucial points, each leading to different products. The stereoelectronic
properties of the species at these crossroads determine the favored reaction, with a
significant kinetic difference between them translating into a tangible selectivity.
Nevertheless, it is possible for these pivotal species to not be experimentally observable,
as the selectivity hinges on the relative energetics of one pathway relative to the other,
whereas the possibility of experimentally detecting them depends on their stability in
relation to the overall mechanism and their position relative to the bottleneck of the
cycle.'® Figure 1.2 displays an example of the reactivity-defining species in a mechanism.

18
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relative favored reaction 8 X 5 favored reaction
A free B determining the A | determining the
energy N regioselectivity >/ LM, " chemoselectivity
e B .
B LoM--+-A L X -
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B LA ‘/KA LV J— X B
—_— X B
L B, ) —
. B LM~ ) " X B A
) —_— = H\A A _ - . 5 " )\(
—_—L,M—A =/ LM-A LM ‘ e n| | nI A
b L,M—A —_— &A—X LA LM A —
L,M—A —_— A L,M—A

resting state

Figure 1.2. Energy difference between reaction pathways determining the selectivity of an
example reaction.

Experimental researchers studying catalytic cycles often conduct supplementary
experiments beyond the reaction itself with the aim of shedding light on the operating
mechanism. A commonly used strategy involves the sequential, stoichiometric addition of
the separate substrates to the catalyst and determination of the afforded intermediate,
with the goal of discerning the mode of coordination or activation of these molecules. '’
While kinetic studies only allow for the observation of the resting states and the formation
of the products, they provide indications of the involvement of different substrates in the
rate-limiting elementary reaction.

Alternatively, the utilization of different substrates can offer insights beyond the
scope of a reaction. Employing a diverse array of substrates displaying distinct traits, such
as their bulkiness, nucleophilicity, or the presence of certain functional groups, can help
gauge the impact of these properties on the catalytic rate and selectivity.'® Conversely,
the utilization of isotopically-labeled substrates possibilitate the measurement of the
kinetic isotopic effect (KIE) to shed some light on the nature of the transformations
occurring on the rate-limiting reaction of the catalytic cycle.® Another often utilized
diagnostic tool for catalytic mechanisms is the exploration of the reactivity of complexes
mimicking proposed intermediates to rationalize and validate their potential role in the
operating mechanism.2°

In essence, experimental researchers have a variety of means at their disposal to
derive valuable information about the intermediates involved in a catalytic reaction and
the potential transformations they may undergo. However, this information is often
incomplete and cannot lead to the determination of every intermediate involved in the
operating mechanism and their respective roles. Additionally, the detailed quantification
of molecular properties and reaction energetics is inherently challenging for experimental
methodologies. Hence, these studies typically provide fragmented reaction pathways and
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Chapter 1: General Introduction

mostly qualitative indications and trends regarding the impact of diverse factors on the
catalytic activity and selectivity. This can make it challenging to arrive to fully-supported
conclusions in complex systems where several relevant, yet challenging-to-quantify
factors are at play. An in-depth understanding of catalytic reactivity is crucial for
identifying the factors influencing the selectivity and reaction rate of different reactions.

In this context, numerous TCC methodologies allow for the exhaustive analysis of
the reactivity of an organometallic catalyst from a purely theoretical perspective. These
methodologies are capable of determining the geometries, relative energies, and other
properties of interest for every species potentially involved in the catalytic reactivity. This
approach leads to the elucidation of the operating mechanism as the most energetically
favored pathway. Moreover, they also enable the exploration of alternative reaction
pathways, regardless of whether the involved species are formed or not and their relative
energies, offering a more complete understanding of the reactivity.

TCC methodologies explore reaction pathways by inspecting both the intermediates
and transition states constituting them. Intermediates are the stable chemical species
formed and consumed during a reaction, while transition states can be defined as
unstable species corresponding to the higher energy molecular configurations during the
transformation of a reactant into a product. Consequently, the experimental
determination of transition states is practically impossible. However, computationally,
they serve as invaluable tools for assessing reaction kinetics and identifying the most
energetically favored pathways. The analysis of these species and their relative energies
provides a quantitative understanding of the most favored reactions for a catalyst, as well
as the reasons for this preference based on indicators such as the configuration adopted
by molecular fragments along this process and bond lengths, especially those of the bonds
being broken or formed.

The computational determination of every chemical species corresponding to
feasible reactions for a catalyst not only allows for the elucidation of the operating
mechanism, but also enables the identification of the most energetically favorable
pathways leading to the formation of reaction products other than that of the operating
mechanism. This facilitates a quantitative comparison of these pathways based on their
effective energy barriers, providing insights into the various types of selectivity that the
studied catalytic system may exhibit, as shown in Figure 1.3.
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Figure 1.3. Comparison of the capability of different methodologies to determine the different
species defining the reactivity of an example catalyst.

Thus, computational methodologies can achieve an all-encompassing analysis of the
catalytic reactivity, surpassing the limitations of experimental approaches. This exhaustive
study enables the determination of the chemical species defining the reaction rate and
those defining the selectivity, as well as the energy differences among them, leading to
more in-depth understanding of the catalytic activity.

Furthermore, this study can be replicated utilizing diverse substrates to evaluate and
contrast the catalytic activity for them. The quantifiable nature of these results, coupled
with the analysis of relevant characteristics of the activity-determining species,
contributes to a more informed interpretation of the factors influencing the catalytic
activity. Moreover, specific computational methodologies, such as NBO?! and QTAIM,??
allow for the detailed deconstruction of the structure and interactions characterizing
these species. This facilitates pinpointing the relevant aspects that differentiate them and
define catalytic activity.?3

Consequently, TCC methodologies have become an essential tool for the
determination of catalytic mechanisms. Their application facilitates the elucidation of the
characteristics of both the catalyst and the substrates defining the catalytic activity,
facilitating the rationalization of the experimental results.?* The detailed understanding of
these aspects can be leveraged by researchers in the rational design of novel catalysts to
favor the reaction of interest or impede competing reactions.?>

Arguably, the most challenging obstacle researchers face when working on

computational calculations for mechanistic determination is the imperative to consider
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every reaction pathway to ensure the reliability of their analysis. While, experimentally,
the generated species is always the most favored, with the only room for error arising
from a wrongful structural determination, computational studies carry the risk of
overlooking the existence of one or more species that may be more energetically favored
than the determined ones. This introduces the potential for inaccurate conclusions, as the
properties of a non-representative species could be used to interpret the behavior of the
system. This leads to the necessity for exhaustive consideration of reactions and
configurations for the afforded chemical species, which due to the versatile reactivity of
organometallic complexes. The multiple molecular fragments composing these species,
can make the proper study of many systems remarkably labor intensive.?®

Consequently, it can be notably advantageous for researchers to support
computational analysis with experimental observations to guide the direction of the study
and validate their results. These evidences not only suggest reactions to be studied, but a
correctly determined operating mechanism must match the experimentally-registered
outcomes for a reaction. This alighment encompasses the selectivity of the process, the
measured activation energy, and the changes in these observations for different
substrates. Furthermore, the observed intermediates must correspond to resting states in
the mechanism.?” Similarly, this mechanism should be able to rationalize the detected
species through exploratory tests such as the stoichiometric addition of different
substrates. Hence, while these computational methodologies inevitably entail a small
margin of error due to intrinsic limitations, experimental techniques can offer a variety of
insights into catalyst behavior, which depend on distinct and independent factors. These
insights serve as a meeting point between experimental and computational findings,
allowing for the validation of the results and conclusions derived from each approach.

While, in theory, both purely experimental and computational approaches can lead
to a comprehensive and accurate description of the activity of an organometallic complex,
each has its own set of limitations that can impede the study of some systems.
Fortunately, findings from one approach can assist the other in navigating these
challenges, establishing a cooperative framework. These two entirely independent
approaches, rooted in separate fields, can complement, and strengthen each other. This
creates a mutually beneficial feedback loop in which results from one approach can guide
the selection of experiments or studies that may offer more valuable insights with the
alternative approach. Additionally, comparing the results from these contrasting
approaches allows for the validation and more informed interpretation of the findings.
This offers researchers more powerful tools to determine the activity of a catalyst,
understand the causes for this behavior, and how it changes in different situations, as well
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as valuable insights into how different modifications could enhance the outcomes. In this
cooperative framework, the results of one approach validate those of the other and
through their cooperation, more insightful and better rationalized results can be drawn
from a study (see Figure 1.4).28
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Figure 1.4. Mutually beneficial feedback between experimental and computational approaches in
the study of catalytic cycles.

This framework has propelled the field of organometallic catalysis into a newer
stage allowing for the attainment of higher quality results and a deeper understanding of
the studied systems. It has enabled researchers to propose more ambitious studies
delving into more intricate and sophisticated catalysts to design more efficient and
environmentally friendly catalysts leading to a more sustainable future.
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Chapter 2: Research Objectives

This Doctoral Thesis is centered on the computational study of a series of diverse
homogeneous catalytic systems. The determination of the operating mechanism for each
of these systems is instrumental to their study, constituting a goal in itself for the
understanding of their reactivity, as well as an essential step in the derivation of other
valuable information that leads to deeper insights into said reactivity. For this reason, the
determination of the operating mechanism, along with other reaction pathways necessary
to describe the reactivity of the catalyst (e.g., the most energetically favored pathway to
generate a product that the catalysis is not selective towards) is considered a primary
objective for each of these systems. Additionally, as part of the analysis of the operating
mechanisms, it is utilized to rationalize the different experimental observations for each
system, validating it.

As previously introduced in the abstract, the studied systems in this dissertation can
be divided into two distinct categories. For this reason, the presentation and discussion of
results are split into two separate chapters. The first of these chapters, Chapter 4, is
centered on the study of reactions involved in the utilization of CO;, containing three
different reactions. The second of them, Chapter 5, includes the study of two reactions
involving the hydrofunctionalization of terminal alkynes. Each reaction is thoroughly
examined in its dedicated section. Given that each section addresses significantly different
catalytic systems with considerably varied points of interest, distinct objectives apart from
the determination of the operating mechanism and origin of the selectivity are set for
each of them. These objectives are displayed below:

4.1 The determination of the distinct roles played by the Ir-NSi catalyst and the
B(CsFs)s cocatalyst in the reduction of CO; to acetal using hydrosilanes.

4.2 The elucidation of the involvement of the formic acid and formate molecules

in the dehydrogenation of formic acid catalyzed by a Ir-NSi complex.

4.3 The comparison of the catalytic activity of the two possible forms of the Rh-
CNC catalyst facilitating the dehydrogenation of formic acid, one presenting a
Rh'and the other presenting a Rh'" after going through oxidative addition.

5.1 The determination of the role played by a 2-pyridone ligand in the
enhancement of the catalytic activity of a Rh-IPr catalyst for terminal alkyne
dimerization.

5.2 The comparison of the different factors defining the chemo- and
regioselectivity of the O-selective gem-specific hydropyridonation of terminal
alkynes catalyzed by a Rh-IPr complex.
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Chapter 3: Methodology

All of the work in this Thesis was developed using diverse computational chemistry
methodologies, being the most distinguishing of them the use of DFT functionals for the
study of the electronic structure. These methodologies have long been validated as some
of the most effective approaches to study systems containing transition metals and bulky
ligands.?>3! The great compromise between accuracy and computational cost these
methodologies achieve modelling organometallic systems, such as the ones studied in this
Thesis, enables researchers to perform exhaustive studies while maintaining a low margin
of error.3? These methodologies make it possible to thoroughly explore the potential
energy surface of catalytic systems to determine their reactivity, as well as figuring out the
interactions and chemical properties responsible for said reactivity.3>3* This chapter
covers everything needed to model the studied systems and carry out calculations on
them as well as the analytical tools used to draw useful information and relevant
conclusions out of the resulting data.

3.1. Wave function and electronic structure

The wavefunction of a chemical system contains all of its accessible information,
including separate contributions from each particle comprising the system. The time-
dependent Schrodinger equation studies the evolution in time of a system. This equation
introduces the Hamiltonian, H, an operator with two components the kinetic and the
potential operators, which together total energy of the system (eq.1).

2
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The wave function, W(q, t), presents a dependence on g, the spin-space coordinates
of each particle of the system, and t, a parameter accounting for time. For stationary
states, meaning those whose energy is constant in time, the temporal wavefunction
components can be strip from the equation, leading to the time-dependent Schrédinger
equation shown in eq. 2.
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The chemical species involved in the vast majority of reactions correspond to
stationary states, making the resolution of this equation highly sought-after. This
resolution allows for the elucidation of the system’s state, and therefore its properties,
under a certain set of conditions. However, the great complexity arising from the
numerous contributions to the wavefunction and their correlations, renders the direct
resolution of this equation impossible.
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For this reason, many strategies such as the Born-Oppenheimer approximation are
employed. This approximation assumes that the significant mass difference between
nuclei and electrons allows for the separate treatment of nuclear and electron
movements. As a consequence, when considering the electron movements, the nuclei are
treated as fixed on space. Conversely, when treating the movement of nuclei, the
electronic configuration is considered to immediately adapt to that of the nuclei. This
allows to separate the nuclei kinetic energy calculation from the rest of the contributions.
Following this methodology, the resolution of Schrédinger equation for each fixed nuclear
disposition leads to a complete understanding of the system’s reactivity. These
calculations yield the system’s Potential Energy Surface (PES), which describes the most
stable atomic configurations of a chemical system, as well as the reaction pathways
connecting them. While this approximation simplifies the calculation of nucleus-nucleus
and nucleus-electron interactions, electron-electron interactions still pose a significant
challenge. Considering that the movement of one electron induces a reorganization on the
rest of electrons in the system, the calculation of the interactions between two electrons
consists of an integral with two correlated variables, making its resolution an excessive
computational burden.

An extensive variety of approximations has been developed in other to facilitate the
calculation of the electronic structure. These methodologies can be classified as ab initio
methods or Density Functional Theory (DFT) methods based on the employed approach.

Ab initio methods aim to solve the Schrodinger equation using an approximated
wavefunction. The first methodology to successfully implement this approach was the
Hartree-Fock (HF) method, where each electron interacts with an averaged electron
density representing all other electrons, resulting in the creation of the Fock operator.3®
Many commonly used methodologies have been developed as improvements to HF. A
notable example of this is the Mgller—Plesset methods3® (e.g., MP23” and MP43%), which
introduce electron correlation through the addition of a perturbator to the Fock operator.
This function achieves an improved system description through a series of iterative
corrections to the HF reference function and energy through the addition of small
contributions from higher-level solutions of the Fock operator. Another example of ab
initio methodologies which sees ample use is the coupled cluster family3? (e.g., CCSD*® and
CCSD(T)*). These methodologies introduce electron correlation via a more sophisticated
operator in the form of a Taylor series. This operator applies the Fock operator on the
ground state as well as every possible electronic configuration resulting from a series of
electronic excitations.
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While the more sophisticated ab initio methodologies can produce exceptionally
precise results they come at a remarkably high computational cost, making them unviable
for medium to large systems, such as the organometallic complexes studied in this Thesis.

Density Functional Theory (DFT) methodologies propose a drastically different
approach, utilizing the electron density instead of the wavefunction to derive relevant
system properties.*>*3 The electron probability density (more commonly referred to as
simply electron density) at a point, p(r), is calculated as the combined probability density
of every electron described by the wavefunction to be located at said point, as shown in
eq. 3.

p(r) = [¥@)|? (3)

This approach was validated by the Hohenberg-Kohn theorems.** The first states
that for any system of N interacting particles under an external potential, V,,; (namely,
the one imposed by the fixed nuclei), there is a univocal relationship between it and the
ground state particle density (meaning the electron density). The second states that for
any valid external potential, an energy functional in terms of electron density, E[p], can
be defined (eq. 4), with the global minimum of this functional corresponding to the exact
ground state energy of the system.

Elp] = Flp] + f () Ve () dr (@)

Hence geometry and energy of a system can be explored utilizing exclusively its
electron density instead of its wavefunction. While these theorems prove the existence of
F[p] the formulation of this functional is unknown. Since the description of electron-
electron interactions exclusively using electron density was extremely challenging, Kohn
and Sham proposed a formulation which utilizes the electron density of a fictitious system
with non-interacting electrons.* This strategy substitutes the external potential by an
effective potential whose effect on the non-interacting electrons leads to their density to
be identical to that of the interacting electrons when they are exposed to the external
potential, and its formulation is shown in eq. 5.

p(r’)

E
Veff(r) = Vexe(r) + GZJ m dr' + xclp()]

dp(r)

Hence. this effective potential includes: the nuclei-electron interactions, the

(5)

coulombic interactions between electrons and the exchange-correlation interactions
between electrons. In this context, exchange refers to the electron interactions caused by
the Pauli exclusion principal, not allowing two electrons to occupy the same spin and
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spatial state. Moreover, the correlation is introduced to correct the errors caused by the
mean-field approach. As electron-electron interactions are integrated over each point in
space, the electron density should adapt to represent the most stable configuration of the
rest of electrons if that point was occupied by an electron. Instead, the same density is
considered for every point in space. The correlation term arises as a correction to account
for this limitation.

Therefore, the system’s energy can be calculated as the electronic kinetic energy
and effective potential contributions, all derived from the electron density.

p()p(’)
lr — 7’|

Within this framework defined by Kohn and Sham, referred to as KS-DFT, the energy

Elp] = Tylp] + f (1) Voo (F) dr + &2 ] drdr' + Exclp] (6)

of a system can be univocally determined based purely on its electron density.
Consequently, every nuclear configuration (V,,;) leads to a unique electron density and
energy, allowing for the study of the reactivity and derivation of other system’s

properties. However, the exact exchange-correlation term is unknown to this day.

Nonetheless an extensive variety of approximations to the Ex. term have been
utilized and validated for the study of a wide range of systems. These density functional
approximations (DFA) or more commonly referred to as, DFT functionals, have been
developed using a variety of approaches leading to a diverse array of methodologies for
the study of the electronic structure of a chemical system.

3.2. DFT functionals

DFT functionals allow for the computational study of a chemical system employing
its electron density rather than its wavefunction. This substitution significantly reduces
the dimensionality of the function describing the system, greatly reducing the
computational cost of the calculations required for its study. While this alternative
approach to describing the electronic structure makes calculations for larger systems, such
as organometallic complexes, manageable, an adequate methodology to study the
system’s properties has to be selected. A plethora of DFT functionals that use very
different approaches, levels of detail or parametrization procedures have been
developed.*®*” One of the most popular methods of classification for DFT functionals is
Jacob's ladder, which places functionals in different rungs based on the level of complexity
on their formulation.*® Consequently, simpler functionals occupy lower rungs, while more
complex, and presumably more accurate methods, occupy higher rungs, closer to heaven.
However, the performances of these functionals can significantly vary depending on other
factors, namely the studied systems and properties of interest.* Meaning that it is
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necessary for researchers to understand the functionals better suited for their study, their
limitations and if necessary, any corrections they might require to accurately represent
the system.

In the field that this dissertation is inscribed on, computational determination of
homogeneous organometallic catalytic cycles, a great number of diverse functionals has
seen ample use and their accuracy has been validated employing many different
strategies. The local-density approximation (LDA)>C is the simplest approach and its use to
study organometallic complexes is generally discouraged.3? LDA exclusively takes into
account the local electron density to calculate the exchange-correlation term (eq. 7) and
assumes that said density changes slowly and homogeneously. This fails to represent the
steep fluctuations that can be observed in the electronic densities of most molecules,

especially those bearing metals.>1™>3

ELPA = f p(1) €24 ({p, (1)}) dr @)

Nonetheless, we can find examples of every other rung of Jacob’s ladder among the
most popular methodologies in this field. PBE®*>> and B97-D3°® are examples of
generalized gradient approximation (GGA) functionals used to great success. These
functionals describe the exchange-correlation term not only using the local electron
density but also its gradient (eq. 8). This formulation makes them the least
computationally expensive of the bunch yet still great options for our studies.

ES6A = f p(1) €854 ({p, (1)}, (Vpy () dr (®)

The next step in the ladder is the meta-GGA functionals (mGGA), exemplified by
TPSS®>” and MO06L>® which are some of the better suited functionals for the study of
organometallic complexes. This family of functionals considerably raises the
computational cost of calculation due to its inclusion of the electron density Laplacian
and/or the kinetic energy density in the calculation of the exchange-correlation term (eq.
9), but generally improves with respect to GGAs.

Exeeed = J p() 254 {ps (M)}, {Vps (1)} {V2ps (1)}, {1, dr (9)

Continuing our ascension of Jacob’s ladder, we find the hybrid functionals, which
take a different approach to improving GGA functionals by a partial or full inclusion of HF
exchange. B3LYP>® and PBEQ®® are examples of hybrid functionals which are widely used,
not only in the study of organometallic catalysts, but in computational chemistry as a
whole. Among the literature very diverse formulations of these functionals can be found,
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eg. 10 shows a simplistic example of this approach, but in many cases more terms are
included.

Byt = Bt + a(EY" ({p,(M}) — EZYY) (10)

The HF term must be simultaneously but separately calculated using independent
wavefunctions for each electron rather than the electron density as a whole, which
significantly raises the complexity of the calculation, scaling with N* rather than N3, as the
calculation for the GGA portion. However, the higher computational cost this entails is
generally worth it, since the inclusion of the HF exchange helps mitigate the self-
interaction error that can be a great source of inaccuracies in many systems.®! At a higher
computational cost, we find methods which combine both corrections, labeled hybrid
meta-GGA. Some examples of these methods used to great success in the study of

organometallic complexes are M06%% and TPSSh.53-6>

Progressing further up the ladder we find range separated hybrids, which try to
improve the poor performance of DFT at larger distances by calculating two instances of
electron-electron interactions, one designed to represent short range interactions and the
other for longer ranges. This is shown in eq. 11, where u stands for the range-separation
parameter, which is either empirically fit using a training set®® or by minimizing the
deviation from a series of constrains the exact KS functional must obey®’.

ERH = ERR(W) + EXB(w) (11)

Some popular examples of this approach are CAM-B3LYP®® and LRC-wPBEh®8,
Despite their seemingly more complex formulation, these methods consist of two
calculations, each of them being at the same level than the previously seen hybrid
functionals. As such, their computational cost is not significantly higher than that of a
regular hybrid while improving the results. Regardless, these functionals are almost
exclusively used in heavily delocalized systems, such as systems that present charge
transfer excitations.®® Instead, most researchers use dispersion corrections, such as DFT-
D3, an even simpler and less expensive approach to improving long range interactions.
These corrections are discussed in depth further on this text, on Section 3.3.

Lastly, double hybrid methods occupy the higher rung of the ladder. In addition to
HF exchange, these functional include a MP2 term to further improve electron correlation
(eq. 12). Some examples of this group of functionals are PBEO-DH’® and B2PLYP’..
However, calculating the MP2 term drastically increases the computational cost, scaling
with N°. While these methods can afford a great degree of accuracy even for challenging
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systems, it is generally excessive for most studies in this field, making their high
computational cost rarely justifiable.

ERI04 = EGOA -+ (B — B0 + f(EN - EEO%) (12

Thus, we have delimited Jacob’s ladder based on dismissing those rungs where
functionals systematically fall short in their description of our systems and those which are
unnecessarily computationally expensive for the accuracy required for our study.

As we have just observed going up Jacob’s ladder translates to the inclusion of
increasingly computationally demanding terms which help us better deal with complicated
issues in the representation of our system. Having said that, the DFT functional landscape
is far from such a rigid structure. There is great diversity in how these functionals are
designed and developed, even within the same rung, which greatly affects how suitable
for a certain system a functional is. Among the top performers in our field, we can find
functionals whose formulation employed no empirical data, like PBE, and others that are
heavily parametrized like M06-L. The components and fitting of a functional determines
their validity for whatever application we intend to use them. The previously mentioned
MO6-L functional was parametrized to be used in the study of systems containing both
transition metals and main group elements. As such, M06-L performs the best when
studying the thermochemistry, thermochemical kinetics, and non-covalent interactions of
these systems, outperforming a great deal of the most popular methods, many of them
being more computationally expensive than MO06-L.>® However, when studying purely
main group systems MOG6-L generally presents worse results than most of those same
functionals. This is especially relevant when talking about hybrids, since developers have
to empirically fit the amount of HF exchange the functional uses. However, the ideal
amount varies not based only on the system but also the studied properties.’>”® Another
issue heavily parametrized methods can suffer from is “giving the right answer for the
wrong reason”, meaning they can very accurately give the energy value they were fitted
to obtain, but in the process, yield a flawed electron density, which would worsen the
description of other properties.”* A newcomer to computational chemistry may look at
Jacob’s ladder and assume that all that is needed to improve the accuracy of a study is to
climb to “better” methods, however this is a terribly naive approach to DFT studies and
selecting a functional is a far more complex issue.

A great hurdle researchers have to face in this field is that the only way to reliably
determine the accuracy of a functional for a study is to compare their results to
experimental ones or those obtained with a higher accuracy method like CCSD(T)*.
Unfortunately, the later can easily become unmanageably computationally expensive for
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many systems. Additionally, given the black box nature of DFT functionals it is impossible
to determine the sources of error which muddles the search for a more accurate method.
This fact combined with the constantly growing overabundance of methods’> may tip
some researchers in a never-ending search for the perfect functional. Instead, we can
make a much better use of our time by testing a set as small as possible of functionals in
search of sufficiently accurate methodology for our study. Further testing would exhaust
computational resources and most commonly increase the accuracy in a meaningless way.

A great starting point to finding the appropriate methodology for a study is looking
into validated studies of similar systems. Similarly, benchmarking studies can clue us in
into the most accurate methodologies for the application that we are looking for. Yet
again, the complex formulation of DFT functionals can make it so a small change in the
system may unknowingly throw off the functional’s accuracy. For this reason, the
recommended approach is “trust, but verify”’® and whenever possible consult as much
experimental, or in its absence higher level calculation, data as possible relative to the
studied system to validate the results obtained.

3.3. Dispersion interactions

As mentioned before, with the exception of some of the most sophisticated
functionals the accuracy of most DFT methods declines significantly when dealing with
long distance interactions. At longer ranges molecular fragments interact through
dispersion forces, caused by a transient fluctuation in the electron distribution of one
fragment which then brings about a similar fluctuation in the second fragment by
electronic correlation.”” These stabilizing interactions are crucial to a correct system
representation, especially when dealing with large systems such as organometallic

complexes.’®7?

Therefore, dispersion interactions are attractive interactions arising from long range
electron correlation effects without the need of polarity nor wavefunction or electron
density overlap of the involved fragments. This effect is poorly represented by mean field
methods such as HF and KS-DFT functionals, because of them exclusively using occupied
orbitals to describe the state of the system and its properties.?® More sophisticated
methods such as coupled cluster or double hybrids use virtual orbitals to improve the
description of the system. These orbitals represent how the system would respond to an
external perturbation. While their contribution is generally minor, it considerably
improves the description of these charge fluctuations. However, for large systems, as the
ones studied in this work these methods are exceedingly computationally costly. Instead,
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dispersion interactions can accurately be represented with simpler functionals at a trivial
computational cost by using dispersion corrections.

Three different approaches are utilized to include dispersion interactions in DFT and
other mean-field methods. The most commonly used one is the semiclassical Cs-based
schemes, in which dispersion is calculated as a separate energy contribution including the
dispersion interactions between every atom pair, and in seldom cases also interactions
between larger atom groups.®? The energy for each of these dispersion interactions
depends on parameters specific to the interacting elements and the distance between
these atoms. Another common approach is the inclusion of these interactions as an
empirically parametrized one-electron potential.*® As the name suggests, these
potentials exclusively depend on properties that can be calculated using only information
of one point of the wave function or electron density at a time such as the local dynamic
polarizability. Lastly, nonlocal density-based dispersion corrections include these
interactions as an exchange-correlation functional for medium to long ranges. These
functionals are differentiated from the formerly mentioned ones because of their use of a
two-electron integral.88* Thus, they are able to consider interactions between distant
parts of the system without the need for parametrizations although at a higher
computational cost.

Despite its simplicity and insignificant computational cost, the semiclassical
approach can considerably improve the accuracy of mean field methods.?> This approach
pioneered by Grimme et al. has spawned many different correction schemes following a
similar formula. The defining parameters of this approach can be observed in the D2
correction scheme (eq. 13).8°

D2 Cé® o
ESZy = = 56 =5 fionp(®) (13)
AB

This scheme exclusively takes into account the two-atom dipole-dipole interaction,
with CAB being a parameter specific to the atom pair AB and R being the distance
between them. The Cg‘B dispersion parameter can be easily obtained using the dispersion
parameter corresponding to the homoatomic pair of each involved atom, C44 and C2®
(eqg. 14). The homoatomic parameters are specific to each element and depend on a
scaling factor corresponding to their row in the periodic table, N, their static dipole
polarizability, @, and their ionization potential, I,. These two last quantities are obtained

using the PBEO functional (eq. 15).
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cé? = / cat cp® (14)

C&4 = 0.05N I, af (15)

The f;gnp (R) is a Fermi-type damping function that either reduces or stabilizes the
dispersion interactions as R diminishes so that they are only relevant at the longer ranges,
while at shorter ranges the behavior is defined by the original mean field method.?” Lastly,
the sg is a functional-specific scaling parameter set to avoid possible artifacts in the
transition between short and long range.

Many different schemes have been developed as improvements to the D2
correction scheme by including additional terms to improve the description of the
dispersion interactions. These may include terms higher in the multipole expansion or/and
terms considering a higher number of bodies. While more sophisticated and complex
methods are available, currently the D3 correction scheme is generally considered among
the best options to include dispersion interactions. This approach stands out because of
its accuracy, efficiency for geometry optimization and availability for a wide range of DFT
functionals. The D3 generation of schemes improves upon the previous by including an

additional term to include dipole-quadrupole interactions, Eggp. Additionally, the D3
scheme, shown in eq. 16, considers the bonding and hybridization of each atom when

assigning the dispersion parameter.®®

CAB o
n n
E(?l':;pz _Z Z STL Rn fdamp(R) (16)

AB n=6,8

The D3(0) scheme refers to the one originally developed by Grimme et al. which
uses a so-called zero-damping function.®® This function makes it so that dispersion energy
tends to zero at shorter ranges. The D3(BJ) scheme is a variant developed by Becke and
Johnson which uses a different damping function that instead converges to a finite
negative value at lower distances, while behaving indistinctly at longer ranges.®® This
approach is generally preferred, becoming the option by default. This preference is due to
the fact that in some relevant cases methodologies employing the D3(0) scheme would
stabilize longer ranges over medium ranges when considering the sum of the decaying
functional stabilization and the damped dispersion interaction correction. This would
result in larger bond distances than those obtained using only the functional which clashes
with the idea of dispersion interactions being exclusively attractive.

37



Chapter 3: Methodology

As mentioned before, one-electron potentials are empirically parametrized to
replicate the two-electron dependent dispersion interactions based exclusively on local or
semilocal properties. While these methods cannot accurately represent the R~ electron
density decay, a certain wavefunction or density overlap can be found between two
molecular fragments bound through non-covalent interactions. These methods obtain
information relating to the dispersion interactions based on the accumulated density and
its distortion in this region.® This approach has become increasingly popular, mainly due
to the great success of the Minnesota functionals suite. These functionals utilize an
extensive set of parameters fitted to represent a series of properties for an ample array of
reference systems. Starting at the 2006 generation of these functionals,®? the exchange-
correlation term included parameters hailing from the Van Voorhis and Scuceria
functional, characterized for their improvement in the description of the exchange-
correlation energy by including terms dependent on the kinetic energy density.”* Among
the properties studied to fit these parameters are the non-covalent interaction energies
and distances, which are then reproduced with a great degree of accuracy.

For the calculations carried out in this Thesis whenever the B3LYP functional, known
to be over-repulsive to the point of yielding unbonded Van der Waals complexes, was
utilized it was supplemented with the D3(BJ) dispersion correction. The B97-D3 functional
was also used which not only includes the D3(BJ) scheme as part of its construction, it is a
version of the B97 functional reparametrized to describe electron correlation at medium
to long ranges exclusively through the dispersion correction term. Lastly the MO06-L
functional was also employed in this work. Since this functional already contains an
accurate description of attractive non-covalent interactions at medium range distances no
dispersion corrections were added to it. While some authors recommend adding a
semiclassical dispersion correction scheme to improve their description of the long-range
interactions,’? other studies suggest that this may cause double counting effects in the
medium range region.*?

3.4. Basis sets

Basis set are a series of functions with adjustable parameters used by ab initio and
semi-empirical methods to describe the wavefunction or electron density of a chemical
system. These functions are centered on the atoms that comprise the system and during
calculations are combined in a way that minimizes its energy, yielding the electronic
structure of the molecule as a whole. While in theory a basis set composed of an infinite
number of functions could perfectly describe the electron density of any system, a
compromise between the accuracy of the basis set and the computational cost it brings
about must be found.*
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A minimal basis set is the simplest possible set of functions to describe a system’s
electronic structure. It contains the atomic orbitals of each atom making up the molecule.
These orbitals arise from the resolution of Schréodinger equation for the H atom in gas
phase. Consequently, this approach suffers errors when describing more complex
systems. Effects like bonding or polarization are specially challenging to model since these
phenomena cannot be observed for atomic orbitals.

For this reason, basis sets are upgraded by including additional functions which gives
greater flexibility to the fitting process. Since bonding processes exclusively involve the
valence orbitals, the description of the molecular electronic structure can be significantly
improved by adding complementary sets of valence orbitals for every atom. These
complementing orbitals correspond to different effective nuclear charges so that they
help describe situations that might be poorly covered by the unenhanced basis set. A basis
set that includes two sets of valence orbitals is denominated as doble-zeta. Following this
notation, a triple-zeta basis set presents three sets of valence orbitals and so on.

Additionally, basis sets can be further improved by including polarized basis sets,
which include the orbitals with the consecutive angular momentum quantum number to
those of the valence orbitals of every atom.®* The contribution from these orbitals pushes
electron density away from the nuclei and induces asymmetry on the valence orbitals. As
an example, a p orbital can be included to H atoms leading to a higher population in the
direction of the lobe presenting a constructive interaction with the s orbital. This creates a
sp orbital of sorts to help describe situations like hydrogen bonding or covalent bonds
with H atoms more accurately. Polarized basis sets are commonplace in the study of
organometallic complexes and their reactivity since they are key for the accurate
representation of polarization or breakage of bonds as well as metal-ligand interactions.

Another possible addition to basis sets are diffuse functions which are a set of
valence orbitals with considerably lower effective nuclear charge, meaning that they are
more extended away from the nucleus. These functions are generally reserved for anionic
or weakly bonded systems or cases where the dipole moment is of great relevance.

It should be mentioned that rather than using the exact orbitals, computational
chemistry software employs functions that replicate their behavior closely but are
considerably less computationally expensive to integrate. Nevertheless, the additional sets
more than make up for the lesser accuracy of using these functions while staying at a
lower computational cost. Many different basis sets have been designed with different
degrees of complexity, and therefore compromises between accuracy and computational
cost.
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A commonly utilized strategy to reduce the computational cost of calculations is to
use effective core potentials (ECPs) to describe the core electrons of every atom.®® This
means that all core electrons are substituted by a simple potential that surrounds the
nucleus and interacts with the valence electrons through electrostatic repulsions. This
approximation is valid for most studies since only the valence electrons define the
reactivity and properties of molecules while core electrons only affect it indirectly. ECPs
can significantly reduce the computational cost of calculations since only the valence
electrons are treated explicitly. Furthermore, in some cases these potentials are used to
include relativistic effects.

In every study presented in this Thesis the same basis sets, coming from the
Karlsruhe def2 family, were employed. These basis sets were chosen since they cover
most metals and include effective core potentials.®® def2-SVP, a double-zeta basis set with
polarization in all atoms, was employed for geometry optimization and frequency
calculations and def2-TZVP, a triple-zeta basis set with polarization, was used for energy
refinement. Therefore, an affordable basis set was employed for the optimization and
frequency calculation, as these operations are the bottleneck of the calculation, specially
the former one, and experience very marginal improvements from using a more elaborate
basis set. Following that, a more expensive basis set was used to recalculate the electronic
structure for a set optimized geometry. Compared to the previous operations this
calculation is not computationally demanding, but significantly improves the quality of the
results. This way, a low computational cost is maintained while reducing errors due to an
insufficient basis set such as basis set incompleteness error (BSIE)?”?® and basis set
superposition error (BSSE)®>'%, An ultrafine integration grid was used in every studied
case, as the utilization of a thorough integration scheme has been shown to be pivotal to a

correct convergence of the calculation and accurate results.1%!

3.5. Thermodynamic properties

To determine the thermodynamic properties of a certain chemical system a
representative statistical ensemble of said system has to be studied. Yet, DFT calculations
model a discrete isolated system. Thus, a partition function is used to describe the
ensemble of interest based on thermodynamic state variables, such as temperature and
electronic energy of the system. Internal thermal energy (from now on only referred as
energy) and entropy are derived from the partition function. In most cases this function is
constructed using a very simple statistical thermodynamic model, in which the system is
treated as an ideal gas under a 1 atm pressure. As it can be observed in eq. 17 the
partition function is expressed as the product of its four independent components.1??
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q(V: T) = Gelec Qvib Qrot Qtrans (17)

The first term refers to the electronic partition function. This function is expressed
as the summation of each energy level contribution which depends on the degeneracy of
said level, w,, and its energy, E,,. However, for the great majority of cases the difference
between the energy of the lowest excited state and that of the fundamental electronic
state is significantly higher than kgzT. Meaning it can be assumed that only the ground
state is populated regardless of temperature, considerably simplifying the partition
function as depicted eq. 18.

En, Eo
delec = Z wnpe 'keT ~ wqoe kBT (18)
n

Thus, the electronic contribution to the system energy in most cases is the so-called
electronic energy of the ground state. On account of DFT functionals being based on the
Born-Oppenheimer approximation, the energy contribution corresponding to nuclei
kinetic energy has been stripped from the functional formulation to be added posteriorly.
Hence, DFT functionals yield the electronic energy, while the contribution from nuclei
movement is calculated using the remaining partition function components. While errors
caused by calculations converging exclusively based on the electronic energy rather than
the complete system energy are negligible in most cases, these additional energy
contributions are key to a correct understanding of the thermodynamic properties of a
chemical system.

Vibrational energy is calculated as the summation of each normal mode
contribution, meaning that imaginary frequencies are ignored. Considering the K normal
modes of a system, each having a vibrational frequency of vy, vibrational energy can be
expressed as shown in eq. 19.

hUK/ 1 1
E,i, =R Ze kp ot T (19)
K

h‘UK/
e 'ksT —1

The calculation of vibrational energy contains two terms, one independent of
temperature which corresponds to the zero-point energy, and the second one
corresponding to the population of higher vibrational states due to temperature. In most
cases each vibration is treated as a harmonic oscillator. This translates to the frequency
easily being calculated using the second derivative of the electronic energy based on the
mass weighted cartesian coordinates. This approximation can lead to errors when

calculating the energy contributions of low frequencies. In cases where this error becomes
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noticeable a few corrections can be applied. The most commonly used ones are the quasi-
harmonic corrections that target the frequencies lower than a certain threshold, generally
around 50cm™ or 100cm™. The correction developed by Grimme et al. uses the free rotor
harmonic oscillator for those frequencies rather than the rigid rotor harmonic oscillator to
improve the energy contribution accuracy.'®® Alternatively, the correction developed by
Truhlar et al. treats each frequency below the threshold as if its value was that of the
threshold.’®* Lastly another possibility is using a more complex approximation to the
calculation of the frequencies, such as an anharmonic oscillator. However, given its
elevated computational cost the latter approach is rarely used.

For any non-linear molecule rotational and translational energy contributions are

obtained as shown in eq. 20.
3
Erot = Etrans = ERT (20)

Furthermore, as demonstrated by the following equations, the partition function
can be used to obtain any thermodynamic property of the system of interest (eq. 21-23).

H=E+ kgT (21)
S—R(l +T(alnq)) (22)
- ar ),

G=H+ TS (23)

Examining the free energies, also referred to as Gibbs energies, G, of chemical
species plausibly involved in the system’s reactivity allows determining the spontaneity
and feasibility of different chemical processes under certain reaction conditions.

Although this approach performs satisfactorily calculating the thermodynamical
properties of most solvated systems, it should be noted that the gas phase model is
unable to properly account for the solvent suppressing effects. Solutes are expected to
experience hindrance to their rotational and translational movements in the presence of
solvent when compared to a gas. Hence, their respective contributions should be
guenched. While this movement reduction is expected to be accounted for in the
solvation free energy!® (discussed at length further in the text, on Section 3.6), the
translational entropy is known to be a significant source of error in some studies (eq. 24).

3
2mmkgT /2 kgT 5
Strans = R (111 ((TB> + %) + E) (24)
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This can be related to the used models overestimating the loss of translational
entropy caused by the binding between two molecules.'%%1%7 Meaning that associative
reaction steps are somewhat energetically penalized. Although many different schemes
have been proposed to improve entropy calculations, the discussion on which correction,
if any, leads to better results is still wide open.'% It has been reported that in some cases
these corrections can increase the error, causing significant differences depending on the
studied system.”®'% Thus, the effects of these corrections must be carefully and
thoroughly evaluated when used. Nevertheless, for catalytic cycles in which the
molecularity considerably changes this correction can become necessary, especially when
comparing reaction paths whose change in molecularity is different.1*°

The approach to this correction preferred by our group and applied when deemed
necessary in this Thesis is that proposed by Morokuma et al.}!! This election is based on
the idea that a better approximation to the movement of solvated molecules is to treat
them as if they were frozen rather than as a gas or with an arbitrary fraction of the
movement of the gas, e.g., half of it as proposed by Plata and Singleton.1?

An often-used strategy to minimize errors arising from translational entropies is to
incorporate reagent molecules before they undergo any reaction or product molecules
after they have been released as part of the modeled system. These molecules are
included in segments of the reaction pathway where they are not directly involved in the
reactivity to maintain consistent molecularity throughout. This approach, which was also
included in the study of some systems in this Thesis, aids in the comparison of steps in a
catalytic cycle or competing reaction pathways that otherwise would present different
changes in molecularity.

3.6. Solvation models

Solvation effects can play a key role in determining the behavior of chemical
systems. Solute interactions with the solvent molecules surrounding it affect its electron
density distribution and, in many cases, defines the relative stability of different
conformations. Meaning that for many systems, especially those in very polar solvents, a
correct representation of its properties requires properly addressing solvation.13114

While the most rigorous way to represent solvent effects would be to include
enough solvent molecules to perfectly solvate the studied system, this approach,
denominated as explicit solvent model, is seldom used for a series of reasons. Firstly,
given how the cost of DFT calculation scales, even the inclusion of a few solvent molecules
will significantly increase the computational cost. Furthermore, the many possible
configurations the solvent molecules can be arranged in have to be considered, drastically
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increasing the number of calculations required to properly study a system. Lastly, the
added solvent molecules should also be stabilized by other solvating molecules.'** In the
rare cases where this approach is employed, many layers of these molecules are included
to accurately represent their behavior. Thus, this approach makes calculations
considerably more complex and unreasonably expensive. For this reason, the only cases
where it is employed it is paired with hybrid methodologies, such as QM/MM, that enable
the use of a less expensive methods for the bulk of the system while using more precise
methods for zones of interest. 116

The vast majority of DFT studies use implicit models to incorporate solvent effects.
Without the explicit inclusion of solvent molecules in the employed model, the chemical
system is isolated in a vacuum exhibiting the behavior of a gas rather than that of a solute.
Implicit solvent models calculate the solvation free energy which is then added as another
free energy contribution of the system. This calculation is based on the use of a
continuum dielectric medium to emulate the solvent effects on the chemical system
without the need to include any solvent molecule.'” Most implicit solvent methods
consider four possible contributions to the solvation free energy, as shown in eq. 25.

AGgop, = AGerec + AGdisp + AGrep + AGeqy (25)

The first contribution, AG,,.., arises from the electrostatic interactions between the
solute and the dielectric medium. The second and third represent the non-electrostatic
interactions between the solvent and the solute, corresponding to the dispersion, AG sy,
and the repulsion energies, AG,,, respectively. Lastly, the energy of cavitation, AGgy,
corresponds to the energy that would be required to open a cavity in the solvent to
accommodate the solute. How these terms are defined radically change based on the
employed method. In this Thesis, both the IEFPCM!® and SMD'!® methods were
employed. Both these methods are polarizable continuum models (PCMs), which
constitute one of the most utilized approaches to including solvent effects because of
their low computational cost and high accuracy.

PCMs methods calculate the electrostatic interactions applying the Poisson-
Boltzmann equation?® which uses the solute charge density and the solvent dielectric
constant!?122, The other three terms comprising the solvation energy depend on the
solvent-accessible surface. This surface is defined by a series of spheres centered on every
solute atom with a parametrized radius. For IEFPCM these radii are obtained as 1.2 times
the corresponding van der Waals radii, while the SMD model utilizes Bondi’s values,*?3
which are based on X-ray diffraction data. Effectively the calculation of the three non-
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electrostatic terms can be bundled into one for most methods, including the ones used in
this work. This calculation considers the solvent-accessible surface area for each solute
atom'?* and a coefficient specific to that atom and solvent pair, the surface tension.'?
Different methods propose different surface tension formulations, but in all cases, they
are fitted with experimentally determined solvation free energies. Conveniently, the
experimental fitting of implicit solvents leads to the solvation energies they afford already
including the effect of the ensemble average of solvent structures that is burdensome to
include using explicit solvent models. Additionally, they also account for other effects that
are challenging to study computationally, namely the reduction in translational and
rotational entropies when going from gas to solvated. Therefore, not only are implicit
methods cheaper and easier to use, but they also include relevant effects that otherwise
would be challenging to calculate.

Interactions between solute and implicit solvent cause a mutual polarization that is
adjusted through an iterative process called Self-Consistent Reaction Field (SCRF).1%® It
should be remarked that solvent with reduced polarity have a considerably limited effect
on the solute properties. Consequently, as an approximation for these systems, implicit
solvents are solely utilized on the energy refinement calculations. Hence, solvation
energies are calculated for already optimized geometries, adjusting exclusively the solute
electronic structure and the implicit solvent electrostatic term in the SCRF process. While
this approach considerably reduces the computational cost, it is exclusively applicable for
low polarity solvents such as benzene (£,=2.27) and chloroform (g,=4.71). Conversely, for
high polarity solvents, such as formic acid (¢.=51.1) and water (€,=78.4), a considerable
change in the optimized geometry can be observed for calculations with or without
implicit solvent. In such cases the use of the solvent model is necessary at every
calculation stage to an accurate study of the system’s properties.!?” Thus, the iterative
optimization process includes the implicit solvent polarization and cavity reconfiguration.

The solvents models used in this Thesis, as for most implicit models, present lower
accuracies when working on charged systems and in a lesser manner can also struggle
with high polarity solvents. In specific cases reaction mechanisms are impossible to model
using exclusively an implicit model. This includes cases in which solvent molecules act as
ligands or mediate in the mechanism in some form, but also include cases in which a
heavily polarized group has to be stabilized and the implicit solvent falls short. In these
instances, the inclusion of select solvent molecules in addition to the implicit solvent can
be the best suited approach.'?® Nevertheless, it is easy to introduce errors with this
approach and only solvent molecules expected to be strongly bonded to a position, so
that they accurately represent the statistical average structure, should be included.
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Therefore, the addition of each solvent molecule must be justified and the afforded
results carefully evaluated.

In this Thesis, solvent effects were included exclusively in the energy refinement
step for the systems solvated in benzene or chloroform, while for the ones solvated in
formic acid the implicit solvent was included throughout the whole calculation. The
IEFPCM was applied in the calculations performed using the B3LYP-D3(BJ) functionals
while the SMD, which was designed by the group responsible for the Minnesota
functionals, was used with the MO06-L functional.

3.7. Analysis of reactivity

Computational analysis of catalytic cycles is based on the capacity of these
techniques to accurately determine the energies of every species involved in a reaction.
Utilizing these energies, the reaction barrier for any chemical process can be calculated
which can then be related to its reaction rate constant using Eyring equation (eq. 26).

k= kB—Te_AG#/RT (26)
h

Nevertheless, this rather simplistic approach to determining reaction rate constants
is susceptible to large errors, mainly due to the exponential dependence in the free
energy barrier. Thus, a conservative margin of error should be considered when deriving
conclusions directly from an energy barrier. Such as the rule of thumb used by many
researchers stating that a barrier lower than 20 kcal/mol corresponds to a process that
occurs at great speed at room temperature, a barrier between 20 and 25 kcal/mol
corresponds to a process that can be observed at room temperature, a process between
25 and 30 kcal should require heating in order to be observable and anything above that
may require extreme conditions in order to progress. However, it's essential to note that
the expected cancellation of errors when modelling similar processes allows for the
comparison of mechanisms with significant accuracy. These results can then be contrasted
with experimental ones such as stereoselectivity, chemoselectivity or the different

activities reported for different substrates.

Catalytic cycles can be complex processes consisting of many consecutive reactions
with many species in equilibrium, which can considerably complicate determining the
factors defining the rate or turnover frequency (TOF) of the complete cycle. In this work
the framework proposed by Kozuch and Shaik was employed. This framework is based on
transition state theory (TST)!?° and proposes that in every cycle a TOF-determining
intermediate (TDI) and a TOF-determining transition state (TDTS) can be found. The TDI
and TDTS correspond to whichever intermediate and subsequent transition state in the
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operating mechanism show the largest energy difference, as exemplified in Figure 3.1.
This energy difference is referred to as energetic span (8E) and is equivalent to an energy
barrier for the whole cycle, therefore defining the turnover frequency.

IPr

IPr - Rh—Cl
| N

0 0 /—k‘_n,”””””””””,” is """""""""""""""""""""""" ip'r' """""""""""
H — Ph
( 4|P2 |‘an—cw Fleh-a F
= n ' N N 5.9 7.7
\—Rh—cl I g

e N_Ph = NS

‘ =

X

energetic span (8E) = AGtggr - AGg = 23.3 kcal/mol

Figure 3.1. Determination the catalytic cycle energetic span of using the DFT calculated relative
free energies in kcal/mol. Data taken from Castarlenas et al. ACS Catalysis 2019, 9, 9372-9386.

The TDI is the most stable accessible intermediate preceding the TDTS, as such it
acts as “resting state”. Therefore, the TDI is the most populated intermediate during the
catalysis, hence it should match experimental observations, such as NMR spectra used to
monitor the reaction. The TDTS acts as the bottleneck in the cycle, with the rate of every
other process being inconsequential to the turnover rate. The TDI and TDTS do not have
to be consecutive in the cycle as every species connected by lower barriers than the
energetic span is assumed to be in quasi-equilibrium. However, if many processes show a
similar energetic span, especially in competing pathways this framework may become
insufficient. In such cases other more complex approaches, such as microkinetic studies
may become necessary to properly study the system.30

A factor to consider when comparing reaction rates of different processes is the
concentration of every involved species. The concentration of DFT calculated system is
that of an ideal gas under the conditions set for the thermodynamics calculations
(typically standard conditions, 1 atm and 298.15K, are utilized). Generally, this
concentration is considerably lower than that of the experiment causing the
overestimation of the relative free energy of higher molecularity species. In every system
studied in this Thesis the correction proposed by Goddard et al. was employed to treat
every species as if they were in a 1M concentration.'3! To this end, eq. 27 was employed
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to calculate the free energy exchanged to reduce the volume occupied by 1 mol of the gas

species to 1 L under the set conditions.

latm
AGgEm>IM = _TASZatm =M — _TR 1n< i ) (27)

3.8. Study of KIEs

The kinetic isotopic effect (KIE) is one of the most useful and easy to implement

tools in the determination of reaction mechanisms. This technique consists of the
measurement of reaction rates for a certain substrate and that same substrate with one
or more of its atoms substituted by their respective isotopes. The difference or lack
thereof can serve as an indicator of the process bottlenecking a mechanism.'32 Similarly,
calculations can be performed to determine the energetic span of a process with and
without isotopically marking the substrate. Eq. 28 shows how these results can easily be
used to calculate the reaction KIE. It should be noted that even though in this case it is
exemplified with hydrogen (H) and deuterium (D), the most commonly used nuclei, many
other pairs can be used for these experiments.
¥

KiE < o _ kBTTe AGI:/RT _ kgT —AAGH/D¢/

kp kBTe—AGD /RT h

h

(28)

As mentioned previously, DFT results are considerably more reliable when
comparing the results of two or more similar modelled systems due to the beneficial
effects of the cancellation of errors. For this reason, despite the considerable margins of
error in the calculation of reaction constants, KIE calculations generally match
experimental results with remarkable precision. Accurately matching the experimental KIE
result is an indicator of the correct identification of the TDI and TDTS (see Figure 3.2)

TDTS

regular mechanism
I isotopically marked mechanism

Free energy

Reaction coordinate

Figure 3.2. Energy span difference between the regular and isotopically marked reaction.
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Thus, eq. 29 yields the KIE for a proposed reaction pathway, making it a valuable
resource not only for mechanistic determination but also for theoretical result validation.

KIE = I{BTTe(AGTDTS,D_AGTDI,D)_(AGTDTS,H_AGTDI,H)/RT (29)

This equation was employed for every KIE calculated in this Thesis. This formulation
is based on TST theory, meaning that effects such as tunneling effect or barrier recrossing
are not considered. In such cases, more complex formulations can be employed to include
said factors. Conveniently, in cases where the discrepancy is caused by an erroneous
determination of the rate determining species, the KIE numerical value offers information
of the role played by the marked nuclei in the rate determining process. It reveals if the
marked atom is part of a bond being broken or formed, or if the atom is bonded to an
atom whose hybridization changes during said process. Hence, this easy-to use technique
serves not only as a great meeting point between experimental and computational
findings, but also as indicator of the operating mechanism which can guide computational
researchers to consider reaction pathways that may have been initially overlooked.

3.9. NBO orbitals

Natural Bond Orbitals (NBOs) are a form of localized orbitals used in computational
chemistry to unravel electron density contributions and render a simpler description of
orbitals. These straightforward orbital descriptions more closely correlate to various
intuitive chemical concepts broadly used in Chemistry to describe molecular structures
such as Lewis structures.??

Orbitals can be defined as one-electron wave functions, which are determined by a
potential field depending on the nuclei and other electrons within the systems. In the
context of KS-DFT, KS orbitals are derived from the fictitious system of non-interacting
electrons that replicates the electron density of the actual system. Consequently, KS
orbitals lack actual physical meaning. However, similar to wave function orbitals, KS
orbitals have been proven to give insight into the electronic structure and bonding of a
molecule, aiding in the rationalization of molecular properties, for instance reactivity.

As previously mentioned, complex electronic distributions can be described using a
wide array of simple orbitals meant to be complemented through linear combination
among them. In the optimization of the system energy and its canonical molecular orbitals
the superposition of every orbital, even those at great distances is considered.
Consequently, canonical orbitals typically display many minor contributions which may
arise from orbitals at significant distances from the main orbital components. These
contributions offer negligible improvements to the system energy and lack any
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significance towards its properties.’3® Other effects such as hyperconjugation or
resonance effects, can further contribute to the orbital delocalization. This delocalization
obscures the interpretation and comparison of molecular orbitals, obfuscating the
relationships between electronic distribution and other characteristics of the molecule.

Like other forms of localized orbitals, natural orbitals limit the interactions among
orbitals to regions of chemical significance, such as atoms or bonds, restricting the
optimization process to the orbitals centered within these regions. As a result, natural
orbitals exclude minor contributions leading to more interpretable orbitals, that allow for
a better understanding of the system’s electronic structure and elucidation of its
properties.

The simplest natural orbitals are the Natural Atomic Orbitals (NAOs), which do not
combine the original atomic orbitals in any form. However, NAOs are affected by
neighboring orbitals in the form of electrostatic and steric interactions with the
environment. This results in NAOs being more diffuse or compacted and, in some cases,
the apparition of new nodes. Considering exclusively the orbitals with an appreciable
occupancy, a minimal basis set containing the core and valence orbitals of the molecule is
obtained.

The next step in complexity is the Natural Hybrid Orbitals (NHOs), which are
obtained through the combination of NAOs corresponding to each atom to optimize their
energy. The linear combination of valence atomic orbitals results in the formation of
hybrid orbitals, such as the sp? and sp® orbitals. These hybrids orbitals provide a more
accurate description of the electronic distribution which accounts for the chemical
environment of each atom. Both NHOs and NAOs are a series of orbitals centered on
individual atoms, which also are orthonormal among themselves.

The NBOs are obtained by optimizing NHOs while allowing for the linear
combination of orbitals corresponding to one, two and occasionally three atoms, also
referred to as centers, since in this case the orbitals can be centered in different atoms.
One-center NBOs refer to core orbitals or lone pairs if they are occupied or Rydberg
orbitals or lone vacancies if they are unoccupied. Two-center NBOs combine a pair of
overlapping orbitals of different atoms. Depending on whether the interaction is
constructive or destructive the resulting orbital is bonding or antibonding, respectively.

The calculation of the NBOs leads to the exploration of the optimal bonding pattern
that maximizes the occupancy of “Lewis-type” NBOs, meaning those corresponding to
bonds and lone pairs. This results in the determination of the Lewis structure that better
represents the wavefunction or electron density. These orbitals provide insights into the
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nature and strength of chemical bonds. A thorough analysis of the composition and
occupancy of a system NBOs vyields a detailed and easy-to-interpret description of its
electronic distribution which helps rationalize many of its properties such as dipole
moment or ionization potential. Furthermore, a comparative analysis of the electronic
distribution of key species involved in a reaction can provide comprehensive
understanding of their chemical behavior and reactivity (see Figure 3.3).

Canonical Molecular Orbital Natural Bonding Orbital

Figure 3.3. Comparison of a canonical molecular orbital and the same orbital as a natural bonding
orbital using eigenvalue 0.03 in both cases.

The occupancy of the obtained NBOs is a key factor in the validation of the Lewis
structure defined by these orbitals as a representation of the electron density. For a
closed shell system, the occupancy of an orbital can oscillate between 0 and 2. Natural
orbitals whose occupancy is close to the latter, accurately fit the distribution of the
electron density, rendering a faithful Lewis structure. Effects such as resonance that NBOs
struggle to describe result in lower occupancies in some Lewis-type orbitals, populating
antibonding and Rydberg orbitals instead. Thus, researchers that use NBOs to describe a
specific interaction of a system such as the bond strength of a bond refer to the
occupancy of said bond.

Another relevant application of natural orbitals is the natural population analysis
(NPA) which calculates the system’s atomic charges using the sum of electronic population
from the NAOs corresponding to each atom.?3* This approach is considered to be a more
accurate descriptor of the system charge distribution than the generally used Mulliken
Population Analysis which derives the atomic charges directly from the wavefunction.'3 In
this work, as in many others the NPA-obtained charges will be referred to as NBO charges,
since the calculation of the NBO orbitals requires the calculation of the NAOs which are
then used to determine the atomic charges.
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3.10. Computational details

This section outlines the computational details employed for the theoretical
calculations of each system discussed along this Thesis.

All DFT calculations were carried out using the Gaussian09 program package,!3¢
while specific aspects of the utilized methodology varied on a system-by-system basis.

Geometry optimizations and frequency calculations for the studied systems related
to CO; utilization (Chapter 4) were performed using the B3LYP-D3(BJ) method and def2-
SVP basis set. Whereas for the systems involved in terminal alkyne hydrofunctionalization
reactions (Chapter 5) these calculations were performed at a B97D3/def2-SVP level of
theory. Additionally, for the study of reactions in neat formic acid (Sections 4.2 and 4.3)
these calculations included the IEFPCM solvation model to account for the effects of the
strongly polarizing solvent. Analytical frequency analysis was employed to confirm the
nature of stationary points.

Electronic energies were refined using single point calculations at the M06-L/def-
TZVP level of theory, with the exception of those of Section 4.2 in which B3LYP-D3(BJ)/def-
TZVP was utilized instead. The SMD solvation model (IEFPCM for Section 4.2)
corresponding to the reaction solvent was included to these energy refinement
calculations (benzene for Sections 4.1 and 5.1, formic acid for Sections 4.2 and 4.3 and
dichloromethane for Section 5.2).

Thermochemical corrections were computed for the respective reaction
temperature of each catalytic system (323 K for Section 4.1, 353 K for Sections 4.2 and 4.3
and 298 K for Sections 5.1 and 5.2). All corrections were referenced to a 1M standard
state at 1 atm and the reaction temperature using the approximation method proposed
by Goddard et al.

For the study of CO; hydrosilylation reactions (Section 4.1) translational entropies
were removed to avoid errors arising from these contributions in the comparison of
reaction pathways with different molecularities. For the studied reactions taking place in
neat formic acid (Sections 4.2 and 4.3) translational entropy contributions of formic acid
molecules were removed to negate the free energy penalty caused by the coordination of
a solvent molecule to the complex which is, in principle, already solvated. Additionally, in
systems for which many significantly low vibration modes were observed for catalytic
activity determining species (Sections 4.1, 5.1 and 5.2) Grimme’s quasi-harmonic
correction was applied setting a 100 cm™ threshold.
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Chapter 4: CO, Utilization

The accumulation of carbon dioxide in the atmosphere is considered a leading cause
of climate change because of its greenhouse effect. The emission of this gas has
experienced rampant growth for more than a century, because of the world’s reliance on
fossil fuels. Natural processes are incapable of curbing the CO; build-up caused by these
emissions, necessitating proactive measures to mitigate its damaging impact on the
environment. Consequently, the pursuit of strategies aimed at reducing the atmospheric

CO: levels has become a goal of critical importance for a sustainable future.'3’

While reducing CO, emission is imperative to decrease its concentration in the
atmosphere, additional measures are necessary for an effective approach to this
objective. The capture of CO;, whether as it is being produced in a large-scale process or
from the atmosphere, offers a way to reduce the accumulation of this gas and has seen
significant progress during the last years.'>® However, the capture and storage of ever-
increasing quantities of CO; for an indefinite amount of time is not only costly, it can only
be considered a temporary solution rather than a sustainable one. Though some industrial
processes make use of COy, their consumption does not add up to 1% of the emissions of
this gas.’® Hence, there is a necessity for the development and/or optimization of
pathways that provide an outlet for this product.}#%!4! As shown in Figure 4.1, these may
take many forms, such as using it as a substitute of other commonly used chemicals (e.g.,
using supercritical CO; instead of hexane for caffeine extraction), or as a substrate for
synthesis (e.g., the formation of carbamates using amines).}#>143 Despite the
environmental benefits of these applications making them highly desirable, it can be
challenging to refine them to the point of becoming economically viable so they can make
a genuine impact. Thus, many research projects are focused on the utilization of CO, and

this topic has become of great relevance across many fields of research.

Direct utilization Basification

Organometallic . .
. Biocatalysis
catalysis
i Commodit ildi
Enhanced oil Fuels ( y Polymers BU|Id|.ng
recovery chemicals materials
ﬂ A %ﬁ@
(e.g., methanol and  (e.g., urea, formicacid  (e.g., polycarbonates (e.g., carbon cured
dimethyl ether) and formaldehyde) and polyurethanes) concrete)

Figure 4.1. Examples of strategies and possible types of products of CO, utilization.
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From a chemical standpoint, the main challenge in CO; utilization is the inertness of
this molecule and some of its derivatives, such as the formic acid. Catalysis offers a way to
activate these molecules under milder conditions, providing an ideal approach for the
development of sustainable processes for CO; utilization.}#*4> The photosynthesis is a
paradigmatic example of CO; utilization, combining it with water to form sugars, a higher
value chemical that can be used as a fuel. This process is catalyzed by a series of
organometallic complexes present in chloroplasts which are able to dehydrogenate the
water and activate the inert CO; to reduce it. Similarly, other organometallic catalysts are
used to transform CO; into higher value products such as urea, utilized on fertilizers, and
methanol, which can be used as both a commodity chemical and a fuel.
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Figure 4.2. Examples of products that can be obtained through catalized reactions with CO,
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The design of efficient catalysts for transformations of interest can elevate by-
products into high value reactants. In such a way, CO; could serve as an abundant,
inexpensive, and renewable substrate, perfectly exemplifying the concept of Circular
Chemistry.1%® Organometallic catalysts, characterized by their ability to polarize otherwise
notably strong bonds and facilitate their attack, stand out as an ideal candidate for this
objective.
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4.1 Selective reduction of CO, with tertiary silanes using an Ir-NSi catalyst and
a B(CgFs)s cocatalyst

Introduction and objectives

In recent years, the exploration of strategies to harness CO; as a C1 carbon source in
synthesis has captured significant attention.'#”:18 This promising prospect holds the key to
unlocking the potential of CO; in an array of diverse synthetic pathways, offering exciting
opportunities for sustainable chemical production.'®%° Despite using a catalyst, the
remarkable kinetic and thermodynamical stability of CO; imposes significant limitations on
its reactivity, restricting its applicability to a select few processes. These reported
processes require extreme reaction conditions or the utilization of extremely reactive
reagents that compensate for the inertness of the CO,.1>! Consequently, very few of them
are used in larger scale to obtain these products. Scheme 4.1 shows some examples of
reported synthetic routes that employ CO,.

X
X =0and NH
R o]
8 8: -~
X7 S07n < - /c:o
RX
X X COOH
‘c=0 VAN R—=—— R + HSi(OMe),
0/ -€ COZ ' —
R R
XH
X /\ H,
_ Rg R \ + H2
=0

Scheme 4.1. Representative examples of catalyzed synthetic routes using CO, as C1 carbon source.

Alternatively, CO; can be functionalized to improve its reactivity, opening pathways
to its utilization. One effective approach to the functionalization of CO; is the utilization of
silanes. This reduction can be achieved under mild conditions, being thermodynamically
favored over other commonly used reductants such as H,. This can be attributed to the
polarized H—Si bond being easy to break and the strength of the afforded Si—O bond. A
CO; molecule can go through multiple consecutive hydrosilylation processes to yield a
series of products with different levels of reduction, namely silylformates, bis(silyl)acetals,
methoxysilanes, and methane, as shown in Scheme 4.2. It has been demonstrated that
through deliberate selection of the catalyst and conditions utilized for this reduction its
selectivity can be controlled. Lastly, it should be noted that some silanes stand out for
their stability to air and moisture and being obtained through inexpensive and
environmentally benign processes, making them ideal reagents for circular chemistry.>?
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HSIRs OSiR;  HsiR, OSRs Hsir, HSIR,
€O, ———— HC{ _ = H2C\ H,C—OSiR, CH,
[cat] N o [cat] OSR; [cat] < [cat] :l
O(SiR3), O(SiRs),

Scheme 4.2. Stepwise reduction of CO, to methane with hydrosilanes.

This work is focused on the selective CO; reduction to bis(silyl)acetals. These
reactions are referred to as reduction to formaldehyde level because acetals exhibit a
comparable reactivity to formaldehyde. Formaldehyde is a high-value chemical used in
over 50 industrial processes for diverse products such as pharmaceuticals, paints,
polymers, and adhesives, amounting to an annual demand of 30 million tons.'>® It
presents great potential as C1 carbon source, since it can be used to include CH or CH;
moieties in simple and straightforward reactions.’>* Currently, formaldehyde is solely
produced by partial oxidation of methanol at extremely high temperatures.'> Finding
CO;-based alternatives to this process has proven to be challenging and very few reports
on this topic can be found.'®® Nonetheless, many examples of catalysts capable of
reducing CO; to bis(silyl)acetals have been reported. Not only can these products be easily
converted to formaldehyde, but more importantly, they present the same capability to be
used to introduce CH and CH; moieties, as illustrated by Scheme 4.3, making them

potential synthetical substituent for the formaldehyde.
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Scheme 4.3. Representative examples of bis(silyl)acetal reactivity and its use as C1 carbon source.

Among the organometallic catalysts for the selectively CO; reduction to
bis(silyl)acetals, a remarkable diversity of metals and ligands is available. Yet, interestingly
all these catalytic systems have one common aspect, they all include a Lewis acid, in most
cases B(CeFs)3.2>7160 While B(CsFs)s and other Lewis acids are effective catalyst for the
reduction with silanes of many substrates, CO> is not reduced by them alone.®! Likewise,
without the presence of the Lewis acid the organometallic complexes cannot catalyze the
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CO; hydrosilylation or their selectivity is radically changed. Figure 4.3 shows how the Lewis
acid may take many forms as part of the catalytic systems.
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Figure 4.3. Selected examples of catalysts used for selective CO, hydrosilylation to bis(silyl)acetals.

Exploring these reactions presents particular challenges as they involve competing
pathways leading to diverse products corresponding to distinct levels of reduction. While
many catalysts have been reported to reduce CO; to formate level, the number of
catalysts able to perform the subsequent reductions is considerably lower.'%? Moreover, in
instances where the acetal is formed, controlling the following reductions leading to
methanol derivatives has proven to be difficult.!®® Thus, there is significant interest in
catalytic systems able to selectively reduce to formaldehyde level and how the reactivity
of this process is determined. Yet, to date, research into the mechanism of these select
catalytic systems has been scarce. The discussion on the operating mechanism and the
role of the metal and that of the Lewis acid in these processes remains open.

Henceforth, this section focuses on the results obtained for the CO, reduction with
tertiary silanes to formaldehyde level catalyzed by [Ir(CF3CO,)(k>-NSiM¢),] (which will be
referred as A) and B(CsFs)s in equivalent loads (see Scheme 4.4). A computational study

was carried out with the following goals:
1. Elucidating the operating mechanism for the reduction.
2. Determining the rate- and selectivity-determining steps.

3. Unraveling the effect of the Lewis acid in the catalytic activity.
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' H H
O Ng
| =
Me

Scheme 4.4. Catalyzed reaction of CO; with tertiary silanes in the presence of B(CgFs)s.
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Results and Discussion

Experimental results show that the selectivity of the [Ir(CF3CO2)(k?-NSiM¢),] complex
is dependent on a series of factors. These observations, presented in Table 4.1, were
taken into account to determine the model used and goals for this computational study.

Table 4.1. Experimental results obtained for the catalyzed reduction of CO; in C¢Dg at 323 K.

- - ”
CO, Catalytic Time Conversion R T LR )

SIS (bar)  system (h) (%) HCOOSiR;  H,C(OSiRs)> HsCOSiRs CHa
HSiEts 1 A+ 16 12 >99 <1
HSiMePh, 1 A+ 16 78 >99 <1
HSiMe;Ph 1 A+ 16 93 >99 <1
HSiMe;Ph 1 A 24 50 90 2 8
HSiMe;Ph 1 A+BPh; 8 >99 81 12 7
HSiMe;Ph 1 A+0.5 24 93 82 18
HSiMe;Ph 1 A+2 24 48 >99
HSiMe;Ph 3 A+ 8 >99 83 13 4

This array of results provides many valuable insights into the catalytic activity. The
first three entries of the table show that while different silanes may present varying
reaction rates, all of them exhibit the same selectivity. In order to reduce computational
costs, HSiMes was chosen as model reductant for the study. While it was not
experimentally tested, due to its gaseous nature complicating experimental operations, it
is still expected to show the same selectively towards bis(silyl)acetal formation.

The fourth to seventh entries highlight the importance of the Lewis acid towards
defining the reaction selectivity. The fourth entry demonstrates that in absence of B(CsFs)3
the process is selective towards silylformate formation. The bis(silyl)acetal is only formed
as a by-product and the presence of relatively higher amounts of methoxysilanes indicates
that the acetal reduction is not controlled. The fifth entry emphasizes the importance of
using B(CsFs)3 for the model, as the reaction with simpler Lewis acids, namely BPhs, lead to
the preferential formation of silylformate. Hence, simpler Lewis acids could not be used to
explore the selectivity of interest.
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Even though the sixth to eighth entries are not directly relevant to the modeling of
the catalytic system, they provide valuable information to determine its activity. The sixth
one emphasizes the necessity of an equivalent loading of B(Ce¢Fs)s to that of A for
achieving the desired selectivity. This indicates that the Lewis acid and A act as a unit in
the catalytic cycle, rather than having independent roles which they would be able to
perform separately, even at different concentrations. The seventh entry shows that
adding a second B(CsFs)3 equivalent results in the CO; reduction to CH4 rather than to
formaldehyde level. This can be surmised as the first equivalent of the borane and A
reducing the CO; to acetal as expected, while the second B(CsFs)s equivalent further
reduces the acetal to CH4 in a separate catalytic cycle. The reduction to CH4 of diverse CO;
derivatives with silanes has been reported for similar systems. 164165

Lastly, the eighth entry reveals that while using higher CO, pressures increases the
reaction rate, the selectivity is compromised. This is indicative of the modest difference
between the energy span of the catalytic cycle producing the formate and that of the
cycle yielding the acetal. Hence, a moderate change in the relative concentration of the
two substrates can significantly alter the selectivity. Consequently, it is critical to the
selectivity to meticulously control the reaction conditions. Likewise, taking into account
these conditions will be key to an accurate understanding of the catalytic activity and

origin of the selectivity.

As stated earlier, in absence of a Lewis acid A selectively catalyzes CO; reduction
with tertiary silanes to formate level. This reaction was previously studied by our group. In
said study the active species was confirmed to be the metallic hydride, which will be
referred to as A’. Figure 4.4 presents the mechanism determined for this reaction.
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Figure 4.4. DFT calculated free energy profile (in kcal mol™ relative to A’ and isolated molecules)
for silylformate formation. Compound names from the original work have been changed for clarity
and energies recalculated using the methodology used for other calculations in this section.
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The catalytic cycle starts from intermediate A’, presenting a hydride and a CO;
molecule in its catalytic sites. The reaction begins with the migratory insertion of the
metallic hydride into the CO,, characterized by transition state TSAB’, to produce the
formate intermediate, B’. The formate can be unbonded from one of the active sites to
enable the coordination of a HSiMes molecule yielding intermediate C'. The reaction
continues with the cleavage of the silane H—Si bond via transition state TSCD’,
regenerating the metallic hydride and bonding the SiMes group to the formate, affording a
the silylformate intermedite, D’. At this point, two reaction pathways arise. The first one
involves the release of the silylformate molecule and coordination of a new CO, molecule.
The second, less energetially favored, pathway entails a further CO; reduction. It starts
with the migratory insertion of the second hydride through transition state TSDE’ and
ultimately leads to either the formation of bis(silyl)acetal or methoxysilane.

Therefore, the reactivity of the Ir complex is based on the presence of a metallic
hydride which can be inserted on CO; or CO; derivatives. This reaction is followed by the
silane activation, breaking the H—Si bond to form the stronger Si—0O bond with the CO; or

CO; derivative, and regenerating the hydride.

In the presence of a B(CsFs)s equivalent susbtancial differences in the active species
arise, leading to the observed selectivity changes. Figure 4.5 presents the generation of
the active species for the selective reduction to formaldehyde level.
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Figure 4.5. DFT calculated free energy profile (in kcal mol™ relative to E and isolated molecules) for
the activation of the catalyst.
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B(CeFs)3 acts as a Lewis acid forming strong adducts with atoms able to donate an
electron pair. The formation of B consists of the borane bonded to a triflouroacetate O
atom. This process is thermodynamically favored, being 4.5 kcal mol* more stable than A,
despite the fact that the acetate is detached from one catalytic site due to the notable
steric hindrance of B(CeFs)s. This coordination mode was experimentally observed through

X-ray cristalography (Figure 4.6).
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Figure 4.6. X-ray structure of the product of the addition of 1 equivalent of B(CsFs); to A and a
comparison of some key distances in this structure to those of the DFT-determined B.

The activation process continues with the coordination of the partially negatively
charged H atom of a silane molecule in the vacant site, forming intermediate C.
Subsequently, the Si—H bond is broken through TSCD, a linear Sn2 nucleophilic attack of
the acetate terminal oxygen to the silicon atom while the leaving hydride is captured by
the B(CeFs)s, effectively making it a remarkably better leaving group. This process is
significantly favored over the silane activation without B(CsFs)s collaboration (TSAD’).
Thus, in the presence of a B(CsFs)3 equivalent the reaction exclusively takes place through
the cocatalyzed pathway. Lastly, the silylacetate is released yielding the active species, E,
an intermediate presenting a hydride bonded to the borane. The hydride formation was

experimentally validated by a NMR experiment (Figure 4.7).
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Figure 4.7. 'B-'H HSQC NMR spectrum of the product of the addition of 1 equivalent of B(CsFs)s
and 1 equivalent of HSiMe(OSiMes); to A.
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Typically, strong Lewis acids, such as B(CsFs)3, form strong bonds with ligands able to
donate electron pairs (e.g. trifluroacetate or formate). However, the steric hindrance
arising from the bulkiness of both B(CsFs); and the Ir complex makes this pair of molecules
act as frustrated Lewis pairs (FLP).1%® Their respective capabilities to accept and donate
electron density allow them to polarize substrate bonds, assisting its breakage. Hence,
B(CeFs)s acts as cocatalyst with the Ir-catalyst, facilitating the heterolitic cleaveage of Si—H
bonds through a Sn2 nucleophilic attack. Within this reaction the partially positively
charged SiRs fragment is attacked by a ligand O atom, in this case of the trifluoroacetate,
while the partially negatively charged hydride acts as leaving group and is captured by the
borane. This process, defined as B(CsFs)3 promoted, is significantly more favored than the
Ir promoted one, in which the metallic hydride is formed, as shown in Figure 4.8.
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Figure 4.8. DFT calculated free energy profile (in kcal mol™ relative to E and isolated molecules) for
a compassion between borane promoted Si—H cleavage and Ir promoted Si—H cleavage.

B(CsFs)s acts as the acidic component of the FLP, forming a strong adduct with the
hydride as it is generated. The hydride donates its electron pair to the vacant B(CsFs)3 p-
orbital, forming a o-bond which significantly stabilizes the hydride. This bond is a relevant
feature of the active species, E, presenting a B—H distance of 1.28 A, while the interaction
between the Ir and the hydride is noticeably weaker exhibiting a Ir—H distance of 1.95 A.
This is the key difference between the active species of the catalytic cycles with and
without the presence B(CgsFs)s. The active species in absence of Lewis acid, A’, presents a
1.71 A Ir—H bond, which is considerably weakened by the strong trans effect of a silyl
group. The disparity in hydride stabilization between these two catalytic systems is
reflected in their energy differences, as the reduction processes can be described as cycles
involving the insertion of the hydride and its regeneration through the cleavage of a
silane. Figure 4.9 illustrates the significant differences in stability of between E and A’ and
the NBO orbitals corresponding to the bond formed by the electron pair of the hydride.
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Figure 4.9. Relative free energies (in kcal mol™) of the hydrides compared to A and the NBO
orbitals of the bond formed by the hydrides.

Lastly, it is worth noting that the migratory insertion of the hydride in the
trifluoroacetate, characterized by TSDF”’ at a relative free energy of 27.8 kcal mol?, is
heavily energetically unfavored compared to the insertion in the CO, occurring in the
catalytic cycle (22.2 kcal mol). NMR studies conducted under catalytic conditions validate
this result, as silyltrifluoroacetate is observed and no product of its reduction is detected,
while CO; is reduced to formaldehyde level. Moreover, experiments with B with an excess
of silane and no CO; resulted in the reduction of the trifluoroacetate to formaldehyde
level but not to methanol level, therefore showing the same selectivity than the CO..

Therefore, the catalytic cycle begins with the formation of E, in which the two
catalytic sites of the Ir are occupied through weak interactions with the hydride and a
B(CeFs)s fluoride. This species facilitates the CO, hydrosilylation, as shown by Figure 4.10.
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Figure 4.10. DFT calculated free energy profile (in kcal mol™ relative to E and isolated molecules)
for the catalytic hydrosilylation of a CO, molecule from E.
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This reaction starts with the coordination of a CO, molecule to the Ir, yielding
intermediate F, which is an endergonic process by 4.0 kcal mol™ due to the poor electron-
donating ability of CO;. Following this coordination, the hydride is transferred from the
B(CsFs)3 to the COz through transition state TSFG, presenting an effective energy barrier of
22.2 kcal mol? and yielding the formate intermediate, G, at -2.3 kcal mol™. Similarly to
what could be observed for intermediate B, the steric hindrances of B(CsFs)s and the
catalyst impede the simultaneous coordination of the formate O atom to the borane and
the Ir. This oxygen atom stays at a 2.76 A distance from the Ir, while the coordinated one
is 2.36 A from the metal. The coordination of a HSiMes molecule in the metal vacancy
yields intermediate H, at a relative energy of -3.6 kcal mol™. Subsequently, the B(CeFs)s
promoted cleavage of the silane via TSHI (12.2 kcal mol?) takes place affording a
silylformate molecule and a hydride which is captured by the B(CsFs)s. Thus, the resulting |
intermediate, at -4.3 kcal mol?, contains the product of the CO, hydrosilylation and the

regenerated hydride forming an adduct with the borane.

At this point in the reaction, two different pathways arise. The first one involves the
release of silylformate as the reaction product, regenerating E and therefore closing the
catalytic cycle. This cycle is exergonic by 7.7 kcal mol™ and presents an energy span of 22.2
kcal mol? defined by intermediate E and transition state TSFG. Alternatively, a second
hydrosilylation can take place, leading to bis(silyl)acetal formation. The mechanistic
pathway for the formation of this product is illustrated by Figure 4.11.
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Figure 4.11. DFT calculated free energy profile (in kcal mol™ relative to E and isolated molecules)
for the catalytic hydrosilylation of a silylformate molecule from I.
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The second CO; hydrosilylation follows a very similar process to the previous one. It
starts with the hydride transfer to the carbon atom of the silylformate through transition
state TSI (12.3 kcal mol?), resulting in the formation of intermediate J (-5.4 kcal mol?).
This intermediate contains a (silyloxy)methanolate ligand, which presents longer C—0O
bonds than other less reduced CO; derivative (1.41 and 1.39 A compared to the 1.23 and
1.29 A of the formate). This allows both (silyloxy)methanolate oxygens to coordinate to
the Ir, while the alkoxylic oxygen is also bonded to the B(CsFs)s. This more stabilizing
coordination scheme in which the ligand occupies both catalytic sites, along with the
larger size of the ligand-borane adduct, impede the coordination of another silane
molecule to the Ir. Consequently, the formation of J is followed by the Sn2 nucleophilic
alkoxide attack to a silane molecule and capture of the leaving hydride by the B(CsFs)s3 via
transition state TSJE (17.8 kcal mol™). This results in the formation of the bis(silyl)acetal
product and regeneration of the hydride-B(CsFs)3 adduct. After the product release this
adduct occupies both the vacant sites of the Ir, restoring E and thereby completing the
catalytic cycle. This catalytic cycle is exergonic by 20.1 kcal mol? and presents an energy
span of 23.2 kcal mol* defined by intermediate J and transition state TSJE.

Despite sharing many commonalities, the two competing catalytic cycles exhibit
significant differences that shape the selectivity of this process. For the catalytic
silylformate formation, the reaction rate is determined by the energy difference between
the intermediate E, characterized by the strong hydride-B(CsFs)3 adduct, and the transition
state TSFG in which this adduct is split to transfer the hydride to the inert CO, molecule
(see Figure 4.12). This energy span stands in stark contrast to the 5.8 kcal mol™* barrier
observed for hydride insertion into CO, in absence of B(CsFs)s, owing to the significantly
higher stability of the hydride when captured by the borane rather than bonded to the Ir.

1.44 A

1.34A
E (0.0 kcal mol?) TSFG (22.2 kcal mol?)

Figure 4.12. Representations of E and TSFG with key distances and relative energies.
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While reduction to bis(silyl)acetal begins via the same hydride transfer, the energy
span for this catalytic cycle is instead defined by the slightly higher energy difference
between intermediate J and transition state TSJE, 23.2 kcal mol™. Figure 4.13 presents the
geometries for these two species and their relative free energies.

J(-5.4 keal mol?) TSJE (17.8 kcal mol?)
Figure 4.13. Representations of J and TSJE with key distances and relative energies.

Interestingly, the effective energy barrier obtained for the Sy2 nucleophilic attack of
(silyloxy)methanolate to HSiMes is considerably higher than those obtained for the attack
of trifluoroacetate and formate, B to TSCD and H to TSHI, presenting barriers of 9.0 and
15.8 kcal mol? respectively. Despite alkoxide groups being stronger nucleophiles than
carboxylates, this attack is relatively disfavored. This result can be related to the
methanolate alkoxylic oxygen being the only attacking oxygen among the studied
nucleophiles which is coordinated to the Ir at the transition state. As previously
mentioned, the longer (silyloxy)methanolate C—O bonds allow for the coordination of
both its O atoms to the Ir at the same time it forms an adduct with B(CeFs)s. The alkoxylic
oxygen retains its Ir coordination during the nucleophilic attack, presenting a 2.29 A
distance to the metal, while in the transition states TSCD and TSHI these distances are
2.92 and 2.56 A, respectively. This can be tied with a comparatively greater electron
density donation to the Ir in TSJE, effectively making the attacking (silyloxy)methanolate a
weaker nucleophile. Furthermore, the larger size of this ligand also makes it a weaker
nucleophile.

It should be remarked that despite the DFT calculated energy span for the reduction
to acetal being slightly higher energy than that of the reduction to silylformate, the
catalysis is selective towards the former. This fact can be correlated to the significant
concentration differences of CO; and silane in the reaction medium. While in catalytic
conditions the silane used as reductant was in excess, the low CO; pressure coupled with
its low solubility in benzene leads to a considerably lower CO, concentration in the
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reaction media. Interestingly, reactions under higher CO; pressures exhibited a selectivity
loss (Table 4.1, entry 8) with the silylformate becoming the primary product. This can be
correlated to the greater CO, concentration in solution favoring the exchange of the just-
formed silylformate with a CO; molecule before a second hydrosilylation occurs.

The Gibbs energies have been calculated for a 1M concentration of each species.
The reaction rate for CO; reduction to formate level is determined by the energy barrier
defined by E and TSFG (22.2 kcal mol?), with the coordination of a CO, molecule taking
place between these two species. Conversely, the reaction rate for CO, reduction to
formaldehyde level is determined by J and TSJE (22.3 kcal mol?), with the coordination of
a HSiMes molecule occurring between these two species. While equivalent concentrations
of all species have been considered to calculate these energy spans, under catalytic
conditions silane concentration is significantly greater than that of CO,. The comparatively
low CO; concentrations, disfavors the hydride insertion into this molecule, while the
higher silane concentration favors the nucleophilic attacks onto this reductant. Thus,
under catalytic conditions the effective energy barrier defined by E and TSFG is expected
to increase relative to that defined by J and TSJE. While specific substrate concentrations
are not considered, their effects are known and experimentally validated. The
experimentally observed selectivity indicates that under catalytic conditions these barriers
change to the point where the second hydrosilylation is more energetically favored than
the silylformate-CO, exchange and subsequent hydride insertion (see Figure 4.14).

Considering that: H---B(CeFs)3
. | -Si
- [CO,] < [1]<[HSiMe] M0 Ve,
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}---H-~-—B(CGF5>2 [N MesSi
SiMe3 J
—\ H . '
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S TS 178
145 LS 123 y '
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Figure 4.14. DFT calculated free energy profile (in kcal mol™ relative to E and isolated molecules)
comparing the 2™ hydrosilylation to the release of the silylformate and restart of the cycle. The
vertical arrows represent the effects of the considering the catalytic substrate concentrations.
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4.2 Dehydrogenation of formic acid using a Ir-NSi catalyst

Introduction and objectives

The current reliance of humanity on fossil fuels raises multiple sustainability
challenges that demand immediate attention. Among these, one of the most pressing is
the detrimental impact of fossil fuels emissions on the environment. Additionally, the
finite nature of these resources imposes constraints on their utilization. Experts estimate
that at the current consumption rate, gas and petroleum reserves will last approximately
50 years, while coal reserves are expected to persist a few more decades.’®” Despite these
limitations and the projected rise in their price as reserves diminish, roughly 80% of the
world’s energy production relies on these sources, with many major global economies
depending on them.'®® Consequently, developing renewable and clean alternatives to
fossil fuels is a global imperative.

As the world shifts towards alternative means of power generation,'® especially
renewable ones such as wind, hydropower, solar and biomass, new challenges emerge.
Storage and transfer of energy produced using these power sources are considerably
more complex than those of fuels like petrol or gas. These technologies are key to a robust
and efficient power grid. They enable power plants to harness the full potential of peak
production conditions, even if consumer needs are lower at the time, and ensure
sufficient and stable power during periods of intermittent or insufficient production.
Barring hydroelectrical plants, which pump water to store excess power, most plants use
batteries for this purpose.l’? Other industries seeking alternatives to fossil fuels, such as
automotive and transportation, also favor batteries as the most popular option. However,
despite a long and ongoing history of research and innovation of this technology, it still
presents many deterrents and limitations.}’%172 Batteries have a significantly limited
lifespan, as their chemical components degrade over charge and discharge cycles,
resulting in declining capacity during their usage. Batteries have to be routinely replaced,
raising concerns about the limited availability of certain components, namely cobalt and
lithium, and the environmental impact of their disposal. Additionally, batteries present
significantly lower energy densities than most fuels. Hence, scaling up operations that use
batteries incurs considerably higher costs and challenges compared to most fuels. For
these reasons, there is great interest in the development of alternative energy vectors
that may better suit these applications. One of the most promising candidates is
molecular hydrogen, whose potential application has been studied for over two centuries
since it was proposed by Sir William Grove.'”? Interest in hydrogen was revived during the
global energy crisis of the 1970s and in recent years has seen significant advances.
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H, displays a calorific value of 141.8 MJ/kg, surpassing methane, diesel, and
anthracite with values of 55.5, 44.8, and 32.5 MJ/kg, respectively. Moreover, its
combustion yields only water, emitting no hazardous by-products. Additionally, H, stands
out as a renewable fuel, regenerable through processes like electrolysis or water
splitting.’* While these processes are considerably more energy demanding than
commonly used methods to generate hydrogen, namely methane steam reforming,’®
they solve sourcing issues. Furthermore, ongoing research is projected to enhance their
efficiency. In this context, the idea of hydrogen economy emerges, a conceptual
framework in which chemical processes and infrastructure are advanced to the point
where hydrogen can be used as energy vector and replace fossil fuels. However, several
challenges including the efficiency of hydrogen generation, as well as, the difficulties and

risks associated with its storage and delivery, hinder this concept from becoming a reality.

H, gas storage has proven to be a roadblock in its use as fuel. Due to its uniquely low
molecular weight, H, has a significantly lower density than that of any typically used fuel.
In its liquid state, H, presents a density of 70.8 g/L (at its boiling point at 1.013 bar of 20.3
K), implying that even using extremely high pressure and/or low temperature conditions,
H, still requires significantly higher storage volumes than most fuels. Moreover, due to its
extreme lightness there exists a non-negligible risk of leakage from high-pressure
containers. Leaks are a particularly concerning hazard given the gas's high flammability
and explosiveness.'’® Consequently, due to the substantial costs, risks and cumbersome
volumes associated to H, storage, many researchers have proposed an alternative
solution: using liquid organic hydrogen carriers (LOHCs). LOHCs encompass a series of
liquids thar exhibit ideal properties to be stored and transported and are formed through
the reversible incorporation of H into organic molecules.'’”” A prime example of this
concept is formic acid (FA), obtained via CO, hydrogenation, a kinetically stable liquid
under atmospheric condition with low toxicity or flammability. Figure 4.15 illustrates the
reversible cycle that enables the FA to be a H; carrier.

Renewable energy Fuel usage
{@ % HCOOH
Storage d%
e H2 H2 / H20
cat. 1 cat. 2 02
CO, capture

Figure 4.15. Usage of formic acid for the storage of hydrogen as an energy vector.
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FA stands out over other LOHCs because 4.4 % of its molecular weight corresponds
to the hydrogen it liberates, which is a considerably higher ratio than most other LOHCs.
FA boasts lower toxicity and flammability when compared to many unsaturated
hydrocarbons proposed as carriers, such as toluene and azobenzene. Moreover, the H»
release and incorporation processes, integral to its function as carrier, occur under mild
conditions through catalytic processes. Lastly, the environmental benefits of this process
are further enhanced by the potential usage of captured CO, for FA generation, presenting
an additional avenue for the important goal of CO; utilization. Another environmentally
benign option is starting this cycle at FA, since it can also be obtained via sustainable
processes such as biomass fermentation.

The development of efficient catalytic systems for CO, hydrogenation and formic
acid dehydrogenation (FADH) are determinant to the performance of FA as a hydrogen
carrier. On a larger scale, it determines the viability of H, as an energy vector. This study is
centered on the homogeneous catalytic FADH, which despite being first reported in 1967
by Coffey,'’® received little attention during the subsequent decades. During this period
most references to this reaction allude to it as the unwanted back-reaction of CO;
hydrogenation, which at the time was extensively studied alongside various strategies for
CO; utilization as a C1 building block. Although seldom studies of that time recognized the
applicability of FADH in H, generation, they purposed it as a reductant rather than a fuel.
For instance, in 2003 Himeda et al. reported a Rh complex which used FA as a H, donor for
the reduction of ketones.'’® The publications by Beller et al.}’® and Laurenczy et al. 180181
in 2008, remarked the importance of the FADH as the FA was identified as a potential H;
carrier, causing a surge of interest in this reaction.

Many catalytic systems reported for this reaction include high loadings of a base to
improve the reaction rate, generally around 40 mol% of the FA. The base, in most cases an
amine, deprotonates the FA, shifting the equilibrium between the FADH and the CO;
hydrogenation. While the base thermodynamically favors FA generation, it kinetically
favors its dehydrogenation. The afforded formate leads to a higher reaction rate since its
decomposition is less kinetically impeded than that of FA.82 Additionally, the base may
dissociate FA dimers facilitating their reaction. This approach has been successfully
applied for a great variety of catalysts, including complexes of Ir,'8 Rh,*®* Ru,'®> Fel8®
among other metals. Figure 4.16 presents a diverse set of catalysts which have been
reported to catalyze the dehydrogenation of formic acid. With the exception of the one
reported Coffey, in all these cases the authors noted the importance of including a base to
the catalytic mixture.
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Coffey. Chem. Beller et al. Angewandte Laurenczy et al. Angewandte
Commun. (London). Chemie - International Edition Chemie - International Edition
1967, 923b-924. 2008, 47, 3962—-3965. 2008, 47, 3966—3968.
T(PhS) NaO3S
Hu,..p\....P(Phg) /C\
H ||F\H +2 P SO;Na
P(Phg3) Q
® NaO3S
1.25MFAin Neat FA at 40°C with HexNMe,, or 4 M FA/HCOONa in 9:1 ratio
acetic acid reflux N,N-dimethylaminoethanol in 5:2 ratio in HoO solution at 80-120°C
Zell et al. Chem. Eur. J. 2013, Wang et al. Chem. Eur. J. Xiao et al. Eur: J. Inorg. Chem.
19, 8068-8072. 2015, 21, 12592-12595. 2016, 2016, 490-496.
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40°C with NEt; at 2:1 ratio 60°C with NEt; in 5:2 ratio NEt; in 5:2 ratio

Figure 4.16. Relevant examples of catalysts employed in FADH.

On recent years there has been an extensive study on the catalyzed FADH leading to
the development of numerous highly active catalysts for the FADH in various solvents,
namely water'®” and DMSO*. Nonetheless, reports for catalytic systems in neat FA are
still scarce. The development of catalysts for solventless FADH is highly sought after since
it bypasses diluting the FA for the reaction, considerably reducing the H, volumetric
density.

It is significant to note that the FA decomposition can occur through two distinct
pathways: dehydrogenation and dehydration. The former results in the production of one
molecule each of hydrogen and carbon dioxide, while the latter yields a water molecule
and carbon monoxide. The formation of carbon monoxide not only represents an
undesirable by-product but poses a potential risk of catalyst poisoning. Therefore,
achieving high selectivity towards the FADH is critical to ensure the optimal activity of the
catalyst.

The subsequent part of this section presents the mechanistic study of the selective
dehydrogenation of formic acid catalyzed by [Ir(CF3SOs3)(k>-NSiM€),] under solventless
conditions with a 5:2 FA/NEts mixture. The goals for this computational study are:

1. Determining the operating mechanism for the dehydrogenation.
2. Validating through this mechanism the effect of the base in the reaction rate.

3. Studying the unfavorable formation of the CO.
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Results and Discussion

Experimental results show the transformation of the starting [{Ir(k?-NSiMe)2}2(p-
CF3S0s3)2] complex into the active species, which served as the starting point for the
computational calculations. NMR spectra demonstrate that while this complex is stable at
room temperature, after 30 min of heating at 323 K it evolves into [Ir(HCO,)(k?-NSiM¢),], as
shown in Scheme 4.5. Simultaneously the formation of H; is observed indicating the start
of the catalysis. Therefore, the [Ir(HCO,)(k?-NSiM¢),] complex is determined to be the
active species and will be referred to as A from now on.

Me Me "HNEt, HCOO™ Me
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Scheme 4.5. Formation of the active species, A, under catalytic conditions.

Considering A as the starting point, the FADH catalytic cycle was studied using DFT
calculations. The proposed energetic profile is shown in Figure 4.17.
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Figure 4.17. DFT calculated free energy profile (in kcal mol™, relative to A and isolated molecules)
for the catalyzed formic acid dehydrogenation.
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Previous works on similar systems propose the B-hydride elimination as the pathway
towards the formation of a hydride which then leads to the formation of H,.181%
However, the transition state corresponding to this reaction could not be found for this
system due to the strong polarizing effect of the solvent model. Instead, hydride
abstraction occurs through transition state TSAC, in which the positively charged Ir
complex and the partially negatively charged formate oxygens are separated to match the
solvent model dipole moment. Figure 4.18 demonstrates the differences between these
two reactions.

B-elimination H- abstraction
.0 0
‘e O

Figure 4.18. B-hydride elimination and hydride abstraction compared to TSAC.

However, transition state TSAC, at a relative energy of 23.6 kcal mol?, is significantly
more energy demanding than the FA assisted TSBC. This transition state effectively
achieves the same result but includes a FA molecule facilitating the process in the vacant
site left by the separation of the formate. Thus, the operating mechanism starts with the
coordination of a FA molecule through its acidic proton to one of the formate oxygens of
A. This coordination yields intermediate A + FA, at a relative energy of -9.8 kcal mol™.
Subsequently, the formate oxygen bonded to the FA acidic proton can be dissociated from
the Ir, leaving that vacant site for the FA carbonyl group to occupy. This leads to the
formation of intermediate B, at the slightly higher relative energy of -8.7 kcal mol™.
Following that the other formate oxygen can be unbound so that its hydrogen atom can
be transferred to the Ir via the transition state TSBC. The coordinated FA facilitates this
process through the stabilizing electrostatic interaction between its acidic proton and the
newly formed hydride (see Figure 4.19).

-0.67

0.50
-0.27

0.95

Figure 4.19. Representations of TSBC with relevant NBO atomic charges (in a.u.) indicated.
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This leads to the formation of intermediate C, exhibiting a metallic hydride that still
interact with the acidic proton of the coordinated FA. This hydride is relatively
destabilized, at a relative free energy of 6.8 kcal mol?, due to the trans effect of the silyl
group, as previously mentioned for the complex studied in Section 4.1. Subsequently, the
heterolytic formation of the H—H bond occurs as characterized by transition state TSCA,
depicted in Figure 4.20.

-0.67
0.37
-0.31

Figure 4.20. Representations of TSCA with relevant NBO atomic charges (in a.u.) indicated.

The H, formation is facilitated by the instability of the metallic hydride and the
hydrogen bond between the FA and the hydride aiding the proton transfer. This results in
the reaction presenting no effective energy barrier. While it might seem counterintuitive
that this transition state presents a lower relative free energy (5.1 kcal mol?) than the
preceding intermediate, it can be attributed to the calculation of the free energy
contributions, since in terms of electronic energy, used to optimize these species, TSCA is
less stabilized than C. Lastly, the afforded H, and CO, molecules are released, regenerating
A and closing the catalytic cycle. The determined catalytic cycle is exergonic by 24.5 kcal
mol? and presents an energy span of 24.5 kcal mol? defined by the resting state A + FA
and the rate determining transition state TSBC.

Therefore, this process’s catalytic rate is determined by the hydride abstraction from
a formate, which is immediately followed by the deprotonation of a FA molecule to
regenerate the formate. This can be correlated with the relevance of the presence of a
base in the solution, as it raises the formate concentration, consequently raising the
reaction rate. Experimental kinetic studies demonstrated an increase in reaction rate at
higher NEts/FA ratios. Moreover, a series of catalytic experiments were performed at
temperatures in the range between 313 and 373 K using NEts 10 mol% to FA. The
Arrhenius analysis resulted in a barrier of 27.5 + 0.9 kcal mol?! and the Eyring analysis
yielded a barrier of 22.8 + 0.8 kcal mol™ at 353 K. Therefore, the computationally obtained
barrier of 24.5 kcal mol™* falls between these two values and is considered accurate.
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Additionally, a KIE study was performed to validate the determined operating
mechanism. The experimentally obtained KIEs were 1.33 and 2.86 for the HCOOD and
DCOOH respectively. The computational KIEs were calculated using the rate-determining
minimum (A + FA) and transition state (TSBC), resulting in 1.18 and 3.08 for HCOOD and
DCOOH respectively, accurately matching the experimental values. The high KIE obtained
for DCOOH corresponds to a primary KIE caused by the breaking of the C—H/D bond
during the hydride abstraction. While the slightly higher than 1 KIE for the HCOOD
corresponds to the modest weakening of the O—H/D bond of the FA molecule caused by
the strong hydrogen bond to the hydride during its abstraction. Figure 4.21 displays the
differences between the structures of A + FA and TSBC that cause these KIEs.

1.81A

Figure 4.21. Representations of A + FA and TSBC with relevant distances indicated.

Lastly, the formation of CO was studied to justify the selectivity FA dehydrogenation
over its dehydration. The most energetically favored transition state found for this process
consists of the transfer of the hydrogen of a formate from its carbon to one of its oxygens,
effectively splitting the formate into a CO molecule and a hydroxide anion. While the
resulting hydroxide is stabilized by its interactions with the Ir and the FA, this transition
state presents a relative free energy of 67.4 kcal molt, making the process unviable.

Figure 4.22. Representation of the transition state for CO formation with relevant distances.
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4.3 Dehydrogenation of formic acid using a Rh-CNC catalyst

Introduction and objectives

Up to date, a wide spectrum of heterogeneous and homogeneous catalysts for FA
dehydrogenation have been documented. While heterogeneous catalysts present great
reusability, they display low activities, limiting their applicability.'®! In recent years many
organometallic complexes have been reported to reach high efficiencies for the catalyzed
FADH, with most of them being based on Ir or Ru. Figure 4.23 presents a few examples of
catalysts that have been cited as highly active for the FADH.

Himeda et al. Catal. Sci. Li et al. Green Chem. 2018, Gelman et al. ACS Catal.
Technol. 2016, 6, 988—992. 20, 1835-1840. 2017, 7, 8139-8146.
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Figure 4.23. Selected examples of catalysts for FA dehydrogenation.

The design of catalysts leverages an extensive and diverse library of ligands to fine-
tune the catalytic selectivity and efficiency. Among the most successful catalysts reported
for FADH a preponderance of strong electron-donating ligands can be observed. These can
take the form of m-donor or o-donor ligands. The former are unsaturated molecules able
to coordinate to a metal through their rt-systems, such as arenes or alkynes. The latter are
characterized by the presence of moieties able to donate electron pairs to a metal such as
phosphine, amine, or alkyl groups. The contributions of these ligands lead to electron-rich
metallic centers, promoting a type of reactivity that may be conducive to FADH. This
includes reactions increasing the metal oxidation state, namely oxidative additions.
Furthermore, hydrides of more electron-rich metals are more nucleophilic, facilitating the
formation of H, through their protonation as part of FADH.
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Another common feature among all these catalysts is the presence of a pincer or
chelate ligand. These ligands not only include multiple electron-donating groups, but their

chelating effect improves complex stability.

As mentioned previously in Section 4.2, the study of FADH catalysts under
solventless conditions has been limited so far. This is reflected not only in the scarce
collection of reported catalysts for this reaction, but in their comparably low TOFs and
TONs. To date, homogeneous catalysts reported for the solventless FADH exclusively
include complexes based on Ir or Ru.'%? Additionally, the application of carbenes as strong

electron donating groups for FADH has been sparse.®3

In this context, a Rh catalyst with a pincer ligand bearing two NHCs (N-heterocyclic
carbenes) was proposed for solventless FADH. Additionally, the reaction conditions for
this process include HCOONa as an additive. This base plays the same role as NEt3 did in
the system studied in the previous section, increasing the concentration of formate ions in
solution and dissociating FA dimers. While this salt presents a somewhat limited solubility
in formic acid, it considerably improves the reaction rate, raising it more the higher the
HCOONa/FA ratio is. Replacing NEt3 by a non-volatile salt presents an additional
advantage, as volatile components, such as many organic solvents or amines. may mix into

the generated gas damaging the fuel cell.1%

In the ensuing part of this section the mechanism for the selective dehydrogenation
of formic acid catalyzed by [(CNC)MeRh(PMe,Ph)]PFs under solventless conditions with a
5:2 FA/HCOONa mixture is studied in detail (see Scheme 4.6). The objectives for this
computational study are:

1. Determining the active species and operating mechanism for the reaction.

2. Defining the rate-determining minimum and transition state and validating
this result based on experimental measurements.

PFs
,/\
\\\\
[cat] (0.016 mal%)
[cat] = \ N—Rh—PMezF’h
HCOOH = CO, + H;
; 80 °C FA/HCOONa (5:2)

Scheme 4.6. Catalyzed reaction of FADH under solventless conditions.
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Results and Discussion

A series of preliminary experimental observations were used to shed light into the
nature of the active species for this reaction and its operating mechanism. A solution of
[(CNC)MesRh(PMe2Ph)]PFs (from now on referred to as [cat]), in CDsCN was monitored
through NMR experiments. The addition of FA 3 equivalents at temperatures between 262
and 282 K results in the partial transformation of [cat] to a species containing a hydride
and a formate. The cis position of these two ligands indicate that they are the product of
the oxidative addition of a FA molecule. After 30 min of monitoring this mixture at 282 K
the signals corresponding to a dihydrido complex appear, with these signals becoming
more intense the longer the reaction goes. Furthermore, carrying out this experiment at
room temperature results in the direct formation of the dihydrido species along with the
starting complex. These results indicate that there is a dynamic equilibrium between these

three species (see Scheme 4.7).
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Scheme 4.7. Equilibrium between [cat] and hydrido-formate complex and dihydrido species.

Interestingly, as shown in Scheme 4.7, the dihydrido complex can also be generated
by addition of H; (8 bar) to [cat]. However, this process required significantly higher
temperatures, only observing results after overnight heating at 353 K. This implies that the
oxidative addition of H; is notably less favorable than that of FA.

Moreover, the study of a 0.5M FA solution in CD3CN at 353 K with a 1 mol% loading
of [cat] but no HCOONa showed no catalytic activity. However, after the addition of 10
mol% of HCOONa to the FA, the formation of H, was observed within a minute. Higher
activities were observed for higher HCOONa loadings, with the best catalytic results being
obtained for a 40 mol% loading. This results demonstrates the importance of a base for
the catalytic activity.

It is worth mentioning that analogue complexes obtained by substituting the
PMe;Ph by other ligands, namely CO and NCCHs, show no catalytic activity under these
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conditions. This may be related with the lesser electron donating capabilities of these
ligands and states the passive yet critical role of ligands towards catalytic activity. While
the ligands were wholly represented in the computational model for this reason, the
counterion PFs was excluded from it, as it was considered to be dissociated from the
complex and not involved in the mechanism.

In the computational study of this catalytic system, two alternative reaction
pathways were considered: one starting by the coordination of a FA molecule, and the
other one beginning with the coordination of a formate molecule. In order to elucidate
the operating mechanism, these two pathways were compared to determine which one
presents a lower activation energy and whether it aligns with experimental observations.
As these processes take place in neat FA, for every species included in these mechanisms,
the microsolvation of its strong electron donors or acceptors with a FA molecule has been
considered.

The coordination of a FA molecule to the starting complex, from now on referred to
as A, can lead to its cleavage affording what was found to be an active catalyst for the
FADH. The mechanism for this catalyst preactivation is presented in Figure 4.24.
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Figure 4.24. DFT calculated profile (kcal mol™) of the oxidative addition of a FA molecule to A.

The coordination of a FA molecule to A by its carbonyl oxygen, affords intermediate
B, at a relative free energy of 9.1 kcal mol™. Since the Rh maintains its oxidation state of |,
it favors a square planar configuration, as the FA binds to the metallic center, the lutidine
N is released and the phosphine goes from the trans position to this N atom to that of the
FA. Moreover, the acidic FA proton exhibits a weak interaction with the Rh at a 2.05 A
distance. Subsequently, oxidative addition of the FA molecule can occur as depicted by
transition state TSBC, with a relative energy of 9.4 kcal mol™. The heterolytic O—H bond
cleavage leads to the acidic proton transference to the Rh, becoming a hydride due to the
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oxidation of the metal, presenting an O—H distance of 1.22 A and a Rh—H distance of
1.76 A. The resulting intermediate, C, at a relative energy of -12.1 kcal mol, presents a
Rh'" and therefore favors an octahedral configuration. As previously mentioned, the newly
formed hydride and formate ligands remain coordinated to the Rh in relative cis positions.
The pyridinic N is again coordinated to the metal with the hydride being on its trans
position. This configuration is more stabilized than the alternative in which the hydride is
in trans position to the phosphine, due to the remarkably high trans effect of the hydride
favoring ligands with a lesser trans effect in this position. This result matches the NMR
signals observed after the addition of FA at low temperatures.

Following the formation of intermediate C, the catalytic FADH is possible following
the mechanism depicted in Figure 4.25.
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Figure 4.25. DFT calculated free energy profile (in kcal mol™, relative to A and isolated molecules)
for the formic acid dehydrogenation catalyzed by C + FA.

This mechanism starts with the coordination of a FA molecule to the formate
carbonylic oxygen of C, yielding intermediate C + FA, at a relative energy of -9.9 kcal mol™.
While this process is slightly endergonic, 2.2 kcal mol?! over C, the hydrogen bond
between the FA and the formate stabilizes the following processes. Subsequently, the
formate can change its coordination to the Rh from its oxygen to its hydrogen via
transition state TSCD. This switch in coordination mode results in the formation of D, a
comparatively less stabilized intermediate at a relative energy of 0.1 kcal mol?, with a Rh-
formate H distance of 1.85 A. The reaction continues with the abstraction of this hydrogen
atom through transition state TSDE, at a relative energy of 4.8 kcal mol?, leading to the
formation of the dihydro intermediate, E (-5.2 kcal mol?), and a CO, molecule. E presents
a hydrogen bond between the FA molecule and the latter-formed hydride, while the
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interaction with the former-formed hydride is impeded due to the steric hindrance of the
Mes groups of the NHCs and the Ph group of the phosphine (see Figure 4.26).
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Figure 4.26. Representations of D and E with relevant distances indicated.

While for intermediate D, its formate is microsolvated by a FA molecule, for E this FA
molecule microsolvates a hydride, as the produced CO; does not form strong interactions
with FA. Instead, molecularity is maintained by having the CO; molecule attached to the
complex through dispersion interactions. Lastly, a H» molecule is formed through the
heterolytic bond formation between the metallic hydride and the acidic FA proton
microsolvating it, as characterized by transition state TSEC (0.2 kcal mol?). For this
transition state, the CO; molecule is exchanged by a FA one, maintaining molecularity and
microsolvating the FA being deprotonated. The CO, release and formation of the
microsolvated formate results in the regeneration of intermediate C + FA, at a relative
energy of -17.3 kcal mol™. Therefore, the FADH catalytic cycle is closed, being exergonic by
7.4 kcal mol?, with its rate-determining intermediate and transition state being C and

TSDE respectively. Thus, the energy span for this catalytic cycle is 16.9 kcal mol™.

The reductive elimination is an alternative route to produce H; from the dihydrido
complex, E, and close the catalytic cycle. In this reaction the two adjacent hydrides are
combined affording a H, molecule and the metallic center is reduced to Rh' regenerating
A, as depicted by transition state TSEA (see Figure 4.27). However, this transition state
exhibits a relative energy of 6.3 kcal mol* making it energetically unviable.

1.52 A

Figure 4.27. Representation of TSEA with relevant distances indicated.
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The catalyzed FADH starting by the coordination of a formate molecule was also
studied. This pathway starts with the formate coordination to A, yielding intermediate B’
at a relative energy of 9.8 kcal mol™. The coordination of a microsolvating FA molecule to
the formate yields B’ + FA (8.9 kcal mol?). Thereafter, the hydride abstraction is possible
through transition state TSBC’ at a relative energy of 23.8 kcal mol™. This reaction affords
intermediate C’ (13.4 kcal mol?), presenting a microsolvated metallic hydride. Figure 4.28
displays the free energy profile for this process.
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Figure 4.28. DFT calculated free energy profile (in kcal mol™ relative to A and isolated molecules)
for the coordination of a formate to A and its subsequent hydride abstraction.

The FADH catalyzed by this species presents the same overall steps as the previous
mechanism, hydride abstraction of a formate and protonation of that hydride by a second
FA molecule. Contrarily to the previous pathway, in which the catalytic cycle was preceded
by the catalyst activation, in this case the formate is cleaved directly. The oxidative
addition of the FA leads to the formation of a Rh'" cationic active species, C. While in this
alternative pathway the Rh maintains its oxidation state of | and the complex presents a
neutral charge. This can be correlated with the significantly less favored hydride
abstraction for this pathway when compared to the former one, presenting an energy
span of 23.8 kcal mol!, making this mechanism energetically unaffordable.

Moreover, in this mechanism at no point the Rh reaches an oxidation state of lll,
making it impossible to form the experimentally observed complexes presenting a hydride
and a formate or two hydrides. Conversely, in the former pathway after the catalyst
activation the Rh presents an oxidation state of Ill throughout the entire catalytic cycle.
The hydride trans to the pyridine plays a passive role during the reaction while the site
trans to the phosphine is iteratively occupied by either a formate or a hydride, matching
the experimentally characterized species. Thus, the former pathway is proposed as the
operating mechanism.

83



Chapter 4: CO, Utilization

The experimentally obtained Eyring plot using data from FADH catalyzed by [cat] in a
range of temperatures between 333 and 353 K determined the activation energy of this
process to be 18.12 + 1.17 kcal mol™. The computationally obtained 16.9 kcal mol? barrier
is in good agreement with this result. Moreover, KIE experiments were carried out both
experimentally and computationally to further validate the proposed mechanism. The
substitution of the FA by DCOOH results in a KIE of 2.44, a primary KIE indicating the
cleavage of the bond formed by this hydrogen/deuterium in the rate-limiting transition
state of the cycle. Experiments with HCOOD revealed a KIE of 1.17 for this acidic
hydrogen, a secondary KIE. While some secondary KIEs are the result of a change of
hybridization of an adjacent, a considerably more likely cause is the slight elongation of
the O—H/D caused by a hydrogen bond in the rate limiting transition state.

The computationally obtained KIEs considering C and TSDE as rate-determining
intermediate and transition state, respectively, are in good agreement with the
experimental ones. The KIE for DCOOH is 2.63 while the KIE for HCOOD is 1. Defining TSEC
as the rate-determining transition state instead, results in a 2.07 for DCOOH and 6.06 for
HCOOD, presenting primary KIEs for both hydrogens, as they both are part of forming and
breaking bonds in the formation of the H,. Lastly, the KIE for the alternative pathway was
also calculated, taking A and TSBC’ as rate-determining species results in a KIE of 3.98 for
DCOOH and 1 for HCOOD. This can be related with the longer C—H/D bond exhibited by
TSBC’ while the microsolvating FA molecule plays a similar role. Figure 4.29 presents the
geometrical representation of these species and the bond lengths related to these results.

1.53 A
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Figure 4.29. Representations of A, TSCD, TSEC and TSBC’ with relevant distances indicated.
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Chapter 5: CO; Hydrofunctionalization of Terminal Alkynes

Hydrofunctionalization reactions consist of the addition of a hydrogen atom and a
functional group to opposite ends of a carbon-carbon or carbon-heteroatom multiple
bond. These reactions are an exceptionally versatile and powerful tool in the design of
synthetic routes. Their application allows for the efficient and straightforward insertion of
diverse moieties at the cost of breaking down m-bonds in an unsaturated substrate.
Copious examples of these reactions have been reported for the incorporation of a variety
of groups to a structure, such as hydroalkynylation, hydroarylation, hydrosilylation,
hydroamination, and hydroboration This methodology not only possibilitates the direct
functionalization of positions of interest, it can also be utilized to introduce groups used
for subsequent reactions. Consequently, the hydrofunctionalization is widely used to
synthesize all kinds of products and greatly contributes to the widespread utilization of
alkenes and alkynes for synthesis.

The functionalization of alkynes vyields stereochemically defined olefins, a
characteristic structural motif present in many products via a direct and atom-economic
route. Hence, these reactions see application in various fields including the formation of
bioactive compounds or synthesis of advanced materials. Controlling the selectivity for the
obtention of these products can be quite challenging, and hinges on the reaction
mechanism for their formation and their distinguishing features. In absence of a catalyst
this reaction can take place through two pathways: a nucleophilic addition (e.g. a Michael
addition) or an electrophilic addition, as shown by Scheme 5.1.

2
Nucleophilic addition Nu R
1>—_
Nu~ R E*
Nu R2
Rz R >=é:
R E
E* R2 Nu
+ :
Electrophilic addition = E

Scheme 5.1. Non-catalyzed addition reactions to alkynes.

However, in most cases for these reactions to occur under mild conditions, or even
take place at all, a catalyst is required. Furthermore, the addition of a catalyst can dictate
the process selectivity and reduce by-product formation. Organometallic catalysts open a
diverse range of possibilities for the activation of alkynes. Catalyzed
hydrofunctionalization reactions can be classified into five main reaction pathways:
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1) m-coordination to the metallic center followed by a nucleo/electrophilic attack.

The coordination of the alkyne bond to an organometallic complex results in the o-
donation from an alkyne bonding orbital to the metal and the m-backdonation from the
metal to an alkyne antibonding orbital. This results in a significant weakening of the triple
bond facilitating both nucleophilic and electrophilic attacks to it. Hence, the presence of a
catalyst enables considerably weaker reactants to carry out this reaction under mild
conditions. A nucleophile can occupy one of the vacant sites of the metal leading to an
internal attack, resulting in the syn-addition. Conversely, external attacks, which may be
both electrophilic or nucleophilic, result in anti-additions, as shown by Scheme 5.2.

Anti-addition
R? R2
“— H/Nu HNu  H/Nu R?
L,M----=,
x / HNu &—~——— Lxlvlf — >=<
R R' R'  H/Nu
R? R? e R Re
LxM """"" % — LXM‘& 1 —_— >=<
R
Nu/ R \ H Nu

Scheme 5.2. Anti- and syn-additions to metal-coordinated alkynes.

Stereoselectivity in these reactions is defined by the more favorable addition, which
depends on many factors, such as catalytic activity, substrate nature and reaction
conditions. For non-symmetrical alkynes, these attacks can target two distinct carbons,
ultimately leading to two different regioisomers. In the case of terminal alkynes (as the
ones treated in this Thesis), external attacks can afford the gem- and cis-products, while
internal attacks can yield the gem- and trans-products, as exemplified by Scheme 5.3.

gem-product trans-product

Scheme 5.3. Products resulting of the 1,2 and 2,1-insertion.

The 1,2-insertion refers to the insertion of the metal to the position 1 of the alkyne,
meaning the terminal carbon, while the ligand, in this case the Nu, is bonded to the
position 2 of the alkyne. This reaction yields an alkenyl bonded to the metal through its
terminal carbon, which ultimately results in the formation of the gem-product. Conversely
the 2,1-insertion yields the alkenyl bonded to the metal by its internal carbon and leads to
the formation of the trans-product.
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2)  Oxidative addition of the substrate and alkyne insertion on M—H or M—Nu bond.

This mechanism starts with the cleavage of the substrate H—Nu bond, oxidizing the
metallic center and yielding a metallic hydride and a Nu ligand. Following that, the alkyne
undergo insertion, as shown for the internal nucleophilic attack (Scheme 5.3). However, in
this case, insertion can be into both the M—H or the M—Nu bond, leading to four
possible alkenyl ligands. After reductive elimination with the remaining substrate
fragment either the trans or the gem-product is formed. Scheme 5.4 depicts the outcomes
of these four possible alkyne insertions following the HNu substrate activation.

Insertion on M—Nu Insertion on M—H
LM
gem product X NuH trans-product
LyM—H
=~ S — me Rt
R— =R
LyM—H
L,M—H Nu
) i ‘§~Nu L Mj : i
trans-product gem- product

Scheme 5.4. Hydrofunctionalization of alkynes beginning with the oxidative addition of HNu.
3) Non-oxidative process enabled by an internal base.

An alternative pathway for this reaction involves a ligand which can act as a base to
activate the HNu substrate without oxidizing the metal center. The base captures the H
atom from the substrate subsequently releasing it and leaving its coordination site vacant
for Nu. Following Nu coordination, alkyne insertion into the M—Nu bond can occur as
described for the previous mechanisms. Lastly, the base donates its proton to form the
product and regenerate the initial catalyst (Scheme 5.5).

trans-product
H Nu

" - Mj % R>:<H

Ly M—B

|‘|
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H Nu
BH —= LM %‘ >=<
H R
LM—B

gem-product

Scheme 5.5. Hydrofunctionalization of alkynes enabled by an internal base.

Compared to the previous one, this methodology presents the advantage of
reducing the number of possible reaction pathways, for better selectivity control.
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4) Reaction through a vinylidene intermediate.

Vinylidenes are alkyne tautomers that can be formed via the migration of the
terminal hydrogen to the internal carbon, rendering the terminal carbon an unsaturated
carbene. As such, vinylidenes can act as stronger ligands than a m-coordinated alkyne,
presenting great capacity to both o-donate and m-accept. For this reason, while
tautomerization to vinylidene is highly endothermic for most alkynes, coordination to a
metal of these species can favor the reaction to the point of the vinylidene being a viable
intermediate in mechanisms. Nucleophilic attacks favor their terminal carbon while
electrophilic attacks target the internal one. Consequently, the HNu substrate can be
activated via the insertion of the Nu group into the terminal carbon and of the H into the
internal carbon. Following this, the cis- and trans-products can be obtained via the B-
elimination of a H and subsequent reductive elimination (Scheme 5.6).

HH
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R H
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Nu Nu Nu R
cis/trans-product

Scheme 5.6. Alkyne hydrofunctionalization through a vinylidene intermediate.

While this reaction is far less common than the previous three, it bears mentioning
the interest of this mechanism because of its capability to yield the cis-products (while
also possible via external attack, the gem is generally more favored).

5) Reaction through a metallacyclopropene intermediate.

Similar to vinylidenes, metallacycles are intermediates whose formation is enabled
by the organometallic catalyst and possibilitate a different type of alkyne reactivity. These
species can be formed through isomerization of a metallic alkenyl or the orthogonal
proton donation from an acidic ligand to a m-coordinated alkyne (perpendicular to the
plane defined by the metal center and the alkyne), as shown by Scheme 5.7.

Scheme 5.7. Two possible pathways to the formation of a metallacycle intermediate.

The metallacycle sp? carbon is susceptible to nucleophilic attacks. This attack is
perpendicular to the cycle and can occur from both sides, leading to the syn- or anti-
addition, however for terminal alkynes both lead to the gem-product. (Scheme 5.8).
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Scheme 5. 8. Metallacyclopropene aperture to yield the gem-product.

In opposition to the reaction through the vinylidene intermediate, the formation of
cis- or trans-products is rare to non-existent in this process. Proton donation to the alkyne
terminal carbon is favored due to its more negative partial atomic charge and lesser steric
hindrance, resulting in the preferential formation of the gem-product. The selectivity
achieved through this reaction pathway should be emphasized, as the most commonly
used hydrofunctionalization methodologies can lead to a mixture of products due to their
challenging-to-control selectivity.

The regioselectivity of the prevailingly utilized methodologies (i.e., the first four
mentioned) is defined by a diverse series of stereoelectronic interactions between the
alkyne, the electro/nucleophile and the catalyst. For instance, in the study of nucleophile
insertion into a m-bonded alkyne, electrostatic interactions favor the insertion in the most
positively charged carbon, typically the one not bonded to hydrogen due to its slightly
acidic behavior. Conversely, steric hindrance favors the attack to the less substituted
carbon, meaning the one bonded to the terminal hydrogen. Assessing the individual
impact of these factors on reaction selectivity is challenging and can vary significantly for
different substrates. Additionally, the metallic center and ligands can also play a relevant
role in the definition of the selectivity. In particular, electron density rich metals favor
oxidative addition processes and electrophilic attacks on m-coordinated alkynes, due to
their substantial backdonation capacity. This electron density richness of the metal center
depends on both, the metallic species, with metals such as Rh' and Pd® being considerably
richer than others such as Au' and Fe® and the ligands electronic contribution. The
interplay among these and other factors complicates both the prediction and
rationalization of the selectivity for these reactions, which can be highly dependent on the
substrates and reaction conditions, as a result, making it a less robust synthetic route.

In this context, computational calculations are a valuable tool in the study of these
reactions. They offer an objective means to compare diverse possible mechanisms and
find the operating one, allowing for the determination of the rate-limiting species. The
mechanistic determination not only leads to a better understanding of the reaction, but
can also guide catalyst optimization through rational design, refining the pathway to the
desired product. Hence, computational calculation can aid in the search for a catalyst to
introduce selectivity in reactions that otherwise afford unwanted products.
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5.1. Gem-specific alkyne dimerization catalyzed via metal-ligand cooperation
by a Rh-NHC-pyridonato complex

Introduction and objectives

Alkyne hydroalkynylation is a straightforward and completely atom-economical
methodology for generating functionalized conjugated structures. These reactions can
yield a range of products, from conjugated enynes to considerably more complex
conjugated chemical frameworks via successive additions. Additionally, these conjugated
systems contain the functional groups of the inserted alkynyls, which through a selective
process can be strategically positioned. In this manner, alkyne oligomerization has the
capability to generate a wide array of stereochemically distinct conjugated products.
Scheme 5.9 exemplifies the diversity of possible products resulting from the dimerization,
trimerization, and polymerization of terminal alkynes.

R R
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Scheme 5.9. Possible products of the oligomerization of terminal alkynes.

Therefore, these reactions can yield an extensive variety of stereochemically defined
products using a unique substrate. These reactions hold significant potential in the
construction of chemical scaffolds. The rich chemistry of alkynes, coupled with the ability
to incorporate reactive R groups for transformation through subsequent processes, allows
for the use of these reactions as foundational elements in the production of considerably
more complex structures. Hence, these methodologies demonstrate remarkable
versatility and efficiency for a broad spectrum of synthetic applications.

The major obstacle chemists face in the implementation of these methodologies lies
in controlling their selectivity. The notable abundance of plausible products with similar
structures of these reactions often leads to poor regio- and chemoselectivity.
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In this context, the inclusion of specifically designed catalysts not only can reduce
the energetic barriers for these reactions but also significantly improves their selectivity.
Numerous reports on a wide variety of catalysts for the selective oligomerization of
alkynes demonstrate the notable interest of the scientific community on these
methodologies. Among these reports, examples of catalysts inducing the preferential
formation of various potential products of oligomerization can be found, including
dimers,’®> functionalized benzenes,’*®'9’ dienynes,'®’ butatrienes!®®, azulenes'®® and
polymers.?® Thus, the application of these catalysts can considerably enhance the
effectiveness of these reactions as a strategy for the formation of conjugated products.

This section focuses on the catalyzed dimerization of terminal alkynes to generate
conjugated enynes. The efficient synthesis of these products is highly sought-after due to
the presence of these substructures (meaning an alkene conjugated to an alkyne) in a
diverse variety of biologically active compounds and functional materials. This relevance is
reflected in the abundance of studies on these processes. A broad range of catalysts for
these reactions have been reported, containing catalysts based on both earth-abundant
metals, such as Fe?°! and Ti,2°2 and noble metals, Au,?%® Pd,2%% Rh,20>:206 |r206 3nd Pt2%7 to
name a few. While these systems preferentially form the desired product, they can be far
from completely selective, due to the daunting challenge of discriminating between

products with considerably similar structures and properties.

Some examples of highly selective catalysts for the formation of trans-,2072%¢ cijs-
,209210 and gem-enynes?!?12 have been reported. Figure 5.1 presents some instances of
catalysts capable of the selective dimerization of alkynes (using phenylacetylene as an

example).

[cat] Ph Ph Ph
Ph——H —_—> X: + \:\ + \:/Ph
PH Ph

gem-product trans-product cis-product
Song et al. ACS. Catal. Petit et al. Adv. Synth. Catal. Kirchner et al. ACS. Catal
2019, 9, 810-818. 2013, 13, 2584-2590. 2018, 8, 7973-7982.
A\ HN—P(Pr),
T Ph MesPu,, | wPMes N—Fe:™"
Fe /Co'\ \ / \Br
N MesP PMe;
cl HN—P(Pr),
THF, 80°C THF, 25°C THF, 25°C
LiHMDS (1 eq.) NaBH,4 (2 eq.) KMHDS (2 eq.)
100% gem-product 100% trans-product 98% cis-product

Figure 5.1. Examples of catalysts for the selective dimerization of phenylacetylene.

92



Chapter 5: CO; Hydrofunctionalization of Terminal Alkynes

Even though high selectivities have been reported for a variety of systems, the
determination of the factors responsible for their activity is a complex problem that is
many times ignored. Understanding the contributions of the metallic center, the ligands,
and the additives (if used) towards the reaction rate and selectivity, can be a complex
task. As shown before, various differentiated reaction pathways can afford the same
selectivity, at points containing common species, which can considerably obfuscate the
elucidation of the operating mechanism. Moreover, the generally small energy differences
between the rate determining species of these competing mechanisms for many systems
means that seemingly small changes in the ligands or substrates may tip the scales in favor
of another reaction pathway. For this reason, the detailed mechanistic study of a system is
key to gaining insight into its activity. Studies like these can unravel the influence of
auxiliary ligands on the catalytic reactivity, which can be used for the comprehensible

tuning of the complex to enhance its catalytic activity. 213214

A novel strategy in catalytic design is the metal-ligand cooperation (MLC), which
actively involves a ligand and the metallic center of a complex in the bond breaking and
forming processes.?'>2'7 This alternative reaction pathway can lead to increased catalytic
rates and selectivities. An example of this cooperation is the ligand-assisted proton shuttle
(LAPS) in which a ligand extracts a proton from a substrate, activating it, and donates it to
another molecule in a subsequent stage of the reaction, as illustrated by Scheme 5.10. 218

NuH S Nu
LM-=---Nu L,M—Nu | «SH
LM—B L» l Vo ||_ L» |_X|\/||+2—B . Lxl\l/I—B + NuSH
||_J N \_BH L_/ LJ
Scheme 5.10. Representation of a LAPS system for the activation of the Nu—H bond.

Next, this section focuses on the study of the selective gem-specific dimerization of
terminal alkynes catalyzed by [Rh{k?>-O,N-(Opy)}(n?-coe)(IPr)] (which will be referred as
preA). The results obtained for this reaction are significant due to the remarkably higher
catalytic rate and selectivity than similar systems that do not include the pyridonate. Even
more relevant is the fact that the low activation energy and high selectivity is observed for
a wide diversity of terminal alkynes, while for similar catalysts these results can
significantly change depending on the substrate. Hence, the objectives for this
computational study are:

1. Determining the operating mechanism.
2. Unraveling the role of the pyridonate in this reaction.

3. Identifying the factors influencing the reaction rate and selectivity.
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Results and Discussion

This work comes as a follow-up of another work published by our group, in which a
[RhCl(py)(n?-coe)(IPr)] complex was employed for the gem-selective dimerization of
terminal alkynes. The results obtained with this catalyst compared with those obtained
with the novel pyridonate-containing catalyst are presented in Figure 5.2.
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Figure 5.2. Selection of catalytic results obtained for a 1M alkyne solution for A) and a 0.4M for B)
and a 2 mol% catalyst loading for both cases.
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While both catalysts promote preferential gem-enyne formation for a wide range of
terminal alkynes, the pyridine-bearing catalyst also yields minor secondary products,
namely the trans-enyne and some trimers. In contrast, the pyridonate-containing catalyst
exclusively produces the desired product. Moreover, all the reactions with the former
catalyst require a certain degree of heating and take hours for complete substrate
conversion, whereas with the latter catalyst most reactions conclude in outstandingly
lower time frames at room temperature. These results indicate that the pyridonate in the
catalyst brings about a substantial modification on the operating mechanism, resulting in
a significantly lower energy span for gem-product formation and a larger difference
between said energy span and those for the formation of alternative products.

Therefore, the mechanistic study for gem-dimer formation enabled by the
pyridonate-bearing catalyst was carried out. In this study the phenylacetylene was used as
model substrate, and all plausible reaction pathways were examined, excluding the
external attack on m-coordinated phenylacetylene and vinylidene mediated processes, as
they cannot lead to gem-product formation. The determined mechanism starts with the
activation of the catalyst, which takes place as illustrated in Figure 5.3.

— Ph TSact
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Figure 5.3. Activation free energy profile (kcal mol™) for the activation of the catalyst.

The active species, A, is formed via the exchange of the coe by a phenylacetylene
molecule. The starting species, preA, at a relative energy of 6.1 kcal mol™, exhibits a
square planar configuration characteristic of Rh' with the pyridonate coordinated as a
chelate. From that point, the concerted coe release and phenylacetylene m-coordination
occurs as characterized by transition state TSact with a relative energy of 19.8 kcal mol™.
Hence, catalyst activation presents an energy barrier of 13.7 kcal mol™, indicating it can
occur at low temperatures. However, the resulting intermediate, A (0 kcal mol?), could
not be experimentally determined using NMR, due to the exceedingly rapid catalytic
dimerization. Even at 213 K, the reaction leads to the identification of a complex
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presenting a coordinated gem-enyne rather than the alkyne. Nonetheless, an analogous
catalyst bearing a pyridine-2-thiolate, which exhibited similar selectivity but a considerably
slower catalytic rate, allowed for the observation of the n-coordinated phenylacetylene at
223 K. Following that, if the temperature of the experiment was raised it led to the
formation of the gem-enyne. These results hint at A being a local energy minimum
preceding the dimerization reaction, as such is considered the active species.

The first proposed catalytic cycle followed a similar reaction pathway to that
determined for the pyridine-bearing catalyst. This mechanism is presented in Figure 5.4.
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Figure 5.4. DFT calculated free energy profile (in kcal mol™ relative to A and isolated molecules)
for phenylacetylene dimerization starting with the oxidative addition of phenylacetylene.

This catalytic cycle starts with the slippage of the bond between the Rh and the
phenylacetylene, going from n2-(C=C)- to n?-(C—H). This reaction step is characterized by
transition state TSAB, with a relative energy of 19.9 kcal mol* and yields intermediate B at
a relative energy of 10.4 kcal mol™?. This process is remarkably endergonic due to the
poorer stabilization of the agostic interaction compared to that of the triple bond m-
coordination. Nonetheless, the agostic interaction, enables the C—H bond cleavage
through oxidative addition, as depicted by transition state TSBC (9.8 kcal mol?) presenting
a negligible energy barrier. This results in the formation of intermediate C (8.3 kcal mol?),
which due to the oxidation to Rh'"" exhibits an octahedral configuration, incorporating the

afforded alkynyl and hydride and leaving a vacant site trans to the latter.
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The vacant site of C possibilitates the coordination of a second phenylacetylene
molecule, enabling its insertion into the Rh—H bond to progress the reaction. At this point
two reaction pathways arise, as the hydrometallation can occur with two possible
phenylacetylene orientations, leading to the 2,1-insertion (TSCDg, 20.2 kcal mol?) and the
1,2-insertion (TSCDt, 23.7 kcal mol?), affording the gem- and trans-alkenyl respectively. It
should be noted that for both attacks the most energetically favored configuration has the
reacting alkyne in trans position to the carbene, with the pyridonate being displaced to
the plane defined by the hydride and alkynyl. These insertions yield the intermediates, Dg
(-2.9 kcal mol?) and Dt (-13.4 kcal mol?) each of them presenting an alkenyl (gem and
trans respectively), an alkynyl and the pyridonate in its original position. Finally, the
enynes are formed via reductive elimination as depicted by transition states TSDAg (4.5
kcal mol?) and TSDAt (-1.0 kcal mol?). The release of the product results in the
regeneration of A, with the gem-enyne formation being exothermic by 29.0 kcal mol* and
that of the trans-enyne being exothermic by 33.9 kcal mol™.

It should be noted that the carbometallation reaction was not considered for this
system. This is because, in the case of the pyridine-bearing catalyst, as well as for other
similar catalysts,?** the alkyne insertion into the Rh—C bond presented significantly higher
effective energy barriers than into the Rh—H bond.

Based on the obtained results, the energy span for the formation of the gem-enyne
is defined by the species A and TSCDg, therefore, it presents an energy span of 20.2 kcal
moll. Whereas, for trans-enyne it is defined by A and TSCDt resulting in an energy span of
23.7 kcal mol?. An effective energy barrier difference of 3.5 kcal mol? in favor of the
formation of the gem-product adequately aligns with the experimentally observed
selectivity. However, a barrier of 20.2 kcal mol? is somewhat higher than what would
generally be expected for a reaction that occurs rapidly at room temperature.

For this reason, further studies to validate this mechanism were conducted. The
experimental KIE obtained for the isotopically marked phenylacetylene-d: is 1.67 + 0.12.
Whereas the KIE calculated considering A and TSCDg as the rate-limiting species is 2.61.
Although both KIEs are primary, their significant difference in value leads to the conclusion
that this mechanism is not the operating one. On a secondary note, the KIE of the
phenylacetylene terminal hydrogen being primary indicates that this atom is directly
involved in a bond that is either being broken or formed in the rate-limiting transition
state. This evidence narrows down which processes could be the rate-limiting transition
states, as reactions like carbometallations or reductive eliminations cannot vyield this KIE
(validating the previous assumption that the carbometallation is not part of the operating
mechanism).

97



Chapter 5: CO; Hydrofunctionalization of Terminal Alkynes

Further study of the system leads to the proposal of the mechanism depicted in
Figure 5.5, based on the participation of the pyridonate as a proton shuttle.
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Figure 5.5. DFT calculated free energy profile (in kcal mol™ relative to A and isolated molecules)
for phenylacetylene dimerization through a pyridonate assisted proton shuttle.

This mechanism starts with the simultaneous decoordination of the pyridonate O
and coordination of a second phenylacetylene molecule to A, as characterized by
transition state TSAE (14.2 kcal mol™). This behavior can be attributed to the Rh oxidation
state () which favors the square planar configuration of the complex. The resulting
intermediate, E (8.1 kcal mol), contains two m-coordinated alkynes in trans position. Even
though oxidative addition from this intermediate is less favored than from A, due to the
larger steric hindrance arising from the second alkyne, the decoordinated pyridonate
carbonyl group can act as an internal base. Subsequently, the concerted metalation-
deprotonation (CMD) of one of the m-coordinated alkynes can occur, as depicted by TSEF
(15.9 kcal mol?). In this transition state the pyridonate captures the terminal hydrogen
from one of the alkynes and the remaining alkynyl fragment is coordinated to the Rh. The
afforded intermediate, F (7.1 kcal mol?), features a pyridone coordinated to the Rh
exclusively through its N atom, allowing it to rotate and position its hydroxy group in
proximity of the remaining m-coordinated alkyne. Following that, the pyridone can donate
the previously captured proton to either the terminal or internal carbon of the alkyne,
resulting in two differentiated reaction pathways.

The donation of the hydroxyl proton to the terminal carbon leads to the formation
of the gem-alkenyl, as depicted by TSFDg (14.8 kcal mol?). Conversely, the donation to the
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internal carbon affords the trans-alkenyl via the transition state TSFDt (19.3 kcal mol?).
These reactions yield the previously mentioned Dg and Dt intermediates, respectively.
Consequently, the catalytic cycle is completed through the same process as that discussed

for the previous cycle, namely, reductive elimination.

Therefore, the energy span for gem-enyne generation is defined by A and TSEF,
resulting in an effective energy barrier of 15.9 kcal mol. This result aligns better with the
experimentally observed high reaction rates at low temperatures. In contrast, the energy
span for trans-enyne formation is defined by A and TSFDt, yielding an effective energy
barrier of 19.3 kcal mol™. Moreover, the regioselectivity of the catalysis is defined by the
selectivity of the proton donation. Meaning that, the regioselectivity is defined by the
energy gap between TSFDg and TSFDt, 4.5 kcal mol?, leading to the exclusive formation of
the gem-alkenyl and ultimately the gem-product. Lastly, the theoretical KIE considering A
and TSEF as reaction rate-defining species is 1.57, which adequately fits the 1.67 + 0.12
experimental value. Figure 5.6 presents the geometry of the rate-defining transition states
for the two proposed mechanisms, and hints at the origin of the significant different
between their KIE values.

KIE(A - TSCDg) = 2.61 KIE(A - TSEF) = 1.57

Figure 5.6. Representations of TSCDg and TSEF with relevant distances and corresponding KIEs.

The unusually low primary KIE obtained for the terminal hydrogen capture can be
attributed to the considerable early character of TSEF. This is reflected in the minor
stretching of the C—H/D bond, going from 1.09 A for A to 1.14 A for TSEF. This less than
anticipated elongation can be related to the stabilizing agostic interaction between the Rh
and the C—H/D bond. As a result, the point of higher energy in the proton transference is
primarily defined by the loss of the agostic interaction, more so than by the cleavage of
the C—H/D bond and formation of the O—H/D bond. As TSCDg does not present such
interactions, the transition state clearly corresponds to the breaking of the Rh—H bond
and the formation of the C—H bond, yielding a more conventional primary KIE of 2.61.
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On account of the characteristics determined for this mechanism, namely an
effective energy barrier that aligns with the experimental observations, a computational
KIE that perfectly matches the experimental one and its justification for the process
selectivity, this mechanism was considered to be the operating one. Consequently, the
role of the pyridone as an internal proton shuttle was confirmed. This conclusion explains
the significantly difference activity exhibited by the pyridone-bearing catalyst.

As previously commented, the selectivity for this mechanism is defined by the
preference in protonation of the m-coordinated phenylacetylene carbons in F. The
electrophilic attack of the proton is more favored when the acceptor atom is more
negatively charged. This difference in charges is shown in Figure 5.7.
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Figure 5.7. Representations of F, TSFDg, and TSFDt with the NBO atomic charges (in a.u.) of the
atoms involved in the proton transfer and their relative free energies.

The NBO analysis of F derives an atomic charge of -0.24e for the terminal carbon and
of -0.04e for the internal carbon. Consequently, the transfer of the partially positively
charged proton (0.5e) to the former is more energetically favored. Interestingly, for most
alkynes, the terminal carbon is more negatively charged due to the moderately acidic
behavior of the terminal hydrogen. Therefore, this strategy for the selective
hydrofunctionalization of alkynes is valid for an extensive diversity of alkynes.

The selectivity for most conventional alkyne dimerization pathways is defined by
either hydrometallation or carbometallation processes. Nevertheless, controlling the
favored alkyne orientation for its insertion in a metallic bond can be extremely
challenging. As mentioned in this section’s introduction, steric and electronic factors can
favor opposite configurations for these processes, leading to significant changes in the
selectivity depending on the substrate and leading to product mixtures for many of them.

On the contrary, the LAPS mechanism is versatile and robust, as the great majority
of terminal alkynes display a similar difference in polarization between their terminal and
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external carbons. This is illustrated by the disparate array of alkynes tested
experimentally, obtaining exclusively the gem-dimer for all of them. Whereas, the
pyridine-bearing catalyst, whose selectivity is defined by the hydrometallation of the
alkyne, displayed lesser selectivity for many of these alkynes. Figure 5.8 depicts the origin
of the selectivity for these mechanisms and their substrate dependence.
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Figure 5.8. Relative free energies (kcal mol™, relative to A and isolated molecules) of the rate
determining transition states for phenylacetylene and 3-methoxyprop-1-yne dimerization.

These results align well with those presented in Figure 5.2. The selectivity for the
operating mechanism of the pyridine-containing catalyst is defined by the
hydrometallation, which leads to the poor selectivity obtained for 3-methoxyprop-1-yne.
In contrast, the pyridonate-bearing catalysts operating through LAPS, exclusively yields the
gem-product for both these alkynes, as expected based on the significant energy
difference between the gem- and trans-alkenyl yielding transition states.

It should be noted that terminal alkynes which present electron-donating groups,
such as -SiRs, can exhibit a similarly or even more negatively charged internal carbon than
the terminal one. In these rare cases, the reaction selectivity may be lost or even reversed.
Catalytic experiments carried out with ethynyltrimethylsilane resulted in a 48/52 split
between gem- and trans-products.

In summary, the pyridonate enables an alternative reaction pathway based on its
hemilability. It allows for the decoordination of its oxygen atom to act as an internal base,
capturing a proton from an alkyne. Subsequently, it can rotate towards a second alkyne,
and donate to it this proton, all the while remaining bonded to the metal. This mechanism
falls under the category of ligand-assisted proton shuttle and offers an alternative route
that can vyield significant improvements over conventional pathways. For the studied
system, this pathway presents a lower effective energy barrier, a greater selectivity, and
can be effectively applied to a wider range of alkynes with the same level of selectivity.
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5.2 Rh-NHC catalyzed gem-specific O-selective hydropyridonation of terminal
alkynes

Introduction and objectives

2-pyridone exhibits great potential as chemical scaffold for the synthesis of a diverse
array of heterocyclic compounds. This fragment is present in a wide range of products of
interest, including many biologically active compounds,?®??° such as antibacterial
agents,??! anti-inflammatory drugs,??? antioxidants drugs,®?®> or the drugs used in the
treatment of other medical conditions.??#??> Some examples of these compounds are

cl CN
Ve 191
" 0
0 N
- KZNA( O
FsC = /N\NH

camptothecin pirfenidone doravirine
used in cancer treatment used in pulmonary fibrosis treatment used in HIV treatment
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=
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O-substituted 2-pyridone derivative O- and N-substituted 2-pyridone derivative
used as antioxidant agent used as anti-inflammatory agent

shown in Figure 5.9.

Figure 5.9. Examples of biologically active 2-pyridone based compounds.

Conventionally, the introduction of 2-pyridone fragments was achieved through
multiple step processes.??® However, in recent years many of these strategies are being
replaced by more efficient methodologies based on organometallic catalysts.?2%2?”7 The
functionalization of carbon atoms in heterocycles is generally based on C—H bond
activation.??® Whereas the functionalization of heteroatoms can be achieved through
multiple approaches.

The introduction of unsaturated fragments into the heteroatomic positions of
pyridones is considered a relevant objective, due to the ubiquity of this moiety in
compounds of interest, as well as its synthetic versatility. A wide range of methodologies
for the introduction of these fragments have been reported, such as the use of
organohalides,??® allenes?3® or allylic compounds with a leaving group?! (see Scheme
5.11).
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Scheme 5.11. Examples of reaction for the N-substitution of 2-pyridone.

Controlling the selectivity of reactions involving 2-pyridones is often challenging due
to their keto-enol tautomery, simultaneously enabling the reactivity of the pyridone O and
N atoms (see Scheme 5.12), with the latter being preferential for most reaction
pathways.?3?  Additionally, the N-substituted products are generally more
thermodynamically favored.
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Scheme 5.12. A) Tautomeric equilibrium between 2-pyridone and 2-hydroxipiridine, B)
reorganization of a substituent from O to N.

The generation of N- or O-alkenylated pyridones can be considerably more
challenging than the simple substitution of the heteroatomic positions. Only a small
subset of the methodologies used for the functionalization of these positions is valid for
their alkenylation, while the same selectivity challenges are present for them. Conversely,
some synthetic methodologies utilize this behavior to generate N-alkenylated pyridones
via the isomerization of O-alkynylated pyridones, as illustrated by Scheme 5.13.233
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Scheme 5.13. isomerization of O-alkynylated pyridones to yield a N-alkenylated pyridone.

R

Even though O-alkynylated pyridones can be generated via an alkoxide attack to a 2-
halo-pyridine, the application of these methodologies is limited by the presence of
residual groups in the resulting alkyne which may be undesired. In contrast, the use of
activated reactants, such as vinyl halides?** or vinyl boronic acids,?®®> allows for the
formation of a significantly wider range of products via cross-coupling reactions (see
Scheme 5.14).236
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Scheme 5. 14. Pyridone alkenylation through cross-coupling reactions.

While these methodologies present a remarkable versatility, the reactants required
for their application are rarely commercially available, and typically have to be synthesized
through multiple step processes. A similar approach that utilizes more commonly available
reactants, involves the introduction of a methylene moiety containing an electron-
withdrawing group (EWG) followed by a subsequent aldol condensation, as illustrated in
Scheme 5.15.%%7

X = leaving group 0
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strong base

Scheme 5.15. Pyridone alkenylation of a through aldolic condensation.

Alternatively, a more efficient pathway to the formation of N- or O-alkenylated
pyridones is the direct addition of an alkyne to a 2-pyridone. However, this reaction is only
feasible when the alkyne contains an electron-withdrawing group (EWG) and/or an
electron-donating group (EDG) that enables the reaction. The regioselectivity of this

reaction is defined by these groups’ resonance effects.?3®

0 0
EDG
/ NH + EDG—=—EWG > NJ\WEWG

catalytic Nu

Scheme 5.16. Hydropyridonation of alkynes containing electron-donating or withdrawing groups.

Both these preparative strategies exhibit significant limitations in their scope due to
their reliance on directing groups, which ultimately become components of the products.
This scope is also limited in the sense that they typically lead to the preferential formation
of the N-alkenylated products, due to the pyridinic N being a better nucleophile than the
alkoxy O for most pyridones.

Hence, while there are diverse pathways for the generation of the N- or O-
alkenylated pyridones, the majority of these pathways present significant limitations on
their scope. Conversely, the more widely applicable methodologies require activated
reactants which are hard to come by and typically have to be synthesized in situ through
laborious synthetic pathways.
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Additionally, controlling the selectivity can be challenging for many of these
approaches. For most reactions, the formation of the N-substituted product is favored.
This is either due to the higher nucleophilicity of the N atom or because metal
coordination with the pyridinic N is generally more favorable than with the alkoxy O. Due
to the preferential coordination of the pyridinic N, reactions in which an organometallic
catalyst is involved tend to yield preferentially the N-substituted product after reductive
elimination. While the regioisomery of the afforded alkenyl is determined by the reaction
pathway as well as the reactants properties, in many of the mentioned reactions it can
lead to mixtures of cis- and trans-products. Nonetheless, the methodologies leading to
gem-alkenyl formation are scarce and either involve multistep procedures?® or require
rare reactants such as tosylhydrazones?*° or benzynes?**,

In this work an alternative synthetic methodology was developed utilizing a Rh-NHC
catalyst, exploiting the preferential bonding of the pyridinic N to the metal to promote the
O-insertion of pyridones on terminal alkynes. This results in a straightforward, atom-
economical, and selective methodology for the formation of gem-specific and O-selective
alkenylated pyridones. Further experiments showed that heating the O-alkenylated
products in the presence of the catalyst for prolonged periods lead to their transformation
into the N-alkenylated products.

The following part of this section focuses on the results obtained for the O-selective
gem-specific hydropyridonation of terminal alkynes catalyzed by [Rh(p-Cl)(n?-coe)(IPr)]2
(which will be referred as preA). Remarkably, the use of a catalyst and utilization of
terminal alkynes circumvents the need for activated reagents. The results obtained for
these reactions show the existence of a differentiated kinetic and a thermodynamic
product, which interestingly, deviate from those obtained for most synthetic
methodologies. Hence, the objectives for this computational study are:

1. Determining the operating mechanism for each of the possible products.

2. Elucidating the origin of the chemo- and regioselectivity for these processes.
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Figure 5.10. Catalyzed O- and N-selective gem-specific terminal alkyne hydropyridonation.
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Results and Discussion

The catalyst utilized for terminal alkyne dimerization in the previous Section 5.1,
[RhCI(py)(n3-coe)(IPr)], is synthesized via a reaction involving stoichiometric amounts of 2-
pyridone, a base, namely, ‘BuOK, and half the amount of preA. In some of the catalytic
experiments carried out using this catalyst residual amounts of RhCI(IPr)-[kN,n?-{py-O—
C(Ph)=CH}], which will be referred to as E, were detected. Further experimentation
revealed that this complex can be formed through the stoichiometric reaction of half an
equivalent of preA with 2-pyridone and a terminal alkyne, as shown in Figure 5.11.
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Figure 5.11. Stoichiometric formation of RhCI(IPr)-[kN,n?-{py-O—C(Ph)=CH,}].

[Rh] =

The ability of this complex to enable the stoichiometric alkyne-pyridone C—O
coupling hinted at the possibility of its utilization for the catalytic hydropyridonation of
terminal alkynes This reaction would constitute a straightforward and efficient method,
for the generation of N- or O-alkenylated pyridones.

The catalytic activity was tested for a wide range of terminal alkynes and
functionalized 2-pyridones, using a stoichiometric mixture of the two reactants. This
methodology led to the selective gem-O-alkenylated pyridone formation for the great
majority of tested substrates. The highest catalytic rates were observed at 50°C, with the
decline at higher temperatures likely caused by the decomposition of the catalyst. In
general terms, aromatic alkynes showed higher reaction rates than aliphatic ones,
whereas no defined trend was observed for the pyridones. Many catalytic reactions
utilizing terminal alkynes are hampered by the pronounced self-reaction of these
substrates, leading to the formation of dimers and more complex oligomers. Nonetheless,
the yield for alkyne dimers is limited to 1-12% for most studied cases. The exception are
the cases in which the hydropyridonation is considerably slower, such as 6-methyl-2-
pyridones, where the 1,3-enynes are the prevalent product.

Considering that their reactivity is representative of most cases while constituting
the simplest possible system, the 2-pyridone and phenylacetylene were selected as model
substrates for the DFT analysis of these reactions. These calculations were utilized to
determine the operating mechanism for the hydropyridonation of terminal alkynes and
the selectivity origin for this process.
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A series of experimental tests were carried out to gain insight into this mechanism.
The stoichiometric reaction with 2-pyridone and phenylacetylene was monitored under
low temperatures with the aim of determining intermediates involved in the operating
mechanism. However, in experiments conducted between room temperature and -60°C,
no species other than E were detected. Hence, it can be inferred that E is the rate-
determining intermediate and that there are no significant energy barriers preceding it.
Conversely, the catalytic product formation requires slight heating, indicating that there is
a step following the formation of E that presents a significant energy barrier. Although KIE
studies were attempted using either phenylacetylene-di or 2-pyridone-d; in order to shed
light on the rate-determining transition state, the proton exchange between the acidic
terminal alkyne and the basic pyridone obstructed the determination of this effect.

Since the formation of E involves the Rh dimer dissociation, it is assumed that the
active species is a Rh monomer. Furthermore, given the ligands exhibited by E, it can be
inferred that coe is decoordinated to form the active species, as it is unlikely for this ligand
to be decoordinated and coordinated during the catalytic cycle, while the chlorine and IPr
remain coordinated throughout. An exhaustive study using DFT calculations was carried
out to determine the most stable active species that can be formed via the coe exchange
by reaction substrates, which present higher concentrations under catalytic conditions.
This study concluded that A, containing a k*N-hydroxypyridine and a m-coordinated-
alkyne, is the active species. Figure 5.12 displays the mechanism for the formation of E
from A, and the calculated energy profile for it.
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Figure 5.12. DFT calculated free energy profile (in kcal mol™, relative to A and isolated molecules)
for alkyne-pyridone C—O coupling (red pathway) and C—N coupling (blue pathway).
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The determined mechanism starts from A which presents a hydroxypyridine ligand
with its hydroxy group forming a hydrogen bond with the chlorine ligand. The rotation of
the hydroxypyridine can align this hydroxy group with either of the m-coordinated-alkyne
carbons, enabling it to act as a proton donor. The proton transfer to the terminal carbon is
depicted by transition state TSAB (13.3 kcal mol?), while donation to the internal carbon is
characterized by TSABt (24.3 kcal mol!). The energetically favored proton donation to the
terminal carbon leads to the formation of intermediate B (-0.2 kcal mol?), containing the
afforded gem-alkenyl and pyridone, which is chelated to the metallic center. The reaction
continues with the isomerization of the alkenyl to a metallacyclopropene, as illustrated by
TSBC (13.1 kcal mol?), yielding intermediate C (4.6 kcal mol?). While the metallacycle
formation is thermodynamically unfavored, it entails the transformation of the internal
carbon into a carbenic carbon. It makes this carbon atom electron deficient and therefore
prone to a nucleophilic attack. This is followed by the decoordination of the pyridone
oxygen (D, 7.3 kcal mol?), which possibilitates its attack on the carbenic carbon, as
characterized by transition state TSDE (8.0 kcal mol?). This C—O coupling affords the
experimentally observed intermediate E, which is significantly more stabilized than other
intermediates in this catalytic cycle at a relative energy of -14.0 kcal mol™.

The C—N coupling was also studied, with the most energetically favored pathway
for this reaction deviating from that of the C—O coupling at intermediate D. From this
point the pyridone can have its N atom, by which it is solely coordinated to the Rh, move
from the position trans to the IPr to the position trans to the carbenic carbon so that the
carbonylic oxygen can occupy the vacated site. This change in coordination mode yields
intermediate C’ (5.9 kcal mol?), from which the pyridinic N can be decoordinated to afford
intermediate D’ (10.5 kcal mol?). This leaves the pyridone coordinated solely by its O
atom to the Rh while the pyridinic N is free to attack the metallacyclepropene carbenic
carbon, as characterized by TSDE’ (10.8 kcal mol?). This attack yields E’ (-9.5 kcal mol?),
presenting the gem-N-alkenylated pyridone coordinated to the metallic center by both its
O atom and its alkene bond.

Similar to what was previously observed for the catalyzed alkyne dimerization in
Section 5.1, the oxidative addition of substrate molecules to form a metallic hydride is a
significantly less energetically favored reaction pathway than the proton transfer enabled
by hydroxypyridine. The most energetically favored oxidative addition process that could
explain the observed reactivity involved the alkyne decoordination and the cleavage of the
hydroxypyridine O—H bond (TSAK, 31.2 kcal mol?). Figure 5.13 compares this reaction to
the proton transfer to the alkyne from both the 2-hydroxypyridine (TSAB) and the 2-
pyridone (TSAB’, 19.2 kcal mol?).
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TSAB (13.3 kcal mol-') TSAK (31.2 kcal mol-) TSAB’ (19.2 kcal mol-')

Figure 5.13. Representations of TSAB, TSAK and TSAB’ with relevant distances.

Drawing further similarities between these two mechanisms, the gem-selectivity of
the studied process is also defined by the preferential proton transfer towards the
terminal carbon over the internal one, leading to a 11.0 kcal mol?! energy difference
between TSAB and TSABt. Nevertheless, alkyne dimerization continues with the reductive
elimination involving the ligand that has donated the proton and the one receiving it
(alkynyl and alkenyl respectively). In opposition to this, the direct alkenyl-pyridone C—0O
coupling for this system, as characterized by TSRE is significantly energetically disfavored
at a relatively energy of 38.7 kcal mol™. Figure 5.14 displays the differences between TSRE
and the C—O coupling process taking place in the operating mechanism (TSDE).

TSDE (8.0 kcal mol) TSRE (38.7 kcal mol)
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Figure 5.14. Representations of TSDE and TSRE with relevant distances.
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Moreover, the chemoselectivity for this reaction is caused by the C—O coupling
being favored over the C—N coupling. This can be correlated to the preferred
coordination of the pyridinic N to the trans position of the IPr over that of the alkoxy 0,%*?
as well as the more stabilizing Rh—N bond compared to the Rh—O one, resulting in the
2.8 kcal mol? difference between TSDE and TSDE’.

For the catalytic cycle to be completed, the afforded alkenylated pyridone has to be
decoordinated and new substrate molecules coordinated, regenerating the initial species,
A. Since the product is coordinated through two distinct moieties to the Rh, and two
different substrate molecules have to be coordinated to the metal, a wide variety of
reaction pathways can lead to the release of the product and regeneration of A. Figure
5.15 presents the determined operating mechanism for this process.

109



Chapter 5: CO; Hydrofunctionalization of Terminal Alkynes

cl., Ph
y N/[Rhli (H \ 7/
QO H

c'
59

H
oI, 46 C—IRNIA

. Ph
[Rh] N_O
o H

\_/

-23.2

Figure 5.15. DFT calculated free energy profile (in kcal mol™ relative to A and isolated molecules)
for the release of the C—O and coupling product (red pathway) and the profile for the release of
C—N and coupling product (blue pathway) via an associative pathway.

The mechanism presenting the lowest energy barrier for the release of the O-
alkenylated pyridone goes through the concerted coordination of a phenylacetylene
molecule and release of the product alkenyl ether as characterized by TSEF at a relative
energy of 9.5 kcal mol™. This results in the formation of intermediate F (-5.6 kcal mol?)
presenting the product exclusively bonded through its pyridinic N in the trans position to
the IPr and the m-coordinated phenylacetylene in the trans position to the Cl.
Subsequently, the product can be exchanged by a 2-hydroxypyridyne regenerating A and
releasing the product.

Therefore, the reaction rate determining species for the formation of the O-
alkenylated product are E and TSEF, yielding an energy span of 23.5 kcal mol™. This barrier
aligns well with the fact that the catalysis requires moderate heating to occur. The
formation of this product is exothermic by 16.3 kcal mol! whereas that of the N-
alkenylated product is exothermic by 23.2 kcal mol™l. Hence, the former is the kinetic
product while the latter is the thermodynamic product. This conclusion was
experimentally proven by heating the isolated O-alkenylated product with a catalytic
amount of preA for 72h at 90°C, which resulted in the N-alkenylated product formation. It
is essential to note that, this transformation does not occur in the absence of catalyst.
However, it should also be noted that the N-alkenylated product formation through
heating the catalytic crude for prolonged periods is not a viable strategy due to the
decomposition of the active species.
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Furthermore, other pathways for the product release starting with either the
dissociation of the pyridone heteroatom or dissociation of the product alkenyl group were
explored, with the former being the most favorable for the N-alkenylated product release.

Figure 5.16 presents the energy profile this mechanism.
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Figure 5.16. DFT calculated free energy profile (in kcal mol™ relative to A and isolated molecules)
for the release of the C—0O and coupling product (red pathway) and the profile for the release of
C—N and coupling product (blue pathway) via dissociative pathways.

The decoordination of the alkenyl group of E and E’ is carried out via TSEG (27.3 kcal
mol?!) and TSEG’ (18.8 kcal mol?) respectively. However, both these transition states are
significantly more destabilized than those present in competing pathways for product
release. Alternatively, the decoordination of the pyridone groups of E and E’ are
characterized by the transition states TSEH (9.6 kcal mol?) and TSEH’ (9.9 kcal mol?),
respectively. Nevertheless, the less stabilized species in these pathways are the
intermediates formed after phenylacetylene coordination trans to the product alkenyl
group, | (16.3 kcal mol?) and I’ (10.0 kcal mol?). The former is significantly more stabilized
than TSEF’, facilitating a more energetically favored pathway for the N-alkenylated

product release.

Thus, whereas the associative pathway is the most favored for the O-alkenylated
product release, the N-alkenylated product is released via this dissociative mechanism.
While the former occurs through TSEF and the latter takes places through the slightly
more destabilized I’. Nevertheless, the selectivity towards O-alkenylated product
formation originates in the more destabilized transition state for the C—N coupling (TSDE’
at 10.8 kcal mol?).

111



Chapter 5: CO; Hydrofunctionalization of Terminal Alkynes

As the species with their pyridinic N coordinated to the Rh are remarkably more
stable, the most energetically favored mechanism for E’ formation goes through the
previous formation of E. Thereafter it is possible, albeit kinetically and thermodynamically
disfavored, for the C—O bond to be cleaved (TSDE), for the pyridonate coordination mode
to change to a less energetically favored configuration that allows the pyridinic N attack (C
to D’) and then for the C—N coupling to occur (TSDE’). Although pyridone hemilability
allows C, D, C’ and D’ to be in quasi-equilibrium, and therefore for E to be transformed
into E’ by surmounting an effective energy barrier of 24.8 kcal mol?, this reaction is less
favored than the O-alkenylated product release via the associative pathway.

Nevertheless, while this process is kinetically disfavored when compared to the
direct O-alkenylated product formation, this behavior opens the possibility for the
transformation of the O-alkenylated product into the N-alkenylated one. The O-
alkenylated product formation can be reverted up to E, and from that point lead to the N-
alkenylated product formation through the previously mentioned process. Hence, this
isomerization presents and effective energy barrier of 27.1 kcal mol?! defined by the
energy liberated with the formation of the O-alkenylated product and TSDE’. This barrier
aligns well with the reaction requiring heating of 90°C for days, as experimentally noted.

The reaction for other substrates was explored in order to further validate the
mechanism. The reaction between 1-hexyne and 2-pyridone with both at 0.4M
concentration, and 0.001M of the catalyst, reached 10% conversion of after 20h at 50°C.
The reaction of phenylacetylene with 2-pyridone reached 96% conversion in that time
under these same conditions. Conversely, the reaction of phenylacetylene with 6-chloro-
2-pyridone achieved full conversion within two hours under these conditions. The
mechanisms for these reactions were studied, with the rate-limiting species for the
formation of the O-alkenylated product for these substrates depicted in Figure 5.17.
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Figure 5.17. DFT calculated relative free energies (kcal mol™) to compare the rate-limiting species
to yield the O-alkenylated product, for a selection of susbtrates.
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Therefore, the reaction utilizing 6-chloro-2-pyridone presents an energy span of 19.5
kcal mol?, whereas the one employing 1-hexyne presents an energy span of 25.9 kcal mol
1. These results match the trend observed for the catalytic rates with the former
presenting a significantly higher reaction rate than the reaction between 2-pyridone and
phenylacetylene, and the latter exhibiting a significantly lower one.

To recapitulate, the selective alkyne hydropyridonation catalyzed by the studied Rh-
IPr complex presents many points of interest throughout its determined mechanism. The
first transition state in the catalytic cycle corresponds to the selective proton donation of
the pyridone to the m-coordinated alkyne terminal position (TSAB), which yields the gem-
alkenyl. This selectivity is due to the terminal carbons of most terminal alkynes displaying
a significantly more negative atomic charge than the internal carbon. The
ethynyltrimethylsilane is known to be one of the few exceptions to this rule, exhibiting a
more negative charge on its internal carbon than on the external one. Experiments with
this alkyne selectively afforded the trans-product, proving the relevance of the proton
transfer towards the selectivity of the process.

Following that, the alkenyl is isomerized into a metallacyclopropene (TSBC),
facilitating the pyridonate nucleophilic attack. Although this transformation is generally
highly energetically disfavored, effects such as the strong electron-donation and bulkiness
of the IPr, can stabilize these species. Figure 5.18 compares the relative stability of these
species and for the analogue complexes containing a PPhs instead of the IPr.
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Figure 5.18. DFT calculated relative free energies (kcal mol?) to compare the effect of IPr and PPhs
in the alkenyl-metallacyclopropene isomerization.

Similar to the IPr, the PPhs is a strong electron density donor. However, the
configuration of the PPhs leads to its phenyl groups extending outward from the other
ligands, whereas in the case of IPr, its bulky Mes groups are oriented inward. This
difference generally results in greater interactions between the IPr and the ligands. These
interactions can favor processes such as this isomerization, because the metallocycle and
the gem-alkenyl interact differently with the IPr via steric hinderance and dispersion
interactions.
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Subsequently, the pyridonate ligand attacks the metallocycle carbenic carbon,
leading to the formation of either the O-alkenylated or N-alkenylated product. The
selectivity for this process is defined by the strong preference of the pyridinic N to be
coordinated to the Rh, and in trans-position to the IPr. This favors the C—O coupling
(TSDE) over the C—N coupling (TSDE’), which makes this process chemoselective.

Lastly, the product release can occur through diverse pathways. The associative
pathway begins with the concerted association of a new alkyne molecule and release of
the product alkenyl group (e.g., TSEF). The dissociative pathways begin with the
decoordination of one of the product moieties, its alkenyl (e.g., TSEG) or its pyridone
moiety (e.g., TSEH). For the reaction between phenylacetylene and 2-pyridone, the O-
alkenylated product is released through the associative pathway, with this process (E to
TSEF) defining the catalytic rate for the obtention of this product. The interplay between
the great steric hindrance of IPr and its high trans effect might promote the product
release. In opposition, the N-alkenylated product for these substrates is released via the
dissociative pathway starting with the pyridone decoordination. This can be related with
the less stabilizing coordination between the Rh and the carbonylic O in trans position to
the IPr, when compared to the coordination of the pyridinic N to this position (see the
difference between C and C’). This pathway is also favored for the release of the O-
alkenylated product for phenylacetylene and 6-chloro-2-pyridone, likely due to steric
effects experimented by the halogen in the pyridone.

Hence, the IPr ligand can influence the product release through both steric
hindrance and electronic effects, such as the trans effect. This is especially relevant as the
product release is the rate-limiting process for every studied system. Experimental tests
indicated that the presence of an NHC was essential to the observed activity, as reactions
with RhCI(PPhs); or [Rh(u-Cl)(BINAP)], favored the alkyne dimerization over the alkyne
hydropyridonation. Other catalytic tests were carried out substituting the 2-pyridone
derivatives by similar compounds, namely phenol, N-methyl-2-aminopyridine, 2-
thiopyridine, or 2-(hydroxymethyl)pyridine with none of them being productive. This
indicated the requirement of both N and O atoms located at the 1,2-positions of the
substrate for this reaction to be feasible.

Therefore, the mechanisms for the generation of the O-alkenylated and N-
alkenylated products have been determined. Moreover, the factors that define the
selectivity for these processes have been outlined. Lastly, these results have been
validated wusing a diverse series of experimental tests and observations.
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Conclusions

This Thesis is dedicated to the computational determination of catalytic reaction

mechanisms. These results, as well as other insights specific to each system have been

explored

along the dissertation. Presented below are the summarized main findings

derived for each system:

4.1

4.2

4.3

5.1

5.2

The activity of this catalytic system hinges on the Lewis acidity of the B(CsFs)s. In
this mechanism, the H—Si bond of the hydrosilanes is cleaved via a Sn2-type
reaction in which this cocatalyst captures the leaving hydride and subsequently
transfers it to the C atom of the substrate being reduced. The competition
between the two determined mechanisms respectively leading to the formation
of the silylformate and the bis(silyl)acetal rationalizes the dependence of the
selectivity on the CO; pressure and temperature of the reaction.

The catalytic rate is enhanced by the additive NEts, which maintains a significant
and constant concentration of the formate in the system as it is consumed in
the rate-determining process. KIE experiments revealed that the microsolvation
of this system was necessary to a correct representation of the reactivity.

The dehydrogenation is determined to be catalyzed by a cationic Rh"' complex
generated through the oxidative addition of a FA molecule by the starting Rh'
complex. The catalytic reaction continues with the hydride abstraction from the
afforded formate while the remaining hydride is not directly involved in the
reaction at any point. The catalysis was evaluated for both the aforementioned
complexes with the decomposition of the formate being the rate-limiting
process for both of them, with that Rh"' complex presenting a lower effective
energy barrier. This result also proves the beneficial role of the HCOONa
additive towards the reactivity.

The dimerization is determined to occur through a Ligand Assisted Proton
Shuttle (LAPS) reaction enabled by the hemilability of the 2-pyridonate. The
selectivity of this process is determined by the favored protonation of the
external carbons of terminal alkynes, making it highly selective for a vast range
of substrates.

This reaction is facilitated by the 2-pyridone hemilability, with the operating
mechanism involving the formation and subsequent attack of a metallacycle.
However, the rate-limiting process consists of the release of the product which
occurs through different mechanism depending on the formed product.

116



Conclusiones

Esta tesis estd dedicada a la determinacién computacional del mecanismo de

reacciones cataliticas. Estos resultados, asi como otros hallazgos especificos de cada

sistema, han sido explorados en el desarrollo de esta Tesis Doctoral. A continuacidn, se

presentan resumidos los principales resultados de cada sistema:

4.1

4.2

4.3

5.1

5.2

La actividad de este sistema catalitico depende de la acidez de Lewis del
B(CeFs)s. En el mecanismo determinado, el enlace H—Si de los hidrosilanos se
rompe mediante una reaccidn de tipo Sn2, en la cual este cocatalizador captura
el hidruro liberado y posteriormente lo transfiere al &tomo de C del sustrato que
estd siendo reducido. La competicion entre los dos mecanismos estudiados que
conducen respectivamente a la formacion del sililformiato y del bis(silil)acetal
explica la dependencia de la selectividad en la presion de CO; y la temperatura
de la reaccidn.

La velocidad de reaccién incrementa debido al efecto del aditivo NEts, que
mantiene una concentracidn significativa y constante del formiato en el sistema
a medida que se consume en el proceso determinante de la velocidad. Los
experimentos de KIE revelaron que la microsolvatacion de este sistema era

necesaria para una representacion correcta de la reactividad.

Se determind que la deshidrogenacion esta catalizada por un complejo cationico
de Rh'"' generado mediante la adicién oxidativa de una molécula de FA del
complejo inicial de Rh'. La reaccién catalitica continta con la abstraccion de
hidruro del formiato resultante, mientras que el hidruro restante no participa
directamente en la reaccién en ningin momento. La catdlisis se evalué para
ambos complejos mencionados, con la descomposicion del formiato siendo el
proceso limitante para ambos, y el complejo Rh"' presentando una barrera de
energia efectiva mds baja. Este resultado también demuestra el papel
beneficioso del aditivo HCOONa para la reaccién

Se determind que la dimerizacién ocurre a través de una reaccién Ligand
Assisted Proton Shuttle (LAPS) posibilitada por la hemilabilidad del 2-piridonato.
La selectividad de este proceso estd causada por la protonacién preferencial de
los carbonos externos de alquinos terminales, lo que lo hace altamente

selectivo para una amplia gama de substratos.

Esta reaccidon se basa en la hemilabilidad de la 2-piridona, que permite la
formaciéon y el subsiguiente atague de del metalaciclo que forma parte del
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mecanismo operativo. Sin embargo, el proceso limitante de la velocidad
consiste en la liberacién del producto, lo cual ocurre a través de un mecanismo
diferente dependiendo del producto formado.
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ABSTRACT: The catalytic system [Ir(CF;CO,)(x>-NSi™),] [1; NSi™® = (4-methylpyridin-2-yloxy)dimethylsilyl]/B(CgFs);
promotes the selective reduction of CO, with tertiary silanes to the corresponding bis(silyl)acetal. Stoichiometric and catalytic
studies evidenced that species [Ir(CF;COO-B(C4Fs)s)()K2-NSiM),] (3), [Ir(k’-NSi™),][HB(C¢Fs);] (4), and [Ir(HCOO-
B(CgFs)3) ()K*-NSiM®),] (5) are intermediates of the catalytic process. The structure of 3 has been determined by X-ray diffraction
methods. Theoretical calculations show that the rate-limiting step for the 1/B(C4Fs);-catalyzed hydrosilylation of CO, to
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bis(silyl)acetal is a boron-promoted Si—H bond cleavage via an iridium silylacetal borane adduct.

he potential of CO, as a renewable and cheap C1 carbon

source has received increasing attention over recent
years." The major difficulties to achieve this goal are the kinetic
and thermodynamic stability of CO,, which hampers most of
its chemical transformations. In this regard, catalysis has
proven to be an essential tool for transforming CO, into value-
added chemicals. Although great advances have been made in
the field of the catalytic transformation of CO,, there are still
many challenges to overcome for its utilization as a raw
material on an industrial scale.””

Formic acid, formaldehyde, methanol, and methane are C1
chemicals that can be obtained from the reduction of CO,. In
this work, we focus on formaldehyde, which is obtained
industrially by the partial oxidation of methanol and has an
annual demand of 30 million tons.* The catalytic hydro-
genation of CO, to formaldehyde has been scarcely reported.®
However, several examples of the catalytic reduction of CO, to
the formaldehyde level with hydrosilanes®'* or hydro-
boranes'® have been reported. Catalytic systems based on
7r,° Re,” Ru,® Co” Ni,'® pd,"! pt,'' Sc,'2 Mg,13 and Zn"
complexes and germylene-B(C¢F;); adducts'* have proven to
be effective for the selective reduction of CO, with
hydrosilanes to the corresponding bis(silyl)acetal. It is
noteworthy that all of these catalytic systems require the use
of a Lewis acid, such as B(C4F;);, to selectively achieve the
formation of the corresponding bis(silyl)acetal.'® The
selectivity of these processes depends on the metal/B(C¢Fs);
ratio. Thus, with an excess of borane, the formation of methane
is facilitated.*"'* Although the effectivity of B(C4Fs); as a
hydrosilylation catalyst is well-known,'” B(C¢4F;); alone cannot
catalyze the hydrosilylation of CO,.%*'*®

It has recently been proven that bis(silyl)acetal, H,C-
(OSiPh;),, provides a means to incorporate CH,, (n =1 or 2)
moieties into organic molecules.'” Therefore, developing
catalytic systems effective for the reduction of CO, to the
bis(silyl)acetal level using hydrosilanes is of great interest.

© 2022 American Chemical Society

- 4 ACS Publications

To date, few studies have been reported on the mechanism
of these processes. Indeed, the mechanistic discussion remains
open. For example, two different mechanisms have been
proposed for the bis(phosphino)borylnickel hydride/B-
(CgFs)s-catalyzed reduction of CO, to the formaldehyde
level with hydrosilanes. Thus, while Rodriguez et al. proposed
a boron-promoted Si—H activation mechanism,'” Ke et al.
proposed a nickel-promoted Si—H mechanism.""

Understanding the mechanisms that operate in different
transition-metal-catalyzed processes to reduce CO, with
hydrosiloxanes is one of our aims.”’ We have recently reported
that species [Ir(CF;CO,)(x*-NSiM®),] [1; NSiM* = (4-
methylpyridin-2-yloxy)dimethylsilyl] catalyzes the selective
reduction of CO, with HSiMe(OSiMe;), to the corresponding
methoxysilane, CH;0SiMe(OSiMe;),, or silylformate,
HCO,SiMe(OSiMe;),, under mild reaction conditions. The
selectivity of this catalytic system can be easily tuned by
controlling the pressure of CO,.”! It is noteworthy that the two
active positions of the catalytic systems based on 1 are trans
located to two silyl groups; in addition, the Ir—Si bond in such
species is stronger than would be expected for a traditional Ir—
silyl bond.”” Hence, the positions trans to the Ir—Si bonds in
Ir(x®-NSiM*), complexes are highly activated.

We now report that using 1 as a catalyst precursor in the
presence of catalytic amounts of B(C4Fs); allow achievement
of the selective formation of bis(silyl)acetals by the reaction of
CO, with hydrosilanes (Scheme 1).

'H NMR studies of the 1/B(CgFs); (1:1 ratio; 1.0 mol
9%)-catalyzed reaction of CO, (1 bar) with HSiMe(OSiMe;),
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Scheme 1. 1-Catalyzed (1.0 mol %) Reactions of CO, with
Tertiary Silanes in the Presence of B(CF;); (1.0 mol %)

I

° Vo
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(HMTS) in Cg¢Dg at 323 K show the slow and selective
formation of H,C{OSiMe(OSiMe,),}, (2a; Table 1, entry 1).
To explore the scope of this catalytic process, we performed
the reaction of CO, with different silicon hydrides (HSiMe,Ph,
HSiMePh,, HSiEt;, and HSiMe(OSiMes),) in the presence of
1/B(C4Fs); (1:1) in C4Dg. The best reaction conditions were
found to be CO, (1 bar) and 323 K. The reactions are highly
selective to the formation of the corresponding bis(silyl)acetal
(Table 1, entries 1, 2, 4, and S). The nature of silane influences
the reaction performance. The best reaction rates were
obtained using HSiMe,Ph and HSiMePh, (Table 1). The
reactions with HMTS and HSiEt; were slower, which can be
attributable to the higher hindrance of the Si—H bond in such
compounds.

'"H NMR studies of the 1/B(C¢Fs); (1:1; 1.0 mol
9%)-catalyzed reaction of CO, with HSiMe,Ph in CgDy at
323 K demonstrate the influence of CO, pressure on the
reaction performance; at 3 bar, the reactions are faster but less
selective than those at at 1 bar (Table 1, entries 2 and 6). The
stoichiometry of borane is a key factor in the selectivity of
these catalytic processes. Within the range of 1—3 bar of CO,,
if the load of B(C4F)5 is increased from 1.0 to 2.0 mol %, the
reactions are selective toward the formation of methane® and
O(SiMe,Ph),, albeit at a lower rate (Table 1, entry 7). While
reducing the amount of B(C¢Fs); to 0.5 mol % does not alter
the activity, the selectivity is affected, resulting in the formation
of silylformate (82%) and bis(silyl)acetal (18%) as secondary

products (Table 1, entry 8). In the absence of additives, the
catalyst precursor 1 promotes the reduction of CO, (1 bar)
with HSiMe,Ph to give silylformate (90%) as major reaction
product (Table 1, entry 9).

'H NMR studies of the 1-catalyzed (1.0 mol %) reaction of
CO, (1 bar) with HSiMe,Ph in the presence of BPh; (1.0 mol
%), instead of B(C4Fs); show a slower and less selective
reaction. After 24 h, a 73% conversion of hydrosilane is
reached to give a mixture of the corresponding silylformate
(81%), bis(silyl)acetal (12%), and methoxysilane (7%) (Table
1, entry 3). Therefore, BPh; plays a role in the activity and
selectivity of the process, although to a lesser degree than
B(CgF);, which can be correlated to its lower Lewis acidic
character.

'"H NMR studies of the reaction of 1 with B(C4Fs)s
evidenced the quantitative formation of [Ir(CF;COO-B-
(CeFs),) (K-NSiM®),] [3 (CCDC 2218258); Scheme 2].

Scheme 2. NMR Monitoring of the Stepwise Stoichiometric

Reaction
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Contrarily, no reaction is observed between 1 and BPh;
under the same conditions. The molecular structure of 3 has
been confirmed by X-ray diffraction studies (Figure $38). The

Table 1. Results from the 1 (1.0 mol %)- and BR;-Catalyzed Reaction of CO, with Hydrosilanes in C;Dg at 323 K

entry silane borane equiv of BR; CO, (bar) time (h

1 HMTS B(C4Fs)4 1 1 16

40
2 HSiMe,Ph  B(C4Fs), 1 1 16

40
3 HSiMe,Ph BPh; 1 1 24
4 HSiMePh, B(CgFs)3 1 1 16

40
3 HSiEt, B(C4Fs),4 1 16

40
6 HSiMe,Ph B(CgFs)3 1 3 8
7 HSiMe,Ph  B(CgFs), 2 1 24
8 HSiMe,Ph B(CgFs)3 0.5 1 24
9 HSiMe,Ph 1 24

ratio of the reaction products

)  conversion (%)* OCHO (%)® OCH,0 (%)® CH,0 (%)” CH, (%)

28 >99 <1

74 >99 <1

93 >99 <1

>99 >99

73 81 12 7

78 >99 <1

>99 >99 <1

12 >99 <1

25 >99 <1

>99 83 13 4

48 >99°
93 82 18

50 90 2 8

Conversxon and selectivity percentages are based on 'H NMR integration using hexamethylbenzene (0.0525 mmol) as an internal standard.
bComposition of the mixture of products. “On the basis of the "H NMR integral of O(SiMe,Ph),, 12% CH, was formed.
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Figure 1. DFT-calculated Gibbs free energy profile for the catalytic formation of bis(silyl)acetal from E (kcal mol™") relative to A.

geometrical parameters of the [Ir(x>-NSi™®),] fragment (see
the Supporting Information, SI) agree with those of 1, with
short Ir—Si bond lengths [2.2526(11) and 2.2599(11) A]. The
Ir—O bond length in 3 [2.285(3) A] is shorter than those
found in 1 [2.363(3) and 2.418(3) A].**®

The ""B{'H} NMR spectra of 3 show a singlet at § = —1.7
ppm (Figure S18), in agreement with what is expected for the
O—B(CgFs); fragment™ (Scheme 2). The absolute value of
the difference between &, and Oy, of the fluorine atoms
A(8,,p) in the '’F NMR spectra of 3 is 6.3 ppm (Figure S21),
whichzggl;ees with the presence of a tetracoordinated borate
anion.””’

The addition of 1 equiv of HSiMe(OSiMe;),, at room
temperature (RT), to CgDg solutions of 3 gives [Ir(x*
NSiM®),][HB(C¢F);] (4) and CF;CO,SiR;. The "B NMR
spectra of 4 show a doublet resonance at § = —15.1 ppm (*J5_y
= 53 Hz),"”™">* which in the "B{'"H} NMR spectra appears as
a singlet (Figures S24 and $25). Moreover, the ’F NMR
spectra show a A(8,,,) value of ~6 ppm, which is higher than
the characteristic values found for noncoordinating [HB-
(CgFs);]™ anions [A(8,,,) < 3 ppm], which indicates a certain
degree of coordination of the [HB(C4F;);]” anion to the
metallic center.'”

The addition of an excess of HSiMe(OSiMe;), to C¢Dg
solutions of 3 produces 4 and CF;CH{OSiMe(OSiMe;),},.
Note that the overreduced product CF;CH,0SiMe(OSiMe;),
is not obtained, which is reminiscent of the 1/B(C¢Fs); system
selectivity toward the bis(silyl)acetal species. This evidences
the effective entrapment of B(C¢Fs); in the form of a
hydridoborate ion pair because the free borane might promote
activation of the Si—H bond toward reduction of the
bis(silyl)acetal derivatives, as well as the direct participation
of 4 in the catalytic reaction, because 4 not only promotes
hydrosilylation of the TFA ligand or CO, but also catalyzes
reduction of the R“COOSIR; species (R’ = H, CF;).

The '"H NMR spectra of 4 in C¢Dg show no changes when
pressurized with CO, (3 bar) at RT. However, after the
reaction mixture is heated at 323 K, the formation of complex
[Ir(HCOOB(CgFs);) (k*-NSiM),] (5) is observed. The
presence of a IrOC(H)OB(C4Fs); moiety in § has been
demonstrated by means of 'H, *C, !B, and F NMR
spectroscopies (Figures $32—S36). The addition of 2 equiv of
HSiMe(OSiMe;), to a solution of §, in the absence of CO,,

produces the formation of 2a and the regeneration of 4 within
1 h at RT (Scheme 2). Exposure of § to '*CO, (2.7 bar) at 353
K for 48 h did not result in the partial substitution of
[Ir]OC(H)OB(CgF;); to the 'C-enriched [Ir]O*C(H)OB-
(CgFs)3, which suggests that, different from that reported for
analogous MOC(H)OB(C¢Fs); (M = Re,® Ni,'" Pd,'" Pt'")
species, the CO, insertion step to give § is irreversible under
the catalytic conditions.

Density functional theory (DFT) studies at the MO6L-
(SMD)/def2-TZVP//B3LYP-D3(B])/def2-SVP level have
been performed to study in detail the reaction mechanism of
CO, hydrosilylation catalyzed by 3 (see the SI). HSiMe; has
been selected as a model system for the silanes. The Gibbs free
energy energetic profile for the catalyst activation process, from
3 (A) to 4 (D) (Figure S39), is exoergic by 10.8 kcal mol™.
Si—H bond activation occurs via boron-promoted Si—H
cleavage TSBC (9.0 kcal mol™), which corresponds to a
linear Sy2 nucleophilic attack of the terminal oxygen of the
trifluoroacetate ligand to the silicon atom in which the leaving
hydride is transferred to the boron moiety. A similar type of
activation mechanism has been proposed for Lewis acid PBP—
Ni hydrosilylation of CO, based on DFT calculations.'® An
alternative mechanism for the Si—H activation step based on a
nickel-promoted Si—H cleavage has been proposed.'* In our
case, the iridium-promoted Si—H cleavage is energetically
disfavored (see Figures S40 and S41 for a comparison of both
pathways). Intermediate D can be described as a hydroborate
moiety and a cationic metallic complex rather than a metal
hydride interacting with the Lewis acid. Inspection of the
natural bond orbitals reveals a 6(B—H) bonding orbital with
an electron population of 1.76 electrons (Figure S42).

The coordination of CO, to D leads to the beginning of the
catalytic cycle. The Gibbs free energy profile for this process is
reported in Figure 1. The first step corresponds to hydride
transfer from HB(Cg4F;); to CO, via TSEF at an energy barrier
of 222 kcal mol™ from intermediate D. The obtained
intermediate F is thermodynamically favored (—13.1 keal
mol™") and corresponds to complex § experimentally detected
by NMR. Following that, the addition of silane leads to o'-H-
(HSiMe;) coordination to F, yielding G. Then, activation of
the Si—H bond takes place via TSGH, like the previously
reported TSBC, consisting of the linear Sy2 nucleophilic attack
of the terminal oxygen atom of the formate to the silicon atom
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and transfer of the leaving hydride to the boron atom of the
Lewis acid. The activation barrier of TSGH is 15.9 kcal mol™,
leading to intermediate H. The subsequent hydride transfer
from the hydroborate to the carbon atom of the silylformate
coordinated to the metal takes place through TSHI, yielding
intermediate I. Upon reaction with another molecule of
HSiMe;, the silylformate develops into the final bis(silyl)acetal
product via TSIJ, with the activation energy for this step being
23.2 kcal mol™. This activation barrier for the boron-
promoted Si—H bond cleavage is higher than those of the
previously related processes, TSBC (9.0 kcal mol™') and
TSGH (15.9 kcal mol™"). It should be noted that, for TSIJ, the
nucleoPhilic attack to the silane is performed by an alkoxy
group, *'7%** in contrast with previous steps, where the
nucleophilic attack was performed by trifluoroacetate and
formate groups.

The catalytic process is strongly exergonic (—30.9 kcal
mol™"), and the rate-limiting step is boron-promoted Si—H
cleavage by the iridium silylacetal borane adduct I (23.2 kcal
mol™") characterized by TSIJ. This activation barrier agrees
with the experimental finding that the reaction proceeds slowly
at RT. Indeed, the reaction of 4 with CO, (3 bar) to give §
requires heating at 323 K. It should be noted that the
intermediates proposed in the DFT-calculated catalytic cycle
match the experimentally detected species (4 and §; Scheme
2).

In conclusion, this is the first example of an iridium-based
catalytic system effective for the selective reduction of CO, to
the formaldehyde level with hydrosilanes. The selectivity of
this catalytic system to the formation of bis(silyl)acetals is
determined by the interaction between the active species and
the Lewis acid B(CFq);. In fact, any factor that affects that
interaction influences the selectivity of the process. Thus, using
a borane with a lower Lewis acidity such as BPh;, high
temperature, or CO, pressure higher than 1.0 bar inhibit the
selectivity toward the bis(silyl)acetal. DFT calculations support
a boron-promoted Si—H cleavage mechanism, with the rate-
limiting step being boron-promoted Si—H cleavage by the
iridium silylacetal borane adduct L.
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Dehydrogenation of formic acid using iridium-NSi
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Using a low loading of the iridium(i) complexes [I(CFsSO3)(k*-NSi™),] (1) (NSI™" = (4-methylpyridin-2-
yloxy)diisopropylsilyl) and [{Ir(k2-NSiM®),},(u-CF35O3)sl (2) (NSiME = (4-methylpyridin-2-yloxy)dimethyl-
silyl) in the presence of EtzN, it has been possible to achieve the solventless selective dehydrogenation of
formic acid. The best catalytic performance (TOFs min &~ 2900 h™) has been achieved with 2 (0.1 mol%)
and EtzsN (40 mol% to FA) at 373 K. Kinetic studies at variable temperatures show that the activation
energy of the 2-catalyzed process at 353 K is 22.8 + 0.8 kcal mol™. KIE values of 1.33, 2.86, and 3.33
were obtained for the 2-catalyzed dehydrogenation of HCOOD, DCOOH, and DCOOD, respectively, in
the presence of 10 mol% of EtzN at 353 K. These data show that the activation of the C—H bond of FA is
the rate-determining step of the process. A DFT mechanistic study for the catalytic cycle involving
hydride abstraction from the formate anion by the metal, assisted by a molecule of formic acid, and het-
erolytic H, formation has been performed. Moreover, the presence of Ir-formate intermediates was ident-
ified by means of NMR studies of the catalytic reactions in thf-dg at 323 K. In all the cases, the decompo-
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Introduction

The future implementation of the hydrogen economy on a
global scale depends on achieving scientific and technological
advances to overcome the difficulties related to its production,
delivery, storage and transport.' In this context, liquid organic
hydrogen carriers (LHCs) have become an alternative for the
storage and transportation of H, in a safe and easy manner.”
Among them, formic acid (FA) stands out as an interesting
option since it can be easily prepared, stored and transported,
and, in addition, it has a high volumetric concentration of H,,
which reaches 53 L™".°

Two competitive and thermodynamically accessible reaction
pathways for the decomposition of FA can occur: the dehydro-
genation to produce H, and CO,, and the dehydration to give
CO and H,O (Scheme 1). In this regard, due to the CO poison-
ing of the Pt electrode in fuel cells,” the selective production of
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sition of the catalyst to give unactive crystalline iridium NPs was observed.

H, from FA is required to apply FA-based fuel cells in vehicles
and other fuel cell-based technologies.>”

It is generally assumed that the first examples of homo-
geneous catalytic FA dehydrogenation (FADH) were reported by
Coffey and co-workers in 1967.° They reported that Pt-, Rh-,
Ru- and Ir-phosphane complexes catalyzed the FADH in acetic
acid; particularly, the iridium(u) complex [IrH;(PPhs);] was
found to be a highly effective catalyst (TOF = 1187 h™').
Conversely, it was not until 2008 that Beller® and Laurenczy’
and their respective co-workers reported the potential of the
catalytic dehydrogenation of FA to supply hydrogen to fuel
cells. Over recent decades, great advances have been made in
this field.>*

In this regard, it should be mentioned that several
examples of highly active catalysts for FADH that operate in
aqueous solution, such as the binuclear iridium-bipyridine
catalysts described by Fujita and Himeda et al (TOF =
228000 h™"),® the cationic species [IrCICp*(2,2"-bi-2-imidazo-

dehydrogenation
———

HCO,H CO, + H2

dehydratation

HCO,H —— > CO + H,O

Scheme 1 Possible decomposition reactions for FA.

This journal is © The Royal Society of Chemistry 2022
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line)]Cl1 (TOF = 487500 h™"),” the Ir complex [IrCp*(H,0)
(DHBP)]*" (DHBP = 4,4-dihydroxy-2,2"-bipyridine; (TOF =
14000 h™"),"* the cationic ruthenium species [Ru(p-cymene)
(2,2"-bi-2-imidazoline)Cl]Cl (TOF = 12000 h™")"" and iridium
compounds of general formula [IrCICp*(L)] (L = diphenylethyl-
enediamine and derivatives; TOF =~ 5000 h™' and
11000 h™),">"® have been reported in recent years. However,
examples of catalytic solventless dehydrogenation of FA, which
is of great interest since it allows one to reduce the reaction
volume and avoids the use of organic solvents that could
damage the fuel cell, are scarce.*

A pioneering example of solventless catalytic FADH was
published by Williams et al. in 2016."*? They found that in the
presence of catalytic amounts (0.005 mol%, 50 ppm) of the
iridium(r) species [Ir(cod)(x*-NP*®")][CF;SO;] (NP = 2-({di-t-
butylphosphino}methyl)pyridine) and 5 mol% of the formate
base it was possible to achieve the dehydrogenation of FA with
a maximum TOF value of 13300 h™". Recently, Fischmeister
et al. (max. TOF =~ 13300 h™"),"** Iglesias and Oro et al. (max.
TOF ~ 11600 h™")'*” and Gelman et al. (TOF ~ 11 800 h™")"*
have also reported examples of highly active iridium catalysts
for solventless FADH.

In this work, as a continuation of our studies on the cata-
lytic properties of iridium'® and rhodium'® species with
pyridin-2-yloxy-silyl based ligands in catalysis, we have
explored the potential of iridium(m) complexes with mono-
anionic bidentate (k*>-NSi%; R = Me, {4-methylpyridine-2-yloxy}
dimethylsilyl; R = ‘Pr, {4-methylpyridine-2-yloxy}diisopropyl-
silyl) ligands as catalysts for the dehydrogenation of FA in the
presence of Et;N.

Results and discussion

NMR studies of the iridium-NSi® catalyzed FADH in thf-ds in
the presence of Et;N

The first examples of transition-metal catalyzed generation of
H, from FA-amine adducts were reported by Beller et al in
2008.° Since then, a number of catalytic systems effective for
the hydrogen generation from FA-amine adducts have been
reported, including Ru,*'® Fe,'” and Mn®’ complexes and
organocatalysts.”” These systems usually operate with 2 equiv.
of amine per 5 equiv. of formic acid (40 mol% of amine to FA).
In this regard, Beller et al. found that a reduction of the cata-
Iytic performance was observed when using a lower amine
loading.® Moreover, it has been reported that the nature of the
amine influences the potential of the FA-amine adducts as a
hydrogen source, the best results have commonly been
obtained using the FA-Et;N system.®'$>!

To explore the potential of the iridium-NSi® species as cata-
lyst precursors for the dehydrogenation of FA, "H NMR studies
of FADH in thf-dg using complexes [Ir(CF;S0;)(x*-NSi""),] (1)"”
and [{Ir(k*NSi™€),},(1-CF3805),] (2)'* as catalyst precursors
(Scheme 2) and NEt; (40 mol% to FA) as the base have been
performed (Fig. S1-S8%).

This journal is © The Royal Society of Chemistry 2022
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Scheme 2 Catalyst precursors 1 and 2.

We have found that the thf-dg solutions of complexes 1 (or
2) and FA (20 equiv. of FA to Ir) are stable at 323 K for at least
3 hours. Under these conditions only traces of H, (6 4.56 ppm)
were observed in the "M NMR spectra of such solutions
(Fig. S1 and S27). The 'H NMR spectra of the thf-dg solutions
of 1, FA (20 equiv. to Ir) and Et;N (40 mol% to FA) show no
changes at RT, and it is necessary to heat at 323 K for 30 min
to observe the full transformation of 1 into the species
[Ir(OCHO)(k*NSi"*"),] (3) and the formation of H, (Scheme 3).
All the attempts to isolate 3 were unsuccessful. However, it has
been characterized in solution by means of 'H, >C and *Si
NMR spectroscopy (Fig. S4, S5 and S67). The most noticeable
resonance in the 'H NMR spectra of 3 is a singlet at &
10.11 ppm, which correlates in the "H-">C HSQC spectra with
a singlet that appears at § 175.7 ppm in the *C APT spectra.
*%Si{'H} NMR shows a single resonance centered at &
41.4 ppm, which correlates in the "H->°Si HMBC spectra with
the resonances due to the Si-'Pr protons in the "H NMR. This
value compares well with the values reported for [Ir(X)(k>-
NSi*"),] (X = Cl, CF;S0;) species. Moreover, the 'H NMR
spectra show the resonances corresponding to H, and to the
[HEt;N]" cation. Moreover, the '>C NMR spectra evidenced the
presence of CO, (Fig. S81) and no traces of CO were observed.
These outcomes show that the Ir-Si bond in 3 is stronger than
a normal Ir-silyl bond, which agrees with the silyl/base-stabil-
ized silylene character reported for such bonds."”

On the other hand, "H NMR studies of the behavior of the
thf-dg solutions of 2 and FA (20 equiv. to Ir) and EtzN
(40 mol% to FA) show that at RT the catalytic process is slow,
and it is necessary to heat at 323 K to achieve a reasonable
activity. These studies showed the transformation of 2 into a
mixture of complexes. Although, in this case, it has not been

® -
7 T/ o, FFa Q T/
/
o
RSl =S\ HCOOH /EtsN RSt i SC—H
RZSl/ | 0O — stlf | d
S - [Et;NH][CF ;80;] i
p R=iPr p
1 3

Scheme 3 Reaction of 1 with FA—EtsN in thf-dg at 323 K.
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possible to characterize the components of these mixtures. It
has been observed that two components of these mixtures are
Ir-(OCHO) (6 10.25 ppm), related to 3, and Ir-(H) (&
—24.88 ppm) species (Fig. S7t). Moreover, the formation of H,
and the disappearance of the resonances of FA during the cata-
Iytic process were observed.

Therefore, these NMR studies evidenced that the thf-dg
solutions of both complexes, 1 and 2, promote the FADH in
the presence of Et;N.

Ir-NSi® catalyzed dehydrogenation of FA using Et;N as the base

The outcomes of the NMR studies prompted us to overcome
the challenges of using the systems based on 1 (or 2) and Et;N
as the catalyst precursor, for the solventless catalytic FADH. In
all the experiments, the gas evolution was measured using a
man on the moon™ reactor (H, : CO, =1:1).>

A comparative study of the activity of complexes 1 and 2 as
catalyst precursors for the hydrogen generation from FA-Et;N
(10 mol% of Et;N to FA) at 353 K under neat conditions shows
that complex 2 (TOF; 4 min = 190 h™") is a more effective catalyst
precursor than 1 (TOF;¢ min = 6 h™') (Fig. S91). This result
agrees with the outcomes of the NMR studies. Therefore, we
decided to further explore the 2-catalyzed FADH processes.

To shed light on the effect of the Et;N concentration on the
reaction performance, we have performed experiments varying
the concentration of Et;N from 1.0 to 40 mol% (to FA) using 2
(0.1 mol% to Ir) as the catalyst precursor under neat con-
ditions and at 353 K. The outcomes of these studies, which are
shown in Fig. 1, revealed that the experiments performed with
an initial concentration of Et;N of 40 mol% to FA (FA:Et;N
ratio of 5:2) show higher catalytic performance. Reducing the
amine concentration results in a decrease in the activity.
Consequently, in agreement with this, a lower concentration of
Et;N (1.0 to 5.0 mol%) results in lower catalytic performances.
It should be mentioned that when using an initial concen-
tration of Et;N of 20 mol% to FA an acceleration of the reac-
tion rate is observed after one hour, which could be a conse-

45 T T T

40 mol% NE,
20 mol% NEt,

10 mol% NEt,

5 mol% NEt,

-~ 2.5 mol% NEt,

30
- 1 mol% NEt,

Pressure (bar)

120
Time (min)

Fig. 1 Pressure of H, (bar) vs. time observed during the 2-catalyzed
(0.1 mol% referred to Ir) solventless dehydrogenation of formic acid—
EtzN adducts at 353 K (concentration of EtzN referred to FA.
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quence of the gradual increase of the relative amine-FA ratio
due to the consumption of FA.

Next, we have studied the effect of the temperature on the
performance of the catalytic FADH using 2 as the catalyst pre-
cursor. In this study, we decided to use an initial concentration
of Et;N of 10 mol% and a catalyst loading of 0.1 mol% referred
to iridium (2 contains two Ir atoms). These studies revealed
that as expected the temperature provides a positive effect on
the reaction performance (Fig. 2). In all cases, after
20-30 minutes, the slow formation of a gray precipitate due to
the decomposition of the catalyst was observed.

The highest activity of this system has been found using 2
(0.10 mol% referred to Ir) and Et;N (40 mol%) at 373 K, result-
ing in a TOF value of 2900 h™" calculated at 5 min (Fig. 3).
Under these conditions, the activity of complex 2 is in the
range of those reported for transition metal base catalyzed
dehydrogenation of the FA-Et;N (5: 2) adduct under neat con-
ditions (Table 1).%1442°

It should be mentioned that 2 catalyzes the FADH selec-
tively (Scheme 1). The FT-IR spectra of the gas obtained from
the FADH reactions evidenced the presence of CO,, and no
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Fig.2 TON (mol of H, per mol of Ir) vs. time representation of the
2-catalyzed (0.1 mol%) solvent-free FA dehydrogenation in the presence
of EtzN (10 mol% to FA) at different temperatures.
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Fig. 3 TON (mol of H, per mol of Ir) vs. time representation of the
2-catalyzed (0.1 mol%) solventless FA dehydrogenation in the presence
of EtzN (40 mol% to FA) at 353 K and 373 K.
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Table 1 Comparison of the activity of 2 (0.1 mol%) as the catalyst pre-
cursor for the solventless dehydrogenation of FA with other metal base
catalysts

T  TOF

Catalyst (K) (h™") Base Ref.
Compound 2 373 2900 EtN(5:2) This work
[Mn(CO),("®""PNNOP)]* 353 8500 Et;N (5:2) 21
[RuCl,(PPh;),] 313 240  EtN (5:2) 6
[Ir(COD)(NP™Y)]* 2 363 3000 NaO,CH (5 mol%) 14d

4BUPNNOP = 2,6-(ditertbutylphosphinito)(ditertbutylphosphineamine).
pyridine. ? NP = 2-({di-t-butylphosphino}methyl)pyridine.

detectable amounts of CO were observed (Fig. S13t). We have
also analysed the resulting gas using a GC column of type HP
PLOT Molesieve 5A (30 m x 0.32 mm, 25 pm), which excludes
molecules by molecular size, so it allows CO to be observed
even in ppm amounts (Fig. 4). This study confirms that no CO
is present in the obtained gas, which is of great importance for
fuel cell applications due to CO poisoning of the Pt electrode
and compares well with the selectivity found for other iridium
based FADH catalysts.>*

Kinetic and mechanistic studies

A catalytic study of the 2-catalyzed (0.10 mol% to Ir) FA dehy-
drogenation using Et;N (10 mol% to FA) at different tempera-
tures, from 313 to 373 K, (Fig. 2) allowed one to calculate the
initial TOFs i, values (Fig. S157). The Arrhenius plot for these
data yields an apparent activation energy of 27.50 + 0.88 kcal
mol™" (Fig. $161).”'*** The Eyring analysis of these data
shows activation parameters of AH* = 26.8 + 0.4 kcal mol™
and AS* =12.0 + 1.5 cal K~* mol™*, which implies an activation
barrier AG* = 22.6 + 0.8 kcal mol™ at 353 K (Fig. S171)."4%524
These activation values are in the range of the activation bar-
riers recently reported for other iridium-catalyzed solventless
FA dehydrogenation processes,'*”? and slightly higher than
the values found for iridium-catalyzed FA dehydrogenation
processes in water.”>*

SOppmofCOinAr

" Reaction gas phase

At e P sl A g gt -

NEEEEENENEENNNEN

Fig. 4 Top: GC of the gaseous mixture of CO (50 ppm) in Ar. Down: GC
of the gas phase formed in the 2-catalyzed (0.1 mol%) solventless FA
dehydrogenation at 353 K in the presence of EtzN (40 mol% to FA).
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Table 2 Kinetic isotope effect experiments on the 2-catalyzed dehy-
drogenation of FA using 10 mol% of EtzN at 353 K

Entry Substrate TOF* (h™) KIE?
1 HCOOH 400 —

2 HCOOD 300 1.33
3 DCOOH 140 2.86
4 DCOOD 120 3.33

“ Calculated at 5 min. ? KIE = entry 1/the corresponding entry (2, 3 or 4).

To shed light on the rate-limiting step of the 2-catalyzed
dehydrogenation process, H/D kinetic isotope experiments
were performed at 353 K using 10 mol% of Et;N. The results
from these studies show that the initial TOF values (calculated
after 5 min) dropped from 400 to 300 and 140 h™" when
HCOOH was replaced with HCOOD and DCOOH, respectively
(Table 2 and Fig. S18t1). These TOF values correspond to KIE
values of 1.33 and 2.86, respectively. It is remarkable that
using DCOOD a high isotopic effect was observed (KIE = 3.33,
entry 4 in Table 2). These data evidenced that the C-H bond
activation of FA is the rate-determining step of the process.>”

Computational DFT studies

To gain better insight into the operative pathway on the dehy-
drogenation of formic acid catalyzed by the Ir-NSi species, a
thorough DFT computational study was performed for the
catalytic cycle enabled by 2. Our model refers to the first
5 minutes of reaction when the active species has not yet been
transformed into other possible species or decomposed to give
metallic iridium particles. According to the obtained experi-
mental results, we have considered as the active catalyst the
monomer resulting from replacing the triflate ligand with a
formate anion in 2. Fig. 5 shows the energetic profile obtained
for this catalytic cycle.
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Fig. 5 DFT energetic profile (AG in kcal mol™, relative to A and isolated
molecules) for formic acid dehydrogenation.
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The catalytic cycle starts with A in which the formate is co-
ordinated as a chelate, occupying both vacancies of the metal.
The addition of a molecule of formic acid to A leads to the for-
mation of A + FA which is 9.8 kcal mol™" lower in energy.
Following that, the formic acid coordinates to the metal devel-
oping into intermediate B, stabilized by an intramolecular
hydrogen bond between the acid and the formate, at a relative
energy of —8.7 kcal mol™'. Next, the formate changes its
coordination mode to the metal, allowing the interaction
between the Ir and hydrogen atom of the formate. Then, the
hydride can be transferred by means of TSBC, which exhibits a
relative energy of 14.7 keal mol ™. Interestingly, this transition
state is favored by the electrostatic interaction between the
positively charged acidic proton of the formic acid and the
hydride being transferred from the formate to the metal center
(see Fig. 6). Comparatively, the hydride abstraction from the
formate anion by the metallic complex without explicit partici-
pation of the solvent media takes place via TSAC at a signifi-
cantly higher energy of 23.6 kcal mol™. The calculation of a
B-elimination pathway was attempted but unsuccessful
because the strong effect of the implicit solvent favors confor-
mations with the negatively charged formate oxygens separ-
ated from the positively charged metal. The metal hydride
intermediate C shows a high relative energy (6.8 kcal mol ™)
due to the unfavorable trans influence of the silyl ligand. The
release of molecular hydrogen can be achieved via TSCA
(5.1 keal mol™) corresponding to heterolytic H-H bond for-
mation from the negatively charged hydride and the positively
charged proton (Fig. 6).

The DFT calculated overall energetic barrier is 24.5 kcal
mol™’, defined by the difference between A + FA and TSBC,
which is in between the experimental values of 27.50 +
0.88 kcal mol™" and 22.8 + 0.8 kcal mol™" obtained from the
Arrhenius and Eyring analysis, respectively. Moreover, the KIE
calculated from the DFT structures for the rate determining
species showed values comparable to those shown in Table 2
(3.08, 1.18 and 3.60 for DCOOH, HCOOD, and DCOOD,
respectively). It is noteworthy that, according to the DFT calcu-
lations, the hydride abstraction step (TSBC) is assisted by the

i

Sy
a 119

Fig. 6 Geometrical representation of the TSBC (left) and TSCA (right)
DFT optimized structures. Key distances in A; hydrogen atoms omitted
for clarity.
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Fig. 7 Transmission electronic microscopy images of the dark iridium
nanoparticles. (a) TEM image (20 nm). (b) Closer image showing lattice
fringes (5 nm).

interaction between the proton of the coordinated FA and the
formate hydrogen. These results correspond to a primary KIE
for the C-H bond breaking and a secondary KIE for the O-H
bond stretching in the rate limiting step.

Catalyst decomposition

In all the studied reactions the formation of a black precipitate
during the reaction was observed. These precipitates were iso-
lated and characterized as iridium crystalline nanoparticles
(NPs) by TEM (Fig. 7) and EDX (Fig. S20t). The formation of
these Ir-NPs shows that the homogeneous catalyst slowly
decomposes under the reaction conditions.

These Ir-NPs show no activity as FA-Et;N dehydrogenation
catalysts, which has been demonstrated by using them as the
catalyst in the presence of 10 mol% of Etz;N and at 353 K.
Moreover, a mercury poisoning test*® was performed by the
addition of mercury drops to the 2-catalyzed (0.10 mol%) dehy-
drogenation of formic acid in the presence of 10 mol% of
Et;N. Under these conditions no change in the reaction rate
was observed (Fig. S21t). This agrees with the homogeneous
nature of the catalytic reaction.

To check if catalyst decomposition was caused by the evol-
ving pressure of H, during the reaction, we have performed
the reactions in an open system connected to a bubbler.
However, catalyst decomposition was also observed.
Consequently, we can conclude that the decomposition of the
catalyst is not related to a buildup of H, pressure within the
reactor during the catalysis.

Experimental
General information

Complexes 17 and 2'°° were prepared according to the
reported method. Formic acid and Sodium formate were pur-
chased from commercial sources and used without further
purifications. Etz;N was purchased from commercial sources
and distilled prior to use.

General procedure for the formic acid dehydrogenation

Catalytic reactions were carried out on a microreactor (Man on
the Moon series X102 Kit)'® with a total volume of 19 mL.

This journal is © The Royal Society of Chemistry 2022
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Under an argon atmosphere, the reactor was filled with the
desired amount of base (sodium formate or Et;N) and 450 pL
of formic acid. The reactor was then closed and heated to the
desire temperature in an oil bath, and when the temperature
and pressure of the system are stabilized, a solution of the
corresponding catalyst precursor in 50 pL of formic acid is
injected with a microsyringe.

Conditions for specific catalytic experiments

NMR studies of 1 (or 2) and FA solutions in thf-dg. In a
Young cap NMR tube, 1 (0.011 mmol) or 2 (5.5 x 10~ mmol)
was dissolved in thf-dg (0.4 mL). To this solution FA (40 equiv.,
16.6 pL, 0.441 mmol) was added. The solutions were studied
by 'H NMR after several hours at RT. After this they were
heated at 323 K for 1 more hour and monitored by "H NMR.

NMR studies of 1 (or 2), FA and Et;N solutions in thf-dg. In
a Young cap NMR tube, 1 (0.011 mmol) or 2 (5.5 x 10~ mmol)
was dissolved in thf-dg (0.4 mL). To this solution FA (40 equiv.,
16.6 pL, 0.441 mmol) and EtN (16 equiv., 24.5 pL,
0.176 mmol) were added. The solutions were analysed by 'H
NMR at RT. After this they were heated at 323 K and monitored
by 'H NMR.

Data for complex [Ir(OCHO)(x>NSi*™),] (3). 'H NMR
(300 MHz, thf-dg, 298 K): 6 10.12 (s. 1H, OCHO), 8.39 (d, 2H,
Jiwn = 6.2 Hz, 2H, py), 6.78 (m, 2H, py), 6.67 (dd, Jy = 6.3 and
1.5 Hz, 2H, py), 2.26 (s, 6H, CH;-py), 1.53 (septet, 2H, Ji; 1 = 7.5
Hz, CH-'Pr), 1.22 (septet, 2H, Jy; i = 7.2 Hz, CH-'Pr), 1.08 (d, 6H,
CH;-'Pr, Jiy_y = 7.5 Hz), 0.98 (d, 6H, CH3-'Pr, Ji;_y = 7.3 Hz), 0.75
(d, 6H, CH3-"Pr, J31 44 = 7.3 Hz), 0.53 (d, 6H, CH5-iPr, J31 44 = 7.5
Hz); “C{'"H} NMR plus APT plus HSQC 'H-"C (75 MHz,
CD,Cl,, 298 K): 6 175.7 (s, OCHO), 170.8 (s, Cipso-Py), 152.7 (s,
CipsoPY), 149.2 (s, CH-py), 118.4 (s, CH-py), 112.1 (s, CH-py), 21.1
(s, CH3-py), 19.1 (s, CH;-iPr), 18.7 (s, CH;-iPr), 18.0 (s, CH3-iPr),
17.9 (s, CH;-'Pr), 17.5 (s, CH-"Pr), 16.9 (s, CH-'Pr); *Si{'H} NMR
plus HMBC *°Si-"H (298 K, thf-dg): 6 41.4 ppm.

Comparative study of the activity of 1 and 2 in the presence
of Et;N. The man on the moon reactor was charged with 500 pL
of FA, 10 mol% of Et;N (186 pL, 1.32 mmol), and 1 (10.4 mg,
0.013 mmol, 0.1 mol%) or 2 (9 mg, 6.5 x 10~*> mmol, 0.1 mol%
to Ir) at 353 K.

Study of the Et;N concentration effect. The reactor was
charged with 500 pL of FA, 2 (9 mg, 6.5 x 10~ mmol,
0.1 mol% to Ir) and the corresponding amount of Et;N:
1.0 mol% (18.6 pL, 0.13 mmol), 2.5 mol% (46.5 pL,
0.32 mmol), 5.0 mol% (93 pL, 0.65 mmol) 10 mol% (186 pL,
1.32 mmol), 20 mol% (372 pL, 2.64 mmol) or 40 mol%
(744 pL, 5.28 mmol) at 353 K.

Study of the temperature effect. The reactor was charged
with 500 uL of FA, 2 (9 mg, 6.5 x 10~> mmol, 0.1 mol% to Ir)
and 10 mol% (186 pL, 1.32 mmol) of Et;N at different temp-
eratures (from 313 to 373 K).

KIE experiments

250 pL of FA (HCOOH, HCOOD, DCOOH or DCOOD), 2
(4,5 mg, 3.25 x 107> mmol, 0.1 mol% to Ir) and 40 mol%
(372 pL, 2.64 mmol) of Et;N at 353 K.

This journal is © The Royal Society of Chemistry 2022
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FT-IR of the gaseous product. The gas phase from the dehy-
drogenation reaction of 500 pL of FA in the presence of 2
(9 mg, 6.5 x 10~* mmol, 0.1 mol% to Ir) and 10 mol% of Et;N
(186 pL, 1.32 mmol) at 353 K was collected in a rubber
balloon. The gas sample was transferred to the cell and the
FT-IR spectrum was recorded GC-MS: the gas samples were
taken directly from the microreactor and injected into the
GC-MS.

Mercury drop test. A drop of mercury was added to the
microreactor together with 450 pL of FA, and 10 mol%
(186 pL, 1.32 mmol) of Et;N, and the system was heated at
353 K. When the system was stabilized, a solution of 2 (9 mg,
6.5 x 10~ mmol, 0.1 mol% to Ir) in 50 pL of FA was injected.

Computational details. All DFT theoretical calculations were
carried out using the Gaussian program package.”” The
B3LYP-D3 *® method with solvent corrections using the PCM>°
method for formic acid as implemented in G09 was used for
energy and gradient calculations. All atoms were treated with
the def2-SVP basis set together with the corresponding core
potential for Ir for geometry optimizations. Energies were
further refined by single point calculations using the def2-
TZVP basis set.*® The “ultrafine” grid was employed in all cal-
culations. All reported energies are Gibbs free energies referred
to a 1 atm standard state at 353 K including the basis set and
solvent corrections. Gibbs free energies were corrected by sup-
pressing the translational entropy term of the solvent mole-
cules (formic acid) following the approach of Morokuma and
co-workers.®" The nature of the stationary points was con-
firmed by analytical frequency analysis, and the transition
states were characterized by a single imaginary frequency
corresponding to the expected motion of the atoms.
Calculations of KIE from the DFT data were performed by
replacing the mass of the selected hydrogen atom with deuter-
ium using the keyword readisotopes in G09 and calculating
the vibrational frequencies at the transition state and the
corresponding intermediate.

Conclusions

Complexes 1 and 2 are active catalyst precursors for the selec-
tive solventless dehydrogenation of formic acid (FA) in the
presence of Et;N. Species 2 has been found to be more active
than 1, which could be attributed to the higher steric hin-
drance caused by the isopropyl substituents of the silicon
atoms in 1.

The highest activity (TOF5 min = 2900 h™") for the solventless
dehydrogenation of FA has been achieved using complex 2
(0.1 mol% to Ir) as the catalyst precursor and Et;N 40 mol%
(to FA) as a base at 373 K. The DFT calculated overall energetic
barrier is 24.5 kcal mol™*, which is in between the experi-
mental values of 27.50 + 0.88 kcal mol™" and 22.8 + 0.8 keal
mol™" obtained from the Arrhenius and Eyring analysis,
respectively. KIE values of 1.33, 2.86, and 3.33 were obtained
for HCOOD, DCOOH, and DCOOD, respectively. These data
show that the C-H bond activation of FA is the rate-determin-
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ing step of the process and agree with the mechanistic calcu-
lations using DFT.

The information about the nature of the active species
under solventless conditions remains scarce. However, 'H and
3C NMR studies of the catalytic reactions in thf-dg evidenced
the formation of the [I(OCHO)(x*NSi%),] (R = Me; 'Pr) inter-
mediates during the catalytic process.

It should be mentioned that catalyst decomposition to give
Ir-NPs has been observed in all cases under study. However,
the possible activity of such Ir-NPs has been discarded based
on experimental evidence.
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The complex [(CNC)MeRh(PMe,Ph)IPFs (1) has been found to be an effective catalyst for solventless
formic acid (FA) dehydrogenation, affording exclusively H, and CO, as decomposition products. The
effect of the addition of a base as a co-catalyst was studied, and it was found that HCOONa was the most
efficient additive in terms of catalyst efficiency with a catalyst loading of 0.016 mol%, reaching TOF .«
values up to 5869 h’. Additionally, we observed that the addition of water dramatically increased the
catalytic activity in FA dehydrogenation, yielding TOF .4 values up to 10150 h™. Additionally, VT kinetic
NMR experiments allowed us to estimate the activation energy (AG* = 18.12 + 1.17 kcal mol™) of the FA
dehydrogenation catalysed by 1. Stoichiometric NMR experiments, aimed to shed light on the nature of
possible catalytic intermediates, allowed us to detect and further isolate the Rh"' hydrido formate
complex [(CNCYMe*Rh(xk®-OC(O)H)(PMe,Ph)HIPFs (2), which originates from an oxidative addition of FA to
1; additionally, we could detect a bis(hydrido) Rh"' complex [(CNC)M®*Rh(PMe,Ph)H.]PFg (1-Hy), which is
another operative intermediate in the catalytic FA dehydrogenation by 1. DFT calculations performed on
the catalytic FA dehydrogenation perfectly accounted for the gathered experimental data; the approach
of a FA molecule to 1 leads to O—H oxidative addition producing the k°-formate intermediate 2, which
subsequently undergoes a FA-assisted isomerization to the k"’-formate species. Further hydride abstrac-
tion generates the dihydrido intermediate 1-H,, which releases H, upon interaction with another FA
molecule closing the catalytic cycle. The rate-limiting step in the catalytic process corresponds to the
hydride abstraction step, which agrees with the KIE values estimated by NMR experiments.
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Introduction

The use of hydrogen as an energy vector has received increas-
ing attention in recent years, mainly due to the need for an
urgent transition from a fossil fuel-based energy system to
more sustainable alternatives. The energy surplus generated by
renewable sources during low-demand periods can be stored
as hydrogen by water electrolysis, which is considered a viable
solution to the problems related to their intermittent nature.’
However, the low volumetric energy density of H, raises con-
cerns over its storage and transportation. On these grounds,
the use of hydrogen carriers has been proposed as a means to
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circumvent the storage and safety issues associated with H,.
Among the hydrogen carriers proposed in the literature,
formic acid (FA) offers great promise due to the fact that its
gravimetric and volumetric energy densities are higher than
those of compressed hydrogen, it presents low toxicity and
flammability, it is environmentally benign and it is a liquid
under atmospheric conditions.” Moreover, FA can be obtained
from renewable sources, namely, CO, hydrogenation,* biomass
oxidation,” and as a by-product of the synthesis of acetic acid.®

Formic acid dehydrogenation (FADH) has been extensively
studied in the presence of solvents and in the FA/Et;N azeotro-
pic mixture, with Ir and Ru homogeneous catalysts being the
most successful.® However, in these cases, the gravimetric and
volumetric energy densities of the reaction mixtures are intrin-
sically lower than those of pure FA and, consequently, solvent-
free conditions are desirable for FADH. To date, only Ir” and
Ru® catalysts for solvent-free FADH have been reported.
Catalysts A and B reported by Gelman (TOF = 11760 h™*) and
Fischmeister (TOF = 5122 h™"), respectively, contain participa-
tive ligands able to interact with FA via hydrogen bond inter-
actions. On the other hand, Ir complexes C and D described by

This journal is © the Partner Organisations 2022
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Williams (TOF = 13320 h™) and us (TOF = 11590 h™"),
respectively, and the Ru complex (E) recently reported by
Milstein (TOF = 3067 h™" without additives or solvent, TON:
over 1.7 million) are able to efficiently carry out the dehydro-
genation of FA without the participation of ancillary ligands
(Fig. 1).

Regardless of whether the ligand plays an active or a
passive role in the reaction mechanism, its design is key to
tuning the activity of the catalyst. In the case of non-participa-
tive ligands, although less conspicuous, their architecture
defines the stability and activity of the catalyst. A common
feature in complexes A-E is the presence of pincer or chelate
ligands that confer stability to the system, while providing elec-
tron density to the metal center by means of strongly donating
wingtip groups—e.g., phosphanes, a tertiary alkyl in A, an
N-heterocyclic olefin in D, or an amido moiety in E—or co-
ligands, namely, a Cp* ligand in B.

The presence of an electron-rich metal center facilitates the
oxidative addition of FA’s O-H bond, while rendering more
nucleophilic hydrides, which consequently undergo protona-
tion to generate H, straightforwardly.

On these grounds, we set off to study the impact on the
catalytic activity of pincer ligands featuring strongly donating
N-heterocyclic carbenes (NHCs) as wingtip groups.” More
specifically, we were interested in the chemistry of a pincer
ligand based on a lutidine core bearing two NHC moieties in
combination with rhodium, namely complex [(CNC)"*Rh
(PMe,Ph)]PF, (1) (Scheme 1).'° Herein we report the catalytic
activity of complex 1 in FA dehydrogenation under solvent-free
conditions at 353 K to yield exclusively carbon dioxide and
dihydrogen. The catalytic efficiency can be tuned by the
addition of sodium formate and also by the presence of water.
DFT calculations in combination with NMR techniques pro-
vided valuable insights into the operative FA dehydrogenation
mechanism.
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Fig. 1 Selected examples of catalysts for FA dehydrogenation.
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Scheme 1 Complex [(CNC)SRh(PMe,Ph)IPFg (1) as a catalyst in FA
dehydrogenation.
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Results and discussion

Complex 1 was evaluated as a catalyst for the dehydrogenation
of FA under base-free conditions in acetonitrile. However, we
did not observe any transformation when FA (0.53 mmol) was
dissolved in acetonitrile (1 mL) at 353 K for 1 h in the presence
of 1 (1 mol%). Then we studied the effect of a base in order to
assess whether 1 could act as a catalyst in FA dehydrogena-
tion;'! in this line, the addition of bases such as triethylamine,
KHDMS or Na,CO; under similar conditions did not alter the
results in a remarkable way. However, upon addition of
HCOONa (10 mol%), catalyst 1 decomposed FA (20 pL,
0.53 mmol) at 353 K in less than one minute, resulting in the
production of a gaseous mixture. It is worth mentioning that
the related complexes [(CNC)**Rh(L)]PF; (L = CO, NCCHj3),"”
bearing non-phosphine ligands, did not show any catalytic
activity on FA dehydrogenation under the same conditions.

Due to these encouraging preliminary results in catalytic FA
dehydrogenation in acetonitrile, we aimed at exploring the
activity of complex 1 on FA dehydrogenation under solventless
conditions. For this reason, we carried out some catalytic runs
with variable amounts of HCOONa as a co-catalyst (Table 1). In
this context, the use of a base is a common feature in many
catalytic systems in FA dehydrogenation, because it may play a
role as a buffer solution to control the pH of the medium and
also it may be able to cleave FA dimers formed by hydrogen
bonds in solution."” In this regard, a number of reports have
proved that the activity of the catalyst strongly depends on the
pH of the solution, with optimum values usually observed
between pH 3 and 4.'*'* Moreover, recent reports show that
variable amounts of HCOONa and water in the catalytic system
may help improve the catalytic activity in both homogeneous"®
and heterogeneous approaches.®

Catalyst 1 is air stable, although the activities in FA dehy-
drogenation are lower if the catalytic experiments are carried
out under air. Therefore, the catalytic experiments are best per-
formed in a high-pressure reaction vessel, which is charged
with the rhodium catalyst 1 (0.016%) and sodium formate
under an argon atmosphere. Complex 1 decomposed FA
(2 mL, 53.01 mmol) with HCOONa as a co-catalyst
(5-40 mol%) at 353 K (Table 1). A catalytic run resulted in the
production of 27.1 mmol of H, (51% conversion, TON: 3195)
after 1 h with 40 mol% of HCOONa (Table 1, entry 5).

Table 1 Catalytic dehydrogenation of FA by 1 in the presence of vari-
able amounts of HCOONa?®

Entry Mol% HCOONa TON TOF o (h™Y)
1 5 150 849

2 10 235 3329

3 20 586 5182

4 30 2014 4634

5 40 3195 5869

“General conditions: FA (2 mL, 53.01 mmol), complex 1 (7.5 mg,
0.016 mol%) and the specified amount of HCOONa, at 353 K.

Inorg. Chem. Front., 2022, 9, 4538-4547 | 4539



Published on 11 July 2022. Downloaded by UNIVERSIDAD DE ZARAGOZA on 12/11/2023 2:22:25 PM.

Research Article

When 1 was dissolved in a FA/HCOONa mixture, the initial
red solution turned yellow. When the reaction was finished, a
yellow solution remained in the flask when low base loadings
were used (5-10 mol%); however, when HCOONa concen-
trations exceeded 10 mol%, solid HCOONa remained at the
bottom of the reactor at the end of the reaction. When
HCOONa reaches 20 mol%, the solution becomes saturated
and a yellow suspension is formed during FA dehydrogenation,
which may lead to diffusion problems throughout the reaction.
Although TON values are not very high (TON = 3195), when the
amount of HCOONa is between 5 and 40 mol%, TOF values
indicate good catalytic activities, reaching 5869 h™* when oper-
ating at 40 mol% of HCOONa (Fig. 2; Table 1, entry 5).

The overall catalytic activity increases with co-catalyst con-
centrations higher than 20 mol%. As Fig. 2 shows, the rate of
hydrogen production is linear at the beginning of the reac-
tions, and their slope increases with higher HCOONa concen-
trations, reaching its maximum close to 20 min when
40 mol% of HCOONa is used. After this point, the activity of
the catalyst decreases with time. Additionally, we studied the
dependence of the catalytic activity on the H,O concentration
in the catalytic media. These experiments showed that, not
only the catalyst is stable under a wet environment, but also
the presence of water increases the catalytic efficiency (see
Fig. S37). In this way, the addition of increasing amounts of
water into the catalytic reactions (5 to 40 mol% H,0) enhanced
the catalytic activity (Fig. 3). With 5 to 10 mol% of water, a fast
increase of the catalytic activity was observed, which becomes
slower upon reaching a maximum TOF value at 40 mol% of
water.
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Fig. 2 Reaction profiles of FA dehydrogenation of neat FA by 1 under
different HCOONa concentrations at 353 K.
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Fig. 3 Reaction profiles of FA dehydrogenation of neat FA by 1 under
different H,O concentrations at 353 K.
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Table 2 Catalytic activity dependence on the addition of variable mol%
of H,0 in FA dehydrogenation by 1°

Entry Mol% H,0 TON TOFmax (h ™)
1 5 2673 4319

2 10 4454 7034

3 20 5589 7740

4 30 5525 9784

5 40 5625 10150

“General conditions: 0.016 mol% of 1, 30 mol% HCOONa and FA
(2 mL, 53.01 mmol), and the specified amount of H,O at 353 K.

Table 2 and Fig. 3 show the TON values obtained at
different water loadings. In particular, a catalytic run produced
47.7 mmol of H, (94% conversion) with a TON number of
5625, and reaching a TOF value of 10150 h™' (Table 2, entry
5). This is the highest TOF value reported for a Rh-based cata-
lyst to date.” Moreover, the TOF values obtained with and
without the addition of catalytic amounts of water compare
well with those of most active catalysts hitherto reported for
the solventless dehydrogenation of FA (A-D).”®

The enhancement of the catalytic efficiency induced by
water can be understood from different perspectives; on one
hand, it may favor dissociation of FA dimers and increase co-
catalyst solubility; in this line, it is known that FA molecules
arrange as dimers via hydrogen bonds, where the presence of
water may help dissociate such dimers leading to an easier
accessibility of FA molecules to the catalytic species, therefore
increasing the catalytic activity."> On the other hand, H,O
molecules may play an active role in the stabilization of cata-
Iytic intermediates, act as proton shuttles or even participate
in hydrogen bonding with FA.'® Fig. 4 shows comparative
graphs of the dependence of the catalytic activity of 1
(0.016 mol%) on HCOONa and water, respectively. The graph
on the left shows the variation of the catalytic activity of 1 with
variable amounts of HCOONa without water, while the graph
on the right shows its variation under 30 mol% of HCOONa
with variable amounts of water. Note that although a 20 mol%
loading of HCOONa leads to a higher initial TOF than at
30 mol%, the TON values are significantly higher in the case
of the latter (Fig. 2), which prompted us to optimize the H,O
loading employing 30 mol% HCOONa. The variation of both

5-40 mol % HCOONa
5-40 mol % H,0/30 mol % HCOONa

H +
HCOOH [cat] 1 0.016 mol % /353 K 2 CO2
10000 10000
8000 8000
i 6000 % 6000
3 w
O 4000 E 4000
2000 2000
0+ T T T ' 5 T T T 0+ T T T T T T T ol
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
% mol HCOONa % mol H,0

Fig. 4 TOF, .« value variation as a function of mol% HCOONa (left, blue
line) and mol% H,0 (right, red line).

This journal is © the Partner Organisations 2022



Published on 11 July 2022. Downloaded by UNIVERSIDAD DE ZARAGOZA on 12/11/2023 2:22:25 PM.

Inorganic Chemistry Frontiers

parameters has similar effects on the catalytic activity, as
shown in Fig. 4.

It is important to stress that decreasing the catalyst 1
loading to 0.005 mol% (2.16 mg, 2.6 pmol) led to a remarkable
increase of the TOF value up to 11 164 h™" when working with
30 mol% of HCOONa and 30 mol% of water at 353 K.
However, this high TOF value is encompassed with a reduction
in the TON number (850). A rather important aspect associated
with catalytic FA dehydrogenation is that it is desirable that FA
decomposition is selective toward H, and CO, production,
therefore avoiding the formation of carbon monoxide, which
has been reported to damage fuel cells. In order to assess this
issue, the gaseous mixture obtained under optimized con-
ditions (neat FA, 40 mol% HCOONa, 0.016 mol% of 1) was
subjected to IR spectroscopy and GC-MS analyses, showing no
traces of CO. Therefore, under our experimental conditions,
the CO gas produced in the catalysis is below the detection
limit (Fig. S5-S6t).

We also studied the effect of temperature in the catalytic
performance of 1 on FA dehydrogenation; as Fig. 5 shows,
increasing the temperature leads to enhanced reaction rates.
The activation energy (AG*) for solventless FA dehydrogenation
catalyzed by complex 1 was estimated experimentally between
333 and 353 K using the Eyring plot (AG* = 18.12 + 1.17 keal
mol™; Fig. S267).

Interestingly, we observed that there is a strong dependence
of the catalyst’s activity and durability on temperature. Even
though the catalytic activity and TON values remain low at
333 K, when the temperature reaches 343 K the life of the cata-
lyst increases considerably, reaching a TON value of 3400,
which is a greater value than that achieved at 353 K; however,
under these conditions catalyst 1 presents a moderate activity
in FA dehydrogenation associated with a TOF value of
3559 h™'. When the temperature reaches 363 K, TON values
are quite similar to those observed at 353 K (TOF = 4984 h™");
such catalytic activity, in spite of being greater than that
observed at 353 K, shows a loss of the linear progression of the
FA dehydrogenation activity with the temperature in the Eyring
plot (see Fig. S27t), which indicates that high temperatures
may compromise the stability of 1 in the catalytic media. This

800-
600+ — 353K
iz - 348K
o 400+ —— 343K
— 338K
200- — 333K
0+ - . y
0 5 10 15

Time (min)

Fig. 5 Representation of TON (mol of H, per mol of Rh) vs. time of the
solventless FA dehydrogenation catalysed by 1 (0.016 mol%) in the pres-
ence of HCOONa (30 mol%) at different temperatures.
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statement becomes evident at 373 K, where TON and TOF
values fall, which indicates that despite the fact that tempera-
ture is a key parameter to improving the catalyst’s activity and
life, high temperatures boost catalyst decomposition.

NMR studies

In order to gain more insight into the operative mechanism of
FA dehydrogenation performed with the cationic complex 1,
we carried out a series of NMR experiments in combination
with DFT theoretical studies. Firstly, we monitored the direct
interaction of 1 with variable amounts of FA in CD;CN by
NMR techniques; in this way, addition of neat FA to a solution
of 1in CD;CN in a 1:1 ratio at RT resulted in a quick reaction
that allowed observing for a short time a monohydrido
species, along with unreacted 1. Furthermore, a typical signal
of molecular hydrogen is observed at §(*H) 4.56 ppm along
with two weak signals in the hydride area at 5('H) —9.43 and
—17.18 ppm. Then, a variable temperature NMR study was
carried out. When 1 was treated with FA in a 1:3 molar ratio
in CD;CN at low temperatures (268-282 K) in a sealed J Young
NMR tube, the initial deep red colour changed to yellow
(which agrees with the colour change observed under catalytic
conditions), and the 'H NMR spectrum of the mixture showed,
upon 5 min of standing, a clean transformation to monohy-
drido species, further characterized as the formate hydrido
Rh™  complex [(CNC)"*Rh(k°-OC(O)H)(PMe,Ph)H|PF, (2;
Scheme 2). Interestingly, when 1 was reacted with FA in a
1:3 molar ratio at room temperature, only the bis(hydrido)
species 1-H, and starting complex 1 were detected in the NMR
spectra, while no monohydrido 2 was observed in the mixture
(Fig. S11 and S12%). All these results suggest that there is an
dynamic equilibrium in solution between 1, 2 and 1-H,
throughout the FA dehydrogenation process.

Interestingly, we were able to isolate the formate complex 2
as a yellow solid by reacting complex 1 with 3 molar-equiv. of
neat FA at 253 K in acetonitrile (see the Experimental section).
The intermediate formate complex 2 has been characterized
through a combination of NMR techniques (Fig. S13-S19%).

M PR A PR
N_N N_N
&' T:@\ HCOOH 7~ ;@
— N— D —— —_
RN~ pMe,ph CD:CN =NSRHS

" @, 263K, 5min  HQL
N N ]; g
& oM
1 2

Hy (8 bar) €0, /CDLCN
COSCN 273K h
353K, 48 h*

Scheme 2 Reactivity of complex 1 with FA and H,, giving rise to
species 2 and 1-H; (P = PMe,Ph). *This reaction never proceeded to
completion, even under harsher conditions.
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The "H NMR spectrum of 2 in CD;CN showed a pseudo-triplet
at 5('H) —15.62 ppm (J = 21.2 Hz), signalling the presence of a
hydrido ligand bound to the metal, cis to the phosphane
ligand (5(*'P) 37.0 ppm, “Jp_gn = 135 Hz). The presence of the
formate ligand in 2 was evident from the resonance observed
at 6('H) 8.32 ppm, assigned to the formate proton, which cor-
related with a singlet observed at §(**C) 166.2 ppm in the *C
{"H}-APT NMR spectrum corresponding to the carboxylic C
atom. The ligand skeleton in 2 reflected an averaged C,;, sym-
metry in solution, due to the observation of a sole signal (dd)
for the carbenic atoms in the ">C{'"H}-APT NMR spectrum of 2
(6(**C) 171.9 ppm, Yc_gn = 35 Hz, *Jo_p = 14 Hz). Also, the
=CH protons of both imidazolium moieties were observed as
two separated doublets in the "H NMR spectrum of 2, which
correlated with signals at 5(**C) 125.9 and 125.8 ppm in the
3C{'"H}-APT NMR spectrum, respectively.

The stereochemistry of compound 2 was well established by
'H-'H NMR NOESY experiments; more specifically, we
observed a strong NOE effect between the hydrido ligand and
the meta protons of the phenyl group of the phosphane ligand,
and also with one methyl moiety from the mesityl group,
which located the hydrido ligand trans to the pyridinic N atom
(Fig. 6). Species 2 is well depicted in Scheme 2; the hydrido
and formate ligands are mutually cis as a consequence of an
oxidative addition of the O-H bond of a FA molecule to the
Rh' centre, in agreement with DFT calculations (see below).

Once the nature of complex 2 was well established, we con-
tinued monitoring the reaction of 1 with 3 molar-equiv. of FA
by NMR techniques in CD;CN by gradually increasing the
temperature.

Upon formation of 2 after 5 min at 268 K, the temperature
was increased to 278 K; after 10 min, two incipient signals of
hydrido ligands were detected, which became more intense
after 30 min of standing at 282 K. At 1 h, the '"H NMR spec-
trum of the reaction showed the presence of two different
species, hydrido formate 2 and a new bis(hydrido) complex,
further characterized as [(CNC)"*“Rh(PMePh,)H,|PF; (1-H,,
Scheme 2). Fig. 7 shows the hydride area of the 'H NMR
spectra of the reaction between 1 and FA in CD3;CN at variable
temperatures. Complex 1-H, is characterized by two hydrido
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Fig. 6 Selected region of the 'H-'H NOESY NMR spectrum of
[(CNC)Me‘Rh(KO-OC(O)H)(PMegPh)H]PFG (2) in CD3sCN at 263 K.
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Fig. 7 Selected hydride region of the *H NMR spectra of the evolution
of the reaction of 1 with 3 molar-equiv. of FA in CDsCN at variable
temperatures (268-298 K).

resonances: a doublet of doublets at §(*H) —9.43 ppm (*/y_p =
173.4 Hz; “Ji1_grn = 24.8 Hz) and another doublet of doublets at
6(*H) —=17.18 ppm (*Jy_p = 17.4 Hz; YJyy_gn = 28.9 Hz), while the
*'p{'H} NMR spectrum showed a broad doublet at §(*'P)
—8.4 ppm (Yp_grn = 153 Hz). The location and integration of
the hydrido signals clearly indicate a complex with two
hydrido ligands in mutual cis disposition. Another diagnostic
resonance of the bis(hydrido) complex 1-H, was observed with
an AB system centred at 5.03 ppm due to the CH, arms of the
CNCM* ligand.

Given the nature and composition of the bis(hydrido)
complex 1-H,, we tried its synthesis through direct hydrogen-
ation of complex 2. For this purpose, a ] Young NMR tube was
charged with 1, dissolved in CD;CN and pressurized with H,
(8 bar). The NMR tube was sealed and heated at 353 K for
45 min. At this point, the "H NMR of the mixture showed inci-
pient hydride signals. Upon heating overnight at 353 K, the
initial red solution of 1 eventually transformed to a yellowish
mixture containing the bis(hydrido) complex, tentatively
characterized as  [(CNC)Y*Rh(PMePh,)H,|PFs  (1-H,,
Scheme 2), along with some unreacted 1 (Fig. S20t). From this
experiment it is clear that access to 1-H, by oxidative addition
of H, to 2 is a difficult process when compared to its formation
via hydride abstraction of the hydrido formate complex 2. The
difficulty in achieving net addition of dihydrogen to 1 is in
contrast to the behaviour observed for the related deproto-
nated amido complex [(CNC)¥**Rh(PMe,Ph)], which easily
adds dihydrogen to afford the corresponding bis(hydrido) Rh™
complex [(CNC)M***Rh(PMe,Ph)H,]."°

Deuterium labelling and KIE experiments

In order to gain a deeper insight into the 2-catalysed FA dehy-
drogenation process, we performed some deuterium labelling
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experiments. We monitored the reaction of 1 with HCOOD in
CDCN; at 253 K by >H NMR techniques, observing the for-
mation of a broad resonance in the ’H NMR spectrum at §(°H)
—16.0 ppm. This signal corresponded to the Rh-D bond
formed by oxidative addition of HCOO-D to 1, affording an
isotopomer of 2, namely [(CNC)**Rh(x°-OC(O)H)(PMe,Ph)D]
PF, (2-D; Fig. S21 and S227). Additionally, the "H NMR spec-
trum of the in situ reaction of fully deuterated FA (DCOOD)
with 1 allowed us to observe, together with a signal of dihydro-
gen (6('H) 4.56 ppm), a pattern of H-D coupling due to
released gaseous HD (Fig. S23t), which indicates that through-
out the catalysis there is an exchange with the sodium formate
of the medium. When the same experiment is carried out
without sodium formate in the catalytic mixture, the formation
of HD is not observed (absence of the H-D pattern in the 'H
NMR spectrum). These observations agreed with the KIE effect
estimated where the use of DCOONa affects the reaction rate
(Kiicoona/Kpcoona) = 1.51, Table 3.

In order to gain insight into the rate-limiting step of the FA
dehydrogenation by complex 1, we performed H/D kinetic iso-
topic effect (KIE) experiments with 1 as a catalyst (Table 3).
The KIE obtained upon changing HCOOH to DCOOD (2.58)
and that from HCOOH to DCOOH (2.44) firmly suggests that
the rate-limiting step in the proposed mechanism involves the
C-H bond cleavage of a formate ligand, a process that may

Table 3 Kinetic isotope effect data

FA derivative K Kiel KIE effect (observed)

HCOOH 24014 1 kocoon/kbcoor = 1.05
DCOOD 92.79 2.58 kDCOOL)/kHCOOD =2.21
DCOOH 98.06 2.44 kucoonlkucoop = 1.17
HCOOD 20478 117  kucoou/kncoon = 2.58

30% DCOONa/HCOOH 158.19 1.51 krcoon/kpcoon = 2.44

kncoona/kpcoona = 1.51
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occur through f-hydride elimination or hydride abstraction.
Interestingly, the experiment with deuterated sodium formate
(DCOONa) has a slope that falls right in the middle of both
groups, which supports the postulation that the C-H bond
cleavage is the rate-limiting step. Furthermore, the H/D kinetic
isotopic effects measured from HCOOH/HCOOD and DCOOD/
DCOOH experiments (1.05 and 1.17, respectively) suggest that
O-H cleavage is not involved in the turnover limiting step.

DFT studies on catalytic FA dehydrogenation by 1

DFT studies were performed in order to gain better insight
into the operative mechanism of FA dehydrogenation catalysed
by complex 1. Two alternative pathways have been considered,
the first of them starting with the activation of the formate
and the second one from the activation of the formic acid. The
former path would start by the hydride abstraction step from
the formate by the metal complex. However, the calculated
activation energy for this step is energetically unaffordable
(TSBC’ 27.4 kcal mol™', see Fig. S271) while the second
pathway yields lower energetic barriers. The relative Gibbs
energy profile calculated using DFT methodology is provided
in Fig. 8. As the reaction takes place in FA media, microsolva-
tion of strong hydrogen donors and acceptors is considered in
the proposed species throughout the catalytic cycle.

The initial step in FA dehydrogenation involves the
O-coordination of a FA molecule to 1. This coordination to the
metal induces decoordination of the pyridinic N atom generat-
ing intermediate B, in which Rh' maintains a square planar
geometry. This is an endergonic process where the energy
increases to 9.1 kcal mol™ and induces a conformational
change within the bulky (CNC)™** and PMe,Ph ligands.
Following this, intramolecular O-H oxidative addition of co-
ordinated FA proceeds through TSBC (9.4 kcal mol™),
affording the Rh™ hydrido formate intermediate C, in which
the hydrido ligand is located trans to the pyridinic N atom.
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Fig. 8 DFT energetic profile (AG in kcal mol™, relative to A and isolated molecules) for formic acid dehydrogenation catalysed by 1.
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Intermediate C presents a relative energy of —12.1 kcal mol™*
and its stereochemistry agrees with the NMR data obtained for
intermediate 2. Subsequent addition of a second FA molecule
leads to adduct C + FA stabilized by hydrogen bonding with
the formate ligand. At this point, protonation of the hydride
intermediate C by formic acid yields a Rh"™" bis(formate) inter-
mediate, F, and molecular H,, which could be a viable pathway
to close the catalytic cycle. However, the calculated relative
energy of F amounts to 14.7 kcal mol™" (see Fig. S281), being
energetically unaffordable. Instead, the k-O-formate ligand
switches its coordination mode from «-O to x-H via the tran-
sition state TSCD, with a relative energy of 1.7 kcal mol™.
Then, hydrogen abstraction from the formate anion to the
metal is characterized by TSDE, showing an overall energy
barrier of 16.9 kcal mol™" (from intermediate C) leading to the
dihydride intermediate E and releasing a CO, molecule
(—5.2 kcal mol™). Finally, a H, molecule can be formed by het-
erolytic bond formation between the negatively charged
hydride and the positively charged proton of a FA molecule.
This process is characterized by TSEC with a relative energy of
0.2 keal mol™'. The release of H, is exergonic (-17.3 kcal
mol ") and leads to the intermediate C + FA, closing the cata-
Iytic cycle.

Based on this DFT study, complex 1 is activated by oxidative
addition of the O-H bond of FA to the metal. Then, the cata-
lytic cycle comprises three steps: (i) change in the coordination
mode of the formate ligand, (ii) hydrogen abstraction to yield
the dihydride and release of CO, and (iii) H, formation
between hydride and a proton from an external FA molecule.
The rate determining step for the DFT calculated mechanism
is the hydride abstraction step presenting an overall energetic
barrier of 16.9 kcal mol™" in good agreement with the obtained
experimental data of 18.12 + 1.17 kcal mol™". It should be
noted that for other FA dehydrogenation catalysts the for-
mation of the hydride intermediates takes place by a
p-elimination process, which resultantly becomes the rate
determining step.'® In the present case, the lack of vacant sites
at the metal impedes such a mechanism similar to other cata-
lysts reported in the literature.>

The KIEs have been calculated using DFT methodology for
a direct comparison with experimental KIEs. According to the
calculated energetic profile, the rate determinant structures
are C and TSCE and the calculated KIE for DCOOH is 2.63,
while for HCOOD it is 1. This is in good agreement with the
experimental values of 2.44 and 1.17 obtained in the previous
section.

Conclusions

In summary, we have shown that the Rh complex 1 behaves as
an efficient catalyst for the dehydrogenation of FA under
solvent-free conditions. The TOF values obtained for 1 are
amongst the highest so far reported in the absence of solvent,
which is in contrast with the modest catalytic activities
reported for Rh-complexes in the dehydrogenation of FA. The
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astounding performance of 1 could be attributed to the bis-
NHC scaffold of the pincer ligand and also to the presence of
the P-donor PMe,Ph ligand. NHC ligands give rise to electron-
rich metal centres and strong C-metal bonds; therefore, the
presence of the (CNC)™* pincer ligand chosen by us for this
study plausibly eases the formation of the active species 2 and
stabilises the Rh™ intermediates of the catalytic cycle. The
DFT calculations support a catalytic cycle that involves a
hydride abstraction step, which converts monohydride C into
bis(hydrido) E, followed by protonation of the bis(hydrido) E
to regenerate C. The formation of the active species, C (2),
takes place via oxidative addition of FA to A (1). The calculated
reaction mechanism agrees well with experimental data: (i) key
intermediates of the catalytic cycle, C (2) and E (1-H,), were
observed and characterised in situ by NMR by means of stoi-
chiometric reactions; (ii) KIE measurements suggest that the
hydride abstraction is the rate-limiting step; (iii) the activation
energies calculated with the Eyring model compare well with
the theoretical value obtained from DFT calculations; and (iv)
labelling experiments confirm that the active species is formed
by oxidative addition of the O-H bond of FA to the Rh(i)
center in 1.

Experimental
Procedure for FA dehydrogenation

FA dehydrogenation catalytic experiments were carried out as
follows. The catalyst 1 (0.016 mol%) and sodium formate were
weighted on an analytic balance placed into a drybox, and
then transferred to a microreactor (Man on the moon series
X102 kit), which was pre-heated at 353 K. Then, under an
argon atmosphere, 2 mL of neat formic acid was injected into
the reactor via a syringe and left under stirring until complete
dehydrogenation of FA. Pressure measurements were moni-
tored by a manometer connected to the reactor.

Computational details

All DFT calculations were carried out using the Gaussian
program package.>’ Geometrical optimizations and analytical
frequency calculations were performed using the
B3LYP-D3 method* including solvent corrections using the
PCM method?® for formic acid and the def2-SVP basis set,*
together with the corresponding core potential for Rh atoms.
Energies were refined by single point calculations using the
MO6L functional®® combined with the SMD solvation model*®
and the def2-TZVP basis set. The “ultrafine” grid was
employed in all calculations. All reported energies are Gibbs
free energies referred to a 1 M standard state at 353 K and
quasi-harmonic corrections®” calculated using the Goodvibes
program.”®

The nature of the stationary points was confirmed by
analytical frequency analysis, and transition states were charac-
terized by a single imaginary frequency corresponding to the
expected motion of the atoms. Calculations of KIE from DFT
data are performed by replacing the mass of the selected

This journal is © the Partner Organisations 2022
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hydrogen atom with deuterium using the keyword readiso-

topes in G09 and calculating the vibrational frequencies at the
transition state and the corresponding intermediate.

Preparation of [(CNC)"**Rh(x°-OC(O)H)(PMe,Ph)H]PF; (2)

H | PFs
~ 7—\@
S

A Schlenk tube was charged with 1 (120 mg, 0.148 mmol) and
dissolved in CH3CN (5 mL). Then, 2 mol-equiv. of neat FA
(11.2 pL, 0.202 mmol) were added via a microsyringe and the
resulting yellow solution was stirred for 10 min at 253 K.
Evaporation of the volatiles by reduced pressure left a yellow
residue, which was washed with hexanes and then vacuum-
dried. Yield: 115 mg (86%).

'H NMR (400 MHz, CD;CN, 253 K): § 8.32 (s, 1H; HC(O)
O-Rh), 8.13 (t, *Jy_y = 7.9 Hz, 1H; H” py), 7.73 (d, iy = 7.7
Hz, 1H; H™ py), 7.56 (d, *Jy_g = 1.9 Hz, 2H; =—CH Im), 7.48
(m, 2H; H® Ph), 7.20 (d, *f;;_i = 1.9 Hz, 2H; =CH Im), 7.10
(m, 2H; H™ Ph), 7.08 (br s, 2H; CH Mes), 6.80 (m, 1H; H™
Ph), 6.74 (br s, 2H; CH Mes), 5.51 (d, *Jy_y = 16.5 Hz, 2H),
5.26 (d, *Jy_n = 16.5 Hz, 2H) (CH,N), 2.55 (s, 6H), 1.78
(s, 6H), 1.41 (s, 6H) (Me Mes), 1.32 (d, *J;;_p = 10.4 Hz, 6H;
CH3P), —15.62 (t, Jy_rn = 21.2 Hz, *_p = 21.2 Hz, 1H;
Rh-H). *'P {'"H} NMR (162 MHz, CD5CN, 253 K): § 27.0 (d,
’Jp_rn = 135 Hz). C {'H}-APT NMR (100 MHz, CD;CN,
253 K): 6 171.9 (dd, YJc_gn = 35 Hz, ¥c_p = 14 Hz; Rh-C Im),
166.2 (s; HCOO-Rh), 156.8 (s; C° py), 142.7 (C¥ py), 136.9,
136.7, 135.8 (Cq Mes), 132.1, 131.9 (PPh), 131.0, 130.4 (CH
Mes), 129.9, 129.8 (PPh), 127.7 (C™ py), 125.9, 125.8 (—CH
Im), 55.7 (CH,N), 21.5 (Me Mes), 171.9 (d, Jo_p = 36 Hz;
PMe), 19.1, 19.0 (Me Mes). Mass Caled for C,oH46N5;0,PRh:
762.7048; HRMS (ESI'): m/z 716.2408 (100%; M' — HCOOH).
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Metal—-Ligand Cooperative Proton Transfer as an Efficient Trigger
for Rhodium-NHC-Pyridonato Catalyzed gem-Specific Alkyne
Dimerization

Maria Galiana-Cameo, Asier Urriolabeitia, Eduardo Barrenas, Vincenzo Passarelli,
Jests J. Pérez-Torrente, Andrea Di Giuseppe, Victor Polo,* and Ricardo Castarlenas*
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ABSTRACT: The mononuclear square-planar Rh{x>-X,N-(Xpy)}(n*-coe)(IPr) (X = O, NH, [Rh-NHC-Opy) -
NMe, S) complexes have been synthesized from the dinuclear precursor [Rh(u-Cl)(IPr)(*-coe)], R= —= A'? — R
and the corresponding 2-heteroatom-pyridinate salts. The Rh-NHC-pyridinato derivatives are TOF 32/ up % 17000 K

highly efficient catalysts for gem-specific alkyne dimerization. Particularly, the chelating N,O- L\,

Mechanistic investigations and density functional theory calculations suggest a pyridonato-based
metal—ligand cooperative proton transfer as responsible for the enhancement of catalytic activity. :
The initial deprotonation of a Rh-z-alkyne complex by the oxo-functionality of a x'-N-pyridonato C—-“
moiety has been established to be the rate-limiting step, whereas the preferential protonation of O N
the terminal position of a z-coordinated alkyne accounts for the exclusive observation of head-to- U
tail enynes. The catalytic cycle is closed by a very fast alkenyl—alkynyl reductive elimination.

pyridonato complex displays turnover frequency levels of up 17000 h™' at room temperature. q I
R
SyRh

KEYWORDS: metal—ligand cooperation, ligand assisted proton shuttle, alkyne dimerization, N-heterocyclic carbene, DFT calculations,
hemilability

B INTRODUCTION first row'” or organocatalysts'* have recently emerged. Due to
the inherent rich chemistry of alkynes, the formation of head-
to-tail (gem) or head-to-head (E/Z) enynes is commonly in
competition with the formation of a myriad of oligomeric,

Organometallic catalysis is nowadays at the central core of the
preparation of elaborated organic structures owing to a

continuous design of new metal—ligand architectures.' 3 ; - :
Undoubtedly, the high levels of catalytic efficiency have been polymeric, or cyclic organic structures. Therefore, despite the
fact that remarkable advances in the selective preparation of

achieved due to a precise control of reactivity through detailed 11b
,213b 9¢,10b,13¢,e o 13d,fi,14a
determination of mechanistic issues. In this context, the E, Z, o gent enynesy further research

concept of metal—ligand cooperation (MLC) has emerged as effort is still desirable, particularly in mechanism elucndat.u:)n.
O : ; Four general pathways have been proposed for transition-
an essential piece in organometallic-mediated bond cleavage

. MR T
and formation, particularly for dihydrogen activation and metal mediated alkyne dimerizations: ™ (i) external attack on

velited feactions® The st affect SRine B, MIC the coordinated z-alkyne; (ii) oxidative addition of a terminal
. Synerg! g trom alkyne; (iii) nonoxidative base-mediated formation of metal-
generally triggers an enhancement of catalytic activity and

3 S 3 % lkynyl ies; i imerizati i inylidene
provides better control of selectivity. A particular case of MLC ? % .SPECleS, and (iv) ‘,ilmefm‘ ool vmy. nde.n

: X : intermediate. It has been rationalized that the nonoxidative
arises when a ligand acts as a carrier for a proton from one

substrate to the other for which the term ligand assisted proton Kot 1 wold. B¢ the prtedied. 4 f(.)iaCh, .for e select'lve
hiitle (L APS) hiss been Foliied (Schcme 1).3 Besides ‘it preparntlon of gem-enynes (Scheme 2). I.mtlal deprotonahon
competence in the originally proposed ‘alkyne—vinylidene of the alkyne leads to met.al-alkypyl species. Notcwontthy, an
tautomerization,” LAPS pathways have been proposed in :ﬂ‘ C“f gﬁf,;;illl?; be«:: cla:}n:ed n t:.le C?S; of fm~ ::tema}
catalytic intramolecular cyclizations“' and stoichiometric aset.h Ik %n't = P;: leay coln :ue:i Y ::in ms; ron ot
intermolecular reactions,” but scarcely applied to catalytic apothec alkyne; oto mewalalkyayl: hond ‘and ‘ebssqura

. - 0 v
intermolecular transformations.

Alkyne dimerization is a practical and atom economical Received:  February 9, 2021
access to 1,3-enynes as key structural elements in a variety of Revised:  May 21, 2021
biologically active molecules and functional organic materials.” Published: June 9, 2021

Efficient catalgsts spread across the periodic table, from f-
block,” early'” or late transition metals,'’ to main group
elements.'> Moreover, earth-abundant transition metals of the

© 2021 American Chemical Society https//doi.org/10.1021/acscatal.1¢00602

v ACS Publications 7553 ACS Catal. 2021, 11, 75537567
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Scheme 1. Catalytic Ligand Assisted Proton Shuttle
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Scheme 2. Metal-Ligand Cooperative Alkyne Dimerization
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Hemilability
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protonolysis by the conjugated acid of the initial base (MLC or
not) or an alkyne itself. Although this pathway takes advantage
of the benefits of MLC in deprotonation or protonolysis, the
key insertion step, which determines the selectivity and is
usually rate-limiting, remains excluded from the metal—ligand
cooperative influence. An alternative approach can be
envisaged in which metal and ligand would act in cooperation
throughout the whole catalytic cycle. After the initial
deprotonation of an alkyne molecule, the resulting protonated
ligand could transfer the hydrogen atom to a second molecule
of the alkyne in an oxidatively manner that yields a Rh"-
alkenyl-alkynyl species. Subsequent reductive elimination will
close the catalytic cycle. An MLC effect is expected to result in
lowering the key energetic barriers. Indeed, the selectivity
determining step changes from a mainly sterically ligand-
controlled carbometalation in iii to a Markovnikov-type
electronically and sterically favored protonation on a
coordinated alkyne, therefore enhancing specific gem-enyne
formation.

7554

Recent results from our laboratories have revealed that
coordination of an N-heterocyclic carbene (NHC) ligand to
rhodium complexes resulted in efficient alkyne dimerization
catalysts.'""'* Several chelate 1,3-bis-heterecatomic acidato
(BHetA) ligands, such as carboxylato, thioacidato, or amidato,
have demonstrated their utility as internal bases to selectively
promote the formation of head-to-tail enynes. Now, along this
line, we hypothesize that increasing the robustness of the
chelate interaction should allow the anionic ligand to act not
only as a base but also as an efficient proton shuttle. In this
regard, pyridine-like moieties have previously been efficiently
anchored to Rh-NHC platforms.'® Thus, 2-heteroatom-
substituted pyridine ligands appear to be promising candidates
to fulfill the requlrements of a BHetA structure with tight
chelate coordination.'” Particularly, 2-pyridonate moieties have
been shown to act as versatile proton- responsnve hgands
which can behave as gowerful internal bases'? as well as
efficient proton shuttles.” Moreover, its proven hemnlabnhty
would be key for the generation of vacant sites and the proton
transfer process. Herein, we report on the preparation of Rh'-

httpsy/doi.org/10.1021/acscatal.1c00602
ACS Catal. 2021, 11, 7553-7567
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Scheme 3. Preparation of Rh-IPr 2-Heteroatom-Pyridinato Complexes

HX N

=\ | 7] +BuoK
£ %, O THF, rt.

q NTN® 30 min

,@;NYN®

o >,
Q;N\J:/N ,Q -BuOH S 5(X=5)

Rh ™ -
% C' \;5 3 (X =NH)
N

4 (X = NMe)

NHC-pyridinato derivatives and their application as catalysts
for gem-specific alkyne dimerization. Experimental and
theoretical studies have revealed a rhodium-pyridonato LAPS
process as responsible for the enhancement of catalytic activity.

M RESULTS AND DISCUSSION

Preparation of Rh-Pyridinato Catalysts. The dinuclear
precursor [Rh(u-Cl)(n*-coe)(IPr)], (1) {IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazolin-2-carbene; coe = cyclooctene}
reacts with a THF solution of deprotonated 2-heteroatom-
pyridine compounds to yield BHetA derivatives Rh{x>-X,N-
(Xpy) }(7*-coe)(IPr) {py = C{H,N, X = O (2), NH (3), NMe
(4), S (5)} (Scheme 3). The new complexes were obtained as
yellow—orange solids with 55-72% yields. It is worth
mentioning that complex 2 can be directly obtained by
reaction of 1 with 2-pyridone in the absence of an external
base, although in low yield and purity. Moreover, in contrast to
related 8-quinoline derivatives, ®* no O—H oxidative addition
to yield Rh'"-hydride species was observed. On the contrary,
the reaction of 1 with the more acidic 2-mercapto-pyridine
resulted in the formation of several Rh'"-hydride species, as
reflected in the appearance of 'H NMR highly shielded
doublets. As far as we know, the coordination of the 2-
heteroatom-pyridinato moiety into an Rh-NHC framework is
unprecedented.””**

The solid-state structure of the pyridonato complex 2 was
elucidated by X-ray diffraction analysis. An ORTEP view of the
molecule with selected bond lengths and angles is displayed in
Figure 1. A mononuclear structure with a rare chelate
arrangement”” of the 2-pyridonato ligand is observed instead
of the more typical y-bridge dinuclear assembly.”* The crystal
structure exhibits a distorted square planar geometry at the
metal center with the IPr in a cis arrangement with respect to
coe [C(1)—Rh—ct 94.32(6)°], and the oxygen atom in a trans
disposition to the latter [ct—Rh—O(44) 168.82(4)°]. The
Rh—C(1) bond length [1.947(2) A] is similar to those already
reported for Rh'—IPr complexes.'® The imidazolinyl ring
deviates from the typical perpendicular out-of-plane config-
uration [N(5)—C(1)—Rh—0(44) —68.0(2)°] and the calcu-
lated pitch (0 10.1°) and yaw (y 1.5°) angles'® indicate a
distorted coordination with respect to the Rh—C(1) bond. As
for the chelate ligand, it exhibits a reduced bite angle [O(44)—
Rh—N(38) 62.85(7)°] and a relatively small pitch angle (@
2.9°), bringing about a severely distorted K*-N,0 coordination
mode.”” In addition, the O(44)—C(39)-N(38) angle
[113.8(2)°] is smaller than that reported for the free 2-
pyridonezb (121.3°). Finally, the short C(39)—0(44) bond
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Figure 1. Solid-state crystal structure of 2. For clarity, all hydrogen
atoms are omitted. Selected bond lengths (A) and angles (deg) are
N(38)—Rh 2.1536(19), O(44)—Rh 2.1245(16), C(1)—Rh 1.947(2),
Rh—ct 1.9655(2), C(30)—C(31) 1.393(4), C(39)—N(38) 1.366(3),
C(39)-0(44) 1.297(3), C(1)—Rh—ct 94.32(6), ct—Rh—0O(44)
168.82(4), ct—Rh—N(38) 106.02(5), C(1)—-Rh—O(44) 96.78(8),
C(1)-Rh—N(38) 159.59(8), O(44)—Rh—N(38) 62.85(7), O(44)—
C(39)—N(38) 113.8(2), ct: centroid of C(30) and C(31).

length [1.297(3) A] suggests a major contribution of the 2-
pyridonato carbon—oxygen double bond tautomer.

The NMR spectra of 2 is in agreement with the solid-state
structure; thus, we assume a related mononuclear square-
planar configuration also for 3—5. The C{'H}-APT NMR
spectra corroborates the presence of IPr, coe, and 2-
heteroatom-pyridyl ligands in 2—5 by the appearance of
three carbon—rhodium coupled doublets, with a coupling
constant J_g, of around 60, 15, and 3 Hz, respectively. The
'"H NMR spectra display the characteristic feature of a
pyridinato moiety, namely, a deshielded doublet of doublets
between & 7.71 and 7.19 ppm, corresponding to the Hyg,,
proton, in addition to shielded resonances around 6 ppm,
ascribed to H;, and H,, atoms. Also of note is the
observation of only one septuplet around 3 ppm for 2, 3, and
S, ascribed to the four CH-isopropyl protons of the wingtips of
carbene. This fact is explained by the occurrence of a symmetry
plane and a rotational process of the IPr ligand,”” whose rate
slows down as a function of temperature resulting in the
observation of two broad signals at 203 K (See Figure S1 in the
Supporting Information for 2). The carbene rotation is
hindered in 4 by the methyl group of the amino-pyridinato
ligand. The presence of both nitrogenated ligands in 2—5 was

https://doi.org/10.1021/acscatal.1c00602
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Figure 2. Selected regions of the "H,"*C{'"H}-APT and '"H~"*N-HMQC NMR spectra in CD,Cl, at 298 K for the equilibrium mixture of 2a—2b.

further confirmed by '"H—""N HMQC NMR experiments. SN
pyridyl resonances are in the expected range for metal-
coordinated ligands (§ 198—235 ppm),'** whereas "N signals
of the IPr and amine functionalities in 3—4 appear around 192
and 105 ppm, respectively.

Interestingly, complex 2 appears as a unique species in CgDg
solutions but as two isomers in CD,Cl,, 2a:2b in 3:1 ratio,
displaying opposite disposition of the chelating pyridonato
ligand (Figure 2). A '"H-'H NOE NMR experiment (see
Figure S15 in the Supporting Information) confirms that the
major isomer (2a) presents the chelate ligand in the same
disposition as that determined in the solid state, whereas the
nitrogen atom is located cis to IPr in the minor isomer (2b).
Both isomers are in a thermodynamic equilibrium with similar
ratios in the temperature range 203—298 K, displaying fast
exchange at room temperature. DFT calculations show that
these isomers display a energy difference of 0.37 kcal'mol™
(see Figure S2 in the Supporting Information). Larger
separation of 0.96 and 1.41 kcal'mol™ were computed for
the amino- and mercapto-pyridinato derivatives, respectively,
which is agreement the observation of a single isomer in
solution.

Dimerization of Alkynes. The new Rh'-NHC-pyridinato
complexes 2—5 were evaluated as catalysts for alkyne
dimerization. Phenylacetylene was initially studied as a
benchmark substrate (Scheme 4, Table 1). The course of the

Scheme 4. Alkyne Dimerization Products

R
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reaction was monitored by NMR using 2 mol % of catalyst
loading in C4Dg4 at 25 °C. Rh-pyridonato complex 2 is
extremely active and selective. Total conversion to the head-to-
tail enyne, 1,3-diphenylbut-3-en-1-yne, was observed in the
first '"H NMR experiment recorded, after less than S min
(entry 1). A TOF, , value of 16 000 h™" was calculated, which
is, as far as we know, the highest vn]ue reported for alkyne
dimerization at room temperature.'" Catalytic activity
remained very high after reducing catalyst loading to 0.5 mol
%, with complete phenylacetylene conversion after only 6 min
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Table 1. Catalyst Evaluation for Dimerization of
Phenylacetylene”

entry catalyst mol % t(h) conv (%) gem/E TOF,, (h™')”

1 2 2 <0.1 >99 >99 16000
2 2 0.5 0.1 >99 >99 8300
3 2 0.1 3 >99 >99 11000
+ 2 0.05 4 54 >99 6900°
S 3 2 22 29 95/5

6 + 2 25 58 96/4 1
T s 2 S >99 54/46 11

“Reactlon conditions: 0.5 mL of C4Dg, 0.5 mmol of phenylacetylene,
25 °C. "Turnover frequency at 50% conversion. “Calculated at 40%
conversion.

of reaction (entry 2). Catalyst 2 was also efficient at 0.1 mol %
catalyst loading (entry 3). Further decrease of the catalyst
loading to a 1:2000 catalyst:substrate ratio resulted in a 54%
conversion in 4 h, still maintaining complete selectivity for the
gem-enyne product (entry 4). In contrast, amino-pyridine-
based catalyst precursors 3—4 are much less efficient and
selective (entries S—6). Moreover, although Rh-mercapto-
pyridine catalyst 5 was able to fully transform phenylacetylene
in S h, it showed poor selectivity (entry 7).

The catalytic activity of 2 was studied for different alkynes
(Table 2). Electronic modification on the aromatic ring of
phenylacetylene resulted in only slight changes in catalytic
activity (entries 3—4). Aliphatic alkynes were also efficiently
transformed with high selectivity (entries 5—7). Catalyst 2
tolerates the presence of heteroatoms well (entries 8—10).
Particularly, the hydroxy group in 3-butynol did not affect
significantly the catalytic activity with regard to an ether
functionality (entries 8 vs 10). It is interesting to note that this
alcohol is involved for the first time in an alkyne dimerization
process.” Increasing of bulkiness in the substrate is
detrimental to catalytic activity. Thus, trimethylphenyl-
acetylene reacted very slowly but maintaining the head-to-tail
selectivity (entry 11). In contrast, no regioselectivity was
observed for trimethylsilylacetylene (entry 12), whereas (Z)-
(1,3,5-tritert-butyl )hexa-3,5-dien-1-yne trimer was found to be
the major product when fert-butylacetylene was used (entry
13). Finally, catalyst 2 was ineffective for the transformation of
2-pyridylacetylene.

httpsy/doi.org/10.1021/acscatal.1c00602
ACS Catal. 2021, 11, 7553-7567
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Table 2. Screening of Alkynes Catalyzed by 2“

Entry  Substrate tthy Conv(%) gem/E TOFnh')?
| = <0.1 >99 >99 16000
2 = 3 299 >99 11000
3 wod Y= 1 96 =99 12000
g = 25 73 99 17000
5 \—\a_ 03 =99 =99 900
g D= 01 99 =99 700
7 <0.1 599 599 800
By 21 95 599 15
o = 4 98 >99 100
10 e\ _ 16 94 =99 6
1 21 40 =99 5
12 ,V—E 9 599 48/52 2
13 >L= 48 65 21/8/71¢ |
14 (= 48 - E 2

Z,

“Reaction conditions: 0.5 mL of CgDg4, 0.5 mmol of alkyne, 0.01
mmol of 2, 25 °C. “Turnover frequency at 50% conversion. “0.1 mol
% of 2. “(Z)-(1.3,5-tritfrt-butyl)hexa-3,S-dien-l-yne trimer was also
obtained.

Mechanistic Investigation. In order to shed light on the
operative mechanism for the Rh-NHC-pyridinato catalyzed
alkyne dimerization, low temperature reactivity studies were
made. Unfortunately, catalyst 2 dimerized phenylacetylene
very fast, even at 213 K, thwarting the detection of catalytic
intermediates. In view of this, reactivity studies were carried
out with a less efficient catalyst or a less reactive alkyne
(Scheme 5). Thus, the addition of phenylacetylene to the
mercaptopyridine complex § at 233 K gave the m-phenyl-
acetylene complex Rh{x*-S,N-(Spy)}(n>-HC=CPh)(IPr)
(6)"" by alkyne-coe exchange, which can be proposed as the
first step of the catalytic cycle. Warming the solution led to the
smooth formation of the head-to-head and head-to-tail enynes,
according to the selectivity observed in the catalytic experi-
ments (entry 7, Table 1), and a mixture of unidentified
complexes. In contrast, addition of the bulky trimethylphenyl-
acetylene to 2 afforded Rh{x*-O,N-(Opy) H{n*-H,C=C(Mes)-
C=C(Mes)}(IPr) (7), that results from the 7*-C=C
coordination of the enyne reaction product formed by fast
dimerization of the alkyne. This uncommon coordination
mode for an enyne’” is reflected in the appearance in the
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Scheme 5. Reactivity of Pyridinato Complexes with Alkynes
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BC{'H}-APT NMR spectrum of two doublets at § 50.3 and
41.0 ppm with Jc_g, around 18.8 Hz, corresponding to the
coordinated olefin. Most likely, the presence of the bulky
substituents in the proximity of the alkynyl moiety hinders the
coordination of the triple bond. _

Based on previous investigations in our group,“' the
pyridinato ligand must play a role in the deprotonation of
the rather acidic terminal proton of the alkyne. Thus, addition
of triflic acid to a CD,Cl, solution of 2 at 223 K resulted in the
formation of Rh[x'-0-{O=C(-CH=CH-CH=CH-)-
NH}{x'-O-(CF;0,8)}(*-coe)(IPr) as a mixture of two
isomers in a 1:1 ratio, tentatively assigned to 8a and 8b,
where the nitrogen atom of the pyridonato ligand has been
protonated (Scheme 6) (see Theoretical Calculations on the
Mechanism section). The 'H-"*N HMQC NMR spectrum
shows two NH cross-peaks at § 174.0 and 170.3 which
correlate with & 11.73 and 10.97 ppm proton signals,
respectively, thereby confirming the presence of pyridin-
2(1H)-one ligands in both isomers. Moreover, the '’F NMR
spectrum displays the typical broad signal of a coordinated
triflate ligand.

Deuterium-labeling experiments using phenylacetylene-d,
were performed with the aim of gaining information about
the turnover limiting step (Scheme 7). First, the H/D kinetic
isotopic effect (KIE) was measured by performing separate
NMR experiments using 0.4 mol % of catalyst 2. A KIE of 1.67
+ 0.12 was found. This relatively small value suggests that a
X~—H cleavage or formation event is not likely involved in the
turnover limiting step.’” Further, a catalytic test with a mixture
of natural and phenylacetylene-d; in a 1:1 ratio resulted in a
different deuteration degree of the geminal positions of the
enyne. The calculated H/D ratios show the overdeuteration of
the vinyl proton cis to the phenyl group (0.37 vs 0.63 H).
Taking into consideration a syn addition process and no
preference between natural and deuterated alkyne as the
acceptor partner, this result suggests that the cleavage of the
C—H bond is 1.7 times faster than that of the C—D bond,
which is in concordance with the calculated KIE. Moreover,
the ability of the pyridonato ligand to act as an efficient shuttle
was analyzed. The mixture resulting from a catalytic test with
phenylacetylene-d, and 2 in the presence of natural pyridin-2-
one resulted in the clean formation of gem-enyne-d,. The lack
of incorporation of protons from the heterocycle indicates that

https://doi.org/10.1021/acscatal.1c00602
ACS Catal. 2021, 11, 7553-7567
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Scheme 6. Protonation of 2 with Triflic Acid
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Scheme 7. Deuterium Labeling Experiments cleavage of the C—H bond.'®*" 3P40 Erom that point, the
oxidative addition takes place by a negliﬁible energy barrier,
R H characterized by TSBC, leading to the Rh'""-hydride-alkynyl C,
Ph—:—é_ which presents a relative free energy of 8.3 kcal-mol™". The
Ph—=—H  2(0.4 mol %) Ph reaction continues by coordination of a second alkyne to the
ot CeDa, L. or p metal center and subsequent hydrometalation. The two
Ph—=-D ' ?—D possible orientations of the alkyne toward its insertion on
Phr=e= oh the Rh—H bond are characterized by the transition states
TSCDg (leading to the gem product) and TSCDt (leading to
the E p‘roduct), with free energies of 20.2 and 23.7 kca}-mol",
SpH § respectively. It should be noted that, although Dt is more
Ph—=H , (0.4 mol %) H/D stable than Dg, the reaction is under kinetic control and Dt is
B ——— > Ph—= not accessible. The insertion of the alkyne into the Rh—C
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H Ph overall activation energy of 20.2 kcal-mol™ for the gem-enyne,
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hydrogen transfer is faster than the metal-pyridone ligand
coordination exchange.

Theoretical Calculations on the Mechanism. To
further clarify the operating pathway leading to the observed
gem-enyne selectivity, a detailed density functional theory
(DFT) computational analysis on the dimerization of phenyl-
acetylene promoted by the Rh-NHC-pyridinato complexes has
been carried out. All plausible mechanistic pathways have been
thoroughly examined (AG in kcal'mol™), excluding the
external attack on coordinated m-alkyne and vinylidene-
mediated dimerization pathways as these usually do not result
in gem-selectivity.

The first step considered in this study is the preactivation of
catalyst 2 by phenylacetylene-coe exchange via an associative
mechanism. This exergonic process (—6.1 kcal-mol™") has an
energetic barrier of 13.7 kcal'mol™" (see Figure S103 in the
Supportin§ Information). The resulting complex Rh{x*-O,N-
(Opy)}(n*-HC=CPh)(IPr) (A) can be considered as the
active species, and hence, it has been selected as the energetic
reference for all DFT calculations in this section.

First, we have analyzed the pathway starting by oxidative
addition of the alkyne to form a Rh™-hydride-alkynyl
intermediate.”® The energy profile of this cycle is shown in
Figure 3. The initial step is the slippage of the #*-(C=C)-
alkyne bond in A rendering the #>-(C—H) agostic interaction
in B. This process presents an energetic barrier characterized
by TSAB of 19.9 kcal-mol !, and it is endergonic by 10.4 kcal-
mol ™", The formation of the o-complex B is essential in the
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which is preferentially obtained due to the significantly higher
barrier for the E product (23.7 kcal-mol™").

For the sake of comparison, a classical mechanism
alternative to alkyne oxidative addition is a base-mediated
nonoxidative pathway. In our case the pyridonato ligand may
play this role via a concerted metalation-deprotonation
(CMD) process. The energetic profile is shown in Figure 4.
The reaction starts by coordination of a second alkyne to A,
allowed by the hemilabile behavior of the pyridonato ligand.”'
As a result, a switch to a {x'-N-(Opy)} coordination mode of
this molecule is observed.”® This process is characterized by
TSAE (energetic barrier of 14.2 kcal'mol ™) leading to the
intermediate E Rh{x'-N-(Opy) }(n*-HC=CPh),(IPr), dis-
playing a mutually frans disposition for the two z-alkyne
molecules.”” Since the pyridonato ligand is now coordinated to
the metal only by the nitrogen atom, free rotation about the
Rh—N bond becomes possible thus enabling the easy approach
of the basic oxo group to any terminal hydrogen of the #’-
coordinated alkynes of E. Therefore, the subsequent CMD
step is characterized by the TSEF transition state, which has an
energetic barrier of 15.9 kcal'mol ', leading to the intermediate
F Rh(-C=CPh){x'-N-{HOpy}(#*-HC=CPh)(IPr). The pos-
sible deprotonation of the alkyne by the nitrogen atom of the
pyridonato was also computed revealing a higher energetic
barrier of 20.7 kcal'mol™ (TSEG see Figure S104 in the
Supporting Information). However, the resulting pyridin-2-one
intermediate G is almost isoenergetic to F, in accordance to
the experimental observation that 8 forms after the protonation
of 2 with triflic acid.

Once the Rh'-alkynyl intermediate F is obtained, carbome-
talation is available via TSFHg (30.2 kcal-mol™') or TSFHt
(26.5 kcal-mol™") depending on the orientation of the alkyne

https://doi.org/10.1021/acscatal.1c00602
ACS Catal. 2021, 11, 7553-7567
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(Figure 4). However, these energetic barriers are higher than
that computed for the oxidative route. An alternative pathway
can be envisaged starting from the Rh'-alkynyl intermediate F.
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The &'-N-hydroxypyridine ligand can now act as an intra-
molecular Bronsted acid able to transfer the proton to the
remaining #*-alkyne of F to yield D.** Two possibilities arise

https://doi.org/10.1021/acscatal.1c00602
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for this selectivity-determining step as the proton can be
transferred to either the terminal or the substituted carbon
atoms of phenylacetylene. Protonation of the external position
via TSFDg (14.8 kcal-mol™"), which ultimately leads to gem-
enynes, is much more favored than the protonation of the
internal one (TSFDt, 19.3 kcal-mol™"). Alternative protonation
reactions by the x'-O- pyridin-2-one ligand in complex G are
considerably more disfavored (see Figure S104 in the
Supporting Information). The catalytic cycle ends via
alkenyl-alkynyl reductive climination within D as previously
analyzed. The concurrence of the E = F and F — D steps
shows a very efficient cooperative Rh-pyridonato-mediated
LAPS process. Figure 4 shows that the higher energetic barrier
corresponds to the CMD event (TSEF, 15.9 kcal'mol™),
although those of the associative coordination of a second
molecule of alkyne (TSAE, 14.2 kcal-mol™") or proton transfer
(TSFDg, 14.8 kcal-mol™') are very close in energy, and thus,
its contribution to the overall kinetics of the catalytic cycle
might be not negligible. In order to evaluate the proposed
mechanism for aliphatic alkynes, key structures were calculated
considering propyne as a model system. An increment in the
overall energy barrier from 15.9 to 17.7 keal mol ™" is observed
which is in accordance with a lower catalytic activity (see Table
S3 in the Supporting Information).

As extracted from Figure 4, the regioselectivity is controlled
by the proton transfer to the alkyne, determined by a difference
of 4.5 kcal'mol™" between the energetic barriers for the gem-
and E-enynes. The origin of this selectivity can be explained by
inspecting the NBO atomic charges in the intermediate F and
the transition states TSFDg and TSEDt (Figure 5). Polar-
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Ph—==—[Rh]" \ﬂ?;’ -0.547

.o q(H) 0378

Ph path
q(Cy)-0.042 gem 4(0) -0.656
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q(0) -0.668
[Rh]
TSFDt

Figure 5. NBO atomic charges of atoms (in au.) involved in the
proton transfer in structures F, TSFDg, and TSFDt.

ization of the coordinated alkyne in F was observed, showing a
negative charge at the terminal carbon atom (—0.243e) larger
than that at the internal position (—0.042e). Since the atomic
charge of the hydrogen is +0.378e in TSFDg and +0.410e in
TSFEDt, the hydrogen migration can be considered formally a
proton transfer, and not surprisingly, it will take place
preferentially on the carbon bearing a larger negative charge,
in this case the terminal carbon atom.

In order to understand the excellent catalytic performance of
pyridonato complex 2 in comparison to similar amino-
pyridinato (3) and mercapto-pyridinato derivatives (5), the
energetic barrier for the CMD step has been calculated.
Deprotonation by an oxygen atom is more efficient (15.9 kcal-
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mol ') since the energetic barrier increases up to 22.5 and 26.5
kcal-mol™" for the NH or $ substituents, respectively, in
agreement with the experimental results (see Figure S106 in
the Supporting Information).

Mechanistic Considerations. Experimental and computa-
tional studies on the phenylacetylene dimerization catalyzed by
2 have revealed an operative metal—ligand cooperative
mechanism as an alternative to the classical alkyne-C—H
oxidative-addition or base mediated nonoxidative pathways
(Scheme 8). The key point of this mechanism is the role of the
Rh-pyridonato motif in the cooperative LAPS process. Initially,
the hemilability of the ligand® is essential to promote a x'-N
coordination mode which triggers the CMD step. Then, the
proton is transferred selectively to the terminal position of a
coordinated alkyne to finally close the cycle via a fast alkynyl-
alkenyl reductive elimination. Indeed, the step determining the
selectivity also changes. The orientation of the alkyne relative
to the Rh—X bond in the insertion step generally directs the
selectivity in conventional pathways, although reductive
elimination is essential in some cases.'"™ Thus, the difficult
stereoelectronic control on s-alkyne coordination usually
results in a mixture of isomers. However, the selectivity in
the LAPS mechanism is directed by a protonation event. Thus,
the attack to the terminal position of the alkyne is favored by
4.5 kcal'mol™' due to the formation of the more stable
substituted carbocation intermediate, therefore enhancing
specific gem-enyne formation. The combination of nitrogen—
oxygen atoms within a pyridinato framework seems essential,
since amino or thio functionalities show a lower ability for the
CMD step.

As far as the deuterium labeling experiments are concerned,
the relative small KIE value of 1.67 + 0.12 discards, in
principle, a C—H bond cleavage in the rate-determining step.
However, DFT calculations have revealed that the CMD step
is the one with the higher energetic barrier. A rational
explanation for this, at first view paradoxical result, arises from
the analysis of the CMD transition state TSEF (Figure 6).
Inspection of the geometrical parameters reveals an early
transition state character, as indicated by the distances d(C, H)
and d(O, H) of 1.14 and 1.66 A, respectively. Hence, the n*
(C-H) agostic interaction component in this transition state is
prevalent over the C—H cleavage, therefore explaining its
moderate effect in the KIE value. In fact, the theoretically
computed KIE for this step is 1.57, which agrees with the
experimentally determined value (see Table S1 in the
Supporting Information).

B CONCLUSION

A series of mononuclear square-planar Rh{x>-X,N-(Xpy)}(n*-
coe)(IPr) (X = O, NH, NMe, S) BHetA complexes have been
prepared. Among them, the N,O-pyridonato derivative displays
an outstanding catalytic activity for gem-specific alkyne
dimerization reaching TOF,,, values of up to 17 000 h™' at
room temperature. The proposed mechanism entails a
cooperative LAPS process followed by fast alkenyl-alkynyl
reductive elimination, which boosts the catalytic activity by
lowering the energy barrier from $ to 10 kcal-mol™" compared
to Rh'"-hydrometalation or Rh'-carbometalation conventional
pathways. Hemilability of the pyridonato moiety has been
revealed to be essential for an efficient CMD rate-limiting step.
Moreover, the change in the selectivity-determining step from
insertion to protonation is responsible for the exclusive
formation of gem-enynes. These results prompt us to extend
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Scheme 8. Rh-Pyridonato Cooperative Mechanism for gem-Specific Alkyne Dimerization
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techniques and drybox when necessary. The organometallic
precursor [Rh(u- CI)(IPr)()] -coe)], (1) was prepared as
previously described.” Chemical shifts (expressed in parts
per million) are referenced to residual solvent peaks ('H and
BC{'H}), NH; ("*N), or CECl; ("’F). Coupling constants, ],
are given in Hz. Spectral assignments were achieved by
combination of 'H—'H correlation spectroscopy (COSY),
BC{'H} attached proton test (APT), and 'H="C hetero-
nuclear single quantum correlation/heteronuclear multiple
bond correlation (HSQC/HMBC) experiments.
Preparation of Rh{x?-O,N-(Opy)}(*-coe)(IPr) (2a,b). A
mixture of 2-hydroxypyridine (49 mg, 0.52 mmol) and ‘BuOK
(58 mg, 0.52 mmol) in S mL of THF was stirred for 30 min at
r.t. Then, a solution of dinuclear complex 1 (300 mg, 0.24
mmol) in 10 mL of THF was added, and the resulting mixture
was stirred for an additional 1 h at r.t. After removing the
solvent in vacuo, the residue was dissolved in toluene (10 mL)
and was filtered through celite. Then, the filtrate was
evaporated to dryness. The addition of hexane at —40 °C
Figure 6. DFT optimized geometrical representation of TSEF. Key induced the precipitation of a yellow solid, which was washed
geometrical parameters (in A) are indicated. with cold hexane (3 X 2 mL) and dried in vacuo. Yield: 236
mg (72%). Satisfactory elemental analysis could not be
obtained. HRMS (ESI*): m/z calc for C4oHN;RhO (M* —
the underlying principles described herein to related C—C and coe — H) 583.2180 exp 583.2173. IR (cm™', ATR): 1598
C—heteroatom bond forming catalytic reactions via C—H y(OCN’ym)‘ 1471 v(OCN,, ) NMR data evidenced the

activation. presence of two isomers 2a "and 2b (80:20), in equilibrium.
Data for complex 2a: 'H NMR (500.1 MHz, CD,Cl,, 298 K):

M EXPERIMENTAL SECTION b 7.51 (t ]H 0= = 8.0, 2H, Hp-l’h IPr)J 7.38 (d ]" = = 8.0, 4H,
General Considerations. All reactions were performed Hphape)s 7-19 (dd, Jyy = 5.2, 1.9, 1H, Hg,,), 7.11 (ddd

with rigorous exclusion of air and moisture using Schlenk-tube Ju-n = 86, 6.9, 1.9, 1H, H, ), 6.97 (s, 2H, =CHN;;,), 5.97
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(ddd, Jiy_y = 69, 5.2, 1.1, 1H, Hy ), 5.74 (dd, Jy_yy = 8.6, 1.1,
1H, Hy,,,), 2.98 (sept, J_y = 6.8, 4H, CHMeyp,), 2.57 (m, 2H,
=CH“,5, 1.6—1.0 (12H, CH, ), 1.42 and 1.12 (both d,
Ji_n = 6.8, 24H, CHMeyp,). “C{'H}-APT NMR (125.8 MHz,
CD,Cl,, 298 K): 6 184.5 (d, J¢_py, = 61.1, Rh—Cyp,), 181.3 (d,
Je-rn = 3.0, Cyp), 147.5 (s, Cyp,), 1447 (s, Cypy), 138.9 (s,
Capy)r 137.4 (s, CN), 1299 (s, CHp p1p), 1249 (d, Jopw =
1.2, =CHNyp,), 124.1 (s, CH,, ppipe)y 110.7 (d, Joopn = 1.2,
C}-py)ﬁ 108.4 (SI CS-py)’ 57.8 (d) I(Z—Rh = 16'01 =Cchc)J 304'
30.3, and 27.8 (both s, CH,_,.), 29.3 (s, CHMey;,), 26.6 and
23.2 (both s, CHMe,p,). 'H=""N HMQC NMR (50.7 MHz,
CD,Cl,, 298 K): 6 207.8 (N,,), 191.8 (Njp,). Data for complex
2b: '"H NMR (500.1 MHz, CD,Cl,, 298 K): 6 7.52 (t, Jy_n =
8-0: ZH; Hp-l’h<ll’r)r 7.38 (dl ]H-—ll = 8'(), 4H| Hm-l’h-ll’r)l 7.32 (ddl
Ju-u =52, 19, 1H, Hy ), 7.17 (ddd, Jyy_s = 8.7, 6.9, 1.9, 1H,
Hy,,), 7.01 (s, 2H, =CHNp,), 6.18 (ddd, Jyy_4; = 6.9, 5.2, 1.1,
1H, Hy,,), 5.80 (dd, Jy_is = 8.7, 1.1, 1H, H; ), 2.84 (m, 6H,
CHMeyp, and =CH_,.), 1.6-1.0 (12H, CH, ), 1.18 and
1.13 (both d, Jy_y = 6.8, 24H, CHMey;,). *C{'H}-APT NMR
(125.8 MHz, CD,Cl,, 298 K): & 186.2 (d, Jo_, = 61.7, Rh—
CIl’r): 179.2 (dn ]C—Rh = 3.0; Cz-py); 147.1 (Sl Cq-ll'r): 144.8 (d;
Jo-rn = 1.8, Cqpy), 138.5 (s, Copy)s 137.4 (5, CN), 130.1 (s,
CH, phape); 1253 (s, d, Je_gy = 1.2, =CHNpp,), 124.3 (5,
CHm-Ph-Il’r)I 112.3 (sl C3-p )l 108.2 (dl ]C—Rh = 1'5) CS-py)) 62.1
(d, Je—rn = 15.5, =CHC°¢5, 30.0 and 28.2 (both d, J¢_g, = 1.7,
CH, co0)s 29.3 (s, CHMeyp,), 27.1 (s, CH, (), 26.6 and 22.7
(both s, CHMey;,). 'H=""N HMQC NMR (50.7 MHz,
CD,Cl,, 298 K): & 203.0 (N,,), 192.2 (Nyp,).

Preparation of Rh{x?-N,N-(NHpy)}(#*-coe)(IPr) (3). This
compound was prepared as described for 2 starting from 2-
aminopyridine (30 mg, 0.32 mmol), ‘BuOK (37 mg, 0.33
mmol), and 1 (200 mg, 0.16 mmol). Yellow solid. Yield: 130
mg (59%). Satisfactory elemental analysis could not be
obtained. HRMS (ESI*): m/z calcd for RhC,oHsN, (M —
coe — H) 583.2314 exp 583.2303. IR (cm™', ATR): 1595
v(NCN,,,), 1447 (NCN,,,,). '"H NMR (400.2 MHz, C¢Dy,
298 K): 6 7.37 (dd, Jy_n = 5.5, 1.8, 1H, Hg ,.), 7.29 (t, Jy-n =
7.2, 2H, Hp»l’h-ll’r)» 7.18 (d, Ju-u = 7.2, 4H, Hm»l"h»lpr)l 6.76
(ddd, Jy;_yy = 8.7, 6.9, 1.8, 1H, H, ), 6.47 (s, 2H, =CHNj,),
5.63 (ddd, ]H—H = 6.9, 5.5, 10, IH, HS'[’Y)' 5.51 (dd, ]H—H =
8.7, 1.0, 1H, Hy,,), 3.67 (d, Jjj_gy = 6.6, IH, NH), 3.11 (sept,
]H—H = 6-8: 4H: CB_MC";,), 2.73 (m) ZH: =CHcoe): 2.0-12 (m'
12H, CH,.,.), 1.50 and 1.04 (both d, J;_;; = 6.8, 24H,
CHMeyp,). “C{'H}-APT NMR (100 MHz, C,Dy, 298 K): &
187.6 (d, Jo—py = 63.8, Rh—Cyp,), 177.8 (d, Jo—pn = 4.2, Cp.p),
146.6 (s, Cqipr), 1459 (s, Cypy), 137.8 (s, CN), 137.0 (s,
Capy)r 129.6 (s, CHppype), 1239 (s, CHypoppape), 1239 (=
CHNyp,), 107.5 (d, Je_gn = 1.3, Cs.py), 1047 (s, Cs ), 59.7 (d,
Jo-mn = 145, =CHC0¢)) 30.6 (dn Je-wrn = 1.0, CH2»C0¢)I 299 (d;
Je-rn = 17, CHy0), 27.1 (s, CH,.0), 29.1 (s, CHMeyp,),
26.2 and 23.0 (both s, CHMe,,,). 'H=""N HMQC NMR
(40.5 MHz, C¢Dy, 298 K): 5 198.8 (N,,,), 190.8 (N,p,), 105.0
(NH).

Preparation of Rh[x2-N,N-{N(Me)py}](1/>-coe)(IPr) (4).
This compound was prepared as described for 2 starting from
N-methyl-2-aminopyridine (29 mg, 0.26 mmol), ‘BuOK (29
mg, 0.26 mmol), and 1 (150 mg, 0.12 mmol). Yellow solid.
Yield: 102 mg (61%). Anal. caled for CyHg;N Rh: C, 69.47;
H, 8.11; N, 7.90. Found: C, 69.35; H, 8.06; N, 7.53. IR (¢cm™,
ATR): 1594 ¥(NCN,,,), 1487 v(NCN,,,). 'H NMR (300.1
MHz, C¢Dy, 298 K): & 7.38 (dd, Jy_ = 54, 1.8, 1H, Hy, ),
7.4=7.1 (m, 6H, Hy, 1p,), 7.02 (ddd, J;;_y; = 8.8, 69, 1.8, 1H,
Hy,y), 648 (s, 2H, =CHN,,), 5.7-5.6 (m, 2H, Hs,, and
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H;,,), 3.99 and 2.05 (both sept, J;;_y = 6.7, 4H, CHMe,,),
2.73 (s, 3H, NMe), 2.66 (m, 2H, =CH.,,), 1.8—1.0 (m, 12H,
CH,,.), 1.53, 1.29, 1.16, and 0.98 (all d, J;;_yy = 6.7, 24H,
CHMeyp,). C{'H}-APT NMR (75.5 MHz, C4Dg, 298 K): &
1923 (d, Jo-py = 60.0, Rh=Cyp,), 177.1 (d, Jo-py, = 4.0, Cp)),
147.5 and 1464 (both s, C yp,), 145.9 (s, Cg), 137.7 (s,
C,N), 137.6 (s, Cyy), 129.7, 124.8, and 123.6 (all's, CHyp, 1p,),
1245 (d, Jo_my = 1.3, =CHNyp,), 104.1 (s, Cs.,,), 1007 (s,
Cs.py)s 579 (d, Jo—pn = 14.6, =CH,,), 36.0 (d, Jo_pp = 3.5, N-
Mes, 30.6 and 29.7 (both d, Jo_p, = 1.0, CH, ), 29.0 and
28.8 (both s, CHMeyp,), 27.2 (s, CH,...), 26.9, 26.0, 23.3, and
22.7 (all s, CHMe,,). '"H=""N HMQC NMR (40.5 MHz,
C¢Dg 298 K): 5 200.1 (N,,), 191.7 (Nyp,), 106.0 (NMe).

Preparation of Rh{x?-S,N-(Spy)}(r*-coe)(IPr) (5). This
compound was prepared as described for 2 starting from 2-
mercaptopyridine (38 mg, 0.35 mmol), ‘BuOK (39 mg, 0.35
mmol), and 1 (200 mg, 0.16 mmol). Orange solid. Yield: 123
mg (55%). Anal. calcd for CyHgyN,SRh: C, 67.49; H, 7.65; N,
5.90; S, 4.50. Found: C, 67.19; H, 7.44; N, 6.22; S, 4.45. IR
(ecm™, ATR): 1579 and 1444 v(SCN). '"H NMR (400.2 MHz,
C¢Dg, 298 K): 6 7.71 (dd, Jyy_y = 5.5, 1.7, 1H, Hg,), 7.3—7.2
(m, 6H, Hpy,1p,), 6.56 (dd, Jyy_ = 8.1, 1.4, 1H, Ha-py); 6.54 (s,
2H, =CHNyp,), 6.47 (ddd, Jy;_y; = 8.1, 7.2, 1.7, 1H, Hy ), 5.85
(ddd, Jyy = 7.2, 55, 14, 1H, Hy,), 34-32 (m, 6H,
CHMeyp, and =CH,,.), 2.0—1.2 (m, 12H, CH,_,), 1.64 and
1.05 (both d, J;_y = 6.8, 24H, CHMe,;,). "*C{'H}-APT NMR
(100 MHz, C¢Dg, 298 K): 6 1852 (d, Jo_p = 60.9, Rh—Cyp,),
184.7 (d, Jo_py = 4.1, Cy.p)), 1468 (s, Cqpy), 146.5 (5, Copy),
1380 (s, C,N), 135.1 (s, Cyp), 129.7 and 124.1 (both s,
CHpypo), 1267 (s, Cs-py): 124.6 (d, Jo_pn = 1.2, =CHNjp,),
114.9 (s, Cspy), 64.1 (d, Jo—pp = 14.1, =CH,,,), 30.5 and 29.7
(both d, Jo_py = 1.0, CH,. o), 29.3 (s, CHMeyp,), 27.0 (s,
CH, o), 26.5 and 23.5 (both s, CHMe,,,). 'H=""N HMQC
NMR (40.5 MHz, C;Dg, 298 K): § 235.7 (N,,,), 1919 (Nyp,).

In Situ Formation of Rh{x?-S,N-(Spy)}(>-HC=CPh)-
(IPr) (6). A solution of 5 (25 mg, 0.035 mmol) in toluene-d; at
233 K (0.5 mL, NMR tube) was treated with phenylacetylene
(6 uL, 0.053 mmol). NMR spectra were recorded immediately
at low temperature. '"H NMR (400.2 MHz, toluene-dy, 233 K):
57.64 (d, Ju_yu = 6.8, 2H, H, ), 7.3-6.9 (9H, Hyy,), 6.73 (dd,
Ju_n = 5.1, 1.7, 1H, Hy,,), 649 (s, 2H, =CHN};,), 6.33 (dd,
Ji—n = 7.8, 1.7, 1H, HJ_W;, 6.24 (ddd, Jy;_,, = 7.8, 7.1, 1.7, 1H,
Hypy), 5.55 (ddd, Ju_y = 7.1, 5.1, 1.7, 1H, Hg,,), 4.54 (d,
Jo—rn = 2.3, 1H, n*-HC=CPh), 3.63 and 2.82 (both sept, J;;_y
= 6.8, 4H, CHMeyp,), 1.75, 1.48, 1.08, and 1.04 (all d, J;_y; =
6.8, 24H, CHMep,). “C{'H}-APT NMR (100.4 MHz,
toluene-dy, 233 K): & 1849 (d, Jomy = 56.8, Rh—Cpp,),
181.9 (d, Jo_pn = 4.0, C,p,), 145.8 and 145.3 (both s, C_p,),
142.3 (s, Ceypy), 137.0 (5, CN), 1358 (s, Cy,), 130.8, 1293,
128.7, 128.6, 1284, and 127.1 (all 5, CHy,), 1252 (s, Cy,,,),
1239 (s, = CHNyy,), 123.2 (s, o), 115.0 (s, Cs ), 8922 (d,
Jeomn = 15.6, HC=CPh), 81.9 (d, Jo_gs = 14.1, HC=CPh),
29.1 and 28.9 (both s, CHMey,,), 26.5, 25.7, 23.3, and 22.8 (all
s, CHMeyp,).

In Situ Formation of Rh{x?-O,N-(Opy)}{#n*-H,C=C-
(Mes)C=C(Mes)}(IPr) (7). A solution of 2 (30 mg, 0.043
mmol) in toluene-dg at 243 K (0.5 mL, NMR tube) was
treated with 2-ethynyl-1,3,5-trimethylbenzene (21 uL, 0.129
mmol). NMR spectra were recorded immediately at low
temperature. 'H NMR (300.1 MHz, toluene-dg, 298 K): &
7.5-6.5 (m, 10H, Hy,), 6.80 (m, 1H, Hy, ), 6.65 and 6.62
(both br, 2H, = CHNyp,), 5.76 (dt, Ji,_y = 8.5, 1.1, 1H, Hg,,),
5.54 (ddd, Jy_y = 6.8, 5.3, 1.0, 1H, H,_,.), 5.25 (dt, [y = 5.3,
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L1, 1H, Hy ), 3.97, 3.95, 3.50, and 2.85 (all sept, J;;_y = 6.7,
4H, CHMep,), 3.27 and 3.07 (both dd, J;_y; = 2.2, Jyj_ps = 1.0,
2H, CH, . cayne)s 2.3—2.0 (18H, Me, ne), 1.80, 1.57, 1.55,
1.30, 1.14, 1.11, 1.08, and 1.02 (all d, J_;y = 6.7, 24H,
CHMe,p,). “C{'H}-APT NMR (75.5 MHz, toluene-dg, 243
K): 5 185.0 (d, ]C—Rh = 60.1, Rh—C,p,), 181.4 (d, ]C—Rh = 2.7,
Capy), 150.0, 1482, 146.6, and 145.3 (all s, C_yp,), 142.4 (s,
Cspy)s 142134 (all 5, Cy ppygenyne)s 139.0 (s, Cs.p), 138.9 and
137.1 (both s, C,N), 131-123 (all s, CHyy,), 1284 (s, =
CHNyp,), 110.1 (s, PAC=CC(Ph)=CH,), 109.8 (s, Cq,),
109.0 (s, Cyy), 83:2 (s, PAC=CC(Ph)=CH,), 503 (d, Jo_p
=179, =CH,), 41.0 (d, Jo_p, = 17.8, C=CH,), 30.3, 294,
28.8, and 28.7 (all s, CHMey,,), 29-20 (all s, Me,.ooyne), 284,
28.3, 26.8, 26.6, 24.0, 23.5, 23.4, and 21.6 (all s, CHMe,;,).
In Situ Formation of Rh[x'-O-{0=C(—CH=CH-CH=
CH—)NH}][K'-O-(CF3O3S)}(q2-coe)(lPr) (8a,b). A solution of
2 (23 mg, 0.033 mmol) in CD,Cl, at 223 K (0.5 mL, NMR
tube) was treated with trifluoromethanesulfonic acid (3 uL,
0.033 mmol). NMR spectra were recorded immediately at low
temperature. NMR data evidenced the presence of an
equilibrium mixture of two isomers, 8a and 8b (50:50). Data
for complex 8a: 'H NMR (400.1 MHz, CD,Cl,, 223 K): §
11.73 (s, 1H, NH), 7.8=7.1 (m, 6H, Hyp,p,), 7.67 (m, 1H,
Hgpy), 7.52 (m, 1H, H,,), 7.06 (s, 2H, =CHNjp,), 6.85 (d,
Ju-u = 90, 1H, Hy ), 643 (m, 1H, Hg,,), 3.55 and 2.75
(both sept, Jy;_yy = 6.8, 4H, CHMey,,), 2.9-2.7 (m, 2H, =
CH,,), 1.6—1.0 (m, 36H, CH, .. and CHMe,;,). “C{'H}-
APT NMR (100.6 MHz, CD,Cl,, 223 K): 6 177.0 (d, Jo—pi, =
62.1, Rh—Cyp), 1652 (s, C,,,), 147.0 and 146.9 (both s,
Cyrr)s 142.7 (5, Cy ), 136.1 (5, C,N), 135.9 (s, Cqp), 130—
123 (all s, CHpy,p,), 1200 (5, Cs.,)), 109.7 (s, Cs,,,), 669 (d,
Jo_rw = 14.0, =CH,,.), 33-25 (all s, CH, .), 29.0 and 28.4
(both s, CHMeyp,), 26.2, 22.5, 22.2, and 22.0 (all s, CHMeyp,).
'H-""N HMQC NMR (40.5 MHz, C¢Dg, 233 K): § 174.0
(NH,,). ’F NMR (282.3 MHz, CD,Cl,, 223 K): 5 —77.9 and
—79.2 (both br, CF;). Data for complex 8b: 'H NMR (400.1
MHz, CD,Cl,, 223 K): 5 10.97 (s, 1H, NH), 7.8—7.1 (m, 6H,
Hypppe), 7:37 (m, 1H, Hg ), 7.30 (m, 1H, H,,), 7.06 (s, 2H,
=CHNyp,), 645 (m, 1H, H;,.), 6.43 (m, 1H, Hs,), 2.66 and
2.27 (both br, 4H, CHMe,;,), 2.9-2.7 (m, 2H, =CH_,,), 1.6—
1.0 (m, 36H, CH, .. and CHMep,). “C{'H}-APT NMR
(100.6 MHz, CD,Cl,, 223 K): 6 177.0 (d, Jc_py = 62.1, Rh—
Cipr), 164.6 (s, Cy.p,,), 146.0 (s, Cyip), 1425 (s, Cy ), 1355
(s, CgN), 135.1 (s, Cgpy), 130—123 (all 5, CHpy 1p,), 1199 (s,
Cspy), 1086 (s, Cs ), 66.9 (d, Jory = 14.0, =CH,,.), 33-25
(all s, CH,.oe), 29.0 and 28.4 (both s, CHMey,,), 26.2, 22.5,
222, and 22.0 (all s, CHMeyp,). 'H-""N HMQC NMR (40.5
MHz, CD,Cl,, 223 K): § 170.3 (NH,,). "F NMR (282.3
MHz, CD,Cl,, 223 K): § —77.9 and —79.2 (both br, CF;).
Standard Conditions for the Catalytic Alkyne Dime-
rization. To a C4Dy solution (0.5 mL) in a NMR tube under
argon atmosphere, 0.01 mmol of catalyst and 0.17 mmol of
toluene as internal standard were added. The solution was
frozen by means of a dewar flask containing isopropanol at 195
K. Then, 0.50 mmol of alkyne were added and the NMR tube
was sealed under argon. The solution was allowed to warm up
to room temperature just before the first NMR spectrum was
recorded. The reaction course was monitored by 'H NMR
spectroscopy, and the conversion was determined by
integration of the corresponding resonances of the internal
standard and the products. In case of 0.5, 0.1, or 0.0 mol % of
catalyst loading, a 20 mM solution of catalyst in CiDy was
prepared, and then, the corresponding amount of solution was
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added to the reaction mixture and it was proceeded as
described above.

Crystal Structure Determination. Single crystals of 2
suitable for the X-ray diffraction studies were grown by slow
diffusion of hexane into a toluene solution of the compound.
X-ray diffraction data were collected at 100(2) K on a Bruker
APEX SMART CCD diffractometer with graphite-monochro-
mated Mo—Ka radiation (1 = 0.71073 A) using 0.6° @
rotations. Intensities were integrated and corrected for
absorption effects with SAINT-PLUS> and SADABS™
programs, both included in the APEX2 package. The structures
were solved by the Patterson method with SHELXS-97*7 and
refined by full matrix least-squares on F* with SHELXL-2014,
under WinGX.*

Crystal Data and Structure Refinement for 2.
C4HgN;ORh, 695.77 g mol™', Monoclinic, P2,/c, a =
11.2672(10) A, b = 10.7013(10) A, ¢ = 29.775(3) A, b =
90.3070(10)°, V = 3590.0(6) A*, Z=4,D_,. = 1.287 g cm >, u
= 0.510 mm™!, F(000) = 1472, 0,,,/0. = 1.807/25.680°,
index ranges —13 < h < 13, =13 < k < 13, =36 < | < 36,
reflections collected/independent 36521/6806 [R(int) =
0.0410], data/restraints/parameters 6806/13/452, GooF(F")
1.041, R, = 0.0282 [I > 26(I)], wR, = 0.0635 (all data), largest
diff. peak/hole 0.350/—0.422 e-A"®. CCDC deposition
number 2015873.

Computational Details. All DFT theoretical calculations
were carried out using the Gaussian program package.'’ The
B97D3 exchange correlation functional'' has been employed
for the calculation of energies, gradients, and frequencies in
combination to the def2-SVP basis set' which considers
effective core potentials for Rh. Single point calculations at the
MO6L/def-TZVP level of theory,” including also the SMD
approach®® for benzene to simulate solvation effects were
performed to refine the energetic values. All calculations were
done using the “ultrafine” grid. Relative energies are Gibbs free
energies referred to a 1 M standard state using the
approximation of Goddard et al.*® at 25 °C. Analytical
frequency analyses were employed to confirm the nature of
the stationary points. An intrinsic reaction path or coordinate
scan calculations connecting both minima were performed for
flat or unclear transition states.
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Rhodium-NHC-Catalyzed gem-Specific O-Selective
Hydropyridonation of Terminal Alkynes
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Jestis J. Pérez-Torrente, Victor Polo,* and Ricardo Castarlenas*

a . E
Abstract: The dinuclear complex [Rh(p-Cl)(n’-coe)-
(IPr)], is an efficient catalyst for the O-selective
Markovnikov-type addition of 2-pyridones to terminal
alkynes. DFT calculations support a hydride-free path-
way entailing intramolecular oxidative protonation of a
n-alkyne by a «'N-hydroxypyridine ligand. Subsequent
O-nucleophilic attack on a metallacyclopropene species
affords an O-alkenyl-2-oxypyridine chelate rhodium
intermediate as the catalyst resting state. The release of
the alkenyl ether is calculated as the rate-determining

step.
>

The 2-pyridone scaffold can be found in many biologically
relevant compounds, including some drugs approved by the
FDA for the treatment of cancer, HIV or pulmonary fibrosis
(Scheme 1)."! Classical multistep synthetic procedures?!
have been gradually substituted by more efficient metal-
catalyzed approaches.” Thus, while reactivity on the C-sites
mainly rely on C—H activation,!l a diverse set of methods
for heteroatomic functionalization have been described,
including alkylation with organohalides,” the use of diazo
compounds,!® addition to unsaturated substrates,” or allylic
substitution reactions.”l However, the N- vs. O-selectivity is
far to be controlled and critically depends on the reaction
conditions or the ligands, partly as a result of 2-hydroxy-
pyridine vs. 2-pyridone tautomerization.’!

In particular, preparation of O- or N-alkenylated 2-
pyridones presents unique challenges, especially for the
gem-olefin derivatives (Scheme 2). Firstly, the access via the
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O-nucleophilic attack of enolates to 2-halogenated-pyridines
is hampered. In addition, thermodynamically preferred N-
substituted trans-isomers are prevalent when using alkenyl
halides or boronic acids."”! Other synthetic approaches, such
as isomerization within an O-unsaturated chain,"'l O- to N-
rearrangement,” or aldol condensation,” have limited
generality lacking the formation of gem-isomers. The few
existing preparative methods for gem-alkenyl pyridones
involve multistep procedures™ or the use of specific
precursors such as tosylhydrazones!" or benzynes, ' there-
fore more reliable synthetic methods are desirable. In this
context, the Markovnikov-addition of 2-pyridones to triple
bonds seems a straightforward atom-economical access.

doravirine duvelisib pirfenidone

camptothecin

Scheme 1. Some 2-pyridone-based drugs approved by the FDA.

General methods for alkenylation of 2-pyridones
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Scheme 2. Previous reports for preparation of N- or O-alkenylated 2-
pyridones and our strategy.
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However, direct addition proceeds only for alkynes bearing
powerful EWG or EDG groups,'’! thus, we envisage a
transition-metal catalyzed approach for unactivated terminal
alkynes. Moreover, we anticipate the different affinity of
rhodium for O- or N-donor functions as a potential tool to
control chemoselectivity. Nevertheless, an important handi-
cap for successful catalytic alkyne hydropyridonation is the
intrinsic high self-reactivity of terminal alkynes to give a
myriad of dimeric, polymeric or cyclic structures.!'®l

Our research group has recently disclosed efficient
rhodium-N-heterocyclic carbene (NHC) catalysts for diverse
carbon-heteroatom couplings via hydrofunctionalization of
alkynes.!" Particularly, the introduction of 2-pyridone in the
Rh-NHC framework results in impressive TOFs for alkyne
dimerization.™ The 2-pyridonato ligand behaves as a fast
proton shuttle between the two alkynes. Moreover, the
specific gem-selectivity of 1,3-enynes arises from the pre-
ferred protonation at the terminal position of a n-coordi-
nated alkyne. In the course of mechanistic studies involving
[Rh(u-Cl)(n*coe)(IPr)], (1) {IPr=1,3-bis-(2,6-diisopropyl-
phenyl)imidazolin-2-carbene; coe =cyclooctene}, 2-pyridone,
and phenylacetylene, we serendipitously observed the for-
mation of a new Rh-IPr complex in small quantities. This
compound has now been identified by X-ray diffraction
analysis and multinuclear NMR spectroscopy as RhCI(IPr)-
[«Nm*-{py-O—C(Ph)=CH,}] (2), featuring an unexpected O-
alkenyl-2-oxypyridine chelate (Figure 1). Complex 2 was
isolated in 79 % yield by treatment of 1 with stoichiometric
amounts of phenylacetylene and 2-pyridone. In the solid
state, coordination of the alkenyl ether is shown by Rh—N41
{2.0891(15) A} and Rh—ctl distances {1.96913(15) A} (ctl,
olefin centroid). Moreover, the appearance of two doublets
of doublets, 6=2.61 (Jy.u=4.3, Jyry=2.8 Hz) and 2.54 ppm
(/i.rn=2.1 Hz), in the "H NMR spectrum and two doublets,
103.8 (Je.rn=18.6 Hz) and 31.5 ppm (Jegy=15.5 Hz), in the
BC{'H}-APT NMR experiment, confirms the coordination
of the geminal olefin in solution.

In view of the ability of 1 to promote the stoichiometric
alkyne-pyridone C—O coupling, we next studied its applica-
tion to catalytic alkyne hydropyridonation. Gratifyingly, the

S
N N@ - o rl\ NN @
Rh" wCl @HE\r
w2/~ | | (\—? e R
C,rRh CH20I2 Hzl

N ) min r |
N\J_\/Ng 15 t. O(\NJ

"H NMR‘ {7CHo.z | —Cst SC{'"H}-APT NMR 2

W | Chier “

-0-G(Ph)=GH,

'Co “ | Ca

103.8 315

2.61 2.54 ppm ppm

Figure 1. Formation of the chelate O-alkenyl-2-oxypyridine rhodium
complex 2 and ORTEP view. For clarity a wireframe style is adopted for
the NHC wingtips and most hydrogen atoms are omitted. Selected
bond lengths [A] are: Rh—C1 2.0193(18), Rh—Cl 2.3353(5), Rh—t1
1.96913(15), C31-C32 1.408(3), Rh—N41 2.0891(15); ct1: centroid of
C31 and C32.
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addition of 1, 5 mol % of Rh, to the benchmark substrates 2-
pyridone (3a) and phenylacetylene (4a) in CDCl; resulted
in the formation of the gem-alkenyl ether 2-(1-
phenylvinyl)oxypyridine (5aa), after 20 h at 40°C, as the
exclusive heterocoupling product. Only 8 % of the 1,3-enyne
arisen from competitive alkyne dimerization was observed.
Other polar solvents were tested but alkyne dimerization
prevailed (see Supporting Information). Temperature
screening revealed a gradual reduction of alkyne conversion
over 50°C, likely due to catalyst decomposition, thus further
experiments were performed at this compromise temper-
ature. Interestingly, complex 2 was detected in the first
monitoring spectrum. Indeed, similar catalytic outcome was
obtained by using 2 as catalyst. Both facts suggest that 2
might be the resting state of the catalytic cycle. Moreover,
the presence of an NHC was disclosed to be essential. The
precursor of 1, [Rh(u-Cl)(n’-coe),],, was inactive, while the
Wilkinson’s catalyst RhCI(PPh;); or the in situ formed
[Rh(p-Cl)(BINAP)], favored alkyne dimerization vs. hydro-
pyridonation. It is worth a mention of the work of Breit’s
group showing the Rh-BINAP compound as efficient
catalyst for the 2-pyridone addition to allenes.” Other Rh-
IPr complexes with k%acetato or CO ancillary ligands were
inefficient.

As for the scope of alkyne hydropyridonation promoted by
1, catalytic reactions were monitored in NMR tubes using a
Smol% of Rh and 1:1 pyridone:alkyne ratio in CDCl; at
50°C (Figure 2). Organic products were isolated after 20 h
(Scheme 3). In general, gem-specific O-alkenylated derivatives
5 were obtained, with the exception of 6-halogenated-2-
pyridone substrates (3e.f), which also gave N-alkenylated
products 6 in variable amounts. Competitive alkyne dimeriza-
tion was limited to 1-12% in cases of effective hydro-
pyridonation, except for 4-(trifluoromethyl)phenylacetylene
(4d) (20 %), which agrees with the faster alkyne dimerization
previously observed for this alkyne.*! Otherwise, inefficient
substrates such as 6-methyl-2-pyridone or 2-quinolone pro-
duced higher amounts of 1,3-enyne. Regarding the functional
groups, aromatic alkynes reacted faster than aliphatic ones,
while no definite trend was observed for substituted 2-
pyridones. The more divergent results were found for 6-
substituted ones. Thus, 6-chloro-2-pyridone (3f) is the most

H H
N0 N0
J +RrR—= R—\;If
3a 4 3

6-CI(3f)

g

@
=3

=
g s0 3-Br (3b)
B “ 5-NO, (3)
g 40 5-5r(3d)
9 2 2-Me (3g)
0 . . ]
5 10 15
Time (h) Time (h)

Figure 2. Reaction profile for the hydropyridonation of alkynes with 2-
pyridone (left) and phenylacetylene with functionalized 2-pyridone
derivatives (right).
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Scheme 3. Scope for the hydropyridonation of alkynes catalysed by 1.

active substrate in this study, whereas poor conversion was
obtained for 6-methyl-2-pyridone (3g), with the bromo
counterpart 3e lying in the middle. Substitution in other
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positions had only moderate influence. The alkenyl ether
arising from 6-chloro-2-pyridone and 1-hexyne was obtained as
a mixture of two isomers as a result of terminal to internal
olefin isomerization. Finally, 4-methyl-2-pyridone (3h) slightly
overcame the catalytic activity of parent 2-pyridone, while 5-
nitro-2-pyridone (3i) fell behind. Other bulky, heteroatomic-
substituted propargyl derivatives or internal alkynes were
catalytically inefficient.

Some control experiments were performed to identify
the reaction mechanism. Addition of 2-pyridone and phenyl-
acetylene to 1 at —60°C resulted in the immediate formation
of complex 2 and no other intermediates, including Rh—H
species, could be detected. Besides, H/D exchange between
the N-deuterated 2-pyridone and the terminal proton of
phenylacetylene preclude us from obtaining accurate in-
formation from deuterium labelling experiments (See Sup-
porting Information). Catalytic tests in which 2-pyridone
was replaced by phenol, N-methyl-2-aminopyridine, 2-thio-
pyridine, or 2-(hydroxymethyl)pyridine were unproductive,
indicating that the presence of both N and O atoms located
at 1,3-positions is essential.

The mechanism of the alkyne hydropyridonation catalyzed
by 1 was studied by DFT computational analysis using 2-
pyridone and phenylacetylene as model substrates (Figure 3,
AG in kcalmol™). A plausible first step is the m-alkyne and
k' N-hydroxypyridine coordination to the labile precursor 1 to
yield A, which has been selected as the energetic reference.
The O-H oxidative addition seems unfeasible since the
corresponding Rh—H species K, located 13.7 kcalmol ' above
A, requires to surmount a barrier of 31.2 kcalmol™ (see
Figure S124 in Supporting Information). Alternatively, we
propose a hydride-free pathway entailing oxidative protonation
and reductive coupling steps (Scheme 4).*** Thus, the «'N-
hydroxypyridine ligand of A can behave as an intramolecular
Brgnsted acid able to protonate the terminal position of the -
alkyne to form the Rh'"-alkenyl species B, via TSAB.
Protonation of internal position of the triple bond is disfavored
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Figure 3. DFT energetic profile (AG in kcalmol™, relative to A and isolated molecules) along hydropyridonation of phenylacetylene. O-alkenylation,

red pathway, and N-alkenylation, blue pathway.
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(TSABt, AAG of 11.0 kcalmol '), which ultimately determines
the high gem-selectivity.

The direct C—O reductive coupling within B was found to
be unaffordable under catalytic conditions,”! which is in sharp
contrast to that observed for alkenyl-alkynyl C—C coupling in
alkyne dimerization.” However, the isomerization of the
alkenyl derivative B to the metallacyclopropene species C,
though destabilized by 4.8 kcalmol™', opens an accessible
pathway to the  O-alkenyl-oxypyridine species E
(—14.0 kcalmol ™), in agreement with the isolation of 2. This
stage entails the decoordination of the oxygen atom of the
pyridonato (C—D) and subsequent O-nucleophilic attack, in
turn facilitated by increased positive charge at the carbenic
carbon atom of the metallacyclopropene in D (see Figure S131
in Supporting Information).?"“*! In contrast, the attack of the
nitrogen atom has a higher barrier (TSDE, AAG
2.8 kcalmol™), in accordance with the preferential O-alkenyla-
tion. Most likely, the ultimate reason for the chemoselectivity
could be the preferred coordination of a pyridine scaffold trans
to IPr, thus causing a seesaw effect responsible of the O-
nucleophilic attack.? Moreover, the particular stereoelectronic
properties of the bulky powerful electron releasing IPr might
play a role in the stabilization of metallacyclopropene species
(See Figure S125 in Supporting Information for comparison
with a PPh; analogue). In fact, these uncommon structures can
be considered as essential intermediates in the gem-selective
alkyne hydroalkoxylation in analogy to the role played by
vinylidenes in the formation of E/Z isomers.”!

The catalytic cycle ends with the associative release of the
alkenyl ether (TSEF, 23.5kcalmol™), which is the rate-
determining step (see Figure S126 in Supporting Information).
At this point, the interplay between steric hindrance and the
high trans effect imparted by the NHC might trigger the
release of the catalytic product from 2.'*! It is interesting to
note that the final N-alkenyl product is more stable than the
O-alkenyl one indicating a kinetic control under catalytic
conditions. Calculations involving the 1-hexyne show a higher
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barrier of 25.9 kcalmol ™', consistent with the slower reaction
rate. Besides, the higher rate observed for 6-chloro-2-pyridone
3f is likely due to steric effects, which might be responsible for
the decrease of the product release barrier, whereas the similar
energies of 5fa and 6fa account for the formation of both
isomers (See Supporting Information).

Analysis of the energetic profiles of Figure 3 reveals that
isomerization of O-alkenyl-oxypyridines to thermodynamically
preferred N-alkenyl derivatives is feasible by breaking back
the C—O bond (overall barrier for A+5aa—C via TSEF:
25.8 kcalmol™).”! Thus, heating isolated 5aa or 5ia in the
presence of catalytic amounts of 1 for 72 h at 90°C resulted in
the formation of the N-alkenyl-pyridone derivatives 6 (Fig-
ure 4). Formation of 6 was not observed when simply heating
the NMR tube containing crude 5 from catalytic hydro-
pyridonation, likely due to decomposition of active species. In
fact, the isomerization did not proceed either in the absence of
1 or using [Rh(p-Cl)(n*coe),], as catalyst. Given the small
difference in the chemical shift of intuitively representative C,-
imidic (5aa, 6=163.3 ppm) or C,-amidic (6aa, =162.2 ppm)
atoms in the “C{'H}-APT NMR spectra, the 2D 'H-"N long-
range HMQC NMR experiment was key to the character-
ization of 6. Thus, correlation between one olefinic proton and
the nitrogen atom was observed for 6, but it is absent in 5
where both atoms are located five bonds away. Similarly to the
formation of 2, the N-alkenyl-pyridone derivative 6aa reacts
with 1 to yield RhCl[kOn-{C,H,(C=0)N}-C(Ph)=CH,](IPr)
(8). Multinuclear NMR data agree with the proposed
pyridone-alkenyl structure exhibiting a «'O.n*coordination
mode.

In conclusion, we have disclosed herein a Rh-NHC
efficient catalytic system for gem-specific and O-selective
alkyne hydropyridonation. Mechanistic studies in combination
with DFT calculations support a hydride-free pathway. After
initial coordination of both substrates, intramolecular oxidative
protonation at the terminal position of a m-alkyne by a k'N-
hydroxypyridine ligand is responsible for gem-specificity. Since
direct C—O reductive elimination within the resulting alkenyl-
pyridonato intermediate was found to be unaffordable, isomer-
ization to a metallacyclopropene species opens the way to
nucleophilic attack. Chemoselectivity control towards the less

H._H AN
H cat1 @
5 mol%of Rh 2\ H
Rh~=Cl
72h,90°C R O (Hl
6aa (86%) NO
6ia (99 %)
\ y 8

|
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Figure 4. O- to N-alkenyl isomerization and "H-">"N HMQC NMR
correlations.
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thermodynamically favoured O-alkenylated products arises
from the preferred N- vs. O-coordination of the k'pyridonato
ligand in Rh-IPr systems. In addition, the key role of the bulky
electron-releasing IPr ligand in the stabilization of the metal-
lacyclopropene species has been identified. Research efforts
are underway for the design of more efficient catalysts that will
open future opportunities for functionalization of other bio-
logically active heterocycles.
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